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General Introduction

1. Cyclophane Compounds

Cyclophanes are cyclic organic molecules which @onbne or more aromatic rings in the
main chain skeletoh.The aromatic rings provide rigidity, and in margses the aliphatic
linkers provide flexibility to the cyclic structur&enerally, the size of cyclic structure is
important for the studies of cyclophanes. Large sixlophanes are widely studied in the field
of host-guest chemistiyand supramolecular assemBlin addition, some natural produtts
have the large cyclophane structure. Such cyclggshasually do not exhibit intramolecutar
© interaction of aromatic rings. Small size cyclopbs are well-investigated in the field of
organic synthetic chemist§® due to the specifict-electron system and the three-
dimensionally rigid structurSuch cyclophanes usually exhibit intramolecutarinteraction
of aromatic rings and have the restricted aromatgs which cannot rotate freely. Almost all
of the small cyclophanes are chemically synthesiaed hardly observed in the natural
products. Cyclophanes are classified as [n]orthopy@ne, [n]metacyclophane, and
[n]paracyclophane depending on the substituenttipasi of aromatic rings; [n] means the
number of carbon atoms in the aliphatic linkersve8al cyclophanes have two or more
aromatic rings and aliphatic linkers. EspecialB.2Jorthocyclophane, [2.2]Jmetacyclophane,
and [2.2]paracyclophane are actively studied fdoray time because of the clarity of the

structure. The structures are shown in Figure 1.o#gn such [2.2]cyclophanes,

Large cyclophanes Small cyclophanes
(CHZ)n .
ST CO) O O
OH OHOHHO
cycloparaphenylene calixarene [n]paracyclophane [2.2]orthocyclophane
oy & o
&, - L
Qj
<~
ExBox anthraceno-cryptand [2.2]Jmetacyclophane [2.2]paracyclophane

Figure 1. Cyclophane families.
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[2.2]paracyclophanes are received much attentiorthassystem having the strongn
interaction and delocalizedr-electrons between two benzene rings. A lot of
[2.2]paracyclophane derivatives have been syntedsp far, and the physical properties and

reactivities have been elucidated.

2. [2.2]Paracyclophane

[2.2]Paracyclophane was firstly discovered by Broand Farthing in 1949. They
synthesized and isomerized the trace amounts lhyteigperature pyrolysis @kxylene, and
the structure was confirmed by X-ray crystallograpm 1951, Cram and co-workers reported
the synthesis of [2.2]paracyclophane with Wrutzetymtramolecular reaction of 1,4-
bis(bromomethyl)benzerfeAfter these discovery, this unique hydrocarbon been received
much attention, and numerous research projectseweried ouf, [2.2]Paracyclophane has the
face-to-face oriented two benzene rings which ammected by two ethylene units at gaea-
position. The distance of two benzene rings is @xdprately 3 A, and the benzene rings are
slightly bent like a boat structure. Theelectrons are delocalized between two benzens ring
and thiszn-n interaction is called though-space conjugatiore Righest occupied molecular
orbital (HOMO), lowest unoccupied molecular orb{taUMO) and nomenclature (numbering)
of pseudoertho-[2.2]paracyclophane are shown in Figure 2. Usiregé unique structure and
properties, a lot of functionalizations and funoibmaterials have been developed. Examples
of functionalized 4-monosubstituted [2.2]paracytiapes are shown in Figure 3.

- 3 ] {rcoon ¢ Son L yrcHo Ny {_)-CoMe
2
o ’ ) - < - -
[e}

[2.2]paracyclophane LUM
16 15
ol S Slae Sheo S, Sk
%@ - G G I G
v HOMO

Figure 2. HOMO-LUMO orbitals Figure 3. Examples of functionalized 4-
and nomenclature. monosubstituted [2.2]paracyclophanes.
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First investigation of the chemical behaviors of2]paracyclophane was carried out by
Cram and co-workers in 19688Recently, Hopf and co-workers developed synthratithod
of [2.2]paracyclophanes having ethynyl groups atrious positions! These
polyethynyl[2.2]paracyclophanes are available fexonjugated building block (Figure 4).
Bazan, Mukamel and co-workers investigatedconjugated systems based on
[2.2]paracyclophane in detdfl. The n-conjugation system varied drastically with the
conjugation length and the position of through-gpaanjugation of a [2.2]paracyclophane unit.
Chujo, Morisaki and co-workers firstly applied [Bharacyclophane te-conjugated polymer
chemistry!® They reported synthesis and optical propertieshofigh-spacer-conjugated
polymer including a [2.2]paracyclophane unit in thain chain, and excitation energy was
migrated to entire the polymer chain. The bridgkykene units of [2.2]paracyclophane
decompose over 200 °C to produce benzyl radicadmi(€ 5)1°2If the [2.2]paracyclophane is
chiral, racemization occurs. Gorham reported tl2a2]paracyclophane was quantitatively
cleaved by vacuum vapor-phase pyrolysis at 6000°Generate two molecules pfxylene
biradicall* The highly reactive-xylene biradical was polymerized on surfaces (fegtfass,
paper, plastics, ceramics etc.) maintained beloW3®ie called the polymer 'parylene’ (Figure
6). Recently, the bond cleavage proceeded withlreafported and catalytic systéARigid
structure of [2.2]paracyclophanes is also appliedfast photochromic moleculé$.In
[2.2]paracyclophane chemistry, the fundamental @riigs have been actively investigated
since the discovery. Recently, the unique propersiarted to be applied to polymer and
materials chemistry.

€ &

X
N\ N\

Figure 4. Examples of polyethynyl[2.2]paracyclophanes.
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Figure5. Bridge cleavage and racemization of [2.2]paraqyltéme over 200 °C.
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Figure 6. Bridge cleavage and polymerization of [2.2]pardmyhane over 600 °C by
Gorham.

3. @-Conjugation System Based on [2.2]Par acyclophane

Detailed investigations on-conjugation systems including the [2.2]paracyckom unit
were carried out by Bazan, Mukamel and co-worKarsing the phenylene-vinylene systems.
The features af-conjugation system based on [2.2]paracyclophamdiaided into two factors.
One is the difference of the staking position WtR]paracyclophane in the monomer unit.
The other is the-conjugation length of the monomer unit. Monomeit mmeans one of the
two stacked chromophores with [2.2]paracyclophéméhe case of the-conjugation system
stacked at the terminal aromatic ring, when iheonjugation length is short, monomers
strongly interact each other and photoluminescésnadserved from mainly through-space
(TS) level of [2.2]paracyclophane unit. It is cdllphane state'. The absorption occurs in the
through-bond (TB) level of the monomer state beedhe phane state is forbidden transition
band. On the other hand, when theonjugation length is long, the interaction is weend
photoluminescence is observed from mainly TB l@fdhe monomer unit. In the case of the
n-conjugation system stacked at central positior, $trong interaction of the stacked
monomers occurs and the absorbance and photoluremes are observed from mixed
monomer and phane state (Figure 7). Hopf and cdevemreported the optical properties of

cyclic m-conjugation system including [2.2]paracyclophariggiire 8)’ Especially, in
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4,7,12,15-tatrasubstituted [2.2]paracyclophane, dydic n-conjugation system effectively
exhibited three-dimensionak-conjugation system via through-space conjugatidn o
[2.2]paracyclophane. The UV-vis and photolumineseerspectra drastically changed
compared with non-cyclic compounds. Chujo, Morisakd co-workers reported phenylene-
ethynylene-stacked optically active cyclic compaumdth planar chiral [2.2]paracyclophane
scaffolds (Figure 8% Through-space conjugation behaviors in polythand oligome?
systems were actively investigated. The photo-ego#tnergy was transferred to the terminal
unit via through-space conjugation of [2.2]paraoptiane (Figure 9). In the case of pphy(
phenylene-ethynylene) system, the effectiveonjugation length of through-space
conjugation system was longer than that of throlbighed n-conjugation one. In addition,
making advantage of designability of the stack@bnjugation unit and effective fluorescence
resonance energy transfer, it is expected to dpplgingle molecular wire as energy transfer
media. Knorr, Harvey and co-workers also reportedie¢atures of Dexter type energy transfer
behavior via [2.2]paracyclophadEMartin and co-workers reported the photo-excitedteon

transfer through [2.2]paracyclophatte.

Monomer state  Phane state

> >
N A
osellece
- @,
N N\
O s O 1s
lﬁ,—l
A
S,
B—"T 1
LTS
S,
So So So ——

Figure 7. Qualitative electronic description of bichromopikof2.2]paracyclophane

molecules. INA, absorption occurs via the stilbene fragment,hasva by the excitation

from S to S. Internal conversion populates, $vhich is primarily TS in character, and
emission occurs from there. By TB has lower energy, relative to TS.GnTB and TS are

mixed by interchromophore contact.
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racemic racemic racemic racemic

chiral

Figure 8. Examples of [2.2]paracyclophane-containing cycbmpounds.

C12H250 — O C12H250 = O C12H250 O C12H250
OC12H25 OC1zH25 0C12H25 0012H25 Z

Energy Transfer

—

Energy Transfer

Figure 9. Energy transfer through molecules via [2.2]paréaptcane. (A) Excited energy
is transferred entire the polymer chain. (B) Excigmergy is transferred unidirectionally.

4. Planar Chirality of [2.2]Paracyclophane

[2.2]Paracyclophanes with substituent(s) exhikangk chirality because the benzene rings
cannot rotate. Numerous researches were carriedooobtain enantiopure planar chiral
[2.2]paracyclophane so f&t2° Definition of the planar chirality is shown in Fige 10; first, a
pilot atom, which is nearest atom to chiral plasejecided; second, go to chiral plane from

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

planar chirality is Rp), and when the rotation Pilotatom

is left, the planar chirality isS). Rowlands
Right rotation
and co-workers reported the general optical =R,

resolution method of 4-monosubstituted

) Figure 10. Definition of planar chirality.
[2.2]paracyclophan&? They used optically
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active sulfoxide with an optical resolution agentdaconverted the sulfoxide to functional
groups such as formyl and azide groups with sulfexmetal exchange method Iy
butyllithium. Chujo, Morisaki and co-workers repadtthe general optical resolution method
of pseudoertho-[2.2]paracyclopharfé”in reference to the report of Rowlarfdsin addition,
they developed the transformation to planar clataynyl[2.2]paracyclophane, leading to the
planar chiralt-conjugated compounds. The other planar chiral|paracyclophanes already
synthesized are described in Figure 11. Thus, aflptanar chiral [2.2]paracyclophanes have
been synthesized and one of them was applied topécally active phosphine ligand
"PHANEPHOS"?*2P which was commercially available. Functionalizetanar chiral
[2.2]paracyclophane has a potential to be a nopttally active building block. Binaphthyl
groups® (axial chirality) and helicene groud€helical chirality) are famous as candidates for
optically active building blocks. The main charaaé&planar chirality of [2.2]paracyclophane
is planarity, which is different from binaphthyl ohelicene. The chirality of
[2.2]paracyclophane is derived from restricted tiotaof benzene rings. On the other hand,
those of binaphthyl and helicene are derived framsions. Therefore, planar chiral
[2.2]paracyclophane has rigid structure and hasptiential to extena-conjugation length
effectively. In addition, the [2.2]paracyclopharmespesses good designability, as can be seen
in a wide variety of functionalized [2.2]paracycl@me derivatives. The properties are

advantage for opto-electronic materials and varapications.

4-monosubstituted 4 12-disubstituted 4.5,12-trisubstituted 4.5,12,13-tetrasubstituted

0 Qo o o
{_D;S=p-Tol $_)ys=p-Tol @( @(
() 7 B N‘ Ve Mev N e

r

(Ro,S) (Rp,S) (Ro,R) (RRy,R)
+ + + +
(Sp.S) (Sp.S) (Sp.R) (RSpR)

Figure 11. Planar chiral multi-substituted [2.2]paracyclopbsialready reported.
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5. Summary of ThisThesis

The author has carried out the research to elueitthat properties of [2.2]paracyclophane
and to suggest the potential applications to fnetized materials. The author has focused on
4,7,12,15-tetrasubstituted [2.2]paracyclophane kwhis one of the tetrasubstituted
[2.2]paracyclophanes. Then-conjugation system using 4,7,12,15-tetrasubstitute
[2.2]paracyclophane exhibits though-space conjogadit central position. The properties of
these derivatives were investigated by Bazan, Mékand co-workers in detail. However,
only severap-arylene-vinylene-based derivatives have been tegpand the planar chirality
has not been investigated. Considering the uniqopepties of 4,7,12,15-tetrasubstituted
[2.2]paracyclophane, it is important to synthesmany derivatives and investigate the
chiroptical properties for various applications.eQnf the reasons why there has not been many
researches on 4,7,12,15-tetrasubstituted [2.2]pel@@hane is a difficulty of the synthesis.
Firstly, the author developed gram-scale synthad<ls7,12,15-tetrabromo[2.2]paracyclophane
which is converted to a lot of functionalized [$@tacyclophanes. In reference to synthetic
method previously reporteéd,the reaction process and purification method vegmized
(Scheme 1). As a result, over 10 g synthesis wésewaed in total 50% vyield from a
commercially available compound. Especially, theld/iof the final dimerization process was
improved from 20% to 68%, and the insoluble polyimdoyproducts were reduced.
Recrystallization is the only purification methoddaSiQ column chromatography is not

necessary.

Scheme 1. Gram-scale synthesis of 4,7,12,15-tetrabromo[2r2lpyclophane

4,7,12,15-tetrabromo-

+ - 2.2]paracyclophane
OH Br NMes Br [2-2]paracyclop
Bry/ly Br MesNinHyO Br Ag,O  Phenothiazine Br Br
— o
CHCl,  Br THF Br H,0  Toluene 8" | | &
rt rt reflux
reflux 74% 68%
12h 12h 2h

(2 steps)
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In Chapter 1, conjugated microporous polymers (COM#Rge prepared from disubstituted
and tetrasubstituted [2.2]paracyclophane monomees®onogashira-Hagihara coupling. The
polymers obtained exhibited a type | nitrogen gasogption profile and H4-like hysteresis
loops, indicating that the [2.2]paracyclophane aomhg CMPs possess slit-like mesopores.
Their Brunauer-Emmett-Teller surface areas wergnastéd to be over 500> The step
and stacked structure of the [2.2]paracyclophaneafiects the morphology of the polymers

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

slit-like micropore

Disubstituted Tetrasubstituted

In Chapter 2, conjugated microporous polymers (COMWRere synthesized from the
tetrasubstituted [2.2]paracyclophane skeleton tetra-functional building block using Hay
coupling, Sonogashira-Hagihara cross-coupling, afainamoto coupling. The CMPs
exhibited microporosity (less than 2 nm) and lasggace areas (up to approximately 1000
m?gY). The CMPs consisted of relatively uniform padi&lnd dispersed in organic solvents.
These results suggest their possible applicationkea fields of opto-electronics and catalyst

chemistry.
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In Chapter 3, the author achieved optical resatutiof 4,7,12,15-tetrasubstituted
[2.2]paracyclophane and subsequent transformatopldanar chiral building blocks. An
optically active propeller-shaped macrocyclic coommdcontaining a planar chiral cyclophane
core was synthesized, showing excellent chiroptpraperties such as high fluorescence

guantum efficiency and a large circularly polarizechinescence dissymmetry factor.

- Left-handed CPL
) (R,.S) Brﬁgjo)‘%\\(\)o r M
Br Br
Br Br = . @Ium = 045
B - T |G| = 1.1x10-2

: i

= [ i
r r Right-handed CPL

In Chapter 4, a series of optically active cyclmmpounds based on the planar chiral
tetrasubstituted [2.2]paracyclophane core werehggited to obtain luminescent materials
with excellent chiroptical properties in both thegnd and excited states. The obtained cyclic
compounds were composed of the optically activepglter-shaped structures created by the
[2.2]paracyclophane core withrphenylene-ethynylene moieties. The compounds érhib
good optical profiles, with a large molar extineticoefficient ) and photoluminescence
guantum efficiency®um). This optically active higher-ordered structureypded chiroptical
properties of high performance, such as intenseileirly polarized luminescence (CPL) with
large dissymmetry factorgi{m) in the excited state.

Emax = 216,000 M 'cm™1

®,,, = 0.60
Gium = 1.0 x 102

10
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In Chapter 5, the author synthesized opticallywaatiyclic compounds with extensionmoef
surface with naphthalene units based on a planaralci,7,12,15-tetrasubstituted
[2.2]paracyclophane framework. Hypsochromic effecis observed in the absorption and
photoluminescence (PL) spectra of naphthalene-sontacyclic derivatives compared with
those of benzene ones. Density functional theofyT)Dindicated that HOMO-LUMO band
gap increased by introducing naphthalene unitsin@ptd structures showed that one of

reasons of the hypsochromic effect was torsiorie@tyclic structure.

In Chapter 6, optically activa-conjugated dimers based on a planar chiral 41512,
tetrasubstituted [2.2]paracyclophane were syntkdsiZThe n-conjugated dimers were
functionalized by arylethynyl groups, such as phengphthyl and anthryl units. When the
monomer had small aromatic unit, such as benzedenaphthalene, the dimer exhibited
typical dimer-like optical properties. On the ottend, when anthracene was used, the dimer
exhibited monomer-like optical properties. In thiecalar dichroism (CD) and circularly

polarized luminescence (CPL) spectra, they extdhit@que chiroptical properties.

Monomer-like properties

Dimer-like properties

11
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In Chapter 7, optically activa-conjugated oligo(phenylene-ethynylene) dimers vath
planar chiral 4,7,12,15-tetrasubstituted [2.2]pgcdaphane were synthesized. In the dilute
solution, the dimers exhibited good chiropticalpeudies;i.e. 102 order dissymmetry factors
(gabs and gum). In the aggregation state, using kinetically Egtreparing methods, one of
dimers formed J-aggregates and the others formeallglaH-aggregates or inclined H-
aggregates. The spin-coated films and drop-cass$ #xhibited opposite CPL signal each other
with 102 order dissymmetry factor. Annealing method movée tfilms to the
thermodynamically stable forms. Tlgam values of drop-cast thick films were drastically

enhanced after annealing and ¢he values reached IBborder.

dilute solution drop-cast film
signal: Negative ‘ D signal: Negative
Gum: Order 102 Gum: Order 102

(Rp)-isomer

spin-coated film annealed film
signal: Positive ‘ D signal: Negative
Gum: Order 102 Gium: Order 101

In Chapter 8, optically active phenylethene dimeased on a planar chiral 4,7,12,15-
tetrasubstituted [2.2]paracyclophane were syntkdsizhe author succeeded in the synthesis
of optically active photoluminescent compounds boththe dilute solution and in the
aggregation state by attaching an aggregation-gaiecnission (AIE) active monomer to the
[2.2]paracyclophane framework. The photoluminesqanperty in the dilute solution was
obtained because the molecular motion of the Alv@anonomers was suppressed by the

rigid [2.2]paracyclophane framework.

AIE-active monomer Chiral photoluminescent dimer
0L oL
| |
Q, + -
U U

Dilute solution Aggregation Dilute solution Aggregation

12
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In Chapter 9, optically activeeta-arylene-ethynylenes with pyridine groups basedaon
planar chiral 4,7,12,15-tetrasubstituted [2.2]pgcaphane were synthesized. The enantiopure
higher-ordered structures were controlled by pyedhg(l) complexation or an excimer
formation. After Ag(l) coordination, the structurethange was observed. The intramolecular
interaction of the terminal pyrene units was obedrin the ground state, and static excimer
properties were observed because of the rgidnteraction in the excited state. Titration of
Ag(l) revealed that the different coordination nianbf the compounds from two to four Ag(l)
ions. Optical and chiroptical properties suggedtezl existence of intramolecular Ag)-

interaction.

n- Interaction in the ground state Ag-n interaction

In Chapter 10, the author synthesized opticallyvactiendrimers with a planar chiral
4,7,12,15-tetrasubstituted [2.2]paracyclophaneaseaunit. Light-harvesting effect and steric
protection of the dendrimer structure enhancedgiatinescence property both in the dilute
solution and in the film state with excellent CPiofiles (dissymmetry factoigum ~ 0.002,

and absolute fluorescence quantum efficiemday ~ 0.60).

G4 glum, core = 0.002
G3 ¢Ium, core ~ 0.60
o2 CPL

G1
GO

Relative intensity / a.u.

/1N

G1 G2 G3 G4

350 400 450 500 550

Wavelength / nm
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Chapter 1

Synthesisand Char acterization of [2.2]Par acyclophane-Containing

Conjugated Microporous Polymers

Abstract
Conjugated microporous polymers (CMPs) were prepaiem disubstituted and
tetrasubstituted [2.2]paracyclophane monomers [yoaogashira-Hagihara coupling. The
polymers obtained exhibited a type | nitrogen gasogption profile and H4-like hysteresis
loops, indicating that the [2.2]paracyclophane aomhg CMPs possess slit-like mesopores.
Their Brunauer-Emmett-Teller surface areas werienaséd to be above 500°ght. The step
and stacked structure of the [2.2]paracyclopharieafiects the morphology of the polymers

because of the contribution of two-dimensional egian of the polymer network.
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I ntroduction

Microporous polymers such as porous coordinatiotyrpers (PCPs), metal organic
frameworks (MOFs},and microporous organic polymers (MOH®ve potential applications
as catalystd, gas storage materigd&™* and gas separation materfafsowing to their
microporosity and large surface area. They comdisirganic compounds, whose functional
groups can be changed to easily design and pramtgeaic frameworks. The sizes and shapes
of the micropores can be controlled precisely attiolecular levels. Thus, organic compounds
are ideal building blocks for preparing microporanaterials for the following reasons; they
can be prepared easily, modified easily, and ingoarvith a variety of functional
characteristics.

Over the past three decades, conjugated polymees dtiracted considerable attention in
polymer chemistry as well as in materials chemisinge the discovery of the conductivity of
polyacetylene through chemical dopfhtn general, organic polymers, including conjugated
polymers, possess film-forming properties, highcessability, and light weightedne’ss.
Therefore, conjugated polymers have been used wakeloptoelectronic materials such as
light-emitting deviceg field-effect transistor and photovoltaic cellsAdvances in transition-
metal-catalyzed coupling reactions have facilitatkd preparation of various conjugated
polymers with conformationally stable rigid strues!® Recently, conjugated frameworks
have been incorporated into network polymers usidfifunctional conjugated compounds
as monomers. Consequently, network polymers comgrisnly rigid conjugated skeletons
with micropores can be fabricated. This new clasnicroporous polymers is called
conjugated microporous polymers (CMPs)?> CMPs are of interest to researchers because
they possess-electrons delocalized throughout their framewdinkeyefore, they have received

considerable attention for their potential applmas in the field of optoelectronié¢s?
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[2.2]Paracyclophane is an attractive aromatic camgdpin which two benzene rings are
stacked and fixed together with a face-to-faceadist of approximately 3 &.In this chapter,
the author attempted to synthesize CMPs contaifihg]paracyclophane units in their
conjugated main chain. The author focused on tetstre of [2.2]paracyclophane rather than
its through-space conjugataeklectron systeit in light of the fact that the incorporation of
the pseudgara-disubstituted [2.2]paracyclophane as well as 2,13-tetrasubstituted
[2.2]paracyclophane units results in the formatbma conformationally stable step structure.
The author investigated the effects of the stapgire on the properties of the pghdrylene-

ethynylene)-based CMPs.

Results and Discussion

Target CMPs were prepared by a Sonogashira-Hagit@ugling® of monomers 1,4-
diethynylbenzend, pseudopara-diethynyl[2.2]paracyclophang, and 1,3,5-triiodobenzene
(3), as shown in Scheme 1. The ratity) of monomerd and2 was changed, by which eleven
CMPs CMP-0 to CMP-10) were obtained (Table 1j.In general, the isolated yield of a CMP
synthesized by palladium-catalyzed coupling is &M@3% as a result of the presence of non-
reacted halogens. For exampBM P-10 was obtained in 114% isolated yield, and elemental
analysis revealed th&MP-10 contained 3.40 wt% iodine (Table 1). Scheme 2 shthe
synthesis ofCM P-11 containing 4,7,12,15-tetrasubstituted [2.2]paréapttane as a crossing
point in the polymer network. The treatment of 4271b-tetraethynyl[2.2]paracyclophade
with 1,4-diiodobenzeng in the presence of a catalytic amount of Pd@RRind Cul afforded

the corresponding polym&@MP-11 in 116% isolated yield.
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Scheme 1. Synthesis 0€CM P-0 to CMP-10

Pd(PPh3)s
Cul
CMP-0-10
Toluene, Et3N
80 °C
72 h
(1+2):3=3:2

Pd(PPh3),

- Cul
Toluene, Et3N
80 °C

5 72h

CMP-11, 116%

Table 1. The results of polymerization of monomér, and3

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

CMP-0 10 0 117 (22&;) (Sggg) 5.63
CMP-1 9 1 117 (233) (ngg) 5.87
CMP-2 8 2 118 (?1812%) (Sgg;) 5.78
CMP-3 7 3 107 (jég) (Sggg) 4.78
CMP-4 6 4 122 (jig) (8222) 4.17
CMP-5 5 5 114 (jgg) (8212%3) 4.41
CMP-6 4 6 108 (jgé) (Sggi) 3.57
CMP-7 3 7 120 (jgi) (Sggg) 4.53
CMP-8 2 8 110 (gg% (Sigg) 5.00
CMP-9 1 9 104 (gi;) (Sigi) 6.72
CMP-10 0 10 114 4.94 85.33 3.40

(5.30) (94.70)
a Monomer3 was added with the ratio af€2):3 = 3:2
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The structures c€M P-0 to CM P-11 were confirmed by solid-state CP/MA® NMR and
FT-IR spectroscopy. Figure 1A shows the solid-sBREVIAS*C NMR spectra o€EM P-0 to
CMP-10. Assignments were carried out by referring tofi@NMR spectrum of the model
compound,’ as shown in Figure 2. The signals for carbon-aatkple bonds & for CMP-0
to CMP-10 were observed at around 90 ppm, and those atiblaito their aromatic carbons
“b” and “c” appeared at 120-145 ppm. The signals of the bridgthylene carbongl™ and
aromatic carbons€” in the [2.2]paracyclophane unit appeared at aglo8h and 142 ppm,
respectively.

The FT-IR spectra €M P-0 to CMP-10 (Figure 1B) were obtained from KBr pellets. For
all samples, the peaks of the stretching vibrabbrthe carbon-carbon triple bond and the
double bond of the aromatic groups appeared andr@R00 critt and at around 1580 ¢fin
combination with 1480 cm, respectively. In the spectra of CMPs containiygaphane units,
the peaks attributable to the C—H stretching vibratvere observed at 2850-2960¢mvhich
increased against the transmittance of the arorattd stretching vibration with increasing
content of the [2.2]paracyclophane units in the Obaekbone. Figure 3 shows the IR spectra
of CMP-11; the peak appeared at 3288 ¢aterived from the C—H stretching vibration of non-
reacted terminal alkynes.

Figure 4 shows the nitrogen adsorption-desorptsmtherms ofCMP-0 to CMP-11 as

measured at 77 K. According to the IUPAC classifira reported in 198% all of the
isotherms exhibited a type | nitrogen gas sorppiafile. In the isotherms aZM P-8 to CM P-
11, a H4-like hysteresis loop appeared aroundP®& with the higher content of
[2.2]paracyclophane. This result implies the pdbsibof the existence of narrow slit-like
mesopores, which seemed to be formed by the incatipo of the step structure of the
[2.2]paracyclophane moiety. The Brunauer-Emmettefe(BET) surface areasS{gr) of

CMP-0to CMP-11 were estimated, and the results are summarizédkétLangmuir surface
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(A)
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Figure 1. (A) CP/MAS3C NMR spectra o€M P-0 to CMP-10. Spectra were recorded at
a MAS rate of 4 kHz relative to adamantane. Astsrdenote spinning side bands. (B) FT-
IR spectra ofCM P-0 to CMP-10 (KBr).
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Figure 2. Comparison of the solid state CP/MA®E NMR spectrum o€M P-10 with the
13C NMR spectrum of the model compound in CB@Isterisks denote spinning sidebands.
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Figure 3. FT-IR spectrum o€MP-11 (KBr).
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areas Gangmui) in Table 2. TheSser value of CMP-0 was found to be 822 4!, which is
consistent with the report&er value of 834 rfg* of the CMP prepared from monomers 1,4-
diiodobenzene and 1,3,5-triethynylbenzéfi¢. Although incorporation of the
[2.2]paracyclophane moiety resulted in a decreashe surface area, tl8er values were
relatively high, above 5004y, as listed in Table 2. The isotherm @K P-11 consisted of
the tetrasubstituted [2.2]paracyclophane unit a®sasing point in the polymer network. This
isotherm revealed th&M P-11 was also microporous and had a BET surface ar@40ofifg ™

(Figure 3 and Table 2).

Table 2. Surface area of CMPs

CMP Sger/ égt Pressure rangeP/Po C S angmuir/ mPg?
CMP-0 822 0.011-0.054 769 1068
CMP-1 687 0.023-0.053 613 894
CMP-2 702 0.026-0.055 575 948
CMP-3 650 0.032-0.086 810 865
CMP-4 710 0.042-0.062 412 929
CMP-5 581 0.062-0.073 330 788
CMP-6 617 0.048-0.13 259 816
CMP-7 561 0.044-0.063 228 692
CMP-8 502 0.010-0.11 241 673
CMP-9 520 0.026-0.14 216 672
CMP-10 501 0.021-0.081 277 630
CMP-11 640 0.049-0.064 369 806
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Figure 4. Nitrogen adsorption-desorption isotherm&i P-0 to CMP-11 at 77 K; afilled
circle and an open circle indicate adsorption aegbdption isotherms, respectively.

A three-dimensional (3D) network structure formdteaively in CMP-0 owing to the
bending of the struts, leading to a larger surfaea. However, [2.2]paracyclophane creates
partially a two-dimensional (2D) stacked structafer-electron systems, which covered the
nanopores in the CMP in comparison withl P-0. The differences in these structures derived
from the [2.2]paracyclophane units reflected tmearphologies as seen by SERIFigure 5
shows the SEM images dEMP-0, CMP-3, CMP-6, and CMP-10 as representative
exampleg? SEM observation oM P-0 reveals the presence of mainly aggregates of siher
particles with submicrometer diameters; such sphkparticles generally form in the case of
a CMP grown in three dimensions. As the [2.2]pacmphane content increased, the

morphologies changed gradually. For example, aggesgf masses and plates were observed
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for CMP-10 (Figure 5). The morphologies of the CMPs with ghh[2.2]paracyclophane
content were considered to be derived from therdnriton of the step and stacked structure
of the [2.2]paracyclophane moieties. [2.2]Paraqgylesmes construct partially 2D stacked
structures and slit-like pores rather than theregestructure ot-conjugated planes according
to the X-ray diffraction (XRD) patterns (Figure &hich indicated the amorphous feature of

CMPs.

CMP-6 CMP-10
Figure 5. SEM images o€MP-0, CM P-3, CMP-6, andCM P-10.
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PR T ST S N SR SR T SR NN S SR TR SR N SR TR S W S
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Figure 6. XRD pattern ofCM P-10.
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Conclusions

In summary, the author synthesized a new type oP@®Wyltaking advantage of the structure
of the [2.2]paracyclophane skeleton. All of the CG3Xhibited a type | nitrogen gas adsorption
profile, and H4-like hysteresis loops were obserfiaedCMPs with high [2.2]paracyclophane
content. This result indicates that the [2.2]packmgyhane-containing CMPs possess slit-like
mesopores. The BET surface areas of the CMPs tneaged to be above 50CFg. As the
[2.2]paracyclophane content increased in the CNirsr morphologies changed gradually,
and aggregates of masses and plates were obsattrémjtable to the contribution of partial
2D expansion of the polymer network created by shep and stacked structure of the
[2.2]paracyclophane moieties. [2.2]Paracyclophaneypounds with substituents have a
conformationally stable planar chirality. CMPs dsting of such optically active
[2.2]paracyclophane units should possess chiralapares. Therefore, they have potential for
use as optical resolving reagents and light-hainggstatrices for achieving circularly

polarized luminescence.
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Experimental Section

General. Solid state cross-polarization/magic-angle-sanspiening (CP/MAS)**C NMR spectra
were obtained on a JEOL JNM-LA300WB spectrometaraied at 75.6 MHz, and were recorded at
the MAS rate of 4 kHz with théH decoupling field amplitude of 75 kHz and reportethtive to
adamantane. The contact time and the repetitioa tuere fixed as 2 ms and 6 s, respectively. FT-IR
spectra were obtained on a SHIMADZU IRPrestige{2dctophotometer. The adsorption isotherms
of nitrogen at 77 K were measured with a BELSORPLSS instrument, and Nyas of high purity
(99.9999%) was used. Prior to the adsorption measemts, the sample was treated under reduced
pressure (< 18 Pa) at 373 K for 5 h. Scanning electron microsc(&fM) measurement was carried
out on a JEOL JSM-5600B system. Samples were planeal conducting carbon tape attached to a
SEM grid, and then coated with platinum. X-Ray miftion (XRD) data were obtained on a Rigaku
MiniFlex diffractometer using Cui radiation in a range of 3 20 < 60° at intervals of 0.01° at a
scanning rate of 0.25 deg minin the 6-20 Bragg-Brentano geometry. Elemental analyses were
performed at the Microanalytical Center of Kyotoiténsity.

Materials. Dehydrated toluene was purchased commercially usmedl without further purification.
EtsN was purchased and purified by passage throughrification column under Ar pressute.
Pd(PPB)s (> 97%, Tokyo Chemical Industry = TCI), Cul (95%ako), and 1,4-diiodobenzerke
(>98%, TCI) were purchased commercially and usedhowmit further purification. 1,4-
Diethynylbenzenel (>98%) was purchased from TCIl and purified by soation. Pseudpara-
diethynyl[2.2]paracyclophan€ was synthesized from pseudara-dibromo[2.2]paracyclophane
according to the literature proced&i‘b.1,3,5-Triiodobenzene3 was synthesized from 1,3,5-
trioromobenzene  (>98%, TCI) according to the liter@a proceduré® 4,7,13,16-
Tetraethynyl[2.2]paracyclophang was synthesized from 4,7,13,16-tetrabromo[2.2]pari@aphane
according to the literature proced@fell reactions were performed under Ar atmosphere.
Synthesis of Synthesis of CMP-0to CMP-10. A typical procedure is as follows. A mixture b{31.5

mg, 0.25 mmol)2 (64.1 mg, 0.25 mmolB (151.9 mg, 0.33 mmol), Pd(P£h(28.9 mg, 0.025 mmaol),
Cul (4.8 mg, 0.025 mmol), B (2.0 mL), and toluene (3.0 mL) was placed in anadbottom flask
equipped with a magnetic stirring bar and a refftondenser. After degassing the reaction mixture
several times, the reaction was carried out at@@of 72 h with stirring. The reaction mixture was
cooled to room temperature and 1.0 N HCI (10 mL} wdded to the mixture. The pale yellow solid

was collected by filtration and washed with CEE,0, and MeOH. The solid was then further washed
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with CHC; for 24 h and MeOH for 24 h using a Soxhlet extvacThe solid was dried at 70 °C in a
vacuum oven for 24 h to affor@MP-5 (163.6 mg, 114%). The results of the CMP syntheses
summarized in Table 1.

CMP-0. Solid state CP/MAS’C NMR: ¢ 144, 131, 124, 90 ppm. FT-IR (KBn):= 3034, 2200, 1581,
1508 cm™.

CMP-1. Solid state CP/MAS®C NMR: § 142, 131, 124, 91, 35 ppm. FT-IR (KBr)= 3038, 2940,
2926, 2850, 2197, 1581, 1508 ¢m

CMP-2. Solid state CP/MAS’C NMR: ¢ 142, 138, 132, 124, 91, 35 ppm. FT-IR (KBr¥ 3040, 2954,
2926, 2887, 2853, 2199, 1581, 1508'tm

CMP-3. Solid state CP/MASC NMR: § 142, 138, 132, 125, 90, 34 ppm. FT-IR (KBr} 3040, 2940,
2926, 2889, 2853, 2199, 1582, 1508'tm

CMP-4. Solid state CP/MAS’C NMR: ¢ 142, 135, 132, 125, 91, 34 ppm. FT-IR (KBr} 3042, 3009,
2939, 2930, 2889, 2853, 2199, 1582, 1508, 1480.cm

CMP-5. Solid state CP/MASC NMR: § 142, 139, 132, 125, 91, 35 ppm. FT-IR (KBr}: 3042, 3011,
2940, 2928, 2891, 2853, 2199, 1582, 1508, 148t.cm

CMP-6. Solid state CP/MAS’C NMR: ¢ 142, 139, 131, 125, 91, 35 ppm. FT-IR (KBr¥ 3042, 3009,
2957, 2928, 2889, 2853, 2200, 1582, 1508, 148t.cm

CMP-7. Solid state CP/MAS’C NMR: 6 141, 138, 132, 125, 91, 35 ppm. FT-IR (KBr} 3044, 3009,
2939, 2930, 2891, 2853, 2199, 1582, 1508, 1481.cm

CMP-8. Solid state CP/MAS’C NMR: ¢ 142, 139, 132, 125, 91, 34 ppm. FT-IR (KBr¥ 3040, 3009,
2957, 2928, 2889, 2853, 2195, 1578, 1481'cm

CMP-9. Solid state CP/MAS’C NMR: 6 142, 140, 132, 126, 91, 35 ppm. FT-IR (KBr}: 3044, 3011,
2955, 2928, 2891, 2853, 2199, 1578, 1481'cm

CMP-10. Solid state CP/MASC NMR: ¢ 142, 139, 133, 126, 92, 35 ppm. FT-IR (KBr)= 3042,
3009, 2955, 2930, 2889, 2853, 2198, 1578, 148t.cm

Synthesisof CM P-11. A mixture of4 (72.3 mg, 0.24 mmol} (156.7 mg, 0.48 mmol), Pd(P§h(27.4
mg, 0.024 mmol), Cul (4.5 mg, 0.024 mmol)zNE(2.0 mL), and toluene (3.0 mL) was placed in a
round-bottom flask equipped with a magnetic stgrrar and a reflux condenser. After degassing the
reaction mixture several times, the reaction wasezhout at 80 °C for 72 h with stirring. The réan
mixture was cooled to room temperature and 1.0 NHCImL) was added to the mixture. The yellow

solid was collected by filtration and washed with@#kl H,O, and MeOH. The solid was then further
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washed with CHGIfor 24 h and MeOH for 24 h using a Soxhlet extracthe solid was dried at 70 °C
in a vacuum oven for 24 h to affo@M P-11 (124.2 mg, 116%). Solid state CP/MAE NMR ():
144, 133, 126, 94, 35. FT-IR (KBn):= 3288, 3062, 3043, 3032, 2960, 2930, 2885, 28537, 1589,
1508 cm. Anal. calcd. for GsHzo: C 95.54, H 4.46; found: C 79.83, H 4.60, | 6.76.
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Chapter 2

Conjugated Micropor ous Polymers Consisting of Tetrasubstituted

[2.2] Par acyclophane Junctions

Abstract
Conjugated microporous polymers (CMPs) were syigbdsfrom the tetrasubstituted
[2.2]paracyclophane compounds as tetra-functionalding blocks using Hay coupling,
Sonogashira-Hagihara cross-coupling, and Yamamaoplmg. The CMPs exhibited
microporosity (less than 2 nm) and large surfaeasup to approximately 100Ggn}). The
CMPs consisted of relatively uniform particles a@ngbersed in organic solvents. These results

suggest their possible applications in the fieldspio-electronics and catalyst chemistry.
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I ntroduction

[2.2]Paracyclophane, which contains two benzergsrihas attracted considerable attention
with regard to its structure, reactivity, and plegsi properties. A number of
[2.2]paracyclophane derivatives have been prepavddr, and their unique properties derived
from the characteristic interactions between thackstd n-electron systems have been
investigated in detalt®> Recently, through-space conjugated oligomers amigingers by
incorporating [2.2]paracyclophane into the conjedatpolymer backbone have been
synthesized:’ These polymers exhibited an extensionr-gbnjugation length via the through-
space interactiofIn addition, end-capping of the through-space wgaied polymers allowed
for fluorescence resonance energy transfer (FRER) the stacked-electron systems to the
end-cappea-electron system®

Microporous polymers such as metal organic fram&s@WOFs)!%?°porous coordination
polymers (PCPsY2° and microporous organic polymers (MOP$§ have been extensively
investigated. Because these polymers possessporeand large surface areas, it is expected
that they can be applied as cataly$t§ gas storage materiads3!:333%43and gas separation
materials***44Generally, they are composed of organic compowiise functional groups
can be readily designed; thus, the sizes and sludjihe micropores can be controlled at the
molecular level. Recentlyt-conjugated frameworks have been used for netwohnpers.
This new class of microporous network polymersaibec conjugated microporous polymers
(CMPs)#47 and they consist of only rigig-conjugated skeletons and of micropores that can
be readily fabricated. CMPs have received considerattention owing to their potential
application in the field of optoelectronfé$°because of the presence of delocalizetectrons
throughout their frameworks as well as their rigietropores.

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

network for a CMP. In particular, the author sedecta 4,7,12,15-tetrasubstituted
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[2.2]paracyclophane skeleton with a crisscrossciire as the junction of the CMP. Three
types of CMPs consisting of tetrasubstituted [Za2dgyclophane junctions were synthesized
from [2.2]paracyclophane monomers with differerttesi by Hay coupling® Sonogashira-
Hagihara cross-couplim};®> and Yamamoto coupling. Al CMPs were found to be
microporous with large surface areas on the bdsmstingen gas sorption studies. Further
characterization of the obtained CMPs by cross+malion magic angle spinning (CP/MAS)
13C NMR, FT-IR, X-ray diffraction (XRD), and scanniredectron microscopy (SEM) were

also performed.

Results and Discussion

[2.2]Paracyclophane-based monomkrwas prepared from 4,7,12,15-tetrasubstituted
[2.2]paracyclophar®é using the procedure reported in the literaf3r@he Sonogashira-
Hagihara cross-couplif®? of compoundl1 with 1-bromo-4-iodobenzen® proceeded
chemoselectively to give monomeiin 43% isolated yield, as shown in Scheme 1. Selsem
2-4 show the synthesis of target CMR8. Hay coupling® of 1 (Scheme 2), Sonogashira-
Hagihara cross-coupling dfwith 4 (Scheme 3), and Yamamoto coupfihgf 3 (Scheme 4)
afforded the corresponding CMRs3, respectively. After the coupling reaction, theide
products were washed with organic solvents ap@ Hsing a Soxhlet extractor to yield the
CMPs as pale yellow powders. The polymerizatiomltesare listed in Table 1. The reaction
efficiencies of the CMPs were calculated accordmghe FT-IR absorption peak of C-H
stretching vibration of the terminal alkyne (CMPand the elemental analysis data (CRIP
and 3). Generally, the isolated yield of a CMP synthediby palladium-catalyzed cross-
coupling is over 100% because of the presence agted halogens such as bromine and
iodine. Thus, in our case, CMIpossessed 3.37 wt% iodine according to the rebalemental

analysis. On the other hand, Yamamoto coupling ggded smoothly to provide CMP
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(Scheme 4) with high reaction efficiency (>99%)thaugh this reaction required a
stoichiometric amount of Ni. Almost all of the Boexies reacted, and the elemental analysis
showed that only 0.24 wt% of Br remained in the glamit is desirable to remove residual

halogens from the viewpoint of the possible applicaof the CMPs.

Scheme 1. Synthesis 08

sz(dba)3
“ P PPh;
N Z Cul
. X THF, Et;N
rt
1 2 3h
Scheme 2. Synthesis 0CMP 1
CuCl s
TMEDA
CH,Cl, SN
rt W7
1 72h 2
Scheme 3. Synthesis 0CMP 2
“ P Pd(PPh3),
oS Z cul
o e O
ZT7 7T DMF, Et;N
80 °C
1 4 72h
Ni(cod),
COD
2,2-Bipyridine
DMF
80 °C
72h

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

Elemental analysis

Yield? Reaction H (%) C (%) Halogen (%) SseT S angmuir

cMP (%) Efficiency’ Found, Calcd. Found, Calcd. Found, Caled. (m’g™®)  (m’g™?)
1 90 0.72 4.05, 4.03 82.99, 95.97 - 889 1,156

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

3 91 >0.99 4.98, 4.67 87.93, 95.33 Bromine:0.24,0 6 95 1,231

2|solated yield calculated on the basis of weifitalculated from the elemental analysis data
for CMPs2 and3 from the FT-IR absorption peak of the terminalyakk C—H stretching for
CMP 1.

The structures of the obtained CMPs were confirmesolid-state CP/MA$*C NMR and
FT-IR spectroscopies. The solid-state CP/MAS NMR spectra of CMP$-3 are shown in
Figure 1. As a representative example, the signaitipns of CMP2 for various types of
carbons are as follows. The relatively sharp pgaRBla/ ppm was assigned to the bridge
methylene carbons of cyclophane units. The smghads of the C-C triple bond carbons
appeared at around 95 ppm. Finally, the peaks@Gila8 ppm were assignable to the aromatic
carbons. The FT-IR spectra were obtained using lets of the CMPs. The spectra of the
CMPs1-3 are shown in Figure 2. For all samples, the peéltise stretching vibration of the
C-C triple bond appeared around 2200%camd those of the C—C double bonds of phenylenes
appeared around 1580 and 1480%tmhe peaks attributable to the stretching vibratiof the
C-H bonds in the cyclophane units were observ@8a®-2950 cim. In the FT-IR spectra of
CMPsland2, the C—H stretching vibration of unreacted terrhalkynes appeared at around
3250 cm®. Thus, the reaction efficiencies of CMRand 2 could be calculated from the

absorbance of the terminal alkyne C—H stretching.
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The CMPs were analyzed by nitrogen gas sorptiom fiitrogen adsorption/desorption
isotherms of CMP4-3 obtained at 77 K are shown in Figure 3A. Accordioghe IUPAC
classification reported in 1985 all isotherms of CMP4-3 exhibited a type | nitrogen gas
sorption profile. This result clearly indicatesttiize obtained CMPs are microporous network
polymers comprised only micropores with diametéisss than 2 nm. The Brunauer-Emmett-
Teller (BET) surface area$det) and Langmuir surface aredS dugmui) of CMPs1-3 were
estimated, and the results are shown in TablellofAhe CMPs exhibited large BET surface
areas (> 840 fg™1). CMP3, which was obtained by Yamamoto coupling, exhibttes highest
Seet value of approximately 1000 4g1t. Pore size distribution curves of CMPs3 were
obtained by the micropore method, and they are showigure 3B. The pores were mainly
observed in the mesopores range from 0.5 to 1. Thmpore diameters of the CMPs increased
as the distance between [2.2]paracyclophane jursti@came longer. For example, the pore
diameters of CMP2 and3 were estimated to be approximately 1.0 nm.

