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CHAPTER 1 

INTRODUCTION TO CONDUCTING POLYMERS  

1.1. Dissertation overview 

This dissertation is comprised of work performed primarily by the author while in the Jeffries-

EL research group from 2009-2015. The main goal of the research is to design, synthesize, and 

characterize new electron accepting constituents for organic photovoltaic (OPV) materials by 

analyzing the structure-property relationships arising from such structural modifications. Design 

of the materials is guided by the results of previous research and fundamental physical organic 

principles. The following overviews the composition of this dissertation and the role of each 

contributor toward the project. 

Chapter 1 introduces organic semiconductors, with an emphasis on organic photovoltaic 

materials by exploring the operation principles of a bulk heterjunction (BHJ) solar cell, from the 

nanoscale to macroscale level. Chapter 1 concludes by discussing the various elements to consider 

when designing an organic photovoltaic material; concepts which are implemented in the 

following chapters.  

New transformations of trithioorthoesters are studied in Chapter 2. The initial motivation was 

to develop a new route for synthesis of orthoesters, an important intermediate of benzobisoxazole 

(BBO) based compounds used in our group. We optimized this transformation and studied the 

scope of reactivity by synthesizing various orthoesters. The reaction was then expanded by 

synthesizing other heterocycles, demonstrating the utility of this versatile reaction which can have 

applications toward synthesis of other organic electronic building blocks. The concept for this 
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research was proposed by Dr. Jeffries-EL and implemented by the author of this dissertation along 

with James Klimavicz.  

Chapter 3 introduces the properties and synthesis of benzobisoxazoles as used for OPV 

materials to preface the experimental attempts to synthesize 2,6-asymmetric trans-

benzobisoxazoles.  

The goal of Chapter 4 is to improve the electron accepting ability of benzobisoxazoles in 

conjugated polymers by altering the conjugation pathway and varying the substitution at the 2,6-

position. Donor-acceptor-donor small molecules are used as a platform to study the stucture-

property effects of the 2,6-substitutions and then a polymer is synthesized with the 

benzobisoxazole which resulted in the lowest bandgap of the small molecules.  

Having demonstrated in Chapter 4 that strategic addition of electron-withdrawing groups can 

lower the bandgap of the material, Chapter 5 continues that pursuit by focusing on substitution of 

another heterocycle, isodindigo. A new synthesis of an N-acyloyl isoindigo is presented and the 

stucture-property effects of N-alkyl vs. N-acyloyl isoindigos are compared when incorporated into 

a donor-acceptor conjugated polymer.  

Chapter 6 studies an electron-deficient heterocycle, isatin, used for the first time herein for the 

synthesis of a solution processable small molecule for organic photovoltaics. The structure is 

modified by a Knoevenagel condensation with the goal of decreasing the bandgap. Both molecules 

are characterized and their performance in the active layer of a bulk heterjunction solar cell is 

evaluated.  

This dissertation concludes with general remarks and ideas of future research for 

benzobisoxazoles and donor-acceptor small molecules, followed by acknowledgements. 
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1.2. Intro duction to organic photovoltaics 

Energy demand is expected to increase by 56% by 20401, yet the supply of traditional fossil 

fuels is expected to be depleted within the next 120 years2. This inversely proportional relationship 

of fossil fuel availability to global energy demand highlights the urgent need for practical, 

renewable sources of energy. The largest source of energy in our solar system by far is the sun 

itself and it has the potential to be harnessed in some capacity in most environments. While the 

greatest solar resource in the United States is located in the southwest, even the northern states 

can, on average, receive about 4 kWh/m2 /day3. Future energy models predict that solar will 

become one of the prominent renewable energy sources, accounting for up to 14% of the global 

supply by 20404. The development of cost-efficient photovoltaic devices would help open more 

markets for renewable energy and, in recent years, the cost of silicon based solar panels has reached 

a level of practical affordability for most consumers5, but continuing development of organic 

electronics holds the promise of obtaining the most economical devices6.  

Unlike inorganic semiconductors, semiconducting organic molecular or polymeric materials 

offer the advantages7 of not only cheaper overall cost, but easier fabrication via conventional 

printing techniques8, flexibility9, and a variety of synthetic techniques can be utilized to tune the 

material for any desired application or property. With these unique properties, organic electronics 

could find niche applications  such as integration into apparel, customer electronics, and off-grid 

power generation10, as well as hybrid organic/inorganic tandem solar cells11. While the latest 

certified organic photovoltaic device achieved a 12% efficiency in 201312, more research progress 

is needed to further advance the efficiencies of organophotovoltaics to compete with the dropping 

prices of traditional solar.   
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The photoconductivity properties of organic compounds have long been known, beginning 

with the small molecules and then conjugated polymers. Heeger, MacDiarmid, and Shirakawa 

discovered in 1977 that doping of polyacetylene enhanced its photoconductivity13, for which they 

received the Nobel Prize in 2000. Tang reported the first bilayer organic heterojunction14 solar cell 

by 1986 and the field of organic photovoltaics has expanded ever since15. The combinations of 

organic structures that can be utilitized for  devices, ranging from the semiconducting backbone 

units to solubilizing or functional side groups, is seemingly infinite and in an effort to increase 

device performance, research strategically focuses on such structure-property relationships and the 

underlying physics of the processes involved as well as improved device engineering methods. 

