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Abstract 

The development of organic semiconductors for device applications has been intensely pursued 

over the past four decades. The active layer in such devices consists of both hole transporting (p–

type) semiconductors and electron transporting (n–type) semiconductors. The development of p–

type materials has progressed rapidly while n–type systems are relatively underdeveloped, 

primarily due to stability issues. Perhaps the most salient feature of electron transport materials is 

a low reduction potential, resulting from the stabilization of the lowest unoccupied molecular 

orbital (LUMO). Thus, current research is largely focused on molecular design strategies to reduce 

LUMO energy levels. An extension of the π–system (i.e. conjugated polymers) normally results 

in a lowering of the LUMO while simultaneously raising the highest occupied molecular orbital 

(HOMO), reducing the ambient stability. The incorporation of π-accepting functional groups is a 

convenient manner through which to stabilize molecular orbitals (HOMO and LUMO) and their 

incorporation into conjugated polymers should lead to materials with improved stability. This 

thesis explains our efforts to synthesize well-defined conjugated polymers that incorporate π-

accepting functional groups. Moreover, heteroatom substitution also has a profound impact on the 

optoelectronic properties of semiconducting materials and the insertion of main group elements 

into conjugated organic scaffolds is another established approach to accomplish LUMO 

stabilization. Specifically, phosphorus is an attractive element to incorporate into organic 

semiconductors because of its inimitable bonding versatility. This thesis also highlights our efforts 

to synthesize aromatic phosphorus heterocycles for electron transport. 

Chapter 1 provides a general introduction into organic semiconductors as well as efforts to 

manipulate the molecular orbitals of π–conjugated materials. The focus is on both small molecules 

and polymeric materials with specific attention paid to main group substitution and functional 

group incorporation and how these strategies can be applied to create n-type materials.  

Chapter 2 describes a series of bench-stable 2-aryl-1,3-benzothiaphospholes synthesized from 

1-mercapto-2-phosphinobenzene and a variety of acid chlorides. The structure of 2-phenyl-1,3-

benzothiaphosphole was established using X-ray diffraction. The electrochemical and 

photophysical properties of each benzothiaphosphole are reported and some of these molecules 

exhibit reversible 1–electron reductions due to the LUMO stabilization afforded by incorporation 

of P=C moiety. The reduction potentials show a defined pattern: becoming incrementally more 

positive as the electron deficiency of the 2-aryl substituent increases and enhances LUMO 
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stabilization. DFT calculations corroborate the electrochemical data elucidating the more 

pronounced effect of electron deficient groups on reduction by showing significantly more 

participation of those substituents in the LUMO. 

Chapter 3 discusses the synthesis and functionalization of the parent 1,3-benzothiaphosphole. 

The phosphole could not be isolated, but the compound could be manipulated in solution to 

produce several new phosphorus compounds. Metallation of the 2–position using lithium 

diisopropylamide proceeded smoothly according to 31P NMR spectroscopy, and quenching with 

trimethylsilyl chloride resulted in the desired 2-(trimethylsilyl)-1,3-benzothiaphosphole. However, 

functional substrates for cross-coupling could not be isolated using this approach. The P=C bond 

of the thiaphosphole was also explored as a dienophile, owing to its low lying LUMO, in Diels-

Alder reactions with isoprene, 2,3-dimethylbutadiene, 2,3-dibenzylbutadiene and cyclopentadiene. 

The fused ring structures were fully characterized and a solid-state molecular structure of the 2,3-

dimethylbutadiene cycloadduct was obtained. 

Chapter 4 highlights our initial efforts to expand the functional group scope of conjugated 

polymers. Controlled synthesis of conjugated polymers with functional side chains is of great 

importance, affording well–defined optoelectronic materials possessing enhanced stability and 

tunability as compared to their alkyl substituted counterparts. A chain–growth Suzuki 

polycondensation of an ester–functionalized thiophene is described using commercially available 

nickel precatalysts. Model compound studies were used to identify suitable catalysts, and these 

experiments provided guidance for the polymerization of the ester–substituted monomer. This is 

the first report of nickel–catalyzed Suzuki cross-coupling for catalyst–transfer polycondensation 

(CTP) and to further illustrate the versatility of this method, block and alternating copolymers with 

3-hexylthiophene were synthesized. This Suzuki protocol should serve as an entry point into the  

controlled synthesis of other electron-deficient polymers and donor-acceptor copolymers.     

Chapter 5 describes further application of our nickel–catalyzed Suzuki CTP protocol. 

Ni(dppp)Cl2 was used to polymerize an amide–functionalized polythiophene – a monomer that is 

structurally similar to the prominent thiophene diimide electron–acceptor. Polymer molecular 

weights could be modulated according to catalyst loading, thus indicating a chain–growth process. 

Alternating and block copolymers were also prepared with reasonable polydispersities. Cyano–

functionalized dimeric and trimeric monomers were explored using the Suzuki CTP protocol, 

however the resultant polymers were found to be highly insoluble. 
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Chapter 6 provides a general outlook for CTP regarding state of the art conjugated polymers. 

The development of new catalysts for mild cross-coupling strategies should significantly enhance 

the monomer scope for CTP. Next generation conjugated polymers will be synthesized by CTP 

protocols providing control over topology, microstructure, and composition. Specifically, 

sequence controlled conjugated polymers should provide a major advancement to the field of 

organic electronics.



 

Chapter 1 

Introduction to Organic Semiconductors and State of 

the Art of n-Type Materials 

 

1.1 Features of Organic Semiconducting Materials 

 Since the discovery of organic semiconducting materials by Heeger, MacDiarmid, and 

Shirakawa in 19771 (Nobel Prize in Chemistry, 2000), research on organic semiconductors has 

focused on either small molecules or larger polymeric structures. The key feature of organic 

semiconductors is a π-conjugated framework (i.e., alternating single and double bonds) with 

significant p-orbital overlap. An extended conjugated network possesses a delocalized π-electron 

cloud with a high degree of polarizability; removal or addition of π-electrons (doping) leads to the 

formation of charge carriers that are capable of traversing the π-system.2 In small conjugated 

systems, delocalization of electrons decreases the gap between the Highest Occupied Molecular 

Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO). As the number of π-bonds 

increases (e.g., in conjugated polymers) and more molecular orbitals are added, the individual 

orbitals become less discrete to form continuous bands, akin to inorganic semiconductors (Figure 

1.1).3 This band gap separation between the valence band and conduction band is determined by 

the difference between the respective energies of the HOMO (valence band) and the LUMO 

(conduction band). To be practical, organic semiconductors require a band gap < 3 eV in order to 

absorb visible or near-infrared radiation.4 When this qualification is achieved, these materials 

become potentially useful in electronic device applications. 
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Figure 1.1. Formation of band structure from ethylene to polyacetylene. 

1.1.1 Applications in Organic Electronic Devices 

 -Conjugated materials5 have garnered enormous attention as solution processable 

components for photovoltaics6, light-emitting diodes7 and field-effect transistors.8 Organic 

semiconductors were initially envisioned as replacements for their inorganic counterparts due to 

relatively inexpensive solution processability allowing for large scale roll-to-roll manufacturing.9 

Moreover, the lightweight nature of organic materials makes them suitable for thin and flexible 

devices. Perhaps the most salient feature of organic electronics is their inherent tunability through 

molecular engineering. As such, chemists can rationally design organic semiconductors to alter 

the optoelectronic and solid-state properties.10 
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 Although some organic electronic devices have emerged into the consumer market (e.g., 

OLED display in televisions or smartphones) widespread development and commercialization has 

been sluggish. In particular, organic photovoltaics (OPV’s) display comparatively lower 

efficiencies than inorganic analogues, stemming from inefficient charge transport.11 A systemic 

issue for organic semiconductors is their inherent instability facilitated by chemical or photo-

oxidative processes.12 Despite these challenges, organic semiconducting materials remain 

intensely studied. More recently, conjugated materials have been explored for use in the 

biomedical field with developments focused on sensor applications13 or bioelectronics (Figure 

1.2).14 

 

Figure 1.2. Recent progress in device technologies for electronic skin. Reproduced with 

permission from reference 14b. Copyright 2011 John Wiley and Sons. 
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1.1.3 Introduction to p-Type and n-Type Organic Semiconductors 

 In organic electronic devices, the active layer is composed of hole-transporting (p-type) 

and electron-transporting (n-type) semiconductors. P-type materials generally feature high-lying 

HOMO and LUMO energy levels whereby an electron can be easily removed from the HOMO 

(oxidation) to create a radical cation.15 On the other hand, n-type materials feature stabilized energy 

levels allowing for facile electron injection into the LUMO (reduction) to produce a stable radical 

anion.15 The presence of oxygen and water can induce trapping of the active charge carrier species 

(radical anions) in n-type materials.16  Generally speaking, increasing the electron affinity (lower 

lying LUMO) promotes ambient stability provided that the LUMO is below the reduction potential 

of either oxygen or water. To this end, a LUMO energy < – 4 eV is generally regarded as sufficient 

for ambient stable electron injection and transport.17 During the last few decades, significant 

progress and improvements have been realized for p-type materials. However, benchmark numbers 

concerning important performance markers–e.g., charge mobility and ambient stability–of n-type 

molecules lag significantly behind p-type materials.18 This discrepancy between p-type and n-type 

semiconductors is undoubtedly a consequence of the relatively limited number of reports 

concerning n-type materials. However, achieving ambient electron transport remains challenging, 

thus explaining the current small supply of suitable n-type materials. 

1.2 Design Strategies for n-Type Materials 

 The synthesis of stable organic n-type semiconductors is inherently challenging, but 

chemists have successfully utilized the following strategies: 

1) Heteroatom substitution 

2) Installation of electron-withdrawing groups 
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3) Molecular curvature 

4) Extending conjugation length 

The remainder of this section will highlight each method, with special emphasis on heteroatom 

manipulation with main group elements and stabilizing π-extended systems because these topics 

are the most relevent to the scope of the thesis. 

1.2.1 Heteroatom Substitution 

 Familiar organic elements (nitrogen, oxygen, and sulfur) are staples in heterocyclic 

chemistry and their incorporation into conjugated scaffolds drastically alters the optoelectronic 

properties relative to all-carbon counterparts. Typically, heterocycles featuring such heteroatoms 

are described as electron-rich, with the exception of pyridine or pyrazine, and thus LUMO levels 

are insufficiently stabilized for n-type behavior (Figure 1.3).19  

 

Figure 1.3. Electronic description of heterocyclic conjugated building blocks. 

1.2.2 Manipulation using Main Group Chemistry  

 The incorporation of main group elements: including boron, silicon, selenium, tellurium, 

and phosphorus has emerged as a versatile strategy to enhance the electron accepting character of 

conjugated organic scaffolds. Atomic substitution of main group elements into classical organic 
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scaffolds produces interesting molecular orbital interactions, often imbuing such materials with a 

decreased band gap due to pronounced LUMO stabilization.20 This powerful concept is 

conveniently illustrated in silico when examining heteroatom subsitution in the polyheterole series 

(Figure 1.4).21 Although main group chemistry offers an attractive means for optoelectronic 

manipulation, the reactivity of main group-containing compounds is often different than organic 

systems. Consequently, alternative synthetic methods are necessary and typically challenging. 

 

Figure 1.4. DFT calculations of HOMO-LUMO energy levels for polyheteroles based on data 

taken from reference 21. 

The remainder of this sub-section will feature a brief introduction for each of the most important 

main group-containing organic semiconductors. Particular attention will be paid to the bonding 

environments that are responsible for the optoelectronic modulation of such materials.  

1.2.3 Selenium and Tellurium-Based Semiconductors 

 Thiophene containing structures are among the most frequently appearing conjugated 

materials in organic electronic devices. In particular, polythiophenes have been thoroughly studied 

and the combination of poly-3-hexylthiophene (P3HT) with phenyl-C61-butyric acid methyl ester 
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has been used as the benchmark for organic photovolatics (OPVs) for some time.22 Optimized 

devices provide power conversion efficiencies (PCEs) of only ~ 5 % and this is primarily 

determined by the band gap of the polythiophene (1.9 eV for P3HT) because a large portion of 

incoming photons are not absorbed.23 Accordingly, efforts to decrease the band gap and improve 

the absorption profile of conjugated materials is a point of emphasis in OPV research. The most 

obvious example of main group incorporation involves the heavier group 16 heterocycles, 

selenophene and tellurophene. Compared to polythiophene, polymers based on these heterocycles 

feature lower-lying LUMO energy levels, due to a lower ionization potential of the heavier 

elements, but similar HOMO energy levels.24 Thus, polyselenophene and polytellurophene are low 

band gap congeners of polythiophene (Figure 1.5).  

 

Figure 1.5. Comparison of band gap between hexyl-substituted group 16 polyheteroles. 

 Furthermore, the electronic properties of thiophene polymers can be drastically altered 

when thiophene moieties are replaced by selenophene25 or tellurophene.26 Additionally, selenium 

or tellurium atomic substiution for sulfur in other heterocycles often produces similar 

consequences. This concept has been referred to as “atomistic” band gap engineering and a striking 

example is illustrated in Figure 1.6.27 Progressive substitution down group 16 (S–Se–Te) 

Decreasing Band Gap 
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drastically decreases the band gap in the resultant donor-acceptor polymers (Eg for S = 1.59 eV, 

Se = 1.46 eV, and Te = 1.06 eV).27  

 
 

Figure 1.6. Left – absorption spectra of S, Se, Te acceptor molecules in DMSO and right – 

absorption spectra of corresponding group 16 donor-acceptor polymers in chloroform. Reproduced 

with permission from reference 27. Copyright 2012 American Chemical Society. 

1.2.4 Silole-Based Semiconductors 

Silicon-based compounds have also garnered attention in the organic electronic arena with the 

silole moiety, an inorganic cyclopentadiene analogue, appearing most frequently.28 A stark change 

in the optoelectronic properties is observed after the simple C-Si substitution.20c  

 

Figure 1.7. Orbital interactions between silicon σ* bonds and the π* butadiene fragment 

Reproduced with permission from reference 29. Copyright 1998 Royal Society of Chemistry. 
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This electronic adjustment arises from a σ*–π* bonding interaction, known as hyperconjugation, 

where the  σ* orbitals from the two exocyclic σ bonds on the silicon atom and the π* of the 

butadiene fragment interact to stabilize HOMO and LUMO energy levels in the silole system 

(Figure 1.7).29 

 Many silole-based organic semiconducting materials can be traced to fundamental building 

blocks outlined in Figure 1.8.30 Several small molecules incorporating the silole moiety have 

displayed high charge transport mobilities and device efficiencies due to favorable electronic and 

solid-state morphologies rendered by the silicon atom.31 Furthermore, the pairing of donor silole 

blocks with classic accepting fragments has led to a number of valuable donor-acceptor 

copolymers.32 

 

Figure 1.8. Common silole building blocks for organic semiconducting materials. 
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1.2.5 Boron-Based Semiconductors 

 Over the last decade there has been a renewed interest in organoboron π-conjugated 

materials due to interesting electronic features arising from boron’s bonding properties.33 Trivalent 

boron compounds feature a vacant p-orbital at the boron center that can communicate with the 

surrounding π-electron system. Specifically, a p–π* interaction facilitates conjugation through the 

boron center and simultaneously leads to strong electron accepting characteristics (Figure 1.9).20c 

 

Figure 1.9. Description of orbital interactions between boron and surrounding π-conjugated 

framework. 

 Despite these interesting electronic features, trivalent organoborane species are notoriously 

vulnerable to nucleophilic attack on the vacant p-orbital by water, oxygen, or anions (Figure 

1.9).33a When the boron becomes tetracoordinate, the conjugation pathway is interrupted. Although 

this may seem detrimental for organic electronic applications, boron-containing semiconductors 

have found utility as anion sensors (e.g., fluoride sensing).34 The change from tricoordinate to 

tetracoordinate valency produces a drastic change in either absorbance or emission due to the 

interruption in the conjugated network.35 Additionally, some tetracoordinate boron species are 

highly efficient chromophores and can still be incorporated within conjugated networks to produce 

interesting photophysical properties.36 Nevertheless, bench-stable trivalent boron compounds can 

be synthesized when sufficient kinetic37 (steric bulk) and/or thermodynamic38 (structural 
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constraint) stabilization exists; these concepts have also been applied to furnish stable polymeric 

architectures.39 Several examples of trivalent organoboron semiconductors are listed in Chart 1.1. 

Chart 1.1. Representative examples of trivalent boron semiconductors. 

1.2.6 Phosphorus-Based Semiconductors 

 Despite the comparatively large atomic size of phosphorus with respect to smaller organic 

elements, phosphorus is ubiquitous in organic chemistry (e.g., Wittig reaction or ligands for 

organometallic complexes).40 Furthermore, phosphorus displays inimitable bonding versatility, 

making it an attractive element to incorporate into π–conjugated frameworks.41 As is the case for 

amines, trivalent phosphorus contains a lone-pair and is considered an electron donating species, 

but oxidation to the pentavalent state imbues an electron accepting character. This phenomenon, 

coined negative hyperconjugation, is due to π back-donation from the lone-pair on the P–
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substituent (e.g., O, S, Se, NR) into the σ* of the phosphorus atom.42 This creates a highly polarized 

moiety with enhanced electronegativity at the phosphorus atom and a pronounced electron-

withdrawing quality (Figure 1.10). 

 

Figure 1.10. Trivalent and hypervalent phosphorus bonding. 

 Of the organophosphorus semiconductors, the phosphole is the most studied building 

block.41,43 Pentavalent phospholes display the aforementioned negative hyperconjugation, but the 

trivalent phosphole species also has electron accepting character due to positive hyperconjugation. 

This latter hyperconjugation is similar to the silole system and is described by a σ*– π* bonding 

interaction.44  

 

Figure 1.11. Tunability of phosphole-incorporated materials. 
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Thus, the unique optoelectronic properties of the phosphole moiety are enhanced by this additional 

orbital interaction that contributes to a more pronounced electron accepting character.45  A high 

degree of tunability (manipulation of the π-scaffold or phosphorus substituents) further adds to the 

utility of phospholes (Figure 1.11). 

 Although the majority of research concerning phosphorus-based conjugated materials has 

involved phospholes, low-valent organophosphorus compounds – notably phosphaalkenes (P=C 

bonds) – have also been investigated.46  For phosphaalkenes, the phosphorus atom is only partially 

sp2 hybridized due to poor orbital overlap.47 A consequence of this poor hybridization is significant 

s-character on the orbital describing the phosphorus lone-pair, which lowers the energy of the 

orbital so that the HOMO is actually the P=Cπ bond.46c,48 Thus, the phosphaalkene electronic 

configuration is similar to the molecular orbital description of alkenes46e whereas the orbital 

describing the nitrogen lone-pair defines the HOMO for the imine moiety.  As a result, the 

phosphaalkene is commonly referred to as the “carbon copy” since it is isoelectronic to the C=C 

unit and exhibits similar reactivity (Chart 1.2).49  

 

Chart 1.2. Comparison of phosphorus, nitrogen, and carbon π-bonds. 
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 Despite similarities with alkenes, the P=C bond is considerably weaker than C=C or C=N 

moieties (Chart 1.2) and this can limit the stability of such molecules.50 Early reports on acyclic 

phosphaalkenes describe the installation of bulky groups on the phosphorus in order to provide 

kinetic stabilization.51 More recently, this strategy has  been employed to furnish isolable 

phosphorus analogues of poly(p-phenylenevinylene) (PPV); these  phosphorus congeners have 

been shown to be highly emissive with red-shifted absorption profiles compared to PPV.52 Some 

cyclic architectures lacking steric protection such as phosphinine53 or heteroles (e.g., 

oxaphosphole, azaphosphole and thiaphosphole)46d,54 possess greater ambient stablility than 

acyclic phosphaalkenes due to aromatic stabilization (Chart 1.3).  

 

Chart 1.3. Aromatic organic heterocycles and phosphorus congengers. 

Furthermore, the isolobal substitution of C-H to P in aromatic heterocycles serves to stabilize 

LUMO levels, thus transforming formerly electron-rich heterocycles into relatively electron-poor 

rings. As such, certain annelated oxaphospholes55 and thiaphospholes56 are n-type with reversible 

electron transport under an ambient atmosphere. 
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1.2.7 Incorporation of π-Accepting or Inductively–withdrawing Groups 

 The incorporation of π-accepting functional groups (e.g., carbonyl, imides, or cyano) is a 

convenient manner through which to stabilize molecular orbitals (HOMO and LUMO), and 

inductively electron withdrawing groups (such as halogens or perfluoroalkyl groups) effect a 

similar consequence.57 The π-accepting or inductively withdrawing nature of these flanking 

functional groups results in decreased electron density within the π-system leading to higher 

electron affinity (Figure 1.12). 

 

Figure 1.12. Resonance stabilization of π-acceptors and inductive effects by electronegative 

groups. 

 Additionally, molecular orbital energy levels can be dramatically influenced by substition 

patterns. Concerning the LUMO, appropriate regiochemistry of electron withdrawing groups can 

enhance the electron affinity. The importance of substitution patterns is illustrated in a series of 

fluorinated dithienophospholes.58 Meta substitution of the two fluorine atoms on the flanking aryl 

groups provides additional LUMO stabilization as compared to the ortho substitution pattern 

leading to a more facile electrochemical reduction for the former (Figure 1.13).58 Thus, the 

placement of functional groups should be considered for n-type material design. 
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Figure 1.13. Calculated LUMO levels for highly fluorinated dithienophospholes. Data from 

reference 58. 

 A substantial number of high-performance n-type materials feature polycyclic conjugated 

cores flanked by imide groups; such materials are broadly refered to as rylene diimides (RDIs) and 

they are some of the most efffective n-type semiconductors, either as small molecules or within 

polymeric networks.59  

 

Chart 1.4. Survey of common n-type organic semiconductors that feature electron-withdrawing 

groups or electronegative heteroatoms. 
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Conjugated frameworks substituted with π-accepting or inductively electron withdrawing moieties 

are also common. Representative RDIs and other classes of high performance electron transport 

materials for transistors18a,18c, photovoltaics18b, or light-emitting diodes60 are shown in Chart 1.4.   

1.2.8 Curved π-Conjugated Architectures 

 Compounds exhibiting molecular curvature have also been investigated for electron 

transport. The curvature imparts unique physical properties due to nanoscale confinement of the 

electronic states.61 Perhaps the most widely used electron acceptor for device applications is the 

fullerene.23,62 Many bowl–shaped polycyclic aromatic hydrocarbons63 composed of 6–membered 

rings64 (e.g., hexabenzocoronene or helicene) and 5–membered rings65 (e.g., cyclopenta-fused 

PAHs or corannulene) display n-type behavior as well. Representative curved molecular building 

blocks are displayed in Chart 1.5. 

 

Chart 1.5. π-Conjugated curved molecules displaying n-type characteristics. 
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1.2.9 Extending the Conjugation Path  

 Small molecule organic semiconductors exhibit some degree of π-electron delocalization. 

However, as the conjugation path length increases further, the band gap continues to decrease up 

to a certain number of repeat units and this is referred to as the effective conjugation length.66 This 

is important to consider in polymeric systems because inherent disorder exists and deviation from 

idealized planarity caused by steric interactions between monomer units can disrupt the electron 

overlap and restrict the effective conjugation length.67 This concept is easily visualized when 

examining the effect of solubilizing groups on the band gaps of oligothiophenes and 

polythiophenes (Figure 1.14).68 Despite these steric considerations, polymers generally have lower 

band gaps than their constituent oligomers. 

 

Figure 1.14. (A) Correlation between the maximum absorption (λmax) and ring numbers (n) of 

oligothiophenes, and (B) bandgap energy vs inverse ring number (n) adapted from reference 68. 

Copyright 2014 American Chemical Society. 

 Chemists often utilize several methods (e.g., functional group alteration or heteroatom 

substitution) to alter the optoelectronic properties of organic semiconductors, but tuning 

conjugation length is arguably the simplest means for band gap manipulation (Figure 1.14–B). 

Semiconducting polymers often provide substantial LUMO stabilization compared to their 
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respective monomers, but this is at the direct cost of HOMO destabilization. Generally, high-lying 

HOMOs decrease ambient stability of organic semiconductors due to undesirable oxidative doping 

from molecular oxygen.4 As such, there is certainly an interest to synthesize conjugated polymers 

with decreased HOMO energy levels while maintaining sufficiently narrow band gaps. As noted 

previously, the incorporation of π-accepting functional groups within or along the polymer 

backbone serve to lower LUMO energy levels, but another consequence is a similar reduction in 

HOMO energy levels. Thus, efforts toward synthesizing semiconducting polymers with energy 

stabilizing functional groups remains a priority. 

1.3 Molecular Orbital Stabilization in Polythiophenes 

 For the remainder of this section, only substituted polythiophenes will be examined in 

detail as to better illustrate the electronic effects from functional group substitution. Cyano 

substitution of alkyl thiophene-based polymers improves the ambient stability compared to pristine 

alkyl substituted derivatives while also adding ambipolar qualities (Chart 1.6).69 However, cyano-

substituted semiconductors are notorious for their poor solubility. 

 

Chart 1.6. Thiophene-based polymers with side-chain or main-chain cyano groups. 

 The ester moiety is a satisfactory electron accepting group and imparts a good degree of 

solubility, thus providing an advantage to cyano substitution. When ester functionalized 

polythiophenes are used in organic electronic devices, they feature improved air stability–due to 
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stabilized molecular orbitals (Figure 1.15)–as well as superior solution processability compared to 

conventional alkyl substituted polythiophenes.70 

 

Figure 1.15. Comparison of frontier molecular orbitals in P3HT and an ester-functionalized 

polythiophene.70a 

 Finally, the imide group frequently appears in n-type materials71 and one of the best-known 

acceptor units is the N-alkylated thieno[3,4-c]pyrrole-4,6-dione, commonly referred to as the 

thiophene-imide.72  

Chart 1.7. Imide-functionalized thiophenes in donor-acceptor copolymers. 
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These fragments, in addition to other imide functionalized thiophenes, are often paired with donor 

units in donor-acceptor copolymers (Chart 1.7). Such materials often feature increased charge 

mobility and improved performance in organic electronic devices due to the highly planarized 

solid-state morphology resulting from the imide functional group.32b,73 

1.4 Scope of Thesis 

 The broad focus of this thesis concerns molecular engineering as it is applied in creating 

materials with stabilized molecular orbitals for 1) electron transport or with 2) improved photo-

oxidative stability. In Chapters 2 and 3, the incorporation of phosphorus-carbon π-bonds into 

conjugated scaffolds provide stabilized LUMO energy levels and, in some cases, ambient electron 

transport. Chapters 4 and 5 focus on the development of well-defined polythiophenes featuring 

enhanced stability and tunability due to the incorporation of π-accepting functional groups in 

conjugation with the polymer backbone. The synthesis of these materials was achieved using a 

nickel-catalyzed Suzuki catalyst-transfer polycondensation (CTP) protocol developed in our lab. 
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Chapter 2 

Synthetic Tuning of Electronic and Photophysical 

Properties of 2-Aryl-1,3-Benzothiaphospholes 

 

2.1 Introduction 

 Organic -conjugated materials have garnered enormous attention over the past 40 years 

as solution processable components for photovoltaics, light-emitting diodes and field-effect 

transistors.1 The incorporation of main group elements including: boron,2,3 silicon,4 selenium,5 

tellurium6 and phosphorus7 has evolved as a versatile strategy for tuning the electronic properties 

of -conjugated architectures.  

 The use of phosphorus for this purpose is particularly intriguing due to its variable 

oxidation states and coordination modes. Recent reports of conjugated materials bearing 

phosphorus heterocycles include: dithienophospholes,8 dibenzofuran phosphole,9 

dibenzophosphapentaphenes,10 biphospholes,11 dithienodiketophosphepins,12 and 

diazadibenzophosphole oxides13 (several examples depicted in Figure 2.1). All of the structures 

shown in Figure 2.1 bear a 3-coordinate phosphorus atom and facile modulation of the solid-state 

packing and band gap can be achieved by oxidation, quaternization or complexation of the 

phosphorus. Recent device fabrication with phosphole-based dopants has yielded light-emitting 

diodes capable of emitting white light.14  

                                                 
 Reproduced with permission from Worch, J.C.; Chirdon, D.N.; Maurer, A.B.; Qiu, Y.; Geib, S.J.; Bernhard, S.; 

Noonan, K.J.T. Synthetic Tuning of Electronic and Photophysical Properties of 2–Aryl–1,3–Benzothiaphospholes. J. 

Org. Chem. 2013, 78, 7462-7469. Copyright 2013 American Chemical Society. 
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Figure 2.1. Several examples of -conjugated building blocks that incorporate a 3-coordinate 

phosphorus atom. 

 

 The ability of phosphorus to form -bonds15 has led to the investigation of phosphaalkenes 

(P=C bonds) in extended conjugated structures. Compared to all-carbon counterparts (olefins), 

phosphaalkenes have lower lying LUMO energy levels and many P=C species are easily reduced.16 

Thus, there is the potential to develop phosphaalkenes as materials for electron transport. Gates17 

and Protasiewicz18 both prepared polyphenylenevinylene (PPV) analogs where the vinyl unit 

between the phenyl groups in the polymer main chain was replaced by a P=C bond (Figure 2.2). 

