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Preface

The studies of this thesis were carried out under the guidance of Prof. Dr. Hiroshi Imahori at
the Department of Molecular Engineering, Graduate School of Engineering, Kyoto University
for five years since 2017.

This thesis focuses on the synthesis and properties of phosphole- and thiophene-fused
n-conjugated molecules. The development of novel n-conjugated molecules has attracted much
attention owing to their tremendous potential in various fields including energy conversion,
organic electronics, fluorescence imaging, and nonlinear optics. Incorporation of main group
elements, i.e., boron, silicon, phosphorus, and sulfur into m-conjugated systems is one of the
effective strategies to modulate their electronic structures and to achieve desired
physicochemical properties for practical applications. In line with this strategy, cyclopentadiene
analogues with main group elements, i.e. heteroles, have been extensively studied. However, the
n-systems with combination of different heteroles are still elusive, although they could realize
diverse properties by integrating features of each heterole. From this viewpoint, the author
attempted to realize the hybrid character of phosphole and thiophene by precise molecular
design. The aim of this thesis is to create new class of phosphole- and thiophene-hybrid
molecules and to understand their structural and physicochemical properties for organic

functional materials.
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1-1. Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are a class of organic molecules composed of
solely sp” carbon atoms and hydrogen atoms, and containing two or more aromatic rings. They
have attracted chemists over a century to their unique properties derived from rigid and planar
structure, and delocalization of m-electrons. Pioneering works on their synthesis and physical
properties were carried out by Roland Scholl and Eric Clar in the first half of the 20th century.!"
Clar also established the useful theory “Clar’s aromatic m-sextet rule” to understand their
stability and reactivity.""™ Despite the active studies on PAHs, their potential utilities as
functional materials had been overlooked because the most scientists believed that organic
molecules were not able to utilize for (semi)conductors.

However, in 1977 Heeger, MacDiarmid, and Shirakawa reported the conductive organic
polymer,™ which won the award of the Chemistry Nobel Prize in 2000. This innovative report
sparked interest in m-conjugated organic molecules all over the world. Furthermore, the
subsequent isolation of fullerene (1985), carbon nanotubes (1991), and graphene (2004)
increased the attention to m-conjugated systems.

Among a number of PAHs, linearly benzene-fused molecules, “acenes” have been studied
extensively so far.¥ Their structure can be regarded as well-defined zigzag-edge of graphene,
and their physicochemical properties depend strongly on the number of benzene rings. The
energy-gap between HOMO and LUMO effectively reduced (Figure 1b) and the reorganization
energy becomes small as the number of benzene rings increases. On the other hand, the acenes
become less stable with the increasing a number of benzene rings because the rise of HOMO
levels leads to undesired oxidation and photodecomposition. Since anthracene, tetracene, and
pentacene are relatively stable compared to higher analogues (n>6), they have been attracted

interest in various fields.
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Figure 1. (a) Representative examples, and (b) HOMO/LUMO energy diagram of acenes.



One of the key physical properties of acenes is carrier transport ability.”**# The electronic
coupling between adjacent molecules in the solid state is very important for achieving high
carrier transporting property. In general, acenes exhibit 2-dimensional herringbone structure,
which is effective motif for carrier transporting materials. The two types of intermolecular
alignment are observed in the herringbone packing; edge-to-edge and edge-to-face alignments.
These intermolecular interactions in herringbone structure construct effective charge
transporting pathway in the solid state. Tetracene, for example, demonstrated excellent hole
mobilities as high as 1.3 cm® V™' s in single-crystal OFET device (Figure 2a, b).”! In the case
of tetraphenyl derivative of tetracene, i.e., rubrene, the molecular arrangement in the solid state
shows both herringbone structure and =w-stack alignment with large overlap of adjacent
molecules (Figure 2c, d). As a result, rubrene single crystal-based devices achieved the hole
mobilities more than 20 cm® V' 5.1 Pentacene is also one of the most frequently studied

-1

molecules and 5 ecm® V' s of hole mobility was reported even in thin-film device.! The

excellent properties of acenes as p-type semiconductor also make them suitable for organic
photovoltaics (OPVs). The OPVs based on acenes with Cg yielded power conversion

efficiencies (PCE) as high as 2.3% for tetracene' and 2.7% for pentacene."
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Figure 2. Packing structures and edge-to-edge pairs of (a,b) tetracene and (c,d) rubrene.



The optical properties of acenes are also worthy of consideration. The delayed fluorescence
of anthracene crystal was investigated by Schneider in 1965, and magnetic field dependence
of the prompt fluorescence intensity in tetracene crystal was clarified by Groff in 1969,
which demonstrates the occurrence of singlet fission. Additionally, Pope and Herfrich
demonstrated the first electroluminescence of anthracene single-crystal in 1960s using
anthracene anion radical as a cathode and cation radical as an anode.!” This is the beginning of

organic light-emitting diodes (OLEDs).



1-2. Heteroatom-containing Aromatics

As mentioned above, PAHs are an attractive class as organic functional material. But
considering the practical applications, there is room for improvement in terms of stability and
performance. However, it is difficult to realize desired physical properties because of the
limitation of molecular design. In other words, the compositions of PAHs are restricted to only
sp>-hybridized carbon atom and hydrogen atom, which cannot provide the structural and
electronic diversity. On the other hand, main group elements exhibit dramatic diversity in terms
of orbital interaction with w-system, coordination nature, and structural features. For example, a
trivalent boron atom has a vacant p-orbital and incorporation of boron atom into m-systems
stabilized LUMO level due to efficient p-n* interaction (Figure 3a). The vacant p-orbital of a
boron atom also acts as a receptor of Lewis base and the coordination of Lewis base to the
boron atom changes its planar conformation to tetra-coordinated tetrahedral conformation
(Figure 3b). Therefore, incorporation of main group elements into PAHs is one of the most
effective strategy for realizing desired physicochemical properties.”'” In fact, n-conjugated
molecules containing heteroatoms have shown excellent performance in various fields,

[14]

. . . . . 1 . . 1 .
including energy conversion,'”! organic electronics,'"” fluorescence imaging!® and nonlinear

optics.!'”
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Figure 3. Representative characters of main group elements.

Among the heteroatom-containing n-systems, cyclopentadiene analogues, i.e., heteroles are
received much attention because of their unique properties. For example, thiophene, which is
one of the well-known heteroles, is a stable 6m-electron aromatic molecule and its facile
functionality accelerates development of thiophene chemistry. Sulfur atom plays an important
role in carrier transporting property owing to efficient intermolecular S—S contacts which
increase the electronic coupling with neighboring molecules. Additionally, typical thiophene

can act as an electron-donating component in m-conjugated molecules whereas the oxidized



thiophene, thiophene S,S-dioxide, can act as an electron-withdrawing component. Namely, the
oxidation states of sulfur atom can also modulate the electronic properties of thiophene
derivatives.

Phosphorus-containing heterole, i.e., phosphole exhibits different properties from thiophene
because of their structural and electronic nature of the phosphorus atom. Because the
phosphorus center adopts a trigonal pyramidal geometry, the lone pair of the phosphorus in the
phosphole system is not efficiently interacted with the cyclopentadiene moiety and thus, the
aromatic character of the phosphole is reduced. In addition, phospholes have high
electron-accepting properties due to the effective hyperconjugation between the o*-orbital of
the P—C bonds and the m*-orbital of the butadiene moiety (Figure 3a). Furthermore, orbital

energies of the m-system can be tuned by chemical modification of the phosphorus center.



1-3. Thiophene-based Polycyclic Aromatics

Thiophene has long been attracting much attention as a building block of functional material,
and pioneering work on polythiophene-based OFET devices was reported by Ando and
co-workers in 1986.1"" The field-effect mobility and stability were quite low, however, it was
the first demonstration of organic semiconductor-based electronic device. Along with the
development of materials, purification methods, and fabrication techniques, the mobility of
polythiophene-based OFET devices reached to 0.1 cm® V™' s for solution processed OFETs!"”!
and 1.0 cm® V' s for vapor-deposited OFETs only after 10 years.”” Considering the
development of PAHs in the field of organic semiconductors, the combination of PAHs and

thiophene-based m-conjugated molecule are promising strategy for achieving superior carieer

transporting ability.

1075 cm?/Vs 0.13 cm?Vs
Ando (1986) Dimitrakopoulos (1997)
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Jackson (1997) Sirringhaus (1998) Takimiya (2006) Takimiya (2009)

Figure 4. Representative examples of organic molecules as p-type semiconductors.

To date, a large number of thiophene-based polycyclic aromatics have been synthesized and
elucidated their carrier transporting abilities.!"”* Among them, diacene-fused thienothiophenes
(DACTTs) are the most successful class in terms of stability, hole mobility, and accessibility
(Figure 4b). [1]Benzothieno[3,2-b]benzothiophene (BTBT), which was reported by Horton in
1949, is representative of DACTT. Although its derivatives with alkyl substituents™> and
ester moieties with long alkyl chain™! have been attracted attention as liquid crystalline
materials, Takimiya and co-workers demonstrated that BTBT derivative achieved excellent
OFETs performance in 2006 for the first time (Figure 4b).**! Their devices showed excellent
performance in ambient condition with 2.0 cm®> V' s™' is representative of mobility, 10" of
on/off current ratio (/,n/lor) and almost no degradation after 250 days. After their report,
2,7-alkyl-substitued BTBTs were also applied to OFET device.””! The introduction of alkyl
chain brings two advantages that make solution process possible due to high solubility in
common organic solvent (ca. 90 g L' in CHCI;) and increase intermolecular interaction owing

to “fastener effect”.>***) As a result, mobilities were higher than 1 cm® V™' s and the highest



value 5 cm® V' s was reported for solution-processed OFET device in 2009.* The

n-extended DAcTTs also exhibit excellent properties, for example, the mobility of naphthalene
derivative (DNTT) based OFET was up to 3 cm”> V' s' by vapor process.”*”! Furthermore, its
alkyl derivative showed 8 cm® V™' s™' for vapor deposition process’™ and 11 cm® V' s™' for
hot-solution processing technique that constructs crystalline thin film."*"!

The outstanding carrier transporting abilities of DAcTTs can be understood from their crystal
structures and theoretical calculations for intermolecular HOMO overlaps (transfer integrals ).
The packing structures of 1 and 2 exhibit herringbone structure, which are similar to the
structure observed in tetracene and pentacene. Although the intermolecular interaction between
edge-to-edge pairs of PAHs are relatively small because of less effective intermolecular
contacts (Figure 2b), in the case of DAcTTs, S—S contacts and large HOMO coefficients on
central sulfur atoms increase the intermolecular interaction and realize -effective
two-dimensional carrier transport pathway. In fact, calculated ¢ values based on DAcTTs

packing structures are quite large for all molecular pairs.

a) S b) '
Oy
S s t &N t/ meV 1a 1b 2a
1a: R = Ph (ref 24) & |
1b: R = CyoHys (ref 25b) % fa 34 62 71
65 46 91
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O %/f\'% ty 65 46 14
® u/em?vist 20 3.9 3.0

2a: R =H (ref 27)
2b:R= C10H21 (ref 28,29)

Figure 5. (a) Structures of BTBTs and DNTTs, and (b) packing structure of 2a and calculated t

values in the herringbone packing of DACTT semiconductors.™*?



1-4. Phosphole-based Polycyclic Aromatics

Phosphole chemistry is late blooming field compared with the other heteroles. Pyrrole,
thiophene, and furan have been known for over 130 years, whereas the first report on the
synthesis of 1,2,3,4,5-pentaphenyphosphole (3) were independently published from Hiibel and
Johnson in 1959.5% The first C-unsubstituted phosphole 4 was synthesized in 1967°" and the
phosphole without any substituents (1H-phosphole 5) was characterized at low temperature in
1983.5"1 Although phosphole chemistry have been well developed in terms of their structure and
reactivity in 20th century,””! phosphole-based functional molecules have not been actively
studied. Réau and co-workers reported 2,5-diarylphospholes 6 and demonstrated fine-tuning the
optical and electrochemical properties by modification of 2- and 5-substituents and of nature on
phosphorus atom.”* Furthermore, Baumgartner and co-workers described the potential utility of

dithieno[3,2-b:2°,3’-d]phospholes (7) as functional materials.””

(a) Q Q (b)/g\ R=—§©

|
CHs . S
7\ 1-Methylphosphole (4) R \ \
E Ph / \
O P O Bryson (1967) . N
@ @ E = lone pair, O, S, Se, Me*
P Réau (2000)

Pentaphenylphosphole 3 H S s
Hibel a1ng5.éohnson 1 H-phosphole (5) \ /N
( ) Mathey (1983) R

N

E Ph E =lone pair, O, BHs

Dithieno[3,2-b:2'3"-d]phosphole (7)
Baumgartner (2004)

Figure 6. Examples of phosphole derivatives (a) in the early investigation, and (b) focusing

physicochemical properties.

1-4-1. Benzene-fused Phospholes

One of the most studied phosphole based polycyclic aromatics is benzo[b]phosphole, which

can be also regarded as heavy-atom analogue of indole. Some examples of benzo[b]phospholes

B3I but their potential utility was not fully elucidated because of

have been reported from 1970s,
the limited synthetic accessibility for functionalized benzo[b]phospholes. In 2008 and 2009,
Nakamura, Tanaka and Yamaguchi independently developed facile synthetic methodology for
functionalized benzophospholes via intramolecular cyclization of alkynylarenes (Figure 7a).””

Moreover, preparation of 2- or 3-bromobenzo[b]phospholes by Matano and Yamaguchi (Figure



7b) enables diverse benzo[b]phosphole derivatives through cross-coupling reaction.”® These
developments on synthetic accessibility allowed us to reveal intriguing optoelectronic properties

of benzo[b]phosphole derivatives.

(a) Cyclization of alkynylarene
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g Cry-
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P
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P = Mes*PH (Tsuji/Nakamura), PhP(=O)H (Saniji/Tanaka), PhPNEt, (Yamaguchi)

(b) Preparation of 2- or 3-bromobenzo[b]phosphole

Matano/Imahori (2012)
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Figure 7. Synthetic methodology for benzo[b]phosphole derivatives.

Matano and co-workers synthesized a series of 2-functionalized benzo[b]phospholes 8 and

<] It is worth noting that the introduction of

elucidated their excellent fluorescence properties.t
electron donating substituents caused large bathochromic shifts by intramolecular
charge-transfer interaction (ICT) without loss of fluorescence intensity, which is useful
character for biological imaging. Actually, Yamaguchi and co-workers developed
benzo[b]phosphole based fluorescence dye (Ph-Bphox, C-Bphox, and C-Naphox) for
stimulated emission depletion (STED) microscopy.*™® All dyes exhibited intense fluorescence
even in polar and protic solvents with a large Stokes shifts and diarylmethylene-bridged
analogues (C-Bphox, and C-Naphox) showed outstanding photostability under irradiation with
a pulsed laser (A¢x = 405 nm, 273 mW) and Xe lamp (300 W). This photostability derived from
the low reactivity of central double-bond moiety with singlet O, and/or a hydroxyl radical
generated during photoexcitation. Benzo[b]phospholes are also useful as an electron
transporting material. Nakamura reported an amorphous film of bis(benzo[b]phosphole) sulfide
9a (1:1 diastereomeric mixture) exhibited an electron mobility of 2 x 107 ¢cm® V' s™', which
was the highest value among n-type amorphous organic semiconductors at that time.””**! On

the other hand, the electron mobility of an amorphous film of bis(benzo[b]phosphole) oxide 9b

10



was quite low, 5 x 10° em® V' s, This difference is originated from polarization of P=E
moieties, which indicates that P=0O acts as an electron trapping site because P=0 is more polar

than P=S.

Ph Ph  Ph
O OO Qo= O
&Y Py P
ph O pr O S
8a: (R = H; & = 85%) Ph-Bphox C-Bphox

8b: (R = CO,Et; @ = 82%) A A

/
8c: (R=CN; & = 87%) O
8d: (R = OMe; & = 82%) O
8e: (R = NPhy; & = 81%) \ O NPha  Ar= —E«j}oj(v % o (E=9):2x10° om? V- 5"
8: (R = NMey; 2 =81%) P 8 9b(E=0):5x10F cm2V s~

\
PH O

C-Naphox

Figure 8. Molecular structures of benzo[b]phoshole derivatives.

Several research groups also developed doubly phosphole-fused scaffolds (Figure 9). Tanaka
and co-workers reported the first synthesis of phenyl-substituted benzodiphosphole 10.°” Then,
Yamaguchi et al. also presented the synthesis and optical and electrochemical properties of
phenyl-substituted benzodiphospholes 11.°7*! These benzodiphospholes have been synthesized
through intramolecular cyclization of bisalkynylarenes, as used in the synthesis of

benzo[b]phospholes. It is notable that the benzodiphospholes 11 were applied to OPVs as a

[39b]

cathode buffer layer. Additionally, Liu and co-workers reported the synthesis of

aromatic-fused benzodiphospholes 12 and 13 through a radical phosphanylation reaction.*"

With the assistance of synthetic methodologies for dibenzophospholes, doubly benzo-fused and

naphtho-fused benzodiphospholes 14-16 have also been prepared.*"

Phosphoryl-bridged
stilbenes 17 are also examples of doubly phosphole-fused scaffolds, and Yamaguchi and
co-workers reported their excellent electron-accepting character and luminescent properties with

a fluorescence quantum yield of 0.99.1*%

E\\P/Ph R
w LT Orw
e R
R Ph

10 (R=H, E = O, lone pair) 12(R=H
11 (R=Ph,E=0,S) 14 (R=nBu,E=0,S)
15(R=C

PH O

16 (Ar = p-CgH7,0CgH,)

Figure 9. Examples of doubly phosphole-fused scaffolds.
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1-4-2. Phosphole/Thiophene Hybrid Polycyclic Aromatics

Dithieno[3,2-5:2°,3’-d]phospholes are represented examples of this class. The first synthesis
was reported by Mathey and co-workers in 1974,1*! whereas Baumgartner and co-workers have
pioneered their aspect of functional material since 2004.7* They established efficient synthetic
route for dithieno[3,2-b:2°,3’-d]phosphole and demonstrated tuning of photophysical and
electronic properties by various functionalization on the phosphorus center (Figure 10).1°"
Furthermore, the a-position of thiophene-rings can be modified to achieve diversity of their
properties. Thus, wide color range of light emission maxima (415-631 nm) and high

luminescence quantum efficiencies (up to 0.99) were realized. """

™s__S S._TmMs ™SS S._TMS ™SS S._TmMS
YaY Hz0, \ /\ Ss YaY
R P
R O R

RS
Pd(cod)Cl, Feo(CO)g
W(CO)s(THF)
™SS S _TMs ™SS S\ _TMs ™SS S _TMs
WA WA WA
R ci R R
R Pd o R W(CO)s R Fe(CO),
Cl” N
I\
TMS g g~ ~TMS

Figure 10. Examples of modification of dithieno[3,2-b:2’,3’-d]phosphole on phosphorus atom.

Their facile functionality facilitates the design and synthesis of phosphole-based molecules
for wvarious applications. For example, Baumgartner and co-workers found diboryl
dithienophosphole 18 acting as a fluoride ion sensor (Figure 11a)."*! The emission color
changes from blue (452 nm) to green (485 nm) upon coordination of fluoride ion and its
sensitivity is in the parts-per-million regime. They also reported dithienophosphole-based liquid
crystal 19 which exhibited external-stimuli responsibility (Figure 11b).°%¢! Recently, Yam and
co-workers applied dithienophosphole derivatives as active material in organic photovoltaics
(PCE: up to 4.23%), organic light-emitting diode (EQE: up to 3.0%) and organic resistive

memory devices (Figure 11¢).1*!
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(a) “Fluoride ion sensor” . (b) “Liquid crystal”
S S_Og
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\ /N F- WA/ + _
. — . 5 R= -} OC12Hys
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PH O PH O Ph OC1oHas
18 18-F R
Jm = 452 nm Jom = 485 nm 19
(¢) “Organic devices” By
RS SR
N N\
R R=-
PH O
20
OPV (PCE: 4.23%) OLED (EQE: 3. 0%

Figure 11. Applications of dithieno[3,2-b:2’,3’-d]phosphole derivatives.

Baumgartner and co-workers reported P,S-bridged stilbene 22 in 2011, and demonstrated that
the optical and electronic properties are dually switchable via independent modification of
phosphorus and sulfur atoms (Figure 12).1”! The oxidation states of sulfur atom affects not only
the conjugation pathway but also the electronic contribution of phosphorus atom. On the other

hand, fluorescence quantum yield highly depends on the nature of phosphorus atom.

(a) (O)x (b) 0.0
S S S S
SoaY
R R R R
E Ph Ph E Ph E Ph
22
E = lone pair, O, S, BH3, Me*
X=0,2

Figure 12. (a) Structure of P,S-bridged stilbene, and (b) change of the conjugation pathway

(bold red bonds) upon P/S functionalization.
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1-5. Overview of This Thesis

Incorporation of main group elements into the n-system has attracted much attention because
of their unique properties derived by their electronical and structural diversity. In this context,
phosphole-based PAHs have been rapidly developed in these two decades. Furthermore, a
combination of phosphole and thiophene is effective approach to create novel functional
material, such as emissive material, carrier transporting material and non-liner optical materials.

In Chapter 1, dithieno[3,4-b:3",4’-d|phosphole derivatives are reported as a new type of
thiophene-fused phospholes. The hybrid character of electron-withdrawing phosphole and
electron-donating thiophene is discussed.

In Chapter 2, dithieno[3,4-6:3°,4’-d] phosphole is applied to n-linker of donor-m-acceptor
type molecules. The position of substituents on the dithienophosphole moiety plays an
important role in the frontier molecular orbitals, and the hybrid character of
electron-withdrawing phosphole and electron-donating thiophene can be modulated by the
substituents.

In Chapter 3, the unique characters of doubly thiophene-fused benzodiphospholes are
described. Their two-photon absorption and charge-transporting ability as well as intriguing
physicochemical properties are investigated.

In Chapter 4, a series of doubly thiophene-fused naphthodiphospholes have been synthesized.
Effects of phosphole-fused structure to their structural and electronic properties are investigated
from the view of optical/electrochemical properties, molecular arrangement in the solid state,

and theoretical calculations.

14



Chapter 1

Chapter 1. Dithieno[3,4-5:3’,4’-d|phospholes as the New Type Thiophene-fused
Phosphole

phosphole thiophene

Me P N NMe ) 02 N NO 2
phosphole-thiophene hybrid

Contents
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1-2. Synthesis of Dithieno[3,4-b:3",4’-d]phosphole Derivatives
1-3. Optical Properties
1-4. Electrochemical Properties
1-5. Theoretical Calculations

1-6. Summary
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Chapter 1

1-1. Introduction

As mentioned in General Introduction, phospholes have been actively studied owing to their

intriguing optical and electrochemical properties as well as potential for diverse

33,46 [47]

applications.”>* Among them, arene-fused phospholes, such as dibenzo[b,d]phosphole,

37-39

benzo[b]phospholes,”>*! and the other phospholes,”™® are one of the attractive classes of

phosphole-fused n-system (Figure 1-1a). In particular, some of their phosphorus(V) derivatives

394800 Recently,

exhibit high electron mobility because of their intriguing electron affinity.!
heterocycle-fused phospholes have been synthesized as promising n-type organic materials
(Figure 1-1b)."7**1" Particularly, the presence of the nitrogen center allowed further
functionalization with alkyl and aryl groups that result in their altered absorption and redox
features.**! In addition, thiophene-fused phospholes have also been reported (Figure
1-1¢).”>*" Depending on the direction of the thiophene ring, the thiophene-fused structure
provides  regioisomers, of which the most intensively studied one is
dithieno[3,2-b:2°,3’-d]phosphole 7.7°"

Importantly, the fused structures have a large impact on the properties of the aromatic-fused
phospholes. In this regard, the author expected that the development of novel aromatic-fused
phosphole derivatives would provide the useful insight for promising organic functional
materials. Herein, the author designed and synthesized dithieno[3,4-b:3",4’-d]phosphole 23,
3,3’-bithiophene derivative, as a new type of aromatic-fused phosphole. To the best of our
knowledge, no examples of 23 have been reported. The author found the unprecedented
character that they can act as both electron acceptor and donor, resulting from the

phosphole-thiophene hybrid nature.
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Figure 1-1. Representative examples of aromatic-fused phospholes. (E = lone pair, O, S, BH3,

CH;", metal, etc.)
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(
(

P(NMez)a — —

P
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Scheme 1-1. Synthesis of the dithieno[3,4-b:3’,4’-d]phospholes.
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Chapter 1

1-2. Synthesis of Dithieno|[3,4-b:3’,4’-d|phosphole Derivatives

The synthetic route of dithieno[3,4-b:3',4'-d]phospholes is shown in Schemel-1.
4,4’-Dibromo-3,3’-bithiophene 24 was prepared according to the literature."* Treatment of 24
with #-BuLi followed by the addition of dichlorophenylphosphine and elemental sulfur
produced dithienophosphole 23 in 72% yield. Then, the halogenation of 23 was attempted for
further functionalization. However, straightforward halogenation by N-bromosuccinimide or
N-iodosuccinimide did not proceed. Fortunately, the author found that treatment of 23 with
n-BuLi and C¢F51 gave 3,5-diiododithienophosphole 25 (26%) along with the regioisomer,
1,5-diiododithienothiophene 26 (40%). The structure of 25 was confirmed by single crystal
X-ray diffraction analysis, which revealed the highly rigid and planar tricyclic structure (Figure
1-2). In the next step, the Suzuki-Miyaura coupling reaction of 25 with a variety of pinacol
arylboronates afforded the 3,5-diaryldithienophospholes 27a-e in moderate yields (41-68%).
Additionally, treatment of 27a with tris(dimethylamino)phosphine provided trivalent phosphole
28. They were characterized by high-resolution mass spectrometry as well as 'H and °C NMR
spectroscopies. Whereas P-sulfides 27a-e exhibit signals at § = 21.2-23.3 ppm in the *'P NMR,
28 displays the signal at 6 =-31.8 ppm.

