
ABSTRACT 

GARCIA, ROSALVA CASTREJON. Design, Synthesis, and Characterization of Oligo- and 
Poly-(N-heteroacene)s for Organic Electronics. (Under the direction of Dr. Christopher B. 
Gorman). 
  

 In an era of information technology, there is a demand for light-weight, low-cost, and 

flexible devices that consume less power and generate less heat.  One strategy to achieve 

these properties comprises of complementary circuits which are composed of both p- and 

n-type organic semiconductors.  Currently, there is an abundance of p-type organic molecules 

and a shortage of n-type organic molecules.        

 The development of n-type organic molecules lags from its counterpart due to issues 

arising from ambient stability, charge-carrier mobility, and energy alignment.  These 

limitations can be ameliorated through molecular, process, and interface engineering.  

However, there are synthetic challenges that restrict the pool of n-type materials.  To 

overcome this shortage, a handy addition to the synthetic tool box is the Buchwald-Hartwig 

amination.  While this synthetic method has expanded the library of N-heteroacenes for an 

evaluation of their structure-property relationships, the yields can be low with long reaction 

times.   

 In this work, we have developed an approach for the synthesis of novel 

N-heteropentacenes.  Our approach consists of a palladium-mediated cross-coupling, to 

obtain the precursor, followed by an acid-mediated cyclization, to furnish the 

N-heteropentacenes.  Furthermore, the building blocks for the synthesis of the precursor have 

been designed to optimize the electronics to favor the cross-coupling and the cyclization.     

As a result of the design and the optimization of the synthesis, novel N-heteropentacene 

derivatives have been synthesized and characterized in this work.  Outstanding features in the 

synthesis of the N-heteropentacene derivatives are the ease of the synthetic routes, 

purification which does not require column chromatography, and high yields (>78%) under 

short reaction times (< 2 h.).  This approach can be applied to the synthesis of oligo- and 

poly-(N-heteroacene)s, once solubility and stability issues are addressed.  Altogether, this 

method augments the pool of N-heteroacenes to investigate structure-property relationships 

with the intention to better understand and address the challenges of n-type organic 

semiconductors.   
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Chapter 1.  Introduction 

1.1. Organic Electronic Devices 

In an era of sophisticated technology, there is a strong demand for the next-generation of 

electronic devices to be flexible, large-area, low-cost, and lightweight.1–3  In fact, the market 

for flexible electronics with potential applications in the automotive and medical industries, 

security, and wearable technology has been predicted to reach 70 billion USD by 2026.4  The 

desired properties of the next-generation of electronic devices can be obtained by using 

organic materials which includes both small molecules and polymers with π-conjugated 

systems as the active components in organic light-emitting diodes (OLEDs), organic 

field-effect transistors (OFETs), organic solar cells (OSCs), and organic resistive memories 

(ORMs).5,6   

1.1.1. Organic Light-Emitting Diodes (OLEDs) 

OLEDs have applications in the displays of electronics with the advantage of using less 

power, providing wider viewing angles, and being thinner and more flexible.7  They are 

composed of the two electrodes, an anode and a cathode, and the hole-transport, emissive, 

and electron-transport layers (Figure 1.1).  Ideally, the emissive layer should possess a high 

fluorescence quantum yield and a high mobility.7–9  Overall, the displays should be bright 

and durable while having a low power consumption.   

 

 

Figure 1.1. Generic configuration of an OLED. 
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1.1.2. Organic Field-Effect Transistors (OFETs) 

OFETs are the key components in electronic devices that are flexible and can be fabricated at 

a low-cost, low temperature, and large scale.10,11  An OFET is an electronic component 

composed of an organic layer; an insulator layer; and the source, drain, and gate electrodes 

(Figure 1.2a) that can act as an amplifier or switch.  OFETs are crucial in the realm of 

exploring the structure-property relationships of π-conjugated systems by looking the 

mobility, current on/off ratio, and threshold voltage of organic molecules.12 

 

 

Figure 1.2. a.) Generic configuration of an OFET and b.) energy levels of p- and n-type 

materials. 

 

While the performance of an OFET depends on factors such as interface engineering, 

device fabrication, optimization of device physics, and the development of novel organic 
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semiconductors10, this work will largely focus on the latter point.  If we look at a general 

configuration of an OFET (Figure 1.2a), the type of charge carrier will depend on the energy 

levels of the molecules in the organic semiconductor layer.  For example, if the HOMO/ 

LUMO energy level of the organic molecule is closer to the Fermi energy of the source 

terminal, then the OFET will exhibit p-type/n-type characteristics (Figure 1.2b).13  Currently, 

there is an excess of p-type materials and a shortage of n-type materials which hinders the 

fabrication of complementary organic circuits.14  In such circuits, the combination of p- and 

n-type OFETs could result in greater circuit speeds and lower power dissipation.15  Thus, 

there is a need for the development of n-type molecules. 

1.1.3. Organic Solar Cells (OSCs) 

OSCs can provide a source of renewable energy to portable devices that can be flexible, 

low-cost, and lightweight compared to the traditional silicon-based devices.7  The 

configuration of an OSC device consists of an anode; donor, acceptor, and buffer layers; and 

a cathode (Figure 1.3).  While the prospects of using OSCs are promising, a major current 

limitation is the power conversion efficiency (PCE).  The PCE for single-junction solar cells, 

also known as the Shockley-Queisser (SQ) limit, is approximately 33%.16  Despite this limit, 

there is a positive outlook in this area with singlet fission (SF) based solar cells.  SF is the 

process where two triplet excited states of lower energy with a nearby ground state can be 

obtained from a higher energy singlet state.17,18  Thus, while SF can overcome the SQ limit, 

the issue with SF is that there are few molecules that exhibit this phenomenon.  
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Figure 1.3. Generic configuration of an OSC. 

 

1.1.4. Organic Resistive Memories (ORMs) 

Currently, the materials used for data storage are limited by being binary systems and/or by 

the physical and theoretical limits of downscaling.19,20  It is anticipated that ORMs can 

address the increasing need to store information.  Furthermore, the use of ORMs in electronic 

devices can result in advantageous properties such as low-cost, low power consumption, low 

temperature processing, high flexibility, and large scalability.1,21       

ORMs are simple devices composed of a substrate, an indium tin oxide (ITO) layer, 

an organic layer, and Al electrode on top (Figure 1.4).  In an ORM device, the organic layer 

must be a molecule that possesses at least two stable resistance states.  There are, however, 

molecules that exhibit three states which is the equivalent to “0”, “1”, and “2”.  This property 

is extremely promising for ultrahigh-density data storage.22  Nonetheless, ORMs are at an 

infancy stage.  Two disadvantages of ORMs are their inferior repeatability and their 

inconsistent long-term stability.  Thus, researchers are attempting to understand the 

underlying physics of ORMs which include investigations on the structures of the devices, 

characteristics of the materials, and the switching mechanisms.1,21  In this work, an efficient 

synthetic route to generate novel organic materials that could be used in ORM devices could 

be beneficial for advancements in the field.   
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Figure 1.4. Generic configuration of an ORM. 

 

1.2. Small Organic Molecules 

1.2.1. Acenes 

1.2.1.1. Background 

Acenes, a class of polycyclic aromatic hydrocarbons (PAHs), are linearly fused benzene 

rings used as organic semiconducting materials due to their electronic structure and planar 

geometry.  For example, anthracene and tetracene have applications in both OFETs and 

OLEDs, and pentacene has set the benchmark since the 1990s for organic thin-film 

transistors (OTFTs) with mobilities up to 5 cm2V-1s-1.8,23  Research on acenes peaked in the 

early 2000s when Bell Laboratories claimed superconductivity and extremely high mobilities 

for acenes, including pentacene.24  However, these claims were retracted as they could not be 

reproduced.  Despite this scandal, research on acenes continues as they are intrinsic 

semiconductors.  Current research on acenes includes the synthesis of larger, soluble, and 

stable acenes.     

1.2.1.2. Electronic Structure 

Researchers continue to pursue the synthesis of larger acenes due to promising electronics 

from a rapid decrease in the HOMO-LUMO gap with increasing acene length.25  It has been 

reported that band gap of the acene is inversely related to the number of benzene rings.26  

While the electronics are promising, there are drawbacks, such as decreased solubility and 

stability with increasing acene size.  For example, as of now, the synthesis of larger, non-
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substituted acenes, up to undecacene, has been obtained through the development of new 

synthetic methods.27–37  However, the usefulness of these larger acenes is not practical due to 

their decreased stability.  Their stabilities are as following: hexacene—stable in solid-state; 

heptacene—4 hours in matrix; and octacene and nonacene—matrix isolated.34  It has been 

predicted that acenes are stable if their band gap is greater than 2.1 eV.38   

 To determine if acenes follow the electronic properties from theoretical data on 

poly(acene)s, researchers use substituents to synthesize larger acenes.  The absorbance 

spectra for a series of acenes with substituents from anthracene (I) to heptacene (V) have 

been compiled (Figure 1.5).7  The trend observed in this data is that the wavelength of 

maximum absorption increases from 438 nm to 835 nm with increasing chain length from I 

to V.  These wavelengths correspond to 2.83 eV and 1.48 eV for 438 nm and 835 nm, 

respectively.  This data is in agreement with the wavelengths recorded for the non-

functionalized acenes from anthracene to hexacene with wavelengths of 376 nm and 760 nm, 

respectively.7  Thus, the spectroscopic data supports a decrease in band gap with an increase 

in acene size because wavelength and band gap are inversely related.  Nevertheless, even the 

use of bulky alkyl substituents, can moderately increase stability in these larger acenes.39 
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Figure 1.5. UV spectra of acenes with TAS groups. 

 

1.2.1.3. Molecular Packing 

The functionalization of acenes can direct molecular packing which can impact charge 

transport.  Charge transport is dependent on two parameters: the transfer integral and the 

reorganization energy.  The transfer integral is the electronic overlap of two adjacent 

molecules and the reorganization energy is the required energy gain during geometric 

changes of the molecule going from the neutral state to the charged state as charge carriers 

pass on and off of the molecule.40–42  To maximize charge transport, it is ideal to have a large 

transfer integral and a low reorganization energy.  Of the two parameters, the transfer integral 

is the most affected by molecular packing.   

In acenes, the molecular packing motifs can be categorized into herringbone 

(face-to-edge and face-to-face), 1-D slipped stack, and 2-D brickwork packing (Figure 1.6).  

Typically, most acenes without any substitution will pack in a herringbone arrangement 

which can result in lower charge charrier mobilities due to a smaller π- π overlap of the 
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molecular orbitals.  Thus, researchers incorporate substituents on acenes in attempt to steer 

molecular arrangement and maximize properties, such as charge transport.       

 

 

Figure 1.6. Molecular packing of acenes in a.) herringbone packing (face-to-edge), 

b.) herringbone packing (face-to-face), c.) 1-D slipped packing, and d.) 2-D brickwork 

packing.  Adapted.12 

 

In an effort to increase the transfer integral, there is research on the effect of the 

position of the substituents on the framework of acenes and their solid-state packing.  The 

two distinctions for the location of substituents are peri-(side) or end-positions.  The effects 

of aryl and alkyl substituents at the peri- and end-positions of acenes have been summarized 

(Table 1.1).12  From Table 1.1, it appears that substitution at the peri-position can yield the 

most promising results in promoting π- π interactions.  For example, the use of substituents at 

the peri- position can change the molecular packing from the herringbone arrangement 

(face-to-edge) to the herringbone arrangement (face-to-face) where there is a larger π-overlap 

that may result in higher charge transport.  An example of increasing π-overlap can be 

observed in pentacene and 6,13-disubstituted pentacenes where the latter molecules exhibit a 

higher degree of π-stacking.43     
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Table 1.1. The effect of aryl and alkyl substituents at the peri- or end-positions.  Adapted.12 

position 
aryl substituents  

extending 
π-system 

π- π 
stacking 

planarity crystallization stability 
alkyl 

substituents 

peri- 

favorable 
only 
when 

linked by 
carbon-
carbon 
triple 
bonds 

to prevent 
from C-H‧‧‧ 

π 
interactions, 

facilitate 
π- π 

stacking  

favorable 
only 
when 

linked by 
carbon-
carbon 
triple 
bonds  

the nonplanar 
structure 
harms to 

crystalline 
films; strong 
π- π stacking 

facilitates 
crystals 

to 
eliminate 
the active 

center 

to improve 
the solubility 
and stability, 
increase π- π 

stacking 

end- favorable 
unobvious 

effects 
favorable 

the planarity 
favors 

crystalline 
films 

unobvious 
effect 

to improve 
the 

solubility, 
unobvious 
effect on π 
stacking 

   

In 2001, Anthony et al. synthesized 6,13-bis(triisopropylsilylethynyl)pentacene or 

TIPS-pentacene with two goals: 1) to increase solubility and 2) to influence the molecular 

packing and improve mobility by increasing orbital overlap.44,45  Specifically, it was 

hypothesized that the solid-state packing could be controlled by changing the size of the 

roughly spherical trialkylsilylethynyl (TAS) substituents.  For example, if the size of the TAS 

group was significantly less than half the width or larger of the acene, then the acene would 

pack in a 1-D arrangement; if the size of the TAS group was approximately half the width of 

the acene, then it would pack in a 2-D brickwork arrangement; and if the size of the TAS was 

significantly larger than the acene, then it would pack in a herringbone motif with edge-to-

face interactions.7,8  Thus, the herringbone arrangement (face-to-edge) in pentacene could be 

modified to a 2-D brickwork arrangement in TIPS-pentacene.44   

 While there is a generic formula to predict how the size of a TAS group will affect 

molecular packing, it can be more complicated.  For example, while TIPS and 

triethylsilylethynyl (TES) have similar radii, 3.89 and 3.88 Å, respectively, TIPS-pentacene 

packs in a 2-D arrangement whereas TES-pentacene packs in a 1-D arrangement.46  This 

difference in packing results in TIPS-pentacene being a benchmark molecule and 
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TES-pentacene being a poor molecule for use in OFETs.47  It is believed that the superiority 

of 2-D brickwork packing for charge transport is due to a large transfer integral, the π-

overlap of molecules, and a small reorganization energy, the energy cost when a carrier 

passes through a molecule.12   

Another example that highlights the superiority of 2-D brickwork versus 1-D slipped 

stack arrangement is shown by the molecule TMS-DBC (Figure 1.7).  While the earlier 

example with pentacene was based on the effects of substituents, this example is based on 

polymorphism, the ability of a molecule to adopt different crystal structures.48  TMS-DBC 

can adopt a 2-D brickwork and a 1-D slipped stack when crystallized at a high and low 

temperature, respectively. 49  For these polymorphs, the charge carrier mobilities are 2.1 and 

0.028 cm2V-1s-1 for the 2-D brickwork and 1-D slipped stack, respectively.  Thus, 2-D 

brickwork packing is desirable.   

 

 

Figure 1.7. Molecule TMS-DBC can adopt a 1-D slipped stack and a 2-D brickwork packing 

when crystallized at a low and high temperature, respectively. 

 

1.2.1.4. Solubility and Stability 

The two methods of degradation for acenes can be predicted by Clar’s rule.  Clar’s rule was 

developed in 1972 by Erich Clar and states that the most stable resonance structure has the 

most number of π-sextets or benzene-like subunits.38  An example of this rule is illustrated in 
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Figure 1.8.  Figure 1.8a and c show the resonance structures of phenanthracene and 

anthracene, respectively.  In phenanthracene, the second structure has two π-sextets so the 

Clar structure for it is shown in Figure 1.8b.  This resonance structure is supported from the 

crystal structure of phenanthracene which reflects the presence of a longer bond on the center 

ring.38  On the other hand, all the resonance structures for anthracene only show one π-sextet 

(Figure 1.8c).  This is called a migrating π-sextet and the Clar structure for anthracene is 

shown in Figure 1.8d. 

 

 

Figure 1.8. a.) Resonance structures of phenanthracene, b.) Clar structure of phenanthracene, 

c.) resonance structures of anthracene, and d.) Clar structure of anthracene. 

 

When acenes degrade via dimerization or oxidation, two π-sextets are formed.  Thus, 

these structures are more stable than those with one migrating π-sextet.  Both the dimerized 

and oxidized structures of pentacene (Figure 1.9a and Figure 1.9b, respectively) show a total 

of two π-sextets, one on the left side and one on the right side of the central ring, and 

according to Clar’s rule two π-sextets are more stable than one migrating π-sextet.  Based on 

this qualitative method of determining stability, researchers are adding benzenes angular to 

the acene framework to add Clar π-sextets and increase stability.50  This concept is being 

implemented with the addition of perylene and pyrene units as well as triphenylene moieties 

in acenic molecules.6,8,39,51   
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Figure 1.9. Degradation of pentacene via a.) dimerization and b.) oxidation. 

 

Functionalization of acenes by adding substituents can improve both the solubility 

and stability of a molecule by kinetically blocking the reactive sites, by altering the 

electronics of the molecule, or by physically quenching molecular oxygen.  It has been 

discovered that the central carbon bearing a hydrogen of the center ring in an acene molecule 

is the most reactive site.52  For example, in anthracene, reactions generally occur at the 9- and 

10- positions, the central carbons, which results in two Clar π-sextets.38  Two methods to 

block the most reactive site include the use of TAS substituents and phenyl groups with o-

alkyl substituents.   

TAS substituents not only increase solubility but also increase stability by preventing 

dimerization.53,54  In 2001, Anthony synthesized TIPS-pentacene (Figure 1.10) with a half-

life of 520 minutes which is 50 times more stable than pentacene.55  In addition to improving 

the stability of acenes by kinetically blocking active sites, the alkyne in TAS substituents 

lower the LUMO energy level by inductive and resonance effects to reduce its propensity to 

photooxidation.25  These effects are obtained from the sp hybridized ethynyl carbon being 

more electronegative than the sp2 carbon (inductive) and the TAS being conjugated to the 

π-system (resonance).55  Specifically, the lowering of the LUMO level decreases the ability 

of the acene to generate singlet oxygen (1O2) and makes the photo-induced electron transfer 

to the triplet oxygen (3O2) even less favored.25  Altogether, the use of TIPS for pentacene 

helps increase its stability by kinetically blocking active sites and lowering the energy levels.    
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Si

Si

 

Figure 1.10. Triisopropylsilylethynyl pentacene (TIPS-pentacene). 

  

 Another approach to increase the stability of an acene using sterics is to block the 

most reactive carbon, the center carbon, using phenyl groups with o-alkyl substituents 

(Figure 1.11).55  In Figure 1.11, the length of the alkyl chains decrease by one carbon from 

ethyl to methyl to no alkyl chain and their half-lives decrease from 220 to 40 to 8.5 minutes, 

respectively.  It is believed that these alkyl chains present a steric barrier that slows down the 

mechanisms of degradation.              

 

 

Figure 1.11. Pentacenes with o-alkyl phenyl substituents. 
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 In addition to using substituents to block the most reactive site, substituents can 

increase the stability of an acene by altering the electronics of a molecule.  For example, it 

was mentioned earlier that the use of ethynyl groups help lower the LUMO energy level to 

decrease degradation via the endoperoxide formation.  Likewise, other methods of decreasing 

the energy levels include the use of electron-withdrawing groups, such as halogens and 

cyanos, and the substitution of a CH moiety with sp2 nitrogen atom in the framework of an 

acene.56  The latter point will be discussed in the N-heteroacenes section.   

 Halogenation and cyanation of acenes can lower both the HOMO and LUMO energy 

levels where they have a greater effect on lowering the LUMO energy level.  For example, 

the addition of four chlorines to one end of the benzene rings in TIPS-pentacene lowers the 

LUMO energy level to the point the acene has ambipolar characteristics.57  Furthermore, it 

has been observed that the placement of electron-withdrawing groups at the 2,3,9,10 end-

positions results in longer half-lives (Figure 1.12).55  To the contrary, the use of electron-

donating substituents decrease the half-lives.  Furthermore, with cyanation, there is an 

additional advantage.  It has been reported that cyano groups favor a dense, face-to-face 

molecular packing which important for efficient charge transport.56,58          

 

 

Figure 1.12. The effect on electron-withdrawing groups on the half-life of pentacene. 

 

It has also been discovered that thio-substituents on the central carbons of pentacene 

can increase its half-life by shielding the most reactive carbon center and by decreasing the 
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rate of photooxidation.55  It is believed that the oxidation of acenes proceeds via  a type II 

photooxidation with 1O2 which can be formed when acenes sensitized 3O2 (Figure 1.13a).  

Thus, thio-substituents can increase the half-lives by converting 1O2 to 3O2 (Figure 1.13b) 

through a process called physical quenching.  This mechanism of physical quenching has 

been reported in the literature.59,60 

 

 

Figure 1.13. Proposed scheme for a.) photooxidation of acenes and b.) physical quenching of 
1O2. 

 

In a study, two pentacene molecules with an arylthio and an alkylthio on the center 

ring (Figure 1.14) were evaluated.55  Both molecules were degraded to obtain their half-lives 

of 1140 and 750 minutes for the arylthio- and akylthio-substituted pentacenes, respectively.  

These half-lives exceed those of pentacene (~10 minutes) and TIPS-pentacene (520 minutes).  

It is very likely that the longer lifetimes can be attributed to the physical quenching of 

oxygen because there is not a major difference in the HOMO and LUMO energy levels.  The 

HOMO energy levels are -5.17 eV (arylthio), -5.07 eV (alkylthio), -5.00 eV (pentacene), 

and -5.11 eV (TIPS-Pen) and the LUMO energy levels are -3.36 eV (arylthio), -3.26 eV 

(alkylthio), -3.00 eV (pentacene), and -2.99 eV (TIPS-pentacene).55       
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Figure 1.14. Two thio-substituted pentacene molecules and their half-lives. 

 

1.2.2. N-Heteroacenes 

1.2.2.1. Background 

N-heteroacenes, also known as azaacenes, are acenes in which a CH moiety has been 

substituted with a sp2 nitrogen atom.  Reduced forms of this class of molecules have been 

prepared as early as the 1900s by Fischer, Hepp, and Hinsberg.61  However, the reduced 

N-heteroacenes were of little interest until 2003 when Nuckolls and co-workers demonstrated 

that derivatives of dihydrodiazapentacene (Figure 1.15) when incorporated into OFETs 

exhibited on/off ratios > 104 and mobilities approaching 10-2 cm2V-1s-1.62  This discovery as 

well as the efforts to modulate the properties of acenes by the introduction of nitrogen atoms 

has rekindled interest in N-heteroacenes.  Moreover, because N-heteroacenes behave like 

acenes, there is interest in exploring the ability to tune their electronic structure, molecular 

packing, solubility, and stability.  These parameters can be tuned by the number, position, 

and oxidation state of the nitrogen atoms in the backbone as well as by the use of 

substituents.63–65 

 

N
H

H
N

N
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Figure 1.15. Derivatives of dihydrodiazapentacene in Nuckolls work.62 
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1.2.2.2. Electronic Structure 

When Nuckolls and co-workers demonstrated reduced N-heteroacenes could be used in 

OFETs, the materials were p-type.62  Because the unsaturated nitrogen atom in the acene 

framework is an electron-withdrawing group which lowers the HOMO and LUMO energy 

levels, it was of interest to determine how many nitrogen atoms, and their location, were 

needed for a n-type material.63,64  From evaluating the properties of a series of 

N-heteroacenes, it was determined that a stable molecule would have six unsaturated 

nitrogen atoms, and a pyrazine in an internal benzene ring of a pentacene backbone had a 

greater effect on the HOMO-LUMO energy levels than on a terminal ring.64  However, these 

criteria are merely a guide for the design of N-heteropentacenes.  One of the ultimate goals is 

to achieve a LUMO energy level that is lower than -4 eV for the molecule to be considered a 

n-type organic semiconductor.66  Otherwise, it can be difficult to overcome the injection of 

electrons from the electrode as depicted in Figure 1.2b.  The requirement of a LUMO energy 

level of -4 eV and the instability of the charge carriers in air result in a lack of n-type organic 

molecules.12,13,67  Nonetheless, the synthesis of these molecules is highly desirable as they are 

promising candidates for OFETs.   

1.2.2.3. Molecular Packing 

In addition to impacting the electronic structure, the substitution of CH moieties with 

nitrogen atoms influences molecular packing.  In PAHs, there is a ratio of C-H to π and π-π 

interactions which varies from structure to structure.  Molecules that have higher C-H to π 

interactions result in a herringbone structures with more edge-to-face interactions and 

minimal π-π interactions.65,68  Herringbone structures are undesirable because the edge-to-

face packing reduces the π-overlap between molecules which hinders mobility.69  Thus, if 

nitrogen atoms replace CH moieties, then it is expected to decrease the C-H to π interactions 

and increase π-π stacking.  In a systematic study comparing acenes and N-heteroacenes in the 

absence of substituents, it was shown that there were significantly lower C-H to π contacts 

and higher π-π contacts in the latter series.68  Consequently, the substitution of CH with 

nitrogen atoms favors charge transport.     
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1.2.2.4. Solubility and Stability 

Like acenes, N-heteroacenes can also have issues with solubility and stability.  In addition to 

using substituents, solubility can be addressed by varying the number of nitrogen atoms in 

the framework and their position.  As an illustration, consider a N-heteroacene with nitrogen 

atoms for every CH moiety on one side of the backbone (Figure 1.16).  Computational 

studies show that the dipole moment from pyridine to hexaazahexacene increases from 

2.37 D to 12.82 D.65  As the C-N bonds are shorter than a C-C bonds, the structure adopts an 

“s” shape.  Larger dipole moments for non-centrosymmetric N-heteroacenes should also 

result in better dissolution in polar organic solvents, increasing the number of ways to form 

films.   

 

 

Figure 1.16. Example of a N-heteroacene with nitrogen atoms on one side of the framework. 

 

There are two concerns about the stability of N-heteroacenes: degradation of the 

molecule and pinning of the charge carrier.  With regards to the degradation of the molecule, 

Miao has synthesized a N-heteropentacene analog of TIPS-pentacene (Figure 1.17).  When 

the group performed degradation studies, the N-heteropentacene analog and TIPS- pentacene 

had A/A0 of ~0.6 and ~0.28, respectively, at t = 10 h.  Note that in this work the half-life of 

TIPS- pentacene (~300 minutes) is shorter than the one reported earlier at 520 minutes where 

the only difference is the concentration at 5×10-5 M versus 2×10-4 M, respectively.55,63  The 

second concern is the stability of the charge charrier which can be trapped by water or 

oxygen.66  This results in lower charge transport that can be improved by adding electron-

withdrawing groups to lower the energy levels or introducing kinetic barriers, such as 

fluoroalkyl groups, for oxygen and water.15,56    
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Figure 1.17. Molecule structures for the a.) N-heteroacene analog of TIPS-pentacene and 

b.) TIPS-pentacene. 

