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Abbreviations

ADF: Amsterdam Density Functional

Bpin: Pinacolato boron

CNB: Carbon nanobelt

CNH: Carbon nanohorn

CNT: Carbon nanotube

CV: Cyclic voltammetry

DCM: Dichloromethane

DFT: Density functional theory

DDQ: 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
DMF: Dimethylformamide

DPV: Differential pulse voltammetry

Fc/Fc*: Ferrocene/ferrocenium

FET: Field effect transistor

GNR: Graphene nanoribbon

GPC: Gel permeation chromatography

HR: High resolution

HOMO: Highest occupied molecular orbital
HPLC: High performance liquid chromatography
LUMO: Lowest unoccupied molecular orbital
n: Hole mobility

ue: Electron mobility

MALDI-TOF-MS: Matrix-assisted-laser-desorption/ionization time-of-flight mass
spectrometry

MWCNT: Multi-walled carbon nanotube

NBS: N-Bromosuccinimide

NMR: Nuclear magnetic resonance

MO: Molecular orbital
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SWCNT: Single-walled carbon nanotubes
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TEM: Transmission electron microscopy

THEF: Tetrahydrofuran

TIPS: Triisopropylsilyl

TLC: Thin-layer chromatography

TMS: Trimethylsilyl

TRMC: Time resolved microwave conductivity
UV-vis: Ultraviolet-visible

XRD: X-ray diffraction



Chapter 1. General Introduction

1.1 Nanocarbon materials

Nanocarbon materials have piqued interest since the discovery of fullerene Ceso
in 1985 due to its versatile features such as electrical conductivity, absorption,
luminescence, and magnetism.[!! For example, according to research published in 2009,
conductive carbon nanotube (CNT) thin films produced as a replacement for more brittle
indium tin oxide materials have been explored in the visible wavelength range for use in
solar cells, solid-state lighting, and displays (Figure 1a).’! On September 29, 2013, a
huge plastic balloon (Figure 1b) soared high in the skies over New Mexico, carrying
devices to collect climate-related test data using CNT chips from the National Institute of
Standards and Technology (NIST).*) In 2017, Jana Zaumseil used a single-walled carbon
nanotubes (SWCNT)-based ambipolar light emission field effect transistor (LE-FET)
embedded in an optical microcavity to demonstrate electrically pumped near-infrared
exciton polariton emission at room temperature.[*! A solar cell based on fullerenes Ceo
was also developed in 2017. It was discovered to be 14% more efficient than conventional
materials and architecture (Figure 1d).1>! At the same time, it can function as a solar cell
and a current inverter. Such a wide range of application prospects has prompted
continuous studies on these materials. Continuous research on these materials is
necessitated by their wide range of application possibilities. Applications in the field of
optoelectronics tend to rely on organic chemistry research, particularly in the fabrication

of materials.



Figure 1. Application of nano-carbon materials'?/>]

Fullerenes, graphene, and carbon nanotubes (CNTs) are the most common nano-
carbons. As one of the allotropes of carbon, fullerene was discovered by Richard Smalley,
Robert Curl, and Harry Kroto through experiments in 1985 (Figure 2[). It was named
Buckminster fullerene after the name of an American architect, Buckminster Fuller.
Fullerenes are made up of various numbers of polygons, and their names are determined
by the number of carbon atoms in their structure. The empirical formula C,, typically
written Cn, is used to define fullerenes with a closed mesh topology. » is the number of

carbon atoms. However, for some values of n, there may be more than one isomer.



Fullerene has high temperature stability, conductivity and can be used in nanocomposites.
Graphite laser ablation and arc discharge technology are commonly used to create them.
Fullerenes have a huge nonlinear optical response, strong electron affinity, and high
charge transfer ability due to the delocalized electrons. Inserting atoms into fullerene
molecules can also form embedded fullerene molecules. Accelerated ions or molecules
are frequently inserted in fullerene cages. Intensive study has been conducted on their
chemical and technical uses, particularly in materials science, electronics, and

nanotechnology.

Figure 2. Fullerenes!®!

Graphene is another carbon allotrope. Graphene is made up of a single layer of
atoms organized in a honeycomb lattice in two dimensions (Figure 3). It can be stacked
to make three-dimensional graphite, rolled to make one-dimensional nanotubes, and
wrapped to make zero-dimensional fullerenes. Each atom in a graphene sheet has a link
with the three atoms closest to it and contributes an electron to the conduction band that
runs the length of the sheet. Scientists have been studying the possibility of graphene's
existence and manufacture for decades. Andre Geim and Konstantin Novoselov

rediscovered, isolated, and described this substance in 2004.I! The exceptional thermal,
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mechanical, and electrical capabilities of graphene are due to its long-range conjugation.
The charge carriers in graphene have a linear rather than quadratic energy dependency on
momentum, and the material can be used to construct bipolar field-effect transistors. The
material shows huge quantum oscillations and large nonlinear diamagnetism, and charge
transport is long-distance ballistic transport. Along its plane, graphene conducts heat and
electricity very well. Many theoretical studies have focused on these features, and

materials science has recently become a hot research subject.

Figure 3. Graphene

The field of CNTs was established by Iijima's early experimental observation of
CNTs using a transmission electron microscope (TEM)®! in 1991 and subsequent studies
on a large range of nanotube syntheses conditions. CNTs are carbon tubes with a diameter
of roughly 100 nanometers and a length of micrometers.”) CNTs are generally divided
into two types based on the number of layers (Figure 4). SWCNTs are made up of a single
graphene layer with a diameter of 0.4 to 2 nm range. MWCNTs (multi-walled carbon
nanotubes) are made up of two or more cylinders, each of which is made up of graphene
sheets. The diameter ranges between 1 and 3 nm. Arc discharge, laser ablation, and
chemical vapor deposition are three methods for making CNTs. CNTs have outstanding

chemical and physical qualities, including high tensile strength, ultralightweight, a unique



electronic structure, and chemical and thermal stability. Scientists have acquired a strong
interest in these nanomaterials as a result of their unique properties. CNTs are the most
widely used carbon nanomaterial in a variety of applications. CNTs are used in
biomolecules, medicines, and drug delivery to target organs, as well as biosensor

diagnosis and analysis.['*]

Figure 4. Carbon nanotubes (CNTs)

Except for fullerenes, most currently existing nanocarbons such as CNTs and
graphene nanoribbon (GNRs) are not regarded as structurally pure molecules. Traditional
top-down methods produce a mixture of structures with varying physical properties. They
cannot be separated or refined into pure structural forms. Bottom-up organic synthesis is
seen as a promising strategy for achieving accurate nanocarbon. A class of molecules that
can be utilized as templates for the above forms of synthesis has also been proposed in
some previous investigations. As fragments of the three major types of nanocarbons, these
small PAH molecules have also been studied in many ways. Representatives are
corannulene and sumanene as fragments of the fullerene, acenes as the segments of the
GNR and carbon nanorings like cycloparaphenylenes (CPPs), carbon nanobelts (CNBs)

as the CNT segments.
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For GNRs, in 2010 Klaus Miillen, Roman Fasel and co-workers reported a
simple method for the production of atomically precise GNRs of different topologies and
widths, which uses surface-assisted coupling of molecular precursors into linear
polyphenylenes and their subsequent cyclodehydrogenation.''! The structure of the
precursor monomers, which can be designed to offer access to a wide range of various
GNRs, determines the topology, width, and edge periphery of the GNR products (Figure
5). This bottom-up method to atomically precise GNR manufacturing should allow for
extensive experimental research of the characteristics of this fascinating class of materials.
It should also pave the way for GNR structures with tailored chemical and electronic
properties, such as intraribbon quantum dots, superlattice structures, and magnetic
devices based on specific GNR edge states, as well as the theoretically predicted
intraribbon quantum dots, superlattice structures, and magnetic devices based on specific

GNR edge states.

Br
OOO 200 °C OOO 200 °C E ‘ 400 °C
OO0 s CCO
Surfaces
Br

n

Figure 5. Bottom-up synthesis of GNR!!!

For CNTs, the bottom-up organic synthesis approach was put forward by Jasti in
2010.1"2! Small fragments of CNTs that preserve information about chirality and diameter
are used as templates for CNT synthesis in this method (Figure 6). The growth of

armchair CNTs from CPPs was achieved by Itami and coworkers in 2013.[1%]
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extension

method

[5]-cycloparaphenylene

[12][13]

Figure 6. Bottom-up approach towards CNTs

In these cases, the template molecules will retain, most of the key information of
the target molecule. Therefore, it is critical for the synthesis of small molecules that can
be used as templates. Among these template molecules, carbon nanoring compounds and
nanobelt compounds are difficult to synthesize, due to the strain of the ring. To prepare
these molecules in an easy way, becomes a challenging task for organic chemistry
researchers. Therefore, my research focused on these molecules. Moreover, carbon
nanorings and CNBs have also received attention because of their special nature and

beautiful structure. But due to the synthetic difficulties, the examples are still limited.
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1.2 Carbon nanorings and carbon nanobelts (CNBs)

[10]Cyclophenacene Vogtle’s belt
Segment of (5,5)CNT  Segment of (9.9) CNT

Segment of (10.10) CNT Segment of (9.9) CNT

Figure 7. Proposed routes of CNBs!'#!

