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Abstract 

 Poly(P-phenylene) is an organic polymer that has semiconductive properties. Organic 

semiconductors are becoming increasing utilized material in electronics nowadays due to them 

being a more environmentally friendly alternative to the standard inorganic semiconductors. This 

polymer will be synthesized via a Diels-Alder reaction between 1,4-diphenyl-1,3-butadiene and 

maleic anhydride followed by subsequent dehydroaromatization to the resulting terphenyl 

compound. A bromination will add functionality to the terphenyls to allow for an Ullman 

homocoupling or Suzuki polycondensation in order to form the desired polymer. The first 

reaction produced moderate yields (~60%) of 4,7-diphenyl-3a,4,7,7a-tetrahydro-2-benzofuran-

1,3-dione and a purification has been conducted to mostly remove the starting materials. The 

product has been oxidized using two different methods to provide minimal results. Further 

optimization must be conducted to the previous reactions to produce more significant yields 

before further steps are conducted. The remainder of the synthesis can then be conducted to 

finish synthesis of the polymer. 

Introduction 

Semiconductors are used widely throughout the world in various electronic devices 

including phones, televisions, computers, etc. Semiconductors are materials that have a relative 

conductivity between conductive materials–which allow electric flow–and insulative materials, 

which block the flow of electricity1. When examining what makes a material a semiconductor, it 

is important to look at the band gap of the material. There are two bands, the valence band and 

the conduction band, produced by a material that are related to the electron energies of the 

material. The valence band is the highest range of electron energies, whereas the conduction 

band is the lowest range of the vacant energy states. The difference between these two energies 
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is what is known as the band gap. If the band gap is large, then the material is an insulator 

because there will be no excited electrons in the material. If the conduction and valence band 

overlap, then the material is conductive because the electrons can essentially move through the 

material freely. If the band gap is relatively small, then electrons can be excited to the conduction 

band by thermal energy alone, making the material a semiconductor2. As can be seen in figure 1, 

the band gap difference in energy for diamond, a solid material consistent of carbon is around 

five times the difference for silicon and germanium. This is consistent with their electronic 

properties: diamond is not conductive, whereas silicon and germanium are common semi 

conductive materials. 

 

Figure 1: Energy-Band Diagrams for Diamond, Silicon, and Germanium – Silicon 

and Germanium have sufficiently low band gap energies to exist as semiconductors3 

Energy-Band Diagrams for Diamond, Silicon, and Germanium by Bruce Averill and 

Patricia Eldredge is under CC BY-NC-SA 4.0 

 

https://saylordotorg.github.io/text_general-chemistry-principles-patterns-and-applications-v1.0/s16-06-bonding-in-metals-and-semicond.html
https://creativecommons.org/licenses/by-nc-sa/4.0/
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Band gap energies of materials can be determined by the use of UV-Vis spectroscopy 

where ultraviolet or visible light over a wide range of wavelengths is exposed a sample of 

material in a cuvette and the absorbance of light is measured. By definition, the band gap energy 

is the energy required to “excite” an electron from a valence band to a conduction band. By 

measuring red edge wavelength, which is the longest wavelength of light that the material cannot 

absorb any light, the band gap can be calculated by using the following equation:  

𝐸 =
ℎ𝑐

𝜆𝑟𝑒𝑑
 

Equation 1: Band Gap of a Semiconductor 

Where h is Planck’s constant, 6.626*10-34 J*s, c is speed of light, 2.99*108 m/s, and λred is the 

wavelength at the red edge. This allows for a rough estimate of the band gap energy. A 

semiconductor is a material that has a bandgap energy of around 1-1.5 eV (96.5 -145 kJ/mol), 

whereas there are also wide-bandgap semiconductors with band gap energy ranges of around 2-4 

eV (193 – 386 kJ/mol). A more accurate determination of band gap energy requires quantum 

mechanical calculations outside of the scope of this paper. 

Properties of semiconductors can be manipulated by a process called doping, which adds 

small impurities into overall structure of the semiconductor. The dopants are added into the 

molecular structure of the semiconductor and work to alter the band gap energy of the molecule 

(see figure 2). There are two types of doping: N-type which is caused by an impurity that donates 

an electron to the semiconductor and P-type which is caused by an impurity that accepts an 

electron from the semiconductor2. Using doping, semiconductors can be altered to form various 

parts to electronic circuits. Varying the types of junctions created by two types of 

semiconductors, different electronic effects result. For example, a junction consisting of a P-type 
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doped semiconductor and an N-type doped semiconductor allows flow of electrons from the N-

type to the P-type, creating a barrier to electron flow across the flow gradient. This is the 

principle behind diodes, which are used for various purposes such as directing electron flow, 

converting alternating current to direct current, etc. Another important electronic part made by 

semiconductors is the transistor which can be made by a NPN or PNP junction. NPN junctions 

are a layering of materials characterized by a P-type doped semiconductor layered between two 

N-type doped semiconductors with a similar naming scheme for the PNP junction. The electron 

flow through these transistors can be switched on and off based on whether a voltage is applied, 

effectively allowing it to act as a switch. There are millions of transistors that exist among 

various devices such as computers, cell phones, etc., that enable them to achieve their processing 

purposes. 

 

Figure 2: Structures and Band Diagrams of n-Type and p-Type Semiconductors – This 

figure illustrates some of the features of semiconductor doping: doping involves the 

addition of impurities into the pure solid to alter the electronic properties3 

Structures and Band Diagrams of n-Type and p-Type Semiconductors by Bruce Averill 

and Patricia Eldredge is under CC BY-NC-SA 4.0 

https://saylordotorg.github.io/text_general-chemistry-principles-patterns-and-applications-v1.0/s16-06-bonding-in-metals-and-semicond.html
https://creativecommons.org/licenses/by-nc-sa/4.0/
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Being almost ubiquitous in electronic devices, semiconductors represent a huge portion 

of the electronics market. For example, Taiwan Semiconductor Manufacturing Company Limited 

(TSMC) generated a 2016 revenue of 947 billion New Taiwanese dollars or approximately 315.5 

billion USD4. The global semiconductor industry posted a projected 400 billion USD in annual 

sales of semiconductor products for 2017. Additionally, the industry does not seem to be halting 

any time soon with all regional markets showing growth, with the Americas in particular 

providing a 40.2 percent year-to-year sales increase5. 

Most of the semiconductors currently on the market are made up of silicon or 

germanium, categorizing them as inorganic semiconductors. Some of the problems with 

inorganic semiconductors include their toxicity to the environment, expensive manufacturing, 

and increasing amounts of waste produced6. For manufacturing of solar panels alone, many toxic 

byproducts are given off in the production of silicon chips in a process that does not even 

efficiently use all of the expensive silicon. Similarly, in the production of silicon chips, various 

chemicals are used that pose many environmental problems and safety problems. For example, 

silane gas is used to deposit additional silicon onto developing silicon rods until they reach a 

certain diameter. However, many accidental silane releases have been reported which poses a 

problem as it spontaneously explodes6. Furthermore, production of silane and trichlorosilane, 

both used in the production of crystalline silicon, requires silicon tetrachloride which is 

extremely toxic to the environment6. In places with little environmental regulation, for example, 

the rapidly expanding technology industry in China, facilities that recycle many of the toxic 

chemicals are not as present as required6. Not only are dangerous chemicals used in the 

production of silicon chips, but the production and manipulation of silicon chips often requires 

extreme amounts of heat, posing problems in the energy efficiency during synthesis of these 
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materials6. Additionally, as soon as the solar panels stop functioning, they are usually thrown 

into landfills where they do not degrade6. As much as 87 percent of electronic waste was 

disposed of in United States landfills or incinerators in 20056. The search for a more 

environmentally friendly alternative is crucial because current silicon usage is not sustainable. 

Organic Semiconductors 

 Recently scientists have begun showing interest in semiconductors made up of carbon or 

hydrogen based materials known as organic semiconductors. These organic semiconductors are 

valued for their strength, heat resistance, as well as other unique properties that cannot be 

achieved by inorganic semiconductors7. Functional groups of organic semiconductors can be 

easily altered, allowing for manipulation of desired properties such as solubility. This allows for 

the organic semiconductors to be tunable, which in turn allows for the manipulation of the band 

gap of the polymer. The band gap of the polymer can also be manipulated by altering the length 

of conjugation and number of monomers involved in the organic semiconductor8. This has been 

shown in absorption studies of poly-(p-phenylene) (an organic semiconductor which will be 

discussed more later), where increased polymer length increases the wavelength of light that the 

polymer can absorb9. This shift in absorption wavelength would result in a higher red edge and a 

corresponding lower band gap energy for the polymer. The effect of this length however, 

decreased after seven monomers in length to the point where additional monomers did not shift 

absorption at all. Although inorganic semiconductors are exceptionally great at their purpose, 

organic semiconductors can be desirable due to their low cost to make, ease of use, as well as 

their flexibility10. Organic semiconductors are basically plastics, and as such, these materials 

have many of the advantages that plastics do, including their ability to be synthesized in bulk and 

easily molded.  
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 One aspect of organic semiconductors that makes them particularly appealing is their 

ability to act as environmentally safe alternatives to traditional semiconductors. As discussed 

previously, there is a huge problem with electronic waste around the world with most electronics 

being thrown into landfills or being improperly recycled. Organic semiconductors have been 

shown to be reusable after physical damage by solvent and thermal healing treatment11. This is 

due to the fact that many of the interactions holding the materials together are transient 

intermolecular forces such as intermolecular forces. Therefore, any physical breakage of these 

bonds can be treated by reintroducing them into solution and allowing the transient forces to 

reform the material. Additionally, some synthetic polymers have been demonstrated as materials 

for biodegradable electronics. There have even been some electronic circuits that have been 

made from biodegradable materials12. This introduction of greener disposal methods allows for 

improvement of the current electronic waste problem resulting from improper disposal. 