In Figure 2.2 (top – right), the (E)-poly(p-phenylenephosphaalkene) (λmax = 445 nm) is 

substantially red-shifted compared to unsubstituted E-PPV (λmax = 426 nm) despite the limited 

conjugation length of the phosphaalkene polymer (Mn = 6,500 g/mol).18c Protasiewicz has also 

described a PPV analog with a diphosphene unit (P=P) between the aryl rings,18a and Ott has 

investigated P=C bonds in conjugation with acetylenic moieties (Figure 2.2).19  
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Figure 2.2. Extended -conjugated materials that incorporate phosphaalkene units. 

 However, to our knowledge, very few reports of aromatic systems containing P=C bonds 

have been investigated as -conjugated materials, though a great deal of research on aromatic 

heterocycles bearing phosphorus atoms has been conducted.15,20 Protasiewicz and co-workers 

recently prepared a series of photoluminescent benzoxaphospholes and benzobisoxaphospholes 

with the P=C bond participating in the conjugated aromatic architecture (Figure 2.2).21 This work 

provided inspiration to investigate the related benzothiaphospholes since polythiophenes are an 

important class of -conjugated material. The benzothiaphosphole resembles benzothiophene 

except a CH moiety is replaced by a P atom. Herein, we report a new synthetic procedure to prepare 

2-aryl-1,3-benzothiaphospholes and describe their electrochemical and photophysical behavior. 

2.2 Results and Discussion 

 Several synthetic strategies to prepare the 1,3-thiaphospholes have been reported,22 

however, 1,3-benzothiaphospholes have been described only once.23 To synthesize the desired 

heterocycle, we prepared diisopropyl (2-mercaptophenyl)phosphonate (2.1) according to a 
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literature procedure.24 Reduction of compound 2.1 using lithium aluminum hydride afforded the 

desired 1-mercapto-2-phosphinobenzene 2.2 (Scheme 2.1).  

Scheme 2.1. Reduction of diisopropyl (2-mercaptophenyl)phosphonate to prepare 1-mercapto-2-

phosphinobenzene. 

 

 Benzannulated variants of 1,3-heterophospholes can be prepared from a phosphine 

precursor and a variety of carboxylic acid derivatives such as imidoyl chlorides, iminoester 

hydrochlorides or amide acetals.15b,25 Issleib and co-workers reported the synthesis of 2-phenyl-

1,3-benzothiaphosphole from compound 2.2 and benzaldehyde, however, efforts to reproduce this 

reaction proved challenging. The wide commercial availability of acid chlorides and a previous 

report describing 1,3-oxaphospholes from acid chlorides led us to investigate the reaction of 2 with 

benzoyl chloride.26 The combination of 2.2 (31P = –127) with benzoyl chloride proceeded 

smoothly in toluene at 85 °C, with nearly quantitative conversion to a single product as evidenced 

by 31P{1H} NMR spectroscopy ( = 192). Upon cooling of the reaction mixture, yellow crystals 

formed and were collected by filtration to yield the desired 2-phenyl-1,3-benzothiaphosphole 2.3a 

(Scheme 2.2). 

Scheme 2.2. Synthesis of 1,3-benzothiaphospholes from 1-mercapto-2-phosphinobenzene (2.2) 

and aryl acid chlorides. 
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The 31P NMR signal of compound 2.3a does not match the one previously reported (31P  = 55.3).23 

However, that report only includes 31P NMR data without supporting evidence to prove the 

formation of the 2-phenyl-1,3-benzothiaphosphole. In this work, mass spectrometry data and X-

ray analysis (Figure 2.3) are used to confirm the identity of the heterocycle (2-phenyl-1,3-

benzothiaphosphole 2.3a) which exhibits a 31P{1H} signal at 192 ppm.  

 The P1-C1 and P1-C2 bond lengths are 1.677(9) Å and 1.789(9) Å respectively (Figure 

2.3). One of these bonds is slightly longer than a typical P=C bond (1.60-1.70 Å)15a and the 

observed lengths are comparable to a previously reported 1,3-thiaphosphole which exhibited bond 

lengths of 1.691(5) Å and 1.719(5) Å.22e The bond lengths for 2.3a are in accord with the 

benzobisoxaphospholes reported recently that have phosphorus-carbon bond lengths of 1.694(1) 

Å and 1.782(1) Å.21a One of the most interesting features of the structure is that very little twisting 

is observed between the aryl rings. The angle between the planes of the benzothiaphosphole and 

phenyl group is only 3.8°. This structural feature suggests that crystalline packing in extended 

conjugated structures may be possible and extended delocalization could result.  

 

Figure 2.3. Solid-state molecular structure of 2.3a. Thermal ellipsoids at 50 %. Selected bond 

lengths (Å) and bond angles (deg): S1–C1 1.757(10); S1–C3 1.800(9); P1–C1 1.677(9); P1–C2 

1.789(9); C2–C3 1.289(13); C1–C8 1.473(11); C1–S1–C3 92.8(5); C1–P1–C2 95.3(5); C8–C1–

P1 122.8(7); C8–C1–S1 119.7(7); P1–C1–S1 117.3(6). 
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Following the synthesis of 2.3a, a series of 1,3-benzothiaphospholes were prepared (2.3b-, Scheme 

2.2) to investigate how electron donating and electron withdrawing groups modify the electronic 

and photophysical properties of the ring. 

 

Figure 2.4. Cyclic voltammogram of 2.3a at high-scan rate (10 V/s) indicating redox activity of 

the oxidized product. Voltammogram was collected in 0.10 M N(n-Bu)4PF6 (MeCN) solution. 

 

 For the 2-aryl-1,3-benzothiaphospholes, redox properties and frontier orbitals were probed 

via cyclic voltammetry (Table 2.1). Each compound in the series exhibited an irreversible 

oxidation indicative of phosphaalkenes (Figure 2.4–5). For the parent species (2.3a), the 

irreversibility of the process persists even at elevated scan rates (5-10 V/s) signaling that the 

oxidized radical cation quickly undergoes a chemical reaction. High scan rates also reveal a new 

reduction process near 0.17 V which is too shifted to be a reversal of the oxidation and instead is 

consistent with redox activity of a product formed from the oxidized species (Figure 2.4). 
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Figure 2.5. (Top) Cyclic voltammograms of 2.3a (red) and 2.3f (black). (Bottom) Cyclic 

voltammogram of 2.3e showing the most positive first reduction of the benzothiaphosphole series 

and a second reduction unique to 2.3e. All voltammograms were collected in 0.10 M N(n-Bu)4PF6 

(MeCN) solution. 

 

 Throughout the 2-aryl-1,3-benzothiaphosphole series, relatively high oxidation potentials 

(Table 2.1) highlight the electron-poor nature of these materials as compared to their oxaphosphole 

analogs21b and C,C-diacetylenic phosphaalkenes.19b DFT calculations for all variants of compound 

2.3 indicate that the HOMO is largely concentrated on the phosphaalkene double bond. 
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Table 2.1. Photophysical and electrochemical properties of 2-aryl-1,3-benzothiaphospholes. 

Entry 

λmax1 

abs 

(nm) 

ε1 

(cm–1 M –1) 

λmax2 

abs 

(nm) 

ε2 

(cm–1 M –1) 

λmax 

emission 

(nm) 

Φa 

(%) 

Eox           

(V vs SCE) 
Ered 

(V vs SCE) 

ΔEred 

(mV) 

2.3a 271 34300 330 36800 443 4.4 1.44b –1.76 81 

2.3b 279 26800 347 60500 445 5.4 1.24b –1.85 82 

2.3c 273 38900 337 49900 439 3.2 1.49b –1.62b - 

2.3d 271 41200 331 39400 430 1.5 1.52b –1.54c 85 

2.3e 272 31800 340 32000 433 1.7 1.50b 
–1.41,  

–1.91 
61, 94 

2.3f 270 47200 324 43800 432 1.5 1.56b –1.55c 77 

(a) Quantum yields were measured according to the procedure of Abergel et al.27 (b) Process is 

completely irreversible. (c) Process is quasi-reversible. 

 

Similar HOMO assignments have been made previously with other phosphaalkene systems.21b,28 

The lowest oxidation potential is observed for compound 2.3b (1.24 V) due to destabilization of 

its HOMO via the C6H4-p-OMe group (Figure 2.6, Compound 2.3b). Compounds 2.3c-2.3f have 

higher oxidation potentials (1.49 V-1.56 V) as the HOMOs are stabilized by the electron 

withdrawing substituent (C6H4-p-Br, C6H4-p-CF3, C6H4-p-CN, C6H4-m-CN). However, the 

oxidation potentials do not scale consistently with the electron withdrawing power of the 

substituent group suggesting that they exhibit limited participation in the HOMO. DFT 

calculations support this claim as only minor contributions to the HOMO are observed if the 2-

aryl group has an electron withdrawing substituent (Figure 2.6, Compound 2.3e).  
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Figure 2.6. Frontier orbitals of compound 2.3a–2.3f generated via DFT calculations performed 

with a B3LYP/6-31G (d,p) basis set. 

 

 In addition to oxidation, the benzothiaphospholes undergo reduction with varying extents 

of reversibility. Reduction of compound 2.3c is irreversible resulting most likely from elimination 

of its halide after radical anion formation.21b Single quasi-reversible reductions are observed for 

2.3d and 2.3f while complete reversibility is observed for the one electron reductions of 

compounds 2.3a, 2.3b, and 2.3e (Figure 2.5). The reversibility in these compounds indicates that 
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the anionic radicals are stable on the time scale of the anodic and cathodic sweeps. Such stability 

suggests potential for these conjugated materials to conduct electrons and this behavior is not 

observed in many types of phosphaalkenes.16e,19b,29 

 In comparison to the oxidation peaks, the reductions are roughly half as intense. Thus, 

while several of the reduction processes are clearly reversible, one electron processes, the 

oxidation may represent a two electron process facilitated by the favorability of the P(III)/P(V) 

redox couple. Reduction also differs from oxidation in that its potentials show a more defined 

pattern: they become incrementally more positive as the electron deficiency of the 2-aryl 

substituent increases and enhances LUMO stabilization. DFT calculations explain the more 

pronounced effect of electron deficient groups on reduction by showing significantly more 

participation of those substituents in the LUMO than in the HOMO (Figure 2.6). The greatest 

LUMO stabilization is afforded by the C6H4-p-CN group which shifts 2.3e’s reduction potential 

by +0.35 V compared to the parent 2.3a and causes observation of a second reduction within the 

range of the solvent window (Figure 2.5-bottom). In contrast to 2.3e, compound 2.3f does not 

show two reversible reductions despite its similar C6H4-m-CN group. This observed difference in 

reduction occurs because conjugation allows for stabilization of radicals at the P=C bond by the 

cyano functionality at the para position but not at the meta position.  This is also reflected in the 

DFT calculations which illustrate that the substituent at the para position of the 2-aryl group of 

the benzothiaphospholes exhibits orbital density in the LUMO along with the phosphorus-carbon 

double bond while the meta position does not (Figure 2.6). Additionally, DFT calculations explain 

the facile reduction of 2.3e by showing that its LUMO is stabilized by distribution across its entire 

C6H4-p-CN group (Figure 2.6). Across the benzothiaphosphole series, each material is slightly 
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more easily reduced than its oxaphosphole analogue likely due to facilitation of P=C reduction by 

the more polarizable sulfur .21b 

 

Figure 2.7. Hammett constants (σ) plotted versus the reduction potentials of compounds 2.3a-2.3f. 

 

 The reduction potentials of the benzothiaphospholes correlate with moderate accuracy to 

the Hammett parameters of the employed substituents (Figure 2.7).  Moreover, redox properties 

are in agreement with the orbital energies obtained for 2.3a-2.3f through DFT calculations.  The 

LUMO energies of compounds 2.3a-2.3f form a moderately linear relationship with their related 

reduction potentials (Figure 2.8). Strong correlation is also seen between the reductions and the 

radical anion SOMO energies calculated to better model reduction products (Figure 2.8). However, 

perhaps the best indicator of reduction potentials is the SCF energy difference of the radical anion 

and the neutral molecule. Surprisingly, the calculated radical anions of the 2-aryl-1,3-

benzothiaphospholes show lower absolute energies than the corresponding uncharged parent 

systems. This observation is likely explained by the electronegative nature of the heterocyclic 

phosphorus ring. Furthermore, all of the radical anions optimize to a flat geometry, which is in 

contrast to the 30° twisting observed in the calculated structure of the neutral species.  
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Figure 2.8:  Linear correlation of experimental reduction potentials  for 2.3a-2.3f with DFT 

calculations. Blue triangles (): LUMO energies correlated to reduction potentials. Black 

diamonds (): SOMO energies of the radical anions correlated to reduction potentials. Red 

rectangles (): The calculated energy difference between the radical anion and neutral 

benzothiaphosphole species correlated to reduction potentials.  

 

The resulting increase in aromaticity could partially explain the observed stabilization effect for 

the radical anions. The SCF energy difference between radical anions and neutral molecules is 

plotted versus reduction potential in Figure 2.8. The quality of the observed linearity is 

extraordinary, so reduction potentials of similar compounds can be predicted from DFT with great 

confidence (Figure 2.8). Interestingly, neither the HOMO energy nor the energy difference 

between the radical cation and the parent show any relationship with the measured oxidation 

potentials for the 2-aryl-1,3-benzothiaphospholes. The irreversible nature of the oxidation hints at 

the involvement of more complex processes, which are understandably problematic to evaluate by 

simple DFT calculations.   

 The investigated compounds exhibit strong light absorption in the UV which tails into the 

visible region of the spectrum explaining the yellow color of these materials in solution and in 

solid-state. Two absorption signals are observed at 271 nm and 330 nm for the parent compound 
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(Table 2.1). The max of the lower energy signal is influenced by substituent effects and ranges 

from 324 nm (2.3f) to 347 nm (2.3b). TD-DFT calculations confirm the -* character of this 

transition showing that it involves the HOMO and LUMO orbitals exclusively, with strong 

involvement of the P=C bond. All of the derivatives luminesce near 440 nm upon excitation at 330 

nm, and the fluorescence spectrum of 2.3b along with its absorption are depicted in Figure 2.9. 

The emission of 2.3b is the most red shifted in the series because of destabilization of the HOMO 

by the methoxy group. However, as with oxidation potentials, the emission maxima for more 

electron deficient derivatives do not follow a clear trend due to minimal participation of their 

substituents in the HOMO. Emission quantum yields vary greatly across the series (Table 2.1). 

Electron withdrawing groups diminish quantum yield while the methoxy functionality markedly 

increases it.  

 

Figure 2.9. Absorption spectrum (blue) and luminescence spectrum (red) of 2.3b collected for a 

10 M MeCN solution. Luminescence was measured following excitation at 330 nm. 

 

 To increase the π-conjugation length, a series of fused bisthiaphospholes or  

benzobisthiaphospholes (BBTPs) were investigated (Chart 2.1).30 As expected, the absorption 

profiles are red-shifted compared to the benzothiaphosphole derivatives and some compounds 
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exhibit multiple reversible reduction waves. However, the additional thiaphosphole unit 

significantly hampers the solubility, unless appropriate solubilizing groups are installed.30 

 

Chart 2.1. Conjugated systems with multiple thiaphosphole units. 

2.3 Conclusion 

 The preparation of a series of 2-aryl-1,3-benzothiaphospholes has been reported and their 

redox and photophysical behaviors have been evaluated. Electronic modulation of the 

benzothiaphosphole materials was employed as a strategy to alter the reduction and oxidation 

potentials of the ring system. Some of the benzothiaphosphole derivatives yielded accessible, 

reversible reductions highlighting the potential of these compounds as n-type charge transport 

systems. 

2.4 Experimental Section 

Materials and Methods. All reactions and manipulations of air or water sensitive compounds 

were carried out under dry nitrogen using an mBraun glovebox or standard Schlenk techniques 

unless otherwise specified. Diisopropyl (2-mercaptophenyl)phosphonate (1) was prepared 

according to a published procedure from thiophenol.24 In the synthesis of 1, diisopropyl 

bromophosphate (prepared from triisopropyl phosphite and bromine (31P{1H}  = –11) was used 
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as opposed to diisopropyl chlorophosphate. All solvents (toluene, diethyl ether, tetrahydrofuran, 

hexanes) were degassed with argon and dried prior to use. Acetonitrile, used for photophysical 

characterization and electrochemistry measurements, was degassed prior to use. CDCl3 was dried 

using P2O5 and distilled prior to use. C6D6 was dried over 4Å sieves prior to use. Melting points 

were obtained using a DigiMelt MPA160 from Stanford Research Systems and are uncorrected.  

NMR Analysis. NMR spectra were recorded on a Bruker Avance 500 MHz Spectrometer or a 

Bruker Avance 300 MHz Spectrometer. The 31P{1H} NMR spectra were referenced to an external 

standard (85 % H3PO4). The 1H NMR spectra are referenced to residual protio solvents (7.24 for 

CHCl3 and 7.16 for C6D5H). In the 1H NMR spectra of 2.3a-2.3f, significant fine splittings (~ 1-2 

Hz) were observed from long range coupling (1H-1H and 1H-31P) on the fused aromatic rings. 

Signals that are listed as broad typically exhibited fine splitting that was left unassigned. The 1H 

NMR spectra of all compounds, except for 2.3a and 2.3f, have shown the typical ABCD spin 

systems pattern for ring A and an AA'BB' spin system characteristic of p-disubstituted aromatic 

rings. 13C NMR spectra are referenced to the solvent signal ( 77.23 CDCl3) and JPC coupling is 

observed for most signals. 

Photophysical Characterization. Photoluminescence measurements were performed at room 

temperature using 10 M solutions in acetonitrile using a capped quartz cuvette (1.0 cm). UV-Vis 

absorption spectra were measured using a Shimadzu UV-1800 spectrophotometer. 

Photoluminescence emission spectra were measured on a Jobin-Yvon Fluorolog-3 

spectrophotometer equipped with dual monochromators and a Hamamatsu-928 photomultiplier 

tube (PMT) at right angle geometry. The emission spectra were recorded at an excitation 

wavelength of 330 nm. Photoluminescent quantum yields (Φ) were measured against 100 M 
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quinine sulfate in 0.5 M H2SO4,Φ=(Is/Iref)(Aref/As)(s/ref),
27 where Φ is the quantum yield for the 

sample, Is and Iref represent the points of maximum intensity in the emission spectra of the sample 

and reference, As and Aref are the absorbance of the sample and the reference at the excitation 

wavelength, and ηref and ηs are the refractive indices of the solvents of the reference and of the 

sample used for UV-Vis absorption measurements. 

Electrochemical Analyses. Electrochemical potentials were determined using a CH Instruments 

Model 600C Series Electrochemical Analyzer/Workstation with a potential sweep rate of 100 

mV/s. A 1 mm2 platinum working electrode, a platinum coil counter electrode, and a silver wire 

pseudo-reference electrode were employed for the measurements. Ferrocene (Aldrich) was used 

as an internal standard referenced against SCE at 0.4 V (EFc/Fc+).31 Solutions of the 

benzothiaphosphole were prepared at ∼1-2 mM and tetra-n-butylammonium hexafluorophosphate 

(Fluka, electrochemical grade) served as the supporting electrolyte at a concentration of 0.1 M. 

The MeCN solutions with the supporting electrolyte were degassed for 5 min with bubbling Ar 

prior to adding the benzothiaphosphole.  

Computational Studies. Hybrid density functional theory (DFT) calculations were performed for 

compounds 2.3a-2.3f using a B3LYP/6-31G (d,p) basis set in the Gaussian 03 suite.32  

Mass Spectrometry. High resolution mass spectrometry data was obtained using a Waters 70-

VSE double focusing sector instrument.   

X-ray Crystallography. Crystallographic data for 2-phenyl-1,3-benzothiaphosphole were 

collected at 150 (2) K using IMuS micro-focus, Cu radiation (1.54178 Å) on a Bruker Smart Apex 

II CCD diffractometer. Data reduction included absorption corrections by the multi-scan method 
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using SADABS and refined by full matrix least squares using SHELXL-2012 bundled software 

package. 

Synthesis of 1-mercapto-2-phosphinobenzene (2.2). A 1000 mL Schlenk flask was charged with 

lithium aluminum hydride (14.25 g, 375 mmol) and dried in vacuo for 15 min.  To this was added 

400 mL THF and the mixture was cooled to 0 °C using an ice bath.  Slow addition of 2.1 (33.40 g, 

122 mmol) over a period of 8 minutes produced a vigorous reaction with significant gas evolution 

(the addition of 2.1 was conducted slowly so as to control the rate of gas evolution). Upon 

completion of the addition, the ice bath was removed and the reaction mixture was stirred overnight 

at room temperature. The mixture was quenched with 6 M HCl (100 mL) and the layers were 

allowed to separate. The organic layer was cannula transferred through a filter flask containing 

celite into a 1000 mL Schlenk flask containing magnesium sulfate. This extraction process was 

repeated using dry, degassed hexanes (75 mL, 4).  Then the dried organic layer was transferred 

to another 1000 mL Schlenk flask via a filter cannula.  After removing volatiles in vacuo, the crude 

product was distilled using a short path column (64 C, 0.1 Torr) to afford 2.2 as a colorless oil. 

The 31P{1H} and 1H NMR spectra were compared to a previous report.32 Often, the 1H spectrum 

of the distilled product contained impurities that are suspected to be aluminum isopropoxide salts. 

Loading the 1-mercapto-2-phosphinobenzene onto silica gel under an atmosphere of N2 and 

eluting with degassed hexanes helped remove the impurity (7.51 g, 43%). 

General Procedure A: synthesis of 2-aryl-1,3-benzothiaphospholes 2.3a and 2.3b. In a N2 

filled glovebox, a 50 mL Schlenk flask was charged with 1-mercapto-2-phosphinobenzene (0.375 

g, 2.64 mmol), 5 g of dry toluene, and an aryl acid chloride (1 eq, 2.64 mmol).  The Schlenk flask 

was removed from the glovebox and immersed in an oil bath at 85 °C. The solution was stirred 
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overnight and the colorless solution turned bright yellow. An aliquot of the reaction mixture was 

removed using a syringe and analyzed using 31P NMR spectroscopy. Complete consumption of 

the starting material was confirmed by disappearance of the 31P{1H} NMR signal at –127 ppm.  

Formation of the desired benzothiaphosphole was confirmed by the appearance of a 31P{1H} NMR 

signal in the range of 185 – 203 ppm. The reaction vessel was removed form the oil bath, and 

cooled to room temperature.  The flask was placed in a refrigerator at 4 °C for several hours and, 

upon removal from the fridge, yellow crystals were observed in the reaction flask. The yellow 

crystals were collected via filtration and washed with cold ether (3  10 mL).  

General Procedure B: synthesis of 2-aryl-1,3-benzothiaphospholes 2.3c and 2.3d. In a N2 filled 

glovebox, a 50 mL Schlenk flask was charged with 1-mercapto-2-phosphinobenzene (0.375 g, 

2.64 mmol), 5 g of dry toluene, and an aryl acid chloride (1 eq, 2.64 mmol).  The Schlenk flask 

was removed from the glovebox and immersed in an oil bath at 85 °C. The solution was stirred 

overnight and the colorless solution turned bright yellow.  An aliquot of the reaction mixture was 

removed using a syringe and analyzed using 31P NMR spectroscopy. Complete consumption of 

the starting material was confirmed by disappearance of the 31P{1H} NMR signal at –127 ppm.  

Formation of the desired benzothiaphosphole was confirmed by the appearance of a 31P{1H} NMR 

signal in the range of 185 to 203 ppm. The volatiles of the reaction mixture were removed in vacuo 

and the crude mixture was brought into the glovebox. The residue was dissolved in a minimal 

amount of solvent, and placed in a 20 mL scintillation vial. The vial was stored in the freezer at -

35 °C overnight. Yellow crystals were observed in the scintillation vial and they were collected by 

filtration. The filtrate was placed back in the freezer and a second batch of crystals was obtained. 

These were also collected by filtration. 
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General Procedure C: synthesis of 2-aryl-1,3-benzothiaphospholes 2.3e and 2.3f. In a N2 filled 

glovebox, a 50 mL Schlenk flask was charged with 1-mercapto-2-phosphinobenzene (0.375 g, 

2.64 mmol), 5 g of dry toluene, and an aryl acid chloride (1 eq, 2.64 mmol).  The Schlenk flask 

was removed from the glovebox and immersed in an oil bath at 85 °C. After stirring overnight, the 

colorless solution had turned bright yellow and some precipitate was observed. The hot reaction 

mixture was separated from the precipitate by a hot gravity filtration. The yellow filtrate was 

collected and immediately transferred to a 20 mL scintillation vial. The vial was allowed to cool 

to room temperature and placed in a refrigerator at 4 °C for several hours and, upon removal from 

the fridge, yellow crystals were observed in the reaction flask. The yellow crystals were collected 

via filtration and washed with cold ether (3  10 mL). 

2-phenyl-1,3-benzothiaphosphole (2.3a) was prepared following general procedure A. The 

combination of compound 2.2 (0.375 g, 2.64 mmol) and benzoyl chloride (0.370 g, 2.64 mmol) 

afforded 2.3a as yellow crystals (0.234 g, 39%). Mp 142–145 °C dec. 31P{1H} NMR (202 MHz, 

C6D6) δ 191.9. 1H NMR (500 MHz, C6D6): δ 8.06 – 8.00 (m, 1H), 7.89 – 7.84 (m, 2H), 7.63 (br d, 

J = 7.8 Hz, 1H), 7.11 – 6.98 (m, 5H). 13C NMR (126 MHz, CDCl3) δ 181.1 (d, JPC = 52.8 Hz), 

153.8 (d, JPC = 39.8 Hz), 148.4 (d, JPC = 10.2 Hz), 137.0 (d, JPC = 16.1 Hz), 130.9 (d, JPC = 27.5 

Hz), 129.4 (d, JPC = 3.5 Hz), 129.3, 126.9 (d, JPC = 14.6 Hz), 126.7 (d, JPC = 3.5 Hz), 124.1 (d, JPC 

= 13.4 Hz), 123.4. HR-EIMS (m/z): [M]+ calculated for C13H9PS: 228.0163; found 228.0153.  

2-(4-methoxyphenyl)-1,3-benzothiaphosphole (2.3b) was prepared following general procedure 

A. The combination of compound 2.2 (0.375 g, 2.64 mmol) and 4-methoxybenzoyl chloride (0.450 

g, 2.64 mmol) afforded 2.3b as yellow crystals (0.170, 25%). Mp 164–165 °C dec. 31P{1H} NMR 

(202 MHz, CDCl3): δ 184.6. 1H NMR (500 MHz, CDCl3) δ 8.23 (br t, J = 7.0 Hz, 1H), 8.02 (br d, 

J = 8.1 Hz, 1H), 7.83 – 7.78 (AA’BB’ system, A centered on 7.82, A’ centered on 7.80, 2H), 7.42 
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(br t, J = 7.6 Hz, 1H), 7.36 (br t, J = 7.5 Hz, 1H), 6.94 – 6.90 (AA’BB’ system, B centered on 6.94, 

B’ centered on 6.92, 2H), 3.84 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 181.2 (d, JPC = 53.1 Hz), 

160.9 (d, JPC = 3.7 Hz), 153.8 (d, JPC = 39.7 Hz), 148.0 (d, JPC = 10.1 Hz), 130.7 (d, JPC = 27.6 

Hz), 130.0 (d, JPC = 16.2 Hz), 128.1 (d, JPC = 14.7 Hz), 126.3 (d, JPC = 3.4 Hz), 124.1 (d, JPC = 

13.2 Hz), 123.2, 114.6, 55.6. HR-EIMS (m/z): [M]+ calculated for C14H11OPS: 258.0268; found 

258.0260. Anal. Calcd for C14H11OPS: C, 65.10; H, 4.29. Found: C, 64.84; H, 4.15. 

2-(4-bromophenyl)-1,3-benzothiaphosphole (2.3c) was prepared following general procedure B 

using compound 2.2 (0.375 g, 2.64 mmol) and 4-bromobenzoyl chloride (0.579 g, 2.64 mmol). 

2.3c was obtained as a yellow powder (0.246 g, 30%) after recrystallization from Toluene/THF 

(10:1). Mp 176–177 °C dec. 31P{1H} NMR (202 MHz, C6D6): δ 194.0. 1H NMR (500 MHz, 

CDCl3) δ 8.26 (br t, J = 7.1 Hz, 1H), 8.04 (br d, J = 8.1 Hz, 1H), 7.73 – 7.69 (AA’BB’ system, A 

centered on 7.72, A’ centered on 7.70, 2H), 7.53 – 7.49 (AA’BB’ system, B centered on 7.52, B’ 

centered on 7.51, 2H), 7.46 (br t, J = 7.6 Hz, 1H), 7.38 (br t, J = 7.5 Hz, 1H). 13C NMR (126 MHz, 

CDCl3) δ 179.1 (d, JPC = 52.6 Hz), 153.7 (d, JPC = 39.7 Hz), 148.4 (d, JPC = 10.4 Hz), 136.0 (d, 

JPC = 16.6 Hz), 132.3, 131.0 (d, JPC = 27.6 Hz), 128.2 (d, JPC = 14.8 Hz), 126.9 (d, JPC = 3.5 Hz), 

124.3 (d, JPC = 13.5 Hz), 123.5, 123.4. HR-EIMS (m/z): [M]+ calculated for C13H8BrPS: 305.9268; 

found 305.9267. Anal. Calcd for C13H8BrPS: C, 50.84; H, 2.63. Found: C, 50.58; H, 2.38. 

