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Chapter 1

General Introduction






1.1. Helicenes

Helicenes are a class of polycyclic aromatic compounds in which benzene and other
aromatic rings are ortho-fused and angularly arranged to form nonplanar helical

% According to ITUPAC nomenclature, the structures with five or more

structures.'”
ortho-fused aromatic rings are classified as helicenes.” Helicenes composed of 1 ortho-
fused aromatic rings are called as [n]helicenes or (numerical prefix)helicenes. For
example, the helicene with six ortho-fused benzene rings, phenanthro[3,4-c]phenanthrene,
is named as [6]helicene or hexahelicene (Figure 1.1). The helicenes can be categorized
into two types. One is carbohelicene which contains only carbon atoms in the helical
skeleton, and the other is heterohelicene with at least one heteroaromatic ring. When
aromatic ring(s) in a helicene skeleton is replaced with non-aromatic ring(s), such as
cyclopentadiene, silole, and phosphole, the resulting compound is not a helicene, but
called as a helicene-like compound. The defining structural feature of helicenes is
helical chirality induced by an intramolecular steric repulsion. In accordance with the
helicity rule proposed by Cahn, Ingold, and Prelog in 1966, helicenes with a right-handed

helical conformation are described as (P)-helicenes (plus), and those with a left-handed

ones are described as (M)-helicenes (minus).®

[6]helicene

O @
QS Y

Figure 1.1. The structure of [6]helicene.



Helicenes have been known over one hundred years. For many years from the
first synthesis of helicenes, they have been challenging synthetic targets mainly from the
view point of their aesthetic and curious structures. More recently, it has been found
that their m-extended nonplanar structure and chirality endow them with unique properties,
offering applications in a variety of fields such as catalysts, nonlinear optics, and
circularly polarized luminescent materials. The chemistry of helicenes has now grown

as an important research field, and a wide range of researches are in progress in the world.

1.2. Synthesis of helicenes and helicene-like compounds

The first helicene, 3,4-diazadibenzo[c,g|phenanthrene, was reported by
Meisenheimer and Witte in 1903.”7 Then, [5]helicene, dibenzo[c,g]phenanthrene, was
synthesized in 1918 as the first example of carbohelicenes.® In 1955, Newman and
coworkers prepared enantiomerically pure [6]helicene for the first time.”  They
synthesized [6]helicene in a racemic form by using Friedel-Crafts acylation, and then
separated P- and M-isomers through charge-transfer complexation with enantiomerically
pure 2-(2,4,5,7-tetranitro-9-fluorenylideneaminooxy)propionic acid. After this report,
the studies in helicenes have made significant progress. A variety of helicenes have been
synthesized until now, particularly in the last few decades, leading to elucidation of
structure—property relationship in helicenes. Obviously, the development of synthetic
methodologies for helicenes has greatly contributed to significant progress of the
chemistry of helicenes. The representative synthetic methodologies are summarized

below.



1.2.1. Photocyclization

The photocyclization of stilbene derivatives is a typical method to synthesize
helicenes. Irradiation of the stilbene precursors in the presence of iodine as an oxidant
operates cyclization and the following dehydrogenation, affording helicene skeletons.
For example, [7]helicene was synthesized by photocyclization of 1,2-di(phenanthren-3-
yl)ethene (Figure 1.2a).!° Recently, the synthesis of [16]helicene, the largest
carbohelicene ever reported, was achieved by photocyclization (Figure 1.2b).!! The
asymmetric synthesis by photocyclization was achieved by using circularly polarized
light.!>  The (M)-[6]helicene was selectively synthesized under irradiation with right-
handed circularly polarized light. In general, high dilution condition is required to
prevent an undesirable intermolecular [2+2] dimerization. Such a requirement would
be disadvantageous for a large scale synthesis. Nevertheless, the photocyclization
approach has been one of the most common methods because the reaction procedure is
very simple and the stilbene precursors can be easily prepared by Wittig reaction and so

on.

(R = 0Si'Pr3)

Figure 1.2. Photocyclization of the stilbene precursors.



1.2.2. Diels—Alder cycloaddition

The synthesis of helicenes via the Diels—Alder cycloaddition has also been reported.
The Diels—Alder cycloaddition is applicable to dienes and dienophiles with various
substituents, therefore useful for the synthesis of multi-substituted helicenes. For
example, a series of helicene-like compounds have been prepared by using the reaction

of divinylarenes with 1,4-benzoquinone (Figure 1.3a).!3!4

The quinone unit can be
reduced to the hydroquinone one to afford fully aromatic helicenes. Asymmetric
synthesis has also been achieved by using the benzoquinone with a chiral auxiliary
(Figure 1.3b).!>!®  In addition, heterohelicenes can be synthesized by using

dibenzoheteroles with vinyl substituents (Figure 1.3c).!”!®  The Diels—Alder

cycloaddition is superior in that it can be applied to a large scale synthesis.
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Figure 1.3. Synthesis of helicenes and helicene-like compounds via Diels—Alder
cycloaddition.



1.2.3. Friedel-Frafts reaction

Intramolecular Friedel-Crafts-type reaction has also been used for the synthesis of
helicenes. Ichikawa and coworkers have reported the synthesis of helicenes from 1,1-
difluoro-1-alkenes with two aryl groups (Figure 1.4a).!?° The helicene structure is
constructed by the domino Friedel-Crafts-type cyclization in the presence of
FSOsH-SbFs and the subsequent dehydrogenation. Gaucher and coworkers have
achieved the synthesis of diamino[6]helicenes from dinitrile precursors using the

intramolecular Friedel-Crafts-type cyclization (Figure 1.4b).%!

AcHN
O 1) polyphosphoric acid Og

2) AcCl _
)< Y

NC AcHN

Figure 1.4. Synthesis of helicenes via Friedel-Crafts reaction.

1.2.4. Reaction of biaryl dianions with dielectrophiles
The reaction of biaryl dianions with dielectrophile is a classical and simple method
for constructing phenanthrene, fluorene, and dibenzoheterole (borole, silole, phosphole,

thiophene, germole, etc.) skeletons and have been applied to helicene synthesis. A
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Figure 1.5. Synthesis of [S]helicenes and [5]helicene-like compounds.

variety of [S]helicene and [5]helicene-like compounds can be prepared from 2,2'-
dibromo-1,1'-binaphthalene as a common starting material. In 2005, Piers and
coworkers reported a facile synthesis of the fluorine-substituted [S]helicene through
bromine—lithium exchange and the subsequent reaction with hexafluorobenzene (Figure
1.5a).” The trapping with heteroatom-centered dielectrophiles was found to give a
series of [S5]helicene-like compounds with silole, phosphole, and germole units (Figure
1.5b).2%

Rajca and coworkers prepared thia[ 7]helicene and bisthia[ 7]helicene which contains

only thiophene rings in the helical skeletons.?¢

These thiahelicenes were synthesized
from the 3,3'-bidithieno[2,3-5:3",2'-d|thiophene skeleton. It is well known that the 2-
position (a-position) of a thiophene ring can easily be deprotonated with a lithium reagent,

giving an anionic species. Therefore, the dianion was prepared from the 3,3'-

bidithieno[2,3-5:3',2'-d]thiophene derivative with lithium diisopropylamide (LDA) and



1) LDA
2) (PhSO,),

(b)
1) LDA

Figure 1.6. Synthesis of thiahelicenes via the reaction of the dianion with the sulfur
dielectrophile.

treated with bis(phenylsulfonyl)sulfide to give the thia[7]helicene (Figure 1.6a). The
bisthia[7]helicene was also synthesized from quaterdithieno[2,3-5:3',2'-d]thiophene by

the same method (Figure 1.6b).

1.2.5. Intramolecular cycloisomerization

In the last two decades, a variety of transition metal-catalyzed reactions have been
applied to helicene synthesis. The typical reaction for synthesizing helicenes and
helicene-like compounds is the [2+2+2] cycloisomerization.?® Easy preparation of
substrates, wide substrate scope, and applicability to the asymmetric synthesis make this
method useful. The pioneering work was reported by Stard, Stary, and coworkers in
1998. The [7]helicene-like compounds were prepared from the triynes through cobalt-
catalyzed [2+2+2] cycloisomerization (Figure 1.7a).?° Three rings are constructed in
one-step. Following this pioneering work, a variety of helicenes and helicene-like

compounds have been synthesized by using this methodology.  For example,
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Figure 1.7. Synthesis of helicenes and helicene-like compounds by Co-catalyzed
[2+2+2] cycloisomerization of triynes.

[11]helicene was successfully synthesized via double intramolecular [2+2+2]

).3%  In addition to cobalt

cycloisomerization from the hexayne precursor (Figure 1.7b
catalysts, other metal catalysts can be used for this intramolecular cycloisomerization
strategy. The synthesis of [7]helicene, which can be prepared by photocyclization (vide
supra), was achieved by the Ni-catalyzed [2+2+2] cycloisomerization of the diene-triyne
compound (Figure 1.8a).3! Tanaka and coworkers have reported asymmetric synthesis
of a variety of helicene-like compounds by applying the [2+2+2] cycloisomerization
reaction with chiral rhodium catalysts (Figure 1.8b).>>3

In addition to the intramolecular [2+2+2] cycloisomerization of triynes, another

type of metal-catalyzed intramolecular cycloisomerization has been applied to helicene

10
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Figure 1.8. Synthesis of helicenes and helicene-like compounds by Ni and Rh-
catalyzed [2+2+2] cycloisomerization.

synthesis. In this cycloisomerization, the alkynylated biaryls are converted to the
phenanthrene skeleton by virtue of metal catalysts. In 2009, Storch and coworkers
reported the synthesis of [6]helicenes by using platinum-catalyzed double
cycloisomerization (Figure 1.9a).3*  The silole- and cyclopentadiene-fused [7]helicene-
like compounds were also prepared through the double cycloisomerization catalyzed by

PtCl, (Figure 1.9b).3>3¢

(a) Me (b) //

{ C
PtCI PtCI
O —2 » R ‘ / 7 —2 > J p4
Toluene, <> O CICH,CH,CI
Me 90 °C ) O 80 °C CO
Me
OO R =H; 80%

R = OMe; 76% Z = SiMe,, C=0

Figure 1.9. Synthesis of helicenes and helicene-like compounds by Pt-catalyzed double
cycloisomerization.
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1.2.6. Intermolecular cycloisomerization

The intermolecular version of the [2+2+2] cycloisomerization was also used in the
construction of helicene skeletons. Tanaka and coworkers have prepared various kinds
of  helicene-like compounds by metal-catalyzed intermolecular [2+2+2]
cycloisomerization. For example, enantio-enriched [9]helicene-like compounds were
synthesized by intermolecular double [2+2+2] cycloisomerization with chiral rhodium
catalysts (Figure 1.10a).” Phosphole-fused [7]helicene-like compounds were also

obtained by using the same method (Figure 1.10b).®

/\ R o
A
I N\ [Rh(cod),]BF, < ‘
. o (R)-segphos o PPh,
CH2C|2 0] PPhZ
o F R o
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R = Bu: 40% (+, 39% ee)
@ i
< o [Rh(cod),]BF,

R = CH,OMe: 26% (+, 26% ee)
(S)-segphos
—_—

I y “OMe CICH,CH,CI

O R R = Me; 46% (+, 68% ee)

AN R = Ph; 43% (+, 75% ee)

”

Figure 1.10. Synthesis of helicene-like compounds by Rh-catalyzed double [2+2+2]
cycloisomerization
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1.2.7. Olefin metathesis

The ring-closing olefin metathesis is often used for the synthesis of cycloalkenes,
and the synthesis of helicenes is no exception. Collins and coworkers have successfully
synthesized [5]-, [6]-, and [7]helicenes from the corresponding divinylbiaryl precursors

with a ruthenium-based second-generation Grubbs catalyst (Figure 1.11a).*

They have
also achieved asymmetric synthesis by this method. Helicenes with high enantiopurity

(up to 80% ee) were obtained from racemic starting materials through kinetic resolution

(Figure 1.11b).%

OO MesN NMes
AN
Ru cat.
C" —ph
= PCYa
racemic Ru cat.

T |
Ru cat. O Q MeOQN NMe
J ) cu,,I
C

80% ee (M) PCy;
CeFe

racemic Ru cat.

Figure 1.11. Synthesis of helicenes by olefin metathesis.

1.2.8. Cross-coupling reaction

Significant efforts have been devoted into the development of transition metal-
catalyzed carbon—heteroatom bond-forming reactions in the last few decades. These
reactions have provided facile synthetic routes to polycyclic aromatic compounds. For

example, carbazole derivatives can be prepared by the palladium-catalyzed double N-

13



arylation of primary amines with 2,2'-dihalobiphenyls or biphenyl-2,2'-ylene disulfonate,
while the related carbon—oxygen bond-forming reaction can give dibenzofurans from 2'-

41,42

hydroxybiphenyl-2-yl halides or sulfonate. In 2005, Nozaki and coworkers applied

these strategies to the synthesis of aza- and oxa[7]helicenes.*

The aza[7]helicene was
synthesized by palladium-catalyzed double N-arylation of aniline with 4,4'-
biphenanthrene-3,3'-diyl disulfonate (Figure 1.12a). The intramolecular O-arylation of
the corresponding monosulfonate gives the oxa[7]helicene (Figure 1.12b). Both starting
compounds for these transformations can be prepared from 4,4'-biphenanthrene-3,3'-diol.
Nozaki and coworkers also prepared the phosphole-fused [7]helicene-like compound by

applying the palladium-catalyzed carbon—phosphorus bond-forming reaction (Figure

1.12¢).%

H,NPh
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O xantphos Q PPh;
oTf KsPO,
\ N—Ph 0
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(b)
O ligand
@ OTf K4PO,
\ OH  xylene \
SaE
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() Pd(OAc),
Ph,P(CH,),PPh,
@ HPh | Pr,NEt H,0, @ 0
—_——— 3 ————— N
\ OTf DMSO CH,Cl, \ Ph
SR oY

Figure 1.12. Synthesis of helicenes and the helicene-like compound by cross-coupling
reaction.

Y
o
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1.3. Properties of helicenes

Significant research efforts have been devoted to helicenes to elucidate their
structure—property relationship and found that their m-extended nonplanar structure and
chirality endow them with unique properties. Aggregated structures of helicenes have
also attracted researchers’ attention because some physicochemical properties can be

enhanced through aggregation compared to those from a single molecule.

1.3.1. Molecular recognition
There are some reports on the molecular recognition of helicene derivatives.
Goddard and coworkers reported the [6]helicene with two diphenylphosphino groups at

> This helicene is the first helicene-based diphosphine

the terminal benzene rings.*
ligand for metal-catalyzed asymmetric reactions. The rhodium-catalyzed
hydrogenation of dimethyl itaconate in the presence of an optically active (—)-helicene
diphosphine gave the S-isomer with a moderate enantioselectivity (39% ee) (Figure
1.13a). The phosphine ligand containing two twisted benzo[c]phenanthrene units were
also developed and applied to the same reaction to give a much improved
enenatioselectivity (96% ee) (Figure 1.13b).*¢  [SJHELOL composed of two
[S]helicenols was found to work as a bidentate ligand in the asymmetric catalytic addition

of diethylzinc to benzaldehyde (Figure 1.13c).*’” The corresponding enantio-enriched

alcohol (81% ee) was obtained in 93% yield.

15
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(P,P)-(+)-[S]JHELOL

Figure 1.13. Helicene ligands for asymmetric reactions.

Nakazaki and coworkers reported the crown ethers with a helicene moiety.***

When the crown ethers containing the (M)-[5]helicene moiety was treated with methyl
(¥)-phenylyglycinate hydrochloride, it gave the complex with methyl (9)-
phenylyglycinate more favorably (Figure 1.14).  On the other hand, the crown ethers
containing the (M)-[6]helicene moiety forms the complex with methyl (R)-
phenylyglycinate more selectively. Therefore, the two crown ethers exhibited the

opposite chiral recognition ability although their helicene moieties have the same helicity.

16
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Figure 1.14. Molecular recognition with crown ethers containing a helicene moiety.

The reason for such an opposite chiral recognition ability would be attributed to the
difference in helicity of the ether units. According to the CPK molecular models, the
(M)-[5]helicene moiety induces P-helicity in the ether unit, while (M)-[6]helicene moiety

gives M-helicity in the ether unit.

1.3.2. Photoluminescence property
Unsubstituted helicenes with only benzene rings exhibit low fluorescence quantum
yield (@f < 4%)°*°! due to the fast intersystem crossing and a small oscillator strength for

the S1—So transition.>>>3

In order to develop helicenes with enhanced fluorescence
property, significant research efforts have been devoted until now. One promising
approach is introduction of substituents on carbohelicene cores. By introducing
electron-withdrawing groups at the 5- and 10-positions and electron-donating groups at
the 2- and 13-positions of [S]helicene, the S1—So transition is allowed, and a large ®r is
achieved (Figure 1.15a).>*  For [7]helicene, the S; — Sy transition also changes
depending on the position of the functional groups (Figure 1.15b).>° Another

promising approach is replacement of at least one benzene ring in carbohalicenes with

five-membered ring(s), such as cyclopentadiene and heteroles, giving heterohelicenes and

17



[oFS 2% (oFS 8%

Figure 1.15. Enhanced fluorescence properties by introducing functional groups on
carbohelicenes.

helicene-like  compounds.  Hasobe and coworkers reported the synthesis and
properties of the tetrathia[9]helicene and its oxidized derivative with four sulfone groups
(Figure 1.16).°®  The tetrathia[9]helicene showed low fluorescence quantum yield (3%),
while its sulfone derivative exhibited high fluorescence quantum yield of 27%. This
enhancement would be attributed to effective suppression of intersystem crossing
pathways. It is well known that the net rate constant of intersystem crossing is generally
affected by the energy gap (AEst) between the lowest singlet and triplet excited states.

The AEst of the sulfone derivative (1.02 eV) is much larger than that of its parent

@ 3% O 27%

Figure 1.16. Thia[9]helicene and its sulfone derivative.

18



tetrathia[9]helicene (0.60 eV). This result indicates that the helicene with sulfone unit(s)
in their helical skeleton possesses a large AEst and can suppresses the corresponding
intersystem crossing pathways, achieving a high fluorescence quantum yield.

The silole-fused [7]helicene-like compound mentioned above (Figure 1.9b) also
shows much higher fluorescence quantum yield (23%)?® than carbo[7]helicene (2%)° in
solution (Figure 1.17). Moreover, its quantum yield in the solid state (17%) is high
among helicenes and helicene-like compounds. Nozaki and coworkers also reported
that cyclopentadiene-fused [7]helicene-like compounds exhibits high fluorescence
quantum yields (up to 40%).>¢ Similarly, the cyclopentadiene-fused [7]helicene-like
compounds with triphenylene moieties reported by Tanaka and coworkers shows the same
level of fluorescence quantum yield (up to 32%).3®

These helicene-like compounds exhibit circularly polarized luminescence (CPL).
CPL has attracted growing interest because it can be applied to display devices, sensors,

57,58

data storage, biological probes, and so on. Therefore, numerous research efforts

have been devoted to the development of circularly polarized luminescent organic

materials. The crucial parameter of CPL is the luminescence dissymmetry factor, gum,

S
&)

(I)f: 2% (I)f: 23% CDf: 40% (I)f: 30%
Jium: 3.5 x 1073 Gium: 2.5 x 1073 Gium: 3-2 x 1072

Figure 1.17. Fluorescence and CPL properties of [7]helicene and [7]helicene-like
compounds.
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which is defined as gum = 2(/i—Ir)/(/L+Ir) (where I and Ir are the luminescence
intensities of left- and right-handed circularly polarized light).>® This value indicates
the degree of polarization of CPL. The gum value of the enantiopure silole-fused
[7]helicene-like compound was determined to be 3.5 x 107 at 470 nm (Figure 1.17),
and those of cyclopentadiene-fused [7]helicene-like compounds reported by Nozaki and

Tanaka were 2.5 x 1073 and 3.2 x 1072, respectively.3*

1.3.3. Helicene aggregates and helicene oligomers

Molecular assemblies toward any organized aggregates or polymers are important
approach to develop functional materials with novel properties. There have been some
reports on aggregates of helicenes and helicene-like compounds. A single enantiomer
of helicenes or helicene-like compounds forms a columnar structure, exhibiting
significant chiroptical properties compared to those from a single molecule. Therefore,
self-assembly approach has been considered as an important strategy to develop helicene-
based chiral materials.

Katz and coworkers reported the synthesis of helicenebisquinones and their

supramolecular organization.%*¢!

The non-racemic form of the helicenebisquinones
organizes into long fibers which is clearly visible by an optical microscope (Figure
1.18a). The fibers are indicated to consist of columnar aggregates of the
helicenebisquinones. This fibrous aggregates of helicenebisquinones exhibited a very
intense circular dichroism (CD) response, a large optical rotation, and a large second-

order nonlinear optical response than a single helicenebisquinone molecule.

Tanaka and coworkers reported the nanowire composed of the helicene-like
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Figure 1.18. Aggregates of helicene-like compounds.

compound (Figure 1.18b).°>  The helicene-like compound has a phthalhydrazide moiety
which enable the helicene-like compound to form a trimeric disk structure. The trimeric
disks self-assemble to form the fibrous structure and are twisted with each other in the
fibrous structure due to the complementary interaction between the helical moieties.
The resulting fibrous material exhibits superior CPL properties with a gum value of —3.5
x 1072 at the CPL signal maximum.

The polymers and oligomers with helicene moieties have also been investigated.
Yashima and coworkers reported the synthesis of the polyacethylene with [6]helicene
units as side groups by Rh-catalyzed polymerization (Figure 1.19a).%> The CD analysis

revealed that the polyacetylene main chain of the resulting oligomers forms a one-handed
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helical conformation induced by the pendant enantiopure [6]helicene units.

Yamaguchi and coworkers reported the synthesis and unique structure of the
oligomers containing the twisted benzo[c]phenanthrene wunits (The twisted
benzo[c]phenanthrene unit is named as helicene in the literature although it consists of
only four benzene rings).** They synthesized a series of oligomers containing two to
nine (P)-benzo[c]phenanthrene units (Figure 1.19b). In CD spectra, the oligomers
containing two to six benzo[c]phenanthrene units show a monotonic increase in Ag¢ in
accordance with the number of benzo[c]phenanthrene units. On the other hand, the
oligomers containing seven to nine benzo[c]phenanthrene units show significant increase
in Ae compared to the others. This result is attributed to the formation of higher-ordered
helical structure. Further analysis revealed that two oligomers participate in the
formation of a higher-ordered helical structure. In addition, the thermal switching

between the helix dimer and two random coil oligomers was observed.®
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1.4. Summary

As briefly described in this chapter, a variety of synthetic methodologies for
helicenes and helicene-like compounds have been developed. With the progress in the
synthetic methodologies, various types of helicenes and helicene-like compounds have
been synthesized and it has been revealed that they demonstrate unique and novel
properties. The number and the type of fused rings have significant impact on their
properties. Therefore, in order to develop helicene-based organic functional materials,
it is important to elucidate the relationship between molecular structures and their
properties.  For that reason, there is still a tremendous need for developing more
diversity-oriented synthetic methodologies.

