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ABSTRACT

The overall theme of this research was to synthesize and study the structure-property
relationships of novel polycyclic aromatic compounds capable of self-assembling to form liquid
crystalline, and microporous structures, as well as molecules capable of molecular recognition.
The unifying theme that connects this research is the utilization of the Yamamoto coupling reaction
to access the desired polycyclic aromatic hydrocarbon targets. More specifically, the scope of the
Yamamoto coupling reaction was explored for the synthesis of electron-deficient triphenylene
derivatives that are otherwise difficult to prepare. The molecules prepared via the Yamamoto
coupling reaction are expected to be further utilized as intermediates for the synthesis of novel
target materials. This thesis had three main goals. The first goal was the synthesis of electron-
deficient triphenylene 1 via the Yamamoto coupling reaction followed by the study of the
influences of thionation on the liquid crystalline and electron properties through the synthesis of
2. In the second goal, we sought to prepare electron-deficient triphenylene 3 via the Yamamoto
coupling reaction and use as a building block towards the preparation of a covalent organic
framework 4. Finally, we investigated a novel route to access an extended tetraphenylene
derivative 5. Thus far, targets 1 and 2 have been prepared in 65% and 60% yield, respectively and
the affects of thionation on the mesomorphic and electronic properties of 1 were investigated.
Moreover, progress towards the synthesis of triphenylene 3 has been made, however, purification
of 3 has proven to be difficult under the current conditions. Finally, important intermediates have

been accessed in good yields towards compound 5, and its construction remains in progress.
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CHAPTER 1: INTRODUCTION

1.1 Organic Electronics

For more than 50 years,! mainstream electronics have been dominated by thin film
transistors based on inorganic semiconductors like silicon.? The fabrication of inorganic-based thin
film transistors requires high temperatures and expensive techniques, resulting in high production
costs and restriction from being utilized in large-area electronics such as printable, flexible and
organic electronics.! Recently there has been a wide interest in organic semiconducting (OSC)
materials being used in organic thin film transistors (OTFTs) for electronic applications. OSC
materials is an emerging field in chemistry and materials science. Research in organic
semiconducting materials is allowing electronic and photonic devices to reach new heights and
obtain new capabilities.> Organic semiconducting materials offer an attractive alternative to
inorganic materials because of their potentially lower cost, ease of synthesis, ease of processability,
lower production temperatures and reduced environmental impact.!# Significant recent
developments have been made in organic semiconducting materials research making them
promising candidates for use in next generation electronic devices. Organic semiconducting
materials have a wide array of potential applications in the electronics industry. These OSCs are
drawing attention for applications such as organic light emitting diodes (OLEDSs),! organic thin
film transistors (OTFTs)>*® and organic photovoltaics.>*"® However, current OSCs are facing
limitations for their development in potential electronic applications due to limited stability,

difficulty in controlling molecular packing and unoptimized charge mobility.



1.2 Polycyclic Aromatic Hydrocarbons

Organic semiconductors based on extended polycyclic aromatic hydrocarbon systems are
the focus of intensive research efforts due to their potential applications as components in next
generation electronic devices. Polycyclic aromatic hydrocarbons (PAHS) are characterized as two
or more fused, m-conjugated rings consisting of purely hydrogen and carbon atoms with the

simplest example being naphthalene 6 (Figure 1).

6

Figure 1. Simplest example of a polycyclic aromatic hydrocarbon, naphthalene (6).

Polycyclic aromatic compounds are sought after targets for research and development in
the fields of organic electronics and related applications due to their extended m-conjugated
systems, giving rise to interesting electronic and optical properties.® Furthermore, PAHs are of
interest because they are excellent targets for understanding fundamental structure-property
relationships.'® Although polycyclic aromatic compounds offer great promise as components of
next generation electronic materials, their inherent instability to photooxidation and
photodimerization with increasing size has limited their applications.>'**2 Poor stability of PAHS,
especially linear acenes, can be explained by Clar’s Sextet rule.!* According to Clar’s theory, a
linear acene regardless of length, contains one aromatic sextet, represented by the circle within the
ring (Figure 2).1* Hence, only one aromatic sextet is shared among the many rings, in which,
increasing size results in a decrease the overall benzenoid character and increase the diene

2



character.® Adhering to Clar’s rule, Figure 2 depicts three linear acenes in an order of decreasing

stability; anthracene (7), tetracene (8) and pentacene (9), respectively.

QUL QL QUL

7 8 9

Figure 2. Clar structures of linear PAHs: anthracene (7), tetracene (8) and pentacene (9).

To further explain the stability of PAHs using Clar’s theory, Figure 3 displays triphenylene
(10), a colourless compound possessing low reactivity and tetracene (8), an orange compound with
high reactivity yet, both compounds contain an identical molecular formula (CisHi2).° This
difference in reactivity between these two compounds is attributed to triphenylene containing three

full aromatic sextet rings compared to that of tetracene’s one aromatic sextet.

QUL = CLLL

10 8

Figure 3. Depiction of Clar sextet rings in PAH examples; triphenylene (10) and tetracene (8).1°



Polycyclic aromatic compounds which readily undergo photooxidation and
photodimerization under any conditions are not suitable for mainstream electronic device
applications. To alleviate this phenomenon, researchers have employed different strategies
including the installation of electron-deficient substituents and the introduction of various

heteroatoms into the PAH framework. %

For example, within the class of fused acenes, pentacene (9) and its derivatives are the most
promising of these materials. Pentacene is at the forefront of semiconductor device performance
development studies due to strong absorption in the visible part of the solar spectrum and high
charge-carrier mobility in thin film transistors.*'* However, the performance of pentacene-based
electronics has been limited due to the stability of pentacene regarding photooxidation and
photodimerization.*'21% In attempts to alleviate the instability as well as improving upon the
charge transporting properties of pentacene, Anthony and coworkers described the synthesis of
6,13-(triisopropylsilyl)ethynyl pentacene 11 (Figure 4) in 2001.1® Not only do the triisopropylsilyl
-ethynyl groups allow for improved physical characteristics including, solid-state packing,
solubility and orbital overlap, but the chemical stability and resistance to that of photooxidation

and photodimerization in comparison to pentacene is also greatly enhanced.



Figure 4. Structure of 6,13-bis(triisopropylsilyl)ethynylpentacene (11) as reported by Anthony et

al.16

Another strategy to increase the stability of acenes and polycyclic aromatic hydrocarbon is
through the introduction of heteroatoms such as nitrogen, sulfur and oxygen into the framework.®
More recently, it was found that introduction of two heteroatoms (S, O, N-R) into an acene
framework such as pentacene, at the para-positions of the central benzenoid ring will produce
quinoidal acene-like structures (Figure 5).° The introduction of heteroatoms at these positions
within pentacene ultimately decreased the overall diene-character, thus increasing the stability
against photooxidation and photodimerization. Although compound 12 is no longer considered an
acene, but an acene-analogue, the introduction of heteroatoms into the acene framework is an
efficient method to improve the stability of acene-based materials as the quinoidal conjugation
allows for one more additional aromatic sextet ring in comparison to normal acene, such as

pentacene (9).°



Diene conjugation Quinoidal conjugation

L O

9 12
X=S8,0,NR, etc
Figure 5. Structures of an acene (pentacene) with diene conjugation (9) and an acene-analogue

with quinoidal conjugation as a result of the introduction of heteroatoms (12).

Unquestionably, further effort is required to develop suitable polycyclic aromatic
compounds that combine stability, efficiency, low cost, and a clean and scalable synthetic process.
In addition, researchers will need to facilitate deeper analyses of structure-property relationships
through the synthesis of novel PAHs to investigate and provide insight on how the structure of

PAHs can be used to predict subsequent properties.

1.3 Liquid Crystals: Disc-Shaped Aromatic Compounds

Liquid crystals are alluring materials with noteworthy electronic and optoelectronic
capabilities.}”*® The liquid crystalline state is considered to be the fourth state of matter, an
intermediate phase between solid and liquid, sharing both the properties of isotropic liquids and
crystalline solids, referred to as a mesophase.!’ Liquid crystalline architectures are a highly diverse
group of materials ranging from DNA in biological systems to small organic molecules found in
electronic displays. The numerous applications of liquid crystals are ever-present, to be specific,
they are most well-known for their use in optoelectronic devices functioning as displays in

watches, calculators, cell phones, computers and televisions.*”*® Two categories of liquid crystals



exist, thermotropic and lyotropic. The thermotropic class is defined as a material that displays a
liquid crystalline phase dependent on temperature in the absence of a solvent.”!8 In contrast, the
lyotropic class of liquid crystals contains materials that exclusively form a liquid crystalline phase
in the presence of an appropriate solvent.!”'® Thermotropic liquid crystals can be further classed
into two sub-categories based on molecular shape. Calamitic liquid crystals are characterized by

their rode-like shape on the other hand, discotic liquid crystals possess disk-like architectures.

Discotic liquid crystals are a unique and well-studied class of PAHs due to their charge
transport and self-annealing properties,'® thus making them potential candidates as materials in
organic electronics as next generation light emitting diodes,**1*® photovoltaic devices!"*® and
field effect transistors!’°. A discotic liquid crystal consists of a rigid disc-shaped polycyclic
aromatic core bearing three to eight peripheral flexible side chains.!”?° As a result of their unique
structure, discotic mesogens will self-assemble into extended n-stacked columns.*® Consequently,
the extensive m-overlap within the columnar liquid crystal phase (mesophase) allows charge
transport to occur along the columns.’® It is this feature that makes discotic liquid crystals
promising candidates as semiconducting materials in organic electronics. To this date, the number
of discotic liquid crystals derived from more than 50 unique aromatic cores is approximately

3000.Y7

Substituted triphenylenes are a well-known class of discotic mesogens containing a rigid
aromatic core and generally three to eight flexible side chains (Figure 6, left). The characteristic
shape of triphenylenes is represented by a flat disk (Figure 6, right). These disk-like molecules
self-assemble on top of one another to form n-stacked columns (Figure 6, right).
Hexaalkoxytriphenylenes (13) are notably one of the most widely studied triphenylene-based

discotic mesogens, displaying a mesogenic columnar phase over a broad temperature range.?%?
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Figure 6. Representation of a common stacking-type arrangement discotic liquid crystals like,

hexaalkoxytriphenylenes (13).

Moreover, there is an incredibly high interest in determining how the molecular composition (core
structure and substituents) of discotic mesogens affects the liquid crystalline properties to build
ideal structurally stable liquid crystalline materials with broad columnar phases. Recently, several
research papers have described the installation of electron-withdrawing substituents and the

subsequent promotion of broad columnar phases of discotic mesogens.?*2¢

Extended triphenylene-type compounds have also been shown to display columnar liquid
crystalline phases. In a 2006 paper,?® Williams and coworkers prepared a series of novel disk-
shaped molecules with increasing core size and varying substituent attachments. The objective of
this study was to investigate the structure-property relationships between core size and substituent
type on self-assembly of columnar liquid crystalline phases. Firstly, the effects of core size on
columnar mesophase formation were assessed. Williams and coworkers determined that both
26

compounds 14 and 15 (Figure 7), where X and Y are hydrogen substituents, are non-mesogenic.

In contrast, compound 16 is liquid crystalline over a broad temperature range.?® Thus, these



findings imply that molecules with increased core size have a greater tendency to form columnar

liquid crystalline phases.?®

14 15 16

Figure 7. Series of disk-shaped compounds; dibenzo[f,h]quinoxaline (14),
dibenzo[a,c]phenazine (15) and tribenzo[a,c,i]phenazine (16) with increasing core size prepared

by Williams et al.?®

Furthermore, the effects of substituents on columnar mesophase formation was examined
via the synthesis of a series of a dibenzo[a,c]phenazines (Figure 8).26 Compound 15 containing
electron-withdrawing (15a-f) substituents was directly compared to its electron-donating
derivatives (15g-k). Interestingly, it was found that compound 15 formed columnar mesophases
when electron-withdrawing substituents (15a-f) were incorporated.?® Conversely, compound 15
bearing electron-donating groups (15g-k) was found to be nonmesogenic.? In addition to this, the
clearing temperatures of the columnar mesophases of 15 increased with an increase in the electron-
withdrawing nature of the substituents where 15e bearing the nitro substituent displayed the

highest clearing point of the series. The structure-property study performed by Williams is an



excellent example of how core size and type of substituent can influence the liquid crystalline

properties exhibited by disk-shaped molecules.

Electron-Withdrawing:
15aX=H,Y=F
X Y 15b X =H, Y =ClI
R=C6H13 15CX=H,Y=COZCH3
15d X =H,Y =CN
15e X =H, Y =NO,
15f X =Y =Cl

Electron-Donating:
15g X =Y =H
15h X =H, Y = OCH;
15i X =Y =CHj

15k X =H, Y = CH3

Figure 8. Dibenzo[a,c]phenazine (15a-k) series prepared by Williams et al.?®

Based on the previous research above, Maly and coworkers published a 2014 paper
describing the synthesis of a dibenzo[a,c]anthracene series bearing electron-withdrawing imide-
groups.?” The hypothesis was that the dibenzanthracene derivatives could be designed to exhibit
broad columnar mesophases with a lower melting transition and high clearing point through the
installation of an electron-withdrawing imide-group bearing a flexible alkyl chain. This theory
stemmed from previous examples of imide-containing compounds (e.g. perylene bisimides) being
used in electronic applications as electron-accepting materials due to their inherent photochemical
stability and high transport properties.?® In addition to the favourable electron-withdrawing nature
of imide-groups that stabilize the columnar phase and increase the clearing point, N-substitution
allows flexible alkyl side chains to be introduced into the compound without compromising the

electron-withdrawing effect of the imide group. These N-alkyl substituents may be strategically
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exploited to disrupt the stability of the crystalline phase and lower the melting transition

temperature of solid-to-mesophase.

17aR = C10H21 R'= C4H9

17bR = C10H21 R'= C8H17

17cR = C10H21 R'= C12H25

17dR = C10H21 R'= CH2CH(CH2CH3)C4H9
17ER:C6H13 R':C8H17

17f R = C6H13 R'= CH2CH(CH2CH3)C4H9

17a-f

Figure 9. Dibenz[a,c]anthracenedicarboximide (17a-f) series prepared by Maly et al.?’

Moreover, Maly and coworkers determined that as the N-alkyl chain length increased, the
columnar mesophase of 17a-c was broadened primarily due to the lowering of the melting
transition temperature.?” Interestingly, 17d containing the branched N-alkyl substituent did not
show any destabilization of the columnar mesophase and conversely showed a decrease in the
melting transition point. As a consequence of this, 17d showed the broadest columnar mesophase
of the series suggesting that branched chain substitutions can favourably broaden the mesophase
by disrupting the crystalline phase all while playing no effect in destabilizing the mesophase.?’
Furthermore, a similar trend was noticed with compounds 17e and 17f. The trends observed in the
dibenz[a,c]anthracenedicarboximide series by Maly and coworkers demonstrated that the
introduction of an imide group bearing flexible alkyl chains to the aromatic core produced stable

discotic materials with broad columnar temperature ranges.?’
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In a subsequent 2016 study,?® Maly et al. investigated the influence thionation has on self-
assembling properties of a novel discotic dibenz[a,c]anthracenecarboximide series 17b and 17d
(Figure 10). It was anticipated that the replacement of one or both carbonyl functionalities of the
dibenz[a,c]anthracenecarboximides with thiocarbonyl groups would allow subsequent tunability
of the mesophase as well as the lowering of the lowest unoccupied molecular orbital (LUMO)
energy levels, both of which are attractive features for materials in potential electronic device
applications.?® In this series, compounds 17b, 17d and 18a through 19b exhibit a columnar
mesophase over a broad temperature range however, there is a slight increase in the melting
transition point with increasing thionation.?® This finding suggests that increasing thionation
stabilizes the crystalline phase due to improved intermolecular interactions involving the sulfur
atom. In addition to sulfur effects on the columnar phase, the alkyl chain substituent was also
considered, leading to the realization that in fact, thionation only displayed a subtle influence on

mesophase stability.

17dx=Y=0Ja=3f«T:T\/\\

17bX:Y:O,R:C8H17

18ax=s,Y=o,R="z/\(\/\

18bX=S,Y=O,R=C8H17

19aX=Y=S,R= ?(\Ij\/ﬂ\

19b X =Y = S, R = CgHy7

17b,d, 18a,b, 19a,b

Figure 10. Dibenz[a,c]anthracenedicarboxy-imide and -thioimide series (17b,d, 18a,b and

19a,b) prepared by Maly and coworkers.?®
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Furthermore, the self-assembly of the dibenzanthracenecarboximides and thionated
derivatives in solution was also investigated via proton NMR concentration studies. The results
obtained present a general trend of increasing self-assembly in solution with increasing thionation
thus, implying that thionation may be a method to impart improved self-assembly on imide-bearing
cores.?® In addition to this, the spectroscopic properties of branched derivatives 17d, 18a and 19a
were studied. Ultraviolet-Visible (UV-Vis) spectra of the branched derivatives showed a red shift
with increasing thionation suggesting that increasing sulfur content reduces the highest occupied
molecular orbital (HOMO)-LUMO gap.?® To further investigate the effects of thionation on the
dibenzanthracenedicarboxyimide series, cyclic voltammetry and density functional theory
calculations were utilized to experimentally and theoretically calculate the HOMO and LUMO
energies and thus the HOMO-LUMO gap. The results collected by Maly and coworkers are
consistent with the findings of Seferos and others, where increasing thionation consequently leads
to a decrease in the HOMO-LUMO gap of compounds 20-22 mainly due to the lowering of the
LUMO energy, an attractive quality for materials in device applications.?® Overall, Maly showed
that thionation can be utilized to tune the electronic properties of imide-containing columnar liquid
crystalline materials without detrimentally effecting the liquid crystalline properties, and that
thionation may be a promising new method to designing novel electron-deficient discotic liquid

crystals.

Subsequently, Maly and coworkers extended this study on the effects of thionation on the
self-assembling properties of a series of triphenylenedicarboxyimides (20a, b) (Figure 11).%° Maly
and coworkers proposed that the replacement of one or both of the imide carbonyl functionalities

with thiocarbonyl groups, would allow access to tuning of the self-assembly and mesomorphic
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properties as well as lowering the LUMO energy and the HOMO-LUMO band gap. The results
obtained in this work were directly compared to the data collected on the dibenzanthracene series
prepared in 2016. All of the triphenylenedicarboxy-imide and -thioimde derivatives displayed
broad columnar liquid crystalline phases, however, the temperature range of the mesophase was
slightly narrower compared to that of the dibenzanthracene series.® This finding was likely due to
the larger core size of the dibenzanthracenes promoting the formation of a stable mesophase in a

more effective way, in comparison to the smaller triphenylene core.?

21aX=S,Y=O,R=%’-/)/\/\

21b X=S,Y = 0, R = CgH;7

OCiH21 ppax=v=s R= %
OCoH21

20a, b, 21a, b, 22a, b 22b X =Y =S, R =CgHy7

Figure 11. Triphenylenedicarboxy-imide and -thioimide series (20-22) prepared by Maly et al.*

Moreover, when comparing the melting transition point from crystalline solid to the liquid
crystalline phase the data showed a similar trend to that seen with the dibenzanthracene series. The
trend revealed that the thionated derivatives exhibited higher melting transition points with
increasing thionation, implying that the sulfur atoms are contributing to the stabilization of the
crystalline phase. In contrast, the clearing transition temperatures from liquid crystalline to

isotropic liquid were compared. It was found that with the linear chain triphenylene derivatives
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that an increase in the clearing point temperature was observed between the parent imide (20b)
and the monothionated derivative (21b) however, the dithionated derivative (22b) did not
experience any further increase in the clearing point temperature.®® Furthermore, the branched
chain triphenylene derivatives (21a and 22a) showed an increase in clearing point with increasing
thionation compared to the parent imide derivative, results that are consistent with the previously
studied dibenzanthracene series.®® The self-assembly of the triphenylene derivatives was
investigated using variable concentration proton NMR studies where a slight trend of increasing
self-assembly in solution was observed with an increase in thionation.®® The spectroscopic
properties of these materials were probed. The UV-Vis absorbance spectra for 20a, 21a and 22a
were compared and distinctly showed a bathochromic shift in the absorbance spectra with
increasing thionation, analogous to the results obtained with the dibenzanthracene series. Finally,
the electrochemical properties of the triphenylene derivatives bearing the branched alkyl chains
were investigated via cyclic voltammetry and computational studies which showed that increasing
thionation lowers the LUMO energy and narrows the HOMO-LUMO band gap.*° Ultimately,
Maly and coworkers showed that triphenylenes bearing an electron-withdrawing imide and
thioimide functionality displayed broad columnar phases where the clearing point temperatures
were affected by both the degree of thionation and structural composition of the N-alkyl
substituent. Furthermore, a slight increase in self-assembly in solution was observed with
increasing thionation as well as a decrease in the LUMO and HOMO-LUMO energies when
compared to the parent imide derivative. These results, with regards to the data obtained with the
dibenzanthracene series, show that thionation may be a viable way to tune and design novel
electron-withdrawing discotic liquid crystalline materials containing an imide-group without

negatively effecting the mesophase.
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The sheer number of discotic liquid crystals derived from more than 50 unique aromatic
cores equates to approximately 3000 derivatives.!” Although discotic liquid crystalline materials
are a well known and well studied group of compounds, they still remain in a somewhat immature
phase of preparation as commercial device applications have yet to be realized. Importantly, much
work is still required to form a better understanding of the structure-property relationships these
discotic architectures display. Understanding and having the ability to predict functions and
properties of discotic liquid crystals based on structure is the key to designing ideal discotic
mesogens for organic electronic applications. Currently, research is a long way away from being
able to predict structure-property relationships of discotic mesogens. However, if research
continues on the path of discovering novel discotic liquid crystals and investigating the effects
substituents and core size have on liquid crystalline properties, device applications do not seem so

farfetched and may be realized in the near future.

