Chapter 8
Cross-Coupling Polymerization

Take-aki Koizumi and Takaki Kanbara

Abstract Organometallic cross-coupling reactions directed toward the synthesis
of aromatic polymers are reviewed. The progress of this methodology has made
the syntheses of numerous functional polymers possible, which includes the
synthesis of well-defined m-conjugated polymers and buildup molecular archi-
tectures. The polycondensation has been spread out to material areas ranging from
optical and electronic materials to biological sensing materials. The use of orga-
nometallic direct arylation and carbon-heteroatom bond formation for the syn-
thesis of functional polymers has also been dealt with.

8.1 Introduction

The organometallic catalyzed cross-coupling reactions of various organometallic
(Mg, Zn, Sn, B, and Si) reagents and aryl halides to form new carbon—carbon
bonds have emerged as versatile synthetic techniques that are widely employed for
the syntheses of a variety of organic compounds [1-9]. The pioneering work of
Profs. Heck, Suzuki, and Negishi on the Pd-catalyzed cross-coupling reactions in
organic synthesis was recognized with the 2010 Nobel Prize in Chemistry [10-12].
Recently a wide range of aromatic functional materials has been developed using
such cross-coupling reactions.

The most commonly employed transition metal catalysts in cross-coupling
reactions are nickel and palladium-based complexes. The general mechanism of the
reactions is shown in Scheme 8.1 [1-9]. In general, cross-coupling reactions involve

T. Koizumi
Chemical Resources Laboratory (R1-2), Tokyo Institute of Technology, Tokyo, Japan
e-mail: tkoizumi@res.titech.ac.jp

T. Kanbara (X))
Graduate School of Pure and Applied Sciences, University of Tsukuba, Tsukuba, Japan
e-mail: kanbara@ims.tsukuba.ac.jp

K. Osakada (ed.), Organometallic Reactions and Polymerization, 271
Lecture Notes in Chemistry 85, DOI: 10.1007/978-3-662-43539-7_8,
© Springer-Verlag Berlin Heidelberg 2014



272 T. Koizumi and T. Kanbara

RR: _ M(0) :
H\‘-. o MOk B
R.E. / \
\ O.A.

WX R

(arp—x o way e (apary v

X =Cl,Br,letc. M =MgBr, ZnBr, B(OH),, SnBuj SiRj etc. Cat. = Ni, Pd etc.

Scheme 8.1 Transition metal catalyzed cross-coupling reaction

three steps: an oxidative addition reaction across the C-halogen bond as an elec-
trophile, transmetalation with the main group in the organometallic reagents acting
as nucleophiles, and reductive elimination resulting in the formation of the carbon-
carbon bond and regeneration of the active catalyst. Organometallic reagents such as
Grignard reagents (Kumada-Tamao-Corriu) [1m], zinc (Negishi) [1n], stannane
(Migita-Kosugi-Stille) [1o], boron (Suzuki-Miyaura) [1p], silane (Hiyama) [1q],
copper (Sonogashira) reagents [1r], or lithium and mercury compounds can be used.

In the field of polymer chemistry, cross-coupling reactions are particularly
important in the synthesis of conjugated aromatic oligomers and polymers [13—17].
Over the last three decades, conjugated polymers have attracted widespread
attention owing to their high conductivity and interesting optoelectronic properties,
resulting in their application to optoelectronic devices such as light emitting diodes,
field-effect transistors, and photovoltaic systems. Organometallic methodologies
are useful for preparing well-defined conjugated polymers, especially when a high
regioselectivity is required in the polymeric backbone [18, 19]. Since the devel-
opment of conducting polymers by Profs. Heeger, MacDiarmid, and Shirakawa in
1977, which was recognized with the 2000 Nobel Prize in Chemistry [20-22],
various aromatic monomers have been employed to develop conjugated polymers.
This chapter describes the organometallic catalyzed cross-coupling polyconden-
sation used in the synthesis of various conjugated polymers. The utilization of
organometallic carbon-heteroatom bond formations in the synthesis of functional
polymers is also described.

8.2 Ni-Catalyzed Polycondensation

The application of transition metal catalyzed cross-coupling reactions to polymeric
materials was first reported by Yamamoto and co-workers in the synthesis of
poly(p-phenylene), which is prepared by nickel-catalyzed Grignard coupling of
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1,4-dibromobenzene [23-25]; one of the C—Br bonds reacts with magnesium to
form the Grignard reagent, which undergoes further coupling reaction (Eq. 8.1).
Polythiophene (PTh) and poly(3-alkylthiophene)s (P3RThs) were prepared using
the same protocol (Eq. 8.2) [26]. The introduction of the alkyl group to PTh
resulted in enhanced solubility of the polymer. The nickel-catalyzed polycon-
densation of dihalogenated-thiophenes in the presence of zinc also yielded PTh
derivatives (Eq. 8.3) [27].