CNBs was listed separately because it is somewhat different from general carbon
nanorings. Conjugated nanobelts are belt-shaped fully conjugated molecules with two
distinguishing characteristics. One is “the presence of conjugated upper and lower edges
that never coincide, that is, they share no atoms in common”. The other is radially
arranged p-orbitals, which exhibit an in-plane alignment. Easily speaking, the PAH units
in carbon nanobelt’s main structure are unable to rotate. This is an obvious difference
with carbon nanoring. The best-known subgroup of conjugated nanobelts are CNBs that
consist of a loop of fully fused benzene rings and represent sidewall segments of
SWCNTs. As a result, CNBs can be classified into armchair, zigzag, and chiral nanobelts
(Figure 8) according to the chiral index, (n, m), of the corresponding SWCNT, which

determines the diameter and chirality of an SWCNT.
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Armchair CNB Chiral CNB Zigzag CNB

Figure 8. Typical types of CNB

The CNB molecules have been proposed for many years, and the theoretical
research precedes the synthesis. Vogtle in 1991 designed armchair nanobelt CNB1
(Scheme 1) which is now known as the Vogtle belt, and synthesized a potential synthetic

precursor of CNB1, double-stranded cyclophane 1.1

In 2015, the result that is closest to a target CNB is the observation of
cyclo[10]phenacene CNB2 by the mass spectroscopy when all-Z macrocycle 2 was

subjected to laser desorption time-of-flight (LD-TOF) conditions as illustrated in Scheme
1.116]

CNB2
(detected by MS)

Scheme 1. Vigtle belt and synthesis of CNB 2[131116]

Finally, in 2017, Itami and coworkers reported the successful synthesis of the
first armchair CNB (CNB3), which was inspired by Iyoda's comprehensive research of
the all- Z-benzannulenes!'®! and the synthesis of strained m-systems reported by Stepien

and coworkers.l'”! As shown in Scheme 2, macrocycle 6 was synthesized from benzylic
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bromide 3 and aldehyde 4 through iterative Wittig reactions, which enabled
cyclodimerization of 5. The nickel-mediated aryl-aryl coupling reaction afforded

armchair CNB3 in a yield as low as 1%, which was later improved to 5%.!%]

OMe Br

MeO Be B Br Br Br Br é’Pn, £
s - PE 8/ Nx(cod),
+ S ¢ BuOK > £ :}' B 2.2 -bipyncy -
Br Br Br Br Br Br CH,Cly/THF X o Tee M
(¢} e] Br B
Be
3 4 5 6 CNB3
R R I R R
> Z \ /4 - ).
R R e’ +8u
7 CNB4

Scheme 2. Synthesis of CNB 3 and 4!181(20]

The group of Jasti first proposed to synthesize armchair CNBs from phenylated
CPPs through the Scholl reaction in 2012,[""1 and the group of Miillen reported the first
attempts to use this strategy for the synthesis of armchair CNBs.!?%! Scheme 2 shows one
example of Miillen's attempts. The cyclodehydrogenation of phenylated CPP 7 under
oxidative conditions did not result in CNB4 but gave mixtures of dehydrogenated
products, which indicates the partial formation of cyclic graphenoid structures. They
concluded that the failure of complete cyclodehydrogenation for the synthesis of CNBs
was caused by an unwanted 1,2-phenyl shift process under Scholl reaction conditions
driven by relief of the macrocycle strain, which agreed with Jasti and coworkers'

findings.?!
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Scheme 3. Synthesis of CNB5 and CNB6/*?

In 2018, Miao’s group reported the synthesis of sidewall segments of an armchair
(12,12) CNT and a chiral (18,12) CNT through Suzuki coupling, reductive aromatization,
followed by Scholl reaction (Scheme 3).?2! In 2020, Itami’s group attempted to make a
CNB with 5-membered ring.>* In 2021, Itami and Chi reported the synthesis, isolation
and structural characterization of the first two zigzag CNBs (CNB7 and CNBS8, Scheme

4) respectively.[24115]
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THF

Scheme 4. Synthesis of zigzag CNBs - CNB7 and CNB§!24(23]

Even so, the synthesis is still challenging, the successful cases are still few.
Especially that fully fused CNBs with five-membered rings have never been realized.
Here, I plan to synthesize a nanobelt with five-membered rings. There are several
advantages of introducing five-membered rings. First of all, the five-membered rings in
carbon nanobelts (e.g., the Schliiter belt) can induce positive curvature, while the seven-
or eight-membered rings in carbon nanobelts can induce negative curvature as
demonstrated by Gleiter and coworkers in 2008. They reported the synthesis of
[6.8]scyclacene, an octagon-embedded carbon nanobelt (Scheme 5).1261 Therefore, the
five-membered rings can share some of structural tension. It’s easier for the six-membered
rings to keep the planar structure of the normal benzene ring. Therefore, from the view
point of ring strain, it will be easier to synthesize than the structure composed of all six-
membered rings. Then, for constructing more complex carbon nanostructures, the
introduction of non-six-membered rings is necessary. The study of five-membered rings
is instructive for the study on introducing non-six-membered rings. Lastly, with the five-
membered rings, the two six-membered rings in different direction are connected in one
nanobelts. Even though the target CNB will not be used as template for CNT synthesis, it
can be used as a bridge or connection between two different carbon nanotubes when

constructing an extended structure.
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M6CPP H CNB target molecule

Methylene-bridged [6]CPP
(not fully fused)

Figure 9. Molecular designs on CNBs including none-six-membered rings

CHO OHC
s TiCly(DME), 5, Zn-Cu,
OHC \ J/~CHO -
_ DME, reflux
OHC CHO
- S W,
(15%) (8%)

Scheme 5. Introduction of 8-membered rings!?®!

To the carbon nanorings and CNBs, apart from their potential as templates for
the synthesis of nanotubes, these compounds have their own special characteristics, such
as molecular recognition capabilities, especially as acceptors for fullerenes, photoelectric
properties like oxygen activation and so on. In terms of theoretical research, they can
provide an important model that may reveal the nature of supramolecular interactions. In
terms of practical application, they can constitute a light collection and photoelectric
conversion system as a key part. One representative is this nano Saturn, which was

synthesized in 2018.[2"]
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Figure 10. Nano-Saturn!?”)

To achieve desirable electronic and photophysical properties, a manipulation of
inter-chromophoric interaction is essential. Bottom-up “designed organic synthesis” of
benzene-based nanocarbon materials has been extensively attempted since such synthesis
will allow for tailored fine-tuning of their structures, properties, and functions.!'¥l These
attempts are also important for cyclic aromatic molecules.[*813% Such cyclic systems are
expected to act as host molecules and to display multiple electronic interactions with guest

molecules that are not shared with normal linear compounds.
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1.3 Aims and methods

1.3.1 Building method of carbon nanorings

Involving synthesis methods of the main skeleton of macrocycles, there has been
considerable development in recent years. Such as Itami’s cyclohexane aromatization'*'!,
Yamago's square-shaped platinum biphenyl intermediate method*?!, Isobe's Yamamoto
coupling method®¥), branch or direct Suzuki coupling method and so on. Some of the
strategies have achieved one-step synthesis. One-pot synthesis eliminates unnecessary
halogenation and separation, which is more advantageous in terms of cost and time. With
the continuous development of separation instruments such as GPC and HPLC, the

difficulty of separation in a one-step method can also be reduced a lot.

As a common method, Suzuki coupling method tolerates wider functional groups
(functional group compatibility)!*¥, which is essential for constructing rich and diverse

CNBs, such as CNBs with multiple edges.
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NaHSO4-H,0O
m-xylene

DMSO

[n]CPP
n=14,15,16

e
7
Ve O 0L, 0 Y

O l ] — (L)PtBr, I O
SnMe, (L)PtPt(L) = ,

13 14 [8]CPP

Scheme 6. Synthesis of carbon nanorings!*?133]
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1.3.2 Building CNBs
After the skeleton is constructed, to obtain fully fused nanobelt molecules, it is
often necessary to further aromatic cyclization. The fusion method usually depends on

the structure of precursor molecules.

In early research, Diels-Alder reaction synchronized with the framework and
metal-catalyzed dehydrogenation reaction were attempted but not to success. In Itami’s
case, the Ni catalyzed dehydrobromination worked.['8) The Scholl reaction has been
widely used and successful synthesis of CNB compounds. In the following Miao’s case,
the Scholl reaction with oxidative aromatization was successful.[*?! In recent examples of

[24]

Itami and Chi, reductive aromatization worked well.?*?l In my work, direct oxidation

or dehydrochlorination methods will be flexibly adapted.

1.3.3 Aims and general methods

Cycloarylenes have attracted much attention due to their unique structure,
remarkable characteristics and potential applications in materials science.l'*) As the
building block of the cycloarylenes, the benzene ring is commonly used.!?*13213¢] There
are not many examples of cycloarylenes based on PAHs that are larger than the benzene
ring due to the rapidly increasing difficulty of synthesis. The structure of such
macrocyclic compound is often an equilateral triangle!*”) or a regular hexagon!®8! except

for CPPs,!?8) due to the requirement that the benzene ring is made up of hexagon.

My research here is to use the one-pot Suzuki reaction to synthesize conjugated
aromatic macrocyclic compounds and try to synthesize CNBs via these compounds. The
short synthesis route of a one-pot reaction is used to challenge the synthesis of multiple
ribbon compounds. In this process, the versatility of the one-pot Suzuki reaction with
different reaction substrates will be verified. As well, the possibility of fusion methods
other than the Scholl reaction will be explored. The research includes the supramolecular
binding properties of the synthesis of belt-shaped compounds and macrocyclic

22



compounds that can be used as a precursor. The synthesis of CNB containing a five-
membered ring or pentacene structure that has never been reported would be achieved by

a simple method.

BrBr
O Coupling reaction
W,

=+

Bpin’ : Bpin

Building units CNB target molecule

Scheme 7. The general method in this work
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Chapter 2. Facile synthesis and supramolecular
investigation of m-phenylene bridged cyclic

naphthalene oligomers

2.1 Introduction

Pd-catalyzed cross coupling reactions were demonstrated to be quite powerful in
the synthesis of a variety of oligomers of PAHs. Despite these signs of progress, 1,3-
phenylene bridged cyclic PAH hexamers that can be regarded as benchmark wheels in
terms of their simple hexagonal structure were rarely synthesized.*/#?! Cyclic heptamers
and higher analogs are rather scarcer. Schliiter ef al. made a cyclotetraicosaphenylene by
using a repetitive Suzuki-Miyaura cross coupling protocol.*”) The first [6]cyclo-m-
phenylene was prepared by Staab and co-workers.[*) and recently a series of [1]cyclo-m-
phenylenes were synthesized by a one-pot Ni-mediated Yamamoto coupling.*!l The
cyclic porphyrin hexamer is interesting not only as an artificial light-harvesting
photosynthetic antenna but also as a shape-persistent organic molecule.*”) The
conformationally rather restricted cyclic structure is amenable for studies on the structure-
optical property relationship but likely poses a synthetic challenge. In my research, the
first synthesis of 1,3-phenylene bridged hexameric and heptameric naphthalene wheels
via one-step cross-coupling at multiple sites starting from simple monomers was

attempted, and their complexation with fullerenes was investigated.

After that, similar coupling reactions with a wider range of wheel-shaped PAHs
were challenged. Then those compounds would be set as precursors for further curved

PAHs like CNBs.
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2.2 Synthesis

2.2.1 Synthesis of m-phenylene bridged cyclic naphthalene hexamer N6

At the very beginning, I followed the synthetic route in Scheme 8. It was a step-
wise route but quite close to the one-pot synthesis. Fortunately, the target ring compound
can be successfully synthesized. The m-phenylene bridged naphthalene hexamer was
obtained in a yield of 1%. In the 'H NMR spectrum, the numbers of proton peaks were
limited. Only highly a symmetric structure or small molecules can lead to this result. And
the MALDI-TOF-MS confirmed it to be hexamer instead of a small molecule. Based on
these two points, the cyclic hexameric conformation of this product was confirmed. And
it has a highly symmetric structure in solution. It’s exciting to obtain the cyclic compound.

But can it be obtained with even simpler ways or higher yield?
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Scheme 8. Synthesis of N6.
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Figure 11. '"H NMR spectrum (600 MHz) in C2DCls at 60 °C (left) and HR-MALDI-
TOF-MS (right) of N6.