Figure 1-2. X-Ray crystal structure of 25; top view (right) and side view (left). Thermal ellipsoids

represent 50% probability.
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1-3. Optical Properties

The UV/vis absorption spectra of phospholes 23, 27, and 28 were measured in CH,Cl, (Table
1-1). The phosphole 23 displays a peak at 302 nm (Figure 1-3a), while the TMS-protected
phosphole derivative 29 (Chart 1-1) has a peak at 374 nm.**® The blue-shifted absorption
suggests the weak n-delocalization over the dithienophosphole structure of 23. The
phenyl-substituted 27a shows red-shifted absorption and the absorption edge reaches up to 375
nm (Figure 1-3b). The red-shifted absorption indicates effective n-delocalization by the phenyl
groups. Since the trivalent phosphole 28 displays almost the same absorption, the oxidation
state of the phosphorus atom is trivial (Figure 1-3a). This is explicitly different from the
phosphole 7 derivative, which exhibits a blue-shift for the trivalent analogue (338 nm, E = lone

31 The electron-donating group (27b,c) induces red-shift of the absorption and

pair).!
enhancement of the intensity for the lowest energy absorption. It is noteworthy that the
dimethylamino-substituted 27¢ shows the considerably red-shifted, broad peak around 380 nm.
The spectral features suggest intramolecular charge-transfer (ICT) from the donor (i.e.,
dimethylaminophenyl) to the acceptor (i.e., dithienophosphole) units, which is consistent with
other phosphole derivatives.**#**%%3 On the other hand, the trifluoromethyl group (27d) has a
negligible impact on the absorption features. However, the nitro-substituted 27e exhibits the
red-shifted, broad absorption around 390 nm. This peak implies ICT from the
dithienophosphole core to the nitrophenyl moiety. Although it is known that trivalent
phospholes with the nitrophenyl group show ICT character, phosphorus(V) derivatives show

little ICT character.™>*"

Chart 1-1. TMS-Protected phosphole derivative 29.

™SS S_TMS
\ / \ /

/P\\

Ph E
29
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Figure 1-3. (a,b) UV/Vis absorption and (c) fluorescence spectra of 23 (gray), 27a (black), 27b

(blue), 27c (red), 27d (orange), 27e (green), and 28 (purple) in CH,Cl,. For fluorescence
measurements, the absorbances at 323 nm were adjusted to be identical (0.1) and the samples

were excited at 323 nm under the same condition for accurate intensity comparison.
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Table 1-1. Optical properties of dithieno[3,4-b:3’,4’-d]phospholes in CH,Cl,.

Aws /nm (¢/10* M 'em™) Aerm / nM*
23 260 (1.5), 302 (0.65) -
27a 270 (4.1), 310 (1.4), 355(sh) (0.23) 399
27b 279 (4.2), 308 (2.1), 351 (0.80) 399
27¢ 301 (3.5), 381 (2.5) 464
27d 273 (3.3), 314 (1.2), 350(sh) (0.22) 400
27e 307 (2.4), 336 (2.2), 385(sh) (1.2) 515
28 271 (4.0), 291 (2.6), 330(sh) (0.40) 429

“Wavelengths for emission maxima by exciting at 323 nm. "Fluorescence was not observed.

The fluorescence spectra were compared in CH,Cl, under the same condition (Table 1-1).
Although no fluorescence was detected for 23, the fluorescence of 27a was observed at 399 nm
(Figure 1-3¢). The trivalent phosphole 28 displays a red-shifted, broad peak around 430 nm.
The methoxy-substituted 27b shows red-shifted emission and the intensity is five times higher
than that of 27a. Moreover, the dimethylamino-substituted 27¢ possesses the further enhanced
emission at 464 nm with the fluorescence quantum yield of 0.11. The quantum yield of 27¢ is
remarkable considering that most of phosphole P-sulfides have the quantum yields less than
0.01.178%3% 1y contrast, the trifluoromethyl-substituted 27d shows the weaker fluorescence
than 27a. Notably, the nitro-substituted 27e reveals the further weak, broad emission around
520 nm. To shed light on the ICT interaction for 27¢ and 27e, the author also measured the
absorption and fluorescence spectra in various solvents and found their solvatochromism
(Figure 1-4 and Table 1-2). The Stokes shifts (Av) of 27¢ and 27e increased with increasing
orientation polarizability (Af) of the solvent. The Lippert-Mataga analyses gave moderate linear
correlation with Av and the Af values (Figure 1-5).> The slope of 27e (24300 cm") is larger
than that of 27¢ (9270 cm'), which reflects the ICT with opposite direction. Thus, the
dithienophospholes 27 can exhibit two opposite types of the ICT interactions: (1) from the
donor to the dithienophosphole, which is governed by the electron-accepting nature of the
phosphole moiety, and (2) from the dithienophosphole to the acceptor, which is governed by the
electron-donating nature of the thiophene moiety. To the best of our knowledge, this is the first
example where phospholes with the phosphorus(V) center behave as both electron acceptor and

donor.
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Figure 1-4. Normalized absorption (solid lines) and fluorescence spectra (dashed lines) of (a)
27c and (b) 27e in toluene, CHCl;, THF, CH,Cl,, acetonitrile, and DMF. For fluorescence spectra,
the absorbances at 323 nm were adjusted to be identical (0.1) and the samples were excited at

323 nm.

Table 1-2. Absorption and fluorescence maxima of 27c and 27e in various solvents.

toluene CHCL, THF CH,Cl, MeCN DMF
27¢ Aaps / DM 378 381 376 381 382 386
Aem / DM 437 446 462 464 492 510
Stokes shift / cm™ 3570 3820 4950 4690 5850 6300
27e Aaps / DM 376 382 380 385 385 390
Aem / DM n.d. 482 473 515 576 573
Stokes shift / cm™ — 5430 5170 6560 8610 8190
[a] Fluorescence was not detected.
9000 : ; ; . , .
G 27e AviAf= 24300, R?=0.78
8000 T 0| 27c aviAf=9270, R2=0.80
‘TE 7000 | .
S 6000 | Lt ] AV Vabs— Ve
PN e T Af=(e-1)/(2e+1) — (n2-1)/(2n*+1)
< 5000 | i 7L .
LT &= dielectric constant
4000 F e n = refractive index
3000 - 1 1 1 1 1 1
0 005 01 015 02 025 0.3 0.35

Af

Figure 1-5. Lippert-Mataga plots for the solvatochromism of 27c and 27e. Calculated from the

data listed in Table 1-2.
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1-4. Electrochemical Properties

The electrochemical properties of 27a-e were studied by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) in acetonitrile with tetrabutylammonium
hexafluorophosphate as an electrolyte (Figure 1-6). The first oxidation (E,x) and reduction (Eyeq)
potentials of 27a were determined to be +1.12 and —2.26 V versus ferrocene/ferrocenium ion
(Fc/Fc"). Introduction of the electron-donating groups into the aryl groups shifts the redox
potentials to the negative direction, while that of the electron-withdrawing groups shifts the
redox potentials to the positive direction, which is in good agreement with the theoretical

calculations below.

a) d)
on2 E, 1 Ered2 [ E
1.48 1_:)(2 Eedt —2.45 Eox Etedt _zre;;
J\/\ —2.27\/\ /J\ 145 —1%/-\ /J
T T L E— T T T T 1 T w T 1 T T 1 T T
2.0 1.0 0 -1.0 -2.0 -3.0 2.0 1.0 0 -1.0 —2.0 -3.0
E/V (vs Fc/Fc*) E/V (vs Fc/Fct)
b)
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Figure 1-6. Cyclic voltammograms (black) and DPV curves (red) of a) 27a, b) 27b, c) 27c, d) 27d,
and e) 27e. Redox potentials were determined by DPV. Solvent: acetonitrile; scan rate: 0.05 V
s'; working electrode: glassy carbon; reference electrode: Ag/Ag’ (0.01 M AgNOs); electrolyte:

n-BusNPFs. Ferrocene (+0.081 V vs Ag/Ag* (0.01M AgNOs)) was used as an external standard.
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1-5. Theoretical Calculations

To obtain further insights into the structural and electronic properties of 27a-e, the author
performed density functional theory (DFT) calculations at the B3LYP/6-31G(d,p) level with Cj
symmetry. Although the C—C bond lengths between the dithienophosphole core and the aryl
group are virtually the same (ca. 1.46-1.47 A), the dihedral angles for 27¢ (33.1°) and 27e
(36.3°) are smaller than those for 27a, 27b, and 27d (37.5-38.5°) on the optimized structures
(Table 1-3). These small dihedral angles may enhance the ICT interactions in 27¢ and 27e. In
addition, the author obtained optimized structures in various solvents with COSMO solvation
model. In accordance with the increase of solvent polarity, the dihedral angles for 27¢ and 27e
become slightly smaller, but those for 27a, 27b, and 27d become larger (Table 1-3). These
trends are consistent with the ICT character of 27¢ and 27e. Thus, the calculations also support
that electron-donating dimethylamino and electron-withdrawing nitro groups induce ICT

interactions.

Table 1-3. Structural parameters on optimized structures of 27a-e with or without COSMO

method.
length h I I
bond leng ,R\ dihedral angle 27a (R = H)
Ph S 27b (R OMe)
27c¢ (R = NMey)
27d (R = CFy)
R 27a-e R 27e (R = NO,)
solvent 27a 27b 27¢ 27d 27e
bond length / A none 1.471 1.468 1.464 1.471 1.470
dihedral angle / © 38.5 38.3 33.1 37.5 36.3
bond length / A toluene 1.472 1.469 1.464 1.471 1.470
dihedral angle / © 39.3 38.8 34.1 38.4 36.7
bond length / A CH,CI, 1.472 1.469 1.464 1.472 1.470
dihedral angle / © 40.0 39.7 33.9 394 36.7
bond length / A MeCN 1.472 1.469 1.464 1.472 1.469
dihedral angle / © 40.2 40.0 33.8 40.3 36.6
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The selected Kohn-Sham orbitals are shown in Figure 1-7. The HOMO and LUMO of 27a
are delocalized over the dithienophosphole core and the aryl groups. Introduction of the
electron-donating groups leads to an increase and decrease of the orbital distributions on the
aryl groups for the HOMO and LUMO, respectively. It is notable that the HOMOs of 27b and
27¢ possess no orbital distribution on the P=S moiety, which may related to the increase of the
fluorescence intensities of 27b and 27¢ relative to 27a.5* In contrast, the HOMOs of 27d and
27e are localized on the dithienophosphole core. Whereas the LUMO of 27d is similar to that of
27a, the LUMO of 27e is significantly localized on the aryl group. These localized HOMO and
LUMO may be responsible for the ICT interaction in 27e. Furthermore, the author performed
time-dependent DFT (TD-DFT) calculations to evaluate the absorption. The lowest excitation
energies of 27¢ (3.25 eV) and 27e (2.98 eV) are smaller than that of 27a (3.78 eV), which is
consistent with the red-shifted absorption. Given that the lowest energy absorption is mainly
derived from the HOMO/LUMO transition, the TD-DFT calculations also support the ICT

interactions in 27¢ and 27e.
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Figure 1-7. Selected Kohn-Sham orbitals of 27a, 27b, 27c, 27d, and 27e on the optimized

structures.
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1-6. Summary

In summary, the author has synthesized dithieno[3,4-b:3",4’-d]phosphole 23 as a new type of
thiophene-fused phospholes. A series of the diaryl-substituted dithieno[3,4-5:3",4’-d]phosphole
27a-e have also been prepared to evaluate the fundamental properties. The dithienophospholes
27 were found to exhibit the different types of ICT interactions by introducing the
electron-donating or withdrawing groups into the diaryl groups. Namely, the phosphole core
behaves as the electron acceptor by introducing the electron-donating groups, while it behaves
as the electron donor by introducing the electron-accepting group. Such hybrid character
reflecting natures of electron-withdrawing phosphole and electron-donating thiophene is
unprecedented and would be useful for extracting the full potential as organic functional

materials.
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Chapter 2. Modulation of Frontier Molecular Orbitals on Dithieno[3,4-b:3',4'-d]

-phosphole Derivatives by Donor-n-Acceptor Interaction

Modulation of frontier molecular orbitals
OMe OMe

MeO phosphotestike Lumo OMe N prosphole-like Lumo NO2
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Chapter 2

2-1. Introduction

In Chapter 1, the author reports the synthesis of dithieno[3,4-b:3",4’-d|phosphole which show
intramolecular charge transfer (ICT) interaction by introducing electron-donating and
electron-withdrawing groups (EDG and EWG, Figure 2-1). Namely, they exhibit the hybrid
character of electron-withdrawing phosphole and electron-donating thiophene. Therefore, the
author expected that introduction of the electron-withdrawing and/or electron-donating groups
at appropriate positions of the dithieno[3,4-b:3",4’-d]phosphole core would control to exhibit
the characters of phosphole and/or thiophene. Herein, the author designed two donor
(D)-m-acceptor (A)-type dithieno[3,4-b:3,4’-d]phosphole  derivatives, which possess
electron-withdrawing and electron-donating groups (Scheme 2-1).°***! The author examined
their optical and electrochemical properties, and evaluated the contribution of the phosphole and

thiophene moieties in their electronic structures by theoretical calculations.

EDG EDG EWG EWG
Figure 2-1. The illustration of hybrid nature of dithieno[3,4-b:3’,4’-d]phosphole (EDG =

electron-donating group, EWG = electron-withdrawing group).
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2-2. Synthesis of D-n-A type Dithienophospoholes

The synthetic scheme of D-n-A-type dithieno[3,4-b:3°,4’-d|phospholes is shown in Scheme
2-1. First the author attempted halogenation at the 1,7-positions of 27b and 27e with
N-bromosuccinimide (NBS) or N-iodosuccinimide (NIS), but could not obtain the desired
halogenated compounds because of the oxidation of phosphorus atom.”” On the other hand,
after the P=S moieties were converted to the P=O moieties by treatment with P(NMe,); and
H,0,, halogenation of 30b and 30e with NIS afforded the corresponding halogenated
derivatives 31 in 33-91% yields. Finally, Suzuki-Miyaura coupling reaction of 31 with pinacol
arylboronates furnished D-n-A-type dithienophospholes 32 in good yields (76—85%). They were
fully characterized by high-resolution mass spectrometry and 'H, "C, and *'P NMR

spectroscopies.

1) P(NMey)3

2) Hy0; aq. NIS
toluene CHCI3/AcOH
27b (R' = OMe) 30b (76%) 31b (91%)
27e (R' = NOy) 30e (62%) 31e (33%)
R2 R2
Ar-Bpin
Pd(PPh3),
Na,CO4
THF/H,0O

R R’
32b (R" = OMe, R2 = NO,; 76%)
32e (R' = NO,, R2 = OMe; 85%)
Scheme 2-1. Synthesis of D-m-A-type dithieno[3,4-b:3’,4’-d]phospholes. (Ar = 4-nitrophenyl or

4-methoxyphenyl)
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Fortunately, single crystals suitable for X-ray diffraction analysis were obtained by vapor
diffusion of acetonitrile into CHCI; solutions of 32b and 32e (Figure 2-2, 2-3). The structural
parameters of the dithienophosphole moiety for 32b and 32e are almost identical. Furthermore,
the C—C bond lengths between the dithienophosphole moiety and aryl substituents for 32b
(1.468(5)-1.475(6) A) and 32e (1.463(4)-1.471(3) A) are also comparable. The dihedral angles
of the aryl substituents at the 1,7-positions are ¢;, ;= 39-47°, reflecting the significant steric
hindrance. The dihedral angles at the 3,5-positions for 32b (¢;= 30° and @s= 43°) are slightly
larger than those for 32e (p;= 17° and @s= 31°). The difference of the dihedral angles at the
3,5-positions may be attributed to the packing force (vide infra). Therefore, the position of the

aryl substituents does not affect the structural properties.
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Figure 2-2. X-Ray crystal structure of 32b: top view (left) and side view (right). Thermal
ellipsoids represent 50% probability. Selected bond lengths (A): C1-S2, 1.734(4); $2-C3,
1.731(4);, C1-C11, 1.382(5); C3-C8, 1.388(5); C8-C11, 1.451(5); C5-S6, 1.727(4); S6-C7,
1.732(4); C5-C9; 1.375(5); C9-C10, 1.437(5); C7-C1l0, 1.384(5); P4—C8, 1.794(4); P4-C9,
1.788(4); C10-C11, 1.492(5); C1-C1’, 1.468(5); C3—-C3’, 1.475(6); C5-C5’, 1.473(5); C7-C7’,

1.468(5). Selected dihedral angles: ¢;, 44.6°; 3, 29.7°; s, 42.5°; 7, 45.6°.

Figure 2-3. X-Ray crystal structure of 32e: top view (left) and side view (right). Thermal
ellipsoids represent 50% probability. Solvent molecules are omitted for clarity. Selected bond
lengths (A): C1-S2, 1.731(2); S2—C3, 1.730(3); C1-C11, 1.383(3); C3-C8, 1.378(3); C8-C11,
1.439(3); C5-S6, 1.728(3); S6-C7, 1.734(3); C5-C9; 1.388(3); C9-C10, 1.432(3); C7-C10,
1.386(3); P4-C8, 1.800(3); P4—C9, 1.794(3); C10-C11, 1.482(3); C1-Cl’, 1.463(3), C3-C3’,
1.471(3); C5-C5’, 1.463(4); C7-C7’, 1.464(4). Selected dihedral angles: @1, 39.2°; @3, 16.9°%; ©s,
30.7°%; @, 47.3°.
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2-3. Optical Properties

The UV-vis-NIR absorption and fluorescence spectra of 32b and 32e in CH,Cl, are shown in
Figure 2-4. The phosphole 32b displays a peak at 358 nm, while the phosphole 32e exhibits a
peak at 376 nm with a shoulder at 425 nm. The red-shifted absorption of 32e suggests more
efficient intramolecular charge transfer (ICT) interaction because of the enhancement of D-n-A
character. In accordance with this trend, the fluorescence peak of 32e appears at 629 nm, while
32b shows a peak at 606 nm. From the intersection of normalized absorption and fluorescence
spectra, the optical HOMO-LUMO gaps were estimated to be 2.61 eV for 32b and 2.57 eV for
32e. The smaller optical HOMO-LUMO gap of 32e supports the more effective ICT interaction
for 32e than 32b.

e/10* M cm

Fluorescence intensity / 108 cps

300 400 500 600 700

Figure 2-4. UV-vis-NIR absorption (solid lines) and fluorescence (dashed lines) spectra of 32b
(black) and 32e (red) in CH,Cl,. For fluorescence measurements, the absorbances at 400 nm
were adjusted to be 0.1 and the samples were excited at 400 nm under the same conditions

for accurate intensity comparison.
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2-4. Electrochemical Properties

The electrochemical properties of 32b and 32e were examined by cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) techniques in CH,Cl, with tetrabutylammonium
hexafluorophosphate (BusNPF¢) as an electrolyte (Figure 2-5). The phosphole 32b exhibits an
irreversible oxidation peak at 1.03 V and two reversible reduction peaks at —1.42 and —1.80 V
versus ferrocene/ferrocenium ion (vs. Fc/Fc"). On the other hand, the phosphole 32e exhibits an
irreversible oxidation peak at 0.98 V and two reversible reduction peaks at —1.39 and —1.74 V.
The electrochemical HOMO-LUMO gap of 32e (2.37 eV) is smaller than that of 32b (2.45 eV),
which is consistent with the trend of the optical HOMO-LUMO gaps.

(@) (b)

o)) <
™ N~
[oo) ~— -
<) I I
o
O,
I | 1T 1T 1T 1T 1T T T Tl
2.0 1.0 0 -1.0 -2.0 2.0 1.0 0 -1.0 -2.0
E/V (vs Fc/Fc*) E/V (vs Fc/Fc*)

Figure 2-5. Cyclic voltammograms (black) and differential pulse voltammetry (DPV) curves (red)
of dithienophospholes (a) 32b and (b) 32e. Redox potentials were determined by DPV. Solvent:
CH,Cly; scan rate: 0.05 V s *; working electrode: glassy carbon; reference electrode: Ag/Ag"

(0.01 M AgNO:s); electrolyte: 0.1 M n-BusNPFe.
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2-5. Theoretical Calculations

To understand the difference in the optical and electrochemical properties of D-m-A-type
phospholes 32b and 32e, we performed density functional theory (DFT) calculations at the
B3LYP/6-31G(d,p) level. The dihedral angles of the aryl substituents at the 1,7-positions on
optimized structures for 32b and 32e are ca. 45°, which are consistent with those of their crystal
structures (Figure 2-6). Meanwhile, the dihedral angles at the 3,5-positions are ca. 28° and 34°,
respectively. These optimized structures also verify that the smaller dihedral angle for 32e than
32b is attributed to the packing force (vide supra). The selected Kohn-Sham orbitals of 32b, 32e,
and unsubstituted dithienophosphole 23 are shown in Figure 2-7. The tendency on the
calculated HOMO-LUMO gaps of 32b and 32e is inconsistent with those on the optical and
electrochemical HOMO-LUMO gaps. Although the reason is unclear at this stage, the
calculated HOMO-LUMO gaps at CAM-B3LYP/6-31G(d) and M06-2X/6-31G(d,p) cannot
also reproduce the trend of the optical and electrochemical HOMO-LUMO gaps. In addition,
we also performed the calculations using the X-ray crystal structures without optimization. The
results are not consistent with those obtained from the optical and electrochemical
measurements. Thus, it is difficult to explain the difference between 32b and 32e by the

structural factors.

()

Figure 2-6. Optimized structures of (a) 32b and (b) 32e at the B3LYP/6-31G(d,p) level. Selected

C—C bond lengths in A (blue) and dihedral angles (red) are indicated.
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Figure 2-7. Selected Kohn-Sham orbitals of dithienophospholes 23, 32b, and 32e.
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The HOMO of 23 is localized on the thiophene rings, while the LUMO of 23 shows
significant orbital distribution on the phosphorus atom, which indicates the effective o*-n*
interaction. Namely, the dithienophosphole 23 possesses thiophene-based HOMO and
phosphole-based LUMO, which is responsible for the hybrid character of electron-donating
thiophene and electron-withdrawing phosphole. The HOMO of 23 provides the HOMOs of 32b
and 32e, which display large orbital distributions on the dithienophosphole moiety and the
methoxyphenyl groups. Despite the moderate dihedral angles at the 1,7-positions (ca. 45°), the
large orbital distributions on the methoxyphenyl groups for 32e suggests the effective electronic
communication between the dithienophosphole moiety and the methoxyphenyl groups. Thus,
the electron-donating character of the thiophene can be enhanced by the methoxyphenyl groups
for both 32b and 32e. In contrast, the LUMOs of 32b and 32e are mainly localized on the
nitrophenyl groups. It is noteworthy that the LUMO of 32b shows no orbital distribution on the
phosphorus atom, whereas the LUMO of 32e exhibits significant orbital distribution on the
phosphorus atom, indicating the contribution of phosphole-like o*-n* interaction.”>*"
Interestingly, the LUMO of 23 provides the LUMO and LUMO+2 for 32b and 32e. For 32b,
phosphole-like o*-n* interaction is seen in LUMO+2. On the other hand, the LUMO+2 of 32e
reveals orbital distributions on the dithienophosphole moiety similar to the LUMO of 32b.
Consequently, the character of the electron-withdrawing phosphole would be weakened for 32b,
whereas the nitrophenyl groups enhance the phosphole character for 32e. Therefore, the
enhanced phosphole-like character for 32e rationalizes the more effective ICT interaction for
32e than 32b. The position of the nitrophenyl group plays an important role in the frontier
molecular orbitals, and the hybrid character of dithieno[3,4-b:3",4’-d]phosphole.
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2-6. Summary

In summary, we designed and synthesized two D-n-A-type dithieno[3,4-b:3",4’-d]phosphole
derivatives to examine the effects of the D-m-A interaction. The phosphole 32e exhibited
red-shifted absorption and fluorescence, which suggests the more effective ICT interaction for
32e than 32b. The DFT calculations revealed that the HOMOs of 32b and 32e are originated
from the thiophene-based HOMO of unsubstituted 23. Meanwhile, the LUMO of 32b possesses
no orbital distribution on the phosphorus atom, whereas the LUMO of 32e shows significant
orbital distribution on the phosphorus atom. Accordingly, the position of substituents plays an
important role in the frontier molecular orbital distributions. Overall, 32e retains both character
of the electron-donating thiophene and electron-withdrawing phosphole by introducing
electron-donating and electron-withdrawing substituents at the appropriate positions of the
dithieno[3,4-b:3°,4’-d]phosphole core. Thus, the modulation of frontier molecular orbitals
would be an effective strategy to explore organic functional materials based on

dithieno[3,4-b:3’,4’-d]phospholes.
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Chapter 3. Pluripotent Features of Doubly Thiophene-Fused Benzodiphospholes as
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3-1. Introduction

As described in General Introduction, physcochemical properties of phosphole-fused
n-conjugated molecules have been extensively investigated in this decade due to the
development of facile synthetic methodology and their potential utilities in various fields have
also been demonstrated.”*® Because several phosphorus(V) derivatives exhibit high electron
mobility because of their excellent electron-accepting ability, they are expected to be used as
n-type organic semiconducting materials that are applicable to OPVs """ and OLEDs."*™ In
addition, a zwitterionic ladder-type phosphole is known to possess a large two-photon
absorption (TPA) cross section (ca. 780 GM at A= 1200 nm).”™ However, to the best our
knowledge, examples of benzodiphospholes have been still rare despite their potential utility as
a leading platform to explore various phosphole-based ladder-type n-conjugated molecules. The
synthetic difficulties, i.e., direct chemical modifications of the terminal phenyl rings and fused
benzene rings, prevent further m-extension and functionalization. Nevertheless, to create a new
class of phosphole-based ladder-type mn-conjugated molecules, we need a breakthrough in their
n-extension and functionalization. Considering the synthetic advantages of thiophene over
benzene and phosphole, i.e., the high chemical stability and facile chemical modification at the
a-position, the author focuses on doubly thiophene-fused benzodiphosphole 33 as the key
leading platform (Figure 3-1). Fusion of electron-donating thiophene to electron-withdrawing
benzodiphosphole would stabilize the electronic structure, creating the new platform depending
on the substituents. Another important benefit of the thiophene-fused structure is plausible
enhancement of intermolecular interactions involving the heteroatoms in the solid state. Unique
three-dimensional (3D) packing structures of 33 in the solid state would be formed by
combination of intermolecular hydrogen bondings and S-S interactions as well as n-m
interactions derived from its rigid and planar structure, considering that phosphole-based
molecules are known to exhibit intermolecular hydrogen bonds between P=0 and C—H moieties

in the solid state.[**’

! Therefore, the author envisioned that 33 would be an attractive platform
for m-extension and functionalization to explore diverse potential applications. Herein, we report
the synthesis and physicochemical properties of 33-36, and its m-extension by conventional
palladium-catalyzed coupling reactions (Figure 3-1). First, the author established the general
synthetic route to doubly thiophene-fused benzodiphospholes trans-33 and cis-33 as the core
unit and elucidated their unusual properties depending on the isomers. Then, the author
introduced aryl, arylethenyl, and arylethynyl groups with electron-donating or

electron-withdrawing substituents to the a-positions of the synthetic accessible fused-thiophene
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moieties of trans-33, yielding the n-extend derivatives 34-36. The systematic exploration was
found to be effective to unveil their pluripotent features of doubly thiophene-fused
benzodiphospholes as organic functional materials, i.e., intense near infrared (NIR) emission,

excellent TPA cross-section, and remarkably high electron-transporting ability.