1.4 Covalent Organic Frameworks

Macromolecular structures containing pores such as cavities, channels or interstices are
classified as porous materials.>! The applications of porous materials are dependent on their
individually varying properties such as size, arrangement and shape of pores as well as the overall
composition of the material itself.3! Intense efforts are being made in the field of materials science
to better understand the structure-property relationships of these porous materials with the ultimate
goal of being able to manipulate the structures of porous materials in order to illicit desired
functions for specific applications. The development of porous materials has come a long way over
recent years, primarily due to the advancement of modular construction of these nanostructures.

This has lead to the progress of a suite of porous materials including, metal-organic frameworks
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(MOFs),*#% which metal atoms and organic ligands are held together by coordination bonds, and
covalent organic frameworks (COFs), which are constructed of carbon and other light elements in
a covalently linked framework.3! In particular, covalent organic frameworks have garnered much
interest as functional nanostructures due to their potential design opportunities and various
applications. Moreover, covalent organic frameworks combine high crystallinity, tunable pore
sizes, large surface area and unique architectures thus, allowing them to be used in a wide range
of applications such as gas storage and separations, catalysis, environmental remediation, sensing,

enzyme and drug uptake and materials science.3%**

Covalent organic frameworks are primarily constructed using a bottom-up approach,
meaning, that smaller subunits are designed and then linked together through reversible covalent
bond formations. Slightly reversible condensation reactions of organic linkers are utilized to build
COFs.3134 As a consequence, the covalent bonds formed establish a thermally stable framework.
However, the reversible nature of the coupling reactions allow for the formation of a crystalline
structure as the reversible nature permits for error correction and rearrangement of the network.*
COF synthesis has been successful in expanding an ever growing assortment of COF materials
linked by a variety of organic linking groups primarily containing B-O, C-N, and C-C bonds.3%34
The types of linkages commonly seen in COFs include, boroxines, boronic esters, imines,
hydrazones, azines, and ketoenamines, all of which affect the properties displayed by COF

materials and their subsequent applications.®*

Covalent organic frameworks containing polycyclic aromatic hydrocarbon units, with
well-defined crystalline structures are of particular interest for use as semiconductors due to their
potential of forming conduction pathways that transports charge across the framework. For

example, Jiang and coworkers reported the synthesis of the first photoconductive covalent organic
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framework 24 via the self-condensation of 2,7-pyrenediboronic acid (PDPA) under solvothermal
conditions (Scheme 1).2° Characterization of PPy-COF showed that 24 was a super-microporous
crystalline macromolecule with a perfectly eclipsed arrangement of polypyrene sheets in 2D that
favours exciton migration and carrier transport.*® The photoconductivity of PPy-COF was
investigated via preparation of devices containing 24 deposited between Al and Au electrodes. The
COF device was highly responsive to light irradiation and is capable of repetitive on-off
photocurrent switching with large on-off ratios.® Jiang’s unique design of 24 led to the formation
of the first reported photoconductive COF that displayed unprecedented properties at the time. The
novel work completed by Jiang and coworkers was ultimately a step in the right direction towards

the use of COFs in optoelectronic and photovoltaic applications.
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O 1,4-dioxane/mesitylene
0 120 °C, 2 days

88%
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Scheme 1. Synthesis of PPy-COF (24) via self-condensation of PDPA (23) as reported by Jiang

et al.®®

With the diverse range of synthetic chemistry methodologies available, a suite of different
functionalities, and numerous possible designs and applications, the scope of COF synthesis is
seemingly endless. Furthermore, the geometry, size, and the framework structure of COFs can be
specifically tuned using appropriately functionalized organic linkers and post synthetic
transformations.3! With this in mind, COFs are specifically designed to have low density through
the incorporation of light elements, high stability via strong covalent bonds, high crystallinity,
porosity, and modularity, which allows for the adjustment of the structure and properties of
COFs.%! The boundless design and functionality potential of COFs make them attractive targets

for studying structure-property relationships and an array of applications such as gas storage and
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separations, catalysis, environmental remediation, sensing, enzyme and drug uptake and materials

science.3134

1.5 Supramolecular Chemistry and Nonplanar Polycyclic Aromatic Hydrocarbons
The development of novel macrocyclic host molecules is an important research area in the
advancement of host-guest supramolecular chemistry. Various classes of macrocyclic hosts have
been prepared in previous years including, crown ethers, cyclodextrins, calixarenes, cyclophanes,
triptycene- and tetraphenylene-based macrocycles to name a few.%*3” The unique conformational
and cavity structures and molecular recognition properties of these host molecules allows for a
wide range of potential applications in molecular machines, supramolecular chemistry, materials
science and biological chemistry.3®® Moreover, further exploration of efficacious syntheses of
novel, functional host molecules is required to realize the potential applications of these materials

in biological and supramolecular chemistry.

Tetraphenylene (25) is a rigid, nonplanar polycyclic aromatic compound possessing a
saddle-shape conformation due to the formal antiaromaticity of the central 8-membered ring
(Figure 12).3° The unique structure of tetraphenylene makes it an interesting target for
supramolecular chemistry applications as a binding-host of curved structures like, fullerenes and

other organic compounds.
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25

Figure 12. Chemical and X-ray crystallographic structures of tetraphenylene (25).%°

Tetraphenylene-derivatives have been prepared and utilized as building blocks in larger
macrocycles for a variety of supramolecular chemistry applications including molecular devices,
asymmetric catalysis, molecular recognition and materials science.>” However, tetraphenylene’s

supramolecular properties have not been extensively explored.

In a 1987 review paper published by Wong et al.,* discusses the first syntheses accessing
tetraphenylene and related substituted and extended derivatives as well as the subsequent abilities
of these derivatives to bind a variety of guest molecules. Wong et al. tested tetraphenylene’s ability
to bind a suite of guest molecules including but not limited to, chloroform, carbon tetrachloride,
benzene, and cyclohexane. It was determined via X-ray crystallographic studies that the cavity size
of tetraphenylene was able to adapt to accommodate the steric requirements of various guest
molecules tested.*® Furthermore, Wong et al. reviewed the synthesis of a variety of tetraphenylene
derivatives such as substituted tetraphenylenes, tetraphenylenes fused with carbocycles and
heterocycles, heterocyclic tetraphenylenes and finally tetraphenylene endoxide.*® Subsequent X-
ray crystallographic studies of the numerous tetraphenylenes prepared have showed that they are

a promising class of compounds for host-guest applications.
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More recently, a 2015 paper published by Wong et al.3” communicated the preparation of
novel substituted tetraphenylenes and the ensuing preparation of novel tetraphenylene-based
macrocycles. Substituted tetraphenylenes are difficult to access and are reported to be challenging
to prepare and usually obtained in low yields.*”*° Direct aromatic substitution reactions can be
performed on tetraphenylenes however, it is difficult to predict the substitution patterns.
Consequently, substituted tetraphenylenes are typically accessed via precursors containing the
desired substituents thus leading to tetraphenylenes with substituents at the desired positions.*°
The latter method was exploited by Wong et al. to access substituted tetraphenylene 26 (Figure
13). However, the synthesis was cumbersome and met with limited success as 26 was obtained in

a 3% overall yield starting from the appropriately substituted precursors.

Pl e
Q)

OH
26

Figure 13. Novel substituted tetraphenylene precursor prepared by Wong et al.*’

Moreover, the desired macrocycles prepared using 26 as the primary building block were
accessed in low yields. Subsequent structural studies via X-ray crystallography and molecular
modelling showed that the tetraphenylene macrocycles have well-defined structures with suitable

cavities that were able to bind fullerenes Ceo and C70.3” Overall, the results obtained in this study
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will promote more research based on tetraphenylene derivatives in host-guest chemistry

applications.

1.6 The Yamamoto Coupling Reaction

Transition-metal promoted couplings of organic halides has played an important role in
synthetic organic chemistry (e.g., Suzuki-Miyaura and Heck reaction) for the formation of carbon-
carbon bonds.** Moreover, zerovalent nickel complexes are known to react with aryl halides to
afford dehalogenative carbon-carbon coupling products.*> The Yamamoto coupling is a
dehalogenative carbon-carbon coupling reaction of o-dibromoarenes and other o-dihaloarene
compounds. The Yamamoto coupling utilizes zerovalent nickel complexes consisting of a mixture
of bis(1,5-cyclooctadiene)nickel(0) [Ni(COD).], 1,5-cyclooactadiene (COD), and the neutral
ligand 2,2’-bipyridine (bpy) in an appropriate solvent such as dimethylformamide (DMF) or
tetrahydrofuran (THF).#>%® The Yamamoto coupling proceeds through a catalytic cycle (Scheme
2), involving the oxidative addition of an o-dibromoarene 27 to Ni(COD)(bpy) to give (28).%3
Subsequently, disproportionation occurs to give Ni(Br)2(bpy) and Ni(Ar)2(bpy) 29.* Finally, 29
undergoes reductive elimination, the rate-limiting step of this reaction, to yield biaryl 30.*% In
addition to this, the dibromobiaryl compound 30 may undergo two more subsequent Yamamoto
coupling cycles to form triphenylene 31, as seen in Scheme 2 or in some cases, the tetramer, which

is not shown.
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Scheme 2. Yamamoto coupling of o-dibromoarene mediated by the zerovalent nickel complex

Ni(COD)(bpy) proposed by Yamamoto et al.*®

The Yamamoto coupling has been reported to form both tetracyclic and tricyclic materials.

For example, Yamamoto et al. reported the formation of cyclotetrathiophene (32) and triphenylene

(20) via the Yamamoto coupling of the respective o-dibromoaromatic precursors in higher yields

than originally described (Figure 14).42
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32 10

Figure 14. Tetracyclic (32) and tricyclic (10) materials prepared by Yamamoto et al. via the

Yamamoto coupling.*?

Furthermore, Bunz and coworkers reported the successful synthesis of a series of novel
hexakis(alkoxy)trinaphthylenes via the Yamamoto coupling.** By using the nickel-mediated
Yamamoto coupling, Bunz and coworkers dramatically shortened the synthesis of
hexakis(alkoxy)trinaphthylenes (34a-f). The original synthesis of trinaphthylene 34f, described by
Maly et al. is a cumbersome 4-step sequence starting from dibromonaphthalene 33f with a total
overall yield of 23%.2° Scheme 3 shows the synthetic conditions Bunz developed for the efficient

1-step process from 33a-f to afford trinaphthylenes 34a-f in 38-65% yields.**
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RO:“:GGBr Ni(COD),, COD, bpy
RO Br THF, rt, 16 h, Ar
33,34aR = Me
33,34b R = Et
33,34c R = j-Pr
33,34d R = Pr

33 33,34e R=Bu
33,34f R = Hex (65%)*

Scheme 3. Preparation of a series of novel trinaphthylenes (34a-f) via Yamamoto coupling of o-

dibromonaphthalene precursors, reported by Bunz and coworkers.*

Bunz and coworkers showed that by using the Yamamoto coupling protocol
hexa(substituted)-trinaphthylenes could be easily accessed in an efficient, short, and high yielding
process. Moreover, this discovery shows the synthetic utility of the Yamamoto coupling reaction

as a viable approach to access extended triphenylene type systems, in this case, trinaphthylenes.

Another excellent example displaying the synthetic capabilities of the Yamamoto coupling
reaction was demonstrated by Gingras et al. in a 2017 publication.*® Gingras and coworkers
reported the synthesis of a chiral propeller-shaped D3-symmetric polycyclic aromatic hydrocarbon
36 containing [5]helicene units bent in and out of the plane of the molecule. The synthesis of
propeller 36 is shown in Scheme 4.*° 7,8-dibromo[5]helicene 35 is reacted under modified
Yamamoto cyclotrimerization conditions in the presence of Ni(COD)2, 1,5-cyclooctadiene, and
2,2’-bipyridine in tetrahydrofuran at 120 °C under microwave irradiation to form 36 in fair yields
ranging from 50-58%.*® Notably, this modified Yamamoto coupling is completed after 12 minutes

of reaction time at 120 °C using a microwave reactor, as compared to the originally reported
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Yamamoto coupling conditions at room temperature and requiring a reaction time of

approximately 24 hours to prepare cyclotrimer derivatives.*?

O‘ Br Ni(COD),, COD,
O bpy, THF, .
Br
OO 120 °C (microwave), 12 min

50-58%

35 36

Scheme 4. Synthesis of a nanographene helicene propeller molecule 36 using a Yamamoto-type

cyclotrimerization reaction as reported by Gingras and coworkers.*

The synthetic utility of the Yamamoto coupling was further displayed in the synthesis of a
series of electron-deficient triphenylenes 37-39 and trinaphthylene 40 (Figure 15) by our group
where we explored the scope of the Yamamoto coupling reaction with a focus on the synthesis of

electron-deficient triphenylenes and related analogs which are otherwise difficult to prepare.
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Figure 15. Suite of electron-deficient triphenylenes (37-39) and trinaphthylene (40) derivatives

previously prepared in the Maly lab.

Triphenylene derivative 37 was prepared in 74% yield, while fluorinated triphenylenes 38
and 39 were prepared in 20% and 44%, respectively. The lower yields of 38 and 39 is most likely
due to the low tolerance of the fluoro-functional groups under the Yamamoto coupling conditions.
In contrast, trinaphthylenedicarboxyimide 40, was prepared in an efficient 70% yield. Thus far, no
clear trends were observed with respect to the electron-withdrawing group functionality on the
substrate being tested. Moreover, further assessment of the tolerance of electron-withdrawing
groups under the Yamamoto coupling reaction conditions is required to broaden the scope of the

reaction and understand the limitations.
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1.7 Research Objectives

The overall goal of the proposed research is to synthesize and study the structure-property
relationships of novel polycyclic aromatic compounds capable of self-assembling to form liquid
crystalline, and microporous structures, as well as molecules capable of molecular recognition.
Ultimately, this research project hopes to provide further insight into how aromatic systems self-
assemble and assist in guiding the design of novel materials with favourable properties, as well as
contributing to the field of organic chemistry through the synthesis of novel polycyclic aromatic

compounds.

The development of new conjugated organic molecules for organic electronic and
supramolecular chemistry applications has garnered much attention over the past several years.
Polycyclic aromatic hydrocarbons are attractive targets for organic electronic and supramolecular
chemistry applications due to their self-assembling properties via n-stacking interactions, allowing
these materials to act as semiconductors or as host-molecules, depending on their structure. Due
to the favourable properties exhibited by polycyclic aromatic hydrocarbons, they have the potential
to become components of next generation organic electronic devices such as displays and solar
cells, and in next generation supramolecular chemistry applications in sensing and catalysis.
Although significant progress has been made in the development of functional organic compounds
for large scale material science applications, current limitations in stability, solubility, controlling
molecular packing, and unoptimized properties have thus far restricted their integration into

mainstream devices and applications.

The unifying theme that connects this research is the utilization of the Yamamoto coupling
reaction (Scheme 5) to access the desired polycyclic aromatic hydrocarbon targets. More

specifically, the scope of the Yamamoto coupling reaction will be further explored for the synthesis
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of electron-deficient triphenylene derivatives that are otherwise difficult to prepare. The molecules
prepared via the Yamamoto coupling reaction will then be further utilized as intermediates or as

building blocks for the synthesis of novel target materials.

Brjg(R Ni(COD),, COD,bpy R
Br R THF, rt, 16 h, Ar R

27

Scheme 5. Nickel-mediated cyclotrimerization of o-dibromoarenes via the Yamamoto coupling

reaction.

Overall, this research may lead to the development of novel synthetic methodologies that
will allow facile access to extended polycyclic aromatic compounds and provide insight into how
aromatic systems self-assemble in the liquid crystalline state, as microporous materials and in host-
guest interactions. Additionally, the research performed was anticipated to produce novel and
tuneable polycyclic aromatic materials with potential applications in sensing, solar cell
technologies, catalysis, and other related organic electronic and supramolecular chemistry

applications.
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1.7.1 Synthesis of Tris(dicarboxyimide)triphenylene 1 and Exploring the Effects of
Thionation on the Liquid Crystalline Properties

Syntheses of electron-deficient triphenylenes are not commonly reported in the literature
and those that are, reported in low yields over several challenging synthetic transformations. For
example, the synthesis of electron-deficient triphenylene 1 has been reported in 14% yield by Wu
and coworkers.*® The first major objective of this research was to prepare carboximide-substituted
triphenylene 1 via the nickel-mediated Yamamoto coupling reaction (Scheme 6). This work builds
upon the previous research conducted by our group, as we have previously studied the scope of
the Yamamoto cyclotrimerization reaction by means of preparing a suite of electron-poor
triphenylenes and trinaphthylenes. The successful preparation of electron-deficient triphenylene 1
will further demonstrate the potential of the Yamamoto cyclotrimerization to be utilized as a novel
and efficient reaction for the preparation of electron-deficient triphenylenes and related extended

polycyclic aromatic compounds.

0]
Br Yamarlnoto
N—CgH coupling
Br
(o)
41 1

Scheme 6. Proposed synthesis of tris(dicarboxyimide)triphenylene 1 via Yamamoto coupling of

o-dibromoarene 41.
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Furthermore, the first major research objective explores how subsequent thionation of
tris(dicarboxyimide)triphenylene 1 (Scheme 7) to prepare 2 will affect the liquid crystalline phase,
and self-assembling properties. Imide-bearing materials (e.g. perylene bisimides) have been used
as electron-accepting materials due to their high photochemical stability and charge transport
properties.?® Moreover, our lab has demonstrated that the thionation of imide-containing
dibenzanthracenedicarboxyimides and triphenylenedicarboxyimides lowered their lowest
unoccupied molecular orbital (LUMO) energies and narrowed the highest occupied molecular
orbital (HOMO)-LUMO band gap, all while maintaining broad columnar phases and favourable
self-assembly.?®%® It is predicted based on previous research that thionation of
tris(dicarboxyimide)triphenylene 1, will lower the LUMO energy level, narrow the HOMO-

LUMO band gap, and have a subtle impact on the columnar liquid crystalline phase.?*°

o. [FsHir
(o)
o) S
Lawesson's reagent
CgHq7—N >  CgHy—N
(o) S
(o)
\
o CgHq7
1 2

Scheme 7. Thionation of tris(dicarboxyimide)-substituted triphenylene 1 with Lawesson’s

Reagent.
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1.7.2 Preparing a Novel Covalent Organic Framework from an Electron-Deficient
Triphenylene Building Block

Another main objective of this research is to further explore the scope of the Yamamoto
coupling reaction for the synthesis of electron-deficient triphenylene derivatives via the

preparation of hexa(formyl)-substituted triphenylene 3 (Scheme 8).

CHO
CHO
Br. CHO Yamamoto
Ij: Coupling
Br CHO
CHO
CHO
42 3

Scheme 8. Synthesis of hexa(aldehyde)triphenylene 3 via Yamamoto coupling of o-dibromoarene

42.

Compound 3, prepared via the Yamamoto coupling reaction, is expected to be utilized as
the principal building block for the construction of a novel covalent organic framework 4 (Scheme
9). In theory, condensation of hexa(formyl)triphenylene 3 with 1,4-cyclohexadione under basic

conditions will produce a 2-dimensional microporous organic framework (4).
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Scheme 9. Preparation of novel covalent organic framework 4 via aldol condensation of

hexaaldehyde 3 and 1,4-cyclohexanedione.

The investigation of covalent organic frameworks is an important and intriguing area of
research due to their potential applications in gas storage, catalysis and sensing.3! Several linking
groups such as boronates and imines have been utilized for the formation of covalent organic
frameworks.3* However, these linking groups are prone to hydrolysis, and under agqueous
conditions, the structure of the framework may be compromised. Moreover, single bond linkages
between larger units may introduce unwanted flexibility and bond rotation, leading to distorted 2-
dimensional networks. In this approach, aldol condensation of hexa(formyl)triphenylene and 1,4-
cyclohexadione is expected to produce a covalent organic framework linked by rigid rings
consisting of carbon-carbon bonds. Lastly, functionalization of the quinone units within the

framework of COF 4 may potentially be explored.
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1.7.3 Synthesis of a Novel Extended Tetraphenylene for Molecular Recognition

The third and final major objective of this research is to employ a novel synthetic approach
to construct extended tetraphenylene 5 (Scheme 11). Tetraphenylenes are characteristically non-
planar aromatic structures, allowing them to adopt a saddle-shape configuration and interact with
smaller curved guest molecules.?’#° Tetraphenylene’s adoption of a saddle-shape conformation

makes it an interesting target as a host-molecule for applications in supramolecular chemistry.

In this novel approach, 3,4-dibromothiophene 43 is subjected to Yamamoto coupling

conditions to produce the tetrathiophene 32 as reported by Yamamoto et al. (Scheme 10).42

S Yamamoto
j\ /Z Coupling
Br Br
43 32

Scheme 10. Preparation of tetrathiophene via the Yamamoto coupling reaction of 3,4-

dibromothiophene, towards the preparation of tetraphenylene 5.

Oxidation of tetrathiophene 32 will produce a tetrasulfone, and subsequent [4+2] Diels-Alder
cycloaddition with the appropriate dienophile will yield a cycloadduct that can undergo oxidative

ring closing to hypothetically afford novel extended tetraphenylene 5 (Scheme 11).

35



\ /
s ~ s ——
- —
/ \
S
"Dienophile”
32 5

Scheme 11. Synthesis of extended tetraphenylene 5 from tetrathiophene 32, via oxidation, [4+2]

cycloaddition and oxidative ring closing.

It is anticipated that by replacing the benzene units of tetraphenylene with extended
triphenylene units, a larger n-surface will be formed and thus, increase the capability of binding
larger guest molecules like fullerenes and other electron-deficient materials. These potential
interactions of extended tetraphenylene derivative 5 make it an interesting target for

supramolecular chemistry applications, such as molecular recognition.