 

1.3. Organic Polymers 

In addition to “small” organic molecules, conjugated polymers have potential for organic 

electronics due to superior mechanical properties.  Graphene nanoribbons, acenes, and 

N-heteroacenes are classified as aromatic ladder polymers (ALPs), a subclass of conjugated 

polymers.  Their ladder-type framework limits conformational freedom and enhances 

electron delocalization along the coplanar backbone of the polymer.70  Consequently, ALPs 

are expected to exhibit faster charge transport than conjugated polymers that have free 

rotations along σ bonds.71  Furthermore, ALPs have been shown to have high resistance to 

chemical, mechanical, and thermal degradation.70  For these reasons, materials with this 

structural feature are viable options for interconnects.  However, their unique structure 

renders them insoluble which limits their processability. 

The synthesis of ladder polymers has been categorized into simultaneous or step-wise 

formation.  In the simultaneous method, tetrafunctional monomers create both strands of the 

backbone of the polymer in a single reaction whereas the step-wise method involves the 

formation of a functionalized, one-stranded precursor polymer which is cyclized to form the 

second strand.72  However, both synthetic routes have limitations.  In the simultaneous 

method, there is the possibility of a mismatch of the tetrafunctional monomers resulting in 

cross-linking (Figure 1.18a).72  In the step-wise method, there is the possibility of incomplete 
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cyclizations (Figure 1.18b).72  Thus, highly selective reactions with high yields are desired in 

the synthesis of ALPs. 

 

 

Figure 1.18.  Synthesis of a ladder polymer via (a) simultaneous or (b) step-wise method. 

Adapted.72 

 

1.4. Previous Work 

The most recent work in the group on organic conducting materials is the synthesis of two 

aromatic ladder polymers via a soluble precursor polymer.73  In this work, Hu hypothesized 

that aromatic ladder polymers would be obtained efficiently under milder conditions by 

forming the C-N bond, one side of the polymer, in blue, followed by the C-C bond, the 

second side of the polymer, in red (Scheme 1.1). 

 

Scheme 1.1. Synthetic route for the synthesis of aromatic ladder polymers. 

N
H2N Cl

CN CN

N
H

H2N

NH2

n n

Precursor polymer Aromatic ladder polymer  

 

Hu optimized the cross-coupling for the formation of a C-N bond by varying the 

catalyst source, ligands, base, solvent, and temperature in model reactions.  Eventually, the 

optimum conditions were found as depicted in Scheme 1.2.  In this reaction, the product for 

the coupling of 2-aminobenzonitrile and 4-bromobenzonitrile was obtained in a 97% yield.73  
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These conditions were used to synthesize the precursor polymer, poly(aniline), for a ladder 

poly(acridine). 

 

Scheme 1.2. Synthesis of 2-((4-cyanophenyl)amino)benzonitrile. 

 

 

To demonstrate the feasibility of cyclizing the poly(aniline)s to obtain an ALP, 

poly(acridine), Hu conducted a literature search and evaluated the cyclization conditions.73  

Use of trifluoromethanesulfonic acid (TFMSA) and trifluoroacetic acid (TFA) were chosen 

(Scheme 1.3).  In this model reaction, an efficient cyclization was demonstrated with a 99% 

yield. 

 

Scheme 1.3. Cyclization of 2-((2,5-dimethylphenyl)amino)benzonitrile. 

 

 

While Hu optimized the cross-coupling conditions, difficulties were experienced in 

obtaining the precursor polymer for an ALP.  Furthermore, it is suspected that the model 

reaction for the cyclization (Scheme 1.3) is a poor model reaction because the methyl group 

ortho to the amine can interfere with a potential site of cyclization.  The absence of the 

methyl group ortho to the amino group results in two potential sites of cyclization which can 

further complicate the cyclization of a precursor polymer. 
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1.5. Research Goals 

The research carried out for this thesis sought to identify the reason(s) for inefficient cross-

coupling in the synthesis of the poly(aniline)s, to evaluate how substituents may impact the 

cyclization of the precursor molecules, and to apply these findings towards the successful 

synthesis of oligo- and poly-(acridine)s (subsequently referred to here as oligo- and 

poly-(N-heteroacene)s). 

Chapter 2 discusses a potential reason for the inefficient formation of a C-N bond in 

Hu’s precursor polymers and proposes solutions in the re-optimization of the formation of 

the C-N bond forming reaction.  The two methods explored for this re-optimization are the 

Buchwald-Harwtig amination (BHA) and nucleophilic aromatic substitution (NAS).  

Furthermore, Chapter 2 demonstrates the impact of the position of the cyclizing group on the 

cyclization of the precursor molecules.  The model reactions are performed on meta- and 

para-linked structures. 

Chapter 3 focusses on the synthesis and cyclization of N-heteropentacenes precursors.  

N-heteropentacenes with different substituents are synthesized to address issues with 

solubility and stability.  Furthermore, different cyclizing groups and their position on the 

N-heteropentacene precursor are explored, and their effects on the cyclization of the 

precursor based on their electronics are discussed.     

Chapter 4 encompasses the characterization of the N-heteropentacene precursors and 

N-heteropentacenes.  The characterization includes single crystal X-ray diffraction to analyze 

solid-state packing as well as optical and electrochemical data to evaluate the chemical and 

electrical of the N-heteropentacenes.     

Chapter 5 shows preliminary data in the synthesis of N-heteroheptacene and 

N-heterononacene precursors without addressing the issues of solubility, stability, and 

reactivity.   

Chapter 6 briefly summarizes the major outcomes of this work and provides insights 

about the outlook on this project.  Because there are many applications of N-heteroacenes 

with varying lengths, then it would be worthwhile to evaluate the usefulness of the 

N-heteroacenes synthesized in this work and their applications in organic electronics.   
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Chapter 2.  Optimization of the Synthesis and Cyclization of the 

Precursor Molecules 

2.1. Introduction 

In section 1.4, Hu’s work on cross-couplings and cyclizations was discussed.  Despite 

optimization of the model reactions, difficulties in synthesizing the precursor polymer were 

experienced.  Thus, the work in this chapter describes the design of molecules and reactions 

and the optimization of a series of reactions to identify and to address these issues resulting 

in the difficulty synthesizing the precursor polymer. 

2.2. Results and Discussion 

2.2.1. Design of Reactions 

It was hypothesized that the synthesis and cyclization of N-heteropentacene precursors 

without any substituents was a better route to identify potential issues.  The first precursor to 

be synthesized was m-CN[OR], 1a (Figure 2.1) where m is for a meta linkage and CN[OR] 

means there are cyano groups on the outer rings.  The cyclizing cyano groups will always be 

ortho to the amino groups.  The formation of the C-N bond for the synthesis of the N-

heteropentacene precursor was attempted using two methods: BHA and NAS.  The results 

from these reactions can provide insight for improving the synthesis of the precursors as well 

as designing precursor derivatives. 

 

 

Figure 2.1. N-Heteropentacene precursor m-CN[OR], 1a. 

 

2.2.2. Optimization of the Coupling with meta-Linkages 

2.2.2.1. Pd-Mediated Cross-Coupling 

To be able to identify areas for improvement in the synthesis of the precursor molecules (e.g. 

in the formation of the C-N bond), it is important to understand the catalytic cycle of the 
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BHA, a Pd-mediated cross-coupling reaction.  In this reaction, a C-N bond is formed by 

coupling an aryl halide and an amine.74  In a typical BHA reaction, the reaction conditions 

include the substrates, a palladium source, ligand, base, solvent, and temperature.  Figure 2.2 

shows the catalytic cycle.  After forming the Pd(0) catalyst, the first step is oxidative addition 

with the aryl halide.  The next two steps are coordination of the amine to the palladium 

complex and deprotonation.  Lastly, in the reductive elimination step, the desired product 

with the newly formed C-N bond is eliminated and the Pd(0) catalyst is regenerated and 

ready to enter the Buchwald-Hartwig (BH) catalytic cycle again. 

 

 

Figure 2.2. Catalytic cycle of the Buchwald-Hartwig Amination. 

 

Although the BHA method has been a revolutionary technique in the synthesis of aryl 

amines, it has numerous limitations.  The drawbacks arise from the multiple variables in the 

reaction as well as the reactivity of the aryl halides and amines.75  For example, the selection 

of the palladium source and the ligand has an impact on the efficiency and selectivity of the 

reaction.  The choice of base determines the type of functional groups on the substrates, and 

the solvent dictates the solubility of the substrates and the base.  Lastly, the electronic and 

steric properties of the substrates also influence the steps of the catalytic cycle.  Thus, it is 
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crucial to optimize the conditions of the reactions to optimize the yield of the desired 

product.  Nonetheless, successful polymerizations using BHA have been reported.76 

2.2.2.1.1. Model Reactions 

While all the variables are crucial for a successful cross-coupling, it was hypothesized that 

the ligand choice needed to be re-evaluated.  A literature search on the ligand Xantphos 

revealed Xantphos works in the amination of primary and secondary anilines: thus, it was 

hypothesized di-arylation was a potential reaction that could be occurring in the formation of 

the C-N bond.77  To test for the formation of di-arylated products, a model reaction in which 

two equivalents of 2-bromobenzonitrile are coupled to one equivalent of 

m-phenylenediamine was carried out (Scheme 2.1).  Note that 2-bromobenzonitrile was 

selected as one of the starting materials since the cyano group on the aryl halide should 

facilitate the oxidative addition step of the catalytic cycle.  The desired product 1a was 

obtained in a 60% yield. 

 

Scheme 2.1. Synthesis of m-CN[OR], 1a. 

 

 

With multiple spots on a thin-layer chromatography (TLC) plate, it was obvious that 

side products were formed in the reaction.  Since it was difficult to isolate and characterize 

all the compounds resulting in different spots on the TLC plate, liquid chromatography-mass 

spectrometry (LC-MS) was performed after removing 1a.  Figure 2.3a illustrates the possible 

products I-V and their corresponding molecular weights and Figure 2.3b shows the LC-MS 

data in the positive ion mode.  As predicted, the LC-MS data indicates di-arylation through 

the observation of structure V (sky blue, solid line).  This di-arylation may result in the 

presence of structure I (green, dashed line) where there was not enough 2-bromobenzonitrile, 

due to di-arylation, to form the targeted product.   
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Figure 2.3. The a.) potential products and b.) LC-MS data in positive ion mode. 

 

Whether di-arylation hinders the ability to polymerize the monomer or not was not 

further evaluated experimentally.  However, there is literature precedence that di-arylation 

(e.g. a tertiary amine) prevents the tautomerization of the putative, cyclized structure.  As 

shown in Scheme 2.2, the tertiary amine shown was not expected to cyclize into an acridine 

derivative.78  Upon working up the reaction with an aqueous solution, the quinone was 

observed as the major product.    

 

Scheme 2.2. Cyclization of an acridine precursor in the literature.78 
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Another similar example of the inability to tautomerize in the absence of a proton 

with a quaternary carbon versus a tertiary nitrogen has been described in the literature.79  

Bradsher and Beavers predicted that 1-(o-cyanophenyl)-1,1-diphenylethane would cyclize 
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upon exposure to sulfuric acid to form the imine (Scheme 2.3).  However, when the 

experiment was carried out, the hydrolyzed product rather than the expected imine was 

observed.  According to Scheme 2.2 and Scheme 2.3, it can be predicted that a structure like 

V in Figure 2.3 may also be susceptible to hydrolysis, preventing aromatization.   

 

Scheme 2.3. Acid-mediated cyclization of 1-(o-cyanophenyl)-1,1-diphenylethane. 

 

 

Two potential approaches to address the issue of di-arylation were considered as viable 

solutions.  The first is the use of phosphine ligands that have been shown to be highly 

selective for mono-arylation.  The second approach is the installment of a protecting group to 

prevent the second arylation.  In the choice of ligands, it is important to note that their 

structural features not only affect selectivity but also other factors such as the rates of 

oxidative addition and reductive elimination.  Thus, research groups have spent time 

designing and testing ligands.  Based on these studies, it has been concluded that Brettphos 

and Ruphos are the most successful ligands in selectively coupling primary and secondary 

anilines, respectively.80  Although these ligands are commercially available, they are 

expensive.  Thus, the route of using a protecting group was implemented first since it was a 

more cost-effective approach. 

There are two requirements in the selection of a protecting group.  First, it should be 

removed with acid for a one-pot procedure of the deprotection and cyclization.  Second, it 

should act as electron donor to assist in the amine coordination step in the BH catalytic cycle 

by making the amine more nucleophilic.  A range of protecting groups were considered.81  A 

common class of protecting groups is carbamates.  Within this category, the protecting 

groups for the amino group are t-butyl (Boc), carboxybenzyl (Cbz), and 9-fluorenylmethyl 
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(Fmoc) carbamates.  Although Boc is cleaved by acidic hydrolysis, it is a moderately 

deactivating group which could lower reactivity rates.  Cbz is not a viable option because it is 

cleaved by catalytic hydrogenolysis which is likely incompatible with the nitrile groups.  

Lastly, Fmoc can be eliminated as it is cleaved by β-elimination with a base.  A literature 

search resulted in the finding of a novel protecting group, 4-octyloxybenzyl group 

(OOB).82,83  In these articles, the authors used OOB to increase the solubility of poly(m-

benzamide)s.  They also synthesized block copolymers by removing the protecting group 

using TFA.  Since OOB can be removed using an acid, it was employed as the protecting 

group to prevent di-arylation and increase solubility.  A soluble precursor polymer is 

important for processing it. 

Before attempting to synthesize the polymer precursor with the OOB protecting group, a 

model reaction was performed.  The protected m-phenylenediamine (2) was prepared via a 

reductive amination (Scheme 2.4).  Although a moderate yield of 62% was not ideal, a 

sufficient amount of material was produced to synthesize an analog of 1a. 

 

Scheme 2.4. Synthesis of N1, N3-bis(4-(octyloxy)benzyl)benzene-1,3-diamine, 2. 

 

 

The OOB protected analog of 1a was obtained from coupling 2 and two equivalents of 

2-bromobenzonitrile to yield the desired product 3 in a 35% yield (Scheme 2.5).  Once again, 

the yield is less than ideal but exposure of 3 to TFMSA and TFA at room temperature for 

24 h. yielded the deprotected analog, 1a. 
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Scheme 2.5. Synthesis of m-CN[OR] with protecting group OOB, 3. 

 

 

From the model reaction with the OOB protecting group, there were two main observations.  

First, the yields obtained from the reactions in Scheme 2.4 and Scheme 2.5 were low to 

moderate which was not promising for the synthesis of polymers.  Yet, the deprotection of 

OOB with acid was effective.  Thus, it was decided to attempt to polymerize the precursor 

polymer. 

2.2.2.1.2. Preliminary Polymerizations 

For the synthesis of the precursor polymer, either an AB type monomer or a 1:1 mixture of 

AA and BB type monomers can be used (where A and B are functional groups that react with 

one another to form a covalent linkage) (Table 2.1).  While both AB type and AA and BB 

type monomers can be used to grow polymers, they each have their disadvantages.  In the 

AA and BB type system, the monomers should be present in an exact stoichiometric ratio of 

1:1.  Otherwise, the monomer in excess can cap the ends of the growing oligomers/polymers, 

resulting in low molecular weights.  AB type monomers present both functional groups in 1:1 

ratio.  However, the stoichiometric ratio might come at the expense of lower reactivity if the 

A and B groups on the same monomer deactivate one another.  
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Table 2.1. Monomer types and their corresponding polymers where X is the reaction of A 

with B. 

Monomer Type Monomer Polymer 

AB type 
 

 

AA and BB type 
 

 

 

In hopes of obtaining polymers with high molecular weights, it was decided to use 

AB type monomers.  For the precursor polymers produced by BHA, two AB type monomers 

(4 and 5) were synthesized via reductive amination (Scheme 2.6).  Because monomer 4 was 

obtained in a higher yield, it was the monomer used for the synthesis of the precursor 

polymer.  Note that the synthesis of precursor polymers without the protecting group was 

attempted using the AB type monomers 2-bromo-4-aminobenzonitrile and 4-amino-2-

bromobenzonitrile, but neither monomer yielded a precursor polymer. 
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Scheme 2.6. Synthesis of AB type monomers 4 and 5. 

 

 

The polymerization of monomer 4 (Scheme 2.7) yielded the precursor polymer with a 

molecular weight (Mw) of 1710 g/mol and a dispersity (Đ) value of 1.38 via gel-permeation 

chromatography (GPC) (entry 1 in Table 2.2).  This low molecular weight and the dispersity 

value indicate the formation of oligomers.  Nonetheless, the formation of oligomers was 

more promising when compared to the polymerization of the deprotected monomer 

4-amino-2-bromobenzonitrile (entry 2) in which no product was obtained.  

 

Scheme 2.7. Synthesis of a precursor polymer using 4 or 4-amino-2-bromobenzonitrile. 
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Table 2.2. Data from the GPC of precursor polymers.  Entries 1 and 2 are for the reactions in  

Scheme 2.7.  The precursor polymers in entries 3-6 are polymerized in the presence of the 

initiator 2-bromobenzonitrile. 

 Entry Monomer I:M* <Mw> Đ Yield (%) 
Monomer 

Only 
1 4 — 1710 1.38 61 
2 2-bromo-4-aminobenzonitrile — NA NA NA 

Monomer 
and 

Initiator 

3 4 1:10 2770 1.44 66 
4 4 1:20 1860 1.29 46 
5 4 1:50 1250 1.23 2.3 
6 2-bromo-4-aminobenzonitrile 1:20 NA NA NA 

*I:M is initiator to monomer ratio. 

 

In another attempt to synthesize the precursor polymer with a higher molecular 

weight, the polymerizations in Scheme 2.7 were performed in the presence of the initiator 

2-bromobenzonitrile.  It was hypothesized that the initiator would be more reactive than the 

monomer which would result in the ability to control the molecular weights of the polymers 

by controlling the ratio of the initiator and the monomer (entries 3-6 in Table 2.2).  However, 

the use of an initiator failed to produce polymers with higher molecular weights.  

Furthermore, it was expected that a larger monomer to initiator ratio would result in higher 

molecular weights than a smaller monomer to initiator ratio, and the opposite trend was 

observed (entries 3-5).  Lastly, the presence of an initiator does not yield even oligomers for 

the deprotected monomer (entry 6). 

Due to the inability to synthesize the precursor poly(aniline) even after protecting the 

reaction from di-arylation, a literature search on the polymerization of m-oligo- and 

m-poly(aniline)s was conducted.  The search revealed that the concentration of the solution 

plays a role in the formation of the product for meta-linked anilines.84  Specifically, 

meta-linked anilines tend to favor the formation of macrocycles in diluted solutions and 

linear polymers in concentrated solutions. 84  With this knowledge, the polymerizations were 

performed in diluted and concentrated solutions.  It was expected that the reactions in the 

diluted solution would yield polymers with low molecular weights and the ones in the 

concentrated solution would yield polymers with high molecular weights.  However, the 
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GPC data did not demonstrate a significant difference.  The obtained molecular weights were 

2560 g/mol and 1590 g/mol for the diluted and concentrated solutions, respectively.  Thus, it 

was of interest to identify the products from these polymerizations. 

To gain an insight about the formation of the products from both polymerizations, the 

products were subjected to electrospray ionization mass spectrometry (ESI-MS).  ESI-MS 

would help to determine if macrocycles or low molecular weight chains were being formed.  

The molecular weight difference between a macrocycle and a linear chain with the same 

number of monomers is that of the end groups, HBr.  Consequently, it was expected that the 

linear chain would have the characteristic bromine isotopic pattern observed in MS.  The 

ESI-MS data contained masses that did not correspond to the theoretical mass of n monomers 

for either macrocycles or linear polymers.  Instead, the starting material (Figure 2.4a) was 

identified by its bromine isotopic pattern (Figure 2.4e where the top half is the experimental 

data and the bottom half is the simulated data).  In addition to the monomer, another 

molecule with a bromine (Figure 2.4b) was observed based on its mass spectrum (Figure 

2.4f).  This molecule has two fewer protons which could be an indication of β-hydride 

elimination.     
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Figure 2.4. a.) Monomer and b-d.) side products from the polymerization of monomer 4 and 

their e-h.) mass spectra.  

 

β-Hydride elimination could occur when there is a proton beta to the nitrogen that 

leads to the expulsion of an imine and a de-halogenated arene (Figure 2.5).  It was 

hypothesized that if β-hydride elimination occurred in the reaction, then there were two other 

side products (Figure 2.4 c and d) that could be present.  Indeed, the experimental mass 
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spectrum (top of Figure 2.4g) aligned with the theoretical mass spectrum (bottom of Figure 

2.4g) for the molecule in Figure 2.4c.  The presence of the de-halogenated monomer (Figure 

2.4d) was less conclusive from a comparison of the theoretical and experimental data (Figure 

2.4h) where there was not an experimental peak for the mass-to-charge ratio (m/z) of 338.2.  

Thus, from the spectra, it is clear that the molecules in Figure 2.4a, b, and c are present 

because their mass accuracy is within the ±5 ppm for this instrument where the ESI is 

coupled to a high resolving power mass spectrometer.  This result was unfortunate because 

the formation of side products from β-hydride elimination was thought to be unlikely.  It had 

been reported that ligands with large sizes, such as bis(phosphine)s, favor reductive 

elimination over β-hydride elimination.85  Nonetheless, while the use of the OOB protecting 

group prevented di-arylation, β-hydride elimination occurred in the polymerization, 

rendering the monomer a poor candidate for polymerization. 

 

 

Figure 2.5. β-Hydride elimination in the BH catalytic cycle.86 

 

It was hypothesized that a fluorine analog could potentially work in a polymerization 

via NAS reaction as such a reaction should not have a competing β-hydride elimination.  

Before proceeding with NAS reactions with OOB-protected monomers, it was of interest to 

investigate whether the protecting group could be removed from the precursor polymer with 

acid like in the model reaction which yielded 1a.  The deprotection of the precursor polymer 

was monitored by IR spectroscopy, and indeed, the N-H stretch grew in and the aliphatic 

C-H stretches disappeared from the protected to the deprotected precursor polymer.  Figure 

2.6 shows the N-H stretch in the monomer (blue spectrum) which disappears in the protected 
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precursor polymer (red spectrum), as expected.  For the deprotection, a weak and broad N-H 

stretch is observed for the deprotected precursor polymer (black spectrum) which signals the 

removal of the OOB protecting group.  However, this removal is only partial as there is still 

some aliphatic C-H stretching observed.  Nonetheless, it was hypothesized that a longer 

reaction time would result in complete deprotection.   

 

 

Figure 2.6. IR of monomer 4, protected precursor polymer, and deprotected precursor 

polymer. 

 

2.2.2.2. Nucleophilic Aromatic Substitution 

NAS is another method that can form a sp2 C-N bond.  This method is practical when the 

leaving groups are F, NO2, Cl, Br, and I with F and NO2 being the superior leaving groups.87  

Like the BHA, the substrates for NAS are aryl halides and amines.  The amine attacks the 

C-X bond to form a Meisenheimer complex followed by deprotonation and the expulsion of 
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the leaving group.  Several reiterations of these steps result in the formation of the precursor 

polymer (Scheme 2.8).  Hence, NAS is another viable method for the synthesis of the 

precursor polymer with less variables than by Pd-mediated cross-coupling. 

 

Scheme 2.8. Mechanism for the polymerization of 2-amino-4-fluorobenzonitrile via NAS. 

 

 

2.2.2.2.1. Preliminary Polymerizations 

For the formation of the C-N bond via the NAS method, model reactions were not carried 

out.  It has been reported that in some cases there is preferential formation of the triarylamine 

despite that the anion of the diarylamine is less reactive than that of an arylamine.87  

Nonetheless, the deprotected monomer 2-amino-4-fluorobenzonitrile (Scheme 2.9) without 

and with heat was polymerized with no success (entries 1-2 in Table 2.3).  Consequently, it 

was hypothesized that a fluorine analog of the AB type monomer could be polymerized via 

NAS without suffering from β-hydride elimination.   

 

Scheme 2.9. Synthesis of a precursor polymer using 6 or 2-amino-4-fluorobenzonitrile. 
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Table 2.3. Data from the GPC of precursor polymers.  Entries 1-4 are for the reactions in  

Scheme 2.9.  The precursor polymers in entry 5 are polymerized in the presence of the 

initiator 4-fluorobenzonitrile. 

 Entry Monomer I:M* Heat <Mw> Đ* Yield (%) 

Monomer 
Only 

1 
2amino-4-

fluorobenzonitrile 
—  No NA NA NA 

2 
2amino-4-

fluorobenzonitrile 
— Yes NA NA NA 

3 6 — No NA NA NA 
4 6 — Yes 1425 1.73 12 

Monomer 
and 

Initiator 
5 6 1:10 Yes 1710 1.28 13 

*I:M is the initiator to monomer ratio. 

 

The AB type monomer 6 was synthesized (Scheme 2.10)  and polymerized (Scheme 

2.9, where R = OOB).  In the absence of heat, no oligomeric or polymeric material was 

obtained (entry 3 in Table 2.3).  This result changed when the reaction was heated to yield an 

oligomer with a molecular weight of 1425 g/mol and a dispersity value of 1.73 (entry 4).  

The molecular weight did not improve significantly in the presence of the initiator 

4-fluorobenzonitrile (entry 5).   

 

Scheme 2.10. Synthesis of AB type monomer 6. 

 

 

Macrocycle formation during the polymerization of 6 was suspected, similar to what 

was expected with the polymerization of 4.  Formation of macrocycles versus linear 

polymers is dependent on the concentration of the reactions.  To test for the formation of 



 

39 

macrocycles versus linear oligomers, monomer 6 was polymerized under diluted and 

concentrated solutions using 1.4 equivalents of Cs2CO3 in DMSO at 120 °C for 60 h.  The 

reaction was monitored via 1H NMR spectroscopy and the proton peaks became broad as 

expected for a polymer.  The aromatic peaks were too messy to assign to the protons in the 

polymer.  After workup, the IR spectrum of each sample was taken, and it lacked the N-H 

stretch, as anticipated.  GPC data revealed a Mw = 6005 g/mol with a Đ = 2.20 for the diluted 

reaction and a Mw = 11,670 g/mol and Đ = 2.19 for the concentrated reaction.  The high 

dispersity values were expected from the broadness of the peaks by 1H NMR spectroscopy.  