P
\
Ph" o
r=P 35a (Ar = Ph)
34b (Ar = p-Meo,NCgH,) 35b (Ar = p-Meo,NCgH,)
r=

= 3,5-(CF3),CgHg)
36d (Ar = p-O;NCyH,)

Figure 3-1. Structures of doubly thiophene-fused benzodiphospholes.

Pd(PPhy),
I Br Br or
j@( . b Pd(OAc),, SPhos ’
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Br | (HO)B— g DMF or THF
Br
a
- Br 10 mol% Pd(PPhs),
Bp'”ﬁ B . /m Na,COs (4.0 equiv) 'S Br
Br Bpin Br—g THF/H,0, 70 °C . s
W,
Br
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1) n-BulLi (4.4 equiv.)
2) PhPCl (2.2 equiv.) S Q ph
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+
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PR s
trans-33 (17%) cis-33 (18%)

Scheme 3-1. Synthesis of doubly thiophene-fused benzodiphospholes.
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3-2. Synthesis of Thiophene-fused Benzodiphospholes

At the first stage, the author aimed to establish the synthetic method of doubly
thiophene-fused benzodiphosphole via halogen-lithium exchange of 37 (Scheme 3-1). When the
author performed Suzuki-Miyaura coupling reaction of 1,4-dibromo-2,5-diiodobenzene with
3-bromo-2-thienylboronic acid in the presence of Pd(PPhs), or Pd(OAc),/SPhos as catalysts, the
starting materials were recovered and the key precursor 37 was not obtained. On the other hand,
Suzuki-Miyaura coupling reaction of 1,4-dibromo-2,5-bis(pinacolatoboryl)benzene with
2,3-dibromothiophene in the presence of Pd(PPh;); smoothly proceeded to afford 37 in
acceptable yield (49%). In the next step, when a solution of n-BuLi was added to a THF
solution of 37 at —78 °C, the solution immediately turned black and gave a complicated mixture.
Conversely, the addition of a THF solution of 37 into a solution of n-BuLi afforded a clear
solution containing tetralithiated species. Treatment of the lithiated species with PhPCl, and
H,0, provided trans-34 and cis-33 as a diastereomeric mixture. These diastereomers were
successfully separated by silica-gel column chromatography to yield #rans-33 in 17% and cis-33
in 18%. The doubly thiophene-fused benzodiphospholes 33 were characterized by 'H, "°C, and
*'P NMR spectroscopies and high-resolution mass spectrometry. The *'P NMR spectra of
trans-33 and cis-33 exhibit the peaks at 22.9 and 22.7 ppm, respectively. The upfield shifts

4 reflect their

relative to the doubly phenyl-substituted benzodiphosphole (33.7 ppm)'
thiophene-fused structures. Fortunately, the structures with ¢rans/cis-configurations were
revealed by X-ray diffraction analysis. The crystal structure of #rans-33 shows a highly planar
structure (Figure 3-2). On the other hand, cis-33 reveals a slightly warped structure, probably
originated from the packing forces (Figure 3-3). The C—C and C-P bond lengths on the

41 . . .
37bea1abl jndicating

benzodiphosphole unit are similar to those of reported benzodiphosholes,'
that the fusion of thiophene to the benzodiphosphole has little impact on their structural
parameters (Figures 3-2 and 3-3). The trans and cis isomers reveal unusual contrast in the
packing modes. The packing structure of trams-33 displays a one-dimensional (1D) slip
n-stacked alignment (Figure 3-2). The separation distance between two m-planes is ca. 3.5 A,
which implies effective intermolecular n-m interaction. In contrast, cis-33 forms a face-to-face
dimeric structure. The intermolecular separation distance is approximately 3.5 A with effective
overlapping with a small rotation angle between the two planes (ca. 7°) (Figure 3-3).

Additionally, each dimeric structure is isolated by the phenyl groups on the phosphorus atoms

in the molecular packing.
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(b) (c) a

v

Figure 3-2. (a) X-Ray crystal structure of trans-33: top view (left) and side view (right). Thermal
ellipsoids represent 50% probability. (b) 1D slip stacked arrangement of trans-33 in the crystal
structure (Intermolecular m-mt interaction is shown in green dashed line with the separation
distance). (c) Packing structure of trans-33. The doubly thiophene-fused benzodiphosphole
cores are colored in red, whereas the phenyl groups and oxygen atoms on the P atoms are
shown in grey color. Solvent molecules are omitted for clarity. Selected bond lengths (A):
C3-P1, 1.786(5); C3—-C14, 1.378(6); C4-P1, 1.813(5); C4—C5, 1.387(7); C4—C13, 1.408(7); C5—C6,
1.393(7); C6-C7, 1.473(6); C6-C11, 1.408(7); C7-C10, 1.385(7); C10-P2, 1.788(5); C11-P2,
1.815(5); C11-C12, 1.381(7); C12-C13, 1.397(7); C13-C14, 1.469(6).
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Figure 3-3. (a) X-ray crystal structure of cis-33: top view (left) and side view (right). Thermal
ellipsoids represent 50% probability. One of the two independent molecules in the
unsymmetric unit cell is shown. (b) Face-to-face dimeric structure with the m-mt interaction
(Intermolecular -1t interaction is shown in green dashed line with the separation distance). (c)
Effective overlapping of two molecules (Molecular axes are shown in green dashed line with
the rotation angle). (d) Packing structure of cis-33. The doubly thiophene-fused
benzodiphosphole cores are colored in blue, whereas the phenyl groups and oxygen atoms on
the P atoms are shown in grey color. Solvent molecules are omitted for clarity. Selected bond
lengths (A): C3—P1, 1.797(3); C3-C14, 1.383(4); C4—P1, 1.820(3); C4—C5, 1.387(4); C4—C13,
1.411(4); C5-C6, 1.397(4); C6—-C7, 1.463(4); C6-C11, 1.413(4); C7-C10, 1.386(4); C10-P2,
1.789(3); C11-P2, 1.830(3); C11-C12, 1.387(4); C12—-C13, 1.394(4); C13-C14, 1.469(4).
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Taking into account the more extensive intermolecular - interactions in #rans-33 than that
in cis-33 in the solid state, the author chose trans-33 as the platform for the m-extension and
functionalization. First, the author attempted halogenation of trans-33. However, the reaction of
trans-33 with 2 equivalent of N-bromosuccinimide (NBS) resulted in the complete recovery of
trans-33. After trial-and-error optimization of reaction conditions, the author succeeded to
obtain dibrominated benzodiphosphole 38 as the important intermediate quantitatively by
treatment of #rans-33 with 10 equivalent of NBS in a mixture of chloroform and acetic acid
(Scheme 3-2). It is noteworthy that the a-positions of the thiophene rings were brominated with
complete selectivity irrespective the large excess of NBS. Then, the author carried out
palladium-catalyzed cross-coupling reactions of 38 to obtain versatile m-extended doubly
thiophene-fused benzodiphospholes (Scheme 3-2). The Suzuki-Miyaura coupling reaction of 38
with arylboronates afforded aryl-substituted 34 in high yields (67-88%). The Mizoroki-Heck
reaction of 38 with styrene also proceeded to give 35a, but the yield was low (27%). On the
other hand, the Suzuki-Miyaura coupling reaction with alkenylboronates afforded
arylethenyl-substituted 35a and 35b in high yields (65 and 78%, respectively). In addition, the
Sonogashira coupling reaction with arylacetylenes gave arylethynyl-substituted 36a,c,d in
moderate to high yields (32-86%), although the reaction with dimethylaminophenylacetylene
resulted in the complete recovery of 38. These results unambiguously corroborate that various
n-extended doubly thiopene-fused benzodiphospholes are accessible by conventional

palladium-catalyzed cross-coupling reactions of 38 converted from trans-33 as the platform.
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Scheme 3-2. Coupling reactions of 38 to produce versatile m-extended doubly thiophene-fused

benzodiphospholes 34-36.

Fortunately, the author obtained single crystals of 34a (Figure 3-5) and 36a (Figure 3-4)
suitable for X-ray crystallographic analysis. The C-C and C-P bond lengths on the
benzodiphosphole unit of 34a and 36a are comparable to those of the unsubstituted #rans-33.
The torsion angles of the terminal phenyl rings relative to the benzodiphosphole core are small
(11~22°), implying effective m-extension through the substituents. The packing structure of 36a
signifies a 1D slip n-stacked alignment, which is similar to the packing structure of trans-33.
The separation distance between two m-planes is enlarged (ca. 3.7 A), indicating the weakened
n-1 interaction by the introduction of the phenylethynyl group (Figure 3-4b). Meanwhile, the
packing structure of 34a is unique. It displays an ununiform 1D slip n-stacked alignment with
independent molecules A and B (Figure 3-5b). The molecule A shows high planarity with a
mean plane deviation (MPD) of the thiophene-fused benzodiphosphole core (18 atoms, 0.039
A), while the molecule B reveals a slightly distorted structure with a MPD of 0.060 A. The
separation distances between the terminal phenyl group and thiophene-fused benzodiphosphole
core are 3.6-3.7 A, suggesting the reduced intermolecular m-m interactions by the direct

introduction of the phenyl groups. Importantly, the doubly thiophene-fused benzodiphosphole
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core of 34a exhibits a 2D herringbone structure with a short intermolecular S-S contact of 3.64
A (Figure 3-5¢).°! Moreover, there are short distances between the oxygen atoms of the P=0
moieties and the hydrogen atoms of the thienyl and the terminal phenyl groups (2.3-2.5 A),
indicating the presence of multiple hydrogen bondings. Thus, the terminal phenyl rings attached
directly to the fused-thiophene moieties play an important role in the formation of 2D
herringbone structure of 34a with the assistance of the versatile intermolecular interactions
involving the heteroatoms, unlike trans-33, cis-33, and 36a. This unique packing structure
encouraged us to further examine the charge-transporting ability of the doubly thiophene-fused

benzodiphospholes in the solid state (vide infra).

(b) /
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Figure 3-4. (a) X-ray crystal structure of 36a: top view (left) and side view (right). Thermal
ellipsoids represent 50% probability. (b) 1D slip stacked arrangement of 36a in the crystal
structure (Intermolecular m-mt interaction is shown in green dashed line with the separation
distance). Solvent molecules are omitted for clarity. Selected bond lengths (A): C3-P1,
1.803(3); C3-C7’, 1.372(4); C4-P1, 1.816(3); C4-C5, 1.387(4); C4-C&’, 1.411(4); C5—C6,
1.409(4); C6-C7, 1.464(4).
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(b) I ‘:a,_a'_A_l_—_:a»

Figure 3-5. (a) X-ray crystal structure of 34a: top view (left) and side view (right). Thermal
ellipsoids represent 50% probability. One of the two independent molecules in the
unsymmetric unit cell is shown. (b) Ununiform 1D slip p-stacked arrangement of 34a in the
crystal structure (Intermolecular m-it interactions are shown in green dashed line with the
separation distances). (c) The packing structure of 34a along with c-axis (left) and b-axis (right).
S-S contacts and hydrogen bonds are indicated (dashed green lines) with the distances
between S-S and O--H (A). Selected bond lengths (A): C3-P1, 1.798(2); C3-C7’, 1.382(3);
C4-P1, 1.8311(19); C4—-C5, 1.384(3); C4—C6’, 1.410(3); C5-C6, 1.400(3); C6-C7, 1.459(3).
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3-3. Optical Properties

The author examined the optical properties of doubly thiophene-fused benzodiphospholes
33-36 (Table 3-1). UV/Vis absorption and fluorescence spectra of trans-33 and cis-33 were
measured in CH,Cl,. The absorption spectra of #rans-33 and cis-33 display the lowest energy
absorption at 404 nm (Figure 3-6a), which are red-shifted compared to those of aromatic-fused
benzodiphospholes (ca. 380 nm)."*"! These red-shifts can be attributed to ICT interaction as a
result of fusion of the electron-rich thiophene rings to the electron-deficient benzodiphosphole
core. The solvatochromism of their absorption spectra supports their ICT interactions (Figure
3-6¢ and 3-6d). The benzodiphospholes #rans-33 and cis-33 exhibit blue fluorescence with
similar emission maxima at 481 and 478 nm, respectively (Figure 3-6b). The fluorescence peaks
are remarkably shifted to long wavelengths relative to the benzene-fused dibenzophosphole
(420 nm)."! Namely, the Stokes shifts of frans-33 and cis-33 (4000 and 3800 cm ') are much
larger than that of the benzene-fused dibenzophosphole (2300 cm™').*"! Notably, trans-33 and
cis-33 are highly fluorescent. The fluorescence quantum yields (@) of trans-33 and cis-33 are
0.92 and 0.91, which are higher than that of the benzene-fused dibenzophosphole (0.81).*" The
fluorescence lifetimes (7r) were measured by the time-correlated single-photon counting
(TCSPC) technique. The 7= values in CH,Cl, were determined to be 11.9 ns and 12.0 ns,
respectively. Although no fluorescence lifetimes of benzodiphospholes have been reported,

42611 The radiative

these values are similar to those of phosphole-based ladder-type molecules.!
(k;) and nonradiative (k) rate constants are calculated from the 7z and @ values. The &, and £k,
values are 7.6-7.7 x10” and 6.7-7.5 x10° s, respectively. The k, values are one order of
magnitude smaller than those of typical benzo[b]phospholes (~10” s™'). These small k,, values
relative to k. values are responsible for the high @ values in spite of the large Stokes shifts.
Although the large Stokes shifts and rather strong fluorescence are counterintuitive, the unusual
fluorescence properties of doubly thiophene-fused benzodiphospholes are beneficial for
biological imaging to avoid background fluorescence (vide infra).

Fluorescence spectra of #rans-33 and cis-33 were also measured in the solid state (Figure
3-6b). The fluorescence spectra in the solid state are red-shifted considerably in comparison
with those in solution. Remarkably, the red-shift of cis-33 (55 nm) is much larger than that of
trans-33 (10 nm). The fluorescence quantum yields of trans-33 and cis-33 in the solid state
were determined to be 0.16 and 0.10, respectively. The remarkable red-shift of fluorescence in
the solid state may result from the isolated unique dimeric structure of cis-33, as observed in the

packing structure, which reveals an excimer emission solely in the solid state. In accordance
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with this interpretation, no red-shift of fluorescence was observed in the solution even at high
concentrations. Although the solid-state excimer emission is often observed in polyaromatic

21 and pyrene'®!), the examples of excimer emission of

hydrocarbons (i.e., anthracene
phosphole derivatives have been limited to dithienophosphole derivatives.”***% Thus, the
subtle change, i.e., the mutual orientation of the phenyl groups and oxygen atoms on the
phosphorous atoms, has a large influence on the packing structure in the solid state, altering the

photophysics in the excited states of trans-33 and cis-33 in the solid state.
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Figure 3-6. (a) UV/Vis absorption and (b) normalized fluorescence spectra of doubly
thiophene-fused benzodiphospholes trans-33 (black) and cis-33 (red) in CH,Cl, (solid lines) and
in the solid state (dashed lines). Normalized absorption spectra of (c) trans-33 and (d) cis-33 in
various solvents; THF (green), CH,Cl, (red), DMF (blue), and DMSO (violet). For fluorescence

measurements, the samples were excited at 415 nm.
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Table 3-1. Optical properties of doubly thiophene-fused benzodiphospholes in CH,Cl,.

Aabs / Nt Aabs / nm™! Eopt T ke Ko Av
(¢/M'em™) (Dp)™ Vi ms /107 /107sT jem
trans-33 404 (8000) 481 (0.92) 276 119 7.7 0.67 4000
cis-33 404 (7600) 478 (0.91) 276 120 7.6 0.75 3800
34a 443 (19000) 525 (0.50) 250 3.6 14 14 3500
34b 505 (33000) 650 (0.51) 2.14 46 11 11 4400
34c 434 (27000) 496,514 (0.28) 258 16 18 45 2900
35a 470 (15000) 556 (0.27) 233 1.6 17 46 3300
35b 520 (37000) 699 (0.22) 205 1.7 13 46 4900
36a 445 (31000) 520 (0.37) 249 1.8 21 35 3200
36c 439(31000)  501,520(0.34) 253 14 24 47 2800
36d 445 (42000)  505,532(0.30) 250 0.9 33 78 2700

[a] Absorption maxima at the longest wavelength. [b] The samples were excited at 415 nm. [c]
Absolute fluorescence quantum yields. [d] Optical HOMO-LUMO gaps from the intersection
of normalized absorption and fluorescence spectra. [e] Stokes shift.

The phenyl-substituted doubly thiophene-fused benzodiphospholes 34a-c¢ display red-shifted
absorption and fluorescence spectra compared to the unsubstituted #rans-33 (Figure 3-7). The
thiophene-fused structure is responsible for the red-shifted absorption of 34a (443 nm) relative
to those of the phenyl-substituted benzodiphospholes (ca. 425 nm).*™ The
dimethylaminophenyl-substituted 34b reveals a red-shifted intense absorption at 505 nm in
comparison with 34a, indicating effective ICT interaction between the electron-donating
dimethylamino moiety and electron-withdrawing benzodiphosphole unit. Strikingly, 34b shows
a moderate fluorescence with a peak at 650 nm and wavelengths exceeding 900 nm (Figure
3-7b). Therefore, the push-pull D-A-D structure of 34b is an effective molecular design to
achieve the small HOMO-LUMO gap and NIR fluorescence. On the other hand, the
bis(trifluoromethyl)phenyl-substituted 34c¢ exhibits rather blue-shifted absorption and
fluorescence relative to those of 34a. There may be a trade-off between the
electron-withdrawing nature of the trifluoromethyl group and electron-donating nature of the
fused-thiophene ring, eliminating the effect of ICT interaction in 34¢. The direct introduction of
the aryl groups into trans-33 lowers the @ values (34a: 0.50, 34b: 0.51, 34¢: 0.28). In fact, the
ky values of 34a-¢ (1.1-4.5 x10° s™) become two orders of magnitude larger than that of

trans-33 (6.7 x10° s™"), whereas the k; values of 34a-c (1.1-1.7 x10° s™') are rather comparable
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to that of trans-33 (7.7 x10’ s™"). The significant enhancement in the k, values of 34a-c is
interpreted by the increased vibrational and rotational degrees of freedom owing to the

introduced aryl substituents.
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Figure 3-7. (a) UV/Vis absorption and (b) normalized fluorescence spectra of aryl-substituted
doubly thiophene-fused benzodiphospholes 34a (blue), 34b (yellow), and 34c (green) in CH,Cl,.
For fluorescence measurements, the samples were excited at 415 nm. To obtain the whole

fluorescence spectra, we used two detectors, one for wavelengths less than 850 nm, and the

other one for wavelengths more than 850 nm.

The author also compared the absorption and fluorescence spectra of arylethenyl-substituted
35 and arylethynyl-substituted 36 (Figures 3-8) together with those of 34a. The absorption
maximum of phenylethynyl-substituted 36a (445 nm) is almost identical to that of 34a (443 nm),
whereas phenylethenyl-substituted 35a exhibits significant red-shifted absorption (470 nm). The
corresponding fluorescences show the same trend (34a: 525 nm, 35a: 556 nm, 36a: 520 nm).
More effective m-conjugation through the vinylene linker than the ethynylene linker causes the
smaller HOMO-LUMO gap of 35a than 36a, as seen in the significant red-shifts in 35a. The @&
value decreases in the order of 34a (0.50) > 36a (0.37) > 35a (0.27). This trend reflects that of
the vibrational and rotational degrees of freedom. Indeed, the &, value increases in the same
order of 34a (1.4 x10° s™') < 36a (3.5 x10® s™') < 35a (4.6 x10® "), while the k, value remains
similar. Relative to 35a and even 34b, 35b exhibits more enhanced red-shifted absorption (520
nm) and fluorescence (699 nm). Surprisingly, the fluorescence of 35b is extended into the NIR
region deeply (~1200 nm). NIR emissive compounds have drawn much attention because of
their potential applications in biological imaging.!"* ! However, compared to numerous organic
dyes with intense visible fluorescence, the NIR fluorescent organic dyes with a high @ are still
scarce.'® Although the @ value of 35b (0.22) has not been optimized yet, it is comparable to

that of a representative BODIPY-based molecule with an emission at 684 nm (& = 0.19).1°¢
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Importantly, the large Stokes shift (4900 cm™', AA = 179 nm) can avoid interference by
excitation source, self-absorption, and autofluorescence.'®” The rather high @5 and large Stokes
shift of 35b demonstrate that push-pull D-A-D type, doubly thiophene-fused benzodiphospholes
are excellent candidates as an efficient NIR fluorescent organic dye for biological imaging. In
the cases of arylethynyl-substituted 36¢ and 36d with electron-withdrawing substituents,
blue-shifted absorption and fluorescence relative to those of 36a are observable, which is the

same behavior as described in 34a and 34c¢ (Figure 3-8c,d).
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Figure 3-8. (a,c) UV/Vis absorption and (b,d) normalized fluorescence spectra of arylethenyl-
and arylethynyl-substituted doubly thiophene-fused benzodiphospholes 35a, (purple), 35b
(cyan), 36a (light green), 36¢ (brown), and 36d (pink) in CH,Cl,. For fluorescence measurements,
the samples were excited at 415 nm. To obtain the whole fluorescence spectra, we used two
detectors, one for wavelengths less than 850 nm, and the other one for wavelengths more

than 850 nm.
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3-4. Electrochemical Properties

The electrochemical properties of doubly thiophene-fused benzodiphospholes 33-36 were
assessed by CV and DPV technique in CH,Cl, with BusNPF¢ as an electrolyte versus
ferrocene/ferrocenium ion (Fc/Fc') (Figure 3-9). Although trans-33 and cis-33 exhibit the
reversible reduction peaks at —1.90 V, they reveal the irreversible oxidation peaks at +1.22 and
+1.29 V, respectively. The reversible reduction peaks of 33 substantiate the excellent
electron-accepting character of  doubly thiophene-fused phospholes. The
trans/cis-configurations have little impact on the oxidation potentials (E,) and reduction
potentials (Ejeq).

Meanwhile, the E,, values of 34a, 35a, and 36a are shifted to a negative direction relative to
that of trans-33, while the E.4 values are moved to a positive direction. Consequently, the
smaller electrochemical HOMO-LUMO gaps of 34a (2.74 eV), 35a (2.51 eV), and 36a (2.72
eV) than that of trans-33 (3.12 eV) agree with the corresponding optical HOMO-LUMO gaps
(Table 3-1). For dimethylamino-substituted 34b and 35b, the quasi-reversible oxidation peaks
are observed at +0.28 and +0.18 V, respectively, which are assigned to oxidations of the
dimethylaminophenyl moiety. The E..q value becomes more positive in the order of 34a (—1.81
V) <35a (-1.75 V) <36a (-1.71 V), which reflects the degree of the electron-donating effect of
the aryl moiety through the linkers. As expected, introduction of the electron-withdrawing
trifluoromethyl moieties on the aryl groups leads to more positive E.q values (—1.67 V for 34¢
and —1.63 V for 36¢) than those of 34a and 36a. Given the energy level of Fc/Fc' is —4.8 eV
under vacuum, the LUMO level of 34a is estimated to be —2.99 ¢V.*"! This level is slightly

B7) which is used

higher than those of the phenyl-substituted benzodiphospholes (ca. —3.05 eV),
as a cathode buffer layer in OPV.P The LUMO levels of 34c¢, 36a, and 36c¢ are also calculated
to be —3.13, -3.09, and —3.17 eV, respectively, which are comparable to or even lower than
those of the phenyl-substituted benzodiphospholes. Accordingly, introduction of
electron-withdrawing groups on the aryl moiety and use of the ethynylene linkers are effective
to enhance the high electron-accepting ability of doubly thiophene-fused benzodiphospholes.

This information would be very useful for the exploitation of electron-transporting materials.
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Figure 3-9. Cyclic voltammograms (black) and differential pulse voltammetry (DPV) curves (red)
of naphthodiphospholes. Redox potentials were determined by DPV. Solvent: CH,Cl,; scan rate:
0.05 V s™'; working electrode: glassy carbon; reference electrode: Ag/Ag* (0.01 M AgNO;);
electrolyte: 0.1 M n-BusNPFe.
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3-5. Theoretical Calculations

To obtain the insight into the structural and electronic properties of doubly thiophene-fused
benzodiphospholes 33-36, we performed DFT calculations at the B3LYP/6-31G(d,p) level. The
optimized structures of trans-33, 34a, 35a, and 36a exhibit highly coplanar structure of the
doubly thiophene-fused benzodiphosphole unit (Figure 3-10). The phenyl group of 34a is
slightly tilted (28°), whereas the styryl group of 35a and phenylethynyl group of 36a adopt

completely coplanar structures.

N
3 ?
?
s . $
a0 2, ° ?
trans-34 Lo 09 P9 9 >3 BIZED B D3935 5
J 9 , 99 ? °
3 :
M
M
N
3 »
?
- ‘o :
a2 o 2 ® b oo
35a ud 4 ee P29 9799, ,(Jf»w‘xm;uﬁ‘aa
9 by > 3 )
4 ) 0 w9, ’ * °
X
9 3 >
9
3 3
M
N
3 9
°
s od °
L2 . Yeaes P ® @
36a 2%.0 4 0o 29 99%0 SEILER O IDSINSB LDSB303d O EBSLEd 5
o )9 20,00 ’ ° 3
Py @
9, 3 b4
0
3 >
>
N
3 9
°
b 4 °
‘o9 P A N e > PR
37a S o9 ¥ g J‘ 4 PEBBII I B BREDIEBRDIPSBES
o g TN » °
? '

“eOe

Figure 3-10. Optimized structures of doubly thiophene-fused benzodiphospholes trans-33, 34a,
35a, and 36a at the B3LYP/6-31G(d,p) level: top view (left) and side view (right).

