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ABSTRACT 

 

SYNTHESIS OF DONOR-ACCEPTOR-DONOR MOLECULES FOR PREPARATION 

OF STABLE n-DOPING POLYMERS 

 

by  

 

Makda T. Araya, B.S. 

 

Texas State University-San Marcos 

 

December 2012 

 

SUPERVISING PROFESSOR: JENNIFER A. IRVIN 

Electroactive polymers are polymers that switch reversibly between insulating 

and conducting states. Their unique properties enable them to be used in a wide range of 

applications including electrochemical capacitors, sensors and electrochromics. This 

research is focused on conjugated, high-nitrogen content, heterocyclic monomers for 

stable n-doping polymers. To minimize band gap, compounds of significantly different 

electronic properties are coupled. Pyrimidines, pyrazines and benzenes will be used as 

precursors to couple with thien-2-yl, 3,4-ethylenedioxythien-2-yl and 1,3,4-thiadiazolyl 

rings. The mixing of electron-rich rings with high electron affinity heterocycles facilitates 

efficient electron mobility and stabilizes n-doping of resultant polymers. 
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CHAPTER I 

 

INTRODUCTION TO ELECTROACTIVE POLYMERS 

 

Electroactive Polymer Background 

In the late 1970s, it was discovered that conjugation and doping increased the 

conductivity of polymers.1 The resultant electroactive polymers (EAPs) switch reversibly 

between insulating and conducting states. These intrinsically conductive polymers are 

easier to process and offer cheap alternatives to inorganic conductors. Their unique 

properties enable them to be used in a wide range of applications including 

electrochemical capacitors, photovoltaics, sensors and electrochromics.1,2 With greater 

demand for nanoscaling and efficiency, EAPs are drawing much attention.  

Conjugated, heterocyclic monomers are oxidatively polymerized either 

chemically or electrochemically. The resultant conjugated polymers can be repeatedly 

reduced and oxidized, switching between conducting and insulating states. Upon positive 

doping (p-doping), electrons are removed from a polymer yielding positive charges along 

the polymer chain.1 During negative doping (n-doping), electrons are added to the neutral 

polymer yielding negative charges along the polymer chain. Thus, neutral polymers are 

converted to oxidized or reduced states via p-doping or n-doping, respectively 

(Scheme1). Suitable electrolyte media are used to provide counter ions. 
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Scheme 1: Doping processes of polythiophene 

 

Doping Processes in Electroactive Polymers 

 EAPs are insulators or semiconductors in the neutral state; metallic level 

conductivity is achieved via doping. As doping level increases, conductivity increases 

from insulating to semiconducting to metallic.3 Such polymers usually contain multiple 

aromatic rings in conjugation with each other in the backbone to stabilize charge transfer. 

Conjugated polymers can be subjected to both p- and n-doping.  

Many conjugated aromatic polymers contain heterocyclic rings (Figure 1) 

incorporating sulfur, nitrogen, or oxygen. Polythiophene (pT, Figure 2) and its 

derivatives have been found to be highly stable with and without p-doping.3 p-Doped 

polymers are the more stable and studied polymers. Other examples of stable p-type 

polymers (Figure 2) are polyaniline (pANI), poly(phenylenevinylene) (pPV), and 

polypyrrole (pPy).  

 

 

 

Figure 1: Common heteroatomic rings 
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Figure 2: From left to right, examples of polymers that have been doped: polythiophene 
(pT), poly(3,4-ethylenedioxythiophene) (pEDOT), poly(phenylenevinylene) (pPV), 
polyaniline (pANI), and polypyrrole (pPy) 
 
 Either chemical or electrochemical methods can be used to affect redox doping. 

Redox doping is when π electrons are mobilized to and from the polymer. Conversely, 

non-redox doping employs the use of protonic aqueous acids to introduce charges.3 This 

type of doping is shown in Scheme 2. The amount of doping is relevant to the pH of the 

solution. While many stable p-doped polymers have been synthesized, current researchers 

are faced with instability, highly negative reduction potentials and air-sensitivity of n-

doping polymers.3,4,5,6,7,9  

 

 

Scheme 2: Non-redox doping in polyaniline (pANI) 

 Figure 3 shows an example of a polymer that undergoes non-redox doping as well 

as p-doping and n-doping. Note that each state of the polymer has a distinct color; 

differences in color as a result of doping state have led researchers to pursue 

electrochromic applications of EAPs.16 In 1995, Arbizzani et al. 22 effectively n- and p-

doped polydithieno [3,4-B: 3’,4’-D]thiophene (pDTT). Two years earlier, Zotti and 

company4 discovered that the n-type polydithienylvinylene (pDTV) is 10-100 times less 

electroactive than the p-type. This was thought at the time to be due to the large cation 
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counter ions (tetra-n-alkyl ammonium dopant) used hindering electron mobility by 

increasing interchain distances.4 Small alkali metal ions such as Li+, Na+, K+ and Cs+ 

stabilize n-doping of polythiophene (pT) for capacitors.3 This is supported by Eiji and 

coworkers’ comparative study of lithium perchlorate and tetraethyl ammonium 

perchlorate as electrolytes.8  

 

 

 

 

 

 

 

 

 

Figure 3: Doping chromatics of poly[2,5-bis(3,4-ethylenedioxythien-2-yl)pyridine]17 

 

Band Gap 

 The band gap, Eg, is the energy difference between the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).  For a 

material to be conductive, Eg must be low enough for electrons to hop from the valence 

band to the conducting band. Although organic materials have higher band gaps than 

inorganic materials, modifying organic structures offers ways of lowering band 
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gap.3,6,7,9,21,22,23,24,32,34 Generally, band gap can be lowered by increasing conjugation1,3, 

increasing planarity2-15 and doping.4 

  

 

 

 

 

 

 

 

 

Figure 4: Band gap decreases as conjugation increases 

 Conjugation is important to conductivity since π orbitals are required for electron 

mobility.9 σ-σ* Electron hopping is impossible since the energy difference between the σ 

orbitals is too large.9 In contrast, π-π* energies are shorter and optimal for conductivity. 

The higher the degree of conjugation, the greater the number of π orbitals are available 

for overlap, and the lower the Eg. Aromatic rings in polymer backbones increase 

conjugation and planarity of electroactive polymers, increasing electron mobility along 

the polymer chain.2-9,10,11 Lastly, doping decreases Eg by creating intermediate bands 

between the HOMO and LUMO to act as stepping-stones for electrons. These energy 

bands are created through the high energy charged states of polymers upon doping. The 

stability of n-doping EAPs is typically poor due to the instability of carbanions formed 

during the reductive processes.12  
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Approaches to Stable n-Doping Polymers 

p-Doped polymers dominate electroactive polymer research. Cations and anions 

are highly reactive species but cations are intrinsically more stable than anions. Cations 

and anions are highly reactive species, but cations are more stable than anions.13 Thus, 

stable p-doped polymers are abundant, while stable n-doped polymers have remained 

elusive.  

According to Arbizzani and coworkers,31 the highly negative potentials needed to 

n-dope polymers cause “high self-discharge and low electrode life-cycle,” making n-

doping not ideal. To battle the instability of n-doped polymers, polymers with an 

electron-withdrawing group on aromatic rings have been synthesized.  The race to 

manufacture ambient environmentally safe n-doped polymers continues to broaden 

applications of conductive polymers to light emitting diodes and transistors.13  

For battery and capacitor applications, n-doped polymers have been shown to be 

stable with small alkali metals such as Li+, Na+, K+ and Cs+.14 Small metals are better 

able to penetrate and counter the negative charges than bigger ions. One way to stabilize 

any charge, positive or negative, is to have a highly conjugated system where charge is 

delocalized through resonance. Pendant electron withdrawing groups have been 

incorporated15 to stabilize negative charges by withdrawing electron density from the 

polymer backbone. A drawback to this method is the reduction of conductivity due to 

charge trapping and increase in interchain distances. Short interchain distances are 

required for π-π stacking to allow bidirectional electron mobility.4 Conductivity and 

stability are further optimized by carefully choosing conjugated systems with donating 
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and accepting capabilities within a given monomer. The acceptors’ high affinity for 

electrons lowers the LUMO.8,16  

Heteroatoms of sulfur, oxygen and nitrogen have been utilized as acceptors; sp2 

hybridized nitrogen-containing heteroatoms are particularly electron deficient, lowering 

the LUMO.8,16 Since the LUMO energy level is governed by the electron acceptor and 

the HOMO energy level is governed by the electron donor, electron donors are designed 

to be stable, electron rich conjugated systems that have low oxidization potential.17 Donor 

rings are integrated as terminal moieties to facilitate a low potential 

electropolymerization, giving rise to donor-acceptor-donor monomers. Manipulating the 

donor-acceptor ratios and attaching various functional groups to the polymer enhances n-

doping stability. Usually, conjugated systems (heterocyclic or not) are added as acceptors 

to thiophene or similar donating groups. Acceptor groups are chosen to be herteroatomic, 

conjugated rings that are electron poor and have higher oxidization potential.  

 

Coupling Strategies for Use in Monomer Synthesis 

 Coupling reactions include reactions that form C-C bonds from an organohalide 

and organometallic in the presence of transition metal catalyst. Heck and co-workers 

pioneered cross-coupling reactions in the late 1960s.18 Heck successfully prepared styrene 

by reacting ethylene with phenyl palladium chloride at room temperature (Scheme 3). 

Since then, this synthetic breakthrough has been optimized and referred to as the Heck 

cross-coupling reaction. Almost a decade later, in 1976, Negishi was able to incorporate 

organozinc compounds in palladium-catalyzed couplings to introduce functionality to 

simple aromatic substrates.19,20 Around the same time, Suzuki11,21 perfected organoboron 
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reagents as nucleophiles in a palladium catalyzed cross coupling while Migita11,22 and 

Stille11 discovered organotin reagent nucleophiles. More recently, Sarandeses et al. 

broadened palladium-induced chemistry with the incorporation of organoindium 

reagents.16 

 

 

 

Scheme 3: Heck coupling synthesis of styrene 

Advances in coupling chemistry have been recognized in Chemistry Nobel Prizes 

in 1912 (Grignard Reaction), 1963 (Ziegler-Natta Polymerization), 1979 (Wittig 

reaction), 1990 (Corey-House Reaction), 2005 (Grubbs/Schrock/Shauvin Metathesis) and 

2010 (Heck/Negishi/Suzuki Pd catalysis).23 Over the decades, many new synthetic 

discoveries have led to efficient functionalization of aryls.  Although Grignard, Diels–

Alder and Wittig reactions have been instrumental in the advancement of organic 

chemistry, cross-coupling reactions have dominated polymer and biological chemistry. 