With the increase in efficiency gained in the last few years, ongoing research can contribute to 

even better device performances. 

1.2.1. Origin of organic semiconductors 

Before exploring the variety of structures used for organic electronics, we will discuss the 

origin of their semiconducting properties in the context of conjugated polymers. Solution 

processable conjugated small molecules are emerging as popular materials and certainly many of 

the properties discussed below apply to them as well. 

The property of conductivity determines whether a material is a metal (106 to 104 (Ýcm)-1), 

semiconductor (104 to 10-10 (Ýcm)-1),  or insulator(< 10-10 (Ýcm)-1)16. The semiconducting nature 

of a material depends on its bandgap, defined as the difference in the conduction and valence 

bands, with the bands being the summation of the energy levels occupied (valence) and unoccupied 

(conduction) by electrons. When there is no gap the material is a conductor and electrons can flow 

freely, such as in metals (Figure 1.1). A small gap gives the material semiconducting properties 

such that electrons can be excited to the conduction band by electrical, chemical, or thermal 
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stimulation. Larger bandgaps result in insulating materials which cannot conduct charges under 

normal operating conditions.  

 

Figure 1.1. Band diagram of metallic, semiconducting and insulating materials. 

The nature of organic semiconductors is based on an increasing degree of conjugation17 within 

the molecule. When conjugation, the alternation of double and single bonds, in an organic 

molecule increases, the filled bonding and antibonding pi molecular orbitals of the structure builds 

up to a state that they resemble the valence and conduction bands of traditional inorganic 

semiconductors. The bandgap is the energy gap between the highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO).  

One might imagine that as the degree of conjugation increases, the bandgap continuously 

decreases to a point where it vanishes and the material obtains metallic properties; however this 

does not occur. It is true that the bandgap decreases up to a certain point at which the material has 

reached its so-called effective conjugation18 and no further decrease can be obtained by extending 

conjugation. Due to Peierlôs distortion19, organic metals do not exist. For example, consider the 

material polyacetylene which is comprised of alternating double and single bonds. At first glance, 
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it appears that a resonance form can be drawn by exchanging the position of these bonds, and 

therefore can be denoted with equal bond lengths similarly to that of a benzene ring (Figure 1.2). 

In actuality, it has been observed by NMR and X-ray crystallography20 that the alternating bonds 

differ by approximately 0.08 Å21, resulting in a bandgap of 1.5-2.0 eV22. 

 

Figure 1.2. Resonance forms of benzene and polyacetylene. 

1.3. Bulk Heterojunction Solar Cells 

1.3.1. Solar cell architecture 

Conventional OPV architecture layers the components of the device as shown in Figure 1.3, 

starting with an indium tin oxide (ITO) glass substrate as the anode, followed by a hole conducting 

layer of  poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS). The active layer 

is a mixture of electron-donating polymer and electron accepting [6,6]-phenyl-C61-butyric acid 

methyl ester (PCBM), a soluble fullerene derivative with good electron transport properties23. 

Lastly, an electron transport layer followed by a metal anode are applied. The polymer and PCBM 

are analogous to the p-type and n-type materials of inorganic semiconductors, but they operate in 
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a different way. Their mode of conduction will be explained in the following section. 

 

Figure 1.3.  Architecture of an OPV device.  

The composition of the active layer is a key component of device performance and it has 

evolved from original bilayer devices14 into the concept of a bulk heterojunction24 with polymer 

and fullerene blended into one layer of intermixed materials to form networks for conduction 

(Figure 1.4). It is important to optimize the morphology of the polymer/PCBM mixture within 10 

to 20nm to provide the pathways for conduction25. This can be controlled through the design of 

the polymer structure, by solvent vapor26 or thermal annealing27, or the addition of solvent 

additives28.  
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Figure 1.4. Close-up of the active layer in a bulk heteojunction solar cell.29 

1.3.2. Charge transport 

In short, charge transport in an OPV occurs by stepwise charge generation, exciton diffusion, 

charge separation and transport to the electrodes, as illustrated in Figure 1.5. The conjugated 

polymer is the active material30 which absorbs the solar photons (Step 1,  Figure 1.5) to excite an 

electron from the HOMO to the LUMO, leaving behind a hole in the HOMO (Step 2, Figure 1.5). 

Because of the low dielectric constant of organic materials31, the resulting hole and electron are 

weakly bound by Coulombic forces to form a neutral species called an exciton. The neutral exciton 

is not influenced by external fields32, and thus can randomly travel down the chain via Förster 

resonant energy transfer33. The exciton can travel a short distance (Step 3, Figure 1.5), before 

recombining or meeting with a material of a higher  
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Figure 1.5. Charge formation and transport in a donor-acceptor material configuration.34 

electron affinity (usually PCBM)35 onto which to donate the electron36 (Step 4, Figure 1.5) to form 

a charge transfer species. Upon dissociation of the exciton onto the donor and acceptor materials, 

the hole and electron then each travel to their respective electrodes (Step 5 and 6, Figure 1.5). 

