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A acceptor 

ATR attenuated total reflectance 

calcd. calculated 
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D doublet (NMR) 
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DEPT distortionless enhancement by polarization transfer 

DMF N,N-dimethylformamide 

EI electron ionization 

ESI  electrospray ionization 
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GPC  gel permeation chromatography 
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HOMO highest occupied molecular orbital 
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IR infrared 
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MALDI-MS matrix-assisted laser desorption/ionization mass 
spectrometry 
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MS mass spectrometry 
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MW microwave 
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NMR nuclear magnetic resonance 

OFET  organic field effect transisto 

OLED organic light emitting diode 
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Pin pinacol 
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T triplet (NMR) 

Tg glass-transition temperature 

TGA thermogravimetric analysis 
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TMEDA N,N,N’,N’-tetramethylethylenediamine 
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1  Introduction 

1.1  Semiconducting polymers 

Since the discovery of the electrical conductivity of doped polyacetylene in 1977 by 

Shirakawa, MacDiarmid and Heeger,[1] semiconducting polymers have attracted an 

increasing amount of attention as promising materials for the development and 

production of various organic electronic devices.[2] Due to their potential advantages 

over inorganic materials, such as low cost, low overall weight and good mechanical 

flexibility organic electronics based on semiconducting polymers are a promising 

alternative to conventional inorganic solid state electronics. More importantly, soluble 

semiconducting polymers can be processed by high-throughput methodologies, such 

as spin-coating, inkjet printing, gravure and flexographic printing onto flexible 

substrates, which is crucial for the realization of cheap and large-scale roll-to-roll 

processing of printed electronics.[3] 

Nowadays, numerous and diverse organic electronics based on semiconducting 

polymers are available in the laboratory. Organic photovoltaics (OPVs) offer the exciting 

prospect of printable large-area solar cells. Organic field effect transistors (OFETs) are 

applied for low-cost and flexible electronics like radio frequency identification (RFID) 

tags. Organic lasers are potential compact sources of tunable, coherent light, and 

others. Many of the organic electronics are based on small molecule semiconductors 

and oligomers have even been commercially realized: for examples, organic light 

emitting diodes (OLEDs) are implemented in displays of mobile phones and television 

(Figure 1, left), and lamps using organic electroluminescence (Figure 1, right). For 

accelerating the market launch of polymer electronics, producing more cost effective, 

processable and well-defined polymers is necessary. 
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Figure 1. OLED TV by LG (Left) and OLED lamp by Blackbody (picture credits: press material 
LG[4], with permission of Blackbody[5]) 
 

Over the past three decades, a great number of semiconducting polymers have been 

synthesized and investigated towards their use in organic electronics, such as 

poly(p-phenylene vinylene) (PPV),[6] poly(3-alkyl)thiophene (P3AT),[7] polyfluorene 

(PFO),[8] polypyrrole (PPy),[9] polyaniline (PANI),[10] and others (Figure 2). The side 

chains introduced in polythiophene and poly(p-phenylene vinylene) play a significant 

role in improving the solubility and processability, but they are also influencing the 

morphology and consequently the charge carrier mobility.[11] 

n
n

n

OR1

R2O

N n

Poly(p-phenylene) (PPP) Polypyrrole (PPy) Poly(p-phenylene vinylene) (PPV)

S n

OO

Polyethylene dioxythiophene (PEDOT)

S n

R

Poly(3-alkyl)thiophene (P3AT) Poly(2,5-dialkoxy-p-phenylene
vinylene) (e.g. MEH-PPV)

n

R2R1

Polyfluorene (PFO)

H
N N N

H
N

n

Polyaniline (PANI)  

Figure 2. Molecular structures of selected important semiconducting polymers. 

 

The reason why those polymers show semiconducting properties is the sp2pz 

hybridization of the carbon atoms in the repeat units.[12] Semiconducting polymers are 

composed of σ-bonds (from sp2-orbitals) and alternating π-bonds (from overlapping pz 

orbitals). The overlapping pz orbitals ensure electron delocalization which makes the 

conjugated polymers semiconducting, as seen in band diagram (Figure 3). When the pz 

orbitals of two carbon atoms are combined to form a π-bond, they split up into a 

bonding π-orbital (HOMO, highest occupied molecular orbital) and an anti-bonding π* 



1 Introduction  3 

 
 

orbital (LUMO, lowest unoccupied molecular orbital). The lower energy π-orbital 

(HOMO) is occupied by both pz electrons, while the anti-bonding LUMO is empty. A 

consecutive combination of the pz orbitals of two neighboring ethylene moieties leads 

to another two π and π* orbitals. If all the pz orbitals of a high molecular weight 

polymer are combined with each other, many increasing close energy levels result, and 

the gap between HOMO and LOMO is decreased. However, it is not possible to make 

the band gap disappear entirely even with a sufficiently long polymer chain due to the 

Peierls distortion, which leads to a partial localization of electrons by distorting the 

geometry of the polymers’ backbone.[13] The result is a small band gap (Eg < 3 eV) 

conjugated polymer which lies between that for an insulator (Eg > 3 eV) and a 

conductor (Eg = 0 eV). By excitation of electrons in the polymer chain, the electrons in 

the HOMO can be transferred into the LUMO (producing excitons) providing that the 

excitation energy (irradiation or thermal energy) is equal or higher than that of the 

band gap. 

 

Figure 3. A schematic band diagram for semiconducting polymers (adapted from an article by 
Rehahn[14]). The HOMOs and LUMOs can be described analogous to the valence and 
conduction bands of inorganic semiconductors. 
 

The HOMO and LUMO energy levels and the band gap are the first of several general 

principles to be considered for the design of conjugated polymers for different and 

specific applications. For example, lower band gap conjugated polymers are more 

promising when considering the exciton dissociation and the absorption of sunlight for 

solar cells. There are three ways to narrow the band gap: 1) enlargement of the 
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π-systems,[15] 2) using quinoidal instead of aromatic structures,[16] 3) integration of 

donor–acceptor (D–A) functional units.[17] Among those methods, the D-A approach is 

a quite efficient way to tune both the HOMO and LUMO energy levels by introducing 

alternative electron rich and electron poor building blocks into the polymer chain, 

where the HOMO is mainly located at the donor unit, and the LUMO is mainly located 

at the acceptor unit (Figure 4).[18] Therefore, both HOMO and LUMO energy levels and 

hence the band gaps can be well tuned.[19] There are already many semiconducting 

polymers containing D-A functional units (Figure 5), which have been successfully used 

in tailoring the properties for application in OPVs [20] and OFETs.[11, 21] 

 

Figure 4. Hybridization of the energy levels of donor and acceptor units leads to a narrow band 
gap (adapted from an article by Meijer and coworkers[22]). 
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Figure 5. Some examples of low band gap semiconducting polymers contain D-A units (donor 
units are in black, acceptor units are in blue).[23] 

1.2  Synthesis of alternating semiconducting copolymers  

The general synthetic route for preparing soluble conjugated alternating copolymers 
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is the transition-metal-catalyzed step growth polymerization. Mostly, these are 

conducted by Stille or Suzuki cross-coupling reactions between two monomers: one is 

functionalized with two metal groups (M = Sn, B), the other one with two halides (X = 

Br, I) (Figure 6). This method yields perfectly alternating copolymers, but also results in 

a high polydipersity index (PDI = Mw/Mn), poor regioregularity when the 

non-symmetrical monomers contain flexible alkyl chains (Figure 7), and quite often 

relative small molecular weights. These parameters have a strong impact on the 

morphology of the resulting polymers which in turn affects the charge carrier mobility 

and subsequently the overall performance of the organic electronic devices. 

 

XX MM
transition-metal catalyst

n

+

Figure 6. General method for preparing conjugated alternating copolymers by step growth 
polymerization. 

 

Figure 7. The four different possibilities of the coupling of two different monomers which result 
in the poor regioregularity. 
 

