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1.1    Introduction

Transition metal-catalyzed homo- and cross-coupling reactions have emerged as 
versatile synthetic methodologies that are widely employed for the synthesis of a 
variety of organic compounds [1–9]. Cross-coupling reactions of various organome-
tallic (Mg, Zn, Sn, B, and Si) reagents and aryl halides are suitable for bond forma-
tion at sp2 and sp carbons. Profs. Negishi, Suzuki, and Heck were awarded the Nobel 
Prize in Chemistry in 2010 for their pioneering work on Pd-catalyzed cross-coupling 
reactions in organic synthesis [10–13].

Scheme 1.1 shows the general mechanism of cross-coupling reactions. Ni- and 
Pd-based complexes are commonly employed as transition metal catalysts. In gen-
eral, cross-coupling reactions involve three steps: an oxidative addition reaction 
across the carbon–halogen bond as an electrophile, transmetalation with the main 
group in the organometallic reagents acting as nucleophiles, and reductive elimina-
tion, resulting in the formation of the carbon–carbon bonds and regeneration of 
the active catalyst. Various organometallic reagents, including Grignard reagents 
(Kumada–Tamao–Corriu), zinc (Negishi), stannane (Migita–Kosugi–Stille), boron 
(Suzuki–Miyaura), silane (Hiyama), copper (Sonogashira), lithium, and mercury 
compounds, can be used [1–13].

In terms of polymer synthesis, various ​π​-conjugated polymers have been designed 
and developed by the transition metal-catalyzed homo- and cross-coupling polycon-
densation over the last few decades [14–17]. This chapter describes a fundamental 
overview of the transition metal-catalyzed homo- and cross-coupling polymeriza-
tion reactions used in the synthesis of various ​π​-conjugated polymers. The utiliza-
tion of transition metal-catalyzed ​C─H​ bond functionalization and carbon–nitrogen 
bond formations in synthesizing ​π​-conjugated polymers is also involved.
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1  Transition Metal-catalyzed Polycondensation2

1.2    Ni-catalyzed Polycondensation

The utilization of transition metal-catalyzed cross-coupling reactions to ​π​-conjugated 
polymers was first reported by Yamamoto et al. in the synthesis of poly(p-phenylene), 
which was prepared by Ni-catalyzed Grignard coupling of 1,4-dibromobenzene  
[14, 18, 19]. One of the ​C─Br​ bonds reacts with Mg to form the Grignard reagent 
and undergoes further coupling reactions based on the Kumada–Tamao–Corriu 
cross-coupling reaction (Scheme 1.2a). Polythiophene (PTh) and poly(3-alkylthiophene)
s (PRThs) were synthesized using the same protocol (Scheme 1.2b) [20].

While the reactions are simple and provide several ​π​-conjugated polymers, the 
regioregularity cannot be controlled using the conventional protocol (Scheme 1.3). 
The synthesis of regioregular PRThs involving head-to-tail (HT) repeating units can 
be realized by the Ni-catalyzed polycondensation of regio-controlled organometal-
lic monomers (Scheme 1.4). The reaction of 2,5-dibromo-3-alkylthiophene with 
metallic Mg or Zn was shown to give the organometallic species at the 5-position. 
Further addition of the Ni catalyst initiated polymerization to give PRThs with 
high HT regioregularity (HT-P3RTh, Schemes 1.4a, b) [21–23]. The active mono-
mers for regioregular PRThs were also generated by deprotonation of 2-bromo-3- 
alkylthiophene with Knochel–Hauser base, 2,2,6,6-tetramethyl piperidinyl 
 magnesium chloride lithium chloride complex (TMPMgCl·LiCl) (Scheme 1.4c) [23]. 
Regioregular PRThs have been of particular interest because regioregular polymers 
exhibit remarkable physical properties such as higher crystallinity and electrical 
conductivity in the solid state than regio-random PRThs [14, 24]. It should be noted 
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Scheme 1.1    General mechanism of metal-catalyzed cross-coupling reaction. Ar1 and  
Ar2 denote aromatic units, M and M′ represent an organometallic moiety, and X represents 
halogen or pseudo-halogen.
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1  Transition Metal-catalyzed Polycondensation4

that the polymerization reaction in Scheme 1.4 could proceed in a chain-growth 
manner, in which propagation occurs at the polymer end, despite the reaction being 
based on a polycondensation. Thus, the reaction allows the control of the molecular 
weight with a narrow molecular weight distribution and the formation of block 
copolymers by successive monomer additions [23, 25–30]. Chapter 2 will provide a 
detailed description of the chain-growth polycondensation.

Dehalogenative homo-coupling polycondensation of dihaloaromatic monomers 
using zerovalent Ni complexes (Ni(0)Lm) such as Ni(PPh3)4 and Ni(cod)2 (cod = 
1,5-cyclooctadiene), has also contributed to design various ​π​-conjugated polymers 
(Scheme 1.5a) [14, 18]. The protocol proceeds under mild conditions and enables 
the polycondensation of dihaloaromatic monomers, such as 2,5-dibromopyridine 
and 1,4-dichloroanthracene, which has not been achieved by other polycondensa-
tion methods. While the reaction generally requires a stoichiometric amount of 
Ni(0) complex, the Ni(0)Lm complexes formed in situ by chemical (e.g. by Zn, NaH, 
and hydrazine hydrate) or electrochemical reduction of Ni(II) compounds are avail-
able for polycondensation [31–35] thus facilitating the following catalytic reactions 
(Scheme 1.5b).

1.3    Pd-catalyzed Polycondensation

Pd complexes are known as useful catalysts for various ​C─C​ coupling reactions, 
particularly the Pd-catalyzed Migita–Kosugi–Stille, Suzuki–Miyaura, Sonogashira, 
and Mizoroki–Heck coupling reactions have been utilized for polycondensation giv-
ing various ​π​-conjugated polymers [14–17]. This is due to some inherent advantages 
such as increased diversity and tenability of the catalysts, oxidative and aqueous sta-
bility, and relatively facile isolation and structural analysis of the complexes, which 
aid their mechanistic and methodological developments. With the development of 
these cross-coupling reactions utilized polycondensation, ​π​-conjugated polymers 
consisting of alternating aromatic units have been prepared easily, and the variation 
of the ​π​-conjugated polymers has been dramatically increased.

The Migita–Kosugi–Stille coupling reaction is a Pd-catalyzed cross-coupling reac-
tion between aryl halides and organostannic compounds and the Suzuki–Miyaura 
coupling reaction is a versatile ​C─C​ bond formation reaction between aryl halides 
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Scheme 1.5    Dehalogenative homo-coupling polycondensation using (a) a stoichiometric 
amount of Ni(0) complex and (b) Ni(0) complexes formed by chemical and electrochemical 
reduction.
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1.3  Pd-catalyzed Polycondensation 5

and organoboronic acids. One important difference between the cross-coupling 
reactions is that the Suzuki–Miyaura coupling reaction requires the activation of 
the organoboronic acid with a base. This activation facilitated transmetalation  
(Scheme 1.6). The major advantage of these cross-coupling reactions is that they can 
tolerate various functional groups and proceed under mild conditions. The Suzuki–
Miyaura coupling reaction can even be conducted in aqueous media. The feature 
of the coupling reactions offers the opportunity to design a variety of ​π​-conjugated 
polymers with functional moieties manifesting many highly desirable properties 
(Scheme 1.7a, b) [14–17, 36, 37]. In addition, these cross-coupling polymerization 
protocols also proceed in a chain-growth polymerization manner from the initiator 
unit derived from the Pd catalyst [25–30]; the details are to be described in Chapter 2.

The Pd-catalyzed cross-coupling of aryl halides with terminal alkynes employing 
co-catalytic Cu(I) halides and an amine base is referred as the Sonogashira coupling 
reaction [9]. The polycondensation reactions between dihaloaromatic monomers 
and diethynyl aromatic monomers give poly(arylene ethynylene) type ​π​-conjugated 
polymers (Scheme 1.7c) [38]. In this reaction, the Cu(I) halides react with the ter-
minal alkyne to produce a Cu(I) acetylide, which serves as an activated species for 
the coupling reaction. Transmetalation proceeded in the usual manner for the Pd 
complex (Scheme 1.1). A Cu-co-catalyzed mechanism for the Sonogashira coupling 
reaction was also proposed since the rate of the reaction was affected by the nature 
of the substituent and the halide of the copper(I) salt as well as the aryl halide [39].