Based on these backgrounds, the author has developed new synthetic routes to
helicenes and helicene-like compounds. The key concept is the late-stage
diversification starting from a common synthetic precursor. In particular, the author
focused on the reaction of the biaryl dianions with carbon- or heteroatom-centered
dielectrophiles to form the corresponding diareno-fused five-membered rings (Figure

1.20). By changing the dielectrophiles, a series of helicenes and helicene-like

O: o
S

dilithiation

helicenes
helicene precursors key intermediates helicene-like compounds

Figure 1.20. Diversity-oriented synthesis of helicenes and helicene-like compounds.
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compounds with a different five-membered ring can be prepared. Therefore, this
methodology enables the systematic and diversity-oriented synthesis of helicenes and
helicene-like compounds.

In Chapter 2, the convenient synthesis of [7]helicenes and [7]helicene-like
compounds composed of two phenanthrene units and one five-membered ring is
described. The author first focused on 3,3'-dibromo-4,4'-biphenanthrene as a precursor
for the dianion species and successfully synthesized it, while its synthesis required
lengthy multistep sequence. The author also focused on thia[7]helicene as a common
precursor and achieved its transformation to [7]helicene-like compounds via
desulfurative dilithiation and the subsequent trapping with dielectrophiles (Figure 1.21).
In addition, thia[7]helicene S,S-dioxide was successfully transformed to the
cyclopentadiene-fused [7]helicene-like compound and aza[7]helicenes.

In Chapter 3, the synthesis and properties of spiro-fused double helicene-like
compounds with a silicon spiro atom are described. The dianion prepared from 3,3'-

dibromo-4,4'-biphenanthrene reacted with SiCls to give the spiro-double helicene-like

OO
\

Z = SiR,; P(O)R
omdatlon @ O ,O dinucleophile @ O
—_—
@ \
Z=CR, NR

Figure 1.21. Synthesis of helicenes and helicene-like compounds from thia[7]helicene.
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Figure 1.22. Synthesis of the spiro-double helicene-like compound from 3,3'-dibromo-
4,4'-biphenanthrene.

compounds (Figure 1.22). The combination of the silicon-centered spiro fusion and the
n-extended helical structure were found to offer unique optical properties attributable to
the LUMO spiro-conjugation between the two silole-fused [7]helicene-like units.

In Chapter 4, the synthesis of 1,1'-binaphtho[2,1-b]thiophene and its transformation
to [7]helicenes and [7]helicene-like compounds are described. Lithiation at the a-
position of thiophene rings and the following reaction with a variety of electrophiles gave
a series of helical compounds (Figure 1.23). The photophysical properties of the
synthesized compounds were also evaluated.

General conclusion of this thesis is summarized in Chapter 5.

a%

Li
: —_— Z
Li E— O

Z =CR,, NR, P(O)R

O3 O
D",

Figure 1.23. Synthesis of helicenes and helicene-like compounds from 1,1'-
binaphtho[2,1-b]thiophene.
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Chapter 2

Transformation of Thia[7]helicene to
Aza|7]helicenes and [7]Helicene-like

Compounds via Aromatic Metamorphosis

The [7]helicenes and [7]helicene-like compounds were successfully synthesized
from the thia[7]helicene as a common precursor. The silole- and phosphole-fused
[7]helicene-like compounds were synthesized by desulfurative dilithiation of
thia[ 7]helicene and the subsequent reaction with silicon and phosphorus dielectrophiles,
respectively. The cyclopentadiene-fused [7]helicene-like compound and the
aza[7]helicenes were also synthesized by the inter/intra-SnAr reaction between the
thia[7]helicene S,S-dioxide and the carbon and nitrogen dinucleophiles, respectively.
The thia[7]helicene S,S-dioxide and the silole-fused [7]helicene-like compound emitted
bright blue light, while the cyclopentadiene-fused [7]helicene-like compound and the
aza[7]helicenes emitted violet light. Aza[7]helicene single enantiomers exhibited
circularly polarized luminescence with dissymmetry factors of 4.2-4.4 x 1073, 3,3-
Dibromo-4,4'-biphenanthrene was also prepared as a promising precursor for

synthesizing [7]helicenes and [7]helicene-like compounds.






2.1. Introduction

Dibenzoheteroles! (dibenzothiophene, carbazole, dibenzosilole, etc.) and
spirocyclic fluorenes (spiro[fluorene-9,9'-xanthene], etc.) have been important modules
for organic functional materials because they showed excellent electronic, optoelectronic,
and emission properties, which offers them applications in a variety of fields, such as

> Until now, a variety of

light-emitting diodes and organic field-effect transistors.?
synthetic methodologies have been developed for each class of dibenzoheteroles and
spirocyclic fluorenes. For example, carbazoles can be prepared through Fischer—
Borsche synthesis,® Cadgan cyclization of nitrobiaryls,” palladium-catalyzed double N-
arylation reaction of dihalobiaryls,® transition metal-free intramolecular oxidative C—H
amination of aminobiaryls with hypervalent iodine reagents,” and so on (Figure 2.1a).
The classical yet practical synthetic route to dibenzosiloles is the lithiation of
dihalobiaryls and the subsequent reaction of the resulting dianions with a silicon
dielectrophile such as dichlorodiorganosilane (Figure 2.1b).!°  Transition metal-
catalyzed cyclization and radical cyclization pathways have also been developed for the
dibenzosilole synthesis.!!!? Undoubtedly, the development of the synthetic

methodology has greatly contributed to a recent progress in the fields of organic chemistry

and organic materials chemistry.
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Figure 2.1. Synthetic routes to carbazoles and dibenzosiloles.

Recently, it has been reported that the dibenzothiophene skeleton can be
transformed into various ring systems such as dibenzosilole, dibenzophosphole, fluorene,
and carbazole (Figure 2.2)."'7  The reaction of dibenzothiophene with lithium metal
generates 2,2'-dianions via desulfurative dilithiation. Then, the dibenzosiloles and
dibenzophospholes are obtained by the reaction of the generated 2,2'-dianion with silicon
and phosphorus dielectrophiles, respectively.  Fluorenes and carbazoles are successfully
synthesized from the oxidized compound of dibenzothiophene. The oxidized compound,
dibenzothiophene S,S-dioxide, is converted to fluorenes and carbazoles via successive
intermolecular and intramolecular SnAr reactions with carbon and nitrogen
dinucleophiles. As many compounds containing the dibenzothiophene unit have been

reported, this methodology, named "aromatic metamorphosis", would be a useful
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Figure 2.2. Aromatic metamorphosis of dibenzothiophene.

synthetic approach for the synthesis of a variety of n-extended compounds. In fact, the
conversion of dithia[8]helicene to its carbazole and fluorene analogues has been reported
using this method as well as the synthesis of [8]circulenes and spiro m-conjugated
compounds.'#2!

In this context, the author envisaged that a series of silole-, phosphole-, and
cyclopentadiene-fused [ 7]helicene-like compounds and pyrrole-fused aza[7|helicenes are
possible to be synthesized from (i) 3,3'-dibromo-4,4"-biphenanthrene (1)** (Figure 2.3) or
(ii) thia[ 7]helicene 7, diphenanthro[3,4-b:4'3'-d]thiophene (Figure 2.4),>?* as a common
precursor.

The halogen—lithium exchange reaction of 1 with an organolithium reagent would
give the corresponding dianion 2. Then, the reaction of the resulting dianion 2 with
silicon (C1>SiR»), phosphorus (CI2PR), and carbon (CICO,;Me) dielectrophiles is expected
to afford the silole-, phosphole-, and cyclopentadienone-fused [7]helicene-like

compounds 3-5, respectively. Aza[7]helicenes 6 would also be synthesized by the

double N-arylation of 1 with a primary amine.
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Figure 2.3. Possible synthetic routes to [7]helicenes and [7]helicene-like compounds
from 3,3'-dibromo-4,4'-biphenanthrene (1).

When thia[7]helicene 7 is used as a common precursor, the dianion 2 would be
prepared by desulfurative dilithiation of thia[7]helicene 7 and react with silicon (C1>SiR»),
phosphorus (Cl2PR), and carbon (CICO2Me) dielectrophiles to afford the corresponding
[7]helicene-like compounds 3—5. In addition, it is possible to produce aza[7]helicenes
6 and cyclopentadiene-fused [7]helicene-like compounds 9 by the reaction of

thia[ 7]helicene S,S-dioxide 8 with the nitrogen and carbon dinucleophiles, respectively.

oo,

Cl,SiR,,
O CI,PR, then oxidation
@ Li @ Li or CICO,Me

(L)

L
o S
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5: Z = C(=0)
7 2
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Figure 2.4. Possible synthetic routes to [7]helicenes and [7]helicene-like compounds
from thia[7]helicene 7.
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Figure 2.5. Aromatic metamorphosis of dibenzothiophene.

The synthesis of silole-, phosphole-, cyclopentadienone-, and cyclopentadiene-
fused [7]helicene-like compounds 3a, 4a, 5, and 9a and the aza[7]helicene 6a has already
been reported (Figure 2.5),>> 2% but the proposed synthetic routes in Figures 2.3 and 2.4
could allow more efficient synthesis. In the previous literatures, [7]helicene-like
compounds 3a, 4a, 5, and 9a require the introduction of each heteroatom and the bridging
carbon atom at the early stage in the synthetic sequence. In contrast, the proposed
synthetic routes allow the introduction of each heteroatom and the bridging carbon atom
at the late stage of the synthetic sequences. Furthermore, the proposed synthetic routes
employ no transition metal catalyst, while the previous syntheses need to use costly
transition metal catalysts in the cyclization steps.

In this chapter, the author investigated the synthesis of 3,3'-dibromo-4,4'-
biphenanthrene (1). Although compound 1 was successfully synthesized, the synthesis
required the lengthy multistep sequence. Therefore, aromatic metamorphosis of
thia[7]helicene 7 was applied to the synthesis of [7]helicenes and [7]helicene-like
compounds. The optical properties of the synthesized compounds were evaluated and

compared with those of the related compounds in the previous literatures.
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2.2. Synthesis

2.2.1. Synthesis of 3,3'-dibromo-4,4'-biphenanthrene

It has been reported that 3,3'-dibromo-4,4'-biphenanthrene (1) can be prepared by
a one-step bromination of [4,4-biphenanthrene]-3,3'-diol.?>  The author tried its
preparation according to the literature, but fail to obtained it most likely due to the
difficulty of controlling the high temperature condition (230-250 °C). Therefore, the
new synthetic route was designed as shown in Scheme 2.1.  The biphenyl 10, which was
synthesized in 81% yield by the Suzuki-Miyaura cross-coupling reaction of 2,6-
dimethoxyphenylboronic acid and iodobenzene, was treated with BBr;. One of the
methoxy groups was dealkylated to give compound 11 in 73% yield. The hydroxy group
in compound 11 was converted to a triflate group to give compound 12. Then, the
Miyaura—Ishiyama borylation reaction with the resulting triflate 12 and pinacol borane in
the presence of a palladium catalyst gave the borylated compound 13 in 94% yield. The
Suzuki—Miyaura cross-coupling of compounds 12 and 13 with Pd(PPhs)s afforded
compound 14 in 87% yield. The resulting compound 14 was treated with bromine, and
the following reaction with an excess amount of BBr; gave compound rac-16 in 62%
yield (in 2 steps). The hydroxy groups of rac-16 was triflated with T20 to give
compound rac-17 in 74% yield. The triflate groups of rac-17 was selectively converted
to (trimethylsilyl)ethynyl groups to give compound rac-18 in 77% yield. Deprotection
(92% yield) and the following PtCl.-catalyzed double cyclization (38% yield) gave the
target compound 1. Although compound 1 can be synthesized in a pure form, this
synthetic sequence requires 10 steps and the total yield is about 6%. Therefore, the
author concluded that compound 1 is not a suitable precursor for diversity-oriented

synthesis of [7]helicenes and [7]helicene-like compounds in this thesis.?’
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Scheme 2.1. Synthesis of 3,3'-Dibromo-4,4'-biphenanthrene (1)
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2.2.2. Aromatic metamorphosis of thia[7]helicene

Next, the aromatic metamorphosis approach shown in Figure 2.4 was investigated.

The desulfurative dilithiation of thia[7]helicene 7 by lithium metal has already been
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discussed.?* In the previous report, the trapping with Mel after the desulfurative
dilithiation gave not the desired methylated compound, but the reduced compound, 4,4'-
biphenanthrene, as the main product. Nevertheless, based on the recent progress in
aromatic metamorphosis,'’ the reaction of compound 7 with lithium metal was carried
out under the optimized conditions reported for the desulfurative dilithiation of
dibenzothiophene. The reaction of 7 with 5 equivalents of lithium metal in the
presence of 2 equivalents of N,N,N',N'-tetramethylethylenediamine (TMEDA) in THF
was carried out at room temperature (Scheme 2.2). Then, the silicon dielectrophile,
ClSiMe», was added to the resulting dark purple solution to give the desired product 3a
in 48% yield. This result clearly demonstrates that the desulfurative dilithiation of
thia[7]helicene 7 gives the dianion 2 which can react with dielectrophiles. Encouraged
by this result, other dielectrophiles were tested for trapping the dianion species. The
reaction with CI>SiPh; under the same conditions gave the new silole-fused [ 7]helicene-
like compound 3b in 41% yield. It was also found that phosphorus dielectrophiles
could be applied. The reaction of the dianion with CL,PPh followed by oxidation

afforded the phosphole-fused [7]helicene-like compound 4a.

Scheme 2.2. Synthesis of Compounds 3 and 4a

@CO TMEDA  CLSR, . @OO R

s 3a (R = Me): 48%
N 3b (R =Ph): 41%

CO '\ R
ﬂ,&,”

z
N 4a: 34%
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Scheme 2.3. Synthesis of Compounds 9b and 6
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The transformation of thia[7]helicene S,S-dioxide 8, which can be prepared by
oxidation of 7, was also investigated (Scheme 2.3). According to the literature
procedure,!®> the reaction of 8 with xanthene, a commercially available carbon
dinucleophile, was carried out with KN(SiMe3), as a base. The desired spirocyclic
carbo[7]helicene-like compound 9b was obtained in 23% yield. In the same way, the
conversion of 8 to aza[7]helicenes 6 was examined. Arylamines bearing an electron-
donating group, such as p-toluidine and p-anisidine, reacted with 8 to give the
corresponding aza[7]helicenes 6b and 6¢ in high yields, respectively (80% for 6b and
88% for 6¢). In contrast, aza[7]helicenes were not formed in reactions with electron-
deficient arylamines, such as p-(trifluoromethyl)aniline and 4-aminobenzonitrile. This

result is caused by low nucleophilicity of these arylamines. '
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2.2.3. Optical resolution of aza[7]helicenes

The optical resolution of aza[7]helicenes 6b and 6c by chiral HPLC was
achieved. Moreover, the absolute configuration of the single enantiomer of 6¢ was
clearly identified by single crystal X-ray analysis (Figure 2.6 and Table 2.1). The
practical condition for the optical resolution of other newly synthesized [7]helicene-like

compounds has not been obtaiend yet.

Figure 2.6. ORTEP drawing of (M)-6c with thermal ellipsoids at 50% probability [All
hydrogen atoms and the crystal solvent molecule (CHCIl3) are omitted for clarity] and its
packing structure.
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Table 2.1. Crystallographic Data and Structure Refinement Details for (M)-6¢

formula
formula weight
temperature
wavelength
crystal system
space group

unit cell dimensions

volume

VA

density (calculated)
absorption coefficient
F(000)

crystal size

theta range for data collection
index ranges

reflections collected
independent reflections
completeness to theta

max. and min. transmission
refinement method

data / restraints / parameters
goodness-of-fit on F*

Flack parameter

final R indices [/>20(])]

R indices (all data)

largest diff. peak and hole

(C35sH23NO)+(CHCIs)
59291

193(2) K

1.54187 A
monoclinic

P2,

a=1825287(15) A
b=182292(3) A
c=10.12564(18) A
1424.44(5) A3

2

1.382 g/cm’

3.152 mm™'

612

0.60 x 0.40 x 0.10 mm’
4.670 to 68.238°

a=90°
B=110.7590(8)°
y=90°

—9<=h<=9, 21<=k<=21, —12<=I<=12

22925

4954 [Rine = 0.0676]
99.7%

0.730 and 0.234
full-matrix least-squares on /2
4954/1/370

1.045

0.003(10)

R1=10.0536, wR, =0.1365
R1=0.0584, wR> = 0.1458
0.429 and —0.456 ¢/A3
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2.3. Photophysical properties

2.3.1. Absorption and fluorescence properties

By applying aromatic metamorphosis, new [7]helicene-like compounds 3b and 9b
and aza[7]helicenes 6b and 6c were obtained. Therefore, the UV—vis absorption and
photoluminescence (PL) spectra of them were measured to elucidate their optical
properties (Figure 2.7). Although thia[7]helicene 7 and its S,S-dioxide 8 are known
compounds, only the absorption property of 7 in cyclohexane has been reported.
Therefore, their absorption and PL spectra in CH2Cl, were also measured. The
photophysical properties are summarized in Table 2.2. The photophysical data of
compounds 3a, 9a, and 6a, which have already been reported, are also included in Table
2.2 as comparison.

Thia[7]helicene 7 exhibits a longest absorption maximum (Aabs) at 401 nm and an
emission maximum (Aem) at 417 nm with a shoulder at 435 nm (Figure. 2.7a). The
absolute quantum yield (®r) was estimated to be less than 1%. Compared to 7, the

oxidized compound 8 showed a slightly red-shifted absorption band with a shoulder at

(a) (b)

08 1 PL 0.8 ¢+
0.6 g 0.6 g
T 5T 5
< 04 5 £ 04 -
3 — o —
S s 2 5
- g - z
0.2 4 2. 0.2 ; 3
< <

0 0 + B +
250 350 450 550
wavelength (nm) wavelength (nm)

Figure 2.7. UV—vis absorption (solid line) and PL (broken line) spectra of (a) 7 and 8
in CH>Cl, (1.0 x 107> M) and (b) 3b, 9b, and 6b in CH,Cl> (1.0 x 10> M). The
spectra of 6¢ are omitted since they are almost the same as those of 6b.
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415 nm and the significantly red-shifted emission maximum at 458 nm. The absolute
quantum yield was improved to 4%, and a bright blue emission was observed.

The silole-fused [7]helicene-like compound 3b showed a broad absorption
spectrum with a shoulder at 411 nm and an absorption edge at 434 nm (Figure 2.7b).
These characteristics were almost the same as those of the dimethyl derivative 3a (Aabs:
412 nm; absorption edge: 431 nm).2”  The compound 3b exhibited a bright blue emission,
but with a lower absolute quantum yield (11%) than 3a (23%).

The UV—vis absorption and PL spectra of the cyclopentadiene-fused [7]helicene-
like compound 9b and aza[7]helicenes 6b and 6¢ were almost the same as those of their
analogues 9a and 6a, respectively (Figure 2.7b). All of these compounds showed a
violet emission at 421-422 nm. Thus, the replacement of the two phenyl groups in 9a
with oxybis(2,1-phenylene) group and the introduction of an electron-donating group at
the para-position of the N-phenyl group in 6a have little impact on their photophysical

properties.

Table 2.2. Photophysical Properties of [7]Helicene-like Compounds and

Aza[7]helicenes

Aabs (Nm)* Xem (Nm)° Of

7 401 417, 435 (sh) (265) <1
8 395, 415 (sh) 458 (300) 4
3b 389, 411 (sh) 434 (sh), 454 (325) 11
9b 406 422, 441 (sh) (294) 31
6b 401 421, 444 (335) 17
6¢ 401 422, 445 (335) 16
3a‘ 412 450 (320) 23
9a° 408 421, 441 (sh) (340) 40
62’ 400 418, 442 (330) 17

“The longest absorption maximum in CH,Cl.. sh: shoulder. "Emission maximum in CH,Cl.
Excitation wavelength in parenthesis. ‘Absolute quantum yield in CH,Cl,. “Reference 27.
“Reference 28./Reference 25.
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2.3.2. Chiroptical properties

The chiroptical properties of 6b and 6¢ were characterized by CD and CPL
spectroscopies (Figure 2.8).  Both 6b and 6¢ exhibited mirror image CD spectra showing
the Cotton effects in the longest absorption region of thier absorption spectrum. The P-
isomer of 6¢ exhibited a negative Cotton effect at its longest absorption band and two
positive Cotton effects at around 340 nm and 280 nm. The observed characteristics of
the CD spectrum of (P)-6¢ are identical to that of (P)-6a reported previously.”> Based
on these results, the absolute configuration of the single enantiomer of 6b, which showed
a negative Cotton effect at around 410 nm, was determined to be P. The dissymmetry
factors in absorption (gabs) at the maximum of the first Cotton effects of (P)-6b and (P)-
6¢ were estimated to be 3.8 x 107 and 4.0 x 1073, respectively. In the CPL spectra, the
sign of the P-isomers of 6b and 6¢ is negative. The dissymmetry factors of the emission
(gum) of (P)-6b and (P)-6¢ were 4.2 x 107 (429 nm) and 4.4 x 10~* (432 nm), respectively,

similar to those of previously reported chiral organic small molecules.

@ 300

200 +

(@] Q
o o
= 100 1 g g
e =3 =
s £ 2
s 0 g z
El > <
<100 1 = =
£ <
P = P et
-200 + |Gaos] © 3.8 10-3 (412 nm) -200 1 |Ganel 403103 (413 nm)
|@uml 42103 (429 nm) |Guml © 44103 (432 nm)
-300 + + : -300 + + +
250 350 450 550 250 350 450 550
wavelength (nm) wavelength (nm)

Figure 2.8. CD (in CH2Cl») and CPL (in 2-Me-THF) spectra of (a) 6b and (b) 6¢c. The
gabs and gum values were calculated at the longest CD maximum and the CPL maximum,
respectively. Wavelength for the calculated gabs and gum values in parentheses.
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2.4. Theoretical calculations

In order to understand the experimental photophysical properties, theoretical
calculations with density functional theory (DFT) and time-dependent (TD) DFT methods
were conducted at the B3LYP/6-31G (d) level of theory.