However, in 1992, a polymerization for highly regioregular poly(3-alky-thiophene)s 

based on a Kumada cross coupling reaction was developed by McCullough.[24] Here, the 

highly regioregular polymer was synthesized from a bifunctional monomer (X-Ar-M) 

with both a metal and a halogen functional group (Scheme 1). For over 10 years, it was 

believed that this reaction would follow a typical step growth mechanism until 

Yokozawa and coworker found that the polymerization could be described as a 

quasi-living chain growth in 2004.[25] This finding was independently confirmed by 

McCullough in the same year. Using this method, it is not only possible to obtain a 

highly regioregular polymer, but also relatively narrow PDIs. It was further possible to 

control the molecular weight of the polymer by the amount of catalyst and the 
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reaction time. In addition, specific terminal groups could be introduced, and a second 

monomer could be added after polymerization of the first monomer to afford block 

copolymers. This Grignard metathesis method has been applied in the synthesis of 

other electron-rich polyarenes, such as polyselenophene,[26] polyfluorene,[27] 

polypyrrole,[28] poly(dialkoxyphenylene)[29] and poly(bithienyl-  methylene)s[30], as well 

as electron-deficient polymers, such as polypyridines,[31] poly(benzotriazole)[32] and 

polythiazoles.[33] Moreover, it has been used to synthesize block[34] and gradient 

copolymers.[35] With this new method, more and more exciting and new materials are 

available and great progress was made in the field of organic electronics, as these 

regioregular polymers showed dramatically enhanced electrical properties compared 

to the regioirregular polymers.[36] 

Scheme 1. Chain growth polymerization for the preparation of highly regioregular P3AT was 
developed by McCullough. [24] 
 

Using these findings, it is highly desirable to apply the quasi-living chain growth 

polymerization to synthesize conjugated alternating copolymers, especially with D-A 

alternating units. In order to prepare the conjugated alternating copolymers by chain 

growth polymerization, a difunctional monomer of type X-Ar1-Ar2-M (X = halogen, M = 

Mg, Zn, B, Sn and other metals) must be developed for the polycondensation. The 

monomers based on magnesium or zinc are generally too active for isolation and must 

be prepared in situ before being polymerized with a catalyst; While the monomers 

fuctionalized with boron or tin can be purified and isolated. However, their synthesis is 

rather difficult, which is an important factor why this type chain growth polymerization 

is not more widespread. In 2012, Bielawski and coworkers reported the first controlled, 

quasi-living chain-growth synthesis of a conjugated alternating copolymer, 

poly(thiophene-alt-p-phenylene), via a Kumada catalyst transfer polycondensation of a 

difunctional Grignard-type monomer (Scheme 2A).[37] There were also a few 

conjugated alternating copolymers synthesized via a chain growth Stille or Suzuki 

polymerizations from pure and isolable monomers, as shown in Scheme 2(B, C).[38] 
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Scheme 2. Chain growth polymerization for conjugated alternating copolymers by Kumada 
coupling (A), [37] Stille coupling (B),[38b] and Suzuki coupling (C).[38a]1 
 

Irrespective of whether a step growth or a chain growth polymerization is used to 

synthesize conjugated alternating copolymers, it is inevitable to form carbon-carbon 

bonds between two different units for making monomers or polymers. Cross-coupling 

reactions have evolved over the past 40 years into one of the most widely applicable 

methods for C-C bond formation[39] since the discovery of the Ni-catalyzed reaction of 

Grignard reagents with vinyl or aryl halides in 1972.[40] Cross-coupling reactions 

pervade all areas of organic synthesis[41] from the synthesis of natural products,[42] 

pharmaceuticals[43] to agrochemicals[44]. They are also key steps in building polymers,[45] 

which can be used as organic conductor or semiconductor with novel electronic, 

optical or mechanical properties. 

1.3  Cross-coupling reactions 

Cross-coupling reactions involve an organic electrophile (R1-X) and an organometallic 

nucleophile (R2-M’) in the presence of a catalyst [M] (Figure 8). The catalysts most 

widely employed are transition metals from groups 8-10, especially complexes of 

palladium and nickel. Cross-coupling reactions are often classified depending on the 

metal or semimetal present in the nucleophile. For example, the Suzuki-Miyaura is 

boron-mediated, the Stille reaction is tin-mediated, the Kumada reaction is 

magnesium-mediated, the Negishi reaction is zinc-mediated and others. It is generally 

                                                             
1 Although this article was published in 2011, which was earlier than the article by Bielawski, there was no proof 
that the polymerization was a quasi-living polymerization. 
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accepted that cross-coupling reactions follow a catalytic cycle consisting of three main 

steps (Figure 9): oxidative addition, transmetalation, and reductive elimination. 

 
Figure 8. General cross-coupling reactions. 

 

 
Figure 9. Genaral catalytic cycle for cross-coupling reactions. 
 

In the oxidative addition step, the electrophile (R1-X) is added to the catalyst [M0] 

complex to generate an [MII] intermediate. There are two main pathways to obtain the 

intermediate (Figure 10): a concerted pathway and an SN2-type pathway.[46] In the 

concerted pathway, M’-C and M’-X bonds are formed simultaneously to get a 

three-centered σ complex, followed by intramolecular ligand bond cleavage to form 

the oxidized complex. The SN2-type pathway is an associative bimolecular process that 

consists of two steps: first, nucleophilic attack by the metal center at the less 

electronegative atom in the electrophile leads to cleavage of the R1-X bond, to form an 

cationic [M-R1]+ species and anion X¯; subsequently, the two charged species combine 

rapidly to obtain the oxidized complex. 

 
Figure 10. Proposed reaction mechanisms for oxidative addition of cross-coupling reactions.[46] 
 

Transmetalation is the key and most characteristic step of cross-coupling reactions. 

In this step, the organic group R2 of the nucleophile (R2-M’) is transferred to the [MII] 
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intermediate. The mechanisms depend on the particular cross-coupling reactions since 

they differ in the nucleophile used. The mechanisms of the Suzuki-Miyaura, and the 

Stille coupling reactions will be presented as they were key steps in this work. A 

Suzuki-Miyaura cross-coupling takes place between an organic halide (or triflate) and a 

organoboron species (R2-BY2) in the presence of a palladium catalyst and a base (e.g., 

NaOH, K3PO4, Na2CO3, Cs2CO3, NaHCO3, NaOAc). For a long time, the role of the 

external base was not clear, and several proposals have been made.[47] It is widely 

believed that the role of the base is to activate the organoboron compound by forming 

an organoborate species as well as to facilitate the formation of the more reactive 

palladium complex [R1-PdLn-OtBu] from [R1-PdLn-X] by substitution reaction (Figure 

11).[48] In addition, the reductive elimination step is also accelerated by the reaction of 

base with trans-[R1PdR2L2].[49] 

 
Figure 11. Proposed reaction mechanisms for transmetalation in the Suzuki-Miyaura 
coupling.[46] 
 

Stille coupling takes place between an organic halide (or triflate) and a stannane 

R2-SnR3. The most common types of transmetalation for the Stille coupling involve a 

cyclic mechanism or an open mechanism (Figure 12).[46, 50] The cyclic process has been 

shown to proceed in two steps: associative ligand substitution followed by the 

transmetalation reaction through a cyclic transition state. Then the X group leaves 

bound to the tin atom, which results in a palladium complex with R1 and R2 present in a 

cis conformation. The open process involves the same initial addition of the 

organostannane to the trans palladium complex as the cyclic process; however, the X 

group does not coordinate to the tin, producing an open transition state.  
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Figure 12. Proposed reaction mechanism for transmetalation in Stille coupling.[46] 
 

The following reductive elimination consists of the combination of R1 and R2. This 

process requires both organic groups to occupy coordination sites cis to one another. 

Any trans complex resulting from transmetalation must isomerize to the cis 

intermediate before this process. A variety of mechanisms exist for reductive 

elimination and the generally accepted one is a concerted process (Figure 13).[51] A 

cyclic three-coordinated transition state results in the final coupling product and the 

regeneration of the catalyst species. 

 
Figure13. General mechanism for reductive elimination in cross-coupling reactions.[46] 

1.4  Undesired homo-coupling in cross-coupling reactions 

Highly satisfactory cross coupling reactions are those that are generally applicable 

and are capable of selectively providing the desired products in high yields, while 

avoiding all or most of the side reactions, like homo-coupling, β-hydride elimination, 

isomerization and others. The most common side reactions associated with the 

cross-coupling reaction are undesired homo-coupling reactions to form R1-R1 and R2-R2 

dimers (Figure 14). The oxidative homo-coupling leading to byproducts such as R1-R1 

may occur if oxygen is not rigorously excluded.[52] Besides, there are some other 

possible pathways leading to homo-coupled byproducts, such as 1) halogen-metal 

exchange between the organic halides (R1-X) and transmetalating reagent (R2-M’),[53] 2) 
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reductive elimination between a [MII] complex and transmetalating reagent (R2-M’), 3) 

exchange of organic groups (R1 and R1) between [MIIR1XLn] and the transmetalating 

reagent (R1-M’),[54] 4) reductive elimination from a [MIII] complex,[55] 5) metathesis 

reaction of [MIIR1XLn],[56] 6) reactions via radical chain mechanism or reductive 

elimination from a [MIV] complex.[57]
 

After oxidative addition of organic halides (R1-X) to the [M0L2] complex, the resulting 

[MIIR1XL2] intermediate may undergo four reaction processes (A, B, C and D) affording 

homo-coupling byproducts (Figure 14):  

Process A involves exchange of organic groups R1 and R2 between [MIIR1XL2] and the 

transmetalating reagent R2-M’ to generate a mixture of two organometallic [MII] 

complexes [MIIR1XL2] and [MIIR2XL2] and two transmetalating reagents (R1-M’ and 

R2-M’), from the four compounds, cross-coupled and homo-coupled products can be 

formed. This proposed mechanism was first described by Elsevier and coworkers for 

coupling reactions of organic halides with organomagnesium, -zinc and -tin reagents 

catalyzed by [Pd(Ar-BIAN)] complex.[54a] Other mechanisms which could in principle 

lead to the formation of homo-coupled byproducts were excluded according to 

experimental data. This process has been observed also in the 

[trans-Pd(CH2Ph)X-(PPh3)2] complexes.[54b, 54c] 

Process B involves further oxidative addition of R1-X to [MIRLn] generated by 

chemical or electrochemical reduction of [MIIRXLn]. The reaction forms [MIIIR1
2XLn], 

which reductively eliminates R1-R1. This type of process was originally proposed for the 

coupling of aryl chlorides by nickel catalysis and reducing metals in polar solvents by 

Colon and Kelsey[55a] and expanded to palladium-catalyzed systems by Amatore and 

Jutand.[55b-e] 

On the other hand, process C involves metathesis of two [MIIR1XL2] intermediates to 

give [MIIR1
2L2] and [MIIX2L2]. The former forms R1-R1 on reductive elimination, and the 

latter can be reduced to [M0L2] by transmetalating reagent R2-M’ to form R2-R2. 