29



2.2.2 Optimization of the reactions

Therefore, reactions to optimize the synthetic route as well as the yield were
attempted. Fortunately, the optimization worked well. First, I succeeded in making it by
one-pot reaction from the monomers. And in this case, the reaction selectively produced
cyclic hexamer. Later, I succeeded in improving the yield. In this case, three kinds of
cyclic compounds were obtained with better yields. And I could finally obtain the cyclic

compounds in a larger 100 mg scale.

I noticed that the temperature seemed to affect the reaction result much. It looks
like lower temperature will benefit the cyclization and formation of larger cycles. The
two starting materials (dibromide: diboride = 1: 1) in DMF/ toluene with CsF at 80°C
temperature gave N6 in 6% yield with a trace amount of N7. However, the two starting
materials (dibromide: diboride = 1: 1.3) in THF/H>O with Cs2CO3 and 18-crown-6 gave
13% N7 and 4% N6. The condition was reported during my research by Yokozawa and
co-workers.[**! The distribution of N6 and N7 could be controlled by changing reaction
conditions. One possible reason might be that the rotation rate of the linear intermediates

slows down at low temperature increasing the chance of large wheels’ forming.

/P’Bus
CI-Pd-NH,
Boi
" ol oo
+ Q = =, + trace amout larger oligmers
Bpin toluene/DMF
12 13 C82003
80 °C
1eq 1eq
/P[BU3
B ) Cl’Pd*NHz
pin
Q BrBr N6 n=6 120mg9.2%
+ - O .
= 0
Bpin O CsF/18-crown-6 N7 n=7 131 mg 10'2/0
THF/H,0 N8 n=38 100 mg 7.7%
12 13 room temprature
2149 24¢g
1eq 1.3 eq




Scheme 9. One-pot synthesis of N6 (and N7)
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Figure 12. '"H NMR spectrum (400 MHz) in C2D>Cly at 120 °C (left) and HR-MALDI-
TOF-MS (right) of N7.
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2.3 General investigation

2.3.1 Single crystal X-ray analysis of N6

Definitive structural assignment of N6 was accomplished through a single crystal
X-ray diffraction analysis, which unveiled a distinct hexagonal conformation (Figure 13).
The inside cavity was determined by the distance of naphthalene plane, which is nearly
15 A. The phenylene-bridges are on the co-plane, suggesting less structural strain. The
dihedral angles between the naphthalene mean-plane and phenylene groups are in the
range of 58°-64°. Interestingly, the hexagons are interconnected through phenylene C—H
and naphthalene m-plane interactions in the crystal, forming infinite one-dimensional

tubular packing structure along the c-axis structure of N6.

range from
57.8°- 64.3°

Figure 13. Single crystal X-ray structure of N6 with packing structure. Thermal

ellipsoids are scaled at 50% probability. Solvent molecules are omitted for clarity.
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2.3.2 UV-vis absorption spectra of N6 and N7

Figure 14 shows the UV-vis absorption and fluorescence spectra of N6 and N7
in CH2Clp. Cyclic hexamer N6 shows a single absorption band at 306 nm and a blue
emission at 383 nm. This broad single band can be qualitatively understood in terms of
the weak m-conjugation and the exciton coupling,'**! as similarly to previously reported
1,3-phenylene naphthalene dimer.'*! Given the rigid hexagonal conformation for the
wheel, J-type exciton coupling of transition dipoles is effective. The interacting
components lead to red-shifted absorption band compared with the naphthalene monomer
(275 nm in CH2Cl,). The steady-state fluorescence spectrum in toluene is also displayed
in Figure 14. Cyclic heptamer N7 exhibits a slightly red-shifted absorption band at 308
nm and a blue-shifted emission at 382 nm. These are presumably because the

conformational deformation from N6 to N7 makes the forbidden S; transition just a little

allowed.
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Figure 14. UV-vis absorption and fluorescence spectra of N6 and N7 in CH2Cl»
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2.3.3 CV and DPYV plots of N6

Figure 15 shows the cyclic voltammetry - differential pulse voltammetry (CV-
DPV) plots of N6 in CH2Cl,. A single step irreversible oxidation wave was observed.
With the high oxidation potential Eox 1.11 V, N6 is supposed to be oxidatively stable under

normal conditions. The oxidative modification of N6 may require some strong conditions.

Ely =111V

0 05 1
E/V (vs. Fc/Fc?)

Figure 15. CV and DPV of N6. (In 0.1 M TBAPF¢«/ CH>Cly; Scan rate: 100 mVs™;
Solvent: CH2Cl2; N6 = 0.1 mM; W. E.: glassy carbon; C. E.: Pt; R. E.:Ag/AgNQO3)

2.3.4 DFT calculations of N6

To further understand the electronic features of N6, the density functional theory
(DFT) and the time-dependent (TD)-DFT calculations both at the B3LYP/6-31G(d) level
using the Gaussian 09 software package were carried out (Figure 15). **! It is revealed
that the frontier orbitals are degenerated. The coefficients of HOMO and LUMO of N6
localize on the six naphthalene units. The main absorption band of N6 at 306 nm
predominantly comprises the Sz and S3 transitions (oscillator strength, /= 1.03 and f'=

1.02), whereas the long wavelength S; absorption is forbidden (= 0.00). The transition
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energies and oscillator strengths simulated by TD-DFT calculations showed a good

agreement with the observed absorption spectrum of N6.

Energy / eV

Figure 16. MO diagrams of N6 calculated at the B3LYP/6-31G(d) level.

2.4. Supramolecular investigation

2.4.1 Complexation of N6 with Ceo

In the next step, the encapsulation of Ceo into N6 and was examined, since the

diameter of the interior cavity of N6 is ca. 15 A, being possibly fit the diameter of Cgo.[*”!

2.4.1.1 NMR titration of N6 with Ceo

The encapsulation was also confirmed by NMR spectroscopy. The experiment
started with a 0.400 mL deuterated toluene solution of N6 at a concentration of 3.98x10"

4 M. In the case of adding Ceo, for each one equivalence, 20 uL deuterated toluene solution
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of Ceo at a concentration of 7.99x10* M was added. Each time of adding was followed
by one measurement of 'H NMR after mixing well. The experiment ended at a 0.600 mL
mixed solution with 10 equivalents of Ceo. The association constant Kijceo) was calculated
through the tools on the website: http://supramolecular.org/ based on the data gathered in

this experiment.[*®!

Kifcso) _
+ —— 1:1 complex
Ha Ceo 7% o
1069 ;575
Seq
seq 1825
3eq 7775 = 3
- :\(/’1_[1%0] 3.8 (+£0.75) X 10
teq 172
0eq 7675
7.99 7.89 7.79 7.69 759 7625
d/ppm 0 01 2 3 4 5 6 7T 8 9 10

Equivalent total [G]y/[H]y

Figure 17. NMR titration of Cs0-N6

2.4.1.2 Co-crystallization of N6 with Ceo

The attempts towards co-crystals of N6 with Ceo were carried out. The host-guest
binding structure was unambiguously confirmed by the single-crystal X-ray diffraction
analysis (Figure 18). A higher concentration on the crystallization process could give the
encapsulation complex. In the solid state, the naphthalene units of Ceo@N6 take a similar
structure to those of N6 which respects to dihedral angles of phenylene toward
naphthalene (51~72°), and an inside space (15 A diameter). The positions of Ceo are
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disordered in two parts (66: 34), which again proved the weak interactions between the
two components. As shown in Figure 18, a Cso molecule is nicely captured within the
cavity. Closer inspection of the crystal structure reveals that the naphthalene planes are
protruding their planar face toward the interior space, which interacts with Ceo.
Interestingly, the Cgo molecules in the crystal are aligned with the aid of N6 agent to form

a 1D structure along the a-axis (Figure 18).

i&\ s

e

v
1

: \’&‘ t “{‘\ '
i\\ /Cx :

Figure 18. Single crystal X-ray structure and packing structure of Cso(@NG6.

2.4.2 Complexation of N6 with Cr
In the next step, the encapsulation of C7o into N6 and was examined, since the
diameter of the interior cavity of N6 is ca. 15 A, being also possibly fit the diameter of

C70 . [49]
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2.4.2.1 NMR titration of N6 with Cro

The encapsulation was also confirmed by NMR spectroscopy. The experiment
started with a 0.400 mL deuterated toluene solution of N6 at a concentration of 3.98x10°
* M. In the case of adding Co, for each one equivalence, 30 pL deuterated toluene solution
of C79 at a concentration of 7.99x107* M was added. Each time of adding followed by one
measurement of "H NMR after mixing well. The experiment ended at a 0.700 mL mixed
solution with 10 equivalents of C7o. The association constant Kijc70) was calculated
through the tools on the website: http://supramolecular.org/ based on the data gathered in

this experiment.[*!

The value of Kijc7oy 1s 30 times that of Kijceoj, indicating that the combination
with C7o is much stronger than Ceo. For this reason, first is the shape, the Ceo is spherical.

But Co is a narrow ellipsoid in the middle.
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Figure 19. NMR titration of C70-N6

38



2.4.2.2 Co-crystallization of N6 with C7o

The attempts towards co-crystals of N6 with C79 were carried out. The host-guest
binding structure was unambiguously confirmed by the single-crystal X-ray diffraction
analysis (Figure 20). A higher concentration on the crystallization process could give the
encapsulation complex. In the solid state, the naphthalene units of C70@N6 take a similar
structure to those of N6 which respects to dihedral angles of phenylene toward
naphthalene (51~72°), and an inside space (15 A diameter). As shown in Figure 20, a C7o
molecule is nicely captured within the cavity. Closer inspection of the crystal structure
reveals that the naphthalene planes are protruding their planar face toward the interior
space, which interacts with Cr. Interestingly, the C7o molecules in the crystal are aligned

with the aid of N6 agent to form a 1D structure along the a-axis (Figure 20).

Figure 20. Single crystal X-ray structure of C70@N6 and packing structure

Through the addition of C7o into a toluene solution of N6 the change the
absorption spectrum was hard to observe because of the severe overlap on the absorption

peaks of N6 and Cro.
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2.4.3 Conductivity investigation on co-crystals via DFT calculations

2.4.3.1 Charge transfer properties and charge transfer integrals.

As we know, there are two theories on conductivity. One is hopping theory and
another is band theory. The hopping theory is widely used in semi-conductive materials.
According to this theory, the charge transfer probability ker between two adjacent

molecules is expressed by the following first equation:

[
4icgT

V2( T

*er = h AxgT

) Cen(-——) ()

V' is the charge transfer integral, A the rearrangement energy, the kp the

Boltzmann constant, 7" the temperature and /4 the Plank constant.

And the mobility between them can be expressed by the second equation:

ed?

K= KB7KET (2)

d is the distance between two molecules and e is the elementary charge.

