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Abstract

In my Ph.D. thesis, the preparation of various disilane-bridged arenes via Pd-catalyzed
arylation of hydrosilane with aryl iodide has been investigated for the development of novel

materials with multifunctional properties.

In Chapter 1, as the introduction, the importance and the applications of functional
molecules, especially luminescent molecules, were described. Then, recent studies and prob-
lems of donor—acceptor molecules, well-known materials showing photo- and electro-lumines-
cent properties, were described. Then aryloligosilanes and their physical properties owing to
o—m conjugation were mentioned, and the synthetic method of aryloligosilanes via Pd-catalyzed
arylation under mild condition was described. And my previous work, donor-Si-Si—acceptor
molecules which have strong fluorescent properties and nonlinear optical properties were de-

scribed. Finally, the purpose of this research was mentioned.

In Chapter 2, disilane-bridged donor—acceptor—donor (D-A-D) and acceptor—donor—
acceptor (A—D-A) triads were synthesized via Pd-catalyzed arylation of hydrosilanes in mod-
erate yield. These compounds showed broad UV absorption assigned to intramolecular charge
transfer (ICT) and/or n—n* transition, and weak emission in the solution state whereas strong
emission in the solid state described to the aggregation effect. To consider the relationship be-
tween the molecular structures and fluorescent behaviors, XRD and DFT calculation were car-

ried out.

In Chapter 3, multifunctional disilane-bridged cyclophanes, tetrasila[2.2]cyclophanes,
were investigated. Via Pd-catalyzed cyclization reaction, desired products containing donor—
acceptor and planar chiral ones were synthesized in 20% yield. Using the structural studies such

as XRD, NMR, and DFT calculation, crystal structure, molecular inversion, and inclusion into



macrocycles were investigated. Donor—acceptor tetrasila[2.2]cyclophanes showed green-col-
ored emission assignable to intramolecular charge transfer, and some compounds showed solid
state emission. OLED containing tetrasila[2.2]cyclophanes which displayed green electrolumi-
nescence was fabricated. Circular polarized luminescence was achieved using a planar chiral

tetrasila[2.2]cyclophane.

Finally in Chapter 4, the conclusions throughout this work and perspectives were de-

scribed.
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Chapter 1

Introduction



1.1 Functional materials and their applications

Many types of functional materials, or stimuli-responsive materials, have been re-
ceived much attentions in the field of chemistry, physics, and biology. By the external stimula-
tion — light, electric field, magnetic field, heat, and chemicals (e.g. other molecules, ions, and
solvents) — the peculiar physical properties of stimuli-responsive materials appear or disappear.
Not only the researches in the field of basic science, but the various applications utilizing func-
tional molecules have been developed thus far such as light-emitting diodes,! dye-sensitized
solar cells (DSSCs),? field-effect transistors (FETSs),® the light-harvesting systems,* photo-in-
duced reaction,® receptors and recognition sensors for ions and small molecules,® and electro-
chromic devices.” To improve the functionalities and to expand a range of their applications,
further investigation and development of functional molecules are in demand.

The main point of functionalities in this study is “photofunctionalities” — absorbing
and emitting the light, controlling the character of molecules by light (e.g. photo-switching®),
or changing the character of light with materials (e.g. optical rotation by chiral media®) —. As
one of photofunctionalities, luminescent properties have been focused on, and an amount of
fluorescent molecules have been developed for the application such as organic light-emitting
diodes (OLEDs)>*? as well as the basis science. As shown in the following list and Figure 1.1.1,

there are various types of luminophores;*!

Organic molecules:
n—* transition (Figure 1.1.1(a))
n—m* transition (Figure 1.1.1(b))
intramolecular charge transfer (ICT) (Figure 1.1.1(c))
excited-state intramolecular proton transfer (ESIPT) (Figure 1.1.1(d))
exciplex (Figure 1.1.1(e))
Transition metal complexes:
metal to ligand charge transfer (MLCT) (Figures 1.1.1(f) and (g))
ligand to metal charge transfer (LMCT) (Figure 1.1.1(h))

10



Ph
Ph|
PrAu—S

F’h/FI)I Au—S
Ph

Figure 1.1.1. Representative luminescent molecules. (a) Benzophenone (n—m* phosphorescence). (b)
Anthracene (n—=n* fluorescence). (C) 4-(Dimethylamino)benzonitrile (ICT fluorescence). (d) 2-
(Benzo[d]thiazol-2-yl)phenol (ESIPT fluorescence). (e) Pyrene (exciplex emission). (f) [Ru(bpy)s]*
(MLCT fluorescence). (g) Ir(ppy)s (MLCT phosphorescence). (h) Auz(p-thiocresol).(dppe) (LMCT

phosphorescence).
In this thesis, | focused on fluorescent donor—acceptor organic molecules, which have

the properties of intramolecular charge transfer. In the next section, the features of donor-ac-
ceptor molecules and their problems are described.

11



1.2 Donor—acceptor luminophores

Donor—acceptor (D—A) molecules have been focused in the field of physical or biolog-
ical chemistry because of their applications in photonics and electronics materials.'? The im-
portant feature of D—A molecules is intramolecular charge transfer (ICT), which can lead to
remarkable absorption, emission, and nonlinear optical properties (e.g. second harmonic gen-
eration (SHG) and two-photon absorption (TPA)).*® Excitation of D—A molecules causes charge

separation state via ICT as shown in Figure 1.2.1, which leads emissive properties.

Sn:D*-A___ ol
3 Sy D3 — A%
4 ' charge separation state
Localized ICT ICT
excitation | absorption emission
|
Sp: D-A | Y
absorption

Figure 1.2.1. Jabtonski diagrams of ICT emission of donor—acceptor molecules.

D—A compounds feature the large Stocks shifts between the absorption bands and
emission bands, which suppress self-absorption to improve emission intensity. Moreover, their
optical properties and physical properties could be tuned with the easy modification of molec-
ular structures, especially the combination of donor moieties, acceptor moieties, and linkers.
These luminescent materials are expected for the application such as OLEDs* and fluorescent
probes. For example, Adachi and coworkers reported that OLED using D—A molecule, which
showed efficient external quantum efficiency (y7ex: = 20.5%) as shown in Figure 1.2.2.14¢ Seung
and coworkers reported bioimaing probes of HelLa cell using D—A luminophores in Figure
1.2.3.1%0

12



(a)

0,0 Lol
QL0
%N ) =

Nexi: 20.5%

Figure 1.2.2. OLED using D-A molecules. (a) Molecular structure of emitting material. (b) Photo of its
electroluminescence. From reference 14(c). Copyright © 2016 by John Wiley Sons, Inc. Adapted by permis-

sion of John Wiley & Sons, Inc.

e @ (b)
AN
N
)/N ) N R
HO (0]
I: R=H
II: R=MeO
Ii: R=Ac

Figure 1.2.3. Fluorescence image of HelLa cell using I or Ill-labeled antibodies. (a) I-labeled HeLa cell

image. (b) I11-labeled HeLa cell image. Adapted with permission from reference 15(b). Copyright © 2008

American Chemistry Society.

Thus, an amount of molecules containing electron-push and -pull moieties have been
developed and many applications in photophysical chemistry and in biochemistry have been
reported. Hence introducing the donor—acceptor systems into organic molecules provides pho-

tofunctionalities.
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1.3 Emissive oligosilane—arene compounds through o—1r conjugation

Oligosilane-bridged aryl compounds, which have silicon-silicon—aryl bonds, deserve
attention in many fields such as luminescent materials or electron-transporting materials.'® The
most important feature of these compounds is the o—=n conjugation, o—x interaction between
aryl’s m orbitals and silicon’s ¢ orbitals.!” It causes the extension of conjugation system as
shown in Figure 1.3.1; There are the interactions of o orbitals on Si—Si bond and = orbital on

aryl (red) or those of o* and n* (blue).

Figure 1.3.1. The schematic image of o—= conjugation.’

The o—= conjugation affects the optical properties; maximum wavelengths of UV-vis
absorption and florescence are red-shifted because of the reduction of LUMO levels, and mo-
lecular extinction coefficient increases similar to usual extended n-conjugated system.*” Thus,
many oligosilane—arene compounds and polymers with photophysical or electron transporting
properties driven from c—r conjugation have been developed as shown in Figure 1.3.2.18 Isobe
and co-workers reported disilane-bridged anthracene derivatives (Figure 1.3.2(a)) which
showed an electron-transporting properties.* The preparation method and chioptical properties
of chiral oligosilane-aryl compounds (Figure 1.3.2(b)) were researched by Kawakami group.*®°
And Ohshita reported several oligosilane-thiophene polymers (Figure 1.3.2(c)) which displayed

electroluminescent properties with up to 2,000 cd/m? luminescent intensity.*&

14



(@)
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> e el

Figure 1.3.2. Examples of oligosilane-bridged arenes and polymers previously reported. (a) Disilane-
bridged anthracene for electron transporting layer in OLEDs. (b) Disilane-bridged aryl compounds contain-

ing chirality. (c) Polymer including oligosilanes and thiophene moieties for EL devices.

Table 1.3.1 shows the comparison of Si—Si ¢ systems and C=C & systems. Both Si—Si—
aryl o—= systems and C=C & systems have energy, charge and electron transporting properties,
however the chemical structures are different. C=C = system is planar and fixed structure from
sp? orbitals of carbon atoms, while Si-Si system is “nonplanar and flexible structure” arising
from sp? orbitals of silicon atoms and single Si-Si bond. So this structural feature of o—x con-
jugation system provides unique properties different from = conjugation system, especially in
the rigid phase (i.e. crystals).

Table 1.3.1. The structural comparison of Si-Si o linker and C=C = linker.
Si-Si ¢ bond C=C = bond
\ /
Y <
/ =
O, >

Bond style single double
Orbital sp? sp?
Chemical structure nonplanar planar

As referred above, oligosilane-bridged arenes and polymers have been developed for
the application to optical or electrochemical materials with the properties not similar to mere =-

conjugated ones.
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1.4 Transition metal-catalyzed reaction for Si-C bond construction

In order to construct Si—C bonds for the preparation of oligosilane-arene molecules,
the coupling reactions of Grignard or organolithium reagents with chlorosilanes have well been
used (Scheme 1.4.1). This coupling reaction proceeds in good yield with easy operation. How-
ever, there are some problems of this reaction; one is the requirement for protecting groups to
introduce the reactive functional groups, for example, ester, ketone, and nitrile groups. Another
is the requirement for over chemical equivalent of Mg or organolithium reagents. To dissolve
these problems and to synthesize various organosilane compounds, mild and catalytic reactions

for the construction of Si—C are desired.

R R R
Mg or RLi R3Si—Y
X M SiR3
X: halogen M: MgX or Li Y:Cl, OR, etc

Scheme 1.4.1. Preparation of organosilanes by Grignard or organolithium reagents.

Recently our laboratory has developed the synthesis method of organosilane com-
pounds using hydrosilanes as silicon sources under the presence of metal catalyst.*® Previously
hydrosilanes were investigated as reductant for hydride reduction or hydrosilylation under the
transition-metal condition (Scheme 1.4.2(a)).?° On the other hand, we have reported the aryla-
tion of hydrosilane with aryl iodide using palladium(0) or rhodium(l) complexes with bulky
trialkylphosphine ligands (e.g. P(t-Bu)z) as catalyst as shown in Scheme 1.4.2(b). This catalytic
reaction has the following advantages; one-pot reaction, high yield, and broad scope of substrate.
Moreover, this reaction did not cleave Si—Si bonds (Scheme 1.4.3),%! which can be easily de-
composed under the presence of transition metals (e.g. Pd(11)).?? Thus, various oligosilane-
arene compounds with functional groups could be prepared by Pd-catalyzed reaction of hy-

drosilanes.
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(@)

R\ Rh or Pd R
QX + R3S|_H —_— @X + RgSI—X
(b)
R\_ Rh or Pd R
\ Il + R3Si—H ——— SiRy; + HI

Scheme 1.4.2. (a) Hydride reduction of aryl halides by hydrosilanes. (b) Preparation of organosilanes via Pd-

catalyzed arylation of hydrosilanes with aryl iodides.

(a) R R
| @ Pd[P(-Bu)sl, ||
—Si-Si—H + | ———>=  —Si-Si
| |
(b) | |
% Ssi” Ssi”
P Pd[P(t-Bu)sl>  \ /
2 —>Si-Si—H + ! 433—/Si-s:i S:i—Si\—

Scheme 1.4.3. Preparation of oligosilane-arene molecules via Pd-catalyzed arylation of hydrosilanes with
aryl iodides. (a) The coupling reaction of hydrodisilane and iodoaryls.?'? (b) The coupling reaction of tris(tri-

methylsilyl)silane and diiodoarene.?'?
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1.5 Previous research: disilane-bridged donor—acceptor molecules

Above the interest in donor—acceptor system and oligosilane linker, previously dis-
ilane-bridged donor—acceptor molecules, the hybridization of donor—acceptor and disilane unit
(the simplest oligosilane), were investigated in my master course.?® These molecules were ex-
pected for fluorescent materials and second harmonic generation (SHG)-active materials de-
rived from ICT properties. Mignani,?* Hadziioannou and van Hutten,?® and Hiratsuka® have
independently reported the synthesis and physical properties of donor—acceptor disilanes. How-
ever, no systematic study of the relationship between the chemical structures and physical prop-
erties of these compounds has been published, and any SHG-active disilanes in mere powder
condition are not reported because Grignard reaction or lithiation as a key process of Si—C
coupling cannot be allowed to prepare various 1,2-diaryldisilanes including donor—acceptor
disilanes as described in Section 1.4.

Then, | designed the systematic preparation method for donor—acceptor disilanes via
Pd-catalyzed coupling reaction of hydrosilane with aryl iodide as shown in Figure 1.5.1(a).
Using this reaction, various disilane-bridged donor—acceptor molecules were synthesized in
moderate yield, including compounds with reactive functional moieties. They displayed strong
emission in the solid state by means of not only ICT (donor—acceptor system) but also non-
planar structure (Figure 1.5.1(b)), which suppressed concentration quenching in crystalline
phase. Besides, one disilane with ortho-substituted aryl group showed an SHG (2.9 times of
urea), arising from the flexibility which allow to form the non-centrosymmetric structure (Fig-
ure 1.5.1(c)).

Hence inserting disilane units into organic molecules will provide novel functional

materials utilizing the features of Si—Si bonds.

18



D A D

| | PA[P(t-Bu)sl, |1 A
®Si—3i—H + |@ - Si-si

I (i-Pr),EtN

D = MeO, Me,N, OPh
A= NOQ, CN, COQEt

(b) (c)
\ efficient emission g EN@S\’ :IS

@=0.81 SHG: 2.9 times of urea

K Al
=¥

Figure 1.5.1. (a) Preparation scheme of disilane-bridged donor—acceptor compounds. (b) Molecular structure

of disilane-bridged donor—acceptor molecule which shows solid-state emission. (c) Molecular structure of

SHG-active disilane-bridged donor—acceptor molecule. Adapted with permission from reference 23. Copy-

right © 2015 American Chemistry Society.
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1.6 The aim of this research

So far, inserting donor—acceptor and/or disilane linker to organic molecules will pro-
vides the novel type of functional molecules. In my Ph.D. thesis, two type of skeletons contain-
ing D—A system and/or disilane linker were investigated for the development of multifunctional
molecules. One is dislane-bridged donor—acceptor—donor and acceptor—donor—acceptor triads
(Figure 1.6.1(a)), and the other is disilane-bridged [2.2]cyclophanes (Figure 1.6.1(b)). By the
feature of “intramolecular charge transfer” from D—A system and “o—n conjugation, bulkiness,
and flexibility” from disilane linker, these compounds display the functional properties such as
aggregated-induced emission, molecular inversion, electroluminescence, and so on. This tech-
nique, providing novel functionalities by introduction of oligosilane via Pd-catalyzed arylation,
will contribute to the development of novel functional materials in the basic chemistry and

applied chemistry.

(a) (b)

\ /
N R, N ~Si Si—
N\ @I._l. =

AR A LRV U

\

Figure 1.6.1. Prepared molecular structures in my Ph.D. thesis. (a) Disilane-bridged donor—acceptor—donor

and acceptor—donor—acceptor triads. (b) Disilane-bridged [2.2]cyclophanes.
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Chapter 2

Disilane-bridged donor-acceptor—donor (D-A-D) and
acceptor—donor—acceptor (A—D-A) triads: aggregation-

Induced emission and bright solid state emission
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2.1 Introduction

Recently, n-conjugated triads with electron—donating (D) and —accepting (A) groups
(e.9. D-n—A-n-D and A—n—D-n—A compounds) have been focused as well as D-n—A com-
pounds because of their photofunctionalities.! They show strong one-photon absorption in UV—
vis—NIR region with broad bands arising from intramolecular charge transfer (ICT), and the
excitation of ICT bands leads to effective emission.? Moreover, because of quadrupole moment
of these compounds and large absorption cross-section, they often display strong two-photon
absorption (TPA) as shown in Figure 2.1.1.2 Thus, n-conjugated D-A-D or A-D—A molecules
have been developed for the application such as OLEDs (Figure 2.1.2),* photovoltaic cells,®
and bio-imaging probes.® However, extinction of m-conjugated systems faces the problem “ag-
gregation-caused quenching” (ACQ), the emission quenching in the aggregated state (for ex-
ample in the solid state) due to intermolecular n—x interaction.” In addition, these compounds
are usually a hydrophxobic, and display the low solubility in solvents or host polymer. Thus =-
conjugated fluorescent molecules without quenching in the solid state and/or with high solubil-

ity are desired.

N

0 760 780 800 820 840 860 830 900
Wavelength / nm

Figure 2.1.1. An example of n-conjugated A—D—A compound IV. (a) Molecular structure of 1V. (b) One-
photon absorption and emission spectra of 1V in CH.Cly, and photo of IV in CH2Cl, under UV irradiation.
(c) TPA spectrum of IV in acetonitrile. Adapted with permission from reference 3(a). Copyright © 2010

American Chemistry Society.
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Figure 2.1.2. An example of n-conjugated D—A-D compound V displaying photoluminescence and electro-
luminescence. (a) Molecular structure of V. (b) Photo of luminescent V in toluene. (c) Photo of electrolumi-
nescence of V-doped OLED. From reference 4(a). Copyright © 2014 by John Wiley Sons, Inc. Adapted by

permission of John Wiley & Sons, Inc.

On the other hand, oligosilane-organic compounds display light-emitting and electron-
transporting properties as described in Chapter 1.8 Moreover, they display high solubility in
organic solvents. Efficient solid state emission and high solubility are derived from the suppres-
sion of intermolecular n—r interaction due to large radius of silicon atoms and their tetrahedron
structures. However, no oligosilane-bridged D—A-D and A—D—A compounds, the hybridization
of donor—acceptor triads and oligosilanes, have yet been realized although they are also ex-
pected to be the effectively luminophores in the solid state arising from the combination of ICT
and 6—7 conjugation.

In this research, disilane-bridged D-A-D and A-D—A molecules, which have the struc-
tures of D-Si-Si—A-Si-Si-D and A-Si-Si—D-Si-Si-A, and their photophysical properties
were investigated.® These compounds were synthesized by two steps using Pd-catalyzed aryla-
tion of hydrosilane as a key step and they displayed the interesting photophysical properties in
the solid state.
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2.2 Results and discussion
2.2.1 Synthesis

Disilane-bridged D—A-D molecules were prepared via Pd-catalyzed arylation of hy-
drosilane (Schemes 2.2.3 and 2.2.4). 1-(4-Dimethylaminophenyl)-1,1,2,2-tetramethyldisilane
(3), 1-(4-methoxyphenyl)-1,1,2,2-tetramethyldisilane (4), and 1,1,2,2-tetramethyl-1-(4-phe-
noxyphenyl)disilane (5), starting materials of this reaction, were prepared according to the lit-
erature.®> And the other starting materials, aryl iodides 1 and 2, were obtained according to
literatures as shown in Schemes 2.2.1 and 2.2.2, respectively.1%!* Six disilane-bridged D—A-D
compounds (6-11) were obtained in moderate yields (ca. 40%).

Disilane-bridged A—D—A molecules were also prepared via Pd-catalyzed arylation of
hydrosilane (Scheme 2.2.8). 2,5-Bis(1,1,2,2-tetramethyldisilanyl)thiophene (12), 2,5-
bis(1,1,2,2-tetramethyldisilanyl)-3,4-ethylenedioxythiophene (13) (ethylenedioxythiophene:
hereinafter refer to as EDOT), and 5,5'-bis(1,1,2,2-tetramethyldisilanyl)-2,2'-bithiophene (14),
starting materials of this reaction, were prepared as shown in Schemes 2.2.5, 2.2.6, and 2.2.7,
respectively. Six disilane-bridged A-D—A compounds (15-20) were obtained in ca. 15% yield.
Thus, 12 kinds of disilane-bridged triads were prepared. All compounds were characterized by
'H NMR, ¥C NMR, and high-resolution mass spectrometry or elemental analysis, which

proved the suitable purity for optical measurements.

Scheme 2.2.1. Preparation of 4,7-diiodobenzo[c][1,2,5]thiadiazole (1).2

s I, (2.5 equiv) s
N N Ag,S0Oy, (1.0 equiv) )

N~ N
\ \
120 °C, 23 h

1
38%®

(1.0 equiv)

2 Reaction conditions: benzo[c][1,2,5]thiadiazole (20 mmol), 12 (50 mmol), Ag2SO4 (20 mmol), H2SO4 (30
mL), 120 °C, 23 h. P Isolated yield.
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Scheme 2.2.2. Preparation of 5,7-diiode-2,3-dimethylthieno[3,4-b]pyrazine (2).2

j i I—E Z—I
\ / NIS (2.5 equiv) \
N N
>\ /< DMF/AcOH = 5/1 N \ /) N
—20°C (3 h)tor.t. (1d) / \
(1.0 equiv) 2
79%”

2Reaction conditions: 2,3-dimethylthieno[3,4-b]pyrazine (8.0 mmol), NIS (20 mmol), DMF (50 mL), AcOH

(10 mL), —20 °C, 3 h. " Isolated yield.

Scheme 2.2.3. Preparation of disilane-bridged D-A-D molecules (6-8) including benzo[c][1,2,5]thiadia-

zole moiety as acceptor.?

.S,
| ] N/S\N Pd[P(t-B 5 mol% | | Wy | |
i-Si— -bu mo
D@?‘ S|' H \ IP(EBu)s (5 mol%) DOSi-Si@Si-SP@*D
5 | (i-Pr),EtN (4.0 equiv) | |

+
M |
3:D =OMe toluene 6: D = OMe, 45%"
4: D = NMe, b
1 0°C.8d 7: D = NMe,, 35%
5:D = OPh ’ .
8:D = OPh, 45%
(2.1 equiv) (1.0 equiv)

2Reaction conditions: 1-aryl-1,1,2,2-tetramethyldisilane (2.5 mmol), 1 (1.2 mmol), Pd[P(t-Bu)s]2 (0.06
mmol), N,N-diisopropylethylamine (4.8 mmol), toluene (10 mL), 0 °C, 8 d. ® Isolated yield.

Scheme 2.2.4. Preparation of disilane-bridged D—A-D molecules (9-11) including 2,3-dimethylthieno[3,4-

b]pyrazine moiety as acceptor. 2

S L loos L1
D@s'i_s',i_H TR paPeBud: 5 mo D@‘T’"ﬁ"w?' 5o

I N NERY (i-Pr),EtN (4.0 equiv) N N
3:D = OMe N/ > H
4: D = NMe, /\ < m-xylene
5.D = OPh 2 0°C,4d 9: D = OMe, 45%"
10: D = NMe,, 41%?”
(2.0 equiv) (1.0 equiv) 11: D = OPh, 25%P”

2 Reaction conditions: 1-aryl-1,1,2,2-tetramethyldisilane (2.0 mmol), 2 (1.0 mmol), Pd[P(t-Bu)s]> (0.05
mmol), N,N-diisopropylethylamine (4.1 mmol), m-xylene (7.5 mL), 0 °C, 4 d. " Isolated yield.
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Scheme 2.2.5. Preparation of 2,5-bis(1,1,2,2-tetramethyldisilanyl)thiophene (12). 2

(i)

| |
iiy CI-Si-Si-ClI i
1l LiAIH
Mg ( ) | | 4

s (3.0 equiv) IS (2.2 equiv) (3.0 equiv) | s |
BrUBr _ BngUMgBr HSi—SiUSi—SiH
THF THF [ [
. . 0°Ctor.t
(1.0 equiv) reflux —-78°C (2h)tor.t. 12
64%?”