Similarly, Kochi[58a, 59] proposed a metathesis of [NiIIIArX2Ln] and [NiIIArXLn] in a radical 

chain mechanism to give [NiIIIAr2XLn] and [NiIIX2Ln], of which the former underwent 

reductive elimination to afford biaryl compound Ar-Ar and generated species, which 

reacts with [NiIIX2Ln] to afford [NiIIIAr2XLn]. Recently, Ozawa and coworkers[58b] reported 

a metathesis of [PdIIstyrylXL2] and [PdIIstyrylXL] generated [PdIIstyryl-styryL] and 
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[PdIIX2L2] the former gave homo-coupled byproduct 1,4-diphenybutadiene via 

reductive elimination. In this reaction, [PdIIstyrylXL] was generated via P-C reductive 

elimination of [PdIIstyrylXL2]. 

 

Figure 14. A selection of possible mechanisms for homo-coupling processes previously 
reported [54a, 58] (adapted from an article by Weix[58c]). 
 

In the case of process D, two different mechanisms were proposed: two sequential 

oxidative addition steps to form a [MIV] intermediate[60] or a radical chain 

mechanism.[61] 
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1.5  Selective cross-coupling reactions 

The optimization of reaction conditions can avoid all or most of the side reactions, 

which would increase the overall product yields. However, to generate highly 

satisfactory cross-coupling reactions for the preparation of more complex organic 

structures, highly selective cross-coupling reactions are essential. Research on selective 

cross-coupling reactions regarding the electrophiles (differentiating between X1-R-X2 (X 

= I, Br, Cl, OTf, etc.) has been intensively pursued.[62] The reactivity of the electrophilic 

component relies on the leaving group X; the order of the reactivity of halides and 

triflates is in general I>Br>OTf>>Cl for the cross-coupling reaction of boron reagents.[63] 

In contrast, nucleophile selective cross-coupling reactions using dimetallic substrates 

have hardly been examined.[64] Most of the reports are associated with 

hetero-bis-metallic alkenes containing tin/boron or boron/boron (Figure 15).[64a-e, 64g, 

64i-m] As Stille (Sn) and Suzuki-Miyaura (B) cross-coupling reactions require very 

different reaction conditions, the tin/boron alkenes can be used as an orthogonal Stille 

and Suzuki-Miyaura coupling partners in a one-pot reaction. Relying on those useful 

tin/boron alkenes a sequential Stille and Suzuki-Miyaura coupling strategy has been 

implemented in organic synthesis (Scheme 3),[64k] which could decrease the reaction 

steps, improve the yield and even allow access to new compounds. The unsymmetrical 

boron/boron reagent could also be used in a highly selective Suzuki-Miyaura coupling, 

affording coupling products in which the protected boronyl group is left intact as their 

reactivities differentiated by the protective groups onto one of the two boron 

atoms.[64a-h]  

 

Figure 15. Some examples of hetero-bis-metallic alkenes. [64a-e, 64g, 64i-m]
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Scheme 3. One-pot sequential Stille/Suzuki-Miyaura coupling reaction with bis-metallic 
butadiene.[64k] 
 

There are only a few examples of hetero-bis-metallic aromatic compounds for 

chemoselective cross-coupling reactions.[64n-p, 65] The benzene derivative 

p-Bu3Sn-C6H4-B(OR)2 was first reported by Nemoto and coworker for a selective 

cross-coupling reaction with two protected nucleosides, while the boron group 

remained.[64n] A nucleophile selective one pot reaction was developed recently on a 

new thiophene building block containing both a stannyl group and a boronic ester 

functional group in Staubitz’ group (Figure 16A).[64p] Furthermore, this reaction was 

extended to both nucleophile and electrophile selective cross-coupling reactions with 

aromatic rings based on the bis-metallic thiophene (Figure 16B).[64o] For both reactions, 

excellent chemo-selectivity was observed in Stille coupling with mono-halogenated or 

di-halogenated electrophiles in high yields. 

 

Figure 16. Selective cross-coupling reactions based on hetero-bis-metallic thiophene.[64o, 64p] 
 

In order to develop the nucleophile selective cross-coupling reactions, more 

bis-metallic substrates are essential and it is also important to extend this methodology 

to different types of electrophiles, such as vinyl and alkynyl halides. Double and triple 

bonds are also very important functional groups that can be introduced by 

cross-coupling methods. Vinylene and ethynylene-based materials, like 

poly(p-phenylene vinylene) (PPV), poly(thienylene-vinylene) (PTV), poly(2-methoxy- 

5-(2’-ethylhexyloxy)-1,4-phenylene vinylene) (MEH-PPV), have shown potential 

applications in OLEDs,[66] OPVs,[67] and others. Incorporating vinylene or ethynylene 
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linkages between the aromatic rings could increase charge carrier mobility, the degree 

of co-planarity, and lower the band gap of molecules. 
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2  Objectives 

Conjugated alternating copolymers have shown promising applications in organic 

devices. An advantageous synthetic route for preparing soluble conjugated alternating 

copolymers is the quasi-living chain growth polymerization from a single monomer 

containing a halogen and a metal functional group (Chapter 1.2). However, the 

synthesis of this kind of monomers is rather difficult, which is an important factor 

hindering the development of the polymerization method. Therefore, in order to 

expand the synthetic methods for dicunctionalized monomers, nucleophile selective 

cross-coupling reactions should be developed (Figure 17). The nucleophile should 

contain two different metal functional groups, which allow one metal to react in the 

first coupling reaction, and the other metal reacts under slightly different conditions 

(Chapter 3.1). As semiconducting polymers incorporating vinylene or ethynylene 

linkages have shown highly interesting properties, vinyl and alkynyl halogens would be 

introduced as electrophiles. After the first coupling reaction, further halogenation of 

the resulting molecule would produce a compound containing both a metal and a 

halogen functional group. 

 

Figure 17. The nucleophile selective cross-coupling reactions between vinyl and alkynyl 
halogens and dinucleophilic thiophene. 
 

Among conjugated alternating copolymers, the combination of thiophene with 

other heterocycles has led to distinct improvements in device performance. However, 

poly(thiophene-alt-pyrrole) have hardly been examined, even though in all the 

conjugated polymers, polythiophenes and polypyrroles are centrally important and 

have been widely investigated as potential materials for organic electronics.[68] The 

common method to prepare copolymers of thiophene and pyrrole are electrochemical 

polymerization.[69] However, this method may lead to significant branching and 

regioirregular polymers. Thus, difunctional thienylpyrrole monomers with a halogen on 

the thienyl moiety and a metal on the pyrrole moiety were to be prepared. This kind of 

monomer is highly desirable as it has the potential to make the polymerization via a 
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quasi-living chain growth mechanism.[70] Based on this monomer, π-conjugated 

poly(thiophene-alt-lpyrrole) PTP was to be synthesized (Scheme 4) and the optical and 

thermal properties of this polymer were to be investigated (see chapter 3.2 and 3.3). 

 

Scheme 4. Poly(thiophene-alt-pyrrole) will be synthesized from dicunctionalized monomers. 
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3  Results and Discussion 

3.1  Chemoselective cross-coupling reactions  

“Nucleophile Selective Cross-Coupling Reactions with Vinyl and Alkynyl Bromides on 

a Dinucleophilic Aromatic Substrate’’ 

Lu-Ying He, Mathias Schulz-Senft, Birk Thiedemann, Julian Linshoeft, Paul J. Gates and Anne Staubitz, Eur. 

J. Org. Chem. 2015, 14, DOI: 10.1002/ejoc.201500138 

Reprinted with permission from John Wiley and Sons. © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim.  
 
 
A nucleophile selective cross-coupling reaction on an aromatic compound bearing two metal groups, Bpin and SnMe3, 
has been developed. Previously, only aryl bromides and iodides could be used as electrophilic components, but in this 
work, the scope could be extended to vinyl and alkynyl bromides as electrophiles. This means that the typical roles of the 
aromatic ring as the dielectrophile coupling to vinyl and alkynyl metal species are reversed, presenting a new tool for 
organic synthesis. The first nucleophilic site to react is the stannyl group, and subsequently, a Suzuki-Miyaura 
cross-coupling reaction can take place on the same molecule. 