The samples were submitted for ESI-MS and the experimental data was compared to the 

theoretical data for cyclic and linear polymers.  Indeed, cyclic structures were found in both 

reactions.  One of the macrocycles is a tetramer (Figure 2.7a).  The experimental and 

theoretical m/z values with a H+ adduct for the tetramer (upper and lower windows, 

respectively, in Figure 2.7b) align with each other within the percent error.  This macrocycle 

was found in both the diluted and concentrated solutions. 

 

 

Figure 2.7. (a) Four ring macrocycle structure and its (b) ESI-MS data. 

 

Furthermore, the concentrated solution contained a hexamer macrocycle (Figure 2.8a).  

Again, the theoretical data aligns with the experimental data (Figure 2.8b).  Altogether, this 

data agrees with the hypothesis that meta-linked anilines can yield macrocycles. 
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Figure 2.8. a.) Six ring macrocycle structure and its b.) ESI-MS data. 

 

Although the formation of macrocycles is interesting, they are not the synthetic target.  Thus, 

an alternative approach was sought.  One method to circumvent this issue is polymerizing a 

monomer that results in para-aniline linkages instead of meta-aniline linkages.  Goodson and 

Hartwig demonstrate that para-linked poly(aniline)s are less susceptible to the formation of 

macrocycles than their meta-linked analogues.88  Thus, the next optimization for the C-N 

bond was performed on building blocks that would result in p-poly(aniline)s. 

2.2.3. Optimization of the Cyclization with meta-Linkages 

Before moving to C-N bond formation of para-linked anilines, in section 1.4, it was stated 

that the model reaction (Scheme 1.3) for the cyclization was not an ideal reaction since the 

methyl group ortho to the amino group blocks a potential site of cyclization.  To test this 

hypothesis, the meta-linked precursor, 1a, was synthesized.  For this precursor, Figure 2.9 

illustrates that the cyano groups can cyclize at the a or b position to yield either structure m-

aa or m-ab.  Note that the lowercase a and b refer to potential sites of cyclization whereas 

uppercase A and B refer to the functional groups on a monomer. 
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Figure 2.9. Two potential structures for the cyclization of 1a. 

 

Attempts at the cyclization of 1a were made using TFMSA and TFA at 60 °C (Scheme 2.11) 

until completion of the reaction by TLC.  Because there are two potential structures for the 

product, it was hypothesized that its identity could be confirmed by 1H NMR spectroscopy.  

In the m-aa structure, the protons encircled in red would appear as two singlets that each 

integrate to 1H.  On the other hand, the protons encircled in red on the m-ab structure should 

appear as two doublets that each integrate to 1H.   

 

Scheme 2.11. Cyclization of 1a. 

N
H

N
H

CN NC
TFMSA, TFA

60C, 24 h., 99%

NN

NH2

N
7

1a
+

N N

NH2 NH2

not observed

H

H

 

 



 

42 

In the aromatic region of the 1H NMR spectrum (Figure 2.10), the identity of the product was 

confirmed as the m-ab structure from the two doublets from 7.80-7.84 ppm and 8.84-8.89 

ppm.  These doublets have a J coupling constant of 9.4 Hz which is indicative of protons that 

are ortho to each other.  The doublet from 8.19-8.24 ppm is not of interest because its J 

coupling constant is 8.6 Hz.  Preference for the formation of the m-ab versus the m-aa 

structure may be rationalized by the formation of an additional Clar sextet and a six-

membered ring via hydrogen bonding of the pyridyl nitrogen and the protons on the nearby 

amino group.  Because there was a quantitative conversion of the precursor to the m-ab 

structure (Figure 2.9), it was of interest to obtain rough estimates of the band gap of the 

cyclized structures and how it changes from the linear (m-aa) to the bent (m-ab) structure. 

 

Figure 2.10. 1H NMR spectrum of the aromatic region for m-ab. 

 

Initial estimates of HOMO-LUMO gaps were obtained using Hückel theory.89–91  The 

HOMO-LUMO gaps were 0.59β and 0.89β for the linear and bent structures, respectively.  

Based on this data, it can be predicted that the kink has a negative effect on minimizing the 
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band gap of the polymer.  One of the elements that favors high electrical conductivity in a 

polymer is a small band gap.  

 It was hypothesized that the para-linked analogue of 1a, p-CN[OR] would most 

likely favor the linear cyclized product.  Unlike 1a, it was hypothesized that p-CN[OR] was 

less susceptible to the formation of a bent structure p-ab when cyclized as such structure 

finds the amino groups virtually on top of one another (Figure 2.11).  Nevertheless, estimates 

of the band gap for the cyclized products were obtained using Hückel theory while keeping 

in mind that this is a topological theory and it does not take into account any effects of 

molecular geometry.  The HOMO-LUMO gaps were 0.50β and 0.28β for the linear (p-aa) 

and bent (p-ab) structures, respectively.  From these trends, there are two main messages.  

First, the estimated band gaps for molecules derived from the para-linked structure, whether 

linear or bent, were smaller than those of the molecules derived from the meta-linked 

analogue.  Second, although it was expected that the band gap would be smaller in the linear 

versus the bent structure analogous to those in the cyclized with meta-linkages, the opposite 

was observed.  However, as the bent, p-ab structure cannot be planar, this second observation 

is arguably irrelevant.  Hückel calculations are easy to perform, but one must keep in mind 

that it is a strictly a topological, molecular orbital theory. 

 

 

Figure 2.11. Two potential structures for the cyclization of p-CN[OR]. 

 

A second computational method based on semi-empirical methods, Molecular Orbital 

Package (MOPAC), was also utilized to compare the energy gaps using the PM7 
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Hamiltonian.92  Semi-empirical methods use parameters from experimental data in the 

mathematical models.  Thus, the focus on the results from MOPAC is on trends rather than 

the values.  In MOPAC, the meta-linked and para-linked precursors as well as their linear 

and bent cyclized structures were analyzed.  The calculated HOMO-LUMO gaps for the 

linear and bent structures with meta-linkages are 6.05 eV and 7.11 eV, respectively.  This 

data is in agreement with the Hückel calculations in which the bent had a larger HOMO-

LUMO gap.  With respect to the linear and bent structures with para-linkages, the band gaps 

are 5.93 eV and 7.00 eV, respectively.  This data contradicts the Hückel calculation and 

supports the hypothesis that the linear structure should have the smaller HOMO-LUMO gap. 

Furthermore, the bent structure with meta-linkages has a heat of formation of 

433.66 kcal/mol versus its linear counterpart at 515.27 kcal/mol.  This result also agrees with 

the experimental data in the cyclization of 1a.  Similarly, the heat of formation for the bent 

structure with para-linkages (479.14 kcal/mol) is lower than the linear one 

(510.39 kcal/mol).  Based on this data, we can predict the para-linked precursor will yield 

the bent structure.  But while a hydrogen bond composed of a six-membered ring can form in 

the bent, meta-linked structure between the pyridyl nitrogen and the amino group, the bent, 

para-linked structure would form a hydrogen bond composed to a seven-membered ring in 

addition to the steric strain of the two amines colliding with one another.  These two 

unfavorable interactions can lead to the formation of the linear product. See Table 2.4 for a 

summary of the Hückel and MOPAC calculations.   
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Table 2.4. Hückel and MOPAC summary. 

Structure 
HOMO-LUMO gap Heat of 

Formation 
(kcal/mol) Hückel 

MOPAC 
(eV) 

 

N/A 7.68 597.23 

 

0.59β 6.05 515.27 

 

0.89β 7.11 433.66 

 

N/A 7.12 713.19 

 

0.50β 5.93 510.39 

 

0.28β 7.00 479.14 

 

N/A 6.64 658.43 

 

Another way to avoid the formation of the bent structure in the model cyclization is to 

place both of the cyano groups on the middle benzene ring.  By doing so, there are still two 

sites for the formation of a C-C bond but regardless of which nucleophilic carbon attacks the 
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electrophilic carbon on the cyano group, the linear structure will be obtained upon cyclization 

(Figure 2.12).   

 

 

Figure 2.12. Potential structure for the cyclization of p-CN[IR]. 

 

Note that while the formation of the bent structure can be avoided in p-CN[IR], it is possible 

to obtain kinks in the precursor polymer due to rotations around the C-N single bond as 

shown in Figure 2.13.  However, this process requires an unfavorable steric interaction 

between the two amino groups as shown.  Thus, it is hypothesized that Scenario 1 in Figure 

2.13 is the most probable one. 
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Figure 2.13. Cyclization of a precursor polymer to give linear (scenario 1) or bent aromatic 

ladder polymers (scenario 2). 

 

2.2.4. Optimization of the Coupling with para-Linkages 

2.2.4.1. Model Reactions via BHA and NAS 

Because the ESI-MS results of the monomer yielding meta-linked polymers clearly indicated 

competition between the formation of cyclic versus linear polymers, it was hypothesized that 

a monomer yielding a para-linked polymer would avoid this problem.  It has been shown that 

the polymerization of p-phenylenediamine and p-dibromobenzene result in larger molecular 

weights than those obtained on meta-linked analogues.88  Having observed di-arylation in the 

the synthesis of meta-linked precursors (Scheme 2.1), it was of interest to determine if 

di-arylation would occur in the synthesis of para-linked analog was carried out via BHA and 

NAS ( Scheme 2.12 and Scheme 2.13, respectively).  In these reactions, the yields were up to 

18% by BHA and a negligible yield by NAS for the desired product.  These low yields were 

expected since the possibility of diarylation is still present. 
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Scheme 2.12. Synthesis of p-CN[OR] via BHA. 

 

 

Scheme 2.13. Synthesis of p-CN[OR] via NAS. 

 

 

Furthermore, the NAS yielded the triarylamine as evidenced by 1H NMR spectroscopy 

(Figure 2.14).  In this 1H NMR spectrum, there are five peaks in the aromatic region that 

integrate to four protons each which correspond to diarylation on both of the amino groups.  

Again, the two options to circumvent diarylation are the use of a protecting group or ligands 

that are highly selective for mono-arylation such as Brettphos and Ruphos. 
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Figure 2.14. Evidence of di-arylation by 1H NMR spectroscopy. 

 

Encouraged by the success in the literature for Brettphos to be highly selective for 

mono-arylation, it was purchased and used as the ligand in the BHA reactions.93–95  This way, 

arylation would occur only once and this would avoid the use of the OOB protecting group 

which suffers from β-hydride elimination.  In addition to using Brettphos, the palladium 

precursor was replaced by the palladacycle Brettphos Pd G1.  The use of palladacycles as 

palladium precursors ensures the formation of L1Pd species which has been shown 

mechanistically to be more active than the L2Pd species.74  While some reactions were 

carried out in the presence of both Brettphos and Brettphos Pd G1, it was ultimately 

discovered that the absence of the Brettphos ligand did not make a difference.  For example, 

in the model coupling of two equivalents of 2-bromobenzonitrile and p-phenylenediamine 

(Scheme 2.14), only Brettphos Pd G1 was used and the desired product was obtained in a 



 

50 

90% yield in 45 min.  The quantitative formation of the desired product was the best result 

for the re-optimization of the C-N bond formation (Table 2.5).  The reaction conditions 

attempted in entries 1-4 show poor to moderate yields whereas entry 5 has the highest yield 

at 90%.   

 

Scheme 2.14. Synthesis of p-CN[OR], 8a via Pd-mediated cross-coupling with highly 

selective Pd/ligand for mono-arylation. 

 

 

Table 2.5. Varied variables in the Pd-mediated cross-coupling for the synthesis of 

p-CN[OR], 8a. 

Entry Pd Precursor Ligand Base Solvent 
Temperature 

(°C) 
Yield 
(%) 

1 Pd2(dba)3 Xantphos Cs2CO3 toluene 110 18 

2 Pd(dppf)Cl2 PPh3 Cs2CO3 
1,4-

dioxane 
100 52 

3 Pd(dppf)Cl2 DPPF NaOtBu THF 100 61 
4 Pd2(dba)3 BINAP NaOtBu toluene 100 69 

5 
Brettphos Pd 

G1 
Brettphos Cs2CO3 t-BuOH 100 90 

 

In the meantime, 2,5-dibromoterephthalonitrile (9) (Scheme 2.15) was synthesized as 

reported in the literature.96  The procedure reported the synthesis of the acyl chloride in 3 

hours followed by an overnight reaction to obtain the diamide in a 76% yield.  Then, the 

dinitrile was obtained in a 99% yield after a 12-hour reaction.  This procedure was optimized 

to reduce the synthetic time to approximately 6 hours with an overall 83% yield.  Addition of 

the acyl chloride to the ammonium hydroxide was key to the optimization which resulted in a 

reaction time of 5 minutes versus an overnight reaction time.   
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Scheme 2.15. Synthesis of 2,5-dibromoterephthalonitrile (9). 

 

 

 Monomer 9 was anticipated to be an excellent candidate for BHA because the two 

cyano groups are strong electron-withdrawing groups which should favor oxidative addition 

in the BH catalytic cycle.  The synthesis of the N-heteropentacene precursor 10a (Scheme 

2.16) was carried out with a 94% yield.  The cyclization of this precursor will be discussed in 

section 2.2.5 and its properties will be discussed in Chapter 4. 

 

Scheme 2.16. Synthesis of p-CN[IR], 10a. 

 

 

2.2.4.2. Preliminary Polymerizations via BHA and NAS 

The commercially available AB type monomer (Scheme 2.17) and AA and BB type 

monomers (Scheme 2.18) were polymerized to obtain the para-linked polymers.  Both 

polymers were obtained as emerald green solids at a 91% yield for the AB type polymer and 

an unoptimized yield of 60% for the AA and BB type polymer.  While these polymerizations 

were successful, there were issues with solubility.97  Both polymers have a “solubility” of 

approximately 1 mg/mL in DMF.  Whether these polymers are truly soluble is questionable 
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since it is known that poly(aniline)s are dispersed and not dissolved in solutions.  

Consequently, characterization of these polymers via GPC or NMR was not attempted.   

 

Scheme 2.17. Polymerization of AB type monomer, 2-bromo-5-aminobenzonitrile. 

H2N CN

Br

H2N CN CN

BrCN

H
N

N
H

1 mol% Brettphos Pd G1
1 mol% Brettphos
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100 °C, 60 h., 91%

n

 

 

Scheme 2.18. Polymerization of AA and BB type monomers, 9 and p-phenylenediamine. 

 

 

Because these insoluble precursor polymers were solids, IR data was collected (Figure 2.15).  

Both precursor polymers possess the expected N-H stretch at ~3300 cm-1.  This is an 

indicator that the cross-coupling conditions produce mono-arylated product.    
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Figure 2.15. IR spectra for polymers using AB type monomers (Scheme 2.17) and AA and 

BB type monomers (Scheme 2.18). 

 

 For the synthesis of the precursor polymer using NAS, the AB type monomer 11 was 

synthesized (Scheme 2.19) with the OOB protecting group to avoid di-arylation.  Monomer 

11 was polymerized (Scheme 2.20) under diluted and concentrated solutions and monitored 

by 1H NMR spectroscopy.  Over time, the peaks became slightly broad.  After 60 h., the 

polymers were isolated by precipitating them in cold methanol and the yields were 10% and 

20% for the diluted and concentrated polymerizations, respectively.   
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Scheme 2.19. Synthesis of AB type monomer 11. 

 

 

Scheme 2.20. Polymerization of AB type monomer 11. 

 

 

In addition to observing broad peaks by 1H NMR spectroscopy, another indication of 

the formation of oligomers/polymers from the polymerization in Scheme 2.20 is illustrated 

by the IR spectra of the monomer (Figure 2.16, top) and the product (Figure 2.16, bottom).  

For this reaction, there should be a disappearance of the N-H stretch in the conversion of the 

monomer to the polymer.  Indeed, the sharp N-H stretch disappeared where the small 

stretches in the area can be attributed to the end groups of the oligomers/polymers. 
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Figure 2.16. IR spectra of 11 and polymer in Scheme 2.20. 

 

2.2.5. Optimization of the Cyclization with para-Linkages 

With the transition from meta-linked to para-linked precursors, model cyclizations were 

performed on the mono-arylated precursor, 8a.  Like the meta-linked precursor, it was 

anticipated that the para-linked precursor 8a could cyclize in a linear or bent fashion 

(Scheme 2.21).  However, the formation of the linear product was anticipated since the bent 

product has two amino groups in close proximity.  

 

Scheme 2.21. Cyclization of 8a. 
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To determine whether the linear or bent structure would be obtained, 8a was exposed 

to the acids TFMSA and/or TFA under varying conditions and monitored by TLC.  Entries 

1-4 in Table 2.6 only yielded starting material.  Upon heating, the formation of a side product 

was observed at 0.5 h. (entry 5).  Upon a longer reaction time, the starting material was 

completely consumed in the formation of the side product (entry 6).    

 

Table 2.6. Results from the cyclization of 8a. 

Entry Acid(s) Reaction Time (h.) Temperature (°C) Results* 
1 TFA 18 RT SM 
2 TFA 18 72 SM 
3 TFMSA 18 RT SM 
4 TFMSA, TFA 24 60 SM 
5 TFMSA, TFA 0.5 110 SM & 1 SP 
6 TFMSA, TFA 96 100 1 SP 

* SM = starting material; SP = side product 

 

 Whether the side product is the desired product is questionable.  Figure 2.17 shows 

the proton spectra of the starting material (top) and the side product (bottom) for the reaction 

(entry 6 in Table 2.6).  At t = 96 h., the starting material is no longer present and there are 

peaks that could be characteristic of the desired product.  For example, the final product 

should have two triplets (4H), two doublets (4H), and one singlet (2H) for the aromatic 

protons.  These peaks are observed in the bottom spectrum but there is also another singlet 

and a trio of peaks at 6.95, 7.07, and 7.20 ppm.  The trio of peaks is less concerning because 

they were not present in the proton spectrum of the side product from entry 5.  These peaks 

seem to be artifacts.     
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Figure 2.17. 1H NMR spectra monitoring the cyclization of 8a. 

 

 When entry 6 in Table 2.6 was repeated in an endeavor to fully characterize the 

product after being worked up, the crude 1H NMR spectra were different than the one in 

Figure 2.17.  Furthermore, after trying other solvent combinations than hexanes and ethyl 

acetate, the one spot became six spots on a TLC plate in 95:5 (ethyl acetate:methanol).  Of 

the six fractions collected, it was concluded that the first fraction could be characteristic for 
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the mono-cyclized product based on the 1H NMR spectrum (red spectrum in Figure 2.18).  

Note that the peaks in the aliphatic region belong to ethyl acetate.  In this spectrum, a peak of 

interest is at 10.0 ppm which is hypothesized to be the proton on the amino group.  To test 

this hypothesis, D2O was added to the NMR tube to furnish the blue spectrum in Figure 2.18.  

As expected, the peak at 10.0 ppm disappears in the spectrum.  For this proposed structure, 

11 signals are expected in the aromatic region which may or may not be there.  Furthermore, 

due to impurities, the integrations are off for the proposed structure.  The peak at 8.33 ppm 

may suggest the presence of starting material.  However, for starting material, this peak 

would have disappeared in the presence of D2O because it corresponds to the proton on the 

amino group.  Furthermore, the linear and bent structures have less aromatic proton signals 

and would not have the peak at 10.0 ppm.  Lastly, mass spectrometry on this sample was not 

carried out because the starting material, the mono-cyclized product, the linear, and the bent 

structures have the same molecular formulas.          
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Figure 2.18. 1H NMR spectra of the first fraction (red spectrum) in the cyclization of 8a in 

TFMSA and TFA at 70 °C for 4 d.  The blue spectrum is after the addition of D2O to the 

NMR tube. 

 

While the cyclization of 8a was in progress, the cyclization of 10a was carried out.  

Unlike 8a, the cyclization of 10a in TFMSA at 60 °C (Scheme 2.22) was rapid.  The reaction 

mixture turned purple within 15 min. and stayed purple after 1 h.  Upon quenching with 

10% NaOH until basic by pH paper and rinsing with DI water and ethyl acetate the desired 

product (10b) was obtained as a purple solid in a 95% yield.  There was no difference in the 

results of the reaction with the addition of TFA.  With the desired structure on hand, it can be 

concluded that the side product generated from the reaction in Scheme 2.21 is not the desired 

product.     
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Scheme 2.22. Cyclization of 10a. 

 
 

It was hypothesized that the speed of the reaction in Scheme 2.22 may be attributed to 

an increased electrophilicity of the carbon in the cyano group, when it is placed on the center 

ring after one cyclization (Scheme 2.23a).  The increased electrophilicity arises from 

protonation of the pyridyl nitrogen.  Furthermore, placement of the cyano groups on the outer 

rings may result in a less nucleophilic carbon on the inner ring after one cyclization (Scheme 

2.23b).  This hypothesis will be tested and discussed in Chapter 3.  

 

Scheme 2.23. Cyclization of a.) p-CN[IR], 10a, and b.) p-CN[OR], 8a. 

 

 

2.3. Conclusions 

In the process of optimizing the C-N bond formation for a meta-linked N-heteropentacene 

precursor, it was discovered that di-arylation was an issue.  Two solutions explored to 

address the problem were using the protecting group OOB and using a highly selective 

catalyst/ligand system BrettPhos Pd G1.  The former approach with the protecting group 
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gave moderate yields for the model reactions.  For the polymerizations, monomers with OOB 

were synthesized and polymerized via BHA and NAS.  These polymerizations failed to yield 

high molecular weight polymers due to β-hydride elimination by BHA and the formation of 

macrocycles by NAS.  To minimize the formation of macrocycles, it was decided to 

transition from meta- to para-linked precursors.  With this strategy, the second approach with 

Brettphos Pd G1 was employed on model reactions to yield the targeted product in high 

yields and short reaction times.  Polymerizations with AB and AA and BB type monomers 

using BrettPhos Pd G1 yielded promising polymer precursors by IR.  While these precursor 

polymers exhibited low solubility, this synthetic route is very promising due to the speed of 

the reaction.     

 For the cyclization, an area of concern was the possibility of forming the bent 

structure due to two potential sites of cyclization.  Thus, the meta-linked N-heteropentacene 

precursor 1a was cyclized.  As expected, the reaction yielded the bent structure as the major 

product.  It was anticipated that the transition from meta- to para-linked precursors would 

alleviate this problem.  However, cyclization of the para-linked N-heteropentacene precursor 

8a yielded multiple products, including the mono-cyclized product.  From this result, two 

hypotheses were formulated.  First, it was anticipated that the placement of the cyclizing 

group on the center ring versus the outer rings would lead to the linear structure.  Indeed, this 

design of the precursor gave the desired product.  Second, it was proposed that the first 

cyclization favored the electronics for the second cyclization when the cyclizing groups were 

placed on the center ring.  This hypothesis will be tested and discussed in Chapter 3.   

2.4. Experimental 

General Reagent Information 

All reagents were purchased from commercial sources and used without further purification 

unless otherwise specified.  Tetrahydrofuran, toluene, and methanol were obtained from a 

solvent purification system.  All other solvents were distilled. 

 



 

62 

General Analytical Information 

All compounds were characterized by 1H NMR, 13C NMR, and IR spectroscopy and melting 

point.  1H and 13C NMR spectra can be found in the appendix.  Nuclear magnetic resonance 

spectra were recorded at room temperature at 400 MHz (1H NMR) and 100 MHz (13C NMR) 

on a Varian Inova 400 spectrometer.  The chemical shifts (δ) are reported in ppm and the 

abbreviations used to describe the multiplicities are as following: s (singlet), d (doublet), dd 

(doublet of doublets), t (triplet), td (triplet of doublets), and m (multiplet).  FT-IR spectra 

were recorded on a Bruker Platinum-ATR spectrometer.  Melting points were determined 

using a MEL-TEMP II Laboratory Devices apparatus.  ESI-MS measurements were carried 

out on a Thermo Fisher Scientific Exactive Plus MS.  GPC measurements of oligomeric and 

polymeric materials were obtained on a Shimadzu Scientific Instrument using LC-20AD 

pump.  Dry THF was used as the eluent at a flow rate of 1 mL/min on a Jordi-gel DVB 

column.  Column specifications are pores of 1000 Å, length of 250 mm, and ID of 10 mm.  

Molecular weights were determined by GPC using narrow polystyrene standards with M(p) 

250-70,000 by Fluka Analytical bought from Sigma-Aldrich. 

 

Experimental Procedures 

m-CN[OR] (1a). 

 

Bis(dibenzylideneacetone)palladium(0) (0.186 g, 0.323 mmol), xantphos (0.297 g, 

0.513 mmol), and dry toluene (4 mL) were placed in a scintillation vial equipped with a stir 

bar in the dry box and heated at 110 °C for 1 hour.  After 1 hour, 2-bromobenzonitrile 

(2.897 g, 15.92 mmol), 1,3-phenylenediamine (0.866 g, 8.01 mmol), and cesium carbonate 

(7.273 g, 22.32 mmol) were added into the vial with the catalyst and ligand.  After 24 hours, 

the mixture was dried in vacuum.  The solid was extracted with ethyl acetate, dried with 

sodium sulfate, filtered, and concentrated under vacuum.  The crude product was purified by 
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flash chromatography with a solvent system of 60:40 (hexanes: ethyl acetate) to furnish the 

desired product as a yellow solid (1.478 g, 60%). 

 
1H NMR (400 MHz, Acetone-d6): δ [ppm] = 6.92-6.95 (dd, 2H), 6.95-7.00 (td, 2H), 

7.13-7.15 (t, 1H), 7.27-7.33 (t, 1H), 7.38-7.42 (dd, 2H), 7.48-7.54 (td, 2H), 7.58-7.62 (dd, 

2H), 7.61-7.64 (s, 2H); 13C NMR (400 MHz, Acetone-d6): δ [ppm] = 101.8, 112.2, 115.4, 

117.9, 118.0, 121.3, 131.2, 134.5, 134.8, 143.8, 148.0; IR:  1/λ [cm-1] = 3359, 2209, 1611, 

1593, 1575, 1489, 1462, 1336, 1311, 1285, 1238, 1183, 1159, 855, 750, 718, 694, 563, 502; 

Rf (SiO2, 60:40 (hexanes:ethyl acetate)): 0.53; m.p.: 145-147 °C; ID: RCG-0052. 

 

N1, N3-bis(4-(octyloxy)benzyl)benzene-1,3-diamine (2). 

