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ABSTRACT

The ability to tune the physical, electronic, and optical properties of polymer
precursors has garnered a great deal of interest in the conjugated organic materials field.
The Rasmussen group has previously demonstrated the ability to produce tunable, low
band gap materials through the generation of new families of functionalized thieno[3,4-
b]pyrazines (TPs). The scope of conventional TPs has been limited to either 2,3-dialkyl or
diaryl analogues due to the standard synthetic approach of 3,4-diaminothiophene
condensation with available stable o—diones. As a consequence, this limited the ability to
effectively tune the electronic and optical properties of the TP unit. In an effort to expand
the application and versatility of this new approach to tunable, low band gap materials,
analogous families of TP-based terthienyls have been prepared as new polymer precursors.
The synthetic route utilizes the well-known 3',4'-diamino-2,2":5',2"-terthiophene precursor
for the production of 2,3-bis(trifluoromethanesulfonyl)-5,7-(2-thienyl)-thieno[3,4-
b]pyrazine as a reactive intermediate. Simple substitution with a variety of nucleophiles
thus allows the possibility to tune the properties of the oligomeric unit via the addition of
electron-withdrawing or electron-donating groups at the 2- and 3-positions of the central
TP unit. Incorporation of these new TPs into the terthienyl framework reduces the
chemical reactivity of the central fused-ring unit and more easily allows for the application

of these precursors to the desired polymeric materials.
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CHAPTER 1. INTRODUCTION

1.1. Conjugated Polymers

Conjugated polymers (CPs) are materials that incorporate chains of alternating
double and single bonds, or continuous overlapping p-orbitals that allow w-electron
delocalization along the backbone of the polymer. The resonance and electron
delocalization of polyacetylene, a common CP system often referenced, is illustrated below
in Figure 1.1.1 The conjugated nature of these types of materials allows them to conduct
electrons similarly to conventional inorganic semiconductors. Oftentimes, the electronic
nature of CPs is characterized by their conductivity. As described here, conductivity is a
measure of a material’s ability to conduct electricity, with a polymer being defined as

semiconducting by having an electrical conductivity in the range of 10*?to 100 S/cm.?
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Figure 1.1. Resonance structures of polyacetylene illustrating overlapping p orbitals
and & electron delocalization.

Conjugated polymers have garnered much attention recently because of their ability

to behave as semiconductors while keeping the desirable characteristics of plastics, such as



low cost, mechanical flexibility, and solution processabilty.1® Due to the organic nature of
these materials, their optical and electronic properties can be tuned through synthetic
manipulation, which allows researchers to tailor materials for specific electronic device
applications, such as organic photovoltaics (OPVs),*® organic light emitting diodes
(OLED:s),*" organic field-effect transistors (OFETS),¢18-2% electrochromic devices,?6-%
and sensors.3%% The design of new organic materials for use in electronic devices is of
great interest as they provide means for the production of low-cost, sustainable, and
possibly even renewable materials that can reduce the environmental impact of energy
production and energy use.

The first CPs exhibiting appreciable conductivity were reported in Australia in
1963 by Weiss and coworkers, where a cross-linked polypyrrole in the form of an
insoluble black powder was produced from the thermolysis of 2,3,4,5-tetraiodopyrrole.
Analysis of the insoluble polymer showed that the cross-linked polypyrrole exhibited
conductivities between 0.005-0.1 S/cm.3" Further studies of the conductive properties of
these polypyrrole materials led to the discovery that iodine content affected the overall
conductivity of the materials. It was shown that a decrease in iodine content
correspondingly led to a decrease in conductivity. Although a conductive polypyrrole had
been produced, the authors were not able to fully understand the relationship between
iodine content and conductivity of the materials.33°

A short time later in Paris, Marcel Jozefowicz, who at the time was a Ph.D. student
in Rene Buvet’s group, brought more attention to CPs with their work. In 1966,
Jozefowicz and coworkers showed that the electronic properties of oligomeric polyanilines

could be modulated based on the pH and water content of their environment, producing
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materials with conductivities in the range of 10 to 10 S/cm.*®** They followed this work
by reporting in 1971 a polyaniline that exhibited an even greater range of conductivity,
where the polyaniline was proton doped via the addition of sulfuric acid that affected the
ionic state of the polymers, such as the internal acidic state and hydration state, and
produced materials which exhibited conductivities as low as 10° S/cm and as high as 30
S/cm depending on the ionic nature of the sample.* Although these materials showed
promising technological applicability with fairly high conductivities, they failed to
generate much interest from the scientific community.

Concurrently, Hideki Shirakawa was studying the mechanism of acetylene
polymerization using Ziegler-Natta catalysts when they made a serendipitous discovery
that secured a foothold for them in the field of conductive polymers. In 1967 a synthetic
error in which one thousand times the amount of Ziegler-Natta catalyst was used that
caused a very different result from previous trials.*® This error was thought to increase the
rate of the reaction several orders of magnitude, which essentially caused the
polymerization of the acetylene gas as soon as contact was made on the surface of the
catalyst solution producing a thin film.*® The reaction produced a polyacetylene that was
described as a glittering, silvery-film that appeared to look metallic.

Further analysis of the films showed that the polyacetylene was produced in two
isomeric forms (Figure 1.2), both cis-polyacetylene and trans-polyacetylene, and the
isomeric mixture formed was found to be temperature dependent. The thermal studies of
the polymerization reaction determined that the cis isomer was the major product at low
temperatures and the trans isomer was dominant at higher temperatures, with 100% trans

product at a reaction temperature of 150 °C.*" They also discovered that an irreversible
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cis-trans isomerization took place at temperatures greater than 145 °C, while temperatures
greater than 420 °C led to thermal decomposition.*” Electrochemical measurements
revealed that the two isomers had vastly different electronic properties with the trans-
polyacetylene displaying conductivities as high as 10 S/cm, while the cis-polyacetylene

showed much lower conductivities of 101° S/cm.*’

N N =/ =/
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trans-polyacetylene cis-polyacetylene

Figure 1.2. Stereoisomers of polyacetylene.

The metallic appearance to the films caught the eyes of Professor Alan G.
MacDiarmid and in 1976 he invited Dr. Shirakawa to work with him in his lab at the
University of Pennsylvania, where Professor Alan J. Heeger was also working. It was
there where the trio made the discovery that really jump started the field of conductive
polymers. Professor Heeger was collaborating with Professor MacDiarmid on electric
conductivity studies of poly(sulfur-nitride) where the exposure of bromine vapor to the
polymer films lead to increased conductivity.*® Using the same strategy, polyacetylene
films were exposed to various halogen gas vapors while measuring their corresponding
conductivities. It was hypothesized that when treated with the halogen vapors, they would
react with the © electrons from the electron-rich polymer creating positively charged
carbocations.*?#8 The doped films exhibited increased electrical conductivity because the

resulting carbocations acted as mobile charge carriers along the conjugated backbone. It

4



was found that the conductivity increased by four orders of magnitude when such films
were exposed to vapors of bromine gas, but exposure for long periods of time resulted in
decreased conductivity believed to be from over bromination of the polyacteylene film.*-
4548 An increase in conductivity of seven orders of magnitude was observed when
exclusively trans-polyacetylene was treated with iodine vapor producing films that
displayed conductivities as high as 38 S/cm.*°

Although conductive polymers had been studied as far back as 1963 by Weiss and
coworkers, and 1966 by Jozefowicz and coworkers, their work had been largely
overlooked, and in 2000, the Nobel Prize in Chemistry was awarded to Hideki Shirakawa,
Alan G. MacDiarmid and Alan J. Heeger for the discovery and development of conducting
polymers. Their work initiated a tremendous amount of excitement about the field of
conductive polymers, which has directly led to a large and steadily growing number of
publications, progression of the field into commercial applications, and a growing list of

technologically interesting materials that continue to push the limits of organic electronics.

1.2. Band Gap

Classification of the electronic nature of materials is based on the material’s band
gap (Eg) (Figure 1.3). The band gap is a solid-state property of a material that is formally
defined as the energetic difference between the filled valence band and the empty
conduction band, which is analogous to the energy difference between the highest
occupied molecular orbital and the lowest unoccupied molecular orbital (HOMO-LUMO)
for systems in the solution-state.>® Metals are classified as conductors and have an Egq

equal to 0 eV as electrons are able to move freely throughout the material. Semiconductors
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are generally labeled as materials with an Eg between 0 to 2 eV and possess the capability
of having induced conductivity because they can have electrons excited from the valence
band into the conduction band leaving partially filled and unfilled bands that allow for the
flow of electrons. Intuitively, as the band gap decreases it requires less energy to excite
electrons from the valence band into the conduction band, resulting in materials that have
better conductivities. Insulators are then thought of as any material with an E4 greater than
2 eV, where there is little to no movement of electrons between the conduction and valence

bands at reasonable temperatures.

Conduction Band

Conduction Band

E >2eV
Conduction Band E,=0-2eV 9

Valence Band Valence Band Valence Band

Metals Semiconductors Insulators

Figure 1.3. Band structure for different classes of materials.

The band structure in conjugated materials results from the combination of & and
7* molecular orbitals (MOs) that mix together that form bands attributed to the groups of
filled © MOs and unfilled ©* MOs. The conjugation length of the system is determined by
the number of monomer units that contribute to the overall delocalization of electrons

throughout the material. As a consequence of the addition of monomers, the analogous



MOs mix with each other to create corresponding non-degenerate MOs that are now higher
and lower in energy in comparison to the parent MOs. As more monomer units are added
to the system, there is continued mixing of the orbitals creating networks of MOs of
similar energy. This results in a large number of MOs that are so close in energy they
become indistinguishable from one another. Once in the solid state and intermolecular
electron delocalization introduced, the groups of MOs are described as bands (Figure 1.4).
The filled lower energy band is known as the valence band and comprises a group of
occupied © MOs that contains a delocalized network of m-electrons, while the empty higher
energy band is known as the conduction band and contains a group of unoccupied n* MOs

with the energetic difference between these two bands known as the band gap.
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Figure 1.4. Energy level diagram illustrating the relationship between band
gap (Eq) and HOMO-LUMO energies. Adapted from Ref !



In terms of the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), as more monomer units are added to the system,
the number of MOs increases, which causes a destabilization of the HOMO energy level
and a stabilization of the LUMO energy level. This causes the energetic difference
between the MOs to decrease, which corresponds to a decreased HOMO-LUMO energy
gap. In addition, materials in the solid-state can undergo n-stacking interactions, which
allow for intermolecular electron delocalization to occur that extends the n-network of the
system even further. Because of the extended conjugation in the solid-state, the band gap
is typically lower than the HOMO-LUMO gap seen with the materials in solution.

The band gap is an important characteristic of conjugated organic materials, as it is
a key parameter responsible for the desirable optical and electronic properties of the
material and is often used to assess the value of organic semiconducting polymers. The
HOMO and LUMO energy levels correspond to the ©- and n*-orbitals respectively and the
HOMO-LUMO gap is referred to as a band gap when the materials are in the solid state
where intermolecular delocalization is taken into account.> The n-system that determines
the band gap of a polymer is thus responsible for the optical and electronic transitions of
the material.®° Therefore, the ability to tune the HOMO and LUMO energy levels, or band
gap, of a material is of particular interest as this affords researchers the ability to design
materials tailored towards specific device applications.

There are two basic methods employed in determining the band gap of a polymer.
The most common approach uses the solid-state absorption spectrum of a thin film and by
extrapolating the onset of the lowest energy transition in reference to the baseline, a rough

estimate of the band gap can be made (Figure 1.5). The onset wavelength can then be
8



converted to electron volts using the conversion factor of 1240 nm/eV. The onset of the
lowest energy transition corresponds to a wavelength that represents the difference in
energy between the valence and conduction band edges. Since the method uses optical
spectroscopy, the Eq value obtained is referred to as the optical band gap (E¢°™). This
approximation of the optical band gap is a quick and efficient method for determining the
Eg of materials. However, it does not give any information regarding the electronic
transitions corresponding to their HOMO and LUMO energy levels. Therefore, additional

analytical measurements are necessary to determine further electronic properties.
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Figure 1.5. Determination of optical band gap.

Cyclic voltammetry (CV) is commonly employed to make the electrochemical
measurements necessary to determine HOMO energy and LUMO energy values. This is
done by extrapolating the onset of the first oxidation in reference to the baseline, which
corresponds to the lowest potential required to remove an electron from the material, and is

used to determine the energy of the HOMO level (Figure 1.6). Similarly, the onset of the
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first reduction in reference to the baseline corresponds to the lowest potential required to
add an electron into the material and determines the energy of the LUMO level. The onset
potential values can then be converted to Enomo and ELumo values using the following
equations.

Enomo = — (Efonset ox vs. Fe+/Fe] + 5.1) eV

ELumo = — (Efonset red vs. Fe+/Fe] + 5.1) eV

Onset values are again used for CV measurements, like with spectroscopic
techniques, as they correspond to the lowest potentials required to add or remove electrons
and are more representative of the valence and conduction band edges. The limiting factor
for this method is that both the potential of oxidation and the reduction potential must fall
within the solvent window of the system. If either the HOMO or LUMO energy levels of
the material being measured fall outside the solvent window, a measurement of the

electrochemical band gap cannot be performed.

E,=151eV
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Figure 1.6. Determination of HOMO energy and LUMO
energy levels and electronic band gap.
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In general, it is thought that materials with decreased band gaps show an increased
conductivity because of the enhanced thermal population of the conduction band that in
turn generates an increased number of intrinsic charge carriers throughout the system.>® As
a consequence, much effort has been taken to develop methods to produce semiconductors

that not only have decreased band gaps, but also exhibit high conductivities.

1.3. Band Gap and Energy Level Engineering

Energy level engineering of thiophene-based conjugated polymers can be
accomplished through rational modification of six parameters, which include the
conjugation length, bond length alternation, torsion angle, aromatic resonance energy,
substituents, and intermolecular interactions experienced with the materials, and are shown
below in Figure 1.7.59°* Each parameters influence on the properties of the material will be
discussed as a means to understand structure-function relationships observed in these types

of materials.

\g S

Figure 1.7. Parameters influencing band gap in thiophene polymers:
conjugation length (Con), bond length alternation (dr), resonance
energy (Res), substituents (Sub), torsion angle (O), and intermolecular
interactions (Int).
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The parameter, E®", is related to the dependence of a material’s band gap on the
conjugation length of the polymer.>®>* As discussed earlier, conjugated materials are
essentially comprised of a series of overlapping p-orbitals along the polymer backbone,
which gives rise to their semiconducting properties. The conjugation length of a polymer
is directly related to its molecular weight and affects the properties of the material because
as more polymeric units are added, an increase in orbital blending is observed due to the
increased conjugation of the system, which causes a reduction of the band gap. However,
this is only valid when discussing materials of low molecular weight because once the
effective conjugation length of the system is reached, the effects of additional conjugation
is minimal and contribute very little to the electronic properties. In the case of efficient
polymerization reactions, the molecular weight of the polymer is typically determined by
its solubility in the solvent in which the reaction is taking place. Therefore, it is thought
that polymers of greater molecular weight, and potentially lower band gaps, can be
achieved through the addition of solubilizing chains to the monomeric materials that will
make these materials more soluble in common organic solvents.

The parameter, E¥, is related to the bond length alternation, and is perhaps the most
important factor in determining the band gap of a polymer when dealing with simple
materials such as polyacetylene.?®>® Both experimentation and theoretical calculations
have shown that bond length alternation in polyacetylene, which has degenerate resonance
states, plays a significant role in the size of the band gap.®® The more uniform the bond
lengths are between double and single bonds the lower the theoretical band gap, i.e. if each
bond had an equal amount of double bond character versus alternating double and single

bonds. The same concept, however, should not be applied to thiophene-based materials
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because they possess non-degenerate resonance structures, which include aromatic and
quinoidal forms that have vastly different optical and electronic properties, and contribute
to a materials band gap to a much greater extent than simple bond length alternation.
Therefore, it is more appropriate for polyaromatic conjugated materials, like

polythiophene, to discuss the quinoidal character of the material (Figure 1.8).
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Figure 1.8. Aromatic and quinoidal resonance forms of polythiophene.
Adapted from Ref °7

Since these systems possess non-degenerate resonance states, aromatic versus
quinoidal, the extent to which each resonance state contributes to the observed ground state
will determine the band gap of the material. Brédas and coworkers conducted a theoretical
study where the band gaps of some aromatic systems were calculated and in the case of
polythiophene, a band gap of 2.0 eV was calculated for the aromatic form versus a band
gap of 0.47 eV for the quinoidal form.%® Clearly, the preferred resonance of polythiophene
is the lower energy aromatic state and is representative of the true ground state of

polythiophene, but the quinoidal resonance state displays a significantly lower band gap
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due to the combined destabilization of the HOMO and stabilization of the LUMO energy
levels. Comparative to the trends observed with bond length alternation, where reduced
alternation decreases the band gap, theoretical studies have shown that increases of
quinoidal contributions to the ground state correlate to decreases in band gap.>®>’
Therefore, a common approach to reduce the band gap of a system is through structural
modifications that increase the quinoidal character of the materials. This is commonly
accomplished via synthetic manipulations that incorporate the addition of fused rings to
thiophene, such as the cases for poly(isothianaphthene) (PITN), poly(thieno[3,4-
b]pyrazine) (pTP), and poly(thieno[3,4-b]thiophene) (pTT) where a significant decrease in
band gap is observed from the parent polythiophene (Eq = 2.0 eV) to 1.0-1.2 eV for PITN,

0.7-0.9 eV for pTP, and 0.9-1.1 eV for pTT, and are shown below in Figure 1.9.53°6:57
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Figure 1.9. Thiophene-based polymers with enhanced quinoidal character from
off-chain fused-rings and their corresponding band gaps.

The parameter, E®, is related to the torsion between rings of adjacent units, which
is influenced by steric interactions in the molecule.®®*°8° The band gap of any n-

conjugated system is directly related to the degree of p-orbital overlap between repeat units
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of the polymer, with any deviations from planarity having significant detrimental effects
on electron delocalization through the backbone and negatively impact the electronic
properties of the material. Torsional distortions of this nature are typically encountered
when neighboring side chains, side chain to backbone, or neighboring $-hydrogens are in
close enough proximity to cause steric interactions, with representative examples shown
below in Figure 1.10. Brédas and coworkers also conducted theoretical calculations that
showed disruptions in w-orbital overlap, caused by rotations about the interannular bond of
adjacent rings, of angles up to 30°-40° could be tolerated without significant effect on the
electronic properties with respect to the coplanar condition.®®-%3 Specifically, their
calculations showed only ~20% decrease in ionization potential for all three polymeric
systems, polythiophene, polypyrrole, and polyparaphenylene, when going from the
coplanar to the perpendicular conformation.®? However, torsional distortions greater than

40° were found to have a substantial negative effect on the electronic properties.

Figure 1.10. Steric distortions due to a) neighboring chain-chain
interactions, b) side chain-backbone interactions, and c)
neighboring B-hydrogen interactions.
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By minimizing the torsion angle in the polymer, an enhancement of backbone
planarity can be achieved, which consequently leads to materials with more desirable
electronic properties. The high degree of planarity allows for better w-orbital overlap
throughout the polymer and has the potential to produce low band gap materials.54-
Although the introduction of steric interactions caused by the addition of alkyl side chains
brings about steric distortions in materials, they are necessary in order to increase the
solubility of these highly planar and often insoluble polymeric materials.

The parameter, ER®, is related to the aromatic resonance energy and is described by
the resonance energy per electron (REPE) value.®> The REPE value can be thought of as
an indicator of the confinement potential of an aromatic system with an increase in
confinement potential with an increase in aromaticity.®” The confinement potential, which
dictates the ability of m-electrons to become delocalized along the backbone of polymeric
systems, has a direct effect on the band gap of materials.®% As the confinement potential
of the aromatic rings decreases, n-electron delocalization throughout the polymer
increases, and in turn decreases the band gap.®*%” A common approach that could be taken
to reduce the band gap of conjugated of polymers is through the addition of heteroatoms
into the aromatic rings, as this decreases the aromaticity of the aryl functionalities along
the polymer backbone and allows for more effective n-electron delocalization. A
comparison of polymers polythiophene (PT) (Eg = 2.0 eV), polypyrrole (PPy) (Eg = 3.0
eV), and polyparaphenylene (PPP) (Eq = 3.4 eV) can be made that clearly shows this trend,
as both the PT and PPy have smaller band gaps than PPP.%2%8  There are other factors that
play a role in this reduction in band gap, such as the electron affinity of the heteroatoms,

but the reduction of aromaticity of thiophene and pyrrole versus benzene are significant
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contributors. The difference in band gap observed between PT and PPy can be attributed
to the electron affinity of sulfur (200 kJ/mol) compared to nitrogen (-7 kJ/mol) with greater
electron affinities corresponding to smaller band gaps.%8-"°

The parameter, E™, is determined by intermolecular effects between polymer
chains.® The high degree of planarity and crystalline nature of these materials allows for
strong 7t-7 interactions between polymer chains in the solid-state. Consequently, the
effective conjugation length of the system is extended because of the interchain electron
delocalization experienced as these pack together in the solid-state, thus materials can
experience a reduction of band gap. Research has shown that irregularities in molecular
ordering can have a significant effect on the band gap of polymers by increasing the spatial
distance between polymer chains, with an increase in band gap observed in such cases.’

It is also thought that supramolecular ordering can be induced by alkyl side chain
interactions in solid-state packing that could in turn lead to smaller band gaps.>*
Therefore, a balance between solubility and crystallinity must be maintained when the
addition of solubilizing chains is employed towards the generation of low band gap
materials so that the tight n-stacking interactions can be maintained in the solid-state while
still retaining solution processability.

The parameter, ES®®, is the contribution of the substituents to the HOMO and
LUMO energy levels and is an important factor in describing the tunability of materials.>
As discussed previously, substituents can be added to enhance the solubility of polymeric
materials, but they can also be used as a tool to directly influence the HOMO and LUMO
energy levels of the material. These substitutions can have varied effects on the optical

and electronic properties because they interact through inductive effects that depend on
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their electronic nature, i.e. if they are electron withdrawing or electron donating moieties.
When dealing with traditional conjugated polymers like polythiophene-based materials, the
addition of electron-donating groups such as alkoxy and amine moieties at the 3- and 4-
position will push electron density into the n-system, effectively destabilizing the
corresponding orbitals and making it easier to remove an electron from the HOMO energy
level.>>72 In turn, electron-withdrawing groups, such as cyano or trifluoromethyl
substituents, will pull electron density out of the m-System causing a stabilization of the
LUMO energy level, which decreases the reduction potential (makes it more positive),
making it easier to push an electron into the LUMO energy level >46%70

All of the parameters discussed above not only influence the band gap of a
material, but have an effect on each other and the rest of the chemical, mechanical, and
physical properties as well.>* An example of this is the influence of substituents on the
torsion about the interannular bond between aromatic ring units. A common approach to
increase the solubility of these highly planar systems is through the addition of aliphatic
chains that not only inductively influence the electronics of the system (E*°), but also
effect the supramolecular arrangement of the materials in the solid-state by making them
less crystalline (E™), the torsion angle between adjacent units is increased due to steric
interactions (E®), and the conjugation length of the polymers can be effect because of the
enhanced solubility (E°"). Therefore, the simple control of a single parameter is nearly
impossible and conscious effort must be taken to fully understand the effects of the

synthetic manipulations of conjugated polymers.
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1.4. Energy Level Engineering in Thieno[3,4-b]pyrazines

Thieno[3,4-b]pyrazines have garnered quite a lot of interest for use in conjugated
polymers as they have proven very successful in producing a wide variety of low band gap
materials, which are defined as materials with a band gap below 1.5 eV.>*°¢57 They
exhibit a great deal of synthetic flexibility that allows them to be versatile building blocks
in the designing of materials for specific device applications. In terms of energy level
engineering, they share some qualities with traditional polythiophene materials, but also
exhibit unique characteristics that set them apart. Most notably, is the ability to
asymmetrically manipulate the frontier orbitals of TP-based materials to tune their optical
and electronic properties.

As done previously for polythiophenes, the structure-function relationships of
poly(thieno[3,4-b]pyrazine)s (pTPs) will be discussed based on the six parameters that
contribute to a materials band gap, which will again include the conjugation length of the
system, bond length alternation, interannular bond torsion angles, aromatic resonance
energy, substituent contributions, and intermolecular interactions experienced with the
materials as shown below in Figure 1.11.

The concept of conjugation length, labeled by E€" in the Figure 1.11, is the same
as previously described for the polythiophene systems. As discussed earlier, conjugated
polymers are essentially comprised of a series of overlapping p-orbitals along the polymer
backbone and the extent of that conjugation is described as its conjugation length. It is
common in TP-based materials that an increase in conjugation length leads to a decreased
HOMO-LUMO gap, or band gap. This phenomenon was demonstrated by Rasmussen and

decreased reduction potential (-2.03 V — -1.83 V — -1.64 V) were observed when the
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Figure 1.11. Parameters influencing band gap in TP polymers: conjugation
length (Con), bond length alternation (dr), resonance energy (Res),
substituents (Sub), torsion angle (©), and intermolecular interactions (Int).

conjugation length of the 2,3-dihexylthieno[3,4-b]pyrazine system was extended from a
monomer up to dimers and trimers, respectively.” Also, homopolymeric TPs that were
produced electrochemically, which were insoluble and of higher molecular weight, were
routinely found to have lower band gaps (Eg = 0.6-0.7 eV) than pTPs that were generated
via chemical oxidation methods and exhibited increased solubility in common organic
solvents (Eq ~0.7-1.0 eV), which as a consequence were now solution processable.>
Therefore, it is thought that TP polymers that exhibit low band gaps, while maintaining
solution processability, can be achieved through the addition of solubilizing chains.