 

 

 

Scientific contribution to this paper 
In this project, I carried out almost all syntheses and the experimental work, with the 

following support by the coauthors: M. Schulz-Senft synthesized two alkynyl bromides 

(6c and 6d). B. Thiedemann did three cross-coupling reactions with alkynyl bromides 

(7c, 7d and 7e). J. Linshoeft afforded the compound 10. P. J. Gates recorded all high 

resolution mass spectra. A. Staubitz synthesized compounds 6e and 6f, and also 

corrected the manuscript. 
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3.2  Difunctional thienylpyrroles for alternating copolymers 

3.2.1  Grignard-type thienylpyrrole for alternating poly(thiophene-alt-pyrrole) 

“Synthesis of Poly(thiophene-alt-pyrrole) from a Difunctionalized Thienylpyrrole by 

Kumada Polycondensation’’ 

Lu-Ying He, Sara Urrego-Riveros, Paul J. Gates, Christian Näther, Maren Brinkmann, Volker Abetz and 

Anne Staubitz, Tetrahedron, 2015, submitted. 

 

A difunctional thienylpyrrole monomer with a bromide on the thienyl moiety and a magnesium halide on the 

pyrrole moiety was prepared via chemo-selective magnesium-iodine exchange. Based on this monomer, 

π-conjugated alternating poly(thiophene-alt-lpyrrole) PTP was synthesized via nickel and palladium catalyzed 

Kumada polycondensation. The optical and thermal properties of this polymer have been investigated and 

suggested a wide band gap polymer, with a very low Tg for such materials. 

 

 

 

 

Scientific contribution to this paper 

In this project, I carried out all syntheses and the experimental work, with the 

following support by the coauthors: S. Urrego-Riveros helped to synthesize some 

starting materials (1, 3, 4, 11). P. J. Gates recorded most of the high resolution mass 

spectra and MALDI-MS spectra. C. Näther carried out all thermal analyses. M. 

Brinkmann and V. Abetz helped to carry out some GPC measurements. A. Staubitz and 

I wrote the manuscript together. 
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3.2.2  More stable difunctionalized thienylpyrroles for poly(thiophene-alt-pyrrole) 

Except the difunctional monomer based on magnesium, other difunctional 

monomers with zinc, boron, or tin could also be used for polymerization by Negishi 

coupling, Suzuki coupling and Stille coupling respectively. Moreover, the monomers 

with boron or tin can be purified and isolated. The monomers containing other 

different metal functional groups (BPin for 1, SnMe3 for 2, ZnCl for 3) were prepared by 

transmetallation from Grignard-type monomer P2-7
2
 in excellent yields (Scheme 5). 

Suzuki-type monomer 1 was prepared in an excellent yield of 98% by quenching 

Grignard-type monomer P2-7 with 2-isopropyloxy-4,4,5,5-tetramethyl-1,3,2- 

dioxaborolane. Stille-type monomer 2 was prepared in an excellent yield of 99% by 

quenching Grignard-type monomer P2-7 with trimethyltin chloride. For the two 

transmetallation reactions, there was no need to do further purification after the work 

up, which also proves the iodo-magenesim exchange to Grignard-type monomer P2-7 

was quantitative. Negishi-type monomer 3 was synthesized by quenching 

Grignard-type monomer P2-7 with zinc chloride at 20 °C for 1 h.  

SnMe3Cl, 30 min, 20 C

iPrOBPin, 2 h, 20 C

N

S

n-Hex

Br

n-Hex

MgCl
N

S

n-Hex

Br

n-Hex

SnMe3

N

S

n-Hex

Br

n-Hex

ZnCl

N

S

n-Hex

Br

n-Hex

BPin

ZnCl2, 1 h, 20 C

P2-7

1

2

3

98%

99%

not isolated  

Scheme 5. Synthesis of monomers 1, 2 and 3 by transmetallation from Grignard-type monomer 

P2-7. 
 

Monomer 1, 2 and 3 were firstly polymerized by 5 mol% of [Pd(tBu3P)2] in MTBE at 

50 °C under microwave irradiation for 5 h (Table 1, entries 1, 3, 5). This set of 

conditions was for the polymerization of Grignard-type monomer P2-7 (Chapter 3.2.1). 

For the Suzuki-type polycondensation of 1, additional 10 eq. of K3PO4 in H2O was used 

                                                             
2 P stands for “publication”, 2 is the number of subsection where the publication appears and 4 is the number of the 
molecule in the publication. The follows are the same. 
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as a base. The Suzuki-type polymerization just afforded oligomers (Mn = 1600) in a yield 

of 30%, perhaps due to the poor immiscibility of MTBE and water (Table 1, entry 1). In 

fact, when MTBE was replaced by THF to increase the solubility of K3PO4, the yield 

reached 56% and Mn was ca. 5600 (Table 1, entry 2). For Stille polycondensation of 2, 

the condition afforded 82% of yield, and a higher Mn with a relative low PDI (Mn = 7.3 

kDa, PDI = 1.9) (Table 1, entry 3). When replacing the solvent with DMF, no 

polymerization was observed (Table 1, entry 4). For Negishi-type polycondensation of 3, 

the condition gave the longest polymer chain (Mn = 12.3 kDa, PDI = 2.3) (Table 1, entry 

5). The polymerization was also efficient when the catalyst loading was reduced to 2 

mol% (Table 1, entry 6). 

 

Table 1. The polymerization of 1, 2 and 3a. 

 

 

 

 

entry Poly- 
mer 

Mono- 
mer 

catalyst cat. 
loading 
[mol%] 

solvent yield 
(%) 

Mn 
a Mw/Mn

a
 expected 

Mn 
b
 

1 PTP1 1
c
 [Pd(tBu3P)2] 5 MTBE 30 1600 1.4 6300 

2 PTP1 1
c
 [Pd(tBu3P)2] 5 THF 56 5600 1.6 6300 

3 PTP2 2 [Pd(tBu3P)2] 5 MTBE 82 7300 1.9 6300 
4 PTP2 2 [Pd(PPh3)4] 5 DMF - - - 6300 
5 PTP3 3 [Pd(tBu3P)2] 5 MTBE 95 12300 2.3 6300 
6 PTP3 3 [Pd(tBu3P)2] 2 MTBE 97 10000 2.0 15700 
a Estimated by GPC based on polystyrene standard (eluent: CHCl3, 1 mL/min). b If the 
polymerization was a quasi-living chain-growth polymerization. c additional 10 eq. of K3PO4 in 1 
mL of degassed H2O was added into the reaction. 

 

The polymers were analyzed with respect to their absorption properties (Figure 18, 

three representative examples of polymers prepared under the conditions of Table 1, 

entries 2, 3, 5). The absorption spectra of the isolable monomers 1 and 2 in diethyl 

ether solution all showed maximum peaks at ca. 306 nm. The absorption peaks of the 

polymers PTP1-PTP3 in diethyl ether solution were all observed at 348 nm, irrespective 

of the monomer they were prepared from (1, 2, and 3). If the polymers were processed 

as films by spin-coating, the absorption maximal peak were all at 354 nm. The 

absorption bands of the polymer PTP in both solution and processed as a film were 
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relatively very narrow compared to regioregular poly(3-alkylthiophene) (rr-P3AT) (λmax 

≈ 450 nm).[71] This may be attributed to the effect of steric interactions of neighboring 

n-hexyl groups that reduce the conjugation length of the polymers (see chapter 3.2.1). 

 

Figure 18. UV-vis spectra of monomer 1, 2 and PTP1- PTP3 in diethyl ether and as films. 

 

Irrespective of the chain length obtained (Table 1, entries 2, 3, 5), the ether solutions 

of PTP1-PTP3 all give a bright-green fluorescence with the maximum emission 

wavelength of ca. 487 nm (Figure 19), corresponding to the onset of π-π* transition of 

the electronic absorption spectra, which is at significantly higher energy than the 

rr-P3AT (λmax ≈ 570 nm).[71] 
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Figure 19. PL spectra (λexc = 348 nm) of PTP1- PTP3 in diethyl ether. 

 

  In conclusion, three difunctional thienylpyrrole monomers containing a different 

metal group and a bromo group were synthesized in high yields via transmetallation. By 

using these monomers, alternating copolymers PTP containing 3-alkylthiophene and 

N-alkylpyrrole were prepared by palladium catalyzed Kumada polycondensation. The 

molecular weights of PTP1 and PTP2 were not sufficiently high, suggesting that the 

conditions for the polymerization need to be optimized. The absorption bands of all 

polymers in both solution and solid film were relatively narrow due to the effect of 

steric interactions of neighboring n-hexyl groups that reduce the conjugation length of 

the polymers.  
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3.3  Bis(tri-tert-butylphosphine)palladium(0) [Pd(t-Bu3P)2] – a Versatile 

Catalyst 

“Bis(tri-tert-butylphosphine)palladium(0) [Pd(t-Bu3P)2]” 

 

Lu-Ying He, Synlett 2015, 26.  

Reprinted with permission from Georg Thieme Verlag. © Georg Thieme Verlag KG Stuttgart · New York. 

DOI: 10.1055/s-0034-1380286. 

 

During my research on the synthesis of poly(pyrrole-alt-thiophene), a crucial step was 

to develop a synthetic route towards the polymer based on the monomer which 

contains both nucleophilic (metal) and electrophilic (halogen) functional groups. 