The Mizoroki–Heck coupling is a Pd-catalyzed cross-coupling reaction between 
aryl halides and alkenes in the presence of a base to form aryl alkenes [12]. The 
reaction differs from other Pd-catalyzed cross-coupling reactions because it does 
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Scheme 1.6    Reaction mechanism of the Suzuki–Miyaura coupling reaction. Ar1 and Ar2 
denote aromatic units and X denotes halogen or pseudo-halogen.
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1  Transition Metal-catalyzed Polycondensation6

not involve a transmetalation step. Alternatively, after the oxidative addition step, 
the alkene inserts into the ​Pd─C​ bond, and the coupling products are produced via 
a ​β​-hydrogen elimination (Scheme 1.8a). The Mizoroki–Heck reaction is compatible 
with the synthesis of several poly(p-phenylene vinylene) (PPV) derivatives and their 
analogs, namely poly(arylene vinylene)s (PAVs, Scheme 1.8b) [40]. PPV and PAVs 
have attracted considerable attention because of their high electrical conductivity 
and optoelectronic properties [41, 42].

Pd-catalyzed carbon–heteroatom bond formation reactions have also become 
valuable synthetic tools. In particular, the Pd-catalyzed amination of aryl halides, 
commonly known as the Buchwald–Hartwig coupling reaction, has attracted 
attention [43, 44]. The catalytic cycle involves the oxidative addition of aryl 
halides, followed by the coordination and deprotonation of the amine. The use 
of bases such as sodium tert-butoxide is effective for the deprotonation of the 
reacting amine. Finally, the reductive elimination of the N-aryl product occurs 
(Scheme 1.9). The aryl amination reaction relies on the design of the catalyst 
systems, particularly the choice of a ligand, to prevent a side reaction through  
​β​-hydrogen elimination.

The Buchwald–Hartwig aryl amination reaction is an effective tool for the synthe-
sis of polyaniline analogs and poly(triarylamine)s, which are difficult to prepare via 
conventional oxidative polymerization (Scheme 1.10) [45]. It is essential to select a 
suitable ligand for the desired polymer structure. While 2-(di-tert-butylphosphino)
biphenyl or 2-dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl (X-Phos) is a 
suitable ligand for the synthesis of polyaniline analogs bearing a secondary amine 
unit (Scheme 1.10a–c) [46–48], tri-tert-butylphosphine ​​ (​P​​ t​​Bu​ 3​​ )​​ is one of the optimal 
ligands for the synthesis of poly(triarylamine)s (Scheme 1.10d, e) [49–52]. Analogous 
Ni-catalyzed aryl aminations are also compatible with polycondensation [53].

1.4    Pd-catalyzed Polycondensation via ​C─H​ Bond 
Functionalization

As mentioned above, various ​π​-conjugated polymers have been synthesized by 
metal-catalyzed cross-coupling reactions. Recently, direct arylation reactions 
using the ​C─H​ bonds of aromatic compounds as the reaction points have attracted 
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71.4  Pd-catalyzed Polycondensation via C—H Bond Functionalization

attention as alternatives to conventional cross-coupling reactions (Scheme 1.11) 
[54–56]. This reaction does not require the introduction of an organometallic  
moiety into the reactant, thus reducing the number of synthetic steps. Furthermore, 
while cross-coupling reactions produce metal-containing by-products, the formal 
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1  Transition Metal-catalyzed Polycondensation8

by-product of the direct arylation reaction is hydrogen halides (HX), which 
reduces the environmental impact. Owing to these advantages, polycondensation 
reactions involving direct arylation have been actively developed in recent years 
[57–61].
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9

Lemaire et al. reported the first direct arylation polycondensation of 2-bromo-
3-octylthiophene for the synthesis of poly(3-octylthiophene) [62, 63]. Although 
these studies pioneered a novel synthetic methodology, the regioregularities and 
molecular weights of the resulting polymers were inferior to those prepared by 
conventional cross-coupling polycondensation. In 2010, Ozawa et al. reported the 
successful synthesis of high-molecular-weight poly(3-hexylthiophene) with high 
regioregularity from 2-bromo-3-hexylthiophene, using their original catalytic sys-
tem (Scheme 1.12) [64].

Subsequently, the direct arylation polycondensation of 1,2,4,5-tetrafluorobenzene 
with 2,7-dibromo-9,9-dioctylfluorene afforded the corresponding polymer with 
a high molecular weight in good yield (Scheme 1.13) [65]. This molecular weight 
is higher than that prepared by conventional polycondensation using the Suzuki–
Miyaura coupling [66]. The polymer exhibited efficacy as a hole-blocking material 
in organic light-emitting diodes, which can be attributed to the low HOMO energy 
levels resulting from the presence of multiple F substituents [67].

Scheme 1.14 shows the general reaction mechanism for the direct arylation [68]. 
As in conventional cross-coupling reactions, direct arylation is initiated by the oxi-
dative addition across the carbon–halogen bond. Subsequently, ligand exchange 
occurs between the halogen and carboxylate, which is generated by the reaction of a  
carboxylic acid additive with a base. The carboxylato-Pd complex undergoes ​C─H​ 
bond cleavage with the assistance of the carboxylato ligand and ​Pd─C​ bond forma-
tion in a concerted manner. This process is referred as the concerted metallation–
deprotonation (CMD) pathway [69]. The reductive elimination of the biaryl complex 
results in the formation of the product and the regeneration of the active Pd catalyst. 
Carboxylic acid additives are important for direct arylation because they affect the 
transition state of CMD.

The effects of carboxylic acid additives were investigated in a model reaction using 
3,4-ethylenedioxythiophene (EDOT) as the ​C─H​ monomer (Scheme 1.15) [70]. 
Weak carboxylic acids with bulky substituents, such as 1-adamantanecarboxylic 
acid (1-AdCOOH) and pivalic acid, are effective additives because of the high 
molecular weight of the resultant polymers and high yield. Weak acidity is advanta-
geous because a weak acid acts as a strong conjugate base in the coordination sphere 
of the transition state of the CDM pathway. In addition, bulkiness might prevent the 
aggregation of the Pd catalyst, which facilitates the reaction [71]. Owing to the high 
efficiency of the catalytic system with 1-AdCOOH, only 1 mol% of Pd(OAc)2 was 
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Scheme 1.12    Synthesis of poly(3-hexylthiophene) by direct arylation polycondensation.

1.4  Pd-catalyzed Polycondensation via C—H Bond Functionalization
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11

required to afford a high-molecular-weight polymer in good yield (Scheme 1.15) [70].  
The advantages of using bulky carboxylic acids, such as neodecanoic acid, have also 
been reported [72, 73]. Direct arylation polycondensation of thiophene monomers 
bearing electron-donating substituents is generally conducted in polar solvents 
such as N,N-dimethylacetamide (DMAc) [74–76].

Scheme 1.16 shows the direct arylation polycondensation reaction for the synthe-
sis of a donor–acceptor-type conjugated polymer suitable for organic photovoltaic 
applications [77]. The optimal reaction conditions for the direct arylation of accep-
tor monomers bearing electron-withdrawing substituents are different from those 
for donor monomers such as EDOT, as shown in Scheme 1.15 [78]. For acceptor 
monomers, the combination of a phosphine ligand (PCy3) and low-polarity solvent 
(toluene) is effective for obtaining the targeted polymer.

The catalytic system with the phosphine and nitrogen ligands demonstrated high 
selectivity and yielded polymers without structural defects (Scheme 1.17) [79].  
In direct arylation reactions, there are potential concerns regarding side reactions 
involving ​C─H​ bonds at undesired positions and ​C─H / C─H​ and ​C─Br / C─Br​ 
homo-coupling reactions. The mixed-ligand approach minimizes these side reactions 
and prevents the formation of branching, crosslinking, and homo-coupling defects, 
even in difficult-to-control monomers, such as unsubstituted bithiophene [80].  
The obtained polymers could serve as high-performance materials for organic 
photovoltaics.

Polycondensation using the ​C─H / C─H​ homo-coupling reaction is a facile 
method for synthesizing homopolymers because there is no need for reactive func-
tional groups such as halogens and metal moieties. This method is referred to as 
oxidative direct arylation polymerization [81]. Scheme 1.18 shows the oxidative 
direct arylation polymerization of thiazole-based monomers using a Pd catalyst 
and metal oxidants such as Cu(OAc)2 [82, 83]. Further investigations have led to 
the development of an environmentally friendly oxidative direct arylation polym-
erization method that does not utilize a metal oxidant and employs oxygen as the 
oxidant [84].

