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ABSTRACT

Fused-ring heterocyclic aromatic compounds represent an intriguing family of
organic n-systems for fundamental chemistry and practical properties. The term “hetero-
indicates the presence of heteroatoms in the aromatic backbone. In the past two decades,
the requirement for precisely functionalized nanographenes sparked interest in
nanographenes with heteroatoms. Various heteroatoms, including nitrogen, boron, oxygen,
sulfur, etc., were incorporated into polycyclic aromatic compounds to manipulate the
chemical and electronic properties of nanographene-like compounds. This dissertation
describes my work on the synthesis and investigation of fused-ring heterocyclic aromatic
compounds containing nitrogen and/or boron atoms.

This dissertation starts with a brief introduction to the field of aromatic compounds
with heteroatoms. First, the background of this topic and underlying motivations are
summarized. Then selected literature examples of n-systems containing B—N bonds and
azahelicenes are presented. The unexplored areas and challenges related to this field are
identified. Finally, the choice of topics as the main focuses of this dissertation is discussed.

Chapter Il describes the design and synthesis of a B«—N coordination-containing
molecule with an extended conjugation composed of 23 fused rings. The synthesis towards
this novel molecule and the impact of incorporating B«—N bonds are the focuses of this
chapter. Chapter Il presents my work on the manipulation of molecular bandgaps based
on the installation of various aryl groups on the B«—N bond-containing compounds, and

the impact on structure and optical properties.



In Chapter IV, motivations and efforts towards the synthesis of centripetal
azahelicenes are discussed. A combination of synthetic strategies and theoretical
simulations is illustrated along with iterative modification on the reaction conditions to
complete the synthetic route. The preliminary observations of metal binding are discussed
as well.

Chapter V describes the development of undergraduate teaching labs for the
broader impact of the research described above. Well-known ‘“Nobel prize-winning
reactions”, including Suzuki coupling and ring closing metathesis, are optimized, and
implemented in undergraduate organic laboratory course.

Finally, Chapter VI concludes the entire dissertation by giving an overview of the
results presented in the previous chapters, followed by perspectives of research that would

strengthen the insight into this field.
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CHAPTER |

INTRODUCTION

1.1 Overview of Polycyclic Heteroaromatic Molecules

The chemistry of heteroaromatic compounds has attracted ongoing attention since
around two centuries ago, encompassing many topics including synthetic and physical
organic chemistry, natural product research, pharmaceuticals, and material science, etc. In
the very initial stage of this field, much attention was paid to the investigation of natural
and synthetic dyes.! Some pioneering examples included flavanthrone, xylindein, coerulein,
tricycloguinazoline, etc. These molecules, among others, received attention due to their
special fused-ring backbones and, more importantly, their industrial values. However, the
early stages of the development were hindered due to the lack of versatile synthetic
methodologies and precise characterization methods.

Beginning in the 1970s, the rapid development of various synthetic strategies,
especially transition metal-catalyzed cross coupling reactions, enabled the synthesis of a
wide variety of polycyclic aromatic compounds without the harsh conditions that were
previously required. Cross coupling reactions have been extensively employed to
synthesize fully-fused aromatic compounds, from the oligomerization of precursors to the
final annulation steps. In addition, the discoveries of novel catalysts and ligands that could
satisfy substrates with distinct electronic and structural features have strengthened the

toolbox towards the evolution of these fascinating aromatic compounds.



Entering the 21 century, the significant advancement of knowledge on graphene
and graphene nanoribbons sparked interest in large polycyclic aromatic compounds. As an
extensive m-conjugated system of carbon atoms, graphene has attracted tremendous
attention due to the extraordinary properties including remarkable charge-carrier mobility,
mechanical strength, and quantum hall effect.? However, its conductive nature prevents its
application as semiconducting materials. In contrast, graphene segments with locally
confined structures show non-zero bandgaps, which are tunable by their size and
functionalization.® Conventionally, there are two major ways to achieve graphene
nanoribbons, namely, top-down strategy and bottom-up strategy.* Top-down strategy
represents trimming or deforming a larger piece of carbon-enriched material, like graphene
or carbon nanotube to form the desired structure. Although it enjoys the benefit of the
ability to address the location of the desired entity, it suffers from the drawback of the low
resolution limit and poor control over the edge structure and the molecular size. Bottom-
up strategy on the other hand, endows these materials with desirable precision, scalability
and can be undoubtedly characterized by various characterization methods.>®

Incorporation of heteroatoms into graphene strongly impacts its electronic
properties, implying various new possibilities of applications in biosensing,’ batteries,®
supercapacitors,® catalysis*®!!, etc. However, it is still a formidable challenge to control
the precise local structure and distribution of heteroatoms during the heteroatom
incorporation process. In this context, bottom-up synthesized, fused polycyclic aromatic
systems decorated with heteroatoms can be regarded as functionalized nanographenes,

which enjoy both the structural uniformity of graphene and tunable electronic structures.



Dr Perepichka’s group theoretically proved that enhanced dimension of conjugation
witnessed a quicker contraction of HOMO-LUMO bandgap with increased molecular
size.'? By modifying the geometry, size, and heteroatom content of these fused
nanographenes, electronic structures could be flexibly tuned to further control bandgaps,
optical properties, redox behavior, etc. This structure-property correlation serves as the
guidance for the development of various promising heteroatom-containing carbon
materials, including NIR dyes,*3!* two-photon absorbers,'® sensors'®!’ etc. Thus far, there
has been significant improvement in fundamental investigations, where heteroatom-
containing aromatic compounds have found application in bench stable cations,*® spin-
active organic molecules'® and ligands to chelate transitional metals.?%>

By careful design of ring fusion patterns, the location of heteroatoms, and
conformational control, a wide variety of polycyclic aromatic compounds can be rationally
designed to serve both fundamental and application purposes. Inspired by such a diversity
of active stimuli, there have been numerous compounds with different elements, the most
common ones being sulfur, nitrogen, oxygen, silicon, phosphorous, boron, etc., synthesized

and investigated in detail.

1.2 Polycyclic Aromatic Systems Containing Boron Atoms
Boron (atomic number = 5) and nitrogen (atomic number = 7) can form a B—N
bond isoelectronic to a C—C bond. Depending on the bond order of B—N bond, they can
be classified into B—N covalent bond or B«—N coordination bond. Swapping a C—C bond

with a B—N bond creates a polar bond due to their different electronegativities.
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An early report of the appearance of B—N covalent bond dated back to 1926, when
the synthesis and properties of B3sNsHs were discussed?*. When incorporated into a
polycyclic m-system, boron plays an important role in tuning the energy levels of molecular
orbitals and bandgaps. Thereby, the resulting compounds have found promising

%6 solar

optoelectronic applications, including field transistors,? light-emitting diodes,
cells,?”?® stimuli-responsive luminescent devices,?®3° etc. In the last two decades, there
have been significant advances in this field, contributing to the fundamental insights and
practical applications. In this section, recent advances are summarized according to the

type of B—N bond. For boron embedded systems, the main focus is on molecules featuring

B—N bonds, while those with only B—C bonds are excluded.



1.2.1 B—N Covalent Bond Embedded Systems

ZT

TCB, 170°

Br Br
H USnBu
N Br,, HOAC Y 3
T o
Pds(dba)s, P{o-Tol)s,

Ir=z

Br

nBuLi, DCB, 0°C
BBr,, 180°C

Figure 1. Synthetic scheme of a coronenoid with thiophenes and B—N covalent bond.
Adapted from J. Am. Chem. Soc. 2014, 3764-3767.

To construct this n-system with B—N covalent bonds, electrophilic cyclization
method between boron and the aromatic motif is usually required. The aromatic unit should
be electron rich to facilitate this type of reaction, and the boron source is typically BXs,
where X is a halogen. Pei et al. reported the synthesis of a system containing four thiophene
rings and two B—N bonds (Figure 1).3! The synthesis started from the Stille coupling
between a tetrabromo derivative and a stannylated thiophene. Next, electrophilic borylation

was conducted on the lithiated intermediate to form the final product 1.2.1.1aand 1.2.1.1b
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featuring a coronene center. The optical properties and self-assembly behavior of these
molecules were investigated in detail to find that the molecule 1.2.1.1b adopted

photoconductivity behavior.

[ Ar 7 Ar
Li
F F

NH, i@

Toluene, reflux B~ B THF, -84°C L B” B d

N.g-N N.g-N
: o Aot G0
Ar ! Ar Ar
|

IVIes—Sli-Mes

[iPr3SiI*[CB41HeClel,
PhCI, 110°C

Ar= -3

1.2.1.2 1.2.1.2°

Figure 2. Synthetic scheme of a coronene derivative with the core fully replaced by
B—N bond. Adapted from Angew. Chem., Int. Ed. 2017, 4483—4487.

The range of B—N bond could be further expanded. Bonifazi et al. successfully
achieved a structure where the central ring was fully replaced with B—N bond (Figure

2).3233 Despite the success, the yield for the last step planarization was particularly low,



demonstrating the difficulty of the removal of fluoride in Friedel-Crafts type coupling of
fluoroarenes.®* In fact, the partial annulated product 1.2.1.2° was separated as the major

product. The desired final product 1.2.1.2 displayed strong blue-violet emission and green

phosphorescence.
— 1) nBuLi, TMEDA, THF N light /N Y
\,_/ 2)BMes,F N i N
N 2 ’ - Mesitylene —5
Med Mes Mes
1.2.1.3

Figure 3. Synthetic scheme towards a ladder type small molecule with
photoelimination. Adapted from Angew. Chem., Int. Ed. 2013, 4544-4548.

In recent years, a novel photoelimination reaction was discovered which could
afford boron embedded ladder type small molecules with a fully fused backbone (Figure
3).% In this reaction, the methyl group was first borylated following lithiation. Afterwards,
the mesityl group will be eliminated when subjected to irradiation. In the photo elimination
step, arene was eliminated and a new C—B double bond was formed to rigidify the
backbone. The detailed mechanism has not been fully known yet, and subsequent
investigations have been underway, including the impact of chelation,®® substituent, the

linker and location of BN units®’ etc.



1.2.2 B—N Coordination Bond Embedded Systems

B(Cer)s B(CeFs)s CeFs, B,Cer F
N B(C4Fs)s N CHaLi N - LiF / F
&\7 — Y_ > - (\L o | —— N
N N &
N \ N F
1.2.24 1.2.2.5 1.2.2.6 1.2.2.7
B(CeFs)s

S /N B(CeFs)s A
«NEI_Ar_(S\/” Toluene < j r%} CeHia,CeMia
(CeFs)3 B 1.2.28 Ar= "‘sé%?_
R F
CEF5 C6F5 S / \
LDA, THF/toluene :,—Ar 1229 Ar= ?SKJ/Q;‘

. F
CeFs CﬁF5 F
F
F
Mes, \Mes IVIes Mes
Cg_< _1)nBuLi, ether ‘\/&( 1) nBuli, THF /E§—/< :I\
:’ 2)Mes,BF j 2)8nMesCl Snie
3
1.2.2.10 1.22.11
Ph F’h Br S Br
N/ Pd,(dba)s, P(o-Tol);
\ N Toluene, 120°C
0F =0
MesSn SnMe; IiQ
R = 2-octyldodecyl 1.2.2.12 .

Figure 4. a) An example reaction demonstrating the synthesis of an aromatic molecule
featuring BN coordination bonds by BBr3; and hindered base and b) a few other
compounds synthesized by this method. Synthetic scheme adapted from J. Org. Chem.

2010, 8709-8712.



The vacant p orbital of boron atoms enables it to accommodate another lone pair of
electrons to form a tetravalent center. This extra coordination bond can lock the
conformation of the molecule, potentially favoring properties like faster transport of

charges, phonons, excitons etc.%®

Cst CeFs
N / /
@_@ BBr3, ENPr_ Zn(CGF5
\_/ ~ bcm \ /
1.2.2.13 1.2.2.14
CoHsCoHs
CgH B
6 1/3 \ \N«—‘ S
&N
B CeHis
C,H5C5Hs
1.2.217

Figure 5. Synthetic schemes towards a series of compounds with coordinative BN
bonds by a mixture of BR3s /BR2Xand base. Adapted from Eur. J. Inorg. Chem. 2002,
2015-2021, Org. Lett. 2010, 5470-5473, Angew.Chem.Int.Ed. 2006, 3170-3173, Angew.
Chem. Int. Ed. 2015, 3648 —-3652.

An early example dated back to 2002 when Erker et al. reported the synthesis of a
triple ring structure with B«—N coordination bond (Figure 4).3° In their synthesis,
imidazole moiety 1.2.2.4 reacted with B(CsFs)3 to form the adduct 1.2.2.5. Deprotonation

on the imidazole would afford the carbene-like intermediate 1.2.2.6, followed by a rapid
9



intramolecular nucleophilic substitution on one of the -CeFs groups to form the final
product 1.2.2.7. Following the same protocol, Yamaguchi et al. reported the synthesis of
two compounds with extended conjugation, which were found to have enhanced electron
affinity due to the extra cyclization.*® The same group modified the protocol to use BMes;F
as the boron source to synthesize the building blocks 1.2.2.10 and 1.2.2.11.%* Based on this
building block, Wang et al. synthesized a polymer containing B«—N coordination bond
1.2.2.12, and by comparing its counterpart with C—C bonds, it was elucidated that the
introduction of B«-N coordination bonds lowered the HOMO and LUMO, and also
showed acceptor behavior when mixed with a polythiophene donor.?’

Besides the systems mentioned above, C—B<«N bonds have also been formed
through direct borylation by the addition of BX3 in the presence of hindered base. In 2010
Murakami et al. reported the synthesis of a series of compounds bearing B«N
coordination*? by using this strategy (Figure 5). Many other compounds with B«N
coordination bonds were synthesized to show desirable coplanarity, red-shifted absorption
and depressed energy levels.*>4

The formation of N—B<«N bonds represents another important strategy to
incorporate boron into m-systems. This approach gives molecular moieties resembling
BODIPY, a well-known dye. This strategy typically requires an amino group that could be
deprotonated and an aromatic nitrogen that provides a suitable position for chelation.
BF3-OEt, with EtsN is the most prevalent combination to realize the deprotonation and

chelation. A number of compounds synthesized from this strategy have found wide
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applications in OSCs, OLEDs, sensing etc.*5%® Our group has gained much expertise in

this field, and more specific introduction is provided in Chapter IlI.

1.3 Polycyclic Aromatic System Containing Nitrogen Atoms

Nitrogen might be one of the most prevalent heteroatoms seen in polycyclic
aromatic systems, on account of the availability of synthetic methods, versatility and
stability of N-containing motifs. The most common local aromatic N-containing moieties
include pyrrole, pyridine, pyrimidine etc., which display distinct electronic properties and
can be used to tune the overall property of the entire molecule.

For nitrogen embedded molecules, according to the location of the nitrogen atom,
they can be classified into coronenoids,**° perylenoids,> pyrenoids,®® phenalenoids,>*
circulenoids,®°® or acenaphthylene®” etc. To narrow down the scope of compounds
presented herein, only helicenoids will be summarized considering the relevance.

Thanks to the exquisite molecular design and successful employment of diverse
synthetic methods, nitrogen-incorporated mono-helicenic and multi-helicenic scaffolds
have been synthesized. The varieties of nitrogen environments diversified the properties of
resultant helicene compounds, such as electron-density, aromaticity, redox behavior etc.
For example, the lone pair on pyridine rings does not participate in the conjugation so that
it renders the system electron-deficient and enables coordination capacity. In contrast, the
lone pair on pyrrole participates in the ring aromaticity. Herein, some representative
nitrogen-embedded helicenoids are presented to demonstrate the impact of nitrogen on the

overall properties of these molecules. In the discussion below, the nomenclature by IUPAC
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is employed to refer this family of compounds as “azahelicenes”. Considering the relevance
and prevalence of examples, some examples of azahelicenes with pyridine rings are
presented herein.

Due to the special properties of pyridine especially as a common ligand,
incorporation of pyridine rings into helicenes attracted a lot of attention and a large variety
of structures have been synthesized. Among these synthetic strategies, the most common
one is light induced oxidative photocyclization. The key idea of this strategy is following
the formation of the stilbene connecting two oligomers via a double bond, conrotatory
electrocyclization generates a primary dihydroaromatic intermediate which is oxidized to

recover aromaticity.

CHO
| TR XS Y\\Z MeONa light
PN + P MeOH B

CH2 PPthr

X,Y,Z, XY, Z=CHor N

a%e

N
e

1.3.4

)
N\

-
A/

Figure 6. Synthetic scheme of aza[5]helicenes by oxidative photocyclization and some
representative molecules. Adapted from Eur. J. Org. Chem. 2005, 1247-1257.
12



Caronna et al. demonstrated the successful application of this strategy in 2005 by
synthesizing a series of aza[5]helicenes and diaza[5]helicenes.®® In their synthesis, Wittig
olefination was utilized to construct the double connecting two aromatic building blocks,
followed by the oxidative photocyclization to annulated the ring. Some of these molecules
are depicted in Figure 6 (1.3.1 ~ 1.3.8). Following the synthesis of this family of
compounds, the racemization barrier parameters were examined using the Eyring plot.>®°
It was found that the free energy barrier for racemization was around 21 kcal/mol across
these molecules, equivalent to around a 40-min half-life, which implied a rapid
racemization process and the requirement for storage at low temperatures.

Regarding the enantioselective separation between P/M enantiomers, HPLC with
chiral stationary phase was employed as a common method. When the racemization time
scale was longer than the separation, the separation between enantiomers was rendered
possible after careful screening of chromatography conditions. Apart from chiral HPLC, if
these molecules were able to react with another chiral guest to form a diastereomer, they
could possibly be purified with column chromatography. Dehaen et al. synthesized
chlorinated diaza[5]helicenes which were further subjected to Buchwald-Hartwig coupling
to form the diastereomer which could be separated by column chromatography (Figure
7).%% This result verified the feasibility of using non-chiral column chromatography to

separate respective diastereomers.
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Figure 8. Synthetic scheme to aza[6]helicene by Heck reaction followed by oxidative
photocyclization. Adapted from Tetrahedron Lett. 2008, 1455-1457.
Figure 7. Synthetic scheme of diaza[5]helicenes derivatives and their diastereomers
for column chromatography separation. Adapted from J. Org. Chem. 2012, 10176-
10183.

1.3.10

Having witnessed the successful synthesis of aza[5]helicenes, the efforts naturally
turned towards aza[6]helicenes.®26 There was a slight difference in the preparation of
aza[6]helicenes that in the first step stilbene derivatives were synthesized by Heck reaction
instead of Wittig reaction, but the key ring formation reactions were commonly oxidative
photocyclization (Figure 8). Following the successful synthesis of these molecules, other
properties of this series of aza[6]helicenes were investigated in detail, including
racemization process,®* proton affinities,®® chiroptical properties,®® intersystem crossing®’,
etc.

A noteworthy example to mention here is the successful employment of this
strategy to synthesize a terpyridine ligand, in which the Lewis basicity of pyridine nitrogen
atoms was exploited. Srebro-Hooper and Crassous et al. reported a bis-helicenic ligand in

2016.%8 The key synthesis(Figure 9) started from a Wittig reaction between a di-aldehyde
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compound 1.3.11 and a phosphonium salt 1.3.12 to get intermediate 1.3.13. Afterwards,
the backbone was annulated via oxidative photocyclization to afford the final product
1.3.14. Due to the existence of two chiral helicene motifs, the final product was obtained

in the form of four enantiomers, two of them being meso. They can be separated by chiral
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1.3.13

Photocyclization

(P,P)-1.3.14 and (M,M)-1.3.14 meso-1.3.14

Figure 9. Synthetic scheme towards a terpyridine ligand featuring the bi-helicenic
structure synthesized by photocyclization method. Adapted from Chem. Commun.
2016, 52, 5932-5935.

HPLC. The pure enantiomer exhibited high molar optical rotation values, agreeing with
16



the bi-helicenic feature of this compound. It is a special instance since the cases where the
helicenes incorporated polypyridyl and served as effective ligands remained rare even up
till now. In this work, it was observed that upon binding to Zn (I1), the two helicenic wings
had to rotate to form the cis terpyridine conformation, which took extra preorganization

energy. This work sets ground for our future work regarding the construction of fully fused

polypyridyl ligands.