1.3.3. Device performance characteristics 

An OPV device is analyzed by measuring the current density (J) as the voltage (V) is varied, 

resulting in what is called a J-V curve. The working equation for calculating the power conversion 

efficiency (PCE or Ἧ) of an OPV (equation 1) is represented by the fraction of power generated 

(Pout) versus power input (Pin), or the ratio of the variables of fill factor (FF), short circuit current 

density (Jsc) and open circuit voltage (Voc) over Pin.  

 
╟▫◊◄

╟░▪
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Figure 1.6. A J-V curve37 and a circuit diagram of a solar cell.38 

The Voc is the maximum voltage obtained under open circuit conditions. This is an intrinsic 

property of the active layer which is controlled by the offset of the LUMO of the PCBM acceptor 

and the HOMO of the polymer donor39. The Jsc is the current per area under no applied bias. It 

depends on many factors such as charge generation, recombination, and mobility40. Recombination 

can occur by decay of the charge transfer species (geminate recombination)41 or the charge 

separated species (bimolecular recombination)42. 

Another variable is the fill factor which is the fraction of the graph extending from the axes to 

the point of Voc at maximum power (FF = (JmVm)/(JscVoc))
43. This represents the ñsquarenessò of 

the J-V curve, and is influenced by a multitude of factors44 that contribute to the overall shape of 

the curve. A summary of these features has been published by Qi & Wang43. The slope of the curve 

near the Y-axis represents the inverse of the shunt resistance, Rsh, of the device. This resistance 

occurs from leakage currents either at the edge of the cell or material defects and impurities. Rsh 

can sometimes be improved after annealing, which is a strategy for generating higher ordered films 

and improving interlayer contacts45. The effect of annealing and addition of buffer layers46 upon 
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Rsh highlights the need for optimization of morphology not only between the donor and acceptor 

of the active layer, but also at layer interfaces. The slope of the line crossing near the X-axis 

represents the inverse of the series resistance (Rs), due to the bulk resistance of the active layer of 

the device, as well as that of the electrodes and every material interface of the device47. Increasing 

the mobility of charge carriers, to a point48, can improve the Rs and therefore the FF. Charge carrier 

balance is an important factor in performance. An imbalance of holes and electrons in the active 

layer will cause the formation of external fields and increased recombination, leading to a low FF, 

or even a characteristic S-shaped J-V curve49.  

1.4. Material design considerations 

Some basic design principles have been developed to guide the selection of compounds for 

organic electronics to determine what type of device the material is best suited for, such as solar 

cells50, light emitting diodes51, or transistors52. Additional structural modifications can tune the 

materials electronic properties to improve perfromance. The following looks at what techniques 

can lead to effective organic semiconducting materials for OPV applications. Figure 1.7 

graphically summarizes the main aspects which influence the bandgap of the material, including 

 

Figure 1.7. Illustration of structural factors that contribute to determination of the bandgap.53,54 
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bond length alternation or quinoid form, addition of side groups, degree of planarity, and 

aromaticity. These topics will be discussed further in the following sections. 

1.4.1. Conjugation and aromaticity 

The first requirement of synthesizing organic electronics is establishing extended conjugation. 

This can be achieved by linking aromatic units together directly or between vinylene or alkynyl 

spacers. These aromatic structures have ground state nondegenerate resonance forms, known as 

quinoid forms37, in which the double and single bonds are alternated. The units should be bonded 

together in such a way that there is a greater contribution of the quinoid resonance structure 

because the decrease of aromaticity in the quinoid form results in a higher energy state which can 

be an effective a strategy to lower the bandgap55.  

 

Figure 1.8. Greater contributions from the quinoid form lead to a lower bandgap.37 
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1.4.2. Planarity 

To obtain orbital overlap and extend the effective conjugation of the molecule, it is necessary 

to design planar materials for photovoltaic purposes. By considering the dihedral bond angles 

formed between units, torsional strain within the molecule can be avoided by placing 

complementary units next to each other. For example, a biphenyl system will have more torsional 

strain than bithiophene (see Figure 1.7). Placement of side groups must also be properly arranged, 

such that steric hindrance of neighboring alkyl chains does not lead to a disruption in planarity and 

decreased performance56. Another strategy for obtaining planar materials is to fuse the rings into 

one rigid unit, whether it is a polycyclic aromatic unit such as fluorene or so-called ladder 

structures with fully fused units57.  