The powder XRD patterns of CMRs3 exhibited the hollow peaks as shown in Figure 4,
indicating that they were completely amorphous. SiMges of CMP4-3 are shown in
Figure 5, respectively. The morphology of CidBbtained by cross-coupling polymerization
suggested the presence of various chunks consgdtsmall plates and blocks. In contrast, the
SEM image of CMHA showed aggregates consisting of small blockstlzatcbf CMP3, which
was prepared by the Yamamoto coupling, showed ivelgt uniform particles with
approximately 0.2m in size. Thus, CMB was readily dispersed in common organic solvents
such as CHGland CHCI.. In addition, there was little residual Br in CN8Ptherefore its
optical properties were investigated. As shown igufFe 6A, CMP3 dispersed in CECl2
exhibited a broad absorption band with a peak t@y@nd 420 nm. As shown in Figure 6B,

upon excitation at the absorption peak maximunroad and featureless emission spectrum
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was observed with a peak top at around 530 nmré&eence quantum yield of 2%) derived

from the stacked and aggregated structures of-ttemjugated frameworks.

Intensity / a.u.

26/ degree

Figure 4. XRD patterns of CMP§-3.

—— scalebar2 ym

A &
:

e Sl
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=
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Figure 5. SEM images of CMP%-3.
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Intensity / a.u.
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Figure®6. (A) UV-vis absorption spectrum of CM3dispersed in CECl2. (B) PL spectrum
of CMP 3 dispersed in CkCl2 (excited at absorption maximum). (C) PL of the CMP
dispersed in CECly, irradiated with UV lamp (365 nm).
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Conclusions

In summary, the author prepared CMPs containingigabstituted [2.2]paracyclophane
units as the junctions of the network structureHay coupling, Sonogashira-Hagihara cross-
coupling, and Yamamoto coupling. All CMPs comprigeitropores with diameters of less
than 2 nm. Moreover, they exhibited large surfagas; in particular, the BET surface area
(Seer value) of the CMPs synthesized by Yamamoto cogpli@ached 1000 fgt. The
morphology of this CMP was relatively uniform anbet particles had diameters of

approximately 0.2m; therefore, it was readily dispersed in commagaaic solvents.
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Experimental Section

General. 'H and**C NMR spectra were recorded on a JEOL JNM-EX40@unsent at 400 and 100
MHz, respectively. Samples were analyzed in GD@&hd the chemical shift values were expressed
relative to MgSi as an internal standard. Solid state cross-galéwn/magic-angle-sample-spinning
(CP/MAS)**C NMR spectra were obtained on a Bruker Avanceg#ctrometer operated at 100 MHz,
and CP/MAS spectra were recorded at the MAS rafeldfiz with the'H decoupling field amplitude

of 57 kHz. The contact time and the repetition tinexe fixed as 2 ms and 5 s, respectively. Anadytic
thin layer chromatography (TLC) was performed wditica gel 60 Merck F254 plates. Column
chromatography was performed with Wakogel C-300:3i{yh-resolution mass spectra (HRMS) were
obtained on a Thermo Scientific MALDI LTQ Orbitra§h. hybrid mass spectrometer. The adsorption
isotherms of nitrogen at 77 K were measured wBEASORP-18PLUS instrument, and s of high
purity (99.9999%) was used. Prior to the adsorptimeasurements, the sample was treated under
reduced pressure (< F@Pa) at 423 K for 5 h. Scanning electron microso&&sM) measurement was
carried out on a JEOL JSM-5600B system. Samples meatr on a conducting carbon tape attached by
a SEM grid, and then coated with platinum. X-Rd§rdction (XRD) data were obtained on a Rigaku
MiniFlex diffractometer using Cui radiation in a range of 3 20 < 60° at intervals of 0.01° at a
scanning rate of 0.25° mih Elemental analyses were performed at the Micrgtinal Center of Kyoto
University.

Materials. THF and EIN were purchased and purified by passage througfigation column under

Ar pressure’ Dehydrated CkCl, and DMF were obtained commercially, and used afegrassing.
Pdx(dba}, Pd(PPB)a4, Ni(cod), PPh, Cul, N,N,N',N'-tetramethylethylenediamine (TMEDA), 2,2'-
bipyridine, cyclooctadiene (COD), 1-bromo-4-iodobene ), and 1,4-diiodobenzened)( were
obtained commercially, and used without further  ifpration. 4,7,12,15-
Tetraethynyl[2.2]paracyclophane 1) was prepared from the corresponding
tetrabromo[2.2]paracyclophaties described in the literature.

Synthesis of 4,7,12,15-Tetrakis(4-bromophenylethynyl)[2.2]paracyclophane 3. A mixture of 1
(0.363 g, 1.19 mmol)2 (1.486 g, 5.25 mmol), R@ba) (109 mg, 0.12 mmol), PRI{125 mg, 0.45
mmol), and Cul (46 mg, 0.24 mmol) was placed i ank. Pyrex flask equipped with a magnetic stirrer
bar. The equipment was purged with Ar, followedaading THF (40 mL) and NE{10 mL) at O °C.
The reaction was carried out at room temperaturé fo. The reaction mixture was concentrated in

vacuo to afford the crude product, which was pedfby SiQ column chromatography (hexane/CH/CI
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v/v = 8/1 as an eluent) and recrystallization frGHClz; and MeOH to affor® as a pale yellow solid
(476 mg, 0.52 mmol, 43%R: = 0.24 (hexane/CHglv/v = 8/1).*H NMR (CDCk, 400 MHz):6 3.07

(t, J= 8.0 Hz, 4H), 3.54 (] = 8.0 Hz, 4H), 7.10 (s, 4H), 7.41 @= 8.0 Hz, 8H), 7.53 (d] = 8.0 Hz,
8H); °C NMR (CDCs, 100 MHz):6 32.7, 90.3, 93.6, 122.3, 122.7, 125.0, 131.7,8,3234.6, 141.8.
HRMS (MALDI) calcd for GgH2sBra [M]*: 919.8919, found 919.8878. Elemental analysisdcédtar
CagH26Bra: C 62.37 H 3.05 Br 34.58, found: C 62.64 H 3.273Br48.

Synthesisof CMP 1. CuChk (99 mg, 1.00 mmol), TMEDA (116 mg, 1.00 mmol), &ie.Cl, (5.0 mL)
were placed in a 50 mL Pyrex flask equipped withagnetic stirrer bar, and the mixture was bubbled
with dry G, (air) for 30 min. Compound (126 mg, 0.42 mmol) in Ci&l, (2.0 mL) was added to this
solution. After the reaction was carried out atndemperature for 72 h, agueousNBB%) was added.
The pale yellow solid was collected by filtrationdawashed with THF, hexane, CHCH,O, and
MeOH. Then, the solid was further washed with CHGt 24 h and MeOH for 24 h using a Soxhlet
extractor. The solid was dried at 150 °C in a vacwyen for 24 h to afford CMP (112 mg, 90%).
Solid state CP/MAS’C NMR: 6 31.7, 82.7, 125.2, 141.1 ppm. FT-IR (KBr): 903, 047573, 2158,
2929, 3290 cnt.

Synthesisof CMP 2. A mixture ofl (72 mg, 0.24 mmol¥ (157 mg, 0.48 mmol), Pd(PBh(27.4 mg,
0.024 mmol), Cul (4.5 mg, 0.024 mmol)zEt(1.9 mL), and DMF (2.85 mL) was placed in a round
bottom flask equipped with a magnetic stirring &ad a reflux condenser. After degassing the reactio
mixture several times, the reaction was carriedad80 °C for 72 h with stirring. The reaction nuiset
was cooled to room temperature, and 1.0 N HCI (1) was added to the mixture. The pale yellow
solid was collected by filtration and washed witHH, hexane, CHG) H,O, and MeOH. Then, the
solid was further washed with CHGbr 24 h and MeOH for 24 h using a Soxhlet extsacthe solid
was dried at 150 °C in a vacuum oven for 24 h tordfCMP2 (124 mg, 116 %). Solid state CP/MAS
3C NMR:631.7, 94.6, 123.4, 130.1, 140.2 ppm. FT-IR (KBB38905, 1508, 1593, 2195, 2930, 3032,
3296 cm.

Synthesisof CMP 3. A mixture of Ni(cod) (309 mg, 1.12 mmol), and 2,2'-bipyridine (175.7,hgd 2
mmol) was placed in a round-bottom flask equippét &wmagnetic stirring bar and a reflux condenser.
The equipment was purged with Ar, followed by agddMF (30 mL) and COD (0.14 mL, 1.12 mmol),
and then, the mixture was stirred for 1 h at 80T&€the mixture was added compow (200 mg, 0.22
mmol). The reaction was carried out at 80 °C foth72To the mixture, conc. HCI aq. (6.0 mL) was

added, and the mixture was stirred for 8 h at reemmperature. The pale yellow solid was collected by
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filtration and washed with THF, hexane, CHCH,O, and MeOH. Then, the solid was further washed
with CHCE for 24 h and MeOH for 24 h using a Soxhlet extvacthe solid was dried at 150 °C in a
vacuum oven for 24 h to afford CMP(120 mg, 91%). Solid state CP/MAZ NMR: ¢ 31.6, 96.5,
126.1, 130.5, 140.1 ppm. FT-IR (KBr): 822, 14970162181, 2930, 3028 cMm
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Chapter 3

Planar Chiral Tetrasubstituted [2.2]Par acyclophane:

Optical Resolution and Functionalization

Abstract
Optical resolution of 4,7,12,15-tetrasubstituted2]@aracyclophane and subsequent
transformation to planar chiral building blocks aescribed. An optically active propeller-
shaped macrocyclic compound containing a planarakhyclophane core was synthesized,
showing excellent chiroptical properties such aghHtluorescence quantum efficiency and a

large circularly polarized luminescence dissymmédgtor.
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I ntroduction

Planar chiral [2.2]paracyclophanes provide a canédionally stable chiral environment
due to suppression of the rotation of phenyléne3ptical resolutions of various
[2.2]paracyclophanes have been conduttedand the resulting optically active
[2.2]paracyclophane compounds have mainly been asechiral auxiliaries. For example,
aryl-PHANEPHOS2? are well-known commercially available compoundseyt are widely
used as chiral ligands for transition metal-catadyasymmetric reactions.

There have been several reports on optical resalofi disubstituted [2.2]paracyclophahe;
however, only one report on that of a tetrasulisiityi2.2]paracyclophane compound exfsts.
Considering the potential applications of [2.2]ggdophane skeletons in polymer and
materials chemistry,as well as organic and organometallic chemistitheér development
and modification of optical resolution methods fqulanar chiral tetrasubstituted
[2.2]paracyclophanes would be valuable. Herein atidor reports optical resolution iafc-
4,7,12,15-tetrabromol2.2]paracyclophane and sulesgquansformations to produce planar
chiral building blocks for through-space carborirr@dmpound$.in this chapter, an optically
active macrocycle based on a tetrasubstituted [2.2]paracyclophang syathesized. The
excellent chiroptical properties, in particularccilarly polarized luminescence (CPL), are also

reported.
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Results and Discussion

Optical resolution of tetrasubstituted [2.2]pardopbane was carried out by a diastereomer
method beginning with 4,7,12,15-tetrabromo[2.2]psciophanérac-1, as shown in Figure 1.
One of bromides imac-1 was converted to a hydroxyl group to obtean-2 in 69% isolated
yield,**® which was reacted with (-)-84R)-camphanoyl! chlorid& to obtain a mixture of
diastereomers. These were readily separated byc®iOmn chromatography and purified by
recrystallization to obtain§),1S4R)-4 and R»,1S4R)-4 in 38% and 34% isolated yield,
respectively (each diastereomer ratio (dr) > 99.%5%)e structures were confirmed by NMR
spectroscopy, mass analysis, elemental analysis{aay crystallography (Figure 1).

Hydrolysis and subsequent transformation &f,154R)-4 are shown in Scheme 1.
Treatment of $,1S4R)-4 with KOH afforded &)-2. This compound was used for the next
transformation to OTf without purification, and etapure &)-5 was obtained in 92%
isolated yield. Sonogashira-Hagihara coupfiraf (S)-5 with trimethylsilylacetylene using a
P (dba)/(t-Bu)sP catalysis gave only5)-6 in 83% isolated yield. Interestingly, bromide was
selectively reacted, and tetra(trimethylsilylethy[B/2]paracyclophane §)-7 was not
detected by thin-layer chromatography. React®+§ with trimethylsilylacetylene using a
PdCk(dppf) catalysis afforded)-7. Removal of the trimethylsilyl group was carriad with
K2COs/MeOH afforded the corresponding tetra¥n€Sy)-8 in 91% isolated yield. The
enantiomerRpy)-8 was also synthesized by the same route.

Tetrasubstituted [2.2]paracyclopharteand8 can be employed as conformationally stable
chiral building blocks for various optically actiwarbon-rich compounds. In this study, the
author synthesized an optically active propellexpst macrocyclé from 8, as shown in
Scheme 1. The reaction 0&)-8 with 5-+tert-butyl-2-[(trimethylsilyl)ethynylliodobenzene
afforded the corresponding optically active compbuf®)-9 in 89% isolated yield.

Desilylation of &)-9 with K2COs/MeOH and a subsequent oxidative coupling reacising

51



Chapter 3
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Figure 1. Optical resolution ofac-1. Crystal structures of§{,1S4R)-4 and &»,1S4R)-4
with ellipsoids at 30% probability. Hydrogen atoarsd solvent (CHGIin (Rp,1S4R)-4)
are omitted for clarity.
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Cu(OAc) gave the target macrocycl&)-10 in 40% isolated yield. EnantiomdrJj-10 was
also prepared, and their structures were confirpedlMR spectroscopy and mass analysis.
A single crystal ofac-10 was obtained by recrystallization with CH@nd MeOH, and the
molecular structure is shown in Figure 2. The einamtrs co-crystallized into a single crystal,
and the bowtie-shap&tstructure was confirmed from the top view. As shawthe front and
side views, the structure seems like a two-bladepgiter owing to the planar chiral
[2.2]paracyclophane core. This structure has ptsijobeen synthesized by Hopf, Haley, and

co-workers as a racemic compoufdilthough the positions of thert-butyl groups were

different.
(A) Top view of (R,)-isomer (B) Front view of (R;)-isomer (C) Side view of (R,)-isomer
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Figure2. Preliminary X-ray structure egfic-10 and its packing diagram. Thermal ellipsoids
are scaled to the 30% probability level. Hydrogeme and solvents are omitted for clarity.
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The optical properties ofRf)- and &)-10 were investigated; the UV-vis absorption,
circularly dichroism (CD), photoluminescence (Pahd CPL spectra oRf)- and &)-10 in
the dilute CHQ solution (1.0 x 1€ M) are shown in Figure 3. The UV-vis absorption
spectrum ofl0 (Figure 3A) was identical to that of the cyclicnmoound prepared by Hopf,
Haley, and co-worker€. Thus, there was no difference in the electromiscstire of the ground
state between these compounds regardless of th@ps®f thetert-butyl groupst* In the CD
spectra of Rp)- and &)-10, intense and mirror image Cotton effects were oleskin the
absorption bands of the UV-vis spectra (Figure 3&e molar ellipticity (f]) was very large,
with a [f] for ($)-10 of 2.7 x 16 deg cnd dmol™. The dissymmetry factor of absorbangs
= 2(Aele), is another parameter indicating chirality in greund state; a larggbsvalue of 0.9
x 102 was obtained. The specific rotatia}¥b (c 0.5, CHC$) of (S)-10 was estimated to be
—1494.9, whereas that d&§-9 was +44.1. In all cases, the chiroptical data(8)-10 were
considerably enhanced compared with thoseS9rq in the ground state.

As shown in Figure 3B, compound@ exhibited a vibronic emission peak at around 4®0 n
with an absolute PL quantum efficienopi(m) of 0.45 for &)-10. The PL decay curve was
fitted with a single exponential relationshjg € 1.18), and the PL lifetime)(was calculated
to be 3.71 ns (Figure 4). This efficient PL arasa criss-cross delocalization across the entire
molecule via the strong through-space interactfath®[2.2]paracyclophane cotfe.

Intense and mirror image CPL signals fBs)¢ and &)-10 were observed in the emission
region (Figure 3B) with a large CPL dissymmetrytéamium = 2(ieft — lright)/(lieft + lright), where
liert andlright are the PL intensities of left- and right-handd®l_Crespectively. The maximum
lgum| value was estimated to be 1.1 x(Figure 5). It is rare that a monodispersed chiral
hydrocarbon exhibits such a largien on the order of 18.164"9 Recently, small molecules that
exhibit CPL in the dilute solution have been extegly studied; helically and axially chiral

compounds have been known to have CPL with lgigevalues on the order of 19107216 A
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conformationally stable chiral structure of the #img species, such as a helical structure, in
the excited state is essential to obtain CPL witlarge gum. Macrocycle10 possesses a
conformationally stable chiral second-ordered s$tmec (propeller-shaped structure) due to
complete fixation by the [2.2]paracyclophane bridggthylenes, resulting in intense CPL with
a largegum.!” There were only small differences betweengkeandgum for (Rp)- and &)-

10, indicating little conformational change betweka ground and the excited statés.

(B)
5
(S
©
£ .
o 3
g c
o x
§ 1
N —1
= 1.5
. — (Ry)-10 _
{110 8 — (Sp)-10 é
2 z
105 & - =
3 — »
- c
1 1 1 1 L 0 I 1 1
250 300 350 400 450 500 550 600 350 400 450 500 550 600 650 700
Wavelength / nm Wavelength / nm

Figure 3. (A) UV-vis absorption and CD spectra &)- and &)-10 in CHCk (1.0 x 10°
M) at room temperature. (B) PL and CPL spectraRpf-(and &)-10 in CHCk (1.0 x 10°
M for PL and 1.0 x 16 for CPL) at room temperature, excited at 314 nm.
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Figure 4. PL decay curves ofRp)- and Figure5. Charts ofgum of (Rp)- and &)-
($)-10 in CHCE (1.0 x 10° M) at room 10 in CHCk (1.0 x 10° M) at room
temperature, excited at 375 nm LED lasetemperature.
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Conclusions

In conclusion, the author have developed a prdatiedthod for optical resolution of planar
chiral tetrasubstituted [2.2]paracyclophane. Theaioled enantiopure 4,7,12,15-tetrafunctional
cyclophane was readily modified to the correspoggilanar chiral compounds. In the present
study, a propeller-shaped macrocyclic compoundsyathesized through coupling reactions.
The obtained macrocycle exhibited a chiral envirentrin the ground and excited state. In
particular, the macrocycle exhibited PL with a higim of 0.45 and CPL with a larggum of
1.1 x 102 A conformationally stable higher-ordered struetim the excited state is required
for CPL with a larggum, and the theoretical supports in the excited stdtde the next target.
From the conformational viewpoint, [2.2]paracyclapk is the ideal scaffold and provides
new design guidelines for CPL materials in additmhelically and axially chiral compounds.
Various functionalizations of planar chiral tetrbstituted [2.2]paracyclophanes, sucthand

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

General. *H and**C NMR spectra were recorded on JEOL EX400 and ALin8Buments at 400 and
100 MHz, respectively. Samples were analyzed in GEHDId the chemical shift values were expressed
relative to Me@Si as an internal standard. Analytical thin laylerotnatography (TLC) was performed
with silica gel 60 Merck F254 plates. Column chrooggaphy was performed with Wakogel C-300
Si0,. High-resolution mass (HRMS) spectrometry was qremed at the Technical Support Office
(Department of Synthetic Chemistry and Biologicaé@Ilstry, Graduate School of Engineering, Kyoto
University), and the HRMS spectra were obtainedaieOL JMS-MS700 spectrometer for electron
ionization (El), a Thermo Fisher Scientific EXACTESpectrometer for electrospray ionization (ESI),
and a JEOL JMS-HX110A spectrometer for fast atormiirdment (FAB). Recyclable preparative
high-performance liquid chromatography (HPLC) wasied out on a Japan Analytical Industry Co.
Ltd., Model LC918R (JAIGEL-1H and 2H columns) an@%204 (JAIGEL-2.5H and 3H columns)
using CHC} as an eluent. UV-vis spectra were recorded onl&8BZU UV-3600 spectrophotometer,
and samples were analyzed in Ckl&lroom temperature. Fluorescence emission speetearecorded
on a HORIBA JOBIN YVON Fluoromax-4 spectrofluorometand samples were analyzed in CHCI
at room temperature. PL lifetime measurement wasfopeed on a Horiba FluoroCube
spectrofluorometer system; excitation was carriet using a UV diode laser (NanoLED 375 nm).
Specific rotations ¢f]'n) were measured with a HORIBA SEPA-500 Polarimeigastereomer ratio
(dr) was confirmed by a HPLC (TOSOH UV-8020) eqegpvith a Daicel CHIRALPAK IA column
(0.46 cmx 25 cm, solvent flow rate 0.5 mL/min). Circular ldioism (CD) spectra were recorded on a
JASCO J-820 spectropolarimeter with Ckl@s a solvent at room temperature. Circularly mdal
luminescence (CPL) spectra were recorded on a JAGEID200S with CHGlas a solvent at room
temperature. Elemental analyses were perform#tedtlicroanalytical Center of Kyoto University.
Materials. n-BuLi (1.65 M in hexane), B(OMeg) HxO, (30 w/v% in HO), NaOH, (-)-(1S,4R)-
camphanoyl chloride (3), KOH, 7@, trimethylsilylacetylene, Bdba} (dba = dibenzylideneacetone),
(t-Bu)sPHBFs,  Cul, KCOs,  MeOH, PdCidppf)-CHCl.  (dppf =  1,1-
bis(diphenylphosphino)ferrocene), and Cu(QAwgre purchased and used without further purificati
Anhydrous CHCIl, and CHCN were purchased and used without further putifica Pyridine was
purchased and purified by distillation with KOH. Ftdnd E4N were purchased and purified by passage
through solvent purification columns under Ar prass’® rac-4,7,12,15-

Tetrabromo[2.2]paracyclophanec-1 was prepared as described in the literatukg7,12,15-
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Tetra(trimethylsilylethynyl)[2.2]paracyclophaneac-7,** 4,7,12,15-tetraethynyl[2.2]paracyclophane
rac-8,'* 2-bromo-4tert-butyl-1-iodobenzene s1,% and 1-bromo-3ert-butyl-2-
[(trimethylsilyl)ethynyl]benzen&2 have previously been reportéd.

Synthesis of rac-2. A solution ofn-BuLi (1.65 M in hexane, 6.9 mL, 11 mmol) was slgwidded to a
solution ofrac-4,7,12,15-tetrabromo[2.2]paracyclophaae-1 (5.24 g, 10 mmol) in THF (80 mL) at
=78 °C. After 30 min, B(OMe)(16.7 mL, 150 mmol) was added and the mixture staieed 1 h at
—78 °C to room temperature. Subsequently, aqueddsNaOH (20 mL, 40 mmol) and aqueous 30%
H.0, (33.4 mL, 0.30 mol) were added and the mixture stased overnight at room temperature. To
the yellow reaction mixture was added saturateceags NHCI solution, and the organic layer was
extracted three times with GEl>. The combined organic layer was washed with baime dried over
MgSQ.. MgSQ, was removed by filtration, and the solvent wasaoeead with a rotary evaporator. The
crude residue was purified by column chromatogragh$iQ (CHCE as an eluen& = 0.38) to afford
rac-2 (3.19 g. 6.91 mmol, 69%) as a light yellow crystel NMR (CDCk, 400 MHz)s 2.80-3.00 (m,
4H), 3.12-3.26 (m, 4H), 4.61 (s, 1H), 6.35 (s, 1AHD6 (s, 1H), 7.13 (s, 1H), 7.14 (s, 1H) ppig
NMR (CDClk, 100 MHz)0 28.1, 32.6, 32.9, 33.2, 117.3, 119.4, 125.0, 1227,0, 134.1, 134.7, 134.9,
140.0, 140.3, 141.2, 153.7 ppm. HRMS (ESI) caled. G6H15BrsCIO [M+CI]: 492.8200, found:
492.8186. Elemental analysis calcd. fasHGsBrsO: C 41.69 H 2.84, found: C 42.48 H 2.90.

Optical resolution of rac-2: Synthesis of (S,,1S,4R)-4 and (Rp,1S,4R)-4. A mixture ofrac-2 (3.19 g,
6.9 mmol) and ($-(-)-camphanoyl chloride (2.06 g, 9.51 mmol) w#scpd in a round-bottom flask
equipped with a magnetic stirring bar. After degapshe reaction mixture several times, dehydrated
pyridine (40 mL) was added and the mixture wasestiat room temperature for 9 h. After addition of
5 M HCI (100 mL), the organic layer was extractathwCH,Cl, and washed with 1 M HCI, saturated
agueous NaHCg&and brine. The combined organic layer was driegt ddgSQ. MgSQ was removed
by filtration, and the solvent was removed wittotary evaporator. The crude residue was purified by
column chromatography on SIJCHCl/hexane = 9/1 v/v as an eluent) to give the mixtofe
($,1S4R)-4 and R, 1S4R)-4. as a crystal. Recrystallization was carried owt obtain each
diastereomer;,,1S4R)-4 (1.70 g, 2.65 mmol, 38%) from toluene and hexgwed and poor solvent,
respectively), R,1S4R)-4 (1.49 g, 2.33 mmol, 34%) from CHCAnd MeOH (good and poor solvent,
respectively). %,1S4R)-4. R = 0.30 (CHC{/hexane = 9/1 v/v). Pale yellow block crystd. NMR
(CDCls, 400 MHz)5 1.15 (s, 3H), 1.21 (s, 3H), 1.25 (s, 3H), 1.75-1(81 1H), 1.97-2.05 (m, 1H),
2.13-2.20 (m, 1H), 2.53-2.60 (m, 1H), 2.88-3.03 &), 3.20-3.30 (m, 3H) 6.83 (s, 1H), 7.01 (s, 1H),
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7.13 (s, 1H), 7.30 (s, 1H) ppriC NMR (CDCk, 100 MHz)s 9.81, 16.7, 17.4, 28.7, 28.8, 30.8, 32.6,
32.9, 33.8,54.7,55.1, 90.8, 123.8, 125.1, 1288,6, 132.2, 134.7, 134.8, 135.6, 140.3, 140.0,8.4
148.1, 165.3, 178.0 ppm. HRMS (ESI) calcd. fasHGsBrsClO, [M+Cl] : 672.8986, found: 672.8968.
Elemental analysis calcd. fordEl2sBrsOs: C 48.70 H 3.93 Br 37.39, found: C 48.46 H 3.8BBr41.
[0]*% = +80.6 ¢ 0.5, CHC}). Retention time of HPLC: = 11.3 min (CHIRALPAK IA, hexane/THF

= 8/2 VIV). Ry, 1S4R)-4. R = 0.21 (CHCY/hexane = 9/1 v/v). Colorless needle crystdINMR (CDCE,
400 MHz) 6 1.12 (s, 3H), 1.20 (s, 3H), 1.23 (s, 3H), 1.80-1(®7 1H), 2.02-2.09 (m, 1H), 2.27-2.34
(m, 1H), 2.56-2.63 (m, 1H), 2.83-3.04 (m, 5H), 3281 (m, 3H), 6.87 (s, 1H), 7.03 (s, 1H), 7.14 (s,
1H), 7.29 (s, 1H) ppm-*C NMR (CDCE, 100 MHz)s 9.80, 16.9, 17.0, 28.8, 29.1, 31.3, 32.6, 33.0,
33.9,54.4,54.9,90.7,123.7,125.0, 125.1, 12288,0, 134.6, 134.8, 135.4, 140.3, 140.6, 14079,
164.8, 177.6 ppm. HRMS (ESI) calcd. foksd2:BrzClOs [M+Cl]™: 672.8986, found: 672.8968.
Elemental analysis calcd. fordEl2sBrsOs: C 48.70 H 3.93 Br 37.39, found: C 48.46 H 3.783Br10.
[0]* = —86.1 € 0.5, CHC}). Retention time of HPLC: = 12.5 min (CHIRALPAK IA, hexane/THF

= 8/2 viIv).

Synthesisof 5. KOH (1.42 g, 2.41 mmol) in #0 (15 mL) was added to a solution 8f,(S4R)-4 (1.55

g, 2.41 mmol) in EtOH (70 mL). After the mixture svstirred for 10 h at room temperature, the reactio
mixture was quenched by the addition of 1 M HCI (80). The organic layer was extracted with
CHCI, and washed with saturated aqueous Nakl&@@ brine. The combined organic layer was dried
over MgSQ. MgSQ, was removed by filtration, and the solvent wagpevated. Compoundg)-2 was
obtained and used for the next reaction withouifisation. Dehydrated pyridine (2.0 mL, 25 mmol)
and T$O (1.0 mL, 5.94 mmol) were added to a stirred sotudf (S)-2 in dehydrated C¥Cl> (30 mL)

at 0 °C. After being stirred for 2 h at room tengiare, the reaction mixture was quenched by the
addition of 5 M HCI (5 mL). The organic layer wadracted with CHCI, and washed with 1 M HCI,
saturated aqueous NaHg;@nd brine. The combined organic layer was driet MgSQ. MgSQ, was
removed by filtration, and the solvent was evapmtatThe residue was purified by column
chromatography on Sihexane as an eluent) to affo&)¢5 (1.31 g, 2.22 mmol, 92%) as a colorless
crystal. §)-5. R = 0.23 (hexane). 1 H NMR (CD£1400 MHz)¢ 2.85-3.08 (m, 4H), 3.19-3.35 (m,
4H), 6.95 (s, 1H), 6.96 (s, 1H), 7.15 (s, 1H), 7(831H) ppm:*C NMR (CDCk, 100 MHz)s 28.8,
32.6, 32.8, 33.6, 118.7 (85 = 319 Hz), 125.1, 125.4, 125.5, 126.2, 133.4,2,3U35.4, 135.5, 140.46,
140.49, 141.9, 147.5 ppm. HRMS (FAB) calcd. farHG-BrsF;0S [M]*: 589.8009, found: 589.8009.
Elemental analysis calcd. fon#1:BrsF30S: C 34.43 H 2.04 F 9.61 S 5.41 Br 40.42, foun84®2
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H 2.03 F 9.85 S 5.34 Br 39.6%]f% = +90.5 ¢ 0.5, CHCH). (Ry)-5. Yield: 85% from R,,1S4R)-4.
HRMS (FAB) calcd. for @H12BrsFs0S [M]" : 589.8009, found: 589.8006. Elemental analysisdca
for Ci7H1:BrsF0S: C 34.43 H 2.04 F 9.61 S 5.41 Br 40.42, foun@4@3 H 2.06 F 9.66 S 5.43 Br
39.83. [1]*% = —90.6 ¢ 0.5, CHC4). Racemic compounthc-5 was synthesized fromac-2 in 92%
isolated yield.

Synthesisof 6. A mixture of &)-5 (1.31 g, 2.22 mmol), B@ba) (0.203 g, 0.222 mmol);BusP- HBR
(0.258 g, 0.888), Cul (0.085 g, 0.44 mmol), THF (8b) and E4N (25 mL) was placed in a round-
bottom flask equipped with a magnetic stirring #ter degassing the reaction mixture several times
trimethylsilylacetylene (3.14 mL, 22.2 mmol) waglad to the mixture via a syringe. The reaction was
carried out at 50 °C for 17 h with stirring. Aftiére reaction mixture was cooled to room temperature
precipitates were removed by filtration, and thé/esat was removed with a rotary evaporator. The
residue was purified by column chromatography dd.SCHCk/hexane = 1/9 v/v as an eluent) to
afford (S,)-6 (1.18 g, 1.83 mmol, 83%) as a light brown soRg= 0.26 (CHCY{/hexane = 1/9 v/v):H
NMR (CDCl, 400 MHz)4 0.30 (s, 9H), 0.31 (s, 9H), 0.32 (s, 9H), 2.82-2898 4H), 3.22-3.27 (m,
1H), 3.39-3.46 (m, 3H), 6.76 (s, 1H), 6.87 (s, 16189 (s, 1H), 7.10 (s, 1H) ppHC NMR (CDCk,
100 MHz)¢ -0.18, -0.06, —-0.05, 29.3, 31.9, 31.9, 32.4, 99(8.4, 100.5, 103.1, 104.1, 104.1, 118.7
(9, Jc-r = 320 Hz), 124.4, 125.4, 125.4, 125.6, 131.9,4,3434.9, 136.7, 142.0, 142.0, 145.6, 148.1
ppm. HRMS (FAB) calcd. for £Hag0sF3SisS [M+H]": 645.1958, found: 645.1940. Elemental analysis
calcd. for GoH3903F3SisS: C 59.59 H 6.10, found: C 59.54 H 6.0R;){6 andrac-6 were obtained by
the same procedure in 90% and 63% isolated yieddpgectively. $,)-6: [¢]*> = —24.9 ¢ 0.5, CHCH).
(R))-6: [0]?% = +28.9 € 0.5, CHCY).

Synthesis of 7. A mixture of &)-6 (1.18 g, 1.83 mmol), Pd&gdppfyCH.ClI> (0.300 g, 0.367 mmol),
Cul (0.070 g, 0.37 mmol), THF (20 mL), andME{(20 mL) was placed in a round-bottom flask egeipp
with a magnetic stirring bar. After degassing thaction mixture several times, trimethylsilylacety
(2.59 mL, 18.3 mmol) was added to the mixture vigringe. The reaction was carried out at 50 °C for
12 h. After the reaction mixture was cooled to raemperature, precipitates were removed by fitirati
and the solvent was evaporated. The residue wafieduby column chromatography on SiO
(CHCls/lhexane = 1/9 v/v as an eluent) to affo&){7 (0.769 g, 1.30 mmol, 71%) as a pale yellow
crystal. The NMR data were matched with the literals valuet* R = 0.35 (CHCY/hexane = 1/9 v/v).
HRMS (ESI) calcd. for &HaeSis [M+H]*: 593.2906, found: 593.29064)-7 was obtained by the same

procedure in 76% isolated yield. Racemic compowatd/ was obtained by the same procedure, and
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used for the next reaction to prepaae-8 without purification. &)-7: [«]* = -59.4 ¢ 0.5, CHCH).
(Ro)-7: [a]® = +59.4 € 0.5, CHC}).

Synthesis of 8. KxCGO; (1.08 g, 7.77 mmol) was added to a suspensioB,p#7((0.769 g, 1.30 mmol)
in MeOH (40 mL). After the mixture was stirred fb2 h at room temperature,® was added to the
reaction mixture. The organic layer was extractéth @HCl; and washed with brine. The combined
organic layer was dried over MgaQMgSQ was removed by filtration, and the solvent wagevated.
The residue was purified by column chromatograpmpit) (CHCkL/hexane = 1/4 v/v as an eluent) to
afford (S,)-8 (0.360 g, 1.18 mmol, 91%) as a colorless cry3taé NMR data were matched with the
literature’s valué! R = 0.17 (CHCY/hexane = 1/9 v/v). HRMS (EI) calcd. fop481s [M—H] *: 303.1168,
found 303.1172.R;)-8 was obtained by the same procedure in 91% isoja¢tdl Racemic compound
rac-8 was obtained by the same procedure in 94% isolaedd (fromrac-6). (S)-8: [a]*p = +141.6
(c 0.5, CHCY). (Ry)-8: [¢]®> = —146.0 ¢ 0.5, CHCH).

Scheme 2. Synthesis 0s3

B PdCly(PPhs), B 1) n-BuLi, THF, -78 °C |
T cul i 2) 1, 78 °C to rt
t—BuGI t—BuO =—TMS t-Bu =—TMS
THF, Et;N
s1 50°C 2, 53% s3, 39%

Synthesis of s3. 2-Bromo-4tert-butyl-1-iodobenzenes() was prepared according to the literattira.
mixture ofsl (3.73g, 11.0 mmol), Pde&PPh). (0.386 g, 0.550 mmol), Cul (0.105 g, 0.550 mmol),
THF (45 mL), and BN (15 mL) was placed in a round-bottom flask eqeipith a magnetic stirring
bar. After degassing the reaction mixture sevemss, trimethylsilylacetylene (1.71 mL, 12.1 mmol)
was added to the mixture via a syringe. The reactias carried out at room temperature. After the
reaction for 6 h, precipitates were removed bydiibn, and the solvent was evaporated. The residue
was purified by column chromatography on S{& = 0.34, hexane as an eluent) to affs2d1.79 g,
5.79 mmol, 53%) as a pale yellow oil. The prodsktvas used for the next reaction without further
purification. A solution ofn-BuLi (1.65 M in hexane, 3.98 mL, 6.57 mmol) wasvdly added to a
solution ofs2 (1.79 g, 5.79 mmol) in THF (40 mL) at —=78 °C. Aftb min, a solution of iodine (2.20
g, 8.69 mmol) in THF (20 mL) was added and the omxtwas stirred for 1 h at =78 °C to room
temperature. The reaction mixture was quenchedidddition of agueous NaHS6Eblution and the

organic layer was extracted three times with hexdime combined organic layer was washed with
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brine and dried over MgSOMgSQO; was removed by filtration, and the solvent waspevated. The
residue was purified by column chromatography @b, R = 0.39, hexane as an eluent) to affs?d
(0.811 g. 2.28 mmol, 39%) as a light yellow 6l NMR (CDCk, 400 MHz)¢ 0.27 (s, 9H), 1.28 (s,
9H), 7.29 (ddy = 8.1 Hz, 2.0 Hz, 1H), 7.38 (d= 8.1 Hz, 1H), 7.82 (dl = 1.7 Hz, 1H) ppm**C NMR
(CDCl;, 100 MHz)6 -0.1, 31.0, 34.7, 97.8, 101.4, 196.7, 125.0, 12632.24, 135.8, 153.4 ppm.
HRMS (El) calcd. for @GH2lSi [M]*: 356.0457, found: 356.0464. Elemental analysisccafor
CisH211Si: C 50.56 H 5.94, found: 6H11Si: C 50.78; H 5.72.

Synthesisof 9. A mixture of &)-8 (20 mg, 0.0657 mmol}3 (103.0 mg, 0.289 mmol), Rdba} (6.0
mg, 0.066 mmol), dppf (7.3 mg, 0.013 mmol), Cub(fhg, 0.013 mmol), THF (2 mL), andsSt (2
mL) was placed in a round-bottom flask equippecveitmagnetic stirring bar. After degassing the
reaction mixture several times, the reaction wasexhout at 50 °C for 64 h. After the reaction e
was cooled to room temperature, precipitates weraoved by filtration, and the solvent was
evaporated. The residue was purified by columnrolatography on Si&(CHCk/hexane = 1/3 v/v as
an eluent) to afford,)-9 (71.0 mg, 0.0583 mmol, 89%) as a light yellowdd® = 0.20 (CHCJ/hexane

= 1/4 viv)."H NMR (CDCk, 400 MHz)d 0.21 (s, 36H), 1.27 (s, 36H), 3.19-3.26, (m, 4HJ133.78
(m, 4H), 7.29 (ddJ = 8.3 Hz, 2.0 Hz, 4H), 7.35 (s, 4H), 7.46 J& 8.3 Hz, 4H), 7.56 (d] = 2.0 Hz,
4H) ppm;**C NMR (CDCk, 100 MHz)5 0.1, 31.0, 32.7, 34.7, 92.4, 93.7, 97.6, 104.2,3,2125.2,
125.4,125.7, 129.3 (d,= 9.9 Hz), 132.8, 135.3 (d,= 9.9 Hz), 142.0, 151.6 ppm. HRMS (ESI) calcd.
for CgaHo7Sis [M+H]™: 1217.6662, found 1217.6694. Elemental analydidcéor GesHoeSis: C 82.83

H 7.94, found: C 82.74 H 7.7&R{)-9 andrac-9 were obtained by the same procedure in 77% and 67%
isolated yields, respectively§j-9: [a]*%> = +44.1 € 0.5, CHC}). (Ry)-9: [¢]®> = —45.4 € 0.5, CHCH).
Synthesis of 10. KoCO; (28.4 mg, 0.205 mmol) and Cu(OA¢)148.9 mg, 0.820 mmol) were added to
a solution of §)-9 (25.0 mg, 0.0205 mmol) in MeOH (50 mL) and 4CHN (50 mL). The mixture was
heated at reflux temperature for 37 h. After thactioen mixture was cooled to room temperature,
aqueous NEI(28%) was added to the reaction mixture, and thardc layer was extracted three times
with CH.Cl,. The combined organic layer was washed with baime dried over MgSOMgSQ, was
removed by filtration, and the solvent was evapmmtatThe residue was purified by column
chromatography on SiJeluent: CHG/hexane = 1/1 v/v). Further purification was calrieut by
HPLC and recrystallization with CHEAnd MeOH (good and poor solvent, respectivelgftord (S,)-

10 (7.5 mg, 0.0081 mmol, 40%) as a yellow sdRd= 0.25 (CHCYhexane = 1/4 v/v}H NMR (CDCE,
400 MHz)6 1.34 (s, 36H), 3.13-3.21 (m, 4H), 3.57-3.65, (m)4H22 (s, 4H), 7.35 (dd,= 8.3 Hz,
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2.0 Hz, 4H), 7.46 (d) = 8.0 Hz, 4H), 7.54 (d] = 2.0 Hz, 4H) ppm**C NMR (CDCk, 100 MHz)J
31.1, 33.3, 35.0, 78.2, 81.9, 92.5, 93.3, 121.3,32125.5, 128.1, 129.1, 130.8, 133.9, 143.0,4152.
ppm. HRMS (FAB) calcd. for GHeo [M] *: 924.4695 found 924.4712R4)-10 andrac-10 were obtained

by the same procedure in 71% and 58% isolatedsjietgpectively.$)-10: [a]?> = -1494.9 ¢ 0.5,
CHCL). (Ry)-10: [o]*% = +1501.0 ¢ 0.5, CHC}).

X-ray crystal structure analysis of rac-10. The intensity data were collected on a Rigaku 18a
CCD with VariMax Mo Optic using MoK radiation & = 0.71070 A). Single crystals of {&so(H20)4]
suitable for X-ray analysis were obtained by slearystallization from CHGIMeOH. A single crystal
was mounted on a glass fiber. The structures wived by direct methods (SHELXS-97) and refined
by full-matrix least-squares procedures ifor all reflections (SHELXL-97% The solvated kD
molecules in the unit cell were found to be sewedéordered. The coordinates of the hydrogen atoms
of the HO molecules were fixed as ideal positions, andoflthe oxygen atoms were restricted with
ISOR instruction. All of Alerts A and B pointed oloy Check-Cif systems would be due to the severe
disorder of HO molecules, which could not be perfectly resolbedause of the low quality of the
obtained crystals. However, the author believesattadysis has been well done with sufficient acoyra
All hydrogen atoms other than those afHmolecules were placed using AFIX instructionsilevhll

other atoms were refined anisotropically.
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Chapter 4

Optically Active Cyclic Compounds Based on Planar Chiral
[2.2] Par acyclophane: Extension of the Conjugated Systems

and Chiroptical Properties

Abstract

A series of optically active cyclic compounds basedthe planar chiral tetrasubstituted
[2.2]paracyclophane core were synthesized to oltamminescent materials with excellent
chiroptical properties in both the ground and eedtistates. The obtained cyclic compounds
were composed of the optically active propellerpgith structures created by the
[2.2]paracyclophane core wifrphenylene-ethynylene moieties. The compounds égdib
good optical profiles, with a large molar extineticoefficient ) and photoluminescence
guantum efficiency ®@.n). The emission occurred mainly from the propedieaped cyclic
structures. This optically active higher-orderedaiure provided chiroptical properties of high
performance, such as a large specific rotatiah)[and molar ellipticity @]) in the ground
state and intense circularly polarized luminesc@¢d.) with large dissymmetry factorg.)
in the excited state. The results suggest thaaplenral [2.2]paracyclophane-based optically
active higher-ordered structures, such as the pesgshaped cyclic structure, are promising
scaffolds for obtaining CPL and that appropriatedifications can enhance the CPL

characteristics.
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Introduction

The importance of conjugated compounds has beeaasing owing to their conductive,
luminescent, and charge transfer properties, lgattirtheir potential applications in various
opto-electronic device'sBoth industrial and academic researchers havasixedy studied the
design and construction of novel conjugated systei@d®]Paracyclophane is a typical
cyclophane compound containing two stacked pheerglémclose proximity. This compound
was first prepared by Brown and Farthing in 1949igolysis ofp-xylene? In 1951, Cram
and Steinberg reported its direct synthesis by atXAfype intramolecular cyclization of 1,4-
bis(bromomethyl)benzereSince then, considerable attention has been paitlei field of
organic chemistry to the synthesis, reactivity, apto-electronic properties of this unique
conjugated systerh.

One of the interesting features of [2.2]paracyciphcompounds is undoubtedly thea
interactions between the stacked aromatic ringsyelsas the resulting stackedelectron
systems. Bazan, Mukamel, and co-workers reportedchiaracteristic optical properties of
4,12-disubstituted and 4,7,12,15-tetrasubstitut2d®]paracyclophane compountsThey
disclosed that the stacked position of the #nadectron systems affects the conjugation system
in the ground and excited states. In particula ttho stackeat-electron systems found in the
4,7,12,15-tetrasubstituted [2.2]paracyclophane es&g] i.e. interchromophore interactions
between the twa-electron systems, exhibit strong through-spacgugation in addition to
the common through-bond conjugati$r:" Hopf, Haley, and co-workers synthesized cyclic
compounds that have an propeller-shaped structasedoon the 4,7,12,15-tetrasubstituted
[2.2]paracyclophane urfit.

The stacked structures of [2.2]paracyclophanedtrasthree-dimensional molecules. In
Chapter 3, inspired by the synthesis of the prepalhaped cyclic compounds based on

4,7,12,15-tetrasubstituted [2.2]paracyclophanei@nghiquer-conjugation system, the author
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attempted to introduce chirality into this cyclicusture’ Some [2.2]paracyclophanes with
substituents are planar chiral compounds due ttippression of the rotary motion of the
phenylene$. The author achieved optical resolution of 4,7 %adtrasubstituted
[2.2]paracyclophane compouridsising the diastereomer method, followed by tramséion

to obtain the enantiopure precursoRp){ and &)-3Ph and the propeller-shaped cyclic
compounds Rp)- and &)-3PhC (Figure 1)’ It should be noted that the obtained optically
active cyclic compounds exhibited intense circylablarized luminescence (CPRWwith a
large dissymmetry factogi(im) on the order of 186.