Br PACLy(PPhs), \‘,
O o, S
NaHMDS, DMF PhMe

Figure 10. Synthetic scheme of three N-oxide based helical asymmetric catalysts with
Stille coupling. Adapted from Chem. - Eur. J. 2009, 7268—7276.

17



Apart from the powerful photocyclization method, versatile cross coupling
reactions represent another class of important methods to construct helical N-containing =-
systems. Among them, tandem Stille coupling was often used to form a new C—C bond
between where there was halogen before. The advantage of Stille coupling over
photocyclization was that it enabled better stereoselectivity. In 2008, Takenaka reported
the synthesis of three helical pyridine N-oxides 1.3.15, 1.3.16, 1.3.17 as novel asymmetric
catalysts (Figure 10).%° The first step was the Z-selective Wittig reaction between an
aldehyde and phosphonium salt to afford the olefin intermediate, which was subsequently
subjected to tandem Stille coupling to annulate the ring. Afterwards, the pyridine ring was
oxidized to form the corresponding N-oxide. They also studied the asymmetric catalytic
behavior of these chiral catalysts on desymmetrization of meso epoxides with
chlorosilanes. This work suggested the desirable configurational stability of azahelicenes

to promote asymmetric catalysis.
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Figure 11. Synthetic scheme of metal catalyzed cyclotrimerization towards pyridinic
helicenes. Adapted from Angew. Chem., Int. Ed. 2012, 5857—-5861 and J. Am. Chem.
Soc. 2015, 8469—8474.

Another metal-involved process to synthesize pyridinic helicenes is alkyne
cyclotrimerization, typically catalyzed by cobalt. This type of reaction features triple bonds
forming aromatic rings when arranged in a reasonable manner. Besides the successful
application of this strategy towards some of the compounds aza[5]helicenes and
aza[6]helicenes mentioned above, more delicate structures were achieved through this
strategy by Stary’s and Stara’s group.”®’? A significant advance made there was the
stereoselective synthesis of these helicenes by introducing chiral induction groups (Figure

11), so that the subsequent separation of enantiomers/diastereomers was avoided.
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Figure 12. Synthetic schemes towards pyridinic helicenes with a) alkyne-arene
cycloisomerization and b) intramolecular hydroarylation. Adapted from Org. Lett.
2013, 1706—1709 and J. Am. Chem. Soc. 2014, 5555—5558.

Apart from these strategies, some other examples included alkyne-arene
cycloisomerization,” intramolecular hydroarylation,’*” etc. (Figure 12). Although they

were not so common as the ones mentioned above, they also enriched the toolbox to

synthesize pyridinic helicenoids.

1.4 Challenges and Motivations
As mentioned earlier in this chapter, the incorporation of heteroatoms into
polycyclic aromatic systems is a thriving research topic. The vast varieties of heteroatoms

and their respective functionalization open endless possibilities of possible structures to
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synthesize. The requirement for establishment of structure-property correlation, practical
applications including light harvesting, charge transport, energy conversion, etc., and even
aesthetic appeal is calling for the rational design, synthesis and investigation of
sophisticated model molecules.

There are thousands of such molecules, conservatively speaking, that have been
investigated and published, featuring different backbone, heteroatom identities and
incorporation pattern. It can be seen that two of the major advantages of heteroatom
incorporation are the extra bandgap tunability and the functionalization they bring about to
the molecules. Based on this argument, | focus my attention on two kinds of n-systems:
BN coordinative bond incorporated systems and pyridinic helicene systems. First, for
the molecules with B«—N coordinative bonds, despite some success in the design of novel
compounds and some respective preliminary device data, it still has a long way to go before
it can be put into practical production to compete with the contemporary silicon-based
semiconductors. There are many challenges to overcome, including synthetic scalability,
suboptimal fabrication conditions, instability of organic semiconductors,’® etc. To better
modulate the energy level of such molecules, | performed research on two aspects. First,
the range of delocalization was expanded by connecting different n-fused molecules
together and locking their conformation to maximize the conjugation. Second, to better
understand the structure-property relationship, aryl groups were coupled with different
electron densities to the indolocarbazole core that our group had already investigated’” and
explore their properties. By doing this, a deeper insight of molecular design principles

towards optimal device performances was expected.
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Regarding the pyridinic helicenes, there are many important hypotheses and
intriguing possibilities unexplored yet. First, despite the plenty of synthetic strategies
mentioned above, they usually result in helicenes with limited number of nitrogen atoms
compared to the number of rings. Second, the distribution of nitrogen is usually scattered,
and there are only very few cases where the nitrogen atoms are arranged to form
polypyridine ligands. The contemporary research is either focused on helicenes with one
or two nitrogen atoms, or the backbone is not fully fused so that it takes extra
preorganization energy to orient nitrogen atoms. To address this concern, | devised a series
of molecules where there were multiple nitrogen atoms where each pair of adjacent
nitrogen atoms was arranged in a phenanthroline manner with a fused backbone. It was
expected that this design would lead to a powerful ligand to host metal ions, since the

entropy penalty to bind metal ions should be reduced.

22



CHAPTER II
ELECTRON-DEFICIENT POLYCYCLIC II-SYSTEM FUSED WITH MULTIPLE

B«N COORDINATE BONDS*

2.1 Introduction

Polycyclic n-systems are ubiquitous in organic molecules that are essential for a
wide range of applications including organic electronics, bioimaging, and
pharmaceutics.”®8! In these molecules, the fused-ring constitution of the backbone
promotes extensive m-conjugation, enhances the backbone rigidity, and reduces
conformation disorder.®® As a result, polycyclic aromatic molecules typically exhibit
narrow optical bandgaps, strong intermolecular n-n interactions, and excellent chemical
stability.8!

The synthesis of polycyclic aromatic molecules can be accomplished through either
(i) stepwise cross-coupling of smaller molecular building blocks, followed by ring
annulation, or (ii) one-step annulative m-extension.”®”® The first method, in which an
efficient ring-fusing annulation takes place after the assembly of all structural components,
is highly versatile and allows for the construction of polycyclic systems with a wide scope
of structural diversity. Most known polycyclic aromatic molecules, such as

oligoacenes,®>®  thienoacenes,® quinacridones,®® nanographenes,®® and carbon

* Reprinted with permission from “Electron- Deficient Polycyclic n-System Fused with Multiple BN
Coordinate Bonds” Yirui Cao, Congzhi Zhu*, Maciej Bartdg, Kayla P. Barker, Xiaozhou Ji, Alexander J.
Kalin, Mohammed Al-Hashimi*, and Lei Fang*. J. Org. Chem., 2021, 86, 3, 2100-2106. Copyright 2021
American Chemical Society.
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nanobelts,®®°! are electron-rich or exhibit p-type semiconducting properties. However, it
remains challenging to render electron-deficient characteristics to polycyclic aromatic
molecules, while electron-deficient polycyclic molecules hold great promise as n-type
semiconductors in organic electronics and non-fullerene electron acceptors in organic
photovoltaics.’®%-% The synthetic challenges include (1) the low reactivity of electron-
deficient aromatic units in commonly employed ring-annulation reactions, such as
electrophilic aromatic substitution or oxidative C—C coupling, and (2) the limited synthetic
methods to precisely functionalize polycyclic aromatic molecules with electron-
withdrawing substituents.” To date, examples of electron-deficient polycyclic arenes are
mostly limited to those containing azacene units,*® or those with pendant electron-
withdrawing groups such as imide or cyanide groups.209395°7.10 Efficient synthetic
methodologies and molecular design principles beyond these classes of compounds are
desired in order to broaden the structural scope of n-type fused-ring n-Systems.

Replacing C—C bonds in polycyclic aromatic hydrocarbons with isoelectronic
BN coordinate bonds represents a powerful strategy to modulate their electronic
structures, optical properties, and reactivities.3""101-109 |t typically decreases the energy
level of the lowest unoccupied molecular orbital (LUMO), while imposing a smaller impact
on the highest occupied molecular orbital (HOMO).2%31011 This in turn facilitates
intermolecular electron transfer'!? and narrows the optical band gaps of aromatic
molecules.1%2103110 The strength of a B«N coordinate bond can be as high as 30
kcal/mol.1*® Therefore, it can serve as a strong conformational lock to maintain the

structural rigidity and desirable molecular conformation, such as a coplanar conformation
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that is favorable for m-delocalization.**1*%113 A number of representative B«—N bond-
containing conjugated compounds demonstrated high electron mobilities and, therefore,
emerged as a novel class of n-type organic electronic materials.’?"1** Despite recent
advances in this field,’"101104108110.111 it js stjll challenging to construct extensive
polycyclic m-systems fully fused with B«— N coordinate bonds, and to achieve deep LUMO
levels (below —3.8 V) in these systems without introducing pendant electron-withdrawing
groups.2®115116 Herein, we report a 23-ringfused polycyclic m-system constructed by
simultaneously incorporating four B«—N bonds. This extensive n-system features high

molecular rigidity, n-delocalization, and electron-deficient characteristic.

2.2 Results and Discussion

In order to construct an extended polycyclic n-system containing multiple BN
coordinate bonds, it is challenging, but crucial, to develop a ring-annulation reaction that
can take place at each desirable reaction site with high efficiency. In this context, the target
molecule BN-1 (Figure 13) was designed to feature boron dipyrromethene (BODIPY)-like
units, in which a boron center is covalently bound to one nitrogen atom (originating from
an acidic N—H group) and datively coordinated to another Lewis basic nitrogen atom. To
construct these BODIPY-like units in an efficient manner, indolo[3,2-b]carbazole was
selected as a ditopic N—H donor,'!” instead of aniline analogues that are usually employed
in previously reported systems.?’'® In this case, the stronger acidity of the N—H
functionalities in indolo[3,2-b]carbazole*® will better facilitate the formation of covalent

B—N bonds in the ring-annulation reaction performed under basic conditions. Moreover,
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Figure 13. Structural formulas, DFT calculated diagrams, and energy levels of
frontier orbitals of BN-1 featuring multiple B—N coordinate bonds and its structural
analogue fused by C—C bonds [B3LYP/6- 311G(d,p), isovalue = 0.02].

these N—H functionalities are fused with the backbone and thus preorganized to provide
the anchoring point for multiple boron centers. Centrosymmetric indaceno[2,1-d:6,5-
d']dithiazole was selected as the ditopic building block to form the B«—N coordinate bonds.
The two Lewis basic nitrogen atoms are far away from one another, so that the mutual

deactivation on their Lewis basicity is avoided to ensure full installation of all B«N
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coordinate bonds. The indaceno[2,1-d:6,5-d’]dithiazole unit also carries four octyl chains
to promote the solubility of the final product (Figure 13).1° Initial density functional
theory (DFT) computation revealed that, in comparison with its structural analogue in
which the B«—N coordinate bonds are replaced by C—C bonds (Figure 13), the LUMO
energy level of BN-1 was 0.68 eV lower, confirming its electron-deficient characteristics.
The orbital diagram showed an extended quinoidal LUMO (Figure 13) and an extended
HOMO on the backbone of BN-1, facilitated by the nearly coplanar conformation.

The synthesis toward BN-1 started with a Stille coupling reaction between the
dibromo-indolo[3,2-b]carbazole derivative 1 and 2-(tri-n-butylstannyl)benzo[d]thiazole
(Figure 14a) to afford a mono-coupled intermediate 2. The remaining bromide group on 2
was transformed into a pinacol boronic ester group through Miyaura borylation to give
intermediate 3. Compound 3 was subsequently subjected to Suzuki coupling with the
dibrominated indaceno[2,1-d:6,5-d']bisthiazole derivative to afford the alternating donor-
acceptor-type precursor 4, which features four acidic N—H functional groups and four
Lewis basic thiazole units ready for the borylative annulation to form four BODIPY -like
units. Borylation of 4 with BF3-OEt> and N,N-diisopropylethylamine was performed at 130
°C to give BN-1 with a remarkable isolated yield of 94%. Compared to previously reported
syntheses of polycyclic molecules with multiple B«<—N coordinate bonds,'?71%8120 the
borylation reaction developed here exhibits a much higher conversion owing to the
dedicated molecular design principles. The diagnostic disappearance of the N—H resonance
signals in the range from 9.5 to 10 ppm suggested a nearly quantitative conversion in this

step (Figure 14Db). In this reaction, one-pot formation of four B—-N covalent bonds and four
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Figure 14. (a) Synthesis of BN-1, (b) Comparison of the characteristic 'H NMR
(500 MHz) resonance signals of 4 and BN-1 in CDCls at room temperature. The
resonance signals from indolo[3,2-b]carbazole units are colored in red, those from
benzo[d]thiazole units in blue, and the singlet from the central indaceno[2,1-d:6,5-
d']dithiazole unit in purple.

BN coordinate bonds took place in each molecule. Despite its rigid structure and
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extended fused-ring architecture, BN-1 exhibited an excellent solubility in organic solvents
such as chloroform and chlorobenzene.

To better understand the molecular conformation and the nature of the B«—N
coordinate bonds in BN-1, a smaller, yet similar, n-system BN-2 was synthesized as a
model for structural elucidation. The synthesis of BN-2 was accomplished through an
approach similar to that of BN-1 (Figure 15a). It is noteworthy that the annulation reaction
took place at room temperature and afforded BN-2 in a yield of 94%. Single crystals of
BN-2 suitable for X-ray diffraction structural determination were grown by vapor diffusing
pentane into a diluted dichloromethane solution of BN-2. In the solid state, BN-2 showed
a rigid and nearly coplanar backbone with a dihedral angle of 9.9° between the indolo][3,2-
b]carbazole unit and the thiazole units (Figure 15b). The conformation twist, although
small, was attributed to the steric repulsion between thiazole and indolo[3,2-b]carbazole,
as evidenced by the short distance (2.460 A) between the sulfur and the closest hydrogen
on the indolo[3,2-b]carbazole unit. The bond length of the B«—N coordinate bond is
1.564(12) A, only slightly longer than the B-N covalent bond [1.510(12) A] (Figure 15b).
The formation of such a short B«—N coordinate bond was attributed to the resonance effect
observed in BODIPY units,'?* which ensures strong B«—N coordination and good chemical
stability of such compounds. Given the structural similarity between BN-2 and BN-1, it is
believed that BN-1 also adopts a nearly coplanar conformation with a small dihedral angle
around 10° between the building blocks.

To evaluate the bond strength of the intramolecular B«—N coordinate bonds, the

torsional energy landscape of BN-2 was examined by DFT calculation. The molecular
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potential energy in the gas phase was computed while the dihedral angle between the
central indolo[3,2-b]carbazole unit and one of the thiazole units was varied (Figure 15c)
from 0° to £180°. As the dihedral angle deviated from 10°, the potential energy increased,
leading to a deep energy well of 30.3 kcal/mol. This value is comparable to the reported
complexation enthalpy values between organic bases and BFs3,'?? suggesting a strong
coordination between the boron and nitrogen centers, which is sufficient to maintain the

extended m-system in a stable rigid conformation.
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Figure 15. (a) Synthesis of BN-2. (b) The single-crystal structure of BN-2. (c) The
potential energy surface scan of BN-2 by changing the dihedral angle between
indolo[3,2-b]carbazole and one of the flanking thiazoles (highlighted in cyan color

in (b)).
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It was anticipated that the introduction of multiple B«—N coordinate bonds can
significantly impact the optical properties of conjugated molecules. The photo-absorption
onset of precursor 4 is around 590 nm with a Amax Of 494 nm. Its fluorescence spectrum
exhibits an emission band at 583 nm. In comparison, upon introducing the B«—N coordinate
bonds, BN-1 exhibited a red-shifted, intensive absorption band spanning from 600 to 800
nm (Amax = 700 nm) in CHCI3 solution, corresponding to the narrowed band gap of the
HOMO to LUMO transition (Figures 16a and 27). The fluorescence emission band of BN-
1 in CHCIs was found to be centered at 723 nm, which was also red-shifted compared to
that of 4. It is also worthy to note that the Stokes shift of BN-1 was much smaller than that
of 4, indicating the less significant vibrational energy loss in its excited state due to the
rigid structure of BN-1 (Figure 16a). Compared to BN-1, the absorption spectrum and
fluorescence emission spectrum of BN-2 were blue-shifted, on account of its smaller size
of m-conjugation. The quantum yields of BN-1 and BN-2 in chloroform were estimated to
be 6.6% and 12.9%, respectively, using zinc phthalocyanine as a standard. The absorption
spectrum of BN-1 was also measured in the thin film state, thanks to its good solubility and
film-forming ability. The solid-state spectrum was similar to that in solution, suggesting
that no significant intermolecular aggregation or conformational changes took place from
the solution phase to the solid state for BN-1, further corroborating its rigid backbone.
Grazing incidence wide angle X-ray diffraction of the thin film showed ring-like diffraction
patterns, revealing the semi-crystalline character of BN-1 (Figure 28), suggesting the weak

7i-1 interactions between these molecules in the thin film.
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The solvatochromism of BN-1 and BN-2 was examined in a series of organic
solvents. Unlike many reported BODIPY dyes whose absorption maxima were insensitive
to solvent polarity changes or show slight shifts of only 2—10 nm,'?*'?* significant
solvatochromsim was observed for BN-1 and BN-2 (Figures 33 and 34). For both
compounds, it was observed that, as the solvent polarity increased, the absorption and
emission spectra underwent blue shifts. For instance, the Amax Of the absorption of BN-2
was shifted from 645 to 611 nm when the solvent was changed from toluene to
dimethylformamide. Such a significant solvatochromism revealed the strong solvation
effect on the ground state of BN-1 and BN-2 in polar solvents, as a result of the

intramolecular charge transfer character in these rigid conjugated molecules.
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Figure 16. (a) UV—vis—NIR absorption spectra (solid lines) fluorescence emission
spectra (dashed lines) of BN-1 and 4 in a diluted CHCI3 solution. (b) Cyclic
voltammogram of a BN-1 thin film.
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The introduction of intramolecular B«—N coordinate bonds was expected to
increase the electron affinity of conjugated molecules. Cyclic voltammetry was performed
on a thin film of BN-1, which was drop-casted on the surface of a glassy carbon electrode.
BN-1 underwent two semi-reversible reduction processes in the range from —1.6 to —1.0 V
vs the ferrocene/ferrocenium redox couple (Figure 16b). Multiple redox processes were
also observed on differential pulse voltammetry (Figure 31). The reduction peak of BN-1
shifted cathodically for 0.46 V compared to that of compound 4 (Figure 29). The LUMO
energy level of BN-1 was determined to be —3.82 ¢V, much lower than that of 4 (=3.36 ¢V
in Table 2), and close to those of high-performance n-type organic semiconductors?’76:%4

and non-fullerene acceptors in organic photovoltaics.®%%

2.3 Conclusion

In conclusion, we established the molecular design and synthesis of an extensive
electron-deficient polycyclic n-system featuring multiple B«—N coordinate bonds. A 23-
ring-fused molecule was constructed via a highly efficient borylation reaction, in which
four B—N covalent bonds and four B«—N coordinate bonds were formed in one pot. The
high efficiency in simultaneously fusing multiple rings promises its utility in future
synthesis of B«—N bridged ladder polymers. These B«—N coordinate bonds not only
rigidified the backbone and promoted a near-coplanar conformation but also decreased the
LUMO energy level to —3.82 eV and led to the intensive absorption in the near-infrared
region. This work unveiled that the introduction of multiple B«—N coordinate bonds serves
dual purposes of (i) fusing the m-System into a rigid polycyclic constitution and (ii)
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imparting n-type characters for the development of new organic molecules and

macromolecules for electronic and photovoltaic applications.