2 Reaction conditions: (i) 2,5-dibromothiophene (30 mmol), Mg turnings (90 mmol), THF (70 mL). (ii) 1,2-
Dichloro-1,1,2,2-tetramethyldisilane (66 mmol), THF (60 mL), LiAIH4 (90 mmol). ® Isolated yield.

Scheme 2.2.6. Preparation of 2,5-bis(1,1,2,2-tetramethyldisilanyl)-3,4-ethylenedioxythiophene (13).2

. . | |
M (i) ci-si-si-ci LiAIH,
B g (29 equiv) Li— S ) @5 e g~ -di-d
o o THF o O THF 0°Ctor.t o QO
_ ~78°C,3h —78°C(1.5h)tort. —
(1.0 equiv) 13

76%"

2 Reaction conditions: (i) 2,5-dibromo-3,4-ethylenedioxythiophene (20 mmol), 1.6 M n-BuLi in hexane (28
mL, 44 mmol), THF (100 mL). (ii) 1,2-Dichloro-1,1,2,2-tetramethyldisilane (51 mmol), THF (200 mL),
LiAIH4 (50 mmol). ° Isolated yield.

Scheme 2.2.7. Preparation of 5,5'-bis(1,1,2,2-tetramethyldisilanyl)-2,2"-bithiophene (14).2

n-BuLi | |

(i) (2.5equiv) (i) cI-si-si-cl )

| LiAIH, |1

S TMEDA S Li ] \ S Si-SiH
| N\ (2.5 equiv) | \ / (2.2 equiv) (2.6 equiv) | | \ | I
S \ : hexane L s \ HS’i—Sli S
THF .
(1.0equiv)  reflux, 3h —78°Ctort. 0 Clort 14

46%"
@ Reaction conditions: (i) 2,2"-bithiophene (20 mmol), 1.6 M n-BuLi in hexane (24 mL, 38 mmol), TMEDA
(37.5 mmol), hexane (100 mL). (ii) 1,2-Dichloro-1,1,2,2-tetramethyldisilane (33 mmol), THF (100 mL),
LiAIH4 (39 mmol). ® Isolated yield.
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Scheme 2.2.8. Preparation of disilane-bridged A—-D—-A molecules (15-20). 2

(a)
Pd[P(t-Bu)sl, (5 mol%)
| . 0 equi L1 s |
HSiI_Si S Sli—éiH . o (FPEIN (4.0 equiv) A di-s: di-o A
BRYAR YA
toluene
12 A =CN, COOEt 0°C,4d 15:A=CN,  12%°
(1.05 equiv) (2.0 equiv) 16: A = COOEt, 19%"
(b)
Il s || Pd[P(t-Bu)s]; (5 mol%) L1 s_ ||
HSI—Si—( )—Si~SiH | A (-PrEtN (4.0 equiv) A SESE SS A
|1 | + I I
0 0 toluene O 0
= /
\13/ A = CN, COOEt 0°C. 44
) (2.0 equiv) 17: A=CN, 10%°
(1.05 equiv) 18: A = COOEt, 12%°
(©)
Pd[P(t-Bu)s], (5 mol%)
| | s s || (I-Pr),EtN (4.0 equiv) | | s s. ||
HSI—Si—(" )—( Si-SH + IOA A@Si—Si Oaw Si—Si—@A
Il I oluene Il I
14 A = CN, COOEt 0°C,4d 19:A=CN, 13%°
A = b
(1.05 equiv) (2.0 equiv) 20: A = COOE, 13%

Synthesis schemes of A—-D—A molecules including (a) thiophene (15, 16), (b) EDOT (17, 18), and (c) bithi-
ophene (19, 20) as donor moieties. @ Reaction conditions: bis(tetramethyldisilanyl)arenes (1.05 mmol), aryl
iodide (2.0 mmol), Pd[P(t-Bu)s]> (0.050 mmol), N,N-diisopropylethylamine (4.1 mmol), toluene (7.5 mL),

0°C, 4 d. °NMR yield. ¢ Isolated yield.
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2.2.2 UV—-vis absorption and emission properties

The absorption and photoluminescence of 6-11 and 15-20 in dichloromethane and in
the solid state are given in Tables 2.2.1-2.2.2 and Figures 2.3.1-2.3.12. The absorption bands
of the D-A-D molecules were located at around 370 nm arising from the ICT transitions be-
tween the peripheral donor groups and the acceptor core. The absorption bands of the A-D-A
molecules containing thiophene (15, 16) or EDOT (17, 18) were in the UV region at 270-280
nm, while those of the molecules containing the 2,2'-bithiophene moiety (19, 20) were located
on around 330 nm as a sharp peak. The absorption wavelength of A—-D-A molecules reflects

the o—n conjugated system of the donor moiety as discussed in DFT calculation (section 2.2.5).

Table 2.2.1. Optical properties of 6-11 and 15-20 in dichloromethane 2

Compound | Jas (NM) & (x103M~em™)  Jem(nm) PP (ns) ¢
6 357 6.86 —d —d —d
7 357 6.35 509, 637 <0.01 2.7°
8 353 7.54 489 <0.01 —d
9 383 5.10 500 0.04 1.1¢
10 384 4.83 500 0.01 0.63 (95%), 2.7 (5%)©
11 380 4.62 497 0.06 15¢
15 272 27.0 428, 460 0.18 19f
16 272 30.8 434, 467 0.32 1.9f
17 278 275 436, 461 0.04 1.5f
18 280 28.4 461 0.09 0.29 (23%), 2.2 (77%) f
19 332 19.3 398 0.40 0.95¢
20 334 24.0 399 0.34 0.97¢

@ Measured in CHCl, purged with N gas. ® Absolute quantum yields were measured by an integrating sphere
system. ¢ Fluorescence lifetimes were observed at the maximum fluorescence wavelengths. ¢ Under detection
limit. ¢ Excited at 365 nm. f Excited at 280 nm. 9 Excited at 340 nm. From reference 9. Copyright © 2016 by

John Wiley Sons, Inc. Adapted by permission of John Wiley & Sons, Inc.
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Table 2.2.2. Optical properties of 6-11 and 15-20 in the solid state @

Compound Jex® (NM) Jem (NM) D° z(ns)®
6 370 486 0.85 7.8¢
7 370, 421" 500 0.34 4.79
8 371 490 0.26 1.9 (50%), 4.1 (50%) ©
9 442 491 0.44 10.2°¢
10 450 504 0.16 3.6 (39%), 10.4 (61%)"
11 _a _a _a _a
15 342 391 0.11 0.70'
16 287 385 0.44 0.68)
17 _a _a _a _a
18 329 405 0.32 0.85 (99%), 12.1 (1%) '
19 365 410 0.66 1.7¢
20 370 411 0.77 2.3¢

a Measured in microcrystalline powder. Compounds 11 and 17 were oily products. ® Excitation wavelengths
in the solid phase determined by excitation spectra. © Absolute quantum yields were measured by an integrat-
ing sphere system. ¢ Fluorescence lifetimes were observed at the maximum fluorescence wavelengths. ¢ Ex-
cited at 365 nm. f Shoulder peak. 9 Excited at 405 nm. " Excited at 465 nm. ' Excited at 340 nm. | Excited at
280 nm. From reference 9. Copyright © 2016 by John Wiley Sons, Inc. Adapted by permission of John Wiley

& Sons, Inc.

The emission spectra of the D—-A-D molecules in dichloromethane expected for com-
pound 7 showed broad bands around 500 nm; the fluorescence band of 7 was at 509 nm as small
peak similar to other D-A-D molecules and at 630 nm as large peak. Besides, emission spectra
of 7 and 10 (Figures 2.3.13-2.3.14 and Tables 2.2.3-2.2.4) in higher polar solvent (acetone)
showed dual emission at around 500 nm and at over 600 nm (720 nm for 7 and 620 nm for 10).
These emission bands at over 600 nm in 7 and 10 were assignable to twisted ICT (TICT) emis-

sion arising from twisting amino group in the excited state as shown in Figure 2.2.1.1
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Table 2.2.3. Optical properties of 7 in dichloromethane and acetone

solvent? abs £ (x103Mem™)® Jem @° 7 (ns)¢
CHxCI, 357 6.35 509, 637 <0.01 -
acetone 356 5.82 498, 702 <0.01 —¢

8 Measured in solvent purged with N2 gas. ® Molar extinction coefficient. ¢ Absolute quantum yields were
measured by an integrating sphere system. ¢ Fluorescence lifetimes were observed at the maximum fluores-

cence wavelengths (Excited at 365 nm). ¢ Under detection limit.

Table 2.2.4. Optical properties of 10 in dichloromethane and acetone

solvent? Jabs g (x103Mcm™)P Jem d° 7 (ns) 4
CH.Cl, 384 4.83 500 001  0.63(95%), 2.7 (5%)
acetone 384 4.35 501, 620 <0.01 —¢

8 Measured in solvent purged with N, gas. ® Molar extinction coefficient. ¢ Absolute quantum yields were
measured by an integrating sphere system. ¢ Fluorescence lifetimes were observed at the maximum fluores-

cence wavelengths (Excited at 365 nm). ¢ Under detection limit.

N>R >~*—@—R

S‘I: D6+ _Aﬁ— A S

: RN 81,: D+ _A_
| !
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exciiaton | emission emission
' |
| : ,
| Y Sy:D—A
Sp: D—A e
planar twisted

Figure 2.2.1. Jabtonski diagrams of planar ICT and twisted ICT.

The emission spectra of the A-D—A molecules with thiophene or EDOT moieties as

the central aryl (15-18) emitted at around 450 nm and showed large Stokes shifts between the
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absorption and emission maxima. On the other hand, the A-D—A molecules with 2,2'-bithio-
phene moieties (19, 20) emitted with sharp bands at around 400 nm. The difference of absorp-
tion and emission behavior between 15-18 and 19-20 will be investigated from the viewpoint
of computational study in Section 2.2.5.

Fluorescence quantum yields (@) are also summarized in Tables 2.2.1 and 2.2.2. The
low quantum yields observed in dichloromethane mainly depended on the central aryl. The D—
A-D molecules 6-8 had lower emission quantum yields (& < 0.01) than those of 9-11 (&: up
to 0.06). In the case of A—D—A molecules, quantum yields were ranked in order as 2,2'-bithio-
phene (19, 20), thiophene (15, 16), and EDOT (17, 18). The lower quantum yield in solution of
17 and 18 was derived from the non-radiative relaxations induced by the flexible ethylenedioxy
group.™ Fluorescence in the solid phase was blue-green (D—A-D) or blue (A—D-A), with an
emission maxima at around 500 nm (6-10) or 400 nm (15, 16, 18-20). All but one (15) dis-
played much higher quantum yields in the solid state than those in solution. In the solid phase,
compound 6 exhibited a blue-green fluorescence at 486 nm with a high quantum yield (& =
0.85), and 19 and 20 also displayed strong blue emission at around 410 nm with high quantum
yields (@ = 0.66 and 0.77, respectively).

To examine the photoemission dynamics, the fluorescence rate constants (k) and non-
radiative rate constants (knr) were calculated (Table 2.2.5) using quantum vyields (&) and fluo-
rescence lifetimes (z). In the case of compounds 9, 10, 19, and 20, the fluorescence rate con-
stants slightly had the deference between solution and the solid phase, while the non-radiative
rate constant in solution was much larger than that in the solid phase. This difference indicates
that non-radiative relaxation in the solid state was reduced comparing with that in solution. In
addition, the solvent effect on optical properties of compound 9 was investigated as shown in
Figures 2.3.15 and 2.3.16, and summarized in Table 2.2.6. Although UV-vis absorption and
emission spectra did not change dramatically, the quantum yield decreased and knr increased
with the increase of the polarity of the solvent, which can be ascribed to a photoinduced electron
transfer (PeT) process (Table 2.2.6).14
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Table 2.2.5. Rates of fluorescence (kr) and non-radiative (knr) decays of selected disilane-bridged compounds

in dichloromethane and in the solid state 2

dichloromethane solid state
compound
ke (x108 s71) knr (x108 571) ke (x108 s71) knr (x108 571)
6 —P —b 1.1 0.19
7 —P —b 0.72 1.4
8 —b —b 0.76 2.2
9 0.36 8.7 0.28 0.59
10 0.10 9.8 0.17 0.92
11 0.40 6.3 —¢ —¢
15 0.90 43 1.6 13
16 1.7 3.6 6.5 8.2
17 0.27 6.4 —¢ —¢
18 0.82 8.3 2.9 6.2
19 4.2 6.3 3.9 2.0
20 3.5 6.8 3.3 1.0

2 Rate constants ks and knr were calculated from quantum yield and fluorescence lifetime; ks = @/z and knr =

(1-®)/z. ® Low emission intensity. ¢ Oily products.

Table 2.2.6. Optical properties and rates of fluorescence (ks) and non-radiative (knr) decays of 9 in cyclo-
hexane, toluene, dichloromethane, THF, and acetone
solvent?  Jdas (nm) e Mtem™®)® Jem(m)  @¢  t(ns)?d ke (x10851)® Ko (x108s71)E

cyclohexane 380 5330 479 0.08 2.1 0.38 4.4
toluene 383 4980 491 0.07 14 0.50 6.6
CH.Cl; 383 5100 500 0.04 1.2 0.33 8.0

THF 378 4540 500 0.04 1.1 0.36 8.7
acetone 380 5140 490 0.02 0.77 0.26 12.7

a Measured in solvent purged with N gas. ® Molar extinction coefficient. ¢ Absolute quantum yields were
mesured by an integrating sphere system. ¢ Fluorescence lifetimes were observed at the maximum fluores-
cence wavelengths (excited at 365 nm). € Rate constants ks and knr were calculated from quantum yield and

fluorescence lifetime; ks = @/r and knr = (1-D)/z.
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2.2.3 Aggregation-induced emission of 9 and 11

The aggregation-induced emission (AIE) of 9 and 11 by THF/water method were in-
vestigated as shown in Figures 2.2.2 and 2.2.3, respectively.'® The addition of water to a THF
solution of 9 initially decreased the original fluorescence at around 500 nm caused by the PeT
effect. However, when water comprised over 70% of the total solvent volume fraction, the
emission intensity dramatically increased, and the photoluminescence intensity of 9 in 99%
water was over three times higher than that in pure THF. This result insists that the strong
emission was induced by the aggregation, which could suppress the non-radiative relaxation
channels (e.g. vibration and rotation). Noted that there is no dependence of the emission and
excitation spectra on the THF/water ratio (Figures 2.2.2(b) and 2.2.2(c)), and the concentration
dependence on emission behavior in THF was not observed (Table 2.2.7). In addition, com-

pound 11 also displayed AIE similar to 9 as shown in Figure 2.2.3

Table 2.2.7. Fluorescence properties of 9 in CH2Cl, with different concentration

Concentration (mol/L) Jem (NM) P2 7 (ns)®
1.7x1073 500 0.04 12
1.8x107* 500 0.04 12
7.3x10°° 500 0.04 11
1.8x107° 500 0.04 12

a Absolute quantum yields were measured by an integrating sphere system. ® Fluorescence lifetimes were

observed at the maximum fluorescence wavelengths (excited at 365 nm).
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solution. (b) Excitation spectra of 9 in various THF/water solution. (c) Plot of fluorescence intensity (area)
vs fw. (d) Photo of the photoluminescence of 9 in various THF/water solution under UV irradiation (365 nm).
From reference 9. Copyright © 2016 by John Wiley Sons, Inc. Adapted by permission of John Wiley & Sons,

Inc.
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2.2.4 X-ray diffraction for crystal structures

To investigate the molecular structure, X-ray diffraction (XRD) analysis was carried
out. Single crystal XRD results for 7, 9, 16, and 20, whose crystallographic data were summa-
rized in Tables 2.3.1-2.3.8, revealed their molecular structure and packing structures as shown
in Figure 2.2.4. The molecular structure of compound 7 appears almost straight and anti con-
formation (Figure 2.2.4(a)). Figure 2.2.4(b) shows that there are only CH—r intermolecular in-
teractions (2.8-3.1 A) and n— stacking does not exist in the crystal packing structure. Com-
pound 9 has a syn-form structure not similar to 7 (Figure 2.2.4(c)), and its crystal structure
(Figure 2.2.4(d)) has the terminal donor aromatic ring (T2) and the central acceptor aromatic
ring (C) located nearly parallel in the anti-position, and the other terminal aromatic ring (T1)
and central ring (C) is distorted with ca. 110° torsion angle in the syn-position. There is no ©—n
stacking in the crystal due to the twisted structure.

A-D-A molecules 16 and 20 (Figure 2.2.4(e) and (g)) have a straight structure in the
anti-position in crystal. The crystal packing structure of 16 (Figure 2.2.4(f)) insists that there
are only CH—n intermolecular interactions (2.7-2.9 A) without intermolecular n—n stacking.
The packing structure of 20 (Figure 2.2.4(h)) suggests that there are CH—n intermolecular in-
teractions (2.4-2.9 A) and long intermolecular n—r distance (4.3 A) owing to the bulkiness of
disilane moieties. Thus, the crystal structure of both 16 and 20 do not have effective intermo-
lecular = interactions.

Overall, the effective suppression of intermolecular m—r interactions because of the
flexibility and bulkiness of SizMes units in crystal structure affects strong solid state fluores-
cence of both the disilane-bridged D—A-D and the A—D—A triads in addition to the suppression

of non-radiative relaxations by the aggregation.®
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Figure 2.2.4. (a, c, e, g) ORTEP drawings (50% probability ellipsoids) and (b, d, f, h) packing structures of
(@, b)7,(c,d)9, (e f) 16, and (g, h) 20. Hydrogen atoms on ORTEP drawings are omitted for clarity. From
reference 9. Copyright © 2016 by John Wiley Sons, Inc. Adapted by permission of John Wiley & Sons, Inc.
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2.2.5 Theoretical consideration for the structural and optical properties

To investigate the combinational effects of donor, acceptor, and disilane moieties on
the photophysical properties, the calculation of the molecular orbitals and transition states with
density functional theory (DFT) and time-dependent DFT (TD-DFT) was carried out with
Gaussian 09 Revision E.01 program.l’ The electron density of the HOMO of 6-8 was mainly
located on the donor aryls, and the LUMO was mainly spread over the acceptor (Figure 2.2.6).
Although the electron density of the LUMO of 9-11 was localized on the acceptor aryl and the
HOMO of 10 was mainly spread over the donor and disilane units similar to 6-8, the HOMO
of 9 and 11 was partially localized on the thiophene and disilane units (Figure 2.2.7). Noted
that compound 9 has two structure, a syn-form (suggested from XRD analysis) and an anti-
form. According to their Gibbs energy, the anti-form and the syn-form by ca. 0.1 kcal/mol in
vacuum (Figure 2.2.5 and Table 2.2.8), so that in solution phase the conformation of 9 should
be the mix of anti-form and syn-form while in crystalline state there are only the syn-form.
Although the frontier molecular orbitals of the anti-form 9 slightly differ from those of the syn-
form, the structural difference between solution phase and solid phase affected the optical be-
havior such as the fluorescence rate as well as the non-radiative rate (Table 2.2.2). The TD-
DFT calculation insisted that the lowest energy absorption band and the emission band of 6-11
represented the HOMO — LUMO transition (Tables 2.2.9-2.2.14), which was assigned to ICT
(6-8, and 10) or to a combination of ICT and n—=* transition (9 and 11).

Figures 2.2.8-2.2.10 show the electron density of molecular orbital and energy levels
of A-D-A molecules. Compounds 15-18 were mainly localized on the central aromatic and
disilane units, and the LUMO was localized on the acceptor aryls. Meanwhile, both the HOMO
and LUMO of 19 and 20 were spread over the 2,2'-bithiophene and disilane units. TD-DFT
calculations showed the lowest energy absorption band of 15-18 to represent the HOMO —
LUMO transition mainly assigned to ICT, while that of 19 and 20 represents the —n* excitation
(Tables 2.2.15-2.2.20). Therefore, the transition of 15-18 can be assigned to ICT emission,
whereas that of 19 and 20 can be assigned to the n—n* emission. Thus 15-18 showed larger
Stokes shifts than 19 and 20.
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Figure 2.2.5. Molecular structures for (a) anti-form 9 optimized with DFT calculation at the B3LYP/6-

31G(d) level and (b) syn-form 9 estimated with XRD analysis.

Table 2.2.8 Gibbs free energy of 9 calculated with DFT at the B3LYP/6-31G(d) level.

Gibbs free energy (kcal/mol)
anti-form —1873697.824
syn-form —1873697.718
difference 0.11
6 7
9 —‘:ﬁd # ‘*‘J
* - 9 2 >,
oo ol
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Figure 2.2.6. Frontier molecular orbitals and energy levels for 68 calculated with DFT at the B3LYP/6-

31G(d) level. I means the probability density.
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Figure 2.2.7. Frontier molecular orbitals and energy levels for anti-form 9, syn-form 9, 10, and 11 calcu-
lated with DFT at the B3LYP/6-31G(d) level. I means the probability density.
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Figure 2.2.8. Frontier molecular orbitals and energy levels for 15 and 16 calculated with DFT at the
B3LYP/6-31G(d) level. | means the probability density.