These palladium-initiated reactions consist of four basic steps (Figure 5): oxidative 

addition of the arylhalide to palladium via the insertion of palladium between an aryl 

carbon and the adjacent halide, transmetallation during which a second aryl group 

replaces the halide on palladium, trans/cis isomerization, and lastly, reductive elimination 

of the tetravalent palladium and its two ligands and the formation of the desired aryl-aryl 

bond.  
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Figure 5: General mechanism for palladium catalyzed C-C formation 

 These coupling reactions are fairly efficient and offer good yields. Due to their 

simplicity, such reactions are utilized in both organic synthesis and pharmaceutical 

manufacturing.20 Sarandeses52 (Scheme 4) and Toudic24 and their respective coworkers 

demonstrated organoindium and organotin reagents, respectively, in effecting C-C 

formation with high-nitrogen heterocycles.  

 

 

 

Scheme 4: General reaction scheme of Sarandeses coupling 
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Polymerization Methods 

Polymers are produced via oxidative (chemical or electrochemical) or non-

oxidative routes. Non-oxidative polymerizations include chemical or thermal elimination 

of precursors as well as coupling reactions.25,26,27 Non-oxidative polymerizations produce 

reduced, regioregular, higher molecular weight soluble polymers while oxidative 

polymerization tends to give simple, oxidized and slightly insoluble and lower molecular 

weight polymers, depending on the monomer. Since regioirregularity is problematic, 

decreasing conjugation and tensile strength of the polymer, symmetric monomers and 

regioregular polymerizations are sometimes preferred.7 Regioirregularity in polymer 

films affects charge mobility and absorption ability.28 

Electrochemical oxidative polymerization uses an electrode and current to grow 

polymers on a conductive substrate while chemical oxidative polymerization uses 

oxidizing salts such as ferric chloride. Both polymerization techniques remove a single 

electron from a monomer to create a radical cation. The radical cation combines with 

neutral monomers creating other radical cations as the polymer grows or radical cations 

combine to create dicationic dimers (Figure 6).51 Chemical oxidation faces over-

oxidation and solubility limitations. 
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Figure 6: Oxidative polymerization of thiophene 

 

Applications 

 Electroactive polymers are great candidates for use in electrochemical capacitors 

(also known as supercapacitors or ultracapacitors)29 due to the intrinsic versatility of 

electrochemical processes. Polymers’ conductivity can reach metallic status when doped; 

doping is necessary for battery and capacitor applications of EAPs. Electroactive 

polymer-based electrochemical capacitors (EPECs) use an EAP as at least one electrode. 

Using a p-doped polymer as the anode and an n-doped polymer as the cathode produces a 

so-called “Type IV” EPEC.30 EPECs with the latter conformation have shown to have 

greater power and charge mobility than conventional capacitors.31 Such systems are 

usually achieved by engineering a push and pull of electron donor-acceptor structures in 

the monomer. 

 Doping is also necessary for photovoltaics/solar cells. There are three types of 

organic solar cell structures. The bulk heterojunction is a polymer electron donor-

acceptor blend that addresses both the surface area and thickness of films increasing 

S -e-

S

S

S S S

S S S S

S S S S

Radical-monomer
coupling

Radical-radical
coupling

-e-

-2H

S

S



!

12!
 

electron mobility, charge separation and exciton diffusion. Bulk heterojunction uses high 

electron affinity and ionization potential compounds as electron donors and fullerene or 

its derivatives as electron donors. Conductivity is further optimized by carefully choosing 

conjugated systems with donating and accepting capabilities within a given blend.32,33 

 

Motivation for Research 

 The demand for efficiency and green-friendly source of energy has driven the last 

couple of decades’ research. Conductive polymers offer a wide range of applications in 

solar cells, capacitors and LEDs. The motivation for this research is to make stable n-

doping polymers with high electron mobility. The syntheses of seven novel donor-

acceptor-donor molecules and a known molecule (2,5-bisthien-2-ylpyrazine, BTPz)34 are 

discussed herein (Figure 7). High-nitrogen, conjugated heterocyclic compounds are 

chosen to increase the mobility of electrons by decreasing the Eg through π-π stacking 

and stabilization of the HOMO energy levels, yielding stable n-doping polymers. 

 

 

 

 

 

Figure 7: Proposed monomers for stable n-doping polymer
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CHAPTER II 

 

SYNTHESIS OF BISTHIENYLPYRIMIDINES, BISTHIENYLBIPYRIMIDINES, 

AND BISTHIENYLPYRAZINES 

 

Background 

 As the amount of nitrogen content increases, a broad range of optical properties 

are observed in donor-acceptor moieties.16 “Higher chemical and electrochemical 

reducibility” is reached going from poly(p-phenylene) to poly(pyridine-2,5-diyl) to 

poly(pyrimidine-2,5-diyl) and lastly to poly(pyrazine-2,5-diyl).35 Reducibility, n-doping 

ability, is increased with increasing nitrogen-content and by increasing the number of 

carbons between nitrogens. Bisthienylpyridines36,37 have been used to prepare n-doping 

polymers, but long term stability is not sufficient for use in desired applications. Acceptor 

ability is directly related to electron affinity. Electron affinity increases from -0.62eV for 

pyridine to 0eV for pyrimidine to +0.25eV for pyrazine.49 Therefore, replacing the 

pyridine acceptor with pyrimidine or pyrazine should significantly improve stability of n-

doped polymers. 

 Since electron affinity and an acceptors’ strength increases with increasing 

number of nitrogens, incorporation of high-nitrogen content acceptors within a monomer 

is expected to stabilize n-doping. To make stable n-doped donor-acceptor molecules, 
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high-nitrogen content heterocycles of pyrazines and pyrimidines were assembled as 

acceptor moieties. High-nitrogen content acceptors were coupled with known good 

donators, 3,4-ethylenedioxythiophene (EDOT) and thiophene.  

 

Experimental!

 

Materials 

 EDOT was purchased from Aldrich and purified as follows: dissolved in 

dichloromethane, washed thrice with 0.1M HCl, neutralized in saturated sodium 

bicarbonate, dried over anhydrous MgSO4, filtered through neutral alumina, evaporated 

under reduced pressure, vacuum distilled and stored in the freezer under argon. EDOT, n-

butyl lithium (n-BuLi, 2.5M in hexanes), and anhydrous tetrahydrofuran (THF) were 

purchased from Aldrich and used as received. 

 Tetrakis(triphenylphosphine) palladium(0), 2-bromothiophene, indium chloride, 

2-chloropyrazine, phosphoryl oxychloride, triphenyl phosphine, calcium chloride, N,N-

dimethylformamide (DMF), ethylenediaminetetraacetic acid (EDTA), bromine and 

toluene were purchased from Acros and used as received. Diethyl ether, ethyl acetate, 

hexanes, ethanol (95%), dichloromethane, hydrochloric acid, glacial acetic acid, 

ammonium chloride, methanol, hydrogen peroxide (30%), sodium bicarbonate and 

anhydrous magnesium sulfate were purchased from Fisher Scientific and used as 

received. Column chromatography was accomplished using Selecto Scientific 32-63 µm 

silica gel purchased from Fisher Scientific. 5-Chloropyrimidine was purchased from 

Acros and purified via sublimation prior to use. Nickel chloride hexahydrate 
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(NiCl2·6H20) and zinc metal were purchased from Alfa Aesar and used as received. 

Ammonium hydroxide was purchased from EMD Chemicals Incorporation and used as 

received. 2,5-Bis(thien-2-yl-)pyrimidine (BTPm) and 2,5-bis(3,4-ethylenedioxythien-2-

yl-)pyrimidine (BEPm) were synthesized by Winkel40 and used as received. 

 

Instrumentation 

 Single crystal X-ray diffraction measurements were performed at the Texas State 

University—San Marcos X-ray laboratory, using a Rigaku SCX-Mini diffractometer, 

equipped with a Mo tube and SHINE optics. Crystals were mounted on a glass fiber for 

measurement. Data collection and data integration were completed using Process-Auto.38 

Solutions were generated by direct methods using SHELXS-97, and refined by full-

matrix least squares on F2 using SHELXL-97.39 

 Compounds were characterized using melting point determination (MP) and 

nuclear magnetic resonance (NMR) spectroscopy. 1H and 13C NMR were accomplished 

with Varian INOVA 400 MHz NMR and a Bruker Avance III 400 MHz NMR while MPs 

were determined using Mel-Temperature Electrochemical with Fluke 51 thermometer 

detector. Structure drawing and estimation of 1H and 13C NMR chemical shifts was 

accomplished using CS ChemDraw NMR Pro Version 6.0. 

 

Synthesis 

 2,2’-Bipyrimidine:  This molecule was synthesized according to literature 

procedure.46 A flame dried 1000mL 3-neck round bottom flask was fitted with gas-inlet 

adapter, condenser and septum. DMF (493.4mL) was added to the flask via cannula 
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transfer and bubbled with argon for 18 hours. Triphenyl phosphine (34.4g, 131mmol), Zn 

(4.28g, 65.5mmol) and NiCl2·6H20 (7.78g, 32.8mmol) were dried for 20-30 minutes in a 

vacuum desicator prior addition to the reaction flask under positive argon flow. The 

reaction mixture turned black/red from dark green upon stirring. 2-Chloropyrimidine 

(15g, 131mmol) was added to the flask and stirred at room temperature for 1 hour. The 

reaction was heated at 50°C for 74 hours. After cooling, the reaction mixture was filtered 

through Celite® and washed with chloroform. Evaporation under reduced pressure 

yielded a glassy dark red solid. The solid was suspended in a solution of EDTA (75g) in 

7% ammonia, extracted 8 times with diethyl ether to remove the yellow triphenyl 

phosphine and extracted 8 more times with chloroform to yield fluorescent orange 

organic layers. The orange organic layers were combined, dried over MgSO4 and 

evaporated under reduced pressure to yield a pale yellow solid. 2,2’-Bipyrimidine was 

purified by sublimation to yield white solid (4.63g, 22.4%). Experimental MP range of 

109.6-111.1°C was consistent with literature52 MP range of 113-115°C. 1H NMR (CDCl3, 

400 MHz) δ 9.0 (s, 2H), 7.4 (t, 4H). (Lit:52 (CDCl3, 300 MHz) δ 9.02 (d, 2H), 7.44 (t, 

4H)). 