The orbital distributions of HOMO and LUMO of 33 are well delocalized over the whole
n-conjugated system (Figure 3-11). The HOMO possesses almost no distribution on the
phosphorus atom. In contrast, the LUMO possesses a large distribution on the phosphorus atom,
indicating effective o*—m* interaction that is unique in phospholes. To support the excimer
emission of cis-33 in the solid state, we carried out calculations on the dimeric structure taken
from its crystal structure (Figure 3-11). Although the HOMO shows no interaction between the
two doubly thiophene-fused benzodiphosphole units, the LUMO visualizes the effective
interaction through the space. The calculated HOMO-LUMO gap of the dimer (3.28 eV) is
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smaller than that of the monomer (3.52 eV), which is consistent with the red-shifted
fluorescence stemming from the dimeric structure of ¢is-33 in the solid state.

For the m-extended doubly thiophene-fused benzodiphospholes, the HOMOs of 34a, 35a, and
36a are delocalized over the whole m-system, while their LUMOs are mainly localized on the
doubly thiophene-fused benzodiphosphole unit (Figures 3-12—3-14). The energy levels of
LUMO are lowered in the following order: 34a: —2.33 eV > 35a: —2.44 eV > 36a: —-2.52 ¢V,
which matches with the trend on the E.4 values. The introduction of the electron-donating
dimethylamino moieties decreases the orbital distributions of LUMO on the
dimethylaminophenyl groups in 34b and 35b, while those of HOMO on the
dimethylaminophenyl groups are increased. Consequently, these orbital distributions support
efficient ICT interactions in 34b and 35b (Figures 3-12 and 3-13). In marked contrast, the
HOMOs and LUMOs of 34¢ and 36¢c,d with electron-withdrawing substituents on the aryl
groups are similar to those of 34a and 36a to a great extent. The comparable orbital
distributions are consistent with the their rather similar optical properties irrespective of the
electron-withdrawing substituents (Figures 3-12 and 3-14). Importantly, the introduction of
electron-withdrawing groups on the aryl groups stabilizes the LUMO levels and enhances their
electron-accepting ability.

The author also carried out TD-DFT calculations to evaluate the absorption (Figure
3-11-3-14). For all the doubly thiophene-fused benzodiphospholes, the lowest excitations are
derived from HOMO/LUMO transitions. The lowest excitation energies largely match with the
absorption spectra. It should be noted here that the HOMO/LUMO transitions with large
oscillator strengths for 34b (f = 0.9596) and 35b (f = 1.7015) agree with the efficient ICT

interactions.
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cis-33 (dimeric structure)
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Figure 3-11. Selected Kohn-Sham orbitals of trans-33, cis-33 on the optimized structures and

the dimeric structure of cis-33 obtained from the crystal structure. f: oscillator strengths
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Figure 3-13. Selected Kohn-Sham orbitals of 35a and 35b on the optimized structures. f:

oscillator strengths
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3-6. Two-photon Absorption properties

Motivated by intense absorption of 35b at 520 nm as a result of the enhanced ICT interaction
originated from the push-pull D-A-D structure with the electron-donating substituents, we
selected 35b to evaluate the TPA properties. The author expected that the large m-conjugated
system and D-A-D quadrupole would afford large TPA cross sections (o). The TPA
measurements of 35b in CH,Cl, were conducted by using the open-aperture Z-scan method
(Figure 3-15). The TPA spectrum exhibits two broad peaks at around 900 and 650 nm (Figure
3-16a). The 0 values at 855 and 654 nm were determined to be 970 + 190 and 2200 = 420 GM,
respectively, which are significantly larger than those of other phosphole-based molecules
(~800 GM).**¥1 To understand the origin of the TPA transitions, we performed the DFT
calculations for the TPA spectral simulation of 35b. The simulated one-photon absorption
(OPA) and TPA spectra are displayed in Figure 3-16b. Although the transition energies are
overestimated (i.e. the peaks are blue-shifted) at the CAM-B3LYP/6-31+G(d) level of
calculations, the simulation largely reproduces the experimental spectral shapes. The
lowest-energy TPA peak is located at the different transition energy from the OPA peaks in
both simulation and experiment, reflecting alternating selection rule of symmetry between OPA
and TPA for centrosymmetric molecules. From these comparisons with the simulated spectra,
the TPA peaks at 880 and 650 nm in the experiment are assigned to the transitions, respectively,
to S, and S, excited states both having gerade symmetry. These results corroborate that the
introduction of electron-donating arylethenyl groups into doubly thiophene-fused

benzodiphosphole is an effective means to create novel TPA materials.
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Figure 3-15. The open-aperture Z-scan traces of 35b (0.3 mM) in CH,Cl, (filled circles) at 855
nm for different incident powers (0.1-0.5 mW from top to bottom) together with the

theoretical fitting curves (solid lines). Rayleigh range was 6.9 mm.
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Figure 3-16. (a) TPA spectrum (bottom and left axes) of 35b in CH,Cl, measured at an excitation
power of 0.4 mW (black dots, with solid curve of eye guide) and by changing the power (orange
dots with error bars). The OPA spectrum (top and right axes, purple curve) is also overlapped
with the half scale in the horizontal axis so that the same transition energies of OPA and TPA
fall at the same position. b) Simulated TPA (red) and OPA (blue) spectra calculated at the
CAM-B3LYP/6-31+G(d) level in CH,Cl, with PCM plotted in the same manner.

61



Chapter 3

3-7. Charge-transporting abilities

Finally, we evaluated the potential utility of the n-extended doubly thiophene-fused
benzodiphosphole as electron-transporting  materials. The author measured the
photoconductivity of trans-33, 34a, 35a, and 36a using the flash-photolysis time-resolved
microwave conductivity (FP-TRMC) method.[® The FP-TRMC profiles for drop-cast films of
trans-33, 34a, 35a, and 36a upon irradiation at A = 355 nm are displayed in Figure 3-17a. The
maximum transient conductivity (¢Zu)max for trans-33 was determined to be 1.2 x 10° m* V"'
s, where ¢ and Zu represent the charge carrier generation efficiency and the sum of the charge
carrier mobilities, respectively. The (¢p=u)mex values for 34a (13 x 10° m*V's™), 35a (3.1 x
10° m*V's™), and 36a (6.2 x 10° m*V's™") are larger than that for trans-33, suggesting that
the m-extension can enhance the intrinsic charge-transporting ability greatly. The powder X-ray
diffraction measurements of drop-cast films of #rans-33, 34a, and 36a show sharp diffraction
peaks, which are largely consistent with their unit cells (Figure 3-18). Importantly, the highest
(@Zu)max value for 34a is rationalized by effective electronic communication in the packing
derived from the 2D herringbone structure, which is realized by the multiple intermolecular
interactions including S—S contacts and hydrogen bonds between P=0O and C—H groups (Figure
3-5¢),12%6%] i addition to the 1D slip m-stacked interactions (Figure 3-5b). Such S-S
interactions are known to play an important role in providing an alternative charge-transporting
pathway in the organic semiconductors.®” Since the FP-TRMC measurements under air provide
the sum of the electron and hole mobilities, we sought to determine the main contributor by the
measurements under SF¢, electron scavenger gas. The (¢Zu)m. value for 34a under SFy is
decreased to ca. 20% of that under air (Figure 3-17b). Moreover, the (¢Zu)m.x value under air is
recovered to the initial value even after exposure to SFs. These results indicate that the observed
electrical conductivity of 34a is largely contributed from electron transport. We also measured
the photoconductivity of 36¢,d. Their FP-TRMC profiles are displayed in Figure 3-17c. Since
the observed (¢ u)max value for nitro-substituted 36d (10 x10~° m*V's™") is larger than those of
36a and 36¢ (6.7 x 10° m*V's™"), introduction of suitable electron-withdrawing groups on the
phenylethenyl-substituted 36a can also enhance photoconductivity as well as electron-accepting
ability. Remarkably, the (¢Zu)m.x values for 34a and 36d surpass those of previously reported

materials based on perylenediimide derivatives (4-5 x 107~ m? V' g™ 654

a representative
n-type organic semiconducting motif. Therefore, the author verifies that m-extended doubly
thiophene-fused benzodiphospholes with suitable substituents possess the potential utility as

excellent electron-transporting materials.
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Figure 3-17. (a) Flash-photolysis time-resolved microwave conductivity (FP-TRMC) profiles (a)
for drop-cast films of trans-33 (black), 34a (red), 35a (green), and 36a (blue) from CHCl;
solution under air, (b) for drop-cast films of 34a from CHCI; solution under air (black), SFg (blue),
and air after exposure to SFg (red), and (c) of powders in PVA matrix films for 36a (blue), 36¢

(orange), and 36d (purple) under air, upon 355 nm photoexcitation at 4.6 x10"* photons cm™.
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Figure 3-18. Powder X-ray diffraction patterns of drop-cast films of trans-33 (black), 34a (red),
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35a (green), and 36a (blue) used for FP-TRMC measurements. Diffraction peaks: 26 = 6.88,
13.22, and 16.54° (d = 12.8, 6.69, and 5.35 A) for trans-33; 20 = 6.76, 8.76, and 17.50° (d = 13.1,
10.1, and 5.06 A) for 34a; 20 = 7.32° (d = 12.1 A) for 35a; 20 = 7.22, 7.68, and 8.96° (d = 12.2,
11.5, and 9.8 A) for 36a.
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3-8. Summary

In this chapter, the author established the synthetic methodology of doubly thiophene-fused
benzodiphosphole and their m-extended derivatives as a new class of linear ladder-type
n-conjugated molecules. Systematic investigation on the physicochemical properties of doubly
thiophene-fused benzodiphospholes revealed that their pluripotent features for various potential
applications could be extracted by rational m-extension with the introduction of aryl, arylethenyl,
and arylethynyl groups with electron-donating or electron-withdrawing substituents to the
a-positions of the synthetic accessible fused-thiophene moieties. The author summarizes the
highlight on their pluripotent features as follows: The 1D slip m-stacked arrangement of
trans-33 in the solid state suggested effective n-m interaction through the 1D chain. On the other
hand, cis-33 exhibited the isolated face-to-face dimeric structure with effective overlapping of
the doubly thiophene-fused benzodiphosphole cores. The doubly thiophene-fused
benzodiphosphole trans-33 and cis-33 were highly florescent (@ = 0.92 and 0.91). Notably,
cis-33 exhibited solid-state excimer fluorescence owing to its unique isolated dimeric structure.
More importantly, the packing structure of the directly phenyl-substituted 34a in the solid state
showed the unique 2D herringbone structure created from the fusion of the phosphole and
thiophene moieties. Namely, the structure is generated by multiple intermolecular interactions
including S-S contacts and hydrogen bondings between P=O and C-H groups, which is
beneficial for enhancing the electron-transporting properties. As expected, the m-extended
doubly thiophene-fused benzodiphospholes exhibited smaller optical HOMO-LUMO gaps than
that of trans-33. It is noteworthy that dimethylamino-substituted 34b and 35b showed enhanced
red-shifted absorption and fluorescence extending into the NIR region (700-1200 nm) with
rather high quantum yields. Especially, the NIR fluorescence of 35b (up to 1200 nm) and its
large Stokes shift (AA = 179 nm) are suitable for efficient NIR fluorescent organic dye for
biological imaging. Furthermore, 35b revealed large TPA cross section (970 GM) at 855 nm,
which demonstrated the potential for novel TPA materials. Meanwhile, phenyl-substituted 34a
displayed the highest (¢Zt)max value of 13 x10° m*V's™" in the FP-TRMC measurements. The
2D herringbone and 1D slip m-stacked structures in the solid state may be responsible for the
highest (¢pZu)max value of 34a. It is notable that the observed conductivity of 34a was largely
contributed from electron transport. In addition, electron-withdrawing nitro-substituted 36d also
showed the higher (¢Zu)max value (10 x10° m* V' s™") than that of unsubstituted reference 36a.
The (¢Zu)m.x values for 34a and 36d exceed those of previously reported representative

electron-transporting materials based on perylenediimide derivatives. Thus, n-extended doubly
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thiophene-fused benzodiphospholes with suitable substituents possess the potential utility as
excellent electron-transporting  materials. Overall, these doubly thiophene-fused
benzodiphospholes as the platform were found to be highly attractive ladder-type n-conjugated
molecules as NIR fluorescent organic dyes, TPA materials, and electron-transporting materials.
The author believes that this report unveils the pluripotent features of doubly thiophene-fused
benzodiphospholes as promising organic functional materials in various fields, e.g. biological

imaging, nonlinear optics, organic transistors, and organic photovoltaics.
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Chapter 4. Thiophene-Fused Naphthodiphospholes: Modulation of the Structural

and Electronic Properties of Polycyclic Aromatics by Precise fusion of Heteroles
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4-1. Introduction

As mentioned in General Introduction, fused polycyclic aromatics have been vigorously
pursued over the years because of their attracting structural, electronic, and photophysical
features associated with the rigid and planar n-conjugated frameworks. A unique advantage of
fused polycyclic aromatics is that the molecule can be tailored through rational design and
synthesis for various applications, such as organic semiconductors for organic field-effect
transistors (OFETSs),[**%! organic photovoltaics (OPVs)!'*! and organic light-emitting diodes
(OLEDs),""™ and scaffolds for supramolecular assemblies.!”"!

Polycyclic aromatic hydrocarbons (PAHs) play central roles in material sciences.””” At first
glance, PAHs constitute a uniform class of very similar molecules, which are composed of
solely sp” carbon atoms and hydrogen atoms. However, depending the size and geometry, PAHs
exhibit dramatically different physicochemical properties. For example, tetracene,*"&¢>7]
which consists of four benzene rings, is a widely investigated molecule as organic

semiconductors (Figure 4-1a). On the other hand, its isomers chrysene!’"

and pyrene!””! have
attracted attention as photofunctional molecules because of their fascinating photophysical
properties. In contrast, triphenylene derivatives possess almost no absorption in visible region,

but have been used as a component for discotic liquid crystals.”’

tetracene * b

pyrene triphenylene
chrysene
S
Ph//Ph Ph/\Ph
S S S
A B
Ph
Y
S
Ph c

Figure 4-1. (a) Polycyclic aromatic hydrocarbons (PAHs) consisting of four benzene rings. (b)
Isomers of naphthodithiophenes originated from the positions and orientations of thiophene

rings.
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Meanwhile, the incorporation of a range of heteroatoms into polycyclic aromatics is effective

5] and, especially, sulfur and phosphorus are

means to modulate their electronic structures,
promising candidate as described in General Introduction. In this context, a variety of polycyclic
aromatics with both sulfur and phosphorus atoms have been developed and exhibited both

(3564561 However, placing different heteroatoms (i.e., sulfur and phosphorus) precisely

features.
in the same n-frameworks is still a challenge.

For polycyclic aromatics with heteroatoms, the orientation of the heterole rings as well as the
geometry of the fused structure has a large impact on the physicochemical properties.””” For
instance, naphthodithiophene gives four isomers; 2,3/6,7-fused position (A and B) or

7] Reflecting the fused

1,2/5,6-fused position (C and D) on the naphthalene core (Figure 4-1b).!
positions of thiophene rings on the naphthalene unit, the isomers A and B exhibited red-shifted
absorption relative to the isomers C and D. On the other hand, the isomer A showed one-order
magnitude higher hole mobility than the isomer B in the OFET devices because of more
effective intermolecular interaction of A than B in the solid state. Thus, the fused position of
heterole rings affects the electronic structure, while the orientation of fused heterole rings is
crucial to determine the molecular arrangement in the solid state.

In this regard, the author expected that introducing two phosphorus atoms into polycyclic
aromatics precisely would provide an assortment of isomers originated from not only the
position and orientation of the phosphole rings, but also the orientation of substituents on the
phosphorus atoms (trans/cis configurations) (Figure 4-2). In Chapter 3, the author described the
potential utility of thiophene-fused benzodiphospholes as organic functional materials for
various purposes. Precisely controlled fusion of heteroles into an aromatic core could be a
useful approach to uncover their intrinsic properties that may create the possibility of new
applications as organic functional materials.

Herein, the author reports the synthesis and physicochemical properties of six isomers of
thiophene-fused naphtho[2,3-5:6,7-b’|diphosphole 39, naphtho[1,2-b:5,6-b"]diphosphole 40,
and naphtho([2,1-b:6,5-b’]diphosphole 41 with their trans/cis configurations (Figure 4-2). The
author found that the fused position of phosphole rings influences their electronic properties
greatly. In particular, 39 exhibited phosphorescence at 77K, whereas 40 and 41 showed no
phosphorescence. More importantly, the author revealed that the orientation of phosphole rings
and the substituents on the phosphorus atoms affect the molecular arrangement in the solid state.
The systematic investigation unveiled the explicit impact of heterole-fused structures on their

structural and electronic properties.
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39-trans

S

41-cis
Figure 4-2. An assortment of isomers of thiophene-fused naphthodiphospholes derived from
the positions and orientations of heterole rings and the orientations of substituents on the

phosphorus atoms.
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4-2. Synthesis of Thiophene-fused Naphthodiphospholes

The synthetic schemes for naphthodiphospholes are shown in Scheme 4-1. First, the author
conducted the synthesis of 39. The treatment of 2,6-dibromonaphthalane with lithium
tetramethylpiperidide (Li-TMP) and B(Oi-Pr); afforded boronic acid 42, and the boronic acid
groups of 42 were converted to boronic ester groups of 43. The Suzuki-Miyaura coupling of 43
with 2,3-dibromothiophene gave thienylnaphthalene 44 as a key precursor for 39. Treatment of
44 with n-BuLi followed by the addition of dichlorophenylphosphine and H,O, provided
39-trans and 39-cis as a diastereomeric mixture. These diastereomers were easily separated by
silica-gel column chromatography to give 39-trans in 19% and 39-cis in 21% yield. In the next
step, the author carried out the synthesis of 40. 2,6-Dibromonaphthalene was transformed to
bis-borylated naphthalene 45. The Suzuki-Miyaura coupling of 45 with 2,3-dibromothiopehene
yielded thienylnaphthalene 46. The treatment of 46 with 7-BuLi followed by the addition of
dichlorophenylphosphine and H,O furnished 47 as a key precursor for 40. The author attempted
Pd-catalyzed dehydrogenative cyclization of 47 using Pd(OAc),.”™ However, the reaction did
not proceed and almost all of 47 was recovered. Then, the author applied the Tf,0-mediated

! to 47 and succeeded in isolation of

intramolecular phospha-Friedel-Crafts-type reaction!”’
40-trans and 40-cis in 18% and 17% yields, respectively. Finally, the author performed the
synthesis of 41. After the bromo groups of 1,5-dibromonaphthalene were converted to the boryl
groups of 48, the Suzuki-Miyaura coupling with 2,3-dibromothiophene provided
thienylnaphthalene 49. The treatment of 49 with #-BulLi followed by the addition of
dichlorophenylphosphine and H,O gave 50 as a key precursor for 41. The Tf,O-mediated
intramolecular phospha-Friedel-Crafts-type reaction of 50 afforded 41-trans and 41-cis in 23%
and 21% yields, respectively. All compounds were characterized by means of 'H, °C and *'P
NMR spectroscopies and high-resolution mass spectrometry. The *'P NMR spectra of 39-41
exhibit signals at § = 22.5-24.6 ppm, suggesting that the difference in the positions of
phosphole rings has little impact on the chemical shifts. Fortunately, the author obtained single
crystals of 39-trans, 40-trans, 40-cis and 41-cis suitable for X-ray crystallographic analysis and
the positions of phosphole rings for 39—41 were confirmed unambiguously by the crystal
structures (Figure 4-3 and 4-4). The crystal structures of 39-trans and 40-trans display highly
planar structures. On the other hand, the crystal structures of 40-cis and 41-cis exhibit slightly
warped structures, which may be stemmed from the packing forces in the single crystals. The
C—C and P—C bond lengths on the naphthodiphosphole core are comparable to those of reported
naphthodiphosphole.™ Thus, the positions of phosphole rings have negligible effect on their

structural parameters.
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Scheme 4-1. Synthesis of thiophene-fused naphthodiphospholes (a) 39, (b) 40, and (c) 41.

72



Chapter 4

It is noteworthy that the packing structures reflect the positions and orientations of phosphole
rings and trans/cis configurations of substituents on the phosphorus atoms. The packing
structures of 39-trans and 40-frans illustrate one-dimensional (1D) slipped n-stacked
alignments (Figure 4-3). For 39-trans, the separation distance between two m planes is about 3.7
A, which is slightly longer than that for 40-trans (ca. 3.6 A). Furthermore, the overlap of the
neighboring molecules for 39-trans is smaller than that for 40-#rans. Considering these features,
the n-m interaction in the solid state of 39-trans is weaker than that of 40-trans. On the other
hand, the packing structures of 40-cis and 41-cis display no 1D slipped n-stacked alignments.
The thiophene-fused naphthodiphosphole core of 40-cis exhibits a 2D herringbone structure
(Figure 4-4a). The multiple hydrogen bonds are visible between oxygen atoms of P=0 moieties
and hydrogen atoms of neighboring thienyl and phenyl moieties (Figure 4-4c). Thus, the
multiple hydrogen bonds play an important role in the formation of 2D herringbone structure
(vide infra). Meanwhile, the packing structure of 41-cis shows a columnar structure based on a
face-to-face dimeric structure, which is induced by a strong hydrogen bond (1.94 A) with a
water molecule (Figure 4-4b). Because of the presence of a cavity with the separation distance
of 4.3 A in the columnar structure, 41-cis seems to be promising as molecular capsules or cages.

Unfortunately, the author has not succeeded in encapsulation of any solvents or molecules in the

cavity at this stage.
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Figure 4-3. X-Ray crystal structures of (a) 39-trans, and (b) 40-trans: top view (left), side view
(middle), and packing structure (right). Thermal ellipsoids represent 50% probability. Solvent

molecules are omitted for clarity.
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Figure 4-4. X-Ray crystal structures of (a) 40-cis, and (b) 41-cis: top view (left), side view
(middle), and packing structure (right). Thermal ellipsoids represent 50% probability. Solvent
molecules are omitted for clarity. Phenyl groups on the phosphorus atoms are shown in grey
color for clarity in 40-cis. (c) Multiple hydrogen bonding natures of 40-cis. (d) The packing
structure of 41-cis along the g-axis. The hydrogen bonds with a water molecule are indicated

(dashed green line) with the distance between O...H.
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4-3. Optical Properties

The author examined the optical properties of naphthodiphospholes 39-41. UV/Vis
absorption and fluorescence spectra of 39—41 were measured in CH,Cl, (Figure 4-5 and Table
4-1). The trans/cis configurations and the direction of substituents on the phosphorus atom have
negligible impact on the absorption and fluorescence spectra, whereas the position of fused
phosphole rings influences the optical properties remarkably. The absorption spectra of
39-trans/cis display intense peaks at 294, 349, and 367 nm, and weak absorption band around
413 nm. In contrast, the absorption spectra of 40-trans/cis show intense peaks at 295 and 307
nm, while those of 41-trans/cis exhibit intense peaks at 286 and 294 nm. Moreover, they
display lowest energy absorptions at A = 438 and 441 nm, respectively. The significant red-shift
of 40 and 41 relative to 39 indicates that the fused structure on 1,2/5,6-positions of a
naphthalene core is more effective for efficient n-expansion than 2,3/6,7-positions. The isomers
39-trans/cis show relatively weak blue fluorescence with a maximum at A = 431 nm, whereas
40-trans/cis and 41-trans/cis display intensified red-shifted fluorescence with maxima at A =
462 and 467 nm, respectively. The small Stokes shifts (1010-1270 cm ') reflect their highly
rigid structures. The fluorescence quantum yields (@r) were determined using thiophene-fused
benzo-diphosphole (@ = 0.91) as a standard. The @r values of 39-trans (0.04) and 39-cis (0.06)
were much smaller than those of 40 and 41 (0.20-0.26). In addition, we measured the
fluorescence lifetimes (7z) by means of time-correlated single-photon counting (TCSPC)
technique. The ¢ values of 39 in CH,Cl, (1.1-1.5 ns) are smaller than those of 40 and 41
(2.0-2.9 ns). These values are similar to those of naphtho[2,3-b]phosphole derivatives."™” The
radiative (k;) and nonradiative (k) rate constants are calculated from the values of 7z and @r.
The k; and k., values for 40 and 41 are largely comparable. Compared to those values, the &;
values of 39-trans (3.8 x 10”s™") and 39-cis (4.0 x 10’ s™') are smaller, but the k,, values of
39-trans (6.3 x 10°s™") and 39-cis (8.7 x 10°s™") are larger. Thus, both &, and k, values of 39
contribute to the low @r value of 39. The small &, values of 39 imply that the phosphole-like
character may be weakened because of the lack of efficient o*-n* interaction (vide infra).
Moreover, the large &, values of 39 can be ascribed to the enhanced intersystem crossing (ISC).
Indeed, naphtho[2,3-b]phospholes showed phosphorescence at 77 K, which was interpreted by
their relatively large k, values (ca. 2 x 10®s").”*] We also measured the phosphorescence
spectra of 39-41 in 2-methyltetrahydrofuran (2-MeTHF) at 77 K. Under these conditions,
39-trans and 39-cis exhibit apparent phosphorescence peaks at 571 and 623 nm (Figure 4-5¢).

In contrast, 40 and 41 display no phosphorescence peak. Therefore, the introduction of fused
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structures into 2,3/6,7-positions is an effective strategy to increase the efficiencies of ISC
process by small energy difference between S; and specific T, states (AEsr) and the

corresponding enhanced spin-orbit coupling (vide infra).

Table 4-1. Optical properties of thiophene-fused naphthodiphospholes in CH,Cl.