If we combine the two equations, we can get that:

A%

The charge carrier mobility is proportional to the square of charge transfer
integral V. In this case, when HOMO level was considered, for the hole transfer, there is
the Vhole value. While LUMO levels were considered, for the electron transfer, there is

the Velectron.
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Here is of example for pentacene. Simply speaking, a high V value can indicate

the possibility of high mobility. [°%

Pentacene
Charge carrier mobility
5 cm?/Vs reached

Base-set a b
Vi oe/meV 91 92
Veiectron/MeV 130 140

Figure 21. DFT calculation [(B3LYP/6-31G(d,p)] result of Vs of pentacene crystal>]

The m-stacking structure can maximize the intermolecular orbital overlap and
thus, the structures of N6-Ceso and N6-Cro are expected to have large intermolecular orbital
couplings. Intermolecular transfer integrals Vs (meV) between the HOMOs and between
LUMOs of neighboring fullerenes were calculated with the Amsterdam Density

Functional (ADF) program package (GGA:pw91/T2P).°!

2.4.3.2 Charge transfer properties of Coo@N6 and C70@N6

The obtained Vs between Cgo molecules are 3.1 mV for Viole and 3.0 mV for
Velectron. The prediction from the 1D arrangement basically agrees that carriers can move
only along the a-axis. The obtained Vs between Ceo molecules are 10.4 mV for Vhole and
15.8 mV for Veiecrron. The prediction from the 1D arrangement basically also agrees that
charges can move only along the a-axis. The value of C70-C70(10.4 mV, 15.8 mV) is larger
than that of Ceo-Ceo (3.1 mV, 3.0 mV). For the interaction of a single 1:1 complex, the

value of N6-C7o (87.3 mV, 93.1 mV) is also much higher than that of N6-Ceo (45.6 mV,
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33.4 mV). This is also consistent with the result of the binding constant measured by
titration. It can be speculated that a stronger bond is beneficial to strengthen the

interaction between fullerenes.

2.4.3.3 One dimensional conductivity and FET properties

Figure 22 highlighted the V values of the two co-crystals along the 1D alignment
of fullerenes. Although the distance between fullerenes is not short enough for them to
have a comparable value as pentacene. But this value still shows the possibility for
electrons or holes to easily move from one fullerene to nearby fullerene and forms the 1D
conductivity. Comparing that of Ceo, the C70‘s co-crystal has a 3 times larger V value. The
closer distance of C70 should be the main reason for the higher V values. And base on this

result, it can be predicted that the co-crystal of C7o will exhibit better mobility.

Vhole = 31 mev Vhole = 10.4 meV
Ve'?c"m“ = 3,'0 meV Vetectron = 15.8 meV

By ADF software (GGA:pw91 T2P)

Figure 22. V' values of the two co-crystals along the 1D alignment of fullerenes
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To further check it, the preparation of crystal on the substrate was carried out.
The 1:1 complex solution was dropped to cover the silicon substrate, then the solvent was
allowed to be evaporated naturally under normal pressure and temperature. This way, the
crystals grow on the surface of the substrate. During this process, only C7o with N6 was
found to form needle-shaped crystals. Those of Cso show short stick-shaped which are

not sui in this case. Therefore, only the co-crystal of C79 was investigated here.

After getting the co-crystals, the gold electrodes were installed by vacuum
evaporation. After Scrape off the silica coating on the surface. The Filed effect transistor
structure was built. Unfortunately, the following measurement didn’t determine the FET
property. But the reason may be that the quality of the FET device was not good enough.

Since this method may not be suitable for the two co-crystals.

1:1 complex solution Co-crystals Au electrodes

Natural evaporation Au deposmon
Normal pressure Vacuum
and temperature evaporation

Si substrate

100

Co-crystal * Co-crystal

Figure 23. FET preparation of co-crystals
(Sample 1 and 2: N6+C7,1 mg/mL (N6), o-DCB/iPrOH, bare Si substrate; 3: the structure of
FET device)
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The time resolved microwave conductivity measurement (TRMC) was then
carried out. A TRMC signal similar to that of PCs1BM was obtained, which means that
this material exiting photoconductivity. In the case of PC¢1BM, the value is 2 x107°
cm?/Vs.1®?I The value is not that high as that of PCs1BM. But after combining with other
materials to form the heterojunction structure, this can be improved a lot just like that of

PCs1BM. The preparation on that of C7ois on the way.
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Figure 24. TRMC measurement on Cso@N6
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2.5 Synthesis towards CNBs via m-phenalene bridged

carbon nanorings

2.5.1 Methods

The N6 and other carbon nanorings being successfully synthesized, which can
be also treated as the precursors for CNB synthesis. The next step is the fusion of these
carbon nanorings to afford double-stranded CNBs. The first fusion method (Scheme 11)
is the Scholl reactions with oxidative cyclodehydrogenation, which have been reported in
fusing molecules with naphthalene structures. [**!54! In the case of making CNB5 and
CNB6 of Miao’s works[?%, the reaction worked well in making belt molecules (Scheme

3). Therefore, my work started with the oxidative cyclodehydrogenation in making CNBs.
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Scheme 11. Oxidative cyclodehydrogenation reactions on substrates with naphthalene
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2.5.2 Oxidation of N6 towards CNB9

To try to make CNB9, several reactions with a general procedure as below were
carried out. N6 (~0.5 mg, 4.1x10** mmol) and DDQ (4 mg, 0.017 mmol) were dissolved
in 1 mL toluene. After that, TfOH (0.5 mg, 0.03 mmol) in 0.1 mL toluene was slowly
added. The mixture was stirred at 100 °C for 11 h. Then the organic layer was separated
and the water layer was extracted with DCM. The organic layer was evaporated and
checked by MS and TLC. CNB9 was not detected. The main products were the
decomposed species and one compound with m.w 598 which may be assigned as
compound F3. GPC separation gave a crude product of F3 which can be detected by APCI
MS. The main reason for the results might be that the oxidation potential of N6 is too

high.

Scheme 10. Oxidation of N6 towards CNB9

47



Starting

Entry . Modification Result Other
material
1 DDQ/Sc(0OTf)3 x  Starting material
2 DDQ/TfOH x  Starting material
3 5 mg FeCl;/MeNO; x  Starting material
Linear Products
4 DDQ/TfOH (5 %) X (F3 etc.)

F3
(Speculated structure)

Table 1. Results of oxidation reactions of N6
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2.6 Synthesis of other m-phenalene bridged molecules

2.6.1 Modification of molecular design

The m-phenylene bridged cyclic naphthalene hexamer N6 was designed as a
prototype of wheel compounds. Compared with cycloparaphenylenes (CPPs), the m-
phenylene bridged wheels may have lower intramolecular strain which will make the

synthesis much easier.

Based on N6, several kinds of derivative wheels could be designed and to be
synthesized by similar one-pot coupling reactions (Figure 25). The introduction of

halogen groups can create the fusion ways through dehydrofluorination or

dehydrochlorination, which were explored on making fused oligophenylenes.[>>156]
Br Br
4-Al,03,0-DCB O O
220 °C, 30 min ’ ’

22 23

00 QC
(Y L 2 OCC
= 0

Cl

24 25

Scheme 12. Dehydrohalogenation reactions!>1%¢]

49



F6 is the fluorinated version of N6 to explore the effects of substituents and also
for the next reaction. A6 is a m-phenylene bridged anthracene hexamer. A6 was designed
for strong association with Ceo in solution with the lager m-planes from anthrylene groups

which may have stronger interaction with Ceo.

Figure 25. Modified molecular design
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2.6.2 Synthesis of fluorinated m-phenylene bridged cyclic naphthalene
hexamer F6

I ran several one-pot reactions to make F6 with even exchanging the boryl and
bromine groups on the two building units. The one-pot reactions didn’t work in this case.
The reason might be that the electron withdrawing effect of fluorine groups decreased the
reactivity of the diboronicacid ester. Then I checked 4 different combinations on dimer
and monomer. The best case is as below. So, it took one more step to prepare the dimer

with bromine ends.

PBus
F O F CI-Pd:NH,
g
F F 17
r r
O O Bpin Bpin toluene/DMF

Cs,CO3
5%

Scheme 13. Synthesis of F6.

| ‘ 1429.41

{ 1428.43

143039

143143

80 70 60 "so 1426 1428 1430 1432 1434

Figure 26. 'H NMR spectrum (400 MHz) in C2D>Cls at 90 °C (left) and MALDI-TOF-
MS (right) of Fe6.
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Limited to experimental conditions, we could not repeat the similar
dehydrofluorination reaction in Scheme 12, so CNB synthesis from this molecule was

suspended.

2.6.3 Synthesis of chlorinated m-phenylene bridged cyclic naphthalene
hexamer CI-N6

For the synthesis of chlorinated carbon nanorings, we have proposed the
synthesis routes as shown in Scheme 13. Unfortunately, none of these routes can
successfully give CI-N6. One of the important reasons may be that after introducing two
chlorines on the same benzene ring, due to the electron withdrawing effect, the reactivity
of the further reaction of this structure is greatly reduced a lot. Especially when

introducing the group in the fourth position, it is usually very difficult.

Scheme 13. Proposed synthetic routes of CNB9 through CI-N6

52



2.6.4 Synthesis of m-phenylene bridged cyclic anthracene hexamer A6

Similar one-pot coupling reaction was carried out between 9,10-
dibromoanthracene and 1,3-Benzenediboronic acid bis(pinacol) ester. The signal of target
molecule could be detected on MS but the amount of product was too little to be separated.
Compared with 1,4-dibromonaphthalene, 9,10-dibromoanthracne has one more benzene
ring. This benzene ring may stop the Pd center from moving between the 9 and 10
positions during the reaction. This kind of movement should be better for 1,4-
dibromonaphthalene. That should be the reason why it is harder to obtain A6 than that of

N6.

____________ -
Bpin Bpin _ THF/HO
O 16 CsF/18-crown-6

Scheme 14. Synthesis of A6.
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2.6.5 Synthesis of m-phenylene bridged cyclic perylene tetramer
Perylene is an PAH unit which can be treated as one benzene fused two
naphthalenes. I’ve also tried this synthetic route as the beginning of the attempts towards

carbon nanorings.

The formation of dimmer could be achieved with 8 equivalent compound 16.
The further cyclization did not work mainly due to the low solubility of the intermediates.
Even though the carbon nanoring 4PP was not obtained, the new compound 35 is possible

to be used to make other curved PAH molecules.