 

 5,5’-Dibromo-2,2’-bipyrimidine:  5,5’-Dibromo-2,2’-bipyrimidine was 

attempted via a modification of Song and coworkers’ protocol.53 Reactions of 2,2’-

bipyrimidine (200mg, 1.27mmol) and 2.2 equivalents of bromine (0.143mL, 7.79mmol) 

were subjected to microwave and photo reaction using CCl4 (10mL) or 

dichloromethane/acetic acid (1:1; 10mL) as reaction solvents. Microwave reactions of 

155°C for 5 minutes, 75°C for 5 minutes, 75°C for 10 minutes and 155°C for 10 minutes 
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were carried out with and without the presence of FeBr3 (3.7mg). Photo reactions of 12, 

24 and 48 hours at temperature cycling range of 146-154°C were also carried out. 

Reaction mixtures were washed with 1M Na2CO3 and NaOH and extracted with CH2Cl2 

ten times, and solvent was evaporated under reduced pressure to yield off-white solid. 

NMR analysis of solids obtained revealed the decomposition of the 2,2’-bipyrimidine and 

failure of bromination reactions. 

 

 3-Chloropyrazine 1-oxide:  3-Chloropyrazine 1-oxide was prepared according 

to a literature procedure,50 with reaction time increased to 24 hours in an attempt to 

improve yield. A flame-dried 100mL 3-neck round bottom flask fitted with gas-inlet 

adapter, condenser and septum was charged with 2-chloropyrazine (5.0g, 43.7mmol), 

glacial acetic acid (13.09mL, 227.2mmol) and 30% hydrogen peroxide (8.4mL, 

275.3mmol) under positive argon flow. The mixture was stirred at 70°C for 24 hours. 

Approximately half the volume of the liquid was removed under reduced pressure, and 

the remaining mixture was poured into water and re-concentrated. The mixture was 

extracted with chloroform (15mL, three times), washed with water (45mL), dried over 

anhydrous calcium chloride, and evaporated under reduced pressure to yield pale yellow 

crystals. Recrystallization from ethanol afforded crystalline white solid (2.64, 46.3%) 

with a melting point range of 92.4-94.8°C. Experimental MP is comparable to the 

published MP of 95-96 °C.28 1H NMR (CDCl3) δ 8.23 (d, 1H), 8.15 (s, 1H), 8.01 (d, 1H).  

 

 Dichloropyrazines:  Dichloropyrazine was synthesized according to a literature 

procedure.50 Under positive argon flow, 3-chloropyrazine 1-oxide (2.64g, 20.2mmol) was 
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added in small amounts to warm phosphoryl chloride (5.47mL, 58.58mmol) with stirring 

in a dry 50-mL 3-neck round bottom flask. The flask was heated at reflux for 1.5 hours 

until the reaction darkened. The mixture was cooled to room temperature, poured on to 

100g of ice and stirred vigorously. After extraction with chloroform (10mL, three times), 

the organic layer was washed with water (30mL), neutralized with sodium bicarbonate 

(30mL), washed with water (30mL) and dried over anhydrous MgSO4. Solvent was 

evaporated under reduced pressure to yield 2.29g (76%) dichloropyrazine isomers as dark 

reddish-orange liquid, which solidified upon freezing as reported in the literature. 1H 

NMR (CDCl3) δ 8.39 (s, 2H) and 8.20 (s, 2H). 

 

 2,5-Bis-(thien-2-yl)-pyrazine (BTPz):  The mixture of dichloropyrazine isomers 

was coupled with two equivalents of thiophene to yield 2,5-bis-(thien-2-yl)-pyrazine 

(BTPz) following a literature procedure for the preparation of a donor-acceptor-donor 

monomer.52 A dry 1000mL 3-neck round bottom flask was fitted with an gas-inlet adapter 

and two septa and flame dried under vacuum. 2-Bromothiophene (6.74mL, 69mmol) and 

THF (67.4mL, 10 wt. %) were added with positive argon flow and stirring. The solution 

was chilled to –78°C using acetone/dry ice bath, and n-BuLi (2.5M in hexanes; 30.64mL, 

76.56mmol) was added drop-wise. The mixture was stirred at –78°C for 1 hour to yield a 

pale orange solution of lithiated thiophene. A second dry 1000mL 3-neck round bottom 

flask was fitted with an air inlet adapter and two septa. InCl3 (5.65g, 76.56mmol) was 

added to this flask and dissolved in THF, and the resultant 0.05M solution was slowly 

added to the lithiated thiophene solution via cannula transfer. The mixture was stirred at -

78°C for 1 hour and cooled to room temperature for another hour to afford trithienyl 
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indium. A third dry 1000mL 3-neck round bottom flask was fitted with an air inlet 

adapter, a septum and a condenser and flame dried under vacuum. The mixture of 

dichloropyrazine isomers (2.29g, 15.37mmol) in THF (22.9mL, 10 wt.%) and Pd(PPh3)4 

(344mg, 0.0130mM) was added to the flask under positive argon flow with stirring. The 

trithienyl indium solution was added dropwise to the dichloropyrazine solution via 

cannula transfer and heated at 80°C. Reaction progress was monitored using TLC until 

the consumption of the starting material was apparent after 5 days. At that point, 2mL of 

methanol was added to quench the reaction. Solvent was evaporated under reduced 

pressure and the resultant solid was dissolved in dichloromethane, washed with 5% HCl 

and the aqueous layer extracted with ethyl acetate (3 times). The combined organic layers 

were washed with saturated ammonium chloride and sodium chloride, dried over 

anhydrous MgSO4 and solvent evaporated under reduced pressure to yield brown oil. 

Silica gel column chromatography using tolune/hexanes yielded 24.3mg (6.48%) yellow 

power with a melting range of 289.8-291.6°C. 1H NMR (CDCl3) δ 8.89 (s, 1H), 7.71 (s, 

1H), 7.50 (s, 1H) and 7.18 (s, 1H) comparable to published34 1H NMR (CDCl3) δ 7.48 (d, 

2H),  7.68 (d, 2H) and 8.88 (s, 2H). 

 

 2,5-Bis-(3,4-ethylenedioxythien-2-yl)-pyrazine (BEPz):  2,5-Bis-(3,4-

ethylenedioxythien-2-yl)-pyrazine (BEPz) was prepared in a similar manner as 2,5-bis-

(thien-2-yl)-pyrazine (BTPz). Instead of thiophene, EDOT was coupled to 

dichloropyrazines. A dry 1000mL 3-neck round bottom flask was fitted with an air inlet 

adapter and two septa and flame dried under vacuum. EDOT (4.19mL, 39mmol) in THF 

(41.9mL,10 wt. %) was added under positive argon flow with stirring. The solution was 
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chilled to –78°C using acetone/dry ice bath and n-BuLi (2.5M in hexanes; 17.26mL, 

43.1mmol) was added drop-wise. The mixture was stirred at –78°C for 1 hour to yield a 

pale orange solution of lithiated EDOT. A second dry 1000mL 3-neck round bottom flask 

was fitted with an air inlet adapter and two septa and flame dried under vacuum. 0.05M 

InCl3 solution in THF (3.18g, 14.3mmol) was added to the lithiated EDOT solution via 

cannula transfer. The mixture is stirred at –78°C for 1 hour and warmed to room 

temperature for another hour to afford (EDOT)3In. A third dry 1000mL 3-neck round 

bottom flask was fitted with an air inlet adapter, a septum and a condenser and flame 

dried under vacuum.  The mixture of dichloropyrazine isomers (1.3g, 87.3mmol) in THF 

(13mL, 10 wt.%) and Pd(PPh3)4 (195.3mg, 0.013mM) were added under positive argon 

flow and stirred. (EDOT)3In was added to the dichlopyrazine solution dropwise via 

cannula transfer and heated at 80°C. Reaction progress was monitored with TLC until the 

consumption of the starting material was observed. At that point, 2mL of methanol was 

added to quench the reaction. Solvent was evaporated under reduced pressure and the 

resultant solid was dissolved in dichloromethane, washed with 5% HCl and the aqueous 

layer extracted three times with ethyl acetate. The combined organic layers were washed 

with saturated ammonium chloride and sodium chloride, dried over anhydrous MgSO4 

and solvent evaporated under reduced pressure to yield brown oil. Silica gel column 

chromatography using ethyl acetate/hexanes yielded 46.78mg (16.4%) brown powder 

with a melting range of 247.8-248.9°C. 1H NMR (CDCl3) δ 8.93 (s, 1H), 6.56 (s, 1H), 

4.42 (s, 2H) and 4.30 (s, 2H).  13C NMR (CD2Cl2) δ 146.85 (s, 1C), 142.54 (s, 1H), 

141.62 (s, 1C) 138.59 (s,1C), 116.36 (s,1C), 103.32 (s,1C), 65.66 (s, 1C) and 64.84 (s, 

1C).   
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Results and Discussion 

!
Bisthienylpyrimidine Structural Determination 

 The bisthienylpyrimidines, 2,5-bis(thien-2-yl-)pyrimidine (BTPm) and 2,5-

bis(3,4-ethylenedioxythien-2-yl-)pyrimidine (BEPm, Figure 8) were synthesized by 

Winkel40 for stable n-doping polymers. Katie Winkel was a previous Irvin Research 

Group member. 

 

 
 
 
Figure 8: 2,5-Bis(thien-2-yl-)pyrimidine (BTPm, left) and 2,5-bis(3,4-
ethylenedioxythien-2-yl-)pyrimidine (BEPm, right) 
 
 Single-crystal X-ray diffraction (XRD) analysis was attempted on both 

bisthienylpyridines (Figure 8). A single crystal of BTPm was selected, 5509 (2444 

independent) reflections were collected, and an analytical absorption correction was 

applied (Rint = 0.0551). Data were collected within a θ range of 3.52 - 27.48o to a 

completeness of 100.0% with a data index range of -13≤h≤13, -6≤k≤6, -14≤l≤14. The 

initial solution was calculated using direct methods in space group P21. All nonhydrogen 

atoms were refined aniosotripically on F2 for 171 variables with final electron density 

residuals of 0.222 and –0.313 eÅ-3. The results of the solution are displayed in Figure 9 

and Table 1. 
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Table 1: Selected crystallographic data for BTPm 

 

 

 

 

 

  

 

 

 

 

 

  

 

  

 

Figure 9: Resolved structure of BTPm (yellow=sulfur, blue=nitrogen, black=carbon and 
white=hydrogen) 
 

 Determining the position of sulfur on the thiophene ring was difficult. Ring 

flipping occurs about the sigma bond between thiophene and pyrimidine (Figure 10). To 

model the disorder, the thiophene rings were restrained to be planar, and anisotropic 

displacement parameters for equivalent atoms were set to be equivalent. Bond distances 

in the disordered rings were also set to be equivalent in both conformers. 