Organic semiconductors function in a manner very similar to that of inorganic 

semiconductors. They can be chemically doped in a manner that is different, but comparable in 

concept, to inorganic semiconductors. In organic semiconductor doping, a process called ion pair 

formation can be used to transfer an electron to or from the organic semiconductor to an electron 

acceptor or receiver. However, there is another process called ground state charge transfer 

complex (CPX) formation. In this process, instead of transferring an electron, the frontier 

molecular orbitals of the organic semiconductor molecule and the dopant fuse13. The frontier 

molecular orbitals are known as the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO). The HOMO is the highest energy orbital that has 

electrons and the LUMO is the next highest energy orbital that does not have any electrons. This 

is essentially analogous to the valence and conduction bands of inorganic semiconductors. The 
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different types can be seen in Figure 3, where in the CPX formation, the charges are relatively 

weaker until the charge is moved along the polymer. 

 

 

Figure 3: Types of Organic Semiconductor Doping13 – For ion-pair formation, one electron 

from the HOMO of the organic semiconductor (polymer in the picture) is transferred to 

the LUMO of the ion pair acceptor (IPA). This generates a positive charge on the organic 

semiconductor that can travel along the polymer. For charge-transfer complex formation, 

the frontier orbitals of the organic semiconductor and dopant fuse, allowing for the 

effective band gap to be smaller. This smaller band gap allows for easier transfer of 

electrons to the excited state.13 

Obtained from Molecular Electrical Doping of Organic Semiconductors: Fundamental 

Mechanisms and Emerging Dopant Design Rules at 

https://pubs.acs.org/doi/abs/10.1021/acs.accounts.5b00438. Further permissions related to 

the material excerpted should be directed to the ACS 

 Organic semiconductors also have band gap energies in a similar manner to inorganic 

semiconductors. In organic semiconductors the band gap energy is the energy required to excite 

an electron from the HOMO to the LUMO for that material. This can be calculated theoretically 

https://pubs.acs.org/doi/abs/10.1021/acs.accounts.5b00438
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using computer software such as Wavefunction’s SPARTAN as molecular orbital energies can 

be calculated using quantum mechanics. The difference in energies between the HOMO and 

LUMO can be taken as the band gap energy for this organic semiconductor14. Additionally, the 

UV/Vis experiment described previously for inorganic semiconductors can be applied to organic 

semiconductors as well for a rough estimate of band gap energy through experimental means.  

As organic semiconductors act in a manner similar to inorganic semiconductors, there is 

overlap between the two in terms of usage. For example, some uses for these organic 

semiconductors have included: use in flexible electronic circuits, organic light emitting diodes 

(OLEDs), and organic solar panels15.  

OLEDs are found within many newer televisions, phones, as well as computer screens. 

They are comprised of an organic semiconductor placed between two electrodes. When 

electricity is run through the system, light is given off and depending on the structure of the 

organic semiconductor this light can come in various colors. The presence of different colors is 

important for displays because most semiconductors produce color in narrow ranges, but when 

put together, they can produce a clear picture.  

The same idea can be applied but in reverse when sunlight is applied to the 

semiconductors, which is the idea behind organic photovoltaic cells, or solar panels. As photons 

from the sun hit the photovoltaic cell, electrons are excited and allowed to flow through the 

semiconductors. This flow of electrons generates an electric field which can be harnessed to 

produce electricity6. What makes them unique when compared to inorganic semiconductors, 

though, are their ability to form clear, bendable materials — perfect for electronics on lenses or 

solar panels on windows.  
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Furthermore, organic semiconductors have been shown to have utility in chemical and 

biological sensors16. Some examples of the use of organic thin-field transistors (OTFTs) in the 

use of chemical sensing in the body. In these sensors, the material being analyzed interacts 

directly with the organic semiconductor, and, depending on the amount of analyte present, the 

voltage traveling through the organic semiconductor changes. This allows for direct monitoring 

of the concentrations of specific analytes in a system by monitoring changes in voltage across the 

transistor. Several materials have been shown to be detectable by these sensors such as hydrogen 

ions (to detect pH), glucose, lactic acid, pyruvic acid, and more16. The body is much less likely to 

reject these sensors when made of organic material making them much more desirable for long 

term sensing of body conditions. 

Poly(p-phenylene)  

A particular organic semiconductor of interest is poly(p-phenylene) as it is one of the 

simplest organic semiconductors that can be made. Poly(p-phenylene) is a polymer that is built 

out of repeated benzene subunits, as can be seen in Figure 4. The polymer is insoluble, not easily 

melted and resistant to changes in temperature17, making it ideal for applications in electronics. 

As with other organic semiconductors, the properties of poly(p-phenylene) are affected in 

various ways by chemical modification of the polymer skeleton. Through the addition of various 

electron-donating end capping groups such as iso-alkoxides or iso-alkyl groups, the “hole”, or 

positive charge, can be stabilized, allowing for more phenylene units to be added before the 

electronic properties start to diminish17.  
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Figure 4: Structure of desired poly(p-phenylene) polymer 

 In terms of length of the polymer, the polymer’s solubility decreases as more phenyl units 

are added. According to previous research, a polymer of about 30 phenylene units can be 

constructed through the use of solubilizing side chains18. However, the result of this is a much 

less effective polymer in terms of electrical properties as it lowers the charge carrier mobility, or 

slows down the electron flow19. The reason for this lowering of mobility can be attributed to 

many solubilizing side chains such as flexible aliphatic chains interrupting the π-stacking present 

that helps the semiconductors function. This can, however, be remedied through the use of 

siloxane terminated side chains which have been reported to provide sufficient solubility while 

maintaining proper charge mobility for semiconductor function20.  

The polymer’s insolubility poses many problems when trying to process and characterize 

these materials. One method to work around this can be found in work done by Alonzo et al, 

where a poly(1,3-cyclohexadiene) brush was attached to a silicon surface then oxidized to poly-

(p-phenylene)21 using 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) (Seen in figure 5). This 

allowed for formation of a thin film of poly-(p-phenylene) out of solution. 
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Figure 5: Brush synthesis of Poly(p-phenylene) – This synthesis involves the oxidative 

aromatization of poly(1,3-cyclohexadiene chains) to poly(p-phenylene) on a silicon surface. 

This allows for the avoidance of solubility issues when synthesizing these in solution. 21 

Green Chemistry 

 Green chemistry is an expanding division of chemistry that involves the design of more 

environmentally friendly chemicals and processes. There are 12 aspects that green chemistry 

deals with (as can be seen in table 1). These principles mainly rely on reducing the derivatives 

produced, using safer chemicals, and using overall more efficient reactions to try and waste less 

resources. Reactions in this synthesis will be manipulated to ensure that the reactions utilize less 

hazardous synthesis and designed to be more efficient. An example of greener chemical use 

include the usage of palladium on carbon instead of 2,3-dichloro-5,6-dicyano-1,4-benziquinone 

for less hazardous synthesis. Additionally, catalysts will be applied when possible such as the use 

of mild acids for Diels-Alder reactions. Finally, reactions will be optimized for energy efficiency 

through the use of microwave synthesis as opposed to traditional heating methods. A summary 

of green chemistry applications applied in this work can be seen in table 2. In addition to greener 

synthesis, the product—an organic semiconductor— is an application of green chemistry as these 

materials can be recyclable because they are essentially plastics. Due to the size of the 
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semiconductor industry, these materials would have to be made in commercial quantities to 

supply every electronic device if they were to be commercially viable. As such, the use of green 

chemistry when synthesizing organic semiconductors is imperative due to the quantity that 

would have to be made. 