The longest absorption wavelength of thia[7]helicene 7 and its S,S-dioxide 8 were
estimated to be 387 nm and 406 nm, respectively, well demonstrating a slight red shift of
the experimental absorption band of 8 (Table 2.3). The energy levels of the HOMO and
HOMO-1 of 7 are almost identical (—5.42 eV and —5.45 eV) (Figure 2.8), and the
HOMO-1 — LUMO transition mainly contributes to the longest-wavelength absorption
band of 7. On the other hand, the HOMO — LUMO transition is the main contribution
to the longest-wavelength absorption band of 8. The HOMOs of thia[7]helicene 7 and
its oxidized compound 8 are delocalized over entire skeltons, while no contribution was
observed over the sulfur atoms (Figure 2.9). The HOMO energy level of 8 is 0.40 eV
lower than that of 7, which would be caused by the electron-withdrawing effect of the
S,5-dioxide moiety. The LUMOs of 7 and 8 is delocalized over the entire skeletons
including the sulfur atoms. It was observed that the difference in the LUMO energy
levels between 7 and 8 (0.62 eV) was larger than that in the HOMO energy levels. The
reason for this observation may be due to the effective o*—n* conjugation between the
exocyclic S-O o* orbital and the endocyclic butadiene n* orbital of the thiophene unit,

which lowers the LUMO energy level of 8.3
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Table 2.3. The Selected Absorption of (P)-7, 8, and 3 Calculated by TD—-DFT
Method at the B3LYP/6-31G(d) Level of Theory

excited transition wavelength main transition configuration oscillator
state energy (eV) (nm) (CI expansion coefficient) stre;gth
(P)-7 1 3.207 387 HOMO-1 — LUMO (0.66493) 0.0251
2 3.262 380 HOMO — LUMO (0.67382) 0.1264
3 3.539 350 HOMO-2 — LUMO (0.67854) 0.0331
4 3.881 320 HOMO-1 —-LUMO+1 (0.68263) 0.1434
5 3.907 317 HOMO-3 — LUMO (0.54000) 0.0094
6 3.931 315 HOMO — LUMO+1 (0.52264) 0.0303
(P)-8 1 3.053 406 HOMO — LUMO (0.68689) 0.0714
2 3.289 377 HOMO-1 — LUMO (0.62341) 0.0373
3 3.388 366 HOMO—-2 — LUMO (0.66097) 0.0319
4 3.624 342 HOMO — LUMO+1 (0.61182) 0.1261
5 3.721 333 HOMO-3 — LUMO (0.65739) 0.0000
6 3.962 313 HOMO — LUMO+2 (0.62412) 0.0862
(P)-3a 1 3.162 392 HOMO — LUMO (0.68088) 0.1156
2 3.307 375 HOMO-1 — LUMO (0.54443) 0.0068
3 3.524 352 HOMO—-2 — LUMO (0.54443) 0.0092
4 3.589 345 HOMO — LUMO++1 (0.52768) 0.0802
5 3.848 322 HOMO — LUMO+2 (0.45264) 0.0287
6 3.895 318 HOMO-3 — LUMO (0.47198) 0.0357
(P)-3b 1 3.133 396 HOMO — LUMO (0.68486) 0.0982
2 3.276 378 HOMO-1 — LUMO (0.53879) 0.0041
3 3.510 353 HOMO—-2 — LUMO (0.60686) 0.0112
4 3.553 349 HOMO — LUMO++1 (0.52515) 0.0929
5 3.824 324 HOMO-3 — LUMO (0.46782) 0.0330
6 3.872 320 HOMO — LUMO+2 (0.45741) 0.0586
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Orbital Energy Orbital Energy

(eV) (eV)
-0.48 LUMO+3 -0.90
-0.92 LUMO+2 -1.44
-1.04 -1.66
-1.64 -2.26
-5.42 -5.82
-5.45 -6.24
-5.83 -6.24
-6.23 -6.61

%?2_

P)-7 (P)-8

Figure 2.9. Molecular orbitals of (P)-7 and (P)-8 calculated by DFT method at the
B3LYP/6-31G(d) level of theory.
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The longest absorption wavelength of silole-fused [7]helicene-like compound 3b
is estimated to be 396 nm (Table 2.3), which is in agreement with the experimental
absorption characteristics. As observed in 3a, the features of a silole unit in 3b can be
understood by focusing on the LUMO (Figure 2.10). The LUMO of 3b is distributed
over the silicon atom. It is due to the o*—n* conjugation between Si—C(phenyl) c*
orbitals and the butadiene ©* orbital of the silole unit. On the other hand, no obvious
contribution from the phenyl group could be identified. Therfore, the difference in the
substituents on the silicon atom (Me or Ph) does not affect the frontier molecular orbitals,
and the HOMOs and LUMOs of 3a and 3b show almost the same molecular orbital
distribution, affording a similar absorption properties.

The molecular orbitals of the cyclopentadiene-fused [ 7]helicene-like compound 9b
and the aza[7]helicenes 6b and 6¢ are shown in Figures 2.11-2.13. The oxybis(2,1-
phenylene) unit in compound 9b does not contribute to the frontier orbitals. Therefore,
molecular orbital distributions of the frontier orbitals of compounds 9a and 9b are almost
the same, which well explains the similar absorption properties of these compounds.
The compound 9b contains a spirocyclic structure, but a through-space orbital interaction
known as spiroconjugation’?>* between the 4,4'-biphenanthrene and oxybis(2,1-
phenylene) units is not observed. The electron-donating groups of the aza[7]helicenes
6b and 6¢ also do not affect the frontier orbitals, and thus all of aza[7]helicenes 6a—6¢

showed similar photophysical properties.
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Orbital Energy Orbital Energy
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-0.35 LUMO+3 -0.49
-0.87 LUMO+2 -0.91
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-5.21 HOMO -5.24
-5.61 HOMO-1 -5.64
-5.75 -5.79
-6.07 -6.10
_,‘\ 2
@
(P)-3a (P)-3b

Figure 2.10. Molecular orbitals of (P)-3a and (P)-3b calculated by DFT method at the
B3LYP/6-31G(d) level of theory.
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Orbital Energy Orbital Energy
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-5.68 HOMO-1 -5.70
-5.76 HOMO-2 -5.74
-6.13 HOMO-3 -5.82
(Pr-9a (P1-9b

Figure 2.11. Molecular orbitals of (P)-9a and (P)-9b calculated by DFT method at the
B3LYP/6-31G(d) level of theory
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-5.14 HOMO-1 -5.11
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-6.06 HOMO-3 -6.03

(P)-6b

Figure 2.12. Molecular orbitals of (P)-6a and (P)-6b calculated by DFT method at the
B3LYP/6-31G(d) level of theory
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Figure 2.13. Molecular orbitals of (P)-6¢ calculated by DFT method at the B3LYP/6-
31G(d) level of theory
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Table 2.4. The Selected Absorption of (P)-9 and 6 Calculated by TD—DFT Method at
the B3LYP/6-31G(d) Level of Theory

excited transition wavelength main transition configuration Osi(r:;ﬂai(l)lr
state energy (eV) (nm) (CI expansion coefficient) fg
(P)-9a 1 3.157 393 HOMO — LUMO (0.68058) 0.1447
2 3.470 357 HOMO-1 — LUMO (0.59219) 0.0073
3 3.478 356 HOMO-2 — LUMO (0.49445) 0.0191
4 3.724 333 HOMO—2 — LUMO (0.49463) 0.0587
5 3.837 323 HOMO — LUMO+2 (0.56369) 0.1570
6 3.974 312 HOMO—3 — LUMO (0.60105) 0.0567
(P)-9b 1 3.171 391 HOMO — LUMO (0.67747) 0.1447
2 3.484 356 HOMO-2 — LUMO (0.54038) 0.0009
3 3.504 354 HOMO — LUMO+1 (0.48680) 0.0205
4 3.557 349 HOMO-1 — LUMO (0.66521) 0.0056
5 3.748 331 HOMO-3 — LUMO (0.51075) 0.0678
6 3.825 324 HOMO — LUMO+2 (0.56366) 0.1836
(P)-6a 1 3.187 389 HOMO — LUMO (0.66109) 0.0409
2 3.296 376 HOMO-1 — LUMO (0.64999) 0.1036
3 3.760 330 HOMO-2 — LUMO (0.53834) 0.1176
4 3.780 328 HOMO — LUMO+1 (0.59701) 0.1755
5 3.843 323 HOMO — LUMO+2 (0.63485) 0.0217
6 3.882 319 HOMO-1 —-LUMO+1 (0.58640) 0.2091
(P)-6b 1 3.184 389 HOMO — LUMO (0.66146) 0.0425
2 3.295 376 HOMO-1 — LUMO (0.64832) 0.1008
3 3.765 329 HOMO — LUMO+1 (0.56690) 0.2748
4 3.779 328 HOMO—-2 — LUMO (0.52395) 0.0246
5 3.854 322 HOMO — LUMO+2 (0.47594) 0.0030
6 3.892 319 HOMO — LUMO+2 (0.46655) 0.2407
(P)-6¢ 1 3.183 389 HOMO — LUMO (0.66137) 0.0393
2 3.297 376 HOMO-1 — LUMO (0.64605) 0.0973
3 3.760 330 HOMO — LUMO+1 (0.65072) 0.2990
4 3.797 327 HOMO-2 — LUMO (0.63461) 0.0113
5 3.857 321 HOMO-1 —-LUMO+1 (0.60073) 0.0705
6 3.943 314 HOMO — LUMO+2 (0.56263) 0.1081
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2.5. Conclusion

The transformation of thia[7]helicene to aza[7]helicenes and [7]helicene-like
compounds was achieved via aromatic metamorphosis. The dianion 2 obtained by
desulfurative dilithiation of thia[7]helicene 7 can react with dielectrophiles to give the
corresponding [7]helicene-like compounds, thus avoiding the use of transition metal
catalysts. The dianion can be prepared from 3,3'-dibromo-4,4'-biphenanthrene (see
chapter 3), but the synthesis of the parent dibromide 1 requires lengthy multiple steps and
the total yield is low. In addition, the present aromatic metamorphosis approach accepts
not only dielectrophiles but also dinucleophiles and enables to introduce a variety of
heteroatoms and a carbon atom into the helical skeleton at the final stage of synthetic
sequence. Therefore, the present synthetic method is a more convenient way to
construct the helicene structure. Application of this method to other thiophene-fused
thiahelicenes, electrophiles, and nucleophiles will contribute to the development of novel

helicenes and helicene-like compounds with unique properties.
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2.6. Experimental section

2.6.1. General

All manipulations involving air- and/or moisture-sensitive compounds were carried
out with the standard Schlenk technique under argon. Analytical thin-layer
chromatography was performed on a glass plate coated with 0.25-mm 230-400-mesh
silica gel containing a fluorescent indicator. Column chromatography was performed
by using silica gel (spherical neutral, particle size: 63-210 um). The recycling
preparative HPLC was performed with YMC-GPC T-2000 and T-4000 columns
(chloroform as an eluent). Most of reagents were purchased from commercial suppliers,
such as Sigma-Aldrich Co. LLC, Tokyo Chemical Industry Co., Ltd., and Kanto
Chemical Co., Inc., and used without further purification unless otherwise specified.
Commercially available anhydrous solvents were used for air- and/or moisture sensitive
reactions. Diphenanthro[3,4-b:4',3'-d|thiophene (7) and diphenanthro[3,4-b:4',3'-
d]thiophene S,S-dioxide (8) were prepared according to the literature.?

NMR spectra were recorded in CDCI3 or acetone-ds,on a JEOL ECX400
spectrometer (\H 400 MHz; 13C 101 MHz) or JEOL ECA500 spectrometer (\H 500 MHz;
13C 126 MHz). Chemical shifts are reported in ppm relative to the internal standard
signal (0 ppm for Me4Si in CDCI3) or the solvent residual signal (2.05 ppm for acetone-
ds) for 'H and the deuterated solvent signal (77.16 ppm for CDCl; and 206.26 ppm for
acetone-ds) for 3C. Data are presented as follows: chemical shift, multiplicity (s =
singlet, d = doublet, t = triplet, m = multiplet and/or multiple resonances), coupling
constant in hertz (Hz), and signal area integration in natural numbers. High resolution
mass spectra are taken with a Bruker Daltonics micrOTOF-QII mass spectrometer by
atmospheric pressure chemical ionization-time-of-flight (APCI-TOF) method. UV-
Vis absorption spectra were recorded on a JASCO V-650 spectrophotometer.
Photoluminescence spectra were recorded on a JASCO FP-6500 spectrofluorometer.
Absolute quantum yields were determined by absolute quantum yield measurement
system with a JASCO ILF-533 integrating sphere. =~ HPLC analyses and optical
resolution were carried out using a DAICEL CHIRALPAK® IA-3 column (4.6 mm x 250
mm) and a DAICEL CHIRALPAK® IA column (20 mm x 250 mm), respectively. CD
spectra were recorded on a JASCO J-725 spectrometer. CPL spectra were measured by
using a JASCO CPL-300 spectrometer.
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2.6.2. Synthetic procedure

2,6-Dimethoxy-1,1'-biphenyl (10). A mixture of (2,6-dimethoxyphenyl)boronic
acid (10 g, 55 mmol), Pd(PPh3)4 (1.6 g, 1.4 mmol), Cs2CO3 (53 g, 0.16 mol), iodobenzene
(6.2 mL, 55 mmol), methanol (50 mL), and toluene (50 mL) was placed in a 500-mL
three-necked flask under Ar and degassed by three freeze-pum-thaw cycles. After
stirred at 100 °C for 3 h, the solvent was removed under reduced pressure. To the residue
were added CHCI3; (300mL) and aqueous HCI (1 M, 300 mL), and the resulting mixture
was stirred to dissolve the crude residue. After the organic layer was separated, the
aqueous layer was extracted with CHClz (300 mL x 2). The combined organic layers
were dried over anhydrous Na>SQgs, filtered, and concentrated under reduced pressure.
The resulting crude residue was purified by silica-gel column chromatography with
hexane/CH2Cl: (5/2 Rr= 0.40) as an eluent to give 10 as a colorless solid (9.5 g, 44 mmol,
81%). The 'H NMR data were identical with those in the literature.*®

6-Methoxy[1,1'-biphenyl]-2-0l (11). To a solution of 10 (6.5 g, 31 mmol) in
CH>Cl, (60 mL), boron tribromide (1.0 M in CH2Cl, 16 mL, 16 mmol) was slowly added
at —78 °C under Ar.  After stirred at ambient temperature for 17.5 h, water (50 mL) was
added to the reaction mixture at 0 °C.  The organic layer was separated, and the aqueous
layer was extracted with CH2Cl, (100 mL x 3). The combined organic layers were
washed with saturated aqueous NaHCOs3, dried over anhydrous Na>SOs, filtered, and
concentrated under reduced pressure. The resulting crude residue was purified by silica-
gel column chromatography with hexane/CH>Clz (2/1 Rs = 0.25) as an eluent to give 11
as a colorless solid (4.5 g, 22 mmol, 73%). The 'H and '*C NMR data were identical with

those in the literature.>®

6-Methoxy[1,1'-biphenyl]-2-yl trifluoromethanesulfonate (12). A mixture of
11 (10 g, 51 mmol) and pyridine (13 mL, 153 mmol), and CH2Clz (150 mL) was placed
in a 300 mL three-necked flask under Ar. To the solution was added
trifluoromethanesulfonic anhydride (10 mL, 61 mmol) slowly at 0 °C.  After stirred at
ambient temperature for 17 h, aqueous HCI (1 M, 150 mL) was added to the reaction
mixture. The organic layer was separated, and the aqueous layer was extracted with
CH2Cl> (200 mL % 3). The combined organic layers were dried over anhydrous Na>SOq,
filtered, concentrated under reduced pressure. The resulting crude residue was purified
by silica-gel column chromatography with hexane/ethyl acetate (4/1 R = 0.60) as an
eluent to give 12 as a colorless solid (15 g, 45 mmol, 88%): 'H NMR (400 MHz, CDCl;)
5 7.47-7.32 (m, 6H), 7.01 (d, J = 8.7, 1H), 7.00 (d, J = 8.2, 1H), 3.79 (s, 3H); °C NMR
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(126 MHz, CDCls) & 158.3, 147.7, 131.2, 130.8, 129.3, 128.2, 128.1, 125.1, 118.4 (q, Jc-
F=320.3 Hz), 113.7, 110.9, 56.2; 1°F NMR (471 MHz, CDCls) 5 —74.2; HRMS-APCI*
(m/z) caled for C1aH11F304S8™ (M") 332.0325, found 332.0332.

2-(6-Methoxy|[1,1'-biphenyl]-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

(13). A mixture of 12 (8.1 g, 24 mmol), PdClx(dppf)-CH2CL (0.61 g, 0.74 mmol), 1,4-
dioxane (70 mL), EtsN (12 mL, 86 mmol), and HBpin (12 mL, 83 mmol) was placed in
a 300-mL three-necked flask under Ar and degassed by three freeze-pump-thaw cycles.
The reaction mixture was stirred at 100 °C for 17 h under Ar, and then concentrated under
reduced pressure. The resulting crude residue was purified by silica-gel column
chromatography with hexane/ethyl acetate (4/1, Rr = 0.63) as an eluent to give 13 as a
white solid (7.2 g, 23 mmol, 94%). 'H NMR (500 MHz, acetone-de) § 7.36-7.25 (m, 7H),
7.10 (d, J = 8.0 Hz, 1H), 3.70 (s, 3H), 1.12 (s, 12H); '3C NMR (126 MHz, acetone-ds) &
157.0, 140.2, 136.5, 131.1, 128.7, 127.9, 127.1, 126.6, 113.5, 84.0, 55.7, 24.8; HRMS—
APCI' (m/z) calcd for C1oH23BO3™ (M") 310.1735, found 310.1760.

3",6'-dimethoxy-1,1':2',1"":2"",1"""-quaterphenyl (14). A mixture of 12 (6.8 g,
21 mmol), 13 (8.1 g, 26 mmol), and Pd(PPh3)4 (948 mg, 0.82 mmol) were placed in a
300-mL three-necked flask under Ar. To the mixture were added DME (108 mL) and
aqueous Na,COjs solution (2 M, 82 mL), and the resulting mixture was degassed by three
freeze-pump-thaw cycles, and then stirred at 70 °C for 55 h under Ar.  After adding H,O
(50 mL), the resulting mixture was extracted with CH>Cl, (100 mL x 3). The combined
organic layers were washed with aqueous HCI (1 M, 300 mL) and brine (200 mL), dried
over anhydrous NaSOg, filtered, and concentrated under reduced pressure. The
resulting crude residue was washed with hexane/CH>Cl» (10/1) to give 14 as a colorless
solid (6.8 g, 20 mmol, 88%): 'H NMR (400 MHz, CDCl3) § 7.15 (t,J= 7.8 Hz, 2H), 7.12-
7.07 (m, 6H), 6.84 (d, J = 7.3Hz, 2H), 6.82-6.77 (m, 6H), 3.64 (s, 6H); *C NMR (101
MHz, CDCl3) 6 156.5, 142.0, 136.3, 131.4, 130.1, 127.2, 127.0, 126.2, 124.5, 109.7, 55.8;
HRMS-APCI" (m/z) caled for C26H2302" ((M+H]") 367.1693, found 367.1685.

3',6''-Dibromo|1,1':2',1'":2",1'""'-quaterphenyl]-3",6'-diol (16). A mixture of
14 (5.9 g, 16 mmol) and CHCI3 (420 mL) was placed in a 1-L three-necked flask under
Ar. To the solution was added bromine (3.8 mL, 74 mmol) at ambient temperature.
After stirred at ambient temperature for 19 h, saturated aqueous NaS>03 (300 mL) was
added to the reaction mixture. The organic layer was separated, and the aqueous layer

was extracted with CH2Cl, (200 mL x 3). The combined organic layers were washed
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with saturated aqueous Na>S>03; (300 mL) and concentrated under reduced pressure.
The resulting crude residue, which contained 15, was used in the next step without
separation since the unidentified by-products could not be separated.

The obtained crude residue was dissolved in CH2Cl> (180 mL) in a 500-mL three-
necked flask. To the solution was added BBr3 (1.0 M in CH2Cl,, 56 mL) dropwise at
0 °C, and the resulting mixture was warmed to ambient temperature and stirred for 15 h.
After adding water (200 mL) at 0 °C, the organic layer was separated. The aqueous
layer was extracted with CH>Cl, (100 mL X 3), and the combined organic layers were
washed with saturated aqueous NaHCO3 (200 mL), dried over Na,SOs, filtered, and
concentrated under reduced pressure. The crude residue was purified by silica-gel
column chromatography with hexane/CH>Cl> (1/1, Rr= 0.13) as an eluent to give 16 as a
colorless solid (4.8 g, 9.7 mmol, 61%): 'H NMR (400 MHz, acetone-ds) & 8.02 (brs, 2H),
7.44 (d, J = 8.7 Hz, 2H), 7.15-7.11 (m, 6H), 6.84-6.77 (m, 6H); '3C NMR (126 MHz,
acetone-ds) & 154.5, 141.6, 136.2, 132.3, 131.3, 130.7, 127.6, 127.6, 117.5, 116.7;
HRMS-APCI" (m/z) calcd for C24Hi6Br2O2" (M¥) 493.9512 (monoisotopic ion), found
493.9514.

3',6''-Dibromo|1,1':2',1'":2",1""'-quaterphenyl]-3"",6'-diyl bis(trifluoro-
methanesulfonate) (17). A mixture of 16 (5.5 g, 11 mmol), EzN (9.4 mL), and
CH>Cl> (110 mL) was placed in a 500-mL three-necked flask under Ar.  To the solution
was added TH>0 (4.4 mL, 27 mmol) slowly at 0 °C.  After stirred at 0 °C for 1 h, the
reaction mixture was warmed to ambient temperature and stirred for 20 h. To the reaction
mixture was added aqueous HCI (1 M, 300 mL), and the organic layer was separated.
The aqueous layer was extracted with CH2Cl, (200 mL x 3), and the combined organic
layers were dried over anhydrous Na>SOg, filtered, and concentrated under reduced
pressure. The resulting crude residue was purified by silica-gel column
chromatography with hexane/CH2Cl> (1/1, Ry = 0.73) as an eluent to give 17 as a
colorless solid (6.3 g, 8.3 mmol, 74%): "H NMR (500 MHz, acetone-de) & 7.96 (d, J =
9.2 Hz, 2H), 7.50 (d, J = 8.6 Hz, 2H), 7.32—7.18 (m, 8H), 6.44 (brs, 2H); '3*C NMR (126
MHz, acetone-ds) 6 147.3, 142.1, 137.3, 134.1, 132.7, 132.2, 129.8, 129.6, 128.5, 128 .4,
126.9, 124.5, 119.0 (q, Jcr = 319.9 Hz); ’F NMR (471 MHz, acetone-de) & —75.2;
HRMS-APCI" (m/z) caled for Ca6Hi4BraFsOsS2™ (M™) 757.8498 (monoisotopic ion),
found 757.8522.