  Space group  P21   
  Formula weight  244.32   
  a, Å 10.734(6)   
  b, Å 5.037(3)   
  c, Å 10.881(6)   
  b, (deg) 115.255(11)   
  Z 2   
  V, Å3 532.1(5)   
  ρ, calc, g/cm3 1.525   
  radiation wavelength, Å 0.71073   

  
linear abs. coeff., mm-1

 
(calculated) 0.9121   

  collection temp, K 223   
  R1a (I>2s) 0.0476   
  wR2b(I>2s) 0.0956   

a R1 = S(|Fo| - |Fc|)/S|Fo|  bwR2=[S[w(Fo
2 – Fc

2)2]/S(w(Fo
2)2)]1/2 
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 In the disordered model, the thiophene rings favored a conformation in which the 

sulfur atoms are trans relative to each other on opposite sides of the pyrimidine ring.  The 

thiophene closest to the pyrimidine nitrogens adopted the favored conformation 71.0% of 

the time, while the other thiophene ring adopted this conformation 76.4% of the time.  

Since these values are similar, it is likely that the structure adopts two alternate trans 

conformations. 

 Published C-S lengths in thiophene are 1.73 and 1.77 Å.41 Comparatively, C-S 

lengths for BTPm were 1.68 and 1.71 Å for the thiophene ring away from the nitrogens 

and 1.67 and 1.71 Å for the thiophene close to the nitrogens. BTPm thiophenes’ C-C 

bonds were found to be about 0.10 Å lower than reported by Jenks et al.41 while the 

pyrimidine ring’s C-N and C-C bonds were 1.34 and 1.40 Å, respectively. The BTPm 

pyrimidine bonds’ lengths are comparable to reported pyrimidine bonds’ length of 

Amaral et al.42 

 

  

 

 

Figure 10: Ring flipping disorder of BTPm  
 
 The highest torsion angle between the rings is less than 5°, making the structure 

planar (Figure 11). This planarity is somewhat surprising, because it was feared that 

electron-electron repulsion between S and nearby N would tilt the thiophene ring closest 

to the nitrogen atoms out of the plane of the pyrimidine ring. Given the small torsion 

angles in the monomer, resultant polymer backbone is predicted to exhibit similar 

!
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features. Increased planarity decreases stabilization energy of oxidized polymers and 

lowers π-π* transition in the neutral polymer.44 Oxidized polymers are stabilized by the 

extended conjugation a planar polymer offers. 

 

 

 

 

 

 

 

 

Figure 11: Planarity of BTPm 

 Within a unit cell, thiophene rings from one monomer are stacked with 

pyrimidine rings from monomers above and below them. As seen in Figure 12, donor-

acceptor alignments are observed in two orthogonal directions. Estimated stacking 

distances between thiophene and pyrimidine rings are as low as 3.35Å. Such low 

distances are known to allow for π-π stacking,43 which in this case should allow for 

sharing of donor electron density with acceptor groups.  
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Figure 12: Unit cell packing of BTPm (left); donors and acceptors are aligned for 
maximum π-π stacking 
 
 The ring flipping observed in BTPm is expected to have an even more 

pronounced effect in BEPm.  BEPm’s dioxy bridges are expected to further increase the 

entropic disorder expected with respect to the 180° rotation of the EDOT rings, 

preventing crystalline packing of the molecule. While the dioxy bridge of BEPm  is 

expected to be in a half-chair confirmation,44 it is still likely that the thiophene and 

pyrimidine rings will be coplanar.45 BEPm recrystallization was attempted using various 

solvents (Table 1). Mixed solvents of saturated BEPm dissolved in appropriate solvent 

was diluted with excess insoluble solvents of Table 1 and allowed to slowly crystallize 

over days. Fibrous, small crystals from acetonitrile and small, fragile, clumped sheets 

were obtained from chloroform/isopropyl. These crystals were too small and imperfect to 

yield enough reflections for XRD.  
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Table 2: Recrystallization of BEPm 

Attempted recrystallization of BEPm for X-ray structure determination 
Solvent Soluble Soluble with heat Crystals 
Hexane slightly yes no 
Toluene slightly yes no 
Dichloromethane yes yes no 
THF yes yes no 
Ethyl acetate yes yes no 
Acetonitrile slightly yes yes 
Chloroform yes yes no 
Methanol slightly yes no 
Ethanol slightly yes no 
Isopropanol slightly yes no 
Dichloroethane slightly yes no 

 

Attempted Synthesis of Bisthienylbipyrimidines 

 According to Fu and coworkers’ Density Function Theory (DFT) findings,5 

donor-acceptor ratios are important in designing EAPs. DFT estimations showed a 1:1 

ratio of donor:acceptor is optimal for efficient electron mobility. While the BTPm and 

BEPm structures reported in the previous chapter each have a 2:1 donor:acceptor ratio, 

replacing pyrimidine with bipyrimidine would result in a 1:1 ratio while still providing 

easily oxidized donor groups on both ends of the molecule.  For this reason, synthesis of 

bisthienylbipyrimidines was attempted.   

 

 

 

Figure 13: 2,5-Bis(thien-2-yl-)-2,2’bipyrimidine (BTBPm, left) and 2,5-bis(3,4-
ethylenedioxythien-2-yl-)-2,2’bipyrimidine (BEBPm, right) 
 
 2,2’-Bipyrimidine was synthesized using Schwab and coworkers’ procedure.46 2-

chloropyrimidine was reductively coupled in the presence of zinc catalyst to yield 2,2’-
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bipyrimidine (Scheme 5). In order to remove triphenyl phosphine contaminants, it was 

necessary to extract the crude product with diethyl ether 8 times instead of 3 times as 

reported by Schwab. Sublimation yielded pure product as indicated by 1H NMR and 

melting point. 

 

 

Scheme 5: Synthesis of 2,2’-bipyrimidine 

 In order to prepare bisthienylbipyrimidines, it was first necessary to prepare 5,5’-

dibromobipyrimidine for use in coupling reactions. While 5,5’-dibromobipyrimidine has 

been reported previously,47,48 the conditions used were extremely vigorous and 

impossible to replicate in our laboratory. Additionally, reported yields were very low 

(40%). In attempts to identify a more feasible route to 5,5’-dibromobipyrimidine, 

bipyrimidine was exposed to a series of bromination conditions (Scheme 6). The 

bromination protocol of Song et al.48 was modified to afford various reactions conditions 

and methods. The published protocol called for harsh conditions and provided low yields. 

Using carbon tetrachloride and dichloromethane/acetic acid as solvents, microwave 

reactions with varying reaction time and temperature and with/ without ferric bromide 

and photoreactions at ~155°C for 12, 24 and 48 hours were carried out. None of the 

brominations yielded significant results. Due to the inability to prepare 4,4’-

dibromobipyrimidine, it was not possible to synthesize the desired 

bisthienylbipyrimidines. 
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Scheme 6: Bromination of 2,2’-bipyrimidine.   

 

Bisthienylpyrazines 

 The properties of bisthienylpyrazines became of interest upon the discovery of 

the stable p and n-doping capabilities of bisthienyl pyridines.34 Unlike pyridines and 

pyrimidines, pyrazines are symmetrical, less basic and offer new optical and chemical 

possibilities. Electron affinities of pyrazines are much higher than those of pyridines or 

pyrimidines,49 so it is possible they would produce even better donor-acceptor-donor 

molecules.  Pyrazines in this work were functionalized as acceptors following the work of 

Klein et al.50 While bis thienyl pyrazine (BTPz) was successfully synthesized previously 

by Chiagnaud34 et al., its chemical properties have not been previously reported. Using 

Sarandeses’ coupling, 2,5-dichloropyrazine was coupled to two thienyl groups to form 

2,5-bis(thien-2-yl-)pyrazine (BTPz) and to two 3,4-ethylenedioxythienyl groups to form 

2,5-bis(3,4-ethylenedioxythiophene-2-yl-)pyrazine (BEPz, Figure 14). BEPz was 

synthesized to compare the effects of thienyl versus 3,4-ethylenedioxythienyl (EDOT) 

donor groups, because EDOT is known to have a lower oxidation potential than 

thiophene.51 

 

 

Figure 14: Bisthienylpyrazines  

 Following Klein and co-workers’ method,50 2-chloropyrazine was oxidized to 

form 3-chloropyrazine 1-oxide (Scheme 7). Stirring time was increased until complete 

N

NS S S

O
O

S

O
O

N

N
BTPz BEPz

N

N N

N

Br2 N

NN

N
BrBr



 

!

29!

consumption of 2-chloropyrazine was confirmed using thin layer chromatography (TLC). 

This process is likely to occur via the transfer of oxygen to the pyrazine from the newly 

formed peracetic acid in the presence of acetic aid and hydrogen peroxide. Upon the 

creation of the 1-oxide salt, the nitrogen carries the positive charge while the more 

electronegative oxygen bears the negative charge.50 The expected three pyrazine peaks 

between 8-9ppm are observed along with solvent peaks below 2ppm (Spectrum 2). 

!

 

 

Scheme 7: Synthesis of 3-chloropyrazine 1-oxide 

 2,5-Dichloropyrazine was achieved upon refluxing 3-chloropyrazine 1-oxide in 

phosphoryl chloride (Scheme 8). The mechanism of 2,5-dichloropyrazine is not 

understood.50 Unfortunately, NMR revealed that two isomers of dichloropyrazine were 

formed. Peaks at 8.4 and 8.2 suggest the presence of two types of hydrogens. 

 

 

 

Scheme 8: Synthesis of dichloropyrazines 

 Klein and co-workers described 2,5-dichloropyrazine as a brown residue that 

freezes at 0°C. When this report was published (1963), NMR would not have been 

available for them to determine that a mixture of isomers was formed. Separation of 

isomers was attempted using silica gel and various solvents, but no conditions were 

identified that would separate the two isomers. After elution from column, aliphatic peaks 
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emerged on 1H spectrum, indicating degradation of isomers (Spectrum 3). Synthesis 

continued with coupling of the mixture of isomers to thiophene donating groups. Since 

two thienyl rings, one on each side, were to be added, separation of isomers was expected 

to be easier (Figure 15).   

 

 

 

Figure 15: Possible bisthienylpyrazine isomers 

 The mixture of dichloropyrazine isomers were coupled to thiophene and EDOT 

using the Mosquera et al. protocol.52 BTPz was prepared from the palladium catalyzed 

coupling of dichloropyrazine and trithienyl indium (Scheme 9). BEPz was synthesized in 

a similar manner (Scheme 10). In both cases column chromatography was used to 

separate the two isomers (ortho- and para-substituted pyrazines) from each other and 

from other byproducts.  