The overall theme of this research was to synthesize and study the structure-property
relationships of novel polycyclic aromatic compounds capable of self-assembling to form liquid
crystalline, and microporous structures, as well as molecules capable of molecular recognition.
This thesis had three main goals. The first goal was the synthesis of electron-deficient triphenylene
1 via the Yamamoto coupling reaction followed by the study of the influences of thionation on the
liquid crystalline and electron properties through the synthesis of 2. In the second goal, we sought
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to prepare electron-deficient triphenylene 3 via the Yamamoto coupling reaction and use as a

building block towards the preparation of a covalent organic framework 4.
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CHAPTER 2: NOVEL SYNTHESIS OF A CARBOXIMIDE-SUBSTITUTED

TRIPHENYLENE AND A STUDY OF THE EFFECTS OF THIONATION

2.1 Introduction

Organic semiconductors have been extensively studied for their potential applications in
light emitting diodes,* organic thin film transistors,>® and organic photovoltaics.>*"® Several
syntheses of hole-transporting (p-type) organic semiconductors such as acenes'? and oligo-
thiophenes® have been reported in the literature. However, electron-transporting (n-type) organic
semiconductors are less frequently reported in the literature, but are equally as important as p-type
organic semiconductors as they are required for p-n junction diodes, bipolar transistors, and
complementary integrated circuits.® For these reasons, the study and preparation of n-type organic
semiconductors has recently been receiving attention. P-type organic semiconductors are designed
based on electron-rich systems or, through the addition of electron-donating groups. In contrast,
n-type organic semiconductors can be prepared through preparation of electron-poor systems by
including electron-withdrawing functional groups. For example, disc-like molecules exhibiting n-
type character, such as perylene tetracarboxylic diimide (PDI) and naphthalene tetracarboxylic
diimide (NDI), containing electron-withdrawing diimide groups have been prepared and

successfully used in n-channel OFETs (Figure 16).4748
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Figure 16. PDI (44) prepared by Seferos et al, and NDI (45) prepared by Zhang et al.*"#®

The first objective of this research is to prepare carboximide-substituted triphenylene 1 via
the nickel-mediated Yamamoto coupling reaction and investigate how subsequent thionation
influences the self-assembly, mesomorphic and electronic properties of compound 2. In the
literature, syntheses of electron-rich (p-type) triphenylenes containing electron-donating groups
(e.g. -OR, -SR) are commonly reported, while only a few reports of electron-deficient (n-type)

triphenylenes exist due to synthetic difficulty.

Figure 17. Structures of target compounds 1 and 2.
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In a 2009 article,* Wu and coworkers reported the synthesis of electron-deficient
carboxamide-substituted triphenylene 1 in a low 14% vyield. In this synthetic approach developed
by Wu and coworkers, a one-pot Diels-Alder cycloaddition reaction between in situ generated

radialene and N-alkylmaleimides, otherwise known as a Cava reaction, was employed (Scheme

12).46
Br.

o) (0]

Br Br 1) Nal, DMF

Br. Br + || N—CgHy; >  CgHy7—N

2) Br,, CC|4, NEt3
(o) (o)
Br
46 47 1

Scheme 12. Previously reported synthetic approach to access compound 1 by Wu and

coworkers.

In the reported synthetic route to access 1 (Scheme 13), hexakis(bromomethyl)benzene 46 was
first prepared by benzylic bromination of hexamethylbenzene with N-bromosuccinamide. Next,
[6]-radialene 48, was generated in situ by treatment of hexakis(bromomethyl)benzene 46 with
sodium iodide in dimethylformamide. Formation of 48 is subsequently followed by Diels-Alder
cycloaddition with N-octylmaleimide 47 to give the 3-fold addition product 49. Finally, 49 was
aromatized via reaction with bromine in carbon tetrachloride, followed by treatment with

triethylamine to give the desired carboxamide-substituted triphenylene 1 in only 14% yield over

40



two steps. Although the yield reported was low, it was among the first practical syntheses of

dicarboxylic imide-substituted triphenylenes and trinaphthylenes communicated at the time.

Br.

Br Br Nal, DMF

B g
Br. Br

Br
46

BI'2, CC|4, NEt3

= CgHqy7—N

Scheme 13. In situ generation of [6]-radialene (48), followed by [4+2] Diels-Alder with N-

octylmaleimide (47) and subsequent aromatization.

Additionally, compound 1 was reported by Wu and coworkers to exhibit a columnar liquid
crystalline phase between 158 and 228 °C with fan-shaped texture. This makes triphenylene 1 an
interesting target as the affects of thionation can potentially be explored and further complement
work previously published from the Maly group on the influences of thionation on a series of

triphenylenes containing one carboximide-functional group.
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Previous work within the Maly group has shown that the Yamamoto coupling reaction is
an efficient approach for the preparation of a variety of electron-rich and electron-deficient
triphenylene and trinaphthylene derivatives. Thus, our group sought to demonstrate that the
Yamamoto coupling reaction could be utilized to prepare electron-deficient and liquid crystalline
triphenylene derivative 1 previously prepared by Wu and coworkers with the goal of improving
the regioselectivity of the reaction, the yield of 1, and constructing a more concise synthetic route
using o-xylene as a cheap and readily available starting material. In the retrosynthetic Scheme
below (Scheme 14), synthesis of compound 1 may be achieved via the Yamamoto
cyclotrimerization of o-dibromoimide 41. Compound 41 can be obtained through a nickel-
catalyzed imide formation with the appropriate amine from anhydride 50 adapting from a
procedure reported by Branda et al.*® Anhydride 50 may be prepared via the condensation reaction
of o-dibromophthalic acid 51 adapting from a previously published procedure reported by Patil et
al.>® Phthalic acid 51 can be prepared from the two-fold bromination of o-xylene 55 followed by

the subsequent oxidation of 1,2-dibromo-4,5-dimethylbenzene 52 as reported by Zhang et al.®*
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Scheme 14. Retrosynthetic approach to carboximide-substituted triphenylene (1).

Additionally, previous studies of dicarboximide-substituted materials have shown that
thionation can be used as a method to tune and improve the electron-accepting ability of
dicarboximides ultimately by lowering the LUMO-energy level, producing materials with
narrower HOMO-LUMO energy level band gaps.?®3%4748 For example, thionation of materials
like NDI and PDI prepared by Seferos et al.*’ and Zhang et al.,*® respectively using Lawesson’s
reagent has resulted in a lowering of the LUMO energy levels and an increase in electron-accepting
abilities, while additionally altering the surface roughness of these materials, suggesting that
thionation may also influence physical properties as well. Moreover, our lab has recently
investigated the affects of thionation on a series of dibenzanthracenes and triphenylenes and
discovered that thionation has a subtle influence on the mesomorphic properties of these liquid

crystalline materials but does have a greater influence on the electronic properties (Figure 18).29%
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17b,d, 18, 19(a,b) 20-22(a,b)

Figure 18. Dicarboxyimide- and dicarboxythioimide-substituted trinaphthylenes and
triphenylenes previously prepared by the Maly group to explore the effects of thionation on the

mesomorphic properties.?®3°

In addition to the attempts to prepare triphenylene 1 via Yamamoto coupling reaction, we
sought to also explore the affects of thionation on the liquid crystalline and electronic properties
of compound 1 via polarized optical microscopy, differential scanning calorimetry, and UV-Vis
spectroscopy. In the retrosynthetic Scheme below (Scheme 15), dicarboxythioimide-substituted
triphenylene 2 may be potentially accessed through the thionation of dicarboxyimide-substituted
triphenylene 1 using Lawesson’s reagent for a 6-fold thionation via a procedure adapted from

Tilley and co-workers.*’
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Scheme 15. Retrosynthetic approach to thioimide-substituted triphenylene 2 from triphenylene 1.

Dicarboxythioimide-substituted triphenylene 2 may also be potentially furnished through
the thionation of o-dibromodicarboxyimide substrate 41 with Lawesson’s reagent via a procedure
reported by Tilley et al.,*’ followed by subsequent Yamamoto cyclotrimerization of the thionated

o-dibromoarene precursor of 41.

1. Thionation Br.
N-CBH17
2. Yamamoto coupling Br

LY

Scheme 16. Retrosynthetic approach to 2 via thionation of the imide-substituted o-dibromoarene

41 and subsequent Yamamoto cyclotrimerization.
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2.2 Results and Discussion

2.2.1 Synthesis and Properties of Tris(dicarboxyimide)-Substituted Triphenylene 1

The synthesis of triphenylenedicarboxyimide derivative 1 is presented in Scheme 17.
Compound 52 was prepared in 57% yield following a two-fold bromination of o-xylene (53) with
molecular bromine and catalytic iodine.> Subsequent benzylic oxidation of 52 refluxing in an
aqueous solution of potassium permanganate afforded 4,5-dibromophthalic acid (51) in a 64%
yield following a procedure as reported by Zhang et al.>® Preparation of anhydride 50 was
successfully completed by refluxing phthalic acid 51 in thionyl chloride yielding anhydride 50 as
a white powder in quantitative yields, following a procedure reported by Patil et al.>® Adapting
from a procedure reported by Branda et al,*® anhydride 50 was then subjected to a nickel-catalyzed
imide formation reaction in the presence of nickel(ll) acetate, acetic anhydride and octylamine,
which successfully furnished the desired imide-substituted o-dibromoarene precursor as a
crystalline white solid, 41 in a 56% yield. Finally, compound 41 was subjected to Yamamoto
coupling conditions previously developed in the Maly group, using Ni(COD)2, COD, and 2,2’-
bipyridine in tetrahydrofuran at room temperature to obtain dicarboxyimide-substituted
triphenylene 1 as a white solid after recrystallization from dichloromethane and methanol in an

efficient 65% yield.
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Scheme 17. Synthetic route to 1 via Yamamoto coupling of 41.

The investigation of the liquid crystalline properties of compound 1 via polarized optical
microscopy and differential scanning calorimetry showed that compound 1 exhibits an ordered
columnar mesophase (Figure 19). The observed liquid crystalline properties of compound 1 are
consistent with the previously reported results by Wu and coworkers.*® Polarized optical
micrographs at 200x magnification were taken of compound 1 upon cooling from the isotropic
liquid phase at 200 and 217 °C (Figure 19). In both polarized optical micrographs, compound 1
exhibited fan-shaped textures, indicating that the mesophase may be hexagonal. Moreover, a
clearing point at about 228 °C was qualitatively observed under the polarized optical microscope,
which is consistent with the data collected from differential scanning calorimetry experiments and

is consistent with reported experimental data.*®
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Figure 19. Polarized optical micrographs of Left) 1 at 200 °C, Right) 1 at 217 °C. All

micrographs were taken near the isotropic-columnar phase transition on cooling.

To reiterate, carboximide-substituted triphenylene 1 is a known compound and has been
previously prepared by Wu et al. as reported in a 2009 publication.*® However, Wu’s synthetic
approach to electron-deficient triphenylene 1, although a concise 1-pot synthesis required a time
consuming purification, via column chromatography. In addition, it suffered from low yields only
affording 1 in 14% yield due to regioselectivity issues, as the bis-addition product is favoured over
the tris-addition product, as well as time-consuming purification via column chromatography.*®
Finally, the starting material in Wu’s synthetic route, hexamethylbenzene, is far more expensive
than our starting material o-xylene. Without a doubt, employing the Yamamoto coupling reaction
to access compound 1 from o-dibromoarene 41 is a superior method in direct comparison to the
synthetic route reported by Wu and coworkers. Although our route is a longer 5-step synthesis to
1 with an overall yield of 13%, our synthesis starts with o-xylene, which is a cheap and readily
available starting material, the synthetic steps performed are not overly complex and require

simple purification, and the imide-formation reaction can be amenable to several types of primary
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amines which may allow for the preparation of a variety of N-substituted
triphenylenedicarboximides containing various lengths of alkyl chains or branched alkyl chains.
Furthermore, using the Yamamoto coupling allows for the preparation of compound 1 in an
improved yield of 65%. The final step of our synthesis also avoids purification via column
chromatography, as compound 1 can be simply purified via recrystallization from a mixture of

dichloromethane and methanol.

2.2.2 Synthesis of Dicarboxythioimide-Substituted Triphenylene and the Investigation
of the Influences of Thionation on Mesomorphic and Electronic Properties

Towards this objective, we looked to explore the effects of thionation of compound 1 as a
follow-up to previously reported data and results from our group.?®3® We hypothesized that
thionation may have a greater influence on the mesomorphic properties of 1 since it contains three
dicarboxyimide functional groups, as well as a strong influence on the electronic and
optoelectronic properties in comparison to the previously studied dicarboxythioimide-substituted

triphenylene series from the Maly group.

Initially, we sought to first synthesize compound 2 via thionation of 41 followed by
Yamamoto coupling or via six-fold thionation of 1 using a thionating agent called Lawesson’s

reagent 54 (Figure 20).
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Figure 20. Chemical structure of Lawesson's reagent (54)

The first attempt at the synthesis of the dicarboxythioimide-substituted triphenylene
derivative 2 was by thionation of o-dibromoimide 41 using Lawesson’s reagent, affording
dicarboxythioimide 55 as fine brown needles in 70% yield after column chromatography and
recrystallization from a mixture of dichloromethane and methanol (Scheme 18).%° However, the
synthesis of dicarboxythioimide-substituted triphenylene 2 was unsuccessful via Yamamoto
cyclotrimerization of thionated substrate 55 (Scheme 18). Upon reaction work-up, a crude and
intractable mixture was obtained. Proton (*H) NMR spectroscopy showed no sign of starting
material or desired product, but instead showed complex alkyl and aromatic regions with several
overlapping signals. The *H NMR spectrum obtained suggests that the desired cyclotrimerization
may have been hampered by formation of unknown by-products formed from other unproductive
reaction pathways. Debromination of the starting material, or linear homo-coupling between
molecules as dimers or higher oligomers. Additionally, the failed preparation of triphenylene 2 via
the Yamamoto coupling of 55 is also hypothesized to be attributed to the potential poisoning of
the nickel(COD)(bpy) complex by the sulfur containing thioimide precursor 55. In a 1992 paper®?
published by Marécot et al., it was determined that sulfur-containing compounds and sulfur-
containing impurities contaminated nickel catalysts by means of chemisorption.>? Unfortunately,

sulfur poisoning of nickel catalysts and nickel reagents leads to reduced, or no activity of the nickel
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species in solution, and thus is another rationale behind the unsuccessful synthesis of triphenylene

2 via Yamamoto coupling of 55.

(o] S S

Br. Lawesson's reagent Br. Ni(COD),, COD, bpy
N—CgH47 N—CgH47 CgHq7;—N
gh7
Br PhMe, reflux, 24 h, N2 Br THF, rt, 16 h, Ar

0
70% S s

43 55

Scheme 18. Unsuccessful synthesis of 2 through Yamamoto coupling of thioimide 55.

The second attempt at the preparation of the dicarboxylic thioimide triphenylene was
through a direct six-fold thionation of dicarboxyimide-substituted triphenylene 1 by refluxing with
Lawesson’s reagent in toluene for 24 hours (Scheme 19).%° Gratifyingly, this method allowed for
the successful synthesis of dicarboxythioimide-substituted triphenylene 2 as a deep-purple solid
in a fair 60% vyield after purification through a silica column and recrystallization in
dichloromethane and methanol. Interestingly, thin-layer chromatography analysis of the reaction’s
progress over the 24-hour reaction time, as well as the crude reaction mixture, showed several
other spots at lower retention factor (Rf) values than compound 2, suggesting the formation of
derivatives that are not fully thionated, and may contain anywhere from 1 to 5 thiocarbonyl
functional groups. Moreover, this may be an interesting topic to explore in the future as a
comparison between partially thionated derivatives of compound 2 may bring about interesting
results, as a varying amount of thioimide groups may have different influences on the

mesomorphic, electronic and optoelectronic properties of 1.
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Scheme 19. Successful 6-fold thionation of 1 using Lawesson's reagent.

The liquid crystalline and electronic properties of compound 2 were investigated via
polarized optical microscopy, differential scanning calorimetry and UV-Vis spectroscopy. The
results were compared to the parent compound 1 as well as previous results from the Maly group
to further understand how thionation affects the properties of the liquid crystalline phase as well
as the electrochemical and optoelectronic properties of dicarboxyimide-substituted triphenylenes,

like compound 1.

Investigation of the liquid crystalline properties of compound 2 revealed that 2 did exhibit
a liquid crystalline phase, and underwent a phase transition to the isotropic liquid phase at
approximately 320 °C in comparison to compound 1 with no sulfur atoms that underwent a phase
transition to the isotropic liquid phase at 228 °C. Upon cooling, a phase transition from isotropic
liquid to a columnar liquid crystalline phase was observed (Figure 21). Furthermore, polarized
optical microscopy revealed that compound 2 displays dendritic textures, consistent with that of a

hexagonal columnar mesophase (Figure 21). The columnar mesophase was maintained to room
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temperature, suggesting the formation of a glass phase. Unfortunately, heating compound 2 above
300 °C seems to have potentially resulted in at least, partial decomposition, as a pungent sulfur
smell was detected upon heating above 300 °C. Consequently, due to the suspected partial
decomposition of 2, the phase transition temperature from mesophase to isotropic liquid phase was
reduced with each subsequent heating and cooling cycle. Unfortunately, the exact phase transitions
were not easily observed qualitatively via polarized optical microscopy, which made it difficult to
characterize the mesophase appropriately and accurately or to make a direct comparison of the

mesophase with that of parent compound 1.
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Figure 21. Polarized optical micrographs of A) 2 at room temperature before heating, B) 2 at 45

°C, C) 2 cooling from second heating cycle at 230 °C, D) 2 cooling from third heating cycle at

200 °C. All micrographs were taken upon cooling from the isotropic-columnar phase transition.

Differential scanning calorimetry is commonly used to determine precise transition
temperatures for liquid crystalline compounds. However, upon running differential scanning
calorimetry experiments for compound 2, it was observed, similar to that of the polarized optical
microscopy data, that there was no distinct phase range for the liquid crystalline phase of
compound 2. In the differential scanning spectra for compound 2 (Figure 22), two consecutive
heating and cooling cycles were performed at a constant temperature change rate of 5 °C/min. The
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first phase transition from crystalline solid to mesophase is observed to be approximately 65 °C
and the second transition point, from mesophase to isotropic liquid is at about 325 °C, which is
consistent with the results from polarized optical microscopy. However, upon the first cooling
cycle and subsequent heating and cooling cycle, no obvious phase transitions were observed in the
differential calorimetry scanning trace, suggesting that compound 2 did in fact experience at least

partial degradation at the elevated temperature of the first heating cycle.
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Figure 22. Differential scanning calorimetry plot for triphenylene 2 with a constant scan rate of

5 °C/min on heating.

To further explore the suspected degradation of compound 2, thermogravimetric analysis

was performed. Thermogravimetric analysis is a method of thermal analysis in which the mass of
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a sample is measured while the temperature is constantly increasing, as a function of time.
Thermogravimetric analysis is commonly employed to provide information regarding physical and
chemical properties of the analyte in question, such as phase transitions and thermal
decomposition. As such, thermogravimetric analysis of compound 2 revealed that 2 begins to
experience complete thermal degradation at approximately 334 °C (Figure 23). The results
collected from thermogravimetric analysis are consistent with the qualitative observations
observed via polarized optical microscopy and the qualitative observation that compound 2 is

indeed experiencing thermal degradation at temperatures above 300 °C.
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Figure 23. Thermogravimetric analysis plot for triphenylene 2.
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In this particular system, it can be concluded that thionation did in fact influence the liquid
crystalline temperature phase range by increasing the clearing point of compound 1 from 228 °C
to the point of what is suspected to be partial decomposition at approximately 320 °C for
compound 2. Interestingly, these observations are in direct contrast with what was observed with
the dicarboxyimide-substituted dibenzanthracene and triphenylene series previously reported by
the Maly group, where thionation only had a subtle impact on the mesophase temperature range of
these liquid crystalline compounds.?>*° In previous reports from the Maly group, thionation mainly
influenced the mesophase temperature range by increasing the melting transition point from
crystalline solid to the columnar mesophase (ca. 24 °C increase for dibenzanthracenes and ca. 25
°C for triphenylenes), while have a very little impact on the clearing point from columnar
mesophase to isotropic liquid (ranging between ca. 7 °C to 17 °C).%®% In this case, all six
carboximide oxygen atoms have been replaced by sulfur atoms via reaction with Lawesson’s
reagent, which dramatically impacted the phase transition temperatures of 1. However, if a
derivative of 2 was prepared where anywhere from one to five oxygen atoms of the carboximide
functionalities are replaced with sulfur, it may not affect the mesophase range as dramatically, to
the point where decomposition may not be observed. Conversely, this may potentially be a difficult
task, as the regioselectivity of the thionation reaction with Lawesson’s reagent will be difficult to
predict, and separation of the products via column chromatography may also prove to be

cumbersome.

The spectroscopic properties of these materials were also examined as both triphenylenes
1 and 2 displayed different colours in the solid-state and in solution. Triphenylene 1 was a white
solid that formed a clear and colourless solution in dichloromethane, while triphenylene 2 was a

dark-purple solid and formed a dark orange coloured solution when dissolved in dichloromethane.
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The UV-Vis absorbance spectra of triphenylenes 1 and 2 can be seen in Figure 24. Triphenylene
1 shows an absorbance maximum close to 285 nm, while triphenylene 2 has a small absorption
maximum at 325 nm and a broad absorbance band around 385 nm that trails into the blue region
(400-465 nm). These two distinct absorbance bands for compound 2 suggests that it does go
through more than one transitions to different excited states at a lower and higher energy level.
With that said, it is common for many organic compounds to exhibit more than one absorbance
maximum peak in a UV-Vis absorbance spectrum. When comparing compounds 1 and 2, there is
a distinct red shifting of the absorbance maxima with the thionated derivative 2. This red shift
suggests a narrowing of the HOMO-LUMO energy band gap with increased sulfur content, which

is consistent with previously reported observations the Maly group.
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Figure 24. UV-Vis spectra of 2x10® M solutions of triphenylenes 1 and 2 in CHzCl..
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2.3 Conclusions and Future Work

In summary, dicarboxyimide-substituted triphenylene 1 was successfully prepared via the
nickel-mediated Yamamoto coupling reaction of o-dibromoarene 41 in a 65% yield. This approach
IS more convenient, and higher yielding in comparison to the previously reported approach to
triphenylene 1 by Wu and coworkers and avoids purification of compound 1 via column
chromatography in the final step. Furthermore, this synthetic route allows for a modular approach
to several derivatives of compound 1 with varying N-alkyl substituents as the preceding
dicarboximide-substituted o-dibromoarene can easily be prepared with variable N-alkyl chains via
reaction of anhydride 50 with an amine in the presence of Ni(OAc). and Ac20, as previously

described in Scheme 11.