Principle 

1. Prevent waste 

2. Atom economy – design for reactions with 

less byproducts 

3. Less hazardous synthesis 

4. Design benign chemicals 

5. Benign solvents and auxiliaries 

6. Design for energy efficiency 

7. Use of renewable feedstocks 

8. Reduce derivatives 

9. Catalysis 

10. Design for degradation 

11. Real time analysis for pollution prevention 

12. Inherently benign chemistry for accident 

prevention 

Table 1: Twelve Principles of Green Chemistry - These principles of green chemistry allow 

for the minimization of environmental impact when conducting chemistry22 

Alteration Green Chemistry Principle applied 

Ullman homocoupling instead of standard 

Suzuki coupling 

Principle 8- Reduce derivatives 

Alternative heating methods such as 

microwave synthesis 

Principle 6 – Design for energy efficiency 

Use of phenol and acetic acid catalysts for 

Diels-Alder Reaction 

Principle 9 – Use of catalysis 

Use of Pd/C instead of DDQ Principle 3 – Less hazardous synthesis 

Alternative bromination reaction avoiding use 

of Br2 

Principle 3 – Less hazardous synthesis 

Table 2: Applications of Green Chemistry in this Work  
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Research Plan 

Organic semiconducting materials will be examined semi-empirically through Spartan 

student as described prior14. The molecules will be modeled and then have their geometries 

optimized and energy minimized using parameterized method 3 (PM3) to find the most likely 

conformation that these molecules will exist at without having to directly synthesize them. This 

will be used to determine a rough band gap for these materials and determine what effect chain 

length as well as functional groups will have on the molecule. In this paper, the synthesis of one 

of these molecules will be focused on: Poly-1,3-Isobenzofurandione-4,7-diphenyl. 

 

Scheme 1: Proposed synthesis of Poly-1,3-Isobenzofurandione-4,7-diphenyl 

In the first step of this synthesis, a Diels-Alder reaction between 1,4-diphenyl-1,3-

butadiene occurs to form 4,7-diphenyl-3a,4,7,7a-tetrahydro-2-benzofuran-1,3-dione, 37. 
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Following this, a dehydroaromatization will be conducted using either palladium on carbon 

(Pd/C) or 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to form 4,7-diphenyl-2-

benzofuran-1,3-dione, 47, 23. Next, a bromination using sodium bromide and sodium periodate in 

mild acidic solution will be done to form 4,7-bis(4-bromophenyl)-2-benzofuran-1,3-dione, 5. 

From here, two different pathways can be taken – a more direct Heck coupling or an indirect 

Suzuki coupling. For the Suzuki coupling pathway, the functional boric acid group must be 

formed. This will be done by first reacting molecule 5 with magnesium in THF to activate the 

carbon for the Grignard. Then, trimethyl borate will be added, forming a trimethyl borate side 

group, which can then be hydrolyzed to form the boric acid side group in water, ultimately 

forming molecule 6. Finally, molecules 5 and 6 can be reacted in the presence of a palladium 

catalyst and base in a Suzuki coupling reaction to form desired polymer, 7. Alternatively, 

brominated molecule 5 can be used in an Ullman homocoupling reaction in the presence of 

palladium catalyst, a phosphine catalyst (2-diphenylphosphino-2′-methylbiphenyl), as well as a 

base to form the desired polymer, 7, more directly. Ullman homocoupling would be greener 

because it skips an extra step, applying principle 8, reducing derivatives. 

 

Scheme 2a: Diels-Alder reaction between 1,4-diphenyl-1,3-butadiene and maleic anhydride 
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Scheme 2b: Diels-Alder reaction between 1,4-diphenyl-1,3-butadiene and N-

methylmaleimide 

 

Scheme 2c: Diels-Alder reaction between 1,4-diphenyl-1,3-butadiene and dimethylacetylene 

dicarboxylate 

 For the first step of this synthesis, a Diels-Alder reaction will be conducted between 1,4-

diphenyl-1,3-butadiene, 1, and three different molecules 2a7, 2b, and 2c23 to determine their 

effects on the overall reaction. Diels-Alder reactions are a highly efficient method forming 

carbon-carbon bonds when trying to form cyclic molecules. Various heating methods will be 

conducted to determine if a more energy efficient method is possible for this reaction. Utilizing 

green chemistry, the 6th principle, designing for energy efficiency will be applied. The traditional 

heating mantle reaction will be conducted, but microwave synthesis will also be applied to try 

and enhance reaction rates. Additionally, the 9th green chemistry principle of using catalysts will 
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be applied - mild acids have been shown to enhance the rate of this reaction24 so phenol and 

acetic acid will be added to determine the effect on reaction yields. 

 

 

Schemes 3 and 4: Dehydroaromatization of 4,7-diphenyl-3a,4,7,7a-tetrahydro-2-

benzofuran-1,3-dione 

 For the second step, a dehydroaromatization of the previously acquired 4,7-diphenyl-

3a,4,7,7a-tetrahydro-2-benzofuran-1,3-dione, 3, will be conducted to form 4,7-diphenyl-2-

benzofuran-1,3-dione, 4. There are various standard catalysts that can be utilized for this such as 

palladium on carbon (Pd/C)23 or 2,3-dichloro-5,6-dicyano-1,4-benziquinone (DDQ)7, both being 

organic oxidizing agents. Using the 3rd green chemistry principle of less hazardous synthesis, 

safer alternatives to DDQ will be tested to determine optimal conditions. DDQ poses a major 

health risk when used as it emits off cyanic acid (HCN) when exposed to water25. Alternatively, 

iridium pincer catalysts26, such as iridium- η3‐C6H3(iPrP)2‐1,3, in addition to graphite oxide27 
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have been shown to have possible utility in this type of reaction, while posing much less health 

risk than the standard reagents. 

 

Scheme 5: Bromination of 4,7-diphenyl-2-benzofuran-1,3-dione 

 4,7-diphenyl-2-benzofuran-1,3-dione, 4, will be brominated on the para positions to form 

4,7-bis(4-bromophenyl)-2-benzofuran-1,3-dione, 5. This step is crucial because the polymer 

cannot be formed without functionality on the outside rings. The position of the bromines 

determines where the next monomer will be added onto. For this, sodium bromide and sodium 

periodate in mild acidic solution has been shown to brominate aromatic compounds28. Using this 

synthesis applies green chemistry principle 3 of less hazardous synthesis as standard electrophilic 

aromatic brominations involve use of dangerous elemental bromine. If this does not function 

properly, standard electrophilic aromatic substitution for bromination can be conducted. 

Furthermore, alternative oxidizing agents may be tested for a similar reaction such as potassium 

periodate and oxone. 
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Scheme 6: Grignard reaction of 4,7-bis(4-bromophenyl)-2-benzofuran-1,3-dione and 

following Suzuki condensation 

 A Suzuki polycondensation reaction will be conducted on 4,7-bis(4-bromophenyl)-2-

benzofuran-1,3-dione, 5, and corresponding boric acid converted molecule, 6, to form the desired 

polymer, 7. Suzuki polycondensations are the standard for polymer formation and have been 

proven before to generate a similar desired polymer29, 30. To generate the required molecules for 

the Suzuki polycondensation, the bromine functional groups from the previous product have to 

be converted to boric acid via a Grignard with trimethyl borate, followed by a hydrolysis. This 

reaction might require the use of protection groups for the anhydride as they are also susceptible 

to a Grignard reaction. Following this, the boric acid containing molecule and the previous 

bromine containing molecule can be reacted with a palladium catalyst and base in a Suzuki 

condensation reaction. 
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Scheme 7: Ullman Homocoupling of 4,7-bis(4-bromophenyl)-2-benzofuran-1,3-dione 

 Alternatively, an Ullman homocoupling reaction can be conducted on 4,7-bis(4-

bromophenyl)-2-benzofuran-1,3-dione, 5, to directly form the desired polymer. This can be a 

much greener alternative as skipping an extra step can contribute to much higher yields and 

overall efficiency. Ullman homocoupling reactions have been proven to work using Palladium 

acetate with a phosphine catalyst (2-diphenylphosphino-2′-methylbiphenyl) and base31. 

Alternative palladium catalysts can also be tested if palladium acetate does not work optimally 

due to molecule. 
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Experimental and Discussion 

Gas Chromatogram Conditions 

Column: TG-5MS 

Inlet Temperature: 260 °C 

Transfer Line 

Temperature: 

250 °C 

Injection Mode: Split (20:1) 

Injection Volume: 1 µL 

Carrier Gas Flow: 1 mL/min 

Ion Source Temp: 200 °C 

Oven Program: 40°C (2 min) to 200°C at 10 °C/min (Hold 2.00 min). Increase to 

295°C at 20°C/min (Hold 1.00 min) for a total run time of 25.75 min. 

Table 3: Methods for Gas Chromatograph Mass Spectroscopy (GC-MS) 

All nuclear magnetic resonance (NMR) analyzed by Jeol 300 MHz in CDCl3 except as noted  

All gas chromatography - mass spectroscopy (GC-MS) analyzed by method above after dilution 

in ethyl acetate. 

All spectra in supporting information 

Spartan molecular modeling 

Spartan molecular modeling was done with student version. Six different compounds were 

analyzed (results can be seen in table 4 of the supplementary materials). The molecules were 

modeled and then their energies were minimized and geometry optimized through PM3. This is a 

semi-empirical method for determining the molecular orbital energies for the molecule. A better 

alternative would be to use Recife Model 1 (RF1) which is another semi-empirical method used 
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for quantum mechanical calculations, however, this is not available on the student version of 

Spartan. 