[(3',6'"-Dibromo([1,1':2',1"":2",1'"""-quaterphenyl]-3"",6'-diyl)bis(ethyne-2,1-
diyl)|bis(trimethylsilane) (18). A mixture of 17 (101 mg, 0.13 mmol), EtzN (1.0 mL,
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7.1 mmol), and DMF (1.0 mL) was placed in a 30-mL Schlenk tube under Ar and
degassed by three freeze-pump-thaw cycles. To the solution was added
(trimethylsilyl)acetylene (55 pL, 0.39 mmol), PACl>(PPhs3), (11 mg, 16 umol), Cul (9 mg,
49 umol), tetrabutylammonium iodide (150 mg, 0.41 mmol) under Ar. The resulting
mixture was stirred at 40 °C for 18 h, and aqueous HCI (1 M, 20 mL) was added to the
reaction mixture. The resulting mixture was extracted with Et2O (10 mL x 3), and the
combined organic layers were dried over anhydrous Na»SOg, filtered, and concentrated
under reduced pressure. The crude residue was purified by silica-gel column
chromatography with hexane/CH>Cl> (3/1, Rr=0.65) as an eluent to give 18 as a colorless
solid (66 mg, 0.10 mmol, 77%): 'H NMR (500 MHz, acetone-ds) & 7.70 (d, J = 8.6 Hz,
2H), 7.39 (d, J = 8.0 Hz, 2H), 7.25-6.59 (m, 10H), —0.07 (s, 18H); *C NMR (126 MHz,
acetone-ds) 0 146.0, 140.7, 138.4, 134.2, 132.3, 128.5, 127.9, 127.7, 123.7, 104.3, 99.5,
—0.5; HRMS-APCI" (m/z) caled for C34H3:Br:Six" (M") 654.0404 (monoisotopic ion),
found 654.0394.

3',6'"'-Dibromo-3",6'-diethynyl-1,1':2',1'":2"",1'""-quaterphenyl (19). A
mixture of 18 (89 mg, 0.14 mmol) and THF (1.0 mL) was placed in a 30-mL Schlenk tube
under Ar. To the solution was added BusNF (1.0 M THF solution, 1.0 mmol) under Ar.
The resulting mixture was stirred at rt for 20 min, and water (20 mL) was added to the
reaction mixture. The resulting mixture was extracted with CH>Cl, (10 mL x 3), and
the combined organic layers were dried over anhydrous NaSOs, filtered, and
concentrated under reduced pressure. The crude residue was purified by silica-gel
column chromatography with hexane/CH>Clz (3/1, Re= 0.45) as an eluent to give 19 as a
colorless solid (64 mg, 0.12 mmol, 92%): 'H NMR (400 MHz, acetone-de) & 7.72 (d, J =
8.2 Hz, 2H), 7.46 (d, J = 8.7 Hz, 2H), 7.24-6.57 (m, 10H), 3.45 (s, 2H); '3*C NMR (101
MHz, acetone-ds) 6 145.8, 140.8, 138.2, 135.1, 132.3, 128.6, 128.1, 127.8, 122.9, 83.5,
82.5; HRMS—APCI" (m/z) calcd for C2sHi6Br2" (M) 509.9614 (monoisotopic ion), found
509.9611.

3,3'-Dibromo-4,4'-biphenanthrene (1). A mixture of 19 (37 mg, 72 pumol),
PtCl2 (1.9 mg, 7.1 pumol), and toluene (2.0 mL) was placed in a 20-mL Schlenk tube under
Ar and degassed by three freeze-pump-thaw cycles. The resulting mixture was refluxed
for 39 h and concentrated under reduced pressure. The resulting crude residue was
purified by silica-gel column chromatography with hexane/ethyl acetate (9/1, Rr = 0.45)
as an eluent to give 3 as a colorless solid (14 mg, 27 umol, 38%): 'H NMR (500 MHz,
CDClI3) 6 7.99-7.93 (m, 4H), 7.89-7.82 (m, 6H), 7.79 (d, J= 8.5 Hz, 2H), 7.39 (t, J=7.5
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Hz, 2H), 6.93 (t, J = 8.0 Hz, 2H); '*C NMR (126 MHz, CDCls) & 141.1, 133.4, 133.0,
131.8, 131.2, 130.5, 130.2, 128.8, 128.6, 127.3, 126.8, 126.6, 125.6, 124.7, HRMS—
APCI" (m/z) caled for CasHi6Br," (M™) 509.9614 (monoisotopic ion), found 509.9625.

9,9-Dimethyl-9H-diphenanthro[3,4-b:4',3'-d]silole (3a). Lithium (7 mg, 1.0
mmol), THF (1.0 mL) andTMEDA (60 uL, 0.40 mmol) was placed in a 20-mL Schlenk
tube under argon atmosphere. After the mixture was stirred at room temperature for 10
min, diphenanthro[3,4-b:4',3'-d]thiophene (7) (77 mg, 0.20 mmol) was added. The
resulting mixture was stirred vigorously at room temperature for 4 h, and then cooled to
=78 °C. After adding Cl>SiMe; (48 pL, 0.40 mmol) under argon atmosphere, the
resulting mixture was stirred at =78 °C for 15 min and at room temperature for an
additional 1 h. The reaction was quenched with water at 0 °C, and the resulting mixture
was extracted with AcOEt (10 mL x 3). The combined organic layers were washed with
brine, dried over Na;SOg, filtered, and concentrated under reduced pressure. The crude
residue was purified by silica-gel column chromatography (hexane as an eluent) and then
by recycling preparative HPLC to give the title compound 3a as a yellow solid (39 mg,
48% yield). The 'H NMR data was identical to that reported in the literature.?’

9,9-Diphenyl-9H-diphenanthro[3,4-b:4',3"-d]silole (3b). The crude product
was obtained by using lithium (14 mg, 2.0 mmol), THF (4 mL), TMEDA (0.12 mL, 0.80
mmol), diphenanthro[3,4-5:4',3'-d|thiophene (7) (154 mg, 0.40 mmol), and CL>SiPh;
(0.17 mL, 0.80 mmol) at room temperature for 19 h. Purification by silica-gel column
chromatography (CH2Clx/hexane = 7/3 as an eluent; Rf = 0.82) and then by recycling
preparative HPLC gave the title compound 3b as a yellow solid (88 mg, 41% yield): 'H
NMR (400 MHz, CDCl3) 6 7.95 (d, J= 7.3 Hz, 2H), 7.79 (d, /= 7.3 Hz, 2H), 7.77-7.75
(m, 4H), 7.65 (d, J=8.7 Hz, 2H), 7.52 (d, /= 8.7 Hz, 2H), 7.43-7.35 (m, 8H), 7.32 (d, J
= 7.8 Hz, 2H), 6.94 (t, J = 7.8 Hz, 2H), 6.37 (t, J = 8.2 Hz, 2H); *C NMR (101 MHz,
CDCl3) 6 149.0, 136.6, 135.8, 134.6, 132.8, 132.1, 130.4, 130.3, 130.0, 129.1, 128.4,
128.1, 127.6, 126.7, 126.5, 126.2, 125.1, 123.1; HRMS—APCI" (m/z) calcd for C4oH7Si"
([M+H]") 535.1877, found 535.1876.

9-Phenylnaphtho[1,2-¢]phenanthro[3,4-b]phosphindole 9-oxide (4a).
Lithium (7 mg, 1.0 mmol), THF (2.0 mL), and N,N,N',N'-tetramethylethylenediamine
(TMEDA) (60 pL, 0.40 mmol) was placed in a 20-mL Schlenk tube under argon
atmosphere.  After the mixture was stirred at room temperature for 10 min,
diphenanthro(3,4-b:4',3'-d]thiophene (7) (77 mg, 0.20 mmol) was added. The resulting

60



mixture was stirred vigorously at room temperature for 4 h, and then cooled to —78 °C.
After adding C1,PPh (54 uL, 0.40 mmol) under argon atmosphere, the resulting mixture
was stirred at —78 °C for 10 min and at room temperature for an additional 30 min. The
reaction mixture was concentrated under reduced pressure. The resulting residue was
dissolved with CH>Cl, (10 mL) and passed through a short pad of neutral alumina under
argon atmosphere. The alumina pad was washed with CH>Cl, (5 mL), and the combined
filtrates were concentrated under reduced pressure. The resulting residue was dissolved
in CH2Cl; (5 mL), and H20O> (0.40 mL, 35% aqueous solution) was added in one portion.
After the resulting mixture was stirred at room temperature for 30 min, saturated aqueous
NaxS>03 (5 mL) was added slowly to the reaction mixture. Organic layer was separated,
and the aqueous layer was extracted with AcOEt (10 mL x 2). The combined organic
layers were dried over Na;SOys, filtered, and concentrated under reduced pressure. The
resulting residue was purified by silica-gel column chromatography (CH2Cl2/AcOEt =
4/1 as an eluent, Rr = 0.25) and then by recycling preparative HPLC to give the title
compound 4a as a yellow solid (32 mg, 34% yield). The 'H NMR data was identical to

that reported in the literature.?®

Spiro[cyclopenta[1,2-c:4,3-c'|diphenanthrene-9,9’-xanthene] (9b). Di-
phenanthro[3,4-b:4',3'-d|thiophene S,S-dioxide (8) (50 mg, 0.12 mmol), xanthene (27
mg, 0.18 mmol), and 1,4-dioxane (2.5 mL) was placed in a 20-mL Schlenk tube under
argon atmosphere. A solution of KN(SiMe3)2 (0.5 M in toluene, 0.60 mL, 0.30 mmol)
was added to the mixture at an ambient temperature. The resulting solution was stirred
at 80 °C for 16 h.  After the reaction was quenched with saturated aqueous NH4Cl (3
mL), the resulting mixture was extracted with CH>Cl, (10 mL % 3). The combined
organic layers were dried over NaSOs, filtered, and concentrated under reduced
pressure. The crude residue was dissolved in CH2Clz and passed through a short pad
ofsilicagel. The filtrate was concentrated, and the resulting crude residue was purified
by recycling preparative HPLC to give the title compound 9b as a pale-yellow solid (15
mg, 23% yield): 'TH NMR (500 MHz, CDCl3) & 7.81 (d, J = 7.5 Hz, 2H), 7.76-7.71 (m,
6H) 7.65 (d, J = 8.0 Hz, 2H), 7.47 (d, J = 8.0 Hz, 2H), 7.30 (dd, J = 8.0, 1.2 Hz, 2H),
7.23-7.20 (m, 2H), 7.14 (t, J = 7.5 Hz, 2H), 6.73-6.70 (m, 2H), 6.52 (dd, J=7.7, 1.2
Hz, 2H), 6.36-6.33 (m, 2H); 1*C NMR (101 MHz, CDCls) 156.3, 152.0, 136.7, 132.6,
131.8, 131.0, 129.6, 128.5, 128.27, 127.7, 127.6, 127.0, 126.9, 126.8, 126.6, 123.7,
123.5,123.4,117.2, 54.49; HRMS-APCI" (m/z) caled for C41H2s0" ([M+H]") 533.1900,
found 533.1900.
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9-(4-Methylphenyl)-9H-dinaphtho|2,1-c:1',2'-g]carbazole (6b). Diphenan-
thro[3,4-b:4',3'-d]thiophene S,S-dioxide (8) (50 mg, 0.12 mmol), p-toluidine (32 mg, 0.30
mmol), and 1,4-dioxane (2.5 mL) was placed in a 20-mL Schlenk tube under argon
atmosphere. A solution of KN(SiMes3)> (0.5 M in toluene, 0.90 mL, 0.45 mmol) was
added to the mixture at an ambient temperature. The resulting solution was stirred at
80 °C for 15 h.  After the reaction was quenched with saturated aqueous NH4Cl solution
(2 mL), the resulting mixture was extracted with AcOEt (10 mL x 3). The combined
organic layers were washed with brine (10 mL), dried over Na>SOs, filtered, and
concentrated under reduced pressure. The crude residue was purified by silica-gel column
chromatography (hexane/AcOEt=10/1 as an eluent; Rr= 0.40) to give the title compound
6b as a pale-yellow solid (55 mg, 80% yield). The compound 6b can be separated into
enatiomerically pure (P)-6b and (M)-6b by HPLC equipped with a DAICEL
CHIRALPAK® IA-3 column (4.6 mm x 250 mm) [tz = 4.24 min for (P)-6b and 5.23 min
for (M)-6b (flow rate: 1.0 mL; eluent: hexane/CHCls = 7/3)]: 'TH NMR (500 MHz, CDCls)
0 8.03 (d, J=8.6 Hz, 2H), 8.01 (d, J = 8.6, 2H), 7.844 (d, J = 8.6 Hz, 2H), 7.835 (d, J =
7.5 Hz, 2H), 7.78 (d, J = 8.6 Hz, 2H), 7.63-7.61 (m, 2H), 7.53 (d, J = 8.0 Hz, 2H), 7.50
(d, J=8.6 Hz, 2H), 7.22—7.18 (m, 2H), 6.28-6.25 (m, 2H); '*C NMR (126 MHz, CDCl5)
0140.4,138.7,134.6,131.5,130.9, 130.5, 128.5, 128.3, 127.4,127.1, 126.9, 126.8, 126 4,
126.1, 124.6, 122.8, 117.2, 110.9, 21.5; HRMS-APCI" (m/z) calcd for C3sHuN"
([M+H]") 458.1903, found 458.1904.

9-(4-Methoxyphenyl)-9H-dinaphtho|[2,1-c:1',2'-g]carbazole (6¢). The crude
product was obtained by using diphenanthro|3,4-b:4',3"-d|thiophene S,S-dioxide (8) (42
mg, 0.10 mmol), p-anisidine (25 mg, 0.20 mmol), 1,4-dioxane (1.5 mL), and KN(SiMe3)>
(0.5 M in toluene, 0.60 mL, 0.30 mmol) at 80 °C for 19 h according to the procedure for
6b. Purification by silica-gel column chromatography with hexane/AcOEt = 5/1 as an
eluent (Rr = 0.48) gave the title compound 6c¢ as a pale-yellow solid (42 mg, 88% yield).
The compound 6¢ can be separated into enatiomerically pure (P)-6c¢ and (M)-6¢ by HPLC
equipped with a DAICEL CHIRALPAK® 1A-3 column (4.6 mm x 250 mm) [tz = 5.02
min for (P)-6¢ and 6.18 min for (M)-6¢ (flow rate: 1.0 mL; eluent: hexane/CHCl3 = 7/3)]:
"H NMR (400 MHz, CDCls) § 8.02 (d, J = 8.2 Hz, 2H), 8.01 (d, J = 8.7, 2H), 7.84 (d, J
=8.7Hz, 2H), 7.83 (d,J= 7.6 Hz, 2H), 7.73 (d, J= 8.2 Hz, 2H), 7.63-7.59 (m, 2H), 7.50
(d, J=8.2 Hz, 2H), 7.23-7.18 (m, 4H), 6.29-6.25 (m, 2H); '3C NMR (101 MHz, CDCls)
6 159.8, 140.7, 131.5, 130.5, 129.9, 129.8, 128.4, 127.4, 127.1, 126.94, 126.86, 126.4,
126.1, 124.6, 122.8, 117.1, 115.4, 110.9, 55.9; HRMS-APCI" (m/z) caled for C3sH24NO*
([M+H]") 474.1852, found 474.1861.
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2.6.3. X-ray crystallography

For X-ray crystallographic analysis, a suitable single crystal was selected under
ambient conditions, mounted using a nylon loop filled with paraffin oil, and transferred
to the goniometer of a RIGAKU R-AXIS RAPID diffractometer with a graphite-
monochromated Cu—Ka irradiation (o = 1.54187 A). The structure was solved by a
direct method (SIR 2008>7) and refined by full-matrix least-squares techniques against >
(SHELXL-2014%%). The intensities were corrected for Lorentz and polarization
effects. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were

placed using AFIX instructions.

2.6.4. Theoretical calculations

The DFT and TD-DFT calculations were performed by using the Gaussian 16
program*’ at the B3LYP/6-31G(d) level with workstation at Research Center for
Computational Science, National Institutes of Natural Sciences, Okazaki, Japan. The
starting molecular models for DFT geometry optimizations were built and optimized with
MMFF molecular mechanics by using the Spartan *08 package (Wavefunction, Inc.,
Irvine, CA, USA). Twelve singlet states were calculated in TD—DFT calculations. The
visualization of the molecular orbitals was performed using GaussView 5 (Gaussian, Inc.,
Wallingford, CT, USA).
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Chapter 3

Synthesis and Properties of Spiro-Double
Silole-fused [7]Helicene-like Compound

A spiro-double helicene-like compound with a silicon atom at the spiro center was
successfully synthesized from 3,3'-dibromo-4,4'-biphenanthrene.  Its characteristic
structure was revealed by single crystal X-ray analysis. The spiro and helical skeletons
cuase (P,P), (M,M), and (P,M) isomers. This is the first example of the synthesis of an
optically resolvable spiro-double helicene-like compound. The twisted spiro-
conjugation by the helical skeleton was found to induce the lower-lying LUMO for the
spiro-double silole-fused [7]helicene-like compound compared to that of the mono silole-

fused [7]helicene-like compound.






3.1. Introduction

Recently, multiple helicenes, in which two or more helicene units are combined in
one polycyclic aromatic skeleton, have attract growing interest owing to their higher
curved m-conjugated surfaces compared to those of mono helicenes. The higher-order
helicenes have been reported to form unique three-dimensional structures and show
intermolecular electronic interactions between the helicene units. Among the multiple
helicenes ever reported, double helicenes composed of two helicene units have been well
investigated. The structures of the representative double helicenes and double helicene-
like compounds 20-25 are shown in Figure 3.1.'% In almost all double helicenes and
double helicene-like compounds, two helical units share a t-conjugated unit. Therefore,
the m-conjugation spread over the entire molecules, giving planar structures. In such
planar structures, the two helical axes of the two helicene substructures are aligned in
approximately parallel manner.

On the other hand, when two helicene units share a spiro atom, the structure of the
resulting double helicenes is drastically different from those of the conventional double
helicenes. The two helical axes of the two helicene substructures would be aligned
perpendicularly to each other. Indeed, this approach has been reported by Wang and
coworkers in 2015.”  They synthesized compound 26 with two thia[7]helicene-like units
which share a silicon atom as a spiro linker (Figure 3.1). However, this compound does
not maintain a stable helical structure and thus does not exhibit chiral character because
the terminal thiophene rings are too far to induce a stable helical structure by steric

repulsion.
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Figure 3.1. Reported double helicenes and the spiro-double silole-fused [7]helicene-like
compound in this thesis.

In this context, the author envisaged that the trapping of 4,4'-biphenanthrene-3,3'-
diyldilithium (2), the dianion species discussed in Chapter 2, with tetrachlorosilane would
give the spiro-double helicene-like compound 27 in which two silole-fused [7]helicene-
like skeletons are linked through a spiro silicon atom. This compound is expected to
maintain the helical structure and show chiral character. The two helicene-like skeletons
are arranged symmetrically [D2-symmetry for (P,P)- and (M,M)-27; Ss-symmetry for
(P,M)-27] and nearly perpendicularly. Different from conventional double helicenes,
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the m-conjugation is apparently separated by the spiro silicon atom. In this chapter, the
author synthesized a spiro-double helicene-like compound 27 from 3,3'-dibromo-4,4'-
biphenanthrene (1) and evaluated its photophysical properties through comparison with
the previously reported mono silole-fused [7]helicene-like compound 3a® and the related

spiro compounds with a silicon spiro atom.

3.2. Synthesis

The spiro-double silole-fused [7]helicene-like compound 27 was synthesized using
racemic 3,3'-dibromo-4,4'-biphenanthrene (rac-1) as a starting material (Scheme 3.1).
The dilithiation of the dibromide with BuLi and the following reaction with half
equivalent of SiCls gave a mixture of racemic [(P,P)-27 and (M,M)-27] and meso [(P,M)-
27] spiro-double silole-fused [7]helicene-like compounds each in 18% yield. Each
isomer of (P,P)-27, (M,M)-27, and (P,M)-27 was obtained in pure form by optical

resolution with recycling preparative HPLC on a chiral stationary phase (DAICEL

Scheme 3.1. Synthesis of the Spiro-double [7]Helicene-like Compound 27

U LN 0 L0 (00
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rac-1 (P,P)-27 (M,M)-27
SO (1
UG e
SvIee
(P,M)-27
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CHRALPAK® IF column). Based on the results discussed in Chapter 2, the preparation
of compound 27 via desulfurative dilithiation of thia[7]helicene 7 and the subsequent
trapping with SiCls was also investigated. The target compound 27 was seemingly
formed in a low yield, but its isolation was found to be difficult due to inseparable by-

products.