44



LUMO (/= 0.04) Pl 000y
»’,",a\‘o - 4
) & "
' 2
LUMO (/= 0.02) m:a e
4,‘.‘0\ [ g ’
J " ’l
~1.55 eV
‘J’? . d @
HOMO (/ = 0.02) J?@
-5.83 eV

9
]
2 .‘f
f J’ t
3 e >,
) ¥ ®
@ a{“ ’J Q‘.’J
’ 20 ¥ 0
%%, %3 ?
R N
@’
s .d 2 “*
J
W aadq g
)J-' 0‘.. ‘ﬁfj
A N
-1.29 eV
9
A
1.5 ' g J)‘ ". ’
»
? o
I b9,
< Y
L N
-5.59 eV
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Table 2.2.9. Summary of the TD-DFT calculations of 6

S1:426.53 nm f=0.1393¢
HOMO — LUMO 0.69865°

S2:401.35 nm f=0.0002
HOMO-1 — LUMO  0.70269

S3:349.19 nm f=10.0752
HOMO-2 — LUMO  0.69669

2 Oscillator strength. ® C1 expansion coefficients for each excitation.

Table 2.2.10. Summary of the TD-DFT calculations of 7
S1:498.83 nm f=0.07212
HOMO — LUMO 0.70348°

S2: 486.84 nm f=0.0002
HOMO-1 — LUMO  0.70573

S3:373.06 nm f=0.1566
HOMO-2 — LUMO  0.69692

2 Oscillator strength. ® CI expansion coefficients for each excitation.
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Table 2.2.11. Summary of the TD-DFT calculations of 8

S1:414.09 nm f=0.1758%
HOMO-2 — LUMO —0.14891°
HOMO — LUMO 0.68628

S2: 386.74 nm f=10.0005
HOMO-3 — LUMO -0.12410
HOMO-1 — LUMO  0.69462

S3:351.78 nm f=10.0589
HOMO-2 — LUMO  0.68291
HOMO — LUMO  0.14944

2 Oscillator strength. ® C1 expansion coefficients for each excitation.

Table 2.2.12. Summary of the TD-DFT calculations of 9

anti form syn form
$1:414.07 nm f=0.18172 S1:412.04 nm f=0.1300
HOMO — LUMO 0.69646° | HOMO — LUMO 0.69892
S»: 368.72 nm f=10.0069 S2: 426.81 nm f=0.0032
HOMO-3 — LUMO 0.66344 { HOMO-3 — LUMO 0.47747
HOMO-2 — LUMO 0.22035 | HOMO-1 — LUMO 0.51705
S3:365.26 nm f=0.0074 S3:426.81 nm f=10.0089
HOMO-1 — LUMO 0.70113 HOMO-3 — LUMO 0.47937
HOMO-2 — LUMO 0.21729
HOMO-1 — LUMO -0.46091

2 Oscillator strength. ® Cl expansion coefficients for each excitation.
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Table 2.2.13. Summary of the TD-DFT calculations of 10

S1:450.24 nm f=0.1258%
HOMO — LUMO 0.69667°

S2:432.35nm f=10.0044
HOMO-1 — LUMO  0.70532

S3:380.88 nm f=0.0759
HOMO-2 — LUMO  0.68660

2 Oscillator strength. ® CI expansion coefficients for each excitation.

Table 2.2.14. Summary of the TD-DFT calculations of 11

S1: 410.16 nm f=0.21592
HOMO — LUMO 0.69503"

S2: 369.42 nm f=0.0055
HOMO-6 — LUMO  0.16389
HOMO-3 — LUMO  0.65882
HOMO-2 — LUMO -0.16763

S3: 358.89 nm f=0.0072
HOMO-4 — LUMO 0.12110
HOMO-1 — LUMO 0.69507

2 Oscillator strength. ® C1 expansion coefficients for each excitation.
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Table 2.2.15. Summary of the TD-DFT calculations of 15

S1:306.38 nm f=0.6906%
HOMO — LUMO  0.69794°

S2:297.37 nm f=0.0089
HOMO — LUMO+1 0.70141

Sa: 261.13 nm f=0.5672
HOMO-3 — LUMO  -0.14301
HOMO-1 — LUMO+1 0.17245

HOMO — LUMO+2  0.65360

2 Oscillator strength. ® C1 expansion coefficients for each excitation.

Table 2.2.16. Summary of the TD-DFT calculations of 16

S1: 305.45 nm f=0.7665%
HOMO — LUMO  0.69540°

S2:296.15 nm f=0.0147
HOMO — LUMO+1 0.70081

S3:267.13 nm f=0.5862
HOMO-3 — LUMO 0.15126
HOMO-1 — LUMO+1 -0.20066

HOMO — LUMO+2 0.69673

2 Oscillator strength. ® C1 expansion coefficients for each excitation.

Table 2.2.17. Summary of the TD-DFT calculations of 17
S1:320.56 nm f=0.5006*

HOMO — LUMO  0.69800°

S2:313.82 nm f=0.0140
HOMO — LUMO+1  0.69958

S3:298.52 nm f=10.0089
HOMO-1 — LUMO 0.70114

2 Oscillator strength. ® C1 expansion coefficients for each excitation.
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Table 2.2.18. Summary of the TD-DFT calculations of 18
S1: 319.32 nm f=0.53502

HOMO — LUMO  0.69725°

S2:312.90 nm f=0.0170
HOMO — LUMO+1 0.70014

S3:295.67 nm f=0.0094
HOMO-1 — LUMO 0.70163

2 Oscillator strength. ® C1 expansion coefficients for each excitation.

Table 2.2.19. Summary of the TD-DFT calculations of 19

S1:362.63 nm f=1.19462
HOMO — LUMO 0.70104°

S»2:338.29 nm f=10.0000
HOMO-1 — LUMO  0.70445

S3:323.91 nm f=0.1677
HOMO-2 — LUMO  0.70172

2 Oscillator strength. ® C1 expansion coefficients for each excitation.

Table 2.2.20. Summary of the TD-DFT calculations of 20
S1: 364.36 nm f=1.34352

HOMO — LUMO  0.69842°

S2: 338.08 nm f=0.0003
HOMO — LUMO+1 0.70330

S3:326.89 nm f=0.0903
HOMO — LUMO+2 0.70124

2 Oscillator strength. ® Cl expansion coefficients for each excitation.
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2.3 Experimental section
2.3.1 General

(a) Reagents

N,N-Diisopropylethylamine was purchased from Tokyo Chemical Industry and was
distilled before use. All solvents for synthesis were dried before use. 1,2-Dichloro-1,1,2,2-tet-
ramethyldisilane, iodine, sulfuric acid, silver sulfate, acetic acid, lithium aluminum hydride,
bis(tri-tert-butylphosphine)palladium(0), benzo[c][1,2,5]thiadiazole, N-iodosuccinimide (NIS),
triethylamine, 1.6 M n-BuLi in hexane, 2,5-dibromothiophene, 2,2'-bithiophene, N,N,N',N'-tet-
ramethylethylenediamine (TMEDA), 4-iodobenzonitrile, and ethyl 4-iodobenzoate were pur-
chased from commercial sources and were used as received without further purification. 2,3-
Dimethylthieno[3,4-b]pyrazine was prepared according to the literature.!*® 2,5-Dibromo-3,4-
ethylenedioxythiophene was prepared according to the literature.'® 1-(4-Dimethylaminophe-
nyl)-1,1,2,2-tetramethyldisilane (3), 1-(4-methoxyphenyl)-1,1,2,2-tetramethyldisilane (4), and
1,1,2,2-tetramethyl-1-(4-phenoxyphenyl)disilane (5) were prepared according to the litera-
ture.®1® Cyclohexane, toluene, dichloromethane, and acetone for spectroscopic analysis were
purchased from Wako Pure Chemical Industries and deoxygenated with nitrogen before meas-
urements. Distilled THF for spectroscopic analysis was purchased from Kanto Chemical Co.,
Inc., purified through organic solvent purifier (Nikko Hansen Co., Ltd.) and deoxygenated with
nitrogen before measurements. Water for synthesis and spectroscopic analysis was purified with
AUTOPURE WD500 (Yamato Scientific Co., Ltd.), and Water for spectroscopic analysis was

deoxygenated with nitrogen before measurements.

(b) Characterization

NMR spectra were measured with a JEOL AL-400 spectrometer, a JEOL ECX-400
spectrometer or a Bruker DRX-500 spectrometer. Tetramethylsilane (6 = 0.00) was used as an
internal standard for *H NMR spectra, and CDCl3 (5 = 77.0) was used as an internal standard
for 3°C NMR spectra. GC-MS spectra were recorded with a Shimadzu GC-MS-QP2010 spec-
trometer. FAB-MS was performed with a JEOL MStation JMS-700 spectrometer. UV-vis ab-
sorption spectra were measured with a JASCO V-570 spectrometer. Fluorescence spectra and
absolute quantum yields were measured with a Hitachi F-4500 spectrometer, a Shimadzu RF-
5300PC spectrometer, and a Hamamatsu C9920-02 spectrometer. Fluorescence lifetimes were
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measured with a Hamamatsu Quantaurus-Tau C11367 spectrometer. The most stable conform-
ers and energy transitions identified were calculated by DFT and TD-DFT computations that
were performed by the Gaussian09 revision E.01 program using B3LYP/6-31G(d).Y’

(c) X-ray crystallographic analysis
Single crystals for X-ray diffraction were prepared using the following conditions:
I.  7:Recrystallization by vapor diffusion of benzonitrile/DMSO at room temperature
Ii.  9: Recrystallization from methanol at —30 °C
iii. 16: Recrystallization from acetonitrile at room temperature

iv.  20: Recrystallization from hexane at room temperature

Synchrotron radiation (SR) X-ray diffraction data of 7 were collected at 100 K on a
CCD detector at SPring-8 beam line BL02B1 (Hyogo, Japan) (SR, A = 0.3540 A).?° The struc-
ture was solved by direct methods using SIR-2004 program?! and was refined by the full-matrix
least-squares techniques against F2 implementing SHELXL-2013.%

X-ray diffraction data of 9, 16, 20 were collected at 113 K with an AFC10 diffractom-
eter coupled with a Rigaku Saturn CCD system equipped with a rotating-anode X-ray generator
producing graphite-monochromated MoKa radiation (A = 0.7107 A). The structures were
solved by the direct method using SIR-92 program (9, 16)* or SHELX-97 program (20)?* and
refined against F? using SHELXL-97.24

Crystallographic data for the structure of 7, 9, 16, and 20 have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication nos. CCDC 1425714,
1425711, 1425712, and 1425713, respectively.
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2.3.2 Synthesis

(@) An improved experimental procedure for the preparation of 4,7-diiodo-
benzo[c][1,2,5]thiadiazole.

s I, (2.5 equiv) S
N\/ ;N Ag,SO, (1.0 equiv) N\/ ;N

HySO4 I I
120 °C, 23 h

1
38%

(1.0 equiv)

4,7-Diiodo-2,1,3-benzothiadiazole (1) was prepared from benzo[c][1,2,5]thiadiazole
according to the modified method based on the literature.® Under an argon atmosphere, to
benzo[c][1,2,5]thiadiazole (2.72 g, 20.0 mmol), iodine (12.7 g, 50.0 mmol) and silver(l) sulfate
(6.24 g, 20 mmol), was added concentrated sulfuric acid (30 mL), and the reaction mixture was
stirred at 120 °C for 23 h. After cooling to ambient temperature, the reaction mixture was
quenched with water at 0 °C, and the precipitate was collected by filtration. The collected solid
were extracted with CH2Cl> from the precipitate three times. The organic solution was washed
with saturated NaHCO3 aq, water, and brine, and dried over Na;SOa. After evaporation of di-
chloromethane, the residue was recrystallized with ethyl acetate to give 1 (2.92 g, 7.54 mmol)

in 38% yield.

4,7-diiodobenzo[c][1,2,5]thiadiazole (1):® Isolated yield: 38%. Yellow solid. Sublimation
point: 140 °C. *H NMR (400 MHz, CDCls) § 7.82 (s, 2H). 3C NMR (100 MHz, CDCl3) § 153.9
(Cq), 139.8 (CH), 87.8 (Cq). EI-MS m/z 388 (M"). Elemental analysis Calcd (%) for CsH2IN2S:
C 18.57,H0.52, N 7.22. Found: C 18.65, H 0.68, N 7.17.

(b) An improved experimental procedure for the preparation of 5,7-diiodo-2,3-dime-

thylthieno[3,4-b]pyrazine.

I |
S\ /Z NIS (2.5 equiv) S\ /Z
N N
>\ /< DMF/AcOH = 5/1 N\ /N
—20°C (3 h)tort. (1d) / \
. 2
(1.0 equiv) 79%

5,7-Diiodo-2,3-dimethylthieno[3,4-b]pyrazine (2) was prepared by modified method

according to literature.® In an argon atmosphere, a solution of NIS (4.47 g, 19.9 mmol) in DMF
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(100 mL) was added dropwise to a solution of 2,3-dimethylthieno[3,4-b]pyrazine (1.31 g, 7.97
mmol) in DMF (50 mL) and CH3CO2H (10 mL) at —20 °C. The reaction mixture was stirred
for 3 h at —20 °C and warmed to room temperature and stirred for 1 d at room temperature. The
reaction mixture was poured into water and filtered. The brown residue was washed with water
and collected. The crude product was purified by flash column chromatography on silica gel
(eluent: CH2Cl, /hexane = 1/1) to obtain 2 (2.63 g, 6.33 mmol) as yellow solid in 79% yield.

5,7-diiodo-2,3-dimethylthieno[3,4-b]pyrazine (2): Isolated yield 79%. Yellow solid. Decom-
position point: 147 °C.*H NMR (500 MHz, CDCls3) § 2.68 (s, 6H). 13C NMR (125 MHz, CDCls)
3 155.1 (Cq), 143.8 (Cy), 73.3 (Cy), 23.3 (CH3). FAB-MS m/z 417 ([(M+H]"). FAB-HRMS Calcd
for CgH7N2Sl2: 416.8419. Found: 416.8432 ([M+H]").

(c) A typical experimental procedure for the preparation of 6—8.

.S,
@l | N/S\N Pd[P(t-Bu)s], (5 mol%) |1 o ||
D Si-Si-H -Bu)s]z (5 mol% s . @
\ - -
L, | 5 | _(FPOZEWN (4.0 equiv) b < > S { § Nt °

3: D =0Me )
4: D = NMe toluene 6: D = OMe, 45%
: 1 0°C,8d 7: D = NMey, 35%
5: D = OPh ,
. 8: D =0Ph, 45%
(2.1 equiv) (1.0 equiv)

Under an argon atmosphere, to a solution of 1 (456 mg, 1.2 mmol) and Pd[P(t-Bu)s]2
(30.7 mg, 0.060 mmol) in toluene (10 mL) was added N,N-diisopropylethylamine (0.94 mL,
4.8 mmol) and 3 (0.539 mL, 2.5 mmol) for 8 d at 0 °C. The reaction mixture was poured into
water and extracted with CH2Cl; three times. The organic layer was washed with brine and
dried over Na>SOa. The solvent was evaporated, and residue was roughly purified by column
chromatography on silica gel (eluent: CHCIs /hexane = 1/1) and perfectly purified by HPLC
with a GPC column (solvent: CHCIz) to afford 6 (313 mg, 0.54 mmol) as pale yellow solid in
45% vyield.

4,7-bis[2-(4-methoxyphenyl)-1,1,2,2-tetramethyldisilyl]benzo[c][1,2,5]thiadiazole (6): Iso-
lated yield 45%. Pale yellow solid. Mp: 118.0-119.0 °C. *H NMR (500 MHz, CDCls) & 7.51
(s, 2H), 7.25 (d, 4H, J = 8.6 Hz), 6.79 (d, 4H, J = 8.6 Hz), 3.78 (s, 6H), 0.48 (s, 12H), 0.31 (s,
12H). 3C NMR (125 MHz, CDCl3) § 159.9 (Cg), 157.9 (Cg), 135.12 (CH), 135.06 (CH), 134.6
(Cq), 129.7 (Cy), 113.3 (CH), 54.9 (CH3), —3.2 (CH3), —3.6 (CH3). EI-MS m/z 580 (M™). Ele-
mental analysis Calcd (%) for C2sHs0N20.SSis: C 57.88, H 6.94, N 4.82. Found: C 57.63, H
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7.21, N 4.54.
4,7-bis[2-(4-dimethylaminophenyl)-1,1,2,2-tetramethyldisilyl]benzo[c][1,2,5]thiadiazole
(7): Isolated yield 35%. Yellow solid. Mp: 128.0—129.5 °C. *H NMR (400 MHz, CDCls) § 7.52
(brs, 2H), 7.20 (d, 4H, J = 8.5 Hz), 6.63 (d, 4H, J = 8.5 Hz), 2.92 (s, 12H), 0.48 (s, 12H), 0.28
(s, 12H). 13C NMR (100 MHz, CDCls) & 158.0 (Cq), 150.6 (Cg), 135.2 (CH), 134.9 (Cg), 134.8
(CH), 123.9 (Cy), 111.9 (CH), 40.2 (CHs3), —3.1 (CHz3), —3.4 (CHa). EI-MS m/z 606 (M"). Ele-
mental analysis Calcd (%) for CaoH4sN4SSis: C 59.35, H 7.64, N 9.23. Found: C 59.20, H 7.80,
N 8.98.

4,7-bis[2-(4-phenoxyphenyl)-1,1,2,2-tetramethyldisilyl]benzo[c][1,2,5]thiadiazole (8): Iso-
lated yield: 45%. Pale yellow solid. Mp: 110.0—112.5 °C. *H NMR (500 MHz, CDClz) § 7.51
(s, 2H), 7.25 (d, 4H, J = 8.6 Hz), 6.79 (d, 4H, J = 8.6 Hz), 3.78 (s, 6H), 0.48 (s, 12H), 0.31 (s,
12H). 3C NMR (125 MHz, CDCl3) § 159.9 (Cg), 157.9 (Cg), 135.12 (CH), 135.06 (CH), 134.6
(Cq), 129.7 (Cy), 113.3 (CH), 54.9 (CH3), —3.2 (CH3), —3.6 (CH3). FAB-MS m/z 704 (M"). FAB-
HRMS Calcd for CsgH4402N2SSis: 704.2200. Found: 704.2173 (MY).

(d) A typical experimental procedure for the preparation of 9—-11.

S | 1 s 1]
. Sreen ! papesu, o © s cavasaUs

L, N N (i-Pr),EtN (4.0 equiv) N N
3: D =OMe N
4: D = NMe, / \ m-xylene
5:D = OPh 2 0°C,4d 9: D = OMe, 45%
10: D = NMe,, 41%
(2.0 equiv) (1.0 equiv) 11: D = OPh, 25%

Under an argon atmosphere, to a solution of 2 (417.4 mg, 1.0 mmol) and Pd[P(t-Bu)s]2
(25.5 mg, 0.050 mmol) in m-xylene (7.5 mL) was added N,N-diisopropylethylamine (0.80 mL,
4.1 mmol) and 3 (0.433 mL, 2.0 mmol) at 0 °C for 4 d. The reaction mixture was poured into
water and extracted with CH2Cl> three times. The organic layer was washed with brine and
dried over Na>,SO4. The solvent was evaporated under a reduced pressure, and residue was
roughly purified by column chromatography on silica gel (eluent: hexane/ethyl acetate = 100/1)
and perfectly purified by HPLC with a GPC column (solvent: CHCI3) to afford 9 (276 mg, 0.45

mmol) as yellow solid in 45% vyield.

5,7-bis[2-(4-methoxyphenyl)-1,1,2,2-tetramethyldisilyl]-2,3-dimethylthieno[3,4-b]pyra-
zine (9): Isolated yield: 45%. Yellow solid. Mp: 55.1-56.2 °C. *H NMR (500 MHz, CDCl3) &
7.31(d, 4H,J=8.8 Hz), 6.81 (d, 4H, J = 8.6 Hz), 3.78 (s, 6H), 2.54 (s, 6H), 0.47 (s, 12H), 0.34
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(s, 12H). 3°C NMR (125 MHz, CDCls3) § 159.9 (Cq), 150.6 (Cq), 149.8 (Cg), 135.7 (Cq), 135.3
(CH), 129.8 (Cqg), 113.3 (CH), 54.9 (CHa), 23.4 (CH3), —2.7 (CHz3), —3.3 (CHzs). FAB-MS m/z
608 (M*). FAB-HRMS Calcd for C3oH4402N2SSis: 608.2201. Found: 608.2201 (M").
5,7-bis[2-(4-dimethylaminophenyl)-1,1,2,2-tetramethyldisilyl]-2,3-dimethylthieno[3,4-
b]pyrazine (10): Isolated yield: 41%. Yellow solid. Mp: 115.2—118.2 °C. *H NMR (500 MHz,
CDCl3) 6 7.27 (d, 4H, J = 8.8 Hz), 6.66 (d, 4H, J = 8.6 Hz), 2.93 (s, 12H), 2.55 (s, 6H), 0.48 (s,
12H), 0.32 (s, 12H). *C NMR (125 MHz, CDCls) & 150.54 (Cq), 150.45 (Cg), 149.8 (Cg), 136.0
(Cq), 135.0 (CH), 124.0 (Cq), 111.9 (CH), 40.2 (CHg), 23.4 (CHas), —2.6 (CHz), —3.2 (CH3).
FAB-MS m/z 634 (M*). FAB-HRMS Calcd for C32Hs50N4SSis: 634.2833. Found: 634.2842 (M™).
5,7-bis[2-(4-phenoxyphenyl)-1,1,2,2-tetramethyldisilyl]-2,3-dimethylthieno[3,4-b]pyra-
zine (11): Isolated yield: 25%. Yellow oil. *H NMR (400 MHz, CDCls) § 7.34—7.30 (m, 8H),
7.10(t,2H, J=7.6 Hz), 6.99 (d, 4H, J=7.8 Hz), 6.88 (d, 4H, J = 8.2 Hz), 2.54 (s, 6H), 0.48 (s,
12H), 0.34 (s, 12H). °C NMR (100 MHz, CDCls) § 157.7 (Cg), 156.8 (Cg), 150.7 (Cq), 149.8
(Cy), 135.4 (CH), 133.1 (Cg), 123.3 (CH), 119.1 (CH), 117.8 (CH), 23.4 (CH3), —2.7 (CHa3),
—3.3 (CHa). FAB-MS m/z 732 (M*). FAB-HRMS Calcd for C4oHsN20,SSis: 732.2514. Found:
732.2534 (MY).

(e) Preparation of 2,5-bis(1,1,2,2-tetramethyldisilanyl)thiophene (12).

| |
CI-Sli-Sli-CI LiAIH,

Mg
s (3.0 equiv) s (22equiv)  (3.0equiv) | | g | |
BrUBr - - BngUMgBr HSi—SiUSi—SiH
THF THF I I
. 0°Ctor.t.
(1.0 equiv) reflux -78°C (2h)tor.t. 12

64%°

Under an argon atmosphere, a solution of 2,5-dibromothiophene (3.40 mL, 30 mmol)
in THF (70 mL) was added to magnesium turning (2.19 g, 90 mmol) dropwisely, and reaction
mixture was refluxed overnight to give di-Grignard reagent. This solution of the di-Grignard
reagent in THF was added slowly to a solution of 1,2-dichloro-1,1,2,2-tetramethyldisilane (11.8
mL, 66 mmol) in THF (60 mL) at —78 °C for 2 h, then the reaction mixture was warmed to
room temperature. The mixture was cooled to 0 °C, and LiAIH4 (2.29 g, 90 mmol) was added.
The reaction mixture was warmed to room temperature and stirred overnight. The reaction mix-
ture was quenched with water and extracted with diethyl ether three times. The organic layer
was washed with brine and dried over sodium sulfate. The solvent was evaporated under a

reduced pressure, and residue was purified by distillation (110 °C, 1.0 mmHg) to give 12 (6.08
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g, 19.2 mmol) as colorless oil in 64% vyield.

2,5-bis(1,1,2,2-tetramethyldisilanyl)thiophene (12): Isolated yield: 64%. Colorless oil. H
NMR (500 MHz, CDClz) 6 7.29 (s, 2H), 3.75 (septet, 2H, J = 4.5 Hz), 0.41 (s, 12H), 0.16 (d,
12H, J = 4.6 Hz). °C NMR (125 MHz, CDCls) & 144.4 (Cq), 135.4 (CH), —2.1 (CH3), —6.6
(CHs). FAB-MS m/z 315 ([M—H]"). FAB-HRMS Calcd for C12H27SisS: 315.0921. Found:
315.0895 ([M—HJ").

(f) Preparation of 2,5-bis(1,1,2,2-tetramethyldisilanyl)-3,4-ethylenedioxythiophene (13).

| |
CI-Si-Si-Cl LiAIH,

Br— > (znz_iutiiv) Li— > |1 (25 equiv) gl PN
r—( e —q> = j—u (2.5 equiv) e Hsi—?lvsr?m
o © THF O ©O THF 0°Ctort o ©
| —78°C,3h —78°C(1.5h)tort. —
(1.0 equiv) 13

76%P

Under an argon atmosphere, a solution of 1.6 M n-BuLi in hexane (28 mL, 44 mmol)
was added to a solution of 2,5-dibromo-3,4-ethylenedioxythiophene (6.00 g, 20 mmol) in THF
(100 mL) at —78 °C for 20 min, and reaction mixture was stirred at —78 °C for 3 h to give
dilithiated reagent. This solution of dilithiated reagent was added slowly to a solution of 1,2-
dichloro-1,1,2,2-tetramethyldisilane (9.0 mL, 51 mmol) in THF (200 mL) at =78 °C for 1.5 h,
then the reaction mixture was warmed to room temperature. The mixture was cooled to 0 °C,
and LiAlH4 (1.96 g, 50 mmol) was added. The reaction mixture was warmed to room tempera-
ture and stirred overnight. The reaction mixture was quenched with water and extracted with
diethyl ether three times. The organic layer was washed with brine and dried over sodium sul-
fate. The solvent was evaporated under a reduced pressure, and residue was purified by column
chromatography on silica gel (eluent: hexane) to give 13 (5.72 g, 15 mmol) as colorless oil in
76% yield.

2,5-bis(1,1,2,2-tetramethyldisilanyl)-3,4-ethylenedioxythiophene (13): Isolated yield: 76%.
Colorless oil. '"H NMR (500 MHz, CDCl) & 4.14 (s, 4H), 3.73 (septet, 2H, J = 4.5 Hz), 0.36 (5,
12H), 0.16 (d, 12H, J = 4.4 Hz). 3C NMR (125 MHz, CDCl3) § 148.0 (Cg), 116.0 (Cy), 64.3
(CH2), 3.1 (CHs), —6.4 (CHs3). FAB-MS m/z 373 ([M—-H]*). FAB-HRMS Calcd for
C14H200,Si4S: 373.0966. Found: 373.0971 ((M—H]").
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(g) Preparation of 5,5'-bis(1,1,2,2-tetramethyldisilanyl)-2,2'-bithiophene (14).

n-BulLi

(2.5 equiv) CI-Si—Si—Cl . |
TMEDA s L | LAIH, s_SiGiH
m\@ (2.5 equiv) N\ ] (22equv) (26equv) | | [l CT
S \ : hexane Li s \ WS- S
; e 0°Ctor.t. I 14
(1.0 equiv) reflux, 3 h -78°Ctor.t.