Bis(tri-tert-butylphosphine)palladium(0), [Pd(tBu3P)2], has shown the best efficiency, 

resulting in high yields, and giving a high molecular weight polymer via Kumada 

polycondensation (Chapter 3.2). In order to highlight also other important applications 

of [Pd(tBu3P)2], a short “Spotlight” was submitted and accepted for publication to the 

journal Synlett. 
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4 Summary and Outlook 

Nucleophile selective cross-coupling reactions 

To access more building blocks for semiconducting polymers, especially for 

conjugated alternating copolymers containing vinylene or ethynylene linkages, 

nucleophile selective cross-coupling reactions with vinyl and alkynyl bromides on a 

dinucleophilic aromatic substrate were successfully developed. Homo-coupling 

reaction of the the nucleophile and the electrophile respectively has shown to be 

potential competing side reactions (Scheme 6). After systematically optimizing over 40 

different reaction conditions (solvents, catalysts, reaction temperature, time, catalyst 

loading and concentration of reaction mixture), the side reactions could be largely 

suppressed in all cases, and fully nucleophile selective cross-coupling reactions could 

be achieved. Here, only the tin reacted in the first Stille coupling reaction in high yields, 

and the boronic ester stayed intact. The optimal reaction conditions for the initial Stille 

coupling are general over a wide variety of electron rich, electron neutral and electron 

poor vinyl bromides (11 examples). Moreover, these reaction conditions are also 

efficient for alkynyl bromides, even though the purification has proven to be difficult (5 

examples).  

 

Scheme 6. Nucleophile selective cross-coupling reactions with vinyl and alkynyl bromides on a 
dinucleophilic aromatic substrate were developed after optimizing over 40 reaction condtions.  
 

In both cases, the resulting products are extremely versatile building blocks: 1) they 

still contain a boronic ester functional group that can be further coupled with a second 

electrophile by a Suzuki–Miyuara cross-coupling in a one-pot reaction (4 examples). By 

merely adding a base, water and a second electrophile to the reaction mixture after 

completion of the Stille cross-coupling reaction, this could be accomplished. 2) a 

further halogenation of the resulting molecule would produce a compound which 

contains a boronic ester and a halogen functional group, which could be used as 

monomers for quasi-living chain growth polymerization to make poly(p-phenylene 
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vinylene) PPV and poly(p-phenylene ethynylene) PPE analogues. However, these kinds 

of polymers are hardly soluble, which has a negative impact on their processability. To 

increase the solubility, one n-hexyl chain was introduced to thiophene moiety 7 

(Scheme 7). However, the cross-coupling reaction between 7 and 

2-(2-bromovinyl)-thiophene did not proceed even under microwave irradiation, which 

may due to the steric hinderce of the n-hexyl chain.  

In future work, further optimizations need to be conducted to obtain higher yields of 

the product 8. After obtaining the monomer, the conditions for polymerization and the 

kinetics of polymerization need to be investigated. 

 

Scheme 7. Sythesis of dinucleophilic thiophene 7 with a n-hexyl side chain and attempted 
cross-coupling with 2-(2-bromovinyl)-thiophene. 
 

Difunctionalized thienypyrrole monomers for poly(thiophene-alt-pyrrole) 

The most common way to make conjugated alternating copolymers is to 

cross-couple two co-monomers; one containing two halogen functional groups, and 

one containing two metal groups. A newly developed approach to make alternating 

copolymers is via a single monomer which contains both a metal functional group and 

a halogen group in only one molecule. This kind of monomer is highly desirable as it 

has the potential to make the polymerization via a quasi-living chain growth 

mechanism. 

In this work, four different thienylpyrrole monomers containing both a metal group 

(Mg, B, Sn or Zn) and a bromo group were synthesized in high yields via a 

chemo-selective halogen-magnesium exchange and subsequent transmetallation 

(Scheme 8). 
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Scheme 8. Synthesis of dicunctionalized monomers via halogen-magnesium exchange and 
subsequent tansmetallation. 
 

By using these difunctionalzed monomers, copolymers poly(thiophene-alt-pyrrole) 

PTP containing alternating 3-alkylthiophene and N-alkylpyrrole were prepared by 

palladium catalyzed Kumada, Suzuki, Stille or Negishi polycondensation respectively 

after optimizing the reaction conditions (Scheme 9). The molecular weights were high 

and a moderate polydispersity was found. However, the kinetics study of the 

polymerization of P2-7 indicated that the polymerization proceeded via a step-growth 

mechanism, and the optical and thermal properties of the polymers suggested a wide 

band gap polymer, with a very low Tg for such materials. 

 

Scheme 9. Synthesis of PTP from difunctionalized monomers 

 

For further work, I suggest to decrease the steric interactions of neighboring n-hexyl 

groups, by replacing them with smaller alkyl chains, thus improving the conjugation 

length and to decrease the band gap. The alkyl chain at the N-position could be 

replaced by a less flexible chain, like acetylenic side chain, which was reported by 

Yamamo and coauthors.[72] This monomer could further combine an electron poor 

heterocycle, like benzothiadiazole to make a D-A monomer. The polymer from D-A 

monomer could also lower the band gap significantly. 
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5  Experimental Section 

5.1  Surporting information for Eur. J. Org. Chem. 2015, 14. 
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5.2  Surporting information for Tetrahedron 2015, submitted. 
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5.3  General methods and materials for unpublished syntheses 

All syntheses were carried out using standard Schlenk techniques or in glovebox 

under a dry and inert nitrogen atmosphere unless stated otherwise. Glassware and 

NMR-tubes were dried in an oven at 200 °C for at least 2 h prior to use. Reaction 

vessels were heated under vacuum and purged with nitrogen three times before 

adding reagents. 

Analyses 

1H NMR, 13C NMR, 11B NMR and 119Sn NMR spectra were recorded at 300 K. 1H NMR 

spectra were recorded on a Bruker DRX 500 (500 MHz) spectrometer. 13C NMR spectra 

were recorded on a Bruker DRX 500 (125 MHz) spectrometer. 11B NMR and 119Sn NMR 

spectra were recorded on a Bruker DRX 500 (160 MHz) spectrometer. All 1H NMR and 

13C NMR spectra were referenced against the residual solvent peak. 11B NMR spectra 

were referenced against BF3·OEt2 in CDCl3, the reference of the 119Sn NMR spectra was 

calculated based on the 1H NMR signal of TMS. The exact assignment of the peaks was 

proved by 1H, 13C DEPT and two-dimensional NMR spectroscopy such as 1H COSY, 13C 

HSQC or 1H/13C HMBC when possible. 

IR spectra were recorded on a Perkin Elmer Paragon 1000 FT-IR spectrometer with a 

A531-G Golden-Gate-ATR-unit. Ultra High resolution ESI mass spectra were recorded 

on a Bruker Daltonics Apex IV Fourier transform Ion Cyclotron resonance mass 

spectrometer. High resolution EI mass spectra were run on a VG Analytical Autospec 

apparatus. UV/Vis spectra were recorded on a Perkin Elmer Lambda14 spectrometer. 

Luminescence spectra were recorded on a Perkin Elmer LS55 spectrometer. 

Mn and Mw were determined on a Viscotek GPCmax VE2001, equipped with a 

Viscotek VE3580 RI detector (columns: ViscotekLT5000L 300 x 7.8 mm and LT4000L 300 

x 7.8 mm). 

GC-MS analysis was performed on a Hewlett Packard 5890A gas chromatograph, 

equipped with a Hewlett Packard 5972A mass selective detector and an Agilent 

Technologies dimethylpolysiloxane column (19091S-931E, nominal length 15 m, 0.25 

mm diameter, 0.25 μm grain size). 

GC analysis was performed on an Agilent Technologies 6890N gas chromatograph, 

equipped with an Agilent Technologies 7683 Series Injector, an Agilent Technologies 
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(5 %-phenyl)-methylpolysiloxane column (19091J-413, nominal length 30 m, 0.32 mm 

diameter, 0.25 µm grain size) and a flame ionization detector (FID). 

Reactions under microwave irradiation were carried out using a Biotage® Initiator+ 

SP Wave synthesis system, with continuous irradiation power from 0 to 300 W (Organic 

Synthesis Mode). The temperature was measured with an external IR sensor during 

microwave heating. All reactions were carried out in 5 mL oven-dried Biotage 

microwave vials sealed with an aluminum/Teflon® crimp top, which can be exposed to a 

maximum of 250 °C and 20 bar internal pressure.  

Chemicals 

All reagents were used without further purification unless noted otherwise.  