1.4.3. Solubility and morphology 

While utilizing many aromatic units can extend the conjugation to improve conductivity, an 

undesired side effect of this is that a large degree of pi-stacking58 can occur which will render the 

material insoluble in common organic solvents and limit processability. The solution to this is to 

place solublizing groups along the molecule. Different groups such as amphiphilic59, conjugated60, 

or hydrogen bonding61 can solubilize and produce specialized properties62, but typically alkyl 

chains are affixed to the material to control solubility. Interdigitation of the alkyl chains changes 

the d-spacing of the polymer and can direct self-assembly63 to produce higher order structures, 

such as lamellar formations as shown in Figure 1.9 for poly-3-hexylthiophene (P3HT). The length 

and degree of branching of the alkyl chains can be varied to obtain a balance between solubility, 

morphology, and semiconducting performance. Often a step in the optimization of the material is 

the synthesis and evaluation of many chain variations. 
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Figure 1.9. Lamellar formation of P3HT.64 

1.4.4. Optoelectronic properties 

In addition to a conjugated and soluble material, it must also possess the proper optoelectronic 

properties to function in a photovoltaic device. For many years, poly-3-hexylthiophene (P3HT) 

was the most popular conjugated polymer because of its facile synthesis, excellent solubility and 

processability, as well as good crystallinity and charge transport properties. However, its relatively 

high-lying HOMO rendered it somewhat oxidatively unstable and its bandgap of about 2 eV was 

too large to capture the long wavelength portion of the visible spectrum. Despite extensive studies 

and engineering, devices thereof could only achieve efficiencies of about 4 to 5%65.  
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Figure 1.10. The solar spectrum66. 

An ideal polymer should efficiently absorb visible radiation of the solar spectrum, which 

mainly occurs within the visible range of 500-700 nm. Obtaining complementary absorption across 

this region is controlled by tuning the bandgap of the material due to the relationship E=hc/ɚ. A 

bandgap of 1.5 to 1.7 eV is desired39, which is measured from the onset of absorption of the 

material in the solid state.  

The polymer must also be oxidatively stable, and to ensure this a HOMO lower than -5.2 eV 

is necessary67. While decreasing the HOMO will stabilize the material and increase the Voc, going 

too low will also widen the bandgap. Positioning the LUMO at least 0.3 eV68 above that of PCBM 

is desirable for efficient electron transfer39, 69 to overcom the Coulombic binding energy of the 
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exciton70. When considering the ñidealò bandgap in an OPV device with PCBM as the acceptor 

component, a range of HOMO/LUMO values are therefore set as shown in Figure 1.11.  

 

Figure 1.11. Illustration of energy levels of P3HT, an "ideal" polymer and PCBM.71 

The next generation of conjugated materials after P3HT focused on reducing the bandgap to 

further increase device efficiences. To tune the bandgap, electron-rich and electron-deficient 

monomers are copolymerized to form what is known as a donor-acceptor copolymer72. The donor 

and acceptor comonomers must be chosen according the factors already overviewed such as 

planarity, solubility, and quinoid form, and also by the electron-donating/withdrawing strength of 

each aromatic unit. As shown in Figure 1.12, the donor material has a higher HOMO/LUMO 

relative to the acceptor unit. When polymerized, the combination of atomic orbitals produces new 

energy levels with an overall narrower bandgap54, wherein the LUMO is dictated by the acceptor 

and the HOMO by the donor monomer. This enables fine-tuning of the bandgap by selective 

combinations of various comonomers. Stronger acceptors will lower the LUMO, and likewise, 

strong donors can raise the HOMO, while combining strong to medium acceptors with weak to 

medium donors can achieve the proper bandgap71, 72b, 73. Research has focused on developing new 
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donor and acceptor units and exploring the properties resulting from the many combinations of 

monomers. 

 

Figure 1.12. The bandgap of the polymer is tuned by the combination of the donor and acceptor 

components.54 

1.4.5. Donor and acceptor monomers used in organic electronics 

Much of the discussion has emphasized the importance of proper monomer selection to tune 

the optoelectronic properties. Donor monomers, some of which are shown in Figure 1.13, often 

contain electron-rich heteroatoms, such as sulfur, oxygen, and sp3-hybridized nitrogen. Thiophene-

based structures are popular donors because thiophene is a stronger electron donor than benzene, 

while being less aromatic which can lower the bandgap37. In addition, thiophene has a smaller 

bond angle to reduce torsional strain with neighboring units. As noted, the relative strength of each 

component is important, and using a very strong donor can raise the HOMO too much at the 

expense of oxidative stability67 or lowering the deviceôs open circuit voltage71.   
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Figure 1.13. Representative donors used in OPVs.54 

The strength of an acceptor, shown in Figure 1.14, can be evaluated by comparing its ability 

to lower the LUMO of the polymer when each is polymerized with a common donor. Weak donors 

such as thiazolothiazole and benzobisthiazole contain electron-rich sulfur atoms, as does 

thienopyrroledione, yet the latter functions as a medium strength donor because the imide atop the 

molecule promotes the quinoid form. It is common to use sp2-hybridized nitrogens throughout the 

array of acceptors, and lactams increase the strength of isoindigo and diketopyrrolopyrrole as well 

as provide a site for alkylation. Other aryl or N- substituents such as acyl, trifluoromethyl, and 

fluorine can further contribute to the strength of the acceptors. 
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Figure 1.14. Representative acceptors used in OPVs.54 

1.5. Conclusion 

In conclusion, knowledge of the operating principles of a bulk heterojunction organic solar cell 

along with basic strategies of how to tune the bandgap of conjugated polymers allows for the 

development of new materials for photovoltaic purposes. Some of the known monomers illustrated 
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in Section 1.4.5 are combined with newly developed units in the following chapters with the goal 

of creating narrow bandgap materials. 
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CHAPTER 2 

SYNTHESIS OF ORTHOESTERS AND HETEROCYCLES FROM 

TRITHIOORTHOESTERS  

 

Figure 2.15. Transformations of 1,3-dithianes. 