Polycondensation reactions using cross-dehydrogenative coupling (​C─H / C─H​ 
cross-coupling) allow the synthesis of polymers that link two monomers in a short 
synthetic process [85–87]. However, to achieve this, it is necessary to suppress unde-
sired homo-coupling reactions because both reaction points are ​C─H​ bonds [88]. 
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Scheme 1.16    Direct arylation polycondensation of an electron-deficient thiophene 
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1.4  Pd-catalyzed Polycondensation via C—H Bond Functionalization
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1  Transition Metal-catalyzed Polycondensation12

Scheme 1.19 shows cross-dehydrogenative-coupling polycondensation of 2,2ʹ,3,3ʹ, 
5,5ʹ,6,6ʹ-octafluorobiphenyl with 3,3ʹ-dihexyl-2,2ʹ-bithiophene [89]. The result-
ant polymer had a highly alternating structure with only minor homo-coupling 
defects (approximately 4%). Silver salts are responsible for cleaving the ​C─H​ bonds 
of octafluorobiphenyl, in addition to acting as oxidants. The combined action of 
the Pd catalyst and the Ag salt prevents homo-coupling [90, 91]. The reaction also 
proceeded in air, and the use of O2 as a terminal oxidant resulted in a lower Ag oxi-
dant loading (Scheme 1.18) [89]. Reports on the associated direct sp2 ​C─H​ coupling  
polycondensation of thiophene derivatives have also been published [92–96].

The dehydrogenative alkenylation of arenes, known as direct alkenylation, is appli-
cable to the synthesis of PAVs (Scheme 1.20) [97–99]. This protocol is a promising 
alternative to the Mizoroki–Heck-type polycondensation, allowing straightforward 
access to PAVs without bromo groups in the monomers [40, 100]. The Pd-catalyzed 
direct alkenylation polycondensation afforded the corresponding PAV in a trans 
configuration (Scheme 1.20) [101]. The polymer contained only 3% homo-coupling 
defects. The obtained polymer was used as the emitting material in an OLED device. 
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Scheme 1.17    Synthesis of a defect-free conjugated polymer by direct arylation 
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Scheme 1.18    Oxidative direct arylation polycondensation.
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1.5  Cu- and Fe-catalyzed Polycondensation 13

In addition, the direct alkenylation polymerization of diketopyrrolopyrrole mono-
mers [102] and polymerization using directing groups have also been reported [103].

1.5    Cu- and Fe-catalyzed Polycondensation

Because Cu is an earth-abundant metal with lower toxicity than Pd and Ni, there 
has been increased interest in Cu-catalyzed homo- and cross-coupling reactions. 
The classical Ullmann coupling reactions involve the synthesis of symmetric biaryl 
compounds. While the traditional Ullmann coupling reaction has some drawbacks, 
including the necessity of high temperatures and large amounts of Cu, the use of 
appropriate ligands can modulate the reactivity and achieve an effective and ver-
satile catalytic system [104–107]. Microwave-assisted Ullmann homo-coupling 
reaction has been applied to the synthesis of acceptor-type ​π​-conjugated polymers 
(Scheme 1.21) [108].

The Ullmann-type cross-coupling reactions involve nucleophilic aromatic substi-
tutions of aryl halides with various nucleophiles, such as amines. Cu can participate 
in cross-coupling reactions in a manner similar to that of Pd. An important differ-
ence with respect to Cu is the easy accessibility of the four oxidation states (0 to +3) 
of the metal; the cross-coupling catalytic cycle with Cu is most likely serviced by the 
+1/+3 oxidation states (Scheme 1.22a). The Cu-catalyzed aryl amination reaction 
can also be used to prepare poly(triarylamine)s containing light-harvesting dyes 
with low bandgaps (Scheme 1.22b) [109, 110].

It has been reported that CuI/PPh3 or phenanthroline-based catalysts promote 
the direct arylation of heteroaromatic compounds with aryl halides [111, 112]. 
Cu-catalyzed direct arylation polycondensation has also been reported by Thompson 
et al. (Scheme 1.23a) [113]. While the Cu catalyst does not show high reactivity 
and broad availability compared with those of the Pd catalyst at present, the use of 
CuBr(phen) (PPh3) as a precatalyst could overcome these issues (Scheme 1.23b) [114].  
Furthermore, Cu-catalyzed direct arylation achieved ​C─H​ bond activation at 
the 2-position in thiazole-based monomers (Scheme 1.23c). This is in contrast to 
Pd-catalyzed direct arylation, in which the ​C─H​ bond at the 5-position of the thi-
azole moiety is highly reactive [115, 116]. The site selectivity could apply to the 
unique molecular design of ​π​-conjugated polymers.

The 2-position of the thiazole moiety is also highly reactive in Cu-catalyzed aero-
bic oxidative ​C─H / C─H​ homo-coupling reactions [117]. Cu-catalyzed aerobic oxi-
dative homo-coupling polycondensation affords thiazole- and benzodiimidazole 
based ​π​-conjugated polymers (Scheme 1.24) [118, 119]. The synthetic method is a 
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EH = 2-ethylhexyl
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Scheme 1.20    Direct alkenylation polycondensation.
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1  Transition Metal-catalyzed Polycondensation14

low-cost and environmentally friendly process because of the naturally abundant 
feedstock of dioxygen and harmless by-products, such as water.

Iron is the best alternative to precious metals as an earth-abundant cata-
lyst. Nakamura et al. demonstrated the Fe-catalyzed regioselective ​C─H / C─H​ 
homo-coupling polycondensation of thiophene derivatives (Scheme 1.25a) [120]. 
The use of conjugated tridentate phosphine as a ligand suppresses catalyst deac-
tivation, whereas diethyl oxalate, used together with AlMe3, acts as a two-electron 
acceptor in ​C─H​ activation. The polycondensation reaction proceeds under 
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Scheme 1.22    (a) Reaction mechanism of the Ullmann-type cross-coupling reaction. Ar 
denotes aromatic unit, Nu denotes nucleophilic species, and X and Y represent halogen or 
pseudo-halogen. (b) Synthesis of poly(triarylamine) by the Ullmann-type cross-coupling 
polycondensation.
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1.6  Other Transition Metal-catalyzed Polymerization 15

mild conditions and affords a variety of thiophene-based ​π​-conjugated poly-
mers bearing electron-donative ​π​ motifs. The cooperative catalytic systems using 
two earth-abundant metals, Fe and Al, are also compatible with ​C─H / C─H​ 
cross-coupling reaction between thiophenes and enamines and its application to 
polycondensation of bisenamine and bisthiophene derivatives (Scheme 1.25b) [121].

1.6    Other Transition Metal-catalyzed Polymerization

The acyclic diene metathesis (ADMET) polycondensation of divinyl aromatic mon-
omers is another promising synthetic method for PAVs [122–125]. The catalytic 
cycle begins with the metathesis of the terminal olefin of a divinyl monomer using 
a metal alkylidene catalyst. The newly formed metal alkylidene species then under-
goes metathesis with another terminal olefin of the monomer to recover the metal 
methylidene species and produce an internal olefin (Scheme 1.26a). Because ADMET 
is an equilibrium reaction, the removal of ethylene by-products from the reaction 
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1  Transition Metal-catalyzed Polycondensation16

medium is a prerequisite for obtaining PAVs with high molecular weights. ADMET 
polycondensation of 2,7-divinyl-9,9-dialkylfluorenes by Ru-carbene catalysts pro-
vides all-trans poly(9,9-di-n-octylfluorene-2,7-vinylene) (PFV) with a high molecular 
weight, defect-free, and well-defined chain ends (Scheme 1.26b) [122, 125].
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1.6  Other Transition Metal-catalyzed Polymerization 17

PPV derivatives have also been prepared by the ring-opening metathesis polym-
erization (ROMP) of strained cyclophanedienes initiated by Ru-carbene catalysts 
(the second-generation Grubbs catalyst) (Scheme 1.27) [126]. Once the cyclophan-
ediene has been consumed completely, the polymer chain end is still active, and the 
addition of further cyclophanediene gives block copolymers. This protocol was also 
applicable to the synthesis of block copolymers of PAVs consisting of donor–acceptor 
fractions [127].

Polyaddition via the hydroarylation of aromatic diynes with arenes is a promising 
alternative synthetic methodology for PAVs because the production of by-products 
from monomers can be eliminated. The synthesis of PAVs via the Rh-catalyzed 
hydroarylation of internal diynes has been reported [128], whereas the Cp*Co(III)-
catalyzed hydroarylation polyaddition of aromatic terminal diynes to arenes 
bearing directing groups provides the corresponding PAVs under mild reaction 
conditions (Scheme 1.28) [129–132]. The protocol includes an ortho-metalation 
process, which facilitates site-selective reaction. However, the reaction sometimes 
produces a 1,1-vinylidene unit from a side reaction during the migratory insertion 
of the alkyne unit into the Co catalyst, which lowers the regioselectivity of PAVs. 
The presence of 1,1-vinylidene unit serves as a defect in ​π​-conjugated polymer mate-
rials that decreases the semiconducting device performance [129]. This difficulty 
has been overcome by designing targeted aromatic monomers bearing appropriate 
directing groups, resulting in site-specific and regioselective polymerization. The 
synthesized PAVs serve as emitting materials and p-type semiconductors for organic 
optoelectronic devices [131, 132]. Mn-catalyzed hydroarylation is compatible with 
the polyaddition protocol, affording pyrrole-based PAVs with quantitative site- and 
regioselectivity [133].