2-(4-(trifluoromethyl)phenyl)-1,3-benzothiaphosphole (2.3d). Following the general procedure 

B using compound 2.2 (0.375 g, 2.64 mmol) and 4-(trifluoromethyl)benzoyl chloride (0.550 g, 

2.64 mmol) afforded 2.3d as yellow crystals (0.256 g, 33%) after recrystallization from THF. Mp 

215–217 °C dec. 31P{1H} NMR (202 MHz, C6D6): δ 199.5. 1H NMR (500 MHz, C6D6) δ 8.02 (br 

t, J = 6.8 Hz, 1H), 7.63 (br d, J = 7.9 Hz, 1H), 7.60 (br d, J = 7.3 Hz, 2H), 7.24 (br d, J = 8.2 Hz, 

2H), 7.08 – 6.99 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 178.4 (d, JPC = 52.7 Hz), 153.9 (d, JPC = 
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40.1 Hz), 148.8 (d, JPC = 10.5 Hz), 140.5 (d, JPC = 16.8 Hz), 131.2 (d, JPC = 27.7 Hz), 127.3 (d, 

JPC = 3.6 Hz), 127.1 (d, JPC = 14.7 Hz), 126.3 and 126.2 (overlapping doublets), 124.5 (d, JPC = 

13.6 Hz), 124.3, (q, JFC = 271.5 Hz), 123.5. HR-EIMS (m/z): [M]+ calculated for C14H8F3PS: 

296.0036; found 296.0031. Anal. Calcd for C14H8F3PS: C, 56.76; H, 2.72. Found: C, 56.48; H, 

2.49. 

2-(4-cyanophenyl)-1,3-benzothiaphosphole (2.3e) was prepared following general procedure C. 

The combination of 2.2 (0.375 g, 2.64 mmol) and 4-cyanobenzoyl chloride (0.437 g, 2.64 mmol) 

afforded a crude yield of 0.254 g of 2.3e as yellow crystals. Recrystallization from toluene yielded 

analytically pure 2.3e (0.139 g, 21%). Mp 178 °C dec. 31P{1H} NMR (202 MHz, C6D6): δ 202.7. 

1H NMR (500 MHz, C6D6) δ 7.98 (br t, J = 6.9 Hz, 1H), 7.60 (br d, J = 7.8 Hz, 1H), 7.44 – 7.39 

(AA’BB’ system, A centered on 7.43, A’ centered on 7.41, 2H), 7.07 – 6.97 (m, 2H), 6.94 – 6.89 

(AA’BB’ system, B centered on 6.92, B’ centered on 6.91, 2H). 13C NMR (126 MHz, CDCl3) δ 

177.2 (d, JPC = 52.7 Hz), 153.7 (d, JPC = 39.7 Hz), 148.7 (d, JPC = 10.5 Hz), 141.3 (d, JPC = 16.8 

Hz), 133.0, 131.3 (d, JPC = 27.6 Hz), 127.5 (d, JPC = 3.7 Hz), 127.1 (d, JPC = 15.4 Hz), 124.5 (d, 

JPC = 13.8 Hz), 123.6, 118.8, 112.4 (d, JPC = 4.2 Hz). HR-EIMS (m/z): [M]+ calculated for 

C14H8NPS: 253.0115; found 253.0111. Anal. Calcd for C14H8NPS: C, 66.39; H, 3.18; N, 5.53. 

Found: C, 66.09; H, 2.91; N, 5.29. 

2-(3-cyanophenyl)-1,3-benzothiaphosphole (2.3f) was prepared following general procedure C. 

The combination of 2.2 (0.375 g, 2.64 mmol) and 3-cyanobenzoyl chloride (0.437 g, 2.64 mmol) 

afforded 2.3f as yellow crystals (0.131 g, 20%). Mp 178 °C dec. 31P{1H} NMR (121 MHz, C6D6) 

1H NMR (300 MHz, C6D6) δ 7.98 (br td, J = 6.7, 1.9 Hz, 1H), 7.80 (br d, J = 1.8 Hz, 1H), 

7.65 – 7.57 (m, 2H), 7.09 – 6.97 (m, 2H), 6.87 (dd, J = 7.8, 1.1 Hz, 1H), 6.60 (br t, J = 7.8 Hz, 

1H). 13C NMR (126 MHz, CDCl3) δ 177.0 (d, JPC = 52.4 Hz), 153.6 (d, JPC = 39.8 Hz), 148.5 (d, 
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JPC = 10.5 Hz), 138.2 (d, JPC = 17.3Hz), 132.2 (d, JPC = 3.4 Hz), 131.2 (d, JPC = 27.6 Hz), 130.9 

(d, JPC = 14.7 Hz), 130.1, 130.0 (d, JPC = 14.9 Hz), 127.4 (d, JPC = 3.7 Hz), 124.5 (d, JPC = 13.7 

Hz), 123.6, 118.5, 113.6. HR-EIMS (m/z): [M]+ calculated for C14H8NPS: 253.0115; found 

253.0119.  

Crystallographic Information 

Table 2.2. Crystallographic details for 2-phenyl-1,3-benzothiaphosphole (2.3a) 

2-phenyl-1,3-benzothiaphosphole 

Formula C13H9PS 

Absorption coefficient, 

mm-1 3.780 

Color Colorless F(000) 472 

Shape Rhomboid Diffractometer Bruker Smart Apex II 

Formula Weight 228.23 Radiation Source IMuS micro-focus, Cu 

Crystal System Orthorhombic Wavelength (Å) 1.54178 

Space Group P21/c Crystal size, mm 0.010 × 0.040 × 0.15 

Temp (K) 150 (2) θ range, deg 3.77 < θ < 68.32 

a, Å 5.9362 (3) Range of h,k,l -7, 6, -8, 7, -28, 26 

b, Å 7.6173 (3) 

Reflections 

collected/unique 9823/ 1917 

c, Å 23.4584 (12) Rint 0.0616 

α, deg 90 Refinement Method 

Full Matrix Least-

Squares on F2 

β, deg 90 Data/Restraints/Parameters 1917 / 0 / 160 

γ, deg 90 GOF on F2 2.185 

V, Å3 1060.74 (9) Final R indices [I>2σ(I)] 0.2075 

Formula units/unit cell 4 R indices (all data) 0.2114 

Dcal'd, gcm−3 1.429 Max. Resid. Peaks (e*Å−3) 0.9270 and 0.8300 
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Chapter 3 

Stability and Reactivity of 1,3-Benzothiaphosphole: 

Metalation and Diels-Alder Chemistry 

 

3.1 Introduction 

 Heterocyclic structures serve as valuable synthetic precursors to π-conjugated materials 

and ligand frameworks for metal catalysis. While most organic heterocycles contain oxygen, 

nitrogen or sulfur, phosphorus-based rings have also become a popular area of exploration.1 

Aromatic phosphorus heterocycles exhibit different structural and electronic properties than their 

organic counterparts, making them attractive targets for further functionalization (Chart 3.1).1a 

However, the reactivity of P=C containing rings is often different than organic systems and 

consequently, alternative synthetic methods are necessary for their derivatization.1a,2 

 
 

Chart 3.1. Common aromatic phosphorus heterocycles and their nitrogen congeners. 

 While the reactivity of phosphinines3 and azaphospholes4 has been explored, the 

functionalization of thiaphospholes and oxaphospholes is still limited. Since benzothiaphosphole 

                                                 
 Reproduced with permission from Worch, J.C.; Hellemann, E.; Pros, G.; Gayathri, C.; Pintauer, T.; Gil, R.R.; 

Noonan, K.J.T. Stability and Reactivity of 1,3–Benzothiaphospholes: Metalation and Diels-Alder Chemistry. 

Organometallics 2015, 34, 5366–5373. Copyright 2015 American Chemical Society. 
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derivatives can be tuned as electron-deficient materials5 and benzoxaphosphole derivatives are 

highly luminescent in solution,6 synthetic methods for the manipulation of these heterocycles is 

crucial for further exploration. Herein, we report on the synthesis of the parent 1,3-

benzothiaphosphole and efforts towards functionalization of this heterocycle. 

3.2 Results and Discussion 

 1,3-benzothiaphosphole (3.1) can be prepared from the combination of 1-mercapto-2-

phosphinobenzene and N,N-dimethylformamide dimethyl acetal (Scheme 3.1). Analysis of the 

reaction mixture using 31P{1H} spectroscopy revealed that the phosphine (δ31P –127) was nearly 

completely consumed and a new downfield signal had appeared at δ31P 203 (Figure 3.2 – top 

spectrum).  

Scheme 3.1. Synthesis of 1,3-benzothiaphosphole and byproduct from N-H addition across the 

P=C bond. 

 

 A previous report describing the synthesis of the parent 1,3-benzothiaphosphole has 

appeared however,7 the reported 31P NMR shift (δ = 79.9) is not consistent with other 

thiaphosphole molecules which typically have 31P NMR signals near 200 ppm.8 The chemical shift 

we observed is consistent with the 2-aryl-1,3-benzothiaphospholes5b (δ31P 185−203) and 1,3-

thiaphosphole (δ31P 211).8a Interestingly, concentration of the reaction mixture in an effort to 

isolate 3.1 resulted in the formation of an intractable white solid, indicative of degradation. A crude 

1H NMR spectrum of 3.1 (Figure 3.1) could be obtained from the THF reaction mixture though 

other unidentified species are also present. The proton of the 2-position resonates significantly 
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downfield at 8.86 ppm with a JPH of 33.9 Hz which is very similar to 1,3-thiaphosphole with a 

signal at 8.87 ppm (JPH = 35.7 Hz).8a  

 

Figure 3.1. Crude 1H NMR spectrum in CDCl3 for compound 3.1. 

 After repeating the reaction to synthesize compound 3.1, a second signal was observed in 

the 31P{1H} spectrum (136 ppm). Upon isolation of this byproduct, analysis using 1H NMR 

suggested addition of dimethylamine across the P=C bond of the benzothiaphosphole (compound 

3.2). The regiochemistry of the N-H addition was inferred from the absence of 1JP-H coupling (~200 

Hz) in the 1H NMR spectrum and similar reports of amine addition to acyclic P=C bonds.9 This 

result was surprising considering 1,3-benzazaphosphole is quite resistant to N-H addition.10 
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Figure 3.2. 31P{1H} NMR spectra illustrating the change in benzothiaphosphole 3.1 upon 

treatment with HNEt2. 

 The quality of N,N-dimethylformamide dimethyl acetal used for the reaction had a 

significant impact on the ratio of compounds 3.1 and 3.2. Relatively more of the byproduct (3.2) 

was formed when using technical grade diacetal (94%) as opposed to reagent grade (97%). 

Moreover, storage of the acetal under ambient conditions also altered the ratio of compound 3.1 

and the undesired byproduct 3.2. Utilization of freshly distilled diacetal produced 3.1 fairly cleanly 

with minimal N-H addition to the P=C bond. 

 To explore the reactive nature of 1,3-benzothiaphosphole towards secondary amines, a 

subsequent experiment was carried out at 60 C where compound 3.1 was synthesized and one 

equivalent of HNEt2 was added to the reaction mixture. The solution darkened immediately upon 

addition of the amine and the reaction was sampled after 1 h and 22 h. 31P{1H} NMR spectroscopy 
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(Figure 3.2) of the mixture revealed consumption of compound 3.1 and the new signal (135 ppm) 

confirmed thiaphosphole sensitivity towards secondary amines. The P=C bond did not seem 

susceptible to O-H addition, since treatment of the reaction mixture with methanol produced no 

change in the 31P{1H} NMR spectrum.  

 Reactivity towards Electrophiles. The previously reported 1,3-thiaphosphole (C3H3P1S1) 

was manipulated in dilute solution,8a and this strategy was adopted for functionalization of 

benzothiaphosphole 3.1. To assess reactivity, several electrophiles were added to the reaction 

mixture. Methyl iodide was unreactive, which is in accordance with other low coordinate P=C 

heterocycles such as phosphinine.1a The lone pair is weakly basic in low coordinate phosphorus 

heterocycles and alkylation of P=C bonds is quite rare.11  

 We anticipated simple addition of HCl across the P=C bond, however, treatment of the 

reaction mixture with a 2M ethereal solution of HCl resulted in multiple phosphorus products after 

several days. A previous report described facile addition of HCl across the P=C bond in 2-tBu-1,3-

benzoxaphospholes,12 but the inability to isolate 3.1 cleanly may complicate the 1,2-addition 

reaction. 

Scheme 3.2. Synthesis of 2-(bromo)-1,3-benzothiaphosphole. 

 

 When 3.1 was treated with stoichiometric Br2 (Scheme 3.2), 
31P{1H} spectroscopy 

indicated a rapid attack at the P=C bond with disappearance of the signal for 3.1 (δ31P 204) and 

the formation of three new signals (δ31P 108, δ31P 95, δ31P 55 – Figure 3.3 – Left). Although the 

intermediate was not isolated, one of the former signals is postulated to be attributed to the racemic 
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mixture of enantiomers while the latter is unidentified. Addition of 1 equivalent of triethylamine, 

led to the formation of new signals (δ31P 218, δ31P 205) with the previously unidentified signal 

remaining in the mixture (δ31P 55). Analysis of the reaction mixture using GC-MS revealed a 

major product (Figure 3.3 – Right) with a molecular ion peak at 230 amu (consistent with 

compound 3.3) and the expected isotope pattern of a brominated molecule (M+2 peak = 232 amu).  

 

Figure 3.3. Left – Crude 31P NMR spectra for synthesis of compound 3.3. Right – Crude gas 

chromatogram of the reaction mixture to synthesize 2-(bromo)-1,3-benzothiaphosphole. Major 

signal at 12.1 min exhibits a molecular ion peak (M+) at 230 amu and the M+2 isotope peak at 232 

amu.  

 After column chromatography under N2, 
31P{1H} spectroscopy of the diluted product 

fraction revealed only one signal at δ31P 205. However, upon concentration, the white crystalline 

solid became substantially discolored within minutes and a red residue formed. Analysis of the 

residue using 31P{1H} spectroscopy revealed multiple signals with complete loss of the original 

signal, indicative of degradation.  

Scheme 3.3. Lithiation and electrophilic quenching of the 1,3-benzothiaphosphole.  
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Metalation. To explore metalation of the parent 1,3-benzothiaphosphole, compound 3.1 was 

prepared in the presence of 4 Å molecular sieves (to remove dimethylamine and methanol 

byproducts), the reaction mixture was filtered and different bases were added.  tert-Butyl lithium, 

Schlosser’s base,13 Ph3CLi and PhLi failed to cleanly yield the desired metalated thiaphosphole 

species. Nucleophilic attack on the P=C bond is a possibility since it has been observed previously 

in azaphospholes4b  and protected 2-chlorophosphinines.14  

 

Figure 3.4. Stack plot of the crude 31P{1H} NMR spectra for benzothiaphosphole lithiation and 

quenching using Me3SiCl. 

 The proton at the 2-position should be susceptible to deprotonation using a non-

nucleophilic base such as lithium diisopropyl amide (LDA) (Scheme 3.3) and, the 1,3-

benzazaphospholes have already been lithiated in this manner.4b Treatment of compound 3.1 with 
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LDA at –78 C produced a single downfield signal in the 31P{1H} NMR spectrum (δ31P 216). This 

downfield shift in the spectrum indicated that the P=C bond remained intact during the reaction 

(Figure 3.4). The lithiated species was stable for at least 3 hours in a cold bath at –78 C, but the 

compound decomposed within an hour upon warming the solution to room temperature. 

 

Figure 3.5. Crude 31P{1H} NMR spectra for quenching of 2-lithio-1,3-benzothiaphosphole.  

 The lithiated benzothiaphosphole reacted smoothly with Me3SiCl according to 31P{1H} 

spectroscopy (Figure 3.4). The 2-(trimethylsilyl)-1,3-benzothiaphosphole 3.4 (Scheme 3.3) could 

be isolated in fairly low yield using column chromatography with ethylated silica gel under a N2 

atmosphere. Other electrophiles such as Ph2C=O, Me3SnCl, Bu3SnCl were also explored in the 

functionalization of the lithiate. Replacement of the C-Li was monitored using 31P NMR 
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spectroscopy and proceeded smoothly (Figure 3.5) however, these compounds were difficult to 

isolate in analytically pure form.  

 Nevertheless, a stannylated derivative was obtained in reasonable purity and used in Stille 

cross-coupling with an aryl halide. The in situ zinc reagent was also used under Negishi cross-

coupling conditions (Scheme 3.4).  

Scheme 3.4. Attempted Stille and Negishi cross-coupling of metalated thiaphosphole. 

 

However, all cross-coupling attempts failed to produce 2-aryl-1,3-benzothiaphospholes even 

though the metalated thiaphosphole remained intact according to 31P{1H} spectroscopy (Scheme 

3.4). It is possible that the phosphaalkene fragment acts as competitive ligand to the palladium 

catalyst.15 

 Diels-Alder Reactivity. The reactivity of the parent benzothiaphosphole as a dienophile 

was also investigated. Cyclic and acyclic P=C moieties (phosphaalkenes, phosphinines, 

heterophospholes) are known to participate in Diels-Alder reactions.16  
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Figure 3.6. Calculated HOMO and LUMO levels for the benzoheterophospholes. DFT 

calculations were performed using the hybrid functional B3LYP with a 6-31G*(d,p) basis set. 

 When examining the series of 1,3-benzoheterophospholes using DFT calculations (Figure 

3.6), the benzothiaphosphole features the greatest LUMO stabilization and should be the most 

reactive as a dienophile. Compound 3.1 reacts readily with various dienes to produce the desired 

cycloadducts (compounds 3.5-3.8, Scheme 3.5). For 2,3-dimethylbutadiene and cyclopentadiene, 

the reaction was complete within 1 day at elevated temperatures while isoprene and 2,3-

dibenzylbutadiene required longer reaction times with heating. Following the cycloaddition, the 

three coordinate phosphines could be isolated, however some undesired oxidation (~5 %) occurred 

under ambient conditions. Each phosphine adduct was converted to the air-stable phosphine sulfide 

by combination with elemental sulfur at room temperature in CHCl3. We suspect no isomerization 

of the P atom occurs under these conditions.17 The P(V) structures can be chromatographed on 

silica gel to obtain analytically pure products which were characterized using 31P, 1H, 13C NMR 

spectroscopy, mass spectrometry and elemental analysis.  
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Scheme 3.5. [2+4] Diels-Alder cycloadditions. 

 

 Compound 3.5 was also characterized using X-ray crystallography (Figure 3.7). The 

geometry at the P atom is largely tetrahedral with a P=S distance of 1.9590(5) Å and P−C distances 

between 1.7905(11) – 1.8430(11) Å. The C−P−C angles vary from 98.47(5)° to 107.62(5)°, which 

is not surprising considering the puckered geometry of the cycloadduct. The S2 atom and the 

hydrogen atom of C7 are in a cis confirmation which is in agreement with previously reported 

benzoxaphosphole adducts18 and is indicative of a concerted cycloaddition. 

 

Figure 3.7. Solid state molecular structure of Diels-Alder cycloadduct 3.5 with H atoms omitted. 

Thermal ellipsoids at 50% probability. Selected distances (Å) and angles (deg) for 5: P1–C6 

1.7905(11); P1−C7 1.8430(11); P1−C11 1.8156(11); P1−S2 1.9590(5); S1−C1 1.7616(12); S1−C7 

1.8183(12); C6−P1−C11 107.62(5); C6−P1−C7 98.47(5); C11−P1−C7 102.66(5); C1−S1−C7 

98.18(5).  
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 While compounds 3.5 and 3.7 exhibit a single set of signals in the 1H NMR spectrum, 

compounds 3.6 and 3.8 exhibit two sets of signals corresponding to a major and minor product. 

Compound 3.6 has a pair of isomers from the two possible regio-additions of isoprene (3.6a and 

3.6b) and compound 3.8 exhibits endo/exo isomerism.  Residual dipolar coupling (RDC) NMR 

experiments were used to assign the major and minor isomers obtained for both compounds.19 The 

RDC technique is a simple methodology for providing global orientation of spin pairs in rigid 

molecules and is used when NOE experiments are inconclusive in structural assignments.19b

 In conventional solution NMR spectroscopy, dipolar-coupling averages to zero due to 

isotropic molecular tumbling. However, if the sample is partially oriented in an anisotropic 

medium, the dipolar coupling value is non-zero and a fraction of the original dipolar coupling 

value is observed, known as RDC. The measured RDCs can be fitted to all the possible 

diastereomers of the proposed structure and an alignment tensor is obtained for each diastereomer 

using a singular value decomposition method.20 The calculated RDCs for each diastereomer are 

then compared with the experimental values to assign the structure. Partial alignment of 

compounds 3.6 and 3.8 was achieved using PMMA gels swollen in CDCl3 and a reversible 

compression/relaxation method.21  

 For completeness, the computed structures were calculated with both cis and trans 

orientation of the P=S and C-H bond of the bridging phosphorus and carbon atoms (formerly the 

P=C bond). These two orientations and the two potential regioisomers of isoprene provide a total 

of 4 possible structures for 3.6. If the reaction follows a concerted cycloaddition, the two isomers 

present should be cis orientation only (Figure 3.8). Comparison of the calculated and experimental 

data confirmed the cis isomers are the only ones present in the mixture. The major and minor 

signals in the 1H NMR spectrum were assigned and the major isomer has the methyl group of the 
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diene fragment nearest to phosphorus (3.6a) in a 75:25 ratio. Similar product ratios have been 

observed in cycloaddition reactions between isoprene and various phosphaalkene moieties; the 

regioselectivities were rationalized by the presence of additional orbital interactions (in silico) 

between πdiene and π*dienophile when the methyl group is nearest the phosphorus atom.22 

 

Figure 3.8. Different possible isomers of compound 3.6. Cis and trans refer to the orientation of 

the P=S and C-H bond of the bridging atoms. 

For compound 3.8, endo and exo isomerism is possible for the product. Again, the cis and trans 

orientation of the bridging P=S and C-H bond were considered with computed structures for a total 

of 4 possible diastereomers (Figure 3.9). The calculated and experimental RDCs were compared 

and once again, only the cis isomers were present. The endo isomer was preferred and the mixture 

exists as a ratio of 78:22, endo:exo. 
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Figure 3.9. Different possible isomers of compound 3.8. Cis and trans refer to the orientation of 

the P=S and C-H bond of the bridging atoms. 

3.3 Conclusions 

 The synthesis of the parent 1,3-benzothiaphosphole was accomplished using 1-mercapto-

2-phosphinobenzene and N,N-dimethylformamide dimethylacetal. The compound is susceptible 

to addition with secondary amines. The reactivity of the benzothiaphosphole was evaluated with 

several electrophiles (MeI, HCl, Br2) and it can be selectively lithiated in the 2-position using LDA 

at –78 °C. The lithiate was trapped using trimethylsilylchloride to obtain 2-(trimethylsilyl)-1,3-

benzothiaphosphole. The metalated derivatives explored in this work were targeted in an effort to 

further functionalize the thiaphosphole using metal-catalyzed cross coupling. However, the 

complex reaction mixture made it quite difficult to explore this topic in further depth. Continued 

work in this area will focus on an isolable organometallic or main group derivative that can be 

functionalized using metal mediated pathways. 

 The reactivity of the thiaphosphole as a dienophile was also explored. Diels-Alder 

cycloadditions occurred with several different dienes resulting in the formation of fused 
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phosphorus ring systems. Anisotropic NMR experiments (RDCs) were used to assign the isomeric 

mixtures. This method provides access to fused phosphorus derivatives that could potentially be 

explored as ligands in catalysis. 

3.4 Experimental Section 

General Materials and Methods. All reactions and manipulations of air and water sensitive 

compounds were carried out under a dry nitrogen atmosphere using an mBraun glovebox or 

standard Schlenk techniques. Technical grade and reagent grade N,N-dimethylformamide 

dimethyl acetal (either 94% or 97% ) were obtained from commercial sources and could be used 

as received but prolonged storage under ambient conditions resulted in more 1,2-addition of 

dimethylamine to benzothiaphosphole 3.1. Distillation of the acetal from 4Å sieves prior to use 

minimized byproduct formation in this reaction. Cyclopentadiene was obtained by cracking 

dicyclopentadiene at 180 C. 1-Mercapto-2-phosphinobenzene was synthesized according to a 

published procedure.5b,23 All solvents (diethyl ether, tetrahydrofuran, toluene, dichloromethane, 

hexanes) were degassed with argon and dried prior to use. Ethylated silica gel was obtained by 

treatment of silica gel with EtSiCl3 in CHCl3 prior to use.24
 

NMR Analysis. CDCl3 was dried using P2O5 and distilled prior to use, while CD2Cl2 was used as 

received. NMR spectra were recorded on a Bruker Avance 500 MHz spectrometer or a Bruker 

Avance 300 MHz spectrometer and referenced (1H NMR: 7.24 ppm for CHCl3 and 5.32 ppm for 

CHDCl2; 
13C NMR: 77.23 ppm for CDCl3 and 54.00 ppm for CD2Cl2). The 31P{1H} spectra were 

referenced to an external standard (85 % H3PO4). For RDC Experiments, compounds 6 and 8 were 

dissolved in CDCl3 and diffused in PMMA gels. Anisotropy was introduced using a previously 

reported compression/relaxation method.21 F1 coupled HSQC experiments were performed under 
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isotropic and anisotropic conditions. One bond C–H dipolar coupling (1DCH) values for the major 

and minor components of each reaction where extracted from the difference of the splitting in 

anisotropic conditions and isotropic conditions (1DCH = 1TCH – 1JCH). The geometries of the 

different isomers were computed using DFT methods with the hybrid functional B3LYP and 6-

31+G** as basis set in the Gaussian 03 Suite.25 The fit for the alignment tensor, back-calculated 

dipolar couplings and the Cornilescu quality factor (Q) were completed using Mspin.26 The 

calculated and experimental RDC values were evaluated using the Q factor.27 The lowest Q factor 

corresponds to the best fit, and hence to the correct structure.19a,19c  

Mass Spectrometry and Elemental Analysis. High-resolution mass spectrometry data were 

obtained using a Waters 70-VSE double focusing sector instrument in the School of Chemical 

Sciences Mass Spectrometry Laboratory at the University of Illinois, Urbana-Champaign. 

Elemental analysis data were collected by Robertson Microlit using a Perkin-Elmer Model 2400 

CHN Analyzer.  

DFT Methods. Hybrid density functional theory (DFT) calculations were performed for 1,3-

benzoheterophospholes using the B3LYP functional with a 6-31G*(d,p) basis set in the Gaussian 

03 suite.25  

X-ray Crystallography. Crystallographic data for compound 3.5 were collected at 149 (2) K using 

graphite-monochromated Mo-Kα radiation (0.7173 Å) on a Bruker Smart Apex II CCD 

diffractometer. Data reduction included absorption corrections by the multi-scan method using 

SADABS and refined by full matrix least squares using SHELXTL 6.1 bundled software package. 

The H-atoms were positioned geometrically (aromatic C—H 0.93, methylene C—H 0.97, and 

methyl C—H 0.96) and treated as riding atoms during subsequent refinement, with Uiso(H) = 
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1.2Ueq(C) or 1.5Ueq(methyl C). The methyl groups were allowed to rotate about their local 3-fold 

axes. All other crystallographic data is available in the Supporting Information. 

General Synthesis of 1,3-benzothiaphosphole (3.1).  In a nitrogen-filled glove box, an oven-

dried 50 mL Schlenk flask was charged with 1-mercapto-2-phosphinobenzene (0.250 g, 1.76 

mmol), 6 mL of THF and sealed with a rubber septum. The flask was removed from the glove box 

and stirred at room temperature. N,N-Dimethylformamide dimethyl acetal (0.26 mL, 1.96 mmol) 

was added by syringe to the reaction mixture and the flask was subsequently immersed in an oil 

bath at 60 °C. The reaction was stirred for 16 h and the colorless solution turned dark orange as 

the reaction progressed. An aliquot of the reaction mixture was removed using a syringe and 

analyzed using 31P{1H} NMR spectroscopy. Near complete consumption of the starting material 

was observed and a new signal had appeared at 203.2 ppm corresponding to the 1,3-

benzothiaphosphole. Further manipulation of the compound was typically conducted in dilute 

solution (< 0.5 M). Byproduct formation (δ31P 136.3) could be minimized by distillation of the 

acetal. A 1H NMR spectrum was recorded for the crude reaction mixture and unidentified 

contaminants were present in the spectrum along with the signals attributed to the 1,3-

benzothiaphosphole (Figure 3.1).  1H NMR (500 MHz, CDCl3) δ 8.86 (d, J = 33.9 Hz, 1H), 8.26 

(t, J = 6.9 Hz, 1H), 8.05 (d, J = 8.1 Hz, 1H), 7.37 (t, J = 7.5 Hz, 1H), 7.29 (t, J = 7.6 Hz, 1H). 