2.4 Experimental Section
2.4.1 General Methods and Materials

Starting materials and reagents were purchased from commercial sources and were
used as received without further purification. THF was dried and distilled under nitrogen
from sodium using benzophenone as the indicator. Toluene was dried using an inert pure
solvent system and used without further treatment. An oil bath was used for those reactions
that required heating. 6,12-Dibromo-2,8-di-tert-butyl-5,11-dihydroindolo[3,2-b]-
carbazole (1) and 2,7-bis(triisopropylsilyl)-s-indaceno[2,1-d:6,5-d']- bis(thiazole)-4,9-
dione were prepared according to reported procedures.””'% *H and **C NMR spectra were
recorded on a 500 MHz or 400 MHz spectrometer. The *H and *C{*H} NMR chemical
shifts were reported in ppm relative to the signals corresponding to the residual non-
deuterated solvents (CDCls: *H 7.26 ppm, *C 77.23 ppm) or the internal standard
(tetramethylsilane: *H 0.00 ppm). The °F NMR chemical shifts were reported in ppm
relative to the signal corresponding to BFz-OEt> (—153.0 ppm) as the external standard.
Abbreviations for reported signal multiplicities are as follows: s, singlet; d, doublet; t,
triplet; g, quartet; m, multiplet; br, broad. The broad singlet at ~1.55 ppm on *H NMR
spectra represents the resonance signal of H2O in CDClIs. High-resolution mass spectra
were obtained via electrospray ionization (ESI), atmospheric pressure chemical ionization

(APCI) with a hybrid quadrupole-orbitrap analyzer, or matrix-assisted laser desorption
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ionization (MALDI) mode with a time-of-flight analyzer. Column chromatography was
carried out on a normal phase SiO». Preparative size exclusive chromatography (SEC)
purifications were performed at room temperature using chloroform as the eluent at a flow
rate of 14 mL/min. UV—vis absorption spectra were recorded in a 1.0 cm pathlength
cuvette, and the neat solvent was used as baseline. Fluorescence emission spectra were
recorded in a 1.0 cm path-length cuvette. Cyclic voltammetry was carried out in nitrogen-
purged acetonitrile at room temperature. Tetra-n-butylammonium hexafluorophosphate
(0.1 M) was used as the supporting electrolyte. The conventional three-electrode
configuration consists of an ITO working electrode, a platinum wire auxiliary electrode,
and a AQ/AgCl electrode with ferrocenium/ferrocene as the standard. Cyclic
voltammograms were obtained at a scan rate of 200 mV/s. The absorption spectra of 4 and
BN-1 were recorded at room temperature at concentrations of 2.2 x 10° M and 2.1 x 107
M, respectively. The emission spectra of 4 and BN-1 were recorded at room temperature
at concentrations of 2.2 x 10°% M and 2.1 x 107 M, respectively. The excitation

wavelengths for 4 and BN-1 were set at 620 and 650 nm, respectively.

2.4.2 Synthesis
2-(12-Bromo-2,8-di-tert-butyl-5,11-dihydroindolo[3,2-b]- carbazol-6-
yl)benzo[d]thiazole (2). 1 (690 mg, 1.31 mmol) and tri-n-butylstannylbenzothiazole (680
mg, 2.28 mmol) were suspended in toluene (13 mL). The suspension was degassed by three
cycles of freeze-pump-thaw before Pd(PPhs)s4 (151 mg, 0.13 mmol), Cul (12.5 mg, 0.066

mmol), and CsF (996 mg, 6.55 mmol) were added under N2. The reaction mixture was
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stirred at 105 °C for 36 h. After cooling to room temperature, the mixture was extracted
with CH2Cl, and washed with 1 M HCI once, brine twice, water once, and dried with
MgSOa. Volatile solvents were removed under reduced pressure. The crude product was
purified through column chromatography (SiOz, hexane/CH2Cl; 1:1 to 1:9) to give 2 as an
orange solid (96.2 mg, 36%). *H NMR (400 MHz, CDCl3) § = 9.69 (s, 1H), 8.84 (d, J =
1.6 Hz, 1H), 8.38 (d, J = 1.6 Hz, 1H), 8.36 (s, 1H), 8.29 (d, J = 7.6 Hz, 1H), 8.03 (d, J =
7.6 Hz, 1H), 7.63 (m, 1H), 7.53 (m, 3H), 7.45 (d, J = 8.0 Hz, 1H), 7.36 (d, J = 8.0 Hz, 1H),
1.51 (s, 9H), 1.32 (s, 9H). BC{*H} NMR (100 MHz, CDCl3) 5 = 164.5, 153.6, 142.5, 142.2,
139.2, 139.0, 136.1, 135.6, 134.9, 126.7, 125.8, 125.2, 125.1, 123.5, 122.6, 122.6, 121.8,
121.8, 120.6, 120.3, 118.7, 110.6, 110.4, 108.6, 100.7, 35.0, 32.2, 32.1. APCI-MS: m/z [M
+ H]" Calcd for C33H3:N3SBr 580.1417; Found 580.1400.
2-(2,8-Di-tert-butyl-12-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5,11-

dihydroindolo[3,2-b]carbazol-6-yl)benzo[d]- thiazole (3). 2 (106 mg, 0.18 mmol),
bis(pinacolato)diboron (91 mg, 0.36 mmol), and KOAc (35 mg, 0.36 mmol) were
suspended in dioxane (3 mL). The suspension was degassed by three cycles of freeze-
pump-thaw before Pd(dppf)Cl2 (13 mg, 0.018 mmol) was added under N.. The reaction
mixture was stirred at 105 °C for 36 h. After cooling to room temperature, the mixture was
extracted with CH2Cl, and washed with 1 M HCI once, brine twice, water once, and dried
with MgSOs. Volatile solvents were removed under reduced pressure. The product was
purified through preparative size exclusion chromatography to give compound 3 as an
orange solid (69 mg, 61%). *H NMR (400 MHz, CDCls3) & = 9.95 (s, 1H), 9.50 (s, 1H),

9.04 (d, J = 2.0 Hz, 1H), 8.33 (d, J = 8.4 Hz, 1H), 8.28 (d, J = 2.0 Hz, 1H), 8.04 (d, J = 7.6
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Hz, 1H), 7.64 (m, 1H), 7.53-7.50 (m, 3H), 7.48 (d, J = 8.4 Hz, 1H), 7.37 (d, J = 8.4 Hz,
1H), 1.61 (s, 12H), 1.50 (s, 9H), 1.29 (s, 9H). 3C{*H} NMR (100 MHz, CDCl3) 6 =165.2,
153.7, 143.9, 141.8, 141.0, 139.6, 135.9, 134.9, 128.6, 126.6, 125.8, 124.5, 123.9, 123.6,
121.8, 121.8, 121.0, 119.8, 119.3, 112.5, 110.1, 109.9, 84.4, 35.2, 34.9, 32.5, 32.1, 25.6.
APCI-MS: m/z [M + H]* Calcd for C3oH43BN3O2S 628.3164; Found 628.3150.
Compound 4. 3 (75.0 mg, 0.12 mmol) and 2,7-dibromo-4,4,9,9- tetraoctyl-4,9-
dihydro-s-indaceno[2,1-d:6,5-d']bis(thiazole) (26.0 mg, 0.03 mmol) were suspended in
anhydrous dioxane (2.0 mL) at room temperature. The suspension was degassed by three
cycles of freeze-pump-thaw before Pd(PPhs)s (3.5 mg, 0.003 mmol) and CsF (45.6 mg, 0.3
mmol) were added under N2. The reaction mixture was stirred at 110 °C for 48 h. After
cooling to room temperature, the mixture was extracted with CH,Cl, and washed with 1 M
HCI once, brine twice, water once, and dried with MgSOa. Volatile solvents were removed
under reduced pressure. After purification through column chromatography (SiOg,
hexane/CH.Cl, 1:1 to 1:9), all the red-colored solution that showed orange-colored
fluorescence under a 365 nm UV lamp was collected. Volatile solvents were removed
under reduced pressure to yield the crude product. The product was further purified through
preparative size exclusion chromatography to give compound 4 as a red solid (20.0 mg,
39%). 'H NMR (500 MHz, CDCls) § = 9.86 (s, 2H), 9.62 (s, 2H), 8.46 (d, J = 2.0 Hz, 2H),
8.45 (d, J = 2.0 Hz, 2H), 8.37 (m, 2H), 8.08 (m, 2H), 7.67 (td, J = 8.0, 1.5 Hz, 2H),
7.57-7.52 (m, 6H), 7.56 (s, 2H), 7.47 (d, J = 8.5 Hz, 2H), 7.38 (d, J = 8.5 Hz, 2H), 2.45
(m, 4H), 2.18 (m, 4H), 1.36 (s, 18H), 1.33 (s, 18H), 1.25-1.15 (m, 48H), 0.80 (t, J = 7.0

Hz, 12H). 3C{*H} NMR (100 MHz, CDCls) § = 170.7, 164.9, 153.6, 152.7, 141.8, 141.7,
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139.5, 139.5, 136.3, 136.0, 135.9, 135.7, 134.7, 126.7, 125.8, 125.0, 124.9, 123.6, 121.9,
120.9, 120.6, 120.2, 119.7, 115.3, 113.0, 111.0, 110.8, 110.6, 53.6, 38.5, 35.0, 32.1, 32.0,
31.8, 30.4, 29.8, 29.6, 28.1, 27.3, 24.8, 22.8, 14.3. ESI-MS: m/z [M + H]* Calcd for
C112H131NgS4 1719.9413; Found 1719.94309.

BN-1. In a N-filled glovebox, 4 (20.0 mg, 0.012 mmol), anhydrous toluene (1.0
mL), diisopropylethylamine (0.1 mL), and BF3-OEt2 (0.2 mL, 1.6 mmol) were added into
a thick-walled reaction vessel, which was subsequently screw-sealed with a PTFE cap. The
reaction mixture was stirred at 115 °C for 48 h and at 130 °C for 48 h. After completion of
the reaction, the reaction was cooled to room temperature, and volatile solvents were
removed under reduced pressure. The crude product was dissolved in CH2Cl; (30 mL). To
this solution, methanol (20 mL) was added. The mixture was stirred at room temperature
for 30 min. CHxCl> was removed under reduced pressure using a rotary evaporator,
affording a suspension of BN-1 in methanol. The suspension was collected by filtration
and washed with excessive methanol at room temperature to give BN-1 as a deep purple
solid (19.0 mg, 94%). *H NMR (500 MHz, CDCl3) § = 9.14 (d, J = 2.0 Hz, 2H), 9.12 (d, J
= 2.0 Hz, 2H), 8.80 (d, J = 8.5 Hz, 2H), 8.17 (m, 4H), 8.08 (d, 2H), 7.84-7.80 (m, 4H),
7.77-7.75 (dd, J = 8.5, 2.0 Hz, 6H), 7.47 (td, J = 8.0, 1.0 Hz, 2H), 7.55 (s, 2H), 3.07 (m,
4H), 2.23 (m, 4H), 1.64 (s, 18H), 1.25 (s, 18H), 1.25-1.07 (m, 48H), 0.7 (t, J = 7.0 Hz,
12H). BC{"H} NMR (125 MHz, CDCl3) & = 165.1, 164.5, 162.7, 154.3, 143.9, 143.0,
143.0, 142.7, 142.6, 138.7, 137.6, 136.0, 133.8, 129.9, 129.3, 127.7, 126.7, 122.1, 121.7,
121.6, 120.0, 119.5, 119.3, 118.8, 114.6, 114.0, 111.3, 108.1, 58.7, 38.1, 35.7, 35.5, 32.3,

32.3, 31.9, 29.8, 29.4, 29.3, 24.3, 22.7, 14.2. 1°F NMR (470.4 MHz, CDCl3) § = 133.23
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(m), 135.39 (m). MALDI-MS: m/z [M]* Calcd for C112H126NsS4B4Fs 1907.9266; Found
1907.9115.
2,2'-(2,8-Di-tert-butyl-5,11-dihydroindolo[3,2-b]carbazole6,12-diyl)dithiazole
(5). 6,12-Dibromo-2,8-di-tert-butyl-5,11- dihydroindolo[3,2-b]carbazole (1) (52.5 mg,
0.10 mmol) and 2- (tributylstannyl)thiazole (158.3 mg, 0.30 mmol) were added into toluene
(1.0 mL). The suspension was degassed by three cycles of freeze-pump-thaw before
Pd(PPhs)s (11.6 mg, 0.010 mmol), Cul (3.8 mg, 0.020 mmol), and CsF (91.1 mg, 0.60
mmol) were added under N2. The reaction mixture was stirred at 110 °C for 48 h. After
cooling to room temperature, the mixture was extracted with CH,Cl, and washed with 1 M
HCI once, brine twice, water once, and dried with MgSQa4. The crude product was purified
through column chromatography (SiO2, hexane/ethyl acetate 9:1 to 7:3) to give 5 as a
yellow solid (29.0 mg, 50%). *H NMR (500 MHz, CDCls) & = 9.69 (s, 2H), 8.23 (d, J =
2.0 Hz, 2H), 8.22 (d, J = 3.5 Hz, 2H), 7.68 (d, J = 3.5 Hz, 2H), 7.50 (dd, J = 8.5 Hz, 2.0
Hz, 2H), 7.39 (d, J = 8.5 Hz, 2H), 1.35 (s, 18H). 3C{*H} NMR (125 MHz, CDCls) & =
164.5, 143.4, 141.6, 139.5, 135.7, 124.8, 121.8, 120.8, 120.2, 119.5, 111.2, 110.6, 35.0,
32.1. ESI-MS: m/z [M + H]" Calcd for C32H31N4S2 535.1985; Found 535.1983.
2,2'-(2,8-Di-tert-butyl-5,11-bis(difluoroboraneyl)-5,11- dihydroindolo[3,2-
b]carbazole-6,12-diyl)dithiazole (BN-2). In a N2-filled glovebox, 3 (53.5 mg, 0.10 mmol),
anhydrous CH2Cly(5 mL), triethylamine (0.2 mL), and BF3-OEt, (0.3 mL, 2.4 mmol) were
added into a thick-walled reaction vessel, which was subsequently screw-sealed by a PTFE
cap. The mixture was stirred at room temperature for 24 h. After completion of the reaction,

the mixture was extracted with CH>Cl, and washed with 1 M HCI once, brine twice, water
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once, and dried with MgSOs. The crude product was purified through column
chromatography (SiOz, hexane/ethyl acetate 9:1 to 1:2) to give BN-2 as a blue solid (59.3
mg, 94%). 'H NMR (500 MHz, CDCI3) & = 8.93 (d, J = 2.0 Hz, 2H), 8.37 (d, J = 3.5 Hz,
2H), 8.03 (d, J = 8.5 Hz, 2H), 7.75 (d, J = 3.5 Hz, 2H), 7.71 (dd, J = 8.5 Hz, 2.0 Hz, 2H),
1.25 (s, 18H). BC{*H} NMR was not obtained for BN-2, due to its limited solubility. °F
NMR (470.4 MHz, CDCls) & = 137.81 (m). APCI-MS: m/z [M + HJ* Calcd for
C32H29N4S2B2F4 631.1945; Found 631.1950. Melting point: 304-310 °C.
4,9-Dioctylidene-2,7-bis(triisopropylsilyl)-4,9-dihydro-sindaceno[2,1-d:6,5-

d’]bis(thiazole) (S1). Octyltriphenylphosphonium bromide (728 mg, 1.6 mmol) was
dissolved in anhydrous THF (20 mL) at —78 °C. n-BuLi (1.0 mL, 1.6 M in hexane) was
added dropwise. The mixture was stirred at —78 °C for 1 h. To the cooled mixture at —78 °C,
a solution of 2,7-bis(triisopropylsilyl)-s-indaceno- [2,1-d:6,5-d']bis(thiazole)-4,9-dione
(366 mg, 0.60 mmol) in anhydrous THF (15 mL) was added dropwise over 30 min. After
the addition, the mixture was stirred at —78 °C for 1 h and slowly warmed up to room
temperature. The reaction mixture was further stirred at room temperature overnight. The
reaction mixture was extracted with CH2Cl, and washed with brine three times. The
organic solution was dried over MgSO4 and concentrated under reduced pressure. The
residue was further purified through column chromatography (SiO», hexane/CH.Cl, 9:1)
to give the product as a yellow solid. The product was identified as a mixture of three
stereoisomers. One of the isomers was purified by column chromatography and
characterized as follows. *H NMR (400 MHz, CDCls) 6 = 7.67 (s, 2H), 6.77 (t, ] = 8.0 Hz,

2H), 3.20 (q, J = 7.6 Hz, 4H), 1.63 (qunitet, J = 7.6 Hz, 4H), 1.48 (septet, J = 7.6 Hz, 6H),
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1.40—1.25 (m, 20H), 1.20 (septet, J = 7.6 Hz, 36H), 0.87 (t, ] = 6.8 Hz, 6H). *C{*H} NMR
(100 MHz, CDCls) 6 = 171.3, 162.9, 140.5, 140.3, 132.5, 131.2, 130.8, 112.8, 32.1, 29.8,
29.4, 22.9, 18.8, 14.3, 12.0. ESI-MS: m/z [M + H]" Calcd for CagH77N2S2Si> 801.5061;
Found 801.5058. All the isomers were combined (293 mg, 61%) and were used directly in
the next step of the synthesis.
4,4,9,9-Tetraoctyl-2,7-bis(triisopropylsilyl)-4,9-dihydro-sindaceno[2,1-d:6,5-
d’]bis(thiazole) (S2). To a suspension of LiAlIH4 in anhydrous THF (6 mL) at 0 °C, 1-
bromooctane (868 mg, 4.5 mmol) was added. A solution of S1 (366 mg, 0.45 mmol) in
anhydrous THF (6.0 mL) was added dropwise. The mixture was stirred at 0 °C for 1 h and
subsequently at 50 °C for 8 h. The solvent was then removed under reduced pressure. The
residue was dissolved in CH2Cl, and washed with water twice and dried with MgSOa. After
removing the solvent under reduced pressure, the crude product was purified through
column chromatography (SiO2, hexane/CH2Cl. 9:1 to 7:1) to afford S2 as a pale yellow
solid (297 mg, 64%). *H NMR (400 MHz, CDCls) § = 7.36 (s, 2H), 2.22 (m, 4H), 1.89 (m,
4H), 1.49 (septet, J = 7.6 Hz, 6H), 1.3—1.0 (m, 76H), 0.9—-0.7 (m, 20H). *C{*H} NMR
(125 MHz, CDClz) 6 = 174.0, 171.3, 153.2, 137.3, 134.3, 115.4, 52.8, 38.4, 32.1, 30.1,
29.5, 29.3, 24.2, 22.8, 18.8, 18.8, 14.3, 12.0. ESI-MS: m/z [M + H]* Calcd for
CesH113N2S,Si> 1029.7878; Found 1029.7887.
2,7-Dibromo-4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[2,1- d:6,5-
d']bis(thiazole) (S3). S2 (206 mg, 0.20 mmol) was dissolved in a mixture of THF (4.0 mL)
and MeOH (2.0 mL) at room temperature. A solution of TBAF (2.0 mL, 1.0 M in THF)

was added dropwise. The mixture was stirred at 55 °C for 16 h. After cooling to room
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temperature, the mixture was extracted with CH>Cl, and washed with brine twice, water
once, and dried with MgSOa. After removing the solvent under reduced pressure, the
deprotected product was used without further purification in the next step. It was dissolved
in CHCI3 (6 mL) at 0 °C. NBS (85 mg, 0.50 mmol) was added portion-wise. The reaction
mixture was then stirred at room temperature for 24 h. After completion of the reaction,
the mixture was extracted with CH2Cl, and washed with 1 M HCI once, brine twice, water
once, and dried with MgSOs. The crude product was purified through column
chromatography (SiO2, hexane/CH2Cl> 9:1 to 4:1) to give S3 as a pale yellow solid (113
mg, 65%). 'H NMR (400 MHz, CDCls) & = 7.28 (s, 2H), 2.15 (m, 4H), 1.88 (m, 4H),
1.20~1.07 (m, 40 H), 0.82—0.73 (m, 20H). 3C{*H} NMR (100 MHz, CDCl3) & = 168.4,
151.5,137.2,135.4,134.0, 115.0, 54.3, 38.2, 32.0, 30.0, 29.5, 29.4, 24.1, 22.8, 14.3. APCI-
MS: m/z [M + H]* Calcd for CssH71N2S2Br> 875.3405; Found 875.3363. Melting point:

146—-147 °C.

42



2.4.3 NMR Spectra
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Figure 17. 'H (400 MHz), 3C{*H} (100 MHz) NMR of S1 in CDCls at room
temperature.
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2.4.4 DFT Calculation
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Figure 27. UV-vis-NIR absorption spectrum of BN-1 in a diluted CHCIs solution and
TD-DFT computed transition energies of BN-1 with CHCIs solvation.
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Table 1. Computed transition energies of BN-1 using time-dependent density
functional theory.