3.3. X-ray crystallographic analysis

The absolute configuration and solid-state structure of each isomer of 27 were
identified by single crystal X-ray crystallographic analysis (Figure 3.2 and Table 3.1).
Single crystals of each enantiomer [(P,P) and (M,M)] of rac-27 were successfully
obtained by recrystallization from THF/hexane, and those of (P,M)-27 were obtained
from CHCls/hexane. The absolute configuration of the isomer with the shorter HPLC
retention time was determined to be (P,P) by the Flack parameter refinement (data
collected by Cu Ka radiation). The degree of torsion of the helical skeleton of each
isomer was evaluated by the sum of five dihedral angles [ £C1-C2—-C3-C4, £ZC2-C3—
C4-C5, £C3-C4-C5-C6, £C4-C5-C6—C7, and LC5-C6—C7—C8]. The total value
was found to be 104.2° for each enantiomer (P,P)-27 and (M,M)-27 and 107.3° for meso
isomer (P,M)-27. These values are larger than those of the previously reported
[7]helicenes and [7]helicene-like compounds with cyclopentadiene (80.9°-97.8°),%1°
cyclopentadienone (82.8°-90.7°),>1° pyrrole (83.6°),!! furan (78.9°),!! phosphole oxide
(95.2°-99.6°),'? or sulfur (88.3°),'* and almost the same as that of their substructure unit,
the silole-fused [7]helicene-like compound 3a (103.5°).> The large helical distorsion

would offer high racemization barrier. Indeed, thermal isomerization of 27 did not occur
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(d)

Figure 3.2. ORTEP drawings of (a) (PP)-27 and (b) (P.M)-27 with thermal
ellipsoids at 50% probability (All hydrogen atoms and the crystal solvent molecule
are omitted for clarity) and packing structures of (c) rac-27 and (d) (P.M)-27.
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Table 3.1. Crystallographic Data and Structure Refinement Details for 27

rac-27

(P.M)-27

molecular formula
formula weight

C56H328i-CHC13
852.27

C56H3QSi°0.5C6H14
775.99

temperature (K) 93 93
wavelength (A) 0.71073 0.71073
crystal system triclinic monoclinic
space group P1 P2i/c
unit cell dimensions a(A) 10.5082(2) 22.4074(14)
b (A) 12.1417(3) 15.1660(8)
c(A) 17.2598(5) 24.1554(17)
a(®) 91.337(2) 90
L) 98.018(2) 92.330(6)
y(°) 96.874(2) 90
volume (A%) 2163.14(9) 8202.0(9)
Z 2 8
density (calculated) (mg'm™) 1.309 1.257
absorption coefficient (mm™) 0.279 0.099
F(000) 880 3256
theta range for data collection (°) 2.8540 to 28.8060 2.367 t0 27.500
index ranges —13<=h<=13 —28<=h<=27
—15<=k<=12 —19<=k<=19
—22<=]<=22 =31<=[<=31
reflections collected 31594 89949
independent reflections 9621 18482
R(int) 0.0546 0.1584
data / restraints / parameters 9621/0/550 18482 /76 /1138
goodness-of-fit on F> 1.179 1.131
final R indices [>20([)] R 0.0979 0.1190
WR» 0.2174 0.2039
R indices (all data) Ry 0.1132 0.2070
WR> 0.2225 0.2339
largest diff. peak and hole (e/A?) 1.126,—1.382 1.096,—-0.314

after heating at 200 °C for 48 h in chlorobenzene, and compound 27 perfectly decomposed
by further heating. The C—Si bond lengths within the silole rings of 27 are slightly
shorter than those of the related silole-fused compounds 3a® and 28-30'*!> (Table 3.2).
The shortening of C—Si bonds in compound 27 is seemingly attributed to the helical
torsion which is induced by angular annulation of the silole and benzene rings.
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Moreover, DFT caluculations indicates that the s-character of C—Si bond in 27 (24.99%,
on Si atom) is larger than that of 3a (23.67%), affording the shorter C—Si bonds in 27

(Table 3.3).

Table 3.2. Selected Bond Lengths and Angles for 27, 3a, and 28-30

QOOQ QO QOOQ

(PP)-27
b
QQ OQ C O
(PM)-27 30
Si—C(a)* (A) Si-C(b)* (A) ZC(a)-Si—C(b)* (°)

(P,P)-27  1.853(4), 1.857(5) 1.847(5), 1.857(5) 92.9(2), 91.5(2)
(P,M)-27  1.851(5), 1.858(5) 1.857(5), 1.852(5) 91.8(2), 92.1(2)

3a’ 1.881(7) 1.890(7) 91.5(3)

28° 1.866, 1.869 1.866, 1.869 91.1,91.8
29¢ 1.869, 1.880 1.869, 1.880 92.09, 92.09
30¢ 1.874(1) 1.872(1) 91.56(6)

“C(a) and C(b) refer the carbon atoms adjacent to the silicon atom in the silafluorene
moiety. *Reference 8. ‘Reference 14. “Reference 15

Table 3.3. Hybridizations of Selected Bonds of (P,P)-27 and (P)-3a Calculated at the
MO06/6-31G(d,p) Level of Theory

bond length - s-character  p-character  d-character
A) (%) () ()
(P,P)-27 C-Si 1.867 Si 24.99 73.90 1.11
C 30.76 69.23 0.02
(P)-3a C(Ar)-Si 1.874 Si 23.67 75.07 1.26
C 31.31 68.67 0.02
C(Me)-Si 1.877 Si 26.34 72.57 1.09
C 29.62 70.36 0.02
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3.4. Photophysical properties

3.4.1. Absorption and fluorescence properties

The photophysical properties of 27 were evaluated by UV—vis absorption and PL
spectroscopies (Figure 3.3). The longest absorption maxima for (P,P)-27, (P,M)-27,
and 3a in CH2Cl2 were almost the same (415 nm, 414 nm, and 412 nm, respectively).
On the other hand, the absorption edge of both isomers of 27 (445 nm) are slightly red-
shifted compared to that of 3a (431 nm). The PL maxima were observed at 469 nm for
(P.P)-27 and at 464 nm for (P.M)-27, both of which are observed at a noticeably longer
wavelength than that of 3a (450 nm).> The absorption bands and emission bands of 27
were slightly red-shifted compared to those of the silole-fused double [5]helicene-like
compound 28 and significantly red-shifted compared to those of silabi[fluorene] 29,

owing to the extended m-conjugation of 27.

(a) (b)
1 — (P,P)-27 — (P,P)-27
— (P,M)-27 — (P,M)-27
— rac-3a — rac-3a
28 = 28
0.8 — 29 2 — 29
— 2
‘TE £
2 0.6 T
= g
204 £
w S
=
"1 \
———
0 \-/\’l\ﬂ M 1 TN 1 / M 1 .
250 300 350 400 450 300 350 400 450 500 550 600 650
wavelength (nm) wavelength (nm)

Figure 3.3. (a) UV—Vis absorption and (b) normalized fluorescence spectra of (P,P)-
27, (P,M)-217, rac-3a, 28, and 29 in CH2Cla.
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3.4.2. Chiroptical properties

The specific rotation [a]p of (M,M)-27 is —1250 (¢ = 0.10, CHCI3), of which
absolute value is lower than that of (P)-3a (+2980, ¢ = 0.10, CHCI3). The CD and CPL
properties were also evaluated (Figure 3.4). The CD spectrum of (P,P)-27 exhibited a
large positive cotton effect at 339 nm and small and large negative cotton effects at 302
nm and 256 nm, respectively. The dissymmetry factor of absorption (gas) was
determined to be 2.2 x 1072 at 339 nm, which was double of that of (P)-3a (1.1 x 1072 at
331 nm). Enantiopure (P,P)-27 and (M,M)-27 showed mirror-image CPL signals. The
dissymmetry factor (gum) was also determined to be 2.3 x 107> at 486 nm, which was

slightly lower than that of 3a (glum = 3.5 x 1072).

500
CPL
400 } —_—
300 }
200 9
p:
T 100 | =
o @
s ° = g
4 100 | 2
®
200 } £
(M,M)-27
-300
-400 }
-500

250 300 350 400 450 500 550 600 650 700
wavelength (nm)

Figure 3.4. CD and CPL spectra of (P,P)-27 and (M,M)-27.
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3.5. Theoretical calculations

Theoretical calculations were conducted for the spiro-double silole-fused
[7]helicene-like compound (P,P)-27 and the mono silole-fused [7]helicene-like
compounds (P)-3a, (P)-3b, (P)-31 with dimethylsilylene, diphenylsilylene, and
silafluorenylene moieties, respectively, to compare their HOMO and LUMO energy
levels (Figure 3.5). For these compounds, the HOMO distributions and energy levels
were almost the same [—5.51 eV for (P,P)-27, —5.48 eV for (P)-3a, —5.51 eV for (P)-3b,
and —5.56 eV for (P)-31]. In contrast, the LUMO energy levels of (P,P)-27 was >0.16
eV lower than those of (P)-3a, (P)-3b, and (P)-31 (—1.70 vs —1.40, —1.51, and —1.54 eV,
respectively). Therefore, the HOMO-LUMO energy gap of (P,P)-27 (AEca: 3.81 eV)

was smaller than that of (P)-3a (AEcaic: 4.07 eV), which agree well with the experimental

QOOQ QO QO QO

(P,P)-27

A o
K/ ‘& @,
Y ] :' ¢
§ LUMO+1 i-: ‘1 40 EE 3 ¢
b . S— LUMO+1
| "" '] | 1 51 1. 54
et b4 1 LUMO .
| Ledal 3. :
‘3“ ‘i LUMO LUMO ~1.55 : I,
< ; LUMO -1.70 | 4 2
> | Mmoo 170
5 ~ A s o S
s . - 4 -
g’i , o WY o :
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‘g“%‘ _563 _563 l" J‘
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Figure 3.5. Molecular orbitals and their energies of (P,P)-27, (P)-3a, (P)-3b, (P)-31,
and (P P)-32 based on DFT calculations at th M06/6-31G(d,p) level.
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HOMO-LUMO energy gaps estimated from the absorption edges [AEexp: 2.78 eV for
(PP)-27 and 2.88 ¢V for 3a].

The difference in LUMO energy levels between the silole-fused spiro-double
[7]helicene-like compound (P,P)-27, mono [7]helicene-like compounds (P)-3a, (P)-3b,
and (P)-31 can be explained by the specific effects of spiro compounds.'®!”  The LUMO
of (P,P)-27 delocalizes over the silafluorene unit through the 6*—n* conjugation between
the o* orbitals of C—Si bonds and the n* orbitals of the butadiene moieties in the silole

units, thus lowering its LUMO energy level."

Such effect cannot not be achieved in (P)-
3a and (P)-3b since they do not contain the second silole moiety. Compound (P)-31
contains a silafluorene moiety like (P,P)-27, but its LUMO energy level is much higher
than that of (P,P)-27. Therefore, the lower LUMO energy level of (P,P)-27 would
further be attributed to the spiro-double helical geometry.

In order to elucidate the characteristics of the LUMO of (P,P)-27, the LUMO and
LUMO+1 of (P,P)-27 were compared with those of achiral spirosilabi[fluorene] 29
(Figure 3.6). Although the LUMO and LUMO+1 are degenerated in 29, they split by
0.42 eV in (P,P)-27 to afford the lower-lying LUMO in (P,P)-27. This difference would
be attributed to the degree of the overlap of the n* orbitals in the spiro-fused silole
moieties. As shown in Figure 3.6b, the angle between the two silole units is inclines
from vertical owing to the twisting of the helical structure [the angles formed between
two straight lines were 96.2° for C(a)-C(b) and C(e)-C(f), 118.2° for C(c)-C(d) and
C(g)—C(h)]. This incline stabilizes the combination of the matched sign (LUMO) and
destabilizes the combination of the mismatched sign (LUMO+1), affording the

LUMO/LUMO+1 splitting.'® The LUMO/LUMO+1 splitting can also be observed in

the related spiro-double helicene-like compound (P,P)-32 with a carbon spiro center
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Figure 3.6. (a) Modeling of LUMO and LUMO+1 formed by p orbitals of butadiene
moieties of 29. (b) Modeling of LUMO and LUMO+I1, X-ray crystallographic
structure, calculated LUMO distributions (those in front of the C(a) and C(b) atoms
are omitted), and modeling of geometry of (P,P)-27 seen from the same direction.

(Figure 3.5). However, its LUMO-LUMO++1 energy gap (0.22 eV) is much smaller than
that of (P,P)-27. Therefore, the stabilizing effect described above also requires
participation of not only * orbitals but also 6* orbitals of the C—Si bonds in (P,P)-27.
Furthermore, the splitting of HOMO and HOMO-1 was found to be remarkable for (P,P)-
32, which should be due to the shorter spiro-C(sp*)—~C(sp?) bond lengths of (P,P)-32 than
spiro-Si(sp®) —C(sp?) bond lengths of (P,P)-27. Therefore, the spiro-double helical
geometry tunes the LUMO or HOMO energy levels depending on the degree of torsion
and the kind of a spiro atom and differs from conventional conjugated double helicenes,
which exhibit narrower band gap (higher HOMO and lower LUMO energy levels) when
they consist of larger number of fused aromatic rings.

The absorption and emission properties of (£,P)-27 can also be explained based on
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the TD-DFT calculation results. The longest absorption band at around 400 nm for
(PP)-27 was assigned to the HOMO — LUMO transition (411 nm, fearc: 0.020, 91%) and
HOMO-1 — LUMO transition (395 nm, feac: 0.1262, 82%) (Table 3.4). In the PL
spectra (Figure 3.3b), emission maxima were observed at 469 nm for (P,P)-27 and at 464
nm for (P,M)-27, which are much longer wavelength than that of 3a (450 nm). For the
lowest excited states (S1) of (PP)-27 and (P)-3a, the frontier orbital distributions in their
optimized structures are shown in Figure 3.7.  The HOMO-LUMO energy gap of (P,.P)-
27 (AEcaic: 3.14 V) in the Si state is smaller than that of (P)-3a (AEcaic: 3.22 eV), which

is in agreement with the comparatively red-shifted PL spectrum of (P,P)-27.

Table 3.4. The Selected Absorption of (P,P)-27 Calculated by TD—DFT Method at the
MO06/6-31G(d,p) Level of Theory

excited transition wavelength main transition configuration oscillator
state energy (eV) (nm) (CI expansion coefticient) strength, f

1 3.0184 411 HOMO — LUMO (0.67628) 0.0200
HOMO-1 — LUMO+1 (0.15410)

2 3.1386 395 HOMO-1 — LUMO (0.63852) 0.1262
HOMO — LUMO+I (0.21413)

3 3.2982 376 HOMO-2 — LUMO (0.51456) 0.0000
HOMO — LUMO+3 (-0.29825)

4 3.3119 374 HOMO-3 — LUMO (0.40842) 0.0110
HOMO — LUMO+2 (-0.34280)

5 3.5122 353 HOMO — LUMO+I (0.57244) 0.0105
HOMO-1 — LUMO (-0.27452)

6 3.5451 350 HOMO-1 — LUMO+1 (0.39559) 0.0256
HOMO — LUMO+3 (-0.35281)

7 3.5705 347 HOMO — LUMO+2 (0.44681) 0.0865
HOMO-3 — LUMO (0.46589)

8 3.5738 347 HOMO-4 — LUMO (0.57657) 0.0000
HOMO-5 — LUMO+1 (-0.21469)

9 3.5980 345 HOMO-5 — LUMO (-0.52666) 0.0709
HOMO—-4 — LUMO+1 (-0.26538)

10 3.6509 340 HOMO-1 — LUMO+1 (0.50899) 0.0349

HOMO-1 — LUMO+2 (—0.32240)
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(0.0865)
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-5.18 eV : o E—_5.09 eV
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Figure 3.7. Molecular orbitals and energy diagrams of (PP)-27 (left) and (P)-3a (right)
in the ground state (So) and the excited state (S1) based on TD-DFT calculations at the
MO06/6-31G(d,p) level. Transitions related to CD and CPL are shown.

The enhancement of gabs value of (P,P)-27 described above can also be explained
based on the TD-DFT calculation results. The signals around 350 nm are almost equally
contributed by the HOMO — LUMO+2 transition and the HOMO—-3 — LUMO transition
(347 nm, feaic = 0.0865; Table 3.4 and Figure 3.7). As shown in Figure 3.8, the LUMO
and LUMO+2 have a larger distribution on the spiro silicon atom compared to other
unoccupied molecular orbitals. Therefore, the CD absorption of 27 is derived from the

transition from the m-conjugated orbital of the biphenanthrene unit to the silicon-involved
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orbital on both sides of the spiro-double helicene-like skeleton, not just one helicene unit,
exhibiting the enhanced gabs value. The frontier orbital distributions of 27 in the Si state
is localized on a single helicene-like unit (HOMO and LUMO; Figure 3.7). Therefore,
the emission of 27 occurs mainly in a single helicene-like unit and show a similar gum

value in CPL to that of the mono helicene-like compound 3a.

LUMO+3 LUMO+4 LUMO+5
-1.12 eV -0.92 eV -0.76 eV

LUMO LUMO+1 LUMO+2
-1.70 eV -1.28 eV -1.19 eV

HOMO
-5.51eV

HOMO-3
-5.98 eV

Figure 3.8. Molecular orbitals of (PP)-27 calculated at the M06/6-31G(d,p) level of
theory.
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3.6. Conclusion

The spiro-double silole-fused [7]helicene-like compound was successfully
synthesized from 3,3'-dibromo-4,4'-biphenanthrene, and photophysical properties were
evaluated. This is the first report of a spiro compound with a helicene-like unit which
can maintain chiral character. Compared to the previously reported mono silole-fused
[7]helicene-like compound, the LUMO energy level is lowered due to the effect of LUMO
spiro-conjugation. The helicene-like structure twists the central silole rings, which

contributes to stabilization of the LUMO.
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3.7. Experimental section

3.7.1. General

All manipulations involving air- and/or moisture-sensitive compounds were carried
out with the standard Schlenk technique under argon.  Analytical thin-layer
chromatography was performed on a glass plate coated with 0.25-mm 230-400-mesh
silica gel containing a fluorescent indicator. Column chromatography was performed
by using silica gel (spherical neutral, particle size: 63—-210 um). Most of reagents were
purchased from commercial suppliers, such as Sigma-Aldrich Co. LLC, Tokyo Chemical
Industry Co., Ltd., and Kanto Chemical Co., Inc., and used without further purification
unless otherwise specified. Commercially available anhydrous solvents were used for
air- and/or moisture sensitive reactions.

NMR spectra were recorded in CDCl3 on a JEOL ECA500 spectrometer ('H 500
MHz, 3C 126 MHz). Chemical shifts are reported in ppm relative to the internal
standard peak (0 ppm for MesSi) for 'H, the deuterated solvent peak (77.16 ppm for
CDCl3) for *C. Data are presented in the following space: chemical shift, multiplicity
(d = doublet), coupling constant in hertz (Hz), and signal area integration in natural
numbers. High resolution mass spectra are taken with Bruker Daltonics micrOTOF-QII
mass spectrometer by atmospheric pressure chemical ionization-time-of-flight (APCI-
TOF) method. UV—Vis absorption spectra were recorded on SHIMADZU UV-3150
spectrophotometer or a JASCO V-650 spectrophotometer. Photoluminescence spectra
were recorded on JASCO FP-6500 spectrofluorometer. Absolute quantum yields were
determined by absolute quantum yield system with a JASCO ILF—533 integrating sphere
which were attatched to a JASCO FP-6500 spectrometer. Optical rotations were
measured on a JASCO P-1010 spectrometer using a 10 x 10 mm rectangular quartz cell.
CD spectra were recorded on a JASCO model J-820 spectrometer. CPL spectra were
measured by using a JASCO CPL-300 spectrophotometer. X-ray crystallographic
analysis was performed by RIGAKU VariMax Dual with Saturn diffractometer. HPLC
analyses were carried out using a DAICEL CHIRALPAK® IA-3 column(4.6 mm x 250

mm), IC column (4.6 mm x 250 mm), and IF column (4.6 mm % 250 mm).

3.7.2. Synthetic procedure

9,9’-Spirobi[biphenanthro|[3,4-b:4',3'-d|silole]) (27). To a solution of 3,3'-
dibromo-4,4'-biphenanthrene (255 mg, 0.50 mmol) in DME (14 mL) was slowly added
BuLi (1.57 M solution in hexane, 0.69 mL, 1.08 mmol) at —64 °C and stirred for 2 h.
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SiCls (0.29 M solution in DME, 0.86 mL, 0.26 mmol) was slowly added to the reaction
mixture, and the resulting mixture was warmed to room temperature and stirred for 18 h.
Then, the reaction was quenched with water and the mixture was extracted with Et20.
The combined organic layers were washed with brine, dried over Na>SOs, filtered, and
concentrated under reduced pressure. The crude residue was purified by silica-gel
column chromatography with CH2Cl2/hexane (1/4) as an eluent to give rac-27 [(P.P)-27
and (M,M)-27] and (PM)-27 (139 mg, 18%, respectively). The mixture of rac-27 and
meso-27 were separated into (P,.P)-27, (M,M)-27, and (P.M)-27 by HPLC with DAICEL
CHRALPAK® IF column (4.6 mm x 250 mm) [tr = 22 min for (P.P)-27, (P.M)-27 for 24
min, 27 min for (M,M)-27 (flow rate: 5.0 mL/min; solvent: CHCls/hexane = 1/9]. (P.P)-
27 and (M,M)-27: '"H NMR (500 MHz, CDCl3) § 7.68 (d, J = 7.5 Hz, 4H), 7.65 (d, J =
8.5 Hz, 4H), 7.57 (d, J= 7.5 Hz, 4H), 7.56 (d, /= 7.5 Hz, 4H), 7.55 (d, J = 7.5 Hz, 4H),
7.38 (dd, J=8.0, 1.0 Hz, 4H), 7.01 (ddd, J=7.5, 7.5, 1.0 Hz, 4H), 6.45 (ddd, /= 8.3, 7.5,
1.4 Hz, 4H); *C NMR (126 MHz, CDCls) & 150.8, 135.1, 134.1, 132.1, 130.3, 130.1,
129.2, 128.1, 127.8, 126.7 126.5, 126.2, 125.1, 123.1; HRMS-APCI" (m/z) calcd for
CseH32Si" (M") 732.2268, found 732.2285 for (P,P)-27, found 732.2286 for (M,M)-27,
(PM)-27: '"H NMR (500 MHz, CDCl3) § 7.73 (d, J = 7.5 Hz, 4H), 7.67 (d, J = 8.5 Hz,
4H), 7.65 (d, J="7.0 Hz, 4H), 7.58 (d, J=9.0 Hz, 4H), 7.54 (d, J= 8.0 Hz, 4H), 7.39 (dd,
J=8.0,1.0 Hz, 4H), 7.01 (ddd, J = 7.5, 1.0 Hz, 4H), 6.44 (ddd, J = 7.5, 1.4 Hz, 4H); 1*C
NMR (126 MHz, CDCI3) 6 151.1, 135.2, 133.5, 132.2, 130.3, 130.1, 129.3, 128.3, 127.9,
126.9 126.6, 126.4, 125.3, 123.3; HRMS-APCI" (m/z) calcd for CsH32Si" (M") 732.2268,
found 732.2275.