Synthesis of 2-bromo-1,3-benzothiaphosphole (3.3). In a nitrogen-filled glove box, an oven-

dried 100 mL Schlenk flask was charged with 1-mercapto-2-phosphinobenzene (0.52 g, 3.66 

mmol) and 10 mL toluene. The flask was sealed, removed from the glove box and stirred. N,N-

Dimethylformamide dimethyl acetal (0.488 mL, 3.67 mmol) was added by syringe to the mixture 

and the flask was subsequently immersed in an oil bath at 85 °C. The reaction was stirred for 16 h 

and the colorless solution turned dark orange as the reaction progressed. An aliquot of the reaction 
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mixture was removed and analyzed using 31P{1H} spectroscopy to confirm product 3.1 had 

formed. The reaction vessel was then cooled to 0° C and 1 equivalent of Br2 (0.19 mL, 3.71 mmol) 

was added drop-wise using a syringe. The reaction mixture darkened and some precipitate formed. 

After stirring for 1 h in the ice bath, an aliquot of the reaction mixture was analyzed using 31P{1H} 

NMR spectroscopy. The signal corresponding to compound 3.1 had completely disappeared and 

three new signals (δ31P 108, δ31P 95, δ31P 55) had appeared. Triethylamine (0.51 mL, 3.67 mmol) 

was then added to the reaction mixture at 0° C. The vessel was warmed to room temperature and 

stirred for 2 h with the mixture turning a lighter shade of orange as the reaction progressed. 

Analysis of the reaction mixture using 31P{1H} NMR spectroscopy revealed new signals (δ31P 218, 

δ31P 205 (major)) along with the previously unidentified signal (δ31P 55) remaining. The reaction 

mixture was cannula filtered into an oven-dried 100 mL Schlenk flask under N2. The remaining 

solids were washed with 10 mL toluene, which was combined with the previous organic extract. 

An aliquot was removed for GC-MS analysis and the major signal at 12.1 min exhibited a 

molecular ion peak (M+) at 230 amu and the associated isotope peak at 232 amu. The reaction 

mixture was concentrated and loaded onto a N2 flushed, silica gel short-path column. The title 

compound eluted using hexanes and upon concentration, a white crystalline solid was obtained. 

However, the solid became a red residue within minutes and 31P{1H} and 1H NMR analyses 

indicated extensive decomposition with no definable structure. 

Synthesis of 2-(trimethylsilyl)-1,3-benzothiaphosphole (3.4). In a nitrogen-filled glove box, an 

oven-dried Schlenk flask was charged with 1-mercapto-2-phosphinobenzene (1.42 g, 10.0 mmol), 

30 mL THF and approximately 10 g 4Å molecular sieves. The flask was sealed, removed from the 

glove box and stirred slowly. N,N-Dimethylformamide dimethyl acetal (1.46 mL, 11.0 mmol) was 

added by syringe to the mixture and the flask was subsequently immersed in an oil bath at 60 °C. 
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The reaction mixture was stirred for 16 h after which, an aliquot was analyzed using 31P{1H} NMR 

spectroscopy to confirm formation of compound 3.1. The solution was transferred by cannula 

filtration through a fritted filter funnel packed with celite into a 100 mL Schlenk flask. The sieves 

were washed with one portion of THF (10 mL), which was combined with the reaction solution. 

The solution containing 3.1 in 40 mL THF, was cooled to −78 °C using a dry-ice acetone bath, 

and 2.0 M lithium diisopropyl amide solution (5.0 mL, 10 mmol) was added dropwise to the 

solution. During the addition, the reaction mixture turned dark red. The solution was stirred for 1h 

at −78 °C at which point, an aliquot was removed from the reaction mixture and analyzed using 

31P{1H} NMR spectroscopy. A new signal at 215.7 ppm was observed. Trimethylsilyl chloride 

(1.27 mL, 10.0 mmol) was then slowly added to the reaction vessel by syringe. The flask was not 

removed from the cold bath to ensure the reaction vessel returned to room temperature very slowly 

overnight. A final aliquot of the reaction revealed a large signal at 237.6 ppm in the 31P{1H} NMR 

spectrum. The solvent was removed in vacuo, diethyl ether (20 mL) was added, and the organic 

extract was cannula filtered into a 100 mL Schlenk flask. The ether solution was concentrated and 

the viscous dark oil was chromatographed under N2 on ethylated silica gel using dry hexanes to 

afford the title compound as a white solid (0.318 g, 14%). 31P{1H} NMR (202 MHz, CD2Cl2) δ 

237.3. 1H NMR (500 MHz, CD2Cl2) δ 8.40 (ddt, J = 7.6, 5.3, 1.0 Hz, 1H), 8.22 (dq, J = 8.1, 1.1 

Hz, 1H), 7.48 (ddt, J = 8.3, 6.9, 1.4 Hz, 1H), 7.41 (dddd, J = 8.0, 7.0, 2.0, 1.1 Hz, 1H), 0.52 – 0.48 

(m, 9H). 13C NMR (126 MHz, CD2Cl2) δ 178.5 (d, JPC = 76.4 Hz), 156.6 (d, JPC = 49.3 Hz), 154.5 

(d, JPC = 8.5 Hz), 130.7 (d, JPC = 25.9 Hz), 126.6 (d, JPC = 3.0 Hz), 124.0 (d, JPC = 12.5 Hz), 123.6, 

1.29 (d, JPC = 5.6 Hz). HR-EIMS (m/z): [M+H]+ calculated for C10H14P1S1Si1: 225.0323; found 

225.0325.  Anal. Calcd. for C10H13P1S1Si1: C, 53.54; H, 5.84. Found: C, 53.81; H, 5.68.  
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Synthesis of 2,3-dimethyl-4,4a-dihydro-1H-benzo[d]phosphinino[2,1-b][1,3]thiaphosphole 

10-sulfide (3.5). 1,3-Benzothiaphosphole 3.1 was prepared according to the general procedure. 

Three equivalents of 2,3-dimethyl-1,3-butadiene (0.60 mL, 5.28 mmol) were added by syringe to 

the reaction mixture and the flask was stirred at 65 °C for 24 h. Conversion to the Diels-Alder 

adduct could be monitored using 31P{1H} NMR spectroscopy. Upon completion, the reaction 

mixture was concentrated and chromatographed under N2 on silica gel using degassed 

hexanes/dichloromethane (v/v 8:1) to afford the phosphine (Rf ~ 0.55) as a white crystalline solid 

(0.230 g, 56% yield). 31P{1H} NMR (202 MHz, CDCl3): δ 4.1. The phosphine (0.230 g, 0.98 

mmol) was placed in an oven-dried Schlenk flask and dissolved in 2 mL of chloroform. Elemental 

sulfur (0.047 g, 1.47 mmol) was added to the solution and the reaction was stirred overnight. The 

reaction mixture was concentrated and purified by chromatography on silica gel using 

hexanes/dichloromethane (v/v 3:1) to afford the title compound (Rf ~ 0.55) as a white crystalline 

solid (0.138 g, 53%, relative to the phosphine). 31P{1H} NMR (202 MHz, CD2Cl2) δ 71.4. 1H NMR 

(500 MHz, CD2Cl2) δ 7.56 (app. t, J = 9.2 Hz, 1H), 7.37 (tt, J = 7.7, 1.7 Hz, 1H), 7.23 – 7.18 (m, 

1H), 7.16 (dd, J = 8.0, 2.9 Hz, 1H), 3.81 (dt, J = 10.1, 4.3 Hz, 1H), 2.99 – 2.79 (m, 3H), 2.51 (ddd, 

J = 30.1, 15.6, 4.3 Hz, 1H), 1.77 (d, J = 4.2 Hz, 3H), 1.54 (s, 3H). 13C NMR (126 MHz, CD2Cl2) 

δ 146.2 (d, JPC = 17.9 Hz), 133.0 (d, JPC = 2.7 Hz), 130.9 (d, JPC = 90.3 Hz), 130.3 (d, JPC = 13.6 

Hz), 129.7 (d, JPC = 12.7 Hz), 126.0 (d, JPC = 11.2 Hz), 124.3 (d, JPC = 10.5 Hz), 123.3 (d, JPC = 

8.7 Hz), 44.1 (d, JPC = 56.5 Hz), 40.4 (d, JPC = 46.7 Hz), 36.4 (d, JPC = 4.2 Hz), 21.6 (d, JPC = 3.2 

Hz), 20.9 (d, JPC = 5.9 Hz). HR-EIMS (m/z): [M]+ calculated for C13H15P1S2: 266.0353; found 

266.0353. Anal. Calcd. for C13H15P1S2: C, 58.62; H, 5.68. Found: C, 58.48; H, 5.67. 

Synthesis of 2-methyl-4,4a-dihydro-1H-benzo[d]phosphinino[2,1-b][1,3]thiaphosphole 10-

sulfide and 3-methyl-4,4a-dihydro-1H-benzo[d]phosphinino[2,1-b][1,3]thiaphosphole 10-
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sulfide (3.6a, 3.6b). 1,3-Benzothiaphosphole 3.1 was prepared according to the general procedure.  

Five equivalents of isoprene (0.88 mL, 8.8 mmol) were added to the reaction mixture by syringe. 

The reaction was stirred at 65 °C for 5 days and at 6 h, 30 h, and 54 h, additional isoprene (0.88 

mL) was added to the mixture. Conversion to the Diels-Alder adduct could be monitored using 31P 

NMR spectroscopy. Upon completion, the reaction mixture was concentrated and 

chromatographed under N2 on silica gel using degassed hexanes/dichloromethane (v/v 8:1) to 

afford the regioisomeric mixture (Rf ~ 0.50) as a colorless oil (0.154 g, 40% yield). 31P{1H} NMR 

(202 MHz, CDCl3): δ −4.5 (major), −10.9 (minor). The phosphine (0.154 g, 0.70 mmol) was placed 

in an oven-dried 50 mL Schlenk flask and dissolved in 1.5 mL of chloroform. Elemental sulfur 

(0.034 g, 1.05 mmol) was added to the solution and the reaction was stirred overnight. The reaction 

mixture was concentrated and purified by chromatography on silica gel using 

hexanes/dichloromethane (v/v 3:1) to obtain the title compound (Rf ~ 0.45) as a mixture of 

regioisomers (viscous oil, 0.144 g, 82% yield, relative to the phosphine). Major and minor isomers 

were in a 75:25 ratio, as determined by integration of the vinyl C-H signals. Major: 31P{1H} NMR 

(202 MHz, CD2Cl2) δ 63.4. Aromatic signals of major and minor isomer are superimposed. 1H 

NMR (500 MHz, CD2Cl2) δ 7.63 – 7.56 (m, 1H), 7.42 – 7.37 (m, 1H), 7.27 – 7.23 (m, 1H), 7.23 – 

7.18 (m, 1H), 5.69 – 5.64 (m, 1H), 3.88 (dt, J = 10.3, 4.3, 1H), 3.01 – 2.91 (m, 1H), 2.91 − 2.84 

(m, 1H), 2.75 – 2.65 (m, 2H), 1.69 (s, 3H). 13C NMR (126 MHz, CD2Cl2) δ 145.0 (d, JPC = 18.5 

Hz), 137.8 (d, JPC = 15.6 Hz, overlapping with minor isomer), 133.2 (d, JPC = 2.8 Hz), 131.5 (d, 

JPC = 91.2 Hz, overlapping with minor isomer), 130.1 (d, JPC = 12.6 Hz), 126.2 (d, JPC = 11.0 Hz, 

overlapping signal with minor isomer), 124.0 (d, JPC = 8.7 Hz), 121.8 (d, JPC = 14.5 Hz), 43.8 (d, 

JPC = 53.6 Hz), 37.4 (d, JPC = 47.9 Hz), 27.9 (d, JPC = 4.0 Hz), 25.5 (d, JPC = 7.7 Hz). Minor: 

31P{1H} NMR (202 MHz, CD2Cl2) δ 63.1. Aromatic signals of major and minor isomer are 
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superimposed. 1H NMR (500 MHz, CD2Cl2) δ 7.63 – 7.56 (m, 1H), 7.42-7.37 (m, 1H), 7.27 – 7.23 

(m, 1H), 7.23 – 7.18 (m, 1H) δ 5.52 (dtt, J = 17.9, 5.2, 1.7 Hz, 1H), 3.96 (dt, J = 10.5, 4.2 Hz, 1H), 

3.06 – 3.00 (m, 1H), 2.64 – 2.56 (m, 2H), 2.56 – 2.48 (m, 1H), 1.82 (s, 3H). 13C NMR (126 MHz, 

CD2Cl2) δ 145.1 (d, JPC = 17.8 Hz), 137.8 (d, JPC = 15.6 Hz, overlapping with major isomer), 

132.8 (d, JPC = 8.8 Hz), 131.5 (d, JPC = 91.0 Hz, overlapping with major isomer), 130.4 (d, JPC = 

12.4 Hz), 126.2 (d, JPC = 11.0 Hz, overlapping with major isomer), 123.8 (d, JPC = 8.6 Hz), 116.9 

(d, JPC = 10.2 Hz), 44.2 (d, JPC = 53.1 Hz), 33.3 (d, JPC = 48.5 Hz), 32.4 (d, JPC = 4.3 Hz), 25.6 (d, 

JPC = 2.7 Hz). HR-EIMS (m/z): [M]+ calculated for C12H13P1S2: 252.0196; found: 252.0197. Anal. 

Calcd. for C12H13P1S2: C, 57.12; H, 5.19. Found: C, 57.03; H, 5.13.  

Synthesis of 2,3-dibenzyl-4,4a-dihydro-1H-benzo[d]phosphinino[2,1-b][1,3]thiaphosphole 

10-sulfide (3.7). The 1,3-benzothiaphosphole 3.1 was prepared according to the general procedure. 

2,3-dibenzyl-1,3-butadiene (0.62 g, 2.64 mmol) was dissolved in 5 mL toluene in a separate 25 

mL oven-dried Schlenk flask and cannula transferred to the benzothiaphosphole reaction mixture. 

The reaction mixture was stirred at 85 °C for 5 d. Conversion to the Diels-Alder adduct could be 

monitored using 31P NMR spectroscopy. Upon completion, the reaction mixture was concentrated 

and chromatographed under N2 on silica gel using degassed hexanes/dichloromethane (v/v 10:1) 

to afford the phosphine (Rf ~ 0.50) as a clear viscous oil (0.252 g, 37% yield). 31P{1H} NMR (202 

MHz, CDCl3): δ 5.2. The phosphine (0.252 g, 0.65 mmol) was placed in an oven-dried Schlenk 

flask and dissolved in 1.5 mL of chloroform. Elemental sulfur (0.031 g, 0.98 mmol) was added to 

the solution and the reaction was stirred overnight. The reaction mixture was concentrated and 

purified by chromatography on silica gel using hexanes/dichloromethane (v/v 3:1) to afford the 

title compound (Rf ~ 0.52) as a waxy white solid (0.216 g, 79%, relative to the phosphine). The 

compound contained residual hexanes even after concentration in vacuo for 12 h at 100 mTorr. 
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31P{1H} NMR (202 MHz, CD2Cl2) δ 71.7. 1H NMR (500 MHz, CD2Cl2) δ  7.36 (tt, J = 7.6, 1.7 

Hz, 1H), 7.33 – 7.27 (m, 3H), 7.27 – 7.21 (m, 1H), 7.18 – 7.10 (m, 6H), 7.06 (tdd, J = 7.5, 3.3, 0.9 

Hz, 1H), 6.99 – 6.94 (m, 2H), 3.89 (d, J = 15.1 Hz, 1H), 3.78 (dt, J = 11.0, 4.5 Hz, 1H), 3.57 – 

3.40 (m, 3H), 3.01 (dd, J = 16.0, 12.6 Hz, 1H) 2.93 – 2.78 (m, 2H), 2.58 (ddd, J = 30.0, 15.6, 4.8 

Hz, 1H). 13C NMR (126 MHz, CD2Cl2) δ 145.8 (d, JPC = 18.7 Hz), 139.2 (d, JPC = 3.2 Hz) 138.6 

(d, JPC = 1.4 Hz), 134.5 (d, JPC =12.4 Hz), 133.1 (d, JPC = 2.7 Hz), 130.4 (d, JPC = 90.2 Hz), 129.8 

(d, JPC = 12.4 Hz) 129.5, 129.4 (d, JPC = 10.4 Hz), 129.2, 129.1, 129.1 (overlapping signals), 127.0, 

126.8, 126.2 (d, JPC = 11.2 Hz), 123.3 (d, JPC = 9.0 Hz), 43.9 (d, JPC = 54.7 Hz), 41.0 (d, JPC = 2.8 

Hz), 40.3 (d, JPC = 5.5 Hz), 38.6 (d, JPC = 46.9 Hz), 34.4 (d, JPC = 4.1 Hz). HRMS (ESI-TOF) 

(m/z): [M+H]+ calculated for C25H24P1S2: 419.1057; found: 419.1052. Anal. Calcd. for C25H23P1S2: 

C, 71.74; H, 5.54. Found: C, 71.37; H, 5.79. 

Synthesis of endo/exo 1,4,4a-trihydro-1,4-methanobenzo[d]phosphinino[2,1-

b][1,3]thiaphosphole 10-sulfide (3.8). The 1,3-benzothiaphosphole 3.1 was prepared according 

to the general procedure. Cyclopentadiene (0.45 mL, 5.35 mmol) was added to the reaction vessel 

by syringe. The reaction  was stirred at 60 °C and after 6 h, a second portion of cyclopentadiene 

was added (0.45 mL, 5.35 mmol). Conversion to the Diels-Alder adduct could be monitored using 

31P NMR spectroscopy. Upon completion, the reaction mixture was concentrated and 

chromatographed under N2 on silica gel using a gradient mobile phase (degassed 

hexanes/dichloromethane v/v 6:1 to 2:1) to afford the phosphine as a yellow oil (0.120 g, 31% 

yield). 31P{1H} NMR (202 MHz, CDCl3): δ 29.9 (endo), 23.3 (exo). The phosphine mixture (0.120 

g, 0.55 mmol) was placed in an oven-dried Schlenk flask and dissolved in 1 mL of chloroform. 

Elemental sulfur (0.027 g, 0.84 mmol) was added to the solution and the reaction was stirred 

overnight. The reaction mixture was concentrated and purified by chromatography on silica gel 
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using hexanes/dichloromethane (v/v 3:1) to obtain the title compound (Rf ~ 0.50) as a mixture of 

endo/exo isomers (white solid, 0.132 g, 96% yield relative to the phosphine). Endo:Exo, 78:22 as 

determined by integration of the vinyl C-H signals. Endo: 31P{1H} NMR (202 MHz, CD2Cl2) δ 

94.7. 1H NMR (500 MHz, CD2Cl2) δ 7.67 – 7.61 (m, 1H), 7.36 (tt, J = 7.6, 1.9 Hz, 1H), 7.22 – 

7.16 (m, 1H, overlapping with 1 aromatic signal from exo isomer), 7.10 (dd, J = 8.1, 3.1 Hz, 1H), 

6.15 (ddd, J = 8.5, 5.7, 2.9 Hz, 1H), 5.59 (dt, J = 6.2, 3.3 Hz, 1H), 3.59 (dd, J = 7.9, 4.8 Hz, 1H), 

3.54 – 3.47 (m, 1H), 3.45 (td, J = 3.1, 1.1 Hz, 1H), 2.41 (dd, J = 11.0, 5.5 Hz, 1H), 2.20 (ddt, J = 

33.2, 11.0, 2.8 Hz, 1H). 13C NMR (126 MHz, CD2Cl2) δ 148.7 (d, JPC = 16.5 Hz), 135.7 (d, JPC = 

12.0 Hz), 133.1 (d, JPC = 2.7 Hz), 132.7 (d, JPC = 13.2 Hz), 130.0 (d, JPC = 13.1 Hz), 129.7 (d, JPC 

= 91.5 Hz) 125.5 (d, JPC = 11.4 Hz), 123.5 (d, JPC = 8.7 Hz), 52.8 (d, JPC = 40.5 Hz), 48.0 (d, JPC 

= 2.8 Hz), 45.4 (d, JPC = 65.0 Hz), 44.4 (d, JPC = 12.9 Hz). Exo: 31P{1H} NMR (202 MHz, CD2Cl2) 

δ 90.5. 1H NMR (500 MHz, CD2Cl2) δ 7.74 − 7.69 (m, 1H), 7.43 (tt, J = 7.7, 1.7 Hz, 1H), 7.25 

(tdd, J = 7.5, 3.2, 1.0 Hz, 1H), 7.22 – 7.20 (m, 1H, overlapping with 1H of the endo product), 6.42 

(dt, J = 6.2, 3.4 Hz, 1H), 6.31 (ddd, J = 8.1, 5.6, 3.0 Hz, 1H), 3.43 – 3.38 (m, 1H), 3.38 − 3.35 (m, 

1H) 3.25 (ddd, J = 8.9, 2.9, 1.3 Hz, 1H), 1.95 (ddq, J = 38.8, 11.3, 2.9 Hz, 1H), 1.77 (dd, J = 11.3, 

5.4 Hz, 1H). 13C NMR (126 MHz, CD2Cl2) δ 147.3 (d, JPC = 18.1 Hz), 136.9 (d, JPC = 11.8 Hz), 

134.1 (d, JPC = 13.0 Hz), 133.5 (d, JPC = 2.7 Hz), 130.1 (d, JPC = 13.1 Hz), 129.7 (d, JPC = 81.4 

Hz), 125.9 (d, JPC = 10.9 Hz), 124.0 (d, JPC = 8.1 Hz), 53.7 (d, JPC = 23.8 Hz), 50.7 (d, JPC = 40.9 

Hz), 44.9 (d, JPC = 69.1 Hz), 41.9 (d, JPC = 14.4 Hz). HR-EIMS (m/z): [M]+ calculated for 

C12H11P1S2: 250.0040; found: 250.0037. Anal. Calcd. for C12H11P1S2: C, 57.58; H, 4.43. Found: 

C, 57.95; H, 4.09. 
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Crystallographic Information 

Table 3.1. Crystallographic details for compound 3.5. 

Compound 5 

Formula C13H15PS2 

Absorption coefficient, 

mm-1 0.500 

Color Colorless F(000) 560 

Shape Rhomboid Diffractometer Bruker Smart Apex II 

Formula Weight 266.34 

Radiation, graphite 

monochr. Mo K α (λ =0.71073 Å) 

Crystal System Monoclinic Crystal size, mm 0.48 × 0.30 × 0.15 

Space Group P21/c θ range, deg 2.4< θ < 33.2 

Temp (K) 149 (2) Range of h,k,l -12, 13, -21, 22, ±16 

a, Å 8.7462 (18) 

Reflections 

collected/unique 17121/ 4709 

b, Å 14.667 (3) Rint 0.057 

c, Å 10.868 (2) Refinement Method 

Full Matrix Least-

Squares on F2 

α, deg 90 Data/Restraints/Parameters 4709/ 0/ 147 

β, deg 110.551 (3) GOF on F2 1.13 

γ, deg 90 Final R indices [I>2σ(I)] 0.0410 

V, Å3 1305.5 (5) R indices (all data) 0.141 

Formula units/unit cell 4 Max. Resid. Peaks (e*Å−3) 0.71 and -0.92 

Dcal'd, gcm−3 1.355 
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Chapter 4 

Nickel Catalyzed Suzuki Polycondensation for 

Controlled Synthesis of Ester-Functionalized 

Conjugated Polymers 

 

4.1 Introduction 

 Rational design of catalysts and monomers has been crucial in the development of precision 

polymerization protocols – affording materials with control over size, topology, and functionality.1 

Catalyst-transfer polycondensation (CTP) in particular, is used to prepare well-defined -

conjugated polymer materials.2 However, the highly reactive monomers typically employed in 

CTP (e.g, organomagnesium or organozinc reagents) often limit the selection of solubilizing 

substituents tethered to the aromatic ring (Figure 4.1). The substituents appended to any -

conjugated backbone not only impart solubility, but are also crucial for tuning the chemical and 

physical properties of the desired polymer.3 The combination of side chain engineering with 

controlled polymerization will afford a wide range of new -conjugated architectures where 

electronic structure and physical properties can be manipulated along with shape, size and solid-

state organization.  

 Beyond Kumada and Negishi cross-coupling, Stille and Suzuki-Miyaura cross-coupling 

reactions have also attracted attention to prepare conjugated polymers with controlled molecular 

weights and narrow molecular weight distributions.4 The lower nucleophilicity of the SnMe3 and  

                                                 
 Reproduced with permission from Qiu, Y.; Worch, J.C.; (co-first author) Fortney, A.; Gayathri, C.; Gil, R.R.; 

Noonan, K.J.T. Nickel Catalyzed Suzuki Polycondensation for Controlled Synthesis of Ester-Functionalized 

Conjugated Polymers. Macromolecules 2016, 49, 4757−4762. Copyright 2016 American Chemical Society.  

89



 

B(OR)2 transmetalating agents (Figure 4.1) make these methods well-suited to enhance the 

substrate scope of CTP. Controlled polycondensations with these transmetallating agents are 

generally achieved using a Pd catalyst paired with a bulky σ-donating phosphine ligand (PtBu3) or 

an N-heterocyclic carbene (NHC).5 However, there is an interest to explore Ni catalysts for Stille 

and Suzuki CTP due to the lower cost as compared to Pd, and the facile oxidative addition observed 

with a diverse range of pseudo-halides or non-activated halides.6 Additionally, the chain-growth 

mechanism for conjugated polymers is proposed to occur via a catalyst polymer -complex to 

facilitate intramolecular oxidative addition at the polymer chain-end. The stronger Ni binding 

interaction as compared to Pd may be important for achieving enhanced control in chain-growth 

polymerizations.7  

 Ni-catalyzed Suzuki cross-coupling to form biaryl compounds has been reported with 

relatively mild reaction conditions and moderate catalyst loadings.6c This led us to investigate the 

possibility of Suzuki CTP with -accepting ester groups as the side chain substituent. We chose 

the ester moiety since it can increase the ambient stability of polythiophene,8 and can also be 

exploited in post-polymerization modification.9  

 

Figure 4.1. Cross-coupling methods used in catalyst-transfer polycondensation. 

 To our knowledge, CTP with -accepting groups in conjugation with the monomer is 

unknown, though protection-deprotection strategies have been employed to synthesize similar 
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polymers.10 We used model compound studies to determine if hexyl thiophene-3-carboxylate was 

a suitable monomer for polycondensation.  These experiments were then used as a guide for 

polymerization of the ester-functionalized thiophene. Finally, alternating and block copolymers of 

hexyl thiophene-3-carboxylate and 3-hexylthiophene were synthesized and characterized. 

4.2 Results and Discussion 

 We first explored three nickel catalysts to couple methyl-2,5-dibromothiophene-3-

carboxylate and thiophene-2-boronic acid pinacol ester (ThBpin). Ni(PPh3)IPrCl2 and Ni(dppp)Cl2 

were selected since both have been successful in Kumada CTP,11 while Ni(1-Naph)(PCy3)2Br  has 

been successfully used in Suzuki cross-coupling to form biaryl compounds.12 Only half an 

equivalent of the ThBpin was used to explore whether intramolecular oxidative addition is favored 

and if terthiophene formation is preferred. Similar studies have been used previously to provide 

indirect evidence for metal -complex formation with the substrate.11b  

 The catalysts were screened initially at moderate loadings (5 mol %) and all reactions were 

conducted for 24 h. All three nickel catalysts: Ni(PPh3)IPrCl2, Ni(1-Naph)(PCy3)2Br  and 

Ni(dppp)Cl2 afforded the terthiophene with greater than 90% selectivity and high conversion 

(Table 4.1, entries 1, 3 and 5). This suggested the nickel systems have potential in Suzuki CTP 

with -accepting groups. When lower catalyst loadings (1 mol %) were explored, Ni(PPh3)IPrCl2 

and Ni(dppp)Cl2 retained good selectivity, though complete consumption of the ThBpin was not 

observed with Ni(dppp)Cl2 (Table 4.1, entry 6). By contrast, a marked decrease in conversion and 

selectivity was observed with 1 mol % Ni(1-Naph)(PCy3)2Br (Table 4.1, entry 4). Similar catalyst 

loading limitations with this type of catalyst have been noted previously12b and suggest potential 

complications in polymerization.  
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Table 4.1. Model compound reactions with methyl 2,5-dibromothiophene-3-carboxylate. 

 

Entry Catalyst (mol %)a 
% Conv. 