Further development of planar chiral [2.2]paracpblane-based optically active
compounds is expected to afford luminescent masendh excellent chiroptical properties in
both the ground and excited states. In this chagter author focused his attention on the
propeller-shaped skeleton containing the planarathetrasubstituted [2.2]paracyclophane
core. To obtain superior CPL emitters, the autlesighed cyclic compounds with extended
conjugation moieties; herein, the synthesis andcalpproperties of these compounds are

discussed.

Precursors

Propeller-shaped cyclic compounds

(R,)-3PhC (Sp)-3PhC

Figure 1. Precursors and the corresponding propeller-shapsit compounds.
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Results and Discussion
Synthesis

The optical resolution of planar chiral 4,7,12,#%dsubstituted [2.2]paracyclophane was
carried out using the diastereomer method develape€hapter 3, and the obtained
enantiopure compounds were converted to the camnelspg R)- and &)-4,7,12,15-
tetraethynyl[2.2]paracyclophanédhe synthetic routes to the target optically actdyclic
compounds are shown in Schemes 1-4. Initially,at#or prepared phenylene-ethynylene
compoundgl andl1l as arm units for light-harvesting moieties (Schetand 2, respectively).
The tert-butyl groups in4 and 11 were introduced to provide the target compound wi
solubility in organic solvents, such as THF, CEJCIHCl2, and toluene; in particular, twert-
butyl groups were required [l to dissolve the extendedconjugation system of this cyclic
compound in these solvents.

As shown in Scheme 1, tért-butylethynylbenzenel was reacted with 2-bromo-4-
iodoaniline in the presence of a catalytic amodifdiCk(PPI3)2 to obtain compound in 89%
isolated vyield; this reaction occurred chemoseletti at the iodine substituent di.
Sonogashira-Hagihara coupliigf 2 with trimethylsilylacetylene (TMS-acetylene) affied
compound3 in 59% isolated yield. The amino groupdimvas converted to an iodo group using
the Sandmeyer reactitito obtain compound in 61% isolated yield.

The chemoselective Sonogashira-Hagihara couplirgy®flitert-butyl)ethynylbenzen®&
with p-iodobromobenzene afforded compouddn 68% isolated yield (Scheme 2). The
successive Sonogashira-Hagihara couplingwith TMS-acetylene gave compouriéh 80%
isolated yield. The TMS group inwas readily removed by the reaction with(K:/MeOH
to prepare compoungl quantitatively. Compoun8 was reacted with 2-bromo-4-iodoaniline
in the same manner as described for compauiicheme 1); successive Sonogashira-

Hagihara coupling with TMS-acetylene to obtain connpd 10 in 71% isolated yield and the
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Sandmeyer reaction afforded the corresponding cangbbl in 50% isolated yield.

Schemes 3 and 4 show the syntheses of the targkt cpmpound$sPhC and 7PhC,
respectively. In these Schemes, only the reactudrihe Rp)-isomers are shown in these
reactions; the $)-isomers were prepared under identical conditibosn (S)-12. The
treatment of R)-4,7,12,15-tetraethynyl[2.2]paracyclophai®){12 with compoun® in the
presence of the P@libak/Cul catalytic system using di(1-adamantgijputylphosphin&
(cataCXiun® A) as a phosphine ligand afforded compouRg)-6Ph in 64% isolated yield
(Scheme 3). After deprotection of the four TMS greun Rp)-5Ph using NBuF, a Pd-
mediated alkyne coupling was carried musituto obtain cyclic compoundrf)-5PhC in 18%
isolated yield. Under the same reaction conditicosypoundsRp)-7Ph and &p)-7PhC with

the extended phenylene-ethynylene units were pedpay the reaction dfl with (Rp)-12, as

Scheme 3. Synthesis ofRRp)-5Ph and Rp)-5PhC

4
Pd,(dba)s
cataCXium® A

Cul

Y4
A

N\ —
Vi

THF, Et;N
50 °C

R,)-12
(Rp) 48 h

PdCI,(PPh3),
NBusF  Cul

THF THF, EtsN
rt reflux
15min 24 h

(Rp)-5PhC, 18%
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shown in Scheme 4. When cyclization was carried aatdentified impurities such as
oligomeric products by intermolecular reactionseviermed. They could be readily removed
by column chromatography on SiQesulting in low isolated yields (18% and 30% (&)-
5PhC and Rp)-7PhC, respectively). The structures of all new compauimdthis study were
confirmed by*H and*C NMR spectroscopy, high-resolution mass spectronetRMS), and
elemental analysis; the detailed synthetic proesiand NMR spectra data are shown in the

experimental section.

Scheme 4. Synthesis ofRp)-7Ph and Rp)-7PhC

11
sz(dba)s

cataCXium® A

\ z Cul

THF, Et;N
50 °C
48 h

(Ro)-TPh, 59%

PdCly(PPh3),
NBu,F Cul

THF THF, Et3N
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(Ro)-TPhC, 30%
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Optical Properties

The optical properties of both enantiomers of @ycbmpound8PhC, 5PhC, and7PhC as
well as their precurso@Ph, 5Ph, and7Ph were evaluated. The data are summarized in Table
1. Although the optical and chiroptical propert#83Ph and3PhC were reported in Chapter

3, they are included herein for comparison.

Table 1. Optical properties: Spectroscopic dataRf){isomers

Jab@inm €/ 1 Mt cmih) AumP/nm °/Ins () Dumd
(R)-3Ph 372 (0.44) 418 2.16 (1.04)  0.46
(Ro)-5Ph 398 (1.41) 438 1.05(1.00)  0.80
(R)-7Ph 403 (1.79) 443 0.87 (1.00)  0.88
(Ro)-3PhC 314 (1.25), 391 (0.46) 453 3.75(1.06)  0.41
(R)-5PhC 329 (2.16), 419 (1.06) 471 2.07 (1.01)  0.60
(Ro)-7PhC 355 (2.58), 422 (1.27) 474 2.00 (1.08)  0.70

2 1n CHCE (1.0 x 10° M). ° In CHCL (1.0 x 10% M), excited at absorption maxima.
Emission life time at.. ¢ Absolute PL quantum efficiency.

Figures 2A and B show the UV-vis absorption speatrd photoluminescence (PL) spectra
of the Rp)-precursors in the dilute CH$olutions (1.0 x 18 M for UV and 1.0 x 1 M for
PL), respectively. The absorption spectra exhibédu/perchromic effect and bathochromic
shift with an extension of theconjugation length (Figure 2A). In the PL specfayure 2B),
a similar bathochromic shift was observed. The [Rictra of Rp)-5Ph and Rp)-7Ph exhibited
vibrational structures, whereas that B)(3Ph was relatively broad; the same phenomena
were observed in the case mphenylenevinylene-stacked [2.2]paracyclophane camgs
reported previously by Bazan and co-worki&8&2iThis result suggests that the excited energy
migrates to the phane stata (Ry)-3Ph; however, it is localized on the extended phergden
ethynylene chromophores iR§-5Ph and Rp)-7Ph. Table 1 includes the PL decay data (PL
lifetime (z) andy? parameters) for all compounds. Thus, it was supgdoy the shorter PL

lifetimes of Rp)-5Ph (z = 1.05 ns) andRp)-7Ph (zr = 0.87 ns) than that oR)-3Ph (r = 2.16
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ns); in other words, the PL oR{)-5Ph and Ry)-7Ph occurred from the chromophore stétes

rather than the phane states.

(A) 8)

(R,)-3Ph

5Ph [\

25 - —— (R,)-3Ph

|

N

£/10% M-'ecm-1
Normalized intensity

0 1 5 1 N ! — 4 J / 1 1 1 = ‘ — J
250 300 350 400 450 500 550 350 400 450 500 550 600 650
Wavelength / nm Wavelength / nm

Figure 2. (A) UV-vis absorption spectra in the dilute CHT1.0 x 10° M) and (B) PL
spectra in the dilute CHE[1.0 x 10° M; excited at absorption maximum) dRof-3Ph,
(Rp)-5Ph, and Rp)-7Ph.

(A) (B)

25

e/105 M-ecm-1

—— (R,)-3PhC —— (R,)-3PhC
—— (R,)-5PhC —— (R,)-5PhC
2r —— (R,)-7TPhC — (Rp)-7PhC

o
o
T

05 |

0

250 300 350 400 450 500
Wavelength / nm

550

Normalized intensity

400 450 500 550 600 650

Wavelength / nm

Figure 3. (A) UV-vis absorption spectra in the dilute CHT1.0 x 10° M) and (B) PL
spectra in the dilute CHE(1.0 x 10° M; excited at absorption maximum) d¥J-3PhC,
(Rp)-5PhC, and Rp)-7PhC.

75



Chapter 4

As shown in Figures 3A and B, the same tendencexe wbserved in the absorption and
PL spectra of cyclic compound®)-3PhC, (R)-5PhC, and R))-7PhC. The absorption
spectrum of R,)-5PhC exhibited a hyperchromic effect and was bathociralty shifted in
comparison with that ofR;)-3PhC (Figure 3A). Although the absorption spectrum &f){
7PhC also showed a hyperchromic effect and was batloulkelly shifted, the absorption
bands of R,)-5PhC and R,)-7PhC near 425 nm were almost identical. As shown iufegB,
the PL spectra ofR;)-5PhC and R,)-7PhC were identical and both exhibited vibrational
structures. The absolute PL quantum efficienci&s,( of (R,))-5PhC and R,)-7PhC were
determined to be 0.60 and 0.70, respectively. ifagnhes were lengthened by cyclization of
the compounds and shortened by elongation of thgugated systems. All compounds
exhibited single exponential decay curves. Tl (R,)-3PhC was estimated to be 3.75 ns,
which were longer than those dR,f-5PhC (r = 2.07 ns) andR,)-7PhC (zr = 2.00 ns). In
addition, ther of (R))-5PhC and R,)-7PhC were identical, suggesting that the PLR){5PhC
and R,)-7PhC arose from similar emitting species.

Figure 4 shows the highest occupied molecular algbifHOMOSs) and the lowest
unoccupied molecular orbitals (LUMOS) of the cydampoundsHy)-3PhC, (Rp)-5PhC, and
(Rp)-7PhC; the molecular orbitals were obtained by densitcfional theory (DFT) at the TD-
BHandHLYP/def2-TZVPP//BLYP/def2-TZVPP level. Thenlgest wavelength absorption
bands observed in the absorption spectra (Figujen@ke assigned to the & S transition
(Figure 4); both the HOMO and LUMO are located rhaion the cyclic moieties of these
compounds. The-orbitals are somewhat extended to phghenylene-ethynylene arms in the
HOMOs of Rp)-5PhC and Rp)-7PhC, whereas they were localized on the cyclic maseitie
the LUMOs. As ther-conjugations off)-5PhC and Rp)-7PhC did not extend to the LUMOs

regardless of the length of tmeconjugatedp-phenylene-ethynylenes, the properties of the
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cyclic skeleton would predominately affect the apsion and emission, resulting in similar

optical profiles observed foR{)-5PhC and &)-7PhC.

R
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Figure 4. HOMOs and LUMOs of Rp)-3PhC, (Rp)-5PhC, and Rp)-7PhC obtained by
density functional theory (DFT) at the TD-BHandHLMEf2-TZVPP//BLYP/def2-TZVPP
level.
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Chiroptical Properties

The chiroptical properties of the ground and extcgtates o8Ph, 5Ph, 7Ph, 3PhC, 5PhC,
and7PhC were investigated by circular dichroism (CD) ar@LGpectroscopy, respectively.
The chiroptical datai.e. the maximum molar ellipticity {]), specific rotation, and CPL
dissymmetry factdf (gum) are summarized in Table 2. Figure 5 shows thea@absorption
spectra of both enantiomers 3fh, 5Ph, and7Ph in the dilute CHGJ (1.0 x 10° M). In all
cases, mirror image Cotton effects were observetienCD spectra, and the maximuéj [
values were estimated to be approximately +3.3>d&g cnd dmol ™. As can be seen in Figure
6, the P] values for3PhC, 5PhC, and7PhC were larger than those 8Ph, 5Ph, and7Ph,
with the maximum values on the order of Heg cm dmol?. The specific rotationo]*p
values for Rp)-3PhC, 5PhC, and7PhC were +1501.0, +855.6, and +467.9, respectivelg, an
were much larger than those fép)-3Ph, 5Ph, and7Ph (Table 2). Thus, the construction of
optically active higher-ordered (propeller-shapstuiyictures through cyclization affected the
chiroptical properties of the ground state, andatge chirality was induced in the cyclic

compounds.

Table 2. Chiroptical properties: Specific rotation and dpescopic data offp)-isomers

[a]%p? Qabs/ 1072 atabd gum / 1072 at Aum, maf
(Ro)-3Ph ~45.4 -0.13 -0.14
(Rp)-5Ph -42.5 -0.14 -0.12
(Rp)-7Ph -62.9 -0.10 -0.10
(Rp)-3PhC +1501.0 +0.88 +1.3
(Rn)-5PhC +855.6 +1.0 +1.0
(Rp)-7PhC +467.9 +0.75 +0.75

2 Specific rotation 0.1, CHC} at 23 °C). Thed]*b values of &)-isomers are described
in the experimental sectioP.gabs = 2Acle, whereAe indicates differences of absorbance
between left- and right-handed circularly polaritigtit, respectively. Thgabsvalue of the
first peak top was estimatedgum = 2(lieft — lright)/(lieft + Iright), whereliert andlright indicate
luminescence intensities of left- and right-han@&L, respectively.
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Figure 5. CD (top) and absorption (bottom) spectr&eh, 5Ph, and7Ph in CHCk (1.0 x
10° M).
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Figure 6. CD (top) and absorption (bottom) spectré8BhC, 5PhC, and7PhC in CHCB
(1.0 x 105 M).
The CPL spectra of the precursors and cyclic comg@sin the dilute CHGI(1.0 x 10° M)

are shown in Figures 7 and 8, respectively. Inteans#® mirror image CPL signals were
observed in the emission regions for the enantisméeach compound, as shown in Figures
7 and 8. Theyum values of3Ph, 5Ph, and7Ph were very large (—-0.14 x 19 -0.12 x 107,
and —0.10 x 1G for the R)-isomers, respectively; Table 2). Then values for Ry)-3PhC,
5PhC, and7PhC were calculated to be +1.3 x#0+1.0 x 102, and +0.75 x 16, respectively
(Table 2). As expected, the values for the cy@impounds were significantly larger than those
for the precursors owing to the optically activegeller-shaped structures. Higher-ordered

structures of the emitting species in the excitatessuch as propeller-shaped;shaped® S-
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shaped? and helical structurés;'®are considered to be important for lagge values on the

order of 102 to 1031920
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Figure7. CPL (top),gum (middle), and PL (bottom) spectra3i®h, 5Ph, and7Ph in CHCh
(1.0 x 10° M for CPL and 1.0 x 16 M for PL). Excitation wavelength: 300 nm, 350 nm,
and 350 nm foBPh, 5Ph, and7Ph, respectively.
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The concentration effect (from 1.0 x1® to 1.0 x 10® M in CHCk) on CPL was studied
for (Rp)-isomers, and the CPL profiles of their film fadzied by drop-casting from CHCI
solution (1.0 x 13 M) were also investigated. The CPL spectra weaegglly red-shifted and
the gum values decreased slightly, as the concentratioeased. In Chapter 3, tgem value
of 3PhC was estimated to be 1.1 x#(h CHCk (1.0 x 10° M),” whereas thgum values in
more diluted CHGI solutions (1.0 x 1§ and 10’ M) were 1.3 x 1%%. The solvent effect on
CPL using good solvents such as 2CH, toluene, and THF was not observed. The films
exhibited almost the sangem values as those in solution, althouflim decreased.

Thegum values of3PhC, 5PhC, and7PhC decreased as tl#um values increased with the
extension of thep-phenylene-ethynylene substituents; however, the values were
sufficiently large in comparison with the valuespoged to daté®!>2° Generally, the
achievement of both higthum and largegum values is challenging, because orientation of
fluorophores tends to decrease the PL performaecause of excimer-like emission. Helicene
derivatives are considered to be one of the promisandidates for organic CPL materials,
and many of them exhibit larggm valuest’ however, thebum values of helicene derivatives
are by no means satisfact@tyConsidering the applications of organic emittéasgee, high
®um, and largegum values are required. From this viewpoBRhC and7PhC possess well-
balanced optical profiles (largevalues of 2.16-2.58 x 3~ cni?, good®um values of 0.60-
0.70, and larggum values of 0.75-1.0 x 1§, and these compounds show good potential for

application in organic CPL materials.
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Conclusions

In summary, planar chiral [2.2]paracyclophane-basgiic compounds with extended
conjugated systems were synthesized. Cyclizatismterl in a significant enhancement of the
optical and chiroptical properties compared witloséh of the non-cyclic precursors. The
HOMOs of the cyclic compounds were mainly locatedtioe cyclic skeletons, whereas the
LUMOs were localized on the cyclic skeletons. Thihg, absorption and emission occurred
from the propeller-shaped cyclic structures, rasglin similar optical profiles for botePhC
and 7PhC. The optically active higher-ordered structure tbése compounds provided
chiroptical properties of high performance, andnblarge fx]o and p] values were derived
from the optically active propeller-shaped struetuifhe rigid propeller-shaped cyclic
structures are maintained in the exited state ardasbon-carbon bonds are cleaved; hence,
intense CPL with largg.. values was observed for these compounds. pFpkenylene-
ethynylene substituents introduced onto the prepslhaped structure acted as light-harvesting
antenna and improved the optical properties, lepthrthe large values and relatively high
®um values for the cyclic compounds. Compo®thC was, in particular, an outstanding CPL
emitter, possessing well-balanced optical and phical properties. The results of the present
work suggest that planar chiral [2.2]paracyclophbased optically active higher-ordered
structures, such as the propeller-shaped cyclictstre, are promising scaffolds for emergent
CPL materials and that appropriate modificatiang, extension of the-conjugated system,

can enhance the CPL characteristics.
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Experimental Section

General. *H and®*C spectra were recorded on a JEOL EX400 or AL48&ument at 400 and 100
MHz, respectively. Samples were analyzed in GD@&hd the chemical shift values were expressed
relative to Me@Si as an internal standard. Analytical thin laylerotnatography (TLC) was performed
with silica gel 60 Merck F254 plates. Column chromggaphy was performed with Wakogel C-300
SiOu. High-resolution mass (HRMS) spectrometry wadagrered at the Technical Support Office
(Department of Synthetic Chemistry and Biologicaé@lstry, Graduate School of Engineering, Kyoto
University), and the HRMS spectra were obtainedaoifhermo Fisher Scientific EXACTIVE
spectrometer for electrospray ionization (ESI),hermo Fisher Scientific EXACTIVE spectrometer
for atmospheric pressure chemical ionization (AP@hHd a Thermo Fisher Scientific orbitrapXL
spectrometer for matrix assisted laser desorptaoization (MALDI) using 1,8-dihydroxy-9,10-
dihydroanthracen-9-one (DIT) as a matrix. Recydalgreparative high-performance liquid
chromatography (HPLC) was carried out on a Japaaiytinal Industry Model LC918R (JAIGEL-1H
and 2H columns) using CHE4As an eluent. UV-vis spectra were recorded onlM8BZU UV-3600
spectrophotometer, and samples were analyzed in{zti@&lom temperature. Photoluminescence (PL)
emission spectra were recorded on a HORIBA JOBINOYXVMFluoromax-4 spectrofluorometer, and
samples were analyzed in CH@t room temperature. PL lifetime measurement vem®pned on a
Horiba FluoroCube spectrofluorometer system; ekioitawas carried out using a UV diode laser
(NanoLED 375 nm). Specific rotations:]]p) were measured with a HORIBA SEPA-500 polarimeter.
Circular dichroism (CD) spectra were recorded dA&CO J-820 spectropolarimeter with CH&$ a
solvent at room temperature. Circularly polarizadchinescence (CPL) spectra were recorded on a
JASCO CPL-200S with CHghs a solvent at room temperature. Elemental aeslere performed
at the Microanalytical Center of Kyoto University.

Materials. Commercially available compounds used withoutfmation: (Tokyo Chemical Industry

Co, Ltd.) trimethylsilylacetylene, Pd{PPh),;, Pd(dba)} (dba = dibenzylideneacetone) tetra-
butylammonium fluoride (NBi#F, TBAF) (1 M in THF); (Wako Pure Chemical Indussj Ltd.)p-t-

butylphenylacetylenel], p-bromoiodobenzene, PPGul, NaNQ, concd. HSQ,, KlI, K,CGOs; (Sigma-
Aldrich Co. LLC.) di(1-adamantyli-butylphosphine (cataCXiufnA). Commercially available

solvents: CHCN and MeOH were used without purificatior@was purified by demineralizer. THF
and EiN were purified by passage through solvent putiice columns under Ar pressufe.

Compounds prepared as described in the literaturédodo-2-bromoanilin€, 3,5-dit-
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butylethynylbenzene 5§*, (R,)-4,7,12,15-tetraethynyl[2.2]para-cyclophane R){12)’, cyclic
compounds3Ph’ and3PhC.’

Computational Details. The Orca program packagavas used for computation. We optimized the
structures oBPhC, 5PhC, and7PhC (methyl groups were used in placeteft-butyl groups) in the
ground $ states and calculated their electric structurdge @ensity functional theory (DFT) was
applied for the optimization of the structures lee tS states at the BLYP/def2-TZVPP levels. We
calculated the electric states and transitions fno S of the 3PhC, 5PhC, and 7PhC with the
optimized geometries in the States by time-dependent DFT (TD-DFT) at the TDaBHHLYP/def2-
TZVPP levels.

Synthesis of 2. A mixture of 2-bromo-4-iodoaniline (4.16 g, 14.0nml), PAC(PPh), (0.490 g, 0.70
mmol), PPh (0.366 g, 1.40 mmol), Cul (0.133 g, 0.70 mmol),A B0 mL) and BN (20 mL) was
placed in a round-bottom flask equipped with a nedignstirring bar. After degassing the reaction
mixture several times, the mixture was cooled t&C0p-t-butylphenylacetylenelj (2.61 mL, 14.7
mmol) was added to the mixture via a syringe. Haetion was carried out at room temperature for 10
h with stirring. Precipitates were removed by &itton, and the solvent was removed with a rotary
evaporator. The crude residue was purified by calehromatography on S}@EtOAc/hexane = 1/6
v/v as an eluent) to affof2(4.06 g, 12.4 mmol, 89%) as a pale brown cry&at (.34 (EtOAc/hexane

= 1/6 v/v)). The produ@ was used for the next reaction without furtherfpration.

Synthesis of 3. A mixture of2 (2.29 g, 7.0 mmol), Pde&PPh). (0.245 g, 0.35 mmol), dppf (0.194 g,
0.35 mmol), Cul (0.067 g, 0.35 mmol), THF (45 mibdeEsN (15 mL) was placed in a round-bottom
flask equipped with a magnetic stirring bar. Aftdegassing the reaction mixture several times,
trimethylsilylacetylene (1.97 mL, 14.0 mmol) waglad to the mixture via a syringe. The reaction was
carried out at 60 °C for 10 h with stirring. Aftiére reaction mixture was cooled to room temperature
precipitates were removed by filtration, and thevesat was removed with a rotary evaporator. The
crude residue was purified by column chromatograph$iQ (EtOAc/hexane = 1/6 v/v as an eluent).
Further purification was carried out by recrysttion with hexane to affor8 (1.42 g, 4.11 mmol,
59%) as a light brown crystdk = 0.43 (EtOAc/hexane = 1/6 viVH NMR (CDCk, 400 MHz)s 0.26

(s, 9H), 1.32 (s, 9H), 4.38, (s, 2H), 6.64 Jc& 8.5 Hz, 1H), 7.28 (d] = 1.9 Hz, 1H) 7.34 (dJ = 8.5

Hz, 2H), 7.41 (dJ = 8.5 Hz, 2H), 7.49 (d] = 1.9 Hz, 1H) ppm*C NMR (CDCE, 100 MHz)5 0.1,
31.2,34.7, 87.5, 88.6, 100.3, 100.8, 107.8, 111214,0, 120.7, 125.3, 131.1, 133.2, 135.6, 14&0,
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ppm. HRMS (ESI) calcd. for£H2sNSi [M+H]": 346.1986, found: 346.1977. Elemental analysisctal
for CosH27NSi: C 79.94 H 7.88 N 4.05, found: C 79.86 H 7.94.83.

Synthesis of 4. A mixture of3 (0.628 g, 1.82 mmol), GIEN (100 mL), HO (30 mL) and concentrated
H,SOQr (8.0 mL) was placed in a round-bottom flask aC0 équipped with a magnetic stirring bar. To
the reaction mixture, NaNQ0.163 g, 2.36 mmol) in ¥ (4 mL) was slowly added at O °C. After
stirring for 2 h, the mixture was added into a soluof KI (1.87 g, 11.3 mmol) in CG¥N (50 mL) and
H-O (50 mL) at 0 °C. The reaction mixture was stiratdoom temperature for 12 h. The mixture was
qguenched by the addition of aqueous NakiS@ution, and the organic layer was extractedettiraes
with CH.Cl,. The combined organic layer was washed with baime dried over MgSOMgSQ, was
removed by filtration, and the solvent was evapmtatThe residue was purified by column
chromatography on Sighexane as an eluent). Further purification wadaxhout by recrystallization
with CHCL and MeOH (good and poor solvent, respectivelgftord4 (0.734 g, 1.62 mmol, 61%) as
a colorless crystaR: = 0.23 (hexaneYH NMR (CDCk, 400 MHz)s 0.29 (s, 9H), 1.30 (s, 9H), 7.08,
(dd,J = 8.2 Hz,J = 2.1 Hz, 1H), 7.34 (d] = 8.6 Hz, 2H), 7.42 (d] = 8.6 Hz, 2H), 7.61 (d] = 2.1 Hz,
1H), 7.76 (dJ = 8.0 Hz, 1H) ppm**C NMR (CDCb, 100 MHz)d 0.1, 31.2, 34.8, 87.1, 91.4, 99.4,
100.5, 105.8, 119.6, 123.5, 125.3, 129.9, 131.3,0,335.3, 138.6, 151.8 ppm. HRMS (APCI) calcd.
for CagHoelSi [M+H]™: 457.0843, found: 457.0840. Elemental analysisccdbr GsHosISi: C 60.52 H
5.52127.80, found: C 60.49 H5.57 | 27.79.

Synthesis of 6. A mixture of 5 (3.79 g, 17.7 mmol)p-bromoiodobenzene (5.26 g, 18.6 mmoal),
PdCL(PPh). (0.621 g, 0.885 mmol), PRK0.464 g, 1.77 mmol), Cul (0.169 mg, 0.885 mmadhiF
(75 mL) and EIN (25 mL) was placed in a round-bottom flask eqegbpvith a magnetic stirring bar.
After degassing the reaction mixture several tirttesreaction was carried out at room temperature f
12 h with stirring. After the reaction, precipitatevere removed by filtration, and the solvent was
removed with a rotary evaporator. The crude reswla purified by column chromatography on SiO
(hexane as an eluent). Further purification wase@out by recrystallization with CHEand MeOH
(good and poor solvent, respectively) to affér@.45 g, 12.0 mmol, 68%) as a colorless blocktetys
R = 0.39 (hexane}H NMR (CDCk, 400 MHz)5 1.33 (s, 18H), 7.37-7.41 (m, 5H), 7.47 Jd&; 8.8 Hz,
2H) ppm;3C NMR (CDCk, 100 MHz)5 31.3, 34.8, 87.0, 91.7, 121.9, 122.2, 122.5, 1226.8, 131.6,
133.0, 150.9 ppm. HRMS (APCI) calcd. fosB6Br [M+H]*: 369.1212, found: 369.1206. Elemental
analysis calcd. for £5H2sBr: C 71.54 H 6.82, found: C 71.48 H 6.81.
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Synthesisof 7. A mixture of6 (4.21 g, 11.4 mmol), Pd&PPh), (0.400 g, 0.57 mmol), PR(0.299 g,
1.14 mmol), Cul (0.109 g, 0.57 mmol), THF (40 miodeEgN (40 mL) was placed in a round-bottom
flask equipped with a magnetic stirring bar. Afgegassing the reaction mixture several times,
trimethylsilylacetylene (2.42 mL, 17.1 mmol) waglad to the mixture via a syringe. The reaction was
carried out at 70 °C for 12 h with stirring. Aftiére reaction mixture was cooled to room temperature
precipitates were removed by filtration, and thevesat was removed with a rotary evaporator. The
crude residue was purified by column chromatogramh®iQ (CHCk/hexane = 1/9 v/v as an eluent).
Further purification was carried out by recrystation with CHC§ and MeOH (good and poor solvent,
respectively) to afford7 (3.54 g, 9.15 mmol, 80%) as a light yellow needigstal. R = 0.50
(CHCly/hexane = 1/9 v/iv}H NMR (CDCk, 400 MHz)5 0.25 (s, 9H), 1.33 (s, 18H), 7.38-7.48 (m, 7H)
ppm;*3C NMR (CDCE, 100 MHz)0 —0.1, 31.3, 34.8, 87.8,92.5, 96.1, 104.7, 12129,7, 123.0, 123.6,
125.9,131.4,131.9, 150.9 ppm. HRMS (APCI) caledC,7HssSi [M+H]": 387.2503, found: 387.2491.
Elemental analysis calcd. fopfEl3.Si: C 83.87 H 8.86, found: C 83.71 H 8.79.

Synthesis of 8. K,CO; (1.80 g, 13.1 mmol) was added to a suspensioh (8t36 g, 8.70 mmol) in
MeOH (100 mL). After the mixture was stirred for BGat room temperature,,&8 was added to the
reaction mixture. The organic layer was extractéth WHCL and washed with brine. The combined
organic layer was dried over Mga1gSQ, was removed by filtration, and the solvent wasoeed
with a rotary evaporator. The crude residue wadfipdr by column chromatography on SiO
(CHCl/hexane = 1/9 v/v as an eluent) to aff8r(R.71 g, 8.62 mmol, 99%) as a colorless cryRat
0.48 (CHCHhexane = 1/9 v/iv)H NMR (CDCk, 400 MHz)d 0.25 (s, 9H), 1.33 (s, 18H), 7.38 (k=

2.0 Hz, 2H), 7.41 () = 1.8 Hz, 1H), 7.46 (d] = 8.1 Hz, 2H), 7.50 (d] = 8.1 Hz, 2H) ppm*3C NMR
(CDCl;, 100 MHz)6 31.4, 34.9, 78.7, 83.4, 87.6, 92.6, 121.6, 12128,0, 124.0, 125.8, 131.4, 132.0,
150.9 ppm. HRMS (APCI) calcd. foraE,7 [M+H]*: 315.2107, found: 315.2102. Elemental analysis
calcd. for G4Hzs: C 91.67 H 8.33, found: C 91.43 H 8.56.

Synthesis of 9. A mixture of 2-bromo-4-iodoaniline (2.34 g, 7.88nwl), 8 (2.48 g, 7.88 mmol),
Pdx(dba) (0.180 g, 0.197 mmol), PR(0.207 g, 0.788 mmol), Cul (0.075 g, 0.39 mmohiFT(40 mL)
and EtN (40 mL) was placed in a round-bottom flask egaegbpvith a magnetic stirring bar. After
degassing the reaction mixture several times,ghetion was carried out at 40 °C for 20 h withrist.
Precipitates were removed by filtration, and thivestt was removed with a rotary evaporator. The

crude residue was purified by column chromatographpiQ (EtOAc/hexane = 1/4 v/v as an eluent)
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to afford9 (2.74 g, 5.65 mmol, 72%) as a pale brown cryfat(0.48 (EtOAc/hexane = 1/6 v/v)). The
product9 was used for the next reaction without furtheiiffzation.

Synthesisof 10. A mixture of9 (2.74 g, 5.65 mmol), Pd&PPh), (0.270 g, 0.385 mmol), dppf (0.213
g, 0.385 mmol), Cul (0.073 g, 0.39 mmol), THF (4Q)rand EtN (40 mL) was placed in a round-
bottom flask equipped with a magnetic stirring lfter degassing the reaction mixture several times
trimethylsilylacetylene (2.17 mL, 15.4 mmol) waslad to the mixture via a syringe. The reaction was
carried out at 70 °C for 24 h with stirring. Aftidre reaction mixture was cooled to room temperature
precipitates were removed by filtration, and thivesat was removed with a rotary evaporator. The
crude residue was purified by column chromatographpiQ (EtOAc/hexane = 1/4 v/v as an eluent).
Further purification was carried out by recrystadtion with hexane to affort) (2.01 g, 4.00 mmol,
71%) as a light brown needle crys®@l= 0.59 (EtOAc/hexane = 1/4 viiH NMR (CDCk, 400 MHz)

5 0.27 (s, 9H), 1.34 (s, 18H), 4.42, (s, 2H), 6.64)(d 8.6 Hz, 1H), 7.28 (dd] = 8.6 Hz,J = 2.0 Hz,
1H) 7.38-7.45 (m, 5H), 7.49-7.51 (m, 3H) ppHC NMR (CDCh, 100 MHz) 0.1, 31.3, 34.8, 87.3,
88.0, 91.2, 92.2, 100.4, 100.6, 107.9, 111.9, 11¥2Q.0, 122.8, 122.9, 123.4, 125.9, 131.2, 131.5,
133.2, 135.7, 148.3, 150.9 ppm. HRMS (ESI) caledChsHaoNSi [M+H]*: 502.2925, found: 502.2911.
Elemental analysis calcd. foedElssNSi: C 83.78 H 7.83 N 2.79, found: C 83.52 H 7.83.K3.
Synthesis of 11. A mixture of 10 (0.878 g, 1.75 mmol), GIECN (150 mL), HO (50 mL) and
concentrated 8Os (24 mL) was placed in a round-bottom flask at Q éGuipped with a magnetic
stirring bar. To the reaction mixture, Napd(®.224 g, 3.25 mmol) in #D (4 mL) was slowly added at
0 °C. After stirring for 2 h, the mixture was addatb a solution of Kl (2.57 g, 15.5 mmol) in GEN

(50 mL) and HO (50 mL) at O °C. The reaction mixture was stiratdoom temperature for 12 h. The
mixture was quenched by the addition of aqueous®@&tdolution, and the organic layer was extracted
three times with CkCl,. The combined organic layer was washed with baimeé dried over MgS©
MgSOy was removed by filtration, and the solvent waspevated. The residue was purified by column
chromatography on SKCHCk/hexane = 1/7 v/v as an eluent). Further purifaratvas carried out by
recrystallization with CHGland MeOH (good and poor solvent, respectivelyafford 11 (0.443 g,
0.883 mmol, 50%) as a colorless soRg= 0.44 (CHC{/hexane = 1/7 v/ivfH NMR (CDCk, 400 MHz)
50.29 (s, 9H), 1.34 (s, 18H), 7.11, (dds 8.0 Hz,d = 2.0 Hz, 1H), 7.39 (dl = 1.7 Hz, 2H), 7.42 (d]

= 1.7 Hz, 1H), 7.47 (d] = 8.5 Hz, 2H), 7.52 (d] = 8.3 Hz, 2H), 7.63 (d] = 2.0 Hz, 1H), 7.81 (d] =

8.0 Hz, 1H) ppmC NMR (CDCEk, 100 MHz)s -0.3, 31.3, 34.8, 87.8, 89.4, 90.9, 92.7, 99.6,0,01
105.6, 121.9, 122.2, 123.0, 123.1, 123.8, 125.0,a13131.5, 131.6, 132.0, 135.4, 138.8, 150.9 ppm.
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HRMS (ESI) calcd. for €Hs7ISi [M]™: 612.1704, found: 612.1688. Elemental analysisdcalor
CssH371Si: C 68.62 H 6.09, found: C 68.31 H 5.99.

Synthesisof 5Ph. A mixture of Ry)-12 (20 mg, 0.0657 mmol¥ (132 mg, 0.289 mmaol), R@ba} (6.0
mg, 0.066 mmol), cataCXiufmA (9.4 mg, 0.026 mmol), Cul (2.5 mg, 0.013 mmad)F (2 mL) and
Et:N (2 mL) was placed in a round-bottom flask equippéth a magnetic stirring bar. After degassing
the reaction mixture several times, the reactioa @aried out at 50 °C for 48 h with stirring. Aftee
reaction mixture was cooled to room temperaturecipitates were removed by filtration, and the
solvent was removed with a rotary evaporator. Thede residue was purified by column
chromatography on SKICHCk/hexane = 1/2 v/v as an eluent). Further purifarativas carried out by
HPLC to afford R,)-5Ph (68 mg, 0.042 mmol, 64%) as a light yellow soRd= 0.53 (CHC{/hexane

= 1/3 viv).'H NMR (CDClk, 400 MHz)5 0.24 (s, 36H), 1.33 (s, 36H), 3.19, (m, 4H), 3.@8 4H),
7.26 (s, 4H) 7.38 (d] = 8.6 Hz, 8H), 7.45 (dd] = 8.0 Hz, 1.6 Hz, 4H), 7.48 (d,= 8.6 Hz, 8H), 7.52
(d,J = 8.0 Hz, 4H), 7.73 (d] = 1.6 Hz, 4H) ppm*3C NMR (CDCk, 100 MHz)5 0.1, 31.2, 32.8, 34.9,
87.8,92.0,93.4,94.8,99.2, 103.0, 119.8, 12128,3, 125.4, 125.4, 125.4, 131.0, 131.4, 132.8,2,.3
135.7, 141.9, 151.9 ppm. HRMS (ESI) calcd. forid8116SuN [M+NHJ]*: 1634.8179, found:
1634.8173. Elemental analysis calcd. ferd3112Sis: C 86.08 H 6.98, found: C 86.06 H 6.93,){5Ph
andrac-5Ph were obtained by the same procedure in 69% andis6#ied yields, respectivelyR{)-
5Ph: [0]*% = -42.5 € 0.1, CHCHY). (S)-5Ph: [a]®p = +42.6 € 0.1, CHC}).

Synthesis of 5PhC. (Ry)-5Ph (53.6 mg, 0.0331 mmol) in THF (5.0 mL) was plagea round-bottom
flask equipped with a magnetic stirring bar. Atfegassing several times, TBAF (1 M in THF, 0.2 mL,
0.2 mmol) was added to the solution at room tempegeor 15 min with stirring. The mixture was
guenched by the addition of,@, and the organic layer was extracted three tiwids CHCk. The
combined organic layer was washed with brine aridddover MgSQ@. MgSQ: was removed by
filtration, and the solvent was evaporated. Thédreswas purified by flash column chromatography
on SiQ (CHCk as an eluent). A mixture of the residue, BRPR), (217 mg, 0.309 mmol), Cul (58.8
mg, 0.309 mmol), THF (200 mL) andsKt(50 mL) was placed in a round-bottom flask eqegbpvith

a magnetic stirring bar. The mixture was heateéfhix temperature for 24 h under open air. After t
reaction mixture was cooled to room temperatume stilvent was evaporated. The residue was purified
by column chromatography on SIQCHCk/hexane = 1/2 v/v as an eluent). Further purifarativas
carried out by HPLC to affordR()-5PhC (7.7 mg, 0.0058 mmol, 18%) as a light yellow sdRd= 0.30
(CHCly/hexane = 1/3 v/iv)*H NMR (CDCk, 400 MHz)6 1.34 (s, 36H), 3.13, (m, 4H), 3.55 (m, 4H),
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7.21 (s, 4H) 7.40 (d] = 8.6 Hz, 8H), 7.50 (dJ = 8.6 Hz, 8H), 7.51 (m, 8H), 7.69 (m, 4H) pphC
NMR (CDCl, 100 MHz)0 31.2, 33.2, 34.9, 79.0, 81.5, 87.5, 92.5, 93.(8,9419.6, 123.7, 124.2, 124.3,
125.4, 127.7, 131.4, 131.8, 132.2, 133.9, 133.8,314152.1 ppm. HRMS (APCI) calcd. fordd77
[M+H]*: 1325.6020, found: 1325.603&,)-5PhC andrac-5PhC were obtained by the same procedure
in 18% and 9% isolated yields, respectiveRp){5PhC: [«]*> = +855.59 ¢ 0.1, CHC}). (S,)-5PhC:
[a]*> = —849.61 ¢ 0.1, CHC}).

Synthesis of 7Ph. A mixture of R,)-12 (20 mg, 0.0657 mmol}1 (177 mg, 0.289 mmol), B@ba)k
(6.0 mg, 0.066 mmol), cataCXitfiA (9.4 mg, 0.026 mmol), Cul (2.5 mg, 0.013 mmadHF (2 mL)
and EtN (2 mL) was placed in a round-bottom flask equippéth a magnetic stirring bar. After
degassing the reaction mixture several times,daetion was carried out at 50 °C for 48 h withristgy.
After the reaction mixture was cooled to room terapigre, precipitates were removed by filtratiord an
the solvent was removed with a rotary evaporatdre Trude residue was purified by column
chromatography on SKCHCk/hexane = 1/3 v/v as an eluent). Further purifaratvas carried out by
HPLC to afford R,)-7Ph (87 mg, 0.039 mmol, 59%) as a light yellow soRd= 0.26 (CHC{/hexane

= 1/3 viv).'H NMR (CDClk, 400 MHz)5 0.25 (s, 36H), 1.34 (s, 72H), 3.21, (m, 4H), 3.@6 4H),
7.28 (s, 4H) 7.41-7.43 (m, 12H), 7.47 (d& 8.2 Hz, 1.5 Hz, 4H), 7.51-7.57 (m, 20H), 7.76)d 1.6
Hz, 4H), ppm;**C NMR (CDCk, 100 MHz)¢ 0.0, 31.3, 32.7, 34.8, 87.8, 90.1, 91.6, 92.8, 93540,
99.4, 102.9, 121.9, 122.3, 122.9, 123.0, 123.8,5.225.6, 125.7, 125.9, 131.1, 131.6, 131.6, 132.4
135.3, 135.9, 142.0, 150.9 ppm. HRMS (APCI) cafod. CieH16:Sis [M+H]*: 2242.1670, found:
2242.1710. Elemental analysis calcd. feg8160Sis: C 87.80 H 7.19, found: C 87.70 H 7.18,){7Ph
andrac-7Ph were obtained by the same procedure in 63% andi3o#ied yields, respectivelyRy{)-
7Ph: [0]*% = -62.9 € 0.1, CHCY). (S)-7Ph: [a]®p = +59.6 € 0.1, CHC}).

Synthesis of 7PhC. A typical procedure is as followsR{)-7Ph (70.0 mg, 0.0312 mmol) in THF (5.0
mL) was placed in a round-bottom flask equippedaimagnetic stirring bar. After degassing several
times, TBAF (1 M in THF, 0.3 mL, 0.3 mmol) was adde the solution at room temperature for 15
min with stirring. The mixture was quenched by lelition of HO, and the organic layer was extracted
three times with CHGI The combined organic layer was washed with baing dried over MgS©
MgSOs was removed by filtration, and the solvent waspevated. The residue was purified by flash
column chromatography on SIQCHCL as an eluent). A mixture of the residue, BRPR)2 (219 mg,
0.312 mmol), Cul (59.4 mg, 0.312 mmol), THF (300)naind Et{N (50 mL) was placed in a round-

bottom flask equipped with a magnetic stirring Bare mixture was heated at reflux temperature for
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24 h under open air. After the reaction mixture wasled to room temperature, the solvent was
evaporated. The residue was purified by columnroatography on Si©(CHCk/hexane = 1/1 v/v as
an eluent). Further purification was carried ouHBLC to afford R,)-7PhC (18.1 mg, 0.00928 mmol,
30%) as a light yellow solid? = 0.26 (CHC{/hexane = 1/3 v/v)H NMR (CDCk, 400 MHz)s 1.35

(s, 72H), 3.14, (m, 4H), 3.56 (m, 4H), 7.21 (s, 4H)0-7.43 (m, 12H), 7.48-7.56 (m, 24H), 7.69 (m,
4H) ppm;*3C NMR (CDCk, 100 MHz)s 31.3, 33.2, 34.8, 79.1, 81.5, 87.8, 89.8, 92.19,923.0, 95.0,
121.9,122.2,123.1, 123.3, 124.0, 124.3, 124.8,9,228.1, 131.6, 131.6, 131.9, 132.4, 134.0,d,34.
143.4, 150.9 ppm. HRMS (MALDI, DIT) calcd. for&H124[M]*: 1948.9703, found: 1948.9756&)-
7PhC andrac-7PhC were obtained by the same procedure in 27% andi@&ted yields, respectively.
(Ro)-7PhC: [a]* = +467.90 ¢ 0.1, CHC}). (S))-7PhC: [a]*®> = -463.35 ¢ 0.1, CHCH).
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Chapter 5

Optically Active Cyclic Compounds Based on Planar Chiral

[2.2] Par acyclophane: Extension of z-Surface with Naphthalene Units

Abstract

The author synthesized optically active cyclic comnpds with extension aof-surface with
naphthalene units based on a planar chiral 4, Ri2ttasubstituted [2.2]paracyclophane
framework. Tuning of the properties of the cyclamwpounds was possible changing aromatic
moieties. Hypsochromic effect was observed by aitgor and photoluminescence (PL)
spectra of naphthalene-containing cyclic derivativeompared with those of benzene-
containing compounds. As a result, light blue agttlgreen emission were observed in the
naphthalene- and the benzene-containing cyclic comgbs, respectively. Density functional
theory (DFT) indicated that HOMO-LUMO band gap mased with introducing naphthalene
units. Optimized structures showed that one ofoeasf the hypsochromic effect was torsions
of the cyclic structure. The naphthalene-containgyglic derivatives had larger molar
extinction coefficient §) and photoluminescence quantum efficien@dyuf) and benzene-
containing cyclic derivatives had larggim values. These results are useful for the design of

cyclic compounds and CPL materials.
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Introduction

It is necessary to designconjugated compounds with conductive, luminescamd, charge
transfer properties for various material applicagiosuch as opto-electronic deviéesmong
n-conjugated compounds, [2.2]paracyclophane hasWekaty studied as a three-dimensional
n-conjugation building block owing to its uniquelstture of face-to-face oriented two benzene
rings? [2.2]Paracyclophane was firstly prepared by Brama Farthing in 1949 by pyrolysis
of p-xylene® and Cram and Steinberg reported its direct syighby a Wurtz-type
intramolecular cyclization of 1,4-bis(bromomethyjizene in 1951. Representative
properties of [2.2]paracyclophane are through-sgacgugation and planar chirality derived
from the interaction of the two benzene rings dredsuppression of the rotation of the benzene
rings, respectively. The author focused on thesquenproperties and developed an optical
resolution method of 4,7,12,15-tetrasubstitute@]faracyclophane, as shown in Chaptér 3.
Especially in the research of a planar chiral £,48-tetrasubstituted [2.2]paracyclophane, the
author revealed that propeller-shaped cyclic comgeexhibited high performance of circular
dichroism (CD) and circularly polarized luminescer(€PL) properties.In Chapter 4, the
author tried to enhance the properties of the plaha&al cyclic compounds using phenylene-
ethynylene substituents. As a result, the authoceeded in the synthesis of the compounds
exhibiting excellent CD and CPL propertfes this case, a bathochromic effect was observed
owing to extension of the-conjugation. Therefore, it is important to obtée compounds
which exhibit a hypsochromic effect for the diveysf designability of the cyclic compounds.
In this chapter, the author observed the hypsocitreffect using naphthalene units in place
of benzene units as a cyclic linker. In additionplan extinction coefficient & and
photoluminescence quantum efficiendu() were improved in comparison with the benzene-
containing compounds. These are very importanbfador applications for optical materials.