Dicarboxythioimide-substituted triphenylene 2 was also successfully prepared in 60%
yield following thionation of triphenylene 1 with Lawesson’s reagent. Compound 2 shows
evidence for a columnar mesophase with a high clearing point and displayed dendritic textures on
cooling from the isotropic liquid phase. However, as an unexpected consequence of thionation of
1, the clearing point of compound 2 was increased to a high enough point where 2 experienced
thermal degradation upon reaching the clearing point from mesophase to isotropic liquid. Due to
the thermal degradation of compound 2 upon reaching the clearing point temperature, it does not
allow for any clear comparisons to the mesophase characteristics of compound 1. These results are
in contrast with previously collected data from studies on the effects of thionation of
dicarboximide-bearing liquid crystalline trinaphthylenes and triphenylenes,*® where thionation
only had a subtle impact on the mesophase range, and more specifically, the clearing point
temperature. Additionally, a red-shift in the UV-Vis spectra (Figure 24) was observed for the

thionated triphenylene derivative in comparison to triphenylene 1. This red-shift suggests a
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narrowing of the HOMO-LUMO energy band gap with increased thionation which is consistent

with what was previously observed by the Maly group.

In the future, it may be interesting to explore the effects of partial thionation on the
mesophase and electronic characteristics of compound 1. It is expected that partial thionation of
the dicarboximide functional groups, where anywhere from one to five of the oxygens could be
replaced by a sulfur atom would have a more subtle impact on the mesophase and electronic

properties of 1 in comparison to the fully thionated derivative 2.
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CHAPTER 3: EXPLORATION OF ALTERNATIVE NICKEL-MEDIATED

CYCLOTRIMERIZATION REACTION CONDITIONS

3.1 Introduction

Transition metal-catalyzed carbon-carbon bond formation is an extremely important type
of reaction in organic chemistry for the synthesis of many compounds. Some important metal-
catalyzed carbon-carbon bond formation reactions include the Suzuki-Miyaura coupling, Heck

reaction, Sonogashira coupling, Ullman coupling, and the list goes on.**

Cross-coupling reactions proceed through a catalytic cycle, where a new carbon-carbon
bond is formed between an organometallic intermediate and an organic halide. As such, cross-
couplings are commonly used for arylations and employ transition metals such as copper,

palladium, and nickel to name a few.*

The Yamamoto coupling reaction is a nickel-mediated homo-coupling of o-dibromoarenes
and allows for the concise trimerization of the o-dibromoarene starting materials. This reaction is
mediated by the in situ formation of a 1:1:1 active catalyst species between a stoichiometric
amount of a zero valent nickel reagent known as nickel(0)bis(1,5-cyclooctadiene) (Ni(COD)2),
1,5-cyclooctadiene and 2,2’-bipyridine in solvents such as tetrahydrofuran or dimethylformamide

(Scheme 20).
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Brj : :R Ni(COD),, COD, bpy
Br R THF, rt, 16 h, Ar

27

Scheme 20. The Yamamoto cyclotrimerization reaction.

The Yamamoto coupling has been shown to be synthetically useful to access
cyclotrimerized starphene-type compounds by several groups. To illustrate, Bunz and coworkers
reported the successful synthesis of a series of novel hexakis(alkoxy)trinaphthylenes (34a-f) via
nickel-mediated Yamamoto coupling reaction of the corresponding o-dibromonaphthalenes (33a-
f) (Scheme 21).%* The synthesis of compound 34f was previously reported by Maly and coworkers
using a cumbersome four-step sequence with an overall yield of 23%.?° Using the Yamamoto
couplingg, Bunz and coworkers dramatically  shortened the  synthesis  of
hexakis(alkoxy)trinaphthylene 34f via an efficient one-step process from 33f to afford

trinaphthylene 34f in a much improved 65% yield.*
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RO:“:GGBV Ni(COD),, COD, bpy
RO Br THF, rt, 16 h, Ar
33,34aR = Me
33,34b R = Et
33,34c R = j-Pr
33,34d R = Pr

33 33,34e R=Bu
33,34f R = Hex (65%)*

Scheme 21. Preparation of a series of novel trinaphthylenes (34a-f) via Yamamoto coupling of

o-dibromonaphthalene precursors, reported by Bunz and coworkers.*

Additionally, our group has further displayed the synthetic utility and conciseness of the
Yamamoto coupling reaction via the preparation of compounds 10, 37-39, and 61 in good yields

when compared to their respective, previously reported syntheses. (Table 1).>
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Table 1. Summary of Yamamoto coupling results with o-dibromoarenes as reported by Maly and

coworkers®?
Y Ni(COD),,
X Br COD, bpy
X Br THF, rt, 16 h
Y
52, 56-59 10, 37-39, 60
Substrate Product Yield (%0) Previous Yield
(%0)
56 (X=Y=H) 10 59 602
52 (X=CHjs, Y=H) 60 58 32%
57 (X=CO2CHjs, Y=H) 37 74 13%
58 (X=F, Y=H) 39 44 525
59 (X=Y=F) 38 20 5°7

Overall, Maly and coworkers demonstrated that the nickel-mediated Yamamoto coupling
of o-dibromoarenes can be used for the preparation of substituted triphenylenes. The approach was
shown to be much more concise, and higher yielding in all but two case, in comparison to the
existing synthetic methodologies reported. In particular, the yields and synthetic routes for
electron-deficient systems (37-39), which are difficult to prepare via oxidative cyclization methods

were drastically improved.> Furthermore, in the previous chapter of this thesis, the convenience
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of the Yamamoto coupling reaction was also displayed in the improved synthesis of electron-

deficient tris(dicarboxyimide)triphenylene 1.

While the Yamamoto coupling is an effective method for the preparation of triphenylenes
and related compounds, it does have a few drawbacks as it requires a stoichiometric amount of
Ni(COD)», and the use of an inert atmosphere glove box due to the instability of Ni(COD): in the
presence of air, light and moisture. Due to unforeseen circumstances, the glove box was
unavailable, and the inability to use the glove box hampered research progress. As such, there was
considerable interest in developing alternative nickel-mediated cyclotrimerization methods to

access triphenylenes that use catalytic nickel(0) and reagents that are air-stable.

3.1.1 Reductive Polymerization via Nickel(0)-Catalyzed Coupling of Aryl Halides

Our initial investigation into alternative metal-catalyzed trimerizations led us to a
publication from 1996,% in which Yang et al. reported the synthesis of efficient blue polymer
light-emitting diodes from a series of soluble poly(paraphenylene) (PPP) derivatives (Figure 25),
by utilizing a reductive polymerization reaction via nickel(0)-catalyzed coupling of bis(aryl

halides) with nickel(11) chloride and zinc dust.>®
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Figure 25. Structures of poly(paraphenylene) derivatives prepared by Yang et al. for blue light-

emitting diodes.>®

In Yang’s synthesis of poly(paraphenylene) 61, 2,5-dichloro-1-decyloxybenzene 64 is first
prepared via Sn2 reaction between 2,5-dichlorophenol and 1-bromodecane in the presence of
sodium hydroxide.*® Poly(2-decyloxy-1,4-phenylene) (DO-PPP) 61, was then prepared by Ni(0)-
catalyzed reductive polymerization reaction of 64 in the presence of nickel(Il) chloride (NiCly),
zinc dust, triphenylphosphine (PPhs), and dipyridyl (2,2’-bpy) in dimethylformamide (Scheme
22).%8 Under these reaction conditions, zinc acts as a reducing agent and reduces NiCl, to form
Ni(0) and ZnCl>. Subsequently, an active 1:1:1 catalytic complex will form between Ni(0),
triphenylphosphine and 2,2’-bypyridine (Ni(PPhs)(bpy)). The formation of this Ni(0)-catalyst
results in the homocoupling between bis(aryl chloride) 64 thus forming DO-PPP. The chemical
synthesis of the other two poly(paraphenylene) derivatives 62, and 63 in Figure 25 were performed

in analogous fashion to PPP 61 using the conditions in Scheme 22.%
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OCoH24 PPhg, Zn dust, 2,2"-bpy, OCoH24

n

64 61

Scheme 22. Synthesis of DO-PPP 61 via Ni(0)-catalyzed coupling of 64 as reported by Yang et

a|58

In a subsequent 2001 paper,® Bloom et al. reported the synthesis of poly(p-phenylene)
macromonomers and multiblock copolymers via Ni(0)-catalytic coupling of aromatic dichlorides,
similar to that of Yang et al. in 1996. In this study, Bloom and coworkers successfully prepared
poly(4’-methyl-2,5-benzophenone) 67, end-capped with 4-chloro-4’-fluorobenzophenone to
produce rigid-rod macromonomers (Scheme 23) in the presence of nickel(Il) chloride, zinc dust,

triphenylphosphine, and 2,2’-bipyridine in N-methyl-2-pyrrolidone (NMP).%

H,C,
cl

W,
@ O NiCl,, Zn, PPhs, bpy

+ O

e e OO0

65 66 67

Scheme 23. Synthesis of poly(4'-methyl-2,5-benzophenone) macromonomers via Ni(0)-catalyzed

coupling as reported by Bloom and coworkers.>®
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Although the routes reported by Yang et al. and Bloom et al., respectively, are towards the
synthesis of polymeric materials, and not cyclotrimers, it still served as a good starting point. There
are many examples in the literature showing that it is possible to generate an active nickel(0)-
species in situ without the use of a glove box or harsh conditions. However, it was unknown if the
catalytic system of NiCl,, PPhs, bpy, and Zn would produce trimers and not polymers. Therefore,

the literature was further investigated.

3.1.2 Nickel-catalyzed [2+2+2] Cycloaddition Reactions

In a 2008 publication,®® communicated by Cheng et al., o-dibromoarenes were employed
as aryne precursors for nickel-catalyzed [2+2+2] homo-cycloaddition reactions and cycloaddition
reactions with alkynes and nitriles using a similar catalytic system as Yang and Bloom. In this
article, o-dihaloarenes are used as aryne precursors that react with acetylenes and nitriles catalyzed
by the NiBr2(dppe), 1,2-bis(diphenylphosphino)ethane (dppe) and zinc system to give substituted
naphthalene, phenanthridine or triphenylene derivatives depending on the reaction conditions
employed.®® Moreover, this catalytic reaction is proposed to involve a nickel-assisted generation
of benzyne intermediates as a key step in the formation of naphthalene, phenanthridine and

triphenylene derivatives.

Naphthalene derivatives were synthesized via treatment of 1,2-diiodobenezes 68 with
disubstituted alkynes 69 in the presence of Ni(dppe)Brz, dppe, and zinc powder in acetonitrile at
100 °C for 48 hours in moderate to excellent yields ranging from 51% to 96% (Scheme 17).6°
Interestingly, it was found that a substantial amount of triphenylene would form in addition to the

expected naphthalenes 70, as a result of homo-cycloaddition of 1,2-diiodobenzene 68 under certain

68



unoptimized reaction conditions. Under these unoptimized conditions to prepare substituted
naphthalenes, one of either NiBr2(PPhs) or NiCl2(PPhs) was used as the nickel catalyst and

triphenylphosphine was used as the ligand.

R4 R* R
R? 1 Ni(dppe)Bro/dppe/Zn R? R?
= - O
R3 I CH5CN, 100 °C R3 R
R4 R R!
68 69 70

Scheme 24. Nickel-catalyzed cycloaddition of o-diiodoarenes with disubstituted alkynes as

reported by Cheng and coworkers.®

Unexpectedly, it was found that when 1,2-diiodobenzenes 68 were heated in the presence
of Ni(dppe)Brz and zinc dust, but with no additional dppe in acetonitrile, afforded substituted
phenanthridine derivatives 71 were afforded (Scheme 25). Additionally, similar to that of the
synthesis of substituted naphthalenes, it was again found that under certain reaction conditions,
when less acetonitrile solvent was used, triphenylenes would form as the major product, in addition
to the formation of phenanthridines 71. However, it was found that as the amount of acetonitrile

solvent was increased, phenanthridine 71 became the major product of the reaction.
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0.05 mmol Ni(dppe)Br, R

R’ 1 1.5 mmol Zn =N
JCC T e A
R' | RCN

R’ R'

100 °C, 36h

68 71

Scheme 25. Synthesis of phenanthridine derivatives in the presence of Ni(dppe)Br2 and zinc

without additional dppe.®°

Cheng and coworkers also reported optimized reaction conditions for the formation of three
triphenylene derivatives (Scheme 26). It was reported that reaction of 1,2-diiodobenzenes 72(a-c)
in the presence of NiBr2(PPhs), and zinc, with triphenylphosphine in tetrahydrofuran at 100 °C for

48 hours produced triphenylenes 10, 60 and 73.%°

R I NiBry(PPh)/PPhs/Zn
R: C :I THF, 100 °C

R = H(a), Me(b), OMe(c)

72(a-c) 10 (H), 60 (CH3), 73 (OMe)

Scheme 26. Synthesis of triphenylenes using NiBr2(PPhs) in tetrahydrofuran.®

The results obtained by Cheng et al. in this article strongly suggest that the nickel-catalyzed

reactions producing naphthalenes, triphenylenes and phenanthridines are likely due to a [2+2+2]
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cycloaddition of arynes, alkynes or nitriles. As shown in Scheme 27, the active nickel(0) species
is generated via reduction of the Ni(ll) catalyst with zinc. The aryne intermediate is likely
generated from the oxidative addition of o-dihaloarene 72a to the nickel(0) complex to give 74,
followed by S-halogen elimination to afford 75.%° Reduction of 75 gives Ni-aryne complex 76 and
subsequent [2+2+2] cycloaddition gives, in this case, triphenylene 10. Additionally, [2+2+2]
cycloaddition of 76 with nitriles or disubstituted alkynes will give phenanthridines and

naphthalenes, respectively.

Zno ZnBr, I I
72a
NiLBr, ——"  Ni(0)L, s N @( — @:—[Nlllz
Ligand [NiL]I

76 10

Scheme 27. Proposed nickel(0)-catalyzed mechanism for the [2+2+2] homo-cycloaddition of

Ni(0)-assisted generation of benzyne to form triphenylene.®
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3.1.3 Air-Stable Binary Nickel(0)-Olefin Precatalysts

A 2020 publication®® reported by Tran and coworkers, discusses the preparation, and use
of an air-stable binary nickel(0)-olefin precatalyst, nickel(0)(1,5-cyclooctadiene)(durogquinone)
[(Ni(COD)(DQ)]. Research on homogeneous nickel catalysis has recently been gaining a lot of
interest as nickel can serve as an inexpensive alternative to precious metals used in many catalytic
transformations, including palladium-catalyzed cross-couplings (e.g., Suzuki coupling). Ni(COD);
is a Ni(0)-olefin complex that has been extensively used as a precatalyst.5* However, the use of
Ni(COD).is limited by its sensitivity to air and moisture, and its use requires and inert atmosphere
glovebox for storage and reaction setup.*? These limitations have inspired the development of new
Ni(0)-olefin precatalysts with increased stability that may offer advantages over the previously

used precatalysts.

Consequently, Tran and coworkers have worked to expand upon the current portfolio of
nickel(0)-olefin precatalysts and describe the catalytic activity of Ni(COD)(DQ). Moreover,
Ni(COD)(DQ) is isostructural and isoelectronic to Ni(COD)., both of which are 18-electron Ni(0)-
olefin complexes.®* However, in contrast to Ni(COD),, Ni(COD)(DQ) is air and moisture stable
in both solid and solution states, and possesses high thermal stability, which allows it to be
conveniently stored at room temperature.8 The scope of the catalytic activity of Ni(COD)(DQ)
was investigated using reactions that have been previously reported in the literature to proceed
with different nickel precatalysts with the hope of establishing Ni(COD)(DQ) as a competent
nickel precatalyst source. The reactions investigated using Ni(COD)(DQ) included the Suzuki-
Miyaura coupling, Buchwald-Hartwig amination, borylation of aryl halides, C-H activation,
alkene hydroarylation and decarboxylative cycloaddition.®® Notably, all reactions were setup

outside of a glovebox and followed procedures using reaction conditions that were otherwise
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identical to previously reported synthetic protocols. Furthermore, all reactions tested using
Ni(COD)(DQ) as the replacement nickel precatalyst were successful, and provided yields of

desired products that were comparable to those using the antecedent nickel precatalyst.

Overall, Tran and coworkers determined that Ni(COD)(DQ) successfully acted as a nickel-
olefin precatalyst for a variety of distinct catalytic processes previously reported in the literature
using other nickel precatalysts like, Ni(COD)>. In all cases, in situ ligation with a variety of ligands
was successful in generating an active nickel catalyst without optimization of the original reported
conditions.®! Furthermore, the promise of Ni(COD)(DQ) as a new and reliable nickel precatalyst
is due to its undeniable stability, and would be particularly ideal for handling in situations where

it is not possible to completely exclude air and moisture.

3.2 Results and Discussion

To explore alternative nickel-catalyzed cyclotrimerization reaction conditions, a series of
electron-rich and electron-deficient o-dibromoarenes were selected and included electron-rich 4,5-
dibromo-o-xylene 52, and electron-deficient substrates, dimethyl 4,5-phthalate 57 and 5,6-

dibromo-2-octylisoindoline-1,3-dione 41.

(0]
Br. Br CH;3 Br CO,Me
e OO0 DK
Br Br CHj; Br CO,Me
(o)
41 52 57

Figure 26. Structures of o-dibromoarene substrates tested.
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Triphenylenes 1, 37, and 60 were chosen as target molecules because they have all been
previously prepared in good yields by our group via the Yamamoto coupling reaction.
Additionally, this allowed for a direct comparison of alternative nickel-catalyzed homo-
cyclotrimerization conditions with the Yamamoto coupling approach. Notably, all reactions were
run outside of a glovebox and under an atmosphere of nitrogen, as opposed to the Yamamoto
coupling conditions which calls for reaction set-up under inert glovebox conditions to

accommodate for the instability of Ni(COD):2 in the presence of air and moisture.

First, Compound 41 was subjected to conditions similar to that of the Yamamoto coupling
procedure however, using Ni(COD)(DQ) as the precatalyst. Additionally, compounds 52 and 57
were each subjected to nickel-catalyzed cycloaddition reactions with zinc dust, as reported by
Cheng and coworkers.®® Unfortunately, the alternative nickel-catalyzed conditions employed to
prepare triphenylenes 1, 37, and 60 from their respective o-dibromoarene substrates were

unsuccessful (Table 2).
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Table 2. Summary of alternative Ni-catalyzed cyclotrimerization reactions vs Yamamoto
coupling

X
X o]
Br X' Ni-mediated X O‘O X= %:;(N—CBHW (41,1)
Br X X O 0
x  Me (52, 60), CO,Me (57, 37)
X

41, 52, 57 1, 37, 60
Entry Substrate Method Product Yield (%)

1 41 Yamamoto® 1 65

2 41 Ni(COD)(DQ)" 1 0

3 52 Yamamoto® 60 58

4 52 Ni(Il) and Zn° 60 0

5 52 Ni(Il) and Zn® 60 Mixture

6 52 Ni(ll) and Zn® 60 Mixture

7 57 Yamamoto® 37 70

8 57 Ni(ll) and Zn® 37 Mixture

9 57 Ni(ll) and Zn°® 37 0

ANi(COD)2 (1.25 eq), 2,2 -bpy (1.25 eq), COD (2.05 eq), THF, rt, 24 h
bNi(COD)(DQ) (1.25 eq), 2,2’-bpy (1.25 eq), COD (2.05 eq), THF, rt --> reflux, 48 h
“NiBr2(PPhs). (10 mol%), Zn (3.0 eq), THF, 100 °C, 48 h

INiBr(PPhs)2 (10 mol%), dppe (10 mol%), Zn (3.0 eq), THF, 100 °C, 48 h
®NiBr2(PPhs). (10 mol%), PPhs (10 mol%), Zn (3.0 eq), DMF, 85 °C, 22 h
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3.2.1 Yamamoto coupling reaction using Ni(0) precatalyst Ni(COD)(DQ)

Triphenylene 1 has been prepared via the Yamamoto coupling reaction of o-dibromoarene
substrate 41 in 65% yield using conditions developed in our lab. Moreover, to test whether the
Yamamoto coupling reaction could be replicated outside of a glovebox, we employed
Ni(COD)(DQ) as substitute nickel precatalyst for Ni(COD)>. As previously mentioned, Tran and
coworkers reported that Ni(COD)(DQ) was an air and moisture stable nickel(0)-precatalyst that is
isostructural and isoelectronic to Ni(COD),.%* Additionally, Tran demonstrated that Ni(COD)(DQ)
was able to act as a nickel-olefin precatalyst for a variety of distinct catalytic processes previously
reported in the literature using other nickel precatalysts (e.g., Suzuki-Miyaura coupling,
Buchwald-Hartwig coupling).®* With this in mind, we hypothesized that Ni(COD)(DQ) could be
used to replace Ni(COD)> as the Ni(0)-species for the cyclotrimerization reaction. Unfortunately,
subjecting 41 to the reaction conditions (Table 2, entry 2), with Ni(COD)(DQ) in the presence of
COD, bpy in THF at room temperature for 24 hours yielded no reaction. Subsequently, the reaction
temperature was increased to reflux which caused the solution to change colour from red to green.
The reaction was then left for an additional 24 hours, by which point the colour of the solution had
turned opaque black. Thin-layer chromatography and *H NMR spectroscopy revealed that indeed

no reaction had occurred and compound 41 was recovered.