 The 2,5-bis(thien-2-yl)pyrazine was successfully isolated from the 2,3-bis(thien-

2-yl)pyrazine as evidenced by the 1H NMR (Spectrum 4): only one pyrazine hydrogen 

can be seen around 8ppm. Three thiophene hydrogens are evident around 7ppm along 

with contaminants below 2ppm. The 2,3-bis(thien-2-yl)pyrazine can not be isolated. The 

2,3- and 2,5- bisEDOT pyrazines were successfully isolated. A comparison of the two 

isomers reveals that their spectra are remarkably different (spectra 4 and 5). NMR 

prediction software (CS ChemDraw NMR Pro Version 6.0) was unable to predict 

significant differences in either the 1H or 13C NMR spectra of the two isomers. Based on 
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NMR data (spectra 4-7), it is obvious that the isomers are different but 2D NMR or single 

crystal structure determination is necessary to discern which is which.  

 

 

 

 

Scheme 9: Sarandeses coupling of dichloropyrazine isomers with thiophene! to yield 2,3-
bis(thien-2-yl)pyrazine (2,3-BTPz) and 2,5-bis(thien-2-yl)pyrazine (2,5-BTPz) 
 

 

 

 

 

 

Scheme 10: Sarandeses coupling of dichloropyrazine isomers with EDOT to yield 2,3-
bis(3,4-ethylenedioxythien-2-yl)pyrazine (2,3-BEPz) and 2,5-bis(3,4-ethylenedioxy 
thien-2-yl)pyrazine (2,5-BEPz) 
 

Conclusions 

! To improve on the optical properties of known n-dopable EAPs,36,37 

bisthienylpyrazines were synthesized. Bisthenylpyrimidines’ single crystal X-ray 
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structure determination was attempted to estimate the extent of resultant polymers’ 

conjugation and stabilization upon doping. BTPm’s crystal structure was successfully 

determined. A 1:1 ratio of donor:acceptor moieties was targeted to improve electron 

mobility, but unsuccessful synthesis of precursor discouraged synthesis of target 

monomers. Thiophene- and EDOT- disubstituted pyraines were prepared as mixtures of 

isomers, but separation was accomplished.
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CHAPTER III 

 

SYNTHESIS OF BISTHIENYLFLUOROPYRAZINES 

 

Background 

 n-Doped polymers are typically unstable due to the presence of anions in the 

polymer. Such anions can be stabilized by pendant electron withdrawing groups like 

fluorine that delocalize the electron density away from the backbone.53 It is possible that 

electron mobility along the polymer backbone could be hindered due to localization of 

electrons on the pendant fluorine, effectively decreasing conductivity relative to the non-

fluorinated pyrazine-based molecules discussed in Chapter II. However, it is also possible 

that the high electron affinity of pyrazine might counteract that effect.  

Bisthienylfluoropyrazine monomers were prepared to test the difference in properties 

induced by incorporating the electronegative fluorine atom pendant to the acceptor group. 

 Thienyl and EDOT fluoropyrazines are expected to have efficient charge 

mobility and reducibility due to the competition for anions between the acceptor moiety 

and the withdrawing fluorine group. EDOT donor groups were incorporated to lower 

monomer oxidation potentials relative to the thienyl analogues. These novel donor-

acceptor-donor moiety monomers should produce stable n and p-doping polymers (Figure 

15); conductivity measurements will be used to discern the effect of the F substituents on 

electron mobility.
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Figure 16: Bisthienylfluoropyrazines 

 

Experimental 

!
Materials 

 EDOT was purchased from Aldrich and purified as described in Chapter II. n-

Butyl lithium (n-BuLi, 2.5M in hexanes), and anhydrous tetrahydrofuran (THF) were 

purchased from Aldrich and used as received. Anhydrous dimethyl sulfoxide (DMSO, 

AcroSeal™), anhydrous tetrahydrofuran (THF, Acroseal™), 2,2,6,6-tetra methyl 

piperidine hydride (TMPH), and tributyltin chloride were purchased from Acros and used 

as received. Sodium bicarbonate and anhydrous magnesium sulfate were purchased from 

Fisher Scientific and used as received. Sodium carbonate and tetrabutylammonium 

fluoride (TBAF) was purchased from Aldrich Chemical and used as received. N-

bromosuccinimide was purchased from Acros, recrystallized from water, dried under 

vacuum over phosphorus pentoxide and stored at 2-8°C prior use. All other reagents were 

procured and purified as described in Chapter 2.  

 

Instrumentation 

 Compounds were characterized using melting point determination (MP) and 

nuclear magnetic resonance (NMR). 1H and 13C NMR were accomplished using a Varian 
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INOVA 400 MHz NMR or a Bruker Avance III 400 MHz NMR while MPs were 

determined using Mel-Temperature Electrochemical with Fluke 51 thermometer detector. 

 

Synthesis 

 2-Fluoropyrazine (FPz):  Synthesis of this compound followed a report by Sun 

et al.55 with minor modifications. A 250mL 3-neck round bottom flask fitted with a gas-

inlet adapter and 2 septa was charged with a stir bar and flame dried under vacuum and 

filled with argon. DMSO (85mL) was added via cannula transfer before addition of 2-

chloropyrazine (3.0 mL, 33.9mmol) to make a 0.4M solution under positive argon flow. 

TBAF (44.08mL, 44.1mmol) was added with stirring under positive argon flow. The 

mixture was stirred for 1 hour. After quenching of the reaction with 1M HCl, the product 

was isolated via distillation. The collected organic was then washed with water three 

times and extracted with dichloromethane three times. The aqueous layer was extracted 

with dichloromethane three times, and combined organics were washed with water four 

times, neutralized with 5% sodium bicarbonate, washed with water three times, dried 

over anhydrous MgSO4 and evaporated under reduced pressure to yield a pale liquid 

(1.2mL, 36.5%). 1H NMR (acetone-d6) δ 8.50 (s, 1H), 8.40 (d, 1H) and 8.28 (s, 1H) close 

to the published 1H NMR (CDCl3) δ 8.37 (dd, 1H), 8.32 (dd, 1H) and 8.09 (m, 1H).55 

 

 2-Fluoro-3,6-bistributylstannylpyrazine ((SnBu3)2FPz):  Synthesis of this 

compound followed a report by Toudic and co workers24 with minor modifications. A 

100mL 3-neck round bottom flask was fitted with a stir bar, a gas-inlet adapter and two 

septa and flame dried under vacuum. Under positive argon flow, THF (22mL) was added 
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and the flask was cooled to -50°C using acetonitrile/dry ice bath for 20 minutes. n-BuLi 

(23.12mL, 57.8mmol; 2.5M in hexanes) was added drop wise using a syringe, and then 

TMPH (9.98mL, 59.1mmol) was added drop wise using a syringe. The reaction mixture 

was warmed to 0°C for 20 minutes and then cooled to -100°C using a diethyl ether/dry 

ice bath. Under positive argon flow, SnBu3Cl (19.71g, 60.5mmol) and 2-fluoropyrazine 

(2mL, 27.5mmol) were dissolved in THF (26.7mL, 10 wt%) and added simultaneously to 

the reaction mixture under positive argon flow. The reaction mixture was stirred at -

100°C for two hours until it turned dark, allowed to warm to room temperature. 

Hydrolysis was accomplished by addition of a 1:4:5 solution of 35% HCl:ethanol:THF. 

After neutralization with sodium bicarbonate, the aqueous layer was extracted three times 

with dichloromethane and dried over MgSO4. Solvent was evaporated under reduced 

pressure to give a dark reddish-orange liquid. A silica gel column using 

dichloromethane/cyclohexane produced a colorless liquid (17.2g, 92%). Reported 1H 

NMR (CDCl3) 8.56 (d,1H) and 1.8-0.53 (m, 54H)24 is comparable to experimental 1H 

NMR (CD2Cl2) of 8.76 and 2.5-0.5 (m, 54H). 

 

 2-Fluoro-3,6-(thien-2-yl)-pyrazine (BTFPz):  This novel compound was 

synthesized via a Stille coupling using a modification of the method reported by Toudic 

et al.24 A 100mL 3-neck round bottom flask was fitted with a stir bar, gas-inlet adapter, a 

condenser and a septum and flame dried under vacuum. Under positive argon flow, 

(SnBu3)2FPz (4.6g, 6.79mmol) dissolved in anhydrous toluene (46mL, 10 wt%) was 

added to the flask. Under positive argon flow, 2-bromothiophene (1.05mL, 10.86mmol) 

and Pd(PPh3)4 (390mg, 0.34mmol) were added to the flask and heated at reflux for  96 
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hours. Reaction completion was monitored via TLC. Upon completion, the flask was 

allowed to cool to room temperature, and 1:1 water:dichloromethane was added. The 

aqueous layer was extracted 3 times with dichloromethane and dried over MgSO4. 

Solvent evaporation under reduced pressure yielded a dark brown suspension. The 

suspension was first added to acetone and filtered to remove impurities, concentrated and 

then added to methanol to filter out further impurities, resulting in a yellow-brown liquid. 

Column chromatography using hexanes/dichloromethane yielded a yellow liquid, which 

was stored under argon in the presence of 2-3mL of isopropanol to crystallize catalyst 

impurities. Passing the mixture through a short silica column in dichloromethane afforded 

(76.2mg, 42.6%). 1H NMR (CD2Cl2) 8.90 (d, 1H), 7.38 (s, 2H), 7.31 (s, 2H) and 7.29 (s, 

2H). 

 

 2-Bromo-3,4-ethylenedioxythiophene:  Bromination of EDOT was 

accomplished via a modification of the method reported by Belletête et al.54 A 100mL 3-

neck round bottom flask fitted with a gas-inlet adapter and two septa was flame dried 

under vacuum. The flask was charged with EDOT (3.0mL, 28.08mmol) in THF (39.9mL, 

10 wt%). While stirring, NBS (2.49g, 14mmol) was added under positive argon flow. The 

reaction mixture was stirred for 1 hour and washed with water. The organic layer was 

extracted three times with diethyl ether, washed with brine, dried over MgSO4 and 

evaporated under reduced pressure to yield a colorless liquid mixture of 2-BrEDOT and 

EDOT 3.34g. 1H NMR (acetone-d6) δ 6.50 (s, 1H), 6.35 (s, H), 4.29 (s, H), 4.24 (s, H), 

4.18 (s, H) and 4.15 (s, H). 13C NMR (acetone-d6) δ 142.4, 126.4, 125.9, 123.7, 27.04 and 

13.73. 
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 2-Fluoro-3,6-(3,4-ethylenedioxythiophen-2-yl)-pyrazine (BEFPz):  A 100mL 

3-neck round bottom flask was fitted with a stir bar, gas inlet adapter, a condenser and a 

septum and flame dried under vacuum. Under positive argon flow, (SnBu3)2FPz (4.6g, 

6.79mmol) dissolved in anhydrous toluene (46mL, 10 wt%) was added to the flask. 