3.7.3. Theoretical calculations
DFT calculations were performed using workstation at Research Center for
Computational Science, National Institutes of Natural Sciences, Okazaki, Japan. All the

calculations were performed by using Gaussian 09 Program, revision E.01.3."
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Chapter 4

Synthesis and Properties of [7]Helicenes and
[7]Helicene-like Compounds with a
Cyclopenta|1,2-b:4,3-b'|dithiophene or
Dithieno[2,3-b:3",2'-d]heterole Skeleton

1,1'-Binaphtho[2,1-b]thiophene was designed and successfully synthesized as a
precursor that can give the dianion species via lithiation. [7]helicenes and [7]helicene-
like compounds with a cyclopenta[l,2-b:4,3-b"|dithiophene or dithieno[3,2-5:3',2'-
d]heterole skeleton were successfully synthesized from the precursor. Absorption and
fluorescence properties of them were evaluated and compared with those of their benzene
analogues.  Theoretical calculations were performed to better understand their
photophysical properties. In addition, X-ray crystallographic analysis was used to
compare the structural difference caused by the five-membered rings between the two

thiophene rings.






4.1. Introduction

In order to obtain the helicene structure efficiently, the syntheses utilizing the
dianion 2 from thia[7]helicene 7 or 3,3'-dibromo-4,4'-biphenanthrene 1 were investigated
in Chapters 2 and 3. For expanding the scope of this strategy, 1,1'-binaphtho[2,1-
b]thiophene (33) was designed as a common precursor in this chapter. The a-position
of a thiophene ring is known to be easily lithiated by lithium reagents. Therefore, the
author envisaged that the dianion species 34, which is the thiophene analog of the dionion
2, would be formed by lithiation of compound 33 and react with dielectrophiles to give
the corresponding [7]helicenes and [7]helicene-like compounds (Figure 4.1). The
resulting helical compounds are the thiophene analogues of the [7]helicenes and
[7]helicene-like compounds ever reported and discussed in Chapter 2.  Accordingly, the
evaluation of their photophysical properties would lead to a better understanding of
structure—property relationship of [7]helicenes and [7]helicene-like compounds.

On the basis of this working hypothesis, the author synthesized 1,1'-binaphtho([2,1-
b]thiophene (33) and applied it to the synthesis of [7]helicenes and [7]helicene-like
compounds in this chapter. The solid-state structures of the obtained [7]helicenes and

[7]helicene-like compounds were elucidated by X-ray crystallographic analysis. The

55 (O &Y

= BulLi ——j dielectrophile —
— L V4
O QT -
33 34 [Z=CR,, S, P(O)R, etc.]

Figure 4.1. Working hypothesis for synthesizing thiophene-fused [7]helicenes and
[7]helicene-like compounds from 1,1'-binaphtho[2,1-b]thiophene 33.
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photophysical properties were evaluated by UV—vis absorption and PL spectroscopies.
Theoretical calculations were also performed to understand the experimental

photophysical properties.

4.2. Synthesis

1,1'-Binaphtho[2,1-b]thiophene (33) used as a common precursor for [7]helicenes
and [7]helicene-like compounds was synthesized as shown in Scheme 4.1.  First,
compound 36 was synthesized by Negishi cross-coupling reaction with 3,4-
dibromothiophene and the arylzinc reagent 35 and the subsequent deprotection in 59%
yield (2 steps). Then, Wittig reaction with 36 and Ph;P=CHOMe and the following acid-
promoted cyclization gave 1-bromonaphtho[2,1-b]thiophene (37) in 53% yield (2 steps).!
Finally, the target compound 33 was obtained by the consecutive palladium-catalyzed

borylation and Suzuki—Miyaura coupling reaction in 80% yield.

Scheme 4.1. Synthesis of 1,1’-Binaphtho[2,1-b]thiophene (33)

Br Br

~ =
~ B BrZn Pd(PPhy), = HCl —
7 Pap_ LN
Br o Yo 0 OHC
/ <—0

35 36
59%

~ Br ~ Br pinB-Bpin O
PdCl,(dppf) Q
Ph;P=CHOMe = MeSO;H O K,CO,3 =
_— EE—— —_—
MeO™ X\ O O S
; 0

33
80%

53%
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The reaction of the dianion 34 with a dielectrophile was well demonstrated by using
dichlorophosphine (Scheme 4.2). Compound 33 was treated with 2.4 equivalnts of BuLi
in Et,0O, affording the corresponding dianion species. After the dianion reacted with
dichlorophenylphosphine, the resulting phosphole unit was oxidized with H>O» to give
the phosphole oxide-fused [7]helicene-like compound 38 in 16% yield.

Next, methyl chloroformate was used as a carbon-centered dielectrophile. The
reaction with the dianion 34 with methyl chloroformate was expected to give the
cyclopentadienone-fused  [7]helicene-like  compound, 8H-cyclopenta[l,2-b:4,3-
b'ldinaphtho[1,2-d:1',2'-d'|dithiophen-8-one (39), in one step (Scheme 4.2). However,
it was found that one of the thiophene moieties reacted with methyl chloroformate,
affording the ester 40 in 79% yield. Therefore, the resulting ester 40 was converted to
[7]helicene-like compounds 42 in two steps. First, the tertiary alcohols 41a and 41b

were synthesized in 87% and 84% yield, respectively, by the reaction with the

Scheme 4.2. Synthesis of [7]Helicene-like Compounds from 33

QO 1) BuLi OO
= 2)PhPCl, H,0, =\ 0
=

—_—
33 38

16%
1) BuLi
2) CICO,Me

O O, Ot O
Ooo e ™™ ¥ ™ o

39 40 41a (Ar = Ph): 87% 42a (Ar = Ph): 58%
- 79% 41b (Ar = 4-'Bu-C¢H,): 84%  42b (Ar = 4-'Bu-C¢H,): 91%

N
Ph

=

X
Ar

=y OH

93



corresponding aryl Grignard reagents. Then, the acid-promoted Friedel—Crafts-type
intramolecular cyclization of them provided cyclopentadiene-fused [7]helicene-like
compounds 42a and 42b in 78% and 91% yield, respectively.?

Pyrrole-fused [7]helicenes 45a and 45b were also synthesized from the ester 40
(Scheme 4.3). It is difficult to form a pyrrole ring by reaction with the dianion 34 with
a nitrogen dielectrophile directly. Therefore, a nitrogen atom was first introduced on
one of the thiophene moiety via demethylation of 40 and the subsequent Crutius
rearrangement (71% yield). Then, the resulting amine 43 was converted to the
carbamate 44a and the amide 44b.  Finally, pyrrole-fused [7]helicenes 45a and 45b were
obtained in 11% and 18% yields, respectively, by the palladium-catalyzed intramolecular
C-N bond forming reaction.?

The optical resolution of 42 and 45 was unsuccessful due to their fast racemization

at room temperature. On the other hand, enantiopure 38 was successfully obtained by

optical resolution using preparative HPLC on a chiral stationary phase.

Scheme 4.3. Synthesis of Aza[7]Helicenes from 40

o¥ 32| gpmeeam 4
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2 NHR Cu(OAc), R
Lo o
44a (R = CO,Me): 89% 45a (R = CO,Me): 10%
44b (R = COMe): 74% 45b (R = COMe): 17%
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4.3. X-ray crystallographic analysis

The solid-state structures of the obtained [7]helicenes and [7]helicene-like
compounds 38, 42b, and 45b were revealed by X-ray crystallographic analysis (Figures
4.2 and 4.3, Table 4.1). All of these compounds were found to form helical structures.
The sums of the five dihedral angles derived from the inner C—C bonds [ £LC1-C2-C3—
C4, £C2-C3-C4-C5, £C3-C4-C5-C6, £LC4-C5-C6-C7, and ZC5-C6—CT7-C8],
which should be related to the degree of their twisting, are 61.9° (38), 56.9° (42b), and
57.4° (45b). The phosphole oxide-fused helicene-like compound 38 has a more twisted
structure than 42b and 45b. Such a more twisted structure of 38 would be induced by
the larger steric repulsion between the benzene rings at the both edges of the helical
skeletons. The longer C—P bond length (1.81 A) than those of C—C (1.52 A) and C-N
(1.39 A) bonds within the central five-membered rings would cause such a larger steric
repulsion. The higher tolerance of 38 toward racemization should also be attributed to
the larger steric repulsion. On the other hand, all of these compounds 38, 42b, and 45b
were less distorted than their benzene analogues 4a,* 9a,°> and 6a,’ respectively (Figure
4.2d). The central dithieno[3,2-b:3'2'-d]heterole and cyclopenta[l,2-b:4,3-
b'ldithiophene skeletons in 38, 42b, and 45b offer smaller curvature than the
dibenzoheterole and fluorene skeletons in 4a, 9a, and 6a.  As aresult, the steric repulsion
between the benzene rings at the both edges of the helical skeletons in 38, 42b, and 45b

are reduced, resulting in less twisted structures.
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(a)

OO 4a: Z = P(=0)Ph
@ 9a: Z = CPh,

Z 6a: Z = NPh

\ 6d: Z = NCO,Me
O 6e: Z = NCOMe

Figure 4.2. ORTEP drawings of (a) 38, (b) 42b, and (c) 45b (50% probability. All
hydrogen atoms are omitted for clarity.) and (d) the structures of [7]helicenes and
[7]helicene-like compounds 4a, 9a, 6a, 6d, and 6e.
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Figure 4.3. Packing structures of (a) 38, (b) 42b, and (c) 45b.
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Table 4.1. Crystallographic Data and Structure Refinement Details for 38, 42b, and 45b

compound 38 42b 45b
formula C30H170PS; CasH3sS2 Ca6HisNOS;
formula weight 488.52 642.87 481.19
temperature (K) 193(2) K 193(2) 193(2)
wavelength (A) 1.54187 A 1.54187 1.54187
crystal system orthorhombic monoclinic triclinic
space group P2i/n C2/c PT
unit cell dimensions
a(A) 12.0140(2) 22.8514(4) 12.1314(2)
b (A) 9.11776(17) 12.0435(2) 12.3033(2)
c(A) 21.2612(4) 13.7823(3) 14.3697(3)
a(®) 90 90 83.5273(7)
L) 104.4257(7) 115.769(1) 85.5012(7)
7(°) 90 90 81.3505(7)
volume (A%) 2255.54(7) 3415.83(11) 2102.72(7)
Z 4 4 4
density (calculated) (g/cm?®) 1.439 1.250 1.520
absorption coefficient (mm™!) 2.985 1.641 4.217
F(000) 1008 1360 988
crystal size (mm?®) 0.50 x 0.40 x 0.15 0.35%x0.20 x 0.15 0.35 % 0.20 x 0.080
theta range for data collection (°)  3.870 to 68.249° 4.253 to 68.240° 3.101 to 68.229
index ranges —16<=h<=17 =27<=h<=27 —14<=h<=14
—9<=k<=10 —l4<=k<=14 —l4<=k<=14
—39<=[<=39 —16<=I<=16 —17<=l<=17
reflections collected 40480 29606 39772

independent reflections
completeness to theta (%)
max. and min. transmission
refinement method
data / restraints / parameters
goodness-of-fit on F?
final R indices [/>20(])]

R]q WR
R indices (all data)

R]q WR
largest diff. peak and hole (e/A%)

4121 [Rin = 0.064]
100%

3113 [Rine = 0.0174]
99.4%

7590 [Rin = 0.0247]
98.5%

0.220 and 0.639 0.621 and 0.782 0.714 and 0.304
full-matrix least-squares on F?

4121/0/307 216/0/3113 7590/0/577

1.062 1.070 1.088

0.0344, 0.0924 0.0388, 0.1075 0.0673, 0.1837

0.0352, 0.0931 0.0415, 0.1098 0.0762, 0.1917

0.361 and —0.254

0.287 and —0.179

1.753 and —0.719
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4.4. Photophysical properties

4.4.1. Absorption and fluorescence properties

The absorption and emission properties of 38, 42a, 45a, and 45b were evaluated
by UV-vis absorption and PL spectroscopies. These results were summarized in Table
4.2 and Figures 4.4 and 4.5. A comparison of the longest absorption maxima (Aabs) of
42a (360 nm), 45a (318 nm), and 45b (317 nm) shows that the replacement of the
cyclopentadiene ring in 42a with the pyrrole ring causes a blue-shift. This trend was
also confirmed by their absorption edges (Aedge). On the other hand, the phosphole-fused
compound 38 exhibited different absorption characteristics. Absorption spectrum of 38
shows a broad absorption band at longer wavelength region.  As a result, the red-shifted
Aedge compared to those of 42a, 45a, and 45b was observed. These effects of the central
five-membered ring on absorption properties were also demonstrated by their benzene
analogues 4a, 9a, 6d, and 6e (Figure 4.2d). In addition, the same trend was observed in
the previously reported 4H-cyclopenta[2,1-b:3,4-b"]dithiophene and dithieno[3,2-b:2",3'-
d]heteroles, the compounds related to 38, 42a, 45a, and 45b.”"'2 The effects of two
thiophene rings were also evaluated. The absorption spectrum of 38, 42a, 45a, and 45b
were blue-shifted from those of their benzene analogues 4a, 9a, 6d, and 6e (Figure 4.5).*°
This result would indicate that the replacement of benzene ring(s) with thiophene ring(s)

causes less extended m—conjugation.
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Table 4.2. Photophysical Data of Compounds 38, 42a, 45a, and 45b and Their
Benzene Analogues 4a, 9a, 6d, and 6e

Aabs jre. € Xem (ON
(nm)* (nm)” (M 'ecm ) (nm)“ (%0)°
38 331 406 32000 514 0.17
42a 360 382 7100 415 1.8
45a 318 367 17000 393 0.29
45b 317 367 16000 381, 420 0.11
4a’ 416 435 11000 462 7.8
9a¢ 408 425 7700 421 40
6d 396 406 14000 407 8.4
6e 398 412 14000 410 12

“The longest absorption maximum in CH,Cl,. ?2Absorption edge in the longer wavelength in
CH2CL. At Agps. “Emission maximum in CH,Cl,. ¢Absolute quantum yield determined by a
calibrated integrating sphere system. /Reference 4. ¢Reference 5.

0.4

38 UV —45a UV --38 PL --45a PL
— 42a_UV — 45b_UV --42a PL --45b_PL

PL intensity (au)

250 300 350 400 450 500 550 600
wavelength (nm)

Figure. 4.4. UV-vis absorption and PL spectra of compounds 38, 42a, 45a, and 45b.
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(d)

- 45b_UV
== 45b_PL
— 6e_UV
-= Ge_PL

PL intensity (au)
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wavelength (nm)

Figure 4.5. Comparison of photophysical properties between (a) 38 and 4a, (b)
42a and 9a, (c) 45a and 6d, and (d) 45b and 6e.
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The PL spectrum of phosphole-fused compound 38 was red-shifted compared to
those of 42 and 45 and its benzene analogue 4a. Such phenomenon is likely to attribute
to intramolecular charge transfer (ICT) derived from the electron-donating thiophene

t.1314  Similar to the trend observed

units and the electron-accepting phosphole oxide uni
in absorption spectrum, the PL spectrum of cyclopentadiene-fused compound 42a was
blue-shifted compared to that of its benzene analogue 9a.> The PL spectrum of the
pyrrole-fused compounds 45a and 45b were also blue-shifted from that of
cyclopentadiene-fused compound 42a as well as those of their benzene analogues 6d and
6e. Therefore, (a) the replacement of the central cyclopentadiene ring of 38 with a
pyrrole ring and (b) the replacement of two benzene rings of the pyrrole-fused
aza[7]helicenes with two thiophene rings result in blue-shifted emission band, which is
the same trend as observed in the absorption spectra. On the other hand, another
emission maximum at the longer wavelength region was observed in PL spectrum of
compound 45b. The second emission maximum exhibited positive solvatochromism
[Aem: 399 nm (toluene) and 442 nm (MeOH)] and becomes more dominant as the solvent
polarity increases (toluene [ET(30) = 33.9]; AcOEt [ET(30) = 38.1]; CH2Cl, [ET(30) =
41.1]; CH3CN [ET(30) = 46.0]; MeOH [ET(30) = 55.5, E1(30): solvent polarity
parameter'], while the first emission maximum does not exhibited such solvatochromism
(Figure 4.6). This result indicates that the first emission band is based on the locally
excited state and the second emission band is based on the photo-induced ICT where the
thiophene rings and the acetyl group act as electron-donor and electron-acceptor units,

112 Thys, the benzene analogue 6e without the electron-donor unit does

respectively.
not exhibited such solvent dependency. Fluorescence quantum yields of 38, 42a, 45a,

and 45b are much lower than those of their benzene analogues 4a, 9a, 6d, and 6e (Table
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4.2), which may be due to much larger non-radiative rate constant (Table 4.3).

toluene
EtOAc
CH,CI,
CH;CN
MeOH

PL intensity (au)

350 400 450 500 560 600

wavelength (nm)

Figure 4.6. Solvent effect on PL spectrum of 45b.

Table 4.3. Summary of Fluorescence Lifetime Measurement

a@ms) o] 2 (ns) o] (;s) (:2 G Ol?sl)b & 1ok9msl)c
38 0.18[094] 068[0.06] 021  0.17 0.81 43
422 0.49[1.00] i 049 18 37 2.0
452 0.16[099] 129[001] 017 029 1.7 5.9
45 0.15[091] 226[0.09] 034 0.1l 0.32 2.9
6d  416[083] 646[0.17] 455 84 1.8 0.20
6e  337[099] 238[0.01] 357 122 34 0.25

“Ime=a1'Ti + a1, 'k: (radiative rate constant) = ®/7zye.  knr (non-radiative rate
constant) = (1-®¢)/ zve.
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4.4.2. Chiroptical properties

Chiroptical properties of 38 were also investigated. The specific rotation [a]p*
of 38 with a shorter retention time in chiral HPLC showed —1660° (¢ = 0.049, CH2Cl).
The CD spectra of (—)-38 exhibited a negative cotton effect at 403 nm, a positive Cotton
effect at 331 nm followed by two negative Cotton effects at 305 nm and 253 nm (Figure

4.7). The dissymmetry factor (gabs) Was calculated to be 6.0 x 107> at 331 nm.

400
300
200 F
100

-100 F
-200 F
-300
-400

Ag (M-cm-T)

250 300 350 400 450 500

wavelength (nm)

Figure 4.7. CD spectra of (+)- and (—)-38

4.5. Theoretical calculations

For understanding experimental photophysical properties, DFT and TD-DFT
calculation were conducted at the B3LYP/6-31G(d) level of theory (Figures 4.8 and 4.9
and Table 4.4). The phosphole-fused compound 38 exhibited two lower energy
transitions (411 nm and 370 nm) which are induced mainly from HOMO — LUMO and
HOMO-1 — LUMO transitions (Table 4.4). However, the oscillator strengths of these
two transitions are very low. Therefore, these transitions were related to a broad

absorption band with low absorption coefficient at longer wavelength region. The
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HOMO is mainly located on the two naphtho[2,1-b]thiophene units and the oxygen atom
with a nodal plane at the phosphorus atom. On the other hand, the LUMO is largely
located on the phospholo[2,3-b:5,4-b']dithiophene moiety. The phosphorus center
apparently contributes to the LUMO through c*—* hyperconjugation.!>»'*  Such orbital
perturbation of the phosphole oxide moiety reduces the LUMO energy level, resulting in
smaller HOMO-LUMO energy gap and lower-energy absorption than those of 42a, 45a,
and 45b. The lowest transition energy of cyclopentadiene-fused compound 42a (370
nm) is lower than those of the pyrrole-fused compounds 45a and 45b (45a: 348 nm, 45b:
362 nm). These effects of the central five-membered ring on absorption properties were
also shown in their benzene analogues 4a, 9a, 6d, and 6e. Furthermore, the calculated
transition energies of 38, 42a, 45a, 45b, 4a, 9a, 6d, and 6e qualitatively demonstrated the
effects of the replacement of two benzene rings with two thiophene rings observed in their
experimental absorption spectra.

The DFT calculations show a significant difference in LUMOs between 45a and
45b. The HOMO of 45b is mainly distributed on one naphtho[2,1-b]thiophene and
pyrrole units, while the LUMO is distributed on another naphtho[2,1-b]thiophene and
acetyl units. The HOMO of 45a is also distributed on one naphtho[2,1-b]thiophene and
pyrrole units. On the other hand, the LUMO of 45a is spread over the entire helical
structure, and the contribution of the carbonyl group is very small. Both the HOMO and
the LUMO of 6d and 6e are distributed over their helical structure. Furthermore, the
HOMO and the LUMO of the related compounds, N-acetyldithieno[3,2-b:2',3'-d]pyrrole
and N-acetyldithieno[3,2-b:3',2'"-d]pyrrole, are spread over the entire molecules (Figure
4.9).!12 " Considering all of these calculation results, the combination of electron-

donating thiophene rings and an electron-withdrawing acethyl group and the extension of
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the m-conjugated system cause photo-induced ICT of 45b, resulting in the longer

wavelength emission.