Compound Supplier Purity 

n-Butyllithium Acros Inc. 2.5 M in hexane 
Tributyltin chloride Acros Inc. 95 % 
Tetramethlethylendiamine Acros Inc. 99.5 % 
Magnesium sulfate  Grüssing Inc.  99 % 
[Pd(PPh3)4]  ABCR Inc.  99 % 
[Pd(PtBu3)2] Strem Chemicals Inc.  >98 %  
Disopropylamine Fischer Scientific Inc. 99% 
Trimethyltin chloride Sigma-Aldrich Inc. - 
Isopropylmagnesium 
chloride solution 

Sigma-Aldrich Inc. 2 M in THF 

N-iodosuccinimide Molekula Inc. 95% 
Acetic acid Grüssing Inc. 99.5 % 
Natriumthiosulfat Grüssing Inc. 97 % 
Potassium phosphate 
tribasic Sigma-Aldrich Inc. 97% 
Iodine Acros Inc. 99.5% 
Hexamethyldistannane Sigma-Aldrich Inc. 99% 
 

Solvents 

All solvents that were used for reactions were used freshly distilled after refluxing for 

several hours over the specified drying agent under nitrogen and were stored in a J. 

Young’s tube. If no drying agent is noted, the solvents were used for chromatography 

only and distilled for purification purposes. 

 

Solvent 

 

CHCl3 

Supplier or grade before distillation, drying procedure if 

applicable 

VWR Inc., HPLC grade 
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Diethyl ether BCD, technical grade 

DMF ABCR, anhydrous, amine free; 99.9%; contains amine and 
molecular sieves 

n-Hexane WALTER CMP, technical grade, sodium with benzophenone as 
an indicator; stored over 3 Å molecular sieves 

THF 
 
 

Sigma Aldrich; Dried over LiAlH4 with benzophenone as an 
indicator, degassed by three freeze-pump-thaw cycles stored 
over 3 Å molecular sieves 

MTBE 
 

Technical grade, sodium with benzophenone as an indicator; 
degassed by three freeze-pump-thaw cycles, stored over 3 Å 
molecular sieves in the glovebox 

Toluene AlfaAesar Inc., anhydrous, 99.8% 

 

Chromatography 

For chromatographic purifications, silica gel (Macherey-Nagel Inc., grain size 

0.040-0.063 mm) was used. Thin layer chromatography was performed using 

pre-coated plates from Macherey-Nagel Inc., ALUGRAM®Xtra SIL G/UV254. 

Chromatographic purification for compounds 6 and 10 were carried out using an 

InterchimPuriflash 430 system, where cartridges by Interchim (silica HC, grain size 50 

µm, 40g, 80 g or 120 g) were used. 
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5.4  Unpublished synthesis 

5.4.1  2-(5-Bromo-4-hexylthiophen-2-yl)-1-hexyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxa- 

borolan-2-yl)-1H-pyrrole (1) 

 
iPrMgCl (0.50 mL, 2.0 M in THF, 1.00 mmol) was added dropwise over 1 min. to a 

solution of 2-(5-bromo-4-hexyl-thiophen-2-yl)-1-hexyl-5-iodo-1H-pyrrole P2-4 (522 mg, 

1.00 mmol) in dry THF (8 mL) via a hamilton syringe at 20 °C in the glove box. After 

stirring 10 min at 20 °C, iPrOBPin (205 mg, 1.10 mmol) was added in one portion to the 

solution and stirred for about 2 h at 20 °C in the glove box. The reaction mixture was 

removed out from the glove box, quenched with water and extracted with n-hexane (3 

x 10 mL). The combined solution was dried with MgSO4. The volatiles were removed in 

vacuo and 511 mg (98%) of light yellow oil was obtained without further purification. 

1
H NMR (500 MHz, CDCl3): δ = 6.80 (d, 3J = 3.7 Hz, 1 H, H-b/c), 6.73 (s, 1 H, H-f), 6.26 (d, 

3
J = 3.7 Hz, 1 H, H-b/c), 4.30-4.15 (m, 2 H, H-i), 2.63-2.50 (m, 2 H, H-o), 1.72-1.56 (m, 4 

H, H-j, p), 1.38-1.24 (m, 24 H, H-k, l, m, q, r, s, v), 0.93-0.85 (m, 6 H, H-n, t) ppm. 13
C 

NMR (126 MHz, CDCl3): δ = 142.2 (C-g), 134.3 (C-e), 131.5 (C-d), 127.0 (C-f), 121.7 

(C-b/c), 111.1 (C-b/c), 109.3 (C-h), 83.2 (C-u), 46.8 (C-i), 32.6, 31.6, 31.4, 29.6, 29.5, 

28.9, 26.3, 22.6, 22.5, (C-j, k, l, m, o, p, q, r, s), 24.7 (C-v), 14.0, 13.9(C-t,n) ppm.3  

11
B NMR (160 MHz, CDCl3): δ = 27.6 ppm.  

HRMS (EI-sector) m/z: [M]+ Calcd for [C26H41BNO2SBr]+ 521.2134; Found 521.2150.  

IR (ATR): ṽ = 2954 (s), 2924 (s), 2854 (s),1573 (w), 1521 (w), 1455 (s), 1402 (s), 1375 (m), 

1288 (m), 1199 (m), 1102 (w), 1035 (w), 1002 (w), 967 (w), 867 (w), 839 (m), 754 (s), 

725 (m), 661 (w), 584 (w), 475 (w) cm-1. 

                                                             
33

 The carbon atom bound to boron was not visible due to the high quadrupole moment of the boron nucleus. 
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5.4.2  2-(5-Bromo-4-hexylthiophen-2-yl)-1-hexyl-5-(trimethylstannyl)-1H-pyrrole (2) 

 

iPrMgCl (0.50 mL, 2.0 M in THF, 1.00 mmol) was added dropwise over 1 min to a 

solution of 2-(5-bromo-4-hexylthiophen-2-yl)-1-hexyl-5-iodo-1H-pyrrole P2-4 (522 mg, 

1.00 mmol) in dry THF (8 mL) of via a syringe at 20 °C in the glove box. After stirring for 

10 min at 20 °C, trimethyltin chloride (219 mg, 1.10 mmol) was added in one portion to 

the solution and the reaction mixture was stirred for 30 min at 20 °C in the glove box. 

The reaction mixture was removed out from the glove box and quenched with water 

and extracted with n-hexane (3 x 10 mL). The combined solution was dried with MgSO4. 

The volatiles were removed in vacuo and 552 mg (99%) of light yellow oil were 

obtained without further purification. 

1
H NMR (500 MHz, CDCl3): δ = 6.68 (s, 1 H, H-f), 6.33 (d, 3J = 3.4 Hz, 1 H, H-b/c), 6.27 (d, 

3
J = 3.4 Hz, 1 H, H-b/c), 3.98-3.92 (m, 2 H, H-i), 2.59-2.53 (m, 2 H, H-o), 1.68-1.55 (m, 4 

H, H-j, p), 1.36-1.23 (m, 12 H, H-k, l, m, q, r, s,), 0.93-0.82 (m, 6 H, H-n, t), 0.34 (s, 9 H, 

H-u) ppm.  

13
C NMR (126 MHz, CDCl3): δ = 142.1 (C-g), 135.3, 134.9 (C-a, e), 129.6 (C-d), 126.4 (C-f), 

118.4 (C-b/c), 111.6 (C-b/c), 107.7 (C-h), 49.3 (C-i), 32.5, 31.6, 31.4, 29.7, 29.6, 28.9, 

26.5, 22.6, 22.5, (C-j, k, l, m, o, p, q, r, s), 14.1, 13.9(C-t, n), -8.3 (C-u) ppm.  

119
Sn NMR (187 MHz, CDCl3): δ = -52.07 ppm.  

HRMS (EI-sector) m/z: [M]+ Calcd for [C23H38NSnSBr]+ 559.0930; Found 559.0934.  

IR (ATR): ṽ = 2954 (s), 2924 (s), 2854 (s),1573 (w), 1521 (w), 1455 (s), 1402 (s), 1375 (m), 

1288 (m), 1199 (m), 1102 (w), 1035 (w), 1002 (w), 967 (w), 867 (w), 839 (m), 754 (s), 

725 (m), 661 (w), 584 (w), 475 (w) cm-1. 
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5.4.3  General procedure for polymerization of 1 (PTP1) 

 
In a microwave vial, a solution of [Pd(tBu3P)2] (12.8 mg, 25.0 μmol) in THF (1.0 mL) was 

added to a solution of 1 (261 mg, 0.50 mmol) in THF (2.0 mL) at 20 °C in the glove box. 

Then a solution of K3PO4 (10.6 mg, 5.00 mmol) in degassed H2O (1 mL) was added in 

the reaction mixture in one portion. The reaction mixture was heated and stirred at 

50 °C under microwave irradiation for 5 h. Then the reaction mixture was quenched 

with H2O (10 mL) and the water phase was extracted with diethyl ether (2 x 20 mL). 

The combined organic layer was washed with brine (1 x 20 mL) and dried with MgSO4. 