One of the most important characteristics in conjugated polymers is for materials to
adopt very planar confirmations, as this allows for the production of low band gap

materials. For the parameter, E®, which is related to the torsion between rings of adjacent
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units, TPs provide materials with greatly reduced steric interactions between adjacent units
in comparison to structurally similar materials. The nitrogen in the pyrazine ring allow for
a cleft, or void, between beta units in the polymer chain as well as minimize the interaction
with the sulfur of the adjacent units (Figure 1.12). When comparing PITNs, which have
hydrogens on the fused benzene rings that encroach on one another, as well as the sulfur
atom of the adjacent unit that cause torsional strain and lead to materials with decreased
planarity.>® This decrease in backbone planarity causes materials to exhibit higher band
gap values, which for PITN are between 1.0 eV and 1.2 eV while the more planar systems
of pTPs exhibit lower band gaps between 0.7 eV and 0.9 eV.”®" This trend is echoed in
the even more sterically challenged polyquinoxaline materials, which exhibit a great deal
of torsional strain between adjacent units that causes these materials to be even less planar
and consequently have larger band gap values (Eq = 2.6 eV).”® The minimized steric
interactions of TP contribute to the lower band gaps observed with these materials but
because it is impossible to manipulate one aspect of conjugated polymers without affecting

another, there are other factors that need to be taken into account.
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Figure 1.12. Steric interactions of fused-ring polymers and their corresponding band gaps.
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Like in the case for polythiophenes, pTPs have non-degenerate resonance states
where the polymers can adopt either aromatic or quinoid resonance forms. So the
parameter of bond length alternation, E®, plays a far less important role than the quinoidal
character of the polymer. As previously mentioned, it is commonly observed that
increased quinoidal character in the ground state of the polymers, leads to decreased band
gaps of the materials and a common approach to increasing the quinoidal character is
through the addition of fused-rings.>®>" Therefore, systems that incorporate fused-rings
typically produce materials that have lower band gaps than single component systems in
comparison to polythiophene, which was demonstrated with PITN (Eg ~1.0 eV), pTP (Eq
~0.7 eV) and pTT (Eq4 ~0.9 eV), for similar thiophene-based materials, as previously
shown in Figure 1.9. However, since the extent of quinoidal character of TP and the
materials that are being compared cannot be determined, we can assume the degree of
quinoidal character among these are roughly equivalent and that other factors contribute a
great deal more to the differences observed in their optical and electronic properties.

The parameter, ER®, which describes the relative aromaticity of an aromatic
system, is very important in describing the properties of fused-ring materials. This can
affect the polymers in a couple of ways, one of which deals with the electron-confinement,
within the monomeric units. Aromatic rings with greater electron-confinements will limit
electron delocalization along the polymer backbone, which will in turn cause increases in
band gap. The other aspect of aromaticity that is more relevant to TP-like systems is
dependent on the aromatic nature of the off-chain ring fusion, the quinoidal character of
the backbone can be enhanced. The Dewar approach of estimating aromaticity, defined as

the Dewar resonance energy (DRE), is considered to be the most successful and provides
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clear explanations to the observed properties of the three different materials discussed
here.”* According to the DRE values, benzene > pyrazine >> thiophene (14.0 KJ/mol >
12.0 KJ/mol >> 4.5 KJ/mol), which indicates that the benzene and pyrazine of these fused-
ring systems prefer to be in their aromatic resonance state.’*" So, for thiophene-based
polymers, such as PITN and pTP, the off-chain ring fusion leads to a substantial increase in
the quinoidal character in the ground state of these materials, which as a consequence leads
to lower band gaps, while the polyquinoxaline would not see this kind of enhancement as
the benzene backbone would prefer the aromatic resonance state. This trend is also echoed
in the band gap values measured for these materials that are shown above in Figure 1.12.
Another aspect of these materials that needs to be taken into account is the
electronic nature of the rings that make up the fused-ring systems. TPs have been shown
to possess an advantageous characteristic that is not observed in most other thiophene-
based materials and arises from the differences in electron richness between the thiophene
and pyrazine rings. Aromatic rings are said to be electron rich if they readily give up
electrons in oxidative electrochemical processes and electron deficient if they readily
accept electrons in reductive electrochemical processes. Thiophenes are described as
electron rich systems as they oxidize at lower potentials than benzene (2.06 V vs. 2.48 V),
while the potential at which pyrazine is formally oxidized is too great to be measured using
common organic solvents (Table 1.1).”"® However, the electrochemical reduction of
pyrazine has been measured to be at a more positive potential in comparison to benzene
(-2.08 V vs. -2.62 V), which would suggest that pyrazine is more electron deficient than

both benzene and thiophene. "’
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Table 1.1. Electrochemical data for a series of TP-like compounds.

Oxidation Reduction
Compound E?, V Evt, V Ref.
thiophene 2.06 nr 78
benzene 2.48 -2.62 76,77
pyrazine nr -2.08 77
benzo[c]thiophene 0.60 nr 78
quinoxaline nr -1.62 77
thieno[3,4-b]pyrazine 1.03 -2.33 79

“All potentials vs. SCE. nr = not reported.

The difference in electron richness of the rings becomes important with TPs
because the difference is large enough that these monomers now exhibit an intramolecular
charge transfer (ICT) within the molecule that is not observed in either the ITN or
quinoxaline monomers, and is shown below in Figure 1.13.8° This low energy charge
transfer absorption of TPs (350 nm) is red-shifted approximately 25 nm from ITN (~325
nm) and quinoxaline (~323 nm) and allows for the production of materials with decreased
band gaps, as a material’s lowest energy absorption describes the energetic magnitude of
the band gap .

The intermolecular effects, E'™, that deal with the interspatial separation between
polymer chains in the solid state can be affected greatly in systems with off-chain fused-
rings. The extended conjugation of these monomers can allow for a much greater degree
of m-m overlap between polymer chains in the solid state, which would lead to increased =-
stacking and decreased band gaps. Even though there is no evidence to support this, based
on observations of oligomeric systems that show TP-based terthienyls more readily
undergo n-stacked configurations in crystal packing than the corresponding terthiophenes,
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it can be confidently assumed that the polymers of such materials would exhibit the same

types of behaviors.

TP

—— — ITN

: RY i S quinoxaline

Absorbance (arbitrary units)

L T

300
Wavelength (nm)

200

Figure 1.13. UV-vis spectra of TP, ITN, and quinoxaline.®

The parameter, ES®® that describes the contribution of the substituents to the
HOMO and LUMO energy levels of the material, is perhaps the most important
contribution to the tunability of TP-based materials.>* As discussed previously,
substituents can be added to as a tool to directly influence the HOMO and LUMO energy
levels of the material. However, in TP-based materials the HOMO and LUMO energy
levels are distributed asymmetrically on the molecule, with the HOMO located primarily
on the thiophene while the LUMO is predominantly located on the pyrazine.® Therefore,
substitutions on the pyrazine ring in TPs can essentially allow for the asymmetric
manipulation of the HOMO and LUMO energy levels in which the effect can be varied

based on the electronic nature of the substituents.8? Because the substituents interact
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through inductive effects, electron-donating and electron-withdrawing groups will either
stabilize or destabilize the LUMO energy level to a greater extent than the HOMO level.
Contrary to the trends for polythiophenes, it was found that the addition of
electron-withdrawing groups to the 2- and 3-positions of TPs reduced HOMO-LUMO
energies that led to reduced band gaps in the corresponding polymers, while electron-
donating groups increased HOMO-LUMO energies that produced materials with increased
band gaps.8* By changing the electronic nature of the substituents, it was found that TP
monomers could have their Amax Values tuned over a range of approximately 100 nm (0.92
eV) by going from the electron-donating alkoxy groups, which exhibited a Amax 0f 315 nm
that is blue shifted from the naked TP (Amax = 350 nm), to the electron-withdrawing cyano
groups, which exhibited a red shifted Amax Of 410 nm.8182 These trends also carried over
into the corresponding polymers where the dialkoxy substituted pTP exhibited a band gap
of approximately 1.2 eV, which is significantly larger than that of the analogous dialkyl
pTPs (Eg ~ 0.7 eV), while the dicyano pTP derivative exhibited a decreased band gap of
~0.5eV.% So, TP-based materials have demonstrated the ability to be quite versatile
building blocks for conjugated polymers that allow the opportunity for one to design

materials for specific applications.

1.5. Research Goals

The generation of organic semiconducting materials with tunable optical and
electronic properties is of great interest with much attention being focused on the TP
building block in recent years. The scope of conventional TPs has been limited to either

2,3-dialkyl or diaryl analogues due to the standard synthetic approach of a condensation
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reaction between 3,4-diaminothiophene and available stable a-diones. As a consequence,
this limited the ability to effectively tune the electronic and optical properties of the TP
unit. The Rasmussen group has previously demonstrated the ability to produce tunable,
low band gap materials through the generation of new families of functionalized TPs.8283
However, these materials are hindered by lack of solubility because they are highly planar
systems that exhibit a great deal of n-7 interactions, and stability due to the reactive nature
of TPs that are susceptible to oxidative polymerization. Therefore, the application of these
methods to TP-based terthienyl systems was sought as the addition of thiophenes at the
5,7-positions not only imparts increased solubility, but also lends a great deal of stability to

these materials by occupying reactive sites of the TP as well (Scheme 1.1).

O o 0=5-0 0-S=0 R R
FsC >/—\< CFs —
HN  NH NN , N N
S / \ s s ]\ s s ]\ s
\ /S \ \ /S \ / \ /S \ /

Scheme 1.1. Generation of reactive TP-based terthienyl intermediates for the
production of tunable materials.

27



Another aspect of the presented research was the development of extended fused-ring
TPs with increased solubility. Previous work has shown that extended fused-ring TPs have
the ability to produce polymers with very low band gaps, with acenaptho[1,2-b]thieno[5,4-
e]pyrazines demonstrating E4 values close to 0.5 V.3 Work was done to add multiple
solubilizing chains on the fused acenapthylene ring so that materials could be produced
that were both soluble in common organic solvents and demonstrated very low band gaps

(Scheme 1.2).

R R
R R
0] O R R ‘
o s
¢ 3
S
Scheme 1.2. Extended fused-ring TPs with solubilizing chains.

The overall goal of this research project was aimed at understanding the structure-
function relationship of the TP-based terthienyl system and how the electronic nature of
functionalities attached at the 2- and 3-positions would affect their corresponding optical
and electronic properties of the material. Such insights would allow for the understanding
of the advantageous property of TP-based materials to have their HOMO and LUMO
energy levels selectively tuned based on the electronic nature of the substituents used for

functionalization.
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CHAPTER 2. SYNTHESIS AND CHARACTERIZATION OF
THIENOI3,4-b]JPYRAZINE-BASED TERTHIENYLS:
TUNABLE PRECURUSORS FOR LOW BAND GAP

CONJUGATED MATERIALS

2.1. Introduction

Thieno[3,4-b]pyrazine (TP) is a fused-ring, thiophene-based unit that has become a
relatively popular building block for the production of low band gap (Eg < 1.5 eV) and
reduced band gap (Eq = 1.5-2.0 eV) conjugated organic materials.’* Bang gap is a critical
parameter that is responsible for many of the technologically useful properties of
conjugated polymers. Control of a material's band gap is very desirable as this affords
researchers the ability to tune the optical and electronic properties of the material,
ultimately allowing the generation of materials tailored to specific device applications.
TPs have been shown to be one of the more successful approaches towards this goal as
they allow for convenient synthetic manipulation for band gap tuning.? The TP unit itself
has been used frequently as a monomer in the production of a number of polymeric
materials.>* However, the somewhat reactive nature of TPs oftentimes causes materials
scientists to find these monomeric units difficult to work with.>* Consequently, many
favor the application of TPs in the form of terthienyl analogs in which the reactive a-
positions of the TP are substituted with 2-thienyl groups, such as in 5,7-bis(2-
thienyl)thieno[3,4-b]pyrazine (4a) (Scheme 2.1).>® Comparatively, TP-based terthienyls

undergo oxidation at much lower potentials than the simple TP monomers, but the
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increased size and conjugation length of the oligomeric terthienyls results in decreased
reactivity, thus lowering the chances of losing material through unwanted oxidative

coupling processes or decomposition.
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Scheme 2.1. Synthesis of conventional thieno[3,4-b]pyrazine-
based terthienyls via simple condensation reactions.’

Examples of TP-based terthienyls were initially reported by Yamashita and co-
workers in 1994 and have since become quite common precursors to TP-based polymeric
materials.>® These TP-based terthienyls are prepared using methods analogous to the
common monomeric TPs. To make the terthienyl analogs, the bromine functionalities of
the common precursor 2,5-dibromo-3,4-dinitrothiophene (1) are utilized in a Stille
coupling reaction with 2-(tributylstannyl)thiophene to generate the 3',4'-dinitro-2,2":5',2"-

terthiophene (2).1° Then the reduction of 2 with either SnCl or tin metal/HCI will generate
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the diamine salt and, upon neutralization with base, the diamine 3 is produced. This then
allows for typical condensation reactions with various a-diones to generate the
corresponding TP-based terthienyls. Methods such as these have been used to produce a
wide variety of unfunctionalized-, dialkyl-, diaryl-, and heteroaryl-TP-based terthienyls of
which 4a-1 in Scheme 2.1 are representative examples.>811-38

The tunability of both the monomeric TPs and their terthienyl analogs is limited by
the stability of the a-dione employed during their synthesis, as depicted in Scheme 2.1.
This limits the amount of tuning possible for these fused-ring units because the functional
groups are limited to either alkyl or aryl substituents, as determined by the available
diones. Therefore, a rather narrow range of optical and electronic variance has been
achieved with these types of systems, which ultimately hinders the production of low band
gap materials. As a means to overcome this constraint, the Rasumussen group recently
reported new synthetic methods for the production of monomeric TPs that allows for the
introduction of both strongly electron-donating and electron-withdrawing side chains.*
Herein this dissertation, work is presented that expands on this new synthetic approach to
introduce reactive leaving groups to TP-based terthienyls through the synthesis of two new
2,3-difunctionalized TP-based terthienyls, in the form of 2,3-ditriflato- and 2,3-
bis(bromomethyl)-5,7-bis(2-thienyl)thieno[3,4-b]pyrazines as precursors to a variety of
new analogues (Figure 2.1). The synthetic versatility of the precursor terthienyls 5-7 has
been demonstrated with the production of new TP-terthienyls containing electron-donating
and electron-withdrawing groups.®#° The characterization of these materials provides
further insights into the extent of which the optical and electronic properties of these

systems can be tuned through modulating the electron-donating or electron-withdrawing
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character of the TP functional groups. The bulk of the work reported in this chapter has

been published as a paper in the Journal of Organic Chemistry.®

5 X=Br 7
6 X= OSO2CF3

Figure 2.1. Thieno[3,4-b]pyrazine-based terthienyls with
good leaving groups.’

2.2. Results and Discussion

Synthesis. A synthetic approach to produce 2,3-dibromothieno[3,4-b]pyrazine (9),
the monomeric TP analogue of terthienyl 5, was previously established via the bromination
of the intermediate thieno[3,4-b]pyrazine-2,3(1H,4H)-dione (8) and is illustrated in
Scheme 2.2.3% Using this same synthetic methodology as a starting point, the approach

was applied to the generation of terthienyl 5.

(@) @) Br Br
>\ /< > <
EtO O
HoNo NHp 4 HN Ny PBrexvlenes 7 N
Z—ﬁ d OEt ~135°C
3 absolute Z/ \( BuyNBr Z/ \;
EtOH S N32CO3 S
8 9

Scheme 2.2. Previous synthesis of 2,3-dibromothieno|3,4-
b]pyrazine.®
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The condensation of diamine 3 with diethyl oxalate using the conditions that were
successful for the monomeric TP analogue resulted in very low yields (<10%) of the
desired product 10 (Scheme 2.3). The majority of the material isolated consisted of the
non-cyclized product 11 as a result of only one condensation reaction taking place. The
reaction seemed to progress much better with the addition of a catalytic amount of HCI
resulting in significantly higher yields, but also presented the problem of generating a

mixture of the desired product 10 as well as byproduct 12.
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o 0 o
EtO 0
o OEt
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4
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EtOH \ / S \ \ / S \ /
o o 10 12
EtOH:H,O | EtO /o
(50:50)
cat. HCI O OEt HN NH
) L + trace 12
s I\ s
\ /) S \
10 (85%)

Scheme 2.3. Synthesis of 5,7-bis(2-thienyl)thieno[3,4-b]pyrazine-2,3(1H,4H)-
dione.®

Diamide 10 could be selectively extracted from the mixture by aqueous KOH, as
the desired product was soluble in aqueous basic solutions, while the byproduct was not.

However, this resulted in a significant reduction of yield as the ratio of the two species in
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the mixture was approximately 2.8:1, as shown in Scheme 2.3. Attempts were made to
shift this ratio by treatment of the mixture with aqueous HCI at reflux temperatures, but
this ultimately had no effect on the amount of byproduct in the mixture. Finally, changing
the solvent conditions of the reaction to a 50:50 water-ethanol mixture significantly
increased the formation of 10 with only trace amounts of the byproduct 12 now observed.
These modified conditions allowed for the successful production of the desired product 10
in isolated yields of 85%. Its structure was also confirmed by X-ray crystallography.

As a means to discover the reasoning for the formation of the byproduct 12 in these
reactions, a pure sample of 10 was heated at reflux in absolute ethanol containing a
catalytic amount of HCI over a period of 24 h. Under the described conditions,
approximately 53% of the original sample of 10 was converted to 12. This experiment
confirmed that 12 was being produced via the nucleophilic attack of ethanol on 10, rather
than directly from the condensation of diethyl oxalate and diamine 3 as illustrated below in
Scheme 2.4. The enhanced ethanol solubility of 10 in comparison to the monomeric
analogue 8 and the presence of catalytic amounts of HCI are believed to have been
responsible for the difference in reactivity ultimately producing the undesirable byproduct.
This problem was circumvented by moving to a more polar solvent mixture that reduced
the solubility of 10 so the product would crash out of solution upon formation, therefore
inhibiting the side reaction with ethanol. An ethanol-water mixture was found to be
suitable as it still allowed for the efficient production of diamide 10 as well as eliminating
the production of the unwanted byproduct 12.

Now that the production of 10 had been accomplished, focus was turned to its

conversion to the corresponding 2,3-dibromo-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine (5)
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* Alternative mechanism for the generation of byproduct 12
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Scheme 2.4. Proposed and alternative mechanisms for the generation of byproduct 12.

via the conditions that were previously established for the conversion of the monomeric TP
analogue 8 to the 2,3-dibromo analogue 9 (Scheme 2.2).3° However, it was again
determined that the conditions that were successful for monomeric TPs did not translate
well to the corresponding terthienyl analogues. Attempts to convert 10 to 5 resulted in
very low yields, which were routinely less than 10%, and produced significant amounts of
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black insoluble material that is indicative of oxidative polymerization, as shown below in
Scheme 2.5. The conditions used in the bromination reaction depicted in Scheme 2.2 were
previously optimized to reduce decomposition of TP-based materials via oxidative
coupling and polymerization processes, but the processes could not be completely
eliminated in the presence of the oxidative conditions of the PBrs mixtures.3®
Decomposition via oxidative processes became a much more significant problem with
terthienyls 5 and 10 as these species undergo oxidation at potentials close to 1.0 V (~0.80-
0.90 V) lower than their corresponding monomeric analogs, which severely hindered the

successful production of the desired dibromo product 5 under these conditions.?

Br Br O 0] F3COZSO OSOZCF3
PBrs/xylenes
. ~135°C O(SOzCF3)2
Bu4NBr
Na2003 U
5 (~5-10%) 6 (95-99%)

Scheme 2.5. Conversion of 10 to TP-based terthienyls with good leaving groups.®

An alternate method for the generation of TP-based terthienyls containing good
leaving groups was sought because of the difficulties encountered with the production of
dibromo 5. Activation of amides with triflic anhydride to generate triflatoiminium triflate
salts had been reported by many groups, so effort was made to apply similar conditions to
diamide 10 in an attempt to produce the ditriflato analogue 6, as shown in Scheme 2.5.4-44
Typical conditions for these types of reactions commonly utilized various pyridine bases to

neutralize the triflic acid generated in the process, with the application of less bulky
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pyridines shown to undergo substitution reactions with the triflatoimine product to
generate the pyridinium species.**** Therefore, a less nucleophilic and cost-effective base,
2,6-lutidine, was used in order to avoid these kinds of secondary reactions with the
pyridine base. Subsequently, the treatment of 10 with 2.2 equivalents of triflic anhydride
and 2.6 equivalents of 2,6-lutidine allowed for the successful production of the desired
ditriflato species 6 as a reactive, yet stable, purple solid in near quantitative yields.

A proposed mechanism for the transformation of diamide 10 to ditriflato 6 is shown
in Scheme 2.6 and is based on previously reported mechanistic studies of similar amide
activation reactions.*® It is thought that under the basic conditions of the reaction the
nucleophilic amide carbonyl oxygen will attack a sulfonyl group of the triflic anhydride
and displace the triflate base, which would then form a salt with the pyridinium acid after
hydrogen abstraction. Also, it is possible that the 2,6-lutidine will react with the triflic
anhydride first to generate 2,6-dimethyl-N-(trifluoromethylsulfonyl)pyridinium triflate,
which would be analogous to previously reported methods utilizing pyridine.** However,
it was thought that the reduced nucleophilicity of the 2,6-lutidine would limit this process
or possibly eliminate it all together. If the pyridimium intermediate was produced, the
proposed mechanism would be essentially the same with the only deviation lying in the
exact identity of the electrophile in the initial step.

Once the successful generation of ditriflato 6 had been accomplished, effort was
made towards the application of 6 to the production of new difunctionalized TP-based
terthienyls, with three such examples shown in Scheme 2.7. The three new TP-based
terthienyls include the diethylamino species 13, dihexyloxy species 14, and the

phenylethynyl analogue 15. All of these new TP-based terthienyls were produced in
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moderate to good yields by simple nucleophilic aromatic substitution of the triflate groups
of 6. However, the applications of electron-withdrawing moieties, such as acyl, nitro, and
nitrile functionalities, in substitution reactions as well as catalytic transformations were all
unsuccessful in producing the corresponding TP-based terthienyls. Ditriflato 6 was found
to be unstable in polar solvents, such as acetonitrile (ACN), dimethylformamide (DMF),

and dimethylsulfoxide (DMSOQ) and led to the generation of complex mixtures of products.

F3C0,S. (2 SO,CFs
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Fi00,S. S0,CF3  ~— U B=U Tf = SO,CFs

Scheme 2.6. Proposed mechanism for the formation of terthienyl 6.°
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Scheme 2.7. Generation of new TP-based terthienyls via simple
substitution of 6.°
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Lastly, to further expand the variety of functionality possible in TP-based
terthienyls, the bis(bromomethyl) analogue 7 (Scheme 2.8) was produced via the room
temperature condensation of diaminoterthiophene 3 with the commercially available 1,4-
dibromo-2,3-butanedione. As in the case of 6 above, ether (16a,b) or amine (17)
functionalities are then produced via simple substitution reactions. However, these
substitutions have a propensity to generate byproducts based upon 16a, 16b, and 17
undergoing side reactions that are structurally similar to their parent compounds, which are
especially noticeable when strong nucleophiles are used. It is possible that the methylene
spacer could behave similarly to traditional benzylic protons, which exhibit enhanced
reactivity towards processes that involve oxidation, free-radical halogenation, and
hydrogenolysis.** This enhanced reactivity could explain the generation of many
byproducts that have similar spectral characteristics compared to the desired products.

As in the case for the ditriflato 6, significant effort was also applied towards the
generation of electron-withdrawing moieties form 7 to further enhance the scope of TP-
based terthienyls. Such attempts included the incorporation of acyl, nitro, and nitrile
functionalities, but again, these efforts only produced complex mixtures of products whose
identities could not be established. It is thought that the electron-deficient nature of the
pyrazine ring makes the 2- and 3-positions weak nucleophiles that will not readily undergo
simple substitution reactions as well as some catalytic transformations. Therefore,
methods utilizing various transition metal catalysts with an appropriate corresponding
ligand will likely be needed for the successful incorporation of electron-withdrawing

substituents on the TP-based terthienyl building block.
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Scheme 2.8. Synthesis of new 2,3-difunctionalized TP-based terthienyls from
precursor 7.

X-ray Crystallography. X-ray quality crystals of the precursor diamide 10 were
grown from the slow evaporation of methanol solutions and selected bond angles are given
below in Table 2.1. There are multiple tautomeric forms that the cyclic diamide ring of
pyrazine-2,3(1H,4H)-dione ring of 10 can adopt and are represented in Scheme 2.9. The
equilibrium of typical amides favors the amide tautomer almost exclusively over the
iminol, with a K = 108, regardless of the nature of any functional group bound to the

carbonyl. 4647

@) @) HO O HO OH
/ 7 N\
HN NH ==— N NH =— N N
\—/ \—/ \—/

Scheme 2.9. Possible tautomeric forms of pyrazine-
2,3-dione.®
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If one of the tautomeric forms of the amide would favor an aromatic system one
could reasonably expect that the aromatic state would dominate. One such system does
seem to follow this line of reasoning, as is the case for the cyclic system of 4-
hydroxypyrimide, in which the iminol form represents an aromatic system. In fact, this
does seem to hold true in the gas phase, where the equilibrium for 4-hydroxypyrimide to
exist in the aromatic iminol form has been reported to be near unity.*® However, the
authors also suggest that the oxo, or amide, form is again thought to predominate in either

solution or the crystalline state.*®

Table 2.1. Experimental bond lengths of 5,7-bis(2-thienyl)thieno|3,4-
blpyrazine-2,3(1H,4H)-dione (10) and 2,3-difunctionalized 5,7-bis(2-
thienyl)thieno[3,4-b]pyrazines 4b, 4e, 7 and 14.°

X1 X2
\ /
77 Cs 10 X=0
N4 /N2 4b X=C
\/Ce—C\g 7 X=C-Br
S 14 X=0-C
PN —Cs Cio0.~" EN 6
C\1 /C4 \Sz/ C\11 /C14 4e X =Cp
Co—C3 C12°Cq3
Bond 10 4b° 7 14 4e’

S(1)-C(d)  1.6993) 1.719G)  1.6953) 1.7272)  1.712(7)
C)-C2)  1360(4) 1340(1) 13434) 13592)  1.320(1)
CR)R-C(d) 1414(4) 1424(7) 1371(7)  1422Q2)  1.390(1)
CQR):-C(3) 14433) 1417(8) 1.488(8) 1.42822) 1.410(1)
CA)-C(5)  1456(3) 1442(7) 1438(3)  14452)  1.450(1)
SQ2)-C5)  1.7273)  1.7195) 1.7332) 1.7352)  1.713(6)
C(5)-C6)  1376(2)  1406(7) 1394(3) 1380(2)  1.399(9)
C(6)-C(9) 1420(4) 1418(6) 1426(3) 14192)  1.427(9)
N(1)-C(6) 1.394(3) 1.381(6) 1.370(3) 1.382(2) 1.371(7)
N(D-C(7)  13552)  1298(7) 13113) 1291Q2)  1.313(9)
C(-C8)  1537(4)  1469(7) 14583) 1.4692)  1.470(1)
COH-X(1)  12223) 14958) 1489(3) 1341(2)  1.489(7)
“Ref. 5a. "Ref. 16a.
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The combination of a cyclic system capable of an aromatic form and two different
amide groups that are both able to undergo tautomerism for diamide 10 could further favor
the iminol form. However, this does not seem to be the case as the structure of 10 appears
to consist exclusively of the dione tautomer in its crystalline solid-state, with the structure
shown in Figure 2.2. The C-O bond lengths shown in this case are 1.222 and 1.226 A,
which are both slightly shorter than the C=0 bond lengths of 1.23 A that are typically
observed in carbonyl systems.** While the C-N bond lengths, 1.355 and 1.351 A
respectively, exhibit some shortening when compared to the pure C—N single bond, which
typically has a bond length of 1.47 A, they are still longer than that reported for formamide
(1.32 A).*° Using this x-ray crystallographic data, it can be reasonably assumed that the
dione structure presented in Schemes 2.3 through 2.5 is indeed an accurate representation

of the crystalline structure of diamide 10.