Aabs / N Aabs / nm™ Eopt T k, Fenr Av
(¢/M'em™) (Dp)! VY ms /107 /107sT jem

39-trans 413 (3000) 431, 452 (0.06) 295 15 38 63 1010
39-cis 413 (2800) 431,450 (0.04) 295 1.1 40 87 1010
40-trans 438 (11000) 462, 484 (0.26) 275 2.3 11 32 1180
40-cis 439 (9600) 462, 485 (0.24) 275 2.0 12 38 1180
41-trans 441 (7900) 467, 488 (0.23) 274 29 78 27 1270
41-cis 441 (8300) 467, 487 (0.20) 274 24 84 33 1270

[a] Absorption maxima at the longest wavelength. [b] The samples were excited at 367 nm for
39-trans/cis and at 415 nm for 40-trans/cis and 41-trans/cis. [c] Absolute fluorescence quantum
yields (®r) were determined using thiophene-fused benzodiphosphole (@ = 0.91) as a standard
(see Chapter 3). [d] Optical HOMO-LUMO gaps from the intersection of normalized
absorption and fluorescence spectra. [¢] Stokes shifts.
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Figure 4-5. (a) UV/Vis absorption and (b) fluorescence spectra of thiophene-fused

O 1
400 450

naphthodiphospholes 39-trans (black, solid line), 39-cis (black, dashed line), 40-trans (red,
solid line), 40-cis (red, dashed line), 41-trans (blue, solid line) and 41-cis (blue, dashed line). (c)
Emission spectra of 39-cis in 2-MeTHF at r.t. (dashed line) and —190 oC (solid line). For
fluorescence measurement, the samples were excited at A =367 nm for 39 and A = 415 nm for
40 and 41. The absorbances at the excitation wavelengths were adjusted to be 0.1 for

comparison.
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4-4. Electrochemical Properties

The electrochemical properties of 39-41 were assessed by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) technique in CH,Cl, with tetrabutylammonium
hexafluorophosphate (Buy;NPFs) as an electrolyte versus ferrocene/ferrocenium ion (Fc/Fc")
(Figure 4-6). All of oxidation peaks are irreversible, whereas the reversible reduction peaks
appear at —2.12 V for 39, —1.82 V for 40, and —1.75 V for 41. The trans/cis configurations have
almost no influence on the oxidation (£,) and reduction (E.q) potentials. The electrochemical
HOMO-LUMO gaps of 39 (3.33 and 3.22 eV) are larger than those of 40 (2.98 and 2.87 eV)
and 41 (2.91 and 2.89 eV). This trend agrees with that in the optical HOMO-LUMO gaps.
Notably, the E,.q value of 39 is significantly shifted in a negative direction compared to 40 and
41. The less positive Eq value of 39 is consistent with the reduced phosphole-like electron
accepting ability of 39 in comparison with 40 and 41. Given that the energy level of Fc/Fc' is
—4.8 eV under vacuum, the LUMO levels are estimated to be —2.98 eV for 40 and —3.05 eV for
41. These LUMO levels are almost comparable to those of phosphole derivatives exhibiting

394Th48e0492] A ccordingly, the introduction of phosphole rings

high electron-transporting ability."
into 1,2/5,6-positions may be useful to extract the full potential as electron-transporting

materials.
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Figure 4-6. Cyclic voltammograms (black) and differential pulse voltammetry (DPV) curves (red)

of naphthodiphospholes. Redox potentials were determined by DPV. Solvent: CH,Cl,; scan rate:

0.05 V s™'; working electrode: glassy carbon; reference electrode: Ag/Ag* (0.01 M AgNO;);

electrolyte: 0.1 M n-BusNPFe.
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4-5. Theoretical Calculations

The author carried out DFT calculations at the B3LYP/6-31G(d,p) level to obtain the further
insight into the effects of the position of fused structures. The optimized structures adopt highly
planar structure of naphthodiphospholes. The orbital distributions of HOMOs are delocalized
over the whole m-conjugated systems except the phosphorus atoms (Figure 4-7 and 4-8).
Meanwhile, the LUMOs of 40 and 41 possess large distributions on the phosphorus atom,
indicating the phosphole-like effective o*—n* interaction. On the other hand, the LUMO of 39
possesses almost no distribution on the phosphorus atom. Therefore, the phosphole-like
character of 39 is limited because of little contribution of the phosphorus atoms to both HOMO
and LUMO. Consequently, the LUMOs of 40 and 41 are significantly stabilized compared to
the LUMO of 39. The trend of LUMO energy levels (39 (-2.12 eV) > 40 (-2.33 eV) > 41
(-2.47 eV)) agrees well with that in the E,4 values. Accordingly, the introduction of
phosphole-fused structure into 1,2/5,6-positions is crucial to retain phosphole-like features.

The author also calculated the spin-orbit coupling matrix element values (SOCMEVs) and the
ISC rate constants (kisc) of 39, 40, and 41 by using the ADF2019 package™'! (Tables 4-2-4-4).
The estimated kisc values of 39 (1.6 x 10% s~ for 39-trans and 1.7 x 10% s for 39-cis) are one
order larger than the corresponding k. values (3.8 x 107 s for 39-trans and 4.0 x 10" s™' for
39-cis, Table 4-1). In contrast, kisc values are more than one order smaller than the &, values of
40 and 41 (see Tables 4-1, 4-3, and 4-4). The results well explain the relatively high efficiency
of the ISC and low @ of 39. These calculations corroborate that the position of heterole rings

possesses remarkable influence on the electronic properties of 39—41.
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Figure 4-7. Selected Kohn-Sham orbitals of trans isomers of 39-41.
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Figure 4-8. Selected Kohn-Sham orbitals of cis isomers of 39—41.
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Table 4-2. SOCMEVs and estimated kisc values between S; and T, states for 39-trans and 39-cis.

39-trans T] Tz T3 T4 T5
SOCMEV/cm™ 1.92 1.03 0 1.15 0
kisc/ s 8.8x107" 43x10° 0 1.6x10° 0
39-cis T] Tz T3 T4 T5
SOCMEV/cm™! 0.90 0.58 1.51 1.15 0.34
kisc/ s 22x107"8 1.4x10° 3.2x10’ 1.7x108 1.0x107"

Table 4-3. SOCMEVs and estimated kisc values between S; and T, states for 40-trans and 40-cis.

40-trans T] Tz T3 T4 T5
SOCMEV/cm™ 0.40 0 1.05 1.8 0
kisc/ s 2.2x107% 0 2.0x107 2.2x10° 0
40-cis T] Tz T3 T4 T5
SOCMEV/cm™ 0.30 0.51 0.61 1.17 0.73
kisc/ s 1.9x107" 3.5x10’ 6.7%10° 8.2x10™" 43x107%

Table 4-4. SOCMEVs and estimated kisc values between S; and T, states for 41-trans and 41-cis.

41-trans T, T, T; T4 Ts
SOCMEV/cm™ 0.31 0 1.53 1.62 0
kisc/ s 3.7x10°7% 0 8.6x107 3.0x107 0
41-cis T] Tz T3 T4 T5
SOCMEV/ cm! 1.64 0.28 4.43 8.39 13.98
kisc/ s 8.1x107" 3.3x107° 3.1x10’ 2.5x10° 2.5x10%
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4-6. Charge-transporting Properties

Finally, the author evaluated the charge-transporting properties of naphthodiphospholes at
short distance. The photoconductivity of 39—41 was measured by using the flash-photolysis
time-resolved microwave conductivity (FP-TRMC) method.”®® The FP-TRMC profiles for
powder samples of 39-41 upon irradiation at A = 355 nm are shown in Figure 4-9. The
maximum transient conductivities (¢Zu)max for 39-trans (2.5 x 10° m*V''s™), 40-trans (2.4 x
10° m*V's™"), and 41-trans (2.9 x 10° m*V"'s™") are almost the same; ¢ and Zu represent the
charge-carrier generation efficiency and sum of the charge-carrier mobility, respectively. For
trans isomers, the position of fused heterole rings does not affect the charge-transport ability.
On the other hand, the (¢Zu)max value for 40-cis (5.4 x 10° m*V's™") is significantly higher
than those for 39-cis (3.5 x 10° m*V''s™") and 41-cis (3.2 x 10° m*V's™"). The highest
(@Z W) max value for 40-cis can be rationalized by effective electronic communication in the solid
state derived from the unique 2D herringbone structure. Although the author has not succeeded
to obtain the crystal structure of 39-cis, the position of fused heterole rings for cis isomers can
influence their packing structures and resultant intermolecular electronic communications in the
solid state. Accordingly, such 2D herringbone structure may become a potential platform to

realize efficient charge-transporting properties by introducing suitable substituents into 40-cis.
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Figure 4-6. FP-TRMC profiles for powder samples of (a) 39-trans (blue) and 39-cis (red), (b)

40-trans (blue) and 40-cis (red), and (c) 41-trans (blue) and 41-cis (red) upon A = 355 nm

photoexcitation at 4.6 x 10" photons cm™ pulse™ under air.
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4-7. Summary

The author established the synthesis of a series of thiophene-fused naphthodiphospholes and
evaluated their physicochemical properties comprehensively. The isomer 39 possessed larger
HOMO-LUMO gaps than those of the isomers 40 and 41. The DFT calculations showed that
the LUMO of 39 has almost no distributions on the phosphorus atom, indicating that the o*-*
interaction is hampered and in turn the phosphole-like character of 39 is limited. On the other
hand, the isomers 40 and 41 achieved effective m-expansion and high electron-accepting ability
owing to stronger o*-n* interactions of 40 and 41 than 39. Strikingly, the isomer 39 showed
phosphorescence at 77 K, whereas the isomers 40 and 41 displayed no phosphorescence. The
calculated ISC rate constants of 39 are larger by one order of magnitude than those of 40 and 42,
supporting the unique optical properties of 39. Meanwhile, the X-ray crystal structures unveiled
the effect of the orientations of fused phosphole rings and the trans/cis configurations of
substituents on the phosphorus atoms in the solid state. The trans isomers 39-trans and 40-trans
exhibited the 1D slip n-stacked arrangement. In contrast, the cis isomer 40-cis displayed the 2D
herringbone structure based on the multiple hydrogen bonds, while the packing structure of
41-cis showed the columnar structure with a cavity. The isomer 40-cis displayed the highest
transient conductivity of 5.4 x 10° m*V's”' among 39-41, which is associated with the 2D
herringbone structure in the solid state of 40-cis. Overall, the positions of fused heterole rings
are utmost importance to tune their electronic structure and optical and electrochemical
properties, while the orientations of fused heterole rings and substituents on the phosphorus
atoms play critical roles in their molecular arrangements in the solid states. Therefore, the
author accomplished the precise disposition of phosphorus and sulfur atoms in fused polycyclic
aromatics where phospholes and thiophenes can be fused into a naphthalene core selectively.
Considering that the a-positions of terminal thiophene rings can be easily functionalized,
further functionalization of thiophene-fused naphthodiphospholes would open up for their new

possibilities as organic functional materials.
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Summary of This Thesis

In this thesis, synthesis and unique properties of phosphole and thiophene-fused n-conjugated
molecules were described. The author elucidated the potential utilities of
dithieno[3,4-b:3’,4’-d]phosphole,  doubly  thiophene-fused  benzodiphospholes,  and
naphthodiphospholes for functional materials.

In Chapter 1, the author mentioned the synthesis of dithieno[3,4-5:3°,4’-d]phosphole as a new
type of thiophene-fused phospholes. A series of diaryl-substituted derivatives were prepared in
order to evaluate the fundamental properties of this platform. The dithienophosphole shows the
hybrid character reflecting the nature of phosphole and thiophene, which means that the
different types of intramolecular charge-transfer (ICT) interactions were observed by
introducing electron-donating or electron-withdrawing aryl groups. Therefore, the author
examined the modulation of dithieno[3,4-6:3°,4’-d|phosphole by using donor-m-acceptor
interaction in Chapter 2. The position of substituents is found to play an important role in the
frontier molecular orbitals and the hybrid character. The introduction of electron-donating aryl
group into 1,7-positions and electron-withdrawing group into 3,5-position can achieve more
effective ICT interaction.

In Chapter 3, the author established the synthetic methodology of doubly thiophene-fused
benzodiphosphole and their n-extended derivatives as a new class of m-conjugated molecules.
Systematic investigations revealed their intriguing properties and potential utilities. The
efficient fluorescence in red to NIR region with large Stokes shift is achieved by introducing
electron-donating group at a-position of thiophene-ring and this character is useful in the field
of Dbiological imaging. Along with this, excellent two-photon absorption property of
dimethylaminophenyl substituted derivative is also clarified. On the other hand,
phenyl-substituted derivative shows excellent charge transporting ability derived from its 2D
herringbone packing structure with intermolecular S—S interaction and hydrogen bondings.

In Chapter 4, doubly thiophene-fused naphthodiphospholes, which are n-expanded analogues
of benzodiphospholes described in Chapter 4, were investigated. The author synthesized a series
of six isomers depending on fused position and/or direction of phosphole rings, and the
orientation of substituents on the phosphorus atoms (trans/cis configurations). The isomers with
2,3/6,7-fused structure display phosphorescence due to enhanced spin-orbit coupling whereas
the isomers with 1,2/5,6-fused structure exhibit intense fluorescence. The trans/cis
configurations affect the molecular arrangement in the slid state. Especially, cis isomers show

unique packing structure, 2D herringbone structure of columnar structure with a cavity.
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Summary

The author disclosed the intriguing properties of phosphole/thiophene-fused m-conjugated
molecules and demonstrated their potential utilities. Therefore, this study will shed light to the
chemistry of such class of compounds and be helpful for application as organic functional
materials in various fields, for example, biological imaging, nonlinear optics, and organic

transistors.
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Instrumentation and materials

Commercially available solvents and reagents were used without further purification unless
otherwise mentioned. Silica-gel column chromatography was performed with UltraPure Silica
Gel (230-400 mesh, SiliCycle) unless otherwise noted. Thin-layer chromatography (TLC) was
performed with Silica gel 60 F,s4 (Merck). UV/Vis/NIR absorption spectra were measured with
a Perkin-Elmer Lambda 900 UV/vis/NIR spectrometer. Steady-state fluorescence spectra were
obtained by a HORIBA Nanolog spectrometer. Absolute fluorescence quantum yields were
obtained by using a Hamamatsu Photonics Quantaurus-QY spectrometer. 'H, °C, and *'P NMR
spectra were recorded with a JEOL EX-400 spectrometer (operating at 399.65 MHz for 'H,
100.40 MHz for "°C, and 161.7 MHz for *'P) by using the residual solvent as the internal
reference for 'H (CDCly: 6 = 7.26 ppm, CD,Cly: 8 = 5.32 ppm, C,D,Cly: 6 = 6.00 ppm,
(CD;),S0: 8= 2.50 ppm, or (CD;),CO: §=2.05 ppm), °C (CDCl5: 6= 77.16 ppm, CD,Cl,: 6 =
53.84 ppm, (CDs),SO: 6 = 39.52 ppm, or (CD;),CO: 6 = 206.26 ppm), and trimethylphosphite
as the external reference for *'P (8 = 140.0 ppm). High-resolution mass spectra (HRMS) were
measured on a Thermo Fischer Scientific EXACTIVE Fourier-transform orbitrap mass
spectrometer (APCI and ESI). Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectra were taken with the golden gate diamond anvil ATR accessory (NICOLET
6700, Thermo scientific), using typically 64 scans at a resolution of 2 cm™'. All samples were
placed in contact with the diamond window using the same mechanical force. Single-crystal
X-ray diffraction analysis data for the compounds 25 and trans/cis-33 was collected at —150 °C
on a Rigaku Saturn70 CCD diffractometer with graphite monochromated Mok, radiation
(0.71069 A), 32b, 32e, 39-trans, 40-trans/cis, and 41-cis were collected at —120 °C on a Rigaku
Saturn724+ CCD diffractometer with graphite monochromated Moy, radiation (0.71075 A), and
34a and 36a were collected at —180 °C on a Rigaku XtaLAB P200 apparatus by using a
teo-dimensional PILATUS 100K/R detector with Cug. radiation (1.54187 A). The structures
were solved by direct method (SHELXS-2014). XRD measurements of powders on a quartz
plate were performed on a Rigaku MiniFlex600 X-ray diffractometer equipped with an X-ray
tube by using Cug, radiation beam with a wavelength of 1.54 A. Diffraction intensities were
recorded with 0.02° steps in @ at a scan rate of 0.1° min"'. Redox potentials were measured by
cyclic voltammetry and differential pulse voltammetry method on an ALS electrochemical

analyzer model 660A.
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Computational method
Density Functional Theory (DFT) Calculations

All calculations were carried out using the Gaussian 09 program.®™ All structures were fully
optimized without any symmetry restriction. The optimization were performed using the density
functional theory (DFT) method with restricted B3LYP (Becke’s three-parameter hybrid

exchange functionals and the Lee-Yang-Parr correlation functional) level,**"]

employing a
basis set 6-31G(d,p) for C, H, N, O, F, P, and S. The optimized structures in solvents were
obtained with COSMO solvation model.*! Excitation energies and oscillator strengths on the

optimized structures were calculated using the TD-SCF method at the B3LYP/6-31G(d,p) level.

Simulation of TPA spectrum

All DFT calculations were carried out also using the Gaussian 09 program. The optimized
geometry at the CAM-B3LYP/6-31+G(d) level was used for the calculations of the transition
energies and transition dipole moments from the ground state to excited states by
time-dependent CAM-B3LYP and the transition dipole moments between the excited sates by
applying the Tamm-Dancoff approximation (TDA)®! for CAM-B3LYP. The polarizable
continuum model (PCM) for CH,Cl, was applied for all DFT calculations. The homemade
procedure based on the formalism reported elsewhere®” was used to simulate TPA spectra. For
the simulation, up to 15 excited states were considered and the relaxation constants of 0.1 eV

were used.

Spin-orbit coupling matrix elemental values (SOCMEVs) and ISC rate constants (kisc)

The SOCMEVs were calculated by TD-DFT in the Tamm-Dancoff approximation (TDA),
where SOC was treated as a perturbation using ADF2019.302. PBEO functional and all-electron
Slater-type triple-zeta plus polarization basis set were used.

Considering that the photoexcitation corresponds to Sy—S; absorption, ISC can be expected

between S; and T, states. The kisc values were calculated by following equation. (58]

_27C 1 (AEST'F/IM)Z 1 =~ 2
kISC_? 47[/1MkBTe<_ 4AMkBT ) §|<SI|H50|TH)|

#1 : reduced Planck constant of 6.58x10 '® eV -s

kg : Boltzmann constant of 8.62x107° eV K

T : temperature of 300 K
AEgr : energy difference between S; and T, states

For Marcus reorganization energy, Ay, we reasonably set the value to 0.1 eV considering rigid

molecular structure as demonstrated by small stokes shift.
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Two-photon absorption cross-section (0'(2)) measurements

TPA spectra of 36b were measured in CH,Cl, (spectroscopic grade) with a concentration of
0.3 mM by using the open-aperture Z-scan method.™ A femtosecond optical parametric
amplifier (Spectra-Physics TOPAS Prime) operating at 1 kHz was used as light source. The
details of the setup and analytical procedure are described elsewhere.”” The Rayleigh range
was 6—8 mm, depending on the wavelength used, much longer then the path length of the
sample (2 mm), satisfying the thin-sample condition. The average irradiation power was less
than 0.7 mW, corresponding to the on-axis optical peak intensity at the focal point of ~300
GW/cm®. The obtained open-aperture Z-scan traces were analyzed by curve fitting with the
theoretical equation assuming the partial and temporal Gaussian pulses.”” All values of the
TPA cross section were corrected by referring to those of the in-house standard sample

(MPPBT in dimethyl sulfoxide, 2.4 mM)®® measured at the same time.

Flash Photolysis Time-resolved Microwave Conductivity (FP-TRMC) Measurements

In Chapter 3, the charge carrier transport property was evaluated by FP-TRMC technique at
room temperature under air. Transient charge carriers were generated through photoexcitation
by laser pulses of third harmonic generation (A= 355 nm) from a Spectra Physics INDI-HG
Nd:YAG laser with a pulse duration of 5-8 ns at the photon density of 4.6 x 10> photon cm .
The frequency and power of probing microwave were set at around 9 GHz and 3 mW,
respectively. Photoconductivity transients, demodulated through a GaAs crystal-diode with
Schottky-barriers (rise time < 1 ns), were monitored by a Tektronix model TDS3032B digital
oscilloscope. Time constant (7) of the present TRMC system was then determined by the
Q-value of microwave cavity (@ = 2000), leading to T = Q/2f ~100 ns. The observed
conductivities were normalized, given by a photocarrier generation yield (¢) multiplied by sum
of the carrier mobilities of electron/hole (Zu), according to the equation,

AAP
o 2H el ,F.P

where, e, A, Iy, F1, P, and AP, are elementary charge, sensitivity factor (S cm’l), incident
photon density of the excitation laser (photon cm ), correction factor (cm™') for overlapping
between special distribution of photo-generated charge carriers and electromagnetic field
strength of probing microwave in the cavity, and reflected microwave power and its transient
change, respectively. The samples for FP-TRMC were prepared by drop-casting a CHCl;
solution onto a quartz plate (9 x 40 x 1 mm’) or coating a poly(vinyl alcohol) (PVA) layer by

using 2 wt% PV A/water over the powders on the quartz plate, and dried in vacuum for 2 h prior
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to use. In Chapter 4, the measurements were carried out under same condition except for using

Continuum Inc. Surelite II Nd:YAG laser and powder samples.

Chapter 1

4-Phenyldithieno|[3,4-b:3',4"-d]phosphole 4-Sulfide (23):

A solution of #-BuLi in pentane (1.64 M, 10.9 mL, 17.8 mmol) was added dropwise to a

solution of 4,4'-dibromo-3,3'-bithiophene (24) (1.34 g, 4.14 mmol) in diethyl ether (100 mL) at
—78 °C. After stirring for 2 h at —78 °C, dichlorophenylphosphine (0.673 mL, 4.97 mmol) was
added slowly and stirred for 1 h at —78 °C. The mixture was allowed to warm to —55 °C for 2 h
and then warmed to room temperature. S powder (159 mg, 4.96 mmol) was added and stirred
for 1 h. The reaction mixture was quenched with water and extracted with dichloromethane (50
mL x 3). The organic layer was dried over Na,SO4 and concentrated in vacuo. The crude
product was purified by reprecipitation from a 1:10 mixture of dichloromethane and n-hexane to
give 23 as a pale-yellow solid (905 mg, 2.97 mmol, 72%).
'H NMR (399.65 MHz, CDCls, 25 °C): 8= 7.77 (q, J = 6.8 Hz, 2H), 7.68 (dd, J = 6.4, 2.4 Hz,
2H), 7.48 (td, J = 7.2, 2.4 Hz, 1H), and 7.38—7.43 (m, 4H) ppm; °C NMR (100.40 MHz, CDCl;,
25°C): 6=131.9,131.8,131.0 (d, J=12.5 Hz), 130.3, 130.1, 128.6 (d, J = 13.5 Hz), 116.4, and
116.3 ppm; *'P NMR (161.7 MHz, CDCl;, 25 °C): 6 = 16.8 ppm. UV/vis (CH,Cl,): A (g, M
ecm ) = 260 (15000) and 302 (6500) nm. FT-IR (ATR): v = 661 (P=S) cm '. HRMS (ESI,
positive) calcd for Ci4H;oPS; [M+H]" 304.9677; found 304.9679. Mp: 146—147 °C.

3,5-Diiodo-4-phenyldithieno[3,4-b:3’,4’-d|phosphole 4-sulfide (25) and
1,5-diiodo-4-phenyldithieno[3,4-5:3’,4’-d]|phosphole 4-sulfide (26):

A solution of n-BuLi in hexane (1.55 M, 2.13 mL, 3.31 mmol) was added to a solution of
dithienophosphole 23 (458 mg, 1.50 mmol) in THF (46 mL) at —70 °C. After stirring for 1 h,
perfluorohexyliodide (0.718 mL, 3.31 mmol) in THF (10 mL) was added dropwise and stirred
for 30 min at —70 °C. The mixture was allowed to warm to room temperature and stirred for 1 h.
The reaction mixture was quenched with water and extracted with ethyl acetate (30 mL x 3).
The organic layer was dried over Na,SO4 and concentrated in vacuo. Silica-gel column
chromatography (hexane/THF = 5/1) provided 25 as a brown solid (214 mg, 0.385 mmol, 26%)
along with 26 as a brown solid (332 mg, 0.597 mmol, 40%).

25: '"H NMR (399.65 MHz, CDCls, 25 °C): 6 = 7.85 (q, J = 7.2 Hz, 2H), 7.56 (td, J = 7.2 Hz,
2.4 Hz, 1H), 7.47 (m, 2H), and 7.39 (d, J = 2.4 Hz, 2H) ppm; *'P NMR (161.7 MHz, CDCl;,
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25 °C): 0 = 23.7 ppm. FT-IR (ATR): v = 662 (P=S) cm . HRMS (ESI, positive) calcd. for
C14HgPS;I, [M+H]" 556.7610; found 556.7618. m.p.: 230 °C (decomp).

26: 'H NMR (399.65 MHz, CDCls, 25 °C): d = 7.99 (d, J = 1.6 Hz, 1H), 7.81 (q, J = 7.2 Hz,
2H), 7.74 (d, J = 7.2 Hz, 1H), 7.53 (m, 1H), and 7.45 (m, 2H) ppm; *'P NMR (161.7 MHz,
CDCl;, 25 °C): 8= 19.3 ppm. FT-IR (ATR): v= 657 (P=S) cm . HRMS (ESI, positive) calcd.
for C4HgPS;I, [M+H]" 556.7610; found 556.7617. m.p.: 260 °C (decomp). Due to the low
solubility, we could not obtain the >C NMR spectra in a sufficient S/N ratio.

General procedure for the cross-coupling of dithienophosphole 25 with aryl boronates.

A Schlenk flask containing dithienophosphole 25 (55 mg, 0.1 mmol), aryl boronate (0.25
mmol, 2.5 equiv), Na,COj; (42 mg, 0.4 mmol, 4 equiv) and Pd(PPh;)s (11 mg, 0.01 mmol, 10
mol%) was flushed argon and then THF (1.6 mL) and water (0.8 mL) were added. After stirring
for 24 h at 70 °C, the mixture was cooled to room temperature and extracted with AcOEt (10
mL x 3). The organic layer was washed with brine, dried over Na,SO4 and concentrated in
vacuo. The crude product was purified by silica-gel column chromatography (hexane/CH,Cl, =

1/3) to give aryldithienophospholes 27.

3,5-Diphenyl-4-phenyldithieno[3,4-b:3’,4’-d|phosphole 4-sulfide (27a):

A white solid (29.8 mg, 65.3 pmol, 66%).