Under positive argon flow, BrEDOT (1.05mL, 10.86mmol) and Pd(PPh3)4 (390mg, 

0.34mmol) were added to the flask and heated at reflux for 96 hours. Reaction 

completion was monitored via TLC. Upon completion, the flask was allowed to cooled to 

room temperature, and 1:1 water:dichloromethane was added. The aquesout layer was 

extracted three times with dichloromethane and dried over MgSO4. Solvent evaporation 

under reduced pressure yielded a dark brown liquid (1.86g).   

 

Results and Discussion 

 Synthesis of 2-fluoropyrazine (Scheme 11) was accomplished according to a 

procedure reported by Sun et al.55 2-Chloropyrazine was stirred at room temperature in 

the presence of a high boiling solvent and fluorine source (tetrabutylammonium fluoride, 

TBAF) to afford 2-fluoropyrazine in a simple nucleophilic aromatic substitution with a 

fluoride nucleophile. 2-Fluoropyrazine was verified by 1H NMR results (Spectrum 9) of 

three pyrazine peaks around 8ppm and solvent peaks below 2.5ppm. Then, stannylation 

of 2-fluoropyrazine (Scheme 12) was accomplished following Toudic and co-workers’ 

method.24 Fluorine acts as an ortho/para director during the stannylation process but  

ortho lithiation is encouraged since those positions are stabilized by the lone pairs on the 

fluoro group in the formation of the positively charged intermediate. First, n-BuLi is used 
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to lithiate the positions ortho to the fluorine substituent. In order to prevent competitive 

acid/base reactions, TMPH is used to coordinate lithium ions and provide protons for the 

basic butyl group. As TMPH dissociates to TMP-, Li+ combines to form TMPLi. Next, an 

aromatic nucleophilic substitution mechanism takes over as the nucleophile (tributyltin) 

attacks the lithiated carbon, to form LiCl, which precipitates and drives the reaction to 

completion. This process creates 2-fluoro-3,6-bistributylstannylpyrazine ((SnBu3)2FPz). 

This structure has a pyrazine 1H doublet at 8.9ppm and butyl group multiplets from 1.7-

0.8ppm (Spectrum 10).  

 

 

 

Scheme 11: Aromatic nucleophilic substitution of 2-chloropyrazine 

 

 

 

Scheme 12: Stannylation of 2-fluoropyrazine 

 Regioselective arylation of fluoropyrazines was accomplished using a palladium 

catalyzed Stille coupling of the organotin reagent ((SnBu3)2FPz) with aryl halides.  The 

organotin precursor ((SnBu3)2FPz) was then used to prepare 2-fluoro-3,6-(thien-2-yl)-

pyrazine (BTFPz, Scheme 13) and 2-fluoro-3,6-(3,4-ethylenedioxythien-2-yl)-pyrazine 

(BEFPz, Scheme 15).  

 Two equivalents of 2-bromothiophene were coupled (SnBu3)2FPz using stille 

coupling conditiones to yield BTFPz. While the expected chemical shifts are apparent in 
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the 1H NMR of the product (Spectrum 11). The spectrum also reveals aliphatic 

contaminants, likely solvent and trubutyltin by-products. Additional purification is 

needed before 13C NMR and electrochemical characterization can be accomplished.  

  

 

 
Scheme 13: Stille coupling of 2-fluoro-3,6-bistributylstannylpyrazine with 2-
bromothiophene 
 
 While 2-bromothiophene is commercially available, BrEDOT is not. However, 

the synthesis of BrEDOT via reaction of EDOT with N-bromosuccinimide (NBS, Scheme 

14) has been previously reported48 The authors found that only 50% of the desired 

product was formed, with the rest of the reaction mixture being unreacted EDOT; no 

separation of the two species was reported.  In fact, the relatively poor stability of 

BrEDOT (decomposes rapidly in air, stored in the dark under argon in the freezer) makes 

separation impractical.  Instead, the mixture of EDOT and BrEDOT could be used; since 

Stille reactions are selective for aryl halides, the brominated EDOT was expected to 

react. Note that the ratio of EDOT:BrEDOT could be determined by NMR and used to 

calculate the amount of EDOT/BrEDOT to use in the subsequent reaction. Bromination 

of EDOT48 was accomplished using THF instead of DMF since THF (which is easier to 

remove upon reaction completion than DMF) was found to effect similar results. The 

concentration of NBS was increased to optimize the yield of BrEDOT (spectra 12 and 

13). 1H NMR results reveal the presence of BrEDOT and EDOT; BrEDOT peaks are 

chemically shifted to the right. BrEDOT/EDOT thiophene hydrogen peak is around 6ppm 

while ethylene dioxy hydrogens are around 4ppm. BrEDOT was covered with foil and 
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stored in the freezer under argon prior to use to prevent degradation, and all efforts were 

made to ensure the subsequent reaction was conducted as soon as possible.  

  

 

 

Scheme 14. Bromination of EDOT 

 Two equivalents of 2-bromoEDOT were coupled (SnBu3)2FPz using stille 

coupling conditiones to yield BEFPz. The expected chemical shifts around 9, 7 and 4 

ppm are apparent in the 1H NMR of the product along with solvent and precursor 

contaminants. Additional purification is needed before 13C NMR and electrochemical 

characterization can be accomplished.  

 

 

Scheme 15:Stille coupling of 2-fluoro-3,6-bistributylstannylpyrazine with BrEDOT 

 

Conclusions 

 Fluorinated bisthienylpyrazines were synthesized to stabilize the negative 

charges that resonate along a polymer backbone by attaching an electron-withdrawing 

group pendant to the backbone. This monomer design is supposed to provide a 

competitive environment within the monomer to facilitate efficient charge mobility. 

Fluorinated bisthienyl pyrazines, BTFPz and BEFPz, were successfully synthesized and 

their electronic properties will be determined after purification.
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CHAPTER IV 

 

SYNTHESIS OF BISTHIADIAZOLYL BENZENES 

 

Background 

Thiadiazoles are unique heteroatoms that contain both sulfur and nitrogen atoms. 

Incorporation of thiadiazoles in EAPs dates back to the 1980s. Wang et al.56 effectively 

synthesized a donor-acceptor copolymer using benzo-1,2,5-thiadiazole as an acceptor for 

bulk heterojuction solar cells applications. Conversely, Seo et al.57 used benzo-1,2,5-

thiadiazole as donors for similar applications. Bicyclic 1,2,5-thiadiazole was combined 

with thiophene57 and tricyclic 1,2,5-thiadiazole was combined with benzene and pyrazine 

or benzene and another 1,2,5-thiadiazole58 as high-electron affinity structures.  

 While 1,2,5-thiadiazoles have been utilized predominantly in solar cell chemistry 

and organic light emitting diodes (OLEDs), 1,3,4-thiadiazoles58,59,60,61,62 have been 

studied as liquid crystals for electroluminescence (EL) and other biological applications. 

Since thiadiazoles are known to be good acceptors60,61,62,59,58 and donors,57 their use as 

donors is very interesting. 1,2,5-Thiadiazole has successfully been characterized as an 

efficient charge transfer donor by Seo et al.57 1,3,4-Thiadiazole’s capabilities as a donor 

have not been explored. Alkoxy benzenes have been studied as donors57 and acceptors63; 
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their electronaffinities in conjunction with 1,3,4-thiadiazole are still unknown. Alkoxy 

benzenes are expected to be more electron rich than benzenes due to their electron 

donating substituents.  

 The electroluminescence properties of 1,3,4-thiadiazolyldialkoxybenzenes were 

characterized by Sato and coworkers60 but the molecule’s band gaps and electron 

affinities with respect to different functional groups were not studied. 1,3,4-

Thiadiazolylbenzenes with an alkyne group between the thiazole and benzene rings were 

studied and 1,3,4-thiadiazoles were determined to be great acceptors for benzenes to 

make stable n and p-type organic cells.61,62    

 1,4-Dibromobenzene was coupled to 2-bomo-3,4-thiadiazole to form 1,4-bis-

(1,3,4-thiadiazol-2-yl) benzene (BTdB, Figure 17) and 1,4-dibromo-2,5-

dihexadecyloxybenzene (BBrBC16) was coupled to 1,4- dibromobenzene to yield 1,4-bis-

(1,3,4-thiadiazol-2-yl)-2,5-bishexadecyloxybenzene (BTdBC16, Figure 17). These 

moieties are unique for they contain homocyclic inner rings and high-nitrogen outer rings 

and therefore are expected to have different optical properties. Unlike the previous two 

chapters’ high-nitrogen content incorporation as high electron-affinity middle rings, this 

chapter deals with the designing of high-nitrogen content as outer rings. These monomers 

were synthesized via the Sarandeses protocol.52 BTdB and BTdBC16 were attempted to 

clear any uncertainities.  

 

 

 

Figure 17: Bisthiadiazolylbenzenes 
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Experimental!

 

Materials 

 1,4-Dibromobenzene was purchased form Acros and recrystallized from ethanol 

prior use. 2-Bromo-1,3,4-thiadiazole was purchased from Matrix Scientific and used as 

received. Hydroquinone was purified via sublimation prior to use. 1-Bromohexadecane, 

potassium hydroxide, and toluene were received from Acros and used as received. All 

other reagents were procured and purified as described in chapters II and III. 

!

Instrumentation 

 Compounds were characterized using melting point determination (MP) and 

magnetic nuclear resonance (NMR). 1H and 13C NMR were accomplished with Varian 

INOVA 400 MHz NMR and a Bruker Avance III 400 MHz NMR while MPs were 

determined using Mel-Temperature Electrochemical with Fluke 51 thermometer detector. 

 

Synthesis 

 1,4-Bis-1,3,4-thiadiazolyl benzene (Td2B):  Following the Mosquera et al.52 

protocol, 1,4-dibromobenzene was coupled to 2-bromo-1,3,4-thiadiazole to yield BTdB. 