Figure 2.2. Thermal ellipsoid plot of 5,7-Bis(2-thienyl)thieno[3,4-
b]pyrazine-2,3(1H,4H)-dione (10) at the 50% probability level.
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The X-ray quality crystals of the TP-based terthienyls 7 and 14, with structures
shown in Figures 2.3 and 2.4, were also obtained and selected bond lengths are given in
Table 2.1. Previously reported data from the analogues 4b and 4e are included so
comparisons can be made between the presented data and literature values.>?® The bond
lengths and angles of all four TP-based terthienyls are in fairly good agreement and in all
of the reported cases the terthienyl backbones adopted a predominately s-trans
configuration, which is analogous to a-terthiophenes.>® Previously reported TP-based
terthienyls exhibited non-planar conjugated backbones with the external thiophenes rotated
approximately 10° to 25° out-of-plane in regards to the central TP unit.>? However, both
terthienyls 7 and 14 showed near-planar geometries, which is also consistent with the
structure of a-terthiophene. Terthienyl 14 exhibits torsion angles of 7.9° and 8.9°, which is
similar to that of a-terthiophene that has torsion angles of 6° to 9°, while 7 exhibits a very
near planar backbone with torsion angles of only 0.7° and 1.2° respectively.>

Previously reported monomeric TPs were shown to exhibit some bond fixation
within the fused pyrazine ring and similar results were obtained for all three TP-based
terthienyls shown here.1*® In the case of the parent pyrazine heterocycle, the delocalized
structure results in four equivalent C-N bonds, however, the fused pyrazine ring of TPs
exhibits elongation of the thiophene-N bonds and shortening of the exterior C-N bonds of
the pyrazine ring, for example N(1)-C(7). As shown in Table 2.1, the exterior C-N bond
lengths have an average length of 1.30 A and are nearly equivalent to that of localized
C=N bonds, which are typically 1.28 A.5! Comparison of the TP of 14 with the analogous
bonds of 10 further illustrates the structural distinction between the diamide form of 10 and

the dialkoxyaromatic pyrazine ring of 14. As one would expect, the N(1)-C(7) bond of 14
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exhibits significant shortening in comparison to diamide 10, which has bond lengths of
1.291 A and 1.355 A respectively. Additionally, the alkoxy C-O bond of 14 exhibits
notable elongation relative to the C=0 bond of 10 (1.341 vs. 1.222 A), which supports
previous conclusions about the true nature of the pyrazine rings in these TP-based

terthienyl systems.

Cc1

Figure 2.3. Thermal ellipsoid plot of 2,3-Bis(bromomethyl)-5,7-bis(2-
thienyl)thieno[3,4-b]pyrazine (7) at the 50% probability level.

Some mixing of the S1/C3 and S3/C12 positions of the external thiophenes of the
TP-based terthienyls due to the positional disorder resulting from a portion of the
thiophenes that are rotated 180° around the interannular bond is expected. The example
where this is most prominent is in the structure of 7, which exhibits positional disorder in

both external rings that result in approximately 17.32% mixing of the S1/C3 positions and
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31.53% mixing of the S3/C12 positions. Similarly, terthienyl 14 exhibits disorder in the
external thiophenes, but only does so for one of the rings, in which a mixing of
approximately 7.43% for the S3/C12 positions is observed. Other noticeable deviations
include shortened external a-f-C—C bonds where C(1)-C(2) bond lengths are between 1.32
A and 1.36 A in comparison to the parent thiophene, which is 1.370 A.5? The
crystallographic data presented here for both the positional disorder of the external
thiophenes and the shortening of external a-p-C—C bonds is consistent with previously
reported results for other oligothiophenes,®*® as well as the previous TP-based terthienyls

4b and 4e.52°

C1

/° C20

-

Figure 2.4. Thermal ellipsoid plot of 2,3-dihexyloxy-5,7-bis(2-
thienyl)thieno[3,4-b]pyrazine (14) at the 50% probability level.
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UV-vis Spectroscopy. The spectral data of a number of TP-based terthienyls are
given in Table 2.2 with a representative UV-vis spectrum of 4b shown in Figure 2.5. The
absorption properties of TP-based terthienyls are characterized by a broad, low energy
transition, which is formally assigned as an intramolecular charge transfer (ICT) band and
higher energy transitions that are formally assigned as n—=* transitions. This assignment
of the transitions is consistent with previous photophysical studies, which have shown that
the lowest energy absorption of monomeric TPs is a broad ICT band resulting from a
transition between a HOMO that is predominately thiophene-localized and a LUMO that

has a greater contribution from pyrazine.-3%5¢
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Figure 2.5. UV-visible spectrum of TP-based terthienyl 4b in
CH3CN.?

In the case for TP-based terthienyls, the LUMO is still dominated by pyrazine
contributions, but the addition of the 2-thienyl groups to the 5- and 7-positions of the TP
unit in TP-based terthienyls results in a HOMO which is now delocalized across the entire
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terthienyl backbone (Figure 2.5). The significant red-shift observed for dialkylTP-based
terthienyls in comparison to the parent a-terthiophene (492 vs. 354 nm) is a result of the
ICT nature of the low energy transition and is observed in all TP-based materials.>” As can
be seen in Table 2.2, the extinction coefficients and oscillator strengths of these transitions
are somewhat low and can be explained by the reduced "allowedness™ of the transition as a

result of limited spatial overlap of the orbitals involved in the ICT transition.>®

Table 2.2.° UV-visible absorption data for a series of TP-based terthienyls.”

. So—S1 (ICT) So—>S2 (T>7*)

Terthienyl Amax (NM) & (Mcm™) f Amax (NM) & (M*cm?) f
4b 492 12100 0.242 339 21000 0.268
4f 540 7800 0.123 338 45100 0.908
5 542 7400 0.134 313 35400 1.391

6 556 b b 337 b b
7 544 7100 0.146 312 33300 1.012
13 404 11800 0.225 348 12800 0.163
14 444 10200 0.193 328 19000 0.390
15 586 4400 0.065 361 58000 1.327
16a 511 9600 0.192 339 21400 0.349
17 500 9600 0.197 338 19300 0.321

“Tn CH3CN. ? Accurate determination not possible due to reaction with solvent.

The two stronger sets of bands that are observed in the higher-energy region of 250
nm to 350 nm can be assigned as two n—=* transitions, which are localized primarily
along the terthienyl backbone. As one would expect, the energies of these higher-energy
transitions agree well with the absorption energies that have been previously reported for
a-terthiophene.®” For the most part, the extinction coefficients for these n—n* bands fall
roughly between 20-58 x10° M cm, with corresponding oscillator strengths of

approximately 0.30-1.30 and ranging from moderately allowed to fully allowed
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transitions. The outlier in this case is 13, which exhibits an extinction coefficient for the

n—n* band of about 13 x10° Mt cm™, with a corresponding oscillator strength of 0.163.

The reduced allowedness observed for 13 is thought to arise from increased contributions
from n—r* transitions because of the appended amine functionalities.

The overall effect of the side chains in the TP-based terthienyls is similar to that
previously reported for the monomeric TP analogues, but does exhibit some significant
differences.®®* The HOMO-LUMO energy, and thus the energy of the ICT transition,
decreases as the electron-withdrawing nature of the side chain increases, as shown in both

Table 2.2 and the absorption spectra in Figure 2.6.

— 13
— 14
— 4b

16a

Normalized Absorbance

electron-withdrawing strength of side ch%
1 T I ¥ T T T T

400 500 600 700 800
Wavelength (nm)

Figure 2.6. Normalized visible spectra of a series of TP-based
terthienyls.®

Therefore, by simply changing the identity of the side chains of the TP-based
terthienyls reported here, it is possible to shift the Amax of the ICT transition by over 180

nm. When presented in terms of wavelength, the extent of tuning observed in the TP-based
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terthienyls appears to be even greater than that previously reported for the simple
monomeric TP analogues (180 nm vs. 95 nm).>°® However, when viewed in terms of a
linear electron-volt scale, the changes in energy are actually very similar, with the TP-
based terthienyls exhibiting a tunable range of 0.95 eV versus 0.92 eV for the monomeric

TP analogues.®

Electrochemistry. The electrochemical data of the TP-based terthienyls is given in
Table 2.3 with a representative cyclic voltammogram shown in Figure 2.7. The TP-based
terthienyls exhibit a well-defined irreversible oxidation that can be assigned to the
oxidation of the terthiophene backbone, as well as a quasireversible pyrazine-based

reduction that is similarly seen in typical monomeric TPs.39°°

f ' ;
-1000 -2000
Potential (mV vs, Ag/Ag*)

Figure 2.7. Cyclic voltammogram of terthienyl 7.°

Like the majority of thiophene species, the irreversible nature of the oxidation here
is due to the formation of thiophene-based radical cations. These radical cations can then
undergo rapid coupling that result in production of higher oligomeric and polymeric

species, which accounts for the observed irreversibility. It should also be noted that for
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terthienyls 13 (2,3-bis(N,N-diethylamino))- and 17 (2,3-bis(N,N-diethylaminomethyl))-,
the alkylamino side chains are also redox active, therefore, oxidations of both the amine
functionality and the thiophene are observed. In both of these cases, the initial oxidation
can be attributed to the amine, as is the case for previously observed electrochemical
measurements reported for 3-(N-alkylamino)thiophenes and the related 2,3-di(N-

decylamino)thieno[3,4-b]pyrazine.3%60

Table 2.3.° Electrochemical data for a series of TP-based terthienyls®

. Oxidation Reduction
Terthienyl
Ep*, V Ev, V AE, mV

4b 0.50 -1.68 100
4f 0.54 -1.46 60

5 0.70 -1.14° -

6 0.80 -0.99° -

7 0.62 -1.26 160
13 -0.06¢,0.24 Nwsw -
14 0.45 -2.03 90
15 0.59 -0.96° -
16a 0.57 -1.48 110
16b 0.57 -1.48 120
17 0.32¢,0.62 -1.65 90

“All potentials vs. Ag/Ag". nwsw = not within solvent window.
’Irreversible, value corresponds to E,°. “Nitrogen-based oxidation.

With the TP-based terthienyl system, the potential of oxidation becomes more
positive as the electron-withdrawing nature of the side chain is increased, indicative of a
stabilization of the HOMO and is similar to the trend previously seen for the monomeric
TP analogues.®® All of TP-based terthienyls reported here still undergo oxidation at lower

potentials than that of the parent a-terthiophene (0.65 V vs. Ag/Ag"), with the exception of
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terthienyls 5 and 6, which incorporate highly electron-withdrawing functionalities that
push their potential of oxidation out to 0.70 V and 0.80 V, respectively.®* The effect on the
reduction potentials follows the opposing trend, as should be expected, with electron-
withdrawing groups decreasing the corresponding reduction potentials to as low as -0.99
V. Similarly, functionalities that are electron-donating groups decrease the potential of
oxidation, as well as increase the reduction potential. In some cases, TP-based terthienyls
with strongly donating groups, such as dialkylamino, the extent that the reduction potential
is shifted is such that it is no longer within the measureable solvent window of CH3CN.
Terthienyl 15, which exhibits extended conjugation through the phenylethynyl
functionalities, behaved significantly different that the rest of the terthienyls with an
additional sharp irreversible oxidation that was observed at -60 mV after cycling through
the reduction that occurs at approximately -1 V. While the exact nature of this additional
redox process is currently unknown, it is believed that this may be the result of a redox-
initiated 1,5-cyclization of the enediyne structure. Similar cyclization of enediynes via both
oxidation and reduction process have been previously reported and a separate study of the
electrochemical, photochemical, and thermal cyclization of 15 should be undertaken, 626364
Despite the fact that the side chain effect on the reduction potentials of the TP-
based terthienyls is essentially the same as that previously seen with the monomeric TPs,
the effect on the potential of oxidation is significantly diminished in the corresponding
terthienyl analogues. For example, changing the functional groups of monomeric TPs
from the hexyloxy to methylbromo results in nearly a 300 mV shift in the potential of
oxidation, while in comparison a shift of only 170 mV is observed for the exact same

change in the TP-based terthienyls.®® This difference can be attributed to the effect of the
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two additional 2-thienyl groups in the terthienyls, where the thiophenes of the terthienyl
backbone contribute more significantly to the HOMO than the functional groups at the 2-
and 3-positions of the central TP unit. This is illustrated by a shift in the potential of
oxidation by 850 mV from monomeric TP to TP-based terthienyl and is a result of
increased delocalization of the HOMO across the terthienyl backbone as well as significant
destabilization of the HOMO energy.>*>° Therefore, the side chain effects of the central
TP unit are diluted across the entire conjugated backbone, which causes the destabilization
of the HOMO by the added external thiophenes, that effectively overpowers the weaker
contributions of the TP side chains.

As a means to demonstrate the magnitude of the structure-function relationships in
TP-based terthienyls described here, the data was further analyzed via a Hammett plot.
The variations observed in the potentials of both the oxidation and reduction of the TP-
based terthienyls correlate well with the respective Hammett substituent constants (c,* or
o, ) and are shown in Figure 2.8. Shifts in redox potentials of comparable molecular
species are dependent on a number of factors exerted on the parent molecule by the
substituents, which include polar, steric, and mesomeric effects, and can be described by
the Hammett-Taft equation:

E=pwc+S§
where p.c describes the polar-mesomeric parameters and S takes into account the steric
factors. 39606568 Cases where the steric interactions that are a result of the added functional
groups are low or comparable (i.e. S is constant), linear relationships are found between

the potential of oxidation and o", as well as for the reduction potential and o,
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Potential (V vs. Ag/Ag*)

Figure 2.8. Hammet plot of TP-based terthienyls.®
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Both the plots, the oxidation vs. op" and the reduction vs. op-, give linear

relationships with respective R values of 0.900 and 0.953, and are shown above in Figure

2.8. The plot for the potential of oxidation gives a p.value of 0.113, which is exactly one-

third of the value previously found for the corresponding monomeric thieno|[3,4-

b]pyrazines that were shown to give a p.= 0.340.2% The one-third reduction of the p, value
for the side chain effects is perfectly consistent with the fact that only one-third of that
backbone is comprised of a functionalized TP unit and the oxidation of the TP-terthienyls
is now delocalized across the terthienyl backbone. The p.value for the TP-based
terthienyls was also significantly lower than that observed for typical thiophenes, which
have a p.= 0.80.%>% Lower p, values for the analogous sets of thieno[3,4-b]pyrazine

compounds, TP-based terthienyls and monomeric TPs, is indicative of a diminished effect



of the functional group on the potential of oxidation in these species. The diminished
effect on the potential of oxidation is expected as the functional groups are spatially
removed from the site of oxidation, which is localized either on the thiophene ring of the
TP unit or across the terthienyl backbone.

The Hammett plot of the reduction potentials of the TP-based terthienyls gives a
higher value of p. = 0.694 as expected, which is indicative of a greater effect of the
functional group on the TP reduction. However, what was unexpected is the fact that this
value is considerably larger than that previously found for the monomeric thieno[3,4-
b]pyrazines, which was shown to have a p, = 0.463.%° The contributions of the side chains
to the pyrazine ring should be identical between both the TP monomers and the TP-based
terthienyls, therefore, the p-values should be fairly consistent. Re-evaluation of the
original TP data set indicated that there was one out-lying data point, which belonged to
the 2,3-dicyanothieno[3,4-b]pyrazine monomer, that was responsible for the skewing of
the determined slope.3® Once this data point was removed, the newly calculated p, value of
0.613 for the TP monomers now demonstrated to be in good agreement with the TP-based
terthienyls studied here. The cause of the poor correlation for the 2,3-dicyanothieno[3,4-
b]pyrazine monomer is currently unknown and the study of its electrochemistry in greater

detail is recommended.®®

2.3. Conclusion
The work presented herein describes the synthesis and characterization of new
classes of TP-based terthienyls containing electron-donating and electron-withdrawing

groups that have been prepared from terthienyls containing central 2,3-ditriflato- and 2,3-
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bis(bromomethyl)-5,7-bis(2-thienyl)thieno[3,4-b]pyrazines. The ability to vary the
functional groups allows for a significant degree of tuning of the electronic and optical
properties of these popular conjugated building blocks, as was previously demonstrated for
the thieno[3,4-b]pyrazine monomers.®® It was shown here that the addition of the terminal
thiophenes of the TP-based terthienyls reduced the effect of the functional groups on the
modulation of the HOMO energies by approximately one-third when compared to that of
the TP monomers. However, it was also demonstrated that the effect on the modulation of
the corresponding LUMO energies was analogous to that found with the TP monomers.
The tunability of these TP-based terthienyls is complementary to that of the TP monomers,
with variations of the HOMO-LUMO gap energies of these materials of almost a full 1.0
eV. As such, the robust nature of TP-based materials, the tunability of these systems, and
the degree to which they have been studied provides reason to believe that these materials
are indeed a promising class of building blocks for the production of new low band gap

materials.

2.4. Experimental Methods

General. Unless noted, all materials were reagent grade and used without further
purification. Chromatographic separations were performed using standard column
chromatography methods with silica gel (230-400 mesh). Dry THF and xylenes were
obtained via distillation over sodium/benzophenone. All glassware was oven-dried,
assembled hot, and cooled under a dry nitrogen stream before use. Transfer of liquids was
carried out using standard syringe techniques and all reactions were performed under a dry

nitrogen stream. Melting points were determined using a digital thermal couple with a 0.1
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°C resolution. The *H NMR and **C NMR were completed on a 400 MHz spectrometer.
All NMR data was referenced to the chloroform signal and peak multiplicity was reported
as follows: s =singlet, d = doublet, t = triplet, q = quartet, p = pentet, dd = doublet of
doublets, m = multiplet and br = broad. HRMS was performed in house.

Materials. 2,5-Dibromo-3,4-dinitrothiophene (1),*’ tributyl(2-thienyl)stannane,®®
2,3-dimethyl-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine (4b),® 2,3-diphenyl-5,7-bis(2-
thienyl)thieno[3,4-b]pyrazine (4f),'” and PBrs'® were all prepared as previously reported.
Xylenes and THF were distilled from sodium/benzophenone prior to use. CH2Cl, and
CH3CN were dried over CaH and distilled prior to use. DMF was dried over MgSQOg prior
to use. All other materials were reagent grade and used without further purification.

3',4'-Dinitro-2,2':5',2""-terthiophene (2). The following is a modification of
previously reported methods.® Compound 1 (17.2 g, 51.8 mmol) and tributyl(2-
thienyl)stannane (42.51 g, 114 mmol) were added to dry THF (250 mL), followed by the
addition of PdCI>(PPhz)2 (0.364 g, 1 mol %). The mixture was heated to reflux for 16 h.
After cooling, the reaction mixture was concentrated under vacuum to approximately 50
mL. Hexanes were then added and the resulting orange precipitate was filtered and
washed with hexanes. The solid was recrystallized in methanol and purified by silica
chromatography (gradient of hexanes to 20% CH2Cl in hexanes) to give 12.3-13.1 g (70-
75%). mp 144-145 °C (lit.5*149-151 °C). *H NMR: § 7.61 (dd, J = 1.2, 5.2 Hz, 2H), 7.55
(dd, J=1.2, 3.6 Hz, 2H), 7.18 (dd, J = 3.6, 5.2 Hz, 2H); 1*C NMR: § 136.2, 134.1, 131.5,
131.4,128.6, 128.3.

3",4'-Diamino-2,2':5',2" -terthiophene (3). The following is a modification of

previously reported methods.® Terthiophene 2 (13.5 g, 40.0 mmol) was suspended in a
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mixture of ethanol (340 mL) and concentrated HCI (280 mL). Tin metal (45.6 g, 384
mmol) was then added slowly in small portions and the mixture stirred at room
temperature for 72 h. The mixture was then cooled to -25°C, filtered, and the isolated solid
washed with diethyl ether. The light green diammonium salt was added to 400 mL of cold
water and made basic with 1 M KOH. The basic solution was then extracted with CH2Cl>
until no color was observed in the extract. The combined organics were dried with MgSQea,
filtered, and concentrated under vacuum. The crude product was purified by silica
chromatography (gradient CHCls to 5% triethylamine in CHCIs) to give 8.4-8.9 g of a
yellow-brown powder (75-80%). mp 90-92 °C (lit.% 96.0-96.5 °C). *H NMR: & 7.25 (dd, J
=1.2, 3.6 Hz, 2H), 7.07 (m, 4H), 3.71 (s, 4H). 3C NMR: § 136.2, 133.8, 128.0, 124.2,
124.1, 110.4. All NMR values agree with previously reported values.®
5,7-Bis(2-thienyl)thieno[3,4-b]pyrazine-2,3(1H,4H)-dione (10). Diamine 3 (1.39
g, 5.0 mmol) was added to 120 mL of a 1:1 ethanol:water mixture under a nitrogen
atmosphere. Diethyl oxalate (5.98 mL, 44 mmol) and concentrated HCI (0.20 mL, 6.5
mmol) were then added and heated at reflux for 24 h. The mixture was then cooled to room
temperature and the ethanol removed under vacuum. The remaining mixture was then
cooled in a freezer, after which the resulting precipitate was collected via vacuum filtration
and washed with water (300 mL). The collected solid was then dissolved in 1 M aqueous
KOH (500 mL) and filtered to remove any undissolved material. The KOH solution was
then made acidic and the resulting precipitate collected via vacuum filtration. The solid
was washed with water (~100 mL) and then diethyl ether until dry to produce 1.33-1.41 g

of a yellow powder (80-85%). mp 216 °C dec. *H NMR: ¢ 7.17 (m, 4H), 7.46 (dd, J = 2.0,
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4.4 Hz, 2H), 8.68 (br, 2H); *C NMR (d-DMSO): ¢ 159.1, 136.4, 133.9, 133.2, 132.6,
129.3, 115.6; HRMS m/z 354.9642 [M + Na]" (calcd for C14HgN2NaO2S3 354.9640).
2,3-Dibromo-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine (5). The reagents PBrs
(0.32 g, 0.75 mmol), BusNBr (0.19 g, 0.60 mmol), and Na2CO3z (0.06 g, 0.6 mmol) were
added to 50 mL of xylenes in a 100 mL round-bottom flask equipped with a Vigreaux
column. To this column was fitted a condenser with an outlet submerged in 2.5 M aqueous
KOH solution. The entire assembly was maintained under a gentle stream of nitrogen. The
reaction mixture was then heated to reflux, which resulted in a color change from deep red
to light yellow-orange. Compound 10 (0.10 g, 0.30 mmol) was then added, and the
reaction was allowed to stir at reflux overnight. The reaction was quenched with a
saturated aqueous NH4Cl solution (100 mL) and extracted with CH>Cl> (3 x 50 mL). The
combined organic layers were dried with anhydrous MgSQs4, concentrated, and purified by
column chromatography (2% CH2Cl. in hexanes) to give ~10 mg of a purple solid (<10%
yield). 'H NMR: § 7.64 (dd, J = 1.1, 3.7 Hz, 2H), 7.42 (dd, J = 1.1, 5.1 Hz, 2H), 7.13 (dd, J
=3.7,5.1 Hz, 2H).
2,3-Bis(trifluoromethanesulfonato)-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine (6).
Dione 10 (1.10 g, 3.3 mmol) was added to a flask under a nitrogen atmosphere, which was
then charged with 2,6-lutidine (0.92 g, 8.6 mmol) and dry CH,ClI, (150 mL) and cooled to
—10 °C in an ice/salt bath. Once cooled, trifluoromethanesulfonic anhydride (7.26 mL, 1.0
M in CH2Cl2, 7.26 mmol) was added dropwise over 1 h to limit heat evolution. The
reaction was then quenched with saturated ag. NaHCO3 (200 mL) and extracted with
CH2Cl> (3 x 100 mL). The combined organics were dried with MgSOsa, filtered, and

concentrated. The crude product was purified by silica chromatography (1:1
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CH,Cl2:hexanes) to give 1.87-1.95 g of a purple solid (95-99%). mp 174°C dec. *H NMR:
07.63(dd, J=1.2, 3.6 Hz, 2H), 7.47 (dd, J = 1.2, 5.2 Hz, 2H), 7.15 (dd, J = 3.6, 5.2 Hz,
2H); 3C NMR: 6 139.8, 133.1, 132.7, 128.4, 126.7, 128.1, 127.5, 126.6, 118.7 (q, Jc-r =
300 Hz); HRMS m/z 618.8601 [M + Na]* (calcd for C1sHsFsN20sSsNa 618.8626).

2,3-Bis(N,N-diethylamino)-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine (13).
Ditriflate 6 (0.190 g, 0.32 mmol) was added to a flask and brought under a nitrogen
atmosphere. Dry CH2Cl (40 mL) was added, followed by the addition of N,N-
diethylamine (10.0 mL, 193 mmol). The reaction was allowed to stir at room temperature
overnight, after which it was quenched with saturated ag. NaHCO3 (100 mL) and extracted
with CH2Cl; (3 x 50 mL). The combined organics were dried with MgSQOyg, filtered, and
concentrated. The crude product was purified by basic silica chromatography (prepared
with 80:20 hexanes:CHCl, containing 3% triethylamine, eluted with hexanes:CH2Cl>) to
give 0.13-0.14 g of a shiny red-orange solid (90-95%). mp 106-109 °C; *H NMR: § 7.43
(dd, J=1.2, 3.6 Hz, 2H), 7.27 (dd, J = 1.2, 5.2 Hz, 2H), 7.06 (dd, J = 3.6, 5.2 Hz, 2H),
3.64 (9, J=7.1Hz, 8H), 1.17 (t, J = 7.1 Hz, 12H); *C NMR: 6 12.9, 43.9, 118.3, 122.2,
124.8,126.9, 135.8, 136.3, 148.6; HRMS m/z 443.1393 [M + H]" (calcd for C22H26N4S3H
443.1392).