'H NMR (399.65 MHz, CD,Cl,, 25 °C): 6 = 7.82 (q, J = 7.6 Hz, 2H), 7.64 (q, J = 4.0 Hz, 4H),
7.43 (m, 1H), 7.41 (d, J = 2.4 Hz, 2H), 7.35 (m, 2H), and 7.25-7.29 (m, 6H) ppm; C NMR
(100.40 MHz, CDCl;, 25 °C): 6 = 150.0, 141.5 (d, J = 18.3 Hz), 131.9, 131.4, 131.3, 128.8,
128.6, 128.5, 128.4, 128.3, 114.4, and 114.3 ppm; *'P NMR (161.7 MHz, CDCls, 25 °C): 6 =
23.3 ppm. UV/vis (CH,CL): A (¢, M em™") = 270 (41000), 310 (14000), 355(sh) (2300) nm.
Fluorescence (CH,Cly, Aex = 323 nm): Amey = 399 nm. FT-IR (ATR): v = 652 (P=S) cm .
HRMS (ESI, positive) caled. for CycH;sPSs [M+H]" 457.0303; found 457.0305. m.p.: 267—
269 °C.

3,5-Di(4-methoxyphenyl)-4-phenyldithieno[3,4-b:3°,4’-d]phosphole 4-sulfide (27b):

A brown solid (32.2 mg, 62.3 pmol, 63%).

'H NMR (399.65 MHz, CDCls, 25 °C): 6 = 7.82 (q, J = 8.4 Hz, 2H), 7.64 (dt, J = 2.4, 9.2 Hz,
4H), 7.37-7.44 (m, 1H), 7.30-7.36 (m, 2H), 7.24 (d, J = 1.8 Hz, 2H), 6.78 (dt, J = 2.4, 9.2 Hz,
4H), and 3.78 (s, 6H) ppm; °C NMR (100.40 MHz, CDCl;, 25 °C): 6 = 160.1, 150.1 (d, J =
11.5 Hz), 138.8 (d, J = 622 Hz), 138.4 (d, /=510 Hz), 131.8, 131.4, 131.3, 129.7, 128.5 (d, J =
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13.5 Hz), 124.7, 113.8, 113.3 (d, J = 12.5 Hz), and 55.3 ppm; *'P NMR (161.7 MHz, CDCl;,
25 °C): 6 =21.2 ppm. UV/vis (CH,CL): A (¢, M em™") = 279 (42000), 308 (21000), and 351
(8000) nm. Fluorescence (CH,Cly, Aex = 323 nm): Apa = 399 nm. FT-IR (ATR): v = 1252
(C-0-C), 1026 (C-O-C), 673 (P=S) cm™'. HRMS (ESI, positive) calcd. for CosH,,0,PS; [M+H]
517.0514; found 517.0519. m.p.: 233-234 °C.

3,5-Bis(4-dimethylaminophenyl)-4-phenyldithieno[3,4-5:3,4’-d]phosphole 4-sulfide (27c¢):
A yellow solid (36.5 mg, 67.2 umol, 68%).

'H NMR (399.65 MHz, CDCls, 25 °C): 6 = 7.89 (q, J = 7.6 Hz, 2H), 7.60 (d, J = 9.2 Hz, 4H),
7.30-7.40 (m, 3H), 7.13 (d, J = 1.8 Hz, 2H), 6.57 (d, J = 9.2 Hz, 4H), and 2.94 (s, 12H) ppm;
C NMR (100.40 MHz, CDCl;, 25 °C): 8 = 150.5, 141.6 (d, J = 19.3 Hz), 135.5 (d, J = 67.4
Hz), 134.4, 133.2 (d, /=75 Hz), 131.5, 131.4, 129.3, 128.4 (d, /= 12.5 Hz), 120.2, 111.7 (d, J
=12.5 Hz), 111.6, and 40.2 ppm; *'P NMR (161.7 MHz, CDCls, 25 °C): § = 21.5 ppm. UV/vis
(CH,CL): A (e, M em™) = 301 (35000) and 381 (25000) nm. Fluorescence (CH,Cl,, Aex = 323
nm): Amax = 464 nm. FT-IR (ATR): v = 1203 (C-N), 673 (P=S) cm'. HRMS (ESI, positive)
caled. for C30H,sN,PS; [M+H]" 543.1147; found 543.1155. m.p.: 240 °C (decomp).

3,5-Bis(4-trifluoromethylphenyl)-4-phenyldithieno[3,4-5:3’,4’-d]phosphole 4-sulfide (27d):

A white solid (28.7 mg, 48.5 pmol, 49%).

'H NMR (399.65 MHz, CDCls, 25 °C): 6 = 7.78 (q, J = 7.2 Hz, 2H), 7.77 (d, J = 8.6 Hz, 4H),
7.52 (d, J = 8.6 Hz, 4H), 7.44 (m, 1H), 7.42 (d, J = 1.6 Hz, 2H), and 7.33-7.40 (m, 2H) ppm;
C NMR (100.40 MHz, CDCls, 25 °C): 8= 141.6, 141.5, 138.6 (d, J = 90.6 Hz), 135.1, 132.4,
131.3, 131.2, 130.5 (d, J = 32.8 Hz), 128.8, 128.7, 128.4, 125.5 (d, /= 3.9 Hz), and 115.8 (d, J
= 12.5 Hz) ppm; *'P NMR (161.7 MHz, CDCls, 25 °C): 8 = 21.3 ppm. UV/vis (CH,CL): A (e,
M em™) =273 (33000), 314 (12000), and 350(sh) (2200) nm. Fluorescence (CH,Cl,, A = 323
nm): Amae = 400 nm. FT-IR (ATR): v = 1126 (C-F), 667 (P=S) cm . HRMS (ESI, positive)
calcd. for CogH 6F¢PS3 [M+H]" 593.0050; found 593.0057. m.p.: 276-277 °C.

3,5-Di(4-nitrophenyl)-4-phenyldithieno[3,4-5:3’,4’-d|phosphole 4-sulfide (27e):

A yellow solid (22.2 mg, 40.5 pmol, 41%).

'H NMR (399.65 MHz, CDCls, 25 °C): 6 = 8.13 (dt, J = 9.2 Hz, 2.4 Hz, 4H), 7.85 (dt, J = 9.2
Hz, 2.4 Hz 4H), 7.80 (q, J= 8.4 Hz, 2H), 7.51 (d, /= 1.8 Hz, 2H), 7.43-7.49 (m, 1H), and 7.35—
7.42 (m, 2H) ppm; *'P NMR (161.7 MHz, CDCl;, 25 °C): 6 = 21.3 ppm. UV/vis (CH,Cl,): A (g,
M 'em™) = 307 (24000), 336 (22000), and 385(sh) (12500) nm. Fluorescence (CH,Cly, Aex =
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323 nm): Amax = 515 nm. FT-IR (ATR): v = 1506 (NO,), 1337 (NO,), 669 (P=S) cm'. HRMS
(ESI, negative) calcd. for CycH4N,O4PS; [M—H] 544.9859; found 544.9868. m.p.: >280 °C.
Due to the low solubility, we could not obtain the *C NMR spectrum in a sufficient S/N

ratio.

3,5-Diphenyl-4-phenyldithieno[3,4-5:3,4’-d]phosphole (28):

A Schlenk tube equipped with magnetic stir bar was charged with dithienophosphole 27a (3.4

mg, 7.5 umol) and P(NMe,); (0.01 mL, 37.5 pmol), the mixture was dissolved in toluene (5
mL). The mixture was stirred for 5 h under Ar atmosphere at 90 °C. After 5 h, water was added
to the mixture and the product was extracted with CH,Cl,, and the combined organic layer was
washed with water and brine, and dried over Na,SQ,4. After the solvent was removed under
reduced pressure, the residue was purified by a silica gel column chromatography using a 5:6
mixture of CH,Cl, and n-hexane to afford 28 as a white solid (2.2 mg, 5.6 umol, 75 %).
'H NMR (399.65 MHz, CDCls, 25 °C): d=7.63 (d, 4H, J = 8.0 Hz), 7.37 (s, 2H), 7.32 (m, 6H),
7.27 (m, 2H), and 7.16 (m, 3H) ppm; °C NMR (100.40 MHz, CDCls, 25 °C): § = 144.0 (d, J =
15.4 Hz), 143.5, 143.3 (d, J = 14.5 Hz), 133.9, 133.1 (d, J = 20.2 Hz), 129.3, 128.7, 128.6 (d, J
=17.7Hz), 127.8, 127.1, 127.0, and 113.5 ppm; *'P NMR (161.7 MHz, CDCl;, 25 °C): § =-31.8
ppm. UV/vis (CH,CL): A (e, M ecm™) = 271 (40000), 291(sh) (25500), and 330(sh) (4000) nm.
Fluorescence (CH,Cl,, Ax = 323 nm): An.x = 429 nm. HRMS (ESI, positive) caled. for
C6H sPS, [M+H]™ 425.0582; found 425.0581. m.p.: 148-149 °C.

Chapter 2

3,5-Di(4-methoxyphenyl)-4-phenyldithieno[3,4-5:3,4’-d]phosphole 4-oxide (30b):

To a solution of dithienophosphole 27b (36.5 mg, 0.0706 mmol) in toluene (2.0 mL) was
added P(NMe,); (65 pL, 0.35 mmol) and heated to 90 °C. After stirring for 3 h at 90 °C, the
mixture was allowed to cool to ambient temperature and then an aqueous solution of hydrogen
peroxide (30% in water, lmL) was added. Stirring another 30 min, the reaction mixture was
extracted with CHCIl; (5 mL x 3). The organic layer was dried over with Na,SO4 and
concentrated in vacuo. The residue was purified by silica-gel column chromatography (eluent:
CHCI;) to afford phosphole oxide 30b (26.9 mg, 0.0537 mmol, 76%).

'H NMR (395.88 MHz, (CD;),CO, 25 °C): §=7.93 (d, 4H, J = 8.7 Hz), 7.67 (d, 2H, J = 2.3 Hz,
2H), 7.61-7.53 (m, 2H), 7.39-7.33 (m, 1H), 7.31-7.24 (m, 2H), 6.93 (d, 4H, J = 8.7 Hz), and
3.81 (s, 6H) ppm; °C NMR (100.40 MHz, (CD5),CO, 25 °C): 6= 162.2, 152.6 (d, J = 11.6 Hz),
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143.4 (d, J = 22.2 Hz), 136.9 (d, J = 113 Hz), 133.6, 133.5 (d, J = 110 Hz), 132.6 (d, J = 10.6
Hz), 130.6, 130.0 (d, J = 12.5 Hz), 126.9, 116.3 (d, J = 12.5 Hz), 115.9 and 56.4 ppm; *'P NMR
(161.7 MHz, CDCls, 25 °C): 6 = 14.8 ppm. FT-IR (ATR): v = 1030 (C-O-C) and 1180 (P=0)
em™'. HRMS (ESI, positive) caled. for CosHaO5PS;Na [M+Na]” 523.0562; found 523.0559.
m.p.: 249-250 °C.

3,5-Di(4-nitrophenyl)-4-phenyldithieno[3,4-b:3’,4’-d]|phosphole 4-oxide (30e):

To a solution of dithienophosphole 27e (27.6 mg, 0.0505 mmol) in toluene (2.0 mL) was

added P(NMe,); (92 pL, 0.50 mmol) and heated to 90 °C. After stirring for 3 h at 90 °C, the
mixture was allowed to cool to ambient temperature and then an aqueous solution of hydrogen
peroxide (30% in water, lmL) was added. Stirring another 30 min, the reaction mixture was
extracted with CHCIl; (5 mL x 3). The organic layer was dried over with Na,SO4 and
concentrated in vacuo. The residue was purified by silica-gel column chromatography (eluent:
CHCI;) to afford phosphole oxide 30e (16.5 mg, 0.0311 mmol, 62%).
'H NMR (395.88 MHz, (CD,Cl,, 25 °C): 6 = 8.20 (d, 4H, J = 9.2 Hz), 8.08 (d, 4H, J = 9.2 Hz,
2H), 7.57 (d, 2H, J = 1.8 Hz), 7.61-7.52 (m, 2H), 7.39-7.33 (m, 1H) and 7.28-7.21 (m, 2H)
ppm; “C NMR (100.40 MHz, CD,Cl,, 25 °C): 6 = 148.7 (d, J = 9.6 Hz), 148.0, 142.5 (d, J =
20.2 Hz), 138.8 (d, J = 108 Hz), 138.7, 133.0, 131.4 (d, J = 11.6 Hz), 130.1 (d, J = 111 Hz),
129.1 (d, J = 13.5 Hz), 128.7, 124.6 and 118.2 (d, J = 12.5 Hz) ppm; *'P NMR (161.7 MHz,
CDCls, 25 °C): 6= 14.2 ppm. FT-IR (ATR): v= 1509 (NO,) and 1171 (P=0) cm"'. HRMS (ESI,
positive) calcd. for C,sH 5N,OsPS,;Na [M+Na]" 553.0052; found 553.0051. m.p.: >300 °C.

1,7-Diiodo-3,5-di(4-methoxyphenyl)-4-phenyldithieno[3,4-b:3’,4’-d]phosphole 4-oxide
(31b):

To a solution of dithienophosphole 30b (10.7 mg, 0.0214 mmol) in CHCI;/AcOH (2.2 mL,
v/v = 10/1) was added N-iodosuccinimide (10.6 mg, 0.470 mmol) and heated to 50 °C. After
stirring for 18 h at 50 °C, the mixture was allowed to cool to ambient temperature and then the
reaction was quenched with saturated aqueous solution of Na,S,0;. The mixture was extracted
with CHCI; (5 mL x 3). The organic layer was washed with sat. NaHCOj; aq., dried over with
Na,SO,; and concentrated in vacuo. The residue was purified by silica-gel column
chromatography (eluent: CHCI;) to afford diiodophosphole oxide 31b (15.0 mg, 0.0199 mmol,
91%).

'H NMR (395.88 MHz, CD,Cl,, 25 °C): § = 7.67 (d, 4H, J = 9.2 Hz), 7.51-7.43 (m, 2H), 7.34—
7.29 (m, 1H), 7.23-7.16 (m, 2H), 6.82 (d, 4H, J = 8.7 Hz), and 3.76 (s, 6H) ppm; “C NMR
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(100.40 MHz, CD,Cl,, 25 °C): = 161.2, 158.1 (d, J = 10.6 Hz), 145.4 (d, J = 20.2 Hz), 138.8,
136.7 (d, J =217 Hz), 132.4, 131.5 (d, J = 11.6 Hz), 129.8, 128.7, 128.6, 124.3, 114.6 and 55.7
ppm; *'P NMR (161.7 MHz, CDCls, 25 °C): & = 4.17 ppm. FT-IR (ATR): v = 1030 (C-O-C)
and 1174 (P=0) cm'. HRMS (ESI, positive) calcd. for CysH ol,05PS,Na [M+Na]" 774.8495;
found 774.8489. m.p.: 280 °C (decomp.).

1,7-Diiodo-3,5-di(4-nitrophenyl)-4-phenyldithieno[3,4-5:3,4’-d]|phosphole 4-oxide (31e):
To a solution of dithienophosphole 30e (20.9 mg, 0.0394 mmol) in CHCI;/AcOH (2.2 mL,
v/v = 10/1) was added N-iodosuccinimide (19.5 mg, 0.867 mmol) and heated to 50 °C. After
stirring for 18 h at 50 °C, the mixture was allowed to cool to ambient temperature and then the
reaction was quenched with saturated aqueous solution of Na,S,0s;. The mixture was extracted
with CHCI; (5 mL x 3). The organic layer was washed with sat. NaHCOj; aq., dried over with
Na,SO; and concentrated in vacuo. The residue was purified by silica-gel column
chromatography (eluent: CHCl;) to afford diiodophosphole oxide 31e (10.1 mg, 0.013 mmol,
33%).
'H NMR (395.88 MHz, CD,Cl,, 25 °C): § = 8.18-8.12 (m, 4H), 7.98-7.92 (m, 4H), 7.55-7.44
(m, 2H), 7.37-7.30 (m, 1H) and 7.25-7.17 (m, 2H) ppm; “C NMR (100.40 MHz, CD,Cl,,
25 °C): 6 =148.3, 146.5 (d, J=9.6 Hz), 139.2 (d, J = 105 Hz), 137.6, 136.4 (d, J = 19.3 Hz),
133.3 (m), 131.5 (d, /= 11.6 Hz), 129.0 (m), 128.95 (d, /= 113 Hz), 128.90, 125.0 (d, /=154
Hz) and 124.6 ppm; *'P NMR (161.7 MHz, CDCls, 25 °C): 6 = 10.4 ppm. FT-IR (ATR): v =
1506 (NO,) and 1190 (P=0) cm'. HRMS (APCI, positive) calcd. for Co6Hs,N,OsPS, [M+H]"
782.8160; found 782.8169. m.p.: >300 °C.

1,7-Di(4-nitrophenyl)-3,5-di(4-methoxyphenyl)-4-phenyldithieno[3,4-5:3°,4’-d]phosphole
4-oxide (32b):

A Schlenk flask containing dithienophosphole 31b (15 mg, 0.020 mmol), 4-nitrophenyl
boronate (12.4 mg, 0.0498 mmol), Na,CO; (8.5 mg, 0.080 mmol) and Pd(PPhs), (2.3 mg, 2.0
umol) was flushed argon and then THF (1.6 mL) and water (0.8 mL) were added. After stirring
for 16 h at 70 °C, the mixture was cooled to room temperature and diluted with CHCl;, dried
over Na,SO, and concentrated in vacuo. The crude product was purified by silica-gel column
chromatography (eluent: CHCI;) to give dithienophospholes 32b (11.2 mg, 0.015 mmol, 76%).
'H NMR (395.88 MHz, CD,Cl,, 25 °C): 6 = 7.87 (d, J = 8.7 Hz, 4H), 7.73 (d, J = 8.7 Hz, 4H),
7.69-7.61 (m, 2H), 7.42-7.36 (m, 1H), 7.31-7.22 (m, 6H), 6.90 (d, J = 8.7 Hz, 4H) and 3.81 (s,
6H) ppm; "C NMR (100.40 MHz, CD,Cl,, 25 °C): 8 = 161.3, 153.1 (d, J = 9.6 Hz), 147.4,
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140.5, 138.0 (d, /=107 Hz), 137.5 (d, /= 20.2 Hz), 132.5,132.3 (d, /= 12.5 Hz), 131.6 (d, J =
10.6 Hz), 130.0 (d, J=91.5 Hz), 129.8, 129.2, 128.8 (d, J = 13.5 Hz), 124.7, 123.4, 114.7 and
55.8 ppm; °'P NMR (161.7 MHz, CDCls, 25 °C): § = 11.0 ppm. UV/vis (CH,Cl,): A (&, M cm™
" =280 (35000), 323 (30000), and 358 (28000) nm. Fluorescence (CH,Cly, Acx = 400 nm): Apax
=606 nm. FT-IR (ATR): v= 1512 (NO,), 1178 (P=0), and 1020 (C—O-C) cm . HRMS (ESI,
positive) calcd. for C4oH,sN,O;PS, [M+H]" 743.1070; found743.1074. m.p.: >300 °C.

1,7-Di(4-methoxyphenyl)-3,5-di(4-nitrophenyl)-4-phenyldithieno[3,4-5:3’,4’-d]phosphole
4-oxide (32¢):

A Schlenk flask containing dithienophosphole 31e (10.0 mg, 0.013 mmol), 4-methoxyphenyl
boronate (7.5 mg, 0.032 mmol), Na,CO; (5.4 mg, 0.051 mmol) and Pd(PPh;), (1.5 mg, 1.3
umol) was flushed argon and then THF (1.6 mL) and water (0.8 mL) were added. After stirring
for 16 h at 70 °C, the mixture was cooled to room temperature and diluted with CHCl;, dried
over Na,SO, and concentrated in vacuo. The crude product was purified by silica-gel column
chromatography (eluent: CHCIs) to give dithienophospholes 32e (8.1 mg, 0.011 mmol, 85%).
'H NMR (395.88 MHz, CD,Cl,, 25 °C): 6 =8.19 (d, J = 8.7 Hz, 4H), 8.11 (d, J = 8.7 Hz, 4H),
7.69-7.60 (m, 2H), 7.40-7.32 (m, 1H), 7.30-7.23 (m, 2H), 6.98 (d, /= 8.7 Hz, 4H), 6.44 (d, J =
8.7 Hz, 4H) and 3.76 (s, 6H) ppm; C NMR (100.40 MHz, CD,Cl,, 25 °C): 8 = 160.6, 147.9,
146.8 (d, J=9.6 Hz), 140.9 (d, J = 105 Hz), 139.1 (d, J = 12.5 Hz), 138.8, 136.3 (d, J = 20.2
Hz), 132.8, 131.6 (d, J = 10.6 Hz), 130.3 (d, J= 111 Hz), 129.9, 129.0 (d, J = 13.5 Hz), 128.8,
125.2, 124.5, 113.6 and 55.4 ppm; >'P NMR (161.7 MHz, CDCls, 25 °C): 6 = 10.6 ppm. UV/vis
(CH.CL): A (5, M em™) = 259 (35600), 294 (32700), 320 (31000), and 376 (26800) nm.
Fluorescence (CH,Cly, Acx = 400 nm): A = 629 nm. FT-IR (ATR): v = 1501 (NO,), 1177
(P=0), and 1024 (C-O—C) cm'. HRMS (ESI, positive) calcd. for CyH,sN,0,PS, [M+H]
743.1070; found 743.1069. m.p.: >300 °C.

Chapter 3
1,4-Diboromo-2,5-bis(pinacolatoboryl)benzene: "

To a solution of 1,4-dibromobenzene (3.00 g, 12.7 mmol) in degassed cyclohexane (63.6 mL)
was added (Bpin), (8.06 g, 31.7 mmol) and [Ir(cod)OMe], (84.2 mg, 0.127 mmol). After stirring
for 4 h at 85 °C, the mixture was cooled to ambient temperature and filtered. The residue was
washed with hexane to afford 1,4-dibromo-2,5-bis(pinacolatoboryl)benzene as a white powder

(4.94 g, 10.1 mmol, 80 % yield).
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'"H NMR (395.88 MHz, CDCl, 25 °C): 8= 7.74 (s, 2H) and 1.37 (s, 24H) ppm.

1,4-Dibromo-2,5-bis(3-bromothiophen-2-yl)benzene (37): 21

A 300 mL round flask containing 1,4-dibromo-2,5-bis(pinacolatoboryl)benzene (5.00 g, 10.2
mmol) Na,CO; (5.43 g, 51.2 mmol) and Pd(PPhs), (1.18 g, 1.02 mmol) was flushed argon and
then THF (125 mL), water (62.5 mL) and 2,3-dibromothiophene (2.55 mL, 22.5 mmol) were
added. After stirring for 24 h at 70 °C, the mixture was cooled to room temperature and
extracted with CHCl; (50 mL x 2). The organic layer was washed with brine, dried over Na,SO,
and concentrated in vacuo. The crude product was added chloroform (5 mL) and filtered. The
residue was washed with cooled chloroform to afford thienylbenzene 37 as a white solid (2.67 g,
4.79mmol, 49% yield).
'H NMR (395.88 MHz, CDCls, 25 °C): 6 = 7.71 (s, 2H), 7.42 (d, J = 5.2 Hz, 2H) and 7.09 (d, J
= 5.2 Hz, 2H) ppm.

Doubly thiophene-fused benzodiphospholes (trans-33 and cis-33):

A solution of thienylbenzene 37 (50.0 mg, 0.0896 mmol) in THF (2 mL) was added
dropwisely to a solution of #n-BuLi (1.55 M in hexane, 0.243 mL, 0.376 mmol) in THF (1.8 mL)
at —78 °C. After stirring for 1 h at —78 °C, dichlorophenylphosphine (26.7 pL, 0.197 mmol) was
added slowly and stirred for 1 h at —78 °C. The mixture was allowed to warm to ambient
temperature and then aqueous solution of hydrogen peroxide (30% in water, 1 mL) was added.
After stirring for 30 min, the reaction was quenched with water and extracted with chloroform
(10 mL x 3). The combined organic layer was dried over Na,SO,4 and concentrated in vacuo.
The crude product was purified by column chromatography (eluent: chloroform) to give
trans-33 as a light yellow solid (7.2 mg, 14.8 pmol, 17% yield) and cis-33 as a light yellow
solid (7.7 mg, 15.8 pumol, 18% yield). Single crystals suitable for X-ray crystallographic
analysis were obtained by vapor diffusion of n-hexane into CHCI; solutions of #rans-33 or
cis-33.
trans-33: "H NMR (395.88 MHz, CDCls, 25 °C): 8 =7.77 (q, J = 7.2 Hz, 4H), 7.68 (dd, J = 2.8,
11.2 Hz, 2H), 7.54 (m, 2H), 7.44 (m, 6H) and 7.20 (q, J = 2.8 Hz, 2H) ppm; "C NMR (100.40
MHz, CDCl;, 25 °C): 6 =152.8 (d, J = 26.0 Hz), 142.1 (d, J = 107 Hz), 137.8 (t, J = 15.5 Hz),
136.8, 133.0, 132.0 (d, /=742 Hz), 131.2 (d, J= 12.4 Hz), 131.0 (d, /= 15.5 Hz), 129.3 (d, J =
15.4 Hz), 126.2 (d, J = 15.4 Hz), and 121.9 (t, J = 9.6 Hz) ppm; >'P NMR (161.7 MHz, CDCl;,
25 °C): & = 22.9 ppm. UV/Vis (CH,CL): A (5, M 'em™) = 271 (26300), 331 (12700), 346
(17600), and 404 (8000) nm. Fluorescence (CH,Cl,, Aex = 415 nm): A = 481 nm; @ = 0.92.
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FT-IR (ATR): v = 1242 cm' (P=0). HRMS (APCI, positive) calcd. for C,6H,40,P,S, [M+H]"
487.0140; found 487.0131. m.p.: >280 °C.

cis-33: '"H NMR (395.88 MHz, CDCls, 25 °C): 6 = 7.70 (m, 6H), 7.56 (t, J = 7.2 Hz, 2H), 7.45
(m, 6H) and 7.22 (dd, J = 2.4, 4.8 Hz, 2H) ppm; “C NMR (100.40 MHz, CDCl;, 25 °C): 6 =
153.0 (d, J=27.9 Hz), 142.1 (d, J = 105 Hz), 137.4 (m), 135.7 (d, J = 110 Hz), 133.0, 131.2 (d,
J=11.6 Hz), 131.0 (d, J = 15.4 Hz), 129.2 (d, J = 107 Hz), 129.2 (d, J = 12.5 Hz), 126.3 (d, J =
14.5 Hz), and 121.8 (t, J = 9.6 Hz) ppm; *'P NMR (161.7 MHz, CDCl;, 25 °C): § = 22.7 ppm.
UV/Vis (CH,CL): A (¢, M'em™) = 273 (25000), 331 (12000), 346 (17000) and 404 (7600) nm.
Fluorescence (CH,Cl,, Acx = 415 nm): Apax = 478 nm; @ = 0.91. FT-IR (ATR): v= 1172 (P=0)
cm'. HRMS (APCI, positive) calcd. for Co6H 60,P5S, [M+H]" 487.0140; found 487.0141. m.p.:
191-192 °C.