1. Mg
2. NiCly(bpy)
n
R 1. Mg R
2. NiCly(bpy)
[ \; ? ]\ PTh:R=H (8.2)
Br—Ng ¥ > S P3RTh: R = alkyl
n
Ph Ph
m«ﬂ—m NiCl,, PPhg, bpy : : {/ \§: (8.3)
S Zn S n

The reactions are simple and they yield several conjugated aromatic polymers
with well-defined linkages between the monomer units. However, the regioregu-
larity cannot be controlled using this protocol (Chart 8.1). The synthesis of reg-
ioregular poly(3-alkylthiophene)s (P3RThs), which involve head-to-tail (HT)
repeating units, such as poly(3-hexylthiophene) (HT-P3HTh), can be realized by
the Ni-catalyzed polycondensation of regio-controlled organomagnesium reagents.
This is achieved by the regioselective lithiation of 2-bromo-3-alkylthiophene with
lithium diisopropylamide (LDA), followed by transmetalation with magnesium
bromide, yielding an organometallic intermediate (Chart 8.2a) [28]. Regio-con-
trolled organozinc reagents also afforded regioregular P3RThs (Chart 8.2b) [29].
Regioregular poly(3-hexylthiophene) (HT-P3HTh) is of particular interest because
the polymer exhibits remarkable physical properties such as higher crystallinity and
electrical conductivity in the solid state, as compared to the regio-random polymers
[13, 30, 31]. Their application to flexible electronic devices such as organic thin-
film solar cells and organic field effect transistors has been investigated.

Because the molecular weight of the polymer prepared by condensation poly-
merization is generally difficult to control, the polydispersity index theoretically
approaches two at high conversions. Both Yokozawa and McCullough groups
reported the first chain-growth synthesis of regioregular P3RThs via the
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Chart 8.2 Synthesis of regioregular poly(3-alkylthiophene)

polymerization of Grignard-type monomers catalyzed by dichloro[1,3-
bis(diphenylphosphino)propane]nickel(II) (NiCl,(dppp)) (Eq. 8.4). The products
have controlled molecular weights and narrow molecular weight distributions
(M /M, ratios around 1.1, M, up to 28,700 g/mol) [18, 19, 32, 33]. The M,, values
and the M, /M,, ratios of the polymers were strongly affected by the ligands of the
Ni catalyst (dppp > dppe > PPhs; dppe = 1,2-bis(diphenylphosphino)ethane). In
these reactions, the regio-controlled Grignard reagent was prepared by a selective
Grignard exchange reaction with i-PrMgCl. The C-H functionalization of
2-chlorothiophene derivatives with the formation of magnesium amides in situ also
afforded similar regio-controlled Grignard monomers [34, 35].
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In their proposed mechanism, the chain-growth polymerization is induced by
the “ring-walking process” of the Ni catalyst, whereby the Ni(0) species is
transferred intramolecularly along a polymer chain to its end, where it oxidatively
inserts into the C—Br bond (Chart 8.3) [36].

Owing to the protocol, all polymer chains are equipped with the same end
groups, i.e., bromine and hydrogen atoms after quenching with acid. Therefore, it
can allow control of the molar mass by adjusting the feed ratio of the monomer to
the Ni catalyst. The catalyst-transfer condensation polymerization has also been
demonstrated for other monomers; well-defined conjugated polymers such as
polyphenylenes, polypyrroles, and polyfluorenes have been prepared (Egs. 8.5-8.7)
[18, 19, 37-39].

OCgH1g OCgH,5 OCqgHyg
i-PrMgCl NiCly(d
Br Br 4go>Br MgCl NiCla(dppp) (8.5)
THF /25°C THF/0°C n
CeH130 CeH130 CeHi50
CeH .
e NiCl,(dppe) C,;BH13

dppe

N N
CIMg—@—Br —_— \ T (8.6)

M, = 2800-12400
M, /M, = 1.08-1.25

Brsrﬂ,u Cr ) Brwﬁ

n
CeHig  CeHis CeHig  CeHis CeHig  CeHis
(8.7)

