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ABSTRACT: Recent developments in catalyst-transfer con-
densation polymerization, which proceeds in a chain-growth
polymerization manner, have made it possible to synthesize
well-defined π-conjugated polymers with controlled molecular
weight and low polydispersity, as well as block copolymers and
gradient copolymers. However, catalyst-transfer condensation
polymerization has been limited to the polymerization of
donor monomers (such as thiophene) for the synthesis of p-
type π-conjugated polymers. Here, we highlight several recent
advances in catalyst-transfer condensation polymerization
leading to n-type π-conjugated polymers. The Kumada−Tamao coupling polymerization of Grignard pyridine monomers
yields well-defined poly(pyridine-3,5-diyl) and poly(pyridine-2,5-diyl) with a broad molecular weight distribution. Monomers
consisting of strong acceptor and weak donor moieties also undergo catalyst-transfer polymerization; well-defined poly(fluorene
benzothiaziazole) was obtained by Suzuki−Miyaura coupling polymerization and poly(bithiophene naphthalene diimide) was
obtained by an unusual Ni-catalyzed coupling polymerization of an anion radical generated from a bromothiophene naphathalene
diimide bromothiophene monomer and activated zinc.

Conjugated polymers are an increasingly important class of
materials, because they can be fabricated by low-cost

solution processing and hence offer economic advantages in the
production of thin film transistors,1 organic light-emitting
diodes,2 and photovoltaic cells.3 Many π-conjugated polymers
have been conventionally synthesized by means of poly-
condensation involving transition metal-catalyzed cross-cou-
pling reaction, but they did not exhibit well-defined structures,
owing to the involvement of the step-growth polymerization
mechanism.4,5 However, the development of chain-growth
condensation polymerization with a transition metal catalyst
has made it possible to synthesize well-defined π-conjugated
polymers.6,7 We have proposed that this polymerization
involves intramolecular catalyst transfer on the polymer
backbone.8 In catalyst-transfer Kumada−Tamao coupling
polymerization with a Ni catalyst, well-defined poly(3-
alkylthiophene)s (P3ATs),8−11 poly(p-phenylene),12 poly(m-
phenylene)s,13 and poly(N-alkylpyrrole)14,15 have been synthe-
sized. Among these polymerizations, the catalyst-transfer
condensation polymerization leading to P3ATs has been
extensively developed; many kinds of block copolymers7 and
gradient copolymers16 containing the P3AT segment have been
synthesized, and the mechanism, including the role of ligands
on the catalyst, has been thoroughly investigated.17−23

Furthermore, isolable Ni-initiators24−28 were formed and
applied to the production of polythiophene brushes from a
substrate surface24,26,29−31 and of star polymers.32 In the case of
catalyst-transfer Suzuki−Miyaura coupling polymerization with
a Pd catalyst, polyfluorenes,33,34 poly(p-phenylene),35 and
P3AT36 can be obtained in a controlled manner by using an

isolable Pd(II) complex initiator, as well as all π-conjugated
block copolymers of these polymers.
However, catalyst-transfer condensation polymerization has

been limited to the polymerization of donor monomers for the
synthesis of p-type π-conjugated polymers. The catalyst-transfer
condensation polymerization of acceptor monomers faces the
following difficulties: (1) some electron-withdrawing groups,
such as the carbonyl group, in acceptor monomers cannot
tolerate the conditions used for formation of the Grignard
monomer; (2) the solubility of n-type π-conjugated polymers is
generally lower than that of p-type ones, because acceptor
aromatics have stronger π−π stacking interactions than donor
aromatics do; (3) the weaker π-donation of the n-type polymer
backbone to zerovalent metal catalyst may not sufficiently assist
intramolecular catalyst transfer.
Most n-type π-conjugated polymers have been synthesized