From these results, the band gap for the material decreases with polymer length from one 

subunit to two subunits (from 8.56 eV to 8.07 eV). Unfortunately a trend cannot be fully 

established as the student version could not model the polymer past two subunits due to 

limitations on the molecular weight allowed on this version. When examining the effects of the 

functional groups on the molecules, it can be seen that electron donating groups, as modeled by 

the two amino groups decrease the band gap energy more than electron withdrawing groups, as 

modeled by the anhydride functional group (-0.4 versus -0.13 respectively). However, when 

examining the ease of synthesis, Diels-Alder reactions are much more favorable when the 

dienophile (maleic anhydride in this case) has an electron withdrawing group. This is supported 

by quantum mechanical data which shows that Diels-Alder reactions are more feasible when the 

dienophile has an electron withdrawing group and the diene has an electron donating group32. 

Interestingly, the bromine functionalities on the end of the molecule also decrease the band gap 

by 0.19 eV as well, suggesting that having them on the ends of the polymer might increase the 

molecules functionality as a semiconductor. 

Another noteworthy topic for discussion is the geometry of these modelled molecules. 

For each of these molecules, it can be seen that they are not planar which is important for the 

functionality of these molecules. Stacking of these molecules due to pi-stacking (where planar 

aromatic molecules stack onto each other) has been shown increase the charge mobility of these 

highly conjugated systems, resulting in a better semiconductor33. The results of this modeling 

may be due to the calculations being done for the gas state, however, as solid state calculations 

would have been much more complex. 
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Scheme 8a: Diels-Alder reaction between 1,4-diphenyl-1,3-butadiene and maleic anhydride 

4,7-diphenyl-3a,4,7,7a-tetrahydro-2-benzofuran-1,3-dione (3)7 

1,4-Diphenyl-2,3-butadiene (1.91 mmol), maleic anhydride (2.09 mmol), and 10 mol % catalyst 

(phenol/acetic acid) was refluxed in xylenes/toluene (5 mL) for 1 day. Three different workup 

methods were attempted: washing with ethyl acetate and hexanes, recrystallization in toluene, 

and two solvent recrystallization in chloroform then diethyl ether. Formation of product will be 

confirmed by TLC in 2:1 ethyl acetate (EA): hexanes with material dissolved in ethyl acetate or 

chloroform. Alternatively 1,4-diphenyl-2,3-butadiene (0.955 mmol), maleic anhydride (1.045 

mmol), and 10 mol % catalyst (phenol/acetic acid) will be heated in microwave at varying 

temperatures and times to determine optimal conditions. Product formation will be confirmed by 

TLC in 2:1 EA:hexanes; 1H NMR (CDCl3, 300 MHz) δ 7.315-7.463 (m, 10.29H, aromatic), 

5.891 (s, 2.00H, C-C=C-C), 3.814-3.829 (q, 2.00H, CH-C=O), 3.708-3.731 (c, 1.80H, CH-CH-

C=O); 13C NMR (CDCl3, 300 MHz) δ 168.821 (C=O), 137.965 (aromatic), 132.172 (vinylic), 

128.835 (aromatic), 128.749 (aromatic), 127.793 (aromatic), 47.579 (C-C=O), 41.298 (C-C=C), 

GC-MS 304.1 amu [M] mass calcd for C20H16O3 304.34; Clear white powder 

The Diels-Alder reaction performed on a heating mantle using maleic anhydride and 1,4-

diphenyl-1,3-butadiene produced a yield of about 73.94%. The same reaction run in the 

microwave reactor produce a yield of 57.42%. The lower yield of the microwave reaction could 
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be due to the reaction containing less of the expected product as the reaction was not run long 

enough to go to completion. The Rf value for the heating mantle product was 0.51 whereas the Rf 

value for the microwave product was 0.54, which could be different due to differences in product 

composition. The spots, however, have different Rf values than the reactants (1,4-diphenyl-1,3-

butadiene Rf = 0.5 and 0.56, maleic anhydride Rf = 0) indicating that the reactions should be 

complete.  

From the GC-MS data, it can be seen that the heating mantle and microwave reactions 

between maleic anhydride and 1,4-diphenyl-1,3-butadiene both had the mass of the expected 

product (304.1 m/z), but the starting materials were present. Both reactions had fairly low purity 

which would be expected for a product that was not recrystallized. Furthermore, product purity 

could be improved by running the reactions longer as they were likely not finished because 

mostly reactants were found in the obtained product.  

In the proton NMR for the heating mantle reaction, there is a peak around 6 ppm which is 

indicative of the alkene that is being formed during the Diels-Alder reaction. Furthermore, there 

are two peaks around 4 ppm which signify that there are sp3 carbons with protons being located 

next to the benzene ring and next to the carbonyl carbon. These two carbons also indicate that the 

reaction has taken place. In the carbon NMR, new peaks around 40 and 50 ppm would be 

expected as they signify that two carbons are going from alkenes to alkanes. These peaks are 

present in the DEPT but not in the carbon NMR because DEPT is much more sensitive than 

carbon NMR. This indicates that a different NMR solvent may be required or the material needs 

to be purified more to help it dissolve in solution. Very similar peaks can be found in the 

microwave reaction NMRs as well. The carbon NMR, however, has the peaks at 40 and 50 ppm 
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signifying the formation of the two alkanes from the reaction. Strangely, neither reaction’s 

carbon NMR had the peak for carbonyl carbons meaning that the sample was very dilute. 

 

Scheme 8b: Diels-Alder reaction between 1,4-diphenyl-1,3-butadiene and N-

methylmaleimide 

2-methyl-4,7-diphenyl-3a,4,7,7a-tetrahydro-1H-isoindole-1,3(2H)-dione 

1,4-Diphenyl-2,3-butadiene (1.91 mmol) and N-methylmaleimide (2.09 mmol) was refluxed in 

xylenes/toluene (5 mL) for 1 day. Material was dried over vacuum and washed with hexanes and 

cold ethyl acetate. Formation of product was confirmed by TLC in 2:1 ethyl acetate (EA): 

hexanes with material dissolved in ethyl acetate. Alternatively 1,4-diphenyl-2,3-butadiene (0.955 

mmol) and N-methylmaleimide (1.045 mmol) was heated at 110°C in microwave. Product 

formation was confirmed by TLC in 2:1 EA:hexanes; 1H NMR (CDCl3, 300 MHz) δ 7.214-7.462 

(m, 19.56H, aromatic), 6.012 (c, 0.21H, C-C=C-C), 3.810 (q, 2.00H, CH-C=O), 3.478 (C, 2H, 

CH-CH-C=O), 2.765 (s, 3H, N-CH3); 
13C NMR (CDCl3, 300 MHz) δ 175.98 (C=O), 139.30 

(aromatic), 131.54 (vinylic), 129.093 (Aromatic), 128.87 (aromatic), 127.24 (aromatic), 127.793 

(aromatic), 46.68 (C-C=O), 41.871 (C-C=C), 24.54 (N-CH3), GC-MS 317.0 amu [M] mass calcd 

for C21H19NO2 317.38; Clear white powder 
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The heating mantle reaction between N-methylmaleimide and 1,4-diphenyl-1,3-butadiene 

produced a yield of about 93.02% and the microwave reaction using the same starting materials 

produced a yield of 69.68%. This decrease in yield can be due to similar reasons as in the maleic 

anhydride reaction. Since the microwave reaction was probably not run for long enough, there 

will likely less of the expected product obtained. The Rf value for the heating mantle product was 

0.53 and the microwave product was 0.56, which could again differ due to the identity of the 

obtained product. Furthermore, these spots confirm that the product should not contain any 

reactants (1,4-diphenyl-1,3-butadiene Rf = 0.58 and 0.5, N-methylmaleimide Rf = 0). 

GC-MS showed that the heating mantle reaction between N-methylmaleimide and 1,4-

diphenyl-1,3-butadiene produced the expected product, with M/z of 317.0, but there was still 

presence of starting material. GC-MS of the identical microwave reaction showed no indication 

of product formation. The nonexistent yield of the product in the microwave reaction could 

likely be due to the reaction not being run long enough to completely finish the reaction.  

In the proton NMR of the obtained product, there is a peak around 6 ppm that indicates 

the formation of an alkene. Furthermore, there are two additional peaks that form around 3-4 

ppm that indicate the formation of two alkane carbons with protons. This, again similar to the 

maleic anhydride reaction, indicates that the Diels-Alder reaction has taken place. Further 

evidence for the reaction occurring can be seen in the carbon NMR with the formation of two 

peaks around 40-50 ppm, also signifying the formation of two alkane carbons. For the 

microwave reaction, no product was formed at all as there were no peaks under 120 ppm 

indicating that no reaction had taken place and that no N-methylmaleimide was present. It is 

likely that the reaction was presumed complete and the N-methylmaleimide was washed off with 
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the hexanes. This would explain why the carbon NMR closely matches the carbon NMR of 1,4-

diphenyl-1,3-butadiene. 