Transition energies (nm) | Oscillator strength Main contribution
785.12 1.1193 HOMO->LUMO
700.09 0.1091 HOMO—-1->LUMO
597.71 0.0437 HOMO->LUMO+1
579.38 0.2119 HOMO—-2->LUMO
562.76 0.0400 HOMO-1->LUMO+1
555.90 0.3136 HOMO-3->LUMO
530.59 0.0227 HOMO—-4->LUMO
529.39 0.0035 HOMO-5->LUMO
478.90 0.4082 HOMO—-6->LUMO+1
472.81 0.2186 HOMO—-2-2>LUMO+2
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2.4.5 Atomic Force Microscopy and Glazing-Incidence Wide Angle X-ray Scattering

37.4 nm

q, (A7)

-2.0 -1.0 0.0 1;0
RMS =5.12 nm q, (A™)

Figure 28. (a) Atomic force microscopy image and (b) glazing-incidence wide-angle
X-ray scattering image of thin films of BN-1. The thin films of BN-1 were prepared
by casting a solution of BN-1 in chlorobenzene (5 mg/mL) on ozone-cleaned silica

wafer substrates followed up spinning coating at 1000 rpm/s for 60 s.
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2.4.6 Cyclic Voltammetry
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Figure 29. Cyclic voltammogram of Compound 4.
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Figure 30. Cyclic voltammogram of BN-2 (1.0 mM BN-2 in CH2Cl>).
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The energy levels were calculated using ferrocene/ferrocenium (Fc/Fc*) as the
standard reference. The potential of the Fc/Fc* redox couple was measured to be 0.45 V

vs. Ag/AgCI. The energy levels of frontier molecular orbitals were calculated as follows

and summarized in Table S5.
EnomorLumo = —4.80 + (0.45—E12) eV

E1/2 represented the onset of a redox process on cyclic voltammogram.

Table 2. Energy levels of frontier orbitals calculated from cyclic voltammetry.

HOMO (eV) LUMO (eV)

Compound 4 -5.25 —-3.36
BN-1 -5.34 -3.82
BN-2 —5.38 -3.41
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Figure 31. Differential pulse voltammetry of BN-1 in (0.1 mM in CH2CI2). Ferrocene
was used as an internal standard for this measurement.

2.4.7 X-ray Single Crystal Analysis

A Leica MZ 75 microscope was used to identify a suitable brown block with very
well-defined faces with dimensions (max, intermediate, and min) 0.092 x 0.059 x 0.025
mm?3 from a representative sample of crystals of the same habit. The crystal mounted on a
nylon loop was then placed in a cold nitrogen stream (Oxford) maintained at 100 K. A
BRUKER Venture X-ray (kappa geometry) diffractometer was employed for crystal
screening, unit cell determination, and data collection. The goniometer was controlled
using the APEX3 software suite.'?® The sample was optically centered with the aid of a

video camera such that no translations were observed as the crystal was rotated through all
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positions. The X-ray radiation employed was generated from a Cu-Ius X-ray tube (Ko =
1.5418A with a potential of 50 kV and a current of 1.0mA\). 45 data frames were taken at
widths of 1°. These reflections were used to determine the unit cell. The unit cell was
verified by examination of the h k I overlays on several frames of data. No super-cell or
erroneous reflections were observed. After careful examination of the unit cell, an extended
data collection procedure (11 sets) was initiated using omega and phi scans. Integrated
intensity information for each reflection was obtained by reduction of the data frames with
the program APEX3.1%® The integration method employed a three-dimensional profiling
algorithm and all data were corrected for Lorentz and polarization factors, as well as for
crystal decay effects. Finally, the data was merged and scaled to produce a suitable data
set. The absorption correction program SADABS!?” was employed to correct the data for
absorption effects. Systematic reflection conditions and statistical tests of the data
suggested the space group P-1. A solution was obtained readily (Z = 1, Z' = 0.5) using
XT/XS in APEX3.1%61281 3 Hydrogen atoms were placed in idealized positions and were
set riding on the respective parent atoms. All non-hydrogen atoms were refined with
anisotropic thermal parameters. SIMU and DELU restraints were used to keep the thermal
ellipsoids of some of the atoms meaningful. Absence of additional symmetry or void were

confirmed using PLATON (ADDSYM). The structure was refined (weighted least squares
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refinement on F?) to convergence.?12° Olex2 was employed for the final data presentation

and structure plots.?®
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Figure 32. A thermal ellipsoid plot for the crystal structure of BN-2. The ellipsoid
contour % probability level was set to be 50%.
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2.4.8 UV-Vis Absorption and Fluorescence Emission
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Figure 33. UV-vis absorption spectrum of BN-1 in chloroform (red) and in the solid
state (blue). The absorption spectrum was taken at room temperature at a
concentration of 2.1 x 10™° M.
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Figure 34. UV-vis absorption and emission spectrum of BN-2 in CHCIs. The

absorption spectrum was taken at room temperature at a concentration of 2.9 x 107°

M. The emission spectrum was taken at room temperature at a concentration of 3.6
x 1078 M with an excitation wavelength at 635 nm.
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Figure 36. (a) UV-vis absorption and (b) emission spectrum of BN-1 in chloroform,
toluene, tetrahydrofuran and dimethylformamide. The absorption spectrum was
taken at room temperature at a concentration of 2.0 x 10~ M. The emission spectrum
was taken at room temperature at a concentration of 2.2 x 107 M with an excitation
wavelength at 620 nm.
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Figure 35. (a) UV-vis absorption and (b) emission spectrum of BN-2 in chloroform,
toluene, tetrahydrofuran and dimethylformamide. The absorption spectrum was
taken at room temperature at a concentration of 2.0 x 107> M. The emission spectrum
was taken at room temperature at a concentration of 2.1 x 1078 M with an excitation
wavelength at 650 nm.
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CHAPTER Il
LADDER TYPE MOLECULES RIGIDIFIED WITH B«—N COORDINATE BONDS

WITH TUNABLE BANDGAP AS N-TYPE SEMICONDUCTING MATERIALS

3.1 Introduction

Over the last decades, there has been remarkable progress in the investigations in
organic electronics, including organic thin film transistors (OFETS), organic solar cells
(OSCs), organic light emitting diodes (OLEDSs), etc.**® These devices have revolutionized
our lives by opening up opportunities for next-generation products, like wearable
electronics, sensors, and bioelectronic interfaces, etc.*>'3 Compared to conventional
inorganic semiconductors, organic electronic materials typically possess weaker
intermolecular forces, often bringing about unfavorable properties, including slower
transport of charges, phonons, excitons, and morphological instability.®® Despite these
potential drawbacks, there have been significant advances made in this field in terms of the
development of novel molecules, modified processing strategies, and device architecture
optimization.!1®133134 Based on the guidance from these perspectives, both small molecules
and polymers with high mobilities of up to 40 cm? V! s have been achieved in
OFETS.135’136

Most of these high mobilities were achieved on p-type semiconducting materials,
which conduct holes in the OFET channel. Comparatively, the development of n-type
organic semiconductors remains confined, in terms of the varieties of structures

synthesized and the charge mobility achieved. One key factor that hinders the development
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of n-type organic semiconductors is the difficulty to achieve low enough LUMO energy
levels among a large selection of organic structures. When the energy level of LUMO is
high, not only is it hard to inject electrons from the electrodes, but also renders it prone to
reacting with ambient water and oxygen.’8%’

Based on these principles, it is vital to tune the LUMO energy level so that it is
reasonably low. Examples include those developed based on the backbone of naphthalene
diimides (NDIs),*®4 perylene diimides (PDIs),*?145 N-heteroacenes, 64" quinoidal
oligothiophenes,**¢4° and isoindigo derivatives,***5! etc. Moreover, it is ideal to adopt a
planar, rigid molecular structure over the extended conjugation framework, which
facilitates carrier transport. Previously, our group has demonstrated the incorporation of B

<N coordinate bonds to rigidify and coplanarize the backbone of the molecules. A

profound effect of this incorporation is that it stabilized the various redox states by forming
quinoidal structures. Such transformation was verified by the bond length alternation
(BLA) from not only the DFT simulation but also experimental data obtained from the
single crystals of different redox states (Figure 37).”” As a result of this, reversible

oxidative and reductive peaks on CV were evidently witnessed.
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Figure 37. Constitutional structures of the five different redox states of previous
work.
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Based on the previous chapter, it is known that the incorporation of B < N

coordinate bonds could effectively lower the LUMO energy level. Inspired by this result,
I would like to further shed light on a feasible manner to tune the electronic properties of
similar structures with the indolocarbazole backbone. Currently, the benzothiazole motif
was installed on the central ring of the indolocarbazole backbone. In order to increase the
dimension of modification to the molecular structures, instead of a tert-butyl group,
different aryl groups were connected to the indolocarbazole motif via coupling reactions
to afford tunability over the optical and electronic properties. In addition, an extra chlorine
atom was installed on the benzothiazole motif to tune the electron density from the other
direction. Based on such design (Figure 38), in this chapter the synthesis of these novel

compounds accommodating B<—N coordinate bonds and their device performances are

discussed.
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Figure 38. Molecular design of novel compounds with B< N coordinate bonds
coupled with various aryl groups.
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3.2 Results and Discussion
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Figure 39. Synthetic scheme of the proposed four molecules with B<-N coordinate
bonds.

The synthetic route towards the proposed molecules is shown in Figure 39. The
synthesis started from the indolocarbazole core that has been used in our group before.>?
Instead of directly conducting cross coupling on the starting material, the synthesis started
from the protection of secondary amino groups on the starting material IDCZ by -Boc
groups to afford intermediates IDCZ-Boc. This step served two purposes. First, the

installation of -Boc groups enhanced the solubility to facilitate the further synthesis.
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Second, the protection deactivated the amino groups so that side reactions and catalyst

poisoning by nitrogen could be prevented.

E(LUMO) = -3.35eV E(LUMO) = -3.54eV E(LUMO) = -3.47eV E(LUMO) = -3.69eV
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Bandgap: 1.96eV Bandgap: 1.88eV Bandgap: 2.17eV Bandgap: 2.09eV

Figure 40. Molecular structures and frontier molecular orbitals of a) Th-IDCZ-BTh,
b) Th-IDCZ-CI-BTh, ¢) Ph-IDCZ-BTh, d) Ph-IDCZ-CI-BTh, simulated by DFT
calculation based on B3LYP/6-311g.

Afterwards, the proposed phenyl and thiophene derivatives were coupled with
IDCZ-Boc to extend the conjugation backbone by Suzuki coupling and Stille coupling
respectively. The conditions of these two reactions were carefully controlled to avoid
deprotection of -Boc groups due to the known instability to heat.'>® After this step, two
kinds of compounds, IDCZ-Boc-Ph and IDCZ-Boc-Th were generated. Next, these two

intermediates were deprotected in acidic conditions, followed by selective two-fold
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bromination on the central positions of indolocarbazole. These two sites were later
subjected to Stille coupling with two types of benzothiazole derivatives to afford four kinds
of precursors. Finally, borylations of these four precursors with BFs-OEt, and N,N-
diisopropylethylamine were performed at an elevated temperature of 90°C to guarantee
high conversion towards the desired final products. In this step, two B«N coordinate
bonds were constructed on each molecule to fuse the backbone via six-member rings.
Following the successful synthesis of these molecules, efforts were committed to
better understand the structure-property correlation of these four molecules. Initially, I tried
to grow single crystals of these molecules, but the growth of single crystals turned out
difficult and no single crystals suitable for X-ray analysis were obtained due to the
branched alkyl chain. As an alternative, density functional theory (DFT) simulations were
carried out to reveal the structures and frontier molecular orbitals of these molecules, with
isovalue of 0.1 and side alkyl groups omitted for clarity (Figure 40). It was shown that a
rather rigid and coplanar backbone was adopted by all these four molecules. Additionally,
they shared a common trend in terms of the distribution of frontier molecular orbitals.
Regardless of the aryl groups in the molecule, the HOMO mostly resided on the direction
where the indolocarbazole core was connected to phenyl/thiophene groups, but LUMO
mostly resided on the benzothiazole motifs. This observation complied with the fact that
benzothiazole motifs were more electron-deficient but either thiophene or phenyl groups
were more electron-rich comparatively. In terms of the energy level, the impact of
substituent groups was clearly demonstrated. When an extra chlorine atom was installed

onto benzothiazole, hoth HOMO and LUMO were lowered. Because LUMO was lowered
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by a stronger degree, the bandgap between HOMO and LUMO was also reduced.
Similarly, when thiophene groups were changed to phenyl groups, i.e., changed to less
electron-rich aryl groups, a decrease in both HOMO and LUMO was observed, but since

HOMO was more impacted, the observed bandgap was increased.
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Figure 41. GIWAXS of thin films of a) Ph-IDCZ-BTh, b) Ph-IDCZ-CI-BTh, c¢) Th-
IDCZ-BTh, d) Th-IDCZ-CI-BTh as cast and after thermal annealing.

Next, the absorption and emission spectrum of these four compounds were recorded
in chloroform as the solvent. All these four compounds showed relatively small Stokes
shifts of ~40 nm, indicating a rather rigid backbone. For both the absorption and emission

spectra, all these four compounds showed similar patterns. The absorption peak ranged
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from ~500 nm to ~800 nm, while the emission spectrum ranged from ~650 nm to 850 nm.
There is a consistent red shift in the Amax Of both absorption and emission peaks when the
aryl groups were changed from phenyl to thiophene, or when the chlorine atom was
installed on the benzothiazole motif. Such red shifts reflected a reduction in the bandgap,
which aligned with the DFT simulated results. In addition, the fluorescence weakened
along with such changes.

Afterwards, grazing-incidence wide-angle X-ray scattering (GIWAXS) was
employed to gain insight into the crystalline packing patterns of spin-cast thin film samples
of these molecules (Figure 41). All the samples after annealing showed clear lamellar
stacking peaks in the out-of-plane direction. Some of the samples after annealing displayed
diagonal = - & stacking peaks. Ph-IDCZ-CI-BTh showed the most intense diagonal « - ©
stacking peaks, which represented lessened grain-boundary effects between crystals. The
combination of these two types of peaks suggested predominantly edge-on packing mode
on the substrate. In addition, these molecules exhibited high crystallinity after annealing.
These GIWAXS observations elucidated that these molecules were promising OFET

semiconducting materials thanks to their crystalline edge-on packing mode on the substrate.
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Table 3. Summary of device performance fabricated with these four molecules as the
conducting layer.

Compound  Dielectric Annealing (é\r‘é%/\';;) H(igrzfﬁltsl;e (fr‘é%/\';;) H(igrz(;/i[sl;h

None None - - - -

Ph-IDCZ- None 110°C - - - -
BTh oTS None 9.34x105  1.01x10* 5.34x10 1.32x10°
OoTS 110°C - - 2.08x10° 3.90x10°

None None - - - -

Ph-IDCZ- None 110°C - - - -

Cl-BTh oTS None 5.65x104  7.49x10%* - -

OoTS 110°C 8.06x10° 2.28x10* - -

None None - - - -

Th-IDCZ- None 110°C - - - -
BTh oTS None 1.56x105  2.51x10° 6.51x10° 1.15x10
OTS 110°C - 1.72x10¢ 1.33x10° 1.33x10°

None None - - - -

Th-IDCZ- None 110°C - - - -

Cl-BTh oTS None - - - -
OTS 110°C - 7.61x10° - 1.43x108

These four compounds were tested as the active material in OFET devices to
investigate their electron-transporting properties. The results for these devices are
summarized in Table 3. During device fabrication optimization, samples on bare silicon or
OTS treated silicon were prepared without annealing, and then another batch of these
devices were made and annealed at 130°C for 1 h. Most of these devices showed n-type

semiconducting behavior and gave electron mobility (u) data in the magnitude of ~10°
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cm?/Vs. The highest average data (5.65%10* cm?/Vs) came from the devices which had
Ph-IDCZ-CI-BTh as the conducting layer and OTS as the dielectric layer without thermal
annealing. This result complied with the observation in GIWAXS that Ph-IDCZ-CI-BTh
displayed the most intense diagonal © - = stacking peaks. These values suggested
preliminary achievements in the mobility, despite room for further improvements. First,
these compounds were only purified by preparative size exclusion chromatography.
Vacuum sublimation is a useful tool to increase the purities of samples, and it has been
experimentally investigated that purification of organic semiconductors is a critical
parameter to guarantee the device performances.® In addition, the architecture of devices

could be altered to further increase the performances.

3.3 Conclusion

In conclusion, the molecular design and synthesis of four novel molecules featuring
multiple B<—N coordinate bonds with indolocarbazole core and various aryl groups were
achieved. In the synthesis of these molecules, borylation reactions were performed in an
efficient manner to rigidify the backbone. The incorporation of B«—N coordinate bonds not
only restricted the conformation of these molecules but also lowered the LUMO of these
molecules to lower than -3.30 eV, which made them promising candidates as n-type
organic semiconductors. The rigid backbone of these molecules made them easier to form
crystalline areas, as suggested by GIWAXS characterizations.

However, the target of designing efficient n-type semiconductors has not been fully

achieved yet, as the electron mobilities from these molecules were not remarkably high.
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As predicted by DFT calculations, the LUMO energy levels of these molecules fell in the
range of -3.30eV to -3.70 eV. Although the incorporation of B«—N indeed decreased the
LUMO energy level, but the strategy alone was not sufficient. It was suggested that a
LUMO as low as -4.0 eV would be desirable for n-type semiconductor applications.** For
example, Dr Liu’s group employed the same strategy to design molecules which achieved
electron mobility as high as 1.60 cm?/Vs, and their LUMO is extraordinarily low as -4.58
eV.1%” Research regarding incorporation of other organic motifs like isoindigo into the B—

N bonded n-system is underway in our lab.

3.4 Experimental Section
3.4.1 General Methods and Materials

Starting materials and reagents were purchased from commercial sources and were
used as received without further purification. THF was dried and distilled under nitrogen
from sodium using benzophenone as the indicator. Toluene was dried using an inert pure
solvent system and used without further treatment. An oil bath was used for those reactions
that required heating. 3,9-dibromo-5,11-dihydroindolo[3,2-b]carbazole (IDCZ) was
synthesized according to previous literature.*> *H and **C NMR spectra were recorded on
a 500 MHz or 400 MHz spectrometer. The *H and *C{*H} NMR chemical shifts were
reported in ppm relative to the signals corresponding to the residual non-deuterated
solvents (CDCls: *H 7.26 ppm, 13C 77.23 ppm) or the internal standard (tetramethylsilane:
1H 0.00 ppm). The *F NMR chemical shifts were reported in ppm relative to the signal

corresponding to BF3-OEt> (—153.0 ppm) as the external standard. Abbreviations for
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reported signal multiplicities are as follows: s, singlet; d, doublet; t, triplet; g, quartet; m,
multiplet; br, broad. The broad singlet at ~1.55 ppm on *H NMR spectra represents the
resonance signal of H>O in CDCls. Column chromatography was carried out on a normal
phase SiO. Preparative size exclusive chromatography (SEC) purifications were
performed at room temperature using chloroform as the eluent at a flow rate of 14 mL/min.
UV-—vis absorption spectra were recorded in a 1.0 cm pathlength cuvette, and the neat
solvent was used as baseline. Fluorescence emission spectra were recorded in a 1.0 cm
path-length cuvette. The absorption spectra of Th-IDCZ-BTh, Th-IDCZ-CI-BTh, Ph-
IDCZ-BTh, Ph-IDCZ-CI-BTh were recorded at room temperature at concentrations of
3.72x10°M, 3.55x 10° M, 3.58 x 10~° M, and 3.45 x 10> M respectively. The emission
spectra of Th-IDCZ-BTh, Th-IDCZ-CI-BTh, Ph-IDCZ-BTh, Ph-IDCZ-CI-BTh were
recorded at room temperature at concentrations of 3.72 x 10°® M, 3.55 x 10°® M, 3.58 x
1076 M, and 3.45 x 107% M respectively. The excitation wavelengths for Th-IDCZ-BTh,
Th-IDCZ-CI-BTh, Ph-IDCZ-BTh, Ph-IDCZ-CI-BTh were set at 640 nm, 625 nm, 681
nm and 699 nm, respectively.

Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements were
carried out in Sector 8-ID-E at the Advanced Photon Source, Argonne National
Laboratory.*>® Beamline 8-1D-E operates at an energy of 10.92 keV and the images were
collected from a Pilatus 1MF camera (Dectris), with two exposures for different vertical
positions of the detector. After flat field correction for detector nonuniformity, the images
are combined to fill in the gaps for rows at the borders between modules, leaving dark only

the columns of inactive pixels at the center. Using the GIXSGUI package® for MATLAB
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(Mathworks), data are corrected for X-ray polarization, detector sensitivity and geometrical
solid-angle. The beam size was 0.2 mm x 0.02 mm, and the incident angle was 0.14°, the
resolution (AE/E) was 1 x 1074, and the sample detector distance was 217 mm.