Dibrominated benzodiphosphole 38:

To a solution of #rans-33 (100 mg, 0.206 mmol) in CHCI;/AcOH (v/v = 3/2, 3.43 mL) was

added N-bromosuccinimide (366 mg, 2.06 mmol) and stirred for 24 h at ambient temperature.
Then, the reaction was quenched with acetone and extracted with chloroform (10 mL X 3). The
organic layer was washed with sat. Na,CO; aq., dried over Na,SO, and concentrated in vacuo.
The crude was purified by column chromatography (eluent: chloroform) to give
benzodiphosphole 38 as a yellow solid quantitatively.
'H NMR (395.88 MHz, CDCl;, 25 °C): 6 = 7.70 (q, J = 6.9 Hz, 4H), 7.61 (t, J = 7.6 Hz, 2H),
7.55(dd, J=2.8,10.4 Hz, 2H), 7.50 (td, J= 3.2, 7.6 Hz, 4H), and 7.16 (d, J = 2.4 Hz, 2H) ppm;
C NMR (100.40 MHz, CDCls, 25 °C): 8= 152.4 (d, J = 25.1 Hz), 141.0 (d, J = 107 Hz), 136.5
(d, J=107 Hz), 133.4, 131.2 (d, J = 11.6 Hz), 129.5 (d, J = 13.5 Hz), 128.6 (d, J = 13.5 Hz),
128.5, 127.1 (d, J= 67.4 Hz), 121.9 (t, J= 10.1 Hz), and 117.9 (d, J = 20.2 Hz) ppm; *'P NMR
(161.7 MHz, CDCl;, 25 °C): 6 = 24.6 ppm. FT-IR (ATR): v = 1191 cm ' (P=0). HRMS (ESI,
positive) caled. for C,6H 4Br,0,P,S, [M+H]" 643.8343; found 643.8350. m.p.: >280 °C.
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Figure 7-1. Structures of arylboronates and arylacetylenes.
Arylboronates S1a, S1b”* and S2a* were synthesized according to the literatures.

4,4,5,5-Tetramethyl-2-(3,5-bis(trifluoromethyl)phenyl)-1,3,2-dioxaborolane (S1c):**

A 50 mL two-neck flask with 1-bromo-3,5-bis(trifluoromethyl)benzene (0.50 mL, 2.95
mmol), bis(pinacolato)diboron (900 mg, 3.54 mmol) and KOAc (869 mg, 8.86 mmol) was
flushed with argon and then, DMSO (14.8 mL) and Pd(dppf)Cl,*CH,Cl, (72.3 mg, 0.0886
mmol) were added. After stirring 3 h at 80 °C, the reaction mixture was allowed to cool to
ambient temperature and added water (100 mL). The mixture was extracted with AcOEt/hexane
(v/v =1/4, 30 mL x 3). The organic layer was washed with brine, dried over Na,SO, and
concentrated in vacuo. The crude product was purified by silica-gel column chromatography
(eluent: AcOEt/hexane = 1/50) to give Slc¢ as a white solid (684 mg, 2.01 mmol, 68%).

Slc:'"H NMR (395.88 MHz, CDCls, 25 °C): 6 = 8.23 (bs, 2H), 7.94 (bs, 1H) and 1.37 (s, 12H)

(E)-N,N-Dimethylamino-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)aniline
(S2b): P9

A Schlenk flask containing 4-(dimethylamino)benzylacetylene (180 mg, 1.24 mmol),
pinacolborane (0.234 mL, 1.61 mmol), and DIBAL-H (1 M in hexane, 0.124 mL, 0.124 mmol)
was heated to 90 °C. After stirring for 3 h, the mixture was cooled to room temperature and
quenched with water. Then, the mixture was extracted with AcOEt (3 times). The organic layer
was washed with brine, dried over Na,SO, and concentrated in vacuo. The crude product was
purified by silica-gel column chromatography (eluent: AcOEt/Hexane = 1/50) to give S2b as a
pale yellow oil (131 mg, 0.483 mmol, 39% yield).
S2b: 'H NMR (395.88 MHz, CDCls, 25 °C): 6 = 7.41 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 18.4 Hz,
1H), 6.67 (d, J = 8.4 Hz, 2H), 5.94 (d, /= 18.4 Hz, 1H), 2.96 (s, 6H) and 1.31 (s, 12H) ppm.

3,5-Bis(trifluoromethyl)phenylacetylene (S3c): 7%
A two-neck flask containing 3,5-bis(trifluoromethyl)-1-bromobenzene (0.578 mL, 3.41

100



Experimental Section

mmol), Pd(PPh;),Cl, (69.2 mg, 0.0986 mmol), and Cul (37.6 mg, 0.197 mmol) was flushed
argon and then THF (8.5 mL), N, N-diisopropylethylamine (2.4 mL) and trimethylsilylacetylene
(1.04 mL, 7.51 mmol) were added. After stirring for 15 h at 60 °C, the mixture was cooled to
room temperature and the solvent was removed under reduced pressure. The residue was
purified by silica-gel column chromatography (Hexane) to give TMS-S3¢ as a colorless oil (560
mg, 2.35 mmol, 69%).

To a solution of TMS-S3c¢ (400 mg, 1.29 mmol) in Et,0O (10 mL) was added KOH (50% in
MeOH, 0.1 mL) and stirring for 10 min at ambient temperature. The reaction was quenched
with water (100 mL) and extracted with Et;0 (10 mL x 3). The organic layer was washed with
brine, dried over Na,SO, and concentrated in vacuo. The crude product was used for next
reaction without further purification due to low boiling point.

TMS-S3c¢: '"H NMR (395.88 MHz, CDCls, 25 °C): 8 = 7.79 (bs, 2H), 7.77 (bs, 1H) and 0.26 (s,
9H) ppm.
S3c: 'H NMR (395.88 MHz, CDCls, 25 °C): 8= 7.91 (bs, 2H), 7.84 (bs, 1H), 3.26 (s, 1H) ppm.

4-Nitrophenylacetylene (S3d): *”

A two-neck flask containing 4-iodonitrobenzene (651 mg, 2.61 mmol), Pd(PPh;),Cl, (73.4
mg, 0.105 mmol) and Cul (10 mg, 0.0523 mmol) was flushed argon and then triethylamine (26
mL) and TMSA (0.542 mL, 3.92 mmol) were added. After stirring for 2 h at ambient
temperature, TBAF (1M in THF, 3.92 mL, 3.92 mmol) was added. After stirring for 15 min, the
solvent was removed under reduced pressure. The residue was purified by column
chromatography (eluent: AcOEt/Hexane = 1/10) to give S3d (220 mg, 1.50 mmol, 57%).

S3d: '"H NMR (395.88 MHz, CDCls, 25 °C): 6 = 8.20 (d, J = 9.1 Hz, 2H), 7.64 (d, J = 9.1 Hz,
2H) and 3.36 (s, 1H) ppm.

Phenyl-substituted 34a:

A Schlenk flask containing benzodiphosphole 38 (18.9 mg, 0.0293 mmol), phenyl boronate
S1a (15.0 mg, 0.0733 mmol), Na,CO; (12.4 mg, 0.117 mmol) and Pd(PPh;), (3.4 mg, 2.93
pmol) was flushed argon and then THF (0.66 mL) and water (0.33 mL) were added. After
stirring for 4 h at 70 °C, the mixture was cooled to room temperature and extracted with CHCI;
(5 mL x 3). The organic layer was washed with brine, dried over Na,SO, and concentrated in
vacuo. The crude product was purified by silica-gel column chromatography (eluent: CHCI;) to
give 34a as an orange solid (17.3 mg, 27.1 umol, 88%). Single crystals suitable for X-ray

crystallographic analysis were obtained by vapor diffusion of acetonitrile into a CHCl; solution
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of 34a.

'H NMR (395.88 MHz, CDCls, 25 °C): 6 = 7.78 (q, J = 7.2 Hz, 4H), 7.66 (dd, J = 3.2, 10.0 Hz,
2H), 7.57 (m, 6H), 7.50 (td, J = 3.2, 8.0 Hz, 6H) and 7.38 (m, 6H) ppm; °C NMR (100.40 MHz,
CDCl;, 25 °C): 6 = 151.1, 150.8, 137.8, 133.3, 133.1, 131.3, 131.2, 129.4, 129.35, 129.30,
129.0, 128.3, 126.1, and 121.6 (t, J = 14.4 Hz) ppm; *'P NMR (161.7 MHz, CDCl;, 25 °C): § =
23.6 ppm. UV/Vis (CH,CL): A (¢, M 'em™) = 286 (27000), 295 (29000), 360 (24500), 374
(27000) and 442 (19000) nm. Fluorescence (CH,Cl,, Aex = 415 nm): Apax = 525 nm; @ = 0.50.
FT-IR (ATR): v = 1207 cm ' (P=0). HRMS (ESI, positive) calcd. for CisH,40,P,S, [M+H]"
639.0766; found 639.0762. m.p.: >280 °C.

4-Dimethylaminophenyl-substituted 34b:

A Schlenk flask containing benzodiphosphole 38 (30.8 mg, 0.0478 mmol), phenyl boronate

S1b (29.5 mg, 0.119 mmol), Na,CO; (20.2 mg, 0.191 mmol) and Pd(PPh;)4 (5.5 mg, 4.78 umol)
was flushed argon and then THF (1.2 mL) and water (0.60 mL) were added. After stirring for 23
h at 70 °C, the mixture was cooled to room temperature and extracted with CHCl; (5 mL x 3).
The organic layer was washed with brine, dried over Na,SO, and concentrated in vacuo. The
crude product was purified by silica-gel column chromatography (eluent: CHCI;) to give 34b as
a dark red solid (23.1 mg, 31.9 umol, 67%).
'H NMR (395.88 MHz, C,D,Cly, 25 °C): = 7.76 (m, 4H), 7.62-7.57 (m, 4H), 7.52-7.48 (m,
4H), 7.45 (d, J = 8.6 Hz, 4H), 7.22 (d, J = 1.8 Hz, 2H), 6.70 (d, J = 9.1 Hz, 4H) and 3.00 (s,
12H) ppm; “C NMR (100.40 MHz, C,D,Cl,, 25 °C): 6 = 150.4, 140.7, 137.4, 130.9, 130.8,
129.1, 129.0, 128.2 (d, J = 29.6 Hz), 126.8, 120.7, 120.5, 120.2, 112.1, 99.4, and 40.1 ppm; >'P
NMR (161.7 MHz, CDCls, 25 °C): 8 = 23.7 ppm. UV/Vis (CH,CL): A (¢, M 'em™) = 264
(36000), 311 (37000), 401 (43000), and 505 (33000) nm. Fluorescence (CH,Cl,, Acx = 415 nm):
Amax = 650 nm; @ = 0.51. FT-IR (ATR): v = 1180 (P=0), 1113 (N-C) cm'. HRMS (ESI,
positive) caled. for C4,H34N,0,P5S, [M+H]" 725.1610; found 725.1603. m.p.: >300 °C.

3,5-Bis(trifluoromethyl)phenyl-substituted 34c:

A Schlenk flask containing benzodiphosphole 38 (19.0 mg, 0.0295 mmol), phenyl boronate
Slc (25.0 mg, 0.0737 mmol), Na,CO; (12.5 mg, 0.118 mmol) and Pd(PPh;s)s (3.4 mg, 2.95
umol) was flushed argon and then THF (1.2 mL) and water (0.60 mL) were added. After
stirring for 18 h at 70 °C, the mixture was cooled to room temperature and extracted with CHCI;
(5 mL x 3). The organic layer was washed with brine, dried over Na,SO4 and concentrated in

vacuo. The crude product was purified by silica-gel column chromatography (eluent: CHCI;) to

102



Experimental Section

give 34c¢ as a dark red solid (18.6 mg, 20.4 pmol, 69%).

'H NMR (395.88 MHz, CDCls, 25 °C): 8 = 7.96 (bs, 4H), 7.83 (bs, 2H), 7.77 (m, 4H), 7.71 (m,
2H), 7.63 (m, 2H), and 7.55-7.49 (m, 6H) ppm; *'P NMR (161.7 MHz, CDCls, 25 °C): 6= 23.1
ppm. UV/Vis (CH,CL,): A (g, M 'em™) = 297 (35000), 361 (29000), 373 (34000), 434 (27000),
and 456(sh) (22000) nm. Fluorescence (CH,Cl,, Acx = 415 nm): Ayax = 496, 514 nm; & = 0.28.
FT-IR (ATR): v = 1276 (P=0), 1135 (C-F) cm'. HRMS (ESI, positive) calcd. for
C4H,0F1,0,P,S, [M+H]+ 911.0261; found 911.0248. m.p.: >300 °C. Due to low solubility, we
could not obtain the >C NMR spectrum with a sufficient S/N ratio.

Styryl-substituted benzodiphosphole 35a:

Mizoroki-Heck Reaction: A Schlenk flask containing Pd(OAc), (0.7 mg, 3.1 pmol) and XPhos
(3.0 mg, 6.2 pmol) was flushed argon and DMF (1.0 mL) was added. After stirring 30 min at
ambient temperature, benzodiphosphole 38 (20.0 mg, 0.031 mmol), styrene (14.2 pL, 0.124
mmol) and NEt; (10.8 pL, 0.0775 mmol) were added. After stirring for 20 h at 110 °C, the
mixture was cooled to room temperature. Water was added to the mixture and the mixture was
extracted with CHCI; (5 mL x 3). The organic layer was washed with brine, dried over Na,SO,
and concentrated in vacuo. The crude product was purified by silica-gel column
chromatography (eluent: CHCI;) to give styryl-substituted 35a as a red solid (5.7 mg, 8.25 pmol,
27%).

Suzuki-Miyaura coupling: A Schlenk flask containing benzodiphosphole 38 (21.2 mg, 0.0329
mmol), styryl boronate S2a (18.9 mg, 0.0823 mmol), Na,CO; (13.9 mg, 0.132 mmol) and
Pd(PPh;3)4 (3.8 mg, 3.29 umol) was flushed argon and then THF (0.66 mL) and water (0.33 mL)
were added. After stirring for 3 h at 70 °C, the mixture was cooled to room temperature and
extracted with CHCIl; (5 mL x 3). The organic layer was washed with brine, dried over Na,SO,
and concentrated in vacuo. The crude product was purified by silica-gel column
chromatography (eluent: CHCI;) to give styryl-substituted 35a as a red solid (14.6 mg, 21.1
pmol, 65%).

'H NMR (395.88 MHz, CD,Cl,, 25 °C): 8= 7.74 (q, J = 6.4 Hz, 4H), 7.65 (dd, J = 7.3, 2.7 Hz,
2H), 7.60 (t, J = 6.4 Hz, 2H), 7.5 (m, 8H), 7.3 (m, 6H), 7.21 (d, J= 16.0 Hz, 2H), 7.15 (d, J =
1.8 Hz, 2H) and 7.01 (d, J = 16.0 Hz, 2H) ppm; *'P NMR (161.7 MHz, CD,Cl,, 25 °C): §=22.0
ppm. UV/Vis (CH,CL): A (e, M 'em™) = 295 (15000), 306 (19000), 380 (17600), 396 (18000)
and 470 (15000) nm. Fluorescence (CH,Cl,, Aex = 415 nm): Ay = 558 nm; @ = 0.27. FT-IR
(ATR): v= 1169 (P=0) cm'. HRMS (ESI, positive) calcd. for C4,H,30,P,S, [M+H]" 691.1079;
found 691.1072. m.p.: >280 °C. Due to low solubility, we could not obtain the °C NMR
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spectrum with a sufficient S/N ratio.

4-Dimethylaminostyryl-substituted benzodiphosphole 35b:

A Schlenk flask containing benzodiphosphole 38 (23.4 mg, 0.0363 mmol),

4-dimethylaminostyryl boronate S2b (24.8 mg, 0.0908 mmol), Na,CO; (15.4 mg, 0.145 mmol)
and Pd(PPh;)4 (4.2 mg, 3.63 umol) was flushed argon and then THF (0.81 mL) and water (0.40
mL) were added. After stirring for 3 h at 70 °C, the mixture was cooled to room temperature and
extracted with CHCI; (5 mL x 3). The organic layer was washed with brine, dried over Na,SO,
and concentrated in vacuo. The crude product was purified by silica-gel column
chromatography (eluent: CHCI;) to give 4-dimethylaminostyryl-substituted 35b as a dark red
solid (22.0 mg, 28.3 pmol, 78%).
'H NMR (395.88 MHz, CDCl;, 25 °C): 8 = 7.75 (m, 4H), 7.52 (m, 8H), 7.34 (d, J = 9.2 Hz, 4H),
7.01 (d, J = 2.4 Hz, 2H), 6.91 (d, J = 6.0 Hz, 4H) and 6.68 (d, J = 8.4 Hz, 4H) ppm; *'P NMR
(161.7 MHz, CDCls, 25 °C): 8 = 23.5 ppm. UV/Vis (CH,CL,): A (&, M"'em™") = 330 (24000),
420 (40000) and 520 (37000) nm. Fluorescence (CH,Cly, Acx = 415 nm): A = 699 nm; @r =
0.22. FT-IR (ATR): v = 1258 (P=0), 1165 (NMe,) cm'. HRMS (APCI, positive) calcd. for
C46H3sN,O,P,S, [M+H]" 777.1923; found 777.1922. m.p.: >280 °C. Due to low solubility, we
could not obtain the >C NMR spectrum with a sufficient S/N ratio.

Typical procedure of Sonogashira coupling with arylacetylenes:

A Schlenk flask containing benzodiphosphole 38 (19.7 mg, 0.0306 mmol), Cul (0.3 mg, 1.5
umol) and Pd(PPh;), (1.8 mg, 1.5 pmol) was flushed argon and then toluene (1.1 mL),
triethylamine (0.5 mL) and arylacetylene S3 (0.0673 mmol, 2.2 equiv.) were added. After
stirring for 30 min at ambient temperature, the mixture was stirred for 4 h at 60 °C. The mixture
was cooled to room temperature, and water was added to the mixture. Then the mixture was
extracted with CHCl; (10 mL x 3). The organic layer was washed with brine, dried over Na,SO,
and concentrated in vacuo. The crude product was purified by silica-gel column

chromatography (eluent: CHCl;) to give ethynyl-substituted 36.

Phenylethynyl-substituted benzodiphosphole 36a:

A orange solid (18.9 mg, 26.3 umol, 86%). Single crystals suitable for X-ray crystallographic
analysis were obtained by vapor diffusion of acetonitrile into a CHCl; solution of 36a.

'H NMR (395.88 MHz, CDCl;, 25 °C): 6 = 7.73 (m, 4H), 7.62 (m, 4H), 7.5 (m, 8H), 7.36 (m,
6H) and 7.31 (d, J = 2.8 Hz, 2H) ppm; °C NMR (100.40 MHz, CDCls, 25 °C): = 152.1 (d, J =
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25.1 Hz), 138.1, 137.0, 133.3, 131.7, 131.3, 131.1, 130.4, 130.3, 129.5, 129.4, 129.3, 128.7,
127.8, 122.1, 122.0, 99.6 ppm; >'P NMR (161.7 MHz, CDCls, 25 °C): 6 = 23.1 ppm. UV/Vis
(CH.CL): A (e, M'em™) = 292 (36500), 300 (39000), 365 (35000), 379 (39000) and 445
(30000) nm. Fluorescence (CH,Cl,, Aex =415 nm): Ax = 520 nm; @ = 0.37. FT-IR (ATR): v=
1197 (P=0) cm'. HRMS (ESI, positive) calcd. for C4Hy40,P5S, [M+Na]™ 709.0585; found
709.0577. m.p.: >280 °C.

3,5-Bis(trifluoromethyl)phenylethynyl-substituted benzodiphosphole 36c¢:

An orange solid (9.4 mg, 9.79 umol, 32%).

'H NMR (395.88 MHz, CDCl;, 25 °C): § = 7.94 (bs, 4H), 7.85 (bs, 2H), 7.74 (m, 4H), 7.68 (dd,
J=2.,10.0 Hz, 2H), 7.63 (m, 2H), 7.52 (m, 4H) and 7.40 (d, J = 2.7 Hz, 2H) ppm; *'P NMR
(161.7 MHz, CDCl;, 25 °C): §=22.8 ppm. UV/Vis (CH,Cl,): A (&, M'em™") = 291(sh) (26500),
302 (32000), 365(sh) (28500), 381 (36000), 439 (30000) and 460(sh) (27000) nm. Fluorescence
(CH,Cly, Aex = 415 nm): Apax = 501, 520 nm; & = 0.34. FT-IR (ATR): v= 1275 (P=0), 1080
(C-F) cm™'. HRMS (APCI, positive) calcd. for CseHz0F1,0,P5S, [M+H]™ 959.0261; found
959.0269. m.p.: >280 °C. Due to low solubility, we could not obtain the >C NMR spectrum

with a sufficient S/N ratio.

4-Nitrophenylethynyl-substituted benzodiphosphole 36d:

An orange solid (8.3 mg, 10.7 umol, 35%).

'H NMR (395.88 MHz, CDCls, 25 °C): 6 = 8.22 (d, J = 9.2 Hz, 4H), 7.75-7.60 (m, 12H), 7.51
(m, 4H) and 7.39 (d, J= 2.3 Hz, 2H) ppm; *'P NMR (161.7 MHz, CDCl;, 25 °C): 6 = 22.8 ppm.
UV/Vis (CH,CL): A (g, M 'em™) = 296 (29500), 378(sh) (29500), 396 (34000), 447 (42000)
and 469(sh) (36000) nm. Fluorescence (CH,Cl,, Acx = 415 nm): Ay = 505, 532 nm; & = 0.30.
FT-IR (ATR): v = 1177 (P=0), 1515 (NO,) cm'. HRMS (APCI, positive) calcd. for
C4yHN,O6P,S, [M+H]™ 777.0467; found 777.0470. m.p.: >280 °C. Due to low solubility, we
could not obtain the >C NMR spectrum with a sufficient S/N ratio.

Chapter 4

2,6-Dibromo-3,7-naphthalenedibronic acid (42):
To a solution of 2,2,6,6-tetramethylpiperidine (2.53 mL, 14.9 mmol) in THF (8.5 mL) was
added dropwise n-BuLi (2.80 M in hexane, 5.31 mL, 14.9 mmol) at 0 °C. After stirring for 30

min, the mixture was cooled to —78 °C and triisopropylborate (4.09 mL, 17.8 mmol) was slowly
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added to the mixture. After 10 min, a solution of 2,6-dibromonaphthalene (850 mg, 2.97 mmol)
in THF (10 mL) was added dropwise to the reaction mixture. The mixture was stirred for 17 h
while slowly warming to room temperature. The reaction was quenched with 1 M HCI aq. (65
mL) and stirred for 10 min. The mixture was extracted with NaOH aq. and then basic extracts
were acidified with HCI aq. The precipitation was collected by filtration to afford the boronic
acid 42 as a brown solid (528 mg, 1.41 mmol, 48%).

'H NMR (395.88 MHz, (CD3),S0, 25 °C): = 8.45 (bs, 4H), 8.16 (s, 2H) and 7.85 (s, 2H) ppm;
C NMR (100.40 MHz, (CD5),SO, 25 °C): § = 139.5, 132.1, 132.0, 129.2 and 123.0 ppm.
FT-IR (ATR): v = 3298 (br, OH) cm . HRMS (ESI, negative) calcd. for C;oHsB,Br,0,4 [M-H]
372.9074; found 372.8882. m.p.: > 300 °C.

2,6-Dibromo-3,7-naphthalenediboronate 43:

To a solution of naphthaleneboronic acid 42 (424 mg, 1.13 mmol) in acetone (2.27 mL) was

added pinacol (536 mg, 4.54 mmol) and the resultant mixture was stirred for 2 h. The solvent
was removed in vacuo and the residue was washed with hexane to afford boronate 43 as a white
solid (260 mg, 0.483 mmol, 43%).
'H NMR (395.88 MHz, CDCls, 25 °C): 6 = 8.02 (s, 2H) and 8.01 (s, 2H) ppm; “C NMR
(100.40 MHz, CDCls, 25 °C): 6 =136.2, 133.2, 131.2, 128.3, 124.2, 84.7 and 25.0 ppm. FT-IR
(ATR): v = 1362 (B-O) cm'. HRMS (ESI, positive) calcd. for CyH,sB,Br,0,4 [M+Na]”
561.0412; found 561.0413. m.p.: > 300 °C.

2,6-Dibromo-3,7-bis(3-bromothien-2-yl)naphthalene (44):

A Schlenk flask containing diboronate 43 (250 mg, 0.465 mmol), Na,CO; (197 mg, 1.86
mmol), and Pd(PPh;)s (53 mg, 0.0465 mmol) was flushed argon and then THF (3.0 mL), water
(1.5 mL), and 2,3-dibromothiophene (0.131 mL, 1.16 mmol) were added. After stirring for 24 h
at 70 °C, the mixture was cooled to room temperature and extracted with CHCI; (10 mL x 2).
The organic layer was washed with brine, dried over Na,SO4 and concentrated in vacuo. To the
crude product was added chloroform (5 mL) and the product was filtered. The solid was washed
with cold chloroform to afford bisthienylnaphthalene 44 as a white solid (96.5 mg, 0.159 mmol,
34% yield).

'H NMR (395.88 MHz, CDCl;, 25 °C): 8 = 8.19 (s, 2H), 7.86 (s, 2H), 7.43 (d, J = 5.2 Hz, 2H)
and 7.11 (d, J = 5.2 Hz, 2H) ppm; “C NMR (100.40 MHz, CDCl;, 25 °C): é = 136.5, 133.3,
132.7, 131.8, 131.2, 130.4, 126.6, 123.3 and 111.9 ppm. FT-IR (ATR): v =697, 714, 799, 859,
865, 888, 910, 1026, 1079, 1149, 1219, 1340, 1436, 1460, 1514, 1584 and 3108 cm'. HRMS
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(APCI, positive) caled. for C1sHgBr,S, [M]™ 603.6795; found 603.6799. m.p.: 245-246 °C.