 

Scheme 8c: Diels-Alder reaction between 1,4-diphenyl-1,3-butadiene and dimethylacetylene 

dicarboxylate 

1,4-Diphenyl-2,3-butadiene (1.91 mmol) and dimethylacetylene dicarboxylate (2.09 mmol) was 

refluxed in xylenes/toluene (5 mL) for 1 day. Material was dried over vacuum and washed with 

hexanes and cold ethyl acetate. Formation of product was confirmed by TLC in 2:1 ethyl acetate 

(EA): hexanes with material dissolved in ethyl acetate. Alternatively 1,4-diphenyl-2,3-butadiene 

(0.955 mmol) and dimethylacetylene dicarboxylate (1.045 mmol) was heated at 110°C in 

microwave. Product formation was confirmed by TLC in 2:1 EA:hexanes; 1H NMR (CDCl3, 300 

MHz) δ 7.15-7.32 (m, 1H, aromatic), 5.74 (s, 0.21H, C-HC=CH-C), 4.43 (c, 0.22H, CH-C=C-

CH), 3.76 (C, 6H, methoxy protons); 13C NMR (CDCl3, 300 MHz) δ 167.70 (C=O), 152.029 

(vinylic carbons, no protons), 141.25 (aromatic), 128.96 (vinylic carbon with protons), 128.67 

(Aromatic), 128.22 (Aromatic), 127.08 (Aromatic), 53.40 (methoxy carbons), 43.88 (Allylic 

carbons), 24.54 (N-CH3), GC-MS 346.1 and 316.0 amu [M] mass calcd for C22H20O4 348.39; 

dark yellow liquid 
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The heating mantle reaction between dimethyl acetylenedicarboxylate and 1,4-diphenyl-

1,3-butadiene produced 2.1 mL of a dark yellow liquid. The percent yield is unknown because an 

exact density is not known for the expected product. For the identical microwave reaction, no 

product was obtained because no separation on TLC was obtained after several cycles in the 

microwave. The Rf value for the heating mantle product was 0.47 and there were still spots 

indicative of starting materials (1,4-diphenyl-1,3-butadiene Rf = 0.82 and 0.24, 

dimethylacetylene dicarboxylate Rf = 0.94). There was no spot on the TLC that was not 

represented by reactants on the microwave product indicating that reaction had not progressed at 

all. This largely indicates that the microwave reaction was not finished in the time given and that 

more time would be required for the reaction to finish. 

GC-MS of the heating mantle reaction showed indication of product formation, with a 

mass of 316.0, but also with presence of starting materials. For the microwave reaction, the 

expected product was also present, but there was much less indication of starting materials. The 

increase in purity of the product of the microwave reaction over the other reactions is likely due 

to the reaction being run for at least an hour longer than the other microwave reactions. As with 

the other reactions, the purity could likely be increased by recrystallizing the obtained product or 

running the reaction longer.  

The proton NMR for the dimethylacetylene dicarboxylate reaction has a peak around 4.4 

ppm indicating the formation of two alkane carbons with one proton each, as indicated by peak 

integration. The other indicator on the proton NMR is the formation of a peak around 6 ppm, 

which, similar to the other reactions, indicates the formation of an alkene group that is 

characteristic of this type of reaction. On the carbon NMR, a clue that the reaction has succeeded 

is the formation of a peak around 152 ppm that disappears on the DEPT, indicating it has no 
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protons. This reaction forms an alkene group that does not have any protons due to the use of an 

acetylene, so this peak signifies that the product has formed. There was no NMR analysis run on 

the product from the microwave reaction because the microwave reaction was assumed 

incomplete when the TLC showed that there was no product formed. 

Further Analysis of the Maleic Anhydride Reaction 

 

Scheme 8a: Diels-Alder reaction between 1,4-diphenyl-1,3-butadiene and maleic anhydride 

4,7-diphenyl-3a,4,7,7a-tetrahydro-2-benzofuran-1,3-dione (3)7 

The synthesis involving maleic anhydride will now be focused on because there is 

literature on this synthesis and maleic anhydride is more readily available. Two mild acidic 

catalysts were tested to see their effects on the Diels-Alder reaction between 1,4-diphenyl-1,3-

butadiene and maleic anhydride. From these two different catalysts, acetic acid produced a crude 

yield of 59%, whereas phenol produced a crude yield of 27.5%. Additionally, the phenol product 

was clumpy and yellow indicating likely impurities still present inside the product. This 

indicated that acetic acid is likely the catalyst that will be used for future experiments due to 

better yield while also being greener overall. 

A monowave reaction was also run with acetic acid as a catalyst to test out how well the 

instrument worked. It presented higher yields than the heating mantle reaction while also being 
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able to complete the reaction in only an hour. Furthermore, the product produced was a fine 

white powder, likely indicating minimal impurities. This proved to be the greenest reaction in 

terms of overall yield and reaction conditions. 

Finally, microwave reactions were conducted at 200°C for both catalysts to try and 

determine the optimal conditions in the microwave. For this, low yields (<20%) were reported 

for both catalysts and NMR analysis of both revealed that there was no product formed. This 

could be due to the reaction running towards completion then forming the reverse Diels-Alder 

product due to the 1,4-diphenyl-1,3-butadiene being more stable due to resonance. This indicated 

that the microwave synthesis methods need to be altered to determine optimal conditions. 

For the Diels-Alder reaction, there were two proton NMR peaks to indicate that the 

product was formed. These two peaks were at 3.73 and 3.84 ppm, which correlate to the protons 

on the newly formed single bond carbons. The NMR for this product correlated almost exactly 

with the literature3, indicating that the product was formed. These results showed that both of the 

catalysts were able to function properly in the reaction without forming any side products. 

Very similar to the previous proton NMR data, there are two peaks on the carbon NMR to 

indicate that the product has been formed. The peaks at 47.529 and 41.298 both correlate to the 

carbons that are part of the newly formed single bond. During the reaction, the double bonds of 

the starting materials, maleic anhydride and 1,4-diphenyl-1,3-butadiene participated in the Diels-

Alder reaction, forming this new single bond, creating an upfield shift. These peaks are almost 

exactly the same as the ones reported in literature7, allowing for me to confidently say that the 

product has been formed.  

GC-MS showed that the product obtained from the heating mantle and monowave 

reactions were not pure as there was starting materials and solvent present on the GC. However, 
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there was a large portion of product present in the peaks around 23 and 24 minutes on the gas 

chromatogram. The mass/charge ratio of 304.1 is indicative of the product, 4,7-diphenyl-

3a,4,7,7a-tetrahydro-2-benzofuran-1,3-dione, whereas the mass/charge ratio of 276.1 is 

indicative of the decarboxylated product. Additionally, given that the product elutes off at two 

different retention times with the same mass/charge ratio, there is indication that the product 

exists in both the endo- and exo- conformations.  

After the product was identified, a purification method from the literature literature7 was 

conducted. The Diels-Alder reactions conducted on the monowave and the heating mantle 

reaction containing phenol showed much less presence of starting material, indicating that the 

purification had worked. However, there was still presence of the starting material 1,4-diphenyl-

1,3-butadiene, in both of the acetic acid catalyzed heating mantle reactions. 

More work was done on the microwave synthesis to identify optimal reaction conditions. 

Reactions were heated by microwave reactor until the disappearance of the 1,4-diphenyl-1,3-

butadiene on the TLC plate to indicate when the reaction was finished. This occurred in the 

acetic acid catalyzed when the reaction was run for about an hour and a half. When using the 

literature workup method of dissolving in chloroform then pouring into diethyl ether had resulted 

in no product. A different workup method of ethyl acetate and hexanes wash was done which 

produced an extremely low yield of about 4.5%. This low yield indicates that either the reaction 

was not complete or the workup was not appropriate for this reaction. 

 Another Diels-Alder reaction was done without a catalyst to see whether the catalyst was 

impacting the overall yield of the reaction. It was shown that even after three hours, the 1,4-

diphenyl-1,3-butadiene peak was still present. The reaction was analyzed in the GC-MS, which 

showed extremely low amounts of product formation and that there was still large presence of 
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starting materials. This could be due to the reaction being stopped to check by TLC, resulting in 

the reaction not having enough time to function. 

 Another workup technique was conducted on an acetic acid catalyzed Diels-Alder 

reaction that was heated using the microwave reactor. Following a recrystallization in toluene, a 

fine white powder was produced with a still low yield of 5.1%. The low yield may be a result of 

the reaction not going to completion, as discussed prior. This caused low yields and hence, very 

little for purification purposes. 

A full synthesis of the polymer was attempted from start to finish with minimal 

characterization in between. For this, a Diels-Alder reaction was conducted using acetic acid 

catalysis on heating mantle. This material was then recrystallized in toluene and filtered over 

vacuum. This resulted in a fine white powder with a yield of about 29%. From there, a Pd/C 

reaction (scheme 3) was conducted on the product from the previous reaction. 