Organic field effect transistors were fabricated by spin-coating on bare SiO2/Si or
OTS-modified SiO2/Si with a bottom-gate/top-contact architecture. Spin-coating of 5
mg/mL solutions in chlorobenzene was done at 1000 RPM for 60 seconds. Then 50 nm Au
as source and drain electrodes were deposited on the film by physical vapor deposition and
templated by shadow masks with defined channel lengths of 125 um and widths of 3.00
mm. The OFET characteristics were recorded using Lakeshore CPX-HF Probe Station
under vacuum (~10° mbar). The mobility was calculated by the formula: I, =
W /2LuC;(V; — Vi)? where Ips is the drain-source current, W and L are the channel width
and length, C; is the dielectric capacitance, V; is the gate voltage, and V; is the threshold

voltage.

3.4.2 Synthesis
3,9-dibromo-5,11-dihydroindolo[3,2-b]carbazole (IDC2Z). (3-
bromophenyl)hydrazine hydrochloride (26 g, 111 mmol) was dispersed in 200 mL EtOH
in 1 L flask, and sodium acetate trihydrate was dissolved in 100 mL water then poured into
the flask. 1,4-cyclohexanedione (6.42 g, 55 mmol) was dissolved in 50 mL EtOH and
added into the 1 L flask by addition funnel dropwise very slowly. Stir the dispersion for an

extended period until it became cloudy yellow liquid. 50 mL AcOH was added into the
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flask and the reaction mixture was stirred for 1 h at 50 °C and 1 h at 0 °C. Afterwards, the
crude product was filtered under vacuum, washed with water and dried in vacuum
overnight. The crude hydrazone was added into 75 mL hydrazone and 15 mL sulfuric acid
in 250 mL flask at 10 °C. The mixture was allowed to warm up to room temperature and
stirred for 10 min. The temperature was then raised to 65 °C and the mixture was stirred
for 15 min and cooled down to room temperature to stir for 24 h. Afterwards, the precipitate
was filtered and washed with water and methanol and put into boiling methanol for 6 h.
The mixture was filtered when hot and dried in vacuum after rained with methanol. The
crude product was recrystallized with DMF twice. The final product was collected by
filtration under vacuum as pale-yellow powder (1.6 g, 6%). *H NMR (500 MHz, ds-
DMSO) 6 = 11.23 (s, 1H), 8.17 (s mix with d, 2H), 7.62 (d, 1H), 7.26 (dd, 1H).

IDCZ-Boc. IDCZ (0.828 g, 2 mmol) and 4-dimethylaminopyridine (DMAP, 0.733
g, 6 mmol) was dispersed in anhydrous THF under N> protection and ice bath, and di-tert-
butyl decarbonate (Boc20, 1.746 g, 8 mmol) was directly added into the flask slowly. The
mixture was allowed back to room temperature naturally and stirred overnight. After the
completion of the reaction, solvent THF was removed under vacuum and the solid was
washed with methanol to remove impurities. No further purification was required and the
product was collected as while powder (1.15 g, 93%). *H NMR (500 MHz, CDCl3) § =
11.23 (s, 2H), 8.50 (s, 2H), 7.91 (d, 2H), 7.51 (d, 2H), 1.81 (s, 18H).

IDCZ-Boc-Ph. IDCZ-Boc (94 mg, 0.153 mmol), (4-((2-
octyldodecyl)thio)phenyl)boronic acid (200 mg, 0.460 mmol), 2-Dicyclohexylphosphino-

2’ ,6' -dimethoxybiphenyl (SPhos, 6.3 mg, 0.0153 mmol) and Pd(OAc). (4 mg, 0.0153
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mmol), KsPO4 (0.196 g, 0.921 mmol) were mixed in anhydrous 4 mL THF in a Schlenk
tube and the mixture was degassed by freeze-pump-thaw with liquid nitrogen three times.
Afterwards, the reaction mixture was heated up to 80°C and stirred overnight. After the
completion of the reaction, the crude mixture was washed with water and brine solution
and extracted by DCM. After the removal of the solvent, the crude product was purified by
column chromatography (SiO2, hexane/CH2Cl> 1:1 to 1:9) to afford the product as yellow
oil (107 mg, 57%). *H NMR (500 MHz, CDCls) & = 8.93 (s, 2H), 8.56 (s, 2H), 8.10 (d,
2H), 7.62 (d, 4H), 7.60 (d, 2H), 7.43 (d, 2H), 2.97 (d, 4H), 1.86 (s, 18H), 0.86-1.32 (m,
78H). BC{*H} NMR (100 MHz, CDCl3) & = 151.43, 140.04, 139.87, 139.06, 137.14,
135.89, 129.24, 127.81, 125.75, 125.65, 122.26, 120.05, 114.97, 107.04, 84.19, 38.66,
37.74, 33.37, 32.08, 32.07, 30.10, 29.85, 29.81, 29.76, 29.52, 29.50, 28.64, 26.71, 22.84,
14.27.

Ph-IDCZ. IDCZ-Boc-Ph (0.178 g, 0.144 mmol) was dissolved in 10 mL
anhydrous DCM under ice bath, and 1 mL trifluoroacetic acid was added into the solution
dropwise. The solution was stirred for 30 min, and then washed with 1 M NaOH solution
and extracted with chloroform. The crude deprotected product was directly used for
bromination without further purification. The crude product was dissolved into 4 mL
anhydrous THF under ice bath, and freshly recrystallized NBS (49 mg, 0.271 mmol) was
added to the solution slowly. The reaction mixture was gradually warmed up to room
temperature and stirred overnight. Afterwards, the mixture was washed with water and
brine solution and extracted with DCM. The volatile solvent was removed with reduced

pressure, and the crude product was purified with column chromatography (SiOg,
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hexane/CH,Cl; 1:1 to 1:9) to afford the product as yellow solid (70 mg, 40%). *H NMR
(500 MHz, CDCls) & = 8.74 (d, 2H), 8.26 (s, 2H), 7.63 (d, 2H), 7.61 (d, 4H), 7.53 (d, 2H),
7.43 (d, 2H), 2.98 (d, 4H), 0.86-1.33 (m, 78H).

pre-Ph-IDCZ-CI-BTh. Ph-IDCZ (70 mg, 0.0587 mmol), 5-chloro-2-
(tributylstannyl)benzo[d]thiazole (0.162 g, 0.352 mmol), fresh tetrakis (7 mg, 0.00587
mmol) and Cul (1 mg, 0.00587 mmol) were mixed in 2 mL anhydrous toluene and the
solution was degassed by freeze-pump-thaw with liquid nitrogen three times. The mixture
was stirred at 110°C overnight. Afterwards, the reaction mixture was washed by water and
brine and then extracted with DCM, dried over Na2SO4. The volatile solvent was removed
under reduced pressure. The crude product was with column chromatography (SiOg,
hexane/CHCl; 1:1 to 1:9) to afford the product as gold-color solid (20 mg, 25%). *H NMR
(500 MHz, CDCls) & = 10.12 (s, 2H), 8.15 (d, 2H), 8.13 (d, 2H), 7.92 (d, 2H), 7.49-7.47
(m, 4H), 7.45 (d, 4H), 7.29 (d, 4H), 7.26 (dd, 2H), 2.90 (d, 4H), 1.30-0.86 (m, 78H).

Ph-IDCZ-CI-BTh. pre-Ph-IDCZ-CI-BTh (20 mg, 0.0147 mmol) was dissolved
in 2 mL anhydrous toluene in a pressure tube in the glovebox, and diisopropylethylamine
(0.2 mL) along with BFs-OEt> (0.4 mL) was added sequentially. The mixture in the
pressure tube was heated up to 90°C and stirred overnight. Afterwards, the toluene was
removed with reduced pressure, and the crude product was washed with methanol to
remove residual salts. Afterwards, the collected solid was further purified by preparative
size exclusion chromatography. Due to the low solubility and low amount of the product,
the 'H NMR did not yield well-defined peaks. *°F NMR showed a single peak at -

134.11ppm indicated the existence of fluoride and its unique chemical environment.
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pre-Ph-IDCZ-BTh. Ph-IDCZ (110 mg, 0.0913 mmol), 2-
(tributylstannyl)benzo[d]thiazole (0.233 g, 0.5479 mmol), fresh tetrakis (11 mg, 0.00913
mmol) , Cul (3 mg, 0.0183 mmol) and CsF (0.139 g, 0.913 mmol) were mixed in 2 mL
anhydrous toluene and the solution was degassed by freeze-pump-thaw with liquid nitrogen
three times. The mixture was stirred at 110°C overnight. Afterwards, the reaction mixture
was washed by water and brine and then extracted with DCM, dried over Na2SOas. The
volatile solvent was removed under reduced pressure. The crude product was with column
chromatography (SiO., hexane/CH>Cl 1:1 to 1:9) to afford the product as orange solid (37
mg, 31%). 'H NMR (500 MHz, CDCls) & = 10.02 (s, 2H), 8.38 (d, 2H), 8.33 (d, 2H), 8.07
(d, 2H), 7.67-7.65 (m, 4H), 7.59 (d, 4H), 7.55 (d, 2H), 7.39 (d, 4H), 7.34 (d, 2H), 2.94 (d,
4H), 1.30-0.85 (m, 78H).

Ph-IDCZ-BTh. pre-Ph-IDCZ-BTh (36 mg, 0.0284 mmol) was dissolved in 4 mL
anhydrous toluene in a pressure tube in the glovebox, and diisopropylethylamine (0.36 mL)
along with BF3-OEt> (0.72 mL) was added sequentially. The mixture in the pressure tube
was heated up to 90°C and stirred overnight. Afterwards, the toluene was removed with
reduced pressure, and the crude product was washed with methanol to remove residual
salts. Afterwards, the collected solid was further purified by preparative size exclusion
chromatography.

IDCZ-Boc-Th. IDCZ-Boc (0.123 g, 0.2 mmol), tributyl(5-(2-
octyldodecyl)thiophen-2-yl)stannane (0.523 g, 0.8 mmol), fresh tetrakis (23 mg, 0.02
mmol) and Cul (4 mg, 0.02 mmol) were mixed in anhydrous 4 mL toluene in a Schlenk

tube and the mixture was degassed by freeze-pump-thaw with liquid nitrogen three times.
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Afterwards, the reaction mixture was heated up to 120°C and stirred overnight. After the
completion of the reaction, the crude mixture was washed with water and brine solution
and extracted by DCM. After the removal of the solvent, the crude product was purified by
column chromatography (SiOz, hexane/CH2Cl> 1:1 to 1:9) to afford the product as yellow
oil (107 mg, 57%). *H NMR (500 MHz, CDCls) & = 8.92 (s, 2H), 8.53 (s, 2H), 8.03 (d,
2H), 7.62 (d, 4H), 7.25 (d, 2H), 6.77 (d, 2H), 2.78i (d, 4H), 1.86 (s, 18H), 0.86-1.27 (m,
78H).

Th-IDCZ. IDCZ-Boc-Th (66 mg, 0.056 mmol) was dissolved in 3 mL anhydrous
DCM under ice bath, and 3 mL trifluoroacetic acid was added into the solution dropwise.
The solution was stirred for 30 min, and then washed with 1 M NaOH solution and
extracted with chloroform. The crude deprotected product along with previous batch
(together 0.156 g, 0.158 mmol) was directly used for bromination without further
purification. The crude product was dissolved into 6 mL anhydrous THF under ice bath,
and freshly recrystallized NBS (50 mg, 0.285 mmol) was added to the solution slowly. The
reaction mixture was gradually warmed up to room temperature and stirred overnight.
Afterwards, the mixture was washed with water and brine solution and extracted with
DCM. The volatile solvent was removed with reduced pressure, and the crude product was
purified with column chromatography (SiO2, hexane/CH:Cl> 1:1 to 1:9) to afford the
product as yellow solid (103 mg, 57%). *H NMR (500 MHz, CDCls) 6 = 8.48 (d, 2H), 7.91
(s, 2H), 7.43 (d, 2H), 7.17 (d, 2H), 6.73 (d, 2H), 2.78 (d, 4H), 0.88-1.31 (m, 78H).

pre-Th-IDCZ-CI-BTh. Th-IDCZ (103 mg, 0.0904 mmol), 5-chloro-2-

(tributylstannyl)benzo[d]thiazole (0.249 g, 0.542 mmol), fresh tetrakis (11 mg, 0.00904
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mmol) , Cul (1 mg, 0.0452 mmol) were mixed in 2 mL anhydrous toluene and the solution
was degassed by freeze-pump-thaw with liquid nitrogen three times. The mixture was
stirred at 110°C overnight. Afterwards, the reaction mixture was washed by water and brine
and then extracted with DCM, dried over Na2SO4. The volatile solvent was removed under
reduced pressure. The crude product was with column chromatography (SiOg,
hexane/CH,Cl; 1:1 to 1:9) to afford the product as orange solid (70 mg, 56%). *H NMR
(500 MHz, CDCl3) 5 = 8.05 (d, 2H), 7.87 (d, 2H), 7.83 (d, 2H), 7.45 (dd, 2H), 7.27 (s, 2H),
7.17 (d, 2H), 6.96 (d, 2H), 6.63 (d, 2H), 2.71 (d, 4H), 1.30-0.85 (m, 78H).
Th-IDCZ-CI-BTh. pre-Th-IDCZ-CI-BTh (45 mg, 0.0329 mmol) was dissolved
in 4 mL anhydrous toluene in a pressure tube in the glovebox, and diisopropylethylamine
(0.45 mL) along with BFs-OEt, (0.9 mL) was added sequentially. The mixture in the
pressure tube was heated up to 90°C and stirred overnight. Afterwards, the toluene was
removed with reduced pressure, and the crude product was washed with methanol to
remove residual salts. Afterwards, the collected solid was further purified by preparative

size exclusion chromatography.
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3.4.3 NMR Spectra
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Figure 42. 'H (500 MHz) NMR of IDCZ-Boc in de-DMSO at room temperature.
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Figure 43. 'H (500 MHz) NMR of IDCZ-Boc in CDCIs at room temperature.
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Figure 44. 'H (500 MHz), 3C{*H} (100 MHz) NMR of Ph-IDCZ-Boc in CDCI3 at

room temperature.
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Figure 45. 'H (500 MHz) NMR of pre-Ph-IDCZ-CI-BTh in CDClIz at room temperature.
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Figure 46. 'H (500 MHz) NMR of Ph-IDCZ in CDCls at room temperature.
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Figure 48. 'H (500 MHz) NMR of pre-Ph-IDCZ-BTh in CDCls at room temperature.
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Figure 49. 'H (500 MHz) NMR of IDCZ-Boc-Th in CDCls at room temperature.
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Figure 50. 'H (500 MHz) NMR of Th-IDCZ in CDClIs at room temperature.
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Figure 51. *H (500 MHz) NMR of pre-Th-IDCZ-CI-BTh in CDClIz at room temperature.
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3.4.3 UV-Vis Absorption and Fluorescence Emission
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Figure 52. UV-Vis and fluorescence emission spectra of the four compounds Ph-
IDCZ-CI-BTh, Ph-IDCZ-BTh, Th-IDCZ-CI-BTh and Th-IDCZ-BTh.
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CHAPTER IV SYNTHESIS AND SUPRAMOLECULAR CHEMISTRY OF

CENTRIPETAL AZA-POLYCYLIC COMPOUNDS

4.1 Introduction
Helicenes are defined as polycyclic aromatic compounds with nonplanar screw-
shaped skeletons formed by ortho-fused benzene or other aromatic rings.*%8%° Dated back
to the discovery of first helicenes in 1903,'%! the development of helicenes witnessed a
quick surge after the late 1990s. More and more novel strategies for the synthesis of
helicenes with good yields and enantioselectivities have been developed, thanks to the wide

employment of organometallic catalysts.

(M)-helicity P)-helicity

Figure 53. Schematic representation of heI|C|ty. From “Helicenes: Synthesis and

Applications”, by Yun Shen and Chuan-Feng Chen, Chem. Rev. 2012, 112 (3), 1463-
1535.
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A defining property of helicenes is its intrinsic chiral structure due to the lack of Sn
symmetry. Helicenes wind in opposite directions to form helical structures and distort the
backbone to mitigate the hindrance between terminal groups. Such a structural feature
confers to this family of compounds chirality and therefore, chiroptical properties.
According to the helicity rule proposed by Cahn, Ingold and Prelog in 1966, a left-handed
helix is assigned “minus” and denoted by M whereas the opposite is assigned as “plus” and
denoted by P.*%2 In addition, on account of the nonplanar structural distortion, the solubility
of helicenes is often higher than that of their planar counterparts due to the weaker n-xn
stacking.®® To enhance the configurational stability of helicenes, bulky substituents on the
terminal rings are often introduced to hinder the racemization process by increasing the
corresponding barrier.64

Due to the special chiral feature and its functionalization versatility, helicenes have
been perceived as potential ligands or chiral auxiliaries to promote stereoselective
transformations. In one example, [5]helicenylphosphine served as chiral ligands to catalyze
allylic substitution reactions to achieve high yield and stereoselectivity.'®> The mechanism
underlying the high stereoselectivity was elucidated by DFT simulations demonstrating
that enantiopure helicene ligand transferred the chirality to the metal center to favor one
direction of nucleophilic attack on the allylic motif. Besides helicene phosphine
ligands, %6167 there have been reports on helicene alcohols'® and azahelicenes,'®-1"* along
with their respective catalysis applications.

Despite these attractive catalytic applications, the promising chiral cavity has not

been thoroughly exploited. Previously reported helicene ligands only have the
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catalytically-active heteroatoms located on one specific site. However, the persistent
central cavity of helicene molecules often remained unfunctionalized. From a broader
perspective beyond helicenes, most reported polycyclic aromatic compounds had
heteroatoms decorated on the outer rim,%®1’21" and it is more challenging to achieve
structures with heteroatoms decorating the inner pocket. | designed centripetal azahelicenes
where the yellow spots are functionalized with nitrogen atoms, as shown in Figure 54.
Every pair of adjacent nitrogen atoms mimicked the organization of the common ligand
phenanthroline. It is envisioned here that these molecules will function as remarkable
ligands binding with metal ions and other guest molecules. Another benefit of these ligands
is that the configurational stability owing to the rigid helical backbone will be transferred

to the metal center, forming enantiopure metal complexes.

Dr. Hirose's work Our proposed molecules

Figure 54. Schematic representation of Dr Matsuda's work and our proposed novel
molecules.
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A potential underlying challenge is the lack of effective synthetic methods to realize
these electron-deficient structures. Despite the many annulation methods available to
achieve polycyclic aromatic compounds, most of these methods work efficiently only on
electron-rich substrates. Ring closing metathesis (RCM) was selected as the major strategy
to fuse the backbone of the desired helicenes. The RCM reaction is advantageous for these
purposes because its nature of thermodynamic control promotes high conversion to stable
products, and allows for “error-checking” and “proof-reading” through reversibility.1"6177
Earlier, we achieved nearly quantitative conversions of RCM in a number of challenging
scenarios, including the synthesis of defect-free ladder polymers!®2178179 as well as
annulation of polymer networks in the solid state'® and in suspended nanoparticles®s., In
an earlier paper by Dr Hirose’s group, RCM was successfully employed as the key strategy

to construct the fully fused backbone of a non-nitrogen carbo-helicene composed of 13

rings.182
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4.2 Molecular Design and Simulation

tBu-3N5 tBu-4N7
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Figure 55. DFT simulation of centripetal azahelicenes with -tBu and -Ad as the
terminal end group [B3LYP/6-31G].

Before moving on to the synthesis of these proposed molecules, DFT simulations
(B3LYP/6-31G) were carried out to understand the correlation between the geometry, the
size of the molecules and the bulkiness of the terminal end groups. The optimized geometry
was demonstrated in Figure 55. It was elucidated that the geometry was closely related to
the number of rings in the system and the bulkiness of terminal end groups. The helical
conformation was formed with the increased number of rings and the bulkiness of terminal

groups. For example, the molecule tBu-3N5 was predicted to be fully coplanar whereas
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the molecule Ad-4N7 had a significantly contorted backbone due to the crowdedness by
two proximate adamantyl groups. To reduce the number of rings required to form the
helical conformation, it was decided to start from the molecules with -Ad as the terminal

bulky group.