2,3-Dihexyloxy-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine (14). Sodium hexyloxide
was prepared by the addition of NaH (0.20 g, 5.0 mmol, 60-65% in oil) to a flask under a
nitrogen atmosphere. The oil was removed with hexanes washes (2 x 10 mL) and the
remaining NaH brought to dryness under vacuum. The flask was then equipped with an
addition funnel charged with ditriflate 6 (0.298 g, 0.5 mmol) in 50 mL of dry CH,Cl», after

which dry DMF (50 mL) was added to the reaction flask. The reaction was cooled to -
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15°C in an ice/salt bath and 1-hexanol (1.0 mL, 8 mmol) was added to the DMF solution
and allowed to stir for 1 h. The solution of 6 was then added dropwise while maintaining a
temperature below -10 °C. Once the addition was complete, the reaction was allowed to
warm to room temperature and stirred overnight. Saturated aqueous NH4CI (100 mL) was
then added and the mixture extracted with CH2Cl2 (3 x 100 mL). The combined organics
were dried with MgSOs, filtered, and concentrated. The crude product was purified by
silica chromatography (hexanes:CH2Cl, 95:5) to give 0.18-0.20 g of an orange solid (70-
75%). mp 113-115 °C; *H NMR: § 7.44 (dd, J = 1.2, 3.0 Hz, 2H), 7.30 (dd, J = 1.2, 4.5
Hz, 2H), 7.05 (dd, J = 3.0, 4.5 Hz, 2H), 4.55 (t, J = 7.0 Hz, 4H), 1.91 (p, J = 7.0 Hz, 4H),
1.49 (p, J = 7.0 Hz, 4H), 1.36 (m, 8H), 0.90 (t, J = 7.0 Hz, 6H); 1*C NMR: 6 150.3, 135.4,
134.1,127.1, 125.5, 123.3, 120.5, 68.1, 31.8, 28.5, 26.0, 22.8, 14.2. All NMR values agree
with previously reported values.*%; HRMS m/z 551.1846 [M + Na]* (calcd for
Ca2sH36N202SsNa 551.1831).
2,3-Bis(phenylethynyl)-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine (15).
Phenylacetylene (0.064 g, 0.625 mmol) was added to a flask under nitrogen and cooled to
0 °C. Once cool, butyl lithium (0.25 mL, 0.625 mmol, 2.5 M in hexanes) was added
dropwise and the reaction allowed to stir for 30 min. In a separate flask, ditriflate 6 (0.149
g, 0.25 mmol) was dissolved in 50 mL THF and cooled to 0 °C in an ice bath. The lithium
phenylacetylide solution was then added dropwise to the solution of 6, after which the
mixture was allowed to warm to room temperature and stirred overnight. The THF was
then removed under vacuum, 100 mL saturated aq. NH4Cl added, and the mixture
extracted with CH2Cl> (3 x 50 mL). The combined organics were dried with MgSQOg,

filtered, and concentrated. The crude product was purified by silica chromatography
69



(prepared with 100% hexanes, eluted with 70:30 hexanes:CHCl,) to give 69-75 mg of a
dark blue solid (55-60%). mp 206-209 °C; *H NMR: § 7.72 (d, J = 3.6 Hz, 2H), 7.68 (d, J
=6.5 Hz, 4H), 7.41 (m, 8H), 7.14 (dd, J = 3.6, 5.2 Hz, 2H); **C NMR: 6 140.0, 136.6,
132.6,129.9, 128.7, 127.8, 127.3, 125.9, 125.8, 122.1, 96.5, 87.9; HRMS m/z 523.0383 [M
+ Na]" (calcd for C3oH1sN2SsNa 523.0368).

2,3-Bis(bromomethyl)-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine (7). The
following is a modification of previously reported methods.*® Diamine 3 (1.39 g, 5.0
mmol) was added to absolute ethanol (80 mL) and gently heated with stirring until
completely dissolved, after which it was allowed to cool to room temperature. In a similar
manner, 1,4-dibromo-2,3-butanedione (1.89 g, 7.5 mmol) was added to absolute ethanol
(40 mL), gently heated with stirring until completely dissolved, and allowed to cool to
room temperature. The dione solution was then added dropwise to the solution of 3 and
the mixture was allowed to stir for 6 hours, during which precipitation of the product
occurred. The mixture was then cooled to -25°C in a freezer (ca. 1 h), filtered, and washed
with cold ethanol to give 2.03-2.23 g of a purple solid (84-92%); mp 160 °C dec. *H NMR:
8 7.66 (dd, J=1.2, 3.6 Hz, 2H), 7.39 (dd, J = 1.2, 5.2 Hz, 2H), 7.11 (dd, J = 3.6, 5.2 Hz,
2H), 4.86 (s); 3C NMR: 6 150.1, 137.5, 134.1, 127.7, 127.4, 126.3, 125.7, 31.6. NMR
values agree with previously reported values.?”; HRMS m/z 506.8290 [M + Na]* (calcd for
C16H10BrN2SsNa 506.8265).

General synthesis of 2,3-dialkoxymethyl-5,7-bis(2-thienyl)thieno[3,4-
b]pyrazine. Sodium alkoxide was prepared by addition of NaH (0.40 g, 10.0 mmol, 60-
65% in oil) to 20 mL of the specified alcohol and the mixture stirred for 2 h to ensure

complete NaH consumption. The alkoxide solution was then added dropwise to 7 (0.49 g,
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1.0 mmol) in 50 mL dry CH,Cl and the mixture allowed to stir for 6 h. Saturated ag.
NH4Cl was then added and the CH.Cl»/alcohol solvents removed by rotary evaporation
and vacuum distillation as needed. The aqueous mixture was then extracted with CH2Cly,
after which the combined organic fractions were dried with MgSQO4 and concentrated.
2,3-Bis(ethoxymethyl)-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine (16a). The crude
product was purified by silica chromatography (100% CH2CI>) to give 0.24-0.26 g of a
red/purple solid (55-60%). mp 84-86 °C. *H NMR: ¢ 7.64 (dd, J = 1.2, 3.6 Hz, 2H), 7.36
(dd, J=1.2, 5.2 Hz, 2H), 7.09 (dd, J = 3.6, 5.2 Hz, 2H), 4.86 (s, 4H), 3.67 (g, J = 6.8 Hz,
4H), 1.27 (t, J = 6.8 Hz, 6H); *C NMR: § 152.3, 137.7, 134.6, 127.5, 126.8, 125.4, 125.0,
72.6,66.7, 15.5; HRMS m/z 439.0581 [M + Na]* (calcd for C20H20N202S3Na 439.0579).
2,3-Bis(hexyloxymethyl)-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine (16b). The
crude product was purified by silica chromatography (50% CH2Clz/hexanes) to give 0.29-
0.32 g of a red-purple solid (55-60%). *H NMR: § 7.64 (dd, J = 1.2, 3.6 Hz, 2H), 7.36 (dd,
J=1.2,5.2 Hz, 2H), 7.09 (dd, J = 3.6, 5.2 Hz, 2H), 4.86 (s, 4H), 3.62 (t, J = 6.8 Hz, 4H),
1.68 (p, J = 6.8 Hz, 4H), 1.39 (m, 4H), 1.30 (m, 8H), 0.89 (t, J = 6.8 Hz, 6H); 3C NMR: &
152.4,137.7, 134.6, 127.5, 126.7, 125.4, 125.0, 72.8, 71.6, 31.9, 30.0, 26.1, 22.8, 14.3;
HRMS m/z 551.1846 [M + Na]* (calcd for CosH3sN2NaO2Ss 551.1831).
2,3-Bis(N,N-diethylaminomethyl)-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine (17).
Terthienyl 7 (0.24 g, 0.5 mmol) was added to dry CH2Cl, (25 mL) followed by the
dropwise addition of N,N-diethylamine (25 mL, 242 mmol). The reaction was heated at
reflux for 5 h. It was then quenched with distilled H.O and extracted with CH2Cl> (3 x 50
mL). The combined organics were washed with saturated ag. NaHCO3 (2 x 100 mL) and

brine (2 x 100 mL), dried with MgSOQg, filtered and concentrated. The crude product was
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purified by basic silica chromatography (prepared with 3% triethylamine/CH2Cl,, eluted
with 100% CH,Cl.) to give 0.13-0.14 g of a dark red solid (55-60%). mp 63-66 °C; H
NMR: 6 7.63 (dd, J = 1.2, 3.6 Hz, 2H), 7.36 (dd, J = 1.2, 5.2 Hz, 2H), 7.09 (dd, J = 3.6, 5.2
Hz, 2H), 4.10 (s, 4H), 2.73 (g, J = 7.2 Hz, 8H), 1.06 (t, J = 7.2 Hz 12H); 3C NMR: &
154.6, 137.7, 135.0, 127.3, 126.5, 124.6, 124.5, 57.5, 46.6, 11.4; HRMS m/z 471.1707 [M

+ H]* (calcd for C24H31N4S3 471.1705).

2.5. Instrumentation

UV-visible spectroscopy. UV-visible spectra were measured on a dual beam
scanning spectrophotometer using samples prepared as dilute CH3CN solutions in 1 cm
quartz cuvettes. Oscillator strengths were determined from the visible spectra via spectral
fitting to accurately quantify the area of each transition and then calculated using literature
methods."*

Electrochemistry. Cyclic Voltammetry (CV) experiments were performed on a
Bioanalytical Systems BAS 100B/W electrochemical analyzer.All electrochemical
methods were performed utilizing a three-electrode cell consisting of platinum disc
working electrode, a platinum wire auxiliary electrode, and a Ag/Ag* reference electrode
(0.251 V vs. SCE).” Supporting electrolyte consisted of 0.10 M tetrabutylammonium
hexafluorophosphate (TBAPFg) in dry CH3CN. Solutions were deoxygenated by sparging
with argon prior to each scan and blanketed with argon during the measurements. All

measurements were collected at a scan rate of 100 mV/s.
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CHAPTER 3. SIDE CHAIN TUNING OF FRONTIER ORBITALS IN

POLYMERS OF THIENO[3,4-b]PYRAZINE-BASED TERTHIENYLS

3.1. Introduction

The property known as the band gap (Eg) is one of the most critical parameters of
conjugated organic materials and is defined as the energetic difference between the
material’s filled valence band and empty conduction band.* Thus, the band gap
corresponds to the HOMO-LUMO gap of the bulk solid state material and determines
many of the desirable properties of the material, such as the lowest energy absorption and
the energy of any emitted light.1* Control of the orbital energy levels allows tuning of the
band gap as well as modulation of the redox properties because of the direct correlation
between the band gap and the frontier orbitals. The redox properties of a material are
crucial in determining environmental stability, as well as ensuring proper matching of
energy levels with other electronic components in device applications. Therefore, control
of these critical parameters is of great importance for the generation of technologically
useful materials because this allows one to engineer materials for specific device
applications.

The thieno[3,4-b]pyrazine (TP) unit has become a popular building block for the
production of conjugated organic materials with a wide range of band gaps, which include
both reduced band gap (Eq = 1.5-2.0 eV) and low band gap (Eq < 1.5 eV) polymers.*®
Although, incorporation of monomeric TP units have been demonstrated to be a successful
approach to generating low band gap materials, TPs are oftentimes thought of as difficult

to work with due to their somewhat reactive nature.*®78° Because of this difficulty, many
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researchers favor the application of TP-based terthienyl analogues, such as 5,7-bis(2-
thienyl)thieno[3,4-b]pyrazine (Scheme 3.1, 1, R = R' = H) as an alternative, in which the a-
positions of the central TP unit are substituted with 2-thienyl groups.* These materials
actually undergo oxidation at lower potentials than the simple TP monomers due to the
increased conjugation length of these TP-based terthienyls, which would lead one to
believe that these materials would be more reactive. However, the combination of their
increased size and a greater conjugation length results in slower reactivity, which
fortuitously translates to a reduced production of unwanted byproducts via oxidative

coupling or decomposition.

aR=R=H
R R R R b R=H, RI=C12H25
>/ \< 7\ ¢ R=CH3 R'=H
N N oxidative NN e R=CgHyz R' = H
. . f R—C7H15;R'—H
S / \ S polymerization S /\ S 9 R=CysHyy R =H
\ /S A\ \ /S \ h R=R' = CgHys
' , , \ n i R=R'= C8H17
R R RO R j R=2-EtCgHqp; R = CgHyy
k R= 2-EtCBH12; R'= CHQOC4H9
l NBS
R R . R R
N, N X = SnRy
or B(OR),
s. U\ s
T~ s Br [PdCIy(PPhy),]
or Pd(PPh3)4
R R

Scheme 3.1. Polymeric materials via TP-based terthienyls.

In 1994 Yamashita and co-workers reported the first examples of TP-based
terthienyls, including terthienyls 1a, 1c, 1e, and 19.° Polymerization of these terthienyls

generated materials that were essentially alternating copolymers of TP and bithiophene
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(Scheme 3.1, 2). These initial polymeric materials were produced via electrochemical or
chemical oxidation polymerizations and were successful in producing various 2,3-dialkyl
functionalized TP-based terthienyl materials exhibiting low band gaps with Eg values
between 1.00 eV and 1.50 eV.*%13 There have been a number of various TP-based
terthienyl analogs reported, which utilize central 2,3-diaryl-functionalized TP units with
either external thiophenes or 3,4-ethylenedioxythiophene (EDOT) units in an attempt to
further tune the properties of these materials.*'1° Analogs that incorporated 2,3-diaryl
substituted TP-based terthienyls resulted in materials with Eq values between 0.95 eV and
1.90 eV%1¢ while the utilization of EDOT moieties in place of thiophene gave materials
with Eq values between 0.77 eV and 1.30 eV.171° In addition to the direct polymerization
of various TP-based terthienyls, bromination of the terthienyls have allowed for their
incorporation into more complex copolymeric materials via either Stille or Suzuki
polymerizations (Scheme 3.1, 3).* These multi-component alternating copolymeric
systems generally lead to materials with higher band gaps, with a majority of the materials
giving Eg4 values between 1.50 eV and 1.78 eV.*

It has been demonstrated that the use of TP-based terthienyls in conjugated
polymers can be a very successful approach towards the production of both low band gap
and reduced band gap materials. However, choice of functional groups for either the
monomeric TPs, or the terthienyl analogues, are relatively limited due to the fact that the
approach commonly utilized for the production of the TP units is the condensation of 3,4-
diaminothiophene with available a-diones.?°?2 Consequently, this has limited this class of
compounds to either the dialkyl or diaryl analogues, which also limits the ability to tune

the electronic and optical properties of the TP unit. As a means to overcome this
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limitation, more versatile synthetic approaches to monomeric TPs were initially developed
and reported by Rasmussen and coworkers in 2008.22% We have recently applied these
approaches to the analogous TP-based terthienyls to develop methods for the production of
2,3-ditriflato- and 2,3-bis(bromomethyl)-5,7-bis(2-thienyl)thieno[3,4-b]pyrazines.?* These
new reactive precursors allowed for the relatively simple production of a wide variety of
TP-based terthienyls, which now afforded us the ability to incorporate electron-donating
and electron-withdrawing substituents into the TP unit in an efficient manner. This
provided an avenue for the production of conjugated materials based on these important
building blocks with a much more pronounced tunability. In order to demonstrate the
ability of these new TP-based terthienyls to tune the properties of low and reduced Egq
materials, we report herein the electropolymerization of various TP-based terthienyls and
characterization of the associated structure-function relationships.?>?’ Additional
comparisons included the study of copolymers of TP-based terthienyls and fluorene, thus
allowing both additional examples of side chain tuning and the effect of further diluting the
TP content in such multi-component alternating copolymeric materials. The bulk of the
work reported in this chapter has been published as paper in Synthetic Metals.?® The final
studies of Poly(5,7-bis(2-thienyl)thieno[3,4-b]pyrazine-co-fluorene)s has been published

as a paper in Polymer Bulletin.*

3.2. Results and Discussion
Electrochemical and optical properties of TP-based terthienyls. The
electrochemical and spectroscopic data for thieno[3,4-b]pyrazine-based terthienyls 4-8 are

given in Table 3.1 so comparisons can be made with the polymers presented herein, and
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clearly illustrate the effect of the side chains on the electronic and optical properties of
these species.?* The absorption properties of the TP-based terthienyls are consistent with
results found during previous studies of monomeric TPs and are characterized by a broad,
low energy transition, which can be formally assigned as an intramolecular charge transfer
(ICT) band.>?2%® As is the case for the monomeric TPs, the ICT band results from a
transition between the HOMO, which is now predominantly localized across the entire
terthienyl backbone, and the LUMO, which is still derived mostly of contributions from

the pyrazine.?*

Table 3.1. TP-based terthienyl electrochemical and optical data.

. Oxid. Red. Abs
- Terthienyl R Epn VA Ep, VA 1M (eV)
Al 4 OCeHis 045  -203 444 (2.79)
5  CHs 050 -1.68 492 (2.52)
S AP~ 6  CH,OCHs 057 -148 511 (2.43)
7 CH.Br 062 -126 544 (2.28)
8  CsHs 054  -146 540 (2.30)

“All potentials vs. Ag/Ag’. Data collected from reference.”*

It has been shown that changing the electronic nature of the side chains on the TP
unit results in either stabilizing or destabilizing the resulting HOMO and LUMO energies
of the TP-based terthienyl. However, as this effect is primarily inductive, the direct
connection of the side chains to the pyrazine ring results in a more significant effect on the
corresponding LUMO energies. Therefore, as the electron-withdrawing nature of the side
chains are increased, such as from terthienyl 4 to 7, the HOMO energy is stabilized, which
results in a 170 mV more positive shift of the first oxidation potential. Comparatively, this

also causes a stabilization of the corresponding LUMO energies by 770 mV, which in turn
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results in a red shift of the ICT transitions by 100 nm. Because of the asymmetric affect
these substitutions have on the HOMO and LUMO energies, not only can the choice of TP
side chains can be used to tune the HOMO and LUMO energies, but also the
corresponding HOMO-LUMO gap of these species.

Electropolymerization and electrochemistry of poly(5,7-bis(2-
thienyl)thieno[3,4-b]pyrazine)s. In the 1980’s, electropolymerization of heterocycles was
a popular method for the production of numerous conjugated polymers, during which time
a rapid growth of the conjugated polymer field was underway. Most current efforts tend to
focus on the production of soluble, processable materials via various organometallic-
catalyzed cross-coupling methods. However, electropolymerization still provides a simple
and efficient method to study the structure-function relationships of materials as this
allows for the production of polymer films directly onto electroactive substrates.?>?’
Electropolymerization not only provides a simple means for the electrochemical
characterization of the resulting films, but also allows the direct comparison of a series of
materials while minimizing the complicating effects of differences in solubility or
processability. For these reasons, the electropolymerization of the terthienyls 4-8 were
investigated as a means to quickly and efficiently study the effectiveness of side chain
tuning on polymeric materials containing TP-based terthienyl units.

Potential cycling through the irreversible oxidation of the TP-based terthienyls
resulted in the incremental growth of the corresponding polymer film on the surface of the
working electrode. The oxidation wave of poly(2,3-bis(bromomethyl)-5,7-bis(2-thienyl)-
thieno[3,4-b]pyrazine) (P7) resulted in a broadening of the redox response that

corresponded to an increase in current and is shown in Figure 3.1. The shift of the
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oxidation onset to lower potentials and an increased current response is indicative of
increased conjugation length resulting from polymer growth. Interestingly, the fact that
the Epa Of the polymer is essentially the same as that of the initial TP-based terthienyl is
indicative of the polymer film containing either significant segments of lower conjugation
length or some portion of unpolymerized terthienyl trapped within the polymeric matrix.
When compared to previous work, this lack of a significant shift in the polymer Epa versus

the initial TP-based terthienyl is consistent with the reports of Yamashita and coworkers.®’

Potential (V vs. Ag/Ag*)

Figure 3.1. Growth of polymer P7 with potential
cycling.®

It should be noted, however, that one weakness of the electropolymerization
technique arises from the possibility for the inclusion of defects resulting from o—f3

coupling in the polymer product, as shown below in Figure 3.2. In the case of monomeric
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thiophenes, the desired a—a coupling is highly favored with the relative reactivity of the
a— and p—positions being about 95:5 (a:p).2° Computational studies have suggested that
as the oligomer length increases, the increased conjugation length enhances delocalization,
which would result in reduced unpaired electron density at the a—position.?¢*1:3 These
higher oligomer species would still favor reactivity at the a—position, however, the
diminished reactivity of the a—position would in turn decrease the a.:p selectivity.?6*°
Therefore, the decreased a.:[3 selectivity could potentially lead to a statistical increase of
the number of a—f couplings that would cause a decrease of the mean conjugation length
in the resulting polymer film.?63% The electropolymerizations reported in this study start
with a terthienyl backbone, so it is conceivable that decreased selectivity could be observed
that would result in an increase of such a—f defects, which would lead to the production of
polymer segments of lower conjugation length. However, the large shift of the oxidative
onset, as illustrated in Figure 3.1, would confirm the presence of polymer segments

consisting of considerably higher conjugation lengths as well.

Figure 3.2. Depiction of a—a and a—f coupling in TP-based terthienyl polymers.
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The electrochemical data for the resulting electropolymerized polymers P4-P8 are
summarized in Table 3.2 with representative cyclic voltammograms (CVs) shown in
Figure 3.3. The resulting polymer films exhibit amphoteric redox properties consisting of
relatively broad oxidation waves with sharper, more well-defined reductions that are
typical of the majority of TP-based materials. For two polymers, P4 and P7, the typical
reduction processes are not observed in the corresponding CVs under normal conditions,
although quasireversible reductions are observed for the original terthienyls 4 and 7. In the
case of P4, this is expected as the strongly electron-donating alkoxy side chains result in a
significant destabilization of the LUMO energy level, which results in the reduction now
lying outside the solvent window. This is also consistent with the previously reported TP

homopolymer containing similar alkoxy side chain functionalities.?

Table 3.2. Electrochemical data of poly(5,7-bis(2-thienyl)thieno[3,4-b]pyrazine) films.?

Oxidation Reduction Enomo, Erumo, Eg&

Polymer R Er V. Eoset, V. Ep V. Eomse, V. VS &VE eV
P4  OCeHis 0.37 0.18 nwsw nwsw  -5.23 - -

P5 CHs 054,085 032 -1.48,-1.82 -1.24 -537 -3.81 1.56

P6 CH»OCzHs 059,099 037 -1.44,-163 -1.14 -542 -391 151

P7 CH2Br 0.71 0.41 -1.15b -090b -546 -4.13 131

P8 CesHs 0.58 0.33 -1.39 -1.00 -538 -4.05 1.33

3All potentials vs. Ag/Ag*. nwsw = not within solvent window. "Observable only with
the addition of KPFs. “Exomo = — (E[onset, ox vs. Fc+/Fc] t 5.1)(9V).33
dELUMO = (E[onset,red vs. Fet/Fc] + 5. 1)(6V).33

In the case of polymer P7, the reduction can be observed during the initial
electropolymerization, but shifts to higher negative potential as the polymer film forms and
increases in thickness, which ultimately falls outside of the solvent window so it can no

longer be observed. Previous studies have shown that the size of the electrolyte ions can
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significantly change the electrochemistry of thin films due to differences in the ability of
the counter ions to diffuse into the film during redox processes.®* In the case of P7, it is
believed that the larger steric size of the bromomethyl side chains inhibit the diffusion of
the bulky tetrabutylammonium cation into the film during the attempted reduction. In turn,
this would prohibit charge balance, which would result in a significant over potential that
would shift the reduction outside of the solvent window. In order to verify this concept,
KPFs was added as a secondary electrolyte, which contains the much smaller K* cation.
Although the corresponding current response was reduced in comparison to that observed
for the other polymeric films in the series, the polymer reduction was now observable in
the presence of the KPFg indicating that counter ion diffusion issues are present with the

bulky TP side chains.

P4

PS5

P6

-2°0 —11.0 O.IO 1.0
Potential (V vs. Ag/Ag*)

Figure 3.3. Cyclic voltammograms for polymers P4-P6.%
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The general trends in side chain effects observed for the terthienyl oligomers are
shown in Table 3.1 and seem to carry through to the resulting polymers. The
electropolymerized polymers containing electron-donating groups, such as P4, oxidize at
lower potentials in comparison to the analogous dialkyl polymer P5 (0.37 V vs. 0.54 V).
In the same way, polymers with more electron-withdrawing functional groups, such as P6
and P7, oxidize at higher potentials and are more easily reduced than polymer P5. Similar
to the TP-based terthienyls shown above in Table 3.1, the effect of the electronic nature of
the side chain has been shown to have a more significant role in tuning the LUMO
energies. However, it is clear that even though the substitutions are spatially separated
from the thiophene-rich backbone, which is where the HOMO is predominantly
concentrated, a measurable effect is still observed on the HOMO energies as well.

As a means to further compare the electronic effects of the various side chains on
the frontier orbitals of the polymeric materials, the potential onsets were plotted against the
respective Hammett substituent constants (cp" or o) and are shown in Figure 3.4. The
shifts in redox potentials of comparable molecular species are dependent on the polar,
steric, and mesomeric effects exerted on the molecules by the substituents and can be

described by the Hammett—Taft equation:

E=pc+S§

where pnc describes the polar-mesomeric parameters and S accounts for the steric
factors.?224-26.35-37 | the case where functional groups are of low or comparable steric
strain (i.e., S is constant), linear relationships are found between the potential of oxidation

and op*, as well as between the reduction potential and op .
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Figure 3.4. Hammet plot of for polymers P4-P8.%

As seen in Figure 3.4, both the plots of oxidation onset vs op™ and the reduction
onset vs op , give linear relationships with respective R values of 0.989 and 0.752. In
terms of the oxidation onsets, the plot gives a pr value of 0.126, which is in good
agreement with the value previously found for the corresponding TP-based terthienyl
monomers (pr = 0.113).2* Also similar to the trend observed for the TP-based terthienyl
monomers, the plot of the reduction onsets gives a higher value for p. value of 0.458.
While this value is not as high as that previously found for the analogous TP-based
terthienyl monomers (pr = 0.694), the current study utilizes a smaller dataset that could
potentially result in a less accurate correlation, which is also indicated by the lower
associated R value.?* Nonetheless, comparisons of the pr values for both processes shows
that the TP side chains have approximately four times the effect on the polymer reduction ,

or LUMO energy, when compared to the polymer oxidation, or HOMO energy.
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Optical properties of poly(5,7-bis(2-thienyl)thieno[3,4-b]pyrazine)s. In order to
further characterize these new TP-based materials, terthienyls 4-8 were electropolymerized
onto indium tin oxide (ITO) coated glass slides, which allowed for the measurement of the
absorption spectra of these materials as thin films deposited on the transparent ITO
substrate. The collected optical data is given in Table 3.3 with the corresponding spectra
shown in Figure 3.5. For all of the terthienyls, a low energy transition in the visible to NIR
portion of the spectrum that is common for TP-based materials was exhibited, along with a
second transition in the high energy region of the visible spectrum. The low energy
transition is considerably broad, except in the case for polymer P4, and can be assigned as
an ICT transition from the polythiophene backbone to the pyrazine of the TP units. Itis
interesting to note that the polymer P4 shows significant vibronic character, thus it is
unclear as to what extent charge transfer character is involved in the low energy transition

of this polymer.