 

m-Phenylenediamine (221 mg, 2.04 mmol), 4-octyloxybenzaldehyde (937 mg, 4.00 mmol), 

and dry 1,2-dichloroethane were added to a round bottom flask and stirred for 6 h. in the dry 

box.  After 6 h., sodium triacetoxyborohydride (940 mg, 4.43 mmol) was added to the round 

bottom flask and stirred for 18 h.  The reaction was quenched with a solution of saturated 

sodium bicarbonate, extracted with chloroform, dried with sodium sulfate, filtered, and 

concentrated under vacuum.  The crude product was purified by flash chromatography with a 

solvent system of 60:40 (hexanes: ethyl acetate) to furnish the desired product (675 mg, 

62%). 
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1H NMR (400 MHz, DMSO-d6): δ [ppm] = 0.82-0.88 (m, 6H), 1.22-1.43 (m, 22H), 1.63-1.72 

(q, 4H), 3.87-3.92 (t, 4H), 4.03-4.08 (d, 4H), 5.73-5.83 (m, 5H), 6.63-6.70 (t, 1H), 6.78-6.84 

(d, 4H), 7.14-7.20 (d, 4H); Rf (SiO2, 60:40 (hexanes:ethyl acetate)): 0.67; ID: RCG-0037. 

 

2,2’-(1,3-phenylenebis((4-(octyloxy)benzyl)azanediyl))dibenzonitrile (3). 

 

Bis(dibenzylideneacetone)palladium(0) (180 mg, 313 µmol), xantphos (277 mg, 479 µmol), 

and dry toluene (4 mL) were placed in a scintillation vial equipped with a stir bar in the dry 

box and heated at 110 °C for 1 hour.  After 1 hour, 2-bromobenzonitrile (421 mg, 

2.31 mmol), 2 (310 mg, 5.68 µmol), and cesium carbonate (946 g, 2.90 mmol) were added 

into the vial with the catalyst and ligand.  After 24 hours, the mixture was dried in vacuum.  

The solid was extracted with ethyl acetate, dried with sodium sulfate, filtered, and 

concentrated under vacuum.  The crude product was purified by flash chromatography with a 

solvent system of 60:40 (hexanes: ethyl acetate) to furnish the desired product as a dark oil 

(151 mg, 35%). 

 
1H NMR (300 MHz, CDCl3-d): δ [ppm] = 0.82-0.92 (m, 6H), 1.23-1.49 (m, 22H), 1.67-1.80 

(q, 4H), 3.83-3.93 (t, 4H), 4.79-4.86 (s, 4H), 6.25-6.30 (s, 1H), 6.33-6.39 (d, 2H), 6.71-6.80 

(d, 4H), 6.95-7.07 (m, 3H), 7.09-7.18 (d, 4H), 7.19-7.26 (d, 2H), 7.34-7.42 (t, 2H), 7.44-7.52 

(d, 2H); Rf (SiO2, 60:40 (hexanes:ethyl acetate)): 0.00; ID: RCG-0050. 
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2-bromo-4-((4-(octyloxy)benzyl)amino)benzonitrile (4). 

 

Acetic acid (0.300 g, 5.00 mmol) and 4-(octyloxy)benzaldehyde (1.172 g, 5.00 mmol) were 

added to a 50 mL round bottom flask and stirred at room temperature.  After 30 minutes, 

4-amino-2-bromobenzonitrile (0.995 g, 5.05 mmol) and dry 1,2-dichloroethane (3 mL) were 

added.  Sodium triacetoxyborohydride (1.502 g, 7.09 mmol) was added after 24 hours.  The 

reaction was quenched with saturated sodium bicarbonate after 48 hours.  The product was 

extracted with ethyl acetate, dried with sodium sulfate, filtered, and concentrated in vacuum.  

The desired product was obtained after purification by flash chromatography in a solvent 

system 60:40 (hexanes:ethyl acetate) as an oil that solidified to an off-white solid (0.894 g, 

54%). 
 

1H NMR (400 MHz, CDCl3-d): δ [ppm] = 0.88-0.92 (m, 3H), 1.25-1.40 (m, 8H), 1.42-1.50 

(m, 2H), 1.75-1.82 (m, 2H), 3.94-3.97 (t, 2H), 4.25-4.30 (s, 2H), 4.60-4.80 (s, 1H), 6.50-6.55 

(dd, 1H), 6.82-6.84 (d, 1H), 6.87-6.92 (d, 2H), 7.20-7.25 (d, 2H), 7.34-7.37 (d, 1H); 
13C NMR (400 MHz, CDCl3-d): δ [ppm] = 14.1, 22.6, 26.0, 29.2, 29.3, 31.8, 47.0, 68.1, 

102.0, 111.3, 114.8, 115.7, 118.7, 126.5, 128.7, 128.7, 135.0, 151.7, 158.8; IR:  1/λ [cm-1] = 

3343, 3139, 3070, 2920, 2867, 2851, 2215, 1599, 1580, 1509, 1468, 1391, 1340, 1285, 1238, 

1170, 1085, 1024, 871, 844, 826, 810, 714, 589, 516; Rf (SiO2, 60:40 (hexanes:ethyl 

acetate)): 0.59; m.p.: 69-71 °C; ID: RCG-0042. 
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4-bromo-2-((4-(octyloxy)benzyl)amino)benzonitrile (5). 

 

Acetic acid (0.300 g, 5.00 mmol), 4-(octyloxy)benzaldehyde (1.240 g, 5.29 mmol), 

4-bromo-2-aminebenzonitrile (0.988 g, 5.02 mmol), and 5 mL of dry 1,2-dichloroethane 

were added to a 50 mL round bottom flask and stirred in the dry box.  After 4 hours, sodium 

triacetoxyborohydride (1.484 g, 7.00 mmol) was added to the round bottom flask and stirred 

for 24 hours.  The reaction was quenched with saturated sodium bicarbonate and extracted 

with ethyl acetate.  The organic layer was dried with sodium sulfate, filtered, concentrated in 

vacuum, and purified by flash chromatography in a solvent system of 60:40 (hexanes:ethyl 

acetate) to give the desired product as a fluffy, white solid (0.418 g, 20%). 

 
1H NMR (400 MHz, CDCl3-d): δ [ppm] = 0.86-0.92 (m, 3H), 1.25-1.40 (m, 8H), 1.41-1.50 

(m, 2H), 3.92-3.98 (t, 2H), 4.27-4.33 (s, 2H), 4.90-4.99 (s, 1H), 6.79-6.85 (m, 2H), 6.87-6.92 

(m, 2H), 7.21-7.27 (m, 3H); 13C NMR (400 MHz, CDCl3-d): δ [ppm] = 14.1, 22.6, 26.0, 

29.2, 29.3, 31.8, 47.0, 68.1, 94.7, 114.0, 114.9, 117.2, 120.0, 128.5, 128.6, 129.4, 133.6, 

150.6, 158.9; IR:  1/λ [cm-1] = 3374, 2917, 2847, 2215, 1595, 1567, 1509, 1452, 1430, 1280, 

1240, 1173, 1067, 1044, 867, 832, 783, 593, 536, 514; Rf (SiO2, 60:40 (hexanes:ethyl 

acetate)): 0.63; m.p.: 102-103 °C; ID: RCG-0049. 
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4-fluoro-2-((4-(octyloxy)benzyl)amino)benzonitrile (6). 

 

Acetic acid (0.168 g, 2.80 mmol) and 4-(octyloxy)benzaldehyde (0.496 g, 2.12 mmol) were 

added to a 50 mL round bottom flask and stirred at room temperature in the dry box.  After 

30 minutes, 2-amino-4-fluorobenzonitrile (0.279 g, 2.05 mmol) and dry 1,2-dichloroethane 

(3 mL) were added.  Sodium triacetoxyborohydride (0.617 g, 2.91 mmol) was added after 

24 hours.  The reaction was quenched with saturated sodium bicarbonate after a total of 

48 hours.  The product was extracted with ethyl acetate, dried with sodium sulfate, filtered, 

and concentrated in vacuum.  The desired product was obtained after purification by flash 

chromatography in a solvent system 60:40 (hexanes:ethyl acetate) as an oil that solidified to 

an off-white solid (0.305 g, 42%). 

 
1H NMR (400 MHz, CDCl3-d): δ [ppm] = 0.88-0.95 (t, 3H), 1.28-1.41 (m, 8H), 1.43-1.52 

(m, 2H), 1.75-1.84 (m, 2H), 3.92-3.98 (t, 2H), 4.27-4.32 (s, 2H), 5.19-5.28 (s, 1H), 6.29-6.40 

(m, 2H), 6.87-6.92 (d, 2H), 7.22-7.28 (d, 2H), 7.33-7.38 (dd, 1H); 13C NMR (400 MHz, 

CDCl3-d): δ [ppm] = 13.9, 22.5, 25.9, 29.1, 29.2, 31.7, 46.8, 67.9, 91.9, 91.9, 98.0, 98.2, 

104.1, 104.4, 114.7, 117.2, 128.3, 128.6, 134.6, 134.7, 152.1, 152.2, 158.7, 165.3, 167.8; IR:  

1/λ [cm-1] = 3343, 2921, 2852, 2217, 1601, 1509, 1471, 1452, 1342, 1289, 1238, 1171, 1085, 

1044, 1024, 826, 810, 767, 589, 541, 514, 502; Rf (SiO2, 60:40 (hexanes:ethyl acetate)): 0.63; 

m.p.: 84-86 °C; ID: RCG-0044. 
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dibenzo[b,j][1,7]phenanthroline-8,14-diamine (7). 

 

2,2’-(1,3-phenylenebis(azanediyl))dibenzonitrile (0.062 g, 0.20 mmol), trifluoroacetic acid  

(0.1 mL), and trifluoromethanesulfonic acid (0.1 mL) were added to a scintillation vial 

equipped with a stir bar.  The vial was capped and placed in an oil bath at 60 °C.  After 

24 hrs, trifluoroacetic acid was removed in vacuum.  The mixture was then washed three 

times with diethyl ether and three times with chloroform, and dried under vacuum.  The 

product was obtained as a free flowing yellow solid (0.061 g, 99%). 

 
1H NMR (400 MHz, Acetone-d6): δ [ppm] = 3.30-3.95 (s, 4H), 7.70-7.78 (m, 2H), 7.80-7.83 

(d, 1H), 7.99-8.13 (m, 3H), 8.19-8.23 (d, 1H), 8.63-8.70 (m, 2H), 8.84-8.89 (d, 1H); IR:  1/λ 

[cm-1] = 3421, ;3374, 3264, 1666, 1622, 1481, 1324, 1281, 1236, 1214, 1024, 995, 887, 863, 

814, 765, 747, 659, 624, 571, 510; Rf (SiO2, 60:40 (hexanes:ethyl acetate)): 0.00; ID: 

RCG-0056. 

 

p-CN[OR] (8). 

 

Brettphos Pd G1 (43.6 mg, 54.6 µmol), cesium carbonate (3.91 g, 12.0 mmol) and t-butanol 

(1 mL) were placed in a scintillation vial equipped with a stir bar in the dry box and stirred at 

room temperature for 15 min.  Then, 2-bromobenzonitrile (1.10 g, 6.06 mmol), 

p-phenylenediamine (340 mg, 3.14 mmol), and t-butanol (1 mL) were added into the vial 



 

69 

with the catalyst and ligand and heated to 100 °C and stirred for 30 min.  The reaction was 

diluted with THF and filtered.  The solid was rinsed with water, methanol, and ether to give 

the desired product (881 mg, 90%). 

 
1H NMR (400 MHz, DMSO-d6): δ [ppm] = 6.87-6.93 (td, 2H), 7.11-7.15 (m, 6H), 7.43-7.48 

(td, 2H), 7.60-7.64 (dd, 2H), 8.31-8.33 (s, 2H); 13C NMR (400 MHz, DMSO-d6): 

δ [ppm] = 99.1, 113.9, 116.1, 117.9, 119.5, 121.7, 133.9, 134.2, 136.4, 147.9; IR:  1/λ [cm-1] 

= 3323, 2215, 1579, 1524, 1468, 1452, 1399, 1319, 1285, 1242, 1224, 1162, 1112, 1044, 

834, 749, 694, 610, 565, 516; Rf (SiO2, 60:40 (hexanes:ethyl acetate)): 0.52; ID: RCG-0096. 

 

2,5-dibromoterephthalonitrile (9). 

 

2,5-dibromoterephthaloyl dichloride.  2,5-dibromoterephthalic acid (11.3513 g, 35.0 mmol) 

was treated with oxalyl chloride (10 mL, 118 mmol) and distilled DMF (10 drops) in DCM 

(60 mL) and refluxed under N2 for 3 hours.  The solvent was removed under reduced pressure 

and further dried under vacuum to yield a pale yellow solid (12.6439 g, quant.). 

2,5-dibromoterephthalamide.  2,5-dibromoterephthaloyl dichloride (12.6439 g, 35.0 mmol) 

was slowly added to a beaker with ammonium hydroxide (50 mL) and stirred at room 

temperature for 5 minutes.  The precipitate was filtered and rinsed with DI water (60 mL) 

three times followed by cold acetone (50 mL) to yield a white solid (10.5974 g, 94%). 
1H NMR (400 MHz, DMSO-d6): δ [ppm] = 7.97-8.01 (s, 2H); 7.69-7.74 (s, 2H); 7.63-7.85 

(s, 2H). 
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2,5-dibromoterephthalonitrile.  2,5-dibromoterephthalamide (10.5974 g, 33.0 mmol) was 

added to a round bottom flask followed by phosphoryl chloride (40 mL) and stirred at 110 °C 

under N2 for 1 hour.  It was quenched by slowly adding the reaction mixture to ice water.  

The precipitate was filtered and rinsed with DI water to afford the pure 

2,5-dibromoterephthalonitrile as a shiny, white solid (8.2826 g, 88%). 

 
1H NMR (400 MHz, DMSO-d6): δ [ppm] = 8.59-8.60 (s, 2H); 13C NMR (100 MHz, 

DMSO-d6): δ [ppm] = 115.3, 120.1, 124.1, 138.3; IR (neat):  1/λ [cm-1] = 3078, 3010, 2233, 

1811, 1458, 1331, 1254, 1183, 1148, 1068, 911, 679, 642; Rf (SiO2, 80:20 (hexanes:ethyl 

acetate)): 0.35; m.p.: 269-272 °C; ID: RCG-0190. 

 

p-CN[IR] (10a).  

 

Brettphos Pd G1 (317 mg, 40.0 µmol), cesium carbonate (1.33 g, 4.09 mmol), t-butanol 

(4 mL), 9 (576 mg, 2.01 mmol), and aniline (380 µL, 4.16 mmol) were added to a 

scintillation vial equipped with a cross stir bar in the dry box.  The reaction mixture was stir 

at 80 °C and monitored by TLC for completion.  After 2 h., the reaction was cooled and the 

solvent was removed under vacuum.  Once dried, acetone (2 mL) was added to the vial and 

the contents were filtered over Celite.  The solid was rinsed with acetone (3х with 2 mL), and 

the Erlenmyer flask was replaced with an empty one.  The solid was rinsed with 1,4-dioxane 

(~125 mL) until the filtrate was no longer fluorescent.  The filtrate was reduced under 

vacuum and the solid was rinsed with acetone (2х with 1 mL) and dried under vacuum to 

give an orange solid (587 mg, 94%). 

 
1H NMR (400 MHz, DMSO-d6): δ [ppm] = 6.90-6.97 (t, 2H), 7.02-7.08 (d, 4H), 7.25-7.31 (t, 

4H), 7.52-7.55 (s, 2H), 8.40-8.44 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ [ppm] = 108.6, 
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116.4, 117.7, 121.3, 124.7, 129.4, 139.8, 142.8; IR (neat):  1/λ [cm-1] = 3588, 3482, 3323, 

3060, 2215, 1660, 1601, 1579, 1524, 1467, 1452, 1350, 1320, 1283, 1224, 1162, 1023, 942, 

862, 838, 749, 632, 565, 502; λmax (THF): 438 nm; Rf (SiO2, 80:20 (hexanes:ethyl acetate)): 

0.26; ID: RCG-0191a. 

 

10b. 

 

The precursor 10a (633 mg, 2.04 mmol) and TFMSA (2.00 mL, 22.6 mmol).  After rinsing 

with DI water, the solid was rinsed with ethyl acetate until the filtrate was colorless.  The 

solid is dried in the oven to yield a purple product (600 mg, 95%). 

 
1H NMR (400 MHz, DMSO-d6): δ [ppm] = 7.20-7.27 (t, 2H), 7.61-7.67 (t, 2H), 7.70-7.75 (d, 

2H), 8.37-8.42 (d, 2H), 8.87-8.98 (s, 2H); IR (neat):  1/λ [cm-1] = 3033, 1640, 1622, 1544, 

1507, 1479, 1450, 1354, 1263, 1240, 1150, 1028, 893, 840, 738, 638, 549; λmax (THF): 

648 nm; Rf (SiO2, 60:40 (hexanes:ethyl acetate)): 0.60; m/z [M]+: calcd for C20H14N4: 

311.1291, found: 311.1289; ID: RCG-0191a. 

 

2-fluoro-5-((4-(octyl)oxy)benzylamino)benzonitrile (11). 

 

Acetic acid (0.179 g, 2.97 mmol), 4-(octyloxy)benzaldehyde (0.706 g, 3.01 mmol), 

5-amino-2-fluorobenzonitrile (0.409 g, 3.01 mmol), sodium triacetoxyborohydride (0.902 g, 

4.26 mmol) and 6 mL of dry 1,2-dichloroethane were added to a 50 mL round bottom flask 
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equipped with a stir bar in the dry box.  The reaction was quenched with saturated sodium 

bicarbonate after 3 hours upon completion of reaction by TLC.  The product was extracted 

with ethyl acetate, dried with sodium sulfate, filtered, and concentrated in vacuum.  The 

desired product was obtained after purification by crystallization in a solvent system of 

methanol and diethyl ether to give an off-white solid (0.661 g, 62%). 

 
1H NMR (400 MHz, CDCl3-d): δ [ppm] = 0.88-0.94 (t, 3H), 1.25-1.41 (m, 8H), 1.42-1.51 

(m, 2H), 1.75-1.84 (m, 2H), 3.93-3.98 (t, 2H), 4.20-4.22 (s, 2H), 6.70-6.73 (dd, 1H), 

6.76-6.82 (m, 1H), 6.87-6.92 (m, 2H), 6.96-7.02 (t, 1H), 7.23-7.26 (d, 2H); 13C NMR (400 

MHz, CDCl3-d): δ [ppm] = 14.1, 22.6, 26.0, 29.2, 29.2, 29.3, 31.8, 47.9, 68.0, 101.0, 101.1, 

114.6, 114.7, 114.8, 116.8, 117.0, 119.1, 119.2, 128.6, 129.5, 144.5, 144.5, 154.6, 157.1, 

158.7; IR:  1/λ [cm-1] = 3357, 2937, 2900, 2856, 2829, 2237, 1609, 1521, 1511, 1495, 1467, 

1405, 1242, 1226, 1175, 1161, 1114, 1040, 830, 820, 771, 604, 538; Rf (SiO2, 80:20 

(hexanes:ethyl acetate)): 0.37; m.p.: 67-69 °C; ID: RCG-0079. 

 

Polymerization Procedures 

BHA polymerization method 

The BHA polymerizations are divided into two general procedures: the reactions that (1) use 

the traditional palladium precursors and ligands and (2) use the palladium palladacycle and 

Brettphos.  In the former case, the palladium precursor (2 mol%) and the ligand (3 mol%) 

were premixed in toluene (1 mL) for 1 hr at 110 °C in the dry box.  Then, the monomer 

(1.0 mmol) and base (1.4 mmol) were added and stirred.  After 60 h., the reaction was cooled 

to room temperature and the solvent was removed in vacuum.  The polymer was washed with 

methanol and precipitated in cold methanol using THF (3×).  The precipitates were 

centrifuged and isolated for characterization.  In the latter case, the palladium palladacycle 

(2 mol%), Brettphos (2 mol%), and base (4 mmol) were premixed in tert-butanol (1 mL) 

stirred for 15 mins at room temperature in the dry box.  Then, the aryl halide (2.0 mmol) and 

t-butanol (1 mL) were added and the reaction was heated to 100 °C.  After 60 h., the reaction 
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was cooled to room temperature and rinsed with methanol.  The polymer was collected by 

centrifuging it. 

 
NAS polymerization method 

The monomer (1.0 mmol), base (1.4 mmol), and deuterated DMSO (0.3 mL) were added to a 

NMR tube in the dry box.  Then, it was heated to 110 °C.  The NMR tube was sonicated and 

monitored every 12 h.  The polymer was isolated as described in the BHA method. 
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Chapter 3.  Synthesis of N-Heteropentacenes 

3.1. Introduction 

In the endeavor to establish structure-property relationships for N-heteroacenes, various 

synthetic strategies have been developed for the generation of novel N-heteroacenes.  

Traditionally, N-heteroacenes were synthesized via condensation reactions between aromatic 

ortho- halides, hydroxyls, and quinones with aromatic ortho-diamines.40,98  However, this 

synthetic method suffers from the difficulty to oxidize reduced N-heteroacenes beyond 

tetracene derivatives, challenges in the preparation of quinone precursors, and the inability to 

prepare substituted N-heteroacenes.40,99  A few of these concerns have been addressed using 

a modern approach to synthesize N-heteroacenes via palladium-mediated cross-coupling, 

specifically via BHA which was introduced in Chapter 2 in this work. 

 BHA has been a significant contribution to the synthetic toolbox of N-heteroacenes 

where N-heteroacenes of varying molecular lengths and substituents have been synthesized 

using this method.100  Nevertheless, one of the issues with BHA reactions is inefficient 

coupling of aromatic diamines with de-activated, aromatic dihalides.40  In these 

circumstances, the best case scenarios may result in the mono-coupled product.  An example 

is shown in Scheme 3.1 where the mono-arylated product was obtained in a 63% yield.      

 

Scheme 3.1. Mono-arylation of aromatic diamines with de-activated aromatic dihalides. 

 

 

The synthetic methods reported above yield reduced N-heteroacenes except for the 

reactions involving the aromatic ortho-quinones.  These reduced N-heteroacenes are oxidized 
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to obtain the fully aromatic target.  An alternative approach involves forming the two bonds 

in subsequent steps to furnish the N-heteroacene.  Limitations to the latter method involve 

the formation of bent structures as described in Chapter 2.  Thus, Chapter 3 highlights the 

efforts to prevent the formation of bent structures by studying the effect of various cyclizing 

groups and substituents on the cyclization of the N-heteropentacene precursors.   

3.2. Results and Discussion 

3.2.1. Naming and Designing of N-Heteropentacene Precursors 

In Chapter 2, we formulated a hypothesis which will be the basis in the design of the 

N-heteropentacene precursors.  This concept will be evaluated by synthesizing 

N-heteropentacene precursors with different cyclizing groups on the inner or outer rings.  

The naming of precursors will remain the same where the there is an identification on type of 

linkage (i.e. meta/para) followed by an abbreviation of the cyclizing group and substituent, if 

applicable, and their location in brackets where IR or OR is for inner ring and outer ring, 

respectively.  For example, the name p-CN[IR]-C(CH3)3[OR] says there is a para linkage 

with cyano groups on the inner ring and t-butyl groups on the outer rings.  The cyclizing 

groups are always ortho to the amino group regardless of its location on the inner or outer 

rings (Figure 3.1).  When on the inner ring, the cyclizing groups are para to each other 

(Figure 3.1b).   The substituents are para to the amino groups when on the outer rings and 

ortho to the amino group when on the inner ring (Figure 3.1b and c).   

 

 

Figure 3.1. The three types of N-heteropentacene precursors where CG is cyclizing group 

and S is substituent. 
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 The N-heteropentacene precursors in Figure 3.1a and c have been designed to explore 

whether bent structures form or not when using different cyclizing groups.  It was 

hypothesized that the former precursor will yield bent structures and the latter precursor to 

yield linear structures since the substituents on the inner ring leave only two sites for 

cyclization.  In addition to blocking two potential sites for cyclization, the substituents in 

Figure 3.1c have the potential to slow the degradation of the N-heteropentacenes as described 

in Chapter 1 and to increase solubility.  The precursor in Figure 3.1b has substituents para to 

the amino group primarily to increase solubility and possibly dictate molecular packing.  

Although it can also be advantageous to have substituents on the inner ring of the precursor 

in Figure 3.1b, the synthesis of a hexa-substituted building block is expected to be 

challenging.      

3.2.2. Synthesis and Cyclization of N-Heteropentacene Precursors 

3.2.2.1. Cyano Group as the Cyclizing Group 

While the synthesis and cyclization of the precursor p-CN[IR] was efficient with a short 

reaction time and a high yield, 10b exhibit low solubility (~10 mg/mL) in DMSO.  This 

made characterization via 13C NMR spectroscopy difficult.  Consequently, two alkyl 

substituents were introduced to increase solubility by coupling 4-substituted anilines to 9 

followed by the acid-mediated cyclization as shown in Scheme 3.2 for precursors 12a and 

13a.  The para position of the substituents to the amino groups on the outer rings is critical to 

ensure that the linear product is obtained.  Note that less TFMSA was used in the cyclization 

of 13a, otherwise, the t-butyl group was cleaved.   
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Scheme 3.2. Synthesis of the precursors 12a, 13a, 14a, and 15a and their cyclization for 

N-heteropentacenes 12b, 13b, and 14b. 

 

 

 In addition to alkyl substituents, it was of interest to incorporate electron-withdrawing 

substituents, such as fluorine and nitro groups, to lower the energy levels and potentially 

improve the stability of the molecule.  For example, both the fluorine and nitro groups are 

highly electron-withdrawing groups that increase electron affinity which facilitate electron 

injection by substantially decreasing LUMO energy level.56,101  While it is lucrative to 

incorporate these groups, it was hypothesized that there might be a challenge synthesizing the 

precursors as these electron-withdrawing groups can hinder the amination step in the BH 

catalytic cycle.  Indeed, this hypothesis was supported as the N-heteropentacene precursors 

14a and 15a were obtained in poor yields.  Furthermore, electron-withdrawing groups 

negatively affect the acid-mediated cyclization by removing electron density from the 

nucleophilic ring.  This can be observed from the poor yield of the N-heteropentacene 14b.   

 The results reported above on the effects of electron-donating and 

electron-withdrawing groups on the rate of cyclization is in agreement with a similar report 

in the literature.78  Selected molecules from the article and their relative times, where rel. 

time is the time required for 50% of the reaction, are reported below.  Figure 3.2a is set as the 

reference where rel. time of 1.0 is 2.6 hours. Figure 3.2b and c have a methyl and a methoxy 

group where these groups decrease and increase the times of cyclization, respectively.  It was 

hypothesized the methoxy was protonated in acid which slowed the rate of cyclization.  

Figure 3.2d and e have electron-withdrawing fluoro and chloro substituents which decreased 
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the rate of cyclization.  Consequently, the results in this article parallel the results obtained 

for the cyclization of precursors 12a-14a.       