2.1. Introduction  

Orthoesters are an obscure yet versatile functional group in organic chemistry. They serve 

many roles, as either a protecting group for esters and carboxylic acids1 and sugars2, a reactive 

intermediate for synthesis of heterocycles3, and are present in natural products4 (Figure 2.2). 

However, few methods are available to synthesize orthoesters, as shown in Scheme 2.1. The Pinner 

synthesis5 (A) is a common method which under acidic conditions transforms a nitrile into an 
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iminoester hydrochloride salt and then the orthoester. A long reaction time is typical and the yields 

can be low. The Tschitschibabin orthoester synthesis6 (B) involves formation of a 

 

Figure 2.16. Orthoesters in organic chemistry. 

Grignard reagent which is reacted with tetraethyl orthocarbonate, as demonstrated below with the 

formation of a thienyl orthoester3a. The limitation of this reaction is that functional groups tolerant 

of Grignard reagents must be used. Chlorination of diethyl oxalate with PCl5 followed by attack 

of ethanol yields an ester orthoester7 (C). Bicyclic orthoesters8 (D) are novel structures formed by 

acid-catalyzed rearrangements and this group offers the advantage of being a more robust 

protecting group than acyclic orthoesters. The last two reactions presented in Scheme 2.1 illustrate 

the transformation of trithioorthoesters into orthoesters. They differ in both the synthesis of the 

trithioorthoester and conditions to synthesize the orthoester. The formation of the trithioorthoester 

in (E) with KDA and MeSSMe is unique to the acidic nature of the methy group of piccoline, while 

the AlCl3 catalyzed substitution (F) with an acid chloride could provide a more general method. 

The piccoline orthoester is then synthesized using more traditional mercuric reagents9, commonly 

used to deprotect 1,3-dithianes. A variation is to use AgNO3 under basic conditions so as to protect 

the orthoester from acid-catalyzed decomposition to an ester, as shown in Scheme 2.2.  
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Scheme 2.1. Methods of synthesizing orthoesters. 

 

 

Scheme 2.2. Mechanism of acid-catalyzed decomposition of orthoesters to esters. 
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Our research required the synthesis of novel orthoesters and we found the methods of 

trithioorthoesters to be appealing due to the mild conditions and functional group tolerance, but 

difficult to implement the trithioorthoesters due to the limited scope of the method based on 

picoline or the foul reaction conditions with ethanethiol. In searching for an alternative synthesis 

of the trithioorthoesters, we noted that the common carbonyl protecting group, 1,3-dithiane, 

already possessed two of the needed sulfur substituents and the third sulfur group could be installed 

by metallation of the reactive 2-position followed by the electrophile dimethyl disulfide (Scheme 

2.3). Indeed, Ellison et al10 had previously studied this moiety and used the mercuric conditions 

with 95% ethanol to synthesize esters, which mostly likely formed through an orthoester 

intermediate that was not isolated.  

 

Scheme 2.3. Synthesis of trithioorthoester. 

Drawing upon these advances we sought to develop a general methodology for the dithiane to 

orthoester conversion by making modifications to improve the efficiency of the reaction and purity 

of the product. Furthermore, we studied the versatility of the novel trithioorthoester intermediate 

to see what other nucleophiles were suitable for this reaction to develop mild route toward the 

synthesis of heterocycles.  

2.1. Results & Discussion 

2.1.1. Synthesis of orthoesters 

1,3-Dithianes were synthesized following literature conditions with 1,3-propanedithiol and 

either BF3ĀOEt2 or catalytic iodine, which gave equivalent yields, usually 80% yield or better. 



31 

 

Synthesis of the orthoester was optimized using the substrate 2-(4-methoxyphenyl)-1,3-dithiane 

(Scheme 2.4).  

 

Scheme 2.4. Test reaction for synthesizing orthoester by oxidative solvolysis. 

The dithiane was deprotonated with n-BuLi, followed by addition of the electrophile dimethyl 

disulfide, resulting in complete conversion to the trithioorthoester. For the next step of solvolysis, 

we employed the method of Ellison et al, wherein excess anhydrous ethanol was added, followed 

by collidine and a solution of AgNO3 in acetonitrile. The product was successfully recovered after 

filtration of the silver salts and extraction of the organic layer, with the main impurities being a 

small amount of ester, the hydrolysis side-product, and excess collidine. The collidine could be 

removed by either distillation, reduced pressure, or washing the organic layer with aq. Cu(NO3)2. 