Hsf Q s oo (YY)
o g O
tolueﬁe/D?VlF Bpin

( 1 eq) (8eq) 35%

Scheme 15. Synthesis of compounds 35 and 4PP.
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2.7 Conclusions

In summary, 1,3-phenylene-linked cyclic naphthalene hexamer and heptamer
were simply constructed by Suzuki—Miyaura cross-coupling reaction via a one-pot route
and the hexagonal structure of N6 was confirmed by X-ray structural analysis. The
hexameric wheel N6 formed co-crystal with Cso, C70 and was acted as an alignment agent
in the solid state. This alignment is promising to lead to good FET properties. The
fluorinated wheel F6 was also achieved by a modified route. The attempts towards
anthracene hexamer A6 were carried out but the low yield made it impossible to be
separated. The redox properties of N6 and optical properties of N6 and N7 were explored.
This kind of synthetic method of similar wheel molecular was prepared for some more
attractive molecules with unique photoelectronic or supramolecular properties as well as
precursor molecules of CNB molecules. Synthetic attempts towards 4 other m-phenalene

bridged cyclic molecules have been made.
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Supporting Information

Materials and instrumentation

'"H NMR (400 MHz and 600 MHz) and '3*C NMR (151 MHz) spectra were
recorded with a JEOL INM-ECX 400, a JEOL INMECP 400 and a JEOL JNM-ECA 600
spectrometers by using tetramethylsilane as an internal standard. The HR-MALDI-TOF-

MS were measured by a Bruker Autoflex II spectrometer using positive ion mode.

UV/Vis absorption spectra were measured with a JASCO UV/Vis/NIR

spectrophotometer V-570.

TLC and gravity column chromatography were performed on Art. 5554 (Merck
KGaA) plates and silica gel 60N (Kanto Chemical), respectively. All other solvents and
chemicals were reagent-grade quality, obtained commercially, and used without further
purification. For spectral measurements, spectral-grade solvents were purchased from

Nacalai Tesque.

X-ray crystallographic data were recorded at 90 K on a Bruker APEX II X-ray
diffractometer equipped with a large area CCD detector by using graphite
monochromated Mo-Ka radiation. The structure was solved by using direct methods
(SHELXT program).’”! Structure refinements were carried out by using SHELXL-2014/7

program.¥!

DFT calculations (except that using ADF) were performed with a Gaussian 09
program package. The geometries were fully optimized at Becke's three-parameter hybrid
functional combined with Lee—Yang—Parr correlation functional abbreviated as B3LYP
level of density functional theory. 6-31G(d) bases set implemented was used for structure

optimizations and frequency analyses.
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Experimental Section

/@ O\ PdCly(PPhs), Q
+
Br Br O/ DMSO  Bpin Bpin

KOAc

Compound 16:%°! To a 20 mL DMSO solution of 1,3-dibromobenzene (1.0 g, 4.24
mmol) was added bispinacolatodiboron (2.4 g, 9.33 mmol), KOAc (2.1 g, 21.19 mmol)
and PdCIx(PPh3), (149 mg, 0.21 mmol), and the solution was stirred at 80 °C for 24 h.
After the reaction mixture was cooled to room temperature, the mixture was extracted
with ether (100 mL in total) for three times and washed with de-ionized water for twice.
The organic layer was dried over Na>SOs4, concentrated and purified by column
chromatography (hexane: EtOAc=19:1) on silica gel to give benzene-1,3-diboronate (1.2
g, 83%). 'H NMR (400 MHz, CDCl3) 6 = 8.27 (s, 1 H), 7.89 (dd, J1 = 7.2
Hz,J2=12Hz, 2 H),7.36 (dt,J1 =7.2 Hz,J2=1.2 Hz 1 H,) 1.34 (s, 24 H).

Br
Compound 34:°1 Perylene (2.0 g, 7.49 mmol) was dissolved in benzene (330 mL) at
80°C, then Br> (1 mL, 19.3 mmol) was slowly added for 30 min. The mixture was kept at
50°C and stirred overnight. The mixture was cooled and precipitates were separated. Then
the crude products were being recrystallized using aniline-nitrobenzene (v: v = 1:1) for

five time. 573 mg purified compound 34 was gained with yield 17.6%."H NMR (400

57



MHz, CDCls) § = 8.25 (d, J = 7.4 Hz, 2H), 8.14 (d, J = 8.0 Hz, 2H), 8.05 (d, ] = 8.0 Hz,
2H), 7.80 (d, J = 8.0 Hz, 2H), 7.61 ppm (t, J = 8.0 Hz, 2H).

s 1w OOV
)" B e e Gmee T ) ) .
16 toluene/DMF 35 Bpin

34
35%

Compound 35: 3,9-Dibromoperylene (50 mg, 0.122 mmol), 1,3-phenyldiboronic acid
bis(pinacol) ester (322 mg 0.975 mmol) and Cs2CO3 (119 mg, 0.366 mmol) were added
to 15 mL mixture solvent (toluene/DMF=2:1). After freezing degassing, Pd>(dba)s; (22 mg,
0.0244 mmol) was added. Then the mixture was heated at 100°C overnight. Then after
extracted with CHCI3 and washed with water, the organic layer was concentrated. The
mixture was purified first by chromatography on silica gel (Hexane: chloroform = 3:1,
1:3 and chloroform: EtOAc = 1:1). After purified by GPC, 28 mg compound 35 was
gained with a yield 35%."H NMR (500 MHz, CDCl3): 6 = 8.25 (d, ] = 7.8 Hz, 4H), 7.98
(s, 2H), 7.90 (d, J = 7.4 Hz, 2H), 7.74 (d, J = 8.2 Hz, 2H), 7.64 (d, ] = 7.4 Hz, 2H), 7.52
(t,J=7.3 Hz, 2H), 7.46 (d, J = 7.8 Hz, 2H), 7.46 (t, ] = 8.2 Hz, 2H), 1.25 (s, 24H) ppm

1,4- dibromonaphthalene: A stirred solution of naphthalene (8.97 g, 69.7 mmol) in
dichloromethane (70 mL) was cooled to —30 °C, and then bromine (33.6 g, 10.8 mL, 210
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mmol) which had been dissolved in 30 mL dichloromethane was added drop-wise over
10 min in the dark while maintaining the temperature at —30 °C with constant magnetic
stirring. The mixture was then stirred for 20 h in the dark at —25 °C. At this point, the
excess of bromine was quenched with an aqueous solution of NaHSO3. The organic layer
was separated and further washed with aqueous solutions of NaHSO3, water and brine.
The organic layer was dried over anhydrous Na>SO4 and concentrated to dryness to afford
the crude compound, which was further purified by silica gel chromatography using
hexane as eluent. Finally, it was purified by recrystallization with MeOH as solvent. 10.1
g 1,4-dibromonaphthatlene was gained with yield 51%. 'H NMR (400 MHz, CDCls): §
8.25(dd, J =6.5, 3.3 Hz, 2H), 7.65 (dd, J = 6.4, 3.3 Hz, 2H), 7.63 (s, 2H) ppm

cl
A T OO
O + PAPPhg); O .
B(OH), THF

DCPN: A mixture of 1,4-dibromonaphthalene (286 mg, 1.00 mmol), 3-
chlorophenylboronic acid (352 mg, 2.24 mmol), potassium carbonate (346 mg, 2.50
mmol), water (2 mL) and THF (16 mL) in a 50 mL two-necked round bottom flask was
sealed with septa and deoxygen by bubbling with nitrogen gas for 40 minutes. Afterwards
tetrakis(triphenylphosphine)- palladium (30 mg, 0.022 mmol) was quickly added into the
mixture by opening the septum, and the mixture was deoxygen for additional 10 minutes.
The reaction was kept at 80 °C under a nitrogen atmosphere for 22 hours. After cooled
down to room temperature, the reaction was extracted with ethylacetate and water for
three times. The organic layer was collected, and the solvent was removed by a rotary

evaporator. The residue was purified by silica gel chromatography with hexane and
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dichloromethane (15:1) as the elute to afford a ropy white solid. 346 mg compound
DCPN was gained with yield 99%. '"H NMR (400 MHz, CDCl3): 6 = 7.98 (dd, J = 6.6,
3.3 Hz, 2H), 7.57 (s, 2H), 7.51 (dd, ] = 6.7, 3.3 Hz, 2H), 7.48-7.43 (8H). *C NMR (400
MHz, CDClL): & = 142.57, 138.96, 134.40, 131.82, 130.26, 129.75, 128.48, 127.70,

126.58, 126.50 and 126.27 ppm.

Br O Br o O KOAc Bpin O Bpin
+ /B_B\
O g o PdACl,(PPha), O
DMSO

DBN

Synthesis of compound DBN:*! To a 20 mL DMSO solution of 1,4-
dibromonaphthalene (300 mg, 1.06 mmol) was added bispinacolatodiboron (600 mg, 2.36
mmol), potassium acetate (500 mg, 1.06 mmol) and PdCl>(PPh3), (37 mg, 0.11 mmol),
and the solution was stirred at 85 °C for 24 h. After the reaction mixture was cooled to
room temperature, the mixture was extracted with diethyl ether (100 mL in total) for three
times and washed with de-ionized water for twice. The mixture was then separated by
recrystallization. After filtration, 273 mg compound DBN gained with yield 68%.'H
NMR (400 MHz, CDCl3) 6 = 8.76-8.74 (m, 2H), 8.02 (s, 2H), 7.53-7.50 (m, 2H), 1.43 (s,
24H).
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1,3-Phenylene-bridged cyclic naphthalene hexamer N6:

Step-wise from compound DCPN. Compound DCPN (158 mg, 0.452 mmol), 1,4-
dibromonaphthalene (206 mg, 0.543 mmol), K3PO4 (385 mg, 1.81 mmol) dissolved in
H>0 (4 mL) and dried THF (6 mL) was added to a 30 mL 3-neck flask. After degassed,
chloro|[(tri-tert-butylphosphine)-2-(2-aminobiphenyl)] palladium (II) (12 mg, 0.013
mmol) was quickly added. After degassing again, the solution was stirred at room
temperature for 20 h. Then the mixture was extracted with dichloromethane and washed
with water and brine. The organic layer was dried over Na,SO4 and concentrated. Then
chromatography on silica gel (hexane:CH>Cl> = 3:1) was used to get a crude product

which was further separated on GPC. 1 mg N6 was gained with yield 1%.