Details were investigated with density functioreddry (DFT), showing that a HOMO-LUMO
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band gap of naphthalene-containing cyclic deriestibecame larger than that of benzene-
containing compounds. Optimized structures indatédesions of the cyclic structure affected
the extension of the-conjugation. Herein, the synthesis and opticalpprobes of these

compounds are discussed.

Results and Discussion
Synthesis

The optical resolution of planar chiral 4,7,12,#%dsubstituted [2.2]paracyclophane was
carried out using the diastereomer method develape€hapter 3, and the obtained
enantiopure compounds were converted to the camnelspg R)- and &)-4,7,12,15-
tetraethynyl[2.2]paracyclophangdhe synthetic routes to the target optically actdyclic
compounds are shown in Schemes 1-5. Initially,abthor prepared iodinated naphthalene
compounds3 and 9 to prepare the cyclic compounds (Schemes 1 andeshectively).
CompoundlO was synthesized according to the literature (seeekperimental section). The
hexyloxy groups i3 and 10, and butyl groups i® were introduced to provide the target
compounds with solubility in organic solvents, sashTHF, CHG, CHCI2 and toluene.

As shown in Scheme 1, one of bromides of 2,3-dilor@)7-bis(hexyloxy)naphthalerie
was reacted with trimethylsilylacetylene in thegamece of a catalytic amount of Pd@Ph):
to obtain compoun@ in 26% isolated yield. The other bromide2afias converted to an iodide,
and then iodinated compouldvas obtained in 73% isolated yield. As shown ihege 2,
1,2,4,5-tetraboromobenzerfe was reacted with 2,5-dibutylfurab in the presence of-
butyllithium to obtain compoun@ in 71% isolated yield, which was reacted with sodi
iodide and trimethysilyl chloride to obtain compauhin 83% isolated yield. One of bromides

in compound’ was reacted with trimethylsilylacetylene in thegence of a catalytic amount
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Scheme 1. Synthesis of compourii(cyclic linker ofNpC)

=—TMs
PACI,(PPhs),
PPhs ™S
CeH130 Br CeH130 =
@
CeH130 Br THF, EtsN CeH130 Br
70°C
1 2, 26%
17h
1) n-BuLi; 78 °C, 15 min P ™S
- _78° CeH130 3
2)1,,-78°Ctort, 28 h 6H13 OO
THF CeH130 I

3,73%

Scheme 2. Synthesis of compoural(cyclic linker ofNpBu2C)

C4H9 Nal C4Hg

Br Br ) Br Br
j@( + CaHo \@/QHQ n-BuLi G’O TMS-Cl OO
Br Br Toluene Br  Acetonitrile Br
4 5 0°C C4Hg rt C4Hg
2h 6, 71% 11h 7,83%
=TMS
PdCly(PPhs),
PPh; CsHo __TMS 1) n.BuLi; —78°C, 15 min CiHg __TMS
cul OO ~ 2)1y;-78°Ctort, 16 h OO =
THF, Et;N Br THF |
70°C C4Hg C4Hg
8h 8,67% 9,81%

of PdCk(PPh)2 to obtain compoun® in 67% isolated yield. The other bromide &fvas
converted to an iodide, and then iodinated comp@&unds obtained in 81% isolated yield.
Schemes 3, 4 and 5 show the syntheses of the teyget compounds\NpC, PhC and
NpBu2C, respectively. In these Schemes, only the reaxtibthe Rp)-isomers are shown; the
(S)-isomers were synthesized under identical comuitipom &)-Cp. The treatment ofRp)-
4,7,12,15-tetraethynyl[2.2]paracyclopha®){Cp with compound3 in the presence of the

Pd(dba)p/Cul catalytic system using dppf as a phosphirenkibdforded compoundRp)-Np-
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TMS in 61% isolated yield (Scheme 3). After deprotattof the four TMS groups irRf)-
Np-TM S using NBuF, a Pd-mediated alkyne homo-coupling was carnganositu to obtain
cyclic compound Rp)-NpC in 29% isolated yield. Under the same reactionda@ns,
compoundsRp)-PhC and Ro)-NpBu2C were prepared by the reactionlofwith (Rp)-Cp and
by the reaction 0P with (Rp)-Cp as shown in Schemes 4 and 5, respectively. Inrdale
improve the reactivity, di(1-adamantyl)butylphosphiné (cataCXiun? A) was used as a
phosphine ligand. Cyclization was carried out, enitfied impurities such as oligomeric
products by intermolecular reactions were formdutkylcould be readily removed by column
chromatography on SiQresulting in low isolated yields (29%, 20% and/d.&r (Rn)-NpC,
(Ro)-PhC and Rn)-NpBuxC, respectively). The structures of all new compauimdthis study
were confirmed byH and'*C NMR spectroscopy, high-resolution mass spectronfeiRMS),
and elemental analysis; the detailed syntheticqggtoes and NMR spectra data are shown in

the experimental section.

Scheme 3. Synthesis ofRp)-NpC

3
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D z
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4 \\ THF, Et3N
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Scheme 4. Synthesis ofRp)-PhC
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Scheme 5. Synthesis of Rp)-NpBu2C
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Optical Properties

The optical properties of both enantiomers of @ycbmpound®NpC, PhC, andNpBu,C
as well as their precursop-TM S, Ph-TM S andNpBu,-TM S were evaluated. The data are
summarized in Table 1. Although the optical andatical properties oPhtBu-TM S and

PhtBuC were shown in Chapter 3, they are included hdoginomparison.

PhtBu-TMS PhtBuC

Table 1. Optical properties: Spectroscopic dataRg){isomers

Jab@inm €/ 1 Mt cmi?) AumPnm - /ns () Dumd
(R)-Np-TMS 382 (0.96) 426 1.33(1.01) 0.65
(R))-Ph-TMS 384 (0.58) 428 1.71(1.07)  0.59
(Ro)-NpBu>TMS 388 (0.86) 424 1.54 (1.03)  0.77
(Ro)-PhtBu-TMS 372 (0.44) 418 2.16 (1.04)  0.46
(Ro)-NpC 353 (1.29) 446 1.83(1.06)  0.51
(Ro)-PhC 325 (1.18), 401 (0.49) 482 4.67 (1.18)  0.44
(Ro)-NpBu2C 348 (1.63), 412 (0.57) 438 2.00(1.12) 0.81
(Ro)-PhtBuC 314 (1.25), 391 (0.46) 453 3.75(1.06)  0.41

2 In CHCk (1.0 x 10° M). P In CHCE (1.0 x 10° M), excited at absorption maxim@.
Emission life time atim ¢ Absolute PL quantum efficiency.

Figures 1A and 1B show the UV-vis absorption seatrd photoluminescence (PL) spectra
of the Rp)-precursors in the dilute CHS$olutions (1.0 x 10 M for UV and 1.0 x 1% M for
PL), respectively. The absorption spectra exhibgtdgperchromic effect with extension of the
n-surface from (Figure 1A). Bathochromic shift wasused by two factors; attaching
naphthalene unit in place of benzene unit and latigcalkoxy groups. On the other hand,

absorption edge was almost identical betwd®ilp-TM S and Ro)-NpBu2>-TM S because
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alkoxy groups were relatively far from alkyne uattached the [2.2]paracyclophane core in
the ground state. In the PL spectra (Figure 1Bijyalar bathochromic shift was observed with
extension of ther-conjugation unit and the introducing alkoxy grodplittle bathochromic
shift was observed inRp)-Np-TM S compared with Rp)-NpBu>-TMS. This result showed
alkoxy groups in the naphthalene unit worked indkeited state.

As shown in Figures 2A and B, the interesting tewtes were observed in the absorption
and PL spectra of cyclic compound&)tNpC, (Ro)-PhC, (Ro)-NpBu2C and Rp)-PhtBuC. In
the absorption spectra, bathochromic shift was releseby the cyclization and introducing
alkoxy groups. The alkoxy groups in the naphthaleni affected the spectra in the cyclic
form. In addition, a hypsochromic shift was obsedrwath an extension of thesurface by the
naphthalene unit. It is interesting phenomenonsidaming that the precursors exhibited the
similar absorption edge R{)-Np-TMS, (Rp)-Ph-TMS and Ro)-NpBuz-TMS). In the PL
spectra (Figure 2B), a similar bathochromic shiftl daypsochromic shift were observed. In
this case, a hypsochromic shift froRxY-PhtBuC to (Ro)-NpBu2C was clearly observed. In
addition, Stokes shifts oRf)-PhC and Rp)-PhtBuC were larger than those dRd)-NpC and
(Ro)-NpBu:C.

PL lifetime measurement was carried out to suppptical data. Table 1 includes the PL
decay data (PL lifetimer andy? parameters) for all compounds. PL lifetime of ¢igelization
compounds was longer than that of the precursoradtition, the difference of lifetime of
naphthalene derivatives between the cyclic compsamd the precursors is smaller than that
of benzene compounds. Therefore, naphthalene-oamgatcyclic compounds were relatively
similar to the precursors compared with benzendaiming compounds. This may be one of

the reasons of the hypsochromic shift.
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Figure 1. (A) UV-vis absorption spectra in the dilute CHCL.0 x 10° M) and (B) PL
spectra in the dilute CHE({1.0 x 10° M; excited at absorption maximum from 350 to 500
nm) of Rp)-Np-TM S, Ph-TMS, NpBu2-TM S, andPhtBu-TM S.
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Figure 2. (A) UV-vis absorption spectra in the dilute CHCL.0 x 10° M) and (B) PL
spectra in the dilute CHE[1.0 x 10° M; excited at absorption maximum) d®j-NpC,
PhC, NpBu.C, andPhtBuC.
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Chiroptical Properties

The chiroptical properties of the ground and extcggates oNp-TM S, Ph-TM S, NpBu-
TMS, NpC, PhC, and NpBu>C were investigated by circular dichroism (CD) anBLC
spectroscopy, respectively. Chiroptical data, sush specific rotation, CD and CPL
dissymmetry factofs(gabs andgum, respectively) are summarized in Table 2. Theoghical
data ofPhtBu-TM S andPhtBuC are shown in the same table. Figure 3 shows thea@D
absorption spectra of both enantiomerBlpfTM S, Ph-TM S, NpBu2-TM S andPhtBu-TM S
in the dilute CHCJ (1.0 x 10° M). In all cases, mirror image Cotton effects webserved in
the CD spectra, and tigassvalues of the first cotton effect were estimatetde approximately
-1.5 x 10° for (Rp)-isomers. Thejabsvalues were enhanced by the cyclization and theesa
for (Rp)-NpC, PhC, NpBu.C andPhtBuC were estimated to be, +3.3 x30+3.9 x 10°,
+0.67 x 10°% and +8.8 x 10, respectively (Figure 4). The specific rotatiedfo values for
(Ro)-NpC, PhC, NpBuC and PhtBuC were +789.4, +1086.4, +1040.13, +1501.0,
respectively. They were much larger than thos&gfp-TM S, Ph-TM S, NpBu,-TM S and
PhtBu-TMS (Table 2). It is suggested that optically activghler-ordered (propeller-shaped)
structures by cyclization induced chirality strongl the cyclic compounds in the ground state.

The CPL spectra of the precursors and cyclic com@sin the dilute CHGI(1.0 x 10° M)
are shown in Figures 5 and 6 respectively. Intansemirror image CPL spectra were observed
for the enantiomers, as shown in Figures 5 anchégilm values of Rp)-Np-TM S, Ph-TM S,
NpBuz-TM S andPhtBu-TM S were large (approximately, —1.4 x#@or the Rp)-isomers,
respectively; Table 2). On the other hand, gha values for Rp)-NpC, PhC, NpBu2C and
PhtBuC were calculated to be +3.5 x $0+8.4 x 10% +0.84 x 10° and +13 x 1,
respectively (Table 2NpBu2C exhibited very weak CPL signals. Considering thipBu.C
had the similar structure witNpC, this is a very interesting phenomenon. As expkdte

gum Values for the cyclic compounds were enhancedoimparison with those for the
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precursors by the optically active propeller-shagédictures. The emitting species with
higher-ordered structures have a potential to éxdnd CPL properties in the excited state.
For example, propeller-shape® V-shaped, S-shaped? and helical structuréshave been

reported previously.

Table 2. Chiroptical properties: Specific rotation and dpescopic data offp)-isomers

[a]%p? Qabs/ 1072 atdapd gum / 1072 at Aum, maf
(R))-Np-TMS —41.2 —1.4 —1.4
(Rp)-Ph-TM'S -17.9 -1.3 -1.5
(Rp)-NpBu2-TM S -183.7 -1.8 -1.4
(Ro)-PhtBu-TM S ~45.4 ~1.3 ~1.4
(Rp)-NpC +789.4 +3.3 +3.5
(Ro)-PhC +1086.4 +3.9 +8.4
(Rp)-NpBu2C +1040.1 +0.67 +0.84
(Rp)-PhtBuC +1501.0 +8.8 +13

2 Specific rotation€ 0.1, CHC} at 23 °C). Thed]*p values of &)-isomers are described
in the experimental sectioP.gabs = 2Acle, whereAe indicates differences of absorbance
between left- and right-handed circularly polarizigtt, respectively. Thgabsvalue of the
first peak top was estimateédgum = 2(lieft — Iright)/(liett + lright), wherelieft andlright indicate
luminescence intensities of left- and right-han@&l, respectively.
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Figure 3. CD (top),gabs(middle), and UV-vis absorption (bottom) spectf&lp-TM S, Ph-
TMS, NpBuz-TM S, andPhtBu-TM S in the dilute CHGJ (1.0 x 10° M).
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Figure 4. CD (top),gabs (middle), and UV-vis absorption (bottom) spectfadNpC, PhC,
NpBu2C, andPhtBuC in the dilute CHCG (1.0 x 10° M).
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Figure5. CPL (top),gum (middle), and PL (bottom) spectraip-TM S, Ph-TM S, NpBua-
TMS, andPhtBu-TMS in the dilute CHGJ (1.0 x 10° M for CPL and 1.0 x 16 M for
PL). Excitation wavelength was 300 nm, 350 nm 3@® and 300 nm foNpC, PhC,
NpBu2C, andPhtBuC, respectively.
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Figure 6. CPL (top),gum (middle), and PL (bottom) spectraldpC, PhC, NpBu.C, and
PhtBuC in the dilute CHGJ (1.0 x 10° M for CPL and 1.0 x 16 M for PL). Excitation
wavelength was 300 nm, 350 nm, 300 nm, and 314 eorNpC, PhC, NpBu2C, and
PhtBuC, respectively.
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Figure 7 shows the highest occupied molecular aidifHOMOSs) and the lowest
unoccupied molecular orbitals (LUMOS) of the cyat@mpoundsNpC, PhC, NpBu2C and
PhtBuC; methyl groups were used in place of hexyl andylbgtoups to simplify the
calculation. The molecular orbitals were obtaingddensity functional theory (DFT) at the
TD-BHandHLYP/def2-TZVPP//BLYP/def2-TZVPP level. Gnin the case oNpBu.C, the
HOMO orbital did not form a cyclia-conjugation system and the HOMO-1 orbital was
delocalized whole of the molecule. The energigh®@HOMO and HOMO-1 were very close,
resulting in the weak CPL ¢pBu2C. Figure 7 shows that naphthalene derivatives bad |
HOMO levels and high LUMO levels and that alkoxpgps increased HOMO and LUMO
levels, especially HOMO levels. The first Cottorfieets in the CD spectra (Figure 4) were
assigned to theo$o S transition (Table 3). Experimental data of waveglérof the first Cotton
effect in the CD spectra are shown in Table 3. Ayesochromic shift by the naphthalene unit
was almost identified between calculation and darpemtal data. In order to investigate the
cause of the hypsochromic shift, the author focusedhe torsion of the cyclic compounds.
Calculated torsion angleg; andd. are shown in Figure 8, and the parameters arersimow
Table 3. The torsions of the naphthalene-contaioyalic compounds were relatively larger
than those of benzene-containing compounds. Thexgfas difficult to extendt-conjugation
in the naphthalene derivatives. Those results stipelifetime measurement which indicated
that the properties were similar to the precurséss.a result, the hypsochromic shift was
caused by shorter-conjugation length of the naphthalene substituents

Comparing with the compounds having benzene andhthalgne units in the cyclic
structures, the benzene unit can enhan@dues and the naphthalene unit can enhance & mola
extinction coefficient and absolute fluorescencarqum efficiency ¢um) (Tables 1 and 2),
which are very important factors for CPL applicago In addition, the naphthalene unit

induced the hypsochromic shift compared with thezikeee unit. These results indicate the
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possibility to tune the optical properties of thelec compounds exhibiting good chiroptical

NpC
PhC NpBu,C
H E j,; i; PhtBuC
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Energy (eV)
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Figure 7. HOMOs (HOMO-1) and LUMOs of model compoundiyC, PhC, NpBu.C,
and PhtBuC obtained by density functional theory (DFT) at tiie-BHandHLYP/def2-
TZVPP//BLYP/def2-TZVPP level.

Figure 8. Torsion anglesfianddz, of cyclic compounds.

Table 3. Calculated parameter from TD-DFT and experimentaielength obtained from
CD spectra

S to SeV (nm)  Aapd/nm 01° 0°
NpC 3.02 (411) 429 24.55° 22.78°
PhC 2.72 (456) 464 22.96° 23.17°
NpBu2C 3.05 (406) 428 24.68° 23.12°
PhtBuC 2.84 (436) 431 22.30° 21.79°

Calculated at TD-BHandHLYP/def2-TZVPP//BLYP/def2-NIEBP level.? Energy band
gap of transition from &to S. ° Wavelength observed from first Cotton effect of CD
spectra oNpC, PhC, NpBu2C, andPhtBuC, respectively (Figure 5).Estimated torsion
angles of each optimized molecular structure (@)t
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Conclusions

In summary, planar chiral [2.2]paracyclophane-basgiic compounds with extended
surface were synthesized. Cyclization enhancedpheal and chiroptical properties compared
with those of the non-cyclic precursors becaugbabptically active higher-ordered structure.
The optical and chiroptical properties could beetlilby the benzene and naphthalene units.
Introduction of the naphthalene unit enhanced aamektinction coefficient and absolute
fluorescence quantum efficiency; howegek values decreased in comparison with induction
of the benzene unit. Another interesting proper&g \lmypsochromic shift by the introduction
of the naphthalene unit. As a resiNpC exhibited light blue emission, athC exhibited
light green emission. DFT supported this phenomeeyxdic structure including a naphthalene
unit decreased HOMO levels and increased LUMO #&ewelspite of the larga-surface.
Calculated molecular structure indicated that thesion was one of the reasons of the
hypsochromic shift. These results are useful ferriolecular design not only of the cyclic

[2.2]paracyclophane derivatives but of various agity active compounds.
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Experimental Section

General. *H and®™C NMR spectra were recorded on JEOL EX400 and AlLia6Buments at 400 and
100 MHz, respectively. Samples were analyzed i€zand the chemical shift values were expressed
relative to MeSi as an internal standard. Analytical thin laylerotnatography (TLC) was performed
with silica gel 60 Merck F254 plates. Column chromggaphy was performed with Wakogel C-300
silica gel. High-resolution mass (HRMS) spectrometas performed at the Technical Support Office
(Department of Synthetic Chemistry and Biologiche@istry, Graduate School of Engineering, Kyoto
University), and the HRMS spectra were obtained aofThermo Fisher Scientific EXACTIVE
spectrometer for atmospheric pressure chemicakation (APCI). Recyclable preparative high-
performance liquid chromatography (HPLC) was cdroat on a Japan Analytical Industry Co. Ltd.,
Model LC918R (JAIGEL-1H and 2H columns) and LC9Z0AIGEL-2.5H and 3H columns) using
CHCI; as an eluent. UV-vis spectra were recorded onl&8BZU UV-3600 spectrophotometer, and
samples were analyzed in CH@t room temperature. Fluorescence emission spgeterecorded on

a HORIBA JOBIN YVON Fluoromax-4 spectrofluorometand samples were analyzed in CH&t
room temperature. The PL lifetime measurement wasfopned on a Horiba FluoroCube
spectrofluorometer system; excitation was carrietl ising a UV diode laser (NanoLED 375 nm).
Specific rotations ¢f]'s) were measured with a HORIBA SEPA-500 polarime®ircular dichroism
(CD) spectra were recorded on a JASCO J-820 spexdtnometer with CHGlas a solvent at room
temperature. Circularly polarized luminescence (C&iectra were recorded on a JASCO CPL-200S
with CHCL as a solvent at room temperature. Elemental aeslysre performed at the Microanalytical
Center of Kyoto University.

Materials. Commercially available compounds used without fratfon: (Wako Pure Chemical

Industries, Ltd.) PRhCul, K:CO;s, Nal; (Tokyo Chemical Industry Co, Ltd.) trimetkilylacetylene
(TMS-acetylene), PdQPPh),, Pa(dba) (dba = dibenzylideneacetone), 1,1-
bis(diphenylphosphino)ferrocene (dppf), tetrlutylammonium fluoride (NBaF, TBAF, 1 M in THF),
trimethylsilyl chloride (TMS-CI); (Kanto ChemicaldC Inc.)n-butyllithium (n-BuLi, 1.6 M in hexane);
(Sigma-Aldrich Co. LLC.) di(1-adamantyfj-butylphosphine (cataCXiufnh A). Commercially

available solvents: MeOH (Wako Pure Chemical Indeist Ltd.), toluene (deoxygenated grade, Wako

Pure Chemical Industries, Ltd.) and acetonitrieoi/genated grade, Wako Pure Chemical Industries,
Ltd.) used without purification. THF (Wako Pure @tieal Industries, Ltd.) and g (Kanto Chemical

Co., Inc.), purified by passage through solvenifimation columns under Ar pressufeCompounds

110



Chapter 5

prepared according to the literatures: 2,3-Dibrddib-bis(hexyloxy)naphthalenel)f®, 2,5-din-
butylfuran 6)*°, 1,2-bis(hexyloxy)-4-iodo-5-[2-(trimethylsilyl)egimyl]oenzene 10)*, (Ry)- and &)-
4,7,12,15-tetraethynyl[2.2]paracyclophan@){ and &,)-Cp).?

Computational Details. The Orca program packa@evas used for computation. The author optimized
the structures oNpC, PhC, NpBu.C andPhtBuC (methyl groups were used in place of hexyl and
butyl groups) in the ground,States and calculated their electric structuré® density functional
theory (DFT) was applied for the optimization o&thktructures in theoStates at the BLYP/def2-
TZVPP levels. The author calculated the electiatest and transitions from & S of theNpC, PhC
andPhtBuC, and from $to S and $to S states of th&lpBu,C with the optimized geometries in the
S states by time-dependent DFT (TD-DFT) at the TDaBHHLYP/def2-TZVPP levels.

Synthesis of 2. A mixture of 2,3-dibromo-6,7-bis(hexyloxy)naphteaé @) (3.93 g, 8.1 mmol),
PdChL(PPh). (0.284 g, 0.405 mmol), Cul (0.0770 g, 0.405 mmohF (180 mL) and EN (60 mL)
was placed in a round-bottom flask equipped withagnetic stirring bar. After degassing the reaction
mixture several times, TMS-acetylene (1.20 mL, 8r8ol) was added to the mixture via a syringe.
The reaction was carried out at 70 °C for 17 h wtitring. After the reaction mixture was cooled to
room temperature, precipitates were removed afitin, and the solvent was removed with a rotary
evaporator. The residue was purified by column etatmgraphy on SigCHCl/hexane = 1/2 v/v as
an eluent) to affor@ (1.06 g, 2.11 mmol, 26%) as a yellow soid= 0.33 (CHC{/hexane = 1/2 v/v).

'H NMR (CDCh, 400 MHz)6 0.29 (s, 9H), 0.91 (] = 7.1 Hz, 6H), 1.34-1.38 (m, 8H), 1.50 (m, 4H),
1.84-1.88 (m, 4H), 4.05 (df,= 2.4 Hz, 6.6 Hz, 4H), 6.92 (s, 1H), 6.96 (s, 1HB2 (s, 1H), 7.84 (s,
1H) ppm;**C NMR (CDCk, 100 MHz)s -0.1, 14.0, 22.6, 25.7, 28.9, 28.9, 31.5, 68.89,9703.9,
106.3, 107.0, 119.6, 120.1, 127.5, 129.0, 130.,83150.1, 150.9 ppm. HRMS (APCI) calcd. for
Co7H40BrO.Si [M+H]": 503.1975, found: 503.1967. Elemental analysisccalor G7H3sBrO.Si: C
64.40 H 7.81 Br 15.87, found: C 64.31 H 7.92 Bi885.

Synthesis of 3. A solution ofn-BuLi (1.65 M in hexane, 1.45 mL, 2.32 mmol) wagvely added to a
solution of2 (1.06 g, 2.11 mmol) in THF (40 mL) at —78 °C underatmosphere. After 30 min, a
solution of iodine (0.80 g, 3.16 mmol) in THF (1@ ywas added, and the mixture was stirred for 28 h
at—78 °C to room temperature. The reaction mixteas quenched by the addition of aqueous NaHSO
solution, and the organic layer was extracted ttirees with hexane. The combined organic layer was
washed with brine and dried over MgS®1gSQ, was removed by filtration, and the solvent was

evaporated. The residue was purified by columnratography on Si©(CHCk/hexane = 1/2 v/v as
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an eluent) to affor® (848 mg, 1.54 mmol, 73%) as a yellow &i.= 0.42 (CHCl/hexane = 1/2 v/v).
'H NMR (CDCk, 400 MHz)s 0.30 (s, 9H), 0.91-0.93 (m, 6H), 1.35-1.36 (m, 8HK1 (m, 4H), 1.88
(m, 4H), 4.11 (dt) = 2.4 Hz, 6.6 Hz, 4H), 6.92 (s, 1H), 6.95 (s, 1AB1 (s, 1H), 8.13 (s, 1H) ppm;
13C NMR (CDCE, 100 MHz)6 0.2, 14.1, 22.7, 25.8, 29.0, 29.0, 31.6, 31.7,,69405, 106.2, 107.2,
107.3, 123.9, 128.2, 130.5, 130.9, 136.1, 150.8,8Lppm. HRMS (APCI) calcd. for £HslO:Si
[M+H]": 551.1837, found: 551.1829. Elemental analysisccdbr G7H39O,Si: C 58.90 H 7.14 | 23.05,
found: C 58.69 H 7.31 1 22.89.

Synthesisof 6. A mixture of 2,5n-dibutylfuran §) (5.91 g, 15.0 mmol) and 1,2,4,5-tetrabromobenzene
(4) (3.23 g, 18 mmol) was placed in a round-bottoasKklequipped with a magnetic stirring bar. After
degassing several timasBuLi (11.3mL, 1.60 M in hexane, 18.0 mmol) was atideopwise over the
course of 30 min. The solution was stirred at 3G h, allowed to warm to room temperature, strr
for 3.5 h. It was quenched by the careful addiné® mL MeOH and water. The organic layer was
extracted with toluene and washed with water. Tdrakined organic layer was washed with brine and
dried over MgS@ MgSQ, was removed by filtration, and the solvent wagevated. The product was
purified by column chromatography on Si@HCl/hexane = 1/5 v/v as an eluent) to affér@.39 g,
10.6 mmol, 71%) as a light yellow viscous &Y.= 0.40 (CHC{hexane = 1/5 v/v)H NMR (CDCk,
400MHz) 6 0.96 (t,d = 7.1 Hz, 6H), 1.30-1.66 (m, 8H), 2.07-2.31 (m)46173 (s, 2H), 7.30 (s, 2H)
ppm;**C NMR (CDCb, 100MHz)6 13.9, 23.1, 26.8, 28.9, 91.7, 120.3, 124.2, 14%58,1 ppm. HRMS
(APCI) calcd. for GgH23Br.O [M+H]": 413.0110, found: 413.0097. Elemental analysisdcafor
CigH22Br,0: C 52.20 H 5.35 Br 38.58, found: C 52.32 H 5.338135.

Synthesisof 7. A suspension d (4.15 g, 10 mmol) and dry Nal (4.50 g, 30 mmolaxaetonitrile (100
mL) was placed in a round-bottom flask equippedhaimagnetic stirring bar. After degassing several
times, TMS-CI (3.8 mL, 30 mmol) was added dropwiBee solution turned from red to brown during
the addition and was stirred at room temperaturel foh. The mixture was quenched by addition of
aqueous NaHSgXolution and the product was extracted withChl The combined organic layer was
washed with brine and dried over MgS®1gSQ, was removed by filtration, and the solvent was
evaporated. The product was purified by column efaimgraphy on Si&(CHCk/hexane = 1/5 v/v as
an eluent) to afford (3.31 g, 8.31 mmol, 83%) as a light yellow é#.= 0.70 (CHC¥/hexane = 1/5
vIv). '"H NMR (CDCk, 400MHz)$ 0.97 (t,J = 7.3 Hz, 6H), 1.38-1.49 (m, 4H), 1.64-1.73 (m)AR{95

(t, J= 7.8 Hz, 4H), 7.24 (s, 2H), 8.30 (s, 2H) ppAT NMR(CDCk, 100MHz)5 13.9, 22.7, 32.4, 32.8,
120.5, 126.9, 129.4, 132.4, 136.3 ppm. HRMS (AR@Id. for GaHoaBr, [M+H]*: 396.0083, found:
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396.0080. Elemental analysis calcd. fagHBrz: C 54.30 H 5.57 Br 40.13, found: C 54.55 H 5.47 Br
40.11.

Synthesis of 8. A mixture of7 (2.99 g, 7.5 mmol), Bdba} (0.172 g, 0.188 mmol), dppf (0.208 g,
0.376 mmol), Cul (0.0716 g, 0.376 mmol), THF (25)nalnd EtN (25 mL) was placed in a round-
bottom flask equipped with a magnetic stirring Wfter degassing the reaction mixture several times
TMS-acetylene (1.04 mL, 7.52 mmol) was added taniheure via a syringe. The reaction was carried
out at 70 °C for 8 h with stirring. After the remet mixture was cooled to room temperature, préaips
were removed by filtration, and the solvent wasaoeed with a rotary evaporator. The crude residue
was purified by column chromatography on S{@exane as an eluent) to aff@¢2.10 g, 5.1 mmol,
67%) as a colorless ol = 0.38 (hexane onlyfH NMR (CDCk, 400 MHz)d 0.33 (s, 9H), 0.95 (1]

= 7.3 Hz, 6H), 1.33-1.49 (m, 4H), 1.57-1.73 (m, 4R1P4-3.00 (m, 4H), 7.17 (s, 2H), 8.18 (s, 1HEB.
(s, 1H) ppm*C NMR (CDCk, 100 MHz)5 —0.1, 13.9, 22.7, 32.4, 32.8, 32.9, 98.9, 104.1,7,2126.4,
127.4, 127.9, 130.3, 130.7, 133.0, 136.0, 137.0.gRMS (APCI) calcd. for &Hs:BrSi [M+H]":
414.1373, found: 414.1361. Elemental analysis cédted3Hs:1BrSi: C 66.49 H 7.52 Br 19.23, found:
C 66.50 H 7.63 Br 19.46.

Synthesis of 9. A solution ofn-BuLi (1.60 M in hexane, 3.15 mL, 5.04 mmol) wagvely added to a
solution of8 (1.90 g, 4.58 mmol) in THF (30 mL) at —78 °C underatmosphere. After 15 min, a
solution of iodine (1.74 g, 6.87 mmol) in THF (1@ ywas added, and the mixture was stirred for 16 h
at—78 °C to room temperature. The reaction mixteas quenched by the addition of aqueous NaHSO
solution, and the organic layer was extracted ttirees with CHCJ. The combined organic layer was
washed with brine and dried over MgS®1gSQ, was removed by filtration, and the solvent was
evaporated. The residue was purified by columnroatography on Sig{hexane as an eluent) to afford
9(1.71 g, 3.69 mmol, 81%) as a colorless cry&a#. 0.70 (hexane onlyjH NMR (CDCk, 400 MHz)

5 0.34 (s, 9H), 0.94 (df] = 3.2 Hz, 7.3 Hz 6H), 1.30-1.49 (m, 4H), 1.55-1( 4H), 2.80-3.00 (m,
4H), 7.14 (s, 2H), 8.14 (s, 1H), 8.49 (s, 1H) pp?e; NMR (CDCk, 100 MHz)5 0.1, 14.0, 22.7, 32.2,
32.7,32.8,97.1, 98.0, 107.5, 125.2, 126.5, 1229,1, 131.1, 133.2, 135.0, 135.7, 136.9 ppm. HRMS
(APCI) calcd. for GsHzISi [M+H]":462.1234, found: 462.1223. Elemental analysis dcafor
Ca3H31lSi: C59.73 H 6.76 | 27.44, found: C 59.66 H 61217.34.

Synthesis of Np-TMS. A mixture of R,)-Cp (20.0 mg, 0.0657 mmolB (160 mg, 0.289 mmol),
Pa(dba} (6.3 mg, 0.0066 mmol), dppf (7.3 mg, 0.013 mm@Giyl (2.5 mg, 0.013 mmol), THF (2.0

mL) and E4N (2.0 mL) was placed in a round-bottom flask egaiphwith a magnetic stirring bar. After
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degassing the reaction mixture several times,daetion was carried out at 50 °C for 16 h withristy.
After the reaction mixture was cooled to room terapige, precipitates were removed by filtratiord an
the solvent was removed with a rotary evaporatbe residue was purified by column chromatography
on SiQ (CHCk/hexane = 1/2 viv as an eluent). Further purifaratvas carried out by HPLC and
reprecipitation with CHGland MeOH (good and poor solvent, respectivelygfiord (R,)-Np-TMS
(79.6 mg, 0.0399 mmol, 61%) as a light yellow soRd= 0.50 (CHC{/hexane = 1/2 v/iv):*H NMR
(CDCls, 400 MHZ)5 0.21 (s, 36H), 0.91-0.95 (m, 24H), 1.34-1.42 (nHB2..45-1.59 (m, 16H), 1.80-
1.94 (m, 16H), 3.17-3.32 (m, 4H), 3.74-3.84 (m, ABIB6-3.97 (m, 8H), 4.09 (d,= 6.4 Hz, 8H), 6.89
(s, 4H), 7.02 (s, 4H), 7.39 (s, 4H), 7.89 (s, 4800 (s, 4H) ppm*3C NMR (CDCh, 100 MHz)§ 0.1,
14.0, 22.6, 22.6, 25.7, 25.8, 29.0, 31.6, 31.67,328.7, 68.9, 92.2, 93.9, 97.1, 104.5, 107.0, 1107.
120.0, 121.0, 125.7, 128.3, 128.7, 130.9, 130.5,3,341.7, 150.5, 150.6 ppm. HRMS (APCI) calcd.
for Ci32H16d0sSis [M+H] " 1994.1889, found: 1994.1941. Elemental analyasisdc for GsH1660sSia:

C 79.47 H 8.49, found: C 79.57 H 8.5%,)(Np-TM S andrac-Np-TM S were obtained by the same
procedure in 68% and 54% isolated yields, respeigtiiR,)-Np-TMS: [a]?> = —41.2 ¢ 0.1, CHCH).
(S)-Np-TMS: [a]®5 = +49.6 € 0.1, CHCY).

Synthesis of NpC. (Ry)-Np-TM S (60.0 mg, 0.0301 mmol) in THF (5.0 mL) was placediround-
bottom flask equipped with a magnetic stirring l#dter degassing several times, NBy1 M in THF,
0.3 mL, 0.3 mmol) was added to the solution at re@mperature for 15 min with stirring. The mixture
was quenched by the addition of® and the organic layer was extracted three tindsCHCL. The
combined organic layer was washed with brine andddover MgSQ@. MgSQ, was removed by
filtration, and the solvent was evaporated. Thelpobwas purified by column chromatography onsSiO
(CHCI; as an eluent). To this product in a round-botttaskf equipped with a magnetic stirring bar,
PdChL(PPh). (211 mg, 0.301 mmol), Cul (57.3 mg, 0.301 mmoKFT(300 mL) and EN (50 mL)
were added. The mixture was heated at reflux teatpex for 16 h under air. After the reaction migtur
was cooled to room temperature, the solvent waparated. The residue was purified by column
chromatography on SKJCHCl/hexane = 2/1 v/v as an eluent). Further purifaratvas carried out by
HPLC to afford Ry)-NpC (14.6 mg, 0.0086 mmol, 29%) as a light yellow solRl = 0.45
(CHCl/hexane = 2/3 viv}H NMR (CDClk, 400 MHz)5 0.90-0.94 (m, 24H), 1.34-1.38 (m, 32H), 1.51-
1.55 (m, 16H), 1.85-1.90 (m, 16H), 3.16-3.32 (m)4359-3.75 (m, 4H), 4.03-4.17 (m, 16H), 7.00 (d,
J=4.4 Hz, 8H), 7.26 (s, 4H), 7.80 (s, 4H), 7.844(d) ppm;13C NMR (CDCk, 100 MHz)s 14.0, 14.0,
22.6,22.6,25.7,25.7, 29.0, 29.0, 31.6, 31.63,38.9, 68.9, 77.9, 82.3,92.1, 93.7, 107.2, 1,AI18.7,
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122.3, 124.6, 128.2, 129.0, 129.6, 130.7, 134.6,0,4150.6, 150.9 ppm. HRMS (APCI) calcd. for
C120H1340s [M+H]":1701.9995, found: 1702.000@&,)-NpC andrac-NpC were obtained by the same
procedure in 29% and 14% isolated yields, respeigtiR,)-NpC: [¢]*®> = +789.4 ¢ 0.1, CHCY). (S)-
NpC: [a]?® = —781.2 ¢ 0.1, CHCY).

Synthesis of Ph-TMS. A mixture of ®,)-Cp (20.0 mg, 0.0657 mmol}0 (145 mg, 0.289 mmol),
Pa(dba) (6.0 mg, 0.0066 mmol), cataCXifm (9.4 mg, 0.026 mmol), Cul (2.5 mg, 0.013 mmol),
THF (5.0 mL) and EN (5.0 mL) was placed in a round-bottom flask egegbwith a magnetic stirring
bar. After degassing the reaction mixture sevenatds, the reaction was carried out at 50 °C foh 16
with stirring. After the reaction mixture was cool® room temperature, precipitates were removed by
filtration, and the solvent was removed with a rptavaporator. The crude residue was purified by
column chromatography on SIGCHClk/hexane = 1/3 v/v as an eluent). Further purifaatvas carried
out by HPLC to afford R,)-Ph-TMS (26.3 mg, 0.0145 mmol, 22%) as a yellow sold.= 0.53
(CHClyhexane = 1/2 v/iv}H NMR (CDCk, 400 MHz)s 0.21 (s, 36H), 0.86-0.97 (m, 28H), 1.28-1.39
(m, 32H), 1.40-1.53 (m, 16H), 1.71-1.89 (m, 20HL53(s, 4H), 3.67 (s, 4H), 3.89 {t= 6.1 Hz, 8H),
4.00 (t,J = 6.6 Hz, 8H), 6.95 (s, 4H), 6.89 (s, 4H), 7.274Kd) ppm;**C NMR (CDCE, 100 MHz)s
0.1, 14.0, 14.0, 22.6, 25.7, 25.7, 29.2, 29.2, 3165, 32.7, 69.1, 69.4, 91.8, 93.4, 96.5, 10418,4,
117.1, 118.0, 119.5, 125.5, 135.1, 141.7, 149.9,6lppm. HRMS (APCI) calcd. for16H1650sSis
[M+H]*": 1794.1263, found: 1794.125@,\-Ph-TM S andrac-Ph-TM S were obtained by the same
procedure in 22% and 25% isolated yields, respegtiR,)-Ph-TMS: [a]* = —-17.9 € 0.1, CHCH).
(S)-Ph-TMS: [0]% = +16.3 € 0.1, CHCY).

Synthesis of PhC. (Ry)-Ph-TMS (33.1 mg, 0.0185 mmol) in THF (5.0 mL) was placediround-
bottom flask equipped with a magnetic stirring l#dter degassing several times, NBy1 M in THF,
0.2 mL, 0.2 mmol) was added to the solution at ré@mperature for 15 min with stirring. The mixture
was quenched by the addition of® and the organic layer was extracted three tinsCHCL. The
combined organic layer was washed with brine andddover MgSQ@. MgSQ, was removed by
filtration, and the solvent was evaporated. Thelpobwas purified by column chromatography onsSiO
(CHCI; as an eluent). To this product in a round-botttaskf equipped with a magnetic stirring bar,
PdCk(PPh). (130 mg, 0.185 mmol), Cul (35.2 mg, 0.185 mmoMFT(300 mL) and BN (50 mL)
were added. The mixture was heated at reflux teatyes for 16 h under air. After the reaction mietu
was cooled to room temperature, the solvent wapaated. The residue was purified by column

chromatography on SKJCHCl/hexane = 2/1 v/v as an eluent). Further purifaratvas carried out by
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HPLC to afford Ry)-PhC (5.5 mg, 0.0037 mmol, 20%) as a light yellow sdRd= 0.63 (CHC{/hexane

= 2/1 v/v)."H NMR (CDCl, 400 MHz)s 0.86-0.97(m, 24H), 1.29-1.40 (m, 32H), 1.43-1.54 {6H),
1.78-1.89 (m, 16H), 3.07-3.19 (M, 4H), 3.47-3.584i1), 3.98-4.08 (m, 16H), 6.96 (@= 3.4 Hz, 8H),
7.19 (s, 4H) ppm**C NMR (CDCE, 100 MHz)§ 14.0, 14.0, 22.6, 22.6, 25.7, 25.7, 29.0, 29.06,31.
31.6, 33.3, 68.9, 68.9, 77.9, 82.3, 92.1, 93.7,A0107.3, 118.7, 122.3, 124.6, 128.2, 129.0, 129.6
130.7, 134.0, 143.0, 150.6, 150.9 ppm. HRMS (ARGI}d. for GoH12:0s [M+H]*:1501.9369, found:
1501.9383. §)-PhC andrac-PhC were obtained by the same procedure in 19% and ig6kited
yields, respectively.Rp)-PhC: [a]%> = +1086.4 ¢ 0.1, CHCH). (S)-PhC: [a]*% = -1082.6 ¢ 0.1,
CHCL).

Synthesis of NpBu.-TMS. A mixture of R)-Cp (23.0 mg, 0.0756 mmol® (154 mg, 0.332 mmol),
Pd(dba) (6.9 mg, 0.0076 mmol), cataCXidm (10.8 mg, 0.030 mmol), Cul (2.9 mg, 0.015 mmol),
THF (5.0 mL) and BN (5.0 mL) was placed in a round-bottom flask egegbwith a magnetic stirring
bar. After degassing the reaction mixture sevenatds, the reaction was carried out at 50 °C foh12
with stirring. After the reaction mixture was cool® room temperature, precipitates were removed by
filtration, and the solvent was removed with a rptavaporator. The crude residue was purified by
column chromatography on SIGCHCk/hexane = 1/3 v/v as an eluent). Further purifaratvas carried
out by HPLC to afford R,)-NpBu,-TMS (74 mg, 0.0451 mmol, 60%) as a yellow sofd.= 0.50
(CHCly/hexane = 1/3 v/iv)H NMR (CDCk, 400 MHz)s 0.23 (s, 36H), 0.79 (f = 7.3 Hz, 12H), 1.01

(t, J = 7.3 Hz, 12H), 1.15-1.23 (m, 8H), 1.44-1.58 (MH)61.69-1.80 (m, 8H), 2.69-2.89 (m, 8H),
2.98-3.08 (M, 8H), 3.27-3.37 (M, 4H), 3.80-3.90 4i), 7.18 (d,J = 7.3 Hz, 4H), 7.24 (d = 7.3 Hz,
4H), 7.44 (s, 4H) , 8.25 (s, 4H) , 8.28 (s, 4H) ppi@ NMR (CDCk, 100 MHz)$ 0.1, 13.9, 14.0, 22.5,
22.8, 32.2, 32.4, 32.6, 32.9, 92.3, 94.0, 97.5,40421.1, 121.8, 125.6, 126.8, 126.9, 129.2, 129.9
131.3, 131.6, 135.3, 136.8, 136.9, 142.1 ppm. HRAMCI) calcd. for GueH13:Si [M+H]*: 1641.9792,
found: 1641.9803. Elemental analysis calcd. fortiseSia: C 84.82 H 8.35, found: C 84.76 H 8.20.
($)-NpBu2-TM S andrac-NpBu>-TM Swere obtained by the same procedure in 43% andiS8%ied
yields, respectively.R;)-NpBu>-TMS: [«¢]®> = -183.7 ¢ 0.1, CHCY). (S)-NpBuxTMS: [a]*% =
+174.2 £ 0.1, CHC}).

Synthesis of NpBu2C. (Ry)-NpBu.-TMS (54 mg, 0.0329 mmol) in THF (5.0 mL) was placedain
round-bottom flask equipped with a magnetic stgrivar. After degassing several times, MNB(L M

in THF, 0.33 mL, 0.33 mmol) was added to the solutt room temperature for 15 min with stirring.