We found that the addition of a second base, triisopropylamine, suppressed the formation of the 

ester to increase the purity of the orthoester. Usually no additional purification was needed, but 

the orthoester could be vacuum distilled or passed through a neutral alumina column to avoid 

decomposition on silica gel, a more acidic medium. The conversion from dithiane to orthoester 

was completed in one pot with no isolation of the intermediate trithioorthoester. This helped to 

reduce transfer losses and exclude water from the reaction.  
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Table 2.1. Yields of orthoesters. 

 

Orthoester # Yield Orthoester # Yield 

 
4 0%a 

 

11 30% 

 
5 0% a 

 
12 92% 

 

3 88% 

 

13 29% 

 

6 55% 

 

14 48% 

 

7 90% 

 

15 0%b 

 

8 78% 

 

16 0% b 

 

9 84%  17 0%a 

 

10 79% 

adecomposition, bstarting 

material recovered 
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Having fine-tuned the conditions of the reaction, we then studied the scope of reactivity by varying 

the substrates and a clear pattern of electronic effects emerged, as shown in Table 2.1.  

The reactions were performed in one pot and n-BuLi was used to deprotonate the dithiane with 

the exception of the brominated or esterified starting materials, in which case LDA was used. 

Electron-rich aromatic substrates performed the best, as in compounds 3, 7, 8, 9, 10, and the 

thiophene orthoester 12, all with yields near 80% or better. More strongly electron-donating alkoxy 

groups are preferred, compared to unsubstituted benzene and toluene which did not yield product 

(4 and 5) but instead a complex mixture was recovered. Meanwhile the naphthyl derivative, 11, 

gave a low yield of 30%. A longer alkyl chain on the benzene ring did promote the reaction, 

resulting in 84% of compound 9. A TBDMS-protected alcohol was tolerated in the reaction, 

yielding 55% of 6. The 4-iodo-2,5-dimethoxyphenyl substrate contained a mixture of 

donating/withdrawing functionality and suffered a lower yield of 29%. In a related fashion, 15 and 

16 with electron-withdrawing bromo- and ester substituents in the para-position returned cleanly 

the dithiane starting material. The dithianes in this case were most likely successfully deprotonated 

by LDA, a conventional reaction, yet the resulting anion was not nucleophilic enough to attack the 

disulfide even with heat or extended reaction time, because of the electronic effects imparted by 

these substituents. Placing the bromine at the meta-position illustrates the impact of this effect, as 

in this case product 14 was formed in 48%. Lastly, an alkyl substrate was tested and no product 

(17) was obtained, resemblant of the problems encountered with the phenyl and tolyl substrates. 

The preference for electron-rich substrates can be rationalized by considering the reaction 

mechanism wherein the silver abstracts the sulfur group, creating a cation that is stabilized by these 

aromatic substituents.  
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2.1.2. Synthesis of heterocycles 

Having established the reactivity of various aromatic substrates for the formation of 

orthoesters, we then studied what nucleophiles besides ethanol could be used with our general 

method. Since orthoesters are often a synthetic intermediate of more complex products, we 

wondered if the trithioorthoester could perform in a similar way, thereby eliminating a synthetic 

step or providing new synthetic pathways to formation of heterocycles (Table 2.2). The two cyclic 

orthoesters were formed in a one-pot reaction as before. The following aniline-based nucleophiles 

were used in a two-step variation: synthesis and isolation of the trithioorthoester followed by the 

AgNO3 reaction conditions. In this case 2 equivalents of the various nucleophiles were used instead 

of the larger excess used previously. The reason for these changes was to remove any possible 

interferences from the reaction by isolating the intermediate and then use a smaller amount of 

nucleophile, which in some scenarios could be a more valuable component. 

Besides ethanol, other alchoholic nucleophiles could be implemented to form bicyclic 

orthoesters, either 18 or an N-Boc variation 19. A compound such as 18 is appealing compared to 

the simple ethyl orthoester since it forms a solid that can be purified by recrystallization. The 

formation of benzazoles using these intermediates was studied. This class of heteroaromatic 

compounds differ only in the substitution of N,O, or S heteroatoms. Interestingly, only the 

benzoxazole, 20, was formed in 69% yield. Under the reaction conditions with either o-

phenylenediamine or 2-aminobenzenethiol the solution turned black and appeared to decompose, 

perhaps due to oxidation of the aromatic amine by the AgNO3. The benzoxazine (23) was not 

recovered whereas a benzoxazinone, (24), was successfully produced from anthranilic acid.  
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Table 2.2. Synthesis of heterocycles from trithioorthoesters. 

 

Nucleophile Product # Yield 

 
 

18 77% 

 
 

19 84% 

  

20 69% 

  

21 x 

  

22 x 

 
 

23 x 

  

24 65% 
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2.2. Conclusion 

In conclusion, we have explored the converstion of trithioorthoesters into orthoesters and 

other heterocycles. A study of the reactivity of various substrates for orthoesters indicates that 

electron-rich aromatic units perform best in this role. 

2.3. Acknowledgements 

Synthesis of the dithiane starting materials and orthoesters was distributed between Dana 

Drochner and James Klimavicz. Additionally, J. Klimavicz synthesized the cyclic orthoesters 

while D. Drochner synthesized the heterocycles. 