3.2.2 Nickel-catalyzed [2+2+2] cycloaddition reactions

Hexamethyltriphenylene 60 has been prepared by our group in 58% vyield using the
Yamamoto coupling reaction. Cheng and coworkers have also reported the synthesis of
hexamethyltriphenylene via nickel-catalyzed [2+2+2] cycloaddition in the presence of zinc dust

and a Ni(ll) precatalyst (Scheme 19).%° To evaluate if 60 could be prepared using a method other
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than the Yamamoto coupling, Ni(ll)-catalyzed cycloaddition conditions reported by Cheng and
coworkers were employed.®® The first attempt at preparing triphenylene 60 involved reaction of o-
dibromoarene 52 with NiBr2(PPhz)2 in the presence of zinc dust in THF at 100 °C for 48 hours
(Table 2, entry 4). Under these conditions, the reaction was unsuccessful and only starting material
was recovered. This is most likely because no ligand was present. Consequently, the Ni(0)-catalyst
species that was formed in situ was not stabilized and was unable to undergo oxidative addition

with 52.

In the second approach to prepare triphenylene 60 via Ni-catalyzed [2+2+2] cycloaddition,
52 was reacted in the presence of NiBr2(PPhs),, zinc dust and 1,2-bis(diphenylphosphino)ethane
in THF at 100 °C for 48 hours (Table 2, entry 5). Following the 48-hour reaction time, the crude
mixture was filtered through a plug of silica, yielding an orange oil as the crude product. *H NMR
showed that a small amount of hexamethyl triphenylene was present in the crude mixture as
evidenced by a pair of singlets at 2.49 ppm and 8.32 ppm for methyl protons and the triphenylene
protons, respectively. Notably, the *H NMR spectrum of the crude product also contained several
other peaks for unknown by-products as well as unreacted starting material. Purification of
hexamethyltriphenylene from the crude reaction mixture via column chromatographic separation
was attempted. However, separation of dppe from hexamethyltriphenylene proved to be difficult
due to similar polarities exhibited by both compounds and overlapping spots via TLC analysis,
resulting in poor separation. Overall, a crude white solid was obtained containing an approximately
1:1 mixture of triphenylene and dppe at a mass less than that of 50% of the theoretical yield of
pure triphenylene 60. Due to low conversion of starting material, and difficulty in purification, the

conditions were not pursued further.
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In another attempt to prepare hexamethyltriphenylene (60), subjecting o-dibromoarene 52
to Cheng and coworkers’ initial conditions was assessed (Table 2, entry 6). Under these conditions,
DMF was used as the reaction solvent, and triphenylphosphine was employed as the ligand rather
than 1,2-(diphenylphosphino)ethane. After the first 22 hours of reaction time, disappearance of
starting material 52 was confirmed via thin-layer chromatography. The crude reaction mixture was
filtered through a pad of celite with dichloromethane and concentrated to yield a crude yellow oil.
Moreover, purification via column chromatography was attempted, resulting in the collection of a
white solid containing a mixture of triphenylphosphine and hexamethyltriphenylene in
approximately an 18:1 ratio and with a crude mass that was 50% of the theoretical mass of pure
hexamethyltriphenylene. It is possible that a significant amount of hexamethyltriphenylene may
have remained in the column due to poor solubility in the eluting solvent hexanes, and because the
column may have been too long. No further purification of hexamethyltriphenylene or
investigation of the synthesis of 60 under these reaction conditions was attempted due to low

conversion of starting material 52 and difficulty in purification.

In addition to hexamethyltriphenylene 60, investigation into the preparation of
hexa(methyl ester)triphenylene 37 was examined using two similar approaches used to examine
the potential preparation of hexamethyltriphenylene 60. Both approaches are iterations of what

was reported by Cheng and coworkers in their 2008 communication.®

In the first approach, phthalic ester 57 was subjected to the [2+2+2] cycloaddition reaction
conditions in the presence of NiBr2(PPhs),, zinc dust and triphenylphosphine in THF at 80 °C
(Table 2, entry 8) as reported by Cheng et al.’° Thin-layer chromatography and H NMR
spectroscopy showed that for the first 22 hours no product was present and a significant amount

of starting material remained in the reaction mixture. Since no product had yet formed, the reaction
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temperature was increased from 80 °C to 100 °C and the reaction was allowed to stir for an
additional 26 hours. Following the additional allotted reaction time and separation of the organics
from insoluble nickel salts, thin-layer chromatography showed the formation of several new spots
and *H NMR showed a small aromatic singlet approximately at 9.04 ppm, representative of the
hexa(methyl ester)triphenylene proton, among several other proton signals from unknown by-
products and starting material. Unfortunately, further purification of 37 was not pursued as the
amount of triphenylene formed was extremely miniscule and separation via column
chromatography would have proved to be cumbersome as several spots with similar R¢values were

present on the TLC plate.

In the second approach to access hexa(methyl ester) triphenylene 37, o-dibromoarene 57
was subjected to [2+2+2] cycloaddition reaction conditions in the presence of NiBr2(PPhs)z, zinc
dust in THF at 100 °C for 48 hours (Table 3, entry 9). Notably, no ligand was present in this
reaction and just like that of 4,5-dibromo-o-xylene, phthalic ester 57 did not undergo trimerization
via [2+2+2] cycloaddition. Analysis of the crude reaction mixture via thin-layer chromatography
and *H NMR showed that starting material was still present, among other unknown by-products

that were not further investigated.

Because the reactions of o-dibromoarenes 52 and 57 were unsuccessful under the Ni-
catalyzed [2+2+2] cycloaddition conditions, and due to time constraints, further investigation of
these reactions of 52 and 57 were not pursued. Additionally, Cheng and coworkers did not report
any yields, purification conditions or *H NMR spectra for triphenylenes 10, 60, and 73 prepared
under the reported conditions (Scheme 26), which made it difficult to compare results and assess
if the triphenylenes prepared were purified. With that being said, it is clear that the Yamamoto

coupling reaction conditions are superior to that of the [2+2+2] cycloaddition reaction conditions.
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3.3 Summary and Future Work

In summary, we have demonstrated that the Yamamoto coupling reaction is a superior and
more reliable approach to access a variety of electron-rich and electron-deficient triphenylenes
such as 1, 37 and 60 in comparison to other synthetic methods tested. In this study, we sought to
develop an alternative method to access triphenylenes via a nickel-assisted cyclotrimerization that
did not require nickel(O)bis(1,5-cyclooctadiene) or reaction set-up under inert glove box
conditions. We tested two promising methods using two distinct stable nickel-precatalysts in
attempts to prepare triphenylenes 1, 37 and 60 from the respective o-dibromoarene precursor. The
first of two methods assessed included Yamamoto coupling type reaction employing the use of an
air and moisture stable nickel(0)-precatalyst, Ni(COD)(DQ) as a replacement for Ni(COD). and
reaction set-up outside of a glove box. The second cyclotrimerization conditions tested was a
nickel-assisted [2+2+2] cycloaddition reaction of o-dibromoarenes that had been previously

reported by Cheng et al.®

Synthesis of electron-deficient triphenylene 1 has been successfully completed via the
Yamamoto coupling reaction of o-dibromoarene 41 in 65% yield. However, this same reaction
was not successful when Ni(COD)(DQ) was employed as the nickel(0)-precatalyst as a substitute
for Ni(COD).. Although conditions identical to that of the Yamamaoto coupling, with the exception
of Ni(COD)(DQ) and reaction set-up outside of a glove box, were employed, the reaction did not
produce triphenylene 1. It is possible that the active Ni(0)-species, Ni(COD)(bpy) was not formed
in situ and therefore no reaction would take place. Moreover, a full screening and optimizing of
the conditions has yet to be performed due to time constraints. Additionally, Tran and coworkers
reported the use of Ni(COD)(DQ) as a replacement nickel-precatalyst without any optimization or

change in conditions when assessing the catalytic scope of Ni(COD)(DQ), so it was to our
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disappointment that Ni(COD)(DQ) did not serve as an effective substituted for Ni(COD), for the
Yamamoto coupling reaction. In the future, various reaction screening trials may be assessed.
These will include adjustment of reaction concentration, solvent, and reaction temperature. It is
also important to note that Ni(COD)(DQ) is quite expensive and can only be purchased in small
quantities so it may not be economically feasible to further investigate this route, especially
considering a stoichiometric amount of nickel(0) is needed for the reaction. Conversely, gram-
scale synthesis of Ni(COD)(DQ) is reported by Tran et al. from air-stable Ni(ll) precursor
nickel(1l) acetylacetonate [Ni(acac)z] in the presence of diisobutylaluminum hydride (DIBAL-H)
in 60%.5 In terms of cost, the synthesis of Ni(COD)(DQ) from Ni(acac): is a much cheaper option
than directly purchasing Ni(COD)(DQ), additionally, this allows for preparation of Ni(COD)(DQ)
on a much larger scale. If this potential alternative Yamamoto coupling route is further

investigated, the synthesis of Ni(COD)(DQ) allows for the investigation to be more cost-efficient.

Furthermore, triphenylenes 37 and 60 have both been previously prepared by our group via
the Yamamoto coupling reaction in 58% and 70% yields, respectively. Cheng and coworkers also
reported the synthesis of hexamethyltriphenylene 60 when o-diiodoarene 72b was subjected to
nickel-catalyzed [2+2+2] cycloaddition in the presence of NiBr2(PPhs)2, PPhs or dppe, and zinc
dust in THF (Scheme 26).° The conditions employed by Cheng and coworkers to synthesize
triphenylenes was of interest because it utilized a stable, cheap and readily available Ni(ll)-
complex and the reaction could be set-up outside of a glovebox. On the other hand, Cheng did not
report yields, purification strategies or NMR spectra for the three triphenylenes prepared, which
made it difficult to make any comparisons to what Cheng and coworkers had done following the
reaction. Nonetheless, o-dibromoarenes 52 and 57 were each subjected to the nickel-assisted

[2+2+2] cycloaddition reaction conditions resulting in the formation of complex and intractable
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mixtures of starting material, ligand, unknown by-products, and small amounts of the desired
triphenylene. Several attempts were made to purify the crude products of 37 and 60, however, the
low yields and poor separations via chromatographic separation made it extremely difficult and
time consuming. It is unclear if the triphenylene products obtained by Cheng and coworkers were
fully purified or if they were characterized as crude mixtures. Consequently, the poor results
obtained from this study led to a pause in any further investigation into the nickel-catalyzed

[2+2+2] cycloaddition method as reported by Cheng and coworkers.
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CHAPTER 4: TOWARDS THE SYNTHESIS OF A NOVEL COVALENT

ORGANIC FRAMEWORK

4.1 Introduction

Intense efforts are being made in the field of materials science to better understand the
structure-property relationships of microporous materials with the goal of being able to manipulate
their structures to elicit desired functions for specific applications. The development of porous
materials has lead to the development of materials like, metal-organic frameworks (MOFs),233
which are held together by coordination bonds of metal atoms to ligands, and covalent organic
frameworks (COFs), which are constructed of carbon and other light elements in a covalently
linked framework.®! In particular, covalent organic frameworks have garnered much interest as
functional microporous structures due to their potential design opportunities and various
applications such as gas storage and separations, catalysis, environmental remediation, sensing,

enzyme and drug uptake and materials science.%34

Covalent organic frameworks are primarily constructed using a bottom-up approach, as
smaller subunits are designed and linked together through reversible covalent bond formations.
Slightly reversible condensation reactions of organic linkers are utilized to build COFs,*3* and as
a result of this, the covalent bonds formed establish a thermally stable framework in which the
reversible nature of the coupling reactions permits for error correction and rearrangement of the
network, allowing the for the formation of a crystalline structure.3* To date, covalent organic
frameworks have been prepared utilizing a variety of linking groups like boroxines, boronic esters,
imines, hydrazones and others.3* However, these linking groups can be subjected to unwanted

hydrolysis reactions, thus, corrupting the integrity of the framework via bond breakages.
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In this approach, aldol condensation of hexa(formyl)triphenylene and 1,4-cyclohexadione
will produce a covalent organic framework linked by rigid rings consisting of carbon-carbon
bonds. Aldol condensations are reversible acid-base reactions. However, if the thermodynamics of
the reaction are in favour forming covalent organic framework 4 (Scheme 29), it will produce an
extended 2-dimensional network linked via rigid carbon-carbon bonds. In addition, the quinone
units within the extended network offer potential opportunities to perform functional group
transformations using appropriate reagents. For example, reduction of the quinone units installed
in the framework will yield a pure, extended polycyclic aromatic hydrocarbon framework, like

that of graphene.

The desired hexa(formyltriphenylene 3 can be synthesized starting from o-xylene 53
(Scheme 28). Through consecutive steps, o-xylene will undergo a two-fold bromination followed
by a two-fold oxidation to access o-dibromophthalic acid 51 as reported by Zhang et al.>! o-
Dibromophthalic acid 51 then undergoes reduction in the presence of a borane-tetrahydrofuran
complex, followed by a subsequent Swern oxidation via a procedure adapted from Kozmin et al.
to access phthalaldehyde 42.5 Hexa(formyl)triphenylene 3 can then potentially be obtained

following the Yamamoto cyclotrimerization of 42.
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Scheme 28. Proposed retrosynthetic approach to hexaaldehyde-substituted triphenylene 3.

Moreover, novel covalent organic framework 4 may potentially be synthesized via the aldol
condensation of hexa(formytriphenylene 3 and 1,4-cyclohexadione using an appropriate solvent

and base (Scheme 29).
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Scheme 29. Retrosynthetic approach to COF 4 from aldehyde 3.

4.2 Results and Discussion

The initial synthetic approach that was explored in attempts to access
hexa(formyl)triphenylene 3 is represented by schemes 30. The preparation of 4,5-dibromophthalic
acid 51 was achieved through bromination of o-xylene 53 and subsequent benzylic oxidation of
52 as reported by Zhang et al.>* Following this, (4,5-dibromo-1,2-phenylene)dimethanol 78 was
prepared in 53% vyield via the reduction of phthalic acid 51 with a borane tetrahydrofuran (THF)
complex as the reducing agent, adapted from a procedure reported by Kozmin et al.%? Alcohol 77
was then subjected to Swern oxidation conditions using a procedure adapted from one reported by
Kozmin et al.,®? affording desired aldehyde substrate 42 in a 68% yield (Scheme 30). Since
aldehydes are known to oxidize in the presence of oxygen at ambient conditions, 42 was stored in

an air-tight container, flushed with nitrogen gas, and sealed with parafilm.
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Scheme 30. Initial synthetic route attempted to prepare hexa(aldehyde)triphenylene 3.

Next, the synthesis of hexa(formyl)triphenylene 3 was attempted via the direct Yamamoto
cyclotrimerization of phthalaldehyde substrate 42 (Scheme 30). Unfortunately, this approach was
unsuccessful and no triphenylene product was obtained. There is literature precedent for the
activation of aldehydes via the coordination of zerovalent nickel catalysts like Ni(COD)2 which
can lead to unwanted by-products and side reactions. As reported by Ogoshi et al., benzylic
aldehydes and aliphatic aldehyde species are activated by zerovalent nickel catalysts to undergo
homodimerization reactions to form esters.®* The unwanted activation of the benzylic aldehydes
of substrate 42 by zero-valent Ni(COD),, may attribute to the unsuccessful formation
hexa(formyl)triphenylene 3 under Yamamoto coupling conditions. Consequently, the failed
formation of hexa(formyl)triphenylene 3 illustrates a limitation in the scope of the Yamamoto
coupling reaction when other reactive functional groups like aldehydes are present within the

starting material.
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To potentially overcome this complication, cyclic acetal groups were installed to replace
phthalaldehyde 42 with diacetal 78 (Scheme 31). The protected substrate was formed as a yellow
oil in 52% yield via the reaction of phthalaldehyde 42 in the presence of ethylene glycol and a
catalytic amount of p-toluenesulfonic acid (p-TsOH), while refluxing in toluene with a Dean-Stark
apparatus equipped to remove the water formed, thus pushing the reaction to completion.®
Similarly, efforts to prepare hexa(formyDtriphenylene 3 from the protected o-dibromoarene
precursor 78 were unsuccessful, resulting in the formation of a complex mixture with no evidence
of the desired product 79. It is suspected that a similar issue to that observed with phthaldehyde

42 arises when 78 is subjected to Yamamoto coupling conditions.

(0]
Ethylene glycol,

ij@:CHO p-TsOH, PhMe  BF } Ni(COD),, COD, bpy P O‘
cHo  reflux, 24 h, Ny Br :37 THF, rt,16 h, Ar PG

Br
(o]

52%

(0]
42 78 PG = Protecting group = E )—; 79
o

CHO

CHO
Deprotection OHC O‘
_______________ -
OHC O
CHO

CHO

Scheme 31. Attempted synthesis of hexa(formyl)triphenylene 3 via protection of aldehyde 42.
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Following the observation of the limitations of the Yamamoto coupling reaction when
reactive functional groups like benzylic aldehydes are used in the presence of zero-valent
Ni(COD)., a new approach to access hexa(formyl)triphenylene was needed. We envisioned that
we could potentially access hexa(formyl)triphenylene 3 via reduction of hexa(methyl
ester)triphenylene 37, to form the benzylic alcohol derivative 80, followed by subsequent
oxidation. Fortunately, our lab had already previously developed a synthesis of hexa(methyl
ester)triphenylene 37 in good vyields.>® In Scheme 32, the synthesis of hexa(methyl
ester)triphenylene is described starting with a 2-fold bromination of cheap and readily available o-
xylene to access 4,5-dibromo-o-xylene 52 in 57% yield as reported by Chen et al.>! 4,5-Dibromo-
o-xylene 52 is subsequently oxidized in the presence of potassium permanganate in water at
refluxing temperatures to afford phthalic acid 51 in 64% yield as reported by Zhang et al.>! Phthalic
acid 51 then undergoes Fisher esterification in the presence of thionyl chloride and methanol,
allowing access to the corresponding phthalate 57 in 78% yield, as reported by Zhang et al.®®
Yamamoto coupling of phthalate 57, using conditions reported by Yamamoto et al. in the presence
of Ni(COD)2, 1,5-cyclooctadiene and 2,2’-bipyridine in tetrahydrofuran under inert glove box
conditions proceeds to give hexa(methyl ester)triphenylene 37 in 74% yield.*? With hexa(methy!
ester)triphenylene in hand, the synthesis of hexa(methanol)triphenylene 80 was achieved adapting
from a procedure reported by Yuan and coworkers via lithium aluminum hydride reduction of 37
in tetrahydrofuran at 0 °C, followed by acidic workup with 1 M HCI and recrystallization of the
crude product using a 2:1 mixture of water and dimethyl sulfoxide giving 80 as a pale-yellow

powder in 70% yield.%®
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Scheme 32. Synthesis of hexa(methanol)triphenylene 80 from hexa(methyl ester)triphenylene 37.

After the successful synthesis of hexa(methanol)triphenylene 80 in good yield, several

attempts to prepare the corresponding hexa(formyl)triphenylene 3 under oxidizing conditions were

made (Table 3). Hexa(formyDtriphenylene 3 is an unknown compound in the chemical literature

databases and therefore no synthetic or characterization data currently exists for 3. Table 3

summarizes the multiple oxidation conditions employed in attempts to prepare 3 from alcohol 80.

Unfortunately, all conditions tested thus far have had limited to no success in the preparation of

aldehyde 3.
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Table 3. Summary of oxidation trials of hexa(methanol)triphenylene 80.

CH,OH

____Oxidation__
83 3
Substrate Method Expected Product Yield (%)
80 Swern oxidation 3 0
80 PCC 3 0
80 Dess-Martin 3 Mixture
80 Burgess reagent 3 Mixture

First, oxidation of 80 was attempted using Swern oxidation conditions as reported by Yuan
and coworkers.®® In Yuan’s work, a Swern oxidation was performed on a relatively larger acene-
type system containing four benzyl alcohol functional groups. Successful 4-fold Swern oxidation
of this molecule afforded the corresponding tetraformyl-substituted derivative in good yields.%
Although most Swern oxidation conditions are quite consistent over a broad range of alcohols,
these particular conditions reported by Yuan and coworkers were chosen because it was the closest
representative example of a Swern oxidation performed on a molecule containing several benzylic
alcohol groups. Using the same conditions, hexa(methanol)triphenylene 80 was subjected to
Yuan’s Swern oxidation protocol in the presence of oxalyl chloride, and dimethyl sulfoxide in

dichloromethane at -78 °C for 6 hours, followed by addition of triethylamine at -78 °C. Upon
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workup, a brown solid was collected from the reaction mixture. Both the organic and aqueous
layers were analyzed via *H NMR spectroscopy which surprisingly revealed that neither starting
material or product were present. This result is extremely perplexing, and there is no logical
explanation to reason why this occurred. Notably, further Swern oxidation trials were performed
with adjustments made to reaction time, the ratio of DMSO to dichloromethane to account for the
poor solubility of 80 in dichloromethane, as well as the stoichiometry of the reagents used.
However, the results were consistent with the first trial, and no trace of starting material or product

was found in the precipitate formed, the organic layers or the aqueous layers.

The disappointing results obtained via the attempted Swern oxidations of
hexa(methanol)triphenylene 80 led to the investigation of several other oxidation conditions
known to selectively oxidize primary alcohols to the corresponding aldehyde without over-
oxidizing to the carboxylic acid. The attempted oxidation reactions of alcohol 80 explored are
summarized in Table 3, and include oxidation with pyridinium chlorochromate (PCC), Dess-

Martin oxidation, and oxidation with Burgess reagent.