Table 3.3. Optical data for poly(5,7-bis(2-thienyl)thieno[3,4-b]pyrazine) films.?

Polymer R Amax, NM Aonset, M E¢%, eV
P4 OCeH13 565 700 1.77
P5 CHs 626 850 1.46
P6 CH20C2Hs 697 990 1.25
P7 CH2Br 708 1100 1.13
P8 CeHs 712 1230 1.01

“All spectra measured as thin films on ITO slides.

The optical band gap (Eq®) values measured for these polymers show excellent

agreement with the trends found in the TP-based terthienyl precursors. As can be seen in
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Table 3.3 and Figure 3.5, the polymer P4 exhibits an E¢°* of 1.77 eV and the analogous
E¢%* values decrease with the addition of increasing electron-withdrawing functionalities.
Also, as the electron-withdrawing nature of the side chains is increased, there is a
significant red-shift (~400 nm) in the onset of the low-energy transition, which
corresponds to a sizable decrease in band gap. For instance, there is a decrease of 0.64 eV
going from the electron-donating alkoxy (P4 E¢° = 1.77 eV) functionality to the much
more electron-withdrawing bromomethyl (P7 E¢° = 1.13 eV) side chains. The E¢*" value
of 1.46 eV for polymer P5 is slightly higher than that previously reported by Yamashita

and coworkers, but still within good agreement.®”’
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Figure 3.5. Thin film vis-NIR spectra for polymers P4-P8.%

The optical data presented here supports the claim that TP-based terthienyl
materials can be synthetically manipulated to tune their optical and electronic properties

based on the electronic nature of the substituents. Oxidative spectral electrochemistry was
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performed on the electropolymerized polymers P5 and P7 in order to characterize the
effect of oxidative doping on the absorption profile. The corresponding absorption profiles
were measured over a range of 200 to 1300 mV in stepwise 100 mV increments. No
changes in the measured spectra were observed in the initial range, from 200 to 500 mV,
so only the steps from 500 to 1300 mV are shown in Figure 3.6 and Figure 3.7. In the
neutral state of polymer P5, two absorption bands were observed, at approximately 410
and 625 nm, which corresponds to a dark blue polymer film. Bleaching of the peaks at 410
and 625 nm occurred upon the incremental oxidation of the polymer film, while broad
peaks at approximately 800 nm and 1050 nm began to develop and extended out into the
infrared region of the electromagnetic spectrum. New transitions at approximately 875 and
990 nm began to grow in at potentials above 1000 mV that were very broad and exhibited
absorption across the full visible-NIR spectrum. As these final transitions are quite intense
and the strongly oxidized film absorbs across the full visible-NIR spectrum, it appeared as
a greenish film.

The spectroelectrochemistry of polymer P7 exhibited similar transitions to P5,
which were red-shifted in the neutral film in comparison, but with absorption bands
observed at approximately 380 and 700 nm with a greenish color to the film. Bleaching of
the peaks at 380 and 700 nm occurred upon incremental oxidation of the polymer film
while a broad peak at approximately 920 nm developed and extended out into the infrared
region of the electromagnetic spectrum. The NIR transition in P5 exhibited significant
structure, whereas the corresponding transition in P7 was quite broad and featureless. As
was the case with P5, this NIR transition observed for P7 was intense and the strongly

oxidized film absorbed across the full visible-NIR spectrum to give a gray-colored film.
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Figure 3.7. Spectroelectrochemistry of polymer P7.28
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Copolymers of 5,7-bis(2-thienyl)thieno[3,4-b]pyrazine and fluorene. The
ability to incorporate electron-donating and electron-withdrawing functionalities on TPs
has demonstrated a great deal of tunability of the optical and electronic properties of the
resultant homopolymeric TP materials.?® As discussed previously, initial results from the
electropolymerization of poly(5,7-bis(2-thienyl)thieno[3,4-b]pyrazine)s have demonstrated
the ability to use the electronic nature of the side chains on a central TP unit to tune the
electronic properties of the resultant TP-based terthienyl materials, which are essentially
copolymers comprised of TP and bithiohphene units. The effects of side chains on a series
of these TP-based terthienyls are reported and their application to copolymeric materials
was investigated, which utilized the well-studied poly(5,7-bis(2-thienyl)thieno[3,4-

b]pyrazine-co-fluorene) framework (Figure 3.8).%-38-44

R = Ph; R' = H; R" = CgHy

R = 4-PhCO,CMe,Bu; R’ = H; R" = CgH,,
R= CH3, R'= H, R" = C6H13

R = CHg; R' = H; R" = 2-EtCgH 5

R = C2H5; R'= CGH13; R" = CSH17

R= C6H13; R'= H, R" = 2-EtC6H12

R = Ph; R = H; R" = CH,CH,0OCH,CH,0OCH;
R= H, R'= C12H25; R" = CgH17

R= OCﬁH13; R'= H, R" = C8H17

ST Q"0 Q0TO

Figure 3.8. Poly(5,7-bis(2-thienyl)thieno[3,4-b]pyrazine-co-fluorene)s.*®

To further evaluate the effect of the TP side chains in copolymeric materials, the
2,3-dihexyloxy-functionalized terthienyl 4 was converted to the corresponding
trimethylstannyl analogue 10 and copolymerized with dibromofluorene 11 via Stille
coupling to give polymer P9i, as detailed in Scheme 3.2. The poly(5,7-bis(2-

thienyl)thieno[3,4-b]pyrazine-co-fluorene) framework was chosen because it is one of the
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most well studied of the TP-based terthienyl copolymeric materials. As a result, there are a

number of analogous materials available in the literature for easy comparison.

CeH130  OCgHq3 CeH130  OCgHq3
7\ 1) BULI/TMEDA N, N
2) MesSnCl
s. [/ \ s Me,Sn—_S /' \ s SnMe,
\ S \ S
4 10

CgH
Pd,dbas H47Cg “8H17
P(o-tolyl)s "
-

P9i

Scheme 3.2. Synthesis of poly(2,3-dihexyloxy-5,7-bis(2,-thienyl)thieno[3,4-
b]pyrazine-co-9,9-dioctyl-9H-fluorene).*

The electronic properties of P9i and various other previously reported analogues
are given in Table 3.4. For the most part, the majority of reported materials with this TP-
based terthienyl-co-fluorene copolymeric framework are reduced band gap polymers with
band gaps close to 1.6 eV.* As expected from the previous trends both in the monomeric
TPs and in the TP-based terthienyls discussed above, the switch to alkoxy side chains
resulted in a destabilization of both the HOMO and LUMO energy levels. In addition, this
switch to a more electron-donating functionality resulted in a corresponding increase in the

material band gap, with a material that now exhibits a band gap above 2 V.44
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Table 3.4. Optical and electronic data for poly(5,7-bis(2-thienyl)thieno[3,4-b]-
pyrazine-co-fluorene)s.*>46

Polymer R Amax, (film, nm)  E¢®', eV Enomo, €V2  Erumo, eV’
P9i OCesH13 350, 400, 440 2.25 -5.3 -3.2
P9a Ph 616 1.61 -5.2 -3.7
P9d CHs 600 1.61 -5.6 -3.8
P9h H 667 1.60 -5.7 -3.6
P9b  p-PhCO.R 710 1.37 nr nr

nr = not reported
“Ernomo = — (E[onset,ox vs. Fct/Fc] + 51)(6\7)33
bELUMO = (E[onset,red vs. Fo+/Fe] T 5. 1)(6\/).33

Interestingly, Helgesen and Krebs reported polymer P9b that incorporates
phenylester side chains on the TP unit.*? These phenylesters were incorporated as
thermocleavable side chains and not for the intention to tune the electronic properties of
the polymer. However, the considerable electron-withdrawing nature of these side chains
resulted in a reduction of the band gap in comparison to the alkyl and aryl analogues. As a
consequence of the phenylester side chains applied, a polymeric framework that normally
resulted in reduced band gap materials was then able to generate a true low band gap
material with an Eq of 1.37 eV. Even though they did not report the electrochemistry, it
would be expected from the trends above that this type of functionality would have

resulted in a stabilization of both the HOMO and LUMO energy levels of the material.

3.3. Conclusion

The ability to produce thieno[3,4-b]pyrazine-based terthienyls beyond the simple
dialkyl or diaryl analogues allows for the ability to significantly tune the optical and
electronic properties of the corresponding polymeric materials, while also minimizing the

loss of starting materials through unwanted reactivity. Contrary to the trends commonly
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observed with polythiophene materials, the addition of electron-donating groups results in
higher HOMO-LUMO energies in the monomers, as well as higher Eg values in the
resulting polymers. Correspondingly, the use of electron withdrawing groups provides
reduced HOMO-LUMO energies, as well as lower Eg values. The application of these
tunable TP-based terthienyl building blocks towards the production of conjugated
materials appears to be a promising approach for controlling the corresponding frontier
orbitals and band gaps of the final polymeric materials.

In the application of TP-based terthienyls into copolymeric systems with fluorene,
the effect of the side chains on the HOMO is diminished. Even though the effect on the
HOMO is weakened, the TP unit is essentially the factor that determines the LUMO
energy of the resultant material and as a result the material’s band gap as well. The ability
to modulate the optical and electronic properties of materials via TP functional groups
would allow for the production of systems that are much more structurally and
synthetically simple. Also, this would provide a means to accomplish the desired
electronic and optical property modifications for various device applications while holding
the backbone structure constant, which would result in a reduction of issues that arise from

morphological changes of structurally different materials.

3.4. Experimental

General. Unless noted, all materials were reagent grade and used without further
purification. Toluene was distilled from sodium benzophenone prior to use. The CH3CN
was dried over CaH and distilled prior to use. All electrochemical glassware was oven

dried and cooled in a desiccator. Chromatographic separations were performed using
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standard column methods with silica gel (230-400 mesh). Basic silica gel was prepared by
pretreating the silica with 3% EtsN in CH2Cl.. Unless otherwise stated, all other materials
were reagent grade and used without further purification. All reactions were performed
under a nitrogen atmosphere using oven dried glassware. Unless otherwise stated, NMR
spectra were obtained in CDCIz on a 400 MHz spectrometer and referenced to the
chloroform signal. The *H NMR and *3C NMR were completed on a 400 MHz
spectrometer. All NMR data was referenced to the chloroform signal and peak multiplicity
was reported as follows: s =singlet, d = doublet, t = triplet, q = quartet, p = pentet, dd =
doublet of doublets, m = multiplet and br = broad.

Materials. Dihexyloxy-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine (4), 2,3-dimethyl-
5,7-bis(2-thienyl)-thieno[3,4-b]pyrazine (5), 2,3-bis(ethoxymethyl)-5,7-bis(2-
thienyl)thieno[3,4-b]-pyrazine (6), 2,3-bis(bromomethyl)-5,7-bis(2-thienyl)thieno[3,4-
b]pyrazine (7), 2,3-diphenyl-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine (8), and 2,7-dibromo-
9,9-dioctyl-9H-fluorene (11) were all prepared as previously described.?447

2,3-Dihexyloxy-5,7-bis(5-trimethylstannyl-2-thienyl)thieno[3,4-b]pyrazine
(10). Dry hexanes (60 mL) was added via syringe to a flask containing 4 (0.06 g, 0.12
mmol) and the solution was cooled to 0 °C. TMEDA (0.05 mL, 0.35 mmol) was then
added followed by BuL.i (0.13 mL, 0.33 mmol) and the solution was stirred for 2 h.
MesSnCl (0.3 mL, 0.33 mmol) was syringed into the solution and the reaction was allowed
to stir overnight. The solution was poured over Et3N treated silica gel, filtered, and rinsed
with 100 mL hexanes. The solution was concentrated via rotary evaporation to yield a
yellow liquid (99%). 'H NMR: & 7.44 (d, J = 3.2, 2 H), 7.099 (d, J = 1.6, 2H), 4.40 (t, J =

6.4, 4H), 1.81 (m, J = 6.8, 4H), 1.53-1.20 (m, 16 H), 0.86 (t, J = 6.8, 6 H), 0.40 (s, 18H).
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Poly[2,3-dihexyloxy-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine-co-9,9-dioctyl-9H-
fluorene] (4i). Fluorene 11 (0.06 g, 0.12 mmol), 10 (0.10 g, 0.12 mmol), Pd2dbaz (0.002
g, 0.002 mmol), and P(o-tolyl)s (0.02 g, 0.08 mmol) were combined in a flask. N2 purged
toluene (15 mL) was then added by syringe and the solution evacuated and backfilled with
N2. The reaction was then placed in an oil bath (95 °C) and allowed to react for 4 days.
The reaction was then cooled, poured into 300 mL methanol, and filtered. The soluble
fraction of polymer was collected in CHCIs and isolated by rotary evaporation. Further
purification was accomplished by further washes with MeOH vyielding a red solid (75%).
IH NMR: & 7.50 (m), 7.44 (m), 7.30 (M), 4.55 (br t), 1.92 (M), 1.6-0.6 (). GPC: My =
4000, M, = 2700, PDI = 1.48.

Electropolymerizations. Electropolymerizations for the electrochemical
experiments were carried out in a three-electrode cell consisting of a platinum disc
working electrode, a platinum wire auxiliary electrode, and a Ag/Ag* reference electrode.
Solutions consisted of oligomer (0.05 M) dissolved in anhydrous CH3CN containing 0.10
M tetrabutylammonium hexafluorophosphate (TBAPFg). The solutions were
deoxygenated by sparging with argon prior to each scan and blanketed with argon during
the polymerizations. The platinum disc working electrode was polished with 0.05 mm
alumina and washed well with deionized water and dry CH3CN prior to each film growth.
The films were grown by cyclic voltammetry scanning through the Epa region for each
oligomer.

Electropolymerizations for optical experiments were carried out in the same
manner as discussed above except an indium tin oxide (ITO) coated glass plate was used as

the working electrode. Polymer films were grown by continuous repeated potential
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cycling around the Epa for each monomer until a suitable film was obtained and then held

at a fixed potential corresponding to the neutral form of the polymer under investigation.

3.5. Instrumentation

Electropolymerization study. UV-vis spectra were measured on a dual beam
scanning spectrophotometer using samples prepared as polymer films on ITO coated glass
plates. The spectroelectrochemical measurements were performed on a BAS 100B/W
utilizing a platinum wire auxiliary electrode, a silver wire quasi-reference electrode and an
ITO coated glass working electrode. All other electrochemical measurements were
performed on a BAS utilizing a platinum wire auxiliary electrode, either silver wire or
Ag/Ag" reference electrode (0.251 V vs SCE) and either a platinum disc or an indium tin
oxide coated glass working electrode. The supporting electrolyte consisted of 0.10 M
TBAPFs in dry CH3CN. Solutions were deoxygenated by sparging with argon prior to each
scan and blanketed with argon during the measurements. All measurements were collected
at a scan rate of 100 mV/s.

TP-terthienyl-co-fluorene polymer study. Electrochemical measurements were
performed on an EC Epsilon potentiostat using a Pt disc working electrode and a Pt wire
counter electrode. Solutions consisted of 0.1 M TBAPFs in CH3CN and were sparged with
argon for 20 min prior to data collection and blanketed with argon during the experiment.
Terthiophene samples were measured as millimolar solutions and polymeric samples were
measured as solid-state films drop-cast onto the Pt disc working electrodes. All potentials
are referenced to a Ag/Ag™ reference (0.1 M AgNO3/0.1 M TBAPFg in CH3CN; 0.320 V

vs. SCE).*® UV-visible spectra were measured on a dual-beam scanning
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spectrophotometer using samples prepared as dilute solutions in 1-cm quartz cuvettes or

thin films spun onto glass slides.
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CHAPTER 4. EXTENDED FUSED-RING THIENO[3,4-b]PYRAZINES

WITH SOLUBILIZING CHAINS

4.1. Introduction

The fused pyrazine ring of thieno[3,4-b]pyrazines (TPs) is known to stabilize the
quinoidal resonance form of the thiophene backbone, which results in a significant
reduction in band gap in the corresponding polymeric materials.1®> Consequently, a great
deal of effort has been applied towards the development of more extended fused-ring TP
analogs as these extended fused-ring building blocks show much promise in regards to the
production of low band gap materials. The earliest known extended fused-ring TP analog
is thieno[3,4-b]quinoxalines (1) and was synthesized in 1977 by Roland and Anderson, but
were only observed via trapping experiments (Figure 4.1).% Later, in 1995 Cava and
coworkers reported the successful synthesis and isolation and the first extended fused-ring
TP analog was characterized.® Since then, very few extended fused-ring TP materials have
been produced because of the limited solubility of these systems and the significant efforts

required to produce the functionalized diones required for their synthesis.

R R s R R N N=

N“ N
Howy QP Y
N N ' — VRN
N/ \N 7\ — N N N N
Z—g s N N aR=R=H Z_ﬁ 4 Z/_ﬁ 5
s 2 Z_ﬁ ’ :IFR{;E;_R'B;CSHW S S
4 aR=H S
bR =CH,

Figure 4.1. Extended fused-ring thieno[3,4-b]pyrazine monomers.>610:11

106



Some of the other common examples of extended fused-ring TPs include
[1,2,5]thiadiazolo[3,4-b]thieno[3,4-e]pyrazine (2), acenaphtho[1,2-b]thieno[3,4-e]pyrazine
(3), dibenzo[f,h]thieno[3,4-b]quinoxaline (4), and thieno[3’,4’:5,6]pyrazino[2,3-
f][1,10]phenanthroline (5), which are shown in Figure 4.1.4! Because of the limited
solubility of these TP monomers and the bulkiness of the extended ring system, researchers
have favored the use of the 5,7-di(2-thienyl)thieno[3,4-b]pyrazine analogs as an
alternative. As a consequence, there are far more examples of the extended fused-ring TP-
based terthienyl oligomers as compared to the TP monomers (Figure 4.2).1! However, like
their monomeric counterparts, these oligomers also suffer from reduced solubility so the
addition of solubilizing chains is necessary. Most often, the solubilizing chains are
included on the exterior thiophenes, which unfortunately cause steric interactions and
torsional rotation about the interannular bonds that are responsible for a reduction in
conjugation and a blue shift in absorbance (as exhibited in 7a — b,c; 8a — e), with

representative examples listed in Table 4.1.!!

Table 4.1. Collected data for extended fused-ring TPs and corresponding TP-based
terthienyl analogs.

Compound  Amax(nm) | Compound  Amax(nm) | Compound  Amax (Nm)
1 371¢ 6a 990° Te 483°
2 58172 6b 853 8a 641
3a 375 6¢ 1345% 8b 648
3c 376 6d 800* 8c 622
4 426 Ta 548 8e 622
5 418 7b 495" 11a 655°

aIn CHCl,. ® In dichlorobenzene. € In ethanol. All other Amax measured in CHCI5.!!
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Figure 4.2. Extended fused-ring thieno[3,4-b]pyrazine oligomers.

The monomeric TPs (1-5) share similar optical properties with the TP-based
oligomers (6-11), but with a red shift in absorbance due to the extended conjugation length
of the oligomers. The monomers exhibit increasing red shifts froml1 —-3 -5 —»4 — 2
and the corresponding oligomers follow the same trend closely with increasing red shifts
from7 — 8 — 11 — 6. Since the LUMO energy is determined predominantly from the
pyrazine contributions, the reduction potentials of analogous monomeric and oligomeric
TPs should be nearly identical. This is clearly observed for 3a vs. 7b (-1.67 V vs. -1.85
V), 4vs.8a(-1.51V vs. -1.44 V), and 5 vs. 11a (-1.27 V vs. -1.24 V), as shown in Table

4.2. However, because the HOMO is located on the thiophene of the monomer and
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thiophene backbone of the terthienyl oligomer, notable effects on the potential of oxidation
of the monomers vs. oligomers is observed, where 3a — 7b decreases from 1.18 V to 0.43
V, 4 — 8a decreases from 0.98 V t0 0.25 V, and 5 — 11a decreases from 1.45V to 0.48 V
(Table 4.1).1* The structural modifications made to these extended fused-ring TPs
understandably affects the corresponding materials when they are incorporated into

polymeric systems.

Table 4.2. Collected data for extended fused-ring TPs and their
corresponding terthienyl analogs.!!

Compound Oxidation Reduction HOMO-LUMO
Epa, V El/z, V gapa, eV
3a 1.18 -1.67 3.31
7b 0.43 -1.85 2.51
4 0.98 -1.51 291
8a 0.25 -1.44 1.93
5 1.45 -1.27 2.97
11a 0.48 -1.24 1.89

*Values based optical Amax. Electrochemical data vs. Ag/Ag”.
Values reported vs. other references converted for comparison.

The net effect on the electronic properties due to the addition of the external
thiophenes of the oligomers is to decrease the HOMO-LUMO gap of these systems
because the extended conjugation imparted by the extra thiophenes causes a significant
decrease of the potential of oxidation. One could reasonably expect that this would lead to
a decreased band gap in the polymers by virtue of the donor-acceptor (D-A) model of
copolymers. In the D-A model it is thought that the HOMO energy level is determined by

the electron-rich donor and the LUMO energy level determined by the electron-poor
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acceptor, where in this case the TP acts as the acceptor moiety and the bithiophene acts as
the donor moiety. It is thought that a combination of these moieties would produce
polymers with decreased band gaps. However, the opposite trend is actually observed with
the homopolymeric materials giving significantly smaller Eq values in comparison to their
copolymeric counterparts and is illustrated below in Figure 4.3. This fact is demonstrated
by the observation of a significant blue shift in absorbance from the homopolymeric 12
(910 nm) to the copolymeric 13 (716 nm) and 14 (576 nm) as well as an increase in band

gap from 12 (0.50 eV) — 13 (1.33 eV) — 14 (1.83 eV).1!

O Amax = 716 nm
' Ey=1.33eV
N

CqoH2s

]

13R= C12H25

14R = 2-EtC6H12

Figure 4.3. Solid-state absorbance and electrochemical band gap of
homopolymeric and copolymeric acenaptho[1,2-b]thieno[3,4-e]pyrazines.!*
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While most research in the literature views TPs as ‘acceptor’ units, Janssen and
coworkers suggested that TPs also act as ‘donor’ unit.!> Meanwhile Rasmussen and
coworkers have not only shown that TPs can act as ‘donor’ units, but are in fact better
donors than most traditional donors, thus the degree of TP content determines much of the
properties of the corresponding material.1®> Rasmussen went on to demonstrate that both
the HOMO and LUMO energy levels are determined by the TP and because in most cases
the combination reduces the donor character of the polymer backbone TP is a stronger
donor than the comonomer. Consequently, the traditional model of donor-acceptor
copolymers, where the band gap is determined as a result of a charge transfer between the
donor unit and TP, is in reality more correct to think of as a charge transfer between the
polymer backbone and the TP-based LUMO energy level .

The decrease in donor character with the copolymeric systems results in a
stabilization of the HOMO, which leads to an increase in the energy of the charge transfer
transition, or a larger band gap.®® This sentiment is echoed with the acenaptho[1,2-
b]thieno[3,4-e]pyrazine-based polymers shown above. As the TP content decreases from
12 to 13 and 14, there is also a corresponding increase in energy of the charge transfer
transition, as well as an increase in band gap (Figure 4.3). Because of this, in order to
produce extended fused-ring TP-based materials with very low band gaps (Eq < 1 eV),
while also retaining solubility, homopolymeric materials with solubilizing chains must be
used instead of incorporating comonomers for added solubility.

However, as with all conjugated materials, a critical aspect to consider when
designing these materials is side chain-induced steric effects. While side chains are

necessary to overcome the limited solubility of these materials, their inclusion can also
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result in undesirable steric interactions that inhibit backbone planarity. Oftentimes, trends
in band gaps for conjugated materials are attributed to increased or decreased charge
transfer effects, while the critical effect of side chain steric interactions is routinely
overlooked.!* Minimizing the steric interactions in hopes of decreasing the band gap is
inherently limited, but ignoring the contributions of unfavorable steric interactions can
quickly overpower any potential benefits from the extended fused-ring TP unit. Therefore,
the generation of extended fused-ring TPs containing solubilizing chains, that have
minimal impacts on the optical and electronic properties of the corresponding polymers, is

of great interest.

4.2. Results and Discussion

Synthesis. With the exception of compounds 1, 2, and 6, the extended fused-ring
TPs are generated via a simple condensation reaction between a thiophene-based diamine
and their corresponding polycyclic a-dione as outlined in Scheme 4.1.11 A vast majority of
these species do not contain the added alkyl chains on the TP unit itself and instead rely on
other means for solubilization, with the only analogs to incorporate such functionalities
being 3c, 8c, and 8d. Therefore, methods were sought for the production of extended
fused-ring a-diones that incorporate solubilizing functionalities so soluble, solution
processable derivatives of TPs could be achieved.

An example of an extended fused-ring TP terthienyl was synthesized with the 5-
octylacenaphthylene-1,2-dione as a means to produce a soluble TP-terthienyl analog. The
reaction was a straightforward condensation between the dione and 3°,4’-diamino-

2,2’:5’ 2”-terthiophene, as shown in Scheme 4.2, in which 3-octyl-8,10-bis(2-
112



thienyl)acenaphtho[1,2-b]thieno[3,4-e]pyrazine (24) was produced in good yield. The TP-

terthienyl 24 exhibited properties similar to those of other extended fused-ring TP-

terthienyls.
Yy
- RS LQJ
T S O Q.Q
\/ \/
O/ \O

Scheme 4.1. General synthesis of extended fused-ring thieno[3,4-b]pyrazines.

HoN NH, o/ \o N N
S /A S abs. EtOH S ]\ S
\ / S\ \ [/ S\
24

Scheme 4.2. Synthesis of extended fused-ring 3-octyl-8,10-bis(2-
thienyl)acenaphtho[1,2-b]thieno[3,4-e]pyrazine.

The optical properties of terthienyl 24 are nearly identical to those found for the
unfuctionalized analog 7a, with exhibited Amax Values of 545 nm and 548 nm

respectively.!! Unfortunately, the electronic properties of 24 cannot be compared directly
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to those of 7a because they were never published. However, compound 24 has an alkyl
chain attached at the central TP unit and the external thiophenes remain unsubstituted.
While for 7b the opposite is true where the central TP unit is free of substitution and the
alkyl chains are attached to the external thiophenes, so inferences can be made as to the
extent the location of alkyl substitutions affect the optical and electronic properties of the
material. A blue shift of approximately 50 nm is observed in the lowest energy absorbance
from 24 to 7b, which is 545 nm versus 495 nm.!* Also, electrochemical differences are
observed, where 24 exhibits a shift to more positive potentials for both the first oxidation,
0.83 V versus 0.43 V, and the first reduction, -1.34 V versus -1.85 V, for 7b.1!