Figure 4.8. HOMOs and LUMOs of (a) 38, (b) 42a, (c) 45a, and (d) 45b calculated
by DFT method at the B3LYP/6-31G(d) level of theory.
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Figure 4.9. HOMOs and LUMOs of (a) 4a, (b) 9a, (¢) 6d, (d) 6e, and (e) 1-(7H-
dithieno[2,3-b:3',2'-d|pyrrol-7-yl)ethan-1-one calculated by DFT method at the B3LYP
/6-31G(d) level of theory.
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Table 4.4. The Selected Absorption of 38, 42a, 45a, 45b, 4a, 9a, 6d, and 6e Calculated

by TD-DFT Method at the B3LYP /6-31G(d) Level of Theory.

excited  transition  wavelength transition configulation oscillator
state  energy (eV) (nm) (CI expansion coefficient) strength, f
38 1 3.0193 411 HOMO — LUMO (0.701) 0.0091
2 3.3503 370 HOMO-1 — LUMO (0.606) 0.0096
HOMO — LUMO+I (0.353)
3 3.6502 3.65 HOMO-2 — LUMO (0.659) 0.0698
HOMO — LUMO+I1 (-0.104)
HOMO — LUMO+2 (-0.182)
4 3.7009 335 HOMO-2 — LUMO (0.116) 0.3325
HOMO-1 — LUMO (-0.340)
HOMO — LUMO+I (0.583)
42a 1 3.3469 370 HOMO — LUMO (0.700) 0.0171
2 3.4457 360 HOMO-1 — LUMO (-0.267) 0.0816
HOMO — LUMO+1 (0.643)
3 3.7989 326 HOMO-1 — LUMO (0.640) 0.2725
HOMO — LUMO+I (0.260)
4 3.8553 322 HOMO-2 — LUMO (0.101) 0.0368
HOMO-1 — LUMO+1 (0.604)
HOMO — LUMO+2 (0.316)
45a 1 3.5620 348 HOMO-1 — LUMO (0.186) 0.0416
HOMO-1 — LUMO+1 (0.165)
HOMO — LUMO (0.632)
HOMO — LUMO+I (0.141)
2 3.6419 340 HOMO-1 — LUMO (0.639) 0.1207
HOMO-1 — LUMO+I1 (-0.216)
HOMO — LUMO (-0.137)
3 3.7104 334 HOMO-1 — LUMO (-0.146) 0.0339
HOMO-1 — LUMO+1 (-0.219)
HOMO — LUMO+I (0.643)
4 3.8604 321 HOMO-1 — LUMO (0.128) 0.2121
HOMO-1 — LUMO+1 (0.602)
HOMO — LUMO (-0.221)
HOMO — LUMO+I (0.216)
(continued)
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excited  transition wavelength transition configulation oscillator
state  energy (eV) (nm) (CI expansion coefficient) strength, f
45b 1 3.4276 362 HOMO — LUMO (0.691) 0.0081
HOMO — LUMO (0.114)
2 3.5529 349 HOMO-1 — LUMO (-0.475) 0.0357
HOMO-1 — LUMO+1 (-0.152)
HOMO — LUMO+1 (0.479)
3 3.6617 339 HOMO-1 —-LUMO (-0.299) 0.0939
HOMO-1 — LUMO+I (0.610)
HOMO — LUMO+1 (-0.112)
4 3.7660 329 HOMO-1 — LUMO (0.409) 0.2647
HOMO-1 — LUMO+1 (0.284)
HOMO — LUMO+1 (0.455)
4a 1 3.0587 405 HOMO — LUMO (0.691) 0.0768
2 3.2576 381 HOMO-1 — LUMO (0.581) 0.0113
HOMO — LUMO+1 (—0.378)
3 3.4599 358 HOMO-3 — LUMO+1 (0.105) 0.0228
HOMO-2 — LUMO (0.618)
HOMO-1 — LUMO (—0.131)
HOMO — LUMO (0.232)
4 3.5622 348 HOMO-2 — LUMO (0.638) 0.0012
HOMO-1 — LUMO (0.370)
HOMO — LUMO++I (0.567)
9a 1 3.1644 392 HOMO — LUMO (0.677) 0.1363
HOMO — LUMO+1 (—0.137)
2 3.4662 358 HOMO-2 — LUMO+2 (0.108) 0.0055
HOMO-1 — LUMO (0.594)
HOMO — LUMO+2 (0.341)
3 3.4804 356 HOMO-2 — LUMO (0.502) 0.0224
HOMO — LUMO (0.154)
HOMO — LUMO+I (0.460)
4 3.7248 333 HOMO-2 — LUMO (—0.486) 0.0780
HOMO — LUMO+I1 (0.496)
(continued)
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excited
state

transition
energy (eV)

wavelength
(nm)

transition configulation
(CI expansion coefficient)

oscillator
strength, f

6d

1

3.2908

3.3160

3.6304

3.8931

377

374

341

318

HOMO-1 — LUMO (0.142)
HOMO-1 — LUMO+1 (—0.120)
HOMO — LUMO (0.657)
HOMO — LUMO+2 (~0.134)
HOMO-1 — LUMO (0.626)
HOMO — LUMO (-0.146)
HOMO — LUMO+1 (0.256)
HOMO-2 — LUMO (0.610)
HOMO — LUMO (0.115)
HOMO — LUMO+1 (0.110)
HOMO — LUMO+2 (0.295)
HOMO-3 — LUMO (0.101)
HOMO-2 — LUMO (-0.311)
HOMO-1 — LUMO (-0.109)
HOMO-1 — LUMO+1 (0.188)
HOMO-1 — LUMO+3 (~0.110)
HOMO — LUMO (0.105)
HOMO — LUMO+1 (0.402)
HOMO — LUMO+2 (0.381)

0.1442

0.0444

0.0343

0.0433

6e

3.2225

3.2635

3.5390

3.7770

385

380

350

328

HOMO—-1 — LUMO (0.182)
HOMO — LUMO (0.655)
HOMO — LUMO (-0.108)
HOMO-1 — LUMO (0.624)
HOMO — LUMO (—0.190)
HOMO — LUMO+1 (0.343)
HOMO — LUMO+2 (—0.148)
HOMO-2 — LUMO (0.568)
HOMO — LUMO+1 (0.343)
HOMO — LUMO+2 (0.176)
HOMO-2 — LUMO (-0.406)
HOMO-1 — LUMO+1 (0.107)
HOMO-1 —LUMO+2 (-0.115)
HOMO — LUMO+1 (0.476)
HOMO — LUMO+2 (0.240)

0.1344

0.0678

0.0174

0.0247
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4.6. Conclusion

The diversity-oriented synthesis of [7]helicenes and [7]helicene-like compounds
was achieved by using 1,1'-binaphtho[2,1-b]thiophene (33) as a common precursor. The
precursor 33 was successfully synthesized and converted into the desired helical
molecules 38, 42, and 45. X-ray crystallographic analysis revealed their helical
structures. The absorption and fluorescence properties of them were investigated and
compared with those of their benzene analogues. To better understand photophysical
properties, theoretical calculations were also conducted. The introduction of five-
membered rings to helicene skeletons led to significant changes in photophysical
properties. The compounds in which a phosphole ring is located at the center exhibits
the longest absorption and emission bands. The replacement with two thiophene rings
causes blue-shifted absorption spectra compared to those of their parent benzene
analogues. In case of the introduction of a five-membered ring with an electron-
withdrawing character, the combination with electron-donating thiophene rings induced
red-shifted emission which would be attributed to ICT. These results would be of
importance for the molecular design of m-conjugated helical skeleton to improve their

properties.
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4.7. Experimental section

4.7.1 General

All manipulations involving air- and/or moisture-sensitive compounds were carried
out using the standard Schlenk technique under argon. Analytical thin-layer
chromatography was performed on glass plates coated with 0.25 mm 230-400 mesh silica
gel containing a fluorescent indicator. Column chromatography was performed by using
silica gel (spherical neutral, particle size: 63—210 mm). The recycling preparative
HPLC was performed using YMC-GPC T-2000 and T-4000 columns (chloroform as an
eluent). Most of the reagents were purchased from commercial suppliers, such as
Sigma-Aldrich Co. LLC, Tokyo Chemical Industry Co., Ltd., and Kanto Chemical Co.,
Inc., and used without further purification unless otherwise specified. Commercially
available anhydrous solvents were used for air- and/or moisture sensitive reactions.
NMR spectra were recorded in CDCl3, CD,Cl,, DMSO-ds, and acetone-ds, on a JEOL
ECX400 spectrometer (‘H 400 MHz; '3C 101 MHz) or on a JEOL ECA500 spectrometer
(‘H 500 MHz; *C 126 MHz; *'P 202 MHz). Chemical shifts are reported in ppm
relative to the internal standard signal (0 ppm for MesSi in CDCl3) or the solvent residual
signal (2.50 ppm for DMSO-ds, 5.32 ppm for CD,Cl,, 2.05 ppm for acetone-ds) for 'H
and the deuterated solvent signal (77.16 ppm for CDCl3, 39.52 ppm for DMSO-ds, 206.26
ppm for acetone-ds, 73.8 ppm for CL,CDCDCl,) for 3C.  Data are presented as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, td = triplet of doublets, m
= multiplet and/or multiple resonances), coupling constant in hertz (Hz), and signal area
integration in natural numbers. Melting points were determined on a melting point
apparatus. High resolution mass spectra were recorded using a Bruker Daltonics
micrOTOF-QII mass spectrometer by an atmospheric pressure chemical ionization-time-
of-flight (APCI-TOF) or electrospray ionization-time-of-flight (ESI-TOF) method.
UV-Vis absorption spectra were recorded on a JASCO V-650 spectrophotometer.
Photoluminescence spectra were recorded on a JASCO FP-6500 spectrofluorometer.
Absolute quantum yields were determined using an absolute quantum yield measurement
system with a JASCO ILF-533 integrating sphere. The fluorescence lifetimes were
measured using a Hamamatsu Photonics C4334 streak camera.  Circular dichroism (CD)
spectra were recorded on a JASCO J-720 spectrometer. Optical rotations were
measured on a JASCO P-2200 polarimeter using a 50 mm cell. Chiral HPLC analyses
were carried out using a DAICEL CHIRALPAK® IA-3 column (4.6 mm 250 mm).
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4.7.2. Synthetic procedure

2-(4-Bromothiophen-3-yl)benzaldehyde (36). 2-(2-Bromophenyl)-1,3-
dioxolane (9.0 g, 39 mmol) in THF (50 mL) was placed in a 200 mL three-necked flask
and was cooled to —78 °C. To the solution was added BuLi (2.6 M in hexane, 18 mL,
47 mmol), and the resulting mixture was stirred for 1 h. After a mixture of ZnBr» (8.9
g, 39 mmol) and THF (50 mL) at —78 °C was transferred to the solution, the resulting
mixture was warmed to 0 °C. After stirring for 1 h, Pd(PPh3)4 (2.3 g, 2.0 mmol) and
3,4-dibromothiophene (4.4 mL, 39 mmol) were added to the solution. The resulting
solution was degassed by three freeze—pump—thaw cycles, and then refluxed for 40 h. The
reaction was quenched with saturated aqueous NH4Cl (10 mL), and the resulting mixture
was filtered through a pad of celite®. The filtrate was concentrated under reduced
pressure. The resulting crude residue was purified by silica-gel column chromatography
with EtOAc/hexane (1/9) as an eluent to give the coupling product with inseparable by-
products.

The obtained coupling product, 1 M aqueous HCI (50 mL), and methanol (50 mL)
were placed in a 300 mL flask, and the resulting mixture was stirred at room temperature
until completion of the reaction, which was monitored by TLC. Brine (50 mL) was
added to the reaction mixture, and the resulting mixture was extracted with AcOEt (50
mL % 3). The combined organic layers were dried over Na;SOy, filtered, and concentrated
under reduced pressure. The resulting crude residue was purified by silica-gel column
chromatography with EtOAc/hexane (1/9) as an eluent to give 36 as a yellowish oil (6.2
g, 59% yield for 2 steps): '"H NMR (400 MHz, CDCIs) & 9.86 (s, 1H), 8.03 (dd, J = 7.8,
1.4 Hz, 1H), 7.64 (td, J= 7.6, 1.6 Hz, 1H), 7.53 (t, J= 7.3 Hz, 1H), 7.41 (d, J= 3.6 Hz,
1H), 7.37 (dd, J=7.6, 1.6 Hz, 1H), 7.30 (d, J=3.2 Hz, 1H); 3C NMR (101 MHz, CDCl5)
0 191.6, 138.6, 138.4, 134.5, 133.7, 131.6, 128.8, 127.6, 125.7, 124.1, 112.7; HRMS-
APCI" (m/z) caled for CiiHgBrOS™ ([M + H]") 266.9474 (monoisotopic ion), found
266.9478.

1-Bromonaphtho|[2,1-b]thiophene (37). A mixture of potassium tert-butoxide
(6.2 g, 55 mmol) in THF (50 mL) was added to a 200 mL three-necked flask containing
the mixture of (methoxymethyl)triphenyl-phosphonium chloride (19 g, 55 mmol) in Et,O
(50 mL), and the resulting mixture was stirred at room temperature for 1 h. To the
mixture was added a solution of 36 (5.4 g, 20 mmol) in THF (50 mL), and the resulting
mixture was stirred at room temperature for 15 h. The precipitate was removed off by
filtration, and the filtrate was concentrated under reduced pressure. The resulting crude

residue was purified by silica-gel column chromatography with AcOEt/hexane (1/20) as
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an eluent to give a mixture of FE/Z-isomers of 3-bromo-4-[2-(2-
methoxyvinyl)phenyl]thiophene as a colorless oil (3.5 g).

A mixture of E/Z-isomers of 3-bromo-4-[2-(2-methoxyvinyl)phenyl]thiophene (3.5
g, 12 mmol), methanesulfonic acid (0.78 mL, 12 mmol), and CH>Cl> (50 mL) in a 200
mL flask was stirred at 0 °C for 18 h. The reaction was quenched with aqueous NH4Cl
(50 mL), and the resulting mixture was extracted with CH>Cl, (20 mL x 3). The
combined organic layers were dried over Na»SOs4, filtered, and concentrated under
reduced pressure. The resulting crude residue was purified by recrystallization from
hexane and silica-gel column chromatography with hexane as an eluent to give 37 as a
colorless solid (2.9 g, 53% yield for 2 steps): m.p. 80-81 °C; 'H NMR (400 MHz, CDCl;)
0 9.64 (d, J= 8.7 Hz, 1H), 7.94 (dd, J = 8.4 Hz, 1.6 Hz, 1H), 7.82-7.74 (m, 2H), 7.67—
7.62 (m, 1H), 7.58-7.54 (m, 2H); *C NMR (101 MHz, CDCls) § 138.2, 132.0, 130.2,
129.6, 128.9, 126.8, 126.3, 125.9, 124.6, 122.8, 120.7, 107.1; HRMS-APCI" (m/z) caled
for C12HgBrS™ ([M + H]") 262.9525 (monoisotopic ion), found 262.9533.

1,1’-Binaphtho|2,1-b]thiophene (33). A mixture of 37 (2.6 g, 10 mmol),
bis(pinacolato)diboron (1.3 g, 5.0 mmol), PdCl2(dppf) (0.29 g, 0.40 mmol), KoCOs (4.1
g, 30 mmol), and 1,4-dioxane (59 mL) in a 200 mL three-necked flask was degassed by
three freeze—pump—thaw cycles and stirred at 80 °C for 65 h. The resulting mixture was
filtered through a pad of celite®, and the filtrate was washed with water (100 mL) and
saturated aqueous NaHCO; (100 mL), dried over Na;SOs, and concentrated under
reduced pressure. The resulting crude residue was purified by silica-gel column
chromatography with CHCls/hexane (1/4) as an eluent to give 33 as a colorless solid (1.5
g, 80% yield): m.p. 216-217 °C; 'H NMR (400 MHz, CDCls) § 7.97 (d, J = 8.7 Hz, 2H),
7.83 (d, J="7.8 Hz, 2H), 7.78 (d, J = 8.8 Hz, 2H), 7.53—-7.50 (m, 4H), 7.29-7.25 (m 2H),
6.98-6.93 (m, 2H); *C NMR (101 MHz, CDCls) & 138.8, 135.5, 133.7, 131.9, 130.2,
128.6, 126.5, 126.3, 125.6, 125.2, 123.2, 121.1; HRMS-APCI" (m/z) caled for C24HisS,"
(IM + HJ") 367.0610, found 367.0604.

8-Phenyl-8 H-dinaphtho|2,1-5:2',1'-b'|phospholo[3,2-d:4,5-d'|dithiophene 8-
oxide (38). To a mixture of 33 (0.037g, 0.10 mmol) and Et,0 (5 mL) in a 20 mL Schlenk
tube was added BuLi (2.6 M in hexane, 0.10 mL, 0.26 mmol) dropwise at 0 °C.  After
stirring at room temperature for 30 min, dichlorophenylphosphine (14 pL, 0.093 mmol)
was added to the solution at room temperature. The resulting mixture was stirred for 24
h, and the reaction was quenched with water (10 mL). The resulting mixture was

extracted with CH>Cl, (10 mL x 3), and the combined organic layers were dried over
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NaxSOs, filtered, and concentrated under reduced pressure. The resulting residue was
dissolved in THF (3 mL), and 30% aqueous H20O; (1 mL) was added to the solution.
After stirring for 18 h, the reaction was quenched with water (10 mL). The resulting
mixture was extracted with CH>Cl, (10 mL x 3), and the combined organic layers were
dried over Na,SOs, filtered, and concentrated under reduced pressure. The resulting
crude residue was purified by silica-gel column chromatography with CHCI3/AcOEt
(20/1) as an eluent and by recycling preparative HPLC to give 38 as a green solid (7.6
mg, 16% yield): m.p. 255-256 °C; 'H NMR (500 MHz, CDCl3) § 7.92-7.85 (m, 7H),
7.80 (d, J=8.6 Hz, 1H), 7.76 (d,J= 7.5 Hz, 1H), 7.73 (d, J= 6.9 Hz, 1H), 7.53-7.50 (m,
1H), 7.41-7.38 (m, 2H), 7.37—- 7.32 (m, 2H), 6.72-6.66 (m, 2H); 3*C NMR (101 MHz,
CDCls3) 6 148.4 (d, Jep = 5.8 Hz), 147.9 (d, Jep = 5.8 Hz) 147.3 (d, Jop = 19.2 Hz), 147.2
(d, Jop =18.2 Hz), 137.0 (d, Jop = 112.1 Hz), 134.7 (d, Jo, = 113.1 Hz), 132.9 (d, Jop =2.9
Hz), 131.9,131.8, 131.3 (d, Jo, = 11.5 Hz), 130.4 (d, Jo, = 11.5 Hz), 130.3 (d, Jo, = 116.0
Hz), 129.7 (d, Jop = 12.5 Hz), 129.6, 129.4, 129.2 (d, Jo, = 13.4 Hz), 128.6, 128.4, 127.9,
127.8, 127.6, 127.5, 126.3, 126.2, 125.2, 125.1, 121.34 (d, Jop = 1.9 Hz), 121.26 (d, Jep =
1.9 Hz); 3'P NMR (202 MHz, CDCls3) § 21.1; HRMS—APCI" (m/z) calcd for C30H;sOPS;
([M + H]") 489.0532, found 489.0536.

Methyl 1,1’-binaphtho[2,1-b]thiophene-2-carboxylate (40). To a mixture of 33
(0.036 g, 0.098 mmol) and THF (3.6 mL) in a 20 mL Schlenk tube was added BuLi (2.6
M in hexane, 0.09 mL, 0.24 mmol) dropwise at 0 °C.  After stirring at room temperature
for 30 min, methyl chloroformate (0.023 mL, 0.30 mmol) was added to the reaction
mixture at room temperature. The resulting mixture was stirred for 17 h, and the
reaction was quenched with water (10 mL). Brine (10 mL) was added, and the resulting
mixture was extracted with CH>Cl, (20 mL % 3), and the combined organic layers were
dried over Na>SOq, filtered, and concentrated under reduced pressure. The resulting
crude residue was purified by silica-gel column chromatography with CHCls/ hexane
(1/1) as an eluent to give 40 as a colorless solid (33 mg 79% yield): m.p. 230-231 °C; 'H
NMR (500 MHz, CDCl3) 6 8.03 (d, J=9.2 Hz, 1H), 7.97 (d, J=9.2 Hz, 1H), 7.92 (d, J
=9.2 Hz, 1H), 7.89-7.86 (m, 2H), 7.82 (d, J= 8.6 Hz, 1H), 7.44-7.40 (m, 3H), 7.36-7.30
(m, 2H), 7.03 (t, J = 6.4 Hz, 2H), 3.61 (s, 3H); '*C NMR (126 MHz, CDCI3) & 162.5,
141.5, 140.4, 138.9, 134.2, 134.0, 133.4, 132.0, 131.9, 130.8, 130.2, 129.5, 129.4, 129.0,
128.8,127.3, 126.5,126.2, 125.8, 125.1, 124.2, 123.2,122.8, 121.2, 120.6, 52.4; HRMS—
APCI' (m/z) caled for C26H1702S2" (M + H]") 425.0665, found 425.0669.

([1,1’-Binaphtho|2,1-b|thiophen]-2-yl)diphenylmethanol (41a). To a mixture
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of 40 (0.19 g, 0.44 mmol) and THF (10 mL) in a 30 mL Schlenk tube was added
phenylmagnesium bromide (1.0 M in THF, 1.7 mL, 1.7 mmol). The resulting mixture
was stirred at 40 °C for 23 h and cooled to room temperature. The reaction was
quenched with saturated aqueous NH4CI (20 mL), and the resulting mixture was extracted
with AcOEt (10 mL x 3). The combined organic layers were dried over Na>SOy, filtered,
and concentrated under reduced pressure. The crude residue was suspended with
hexane, and the resulting precipitate was collected to give 41a as a colorless solid (0.21
g, 87% yield): m.p. >300 °C; 'H NMR (400 MHz, DMSO-ds, 100 °C) § 8.08 (d, J = 8.7
Hz, 1H), 7.88 (d, /J=9.2 Hz, 2H), 7.83 (d, J=8.5 Hz, 2H), 7.71 (d, /= 8.8 Hz, 1H), 7.31—
7.21 (m, 6H), 7.13-7.10 (m, 3H), 7.02 (d, /= 9.2 Hz, 2H), 6.97-6.91 (m, 3H), 6.81-6.77
(m, 1H), 6.59-6.54 (m, 3H), 6.15 (s, 1H); The 3C NMR spectrum was not recorded
because of low solubility; HRMS—APCI" (m/z) calcd for C37H23S>™ (M —OH]") 531.1236,
found 531.1237.

([1,1’-binaphtho|2,1-b]thiophen]-2-yl)bis(4-fert-butylphenyl)methanol (41b).
According to the procedure described for 41a, 41b was obtained as a colorless solid (130
mg, 84% yield) with 40 (0.10 g, 0.23 mmol) and (4-tert-butylphenyl)magnesium
bromide (1.0 M in THF, 0.94 mL, 0.94 mmol): m.p. 196-197 °C; '"H NMR (400 MHz,
DMSO-ds, 100 °C) 6 8.08 (d, J=9.2 Hz, 1H), 7.87-7.85 (m, 2H), 7.82 (d, J = 8.7 Hz,
1H), 7.78 (dd, J= 8.7, 1.4 Hz, 1H), 7.67 (d, J = 8.8 Hz, 1H), 7.34 (s, 1H), 7.27-7.18 (m,
5H), 7.09-7.07 (m, 2H), 6.97 (d, J = 8.7, 2H), 6.94-6.90 (m, 2H), 6.76-6.72 (m, 1H),
6.65 (d, J = 8.7 Hz, 2H), 6.10-6.09 (m, 1H), 1.21 (s, 9H), 1.02 (s, 9H); '3*C NMR (126
MHz, DMSO-ds, 100 °C) 6 150.7, 148.8, 148.0, 142.8, 141.9, 136.9, 135.6, 133.9, 133.6,
133.0, 131.1, 130.7, 130.6, 129.4, 129.2, 128.1, 127.5, 126.9 (three carbons), 125.04
(two carbons), 125.00, 124.95, 124.6, 124.01, 123.95, 123.3, 122.5, 122.4, 121.5, 120.2,
78.8, 34.4, 33.1, 30.5, 30.4; HRMS-APCI" (m/z) calcd for CasH39S:" ([M — OH]")
643.2488, found 643.2500.