GC–MSb 

% Terthiophene 

GC–MS (NMR)c 

1 Ni(PPh3)IPrCl2 (5) 99 99 (99) 

2 Ni(PPh3)IPrCl2 (1) 99 99 (99) 

3 Ni(1-Naph)(PCy3)2Br (5) 99 94 (97) 

4 Ni(1-Naph)(PCy3)2Br (1) 72 44 (72) 

5 Ni(dppp)Cl2 (5) 99 95 (96) 

6 Ni(dppp)Cl2 (1) 82 97 (95) 

7 PEPPSI-IPr (5) 99 52 (72) 

8 PEPPSI-IPr (1) 99 64 (78) 

a Relative to ThBpin. b Conversion of ThBpin was determined by GC-MS using trimethoxybenzene 

as the internal standard. cRelative ratio of products determined via GC-MS and 1H NMR 

spectroscopy.  

 A Pd-NHC precatalyst (PEPPSI-IPr), was also explored in these model compound studies 

(Table 4.1, entries 7 and 8) for comparison with Ni(PPh3)IPrCl2. PEPPSI-IPr produced good 

conversion at either 5 or 1 mol % loading, but selectivity for the terthiophene product was lower 

than that observed with Ni(PPh3)IPrCl2. This type of comparison though informative, should be 
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used with caution since the other ligands (3-chloropyridine for Pd and PPh3 for Ni) may not be 

innocent in the catalytic cycle.13 To further probe the limits of the Ni-NHC catalyst,14 two separate 

experiments were conducted: one at 65 °C and one with a larger deficiency of the ThBpin (5:1 

ratio, carboxylate:ThBpin). Greater than 90% selectivity for the terthiophene was still observed in 

both cases, suggesting this catalyst is highly suited for exploration in CTP with the ester-

functionalized thiophene.  

 Poly(hexylthiophene-3-carboxylate) referred to as poly(3-hexylesterthiophene) (P3HET) 

has been prepared previously.15 However, to our knowledge, progress on the controlled synthesis 

of this polymer has not been reported.16 Additionally, most reports of these materials have not 

proceeded to higher molecular weights until recently, when a direct arylation protocol was 

employed.15a The Suzuki monomer (4.1) used in this study was prepared using a three-step 

synthesis starting from 3-thiophenecarboxylic acid (Scheme 4.1). Borylation of the thiophene ring 

with pinacolborane was achieved using an iridium-catalyzed C-H borylation reaction.17  

Scheme 4.1. Preparation of monomer 4.1. 

 

 Polymerization of monomer 4.1 proceeded smoothly in THF with Ni(PPh3)IPrCl2 and 

K3PO4·H2O (Scheme 4.2). A previous report from Yokozawa and coworkers on Pd-catalyzed 

Suzuki CTP indicated that added water was essential in promoting the controlled synthesis of 

poly(3-hexylthiophene) (P3HT).18 Interestingly, the water from the K3PO4·H2O is sufficient to 

promote the controlled reaction for monomer 4.1. 
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Scheme 4.2. Polymers prepared using nickel-catalyzed Suzuki CTP. 

 

 When additional water is added to the polymerization reaction, low conversion and lower 

molecular weight materials are obtained which we suspect is due to competitive 

protodeborylation.19  

Scheme 4.3. Hydrolysis of starting monomer to the active boronic acid species with competitive 

protodeborylation mechanism. 
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Stability issues of 2-heterocyclic boronic acids are known,20 particularly those containing electron 

withdrawing groups.21 Although boronic esters are more stable than the corresponding boronic 

acids, under Suzuki conditions, base-catalyzed hydrolysis of the ester yields the active cross-

coupling partner (boronic acid species).22 At this point, protodeborylation to the inactive 

compound is in competition with productive cross-coupling for polymerization (Scheme 4.3).19,23 

We noted some small variations in reaction rate and dispersity (1.2 – 1.3) between monomer 

batches and we suspect this discrepancy is linked to trace water in the monomer. Molecular weights 

can be modulated according to catalyst loading (Table 4.2, entries 1–3) though in the GPC traces, 

we sometimes observe a small shoulder which is approximately double the molecular weight of 

the primary distribution. We suspect this shoulder is a consequence of disproportionation.2b,2c A 

polymer sample was also analyzed using MALDI-TOF mass spectrometry to explore the end group 

fidelity of the P3HET polymer. Mass spectrometry confirmed the primary distribution is H/Br 

(Figure 4.2) with a smaller H/H distribution also present. 

 

Figure 4.2. MALDI-TOF mass spectrum of P3HET prepared using Ni(PPh3)IPrCl2. 
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 The efficiency of Ni(1-Naph)(PCy3)2Br was also evaluated, and low dispersity polymers 

were obtained using 5 mol % of the catalyst (Table 4.2, entry 4). The 1H NMR spectrum of the 

final polymer exhibited the expected signals for the napthyl endgroup. However, a broadened 

distribution was obtained when the catalyst loading was lowered to 2 mol %, indicative of early 

termination or chain transfer (Table 4.2, entry 5). This observation correlates well with the model 

compound studies in Table 4.1 and with the prior report.12b Polymerization of 4.1 with PEPPSI-

IPr and Ni(dppp)Cl2 (Table 4.2, entries 6 and 7) resulted in relatively slow polymerization 

reactions and higher dispersities. The use of additional water with these two catalysts improved 

the dispersity of the final polymer, but produced macromolecules with lower molecular weights 

and low conversion, which again, is likely due to protodeborylation. 

 We also explored this protocol to polymerize a 3-hexylthiophene monomer (4.2, Scheme 

4.2).  When employing Ni(PPh3)IPrCl2 and K3PO4·H2O, the reaction was dramatically different 

than the polymerization of monomer 4.1 and produced low molecular weight P3HT with higher 

dispersity (Appendix 1). The addition of water drastically increased both the reaction rate and 

molecular weight while narrowing the dispersity (Table 4.2, entry 8), which is consistent with the 

previous report.18 The differences between monomer 4.1 and 4.2 are striking. The water from the 

K3PO4H2O seems to be sufficient for promoting the reaction of the ester-functionalized monomer 

with good control. However, with the alkyl side group, additional water is needed to achieve the 

desired chain-growth behavior. It is plausible that the ester group in monomer 4.1 stabilizes the 

Ni(Ar)X intermediate via chelation, which may alter the polymerization behavior of 4.1 as 

compared to 4.2.24  
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Table 4.2. Polymerization studies for monomers 4.1, 4.2, and 4.3. 

Entry M Cat. (mol %) Yield (%) Mn (GPC)a
 Đ 

1 1 Ni(PPh3)IPrCl2 (5) 53 7600 1.19 

2 1 Ni(PPh3)IPrCl2 (2) 75 16400 1.25 

3 1 Ni(PPh3)IPrCl2 (1) 79 30600 1.30 

4 1 Ni(1-Naph) (PCy3)2Br (5) 58 4500 1.14 

5 1 Ni(1-Naph) (PCy3)2Br (2) 69 10500 1.60 

6 1 PEPPSI-IPr (2) 20 5500 1.28 

7 1 Ni(dppp)Cl2 (2) 69 13600 1.55 

8b 2 Ni(PPh3)IPrCl2 (2) 71 74400 1.30 

9b 2 Ni(dppp)Cl2 (2) 59 18600 1.08 

10 3 Ni(PPh3)IPrCl2 (2) 67 27700 1.63 

11b 3 Ni(dppp)Cl2 (2) 59 36500 1.13 

12b 3 Ni(dppp)Cl2 (1) 52 49000 1.48 

aGPC traces were recorded at 40 °C versus polystyrene standards using THF as the eluent. b0.1 

mL of H2O was added to the reaction mixture. 

 The added water also revealed a significant sensitivity of Ni(PPh3)IPrCl2 to the reaction 

conditions. The final molecular weight of P3HT was much greater than expected (Table 4.2, entry 

8), likely from conversion of some precatalyst to Ni(OH)2.
24-25 In all experiments where water is 

added to Ni(PPh3)IPrCl2, polymers with higher than expected molecular weights were obtained, 

though controlled behavior was still observed. Recent reports have highlighted the sensitivity of 

Ni-NHC catalysts to water,25 and this will impact Suzuki CTP reactions using this system.  

 To probe the combination of Ni(dppp)Cl2 with monomer 4.2, we conducted two 

experiments: with and without additional water. Without water, the polymerization of 4.2 

proceeded slowly, similar to the experiment using the Ni-NHC catalyst.  However, additional 

water with Ni(dppp)Cl2 produced P3HT with excellent control over molecular weight and 

dispersity (Table 4.2, entry 9). 
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Figure 4.3. GC-MS chromatograms for catalyst initiation at 22 °C using ThBpin and catalyst (20 

mol %) sampled after 5 minutes. Top – PEPPSI-IPr. Middle – Ni(PPh3)IPrCl2. Bottom – 

Ni(dppp)Cl2. Signal at 7.3 min is bithiophene formed during precatalyst initiation. 

 We also evaluated how quickly these precatalysts are reduced under the polymerization 

conditions. A separate experiment was conducted with ThBPin, K3PO4 and the catalyst precursor. 

Upon addition of water, these reactions were monitored using GC-MS since reduction of the 

precatalyst should be accompanied with the formation of bithiophene. For both Ni(PPh3)IPrCl2 

and Ni(dppp)Cl2, bithiophene was observed within 2 minutes of water addition (Figure 4.3). 

Complete reduction was not quantified, but these experiments confirm that the formation of Ni(0) 

PEPPSI-IPr 

Ni(PPh3)IPrCl

2 

Ni(dppp)Cl2 
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is relatively facile under the polymerization conditions employed. These results are also consistent 

with the report from Percec and co-workers which indicated fast reduction of Ni(II) under similar 

conditions.12a When Pd-PEPPSI-IPr was explored, reduction to the active Pd(0) seemed to be 

slower, though more studies are needed to examine this in detail.  

 An alternating copolymer consisting of P3HET and P3HT was also synthesized (Scheme 

4.2). This type of material is related to donor-acceptor copolymers, a common target for organic 

electronic devices. Precision synthesis of donor-acceptor materials with tunable molecular weight 

and narrow distributions has been realized only recently,26 but the scope of acceptor moieties is 

limited. Benzotriazole has been explored due to excellent compatibility with Grignard 

reagents,26a,26b and benzothiadiazole containing monomers have also been polymerized using 

Suzuki CTP.26d However, -accepting functional groups which are often present in donor-

acceptors;27 are incompatible with Grignard reagents, though diimide monomers have attracted 

attention with Zn26c,26e and Sn28 as the transmetallating agent.  

 An alternating copolymer consisting of P3HET and P3HT was prepared using Suzuki CTP 

with Ni(dppp)Cl2 as the precatalyst (Table 4.2, entries 11 and 12). Results suggest a controlled 

polymerization and, in the presence of additional water, high molecular weight P3HET-a-P3HT 

polymers were obtained with relatively short reaction times (1 – 2 h). Ni(PPh3)IPrCl2 performed 

quite poorly without added water and proceeded in an uncontrolled fashion (entry 10). Employing 

additional water and subsequent GPC analysis revealed a bimodal distribution. 
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Figure 4.4. GPC chromatograms for the P3HT homopolymer and P3HT-b-P3HET copolymer 

synthesized using Ni(PPh3)IPrCl2. 

 Finally, a block copolymer of P3HET and P3HT was prepared. Both Ni(PPh3)IPrCl2 and 

Ni(dppp)Cl2 can generate diblock architectures regardless of the order of monomer addition, 

though high molecular weights cannot always be generated. Water was a complicating factor since 

it is needed for controlled P3HT synthesis but can promote protodeborylation of the more electron-

deficient 4.1 and moreover, the Ni-NHC catalyst is sensitive to water. P3HT can be prepared using 

4 mol % Ni(PPh3)IPrCl2 and 0.1 mL of water (Mn = 21100, Ð =1.14) after which, addition of 

monomer 4.1 to the reaction mixture afforded the desired block copolymer in a controlled manner 

(P3HT-b-P3HET, Mn = 29500, Ð =1.28, Figure 4.4). Detailed experimental procedures and other 

block copolymer syntheses varying the starting block and catalyst are provided in the experimental 

section.  
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Figure 4.5. Solution (CHCl3) and solid-state UV-vis spectra for all polymers with P3HT included 

for reference. 

 The optical properties of P3HET, P3HT, P3HET-a-P3HT and P3HT-b-P3HET were 

probed both in solution and in the solid-state (Figure 4.5). P3HET is significantly blue-shifted as 

compared to P3HT, suggesting the ester side chain may be causing a more twisted polymer 

backbone as compared to the linear alkyl chain. 

 The absorption profile of P3HT-b-P3HET (max = 445 nm) is quite close to that of P3HT 

(max = 453 nm) in solution and also in the solid state (P3HT-b-P3HET, max = 550 nm). The 

absorption profile of P3HET-a-P3HT (max = 452 nm) is also nearly identical to P3HT (max = 453 

nm) in solution. However, P3HET-a-P3HT (max = 627 nm, Eg
opt = 1.85 eV) is red-shifted 

compared to both homopolymers in the solid-state as the vibronic band becomes the dominant 

absorption in this spectrum, indicative of ordered π-stacking. The perfectly alternating P3HET-a-

P3HT is also red-shifted compared to a previously synthesized random 50:50 P3HET:P3HT 

copolymer (max = 556 nm, Eg
opt = 1.90 eV).29 

 End group analysis of P3HET and P3HET-a-P3HT was completed using 2D NMR 

spectroscopy. For P3HET, a tail-to-tail (TT) defect from precatalyst initiation (HA, Figure 4.6) is 

present in the spectrum along with signals that result from the H/Br polymer end groups (HB, HC 
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and HD, Figure 4.6). The H terminated thiophene end group (HC, Figure 4.6) appears at 8.17 ppm 

and is correlated with a signal at 7.81 ppm (HD, Figure 4.6). The signal attributed to the tail-to-tail 

(TT) defect appears at 7.60 ppm (HA) and the Br terminated chain-end produced one 1H NMR 

signal (HB, Figure 4.6 at 7.68 ppm). Additionally, integration of the chain-end signals and the TT 

defect approximately produced a 2:1:1 ratio (HA:HB:HC) indicating good control over the end 

groups. This is consistent with the analysis by MALDI-TOF mass spectrometry (Figure 4.2).  

 

Figure 4.6. 1H NMR spectrum and end group analysis of P3HET. The star symbols (*) correspond 

to 13C satellites for the aromatic signal of the polymer and the solvent. 

 Signal HB did not show the expected correlations in the HMBC spectrum and to confirm 

its identity, an experiment was carried out where the polymer was reacted with Ni(COD)2 followed 

by reaction with acid to selectively functionalize the C-Br bond. The signal attributed to HB nearly 

disappeared after the reaction, and provided good evidence for the assignment.  
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 2D NMR spectroscopy was also used to confirm the highly alternating nature of P3HET-

a-P3HT (Appendix 1). Similar to P3HET, the TT defect for P3HET-a-P3HT appears at 7.55 ppm. 

The H terminated end group at 7.01 ppm is correlated with another signal at 7.32 ppm and these 

signals correspond to a regioregular 3-hexylthiophene chain-end. The Br terminated chain-end 

produced one signal in the 1H NMR spectrum at 7.17 ppm, again corresponding to a regioregular 

3-hexylthiophene. 

4.3 Conclusion 

 In summary, we have demonstrated the first example of a Suzuki catalyst-transfer 

polycondensation (CTP) using Ni precatalysts and explored this protocol with ester-functionalized 

monomers. The ester-functionalized polythiophene could be obtained with molecular weight 

control, and block copolymers were synthesized with 3-hexylthiophene. Furthermore, the 

controlled synthesis of an alternating polymer is highly valuable and this Suzuki CTP protocol will 

be used to explore more sophisticated donor-acceptor polymers. Expanding this protocol to other 

monomers with different functional groups while further investigating the crucial role of water in 

the Suzuki CTP process is currently under investigation. 

4.4 Experimental Section 

Materials and Methods. All reactions and manipulations of air and water sensitive compounds 

were carried out under a dry nitrogen atmosphere using an mBraun glovebox or standard Schlenk 

techniques. All compounds were purchased from commercial sources and used as received. 2,5-

Dibromothiophene-3-carboxylic acid30, 2-(4-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane31 and monomer 4.24e,32 were synthesized according to literature procedures. All 

reaction solvents (tetrahydrofuran, dichloromethane, hexanes and dioxane) were degassed with 
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argon and dried prior to use. All solvents and chemicals used for extraction and column 

chromatography were used as received. Polymer samples were precipitated with 6 M methanolic 

HCl and washed with both methanol and acetone for GPC, NMR, and UV-vis analysis. Monomer 

conversion in polymerization experiments was typically monitored by GC-MS comparing the 

protodeborylated monomer to an internal standard. Since deborylation was not always quantitative 

(mixtures of monomer and protodeborylated monomer) and since it can occur either as a side 

reaction or also during GC analysis, conversion values were not reported. This was used as a rough 

estimate for monomer conversion. 

NMR analysis. All NMR experiments were collected at 300 K on a two-channel Bruker Avance 

III NMR instrument equipped with a Broad Band Inverse (BBI) probe, operating at 500 MHz for 

1H (126 MHz for 13C). 1H NMR spectra are referenced to residual protio solvent (7.26 for CHCl3, 

5.32 for CHDCl2, and 7.16 for C6D5H) and 13C NMR spectra are referenced to the solvent signal 

(δ 77.23 for CDCl3, 54.00 for CD2Cl2 and 128.39 for C6D6). The F2 proton-coupled HSQC was 

performed using the recently published Perfect-HSQC pulse program.33 The HMBC experiments 

were optimized for 4 and 8 Hz long-range proton-coupling (nJCH).  

Mass Spectrometry. High Resolution Electron Impact Mass Spectrometry (HRMS), Electrospray 

Mass Spectrometry (ESI-MS) and MALDI-TOF Mass Spectrometry were performed in the School 

of Chemical Sciences Mass Spectrometry Laboratory at the University of Illinois, Urbana-

Champaign. 

GC-MS Analysis. GC-MS analysis was performed on a Hewlett-Packard Agilent 6890-5973 GC-

MS workstation. The GC column was a Hewlett-Packard fused silica capillary column crosslinked 

with 5% phenylmethylsiloxane. Helium was used as the carrier gas. The following conditions were 
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used for all GC-MS analyses: injector temperature, 250 °C; initial temperature, 70 °C; temperature 

ramp, 10 °C/min; final temperature, 280 °C. Polymer aliquots were typically subjected to GC-MS 

analysis to provide rough estimates of monomer conversion by comparing the protodeborylated 

monomer to an internal standard. Since deborylation was not always quantitative and since it can 

occur either as a side reaction or also during GC analysis, conversion values were not reported. 

Polymer aliquots were prepared by quenching ~0.2 mL of the polymer solution with ~1.0 mL of 

methanol in a 20 mL scintillation vial. This was diluted with ~1.0 mL of diethyl ether and ~0.1 mL 

of this resultant solution was filtered through a 0.22 μm PTFE syringe filter into a 2 mL vial and 

diethyl ether was added to fill the vial.  

UV-vis Spectroscopy. UV-vis spectra of polymers were recorded on a Varian Cary 5000 

spectrophotometer. Solution measurements were conducted in CHCl3 at 0.01 mg/mL 

concentration. Thin film samples were prepared from a spin-coating process.  22 × 22 mm glass 

cover slips were cleaned by spraying with fresh acetone, isopropanol and dried under a jet of 

filtered, dry nitrogen. Polymer solutions (5 mg/mL) in dry toluene were heated to 80 °C in amber 

glass vials for 10 min, filtered through a 0.22 μm PTFE syringe filter using a glass syringe, and re-

heated for 5 min prior to spin-casting from hot solutions. The spin-coating conditions consisted of 

three cycles, a 400 RPM spreading cycle for 5 s, a 1000 RPM main cycle for 30 s and a 2000 RPM 

wicking cycle for 15 s. The films were annealed at 150°C for 1 h under N2.  

Gel-Permeation Chromatography. GPC measurements were performed on a Waters Instrument 

equipped with a 717 plus autosampler, a Waters 2414 refractive index (RI) detector and two SDV 

columns (Porosity 1000 and 100000 Å; Polymer Standard Services) with THF as the eluent (flow 

rate 1 mL/min, 40 °C). A 10-point calibration based on polystyrene standards (Polystyrene, 

ReadyCal Kit, Polymer Standard Services) was applied for determination of molecular weights. 
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All polymer aliquots subjected to GPC analysis were prepared by quenching ~0.2 mL of the 

polymer solution with ~2.0 mL of 6 M methanolic HCl. The precipitate was filtered and washed 

with methanol and acetone to remove any monomer and low molecular weight oligomers. The 

resultant polymer was dissolved in ~1 mL of THF, filtered through a 0.22 μm PTFE syringe filter 

and analyzed. 

Synthesis of methyl-2,5-dibromothiophene-3-carboxylate. An oven-dried 250 

mL Schlenk flask was charged with 2,5-dibromothiophene-3-carboxylic acid 

(4.56 g, 15.9 mmol), 15 mL of thionyl chloride and catalytic dimethylformamide 

(~0.05 mL). The solution was heated to 40 °C and stirred overnight. Excess thionyl chloride was 

removed in vacuo and the residue was triturated with diethyl ether to afford an off-white solid that 

was used without further purification. An oven-dried 100 mL Schlenk flask was charged with a 

portion of the crude acid chloride (3.04 g, 10.0 mmol) and 25 mL of dichloromethane. The flask 

was cooled to 0 °C using an ice bath, then methanol (0.8 mL, 19.8 mmol) and triethylamine (2.78 

mL, 19.9 mmol) were added to the flask. The mixture was stirred at room temperature for 2 h and, 

an aliquot was removed and analyzed using GC-MS to confirm formation of the product. The 

reaction mixture was then transferred to a separatory funnel and 1 M HCl solution (30 mL) was 

added. The organic layer was separated and the aqueous layer was extracted twice more with 

dichloromethane (2  30 mL). The combined organic extracts were washed with a saturated 

NaHCO3 solution (10 mL), dried over MgSO4 and concentrated to yield an off-white solid. The 

compound was purified on a short path of silica, eluting with hexanes:ethyl acetate (5:1), affording 

the title compound as a white crystalline solid (2.72 g, 91%). 1H NMR (500 MHz, CDCl3) δ 7.34 

(s, 1H), 3.86 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 161.4, 131.9, 131.8, 119.5, 111.6, 52.3. HRMS 

(ESI-TOF) (m/z): [M + H]+ calculated for C6H5Br2O2S, 298.8377; found, 298.8382. 

106



 

Synthesis of Ni(1-Naph)(PCy3)2Br. This compound was prepared according to a 

modified literature procedure.12a In a nitrogen filled glove box, a 20 mL 

scintillation vial was charged with Ni(COD)2 (0.10 g, 0.36 mmol), 

tricyclohexylphosphine (0.30 g, 1.07 mmol), and THF (1.5 mL). The solution was stirred at room 

temperature for 30 min, turning deep red, at which time, 1-bromonaphthalene (0.075 g, 0.36 mmol) 

was added to the reaction mixture. The mixture was stirred overnight and a yellow precipitate 

formed. The precipitate was collected using vacuum filtration and washed with hexanes (5  5 

mL). The yellow solid was transferred to a scintillation vial and dried in vacuo (0.16 g, 54%). 

31P{1H} NMR (202 MHz, C6D6) δ 11.6. 1H NMR (500 MHz, C6D6) δ 10.68 (d, J = 8.3 Hz, 1H), 

7.71 (d, J = 7.0 Hz, 1H), 7.62 (br t, J = 7.3 Hz, 1H), 7.53 (d, J = 8.2 Hz, 1H), 7.32 (br t, J = 9.6 

Hz, 2H), 7.14 (d, J = 7.5 Hz, 1H), 2.75 – 0.35 (m, 66H). Note: the signal at 7.14 ppm overlaps with 

the solvent signal. 13C NMR (126 MHz, C6D6) δ 157.2 (t, JPC = 32.7 Hz), 142.9, 137.7 (t, JPC = 3.7 

Hz), 135.4, 133.5 (t, JPC = 2.6 Hz), 128.8 (d, JPC = 26.1 Hz), 125.6, 125.2 (t, JPC = 2.7 Hz), 123.6, 

122.5 (t, JPC = 2.3 Hz), 34.8 (t, JPC = 8.5 Hz), 31.2, 30.7, 28.7 (t, JPC = 5.4 Hz), 28.4 (t, JPC = 4.3 

Hz), 27.4. HR-EIMS (m/z): [M – Br]+ calculated for C46H73P2Ni, 745.4541; found, 745.4533. 

Scheme 4.4. Synthesis of monomer 4.1.  

 

Synthesis of 2-bromothiophene-3-carboxylic acid (4A). An oven-dried 500 mL 

Schlenk flask was charged with thiophene-3-carboxylic acid (15.9 g, 124 mmol) and 

300 mL of THF. The solution was cooled to –78 °C using a dry-ice acetone bath and 2.5 M n-

butyllithium in hexanes (100 mL, 250 mmol) was added via cannula over a 20 min period. During 

the addition, a white precipitate formed. The reaction mixture was stirred for 30 min at –78 °C and 
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then, bromine (6.67 mL, 130 mmol) was added dropwise by syringe. The flask was not removed 

from the cold bath to ensure the reaction vessel returned to room temperature slowly overnight. A 

small amount of 1 M HCl solution (5 – 10 mL) was added to quench the reaction mixture and then, 

the mixture was concentrated to approximately 50 mL. The remaining solution was transferred to 

a separatory funnel, diluted with 150 mL of 1 M HCl solution and, extracted with ethyl acetate (3 

× 150 mL). The combined organic extracts were washed with brine, dried over MgSO4 and 

concentrated to afford an off-white solid. The compound was recrystallized twice using a 

water:ethanol mixture (4:1) to furnish the title compound as faint yellow needles (16.53 g, 64%). 

The 1H and 13C NMR spectra were compared to a previous report.34  

Synthesis of hexyl 2-bromothiophene-3-carboxylate (4B).  An oven-dried 100 

mL Schlenk flask was charged with 2-bromothiophene-3-carboxylic acid (4A) 

(6.00 g, 29.0 mmol), K2CO3 (12.0 g, 86.8 mmol) and 40 mL of dimethylformamide. 1-

Bromohexane (9.60 g, 58.2 mmol) was subsequently added by syringe. The flask was immersed 

in an oil bath at 90 °C and the solution was stirred for 12 h under a N2 atmosphere. The reaction 

mixture was cooled to room temperature, diluted with 50 mL of water and transferred to a 500 mL 

separatory funnel. The aqueous layer was extracted with diethyl ether (3 × 100 mL) and the 

combined organic extracts were washed with water (50 mL) and brine (50 mL), then dried over 

Na2SO4 and concentrated using rotary evaporation. The crude product was purified using column 

chromatography on silica gel eluting with hexanes:ethyl acetate (50:1) to afford the final product 

as a clear liquid (6.06 g, 72%). The Rf of the product is ~0.7 in hexanes:ethyl acetate = 9:1. 1H 

NMR (500 MHz, CDCl3) δ 7.37 (d, J = 5.8 Hz, 1H), 7.21 (d, J = 5.8 Hz, 1H), 4.28 (t, J = 6.7 Hz, 

2H), 1.75 (dq, J = 7.9, 6.7 Hz, 2H), 1.49 – 1.40 (m, 2H), 1.38 – 1.28 (m, 4H), 0.94 – 0.85 (m, 3H). 
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13C NMR (126 MHz, CDCl3) δ 162.3, 131.6, 129.7, 126.0, 119.8, 65.4, 31.6, 28.8, 25.9, 22.8, 14.2. 

HRMS (ESI-TOF) (m/z): [M + H]+ calculated for C11H16O2SBr, 291.0054; found, 291.0062. 

Synthesis of hexyl 2-bromo-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)thiophene-3-carboxylate (4.1). In a N2 filled 

glovebox, a 40 mL scintillation vial was charged with pinacolborane (HBpin) (1.16 g, 9.06 mmol), 

di-μ-methoxobis(1,5-cyclooctadiene)diiridium (0.045 g, 0.068 mmol) and 3 mL of dry hexanes. 

To this stirring mixture, 4,4'-Bis(di-t-butyl)-2,2'-bipyridine (dtbbpy) (0.036 g, 0.13 mmol) in 3 mL 

of hexanes was added in portions and the mixture was stirred for 15 min. The color of the reaction 

mixture went from yellow to dark brown during that period. Compound 4B (1.32 g, 4.53 mmol) 

was then dissolved in 4 mL of hexanes and added to the mixture slowly (H2 gas evolves in this 

step). The solution was kept in the glovebox and stirred overnight. The crude mixture was then 

removed from the glovebox, loaded directly onto silica gel, and eluted with 

hexanes:dichloromethane (1:1). The Rf of the product is ~0.4 in hexanes:dichloromethane = 1:1. 

The final product was collected as a clear oil and slowly solidified after drying in vacuo to afford 

an off-white powder (1.40 g, 74%). 1H NMR (500 MHz, CDCl3) δ 7.85 (s, 1H), 4.27 (t, J = 6.7 

Hz, 2H), 1.73 (dq, J = 9.1, 6.7 Hz, 2H), 1.47 – 1.39 (m, 2H), 1.36 – 1.28 (m, 16H), 0.93 – 0.87 (m, 

3H). 13C NMR (126 MHz, CDCl3) δ 162.2, 139.2, 132.7, 126.3, 84.9, 65.4, 31.7, 28.8, 25.9, 25.0, 

22.8, 14.2. Note: one aromatic signal is missing in the 13C NMR spectrum due to quadrupolar 

relaxation. HR-EIMS (m/z): [M]+ calculated for C17H26O4BrSB, 416.0828; found, 416.0832. 