A 1000mL 3-neck round bottom flask was fitted with a gas-inlet adapter and two septa 

and flame dried. 2-Bromo-1,3,4-thiadiazole (4g, 24.2mmol) was dissolved in THF 

(40mL, 10 wt. %) and added while stirring under positive argon flow. The solution was 

cooled to -78°C with an acetone/dry ice bath and n-BuLi (2.5M in hexanes; 10.6mL, 

26.6mmol) was added drop-wise and stirred at -78°C for 1 hour to yield a pale orange 
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solution of lithiated 1,3,4-thiadiazole. A second dry 1000mL 3-neck round bottom flask 

was fitted with a gas inlet adapter and two septa and dried under vacuum. 1.96g InCl3 

(88.7mmol) was dissolved in 177.5mL to make 0.05M solution and then added drop wise 

to the lithiated 1,3,4thiadiazole solution via cannula transfer. Reaction mixture was 

stirred at -78°C for 1 hour and allowed to warm to room temperature for another hour to 

afford tris(1,3,4-thiadiazolyl)indium. A third 1000mL 3-neck round bottom flask was 

fitted with an air inlet adapter, a septum and a condenser and flame dried. 1,4-

dibromobenzene (1.90g, 8.05mmol) was dissolved in THF (19mL, 10 wt.%) and added to 

the flask along with Pd(PPh3)4 (285mg, 0.0130mM) under positive argon flow and 

stirring. To the 1,4-dibromobenzene, the tris(1,3,4-thiadiazolyl)indium was added drop 

wise via cannula transfer and heated at reflux for 5 days. Reaction progress was 

monitored with TLC until the consumption of the starting material. Upon reaction 

completion, 2mL of methanol was added to quench the reaction and solvent was 

evaporated under reduced. Resultant solid was dissolved using a large amount of 

acetonitrile, washed with 5% HCl and the aqueous layer extracted with acetonitrile. The 

combined organic layers were washed with saturated ammonium chloride and sodium 

chloride, dried over anhydrous MgSO4 and evaporated under reduced pressure. Further 

purification was halted due to insolubility of the product. Pale yellow solid (3.05g).  1H 

NMR (dimethyl sulfoxid-d6) δ 8.88 (s, 2H), 7.60 (m, 2H) and 7.50 (m,2H). 

 

 2,5-Dibromohydroquinone (DBrHq):  A 250mL 3-neck round bottom flask 

was fitted with a gas inlet adapter, a septum and a constant pressure addition funnel and 

flame dried under vacuum. Under positive argon flow, hydroquinone (24.9g, 227mmol) 
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and glacial acetic acid (125mL) were added to the flask with stirring. Bromine (22.6mL, 

440.9mmol) was dissolved in dichloromethane (25mL) and added drop wise to the 

reaction flask via the addition funnel. The singly brominated hydroquinone was observed 

to as a light orange solution. Once the rest of the bromine was added over a period of 2 

hours, the reaction mixture was stirred for 19 hours. DBrHq precipitated out as white 

solid. The solid was filtered and dried over NaOH pellets in a desiccator (7.56g, 34.5%). 

Experimental MP range of 191-192°C was consistent with the literature.64 1H NMR 

(CD2Cl2) δ 7.2.0 (s, 2H), 7.16 (s, 2H). (Lit:64 (acetone-d6) δ 8.62 (s, 2H), 7.15 (s, 2H)). 

 

 1,4-Dibromo-2,5-dihexadecacycloxybenzene (DBrC16B):  DBrC16B was 

prepared according to a literature procedure.64 A 500mL 3 neck round bottom flask was 

fitted with a gas inlet adapter and two septa and flame dried under vacuum. KOH (2.30g, 

41.06mmol) was dissolved in excess ethanol in a round bottom flask under argon. A 

500mL 3 neck round bottom flask was fitted with a gas inlet adapter, a condenser and a 

septum and flame dried under a vacuum. Under positive argon flow, DBrHq (5.0g, 

18.66mmol) was added and dissolved with THF (50mL) via cannula transfer. While 

stirring, the KOH solution was added drop wise via cannula transfer and the reaction 

mixture was stirred at room temperature for 3 hours. 1-Bromohexadecane (12.53g, 

41.06mmol) was dissolved in THF (125mL, 10 wt%) and added to the reaction mixture 

dropwise via cannula transfer. The flask was heated at reflux for 24 hours. After the 

addition of 800mL of water, the precipitated solid was collected via filtration. 

Recrystallization using 3:1 ethanol: toluene afforded a white solid (4.0g, 29.90%). 

Experimental MP range of 87.8-89.1°C was consistent with the range reported in the 
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literature.64 1H NMR (CDCl3) δ 7.08 (s), 3.40 (m), 1.78(m), 1.52(m), 1.45(m) and 

0.89(m). (Lit:64 (acetone-d6) δ 6.99 (s), 3.38 (t), 1.55 (q), 1.30 (m) and 0.92 (t)). 

 

 1,4-Bis-1,3,4-thiadiazolyl-2,5-bishexadecycloxybenzene (BTdBC16):  

DBrC16B was coupled to 2-bromo-1,3,4-thiadiazole using the method described by 

Mosquera et al.52 to yield BTBC16. A 1000mL 3-neck round bottom flask was fitted with 

a gas inlet adapter and two septa and flame dried under vacuum. 2-Bromo-1,3,4-

thiadiazole (1g, 6.06mmol) was dissolved in THF (10mL, 10 wt. %) and added while 

stirring under positive argon flow. The solution was cooled to -78°C in an acetone/dry ice 

bath and n-BuLi (2.5M in hexanes; 2.67mL, 6.6mmol) was added drop-wise and stirred 

at -78°C for 1 hour to yield a pale orange solution of lithiated 1,3,4-thiadiazole. A second 

dry 1000mL 3-neck round bottom flask was fitted with a gas inlet adapter and two septa 

and dried under vacuum. InCl3 (0.49g, 0.222mmol) was dissolved in 177.5mL THF to 

make a 0.05M solution and then added drop wise to the lithiated 1,3,4-thiadiazole 

solution via cannula transfer. The reaction mixture was stirred at -78°C for 1 hour and 

allowed to warm to room temperature for another hour to afford tris(1,3,4-

thiadiazolyl)indium. A third 1000mL 3-neck round bottom flask was fitted with an air 

inlet adapter, a septum and a condenser and flame dried. DBrC16B (1.45g, 2.02mmol) 

was dissolved in THF (14.5mL,10 wt.%) and added to the flask along with Pd(PPh3)4 

(217mg, 0.0130mM) under positive argon flow and stirring. Tris(1,3,4-

thiadiazolyl)indium was added drop wise to the BBrC16B solution via cannula transfer 

and heated at reflux for 5 days. Reaction progress was monitored with TLC until 

consumption of the starting material was evident. Upon reaction completion, 2mL of 
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methanol was added to quench the reaction, and solvent was evaporated under reduced 

pressure. The resultant solid was dissolved in dichloromethane and washed with 5% HCl. 

The aqueous layer was extracted with diethyl ether 3 times. The combined organic layers 

were washed with saturated ammonium chloride and sodium chloride, dried over 

anhydrous MgSO4 and evaporated under reduced pressure. Unreacted started material 

was precipitated out via precipitation into ethanol to yield a grey-brown liquid (87mg). 1H 

NMR (CDCl3) δ 9.11 (s), 7.43 (s), 4.15(m), 2.19(m), 2.13(m), 1.76(m), 1.39(m), 1.10(m),  

and 0.84 (m). 13C NMR (CDCl3) δ155.7, 139.5, 132.6, 132.1, 132.0, 131.6, 128.5, 99.7, 

64.8, 58.3, 34.2, 31.9, 30.3, 29.4, 28.9, 28.0, 22.7, 18.4 and 14.1. 

 

Results and Discussion 

 BTdB was prepared by reacting1,3,4-thiadiazole with 1,4-dibromobenzene 

(Scheme 16). Unfortunately, the product proved to be insoluble in common organic 

solvents, and purification was not possible. The solid was slightly soluble in DMSO-d6 

for NMR analysis, revealing a mixture of products.  Spectrum 15 shows the presence of 

the expected product peaks at 8.8, 7.6 and 7.5ppm along with solvent and precursor 

peaks. 

 

 

 

Scheme 16: Synthesis of 1,4-bis-(1,3,4-thiadiazol-2-yl)benzene (BTdB) 

 To improve solubility and solution processability of this compound, long alkyl 

ether substituents were introduced to the central ring. Etherification was accomplished by 
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first introducing bromine substituents to hydroquinone (Scheme 17) according to a 

literature procedure.64 Brominated hydroquinone (Spectrum 17) was then deprotonated 

using potassium hydroxide. The resultant diphenoxide was then reacted with two 

equivalents of 1-bromohexadecane to form the diether 1,4-dibromo-2,5-

dihexadecyloxybenzene (Scheme 18), DBrBC16, as was previously reported.64 Spectrum 

18 reveals the presence of DBrBC16 (peaks at 7.1, 3.4 and multiplets from 1.5-0ppm). 

Lastly, 1,4-dibromo-2,5-dihexadecyloxybenzene was subjected to palladium catalyzed 

coupling with the organoindium reagent in an attempt to yield the novel monomer 

BTdBC16 (Scheme 19).  The resultant product proved to be significantly more soluble 

than BTdB; by precipitation into ethanol and characterization via 1H NMR and 13C NMR 

revealed a complex mixture of products; purification is ongoing. A single peaks at 

9.11ppm and and the many aromatic peaks around 7ppm demonstrate the presence of 

doubly coupled and unreacted alkoxybenzene precursor (Spectrum 19). 

  

 

Scheme 17: Bromination of hydroquinone 

  

 

Scheme 18: Etherification of 1,4-dibromohydroquinone 

  

 

 
Scheme 19: Synthesis of 1,4-bis-(1,3,4-thiadiazol-2-yl)-2,5-bishexadecyloxybenzene 
(BTdBC16) 
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Conclusions 

 Since 1,3,4-thiadiazole’s electronic properties have not been fully studied and its 

electron affinity or donating abilities have not been established, the goal of this chapter 

was to couple 1,3,4-thidiazole with benzene and alkoxy benzenes to decipher each ring’s 

optical properties individually and collectively. BTdB was synthesized but further 

characterization and isolation ceased due to insolubility. Alkoxy groups were introduced 

to the benzene to battle solubility problems and BTdBC16 was realized. 
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CHAPTER V 

 

CONCLUDING REMARKS 

 

Conclusions 

 Monomers were synthesized using palladium catalyzed Stille and Sarandeses 

couplings. Most of the reactions were allowed to continue more than the published 

protocol time and stopped after consumption of starting material as confirmed by TLC. 

Purification of monomers was challenging. Most of the crude products were oils, and 

column chromatography isolation of product was sometimes impossible due to reactivity 

with silica. The dichloropyrazine isomers in particular seem to degrade after elution from 

silica columns; new aliphatic peaks emerged on 1H NMR spectrum.  

  

Future Work 

 Purification of synthesized monomers is of the outmost importance for further 

characterization. Both the fluorinated thienylpyrazines and the thiadiazolyl benzenes need 

to be isolated and characterized fully. BTBPm synthesis was not completed due to 

inability to brominate 2,2’-bipyrimidine. Halogenation of the 2,2’-bipyrimidine would 

enable its coupling to thiophene or EDOT. Another approach would be to start with 5-
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bromo-2-chloropyrimidine, halogen exchange the chlorine with iodine and reductively 

couple 5-bromo-2-iodopyrimidine to yield 5,5’-dibromo-2,2’-bipyrimidine, which would 

undergo a Sarandeses coupling to produce BTBPm and BEBPm. Similarly, a 1:1 donor: 

acceptor ratio for BTPz, BEPz, BTdB and BTdBC16 should also be realized to fully 

compare each monomer’s charge transfer effect to increasing acceptor ratio.  