 

 

Figure 3.2. (a-e) Selected molecules with EDG and EWG substituents and their effect on the 

relative rates of cyclization and f.) the 2-nitroacridine from the cyclization of the molecules 

in a-e.78 

 

 Despite the potential challenge in synthesizing a hexa-substituted building block to 

yield N-heteropentacene precursors with the cyano groups and substituents on the inner ring, 

it was nevertheless of interest to synthesize derivatives based on the structure shown in 

Figure 3.1c.  For the substituents, a thiol was explored due to the potential of increasing the 

stability of the molecule via physical quenching of oxygen, reducing the rate of endoperoxide 

formation as discussed in section 1.2.1.4.     

 

Scheme 3.3. Synthesis of monomer (2,5-dibromo-1,4-phenylene)bis(t-butylsulfane) (16). 
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First, the monomer (2,5-dibromo-1,4-phenylene)bis(t-butylsulfane) (16) was 

synthesized (Scheme 3.3).  To obtain the desired precursor, monomer 16 was reacted with 

two equivalents of 2-aminobenzonitrile (Scheme 3.4) under BHA conditions that were 

optimized in Chapter 2.  However, the desired product was not obtained, even after 18 hours.  

It was hypothesized that perhaps there was an issue with steric hindrance.  Thus, the catalyst 

and ligand as well as other reaction conditions were varied (Table 3.1).  However, these 

changes did not yield the desired product either. 

 

Scheme 3.4. Synthesis of precursor p-CN[OR]-SC(CH3)3[IR]. 

 

 

Table 3.1. Reaction conditions for the coupling of monomer 16 with 2-aminobenzonitrile at 

100 °C. 

Entry 
Loading 
(mol%) 

Pd Precursor Ligand Base Solvent 
Time 

(h) 

1 2 
Brettphos Pd 

G1 
—  Cs2CO3 t-BuOH 18 

2 2 Pd2(dba)3 DPPF NaOtBu toluene  18 
3 4 Pd2(dba)3 DPPF Cs2CO3 toluene 48 

 

Before spending more resources and time on finding the optimal conditions for the 

coupling in Scheme 3.4, another synthetic route was proposed (Scheme 3.5 and Scheme 3.6).  

In Scheme 3.5, two equivalents of 2-aminobenzonitrile were coupled to 

1,4-dibromo-2,5-difluorobenzene.  It was hypothesized that there would not be any issues 

with steric hindrance and the fluorine atoms on the benzene ring would be beneficial to the 
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oxidative addition step in the catalytic cycle.  As expected, the precursor to the desired 

product was obtained in a high yield, 97%.   

 

Scheme 3.5. Synthesis of precursor p-CN[OR]-F[IR], 17. 

 

 

With 17 readily available, it was used to prepare product 18a (Scheme 3.6).  While 

the 41% yield is moderate after reacting for 30 hours, there was enough material to carry out 

the acid-mediated cyclization.  When 18a was exposed to TFA and TFMSA at 60 °C for one 

hour, the crude 1H NMR spectrum did not show the characteristic peaks for the desired 

product.   

 

Scheme 3.6. Synthesis of precursor p-CN[OR]-SC(CH3)3[IR], 18a. 

 

 

 To gain an insight of the cyclization for this type of precursor, the derivatives with 

methyl and methoxy substituents were investigated.  The synthesis of the precursors 

p-CN[OR]-CH3[IR] (19a) and p-CN[OR]-CH3[IR] (20a) was carried out as shown in 

Scheme 3.7 and Scheme 3.8, respectively.  Cyclization of these precursors in TFA and 
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TFMSA at 60 °C resulted in an unidentifiable product and starting material for 19a and only 

starting material for 20a.         

 

Scheme 3.7. Synthesis of the precursor p-CN[OR]-CH3[IR], 19a. 

 

 

Scheme 3.8. Synthesis of the precursor p-CN[OR]-OCH3[IR], 20a. 

 

 

Due to the inability to drive the cyclization of these precursors to completion with or 

without substituents, similar examples were sought in the literature.  In the literature, 

molecules with two types of cyclizing groups, an aldehyde and a methyl ketone, were found 

and studied for their effect on the rate of cyclization.78  Figure 3.3a and b emphasize the 

effect of electron-donating versus electron-withdrawing groups on the rate of cyclization.  

Figure 3.3c shows how the change from an aldehyde to a methyl ketone as the cyclizing 

group retards the rate of cyclization due to steric hindrance.  Lastly, Figure 3.3d and e 

illustrate how the position of the cyclizing group impacts the rate of cyclization.  In both of 

these cases, placing the cyclizing group on the ring with the nitro groups should increase the 

rate of cyclization as denoted by a smaller relative time.  Indeed, this expectation is fulfilled 

with the methyl ketone.  However, the opposite is observed for the aldehyde derivative.  The 

authors did not address this inconsistency.  Rather, it was stated that the location of the nitro 
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group influences the rate of cyclization.  With this literature precedence, it was of interest to 

synthesize N-heteropentacene precursors with a methyl ketone and an aldehyde as the 

cyclizing groups to evaluate the effect of the location of the cyclizing group on the ability of 

the precursor to cyclize.    

 

 

Figure 3.3. (a-e) Selected molecules with aldehyde and methyl ketone as cyclizing groups 

and their effect on the relative rates of cyclization and f.) the cyclized acridine from the 

molecules in a-e.78 

 

3.2.2.2. Methyl Ketone Group as the Cyclizing Group 

In the synthesis of the N-heteropentacene precursor with the methyl ketone, it was of interest 

to place the cyclizing group on the inner ring first since we have hypothesized that the 

mono-cyclized product favors the second cyclization (Scheme 2.23).  To obtain the precursor 

p-C(O)CH3[IR], monomer 21 was synthesized (Scheme 3.9).  For this reaction, the highest 

yield obtained was 37% which is 9% less than the yield reported in the literature.102 
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Scheme 3.9. Synthesis of 1,1'-(2,5-dibromo-1,4-phenylene)bis(ethan-1-one), 21. 
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One reason for a low yield of the desired product was the mono-de-halogenation of 

the desired product to give 1,1’-(2-bromo-1,4-phenylene)bis(ethan-1-one) as a side product.  

This side product is observed in the 1H NMR spectrum (Figure 3.4).  In Figure 3.4, there are 

three aromatic protons that each integrate to one proton and two singlet peaks in the aliphatic 

region that integrate to six protons.  The splitting patterns and the integrations are consistent 

with the proposed structure in which the desired product has undergone de-halogenation 

once.   

 

 

Figure 3.4. 1H NMR spectrum of 1,1’-(2-bromo-1,4-phenylene)bis(ethan-1-one). 
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 To further confirm the identity of the proposed side product (above), a 13C NMR 

spectrum (Figure 3.5) was taken where we expected to observe a carbon signals for every 

carbon due to the lack of symmetry in the molecule.  In Figure 3.5, there are two signals in 

the carbonyl region, six signals in the aromatic region, and two signals in the aliphatic region.  

These ten signals support the carbon framework for the proposed structure.  The phenomenon 

of de-halogenation in the presence of an alkali metal has been reported.103  At the time, no 

efforts were taken to optimize the formation of the desired product since there was enough of 

monomer 21 to synthesize the precursor.  

 

 

Figure 3.5. 13C NMR spectrum of 1,1’-(2-bromo-1,4-phenylene)bis(ethan-1-one). 

 

The synthesis of the N-heteropentacene precursor p-C(O)CH3[IR] is shown in 

Scheme 3.10.  Despite the success of the reaction conditions for the precursors with the 

cyano as the cyclizing group, the p-C(O)CH3[IR] precursor was obtained in a quantity 

barely sufficient for a 1H NMR spectrum.  It was anticipated that the unsuccessful coupling 

could be attributed to steric hinderance in the oxidative addition step between the methyl 
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ketone ortho to the halide and the catalyst/ligand system.  In the literature, it has been 

suggested that reactions using this catalyst/ligand system may proceed via a sterically 

crowded intermediate.40    

 

Scheme 3.10. Synthesis of p-C(O)CH3[IR]. 

 

To test the hypothesis of steric hinderance, two model reactions for the synthesis of 

the precursor of 9-methyl acridine (22) (Scheme 3.11 and Scheme 3.12) were carried out.  

Based on the hypothesis, it was predicted that the reaction in Scheme 3.11 would yield the 

desired product whereas that shown in Scheme 3.12 would result in only starting materials.  

Indeed, the hypothesis was confirmed in which the percent yields for the reactions in Scheme 

3.11 and Scheme 3.12 were 99% and 0%, respectively.   

 

Scheme 3.11. Synthesis of 1-(2-(phenylamino)phenyl)ethan-1-one (option 1). 
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Scheme 3.12. Synthesis of 1-(2-(phenylamino)phenyl)ethan-1-one (option 2). 

 

 

Literature precedence was pursued for the coupling of anilines and aryl halides with a 

methyl ketone ortho to the halogen.  Yamasaki et al. reported coupling of aniline to 

2-bromobenzophenone (Scheme 3.13).104  In the optimization of this reaction, the authors 

varied the catalyst and ligand  as well as their loadings.  They discovered that 2.5 mol% 

Pd2(dba)3 and 10 mol% MePhos furnished the desired product in a 90% yield.  From these 

results, it was of interest to use the ligand MePhos to optimize the yield of the model reaction 

in Scheme 3.12. 

 

Scheme 3.13. Synthesis of (2-bromophenyl)(2-(phenylamino)phenyl)methanone.104 

 

 

 Other ligands similar to MePhos were also used for the cross-coupling of Scheme 

3.12 (entries 1 and 2 in Table 3.2).  Between triphenylphosphine and tricyclohexylphosphine, 

the former ligand resulted in the better yield of 39%.  However, when these coupling 

conditions were carried out for Scheme 3.10, only the mono-coupled product was obtained.  

When the MePhos ligand became available, the synthesis of 22 was attempted based on the 

conditions reported in the literature (entry 3) to yield the product in a disappointing 31% 

yield.  The catalyst and ligand loadings were doubled, and the base was changed to cesium 
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carbonate (entry 4) to furnish 22 with a slight improvement in yield at 40%.  The last reaction 

in the optimization of Scheme 3.12 (entry 5) implemented the conditions reported for entry 1 

with the substitution of the ligand for MePhos.  The reaction conditions in entry 5 resulted in 

the highest yield of 64%.  When the conditions in entry 5 were used to synthesize the N-

heteropentacene precursor in Scheme 3.10, the precursor was obtained in a 3.7%.  Even with 

a prolonged reaction time of a week, the formation of the desired product was minimal.     

 

Table 3.2. Optimization of Scheme 3.12.  All reactions were carried out for 24 h. 

Entry Catalyst Ligand Base Solvent Temp. (°C) Yield (%) 

1 
2.5 mol% 
Pd2(dba)3 

10 mol% 
Ph3P 

Cs2CO3 t-BuOH 100 39 

2 
2.5 mol% 
Pd2(dba)3 

10 mol% 
Cy3P 

Cs2CO3 t-BuOH 100 5.3 

3 
2.5 mol% 
Pd2(dba)3 

10 mol% 
MePhos 

NaOtBu toluene 80 31 

4 
5 mol% 

Pd2(dba)3 
20 mol% 
MePhos 

Cs2CO3 toluene 80 40 

5 
2.5 mol% 
Pd2(dba)3 

10 mol% 
MePhos 

Cs2CO3 t-BuOH 100 64 

 

 An alternative route for the synthesis of the precursor p-C(O)CH3[IR] (23a) was 

proposed (Scheme 3.14).  This reaction was carried out based on a similar one reported in the 

literature where the workup procedure involved ammonium chloride to hydrolyze the 

imine.105,106  However, it appeared to be that the imine was stable and did not hydrolyze to 

yield 23a.          
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Scheme 3.14. Synthesis of precursor p-C(O)CH3[IR], 23a. 

 

 
1H NMR spectrum of the crude product was taken (Figure 3.6, spectrum a).  In this 

spectrum, there were two peaks at 11.0 and 10.7 ppm that each integrate to two protons for 

the imino and amino groups, there were twelve aromatic protons for the core protons, and 

there were six protons at 2.37 ppm for the methyl groups.  It was hypothesized that a 

potential method to hydrolyze the imine was to pass it through a column of silica.  A small 

amount of the crude product was dissolved and passed through a plug of silica in a pipette.  

As the imine passed through the silica, the color changed from an orange to a dark burgundy.  

The solvent was removed under reduced pressure and a 1H NMR spectrum was taken (Figure 

3.6b).  As anticipated, the imine was hydrolyzed to yield the desired product 23a.  In Figure 

3.6b, the amino protons are at 9.19 ppm, all twelve aromatic protons are still present, and the 

methyl protons are masked by the DMSO peak.  The protons on the methyl group are present 

when the spectrum was taken in chloroform, see Appendix A.      
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Figure 3.6. 1H NMR spectra of a.) crude product and b.) desired product for Scheme 3.14. 

 

In addition to the NMR data above, the IR spectra for the starting material 10a as well 

as its ketone and imine derivatives (Figure 3.7) were collected.  As expected, the ketone and 

imine derivatives lack the nitrile stretch at ~2220 cm-1 and possess the aliphatic C-H stretches 

for the methyl group slightly under ~3000 cm-1.  Differentiating features between the ketone 

and the imine structures are the C=O and C=N stretches, respectively.  The ketone has a C=O 

stretch at 1640 cm-1 and the imine has a C=N stretch at 1593 cm-1.  The C=N stretch is in 

agreement with reports of the stretching of conjugated ketimines at approximately 

~1600 cm-1.107   
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Figure 3.7. IR spectra of 10a and its ketone and imine derivatives. 

 

After confirming the synthesis of the ketone and imine derivatives of 10a by 1H and 
13C NMR and IR spectroscopy, acid-mediated cyclizations were carried out (Scheme 3.15).  

Both cyclizations failed to yield the desired N-heteropentacene.  The cyclization of ketone 

23a resulted in complete conversion of the ketone into a material which could not be 

identified by 1H NMR spectroscopy.  By TLC, it was not possible to move the material off 

the baseline.  



 

91 

Scheme 3.15. Attempted acid-mediated cyclization of 23a and its imine derivative. 

 

 

Like 23a, the cyclization of the imine derivative in Scheme 3.15 resulted in full 

conversion of the starting material into a product.  The identity of the proposed product has 

been rationalized via 1H NMR spectroscopy and the predicted chemical shifts from 

ChemDraw (Figure 3.8).  The 1H NMR spectrum shows four aromatic peaks from 

7.57-8.17 ppm, one peak at 4.51 ppm, and one aliphatic peak at 2.77 ppm.  The aromatic 

peaks are characteristic for the desired product (top structure in Figure 3.8).  However, the 

singlet peak with an integration of two for the center protons is missing.  It is also important 

to note that the molecule is symmetrical which can be inferred from the singlet peak in the 

aliphatic region which integrates to six protons for the methyl groups.  Lastly, there is a 

singlet peak at 4.51 ppm which integrates four protons.  Based on the information, two 

proposed structures are the dimerized product (the middle structure in Figure 3.8) and a 

reduced product (the bottom structure in Figure 3.8).  While the dimerized product possesses 

four protons at approximately 4.8 ppm, the other integrations are off by a factor of two.  

Therefore, it was concluded that a viable structure is the reduced structure.  At this time, no 

further efforts were carried out to confirm the identity of the proposed structure.      



 

92 

 

Figure 3.8. 1H NMR spectrum of the product from the acid-mediated cyclization of the imine 

in Scheme 3.15. 

 

To further test the hypothesis of whether steric hinderance negatively impacts the 

Pd-mediated cross-coupling reaction, the synthesize of the N-heteropentacene precursor with 

the methyl ketone on the exterior benzene rings was attempted.  For this coupling, the two 

options are 1-(2-bromophenyl)ethan-1-one and p-phenylenediamine (Scheme 3.16) or 

1-(2-aminophenyl)ethan-1-one and 1,4-dibromobenzene (Scheme 3.17).  As anticipated, no 

product was obtained for the reaction in which the methyl ketone was ortho to the halide 

(Scheme 3.16) whereas the product was obtained in an 82% yield for the reaction with the 

ketone ortho to the amine (Scheme 3.17). 
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Scheme 3.16. Synthesis of p-C(O)CH3[OR], 24a (option 1). 

 

 

Scheme 3.17. Synthesis of p-C(O)CH3[OR], 24a (option 2). 

 

 

With the successful synthesis of the precursor p-C(O)CH3[OR], an acid-mediated 

cyclization of it was attempted (Scheme 3.18).  However, instead of obtaining the desired, 

linear product, the bent product was obtained.  The synthesis and characterization of the bent 

structure has been reported in the literature.108,109  In both of these articles, the precursor 24a 

was cyclized using acetic acid and sulfuric acid.  However, rather than obtaining the linear 

product, the bent product was obtained.  Based on a comparison of their 1H NMR spectrum 

to the 1H NMR spectrum of the product from Scheme 3.18, it can be concluded the bent 

product was formed.  This conclusion is expected as the bent structure is more stable than the 

linear structure based on the number of Clar sextets.   
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Scheme 3.18. Cyclization of the precursor p-C(O)CH3[OR], 24a. 

 

 

It was hypothesized that one way to prevent the formation of the bent structure was to 

place two substituents in the center ring which would result in two sites for cyclization.  To 

test this hypothesis, methyl groups were used as substituents.  Furthermore, it was decided to 

attempt the synthesis of the precursor p-C(O)CH3[OR]-CH3[IR] (25a) analogously to 

Scheme 3.17 to avoid the issue with steric hinderance (Scheme 3.19).  The precursor 25a was 

synthesized and isolated in an 84%.  A longer reacting time resulted in a higher yield (e.g. 

4.5 days results in a 95% yield).      

 

Scheme 3.19. Synthesis of p-C(O)CH3[OR]-CH3[IR], 25a. 

 

 

An acid-mediated cyclization of the precursor 25a was carried out in TFMSA and 

TFA at 60 °C.  However, based on the 1H and 13C NMR spectra of the product, (Figure 3.9 

and Figure 3.10, respectively), it appeared that the precursor only underwent one cyclization.  

In Figure 3.9, there are four singlet peaks that each integrate to three protons in the aliphatic 
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region which indicates four inequivalent methyl groups.  Furthermore, there are nine 

aromatic peaks in the aromatic region and one peak further downfield for the amino proton.  

Altogether, these peaks are in agreement for the mono-cyclized product.  

 

 

Figure 3.9. 1H NMR spectrum of the mono-cyclized product of the precursor 

p-C(O)CH3[OR]-CH3[IR]. 

 

 Because the mono-cyclized product of the precursor 25a has a ketone, it was 

hypothesized that the carbonyl carbon would be present in a 13C NMR spectrum.  Figure 3.10 

shows the spectrum contains the expected carbon signal for the carbonyl functional group at 

201.4 ppm.  Furthermore, four unique carbon signals are present for the inequivalent methyl 

groups.  Consequently, it can be concluded that the precursor 25a underwent one cyclization.  

A potential justification for the precursor undergoing one cyclization is that the protonated 

pyridyl nitrogen, a strong electron-withdrawing group, renders the carbon ortho to the amino 

group a weak nucleophile to attack the activated carbonyl.  This supports the hypothesis 

which is illustrated in Scheme 2.23.     
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Figure 3.10. 13C NMR spectrum of the mono-cyclized product of the precursor 

p-COCH3[OR]-CH3[IR]. 

 

To test the hypothesis that a protonated pyridyl nitrogen hinders the second 

cyclization, it was hypothesized that we could use a Lewis acid versus a Bronsted-Lowry 

acid to activate the carbonyl.  The use of Lewis acids to aid cyclizations have been reported 

in the literature.110,111  In the selection of Lewis acids, the hard-soft acid-base theory was 

employed to promote coordination of the Lewis acid with the oxygen and to hinder 

coordination with the pyridyl nitrogen.  The Lewis acids as well as reaction conditions are 

shown in Table 3.3.  All the reactions resulted in the recovery of starting material.  Because 

one molecule of water is expelled per cyclization, it was decided to add a base to the reaction 

to help keep the pyridyl nitrogen deprotonated (entry 6 in Table 3.3).  However, this entry 

also failed to yield the desired product.        
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Table 3.3. Lewis acids and reaction conditions for the cyclization of 25a. 

Entry Catalyst* Base Solvent Time Temp. (°C) Comments 

1 In(OTf)3 NA DCM 6 115 SM 
2 Mg(OTf)2 NA DCM 24 RT and 40 SM 
3 Sc(OTf)3 NA DCM 24 RT and 40 SM 
4 Tl(OTf)3 NA DCM 24 RT and 40 SM 
5 Bi(OTf)3 NA DCM 24 RT and 40 SM 
6 Bi(OTf)3 DIPEA DCM 24 40 SM 

*10 mol% loading 

 

3.2.2.3. Aldehyde Group as the Cyclizing Group 

As mentioned in section 3.2.2.1, there is literature precedent that the rate of cyclization with 

an aldehyde group is faster than that with a ketone group.  Thus, it was of interest to 

synthesize the derivative of 10a with an aldehyde group instead of the of cyano group.  The 

molecules p-C(O)H[IR] and p-C(O)H[OR] were proposed to evaluate the ability to 

successfully cyclize the precursor based on the location of the cyclizing group. 

 One method to synthesize the precursor p-C(O)H[IR] is using the method reported 

for the ketone derivative 23a where the cyano group is transformed into the desired cyclizing 

group.  Transformation of a dinitrile to the dialdehyde has been reported in the literature with 

moderate yields.105,106  Thus, 10a was exposed to DIBAL-H and toluene at 0 °C (Scheme 

3.20). 

 

Scheme 3.20. Synthesis of p-C(O)H[IR]. 

 

 

The reaction in Scheme 3.20 under varied conditions failed to yield the desired product.  

Instead, starting material was recovered as the major component with two other products in 

minimal amounts.  By TLC, these two spots are purple and pink with Rf values of 0.40 and 
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0.28, respectively, in 85:15 (hexanes:ethyl acetate).  When isolated by flash chromatography, 

the fractions with the purple compound yielded insufficient material for 1H NMR 

spectroscopy.  However, there was enough of the pink compound to obtain a 1H NMR 

spectrum (Figure 3.11).  It was concluded that the pink compound was characteristic for one 

transformation of the nitrile to the aldehyde.  For this product, the aldehydic proton is present 

at 10.0 ppm.  Two other unique signals, the two triplets at 6.85 ppm and 7.08 ppm, are the 

protons para to the amino group.  Altogether, the number of signals and their integrations are 

characteristic for the proposed product where only one cyano group of 10a is converted to an 

aldehyde.  

 

 

Figure 3.11. The pink compound in Scheme 3.20. 

 

 For the synthesis of p-C(O)H[OR], three routes were carried out.  First, it was 

attempted to convert the cyano group on the outer ring to the aldehyde using DIBAL 

(Scheme 3.21).  However, this reaction resulted in the recovery of starting material.    
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Scheme 3.21. Synthesis of p-C(O)H[OR] (option 1). 

 

 

 The second attempt to synthesize p-C(O)H[OR] involved the BHA of 

2-bromobenzaldehyde with p-phenylenediamine (Scheme 3.22).  It was anticipated that there 

could be two possible products from this reaction, the desired product and the imine product.  

When the reaction was worked up, it was determined that the imine product was obtained in 

a 74% yield.   

 

Scheme 3.22. Synthesis of p-C(O)H[OR] (option 2). 

 

 

Elucidation of the imine was obtained via its 1H NMR spectrum (Figure 3.12).  The aldehyde 

protons at ca. 9-10 ppm were absent in the spectrum.  The integration and the splitting 

patterns for the peaks from 7.40-8.18 ppm was consistent for the aromatic protons.  The peak 

at 8.84 ppm with an integration of two corresponded to the imino protons.   
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Figure 3.12. 1H NMR spectrum of the imine product from the reaction in Scheme 3.22. 

 

 The third method in the synthesis of p-C(O)H[OR] was attempted by protecting the 

aldehyde with ethylene glycol followed by BHA with p-phenylenediamine (Scheme 3.23).  

From this reaction, starting material as well as an unidentified product was obtained.  It was 

hypothesized that perhaps this reaction was experiencing an issue with steric hinderance.  

Thus, this reaction was carried out using the palladacycle catalyst RuPhos Pd G2 which has 

been reported for the coupling of secondary amines.  From the latter reaction, multiple 

products were obtained and isolated via flash chromatography.  However, it was difficult to 

propose products for each fraction.  Furthermore, it was anticipated that the product upon 

cyclization would be the bent structure.  The cyclization of the deprotected aldehyde in 

Scheme 3.23 has been reported in the literature to furnish the bent structure in a 76% yield.111  

However, it was desirable to verify the formation of the bent structure when cyclized with 

TFMSA and TFA.  Once again, the bent structure was expected because it is more stable than 

the linear structure based on the number of Clar sextets.  
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Scheme 3.23. Synthesis of protected p-C(O)H[OR] (option 3). 

 

 

Simultaneously, the synthesis of the derivative with methyl groups on the center ring 

was attempted using Pd2(dba)3 and Xantphos in hopes to increase the coupling of the aryl 

halide and the aryl amine (Scheme 3.24).  However, these conditions fail to yield the targeted 

product.  Although the methyl groups were expected to block two potential sites of 

cyclization to yield the linear structure upon a successful cyclization, it was of concern that 

the cyclization of this precursor would yield the mono-cyclized product because the pyridyl 

nitrogen would be protonated, reducing its nucleophilicity.       

 

Scheme 3.24. Synthesis of protected p-C(O)H[OR]CH3[IR]. 

 

 

3.2.3. Alternative Synthetic Route 

The inability to successfully cyclize precursors other than those with the cyano groups on 

the inner ring led to the design of another synthetic route in efforts to obtain the targeted 

products.  The alternative synthetic route comprised of a base-mediated reaction to form the 

C-C bond via NAS.  This approach was tested using a methyl ketone, even though its 

limitations were known (i.e. unwanted products from various potential reactions with the 
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carbonyl functional group).  Nonetheless, using a base would hopefully ensure that the 

nitrogen remained in a neutral state. 

 The synthesis of an acridine as a model reaction for the alternative synthetic route 

was proposed (Scheme 3.25).  First, the precursor would be obtained via BHA.  Next, it was 

anticipated that in the presence of base, the precursor would undergo a C-C bond formation 

via NAS.  It was proposed that the ketone structure could be reduced to the alcohol which 

would be eliminated in the presence of base to give the alkene.  Lastly, the alkene molecule 

would undergo a “ring contraction” with silver trifluoroacetate to yield acridine.  The ring 

contraction has been reported in the literature for the synthesis of acridine.112  If this model 

reaction was successful, then the next targeted molecule would be the N-heteropentacene 

precursor using 1,4-dibromo-2,5-difluorobenzene.   