Oxidation of hexa(methanol)triphenylene with pyridinium chlorochromate (PCC) was
attempted using a representative procedure for the oxidation of benzylic alcohols as reported by
Bialecki and coworkers.®” Solid pyridinium chlorochromate was slowly added to a stirring
heterogeneous mixture of alcohol 80 in dry dichloromethane. The orange-coloured mixture was
left to react overnight, and the dark-brown solution found the following day was filtered through
a celite plug. Thin-layer chromatography revealed two spots with similar retention factors near
and on the baseline. Excess solvent was subsequently removed, and the crude solid was subjected
to column chromatographic purification, resulting in the loss of one the spots seen on the TLC

plate. The other spot was collected and analyzed via *H NMR spectroscopy and was neither starting
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material nor desired product. The loss of starting material can be attributed to the insolubility of
80 in most organic solvents, except for DMSO and it may have been lost during the first filtration
through celite or could have been lost during column chromatography. In a second oxidation trial
of 80 using PCC, 'H NMR analysis of the crude reaction mixture in deuterated dimethyl sulfoxide
showed proton peaks representative of the starting material but did not any peaks for the expected
aldehyde product 3. Again, poor solubility of alcohol 80 in dichloromethane and the formation of
a heterogeneous mixture could have caused the reaction to fail. Upon further investigation of
solvents reported to be used for PCC oxidations, it was found that chlorinated solvents like
dichloromethane and chloroform were the most common solvents used, with no reports of DMSO

being used.

With the results obtained from the prior oxidation trials of alcohol 80, we began to
exclusively look for oxidation reactions that employed DMSO as the reaction solvent primarily
because a solvent that could solubilize 80 was needed. Our investigation led us to investigate the
oxidation of hexa(methanol)triphenylene 80 via Dess-Martin oxidation. Dess-Martin oxidation
employs a hypervalent iodine reagent called Dess-Martin periodinane that is known to oxidize
primary alcohols to the corresponding aldehyde, and can be performed in dichloromethane,
dimethyl sulfoxide, or a combination of the two solvents.®® In the first oxidation trial of 80
following Dess-Martin oxidation protocol as reported by Holsworth,% 80 was suspended in dry
dichloromethane at 0 °C under an atmosphere of nitrogen. Dess-Martin periodinane was then
added quickly to the reaction flask and left to stir for 2 hours. Analysis of the reaction mixture by
thin-layer chromatography and *H NMR spectroscopy revealed that no reaction occurred.
Dimethyl sulfoxide was then added to the reaction mixture to solubilize alcohol 80, resulting in a

clear yellow solution. After approximately 10 minutes, following the addition of DMSO, a yellow
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precipitate had formed in the reaction mixture. The yellow solid was collected via suction filtration
and analyzed via 'H NMR spectroscopy. Gratifyingly, the *H NMR spectrum showed that no
starting material was present, and the expected peaks for the desired aldehyde 3 were observed.
However, the *H NMR also revealed an impurity corresponding to either unreacted Dess-Martin
periodinane or one of the iodo-compound by-products iodosobenzoic acid (IBA) or 2-
iodoxybenzoic acid (IBX). Many attempts were made to separate 3 from the crude mixture
containing Dess-Martin oxidation by-products, but these efforts were met with no success. In many
reported oxidation procedures of alcohols employing DMP as the oxidant, the reaction is easily
guenched with aqueous sodium bicarbonate or sodium thiosulfate followed by removal of the
insoluble DMP by-products via filtration.%® The filtrates are then extracted with an organic solvent
such as diethyl ether or dichloromethane and the products are purified via column
chromatography.®® However, in our case, the resulting aldehyde is extremely insoluble in all
organic solvents, apart from dimethyl sulfoxide which also inconveniently dissolves DMP and
reaction by-products. With the inability to perform filtration and extraction of the aldehyde from
an organic solvent as well as being unable to perform chromatographic separation of the crude

product, another oxidation protocol for 80 was needed.

The final oxidation protocol investigated for the oxidation of alcohol 80 used a procedure
reported by Sultane and coworkers.®® Sultane reported the efficient and rapid oxidation of alcohols
facilitated by Burgess reagent ([methoxycarbonyl-sulfamoyl]triethylamine hydroxide) in dimethyl
sulfoxide to the corresponding aldehydes and ketones in excellent yields.%® This protocol was also
an attractive oxidation method as it is performed under mild conditions (e.g., room temperature)
in comparison to the Swern oxidation and requires short reaction times. Adapting from the

oxidation protocol reported by Sultane et al.,%® hexa(methanol)triphenylene 80 was dissolved in
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anhydrous DMSO and stirred at room temperature under an atmosphere of nitrogen, forming a
yellow transparent solution. Next, Burgess reagent was quickly added, and the resulting reaction
mixture was left to stir overnight. The following day, an orange and slightly opaque reaction
mixture was found. The crude reaction mixture was poured over ice water resulting in the
formation of a dark-orange precipitate that was collected via suction filtration. Analysis of the
crude product via *H NMR spectroscopy in deuterated DMSO revealed that a mixture of partially
oxidized products was potentially formed. Several overlapping singlet peaks were observed
between 8.43-9.13 ppm on the NMR spectrum, characteristic of a triphenylene proton.
Additionally, a broad peak with several overlapping singlets was also observed between 10.38-
10.63 ppm, which is where the expected aldehyde proton signal should exist on the spectrum.
These results suggest that the reaction was unable to reach completion as several triphenylene
products containing an unknown number of aldehyde functional groups seemed to be present
within the sample. Assessment of longer reaction times (>24 hours) and increased amounts of
Burgess reagent (>1.3 equivalents per alcohol) may be investigated in the future. Although, the
use of increased amounts of Burgess reagent is not economically feasible, as it is quite expensive

and can only be purchased in a package size of 1 gram.

4.3 Summary and Future Work

In summary, the synthesis of hexa(formyl)triphenylene 3 via the Yamamoto coupling of
either one of phthalaldehyde substrate 42 or aldehyde-protected substrate 77 was unsuccessful due
to the high reactivity of these functional groups in the presence of zero-valent Ni(COD), leading

to unwanted side reactions and complex mixtures. Moreover, these results have highlighted a
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limitation of the Yamamoto coupling reactions substrate scope as o-dibromoarenes containing

aldehydes or 1,3-dioxolane functional groups are incompatible with the reaction conditions.

Novel compound hexa(methanol)triphenylene 80 was prepared in 70% yield via lithium
aluminum hydride reduction of hexa(methyl ester)triphenylene 37 for the purposes of accessing
target aldehyde 3 by reduction. Unfortunately, oxidation of alcohol 80 was unsuccessful using
several different oxidation protocols including, the Swern oxidation, oxidation with pyridinium
chlorochromate, Dess-Martin oxidation, and oxidation with Burgess reagent. Although oxidation
of 80 with Dess-Martin periodinane afforded the desired aldehyde 3, a complex mixture was

obtained, and separation and purification has proved to be extremely difficult.

In future attempts to access hexa(formyl)triphenylene, Parikh-Doering oxidation and
oxidation with manganese dioxide may be attempted as both conditions have been reported using
dimethyl sulfoxide as a solvent, which is an extremely important requirement for the success of
the oxidation as hexa(methanol)triphenylene is observed to only be soluble in DMSO.
Furthermore, an oxidation protocol reported by Zhang and coworkers to oxidize benzylic alcohols
to the corresponding aldehyde in the presence of 9-fluorenone and blue LED light in DMSO may

be investigated in hopes to transform alcohol 80 to the desired aldehyde 3.7
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Scheme 33. Proposed synthetic approach to novel covalent organic framework (4) via the aldol

condensation of hexa(formyl)-substituted triphenylene 3 and cyclohexanedione.

Following the successful preparation of hexa(formyl)triphenylene, novel covalent organic
framework 4 may be accessed via the aldol condensation of hexa(formyl)-substituted triphenylene

3 and 1,4-cyclohexanedione in the presence of an appropriate solvent and base (Scheme 33).
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CHAPTER 5: TOWARDS THE SYNTHESIS OF NOVEL TETRAPHENYLENES

5.1 Introduction

Small, nonplanar polycyclic aromatic compounds like tetraphenylenes and other related curved
architectures are of high interest in supramolecular chemistry research due to their potential
applications in guest-host binding chemistry, supramolecular chemistry, biological chemistry and
materials science.®®3" Tetraphenylenes are characteristically non-planar aromatic structures,
allowing them to adopt a saddle-shaped conformation and interact with smaller curved guest
molecules.’* Tetraphenylene’s adoption of a saddle-shaped conformation makes it an
interesting target as a host-molecule for applications in supramolecular chemistry as a binding-

host for smaller guest compounds.

The third and final major objective of this research is to employ a novel synthetic approach
to construct extended tetraphenylene 5. In our retrosynthetic approach (Scheme 38), novel target
extended tetraphenylene 5 may be accessed via oxidative ring closing of terphenyl-derivative 81
using Scholl reaction conditions with iron (111) chloride or oxidation with DDQ. Cycloadduct 81
can be prepared by oxidation of tetrathiophene 32 with 3-chloroperoxybenzoic acid (m-CPBA) or
trifluoroacetic anhydride and hydrogen peroxide to give diene 83 followed by subsequent [4+2]
Diels-Alder cycloaddition with bi(aryl)acetylene 82. Tetrathiophene 32 can easily be prepared via
Yamamoto coupling of 3,4-dibromothiophene 43 as reported by Yamamoto et al.*> 34-
dibromothiophene 43 can be accessed via 4-fold bromination of thiophene with bromine and
subsequent a-carbon debromination of 2,3,4,5-tetrabromothiophene with zinc in acetic acid and

water.’!
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Scheme 34. Retrosynthetic approach to tetraphenylene 5 starting from 3,4-dibromothiophene 43.

It is anticipated that by replacing the benzene units of tetraphenylene with extended
triphenylene units, a larger -surface will be formed and thus, increase the capability of binding
larger guest molecules like fullerenes and electron-deficient materials. Furthermore, additional
dienophiles such as 1,4-naphthaquinone and acenaphthylene may be explored as potential building

blocks towards novel extended tetraphenylenes.
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5.2 Results and Discussion

Synthesis towards novel extended tetraphenylene 5 began with attempts to access oxidized

tetrathiophene 83. In Scheme 35, thiophene was subjected to bromination using excess bromine in

chloroform, to afford 2,3,4,5-tetrabromothiophene 85 in 42% yield following a procedure reported

by Wang and coworkers.”* Subsequently, 2,3,4,5-tetrabromothiophene underwent debromination

at the a-positions in the presence of activated zinc dust in a mixture of glacial acetic acid and water

to afford 3,4-dibromothiophene 43 in 64% yield, again using a procedure from Wang and

coworkers.” 3,4-Dibromothiophene was then subjected to Yamamoto coupling conditions using

Ni(COD)., 1,5-cyclooctadiene and 2,2’-bipyridine in dimethylformamide to furnish tetrathiophene

32, as reported by Yamamoto and coworkers in 41% yield.*? Thus far, efforts to prepare 83 via

oxidation of tetrathiophene 32 have been unsuccessful, resulting in loss of starting material and no

sign of desired product.

S

W

84

Ni(COD),, COD, bpy
70°C,Ar,22h

41%

S
Brp, CHCl,, BT )
0°C->rt,15h
Br
42%

85

S
Zn, AcOH/H,O \ /
reflux, N, 12 h
Br Br
64%
43

0 0

s R4

\ / \ /
s < = S Oxidation . 058 < ~— S,(O
— ~ 0 \= ~/ %0

/ \ / \

S S

(o))

32

//\\

83

Scheme 35. Synthesis of tetrathiophene 32.
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The first attempted oxidation of tetrathiophene employed trifluoroacetic anhydride and
35% hydrogen peroxide in dichloromethane, adapting from a procedure reported by Sanchez and
coworkers.’? Trifluoroacetic anhydride and hydrogen peroxide were combined in the reaction flask
at -10 °C to form trifluoroperacetic acid in situ. A solution of tetrathiophene in dichloromethane
was added and the reaction mixture was allowed to stir for 3 hours followed by quenching with
aqueous sodium carbonate. The organic layer was separated, and the aqueous layer was extracted
with dichloromethane. The combined organic layers were concentrated to yield a crude material.
Unfortunately, upon analysis of the crude material collected from the organic and the aqueous
layer via 'H NMR, it was clear that no product was present. However, starting material 32 was
completely consumed under the reaction conditions. Further investigation into the progress of the
reaction and what exactly is causing tetrathiophene to be consumed is needed before any concrete

conclusions can be formed.

Oxidation of tetrathiophene was also attempted using 3-choroperoxybenzoic acid (m-
CPBA), but the reaction was unsuccessful. In a 2017 publication,”® Nagata and coworkers reported
the successful oxidation of tetrathia[8]circulenes, containing four thiophene moieties embedded
within the core with m-CPBA. Adapting from the procedure reported by Nagata and coworkers,”
tetrathiophene was subjected to oxidation in the presence of excess 77% m-CPBA in chloroform
at reflux for 3 hours, resulting in a clear and yellow solution. Disappearance of starting material
32 was observed via analysis of the reaction mixture by thin-layer chromatography and *H NMR
spectroscopy. However, no product was found in the crude reaction mixture before and after
workup with aqueous sodium bicarbonate. Similar to that of the oxidation of tetrathiophene with

trifluoroacetic anhydride and hydrogen peroxide, a more in-depth investigation into why
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tetrathiophene is completely consumed under these reaction conditions, and product is not detected

by *H NMR spectroscopy is needed.

Having failed to directly oxidize tetrathiophene 32 using well known oxidation methods,
an alternative method for the potential synthesis of 83 was pursued (Scheme 36). We turned our
attention to a potential Yamamoto coupling of 3,4-dibromothiophene-1,1-dioxide 86, which is
easily prepared via oxidation of 3,4-dibromothiophene 43 with hydrogen peroxide and
trifluoroacetic anhydride in dichloromethane in 77% yield, following a procedure reported by
Sanchez et al.”? Compound 86 was then subjected to reaction with Ni(COD),, COD, and 2,2’-
bipyridine in THF at 70 °C, adapting from a procedure published by Yamamoto and coworkers.*?
Upon analyzing the crude reaction mixture following reaction workup and filtration through a 5
cm silica column, both the expected product and starting material were unobservable in the 'H
NMR spectrum. It is clear that starting material 86 was consumed under the reaction conditions.
However, it is not clear if 83 formed during the reaction, or if another product formed.
Furthermore, if 83 was formed, the potential for poor solubility in common organic solvents may
have resulted in the loss of 83 during initial filtration through a silica plug. To our disappointment,
oxidized tetrathiophene 83 has yet to be prepared which has greatly hindered the progress of this

final research objective.
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Scheme 36. Attempted synthesis of oxidized tetrathiophene 83 via Yamamoto coupling of 3,4-

dibromothiophene-1,1-oxide 86.

In addition to the synthesis of tetrathiophene 32 and attempted synthesis of 83, the desired
bis(aryl) acetylene dienophile has been successfully prepared in good yield starting from 1,2-
didecyloxy-4-iodobenzene 87, which had been previously prepared in our lab (Scheme 37). First,
employing conditions reported by Yu and coworkers,” Sonogashira cross-coupling of 1,2-
didecyloxy-4-iodobenzene 87 and trimethylsilyl acetylene in the presence of
bis(triphenylphosphine)palladium chloride [PdCIl2(PPhs)2], copper (1) iodide (Cul) and
triethylamine at 75 °C afforded trimethylsilyl- (TMS) protected acetylene derivative 88 in a very
good 89% vyield following chromatographic purification. The trimethylsilyl-protecting group was
subsequently cleaved in the presence of solid potassium carbonate and methanol in
tetrahydrofuran, as reported by Yu and coworkers,’* giving 89 in an almost quantitative yield of
97%. Finally, adapting from a procedure reported by Elangovan and coworkers,” 1,2-
di(decyloxy)-4-ethynylbenzene 89 was subjected to Sonogashira cross-coupling with 1,2-
di(decyloxy)-4-iodobenzene 87 in the presence of PdCI2(PPhs)2, Cul and triethylamine in toluene
at room temperature, furnishing the desired bi(aryl)acetylene 82 in 60% yield after recrystallization

from acetone. Notably, the final Sonogashira coupling to access 82 avoids elevated temperatures
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and final purification via column chromatography, as reported by Williams and coworkers for the
synthesis of analogous bi(aryl)acetylene materials, only differing by the length of the alkoxy
chains.”® Although compound 82 has been prepared towards the synthesis of novel, extended

tetraphenylene 5, its use has been thwarted by the failure to synthesize oxidized tetrathiophene 83.

OC10H21 OC1OH21
QC1oHa1 PACI,(PPhs),, OC10H21 1,00, MeOHITHF OC10Ha1
OC10H21 ¢y, NEL, 75 °C, N, 6 h, rt, N,
H———TMS
! I I
TMS H
89% 97%
87 88 89
OCoH24
OC4oH2/
| 87 C10H210 OC1gH24

PdCI,(PPhs),, NEts,

Cul, PhMe, rt, 12h, N, C1oH210 Q — O OCoH21

82

60%

Scheme 37. Synthesis of dienophile 82, towards the preparation of an extended tetraphenylene.

In addition to dienophile 82, other compatible dienophiles like acenaphthylene may be
explored as potential building blocks for the preparation of novel tetraphenylenes from [4+2]

cycloaddition with oxidized tetrathiophene 83. In anticipation of the successful synthesis of the all
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important diene 83, another potential dienophile building block, acenaphthylene 90 was readily
oxidized via treatment with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in toluene at
reflux (Scheme 42), giving 91 as a yellow crystalline solid in 69% yield, similar to that reported

by Kotha and coworkers.””

. DDQ, PhMe 6
OO reflux, 22 h, N, O

0,
90 69% 91

Scheme 38. Synthesis of dienophile acenaphthylene as a building block towards a novel

tetraphenylene by treatment of acenaphthene with DDQ.

5.3 Summary and Future Work

In summary, the third and final objective of this thesis has yet to be completed. However,
important intermediates towards the preparation of extended tetraphenylene 5 have been prepared
in good yields. Notably, tetrathiophene has been prepared via Yamamoto coupling of 3,4-
dibromothiophene in  41%  vyield.  Dienophile  building  blocks,  1,2-bis(3,4-
bis(decyloxy)phenyl)ethyne 82 and acenaphthylene 91 have also both been prepared in 60% and
69% vyields, respectfully, in anticipation of the successful preparation of oxidized tetrathiophene
83 for purpose of [4+2] cycloaddition reactions to afford the extended tetraphenylene cycloadducts
(Scheme 39). In addition to cycloadditions of 82 and 91, respectively, Diels-Alder reaction of 83

with 1,4-naphthagquinone may be explored in the future to access another novel tetraphenylene
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derivative (Scheme 39). Unfortunately, oxidized tetrathiophene 83 has yet to be successfully
prepared using the oxidation methods described, which has greatly hindered the progress of this
final research objective. Further investigation into the oxidation reactions of tetrathiophene 32 with
either m-CPBA or TFAA and H»O: is needed. Specifically, the reason for the consumption and
loss of starting material, as well as ideal workup and purification conditions to collect product
must be determined. Moreover, investigation of alternative oxidation conditions to access dioxide

83 will be apart of future work

Scheme 39. Future work, synthesis of extended tetraphenylene derivatives via [4+2]

cycloaddition reaction.
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK

The overall goal of this research was to synthesize and study the structure-property
relationships of novel polycyclic aromatic compounds capable of self-assembling to form liquid
crystalline, and microporous structures, as well as molecules capable of molecular recognition.
The unifying theme that connects this research is the utilization of the Yamamoto coupling reaction
to access the desired polycyclic aromatic hydrocarbon targets. More specifically, the scope of the
Yamamoto coupling reaction was explored for the synthesis of electron-deficient triphenylene
derivatives that are otherwise difficult to prepare. The molecules prepared via the Yamamoto
coupling reaction are expected to be further utilized as intermediates for the synthesis of novel

target materials.

Tris(dicarboxyimide)-substituted triphenylene 1 was successfully prepared via the
Yamamoto coupling reaction of o-dibromoarene 41 in a 65% vyield. This approach is more
convenient, and higher yielding in comparison to the previously reported approach to triphenylene
1 by Wu and coworkers. Furthermore, this synthetic route allows for a modular approach to several
derivatives of compound 1 with varying N-alkyl substituents as the preceding dicarboximide-

substituted o-dibromoarene can easily be prepared with variable N-alkyl chains.

Additionally, tris(dicarboxythioimide)-substituted triphenylene 2 was also successfully
prepared in 60% vyield via thionation of triphenylene 1 with Lawesson’s reagent. Compound 2
shows evidence for a columnar mesophase with a high clearing point and displayed dendritic
textures on cooling from the isotropic liquid phase. However, as an unexpected consequence of
thionation of 1, the clearing point of compound 2 was increased to a high enough point where 2

experienced thermal degradation upon reaching the clearing point from mesophase to isotropic
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liquid. Due to the thermal degradation of compound 2 upon reaching the clearing point
temperature, it does not allow for any clear comparisons to the mesophase characteristics of
compound 1. Furthermore, these results are in contrast with previously collected data from studies
on the effects of thionation of dicarboximide-bearing liquid crystalline trinaphthylenes and
triphenylenes,®® where thionation only had a subtle impact on the mesophase range, and more
specifically, the clearing point temperature. Additionally, a red-shift in the UV-Vis spectra was
observed for the thionated triphenylene 2 in comparison to triphenylene 1. This red-shift suggests
a narrowing of the HOMO-LUMO energy band gap with increased thionation which is consistent

with what was previously observed by our group for related compounds.