The volatiles were removed in vacuo to give the crude product. The crude product was 

dissolved in diethyl ether (0.5 mL) and the solution was added dropwise into methanol 

(200 mL) with vigorous stirring to remove the low molecular weight compounds. The 

precipitated polymer was extracted by soxhlet extractor with methanol (200 mL) for 5 

h. For removing from the Soxhlet extractor, the solid polymer was refluxed with diethyl 

ether (100 mL). The volatiles were removed in vacuo and product was dried under 

reduced pressure for 18 h to give the polymer as black green viscous solid.4 

1
H NMR (500 MHz, CDCl3): δ = 6.97 (s, 1 H, H-3), 6.41 (d, 3

J = 3.6 Hz, 1 H, H-2), 6.26 (d, 

3
J = 3.6 Hz, 1 H, H-1, 4.17-3.92 (m, 2 H, H-a), 2.66-2.46 (m, 2 H, H-g), 1.64-1.51 (m, 4 H, 

H-b, h), 1.35-1.09 (m, 12 H, H-c, d, e, I, j, k), 0.88 (t, 3J = 6.8 Hz, 3 H, H-f), 0.81 (t, 3J = 7.1 

Hz, 3 H, H-l) ppm.  

13
C NMR (126 MHz, CDCl3): δ = 142.8 (C-g), 134.9, 128.1, 127.6, 126.7, 126.3, 112.0, 

110.0, 45.3, 32.1, 31.7, 31.2, 31.0, 30.7, 29.7, 29.1, 26.3, 22.6, 22.4, 14.1, 13.9 ppm. IR 

(ATR): ṽ = 2953 (s), 2923 (s), 2854 (s), 1458 (s), 1402 (m), 1376 (m), 1308 (m), 1193 (m), 

1071 (m), 1033 (m), 873 (w), 839 (m), 762 (m), 715 (m), 684 (w), 637 (w), 567 (w) cm-1. 

                                                             
4 The analytical data of polymer are the same with the polymerization of 2 and 3, so they will not be written in the 
procedures for them. 
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5.4.4  General procedure for polymerization of 2 (PTP2) 

In a microwave vial, a solution of [Pd(tBu3P)2] (12.8 mg, 25.0 μmol) in MTBE (1.0 mL) 

was added to the solution of 2 (279 mg, 0.50 mmol) in MTBE (1.0 mL) at 20 °C in the 

glove box. The reaction mixture was stirred and heated at 50 °C under microwave 

irradiation for 5 h. Then the reaction mixture was quenched with H2O (10 mL) and the 

water phase was extracted with diethyl ether (2 x 20 mL), then the combined organic 

layer was washed with brine (1 x 20 mL) and dried with MgSO4. The volatiles were 

removed in vacuo to give a crude product. The crude product was dissolved in diethyl 

ether (0.5 mL) and the solution was added dropwise into methanol (200 mL) with 

vigorous stirring to remove the low molecular-weight compounds. The precipitated 

polymer was extracted by Soxhlet extraction with methanol (200 mL) for 5 h. For 

removing from the Soxhlet extractor, the solid polymer was refluxing with diethyl ether 

(100 mL). The volatiles were removed in vacuo and product was dried under reduced 

pressure for 18 h to give the polymer as black green viscous solid. 
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5.4.5  General procedure for polymerization of 3 (PTP3) 

In a microwave vial, iPrMgCl (0.25 mL, 2.0 M in THF, 0.50 mmol) was added dropwise to 

a solution of precursor monomer P2-4 (261 mg, 0.50 mmol) in MTBE (3.0 mL) via a 

Hamilton syringe at 20 °C over the course of 1 min in glove box. Then anhydrous ZnCl2 

(68.1 mg, 0.50 mmol) was added to the reaction mixture at 20 °C in one portion. After 

stirring the reaction mixture for 1 h at 20 °C, a solution of [Pd(tBu3P)2] (12.8 mg, 25.0 

μmol) in MTBE (1.0 mL) was added to the reaction mixture. The reaction mixture was 

heated and stirred at 50 °C under microwave irradiation for 5 h. Then the reaction 

mixture was quenched with H2O (10 mL) and the aqueous phase was extracted with 

diethyl ether (2 x 20 mL), then the combined organic layer was washed with brine (1 x 

20 mL) and dried with MgSO4. The volatiles were removed in vacuo to give the crude 

product. The crude product was dissolved in diethyl ether (0.5 mL) and the solution 

was added dropwise into methanol (200 mL) with vigorous stirring to remove the low 

molecular-weight compounds. The precipitated polymer was extracted by soxhlet 

extractor with methanol (200 mL) for 5 h. In order to remove it from the Soxhlet 

extractor, the solid polymer was subjected to refluxing diethyl ether (100 mL). The 

volatiles were removed in vacuo and product was dried under reduced pressure for 18 

h to give the polymer as black green viscous solid. 
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5.4.6  2-Iodo-3-hexylthiophene (5) 

 
N-Iodosuccinimide (6.7 g, 30 mmol) was added in one portion to 3-n-hexylthiophene 

(5.0 g, 40 mmol) in the mixture of glacial acetic acid (50 mL) and CHCl3 (50 mL) at 20 °C. 

The reaction mixture was stirred for 16 h. Then NaOH aqueous solution (1 M, 50 mL) 

was added to the reaction mixture over ice bath and Na2S2O3 aqueous solution (0.5 M, 

50 mL) was added afterwards. The aqueous phase was extracted with diethyl ether (3 x 

50 mL) and the combined organic layers were dried over MgSO4. The solvent was 

removed in vacuo and the crude product was purified by Kugelrohr distillation (100 °C, 

5 x 10-1 mbar) to afford 6.5 g (68%) of the product as orange oil. 

1
H NMR (500 MHz, CDCl3): δ = 7.38 (d, 3

J = 5.5 Hz, 1 H, H-d), 6.75 (d, 3
J = 5.5 Hz, 1 H, 

H-c), 2.55 (t, 3
J = 7.7 Hz, 2 H, H-e), 1.61-1.52 (m, 2 H, H-f), 1.39-1.27 (m, 6 H, H-g, h, i), 

0.89 (t, 3J = 6.9 Hz, 3 H, H-j) ppm. 

13
C NMR (126 MHz, CDCl3): δ = 147.2 (C-b), 130.3 (C-d), 127.9 (C-c), 73.9 (C-a), 32.1, 

31.6, 30.0, 28.9, 22.6 (C-e, f, g, h, i), 14.1 (C-j) ppm. 

HRMS (EI-sector) m/z: [M]+ Calcd for [C10H15IS]+ 293.9939; Found 293.9941.  

IR (ATR): ṽ = 2954 (m), 2924 (s), 2854 (s), 1687 (w), 1528 (w), 1456 (m), 1397 (m), 1227 

(w), 963 (w), 828 (m), 713 (s), 684 (m), 634 (s), 578 (m) cm-1. 
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5.4.7  2-(4-Hexyl-5-iodothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6) 

 
A solution of diisopropylamine (1.5 g, 15 mmol) in THF (80 mL) was cooled to -78 °C 

and n-butyllithium (6.0 mL, 15 mmol, 2.5 M in hexanes) was added dropwise in 10 min. 

The reaction mixture was warmed to 0 °C by removing the cooling bath in 30 min. Then 

the reaction mixture was cooled back to -78 °C and stirred for 5 min. 

2-Iodo-3-hexylthiophene (4.4 g, 15 mmol) was added over dropwise in 10 min and the 

reaction mixture was stirred for 1 h at -78 °C. iPrOBPin (2.8 g, 15 mmol) was added 

dropwise in 10 min to the orange-brown suspension and the reaction mixture was 

stirred at -78 °C for 15 minutes. Then the cooling bath was removed and the mixture 

was stirred for another 4 h at 15 °C. The reaction mixture was quenched with H2O (50 

mL). The aqueous layer was extracted with DCM (3 x 70 mL) and the combined organic 

was dried over MgSO4. The solvent was removed in vacuo and the mixture was purified 

by column chromatography over silica gel (gradient from n-pentane / ethylacetate: 95 / 

5 to 1 / 1; Rf = 0.48 [95 / 5]) to afford 3.87 g (61%) of the product as a red brown oil.  

1
H NMR (500 MHz, CDCl3): δ = 7.24 (s, 1 H, H-c), 2.54 (t, 3J = 7.7 Hz, 2 H, H-e), 1.62-1.52 

(m, 2 H, H-f), 1.37-1.26 (m, 18 H, H-g, h, i l,), 0.89 (t, 3J = 6.9 Hz, 3 H, H-j) ppm. 

13
C NMR (126 MHz, CDCl3): δ = 148.6 (C-b), 137.5 (C-c), 84.2 (C-k), 82.7 (C-a), 31.9, 31.6, 

29.9, 28.9, 22.6 (C-e, f, g, h, i), 24.7 (C-l), 14.1 (C-j) ppm.5 

IR(ATR): ṽ = 2978 (w), 2955 (w), 2926 (m), 2855 (w), 1540 (m), 1428 (s), 1370 (m), 1327 

(s), 1294 (s), 1267 (s), 1139 (vs), 1025 (m), 956 (w), 851 (s), 768 (w), 749 (w), 684 (w), 

663 (s), 577 (w) cm–1.  

HRMS (EI-sector) m/z: [M]+ Calcd for [C16H26BIO2S]+ 420.0791; Found 420.0795.  