A synthetic approach towards the production of 1,2-dibromoacenaphthylene (16)
was previously established via the radical bromination of acenaphthene (15) and is
illustrated in Scheme 4.3.% X-ray quality crystals were grown to confirm the structure of
16 and is shown below in Figure 4.4. Using the same methodology as a starting point, the
approach was applied towards the generation of 1,2-dioctylacenaphthylene (17a).
Utilizing a Kumada coupling reaction, dibromide 16 was reacted with an octyl Grignard
reagent and a nickel catalyst that produced a mixture of approximately 2:1 of the di-
coupled 17a and mono-coupled 18 products. The di- and mono-coupled products could
not be separated via column chromatography and possessed boiling points that were too
high for vacuum distillation. As a result, this series of reactions produced an inseparable
mixture that was not suitable for the next step. Due to the generation of impure materials
as well as the high cost of starting materials, reactants, and solvents needed for these
transformations, this process was abandoned in favor of a more cost-effective approach for

the generation the 1,2-disubstituted acenaphthylenes.
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Scheme 4.3. Synthesis of 1,2-dioctylacenaphthylene via radical bromination.

Figure 4.4. Thermal ellipsoid plot of 1,2-
dibromoacenaphylene, 16 at the 50% probability
level.

An appropriate method for the generation of 1,2-disubstituted acenaphthylene
analogs was successfully developed. This approach utilized acenaphthenequinone (19)
that was reacted with either alkyl Grignard reagents to produce 1,2-dialkyl-1,2-
dihydroxyacenaphthenes (17a and 17b) or aryllithium reagents to produce 1,2-diaryl-1,2-

dihydroxyacenaphthenes (17c and 17d) as racemic mixtures (Scheme 4.4). With the
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standard Grignard approach the generation of the dioctyl 20a, and to a lesser extent bis(2-
EtCeH12) 20b, were produced in moderate yields. The dioctyl derivative was a white

powder that could be easily purified by filtration and washing with hexane to produce 20a
in 30-40% vyield. The bis(2-EtCeH12) was a bit more difficult to work with as product 20b
was an orange oil that was soluble in hexanes and could not be separated from the various

greasy byproducts of the reaction.

R R
MgBr AIkyI
HO . OH  znHol
Li- AryI OO “acetic acid

aR=CgHy; aR=CgHy; aR =CgHy7

b R = 2-EtCgH,, b R = 2-EtCgH15 b R = 2-EtCgH1;
20 cR=ph 17 ¢R=Ph 21 ¢R=Ph

d R = 4-octylPh d R = 4-octylPh d R = 4-octylPh

Scheme 4.4. Synthesis of various 1,2-disubstituted acenaphthylenes.

The production of the diaryl products 20c and 20d were achieved through the
reaction of the aryllithium intermediate with acenaphthenequinone 19. In the case of 20c,
bromobenzene was commercially available so the production of the phenyllithium
intermediate was achieved via typical procedures using butyllithium. Upon reaction of
phenyllithium, diphenyl derivative 20c was produced in good yield (~80-85%) as a white
powder that was easily purified by filtration and washing with hexanes. In the case of 20d,
1-bromo-4-octylbenzene was not commercially available so it had to be synthesized from
commercially available 1,4-dibromobenzene prior to use as outlined below in Scheme 4.5.

The use of butyllithium as the reagent for lithium halogen exchange with the 1,4-

dibromobenzene led to the formation of an appreciable amount of the butyl substituted
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benzene. This can be attributed to the production of butyl bromide upon lithium halogen
exchange with the aryl bromide species, which can then react with the aryllithium base. It
has been shown that at higher temperatures the butyl bromide generated upon lithium
halogen exchange can react with bromobenzenes to produce the butyl-substituted
products.’* However, it was thought that the low temperatures employed here (-78 °C)
would be enough to inhibit this unwanted side reaction due to the difference in solubility of
the butyl bromide versus the octyl bromide species. Since the aryllithium base does not
react with either alkyl halide selectively and there is not an appreciable difference in

solubility of the alky bromides, a near stoichiometric ratio of products was observed.

C8H17 C4H9
BuLi Q + /©/
Br Br

Br-C8H17
Br 50% 35%
Br CgHq7
BuLi ©/
Br-C8H17 Br
60%

Scheme 4.5. Synthesis of 1-bromo-4-octylbenzene.

Therefore, the use of t-butyllithium is required as the t-butyl bromide that is
generated upon lithium-halogen exchange reacts with another equivalent of t-butyllithium
to form isobutene, isobutane, and lithium bromide, thus allowing for the selective reaction
of the aryllithium base with octyl bromide.*® The reaction only produced moderate yields

of the 1-bromo-4-octylbenzene (60%) with a great deal of unreacted octyl bromide (~35%)
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and purification via column chromatography was not able to separate these compounds.
However, this mixture was utilized for the production of 20d since lithium-halogen
exchange reactions are kinetically controlled with the position of the equilibrium
determined by the stabilities of the carbanion intermediates involved in this process, with
sp >> sp? >> sp.1® Therefore, the unreacted octyl bromide should not interfere with the
lithium-halogen exchange of the aryl bromide. Upon reaction of this aryllithium with
acenaphthene quinone 19, 20d was produced in excellent yield (~95%) which could be
easily purified as a very thick, light yellow oil via column chromatography using a solvent
gradient from 100% hexanes — 100% CH2Cl2. The oil turned to a white, hard, waxy solid
after solidification was induced by freezing.

Once 20a-d were prepared, a method for the efficient reductive dehydration to their
corresponding 17a-d derivatives was sought. Reductive dehydrations have been shown to
successfully produce aromatic, fused-ring benzenes from 1,4-diols using sodium
hypophosphite, potassium iodide, and trifluoroacetic acid in glacial acetic acid.*®'” When
these reaction conditions were applied to the vicinal diol 20a, as shown is Scheme 4.4, a
mixture of products was observed in ratios between 3:1 to 1:1 of the desired 17a versus the
rearranged ketone byproduct 21a that were extremely difficult to separate via column
chromatography. When 1.1 equivalents of sodium hypophosphite and potassium iodide
with catalytic amounts of trifluoroacetic acid (versus 20a) were used, a ratio of 3:1 of
product versus byproduct was observed with a shift towards a 1:1 ratio when 10
equivalents of the reagents were employed. Based on the large amounts of the rearranged
ketone byproduct produced under these reaction conditions, another method utilizing zinc

metal and hydrochloric acid was developed.
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Muillen and coworkers showed that the vicinal 9,10-diol of 9,10-diaryl substituted
phenanthrenes could undergo efficient reductive dehydration using the well-known Zn/H*
system, which could be done in one step while also avoiding the pinacol rearrangement to
the ketone.®® They described the reaction as a process in which the vicinal diol first
undergoes a typical pinacol rearrangement to the pinacolone intermediate in the presence
of an acid, with a proposed reaction pathway shown in Scheme 4.6.1® This intermediate is
then reduced by Zn/H" and is rapidly converted to the product via a Wagner-Meerwein
rearrangement.'® They showed that the pinacolone was a key intermediate in this process
by performing its reduction and also by obtaining the desired product in excellent yields.
In addition, a strong acid and the presence of water were crucial for the reaction to proceed

efficiently, with hydrochloric acid producing the highest yields.

R R Zn/HCI R R
HO . OH AcOH, reflux 6
_— >

Vicinal diol Product
! A

Pinacol o L H*
rearrangement ! |
] |

R o R OH

Pinacolone Reduced
intermediate intermediate

Scheme 4.6. Reductive dehydration of a vicinal phenanthrene
diols with proposed routes and intermediates.'®
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These reaction conditions were applied to the vicinal acenaphthene diol systems
presented here to investigate the occurrence of a pinacol rearrangement, which would
suggest the acenaphthene systems undergo reductive dehydration via a similar mechanism
as the phenanthrenes. To confirm that the byproduct produced from the sodium
hypophosphite reductions was most likely the pinacol-rearranged ketone, a sample of the
purified byproduct was subjected to the Zn/H" reduction conditions where this byproduct
was converted to 91% of the desired product with only 9% being the recovered byproduct.
This fact led us to believe the byproduct produced in our reactions was indeed the pinacol-
rearranged ketone and that the conditions developed by Millen and coworkers would be
successful for the acenaphthene systems.

Reactions with 20a were then attempted using 10 equivalents of zinc granules,
which were added in two portions of 5 equivalents each, with 4.8 equivalents of
concentrated hydrochloric acid, which was also added in two portions of 2.4 equivalents
each. Diol 20a was added to glacial acetic acid and heated to near reflux with the addition
of the zinc immediately followed by HCI. The reaction mixture was then allowed to heat
at reflux for 30 minutes, at which point a second addition of Zn/HCI was used, followed by
continued heating for approximately 24 hours. Upon workup, the concentrated residue
from the reaction was purified via filtration through silica gel with hexanes as the eluent.
The reaction produced an orange oil that was determined by GC-MS to contain 80% the
desired 17a and 20% of the rearranged ketone 21a, in an overall reaction yield of
approximately 70%. The reaction was attempted again using the same conditions but this
time with 15 equivalents of zinc and 7.2 equivalents of hydrochloric acid, each added

sequentially in three equal portions and in one hour intervals. Under these modified
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conditions, the reaction produced an orange oil, in a yield of 80%, that was determined to
be 96% 17a and 4% 21a. Similar outcomes were found for 20b-d using these reaction
conditions, with overall reaction yields between 70-80% with conversions to 17b-d greater
than 95%.

Finally, the 1,2-disubstituted acenaphthylenes were subjected to Friedel-Crafts
reactions to produce the dione intermediate necessary to generate extended fused-ring TPs.
Two of the acenaphthylene analogs, 17a and 17c, were used in Friedel-Crafts acylations
with oxalyl chloride and a titanium(IV) tetrachloride or aluminum(lll) trichloride lewis
acid, as shown below in Scheme 4.7. Acenaphthylene 17c was used in a majority of these
syntheses because it was the easiest analog to produce and because it was a solid, the
easiest to work with as well. In all attempts to produce diones 22a and 22c, no product
was observed with large amounts of unrecognizable byproducts present. Small amounts of
the pinacol rearranged ketone were isolated but it was unclear if it was because the reaction
conditions caused this rearrangement or if they were present in the starting materials. A
variety of other reaction conditions should be screened to determine if a Friedel-Crafts
acylation of these acenaphthylene systems is indeed possible, or if they promote side

reactions that interfere with the synthesis of such diones.

Cl O R R

R R o; :CI s
s TiCl, or AICI; OO
—
17 aR =CgHy7 Oe DCM ' aR=CgHqy
cR=Ph

Scheme 4.7. Friedel-Crafts acylation of 1,2-disubstituted acenaphthylenes.

121



Dehydrative cyclizations have been shown to occur with aryl pinacols in the
presence of trifluoromethanesulfonic acid (triflic acid) as a general route for the production
of substituted phenanthrenes.?®?° This was an interesting avenue to pursue as it would
allow for extended fused-ring systems with even greater conjugation, as well as provide a
means to inhibit pinacol rearrangement. Obviously, the system presented in Scheme 4.8
would suffer from decreased solubility with such highly planar, rigid systems, but one
could envision using alkylated phenyl functionalities that would incorporate solubilizing
chains. The other issue that arises is the selectivity of the Friedel-Crafts acylation where
the preference between the formations of the 6-membered rings, which are typically more
favored, versus 5-membered rings would dictate whether or not this is a viable pathway.?!
One could envision incorporating bulky alky side chains on the phenanthrene portion of
the compound to block the formation of the 6-membered ring, but this could have the

unwanted consequence of inhibiting the dehydrative cyclization as well.

triflic acid

HO OH —_—
I I toluene II

20c 23

Scheme 4.8. Reductive dehydration of 20c utilizing
triflic acid.

The successful dehydrative cyclization of 20c was accomplished using 15.1

equivalents of triflic acid in dry toluene, but fluoranthene 23 was generated in very low
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yield (8%). X-ray quality crystals of 23 were grown from slow evaporation in chloroform
to confirm the structure as its diminished solubility made it difficult to characterize by

traditional means (Figure 4.5).

Figure 4.5. Thermal ellipsoid plot of
Dibenzo[j,I]fluoranthene, 23 at the 50% probability level.

It was found that the major product of this reaction was ketone, 21c, which is a
result of the pinacol rearrangement, and attributed to approximately 80% of the recovered
material. This could be an indication of the presence of water in the reaction as this would
result in a weakened acid system, in which the acid strength of the reaction medium is

required to have a Ho > -12 in order to prevent the pinacol rearrangement.*®2 Pure triflic
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acid has been estimated to have a Ho = -14, so it is critical that the reaction be done under
an inert atmosphere and with anhydrous reagents.?? This reaction was only attempted once

so further optimization is required for this avenue to be fruitful.

4.3. Conclusions

The work presented here describes the synthesis and characterization of a new
extended fused-ring TP-based terthienyl, 3-octyl-8,10-bis(2-thienyl)acenaphtho[1,2-
b]thieno[3,4-e]pyrazine, which contains a solubilizing chain attached to the central TP unit.
In TP-based terthienyls, the introduction of solubilizing chains on the external thiophenes
introduces complicating factors, such as sterics that cause decreased conjugation along the
backbone because of torsional rotation about the interannular bonds, which would lead to
undesirable consequences in materials prepared from these species. It was shown that the
addition of solubilizing chains on the central TP unit would increase the solubility of these
monomers while also still maintaining the desirable characteristics of their
unfunctionalized counterparts. Therefore, the incorporation of alkyl chains on the central
TP unit as a means to increase the solubility of these oligomers while maintaining their
desirable optical and electronic properties is a promising approach to developing low band
gap materials with enhanced solubility.

Also, methods have been developed towards the production of extended fused-ring
diones via 1,2-dialkyl- and 1,2-diaryl-acenaphthylenes that can be used to develop TPs
with even greater solubility in common organic solvents. Progress was made towards the
production of four 1,2-disubstituted- acenaphthylene analogs with the successful synthesis

of the alkyl substituted 1,2-bis(2-ethylhexy)- and 1,2-dioctyl-acenaphthylenes, as well as
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the aryl substituted 1,2-diphenyl- and 1,2-di(4-octylphenyl)-acenaphthylenes. These
acenaphthylenes provide a handle to incorporate multiple solubilizing chains, as well as a
means to extend the conjugation of the monomer even further. These monomers could
then be used to produce TP-based materials with very low band gaps, below 1.0 eV, that

are also solution processable.

4.4. Experimental

General. Unless noted, all materials were reagent grade and used without further
purification. Chromatographic separations were performed using standard column
chromatography methods with silica gel (230-400 mesh). All glassware was oven-dried,
assembled hot, and cooled under a dry nitrogen stream before use. Transfer of liquids was
carried out using standard syringe techniques and all reactions were performed under a dry
nitrogen stream. Melting points were determined using a digital thermal couple with a 0.1
°C resolution. The *H NMR and *C NMR were completed on a 400 MHz spectrometer.
All NMR data was referenced to the chloroform signal and peak multiplicity was reported
as follows: s =singlet, d = doublet, t = triplet, q = quartet, p = pentet, dd = doublet of
doublets, td = triplet of doublets, m = multiplet and br = broad. HRMS was performed in
house.

Materials. 5-octylacenaphthylene-1,2-dione was prepared by Jon Nietfeld
according to a previously published procedure.?® 3’,4’-diamino-2,2’:5°,2”-terthiophene
was prepared according to previously published procedure.?* Dry THF and toluene were

obtained via distillation over sodium/benzophenone. CH2Cl> and CH3CN were dried over
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CaH: and distilled prior to use. All other materials were reagent grade and used without
further purification.

1,2-Dibromoacenaphthylene (16). The following is a modification of previously
reported methods.?®> Acenaphthene (3.08 g, 20.0 mmol) and NBS (14.24 g, 80 mmol) were
added to a flask under nitrogen atmosphere, which was then charged with CCl4 (50 mL)
and AIBN (0.328 g, 2 mmol). The reaction mixture was heated to reflux for 3 hours and
then cooled to room temperature. Once cool, the succinimide was removed via filtration
and the organic phase was quenched with ag. sodium thiosulfate (100 mL). The organic
phase was then dried with MgSOs, filtered and concentrated. The crude product was
recrystallized in ethanol to give 3.58-4.34 g of yellow-orange crystals (58-70%). *H NMR:
57.82(d, J = 8.5 Hz, 2H), 7.63 (d, J = 8.5 Hz, 2H), 7.59 (t, J = 8.5 Hz, 2H); 3C NMR: &
137.3,128.4,128.1, 127.6, 126.9, 123.4, 121.2. *H NMR values agree with previously
reported values.?®

1,2-Dihydroxy-1,2-dioctylacenaphthene (20a). Magnesium metal shavings (2.17
g, 90 mmol) were oven dried and polished via mortar and pestle immediately prior to use.
The magnesium and a flake of iodine were added to a flask fitted with an addition funnel
under nitrogen atmosphere, which was then evacuated and backfilled with nitrogen 3 times
and charged with THF (400 mL). To the addition funnel was added 1-bromooctane (17.38
g, 15.6 mL, 90 mmol) and THF (60 mL). A small portion of the octyl bromide/THF
solution was added to the reaction mixture and allowed to stir at room temperature until
activated (yellow color from iodine disappears). Once activated, the reaction mixture was
cooled in a cool water bath, while the octyl bromide solution was added dropwise over a 2

hour period and then allowed to stir overnight. The acenaphthene quinone (5.47 g, 30
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mmol) was added in 3 equal portions in 30 minute intervals and allowed to stir at room
temperature overnight. The reaction was quenched with water (300 mL) and the THF was
removed via rotary evaporation. The solid was filtered and washed with hexanes until the
rinses were colorless. The solid was then dissolved in hot ethanol and filtered to remove
unreacted quinone. The filtrate was then concentrated via rotary evaporation giving 3.80-
4.15 g of an off white powder (30-33%). 'H NMR: § 7.69 (d, J = 8.3, 6.8 Hz, 2H), 7.53
(dd, J = 6.8 Hz, 2H), 7.39 (d, J = 8 Hz, 2H), 2.16 (s, 2H), 1.98 (td, J = 12.0, 4.8 Hz, 2H),
1.61 (td, J = 12.0, 4.8 Hz, 2H), 1.30 (m, 24H), 0.84 (t, J = 7.1 Hz, 6H); 13C NMR: § 145.1,
134.3, 130.8, 128.0, 124.4, 119.5, 87.8, 39.0, 32.0, 30.3, 29.7, 29.5, 23.9, 22.8, 14.3;
HRMS m/z 433.3088 [M + Na]* (calcd for C2sH4202Na 433.3077).
1,2-Dihydroxy-1,2-diphenylacenaphthene (20c). Bromobenzene (9.89 g, 63
mmol) was added to a flask under nitrogen atmosphere, which was then evacuated and
backfilled with nitrogen 3 times and charged with THF (500 mL). The solution was then
cooled to -78 °C in a dry ice/acetone bath and the butyllithium (25.2 mL, 2.5 M in hexanes,
63 mmol) was added dropwise over a period of an hour. Once the addition of butyllithium
was complete the reaction was allowed to stir at -78 °C for 1 hour. The acenaphthene
quinone (5.47 g, 30 mmol) was added in 3 equal portions in 30 minute intervals and
allowed to slowly warm to room temperature and stir overnight. The reaction was
quenched with water (300 mL) and the THF was removed via rotary evaporation. The
solid was filtered and washed with hexanes until the rinses were colorless. The solid was
then dissolved in hot ethanol and filtered to remove unreacted quinone. The filtrate was
then concentrated via rotary evaporation giving 8.09 g of an off white powder (80%). ‘H

NMR: § 7.90 (dd, J = 8.5, 0.8 Hz, 2H), 7.65 (dd, J = 8.5, 7.0 Hz, 2H), 7.36 (m, 8H), 7.24
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(m, 4H), 2.14 (s, 2H); 13C NMR: & 145.8, 141.0, 137.5, 131.3, 129.2, 128.3, 128.2, 127.9,
125.5,122.0, 90.3.

1,2-Dihydroxy-1,2-bis(4-octylphenyl)acenaphthene (20d). The 1-bromo-4-
octylbenzene (5.87 g, 21.8 mmol) was added to a flask fitted with an addition funnel under
nitrogen atmosphere, which was then evacuated and backfilled with nitrogen 3 times and
charged with THF (110 mL). The solution was then cooled to -78 °C in a dry ice/acetone
bath and the t-butyllithium (26.9 mL, 1.7 M in pentane, 45.8 mmol) was added to the
addition funnel. The t-butyllithium was then added dropwise over a period of 1.5 hours
and allowed to stir at -78 °C for an additional 30 minutes. The acenaphthenequinone (1.89
g, 10.4 mmol) was added in 3 equal portions in 30 minute intervals and allowed to slowly
warm to room temperature and stir overnight. The reaction was quenched with water (10
mL) and the THF was removed via rotary evaporation. The solid was filtered and washed
with hexanes until the rinses were colorless. The product was an oil, so it was dissolved in
DCM (100 mL) and washed with sat. ag. NaHCOs3 (2 x 50 mL), brine (2 x 50 mL), dried
with MgSQsg, filtered, and concentrated via rotary evaporation. The crude yellow oil was
purified via column chromatography (gradient of 100% hexanes to 100% DCM). The
purified product gave 5.47 g of a light yellow, very thick oil that solidifies into a white,
hard waxy solid (93%). *H NMR: ¢ 7.90 (dd, J = 8.5, 0.8 Hz, 2H), 7.64 (dd, J=8.5, 7.0
Hz, 2H), 7.37 (dd, J = 8.5, 0.8 Hz, 2H), 7.14 (m, 8H), 2.61 (t, J = 8.0 Hz, 4H), 2.18 (s, 2H),
1.62 (p, J = 8.0 Hz, 4H), 1.31 (m, 20H), 0.89 (t, J = 8.0 Hz, 6H); 13C NMR: 6 146.0, 143.1,
138.3,137.4,131.2,129.1, 128.3, 127.8, 127.3, 126.9, 125.3, 121.9, 90.3, 35.9, 32.1, 31.6,

29.7,29.6, 29.5, 22.9, 14.3.
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General procedure for the reductive dehydration. The diol (20a-d, 3 mmol)
was added to a flask fitted with a condenser, charged with glacial acetic acid (40 mL), and
heated to near reflux. Once warm, Zn granules (15 mmol, 3 x 5 mmol) were added and
immediately followed by the addition of concentrated HCI (7.2 mmol, 3 x 2.4 mmol) and
heated to reflux. The Zn/HCI combination was done in 3 equal portions done 0.5-1.0
hours apart and then allowed to stir at reflux for 24 hours. The reaction was then cooled to
room temperature and poured into water (50 mL) and extracted with DCM (3 x 50 mL).
The combined organics were washed with sat. ag. NaHCO3 (3 x 50 mL), brine (3 x 50
mL), dried with MgSOg, filtered, and concentrated via rotary evaporation. Crude products
were purified by column chromatography with hexanes as the eluent giving an orange oil.

1,2-Dioctylacenaphthylene (17a). Reaction produced 0.904 g (2.4 mmol) of an
orange oil (80%). H NMR: 6 7.67 (dd, J = 8.0, 0.9 Hz, 2H), 7.50 (m, 4H), 2.72 (t, J = 7.8
Hz, 4H), 1.68 (p, J = 7.6 Hz, 4H), 1.43 (m, 4H), 1.31 (m, 16H), 0.89 (t, J = 7.6 Hz, 6H);
13C NMR: 6 141.4, 138.6, 128.8, 128.0, 127.6, 126.1, 121.0, 32.2, 31.2, 30.2, 29.8, 29.5,
26.1,22.9, 14.3.

1,2-Bis(2-ethylhexyl)acenaphthylene (17b). Reaction produced 0.565 g (1.5
mmol) of an orange oil (50%). *H NMR: 6 7.68 (dd, J = 8.5, 1.2 Hz, 2H), 7.52 (dd, J =
8.5, 1.2 Hz, 2H), 7.48 (dd J = 8.5, 7.1 Hz, 2H), 2.65 (m, 4H), 1.78 (m, 2H), 1.35 (m, 16H),
0.92 (m, 12H).

1,2-Diphenylacenaphthylene (17c). Reaction produced 0.639 g (2.1 mmol) of an
orange-yellow powder (70%). *H NMR: ¢ 7.88 (dd, J = 8.5, 0.8 Hz, 2H), 7.76 (dd, J = 8.5,
0.8 Hz, 2H), 7.61 (dd J = 8.5, 7.1 Hz, 2H), 7.46 (m, 4H), 7.38 (m, 4H), 7.32 (m, 2H); 3C

NMR: ¢ 140.2, 138.3, 135.5, 130.3, 128.7, 128.6, 128.4, 128.0, 127.5, 127.3, 124.2.
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1,2-Bis(4-octylphenyl)acenaphthylene (17d). Reaction produced 0.465 g (0.880
mmol) of an orange oil (30%). *H NMR: 6 7.85 (d, J = 8.5 Hz, 2H), 7.75 (d, J = 8.5 Hz,
2H), 7.59 (dd, J = 8.5, 7.1 Hz, 2H), 7.38 (d, J = 8.5 Hz, 4H), 7.18 (d, J = 8.5 Hz, 4H), 2.65
(t, J = 8.0 Hz, 4H), 1.67 (p, J = 7.2 Hz, 4H), 1.33 (m, 24H), 0.91 (t, J = 6.8 Hz, 6H); 13C
NMR: ¢ 142.0, 140.5, 137.9, 132.8, 130.1, 128.6, 128.5, 128.3, 128.0, 127.2, 124.0, 36.0,
32.1,31.6,29.7, 29.6, 29.5, 22.9, 14.4

Dibenzo[j,l]fluoranthene (23). To a flask under a nitrogen atmosphere, 20c (2.03
g, 6 mmol) and dry toluene (10 mL) was added. The suspension was cooled to 0 C in an
ice bath and trifluoromethanesulfonic acid (13.57 g, 8 mL, 90.4 mmol) was added in one
portion. The ice bath was removed and the mixture was stirred at room temperature for 24
hours. The resulting mixture was poured over 100 g of ice and extracted with toluene (3 x
50 mL). The combined organic layers were washed with water (3 x 100 mL), brine ( 3 x
100 mL), dried with MgSO4, filtered, and concentrated via rotary evaporation. The solid
was suspended in hexane and filtered, followed by washing with Et.O until washes were
colorless. The solid was dried on the filter giving 0.150 g (0.5 mmol) of fine, needle-like
yellow crystals (8%). *H NMR: ¢ 8.91 (dd, J = 8.0, 1.2 Hz, 2H), 8.79 (dd, J = 8.0, 1.2 Hz,
2H), 8.55 (d, J = 8.0 Hz, 2H), 7.89 (d, J = 8.0, 2H), 7.71 (m, 6H).