We have demonstrated that the Yamamoto coupling reaction is a superior and more reliable
approach to access a variety of electron-rich and electron-deficient triphenylenes, in comparison
to other synthetic methods tested. In this study, we sought to develop an alternative method to
access triphenylenes via a nickel-assisted cyclotrimerization that did not require nickel(0)bis(1,5-
cyclooctadiene) or reaction set-up under inert glove box conditions. We tested two promising
methods using two distinct stable nickel-precatalysts in attempts to prepare triphenylenes 1, 37
and 60 from the respective o-dibromoarene precursor. The first of two methods assessed included
a Yamamoto coupling type reaction employing the use of an air and moisture stable nickel(0)-
precatalyst, Ni(COD)(DQ) as a replacement for Ni(COD). and reaction set-up outside of a glove
box. The second cyclotrimerization conditions tested was a nickel-assisted [2+2+2] cycloaddition
reaction of o-dibromoarenes that had been previously reported by Cheng et al.%° Ultimately, we
showed that the Yamamoto coupling reaction was superior to the alternative homo-
cyclotrimerization conditions explored as they were ineffective at producing the desired

triphenylenes, leading to no product or complex and inseparable mixtures.
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The second major objective of this thesis was to prepare electron deficient triphenylene 3
via the Yamamoto coupling reaction and use it as a building block towards the preparation of a
novel organic framework. The synthesis of hexa(formyl)triphenylene 3 via the Yamamoto
coupling of either one of phthalaldehyde substrate 42 or aldehyde-protected substrate 78 was
unsuccessful due to the high reactivity of the functional groups in the presence of zero-valent
Ni(COD)., which potentially led to unwanted side reactions, resulting in complex mixtures. These
results have highlighted a limitation in the scope of the Yamamoto coupling as o-dibromoarenes
containing aldehydes or 1,3-dioxolane functional groups are incompatible with the reaction
conditions. Furthermore, novel compound hexa(methanol)triphenylene 80 was prepared in 70%
yield via lithium aluminum hydride reduction of hexa(methyl ester)triphenylene 37 for the
purposes of accessing target aldehyde 3 by oxidation of 80. Unfortunately, oxidation of alcohol 80
was unsuccessful using several different oxidation protocols including the Swern oxidation,
oxidation with pyridinium chlorochromate, Dess-Martin oxidation, and oxidation with Burgess
reagent. Notably, oxidation of 80 with Dess-Martin periodinane afforded the desired aldehyde 3,
however a complex mixture was obtained, and separation and purification of 3 has proved to be
extremely difficult. In the future, following the successful preparation of hexa(formyl)triphenylene
3, novel covalent organic framework 4 may be accessed via the aldol condensation of 3 and 1,4-

cyclohexanedione.

In the final objective of this thesis, we investigated a route to access a novel extended
tetraphenylene derivative. Unfortunately, the final objective has yet to be completed. However,
important intermediates towards the preparation of extended tetraphenylene 5 have been prepared
in good yields. Notably, tetrathiophene has been prepared via Yamamoto coupling of 3,4-

dibromothiophene in  41%  yield. Dienophile  building  blocks, 1,2-bis(3,4-
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bis(decyloxy)phenyl)ethyne 82 and acenaphthylene 91 have also both been prepared in 60% and
69% vyields, respectfully, in anticipation of the successful preparation of oxidized tetrathiophene
83 for purpose of [4+2] cycloaddition reactions to afford novel extended tetraphenylene
cycloadducts. Unfortunately, oxidized tetrathiophene 83 has yet to be successfully prepared using
the oxidation methods described. Unfortunately, this has greatly hindered the progress of this final
research objective. Further investigation into the oxidation reactions of tetrathiophene 32 with
either m-CPBA or TFAA and H20> is needed. Moreover, investigation of alternative oxidation

conditions to access dioxide 83 is ongoing and will be apart of the future work for this objective.

In conclusion, we have further demonstrated that the Yamamoto coupling reaction can be
used as a viable method to access 3-fold symmetric electron-deficient triphenylene derivatives that
are not readily accessible using other methods in. Unfortunately, the thionated triphenylene
derivative 2 degrades at elevated temperatures, thus, making it an unsuitable material for use as an
n-type semiconductor. Although the target covalent organic framework 4 and target tetraphenylene
derivative 5 were not successfully prepared, significant progress was made towards their

preparation which will aid in future work.
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CHAPTER 7: METHODOLOGY AND EXPERIMENTAL PROCEDURES

7.1 Materials and Methods of Characterization

7.1.1 NMR Spectroscopy

'H and *C NMR spectra were recorded on an Agilent Technologies Varian 300 MHz Unity
Inova NMR spectrometer or 400 MHz NMR Spectrometer using deuterated chloroform or
deuterated dimethyl sulfoxide purchased from Sigma-Aldrich and used as received. Chemical

shifts are reported in o scale downfield from the peak for tetramethylsilane.

7.1.2 High Resolution Mass Spectrometry
High resolution mass spectra were recorded at the Regional Mass Spectrometry Centre

facility at the University of Montreal using an Agilent LC-MSD TOF spectrometer.

7.1.3 Melting Points
Melting points were determined on a Mel-Temp® Electrothermal melting point apparatus

and are uncorrected.

7.1.4 Mesophase Characterization Techniques

Polarized optical microscopy studies were performed using an Olympus BX-51 polarized
optical microscope equipped with a Linkam LTS 350 heating stage and a digital camera.
Differential scanning calorimetry studies were carried out using a TA Instruments DSC Q200 with

a scanning rate of 5 °C/min.

7.1.5 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed on TA Instruments TGA Q50.
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7.1.6 Ultraviolet-visible (UV-Vis) Spectroscopy
UV-Vis spectra were recorded on a Varian Carey 50 Bio UV-visible spectrophotometer

using quartz cuvettes (I = 1.0 cm).

7.1.7 Chemicals and Solvents

All reagents and starting materials were purchased from Sigma-Aldrich and used as
purchased. Anhydrous solvents were dispensed using a custom-built solvent system from Glass-
contour (Irvine, CA) which used purification columns packed with activated alumina and
supported copper catalyst. Oven-dried glassware was used for all reactions and all reactions were
performed under nitrogen unless otherwise stated. Column chromatography was performed using
silica gel (60 A, 230-400 mesh, 40-63 pm particle size) purchased from Sigma-Aldrich as the
adsorbent and used as received. All Yamamoto cyclotrimerization reactions were performed under
inert atmosphere using glove box conditions due to the reaction requiring the air, temperature and
water sensitive reagent, bis(1,5-cyclooctadiene) nickel(0) complex.? Consistency of the
Yamamoto cyclotrimerization reactions were maintained via the adherence to a general procedure
in the probing of functional group tolerance. Invariable conditions allowed for the direct

comparison of previous and current results collected.
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7.2 Experimental Procedures

Br.
JCC

1,2-dibromo-4,5-dimethylbenzene (52): o-Xylene (25 mL, 200 mmol, 1.0 eq.) and iodine (0.1g,
0.44 mmol, 0.002 eq.) were combined in a 250 mL round bottom flask equipped with a stir bar
and cooled to 0 °C. Bromine (22 mL, 400 mmol, 2.04 eq.) was added dropwise via an addition
funnel. The solution was left overnight and allowed to gradually warm to room temperature. The
resulting orange solid was dissolved in ether and washed with 2 M sodium hydroxide (3x30 mL).
The organic layer was dried with magnesium sulfate and subjected to gravity filtration. The solvent
was removed under reduced pressure to yield a white solid as the crude product. The crude product
was recrystallized from methanol to yield 52 as a white solid (23.5 g, 43%). m.p. = 85.7-87.8 °C;
'H NMR (400 MHz, CDCls) 6: 2.35 (6H, s), 7.72 (2H, s). The *H NMR data collected is consistent

with the values reported in the literature.’

Br-
OH

OH
Br
4,5-dibromophthalic acid (51): 1,2-dibromo-4,5-dimethylbenzene (6.44 g, 20 mmol, 1.0 eq.),
potassium permanganate (15.79 g, 100 mmol, 4.0 eq.) and deionized water (200 mL) were
combined in a 500 mL round bottom flask equipped with a reflux condenser and a stir bar. The

solution was stirring at reflux for 6 hours. Sodium bisulfite (8 g) was added to the solution to
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reduce any unreacted potassium permanganate. 3M sodium hydroxide (120 mL) was added to
increase the pH of the solution to >12. The reaction mixture was filtered to collect a clear and
colourless filtrate which was then acidified with 6M hydrochloric acid (80 mL) to achieve pH 2.
After acidification, the product precipitated out of solution as a white solid, and was collected via
suction filtration, to yield 51 as a brittle, white solid (4.22 g, 53%). m.p. = >260 °C; *H NMR (400
MHz, DMSO-g6) &: 8.80 (2H, s). The *H NMR data collected is consistent with the values reported

in the literature.®®

o)
Br.

o]
Br

o
5,6-dibromoisobenzofuran-1,3-dione (50): To an oven-dried 25 mL, 2-neck round bottom flask
equipped with a stir bar, reflux condenser and nitrogen inlet, was added 4,5-dibromophthalic acid
(2.00 g, 6. mmol, 1.0 eq.). The flask was warmed to 60 °C in an oil bath followed by the slow
dropwise addition of thionyl chloride via syringe (1 drop/second). The resulting mixture was
refluxed at 90 °C and stirred under nitrogen for 16 hours. The crude mixture was cooled to room
temperature and subsequently concentrated under reduced pressure to yield 50 as a white solid
(1.88 g, 100%). m.p. = 220 °C (decomp.); *H NMR (400 MHz, DMSO-g6) J: 3.30 (sharp H2O s),

8.50 (s, 2H). HRMS (ESI+) m/z: [M+H]" calc. for CgH2["°Br].03 304.84435, found 304.84542.

This compound was used without any further purification.
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Br.
N—=CgHq7
Br

(0]

5,6-dibromo-2-octylisoindoline-1,3-dione (41): To an oven-dried, 100 mL, 2-neck round bottom
flask equipped with a stir bar, reflux condenser and nitrogen inlet was added 5,6-
dibromoisobenzofuran-1,3-dione (1.08 g, 3.52 mmol, 1.0 eq.), anhydrous dimethylformamide (35
mL) and octylamine (1.2 mL, 7.3 mmol, 2.0 eq.). The mixture was stirred under nitrogen at 90 °C
for 30 minutes followed by the addition of acetic anhydride (0.64 mL, 6.8 mmol, 1.93 eq.),
triethylamine (2.5 mL, 18 mmol, 5.0 eq.) and nickel acetate (0.101 g, 0.405 mmol, 0.115 eq.). The
resulting mixture was stirred at 90 °C under nitrogen for 24 hours. Following the allotted reaction
time, the reaction mixture was then cooled to room temperature, poured into an ice/water mixture
(350 mL), and stirred for 1 hour. The resulting beige-coloured precipitate was collected via suction
filtration. The brown solid was then dissolved in chloroform (40 mL), washed with deionized water
(3x40 mL), and brine (2x40 mL), dried over magnesium sulfate, filtered, and concentrated under
reduced pressure to yield 41 as a dark brown oil that upon standing in ambient conditions,
solidified into a crystalline solid. A white crystalline solid was isolated after column
chromatography (silica gel; 98:2, hexanes/ethyl acetate, 0.82 g, 56%). m.p. = 63.4-64 °C;H NMR
(400 MHz, CDCl3) §: 0.91 (t, J = 8 Hz, 3H), 1.32 (m, 10H), 1.69 (m, 2H), 3.70 (t, J = 6 Hz, 2H),
8.11(s, 2H); 13C NMR (100 MHz, CDCls) 6: 14.00, 22.55, 26.77, 28.39, 29.04, 29.08, 31.69, 38.50,
128.28, 131.18, 131.84, 166.41; HRMS (ESI+) m/z: [M+H]* calc. for CigHio["°Br]2NO;

415.98553, found 415.98745.
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Br.
N—CgH,7
Br

S

5,6-dibromo-2-octylisoindoline-1,3-dithione (55): To an oven-dried, 2-neck, 25 mL round
bottom flask equipped with a stir bar, reflux condenser and nitrogen inlet was added 5,6-dibromo-
2-octylisoindoline-1,3-dione (0.100 g, 0.239 mmol, 1.0 eq.), anhydrous toluene (5 mL) and
Lawesson’s Reagent (0.242 g, 0.599 mmol, 2.5 eq.). The reaction was left to reflux overnight under
N2. The subsequent solution was concentrated under reduced pressure yielding a crude solid. The
crude solid was purified through a silica column (SiO2, 98:2 hexanes/ethyl acetate). The excess
solvent was removed under reduced pressure affording 55 as a brown solid. 55 was recrystallized
from dichloromethane/methanol, affording 55 as fine brown needles (75.6 mg, 70%). *H NMR
(400 MHz, CDCls) §: 0.86 (t, J = 8 Hz, 3H), 1.29 (m, 10H), 1.69 (quintet, J = 8 Hz, 2H), 4.36 (t, J
=8 Hz, 2H), 8.06 (s, 2H); 3C NMR (100 MHz, CDCl3) 5: 14.03, 22.58, 26.78, 27.59, 29.07, 31.71,

44.37,77.16,127.99, 130.17, 134.17, 194.61.

/
CgHi; ©

2,7,12-trioctyl-1H-benzo [1,2-f:3,4-f*:5,6-f*’] triisoindole-1,3,6,8,11,13 (2H,7H,12H)-hexaone

(1): Under inert glove box conditions an oven-dried (single-neck) 50 mL round bottom flask
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equipped with a stir bar was charged with 2,2’-bipyridyl (0.047 g, 0.299 mmol, 1.25 eq.), 1,5-
cyclooctadiene (0.053 g, 0.491 mmol, 2.05 eq.), anhydrous tetrahydrofuran (2.267 g) and bis(1,5-
cyclooctadiene)nickel(0) (0.082 g, 0.299 mmol, 1.25 eq.), resulting in a deep-purple coloured
solution. Subsequently, a solution of 5,6-dibromo-2-octylisoindoline-1,3-dione (41) (0.100 g,
0.239 mmol, 1.0 eq.) and tetrahydrofuran (2.267 g) was slowly added drop wise via Pasteur pipette
(1 drop/second). The resulting solution was sealed with a rubber septum, parafilm and wrapped in
tinfoil. The reaction flask was removed from the glove box and transferred to a fume hood where
it was stirred under nitrogen for 16 hours. The crude mixture was filtered through a silica plug
column (100% chloroform). The filtrate was concentrated under reduced pressure and the resulting
crude solid was recrystallized from chloroform/methanol, affording 1 as a white solid (40.3 mg,
65%). m.p. = 220.7-237.6 °C; *H NMR (400 MHz, CDCls) J: 0.86 (t, J = 8 Hz, 9H), 1.30 (m, 30H),
1.79 (quintet, J = 8 Hz, 6H), 3.81 (t, J = 8 Hz, 6H), 9.26 (s, 6H); 13C NMR (100 MHz, CDCl5)
14.03, 22.59, 26.92, 28.56, 29.12, 29.14, 31.73, 38.75, 119.91, 131.65, 134.21, 167.28. The *H and

13C NMR data collected is consistent with the values reported in the literature.*®
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2,7,12-trioctyl-1H-benzo[1,2-f:3,4-f7:5,6-f|triisoindole-1,3,6,8,11,13(2H,7H,12H)-

hexathione (2): To an oven-dried 2-neck 25 mL round bottom flask equipped with a stir bar, reflux
condenser and nitrogen inlet was added triphenylenedicarboxyimide (1) (0.050 g, 0.065 mmol, 1.0
eq.), anhydrous toluene (2.5 mL) and Lawesson’s reagent ( 0.196 g, 0.486 mmol, 7.5 eq.). The
mixture was heated to reflux in an oil bath and left to react under nitrogen gas for 24 hours. The
reaction mixture was then cooled to room temperature and the solvent was removed under reduced
pressure yielding a crude mixture. The crude mixture was purified through a silica column (SiOo,
1:1 hexanes/dichloromethane). The excess solvent was removed under reduced pressure affording
(2) as a black-purple solid. 2 was recrystallized from dichloromethane/ methanol affording 2 as a
deep purple solid (33.5 mg, 60%). m.p. = 333.9 °C (decomp.); *H NMR (400 MHz, CDCls) ¢:
0.92 (t, J = 8 Hz, 9H), 1.41 (m, 30H), 1.88 (quintet, J = 8 Hz, 6H), 4.49 (t, J = 8 Hz, 6H), 8.52 (s,
6H); 3C NMR (100 MHz, CDCls) ¢: 14.24, 22.80, 27.17, 27.88, 29.29, 29.39, 31.94, 44.76,
118.32, 131.86, 133.34, 194.05; HRMS (ESI+) m/z: [M+H]* calc. for CasHs7N3Ss 868.29495,

found 868.29332.
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(4,5-dibromo-1,2-phenylene)dimethanol (77): To an oven-dried 25 mL 2-neck round bottom
flask equipped with a stir bar and nitrogen inlet was added 4,5-dibromophthalic acid (0.250 g, 0.8
mmol, 1.0 eq.) and dry tetrahydrofuran (2.5 mL). The suspension was stirred under nitrogen gas
and cooled to 0 °C in an ice bath. Subsequently, a 1.0 molar borane-tetrahydrofuran solution
complex (2.31 mL, 2.31 mmol, 3.0 eq.) was slowly added dropwise via syringe (1 drop/second) to
the flask. The reaction mixture was stirred under nitrogen for 24 hours and warmed to room
temperature. The reaction was cooled back down to 0 °C in an ice bath and slowly quenched via
dropwise addition of a 1:1 solution of tetrahydrofuran and deionized water (8 mL). The reaction
mixture was warmed back up to room temperature followed by the addition of potassium carbonate
until an aqueous layer formed. The solution was transferred to a separatory funnel, and the organic
layer was extracted. The aqueous layer was then extracted with tetrahydrofuran (2x10 mL) and the
combined organic layers were dried over magnesium sulfate, filtered, and concentrated via rotary
evaporation to yield 78 as a white solid (156 mg, 68%). m.p. = 165.4-170 °C; *H NMR (400 MHz,
DMSO-gs) 5: 4.43 (d, J = 5.6 Hz, 4H), 5.27 (t, J = 5.6 Hz, 2H), 7.66 (s, 2H); 13C NMR (100 MHz,
DMSO-gs) J: 59.36, 121.84, 131.53, 141.47; HRMS (ESI+) m/z: [M+Na]"* calc. for CgHsBr20,

318.87631, found 318.87734.

119



Br.

I

Br

4,5-dibromophthalaldehyde (42): An oven-dried, 2-neck 25mL round bottom flask equipped
with a stir bar and nitrogen inlet was charged with oxalyl chloride (0.064 mL, 0.74 mmol, 2.2 eq.)
and dichloromethane (2 mL). The resulting mixture was stirred under nitrogen and cooled to -78
°C in an isopropyl alcohol/dry ice bath. To this mixture was added dropwise a solution of dimethy!l
sulfoxide (0.121 mL, 1.71 mmol, 4.4 eq.) and dichloromethane (2 mL) via syringe (1 drop/s). The
resulting solution was stirred for 10 minutes under nitrogen at -78 °C. Subsequently, a solution of
(4,5-dibromo-1,2-phenylene)dimethanol (0.100 g, 0.338 mmol, 1.0 eq.), dichloromethane (2 mL)
and dimethyl sulfoxide (1 mL) was slowly added dropwise via syringe (1 drop/ s) to the reaction
flask at -78 °C. The reaction mixture was stirred for an additional 30 minutes followed by the
dropwise addition via syringe (1 drop/second) of triethylamine (0.824 mL, 5.92 mmol, 17.5 eq.).
The mixture was stirred for 15 minutes at -78 °C and then allowed to stir overnight while warming
up to room temperature. The reaction was quenched with cold deionized water (9 mL), transferred
to a separatory funnel and the organic layer was extracted. The aqueous layer was extracted with
dichloromethane (2x10 mL). The combined organic layers were washed with sodium bicarbonate
(1x10 mL) and brine (1x20 mL), dried over magnesium sulfate, filtered, and concentrated under
reduced pressure to yield an orange-brown solid. The solid was washed with hexanes and dried
via suction filtration to afford the desired product (64.5 mg, 65%). m.p. = 143 °C (decomp.); H
NMR (400 MHz, CDCls) d: 8.18 (s, 2H), 10.44 (s, 2H); 13C NMR (100 MHz, CDCls) ¢: 131.73,
135.51, 136.05, 189.87; HRMS (APCIl) m/z: [M+H]" calc. for CgHsBr.0, 290.8651, found

290.8937.
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2,2’-(4,5-dibromo-1,2-phenylene)bis(1,3-dioxolane) (78): To an oven-dried, 2-neck, 25 mL
round bottom flask equipped with a stir bar, Dean-Stark apparatus and nitrogen inlet was added
4,5-dibromophthalaldehyde (0.10 g, 0.34 mmol, 1.0 eg.) and anhydrous toluene (2.0 mL). To this
stirring mixture was added ethylene glycol (0.191 mL, 3.43 mmol, 10.0 eq.) and p-toluenesulfonic
acid (0.0023 g, 0.012 mmol, 0.035 eq.). The resulting mixture was refluxed with a Dean-Stark
apparatus under N2 overnight. The reaction flask was cooled to room temperature and the reaction
was quenched with triethylamine (0.17 mL, 1.2 mmol, 3.52 eq.). The subsequent solution was
concentrated via rotary evaporation under reduced pressure. The resulting oil was dissolved in
ethyl acetate and washed with sodium bicarbonate (1x5 mL) and brine (1x5 mL), dried over
sodium sulfate, filtered, and concentrated under reduced pressure to yield a crude brown oil. The
crude mixture was purified through a silica column (SiO2, 8:2 Hexanes/Ethyl acetate). The excess
solvent was removed under reduced pressure affording 77 as a light-yellow oil (68 mg, 52%). H