8,8-Diphenyl-8 H-cyclopenta[1,2-b:4,3-b'|dinaphtho-[1,2-d:1',2'-d']dithio-
phene (42a). A mixture of 41a (0.19 g, 0.35 mmol) and CH>Cl (10 mL) was placed
in a 20 mL Schlenk tube, and TfOH (3.1 mL, 0.035 mmol) was added. The resulting
mixture was stirred at room temperature for 30 min and concentrated under reduced
pressure. The resulting residue was purified by silica-gel column chromatography with
CHCIs as an eluent and by recycling preparative HPLC to give 42a as a colorless solid
(0.10 g, 58% yield): m.p. 224-225 °C; 'H NMR (400 MHz, CD,Cl, 35 °C) § 8.07 (d, J
= 8.2 Hz, 2H), 7.94 (d, J = 7.8 Hz, 2H), 7.91 (d, J = 8.7 Hz, 2H), 7.80 (d, J = 8.7 Hz,
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2H), 7.49-7.47 (m, 4H), 7.41-7.37 (m, 2H), 7.34-7.28 (m, 6H), 6.85-6.81 (m, 2H); the
13C NMR spectrum was not measured because of low solubility; HRMS—APCI* (m/z)
calcd for C37H23S>" (M + H]") 531.1236, found 531.1245.

8,8-Bis(4-tert-butylphenyl)-8 H-cyclopenta[1,2-b:4,3-b'|dinaphtho|2,1-d:1",2"-

d'|dithiophene (42b). The crude residue was obtained with 41b (0.51 g, 0.77 mmol),
CHxCl; (14 mL), and TfOH (6.8 mL, 0.077 mmol) according to the procedure described
for 42a. Purification by silica-gel column chromatography with CHCls/hexane (2/1) as
an eluent gave 42b as a colorless solid (0.45 g, 91% yield): m.p. >300 °C; 'H NMR (500
MHz, CDCl3) 6 8.07 (d, J = 8.4 Hz, 2H), 7.90 (d, J = 7.5 Hz, 2H), 7.87 (d, J = 8.6 Hz,
2H), 7.76 (d, J= 8.6 Hz, 2H), 7.40-7.35 (m, 6H), 7.30— 7.28 (m, 4H), 6.84—6.81 (m, 2H),
1.27 (s, 18 H); *C NMR (126 MHz, CDCl3) § 155.8, 150.3, 142.2, 141.6, 137.1, 131.9,
129.33, 129.30, 129.1, 127.7, 127.4, 125.7, 125.4, 125.1, 124.4, 121.6, 64.0, 34.6, 31.4;
HRMS-APCI" (m/z) calcd for CasH3oS» ([M + H]") 643.2488, found 643.2509.

1,10 -Binaphtho|2,1-b]thiophen-2-amine (43). A mixture of 40 (0.14 g, 0.33
mmol), KOH (0.106 g, 1.9 mmol), THF (8 mL), and H>O (1 mL) in a 50 mL flask was
refluxed until completion of the reaction, which was monitored by TLC. The mixture
was concentrated under reduced pressure until most of THF was removed, and the
mixture was acidified with 1 M HCI at 0 °C. The resulting mixture was extracted with
CH:Cl2 (10 mL x 3), and the combined organic layers were dried over Na,SOs, filtered,
and concentrated under reduced pressure. The obtained crude residue was used without
further purification.

A mixture of diphenylphosphoryl azide (0.078 mL, 0.36 mmol) and
diisopropylamine (0.056 mL, 0.40 mmoL) in THF (2 mL) and ‘BuOH (4 mL) was added
to the crude residue, and the resulting mixture was refluxed for 22 h.  After concentrating
under reduced pressure, 12 M HCI (2 mL) and THF (7 mL) were added to the residue.
The resulting mixture was stirred until completion of the reaction, which was monitored
by TLC. The resulting mixture was diluted with water (30 mL) and extracted with
CH:Cl2 (10 mL x 3). The combined organic layers were dried over Na>SOq, filtered,
and concentrated under reduced pressure. The resulting crude residue was purified by
silica-gel column chromatography with CHCls/hexane (1/1) as an eluent to give 43 as a
green solid (0.089 g, 71% yield): m.p. 90-91 °C; 'H NMR (400 MHz, DMSO-ds) & 8.19
(d,J=8.8Hz, 1H), 7.97 (d, J= 7.8 Hz, 1H), 7.91-7.86 (m, 4H), 7.80 (d, /= 7.8 Hz, 1H),
7.55(d, J=8.8 Hz, 1H), 7.35 (t, /=7.2 Hz, 1H), 7.20-7.16 (m, 2H), 7.11 (t, J= 7.6 Hz,
1H), 6.82 (t, J = 7.6 Hz, 1H), 5.79 (s, 2H); '*C NMR (101 MHz, DMSO-ds) & 151.4,
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139.0, 134.5, 133.1, 133.0, 131.9, 131.3, 130.0, 128.5 (two carbons), 128.0, 127.7, 126.2,
126.1, 125.6, 125.1, 124.7, 124.3, 122.4,122.2, 121.7, 120.8, 120.7, 107.6; HRMS-ESI*
(m/z) caled for C2aHigNS, ([M + H]") 382.0719, found 382.0707.

Methyl 1,1’-binaphtho[2,1-b]thiophene-2-carbamate (44a). A mixture of 43
(0.073 g, 0.19 mmol), methyl chloroformate (0.034 mL, 0.41 mmol), and toluene (0.60
mL) in a 20 mL Schlenk tube was refluxed with stirring for 3 h. The resulting mixture
was concentrated under reduced pressure to give 44a as a green solid (0.079 g, 94%
yield): m.p. 100-101 °C; 'H NMR (400 MHz, DMSO-ds) 6 10.14 (s, 1H), 8.22 (d, /= 8.8
Hz, 1H), 8.08 (d, /= 8.8 Hz, 1H), 7.97 (d, J = 7.8 Hz, 1H), 7.93-7.85 (m, 3H), 7.78 (d, J
=8.8 Hz, 1H), 7.53 (d, /= 8.8 Hz, 1H), 7.33 (t, /= 6.8 Hz, 1H), 7.25 (t,J=7.2 Hz, 1H),
7.13 (d, J = 8.8 Hz, 1H), 7.05 (t, /= 8.0 Hz, 1H), 6.88 (t, J = 8.4 Hz, 1H), 3.61 (s, 3H);
3C NMR (126 MHz, DMSO-ds, 100 °C) § 153.9, 138.5, 138.3, 132.9, 131.5, 131.3,
131.24, 131.20, 131.0, 129.4, 128.4, 128.1, 127.9, 127.3, 125.5, 125.1, 124.9, 124 .4,
124.1, 123.8, 121.8, 121.5, 120.8, 120.1, 119.1, 51.7;, HRMS-APCI" (m/z) calcd for
Ca6H1sNO»S; ([M + H]") 440.0774, found 440.0779.

N-([1,1’-Binaphtho|[2,1-b]thiophen]-2-yl)acetamide (44b). A mixture of 43
(0.037 g, 0.097 mmol) and Ac2O (0.011 mL, 0.12 mmol), and CH>Cl, (0.60 mL) in a 20
mL Schlenk tube was stirred at room temperature for 18 h. The reaction was quenched
with saturated aqueous NaHCO3 (20 mL), and the resulting mixture was extracted with
CH:Cl2 (10 mL x 3). The combined organic layers were dried over Na>SOq, filtered,
and concentrated under reduced pressure. The obtained crude residue was purified by
silica-gel column chromatography with CH2Cl; as an eluent to give 44b as a green solid
(0.032 g, 78% yield): m.p. 255-256 °C; 'H NMR (500 MHz, DMSO-ds) § 10.29 (s, 1H),
8.25(d,J=28.5Hz, 1H), 8.08 (d, J= 8.5 Hz, 1H), 7.99—7.96 (m, 2H), 7.94 (d, J= 8.6 Hz,
1H), 7.89 (d, /= 8.0 Hz, 1H), 7.77 (d, J= 8.5 Hz, 1H), 7.51 (d, J= 8.5 Hz, 1H), 7.33 (t,
J=7.0Hz, 1H), 7.24 (t,J="7.0 Hz, 1H), 7.06-7.03 (m, 2H), 6.86 (t, /= 7.0 Hz, 1H), 2.04
(s, 3H); *C NMR (126 MHz, DMSO-de) § 168.4, 139.1, 137.7, 133.5, 131.7, 131.6 (two
carbons), 131.4, 130.7, 129.8, 128.7, 128.6, 128.5, 128.4, 126.3, 125.7, 125.5, 125.1,
124.6, 124.0, 122.1, 121.6 (2 carbons), 120.8, 116.4, 22.6; HRMS—-APCI" (m/z) calcd for
Ca6Hi1sNOS; ([M + H]") 424.0825, found 424.0830.

Methyl 8H-bis(naphtho([1’,2":4,5]thieno)[2,3-b:3',2'-d]pyrrole-8-carboxylate
(45a). A mixture of 44a (0.079 g, 0.18 mmol), Pd(OAc)2 (2.2 mg, 9.0 umol), Cu(OAc)
(33 mg, 0.18 mmol), powdered molecular sieves (41 mg), and xylene (1.8 mL) was placed
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in a 20 mL Schlenk tube and degassed by three freeze—pump—thaw cycles. The mixture
was refluxed for 20 h. The reaction was quenched with 30% ammonia solution (1 mL),
and water (20 mL) was added. The resulting mixture was extracted with CH>Cl> (10
mL X 3), and the combined organic layers were dried over Na>SOs, filtered, and
concentrated under reduced pressure. The obtained crude residue was purified by silica-
gel column chromatography with CHCls/hexane (2/1) as an eluent to give 45a as a
colorless solid (8.4 mg, 11% yield): m.p. 227-228 °C; 'H NMR (400 MHz, CDCls, 50 °C)
0 8.29 (d, J= 8.4 Hz, 2H), 7.94 (d, J= 7.8 Hz, 2H), 7.90 (d, /= 8.7 Hz, 2H), 7.81 (d, J =
8.0 Hz, 2H), 7.42 (t, J = 6.8 Hz, 2H), 6.97 (t, J = 6.8 Hz, 2H), 4.26 (s, 3H); °C NMR
(101 MHz, CI,CDCDCly, 60 °C) 6 149.4, 135.7, 131.8, 129.5, 128.3 127.7, 127.3, 125.3,
124.7,124.4, 122.3, 121.3, 55.1; HRMS-APCI" (m/z) caled for C26H16NO2S> ([M + HJ")
438.0617, found 438.0614.

1-[8H-Bis(naphtho[1’,2':4,5]thieno)[2,3-b:3',2'-d]pyrrol-8-yl]ethan-1-one

(45b). The crude residue was obtained with 44b (0.042 g, 0.10 mmol), Pd(OAc). (1.4
mg, 5.0 umol), Cu(OAc)2 (19 mg, 0.10 mmol), powdered molecular sieves (21 mg), and
xylene (1 mL) according to the procedure for 45a. Purification by silica-gel column
chromatography with CH>Cl, as an eluent and by preparative HPLC gave 45b as a
colorless solid (7.5 mg, 18% yield): m.p. 260-261 °C; 'H NMR (500 MHz, CDCls, 40 °C)
0 8.24 (d,J=17.5 Hz, 2H), 7.94 (d, /= 8.0 Hz, 2H), 7.89 (d, J = 8.6 Hz, 2H), 7.82 (d, J =
8.5 Hz, 2H), 7.42 (t, J = 7.5 Hz, 2H), 6.95 (t, J = 7.0 Hz, 2H), 2.89 (s, 3H); °C NMR
(101 MHz, DMSO-ds, 100 °C) 8 165.9, 135.5, 135.0, 131.4, 128.2, 127.4, 127.1, 126.2,
124.9, 124.4, 123.7, 121.2, 121.1, 22.4; HRMS-APCI" (m/z) calcd for C26H16NOS, ([M
+H]") 422.0668, found 422.0661.

H,NBoc
OO Pd,(dba), 1) BuLi
oTf  xantphos O 2) CICOOMe O
O KsPO, @ or AcCl @
‘I E— N-R —mm>
RNee 10 L

46 (R = Boc): 67% 6d (R = COOMe): 72%
TFA L 47 (R = H): 76% 6e (R = COMe): 60%

tert-Butyl 9H-dinaphtho[2,1-c:1',2'-g]carbazole-9-carboxylate (46). A
mixture of rac-[4,4"-biphenanthrene]-3,3"-diyl bis(trifluoromethanesulfonate) (0.14 g,
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0.20 mmol), tert-butyl carbamate (31 mg, 0.26 mmol), Pd>(dba);(16 mg, 0.015 mmol),
xantphos (15 mg, 0.026 mmol), anhydrous K3PO4 (0.15 g, 0.71 mmol), and xylene (15
mL) in a Schlenk tube was stirred at 100 °C for 49 h. The resulting mixture was washed
with 1 M aqueous HCI, dried over anhydrous Na>SOs, filtered, and concentrated under
reduced pressure. The resulting crude residue was purified by silica-gel column
chromatography with CH>Clz/hexane (3/2) as an eluent to give 46 as a colorless solid (65
mg, 67%): 'H NMR (400 MHz, CDCls) § 8.90 (d, J = 8.7 Hz, 2H), 8.11 (d, J =8.7 Hz,
2H), 7.97 (d, J = 8.7 Hz, 2H), 7.85 (d, J = 8.7 Hz, 2H), 7.78 (d, J= 7.3 Hz, 2H), 7.46 (d,
J =8.2 Hz, 2H), 7.20-7.16 (m, 2H), 6.32-6.28 (m, 2H), 1.93 (s, 9H); 3*C NMR (101 MHz,
CDCI3) & 151.1, 138.3, 131.4, 130.4, 128.7, 127.8, 127.6, 126.51, 126.45, 126.3, 125.9,
123.2, 120.5, 115.3, 85.0, 28.6; HRMS-APCI" (m/z) caled for CyoHisNO,"
([IM—C4Ho+2H]"), 412.1333; found, 412.1346.

9H-Dinaphtho|2,1-c:1',2'-g]carbazole (47). To the solution of 46 (0.13 g, 0.28
mmol) in CH2Clz (2 mL) was added trifluoroacetic acid (0.64 mL, 8.3 mmol) at 0 °C.
The resulting mixture was stirred at room temperature for 13 h. The reaction was
quenched with saturated aqueous NaHCO3, and the resulting mixture was extracted with
CH2Cl,.  The combined organic layers were dried over NaxSOs, filtered, and
concentrated under reduced pressure. The resulting crude residue was purified by silica-
gel column chromatography with AcOEt/hexane (1/2) as an eluent to give 47 as a
brownish solid (78 mg, 76% yield): '"H NMR (400 MHz, acetone-de) & 11.71 (s, 1H ),
8.15-8.06 (m, 6H ), 7.86 (d, J = 8.4 Hz, 4H), 7.50 (d, J =8.8 Hz, 2H), 7.18-7.14 (m, 2H),
6.22-6.18 (t, 2H); '*C NMR (101 MHz, acetone-ds) & 140.1, 140.0, 132.4, 131.3, 128.7,
127.9,127.8,127.3,126.7,124.9,123.3,117.5, 117.4,113.2, 113.1; HRMS-APCI" (m/z)
caled for CosHisN™ ([M+H]"), 368.1434; found, 368.1457.

Methyl 9H-dinaphtho|2,1-c:1',2'-g]carbazole-9-carboxylate (6d). BuLi (2.6
M in hexane, 0.045 mL, 0.12 mmol) was added dropwise to the solution of 47 (0.037 g,
0.10 mmol) in THF (1.5 mL) at 0 °C. After stirring at room temperature for 30 min,
methyl chloroformate (0.011 mL, 0.14 mmol) was added to the reaction mixture at room
temperature. The resulting mixture was stirred for overnight, and the reaction was
quenched with water (20 mL). The resulting mixture was extracted with CH>Cl> (10 mL
% 3), and the combined organic layers were dried over Na;SOg, filtered, and concentrated
under reduced pressure. The resulting crude residue was purified by silica-gel column
chromatography with CH»Clo/hexane (1/1) as an eluent to give 6d as a colorless solid (31
mg, 72% yield): m.p. 235-236 °C; 'H NMR (400 MHz, CDCl3) § 8.79 (d, J=9.2 Hz, 2H),
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8.05 (d, J=9.2 Hz, 2H), 7.91 (d, J = 8.8 Hz, 2H), 7.80 (d, /= 8.8 Hz, 2H), 7.72 (d, J =
8.4 Hz, 2H), 7.38 (d, J = 8.4 Hz, 2H), 7.13 (dt, J= 6.8, 1.2 Hz, 2H), 6.24 (dt, J=7.2, 1.2
Hz, 2H), 4.26 (s, 3H); '3C NMR (101 MHz, CDCls) § 153.1, 138.0, 131.4, 130.4, 129.0,
128.0, 127.6, 126.6, 126.44 (two carbons), 126.40, 126.1, 123.3, 120.9, 115.2, 54.2;
HRMS-APCI (m/z) caled for C30HaoNO,™ ([M+H]") 426.1489, found 426.1494.

1-(9H-Dinaphtho[2,1-c:1',2'-g]carbazol-9-yl)ethanone (6e¢). BuLi (2.6 M in
hexane, 0.045 mL, 0.12 mmol) was added dropwise to the solution of 47 (0.037 g, 0.10
mmol) in THF (1.5 mL) at 0 °C. After stirring at room temperature for 30 min, acetyl
chloride (0.011 mL, 0.16 mmol) was added to the reaction mixture at room temperature.
The resulting mixture was stirred for overnight, and the reaction was quenched with water
(20 mL). The resulting mixture was extracted with CH>Cl> (10 mL X 3), and the
combined organic layers were dried over Na;SOs, filtered, and concentrated under
reduced pressure. The resulting crude residue was purified by silica-gel column
chromatography with CH>Clo/hexane (1/1) as an eluent to give 6e as a colorless solid (23
mg, 60% yield): m.p. 236-237 °C; 'H NMR (400 MHz, CDCls) § 8.62 (d, J = 8.8 Hz, 2H),
8.07 (d, J= 8.4 Hz, 2H), 7.92 (d, J = 8.8 Hz, 2H), 7.82 (d, J = 8.8 Hz, 2H), 7.73 (d, J =
6.8 Hz, 2H), 7.38 (d, J = 8.0 Hz, 2H), 7.14 (dt, J= 6.8, 1.6 Hz, 2H), 6.26 (dt,J=7.6, 1.6
Hz, 2H), 3.12 (s, 3H); '*C NMR (101 MHz, CDCls) § 170.8, 138.1, 131.5, 130.4, 129.0,
128.0, 127.6, 126.63, 126.57, 126.5, 126.4, 126.3, 123.4, 121.2, 114.8, 28.6; HRMS—
APCI (m/z) calcd for C30H20NO™ ([M+H]") 410.1540, found 410.1545.

4.7.3. X-ray Crystallography

For X-ray crystallographic analyses, suitable single crystals were selected under
ambient conditions, mounted using a nylon loop filled with paraffin oil, and transferred
to the goniometer of a RIGAKU R-AXIS RAPID diffractometer with a graphite-
monochromated Cu—Ka irradiation (oo = 1.54187 A). The structures were solved by a
direct method (SIR 2008%) and refined by full-matrix least-squares techniques against />
(SHELXL-2014'71%).  The intensities were corrected for Lorentz and polarization
effects. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were

placed using AFIX instructions.

4.7.4. Theoretical calculations
The DFT and TD-DFT calculations were performed by using the Gaussian 09
program!® at the B3LYP/6-31G(d) level with workstation at Research Center for

Computational Science, National Institutes of Natural Sciences, Okazaki, Japan. The
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starting molecular models for DFT geometry optimizations were built and optimized with
MMFF molecular mechanics by using the Spartan *08 package (Wavefunction, Inc.,
Irvine, CA, USA). Twelve singlet states were calculated in TD-DFT calculations. The

visualization of the molecular orbitals was performed using GaussView 5 (Gaussian, Inc.,

Wallingford, CT, USA).
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Chapter 5

Conclusion and Perspective






The purpose of this study is (a) establishment of efficient methods for the synthesis
of helicenes and helicene-like compounds from common precursors and (b) evaluation of
properties of newly synthesized helicenes and helicene-like compounds to elucidate
structure—property relationship.

In Chapter 2, 3,3'-dibromo-4,4'-biphenanthrene as a promising precursor was
prepared through a new synthetic route. Its synthesis ever reported requires harsh
reaction conditions and is difficult to be reproduced, but the new route in this thesis avoids
such conditions. However, the new route requires lengthy multistep sequence and the
total yield could not be improved. The transformations of thia[7]helicene to
aza[ 7]helicenes and [7]helicene-like compounds were successfully achieved via aromatic
metamorphosis. The dianion obtained by desulfurative dilithiation of thia[7]helicene
was found to react with an dielectrophiles to give the corresponding helicene-like
compounds. Furthermore, dinucleophiles is able to be introduced with thia[7]helicene
S,S5-dioxide. This methodology is free of transition metal catalysts and can derivatize
thia[7]helicene to a variety of aza[7]helicenes and [7]helicene-like compounds at a later
stage of the synthetic sequence.

In Chapter 3, the spiro-double silole-fused [7]helicene-like compound was
successfully synthesized using 3,3'-dibromo-4,4'-biphenanthrene as the precursor. This
is the first report on the synthesis of an optically resolvable spiro-double helicene-like
compound. The combination of the silicon-centered spiro fusion and the m-extended
helical structure was found to offer unique optical properties attributable to the LUMO
spiro-conjugation between the two silole-fused [ 7]helicene-like units.

In Chapter 4, the synthesis of 1,1'-binaphtho[2,1-b]thiophene as a common

precursor has led to the successful and efficient synthesis of new helical compounds
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containing a cyclopentadiene, pyrrole, or phosphole ring. The thiophene ring in the
helical structure was found to work as an electron-donor and induce intramolecular charge
transfer in the presence of electron-withdrawing unit, affording a red-shifted emission.
In conclusion, the syntheses of helicene precursors were achieved, and they were
efficiently converted into a variety of new helicenes and helicene-like compounds.
Through evaluation of their photophysical properties and comparison of them with those
of the related compounds, the effects of heteroles and cyclopentadiene units on
photophysical properties were clarified. The establishment of these efficient synthetic
methods in this thesis will contribute to the search for novel helicenes and helicene-like
compounds with desirable properties. It is expected to efficiently synthesize a series of
helicenes and helicene-like compounds with heteroatom(s) and cyclopentadiene ring(s)
at different positions by designing the suitable precursor. With the development of new
helicenes and helicene-like compounds, the relationship between the structure and
physicochemical properties would be clarified, providing the design guide for more

highly functional helicene-based materials.
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