 

Scheme 3.25. Model reaction to test the alternative synthetic method. 

 

 

The precursor was synthesized via BHA to obtain the desire product in a 92% yield.  

Second, a base was used for the C-C bond formation via NAS.  In the selection of the base, it 

was important to select one that would minimize the formation of side products.  For 

example, it could deprotonate the amino proton which could result in intermolecular 

reactions.  Furthermore, deprotonation of the α proton could result in the formation of the 

desired product as well as Aldol condensation reactions.  To start, bases, such as NaOH and 

NaOCH3, were used in DMSO at room temperature and at 60 °C.  The progress of the 
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reactions for the C-C bond formation was monitored in situ by 19F NMR spectroscopy.  

However, these bases resulted in the recovery of starting material.  Stronger bases, LDA and 

n-BuLi, were used.  LDA resulted in no reaction and n-BuLi resulted in the addition of n-

butyl to the ketone.  The latter case has been reported in the literature.113  This alternative 

synthetic route was thus abandoned.     

3.3. Conclusions 

One of the objectives of Chapter 3 was to determine if the placement of the cyclizing group 

on the inner or outer rings would lead to complete or incomplete cyclizations.  To assess this 

hypothesis, N-heteropentacene precursors with cyano, methyl ketone, and aldehyde groups as 

the cyclizing group on the inner and outer rings were synthesized and cyclized.  In the 

synthesis of the precursors, a predominant issue encountered was steric hinderance in the 

coupling of aryl halides with ortho groups, such as a methyl ketone and a dioxolane.  In the 

cyclization of the precursors, the results varied, but the three outcomes included the 

following: 1) recovery of starting material, 2) formation of the bent or linear structure, and 3) 

mono-cyclization.  

In the synthesis of N-heteropentacenes, the precursors that underwent cyclization in 

high yields to obtain the linear structure were those with the cyano groups on the inner ring 

(e.g. p-CN[IR]).  To increase solubility, alkyl groups were implemented.  However, due to 

the electronics of this class of precursors, there is a limitation when trying to decorate them 

with electron withdrawing groups to increase stability.  When the cyano groups were on the 

outer rings, there were again problems in obtaining the cyclized product.  If the reactions 

were carried out at 60 °C, then starting material was recovered, and if they were heated to 

70 °C, then various side products were obtained.  Amongst the side products, it is believed 

that the mono-cyclized product is present in the mixture.  

The synthesis of the precursors with the methyl ketone as the cyclizing groups was 

cumbersome.  In the BHA, there was an issue with steric hinderance.  This was resolved by 

transforming the cyano group to a methyl ketone using a Grignard reagent.  For the 

N-heteropentacene precursors with the methyl ketones on the inner group, the cyclization 

yielded a product which was not identifiable by 1H NMR spectroscopy.  When the methyl 
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ketones were placed on the outer rings, the bent structure was obtained and confirmed with 

the literature.  To avoid the formation of the bent structure, methyl groups were placed on the 

inner ring to block two potential sites of cyclization to yield the linear structure.  However, 

when cyclized, the precursor underwent one cyclization. 

The synthesis of the precursors with the aldehyde as the cyclizing group was not 

successful.  For the precursor with the aldehyde groups on the center ring, the synthetic route 

involved converting the cyano groups to aldehyde groups using DIBAL-H.  However, only a 

small portion of the starting material underwent one transformation, even with a five-fold 

excess of DIBAL-H.  When this reaction was carried out for the precursor with the cyano 

groups on the outer rings, only starting material was recovered.  Another synthetic approach 

was to protect 2-bromobenzaldehyde with ethylene glycol before coupling it to 

1,4-phenylenediamine via BHA.  However, it was concluded that there was an issue with 

steric hinderance.  Alternative catalysts and ligands for BHA were approached with 

skepticism since di-arylation needs to be avoided—one of the major issues raised at the 

beginning of this work.    

3.4. Experimental 

General Procedure for BHA (GP1) 

BrettPhos Pd G1, Methyl t-Butyl Ether Adduct, cesium carbonate, dry t-butanol, halide, and 

amine were added to a scintillation vial equipped with a cross stir bar in the dry box.  The 

reaction mixture was stirred at 80 °C, unless otherwise stated, and monitored by TLC for 

completion. 

General Procedure for Acid-Mediated Cyclization (GP2) 

The diazapentacene precursor (2 mmol) is added to a scintillation vial with a cross stir bar 

and trifluoromethanesulfonic acid (TFMSA) (2 mL) or trifluoroacetic acid (TFA) (2 mL) and 

TFMSA (400 µL).  The reaction was stirred at 60 °C for 60 minutes.  Upon completion, the 

reaction was cooled and diluted with water.  The solution was quenched by adding to a 

beaker with 10% NaOH (make sure that the pH of the solution is basic by pH paper).  The 

precipitate was filtered and rinsed DI water until the filtrate was not basic. 
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p-CN[IR]-(CH2)5CH3 [OR] (12a). 

12a was prepared via GP1 using Brettphos Pd G1 (354 mg, 44.3 µmol), cesium carbonate 

(1.47 g, 4.50 mmol), t-butanol (4 mL), 9 (572 mg, 2.00 mmol), and 4-hexylaniline (800 µL, 

4.15 mmol).  After 2 h., the reaction was cooled and diluted with methanol (5 mL) and 

filtered over Celite with the filtrate being collected in an Erlenmeyer flask.  The solid was 

rinsed with methanol (10 mL) followed by acetone (2 mL), and the Erlenmeyer flask was 

replaced with an empty one, as the methanol and acetone rinse mostly the unwanted starting 

material.  The solid was rinsed with chloroform (~150 mL) in the new, empty Erlenmeyer 

flask until the filtrate was no longer fluorescent.  The filtrate was reduced under vacuum and 

the crude product was sublimed at 110 °C to remove the dihalide starting material to yield 

the product as a bright, orange solid (741 mg, 77.4%). 

 
1H NMR (400 MHz, CDCl3-d): δ [ppm] = 0.88-0.95 (t, 6H), 1.30-1.42 (m, 12H), 1.58-1.68 

(q, 4H), 2.58-2.65 (t, 4H), 5.98-6.02 (s, 2H), 7.01-7.06 (d, 4H), 7.17-7.22 (d, 4H), 7.29-7.32 

(s, 2H); 13C NMR (100 MHz, CDCl3-d): δ [ppm] = 14.1, 22.6, 29.0, 31.5, 31.7, 35.3, 104.6, 

116.2, 118.9, 121.3, 129.7, 137.5, 139.3, 139.8; IR (neat):  1/λ [cm-1] = 3319, 2958, 2919, 

2852, 2219, 1613, 1589, 1532, 1465, 1430, 1397, 1297, 869, 820, 596, 534; λmax (THF): 

445 nm; Rf (SiO2, 80:20 (hexanes:ethyl acetate)): 0.48; RCG-0192a. 
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12b. 

12b was prepared via GP2 using 12a (943 mg, 1.97 mmol) and TFMSA (2.00 mL, 

22.6 mmol).  After rinsing with DI water, the solid was rinsed with dichloromethane until the 

filtrate was colorless.  The solid was dried to yield a purple product (936 mg, 99.2%). 

 
1H NMR (400 MHz, DMSO-d6): δ [ppm] = 0.85-0.91 (t, 6H), 1.26-1.41 (m, 12H), 1.66-1.76 

(q, 4H), 2.71-2.79 (t, 4H), 7.65-7.80 (m, 4H), 8.26-8.31 (s, 2H), 8.90-9.15 (s, 2H); λmax 

(THF): 649 nm; m/z [M]+: calcd for C32H38N4: 479.3169, found: 479.3157; RCG-0192b. 

 

p-CN[IR]-C(CH3)3 [OR] (13a). 

13a was prepared via GP1 using Brettphos Pd G1 (490 mg, 61.3 µmol), cesium carbonate 

(1.99 g, 6.14 mmol), t-butanol (6 mL), 9 (903 mg, 3.16 mmol), and 4-t-butylaniline 

(1.00 mL, 6.28 mmol).  After 2 h., the reaction was cooled and diluted with methanol (5 mL) 

and filtered over Celite with the filtrate being collected in an Erlenmeyer flask.  The solid 

was rinsed with methanol (15 mL) followed by acetone (2 mL), and the Erlenmeyer flask 

was replaced with an empty one, as the methanol and acetone rinse mostly the unwanted 

starting material.  The solid was rinsed with chloroform (~200 mL) until the filtrate was no 

longer fluorescent.  The filtrate was reduced under vacuum to yield the product as a yellow 

solid (1.20 g, 90.4%). 

 
1H NMR (400 MHz, CDCl3-d): δ [ppm] = 1.35-1.37 (s, 18H), 6.00-6.04 (s, 2H), 7.04-7.09 (d, 

4H), 7.33-7.35 (s, 2H), 7.38-7.43 (s, 4H); 13C NMR (100 MHz, CDCl3-d): δ [ppm] = 31.4, 

34.4, 104.7, 116.2, 119.0, 120.8, 126.7, 137.3, 139.7, 147.4; IR (neat):  1/λ [cm-1] = 3328, 

2947, 2898, 2863, 2237, 2217, 1613, 1593, 1536, 1471, 1432, 1395, 1362, 1297, 1191, 1146, 

885, 836, 816, 714, 606, 530; λmax (THF): 448 nm; Rf (SiO2, 80:20 (hexanes:ethyl acetate)): 

0.24; RCG-0193a. 
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13b. 

13b was prepared via GP2 using 13a (856 mg, 2.02 mmol), TFA (2 mL, 26.1 mmol) and 

TFMSA (400 µL, 4.52 mmol).  After rinsing with DI water, the solid was rinsed with 

chloroform until the filtrate was colorless.  The solid is dried to yield a purple product 

(665 mg, 77.7%). 

 
1H NMR (400 MHz, DMSO-d6): δ [ppm] = 1.43-1.45 (s, 18H), 7.90-7.95 (d, 2H), 8.17-8.22 

(d, 2H), 8.49-8.53 (s, 2H), 9.06-9.10 (s, 2H); λmax (THF): 595 nm; m/z [M]+: calcd for 

C28H30N4: 423.2543, found: 423.2526; RCG-0193b. 

 

p-CN[IR]-F[OR] (14a).  

14a was prepared via GP1 using Brettphos Pd G1 (490 mg, 61.3 µmol), cesium carbonate 

(1.99 g, 6.14 mmol), t-butanol (6 mL), 9 (903 mg, 3.16 mmol), and 4-fluoroaniline (1.00 mL, 

10.6 mmol).  After 2 h., the reaction was cooled and diluted with methanol and filtered over 

Celite with the filtrate being collected in an Erlenmeyer flask.  The solid was rinsed with 

methanol (15 mL) followed by acetone (2 mL), and the Erlenmeyer flask was replaced with 

an empty one, as the methanol and acetone rinse mostly the unwanted starting material.  The 

solid was rinsed with dioxane until the filtrate was no longer fluorescent.  The filtrate was 

reduced under vacuum to yield the product as an orange solid (1.20 g, 53.8%). 

 
1H NMR (400 MHz, DMSO-d6): δ [ppm] = 7.05-7.16 (m, 8H), 7.44-7.46 (s, 2H), 8.35-8.39 

(s, 2H); 13C NMR (100 MHz, DMSO-d6): δ [ppm] = 107.8, 115.8, 116.0, 116.3, 120.0, 120.1, 

123.8, 139.0, 140.1; IR (neat):  1/λ [cm-1] = 3361, 2213, 1530, 1503, 1463, 1432, 1393, 1281, 

1210, 1159, 1142, 879, 822, 777, 671, 567, 501; RCG-0198a. 

 

14b. 

14b was prepared via GP2 using 14a (173 mg, 5.00 µmol), TFA (500 µL, 6.53 mmol) and 

TFMSA (250 µL, 2.83 mmol).  After rinsing with DI water, the solid was rinsed with ethyl 

cetate until the filtrate was colorless.  The solid is dried to yield a purple product (negligible). 
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1H NMR (400 MHz, DMSO-d6): δ [ppm] = 7.51-7.59 (t, 2H), 7.75-7.83 (t, 2H), 8.12-8.19 (d, 

2H), 8.97-9.11 (s, 2H); RCG-0198b. 

 

p-CN[IR]-NO2[OR] (15a). 

15a was prepared via GP1 using Brettphos Pd G1 (26.6 mg, 33.3 µmol), cesium carbonate 

(1.02 g, 3.13 mmol), t-butanol (3 mL), 9 (431 mg, 1.51 mmol), and 4-nitroaniline (420 mg, 

3.04 mmol).  After 3 h., the reaction was cooled, diluted with ethyl acetate, and centrifuged 

until the filtrate was no longer a reddish color to obtain a very small quantity of the desired 

product.  

 
1H NMR (400 MHz, DMSO-d6): δ [ppm] = 7.12-7.16 (s, 4H), 8.02-8.04 (s, 2H), 8.13-8.17 

(d, 4H), 9.60-9.63 (s, 2H); RCG-0148. 

 

(2,5-dibromo-1,4-phenylene)bis(tert-butylsulfane) (16). 

 

Sodium 2-methyl-2-propanethiolate (2.46 g, 22.0 mmol) and 1,2,4,5-tetrabromobenzene 

(3.94 g, 10.0 mmol) were added to a 50 mL Erlenmeyer flask with 30 mL of distilled DMF 

and stirred at 50 °C.  After 5 h., the reaction mixture was cooled and diluted with ether until 

the solid was dissolved.  20% KOH was added until the solution was neutral by pH paper.  

The desired product was extracted with ether and dried with magnesium sulfate.  The solvent 

was removed under vacuum, sonicated with methanol, and filtered to obtain the product as a 

white solid (3.15 g, 76.4%).     
 

1H NMR (400 MHz, CDCl3-d): δ [ppm] = 1.36-1.38 (s, 18H), 7.93-7.95 (s, 2H); 13C NMR 

(100 MHz, CDCl3-d): δ [ppm] = 31.0, 49.3, 130.0, 136.7, 141.8; IR (neat):  1/λ [cm-1] = 

3062, 2960, 1789, 1689, 1420, 1414, 1365, 1152, 1034, 902, 555; Rf (SiO2, 95:5 

(hexanes:ethyl acetate)): 0.60; m.p.: 125-126 °C; ID: SDH-0004. 
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p-CN[OR]-F[IR] (17). 

 

17 was prepared via GP1 using Brettphos Pd G1 (22.6 mg, 28.3 µmol), cesium carbonate 

(1.06 g, 3.27 mmol), t-butanol (3 mL), 1,4-dibromo-2,5-difluorobenzene (409 mg, 

1.51 mmol), and 2-aminobenzonitrile (378 mg, 3.20 mmol).  After 2 h., the reaction was 

cooled and diluted with ethyl acetate and filtered.  The solid was rinsed with water (30 mL), 

ethyl acetate (5 mL × 2) followed by ether (5 mL × 2).  The desired product was obtained as 

a solid (504 mg, 96.6%). 

 
1H NMR (400 MHz, DMSO-d6): δ [ppm] = 6.86-6.91 (d, 2H), 6.94-7.00 (t, 2H), 7.11-7.18 (t, 

2H), 7.47-7.53 (t, 2H), 7.63-7.67 (d, 2H), 8.37-8.44 (s, 2H); RCG-0177. 

 

p-CN[OR]-SC(CH3)3[IR] (18a). 

 

17 (175 mg, 505 µmol), sodium 2-methyl-2-propanethiolate (128 mg, 1.14 mmol), and 

distilled DMF (1.5 mL) were added to a 25 mL round bottom flask and stirred at 50 °C.  

After 19 h., sodium 2-methyl-2-propanethiolate (173 mg, 1.54 mmol) and DMF (1 mL) were 

added to the reaction.  After 30 h., the reaction mixture was cooled and diluted with ether.  

10% NaOH was added to the mixture until it was basic by pH paper and the product was 

extracted with ether.  The organic layer was dried with sodium sulfate and filtered.  The 
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solvent was removed under reduced pressure.  Note that if DMF is present, the desired 

product can be precipitated with hexanes.  The desired product was obtained as tan solid 

(99.5 mg, 40.5%).   

 
1H NMR (400 MHz, CDCl3-d): δ [ppm] = 1.35-1.39 (s, 18H), 6.92-6.98 (t, 2H), 7.35-7.40 (d, 

2H), 7.42-7.47 (t, 2H), 7.50-7.53 (s, 2H), 7.56-7.60 (d, 2H), 7.61-7.63 (s, 2H); 13C NMR 

(100 MHz, CDCl3-d): δ [ppm] = 31.1, 48.8, 100.8, 114.8, 117.4, 120.4, 124.7, 128.1, 133.5, 

133.9, 138.1, 146.0; Rf (SiO2, 90:10 (hexanes:ethyl acetate)): 0.20; ID: RCG-0178. 

 

p-CN[OR]-CH3[IR] (19a). 

 

19 was prepared via GP1 using Brettphos Pd G1 (16.3 mg, 20.4 µmol), cesium carbonate 

(663 mg, 2.03 mmol), t-butanol (2 mL), 1,4-diamino-2,5-dimethylbenzene (136 mg, 

1.00 mmol), and 2-chlorobenzonitrile (273 mg, 1.98 mmol).  After 2 h., the reaction was 

cooled, diluted with ethyl acetate, and centrifuged.  The solid was rinsed with water and 

methanol.  The desired product was obtained as a tan solid (248 mg, 74.0%). 

 
1H NMR (400 MHz, DMSO-d6): δ [ppm] = 2.05-2.09 (s, 6H), 6.54-6.59 (d, 2H), 6.78-6.84 (t, 

2H), 7.02-7.05 (s, 2H), 7.36-7.42 (t, 2H), 7.54-7.60 (d, 2H), 7.88-7.92 (s, 2H); Rf (SiO2, 

80:20 (hexanes:ethyl acetate)): 0.25; RCG-0137. 
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p-CN[OR]-OCH3[IR] (20a). 

 

20 was prepared via GP1 using Brettphos Pd G1 (12.7 mg, 15.9 µmol), cesium carbonate 

(540 mg, 1.66 mmol), t-butanol (1.5 mL), 1,4-dibromo-2,5-dimethoxybenzene (229 mg, 

772 µmol), and 2-aminobenzonitrile (181 mg, 1.53 mmol).  After 2 h., the reaction was 

cooled, diluted with ethyl acetate, and filtered.  The solid was rinsed with water (~30 mL), 

ethyl acetate (~5 mL × 2), and ether (~5 mL × 2).  The desired product was obtained as a 

solid (227 mg, 79.2%). 

 
1H NMR (400 MHz, DMSO-d6): δ [ppm] = 3.67-3.70 (s, 6H), 6.78-6.82 (d, 2H), 6.82-6.88 (t, 

2H), 6.95-6.97 (s, 2H), 7.39-7.46 (t, 2H), 7.56-7.60 (d, 2H), 7.73-7.76 (s, 2H); RCG-0181. 

 

1,1'-(2,5-dibromo-1,4-phenylene)bis(ethan-1-one) (21). 

 

2,5-dibromoterephthaloyl chloride 

Oxalyl chloride (3.00 mL, 35.0 mmol) was added to a round bottom flask with 

2,5-dibromoterephthalic acid (3.28 g, 10.1 mmol), DCM (55 mL), and distilled DMF 

(3 drops) and stirred overnight at room temperature.  The solvent was removed under 

reduced pressure to yield a solid with a yellow tint. 
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1-(4-acetyl-2,5-dibromophenyl)ethenone 

Methyllithium (33 mL, 1.6 M in diethyl ether) was added to a round bottom flask containing 

copper(I) cyanide (3.62 g, 40.5 mmol) and THF (25 mL) at -78 °C under N2 for 1.5 h.  The 

diacyl chloride in THF (25 mL) was added to the chilled round bottom flask with the 

methyllithium and stirred at -78 °C under N2 for 40 min.  Water (85 mL) was added to the 

reaction mixture and the reaction mixture was warmed to room temperature.  The reaction 

mixture was filtered through celite and rinsed with DCM.  The aqueous layer was extracted 

with ethyl ether and dried with sodium sulfate.  The product was purified via flash 

chromatography to yield the desired product as white needles (1.18 g, 36.9%). 

 
1H NMR (400 MHz, CDCl3-d): δ [ppm] = 2.58-2.60 (s, 6H), 7.98-8.00 (s, 2H); 13C NMR 

(100 MHz, DMSO-d6): δ [ppm] = 30.2, 116.9, 133.2, 143.5, 199.5; Rf (SiO2, 80:20 

(hexanes:ethyl acetate)): 0.27; ID: RCG-0111. 

 

1-(2-(phenylamino)phenyl)ethan-1one (22). 

 

Brettphos Pd G1 Methyl t-Butyl Ether Adduct (24 mg, 30.0 µmol), cesium carbonate (1.00 g, 

3.07 mmol), and t-BuOH (3 mL) were premixed in a scintillation vial in the dry box for 30 

min.  Bromobenzene (320 µL, 3.00 mmol) and 1-(2’-aminophenyl)ethan-1-one (370 µL, 

3.04 mmol) were added to the scintillation vial and stir at 100 °C for 1 h.  The solvent was 

removed under pressure and the solid was diluted with ethyl acetate (~8 mL) and centrifuged 

and the brown solvent was removed using a pipette.  The process was repeated three times to 

yield the desired product as a red/brown liquid (635 mg, 100%). 
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1H NMR (400 MHz, DMSO-d6): δ [ppm] = 2.61-2.64 (s, 3H), 6.79-6.85 (t, 1H), 7.07-7.13 (t, 

1H), 7.21-7.27 (t, 3H), 7.34-7.44 (m, 3H), 7.93-7.98 (d, 1H), 10.39-10.43 (s, 1H); 13C NMR 

(100 MHz, DMSO-d6): δ [ppm] = 28.3, 113.8, 117.2, 121.9, 123.5, 129.5, 133.1, 134.7, 

140.0, 146.5, 201.6; IR:  1/λ [cm-1] = 3255, 3033, 1638, 1589, 1571, 1511, 1446, 1358, 1320, 

1246, 1232, 1163, 1077, 1040, 1020, 955, 740, 694, 643, 616, 514; Rf (SiO2, 80:20 

(hexanes:ethyl acetate)): 0.46; ID: RCG-0118. 

 

p-COCH3[IR] (23a). 

 

10a (678 mg, 2.18 mmol) was added to a two-neck round bottom flask equipped with a stir 

bar and cooled to 0 °C.  Methylmagnesium bromide (12.2 mL, 3.17 M in ether) was slowly 

added to the round bottom flask.  The reaction mixture was removed from the ice bath and 

stirred at room temperature.  After 1 h., the reaction mixture was cooled to 0 C and quenched 

by slowly adding water (~10 mL).  The desired product was extracted in ether, dried with 

sodium sulfate, and the solvent was removed under reduced pressure.  The material was 

prepared for column chromatography in 90:10 (hexanes:ethyl acetate) to hydrolyze the imine.  

The fractions were the desired product were collected and the solvent was removed under 

reduced pressure to obtain the product as a dark purple solid (247 mg, 32.8%). 

 
1H NMR (400 MHz, CDCl3-d): δ [ppm] = 2.52-2.56 (s, 6H), 7.00-7.09 (t, 2H), 7.19-7.25 (d, 

4H), 7.31-7.39 (t, 4H), 7.85-7.91 (s, 2H), 9.46-9.58 (s, 2H); 13C NMR (100 MHz, CDCl3-d): 

δ [ppm] = 28.6, 119.0, 120.2, 122.4, 125.4, 129.5, 137.2, 141.7, 201.2; IR:  1/λ [cm-1] 

= 3313, 1648, 1597, 1583, 1525, 1493, 1460, 1403, 1358, 1325, 1206, 1175, 1155, 944, 871, 

747, 698, 653, 504; Rf (SiO2, 90:10 (hexanes:ethyl acetate)): 0.37; ID: RCG-0229. 
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p-C(O)CH3[OR] (24a). 

 

Brettphos Pd G1 Methyl t-Butyl Ether Adduct (47.8 mg, 59.8 µmol), cesium carbonate (1.99 

g, 6.10 mmol), and t-BuOH (5 mL) were premixed in a scintillation vial in the dry box for 15 

min.  1,4-dibromobenzene (700 mg, 2.97 mmol) and 1-(2-aminophenyl)ethan-1-one (730 µL, 

6.01 mmol) were added to the scintillation vial and stirred at 100 °C for 1 h.  The reaction 

mixture was diluted with chloroform and filtered.  The solid was rinsed with chloroform until 

it was clear.  The filtrate was reduced under vacuum to yield a yellow/orange solid.  The 

solid was purified by dissolving it in a minimum amount of hot chloroform and filtering the 

crystals.  A bright yellow solid was obtained (838 mg, 82%) 

 
1H NMR (400 MHz, CDCl3-d): δ [ppm] = 2.65-2.68 (s, 6H), 6.71-6.77 (t, 2H), 7.20-7.26 (m, 

6H), 7.30-7.36 (t, 2H), 7.81-7.85 (d, 2H), 10.51-10.56 (s, 2H); 13C NMR (400 MHz, 

CDCl3-d): δ [ppm] = 28.0, 114.0, 116.3, 118.7, 124.5, 132.5, 134.6, 136.3, 148.3, 201.1; ID: 

RCG-0109. 

 

24c. 
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The precursor p-C(O)[OR] (344 mg, 1.00 mmol), trifluoromethanesulfonic acid (1.00 mL, 

11.3 mmol), and trifluoroacetic acid (1.00 mL, 13.1 mmol) were added to a scintillation vial 

and stirred at 60 °C.  After 18 h., the reaction mixture was quenched by adding 10% NaOH 

until basic by pH paper and centrifuged and decanted.  The solid was rinsed with water, 

centrifuged, and decanted.  The solid is dissolved in chloroform and dried with sodium 

sulfate.  The solvent was removed under reduced pressure to obtain a yellow solid (139 mg, 

40%). 

 
1H NMR (400 MHz, CDCl3-d): δ [ppm] = 2.79-2.82 (s, 6H), 7.66-7.72 (t, 2H), 7.81-7.87 (m, 

4H), 8.19-8.23 (d, 2H), 8.25-8.29 (d, 2H); 13C NMR (400 MHz, CDCl3-d): δ [ppm] = 19.4, 

123.1, 124.4, 126.4, 126.7, 129.5, 129.7, 133.6, 142.1, 146.7, 150.5; ID: RCG-0110. 

 

p-C(O)CH3[OR]-CH3[IR] (25a). 