1-Bromo-4-octylbenzene. The 1,4-dibromobenzene (3.54 g, 15 mmol) was added
to a flask fitted with an addition funnel under nitrogen atmosphere, which was then
evacuated and backfilled with nitrogen 3 times and charged with THF (110 mL). The
solution was then cooled to -78 °C in a dry ice/acetone bath and the tbutyllithium (18.5 mL
mL, 1.7 M in pentane, 31.5 mmol) was added to the addition funnel. The t-butyllithium

was then added dropwise over a period of 1 hour and allowed to stir at -78 °C for an
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additional 30 minutes. The 1-bromooctane (3.19 g, 2.86 mL, 16.5 mmol) was added
dropwise and allowed to stir at -78 °C for 2 hours. It was then quenched with water (50
mL) and the THF was removed via rotary evaporation. The oil residue was then dissolved
in Et20 (150 mL), washed with brine (3 x 50 mL), dried with MgSQg, filtered and
concentrated via rotary evaporation. The crude product was filtered through silica gel and
washed with hexanes to give a clear oil that is a mixture of 1-bromooctane and product.
The product ratio was determined by GC-MS (typically 65% product) and used without
further purification. Purified 1-bromo-4-octylbenzene can be obtained via vacuum
distillation. 'H NMR: ¢ 7.39 (d, J = 8.5 Hz, 2H), 7.05 (d, J = 8.5 Hz, 2H), 2.55 (t, J = 8
Hz, 2H), 1.58 (p, J = 7.4 Hz, 2H), 1.29 (m, 10H), 0.89 (t, J = 7.2 Hz, 3H); 3C NMR: §
142.1,131.4,130.4, 119.4, 35.6, 32.1, 31.5, 29.6, 29.5, 29.4, 22.9, 14.3.
3-Octyl-8,10-bis(2-thienyl)acenaphtho[1,2-b]thieno[3,4-e]pyrazine (24). The 5-
octylacenaphthylene-1,2-dione (0.120 g, 0.41 mmol) and 3°,4’-diamino-2,2’:5°,2”-
terthiophene (0.114 g, 0.41 mmol) were added to a flask fitted with a condenser under
nitrogen atmosphere and charged with absolute ethanol (25 mL). The reaction mixture was
then heated to reflux for 24 hours. It was then allowed to cool to room temperature and
brought to dryness via rotary evaporation. The purple solid was then suspended in
hexanes, filtered, and washed with hexanes until washing were colorless. It was purified
by silica gel column chromatography (75:25, hexanes:chloroform) giving 0.135 g (0.32
mmol) of a purple solid (78%). *H NMR: ¢ 8.34 (d, J = 8.0 Hz, 1H), 8.26 (d, J = 8.0
Hz,1H), 8.19 (d, J = 8.0 Hz, 1H), 7.81 (t, J = 8.0, 1H), 7.75 (d, J = 4.8 Hz, 2H), 7.61 (d, J

= 8.0 Hz, 1H), 7.43 (d, J = 4.8 Hz, 2H), 7.16 (t, J = 4.8 Hz, 2H), 3.19 (t, J = 7.2 Hz, 2H),
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1.83 (p, J = 7.2 Hz, 2H), 1.47 (p, J = 7.2 Hz, 2H), 1.34 (m, 8H), 0.89 (t, J = 7.2 Hz, 3H);

HRMS m/z 1095.2727 [M + Na]* (calcd for CeaHssNaSsNa 1095.2721).

4.5. Instrumentation

UV-vis Spectroscopy. UV-visible spectra were measured on a dual beam scanning
spectrophotometer using samples prepared as dilute CH3CN solutions in 1 cm quartz
cuvettes.

Electrochemistry. Cyclic Voltammetry (CV) experiments were performed on a
Bioanalytical Systems BAS 100B/W electrochemical analyzer. All measurements were
completed using a step rate of 100 mV/s. The CVs were performed using a three-electrode
cell consisting of platinum disc working electrode, pt wire counter-electrode, and a Ag/Ag*
reference electrode (0.1 M AgNO3/0.1 M TBAPFg¢in MeCN; 0.320 V vs. SCE) and
internally standardized to ferrocene (51 mV vs Ag/Ag*).t® Dilute solutions were prepared
from dissolution in MeCN dried via distillation over CaH». The supporting electrolyte was
0.10 M tetrabutylammonium hexafluorophosphate (TBAPFg). Prior to each scan the

solutions were sparged for 20 min with argon and blanketed with argon during the

experiment.
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CHAPTER 5. SUMMARY

5.1. Conclusion

The work presented in this thesis describes the synthesis and characterization of
new classes of TP-based terthienyls containing various electron-donating and electron-
withdrawing groups that have been prepared from terthienyls containing central 2,3-
ditriflato- and 2,3-bis(bromomethyl)thieno[3,4-b]pyrazines. As was previously
demonstrated for the thieno[3,4-b]pyrazine monomers, the ability to vary the functional
groups allowed for a significant degree of tuning of the electronic and optical properties of
these popular conjugated building blocks. The addition of the external thiophenes of the
TP-based terthienyls reduced the effect of the functional groups on the modulation of the
HOMO energies by approximately one-third when compared to that of the TP monomers.
However, it was also demonstrated that the effect on the modulation of the corresponding
LUMO energies was analogous to that found with the TP monomers. The tunability of
these TP-based terthienyls is complementary to that of the TP monomers, with variations
of the HOMO-LUMO gap energies of these materials of almost a full 1.0 eV. As such,
the robust nature of TP-based materials, the tunability of these systems, and the degree to
which they have been studied provides reason to believe that these materials are indeed a
promising class of building blocks for the production of new low band gap materials.

As a means to showcase the versatility of these new TP-based terthienyls, beyond
the simple dialkyl or diaryl analogs, the corresponding polymers were electrochemically
produced to demonstrate the tunability of the optical and electronic properties of these

polymeric materials, while also minimizing the loss of starting materials through unwanted
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reactivity. Contrary to the trends commonly observed with polythiophene materials, the
addition of electron-donating groups results in higher HOMO-LUMO energies in the
monomers, as well as higher Eg values in the resulting polymers. Correspondingly, the use
of electron withdrawing groups provides reduced HOMO-LUMO energies, as well as
lower Eg values. The application of these tunable TP-based terthienyl building blocks
towards the productions of conjugated materials appears to be a promising approach for
controlling the corresponding frontier orbitals and band gaps of the final copolymeric
materials.

The effect of the side chains on the HOMO is diminished in the application of TP-
based terthienyls into copolymeric systems with fluorine. Even though the effect on the
HOMO is weakened, the TP unit is still responsible for determining the HOMO energy
level and is essentially the factor that determines the LUMO energy of the resultant
material and as a result the material’s band gap as well. The ability to modulate the optical
and electronic properties of materials via TP functionalization would allow for the
production of systems that are much more structurally and synthetically simple. Also, this
would provide a means to accomplish the desired electronic and optical property
modifications for various device applications, while holding the backbone structure
constant. This would result in a reduction of the issues that arise from morphological
changes of structurally different materials.

Also, the synthesis and characterization of a new extended fused-ring TP-based
terthienyl, 3-octyl-8,10-bis(2-thienyl)acenaphtho[1,2-b]thieno[3,4-e]pyrazine, was
accomplished. Contrary to most extended fused-ring TP analogs in the literature, this new

TP-based terthienyl contains a solubilizing chain attached to the central TP unit. In TP-
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based terthienyls, the introduction of solubilizing chains on the external thiophenes
introduces complicating factors, such as steric interactions, that cause decreased
conjugation along the backbone because of torsional rotation about the interannular bonds.
Torsional rotation along the polymer backbone would lead to undesirable consequences in
materials prepared from these species, most notably increased band gaps. It was shown
that the addition of solubilizing chains on the central TP unit would increase the solubility
of these monomers while also still maintaining the desirable characteristics of their
unfunctionalized counterparts. Therefore, the incorporation of alkyl chains on the central
TP unit as a means to increase the solubility of these oligomers while maintaining their
desirable optical and electronic properties is a promising approach to developing TP-based
low band gap materials with enhanced solubility.

Methods have been developed towards the production of extended fused-ring
diones via 1,2-dialkyl- and 1,2-diaryl-acenaphthylenes that can be used to develop TPs
with even greater solubility in common organic solvents. Progress was made towards the
production of four 1,2-disubstituted-acenaphthylene analogs with the successful synthesis
of the alkyl substituted 1,2-bis(2-ethylhexy)- and 1,2-dioctyl-acenaphthylenes, as well as
the aryl substituted 1,2-diphenyl- and 1,2-bis(4-octylphenyl)-acenaphthylenes. These
acenaphthylenes provide a handle to incorporate multiple solubilizing chains, as well as a
means to extend the conjugation of the monomer even further. These monomers could
then be used to produce TP-based materials with very low band gaps, below 1.0 eV, that

would have the realistic potential to also be solution processable.
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5.2. Future Directions

Although a variety of TP-based terthienyls incorporating both electron-donating
and electron-withdrawing functionalities have been produced, there is still a desire to
synthesize TP-based terthienyls with electron-withdrawing groups that also include
solubilizing chains, with representative examples shown below in Scheme 5.1. This would
allow for the production of polymers with desirable optical and electronic properties, such
as a low band gap, while also imparting enough solubility to become solution processable.
Oxidative electrochemical polymerizations of TP-based terthienyls would allow for the
further study of the structure-function relationships that give rise to their desirable optical
and electronic properties. Polymers of these materials could also be produced via
traditional Suzuki or Stille cross-coupling reactions with various comonomers so their

behavior in multicomponent copolymers could be understood.

o?\s,—o 0-5-0 EWG EWG 0 0 0

FC )~ CFy — ?%JJ\R :"H—J\OR ?"'LJ\NRZ
——————— - NN EWG = 5

s. U N\ s s. A\ s s s U

\ /ST N \ /ST N\ fo R ;ﬁ R

Scheme 5.1. Example of TP-based terthienyls that incorporate electron-withdrawing
groups with solubilizing chains.

Progress was also made towards the production of fused-ring acenes with
solubilizing chains, but their corresponding diones and subsequent extended fused-ring
TPs were not achieved (Scheme 5.2). Extended fused-ring TPs of this nature would allow
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for the production of materials with very low band gaps, while still maintaining a high
degree of solubility. Continuing the generation of solution processable, low band gap
extended fused-ring TPs would expand the scope of TP-based materials and allow for their

use in a wider range of device applications.

SOy - e
N = N - 0 -
sohnde

R = octyl, ethylhexyl, pheny, 4-octylphenyl

Scheme 5.2. Exended fused-ring TPs with solubilizing multiple chains.
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APPENDIX. CRYSTALLOGRAPHIC INFORMATION

A.l. 5,7-Bis(2-thienyl)thieno[3,4-b]pyrazine-2,3-(1H,4H)-dione (Chapter 2, 10).

Figure A.1. Thermal ellipsoid plot of diamide 10 at the 50% probability
level.
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Figure A.2. Crystal packing of diamine 10 with depth cue for clarity.
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Table A.1. Crystal data for diamide 10.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections [1>2s]
Reflections (1>2s)

Goodness of fit onF2

Final R indices [I>2s]

R indices (all data)

C14 Hg N2 O2 S3,CH40O
364.45

100(2) K

0.71073 A

Monoclinic

P2(1)/c

a=11.9818(3) A

b =13.2018(3) A

¢ =10.9061(3) A
1557.19(7) A3

4

1.555 g/cm™®

0.491 mm

752

0.14 x 0.25 x 0.36 mm?®
2.58 t0 27.87°

20415

3733 [R(int) = 0.0480]
3316

1.056

R1=0.0427, wRz = 0.1209
R1 = 0.0480, wR> = 0.1256

o = 90.00°
B = 115.4920(10)°
v = 90.00°
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Table A.2. Atomic coordinates and equivalent isotropic displacement parameters (A% x
10%) for diamide 10.

Atom X Y Z
S3 0.56441(5) 0.18918(4) 1.01300(5)
S2 0.76292(5) 0.30937(4) 0.93112(6)
S1 0.39093(6) 0.12114(4) 1.17783(6)
03 -0.05076(15) -0.03571(13) 0.25820(16)
02 0.14326(14) 0.03351(12) 0.49764(16)
01 0.34511(15) 0.01830(12) 0.43930(15)
N2 0.46731(16) 0.08638(13) 0.64418(17)
N1 0.26966(16) 0.07608(13) 0.71436(17)
C9 0.76738(17) 0.14670(16) 0.7977(2)
C8 0.70159(19) 0.19335(15) 0.8634(2)
C7 0.8758(2) 0.29994(18) 0.8768(3)
C6 0.2578(2) 0.15532(17) 1.1864(2)
C5 0.33517(19) 0.15755(15) 1.0098(2)
C4 0.41235(19) 0.14808(15) 0.9375(2)
C3 0.38390(19) 0.11240(15) 0.8092(2)
C2 0.24685(19) 0.05434(15) 0.5847(2)
C15 -0.0493(3) 0.0283(2) 0.1535(3)
Cl4 0.21343(19) 0.19709(16) 0.9605(2)
C13 0.1728(2) 0.19280(17) 1.0674(2)
Cl12 0.48402(19) 0.11874(15) 0.7726(2)
C11 0.58908(19) 0.16077(15) 0.8720(2)
C10 0.8674(2) 0.21229(18) 0.8079(2)
C1 0.35776(19) 0.05163(15) 0.5491(2)
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Table A.3. Bond lengths [A] for diamide 10.

Bonds Length Bonds Length
S1-C5 1.727(2) C6 —H6 0.951
S1-C6 1.699(3) C6-Cl13 1.352(3)
S2-C7 1.699(3) C7-H7 0.950
S2 -C8 1.722(2) C7-C10 1.360(4)
S3-C4 1.732(2) C8-C9 1.414(4)

S3-Cl11 1.727(3) C8-Cl1 1.456(3)
O1-Cl 1.222(3) C9-H9 0.950
02-C2 1.226(2) C9-Cl10 1.443(3)
N1 -HI1 0.880 C10-HI0 0.949
N1-C2 1.351(3) Cl1-Cl12 1.376(2)
NI1-C3 1.398(2) C13-HI13 0.950
N2 —HI12 0.879 C13-Cl4 1.445(4)
N2 -Cl 1.355(2) Cl4-Hl14 0.950
N2 -Cl12 1.394(3) O3 —H3 0.840
Cl-C2 1.537(4) 03 -Cl15 1.427(4)
C3-C4 1.373(3) Cl15-HI5A 0.980
C3-CI2 1.420(4) Cl15-HI5B 0.981
C4-C5 1.456(4) C15-HI15C 0.980
C5-Cl4 1.419(3)
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Table A.4. Bond angles[°] for diamide 10.

Bonds Angle Bonds Angle
S3-C4-C3 109.9(2) H15B - C15-H15C 109.5
S3-C4-C5 119.9(2) H15A - C15-HI15B 109.5
S3-CI11-C8 120.7(2) H15A — C15 - HI15C 109.5
S3-CI1-ClI12 109.9(2) H13 -C13-Cl14 122.9
S2-C7-H7 124 H12 - N2 -C1 118.5
S2-C7-CI10 112.0(2) H12 -N2 -C12 118.5
S2 - C8—C9 112.1(2) H1 -N1-C2 118.7
S2-C8-Cl11 118.1(2) H1-N1-C3 118.7
S1-C5-C4 120.3(2) C9-C8-Cl1 129.6(2)
S1-C5-Cl14 111.7(2) C9-Cl10-HI10 122.8
S1-C6—-H6 123.8 C8-C9-H9 125.6
S1-C6-Cl13 112.4(2) C8-C9-Cl10 109.0(2)

O3 -CI5-HI5A 109.5 C8-Cl1-Cl12 128.8(2)
03 -Cl15-HI5B 109.4 C7-S2-C8 92.4(1)
03 - Cl15-HI5C 109.5 C7-C10-C9 114.5(2)
02-C2-Nl1 122.7(2) C7-Cl10-HI10 122.7
02-C2-C1 119.8(2) C6—-C13—-HI3 122.8
O1-C1—-N2 122.8(2) C6-Cl13-Cl14 114.4(2)
Ol1-Cl1-C2 120.0(2) C5-S1-Cé6 92.3(1)
N2-Cl-C2 117.2(2) C5-Cl4-CI3 109.2(2)
N2-CI12-C3 119.4(2) C5-Cl4-H14 125.5
N2-Cl12-Cl1 127.0(2) C4-S3-Cl1 93.3(1)
N1-C2-Cl 117.5(2) C4-C3-Cl12 113.4(2)
NI-C3-C4 127.3(2) C4-C5-Cl4 128.0(2)
N1-C3-Cl12 119.3(2) C3-C4-C5 130.1(2)
H9 - C9-Cl10 125.5 C3-Cl2-Cl11 113.5(2)
H7-C7-Cl10 124 C2-NI1-C3 122.7(2)
H6 - C6-C13 123.8 C13-Cl14-H14 1254
H3-03-Cl5 109.4 Cl1-N2-CI2 123.1(2)
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A.2. 2,3-Bis(bromomethyl)-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine (Chapter 2, 7).

Br2

c1

Figure A.3. Thermal ellipsoid plot of bromomethyl 7 at the 50%
probability level.
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Figure A.4. Crystal packing of bromomethyl 7 with depth cue for clarity.
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Table A.5. Crystal data for bromomethyl 7.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections [1>2s]
Reflections (1>2s)

Goodness of fit onF2

Final R indices [I>2s]

R indices (all data)

C16 H1o Br2 N2 S3
486.26

100(2) K

1.54178 A

Monoclinic

P2(1)/c

a=16.1751 (4) A

b =13.4330 (3) A
c=7.5616 (2) A
1635.21 (7) A3

4

1.975 g/cm™®

9.858 cm*

952

0.03 x 0.068 x 0.11 mm?®
2.7410 67.42°

13535

2841 [R(int) = 0.0201]
2785

1.240

R1=0.0191, wR = 0.0535
R1=0.0201, wR> = 0.0666

o = 90.00°
B = 95.5760 (10)°
v = 90.00°
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Table A.6. Atomic coordinates and equivalent isotropic displacement parameters (A% x
10%) for bromomethyl 7.

Atom X Y Z
S3A 0.76035(18) 1.1288(3) 0.8329(4)
S3 0.88957(13) 1.00164(14) 0.9878(2)
S2A 0.4762(5) 0.8306(6) 0.5539(12)
S2 0.54285(7) 0.62590(8) 0.6331(2)
S1 0.64654(3) 0.92621(4) 0.72370(7)
N2 0.84050(11) 0.78871(14) 0.9489(2)
N1 0.71517(11) 0.65212(14) 0.8091(2)
C9A 0.5371(16) 0.6594(18) 0.615(4)
C9 0.4872(5) 0.7997(5) 0.5618(11)
Cc8 0.55653(14) 0.75489(17) 0.6364(3)
C7 0.74536(14) 0.92082(16) 0.8345(3)
C6 0.76703(14) 0.82122(16) 0.8628(3)
C5 0.70445(13) 0.75288(16) 0.7943(3)
C4 0.78572(14) 0.62199(16) 0.8903(3)
C3 0.84907(13) 0.69189(16) 0.9632(3)
C2 0.92864(14) 0.65654(17) 1.0580(3)
C16 0.63303(14) 0.79894(16) 0.7143(3)
Ci15 0.79263(14) 1.00920(16) 0.8813(3)
Cl14 0.89941(16) 1.12512(18) 0.9980(3)
C13 0.83472(18) 1.17736(19) 0.9216(4)
C12A 0.8736(11) 1.0129(15) 0.980(3)
C12 0.7694(5) 1.1062(5) 0.8496(10)
Cl1 0.44625(15) 0.63905(19) 0.5314(3)
C10 0.42145(15) 0.73459(19) 0.5000(3)
C1 0.80358(14) 0.51262(16) 0.9110(3)
Br2 0.711757(15) 0.428511(17) 0.82362(3)
Brl 1.007719(13) 0.625576(16) 0.88227(3)
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Table A.7. Bond lengths [A] for bromomethyl 7.

Bonds Length Bonds Length
S3-C15 1.695(3) C2 - H2A 0.990
S3-Cl4 1.667(3) C2-H2B 0.990

S3 - HI2A 0.695 C15-CI2A 1.44(2)
S2 — H9A 0.582 C15-S3A 1.718(4)
S1-C7 1.733(2) Cl4-Hl14 0.949
S1-Cl6 1.724(2) Cl4-Cl13 1.343(4)
N2 - C3 1.311(3) Cl4-CI2A 1.57(2)
N2 -Cé6 1.370(3) C13-HI13 0.950
N1 -C5 1.368(3) C13-S3A 1.472(4)
N1 -C4 1.306(3) CI12A —HI2A 0.950

H12 - S3A 0.736 Cl12 —-HI2 0.949
C9A — H9A 0.950 Cl2-Cl15 1.371(7)
C9-H9 0.950 Cl12-C13 1.488(8)
C8-Cl6 1.445(3) C11-CI10 1.359(4)
C8-1S2 1.747(3) Cl1-S2 1.682(3)
C8—C9 1.347(8) C11 - C9A 1.57(3)
C8— C9A 1.33(2) C11-Hl11 0.950
C8-S2A 1.719(8) Cl10-C9 1.420(8)
C7-Cl15 1.438(3) C10-S2A 1.595(8)
C7-Co6 1.394(3) Cl10-HI0 0.949
C5-C6 1.426(3) Cl-HIA 0.990
C5-Cle6 1.396(3) Cl-HIB 0.990
C4-ClI 1.503(3) Br2 - Cl1 1.931(2)
C3-C4 1.458(3) Brl - C2 1.976(2)
C3-C2 1.489(3)




Table A.8. Bond angles[°] for bromomethyl 7.

Bonds Angle Bonds Angle
S3-C15-Cl12 111.4(3) C7-Cl15-S3A 125.2(2)
S3-Cl15-C7 120.9(2) C7-C6-C5 113.8(2)
S3-CI15-CI2A 6.0(8) C6-C5-Cl6 113.6(2)
S3-Cl15-S3A 113.9(2) C5-N1-C4 116.3(2)
S3-Cl14-H14 122.2 C5-Cl16-C8 129.4(2)
S3-Cl4-Cl3 115.7(2) C4-C3-C2 121.3(2)
S3-Cl14-CI12A 10.0(7) C4-Cl-HI1A 108.8
S3 -HI12A -CI12A 11 C4-Cl1-HIB 108.8
S2A - C10—-HI0 109.6 C3-N2-C6 115.8(2)
S2-C8-C9 109.8(4) C3-C4-C1 118.0(2)
S2 - C8—C9A 9(1) C3-C2-H2A 109.9
S2 - C8 - S2A 119.4(3) C3-C2-H2B 109.9
S2 - Cl11-C9A 16(1) C16—-C8—S2 121.0(2)
S2-CI11-HI11 122.4 Cl6 -C8—-C9 129.3(4)
S2 — H9A — C9A 24 Cl16 - C8 — C9A 129(1)
S1-C7-ClI5 121.9(2) C16 —C8 - S2A 119.5(3)
S1-C7-C6 108.7(2) C15-S3-Cl4 92.4(1)
S1-C16-C5 109.0(2) C15-S3 —HI2A 122.1
S1-Cl6-C8 121.5(2) C15-Cl12-CI3 111.9(5)
N2-C3-C4 122.9(2) Cl5-C7-Ce6 129.4(2)
N2-C3-C2 115.8(2) C15-CI2A-C14 107(1)
N2 -C6-C7 124.9(2) C15-C12A —-HI2A 126
N2 - C6-C5 121.3(2) C15-S3A—-Cl3 95.7(2)
N1-C5-Cé6 121.8(2) Cl14 -S3 - HI2A 143.2
NI -C5-Cl16 124.6(2) Cl14-C13 -HI13 125.8
NI -C4-C3 121.9(2) Cl4-Cl13-S3A 122.2(3)
NI -C4-Cl1 120.1(2) Cl14-C12A —HI2A 126
H2A - C2 -H2B 108.2 C13-C14-CI12A 106.0(8)
HIA-Cl-HIB 107.7 C12A —C15-S3A 108.6(8)
H14 -C14-Cl13 122.1 Cl12 -HI12 - S3A 19.6
H14 - C14 - CI12A 131.8 Cl12-C15-C7 127.7(4)
H13 -C13 -S3A 112 Cl12-C15-CI2A 106.1(9)
H12-C12-Cl15 124 Cl12-C15-S3A 2.8(3)
H12 -C12 -C13 124.1 Cl12-C13-Cl4 108.5(4)
H12 - S3A —C15 107 C12-C13-HI13 125.7
H12 - S3A —C13 156.8 Cl12-C13-S3A 13.8(3)
C9A — C8 — S2A 111(1) C11-C10-C9 109.0(4)
C9A - CI11-H11 139 Cl1-C10-S2A 124.9(4)
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Table A.8. Bond angles[°] for bromomethyl 7 (continued).

Bonds Angle Bonds Angle
C9—C8—C9A 102(1) Cl11-C10-HI10 125.5
C9-C8—-S2A 9.8(4) Cl11-S2-H9A 156.2
C9-Cl10-S2A 16.0(4) C11—-C9A —H9A 123
C9-C10-H10 125.5 Cl10-C11-S2 115.1(2)
C8-S2-Cll 90.8(1) C10-Cl11-C9A 99(1)
C8 —S2 —HO9A 108.1 Cl10-Cl11-H11 122.4
Cc8-C9-C10 115.4(6) C10-C9—-H9 122.3
C8—-C9-H9 122.3 Br2 -C1-C4 113.8(2)
C8 —C9A - Cl1 115(2) Br2 — C1 —HIA 108.8
C8 - C9A —H9A 123 Br2 - Cl1-HIB 108.8
C8—-S2A-Cl10 89.8(4) Brl -C2-C3 109.2(2)
C7-S1-Cl6 94.9(1) Brl — C2 — H2A 109.8

C7-Cl15-CI2A 126.1(8) Brl — C2 — H2B 109.8
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A.3. 2,3-Dihexyloxy-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine (Chapter 2, 14).

C1

/° C20
-

Figure A.5. Thermal ellipsoid plot of hexyloxy 14 at the 50%
probability level.
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!

Figure A.6. Crystal packing of hexyloxy 14 with depth cue for clarity.
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Table A.9. Crystal data for hexyloxy 14.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections [1>2s]
Reflections (1>2s)
Goodness-of-fit on F?