Figure 56. Retrosynthesis of a) the backbone and b) the building blocks of the
proposed molecules.

In a retrosynthetic analysis for the target azahelicene molecules (Figure 56), the
blue rings of the backbone are annulated via RCM reactions, and the precursors with
pendant double bonds are achieved via cross coupling from two kinds of building blocks.

For the central building blocks with two vinyl groups, those two double bonds come from
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bromomethyl groups via Wittig olefination. Next, these two bromomethyl groups are
generated via radical bromination on methyl groups. Finally, the two bromide atoms on the
pyridine ring can be installed via electrophilic substitution. On the other hand, the double
bond on the terminal building block comes from an aldehyde group via Wittig olefination.
Next, the terminal alkyl group, either tert-butyl group or adamantyl group, is installed onto
the pyridine ring, taking advantage of the Minisci radical alkylation reaction. Thus far, the
designed molecules have been traced back to widely available materials, from which we

would implement our synthesis.

Relative Energy (kcal/mol)
©® N o o & »® N o
o o o o o o o o o
| | | | | | 1 | ~

Danntinn Drasnrace

Figure 57. Reaction coordinate diagram of the RCM step on the tetramer precursor
substrate.
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To verify the feasibility of the employment of RCM in the final step, simulation on
the reaction energy profile was performed to understand the thermodynamical favorability.
Assigning the free energy of the starting material as zero, the relative energy levels of the
intermediates with one, two and three rings annulated were computed and summarized in
Figure 57. The benefit due to each ring closure was 30.78, 25.01 and 19.11 kcal/mol
respectively, giving an overall energetic favorability of -74.90 kcal/mol. This implied that
the final product was as hypothesized significantly lower in free energy compared to the
starting material so that RCM should be directed to the desired final product. However, the
marginal benefit to close more rings was predicted to decrease presumably due to the

stronger strain accompanied by the longer backbone.

4.3 Results and Discussion

4.3.1 Preliminary Attempts
The conditions towards those building blocks were first optimized according to the
retrosynthesis discussed above. First, the commercially available starting material C1 was
subjected to electrophilic substitution under harsh conditions, with oleum being the solvent
and liquid bromine being the bromide source at an elevated temperature and extended
reaction time to get brominated pyridine derivative C2. Afterwards, radical bromination
was applied to the two methyl groups on C2 using NBS as the bromide source and benzoyl
peroxide as the radical initiator. This step afforded intermediate C3 which featured two

bromomethyl groups. In the last step, the two bromomethyl groups were converted to
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corresponding phosphonium salt, which was later subjected to Wittig reaction under basic

conditions to afford the desired building block v-Br1Br with two pendant vinyl groups.

| =" Oleum, Br, | = 1)NBS, BPO, DCE  Br I = gr 1) PPhs, DMF = | RN
—_—
150°C, 48h P 2) Diethyl phosphite, = 2) 1BUOK, THF, P
N Br” N Br di)isoprO;yFethyIZmine Br”~ "N~ "Br  paraformaldehyde Br~ "N~ "Br
c1 c2 c3 v-Br1Br
Up to 63% 64% 90%
CHO . . -CHO N _ PN
& PivOH, AgNO, H PhyPCHBI 1) nBuLi, THF H\
P (NH4)2820g, H3804, 5~ ~\# g,  BUOK, THF = 2) nBusSnCl Ad” “N” “snB
N”"Br  PhCIH,0 ' Ad™ NT B nBus
T1 T2 T3 v-Ad1SnBu
50% 87% 67%

Figure 58. Synthetic scheme of preliminary synthetic attempts towards building
blocks v-Brl1Br and v-1SnBu.

On the other hand, the synthesis of terminal building block started off from T1. T1
was subjected to Minisci radical alkylation to install the adamantyl group onto the pyridine
ring to form T2. In this reaction, the aliphatic acid was used as the source of alkyl group
and was required to form the corresponding radical steadily. T2 reacted with
methylphosphonium bromide under basic conditions to convert the aldehyde group to vinyl
group and produce T3. T3 further underwent lithium exchange reaction with n-

butyllithium and stannylation to generate stannylated intermediate v-Ad1SnBu. All these
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steps to synthesize building blocks have been optimized to show efficient yields (Figure

58).

7z | X x /m Pd(PPhs),, Cul
+ —_—
Br~ ~N” “Br z DMF, BHT, 85°C

Ad N” ~“SnBuj

v-BriBr v-Ad1SnBu 30%

NiCly,(PPhy),, Zn
TBAI, THF

25%

Grubbs' 2nd catalyst
Toluene, 90°C

<10%
v-Add Ad-4N7

Figure 59. The synthetic scheme towards oligomer v-Ad2Br, v-Ad4 and final product
Ad-4N7 with Stille coupling, oxidative homocoupling and ring closing metathesis.

Following the successful synthesis of v-Br1Br and v-Ad1SnBu, Stille reaction was

carried out to couple them together. For the Stille coupling, extensive screening on reaction
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conditions, including catalyst, ligand, solvent, temperature etc., were conducted for
optimization. Out of various combinations, it was found that the best combination of
Pd(PPhs)4/Cul in DMF at 85°C offered the brominated dimer v-Ad2Br in a 30% yield.
Next, v-Ad2Br was subjected to nickel-catalyzed oxidative homocoupling to get v-Ad4.
NiCl2(PPhs). was employed as the precatalyst, and was reduced to Ni(0) in situ to form the
active catalytic species. Afterwards, the backbone of the precursor v-Ad4 was annulated

with ring closing metathesis to get the desired final product Ad-4N7 (Figure 59, 60).
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Figure 60. *H NMR spectrum in CDCls and ESI mass spectrum of Ad-4N7.

Grubbs’ 2" generation catalyst was utilized as the catalyst, and an elevated temperature at
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90°C was used to promote the complete conversion. It is noteworthy that due to the known
thermal instability of Grubbs’ 2" generation catalyst,* the solution of the catalyst had to
be injected into the reaction mixture dropwise to guarantee activity of the catalyst at the

high reaction temperature.

Table 4. Strain analysis of the backbone of azahelicenes 3N5, 4N7, 5N9, 6N11.

Compound E;La(;?r;g[ieceal energy gnaelf;;/?tkecil jmoly  Strain (kcal/mol)
(kcal/mol)

éﬂa?)z)a[S]helicene 6.10 6.10 0

Le&;z;aza[?]helicene 6.10/2*3=9.15 10.32 1.17

(PSng;aza[Q]helicene 6.10/2*4=1220 1553 3.33

gﬁ(ff)za[ll]helicene 6.10/2*5=15.25 20.95 5.70

Despite the success of these oligomerization and ring closing metathesis steps, there
remains room for improvement in each of these steps. In the Stille coupling above, both
the reactivity and conversion were low. The yield was only 30%, and a significant amount
of the unreacted central building block was recovered. Besides, the building block v-

Ad1SnBu had a similar polarity and size to the desired dimer v-Ad2Br, which made it
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difficult to purify with either flash chromatography or prep GPC. More challenges were
identified as the Ad-4N7 product quickly decomposed even when stored in the freezer.
This instability was presumably attributed to the high strain brought about by the bulky -
Ad groups. Simulation on the strain of the backbone without any substituent was conducted
to understand the intrinsic strain from the backbone (Table 4).

It could be seen from the table above that the strain values due to the extended
backbone were 1.17, 3.33 and 5.70 kcal/mol respectively. These low strain values implied
that the intrinsic strain alone due to the backbone should not hinder the synthesis. The
instability of the synthesized Ad-4N7 was inferred due to the extremely bulky adamantyl
terminal group. Thus, in our next round of synthetic attempt, -Ad was changed to -tBu to

alleviate the undesired high strain.

4.3.2 Synthesis Modification on Oligomerization

To address the difficulties mentioned above, the intermediate structures and
synthetic strategies were modified accordingly (Figure 61). First, regarding the low
reactivity of the Stille coupling, the tributylstannyl group on v-tBulSnBu was changed to
the trimethylstannyl group to form v-tBulSnMe. The smaller size of the surrounding alkyl
group was expected to favor the approaching of organotin compound to the palladium
complex in the transmetalation step.*®* In addition, the vinyl groups were replaced by
propenyl groups to suppress the potential Heck reaction and binding from the olefin to

palladium center.
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SnMe, DMF, 85°C

v-BriBr v-tBu1SnMe
40% 15%
b)
SnMe, DMF, 85°
v-BriBr p-tBu1iSnMe pv-tBu2Br pv-tBu3

48% 18%

c)

.
W _Pd(PPhy)s, Cul__
SnMe3 DMF, 85°C

p-Br1Br p-tBu1SnMe

Figure 61. Synthetic scheme and their respective yields after a) changing -SnBus to -
SnMes on stannyl compound in Stille coupling, b) changing the vinyl group on the
terminal building block to propenyl group and c¢) changing the vinyl group on both
the terminal and central building block to propenyl group.

As a result of such modifications, significant improvements have been witnessed

in the synthesis of these oligomeric intermediates. First, as hypothesized, changing the
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tributylstannyl group to the trimethylstannyl group increased the yield by about 10%,
demonstrating stronger activity of -SnMes group. Next, upon changing the vinyl group on
the terminal building block, the efficacy of the reaction was moderately increased to about
48%. This was believed due to the extra methyl group that hampered binding between the
olefin and the palladium center. Electronically, the slightly higher electron density of
propenyl elevated the LUMO energy level, which prevented n-backdonation from d-orbital
of palladium to olefin.'® Sterically, The larger steric hinderance due to the extra methyl
group rendered the association harder. In a combination of these two factors, the undesired
association between palladium and olefin was suppressed, so that the reductive elimination
was facilitated. In addition, the possibility of Heck reaction that competes against Stille
coupling was reduced with the attachment of methyl groups on the double bonds.*® Based
on such improvement, the vinyl groups on the central building block were also changed
into propenyl groups, but this time only slight improvement of up to 3% was recorded.
Gratifyingly, the oxidative homocoupling in the next step was improved as well, as
shown in Figure 62. It is hypothesized that the weaker binding between olefin and
palladium was the key reason for the higher efficiency by facilitating the generation of
vacant sites for oxidative addition. 8”88 |n the final RCM step, the product tBu-4N7 was
afforded with a yield lower than 30% with some impurities. The unidentified peak on the
NMR spectrum was deduced to belong to impurities from decomposed Grubbs’ catalyst,
which failed to be conveniently separated from the desired product. As expected, this
molecule was more stable than the counterpart with -Ad as the bulky group, which implied

milder strain in the backbone.
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Br
NiCl;(PPhy), Zn
TBAI, THF

40%

pv-tBu4

40 mol% Grubbs' 2nd Gen. Cat
PhMe, 90°C

30%

pv-tBud tBu-4N7
Figure 62. Synthetic scheme of a) oxidative homocoupling and b) RCM step after

terminal group was changed to -tBu and the vinyl group on the terminal building
block was changed to propenyl.

Another puzzle to solve is the low reproducibility of the oxidative homocoupling,
likely due to the heterogeneous nature of this reaction. Despite the ultrasonication
employed to guarantee the complete mixture between the solid zinc powder and
NiCl2(PPhs). crystals, the yield of this reaction fluctuated significantly from no conversion
to around 40%. From the NMR spectrum, the major side product was the de-brominated
product, which implied a reductive elimination process to form a new C—H bond, but it

remained unknown where the hydrogen came from. More detailed mechanistic studies
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needed to be conducted to gain a deeper insight into the reason for the fluctuations in this
reaction. To overcome this issue, we decided to take a detour and utilize the iterative
stannylation-Stille strategy. Although it took one more step than direct oxidative
homocoupling, it allowed more versatility to achieve longer helicenes instead of that

composed of four pyridine rings.

a)

Me;SnSnMe;, Pd(PPhj),
PhMe, 80°C

100%, impure

b) p-tBu2Br

Pd(PPhs)4, Cul
DMF, 85°C

47%

p-tBu2Br
x
7Y . Pd(PPh,),, Cul
Br~ “NZ “Br SnMe; DMF, 85°C
52%
p-BriBr p-tBu2SnMe

Figure 63. Synthetic scheme of a) palladium catalyzed stannylation, b) Stille coupling
between brominated dimer p-tBu2Br and stannylated dimer p-tBu2SnMe and c)
backbone extension to obtain the precursor p-tBu5 with five pyridine rings.
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At the first attempt, the lithium exchange method was utilized to realize the
stannylation, but only unidentified side products similar in size to one pyridine ring were
obtained, which suggested the cleavage of the C—C bond between two pyridine rings.
Consequently, focus was shifted to palladium-catalyzed stannylation method (Figure 63).
It turned out that Pd(PPhs)s alone was powerful enough to realize this transformation, and
the semi-pure product p-tBu2SnMe was used directly in the next step Stille coupling with
p-tBu2Br without further purification. The overall yield of two steps to get p-tBu4 was
close to around 47%, and it was more reliable and reproductive compared to the oxidative
homocoupling method, giving stable results across different batches. Inspired by such
success, this strategy was applied to achieve longer oligomeric precursors. Excessive
amount of p-tBu2SnMe was subjected to Stille coupling with p-BrlBr to afford the
precursor with five pyridine rings p-tBub, the precursor of the helicene tBu-5N9. This
success implied that this strategy could be applied to synthesize longer precursors without
much sacrifice in the yield. Based on such success, we also tried RCM on the precursor p-
tBub5 to afford tBu-5N9, and although the purification turned difficult, the desired product

was detected by the mass spectroscopy (Figure 64).

107



1005

Relative Abundance
[IEF I 1
S o © o
n Do DTy
<

N
2

5834613
=1 594.4646
] =1

S
et

od

5962807  [IMl+H )+
z=1

597.2833
=1

597.4327 598.2869
z=? z=1
|
|

N L

100+
907
a0
3 Exoct |
503:
503
PrE|
303
2]
107

L e s s e e s e e e
5930 593.5 594.0 5945

596.2809

597.2842

598.2876

599.2909
LIS S e e T T T T T T T T T T T T T
595.0 595.5 596.0 596.5 597.0 5975 598.0 598.5 599.0 599.5 600.0
miz

NL:

1.52E7
211208-094213#91-107
RT. 0.41-048 AV: 17 SB:
16 0.23-029 T:FTMS +p
ESI Ful ms
[100.0000-1000.0000]

NL.

6.29E5

Ca1 Has Ng +H:
C41HaNs
paChg 1

Figure 64. ESI mass spectrum of tBu-5N9, m/z [M + H]* Calcd for Cs1H34Ns 596.2809;

Found 596.2807.

4.3.3 Synthesis Modification on RCM

From the previous discussion, the knowledge of RCM on polypyridyl substrates

was still limited, producing tBu-4N7 only in a yield less than 30% with impurities. To

obtain more insight into RCM on molecules featuring polypyridyl backbone, the precursor

pv-tBu3 was employed as the model compound as shown in Figure 65.
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4mol% Grubbs' 2nd Gen. Cat
DCM, 40°C

67%

tBu-3N5

4mol% Grubbs' 2nd Gen. Cat
DCM, 40°C

p-tBu3 tBu-3N5

Figure 65. Synthetic scheme of RCM reaction on model compounds a) pv-tBu3 and
b) p-tBus.

Fortunately, the RCM reaction on the substrate pv-tBu3 worked efficiently,
affording the desired product tBu-3N5 in a 67% yield with a low catalyst loading of 4
mol%. It is noteworthy that the product failed to be purified with normal phase silica gel
due to its strong affinity to the stationary phase, so prep GPC was used for the purification
purpose. The successful synthesis of tBu-3N5 was undoubtedly verified by NMR spectrum,
including *H NMR, 3C NMR and COSY, and mass spec. tBu-3N5 was a promising ligand,
showing desirable binding strength towards metal ions like Zn?* and Co?*. Upon mixing
with 0.5 equiv. Zn(OTf). in acetonitrile at room temperature for 30 min, a near quantitative

conversion was observed by *H NMR to form the metal complex ZnL,(OTf),. Efforts to
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grow the single crystals of these metal complexes are being committed in the lab. However,
it caught our attention that the same conditions did not work on the fully-propenyl
substrates p-tBu3. Only isomerization towards trans conformation around each double
bond was observed, which was known to be a competitive process against the desired
metathesis process. There is still debate over the mechanism of ruthenium-promoted olefin
metathesis, and there have been extensive simulation studies to compare the feasibility of
various mechanisms.*1%° The most common mechanisms included hydride pathway,°*
Nolan-Prunet n?-alkylidene/alkene mechanism,’® van Rensburg n3-allyl complex
mechanism!®31% etc. The hydride mechanism was deduced to be more compatible with our
experimental observations, since it involved the hydride on the extra methyl group.
Despite the success of RCM reaction on tBu-3N5, it was not our final purpose to
synthesize the compounds with only three pyridine rings. For this purpose, a wide range of
conditions was tested to compare their efficiencies. First, the precursor pv-tBu3 was
acidified with trifluoroacetic acid and then subjected to the same RCM conditions, but the
only observed product was the protonated starting material. After the RCM reaction, the
protonated nitrogen atoms had to be organized in a centripetal manner. In the pristine RCM
reaction, the cavity was large enough to accommodate lone pairs electrons of nitrogen
atoms. However, when nitrogen atoms were protonated, the cavity was too crowded to fit
the extra protons. Another reason might be that the protonation of nitrogen atoms made the
precursor pv-tBu3 more electron-deficient and lowered the HOMO energy level, rendering
the olefins harder to bind to the ruthenium catalyst in the initial step in the catalytic cycle.

Besides, various metal ions were mixed in the reaction mixture to be coordinated by the
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formed tBu-3N5 in situ, but this attempt did not work properly presumably due to the

decomposition of the active Grubbs’ catalyst via ligand exchange with external metal ions.

4.4 Conclusion

In summary, a series of novel centripetal azahelicenes and a feasible synthetic route
to accomplish the synthesis of them have been designed. Guided by rationalized
retrosynthesis design, the synthesis of building blocks was achieved in an efficient manner.
Afterwards, the condition of oligomerization was extensively screened for the Stille
coupling and nickel-catalyzed oxidative homocoupling.

To further improve the efficiency of oligomer synthesis, structural modifications
and route change were adopted. These changes included changing tributylstannyl groups
to trimethylstannyl groups to enhance reactivity, changing adamantyl groups to tert-butyl
groups to alleviate strain and changing some of the vinyl groups to propenyl groups to
reduce undesired binding between olefin and metal center. So far, the precursors with
pendant olefins containing up to five pyridine rings can be efficiently synthesized.

However, more efforts are still required to realize the efficient and selective
application of RCM reaction to annulate the backbone of proposed helicenes, despite the
preliminary success of synthesis on tBu-3N5 which was composed of three pyridine rings.
The pristine RCM reactions did afford higher helicenes tBu-4N7, Ad-4N7 and tBu-5N9
in low yields and required a higher catalyst loading which hindered effective separation

from impurities. External additives, including acid and metal ions, did not show benefit to
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boost the transformation. Ongoing efforts are being made to find an optimal solution to

strike a balance between the amount of catalyst required and the efficiency of purification.

4.5 Experimental Section
4.5.1 General Methods and Materials

Starting materials and reagents were purchased from commercial sources and were
used as received without further purification. THF was dried and distilled under nitrogen
from sodium using benzophenone as the indicator. Toluene was dried using an inert pure
solvent system and used without further treatment. An oil bath was used for those reactions
that required heating. *H and **C NMR spectra were recorded on a 500 MHz or 400 MHz
spectrometer. The *H and 3C{*H} NMR chemical shifts were reported in ppm relative to
the signals corresponding to the residual non-deuterated solvents (CDCls: *H 7.26 ppm,
13C 77.23 ppm) or the internal standard (tetramethylsilane: *H 0.00 ppm). Abbreviations
for reported signal multiplicities are as follows: s, singlet; d, doublet; t, triplet; g, quartet;
m, multiplet; br, broad. The broad singlet at ~1.55 ppm on *H NMR spectra represents the
resonance signal of H>O in CDCls. Column chromatography was carried out on a normal
phase SiO2. Preparative size exclusive chromatography (SEC) purifications were

performed at room temperature using chloroform as the eluent at a flow rate of 14 mL/min.
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4.5.2 Synthesis

2,6-dibromo-3,5-dimethylpyridine (C2). 3,5-dimethylpyridine (C1, 20 mmol,
2.144 g) was added into 16 mL fresh oleum dropwise at 0°C in a pressure tube. Afterwards,
liquid bromine (60 mmol, 9.589 g) was added into the mixture dropwise, and the mixture
was stirred at this temperature for 1 h. After this 1 h period, the whole reaction mixture
was heated at 150°C and stirred for 48 h. Next, the reaction mixture was allowed to cool
down to room temperature naturally, after which it was poured onto 200 mL ice slowly.
Afterwards, 6 M NaOH solution was added portion-wise to adjust the pH of the solution
until it is basic. Precipitate was observed along with the increasing pH value. After desired
pH value was achieved, 1 M Na»S>04 solution was added until the orange color faded away.
The solution was extracted with DCM in three portions, and organic portions were
combined and washed with brine solution. The volatile solvent was removed under reduced
pressure, and the crude product was purified with column chromatography (SiO2,
hexane/CH2CI2 1:1 to 1:9) to afford C2 as while solid in a 58% yield. *H NMR (500 MHz,
CDCl3) 8 =7.35 (s, 1H), 2.31 (s, 6H).