 

Brettphos Pd G1 Methyl t-Butyl Ether Adduct (45.1 mg, 56.4 µmol), cesium carbonate 

(1.97 g, 6.05 mmol), 1,4-dibromo-2,5-dimethylbenzene (794 mg, 3.01 mmol), 

1-(2-aminophenyl)ethan-1-one (730 µL, 6.01 mmol), and t-BuOH (6 mL) were added to a 

scintillation vial equipped with a stir bar and stirred at 100 °C for 24 h.  The reaction mixture 

was diluted with chloroform and filtered.  The solid was rinsed with chloroform until it was 

clear.  The filtrate was reduced under vacuum to yield a yellow/orange solid.  The solid was 

dissolved in chloroform and evaporation of the solvent overnight resulted in an orange solid 

on the rim and the product as a yellow solid (1.12 g, 84.3%).   
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1H NMR (400 MHz, CDCl3-d): δ [ppm] = 2.21-2.24 (s, 6H), 2.66-2.69 (s, 6H), 6.67-6.74 (t, 

2H), 6.88-6.93 (d, 2H), 7.20-7.24 (s, 2H), 7.28-7.34 (t, 2H), 7.81-7.86 (d, 2H), 10.30-10.37 

(s, 2H); 13C NMR (400 MHz, CDCl3-d): δ [ppm] = 17.7, 28.0, 114.0, 115.7, 118.3, 127.4, 

131.9, 132.5, 134.7, 135.4, 149.1, 201.2; Rf (SiO2, 90:10 (hexanes:ethyl acetate)): 0.19; ID: 

RCG-0169 and RCG-0124. 

 

1-(2-((2-fluorophenyl)amino)phenyl)ethan-1-one (26). 

 

 

Brettphos Pd G1 Methyl t-Butyl Ether Adduct (77.3 mg, 96.8 µmol), cesium carbonate 

(3.13 g, 9.61 mmol), 1-bromo-2-fluorobenzene (95.3 µL, 8.72 mmol), 

1-(2-aminophenyl)ethan-1-one (1.06 mL, 8.72 mmol), and t-BuOH (8 mL) were added to a 

scintillation vial equipped with a stir bar and stirred at 80 °C for 24 h.  The reaction mixture 

was diluted with DCM and filtered.  The solid was rinsed with DCM until it was clear.  The 

filtrate was reduced under vacuum to yield a dark brown solid (1.83 g, 91.5%).   

 
1H NMR (400 MHz, CDCl3-d): δ [ppm] = 2.66-2.68 (s, 3H), 6.77-6.82 (t, 1H), 7.09-7.20 (m, 

4H), 7.32-7.38 (t, 1H), 7.40-7.46 (s, 1H), 7.83-7.87 (d, 1H), 10.4-10.5 (s, 1H); 13C NMR (400 

MHz, CDCl3-d): δ [ppm] = 28.0, 114.1, 114.1, 116.1, 116.3, 117.0, 119.4, 124.2, 124.3, 

124.5, 124.5, 124.8, 124.9, 128.2, 128.3, 132.4, 134.5, 147.2, 154.8, 157.3, 201.3; Rf (SiO2, 

70:30 (hexanes:ethyl acetate)): 0.50; ID: SDH-0020. 
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Chapter 4.  Characterization of N-Heteropentacenes 

4.1. Introduction 

This chapter discusses the characterization for the precursors with the cyano group on the 

inner ring and the N-heteropentacenes obtained from the cyclization of these precursors.  The 

characterization will include crystallography, electrochemistry, UV-visible and fluorescence 

spectroscopy, and mass spectrometry.  This characterization will assist with structure-

property elucidation to better design these molecules and optimize their properties for their 

application in organic electronics. 

4.2. Results and Discussion 

4.2.1. Crystallography 

Single crystal X-ray diffraction is essential not only for structural elucidation but also for an 

analysis of molecular packing.  The solid-state molecular packing of N-heteroacenes is 

important in predicting its charge transport properties.  Recall that one of the parameters that 

determines charge transport is the transfer integral which depends on the distance, 

orientation, and relative displacement distance of π-π orbitals.42   

Crystal structures for the precursors 10a, 12a, and 13a were obtained from solvent 

evaporation of solutions in acetone.  Figure 4.1 shows the solid-state packing for precursor 

10a down the crystallographic axes a, b, and c.  In these views, there are two “orientations” 

for the molecule (Figure 4.1a).  The outer benzene rings are 63.5° out of plane in opposite 

directions relative to the center ring.  After a rotation around the C-N bond for the 

cyclization, some π-π orbital overlap is anticipated which can be observed from the top two 

and the bottom two molecules (Figure 4.1b).  The middle two molecules are offset.  

Furthermore, it is predicted that the N-heteropentacenes will pack in a herringbone motif.  

This prediction is based on Figure 4.1c which shows how the molecules that were paired in 

Figure 4.1b are pointing towards each other like in the herringbone molecular arrangement. 
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Figure 4.1. Molecular packing for 10a down the crystallographic a.) a axis, b.) b axis, and c.) 

c axis. 

 

Like 10a, the precursor 12a has the outer benzene rings are 47.4° out of plane in 

opposite directions from the center ring (Figure 4.2).  Precursor 12a has hexyl groups to 

increase solubility and to steer molecular packing via van der Waal interactions.  These 

interactions are observed in Figure 4.2a where it seems like the alkyl chains are stacked with 

the core of the molecule being oriented in a head-to-tail fashion.  Figure 4.2b and c illustrate 

the potential of the N-heteropentacene to pack in a 1-D slipped stack arrangement.  The 

distance between the two planes containing the center ring is 3.347 Å which is promising for 

charge transport.  In the literature, an optimum distance range for charge transport for high 

charge-carrier mobility is 3.3-3.8 Å.5  Note that for the 6,13-substituted pentacene 

derivatives, the interplane distance is approximately 3.4 Å.43 
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Figure 4.2. Molecular packing for 12a down the crystallographic a.) a axis, b.) b axis, and 

c.) c axis. 

 

 The crystallization of the precursor 13a resulted in the inclusion of a water molecule 

in the unit cell (Figure 4.3).  Like 10a, 13a shows the molecule in two “orientations”.  In this 

precursor, the outer benzene rings are 45.1° out of plane in opposite directions from the 

center ring.  It is also anticipated that the cyclized molecule will pack in a herringbone 

arrangement with some potential for a π-π overlap.  
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Figure 4.3. Molecular packing for 13a down the crystallographic a.) a axis, b.) b axis, and 

c.) c axis. 

 

 With single-crystal X-ray diffraction data for the precursors, it was anticipated that 

their N-heteropentacenes could be obtained after a rotation around the C-N bond in an acid-

mediated cyclization.  These reactions were rapid, and the products were obtained in high 

yields.  Due to their low solubility, multiple crystallizations were attempted using different 

methods, such as solvent cooling, solvent evaporation, and solvent and vapor diffusion, to 

evaluate their solid-state packing.  Crystal structures were eventually obtained via solvent 

evaporation in DMSO in NMR tubes.  Note that the solutions were kept in the dark to 

minimize degradation of the N-heteropentacenes. 

 The N-heteropentacenes were the expected products since the crystals had a purple 

color as opposed to the orange color for the precursors.  However, when the crystallographic 

data was received, the structures obtained were for the degraded N-heteropentacenes.  Figure 

4.4a and b show the molecular packing down the a and b axes, respectively, for the degraded 

crystal structure (i.e. the quinone) of 10b with DMSO in the unit cell.  From these views, it 

seems like there may be H-bonding between the oxygen on the carbonyl and the protons on 

the amino group.  It can also be observed that there are two degraded molecules in a 1-D 

slipped stack arrangement.  Down the c axis (Figure 4.4c), the hexameric “cluster” of DMSO 

molecules are surrounded by six degraded N-heteropentacenes which alternating in pointing 

inward and outward with respect to the cluster of solvent molecules.       
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Figure 4.4. Molecular packing for degraded 10b down the crystallographic a.) a axis, 

b.) b axis, and c.) c axis. 

 

 The crystal structure for 12b (Figure 4.5) also was determined to be the degraded 

N-heteropentacene.  The dots are a representation of the three conformations for a disordered 
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hexyl group.  While this is not the desired molecular packing, one can see the resemblance of 

a 1-D slipped stack arrangement in Figure 4.5a and c, as predicted from the precursor.  The 

two stacked molecules are shown as the middle molecule in Figure 4.5b with a distance of 

3.490 Å.  In this molecular packing, it should be noted that there is an interlocked 3-D 

stacking arrangement (Figure 4.5c) which has been reported for quinone-like 

N-heteroacenes.114  This type of arrangement is not favorable for charge transport as it 

deviates from the ideal lamellar 2-D.  Currently, there are ongoing efforts to obtain the 

crystal structures of the N-heteropentacenes.        

 

 

Figure 4.5. Molecular packing for degraded 12b down the crystallographic a.) a axis, 

b.) b axis, and c.) c axis. 



 

123 

4.2.2. Electrochemistry 

The electronic structure of the N-heteropentancenes is crucial because it dictates the 

success of charge carrier injection and the stability in air.  For charge carrier injection, there 

are two major considerations when using n-type organic semiconductors: the work function 

of an electrode and the LUMO energy level of the organic molecule.  While gold electrodes 

are more robust, they are unfavorable for the injection of electrons due to a high work 

function (~5.1 eV).  Calcium, aluminum, and magnesium electrodes have lower work 

functions but they are easily oxidized and unstable in ambient conditions.  It has been 

reported that the LUMO energy level for n-type and ambipolar organic semiconductors 

should be below -3.0 eV to achieve electron injection and below -4.1 eV for stability in air.42  

Ideally, the LUMO energy level should be near -5.1 eV to favor electron injection from a 

gold electrode while being stable under atmospheric conditions.  

The electronic properties of the N-heteropentacenes 10b, 12b, and 13b were 

evaluated by cyclic voltammetry (CV) (Figure 4.6).  The measurements were carried out in 

THF with ferrocene/ferrocenium as the internal standard.  The CV for 10b shows one 

irreversible reduction peak whereas 12b and 13b show reversible reduction peaks.  No 

oxidation peaks were observed for the three N-heteropentacenes when scanning up to 

1000 mV (close to the solvent window for THF).              
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Figure 4.6. Cyclic voltammograms for 10b (blue line), 12b (red line), and 13b (black line) in 

THF using ferrocene/ferrocenium as the internal standard in 0.1 M n-Bu4PF6 at 50 mV/s. 

 

 The LUMO energy levels of the N-heteropentacenes 10b, 12b, and 13b were 

calculated to -3.88 eV, -3.97 eV, and -3.78 eV, respectively, using the onset reduction 

potential (Ered).  Since the oxidation potentials were not observed on the CVs for the 

N-heteropentacenes, the HOMO energy levels were calculated to -5.65 eV, -5.67 eV, 

and -5.74 eV for 10b, 12b, and 13b, respectively, by subtracting the optical HOMO-LUMO 

gap (see below) from the LUMO energy level.  A summary of the reduction potentials, 

LUMO and HOMO energy levels, and electrochemical and optical HOMO-LUMO gap are 

shown in Table 4.1.   
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Table 4.1. Electrochemical properties of 10b, 12b, and 13b. 

Compound Ered (V) LUMOa HOMOb Eg, optical (eV) 

10b -0.92 -3.88 -5.65 1.77 

12b -0.83 -3.97 -5.67 1.70 

13b -1.02 -3.78 -5.74 1.96 

aCalculated as: ELUMO = -4.80 – Ered.   
bCalculated as: EHOMO = ELUMO – Eg, optical.  

 

  In the CVs for the N-heteropentacenes 10b, 12b, and 13b, reduction waves were 

observed and enabled the calculation of the LUMO energy levels ranging from -3.78 eV 

to -3.97 eV.  These values are borderline acceptable for electron transport but are not in the 

range where they are anticipated to be air-stable.  For example, under atmospheric 

conditions, the electron transport behavior is weakened/inhibited from the degradation of 

molecules with LUMO energy levels between -3.9 eV and -4.1 eV.13,42  Consequently, it is of 

interest to improve the electronics by lowering the LUMO energy levels.    

4.2.3. UV-Visible Spectroscopy 

4.2.3.1. Optical HOMO-LUMO Gap 

One of the reasons acenes and N-heteroacenes are of interest is because their HOMO-LUMO 

gap decreases with increasing molecular length.  For example, it has been reported that there 

is a bathochromic shift in the longest wavelength absorption by approximately 100 nm with 

each benzannulation.7  To determine if this trend occurs in the N-heteroacenes studied here, 

the absorbance spectrum of 9-aminoacridine (9-AA) was taken and compared to the 

absorbance spectra of the N-heteropentacenes 10b, 12b, and 13b (Figure 4.7).  Indeed, the 

trend is observed in which there is an increase of approximately 200 nm from λmax = 424 nm 

for 9-AA to λmax = 648 nm, 649 nm, and 595 nm for 10b, 12b, and 13b, respectively.  The 

optical HOMO-LUMO gap for the N-heteropentacenes was calculated to 1.77 eV, 1.70 eV, 

and 1.96 eV for 10b, 12b, and 13b, respectively, using their λonset = 700 nm, 730 nm, and 

632 nm, respectively, in the formula Eg, optical (eV) = 1240/λonset (nm).   
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Figure 4.7. Normalized absorbance spectra for 9-AA, 10b, 12b, and 13b in THF with one 

drop of H2O/mL of THF. 

 

 In the determination of the optical HOMO-LUMO gap, the absorbance spectra were 

taken in THF to have a consistent dielectric with the electrochemical studies.  This way, the 

HOMO energy level can be calculated using the formula EHOMO = ELUMO – Eg, optical since an 

oxidation peak was not observed in the CVs.  Furthermore, it should be noted that the 

resolution of the peaks is improved with the addition water drops to the cuvette containing 3 

mL of THF (Figure 4.8).  Note that the addition of this amount of water does not 

significantly change λonset.  Instead, water appears to assist in dissolving the 

N-heteropentacene.   
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Figure 4.8. Absorbance spectra for 10b at 1E-5 M in THF with the addition of 0-4 drops of 

water in 3 mL of THF. 

 

4.2.3.2. Aggregation 

It was hypothesized that aggregation might account for the broadness of the peaks in the UV-

visible spectrum.  To test this hypothesis, the absorbance as a function of concentration were 

plotted for the N-heteropentacenes 10b, 12b, and 13b (Figure 4.9).  In the absence of 

aggregation, the data should follow a linear trend obeying Beer’s law.   
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Figure 4.9. Absorbance versus concentration plots for a.) 10b, c.) 12b, and e.) 13b in a 1 cm 

path length and b.) 10b, d.) 12b, and f.) 13b in a 4 cm path length in methanol. 
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Initially, the absorbance versus concentration studies were taken in a 1 cm cuvette 

with concentrations ranging from approximately 20 µM to 200 µM (Figure 4.9a, c, and e).  

These plots showed a linear trend for each molecule.  Consequently, it was initially 

concluded there was not any aggregation within the tested concentration ranges.  However, in 

the literature, it has been reported that quinacridones have a tendency to aggregate due to 

hydrogen bonds which can be observed when the concentration-dependent spectra are carried 

out over two orders of magnitude.115 

Because the absorbance spectra were reaching the lower limit of absorbance at the 

low concentrations at ~20 µM, the path length of the cuvette was changed from 1 cm to 4 cm.  

By increasing the path length, it was possible to obtain the absorbance versus concentration 

spectra for each molecule for concentrations ranging from 2 µM to 20 µM (Figure 4.9b, d, 

and f).  For these concentrations, a linear trend was also observed.  Thus, we concluded no 

aggregation was present.   

4.2.3.3. Degradation 

As acenes and N-heteroacenes increase in molecular length, they are prone to degradation via 

dimerization and oxidation.  The photostability of these types of molecules has been reported 

in the literature under varying conditions including air-free solutions under UV light and 

ambient-air and light.2,51,55,63  The degradation studies reported here were performed under 

ambient-air and light which are representative of the environment for organic electronics.  To 

validate these conditions, the degradation of pentacene, as a reference, was studied in THF.  

The absorbance profile was taken every minute (Figure 4.10a).  Its half-life, using 

λmax = 575 nm, was calculated as 11.0 min by plotting the absorbance (A) at every time point 

over the initial absorbance (A0) (Figure 4.10b).  In the literature, the half-life of pentacene in 

THF under air-saturated and ambient light has been reported to be 10±3 min.116  Note that 

this work by Maliakal and co-workers has been critiqued for characterizing their decay 

graphs as nonexponential, i.e. zero order, yet they do not provide the initial concentration.55  

It is likely the degradation of the reactions follow a pseudo-first order kinetics, and thus, the 

half-life is independent of the concentration.  Upon closer inspection of the graphs provided 

by Maliakal and co-workers, there seems to be an exponential trend over a longer time 
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period.  Nevertheless, it was possible to reproduce a half-life value within the reported 

confidence interval.  When Figure 4.10b was re-plotted as ln(A-A0) versus time, the trend in 

the data was linear.  Consequently, these ambient-light and air conditions were used for the 

degradation studies of the N-heteropentacenes of the same concentration prepared in a 

similar environment for direct comparison.  Plots of A/A0 versus time will be shown to 

compare “half-lives” regardless of the reaction order to be consistent with how this data is 

reported in the literature.63     

 

 

Figure 4.10. The a.) absorption spectra and b.) A/A0 vs. time plot for the degradation of 

1.5E-4 M pentacene in THF. 

 

      To determine the photostability of the N-heteropentacenes 10b, 12b, and 13b, their 

absorbance spectra over time were monitored in methanol (Figure 4.11a, b, and c, 

respectively) to avoid the low resolution of the peaks in THF without the addition of water.  

In the absorbance spectra, all the molecules undergo photobleaching where 10b appears to 

degrade faster by visual inspection.  Indeed, this visual is confirmed by Figure 4.11d which 

shows the order of stability is 13b>12b>10b with 13b being the most stable compound.  The 

approximate “half-lives” of 10b and 12b are 420 minutes and 630 minutes, respectively.  The 

“half-life” for 13b was not recorded.  However, it should be noted that at 720 minutes, the 

A/A0 for 13b was 0.86.  At this rate, the “half-life” for 13b could be between one to two 
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days.  Note that the absorbances were taken at λmax = 637 nm, 637 nm, and 629 nm for 10b, 

12b, and 13b, respectively. 

 

 

Figure 4.11. The absorption spectra for the degradation of a.) 10b, b.) 12b, and c.) 13b at 

1E-4 M in MeOH and d.) the A/A0 vs. time plots. 

 

 The identity of the degraded N-heteropentacenes was investigated using MS.  For this 

analysis, the solution in the cuvette from the degradation study by UV-visible spectroscopy 

was placed in a scintillation vial, the solvent was removed under vacuum, and the solid 

residue was submitted for mass spectrometry.  The two formulas for the dimerized and 

oxidized structure were obtained and entered in the Xcalibur software.  While the theoretical 
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data did not align with the experimental data for the dimerized molecule, there was 

agreement between the theoretical and experimental data for the oxidized molecule.  Figure 

4.12a, b, and c illustrate the proposed quinone structures and their formula and Figure 4.12d, 

e, and f show the corresponding mass spectra.  This data confirms the degradation of the 

N-heteropentacenes into their quinone analogues.  Degradation to the quinone is possible via 

the endoperoxide pathway.  The mechanism for pentacene has been proposed for both the 

interaction with 1O2 and 3O2.54  The formation of the quinone structure was confirmed by 

single crystal X-ray diffraction for 10b and 12b (Figure 4.4 and Figure 4.5).  Note that the 

quinone structure for 13b was also observed by MS although the crystal was not suitable for 

X-ray diffraction as it was twinned. 

 

 

Figure 4.12. The (a-c) structures and molecular formulas of the oxidized N-heteropentacenes 

10b, 12b, and 13b and their (d-f) mass spectra. 
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4.2.3.4. Acidochromism 

Acidochromism is a spectral change of a solution by UV-visible spectroscopy in response to 

a change of pH.  Heterocycles based on nitrogen atoms are expected to undergo protonation 

when exposed to organic acids, such as TFA.  It is expected that the N-heteropentacenes 10b, 

12b, and 13b will exhibit acidochromic behavior due to the presence of the basic amino and 

pyridyl nitrogen atoms.  Consequently, spectral changes were anticipated until four 

equivalents of acid are added to the solution.    

 Acidochromic studies were carried out on N-heteropentacenes 10b, 12b, and 13b in 

methanol by adding TFA in increments of 0.25 equivalents (Figure 4.13).  Since there are 

two different groups with nitrogen atoms, it was anticipated that the pyridyl nitrogen atoms 

would be protonated first since the lone pairs are orthogonal to the π-system.  

9-Aminoacridine has also been found to protonate initially on the pyridyl nitrogen atom.117  

Figure 4.13a, c, and e show the UV-visible spectra for 10b, 12b, and 13b, respectively, with 

up to two equivalents of TFA.  Because the spectrum does not change radically, it is 

congruent with the formation of a bond with the lone pairs that are orthogonal to the 

π-system.  This hypothesis is further supported by the crystal structure of protonated 

9-aminoacridine, the three ring analogue, which shows the pyridyl nitrogen is protonated.117  

On the other hand, it was expected that the protonation of the nitrogen atom on the amino 

would result in hypsochromic shifts in the spectrum with the addition of TFA until four 

equivalents as the amino group is a basic auxochrome.  It has a pair of electrons that are in 

resonance with the π-system.  As predicted, the longest wavelength peak underwent a 

hypsochromic shift from λmax = ~640 nm to λmax = ~600 nm (Figure 4.13b, d, and f).  This 

shift is consistent with the removal of electron density from the π-system.  It should also be 

noted that the addition of TFA after roughly four equivalents of acid did not significantly 

alter the spectrum as expected as there were no more sites for protonation.  
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Figure 4.13. Acidochromism of 10b (a and b), 12b (c and d), and 13b (e and f) in TFA. 
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4.3. Conclusions 

While crystal structures of only the N-heteropentacene precursors 10a, 12a, and 13a and 

oxidized N-heteropentacene derivatives were obtained, other valuable electrical and optical 

information was acquired for the N-heteropentacenes 10b, 12b, and 13b.  Using 

electrochemistry, the LUMO energy levels were calculated which suggest that these 

molecules are potentially useful as for n-type organic materials.  The HOMO energy levels 

were calculated from the corresponding UV-visible spectra.  Together, the electrochemistry 

and the UV-visible spectra support the trend that the HOMO-LUMO gap decreases with 

increasing molecular length. 

 In the aggregation studies by UV-visible spectroscopy, it was determined aggregation 

was not present for the reported concentrations above.  In the degradation studies, 

degradation via the endoperoxide pathway to yield the quinone was established.  This 

structure for the N-heteropentacenes was confirmed by mass spectrometry and X-ray 

crystallography.  Lastly, the acidochromic studies showed the spectral changes until four 

equivalents of acid were added.  This acidochromic property of N-heteroacenes makes them 

candidates for metal ion- and proton-sensing applications.118  This data also helps in forming 

future hypothesis on how to increase the stability of the N-heteropentacenes.   

4.4. Experimental  

Crystallography: Single crystals suitable for structure analysis were selected from the bulk 

and mounted on a MiTeGen mounts. Data were collected on a Bruker-Nonius X8 Kappa 

Apex II diffractometer by ω and φ scans using MoKα radiation (λ = 0.71073 Å). Corrections 

for Lorentz and polarization effects, and absorption were made using SADABS119. All five 

structures were solved using direct methods and refined using full-matrix least squares (on 

F2) using the SHELX120 software package. All non-hydrogen atoms were refined 

anisotropically. Unless otherwise mentioned, H atoms were added at calculated positions, 

with coordinates and Uiso values allowed to ride on the parent atom. When H atoms 

participate in hydrogen bonding, their coordinates, but not Uiso, are allowed to refine for 

calculation of hydrogen bond analysis. 

Crystal structure 10a (RDS772): No issues to note. 
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Crystal structure of oxidized 10b (RDS794): The DMSO solvent is disordered around -3 site. 

Geometric restraints were necessary to maintain a chemically reasonable structure for the 

solvent. The occupancy at each location of the DMSO is set to 0.16667 for all solvent atoms. 

One reflection was omitted from the refinement because it was blocked by the beamstop. 

Crystal structure 12a (RDS757): Structure refines well with no major evidence of disorder or 

twinning. One reflection (001) is omitted from refinement because it is blocked by the 

beamstop (common occurrence with larger unit cells and MoKα radiation). 

Crystal structure of oxidized 12b (RDS793): The alkyl chain is disordered over three 

discernible orientations. All three components were treated with significant geometric 

restraints and constraints on the model to maintain a chemically reasonable structure. Despite 

this, C-C bond lengths vary noticeably. H atoms on N2 were located from the electron 

density difference map and allowed to refine freely, with isotropic displacement parameter 

set to 1.5 time that of parent atom.  

Crystal structure 13a (RDS756): Refinement of the structure reveals the likely location of a 

hydrate water, with hydrogen bond interactions to the molecule of interest. This moiety was 

modelled as partially occupied (15%), with no other possible choices for chemically 

reasonable solvates. 

Electrochemistry: CV measurements were carried out on a BASi CV-50W Potentiostat 

using a platinum working electrode (diameter 1.6 mm), a platinum wire as an auxiliary 

electrode, and a silver wire (diameter 1.0 mm) as a pseudo-reference electrode.  The 

compounds were dissolved in 0.1 M n-Bu4PF6 as the supporting electrolyte in dried and 

degassed THF.  Fc/Fc+ was used as an internal standard.  A scan rate of 50 mV/s was 

typically employed.  The Pt working electrode required cleaning between samples.  The 

LUMO energies were determined from the onsets of the first reduction peak.  

UV-visible spectroscopy: UV-visible spectra were recorded on HP 8453 spectrophotometer.  

The methanol was spectroscopic grade.  

Mass spectrometry: ESI-MS measurements were carried out on a Thermo Fisher Scientific 

Q Exactive Plus MS.    
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Chapter 5.  Initial Studies on the Synthesis of 

Oligo(N-Heteroacene)s 

5.1. Introduction 

There is interest in the synthesis of oligo(N-heteroacene)s to potentially realize more useful 

electronic and physical properties as well as the ability to perform chemical modifications at 

the nitrogen atoms.101,121–124  When compared to acenes, large N-heteroacenes can be attained 

in fewer synthetic steps due to the development of novel synthetic routes, such as BHA.  Via 

BHA, the largest N-heteroacenes, diazaheptacene derivatives with various TAS groups, 

without any pyrene substructures, have been synthesized but they dimerize fairly rapidly.125  

Pyrene subunits in the framework are undesirable as they interrupt the conjugation of the 

acenes, especially if the molecule has a reflection symmetry as opposed to a centrosymmetric 

symmetry.126  A strategy to mitigate the issue of stability in these oligo(N-heteroacene)s 

includes the placement of at least four nitrogen atoms in the framework.40  Consequently, a 

slight improvement in the stability of N-heteroheptacene and N-heterononacene is anticipated 

as they will have three and four nitrogen atoms in the framework, respectively. 