Transition metal-catalyzed ​C─H​ bond activation followed by alkyne insertion is 
a useful method for the synthesis of fused aromatic rings. Rh-catalyzed ​C─H​ bond 
cleavage of the acetanilide and alkyne insertion forms indoles [134]. The annula-
tion reaction applied to polycondensation of 1,4-bis(acetylamino)benzene and var-
ious diynes, affording ​π​-conjugated polymers containing benzodipyrrole moieties 
with high regioselectivity (Scheme 1.29a) [135]. Oxidative Rh-catalyzed successive ​
C─H​ activation–annulation reactions of 1-phenylimidazole with alkynes were 
also applicable to polycondensation, affording main chain-charged conjugated 
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1  Transition Metal-catalyzed Polycondensation18

polyelectrolytes consisting of cationic ring-fused heteroaromatic structures  
(Scheme 1.29b) [136, 137]. Although the regioregularity of polyelectrolytes has 
not been controlled, they form multicolored fluorescent microfibers for biomedi-
cal applications. Polycondensation via the Pd-catalyzed cyclopenta-annulation 
of brominated polycyclic aromatic hydrocarbons with alkynes has also been 
reported (Scheme 1.29c) [138, 139]. The reaction involves oxidative addition of ​
C─Br​ bond, followed by alkyne insertion into the ​Pd─C​ bond and ​C─H​ acti-
vation of the adjacent ​C─H​ bond, and reductive elimination forms ​π​-extensive 
annulated products.
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1.7    Summary

Transition metal-catalyzed homo- and cross-coupling reactions are essential tools 
for the synthesis of varied ​π​-conjugated polymers using diverse monomer materi-
als. To produce high-performance organic optoelectronic materials, the synthesized ​
π​-conjugated polymers must have a high molecular weight, defect-free structure, 
and high purity [16, 140]. Thus, polymerization reactions should proceed efficiently 
without side reactions because regioirregular structures in the polymer chain can-
not be removed from the polymer backbone, even in the purification step. Therefore, 
appropriate monomer choices and detailed optimization of the reaction conditions 
are vital. Conversely, the chemical structures of state-of-the-art ​π​-conjugated polymer 
materials tend to be too complex to meet the requirements for qualifying as materi-
als for organic optoelectronic devices. Complex structures bearing multi-component 
units require numerous synthesis steps. The synthetic routes of monomers have to be 
more sophisticated in terms of a reaction step because a successful practical applica-
tion of ​π​-conjugated polymers will depend on the overall synthetic route [141–145]. 
Polymerization through direct ​C─H​ bond functionalization should contribute to the 
practical use of ​π​-conjugated polymer materials. In addition, catalysts that enable 
highly efficient and new coupling reactions with less environmental impact should be 
developed and polymerization protocols must be updated to incorporate them.

References

1	 Miyaura, N. and Suzuki, A. (1995). Palladium-catalyzed cross-coupling reactions 
of organoboron compounds. Chemical Reviews 9 (7): 2457–2483. https://doi.org/ 
10.1021/cr00039a007.

2	 Rosen, B.M., Quasdorf, K.W., Wilson, D.A. et al. (2011). Nickel-catalyzed cross-
couplings involving carbon−oxygen bonds. Chemical Reviews 111: 1346–1416.

3	 Martin, R. and Buchwald, S.L. (2008). Palladium-catalyzed Suzuki−Miyaura 
cross-coupling reactions employing dialkylbiaryl phosphine ligands. Accounts of 
Chemical Research 41 (11): 1461–1473. https://doi.org/10.1021/ar800036s.

4	 Suzuki, A. (1999). Recent advances in the cross-coupling reactions of organoboron 
derivatives with organic electrophiles, 1995–1998. Journal of Organometallic 
Chemistry 576: 147–168.

5	 Tamao, K., Sumitani, K., Kiso, Y. et al. (1969). Nickel-phosphine complex-
catalyzed Grignard coupling. I. Cross-coupling of alkyl, aryl, and alkenyl Grignard 
reagents with aryl and alkenyl halides: general scope and limitations. Bulletin of 
the Chemical Society of Japan 49: 1958–1969.

6	 Negishi, E. (2007). Transition metal-catalyzed organometallic reactions that have 
revolutionized organic synthesis. Bulletin of the Chemical Society of Japan  
80: 233–257.

7	 Fugami, K. and Kosugi, M. (2002). Organotin compounds. In: Topics in Current 
Chemistry (ed. N. Miyaura), 87–130. Berlin, Heidelberg: Springer.

c01.indd   19c01.indd   19 12/2/2025   5:55:11 PM12/2/2025   5:55:11 PM



1  Transition Metal-catalyzed Polycondensation20

8	 Hiyama, T. and Shirakawa, E. (2002). Organosilicon compounds. In: Topics in 
Current Chemistry (ed. N. Miyaura), 61–85. Berlin, Heidelberg: Springer.

9	 Sonogashira, K. (2002). Development of Pd–Cu catalyzed cross-coupling of 
terminal acetylenes with sp2-carbon halides. Journal of Organometallic Chemistry 
653: 46–49.

10	 Suzuki, A. (2011). Cross-coupling reactions of organoboranes: an easy way to 
construct C–C bonds (Nobel Lecture). Angewandte Chemie International Edition 
50 (30): 6722–6737. https://doi.org/10.1002/anie.201101379.

11	 Negishi, E. (2011). Magical power of transition metals: past, present, and future 
(Nobel Lecture). Angewandte Chemie International Edition 50 (30): 6738–6764.  
https://doi.org/10.1002/anie.201101380.

12	 Heck, R. (2006). Cobalt and palladium reagents in organic synthesis: the 
beginning. Synlett 2006 (18): 2855–2860. https://doi.org/10.1055/s-2006-951536.

13	 Johansson Seechurn, C.C.C., Kitching, M.O., Colacot, T.J. et al. (2012). Palladium‐
catalyzed cross‐coupling: a historical contextual perspective to the 2010 Nobel 
Prize. Angewandte Chemie International Edition 51, 5062–5085.

14	 Yamamoto, T. (2010). Synthesis of π-conjugated polymers by organometallic 
polycondensation. Bulletin of the Chemical Society of Japan 83: 431–455.

15	 Xu, S., Kim, E.H., Wei, A. et al. (2014). Pd-and Ni-catalyzed cross-coupling 
reactions in the synthesis of organic electronic materials. Science and Technology 
of Advanced Materials 15: 044201.

16	 Lo, C.K., Wolfe, R.M.W., and Reynolds, J.R. (2021). From monomer to conjugated 
polymer: a perspective on best practices for synthesis. Chemistry of Materials  
33 (13): 4842–4852. https://doi.org/10.1021/acs.chemmater.1c01142.

17	 Wen, J., Zhu, L., and Li, M. (2020). C−C coupling reactions for the synthesis of 
two-dimensional conjugated polymers. ChemPlusChem 85: 2636–2651.  
https://doi.org/10.1002/cplu.202000643.

18	 Yamamoto, T. (1992). Electrically conducting and thermally stable π-conjugated 
poly (arylene) s prepared by organometallic processes. Progress in Polymer Science 
17: 1153–1205.

19	 Yamamoto, T. and Yamamoto, A. (1977). A novel type of polycondensation 
of polyhalogenated organic aromatic compounds producing thermostable 
polyphenylene type polymers promoted by nickel complexes. Chemistry Letters  
6: 353–356.

20	 Yamamoto, T., Sanechika, K., and Yamamoto, A. (1983). Preparation and 
characterization of poly (thienylene) s. Bulletin of the Chemical Society of Japan 
56: 1497–1502.

21	 McCullough, R.D. and Lowe, R.D. (1992). Enhanced electrical conductivity in 
regioselectively synthesized poly (3-alkylthiophenes). Journal of the Chemical 
Society, Chemical Communications 1: 70–72. https://doi.org/10.1039/ 
c39920000070.

22	 Chen, T., Wu, X., and Rieke, R.D. (1995). Regiocontrolled synthesis of poly 
(3-alkylthiophenes) mediated by Rieke zinc: their characterization and solid-state 
properties. Journal of the American Chemical Society 117 (1): 233–244.  
https://doi.org/10.1021/ja00106a027.

c01.indd   20c01.indd   20 12/2/2025   5:55:11 PM12/2/2025   5:55:11 PM



References 21

23	 Shibuya, Y. and Mori, A. (2020). Dehalogenative or deprotonative? The 
preparation pathway to the organometallic monomer for transition-metal-
catalyzed catalyst-transfer-type polymerization of thiophene derivatives. 
Chemistry – A European Journal 26: 6976–6987.