The important advantage of this catalyst-transfer condensation polymerization
over other methods is the possible formation of block copolymers by successive
monomer additions (Chart 8.4) [40]. Because several aromatic monomers undergo
catalyst-transfer condensation polymerization in a living polymerization manner, a
variety of block copolymers has been synthesized by successive polymerizations
performed in one pot (Chart 8.5) [18, 19, 38, 41-44].
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Chart 8.3 Chain-growth synthesis of poly(3-hexylthiophene)

8.3 Pd-Catalyzed Polycondensation

During the early development of cross-coupling reactions, Ni complexes were
identified as useful reagents and catalysts. In the intervening years, more attention
was invested in the development of Pd catalysts, particularly for Pd-catalyzed
Migita-Kosugi-Stille, Suzuki-Miyaura, Sonogashira, and Mizoroki-Heck coupling
reactions. These reactions have been utilized in the synthesis of a variety of
conjugated polymers owing to some inherent advantages such as increased
diversity and tenability of the catalysts, oxidative and aqueous stability, and rel-
atively facile isolation and structural analysis of the complexes, which aids their
mechanistic and methodological developments [13—17].

The Migita-Kosugi-Stille coupling reaction is a versatile carbon-carbon bond
formation between stannanes and aryl halides (Eq. 8.8), whereas the Suzuki-Mi-
yaura coupling reaction is the palladium-catalyzed cross-coupling reaction
between organoboronic acid and aryl halides (Eq. 8.9) [1-12, 17]. One important
difference between the Suzuki-Miyaura and the Migita-Kosugi-Stille coupling
reactions is that in the former reaction, the boronic acid requires activation, for
example with a base. This activation of the boron atom enhances the polarization
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Chart 8.4 Synthesis of block copolymer by the catalyst-transfer condensation polymerization

of the organic substituent, and facilitates transmetalation, as shown in Scheme 8.2.
Recently developed catalysts and methods have broadened their possible appli-
cations enormously, so that the range of the reactants is not restricted to aryls, but
also includes alkyls, alkenyls, and alkynyls.

— — Cat. Pd — —
R@SHBUS + Br@ﬂ. —_— W SnBu,Br (8.8)

— — Cat. Pd — — (8 9)
8 B(OH), + Br p) — ¢ ; :
X7 2 \ R base 7 \ _Fr

The major advantage of these cross-coupling reactions is that they can tolerate
various functional groups and proceed under mild reaction conditions. The Suzuki-
Miyaura coupling reaction can be conducted even in aqueous media. Because the
aryl halides involved can be extensively functionalized before subjecting them to
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Feed molar ratios of 3-hexylthiophene to 3-(2-ethylhexyl)thiophene are
25:75, 50:50, and 75:25.
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Chart 8.5 Synthesis of several block copolymers in one pot
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Scheme 8.2 Suzuki-Miyaura coupling reaction

the coupling reaction, these reactions allow for the preparation of different
products from all of the combinations of halides and stannanes or boron reagents.
This feature of the coupling reactions offers the opportunity to design a variety
of conjugated polymers as well as alternating copolymers with functional
moieties manifesting many highly desirable properties (Eqs. 8.10-8.12) [16, 17,
45-4T7].

OCgH7 OCgH17
_@_ Pd(PPhg)4 /
BusSn SnBuz + | | E——
3 S 3 s - (8.10)
CgH4,0 CgH47,0
Cs/His  CrHis CsHis  CrHis
7\ ;/ \:

N N

Pd(PPhs), A (8.11)
BU3SH—Q_SnBU3 + Br Br ——> %
n



280 T. Koizumi and T. Kanbara

Boc 0 Boc 0O
NH R NH R
PACI,(PPh,), / Cul //—\< =N //—< _
THF / NMP >=N % ¥N N4 (8.12)
HN R/ \HN R
B n

1) H*

2) Et;N

The coupling reactions can also yield highly regioregular poly(3-alkylthioph-
ene)s (HT-P3RTh), when the 3-alkylthiophene derivatives shown in Egs. 8.13 and
8.14 are employed [48, 49].

R
Bugsn@.@k-m IS rS sy (813)
S

CgH17 CgHy7

KQB@, PaORy 1600, ) (8.14)
o S THF / EtOH / H,0 §” /n

Catalyst-transfer condensation type Suzuki-Miyaura coupling polymerization
was achieved by Yokozawa and coworkers (Egs. 8.15 and 8.16) [50, 51]; poly-
fluorene with a narrow polydispersity has also been prepared. The polyconden-
sation proceeded in a chain-growth polymerization manner from the initiator unit
derived from the Pd catalyst.