One-pot, toluene system: 1,3-Benzenediboronic acid bis(pinacol) ester (115 mg, 0.350
mmol), 1,4-dibromonaphthalene (100 mg, 0.350 mmol), Cs2COs3 (325 mg, 1.40 mmol),
toluene (5 mL) and DMF (2 mL) were added into a 25 mL 2-neck flask. After degassing,
chloro[(tri-tert-butylphosphine)-2-(2-aminobiphenyl)] palladium (II) (36 mg, 0.070
mmol) was quickly added under flowing argon. After degassing again, the solution was
stirred at 80°C for 24 h. The mixture was extracted with dichloromethane and washed
with water and brine. Then it was purified by chromatography on silica gel (hexane:
dichloromethane = 3:1). After being purified by a preparative GPC, 4.0 mg of N6 was
gained in 6% yield as a white solid. '"H NMR (C2D,Cls, 600 MHz, ppm, 60 °C) § = 7.47
(9, J = 9.6 Hz, 12H), 7.56 (s, 12H), 7.66-7.67 (m, 24H) and 8.10 (q, J = 9.6 Hz, 12H).
3C NMR (C2D2Cls, 151 MHz, ppm, 60 °C) & 126.14, 126.60, 126.71, 128.31, 129.09,
132.05, 132.22, 139.83 and 141.01.
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Bpin Bpin

F F o 0 KOAC/DMSO F F
+ B—E .
Br Br o] 0 Pd(dppf)Cl;
s1

27

Compound 27:/%! To a 10 mL DMSO solution of compound s1 (300 mg, 1.10 mmol)
was added bispinacolatodiboron(618 mg, 3.42 mmol), KOAc (540 mg, 5.52 mmol) and
Pd(dppf)Cl> (60 mg, 0.056 mmol), and the solution was stirred at 80 °C for 5 h. After the
reaction mixture was cooled to room temperature, the mixture was extracted with EtOAc
for three times and washed with deionized water for twice. The organic layer was dried
over NaxSOys, concentrated and purified by column chromatography on silica gel. 298 mg
of compound 27 was gained with yield 74%.'"H NMR (CDCls, 400MHz) § = 8.35 (d, ] =
8.7, 2H), 7.86 (dd, J = 7.8, 2.3, 2H), 7.77 (dd, J = 11.4, 3.2, 2H), 7.66 (td, J = 6.8, 3.2,
2H), 7.57 (td, J =7.3,5.5,2H), 7.42 (t, J=7.8, 1H) , 7.34 (d,J = 7.8, 2H) , 7.15 (t, ] =
9.1, IH) ppm.
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F F
K,COs4 O
F F
ji:[ B O Br Pd(PPhy) O O
+ B ——
Bpin Bpin O THF/H0 Br Br
(teq J O

27 (5eq)
15

Compound 26: Compound 27 (184 mg, 0.500 mmol) compound 15 (858 mg, 3.00 mmol),
K>COs3 (346 mg, 2.50 mmol), dry THF (30 mL) and H>O (2 mL) was added to a 50 mL
3-neck flask. After being degassed, Pd(PPhs)s (29 mg, 2.50x102 mmol) was quickly
added. After being degassed again, the solution was stirred at 85 °C for 8 h. The mixture
was extracted with CH>Cl> and washed with H,O and brine. Chromatography on silica
gel (from hexane to hexane: CH2Cl=7:1) gave 96 mg compound 26 with yield 36.4%.
'"H NMR (CDCls, 400MHz) 6 = 1.33 (s, 24H), 6.71 (t, ] = 9.9, 1H), 8.11 (t, ] = 7.7, 1H)

1,3-Phenylene-bridged naphthalene heptamer N7:

1,3-Benzenediboronic acid bis(pinacol) ester (90 mg, 0.269 mmol), 1,4-
dibromonaphthalene (100 mg, 0.350 mmol), CsF (184 mg, 1.21 mmol), 18-crown-6 (310
mg, 2.42 mmol), THF (10 mL) and deionized water (0.3 mL) was added to a 30 mL
Schlenk flask. After degassing, chloro[(tri-fert-butylphosphine)-2-(2-aminobiphenyl)]
palladium (II) (14 mg, 0.027 mmol) was quickly added. After degassing again, the
solution was stirred at r.t. for 24 h. The mixture was extracted with dichloromethane and
washed with water and brine. Then it was purified by chromatography on silica gel
(hexane: CH2Clz = 3:1). After being purified by GPC, 7.0 mg of N7 was gained in 13%
yield and 2.0 mg of N6 in 4% yield.

'H NMR (C,D:Cls, 400 MHz, 120 °C) § = 7.49 (m, 14H), 7.59 (s, 7H), 7.61 (d, 7H), 7.66

(d, 21H), 7.75 (d, 7H) and 8.13 (m, 14H) ppm. 3C NMR (C2D*Cl4, 151 MHz, 120 °C) §
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120.46, 125.92, 125.93, 126.50, 126.66, 128.24, 129.28, 131.60, 132.30, 139.85 and

141.08 ppm.

F6: Compound 26 (130 mg, 0.248 mmol), compound 27 (91 mg, 0.248 mmol), Cs,CO3
(404 mg, 1.24 mmol), toluene (5 mL) and DMF (2 mL) was added to a 25 mL Schlenk
flask. After degassing, chloro[(tri-tert-butylphosphine)-2-(2-aminobiphenyl)] palladium
(I) (25 mg, 0.050 mmol) was quickly added. After degassing again, the solution was
stirred at r.t. for 24 h. The mixture was extracted with dichloromethane and washed with
water and brine. Then it was purified by chromatography on silica gel (hexane: CH>Cl =
4:5). After being purified by GPC, 6.0 mg of F6 was gained in a 5% yield. Finally, F6
was confirmed by the '"H NMR spectrum and HR-MALDI-TOF-MS. The 'H NMR
showed broad and complicated peaks until being heated to 90 °C and hard to be assigned

clearly.

A6: 1,3-Benzenediboronic acid bis(pinacol) ester (115 mg, 0.350 mmol), 9,10-
dibromoanthracene (100 mg, 0.350 mmol), CsF (184 mg, 1.21 mmol), 18-crown-6 (310
mg, 2.42 mmol), THF (10 mL) and deionized water (0.3 mL) was added to a 30 mL
Schlenk flask. After degassing, chloro[(tri-fert-butylphosphine)-2-(2-aminobiphenyl)]
palladium (II) (14 mg, 0.027 mmol) was quickly added. After degassing again, the
solution was stirred at r.t. for 24 h. The mixture was extracted with dichloromethane and
washed with water and brine. A6 was detected by MALDI-TOF-MS in the mixture but

was not separated successfully.
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Crystallography

Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Lattice Parameters

Space Group
Z value
Dcalc

Fooo
n(MoKa)

CosHeo

1213.53
colorless, prism
0.120 x 0.030 % 0.020 mm
monoclinic
Primitive
a=20.4724(6) A
b=15.7890(5) A
c=24.9750(8) A
L£=91.270(6)°

v =18070.9(4) A3
P2i/c (#14)

4

0.999 g/cm?
2544.00

0.565 cm-1

S2.15 Crystallographic data for N6

77



(two manners of n6 c60)

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [/>20(/)]

R indices (all data)
Extinction coefficient
Largest diff. peak and hole

CisoHgoCl4

2384.24

90 K

0.71073 A

Triclinic

P-1

a=11.11005) A a=94.214(7)°

b=14.775(6) A [=94.286(7)°

c=17361(7) A y=101.721(7)°

2771(2) A3

1

1.429 Mg/m3

0.174 mm-!

1228

0.200 x 0.100 x 0.010 mm?3
1.758 to 25.000°.

-13<h<10,-14<k<17,
-20<1<20

14425

9669 [R(int) = 0.0439]

99.0 %

Semi-empirical from equivalents

0.998 and 0.781

Full-matrix least-squares on F2

9669 / 238 / 853

1.011

R;=0.0889, wR>=0.1959

R;=0.1605, wR> = 0.2486

n/a

1.629 and -0.683 e.A-3

S2.16 Crystallographic data for Cso@N6



Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness to theta = 19.995°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [/>2c(])]

R indices (all data)
Extinction coefficient

Largest diff. peak and hole

Ci172HesCl

2166.69

103 K

0.71073 A

Triclinic

P-1 (#2)

a=11.754) A o= 106.46(3)°

b=14.98(5) A p=101.62(3)°

c=15.88(5) A y=98.45(3)°

2563(14) A3

1

1.404 Mg/m3

0.105 mm-!

1114

0.100 x 0.050 x 0.020 mm3
1.651 to 19.995°.

-10<h<11,-14<k <13,
-15<1<11

5549

4553 [R(int) = 0.2291]

95.1 %

Semi-empirical from equivalents

0.998 and 0.642

Full-matrix least-squares on F2

4553/1029/ 1114

1.084

R;=0.1092, wR> = 0.2259

R;=0.4092, wR> = 0.4205

n/a

0.255 and -0.332 e.A-3

S2.17 Crystallographic data for C7o@N6
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Others

DFT calculations

Energy [eV]

LUMO+2

S2.18 DFT calculation of fused 4PP B3LYP/6-31G*

Frag.1-Frag.2 N6-N6(0-a) N6-N6(0-be) N6-N6(0-abc)
Vhole/meV 1.8 19.7 1.6
Velectron/mev 422 25 3 200

S2.19 Charge transfer integrals of N6

(ADF calculation based on the date of N6’s single crystal)

80



Fusion byproduct
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Chapter 3. Facile synthesis and supramolecular

investigation of cyclic pyrene oligomers

3.1 Introduction

Pyrene is an important PAH among those building units for larger cycloarylenes
because of its highly emissive property and large m-surface.[®”! The synthesis of cyclic
pyrene oligomers has been challenging, which has led to the exploring of many synthetic
strategies. In previous works, Miillen’s group reported the stepwise synthesis of [6]cyclo-
1,3-pyrenylene,®®! and Isobe’s group independently performed a one-pot nickel-mediated

homo-coupling of 1,3-dibromopyrene!*”! (Scheme 16).

1
Bu Isobe's route

Ni(cod),,COD

O 2.2'bipyridyl
‘ toluene/DMF
/T .
O n=0~9

Br

Mullen's route O
Ni(cod),,COD
2,2"bipyridyl g, By
toluene/DMF OO O ‘O
-
n=1

Br
36

A
O cul,
“ OR  pd(PPHs),Cl,
I ARSI
OR  IPLNHTHF
60 °C, 2d
=

39

[66]

Scheme 16. Synthesis of cyclic pyrene oligomers
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Bodwell’s group synthesized the [3] and [4]cyclo-1,8-pyrenylene-ethynylene by
the self Sonogashira-coupling reaction (Scheme 16).°81 Yamago and coworkers
synthesized [4]cyclo-2,7-pyrenylene by their platinum-mediated assembly method.[®”]
The reason for the formation of the tetramer, in this case, is that the platinum complex
intermediate has a bonding angle of approximately 90°. These single substrate
reactions!’% worked well to give cyclic pyrene oligomers!’!! and effectively shorten the
reaction route, but the cross-coupling reaction with multiple substrates is also a powerful

2]

technique,’? especially when we want to selectively synthesize heptameric!’*! and

octameric!’* compounds (Scheme 17).

! Bpm Pd,(dba)s
SPhos
K3P04 1 Na* C10H8
DMF/H,0 2) 12
O Bpm Q

Bpin Bpin

d(dppf)ClpCH,Cly
CS2003 573 K

! Br Br l CH5;CN

) a7

46

Scheme 17. Synthesis of heptameric and octameric carbon nanorings!’>174]
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In the case of 1,3-cyclopyrenexlenens, pentamer and hexamer were the main

products. Therefore, we were curious about the case of 1,4’-3,9’-pyrenlenene.