24	 Amna, B., Siddiqi, H.M., Hassan, A. et al. (2020). Recent developments in the 
synthesis of regioregular thiophene-based conjugated polymers for electronic and 
optoelectronic applications using nickel and palladium-based catalytic systems. 
RSC Advances 10 (8): 4322–4396. https://doi.org/10.1039/c9ra09712k.

25	 Yokozawa, T. and Yokoyama, A. (2009). Chain-growth condensation 
polymerization for the synthesis of well-defined condensation polymers and 
π-conjugated polymers. Chemical Reviews 109 (11): 5595–5619. https://doi.org/ 
10.1021/cr900041c.

26	 Osaka, I. and McCullough, R.D. (2008). Advances in molecular design and 
synthesis of regioregular polythiophenes. Accounts of Chemical Research 41 (9): 
1202–1214. https://doi.org/10.1021/ar800130s.

27	 Yokoyama, A., Miyakoshi, R., and Yokozawa, T. (2004). Chain-growth 
polymerization for poly (3-hexylthiophene) with a defined molecular weight and a 
low polydispersity. Macromolecules 37: 1169–1171. https://doi.org/10.1021/ 
ma035396o.

28	 Iovu, M.C., Sheina, E.E., Gil, R.R. et al. (2005). Experimental evidence for the 
quasi-“living” nature of the Grignard metathesis method for the synthesis of 
regioregular poly (3-alkylthiophenes). Macromolecules 38: 8649–8656.

29	 Tamba, S., Shono, K., Sugie, A. et al. (2011). C–H functionalization 
polycondensation of chlorothiophenes in the presence of nickel catalyst with 
stoichiometric or catalytically generated magnesium amide. Journal of the 
American Chemical Society 133 (25): 9700–9703. https://doi.org/10.1021/ 
ja2033525.

30	 Baker, M.A., Tsai, C., and Noonan, K.J.T. (2018). Diversifying cross-coupling 
strategies, catalysts and monomers for the controlled synthesis of conjugated 
polymers. Chemistry – A European Journal 24: 13078–13088.

31	 Ueda, M., Miyaji, Y., Ito, T. et al. (1991). Synthesis of poly (3-phenyl-2, 
5-thiophene) by nickel-catalyzed coupling polymerization of 3-phenyl-2, 
5-dichlorothiophene. Macromolecules 24: 2694–2697.

32	 Saito, N., Kanbara, T., Nakamura, Y. et al. (1994). Electrochemical and chemical 
preparation of linear. pi.-conjugated poly (quinoline-2, 6-diyl) using nickel 
complexes and electrochemical properties of the polymer. Macromolecules  
27: 756–761.

33	 Yamamoto, T., Kashiwazaki, A., and Kato, K. (1989). Polymers and oligomers 
with substituted 2, 5‐thienylene units. Preparation and electrical conductivity 
properties. Die Makromolekulare Chemie 190: 1649–1654.

34	 Yamamoto, T., Hayashida, N., and Maruyama, T. (1997). Ni‐catalyzed 
dehalogenation polycondensation of dihaloaromatic compounds with NaH. 
Macromolecular Chemistry and Physics 198: 341–351.

35	 Kitada, K. and Ozaki, S. (1995). Reductive polymerization of halothiophene. 
Polymer Journal 27 (12): 1161–1166. https://doi.org/10.1295/polymj.27.1161.

c01.indd   21c01.indd   21 12/2/2025   5:55:12 PM12/2/2025   5:55:12 PM



1  Transition Metal-catalyzed Polycondensation22

36	 Cheng, Y.-J. and Luh, T.-Y. (2004). Synthesizing optoelectronic heteroaromatic 
conjugated polymers by cross-coupling reactions. Journal of Organometallic 
Chemistry 689: 4137–4148.

37	 Carsten, B., He, F., Son, H.J. et al. (2011). Stille polycondensation for synthesis of 
functional materials. Chemical Reviews 111 (3): 1493–1528. https://doi.org/ 
10.1021/cr100320w.

38	 Amna, B., Ateş, A., and Ozturk, T. (2023). Pd/Cu-catalyzed sonogashira cross-
coupling polycondensation: a promising approach for synthesizing conjugated 
polymers with useful applications. European Polymer Journal 196: 112275.

39	 Wang, X., Song, Y., Qu, J. et al. (2017). Mechanistic insights into the copper-
cocatalyzed Sonogashira cross-coupling reaction: key role of an anion. 
Organometallics 36: 1042–1048. https://doi.org/10.1021/acs.organomet.7b00010.

40	 Blayney, A.J., Perepichka, I.F., Wudl, F. et al. (2014). Advances and challenges in 
the synthesis of poly (p-phenylene vinylene)-based polymers. Israel Journal of 
Chemistry 54: 674–688.

41	 Grimsdale, A.C., Chan, K.L., Martin, R.E. et al. (2009). Synthesis of light-emitting 
conjugated polymers for applications in electroluminescent devices. Chemical 
Reviews 109 (3): 897–1091. https://doi.org/10.1021/cr000013v.

42	 Banerjee, J. and Dutta, K. (2021). A short overview on the synthesis, properties 
and major applications of poly (p-phenylene vinylene). Chemical Papers 75 (10): 
5139–5151. https://doi.org/10.1007/s11696-020-01492-9.

43	 Dorel, R., Grugel, C.P., and Haydl, A.M. (2019). The Buchwald–Hartwig 
amination after 25 years. Angewandte Chemie International Edition 58 (48): 
17118–17129. https://doi.org/10.1002/anie.201904795.

44	 Heravi, M.M., Kheilkordi, Z., Zadsirjan, V. et al. (2018). Buchwald-Hartwig 
reaction: an overview. Journal of Organometallic Chemistry 861: 17–104.

45	 Giri, H., Dowell, T.J., Almtiri, M. et al. (2023). Polyaniline derivatives and their 
applications. In: Trends and Developments in Modern Applications of Polyaniline 
(ed. F. Năstase). Rijeka: IntechOpen.

46	 Ward, R.E. and Meyer, T.Y. (2003). o,p-Polyaniline: a new form of a classic 
conducting polymer. Macromolecules 36: 4368–4373. https://doi.org/10.1021/ 
ma021343f.

47	 Kuwabara, J., Mori, H., Teratani, T. et al. (2009). Regioregulated syntheses of poly 
(aminopyridine) s by Pd-catalyzed amination reaction. Macromolecular Rapid 
Communications 30 (12): 997–1001. https://doi.org/10.1002/marc.200900033.

48	 Almtiri, M., Dowell, T.J., Chu, I. et al. (2021). Phenoxazine-containing polyaniline 
derivatives with improved electrochemical stability and processability. ACS 
Applied Polymer Materials 3 (6): 2988–2997. https://doi.org/10.1021/acsapm. 
1c00152.

49	 Kodama, S., Kuwabara, J., Jiang, X. et al. (2019). Effect of purification solvent on 
polymer impurities and device performance. ACS Applied Polymer Materials 1 (8): 
2083–2088. https://doi.org/10.1021/acsapm.9b00385.

50	 Yamada, H., Kukino, M., Wang, Z.A. et al. (2015). Preparation and 
characterization of green reflective films of polyaniline analogs containing 
azobenzene units. Journal of Applied Polymer Science 132: 41275.

c01.indd   22c01.indd   22 12/2/2025   5:55:12 PM12/2/2025   5:55:12 PM



References 23

51	 Takase, N., Kuwabara, J., Choi, S.J. et al. (2014). Microwave-assisted 
polycondensation of 4-octylaniline with dibromoarylene. Journal of Polymer 
Science Part A: Polymer Chemistry 53 (4): 536–542. https://doi.org/10.1002/ 
pola.27469.

52	 Kukino, M., Kuwabara, J., Matsuishi, K. et al. (2010). Synthesis and metal-like 
luster of novel polyaniline analogs containing azobenzene unit. Chemistry Letters 
39: 1248–1250.

53	 Kanbara, T., Miyazaki, Y., Hasegawa, K. et al. (2000). Preparation of 
meta‐polyaniline and its related poly (iminoarylene)s by nickel‐catalyzed 
polycondensation of aryl dichlorides with aryl primary diamines. Journal of 
Polymer Science Part A: Polymer Chemistry 38: 4194–4199.

54	 Satoh, M. and Miura, T. (2007). Catalytic direct arylation of heteroaromatic 
compounds. Chemistry Letters 36: 200–205.

55	 Rossi, R., Bellina, F., Lessi, M. et al. (2014). Cross‐coupling of heteroarenes 
by C–H functionalization: recent progress towards direct arylation and 
heteroarylation reactions involving heteroarenes containing one heteroatom. 
Advanced Synthesis & Catalysis 356 (1): 17–117. https://doi.org/10.1002/ 
adsc.201300922.