8H17 H17 Ph—Pd—Br H17 Cus

B(tBu)s (8.15)
Na,CO;aq.
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The Pd-catalyzed cross-coupling reaction of aryl and vinyl halides with ter-
minal alkynes employing co-catalytic copper(I) halides and an amine base is
known as the Sonogashira coupling reaction (Eq. 8.17) [1-9]. In this reaction,
copper(I) halides react with the terminal alkyne and produce copper(I) acetylide,
which acts as an activated species for the coupling reactions. Then, transmetalation
proceeds in the usual manner for the Pd complex (Scheme 8.3). Because the
reaction forms Cy,—Cg,n bonds, the polycondensation between dihalogenated and
diethynyl aromatic compounds gives poly(arylene ethynylene) type conjugated
polymers (Chart 8.6) [14, 52].

PdCIy(PPhs),
@X + =—R ——> —R (817)
Cul, NEtg

The Mizoroki-Heck reaction is the palladium-catalyzed addition of aryl, vinyl,
or substituted vinyl groups to aryl halides or triflates (Eq. 8.18) [1-9, 12]. The
Mizoroki-Heck reaction differs significantly from the other Pd-catalyzed cross-
coupling reactions because (1) it involves an insertion step after the oxidative
addition step, and (2) the coupling products are produced via a B-hydrogen
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Chart 8.6 Synthesis of poly(arylene ethynylene)s

elimination, whereas the other coupling products are associated with reductive

elimination (Scheme 8.4).
X = Pd(PPhg), O
—_— 8.18
@( . /\© - - O (8.18)

In the B-hydrogen elimination step, the atom in the Pd~C—C—H group must be
included in a plane for the reaction to take place, as this is a syn elimination
process. For steric reasons, the R group will tend to eclipse the smallest group on
the adjacent carbon as elimination occurs, leading predominantly to a frans double
bond in the product. Owing to this trans selectivity, the Mizoroki-Heck reaction
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has been successfully applied to the synthesis of several poly(phenylene vinylene)
(PPV) analogs having trans-C=C bonds. PPV analogs have attracted considerable

attention owing to their high electrical conductivity and optoelectronic properties
harnessed in electroluminescent applications (Eqs. 8.19 and 8.20) [53, 54].

OCqgH1g

OCgH1g

(8.19)

Pd(OAc),
_—
N(n-Bu),

C (0]
O N— Ru—N / . QI

Pd(OAc), / P(Tol),
B — e

N(n-Bu),

(8.20)

Recently, the catalytic dehydrohalogenative cross-coupling of heteroarenes
with aryl halides (a so-called direct arylation) has attracted a great deal of attention
as an alternative to the various cross-coupling reactions described above (Eq. 8.21)
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[55, 56]. Since this class of cross-coupling reactions does not require preparation
of organometallic reagents and does not form metallic salts as a by-product, this
method serves as a cost-effective and environmentally friendly alternative for the
preparation of arylated heteroaromatic compounds.

X © o @ ba::::itive @ @ - X (8:21)

The most common mechanism of C—H bond cleavage promoted by a metal is
electrophilic aromatic substitution (SE,;) involving the reaction of an electrophilic
metal catalyst with an electron-rich, nucleophilic aromatic ring. Cyclometalation-
based approaches constitute the general strategy towards the arylation of C-H
bonds, which results in the functionalization of the ortho position to a directing
group (Scheme 8.5a). Alternatively, a mechanism based on the metal/base-pro-
moted cleavage of C-H bonds involving a concerted metalation-deprotonation
(CMD) pathway has been proposed, instead of the SE,,. In this mechanism, the
carboxylato ligands act as an internal base to achieve the deprotonation of the
arenes and the concurrent metalation (Scheme 8.5b). It has been found that pal-
ladium(II) acetate is generally the best source of the transition metal catalyst to be
used, because the acetate ligand is believed to play multiple roles in cyclometa-
lation reactions. In terms of the iron-catalyzed direct arylation, the transformation
proceeds through an aryl radical transfer pathway [57]. The development and
mechanistic studies of C—H functionalization are currently underway.