5.2. Results and Discussion 

5.2.1. Synthesis of N-Heteroheptacene 

A synthesis of the N-heteroheptacene using the cyano group as a cyclizing group was 

designed (Scheme 5.1).  An analysis of the retrosynthetic pathway suggests that the 

N-heteroheptacene precursor can be obtained by coupling the building blocks 27 and 28.  

Before proceeding to the synthesis of 27 and 28, note that the synthesis of larger 

oligo(N-heteroacene)s was being carried out at the same time the synthesis and the 

cyclization of the N-heteropentacenes were being optimized.  For this reason, this synthesis 

was conducted with no substituents to help with solubility issues or to help prevent the 

formation of the bent structure.   
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Scheme 5.1. Retrosynthetic pathway for the synthesis of the N-heteroheptacene. 

 

 

The synthesis of 27 was attempted using one equivalent of 2-bromobenzonitrile and 

one equivalent of 1,4-phenylenediamine (Scheme 5.2).  It was anticipated that this 

stoichiometric ratio would yield 27, even though it is possible to obtain the 

N-heteropentacene precursor 8.  The desired building block 27 was obtained in a 34% yield.  

A potential reason for the low yield could be the co-elution of impurities with the targeted 

product which is oily.  While the yield was less than ideal, a sufficient amount of 27 was 

isolated to attempt the synthesis of the N-heteroheptacene precursor.  

 

Scheme 5.2. Synthesis of building block 27. 

 

 

The synthesis of 28 was attempted by coupling one equivalent of 9 to one equivalent 

of aniline (Scheme 5.3).  Like the reaction in Scheme 5.2, it is possible that the reaction in 

Scheme 5.3 could yield the N-heteropentacene precursor 10a.  This bis-coupling did occur 

and the initial attempts to synthesize 28 were unsuccessful.  Despite using a 1:1 ratio of the 
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dihalide monomer 9 and aniline, the only products obtained from the reaction were the 

dihalide starting material and the N-heteropentacene precursor 10a.   

 

Scheme 5.3. Synthesis of building block 28. 

 

 

Two other attempts in the synthesis of 28 are entries 2 and 3 in Table 5.1.  In entry 2, the Pd 

loading was decreased, the ratio of 9 to aniline was increased, and the order of addition was 

reversed where 9 is added last to the reaction mixture.  In entry 3, the ratio of 9 to aniline was 

doubled, the temperature was decreased to room temperature, and the concentration of the 

aryl halide in solution was decreased.  Neither entry 2 nor entry 3 yielded 28.  Attempts to 

synthesize 28 under more dilute conditions as a strategy to minimize the formation of 10a 

were not carried out upon witnessing solubility issues of the N-heteropentacene and 

N-heterononacene precursors.  Consequently, the inability to synthesize fragment 28 as well 

as the low solubility of other compounds, ceased efforts to optimize the synthesis of the 

building blocks 27 and 28 and, ultimately, the synthesize of the N-heteroheptacene using the 

cyano group as a cyclizing group. 

 

Table 5.1. Reaction conditions for the synthesis of building block 28. 

Entry Pd loading 
Ratio  

(9: aniline) 
Temp. 
(°C) 

Conc. 
(M)*  

Order of 
Addition 

Product 

1 1 mol% 1:1 100 1.0 9 and then aniline 10a 

2 0.7 mol% 1.5:1 100 1.5 aniline and then 9 10a 

3 1 mol% 2:1 RT 0.5 aniline and then 9 10a 

*Concentration of the aryl halide. 



 

140 

5.2.2. Synthesis of N-Heterononacene 

Note that at the time the solubility of N-heterononacene precursor was underestimated and 

the pursuit of synthesizing large N-heteroacenes continued.  Thus, a retrosynthetic pathway 

for the N-heterononacene using the cyano as the cyclizing group was designed (Scheme 5.4).  

Specifically, it was proposed that the N-heterononacene precursor could be synthesized using 

two equivalents of 2-bromobenzonitrile and the building block 29.   

 

Scheme 5.4. Retrosynthetic pathway for the N-heterononacene. 

 

 

The synthesis of fragment 29 was obtained from the cross-coupling of one equivalent 

of the monomer 9 and a slight excess of two equivalents of 1,4-phenylenediamine (Scheme 

5.5).  From this reaction, the desired product was obtained in 88% yield as a red solid.  Note 

that in the purification process, 29 was rinsed with ethyl acetate and methanol.  While this 

process worked to remove most of the impurities, it also highlights future issues with the 

solubility of this molecule.           
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Scheme 5.5. Synthesis of building block 29. 

 

 

With the successful synthesis of 29, the synthesis of the N-heterononacene precursor 

was attempted (Scheme 5.6).  Overall, this reaction was fruitful in obtaining 30 in an 

approximate yield of 55%.  However, the proton spectrum showed the presence of some 

starting material 29.  Recall that 29 does not dissolve in ethyl acetate or methanol.  Due to the 

presence of 29, the cyclization of 30 was not carried out because it would be difficult to 

identify which cyano groups would have cyclized.  Furthermore, it was expected that the 

N-heterononacene will be less soluble than its precursor which would make isolation 

challenging.  

 

Scheme 5.6. Synthesis of the N-heterononacene precursor. 

 

 

5.3. Conclusions 

In the pursuit of larger N-heteroacenes, synthetic routes for the N-heteroheptacene and 

N-heterononacene were proposed.  Efforts towards the synthesis of N-heteroheptacene 

ceased upon discovering the difficulty in the synthesis of the building block 28 and the low 

solubility as witnessed for the N-heteropentacene and N-heterononacene precursors.  The low 

solubility assisted in the purification of the building block 29 but increased the difficulty in 

the isolation of 30.  While the objective to synthesize N-heteroheptacene and 

N-heterononacene was not achieved, it is promising to see that the coupling chemistry works 
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on larger molecules.  It is also likely that these yields could be higher with more soluble 

molecules.  Moving forward with larger N-heteroacenes, it is important to consider the use of 

solubilizing groups to simplify purification and characterization.          

5.4. Experimental 

27. 

 

Brettphos (12.0 mg, 22.4 µmol), brettphos Pd G1 (16.5 mg, 20.7 µmol), cesium carbonate 

(1.302 g, 4.00 mmol) and t-butanol (2 mL) were placed in a scintillation vial equipped with a 

stir bar in the dry box and stirred at room temperature for 15 min.  Then, 2-bromobenzonitrile 

(365 mg, 2.01 mmol), and 1,4-phenylenediamine (231 mg, 2.14 mmol) were added into the 

vial with the catalyst and ligand and heated to 100 °C.  After 2 hours, the reaction was 

extracted with ethyl acetate and purified by flash chromatography in hexanes:ethyl acetate 

(60:40).  The fractions for the desired product were collected and the solvent was removed 

under reduced pressure to yield the desired product as a brown oil (143 mg, 34%). 

 
1H NMR (400 MHz, DMSO-d6): δ [ppm] = 4.90-5.05 (s, 2H), 6.54-6.60 (d, 2H), 6.69-6.74 (t, 

1H), 6.74-6.79 (d, 1H), 6.85-6.90 (d, 2H), 7.30-7.36 (t, 1H), 7.48-7.53 (d, 1H), 7.80-7.83 (s, 

1H); 13C NMR (400 MHz, DMSO-d6): δ [ppm] = 96.1, 113.8, 114.5, 117.3, 118.1, 125.1, 

128.9, 133.6, 134.0, 145.8, 150.0; IR:  1/λ [cm-1] = 3406, 3333, 3235, 2207, 1597, 1569, 

1507, 1452, 1326, 1291, 1263, 1173, 1154, 842, 763, 747, 504; Rf (SiO2, 60:40 

(hexanes:ethyl acetate)): 0.30; ID: RCG-0087. 
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29. 

 

Brettphos Pd G1 (48.1 mg, 60.2 µmol), cesium carbonate (1.975 g, 6.06 mmol) and t-butanol 

(4 mL) were placed in a scintillation vial equipped with a stir bar in the dry box and stirred at 

room temperature for 30 min.  Then, 9 (861 mg, 3.01 mmol), and 1,4-phenylenediamine 

(673 mg, 6.23 mmol) were added into the vial with the catalyst and ligand and heated to 100 

°C.  After 1 hour, the reaction was diluted with ethyl acetate, centrifuged, and decanted, and 

this process was repeated.  Then, the solid was rinsed with methanol until the filtrate was not 

basic by pH paper to yield the desired product as a bright red solid (899 mg, 87.6%). 

 
1H NMR (400 MHz, DMSO-d6): δ [ppm] = 4.88-4.92 (s, 4H), 6.53-6.58 (d, 4H), 6.78-6.83 

(d, 4H), 6.95-6.98 (s, 2H), 7.61-7.65 (s, 2H); 13C NMR (400 MHz, DMSO-d6): 

δ [ppm] =104.4, 114.7, 116.8, 120.2, 123.1, 130.5, 141.2, 145.0; IR:  1/λ [cm-1] = 3434, 

3351, 3041, 2211, 1622, 1607, 1528, 1511, 1467, 1454, 1436, 1407, 1289, 1267, 1242, 1183, 

1140, 907, 818, 722, 671, 571; ID: RCG-0098 and RCG-0139. 

 

30. 

 

Brettphos Pd G1 (14.1 mg, 17.7 µmol), cesium carbonate (1.310 g, 4.02 mmol) and t-butanol 

(2 mL) were placed in a scintillation vial equipped with a stir bar in the dry box and stirred at 

room temperature for 15 min.  Then, 2-bromobenzonitrile (371 mg, 2.04 mmol), and 29 

(293 mg, 0.860 mmol) were added into the vial with the catalyst and ligand and heated to 
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100 °C.  After 1 hour, the reaction was cooled and rinsed with water followed by methanol 

and THF.  The red violet solid was obtained with some impurities (258 mg, 55.2%). 

 
1H NMR (400 MHz, DMSO-d6): δ [ppm] = 6.84-6.91 (s, 2H), 7.03-7.08 (d, 5H), 7.09-7.15 (t, 

7H), 7.41-7.47 (s, 4H), 7.58-7.63 (d, 2H), 8.25-8.31 (d, 4H); ID: RCG-0100.  Integrations are 

off because of the presence of impurities that are difficult to remove due to low solubility. 
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Chapter 6.  Conclusions and Future Work 

6.1. Conclusions 

In Chapter 2, model reactions were designed to test whether mono- or di-arylation was 

occurring as a function of the reaction conditions.  With mass spectrometry confirming that 

di-arylation was occurring, two solutions were proposed, incorporating a protecting group 

and using a highly selective catalyst/ligand system, BrettPhos Pd G1.  In a cost-effective 

approach, the re-optimization of the C-N bond formation with the protecting group OOB was 

tried first via BHA followed by NAS.  However, it was discovered that with BHA, there was 

an issue with β-hydride elimination, and with NAS, macrocycles formed.  Given these set-

backs, the alternative option using BrettPhos Pd G1 was executed on para-linked versus 

meta-linked molecules.  The selective ligand/catalyst gave the mono-arylated product in high 

yields (>78%) with short times (< 2 h.).  The other issue associated with the lack of 

cyclization was addressed by switching the placement of the cyano groups from the outer 

rings to the inner ring.           

 With the optimizations in Chapter 2, Chapter 3 presents the synthesis of 

N-heteropentacene derivatives using the cyano group as the cyclization group.  Furthermore, 

whether a protonated pyridyl group negatively impacted the second cyclization was 

examined.  N-heteropentacene precursors with two different types of cyclizing groups, a 

methyl ketone and an aldehyde, on either the inner or outer rings were synthesized and 

cyclization of them was attempted when then the synthesis of the precursor was successful.  

In the synthetic endeavor, there was a challenge in the coupling of aryl halides with “bulky” 

groups in the ortho position to the halide.  This complicated the synthesis of the precursors 

with the aldehyde group.  As for the derivatives with the methyl ketone on the outer rings, it 

was discovered that the cyclization yielded the bent structure without substituents and the 

mono-cyclized structure with substituents in the inner ring.  Cyclization of the precursor with 

the methyl ketone groups on the inner ring yielded unidentified products.  As for the 

derivatives with the cyano group on the outer rings, starting material was recovered when 

there were substituents on the inner ring and at least six products formed in the absence of 
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substituents.  Consequently, a conclusion on the effect of pyridyl nitrogen protonation cannot 

be formulated yet.     

In Chapter 4, three N-heteropentacene derivatives were characterized via various 

analytical techniques.  Via single crystal X-ray diffraction, crystal structures for the 

precursors and the degraded N-heteropentacenes were obtained.  Because the solid-state 

arrangement of the N-heteropentacenes is crucial for understanding their charge-transport, 

there are ongoing efforts to obtain their crystal structures before their degradation.  The 

electrochemical properties of the N-heteropentacenes were evaluated using CV where their 

LUMO energy levels were calculated to be -3.88, -3.97, and -3.78 eV.  Based on these 

energy levels, these molecules, could in theory, be used in organic electronics.  However, 

lowering their LUMO energy level would be beneficial for the fabrication of stable organic 

devices.  Via UV-visible spectroscopy, it was determined no aggregation was present in the 

prepared solutions.  In the degradation studies, the “half-lives” were determined, and, in 

combination with mass spectrometry, it was concluded that the N-heteropentacenes degraded 

via the endoperoxide pathway to form the quinone.    

Chapter 5 covered the retrosynthetic schemes for the synthesis of N-heteroheptacene 

and N-heterononacene using the cyano as a cyclizing group.  The synthetic endeavor ceased 

for the N-heteroheptacene when it was difficult to synthesize one of the building blocks.  On 

the other hand, it was possible to synthesize the N-heterononacene precursor.  However, the 

issue of solubility made its isolation difficult.  Due to the multiple products that could arise 

when exposed to acid in the presence of impurities, the cyclization of this N-heterononacene 

precursor was not attempted.     

6.2. Future Work 

6.2.1. Synthesis of Soluble and Stable N-Heteropentacenes 

Many challenges in the synthesis of some N-heteropentacene precursors and their cyclization 

were identified in Chapters 2 and 3 that needed remediation.  One dilemma was balancing the 

desire for the mono-arylated product with the limitation of coupling aryl halides with bulky 

groups ortho to the halide.  This concern is one that has been voiced in the literature where 
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approaches to the latter issue include using smaller halides, such as chlorine instead of 

bromine, and using advanced phosphine ligands.40   

 To better be able to tune the charge transport properties of N-heteropentacenes, 

knowledge of their solid-state packing is critical.  One avenue that was not explored in this 

work entails using physical vapor transport to generate single crystals suitable for X-ray 

diffraction.  Furthermore, it is of interest to grow crystals using this method at different 

temperatures as it can result in polymorphic structures.  Polymorphism is a concept that is 

being explored in the search for high performing organic molecules.48,49,127 

 In Chapter 4, the degradation studies of the N-heteropentacenes revealed that they 

degrade via the endoperoxide pathway.  We hypothesize that a method to drastically improve 

their stability involves placing a sulfide substituent on the center ring, the most reactive site.  

However, before pursuing this route, there are a few considerations that need to be evaluated.  

These include the challenges synthesizing a hexa-substituted building block and the viability 

of using another cyclizing group.  For example, in Chapter 3, the N-heteropentacene 

precursor with a t-butylthio on the center ring and cyano groups on the outer rings, 18, was 

synthesized.  However, unidentified products were generated from its cyclization.  This result 

may be congruent to the cyclization of 8 where six different products were isolated.  An 

alternative option to increase the stability of these N-heteropentacenes is to incorporate 

fluoroalkyl substituents.  These substituents can slow the diffusion of ambient oxidants, and 

thus, they can improve the stability of N-heteropentacenes in air.128,129        

6.2.2. Applications of N-Heteropentacenes 

The potential applications of N-heteroacenes largely depend on their chemical, optoelectrical, 

and physical properties.  In Chapter 4, the characterization of the N-heteropentacenes 

revealed LUMO energy levels ranging from -3.78 eV to -3.98 eV.  These values are very 

close to the reported threshold minimum of -4.0 eV for stable electron transport.56  Note it 

has been reported that molecules with LUMO energy levels at -3.10 eV are considered 

acceptable for n-type applications.130  Consequently, it is worthwhile to pursue studies to 

investigate their electron mobility in OFETs.  In this pursuit, there are various parameters 

that can be varied, such as the composition of the electrode and the spin-coating conditions.   
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     In addition to OFETs, these N-heteropentacenes can be evaluated for their usefulness 

in other applications listed in Chapter 1, such OLEDs, OPVs, and ORMs, as well as in less 

well-studied applications as sensors and molecular conductors.  In the realm of sensors, the 

lone pair on the nitrogen atoms enables them to be protonated or to be coordinated with metal 

ions.  For example, in the acidochromic studies, the absorption spectra continued to change 

until four equivalents of acid were added to the cuvette.  Consequently, the 

N-heteropentacenes can be used as ion probes.  As for molecular conductors, it has been 

reported that metal-organic networks can be created with high conductivity.61 

6.2.3. Synthesis of Oligo- and Poly-(N-Heteroacene)s 

The synthesis of oligo- and poly-(N-heteroacene) precursors were carried out in which the 

precursors possessed low solubility.  Consequently, it was difficult to carry out full 

characterization and to monitor the completion of the cyclization reactions.  Future efforts on 

synthesizing the larger N-heteroacenes should center on solubilizing groups and approaches 

to stabilize the products from dimerization and/or oxidation.  In contrast to the building 

blocks used for the N-heteropentacene precursors, new, tetrafunctional monomers will have 

to be designed and the sensitivity for the coupling of aryl halides with “bulky” group ortho to 

the halide will need to be addressed.  In the design of new monomers, it might be of interest 

to consider pyridines to introduce more nitrogen atoms in the framework for stabilization.  

For example, one of the building blocks could be pyridine with a substituent at the γ position 

and a halogen, such as bromine, at α position (Figure 6.1).  The other building block would 

have an amine groups to form the C-N bond and a cyclizing group to gain the aromatic 

structure. 

 

 

Figure 6.1. Potential monomer for the synthesis of larger N-heteroacenes. 
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6.2.4. Applications of Oligo- and Poly-(N-Heteroacene)s 

The interest in larger N-heteroacenes stems from the complementary properties to acenes.100  

Currently, large N-heteroacenes have been constructed on the principle of increasing the 

number of Clar sextets by incorporating coronene and pyrene subunits in the backbone.131–133  

However, while these strategies help stabilize the molecule, they also interrupt the 

aromaticity, defeating their utility as molecules with smaller HOMO-LUMO gaps.  Thus, the 

quest for larger n-type materials continues in search for better properties.   

On a separate note, if successful with the synthesis of poly(N-heteroacene) precursors 

(i.e. poly(aniline)), then it can be of interest to evaluate their use as electrochromic polymers.  

Electrochromism is the process in which there is a reversible color change upon an electrical 

signal causing the reduction or oxidation of a material.  Because poly(aniline) has multiple 

redox states and the monomer is cheap, it is a good candidate.  However, it is difficult to 

synthesize poly(aniline) with functional groups to augment its solubility and explore its 

properties.  Consequently, if soluble derivatives of poly(aniline) can be synthesized, then 

their properties can be exploited for applications in eyewear and smart windows.134 
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Appendix A. 1H and 13C NMR Spectra 

 

Figure A 1. 1H NMR spectrum of 1a. 

 

Figure A 2. 13C NMR spectrum of 1a. 
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Figure A 3. 1H NMR spectrum of 2. 

 

Figure A 4. 1H NMR spectrum of 3. 
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Figure A 5. 1H NMR spectrum of 4. 

 

Figure A 6. 13C NMR spectrum of 4. 
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Figure A 7. 1H NMR spectrum of 5. 

 

Figure A 8. 13C NMR spectrum of 5. 
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Figure A 9. 1H NMR spectrum of 6. 

 

Figure A 10. 13C NMR spectrum of 6. 
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Figure A 11. 1H NMR spectrum of 7. 

 

Figure A 12. 1H NMR spectrum of 8a. 
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Figure A 13.13C NMR spectrum of 8a. 

 

Figure A 14. 1H NMR spectrum of 9. 
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Figure A 15. 13C NMR spectrum of 9. 

 

Figure A 16.1H NMR spectrum of 10a. 
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Figure A 17. 13C NMR spectrum of 10a. 

 

Figure A 18. 1H NMR spectrum of 10b. 
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Figure A 19. 1H NMR spectrum of 11. 

 

Figure A 20.13C NMR spectrum of 11. 
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Figure A 21.1H NMR spectrum of 12a. 

 

Figure A 22. 13C NMR spectrum of 12a. 
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Figure A 23. 1H NMR spectrum of 12b. 

 

Figure A 24. 1H NMR spectrum of 13a. 
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Figure A 25. 13C NMR spectrum of 13a. 

 

Figure A 26. 1H NMR spectrum of 13b. 
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Figure A 27. 1H NMR spectrum of 14a. 

 

Figure A 28. 13C NMR spectrum of 14a. 
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Figure A 29. 1H NMR spectrum of 14b. 

 

Figure A 30. 1H NMR spectrum of 15a. 
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Figure A 31. 1H NMR spectrum of 16. 

 

Figure A 32. 13C NMR spectrum of 16. 
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Figure A 33. 1H NMR spectrum of 17. 

 

Figure A 34. 1H NMR spectrum of 18a. 
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Figure A 35. 13C NMR spectrum of 18a. 

 

Figure A 36. 1H NMR spectrum of 19a. 
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Figure A 37. 1H NMR spectrum of 20a. 

 

Figure A 38. 1H NMR spectrum of 21. 
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Figure A 39. 13C NMR spectrum of 21. 

 

Figure A 40. 1H NMR spectrum of 22. 
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Figure A 41. 13C NMR spectrum of 22. 

 

Figure A 42. 1H NMR spectrum of 23a. 
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Figure A 43. 13C NMR spectrum of 23a. 

 
Figure A 44. 1H NMR spectrum of 24a. 
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Figure A 45. 13C NMR spectrum of 24a. 

 

Figure A 46. 1H NMR spectrum of 24c. 



 

182 

 

Figure A 47. 13C NMR spectrum of 24c. 

 
Figure A 48. 1H NMR spectrum of 25a. 
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Figure A 49. 13C NMR spectrum of 25a. 

 
Figure A 50. 1H NMR spectrum of 26. 
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Figure A 51. 13C NMR spectrum of 26. 

 
Figure A 52. 1H NMR spectrum of 27. 
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Figure A 53. 13C NMR spectrum of 27. 

 
Figure A 54. 1H NMR spectrum of 29. 
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Figure A 55. 13C NMR spectrum of 29. 

 

 
Figure A 56. 1H NMR spectrum of 30.  
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Appendix B. Crystallography 

Table A 1. Crystallographic data for 10a. 

Precursor 10a 
Identification code rds772 
Chemical formula C20H14N4 
Formula weight 310.35 g/mol 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal size 0.085 × 0.104 × 0.219 mm 
Crystal habit orange rod 
Crystal system monoclinic 
Space group P 1 21/n 1 

Unit cell dimensions 
a = 10.4305(7) Å          α = 90° 
b = 8.8050(6) Å            β = 100.262(2)° 
c = 17.1263(11) Å        λ = 90° 

Volume 1547.73(18) Å3 
Z 4 
Density (calculated) 1.332 g/cm3 
Absorption coefficient 0.082 mm-1 
F(000) 648 
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Table A 2. Crystallographic data for 12a. 

Precursor 12a 
Identification code rds757 
Chemical formula C32H38N4 
Formula weight 478.66 g/mol 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal size 0.055 × 0.084 × 0.253 mm 
Crystal habit orange needle 
Crystal system triclinic 
Space group P -1 

Unit cell dimensions 
a = 4.6765(2) Å            α = 94.8546(18)° 
b = 8.8636(4) Å            β = 96.9690(18)° 
c = 16.2126(8) Å          λ = 97.109(2)° 

Volume 658.53(5) Å3 
Z 1 
Density (calculated) 1.207 g/cm3 
Absorption coefficient 0.071 mm-1 
F(000) 258 
 

Table A 3. Crystallographic data for 13a. 

Precursor 13a 
Identification code rds756 
Chemical formula C28H30.28N4 O0.14

* 
Formula weight 425.09 g/mol 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal size 0.130 × 0.138 × 0.247 mm 
Crystal habit orange block 
Crystal system monoclinic 
Space group P 1 21/n 1 

Unit cell dimensions 
a = 21.0773(14) Å        α = 90° 
b = 6.9231(5) Å            β = 101.741(2)° 
c = 16.9633(11) Å        λ = 90° 

Volume 2423.5(3) Å3 
Z 4 
Density (calculated) 1.165 g/cm3 
Absorption coefficient 0.070 mm-1 
F(000) 910 
*Note that the chemical formula is off due to the presence of water in the unit cell. 
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Table A 4. Crystallographic data for 10b (oxidized). 

N-Heteropentacene 10b (oxidized) 
Identification code rds794 
Chemical formula C20.67H14N4 O2.33 S0.33

* 
Formula weight 366.38 g/mol 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal size 0.106 × 0.111 × 0.240 mm 
Crystal habit orange rod 
Crystal system trigonal 
Space group R -3 

Unit cell dimensions 
a = 26.0163(18) Å        α = 90° 
b = 26.0163(18) Å        β = 90° 
c = 6.8761(5) Å            λ = 120° 

Volume 4030.5(6) Å3 
Z 9 
Density (calculated) 1.358 g/cm3 
Absorption coefficient 0.129 mm-1 
F(000) 1710 
*Note that the chemical formula is off due to the presence of DMSO in the unit cell. 

Table A 5. Crystallographic data for 12b (oxidized). 

N-Heteropentacene 12b (oxidized) 
Identification code rds793 
Chemical formula C32H36N4 O2 
Formula weight 508.65 g/mol 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal size 0.046 × 0.268 × 0.429 mm 
Crystal habit orange plate 
Crystal system monoclinic 
Space group P 1 21/c 1 

Unit cell dimensions 
a = 10.4169(5) Å             α = 90° 
b = 9.4055(5) Å               β = 109.1784(17)° 
c = 14.6021(8) Å             λ = 90° 

Volume 1351.26(12) Å3 
Z 2 
Density (calculated) 1.250 g/cm3 
Absorption coefficient 0.079 mm-1 
F(000) 544 
 