56	 Segawa, Y., Maekawa, T., and Itami, K. (2015). Synthesis of extended π‐systems 
through C–H activation. Angewandte Chemie International Edition 54: 66–81.

57	 Pouliot, J.-R., Grenier, F., Blaskovits, J.T. et al. (2016). Direct (hetero) arylation 
polymerization: simplicity for conjugated polymer synthesis. Chemical Reviews 
116 (22): 14225–14274. https://doi.org/10.1021/acs.chemrev.6b00498.

58	 Wakioka, M. and Ozawa, F. (2018). Highly efficient catalysts for direct arylation 
polymerization (DArP). Asian Journal of Organic Chemistry 7 (7): 1206–1216.  
https://doi.org/10.1002/ajoc.201800227.

59	 Kuwabara, J. (2018). Direct arylation polycondensation for synthesis of 
optoelectronic materials. Polymer Journal 50 (12): 1099–1106. https://doi.org/ 
10.1038/s41428-018-0101-3.

60	 Kuwabara, J. and Kanbara, T. (2019). Facile synthesis of π-conjugated polymers 
via direct arylation polycondensation. Bulletin of the Chemical Society of Japan  
92: 152–161.

61	 Pankow, R.M. and Thompson, B.C. (2020). Approaches for improving 
the sustainability of conjugated polymer synthesis using direct arylation 
polymerization (DArP). Polymer Chemistry 11 (3): 630–640. https://doi.org/ 
10.1039/c9py01534e.

62	 Sévignon, M., Papillon, J., Schulz, E. et al. (1999). New synthetic method for the 
polymerization of alkylthiophenes. Tetrahedron Letters 40: 5873–5876.

63	 Hassan, J., Schulz, E., Gozzi, C. et al. (2003). Palladium-catalyzed synthesis of 
oligo (alkylthiophenes). Journal of Molecular Catalysis A: Chemical 195: 125–131.

64	 Wang, Q., Takita, R., Kikuzaki, Y. et al. (2010). Palladium-catalyzed 
dehydrohalogenative polycondensation of 2-bromo-3-hexylthiophene: an 
efficient approach to head-to-tail poly(3-hexylthiophene). Journal of the American 
Chemical Society 132 (33): 11420–11421. https://doi.org/10.1021/ja105767z.

c01.indd   23c01.indd   23 12/2/2025   5:55:12 PM12/2/2025   5:55:12 PM



1  Transition Metal-catalyzed Polycondensation24

65	 Lu, W., Kuwabara, J., and Kanbara, T. (2011). Polycondensation of 
dibromofluorene analogues with tetrafluorobenzene via direct arylation. 
Macromolecules 44: 1252–1255. https://doi.org/10.1021/ma1028517.

66	 Giovanella, U., Botta, C., Galeotti, F. et al. (2014). Perfluorinated polymer with 
unexpectedly efficient deep blue electroluminescence for full-colour OLED 
displays and light therapy applications. Journal of Materials Chemistry C 2 (34): 
5322–5329. https://doi.org/10.1039/c3tc31139b.

67	 Lu, W., Kuwabara, J., Iijima, T. et al. (2012). Synthesis of π-conjugated polymers 
containing fluorinated arylene units via direct arylation: efficient synthetic 
method of materials for OLEDs. Macromolecules 45: 4128–4133.

68	 Liégault, B., Lapointe, D., Caron, L. et al. (2009). Establishment of broadly 
applicable reaction conditions for the palladium-catalyzed direct arylation of 
heteroatom-containing aromatic compounds. The Journal of Organic Chemistry  
74 (5): 1826–1834. https://doi.org/10.1021/jo8026565.

69	 Lapointe, D. and Fagnou, K. (2010). Overview of the mechanistic work on the 
concerted metallation–deprotonation pathway. Chemistry Letters 39: 1118–1126.

70	 Yamazaki, K., Kuwabara, J., and Kanbara, T. (2013). Detailed optimization of 
polycondensation reaction via direct C–H arylation of ethylenedioxythiophene. 
Macromolecular Rapid Communications 34: 69–73.

71	 Wakioka, M., Nakamura, Y., Montgomery, M. et al. (2015). Remarkable ligand 
effect of P(2-MeOC6H4)3 on palladium-catalyzed direct arylation. Organometallics 
34: 198–205.

72	 Rudenko, A.E. and Thompson, B.C. (2015). Influence of the carboxylic acid 
additive structure on the properties of poly (3-hexylthiophene) prepared via direct 
arylation polymerization (DArP). Macromolecules 48: 569–575. https://doi.org/ 
10.1021/ma502131k.

73	 Dudnik, A.S., Aldrich, T.J., Eastham, N.D. et al. (2016). Tin-free direct C–H 
arylation polymerization for high photovoltaic efficiency conjugated copolymers. 
Journal of the American Chemical Society 138 (48): 15699–15709. https://doi.org/ 
10.1021/jacs.6b10023.

74	 Choi, S.J., Kuwabara, J., and Kanbara, T. (2013). Microwave-assisted 
polycondensation via direct arylation of 3, 4-ethylenedioxythiophene with 9, 
9-dioctyl-2, 7-dibromofluorene. ACS Sustainable Chemistry & Engineering  
1: 878–882.

75	 Kuwabara, J., Yasuda, T., Choi, S.J. et al. (2014). Direct arylation 
polycondensation: a promising method for the synthesis of highly pure, high‐
molecular‐weight conjugated polymers needed for improving the performance of 
organic photovoltaics. Advanced Functional Materials 24: 3226–3233.

76	 Hayashi, S. and Koizumi, T. (2015). Chloride-promoted Pd-catalyzed direct C–H 
arylation for highly efficient phosphine-free synthesis of π-conjugated polymers. 
Polymer Chemistry 6 (28): 5036–5039. https://doi.org/10.1039/c5py00871a.

77	 Kuwabara, J., Fujie, Y., Maruyama, K. et al. (2016). Suppression of homocoupling 
side reactions in direct arylation polycondensation for producing high 
performance OPV materials. Macromolecules 49: 9388–9395.

78	 Kuwabara, J., Yamazaki, K., Yamagata, T. et al. (2015). The effect of a solvent on 
direct arylation polycondensation of substituted thiophenes. Polymer Chemistry  
6 (6): 891–895. https://doi.org/10.1039/c4py01387e.

c01.indd   24c01.indd   24 12/2/2025   5:55:12 PM12/2/2025   5:55:12 PM



References 25

79	 Iizuka, E., Wakioka, M., and Ozawa, F. (2015). Mixed-ligand approach to 
palladium-catalyzed direct arylation polymerization: synthesis of donor–acceptor 
polymers with dithienosilole (DTS) and thienopyrroledione (TPD) units. 
Macromolecules 48: 2989–2993. https://doi.org/10.1021/acs.macromol.5b00526.

80	 Wakioka, M., Morita, H., Ichihara, N. et al. (2020). Mixed-ligand approach to 
palladium-catalyzed direct arylation polymerization: synthesis of donor– 
acceptor polymers containing unsubstituted bithiophene units. Macromolecules 
53: 158–164.

81	 Gobalasingham, N.S., Noh, S., and Thompson, B.C. (2016). Palladium-catalyzed 
oxidative direct arylation polymerization (Oxi-DArP) of an ester-functionalized 
thiophene. Polymer Chemistry 7 (8): 1623–1631. https://doi.org/10.1039/ 
c5py01973g.

82	 Guo, Q., Jiang, R., Wu, D. et al. (2016). Rapid access to 2,2′‐bithiazole‐based 
copolymers via sequential palladium‐catalyzed C–H/C–X and C–H/C–H coupling 
reactions. Macromolecular Rapid Communications 37 (9): 794–798.  
https://doi.org/10.1002/marc.201600028.

83	 Shi, Y., Zhang, X., Du, T. et al. (2023). A high‐performance n‐type thermoelectric 
polymer from C−H/C−H oxidative direct arylation polycondensation. 
Angewandte Chemie International Edition 62 (20): e202219262. https://doi.org/ 
10.1002/anie.202219262.

84	 Guo, Q., Wu, D., and You, J. (2016). Oxidative direct arylation polymerization 
using oxygen as the sole oxidant: facile, green access to bithiazole‐based polymers. 
ChemSusChem 9: 2765–2768.

85	 Chakraborty, B. and Luscombe, C.K. (2023). Cross‐dehydrogenative coupling 
polymerization via C−H activation for the synthesis of conjugated polymers. 
Angewandte Chemie International Edition 62 (21): e202301247. https://doi.org/ 
10.1002/anie.202301247.