 To determine n-doping capabilities and optical properties of synthesized 

monomers, they must be electropolymerized and their electroactivities determined. 

Cyclic voltammetery experiments should clarify electronic affinity of monomers and n-

doping and p-doping capabilities of polymers through reversible oxidation/reduction 

reactions in the presence of applied voltage. Spectroelectrochemistry (determination of 

the ultraviolet-visible absorption spectrum of the polymers as a function of applied 

potential) should be used to determine optical band gap of the polymers. To fully assess 

the structural and electronic properties such as planarity, aromaticity, and energy and 

bond length/angle dynamics of neutral versus doped polymer, XRD structures of the 

monomers should be determined.  

 Metal coordination of high-nitrogen, conjugated heterocycles enables tunability of 

optical, chemical, electrochemical and physical properties.65 In bipyridine-thiophene 

copolymers bound to ruthenium by Pickup and co-workers, the HOMO was stabilized 

and electron exchange between metal and polymer was accelerated.66 Since metal 

coordination broadens the optical properties of monomers and polymers, coordination 

with ferromagnetic metals should be considered to achieve super conductivity, 

electroluminescence and photoluminescence capabilities.67 Metal coordination should be 

attempted both before and after electrochemical polymerization. X-Ray structures should 
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be acquired after synthesis and metal coordination of the monomers. Electrochemical 

polymerization of metal-coordinated monomers should be attempted and compared to 

non-metal coordinated monomer polymerization.  
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Table 1: Atomic parameters of BTPm 
 

Atomic parameters 

Atom Ox. Wyck. Site S.O.F. x/a y/b z/c U [Å2] 

N2   2a 1   0.5572(3) 0.8236(5) 0.8728(2)   
N1   2a 1   0.5771(3) 0.7333(6) 0.6676(2)   
C9   2a 1   0.4150(3) 0.4896(7) 0.7213(3)   
C12   2a 1   0.4797(3) 0.5486(7) 0.6374(3)   
H9   2a 1   0.4536 0.4546 0.5566 0.04 
C10   2a 1   0.4618(3) 0.6386(8) 0.8408(3)   
H11   2a 1   0.4233 0.6053 0.9013 0.043 
C11   2a 1   0.6115(3) 0.8644(7) 0.7844(3)   
S1   2a 1 0.71 0.79642(19) 1.1287(3) 0.71660(16)   
C1   2a 1 0.71 0.7173(3) 1.0673(6) 0.8169(3)   
C2   2a 1 0.71 0.7712(8) 1.2468(16) 0.9268(7)   
H2   2a 1 0.71 0.7427 1.245 0.9964 0.051 
C3   2a 1 0.71 0.8646(15) 1.418(3) 0.9257(12)   
H3   2a 1 0.71 0.905 1.5488 0.9912 0.056 
C4   2a 1 0.71 0.8938(11) 1.380(2) 0.8183(9)   
H4   2a 1 0.71 0.9584 1.478 0.8015 0.056 
S2   2a 1 0.764 0.22293(15) 0.2229(3) 0.78225(15)   
C5   2a 1 0.764 0.3069(3) 0.2877(6) 0.6855(3)   
C6   2a 1 0.764 0.2483(9) 0.1264(18) 0.5698(7)   
H6   2a 1 0.764 0.2758 0.138 0.4997 0.056 
C7   2a 1 0.764 0.1514(11) -0.044(2) 0.5648(8)   
H7   2a 1 0.764 0.11 -0.1686 0.496 0.055 
C8   2a 1 0.764 0.1211(7) -0.0141(16) 0.6726(5)   
H8   2a 1 0.764 0.0535 -0.1098 0.6855 0.053 
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Table 2: Anisotropic displacement parameters, in Å2 (BTPm) 

 
 
Table 3: Selected geometric information of BTPm (A) 
 

A) Selected geometric informations 

Atoms 1,2 d 1,2 [Å] Atoms 1,2 d 1,2 [Å] 

N2—C10 1.3168(46) C2—C3 1.3263(185) 
N2—C11 1.3362(50) C2—H2 0.9300(93) 
N1—C12 1.3317(45) C3—C4 1.3465(200) 
N1—C11 1.3368(41) C3—H3 0.9308(132) 
C9—C12 1.3946(55) C4—H4 0.9306(122) 
C9—C10 1.3961(46) S2—C5 1.6843(43) 
C9—C5 1.4652(45) S2—C8 1.7119(68) 
C12—H9 0.9303(33) C5—C6 1.4018(81) 
C10—H11 0.9297(39) C6—C7 1.3316(150) 
C11—C1 1.4548(45) C6—H6 0.9298(98) 
S1—C1 1.6730(45) C7—C8 1.3527(132) 
S1—C4 1.7124(94) C7—H7 0.9316(87) 
C1—C2 1.4113(79) C8—H8 0.9303(80) 

 
 

Anisotropic displacement parameters, in Å2 
Atom U11 U22 U33 U12 U13 U23 
N2 0.0388(15) 0.0431(18) 0.0315(14) -0.0018(14) 0.0197(13) 0.0005(15) 
N1 0.0365(14) 0.0370(17) 0.0288(13) -0.0009(13) 0.0157(11) 0.0016(14) 
C9 0.0303(16) 0.0255(18) 0.0298(15) 0.0025(13) 0.0156(13) 0.0031(15) 
C12 0.0387(18) 0.039(2) 0.0242(15) 0.0001(15) 0.0145(14) -0.0017(16) 
C10 0.0382(17) 0.046(2) 0.0317(16) -0.0008(17) 0.0230(14) 0.0006(18) 
C11 0.0305(17) 0.038(2) 0.0295(16) 0.0020(15) 0.0133(14) 0.0017(17) 
S1 0.0454(8) 0.0423(9) 0.0405(8) -0.0047(7) 0.0282(6) -0.0010(6) 
C1 0.0347(17) 0.035(2) 0.0325(17) 0.0060(14) 0.0156(14) 0.0068(17) 
C2 0.045(3) 0.055(4) 0.042(3) 0.007(3) 0.032(3) -0.006(3) 
C3 0.043(3) 0.039(3) 0.051(3) -0.0050(18) 0.0140(19) -0.005(2) 
C4 0.036(3) 0.044(3) 0.058(3) -0.0041(19) 0.019(3) 0.007(3) 
S2 0.0467(7) 0.0524(10) 0.0417(8) -0.0105(7) 0.0299(6) -0.0059(7) 
C5 0.0328(16) 0.034(2) 0.0354(17) 0.0057(15) 0.0153(15) 0.0061(17) 
C6 0.077(4) 0.042(3) 0.037(4) -0.005(3) 0.042(3) -0.010(3) 
C7 0.052(3) 0.028(3) 0.052(3) -0.0106(19) 0.016(2) 0.000(3) 
C8 0.036(4) 0.040(3) 0.060(4) -0.006(2) 0.023(4) 0.010(3) 
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Table 4: Selected geometric information of BTPm (B)

B) Selected geometric informations  

Atoms 1,2,3 Angle 1,2,3 [°] Atoms 1,2,3 Angle 1,2,3 [°] 

C10—N2—C11 116.572(305) C1—C2—H2 121.693(661) 
C12—N1—C11 116.680(268) C2—C3—C4 111.848(1226) 
C12—C9—C10 114.414(280) C2—C3—H3 124.079(1427) 
C12—C9—C5 122.204(315) C4—C3—H3 124.073(1232) 
C10—C9—C5 123.383(299) C3—C4—S1 111.222(805) 
N1—C12—C9 123.033(324) C3—C4—H4 124.328(1195) 
N1—C12—H9 118.485(315) S1—C4—H4 124.450(918) 
C9—C12—H9 118.482(304) C5—S2—C8 93.001(258) 
N2—C10—C9 123.844(309) C6—C5—C9 129.948(432) 
N2—C10—H11 118.092(352) C6—C5—S2 107.114(381) 
C9—C10—H11 118.065(303) C9—C5—S2 122.863(262) 
N2—C11—N1 125.448(270) C7—C6—C5 116.979(735) 
N2—C11—C1 117.908(307) C7—C6—H6 121.522(956) 
N1—C11—C1 116.643(283) C5—C6—H6 121.499(665) 
C1—S1—C4 93.146(389) C6—C7—C8 111.432(892) 
C2—C1—C11 130.639(414) C6—C7—H7 124.300(996) 
C2—C1—S1 107.195(369) C8—C7—H7 124.267(809) 
C11—C1—S1 122.152(264) C7—C8—S2 111.330(501) 
C3—C2—C1 116.556(832) C7—C8—H8 124.382(759) 
C3—C2—H2 121.751(1007) S2—C8—H8 124.288(633) 
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Table 5: Selected geometric information of BTPm (C) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C) Selected geometric informations  
Atoms 1,2,3,4 Tors. an. 1,2,3,4 [°] Atoms 1,2,3,4 Tors. an. 1,2,3,4 [°] 

C11—N1—C12—C9 -0.140(491) C11—C1—C2—C3 -177.331(814) 
C10—C9—C12—N1 -0.634(495) S1—C1—C2—C3 1.303(999) 
C5—C9—C12—N1 179.282(312) C1—C2—C3—C4 -2.010(1517) 
C11—N2—C10—C9 -0.774(501) C2—C3—C4—S1 1.742(1449) 
C12—C9—C10—N2 1.123(509) C1—S1—C4—C3 -0.866(943) 
C5—C9—C10—N2 -178.793(319) C12—C9—C5—C6 -0.875(707) 
C10—N2—C11—N1 -0.129(500) C10—C9—C5—C6 179.034(556) 
C10—N2—C11—C1 -179.93(30) C12—C9—C5—S2 -177.317(273) 
C12—N1—C11—N2 0.572(503) C10—C9—C5—S2 2.592(483) 
C12—N1—C11—C1 -179.625(295) C8—S2—C5—C6 1.777(486) 
N2—C11—C1—C2 -3.663(667) C8—S2—C5—C9 178.924(357) 
N1—C11—C1—C2 176.518(516) C9—C5—C6—C7 179.320(643) 
N2—C11—C1—S1 177.878(255) S2—C5—C6—C7 -3.807(905) 
N1—C11—C1—S1 -1.940(441) C5—C6—C7—C8 4.238(1198) 
C4—S1—C1—C2 -0.202(532) C6—C7—C8—S2 -2.596(1038) 
C4—S1—C1—C11 178.573(443) C5—S2—C8—C7 0.386(648) 
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