A final reaction Diels-Alder reaction using 1,4-diphenyl-1,3-butadiene and maleic 

anhydride was run without catalyst. This reaction was heated using an aluminum block and 

thermometer to monitor the reaction temperature to ensure that it was completely refluxing. The 

resulting reaction mixture was washed out with hot chloroform and dissolved in near boiling 

chloroform with stirring. When the material was completely dissolved, the chloroform mixture 

was poured into 20 mL diethyl ether and set on ice for 10 minutes. The material was extracted by 

filtration over vacuum, producing a yield of 68.8%. GC-MS of the material revealed nearly pure 

Diels-Alder adduct, but also terphenyl material expected from the next synthesis step. 
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Scheme 9: Dehydroaromatization of 4,7-diphenyl-3a,4,7,7a-tetrahydro-2-benzofuran-1,3-

dione using DDQ 

4,7-diphenyl-2-benzofuran-1,3-dione (4)7 

4,7-diphenyl-3a,4,7,7a-tetrahydro-2-benzofuran-1,3-dione (1.91 mmol), 2,3-Dichloro-5,6-

dicyano-1,4-benzoquinone (3.82 mmol) will be heated to 60°C in 5 mL 1,4-dioxane under argon 

gas for 24 hours. Following, the product will be evaporated then dissolved in chloroform. This 

will then be poured into ethanol to precipitate crystals then filtrated; 1H NMR (CDCl3, 300 MHz) 

δ 7.849 (s, 2H, aromatic protons para to anhydride), 7.5-7.6 (m, 7.62H, aromatic) 

Expected: 1H NMR (Benzene-D6, 300 MHz) δ 7-8 (m, 12.00H, aromatic); 13C NMR (CDCl3, 300 

MHz) δ 160 (C=O), 120-140 (set of peaks, aromatic), GC-MS 300.1 amu [M] mass calcd for 

C20H12O3 300.31 

Alternatively, CPME can be used as an alternate solvent as 1,4-dioxane has been shown to be 

toxic to marine life while also producing explosive peroxides. 

With the DDQ reaction, yields obtained were fairly low, giving a 21.3% yield of a white 

powdery substance. The product composition was checked using GC-MS, which indicated that 

there was product formed as indicated by the presence of a mass to charge (m/z) peak of around 

300.1 which is indicative of the expected terphenyl compound. However, the gas chromatogram 
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indicated a large presence of toluene still present in the product. Following rotary evaporation 

(rotovap) and time in the oven, the material was again checked by GC-MS. 

 After evaporation in vacuum and drying the oven, the material showed less presence of 

toluene. However, there was still toluene present in the material. This indicates need for more 

purification of the material through means of either more time in the oven or rotovap following 

crushing of the material. This would help eliminate much of the solvent that is still present in the 

material so that it can be evaporated off. An alternative would be to recrystallize the material to 

try and product more pure crystals as the solvent can be excluded from the reforming crystals. 

An NMR was taken of the DDQ product to indicate whether the product was, in fact, 

formed and whether there was any starting material was left. As can be seen on the proton NMR, 

there was a disappearance of peaks around 3.814 ppm and 3.723 ppm, which indicates that the 

alkyl protons that were present in the starting material had been removed in the aromatization 

process and only peaks of the aromatic rings remained. There were many impurities present in 

the product as shown by the peaks upfield in the 0 to 2.5 ppm region indicative of acetone, water, 

and hexanes indicating that there is still more workup needed for the material. However, there 

was no carbon NMR or DEPT-135 of the material as of now because the material was not very 

soluble in most of the deuterated solvents. In the literature, benzene-D6 was used to for the NMR 

of this material, however, when used, the material was still relatively insoluble. 
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Scheme 10: Dehydroaromatization of 4,7-diphenyl-3a,4,7,7a-tetrahydro-2-benzofuran-1,3-

dione using Pd/C23 

4,7-diphenyl-3a,4,7,7a-tetrahydro-2-benzofuran-1,3-dione (1.91 mmol) and palladium on carbon 

(2.25 mmol) were dissolved in mL toluene under nitrogen and solution was stirred at reflux for 

24 hours. The hot mixture was then filtered and washed with hot toluene. After evaporation, the 

solid was washed with hexane. 

Expected: 1H NMR (Benzene-D6, 300 MHz) δ 7-8 (m, 12.00H, aromatic); 13C NMR (CDCl3, 300 

MHz) δ 160 (C=O), 120-140 (set of peaks, aromatic), GC-MS 300.1 amu [M] mass calcd for 

C20H12O3 300.31 

The Pd/C reaction was washed with hot toluene and then hexanes, but produced only a 

black powder indicative of Pd/C. The material was analyzed in the GC-MS and indicated that the 

material was not the expected product. It was then presumed that the literature method was 

instead used to wash the material into the vacuum flask so the vacuum flask was washed with 

toluene and then the liquid was evaporated leaving only solids. The solids were tested by GC-MS 

and indicated that the expected terphenyl material was formed, but had 1,4-diphenyl-1,3-
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butadiene present. This could be due to the starting material breaking down via a reverse Diels-

Alder reaction or the material being used for the Pd/C reaction not being pure enough. 

 In the full synthesis, another Pd/C reaction was conducted on the prior obtained Diels-

Alder adduct. The resulting product was filtered through filter paper with a washing of hot 

toluene followed by hexanes. This resulted in an orange paste-like material with a yield of about 

40.5%. The fact that it was a paste-like material could have been due to not drying the material 

enough. If the material had been thoroughly dried, it would have likely resulted in a powdery 

material which would have been easier to work with. 

 

Scheme 11: Bromination of 4,7-diphenyl-2-benzofuran-1,3-dione 

4,7-bis(4-bromophenyl)-2-benzofuran-1,3-dione (5)27 

4,7-diphenyl-2-benzofuran-1,3-dione (1.91 mmol), NaBr (3.82 mmol), NaIO4  (1.91 mmol) 

heated to 50°C in 5 mL toluene. 4 mL of concentrated H2SO4 was be added dropwise over 30 

minutes and reaction was continued for 3 hours. Product was then be cooled and put on ice to 

precipitate solid, then filtrated. Following this, the material must then be recrystallized using 

solvent to be determined experimentally. 



 

  38 
 

Alternatively, other strong acids other than sulfuric acid can be tested for safety reasons as well 

as mild acids to determine their effect on the reaction 

Expected: 1H NMR (CDCl3, 300 MHz) δ 7-8 (m, 10.00H, aromatic); 13C NMR (CDCl3, 300 

MHz) δ 160 (C=O), 120-140 (set of peaks, aromatic), mass calcd for C20H10Br2O3 458.10 

A bromination reaction was conducted on the paste-like material obtained from the 

palladium on carbon reaction. As there was no sodium periodate, potassium periodate was used 

as an alternative after it was found that the reaction still functioned with it. Unfortunately, it was 

realized after the amount of reactants needed was wrong due to an oversight. The resulting 

product was a black powder with a yield of less than 1% (only a few flakes of powder resulted). 

Further characterization is required to determine whether the reaction functioned properly. 

The yields for this reaction could have been lower than expected because the starting 

material (the Pd/C product obtained prior) was a sticky paste, as described earlier, which was 

difficult to work with. This made the placement of the material into the round bottom flask, 

weighing it, and working with it in general very difficult. Likely not all of the material had 

entered the round bottom flask in the first place, giving a much lower yield than expected for this 

reaction. To obtain better yields for this reaction, drying of the Pd/C reaction starting material 

would help in working with the material to ensure that the correct amount of starting material is 

present. 



 

  39 
 

 

Scheme 12: Grignard reaction of 4,7-bis(4-bromophenyl)-2-benzofuran-1,3-dione and 

following Suzuki condensation 

4,7-bis(4-phenylboronic acid)-2-benzofuran-1,3-dione (6)28 

4,7-bis(4-bromophenyl)-2-benzofuran-1,3-dione (1.91 mmol) will be dissolved in dry THF and 

added dropwise to (5.73 mmol) magnesium turnings then refluxed for 5 hours. Following this, it 

will be cooled, then transferred to a cooled solution of trimethyl borate (4.78 mol) in dry THF. 

The mixture will  then be allowed to rise to room temp then hydrolyzed with 6N HCl for 4 hours. 

Finally, the organic layer will be extracted into diethyl ether and then dried. 

Expected: 1H NMR (CDCl3, 300 MHz) δ 7-8 (m, 10.00H, aromatic); 13C NMR (CDCl3, 300 

MHz) δ 160 (C=O), 120-140 (set of peaks, aromatic) [M] mass calcd for C20H10B2O7 383.91 
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Poly-1,3-Isobenzofurandione, 4,7-diphenyl(7)28 

Mixture of Na2CO3 and dioxane will be degassed then 4,7-bis(4-bromophenyl)-2-benzofuran-

1,3-dione (1.91 mmol) and boric acid product (1.74 mol) will be mixed with 1 mol% Pd(PPh3)4. 

Mixture will then be refluxed in argon atmosphere under exclusion of light for 16 hours then 

quenched with 10% aqueous HCl. Next, organic layer will be extracted with dichloromethane 

then dried. 