2,6-dibromo-3,5-bis(bromomethyl)pyridine (C3). In a pressure tube, C2 (5
mmol, 1.325 g), NBS (20 mmol, 3.560 g) and AIBN (1 mmol, 0.164 g) were mixed in 10
mL of dichloroethane. The mixture was stirred and heated at 90°C for 3 h. Afterwards, the
solution was cooled back to room temperature, and quenched with water. The mixture was
extracted with DCM. The organic phase was dried over Na SO, and the transferred to a
round bottom flask. The volatile solvent was removed under reduced pressure and

dissolved in anhydrous THF again. To the solution, diisopropylethylamine (DIPEA, 13.33
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mmol, 1.723 g) and diethylphosphite (DEP, 13.33 mmol, 1.841 g) were added to the THF
solution sequentially. The mixture was stirred for 30 minutes and quenched with water.
The mixture was extracted with DCM, and the organic phase was combined and washed
with brine solution. The volatile solvent was removed under reduced pressure, and the
crude product was purified with column chromatography (SiO2, hexane/CH2CI2 1:1 to
1:9) to afford C3 as while solid in a 64% yield. *H NMR (500 MHz, CDCl3) & = 7.81 (s,
1H), 4.50 (s, 4H).

2,6-dibromo-3,5-divinylpyridine (v-BriBr). C3 (0.3 mmol, 0.1268 g) and
triphenylphosphine (0.75mmol, 0.1967 g) were dissolved in 2 mL anhydrous DMF in
nitrogen atmosphere. The mixture was heated and stirred at 80°C overnight. Afterwards,
the suspension was poured into diethyl ether. The precipitate was collected via vacuum
filtration and dried in vacuum. The phosphonium salt was suspended in 2 mL anhydrous
THF, and to this suspension was added 2 g paraformaldehyde. Potassium tert-butoxide
(0.75 mmol, 85 mg) was slowly added to the suspension with stirring at 0°C, and the
mixture was allowed to warm back to room temperature overnight. After the completion
of the reaction, water was added to quench the reaction, and excessive paraformaldehyde
was removed through a cotton ball. The mixture was extracted with DCM, and the organic
phase was combined and washed with brine solution. The volatile solvent was removed
under reduced pressure, and the crude product was purified with column chromatography
(Si02, hexane/CH2CI2 1:1 to 1:9) to afford v-BriBr as while crystal in 85% yield. H
NMR (400 MHz, CDCl3) § = 7.86 (s, 1H), 6.91 (dd, 2H), 5.81 (d, 2H), 5.54 (d, 2H). ESI-

MS: m/z [M + H]" Calcd for CoH7NBr2 289.8998; Found 289.8993.
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p-BrlBr. The synthesis is similar to v-Br1Br, except that acetaldehyde was used
in the place of paraformaldehyde and the product was collected as colorless oil in 90%
yield. 'H NMR (400 MHz, CDCl3) & = 7.45-7.72 (sss, 1H), 5.95-6.65 (m, 4H), 1.78-1.96
(m, 6H). The strict assignment of peaks was rendered unfeasible due to the mixture of E/Z
isomers.

T2. In a 250 mL round bottom flask, T1 (10 mmol, 1.860 g), AgNO3 (2.5 mmol,
0.425 g), adamantyl acid (70 mmol, 12.6 g) and ammonium persulfate (35 mmol, 7.987 g)
were suspended in a mixture solvent of 20 mL dichloroethane and 100 mL water. To this
suspension was added 2 mL concentrated sulfuric acid. The suspension was stirred and
heated to reflux at 100°C, covered with aluminum foil. After 24 h, the mixture was filtered
through a cotton ball to remove the insoluble parts. The clear solution was extracted with
DCM, and the organic phase was combined and washed with brine solution. The volatile
solvent was removed under reduced pressure, and the crude product was purified with
column chromatography (SiO2, hexane/CH2CI2 1:1 to 1:9) to afford T2 as white solid in
45% yield. *H NMR (500 MHz, CDCls) § = 10.29 (s, 1H), 8.09 (d, 1H), 7.35 (d, 1H), 1.74-
2.14 (m, 15H).

tBu-T2. The synthesis was similar to T2, and pivalic acid (50 mmol, 6.10 g) was
used in the place of adamantyl acid. The product is colorless oil and the yield was 70%.'H
NMR (500 MHz, CDCls) & = 10.30 (s, 1H), 8.08 (d, 1H), 7.42 (d, 1H), 1.37 (m, 9H).

T3. In a Schlenk tube filled with nitrogen, methyltriphenylphosphonium bromide
(3.03 mmol, 1.083 g) was suspended in 8 mL anhydrous THF, and tBuOK (3.03 mmaol,

0.340 g) was added to the suspension to observe a bright yellow color. After one hour at
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room temperature, T2 (2.53 mmol, 0.809 g) was dissolved in 8 mL THF, and the solution
was injected into the Schlenk tube slowly. The mixture was stirred at room temperature
overnight and quenched with water after 24 h. The mixture was extracted with DCM, and
the organic phase was combined and washed with brine solution. The volatile solvent was
removed under reduced pressure, and the crude product was purified with column
chromatography (SiO2, hexane/CH2CI2 1:1 to 1:9) to afford T3 as while crystal in 86%
yield. 'H NMR (400 MHz, CDCl3) & = 7.72 (d, 1H), 7.19 (d, 1H), 6.96 (dd, 1H), 5.68 (d,
1H), 5.39 (d, 1H), 1.74-2.10 (m, 15H).

v-tBuT3. The synthesis was similar to T3, except that tBu-T2 used in the place of
T2. The product was obtained as colorless oil in 84% yield. *H NMR (500 MHz, CDCls)
§=7.72 (d, 1H), 7.28 (d, 1H), 6.96 (dd, 1H), 5.69 (d, 1H), 5.42 (d, 1H), 1.35 (s, 9H).

p-tBuT3. In a Schlenk tube filled with nitrogen, ethyltriphenylphosphonium
bromide (4.5 mmol, 1.671 g) was suspended in 6 mL anhydrous THF at 0°C, and 1.6 M
nBuL.i in hexane solution (4.5 mmol, 2.8 mL) was injected into the suspension to observe
a deep orange color change. The mixture was stirred at 0°C for 1 h, after which tBu-T2 (3
mmol, 0.726 g) was dissolved in 3 mL anhydrous THF and injected into the ylide solution,
and gradual color diminishment was witnessed. The mixture was allowed back to room
temperature overnight and quenched with water after 24 h. The mixture was extracted with
DCM, and the organic phase was combined and washed with brine solution. The volatile
solvent was removed under reduced pressure, and the crude product was purified with
column chromatography (SiO2, hexane/CH2CI2 1:1 to 1:9) to afford p-tBuT3 as colorless

oil in 86% yield. *H NMR (400 MHz, CDCls) § = 7.48-7.63 (d + d, 1H), 7.20-7.25 (d + d,
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1H), 5.8-6.7 (m, 2H), 1.76-1.94 (d + d, 3H), 1.33-1.35 (s + s, 9H). A mixture of E/Z isomers
were obtained.

v-Ad1SnBu. T3 (2 mmol, 0.636 g) was dissolved in 6 mL anhydrous THF in a
flame dried Schlenk flask at -78°C using dry ice and acetone. To this solution was injected
1.6 M n-BuL.i solution in hexane (2.2 mmol, 1.4 mL) very slowly to observe a formation
of orange color. The mixture was stirred at -78°C for 1 h. After 1 h, tributyltin chloride
(2.6 mmol, 0.846 g) was injected into the flask slowly. The mixture was allowed back to
room temperature overnight. After 24 h, the reaction was quenched with water, and the
solution was extracted with DCM, and the organic phase was combined and washed with
brine solution. After being dried over Na>SOs, the volatile solvent was removed with
reduced pressure, and the crude product was purified with prep GPC to afford v-Ad1SnBu
as yellow oil in 78% vyield. *H NMR (500 MHz, CDCls3) § = 7.65 (d, 1H), 7.04 (d, 1H),
6.73 (dd, 1H), 5.63 (d, 1H), 5.27 (d, 1H), 1.74-2.10 (m, 42H).

v-tBulSnBu. v-tBuT3 (0.5 mmol, 0.120 g) was dissolved in 3 mL anhydrous THF
in a flame dried Schlenk flask at -78°C using dry ice and acetone. To this solution was
injected 1.6 M n-BuL.i solution in hexane (0.6 mmol, 0.38 mL) very slowly to observe a
formation of orange color. The mixture was stirred at -78°C for 1 h. After 1 h, tributyltin
chloride (0.7 mmol, 0.228 g) was injected into the flask slowly. The mixture was allowed
back to room temperature overnight. After 24 h, the reaction was quenched with water, and
the solution was extracted with DCM, and the organic phase was combined and washed
with brine solution. After being dried over NaSQOg, the volatile solvent was removed with

reduced pressure, and the crude product was purified with prep GPC to afford v-tBulSnBu
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as yellow oil in 78% yield. *H NMR (500 MHz, CDCls3) & = 7.64 (d, 1H), 7.12 (d, 1H),
6.74 (dd, 1H), 5.62 (d, 1H), 5.27 (d, 1H), 1.34 (s, 9H), 0.70-1.75 (m, 27H).

p-tBulSnMe. p-tBuT3 (2 mmol, 0.508 g) was dissolved in 10 mL anhydrous THF
in a flame dried Schlenk flask at -78°C using dry ice and acetone. To this solution was
injected 1.6 M n-BuLi solution in hexane (2.4 mmol, 1.5 mL) very slowly to observe a
formation of orange color. The mixture was stirred at -78°C for 1 h. After 1 h, 0.5 M of
trimethyltin chloride in hexane (1.3 mmol, 2.6 mL) was injected into the flask slowly. The
mixture was allowed back to room temperature overnight. After 24 h, the reaction was
guenched with water, and the solution was extracted with DCM, and the organic phase was
combined and washed with brine solution. After being dried over Na;SOs, the volatile
solvent was removed with reduced pressure, and the crude product was purified with prep
GPC to afford p-tBulSnMe as yellow oil in 78% yield. *H NMR (400 MHz, CDCls) § =
7.48-7.64 (d + d, 1H), 7.20-7.25 (d + d, 1H), 5.89-6.68 (m, 2H), 1.76-1.94 (d + d, 3H),
1.33-1.35 (s + s, 9H). A mixture of E/Z isomers were obtained.

v-Ad2Br. v-Br1Br (0.6 mmol, 0.173 g) and v-Ad1SnBu (0.5 mmol, 0.263 g) were
dissolved in 3 mL anhydrous DMF. The solution was degassed by freeze-pump-thaw three
times in liquid nitrogen. Afterwards, tetrakis (0.075 mmol, 87 mg) and Cul (0.05 mmol, 8
mg) along with a few crystals of BHT were added to the solution. The entire mixture was
stirred at 85°C overnight. After the completion of the reaction, the mixture was extracted
with DCM, and washed with water once and brine twice. The organic phase was combined
and dried over Na>SOg4. The crude product was purified via column chromatography (SiO2,

hexane/CH2CI2 1:1 to 1:9) to provide a semi-pure product. Such semi-product was further
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purified with prep GPC to afford v-Ad2Br in 30% yield. *H NMR (500 MHz, CDCl3) § =
8.06 (s, 1H), 7.90 (d, 1H), 7.29 (d, 1H), 7.04 (dd, 1H), 6.55-6.64 (m, 2H), 5.84 (d, 1H),
5.72 (d, 1H), 5.64 (d, 1H), 5.53 (d, 1H), 5.27 (d, 1H), 5.21 (d, 1H), 1.76-2.08 (m, 15H).

v-tBu2Br. The synthesis was similar to v-Ad2Br, except that v-tBulSnBu was
used in the place of v-Ad1SnBu, and the yield was 40%. *H NMR (500 MHz, CDCl3) & =
8.06 (s, 1H), 7.89 (d, 1H), 7.35 (d, 1H), 7.04 (dd, 1H), 6.55-6.65 (m, 2H), 5.85 (d, 1H),
5.72 (d, 1H), 5.65 (d, 1H), 5.54 (d, 1H), 5.24 (d, 1H), 5.22 (d, 1H), 1.35 (s, 9H). ESI-MS:
m/z [M + H]" Calcd for C2H22N2Br 369.0961; Found 369.09509.

pv-tBu2Br and pv-tBu3. The synthesis was similar to v-tBu2Br, except that p-
tBulSnMe was used in the place of v-tBulSnBu, and the yield for pv-tBu2Br was 48%,
the yield for pv-tBu3 was 18%. *H NMR (400 MHz, CDCls) for pv-tBu2Br § = 7.34-8.06
(m, 3H), 5.23-7.44 (m, 8H), 1.68-1.79 (d + d, 3H), 1.33-1.36 (s + s, 9H). 'H NMR (400
MHz, CDCls) for pv-tBu3 & = 7.23-8.24 (m, 5H), 5.20-6.64 (m, 10H), 1.67-1.80 (m, 6H),
1.31-1.34 (m, 18H). Due to the larger number of isomers, the exact assignment of peaks
was not feasible.

p-tBu2Br. The synthesis was similar to pv-tBu2Br, except that p-Br1Br was used
in the place of v-Br1Br.H NMR (400 MHz, CDCl3) § = 7.25-7.92 (m, 3H), 5.92-6.75 (m,
6H), 1.66-1.99 (m, 9H), 1.32-1.37 (m, 9H). Due to the larger number of isomers, the exact
assignment of peaks was not feasible.

v-Ad4. NiCl>(PPhz)2 (0.088 mmol, 56 mg) and tetrabutylammonium iodide (0.221
mmol, 82 mg) were suspended in 1.5 mL anhydrous THF, and then zinc powder (0.378

mmol, 25 mg) was added to the flask. The suspension was degassed by freeze-pump-thaw
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three times with liquid nitrogen. The mixture was stirred at room temperature for 2 h.
Afterwards, v-Ad2Br (0.221 mmol, 102 mg) was dissolved in 1.5 mL and injected to the
flask. The reaction mixture was stirred at 55°C for 24 h. After the completion of the
reaction, the reaction mixture was poured into the 30% ammonium hydroxide, and was
extracted with DCM, and the organic phase was combined and washed with brine solution.
After being dried over Na>SOs, the volatile solvent was removed with reduced pressure,
and the crude product was purified with column chromatography (SiO2, hexane/CH2CI2
1:1 to 1:9) to afford v-Ad4 as yellow oil in a 25% yield. *H NMR (400 MHz, CDCl3) § =
8.23 (s, 2H), 7.87 (d, 2H), 7.23 (d, 2H), 6.86 (dd, 2H), 6.62-6.75 (m, 4H), 5.14-5.82 (m,
12H), 2.06 (s, 6H), 1.96 (s, 12H), 1.75 (s, 12H). ESI-MS: m/z [M + H]* Calcd for Cs2HssNs
735.4421; Found 735.4393.

pv-tBu4. The synthesis was similar to v-Ad4, except that pv-tBu2Br was used in
the place of v-Ad2Br to afford pv-tBu4 in a 40% yield. *H NMR (400 MHz, CDCls3) § =
8.24 (s, 2H), 7.76 (d, 2H), 7.25 (d, 2H), 5.22-6.93 (m, 16H), 1.74-1.76 (m, 6H), 1.29-1.30
(m, 18H).

p-tBu2SnMe. p-tBu2Br (0.188 mmol, 78 mg) and (SnMes)2 (0.37 mmol, 0.121 g)
were added to a Schlenk flask with 1.5 mL anhydrous toluene, and the solution was
degassed three times with liquid nitrogen. Afterwards, tetrakis (0.0188 mmol, 22 mg) was
added to the mixture, and stirred at 80°C for 24 h. After the completion of the reaction, the
reaction was quenched with water, and extracted with DCM. The organic phase was
washed with water and brine and dried over Na,SO4. The volatile solvent was removed

under reduced pressure, and the crude product was purified with prep GPC to obtain the
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semi-pure product in near 100% vyield. The product was directly used in the next step
without further purification. *"H NMR (400 MHz, CDCls) § = 7.09-7.80 (m, 3H), 5.40-6.45
(m, 6H), 1.48-1.85 (m, 9H), 1.22-1.25 (m, 9H), 0.10-0.30 (m, 9H). Due to the larger
number of isomers, the exact assignment of peaks was not feasible.

p-tBu4. p-tBu2Br (0.145 mmol, 60 mg) and p-tBu2SnMe (0.145 mmol, 72 mg)
were dissolved in 1 mL anhydrous DMF. The solution was degassed by freeze-pump-thaw
three times in liquid nitrogen. Afterwards, tetrakis (0.022 mmol, 25 mg) and Cul (0.029
mmol, 5 mg) were added to the solution. The entire mixture was stirred at 85°C overnight.
After the completion of the reaction, the mixture was extracted with DCM, and washed
with water once and brine twice. The organic phase was combined and dried over Na;SOa.
The crude product was purified via column chromatography (SiO2, hexane/CH2CI2 1:1 to
1:9) to provide a semi-pure product. Such semi-product was further purified with prep GPC
to afford p-tBu4 in 42% yield. *H NMR (400 MHz, CDCls3) & = 7.20-8.10 (m, 6H), 5.60-
6.65 (m, 12H), 1.70-1.90 (m, 18H), 1.25-1.42 (m, 18H). Due to the larger number of
isomers, the exact assignment of peaks was not feasible.

tBu-3N5. In a Schlenk flask, pv-tBu3 (0.12 mmol, 55 mg) and Grubbs’ 2"
generation catalyst (0.0024 mmol, 2 mg) were dissolved in 6 mL DCM, and degassed with
freeze-pump-thaw three times with liquid nitrogen. The mixture was stirred with mild heat
at 40°C overnight, and after the completion of the reaction, the volatile solvent was
removed under reduced pressure, and the crude product was purified with prep GPC to
obtain the product in 68% yield as yellow powder. *H NMR (400 MHz, CDCls) & = 8.74

(s, 1H), 8.19 (d, 2H), 7.90 (d, 2H), 7.79 (d + d, 4H), 1.71 (s, 18H). 3C{*H} NMR (100
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MHz, CDCls) 6 = 169.78, 136.02, 127.87, 126.98, 126.86, 125.61, 120.53, 38.97, 30.53.
ESI-MS: m/z [M + H]" Calcd for C27H2sN3 394.2278; Found 394.2273.

tBu-4N7. pv-tBu4 (0.092 mmol, 53 mg) and Grubbs® 2" generation catalyst
(0.0092 mmol, 8 mg) were dissolved in 2 mL anhydrous toluene. The solution was
degassed by freeze-pump-thaw three times with liquid nitrogen. On the other hand, another
batch of Grubbs’ 2" generation catalyst (0.0184 mmol, 16 mg) was dissolved in 4 mL
anhydrous toluene. The extra batch of catalyst solution was injected into the reaction
mixture slowly by syringe pump over 3 h, and meanwhile the reaction mixture was stirred
at 90°C. After the completion of the injection, the mixture was further stirred overnight.
After the completion of the reaction, the toluene was removed by vacuum, and the crude
product was purified with prep GPC to obtain the semi-pure product in 30% yield as brown
powder. 'H NMR (500 MHz, CDCls) § = 8.67 (s, 2H), 8.18 (d, 2H), 7.82 (d + d, 8H), 1.42
(s, 18H). ESI-MS: m/z [M + H]* Calcd for C34H31N4 495.2543; Found 495.2539.