                                                             
5 C-d was not visible due to the high quadruple moment of the B nucleus, same as other similar compounds. 
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5.4.8  (3-Hexyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl)tri 

methyl stannane (7) 

 
2-(4-Hexyl-5-iodothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 6 (840 mg, 

2.00 mmol), [Pd(PPh3)4] (12 mg, 10 μmol) and hexamethyldistannane (689 mg, 2.10 

mmol) was dissolved in toluene (4 mL) at 20 °C. The reaction mixture was heated to 

120 °C under microwave irradiation and stirred for 30 min. Then the reaction mixture 

was poured in to H2O (10 mL) and the aqueous phase was extracted with DCM (3 x 15 

mL). The combined organic was dried over MgSO4 and the solvent was removed in 

vacuo. The crude product was purified by Kugelrohr distillation (130 °C, 3 x 10-2 mbar) 

to afford 692 mg (76%) of the product as red brown oil.  

1
H NMR (500 MHz, CDCl3): δ = 7.61 (s, 1 H, H-c), 2.67-2.59 (m, 2 H, H-e), 1.63-1.54 (m, 2 

H, H-f), 1.39-1.25 (m, 18 H, H-g, h, i, l), 0.89 (t, 3
J = 6.9 Hz, 3 H, H-j), 0.37 (s, 9 H, H-m) 

ppm. 

13
C NMR (126 MHz, CDCl3): δ = 152.2 (C-b), 141.0 (C-a), 139.0 (C-c), 83.9 (C-m), 32.2, 

32.1, 31.7, 29.3, 22.6, (C-e, f, g, h, i), 24.7 (C-l), 14.1 (C-j), -8.1 (C-m) ppm. 

11
B NMR: δ = 28.8 ppm. 

119
Sn NMR: δ = -35.7 ppm. 

HRMS (ESI-FTMS) m/z: [M + Na]+ Calcd for [C19H35BNaO2SSn]+ 481.1370; Found 

481.1358.  

IR(ATR): ṽ = 2977 (w), 2926 (m), 1526 (m), 1423 (m), 1369 (m), 1322 (s), 1267 (m), 1142 

(s), 982 (m), 853 (s), 771 (s),665 (s), 529 (s) cm–1. 
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5.4.9  1-Hexyl-2-iodo-1H-pyrrole (9) 

 

n-Butyllithium (10 mL, 25 mmol, 2.5 M in hexanes) was added to a stirred solution of 

N,N,N',N'-tetramethyl-ethane-1,2-diamine (3.80 mL, 25.0 mmol) in n-hexane (30 mL), 

at 0 °C during the course of 5 min and stirred for 1h. N-(n-hexyl)-pyrrole (3.0 g, 

20 mmol) was added dropwise in 15 min to the solution at 0 °C. The reaction mixture 

was warmed up to 20 °C and stirred for 18 h. Then the reaction mixture was cooled 

back to -78 °C and THF (45 mL) was added. A solution of iodine (5.0 g, 20 mmol) in THF 

(30 mL) was added in 1.5 h by syringe pump and stirred for about 30 min at -78 °C. The 

reaction mixture was quenched with saturated NH4Cl aqueous solution (20 mL) and 

Na2S2O3 aqueous solution (0.5 M, 100 mL). The aqueous layer was extracted with 

diethyl ether (3 x 60 mL) and the combined organic layers were washed with brine (1 x 

150 mL). The organic layer was dried with MgSO4 and the solvent was removed in 

vacuo. The remaining dark brown liquid was purified by Kugelrohr distillation (65 °C, 

6.5 x 10-2 mbar) to give 4.5 g (83%) of light yellow liquid. 

1
H NMR (600 MHz, CDCl3): δ = 6.82 (t, 1 H, 3J = 2.3 Hz, H-d), 6.32 (dd, 3J = 3.5 Hz, 1.7 Hz, 

1 H, H-c), 6.16 (t, 3
J = 3.3 Hz, 1 H, H-b), 3.86 (t, 2 H, 3

J = 7.4 Hz, H-e), 1.75-1.68 (m, 2 H, 

H-f), 1.36-1.27 (m, 6 H, H-g, h, i), 0.89 (t, 3 H, 3
J = 6.8 Hz, H-j) ppm. 

13
C NMR (150 MHz, CDCl3): δ = 123.8 (C-d), 118.3 (C-c), 110.6 (C-b), 68.2 (C-a), 50.7 

(C-e), 31.4, 31.3 (C-f, g ), 26.2 (C-h), 22.5 (C-i), 14.0 (C-j) ppm. 

HRMS (EI-sector) m/z: [M]+ Calcd for [C10H16IN]+ 277.0327; Found 277.0322.  

IR (ATR): ṽ = 2955 (m), 2927 (s), 2856 (m), 1515 (w), 1460 (s), 1428 (s), 1377 (m), 1282 

(s), 1119 (w), 1065 (m), 986 (w), 874 (w), 772 (m), 701 (vs), 613 (s) cm-1.
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5.4.10  1-Hexyl-2-(3-hexylthiophen-2-yl)-1H-pyrrole (10) 

 

[Pd(PPh3)4] (115 mg, 100 μmol) was added to a solution of 2-tri-n-butyltin 

-N-(n-hexyl)-pyrrole P2-2 (880 mg, 2.00 mmol ) and 2-bromo-3-n-hexylthiophene (496 

mg, 2 mmol) in DMF (6 mL) at 20 °C. The reaction mixture was heated to 70 °C for 48 h 

and then poured into water (20 mL). The solution was extracted with diethyl ether (3 x 

20 mL) and the organic extracts were washed with brine (3 x 20 mL) before dried with 

MgSO4. The volatiles were removed in vacuo. The crude product was purified by 

column chromatography over silica gel (n-pentane, Rf = 0.25) to give 304 mg (48%) of 

yellow liquid.  

1
H NMR (500.1 MHz, CD3OD): δ = 7.35 (d, 1 H, 3J = 5.3 Hz, H-h), 6.98 (d, 1 H, 3J = 5.3 Hz, 

H-g), 6.80 (dd, 1 H, 3
J = 2.8 Hz, 3

J = 1.8 Hz, H-a), 6.12 (dd, 1 H, 3
J = 3.5 Hz, 3

J = 2.8 Hz, 

H-b), 6.0 (dd, 1 H, 
3
J = 3.5, 3J = 1.8 Hz, H-c), 3.78 (t, 2 H, 3J = 7.3 Hz, H-i), 2.45 (t, 2 H, 3J = 

7.7 Hz, H-o), 1.61-1.47 (m, 4 H, H-j, p ), 1.31-1.12 (m, 12 H, H-k, l, m, q, r, s), 0.82-0.87 

(m, 6 H, H-n, t) ppm. 

13
C NMR (125.8 MHz, CDCl3): δ = 143.4 (C-f), 129.7 (C-e), 129.3 (C-g), 126.1 (C-h), 125.5 

(C-d), 123.0 (C-a), 112.3 (C-c), 108.4 (C-d), 48.0 (C-i), 32.7, 32.4, 31.7, 30.1, 29.8, 27.3, 

23.6, 23.5 (C-o-s, C-i-m) 14.4, 14.3 (C-n, t) ppm. 

HRMS (EI-sector) m/z: [M]+ Calcd for [C20H31NS]+ 317.2177; Found 317.2180.  

IR (ATR): ṽ = 2955 (m), 2925 (s), 2856 (s), 1466 (m), 1428 (m), 1377 (m), 1300 (m), 1232 

(w), 1070 (m), 1030 (w), 929 (w), 834 (w), 784 (m), 709 (vs), 669 (m), 614 (m) cm-1. 
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5.5  NMR spectra 

2-(5-Bromo-4-hexylthiophen-2-yl)-1-hexyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)-1H-pyrrole (1) 

 
 

 

 

1H NMR (CDCl3, 500 MHz) 

13C NMR (CDCl3, 125 MHz) 
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2-(5-Bromo-4-hexylthiophen-2-yl)-1-hexyl-5-(trimethylstannyl)-1H-pyrrole (2)

 
 
 
 

 

 

 

13C NMR (CDCl3, 125 MHz) 

1H NMR (CDCl3, 500 MHz) 
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Poly(thiophene-alt-pyrrole) (PTP) (Table 2, entry 9)  

 
 
 
 
 
 
 
 

1H NMR (CDCl3, 500 MHz) 

13C NMR (CDCl3, 125 MHz) 
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2-(4-Hexyl-5-iodothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5)

 

S I

n-Hex

1H NMR (CDCl3, 500 MHz) 

13C NMR (CDCl3, 125MHz) 

S I

n-Hex
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2-(4-Hexyl-5-iodothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6) 

 
 

 

 

 

 

 

 

1H NMR (CDCl3, 500 MHz) 

13C NMR (CDCl3, 125MHz) 
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(3-Hexyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl)trimethylstann

ane (7) 
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1H NMR (CDCl3, 500 MHz) 

13C NMR (CDCl3, 125MHz) 
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1-Hexyl-2-iodo-1H-pyrrole (9) 

 

 

 

 

1H NMR (CDCl3, 600 MHz) 

N I
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13C NMR (CDCl3, 150 MHz) 
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1-Hexyl-2-(3-hexylthiophen-2-yl)-1H-pyrrole (10) 

 

 

  

 

1H NMR (CDCl3, 500 MHz) 

13C NMR (CDCl3, 125MHz) 
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