In this work, the synthesis of 3 kinds of 1,3-pyrene oligomers (CP, CBP, CMP)
was explored by the Suzuki-Miyaura cross-coupling reaction via a one-step reaction

between diiodopyrene and bis-borylated species.

3.2 2,2°-tert-Butyl-5,9-6’,8’-cyclo-octameric pyrenylene
[8]CP

3.2.1 Molecular design and synthesis
To prepare 6,8-diborylated pyrene 51, tert-butyl group was introduced at the 2-
position of pyrene to block the 1,3-positions followed by the bromination then

borylation.!””!

This compound serves as a versatile platform in the synthesis of
disubstituted pyrenes. Slow vapor diffusion of methanol into a chloroform solution of 51
afforded crystals suitable for X-ray diffraction analysis. 2-tert-Butyl-5,9-diiodopyrene 60

was obtained through an indirect synthetic route reported by Miillen and coworkers.!”¢!
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tBu tBU

Bu
® Ol e O O
(L) () o () e (1
AICl3 DCM NiCl,(dppf)
DCM NEts ,
Br Br pinB

Bpin
48 49 50 | 51
X X Bu
I2 Bu Bu
n-Buli HBpin
x\@/X THE toluene
diisopropylamine N|CI2(dppf) PEPPSI-IPr X X
52 Bpm K2CO3
X=Cl or Br 55 dioxane/H,0
56
Bu By
XPhos
K,CO,4 TBAF
> TIPS TIPS —— >
DMF
TIPS—=
56 57
By

l2 | O | AucCl O
DMAP X = toluene
DCM ‘ O

59 60

Scheme 18. Synthetic route of compounds 51 and 60

The synthesis of [8]CP stared from the previous member in our lab. After
optimization of reaction conditions. (Scheme 19) [8]CP was then synthesized by the
Suzuki-Miyaura cross coupling reaction of 51 and 60 >8] (Scheme 19). 2.5 mg of

[8]CP was obtained in 2.8% yield as the main product.

The coupling between the peri-positions would limit the steric angle and
predominantly gave the octamer, the selective formation of which is unusual as a one-
step synthesis of oligomers. Totally eight equivalent carbon-carbon bonds were formed
by this cross-coupling, which means that the reaction yield per one bond is going on at

64%. The success of the synthesis here is closely related to the inspiration during the
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synthesis of N6. Especially, the temperature controlling. And it was confirmed that
temperature affected the reaction much and lower temperature benefits the formation of

cyclic molecules.

+ _—
By toluene/DMF
Cs,CO3

28 %

pinB Bpin

51
Scheme 19. One-pot reaction to the synthesis of [§]CP

Entry Catalyst amount Base Solvent Temp./time Result
1* 0.10 CsF THF/H O r.t for 3 days linear oligomers
2 0.25 CSZCO3 Toluene/DMF 100°C for 23 h linear oligomers
3 0.25 Cs CO,  Toluene/DMF  r.tfor 6 h+ 100°C for 19h  [8]CP obtained

Table 2. Optimization of the reaction conditions

(*carried out by Dr. Matsumoto)

3.2.2 "TH NMR and HR-MALDI-TOF mass of [8]CP

The compound has been characterized by 'H NMR spectroscopy and HR-
MALDI-TOF mass spectrometry. HR MALDI-TOF-MS detected a parent ion peak at m/z
=2049.0026 (calcd. for CisoH12s = 2049.0011 [M]") for [8]CP. The 'H NMR spectrum
of [8]CP in 1,1,2,2-tetrachloroethane-d> reveals two sets of signals that consist of four
singlet peaks at 8.36, 8.34, 8.26 and 8.08 ppm, three doublet peaks at 8.10, 8.04 and 7.72
ppm, and one triplet peak at 7.61 ppm for aromatic protons, indicating the highly

symmetric cyclic structure.
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Figure 27. 'H NMR spectrum of [8]CP.
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Figure 28. HR-MALDI-TOF-MS of [8]CP.
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3.2.3 Single crystal X-ray analysis of [§]CP

The cyclic structure of [8]CP was determined by single crystal X-ray diffraction
analysis (Figure 29). Slow vapor diffusion of methanol into a chloroform solution of
[8]CP afforded crystals suitable for X-ray diffraction analysis. In the solid state, the
dihedral angles between pyrene units are 72.5-88.4°, expecting that the small =-

conjugation between pyrene units.

Figure 29. X-ray single crystal structure of [8]CP
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3.2.4 Attempts to make CNB from [8]CP

After getting the cyclic molecule [8]CP, I run the oxidation reaction to make
CNB10. The method was reported by Mullen to make fused pyrene dimer and trimer, in
2013.053 Unfortunately, the reaction didn’t work to give the CNB target. This may because

of the low reactivity of the 5,9-position of pyrene.

Scheme 20. Fusion of [8]CP via an oxidation reaction
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3.3 Synthesis of [n]CBPs
3.3.1 Molecular design

HOMO LUMO
Figure 30. MO (Molecular orbital) of benzo[c]phenanthrene

Since the oxidation of [8]CP didn’t work, considering the low reactivity of the
4,9-positions of pyrene, we changed half of the pyrene units to benzo[c]phenanthrene.

Because the 4,9- positions of this unit have higher HOMO coefficients.

3.3.2 Synthesis of 5,8-bis(4.,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzo|c]phenanthrene

The synthesis of compounds 61 to 68 can be carried out smoothly according to
the method provided in the literature. Then 66 is selectively brominated. Although the
purification process of 67 was reported, in this research here, compound 67 was not
successfully isolated due to solubility problems in the synthesis process of this study.
Instead of it, compound 67 was used in the state of mixture to synthesize 68. The problem
of low solubility of compound 67 is improved by introducing the Bpin groups. Thus
compound 68 has been successfully separated. The two steps of reactions gave a total
yield of 11%. As far as I know, it should be the first synthesis of compound 68. As the
solubility increases, compared to compound 67, compound 68 should be able to provide
a key intermediate for the construction of many syntheses containing

benzo[c]phenanthrene units.
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Scheme 21. Synthesis of compound 68
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Scheme 22. Synthesis of compound [#]CBP

3.3.3 Synthesis towards [#]CBPs

The similar cyclization by one-pot Suzuki coupling reaction was carried out after
obtaining the diboride 68. After being purified by a preparative GPC, Oligomers with
n=2-5 could be obtained. After separation on GPC, fractions with n= 3 and 4 was
gathered and checked by HR-MALDI-TOF-MS. However, no fractions were confirmed
to contain the oligomer of n=2 and 5. The separated compounds (~2 mg for each) were
confirmed to contain only very little amount of desired cyclic molecules. (n=3,4) Unable

to separate (n=2,5)
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Figure 30. HR-MALDI-TOF-MS of the fractions of [3]CBP and [4]CBP

3.4 Synthesis of [n]CMPs

3.4.1 Molecular design
Since it was hard to obtain [#]CBPs, the next plan was to change the bigger
benzophenanthrene units to the smaller anisole unit. The 2,6-positions of anisole have the

higher HOMO coefficients as well.

Figure 30. MO of anisole

3.4.2 Synthesis of [n]CMPs
The cyclization of anisole units was carried out. Fortunately, the reaction worked
well in this case. Table 3 showed the separation result of the cyclic oligomers. Tetramer

and pentamer can be continuously synthesized from repeated reactions with a yield of 3-
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4%. Interestingly, as the largest cyclic molecule isolated. The decamer was also confirmed
by NMR. Even though the yield looks not that high. The efficiency to form CC bonds is
incredibly high. Up to 80% for each bond. Is really amazing that a one-pot reaction can

form 20 C-C bonds just in 24h. And to afford a cyclic molecule with 20 PAH units.

OMe

‘Buy
ClPdNH, MeO

f
L0, - Q)

O | Bpin Bpin  toluene/DMF
69
60 CSQCO3 tBu

Scheme 23. Synthesis of [n]CMP
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n 3 4 5 6 7 8 9 10 Sum

Entryl/mg 53 3.5 2.2 1.7

Yield 75%  4.9% 31%  2.4% 17.9%
Entry2/mg 2.2 52 4.4 39 32 0.4 2.4

Yield 1.6%  3.7%  3.1% 2.8% 23%  03% 1.7% 15.5%

Table 3. Distributions of products (Entry 2 represents a repeating reaction starting from

190 mg of compound 60.)

3.4.3 Fusion reaction of [#n]CMPs
After obtaining the cycle oligomers. The similar fusion reaction was carried out
to make carbon Nanohorn. The fusion of the small sized oligomers didn’t work. But for

larger ones, it’s still hopeful. More fusion attempts are still on the way.

CNH
Scheme 23. Synthesis of CNH
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Entry n Oxidant/reagent Time Solvent Temperature Result

Ist 5 DDQ/Sc(OTH); 18 h toluene up to 110°C No reaction

2nd 5 DDQ/TfOH l1h toluene r.t Decomposed
3rd 5 FeCls 12h toluene/MeNO; up to 70°C  Insert of [O]s
4th 4 FeCls* 12h DCM/MeNO; -15°Ctort  Decomposed
5th 6 FeCls* 12h DCM/MeNO; -15°Ctort  Decomposed

Table 4. Fusion reaction conditions

3.5 Conclusion

In summary, 2,2’-tert-butyl-5,9-6’,8’-cyclo-octameric pyrenylene [8]CP was
synthesized by the one-step Suzuki-Miyaura cross coupling reaction from two kinds of
monomers. The octameric molecular structure was revealed by X-ray diffraction analysis.
To the best of our knowledge, this is the largest pyrene oligomer for which a single crystal
structure has been obtained. Recently, we presented pyrene-based homoditopic molecular
host, which has back-to-back arranged binding cavities.”’”! Taking advantage of the
unique structural feature, [8] CP also can bind the spherical fullerenes owing to concave-
convex complementarity. The directly-linked pyrene octamer would demonstrate a new
potential of the planar cyclic pyrene oligomers. Examination of the photophysical

properties of these complexes is active in progress.
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Supporting Information

Materials and instrumentation

'"H NMR (500 MHz) spectra were recorded with a JEOL JNM-ECX500
spectrometer by using tetramethylsilane as an internal standard. HR-MALDI-TOF-MS
was measured on a JEOL Spiral TOF/JMS-S3000 spectrometer. X-ray crystallographic
data were recorded at 90 K using a BRUKER-APEXII X-Ray diffractometer using Mo-
Ko radiation equipped with a large area CCD detector. TLC and gravity column
chromatography were performed on Art. 5554 (Merck KGaA) plates and silica gel 60N
(Kanto Chemical), respectively. All solvents and chemicals were reagent-grade quality,
obtained commercially and used without further purification. For spectral measurements,

spectral-grade toluene was purchased from Nacalai Tesque.