86	 Yang, Y., Wu, Y., Bin, Z. et al. (2024). Discovery of organic optoelectronic materials 
powered by oxidative Ar–H/Ar–H coupling. Journal of the American Chemical 
Society 146 (2): 1224–1243. https://doi.org/10.1021/jacs.3c12234.

87	 Albano, G. (2024). Palladium-catalyzed cross-dehydrogenative coupling of 
(hetero) arenes. Organic Chemistry Frontiers 11 (5): 1495–1622. https://doi.org/ 
10.1039/d3qo01925j.

88	 Gobalasingham, N.S., Pankow, R.M., and Thompson, B.C. (2017). Synthesis of 
random poly (hexyl thiophene-3-carboxylate) copolymers via oxidative direct 
arylation polymerization (oxi-DArP). Polymer Chemistry 8 (12): 1963–1971.  
https://doi.org/10.1039/c7py00181a.

89	 Aoki, H., Saito, H., Shimoyama, Y. et al. (2018). Synthesis of conjugated polymers 
containing octafluorobiphenylene unit via Pd-catalyzed cross-dehydrogenative-
coupling reaction. ACS Macro Letters 7: 90–94.

90	 Shimoyama, Y., Kuwabara, J., and Kanbara, T. (2020). Mechanistic study of Pd/
Ag dual-catalyzed cross-dehydrogenative coupling of perfluoroarenes with 
thiophenes. ACS Catalysis 10 (5): 3390–3397. https://doi.org/10.1021/acscatal. 
9b05326.

c01.indd   25c01.indd   25 12/2/2025   5:55:12 PM12/2/2025   5:55:12 PM



1  Transition Metal-catalyzed Polycondensation26

91	 Xing, L., Liu, J.-R., Hong, X. et al. (2022). An exception to the carothers 
equation caused by the accelerated chain extension in a Pd/Ag cocatalyzed cross 
dehydrogenative coupling polymerization. Journal of the American Chemical 
Society 144 (5): 2311–2322. https://doi.org/10.1021/jacs.1c12599.

92	 Zhang, Q., Chang, M., Lu, Y. et al. (2018). A direct C–H coupling method 
for preparing π-conjugated functional polymers with high regioregularity. 
Macromolecules 51: 379–388.

93	 Kang, L.J., Xing, L., and Luscombe, C.K. (2019). Exploration and development of 
gold- and silver-catalyzed cross dehydrogenative coupling toward donor–acceptor 
π-conjugated polymer synthesis. Polymer Chemistry 10 (4): 486–493.  
https://doi.org/10.1039/c8py01162a.

94	 Tanaka, C., Kuwabara, J., Yasuda, T. et al. (2019). Synthesis of conjugated polymer 
consisting of three-component aromatic units via two-step cross-dehydrogenative-
coupling reactions. Synthetic Metals 254: 180–183.

95	 Li, J., Han, D., Zhang, Q. et al. (2021). Synthesis and properties of fluorinated 
benzotriazole‐based donor‐acceptor‐type conjugated polymers via Pd‐catalyzed 
direct C–H/C– H coupling polymerization. Journal of Polymer Science  
59: 240–250.

96	 Onda, N., Sato, R., Kuwabara, J. et al. (2023). One-pot two-step cross-
dehydrogenative-coupling polycondensation for synthesis of tetrafluorobenzene-
based conjugated polymer. Synthetic Metals 293: 117279.

97	 Moritani, I. and Fujiwara, Y. (1967). Aromatic substitution of styrene-palladium 
chloride complex. Tetrahedron Letters 8 (12): 1119–1122.

98	 Yeung, C.S. and Dong, V.M. (2011). Catalytic dehydrogenative cross-coupling: 
forming carbon−carbon bonds by oxidizing two carbon−hydrogen bonds. 
Chemical Reviews 111 (3): 1215–1292. https://doi.org/10.1021/cr100280d.

99	 Chen, S., Ranjan, P., Voskressensky, L.G. et al. (2020). Recent developments in 
transition-metal catalyzed direct C–H alkenylation, alkylation, and alkynylation of 
azoles. Molecules 25: 4970.

100	 Cho, H.N., Kim, J.K., Kim, D.Y. et al. (1999). Statistical copolymers for blue-light-
emitting diodes. Macromolecules 32: 1476–1481. https://doi.org/10.1021/ 
ma981340w.

101	 Saito, H., Kuwabara, J., Yasuda, T. et al. (2018). Synthesis of polyfluoro 
arylene‐based poly (arylenevinylene) s via Pd‐catalyzed dehydrogenative direct 
alkenylation. Macromolecular Rapid Communications 39 (18): 1800414.  
https://doi.org/10.1002/marc.201800414.

102	 Lee, J., Park, H.J., Joo, J.M. et al. (2019). Synthesis and characterization of 
DPP-based conjugated polymers via dehydrogenative direct alkenylation 
polycondensation. Macromolecular Research 27 (2): 115–118. https://doi.org/10. 
1007/s13233-019-7070-z.

103	 Saito, H., Kuwabara, J., Yasuda, T. et al. (2016). Synthesis of pyrrole-based poly 
(arylenevinylene) s via Rh-catalyzed dehydrogenative direct alkenylation. Polymer 
Chemistry 7 (16): 2775–2779. https://doi.org/10.1039/c6py00016a.

104	 Rao, H. and Fu, H. (2011). Copper-catalyzed coupling reactions. Synlett 2011 (6): 
745–769. https://doi.org/10.1055/s-0030-1259919

c01.indd   26c01.indd   26 12/2/2025   5:55:12 PM12/2/2025   5:55:12 PM



References 27

105	 Ma, D. and Cai, Q. (2008). Copper/amino acid catalyzed cross-couplings of aryl 
and vinyl halides with nucleophiles. Accounts of Chemical Research 41 (11):  
1450–1460. https://doi.org/10.1021/ar8000298.

106	 Beletskaya, I.P. and Cheprakov, A.V. (2004). Copper in cross-coupling reactions: 
the post-Ullmann chemistry. Coordination Chemistry Reviews 248: 2337–2364.

107	 Das, P., Sharma, D., Kumar, M. et al. (2010). Copper promoted CN and CO type 
cross-coupling reactions. Current Organic Chemistry 14: 754–783.

108	 Li, Z., Chen, Y., Ye, P. et al. (2019). Microwave-assisted classic Ullmann C–C 
coupling polymerization for acceptor-acceptor homopolymers. Polymers 11: 1741.

109	 Kisselev, R. and Thelakkat, M. (2004). Synthesis and characterization of poly 
(triarylamine) s containing isothianaphthene moieties. Macromolecules 37:  
8951–8958. https://doi.org/10.1021/ma0495947.

110	 Thelakkat, M., Hagen, J., Haarer, D. et al. (1999). Poly (triarylamine) s-synthesis 
and application in electroluminescent devices and photovoltaics. Synthetic Metals 
102: 1125–1128.

111	 Jia, N.-N., Tian, X.-C., Qu, X.-X. et al. (2017). Copper-catalyzed direct 2-arylation 
of benzoxazoles and benzoimidazoles with aryl bromides and cytotoxicity of 
products. Scientific Reports 7 (1): 43758. https://doi.org/10.1038/srep43758.

112	 Do, H.-Q. and Daugulis, O. (2008). Copper-catalyzed arylation and alkenylation 
of polyfluoroarene C−H bonds. Journal of the American Chemical Society 130 (4): 
1128–1129. https://doi.org/10.1021/ja077862l.

113	 Pankow, R.M., Ye, L., and Thompson, B.C. (2018). Copper catalyzed synthesis of 
conjugated copolymers using direct arylation polymerization. Polymer Chemistry  
9 (30): 4120–4124. https://doi.org/10.1039/c8py00913a.

114	 Ye, L., Schmitt, A., Pankow, R.M. et al. (2020). An efficient precatalyst approach 
for the synthesis of thiazole-containing conjugated polymers via Cu-catalyzed 
direct arylation polymerization (Cu-DArP). ACS Macro Letters 9 (10): 1446–1451. 
https://doi.org/10.1021/acsmacrolett.0c00626.

115	 Kuramochi, M., Kuwabara, J., Lu, W. et al. (2014). Direct arylation 
polycondensation of bithiazole derivatives with various acceptors. Macromolecules 
47: 7378–7385. https://doi.org/10.1021/ma5014397.

116	 Lu, W., Kuwabara, J., and Kanbara, T. (2012). Synthesis of 4,4′-dinonyl-2,2′-
bithiazole-based copolymers via Pd-catalyzed direct C–H arylation. Polymer 
Chemistry 3 (12): 3217–3219. https://doi.org/10.1039/c2py20539d.

117	 Li, Y., Jin, J., Qian, W. et al. (2010). An efficient and convenient Cu (OAc)2/air 
mediated oxidative coupling of azoles via C–H activation. Organic & Biomolecular 
Chemistry 8 (2): 326–330. https://doi.org/10.1039/b919396k.