The direct arylation protocol should be of great benefit to polymer synthesis with
respect to reducing the waste formation and decreasing number of the reaction
steps. However, the development of dehydrohalogenative polycondensation reac-
tions can prove a significant challenge owing to the highly efficient regioselective
cross-coupling bond formation required to achieve well-defined linkages between
the monomer units. Ozawa and co-workers successfully synthesized poly(3-al-
kylthiophene)s with high molecular weight and high regioregularity via direct
arylation of 2-bromo-3-hexylthiophene (M,, = 30,600 g/mol, M,/M, = 1.60). The
key to the high catalytic performance reported is the use of Hermann’s complex
(trans-di(u-acetato)bis[o-(di-o-tolylphosphino)benzyl]dipalladium) and tris(o-N,N-
dimethylaminophenyl)phosphine as catalyst precursors (Eq. 8.22) [58]. The de-
hydrohalogenative polycondensation of 1,2,4,5-tetrafluorobenzene with 2,7-
dibromo-9,9-dioctylfluorene yields the corresponding conjugated polymer with a
high molecular weight (M,, = 31,500 g/mol) (Eq. 8.23) [59]. This is attributed to
the fluorine substituted aryl compounds which causes the effective direct arylation
leading to the coupling products in excellent yields [60].
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As described above, Pd-catalyzed cross-coupling reactions have proven to be a
powerful method for the formation of carbon—carbon bonds, and they are exten-
sively employed across a wide range of areas in synthetic organic chemistry.
Meanwhile, the transition-metal catalyzed carbon-heteroatom bond forming
reactions have rapidly become valuable synthetic tools because aryl amines and
aryl esters are ubiquitous in numerous fields of chemistry (Eq. 8.24) [3, 61-66]. In
terms of polymer chemistry, the Pd-catalyzed synthesis of aryl amines by the
reaction of aryl halides with primary or secondary amines, commonly known as
the Buchwald-Hartwig cross-coupling reaction, has particularly attracted much
attention because triarylamine-based polymers are reported to be suitable for use
in organic optoelectronic devices, as well as being investigated as typical high-spin

organic materials.
Cat. Pd
x e ———= ()N v X (8.24)
base

The first Pd-catalyzed aryl amination reaction, reported by Migita and
coworkers, is shown in Eq. 8.25 [67]. The reaction was considered to proceed in
the same way as the Migita-Kosugi-Stille coupling reaction via the transmetalation
of the tin amide compounds to the Pd complex. Problems associated with the use
of stannane reagents were overcome by the Buchwald and Hartwig groups
(Eq. 8.26) through the use of sodium tert-butoxide as a base [68, 69]. This base
was effective in the deprotonation of the reacting amine, and the sodium amide
generated in situ was used instead of the corresponding tin amide species.

R@ N S Y SN 8.25
Br + BugSn—N e N + BuzSnBr .
\_7 TR L=Poto), N/ g ¢ (8.25)
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The generally proposed mechanism for this transformation is shown in
Scheme 8.6. The catalytic cycle is believed to involve the oxidative addition of an
aryl halide, followed by the coordination and deprotonation of the amine. Finally,
the reductive elimination of the N-aryl product takes place. Since the side products
form via B-hydrogen elimination, design of the catalyst systems, especially
selection of the ligand, plays a key role in the aryl amination reaction.

The Buchwald-Hartwig cross-coupling reaction is an efficient tool for syntheses
of poly(m-aniline) analogs and poly(triarylamine)s, which are rarely prepared by
conventional oxidative polymerization. Because the ligand in a catalytic system
plays an important role in smooth polymerization, it is essential to choose a
suitable ligand for the desired polymer structure. 2,2'-Bis(diphenylphosphino)-
1,1’-binaphthyl (BINAP) is a suitable ligand for the synthesis of poly(m-aniline)
analogs bearing a secondary amine unit (Eq. 8.27). Tri-t-butylphosphine (P'Bus) is
one of the optimal ligands for the synthesis of poly(triarylamine)s (Eq. 8.28)
[70-74]. Analogous Ni-catalyzed aryl amination reactions have also been applied
to polycondensation (Eq. 8.29) [75].
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Other Pd-catalyzed carbon-heteroatom (i.e., C-O, C-S, C-P) bond forming
reactions essentially proceed in the same manner. The polycondensation using a
C-P coupling reaction yields poly(p-phenylphosphine) (Eq. 8.30); analogs of
polyaniline exhibit electronic delocalization through the extension of conjugation
through the phosphorus atom [76-78].