Naphthodiphosphole 39-trans and 39-cis:

A solution of bisthienylnaphthalene 45 (50 mg, 0.0822 mmol) in THF (0.50 mL) was added
dropwise to a solution of #-BuLi (2.80 M in hexane, 0.123 mL, 0.345 mmol) in THF (1.0 mL)
at —78 °C. After stirring for 1 h at —78 °C, dichlorophenylphosphine (24.5 puL, 0.181 mmol) was
added slowly and stirred for 1 h at —78 °C. The mixture was allowed to warm to room
temperature and then 30% aqueous solution of hydrogen peroxide (I mL) was added to the
mixture. After stirring for 30 min, water was added and the mixture was extracted with
chloroform (5 mL X 3). The combined organic layer was dried over Na,SO,4 and concentrated in
vacuo. The crude product was purified by column chromatography (eluent: chloroform/acetone
= 5/1) to afford 39-trans as a pale yellow solid (8.5 mg, 0.0158 mmol, 19%) and 39-cis as pale
yellow solid (9.1 mg, 0.0170 mmol, 21%). Single crystals suitable for X-ray crystallographic
analysis were obtained by vapor diffusion of methanol into a CHCI; solution of 39-trans.
39-trans: '"H NMR (395.88 MHz, CD,Cl,, 25 °C): = 8.05 (d, J=11.9 Hz, 2H), 7.82 (d, J=3.2
Hz, 2H), 7.72-7.64 (m, 4H), 7.56-7.47 (m, 4H), 7.46-7.39 (m, 4H) and 7.22 (dd, J=2.7, 5.0
Hz, 2H) ppm; *'P NMR (161.7 MHz, CDCl, 25 °C): 8= 22.8 ppm. UV/vis (CH,CL): A (g, M
cm ') = 294 (48000), 307 (19000), 350 (32000), 367 (42000), 393 (6200) and 413 (3000) nm.
Fluorescence (CH,Cl,, Acx = 367 nm): Ay, = 431 and 452 nm; @ = 0.06. FT-IR (ATR): v =
1201 (P=0) cm . HRMS (APCI, positive) caled. for C30H;50,P,S, [M+H]" 537.0296; found
537.0297. m.p.: >300 °C.

Due to low solubility, we could not obtain the C NMR spectrum with a sufficient S/N

ratio.

39-cis: '"H NMR (395.88 MHz, CD,Cl,, 25 °C): 6 = 8.04 (d, J = 11.9 Hz, 2H), 7.80 (d, J = 3.2
Hz, 2H), 7.69-7.61 (m, 4H), 7.54-7.46 (m, 4H), 7.43-7.36 (m, 4H) and 7.24-7.20 (m, 2H)
ppm; >'P NMR (161.7 MHz, CDCls, 25 °C): 8 = 22.5 ppm. UV/vis (CH,CL): A (e, M'em ™) =
294 (45000), 307 (17500), 350 (30800), 367 (40200), 393 (5900) and 413 (2800) nm.
Fluorescence (CH,Cl,, Acx = 367 nm): Ay, = 431 and 452 nm; @ = 0.04. FT-IR (ATR): v =
1201 (P=0) cm . HRMS (APCI, positive) caled. for C30H;50,P,S, [M+H]" 537.0296; found
537.0299. m.p.: >230 °C (decomp.).

Due to low solubility, we could not obtain the C NMR spectrum with a sufficient S/N

ratio.
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2,6-(pinB);naphthalene 45:""""

A two-neck flask containing 2,6-dibromonaphthalene (605 mg, 2.12 mmol),
bis(pinacolato)diborone (1.18 g, 4.65 mmol) and potassium acetate (910 mg, 9.27 mmol) was
flushed argon, and then DMSO (10.4 mL) and Pd(dppf)Cl, (68.2 mg, 0.0932 mmol) were added.
After stirring for 2 h at 80 °C, the mixture was allowed to cool to room temperature and water
(50 mL) was added to the mixture. The product was extracted with AcOEt/hexane (v/v = 1/4, 30
mL x 3), and the organic layer was dried over with Na,SO, and concentrated in vacuo. The
residue was washed with cold hexane to afford 2,6-(pinB);naphthalene 45 (578 mg, 1.52 mmol,
72%) as a white solid.

'H NMR (395.88 MHz, CDCls, 25 °C): 6 = 8.35 (s, 2H), 7.86 (d, J = 8.2 Hz, 2H), 7.82 (d, J =
8.2 Hz, 2H) and 1.39 (s, 24H) ppm.

2,6-Bis(3-bromothiophen-2-yl)naphthalene (46):

A two-neck flask containing 2,6-(pinB),naphthalene 45 (447 mg, 1.18 mmol) and K;PO,

(1.01 g, 4.70 mmol) was flushed argon, and then THF (12 mL), H,O (3.0 mL) and
2,3-dibromothiophene (0.532 mL, 4.70 mmol) were added. After adding Pd(PPhs), (134 mg,
0.118 mmol), the mixture was stirred for 22 h at 70 °C. The mixture was allowed to cool to
room temperature and extracted with chloroform (10 mL X 2). The organic layer was washed
with brine, dried over with Na,SO,4 and concentrated in vacuo. To the crude product was added
chloroform (3 mL) and the product was filtered. The solid was washed with small amount of
cold chloroform to afford 2,6-bis(3-bromothiophen-2-yl)naphthalene (46) as a white solid (248
mg, 0.551 mmol, 47%).
'H NMR (395.88 MHz, CDCls, 25 °C): 6 = 8.15 (s, 2H), 7.94 (d, J = 8.4 Hz, 2H), 7.81 (d, J =
8.4 Hz, 2H), 7.35 (d, J= 5.4 Hz, 2H) and 7.11 (d, J = 5.4 Hz, 2H) ppm; °C NMR (100.40 MHz,
CDCl;, 25 °C): 6 = 138.2, 132.7, 132.0, 131.1, 128.6, 128.2, 127.6, 125.6, and 108.2 ppm.
FT-IR (ATR): v= 604, 665, 678, 698, 806, 819, 839, 867, 895, 1082, 1129, 1146, 1171, 1272,
1329, 1343, 1360, 1440, 1484, 1520, 1600, 1743, 1787, 1917, 3049, 3081 and 3102 cm .
HRMS (APCI, positive) calcd. for CgHoBr,S, [M+H]" 448.8663; found 448.8661. m.p.: 181—
182 °C.

2,6-(3-Phenylphosphorylthiophen-2-yl)naphthalene (47):

To a solution of thienylnaphthalene 46 (150 mg, 0.333 mmol) in THF (15 mL) was slowly
added #-BuLi (0.869 mL, 1.40 mmol, 1.61 M solution in pentane) at —78 °C (dry ice/acetone
bath). After stirring for 1 h, PhPCl, was added (99.3 puL, 0.733 mmol) and stirred for 30 min at —
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78 °C. The mixture was allowed to warm to room temperature and water (5 mL) was added to
the mixture. After stirring for 30 min, the mixture was extracted with chloroform (10 mL x 3).
The organic layer was washed with brine, dried over with Na,SO4 and concentrated in vacuo.
The residue was purified by silica-gel column chromatography (eluent: chloroform/acetone =
10/1) and reprecipitated from chloroform/hexane to afford naphthalene 47 as a white solid (88.0
mg, 0.163 mmol, 49%).

'H NMR (395.88 MHz, (CD3),CO, 25 °C): 6= 8.30 (s, 2H), 8.05 (d, J = 490 Hz, 2H), 8.02 (d, J
= 8.2 Hz, 2H), 7.87 (dd, J = 1.6, 8.2 Hz, 2H), 7.74 (dd, J = 1.8, 5.5 Hz, 2H) 7.69-7.60 (m, 4H),
7.56-7.49 (m, 2H), 7.48-7.41 (m, 4H) and 7.34 (td, J = 0.91, 5.5 Hz, 2H) ppm; “C NMR
(100.40 MHz, (CD;),CO, 25 °C): 6= 153.1 (d, J=13.5 Hz), 133.8, 133.6, 133.1 (d, /= 1.9 Hz),
132.4 (d,J=24.1 Hz), 132.3 (d, /= 16.4 Hz), 132.2, 132.1, 131.4 (d,J= 11.6 Hz), 129.8 (d, J =
36.6 Hz), 129.5 (d, J = 3.9 Hz), 128.9 and 128.0 (d, J = 15.4 Hz) ppm;°'P NMR (161.7 MHz,
CDCls, 25 °C): 6 = 7.14 ppm. FT-IR (ATR): v = 2330, 3057 and 3419 cm'. HRMS (APCI,
positive) calcd. for C30H»,0,P,S, [M+H]" 541.0609; found 541.0611. m.p.: 135-136 °C.

Naphthodiphosphole 40-trans and 40-cis:

To a solution of thienylnaphthalene 47 (24.7 mg, 0.0457 mmol) in toluene (1.0 mL) was
added trifluoromethanesulfonic anhydride (18.5 mL, 0.109 mmol) and the reaction mixture was
heated to 90 °C. After stirring for 21 h, the reaction was quenched with sat. NaHCO; aq. and the
mixture was extracted with chloroform (5 mL). The combined organic layer was dried over
Na,SO, and concentrated in vacuo. The crude product was purified by column chromatography
(eluent: chloroform/acetone = 5/1) to afford 40-trans as a pale yellow solid (4.4 mg, 0.00913
mmol, 18%) and 40-cis as a pale yellow solid (2.1 mg, 0.00391 mmol, 17%). Single crystals
suitable for X-ray crystallographic analysis were obtained by n-heptane into a C,H,Cl4 solution
of 40-trans, or vapor diffusion of acetonitrile into a CHCl; solution of 40-cis.
40-trans: "H NMR (395.88 MHz, CD,Cl,, 25 °C): 6 = 8.22 (d, J = 8.2 Hz, 2H), 7.76-7.67 (m,
4H), 7.65 (dd, J = 2.7, 8.2 Hz, 2H), 7.56-7.49 (m, 2H), 7.47 (dd, J = 3.2, 4.6 Hz, 2H), 7.42 (td,
J=3.2,7.3 Hz, 4H) and 7.23 (dd, J = 2.3, 4.6 Hz, 2H) ppm; “C NMR (100.40 MHz, CD,Cl,,
25°C): 6=153.2 (d, J=29.9 Hz), 137.5 (d, J = 20.9 Hz), 137.2, 133.4,133.3 (d, J = 648 Hz)
132.9,132.6, 131.3, 131.2 (d, /= 11.6 Hz), 130.9 (d, /= 14.5 Hz), 129.4 (d, /= 13.5 Hz), 126.2
(d, J=15.4 Hz) and 122.1 (d, J= 9.6 Hz) ppm.; *'P NMR (161.7 MHz, CDCls, 25 °C): 6 = 24.6
ppm. UV/vis (CH,CL): A (e, M em™) = 295 (50000), 307 (89000), 358 (6300), 375 (8700),
420 (11000) and 438 (11000) nm. Fluorescence (CH,Cly, Aex = 415 nm): A, = 462 and 486
nm; @ = 0.26. FT-IR (ATR): v = 1202 (P=0) cm'. HRMS (APCI, positive) calcd. for
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C30H130,P,S; [M+H]" 537.0296; found 537.0293. m.p.: >300 °C.

40-cis: "H NMR (395.88 MHz, CD,Cl,, 25 °C): 6=8.25(d, J=8.7 Hz, 2H), 7.74-7.62 (m, 6H),
7.54-7.46 (m, 4H), 7.39 (td, J = 3.2, 7.5 Hz, 4H) and 7.24 (dd, J = 2.3, 4.6 Hz, 2H) ppm; "C
NMR (100.40 MHz, CD,Cl,, 25 °C): 6= 153.4 (d, J =29.9 Hz), 137.3 (d, J = 4.8 Hz), 133.6 (d,
J=704 Hz), 132.9, 132.5, 131.3 (d, J=10.6 Hz), 131.0 (d, /= 15.4 Hz), 129.4 (d, /= 13.5 Hz),
126.3 (d, J=15.4 Hz) and 122.1 (d, J = 10.6 Hz) ppm.; *'P NMR (161.7 MHz, CDCls, 25 °C): §
=243 ppm. UV/vis (CH,CL): A (¢, M em™) = 295 (44600), 307 (77000), 358 (6100), 376
(8400), 419 (10000) and 439 (9600) nm. Fluorescence (CH,Cl,, Acx = 415 nm): A = 462 and
485 nm; @ = 0.24. FT-IR (ATR): v = 1205 (P=0) cm'. HRMS (APCI, positive) calcd. for
C30H30,P5S; [M+H]" 537.0296; found 537.0295. m.p.: >300 °C.

1,5-(pinB);naphthalene 48:"""

A two-neck flask containing 1,5-dibromonaphthalene (710 mg, 2.48 mmol),
bis(pinacolato)diboron (1.39 g, 5.46 mmol) and potassium acetate (1.10 g, 11.2 mmol) was
flushed argon, and then DMSO (12.4 mL) and Pd(dppf)Cl, (90.8 mg, 0.124 mmol) were added.
After stirring for 24 h at 80 °C, the mixture was allowed to cool to room temperature and water
(50 mL) was added to the mixture. The product was extracted with AcOEt/hexane (v/v = 1/4, 30
mL x 3), and the organic layer was dried over with Na,SO, and concentrated in vacuo. The
residue was purified by silica-gel column chromatography (eluent: AcOEt/hexane = 1/5) to
afford 1,5-(pinB);naphthalene 48 (534 mg, 1.40 mmol, 57%) as a white solid.

'H NMR (395.88 MHz, CDCls, 25 °C): 6 = 8.88 (dd, J = 1.4, 8.2 Hz, 2H), 8.06 (dd, /= 1.4, 6.9
Hz, 2H), 7.51 (dd, J= 6.9, 8.2 Hz, 2H) and 1.42 (s, 24H) ppm.

1,5-Bis(3-bromothiophen-2-yl)naphthalene (49):

A two-neck flask containing 1,5-(pinB),naphthalene 48 (506 mg, 1.33 mmol) and K;PO,
(1.18 g, 5.56 mmol) was flushed argon, and then THF (21.3 mL), H,O (5.3 mL) and
2,3-dibromothiophene (0.603 mL, 5.32 mmol) were added. After adding Pd(PPh;), (154 mg,
0.133 mmol), the mixture was stirred for 16 h at 70 °C. The mixture was allowed to cool to
room temperature and extracted with chloroform (10 mL X 2). The organic layer was washed
with brine, dried over with Na,SO, and concentrated in vacuo. The residue was purified by
silica-gel ~column chromatography (eluent: AcOEt/hexane = 1/15) to afford
1,5-bis(3-bromothiophen-2-yl)naphthalene (49) as a white solid (366 mg, 0.813 mmol, 61%).

'H NMR (395.88 MHz, CDCl, 25 °C): 8 = 7.85 (dd, J = 1.8, 7.3 Hz, 2H)7.58-7.51 (m, 4H),
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7.45 (d, J = 5.2 Hz, 2H) and 7.17 (d, J = 5.2 Hz, 2H) ppm; "C NMR (100.40 MHz, CDCl;,
25 °C): & = 136.7, 132.4, 130.8, 130.6, 129.9, 127.7, 126.4, 125.8 and 111.3 ppm. FT-IR
(ATR): v =540, 571, 623, 668, 712, 730, 753, 788, 860, 1009, 1067, 1087, 1146, 1210, 1338,
1392, 1443, 1497, 1528, 1591 and 3093 ¢cm™'. HRMS (APCI, positive) caled. for Ci3H;oBr,S,
[M] ™ 447.8585; found 447.8589. m.p.: 191-192 °C.

1,5-Bis(3-phenylphosphorylthiophen-2-yl)naphthalene (50):

To a solution of thienylnaphthalene 49 (75.9 mg, 0.169 mmol) in THF (8.0 mL) was slowly
added #BuLi (0.440 mL, 0.708 mmol, 1.61 M solution in pentane) at —78 °C (dry ice/acetone
bath). After stirring for 1 h, PhPCl, was added (50.3 pL, 0.371 mmol) and stirred for 30 min at —
78 °C. The mixture was allowed to warm to room temperature and water (5 mL) was added to
the mixture. After stirring for 30 min, the mixture was extracted with chloroform (10 mL x 3).
The organic layer was washed with brine, dried over with Na,SO, and concentrated in vacuo.
The residue was purified by silica-gel column chromatography (eluent: chloroform/acetone =
10/1) and reprecipitated from chloroform/hexane to afford 1,5-naphthalenylphosphine oxide 50
as a white solid (25.6 mg, 0.0474 mmol, 28%).

NOTE: NMR spectra provided two sets of peaks because of the mixture of atropisomers.
However, we cannot completely distinguish two sets of peaks due to severe overlapping of
peaks in 'H and C NMR spectra.

'H NMR (395.88 MHz, C,D,Cl,, 50 °C): 6 = 7.64 and 7.62 (P-H, J = 492 Hz, 2H), 7.73-7.62
(m, 4H), 7.55-7.48 (m, 4H), 7.44-7.24 (m, 12H) ppm; C NMR (100.40 MHz, CDCls, 25 °C):
6= 132.7, 132.6, 131.5, 130.5, 130.3, 130.23, 130.19, 129.97, 129.94, 129.8, 129.6, 128.69,
128.65, 127.7, 127.5, 126.00, and 125.94 ppm; *'P NMR (161.7 MHz, CDCl;s, 25 °C): 6 = 7.41
and 7.33 ppm. FT-IR (ATR): v = 2354, 3070 and 3409 cm . HRMS (APCI, positive) calcd. for
C30H2,0,P,S, [M+H]" 541.0609; found 541.0609. m.p.: >220 °C (decomp.).

Naphthodiphosphole 41-trans and 41-cis:

To a solution of thienylnaphthalene 50 (9.6 mg, 0.0178 mmol) in toluene (1.0 mL) was added
trifluoromethanesulfonic anhydride (7.2 pL, 0.0426 mmol) and the reaction mixture was heated
to 90 °C. After stirring for 23 h, the reaction was quenched with sat. NaHCO; aq. and the
mixture was extracted with chloroform (5 mL). The combined organic layer was dried over
Na,SO, and concentrated in vacuo. The crude product was purified by column chromatography
(eluent: chloroform/acetone = 5/1) to afford 41-trans (2.2 mg, 0.00410 mmol, 23%) and 41-cis
(2.0 mg, 0.00373 mmol, 21%) as a yellow solid. Single crystals suitable for X-ray
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crystallographic analysis were obtained by vapor diffusion of n-heptane into a CHCl; solution
of 41-cis.

41-trans: "H NMR (395.88 MHz, CDCls, 25 °C): 6= 8.39 (dd, J = 3.2, 8.2 Hz, 2H), 7.88 (t, J =
8.6 Hz, 2H), 7.80-7.71 (m, 4H), 7.61-7.52 (m, 4H), 7.44 (td, J= 3.2, 7.3 Hz, 4H) and 7.36 (dd,
J=2.7,5.0 Hz, 2H) ppm; “C NMR (100.40 MHz, CDCls, 25 °C): § = 151.4 (d, J = 29.9 Hz),
137.4 (d, J=41.4 Hz), 136.7, 136.1, 133.0, 132.2 (d, J = 788 Hz), 131.7 (d, J = 14.5 Hz), 131.2
(d, J=10.6 Hz), 129.5 (J=10.6 Hz), 129.2 (d, J = 12.5 Hz), 126.3 (d, J = 9.6 Hz), 126.0 and
125.7 ppm.; *'P NMR (161.7 MHz, CDCls, 25 °C): 8 = 23.0 ppm. UV/vis (CH,Cl,): A (¢, M
ecm ') = 286 (45800), 294 (43700), 353 (4500), 369 (7200), 424 (8600) and 441 (7900) nm.
Fluorescence (CH,Cl,, Acx = 415 nm): A, = 467 and 488 nm; @ = 0.23. FT-IR (ATR): v =
1197 (P=0) cm™'. HRMS (APCI, positive) calcd. for CsoH;s0,P-S, [M+H]" 537.0296; found
537.0298. m.p.: >300 °C.

41-cis: '"H NMR (395.88 MHz, CDCl;, 25 °C): 6 = 8.39 (dd, J = 3.2, 8.2 Hz, 2H), 7.88 (t, J =
8.6 Hz, 2H), 7.72 (dd, J = 7.6, 12.8 Hz, 4H), 7.58 (dd, J= 2.7, 5.0 Hz, 2H), 7.53 (t, /= 7.3 Hz,
2H), 7.41 (td, J = 3.2, 7.7 Hz, 4H) and 7.35 (dd, J = 2.3, 5.0 Hz, 2H) ppm; “C NMR (100.40
MHz, CDCl;, 25 °C): 6 =151.4 (d, J=29.6 Hz), 137.3 (d, J=40.1 Hz), 136.7, 136.5 (d,J=2.9
Hz), 132.8, 132.3 (d, J = 753 Hz), 131.7 (d, J = 14.3 Hz), 131.2 (d, /= 10.5 Hz), 129.4 (d, J =
16.2 Hz), 129.2 (d, J = 13.4 Hz), 126.4 (d, J = 9.5 Hz), 126.0 and 125.9 (d, J = 3.8 Hz) ppm.;
3'P NMR (161.7 MHz, CDCls, 25 °C): 8 = 22.7 ppm. UV/vis (CH,CL): A (¢, M 'ecm™) = 285
(47600), 295 (45800), 353 (4700), 369 (7600), 424 (9000) and 441 (8300) nm. Fluorescence
(CH,Cly, Aex =415 nm): Apax = 467 and 487 nm; @ = 0.20. FT-IR (ATR): v= 1198 (P=0) cm
HRMS (APCI, positive) calcd. for C;0H;30,P,S, [M+H]" 537.0296; found 537.0297. m.p.:
>300 °C.
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Crystal Data

Table 7-1. Crystal data and structure refinement for compounds in Chapter 1 and 2.

25 32b 32e

formula Ci4H71,PS; C4oH27N,O7PS, C4oH27N,O7PS,-
0.5(CHCI3)

M, 556.15 742.72 802.41
T [K] 123(2) 153(2) 153(2)
crystal system monoclinic monoclinic triclinic
space group P2,/n (No.14) P2,/c (No.14) P-1 (No.2)
a[A] 8.1778(14) 6.3390(19) 6.440(2)
b [A] 19.099(3) 27.942(8) 12.046(4)
c[A] 11.0352(19) 19.134(6) 23.487(9)
al°] 90 90 88.600(11)
b[°] 110.5706(19) 94.832(6) 88.639(9)
7[°] 90 90 85.496(18)
VA% 1613.7(5) 3377.1(18) 1815.4(11)
VA 4 4 2
Peatoa [ €M ] 2.289 1.461 1.468
F[000] 1040 1536 826

crystal size [mm®]
26max [°]

reflections collected
independent reflections
parameters

Ry [1> 25 (D]

WR, [all data]

GOF

CCDC number

0.30x0.20%0.20
55.00

12683

3683

181

0.0189

0.0400

1.016

1585540

0.30%0.03x%0.03
54.92

26589

7543

471

0.0766

0.1976

1.074

1969127

0.30%0.05%0.05
51.02

14488

7862

507

0.0538

0.1426

1.019

1969128
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Table 7-2. Crystal data and structure refinement for compounds in Chapter 3.

trans-33 cis-33 34a 36a
formula CaH60,P,S, 2(Cy6H160,P,S,)- C33H240,P,S, 0.5(C42H240,P,S,)-

2(water) CHCl;-3(water) CHCl,
M, 522.48 1140.26 638.63 462.70
T[K] 123(2) 123(2) 93(2) 93(2)
crystal system orthorhombic triclinic monoclinic triclinic
space group Pca2; (No.29) P-1 (No.2) P2,/a (No.14) P-1 (No.2)
a[A] 26.069(5) 11.9560(19) 11.7657(15) 7.9275(2)
b [A] 6.7969(14) 12.4019(18) 13.5469(16) 11.4092(3)
c[A] 13.384(3) 19.522(4) 18.755(3) 11.9096(3)
al] 90 81.589(8) 90 100.993(2)
BI°] 90 87.982(9) 94.238(4) 93.983(2)
y[°] 90 64.500(6) 90 102.168(2)
VA% 2371.4(8) 2583.3(8) 2981.2(7) 1026.89(5)
V4 4 2 4 2
Peated [g cm ] 1.463 1.466 1.423 1.496
F[000] 1080 1164 1312 470

crystal size [mm”]
20max [°]

reflections collected

independent reflections

parameters

R [I> 20 ()]
WR, [all data]
GOF

CCDC number

0.40x0.10%0.05
54.97

18204

5411

323

0.0506

0.1287

1.019

1891464

0.50%x0.50%0.10
55.00

20963

11330

677

0.0538

0.1651

1.015

1891463

0.18%0.15%0.05
133.99

19734

5284

397

0.0438

0.1219

1.037

1891461

0.16x0.07x0.02
133.98

13264

3582

253

0.0498

0.1375

1.051

1891462
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Table 7-3. Crystal data and structure refinement for compounds in Chapter 4.

Crystal Data

39-trans

40-trans

40-cis

41-cis

formula

M,

T [K]

crystal system
space group

Al

a

—

VA%

VA

Peatca [g cm ]
F[000]

crystal size [mm®]
26max [°]

reflections collected

independent reflections

parameters

R [I> 20 ()]
WR, [all data]
GOF

CCDC number

0.5(C30H30,P,S5)-
2(water)
268.25

153(2)
monoclinic
P2,/a (No.14)
9.937(5)
12.080(6)
10.521(5)

90

93.788(7)

90

1260.2(11)

4

1.414

552
0.20x0.20%0.05
54.93

9965

2836

163

0.0396
0.0898

1.018
2036180

0.5(C30H30,P,S5)-
C,H,Cly
436.09
153(2)
triclinic
P-1 (No.2)
7.0282(15)
11.267(2)
12.639(3)
69.655(9)
78.810(10)
77.246(11)
907.7(3)

2

1.596

440
0.10x0.05%0.05
54.99

7402

3974

272

0.0432
0.0976
1.030
2036178

C3oH;30,P,S,

536.50
153(2)
monoclinic
P2,/n (No.14)
12.839(5)
8.355(3)
23.324(10)
90
105.443(4)
90
2411.7(17)
4

1.478

1104
0.30x0.05%0.05
55.52
19072
5588

325

0.0390
0.1046
1.051
2036181

0.5(C30H30,P,S5)-
0.5(water)
277.26
153(2)
orthorhombic
Fddd (No.70)
8.105(3)
29.815(11)
42.596(16)
90

90

90

10293(7)

32

1.431

4576
0.30x0.05%0.05
54.96

19770

2947

172

0.0548
0.1508

1.029
2036179
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