46%"

Under an argon atmosphere, a solution of 1.6 M n-BuL.i in hexane (24 mL, 38 mmol)
was added to a solution of 2,2'-bithiophene (2.50 g, 15 mmol), distilled tetramethylethylenedi-
amine (TMEDA) (5.6 mL, 37.5 mmol) in hexane (100 mL) at 0 °C, and the reaction mixture
was refluxed for 3 h to give dilithiated reagent. This solution of the dilithiated reagent in hexane
was added slowly to a solution of 1,2-dichloro-1,1,2,2-tetramethyldisilane (5.90 mL, 33 mmol)
in THF (100 mL) at =78 °C for 50 min, then the reaction mixture was warmed to room temper-
ature. The mixture was cooled to 0 °C, and LiAIH4 (1.48 g, 39 mmol) was added. The reaction
mixture was warmed to room temperature and stirred overnight. The reaction mixture was
quenched with water and extracted with diethyl ether three times. The organic layer was washed
with brine and dried over sodium sulfate. The solvent was evaporated under a reduced pressure,
and residue purified by column chromatography on silica gel (eluent: hexane) to give 14 (2.73
g, 6.8 mmol) as colorless oil in 46% yield.

5,5'-bis(1,1,2,2-tetramethyldisilanyl)-2,2'-bithiophene (14): Isolated yield: 46%. Colorless
oil. 'H NMR (500 MHz, CDCl3) & 7.24 (d, 2H, J = 3.5 Hz), 7.09 (d, 2H, J = 3.5 Hz), 3.76
(septet, 2H, J = 4.5 Hz), 0.41 (s, 12H), 0.17 (d, 12H, J = 4.7 Hz). 3C NMR (125 MHz, CDCl3)
§ 142.6 (Cq), 138.1 (Cy), 135.0 (CH), 125.1 (CH), —2.4 (CHs), —6.7 (CH3). FAB-MS m/z 397
([M—H]"). FAB-HRMS Calcd for C16H2902Si4S2: 397.0788. Found: 397.0789 ([M—H]").

(h) A typical experimental procedure for the preparation of 15—20.

Pd[P(t-Bu)s], (5 mol%)

| ] | (i-Pr),EtN (4.0 equiv) | |
H—Sli-Sli Sli-Sli—H + 1 A A Sli-Sli Sli-Sli A

toluene
12: thiophene 0°C,4d
= 13: EDOT A =CN, COOEt
14: bithiphene
(1.05 equiv) (2.0 equiv)

Under an argon atmosphere, to a solution of 4-iodobenzonitrile (458 mg, 2.0 mmol)
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and Pd[P(t-Bu)s]2 (25.6 mg, 0.050 mmol) in toluene (7.5 mL) was added N,N-diisopropylethyl-
amine (0.80 mL, 4.1 mmol) and 12 (333 uL, 1.05 mmol) at 0 °C for 4 d. The reaction mixture
was quenched with water and extracted with CH2ClI> three times. The combined organic layer
was washed with brine and dried over sodium sulfate. The solvent was evaporated under a
reduced pressure, and residue was purified by column chromatography on silica gel (eluent:
hexane/ethyl acetate = 5/1) and HPLC with a GPC column (solvent: CHCI3) to afford roughly
purified 15 (62.3 mg, 0.12 mmol). This product was recrystallized with hexane and ethyl acetate
to give 15 (38.3 mg, 0.074 mmol) as colorless solid in 7.4% yield.

4,4'-[thiophene-2,5-diylbis(1,1,2,2-tetramethyldisilane-2,1-diyl)]dibenzonitrile (15): Iso-
lated yield after recrystallization from hexane/ethyl acetate: 7.4%, NMR yield: 12%. Colorless
solid. Mp: 139.5-141.0 °C. *H NMR (500 MHz, CDCls) § 7.54 (d, 4H, J = 8.3 Hz), 7.44 (d,
4H,J = 8.1 Hz), 7.12 (s, 2H), 0.37 (5, 12H), 0.35 (5, 12H). 3C NMR (125 MHz, CDCl3) § 146.1
(Cy), 143.6 (Cq), 135.6 (CH), 134.2 (CH), 130.8 (CH), 119.1 (Cq), 112.0 (Cq), —2.7 (CHz), 4.4
(CH3). FAB-MS m/z 519 ([M+H]"). FAB-HRMS Calcd for C26H3sN2SSis: 519.1598. Found:
519.1617 ([M+H]").

Diethyl 4,4'-[thiophene-2,5-diylbis(1,1,2,2-tetramethyldisilane-2,1-diyl)]dibenzoate (16):
Isolated yield after recrystallization from acetonitrile: 1.2%, NMR yield: 19%. Colorless solid.
Mp: 95.0-95.6 °C. *H NMR (500 MHz, CDCls) § 7.95 (d, 4H, J = 8.2 Hz), 7.44 (d, 4H, J = 8.2
Hz), 7.13 (s, 2H), 4.73 (q, 4H, J=7.1 Hz), 1.38 (t, 6H, J = 7.3 Hz), 0.37 (s, 12H), 0.34 (s, 12H).
13C NMR (125 MHz, CDCl3) § 166.8 (Cq), 145.3 (Cq), 143.9 (Cg), 135.5 (CH), 133.8 (CH),
130.4 (Cy), 128.4 (CH), 60.9 (CH2), 14.4 (CHs), —2.6 (CH3), —4.3 (CHz). FAB-MS m/z 613
([M+H]"). FAB-HRMS Calcd for C30Hs504SSis: 613.2116. Found: 613.2120 ([M+H]").
4,4'-[(3,4-ethylenedioxythiophene-2,5-diyl)bis(1,1,2,2-tetramethyldisilane-2,1-
diyl)]dibenzonitrile (17): Isolated yield: 10%. Colorless oil. *H NMR (500 MHz, CDCls) §
7.54 (d, 4H, J = 8.2 Hz), 7.48 (d, 4H, J = 8.5 Hz), 3.96 (s, 4H), 0.38 (s, 12H), 0.30 (s, 12H). 1*C
NMR (125 MHz, CDCl3) & 148.0 (Cq), 146.9 (Cg), 134.3 (CH), 130.7 (CH), 119.2 (Cy), 115.5
(Cq), 111.8 (Cy), 64.1 (CH2), —3.6 (CH3), —4.1 (CHz3). FAB-MS m/z 577 ([M+H]"). FAB-HRMS
Calcd for C2gH37N20,2SSia: 577.1654. Found: 577.1649 ([M+H]").

Diethyl 3,4'-[(3,4-ethylenedioxythiophene-2,5-diyl)bis(1,1,2,2-tetramethyldisilane-2,1-
diyl)]dibenzoate (18): Isolated yield: 12%. Colorless solid. Mp: 76.0—77.7 °C. *H NMR (500
MHz, CDClI3) 8 7.94 (d, 4H, J = 8.2 Hz), 7.47 (d, 4H, J = 8.2 Hz), 4.36 (q, 4H, J = 7.1 Hz), 3.96
(s, 4H), 1.38 (t, 6H, J = 7.3 Hz), 0.37 (s, 12H), 0.29 (s, 12H). 3C NMR (125 MHz, CDCls) §
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166.9 (Cq), 146.1 (Cy), 133.8 (CH), 130.2 (Cq), 128.2 (CH), 115.7 (Cy), 60.8 (CH2), 14.4 (CHa),
—3.5 (CHa3), —3.9 (CHz3). FAB-MS m/z 671 ([M+H]"). FAB-HRMS Calcd for C32H4706SSia:
671.2170. Found: 671.2144 ([M+H]").
4,4'-[(2,2'-bithiophene)-5,5'-diylbis(1,1,2,2-tetramethyldisilane-2,1-diyl)]dibenzonitrile
(19): Isolated yield after recrystallization from acetonitrile: 1.7%, NMR vyield: 13%. Colorless
solid. Mp: 167.8—169.0 °C. *H NMR (500 MHz, CDCls) § 7.57 (d, 4H, J = 8.2 Hz), 7.48 (d,
4H, J =8.1 Hz), 7.20 (d, 2H, J = 3.5 Hz), 6.97 (d, 2H, J = 3.5 Hz), 0.41 (s, 12H), 0.37 (s, 12H).
13C NMR (125 MHz, CDCl3) § 145.9 (Cq), 142.7 (Cq), 137.1 (Cg), 135.4 (CH), 134.3 (CH),
130.9 (CH), 125.3 (CH), 119.0 (Cy), 112.2 (Cq), —2.9 (CH3), —4.4 (CH3). FAB-MS m/z 601
(IM+H]*). FAB-HRMS Calcd for CsoH37N2SSis: 601.1475. Found: 601.1462 ([M+H]*).
Diethyl 4,4'-[(2,2'-bithiophene)-5,5'-diylbis(1,1,2,2-tetramethyldisilane-2,1-diyl)]dibenzo-
ate (20): Colorless solid. Isolated yield after recrystallization from hexane: 6.4%. NMR vyield:
13%. Mp: 131.8—135.0 °C. *H NMR (500 MHz, CDCls3) § 7.98 (d, 4H, J = 8.2 Hz), 7.49 (d, 4H,
J=8.2Hz),7.20 (d, 2H, J = 3.5 Hz), 6.96 (d, 2H, J = 3.5 Hz), 4.38 (g, 4H, J = 7.1 Hz), 1.39 (t,
6H, J =7.1 Hz), 0.41 (s, 12H), 0.35 (s, 12H). *3C NMR (125 MHz, CDCls3) § 166.9 (Cg), 145.1
(Cq), 142.7 (Cy), 137.5 (Cy), 135.3 (CH), 133.8 (CH), 130.5 (Cy), 128.5 (CH), 125.2 (CH), 60.9
(CHy), 14.4 (CHs), —2.8 (CH3), —4.2 (CHz3). FAB-MS m/z 695 ([M+H]"). Elemental analysis
Calcd (%) for C34H4604S,Sis: C 58.74, H 6.67. Found: C 58.55, H 6.66.
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2.3.3 Crystallographic data

Table 2.3.1. Selected crystallographic data of 7

Empirical formula C30H16N4SSia
Fw /g mol? 607.12
Crystal system monoclinic
Space group C2/c
Crystal size / mm 0.140 x 0.020 x 0.015
Temperature / K 100
alA 34.168(3)
b/A 6.4994(4)
c/A 31.642(2)
al® 90
pl° 103.018(8)
yl° 90
V/A3 6846.2(8)
z 8
Deaed/ g cm ™3 1.178
ATA 0.35400
u/ mm 0.052
Reflections collected 46287
Independent reflections 7865
Parameters 352
Rint 0.1596
R1 (1 >2.000 (1) ? 0.0644
WR, (All reflections) ® 0.1807
GoF° 1.045

3Ry = X||Fo| — |Fc||[/Z[Fol (I > 20 (1)). ® WR, = [E(W(Fo? — Fc?)?/Zw(Fo?)4Y2 (1 > 24 (1)). ¢ GOF = [Z(w(Fo? —
Fc?)?/Z(Nr — Np)?]
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Table 2.3.2. Selected bond lengths, angles, and torsion angles of 7

Bond lengths / A

Si2-Si3 2.3395(13)
Si4-Si5 2.3399(14)
Si2—C30 1.878(5)
Si2-C31 1.872(5)
Si2-C32 1.876(4)
Si3—C25 1.890(4)
Si3—C28 1.875(5)
Si3—C29 1.868(5)
Si4—C20 1.874(5)
Si4—C21 1.859(5)
Si4—C22 1.892(4)
Si5—C15 1.878(4)
Si5—C18 1.880(5)
Si5-C19 1.867(5)
Angles /°
Si2—-Si3—C25 110.26(11)
Si3-Si2—C32 109.16(11)
Si4-Si5—C15 108.52(13)
Si5-Si4—C22 107.54(11)

Torsion angles / ©
C32-Si2-Si3-C25 ~175.50(13)

C22-Si4-Si5—C15 —177.44(13)
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Table 2.3.3. Selected crystallographic data of 9

Empirical formula C30HasN202SSis
Fw /g mol? 609.09
Crystal system triclinic
Space group P-1
Crystal size / mm 0.560 x 0.490 x 0.130
Temperature / K 133
alA 8.020(7)
b/A 10.182(9)
c/A 22.21(2)
al® 97.39(2)
pl° 99.248(13)
yl° 105.101(11)
vV /A3 1700(3)
z 2
Deaed/ g cm ™3 1.190
ATA 0.71070
u/ mm 0.141
Reflections collected 11011
Independent reflections 5855
Parameters 352
Rint 0.0519
R1 (1 >2.000 (1) ? 0.0539
WR, (All reflections) ® 0.1438
GoF°® 1.064

4Ry = X||Fo| — |Fc||[/Z[Fol (I > 20 (1)). ® WR, = [E(W(Fo? — Fc?)?/Zw(Fo?)4Y2 (1 > 20 (1)). ¢ GOF = [Z(w(Fo? —

Fc?)?/Z(Nr — Np)?]
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Table 2.3.4. Selected bond lengths, angles, and torsion angles of 9

Bond lengths / A

Si2—Si4 2.371(3)
Si3-Si5 2.349(2)
Si2—C18 1.881(4)
Si2—C35 1.883(4)
Si2—C39 1.870(4)
Si3—C12 1.876(4)
Si3—C15 1.871(4)
Si3—C30 1.877(3)
Si4—C16 1.874(4)
Si4—C21 1.881(3)
Si4—C27 1.868(4)
Si5—Cl11 1.878(4)
Si5—C23 1.876(3)
Si5-C29 1.886(4)
Angles /°
Si2—Si4—C16 104.21(12)
Si4-Si2—C18 108.98(11)
Si3-Si5—Cl11 107.21(13)
Si5-Si3—Cl12 105.87(12)

Torsion angles / ©
C18-Si2-Si4—C16 110.07(13)

C12-Si3-Si5—Cl1 168.33(10)
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Table 2.3.5. Selected crystallographic data of 16

Empirical formula C30H4404SSia
Fw /g mol? 613.08
Crystal system monoclinic
Space group C2/c
Crystal size / mm 0.450 x 0.200 x 0.050
Temperature / K 133
alA 40.78(2)
b/A 12.358(6)
c/A 6.643(3)
al® 90
pl° 93.208(6)
yl° 90
vV /A3 3343(3)
z 4
Deaed/ g cm ™3 1.218
ATA 0.71070
u/mm 0.141
Reflections collected 12013
Independent reflections 3810
Parameters 177
Rint 0.0512
R1 (1 >2.000 (1) ? 0.0534
WR, (All reflections) ® 0.1169
GoF° 1.075

4Ry = X||Fo| — |Fc||[/Z[Fol (I > 20 (1)). ® WR, = [E(W(Fo? — Fc?)?/Zw(Fo?)4Y2 (1 > 20 (1)). ¢ GOF = [Z(w(Fo? —
Fc?)?/Z(Nr — Np)?]
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Table 2.3.6. Selected bond lengths, angles, and torsion angles of 16

Bond lengths / A

Si2-Si3 2.3388(12)
Si2—C7 1.881(3)
Si2-C16 1.864(3)
Si2—C19 1.875(3)
Si3—C9 1.867(3)
Si3—C15 1.870(3)
Si3—C17 1.863(3)
Angles /°
Si2-Si3—C15 108.53(8)
Si3-Si2—C7 106.98(8)

Torsion angle / ©

C7-Si2-Si3-C15 171.07(8)
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Table 2.3.7. Selected crystallographic data of 20

Empirical formula C34H1604S,Si4
Fw /g mol? 695.20
Crystal system monoclinic
Space group P2i/c
Crystal size / mm 0.328 x 0.072 x 0.042
Temperature / K 113
alA 22.553(10)
b/A 12.270(5)
c/A 6.730(3)
al® 90
pl° 92.726(4)
yl° 90
VA3 1860.2(13)
z 2
Deaed/ g cm ™3 1.241
ATA 0.71070
u/mm 0.141
Reflections collected 14328
Independent reflections 4241
Parameters 177
Rint 0.0689
R1 (1 >2.000 (1) ? 0.0739
WR, (All reflections) ® 0.1835
GoF°® 1.106

4Ry = X||Fo| — |Fc||[/Z[Fol (I > 20 (1)). ® WR, = [E(W(Fo? — Fc?)?/Zw(Fo?)4Y2 (1 > 20 (1)). ¢ GOF = [Z(w(Fo? —

Fc?)?/Z(Nr — Np)?]
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Table 2.3.8. Selected bond lengths, angles, and torsion angles of 20

Bond lengths / A

Si1-Si2 2.3475(15)
Sil—-C4 1.878(4)
Sil—C5 1.873(4)
Sil-Cé6 1.878(4)
Si2—C7 1.874(4)
Si2—C8 1.873(4)
Si2—C9 1.885(4)
Angles /°
Si2-Sil-C4 108.07(12)
Si1-Si2—C9 107.19(12)

Torsion angle / ©

C4-Sil-Si2—C9 173.47(12)
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2.3.4 Optical properties of 6-11 and 15-20

(a) UV-vis absorption and fluorescence spectra of 6—11 and 15-20
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Figure 2.3.1. UV-vis absorption spectrum of 6 in cyclohexane (black line) and fluorescence spectrum of 6

in the solid state (purple line, excited at 370 nm).
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Figure 2.3.2. UV-vis absorption spectrum of 7 in dichloromethane (black line), fluorescence spectrum of 7
in dichloromethane (red line, excited at 357 nm), and fluorescence spectrum of 7 in the solid state (purple

line, excited at 421 nm).
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Figure 2.3.3. UV-vis absorption spectrum of 8 in dichloromethane (black line), fluorescence spectrum of 8
in dichloromethane (red line, excited at 353 nm), and fluorescence spectrum of 8 in the solid state (purple

line, excited at 371 nm).
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Figure 2.3.4. UV-vis absorption spectrum of 9 in dichloromethane (black line), fluorescence spectrum of 9
in dichloromethane (red line, excited at 383 nm), and fluorescence spectrum of 9 in the solid state (purple

line, excited at 442 nm).
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Figure 2.3.5. UV-vis absorption spectrum of 10 in dichloromethane (black line), fluorescence spectrum of
10 in dichloromethane (red line, excited at 384 nm), and fluorescence spectrum of 10 in the solid state (purple

line, excited at 450 nm).
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Figure 2.3.6. UV-vis absorption spectrum of 11 in dichloromethane (black line) and fluorescence spectrum

of 11 in dichloromethane (red line, excited at 380 nm).
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Figure 2.3.7. UV-vis absorption spectrum of 15 in dichloromethane (black line), fluorescence spectrum of
15 in dichloromethane (red line, excited at 272 nm), and fluorescence spectrum of 15 in the solid state (purple

line, excited at 342 nm).
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Figure 2.3.8. UV-vis absorption spectrum of 16 in dichloromethane (black line), fluorescence spectrum of
16 in dichloromethane (red line, excited at 272 nm), and fluorescence spectrum of 16 in the solid state (purple

line, excited at 287 nm).
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Figure 2.3.9. UV-vis absorption spectrum of 17 in dichloromethane (black line) and fluorescence spectrum

of 17 in dichloromethane (red line, excited at 278 nm).
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Figure 2.3.10. UV-vis absorption spectrum of 18 in dichloromethane (black line), fluorescence spectrum
of 18 in dichloromethane (red line, excited at 280 nm), and fluorescence spectrum of 18 in the solid state

(purple line, excited at 329 nm).
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Figure 2.3.11. UV-vis absorption spectrum of 19 in dichloromethane (black line), fluorescence spectrum of
19 in dichloromethane (red line, excited at 332 nm), and fluorescence spectrum of 19 in the solid state (purple

line, excited at 365 nm).
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Figure 2.3.12. UV-vis absorption spectrum of 20 in dichloromethane (black line), fluorescence spectrum
of 20 in dichloromethane (red line, excited at 334 nm), and fluorescence spectrum of 20 in the solid state

(purple line, excited at 370 nm).
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(b) UV-vis absorption and fluorescence spectra of 7 and 10 in CH2Cl2 and acetone

Normalized intensity (a.u.)

hS
1 P 1 1 1 J

300 400 500 600 700 800
Wavelength (nm)

Figure 2.3.13. UV-vis absorption spectrum of 7 in dichloromethane (green dashed line) and in acetone (red
dashed line), and fluorescence spectrum of 7 in dichloromethane (green solid line, excited at 357 nm) and in

acetone (red solid line, excited at 356 nm).
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Figure 2.3.14. UV-vis absorption spectrum of 10 in dichloromethane (green dashed line) and in acetone (red
dashed line), and fluorescence spectrum of 10 in dichloromethane (green solid line, excited at 357 nm) and
in acetone (red solid line, excited at 356 nm). A peak denoted with an asterisk is due to Raman scatting of

solvent.
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(c) UV-vis absorption and fluorescence spectra of 9 in several solvents

15000

12000

0 1 1 1
300 350 400 450 500

Wavelength (nm)

Figure 2.3.15. UV-vis absorption spectra of 9 in cyclohexane (purple line), toluene (blue line), dichloro-

methane (green line), THF (orange line), and acetone (red line).
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Figure 2.3.16. Fluorescence spectra of 9 in cyclohexane (purple line, excited at 380 nm), toluene (blue
line, excited at 383 nm), dichloromethane (green line, excited at 383 nm), THF (orange line, excited at 378

nm), and acetone (red line, excited at 380 nm).
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2.4 Summary

A series of disilane-bridged donor—acceptor—donor triads 6—11 and acceptor—donor—ac-
ceptor triads 15—20 were synthesized in acceptable to moderate yields systematically by means
of Pd-catalyzed coupling reaction of hydrosilanes with aryl diiodes as a key step. They dis-
played unique UV-vis absorption and fluorescence properties. They displayed broad UV-vis
absorption bands in around UV to visible region assignable to ICT transition (6—8, 10 and
15-18), the combination of ICT transition and n—=* transition (9, 11) or mere n—n* transition
(19, 20) according to DFT and TD-DFT calculation. D—A—D compounds displayed very weak
green-colored fluorescence in the solution state (quantum yield: up to @ =0.08) but very strong
fluorescence in the solid state (up to @ = 0.85) due to reducing the non-radiative (e.g. vibration
or rotation) quenching process by aggregation effect. A—D—A compounds showed blue-colored
emission in solution phase with low to moderate quantum yields (up to @ = 0.40) and strong
emission in the solid state (up to @ = 0.77). Single crystal X-ray diffraction revealed that the
crystal structure of 7, 9, 16, and 20 had no intermolecular 7—= stacking which leads to quenching
emission in the solid state owing to the steric hindrance of disiane units.

These compounds are expected to be used for the fluorescence probes and organic
electroluminescence devices, because they have strong emissive properties without quenching

emission in the aggregated condition owing to avoiding n—r stacking.
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Chapter 3

Multifunctional tetrasila[2.2]cyclophanes exhibiting
conformational variation, electroluminescence, and cir-

cularly polarized luminescence
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3.1 Introduction
3.1.1 Circularly polarized luminescence (CPL)

Interest in circularly polarized luminescence (CPL), which is derived from the differ-
ence in emission between right- and left-circularly polarized light by chiral luminophores, has
grown because of its potential for the development of advance photonic devices such as 3D
displays and enantioselective chemo/biosensors.! In general, circularly polarized light is gener-
ated through polarizing filters from light sources. In this process, the problem is the reduction
of light intensity. Thus, CPL-active materials, which generate circularly polarized light directly
from light source, are desired.

To evaluate chiroptical properties, the rotational strength (Rmn) is determined theoreti-
cally, which is given by Im{gmn'mnm}, where umn = (m|u|n) means electric transition dipole
moment, mnm = (n|M|m) means magnetic transition dipole moment, and # and M mean the
electric and magnetic dipole moment operators, respectively.2 When a compound or crystal
phase has an achiral or centrosymmetric structure, all wave functions have the individual pari-
ties (odd or even) against the centrosymmetric inversion operation. Here u is odd parity while
M is even parity.2 When the parity of ymand yn is different, then (m|M|n) is zero. Meanwhile
their parity is same, (m|u|n) is zero. Thus the achiral compounds of (m|u|n){(n|M|m)
should be zero in all transitions, so the rotation strengths of all transition vanish (i.e. in achiral
media there are no chiroptical properties). On the other hand, chiral compounds and crystals
can have non-zero umn and non-zero mam because there is no symmetrical center. Thus they can
have non-zero rotational strength (|[Rmn| # 0), which causes chiroptical properties such as optical
rotation, circular dichroism (CD) activity (e.g. So—Sa) and CPL activity (e.g. Sa— So).