Pd(PPh
|4©7| + RPH, _PaPPhale P
NEt, & /n

THF/toulene (&30)

R = CH,CH(CHa),
= CgHs
— CH,CH(CH,)CHaC(CHa)s
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8.4 Cu-Catalyzed Polycondensation

Since copper is a cheaper metal with lower-toxicity than Pd and Ni, an increased
interest in the Cu-catalyzed cross-coupling reaction, referred to as the Ullmann
condensation, has arisen. This is supported by the recent observations that
appropriate ligands can modulate the reactivity of less reactive transition metals
than Pd etc. and achieve effective and versatile catalytic systems [79-82]. The
classical Ullmann reaction is defined as the synthesis of symmetric biaryls using
Cu-catalyzed coupling (Eq. 8.31). Meanwhile, “Ullmann-type” cross-coupling
reactions include Cu-catalyzed nucleophilic aromatic substitutions between vari-
ous nucleophiles (e.g., substituted phenoxides) with aryl halides (Eq. 8.32).

ZR\_ cat. Cu(l) Ry/— — R

QX base \ 7/ N\ _/ (8.31)
X=1,Br

R.= cat. Cu(l) Ry=

QX + HN base \ /" (8.32)

HNu = NHR'R", HOAr, HSR etc.

Copper can take part in the cross-coupling chemistry in a way similar to pal-
ladium as shown in Scheme 8.7. The most important difference with respect to
copper is an easy accessibility of four oxidation states (0 to +3) of the metal; the
cross-coupling catalytic cycle with copper is most likely served by the +1/+3
oxidation states.

The classical Ullmann coupling reaction has several drawbacks including the
necessity of high reaction temperatures and of large amounts of copper. However,
with the development for milder reaction conditions and increasing tolerance to
sensitive functionalities, the deficiencies of the conventional Ullmann coupling
reactions have been overcome. The modified Ullmann coupling reaction in the
presence of 18-crown-6 as a phase transfer catalyst was adopted for the synthesis
of soluble poly(triarylamine)s (Eq. 8.33) [83]. The coupling reaction procedure
could also be used to prepare poly(triarylamine)s containing light-harvesting dyes
with a low band gap (E, < 1.8 eV) (Eq. 8.34) [84]. The combination of CuCl/
quinoline and sodium hydroxide is a suitable catalyst/ligand and base system for
preparation of hyperbranced poly(phenylene oxide) (Eq. 8.35) [85]. Analogous
Cu-catalyzed aryl amidation of aromatic dihalides with diamides yielded the
corresponding aromatic polyamides (Eq. 8.36) [86, 87].

cat. Cu
18-crown-6, K,CO4 m
n=6,10,12

(8.33)
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MNu or
f HNu + Base
CuNu
R— Cu X
RNu
MNu or
HNu + Base

RCuX

Scheme 8.7 Ullmann-type cross-coupling reaction

HN X NH  +
Ar Ar ! /S\ /S\ /S\ I 18-crown-6, K2003 @ O
X=--0

(8.34)

OH cat. Cu(l)
i /qumollne i (8.35)
Br NaOH

C8H17 CBH17 CSH17 CBHW

(0] (0] (0] (0]
Cul H H
DMEDA, K,CO;, n
R= 4< >* (CHg)4—

(8.36)



8 Cross-Coupling Polymerization 291

8.5 Recent Topics of the Polymers Synthesized by Using
Cross-Coupling Polymerization Methods

The development of diverse cross-coupling methods has made possible the
preparation of a wide variety of polymers containing various monomer units. As
mentioned in the previous section, cross-coupling methods can be employed to
control the linkage position when an aromatic-aromatic bond is formed. Therefore,
they are very helpful in preparing various polymers with precisely controlled
linkage positions. By applying the various cross-coupling methods to generate 7-
conjugated polymers consisting of a variety of aromatic compounds, regioregular
homopolymers and alternating copolymers can be produced easily; they are dif-
ficult to create using traditional oxidative polymerization or electrochemical oxi-
dative polymerization methods. Various m-conjugated polymers have greatly
contributed to the development of optical materials, electronic and photovoltaic
devices, etc. [88-98] (For recent reviews, see: [99-119]). In this section, recent
research on m-conjugated polymers developed using cross-coupling reactions is
described, concentrating on their applications to field effect transistors (FETs),
solar cells, and light emitting diodes (LEDs).

An FET is a transistor that controls the current between source and drain
terminals through a voltage applied to a gate electrode. This voltage establishes a
gate in the flow of electrons or holes using an electric field in a channel. These
features enable FETs to be used as switching devices, amplifying elements, etc.
Since FETs have a planar structure, they are easy to prepare and integrate.
Therefore, they are indispensable elements in the integrated circuits currently used
in electronic devices. Recently, extensive research on the creation of new -
conjugated polymers that can be used as low-cost electronic materials has been
conducted (For recent reviews, see: [120-123]). In particular, development of
materials that show higher mobility of holes and electrons has been emphasized.