2.4. Experimental 

Materials 

Tetrahydrofuran was dried using an Innovative Technology, Inc. solvent purification system. 

Other reagents were obtained from commercial sources and used without further purification. 

Characterization 

Nuclear magnetic resonance (NMR) spectra were recorded on a Varian MR (400 MHz) or a 

Bruker Avance III (600 MHz). Spectra were internally referenced to the residual protonated 

solvent peak. Chemical shifts are given in ppm (ŭ) relative to the solvent.  

Synthesis and characterization of compounds 311, 811, 912, 1011, 1211, 1811, and 1911 have been 

reported elsewhere.  

General one-pot synthesis of orthoesters. The 2-substituted-1,3-dithiane (2 mmol) was dissolved 

in an oven-dried flask kept under an argon atmosphere and cooled to -78 °C in a dry ice/acetone 

bath. 2.2 M n-Butyllithium in hexanes (1.1 mL, 2.4 mmol) was added dropwise and the solution 
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was stirred for 0.5-1 h, followed by the dropwise addition of MeSSMe (0.18 mL, 2.1 mmol). The 

solution was removed from the cold bath and allowed to warm to room temperature. Anhydrous 

ethanol (3 mL) was added to the solution, followed by collidine (1 mL, 8 mmol) and 

diisopropylamine (1.1 mL, 8 mmol).  Silver nitrate (1.36 g, 8 mmol) was dissolved in dry 

acetonitrile and added dropwise to the reaction solution and a precipitate formed. The solution was 

stirred at room temperature for 1 h, then filtered and the filter cake was washed well with diethyl 

ether. The filtrate was washed with water, aq Cu(NO3)2, and brine. The organic layer was dried 

over sodium sulfate, filtered, and concentrated by rotary evaporation to yield the product. 

tert -Butyldimethyl(4-(triethoxymethyl)phenoxy)silane (6). 55% yield.  

1,4-Dimethoxy-2-(triethoxymethyl)benzene (7). 90% yield. 1H NMR (400 MHz, Chloroform-d) 

ŭ 7.35 (t, J = 1.8 Hz, 1H), 6.84 (d, J = 1.8 Hz, 2H), 3.80 (s, 3H), 3.79 (s, 3H), 3.35 (q, J = 7.1 Hz, 

6H), 1.16 (t, J = 7.1 Hz, 9H). 13C NMR (101 MHz, cdcl3) ŭ 15.14, 32.52, 55.77, 56.56, 57.53, 

112.85, 113.99, 117.22, 126.84, 151.93. 

General synthesis of heterocycles. 2-(4-Methoxyphenyl)-1,3-dithiane (0.45 g, 2 mmol) was 

dissolved in an oven-dried flask kept under an argon atmosphere and cooled to -78 °C in a dry 

ice/acetone bath. 2.2 M n-Butyllithium in hexanes (1.1 mL, 2.4 mmol) was added dropwise and 

the solution was stirred for 0.5-1 h, followed by the dropwise addition of MeSSMe (0.18 mL, 2.1 

mmol). The solution was removed from the cold bath and allowed to warm to room temperature. 

Water was added and the product was extracted with diethyl ether. The organic layer was washed 

with brine, dried over sodium sulfate, filtered, and concentrated by rotary evaporation. The 

trithioorthoester was dissolved in 20 mL THF, followed by the addition of collidine (1 mL, 8 

mmol) and diisopropylamine (1.1 mL, 8 mmol). Silver nitrate (1.36 g, 8 mmol) was dissolved in 
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dry acetonitrile and added dropwise to the reaction solution and a precipitate formed. The solution 

was stirred at room temperature for 1 h, then filtered and the filter cake was washed well with 

diethyl ether. The filtrate was washed with water, aq Cu(NO3)2, and brine. The organic layer was 

dried over sodium sulfate, filtered, and concentrated by rotary evaporation to yield the crude 

product. 

2-(4-Methoxyphenyl)benzo[d]oxazole (20). 69% yield. 1H NMR (600 MHz, Chloroform-d) ŭ 

8.23 (d, J = 8.9 Hz, 2H), 7.78 ï 7.73 (m, 1H), 7.59 ï 7.53 (m, 1H), 7.36 ï 7.31 (m, 2H), 7.08 ï 

7.01 (m, 2H), 3.90 (s, 3H). 

2-(4-methoxyphenyl)-4H-benzo[d][1,3]oxazin-4-one (24). 65% yield. 1H NMR (400 MHz, 

Chloroform-d) ŭ 8.27 (d, J = 8.8 Hz, 2H), 8.22 (dd, J = 7.9, 1.5 Hz, 1H), 7.81 (td, J = 7.7, 1.5 Hz, 

1H), 7.65 (d, J = 8.1 Hz, 1H), 7.48 (t, J = 7.6 Hz, 1H), 7.01 (d, J = 8.9 Hz, 2H), 3.90 (s, 3H). 13C 

NMR (101 MHz, cdcl3) ŭ 55.66, 114.29, 116.85, 122.67, 127.05, 127.85, 128.70, 130.42, 136.64, 