Single-crystal X-ray diagram: crystals of 57 were grown by slow diffusion of
methanol into a solution of 57 in CHCl; to yield colorless prisms. Crystals of [8]CP were
grown by slow diffusion of methanol into a solution of [8]CP in CHCI; to yield colorless
prisms. The contributions to the scattering arising from the presence of disordered
solvents in the crystal of [8]CP were removed by use of the utility SQUEEZE in the
PLATON software package.l”! CCDC 2023859 (57) and 2023860 ([8]CP) contain the
supplementary crystallographic data for this paper. These data can be obtained free of
charge  from  The Cambridge  Crystallographic ~ Data  Centre  via

www.ccdc.cam.ac.uk/getstructures.
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Experimental section

By Bu

O (Bpin), O
“ toluene “
O NiCl,(dppf) O
NEt
3 pinB

Br
50 51

Br Bpin

Compound 51: In a 200 mL 3-necked flask, compound 50 (6.20 g, 14.9 mmol) was
dissolved by toluene (100 mL). Then, triethylamine (10.5 mL) and bispinacolatodiboron
(5.20 g, 40.2 mmol) was added. After argon bubbling for 30 min, NiCl(dppp) was added
under argon flow. The mixture was heated under 110°C for 48 h. After cooling to room
temperature, the mixture was extracted with dichloromethane, washed with water and
brine. The organic layer was gathered and evaporated. Reprecipitation gave 5.70 g of
compound 51 with yield 75%."H NMR (400 MHz, CDCl3) 6 = 9.02 (d, ] = 9.2Hz, 2H),
8.95 (s, 1H), 8.23(s, 2H), 8.13 (d, J = 9.2Hz, 2H), 1.59 (s, 9H), 1.50 (s, 24H) ppm.
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Compound 60: To a solution of 210 mg 4’-(tert-butyl)-2,6-bis(iodoethynyl)-1,1’-
biphenyl (041 mmol, lequiv.) in 15 mL anhydrous toluene 38 mg Au(I)CI (0.16 mmol,
0.4 equiv.) was added and the mixture was degassed with argon for 30 min. After stirring
at 60°C for 16 h the reaction mixture was concentrated under reduced pressure.
Purification by column chromatography (hexane) followed by GPC, reprecipitation

(CH2Cl2/methanol) afforded 520 mg of 5 in 32% yield as yellow needle crystals.

[8]CP: Compound 51 (90 mg, 0.176 mmol), 2-tert-butyl-5,9-diiodopyrene 60 (90 mg,
0.176 mmol), Cs2CO3 (288 mg, 0.882 mmol), dry toluene (3 mL) and dry DMF (1.2 mL)
was added to a 25 mL Schlenk flask. After degassing with three freeze-pump-thaw cycles,
the Pd catalyst 17 (24 mg, 0.046 mmol) was quickly added. After degassing again, the
solution was stirred at room temperature for 8 h and then 100°C for 16 h. The MALDI-
TOF-MS of the reaction mixture indicates the formation of oligomers. After cooling, the
mixture was extracted with dichloromethane and washed with water and brine. After
being concentrated by a rotary evaporator, the mixture was roughly separated on a silica
gel column (dichloromethane). Then, separation on gel-permeation chromatography
(GPC) gave 2.5 mg of [8]CP in 2.8% yield as the main product. 'H NMR
(tetrachloroethane-d>, 400 MHz): 6 = 8.36 (s, 8H), 8.34 (s, 8H), 8.26 (s, 8H), 8.10 (d, J =
9.6 Hz, 8H), 8.08 (s, 4H), 8.04 (d, /= 9.6 Hz, 8H), 7.72 (d, J= 7.6 Hz, 8H), 7.61 (t, J =
7.6 Hz, 4H), 1.58 (s, 36H) and 1.57 (s, 36H) ppm. HR-MALDI-TOF-MS: m/z [M]" calcd
for Cis0Hi28: 2049.0011; found: 2049.0026.

Fusion reaction of [8]CP: The pyrene octamer [8]CP (~2 mg, 8.4x10* mmol) was
dissolved in 1 mL distilled DCM. Then Argon flow was inlet for 15 min. After that a
solution of FeCl3 in MeNOs3 (~1.3 mg, ~0.0042 mL, 300 mg/mL) was added drop-wise.
The Argon flow was kept for 20min while stirring. Then the tube was sealed and the

solution was stirred for 1.5 h. 3 mL MeOH was added first and the mixture was poured
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into an aqueous NaHSO3 solution. Then it was extracted with DCM and washed with
water and brine. The organic layer was dried over Na;SO4 and then evaporated. Then it
was purified through a silica gel column (DCM). The target compound was not detected

by MALDI-TOF-MS.

(Bpin)2
OMe PACI,(PPhs), OMe
Br Br DMSO pinB Bpin
o2 KOAG 69

Compound 69: To a 24 mL DMSO solution of compound s2 (1.33 g, 5.00 mmol) was
added bispinacolatodiboron (2.80 g, 11.0 mmol), KOAc (2.45 g, 25.0 mmol) and
PdCl>(PPh3)2 (176 mg, 0.250 mmol), and the solution was stirred at 80°C for 24 h. After
the reaction mixture was cooled to room temperature, the mixture was extracted with
ether for three times and washed with water and brine. The organic layer was dried over
NaxSOs, filtered, concentrated and purified by column chromatography on silica gel
(Hexane: EtOAc = 15:1 to 6:1) to give compound 69 as a white solid (1.72 g, 95%).'H
NMR (chloroform-d, 400 MHz): 6 = 7.86 (s, 1H), 7.42 (d, J = 0.9 Hz, 2H), 3.83 (s, 3H)
and 1.33 (s, 24H) ppm.

[n]CBPs:  5,8-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[ c]phenanthrene
(20 mg, 0.042 mmol), 1,4-dibromonaphthalene (21 mg, 0.042 mmol), Cs2CO3 (68 mg,
0.021 mmol), dry toluene (1 mL) and dry DMF (0.5 mL) were added into a 25 mL 2-neck
flask. After degassing, chloro[(tri-tert-butylphosphine)-2-(2-aminobiphenyl)] palladium
(I1) (7.7 mg, 0.015 mmol) was quickly added under flowing argon. After degassing again,

the solution was stirred for 16 h at 100°C. The mixture was extracted with
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dichloromethane and washed with water and brine. Then it was purified by

chromatography on silica gel (dichloromethane).

OMe

tB )
Seur
[ O | Bpin 5o Bpin  toluene/DMF

CS,CO;

60

Compound 61'7 (14 mg, 0.039 mmol), 2-tert-butyl-5,9-diiodopyrene (69)'* (20 mg, 0.039
mmol), Cs>CO3 (64 mg, 0.20 mmol), dry toluene (1 mL) and dry DMF (0.3 mL) was
added to a 25 mL Schlenk flask. After degassing with three freeze-pump-thaw cycles, the
Pd catalyst 17 (5.3 mg, 0.010 mmol) was quickly added. After degassing again, the
solution was stirred at room temperature for 11 h and then 100°C for 15 h. After cooling,
the mixture was extracted with dichloromethane and washed with water and brine. After
being concentrated by a rotary evaporator, the mixture was roughly separated on a silica
gel column (dichloromethane). Then, separation on gel-permeation chromatography

(GPC) gave a serial of oligomers as in Table 3.

Fusion reaction of CMPs: [n]CMP (~2 mg, 8.4x10* mmol) was dissolved in 1 mL
distilled DCM. Then Ar flow was inlet for 15 min. After that a solution of FeCl3 in MeNO3
(~1.3 mg, ~0.0042 mL, 300 mg/mL) was added drop-wise. The Ar flow was kept for 20
min while stirring. Then the tube was sealed and the solution was stirred for 1.5 h. 3 mL
MeOH was added first and the mixture was poured into an aqueous NaHSOs3 solution.
Then it was extracted with DCM and washed with water and brine. The organic layer was
dried over Na;SO4 and then evaporated. Then it was purified through a silica gel column

(DCM). The target compound was not detected by MALDI-TOF-MS.
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MS and HR-MS
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S3.1 MALDI-TOF-MS of the reaction mixture of [8]CP.
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Crystallography

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

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?

Final R indices [/ > 20(])]

R indices (all data)

Largest diff. peak and hole

CieoHi2s
2050.62

90(2) K
0.71073 A
triclinic

P-1
a=17391(3) A
b=19361(3) A
c=26.681(4) A
8359(2) A’

2

0.815 g/cm?®
0.046 mm!
2176

0.300 x 0.100 x 0.050 mm?
0.782 to 25.000°

a=82.806(3)°
B=177.912(3)°
y="72.488(2)°

-20<h<20,-16<k<23,-27<[<31

44855

29215 [R(int) = 0.0585]
=25.000° 99.3%

0.998 and 0.808

Full-matrix least-squares on F>
29215/24 /1464

1.005

R1=0.0853, wR>=0.1786

R1=0.1871, wR> = 0.1990
0.438 and —0.278 e.A3

S3.11 Crystal data and structure refinement for [8]CP.
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Chapter 4. Summary

General conclusion

The focus of this thesis is to utilize the one-pot Suzuki reaction to carry out
conjugated aromatic macrocyclic compounds and to try to synthesize CNBs. The
synthesis of N6, [8]CP, and [n]CMP was successful. Preliminary verification has been
achieved of the versatility of the one-pot Suzuki reaction for different reaction substrates.
The reactivity of N6, [8]CP, and [#]CMP as the precursors to synthesize CNBs was
verified. In Chapter 2, the supramolecular binding properties of N6 as a host molecule for
Ceo and Cyo are deeply studied. The property as the semiconductor material of the 1:1
complex C7o@N6 was checked. A fusion attempt of N6 was carried out to construct fully
fused CNB molecules. In Chapter 3, by fine-tuning the one-pot reaction, the ring [8]CP
and [r]CMP containing larger pyrene groups were synthesized. The one-step Suzuki
reaction in this work was confirmed to well form multiple c-c bonds. In the future, it can
be used as an important candidate for the construction of macrocyclic 3D nanocarbon

structures and even bigger nanocarbon structures.

The exploration of one-step reactions can help reduce the cost of synthesis. This
will facilitate large-scale reactions of cyclic compounds and then building a sturdy
foundation for the in-depth research. The synthesis of N6 and [8]CP provide rare
examples of carbon nanorings with larger building unit than benzene rings, especially

[8]CP as an example of large ring size (octameric) with large building units (pyrene).

The study on N6-fullerene complexes opens a new window to the
development of nanoring-fullerene complex in electronics. The N6-Cso and N6-C7o
complexes are promising to have high charge transfer mobility. With further molecular
designs to tune the intermolecular interactions, the value of mobility will have even bigger

room for improvement.
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