The mixture was quenched by the addition gdHand the organic layer was extracted three tinits
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CHCls. The combined organic layer was washed with bend dried over MgS© MgSQ. was
removed by filtration, and the solvent was evapmtatThe product was purified by column
chromatography on SEKJCHCL as an eluent). To this product in a round-botttaskf equipped with

a magnetic stirring bar, Pd{PPh), (230 mg, 0.329 mmol), Cul (63 mg, 0.329 mmol), TE3B0 mL)
and EtN (50 mL) were added. The mixture was heatedfabeéemperature for 16 h under air. After
the reaction mixture was cooled to room temperatire solvent was evaporated. The residue was
purified by column chromatography on Si@HCk/hexane = 1/3 v/v as an eluent). Further purifaati
was carried out by HPLC to affor&{)-PhC (8.1 mg, 0.0060 mmol, 18%) as a light yellow soRd=

0. 56 (CHC¥hexane = 1/3 viv)H NMR (CDCk, 400 MHz)d 0.97 (t,J = 7.3 Hz, 12H), 1.02 (] =
7.3 Hz, 12H), 1.40-1.51 (m, 16H), 1.68-1.79 (m, )L6298-3.08 (m, 16H), 3.23-3.29 (m, 4H), 3.66-
3.73 (m, 4H), 7.29 (s, 8H), 7.33 (s, 4H), 8.2643), 8.31 (s, 4H) ppm3C NMR (CDCE, 100 MHz)d
14.0, 22.7, 22.9, 32.4, 32.7, 32.9, 33.2, 33.43,7&2.6, 92.6, 93.7, 120.0, 123.3, 124.6, 127.4,4,2
128.7, 129.3, 131.3, 132.0, 134.3, 137.1, 137.3.29pm. HRMS (APCI) calcd. for 1GH101
[M+H] *:1349.7898, found: 1349.7901S,-NpBu.C and rac-NpBu.C were obtained by the same
procedure in 40% and 32% isolated yieldR,)NpBu.C: [a]*®> = +1040.1 ¢ 0.1, CHCY). (S)-
NpBu.C: [a]®> = -1041.0 ¢ 0.1, CHC}).
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Chapter 6

Highly Emissive Optically Active Conjugated Dimers
Consisting of Planar Chiral [2.2]Paracyclophane

Showing Circularly Polarized L uminescence

Abstract

Optically activen-conjugated dimers based on a planar chiral 4 5®&trasubstituted
[2.2]paracyclophane were synthesized. Trednjugated dimers were functionalized by aryl-
ethynylene groups, such as benzene, naphthaleren#imdcene. The strength of though-space
conjugation was tuned by tesurface. In the UV-vis and photoluminescence (§gctra,
the absorption and emission maxima of the dimelsbé&ed bathochromic effect compared
with those of the monomers. When the monomer haidl srsurface unit, such as benzene and
naphthalene, the dimer exhibited typical opticaiparties of the stacked molecule. On the
other hand, when the monomer had latggurface, such as anthracene, the dimer exhibited
monomer-like optical properties. In the circulachiobism (CD) and circularly polarized
luminescence (CPL) spectra, the functionalized cafiti active chromophores exhibited
unique properties. These data are useful not anlyriderstanding the properties of the planar

chiral [2.2]paracyclophane but for the design aks functionalt-conjugation system.
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Introduction

Aromatic compound-based-conjugated systems are widely applied to luminesce
materials, opto-electronic devices and organic tiim solar cell, and unique properties have
been revealed. Among various aromatic frameworks, [2.2]paracyblmpes have been
received much attention for the possibility to kt&eo chromophores in the distance of 3A.
[2.2]Paracyclophane frameworks can exterambnjugation between two chromophores, which
is called through-space conjugatiBazan, Mukamel, and co-workers reported the unique
optical properties ofzn-conjugated pseudeo-disubstituted, pseudep-disubstituted and
4,7,12,15-tetrasubstituted [2.2]paracyclophanevdévies® They revealed that the stacked
position of the two chromophores affects the coafiogn system in the ground and excited
states mainly based on the phenylene-vinylene mgstin particular, in the case of 4,7,12,15-
tetrasubstituted [2.2]paracyclophane, the two sdakconjugation systems exhibit strong
through-space conjugation in addition to the comiwaugh-bond conjugatiof:%-¢iHopf,
Haley, and co-workers synthesized a lot of mulbstituted [2.2]paracyclophane derivatives
including three-dimensionally-conjugated cyclic compoundsThe author's group reported
functional oligomers and polymers using though-space conjugation based on
[2.2]paracyclophane frameworks. It is possibledbta/o chromophores in an optically active
position using planar chiral [2.2]paracyclophananfeworks. The author reported optical
resolution methods of optically active [2.2]pardophane compounds and revealed that planar
chiral n-conjugated [2.2]paracyclophane exhibited good aogdtical properties, especially
circularly polarized luminescence (CP13In this chapter, the author designed opticalljvact
[2.2]paracyclophane-basaeconjugation systems functionalized by benzenehtiegene and
anthracene with ethynyl linkers. The author in\gstied optical and chiroptical properties of
the planar chiral [2.2]paracyclophane compoundsiaeffect of ethynyl linkers and aromatic

groups in detail.
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Results and Discussion
Synthesis

The optical resolution of planar chiral 4,7,12,#%dsubstituted [2.2]paracyclophane was
carried out using the diastereomer method develape€hapter 3, and the obtained
enantiopure compounds were converted to the camnelspg R)- and &)-4,7,12,15-
tetraethynyl[2.2]paracyclophan&sThe synthetic routes to the target optically actimers
and monomeric model compounds are shown in Schénaesl 2.n-Butyl group in3 was
introduced to provide the target compounds withulgidity in organic solvents, such as THF,
CHClz, CHCl2 and toluene. Although the synthesi€pkPh andM -Ph was already reported,
the author synthesized them by the different syith®ute to obtain an optically active
compound.

Scheme 1 shows the syntheses of the target plairat dimersCp-Ph, Cp-Np andCp-
An. In these Schemes, only the reactions of $eigomers are shown; thBd)-isomers were
synthesized under the same conditions froRs)-Cp. Sonogashira-Hagihara coupling
reactiot® of ($)-Cp was carried out with iodobenzerfe in the catalytic system of
Pca(dba)/Cul using XPho¥ as a phosphine ligand to obtain compousg-Cp-Ph in 57%
isolated yield. Using the same procedu&)-Cp-Np and &)-Cp-An were obtained in 35%
and 23% isolated yields, respectively. In the adg&)-Cp-An, the reaction temperature was
higher than that of the other systems becausertmibated compound is less reactive than
the iodinated compoundsand?2.

Scheme 2 shows the syntheses of the monorvBh, M-Np and M-An, as model
compounds. These monomers are equivalent to thieuhigd of the stacked dimer€p-Ph,
Cp-Np andCp-An, respectively. As shown in Scheme 2, these mon®mvere synthesized
by the same procedure as that in Scheme IVaRt, M-Np andM-An were obtained in 78%,

68% and 70%, respectively. In the cassMoPh andM-Np, PPh was used as a phosphine
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ligand because of the high reactivity. The struesusf all new compounds in this study were
confirmed by*H and*C NMR spectroscopy, high-resolution mass spectronetRMS), and

elemental analysis; the detailed synthetic procesland NMR spectra data are shown in the

experimental section.

Scheme 1. Synthesis of%)-Cp-Ph, Cp-Np andCp-An
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Optical Properties

The optical properties of both enantiomersretonjugated dimers with a planar chiral
[2.2]paracyclophaneCp-Ph, Cp-Np, andCp-An as well as their monomehg-Ph, Cp-Np
andM-An were evaluated. The optical and chiroptical dae@gasammarized in Tables 1 and 2,
respectively. Although the optical properties@g-Ph andM-Ph were already reported by

Meijere in 1993 the chiroptical data a€p-Ph were the first report.

Table 1. Optical properties: Spectroscopic data®j{somers

Jabdinm €/ 1P Mtemit)  Aum®nm  %ns P Dumd
(S)-Cp-Ph 349 (0.63) 412 3.67 112 0.60
(S)-Cp-Np 380 (0.79) 421 1.89 116  0.78
(S)-Cp-An 268 (2.18), 459 (0.87) 503 2.09 1.03  0.42
M-Ph 328 (0.56) 355 0.78 111 052
M-Np 358 (0.58) 388 0.99 118  0.57
M-An 270 (1.38), 446 (0.49) 479 1.80 113 0.48

2 1n CHCk (1.0 x 10° M). ® In CHCL (1.0 x 10° M), excited at absorption maxim@.
Emission life time at.» ¢ Absolute PL quantum efficiency.

Figures 1A, 1B and 1C show the UV-vis absorptioacsfm and photoluminescence (PL)
spectra of dimer$p-Ph, Cp-Np, andCp-An and the monomer#)-Ph, M-Np andM-An in
the dilute CHO solutions (1.0 x 10 M for UV and 1.0 x 1 M for PL), respectively. Figure
1A shows a comparison of the spectr&pfPh andM-Ph. The absorption maximum &fp-
Ph (349 nm) exhibited bathochromic effect comparethwhat ofM-Ph (328 nm). This is
because the three-dimensional extensiont-ebnjugation, which is called through-space
conjugation, occurred via [2.2]paracyclophane urtite same through-space conjugation was
observed in the absorption spectr&pfNp andM-Np (380 nm and 358 nm, respectively). In

the case ofCp-An and M-An, the same through-space conjugation was obseilveel.
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absorption maxima ofp-An andM-An were 459 nm and 446 nm, respectively. In the PL
spectra, the emission maxima of dimé&p;Ph (412 nm),Cp-Np (421 nm), ancCp-An (503
nm) exhibited bathochromic effect compared withrtt@omersM-Ph (355 nm)M-Np (388
nm) andM-An (479 nm). These results indicate that through-spaajugation occurred in the
excited state. The shapes of UV-vis absorptionRindpectra were different @p-Ph andM -

Ph, whereas those of UV-vis absorption and PL spewgr@ similar ilCp-An andM-An; the
vibrational structure was clearly observed in tHe dpectra ofCp-An and M-An. The
difference of the wavelength at the emission maxbetaveen dimers and monomers decreased
as ther-surface increased; 57 nf@{-Ph andM-Ph), 33 nm Cp-Np andM-Np) and 24 nm
(Cp-An andM-An). These results indicate that the dimers exhibmedomer-like properties
as ther-conjugation length of monomers increases. PLififetmeasurement supported these
results. The difference of PL lifetime between disnand monomers decreases asithe
conjugation length of monomers increases (PL fifet) andy? parameters are summarized
in Table 1). Thus, through-space conjugation wéectbely in a shortt-conjugation length
system. Bazan, Mukamel and co-workers reportedlainmhenomena in the phenylene-
vinylene system3An absolute PL quantum efficiencgi(m) enhanced by the rigid structure
of [2.2]paracyclophane unit. However, thatGd-An decreased compared wih-An because

anthracene has largesurface to induce torsions in the structur€pfAn (Table 1).
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Figure 1. UV-vis absorption spectra in the dilute CHC1.0 x 10° M) and PL spectra in
the dilute CHCJ (1.0 x 10° M, excited at absorption maximum); (&p-Ph andM-Ph,
(B) Cp-Np andM-Np, (C) Cp-An andM-An.
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Chiroptical Properties

The chiroptical properties in the ground and extgtates ofCp-Ph, Cp-Np, andCp-An
were investigated by circular dichroism (CD) and-GPectroscopy. Chiroptical data, CD and
CPL dissymmetry factdf (gassandgum, respectively), are summarized in Table 2. Figawes
2B and 2C show the CD and absorption spectra d¢f eoéntiomers ofp-Ph, Cp-Np, and
Cp-An in the dilute CHGI (1.0 x 10° M). In all cases, mirror image Cotton effects were
observed in the CD spectra, and thag values of the first cotton effect were estimatedhé
+1.6 x 102 for (S)-Cp-Ph, +1.7 x 102 for (S)-Cp-Ph and +0.85 x 1C for (S)-Cp-An. The
shape of the CD spectrum @&)-Cp-Ph was similar to &)-Cp-Np, but that of &)-Cp-An
was different from the others. The planar chiratity2.2]paracyclophane induced anthracene
chirality, and &)-Cp-An exhibited minus sign in almost all region. Tdes values of first
Cotton effect of &)-Cp-An were half of the others. These properties werevel@rfrom the
anthracene unit, which were different from the lemezand naphthalene units.

The CPL spectra of both enantiomersOp-Ph, Cp-Np, andCp-An in the dilute CHG
(1.0 x 10° M) are shown in Figures 3A, 3B and 3C, respegyivilirror image CPL spectra
were observed for the enantiomers; a plus and n@dissign was observed @p-Ph (gum =
+1.1 x 10% and -0.42 x 10 for (S))-Cp-Ph). Intense CPL was observed@p-Np (gum =
+1.6 x 10° for (S)-Cp-Np), and weak CPL signal was observeCip-An (gum = +0.45 x
1073 for (S))-Cp-An). In the case ofp-Ph, the split sign was caused by the same levelef th
intensity of plus and minus signal, on the otherchan the case o€p-Np, the intensity of
plus signal was larger than that of minus sigmathe case oEp-An, induction of chirality to
anthracene units was effective as can be seerei€ibhspectrum. In the present stage, it is

difficult to explain the chiroptical behaviors inet excited state.
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Table 2. Chiroptical properties: Spectroscopic data®jf-(somers andRp)-isomers

Qabs/ 1072 atdapé

Qum / 1073 at Aum, ma?

(S)-Cp-Ph +1.6
($)-Cp-Np +1.7
($)-Cp-An +0.85
(Ro)-Cp-Ph -1.7
(Ro)-Cp-Np -1.6
(Rp)-Cp-An -0.86

+1.1, -0.42

+1.6

+0.45
-1.2. +0.44

-1.7

-0.41

3 gabs= 2Acle, whereAe indicates differences of absorbance betweendefi-right-

handed circularly polarized light, respectively.elabs value of the first peak top

was estimated® gum = 2(left — lright)/(llett + lright), Whereliet and lrignt indicate
luminescence intensities of left- and right-han@&L, respectively.
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Conclusions

In summary, optically active-conjugated dimers functionalized by aryl-ethyngemoups
with a planar chiral [2.2]paracyclophane were sgstred. The strength of though-space
conjugation was tuned by conjugation length of th@nomer unit. In the UV-vis and PL
spectra, the absorption and emission maxima ofdiheers, Cp-Ph, Cp-Np, and Cp-An
exhibited bathochromic effect compared with thoséhe monomersM -Ph, M-Np andM -
An. In addition, the difference of the shape andu@velength of UV-vis and PL spectra
between the dimers and the monomers decreased asdmjugation length of the monomer
units increased. This result indicates through-spaanjugation was effective in a shart
conjugation length system. Similar CD spectra walbserved in theCp-Ph and Cp-Np
systems, while th€p-An exhibited unique CD signals. Three different typE€PL spectra
were obtained fronCp-Ph, Cp-Np and Cp-An. These results are useful not only for
understanding one of the relationships betweermlduear chiral [2.2]paracyclophane and the

attached chromophores but for the design of a mestionalr-conjugation system.
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Experimental Section

General. *H and**C NMR spectra were recorded on JEOL EX400 and ALin8Buments at 400 and
100 MHz, respectively. Samples were analyzed in [z2€&d CDCl,. In the case of CDglchemical
shift values were expressed relative tos,$leas an internal standard. Analytical thin layer
chromatography (TLC) was performed with silica g@lMerck F254 plates. Column chromatography
was performed with Wakogel C-300 silica gel. Higlsolution mass (HRMS) spectrometry was
performed at the Technical Support Office (Departinef Synthetic Chemistry and Biological
Chemistry, Graduate School of Engineering, Kyotaversity), and the HRMS spectra were obtained
on a Thermo Fisher Scientific orbitrapXL spectroendbr matrix assisted laser desorption/ionization
(MALDI). UV-vis spectra were recorded on a SHIMADZAWV-3600 spectrophotometer, and samples
were analyzed in CHglat room temperature. Fluorescence emission spa@ra recorded on a
HORIBA JOBIN YVON Fluoromax-4 spectrofluorometendcasamples were analyzed in CH@t
room temperature. The PL lifetime measurement wasfopned on a Horiba FluoroCube
spectrofluorometer system; excitation was carrigdusing a UV diode laser (NanoLED 292 nm and
375 nm). Specific rotationsof'p) were measured with a HORIBA SEPA-500 polarime®@ircular
dichroism (CD) spectra were recorded on a JASCQQIspectropolarimeter with CHCAs a solvent

at room temperature. Circularly polarized luminesee(CPL) spectra were recorded on a JASCO CPL-
200S with CHG as a solvent at room temperature. Elemental agslygere performed at the
Microanalytical Center of Kyoto University.

Materials. Commercially available compounds used withoutfmaiion: (Tokyo Chemical Industry

Co, Ltd.) lodobenzend), 1-iodonaphthalen&), Pd(dba} (dba = dibenzylideneacetone); (Wako Pure
Chemical Industries, Ltd.) PEhCul; (Sigma-Aldrich Co. LLC.) 2-dicyclohexylphdsino-2,4',6'-

triisopropylbiphenyl (XPhos). Commercially availalsolvents: THF (Wako Pure Chemical Industries,

Ltd.) and E{N (Kanto Chemical Co., Inc.), purified by passag®tigh solvent purification columns

under Ar pressur¥.Compounds prepared as described in the literat@+Bsomo-10-butylanthracene

(3)*°, 2,5-diethynylp-xylene @)™, (Ry)- and &,)-4,7,12,15-tetraethynyl[2.2]paracyclophan@){ and
($)-Cp).*

Synthesis of Cp-Ph. A mixture of &)-Cp (50 mg, 0.164 mmol), iodobenzenB (80.4uL, 0.722
mmol), Pd(dba} (30.1 mg, 0.0329 mmol), XPhos (62.5 mg, 0.131 mptil (12.5 mg, 0.0657 mmol),
THF (5 mL) and EN (5 mL) was placed in a round-bottom flask equippéth a magnetic stirring bar.

After degassing the reaction mixture several tintes reaction was carried out at 50 °C for 12 Hwit
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stirring. After the reaction mixture was cooledrtmm temperature, precipitates were removed by
filtration, and the solvent was removed with a rptavaporator. The residue was purified by column
chromatography on SKJCHCk/hexane = 1/2 v/v as an eluent) and recrystalbmatrom hexane to
afford (S,)-Cp-Ph (56.7 mg, 0.0931 mmol, 57%) as a colorless neggkdal.R: = 0.16 (CHC{/hexane

= 1/4 vIv).*H NMR (CDCk, 400 MHz)s 3.07-3.15 (m, 4H), 3.54-3.61 (m, 4H), 7.17, (s, 4HpB5-
7.43 (m, 12H), 7.58-7.61 (m, 8H) ppMC NMR (CDCk, 100 MHz)§ 32.7, 89.2, 94.5, 123.7, 125.2,
128.3, 128.5, 131.6, 134.7, 141.9 ppm. HRMS (MALBd)cd. for GgHs. [M]*: 608.24985, found:
608.25171. Elemental analysis calcd. fagHz,: C 94.70 H 5.30, found: C 94.82 H 5.1R,)(Cp-Ph
was obtained by the same procedure in 42% isojagtd. (S,)-Cp-Ph: [0]*% = -77.4 € 0.1, CHC}).
(Ro)-Cp-Ph: [a]*®> = +72.9 ¢ 0.1, CHC}).

Synthesis of Cp-Np. A mixture of &)-Cp (30 mg, 0.0986 mmol), 1-iodonaphthale@® (63.4 L,
0.434 mmol), Pgdba} (18.0 mg, 0.0197 mmol), XPhos (37.6 mg, 0.0789 ln&ul (7.5 mg, 0.0394
mmol), THF (5 mL) and EN (5 mL) was placed in a round-bottom flask equippéth a magnetic
stirring bar. After degassing the reaction mixtsexeral times, the reaction was carried out atG0 °
for 12 h with stirring. After the reaction mixtureas cooled to room temperature, precipitates were
removed by filtration, and the solvent was remowti a rotary evaporator. The residue was purified
by column chromatography on SIQCHCk/hexane = 1/2 v/v as an eluent) and recrystalbratiom
hexane and CHE[poor solvent and good solvent, respectivelyfford (S,)-Cp-Np (27.9 mg, 0.0345
mmol, 35%) as a yellow plate crystR}.= 0.46 (CHC{/hexane = 1/2 v/v)H NMR (CDCk, 400 MHz)

§ 3.29-3.37 (m, 4H), 3.78-3.86 (M, 4H), 7.34, @t 0.96, 6.8 Hz, 4H), 7.44 (s, 4H), 7.47-7.51 (m,
8H), 7.84 (dd,J = 0.96, 7.1 Hz, 8H), 7.90 (d,= 8.3 Hz, 4H), 8.53 (d] = 8.3 Hz, 4H) ppm*3*C NMR
(CDCl;, 100 MHz)6 33.0, 93.0, 94.1, 121.2, 125.4, 125.5, 126.2, 12825.1, 128.3, 128.9, 130.7,
133.3,133.3,135.0, 142.1 ppm. HRMS (MALDI) calfat.CssHa0 [M] *: 808.31245, found: 808.31519.
Elemental analysis calcd. foeElso: C 95.02 H 4.98, found: C 94.81 H 4.8B8,)(Cp-Np was obtained
by the same procedure in 64% isolated yiefg)-Cp-Np: [¢]* > = +209.1 ¢ 0.1, CHCH}). (Ro)-Cp-Np:
[0]?% = —203.8 ¢ 0.1, CHC¥).

Synthesis of Cp-An. A mixture of &)-Cp (40 mg, 0.131 mmol), 9-bromo-10-butylanthrace8e (
(180.5 mg, 0.576 mmol), Rdba} (24.0 mg, 0.0262 mmol), XPhos (50.0 mg, 0.105 mngul (10.0
mg, 0.0524 mmol), THF (5 mL) and4&t (5 mL) was placed in a round-bottom flask equibpeth a
magnetic stirring bar. After degassing the reactioxture several times, the reaction was carrietd ou

at 70 °C for 36 h with stirring. After the reactiorixture was cooled to room temperature, precigiat
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were removed by filtration, and the solvent wasaeed with a rotary evaporator. The residue was
purified by column chromatography on Si@HCk/hexane = 1/2 v/v as an eluent) and recrystalbpati
from hexane, MeOH and CH{Jpoor and good solvent, respectively) to affdgg-Cp-An (37.4 mg,
0.0303 mmol, 23%) as a light brown crystal= 0.58 (CHC¥/hexane = 1/2 v/v}}H NMR (CD,Cl,,
400 MHz)§ 1.10 (t,J = 7.4 Hz, 12H), 1.67 (sexd,= 7.6 Hz, 8H), 1.84-1.92 (m, 8H), 3.60-3.71 (m,
12H), 4.08-4.16 (m, 4H), 7.06-7.10, (m, 8H), 7.382Z7(m, 8H), 7.71 (s, 4H), 8.32 (@l= 8.8 Hz, 8H),
8.73 (d,J = 8.3 Hz, 8H) ppm:*C NMR (CD.Cl,, 100 MHz)s 14.3, 23.8, 28.5, 33.7, 34.1, 92.9, 101.0,
116.5,125.2,126.1,126.3,126.7,127.7, 129.3,01335.5, 138.1, 142.3 ppm. HRMS (MALDI) calcd.
for CoeHso [M] *: 1232.62545, found: 1232.62964 Elemental anabyedisd. for GeHso: C 93.46 H 6.54,
found: C 93.25 H 6.38R;)-Cp-An was obtained by the same procedure in 20% isola&dd. (S))-
Cp-An: [a]*% = +875.4 ¢ 0.1, CHCH). (Ry)-Cp-An: [a]*> = -873.3 ¢ 0.1, CHC}).

Synthesis of M-Ph. A mixture of 2,5-diethynyp-xylene @) (100 mg, 0.648 mmol), iodobenzerig (
(0.18 mL, 1.62 mmol), R{dba) (29.7 mg, 0.0324 mmol), PP{B84.0 mg, 0.130 mmol), Cul (12.4 mg,
0.0648 mmol), THF (5 mL) and & (5 mL) was placed in a round-bottom flask equippéth a
magnetic stirring bar. After degassing the reactioxture several times, the reaction was carrietd ou
at 50 °C for 12 h with stirring. After the reactiomxture was cooled to room temperature, precigdat
were removed by filtration, and the solvent wasaeed with a rotary evaporator. The residue was
purified by column chromatography on Si@exane as an eluent) and recrystallization fremahe to
afford M-Ph (154.4 mg, 0.504 mmol, 78%) as a colorless plagstal. R = 0.16 (hexane)H NMR
(CDCls, 400 MHz)s 2.47 (s, 6H), 7.33-7.37, (m, 8H), 7.52-7.54 (m) #idm;*3C NMR (CDCE, 100
MHz) 6 20.0, 88.3, 94.5, 123.0, 123.4, 128.3, 128.4,3,3132.6, 137.3 ppm. HRMS (MALDI) calcd.
for CoaHis [M]™: 306.14030, found: 304.14056. Elemental analyaisdc for G4His: C 94.08 H 5.92,
found: C 94.03 H 5.86.

Synthesisof M-Np. A mixture of 2,5-diethynyp-xylene @) (100 mg, 0.648 mmol), 1-iodonaphthalene
(2) (2.37 mL, 1.62 mmol), Bfdba} (29.7 mg, 0.0324 mmol), PP{84.0 mg, 0.130 mmol), Cul (12.4
mg, 0.0648 mmol), THF (5 mL) anda&t (5 mL) was placed in a round-bottom flask equippdth a
magnetic stirring bar. After degassing the reactioxture several times, the reaction was carried ou
at 50 °C for 12 h with stirring. After the reactiorixture was cooled to room temperature, precigitat
were removed by filtration, and the solvent wasaeed with a rotary evaporator. The residue was
purified by column chromatography on S@HClk/hexane = 1/9 v/v as an eluent) and recrystalbrati

from hexane and toluene (poor and good solvergemely) to affordvi-Np (179.6 mg, 0.442 mmol,
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68%) as a light yellow crystalR = 0.20 (CHC{/hexane = 1/9 v/v}H NMR (CDCk, 400 MHz)s 2.63

(s, 6H), 7.46-7.50, (m, 2H), 7.53-7.57 (m, 4H),0¢664 (m, 2H), 7.79 (dd,= 1.4, 7.1 Hz, 2H), 7.85-
7.89 (m, 4H), 8.47 (dJ = 8.3 Hz, 2H) ppm*3C NMR (CDCk, 100 MHz)é 20.4, 92.9, 93.3, 121.2,
123.4, 125.3, 126.3, 126.5, 126.9, 128.4, 128.8.513133.0, 133.3, 133.4, 137.3 ppm. HRMS
(MALDI) calcd. for G2Ha2 [M]™: 406.17160, found: 406.17014. Elemental analysisdc for GzH2»:

C 94.55 H 5.45, found: C 94.56 H 5.47.

Synthesis of M-An. A mixture of 2,5-diethynyp-xylene @) (50 mg, 0.324 mmol), 9-bromo-10-
butylanthracene3) (213 mg, 0.681 mmol), R@lba) (14.8 mg, 0.0162 mmol), XPhos (30.9 mg, 0.648
mmol), Cul (6.2 mg, 0.0324 mmol), THF (5 mL) andNE{5 mL) was placed in a round-bottom flask
equipped with a magnetic stirring bar. After degagshe reaction mixture several times, the reactio
was carried out at 70 °C for 12 h with stirring.tékf the reaction mixture was cooled to room
temperature, precipitates were removed by filtrgtiand the solvent was removed with a rotary
evaporator. The residue was purified by column etatmgraphy on SieCHCl/hexane = 1/4 v/v as
an eluent) and recrystallization from hexane aihgette (poor and good solvent, respectively) tordffo
M-An (140.8 mg, 0.228 mmol, 70%) as a yellow crysRak 0.38 (CHCY/hexane = 1/4 v/v}H NMR
(CDCls, 400 MHz)6 1.05 (t,J = 7.6 Hz, 6H), 1.62 (sexd,= 7.3 Hz, 4H), 1.79-1.87 (m, 4H), 2.77 (s,
6H), 3.62-3.66 (M, 4H), 7.55-7.65 (m, 8H), 7.702s), 8.32 (dJ = 8.6 Hz, 4H), 8.76-8.78 (m, 4H)
ppm;**C NMR (CDCk, 100 MHz)d 14.1, 20.9, 23.5, 28.2, 33.7, 92.1, 99.7, 11&3,4, 124.9, 125.6,
126.1, 127.6, 129.2, 132.4, 132.9, 137.1, 137.4.pHRMS (MALDI) calcd. for GaHax [M]*:
618.32810, found: 618.32677. Elemental analysisdcdibr GgHa2: C 93.16 H 6.84, found: C 93.13 H
6.86.
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Chapter 7

Enhancement of Circularly Polarized L uminescence Based on a Planar
Chiral Tetrasubstituted [2.2]Paracyclophane Framewor k

in Dilute Solution and Aggregation

Abstract

Optically activen-conjugated oligo(phenylene-ethynylene) dimers vatlplanar chiral
4,7,12,15-tetrasubstituted [2.2]paracyclophane sgrghesized. The author investigated the
optical and chiroptical properties of the racemd aptically active compounds by UV-vis,
photoluminescence (PL), circular dichroism (CD) amdularly polarized luminescence (CPL)
measurements in the ground and excited stateseggugs were prepared by the self-assembly
in the mixed CHGI/MeOH solution, a spin-coated film, a drop-cashfdnd the annealed films.
In the dilute solution, the dimers exhibited goddraptical properties, such as frder
dissymmetry factorgghbsandgum). In the aggregation state, one of dimers formadgregates
and the others formed parallel H-aggregates omiedIH-aggregates as kinetically stable self-
assemblies. These differences were caused byrgthlefr-conjugation and the strength of
the intermoleculat-r interaction. The spin-coated films and drop-césisf exhibited opposite
CPL signal and 18 order dissymmetry factors. Annealing of the filpsovided the
thermodynamically stable forms. Them values of the drop-cast thick films were drastjcal

enhanced after annealing, and ghe values reached Iborder.
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Introduction

Self-assembly ofi-conjugated compounds is widely known to exhibitedent properties
from the isolated molecufeFor example, J-aggregates and H-aggregates anesegpative
self-assembled aggregates and they have spedifoabpropertieg.In the case of the optically
activer-conjugated compounds, their aggregates have at@t® be circular dichroism (CD)
active. The theory of intermolecular interactiomven chiral chromophores based on exciton
coupling is studied in detail, and it is possildetedict the direction of chirality, such as right
or left-handed helicate, using the sign of the @otffect in the CD spectrufnt is reported
that regularly high-ordered chiral structures, sashelicate, enhance the chiroptical properties
of self-assembly in the ground stat®ecently, it was focused that the optically active
chromophores exhibit circularly polarized luminasoe (CPL) property. Various molecules
have been designed to obtain good chiroptical ptigse such as dissymmetry factgig) and
photoluminescence quantum yielln).>’ The CPL properties can be enhanced by regularly
high-ordered chiral structures based on low mobrcwkeight compoundsand polymer&in
the excited state. Chirality inversion sometimesuos in the self-assembly between kinetically
and thermodynamically stable aggregdt&@se CD and CPL active-conjugated compounds
are the candidates for chiroptical sen&taisd circularly polarized light emitters. Recenthg
author reported the planar chiral 4,7,12,15-tetrastuted [2.2]paracyclophane framewbrk
to stack two chromophores in the chiral posifibhThe framework also has good planarity
and symmetrical structure, which is suitable foe thvestigation of the behavior of self-
assembly. In this chapter, the author used oligar{plene-ethynylene) units as rigid and planar
chromophores which were easy to interact internubdely. Dodecyloxy groups were
introduced to oligo(phenylene-ethynylene) unit tgort intermolecular interaction. The
chromophores are stacked in an X-shaped form wihiices torsions in the self-assembly.

Therefore, it is expected to exhibit different pedges from racemic and chiral compounds in
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their aggregation states. The author investigdtedoptical and chiroptical properties of the
racemic and optically active oligo(phenylene-etHgng) dimers with the planar chiral
[2.2]paracyclophane framework using UV-vis, PL, GIhd CPL measurements. Self-
assembled aggregates were prepared in the mixeds:@GHOH solutions, the spin-coated,
drop-cast and annealed films. The author succeeded observation of chirality inversion of
self-assembled aggregates of the spin-coated apdodist films with 1 order dissymmetry

factor of luminescenca(m). In addition, annealing process enhancedjthevalues up to the

10! order regardless of the film preparation methods.

Results and Discussion
Synthesis

The optical resolution of planar chiral 4,7,12,#%dsubstituted [2.2]paracyclophane was
carried out using the diastereomer method desciib€tapter 3, and the obtained enantiopure
compounds were converted to the correspondinBp)-( and &)-4,7,12,15-
tetraethynyl[2.2]paracyclophan&sThe synthetic routes to the target optically actiyclic
compounds are shown in Schemes 1 and 2. Dodecyoyps inCP3 and CP5 were
introduced to form self-assembled aggregates. gHegRyl groups inM3 and M5 were
introduced to provide the target compounds withulsidity in organic solvents, such as THF,
CHCIs, CHCl2 and toluene becaudd3 and M5 containing dodecyloxy groups had poor
solubility in organic solvents.

Scheme 1 shows the synthesis of the target plamneal dimersCP3 and CP5. In this
scheme, only the reactions of th&)fisomers are shown; th&j-isomers were synthesized
under similar conditions fromR})-CP1. Sonogashira-Hagihara coupling reacttoof (Rp)-
CP1 was carried out with 1-(dodecyloxy)-4-iodobenzehen the catalytic system of

Pa(dbay/Cul using dppf as a phosphine ligand to obtainmaumd R)-CP3 in 49% isolated
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yield. lodide of 1-bromo-4-iodobenzeBeavas reacted chemoselectively with 1-(dodecyloxy)-
4-ethynylbenzené to afford compound in 90% isolated yield. With the same procedure as
(Rp)-CP3, Sonogashira-Hagihara coupling &)-CP1 with 4 was carried out to obtaifR{)-
CP5 in 24% isolated yield.

Schemes 2 shows the synthesis of the monomeric InsodgpoundsM3 andM5. 2,5-
diethynylp-xylene5 was used as a starting compound, BirglandM5 were prepared with
the same procedure as the synthesifRgfCP3 and Ro)-CP5. Isolated yields were 88% for
M3 and 61% foM5, respectively. The structures of all new compoundsis chapter were
confirmed by*H and*C NMR spectroscopy, high-resolution mass spectronetRMS), and
elemental analysis; the detailed synthetic procesiitand NMR data are shown in the

experimental section.

Scheme 1. Synthesis ofRy)-CP3 and Ry)-CP5

Pdy(dba); ~ C12H2s0

dppf
~ = pp
Cul
[ + = )OCHy —————
ZTY THF, Et;N
1

50 °C
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Scheme 2. Synthesis of model compouniis3 andM 5
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Optical Propertiesin the Dilute Solution

The optical properties of both enantiomer€®3 andCP5 as well as their monomek43

andM5 were evaluated. The optical and chiroptical datassammarized in Tables 1 and 2,

respectively.

Table 1. Optical properties: Spectroscopic dataRg){isomers

Jab@inm €/ 1P Mtemit)  Awm®nm Ins (2 Dum
CP3 366 (0.73) 415 2.05(1.13) 0.60
CP5 386 (1.39) 425 0.88 (1.01) 0.78
M3 338 (0.54), 363 (0.97) 368 0.77 (1.00)  0.42
M5 363 (0.97) 399 0.61(1.11) 0.52

2 n CHCE (1.0 x 10° M). ® In CHCL (1.0 x 10°% M), excited at absorption maxim@.
Emission life time atim ¢ Absolute PL quantum efficiency.
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Figures 1A and 1B show the UV-vis absorption sf@eatrd photoluminescence (PL) spectra
of dimers CP3 andCP5) and the monomer$A3 andM5) in the dilute CHG solutions (1.0
x 10°° M for UV and 1.0 x 1 M for PL). As shown in Figure 1A, the absorptioaximum
of CP3 (366 nm) exhibited bathochromic shift comparedwhiat ofM 3 (338 nm). This effect
was caused by the through-space conjugation vig2tR¢paracyclophane framework in the
ground staté'®In PL spectra, the same bathochromic effect wasmed betweeGP3 (415
nm) andM 3 (368 nm). This indicates through-space conjugaticeurred in the excited state.
Figure 1B shows the comparison of the spectr@rs andM 5. Although the bathochromic
effect was observed in the UV-vi€R5: 386 nm,M5: 363 nm) and PLEP5: 425 nm,M5:
399 nm) spectra, as can be see@i3 andM 3, the shorter bathochromic shift and monomer-
like spectra were obtained. When the monomer catioig length of the dimer extends, the
property becomes similar to the monomeric compoiihds effect was previously reported in
the literature on the oligo(phenylene-vinylene)egss1® PL lifetime measurement supported
these results. The PL lifetime) of CP3 (zr = 2.05 ns) was far longer than thatv8 (r = 0.77
ns), whereas theof CP5 (z = 0.88 ns) was similar to that bf5 (z = 0.61 ns). An absolute PL
guantum efficiency®um) was enhanced by the rigid structure of [2.2]ppcbophane unit, and

CP5 exhibited high absolute PL quantum efficiendyuf = 0.87).
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o) [} \

= z e A z
g g g ' E
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N = N ' =
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Figure 1. UV-vis absorption spectra in the dilute CHC1.0 x 10° M) and PL spectra in
the dilute CHCJ (1.0 x 10° M, excited at absorption maximum); (&P3 andM 3, (B)
CP5andM5.
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Chiroptical Propertiesin the Dilute Solution

The chiroptical properties in the ground and extisgates ofCP3 and CP5 were
investigated by circular dichroism (CD) and CPL&pascopy, respectively. The chiroptical
data including CD and CPL dissymmetry faétqgansandgum, respectively) are summarized
in Table 2. Although the only properties d®)-isomers are discussed her&;){isomers
exhibited the same properties &){isomers. However, the inverse signal was obtained
between Rp)-isomers and%)-isomers. Figure 2 shows the CD and absorptiontspef both
enantiomers oEP3 andCP5 in the dilute CHCI (1.0 x 10° M). Mirror image Cotton effects
were observed in both of CD spectra, andytiseralues of the first cotton effect were estimated
to be —1.2 x 1C for (Rp)-CP3 and -1.1 x 1 for (Ry)-CP5, respectively. Th@absvalues of
(Rp)-CP3 and Rp)-CP5 were similar in the ground state. The CPL speufttzoth enantiomers
of CP3 andCP5 in the dilute CHG (1.0 x 10° M) are shown in Figure 3. Intense mirror
image CPL spectra were obtained. The values were estimated to be —1.7 X310r (Ry)-
CP3 and -1.2 x 1C for (Ry)-CP5, respectively. In additiorGCP5 exhibits excellent absolute

PL quantum efficiencydum = 0.87); thusCP5 is a promising candidate for a CPL emitter.

Table 2. Chiroptical properties: Spectroscopic data®j-(somers andRp)-isomers

Qabs/ 1072 atdapd gum / 1073 at Aum, ma?
(R»)-CP3 -1.2 -1.7
($)-CP3 +1.3 +1.6
(Ro)-CP5 -1.1 -1.2
($)-CP5 +1.1 +1.1

a gabs= 2Acle, whereAe indicates differences of absorbance betweendefi-right-
handed circularly polarized light, respectively.eldabs value of the first peak top
was estimated® gum = 2(lieft — lright)/(llett + lright), whereliert and lright indicate
luminescence intensities of left- and right-han@&l, respectively.
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Figure 2. CD (top), gabs (Middle), and UV-vis absorption (bottom) spectmathe dilute
CHCIs (1.0 x 10° M); (A) CP3 and (B)CP5.
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Figure 3. CPL (top),gum (middle), and PL (bottom) spectra of in the dil@ECl (1.0 x
10°° M); (A) CP3 and (B)CP5, excited at 300 nm.
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Optical Propertiesin the Aggregation State

Planarr-conjugated compounds containing long alkyl chaiitsn make self-assembly due
to then-n staking and Van der Waals interactions. Chiragysometimes enhanced by making
high-ordered structure with self-assembly. In gastion, the chirality o£P3 andCP5 in the
aggregation state was investigated by optical (W/and PL) and chiroptical (CD and CPL)
measurements. The spectroscopic data are summariZadbles 3-6. Preparation methods of
films are shown in the experimental section.

Figures 4 and 5 show the UV-vis absorption spestichPL spectra dEP3 andCP5 in the
mixed CHC#MeOH solutions (1.0 x I®M) and in the spin-coated films. The spectroscopic
data are summarized in Tables 3 and 4. As showigures 4A and 4B, the absorbance clearly
decreased in the CH&ZMeOH = 20/80 v/v solution both irac-CP3 and in &)-CP3. This
indicates that aggregation occurred from this ratithe mixed CHGYMeOH solution. In the
spin-coated films, the specific peaks of J-aggegatere observed at 398 nm fac-CP3
and 400 nm forKp)-CP3. Figures 4C and 4D show the PL spectraacfCP3 and Rp)-CP3.
The peak tops were gradually bathochromic-shiftedabse of ther-n interaction in the
aggregates in the excited state, and relativelypsbpectra were obtained in the spin-coated
films of rac-CP3 and Rp)-CP3. These results also indicate the formation of gregates.
Considering the results of UV-vis and PL specti)-CP3 formed J-aggregates clearly.
Figures 5A and 5B show the UV-vis absorption sgeofrac-CP5 and Rp)-CP5. In the case
of rac-CP5, by increasing the ratio of MeOH in the mixed CEMIEOH solution, the
absorbance from 300 nm to 430 nm decreased, anabgwbance from 250 nm to 300 nm
increased. These results indicate that the formatidd-aggregate$and the spin-coated films
exhibited almost the same behavior. On the othedhéry,)-CP5 did not show the same
behavior. The absorbance d%)-CP5 aggregates decreased due to the intermoleautar

interaction of the aggregates (vide infra). Iniespectra (Figures 5C and 5D), the peak tops
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were gradually bathochromic-shifted because of ithermolecularr-n interaction in the

excited state. Larger bathochromic shift was olesgtin CP5 than inCP3 because the-n

interaction of five benzene rings 6P5 was stronger than that of three benzene rin@3R3t

In addition, the larger bathochromic effect indésathe existence of H-aggregatfén.

(A) 107 (B) 1.0
rac-CP3 CHCI, : MeOH (Rp)-CP3 CHCI, : MeOH
08 | 100: 0 0.8 | 100: 0
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Figure4. UV-vis absorption and PL spectra in CH®eOH = 100/0, 50/50, 40/60, 30/70,
20/80, 10/90 v/v (1.0 x 1B M) and a spin-coated film prepared from CEH@@.4 x 10°
M); (A) UV-vis absorptionspectra ofac-CP3 and (B) Ry)-CP3. The absorbance of the
spin-coated film was normalized at a base line h&f &bsorbance of aggregation in
CHCIs/MeOH = 10/90 v/v. (C) PLspectra ofrac-CP3 and (D) Rp)-CP3, excited at
absorption maximum.
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Figure5. UV-vis absorption and PL spectra in CH®eOH = 100/0, 60/40, 50/50, 40/60,
30/70, 20/80, 10/90 v/v (1.0 x TOM) and a spin-coated film prepared from Ckl(@.4 x

1073 M); (A) UV-vis absorptiorspectra ofac-CP5 and (B) Ro)-CP5. The absorbance of
the spin-coated film was normalized at a base dihéhe absorbance of aggregation in
CHCIs/MeOH = 10/90 v/v. (C) PLspectra ofrac-CP5 and (D) Rp)-CP5, excited at

absorption maximum.

Chiroptical Propertiesin the Aggregation State

The chiroptical properties @P3 andCP5 in the aggregation states were also investigated

by circular dichroism (CD) and CPL spectroscopyir@tical data are summarized in Tables

3-6. Figures 6A and 6B show the CD and UV-vis apson spectra of both enantiomers of

CP3in the mixed CHGIMeOH solutions (1.0 x I8 M) and in the spin-coated films. Figures
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6A and 6B show the spectra &j)-CP3 and &)-CP3, respectively. In both CD spectra, mirror
image Cotton effects were observed. As shown inrei@, by increasing the ratio of MeOH,
thegabsvalues decreased. On the other hand, the laggssalues were observed at the specific
peak of J-aggregates in the spin-coated films,thedans values were estimated to be —9.8 x
1072 for (Rp)-CP3 and +9.6 x 1@ for (S)-CP3, respectively. They were 8.2 times and 7.4
times larger than those in the dilute solutionpeesively. The enhancement of tpesvalues
were caused by chiral J-aggregatesC&3 in the ground state. The CPL spectra of both
enantiomers oEP3 in the mixed CHGIMeOH solutions (1.0 x I8 M) and in the spin-coated
films are shown in Figures 6C and 6D. Intense mimage CPL spectra were obtained for the
enantiomers. As shown in the CD spectra, the lagesvalues were obtained in the spin-
coated films, and they were estimated to be -719 % for (Rp)-CP3 and +11 x 1@ for (S)-
CP3, respectively. They were 4.6 times and 6.9 tinaegdr than those in the dilute solution,
respectively. This enhancement of the chiralitthe spin-coated films was caused by J-
aggregates formation in the excited state.

Figures 7A and 7B show the CD and absorption spedftboth enantiomers &P5 in the
mixed CHCb/MeOH solutions (1.0 x I®M) and in the spin-coated films. In both CD spactr
mirror image Cotton effects were observed. Unllike ¢ase o€P3, by increasing the ratio of
MeOH, signal inversion of thgabs values occurred at the first Cotton effect. Ttifea was
caused by the exciton couplings of the intermolkecumin interaction and the details are
discussed in the mechanism section. The laggestalue was observed in the mixed solution
CHCIl:s/MeOH = 40/60 v/v. They were estimated to be +6.50% for (Ry)-CP5 and -7.4 x
1073 for (S)-CP5, which were 5.9 times and 6.7 times larger thanhi dilute solution,
respectively. The CPL spectra of both enantiomdr<B5 in the mixed CHG/MeOH
solutions (1.0 x 1@ M) and in the spin-coated films are shown in FegurC and 7D. As can

be seen in the CD spectra, signal inversion wasrgbd in the CPL spectra. The larggst
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Figure 6. CD and CPL spectra in CH@MeOH = 100/0-10/90 v/v (1.0 x 1TOM) and a
spin-coated film prepared from CHB.4 x 10° M); (A) CD spectra of R,)-CP3 and (B)
($)-CP3; (C) PLspectra of R)-CP3 and (D) &)-CP3, excited at 300 nm.