Scheme 4.5. Synthesis of Monomer 4.3. 
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Synthesis of hexyl 4'-hexyl-[2,2'-bithiophene]-3-carboxylate (4C). In a N2 

filled glovebox, a 20 mL scintillation vial was charged with compound 4B 

(0.50 g, 1.72 mmol), 2-(4-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (0.51 g, 1.73 mmol), Pd(PPh3)4 (0.10 g, 0.087 mmol), K2CO3 (0.71 g, 5.14 mmol) 

and 10 mL of  dioxane. The vial was removed from the glovebox and 2 mL of water was added 

into the vial by syringe. The vial was then immersed in an oil bath at 95 °C and the solution was 

stirred for 12 h before cooling to room temperature. The mixture was transferred to a separatory 

funnel, diluted with 100 mL of diethyl ether and washed with water and brine. The organic layer 

was dried using Na2SO4, and concentrated using rotary evaporation. The crude material was 

purified using column chromatography on silica gel, eluting with hexanes:dichloromethane (3:1) 

to afford the final product as a clear oil (0.58 g, 89%). The Rf of the product is ~0.6 in 

hexanes:dichloromethane = 1:1. 1H NMR (500 MHz, CD2Cl2) δ 7.45 (d, J = 5.5 Hz, 1H), 7.26 (d, 

J = 1.4 Hz, 1H), 7.20 (d, J = 5.4 Hz, 1H), 7.01 (q, J = 1.1 Hz, 1H), 4.20 (t, J = 6.7 Hz, 2H), 2.61 

(t, J = 7.7 Hz, 2H), 1.70 – 1.59 (m, 4H), 1.41 – 1.25 (m, 12H), 0.94 – 0.84 (m, 6H). 13C NMR (126 

MHz, CD2Cl2) δ 163.7, 144.1, 143.6, 134.0, 131.1, 130.9, 128.7, 124.4, 122.8, 65.5, 32.3, 32.1, 

31.1, 31.0, 29.6, 29.2, 26.3, 23.22 and 23.15 (2 overlapping signals), 14.44 and 14.37 (2 

overlapping signals). HRMS (ESI-TOF) (m/z): [M + H]+ calculated for C21H31O2S2, 379.1765; 

found, 379.1772. 

Synthesis of hexyl 5'-bromo-4'-hexyl-[2,2'-bithiophene]-3-carboxylate 

(4D). Compound 4C (0.58 g, 1.53 mmol) was dissolved in 100 mL of benzene 

and the solution was cooled to 0 °C. N-Bromosuccinimide (0.30 g, 1.69 

mmol) was then added to the reaction mixture in portions while maintaining a temperature of 0 

°C. The reaction mixture was slowly warmed to room temperature and stirred overnight. The 
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mixture was quenched with 50 mL of a saturated NaHCO3 solution and the entire contents of the 

flask were transferred to a separatory funnel. The aqueous layer was extracted with diethyl ether 

(3 × 50 mL) and the combined organic extracts were washed with a saturated NaHCO3 solution 

and brine. The extracts were then dried over Na2SO4 and concentrated using rotary evaporation. 

The crude product was purified using column chromatography on silica gel, eluting with 

hexanes:dichloromethane (15:1) to afford the final product as a clear oil (0.45 g, 64%). The Rf of 

the product is ~0.4 in hexanes:dichloromethane = 7:3. 1H NMR (500 MHz, CDCl3) δ 7.46 (d, J = 

5.4 Hz, 1H), 7.17 (d, J = 5.4 Hz, 1H), 7.11 (s, 1H), 4.24 (t, J = 6.7 Hz, 2H), 2.56 (t, J = 7.7 Hz, 

2H), 1.73 – 1.64 (m, 2H), 1.64 – 1.56 (m, 2H), 1.41 – 1.24 (m, 12H), 0.94 – 0.84 (m, 6H). 13C 

NMR (126 MHz, CDCl3) δ 163.4, 142.8, 142.2, 133.6, 130.7, 130.1, 128.2, 124.0, 112.1, 65.3, 

31.8, 31.7, 29.9, 29.8, 29.2, 28.8, 25.9, 22.82 and 22.78 (2 overlapping signals), 14.3, 14.2. HRMS 

(ESI-TOF) (m/z): [M + H]+ calculated for C21H30O2S2Br, 457.0871; found, 457.0869. 

Synthesis of hexyl 5'-bromo-4'-hexyl-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-[2,2'-bithiophene]-3-carboxylate (4.3). In a N2 

filled glovebox, a 40 mL scintillation vial was charged with 

pinacolborane (HBPin) (0.50 g, 3.9 mmol), Di-μ-methoxobis(1,5-cyclooctadiene)diiridium (0.033 

g, 0.050 mmol) and 2 mL of dry hexanes. To this stirring mixture, 4,4'-Bis(di-t-butyl)-2,2'-

bipyridine (dtbbpy) (0.026 g, 0.097 mmol) in 2 mL of hexanes was added in portions and the 

mixture was stirred for 15 min. The color of the reaction mixture went from yellow to dark brown 

during that period. Compound 4D (1.50 g, 3.28 mmol) was then dissolved in 4 mL of hexanes and 

added to the reaction mixture slowly (H2 gas evolves in this step). The solution was kept in the 

glovebox and stirred overnight. The crude mixture was then removed from the glovebox, loaded 

directly onto silica gel, and eluted with gradient solvent conditions (hexanes:dichloromethane = 
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1:1, followed by dichloromethane). The Rf of the product is ~0.5 in hexanes:dichloromethane = 

1:1. The final product was collected as a green oil and, upon drying, slowly solidified to a light-

green solid (1.41 g, 74%). 1H NMR (500 MHz, CDCl3)
 δ 7.95 (s, 1H), 7.22 (s, 1H), 4.24 (t, J = 6.8 

Hz, 2H), 2.55 (t, J = 7.7 Hz, 2H), 1.75 – 1.64 (m, 2H), 1.64 – 1.53 (m, 2H), 1.43 – 1.20 (m, 24H), 

0.95 – 0.83 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 163.4, 149.0, 142.3, 140.6, 133.6, 130.4, 

128.7, 113.0, 84.8, 65.3, 31.8, 31.7, 29.8, 29.7, 29.1, 28.9, 25.9, 25.0, 22.79 and 22.76 (2 

overlapping signals), 14.3, 14.2. Note: one aromatic signal is missing in the 13C NMR spectrum 

due to quadrupolar relaxation. HRMS (ESI-TOF) (m/z): [M + H]+ calculated for C27H41O4S2BrB, 

583.1723; found, 583.1719. 

Model Compound Studies 

Representative procedure. In a N2 filled glove box, a 20 mL scintillation vial was charged with 

the dihalogenated thiophene (0.50 mmol), 4,4,5,5-tetramethyl-2-(thiophen-2-yl)-1,3,2-

dioxaborolane (ThBPin) (0.053 g, 0.25 mmol), K3PO4·H2O (0.14 g, 0.61 mmol) and either 1,3,5-

trimethoxybenzene (0.042 g, 0.25 mmol) or nonadecane (0.067 g, 0.25 mmol) as an internal 

standard. Finally, the catalyst (mol % relative to ThBPin) was added along with 3 mL of THF. The 

vial was sealed, and removed from the glovebox and an aliquot was analyzed using GC-MS (t = 0 

h). The vial was then placed in an oil bath at 50 °C and stirred for 24 h. An aliquot (0.1 mL) was 

then removed and subjected to GC-MS analysis while another aliquot (0.3 mL) was concentrated, 

dissolved in CDCl3, filtered through a 0.22 μm PTFE filter, and analyzed using 1H NMR 

spectroscopy. For the 1H NMR spectra, the methyl [2,2':5',2''-terthiophene]-3'-carboxylate was 

isolated from one of the reaction mixtures for comparison. 1H NMR (500 MHz, CDCl3) δ 7.53 (s, 

1H), 7.49 (dd, J = 3.7, 1.2 Hz, 1H), 7.42 (dd, J = 5.1, 1.2 Hz, 1H), 7.27 (dd, J = 5.3, 1.2 Hz, 1H), 

7.20 (dd, J = 3.6, 1.2 Hz, 1H), 7.06 (ddd, J = 11.9, 5.1, 3.7 Hz, 2H), 3.85 (s, 3H). Note: the signal 
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at 7.27 ppm overlapped with the solvent signal. Integration of the methyl carboxylate signal was 

used to determine the ratio of terthiophene:bithiophene. For the monosubstituted bithiophene 

product, two regioisomers are possible, but we did not identify the regioisomer formed. 

Conversion was determined in GC-MS by integration of the ThBPin signal to the internal standard. 

In the 1H NMR spectrum, the methyl groups of the borane moiety were integrated versus the 

internal standard. Representative crude NMR spectra and GC-MS chromatograms are shown 

below in Appendix 1.  

 
Table 4.3. Catalyst screening for dihalogenated thiophenes using Suzuki-Miyaura coupling. 

Dihalogen Catalyst Temp.  

(°C) 

mol % 

Cat. 

 

% Conv.  

GC-MSa 

% Terthiophene 

GC-MS (NMR) 

 

Ni(PPh3)IPrCl2 
50 5 99 99 (99) 

50 1 99 99 (99) 
 

Ni(1-Naph)(PCy3)2Br 
50 5 99 94 (97) 

50 1 72 44 (72) 
 

Ni(dppp)Cl2 
50 5 99 95 (96) 

50 1 82 97 (95) 

 PEPPSI-IPr 
50 5 99 52 (72) 

50 1 99 64 (78) 
 

Ni(PPh3)IPrCl2 
65 5 99 95 

50b 5 99 94 
 

Ni(PPh3)IPrCl2 
50 5 99 87 

50c 5 79 94 

aConversion is calculated based on the consumption of ThBpin.bRelative molar ratio of methyl-

2,5-dibromothiophene-3-carboxylate:ThBpin was 5:1. c0.2 mL of water was added to the reaction 

mixture at t = 0 h.  
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Polymerization Studies  

Scheme 4.6. Synthesis of P3HET. 

 

Representative procedure for P3HET synthesis. In a N2 filled glovebox, a 20 mL scintillation 

vial equipped with a Teflon screw cap was charged with a calculated amount of catalyst (mol % 

listed in Table 4.4), K3PO4·H2O (0.080 g, 0.35 mmol), nonadecane (0.080 g, 0.30 mmol) as the 

internal standard, and 5 mL of THF. The vial was capped, removed from the glovebox and the 

reaction mixture was stirred at room temperature. Monomer 4.1 (0.13 g, 0.31 mmol) in 2 mL of 

THF was injected into the solution to initiate the polymerization. After 30 s of stirring, an aliquot 

(0.2 mL) was withdrawn from the solution, quenched with methanol (1 mL), diluted with diethyl 

ether (1 mL) and subjected to GC-MS analysis. The reaction mixture was stirred at room 

temperature for 30 min before being placed in an oil bath at 50 °C. A final aliquot (0.2 mL) was 

withdrawn to determine the monomer conversion and the polymerization was quenched using 6 

M methanolic HCl solution. The precipitate was collected using vacuum filtration, then washed 

with methanol and acetone to remove any unreacted monomer and oligomers. The final polymer 

was collected as a red solid and dried in vacuo. 1H NMR (500 MHz, CDCl3) δ 7.86 (br s, 1H), 4.30 

(t, J = 6.8 Hz, 2H), 1.81 – 1.67 (m, 2H), 1.44 – 1.22 (m, 6H), 0.95 – 0.83 (m, 3H). 13C NMR (126 

MHz, CDCl3) δ 162.9, 143.1, 132.6, 132.4, 128.4, 65.6, 31.7, 28.9, 25.9, 22.8, 14.3. 
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Table 4.4. Optimization of P3HET synthesis from monomer 4.1. 

Catalyst % Cat. 

(mol) 

Time (min)a Mn (GPC) Ð Yield 

(%) 

Ni(PPh3)IPrCl2 5 630 7600 1.19 53 

Ni(PPh3)IPrCl2 2 80 16400 1.25 75 

Ni(PPh3)IPrCl2 1 140 30600 1.30 79 

Ni(1-Naph)(PCy3)2Br 5 90 4500 1.14 58 

Ni(1-Naph)(PCy3)2Br 2 300 10500 1.60 69 

PEPPSI-IPr 2 780 5500 1.28 20 

Ni(dppp)Cl2 2 720 13600 1.55 69 

aAll times listed were started when the vial was placed in the  50 °C oil bath. 

Scheme 4.7. Synthesis of P3HT. 

 

Representative procedure for P3HT synthesis. In a N2 filled glove box, a 20 mL scintillation 

vial equipped with a Teflon screw cap was charged with a calculated amount of catalyst (mol % 

listed in Table 4.5), K3PO4·H2O (0.080 g, 0.35 mmol), nonadecane (0.080 g, 0.30 mmol) as the 

internal standard, and 5 mL of THF. The vial was sealed, removed from the glovebox and the 

reaction mixture was stirred at room temperature. Monomer 4.2 (0.114 g, 0.31 mmol ) in 2 mL of 

THF was injected into the reaction mixture followed by degassed H2O then, the vial was immersed 

in an oil bath at 50 °C. The reaction mixture was sampled periodically and polymer aliquots were 

prepared by quenching ~0.2 mL of the polymer solution with ~2.0 mL of 6 M methanolic HCl. 

The precipitate was filtered and washed with methanol and acetone to remove any monomer and 

low molecular weight oligomers. The resultant polymer was dissolved in ~1 mL of THF with 

gentle heating, filtered through a 0.22 μm PTFE syringe filter, and analyzed using GPC  (relative 

to polystyrene) with THF as the eluent.  
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Table 4.5. Optimization of water content in P3HT synthesis from monomer 4.2. 

Catalyst % Cat. 

(mol) 

H2O (mL) Time (min) Mn (GPC) Ð 

Ni(PPh3)IPrCl2 2 0 1200 6200 1.65 

Ni(PPh3)IPrCl2 2 0.02 35 8100 1.54 

Ni(PPh3)IPrCl2 2 0.05 35 8700 1.50 

Ni(PPh3)IPrCl2 2 0.08 35 42100 1.37 

Ni(PPh3)IPrCl2 2 0.10 15 61300 1.13 

Ni(PPh3)IPrCl2
a 2 0.10 45 74400 1.30 

Ni(dppp)Cl2 2 0 1110 8200 1.54 

Ni(dppp)Cl2 2 0.05 140 16000 1.15 

Ni(dppp)Cl2 2 0.10 30 17100 1.09 

Ni(dppp)Cl2
b 2 0.10 60 18600 1.08 

a Isolated yield = 71%. b Isolated yield = 59%. 

Scheme 4.8. Synthesis of P3HET-a-P3HT. 

 

Representative procedure for P3HET-a-P3HT synthesis. In a N2 filled glovebox, a 20 mL 

scintillation vial equipped with a Teflon screw cap was charged with a calculated amount of 

catalyst (listed in Table 4.6 below), K3PO4·H2O (0.080 g, 0.35 mmol) and 5 mL of THF. The vial 

was capped, removed from the glovebox and the reaction mixture was stirred at room temperature. 

Monomer 4.3 (0.18 g, 0.31 mmol) in 2 mL of THF was injected into the reaction mixture followed 

by degassed H2O then, the vial was immersed in an oil bath at 50 °C. The reaction mixture was 

stirred for period of time and then, the polymerization was quenched using 6 M methanolic HCl 

solution. The precipitate was collected using vacuum filtration, then washed with methanol and 

acetone to remove any unreacted monomer and oligomers. The final polymer was collected as a 

purple solid and dried in vacuo. 1H NMR (500 MHz, CDCl3) δ 7.54 (s, 1H), 7.38 (s, 1H), 4.30 (t, 

J = 6.7 Hz, 2H), 2.80 (t, J = 7.9 Hz, 2H), 1.81 – 1.57 (m, 4H), 1.49 – 1.27 (m, 12H), 0.97 – 0.83 
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(m, 6H). 13C NMR (126 MHz, CDCl3) δ 163.3, 142.3, 140.9, 133.9, 132.5, 132.0, 129.1, 128.1, 

65.5, 31.9, 31.7, 30.8, 29.6, 29.5, 28.9, 26.0, 22.9, 22.8, 14.34 and 14.26 (2 overlapping signals). 

Note: only 7 of the 8 possible signals from the thiophene rings are visible due to similarities 

between chemical environments. 

Table 4.6. Synthesis of P3HET-a-P3HT from monomer 4.3. 

Catalyst % Cat. 

(mol) 

H2O (mL) Time (min) Mn (GPC) Ð Yield (%) 

Ni(PPh3)IPrCl2 2 0 210 27700 1.63 67 

Ni(PPh3)IPrCl2 2 0.10 60 22600 6.08 52 

Ni(dppp)Cl2 2 0.10 60 36500 1.13 59 

Ni(dppp)Cl2 1 0.10 120 49000 1.48 52 

Synthesis of Block Copolymers 

Using Ni(PPh3)IPrCl2 as the catalyst and synthesizing P3HT first. 

In a N2 filled glovebox, a 20 mL scintillation vial equipped with a Teflon screw cap was charged 

with Ni(PPh3)IPrCl2 (9.5 mg, 4 mol %), K3PO4·H2O (0.080 g, 0.35 mmol), nonadecane (0.080 g, 

0.30 mmol) as the internal standard, monomer 4.2 (0.114 g, 0.31 mmol ) and 7 mL of THF. The 

vial was capped and removed from the glovebox. Degassed water (0.1 mL) was then injected and 

the mixture was stirred at room temperature. After 10 s of stirring, an aliquot (0.2 mL) was 

withdrawn from the solution and subjected to GC-MS analysis. The reaction mixture was stirred 

at room temperature for 30 min before another aliquot (0.4 mL) was withdrawn to determine the 

monomer conversion and molecular weight of resultant polymer (Mn = 21100, Ð =1.14). Monomer 

4.1 (0.13 g, 0.31 mmol) in 2 mL of THF was then injected into the solution and the mixture was 

stirred at 40 °C for another 30 min. A final aliquot was withdrawn to determine the monomer 

conversion and molecular weight of the block copolymer (Mn = 29500, Ð =1.28). The 

polymerization was quenched using 6 M methanolic HCl solution. The precipitate was collected 
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using vacuum filtration, then washed with methanol and acetone to remove any unreacted 

monomer and oligomers. The final polymer was collected as a purple solid and dried in vacuo 

(54.3 mg, 46%). 

Using Ni(PPh3)IPrCl2 as the catalyst and synthesizing P3HET first. 

In a N2 filled glovebox, a 20 mL scintillation vial equipped with a Teflon screw cap was charged 

with Ni(PPh3)IPrCl2 (9.5 mg, 4 mol %), K3PO4·H2O (0.080 g, 0.35 mmol), nonadecane (0.080 g, 

0.30 mmol) as the internal standard, and 5 mL of THF. The vial was sealed and removed from the 

glovebox. Monomer 4.1 (0.13 g, 0.31 mmol) in 2 mL of THF was injected into the solution. After 

10 s of stirring at room temperature, an aliquot (0.2 mL) was withdrawn from the solution and 

subjected to GC-MS analysis. The reaction mixture was stirred at room temperature for 30 min 

before being placed in an oil bath at 50 °C. After 80 min, another aliquot (0.4 mL) was withdrawn 

to determine the monomer conversion and molecular weight of the resultant polymer (Mn = 4500, 

Ð = 1.19). The solution was then transferred via syringe to another vial containing monomer 4.2 

(0.114 g, 0.31 mmol) and K3PO4
.H2O (0.080 g, 0.35 mmol).  Degassed water (0.1 mL) was added 

to the mixture and, after stirring for 1 h at 50 °C, a final aliquot was withdrawn to determine the 

monomer conversion and molecular weight of the block copolymer (Mn = 12700, Ð =1.28). The 

polymerization was quenched using 6 M methanolic HCl solution. The precipitate was collected 

using vacuum filtration, then washed with methanol and acetone to remove any unreacted 

monomer and oligomers. The final polymer was collected as a purple solid and dried in vacuo 

(76.3 mg, 65%). 

Using Ni(dppp)Cl2 as the catalyst and growing P3HT first. 

In a N2 filled glovebox, a 20 mL scintillation vial equipped with a Teflon screw cap was charged 

with Ni(dppp)Cl2 (6.6 mg, 4 mol %), K3PO4·H2O (0.080 g, 0.35 mmol), nonadecane (0.080 g, 0.30 
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mmol) as the internal standard, and 5 mL of THF. The vial was capped and removed from the 

glovebox. Monomer 4.2 (0.114 g, 0.31 mmol) in 2 mL of THF was injected into the solution 

followed by degassed water (0.1 mL). After 10 s, an aliquot (0.2 mL) was withdrawn from the 

solution and subjected to GC-MS analysis. The vial was then placed in an oil bath at 40 °C and the 

reaction mixture was stirred for 1 h before another aliquot (0.4 mL) was withdrawn to determine 

the monomer conversion and molecular weight of resultant polymer (Mn = 11900, Ð = 1.08). The 

solution was then transferred via syringe to another vial containing monomer 4.1 (0.13 g, 0.31 

mmol) and K3PO4
.H2O (0.08 g, 0.35 mmol). The reaction mixture was stirred at 40 °C for 1 h and 

a final aliquot was withdrawn to determine the monomer conversion and molecular weight of the 

block copolymer (Mn = 15700, Ð =1.21). The polymerization was quenched using 6 M methanolic 

HCl solution. The precipitate was collected using vacuum filtration, then washed with methanol 

and acetone to remove any unreacted monomer and oligomers. The final polymer was collected as 

a purple solid and dried in vacuo (41 mg, 35%). 

Using Ni(dppp)Cl2 as the catalyst and growing P3HET first. 

In a N2 filled glovebox, a 20 mL scintillation vial equipped with a Teflon screw cap was charged 

with Ni(dppp)Cl2 (6.6 mg, 4 mol %), K3PO4·H2O (0.08 g, 0.35 mmol), nonadecane (0.08 g, 0.30 

mmol) as the internal standard, and 5 mL of THF. The vial was capped and removed from the 

glovebox. Monomer 4.1 (0.13 g, 0.31 mmol) in 2 mL of THF was injected into the solution, 

followed by degassed water (0.1 mL). After 10 s of stirring at room temperature, an aliquot (0.2 

mL) was withdrawn from the solution and subjected to GC-MS analysis. The vial was then placed 

in an oil bath at 40 °C and the reaction mixture was stirred for 1 h before another aliquot (0.4 mL) 

was withdrawn to determine the monomer conversion and molecular weight of resultant polymer 

(Mn = 3600, Ð = 1.10). The solution was then transferred via syringe to another vial containing 
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monomer 4.2 (0.114 g, 0.31 mmol) and K3PO4
.H2O (0.08 g, 0.35 mmol). Water (0.1 mL) was 

added and the mixture was stirred at 40 °C for 1 h when a final aliquot was withdrawn to determine 

the monomer conversion and molecular weight of the block copolymer (Mn = 10500, Ð =1.28). 

The polymerization was quenched using 6 M methanolic HCl solution. The precipitate was 

collected using vacuum filtration, then washed with methanol and acetone to remove any unreacted 

monomer and oligomers. The final polymer was collected as a purple solid and dried in vacuo (40 

mg, 34%). 

Optical Properties 

Table 4.7. Summary of optical properties of P3HET, P3HT-b-P3HET, P3HET-a-P3HT, P3HT. 

Polymer λmax CHCl3 λmax film Eg
opt (eV)a 

P3HET 435 505 2.17 

P3HT-b-P3HET 445 550 1.92 

P3HET-a-P3HT 452 627 1.85 

P3HT 453 560 1.89 

aDetermined by onset of absorption (UV-Vis). 
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Chapter 5 

Nickel-Catalyzed Suzuki CTP for Polythiophenes 

Incorporating π-Accepting Functional Groups 

 

5.1 Introduction 

 Since the discovery of organic semiconductors in 1977 by Shirakawa, MacDiarmid, and 

Heeger1, the majority of synthetic paths to semiconducting polymers have relied on transition-

metal-mediated step-growth polymerizations. In 2004, the first chain-growth polymerization 

process for conjugated polymers, now referred to as catalyst-transfer polycondensation (CTP), was 

reported.2 During the last decade a number of π-conjugated architectures featuring controlled 

molecular weights and topologies have been synthesized.3 The most widely studied CTP process 

employs a Kumada cross-coupling protocol where the propagating monomer is an 

organomagnesium species.4 In addition to being highly reactive, organomagnesium reagents are 

quite nucleophilic and limit the range of suitable monomers. Thus, one glaring limitation of CTP 

has been functional group scope.3c More mild cross-coupling strategies, such as Stille5 and Suzuki-

Miyaura6 reactions, have also been utilized to prepare conjugated polymers with molecular weight 

control and low polydispersity. Despite reports of Stille and Suzuki-Miyaura CTP, functional 

group scope has remained restricted until recently, when an ester functionalized thiophene 

monomer was polymerized in a controlled fashion using nickel-catalyzed Suzuki CTP.7 

 The poor photo-oxidative stability of conjugated polymers, especially alkyl substituted 

polythiophenes, originates from a low ionization potential or high-lying highest occupied 

molecular orbital (HOMO).8 Tuning of the alkyl side-chain substitution pattern or incorporation 

of co-monomers that disrupt the conjugation pathway have led to increasingly stable 
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polythiophenes.9 Additionally, the incorporation of HOMO stabilizing π-accepting groups has 

been reported to increase ambient stability.10 Furthermore, π-accepting groups are also prevalent 

in many donor-acceptor polymers11 or macromolecules capable of electron transport.12 To date, 

the controlled synthesis of conjugated copolymers featuring electron-deficient blocks has been 

limited to a few reports on benzotriazole13, benzothiadiazole14 and naphthalene diimide (via a 

radical Negishi process)15 (Chart 5.1) but the homopolymerization of n-type monomers has not 

been realized. Thus, the controlled synthesis of electron-deficient or n-type polymeric 

semiconductors remains intensely investigated. 

 

Chart 5.1. Donor-acceptor copolymers synthesized via chain-growth mechanism. The polymers 

are labeled according to their respective acceptor unit. 

 A substantial number of n-type materials feature the imide functional group.16 Rylene 

diimides17 and thiophene diimides18 are some of the most frequently appearing building blocks in 

low band gap donor-acceptor copolymers. However, the controlled synthesis of polymers featuring 

thiophene diimide blocks has not yet been realized. To investigate the suitability of imide 

functional groups in CTP, we envisioned the amide functional group as an appropriate starting 

point. Additionally, cyano substituted polythiophenes are known, though they have been prepared 

using uncontrolled step-growth polymerizations.19 Random poly(3-hexylthiophene) (P3HT)-based 

copolymers containing 5-20 mol % 3-cyanothiophene (CN-P3HT) presented increasingly 

stabilized HOMOs that correlated with 3-cyanothiophene content.19a,19b Furthermore, the 
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photochemical stability of CN-P3HT is significantly better than pristine P3HT, clearly 

highlighting the advantage of electron-withdrawing groups.20 

 To our knowledge, CTP with amide or cyano functional groups in conjugation with the 

monomer is unknown. Herein, we describe the controlled polymerization of amide-functionalized 

monomers and cyano-functionalized monomers using commercially available Ni(dppp)Cl2 in a 

Suzuki CTP process. 

5.2 Results and Discussion 

Scheme 5.1. Polymers prepared using Ni(dppp)Cl2 catalyzed Suzuki CTP. 

 

 Poly(N,N-dibutylthiophene-3-carboxamide) referred to as poly(3-dibutylamidethiophene) 

(P3DBAT) has not been reported (Scheme 5.1). Other amide substituted polythiophenes have been 
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prepared, but the polymers had low molecular weights with large polydispersities.21 The amide 

monomer (5.1) used in the study was prepared using a three-step synthesis starting from 3-

thiophenecarboxylic acid. Borylation of the thiophene ring with pinacolborane was achieved using 

an iridium-catalyzed direct borylation.22 

 The controlled synthesis of poly(3-hexylesterthiophene) (P3HET) was accomplished using 

nickel-catalyzed Suzuki coupling in THF with K3PO4·H2O at 50 °C.7 Monomer 5.1 is structurally 

similar to the ester monomer so a similar protocol was employed for the Suzuki-mediated synthesis 

of P3DBAT. Ni(PPh3)IPrCl2, Ni(1-Naph)(PCy3)2Br and Ni(dppp)Cl2 were screened, however, 

only Ni(dppp)Cl2 was active for monomer 5.1. Additionally, other bidentate phosphine ligated 

nickel catalysts were active, but Ni(dppp)Cl2 was superior in regards to reactivity and 

polydispersity. When employing 4 mol % Ni(dppp)Cl2, P3DBAT was obtained in reasonable yield 

(Table 5.1, entry 1). 