Final R indices [I>2s]

R indices (all data)

C26H32 N2 O2 S3
500.72

100(2) K

1.54178 A

Monoclinic

P2(1)/c

a=13.7138(4) A

b = 5.5493(2) A

¢ = 33.3099(10) A
2525.51(14) A®

4

1.317 g/cm

2.886 mm*

1064

0.04 x 0.05 x 0.22 mm?®
2.66 t0 66.61°

16117

4348 [R(int) = 0.0404]
3724

1.039

R1 = 0.0324, wR, = 0.0840
R1 = 0.0404, wR; = 0.0892

o = 90.00°
B = 94.945(2)°
v = 90.00°

155



Table A.10. Atomic coordinates and equivalent isotropic displacement parameters (A% x

10%) for hexyloxy 14.
Atom X Y Z
S3 0.13825(3) 0.36568(8) 0.259190(14)
S2 0.67268(3) 0.36643(8) 0.363638(14)
s1 0.43629(3) 0.07722(7) 0.279777(12)
02 0.24387(9) 0.9026(2) 0.36249(4)
o1 0.42431(9) 0.9143(2) 0.39635(4)
N2 0.27633(10) 0.5846(2) 0.32162(4)
N1 0.47222(10) 0.5914(2) 0.35973(4)
C9 0.14527(12) 0.8939(3) 0.34267(5)
cs 0.30528(12) 0.7386(3) 0.34916(5)
Cc7 0.40574(13) 0.7433(3) 0.36842(5)
Cc6 0.52229(13) 0.9098(3) 0.41688(5)
C5 0.53095(13) 1.1236(3) 0.44484(5)
C4 0.62829(13) 1.1209(3) 0.47088(5)
C3 0.64026(13) 1.3346(3) 0.49960(5)
C26 0.22195(12) -0.0198(3) 0.23326(5)
C25 0.12335(14) -0.0131(3) 0.21561(5)
C24 0.07144(13) 0.1810(3) 0.22667(5)
C23 0.24032(13) 0.1838(3) 0.25873(5)
c22 0.76944(14) 0.1761(3) 0.36331(6)
c21 0.75219(13) -0.0169(3) 0.33882(5)
C20 0.65616(17) -0.0124(5) 0.31926(8)
C2 0.72670(13) 1.3090(3) 0.53128(5)
C19 0.60231(12) 0.1876(3) 0.32975(5)
C18 0.50219(13) 0.2460(3) 0.31658(5)
C17 0.32989(12) 0.2429(3) 0.28278(5)
C16 0.34658(12) 0.4235(3) 0.31104(5)
C15 0.44316(13) 0.4256(3) 0.33010(5)
C14 -0.1183(2) 0.6226(4) 0.45434(9)
C13 -0.04478(17) 0.8235(4) 0.45014(6)
C12 -0.00634(14) 0.8344(3) 0.40878(6)
c11 0.06256(13) 1.0457(3) 0.40387(5)
C10 0.08649(13) 1.0908(3) 0.36057(5)
Cc1 0.74087(15) 1.5302(4) 0.55817(6)
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Table A.11. Bond lengths [A] for hexyloxy 14.

Bonds Length Bonds Length
S1-C17 1.735(2) C6 — H6B 0.991
S1-CI8 1.734(2) C7-C8 1.469(2)
S2-Cl19 1.733(2) C9 —H9A 0.99
S2-C22 1.697(2) C9 — H9B 0.991

C20 - H20 0.951 C9-C10 1.511(2)
C20-C19 1.394(3) C10—-HI0OA 0.989
C20-C21 1.418(3) C10-HI0B 0.99
S3-C23 1.727(2) C10-Cl1 1.527(2)
S3 - (C24 1.701(2) Cl1-HI1A 0.989
01 -C6 1.454(2) Cl1-HI1IB 0.989
01 -C7 1.338(2) Cl1-CI12 1.524(2)
02-C8 1.341(2) C12 - HI2A 0.99
02-C9 1.454(2) C12-HI2B 0.989
NI -C7 1.293(2) Cl2-C13 1.518(3)
NI -Cl15 1.383(2) C13-HI3A 0.991
N2 -C8 1.291(2) C13 - HI3B 0.99
N2 -Cl6 1.382(2) Cl13-Cl4 1.518(3)
Cl1-HIA 0.98 Cl4 —HI14A 0.98
Cl1-HIB 0.981 Cl4-HI14B 0.981
Cl1 -HIC 0.98 Cl4 —-H14C 0.98
Cl-C2 1.522(3) C15-Cl16 1.419(2)
C2 - H2A 0.99 C15-C18 1.384(2)
C2 -H2B 0.99 Cl6-Cl17 1.380(2)
C2-C3 1.524(2) C17-C23 1.445(2)
C3 - H3A 0.99 C18-CI9 1.442(2)
C3-H3B 0.989 C21 -H21 0.95
C3-C4 1.524(2) C21-C22 1.355(2)
C4 — H4A 0.989 C22 —H22 0.949
C4 — H4B 0.99 C23-C26 1.422(2)
C4-C5 1.528(2) C24 —H24 0.95
C5—-H5A 0.989 C24-C25 1.359(2)
C5—-HSB 0.99 C25-H25 0.95
C5-Ce6 1.507(2) C25-C26 1.428(2)
C6 — H6A 0.989 C26 — H26 0.95
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Table A.12. Bond angles [°] for hexyloxy 14.

Bonds Angle Bonds Angle
S3-C23-C17 120.9(1) H12B-CI12-C13 108.8
S3-C23-C26 111.6(2) H12A - C12 -HI2B 107.8
S3 - C24 - H24 123.7 H12A-C12-C13 108.9
S3-C24 -C25 112.6(1) H11B-CI1-CI12 108.7
S2-C19-C20 110.0(2) H11A-C11-HI1B 107.7
S2-C19-CI8 122.1(1) H11A-C11-Cl12 108.6
S2 -C22-C21 113.6(1) H10B-CI10-Cl11 108.5
S2 —C22 - H22 123.2 H10A —C10-HI0B 107.6
S1-C17-C16 109.5(1) H10A -C10-Cl11 108.5
S1-C17-C23 121.8(1) C9-C10-HI10A 108.6
S1-C18-Cl5 109.6(1) C9-Cl10-HI0B 108.6
S1-C18-Cl19 121.2(1) C9-C10-Cl1 114.8(1)
02 -C8 —N2 121.4(1) C8—-N2-Cl6 115.5(1)

02-C8-C7 115.8(1) C8-02-C9 114.4(1)
02— C9 — H9A 110.2 C7-N1-Cl5 115.4(1)
02 - C9 - HI9B 110.2 C6-01-C7 115.3(1)
02 -C9-C10 107.7(1) C5—C6 — H6A 110.3

O1-C6-C5 107.3(1) C5-C6—-H6B 110.2
O1—-C6 —H6A 110.3 C4-C5-H5A 109.4
O1-C6—-H6B 110.2 C4-C5-HSB 109.4

O1-C7—-NI 121.5(2) C4-C5-Co 111.2(1)

0O1-C7-C8 115.6(1) C3-C4-H4A 109.1
N2 -Cl16-CI5 121.7(1) C3 - C4 - H4B 109

N2-Cl16-C17 124.4(1) C3-C4-C5 113.0(1)
N2 -C8-C7 122.8(1) C25 - C26 — H26 125.2
NI -CI5-Cl6 121.7(1) C24 — C25 - H25 123
NI -CI5-C18 124.8(2) C24 - C25-C26 114.1(2)
N1-C7-C8 122.9(2) C23 - C26—C25 109.7(1)
H9B - C9 - C10 110.2 C23 - (C26 —H26 125.1
H9A — C9 - H9B 108.4 C23-S3-C24 91.99(8)
H9A — C9-C10 110.2 C21-C22 -H22 123.2
H6A — C6 — H6B 108.6 C20-C19-CI18 127.9(2)
H5B-C5-Cé6 109.4 C20-C21 —H21 124.2
H5A - C5—-HS5B 108 C20-C21-C22 111.7(2)
H5A -C5-C6 109.4 C2-C3-H3A 108.8
H4B - C4 - C5 109 C2-C3-H3B 108.9
H4A — C4 —H4B 107.8 C2-C3-C4 113.4(1)
H4A - C4-C5 108.9 C19-C20-C21 112.9(2)
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Table A.12. Bond angles [°] for hexyloxy 14 (continued).

Bonds Angle Bonds Angle
H3B-C3-C4 108.9 C19-S2-C22 91.79(9)
H3A -C3-H3B 107.8 C17-C23 -C26 127.5(2)
H3A-C3-C4 108.9 C17-S1-C18 93.59(8)
H2B-C2-C3 109.1 Cl6 -C15-Cl18 113.5(2)
H2A -C2-H2B 107.8 Cl6 -C17-C23 128.7(2)
H2A-C2-C3 109 Cl15-Cl6-Cl17 113.9(1)
H25-C25-C26 122.9 C15-C18-CI19 129.2(2)
H24 — C24 - C25 123.8 C13-Cl14 -HI14A 109.4
H21-C21-C22 124.1 C13-Cl14-H14B 109.5
H20 - C20-C19 123.5 C13-Cl14 -H14C 109.4
H20 - C20 - C21 123.6 Cl12-C13 -HI13A 108.9
HIC-C1-C2 109.5 Cl12-C13-HI13B 108.9
HIB-CIl -HIC 109.4 Cl12-C13-Cl4 113.5(2)
HIB-C1-C2 109.5 Cl1-Cl12-H12A 108.9
H1A-Cl -HIB 109.5 Cl1-Cl12-HI12B 109
H1A -CI1 -HIC 109.4 Cl1-C12-CI13 113.3(2)
H1IA-CI1-C2 109.5 Cl10-Cl11-HI11A 108.6
H14B - C14 - H14C 109.5 Cl10-Cl11-H11B 108.6
H14A -C14 -H14B 109.6 Cl10-Cl11-Cl12 114.4(1)
H14A - C14 -H14C 109.4 Cl1-C2-H2A 109.1
H13B-CI13-Cl14 108.9 Cl1-C2-H2B 109.1
H13A -C13 -HI13B 107.6 Cl1-C2-C3 112.6(1)
HI3A-C13-Cl4 108.9
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A.4. Acenaphtho[1,2-b]thieno[3,4-e]pyrazine (Chapter 4, 3a).

Figure A.7. Thermal ellipsoid plot of TP 3a at the
50% probability level.
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Figure A.8. Crystal packing of TP 3a with depth cue for clarity.
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Table A.13. Crystal data for TP 3a.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections [1>2s]
Reflections (1>2s)

Goodness of fit onF2

Final R indices [I>2s]

R indices (all data)

CisHsN2S

260.30

100(2) K

1.54178 A

Monoclinic

P2(1)/c

a=3.8298(2) A
b=12.6432(7) A

¢ = 23.0950(14) A
1116.81(11) A3

4

1.548 g/cm™®

2.421 mm™

536

0.03x 0.12 x 0.30 mm?
3.83 t0 66.99°

8480

1937 [R(int) = 0.0337]
1879

1.168

R:1 = 0.0337, wR, = 0.0986
R1=0.0361, wR, = 0.1112

o = 90.00°
B =92.939(3)°
v = 90.00°
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Table A.14. Atomic coordinates and equivalent isotropic displacement parameters (A% x

10%) for TP 3a.
Atom X Y Z
s1 0.20815(11) 0.64895(3) 1.133351(17)
N2 0.3114(4) 0.62765(12) 0.96744(6)
N1 0.5798(4) 0.83022(12) 1.01490(6)
C9 0.7089(4) 0.74892(14) 0.76239(8)
Ccs 0.7782(4) 0.82454(15) 0.80699(8)
c7 0.3912(5) 0.76130(14) 1.10746(8)
C6 0.4304(4) 0.75328(14) 1.04870(7)
Cc5 0.5916(4) 0.80207(13) 0.96050(7)
C4 0.7318(4) 0.86161(14) 0.91205(8)
C3 0.8838(4) 0.95915(14) 0.90611(8)
C2 0.9818(5) 0.98931(14) 0.85018(8)
C16 0.6812(4) 0.79590(14) 0.86246(7)
C15 0.1688(5) 0.58923(14) 1.06732(7)
Cl4 0.2996(5) 0.65403(14) 1.02560(8)
C13 0.4582(4) 0.70059(13) 0.93709(7)
C12 0.5193(4) 0.69870(14) 0.87493(7)
c11 0.4545(5) 0.62674(15) 0.83103(7)
C10 0.5516(5) 0.65395(14) 0.77454(8)
c1 0.9346(4) 0.92574(15) 0.80202(8)
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Table A.15. Bond lengths [A] for TP 3a.

Bonds Length Bonds Length
S1-C7 1.706(2) C3-H3 0.951
S1-Cl15 1.701(2) C3-C4 1.374(2)

N2 -C13 1.303(2) C2-H2 0.950
N2 -Cl4 1.387(2) C2-C3 1.416(3)
NI-C5 1.309(2) C15-HI5 0.951
N1 -C6 1.389(2) Cl4-Cl15 1.378(3)
C9-H9 0.949 C12-Cl13 1.467(2)
C9-HI10 1.379(3) Cl2-Cl6 1.413(2)
C8-C9 1.420(3) Cl1-HI1 0.950
C8—Cl16 1.400(2) Cl1-CI2 1.375(2)
C7-H7 0.950 C10-H10 0.950
C6-C7 1.377(2) Cl10-Cl11 1.417(3)
C6-Cl4 1.443(2) Cl1-Hl 0.950
C5-Cl13 1.473(2) Cl-C2 1.377(3)
C4-C5 1.473(2) Cl-C8 1.420(3)
C4-Cl16 1.420(2)
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Table A.16. Bond angles[°] for TP 3a.

Bonds Angle Bonds Angle
S1-C7-Cé6 110.6(1) C7-C6-Cl4 112.0(2)
S1-C7-H7 124.7 C6-C7—-H7 124.7

S1-Cl15-Cl4 110.1(1) C6-Cl4-Cl15 113.0(2)
S1-C15-HI15 125 C5-N1-C6 112.6(1)
N2-C13-C5 124.7(1) C5-N1-Cé6 105.9(1)
N2-Cl13-Cl12 127.6(2) C5-Cl3-CI2 107.7(1)
N2-Cl4-C6 122.6(2) C4-C5-Cl13 107.4(1)
N2 -Cl14-Cl15 124.4(2) C4-Cl6-C8 123.7(2)
N1-C5-C4 128.5(2) C4-Cl6-Cl12 112.8(1)
NI -C5-CI13 124.1(1) C3-C4-0Cs5 135.1(2)
N1-C6-C7 124.8(2) C3-C4-Cl6 119.1(2)
N1-C6-Cl4 123.1(2) C2-C3-H3 121.1
H9-C9-Cl10 119.8 C2-C3-C4 117.8(2)
H3 - C3 - C4 121.1 C2-Cl1-C8 120.0(2)
H2-C2-C3 118.4 Cl14-C15-HI15 124.9
H11-C11-Cl12 120.9 Cl13-N2-Cl14 112.8(1)
H10-C10-Cl11 118.8 Cl13-Cl12-Cl16 106.2(1)
H1-C1-C8 120 Cl1-C12-C13 134.5(2)
H1-Cl1-C2 120 Cl1-Cl12-Cl6 119.3(2)
C9-C8-Cl6 116.2(2) Cl10-CI11-H11 121
C9-C10-HI10 118.8 ClI0-Cl1-C12 118.2(2)
Co9-Cl0-Cl11 122.5(2) Cl-C2-H2 118.3
C8-C9-H9 119.8 Cl-C2-C3 123.4(2)
C8-C9-Cl10 120.4(2) Cl-C8-C9 127.7(2)
C8-Cl6-Cl2 123.5(2) Cl1-C8-Cl6 116.1(2)
C7-S1-Cl5 94.27(9)
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A.5. 1,2-Dibromoacenaphthylene (Chapter 4, 16).

Figure A.9. Thermal ellipsoid plot of 16 at the
50% probability level.
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Figure A.10. Crystal packing of 16 with depth cue for clarity.
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Table A.17. Crystal data for 16.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections [1>2s]
Reflections (1>2s)

Goodness of fit onF2

Final R indices [I>2s]

R indices (all data)

C12 He Br2

309.99

100(2) K

1.54178A

Monoclinic

P2(1)/n
a=14.5267(15) A

b =3.9001(4) A

c = 18.3204(16) A
973.742 A3

4

2.115 g/cm3

10.139 mm?

592

0.03 x 0.04 x 0.20 mm®
3.37 10 65.37°

4739

1603 [R(int) = 0.0344]
1497

1.055

R: = 0.0326, wR2 = 0.0863
R: = 0.0344, wR, = 0.0879

o = 90.00°
B =110.259(2)°
v = 90.00°
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Table A.18. Atomic coordinates and equivalent isotropic displacement parameters (A% x

10°%) for 16.
Atom X Y Z
C9 0.6204(3) 0.3470(9) 0.6515(2)
C8 0.6403(3) 0.3197(9) 0.7329(2)
C7 0.5607(3) 0.0890(9) 0.83281(19)
C6 0.5704(3) 0.1682(9) 0.7574(2)
C5 0.3667(3) -0.0461(10) 0.57447(19)
C4 0.4605(3) 0.0819(10) 0.62143(19)
C3 0.4824(3) 0.0534(9) 0.70145(19)
C2 0.4193(3) -0.0882(9) 0.73707(19)
C12 0.3290(3) -0.2086(9) 0.6906(2)
Cl1 0.3039(3) -0.1826(10) 0.6088(2)
C10 0.5342(3) 0.2337(9) 0.5975(2)
Cl 0.4736(3) -0.0630(9) 0.82109(19)
Br2 0.65824(3) 0.19188(10) 0.92804(2)
Brl 0.42579(3) -0.21790(10) 0.89783(2)
Table A.19. Bond lengths [A] for 16.
Bonds Length Bonds Length
C9-H9 0.948 C3-Ce6 1.406(5)
C9-Cl10 1.373(5) C2-C3 1.409(6)
C8 —HS 0.950 C2-Cl12 1.376(5)
C8-C9 1.421(5) C12-HI12 0.950
C6-C7 1.469(6) Cl1-HI11 0.950
C6-C8 1.377(6) Cll1-CI2 1.418(5)
C5-H5 0.950 C10-HI10 0.949
C5-Cl11 1.382(6) Cl-C2 1.470(4)
C4-C5 1.426(5) Cl-C7 1.345(6)
C4-C10 1.419(6) Br2 — C7 1.871(3)
C3-C4 1.393(5) Brl - Cl 1.871(4)




Table A.20. Bond angles[°] for 16.

Bonds Angle Bonds Angle
H9 -C9-Cl10 118.9 C3-C2-Cl12 118.8(3)
H8 — C8 - C9 121.0 C3-C4-C5 115.4(3)
H5-C5-Cl11 119.8 C3-C4-Cl10 115.9(3)
H11 -CI11-CI12 118.6 C3-C6-C7 105.0(3)
C9-C10-HI10 119.6 C3-C6-C8 119.1(4)
C8—C9 — H9 118.8 C2-Cl-C7 109.3(3)
C8-C9-C10 122.4(4) C2-C3-C4 124.8(4)
C7-C6-C8 135.9(4) C2-C3-C6 111.1(3)
C6 - C8—HS8 121.0 C2-Cl12-Cl11 118.1(4)
C6-C8-C9 118.0(3) C2-CI12-HI2 121.0
C5-C4-C10 128.7(4) Cl11-Cl12-HI12 120.9
C5-Cl1-Hl1 118.7 Cl1-C2-C3 105.0(3)
C5-Cl1-CI12 122.7(4) Cl1-C2-CI2 136.2(4)
C4-C3-C6 124.1(4) Cl1-C7-C6 109.5(3)
C4-C5-HS5 119.9 Br2 - C7-ClI 127.6(3)
C4-C5-Cl1 120.3(4) Br2 — C7—C6 122.9(3)
C4-C10-C9 120.6(4) Brl —C1-C2 124.1(3)
C4-C10-HI10 119.8 Brl1 - C1-C7 126.6(3)
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A.6. Dibenzo[j,I]fluoranthene (Chapter 4, 23).

Figure A.11. Thermal ellipsoid plot of 23 at the 50%
probability level.
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Figure A.12. Crystal packing of 23 with depth cue for clarity.
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Table A.21. Crystal data for 23.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Reflections collected
Independent reflections [1>2s]
Reflections (1>2s)

Goodness of fit onF2

Final R indices [I>2s]

R indices (all data)

C12 Hy

151.18

99.99 K

1.54178 A

Orthorhombic

Pbcm

a=5.5071(2) A

b =14.5759(6) A
c=17.7728(7) A
1426.64 A3

8

1.408 g/cm®

0.608 mm?

632.0

0.23x0.126 x 0.077 mm?®
9.954 to 136.348°

6759

1344 [R(int) = 0.0192]
1344/0/113

1.070

R: = 0.0329, wR> = 0.0848
R: = 0.0350, wR2 = 0.0870

o = 90.00°
B =90.00°
v =90.00°
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Table A.22. Atomic coordinates and equivalent isotropic displacement parameters (A% x

10°%) for 23.
Atom X Y Z

C9 1.3102(2) 0.64984(8) 0.82145(6)
c9 1.3102(2) 0.64984(8) 0.67855(6)
c8 0.1774(2) 0.31714(8) 0.90965(6)
C8 0.1774(2) 0.31714(8) 0.59035(6)
c7 0.17242(19) 0.31980(7) 0.83247(6)
C7 0.17242(19) 0.31980(7) 0.66753(6)
C6 0.34895(19) 0.36858(7) 0.79101(6)
C6 0.34895(19) 0.36858(7) 0.70899(6)
C5 0.53220(19) 0.41682(7) 0.83104(6)
C5 0.53220(19) 0.41682(7) 0.66896(6)
C4 0.70760(19) 0.46884(7) 0.78920(6)
C4 0.70760(19) 0.46884(7) 0.71080(6)
C3 0.90594(19) 0.52956(7) 0.81576(6)
C3 0.90594(19) 0.52956(7) 0.68424(6)
C2 0.9974(2) 0.55763(7) 0.88420(6)
C2 0.9974(2) 0.55763(7) 0.61580(6)
C13 0.3606(2) 0.36278(8) 0.94909(6)
C13 0.3606(2) 0.36278(8) 0.55091(6)
C12 0.5337(2) 0.41174(8) 0.91057(6)
C12 0.5337(2) 0.41174(8) 0.58943(6)
C11 1.0189(3) 0.56394(10) 0.7500

C10 1.2194(3) 0.62276(10) 0.7500

C1 1.1995(2) 0.61802(8) 0.88563(6)
C1 1.1995(2) 0.61802(8) 0.61437(6)
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Table A.23. Bond lengths [A] for 23.

Bonds Length Bonds Length
C9-H9 0.950 C3-Cl11 1.416
C9-C10 1.421 C3—C4 1.483(1)
C9-H9 0.950 C2-H2 0.950
C8 - H8 0.950 C2-C3 1.379(2)
C8-Cl13 1.397(2) C2-H2 0.950
C8 - H8 0.950 C2-C3 1.379(2)
C8-Cl13 1.397(2) C13—HI3 0.950
C7-H7 0.950 C13-HI13 0.950
C7-C8 1.373(2) Cl2-HI2 0.950
C7-H7 0.950 Cl12-C13 1.374(2)
C7-C8 1.373(2) CI2-HI2 0.950
C6-C7 1.412(1) Cl12-C13 1.374(2)
C6-C6 1.458(2) Cl1-C3 1.416
C6-C7 1.412(1) Cl10-Cl11 1.398
C5-Co6 1.421(1) C10-C9 1.421
C5-CI2 1.415(2) Cl—Hl1 0.950
C5-Co6 1.421(1) Cl-C2 1.419(2)
C5-Cl12 1.415(2) Cl1-C9 1.374(2)
C4-C5 1.436(1) Cl-Hl 0.950
C4-C4 1.393(2) Cl-C2 1.419(2)
C4-C5 1.436(1) Cl-C9 1.374(2)
C3-c4 1.483(1)
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Table A.24. Bond angles [°] for 23.

Bonds Angle Bonds Angle
H9-C9-C10 120.2 C5-Cl2-C13 121.4(1)
H8 —C8 —CI13 119.9 C5-C6-C7 118.48(9)
H8 - C8 —CI13 119.9 C5-CI12-HI2 119.3
H7-C7-C8 119.2 C5-C12-C13 121.4(1)
H7-C7-C8 119.2 C4-C3-Cl1 105.8
H2 - C2-C3 120.4 C4-C5-C6 118.68(9)
H2 -C2-C3 120.4 C4-C5-Cl12 122.7(1)

H12-C12-Cl13 119.3 C4-C4-C3 108.56(9)
H12 -C12-CI13 119.3 C4-C4-C5 121.20(9)
Hl -CIl-C2 118.6 C4-C5-C6 118.68(9)
HI-Cl1-C9 118.6 C4-C5-CI2 122.7(1)
H1-Cl1-C2 118.6 C3-C4-C5 130.23(9)
H1 -CI1-C9 118.6 C3-C4-C4 108.56(9)
Cc9-Cl10-C11 116.6 C3-Cl1-C10 124.3
C9-Cl10-C9 126.7 C3-Cl1-C3 111.3
C8-Cl13-Cl12 119.9(1) C3-C4-C5 130.23(9)
C8—-C13—-HI3 120.1 C2-Cl1-C9 122.9(1)
C8-Cl13-Cl12 119.9(1) C2-C3-C4 136.6(1)
C8—-Cl13-HI3 120.1 C2-C3-Cl11 117.6
C7-C6-C6 121.46(9) C2-Cl1-0C9 122.9(1)
C7-C8—-HS 119.9 C2-C3-C4 136.6(1)
C7-C8-CI13 120.2(1) C12-C13 -HI13 120
C7-C8—-HS8 119.9 C12-C13 -HI13 120
C7-C8-Cl13 120.2(1) Cl1-C10-C9 116.6
C6-C5-Cl12 118.6(1) Cl1-C3-C2 117.6
C6-C7-H7 119.3 Cl1-C3-C4 105.8
C6-C7-C8 121.5(1) Cl0-Cl11-C3 124.3
C6-C5-Cl12 118.6(1) Cl0-C9-C1 119.5
C6-C6-C5 120.05(9) C10-C9-H9 120.2
C6-C6-C7 121.46(9) Cl-C2-H2 120.5
C6-C7-H7 119.3 Cl-C2-C3 119.1(1)
C6-C7-C8 121.5(1) C1-C9-H9 120.3
C5-C4-C4 121.20(9) Cl-C9-Cl10 119.5
C5-C6—C7 118.48(9) Cl-C2-H2 120.5
C5-C6-C6 120.05(9) Cl1-C2-C3 119.1(2)
C5-Cl2—-HI12 119.3 Cl1-C9-H9 120.3
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