NMR (400 MHz, CDCls) 6: 4.01-4.09 (m, 8H), 6.13 (s, 2H), 7.84 (s, 2H).
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Dimethyl-4,5-dibromopthalate (57): To an oven-dried, 2-neck, 100 mL round bottom flask
equipped with a stir bar and reflux condenser was added 4,5-dibromophthalic acid (5.0 g, 15 mmol,
1.0 eqg.) and dry methanol (50 mL, 80 eq.). The mixture was stirred under a nitrogen atmosphere
and cooled to 0 °C in an ice/water bath. Next, thionyl chloride (6.0 mL, 83 mmol, 5.35 eq.) was
slowly added dropwise (1 drop/second) via syringe. The resulting mixture was warmed to room
temperature and then refluxed under nitrogen for 36 hours. Following the allotted reaction time,
the flask was removed from the heat source and cooled to room temperature. The crude reaction
mixture was diluted with dichloromethane and the resulting insoluble by-product was removed via
suction filtration. The filtrate was then concentrated under reduced pressure to yield 57 as a brittle,
white solid. The crude material was then purified through a silica column (SiO2, 9:1 hexanes/ethyl
acetate) to yield 57 as a fluffy, white solid (4.22 g, 78%). m.p. = 79.2-80.1 °C; *H NMR (400 MHz,
CDCls) 6: 3.89 (s, 6H), 7.95 (s, 2H). The 'H NMR data collected is consistent with the values

reported in the literature.®®
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Hexamethyl-triphenylene-2,3,6,7,10,11-hexacarboxylate (37): Under glove box conditions an
oven-dried, single-neck, 250 mL round bottom flask equipped with a stir bar was charged with
2,2’-bipyridyl (1.11 g, 7.13 mmol, 1.25 eq.), 1,5-cyclooctadiene (1.27 g, 11.7 mmol, 2.05 eq.),
anhydrous tetrahydrofuran (54 g) and bis(1,5-cyclooctadiene)nickel(0) (1.96 g, 7.13 mmol, 1.25
eq.), resulting in a deep-purple coloured solution. Subsequently, a solution of 57 (2.00 g, 5.70
mmol, 1.0 eq.) in anhydrous tetrahydrofuran (54 g) was added dropwise via Pasteur pipette. The
resulting solution was sealed with a rubber septum, parafilm and wrapped in tinfoil. The reaction
flask was removed from the glove box and transferred to a fume hood where it was stirred under
nitrogen for 16 hours. The reaction mixture was then poured over a 1:1 mixture of methanol and
1 molar hydrochloric acid (100 mL) in a 500 mL Erlenmeyer flask and left in the fridge overnight.
The resulting white precipitate was collected via suction filtration and wash with methanol and 1
molar hydrochloric acid to yield 37 as a white solid (813 mg, 74%). m.p. = >260 °C; 'H NMR
(400 MHz, CDCls) 6: 4.03 (s, 18H), 9.01 (s, 6H). The 'H NMR data collected is consistent with

the values reported in the literature.
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Triphenylene-2,3,6,7,10,11-hexaylhexamethanol (80): To an oven dried 250 mL round bottom
flask equipped with a stir bar was added solid lithium aluminum hydride (0.553 g, 14.6 mmol, 12
eq.) and anhydrous tetrahydrofuran (21 mL). The reaction mixture was stirred under nitrogen and
cooled to 0 °C in an ice/water bath. Next, a suspension of hexamethyl-triphenylene-2,3,6,7,10,11-
hexacarboxylate (37) (0.700 g, 1.21 mmol, 1.0 eq.) in anhydrous tetrahydrofuran (35 mL) was
slowly added dropwise via syringe at 0 °C. The resulting mixture was stirred for 12 hours and
allowed to gradually warm up to room temperature. The reaction was cooled to 0 °C in an ice/water
bath and quenched with a saturated aqueous solution of sodium sulfate until bubbling stopped. The
reaction was further diluted with deionized water (30 mL) and tetrahydrofuran was removed via
rotatory evaporation, leaving behind a white slurry. 1 molar hydrochloric acid was then added until
pH 2 was achieved. The crude white solid was collected and dried via suction filtration, followed
by recrystallization from dimethyl sulfoxide/ H20O to yield 80 as an off-white powder (342 g, 69%).
m.p. = >260 °C; 'H NMR (400 MHz, DMSO-gs) 6: 4.77 (d, J = 5.6 Hz, 12H), 5.33 (t, J = 6 Hz,
6H), 8.71 (s, 6H); 3C NMR (100 MHz, DMSO-6) 5: 61.02, 121.49, 128.11, 139.15; HRMS (ESI+)

m/z: [M+Na]" calc. for C24H2406 431.14651, found 431.14574.
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Triphenylene-2,3,6,7,10,11-hexacarbaldehyde (3): To an oven-dried, 2-neck, 50 mL round
bottom flask was added triphenylene-2,3,6,7,10,11-hexaylhexamethanol (80) (0.05 g, 0.1 mmol,
1.0 eq.) and a 1:1 mixture of anhydrous dichloromethane and dimethyl sulfoxide (20 mL). The
mixture was stirred under nitrogen and cooled to 0 °C in an ice/water bath. Next, Dess-Martin
periodinane (0.467 g, 1.17 mmol, 9.0 eq.) was added all at once to the flask. The ice bath was
removed, and the reaction was stirred at room temperature for 2 hours, during which time the
reaction went from clear and colourless to a yellow slurry. Following the allotted reaction time,
the reaction was quenched with a saturated aqueous sodium bicarbonate solution, diluted, and
extracted with dichloromethane (3x15 mL), and then transferred to a separatory funnel. The
organic layer was washed with saturated aqueous sodium bicarbonate (2x35 mL) and brine (2x35
mL), dried over sodium sulfate, filtered, and concentrated to yield a crude white solid (mixture of
DMP, IBA/IBX and aldehyde). A pale-yellow solid was also collected from the aqueous layer via
suction filtration (47 mg, crude aldehyde). *H NMR (400 MHz, DMSO-gs) &: 9.18 (s, 6H), 10.58

(s, 6H); HRMS (ESI+) m/z: [M+H]" calc. for CasH1206 397.07066, found 397.07130.
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2,3,4,5-tetrabromothiophene (85): To an oven-dried, 3-neck, 250 mL round bottom flask
equipped with a stir bar, dropping funnel and base trap (saturated aqueous sodium hydroxide) was
added thiophene (8.0 mL, 100 mmol, 1.0 eq.), and chloroform (10 mL). The reaction flask was
cooled to 0 °C in an ice/water bath and a mixture of bromine (25.6 mL, 500 mmol, 5.0 eg.) and
chloroform (30 mL) was slowly added dropwise via addition funnel over a period of 2 hours.
Following the completion of bromine addition, the reaction was stirred for 1.5 hours while
gradually warming up to room temperature. The reaction mixture was then refluxed at 65 °C in an
oil bath for the next 16 hours. Following the allotted reaction time, the mixture was cooled to 0 °C
in an ice/water bath and excess bromine was quenched with 40 mL of a 20% w/v aqueous solution
of sodium hydroxide. The crude solid was collected via suction filtration and washed with
methanol to yield 85 as a fluffy, off-white solid (16.8 g, 42%). m.p. = 111.3-114.7 °C; *C NMR
(100 MHz, CHCIs3) 6: 110.25, 116.91. The *C NMR data collected is consistent with the values

reported in the literature.”®
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3,4-dibromothiophene (43): To an oven-dried, 100 mL round bottom flask equipped with a stir
bar, reflux condenser and glass stopper was added glacial acetic acid (12 mL), deionized water (3
mL) and 2,3,4,5-tetrabromothiophene (7.2 g, 18 mmol, 1.0 eq.). The resulting mixture was stirred
under nitrogen at room temperature and activated zinc dust (7.0 g, 107 mmol, 6.0 eq.) was slowly
added to the reaction mixture in spatula tip portions. Following the addition of zinc dust, the
reaction was stirred at room temperature under a nitrogen atmosphere for 12 hours. The reaction
was then gravity filtered to remove excess zinc and by-products to yield a colourless filtrate. The
filtrate was extracted with ethyl acetate (3x20 mL), and the organic layer was washed with brine
(3x20 mL), dried over magnesium sulfate, filtered, and concentrated to yield 43 as a pale-yellow
oil (2.8 g, 64%). 'H NMR (400 MHz, CDCls) ¢: 7.29 (s, 2H). The 'H NMR data collected is

consistent with the values reported in the literature.”
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3,4-dibromothiophene 1,1-dioxide (86): To an oven-dried 2-neck 50 mL round bottom flask
equipped with a stir bar, internal thermometer and addition funnel was added 30% H»>O> (1.7 mL,
8.0 eq.). The reaction flask was cooled to -10 °C in a dry ice/acetone bath and trifluoroacetic
anhydride (TFAA) (4.2 mL, 30 mmol, 14.33 eq.) was slowly added dropwise via addition funnel.
It is important to note that the addition of TFAA to H20: is extremely exothermic, and the addition
of TFAA must be carefully controlled to maintain the temperature of the solution between -10 °C
and 0 °C. Following the addition of TFAA, the mixture was allowed to stir and warm up to room
temperature over 30 minutes. A solution of 3,4-dibromothiophene (0.500 g, 2.07 mmol, 1.0 eq.)
(43) in dichloromethane (3 mL) was then quickly added all at once. The reaction mixture was
allowed to stir at room temperature and open to air for 3 hours. Following the allotted reaction
time, the mixture was transferred to a 250 mL Erlenmeyer flask and cooled to 0 °C in an ice/water
bath. The reaction mixture was quenched with a saturated aqueous solution of sodium carbonate
until a pH of 8 or greater was achieved (tested via pH paper). The organic layer was extracted with
dichloromethane (3x30 mL), dried over MgSQyg, filtered, and concentrated via rotary evaporation
to yield 86 as a pale-yellow powder (435 mg, 77%). m.p. = 102.9-105.9 °C (decomp.); *H NMR
(400 MHz, CDCls3) ¢: 6.81 (s, 2H). The *H NMR data collected is consistent with the values

reported in the literature.”
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Cycloocta[1,2-¢’:5,6-c*’:7,8-c*’|tetrathiophene (32): Under glove box conditions an oven-
dried, single-neck, 50 mL round bottom flask equipped with a stir bar was charged with 2,2’-
bipyridyl (1.03 g, 6.61 mmol, 1.25 eq.), 1,5-cyclooctadiene (1.17 g, 10.8 mmol, 2.05 eq.),
anhydrous dimethylformamide (11.0 g) and bis(1,5-cyclooctadiene)nickel(0) (1.82 g, 6.61 mmol,
1.25 eq.), resulting in a deep-purple coloured solution. Subsequently, a solution of 43 (1.30 g, 5.28
mmol, 1.0 eq.) in anhydrous dimethylformamide (11.0 g) was added dropwise via Pasteur pipette.
The resulting solution was sealed with a rubber septum, parafilm and wrapped in tinfoil. The
reaction flask was removed from the glove box and transferred to a fume hood where it was stirred
under nitrogen at 70 °C in an oil bath for 24 hours. The flask was then removed from the oil bath
and cooled to room temperature. The resulting crude reaction mixture was filtered through a pad
of celite and washed with chloroform. The resulting filtrate was poured over ice cold deionized
water and stirred for 30 minutes, transferred to a separatory funnel, and extracted with chloroform
(3x50 mL). The organic layers were combined and washed with deionized water (3x100 mL),
dried over magnesium sulfate, filtered, and concentrated to yield a crude yellow oil that crystallized
upon cooling. The crude material was adsorbed onto to silica gel and purified via column
chromatography (SiO2, 5¢cm, 100% hexanes) to yield 32 as a pale-yellow solid (0.177 g, 41%).
m.p. = >260 °C; *H NMR (400 MHz, CDCls) 6: 7.20 (s, 8H). The 'H NMR data collected is

consistent with the values reported in the literature.”
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((3,4-bis(decyloxy)phenyl)ethynyltrimethylsilane (88): To an oven-dried, 2-neck, 25 mL round
bottom flask equipped with a stir bar and reflux condenser was added 1,2-didecyloxy-4-
iodobenzene (1.50 g, 2.90 mmol, 1.0 eq.), and triethylamine (8 mL). The mixture was sparged with
nitrogen for 20 minutes followed by addition of bis(triphenylphosphine)palladium(ll) dichloride
(0.102 g, 0.145 mmol, 0.05 eq.), and copper(l) iodide (0.055 g, 0.29 mmol, 0.10 eq.), resulting in
an opaque yellow solution. Finally, ethynyltrimethylsilane (0.46 mL, 0.71 mmol, 1.14 eq.) was
quickly added via syringe resulting in a red coloured solution. The reaction mixture was then
heated to 50 °C in an oil bath and stirred under nitrogen for 18 hours. The reaction was then
removed from the oil bath and cooled to room temperature followed by dilution with deionized
water (10 mL) and extraction with ethyl acetate (3x20 mL). The organic layers were combined
and washed with deionized water (2x20 mL) and brine (2x20 mL), dried over magnesium sulfate,
filtered, and concentrated to yield a crude dark-brown oil. The crude material was then purified
through a silica column (SiO2, 85:15 hexanes/dichloromethane) to yield 88 as an orange oil (1.26
g, 89%). 'H NMR (400 MHz, CDCls) 5: 0.22 (s, 9H), 0.87 (t, J = 6.8 Hz, 6H), 1.25-1.29 (m, 24H),
1.44 (m, 4H), 1.79 (m, 4H), 3.93-3.98 (m, 4H), 6.74-6.76 (d, J = 4 Hz, 1H), *6.87 (s, 1,2-
bis(decyloxy)benzene impurity), 6.94-6.95 (d, J = 1.6 Hz, 1H), 6.99-7.02 (dd, J = 1.6 Hz, 1H); *C
NMR (100 MHz, CDCl3) o: 0.04, 14.07, 22.65, 25.95-25.93, 29.12-29.58, 31.88, 69.1-69.2, 92.02,
105.47, 113.08, 115.18, 116.99, 125.41, 148.58, 149.88; HRMS (APCI+) m/z: [M+H]" calc. for

C31Hs402Si 487.3966, found 487.3979.
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1,2-bis(decyloxy)-4-ethynylbenzene (89): To an oven-dried 100 mL round bottom flask was
added a solution of ((3,4-bis(decyloxy)phenyl)ethynyl)trimethylsilane (88) (1.256 g, 2.579 mmol,
1.0 eq.), in a 1:1 mixture of tetrahydrofuran and methanol (26 mL). Solid potassium carbonate
(0.929 g, 6.72 mmol, 2.6 eq.) was then added all at once, and the resulting mixture was stirred
under nitrogen at room temperature for 24 hours. The reaction mixture was then passed through a
short silica plug (5 cm SiO2) using dichloromethane (100%) as the eluting solvent. Excess solvent
was removed via rotatory evaporation to yield a crude yellow oil, which upon standing in ambient
conditions, solidified into a crystalline yellow solid. The crude material was then purified through
a silica column (SiO., 85:15 hexanes/dichloromethane) to yield 89 as a clear yellow oil that
solidifies to a grey-green solid (0.983 g, 92%). m.p. = 32-33.4 °C; *H NMR (400 MHz, CDCls) ¢:
0.86 (t, J = 6.8 Hz, 6H), 1.25-1.40 (m, 24H), 1.42-1.53 (m, 4H), 1.75-1.83 (m, 4H), 2.96 (s, 1H),
3.93-3.99 (m, 4H), 6.76-6.78 (d, J = 8.8 Hz, 1H), *6.87 (s, 1,2-bis(decyloxy)benzene impurity),
6.97 (d, J = 1.2 Hz, 1H), 7.02-7.05 (dd, J = 1.6 Hz, 1H). The *H NMR data collected is consistent

with the values reported in the literature.”
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1,2-bis(3,4-bis(decyloxy)phenyl)ethyne (82): To an oven-dried, 2-neck, 50 mL round bottom
flask equipped with a stir bar was added 1,2-bis(decyloxy)-4-iodobenzene 87 (0.200 g, 0.387
mmol, 1.0 eq.), bis(triphenylphosphine)palladium(ll) dichloride (0.014 g, 0.019 mmol, 0.05 eq.),
and copper(l) iodide (0.008 g, 0.04 mmol, 0.10 eq.). The flask was degassed with nitrogen for 20
minutes, followed by the addition of both anhydrous toluene (6 mL) and triethylamine (4 mL, 6
eq.) via syringe. A solution of 1,2-bis(decyloxy)-4-ethynylbenzene 89 (0.169 g, 0.407 mmol, 1.05
eq.) in anhydrous toluene (6 mL) was then slowly added dropwise (1 drop/s) via syringe, and the
reaction was left to stir at room temperature for 24 hours under an atmosphere of nitrogen. The
crude mixture was diluted with dichloromethane and filtered through a 5 cm silica plug, using a
1:1 mixture of dichloromethane and ethyl acetate as the eluting solvents. Excess solvents were
then removed under reduced pressure to yield a crude, yellow-orange solid. The crude material
was recrystallized from acetone, and the resulting precipitate was collected via suction filtration,
washed with ice cold acetone, and dried to yield 82 as a fluffy off-white solid (0.185 g, 60%). m.p.
= 98-98.3 °C; 'H NMR (400 MHz, CDCls) d: 0.87 (t, J = 7.2 Hz, 12H), 1.22-1.38(m, 54H), 1.45
(m, 8H), 1.80 (quintet, J = 6.4 Hz, 8H), 3.99 (t, J = 6.8 Hz, 8H), 6.79-6.81 (d, J = 8.4 Hz, 2H), 7.00
(d, J = 2 Hz, 2H), 7.04-7.06 (dd, J = 6 Hz, 2H); *C NMR (100 MHz, CDCls) &: 14.07, 22.66,
25.98, 29.19, 29.32-29.39, 29.55-29.59, 31.88, 69.17, 69.22, 87.94, 113.34, 115.64, 116.61,
124.71, 148.72, 149.46; HRMS (APCI+) m/z: [M+H]" calc. for CssHgO4 803.69119, found

803.69236.
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Acenaphthylene (91): To an oven-dried 2-neck 250 mL round bottom flask equipped with a stir
bar and reflux condenser was added acenaphthene (2.00 g, 12.9 mmol, 1.0 eg.) and anhydrous
toluene (105 mL) under an atmosphere of nitrogen. Next, 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) (3.53 g, 15.6 mmol, 1.2 eq.) was added all at once to the reaction flask and
the resulting mixture was stirred under nitrogen at reflux for 22 hours. The reaction was cooled to
room temperature and quenched with deionized water. The crude reaction mixture was filtered via
suction filtration, transferred to a separatory funnel and to it was added 150 mL of deionized water.
The organic materials were extracted with dichloromethane (4x50 mL) and the organic layer was
washed with DI H2O (2x100 mL). The organic layer was dried over MgSO., filtered, and
concentrated to yield a dark red oil as the crude product. The crude material was adsorbed onto
silica gel and purified via column chromatography (SiO2, 95:5 hexanes: ethyl acetate) to yield 91
as a yellow crystalline solid (1.36 g, 69%). m.p. = 91-93 °C; *H NMR (400 MHz, CDCls) ¢: 7.07
(s, 2H), 7.51-7.55 (m, 2H), 7.67-7.68 (d, J = 6.8 Hz, 2H), 7.78-7.81 (d, J = 8.4 Hz, 2H); HRMS
(APCI+) m/z: [M+H]" calc. for C12Hs 153.06988, found 153.06940. The *H NMR data collected

is consistent with that of a sample obtained from Sigma Aldrich.
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APPENDIX A: 'H AND 3C NUCLEAR MAGNETIC RESONANCE (NMR)

SPECTRA

H NMR Spectrum of 52: 1,2-dibromo-4,5-dimethylbenzene
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'H NMR spectrum of 51: 4,5-dibromophthalic acid
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'H NMR Spectrum of 50: 5,6-dibromoisobenzofuran-1,3-dione
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H NMR Spectrum of 41: 5,6-dibromo-2-octylisoindoline-1,3-dione
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13C NMR Spectrum of 41: 5,6-dibromo-2-octylisoindoline-1,3-dione
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'H NMR Spectrum of 55: 5,6-dibromo-2-octylisoindoline-1,3-dithione
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13C NMR Spectrum of 55: 5,6-dibromo-2-octylisoindoline-1,3-dithione
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'H NMR Spectrum of 1: 2,7,12-trioctyl-1H-benzo-[1,2-f:3,4-17:5,6-f""]-triisoindole-
1,3,6,8,11,13-(2H,7H,12H)-hexaone
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13C NMR Spectrum of 1: 2,7,12-trioctyl-1H-benzo-[1,2-f:3,4-":5,6-f""]-triisoindole-
1,3,6,8,11,13-(2H,7H,12H)-hexaone
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'H NMR Spectrum of 2: 2,7,12-trioctyl-1H-benz-[1,2-f:3,4-":5,6-f]-triisoindole-

1,3,6,8,11,13(2H,7H,12H)-hexathione
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13C NMR Spectrum of 2: 2,7,12-trioctyl-1H-benz-[1,2-f:3,4-f":5,6-f"]-triisoindole-
1,3,6,8,11,13(2H,7H,12H)-hexathione
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'H NMR Spectrum of 78: (4,5-dibromo-1,2-phenylene)dimethanol
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13C NMR Spectrum of 78: (4,5-dibromo-1,2-phenylene)dimethanol
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'H NMR Spectrum of 42: 4,5-dibromophthalaldehyde
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13C NMR Spectrum of 42: 4,5-dibromophthalaldehyde
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'H NMR Spectrum of 77: 2,2°-(4,5-dibromo-1,2-phenylene)bis(1,3-dioxolane)
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H NMR Spectrum of 57: Dimethyl-4,5-dibromopthalate
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'H NMR Spectrum of 37: Hexamethyl-triphenylene-2,3,6,7,10,11-hexacarboxylate
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'H NMR Spectrum of 80: Triphenylene-2,3,6,7,10,11-hexaylhexamethanol
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13C NMR Spectrum of 80: Triphenylene-2,3,6,7,10,11-hexaylhexamethanol
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'H NMR Spectrum of crude 3: Triphenylene-2,3,6,7,10,11-hexacarbaldehyde
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13C NMR of 85: 2,3,4,5-tetrabromothiophene
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'H NMR of 43: 3,4-dibromothiophene
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'H NMR Spectrum of 86: 3,4-dibromothiophene 1,1-dioxide
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'H NMR Spectrum of 32: Cycloocta[1,2-¢’:5,6-¢”’:7,8-C*"*tetrathiophene
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'H NMR Spectrum of 88: ((3,4-bis(decyloxy)phenyl)ethynyl)trimethylsilane
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13C NMR Spectrum of 88: ((3,4-bis(decyloxy)phenyl)ethynyl)trimethylsilane
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'H NMR Spectrum of 89: 1,2-bis(decyloxy)-4-ethynylbenzene
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'H NMR Spectrum of 82: 1,2-bis(3,4-bis(decyloxy)phenyl)ethyne
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13C NMR Spectrum of 82: 1,2-bis(3,4-bis(decyloxy)phenyl)ethyne
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'H NMR Spectrum of 91: Acenaphthylene
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