Expected: 1H NMR (CDCl3, 300 MHz) δ 7-8 (m, varies based on n, aromatic); 13C NMR 

(CDCl3, 300 MHz) δ 160 (C=O), 120-140 (set of peaks, aromatic), [M] mass calcd for 

[C20H10O3]n = 298.29*n  

 

Scheme 13: Ullman Homocoupling of 4,7-bis(4-bromophenyl)-2-benzofuran-1,3-dione 

Poly-1,3-Isobenzofurandione, 4,7-diphenyl (7)30 

4,7-bis(4-bromophenyl)-2-benzofuran-1,3-dione (3.82 mmol) will be mixed with (5.73 mmol) 

K2CO3, 0.2% mol Pd(OAc)2, and 0.4% mol (2-diphenylphosphino-2′-methylbiphenyl) in 5 mL 

DMF at 100°C for 5 hours. Material will then be dried and then recrystallized in solvent to be 

experimentally determined. 
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Expected: 1H NMR (CDCl3, 300 MHz) δ 7-8 (m, varies based on n, aromatic); 13C NMR 

(CDCl3, 300 MHz) δ 160 (C=O), 120-140 (set of peaks, aromatic), GC-MS 304.1 amu [M] mass 

calcd for [C20H10B2O7]n = 298.29*n  

Conclusion 

 It was found through molecular modeling that the polymer would have a decreased band 

gap energy with anhydride functionality. When conducting Diels-Alder reactions between 1,4-

diphenyl-1,3-butadiene and three different molecules the reactions with N-methylmaleimide and 

maleic anhydride both resulted in fair yields (~60%). The density of the dimethylacetylene 

dicarboxylate product was unknown so a proper yield cannot be reported. It was also found that 

the same reactions conducted on microwave resulted in lower, but still fair yields in much less 

time. The optimal conditions in terms of efficiency and purity for the Diels-Alder reaction 

involving maleic anhydride was the monowave reaction with acetic acid as a catalyst. For the 

aromatization reaction of the maleic anhydride product, it was found that, while the yields were 

higher for the Pd/C catalyzed reaction, the DDQ reaction resulted in a much more pure product. 

Finally, it is unsure whether the bromination reaction worked fully as the GC-MS did not 

indicate formation of the product, but it was insoluble in the solvent. Further characterization is 

required to determine the results of the bromination reaction. Overall, it has been shown that the 

reactions in this work do produce the expected products with changes to work towards a 

“greener” synthesis. 

 The yields obtained by these experiments were much less than the yields reported by the 

literature7, 23. This could be due to problems with solubility that were experienced during 

synthesis with these materials. The yields could have been much lower than they should have 

been due to the amount of material left on the glassware that could not be salvaged due to said 



 

  42 
 

solubility issues. The same issues can be stated for the aromatization reactions so it is unsure 

whether the reactions were not run to completion or whether the material was not fully extracted. 

Furthermore, there needs to be more work done with the microwave reactions to determine the 

most appropriate methods. It was found throughout all of the microwave synthesis reactions that 

the reaction was not going to completion which indicates that it likely needs to have run for 

longer or run at higher temperatures. Moreover, the bromination reaction needs to be repeated as 

the reaction was run with improper reactant amounts due to an oversight. 

 To finish the polymer, the prior reactions need to be optimized as extended syntheses 

such as this require large amounts of product from preceding reactions to run the following steps. 

There needs to be analyses of other functional groups on the terphenyl such as the ones tested for 

the Diels-Alder reaction to examine their influence on the band gap. The impact of chain length 

can also be tested once the full polymer has been synthesized as the Spartan modeling showed a 

decrease in band gap energy with the addition of further monomers. Finally, the possibility of 

additions to the molecule to force it to become planar should be studied as the planarity of the 

molecule can have an impact on the functionality of the semiconducting material, as discussed in 

the results of modeling on Spartan. 
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Supporting Materials 

Structure HOM

O (eV) 

LUM

O (eV) 

Band 

Gap 

Structure 

Terphenyl -8.99  -0.30 

-8.69 

 
Terphenyl 

Anhydride 

-9.83  -1.27 

-8.56 

 
Brominate

d 

Terphenyl 

Anhydride 

-9.95  -1.45 

-8.5 

 
3 units of 

anhydride 

polymer 

Too 

many 

atoms 

Too 

many 

atoms 

Too 

many 

atoms 
 

2 units of 

anhydride 

polymer 

-9.39  -1.32 

-8.07 

 
6 units of 

poly(p-

phenylene) 

-8.70  -0.61 -8.09 

 
n=2 
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Terphenyl 

diamino 

-8.19  0.10 -8.29 

 
Table 4: HOMO-LUMO and band gap analysis of various compounds of interest 

 
Maleic Anhydride N-methylmaleimide Acetylene 

Heating 

Mantle 

73.94% yield, White 

Crystals 

93.02% yield, White 

Crystals 

2.1 mL, dark yellow 

liquid 

Microwave 57.42% yield, White 

Crystals 

69.68% yield, White 

Crystals 

Not finished, light 

yellow liquid 

Table 5: Diels-Alder reaction results with different dienophiles 

Heating 

Method 
Workup Catalyst Appearance Crude 

Yield 

Heating Mantle, 

reflux, one week 
Chloroform, diethyl ether 

recrystallization 

Acetic 

Acid 
White, semi-yellow 

powder; orange 

solution 

59.0% 

Heating Mantle, 

reflux, one day 

Chloroform, diethyl ether 

recrystallization, column 

chromatography 

Acetic 

Acid 

Fine, white powder 43.2% 

Heating Mantle, 

reflux, one week 
Chloroform, diethyl ether 

recrystallization 

Phenol Clumped, yellow 

solid;  
red solution 

27.5% 

Monowave, 

200°C, 1 hour 
Chloroform, diethyl ether 

recrystallization 

Acetic 

Acid 
Fine, white powder 61.7% 

Microwave, 

200°C, 40 

minutes 

Chloroform, diethyl ether 

recrystallization 

Acetic 

Acid 
White crystals, 

white powder 
17.13% 

Microwave, 

200°C, 
40 minutes 

Chloroform, diethyl ether 

recrystallization 

Phenol Clumped, yellow 

solid 
12.9% 
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Microwave, 

110°C, 90 

minutes 

Ethyl acetate and hexanes 

wash 

Acetic 

Acid 

Fine white powder 4.5% 

Microwave, 

110°C, 90 

minutes 

Toluene recrystallization Acetic 

Acid 

Fine white powder 5.1% 

Microwave, 

110°C, 3 hours 

---- None Not extracted as GC 

showed minimal 

product 

~5% 

(reported by 

GC) 

Heating mantle, 

1 day 

Toluene recrystallization Acetic 

Acid 

Fine white powder 29.0% 

Aluminum 

block, 1 day 

Chloroform, diethyl ether 

recrystallization 

None Fine white powder 68.8% 

Table 6: Reaction Conditions and Product Properties for Diels-Alder Reactions With 

Maleic Anhydride 

Heating Method Oxidant Appearance Yield 

Heating Mantle, 1 

day 

DDQ White powder 21.3% 

Heating Mantle, 1 

day 

Pd/C White powder 29.8% 

Heating Mantle, 1 

day 

Pd/C Orange paste 40.5% 

Table 7: Reaction Conditions and Product Properties for Aromatization Reactions 

 

 

Figure 6: Gas chromatogram from product of heating mantle reaction between maleic 

anhydride and 1,4-diphenyl-1,3-butadiene 



 

  49 
 

 

 

Figure 7: Mass spectra from product of heating mantle reaction between maleic anhydride 

and 1,4-diphenyl-1,3-butadiene, Retention Time: 18.75 min 

 

Figure 8: Mass spectra from product of heating mantle reaction between maleic anhydride 

and 1,4-diphenyl-1,3-butadiene, Retention Time: 23.58 min 
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Figure 9: Labeled proton NMR for product of heating mantle reaction between maleic 

anhydride and 1,4-diphenyl-1,3-butadiene 

 

Figure 10: Labeled structure for product of reaction between maleic anhydride and 1,4-

diphenyl-1,3-butadiene 

 
Figure 11: Labeled carbon NMR for product of heating mantle reaction between maleic 

anhydride and 1,4-diphenyl-1,3-butadiene 
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Figure 12: Labeled DEPT for product of heating mantle reaction between maleic 

anhydride and 1,4-diphenyl-1,3-butadiene 

 
Figure 13: Labeled structure for product of reaction between maleic anhydride and 1,4-

diphenyl-1,3-butadiene 
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Figure 14: Gas chromatogram from product of microwave reaction between maleic 

anhydride and 1,4-diphenyl-1,3-butadiene 

  

Figure 15: Mass spectra from product of microwave reaction between maleic anhydride 

and 1,4-diphenyl-1,3-butadiene, Retention Time: 17.40 min 
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Figure 16: Mass spectra from product of microwave reaction between maleic anhydride 

and 1,4-diphenyl-1,3-butadiene, Retention Time: 18.76 min 

 

Figure 17: Mass spectra from product of microwave reaction between maleic anhydride 

and 1,4-diphenyl-1,3-butadiene, Retention Time: 23.56 min 
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Figure 18: Labeled proton NMR for product of microwave reaction between maleic 

anhydride and 1,4-diphenyl-1,3-butadiene 

 

Figure 19: Labeled structure for product of reaction between maleic anhydride and 1,4-

diphenyl-1,3-butadiene 

 
Figure 20: Labeled carbon NMR for product of microwave reaction between maleic 

anhydride and 1,4-diphenyl-1,3-butadiene 
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Figure 21: Labeled DEPT for product of microwave reaction between maleic anhydride 

and 1,4-diphenyl-1,3-butadiene 

 
Figure 22: Labeled structure for product of reaction between maleic anhydride and 1,4-

diphenyl-1,3-butadiene 

 