Ad-4N7. The synthesis of Ad-4N7 was similar to tBu-4N7, except that the starting
material v-Ad4 was used in the place of pv-tBu4 to afford semi-pure product in less than
10% yield. *H NMR (400 MHz, CDCl3) 6 = 9.13 (s, 2H), 8.39 (d, 2H), 7.89-8.10 (m, 8H),
1.85-2.33 (s, 30H). ESI-MS: m/z [M + H]* Calcd for C4sHa2N4 651.3482; Found 651.3476.

p-tBu5. p-Br1Br (0.084 mmol, 27 mg) and p-tBu2SnMe (0.167 mmol, 83 mg)
were dissolved in 1.5 mL anhydrous DMF. The solution was degassed by freeze-pump-
thaw three times in liquid nitrogen. Afterwards, tetrakis (0.0126 mmol, 15 mg) and Cul
(0.017 mmol, 3 mg) were added to the solution. The entire mixture was stirred at 85°C

overnight. After the completion of the reaction, the mixture was extracted with DCM, and
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washed with water once and brine twice. The organic phase was combined and dried over
Na>SO4. The crude product was purified via prep GPC to afford semi-pure p-tBu5 in 52%
yield. 'H NMR (400 MHz, CDCl3) & = 7.50-8.00 (m, 7H), 5.55-6.60 (m, 16H), 1.70-1.97
(m, 24H), 1.25-1.42 (m, 18H). Due to the larger number of isomers, the exact assignment
of peaks was not feasible. ESI-MS: m/z [M + H]* Calcd for Cs7HessNs 820.5313; Found

820.5307.
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Figure 66. *H (500 MHz) NMR of C2 in CDCls at room temperature.
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Figure 67. 'H (500 MHz) NMR of C3 in CDCls at room temperature.
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CHAPTER V
DEVELOPMENT OF ORGANIC TEACHING LAB BASED ON “NOBEL PRIZE

REACTIONS”

5.1 Introduction

Chemistry is a laboratory science which cannot be effectively taught without a
robust laboratory experience for students at undergraduate level .1 Laboratory experience
is important not only for those majoring in chemistry to prepare them for more specific
studies, but also for those majoring in other subjects to enhance their general science
common sense and skills. Despite a survey result that students participating in the lab
course pay most attention to their final grades, it was also mentioned that the experience
during the course significantly impacted their focus.® In this context, the design of lab
course topics, the clear instructions by the instructor, etc. all play an important role in the
effective communication of scientific concepts.

In the contemporary curriculum design, the organic teaching labs are commonly
supposed to be a complementary component of the theoretical organic chemistry course,
and they usually progress synchronously with the theoretical course. Although this
strengthens the understanding of chemical concepts, the experiments covered in teaching
labs are usually quite conventional. Taking the organic teaching labs in Texas A&M
University as an example, the topics include Sn1 reaction, oxidation of alcohol, reduction
of camphor, diazonium and indigo dyes, etc. These reactions exemplify classical reaction

categories, but the only organometallic reaction is Grignard reaction, which was proposed
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over 100 years ago.'® The absence of cutting-edge reactions in the teaching lab is critically
impacting the efficiency of contemporary organic laboratory education.

Looking back at the methodologies developed in the last 50 years, there have been
so many discoveries that revolutionized the field of organic chemistry. Among them cross
coupling and olefin metathesis are the most notable examples as they are the topics of the
Nobel Prize in Chemistry in 2010 and 2005, respectively. Tremendous attention has been
attracted to these strategies, owing to their supreme power and versatility to construct more
sophisticated molecules.*®%° According to a survey in 2014, Suzuki was ranked as the
second most frequently used reaction in the field of pharmaceuticals.?® Bringing these
impactful reactions into the chemical teaching lab will introduce the state-of-the-art
chemical knowledge to undergraduates and transmit an idea of how these methods facilitate
organic synthesis.

There have been a number of literature examples adopting Suzuki coupling and

olefin metathesis in teaching lab. For Suzuki coupling, cases conducted in open air,2%

202 203

protected with nitrogen balloon,?%? using Schlenk line,?* catalyzed with nickel catalyst,2%
etc. were reported. For the olefin metathesis, most of the reactions required nitrogen
protection,?® and the majority of these previous examples were cross metathesis instead of
ring closing metathesis.?% Herein we describe a novel design of sequential Suzuki coupling
and ring closing metathesis to synthesize a common and simple polycyclic aromatic
compound phenanthrene. Despite the simplicity of the final target compound, the

underlying novelty and challenge are the requirement for simple experiment setup without
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Schlenk line or liquid nitrogen degassing and the efficiency considering the time restriction

and equipment restrictions for undergraduate laboratories.

5.2 Results and Discussion
The designed synthesis of phenanthrene is composed of two steps (Figure 92). In
the first step, 2-bromostyrene and styrene boronic acid are coupled together via Suzuki
coupling to afford the biphenyl derivative with pendant vinyl groups. Afterwards, this
intermediate is subjected to RCM reaction to annulate the adjacent vinyl groups to obtain

phenanthrene.

Session 1:

Xy OH X X
B Br Pd(PPh3),, K,CO3

OH + Toluene, BHT, 90°C

2 hrorless X
Grubbs' 2nd Gen Cat. OO
CH,Cl,, BHT, 35°C O
2 hr or less

Figure 92. Synthetic scheme of the proposed teaching lab which contains Suzuki
coupling and ring closing metathesis sequentially.
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It would be a straightforward protocol if these experiments were to be conducted in
a research lab scenario with liquid nitrogen, Schlenk line, glovebox, etc. However, these
conditions had to be as simple as possible, and ambient conditions would be optimal for a
teaching lab. Based on this situation, our strategy to find a feasible condition that would
work in a teaching lab scenario was to start from the research lab conditions and gradually

remove those specific requirements without significantly compromising the yields.

Table 5. Reaction condition optimization for the first step Suzuki coupling.

Grubbs' 2nd Gen Cat. (3 mol%) OO
-
CH,CI,, BHT, 35°C O
2 hr

Entry Reaction time Method Yield
1 2h Freeze, pump, thaw 60%
2 2h Open air 57%

For the first step of Suzuki coupling, a known working condition was to employ
Pd(PPhs)s as the catalyst, potassium carbonate as the base in toluene as the solvent, and
BHT as the radical scavenger at 90°C. Considering the sensitivity of Pd(PPhs)4 to oxygen,

the degassing method represented the key challenge. Another important factor was the
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length of reaction time. Thus, we kept decreasing the complexity of the degassing method
and reaction time to find a condition reasonable in the teaching lab and supplying decent
yields. The summary of our trials is listed in Table 5. In the strictest condition, the yield
was up to 80%. Next, the reaction time was shortened to only 2 hours, which enabled the
reaction to be finished within a normal 3-hour lab course session. The yield was
significantly decreased to 47% due to the incomplete conversion, but it was perceived as
acceptable considering the short time. The step of freeze-pump-thaw step was further
removed to simplify the reaction protocol, and nitrogen was bubbled into the reaction
mixture for 15 min before the reaction. Gratifyingly, this change only decreased the yield
slightly to 45%. This protocol was considered optimal considering the balance between
simplicity and the yield.

Regarding the purification of the intermediate after the Suzuki step, column
chromatography was selected as the key strategy, considering its special importance in
organic synthesis. Based on the restriction of the teaching lab, a mini pipette filled with
silica gel served as a flash column. Hexane was chosen as the eluent alone considering the
low polarity of the product. The purification process usually afforded pure intermediates,
with rare exceptions due to the difficulty to realize a complete separation between the

intermediate and the starting material 2-bromostyrene under a high flow rate.
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Table 6. Reaction condition optimization for the second step ring closing metathesis.

N oH x Pd(PPh3)4 (15 mol%), K,COs5

B\OH + Br -
Toluene, BHT, 90°C

Entry Reaction time Degassing method Yield
1 24 h Freeze, pump, thaw 80%
2 2h Freeze, pump, thaw 47%
3 2h N, bubbling 45%

Afterwards, the optimization on the ring closing metathesis step was conducted.
First, it was verified that 3 mol % of Grubbs’ 2" generation catalyst in DCM worked
perfectly after being degassed with freeze-pump-thaw strategy. The removal of the freeze-
pump-thaw strategy did not hamper the reaction, giving a similar yield and demonstrating
desirable robustness of the catalyst towards this substrate. Regarding the purification
method, a flash column worked well giving a yield of up to 80%. However, to expand the
scope of purification methods taught in this course, recrystallization methods were
examined. Ethanol and water served as a mixed solvent to realize the purification purpose
to obtain flake-like crystals, and the yield by recrystallization was about 57%.

With the successful implementation of these two steps, the last factor before putting
the lab to real practice is the cost and the safety issues. In terms of the cost, both 2-

bromostyrene and styrene boronic acid were affordable. Although Pd(PPh3)s and Grubbs’
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2" generation catalyst were more expensive, the overall cost was affordable as well
considering the low catalyst loading required. Regarding safety concern, there were not
significant hazards like high pressure or corrosive chemicals, but normal safety rules would
be practiced assuring the lab would be carried out in a safe manner. In the fall semester of
2021, this lab was successfully implemented in the organic lab CHEM234 at Texas A&M

University, which involved chemistry-majored second year undergraduates.

5.3 Conclusion
In conclusion, a teaching lab course that covered two Nobel prize winning reactions,
Suzuki coupling and ring closing metathesis, was developed. The development of this lab
addressed the concern that most of the topics covered in undergraduate lab courses are
outdated and key metal-catalyzed reactions are missing in the current teaching curriculum.
A simple polycyclic compound phenanthrene was chosen as the synthetic target which was
designed to be achieved in two sequential steps, Suzuki coupling followed by ring closing
metathesis. By carefully screening the reaction conditions viable in the context of a
teaching lab, we successfully found a complete protocol that started from easily available
starting materials to the final product that can be steadily characterized. The participation
in this lab enabled students to not only learn state-of-the-art knowledge of chemistry and
especially organometallic chemistry, but also review essential practical skills in chemical

labs, like recrystallization, flash chromatography, etc.
The designed teaching lab has been successfully implemented. Next, a detailed plan

to collect the statistics about the running status of this new lab, including the success rate
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of students, students’ feedback, amount of chemicals used, etc., is needed. In the upcoming
semester, we will introduce quantitative survey to capture students’ learning outcomes and

instructors’ feedback on these experiments.

5.4 Experimental Section
5.4.1 General Methods and Materials

Starting materials and reagents were purchased from commercial sources and were
used as received without further purification. THF was dried and distilled under nitrogen
from sodium using benzophenone as the indicator. Toluene was dried using an inert pure
solvent system and used without further treatment. An oil bath was used for those reactions
that required heating. *H and **C NMR spectra were recorded on a 500 MHz or 400 MHz
spectrometer. The *H and 3C{*H} NMR chemical shifts were reported in ppm relative to
the signals corresponding to the residual non-deuterated solvents (CDCls: *H 7.26 ppm,
13C 77.23 ppm) or the internal standard (tetramethylsilane: *H 0.00 ppm). Abbreviations
for reported signal multiplicities are as follows: s, singlet; d, doublet; t, triplet; g, quartet;
m, multiplet; br, broad. The broad singlet at ~1.55 ppm on *H NMR spectra represents the
resonance signal of H>O in CDCls. Column chromatography was carried out on a normal

phase SiOx.

5.4.2 Synthesis
2,2'-divinyl-1,1'-biphenyl. In an open 25 mL round bottom flask equipped with a

stir bar, 2-bromostyrene (1 mmol, 0.183 g), (2-vinylphenyl)boronic acid (1.2 mmol, 0.178
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), fresh tetrakis (0.15 mmol, 173 mg), potassium carbonate (3 mmol, 0.414 g) and a few
crystal of BHT were mixed in 5 mL toluene. Nitrogen was purged into the mixture through
a needle for 15 minutes. Afterwards, the mixture was heated up to 90°C with a refluxing
apparatus. The reaction lasted for 2 hours, after which it was cooled down to room
temperature, and washed with water. A simple extraction was conducted in a large test tube
with DCM, and the bottom organic phase was combined and dried over Na2SO4. Next, the
dried organic phase was subjected to reduced pressure to remove volatile solvent, and the
crude product was dissolved in 1 mL hexane again. The 1 mL hexane solution was charged
onto the top of pre-packed silica gel column, and a rubber bulb was used to apply pressure
slowly to allow the eluent to flow through the mini column. The first fraction was collected
as the colorless oil as the product in a 45% yield without further purification. *H NMR (500
MHz, CDCl3) & = 7.67 (d, 2H), 7.37 (t, 2H), 7.29 (t, 2H), 7.16 (d, 2H), 6.41 (dd, 2H), 5.66
(d, 2H), 5.10 (d, 2H).

Phenanthrene. All the product from the last step was transferred into a 25mL
round bottom flask, and 10 mL of DCM was used to wash the initial flask and then
combined into the new reaction flask. To this solution, Grubbs’ 2" generation catalyst
(0.015 mmol, 12 mg) was added to the flask. The mixture solution was stirred for 2 hours.
Afterwards, the solvent was directly removed under reduced pressure. The crude product
was purified with recrystallization by ethanol as the good solvent and water as the poor
solvent. The product was collected as white flakes in a 60% yield. *H NMR (4200 MHz,

CDCls3) 8 = 8.70 (d, 2H), 7.90 (d, 2H), 7.65-7.69 (m, 2H), 7.59-7.63 (m, 2H).
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5.4.2 NMR Spectra
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Figure 93. 'H (500 MHz) NMR of 2,2'-divinyl-1,1'-biphenyl in CDCIz at room
temperature.
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Figure 94. 'H (400 MHz) NMR of phenanthrene in CDCls at room temperature.
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CHAPTER VI

CONCLUSIONS AND PERSPECTIVES

6.1 Ladder Type Small Molecule Embedding B«<—N Coordinative Bonds

BN coordinative bonds have been demonstrated by our previous members that
they can enforce a rigid and coplanar conformation in m-conjugated molecules. The
introduction of B«—N coordinative bonds on an indolocarbazole core enabled robust and
reversible redox states.

In the first project, | integrated the indolocarbazole core with indaceno[2,1-d:6,5-
d']dithiazole and employed efficient borylation reaction to construct a ladder type molecule
BN-1 with 23 fused rings featuring four B—N covalent bonds and four B«—N coordinative
bonds. Various characterization methods implied that these B—N bonds not only rigidified
the backbone but also decreased the frontier orbitals along with the bandgap compared to
the counterpart with C—C bonds in the place of B—N bonds.

Second, I also successfully installed aryl groups with different electronic properties
onto the indolocarbazole core and examined the structure-property relationship. Four
molecules, Th-IDCZ-BTh, Th-IDCZ-CI-BTh, Ph-IDCZ-BTh and Ph-IDCZ-CI-BTh,
were proposed and synthesized. The theoretical simulation results and experimental data
on the bandgap matched well with our expectations based on the nature of the chosen aryl
groups. GIWAXS data suggested a high crystallinity thanks to the rigidified backbone.
Later, the electron transport mobilities of these molecules were tested but only moderate

readings were recorded on the fabricated OTFTs.
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Following the previous success, | achieved the synthesis of several novel molecules
whose backbone was rigidified by the introduction of B«—N bonds. However, these
molecules did not show high performances as n-type semiconductors. There could be a
couple of reasons for the unsatisfaction. First, the LUMO energy level was still not low
enough. For example, BN-1 still had a LUMO energy level -3.48 eV, and the other four
molecules mentioned in Chapter I11 had the lowest LUMO energy level of -3.69 eV. These
values did not meet the empirical criteria that a desirable LUMO value for n-type organic
semiconductor is as low as -4.0 eV.

In fact, the sole introduction of B—N bonds seemed insufficient to achieve
remarkable mobility data. To address this concern of molecular design, other common
moieties in n-type organic semiconductors, like cyano groups, PDI/NDI, DPP, etc. can be
tested Currently, there has been significant progress regarding the compounds based on
isoindigo and benzobisimidazole structures (Figure 95), and more detailed

characterization data will demonstrate their properties including device data.
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Figure 95. Perspective target molecules for research in our lab with different moieties.

6.2 Synthesis and Supramolecular Chemistry of Centripetal Azahelicenes
Despite the previous literature on azahelicenes, helicenes with nitrogen atoms
decorating the inner rim remain unexplored. Importantly, this family of compounds were
envisioned to function as strong ligands considering its preorganization of nitrogen atoms
to avoid entropy penalty. Thus, | proposed a synthetic route towards these helicenes

employing RCM as the key strategy to annulate the backbone.
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Guided by the retrosynthesis on the proposed centripetal azahelicenes, |
accomplished efficient synthesis of the building blocks with pendant olefins. Preliminary
attempts on oligomerization and RCM witnessed a low to moderate yield, despite the mass
spec and NMR spectrum on the helicene Ad-4N7 with adamantyl as the steric group.
Reflecting on the strain, the bulky group was changed to tert-butyl to accommodate strain.
In addition, detailed modifications, such as changing the stannyl group, changing the
propenyl group to vinyl group, etc. were continuously made to improve the synthetic
efficiency. The initial oxidative homocoupling was discarded due to its low efficiency
reproducibility. The iterative stannylation-Stille method was adopted to achieve precursors
before RCM reaction. This change not only enhanced the reproducibility of this step, but
also enabled the synthesis of longer precursors instead of those limited to tetramer. In the
last step RCM reaction, semi-pure pseudo-helicene tBu-4N7 was achieved.

Despite the preliminary success, there remains room for improvement regarding
synthesis. The RCM reaction currently only worked well on the model compound tBu-
3N5, which prompted us to find better conditions to optimize the yield of this reaction.
With the experience on the synthesis on tetramer, exploration will take place to synthesize
longer precursors containing five, six and even seven pyridine rings. With the satisfactory
search for RCM conditions, these precursors will be annulated to afford the proposed

centripetal azahelicenes (Figure 96).
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Figure 96. Perspective synthesis of precursors and final azahelicenes with six and
seven nitrogen atoms.

Following the successful synthesis of these azahelicenes, their intriguing
supramolecular properties will be explored. The proposed rigid ligands are anticipated to
exhibit extraordinary affinity and sharp selectivity in coordinating large sized metal
cations. They are particularly promising ligands for f-block lanthanide (Ln) cations, which

are challenging to bind with high affinity and selectivity due to (i) the lack of
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stereoelectronic preference that are seen on transition metals and (ii) the demand on a large
coordination number from the ligand(s).?®” The important factors governing the
coordination here are the supramolecular principles on size matching, multivalency, and
preorganization, which are the inherent structural features designed into centripetal
azahelicenes. For affinity, the rigid and multivalent nitrogen sites of these rigid polypyridyl
ligands provide the large coordination number from a single ligand molecule. Moreover,
the fused-ring backbone eliminates the undesired 3,3'-H-H repulsion and minimizes
binding entropy penalty to further boost the affinity. The association constants of the
proposed ligands vs appropriate Ln(111) are expected to be in the range of 10° ~ 10> mol-
1.

The binding selectivity of polypyridine ligands vs various Ln(l1l) ions is mainly
determined by the ligand strain energy (U) after forming the complex, which is balanced
between the 3,3’-H-H repulsion raised by complex-driven planarization, and the forced
change of ligand curvature upon chelating (Figure 97). The ionic radii of Ln(lll) ions
contract from La (1.032 A) and Ce (1.01 A) to late lanthanides such as Lu (0.861 A). For
conventional polypyridine ligands, the balance of ligand strain U often results in a
favorable binding affinity with a middle lanthanide, such as Sm(111).2%¢ We anticipated that
our ligands will have a much steeper change of the U value upon coordinating size-
mismatched Ln(lll) ions, due to significantly higher rigidity. We will test the binding
affinities of them vs various Ln(ll1) ions by titration and competition experiments. The

rigid ligands are expected to exert significantly sharper selectivity in favoring certain early
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Ln(I1) ions. These results will be critical for important applications involving separation,

purification, and extraction of lanthanides.

U (Relative Ligand Strain after Coordination)

209,210
=\ Higher curvature-
Y ,;}—x induced strain due
N T — i
[ Y=, 'N__.{ ) to rigidity i

Curvature,”
induced strain
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Figure 97. Schematic figure to demonstrate the selectivity on lanthanide by helicenes.
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