The degree of CPL is given by the luminescence dissymmetry ratio, gium = 2(IL - Ir)/(IL
+ Ir), where I and Ir refer to the intensity of left and right circularly polarized emissions,
respectively. Noted that gium value is given by;

g Rmn Hmn " Mpy _ |mnm| c
1 ~ ~ =
o Dmn “’lmnl2 |an|

where Dmn means total emission intensity (m—n) which is proportional to |#mn[?, and 8 means

0s0

the angle between gmn and mnm.?® Thus to improve the CPL activity, the enhancement of

|[Mnm|cos6/|umn| IS important.
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Intense CPL is mainly achieved from chiral lanthanide complexes.® Chiral lanthanide
complexes display high CPL activity with |gum| (up to 1.38)%3 owing to magnetic-allowed
transition using its 4f orbitals, which causes high magnetic transition dipole moment (Figure
3.1.1). However there are several problems such as the use of rare earth atoms and low fluores-

cence quantum yield because fluorescence transition is electric-forbidden.*

Gum = -1.0
®-=89x1073

Figure 3.1.1. Examples of CPL-active lanthanide complexes.3¢

As another approach, chiral organic molecules and polymers are also well investigated
for CPL-active molecules such as shown in Figure 3.1.2.# The simple organic molecule with
CPL activity have been much attention because they display high quantum yield and low cost
to synthesize. Moreover, simple organic molecules are usually high soluble in solution and low
toxic because of no metal. Thus, simple organic molecules with CPL activity have been much
attention.

Gum = —0.0035 Gium = —0.032
B =023 @ =0.32

Figure 3.1.2. Examples of CPL-active organic molecules.*>4
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However, CPL chromophores of simple organic molecules exhibiting detectable CPL
are rare and usually exhibit lower CPL (|gum| = 10°-10"%), because the magnetic transition
dipole moment of simple organic molecules is often small. There are a few examples of organic
molecules with both high CPL activity and high emission intensity such as chiral macrocycles
reported by Isobe’s group, which show |gum| = 0.152 and @ = 0.80.° Therefore, research on
simple organic molecules displaying high CPL activity is necessary for the application to ad-

vanced devices.
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3.1.2 [2.2]paracyclophane derivatives

Recently, [2.2]paracyclophane derivatives also have been focused on as CPL-active
simple organic molecules. [2.2]Paracyclophanes (Figure 3.1.3(a)), which were firstly reported
about 70 years ago,® were investigated because of their interesting properties derived from
unique structures, such as molecular inversion (Figure 3.1.3(b))’ and intramolecular t—r energy
transfer (Figure 3.1.3(c)).2 And the most important feature of them is planar chirality, which
can lead to the ligand or reagent for asymmetric reaction (Figure 3.1.3(d))° and the fabrication

of chiroptical materials (e.g. CD and CPL properties) (Figure 3.1.3(g)).1

(@) (b)

N, "
b=d
(d)

0 !

amine NO, !

H + cHiNO, !

ON ON ;

2

E;//LNHAr MeO ==

Figure 3.1.3. (a) Structure of [2.2]paracyclophane. (b) Scheme of molecular inversion of cyclophane deriv-
atives. (c) Electroluminescent cyclophane-bridged polymer.8 (d) Chiral cyclophane V1 for asymmetric reac-

tion.% (e) Planar chiral cyclophane with CD activety.102
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Figure 3.1.4 shows one of CPL-active cyclophanes with -conjugated system reported
by Morisaki group, which display effective luminescence quantum yield and acceptable CPL
activity.*® However, these molecules face synthetic difficulty, multi-step reaction and low total

yield (<3%) because the synthetic method of cyclophanes is less investigated.

G = 0.011
(DF =0.45

-Bu t-Bu

Figure 3.1.4. Examples of CPL-active cyclophanes. Adapted with permission from reference 11(a). Copy-

right © 2014 American Chemistry Society.
Thus, although there are few examples of planar chiral cyclophanes, they have great

potential for CPL-active materials, and the systematic synthesis method for chiral cyclophanes

is desired.
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3.1.3 Disilane-bridged [2.2]cyclophanes

To explore the range of chiral luminophores, | focused on disilane-modified cyclo-
phane derivatives. Introducing disilane linker(s) into arenes gives photophysical properties
driven from o—x conjugation as described in Chapter 1. Moreover, the donor—disilane—acceptor
system is expected to produce solid state emission and EL arising from intramolecular charge
transfer (ICT). Therefore, unsymmetrical (donor—acceptor) disilane-bridged cyclophanes,
which combine Si—Si ¢ systems with a cyclophane skeleton, are expected to provide materials
with interesting physical properties.

Despite their importance, efficient modular methods to access disilane-bridged cy-
clophanes remain challenging, particularly for aromatic systems except for simple, symmetrical
aryls (Figure 3.1.5).12%4 Although they displayed the functionalities such as the molecular in-
version,’? ring-opening polymerization,* and inclusion of chromium ion into cyclophanes,®®
the physical properties of these compounds have not been thoroughly investigated. Unsymmet-
rical disilane-bridged cyclophanes including donor-acceptor system have not been reported.
Moreover, planar chiral ones have not been investigated despite their chiroptical properties.
Thus, the development of effective and systematic synthesis method for disilane-bridged
[2.2]cyclophane derivatives is desired.

Me,Si SiMe,
MeZSi SiMe2

Ar = phenyl, furanyl, thienyl

Figure 3.1.5. Molecular structure of symmetrical disilane-bridged cyclophanes.!?
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3.1.4 This work

For the development of systematic synthesis of various octamethyltetrasila[2.2]cy-
clophanes (hereinafter refer to as tetrasila[2.2]cyclophanes), simple structures of disilane-
bridged cyclophanes, | designed Pd-catalyzed cyclization reaction as shown in Scheme 3.1.1.
This reaction proceeds in only two steps, compared with ordinal unsymmetrical and planar chi-
ral [2.2]paracyclophanes (over five steps).

Scheme 3.1.1. Designed synthetic scheme for tetrasila[2.2]cyclophanes.

\ l_
() Mgli | | || S g
Br . Br HSi—Si . Si-SH ~ —
(ii) CI—Sli—Sli—CI o o PA[P(t-Bu)sl, _Si Si—
| (i-Pr),EtN / \
(i) LiAlH,

In this research, the development of this reaction and the investigation of physical
properties of tetrasila[2.2]cyclophane derivatives were carried out.'® Various tetrasila[2.2]cy-
clophane derivatives were prepared via Pd-catalyzed arylation reaction. Their physical proper-
ties such as crystal structures, molecular dynamics, thermal stabilities, electrochemical proper-
ties, and theoretically calculated structures were investigated. Moreover, an electroluminescent
device containing a tetrasila[2.2]cyclophane-doped emitting layer was fabricated for the prac-
tical application. Finally the development of synthetic method of planar chiral tetrasila[2.2]cy-

clophanes, and the discussion of the chiroptical properties (e.g. CPL) was carried out.
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3.2 Results and discussion
3.2.1 Synthesis

To construct various tetrasila[2.2]cyclophane containing donor—acceptor ones, | con-
ducted the synthesis of tetrasila[2.2]cyclophane derivatives via Pd-catalyzed arylation of 2,5-
bis(hydrodisilyl)thiophene derivatives (12 and 13, electron-donating moieties) with aryl iodides
such as diiodothiophene, diiodobenzene, 1, and 2, including electron-withdrawing moieties as
shown in Scheme 3.2.1. This reaction gave various tetrasila[2.2]cyclophanes 21-28, containing
donor—acceptor typed ones (25-28).

Desired compounds 21-28 were prepared in 15-20% vyields. All compounds were
characterized by *H NMR, *C NMR, MS and HRMS, and the results indicated that their purity

was adequate for the spectroscopic studies.
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Scheme 3.2.1. The synthetic scheme of tetrasila[2.2]cyclophane derivatives (upper row) and the structures

of prepared compounds (lower rows).

H—Sli-Sli \s/ Sli-Sli—H Pd[P(t-Bu)s]>
| Il . | s
o 9 (i-Pr),EtN naYas
. . (4.0 equiv) S
(1.0 equiv) (1.0 equiv) o ©O

i S
| | o © o o
21 22 23 24
20%2.¢ 10%29 14%32.d 12%29

I I
‘ S ‘ s 4 di SN g
S s\ —Si— )Si— B/t
—Sij Si— —Si Si— | | | |
|I_@_ |I l \ / l o] o) O (@]
_/ _/
25 26 27 28
15%29 19%0€ 11%%4 229b.e

& Reaction conditions: bis(tetramethyldisilanyl)arenes (1.0 mmol), aryl iodide (1.0 mmol), Pd[P(t-Bu)s].
(0.025 mmol), N,N-diisopropylethylamine (4.0 mmol), m-xylene (15 mL), 0 °C, 2 d. ® Reaction conditions:
bis(tetramethyldisilanyl)arenes (1.0 mmol), 1 (1.0 mmol), Pd[P(t-Bu)s]. (0.050 mmol), N,N-diisopro-
pylethylamine (4.0 mmol), toluene (15 mL), 0 °C, 6 d. € Reaction conditions: 13 (1.0 mmol), 2 (1.0 mmol),
Pd[P(t-Bu)s]2 (0.025 mmol), N,N-diisopropylethylamine (4.0 mmol), m-xylene (15 mL), -5 °C, 5 d.  GC
yields. ¢ Isolated yields. Adapted with permission from reference 16. Copyright © 2017 American Chemistry

Society.
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3.2.2 Single crystal X-ray diffraction analysis

The structures of these compounds were determined by single-crystal X-ray diffraction.
Suitable single crystals of compounds 21, 25, 26 and 28 were obtained by recrystallization (see
Experimental section), allowing their structural characterization by XRD. The main crystallo-
graphic data, selected bond distances and angles are listed in Tables 3.3.1-3.3.8, and the mo-
lecular structures and packing structures were shown in Figure 3.2.1. The Si-Si bond lengths
(2.36-2.38 A) were similar to typical Si—Si bond length (2.34 A) and the angles of aryl-Si-Si
were 101°-107°. Figure 3.2.2 shows the comparison of crystal structures of 21 and correspond-
ing carbon analog 29.'® Thiophene-Si-Si angle of 21 was smaller than that of 29 owing to the
flexibility of disilane units and the anomeric effect of o*—n* conjugation. Notably, a single
isomer (for example, compound 21 has only anti conformation) was observed as the sole struc-
ture for the X-ray diffraction. The results indicate that the rotation about the two Si—Si bonds
connecting the two thiophene rings was restricted in the crystal phase.

(a) (© e

si6
(b) ' W :
A\ I/{X:K,}‘{\ -(}-\ / C:f - T -(
S R - s -
K AN )o/id R =] —~
FINATS I\ < e I I N O f\ J S d i
A /\\:\'\r/\ T KX T 7 *%’\ /’()8“;‘ SN
I\ i N .

Figure 3.2.1. (a, c, e, g) ORTEP drawings (50% probability ellipsoids) and (b, d, f, h) packing structures of
(a, b) 21, (c, d) 25, (e, f) 26, and (g, h) 28. Hydrogen atoms are omitted for clarity. Adapted with permission
from reference 16. Copyright © 2017 American Chemistry Society.

(a) (b)
Si—@—s:'
1.59 A 2.36 A ‘ S ‘
- S
. Si- Si
1120 4 105° U
| | Si=SiMe,
1.52 A 1.87 A

Figure 3.2.2. The comparison of crystal structures of (a) 29 and (b) 21.
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3.2.3 Molecular dynamics and conformational analysis

The molecular geometry of 21 in the conformational mobility study was investigated
with theoretical calculations. Compound 21 has two conformations, syn- and anti-forms (Fig-
ures 3.2.3). Initially, the relative stability of both conformations was estimated with DFT cal-
culation using Gaussian 09 Program.!® The theoretical studies suggested that a Gibbs free en-
ergy of the anti conformation was lower than that of the syn conformation by 3.5 kcal/mol
(Table 3.2.1). Using the equation of K = exp(—AG/RT) (where AG, R, T, and K mean the differ-
ence of Gibbs free energy between syn-form and anti-form, gas constant, temperature, and equi-
librium constant of syn and anti 21, respectively), the ratio of syn/anti was 0.3/99.7 at 298 K.
The explanation for this is that the syn conformation structure has electronic repulsion between
two sulfur moieties. Therefore, at room temperature, almost all 21 has anti-conformation in

solution.

syn anti

Figure 3.2.3. Optimized molecular structures for syn- and anti-forms of 21 calculated with DFT at the

B3LYP/6-31G(d) level.

Table 3.2.1. Gibbs free energy of 21 calculated with DFT at the B3LYP/6-31G(d) level.

Gibbs free energy (kcal/mol)

anti-form -1619621.80
syn-form —1619618.30
difference 35
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Sakurai reported the kinetic parameters of the change in conformation of 21 between
the anti-A and the anti-B forms via the syn form in solution (Scheme 3.2.2); the inversion bar-
rier of 21 is determined to be 14.9 kcal/mol.?° | also investigated the inversion of tetra-
sila[2.2]cyclophanes by variable temperature (VT) NMR in CDCls solution in detail. Figure
3.2.4 shows the VT-NMR spectra of methyl region of 21. At low temperature, the *H NMR
showed two signals with equal intensity assigned to the Si—~CH3z moiety (a and b in Figure 3.2.4).

Scheme 3.2.2. The molecular inversion of 21 in solution state.

H,C HiC H,C
% ,CH % LCH % LCH
Si’ 3 Si’ 3 Si' 3
=
S S
s CH Q CH \\ CH
H3Cn S SI::CHQ H Cu,Si SIQ:CHa - HSC’“Si Si_.‘\\CHB
Hie?| s { s Hael| s \ s "Nod \\ 3
> & S
i Si Si
HC %en, HsC %oH, HsC %oH,
anti-A syn anti-B

Adapted with permission from reference 16. Copyright © 2017 American Chemistry Society.

. TMS
Si-CH,4
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H C S H .-\‘CHS
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Figure 3.2.4. VT-'H NMR of methyl region of compound 21. a and b of CHs were estimated by *H-'H
NOESY spectrum at 250 K (Figure 3.3.2).
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As the temperature increased, these signals coalesced at around 310 K and became a
broad singlet, which suggested that at over 310 K the inversion of 21 occurred. The inversion
barrier of 21 between anti-A and anti-B was calculated by Eyring equation.?* According to the
Eyring equation, the flipping rate constant k is given by

_RT AG*
= Nn PRy

where R, T, Na, h, AG” are gas constant, temperature, Avogadro’s number, Planck’s constant,

k

) (Eq. 1)

and the Gibbs free energy of the inversion barrier, respectively.

The temperature at which NMR peaks are coalesced is called as coalesced temperature
Te. The inversion rate constant at coalescence temperature krc is approximately given by k;_ =
nAv/~\2, where Av is the difference of NMR shifts between two signals under slow ex-
change.?! By substituting krc for Eq. 1, the Gibbs free energy of the inversion barrier (AG*) at

coalescence temperature is given by

RT~2
N hAv
According to VT-'H NMR spectra of 21 (Figure 3.2.4), Tc and Av were estimated to

AG* = RT,In (Eq. 2)

310 K and 74.1 Hz, respectively. Then, by substituting these values for Eq. 2, the inversion
barrier energy of 21 in CDCl3 (AG*) was estimated to 15.0 kcal/mol. This value was lower than

that of 29, 27 kcal/mol, which reflected the large Si atoms and long and flexible Si-Si bond.8
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The VT-3C NMR of 21 in CDCIs also showed the Si—CH3 peak(s) as two signals at
300 K, which coalesced above 310 K, similar to the *tH NMR (Figure 3.2.5). Moreover, solid-
state VT-*C NMR measurements of crystalline 21 were performed (Figure 3.2.6). The Si—CHj
peaks in the crystalline state showed a set of signals that did not coalesce below 323 K, demon-

strating that the thiophene rings of 21 did not flip in the crystalline state.

Si-CH,

PTP—
MMWWMMMWWWM

300 K

323 K

10 5 0 -5 -10
o/ ppm

Figure 3.2.5. VT-3C NMR spectra of the methyl region of compound 21 in CDCls at 300, 310 and 323

K.
Si-CH,
J\M 310K
‘[UW\\ 300 K
10 5 0 5 -0
o/ ppm

Figure 3.2.6. VT-3C NMR spectra of the methyl region of compound 21 in crystalline phase at 300,
310 and 323 K.
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Si—CHzs peaks of compounds 23, 25, and 27 were also broad and coalesced at higher
temperature, which indicates that the inversion occurred in solution similarly to 21. (Figures
3.3.3, 3.3.5, and 3.3.6) According to the Si—CHs peaks of 22, the flipping is in the fast limit at
300 K, and broad Si—CH3 peaks of 22 at 220 K were observed (Figure 3.2.7(a)). VT-'H NMR
of compound 24 displayed similar spectra (Figures 3.3.4). These results suggest that the inver-
sion energy of 22 and 24 in solution at room temperature was lower than that of 21. On the
other hand, Si—CHz peaks of 26 displayed sharp Si—CHs peaks, and these signals did not depend
on the temperature (Figure 3.2.7(b))). Si—CHz peaks of 28 are also four sharp signals and inde-
pendent of temperature (Figures 3.3.7). These results insist that the flipping inversion of 26 and
28 did not occur below 323 K owing to high inversion energy derived from the greater steric
hindrance of the aryl substituents (thiadiazole moiety). Thus, the inversion of tetrasila[2.2]cy-

clophane could be controlled by the bulkiness of substituents.

(a) . (b)
Si-CH, Si-CH,4 TMS
| |
l \ 323 K
™S 300K
l ! 310K
220 K l | 300K
1 0.5 0 0.5 1 0.5 0
o /ppm O /ppm

Figure 3.2.7. VT-'H NMR spectra of the methyl region of (a) 22 and (b) 26 in CDCls.
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3.2.4 Inversion control by host macrocycles

Cyclic host molecules that entrap small metals and/or organic molecules strongly in
solution are important for selective extraction of chemical species,?? or control of molecular
motion.?3 Previously Shionoya and coworkers reported that macrocycles included small organic
molecules as guests;** for example, macrocycle [Ag:LX]?* (in Scheme 3.2.3) included
[2.2]paracyclophane and ferrocene.?¢ In this research, | demonstrated that the control of the
inversion motions of 21 by the interaction between tetrasila[2.2]cyclophane 21 and [AgzL]?".

21 C[Ag.L]** complex was fabricated by the mixing of 21 and [Ag2LX2](SbFe). in
CDCl; at room temperature as shown in Scheme 3.2.3. The NMR titration of 21 in [AgzL]?
produced peaks at 3.8, —0.5, and —1.1 ppm, which was the characteristic of the inclusion of 21.
And the original peaks of 21 appeared (0.42 and 0.38 ppm) with over 1 eq addition, which
indicated that 21 bound to [Ag,L]?* in a 1:1 ratio (Figure 3.2.8). ESI-MS also showed that 21
C[Ag2L]** complex was fabricated (Figure 3.3.8). Moreover, 1D and 2D NMR analyses of 21
C[Ag.L]?*" (Figures 3.3.9—-3.3.15) showed that 21 C[Ag.L]?** had a Cor-symmetrical structure,
which insisted that the guest molecule included in the host cavity was only in an anti confor-

mation.

Scheme 3.2.3. Preparation of 21 C[Ag2L](SbFe)2.2

v

CDCls
R = CeH13
X = Et20 or H20

[AgaLXo]?* 21C[AgaL)?

2 To the solution of [Ag2LX2](SbFs). (0.06 mM, 475 pL, 0.03 umol, 1.0 eq) in CDCls was added a CDCl3
solution of 21 (20 mM). p-Dimethoxybenzene (0.025 umol) was added as an internal standard for NMR

analysis.
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Figure 3.2.8. 'H NMR spectra of mixtures of [Ag.LX2](SbFs). (0.06 mM) and different amounts of 21

(500 MHz, CDCls, 300 K). Whole spectra (top) and partial spectra of an aromatic region (bottom). Diethyl

ether (Et,0) comes from X in [Ag2LX2](SbFe).. Internal standard: Peaks from p-dimethoxybenzene. <:

Peaks from 21 C [Ag2L](SbFe)2. ¥: Peaks from [AgaLX2](SbFs)..
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The binding affinity of 21 to the dinuclear Ag(l)-macrocycle [Ag2LX2](SbFe). was
evaluated by *H NMR titration experiment. As the affinity between 21 and the dinuclear Ag(l)-
macrocycle was too strong to directly determine from *H NMR, it was estimated from guest
competing experiment using ferrocene as a completing guest (Scheme 3.3.1). However, even if
an excess (100 eq) of ferrocene was added to 21 C[Ag.L]?*, no guest exchange was observed
(Figure 3.3.16). This result indicates that the association constant between 21 and [Ag.L]?
(Ka(21)) is higher than 101° M~ in CDCls at 300 K (Eq. 14, see Section 3.3.7), suggesting there
was a strong intermolecular interaction between them.

VT-H NMR of 21 C [AgzL]?" was carried out to investigate the difference of molec-
ular motion between free 21 and included 21 in solution phase. This result indicated that the
peaks from the included 21 did not depend on the temperature and did not coalesce at 323 K,
owing to the restriction of the thiophene ring rotation in the cavity (Figure 3.2.9). Encapsulation
Is an effective and simple approach to conformational rigidification of tetrasila[2.2]cyclophanes.
From this result, it is proposed that the guest spinning motion was restricted by the interaction

between thiophene and Ag®.

Free 21 Included 21

CHC|3 Bcut & Ccut

T™S Cin Bin

_

Aout Internal Internal
standard Ain standard

L
Mol

_JLUJLJ

ppm 85 80 75 7.0 45 40 35 05 00 05 1.0 21 C[AgzL](SbFg),

Figure 3.2.9. VT-'H NMR spectra of a mixture of [Ag.LX2](SbFe). (0.06 mM) and 21 (3.0 eq) at 220, 300,
and 323 K.

Asingle crystal of 21 C [Ag2L](SbFe) suitable for X-ray crystallography was obtained
by slow vapor diffusion of ether into CH2Cl, solution of an equimolar mixture of
[Ag2LX2](SbFs)2 and 21. Details of the molecular structure determination are given in Figures
3.2.10 and 3.3.1, and Tables 3.3.11—3.3.12. The structure of 21 in macrocyclic host was in an
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anti conformation similar to single-crystal 21. Moreover, the intermolecular interaction be-
tween host L and guest 21 were observed. Both Ag* ions were in #?-typed Ag—n coordination
geometries and were bridged by a side-on bound aromatic moiety with Ag—C bond lengths of
ca. 2.3-2.4 A, which were comparable to Ag—C bond lengths of a similar inclusion complex,
[2.2]paracyclophane C [Agz2L](SbFe)2,2* and previous Ag-thiophene? or Ag-arene com-
plexes.?® This strong Ag-r interaction allowed the coordination between host and guest, and

suppressed the flipping motion of guest 21 in the host, [Ag2L]?".

Figure 3.2.10. ORTEP drawing (30% probability ellipsoids) of one disordering pattern of 21 C [Ag2L](SbFs)..
Side alkyl-chains of L, counter anions, methyl groups of 21, solvent molecules, and hydrogen atoms are

omitted for clarity.
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3.2.5 Photophysical properties of 21-28

Photophysical properties of 21-28 were investigated. The results were shown in Fig-
ures 3.3.17-3.3.24 and summarized in Tables 3.2.2-3.2.3. The UV-vis absorption bands of 21—
24 in cyclohexane are observed at around 270 nm with 15,000—-30,000 M*cm™ molecular ex-
tinction coefficient. These compounds hardly showed any fluorescence in cyclohexane (®:
<0.01). Therefore, there was little difference in the absorption and emission spectra among 21—
24. On the other hand, donor—acceptor typed tetrasila[2.2]cyclophanes 25-28 displayed broad
and weak absorption bands at around 400 nm in cyclohexane, which are assignable to intramo-
lecular charge transfer (ICT) absorption. By the excitation of their absorption band, they dis-
played green-colored emission at around 500 nm as shown in Figures 3.2.11. While the quan-
tum yields of compounds 26 and 28 (containing thiadiazole as acceptor) was very low (&:
<0.05), those of compounds 25 and 27 (containing thienopyrazine as acceptor) was improved

(@: up to 0.42). The fluorescence decays of all compounds are in the nanosecond timescale.

Figure 3.2.11. Photographs of 25-28 under UV irradiation at 365 nm: (top) in the solid state; (bottom) in
cyclohexane solution. Adapted with permission from reference 16. Copyright © 2017 American Chemistry

Society.

Several tetrasila[2.2]cyclophanes displayed more efficient emission in the solid phase
than that in solution. Especially compound 26 displayed relatively strong solid-state emission
(@ = 0.49), which is about ten times efficiency comparing with that in solution. On the other
hand, compound 25 faces concentration quenching not similar to compound 26. Table 3.2.4
shows the rate constants of fluorescence (k) and non-radiative (knr) decays. Both radiative rate
constants of 25 and 26 in solution are slightly different from those in the solid phase, while non-

radiative rate constants are not; knr of 25 in solution is smaller than that in the solid phase, and
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knr Of 26 in solution is larger than that in the solid phase.