147.47, 157.27, 159.93, 163.42. 
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Figure 2.17. 1H NMR of 1,4-Dimethoxy-2-(triethoxymethyl)benzene (7). 
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Figure 2.18. 13C NMR of 1,4-Dimethoxy-2-(triethoxymethyl)benzene (7). 
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CHAPTER 3 

TOWARD THE SYNTHESIS OF 2,6-ASYMMETRIC 

BENZOBISOXAZOLES  

3.1. Introduction to benzobisoxazoles 

The donor-acceptor approach to synthesizing conjugated polymers, wherein electron-rich and 

deficient monomers are copolymerized1, has proven to be an effective technique toward producing 

low bandgap polymers for optoelectronic applications such as organic photovoltaics2. In our group 

we have widely studied benzobisazoles, a class of heterocycles which includes trans-

benzobisoxazole (trans-BBO), cis-benzobisoxazole (cis-BBO), and trans-benzobisthiazole (trans-

BBTZ) (Fig. 1). 

 

Figure 3.1. Structures of benzobisazoles. 

Benzobisazoles are an appealing family for the development of materials for organoelectronic 

purposes due to the extended, planar pi system, high charge carrier mobilities3 and thermal 

stability4. While traditionally synthesized in harsh conditions like condensations with 

polyphosphoric acid (PPA)5, our groupôs advances in benzobisazole synthesis via orthoester 

condensation6 expanded the scope of reactivity by increasing solubility and functional group 

tolerance under the mild reaction conditions. Our research, among others, has demonstrated that 
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benzobisazoles are relatively weak acceptors7, in comparison to other well-known acceptors, 

producing wide bandgap materials. This is beneficial for the synthesis of materials for use in 

organic light emitting diodes8, but for photovoltaic applications that require narrow bandgap 

materials, new BBO-containing materials are needed. Other groups have studied the use of 

benzobisthiazole as a donor molecule9 and have observed good efficiencies9-10. In this new 

approach, we sought to explore the use of benzobisoxazoles as a ñpi spacer11,ò a relatively weaker 

electron-donating/withdrawing unit used to extend conjugation and improve the molar absorptivity 

of the molecule. Typically, vinylene, ethynyl, benzene, thiophene, or furan are used as pi spacers 

in the synthesis of conjugated polymers and small molecules. Similarly, the large pi system and 

weak electron-donating and withdrawing properties of BBO suggest that it could be used for this 

purpose as an alternative role to either a donor or acceptor. The use of BBOs as a pi spacer requires 

the synthesis of new 2,6-asymmetric BBOs (ABBOs), a greater synthetic challenge compared to 

the usual symmetric structures.  

3.1.1. Synthesis of benzobisoxazoles and benzoxazoles 

We began by reviewing current methods of synthesizing BBOs and benzoxazoles to gain 

insight on how to approach the new synthesis. An overview of the synthetic methods herein focuses 

on the trans-BBO isomer, as the research discussed later focuses on synthesis of the  
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Scheme 3.1. Synthesis of trans-BBO. 

A-trans-BBO. Traditional methods for the synthesis of the BBO involve condensation of 

diaminohydroquinone (DAHQ) hydrochloride salt (1) and reaction conditions can range from 

harsh to mild. The use of polyphosphoric acid (PPA) to couple DAHQ and a carboxylic acid is a 

high temperature and strongly acidic method and, as a result, the BBOs produced can have limited 

solubility and functionality tolerated in these reaction conditions. Using polyphosphoric silyl ether 

(PPSE)12 and an acid chloride with DAHQ can tolerate some functionality such as alkyl chains, 

though yields of this reaction average 50%. A milder and higher yielding method was developed 

by our group6, inspired by known methods of benzoxazole synthesis from orthoesters. After 

optimization, it was found that BBOs with many functional groups could be synthesized at low 

temperature with catalytic amounts of Y(OTf)3 or Yb(OTf)3, which functions as a Lewis acid.  

While benzoxazoles can be synthesized similarly to BBOs some additional methods are shown in 

Scheme 3.2. The C-O bond can be formed by copper catalyzed cyclization of an ortho-

bromoacetanilide13 (2). A benzoxazole can be formed from an ortho-hydroxy aryl  oxime (3) via 

a Beckmann rearrangement14 which is catalyzed by the Vilsmeier reagent, formed in situ from 

POCl3 and DMF.  
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Scheme 3.2. Synthesis of 2-methylbenzoxazole. 

3.1.2. Asymmetric BBOs 

3.1.2.1. Via cross-coupling reactions 

There have been very few syntheses of asymmetric benzobisazoles. In one case, a BBTZ 

was synthesized with alkylthiophenes at the 2,6-positions (Scheme 3.3). Bromination of the 

flanking thiophenes (4) allowed for stepwise coupling of different aromatic units to either side by 

a Suzuki reaction in low yields due to the mixture of substituted products and starting material that 

can be recovered from this non-regioselective approach15. 

 

Scheme 3.3. Synthesis of asymmetric BBTZ via Suzuki cross-coupling. 

 

3.1.2.2. Via Beckmann rearrangement 