The p-type semiconducting m-conjugated polymers are used to form a hole-
transportation layer. The rapidly growing range of conducting polymers that show
field-effect mobilities exceeding 0.1 cm® V™! s™! is contributing to improvement
in basic device performance. For many years, it appeared difficult to achieve such
high mobilities with m-conjugated polymers other than regioregular poly-3-hexyl-
thiophene (P3HT) [124, 125]. However, n-conjugated polymers containing various
units have since been developed widely. More recently, the semiconducting
polymers with mobility values exceeding 1 cm? V™' s™! have been reported.

Diketopyrrolopyrole (DPP) has a planar bicyclic structure that leads to a strong
n—n interaction. Therefore, m-conjugated polymers containing DPP as a co-
monomer unit are expected to be high-performance organic semiconductors.
Recently, several DPP-containing alternating m-conjugated polymers have been
developed, and their transistor properties were elucidated.

Li et al. reported that an alternating copolymer of DPP and oligothiophene could
be synthesized using the Migita-Kosugi-Stille coupling polymerization (Eq. 8.37)
and that the copolymer showed a high hole mobility of 0.89 cm® V™' s™'. After
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annealing of the polymer at 100 °C, the hole mobility was increased to
0.97 ecm®> V' 57" [126, 127].

R

' R
Br N_o i
PdCl,(PPhj) N_O
M 2 3/2
%Br * Measn@Sn % Toluene S (8.37)
O N ), n
R

R=2- octyldodecyl

Choi et al. synthesized DPP-based alternating donor-acceptor type copolymers
using the Migita-Kosugi-Stille coupling reaction (Eq. 8.38) [128].

R
|
X, SnMe, _P4(PPgy N0
%Br + Mess% Toluene SO y s X 0 (838)

R=2- octyldodecyl

They reported that these polymers showed hole mobilities of ca. 0.6 cm? V' s~
The mobility of one polymer (X=S) was enhanced after annealing at 150 °C to
1.04 cm® V7' 57!, and that of another polymer (X=Se) was increased to
1.5 cm? V! s7! after annealing at 180 °C.

Bronstein et al. prepared alternating copolymers consisting of DPP and thie-
no[3,2-b]thiophene using the Migita-Kosugi-Stille coupling reaction (Eq. 8.39)
[129]. This polymer showed very high hole mobility of 1.95 cm* V™' s~ with no
high-temperature annealing.

A R
S o sz(dba) !
Br [ S N--O
%Br + MegSn(Sy-snMe; — 0Tl 1 (8.39)
O N PhCI / Microwave ] g n '
R o

R = 2-octyldodecyl

Other polymers with high hole mobilities have also been developed by several
groups. Zhang et al. synthesized alternating copolymers consisted of indacenodi-
thiophene and benzothiadiazole using the Suzuki-Miyaura coupling polymeriza-
tion (Eq. 8.40). This copolymer also showed a high hole mobility of ca.
1.0 cm® V™' 7! [130].

R R R R
Pd;(dba)s / P(o-Tol)s
B B{ H :@ . v
arlg r+ j Nazooa/AhquatS:%G AN (8'40)
Toluene NS/

RR R R
R = CigHas
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Miillen et al. reported that alternating copolymers consisting of 2,1,3-benzo-
thiadiazole and a cyclopentadithiophene derivative were synthesized using the
Suzuki-Miyaura coupling polymerization (Eq. 8.41) [131] and exhibited a very
high hole mobility of 3.3 cm®* V™' s™' [132, 133].

S Br Pd(PPhg), / K,COj4 \S S/
Q O Aliquat 336 N_N .
N N Toluene S R R /N (8 41)
R = CygHa3

These values are among the highest values obtained from a homogeneous
polymer system.

The m-conjugated polymers in which all the unit(s) are formed by electron-
accepting monomers are expected to show interesting physical and chemical
properties as optoelectronic devices. Since these polymers show features of n-type
semiconductors, they are expected to function as an electron-transporting material
[134-136]. However, examples of the preparation of such polymers are limited
[137-140]. Because it is difficult to make polymers composed only of electron-
withdrawing units using oxidative polymerization methods, cross-coupling poly-
merization methods are particularly useful for producing such polymers.

Ober et al. reported a new class of m-conjugated polymers composed only of
electron-accepting monomers prepared using the Suzuki-Miyaura cross-coupling
polymerization (Eq. 8.42) [141].