Figure 3.2.12 shows the details of crystal packing of 25 and 26. In the case of com-
pound 25, there are clear n—r stacking with 3.3 A distance in crystal structure, which causes
guenching emission in the solid state. Meanwhile, because intermolecular n—= distance is 3.6
A and two molecules are at slipped parallel position in crystal structure of 26 due to the steric
hindrance of SiMes units, there is small intermolecular 7—x interaction, which suppresses con-
centration quenching. This structural difference affects the non-radiative rate constant in solu-
tion and in the solid state. Improvement of the quantum yield of compound 26 in the solid state
was achieved by the disilane units which suppressed the radiative relaxation of intermolecular

—r interaction.

Table 3.2.2. Optical properties of 21-28 in cyclohexane

compound Jabs(M) & (10*Mlem™)2  Jem(nm) ol 7 (ns)°®
21 271 241 398 <0.01 —d
22 265 1.54 395 0.01 0.33°¢
23 278 3.01 388 <0.01 0.35¢
24 286 1.62 362 <0.01 —d
25 329, 400 0.95, 0.30 489 0.42 11.3f
26 321, 370 0.75,0.33 490 0.05 429
27 341, 400 0.61, 0.33 495 0.20 9.6f
28 293, 352 2.23,0.50 503 0.04 2.89

2 Molar extinction coefficient at as. "Absolute quantum yields determined by an integrating sphere system.
° Fluorescence lifetime detected at the maximum fluorescence wavelengths. ¢ Fluorescence lifetime below
the detection limit. ¢ Excited at 280 nm. " Excited at 405 nm. 9 Excited at 365 nm. Adapted with permission

from reference 16. Copyright © 2017 American Chemistry Society.
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Table 3.2.3. Optical properties of 21-28 in the solid state 2

compound Jex (NM) P Jem (NM) o° 7 (ns)¢
21 312 395 0.04 1.1¢
22 324 363 0.12 0.79¢
23 312 360 0.05 0.50¢
24 352 399 0.02 0.52f
25 368, 435 483 0.25 6.29
26 371, 406 490 0.49 16.19
27 386, 443 501 0.25 11.99
28 389, 437 501 0.01 1.8¢

a Measured in microcrystalline powder. ® Excitation wavelength in the solid state determined from the exci-
tation spectra. ¢Absolute quantum yields determined by an integrating sphere system. ¢ Fluorescence lifetime
detected at the maximum fluorescence wavelengths. ¢ Excited at 280 nm.  Excited at 340 nm9 Excited at 405

nm. Adapted with permission from reference 16. Copyright © 2017 American Chemistry Society.

Table 3.2.4. Rates of fluorescence (kf) and non-radiative (knr) decays of donor—acceptor typed disilane-briged

compounds in cyclohexane and in the solid state. 2

in cyclohexane in the solid state
compound
ki (x107sY) ko (x107s1) | ke(x107s) ke (X 107s7Y)
25 3.7 5.1 4.0 12.1
26 1.2 22.6 3.0 3.2
27 2.1 8.3 2.1 6.3
28 1.4 34.3 0.56 55.0

2 Rate constants ks and knr were calculated from quantum yield and fluorescence lifetime; ks = @/z and knr =

1-D)lx.
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(b)

Figure 3.2.12. Details of crystal packing structures of (a) compound 25 and (b) compound 26. Hydrogen

atoms are omitted for clarify.
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3.2.6 Thermal stability

The thermal stability of 25—28 was evaluated by thermogravimetric analysis (TGA) at

a heating rate of 10 °C/min. From TGA measurement, compounds 25-28 remain unchanged
upon heating to 200 °C (25, 26) and 230 °C (27, 28) under a nitrogen atmosphere (Figures

3.2.13). The results showed that these compounds had good thermal stability and were suitable

for vacuum deposition to prepare optoelectronic device applications such as OLEDs.
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Figure 3.2.13. TGA curves of (a) compound 25, (b) compound 26, (c) compound 27, and (d) compound 28.
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3.2.7 Electrochemical behavior

The electrochemical behavior of 25-28 in CH,Cl, was investigated by cyclic voltam-
metry (CV) and differential pulse voltammetry (DPV). The redox potentials were calibrated by
ferrocene as an internal standard. The obtained electrochemical results were presented in Table
3.2.5 and Figure 3.2.14. Compounds 25 and 27 showed an irreversible electron oxidation wave
and an irreversible electron reductive wave, corresponding to donor and acceptor units, respec-
tively. In contrast, compounds 26 and 28 displayed a partially reversible reduction wave corre-
sponding to benzo[c][1.2.5]thiazole as acceptor unit although an oxidation wave for donor
group was also irreversible. HOMO and LUMO levels of 25-28 were estimated with the elec-
trochemical oxidation and reduction potentials (Eox and Ereq, respectively) on the basis of energy
level of ferrocenium/ferrocene (4.8 eV) below vacuum level,?” and HOMO-LUMO energy

gaps of them were estimated to be 2.7-2.9 eV.

Table 3.2.5. Electrochemical data of 25—28.2

compound  Ex(V)? HOMO (eV)°¢ Erda(V)® LUMO (eV)¢ HOMO-LUMO gap (eV)

259 0.52 -5.3 -2.27 2.6 2.7
26°¢ 0.81 -5.6 -2.15 -2.7 2.9
274 0.46 -5.3 -2.29 -25 2.8
28 ¢ 0.52 -5.3 -2.18 -2.6 2.7

2 Measured in CH2Cl, at room temperature in the presence of n-BusNPFs (0.1 mol/L) as an electrolyte with
scan rate of 100 mV/s. ® Peaks were determined by differential pulse voltammetry with calibration of Fc*/Fc.
¢ The energy levels were calculated from oxidation and reduction peaks and referenced to Fc/Fc* (4.8 eV)

below the vacuum level. ¢ Concentration: 0.5 mmol/L. ¢ Concentration: 1.0 mmol/L.
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Figure 3.2.14. Cyclic voltammograms of (a) compound 25, (b) compound 26, (c) compound 27, and (d)

compound 28. Fc: redox peaks from ferrocene.
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3.2.8 Theoretical calculations

To shed light on the electronic characters and transition energies, density functional
theory (DFT) and time-dependent DFT (TD-DFT) were conducted using a Gaussian09 package
with the B3LYP/6-31G(d) model.*® Frontier molecular orbitals and their energy level are listed
in Figures 3.2.15 and 3.2.16, and the main orbital transitions and oscillator strength f are in
Tables 3.2.6—3.2.13. The main transition of 21 and 23 was from HOMO to LUMO+1, and that
of 22 and 24 was from HOMO to LUMO. As shown in Figure 3.2.15, electron densities of
HOMO and LUMO+1 of 21 and 23 were spread overall, and those of HOMO and LUMO of
22 and 24 were located on thiophene or EDOT ring and Si atom. These results insisted that the

lowest absorption and emission of 21-24 was assignable to 7—* transition.
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Figure 3.2.15. Frontier molecular orbitals and energy levels for 21-24 calculated with DFT at the B3LYP/6-
31G(d) level.
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In the case of 25 and 27 bearing donor and acceptor moieties, the electron density of
HOMO was located on whole molecules, while that of LUMO on acceptor unit (Figure 3.2.16).
In both 26 and 28, HOMO and LUMO are spatially separated to a great extent. The HOMO is
located at the donor-substituted thiophene ring with a partial overlap of orbitals at Si—Si bonds,
whereas the LUMO is primarily situated on the acceptor-substituted aromatic ring with no con-
tribution of Si—Si bonds. According to TD-DFT calculations, the lowest absorption bands of
25-28 were the transition from HOMO to LUMO, assignable to ICT. The lowest-energy verti-
cal transition trends are in good agreement with the UV-vis experimental imax data trends, giv-
ing the following order for dyes from high to low wavelength: 25, 27 > 26, 28 > 21-24. The
lowest calculated HOMO values of them was —5.65 eV (26), roughly consistent with the values
estimated from electrochemical measurements. This energy level matched with commonly used
hole injection/transport layers such as N,N'-di-1-naphthyl-N,N'-diphenylbenzidine (a-NPD)
(HOMO level: -5.4 V).

} 9
ot @
) ; ‘ 1 ; <
LUMO - 9 | 3 3
‘°$ r REE Y >’

-1.86 eV -2.17 eV 7 9 -181ev -2.15 eV
,5 ey g *3 98 5 'j‘é!ﬁ! e
o 3 ‘9’3,#&3,‘; ?

b
-5.35 eV -5.65 eV -5.24 eV -5.44 eV

Figure 3.2.16. Frontier molecular orbitals and energy levels for 25-28 calculated with DFT at the B3LYP/6-
31G(d) level.
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Table 3.2.6. Summary of the TD-DFT calculations for 21

S1:304.98 nm f=0.0000%
HOMO — LUMO 0.69668 "

S2:283.02 nm f=0.1171
HOMO-1 — LUMO —0.34037
HOMO — LUMO+1 0.61833

S3:256.19 nm f=0.4639
HOMO-1 — LUMO 0.60840
HOMO — LUMO+1 0.32855

2 Oscillator strength. ® CI expansion coefficients for each excitation.

Table 3.2.7. Summary of the TD-DFT calculations for 22

S1:282.09 nm f=0.0015%
HOMO — LUMO 0.37138°
HOMO — LUMO+1  0.59482

S2:273.24 nm f=0.1875
HOMO-1 — LUMO 0.16165
HOMO-1 — LUMO+1 0.17524

HOMO — LUMO 0.54764
HOMO — LUMO+2 —0.37279

S3:259.12 nm f=0.0042
HOMO-3 — LUMO+1  0.15630
HOMO-2 — LUMO+1 —0.39131
HOMO-1 — LUMO+2  0.21862

HOMO — LUMO+2 0.51705

2 Oscillator strength. ® C1 expansion coefficients for each excitation.
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Table 3.2.8. Summary of the TD-DFT calculations for 23
S1: 310.26 nm f=0.00192

HOMO — LUMO 0.70355°

S2:293.62 nm f=10.1448
HOMO-2 — LUMO 0.28322
HOMO — LUMO+1 0.64042

Sa: 288.74 nm f=0.0101
HOMO-1 — LUMO 0.59092
HOMO-1 — LUMO+1 —0.38143

2 Oscillator strength. ® C1 expansion coefficients for each excitation.

Table 3.2.9. Summary of the TD-DFT calculations for 24

S1:298.72 nm f=0.10402
HOMO — LUMO  0.61162°
HOMO — LUMO+1 -—0.34456

S5:292.17 nm f=0.0080
HOMO-1 — LUMO 0.66179
HOMO-1 — LUMO+1 —0.22325

Sa: 284.50 nm f=0.0948
HOMO-2 — LUMO+2 0.14816
HOMO — LUMO 0.31969
HOMO — LUMO+l1 0.60377

2 Oscillator strength. ® C1 expansion coefficients for each excitation.
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Table 3.2.10. Summary of the TD-DFT calculations for 25

S1:420.42 nm f=0.0455%
HOMO — LUMO 0.69273°
HOMO-1 — LUMO  0.69273

S,: 375.55 nm f=0.0008
HOMO-3 — LUMO  0.58460
HOMO-2 — LUMO  0.38335

S3: 365.63 nm f=0.0101
HOMO-1 — LUMO  0.69285

2 Oscillator strength. ® CI expansion coefficients for each excitation.

Table 3.2.11. Summary of the TD-DFT calculations for 26

S1:436.34 nm f=0.0205¢2
HOMO — LUMO 0.69922°

S2: 357.75nm f=0.0493
HOMO-1 — LUMO  0.62162

S3: 347.64 nm f=0.0008
HOMO-2 — LUMO 0.70482

2 Oscillator strength. ® C1 expansion coefficients for each excitation.
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Table 3.2.12. Summary of the TD-DFT calculations for 27

S1:434.09 nm f=0.0351%
HOMO-1 — LUMO —0.12884°
HOMO — LUMO  0.68003

S2:389.78 nm f=0.0323
HOMO-2 — LUMO  0.66977
HOMO-1 — LUMO —0.20155

S3:386.71 nm f=10.0241
HOMO-2 — LUMO  0.20093
HOMO-1 — LUMO  0.65728

HOMO — LUMO  0.11765

2 Oscillator strength. ® Cl expansion coefficients for each excitation.

Table 3.2.13. Summary of the TD-DFT calculations for 28

S1: 468.66 nm f=0.01092
HOMO — LUMO 0.70598°

S2:430.36 nm f=0.0057
HOMO-1 — LUMO  0.70584

S3: 372.63 nm f=0.0607
HOMO-2 — LUMO  0.69539

2 Oscillator strength. ® C1 expansion coefficients for each excitation.
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3.2.9 Electroluminescent performance

Organic luminophores have been the hot topic for their applications in OLEDs as de-
scribed in Chapter 1. Because donor—acceptor tetrasila[2.2]cyclophanes possess good thermal
stabilities and satisfactory fluorescence quantum yield in the solid state, especially compound
26, a preliminary study of electroluminescence characteristics was performed to investigate the
usefulness of the compounds. For the fabrication of OLED, compound 26 was selected as a
dopant in emitting layer with 4,4'-bis(2,2'-diphenylvinyl)-1,1'-biphenyl (dPVBI), which is
widely used as a host material and acts to improve the carrier mobility. Light-emitting devices
with the structure ITO/a-NPD/26-doped dPVBI/BCP/LiF/Al was fabricated using vapor depo-
sition processes, where a-NPD and BCP were N,N'-Diphenyl-N,N'-bis(1-naphthalenyl)-1,1'-bi-
phenyl-4,4'-diamine and bathocupuroin, respectively (chemical structures are shown in Figure
3.2.17). Detailed preparation method is described in Experimental section 3.3.9. ITO acts as
anode, a-NPD as hole-injection/transporting layer, 26-doped dPVBi as emissive layer, BCP as
electron-injection/transporting layer, and Al as cathode (Figure 3.2.18). The LiF layer reduced
the work function of Al. Figure 3.2.19 shows the schematic energy diagram of the multilayer
device.?®? The organic materials in emission layer were co-evaporated from two resistively
heated evaporation cells. The doping ratio (in weight %) was optimized to be 3% of 26 in the

dPVBI matrix (Figure 3.2.20). The effective size of the device was 2 mm x 3 mm.

(@)

%

Figure 3.2.17. Molecular structures of organic mateials used for doped OLED; (a) N,N'-Diphenyl-N,N'-
bis(1-naphthalenyl)-1,1'-biphenyl-4,4'-diamine  (a-NPD), (b) 4,4'-bis(2,2'-diphenylvinyl)-1,1'-biphenyl
(dPVBI), and (c) bathocupuroin (BCP).

Al (40 nm)
r LiF (1 nm)
\ BCP (40 nm)
dPVBiwith 26 (55 nm)

a-NPD (40 mm)
ITO

Glass

Figure 3.2.18. OLED structure with the detail of the thickness and original material used in each layer.
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Figure 3.2.19. HOMO-LUMO energy levels of the chemicals and work functions of electrodes of ITO/a-

NPD/dPVBI:26/BCP/LiF/Al device. The energy level values of a-NPD, and LiF/Al were quoted from the

literature.?82 The energy level values of ITO and BCP were quoted from the literature.?®® The energy level

value of dPVBi was quoted from the literature.?°
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Figure 3.2.20. External quantum efficiency (yex) vs dope ratio of 26 in the ITO/a-NPD

1dPVBI:26(x%)/BCP/LiF/Al.
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The device was characterized based on I-V characteristics and emission properties as
a function of voltage (Figure 3.3.26). The onset voltage of the electroluminescent device was
10 V, the external quantum efficiency (nex)) was 0.36%, and the power was 90 uW/cm? at a
current density of 9 mA/cm? and a voltage of 18 V. The electroluminescence from dPVBi, which
is one of the standard blue fluorescence materials and emits at 470 nm, was not completely
eliminated (Figure 3.3.27), because the LUMO level of 26 was slightly higher than that of
dPVBI (Figure 3.2.19). Nevertheless, the electroluminescence spectra showed a blue—green
emission at 495 nm similar to the corresponding photoluminescence spectra in the solid phase
(Figure 3.2.21). As the external quantum efficiency of 26-undoped OLED was 1.1%, the elec-
troluminescence of 26-doped OLED with acceptable efficiency (57exx = 0.36%) was achieved
with an effective energy transfer from the host material. These results suggested that compound

26 is a promising candidate for the manufacture of electroluminescent devices.

Normalized intensity (a.u.)

300 400 500 600 700
Wavelength (nm)

Figure 3.2.21. Electroluminescence spectrum of ITO/a-NPD /dPVBI: 26(3%)/BCP/LiF/Al (green line) and
solid-state emission spectrum of 26 (purple line). Inset: Photograph of electroluminescence from the OLED

at 18 V. Reprinted with permission from reference 16. Copyright © 2017 American Chemistry Society.
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3.2.10 Planar chiral tetrasila[2.2]cyclophane for CPL materials

Considering the potential for the application of tetrasila[2.2]cyclophanes, optically ac-
tive compounds with planar chirality would be valuable for CPL materials. As described in
previous section, donor—acceptor tetrasila[2.2]cyclophanes with thiadiazole (e.g. 26) displayed
emissive property and no inversion in solution at room temperature according to NMR results,
which meant that optically active compounds were not racemized by the inversion. Then | de-
signed planar chiral tetrasila[2.2]cyclophane 31 (in Scheme 3.2.4) for CPL-active compounds,
which inserted methyl group into compound 26 for planar chirality.

Racemic 31 was prepared by Pd-catalyzed coupling reaction of 1 and 1,1'-(3-methyl-
thiophene-2,5-diyl)bis(1,1,2,2-tetramethyldisilane) (30), which was prepared according to the

literature (see experimental section),!” in 21% yield as shown in Scheme 3.2.4.

Scheme 3.2.4. Preparation scheme of rac-31 by Pd-catalyzed arylation.?

S.
NN
PA[P(t-Bu)s], (5 mol% | |
s, PAPEBuR(© moth) _SiOSi_
| s | \ (i-Pr),EtN (4.0 equiv) ‘ ‘
H-Si-Si Si-Si-H
| |‘QI | I4<:>7| toluene —si S Si—
WA
0°C. 64 |ﬁ|
30 1
31
(1.0 equiv) (1.0 equiv) 1ot

2 Reaction conditions: 30 (1.0 mmol), 1 (1.0 mmol), Pd[P(t-Bu)s]2 (0.050 mmol), N,N-diisopropylethyla-
mine (4.0 mmol), toluene (15 mL), 0 °C, 6 d. ° Isolated yields.

Optical pure (S)- and (R)-31 (>99% enantiomeric excess) was obtained with a Chiral-
cel OJ-H column (Figure 3.2.22(a)). The sign of (+) and (—) were determined by optical rotation
measurement. By XRD analysis of enantiopure crystals, the absolute structures of (+)-31 and
(—)-31 were determined as (S) and (R), respectively (Figures 3.2.22(b), and Tables 3.3.9 and
3.3.10).
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Figure 3.2.22. (a) HPLC chart of rac-31 (eluent: MeOH, flow rate: 1.0 mL/min, detection wavelength of UV
absorption: 260 nm). (b) ORTEP drawings (50% probability ellipsoids) of one pattern of (S)-31 and (R)-31.
Hydrogen atoms are omitted for clarity. Adapted with permission from reference 16. Copyright © 2017

American Chemistry Society.

The optical and chiroptical properties of 31 were investigated (Figures 3.2.25 and
3.3.25), and are summarized in Table 3.2.14. In the UV-vis spectrum in cyclohexane, rac-31
exhibited maximum absorbance at 324 and 370 nm, and they emitted green photoluminescence
in a cyclohexane solution (496 nm, & = 0.05) and in the solid state (507 nm, & = 0.09). DFT
calculation suggests that the absorption/emission transition was assignable to ICT, similar to
compound 26 and 28 (Figure 3.2.24 and Table 3.2.15).

Next, the chiroptical properties, CD and CPL, were investigated. The circular dichro-
ism (CD) spectra of (S)-31 and (R)-31 was a mirror image and displayed clear Cotton effects
(Figure 3.2.23(a)). The degree of CD is given by the absorption dissymmetry factor, gans = 2(eL
—er)l(eL + er) = Ae/e, Where g1 and er are the molar extinction coefficients of the two polariza-
tions, respectively. The maximum gass Values of (S)-31 and (R)-31 at ca. 380 nm were calculated
to be +8.5 x 10~* and —7.8 x 107*, respectively.

The CPL spectra of (S)-31 and (R)-31 in cyclohexane are also shown in Figure
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3.2.23(b). Opposite CPL signals were observed, and the gium values were measured as +1.7 x
1073 for (S)-31 and —1.6 x 1072 for (R)-31 at 500 nm. The emitted light was equally polarized
in opposite directions by each enantiomer, confirming that the constructed simple organic pro-
duced luminescence in solution. The values (the order of [10~%), were comparable to those re-
ported for simple organic chiral molecules.** It is noted that in the solid phase, there are no
detectable CPL peaks. Nevertheless, this compounds (31) is the first example of intrinsic CPL

from a disilane-bridged planar chiral compound, and this skeleton can be extended for the de-

velopment of other chiroptical materials.
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Figure 3.2.23. (a) UV-vis absorption of rac-31 (black line) and CD spectra of (S)-31 (blue line) and (R)-31
(red line) in cyclohexane. Ae: molar CD value. (b) Emission (total luminescence (TL)) of rac-31 (black line)
and CPL spectra of (S)-31 (blue line) and (R)-31 (red line) in cyclohexane. TL: I +Igr. CPL: I.—Ir. I and Ig:
Emission intensity of left and right circularly polarized light. Excitation wavelength for CPL measurements:
370-380 nm. Concentration for CPL measurement: ca. 1.5 x 107> M. Adapted with permission from refer-

ence 16. Copyright © 2017 American Chemistry Society.

Table 3.2.14. Photophysical properties of 31 in cyclohexane

Jdas(m) £ (10*Mtem ™2 Jem(nm) PP 7(ns)°¢ Oabs Olum

1.0 (56%) +8.5x107* (S,379nm) +1.7x10 (S, 500 nm)

324, 370 0.64, 0.32 496  0.05
7.4 (44%) -7.8x10* (R,380nm) —1.6x10° (R, 500 nm)

8 Molar extinction coefficient at Zas. ° Absolute quantum yields determined by an integrating sphere system.

¢ Fluorescence lifetime detected at the maximum fluorescence wavelengths excited at 365 nm.
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LUMO

HOMO

-5.62 eV

Figure 3.2.24. Frontier molecular orbitals and energy levels for 31 calculated with DFT at the B3LYP/6-
31G(d) level.

Table 3.2.15. Summary of the TD-DFT calculations for 31
S1: 438.65 nm f=0.0153%

HOMO — LUMO 0.70490°

S2: 368.35 nm f=0.0540
HOMO-1 — LUMO 0. 68964

S3:356.17 nm f=10.0194
HOMO-2 — LUMO 0.69326

2 Oscillator strength. ® CI expansion coefficients for each excitation.
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3.3 Experimental section
3.3.1 General

(a) Materials.

Chemicals were purchased from commercial sources and used as received unless oth-
erwise noted. All reactions were carried out under argon atmosphere. Solvents for the synthesis
were used from a solvent purification system. Spectroscopically pure cyclohexane was used for
measurement of optical spectra of samples. N,N-Diisopropylethylamine was distilled before use.
1, 2, 12, and 13 were prepared according to the previous work described in Chapter 2.1
[Ag2LX2](SbFs)2 (X = Et20 or H20) was prepared according to previously reported proce-

dures.?4¢

(b) Characterization.