118	 Faradhiyani, A., Zhang, Q., Maruyama, K. et al. (2018). Synthesis of bithiazole-
based semiconducting polymers via Cu-catalysed aerobic oxidative coupling. 
Materials Chemistry Frontiers 2 (7): 1306–1309. https://doi.org/10.1039/ 
c7qm00584a.

119	 Huang, Q., Qin, X., Li, B. et al. (2014). Cu-catalysed oxidative C–H/C–H coupling 
polymerisation of benzodiimidazoles: an efficient approach to regioregular 
polybenzodiimidazoles for blue-emitting materials. Chemical Communications  
50 (89): 13739–13741. https://doi.org/10.1039/c4cc06291d.

c01.indd   27c01.indd   27 12/2/2025   5:55:12 PM12/2/2025   5:55:12 PM



1  Transition Metal-catalyzed Polycondensation28

120	 Doba, T., Ilies, L., Sato, W. et al. (2021). Iron-catalysed regioselective thienyl C–H/
C–H coupling. Nature Catalysis 4 (7): 631–638. https://doi.org/10.1038/s41929- 
021-00653-7.

121	 Doba, T., Shang, R., and Nakamura, E. (2022). Iron-catalyzed C-H activation for 
heterocoupling and copolymerization of thiophenes with enamines. Journal of the 
American Chemical Society 144 (47): 21692–21701. https://doi.org/10.1021/jacs. 
2c09470.

122	 Haque, T. and Nomura, K. (2015). Acyclic diene metathesis (ADMET) 
polymerization for precise synthesis of defect-free conjugated polymers with well-
defined chain ends. Catalysts 5: 500–517.

123	 Chen, Y., Abdellatif, M.M., and Nomura, K. (2018). Olefin metathesis 
polymerization: some recent developments in the precise polymerizations for 
synthesis of advanced materials (by ROMP, ADMET). Tetrahedron 74: 619–643.

124	 Caire da Silva, L., Rojas, G., Schulz, M.D. et al. (2017). Acyclic diene metathesis 
polymerization: history, methods and applications. Progress in Polymer Science  
69: 79–107.

125	 Miyashita, T., Kunisawa, M., Sueki, S. et al. (2017). Synthesis of poly (arylene 
vinylene) s with different end groups by combining acyclic diene metathesis 
polymerization with Wittig‐type couplings. Angewandte Chemie International 
Edition 56 (19): 5288–5293. https://doi.org/10.1002/anie.201703019.

126	 Yu, C.-Y., Horie, M., Spring, A.M. et al. (2010). Homopolymers and block 
copolymers of p-phenylenevinylene-2, 5-diethylhexyloxy-p-phenylenevinylene 
and m-phenylenevinylene-2, 5-diethylhexyloxy-p-phenylenevinylene by ring-
opening metathesis polymerization. Macromolecules 43: 222–232.

127	 Chang, S.-W. and Horie, M. (2015). A donor–acceptor conjugated block copolymer 
of poly (arylenevinylene) s by ring-opening metathesis polymerization. Chemical 
Communications 51 (44): 9113–9116. https://doi.org/10.1039/c5cc00498e.

128	 Selmani, S., Vanderzwet, L., Kukor, A. et al. (2018). Synthesis of poly 
(heteroarylenevinylene) derivatives via rhodium-catalyzed hydroarylation of 
alkynes. Synlett 29: 2552–2556.

129	 Iwamori, R., Sato, R., Kuwabara, J. et al. (2021). Synthesis of pyrrole‐based poly 
(arylenevinylene) s via co‐catalyzed hydroarylation of alkynes. Macromolecular 
Rapid Communications 42 (16): 2100283. https://doi.org/10.1002/marc.202100283.

130	 Iwamori, R., Sato, R., Kuwabara, J. et al. (2022). Nonstoichiometric hydroarylation 
polyaddition for synthesis of pyrrole-based poly (arylenevinylene) s. Polymer 
Chemistry 13 (3): 379–382. https://doi.org/10.1039/d1py01425k.

131	 Iwamori, R., Kuwabara, J., Yasuda, T. et al. (2023). Regioselective synthesis 
of thiophene-based poly (arylenevinylene) s via co-catalyzed hydroarylation 
polyaddition. Macromolecules 56: 5407–5414.

132	 Iwamori, R., Kuwabara, J., Yasuda, T. et al. (2024). Molecular design of 
naphthalene‐ and carbazole‐based monomers for regiospecific synthesis of poly 
(arylenevinylene) s via co‐catalyzed hydroarylation polyaddition. Macromolecular 
Rapid Communications 45 (16): 2400168. https://doi.org/10.1002/marc.202400168.

133	 Tsukahara, K., Iwamori, R., Kuwabara, J. et al. (2024). Regioselective synthesis 
of pyrrole‐based poly (arylenevinylene) s via Mn‐catalyzed hydroarylation 
polyaddition. Macromolecular Rapid Communications 45 (20): 2400456.  
https://doi.org/10.1002/marc.202400456.

c01.indd   28c01.indd   28 12/2/2025   5:55:12 PM12/2/2025   5:55:12 PM



References 29

134	 Stuart, D.R., Alsabeh, P., Kuhn, M. et al. (2010). Rhodium(III)-catalyzed arene and 
alkene C−H bond functionalization leading to indoles and pyrroles. Journal  
of the American Chemical Society 132 (51): 18326–18339. https://doi.org/10.1021/ 
ja1082624.

135	 Tokoro, Y., Sato, H., and Fukuzawa, S.I. (2015). Synthesis of π-conjugated 
polymers containing benzodipyrrole moieties in the main chain through cleavage 
of C–H bonds in 1,4-bis (acetylamino) benzene. ACS Macro Letters 4 (7): 689–692.  
https://doi.org/10.1021/acsmacrolett.5b00343.

136	 Wang, K., Yan, S., Han, T. et al. (2022). Cascade C–H-activated polyannulations 
toward ring-fused heteroaromatic polymers for intracellular pH mapping and 
cancer cell killing. Journal of the American Chemical Society 144 (26):  
11788–11801. https://doi.org/10.1021/jacs.2c04032.

137	 Wang, K., Liu, J., Liu, P. et al. (2023). Multifunctional fluorescent main-chain 
charged polyelectrolytes synthesized by cascade C–H activation/annulation 
polymerizations. Journal of the American Chemical Society 145 (7): 4208–4220.  
https://doi.org/10.1021/jacs.2c12654.

138	 Uddin, A. and Plunkett, K.N. (2020). Donor‐acceptor copolymers from 
cyclopentannulation polymerizations with dicyclopenta [cd, jk] pyrene and 
dicyclopenta [cd, lm] perylene acceptors. Journal of Polymer Science ​​​​​​​ 
58: 3165–3169.

139	 Bheemireddy, S.R., Hautzinger, M.P., Li, T. et al. (2017). Conjugated ladder 
polymers by a cyclopentannulation polymerization. Journal of the American 
Chemical Society 139 (16): 5801–5807. https://doi.org/10.1021/jacs.6b12916.

140	 Kuwabara, J., Yasuda, T., Takase, N. et al. (2016). Effects of the terminal structure, 
purity, and molecular weight of an amorphous conjugated polymer on its 
photovoltaic characteristics. ACS Applied Materials & Interfaces 8: 1752–1758.

141	 Osedach, T.P., Andrew, T.L., and Bulović, V. (2013). Effect of synthetic accessibility 
on the commercial viability of organic photovoltaics. Energy & Environmental 
Science 6 (3): 711–718. https://doi.org/10.1039/c3ee24138f.

142	 Po, R., Bernardi, A., Calabrese, A. et al. (2014). From lab to fab: how must the 
polymer solar cell materials design change? – an industrial perspective. Energy & 
Environmental Science 7 (3): 925–943. https://doi.org/10.1039/c3ee43460e.

143	 Po, R., Bianchi, G., Carbonera, C. et al. (2015). “All that glisters is not gold”: an 
analysis of the synthetic complexity of efficient polymer donors for polymer solar 
cells. Macromolecules 48: 453–461.

144	 Kuwabara, J. and Kanbara, T. (2021). Step‐economical synthesis of conjugated 
polymer materials composed of three components: donor, acceptor, and π units. 
Macromolecular Rapid Communications 42: 2000493.

145	 Kuwabara, J. and Kanbara, T. (2024). Synthesis of organic optoelectronic materials 
using direct C−H functionalization. ChemPlusChem 89: e202300400.

c01.indd   29c01.indd   29 12/2/2025   5:55:12 PM12/2/2025   5:55:12 PM



              

c01.indd   30c01.indd   30 12/2/2025   5:55:12 PM12/2/2025   5:55:12 PM