CgHi7~CeHi7

Br KF. B* %BF NN
Q 3 oK Pd(PPhg), / LiOH / Et,;NOH - (8 42)
Toluene / H,O W .
N

CBH17)\CSH17 N\S,N

This polymer showed a high electron mobility of g, =2 x 1072 cm? V' 571,

This is the first example of a m-conjugated polymer composed only of electron-
accepting units synthesized using the Suzuki-Miyaura coupling. Cross-coupling
polymerization methods are very useful in the development of n-type FET
materials.

Bulk-heterojunction solar cells (BHSCs) are more cost-effective than inorganic
devices, making them an attractive altenative. Since BHSCs were discovered in
1995 [142-144], photovoltaic (PV) devices based on conjugated polymers have
attracted much interest. With further development of solar cells using conducting
polymers the structures and manufacturing processes of the cells could be further
simplified beyond those of the current dye-sensitized solar cells (DSSC). The main
disadvantages associated with organic photovoltaic cells are low power conversion
efficiency (PCE), low stability, and low strength compared to inorganic photo-
voltaic cells. Previously, conducting-polymer-based solar cells showed very low
PCEs of 107°=10"" % [145, 146]. The discovery of photoinduced electron transfer
in composites of conducting polymers as donors and buckminsterfullerene and its
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derivatives as acceptors [147] provided a molecular approach to high-efficiency
photovoltaic conversion [148, 149]. Since then, many bulk heterojunction polymer
solar cells have been developed using m-conjugated polymers containing various
monomer units (For recent reviews, see: [150-169]).

In recent years, solar cells using conducting polymers that exhibit high PCEs
exceeding 6 % have been developed. Table 8.1 shows recently reported high-PCE-
producing m-conjugated polymers prepared by cross coupling polymerization
methods.

More recently, Mitsubishi Chemical developed an organic thin film solar cell that
used for benzoporphyrin as a p-type organic semiconductor in which the PCE
exceeded 10 % [176]. This value is comparable to those of thin-film-type silicon solar
cells, which have the highest PCE values in the world. Since polymer-based organic
thin film solar cells have the merits quoted above, improvements in high-performance
photovoltaic devices through further improvement of the PCE are expected.

The first polymer light-emitting diode (PLED) composed of m-conjugated
polymers was produced in 1990 [177]. Since then, versatile classes of conjugated
polymers have been prepared and diverse synthetic methods have been developed
(For recent reviews, see: [178—180]). These days, development of new materials
that focuses on the luminescence response time is progressing rapidly.

In recent years, conjugated polyelectrolytes have attracted much attention for
PLED applications, because they function as electron injection layers (EIL) effi-
ciently and effectively [181-187]. Nguyen et al. reported that a fluorene-phenylene
alternating copolymer with an ion-conducting polyethylene pendant was prepared
using the Suzuki-Miyaura polymerization (Eq. 8.43) [188] and that this polymer
could be used as an EIL in PLEDs [189]. As a result, a fast luminescence temporal
response time (200 ps) can be achieved.

1 R R! 3
ﬁ:o RLR +Br ) PA(PPhy), /Na,COs/ Toluene / H,O R OR
TFA/CHZCIZ
3) Na,COgagq. R3 n

2 2VY)3 2 2 2

(8.43)

Huck et al. reported the preparation of a zwitterionic conjugated polyelectrolyte
that had cationic ammonium and anionic sulfonate units in the same side chain
(Eq. 8.44). They used this polymer as an EIL and succeeded in creating a high-
performance PLED that showed a very fast-response time of less than 10 ps [190].

CgH1z CeHy7

Q Q_ 1) Pd(PPhg), / K;CO4
Br Br B’W\B j / Toluene
+ 70 O~ "2)1,4-butanesultone n (8.44)
CgHy7 CgHi7 Ne N*

Me,N NMe, / THF-MeOH /_/\\ - \_\
SOy SOy
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8.6 Summary

A wide variety of metal-catalyzed cross-coupling reactions has been developed,
and a huge number of polymers for functional materials of various natures have
resulted from this methodology. Cross-coupling polymerization methods are
applicable to the synthesis of varied polymers using diverse monomer materials.
Furthermore, since the linkage position between the monomer units is strictly
controllable by the design of the monomer(s), regioregular polymers can be
invented easily. The methods have distinct potential in the preparation of m-con-
jugated polymers, since couplings between aryl, alkenyl, and alkynyl species are
the most successful confirmed reactions. It is fully expected that these polymeri-
zation methods will play a role in the development of not only m-conjugated
polymers but also various polymers for functional materials, thus greatly con-
tributing to the development of the material chemistry field.
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