Melting points (Mp) were recorded on a Yanaco melting point apparatus and were
uncorrected. NMR spectra were recorded on a Bruker US-500 spectrometer for compound
21-28, 30, and 31, and a Bruker AVANCE 500 spectrometer for 21 C [Ag2L](SbFe)2, respec-
tively. Tetramethylsilane (8 = 0.00) was used as an internal standard for *H NMR spectra, and
CDClI3 (8 = 77.0) was used as an internal standard for 3C NMR spectra. Gel permeation chro-
matographic (GPC) separation was carried out with a JAI LC-921011 NEXT Recycling Prepar-
ative HPLC equipped a JAIGEL-GPC 1H+2H column. HPLC for chiral analysis and chiral
separation of 31 was carried out using a JASCO LC-2000Plus with a Daicel OJ-H column and
a LC-921011 NEXT equipped with a Daicel OJ-H semi-preparative column, respectively. GC-
MS spectra were recorded with a Shimadzu GC-MS-QP2010 spectrometer. FAB-MS was per-
formed with a JEOL MStation JMS-700 spectrometer. ESI-TOF mass spectra were recorded on
a Micromass LCT spectrometer. UV-vis absorption spectra were measured with a JASCO V-
570 spectrometer. Fluorescence spectra and absolute quantum yields were measured with a Hi-
tachi F-4500 spectrometer, a JASCO F-8600 spectrometer, and a Hamamatsu C9920-02 spec-
trometer. Fluorescence lifetimes were measured with a Hamamatsu Quantaurus-Tau C11367
spectrometer. Circular Dichroism spectra were recorded with a JASCO J-1500 spectrometer.
Optical rotation was measured with a JASCO P-1030 Polarimeter. The CPL spectra were rec-
orded by using a lab-made CPL measurement system, the details of which have been reported
previously.3! The sample solution was circulated through a 10-mm-thick quartz cell. Cyclic

voltammograms were recorded with BAS ALS-650DT using Ag*/Ag reference, glassy-carbon
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working, and Pt wire counter electrodes. Potentials are reported with reference to an internal
standard of ferrocenium/ferrocene. Thermogravimetric analyses (TGA) were measured with a
Rigaku Thermoplus TG-8120. The thermal stability of the samples under nitrogen atmosphere
was determined by measuring their weight loss while heating at a rate of 10 °C/min from room
temperature to 500 °C. The most stable conformers and energy transitions identified were cal-
culated by DFT and TD-DFT computations that were performed by the Gaussian09 revision
E.01 program using B3LYP/6-31G(d).*°

(c) 3C CP/MAS NMR measurement of compound 21.
The compound 21 sample (47.4 mg) was packed into a 4 mm zirconia rotor and meas-
ured with *C cross polarization/magic angle spinning (CP/MAS) NMR at 300, 310, and 323 K
using a spectrometer (Bruker AVANCE Il HD 600WB) at Larmor frequency of 150 MHz.
Bruker MAS probe head was used with a 4 mm zirconia rotor and a sample spin rate was 8 kHz.
The frequency of the spectra was expressed with respective to pure tetramethylsilane (TMS).
Experimentally, glycine was used as a second reference material, the carbonyl signal of which

was set at 176.46 ppm.

(d) X-ray crystallographic analysis.
Single crystals for X-ray diffraction were prepared using the following conditions:
I. 21 and 28: Recrystallization from hexane at room temperature
ii.  25and 26: Recrystallization from CH3CN at room temperature
iii. (S)-31 and (R)-31: Recrystallization from methanol at —30 °C
iv.  21C[AQ2L](SbFe)2: Recrystallization by vapor diffusion of Et,O/CH.Cl, at room

temperature

X-ray diffraction data of 21 and 25 were collected at 113 K with an AFC10 diffrac-
tometer coupled with a Rigaku Saturn CCD system equipped with a rotating-anode X-ray gen-
erator producing graphite-monochromated MoK radiation (4 = 0.7107 A). Lorentz-polariza-
tion and empirical absorption corrections were performed with the program Crystal Clear 1.3.6.
X-ray diffraction data of 26, 28, (S)-31, and (R)-31 were collected at 93 K on a Rigaku Sat-
urn724 (Varimax dual) diffractometer with multi-layer mirror monochromated MoKa radiation
(A = 0.71075 A). Lorentz-polarization and empirical absorption corrections were performed

with the program Crystal Clear 2.0. The structures were solved by the direct method using SIR-
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92 program (21, 26, 28, and (R)-31),%? SHELX-97 program (25),%® or SIR-2004 program ((S)-
31),%* and refined by full-matrix least-squares techniques against F? using SHELXL-97.%3

Single-crystal X-ray crystallographic analyses of 21 C[Ag2L](SbFe). were performed
at 93 K using a Rigaku RAXIS-RAPID imaging plate diffractometer with MoKa radiation (4 =
0.7107 A), and the obtained data were calculated with a Crystal Structure crystallographic soft-
ware package except for refinement, which was refined by full-matrix least-squares techniques
against F2 using SHELXL-2013.%

Crystallographic data for the structure of 21, 25, 26, 28, 21 C[Ag2L](SbFs)2, (S)-31
and (R)-31 have been deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication nos. CCDC 1510008, 1510009, 1509992, 1510012, 1510024, 1510174,
and 1510175, respectively.
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3.3.2 Synthesis

(a) Experimental procedure for the preparation of 1,1'-(3-methylthiophene-2,5-
diyl)bis(1,1,2,2-tetramethyldisilane) (30).

| |
n-BuLi CI—Sli-Sli—CI LiAIH,
5 S (2.1 equiv) s ' (2.2 equiv) (2.5 equiv) | |_ s |. | .
a / Br ——— Li \ Li HSi—Si \ Si—-SiH
THF THF [ 1
. R 0°Ctor.t.
) —78°C,2h —78°C (1 h)tor.t. 30
(1.0 equiv) 40%

The starting material 30 was prepared by the modification method based on the litera-
ture.r” Under an argon atmosphere, a solution of 1.6 M n-BuLi in hexane (29.1 mL, 46.6 mmol)
was added dropwise to a solution of 2,5-dibromo-3-methylthiophene (5.0 g, 22.2 mmol) in THF
(100 mL) at —78 °C for 20 min, and reaction mixture was stirred at —78 °C for 2 h to give
dilithiated reagent. This solution was added slowly to a solution of 1,2-dichloro-1,1,2,2-tetra-
methyldisilane (8.75 mL, 49 mmol) in THF (100 mL) at —78 °C for 1 h, then the reaction mix-
ture was warmed to room temperature. The mixture was cooled to 0 °C, and LiAIH4 (2.1 g, 55
mmol) was added. The reaction mixture was warmed to room temperature and stirred overnight.
The reaction mixture was quenched with water and extracted with diethyl ether three times. The
organic layer was washed with brine and dried over sodium sulfate. The solvent was evaporated
in vacuo and the residue was purified by distillation (120 °C, 1.0 mmHg) to give 30 (2.93 g, 8.9
mmol) as colorless oil in 40% yield.

1,1'-(3-methylthiophene-2,5-diyl)bis(1,1,2,2-tetramethyldisilane) (30): Isolated yield of
analytically pure product: 40%. Colorless oil. *H NMR (500 MHz, CDClz) § 7.06 (s, 1H), 3.80
(septet, 1H, J = 4.5 Hz), 3.74 (septet, 1H, J = 4.5 Hz), 2.33 (s, 3H), 0.42 (s, 6H), 0.38 (s, 6H),
0.16-0.15 (m, 12H). 3C NMR (125 MHz, CDCl3) & 146.0 (Cy), 143.2 (Cg), 139.1 (CH), 137.5
(Cq), 16.4 (CH3), —2.1 (CH3), —2.3 (CH3), —6.4 (CH3), —6.6 (CH3). FAB-MS m/z 329 ([M-HT").
FAB-HRMS Calcd for C13H20SisS: 329.1067. Found: 329.1089 ([M—H]").
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(b) Experimental procedure for the preparation of octamethyltetrasila[2.2]cyclophanes.

I I
| | S | | —Si Si—
H—Sli-SliWSli-Sli—H . Pd[P(t-Bu)s], ‘ |
+ | |
/, \ . S .
<\’> (/'Pr)zEtN _S|| \ / Sll_
. 4.0 equi
(1.0 equiv) (1.0 equiv) (4.0 equiv) <,\>

Condition A: Bis(1,1,2,2-teramethyldisilylanyl)arenes (1.0 mmol), aryl iodide (1.0

mmol) and N,N-diisopropylethylamine (4.0 mmol) was added to solution of Pd[P(t-Bu)s]>
(0.025 mmol) in m-xylene (15 mL) under Ar. The reaction mixture was stirred at 0 °C for 2 d.
After the disappearance of starting materials, the reaction was quenched with water, extracted
with CH2Cl», and dried over Na>SO4. Solvent was removed under reduced pressure, and the
residue was purified by preparative TLC (SiO2) to afford crude product of octamethyltetra-
sila[2.2]cyclophanes. Analytically pure product was obtained by the purification with GPC (el-
uent: CHCls).

Condition B: similar to condition A but with Pd[P(t-Bu)z]2, 0.050 mmol; solvent, tol-
uene (15 mL); reaction temperature, 0 °C; reaction time, 6 d.

Condition C: similar to condition A but with Pd[P(t-Bu)s]2, 0.025 mmol; solvent, m-

xylene (15 mL); reaction temperature, -5 °C; reaction time, 5 d.

1,1,2,2,8,8,9,9-octamethyl-1,2,8,9-tetrasila[2.2](2.5)thiophenophane (21): Prepared under
condition A. Colorless solid. GC yield: 20%. Isolated yield of analytically pure product: 9%.
Colorless solid. Decomposition point: 172.0 °C. *H NMR (500 MHz, CDCls) § 7.20 (s, 4H),
0.47 (brs, 12H), 0.35 (brs, 12H). 3C NMR (125 MHz, CDCl3) & 148.1 (Cg), 134.6 (CH), -4.1
(CH3), 4.6 (CH3). FAB-MS m/z 396 (M*). FAB-HRMS Calcd for Ci1sH28S2Sia: 396.0710.
Found: 396.0695 (M™).
1,1,2,2,9,9,10,10-octamethyl-1,2,9,10-tetrasila[2.2]paracyclo(2.5)thiophenophane  (22):
Prepared under condition A. Colorless solid. GC yield: 10%. Isolated yield of analytically pure
product: 4%. Decomposition point: 175.0 °C. *H NMR (500 MHz, CDCls) & 6.95 (s, 4H), 6.90
(s, 2H), 0.46 (s, 12H), 0.39 (s, 12H). 13C NMR (125 MHz, CDCls) & 148.8 (Cg), 138.0 (Cy),
133.4 (CH), 132.7 (CH), —3.3 (CH3), 5.3 (CH3). FAB-MS m/z 391 ([M+H]"). FAB-HRMS
Calcd for C1gH31SSis: 391.1224. Found: 391.1214 ([M+H]").
1,1,2,2,8,8,9,9-octamethyl-1,2,8,9-tetrasila[2.2](2.5)thiopheno(2.5)3,4-ethylenedioxythio-
phenophane (23): Prepared under condition A. Colorless solid. GC yield: 14%. Isolated yield
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of analytically pure product: 9%. Mp: 235.0-237.8 °C. 'H NMR (500 MHz, CDCls) § 7.15 (s,
2H), 4.21 (brs, 4H), 0.46 (brs, 18H), 0.22 (brs, 6H). 3C NMR (125 MHz, CDCls) & 149.4 (Cy),
147.3 (Cq), 134.4 (CH), 119.3 (Cy), 64.4 (CH2), —3.4 (CH3), —3.9 (CH3), —4.4 (CH3), -5.4 (CH3).
FAB-MS m/z 454 (M*). FAB-HRMS Calcd for C1gH3002S2Si4: 454.0765. Found: 454.0761
(M").
1,1,2,2,9,9,10,10-octamethyl-1,2,9,10-tetrasila[2.2]paracyclo(2.5)3,4-ethylenedioxythio-
phenophane (24): Prepared under condition A. Colorless solid. GC yield: 12%. Isolated yield
of analytically pure product: 8%. Mp: 215.0—-218.0 °C. *H NMR (500 MHz, CDCls3) & 7.10 (s,
4H), 4.15 (s, 4H), 0.48 (s, 12H), 0.33 (s, 12H). 1°C NMR (125 MHz, CDCl3) 6 148.0 (Cy), 138.6
(Cq), 132.5 (CH), 118.7 (Cq), 64.1 (CH2), —4.0 (CHa), -5.1 (CH3). FAB-MS m/z 448 (M").
FAB-HRMS Calcd for C20H320,SSia: 448.1200. Found: 448.1224 (M*).
1,1,2,2,8,8,9,9-octamethyl-1,2,8,9-tetrasila[2.2](2.5)thiopheno(5.7)2,3-dimethylthieno[ 3,4-
b]pyrazinophane (25): Prepared under condition A. Yellow solid. GC yield: 15%. Isolated
yield of analytically pure product: 5%. Mp: 192.0—-198.0 °C. *H NMR (500 MHz, CDCls) &
7.08 (s, 2H), 2.63 (s, 6H), 0.64 (brs, 12H), 0.38 (brs, 12H). *C NMR (125 MHz, CDCl3) &
151.5 (Cy), 150.4 (Cq), 146.8 (Cy), 138.8 (Cy), 134.3 (CH), 23.6 (CH3), —2.7 (CH3), —3.9 (CHs3).
FAB-MS m/z 476 (M™). FAB-HRMS Calcd for C2oH32N2S,Sia: 476.1084. Found: 476.1099
(M%)
1,1,2,2,8,8,9,9-octamethyl-1,2,8,9-tetrasila[2.2](2.5)thiopheno(4.7)2,1,3-benzothiadiazolo-
phane (26): Prepared under condition B. Pale yellow solid. Isolated yield of analytically pure
product: 19%. Mp: 182.0—183.6 °C. *H NMR (500 MHz, CDCls) § 7.30 (s, 2H), 6.47 (s, 2H),
0.82 (s, 6H), 0.53 (s, 6H), 0.45 (s, 6H), 0.31 (s, 6H). *C NMR (125 MHz, CDCls) § 158.9 (Cy),
144.6 (Cq), 135.5 (CH), 134.3 (Cq), 133.3 (CH), —2.8 (CH3), -3.1 (CHz3), —3.3 (CH3), -5.2 (CHa).
FAB-MS m/z 449 ([M+H]"). FAB-HRMS Calcd for CigsH29N2S>Sia: 449.08249. Found:
449.0825 ([M+H]™).
1,1,2,2,8,8,9,9-octamethyl-1,2,8,9-tetrasila[2.2](2.5)3,4-ethylenedioxythiopheno(5.7)2,3-
dimethylthieno[3,4-b]pyrazinophane (27): Prepared under condition C. Yellow solid. GC
yield: 11%. Isolated yield of analytically pure product: 5%. Mp: 228.0-231.0 °C. *H NMR (500
MHz, CDCl3) & 4.22 (brs, 4H), 2.60 (s, 6H), 0.76—0.22 (m, 24H). 1°C NMR (125 MHz, CDCl5)
3 151.2 (Cq), 150.2 (Cq), 148.6 (Cq), 138.2 (Cy), 118.4 (Cy), 64.4 (CH2), 23.6 (CH3), —3.8 (br,
2CH3). FAB-MS m/z 534 (M"). FAB-HRMS Calcd for C22H34N20,S,Sis: 534.1139. Found:
534.1129 (M").
1,1,2,2,8,8,9,9-octamethyl-1,2,8,9-tetrasila[2.2](2.5)3,4-ethylenedioxythiopheno(4.7)2,1,3-
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benzothiadiazolophane (28): Prepared under condition B. Yellow solid. Isolated yield of ana-
lytically pure product: 22%. Mp: 239.0—-240.5 °C. *H NMR (500 MHz, CDCl3) & 7.28 (s, 2H),
4.12-4.02 (m, 4H), 0.80 (s, 6H), 0.58 (s, 6H), 0.36 (s, 6H), 0.31 (s, 6H). 13C NMR (125 MHz,
CDCl3) 8 159.5 (Cy), 147.7 (Cq), 134.7 (CH), 134.3 (Cq), 116.3 (Cq), 64.1 (CH2), —3.36 (CH3),
—3.42 (CHs), —3.6 (CHs), —4.5 (CHs). FAB-MS m/z 507 ([M+H]*). FAB-HRMS Calcd for
C20H31N202S,Si4: 507.0904. Found: 507.0880 ([M+H]").
1,1,2,2,8,8,9,9-octamethyl-1,2,8,9-tetrasila[2.2](2.5)3,4-ethylenedioxythiopheno(4.7)-5-
methyl-2,1,3-benzothiadiazolophane (31): Prepared under condition B. Pale yellow solid.
Isolated yield of analytically pure product (racemate): 21%. Mp: 151.3—154.0 °C (racemic com-
pound), 158.5-160.8 °C (chiral compound). *H NMR (500 MHz, CDCl3) § 7.30 (d, 1H, J = 6.3
Hz), 7.24 (d, 1H, J = 6.3 Hz), 6.28 (s, 1H), 2.07 (s, 3H), 0.88 (s, 3H), 0.82 (s, 3H), 0.57 (s, 3H),
0.52 (s, 3H), 0.419 (s, 3H), 0.417 (s, 3H), 0.37 (s, 3H), 0.30 (s, 3H). *C NMR (125 MHz,
CDCl3) 6 159.13 (Cy), 159.07 (Cg), 144.9 (Cq), 143.5 (Cy), 138.6 (Cq), 137.4 (CH), 135.6 (CH),
134.9 (CH), 134.1 (Cy), 134.0 (Cq), 16.3 (CH3), —2.0 (CH3), —2.5 (CHzs), —2.65 (CHas), —2.71
(CH3), —3.2 (CHz), —3.3 (CH3), —4.5 (CH3), —5.2 (CH3). FAB-MS m/z 463 ([M+H]").
FAB-HRMS Calcd for C19H31N2S,Sis: 463.1006. Found: 463.1010 ([M+H]*). HPLC (OJ-H,
methanol, flow rate = 1.0 mL/min) t; = 9.0 min (+, S) and t, = 10.2 min (-, R). (S)-9: [a]p®® =
+41.9 (¢ = 3.0 g/L, CH2Cly). (R)-9: [0]o?® = -38.5 (¢ = 3.1 g/L, CHCly).
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3.3.3 Crystallographic data

(@) Crystal structures of 21 C [Ag;L](SbFs),

Form B1 Form B2

Figure 3.3.1. (a) Lattice structure of 21 C [Ag,L](SbFe),. (b) Two disordering patterns of Form A.
Occupancies of Al and A2 is 0.538 and 0.462, respectively. (c) Two disordering patterns of Form B.
Occupancies of B1 and B2 is 0.707 and 0.293, respectively. Side alkyl-chains of L, several Si-Si bonds and

methyl groups of 21, counter anions, solvent molecules, and hydrogen atoms are omitted for clarity.
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(b) Crystallographic data
Table 3.3.1. Selected crystallographic data of 21

Empirical formula C16H28S2Si4
Fw /g mol™? 396.86
Crystal system monoclinic
Space group P2i/n
Crystal size / mm 0270 x 0.160 x 0.120
Temperature / K 113
alA 6.8068(5)
b/A 13.8764(10)
c/A 11.7221(8)
al® 90
pl° 97.501(5)
yl° 90
VA3 1097.7(2)
Z 2
Deaed/ g cm ™3 1.201
ATA 0.71070
u/ mm 0.4561
Reflections collected 8405
Independent reflections 2504
Parameters 100
Rint 0.0357
R1 (1 > 2.000 (1))@ 0.395
WR2 (All reflections) 0.0830
GoF°® 1.099

3Ry = X|[Fo| — |Fc|[/Z|Fo| (I > 26 (1)). ® WR2 = [Z(W(F02 — Fc2)%/2w(F0?)?]Y2 (I > 20 (1)). ¢ GOF = [Z(W(Fo02 —
Fc?)?/Z(Nr — Np)?]
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Table 3.3.2. Selected bond lengths and angles of 21

Bond lengths / A

Si2-Si3 2.3621(8)
Si2—C5 1.868(2)
Si2—C9 1.872(3)
Si2—Cl11 1.869(3)
Si3—C7 1.8727(19)
Si3—C8 1.869(3)
Si3—C10 1.868(3)
Angles /°
Si2-Si3—C7 104.45(7)
Si3-Si2—C5 105.80(7)
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Table 3.3.3. Selected crystallographic data of 25

Empirical formula Co0H32N2S2Sis
Fw /g mol? 476.95
Crystal system triclinic
Space group P-1
Crystal size / mm 0.300 x 0.100 x 0.050
Temperature / K 133
alA 8.327(5)
b/A 11.182(6)
c/A 14.842(9)
al® 74.59(2)
pl° 88.77(3)
y1° 79.46(3)
vV /A3 1309.4(13)
z 2
Deaed/ g cm ™3 1.210
ATA 0.71070
u/ mm 0.3958
Reflections collected 9639
Independent reflections 5233
Parameters 253
Rint 0.0643
R1 (1 >2.000 (1) ? 0.0798
WR, (All reflections) ® 0.2085
GoF°® 1.090

4Ry = X||Fo| — |Fc||[/Z[Fol (I > 20 (1)). ® WR, = [E(W(Fo? — Fc?)?/Zw(Fo?)4Y2 (1 > 20 (1)). ¢ GOF = [Z(w(Fo? —

Fc?)?/Z(Nr — Np)?]
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Table 3.3.4. Selected bond lengths and angles of 25

Bond lengths / A

Si3-Si5 2.363(3)
Si4—Si6 2.361(3)
Si3—C24 1.865(5)
Si3—C25 1.865(6)
Si3—C26 1.864(7)
Si4—C19 1.869(6)
Si4—C20 1.871(7)
Si4—C21 1.871(5)
Si5—C9 1.877(5)
Si5—C27 1.848(6)
Si5—C28 1.879(6)
Si6—C12 1.874(6)
Si6—C17 1.863(6)
Si6—C18 1.873(6)
Angles /°
Si6—Si4—C21 102.58(16)
Si4—Si6—C12 103.93(17)
Si3-Si5—C9 102.84(16)
Si5-Si3—C24 104.27(17)
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Table 3.3.5. Selected crystallographic data of 26

Empirical formula C18H28N2S2Si4
Fw /g mol? 448.89
Crystal system monoclinic
Space group P2i/n
Crystal size / mm 0.350 x 0.180 x 0.130
Temperature / K 93
alA 8.437(3)
b/A 11.874(4)
c/A 23.696(8)
al® 90
BI° 98.704(4)
yl° 90
VA3 2346.5(14)
z 4
Deaed/ g cm ™3 1.271
ATA 0.71075
u/ mm 0.4374
Reflections collected 17536
Independent reflections 5328
Parameters 235
Rint 0.0467
R1 (1 >2.000 (1) ? 0.0364
WR, (All reflections) ® 0.0904
GoF°® 1.062

4Ry = 3||Fo| — |Fc|[/Z|Fo| (1 > 26 (1)). PWR2 = [Z(W(F0? — Fc2)Z/zw(F0?)?]¥2 (1 > 20 (1)). ¢ GOF = [Z(w(Fo? —

Fc?)?/Z(Nr — Np)?]
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Table 3.3.6. Selected bond lengths and angles of 26

Bond lengths / A

Si3-Si4 2.3761(9)
Si5-Si6 2.3711(9)
Si3—C10 1.8702(17)
Si3—C19 1.867(2)
Si3—C21 1.869(2)
Si4—C16 1.8748(19)
Si4—C18 1.8822(18)
Si4—C20 1.873(2)
Si5—C15 1.8678(19)
Si5—C22 1.870(2)
Si5—C25 1.8700(18)
Si6—Cl11 1.8817(17)
Si6—C14 1.872(2)
Si6—C26 1.8724(19)
Angles /°
Si3-Si4—C138 103.45(6)
Si4-Si3—C10 107.12(6)
Si5-Si6—C11 103.32(6)
Si6—-Si5-C15 106.82(6)
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Table 3.3.7. Selected crystallographic data of 28

Empirical formula C20H30N202S,Si4
Fw /g mol? 506.93
Crystal system monoclinic
Space group P2i/n

Crystal size / mm 0.170 x 0.160 x 0.050
Temperature / K 93
alA 8.156(4)
b/A 13.965(6)
c/A 22.5205(10)
al® 90
ple 94.157(8)
yl° 90
vV /A3 2558(2)
z 4
Deaed/ g cm ™3 1.316
ATA 0.71075
u/ mm 0.4151
Reflections collected 18742
Independent reflections 5503
Parameters 269
Rint 0.0476
R1 (1 >2.000 (1) ? 0.0501
WR, (All reflections) ® 0.1128
GoF°® 1.097

4Ry = X||Fo| — |Fc||[/Z[Fol (I > 20 (1)). ® WR, = [E(W(Fo? — Fc?)?/Zw(Fo?)4Y2 (1 > 20 (1)). ¢ GOF = [Z(w(Fo? —

Fc?)?/Z(Nr — Np)?]
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Table 3.3.8. Selected bond lengths and angles of 28