Table 3. Optical and chiroptical spectroscopic dataRy){CP3 in the aggregation state or

the film state

CHCl:MeOH  10:0 5:5 4:6 3:7 2:8 1:9 filn
or film
Jabs! M 365 360 363 359 361 357 400
Jum / M 415 418 418 418 419 425 436
DluP 0.65 0.86 0.86 0.72 0.28 0.19 0.22
Qabs/ 1073 -1.2 -1.3 -1.3 -1.7 -1.0 -0.63 -9.8
gum?/ 1073 -1.7 -1.8 -1.9 -1.9 -1.9 -1.6 -7.9

2 Spin-coated film prepared from CHGQlolution (3.4 x 13 M).? Absolute PL quantum
efficiency.® gabs = 2A¢le, whereAe indicates differences of absorbance between deit-

right-handed circularly polarized light, respecliv@ hegansvalue of the first peak top was
estimated? gum = 2(lieft — lright)/(lieft + lright), whereliert and lrignt indicate luminescence

intensities of left- and right-handed CPL, respesyi.
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Figure 7. CD and CPL spectra in CH@MeOH = 100/0-10/90 v/v (1.0 x TOM) and a
spin-coated film prepared from CHGB.4 x 102 M); (A) CD spectra of R,)-CP5 and (B)
($)-CP5; (C) PLspectra of Ry)-CP5 and (D) &)-CP5, excited at 300 nm.

Table 4. Optical and chiroptical spectroscopic dataRy){CP5 in the aggregation state or

the film state

CHClz:MeOH 10:0 5:5 4:6 3.7 2:8 1:9 filin
or film
Aabs/ NM 386 382 387 379 381 385 339
Aum / nm 425 425 431 453 455 458 462
DumP 0.82 0.89 0.43 0.20 0.13 0.13 0.19
Qab$/ 1073 -1.1 -1.1 +6.4 +5.7 +2.2 +2.4 +3.7
gumd/ 1073 -1.2 -1.1 +1.1 +3.4 +3.3 +2.7 +20

2 Spin-coated film prepared from CHQlolution (3.4 x 13 M).? Absolute PL quantum
efficiency.® gabs = 2A¢le, whereAe indicates differences of absorbance between deit-
right-handed circularly polarized light, respecliv@ hegabsvalue of the first peak top was
estimated? gum = 2(ett — lright)/(liet + lright), Whereliert and lrignt indicate luminescence

intensities of left- and right-handed CPL, respesii.
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value was obtained in the spin-coated films inswfatie CHC/MeOH = 40/60 v/v solution.
They were estimated to be +2.0 x3for (Ry)-CP5 and -1.3 x 1T for (S)-CP5, which were
17 times and 12 times larger than those in thaeddolution, respectively. This enhancement
of the chirality in the spin-coated films was atsused by exciton couplings in the excited
state.
Properties of Annealing Films

Three types of films, spin-coated film, drop-cdshtfilm and drop-cast thick film were
prepared to investigate the chirality of the ssembly. The details of the film preparation
methods are shown in the experimental section. @DCGPL measurements were carried out,

and the spectroscopic data are summarized in Taldes 6.

Table5. gabsx 1F values of Ry)-, (S)-CP3 andCP5 in film states

_ spin-coated filrA drop-cast thin filrd
film state : _ _ .
before annealing after annealingy before annealing after annealing
(Rp)-CP3 -0.97 -0.76 -3.9 -0.36
($)-CP3  +0.96 +1.2 +3.4 +0.32
(Rp)-CP5 -0.035 -5.2 -0.12 -10
(S)-CP5  +0.086 +5.3 +0.039 +10

2Films prepared from CHEbolution (3.4 x 1¢ M). ® CP3: Annealing at 65 °C for 3 h,
CP5: Annealing at 90 °C for 5 h.

Table 6. gum x 1¢ values of Rp)-, ($)-CP3 andCP5 in film states

spin-coated filrA drop-cast thin filra drop-cast thick filrd
film state  pefore after before after before after
annealing annealin§ annealing annealin§ annealing annealing
(Rp)-CP3 -0.61 -0.87 -1.2 -2.6 -7.5 -0.43
($)-CP3 +0.56 +1.0 +0.96 +3.4 +5.6 +0.15
(Rn)-CP5 +2.1 -12 -0.86 -17 -3.0 -25
($)-CP5 -14 +13 +1.6 +13 +1.1 +27

aFilms prepared from CHEbolution (3.4 x 1¢ M). ® CP3: Annealing at 65 °C for 3 h,
CP5: Annealing at 90 °C for 5 h.
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Figures 8A and 8B show the CD spectra Bf){CP3 and &)-CP3, respectively. The
spectra of the drop-cast thick films were not ideld in the Figure because the absorbance was
too large to measure. The spin-coated films andatireealing films exhibited almost same
profiles. However, th@aos value of the drop-cast thin films decreased aftamealing. The
largestgabsvalues in the ground state were obtained in tbp-dast thin films before annealing,
and thegabsvalues were estimated to be —3.9 *2%6r (Ry)-CP3 and +3.4 x 1 for ($)-CP3,
respectively. The absorption band was too weaketmliserved in the UV-vis absorption
spectra because it was attributed to the intermatdeg-= interaction. On the other hand, in the
CPL spectra (Figures 8C and 8D), then values of the drop-cast thin films were enhanced

after annealing. This is caused by the differerfd@@ground state and the excited state. The
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Figure 8. CD and CPL spectra in the spin-coated film anddiogp-cast film. The spin-
coated film prepared from CHE(3.4 x 10 M), drop-cast thin film prepared from CHCI
(3.4 x 10° M, 30uL x 5 times) and drop-cast thick film prepared fraHCk (3.4 x 10°
M, 30 uL x 15 times). (A) CDspectra of Ry))-CP3 and (B) &)-CP3; (C) CPLspectra of
(Rp)-CP3 and (D) &)-CPS3, excited at 350 nm.
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largestgum values were observed in the drop-cast thick firere annealing, and they were

estimated to be —-7.5 x T0for (Ry)-CP3 and +5.6 x 1T for (S)-CP3, respectively. In the

case of the drop-cast thick films, then values decreased after annealing because chiiral se

assembly was disordered by heating.

Figures 9A and 9B show the CD spectraRf){CP5 and &)-CP5, respectively. Th@abs

values of the spin-coated films and the drop-chst films were enhanced at the weak

absorption band at the longest wavelength afteeaiyg. This behavior was not seen in the

CP3 systems. The signal was inverse compared witlagfggeegates in the spin-coated films

before annealing or mixed CHIMeOH solution systems. These results indicate that

different aggregation formed in the spin-coated analp-cast films before annealing.
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Figure9. CD and CPL spectra in the spin-coated film ancitio@-cast film. The spin-
coated film prepared from CHE(3.4 x 103 M), drop-cast thin film prepared from
CHCIs (3.4 x 10% M, 30uL x 5 times) and drop-cast thick film prepared fraCh
(3.4 x 103 M, 30uL x 15 times). (A) CDspectra of Ry)-CP5 and (B) &)-CP5; (C)
CPL spectra of Ry))-CP5 and (D) &)-CP5, excited at 350 nm.
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Annealing formed the stable aggregation regardiésbe film preparation methods. The
largestgabsvalues in the ground state were obtained in tbp-dast thin films after annealing,
and thegabsvalues were estimated to be —0.1 f&){CP5 and +0.1 for $)-CP5, respectively.

In the CPL spectra (Figures 9C and 9D), largestvalues in the excited state were observed
in the drop-cast thick films after annealing, aheldum values were estimated to be —0.25 for
(Ro)-CP5 and +0.27 for$%)-CP5, respectively. In the case GP5, the chirality was enhanced
by annealing. This is one of the largegtm values in the self-assembled organic
compound$®e <! Absolute PL quantum efficiency was calculated; hasve absorptions of
these films were too large to obtain correct valuHse calculated absolute PL quantum

efficiencies are summarized in Table 7.

Table 7. Absolute quantum efficiency of prepared fifims

_ spin-coated filrh drop-cast thin filrh
film state : _ _ .
before annealing after annealing before annealing after annealing
(Rp)-CP3 0.36 0.38 0.39 0.39
($)-CP3 0.31 0.32 0.34 0.34
(Ro)-CP5 0.09 0.06 0.53 0.09
(S)-CP5 0.13 0.05 0.58 0.09

a Absorption rate was approximately 60%-90% and thilck was removed because the
absorption maximum was saturateBilms prepared from CH€bolution (3.4 x 1G M).
¢ CP3: Annealing at 65 °C for 3 IGP5: Annealing at 90 °C for 5 h.

M echanism

The mechanism of the self-assembly and chiralityissussed here. A spin-coated method
formed a kinetically stable film. A drop-cast medhformed a thermodynamically stable film.
Annealing method moved the films to more stablenfarThe transition dipole moment was
estimated by time-dependent density functional mhe¢TD-DFT) at the B3LYP/6-

31G(d,p)//B3LYP/6-31G(d,p) levels.
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Figure 10 shows the proposal mechanism of selfralsiseof CP3. The reason of decrease
of chirality of CP3 in the drop-cast thick films is that the interaotof dodecyloxy groups was
very large an€€P3 made random aggregates. Dodecyloxy chains ohthditms did not move
drastically than those of the thick films; therefpthe chirality was slightly enhanced by
forming rigid aggregates. UV-vis absorption spedfahin films of CP3 before and after
annealing (Figure 8A) support this proposal. Thapshof the spectra was almost similar, but
the molar extinction coefficient decreased becatfishbe strong intermolecular interaction. In
the case of the spin-coated films, the spectrair@dabefore and after annealing because the
J-aggregates were stable at 65 °C.

Figure 11 shows the proposal mechanism of theassiémbly oCP5. As shown in Figure
5,rac-CP5 formed H-aggregates, whilBd)-CP5 did not form it. These were spin-coated films,
and the aggregates made kinetically stable forne. Mhin interaction was-n interaction of
five benzene rings. Figure 11 shows the intermddegctin interaction ofrac-CP5 and &p)-
CP5. As shown clearly in the structure, the arrangdanuériransition dipole moment was
different betweemac-CP5 and Rp)-CP5. RacCP5 exhibited parallel H-aggregates bRb)X
CP5 exhibited inclined H-aggregat&sWhen the inclined H-aggregates arrange the tiansit
moment in approximately 60° described in Figureddsitive Cotton effect was observed due
to exciton coupling. Therefore, CD and CPL signalthe aggregation state was inverse
compared with in the dilute solution (Figure 7).eTdrop-cast and annealing methods moved
the films to thermodynamically stable forms. Theinmateraction is not-n interaction and
the inclined H-aggregates were slightly changeovirlap the dodecyloxy chain. As a result,
exciton coupling was inverse compared with the titadly stable form (Figure 9), although
the regular form was not clear (the angle wasxX<<90°). In addition, annealing process made

the interaction stronger and the chirality was ewled drastically.
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Conclusions

In summary, optically activer-conjugated oligo(phenylene-ethynylene) dimers wath
planar chiral [2.2]paracyclophane were synthesizadthe dilute solutionCP3 and CP5
exhibited good chiroptical properties, #0@rdergapsandgum values. Especial\GP5 exhibited
excellent CPL profilesebbs = 13,900,Pum = 0.87, andgum| = 1.2 x 10°). The properties of
the aggregates dZP3 and CP5 were investigated. Under the kinetically stabledibon,
racemic and optically activeP3 formed J-aggregates, whereas;-CP5 formed parallel H-
aggregates and optically acti@®5 formed inclined H-aggregates because of the @iffeg of
the strength of the intermolecubatt interaction. CP5 exhibited unique chiroptical properties,
for example, signal inversion depending on the egates. Theum values reached I0order
in the opposite signal between the spin-coatedsfdmd the drop-cast films. Annealing method
moved the films to the thermodynamically stablerfer Thegum values of the drop-cast thick
films of CP5 were drastically enhanced after annealing, andithevalues reached Iborder
(lgum| = 0.27) regardless of the film preparation meghddhis is one of the largegtm values
in the self-assembled organic compounds. Theseptiep are attributed to the unique chirality
of the planar chiral 4,7,12,15-tetrasubstitute@]j2aracyclophane framework. This is the first
report realizing 10 ordergum using the self-assembled system thanks to theaplzhirality

as the only chiral source.
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Experimental Section

General. *H and**C NMR spectra were recorded on JEOL EX400 and ALin8Buments at 400 and
100 MHz, respectively. Samples were analyzed in GEHDId the chemical shift values were expressed
relative to Me@Si as an internal standard. Analytical thin laylerotnatography (TLC) was performed
with silica gel 60 Merck F254 plates. Column chrooggaphy was performed with Wakogel C-300
silica gel. High-resolution mass (HRMS) spectrometas performed at the Technical Support Office
(Department of Synthetic Chemistry and Biologiche@istry, Graduate School of Engineering, Kyoto
University), and the HRMS spectra were obtained aorThermo Fisher Scientific orbitrapXL
spectrometer for matrix assisted laser desorptaization (MALDI) and a Thermo Fisher Scientific
EXACTIVE spectrometer for atmospheric pressure dhahionization (APCI). Recyclable preparative
high-performance liquid chromatography (HPLC) wasied out on a Japan Analytical Industry Co.
Ltd., Model LC918R (JAIGEL-1H and 2H columns) an@%204 (JAIGEL-2.5H and 3H columns)
using CHC} as an eluent. UV-vis spectra were recorded onl&8BZU UV-3600 spectrophotometer,
and samples were analyzed in Ckl&lroom temperature. Fluorescence emission speetearecorded
on a HORIBA JOBIN YVON Fluoromax-4 spectrofluorometand samples were analyzed in CHCI
at room temperature. The PL lifetime measuremens warformed on a Horiba FluoroCube
spectrofluorometer system; excitation was carrigdusing a UV diode laser (NanoLED 292 nm and
375 nm). Specific rotationsdI'p) were measured with a HORIBA SEPA-500 polarime@ircular
dichroism (CD) spectra were recorded on a JASCQQIspectropolarimeter with CHCAs a solvent
at room temperature. Circularly polarized luminesee(CPL) spectra were recorded on a JASCO CPL-
200S with CHG as a solvent at room temperature. Elemental aeslygere performed at the
Microanalytical Center of Kyoto University.

Materials. Commercially available compounds used withoutfmation: (Tokyo Chemical Industry

Co, Ltd.) PdGI(PPh),, Pd(dba} (dba = dibenzylideneacetone), 1,1'-bis(diphenysjpino)ferrocene
(dppf); (Wako Pure Chemical Industries, Ltd.) 1+bm4-iodobenzene3], PPh, Cul. Commercially

available solvents: MeOH (Wako Pure Chemical Indest Ltd.), used without further purification.

THF (Wako Pure Chemical Industries, Ltd.) angNEKanto Chemical Co., Inc.), purified by passage

through solvent purification columns under Ar press® Compounds prepared as described in the

literatures: 1-(Dodecyloxy)-4-iodobenzenel)'f, 1-(dodecyloxy)-4-ethynylbenzene2)t’, 2,5-
diethynylp-xylene  6)'8  1-[(2-ethylhexyl)oxy]-4-iodobenzene 6){°, 1-[(2-ethylhexyl)oxy]-4-
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ethynylbenzene 7)*°, rac-4,7,12,15-tetraethynyl[2.2]paracyclophanec{CP1)?°, (R)- and &)-
4,7,12,15-tetraethynyl[2.2]paracyclophan@){ and &)-CP1).5"

Preparation of Films. CP3: A spin-coated film: 3Q.L of the CHC} solution (3.4x 10 M) was put

on a Quartz plate and rotated at 200 rpm (10 s&fter the rotation, the solvent was evaporatesoat
rpm (10 sec.). A spin-coated film was prepareddpeating this manipulation 15 times on the same
Quartz plate. A drop-cast thin film: 3@ of the CHC} solution (3.4x 10 M) was put on a Quartz
plate and leave it in the fume hood until all tlidvent was evaporated. A drop-cast thin film was
prepared by repeating this manipulation 5 timeshensame Quartz plate. A drop-cast thick film: 30
uL of the CHC} solution (3.4x 10°° M) was put on a Quartz plate and leave it in tirad hood until

all the solvent was evaporated. A drop-cast thilok ¥vas prepared by repeating this manipulation 15
times on the same Quartz plate. These films wenealad at 65 °C for 3 h. This temperature was
selected to prevent melting and crystallizati@®5: A spin-coated film, a drop-cast thin film and a
drop-cast thick film were prepared by the same a&@P3. These films were annealed at 90 °C for 5
h. This temperature was selected to prevent medticrystallization.

Computational Details. The Gaussian 09 program packageas used for computation. The structures
of CP5 were optimized in the ground States and their electric structures were caledlathe density
functional theory (DFT) was applied for the optiation of the structures in the States at the
B3LYP/6-31G(d,p) levels. The electric states amahditions from §to S states of th€P5 with the
optimized geometries in thep, States were calculated by time-dependent DFT (HI9Dat the
B3LYP/6-31G(d,p) levels. The transition moment wwa8mated in the transitions fromp t6 S states.
Synthesis of CP3. A mixture of R;)-CP1 (20.0 mg, 0.0657 mmol), 1-(dodecyloxy)-4-iodobere@)
(112.3 mg, 0.289 mmol), Rdba} (6.3 mg, 0.0066 mmol), dppf (7.3 mg, 0.013 mmGl) (2.5 mg,
0.013 mmol), THF (1.5 mL) and £ (1.5 mL) was placed in a round-bottom flask egeib with a
magnetic stirring bar. After degassing the reactioxture several times, the reaction was carrietd ou
at 50 °C for 25 h with stirring. After the reactiorixture was cooled to room temperature, precipdat
were removed by filtration, and the solvent wasaeed with a rotary evaporator. The crude residue
was purified by column chromatography on Si@HCk/hexane = 2/3 v/v as an eluent). Further
purification was carried out by HPLC (CHGIs an eluent) and reprecipitation with Ckl@hd MeOH
(good and poor solvent, respectively) to affdrg{CP3 (43.3 mg, 0.0322 mmol, 49%) as a light yellow
solid. R = 0.30 (CHC¥/hexane = 2/3 v/v)*H NMR (CDCk, 400 MHz)¢ 0.89 (t,J = 6.7 Hz, 12H),
1.22-1.42 (m, 64H), 1.42-1.51 (m, 8H), 1.78-1.86 i), 3.02-3.12 (m, 4H), 3.46-3.58 (m, 4H), 4.00
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(t, J= 6.5 Hz, 8H), 6.91 (d] = 8.5 Hz, 8H), 7.11 (s, 4H), 7.51 @ = 8.8 Hz, 8H) ppm**C NMR
(CDCls, 100 MHz)6 14.1, 22.7, 26.0, 29.2, 29.3, 29.4, 29.6, 29.66,229.7, 31.9, 32.6, 68.2, 88.1,
94.5,114.6,115.7,125.1, 132.9, 134.4, 141.6,3,pPm. HRMS (MALDI) calcd. for H12604 [M] "
1345.98071, found: 1344.97867. Elemental analyaiicdc for GeH12604: C 85.66 H 9.59, found: C
84.96 H 9.67.%,)-CP3 andrac-CP3 were obtained by the same procedure in 30% andid6ksied
yields, respectively.Rp)-CP3: [a]*% = +51.7 € 0.1, CHCHY). (S)-CP3: [0]*% = -42.6 € 0.1, CHCH).
Synthesis of 4. A mixture of2 (2.67 g, 9.35 mmol), 1-bromo-4-iodobenzeBge(R.78 g, 9.82 mmol),
Pdx(dba) (219 mg, 0.234 mmol), PRI251 mg, 0.935 mmol), Cul (92.2 mg, 0.468 mmohiFT(80
mL) and E4N (20 mL) was placed in a round-bottom flask eqeippith a magnetic stirring bar. After
degassing the reaction mixture several times, dhetion was carried out at room temperature for 4 h
with stirring. After the reaction, precipitates waemoved by filtration, and the solvent was rengove
with a rotary evaporator. The residue was puriigctolumn chromatography on SICCHCk/hexane

= 1/1 vlv as an eluent). Further purification wasied out by recrystallization with CHCAnd MeOH
(good and poor solvent, respectively) to afférg8.72 g, 8.42 mmol, 90%) as a light brown soRd=
0.88 (CHCHhexane = 1/1 v/v)'H NMR (CDCk, 400 MHz)5 0.88 (t,J = 6.8 Hz, 3H), 1.22-1.39 (m,
16H), 1.39-1.49 (m, 2H), 1.74-1.82 (m, 2H), 3.968)& 6.6 Hz, 2H), 6.88 (d] = 9.0 Hz, 2H), 7.35 (d,
J=8.5Hz, 2H), 7.45 (s, 2H), 7.45 (s, 2H) ppA¢ NMR (CDCh, 100 MHz)s 14.1, 22.7, 26.0, 29.2,
29.3, 29.4, 29.6, 29.6, 29.6, 29.7, 31.9, 68.19,88).7 114.6, 114.7, 122.0, 122.7, 131.5, 13238,Q,
159.4 ppm. HRMS (APCI) calcd. for3.BrO [M+H]": 441.1788, found: 441.1778. Elemental
analysis calcd. for £gH33BrO: C 70.74 H 7.54 Br 18.10, found: C 70.80 H 783818.33.

Synthesisof CP5. A mixture of R;)-CP1 (10.0 mg, 0.0329 mmol}, (63.8 mg, 0.645 mmol), R@ba)
(3.0 mg, 0.0033 mmol), dppf (3.6 mg, 0.0066 mmaL)j (1.3 mg, 0.0066 mmol), THF (1.5 mL) and
Et:N (1.5 mL) was placed in a round-bottom flask egqeiph with a magnetic stirring bar. After
degassing the reaction mixture several times,ghetion was carried out at 70 °C for 72 h withristy.
After the reaction mixture was cooled to room terapige, precipitates were removed by filtratiord an
the solvent was removed with a rotary evaporatbe residue was purified by column chromatography
on SiQ (CHCk/hexane = 2/3 viv as an eluent). Further purifarativas carried out by HPLC (CHLCI
as an eluent) and reprecipitation with Ckl&hd MeOH (good and poor solvent, respectivelygftord
(Ry)-CP5 (14.1 mg, 0.00873 mmol, 24%) as a light yellowidsd® = 0.18 (CHC{/hexane = 2/3 v/v).
'H NMR (CDCh, 400 MHz)s 0.89 (t,J = 6.8 Hz, 12H), 1.22-1.41 (m, 64H), 1.41-1.51 8H), 1.75-
1.83 (m, 8H), 3.04-3.17 (m, 4H), 3.51-3.61 (m, 48198 (t,J = 6.6 Hz, 8H), 6.88 (d] = 9.0 Hz, 8H),
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7.15 (s, 4H), 7.48 (d] = 8.8 Hz, 8H), 7.54 (s, 8H), 7.54 (s, 8H) ppiC NMR (CDCk, 100 MHz)s
14.1, 22.7, 26.0, 29.2, 29.3, 29.4, 29.6, 29.63,220.7, 31.9, 32.7, 68.1, 87.9, 90.9, 91.7, 9114,6,
114.9, 122.9, 123.8, 125.2,131.4, 131.5, 133.4,8,341.9, 159.5 ppm. HRMS (MALDI) calcd. for
Ci2dH14404 [M] "1 1745.10591, found: 1745.10742. Elemental anabadisd. for GogH14404: C 88.03 H
8.31, found: C 86.99 H 8.305-CP5 andrac-CP5 were obtained by the same procedure in 12% and
11% isolated yields, respectivelyRoJ-CP5: [a]®> = +8.2 € 0.1, CHCHY). (S,)-CP5: [a]®> = -7.3 €
0.1, CHC}).

Synthesis of M 3. A mixture of5 (100 mg, 0.648 mmolj (519 mg, 1.43 mmol), B@lba) (29.7 mg,
0.0324 mmol), dppf (35.9 mg, 0.0648 mmol), Cul f1ehg, 0.0648 mmol), THF (5 mL) andsBt(5
mL) was placed in a round-bottom flask equippecveitmagnetic stirring bar. After degassing the
reaction mixture several times, the reaction waseaghout at 50 °C for 14 h with stirring. Aftereh
reaction mixture was cooled to room temperaturecipitates were removed by filtration, and the
solvent was removed with a rotary evaporator. BHsé&ue was purified by column chromatography on
SiO, (CHCk/hexane = 1/1 v/v as an eluent). Further purifarativas carried out by recrystallization
with CHCL and MeOH (good and poor solvent, respectivelyafford M3 (320.5 mg, 0.569 mmol,
88%) as a yellow solidk = 0.78 (CHCYhexane = 1/1 v/v)*H NMR (CDCk, 400 MHz)s 0.88-0.97
(m, 12H), 1.28-1.36 (m, 8H), 1.36-1.56 (m, 8H) 11687 (m, 2H), 2.44 (s, 6H), 3.82-3.89 (m, 4H),
6.87 (d,J = 9.0 Hz, 4H), 7.33 (LH), 7.44 (dJ = 9.0 Hz, 4H) ppm**C NMR (CDC}, 100 MHz)o
11.1, 14.0, 20.0, 23.1, 14.0, 29.1, 30.6, 39.53,@1.1, 94.6, 114.7, 115.4, 123.1, 132.4, 13239,Q,
159.6 ppm. HRMS (APCI) calcd. forgis:0, [M+H] *: 563.3884, found: 563.3877. Elemental analysis
calcd. for GoHs00,: C 85.36 H 8.95 found: C 85.28 H 8.86.

Synthesis of 8. A mixture of7 (5.94 g, 25.8 mmol), 1-bromo-4-iodobenze8g(7.30 g, 25.8 mmaol),
Pa(dba} (591 mg, 0.645 mmol), PRI677 mg, 2.58 mmol), Cul (245.7 mg, 1.29 mmol),FT{80
mL) and EtN (20 mL) was placed in a round-bottom flask eqeibpvith a magnetic stirring bar. After
degassing the reaction mixture several times,dhetion was carried out at room temperature fdr 12
with stirring. Then, precipitates were removed ittyation, and the solvent was removed with a nptar
evaporator. The residue was purified by column etatmgraphy on SigCHCl/hexane = 1/9 v/v as
an eluent). Further purification was carried outrégrystallization with CHGland MeOH (good and
poor solvent, respectively) to affo&(7.81 g, 20.3 mmol, 79%) as a light brown crysigal= 0.38
(CHClshexane = 1/9 v/iv)*H NMR (CDCk, 400 MHz)s 0.86-0.98 (m, 6H), 1.25-1.56 (m, 8H), 1.68-
1.78 (m, 1H), 3.80-3.90 (d,= 6.0 Hz, 2H), 6.86 (d] = 8.7 Hz, 2H), 7.32-7.39 (m, 2H), 7.40-7.56 (m,
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4H) ppm;=C NMR (CDC%, 100 MHz)§ 11.2, 14.2, 23.1, 23.9, 29.2, 30.6, 39.4, 70.R,88.7, 114.6,
114.6, 121.9, 122.6, 131.5, 132.8, 132.9, 159.6.4#RMS (APCI) calcd. for @H26BrO [M+H]*:
385.1162, found: 385.1154. Elemental analysis cdbrdC:H»sBrO: C 68.57 H 6.54 Br 20.74, found:
C 68.33 H 6.52 Br 20.88.

Synthesis of M5. A mixture of5 (100 mg, 0.648 mmolg (550 mg, 1.43 mmol), B@lba) (29.7 mg,
0.0324 mmol), dppf (35.9 mg, 0.0648 mmol), Cul 4léhg, 0.0648 mmol), THF (5 mL) andsSt(5
mL) was placed in a round-bottom flask equippechvaeitmagnetic stirring bar. After degassing the
reaction mixture several times, the reaction wasdezhout at 70 °C for 13 h with stirring. Aftereh
reaction mixture was cooled to room temperaturecipitates were removed by filtration, and the
solvent was removed with a rotary evaporator. Bs&due was purified by column chromatography on
SiO, (CHCk/hexane = 1/1 v/v as an eluent). Further purifarativas carried out by recrystallization
with CHCL and MeOH (good and poor solvent, respectivelyafford M5 (299.3 mg, 0.392 mmol,
61%) as a yellow solid® = 0.82 (CHC¥hexane = 1/1 v/v)*H NMR (CDCk, 400 MHz)d 0.89-0.95
(m, 12H), 1.28-1.36 (m, 8H), 1.36-1.53 (m, 8H) 1688 (m, 2H), 2.47 (s, 6H), 3.81-3.90 (m, 4H),
6.87 (d,J = 8.8 Hz, 4H), 7.34 (2H), 7.45 (dJ = 8.8 Hz, 4H), 7.48 (s, 8H) ppriC NMR (CDCE,
100 MHz)¢6 11.1, 14.0, 20.0, 23.0, 24.0, 29.1, 30.6, 39.53,787.8, 90.1, 91.7, 94.5, 114.7, 114.9,
122.8,123.1,123.8,131.4,131.4,132.7,133.1,4,359.8 ppm. HRMS (MALDI) calcd. forsgHssO»
[M]*: 762.44313, found: 762.44222. Elemental analyalisdc for GeHssO.: C 88.15 H 7.66 found: C
88.23. H 7.58.
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Chapter 8

Optically Active Phenylethene Dimers

Based on Planar Chiral Tetrasubstituted [2.2]Par acyclophane

Abstract

Optically active phenylethene dimers based on agplzhiral 4,7,12,15-tetrasubstituted
[2.2]paracyclophane were synthesized. Intense plmtoescence (PL) both in the dilute
solution and in the aggregation state was obsebyedttached an aggregation-induced
emission (AIE) unit monomer to the [2.2]paracyclapb framework. The PL property in the
dilute solution was obtained because the moleculstion of the AIE active monomers was
restricted by the rigid [2.2]paracyclophane framdwd he planar chiral [2.2]paracyclophane
provided the circular dichroism (CD) and circulaplgiarized luminescence (CPL) property to
the chromophores. The obtained diphenylethene cam&monophenylethene dimer exhibited
good CPL properties in the dilute solution andafgregation state. The optical and chiroptical
properties varied drastically with the only attaaghphenyl groups to the ethene moiety. These

strategy are useful to obtain optically active Patenials.
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Introduction

The molecular design af-conjugated systems is very important for the aagion in
photoluminescent (PL) materials, opto-electronigicks and organic thin film solar céll.
Considering the application in photoluminescent anals, decrease of PL efficiency by
aggregation-caused quenching (A€@)a serious problem. Commarconjugated systems
have high planarity, and the aggregates cause elwsg by radiation-less deactivation due to
the formation of delocalized exciton or excimén order to obtain good PL property in the
aggregation state, the molecules exhibiting aggi@génduced emission (AIE) property have
received much attention. The AIE molecule doesnat PL in the dilute solution by radiation-
less deactivation derived from the molecular maotldowever, the molecule exhibits good PL
property in the aggregation state by suspensioth@fmolecular motioi. Common AIE
molecules have distortedconjugation systems, which inhibit ACQ by sterindrance. This
switching property of AIE molecules is widely amali to optical sensofs.However,
considering their application to PL materialssiimportant to design the molecular structure
having good PL property both in the dilute solutaord the aggregation stdt&herefore, the
author focused on a [2.2]paracyclophane framewathe [2.2]paracyclophane framework has
a potential to suppress molecular motion effecyilicause it can stack two chromophores in
close proximity. In other words, using AIE moleailas the stacked chromophores, it is
possible to synthesize the molecule exhibiting gébgroperty both in the dilute solution and
the aggregation state. In addition, [2.2]paracylctopes with substituents provide planar
chirality to the stacked chromophores. Thus, thdemde exhibits circularly polarized
luminescence (CPL) property by the planar chird]jZaracyclophane framewofin Chapter
3, the author reported that a planar chiral 4,73-2etrasubstiruted [2.2]paracyclophane was a

chiral building block to give CPL property to theromophore§?€In this chapter, the author
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synthesized the compound containing two AIE activeecules stacked by the planar chiral

[2.2]paracyclophane and investigated the opticdlamroptical properties in detail.

Results and Discussion
Synthesis

The optical resolution of planar chiral 4,7,12,#%dsubstituted [2.2]paracyclophane was
carried out using the diastereomer method develape€hapter 3, and the obtained
enantiopure compounds were converted to the canelspg &)- and Rv)-4,7,12-tribromo-
15-(trifluoromethanesulfonate)[2.2]paracyclophand)-CpOTf, (Ry)-CpOTf).84 The
synthetic routes to the target optically activelicycompounds are shown in Schemes 1 and 2.
Although the synthesis ddPh1 andMPh1 has already reportédthe author modified the
synthetic route to obtain optically active compaosind

At first, a bromide of compounds'® was converted to boronate ester group to obtain
compound2 in 97% isolated yield. Compourtiwas readily used for the Suzuki-Miyaura
coupling reactioht (Scheme 1).

Scheme 2 shows the synthesis of the target pldmniaal cimersDPh1 andDPh2. In this
Scheme, only the reactions of tt&){isomers are shown; th&d)-isomers were synthesized
under identical conditions fromR{)-CpOTf. Suzuki-Miyaura coupling reaction oS-
CpOTf was carried out witkrans-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)stye @)
in the catalytic system of Rdbay/PPh using CsC®as a base to obtain compoufg){DPhl
in 54% isolated yield. Using the same proced&g;[0Ph2 was obtained in 67% isolated yield.
In the case of$)-DPh2, unreacted OTf groups were converted to OH gréapsmove by-
products by silica gel column chromatography. Tle¢ais are shown in the experimental

section.
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Schemes 3 shows the synthesis of the monomeric ImmodgoundsMPh1 andM Ph2.
These compounds are the half units of the dini&Ps,1 andDPh2, respectively. As shown in
Scheme 3, the same procedure as Scheme 1 wadbe/foldM Phl andM Ph2, and they were
obtained in 74% and 46%, respectively. The strestwf all new compounds in this chapter
were confirmed byH and'*C NMR spectroscopy, high-resolution mass spectronfeiRMS),
and elemental analysis; the detailed synthetic g@toes and NMR data are shown in the

experimental section.

Scheme 1. Synthesis of Compour2l

‘ Br 1) n-BuLi, =78 °C, 1 h ‘ B-g
O O 2) i-PrOBpin; -78 °C, rt, 10 h O O
THF
1 2,97%

Pd,(dba)s
PPh,
CsCO;

1,4-Dioxane
100 °C
(Sp)-CpOTF 3 20 h

Pd,(dba)s
PPh,
CsCO;

1,4-Dioxane
100 °C
(Sp)-CpOTf 2 48 h

(Sp)-DPh2, 67%
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Scheme 3. Synthesis of model compouniisP,hl andM Ph2
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The optical properties of both enantiomers-abnjugated dimer§)Ph1l andDPh2 as well

as their monomeric model compoundd’hl and MPh2 were evaluated. The optical and

chiroptical data are summarized in Tables 1 amdshectively. Although the optical properties

of MPh1 andrac-DPh1 have been already reported by Meijere in 198®& author shows the

original data.

Table 1. Optical properties: Spectroscopic data

Jab¥nm  Aum®9/nm /ns 7 D'
DPh12 395 455 3.28 1.02 0.78
DPhl-ags® 394 470  0.24(80.9%), 1.50 (19.1%) 1.58  0.03
MPh12 353 401, 424 1.40 1.09 0.87
MPhl-age® 344 443 0.24 (80.6%), 0.88 (19.4%) 1.44  0.13
DPh22 403 494 2.60 1.17 0.58
DPh2-aggP® 403 503 1.40 1.13 0.24
M Ph22 337 468 0.19 1.19 0.04
MPh2-agg® 341 473 2.30 107 056

2 |n 1,4-dioxane® In 1,4-dioxane/HO = 1/99 v/v.t 1.0 x 10° M. ¢ Excited at absorption

maxima.® Emission lifetime atum.  Absolute PL quantum efficiency.

171



Chapter 8

Figure 1 shows the UV-vis absorption spectra ofetsnDPhl and DPh2, and the
monomers,MPh1l and MPh2 in the dilute solution (1,4-dioxane, 1.0 x~90M) and the
aggregation state (1,4-dioxanefH= 1/99 v/v, 1.0 x 18 M). Molar extinction coefficiencies
of DPh1l andMPhl in the dilute solution were less than those in dggregation state. In
addition, absorption edge exhibited bathochromitt shthe aggregation state. These results
show the existence of intermolecular interactiothmaggregation state. In the caseBPh?2
andMPh2, those effects were weak compared with the cagbfl andM Ph1 because of
steric hindrance of distorted phenyl groups. Thaekgep wavelengths of [2.2]paracyclophane-
stacked dimers were longer than those of monomergalthrough-space conjugation via the
[2.2]paracyclophane framewotk.The difference of the absorption maxima betwB&Hn?2
andMPh2 was larger than betwed@Phl andMPhl. Planarity ofDPh2 was the additional
effect of bathochromic shift because phenyl grand3Ph2 were congested much more than
those in others. Figure 2 shows the PL spectraneéi,DPh1 andDPh2, and the monomers,
MPh1 andM Ph2 in the dilute solution (1,4-dioxane, 1.0 x"1M) and the aggregation state
(1,4-dioxane/HO = 1/99 v/v, 1.0 x 18 M). ACQ was clearly observed in the aggregatianest
of DPh1 andM Ph1l because of-n interaction by the high planarity 8fPhl andMPh1l. On
the other handyl Ph2 exhibited AIE propert}? because of the restricted molecular motion in
the aggregation state; molecular motion of distbrphenyl groups cause radiation-less
deactivation. HoweveDPh2 exhibited good PL property both in the dilute $iola and the
aggregation state. This is because congestedwsteumuld suppress the molecular motion in
the dilute solution; therefor®Ph2 did not exhibit AIE property. Absolute quantumieitncy
of DPh2 decreased in the aggregation state due to the AR&QIlifetime measurement
supported the formation of the aggregation in igkahe/HO = 1/99 v/v. Table 1 includes

the PL decay data (PL lifetime) @ndy? parameters) for all compounds. PL lifetimes depend
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on the state of compounds, showing different

aggregation state.
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Figure 1. UV-vis absorption spectra in 1,4-dioxane (solite) and 1,4-dioxanedd =
1/99 v/v (dotted line) (1.0 x IBM); (A) DPh1 andM Ph1; (B) DPh2 andM Ph2.
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Figure 2. PL spectra in 1,4-dioxane (solid line) and 1,4xdive/HO = 1/99 v/v (dotted
line) (1.0 x 10° M); (A) DPh1 andMPh1; (B) DPh2 andM Ph2.

Chiroptical Properties

The chiroptical properties of the ground and extiggates ofDPhl and DPh2 were

investigated by circular dichroism (CD) and CPL&pescopy, respectively. Chiroptical data,
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such as CD and CPL dissymmetry faétdqgabs and gum, respectively), are summarized in
Table 2. Figure 3 shows the CD and absorption spetboth enantiomers 8fPh1 andDPh2
in the dilute solution (1,4-dioxane, 1.0 x"10/1) and the aggregation state (1,4-dioxan&H
= 1/99 v/v, 1.0 x 1¢ M). In both enantiomers, mirror image Cotton effewere observed
clearly in the CD spectra. In the dilute solutitime gabs values of the first Cotton effect were
estimated to be +3.5 x T0for (S)-DPh1 and +1.0 x 1@ for (S))-DPh2, respectively. In the
aggregation state, tligosvalues of the first Cotton effect were estimawté +3.0 x 1C for
(S)-DPh1 and +0.87 x 10 for (S)-DPh2, respectively. When these compounds formed the
aggregates, thgas value for &)- and Rp)-DPh1 decreased in all region, whereas those for
($)- and Rp)-DPh2 remained in almost all region. This result alsdicates the existence of
strong intermolecular interaction DPh1 and weak intermolecular interaction@Ph2.

The CPL spectra of both enantiomer®&h1 andDPh2 in the dilute solution (1,4-dioxane,
1.0 x 10° M) and the aggregation state (1,4-dioxan@H 1/99 v/v, 1.0 x 13 M) are shown
in Figure 4. Mirror image CPL spectra were obseffeethe enantiomers. Thggm values were
estimated to be +3.7 x 1or (S)-DPh1 and +0.73 x 10 for (S)-DPh2 in the dilute solution,

and +4.3 x 10 for (S)-DPh1 and +0.90 x 1C for (S))-DPh2 in the aggregation state. In the

Table 2. Chiroptical properties: Spectroscopic data%jf-(somers

Qabs/ 1072 atlavs gum / 1073 at Aum, ma?
(S)-DPh1? +3.5 +3.7
($)-DPh1-agg® +3.0 +4.3
(S))-DPh2s +1.0 +0.73
(S)-DPh2-aggP® +0.87 +0.90

21n 1,4-dioxane® In 1,4-dioxane/kO = 1/99 V/VE gabs= 2Aele, whereAe indicates
differences of absorbance between left- and rigimgled circularly polarized light,
respectively. Theagabs value of the first peak top was estimatédjum = 2(lieft —
Iright)/(lieft + lright), whereliert andlright indicate luminescence intensities of left- and
right-handed CPL, respectively.
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aggregation system of{)- and Rp)-DPh1, CPL peak tops were bathochromically shifted, and
the gum values clearly increased because of strongemnatecular interaction in the excited
state. On the other hand, small changes were disémthe CPL peak top amgdm values of
(S)-DPh2 because of weaker intermolecular interaction i éxcited state. In the dilute
solution, DPh1 exhibited good optical and chiroptical propertgssluminescence materials
(Pum = 0.78 andyum = +3.7 x 10° for (S)-DPh1). On the other hand, in the aggregation state,
DPh2 exhibited good optical and chiroptical propertyasinescence material®{m = 0.24
andgum = +0.90 x 10 for ($)-DPh2).
Variable Temperature PL Measurement

Variable temperature UV-vis and PL measurementsevearried out to obtain further
information on the suppression of the molecularomby the [2.2]paracyclophane framework.
These spectra were obtained in the dilute toluehgisn (1.0 x 10° M for UV-vis and 1.0 x
10°% M for PL) at 20, 40, 60 and 80 °C. Relative PL mjuan efficiency was calculated from
the absolute PL quantum efficiency in 1,4-dioxan25’C as a standard (Table 3). In the UV-
vis absorption spectra (Figures 5A and 5B), byaasing the temperature, the molar extinction
coefficients ofDPh1 andDPh2 decreased and the absorption maxima exhibitedoaypsmic
shift. This is because the effective conjugatiomgth became shorter by the molecular motion
of the phenyl groups. In the PL spectra (Figuresad@d 5D), the PL intensity dDPh2
drastically decreased by increasing the temperallre relative PL quantum efficiency was
estimated to be 0.70 at 20 °C, 0.68 at 40 °C, at@® °C, 0.63 at 80 "C f@Ph1 and 0.51 at
20 °C, 0.44 at 40 °C, 0.39 at 60 °C, 0.29 at 8Got(DPh2. In summary, 9.0% decrease for
DPh1 and 43.3% foDPh2 decrease were observed by increasing the tempeffabm 20 °C
to 80 °C. The PL intensity was recovered by cootimg temperature. This result shows that
the molecular motion of the phenyl group$&th2 was suppressed by the [2.2]paracyclophane

framework at room temperature and that it was atdiy by increasing the temperature. Usually,
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PL of AIE molecules decreased by the molecular omadit room temperature and the formation
of aggregate or cooling the temperature provideytiael PL property. On the other hand, good
PL property was obtained by introducing [2.2]padgghane skeleton into with only staking
two AlE-active units in the dilute solution. This iinteresting feature of the rigid

[2.2]paracyclophane framework.
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Figure5. UV-vis and PL variable temperature spectra ingnki(1.0 x 16 M for UV-vis
and 1.0 x 1 M for PL, excited at absorption maximum) at 204G,’C, 60 °C, 80 °C; (A)
UV-vis spectra oDPh1; (B) UV-vis spectra oDPh2; PL spectra oDPh1; PL spectra of
DPh2.

Table 3. Relative PL quantum efficiencie®

20°C 40°C 60 °C 80°C
DPh1 0.70 0.68 0.65 0.63
DPh2 0.51 0.44 0.39 0.29

2 |n toluene (1.0 x 16 M excited at absorption maximumf)Relative PL quantum
efficiencies were calculated from absolute PL quanefficiencies ofDPhl and
DPh2 in 1,4-dioxane (Table 1), respectively.
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Dispersion of the Dimersin Polystyrene Film

To investigate the effect of ACQ and molecular motDPh1 or DPh2 were dispersed in
polystyrene n = 80,000, PDI = 2.6) films. The films includinglD0 wt% ofDPh1 or DPh2
in polystyrene were prepared with a spin-coat mefnom 40uL CHCIz solution (1.0 x 1C
M of DPh1 or DPh2 in polystyrene). The results are summarized irufdg and Table 4.
DPh1 andDPh2 exhibited high absolute PL quantum efficiencyhe L wt% films Pum =
0.86 and 0.80, respectively). Tlam of the 1 wt% film ofDPh2 was much higher than that
in the dilute solution®um = 0.58). The result shows that molecular motiaghsly decreased
the PL property at room temperature. As shown gufé 6,9um of DPh1 dropped drastically
in the 20 wt% film (@um = 0.26) by ACQ. The 40-100 wt% films exhibited tlog&v @um (=
0.09-0.04). On the other hand, the decreasBuwefof DPh2 films was moderate, and tldaum
of the 100 wt% film was estimated to be 0.27, whiis identical to the aggregat@im =
0.24). Therefore, the decreasefain in the aggregate @Ph2 was caused by ACQ. TixPh2
films exhibited gooddum at 60 wt% film (um = 0.44), and the results can be advantage for
obtaining high brightness films.
Molecular M odel

To obtain further information about molecular matidensity functional theory (DFT) was
carried out. The structures BfPh2 andDPh2 were optimized at BLYP/def2-TZVPP level.
The results are shown in Figure 7. The optimizedctire ofMPh2 was highly twisted,
whereas that oDPh2 was relatively planar because of the intramolacuigeraction of the
stacked chromophores. The two chromophores westddat the distance of 4-6 A, which
was sufficient to inhibit the free molecular motidine restriction of the molecular motion was
the main reason of high PL intensity@Ph2 in the dilute solution. In addition, the relatiyel
planar structure caused ACQ and the differenc@wfbetweerM Ph2 (@um = 0.56) andDPh2

(@um = 0.24) in the aggregation state.
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spin coat

40 uL i
1.0x1073 M in CHCl;
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Figure 6. Absolute PL quantum efficiency of the films of @@lwt% DPh1 or DPh2 in
polystyrene. The films were prepared by a spin-ocoethod from CHGCl solution (1.0 x
1073 M of DPh1 or DPh2 in polystyrene).