Table 5.1. Polymerization studies for monomers 5.1, 5.2, 5.3, and 5.4. 

Entry Monomer Ni  (mol %) Yield (%) Mn (GPC)a
 Đ Time (min) 

1 1 (4) 59 8,060 1.34 360 

2 1 (2) 78 13,500 1.28 180 

3 1 (1) 69 19,400 1.44 180 

4b 1 (2) 13 4,500 1.14 90 

5b 2 (4) 30 13,300 1.12 120 

6b 2 (2) 24 23,600 1.31 120 

7 2 (2) 81 13,700 1.61 720 

8c 3 (10) 65 1,500 1.09 45 

9c 4 (10) 39 1,800 1.13 50 

aGPC traces were recorded at 40 °C versus polystyrene standards using THF as the eluent. b0.05 

mL of H2O was added. c0.10 mL of H2O was added.  

Lowering the catalyst loading (Table 5.1, entries 2-3) allowed for molecular weight modulation 

while maintaining control of polydispersity. However, a small shoulder was sometimes observed 
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in the GPC profiles which is approximately double the molecular weight of the primary 

distribution and we believe this is a consequence of disproportionation.3b,3c When additional water 

is added to the polymerization reaction, a low molecular weight material is obtained in poor yield. 

We suspect this is due to competitive protodeborylation of the thiophene-based monomer.7,23 

 We also explored a similar protocol to polymerize 5.2, an alternating P3DBAT and P3HT 

comonomer (Scheme 5.1).  Using Ni(dppp)Cl2 and K3PO4·H2O at 50 °C, the polymerization 

proceeded in a relatively uncontrolled fashion (Table 5.1, entry 7). The addition of water 

drastically increased both the reaction rate and molecular weight, while also narrowing the 

polydispersity (Table 5.1, entries 5-6); this effect is consistent with previous reports.7,24 

Nevertheless, the sensitivity of 5.2 to aqueous alkaline conditions was noted as low yields were 

always obtained when additional water was added to the polymerization. 

 Block copolymers of P3DBAT and P3HT were also prepared, but the final copolymers had 

higher polydispersities than the initial polymer chains (Figure 5.1). The copolymerization can 

proceed starting from either block, despite the fact that water is a complicating factor as it is needed 

for controlled P3HT synthesis, but induces protodeborylation of monomer 5.1.7,24 P3DBAT can 

be prepared using 2 mol % Ni(dppp)Cl2 (Mw = 13000, Ð =1.15) after which, addition of the hexyl 

thiophene monomer and 0.1 mL of water to the reaction mixture afforded the desired block 

copolymer (P3DBAT-b-P3HT, Mw = 19200, Ð =1.49, 49%, Figure 5.1 – Top). P3HT can be 

prepared using 2 mol % Ni(dppp)Cl2 and 0.1 mL of water (Mw = 23100, Ð =1.10) after which, 

addition of monomer 5.1 to the reaction mixture afforded the block copolymer (P3HT-b-P3DBAT, 

Mn = 27200, Ð =1.44, 30%, Figure 5.1 – Bottom).  

 Monomers 5.3 and 5.4 were polymerized with similar conditions used for monomer 5.2 

(Scheme 5.1). P3CT-a-P3HT can be prepared using 10 mol % Ni(dppp)Cl2 (Table 5.1, entry 8). 
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Efforts to obtain higher molecular weight materials at lower catalyst loadings were unsuccessful, 

likely due to the strong aggregation of the polymer during the polymerization. The trimeric 

monomer (5.4) was also polymerized at high catalyst loadings (Table 5.1, entry 9), but similarly 

failed when targeting higher molecular weights. Similar to a previous report19b, the cyano 

containing polymers are plagued by poor solubility, thus preventing further analysis.  

 

Figure 5.1. GPC chromatograms for the block copolymers. Top – synthesizing P3HT first. 

Bottom – synthesizing P3DBAT first. 
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 The optical properties of P3DBAT, P3DBAT-a-P3HT, P3CT-a-P3HT, and P3CT-a-

P3HET-a-P3HT were probed both in solution and in the solid-state. The amide-thiophene 

polymers were compared to P3HT, P3HET, and P3HET-a-P3HT for reference (Figure 5.2).7 

P3DBAT (max = 490 nm) is significantly red-shifted as compared to both P3HT (max = 452 nm) 

and P3HET (max = 435 nm) in solution. However, in the solid-state, P3DBAT (Eg
opt = 2.09 eV) is 

blue-shifted to P3HT (Eg
opt = 1.89 eV) with a similar band gap to P3HET (Eg

opt = 2.17 eV). 

Interestingly, the solid-state absorption profile of P3DBAT is featureless (Figure 5.3), indicating 

a lack of order likely caused by significant steric twisting due to the amide group. The absorption 

profile of P3DBAT-a-P3HT (max = 462 nm) is slightly red-shifted to P3HT (max = 453 nm) and 

P3HET-a-P3HT (max = 452 nm). However, similarly to P3DBAT, the alternating copolymer (max 

= 540 nm, Eg
opt = 1.99 eV) is somewhat blue-shifted compared to P3HT (max = 560 nm, Eg

opt = 

1.89 eV) and P3HET-a-P3HT (max = 627 nm, Eg
opt = 1.85 eV) in the solid-state. 

 

Figure 5.2. Solution (CHCl3) and solid-state UV-vis spectra for amide polymers with P3HT, 

P3HET, and P3HET-a-P3HT included for reference. 

 The cyano-thiophene polymers were compared to P3HT (Figure 5.3). P3CNT-a-P3HT 

(max = 473 nm) is significantly red-shifted (~21 nm) to P3HT in solution. Yet, P3CNT-a-P3HT 

(Eg
opt = 1.90 eV) has an absorption profile nearly identical to P3HT in the solid-state. A previously 
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reported random copolymer of P3HT:P3CT (5:1) (Eg
opt = 1.86 eV) has a slightly lower band gap 

than our alternating polymer, likely explained by the larger molecular weight (Mn = 14,000) for 

the random copolymer.19a,19b The solution absorption of P3CT-a-P3HET-a-P3HT (max = 460 nm) 

is slightly red-shifted to P3HT. In the solid-state, the band gap of P3CT-a-P3HET-a-P3HT is 

nearly identical to P3HT; however, the vibronic band (max = 605 nm) becomes the dominant 

absorption feature. Impressively, the band gaps of P3CNT-a-P3HT and P3CT-a-P3HET-a-P3HT 

are quite similar to P3HT despite their significantly lower molecular weights. 

 

Figure 5.3. Solution (o-dichlorobenzene–cyano polymers, CHCl3–P3HT) and solid-state UV-vis 

spectra for cyano polymers with P3HT included for reference. 

5.3 Conclusion 

 We have demonstrated the first example of controlled polythiophenes bearing π-accepting 

amide and cyano groups. Using a Suzuki catalyst-transfer polycondensation (CTP) with readily 

available Ni(dppp)Cl2,  the amide-functionalized polythiophene could be obtained with molecular 

weight control, and block copolymers were synthesized with 3-hexylthiophene. The cyano-

functionalized comonomers were also polymerized, but the resultant materials were found to be 

highly insoluble. Our nickel–catalyzed Suzuki protocol has now been applied to a diverse range 
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of functional groups. Using this protocol, the controlled synthesis of more sophisticated donor-

acceptor copolymers or n-type homopolymers should be achievable.  

5.4 Experimental Section 

Materials and Methods. All reactions and manipulations of air and water sensitive compounds 

were carried out under a dry nitrogen atmosphere using an mBraun glovebox or standard Schlenk 

techniques. All compounds were purchased from commercial sources and used as received. 2-(4-

3-Bromohexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (hexyl thiophene 

monoer)7,25, 2-bromo-3-thiophene carboxylic acid7 and 2-bromothiophene-3-carbonitrile19b were 

synthesized according to literature procedures. All reaction solvents (tetrahydrofuran, 

dichloromethane, diethyl ether) were degassed with argon and dried prior to use. All solvents and 

chemicals used for extraction and column chromatography were used as received. Polymer 

samples were precipitated with 6 M methanolic HCl and washed with only methanol before GPC, 

NMR, and UV-vis analysis.  

NMR analysis. All NMR experiments were collected at 300 K on a two-channel Bruker Avance 

III NMR instrument equipped with a Broad Band Inverse (BBI) probe, operating at 500 MHz for 

1H (126 MHz for 13C). 1H NMR spectra are referenced to residual protio solvent (7.26 for CHCl3, 

5.32 for CHDCl2, and 7.16) and 13C NMR spectra are referenced to the solvent signal (δ 77.23 for 

CDCl3, 54.00 for CD2Cl2). 

Mass Spectrometry. High Resolution Electron Impact Mass Spectrometry (HRMS), Electrospray 

Mass Spectrometry (ESI-MS) and MALDI-TOF Mass Spectrometry were performed in the School 

of Chemical Sciences Mass Spectrometry Laboratory at the University of Illinois, Urbana-

Champaign. 
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UV-Vis Spectroscopy. UV-vis spectra of polymers were recorded on a Varian Cary 5000 

spectrophotometer. Solution measurements were conducted in CHCl3 at 0.01 mg/mL concentration 

for P3DBAT, P3DBAT-a-P3HT and in o-dichlorobenzene at 0.01 mg/mL concentration for P3CT-

a-P3HT and P3CT-a-P3HET-a-P3HT. Thin film samples were prepared from a spin-coating 

process.  22 × 22 mm glass cover slips were cleaned by spraying with fresh acetone, isopropanol 

and dried under a jet of filtered, dry nitrogen. P3DBAT and P3DBAT-a-P3HT solutions (2.5 

mg/mL) in dry toluene were heated to 80 °C in amber glass vials for 10 min, filtered through a 

0.22 μm PTFE syringe filter using a glass syringe, and re-heated for 5 min prior to spin-casting 

from hot solutions. The same conditions were used for P3CT-a-P3HT and P3CT-a-P3HET-a-

P3HT except films were cast from o-dichlorobenzene (1 mg/mL) after heating to 150 °C.  The 

spin-coating conditions consisted of three cycles, a 400 RPM spreading cycle for 5 s, a 1000 RPM 

main cycle for 30 s and a 2000 RPM wicking cycle for 15 s. The films were annealed at 150°C for 

1 h under N2.  

Gel-Permeation Chromatography. GPC measurements were performed on a Waters Instrument 

equipped with a 717 plus autosampler, a Waters 2414 refractive index (RI) detector and two SDV 

columns (Porosity 1000 and 100000 Å; Polymer Standard Services) with THF as the eluent (flow 

rate 1 mL/min, 40 °C). For P3CT-a-P3HT and P3CT-a-P3HET-a-P3HT (0.5 mg/mL sample 

concentration), o-dichlorobenzene was used as the eluent (flow rate 1 mL/min, 140 °C).  A 10-

point calibration based on polystyrene standards (Polystyrene, ReadyCal Kit, Polymer Standard 

Services) was applied for determination of molecular weights. All polymer aliquots subjected to 

GPC analysis were prepared by quenching ~0.2 mL of the polymer solution with ~2.0 mL of 6 M 

methanolic HCl. The precipitate was filtered and washed with methanol to remove any monomer. 
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The resultant polymer was dissolved in ~1 mL of THF, filtered through a 0.22 μm PTFE syringe 

filter and analyzed. 

Experimental Procedures 

Synthesis of hexyl thiophene-3-carboxylate. An oven-dried 250 mL Schlenk 

flask was charged with thiophene-3-carboxylic acid (6.41 g, 50.0 mmol), K2CO3 

(20.73 g, 150 mmol) and 60 mL of dimethylformamide. 1-Bromohexane (16.51 g, 100 mmol) was 

subsequently added by syringe. The flask was immersed in an oil bath at 90 °C and the solution 

was stirred for 12 h under a N2 atmosphere. The reaction mixture was cooled to room temperature, 

diluted with 200 mL of water and transferred to a 500 mL separatory funnel. The aqueous layer 

was extracted with diethyl ether (4 × 100 mL) and the combined organic extracts were washed 

with water (2 x 50 mL) and brine (50 mL), then dried over MgSO4 and concentrated using rotary 

evaporation. The crude product was purified using column chromatography on silica gel eluting 

with hexanes, followed by hexanes:dichloromethane (2:1) to afford the final product as a light 

yellow oil. The Rf of the product is ~0.7 in hexanes:dichloromethane = 2:1. The impure compound 

was then distilled (150 mTorr, 95 °C(Bath Temp.)) to afford the product as a clear oil (10.34 g, 97%)  

The 1H and 13C NMR spectra were compared to a previous report.26 

Synthesis of hexyl 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)thiophene-3-carboxylate. In a N2 filled glovebox, a 100 mL round 

bottom flask was charged with pinacolborane (HBpin) (4.61 g, 36.00 mmol), di-μ-methoxobis(1,5-

cyclooctadiene)diiridium (0.298 g, 0.45 mmol) and 15 mL of dry hexanes. To this stirring mixture, 

4,4'-Bis(di-t-butyl)-2,2'-bipyridine (dtbbpy) (0.241 g, 0.90 mmol) in 15 mL of hexanes was added 

in portions and the mixture was stirred for 5 min. The color of the reaction mixture went from 
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yellow to dark brown during that period. Hexyl thiophene-3-carboxylate (6.37 g, 30.0 mmol) was 

then dissolved in 15 mL of hexanes and added to the mixture slowly (H2 gas evolves in this step). 

The solution was kept in the glovebox and stirred overnight. The crude mixture was then removed 

from the glovebox, loaded directly onto silica gel, and eluted using gradient solvent conditions 

(hexanes:dichloromethane = 1:1 to dichloromethane). The Rf of the product is ~0.3 in 

dichloromethane. The final product was collected as a clear, viscous oil (9.42 g, 93%). 1H NMR 

(500 MHz, CDCl3) δ 8.33 (d, J = 0.8 Hz, 1H), 8.02 (m, J = 0.8 Hz, 1H), 4.25 (t, J = 6.7 Hz, 1H), 

1.76 – 1.67 (m, 1H), 1.45 – 1.36 (m, 1H), 1.35 (s, 6H), 1.36 – 1.25 (m, 3H), 0.93 – 0.86 (m, 1H). 

13C NMR (126 MHz, CDCl3) 163.0, 139.1, 138.0, 135.5, 84.7, 65.1, 31.7, 28.9, 25.9, 25.0, 22.8, 

14.2. Note: one aromatic signal is missing in the 13C NMR spectrum due to quadrupolar relaxation. 

HR-EIMS (m/z): [M + H]+ calculated for C17H28O4BS, 339.1801; found, 339.1788. 

Scheme 5.2. Synthesis of Monomer 5.1.  

 

Synthesis of 2-bromo-N,N-dibutylthiophene-3-carboxamide (5A). An 

oven-dried 100 mL Schlenk flask was charged with 2-bromo-thiophene-3-

carboxylic acid (3.10 g, 15.0 mmol) and 10 mL thionyl chloride. The reaction mixture was heated 

to 65 °C and stirred for 2 h. Excess thionyl chloride was removed in vacuo, followed by the 

addition of 30 mL diethyl ether. The flask was cooled to 0 °C using an ice bath and dibutylamine 

(6.1 mL, 36.0 mmol) was slowly added to the flask. The mixture was stirred at room temperature 

for 1 h and, an aliquot was removed and analyzed using GC-MS to confirm formation of the 

product. The reaction mixture was then transferred to a separatory funnel and 1 M HCl solution 
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(30 mL) was added. The organic layer was separated and the aqueous layer was extracted with 

diethyl ether (2  30 mL). The combined organic extracts were washed with brine (30 mL), dried 

over MgSO4 and concentrated to yield a dark brown oil. The compound was purified by column 

chromatography on silica gel eluting with hexanes:ethyl acetate = 5:1 to afford the title compound 

as a light brown oil (4.29 g, 90%). The Rf of the product is ~0.4 with hexanes:ethyl acetate = 5:1. 

1H NMR (500 MHz, CD2Cl2) δ 7.31 (d, J = 5.6 Hz, 1H), 6.88 (d, J = 5.6 Hz, 1H), 3.46 (t, J = 7.4 

Hz, 2H), 3.16 (t, J = 7.4 Hz, 2H), 1.63 (p, J = 7.6 Hz, 2H), 1.43 (dp, J = 22.3, 7.4 Hz, 4H), 1.15 

(q, J = 7.3 Hz, 2H), 0.97 (t, J = 7.3 Hz, 3H), 0.79 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CD2Cl2) 

δ 165.8, 139.0, 127.9, 127.5, 110.2, 48.8, 45.0, 31.4, 30.2, 20.9, 20.3, 14.3, 13.9. HRMS (ESI-

TOF) (m/z): [M + H]+ calculated for C13H21NOSBr, 318.0527; found, 318.0533. 

Synthesis of N,N-dibutyl 2-bromo-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)thiophene-3-carboxamide (5.1). In a N2 filled 

glovebox, a 40 mL scintillation vial was charged with pinacolborane (HBpin) (1.20 g, 9.38 mmol), 

di-μ-methoxobis(1,5-cyclooctadiene)diiridium (0.062 g, 0.094 mmol) and 4 mL of dry hexanes. 

To this mixture, 4,4'-Bis(di-t-butyl)-2,2'-bipyridine (dtbbpy) (0.051 g, 0.19 mmol) in 4 mL of 

hexanes was added in portions and the mixture was stirred for 5 min. The color of the reaction 

mixture went from yellow to dark brown during that period. Compound A (2.0 g, 6.28 mmol) was 

then dissolved in 4 mL of THF and added to the mixture slowly (H2 gas evolves in this step). The 

reaction vial was sealed, transferred from the glovebox into an oil bath at 40 °C, and stirred 

overnight. After cooling to room temperature, the crude mixture was loaded directly onto silica 

gel, and eluted using gradient solvent conditions (dichloromethane, followed by 

dichloromethane:ethyl acetate = 5:1). The Rf of the product is ~0.3 in dichloromethane:ethyl 

acetate = 20:1. The final product was isolated as a maroon oil (2.68 g, 96 %). 1H NMR (500 MHz, 
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CDCl3) δ 7.35 (s, 1H), 3.52 – 3.45 (m, 2H), 3.19 – 3.11 (m, 2H), 1.62 (p, J = 7.5 Hz, 2H), 1.43 

(dp, J = 22.4, 7.4 Hz, 4H), 1.32 (s, 12H), 1.15 (h, J = 8.1, 7.3 Hz, 2H), 0.96 (t, J = 7.4 Hz, 3H), 

0.79 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 165.6, 139.8, 136.5, 117.3, 84.7, 48.5, 

44.5, 31.0, 29.8, 24.9, 20.5, 20.0, 14.1, 13.8. Note: one aromatic signal is missing in the 13C NMR 

spectrum due to quadrupolar relaxation. HR-EIMS (m/z): [M]+ calculated for C19H32BNO3SBr, 

444.1379; found, 444.1389. 

Scheme 5.3. Synthesis of Monomer 5.2. 

 

Synthesis of N,N-dibutyl-4'-hexyl-[2,2'-bithiophene]-3-carboxamide 

(5B). An oven-dried 100 mL Schlenk flask was charged with Compound 5A 

(2.67 g, 8.39 mmol), 2-(4-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (2.59 g, 8.80 mmol), Ni(dppp)Cl2 (0.091 g, 0.17 mmol), K3PO4·H2O (3.86 g, 16.8 

mmol) and 20 mL of THF. The flask was then immersed in an oil bath at 60 °C and the solution 

was stirred 24 hours before cooling to room temperature. The mixture was diluted with 20 mL of 

dichloromethane and gravity filtered. The flask was washed with 3 portions of dichloromethane 

(30 mL) and the filtrate collected. The combined organic portions were dried with MgSO4 and 

concentrated using rotary evaporation. The crude material was purified using column 

chromatography on silica gel, eluting with hexanes:ethyl acetate = 4:1 to afford the final product 

as a yellow oil (1.31 g, 39%). The Rf of the product is ~0.4 in hexanes:ethyl acetate (4:1). 1H NMR 

(500 MHz, CDCl3) δ 7.19 (d, J = 5.2 Hz, 1H), 7.04 (d, J = 1.4 Hz, 1H), 6.96 (d, J = 5.2 Hz, 1H), 

6.85 (d, J = 1.3 Hz, 1H), 3.50 – 3.40 (m, 2H), 3.06 – 2.96 (m, 2H), 2.61 – 2.48 (m, 2H), 1.60 (dq, 

J = 15.0, 7.5 Hz, 4H), 1.40 – 1.21 (m, 10H), 1.05 (h, J = 7.4 Hz, 2H), 0.95 (t, J = 7.4 Hz, 3H), 0.92 
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– 0.84 (m, 3H), 0.72 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 167.6, 144.3, 134.6, 133.9, 

133.5, 127.8, 127.6, 124.8, 120.8, 48.6, 45.0, 31.9, 30.8, 30.7, 30.6, 29.5, 29.2, 22.8, 20.6, 20.0, 

14.2, 13.8. HRMS (ESI-TOF) (m/z): [M + H]+ calculated for C23H36NOS2, 406.2238; found, 

406.2247. 

Synthesis of 5'-bromo-N,N-dibutyl-4'-hexyl-[2,2'-bithiophene]-3-

carboxamide (5C). Compound 5B (1.14 g, 2.81 mmol) was dissolved in 

10 mL of DMF and the solution was cooled to 0 °C. N-Bromosuccinimide 

(0.55 g, 3.09 mmol), dissolved in 4 mL DMF was added to the reaction mixture dropwise over 20 

minutes while maintaining a temperature of 0 °C. The reaction mixture was slowly warmed to 

room temperature in the bath and stirred overnight. The mixture was quenched with 50 mL of a 

saturated NaHCO3 solution and the entire contents of the flask were transferred to a separatory 

funnel. The aqueous layer was extracted with diethyl ether (3 × 50 mL) and the combined organic 

extracts were washed with a saturated NaHCO3 solution (20 mL) and brine (20 mL). The combined 

organic extracts were then dried over Na2SO4 and concentrated using rotary evaporation. The 

crude material was purified using column chromatography on silica gel, eluting with hexanes:ethyl 

acetate = 4:1 to afford the final product as a yellow oil (1.11 g, 82%). The Rf of the product is ~0.4 

in hexanes:ethyl acetate (4:1).  1H NMR (500 MHz, CDCl3) δ 7.22 (d, J = 5.2 Hz, 1H), 6.95 (d, J 

= 5.2 Hz, 1H), 6.91 (s, 1H), 3.52 – 3.36 (m, 2H), 3.08 – 2.96 (m, 2H), 2.56 – 2.45 (m, 2H), 1.58 

(dp, J = 23.6, 7.5 Hz, 4H), 1.32 (dp, J = 22.6, 7.8 Hz, 10H), 1.06 (h, J = 7.4 Hz, 2H), 0.96 (t, J = 

7.4 Hz, 3H), 0.92 – 0.84 (m, 3H), 0.73 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 167.3, 

143.1, 134.5, 133.9, 133.0, 127.8, 127.1, 125.2, 109.7, 77.2, 48.7, 45.1, 31.8, 30.9, 29.9, 29.8, 29.6, 

29.1, 22.8, 20.6, 20.0, 14.3, 14.2, 13.8. HRMS (ESI-TOF) (m/z): [M + H]+ calculated for 

C23H35NOS2Br, 484.1348; found, 484.1343. 
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Synthesis of 5'-bromo-N,N-dibutyl-4'-hexyl-5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)-[2,2'-bithiophene]-3-

carboxamide (5.2). In a N2 filled glovebox, a 40 mL scintillation vial 

was charged with pinacolborane (HBPin) (0.412 g, 3.2 mmol), Di-μ-methoxobis(1,5-

cyclooctadiene)diiridium (0.043 g, 0.065 mmol) and 3 mL of dry hexanes. To this mixture, 4,4'-

Bis(di-t-butyl)-2,2'-bipyridine (dtbbpy) (0.035 g, 0.13 mmol) in 3 mL of hexanes was added in 

portions and the mixture was stirred for 15 min. The color of the reaction mixture went from yellow 

to dark brown during that period. Compound 5C (1.04 g, 2.15 mmol) was then dissolved in 2 mL 

of hexanes and added to the reaction mixture slowly (H2 gas evolves in this step). The reaction vial 

was sealed, transferred out of the glovebox to an oil bath at 40 °C, and stirred overnight. After 

cooling to room temperature, the crude mixture was loaded directly onto silica gel, and eluted with 

a gradient solvent conditions (dichloromethane, followed by dichloromethane:acetone = 40:1).  

The Rf of the product is ~0.3 in dichloromethane. The final product was collected as a brown oil 

(0.98 g, 75%). 1H NMR (500 MHz, CDCl3)
 δ 7.41 (s, 1H), 6.96 (s, 1H), 3.50 – 3.40 (m, 2H), 3.07 

– 2.96 (m, 2H), 2.55 – 2.44 (m, 2H), 1.64 – 1.50 (m, 4H), 1.40 – 1.20 (m, 24H), 1.04 (h, J = 7.3 

Hz, 2H), 0.96 (t, J = 7.4 Hz, 3H), 0.91 – 0.82 (m, 3H), 0.71 (t, J = 7.3 Hz, 3H). 13C NMR (126 

MHz, CDCl3) δ 167.2, 143.2, 139.5, 137.3, 135.0, 134.6, 127.4, 110.4, 84.6, 48.8, 45.0, 31.8, 30.9, 

29.8, 29.7, 29.6, 29.1, 25.0, 22.8, 20.6, 20.0, 14.3, 14.1, 13.8. Note: one aromatic signal is missing 

in the 13C NMR spectrum due to quadrupolar relaxation. HRMS (ESI-TOF) (m/z): [M]+ calculated 

for C29H45BBrNO3S2, 609.2117; found, 609.2106. 
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Scheme 5.4. Synthesis of Monomer 5.3. 

 

Synthesis of 4'-hexyl-[2,2'-bithiophene]-3-carbonitrile (5D). An oven-

dried 100 mL Schlenk flask was charged with 2-bromo-thiophene-3-

carbonitrile (1.22 g, 6.47 mmol), 2-(4-hexylthiophen-2-yl)-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane (2.00 g, 6.79 mmol), PEPPSI-IPr (0.439 g, 0.065 mmol), K3PO4 

(2.74 g, 12.9 mmol),  20 mL of THF and 2.5 mL of degassed water. The flask was then immersed 

in an oil bath at 60 °C and the solution was stirred overnight before cooling to room temperature. 

The mixture was diluted with 30 mL of dichloromethane and gravity filtered. The flask was washed 

with 3 portions of dichloromethane (30 mL) and the filtrate collected. The combined organic 

solution was dried using MgSO4 and concentrated using rotary evaporation. The crude material 

was purified using column chromatography on silica gel, eluting with hexanes:ethyl acetate = 20:1 

to afford the final product as a light yellow oil (1.60 g, 90%). The Rf of the product is ~0.25 in 

hexanes:ethyl acetate = 20:1. 1H NMR (500 MHz, CDCl3) δ 7.43 (s, 1H), 7.19 (s, 2H), 7.00 (s, 

1H), 2.67 – 2.58 (m, 2H), 1.64 (p, J = 7.5 Hz, 2H), 1.41 – 1.23 (m, 6H), 0.89 (t, J = 6.7 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 147.5, 144.9, 132.9, 130.2, 128.7, 124.4, 122.6, 116.0, 105.1, 31.9, 

30.9, 29.2, 22.8, 14.3. HRMS (ESI-TOF) (m/z): [M]+ calculated for C15H17NS2, 275.0800; found, 

275.0802. 

Synthesis of 5'-bromo-4'-hexyl-[2,2'-bithiophene]-3-carbonitrile (5E). 

Compound 5D (1.60 g, 5.81 mmol) was dissolved in 20 mL of DMF and the 

solution was cooled to 0 °C. N-Bromosuccinimide (1.49 g, 8.37 mmol), 
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dissolved in 5 mL DMF was added to the reaction mixture dropwise over 20 minutes while 

maintaining a temperature of 0 °C. The reaction mixture was slowly warmed to room temperature 

and stirred overnight. The mixture was quenched with 50 mL of a saturated NaHCO3 solution and 

the entire contents of the flask were transferred to a separatory funnel. The aqueous layer was 

extracted with diethyl ether (3 × 50 mL) and the combined organic extracts were washed with a 

saturated NaHCO3 solution (20 mL) and brine (20 mL). The combined extracts were then dried 

over Na2SO4 and concentrated using rotary evaporation. The crude product was purified using 

column chromatography on silica gel, eluting with hexanes:dichloromethane (3:1). A subsequent 

purification with column chromatography on silica gel using the same conditions afforded the final 

product as a light yellow oil that solidified upon standing (1.39 g, 67%). The Rf of the product is 

~0.4 in hexanes:dichloromethane = 1:1. 1H NMR (500 MHz, CD2Cl2) δ 7.28 (t, J = 2.7 Hz, 2H), 

7.22 (d, J = 5.4 Hz, 1H), 2.63 – 2.55 (m, 2H), 1.62 (p, J = 7.4 Hz, 2H), 1.41 – 1.28 (m, 6H), 0.96 

– 0.83 (m, 3H). 13C NMR (126 MHz, CD2Cl2) δ 146.5, 144.3, 133.2, 130.7, 128.7, 125.6, 115.9, 

112.1, 106.0, 32.2, 30.2, 30.1, 29.4, 23.2, 14.4. HRMS (ESI-TOF) (m/z): [M ]+ calculated for 

C15H16NS2Br, 352.9908; found, 352.9920. 