Bond lengths / A

Si3-Si5 2.3873(15)
Si4—Si6 2.3799(16)
Si3—C12 1.868(3)
Si3—C16 1.870(3)
Si3—C24 1.872(3)
Si4—C19 1.872(3)
Si4—C20 1.886(3)
Si4—C23 1.873(3)
Si5—C13 1.884(3)
Si5—C17 1.871(3)
Si5—C27 1.873(3)
Si6—Cl11 1.868(3)
Si6—C21 1.871(4)
Si6—C26 1.871(3)
Angles /°
Si6—Si4—C20 102.75(9)
Si4—Si6—Cl11 103.21(9)
Si3-Si5—C13 101.63(9)
Si5-Si3—C12 102.93(9)

136



Table 3.3.9. Selected crystallographic data of (S)-31

Empirical formula C19H30N2SSi4
Fw /g mol? 462.92
Crystal system triclinic
Space group P1
Crystal size / mm 0.190 x 0.100 x 0.050
Temperature / K 93
alA 7.911(3)
b/A 11.840(5)
c/A 13.499(6)
al® 81.369(11)
pl° 88.853(12)
yl° 78.737(10)
VA3 1226.0(9)
z 2
Deaed/ g cm ™3 1.254
ATA 0.71075
u/ mm 0.4206
Reflections collected 9469
Independent reflections 7336
Parameters 507
Rint 0.0532
R1 (1 >2.000 (1) ? 0.0896
WR, (All reflections) ® 0.2435
GoF¢ 1.055
Friedel pairs 2004
Flack Parameter 0.2(2)

3Ry = X|[Fo| — |Fc|[/Z|Fo| (I > 26 (1)). ® WR2 = [Z(W(F02 — Fc2)%/2w(F0?)?]Y2 (I > 20 (1)). ¢ GOF = [Z(W(Fo02 —
Fc?)?/Z(Nr — Np)?]
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Table 3.3.10. Selected crystallographic data of (R)-31

Empirical formula C19H30N2SSi4
Fw /g mol? 462.92
Crystal system triclinic
Space group P1
Crystal size / mm 0.150 x 0.120 x 0.070
Temperature / K 93
alA 7.912(2)
b/A 11.836(3)
c/A 13.510(4)
al® 81.434(8)
pl° 88.885(9)
y/° 78.740(6)
VA3 1226.9(6)
z 2
Deaed/ g cm ™3 1.253
ATA 0.71075
u/ mm 0.4203
Reflections collected 8598
Independent reflections 6539
Parameters 487
Rint 0.0671
R1 (1 >2.000 (1) ? 0.0406
WR, (All reflections) ® 0.1034
GoF¢ 1.044
Friedel pairs 1854
Flack Parameter 0.14(8)

3Ry = X||Fo| — |Fc||[/Z|Fol (I > 20 (1)). ® WR2 = [E(W(Fo? — Fc2)2/zw(Fo?)4Y2 (1 > 24 (1)). ¢ GOF = [X(w(Fo? —
Fc?)?/Z(Nr — Np)?]
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Table 3.3.11. Selected crystallographic data of 21 C [Ag2L](SbFs):2

Empirical formula Ca251H234Ag4CleF24Ng06S4ShaSis
Fw /g mol? 5398.74
Crystal system triclinic
Space group P-1
Crystal size / mm 0.300 x 0.100 x 0.100
Temperature / K 93
alA 23.3109(9)
b/A 23.5067(8)
c/A 24.2410(9)
al® 111.0626(9)
pl° 100.2965(10)
yl° 92.7909(11)
VA3 12103.5(8)
z 2
Deaiea/ g cm™3 1.481
ATA 0.71075
u/ mm 0.970
Reflections collected 40928
Independent reflections 2863
Parameters 494
Rint 0.0926
R1 (1 >2.000 (1) ? 0.1052
WR, (All reflections) ® 0.2923
GoF°® 1.056

4Ry = X||Fo| — |Fc||[/Z[Fol (I > 20 (1)). ® WR, = [E(W(Fo? — Fc?)?/Zw(Fo?)4Y2 (1 > 20 (1)). ¢ GOF = [Z(w(Fo? —
Fc?)?/Z(Nr — Np)?]

139



Table 3.3.12. Selected bond lengths of 21 C[Ag2L](ShFs)

Bond lengths / A

Agl-C5R 2.428(13)
Agl-C6R 2.21(3)
Agl-C6T 2.35(2)
Ag2—CIT 2.30(2)
Ag2-CIR 2.43(4)
Ag2-C2R 2.428(13)
Ag3—CI1S 2.445(14)
Ag3—C2S 2.344(16)
Ag3-C2Q 2.39(4)
Agd—C4Q 2.33(6)
Agd—C5S 2.429(15)
Agd—C6S 2.307(19)
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3.3.4 2D NMR spectra of 21
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Figure 3.3.2. *H-'H NOESY spectrum of 21 (500 MHz, CDCls, 250 K).
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3.3.5 Variable Temperature NMR spectra of 23, 24, 25, 27, and 28

Si-CH; TMS
f—‘ﬁ
\‘ |‘ 323 K
JM‘LJL
|
JL | 310K
/\q%\u
j\ 300 K
____JW
B ‘1‘.0‘ o I0.|5I o 0 o ‘—0‘.5I -
o/ ppm

Figure 3.3.3. VT-'H NMR spectra of the methyl region of compound 23 in CDClI; at 300, 310, and 323 K.

Si-CH,
f—‘ﬁ
| TMS
L 300 K
| e 220 K

Figure 3.3.4. VT-'H NMR spectra of the methyl region of compound 24 in CDCls at 220 and 300 K.
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Figure 3.3.5. VT-'H NMR spectra of the methyl region of compound 25 in CDCls at 250, 280, 300, and 323
K.
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Figure 3.3.6. VT-'H NMR spectra of the methyl region of compound 27 in CDCls at 280, 300, 310, and 323
K.
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Figure 3.3.7. VT-'H NMR spectra of the methyl region of compound 28 in CDClI; at 300, 310, and 323 K.
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3.3.6 Inclusion of 21 into [Ag2L](SbFs)2

(a) ESI-MS measurement of 21c[AgzL]?*

HR-ESI-MS

1013.2406

21C[Ag,L]?*

1013.2396

1013.2396

Theoretical

Experimental

1028.7292

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

Figure 3.3.8. HR-ESI-MS of a mixture of [Ag2LX2](SbFs)2 (0.04 mM) and 21 (1.0 eq) in CDCI3/CHCls.

Calcd for 21 C[Ag,L]?*: 1013.2406. Found: 1013.2396.

(b) Detailed *H NMR spectrum of 21 C[Ag2L]?

...._ - Two m-phenylene moieties are equivalent.
("H NMR - Singlet x 3*)

*Supported by 2D NMR (COSY, TOCSY, and ROESY)

Si = SiMez §
R = CsHia

Can-symmetrical complex
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Figure 3.3.9. Partial 'H NMR spectrum of a mixture of [Ag2LX2](SbFs). (0.06 mM) and 21 (3.0 eq) (500

MHz, CDCls, 300 K).
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(c) 2D NMR of 21c[Ag2L](SbFs)2
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Figure 3.3.10. Partial spectrum of *H-H COSY of a mixture of [Ag2L X2](SbFe). (0.06 mM) and 21 (3.0 eq)
(500 MHz, CDCIls, 300 K). Signals of the protons of the macrocyclic skeleton are marked with blue letters

for clarity.
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Figure 3.3.11. Partial spectrum of *H-*H COSY of a mixture of [Ag2LX2](SbFs). (0.06 mM) and 21 (3.0 eq)
(500 MHz, CDCls, 300 K). Signals of the protons of the macrocyclic skeleton are marked with blue letters

for clarity.
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Figure 3.3.12 Partial spectrum of *H-H TOCSY of a mixture of [Ag.LX2](SbFe)2 (0.06 mM) and 21 (3.0
eq) (500 MHz, CDCls, 300 K). Signals of the protons of macrocyclic skeleton are marked with blue letters

for clarity.
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Figure 3.3.13. Partial spectrum of *H-'H TOCSY of a mixture of [Ag.LX2](SbFe). (0.06 mM) and 21 (3.0

eq) (500 MHz, CDCls, 300 K). Signals of the protons of macrocyclic skeleton are marked with blue letters

for clarity.
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Figure 3.3.14. Partial spectrum of 'H-'H ROESY of a mixture of [Ag.LX2](SbFe). (0.06 mM) and 21 (3.0
eq) (500 MHz, CDCls, 300 K). Signals of the protons of macrocyclic skeleton are marked with blue letters
for clarity. Signals Bi, and Cin were assigned based on an intramolecular ROE correlation, i—Cin, and a com-

parison between two ROE signal intensities (Air—Bin and Ain—Cin).
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Figure 3.3.15. Partial spectrum of *H-*H ROESY of a mixture of [Ag.LX2](SbFe). (0.06 mM) and 21 (3.0
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3.3.7 Estimation of the binding constant between [Ag-L X2](SbFe)> and 21
To investigate the binding constant between [Ag2LX2](SbFe)2 and 21 (Ka(21)), a guest
competition experiment with ferrocene was demonstrated as shown in Scheme 3.3.1, and the

results of guest change were investigated with *H NMR spectra (Figure 3.3.16).

Scheme 3.3.1. The equilibrium reaction between 21 C[Ag.L](SbFe). and ferrocene (FeCpy).

Kex
—_—
+ Fe
CDCls
FcCpsy R = CesH13
Si = SiMez
<& 21C[AgoL](SbFg), FeCp,C [Ag2L](SbFg),

To a 1:1 mixture of [Ag2LX2](SbFs)2 (0.05 mM, 450 pL, 0.023 pmol) and 21 (1 eq) in CDCIs was added a
solution of FeCp; in CDClI3 (100 eq).

FeCp, C [AgzL](SbFy),
O 21C[AgeL](SbF,),

s 21in
21, ¢ 0
d) - I Y ¥ c
|
T T
0.0 -0

CHCl 2q__ FeCpzou ™S

C) A —L-.-A..L A Lu——‘«_l
~ Internal < 21
/KO standard & n
_)] M -J{ ” L W
¢ EtO l
)

oS

a) & o 0
ppm 85 80 7.5 7.0 45 40 35 30 0

L

AU

5 - 5 -1.0

Figure 3.3.16. 'H NMR spectra of 1:1 mixtures of [Ag2LX2](SbFe)2 and 21 (0.05 mM, 450 pL, 0.022 umol,
1.0 eq) in the presence of (a) 0 eq and (b) 100 eq of FeCpz, (c) a mixture of [Ag2LX2](SbFe)2 (0.11 mM) and
FeCp2 (5 eq), and (d) 21 only (500 MHz, CDCIls, 300 K). p-Dimethoxybenzene (0.025 pmol) was added as

an internal standard.
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The binding constants for guest inclusion of the dinuclear Ag(l)-macrocycle
[Ag2LX2]?* with 21 (Ka(21)) and FeCp, (Ka(FeCp2)), and the equilibrium constant of the guest
exchange reaction (Kex) were defined as shown below. (Ka(FeCp2) was determined to be (6.2 +
0.9) x 10* Mtin CDCls at 300 K (Eq. 4).2%

Ka(21)

[Ag,LX,]2* + 21 —— 21c[Ag,L]?*

Ka(FeCp2)

[Ag,LX,]** + FeCp, —  FeCp,c[Ag,L]**

Kex

21c[Ag,L]** + FeCp, = FeCp,c[Ag,L]*" + 21

[21c[Ag,L]**]

(21 = g LG P2

(Eq. 3)

[FeCp,c[Ag,L]**]
[[Ag;LX;]**][FeCp,] (Eq. 4)
=(6.2 £ 09) x 10* M1

Ka(FeCpz) =

[FeCp,c[Ag,L]**][21]

Kex = Z1clAg,LIP*[FeCp,] (Ba.5)

Using Egs. 3-5, Kex Was represented by
[FeCp,c[Ag,L]**][21]
" [21c[Ag;L]?*][FeCp,]
_ [Ag,LX,]**][21] % [FeCp,c[Ag,L]**]
[21c[Ag,L]**] [[Ag,LX,]**][FeCp,]
_ Ka(FeCp,)
K,(21)

(Eq. 6)
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When an excess FeCp, (100 eq) was added to a solution of 21c[Ag.L]?"in CDClIs at
300 K, no guest exchange reaction between 21c[Ag.L]*" and FeCp, was observed (Figure
3.3.16). Then, assuming that less than 1% of included 21 was replaced by FeCp> under this
condition, the concentration of each guest or complex was described as shown below (Egs. 7—
10). Noted that as the total volume of the solution was increased from 450 pL to 470 uL due to
the addition of a solution of FeCp2 to CDCls, the total concentration of 21c[Ag2L]?" decreased
from 50 uM to 48 uM.

[21c[Ag,L]?*] > 47.5 uM (Eq. 7)
[21] < 0.5 uM (Eq. 8)
[FeCp,c[Ag,L]**] < 0.5 uM (Eq. 9)
[FeCp,] =~ 4.8 mM (Eqg. 10)

In this case, by substituting Eqgs. 7-10 for Eq. 5,
Key <11 x 1076 (Eq. 11)

Therefore, from Eq. 6 and Eq. 11,
__K;(Fesz)

= . —6 Eqg. 12

ex K.2D) <11 x 10 (Eq. 12)
a(FeCpy)

K Ka(FeCp,) Eq. 13

21 > 1.1 x 10-¢ (Eq. 13)

In conclusion, by substituting Eq. 4 for Eq. 13,
Ka(21) > 101° M (Eq. 14)

(in CDCls at 300 K)
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3.3.8 UV-vis absorption and fluorescence spectra of 21-28 and 31
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Figure 3.3.17. UV-vis absorption spectrum of 21 in cyclohexane (black line), fluorescence spectrum of 21
in cyclohexane (red line, excited at 271 nm), and fluorescence spectrum of 21 in the solid state (purple line,

excited at 312 nm).
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Figure 3.3.18. UV-vis absorption spectrum of 22 in cyclohexane (black line), fluorescence spectrum of 22
in cyclohexane (red line, excited at 265 nm), and fluorescence spectrum of 22 in the solid state (purple line,

excited at 324 nm).
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Figure 3.3.19. UV-vis absorption spectrum of 23 in cyclohexane (black line), fluorescence spectrum of 23
in cyclohexane (red line, excited at 278 nm), and fluorescence spectrum of 23 in the solid state (purple line,

excited at 312 nm).
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Figure 3.3.20. UV-vis absorption spectrum of 24 in cyclohexane (black line), fluorescence spectrum of 24
in cyclohexane (red line, excited at 286 nm), and fluorescence spectrum of 24 in the solid state (purple line,

excited at 353 nm).

156



30000

25000 —~
S
8
£~ 20000 >
S
5 2
< 15000 =
v g
10000 S
£
5000 S
0 1
250 350 450 550 650

Wavelength (nm)

Figure 3.3.21 UV-vis absorption spectrum of 25 in cyclohexane (black line), fluorescence spectrum of 25
in cyclohexane (red line, excited at 400 nm), and fluorescence spectrum of 25 in the solid state (purple line,

excited at 435 nm).

20000 |
s
16000 S
P
o @
£ 12000 Qe
L2 £
=3 3
N
“ 8000 =
£
>

4000
0 1 1
250 350 450 550 650

Wavelength (nm)

Figure 3.3.22. UV-vis absorption spectrum of 26 in cyclohexane (black line), fluorescence spectrum of 26
in cyclohexane (red line, excited at 370 nm), and fluorescence spectrum of 26 in the solid state (purple line,

excited at 406 nm). A peak denoted with an asterisk is due to Raman scattered light of solvent.
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Figure 3.3.23. UV-vis absorption spectrum of 27 in cyclohexane (black line), fluorescence spectrum of 27
in cyclohexane (red line, excited at 400 nm), and fluorescence spectrum of 27 in the solid state (purple line,

excited at 443 nm).
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Figure 3.3.24. UV-vis absorption spectrum of 28 in cyclohexane (black line), fluorescence spectrum of 28
in cyclohexane (red line, excited at 352 nm), and fluorescence spectrum of 28 in the solid state (purple line,

excited at 437 nm). A peak denoted with an asterisk is due to Raman scattered light of solvent.
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Figure 3.3.25. UV-vis absorption spectrum of rac-31 in cyclohexane (black line), fluorescence spectrum of
rac-31 in cyclohexane (red line, excited at 370 nm), and fluorescence spectrum of rac-31 in the solid state

(purple line, excited at 398 nm). A peak denoted with an asterisk is due to Raman scattered light of solvent.

159



3.3.9 Electroluminescence data

(a) Fabrication of OLED

The OLEDs were developed on a glass substrate coated with a 200-nm-thick Indium Tin
Oxide (ITO) layer. ITO film was etched with zinc powder and HCI to obtain the 2-mm-width
electrode pattern. The substrate was cleaned by sonication in successively detergent, ultrapure
water, acetone and isopropanol, and then treated with ozone under UV. The OLED was prepared
by the sequential vapor deposition of organic materials onto ITO at a deposition rate of 1 A/s.
The emitter layer of 26 and dPVBi was vacuum deposited by simultaneous evaporation from
two separate sources. The substrate was transferred to a metal-evaporation chamber through the
glove box to avoid exposure to ambient air. Al was deposited at a rate of 10 A/s. The effective
area of the emitting diode was 6.0 mm?. The optical fiber guided the EL light to a spectrograph
(Oriel, model FICS 77441) connected to CCD camera (Andor, model DU420-OE) to measure
the spectra. The current-voltage characteristics of the devices were measured with Keithley
2400. The power of EL light was measured with Thorlabs S120 Optical Power Meter simulta-
neously with the electric current. The external quantum efficiency of EL devices was estimated
by considering the area of detection (solid angle of 32.34°). All measurements were carried out

at room temperature under ambient atmosphere.
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(b) Electroluminescence properties of the device
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Figure 3.3.26. (a) Voltage vs current density, (b) voltage vs power of EL (Onset: 10 V), and (c) current density

vs external quantum yield characteristics of the ITO/a-NPD/dPVBI:26(3%)/BCP/LiF/Al device.
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(c) Electroluminescence spectra of the ITO/a-NPD/dPVBI:26/BCP/LiF/Al device
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Figure 3.3.27. Electroluminescence spectra of the undoped ITO/a-NPD/dPVBI/BCP/LiF/Al device (black
line) and the ITO/a-NPD/dPVBI:26(3%)/BCP/LiF/Al device (green line). Applied voltage: 18 V.
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3.4 Summary

In Chapter 3, I developed an easily accessible synthetic route to provide disilane-
bridged cyclophanes, tetrasila[2.2]cyclophanes, via Pd-catalyzed cyclization reaction. Some of
the compounds displayed the inversion motion in solution at room temperature, and this inver-
sion was controlled by altering the phase (solid vs solution), the bulkiness of substituent, and
the inclusion into a host molecule. The photophysical and electrochemical properties of these
molecules were investigated by UV-vis absorption and fluorescence spectroscopies as well as
cyclic voltammetry. The donor—acceptor tetrasila[2.2]cyclophanes (25-28) showed green emis-
sion derived from ICT transition. In particular, compound 26 displayed strong solid-state emis-
sion (@ = 0.49), because of the suppression of intermolecular n— stacking in crystal structure
according to XRD analysis. Physical properties of these compounds were rationalized by the
results of DFT calculations. Moreover, 26-doped multilayered OLEDs exhibited green electro-
luminescence at around 500 nm with an efficiency of ca. 0.4% at 18 V. Furthermore, the prep-
aration of planar chiral tetrasila[2.2]cyclophane was achieved. Optically active (R)-31 and (S)-
31 displayed CPL activity, which was comparable to those of reported low-molecular-weight
organic molecules.

Thus, the synthetic method demonstrated in this work provide a new route for func-
tionalizing disilane-bridged cyclophanes. These findings of multi-functional tetrasila[2.2]cy-
clophanes could contribute to provide a new molecular design strategy for functional orga-

nosilanes, donor—acceptor systems, and planar chiral systems.
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Chapter 4

Conclusion and Prospects

169



Conclusion and Prospects

Throughout this thesis, the development of multifunctional disilane-bridged arenes
was carried out. | have prepared and evaluated the various disilane-bridged arenes with func-
tionalities such as solid-state emission, aggregation-induced emission, molecular inversion, in-
clusion into macrocycles, electroluminescence, and circular polarized luminescence.

In Chapter 1, the importance and the applications of functional molecules, in particular
emissive organic D—A molecules, were described. Then the emissive properties of oligosilane—
arene molecules derived from 6—r conjugation were mentioned, and Pd-catalyzed arylation, the
reaction to prepare oligosilane—arene molecules, was explained. And photofunctional D-Si-Si—
A molecules were described to emphasize the utilities and perspectives of inserting disilane unit
into organic molecules.

In Chapter 2, disilane-bridged donor—acceptor—donor (D-Si-Si—-A-Si-Si-D) and ac-
ceptor—donor—acceptor (A-Si—Si-D-Si-Si—A) triads were developed. These compounds were
prepared via Pd-catalyzed arylation of hydrosilanes in moderate yields. They absorbed UV-vis
region assigned to ICT and/or n—n* transition according to DFT calculation, and by the excita-
tion of these bands, weak emission in the solution state whereas strong emission in the solid
state (up to 85% quantum yield) arising from the aggregation effect (AIE). X-ray diffraction
revealed that there were no n—=n stacking in crystalline phase owing to the bulkiness of the
disilane unit, which suppressed the intermolecular interaction.

In Chapter 3, multifunctional octamethyltetrasila[2.2]cyclophane derivatives were in-
vestigated. Desired products, containing donor—acceptor and planar chiral ones, were synthe-
sized via Pd-catalyzed cyclization reaction. The structural studies were carried out with XRD,
NMR, and DFT calculation. VT-NMR results revealed that the molecular inversion occurred in
solution phase, and this inversion could be controlled by the bulkiness of substituents. By the
inclusion with macrocycles, this inversion motion was suppressed because of the strong Ag—=
interaction. Donor—acceptor tetrasila[2.2]cyclophanes showed broad absorption bands and
green-colored emission assignable to ICT transition, and one compound showed solid state
emission with 49% quantum yield. OLED containing a donor—acceptor tetrasila[2.2]cyclophane
was fabricated, which displayed green electroluminescence with 0.36% external quantum effi-
ciency. Moreover, the development of a planar chiral tetrasila[2.2]cyclophane with CPL activity
(|9ium| = ca. 0.002) was achieved.

As future prospects, disilane-bridged D—A oligomers (such as D—A—D-A molecules)
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or polymers, which have longer conjugation system, will be investigated for the development
of novel OLED materials. In this research, | achieved organosilanes with blue- to green-colored
emissive properties in the solid state (D—A-D and A-D-A) in Chapter 2. To enhance the variety
of multi-colored emitting organosilanes (especially yellow to red emission in the solid phase or
in the film phase), it is necessary to develop the more extended disilane-bridged D—A oligomers
and polymers. In addition, disilane-bridged cyclophanes displayed both electroluminescence
and CPL properties as described in Chapter 3. For the application to optical devices such as 3D
display, it is important to develop the materials showing circularly polarized electrolumines-
cence, the combination of OLED and CPL. Utilizing the features of cyclophane and disilane
linkers, tetrasila[2.2]cyclophanes with the high CPL ability and high EL efficiency are excepted
to be developed. Moreover, in this research, only tetramethyldisilane was used as a linker. By
replacing the methyl groups bonded to Si atoms with bulkier groups (e.g. tert-butyl moieties,
Figure 4.1.1(a)), the enhancement of solid state emission is expected by the strong suppression
of intermolecular interaction compared with methyl groups. By connecting two methyl groups
with alkyl chains (e.g. disilacyclohexane moieties, Figure 4.1.1(b)), the improvement of emis-
sion in solution is expected owing to the inhibition of non-radiative relaxations (e.g. molecular

rotation and vibration).

(a) (b)
—Si—si—] AddA
| |
t-Bu t-Bu /\ /\

Figure 4.1.1. (a) Structure of tetra-tert-butyldisilane linker. (b) Structure of dimethyldisilacyclohexane linker.
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To conclude my Ph.D. thesis, a series of disilane-bridged triads and cyclophanes which
displayed various functionalities has been developed. Pd-catalyzed coupling reaction provided
the preparation of novel disilane-bridged arenes, including donor-acceptor dyads/triads and
chiral system. Utilizing the feature of a disilane linker, “nonplanar and flexible structure with
conjugation system”, I developed “multiple functional” aryl-disilane compounds. This research,
the development of multifunctional disilane-bridged materials, is expected to contribute to the
development of multifunctional silicone-based materials, especially oligosilane-bridged or-

ganic molecules.
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Appendix

Copies of *H and **C NMR spectra in CDCls at 300 K
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