Table 4. Absolute PL quantum efficiencies of the films

1 wt% 20 wt% 40 wt% 60 wt% 80 wt% 100 wt% (Film)

DPh1 0.86 0.26 0.09 0.09 0.06 0.04
DPh2 0.80 0.59 0.50 0.44 0.31 0.27

Highly twisted Planar

Figure 7. Molecular models oM Ph2 andDPh2. The structure was optimized by DFT at
BLYP/def2-TZVPP levels.
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Conclusions

Optically active phenylethene dimei3Phl and DPh2, with a planar chiral 4,7,12,15-
tetrasubstituted [2.2]paracyclophane were syntkdsiRimerDPhl and the monomevi Phl
exhibited ACQ because of high planarity of the letalo-electron system. On the other hand,
DPh2 exhibited good PL properties both in the dilutkiBon and in the aggregation state in
spite of the fact that monombtPh2 did not exhibit PL in the dilute solution. Therefpthe
rigid [2.2]paracyclophane framework has a potertiiakuppress the molecular motion by
staking two chromophores. In addition, by incregsiemperature, PL property &Ph2
decreased much more sensitively than thaDlBhl. The PL properties were recovered by
cooling the temperaturdPhl and DPh2 exhibited good chiroptical properties and the
values on the order of approximately™30In the dilute solutionDPh1 had good CPL
properties ¢um = 0.78 andyum = +3.7 x 10%), and in the aggregation sta@?h2 had good
CPL properties®um = 0.24 andgum = +0.90 x 10°). The optical and chiroptical properties

varied drastically by only attaching phenyl grotpshe ethene units.
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Experimental Section

General. *H and**C NMR spectra were recorded on JEOL EX400 and ALin8Buments at 400 and
100 MHz, respectively. Samples were analyzed in GEHDId the chemical shift values were expressed
relative to Me@Si as an internal standard. Analytical thin laylerotnatography (TLC) was performed
with silica gel 60 Merck F254 plates. Column chrooggaphy was performed with Wakogel C-300
silica gel. High-resolution mass (HRMS) spectrometas performed at the Technical Support Office
(Department of Synthetic Chemistry and Biologiche@istry, Graduate School of Engineering, Kyoto
University), and the HRMS spectra were obtained aofThermo Fisher Scientific EXACTIVE
spectrometer for atmospheric pressure chemicatadinin (APCI). UV-vis spectra were recorded on a
SHIMADZU UV-3600 spectrophotometer, and samplesenaralyzed in CHGlat room temperature.
Fluorescence emission spectra were recorded on ®RIBXO JOBIN YVON Fluoromax-4
spectrofluorometer, and samples were analyzed iI€ICHHt room temperature. The PL lifetime
measurement was performed on a Horiba FluoroCuketrgifluorometer system; excitation was
carried out using a UV diode laser (NanoLED 292amd 375 nm). Circular dichroism (CD) spectra
were recorded on a JASCO J-820 spectropolarimetter @HCl; as a solvent at room temperature.
Circularly polarized luminescence (CPL) spectraeneicorded on a JASCO CPL-200S with Ck3

a solvent at room temperature. Elemental analysge werformed at the Microanalytical Center of
Kyoto University.

Materials. Commercially available compounds used withoutfmation: (Tokyo Chemical Industry

Co, Ltd.) 2,5-Dibromgs-xylene @), 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxabdane (-
PrOBpin), Pd(dba} (dba = dibenzylideneacetone); (Wako Pure Cheniiadustries, Ltd.)Yrans2-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)styegR), PPh, CsCQ; (Kanto Chemical Co., Incr-

butyllitium (n-BuLi, 1.6 M in hexane). Commercially availablesmits: 1,4-Dioxane (deoxygenated

grade, Wako Pure Chemical Industries, Ltd.), usédowut purification. THF (Wako Pure Chemical
Industries, Ltd.), purified by passage through eptvpurification columns under Ar presstie.

Compounds prepared as described in the literatB¥Bsomo-1,1-diphenylethylena)t, (S)- and Ry)-

4,7,12-tribromo-15-(trifluoromethanesulfonate)-[p&racyclophane Ry)- and &)-CpOTf).8¢
Computational Details. The Orca program packagevas used for computation. The author optimized
the structures dfl Ph2 andDPh2 in the ground states. The density functional th€DFT) was applied

for the optimization of the structures at the BLY¥&2-TZVPP levels in the ground state.
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Synthesis of 2. A solution ofn-BuLi (1.60 M in hexane, 17.9 mL, 28.7 mmol) wasvaly added to a
solution of 2-bromo-1,1-diphenylethylen® (6.77 g, 26.1 mmol) in THF (80 mL) at —78 °C unde
atmosphere. After 1 isPrOBpin (15.8 mL, 78.3 mmol) was added, and theume was stirred for 10

h at —78 °C to room temperature. The reaction méxtvas quenched by the addition of aqueousH
solution, and the organic layer was extracted thinees with CHCI,. The combined organic layer was
washed with brine and dried over 48&. NaaSQ, was removed by filtration, and the solvent was
evaporated. The residue was purified by columnrolatography on SigXEtOAc/hexane = 1/10 v/v as
an eluent) to affor@ (7.72 g, 25.2 mmol, 97%) as a light yellow oil.rfher purification with HPLC
was carried out to obtain characterization data. 0.48 (EtOAc/hexane = 1/10 v/i¥H NMR (CDCk,
400 MHz)5 1.13 (s, 12H), 6.00 (s, 1H), 7.22-7.27 (m, 10H) ppi@ NMR (CDCh, 100 MHz)s 24.5,
82.9, 117.7, 127.4, 127.4, 127.8, 127.8, 129.7,714142.9, 159.7 ppm. HRMS (APCI) calcd. for
C20H24BO; [M+H]™: 307.1864, found: 307.1855. Elemental analysisccdbr GoH23BO,: C 78.45 H
7.57, found: C 78.23 H 7.39.

Synthesis of DPh1. A mixture of &)-CpOTf (50.0 mg, 0.0843 mmolB (194.0 mg, 0.843 mmol),
Pdx(dba} (7.7 mg, 0.00843 mmol), PP(B.8 mg, 0.0337 mmol), CsG@49.3 mg, 1.69 mmol) and
1,4-dioxane (5.0 mL) was placed in a round-botttaslkf equipped with a magnetic stirring bar. After
degassing the reaction mixture several times dhetion was carried out at 100 °C for 20 h wittrisigy.
After the reaction mixture was cooled to room terapgre, precipitates were removed by filtratiord an
the solvent was removed with a rotary evaporatbe residue was purified by column chromatography
on SiQ (CHChk/hexane = 1/2 vl/v as an eluent). Further purifaratvas carried out by HPLC to afford
(S)-DPh1 (28.3 mg, 0.0459 mmol, 54%) as a light yellow a9 = 0.39 (CHC{/hexane = 1/2 v/v).
'H NMR (CDCk, 400 MHz)6 2.85-2.93 (m, 4H), 3.54-3.62 (m, 4H), 6.92, {&; 16.1 Hz, 4H), 7.00
(s, 4H), 7.21 (d) = 16.1 Hz, 4H), 7.29 (] = 7.3 Hz, 4H), 7.38 (] = 7.3 Hz, 8H), 7.47 (dl = 7.6 Hz,
8H) ppm;**C NMR (CDCh, 100 MHz)d 33.1, 125.3, 126.6, 127.6, 128.2, 128.7, 128.7,71367.7,
137.8 ppm. HRMS (APCI) calcd. forss; [M+H]™: 617.3203, found: 617.3205. Elemental analysis
calcd. for GgHao: C 93.46 H 6.54, found: C 93.53 H 6.3®R,)(DPh1 was obtained by the same
procedure in 50% isolated yield.

Synthesis of DPh2. A mixture of &)-CpOTf (50.0 mg, 0.0843 mmol® (258.1 mg, 0.843 mmol),
Pd(dba) (7.7 mg, 0.00843 mmol), PP[B.8 mg, 0.0337 mmol), CsG@49.3 mg, 1.69 mmol) and
1,4-dioxane (5.0 mL) was placed in a round-botttaskf equipped with a magnetic stirring bar. After

degassing the reaction mixture several times ghetion was carried out at 100 °C for 48 h wittrisi).
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After the reaction mixture was cooled to room terapige, precipitates were removed by filtratiord an
the solvent was removed with a rotary evaporatoe. fésidue was added to KOH (250 mg, 4.46 mmol)
in H.O (1 mL) and dissolved in EtOH (40 mL). The mixtuvas stirred with a magnetic stirring bar
and heated to 60 °C for 12 h to convert unreactéfigboups completely to OH groups, which were
easily removed by silica gel column chromatograptiter the reaction, the organic layer was extrdcte
three times with CHGland the combined organic layer was washed withebaind dried over MgSO
MgSQ, was removed by filtration, and the solvent waspevated. The residue was purified by column
chromatography on SEJEtOAc/hexane = 1/19 v/v as an eluent). Furtheifisation was carried out
by HPLC to afford &)-DPh2 (51.7 mg, 0.0561 mmol, 67%) as a light yellow &aysR = 0.33
(EtOAc/hexane = 1/19 v/viH NMR (CDCk, 400 MHz)6 2.35-2.43 (m, 4H), 2.98-3.06 (m, 4H), 6.24,
(s, 4H), 6.65 (s, 4H), 7.06-7.09 (m, 8H), 7.21-7(82 32H) ppm3C NMR (CDCk, 100 MHz)s 32.5
126.7, 127.3, 127.4, 128.1, 128.1, 128.1, 130.3,8,325.9, 137.6, 140.6, 142.1, 144.1 ppm. HRMS
(APCI) calcd. for GoHs7 [M+H]*: 921.4455, found: 921.4438. Elemental analysisccdbr G-Hss: C
93.87 H 6.13, found: C 93.95 H 6.1R,\-DPh2 was obtained by the same procedure in 51% isolated
yield.

Synthesisof MPh1. A mixture of 2,5-dibrom@-xylene @) (132.0 mg, 0.500 mmoly (241.6 mg, 1.05
mmol), Pd(dba) (22.9 mg, 0.0250 mmol), PP{26.2 mg, 0.100 mmol), CsG@84.2 mg, 2.10 mmol)
and 1,4-dioxane (15.0 mL) was placed in a roundebotlask equipped with a magnetic stirring bar.
After degassing the reaction mixture several tirttes reaction was carried out at 100 °C for 24 t wi
stirring. After the reaction mixture was cooledrtmm temperature, precipitates were removed by
filtration, and the solvent was removed with a rptavaporator. The residue was purified by column
chromatography on SKYCHCk/hexane = 1/3 v/v as an eluent) and recrystalbratiom CHC} and
MeOH (good and poor solvent, respectively) to afffPhl (115.1 mg, 0.371 mmol, 74%) as a
colorless crystaR: = 0.51 (CHC{/hexane = 1/3 v/v}H NMR (CDCk, 400 MHz)5 2.44 (s, 6H), 7.03,
(d,J = 16.1 Hz, 2H), 7.26 (] = 7.1 Hz, 2H), 7.31, (d = 16.1 Hz, 2H), 7.37 (] = 7.3 Hz, 4H), 7.44

(s, 2H), 7.53, (dJ = 7.3 Hz, 4H) ppm*3C NMR (CDCk, 100 MHz)d 19.5, 126.3, 126.6, 127.3, 127.5,
128.7, 129.6, 133.6, 135.6, 137.9 ppm. HRMS (AR@lgd. for GsHzs [M+H]": 311.1794, found:
311.1788. Elemental analysis calcd. fogH,: C 92.86 H 7.14, found: C 92.72 H 7.21.

Synthesis of MPh2. A mixture of 2,5-dibrom@-xylene @) (132.0 mg, 0.500 mmol2,(321.5 mg, 1.05
mmol), Pd(dba) (22.9 mg, 0.0250 mmol), PP{26.2 mg, 0.100 mmol), CsG@84.2 mg, 2.10 mmol)

and 1,4-dioxane (15.0 mL) was placed in a roundebotlask equipped with a magnetic stirring bar.
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After degassing the reaction mixture several tirttes reaction was carried out at 100 °C for 24 tn wi
stirring. After the reaction mixture was cooledrtim temperature, precipitates were removed by
filtration, and the solvent was removed with a rptavaporator. The residue was purified by column
chromatography on SKJCHCL/hexane = 1/4 v/v as an eluent) and recrystalbnatiom CHC} and
MeOH (good and poor solvent, respectively) to affdfPh2 (105.6 mg, 0.228 mmol, 46%) as a
colorless crystaR: = 0.39 (CHC{/hexane = 1/4 v/v}H NMR (CDCk, 400 MHz)5 1.96 (s, 6H), 6.56,

(s, 2H), 6.88 (s, 2H), 7.07-7.10 (m, 4H), 7.21-7(25 6H), 7.26-7.34 (m, 10H) pprifC NMR (CDC,

100 MHz)¢ 19.5, 127.0, 127.1, 127.4, 128.0, 128.0, 128.0,6,3131.0, 133.5, 135.4, 140.4, 143.0,
143.7 ppm. HRMS (APCI) calcd. forsgis: [M+H]": 463.2420, found: 463.2414. Elemental analysis
calcd. for GeHzo: C 93.46 H 6.54, found: C 93.46 H 6.62.
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Chapter 9

Control of Optical and Chiroptical Propertieswith
Metal-Induced Higher-Ordered Structure

Based on Planar Chiral Tetrasubstituted [2.2]Par acyclophane

Abstract
Optically activemetaarylene-ethynylene dimers with pyridine groupsdshsn a planar
chiral 4,7,12,15-tetrasubstituted [2.2]paracycloghavere synthesized. The enantiopure
higher-ordered structures were controlled by pwadhg(l) coordination or formation of
excimer. Their optical and chiroptical propertiesfdre and after Ag(l) coordination were
investigated by UV-vis, photoluminescence (PL)cular dichroism (CD) and circularly
polarized luminescence (CPL) spectra. Although ampounds exhibited no specific
interactions in the ground state before Ag(l) camation, the compound having the pyrene
units constructed higher-ordered structure derifiemn the excimer, which enhanced
chiroptical property. After Ag(l) coordination, thstructural change was observed. The
intramolecular interaction of the pyrene units vedxserved in the ground state, and static
excimer properties were observed because af-thenteraction in the excited state. Titration
of Ag(l) revealed that the difference coordinatrmrmber of the compounds from two to four
Ag(l) ions. Optical and chiroptical properties sagted the existence of intramolecular Ag(l)-
7 interaction. The chirality was enhanced by th&rlggher-ordered structure in the ground
state. These unique and unprecedented properties atieibuted to the rigid planar chiral

[2.2]paracyclophane framework.
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I ntroduction

Stimuli-responsive materials have a potential fariaus applications to photochemistry
biochemistry, shape memory polymérand supramolecular molecular assenitBgpecially,
stimuli-responsive optically active compounds @&eeived much attention for next-generation
materials with advanced technique based on chifalithe chiral properties are informative
and sensitive to structural change. In additioay thre often enhanced by forming the optically
active higher-ordered structute€Cozzi, Siegel and co-workers suggested the ndvettibn
for the design of double-helical structure with teral scaffold and metal ion coordination
method’ Otera and coworkers constructed the double-hedicatture based on rigid arylene-
ethynylene groups with the pyridine-Ag(l) coordinat strategy. They used an enantiopure
binaphthyl group as the chiral scaffold and invggtted the construction of the double-helical
structure with CD spectra. It is possible to obthmenantiopure higher-ordered structure with
the chiral scaffold. As a new chiral scaffold, tlaethor focused on a planar chiral
[2.2]paracyclophane framewofkRecently, our research group reported opticallutisn
methods of the planar chiral [2.2]paracyclophaned eevealed their unique chiroptical
properties, especially in circularly polarized lm@scence (CPL) propertyThe planar chiral
[2.2]paracyclophane framework can be used as & kbiral source and received much
attention for new chiral building blocR.In this chapter, the author designeétaarylene-
ethynylene system containing pyridinyl groups usanglanar chiral 4,7,12,15-tetasubstituted
[2.2]paracyclophart€®d as the chiral scaffold. The [2.2]paracyclophani isnocated at the
center of the molecule, and the molecule has alyhigymmetrical structure, which makes
structural analysis clear. Pyrene groups are intred in the terminal units to investigate
intramolecular interaction and the structural cleabgsed on the excimer formatigri3As a
result, the author observed unique chiroptical ertips and interesting intramolecular

interaction with stimuli-responsive system.
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Results and Discussion
Synthesis

The optical resolution of planar chiral 4,7,12,#%dsubstituted [2.2]paracyclophane was
carried out using the diastereomer method in Chapteand the obtained enantiopure
compounds were converted to the correspondingp)-( and &)-4,7,12,15-
tetraethynyl[2.2]paracyclophan&$.Schemes 1 and 2 show the synthetic routes toatgett
optically active compounds-Butyl groups inN-Py were introduced to provide solubility to
the target compounds in organic solvents such a€zldnd CHC4.

As shown in Scheme 1, one of bromides of 4,9-dilordn2,3,6,7,8-hexahydropyrefhavas
converted ton-butyl group with 1-bromobutane to afford compouadThe 1,2,3,6,7,8-
hexahydropyrene ring of compouBavas oxidized to the pyrene ring witkchloranil to obtain
compound3 in 42% isolated yield froml. Sonogashira-Hagihara coupling reactfoof
compound3 was carried out with TMS-acetylene in the catalgtistem of Pgdba)/Cul using
dppf as a phosphine ligand to obtain compodnd’he TMS group of compound was
deprotected to afford compoumldn 58% isolated yield fron3. lodide of compoun&® was
reacted chemoselectively with 2-bromo-6-iodopymdiio obtain compoundin 78% isolated
yield. Compound3 was reacted in the presence of a catalytic amoluRth(dbak to obtain
compound? in 26% isolated yield.

Scheme 2 shows the synthesis of the target pldniea compoundsN, N-Ph andN-Py,
respectively. In this scheme, only the reactionthef)-isomers are shown; thBd)-isomers
were synthesized under the same conditions as ftina{Rp)-Cp. Sonogashira-Hagihara
coupling reaction of$)-Cp was carried out with 2-iodopyridirein the catalytic system of
Pa(dbay/Cul using dppf as a phosphine ligand to obtain maund &)-N in 64% isolated

yield. Using the same procedur&){N-Ph and &)-N-Py were obtained in 15% and 62%
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isolated yields, respectively. The reaction wasiedrout at 80 °C because the reactivity of
bromide in compoundg and9 was less than that of iodide in compo@ad

Scheme 3 shows the synthesis and predicted steuatug(l) coordinated complexeS)-
N, ($)-N-Ph and &)-N-Py. Ag(l) coordination reactions were carried outhe presence of
excess of AgOTTf to obtairgf)-N-Ag, (S)-N-Ph-Ag and &)-N-Py-Ag. The structures of all
new compounds in this study were confirmed by and 3C NMR spectroscopy, high-
resolution mass spectrometry (HRMS), and elemeatalysis; the detailed synthetic
procedures and NMR data are shown in the experahseattion.
Ag(l) Coordinated Compounds

Ag(l) coordination was confirmed B4 NMR spectra. Figure 1 shows th¢ NMR spectra
of (S)-N ($)-N-Ag, (S)-N-Ph and &)-N-Ph-Ag. The 'H NMR spectrum of $)-N-Ag
indicated downfield shift of i Hb, Hc and H relative to those of)-N. The 'H NMR
spectrum of §)-N-Ph-Ag indicated that the hydrogens of pyridine units, Hb, and H, were
downfield-shifted relative to those dij-N-Ph. On the other hand,d&nd R exhibited clear

upfield shift. This is because of the shield effefcthe benzene rings located at the other side.

Scheme 1. Synthesis of compound
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Scheme 2. Synthesis of%)-N, N-Ph andN-Py
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Scheme 3. Synthesis and predicted structures®jJ-N-Ag, N-Ph-Ag andN-Py-Ag
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Hr exhibited almost the same chemical shift becaosentield shift by Ag(l) ions and upfield
shift by benzene rings were balanced. Differenceobibility between before and after Ag(l)
addition indicates the Ag(l) coordinatior&)-N-Ag was dissolved in C¥CN, while &)-N
was not dissolved in GIEN. ($)-N-Ph-Ag was dissolved in MeOH, whil&{)-N-Ph was not
dissolved in MeOH. $%)-N-Py-Ag was dissolved in C¥CN, while &)-N-Py was not
dissolved in CHCN. However, onceS)-N-Py-Ag was dissolved in C¥CN, Ag(l) ion was
removed from &)-N-Py-Ag and &)-N-Py. In this case, AgQOTf was more stable inCN
than in the &)-N-Py-Ag complex. MS spectra could detect the Ag(l)-cocatkad species,
however, the only mono-coordinated compounds wetected (Rp)-Isomers exhibited the

same properties as those §f){isomers.

(Sp-N-Ph Hb

. . bem(H) : . : : : pEmCH)
9 8 7 82 8 78 76 74 72

Figure 1. 'H NMR spectra of (A) %)-N and &)-N-Ag (B) ($)-N-Ph and &)-N-Ag-Ph
in CDCl.

The structure ofac-N-Ag was confirmed by X-ray single crystal analysigjufe 2 shows
the structures afac-N andrac-N-Ag obtained by X-ray single crystal analysis. Fouragen
atoms ofrac-N directed outside of the structure, whereas thegen atoms ofac-N-Ag

directed inside of the structure; Ag(l) ion wasdaithed by two nitrogen atoms of pyridine
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groups at thdrans position. The angle of N(1)-Ag(1)-N(2) (174.6°) svalmost planar,
whereas that of N(3)-Ag(2)-N(4) (161.6°) was natnalr because one of oxygen atoms of the
OTf group combined with the Ag(l) atom (bond lengflfO(1)-Ag(2) was 2.640 A, which was
shorter than the sum of van der Waals radii, 3.2 a result, the structure ifc-N-Ag was
formed by two Ag(l) ion combined withac-N. Although X-ray single crystal structures of
($)-N-Ag, (S9)-N-Ph-Ag and &)-N-Py-Ag were not obtained, it was predicted that they

formed the same complexesras-N-Ag.

Figure 2. ORTEP drawings of (Ayac-N and (B)rac-N-Ag (50% probability for
thermal ellipsoids). Hydrogen atoms and one of Qdfigs are omitted to clarify.

Optical Properties

The optical properties of both enantiomers withlangar chiral 4,7,12,15-tetrasubstituted
[2.2]paracyclophandl, N-Ph, andN-Py as well as their Ag(l)-coordinated complexXés\g,
N-Ph-Ag, andN-Py-Ag were evaluated. The optical and chiroptical datasammarized in
Tables 1 and 2, respectively. The UV-vis absorpsipectra and the PL spectra were obtained
in the dilute CHCI2 solutions (1.0 x 18 M for N, N-Ph, N-Ag andN-Ph-Ag; 5.0 x 10° M
for N-Py andN-Py-Ag).

Figure 3 shows the UV-vis absorption spectraNgfN-Ph, and N-Py and the Ag(l)

complexeN-Ag, N-Ph-Ag, andN-Py-Ag. All of the absorption spectra changed after Ag(l)
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coordination. The absorption spectra of Ag(l) coemplk exhibited bathochromic shift
compared with those of non-coordination compoungstd the increase of planarity (Figure
2). Especially in th&-Py andN-Py-Ag, the vibration bands of pyrene from 350 nm to A60
disappeared, and absorption edge exhibited batbhootrshift drastically. This is because of
intramolecularn-n interaction of the pyrene units by conformatiorarte due to Ag(l)
coordination in the ground state. Figure 4 showsRh spectra dN, N-Ph, andN-Py and the
Ag(l) complexesN-Ag, N-Ph-Ag, andN-Py-Ag. There were few changes before and after
Ag(l) coordination ofN because of the identical planarity of the struesun the excited state.
N-Ph exhibited almost the same propertiedNoiN-Py exhibited the two peaks attributed to
the same structure dfor pyrene emission (419 nax 1.18 ns) and pyrenes excimer emission
(491 nmg = 7.79 ns). On the other haridkPy-Ag exhibited the only one peak top at 535 nm.
According to the PL lifetime measurement, the I&hglifetime derived from the excimer was
not observed. This indicates that the pyrene wifitd-Py-Ag were interacted more strongly

both in the ground state and in the excited state.

Table 1. Optical properties: Spectroscopic data

Jab@inm €/ 10 M7lem™)  Jum/nm - °/ns 7 Dum
(S)-N 342 (0.63) 421 6.05 1.02 0.59
(S)-N-Ag 378 (0.66) 427 2.42 1.07 0.24
(S)-N-Ph 276 (1.05), 356 (0.91) 417 3.96 1.04 056
(S)-N-Ph-Ag 285 (0.79), 393 (1.14) 424 1.27 1.06 0.35
(S)-N-Py 361 (1.77), 379 (1.69)  419,49% 1.18(76.2%) 1.23  0.50

7.79 (23.8%)

(S)-N-Py-Ag 389 (1.34) 538 0.69 (51.5%) 1.23  0.04

1.64 (48.5%)

2 1n CHCl2 (1.0 x 10° M); excited at absorption maxima for PLIn CHCl2 (5.0 x 10°
M). ¢ Emission lifetime atum. ¢ Absolute PL quantum efficiencyDetected at 491 nm.
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Figure 3. UV-vis absorption spectra of (&) andN-Ag in the dilute CHCI2 (1.0 x 10°
M), (B) N-Ph andN-Ph-Ag in the dilute CHCI2 (1.0 x 10° M), (C) N-Py andN-Py-Ag in

the dilute CHCI2 (5.0 x 106 M).
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Figure4. PL spectra of (AN andN-Ag in the dilute CHCI2 (1.0 x 10° M), (B) N-Ph and
N-Ph-Ag in the dilute CHCI2 (1.0 x 10° M), (C) N-Py andN-Py-Ag in the dilute CHCI2

(5.0 x 10° M).

Chiroptical Properties

The chiroptical properties of the ground and excitates of §)- and R»)-N, N-Ph, and

N-Py and the Ag(l) complexe$&{)- and Rp)-N-Ag, N-Ph-Ag, andN-Py-Ag were investigated

by CD and CPL spectroscopy. The spectra were alfamthe dilute CECl2 solutions (1.0 x

10° M for N, N-Ph, N-Ag andN-Ph-Ag; 5.0 x 10® M for N-Py andN-Py-Ag). Chiroptical

data, such as CD and CPL dissymmetry faé{gersandgum, respectively) are summarized in

Table 2.
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Table 2. Chiroptical properties: Spectroscopic data%jf-{somers

|gabs, maff / 1073 Qabd / 1073 gum / 107 at Aum, maf
(S)-N 4.1 -1.8 -2.8
($)-N-Ag 4.6 -2.8 -25
($)-N-Ph 2.5 -0.74 -1.2,+0.25
($)-N-Ph-Ag 7.0 +2.6 +0.29
(S)-N-Py 1.2 +0.6 +6.7
($)-N-Py-Ag 3.1 +2.3 +1.5

@ gabs = 2Ac¢le, whereAe indicates differences of absorbance betweendefi-right-handed
circularly polarized light, respectively. The maxim gabs value of the CD spectra was
estimated® Thegabs value of the first peak top was estimategum = 2(lieft — lright)/(liert +
Iright), whereliert andlright indicate luminescence intensities of left- andhtiganded CPL,
respectively.

Figure 5 shows the CD and absorption spectr&pf énd Rp)-N, N-Ph, andN-Py and the
Ag(l) complexes &)- and Rp)-N-Ag, N-Ph-Ag, andN-Py-Ag. In all cases, mirror image
Cotton effects were observed in the CD spectra.shagpe of the spectra &)- and Rp)-N
andN-Ag were similar, whereas the maximuyps values ofN-Ph andN-Py were enhanced
after Ag(l) coordination. The maximugassvalues were estimated to be 4.1 x310r (S)-N,
4.6 x 103 for (S)-N-Ag, 2.5 x 103 for (S)-N-Ph, 7.0 x 103 for (S)-N-Ph-Ag, 1.2 x 103 for
($)-N-Py, and 3.1 x 1@ for (S)-N-Py-Ag, respectively, suggesting the major structural
change betweeN-Ph andN-Ph-Ag or N-Py andN-Py-Ag. The higher-ordered structures of
N-Ph-Ag andN-Py-Ag are discussed in the Ag(l) titration section.

Figure 6 shows the CPL and PL spectra$)-(and Ro)-N, N-Ph, andN-Py and the Ag(l)
complexes %)- and Rv)-N-Ag, N-Ph-Ag, andN-Py-Ag. Mirror image CPL spectra were
observed for the enantiomers. The shape of thespBttra of &)- and Rp)-N andN-Ag were
similar with the same reason as the CD spectrah®mther hand, the CPL signal of tke
Ph-Ag was almost silent at the PL peak top, andgtiwevalues of longer wavelength (around

530 nm) were identical with those K£Ph (gum = +0.25 x 10° for N-Ph and +0.29 x 10 for
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N-Ph-Ag). It was considered that the PL at around 530 &% derived fronx-n interaction of
terminal benzene ring®l-Py exhibited highegum value @um = +6.7 x 10% thangabs value
(gabs= +0.6 x 10°%) becausd&\-Py formed higher-ordered structure in the excitetestdth an
excimer of the pyrene groups. On the other hahkBy-Ag did not exhibit such enhancement
(gum = +1.5 x 102, gabs= +2.3 x 10°), indicating thalN-Py-Ag formed almost similar structure
both in the ground and excited states. Figure Avshthe predicted Ag(l)-coordination
structures with the exciton coupling theory frora @D and CPL spectféin the CD and CPL
spectra, the first Cotton effect dyJ-N-Ph-Ag and &)-N-Py-Ag exhibited positive signal.
These results suggest the zig-zag dimer conformafibe excimer also formed the same
structure in the excited state.
Ag(l) Titration M easurement

Titration of AgOTf to Rp)-N, N-Ph andN-Py was carried out in the dilute mixed
CH2Cl2/DMF = 95:5 v/v solution (1.0 x I®M). DMF was used for the preparation of AQOTf
solution because CElI2 is not good solvent for AgOTf. Figures 8, 9 andsh@w the results
of titration of Rp)-N, N-Ph andN-Py monitored by the CD spectra, respectively. Blaok |
exhibited the spectra of Ag(l) complexd®)¢N-Ag, N-Ph-Ag andN-Py-Ag in the dilute
CH2Cl2 (1.0 x 10° M for (Ry)-N-Ag andN-Ph-Ag; 5.0 x 10° M for (Ry)-N-Py) discussed in
the previous section. Figure 8A shows the totedtiitn spectra ofRp)-N, and Figure 8A is
divided into Figures 8B and 8C to clarify. Spectthhnge was completed with 2.0 eq. of
AgOTf, which is identified with the coordination mier of R)-N. On the other hand, as
shown in Figure 9, the spectral change Ry)N-Ph was not completed with 2.0 eq., and 4.0
eg. of AgOTf was required. The spectral change swaslar to (p)-N from 0.0 to 2.0 eq.,
whereas the chirality was drastically enhanced feodnto 4.0 eq. The property d®y)-N-Ph-
Ag obtained from the reaction was similar to the Itesfter the addition of 4.0 eq. of AgOTH.

These results suggest that intramolecular Ag{hteractior® occurred from 2.0 to 4.0 eq. and

198



Chapter 9

that the interaction made the structure more rigjrek resulting structure enhanced the chirality
in the ground state. Titration of AgOTf t&))-N-Py (Figure 10) exhibited the almost same
results as those oRf)-N-Ph. Figure 11 shows the titration results of AQOT{Rp)-N or (Rp)-

N-Ph monitored by the CPL spectra. Then value of Ro)-N-Ph rapidly decreased at the 3.2

0.0 eq. —» 4.0 eq. 0.0eq. - 1.0eq. 1.0eq. > 2.0eq. —» 4.0 eq.
(A) 5o  AgOT ®) 5, © 50 Bt
.0eq.
4.0 AgOTf 40 — 1.2eq.
— 0.0 eq. — 16eq.
3.0 — 0.4eq. 3.0 — 2.0eq.
® © — 0.8eq. o \ 2.2eq.
o 5 20 — 1.0eq. 5 20 \| — 4.0eq.
Z Z Z « W — N-Ag
2 2 1.0 2 1.0 \
g 4 &
[=2] (=] [=2]

-1.0 -1.0

-2.0 -2.0

o
©
o
©

o
o
o
o

-
o o
N =
1-WOr-N c0T / 3
o o
N =
1-Wor-N g0T /3
o
~
1-WOr-N ¢0T / 3

o
< €
o

0.2

S L
o

260 300 340 380

N
N
o

260 300 340 380 260 300 340 380
Wavelength / nm Wavelength / nm Wavelength / nm

N
N
o

Figure 8. gabs(top) and UV-vis absorption (bottom) spectra ofoNd titration of Rp)-N in
the dilute CHCIl2/DMF = 95/5 v/v solution (1.0 x I®M). Black line shows the spectra of
N-Ag in the dilute CHCI2 (1.0 x 10° M). (A) AgOTHf titration from 0.0 eq. to 4.0 eqBY
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eq. of AgOTf (Figure 11B) whereas them value of R)-N did not change from 2.2 eq. b
Ag (and excess of AgOTf). Considering the fact theg dabs value of Rp)-N-Ph rapidly
increased at 3.2 eq. of AgOTTf, the intramoleculg(lfx interaction was clearly observed at
3.2 eq. of AgOTf. The predicted conformational des with various stimulation are

summarized in Figure 12.
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Py in the dilute CHCI/DMF = 95/5 v/v solution (1.0 x I8 M). Black line shows the
spectra oN-Ph-Ag in the dilute CHCI2 (5.0 x 10° M). (A) AgOTf titration from 0.0 eq.
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Figure 11. gum (top) and PL (bottom) spectra of AQOTf titratioin(A) (Rp)-N and (B) Rn)-
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n-1 Interaction in the ground state Ag-7 interaction

Figure 12. Mechanism of Ag(l)-coordination behaviors and exei form.
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Conclusions

Optically activem-phenylene-ethynylene dimers containing pyridineugs with a planar
chiral 4,7,12,15-tetrasubstituted [2.2]paracycloghavere synthesized. Pyridine groups can
form trans-coordination structure with Ag(l) ion. The opticald chiroptical properties before
and after Ag(l) coordination were investigated by, ®L, CD and CPL spectra. Before Ag(l)
coordination, all compounds exhibited no specifteractions in the ground state. On the other
hand, the pyrene ®f-Py formed higher-ordered structure derived from tki@raer. As a result,
(S))-N-Py showed the enhancegm values ¢um = +6.7 x 10°) in the excited state compared
with the gabs values @ans= +0.6 x 10°%) in the ground state. After Ag(l) coordination, b5
spectra of all compounds exhibited bathochromiét shie to increasing the planarity in the
ground state. The intramolecular interaction ofepg units oN-Py-Ag was observed in the
ground state, anbl-Py-Ag exhibited static excimer in the excited stateralibn of AQOTf
revealed that two Ag(l) ions were coordinatedNtavhereas four Ag(l) ions were coordinated
to N-Ph andN-Py. The maximungabs values were drastically enhanced from 2.0 to 4.0 e
AgOTf. Titration results and chiroptical propertissggested that the existence of Agq(l)-
interaction in theN-Ph and N-Py system and that the resulting higher-ordered strac
enhanced maximungaps values. These metal coordination properties arguen and
unprecedented, and the results are available fdti-made (optical and chiroptical) metal

sensing chemistry and stimuli-response CPL material
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Experimental Section

General. *H and®™C NMR spectra were recorded on JEOL EX400 and AlLia6Buments at 400 and
100 MHz, respectively. Samples were analyzed in GR@d CDRCl.. The chemical shift values were
expressed relative to M@ as an internal standard in CRCAnalytical thin layer chromatography
(TLC) was performed with silica gel 60 Merck F254tps. Column chromatography was performed
with Wakogel C-300 silica gel and aluminium oxide&ctive basic (0.063-0.200 mm, pH = 8.5-10.5).
High-resolution mass (HRMS) spectrometry was pemnat at the Technical Support Office
(Department of Synthetic Chemistry and Biologichb@istry, Graduate School of Engineering, Kyoto
University), and the HRMS spectra were obtained aoiThermo Fisher Scientific EXACTIVE
spectrometer for electrospray ionization (ESI),reeffno Fisher Scientific EXACTIVE spectrometer
for electron ionization (El) and a Thermo Fisheie8tific EXACTIVE spectrometer for atmospheric
pressure chemical ionization (APCI). Recyclablepprative high-performance liquid chromatography
(HPLC) was carried out on a Japan Analytical Inqu€t. Ltd., Model LC918R (JAIGEL-1H and 2H
columns) and LC9204 (JAIGEL-2.5H and 3H columnshg<HCE as an eluent. UV-vis spectra were
recorded on a SHIMADZU UV-3600 spectrophotometad samples were analyzed in £Hb at room
temperature. Fluorescence emission spectra weredest on a HORIBA JOBIN YVON Fluoromax-4
spectrofluorometer, and samples were analyzed ipCGHat room temperature. The PL lifetime
measurement was performed on a Horiba FluoroCuketrgifluorometer system; excitation was
carried out using a UV diode laser (NanoLED 375 .r@pecific rotations {]'c) were measured with
a HORIBA SEPA-500 polarimeter. Circular dichrois@8L) spectra were recorded on a JASCO J-820
spectropolarimeter with Ci&l, as a solvent at room temperature. Circularly jpzdalr luminescence
(CPL) spectra were recorded on a JASCO CPL-2008 @#tCl, as a solvent at room temperature.
Elemental analyses were performed at the MicrodicalyCenter of Kyoto University.

Materials. Commercially available compounds used withoutfmation: (Tokyo Chemical Industry

Co, Ltd.) 2-lodo-pyridine &), o-chloranil, trimethylsilylacetylene (TMS-acetylen®d(dba} (dba =
dibenzylideneacetone), 1,1'-bis(diphenylphospharodicene (dppf); (Wako Pure Chemical Industries,
Ltd.) 1-bromobutane, Cul, &0O;; (Kanto Chemical Co., Inc.p-butyllithium (n-BuLi, 1.6 M in

hexane); (Strem Chemicals Inc.) AgOTf (silver triftomethanesulfonate). Commercially available

solvents: MeOH (Wako Pure Chemical Industries, )..tthluene (deoxygenated grade, Wako Pure
Chemical Industries, Ltd.) used without purificatid HF (Wako Pure Chemical Industries, Ltd.) and

Et:N (Kanto Chemical Co., Inc.), purified by passalgetgh solvent purification columns under Ar
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pressuré® Compounds prepared as described in the literatur@s3-Dibromo-6,7-
bis(hexyloxy)naphthalene 1}°,  2,5-din-butylfuran  6)%°,  1,2-bis(hexyloxy)-4-iodo-5-[2-
(trimethylsilyl)ethynyllbenzenel0)?, (R,)- and &)-4,7,12,15-tetraethynyl[2.2]paracyclophan@.){
and &)-Cp).1%

Ag(l) Titration Measurement. Titration of AQOTf to &)-N, N-Ph andN-Py was carried out in the
dilute mixed CHCI,/DMF = 95:5 v/v solution (1.6x 10> M). DMF was used for the preparation of
AgOTTf solution because GBI, is not good solvent for AgOTTf. At firstRg)-N, N-Ph, N-Py and
AgOTf in the dilute mixed CkCIl/DMF = 95:5 v/v solution (5.0¢ 10* M) were prepared. Then,
AgOTTf solution (from O mL to 4.4 mL) was added B)¢N, N-Ph, N-Py solution (0.10 mL) and adjust
the total volume of 5.0 mL (1.8 10° M) by the CHCI/DMF = 95:5 v/v mixed solvent.

Synthesis of 2. A solution ofn-BuLi (1.65 M in hexane, 6.67 mL, 11.0 mmol) wagvely added to a
solution ofl (3.66 g, 10.0 mmol) in THF (100 mL) at —78 °C unde atmosphere. After 1.5 h, 1-
bromobutane (2.25 mL, 21.0 mmol) was added, andnik&ure was stirred for 12 h at —78 °C to room
temperature. The reaction mixture was quenchedh@yaddition of agueous NEI solution, and the
organic layer was extracted three times with GHThe combined organic layer was washed with brine
and dried over N&Qs. N&eSOs was removed by filtration, and the solvent wagpevated. Compound

2 was obtained and used for the next reaction withather purification.

Synthesis of 3. A mixture of2, o-chloranil (7.38 g, 30.0 mmol) and toluene (90 malgs placed in a
round-bottom flask equipped with a magnetic stgrar. After degassing the reaction mixture several
times, the reaction was carried out at reflux terapuee for 12 h. The residue was semi-purified by
flash column chromatography on neutraj@{ (toluene as an eluent). After removing the solytre
residue was purified by column chromatography dd,CHCk/hexane = 1/9 v/v as an eluent) to
afford 3 (1.78 g, 5.28 mmol, 53%) as a colorless sdid= 0.63 (CHC¥/hexane = 1/9 v/v}}H NMR
(CDCls, 400 MHz)s 1.03 (t,d = 7.3 Hz, 3H), 1.56 (sexd,= 7.6 Hz, 2H), 1.87-1.94 (m, 2H), 3.27t,

= 7.8 Hz, 2H), 7.93 (s, 1H), 8.01-8.08 (m, 2H),18(dl,J = 7.1 Hz, 1H), 8.18 (d] = 7.3 Hz, 1H), 8.39
(d,J=7.3 Hz, 1H), 8.42 (s, 1H), 8.53 (@= 7.1 Hz, 1H) ppm+C NMR (CDCk, 100 MHz)s 14.0,
23.0, 32.4, 33.2, 122.0, 122.3, 124.2, 124.3, 12¥24.6, 125.7, 126.1, 126.1, 126.5, 129.5, 130.7,
130.9, 131.2, 131.8, 138.1 ppm. HRMS (El) calcd. @aH:17Br [M]*: 336.0514, found: 336.0514.
Elemental analysis calcd. foedEl17Br: C 71.23 H 5.08, found: C 71.47 H 5.25.

Synthesis of 4. A mixture of3 (1.63 g, 4.82 mmol), Bftlba} (95.7 mg, 0.105 mmol), dppf (116 mg,
0.209 mmol), Cul (39.8 mg, 0.209 mmol), THF (25 nd)d EtN (25 mL) was placed in a round-
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bottom flask equipped with a magnetic stirring Wfter degassing the reaction mixture several times
trimethylsilylacetylene (1.80 mL, 12.5 mmol) waslad to the mixture via a syringe. The reaction was
carried out at 50 °C for 12 h. After the reactroixture was cooled to room temperature, precipstate
were removed by filtration, and the solvent waspevated. The residue was purified by column
chromatography on SKICHCl/hexane = 1/9 v/v as an eluent) to affdrdCompoundt was used for
the next reaction without further purification.

Synthesis of 5. KoCO;s (744 mg, 5.38 mmol) was added to a suspensidrniroMeOH (40 mL). After
the mixture was stirred for 20 h at room tempeggtltbO was added to the reaction mixture. The
organic layer was extracted with CH@hd washed with brine. The combined organic |ayees dried
over MgSQ. MgSQ. was removed by filtration, and the solvent waspevated. The residue was
purified by column chromatography on Si@HCk/hexane = 1/4 v/v as an eluent) and recrystalbpati
from CHCE and MeOH (good and poor solvent, respectivelgftord5 (787 mg, 2.79 mmol, 58%) as
a light yellow crystalR: = 0.58 (CHC{/hexane = 1/4 v/v)*H NMR (CDCk, 400 MHz)6 1.02 (t,J =
7.3 Hz, 3H), 1.56 (sexf,= 7.6 Hz, 2H), 1.86-1.94 (m, 2H), 3.26Jt 7.6 Hz, 2H), 3.54 (s, 1H), 7.91
(s, 1H), 8.00-8.06 (m, 2H), 8.13-8.16 (m, 2H), 8839 (m, 2H), 8.63 (d] = 7.8 Hz, 1H) ppm*C
NMR (CDClk, 100 MHz)¢ 14.0, 23.0, 32.4, 33.2, 81.6, 82.1, 119.0, 12128,0, 123.5, 124.9, 125.1,
125.3, 125.9, 126.3, 126.3, 130.1, 130.5, 130.6,203133.4, 137.8 ppm. HRMS (APCI) calcd. for
CaoHio [M+H]™: 283.1481, found: 283.1474. Elemental analysisccalor G-His: C 93.57 H 6.43,
found: C 93.61 H 6.29.

Synthesisof 7. A mixture of5 (400 mg, 1.42 mmol), 2-bromo-6-iodopyridir@ (402 mg, 1.42 mmol),
Pdx(dba) (32.5 mg, 0.0355 mmol), PP{87.2 mg, 0.142 mmol), Cul (13.5 mg, 0.071 mmoHF (20
mL) and EtN (10 mL) was placed in a round-bottom flask eqegbpvith a magnetic stirring bar. After
degassing the reaction mixture several times,ghetion was carried out at room temperature fdr.12
After the reaction, precipitates were removed liyation, and the solvent was evaporated. The vesid
was purified by column chromatography on Si(@HCk/hexane = 1/9 v/v as an eluent) and
recrystallization from CHGland MeOH (good and poor solvent, respectivelyafford 7 (486 mg,
1.10 mmol, 78%) as a colorless crystl= 0.54 (CHCl./hexane = 1/1 v/v)}H NMR (CDCk, 400
MHz) 6 1.03 (t,J = 7.3 Hz, 3H), 1.57 (sexd,= 7.4 Hz, 2H), 1.88-1.95 (m, 2H), 3.28J& 7.8 Hz, 2H),
7.50 (dd,J = 0.92, 8.0 Hz, 1H), 7.61 (,= 7.8 Hz, 1H), 7.67 (dd} = 0.84, 7.6 Hz, 1H), 7.94 (s, 1H),
8.03-8.10 (m, 2H), 8.19 (dd,= 2.3, 7.3 Hz, 2H), 8.41 (d,= 7.8 Hz, 1H), 8.49 (s, 1H), 8.70 = 7.6
Hz, 1H) ppm;**C NMR (CDCk, 100 MHz)¢ 14.0, 23.0, 32.4, 33.2, 89.5, 91.8, 118.7, 12P23,1,
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123.5, 125.0, 125.4, 125.4, 126.0, 126.3, 126.8,3,227.5, 129.8, 130.5, 130.6, 131.3, 133.9,8,37.
138.3, 142.0, 144.1 ppm. HRMS (APCI) calcd. forHz:BrN [M+H]": 438.0852, found: 438.0843.
Elemental analysis calcd. foRf20BrN: C 73.98 H 4.60 N 3.20 Br 18.23, found: C 74H0@.62 N
3.01 Br 18.09.