Figure 23: Gas chromatogram from product of heating mantle reaction between N-

methylmaleimide and 1,4-diphenyl-1,3-butadiene 
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Figure 24: Mass spectra from product of heating mantle reaction between N-

methylmaleimide and 1,4-diphenyl-1,3-butadiene, Retention Time: 18.76 min 

 

 

Figure 25: Mass spectra from product of heating mantle reaction between N-

methylmaleimide and 1,4-diphenyl-1,3-butadiene, Retention Time: 24.08 min 
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Figure 26: Mass spectra from product of heating mantle reaction between N-

methylmaleimide and 1,4-diphenyl-1,3-butadiene, Retention Time: 24.74 min 

 
Figure 27: Labeled proton NMR for product of heating mantle reaction between N-

methylmaleimide and 1,4-diphenyl-1,3-butadiene 

 
Figure 28: Labeled structure for product of reaction between N-methylmaleimide and 1,4-

diphenyl-1,3-butadiene 
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Figure 29: Labeled carbon NMR for product of heating mantle reaction between N-

methylmaleimide and 1,4-diphenyl-1,3-butadiene 

 
Figure 30: Labeled DEPT for product of heating mantle reaction between N-

methylmaleimide and 1,4-diphenyl-1,3-butadiene 

 
Figure 31: Labeled structure for product of reaction between N-methylmaleimide and 1,4-

diphenyl-1,3-butadiene 
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Figure 32: Gas chromatogram from product of microwave reaction between N-

methylmaleimide and 1,4-diphenyl-1,3-butadiene 

 

Figure 33: Gas chromatogram from product of heating mantle reaction between dimethyl 

acetylenedicarboxylate and 1,4-diphenyl-1,3-butadiene 
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Figure 34: Mass spectra from product of heating mantle reaction between dimethyl 

acetylenedicarboxylate and 1,4-diphenyl-1,3-butadiene (decayed starting material), 

Retention Time: 6.14 min 

  

Figure 35: Mass spectra from product of heating mantle reaction between dimethyl 

acetylenedicarboxylate and 1,4-diphenyl-1,3-butadiene, Retention Time: 17.50 min 
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Figure 36: Mass spectra from product of heating mantle reaction between dimethyl 

acetylenedicarboxylate and 1,4-diphenyl-1,3-butadiene, Retention Time: 22.93 min 

 

Figure 37: Mass spectra from product of heating mantle reaction between dimethyl 

acetylenedicarboxylate and 1,4-diphenyl-1,3-butadiene (decayed when heated by GC), 

Retention Time: 23.42 min 
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Figure 38: Mass spectra from product of heating mantle reaction between dimethyl 

acetylenedicarboxylate and 1,4-diphenyl-1,3-butadiene, Retention Time: 23.90 min 

 
Figure 39: Labeled proton NMR for product of heating mantle reaction between dimethyl 

acetylenedicarboxylate and 1,4-diphenyl-1,3-butadiene 
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Figure 40: Labeled structure for product of reaction between dimethyl 

acetylenedicarboxylate and 1,4-diphenyl-1,3-butadiene 

 
Figure 41: Labeled carbon NMR for product of heating mantle reaction between dimethyl 

acetylenedicarboxylate and 1,4-diphenyl-1,3-butadiene 

 
Figure 42: Labeled DEPT for product of heating mantle reaction between dimethyl 

acetylenedicarboxylate and 1,4-diphenyl-1,3-butadiene 
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Figure 43: Labeled structure for product of reaction between dimethyl 

acetylenedicarboxylate and 1,4-diphenyl-1,3-butadiene 

 

Figure 44: Gas chromatogram from product of microwave reaction between dimethyl 

acetylenedicarboxylate and 1,4-diphenyl-1,3-butadiene 



 

  65 
 

 

Figure 45: Mass spectra from product of microwave reaction between dimethyl 

acetylenedicarboxylate and 1,4-diphenyl-1,3-butadiene (decayed when heated by GC), 

Retention Time: 23.27 min 
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Figures 46-49: Carbon NMR, DEPT-135, and Labeled Structure for Monowave Reaction, 

along with predicted NMR 
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Figures 50-52: Proton NMR and Labeled Structure for Monowave Reaction along with 

predicted NMR 
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Figure 53: Gas Chromatogram for monowave product 

  

Figures 54 and 55: Mass Spectra for monowave product, RT – 23.96 and 22.97 min 
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Figure 56: Gas chromatogram for product after purification method 

 

Figures 57 and 58: Mass Spectra for product after purification method – RT – 23.92 and 

23.12 
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Figures 59-61: CNMR, DEPT-135, and Labeled Structure for Acetic Acid Catalyzed 

Reaction Following Purification, 1 day 
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Figures 62 and 63: Proton NMR and Labeled Structure for Acetic Acid Catalyzed Reaction 

Following Purification, 1 day 

 

Figure 64: Gas Chromatogram for Acetic Acid Catalyzed Reaction Following Purification, 

1 day 
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Figures 65: Mass Spectra for Acetic Acid Catalyzed Reaction Following Purification, 1 day, 

RT – 18.19 
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Figures 66-67: Mass Spectra for Acetic Acid Catalyzed Reaction Following Purification, 1 

day, RT 22.97, 23.11 
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Figures 68-70: CNMR, DEPT-135, and Labeled Structure for Acetic Acid Catalyzed 

Reaction Following Purification, 1 week 
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Figures 71 and 72: Proton NMR and Labeled Structure for Acetic Acid Catalyzed Reaction 

Following Purification, 1 week 

 

Figure 73: Gas Chromatogram for Acetic Acid Catalyzed Reaction Following Purification, 

1 week 
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Figures 74 and 75: Mass Spectra for Acetic Acid Catalyzed Reaction Following 

Purification, 1 week, RT – 18.20, 23.97 
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Figures 76-78: CNMR, DEPT-135, and Labeled Structure for Phenol Catalyzed Reaction 

Following Purification, 1 week 

 

 

Figures 79 and 80: Proton NMR and Labeled Structure for Phenol Catalyzed Reaction 

Following Purification, 1 week 
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Figure 81: Gas Chromatogram for Phenol Catalyzed Reaction Following Purification, 1 

week 

 

  



 

  80 
 

 

 

Figures 82 and 83: Mass Spectra for Phenol Catalyzed Reaction Following Purification, 1 

week, RT – 23.10,23.9 

 

Figure 84: Gas Chromatogram of DDQ reaction product 
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Figure 85: Mass Spectra of DDQ reaction product, RT – 23.94 min 

 

 

Figure 86: Proton NMR of DDQ reaction product 
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Figure 87 and 88: Proton NMR of DDQ reaction product, 7.4-8.0 ppm with predicted NMR 
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Figure 89: Predicted CNMR for Terphenyl Compound 
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Figure 90: Gas Chromatogram of Pd/C Reaction Flowthrough in Vacuum Flask 

 

Figure 91: Mass Spectra of Pd/C Flowthrough in Vacuum Flask, RT – 16.98 min 
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Figure 92: Mass Spectra of Pd/C Flowthrough in Vacuum Flask, RT – 18.19 min 

 

Figure 93: Mass Spectra of Pd/C Flowthrough in Vacuum Flask, RT – 23.94 min 
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Figure 94: GC of Terphenyl Bromination 

 

Figure 95: Mass Spectra of Terphenyl Bromination, RT 2.37 min – Solvent 
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Figure 96: Gas Chromatogram of Maleic Anhydride Diels-Alder Adduct, Microwave, 

Acetic Acid Catalyzed, following toluene recrystallization 

 

Figure 97: Mass Spectra of Maleic Anhydride Diels-Alder Adduct, Microwave, Acetic Acid 

Catalyzed, following toluene recrystallization, RT – 18.18 min 
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Figure 98: Gas Chromatogram of Maleic Anhydride Diels-Alder Adduct Run on 

Aluminum Block purified through Chloroform-Diethyl Ether Recrystallization 

 

Figure 99: Mass Spectra of Maleic Anhydride Diels-Alder Adduct Run on Aluminum Block 

purified through Chloroform-Diethyl Ether Recrystallization, RT – 22.99 min 
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Figure 100: Mass Spectra of Maleic Anhydride Diels-Alder Adduct Run on Aluminum 

Block purified through Chloroform-Diethyl Ether Recrystallization, RT – 22.95 min 

 

Figure 101: Mass Spectra of Maleic Anhydride Diels-Alder Adduct Run on Aluminum 

Block purified through Chloroform-Diethyl Ether Recrystallization, RT – 23.98 min 
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Figure 102: Gas Chromatogram of Every Maleic Anhydride Diels-Alder Adduct purified 

through Chloroform-Diethyl Ether Recrystallization 

 

Figure 103: Mass Spectra of Every Maleic Anhydride Diels-Alder Adduct Purified through 

Chloroform-Diethyl Ether Recrystallization, RT – 22.99 min 
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Figure 104: Mass Spectra of Every Maleic Anhydride Diels-Alder Adduct Purified through 

Chloroform-Diethyl Ether Recrystallization, RT – 23.22 min 

 

Figure 105: Mass Spectra of Every Maleic Anhydride Diels-Alder Adduct Purified through 

Chloroform-Diethyl Ether Recrystallization, RT – 23.22 min 