 Synthesis of 5'-bromo-4'-hexyl-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-[2,2'-bithiophene]-3-carbonitrile (5.3). In a N2 

filled glovebox, a 40 mL scintillation vial was charged with 

pinacolborane (HBPin) (0.56 g, 4.4 mmol), Di-μ-methoxobis(1,5-cyclooctadiene)diiridium (0.036 

g, 0.054 mmol) and 4 mL of dry hexanes. To this mixture, 4,4'-Bis(di-t-butyl)-2,2'-bipyridine 

(dtbbpy) (0.030 g, 0.11 mmol) in 4 mL of hexanes was added in portions and the mixture was 

stirred for 15 min. The color of the reaction mixture went from yellow to dark brown during that 

period. Compound 5E (1.30 g, 3.67 mmol) was then dissolved in 4 mL of THF and added to the 
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reaction mixture slowly (H2 gas evolves in this step). The solution was kept in the glovebox and 

stirred overnight. The crude mixture was then removed from the glovebox, loaded directly onto 

silica gel, and eluted with a gradient solvent conditions (hexanes:dichloromethane = 1:1, followed 

by dichloromethane).  The Rf of the product is ~0.5 in dichloromethane. The final product was 

collected as a light yellow oil and, upon drying, solidified to a light-brown solid (1.40 g, 95%). 1H 

NMR (500 MHz, CDCl3)
 δ 7.65 (s, 1H), 7.33 (s, 1H), 2.60 – 2.54 (m, 2H), 1.59 (q, J = 7.6 Hz, 

2H), 1.38 – 1.28 (m, 18H), 0.93 – 0.85 (m, 3H). 13C NMR (126 MHz, CDCl3) δ 151.4, 143.9, 

139.9, 133.0, 128.5, 115.6, 112.6, 106.4, 85.2, 31.8, 29.8, 29.1, 25.0, 22.8, 14.3. Note: one aromatic 

signal is missing in the 13C NMR spectrum due to quadrupolar relaxation. HRMS (ESI-TOF) (m/z): 

[M + H]+ calculated for C21H27NO2S2BBr, 479.0760; found, 479.0768. 

Scheme 5.5. Synthesis of Monomer 5.4. 

 

Synthesis of hexyl 3'-cyano-[2,2'-bithiophene]-4-carboxylate (5F). 

An oven-dried 100 mL Schlenk flask was charged with 2-

bromothiophene-3-carbonitrile (2.26 g, 12.00 mmol), hexyl 5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-3-carboxylate (4.47 g, 1.73 mmol), PEPPSI-IPr 

(0.163 g, 0.24 mmol), K3PO4 (5.09 g, 24.01 mmol), 40 mL of THF and 5 mL of degassed water. 

The flask was then immersed in an oil bath at 60 °C and the solution was stirred overnight before 

cooling to room temperature. The mixture was diluted with 30 mL of dichloromethane and gravity 
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filtered. The flask was washed with 3 portions of dichloromethane (30 mL) and the filtrate was 

collected. The combined organic fractions were dried using MgSO4 and concentrated using rotary 

evaporation. The crude material was purified using column chromatography on silica gel, eluting 

with hexanes:ethyl acetate (7:1) to afford the final product as a clear oil (3.33 g, 87%). The Rf of 

the product is ~0.3 in hexanes:ethyl acetate = 7:1. 1H NMR (500 MHz, CDCl3) δ 8.16 – 8.13 (m, 

1H), 7.89 (d, J = 1.2 Hz, 1H), 7.29 (d, J = 5.4 Hz, 1H), 7.24 (d, J = 5.4 Hz, 1H), 4.29 (t, J = 6.8 

Hz, 2H), 1.75 (p, J = 6.9 Hz, 2H), 1.43 (p, J = 6.9 Hz, 2H), 1.34 (dt, J = 7.3, 3.7 Hz, 4H), 0.97 – 

0.85 (m, 3H). 13C NMR (126 MHz, CDCl3) δ 162.3, 145.8, 135.0, 133.9, 133.8, 130.4, 127.9, 

125.7, 115.3, 106.6, 65.5, 31.7, 28.8, 25.9, 22.8, 14.2. HRMS (ESI-TOF) (m/z): [M + H]+ 

calculated for C16H18NO2S2, 320.0779; found, 320.0768. 

Synthesis of hexyl 5-bromo-3'-cyano-[2,2'-bithiophene]-4-

carboxylate (5G). Compound 5F (1.65 g, 5.17 mmol) was dissolved 

in 100 mL of THF and the solution was cooled to 0 °C. 1.0 M 

TMP·MgCl·LiCl (7.1 mL, 7.1 mmol) was added to the reaction mixture dropwise over 10 minutes 

while maintaining a temperature of 0 °C. The reaction mixture was stirred for 30 minutes at 0 °C 

before adding carbon tetrabromide (1.88 g, 5.67 mmol) in one portion. The mixture was stirred at 

room temperature overnight before quenching with 20 mL of 2 M HCl solution and the entire 

contents of the flask were transferred to a separatory funnel. The aqueous layer was extracted with 

diethyl ether (3 × 50 mL) and the combined organic extracts were washed with 2 M HCl solution 

(20 mL) and brine (20 mL). The combined organic extracts were then dried over Na2SO4 and 

concentrated using rotary evaporation. The crude product was purified via recrystallization from 

hot hexanes followed by column chromatography on silica gel, eluting with hexanes:ethyl acetate 

(15:1) to afford the final product as an off-white solid (0.99 g, 48%). The Rf of the product is ~0.4 
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in hexanes: ethyl acetate = 7:1. 1H NMR (500 MHz, CDCl3) δ 7.73 (s, 1H), 7.31 (s, 1H), 7.24 (d, 

J = 5.3 Hz, 1H), 4.31 (t, J = 6.7 Hz, 2H), 1.77 (dt, J = 14.6, 6.8 Hz, 2H), 1.45 (p, J = 7.2 Hz, 2H), 

1.34 (dq, J = 7.1, 3.7 Hz, 4H), 0.94 – 0.86 (m, 3H). 13C NMR (126 MHz, CDCl3) δ 161.6, 144.8, 

133.1, 132.5, 130.5, 129.0, 126.0, 121.6, 115.1, 106.9, 65.8, 31.63, 28.8, 25.9, 22.8, 14.2. HRMS 

(ESI-TOF) (m/z): [M]+ calculated for C16H17NBrS2O2, 397.9884; found, 397.9881. 

Synthesis of Hexyl 3''-cyano-4-hexyl-[2,2':5',2''-terthiophene]-3'-

carboxylate (5H). In a N2 filled glovebox, a 20 mL scintillation vial 

was charged with compound 5G (0.57 g, 1.43 mmol), 2-(4-

hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.42 g, 1.43 mmol), PEPPSI-IPr 

(0.01 g, 0.015 mmol), K3PO4 (0.61 g, 2.87 mmol),  and 5 mL of THF. The vial was brought out 

from the glovebox and immersed in an oil bath at 60 °C, and then 1 mL of water was added via 

syringe. The solution was stirred overnight at 60 °C before cooling to room temperature. The 

mixture was diluted with 30 mL of diethyl ether and gravity filtered. The flask was washed with 3 

portions of diethyl ether (10 mL) and the filtrate was collected. The combined organic fractions 

were dried using MgSO4 and concentrated using rotary evaporation. The crude material was 

purified using column chromatography on silica gel, eluting with hexanes:ethyl acetate (20:1) to 

afford the final product as a viscous, yellow oil (0.57 g, 81%). The Rf of the product is ~0.3 in 

hexanes: ethyl acetate = 7:1. 1H NMR (500 MHz, CDCl3) δ 7.86 (s, 1H), 7.36 (d, J = 1.4 Hz, 1H), 

7.27 (d, J = 5.4 Hz, 1H), 7.23 (d, J = 5.4 Hz, 1H), 4.26 (t, J = 6.8 Hz, 2H), 2.66 – 2.56 (m, 2H), 

1.67 (ddt, J = 30.3, 15.4, 7.3 Hz, 4H), 1.42 – 1.25 (m, 12H), 0.89 (td, J = 6.9, 3.1 Hz, 6H). 13C 

NMR (126 MHz, CDCl3) δ 162.9, 145.5, 145.1, 143.9, 132.6, 131.6, 130.5, 130.5, 130.3, 128.4, 

125.4, 123.8, 115.5, 106.2, 65.5, 31.9, 31.7, 30.6, 29.2, 28.8, 25.9, 22.8, 22.8, 14.3, 14.2. HRMS 

(ESI-TOF) (m/z): [M]+ calculated for C26H32NO2S3, 486.1595; found, 486.1581. 
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Synthesis of hexyl 5-bromo-3''-cyano-4-hexyl-[2,2':5',2''-

terthiophene]-3'-carboxylate (5I). Compound 5H (0.57 g, 1.17 

mmol) was dissolved in 10 mL of DMF and the solution was cooled 

to 0 °C. N-Bromosuccinimide (0.23 g, 1.29 mmol) was added to the reaction mixture portionwise 

while maintaining a temperature of 0 °C. The reaction mixture was slowly warmed to room 

temperature and stirred overnight. The mixture was quenched with 50 mL of a saturated NaHCO3 

solution and the entire contents of the flask were transferred to a separatory funnel. The aqueous 

layer was extracted with diethyl ether (3 × 50 mL) and the combined organic extracts were washed 

with a saturated NaHCO3 solution (20 mL) and brine (20 mL). The combined organic extracts 

were then dried over Na2SO4 and concentrated using rotary evaporation. The crude product was 

purified using column chromatography on silica gel, eluting with hexanes:ethyl acetate (25:1) to 

afford the final product as a clear oil (0.57 g, 86%). The Rf of the product is ~0.4 in hexanes:ethyl 

acetate = 7:1. 1H NMR (500 MHz, CDCl3) δ 7.85 (s, 1H), 7.29 (d, J = 5.4 Hz, 1H), 7.24 (d, J = 5.4 

Hz, 1H), 7.21 (s, 1H), 4.28 (t, J = 6.7 Hz, 2H), 2.61 – 2.52 (m, 2H), 1.72 (p, J = 6.8 Hz, 2H), 1.61 

(p, J = 7.4 Hz, 2H), 1.43 – 1.26 (m, 12H), 0.90 (t, J = 6.5 Hz, 6H). 13C NMR (126 MHz, CDCl3) 

δ 162.8, 145.2, 144.2, 142.6, 132.5, 130.9, 130.6, 130.5, 130.3, 128.3, 125.6, 115.4, 113.8, 106.4, 

65.7, 31.8, 31.7, 29.9, 29.7, 29.2, 28.8, 25.9, 22.8, 22.8, 14.3, 14.2. HRMS (ESI-TOF) (m/z): [M]+ 

calculated for C26H31NO2S3Br, 564.0700; found, 564.0684. 

Synthesis of hexyl 5-bromo-3''-cyano-4-hexyl-5''-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)-[2,2':5',2''-

terthiophene]-3'-carboxylate (5.4). In a N2 filled glovebox, a 

40 mL scintillation vial was charged with pinacolborane (HBPin) (0.19 g, 1.48 mmol), Di-μ-

methoxobis(1,5-cyclooctadiene)diiridium (0.01 g, 0.015 mmol) and 2 mL of dry hexanes. To this 
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mixture, 4,4'-Bis(di-t-butyl)-2,2'-bipyridine (dtbbpy) (0.008 g, 0.030 mmol) in 2 mL of hexanes 

was added in portions and the mixture was stirred for 15 min. The color of the reaction mixture 

went from yellow to dark brown during that period. Compound 5I (0.57 g, 1.01 mmol) was then 

dissolved in 4 mL of hexanes and added to the reaction mixture slowly (H2 gas evolves in this 

step). After H2 gas evolution ceased, a second batch of catalyst solution – HBpin (1.48 mmol), 

diiridium catalyst (0.015 mmol) and dtbbpy (0.030 mmol) – prepared in 4 mL hexanes was added 

dropwise to the reaction mixture over 20 min. The reaction mixture was stirred at room temperature 

inside the glovebox overnight. The crude mixture was removed from the glovebox, loaded directly 

onto silica gel, and eluted with dichloromethane. The Rf of the product is ~0.2 in dichloromethane. 

The final product was collected as a viscous oil (0.53 g, 76%). 1H NMR (500 MHz, CDCl3)
 δ 7.91 

(s, 1H), 7.69 (s, 1H), 7.22 (s, 1H), 4.27 (t, J = 6.7 Hz, 2H), 2.64 – 2.50 (m, 2H), 1.72 (p, J = 6.8 

Hz, 2H), 1.61 (p, J = 7.5 Hz, 2H), 1.34 (d, J = 10.3 Hz, 24H), 0.90 (t, J = 6.7 Hz, 6H). 13C NMR 

(126 MHz, CDCl3) δ 162.7, 150.3, 144.6, 142.6, 140.0, 132.5, 130.9, 130.7, 130.6, 128.3, 115.4, 

113.9, 107.3, 85.3, 65.7, 31.8, 31.7, 29.9, 29.7, 29.2, 28.8, 25.9, 25.0, 22.8, 22.8, 14.3, 14.2. Note: 

one aromatic signal is missing in the 13C NMR spectrum due to quadrupolar relaxation. HRMS 

(ESI-TOF) (m/z): [M]+ calculated for C32H42BNBrO4S3, 690.1552; found, 690.1546. 

Polymerization Studies  

Scheme 5.6. Synthesis of P3DBAT. 

 

Representative procedure for PDBAT synthesis. In a N2 filled glovebox, a 20 mL scintillation 

vial equipped with a Teflon screw cap was charged with a calculated amount of catalyst (mol % 
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listed in Table 5.1), K3PO4·H2O (0.080 g, 0.35 mmol), and 5 mL of THF. The vial was capped, 

removed from the glovebox and the reaction mixture was stirred at room temperature. Monomer 

5.1 (0.14 g, 0.31 mmol) in 2 mL of THF was injected into the solution to initiate the polymerization 

and the reaction mixture was placed in an oil bath at 50 °C. After an indicated amount of time 

(Table 5.1) the reaction was quenched using 6 M methanolic HCl solution. The precipitate was 

collected using vacuum filtration, then washed with methanol. The final polymer was collected as 

a red solid and dried in vacuo. 1H NMR (500 MHz, CDCl3) δ 7.08 (s, 1H), 3.48 (t, J = 7.7 Hz, 2H), 

3.12 (t, J = 7.7 Hz, 2H), 1.73 – 1.61 (m, 2H), 1.39 (dq, J = 16.8, 8.1 Hz, 4H), 1.11 (h, J = 7.3 Hz, 

2H), 0.99 (t, J = 7.3 Hz, 3H), 0.76 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 166.2, 134.8, 

134.2, 132.7, 126.2, 48.9, 45.4, 31.0, 29.6, 20.7, 20.0, 14.2, 13.8. 

Scheme 5.7. Synthesis of P3DBAT-a-P3HT. 

 

Representative procedure for P3HET-a-P3HT synthesis. In a N2 filled glovebox, a 20 mL 

scintillation vial equipped with a Teflon screw cap was charged with a calculated amount of 

catalyst (mol % listed in Table 5.1), K3PO4·H2O (0.080 g, 0.35 mmol) and 5 mL of THF. The vial 

was capped, removed from the glovebox and the reaction mixture was stirred at room temperature. 

Monomer 5.2 (0.19 g, 0.31 mmol) in 2 mL of THF was injected into the reaction mixture followed 

by degassed H2O and then the vial was immersed in an oil bath at 50 °C. The reaction mixture was 

stirred for period of time (Table 5.1) and quenched using 6 M methanolic HCl solution. The 

precipitate was collected using vacuum filtration, then washed with methanol. The final polymer 

was collected as a maroon solid and dried in vacuo. 1H NMR (500 MHz, CDCl3) δ 7.07 (s, 1H), 
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6.97 (s, 1H), 3.50 (t, J = 8.1 Hz, 2H), 3.14 (t, J = 7.7 Hz, 2H), 2.83 – 2.49 (m, 2H), 1.74 – 1.61 (m, 

4H), 1.45 – 1.29 (m, 10H), 1.13 (q, J = 7.4 Hz, 2H), 1.00 (t, J = 7.3 Hz, 3H), 0.93 – 0.87 (m, 3H), 

0.77 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 166.9, 141.3, 135.3, 134.1, 133.1, 132.5, 

130.6, 129.1, 126.1, 48.9, 45.3, 31.9, 31.0, 30.7, 29.7, 29.7, 29.5, 22.8, 20.7, 20.1, 14.3, 14.3, 13.9. 

Scheme 5.8. Synthesis of P3CT-a-P3HT. 

 

P3CT-a-P3HT synthesis. In a N2 filled glovebox, a 20 mL scintillation vial equipped with a 

Teflon screw cap was charged with Ni(dppp)Cl2 (16.5 mg, 0.03 mmol), K3PO4·H2O (0.08 g, 0.35 

mmol), and 5 mL of THF. The vial was capped, removed from the glovebox and the reaction 

mixture was stirred at room temperature. Monomer 5.3 (0.15 g, 0.31 mmol) in 2 mL of THF was 

injected into the solution followed by degassed H2O (0.1 mL). The reaction mixture was placed in 

an oil bath at 50 °C. After 45 min, the polymerization was quenched using 6 M methanolic HCl. 

The precipitate was collected using vacuum filtration and washed with methanol. The final 

polymer was collected as a black solid and dried in vacuo (54.1 mg, 65%). Due to the limited 

solubility of the polymer, NMR analysis was not performed. The polymer was subjected to high-

temperature (140 °C) GPC analysis using o-dichlorobenzene (Mn = 1500, Ð =1.09). 

Scheme 5.9. Synthesis of P3CT-a-P3HET-a-P3HT. 
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P3CT-a-P3HET-a-P3HT synthesis. In a N2 filled glovebox, a 20 mL scintillation vial equipped 

with a Teflon screw cap was charged with Ni(dppp)Cl2 (10.4 mg, 0.02 mmol), K3PO4·H2O (0.05 

g, 0.22 mmol), and 3 mL of THF. The vial was capped, removed from the glovebox and the 

reaction mixture was stirred at room temperature. Monomer 5.4 (0.13 g, 0.19 mmol) in 2 mL of 

THF was injected into the solution followed by degassed H2O (0.07 mL). The reaction mixture 

was placed in an oil bath at 50 °C. After 50 min, the polymerization was quenched using 6 M 

methanolic HCl. The precipitate was collected using vacuum filtration, then washed with 

methanol. The final polymer was collected as a black solid and dried in vacuo (36.2 mg, 39%). 

Due to the limited solubility of the polymer, NMR analysis was not performed. The polymer was 

subjected to high-temperature (140 °C) GPC analysis using o-dichlorobenzene (biomodal 

distribution: Mn = 1800, Ð =1.13, Mn = 650, Ð =1.01). 

Synthesis of P3HT-b-P3DBAT, growing P3HT first.  

In a N2 filled glovebox, a 20 mL scintillation vial equipped 

with a Teflon screw cap was charged with Ni(dppp)Cl2 (3.3 

mg, 2 mol %), K3PO4·H2O (0.080 g, 0.35 mmol), and 5 mL of THF. The vial was capped and 

removed from the glovebox. The hexyl thiophene monomer (0.11 g, 0.31 mmol) in 2 mL of THF 

was injected into the solution followed by degassed water (0.1 mL). The vial was then placed in 

an oil bath at 50 °C and the reaction mixture was stirred for 60 min. An aliquot (0.2 mL) was 

withdrawn to determine the molecular weight of resultant polymer (P3HT, Mw = 23100, Ð =1.10). 

The solution was then transferred via syringe to another vial containing monomer 5.1 (0.14 g, 0.31 

mmol) and K3PO4
.H2O (0.08 g, 0.35 mmol). The reaction mixture was stirred at 50 °C for 90 min. 

A final aliquot was withdrawn to determine the final molecular weight of the block copolymer 

(P3HT-b-P3DBAT, Mw = 27200, Ð =1.44). The polymerization was quenched using 6M 
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methanolic HCl solution. The precipitate was collected using vacuum filtration, then washed with 

methanol. The final polymer was collected as a dark purple solid and dried in vacuo (38 mg, 30%). 

Synthesis of P3DBAT-b-P3HT, growing P3DBAT first.  

In a N2 filled glovebox, a 20 mL scintillation vial equipped with a 

Teflon screw cap was charged with Ni(dppp)Cl2 (3.3 mg, 2 mol %), 

K3PO4·H2O (0.080 g, 0.35 mmol), and 5 mL of THF. The vial was capped and removed from the 

glovebox. Monomer 5.1 (0.14 g, 0.31 mmol) in 2 mL of THF was injected into the solution. The 

vial was then placed in an oil bath at 50 °C and the reaction mixture was stirred for 150 min. An 

aliquot (0.2 mL) was withdrawn to determine the molecular weight of resultant polymer (P3DBAT, 

Mw = 13000, Ð =1.15). The solution was then transferred via syringe to another vial containing the 

hexyl thiophene monomer (0.11 g, 0.31 mmol) and K3PO4
.H2O (0.08 g, 0.35 mmol). Degassed 

water (0.1 mL) was injected and the reaction mixture was placed in the bath and stirred at 50 °C 

for 60 min. A final aliquot was withdrawn to determine the final molecular weight of the block 

copolymer (P3DBAT-b-P3HT, Mw = 19200, Ð =1.49). The polymerization was quenched using 

6M methanolic HCl solution. The precipitate was collected using vacuum filtration, then washed 

with methanol. The final polymer was collected as a maroon solid and dried in vacuo (60 mg, 

49%). 

Optical Properties 

Table 5.2. Summary of optical properties of P3DBAT, P3DBAT-a-P3HT, P3CT-a-P3HT, and 

P3CT-a-P3HET-a-P3HT. 

Polymer λmax CHCl3 λmax film Eg
opt (eV)a 

P3DBAT 490 493 2.09 

P3DBAT-a-P3HT 462 540 1.99 

P3CT-a-P3HT 473 552 1.90 

P3CT-a-P3HET-a-P3HT 460 605 1.90 
aDetermined by onset of absorption 
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Chapter 6 

Perspective and Outlook 

 

 The search for new organic semiconductors remains intensely pursued even after 4 decades 

of research. Although there are many active focus areas in organic electronics, the synthesis of 

new materials will arguably provide the bulk of innovation to the field. The concept of molecular 

engineering (introduced in Chapter 1) will be crucial to the development of next-generation 

materials, as such, chemists are the vanguard in this endeavor. Although, there are still many 

crucial challenges to be sorted, the development of controlled conjugated polymers via catalyst-

transfer polycondensation (CTP) provided a noticeable advancement to the field and will certainly 

continue to do so if current issues related to monomer scope are resolved.  

Chart 6.1. Scope of controlled polymers produced using CTP. 

 

 

156



 Presently, the CTP monomer scope is quite narrow (Chart 6.1) and state of the art 

semiconducting polymers (the most efficient in device applications) are still prepared using 

rudimentary step-growth protocols. Semiconducting polymers prepared by step-growth protocols 

display large batch-to-batch variability, concerning molecular weight and polydispersity, and this 

often leads to inconsistent device performance. The lack of reproducibility is perhaps the most 

significant hindrance to more widespread commercial interest in organic electronics. Thus, 

application of CTP to high performance building blocks is widely sought after and it would lead 

to more reproducible device efficiencies.  

 Many of the best performing polymers incorporate sensitive functional groups and/or 

complex fused–ring architectures. The path to the controlled synthesis of high-value conjugated 

polymers will certainly involve:  1) utilization of mild cross-coupling protocols (Stille or Suzuki–

Miyaura) to expand the functional group scope and 2) continued catalyst development to access 

fused–ring systems (Chart 6.2). Our efforts in these areas were highlighted in Chapters 4 & 5. 

Chart 6.2. Building blocks appearing in state of the art conjugated polymers that are currently 

produced using step-growth polycondensation. 

. 
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 In addition to providing tunable molecular weight and low polydispersity, CTP allows for 

control over polymer composition, microstructure, or topology. For conjugated polymers, 

manipulation of monomer sequence (e.g., donor-acceptor) can profoundly impact bulk properties 

(optoelectronic and physical). Thus, the development of sequence controlled conjugated polymers 

has the ability to drastically advance the field of organic electronics. The application of CTP to 

sequenced monomers can provide precise monomer incorporation into conjugated polymers. In 

our group, we are seeking to combine our Suzuki-CTP protocol (Chapter 4) with continued catalyst 

development to produce precise conjugated polymers with control of main-chain (heteroatom) 

sequence and side-chain (functional group) sequence. 

 

Figure 6.1. Main-chain and side-chain sequence control in conjugated polymers 
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Appendix 1 

Supplementary Material for Chapter 4 

 

A1.1 Model Compound Studies 

 

 

 

 

 

Figure A1.1. Crude 1H NMR Spectrum (500 MHz, CDCl3) for small molecule Suzuki-Miyaura 

coupling at 50 °C using methyl 2,5-dibromothiophene-3-carboxylate and Ni(PPh3)IPrCl2 (1 mol 

%). The star symbols correspond to the terthiophene product. 
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Figure A1.2. GC-MS chromatograms for small molecule Suzuki-Miyaura coupling at 50 °C using 

methyl-2,5-dibromothiophene-3-carboxylate and Ni(PPh3)IPrCl2 (1 mol %). Top – reaction 

mixture at time = 0 h. Bottom – reaction mixture after 24 h. 
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Figure A1.3. Crude 1H NMR Spectrum (500 MHz, CDCl3) for small molecule Suzuki-Miyaura 

coupling at 50 °C using methyl-2,5-dibromothiophene-3-carboxylate and PEPPSI-IPr (1 mol %). 

Ratio of products was determined from integration of the carboxylate signal. 
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Figure A1.4. GC-MS chromatograms for small molecule Suzuki-Miyaura coupling at 50 °C using 

methyl-2,5-dibromothiophene-3-carboxylate and PEPPSI-IPr (1 mol %). Top – reaction mixture 

at time = 0 h. Bottom – reaction mixture after 24 h. Signal at 7.33 min is bithiophene formed from 

precatalyst initiation. 
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A1.2 NMR Spectra Collected for Polymers 

 

Figure A1.5. P3HET 1H NMR Spectrum – 500 MHz, CDCl3. 

 

Figure A1.6. P3HET 13C NMR Spectrum – 126 MHz, CDCl3.  
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Figure A1.7. P3HET long-range COSY illustrating the coupling for the H-terminated end-group. 

 

 

 

 

 

 

172 Hz 

173 Hz 

174 Hz 

164



 

 

 

 

 

 

 

 

 

 

Figure A1.8. P3HET high resolution coupled HSQC illustrating the regioregular polymer 

backbone. 
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Figure A1.9. Top – 1H NMR Spectrum of P3HET. Bottom – P3HET treated with Ni(COD)2 

followed by HCl illustrating the loss of the Br-terminated end group.  
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Figure A1.10. P3HET-a-P3HT 1H NMR Spectrum – 500 MHz, CDCl3. 

 

Figure A1.11. P3HET-a-P3HT 13C NMR Spectrum – 126 MHz, CDCl3. 
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Figure A1.12. P3HET-a-P3HT long-range COSY illustrating the coupling of both aromatic 

protons of the end-group. 
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Figure A1.13. P3HET-a-P3HT high resolution HSQC illustrating the regioregular polymer 

backbone. 
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A1.3 Representative GPC Traces 

 

 

Figure A1.14. GPC Chromatogram and analysis of P3HET sample. Entry 3, Table 4.2 in Chapter 

4. 
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Figure A1.15. GPC Chromatogram and analysis of P3HT sample using Ni(dppp)Cl2 as the catalyst 

without water. 
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Figure A1.16. GPC Chromatogram and analysis of P3HT sample. Entry 9, Table 4.2 in Chapter 

4. 
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Appendix 2 

Supplementary Material for Chapter 5 

 

A2.1 NMR Spectra Collected for Polymers 

 

Figure A2.1. P3DBAT 1H NMR Spectrum – 500 MHz, CDCl3. 
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Figure A2.2. P3DBAT 13C NMR Spectrum – 126 MHz, CDCl3. 

 

Figure A2.3. P3DBAT-a-P3HT 1H NMR Spectrum – 500 MHz, CDCl3.  
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Figure A2.4. P3DBAT-a-P3HT 13C NMR Spectrum – 126 MHz, CDCl3. 
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A2.2 Representative GPC Traces 

 

 

Figure A2.5. GPC Chromatogram and analysis of P3DBAT sample. Entry 3, Table 5.1 in Chapter 

5. 
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Figure A2.6. GPC Chromatogram and analysis of P3DBAT-a-P3HT sample. Entry 6, Table 5.1 

in Chapter 5. 
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Figure A2.7. GPC Chromatogram and analysis of P3DBAT-a-P3HT sample. Entry 7, Table 5.1 

in Chapter 5. 
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