Synthesis of N. A mixture of &)-Cp (20.0 mg, 0.0657 mmol), 2-iodopyridin8) ((59.3 mg, 0.289
mmol), Pd(dba} (6.0 mg, 0.00657 mmol), dppf (7.3 mg, 0.0131 mmGbI (2.5 mg, 0.0131 mmol),
THF (2 mL) and EIN (2 mL) was placed in a round-bottom flask equippith a magnetic stirring bar.
After degassing the reaction mixture several tirttesyeaction was carried out at room temperature f
24 h. After the reaction, precipitates were remolediltration, and the solvent was evaporated. The
residue was semi-purified by flash column chromegphy on basic (pH = 8.5-10.5)8l; (EtOAC as

an eluent) and recrystallization from &k and hexane (good and poor solvent, respectivelgiford
(S)-N (25.7 mg, 0.0419 mmol, 64%) as a colorless cryRat 0.23 (EtOAC/CHCI, = 1/1 viv).*H
NMR (CD:Clz, 400 MHz)d 3.16-3.24 (m, 4H), 3.61-3.69 (m, 4H), 7.25 (s, AHB1 (ddd,] = 1.4, 4.8,
7.6 Hz, 4H), 7.65 (td) = 1.2, 7.8 Hz, 4H), 7.75 (di,= 1.8, 7.7 Hz, 4H), 8.67 (ddd= 0.96, 1.7, 4.8
Hz, 4H) ppm3C NMR (CD:Clz, 100 MHz)d 33.2, 88.5, 94.9, 123.4, 125.3, 128.0, 135.5,8,3613.2,
143.9, 150.6 ppm. HRMS (ESI) calcd. fog829N4 [M+H]*: 613.2387, found: 613.2364R4)-N was
obtained by the same procedure in 86% isolated y{&))-N: [o]*> = -96.4 ¢ 0.1, CHCl,). (Ro)-N:
[0]* = +97.7 € 0.1, CHCly).

Synthesisof N-Ph. A mixture of &)-Cp (30.0 mg, 0.0986 mmol), 2-bromo-6-(phenylethynyljgine

(9) (127 mg, 0.493 mmol), R@ba} (9.0 mg, 0.00986 mmol), dppf (10.9 mg, 0.0197 mpoul (3.8
mg, 0.0197 mmol), THF (3 mL) andt (3 mL) was placed in a round-bottom flask equippdth a
magnetic stirring bar. After degassing the reactioxture several times, the reaction was carried ou
at 80 °C for 24 h. After the reaction, precipitatesre removed by filtration, and the solvent was
evaporated. The residue was semi-purified by ftadbmn chromatography on SIQCH,Cl./EtOAc =

9/1 viv as an eluent). Further purification wasriear out by HPLC with CHGland flash column
chromatography on basic (pH = 8.5-10.5)@ (CH.CI./EtOAc = 19/1 v/v as an eluent). The purified
sample was collected by lyophilization with benzemefford &)-N-Ph (14.6 mg, 0.0144 mmol, 15%)
as a colorless powdd® = 0.23 (CHCI,). *H NMR (CD,Cl,, 400 MHz)d 3.21-3.29 (m, 4H), 3.66-3.74
(m, 4H), 7.32 (s, 4H), 7.39-7.44 (m, 12H), 7.51,@@d 0.72, 7.6 Hz, 4H), 7.61-7.66 (m, 8H), 7.72 (dd,
J=0.72, 7.8 Hz, 4H), 7.78 (,= 7.8 Hz, 4H), ppm*3C NMR (CD,Cl,, 100 MHz)s 33.0, 88.9, 88.9,
89.6, 94.6, 122.4, 125.4, 126.9, 127.4, 128.9,6,2832.4, 135.8, 137.1, 143.2, 144.1, 144.2 ppm.
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HRMS (ESI) calcd. for @HasN4 [M+H]*: 1013.3639, found: 1013.3624. Elemental analyaisic for
CreHaaN4: C 90.09 H 4.38 N 5.53, found: C 89.51 H 4.51 AlI75(R,)-N-Ph was obtained by the same
procedure in 21% isolated yiel&,(-N-Ph: [«]*s = +16.8 ¢ 0.1, CHCL,). (Ry)-N-Ph: [a]*} = -16.5

(c 0.1, CHCIy).

Synthesis of N-Py. A mixture of &)-Cp (20.0 mg, 0.0657 mmol}, (118 mg, 0.270 mmol), R@ba}
(6.0 mg, 0.00657 mmol), dppf (7.2 mg, 0.00657 mmGhI (2.5 mg, 0.00657 mmol), THF (12 mL)
and EtN (12 mL) was placed in a round-bottom flask eqgebpvith a magnetic stirring bar. After
degassing the reaction mixture several times, ahetion was carried out at 80 °C for 24 h. After th
reaction, precipitates were removed by filtratiang the solvent was evaporated. The residue wds sem
purified by flash column chromatography on S{CHCk as an eluent) and further purification was
carried out by HPLC with CHEIto afford &)-N-Py (70.7 mg, 0.0408 mmol, 62%) as a light yellow
powder.R; = 0.68 (CHCY). *H NMR (CDCk, 400 MHZz)d 1.02 (t,J = 7.4 Hz, 12H), 1.56 (sex},= 7.6

Hz, 8H), 1.85-1.93 (m, 8H), 3.24 (= 7.8 Hz, 8H), 3.24-3.33 (m, 4H), 3.73-3.81 (m,)4F40 (s,
4H), 7.57 (dd,) = 2.4 6.5 Hz, 4H), 7.80-7.85 (m, 8H), 7.97)(t 7.8 Hz, 4H), 8.02 (] = 7.7 Hz, 4H),
8.12 (d,J = 7.6 Hz, 8H), 8.34 (d] = 7.6 Hz, 4H), 8.43 (s, 4H), 8.70 (db= 0.84, 7.8 Hz, 4H) ppm;
13C NMR (CDCE, 100 MHz)6 14.0, 23.0, 32.4, 32.9, 33.2, 88.2, 89.3, 93.13,9419.1, 122.7, 123.3,
123.6, 125.0, 125.2, 125.3, 125.4, 125.9, 126.8,4,226.7, 127.2, 129.9, 130.6, 131.3, 133.7,7,35.
136.7,137.7, 142.7, 144.1, 144.3 ppm. HRMS (ARGI}d. for GaHeaN, [M+H]*: 1733.7395, found:
1733.7371.R,)-N-Py was obtained by the same procedure in 58% isola&idl

Ag(l) Complexes. The preparation methods of the Ag(l)-coordinatethpounds, %)-N-Ag, (S)-N-
Ph-Ag and &)-N-Py-Ag are as follows. Ag(l) coordination was confirmeg KMR spectra. The
difference of solubility between starting compoumds the obtained compounds supported the Ag(l)
coordination. Although Ag(l) coordination was alsonfirmed by MS spectrairans-N-N-Ag(l)
coordinate compounds having two coordination sitese usually detected as mono-coordinate
compounds by the MS spectra. Yields 8f){N-Ph-Ag and &)-N-Py-Ag are not described because
the coordination number of the obtained compounésat clarified.

Preparation of N-Ag. A mixture of &)-N (10.0 mg, 0.0163 mmol) and AgOTf (16.8 mg, 0.0652
mmol) was placed in a round-bottom flask equippéti & magnetic stirring bar. After degassing the
reaction mixture several times, &&l, (1.0 mL) was added to the mixture. The reaction varied out

at reflux temperature for 14 h. After the reactialt, CH,Cl, was dried over in the same flask. The

residue was dissolved in GEl; and filtered to remove excess AgOTf. After theveal of filtrate was
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evaporated, the residue was dissolved in@¥H and filtered to remove unreactef}){N. After the
solvent of filtrate was evaporated, repreticipatigith CH,Cl, and hexane (good and poor solvent
respectively) was carried out to affoig)tN-Ag (16.1 mg, 0.0143 mmol, 88%) as a light yellowdoli
(S)-N was not dissolved in GEN, but &,)-N-Ag was dissolved in C}#€N. *H NMR (CD.Cl, 400
MHz) § 3.05-3.14 (m, 4H), 3.49-3.57 (m, 4H), 7.30 (s, 4H§0 (ddd,) = 7.6 5.5, 1.3 Hz, 4H), 7.82 (d,
J=7.6 Hz, 4H), 8.00 (df] = 7.8, 1.6 Hz, 4H), 9.07 (d,= 4.7 Hz, 4H) ppm*3C NMR (CDCk, 100
MHz) 6 32.8,91.9,94.2,119.5,122.7, 125.1, 125.4.2,2%85.4, 139.7, 143.5. 143.8, 153.8 ppm (only
two peaks of quartet GFpeaks of trifluoromethanesulfonate are detecteiRMS (ESI) calcd. for
CaaH2aN4Ag [M-Ag(OTH)2]*: 719.1359, found: 719.13465f-N-Ag: [a]*> = —33.4 ¢ 0.1, CHCl,).
(Ro)-N-Ag: [a]*% = +36.2 € 0.1, CHCl,).

Preparation of N-Ph-Ag. A mixture of &)-N-Ph (10.0 mg, 0.00987 mmol) and AgOTf (25.4 mg,
0.0987 mmol) was placed in a round-bottom flaskigaed with a magnetic stirring bar. After
degassing the reaction mixture several times;CH1.0 mL) was added to the mixture. The reaction
was carried out at reflux temperature for 20 heAthe reaction, all CKl, was removed in vacuo.
The residue was dissolved in g, and filtered to remove excess AgOTf. After theveatl of filtrate
was evaporated, the residue was dissolved in Me@Hiltered to remove unreacte®,))-N-Ph. After

the solvent of filtrate was evaporated, repretitipawith CHCI, and hexane (good and poor solvent
respectively) was carried out to affoi®)(N-Ph-Ag (13.7 mg, 0.00897 mmol) as a light yellow solid.
(S)-N-Ph was not dissolved in G@H, but &)-N-Ph-Ag was dissolved in C¥DH. *H NMR (CD.Cls,
400 MHZ)6 3.12-3.20 (m, 4H), 3.56-3.64 (m, 4H), 7.25-7.29 §id), 7.32-7.35 (m, 8H), 7.39-7.44 (m,
4H), 7.45 (s, 4H), 7.80 (dd,= 7.8, 0.96 Hz, 4H), 7.90 (dd,= 7.8, 0.96 Hz, 4H), 8.13 (1,= 7.8 Hz,
4H) ppm;=C NMR (CDCE, 100 MHz)s 33.0, 87.3, 93.0, 93.7, 95.6, 120.4, 124.9, 1298,5, 128.7,
130.6, 132.6, 135.8, 140.7, 143.9, 144.3, 145.1 fqunartet Ck peaks of trifluoromethanesulfonate
are not detected). HRMS (ESI) calcd. fostiNsAg [M-Ag(OTf),]": 1119.2611, found: 1119.2607.
(Ry)-N-Ph-Ag was obtained by the same proceduss)--Ph-Ag: [¢]*> = +172.0 ¢ 0.1, CHCL,).
(Ro)-N-Ph-Ag: [0]*®> =—-195.2 € 0.1, CHCL).

Preparation of N-Py-Ag. A mixture of &)-N-Py (20.0 mg, 0.0115 mmol) and AgOTf (29.5 mg, 0.115
mmol) was placed in a round-bottom flask equippéti & magnetic stirring bar. After degassing the
reaction mixture several times, @, (2.0 mL) was added to the mixture. The reaction earied out

at reflux temperature for 20 h. After the reactiath, CH.Cl; was removed in vacuo. The residue was

dissolved in CHGland filtered to remove excess AgOTf. After theveal of filtrate was evaporated,
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repreticipation with CHGland hexane (good and poor solvent respectivelg)caaried out to afford
(S)-N-Py-Ag (19.9 mg, 0.00885 mmol) as a light yellow solig){N-Py was not dissolved in GEN,
but (&)-N-Py-Ag was dissolved in C4#N. However, wheng,)-N-Py-Ag was dissolved in C¥CN,
insoluble compoundsSf)-N-Py precipitate because the Ag coordination $j-N-Py-Ag was weak.
HRMS (ESI) calcd. for GHgaNsAg [M-Ag(OTf)2]": 1839.6367, found: 1839.638&,J-N-Py-Ag was

obtained by the same procedure.
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Chapter 10

Synthesis of Optically Active X-Shaped Conjugated Compounds and
Dendrimers Based on Planar Chiral [2.2]Paracyclophane, Leadingto

Highly Emissive Circularly Polarized L uminescence M aterials

Abstract
The author synthesized optically active dendrimesigh a planar chiral 4,7,12,15-
tetrasubstituted [2.2]paracyclophane as a core Tiaking advantage of the rigid and stable
chiral conformation of the [2.2]paracyclophane feawork, each dendrimer exhibited the
maximum circularly polarized luminescence propd@pPL) derived form the core unit. In
addition, light-harvesting effect and steric proi@t of dendritic structure enhanced the
photoluminescence property both in the dilute sotutaind in the film state (dissymmetry

factor:gum =~ 0.002, and absolute fluorescence quantum effigietigm ~ 0.60).
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I ntroduction

Circularly polarized light is widely studied as wpily active light in biochemistry photo-
induced enantioselective synthestsand 3D display application. Optically active lumstent
materials have a potential to exhibit circularlygszed luminescence (CPL). Recently, many
studies were carried out to explore optically asttompounds having good CPL propefrty.
CPL property is usually evaluated with dissymméaigtor @um) and photoluminescence (PL)
intensity, in addition to molar absorption coeffict ¢) and photoluminescence quantum
efficiency @wum). However, the molecule exhibiting gogdm and PL intensity is still limited
in number. One of the reasons is that the propEr§PL depends on the inherent feature of
molecules. If it is possible to enhance CPL propést suitable surroundings, various CPL
compounds have the opportunity to be used as pahctiaterials.

Recently, our research group revealedthabnjugated compounds based on a planar chiral
[2.2]paracyclophane exhibited excellent CPL prdpsium = 103-1072, ¢ = 1-10° M lem™?,
@um = 0.40-0.90) in the dilute solutidif:*?? Planar chiral [2.2]paracyclophanes provide CPL
properties to emitters because of the rigid anbletehiral structuré® However, PL intensity
of their solids decreased drastically due to ttgregation-caused quenching.

To design next generation CPL materials, the autbonses on the dendritic structure.
Dendrimers are widely known as enhancing the aorgrlescence property by light-harvesting
effect and isolating the core unit by steric prttec'*!® These effects bring out inherent
properties of the core, such as the luminescenmeepty, regardless of environment. Thus,
dendrimers are expected to enhance the CPL propetty in the dilute solution and the
aggregation state.

Chiral core dendrimer received much attention aspibtential application for catalyts
and sensor¥.On the other hand, there are no reports focusirth@ CPL material. One of the

reasons is that there have not been a suitableid@rdcore showing conformationally stable
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chirality and good luminescence property so fahéfcore is flexible, the congested dendrimer
structure sometimes reduces its chiralftydence, planar chiral [2.2]paracyclophanes having
the rigid and stable chirality are suitable for tbheninescent chiral dendrimer core. In this
chapter, the author designed dendrimers havinganjugated planar chiral tetrasubstituted
[2.2]paracyclophane as a core unit and Fréchet-pyipenyl ether dendron. The author
synthesizeds0-G4 dendrimers and investigated chiroptical properfidss is the first trial
synthesizing CPL dendrimers using a lumineseenbnjugated [2.2]paracyclophane as a

chiral core.

Results and Discussion
Synthesis

The optical resolution of planar chiral 4,7,12,¢%dsubstituted [2.2]paracyclophane was
carried out using the diastereomer method develape€hapter 3, and the obtained
enantiopure compounds were converted to the camelspg R)- and &)-4,7,12,15-
tetraethynyl[2.2]paracyclophan&s.The synthetic routes to the target optically astiv
dendrimers are shown in Schemes 1 and 2. Firbigyatithor synthesized iodinated dendrons
D1-1-D4-I using Williamson ether synthesis (Scheme 1), aedsynthetic methods &fl1-1-
D3-I were already reported (see the experimental sgctithe author used Sonogashira-
Hagihara coupliny method to obtain the target optically active déndrsG1-G4 (Scheme
2). In addition, as a model compound of these demats, chiral core unit0 was synthesized
in the same way. 3,5-Disubstituted benzyl aryl ettendrons (Fréchet-type dendrons) were
prepared according to the literatdfé?!

A mixture of D4-Br, p-iodophenol, KCOs, Kl, and 18-crown-6 was refluxed to afford
iodinated dendronB4-1 in 75% isolated yield (Scheme 1). In Scheme 2y tmé reactions of

the &)-isomers are shown in these reactions; Bg-i6omers were prepared under the same
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conditions for Rp)-1. The treatment 0f)-4,7,12,15-tetraethynyl[2.2]paracyclophai$s){1
with iodinated dendronBn-1 (n = 1-4) in the presence of thezRibak/Cul catalytic system
using 1,1'-bis(diphenylphosphino)ferrocene (dpgfagphosphine ligandfarded chiral core
dendrimers$)-Gn (n = 1-4) in 88%G1), 69% G2), 47% G3), and 55%G4) isolated yields,
respectively. In addition, the treatment §f)¢1 with p-iodoanisole in the presence of the same
catalytic system afforded chiral core urg)¢GO in 68% isolated yield. Reaction solvent was
selected depending on the solubility of dendrim€tsral dendrimer structures are shown in
Scheme 3. All dendrimers and the core unit were jight yellow solids. The structures of all
new compounds in this study were confirmed % and *3C NMR spectroscopy, high-
resolution mass spectrometry (HRMS), and elemeantalysis; the detailed synthetic

procedures and NMR spectra are shown in the expatahsection.

Scheme 1. Synthesis of dendror31-1-D4-I

HO@I

K,CO3
Kl
18-crown-6
Dn-Br - - DnO@I
Acetone
Dn-Br reflux, 24 h Dn-l

Scheme 2. Synthesis of chiral dendrimerS,)-G0-($)-G4

Dno@l
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\
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Scheme 3. Structure of chiral dendrimerS§-G0-($)-G4
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Optical Properties

The optical and chiroptical properties of both dmaners of dendrimer§&0-G4 were
evaluated. The data are summarized in Table 1c@giroperties were investigated both in
the dilute CHC] solution and in the film state (prepared from CH&ilution). The film of
each dendrimer was prepared by a spin-coated method

Figures 1A and 1B show the UV-vis absorption sgeofrdendrimers in the dilute CHCI
solution (1.0 x 1® M) and in the film state (prepared from CHGblution, 2.0 x 1 M),
respectively. In the region from 300 to 400 nm,hedendrimer showed a similar absorption
band. They are assigned to the absorption band-of transition derived from the
[2.2]paracyclophane core unit. This result showsdehdrimers exhibit the identical core
properties regardless of the generation and coratent (the dilute solution or the film state)

because the dendrons inhibit aggregation of the caits, especially in the film state. In
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addition, the absorption at 279 nm increased asgtreration increased. This area was
identified with the absorption band afr* transition derived from benzene rings in the

Fréchet-type dendrons.

Table 1. Optical propertiesSpectroscopic data 0Sy)-isomer:

Aabé/nm (e / 10 M‘lcm‘l) Jabinm  Jun®nm  Aumnm e Dum'

($)-GO 279 (0.30), 361 (0.68) - 416 - 066 -
(S)-G1 279 (0.40), 363 (0.67) 368 415 425,445 0.63  0.20
(S)-G2 279 (0.61), 364 (0.69) 278,367 416 423,435 0.66 .540
(S)-G3 279 (1.00), 365 (0.68) 279,369 417 421,438 0.66 .650
(S)-G4 279 (1.76), 363 (0.68) 283,368 416 420,435 0.67 580

21n CHCE (1.0 x 10° M). ® In film prepared by a spin-coated method from CHCIO x
1073 M). ¢In CHCk (1.0 x 107 M), excited at 279 nnf.In CHCE (1.0 x 107 M), excited
at 279 nmé Absolute PL quantum efficiency in CHQI1.0 x 10° M) excited at peak top
of the core unit (365 nmj.Absolute PL quantum efficiency in film prepared @\spin-
coated method from CHE(1.0 x 103 M), excited at peak top of the core unit (370 nm).

(A) (B)

— (Sp)-G4 — (S,)-G4

Normalized absorbance
Normalized absorbance

250 300 350 400 450 250 300 350 400 450

Wavelength / nm Wavelength / nm

Figure 1. UV-vis absorption spectra 08{)-G0, G1, G2, G3, andG4 (A) in the dilute
CHCls (1.0 x 10° M) and (B) in film prepared by a spin-coated meltifoom CHCk
solution (2.0 x 18 M). The spectra were normalized at each peakrdpé range from
360 to 370 nn
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Figures 2A and 2B show the photoluminescence (PBkrtsa of dendrimers in the dilute
CHCls solution (1.0 x 10 M) and in the film state (prepared from CHGblution, 1.0 x 1%
M), respectively. Dendrimers were excited at 279 wich is the absorption wavelength of
benzene rings in the dendrons. Relative intensity ealculated by the excitation spectra, based
on the intensity of [2.2]paracyclophane core uB@y nm in the dilute solution and 325 nm in
the film state) as a standard (Figure 3, see exjgetial section). The intensity of PL spectra
increased clearly as the generation of dendrirmeneased. This phenomenon was observed
both in the dilute solution and in the film staféhis clearly shows that dendron could
transferred photo-excited energy to the [2.2]patlphane core unit and enhanced
luminescence property. In the film state, the spectof G1 was more bathochromically
shifted than the other dendrimers. This resultdatdis that intermolecular interaction occurs
between cores. That i§1 dendron is too small to inhibit intermoleculararéction, and>2

dendrimer is necessary at least for inhibitingaggregation-caused quenching.

(A) (®) sy

Relative intensity / a.u.
Relative intensity / a.u.

350 400 450 500 550 350 400 450 500 550

Wavelength / nm Wavelength / nm

Figure 2. PL spectra of%)-G0, G1, G2, G3, andG4 (A) in the dilute CHCI (1.0 x 107
M) and (B) in film prepared by a spin-coated metfrogh CHCE solution (1.0 x 15 M).
Excitation wavelength: 279 nm.
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(A) (B)

— (S,)-G4 — (S,)-G4
- — (S,)-G3 N
% — (S,)-G2 %
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Figure 3. Excitation spectra of%)-G0, G1, G2, G3, andG4 (A) in the dilute CHGJ (1.0

x 10° M) and (B) in film prepared by a spin-coated mettimm CHCk solution (1.0 x
1073 M). The spectra were normalized at each peakrtape range from 360 to 370 nm in
the dilute CHGJ, and 325 nm in film.

Chiroptical Properties

The chiroptical properties of the ground and extgtates of dendrimers were investigated
by circular dichroism (CD) and CPL spectroscopgpesztively. The chiroptical datag. CD
and CPL dissymmetry factorgafsandgum) are summarized in Table 2.

Figures 3A and 3B show the CD and absorption spedtboth enantiomers of dendrimers
in the dilute CHGJ (1.0 x 10° M) and in the film state (prepared from CHGblution, 5.0 x
1072 M). In all cases, mirror image Cotton effects welbserved in the CD spectra, andghe
values of the first Cotton effect were estimatedéo+1.3 x 16-+1.6 x 102 in the dilute
solution and +1.5 x I8+1.6 x 102 in the film state, respectively. The spectral sisapf
dendrimers in the dilute solution and the film statere similar. This result shows that
chiroptical properties depend on the [2.2]paragylcéme core unit instead of the dendrons. In
addition, constant chiroptical properties deriveaihf the core were observed regardless of the
generations and concentration. This is becaugeedteric protection of dendrons and the rigid

as well as conformationally stable chirality of {Re2]paracyclophane framework.
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Table 2. Chiroptical properties: Spectroscopic data$j-(somers

Qabdt / 1073 Qabd€ / 1073 gum®d / 1073 gum?d/ 1073
($)-GO +1.3 - +1.4 -
($)-G1 +1.3 +1.6 +1.4 +2.1
($)-G2 +1.3 +1.6 +1.4 +2.0
($)-G3 +1.6 +1.6 +1.4 +1.8
($)-G4 +1.3 +1.5 +1.4 +2.0

2 In CHCE (1.0 x 10° M). © gabs = 2Aele, whereAe indicates differences of absorbance
between left- and right-handed circularly polaritigtit, respectively. Thgabsvalue of the
first peak top was estimatedn film prepared by a spin-coated method from CHGIO x
1073 M). 9 gum = 2(eft — lright)/( liett + lright), whereliet and lrignt indicate luminescence
intensities of left- and right-handed CPL, respeii.

A
(A) 300 1 (B)
200 >
71 =)
£ 100 r £
L o
s 0 I
% -100 g
Pl =
-200 | 2
-300
41 0.004 > 4 0.004
4 0.002 1 0.002
10 £ 10 £
1 -0.002 4 -0.002
—
4 -0.004 4 -0.004
250 300 350 400 450 250 300 350 400 450
Wavelength / nm Wavelength / nm
— (Sp)-G4 — (R,)-G4 — (S,)G4 — (R,)-G4
° — (5p)G3 — (R,)-G3 ° — (S,)G3 — (R,)-G3
g e — (5)62 — (R))-G2 8 e — (5,)-62 — (R,)-G2
N —_— - N
£ g (Sp)-G1 =8 — (s,)-G1
g S — (S,)-G0 — (R,)-GO g S
=0 = 0
28 28
250 300 350 400 450 250 300 350 400 450
Wavelength / nm Wavelength / nm

Figure 3. CD (top),gabs(middle), and UV-vis (bottom) spectra@D, G1, G2, G3, andG4
(A) in the dilute CHCJ (1.0 x 10° M) and (B) in film prepared by a spin-coated meitho
from CHCE solution (5.0 x 1G M).
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Figures 4A and 4B show CPL spectra of dendrimetisérdilute CHGJ solution (1.0 x 10

M) and in the film state (prepared from CHGblution, 5.0 x 1% M) excited at 279 nm.

Intense and mirror image CPL signals were obseirvéide emission regions. All dendrimers

exhibited very large and similaum values of +1.4 x 18 in the dilute solution and +1.8 x

103-+2.1 x 10% in the film state, regardless of the generatioth @ncentration. This result

shows that dendrimers can enhance PL intensityikgdargegum value higher. Dendritic

structure has a potential to improve the chiropfpcaperties.
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Figure 4. CPL (top),gabs (middle), and PL (bottom) spectra @D, G1, G2, G3, andG4
(A) in the dilute CHCJ (1.0 x 10° M) and (B) in film prepared by a spin-coated meitho
from CHCE solution (5.0 x 1¢ M). Excitation wavelength: 279 nm.

Absolute PL Quantum Efficiency

In order to clarify the effect of steric protectiaf dendrimers, absolute fluorescence

quantum efficiency ¢um) was estimated. The [2.2]paracyclophane core wag directly

excited (excitation wavelength: 365 nm in the dilgblution and 370 nm in the film state) to
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investigate whether the aggregation-caused queg@uaurred or not. The data @fum were
plotted, as shown in Figure 5. In the dilute solni®wum of all dendrimers, including core unit,
was over 0.60, )-GO, 0.66; &)-G1, 0.63; §)-G2, 0.66; &)-G3, 0.66; &)-G4, 0.67). On
the other hand, in the film stat@um was changed by the generations. The values w2@e 0.
(($£)-G1), 0.54 (&)-G2), 0.65 (&)-G3), 0.58 (&)-G4). By increasing the generatior@ym
reached the value of the dilute solution. Thisasduse steric protection of dendrons inhibited
the aggregation-caused quenching. This result sporals to the result of bathochromic shift
in the PL spectra. In the case@4, ®um decreased slightly compared wiet8. G4 dendrons

are congested, resulting in the conformational ghaf ther-conjugated [2.2]paracyclophane

core.
(A) o080 . (B)
070 |
060 | ‘
o
= 0.50 r /, — solution
& a0 | i film (C)
0.30 |
020 | E
0.10

GO G1 G2 G3 G4
Generation

Figure 5. Absolute fluorescence quantum efficien@uf) of (S)-GO, G1, G2, G3, and
G4. (A) Plot data ofdum. (B) Photograph of$)-G1, G2, G3, andG4 in CHCE, (C)
Photograph of$)-G1, G2, G3, andG4 in film, excited by long wave of UV lamp (365
nm).
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Energy Transfer of Dendrons

To investigate the effect of energy transfer ofched-type dendrons, PL intensity &)
GOdispersed in polystyrenes-G3, and &)-G4 was investigated. Polystyrend{= 80,000,
PDI = 2.6) was used as a matrix to disp&86ePolystyrene is commercially available polymer
and can make benzene-rich environment in the saayawthe Fréchet-type dendrons. Figures
6A and 6B show PL and excitation spectra of 5 wWB% in polystyrene, 10 wt%:s0 in
polystyrene G3, andG4, respectively. The film of 5 wt%0 in polystyrene was the almost
same composition d&3 dendrimer and the film of 10 wt%0 in polystyrene was the almost
same composition 064 dendrimer. PL spectra were normalized by excitatipectra; the
intensity of 325 nm as a standar&){GO0 dispersed in polystyrene was excited at 262 nm,
which is the wavelength of polystyrene absorptida.shown in Figure 6A, PL intensity of
dendrimers was apparently stronger than th&®in polystyrene. According to the excitation
spectra, energy transfer did not occur in the casiee dispersing system. The result indicates
that the dendritic structure is essential for epdrgnsfer from dendron to the core umi,

light-harvesting effect.

(A) — (5,)-G4 (B) — (5,)-G4
— (Sp)-G3 — (S,)-G3
----- (S,)-GO === (S,)-G0
g 5wt% in PS o 5wt% in PS
S A (S,)-GO 01 oA (S,)-GO
= 10wt% in PS S 10wt% in PS
g S
£ ?
g =
= ]
g £
[3) (=]
@ =z
350 400 450 500 550 250 300 350 400 450
Wavelength / nm Wavelength / nm

Figure 6. (A) PL spectra of 5 wt%, 10 wt%&{)-GO dispersed in polystyren&3, andG4
in film prepared by a spin-coated method from C#allution (1.0 x 1¢ M). Excitation
wavelength: 262 nm3)-GO0 dispersed in polystyrene, 279 nB3, andG4. (B) Excitation
spectra of 5 wt%, 10 wt%&{)-G0 dispersed in polystyren&§3, andG4. The spectra were
normalized at 328 nm.
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Structuresof Dendrimers

Figure 7 shows the dendrimers structures optimmae®M3F? with MOPAC2012% The
structures are shown by a space-fill model. Inchkse ofG1 andG2, the steric protection of
dendrons was not sufficient to isolate the corewéicer, in the case @3, dendrons partially
covered core unit, and @4 dendrons completely isolated the core. Practicatiysidering
the intermolecular interaction and dendrimer moRilc2 dendrimer was sufficient to inhibit

the aggregation-caused quenching as judged fromxperimental data.

Figure 7. Space-fill model of dendrimers calculated by PMBhe n-conjugated
[2.2]paracyclophane core unit is colored blue auify.
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Conclusions

The author synthesized optically active dendrinvgth planar chiral [2.2]paracyclophane
as a core unit. In each dendrimer, the chiral eatgbited the inherent properties derived from
the planar chiral [2.2]paracyclophane. This is bgeathe planar chiral [2.2]paracyclophane
has rigid and conformationally stable chiral stawet In addition, PL intensity was enhanced
by light-harvesting effect of the dendritic strugpand intense PL was observed both in the
dilute solution and in the film state because efistprotection of the dendrons. To best of the
author's knowledge, this the first example of ewiapn CPL property with making suitable

surroundings. This result definitely leads to ngameration CPL materials.
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Experimental Section

General. *H and**C spectra were recorded on JEOL EX400 and AL40Buments at 400 and 100
MHz, respectively. Samples were analyzed in GD@&hd the chemical shift values were expressed
relative to Me@Si as an internal standard. Analytical thin laylerotnatography (TLC) was performed
with silica gel 60 Merck F254 plates. Column chromggaphy was performed with Wakogel C-300
SiO,. High-resolution mass (HRMS) spectrometry was qrened at the Technical Support Office
(Department of Synthetic Chemistry and Biologicaé@lstry, Graduate School of Engineering, Kyoto
University), and the HRMS spectra were obtained aofThermo Fisher Scientific EXACTIVE
spectrometer for atmospheric pressure chemicatation (APCI), and a Thermo Fisher Scientific
orbitrapXL spectrometer for matrix assisted lassaiption/ionization (MALDI) using 1,8-dihydroxy-
9,10-dihydroanthracen-9-one (DIB)xcyano-4-hydroxycinnamic acid (CHCA), 2,5-dihydriwenzoic
acid (DHB), and 9-nitroanthracene (9-NA) as a mafiecyclable preparative high-performance liquid
chromatography (HPLC) was carried out on a Japaaiytinal Industry Model LC918R (JAIGEL-1H
and 2H columns) using CHE4s an eluent. UV-vis spectra were recorded onlM8BZU UV-3600
spectrophotometer, and samples were analyzed in{zti@&lom temperature. Photoluminescence (PL)
spectra were recorded on a HORIBA JOBIN YVON Fluoax-4 spectrofluorometer, and samples
were analyzed in CHght room temperature. Specific rotationg'ff) were measured with a HORIBA
SEPA-500 polarimeter. Circular dichroism (CD) spactvere recorded on a JASCO J-820
spectropolarimeter with CHEhs a solvent at room temperature. Circularly fmdar luminescence
(CPL) spectra were recorded on a JASCO CPL-2008 @HCk as a solvent at room temperature.
Elemental analyses were performed at Organic Eleahanalysis Research Center, Kyoto University.

Materials. Commercially available compounds used withoutfmation: (Tokyo Chemical Industry

Co, Ltd.) 4-lodophenol, Bftba} (dba = dibenzylideneacetone), 1,1'-bis(diphenypiino)ferrocene
(dppf); (Wako Pure Chemical Industries, Ltdg}iodoanisole, KCO; Kl, 18-crown-6, Cul.

Commercially available solvents and polymers: Anet@super dehydrated grade, Wako Pure Chemical

Industries, Ltd.) and Ci€l> (deoxygenated grade, Wako Pure Chemical Industrtds used without
purification. THF (Wako Pure Chemical Industriet].. and E4N (Kanto Chemical Co., Inc.), purified
by passage through solvent purification columnseundr pressuré? Polystyrene (degree of
polymerization, n = 3,000) was purchased from WRkoe Chemical Industries, Ltd. and purified with
reprecipitation method with CHEhnd MeOH (good and poor solvent, respectivelyg Nth(= 80,000)

and PDI (= 2.6) were determined by gel permeatlonmatography (GPC) with polystyrene standard.
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Compounds prepared as described in the literatBreBrl, Br-D2, Br-D3, Br-D4°°1-D1, 1-D2, |-D3%

(S)-4,7,12,15-Tetraethynyl[2.2]paracyclophan®){1).”

Modification Details about Excitation Spectra. PL intensity were normalized by excitation spectra
In thedilute solution, peak tops in the range from 36876 nm was used as standard intensity because
this area was derived from theconjugated [2.2]paracyclophane core. In the fitaies the intensity at
325 nm was used as standard because in the cdke &fm state, the first peak around 370 nm
decreased by-n interaction between intermolecular cores. Thisugrice was observed in the low
generation dendrimers, especially.

Synthesis of D4-1. A mixture of D4-Br (1.68 g, 0.500 mmol), 4-iodophenol (110 mg, 0.5@0ol),
K2CGOs (207 mg, 1.50 mmol), KI (83.0 mg, 0.500 mmol), dr&dcrown-6 (6.6 mg, 0.025 mmol) was
placed in a round-bottom flask equipped with a nedignstirring bar. After degassing the reaction
mixture several times, acetone (50 mL) was addadawsyringe. The mixture was refluxed for 24 h.
After the reaction, acetone was evaporated andesidue was washed with,®. The organic layer
was extracted with Cil, and dried with brine and MgSQAfter removing MgS®@by filtration, the
solvent was evaporated. The residue was purifieccddymn chromatography on Si(Qgradient;
hexane/CHCI, = 1:2-1:9 as an eluent) to affob#i-1 (1.31 g, 0.375 mmol, 75%) as a colorless solid.
R: = 0.33 (hexane/C4€l; = 1/3).*H NMR (CDCk, 400 MHz)5 4.79-5.04 (m, 62H), 650-6.64 (m, 47H),
7.19-7.37, (m, 80H), 7.44 (d= 8.8 Hz, 2H) ppm**C NMR (CDCE, 100 MHz)5 69.7,69.8, 69.9, 70.0,
70.1, 83.1, 101.6, 101.6, 101.6, 101.6, 106.4,4,086.5, 106.5, 117.3, 127.5, 128.0, 128.5, 136.8,
138.2, 139.2, 139.2, 139.2, 139.2, 158.5, 160.0,116160.1, 160.1 ppm. HRMS (CHCA) calcd. for
CaoH191INaOs: [M+Na]*: 3514.2312, found: 3514.2326. Elemental analyalisoc for G2dH1011031: C
76.66 H 5.51, found: C 75.95 H 5.49.

Synthesisof G1. A mixture of &)-1 (20.0 mg, 0.0657 mmolR1-1 (151.0 mg, 0.289 mmol), Rdba)k
(6.0 mg, 0.0066 mmol), dppf (7.3 mg, 0.013 mmol)| G5 mg, 0.013 mmol), THF (2 mL) ands&t

(2 mL) was placed in a round-bottom flask equippéth a magnetic stirring bar. After degassing the
reaction mixture several times, the reaction waseaghout at 45 °C for 12 h with stirring. Aftereh
reaction mixture was cooled to room temperaturecipitates were removed by filtration, and the
solvent was removed with a rotary evaporator. Theidue was purified by flash column
chromatography on SKJCHCL as an eluent). Further purification was carrietdlyuHPLC to afford
($)-G1 (123.4 mg, 0.0896 mmol, 88%) as a pale light yekolid."H NMR (CDCk, 400 MHz)s 3.07,

(m, 4H), 3.53 (m, 4H), 5.00 (br, 24H) 6.57Jt 2.2 Hz, 4H) 6.67 (d] = 2.2 Hz, 8H), 6.94 (d] = 8.8
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Hz, 8H), 7.13 (s, 4H), 7.27-7.39 (m, 40H), 7.50X&, 8.8 Hz, 8H) ppm**C NMR (CDCk, 100 MHz)
032.6,69.9,70.1, 88.2,94.4,101.6, 106.3, 118.6,2, 125.1, 127.5, 128.0, 128.5, 132.9, 13488,7,
139.0, 141.6, 158.7, 160.2 ppm. HRMS (MALDI, DHB)ad. for GaH104012 [M]*; 1880.7528, found:
1880.7539. Elemental analysis calcd. f@§3104012: C 84.23 H 5.57, found: C 84.41 H 5.6R,)(G1
was obtained by the same procedure in 83% isojagdd (S;)-G1: [¢]*> = -14.3 € 0.1, CHCY). (Ry)-
G1: [¢]® = +13.9 € 0.1, CHCY).

Synthesisof G2. A mixture of &)-1 (10.0 mg, 0.0328 mmolR2-1 (155.3 mg, 0.164 mmol), Rdba)
(3.0 mg, 0.0033 mmol), dppf (3.6 mg, 0.0066 mmGL)) (1.3 mg, 0.0066 mmol), GBI> (2 mL) and
Et:N (2 mL) was placed in a round-bottom flask equgppéth a magnetic stirring bar. After degassing
the reaction mixture several times, the reactioa @aried out at 45 °C for 12 h with stirring. Aftee
reaction mixture was cooled to room temperaturecipitates were removed by filtration, and the
solvent was removed with a rotary evaporator. Theidue was purified by flash column
chromatography on SIJCHCL as an eluent). Further purification was carrietliyuHPLC to afford
($)-G2 (80.5 mg, 0.0225 mmol, 69%) as a pale light yelsmlid.*H NMR (CDCk, 400 MHz)s 3.05,
(m, 4H), 3.52 (m, 4H), 4.78-5.08 (m, 56H), 6.386(f, 36H), 6.95 (d] = 8.3 Hz, 8H), 7.12 (s, 4H),
7.25-7.38 (m, 80H), 7.49 (d= 8.3 Hz, 8H) ppm*3C NMR (CDCE, 100 MHz)s 32.6, 69.9, 70.0, 70.1,
88.3, 94.4, 101.6, 101.6, 106.3, 106.4, 115.0,2.1825.1, 127.5, 127.9, 128.5, 133.0, 134.4, 136.7,
139.1, 139.2, 141.6, 158.7, 160.1, 160.1 ppm. HRMBALDI, DHB) calcd. for GasHzodNaOss
[M+Na]*: 3600.4124, found: 3600.5067. Elemental analyalsdc for GasH20002s: C 81.86 H 5.63,
found: C 81.65 H 5.55R)-G2 was obtained by the same procedure in 49% isolatdd. (S,)-G2:
[0]? = +2.9 € 0.1, CHCY). (R,)-G2: [a]% = —2.7 € 0.1, CHCH).

Synthesisof G3. A mixture of &)-1 (10.0 mg, 0.0329 mmolR3-I (295.4 mg, 0.166 mmol), Rdiba}
(3.0 mg, 0.0033 mmol), dppf (3.6 mg, 0.0066 mmBL)J (1.3 mg, 0.0066 mmoal), GBI, (3 mL) and
Et:N (3 mL) was placed in a round-bottom flask equippéth a magnetic stirring bar. After degassing
the reaction mixture several times, the reactios garied out at 45 °C for 12 h with stirring. Aftae
reaction mixture was cooled to room temperaturecipitates were removed by filtration, and the
solvent was removed with a rotary evaporator. Theidue was purified by flash column
chromatography on SKJCHCL as an eluent). Further purification was carriedlyuHPLC to afford
(S)-G3 (108.6 mg, 0.0156 mmol, 47%) as a pale light yebolid.'H NMR (CDCk, 400 MHz)s 3.02,
(m, 4H), 3.49 (m, 4H), 4.72-5.04 (m, 120H), 6.46%(m, 84H), 6.91 (d] = 8.5 Hz, 8H), 7.09 (s, 4H),
7.20-7.36 (m, 160H), 7.46 (d,= 8.5 Hz, 8H) ppm**C NMR (CDCE, 100 MHz)J 32.6, 69.9, 69.9,
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70.0,70.1,88.3,94.4,101.6,101.6,101.7, 14,5, 106.5, 115.1, 116.2, 125.1, 127.5, 1228.5,
133.0, 134.4, 136.8, 139.1, 139.2, 139.2, 141.8,715160.1, 160.1, 160.2 ppm. HRMS (MALDI,
CHCA) calcd. for GegHzaNaGso [M+Na]™: 6993.7521, found: 6994.2092. Elemental analyaisdc
for CasdH3z92060: C 80.58 H 5.66, found: C 80.38 H 5.5B,)(G3 was obtained by the same procedure
in 86% isolated yield.%)-G3: [¢]?> = +8.4 € 0.1, CHC}). (R,)-G3: [¢]*> = —7.5 £ 0.1, CHC}).
Synthesis of G4. A mixture of &)-1 (5.0 mg, 0.016 mmolR4-I (252.3 mg, 0.0722 mmol), Kdba}
(1.5 mg, 0.0016 mmol), dppf (1.8 mg, 0.0033 mmE6iy) (0.6 mg, 0.0033 mmol), CBI, (2.5 mL)
and EtN (2.5 mL) was placed in a round-bottom flask eqaip with a magnetic stirring bar. After
degassing the reaction mixture several times,dhetion was carried out at 45 °C for 12 h withrisig.
After the reaction mixture was cooled to room terapgre, precipitates were removed by filtratiord an
the solvent was removed with a rotary evaporatdre Tesidue was purified by flash column
chromatography on SKCHCL as an eluent). Further purification was carriedlguHPLC to afford
($)-G4 (123.4 mg, 0.00896 mmol, 55%) as a pale lightoyelsolid.*H NMR (CDCk, 400 MHz)6
2.99, (m, 4H), 3.47 (m, 4H), 4.67-4.98 (m, 248HR%6.60 (M, 180H), 6.87 (d,= 8.3 Hz, 8H), 7.08
(s, 4H), 7.16-7.32 (m, 320H), 7.43 (= 8.5 Hz, 8H) ppm*3C NMR (CDCk, 100 MHz)s 32.6, 69.8,
69.8, 69.8, 69.8, 70.0, 88.3, 94.4, 101.5, 10103,4, 101.6, 106.3, 106.4, 106.4, 106.4, 114.9,1116
125.0, 127.4, 127.9, 128.5, 132.9, 134.4, 136.9,2,339.2, 139.3, 139.3, 141.5, 158.7, 160.0,d,60.
160.0, 160.1 ppm. HRMS (MALDI, Sample/9-NA/G@EIOONa = 1/10/1) calcd. for egH77eNaOi24
[M+Na]* (Average): 13790.9, found: 13791.7. Elemental ysislcalcd. for GeH77¢0124 C 79.91 H
5.68, found: C 78.70 H 5.48R{)-G4 was obtained by the same procedure in 16% isolagdd. (S,)-
G4: [0]% = +9.8 £ 0.1, CHCY). (Ry)-G4: [¢]**> = 9.0 € 0.1, CHC}).

Synthesis of GO. A mixture of &)-1 (20.0 mg, 0.0657 mmolp-iodoanisole (67.7 mg, 0.289 mmol),
Pa(dba} (6.0 mg, 0.0066 mmol), dppf (7.3 mg, 0.013 mmGL)J (2.5 mg, 0.013 mmol), THF (2 mL)
and EtN (2 mL) was placed in a round-bottom flask equippéth a magnetic stirring bar. After
degassing the reaction mixture several times,ghetion was carried out at 50 °C for 12 h withrisig.
After the reaction mixture was cooled to room terapge, precipitates were removed by filtratiord an
the solvent was removed with a rotary evaporatbe rEsidue was purified by column chromatography
on SiQ (CHCl/hexane = 4/1 v/v as an eluent). Further purifarativas carried out by HPLC to afford
(£)-G0 (32.8 mg, 0.0450 mmol, 68%) as a pale light yelmld. R: = 0.48 (CHCd/hexane = 4/1 v/v).
'H NMR (CDCk, 400 MHz)s 3.07, (m, 4H), 3.54 (m, 4H), 3.85 (s, 12H), 6.62)(= 8.8 Hz, 8H),7.12
(s, 4H), 7.52 (dJ = 8.8 Hz, 8H) ppm**C NMR (CDCE, 100 MHz)s 32.7, 55.4, 88.2, 94.4, 114.2,
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111.6, 125.1, 133.0, 134.4, 141.6, 159.7 ppm. HRMECI) calcd. for GHaiO4 [M+H]*: 729.2999,
found: 729.2983. Elemental analysis calcd. feHaOs: C 85.69 H 5.53, found: C 85.45 H 5.4B,)¢
GO was obtained by the same procedure in 69% isolagdd. (S)-GO: [¢]*®> = -82.1 ¢ 0.1, CHCH).
(S)-GO: [¢]%% = +84.5 £ 0.1, CHCH).
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