by Stille37,38 or Suzuki39,40 coupling polymerization of difunc-
tional stannyl or boronic acid (ester) aromatics and dibromo
aromatics containing base-sensitive heterocyles or electron-
withdrawing groups. Therefore, few studies have been reported
concerning the coupling polymerization of AB type acceptor
monomers consisting of a single arene, except for Yamamoto
coupling polymerization of dibromo acceptor monomers with
an equimolar zerovalent Ni complex.5 However, pyridine
Grignard monomers can be formed from dihalopyridine with
alkyl Grignard reagents without decomposition of the
monomer under these conditions,41 and so we have set out
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to explore the catalyst-transfer condensation polymerization of
pyridine monomers as an acceptor monomer.
We first investigated the Kumada−Tamao coupling polymer-

ization of 2-bromo-5-chloromagnesio-3-(2-(2-methoxyethoxy)-
ethoxy)pyridine 1 with a Ni catalyst, since we have found that
di- and trioxaalkyl groups are effective for increasing the
solubility of aromatic polyester42 and polythiophene.43

However, the polymer (Mn = 25 000, Mw/Mn = 1.33) was
unexpectedly precipitated during the polymerization (Scheme
1), although the obtained polymer was soluble in dichloro-
methane and chloroform.44

Only if the polymer is soluble in the reaction solvent would
we be able to establish whether this acceptor monomer unit
undergoes Kumada−Tamao catalyst-transfer condensation
polymerization. Therefore, we changed the polymerization
position of this monomer unit from the 2,5-position (para
type) to the 3,5-position (meta type) while retaining the same
side chain, although the obtained polypyridine lacks con-
jugation between the repeat units in the polymer.45 We used 5-
bromo-3-iodo-2-(2-(2-methoxyethoxy)ethoxy)pyridine (2) as a
monomer precursor, hoping for quantitative generation of
Grignard monomer 3 via a more facilitated magnesium-iodo
exchange reaction. Indeed, the reaction of 2 with 1.0 equiv of
iPrMgCl smoothly proceeded at 0 °C for 1 h to quantitatively
afford Grignard monomer 3. The polymerization of 3 with
Ni(dppp)Cl2 was carried out in the presence of LiCl (2 equiv
to 3) (Scheme 2). When the Mn and Mw/Mn values of the

crude polymer were plotted against monomer conversion, the
Mn value increased in proportion to conversion, and the Mw/
Mn ratio was 1.34 or below over the whole conversion range,
indicating chain-growth polymerization behavior. Furthermore,
the Mn value also linearly increased in proportion to the feed
ratio of monomer precursor 2 to the Ni catalyst (Mn = 5000−
10000). The matrix-assisted desorption ionization time-of-flight
(MALDI-TOF) mass spectrum of the obtained polymer
contained one major series of peaks and one minor series of
peaks. The major peaks correspond to the Na+ adducts of
polypyridine with bromine at one end and hydrogen at the
other (designated as Br/H). The minor peaks correspond to
polypyridine with Br/H ends. The polymerization behavior and
the MALDI-TOF mass spectrum strongly support the
involvement of a catalyst-transfer polymerization mechanism.
We further examined whether the Ni catalyst would move

intramolecularly on the pyridine ring by means of a model
reaction, as McCullough had done in the investigation of the
catalyst-transfer polymerization of thiophene monomer.46

Thus, 3,5-dibromopyridine was reacted with 0.5 equiv of

phenylmagnesium chloride in the presence of a catalytic
amount of Ni(dppp)Cl2 (dppp = 1,3-bis(diphenylphosphino)-
propane) in tetrahydrofuran (THF) at ambient temperature. It
turned out that only 3,5-diphenylpyridine was quantitatively
formed (Scheme 3). This result indicated that successive

coupling reactions took place via intramolecular transfer of the
Ni(0) catalyst on the pyridine ring, even though the π-donation
ability of pyridine is weaker than that of donor monomers such
as thiophene.
The polypyridine in Scheme 2 is a nonconjugated polymer,

and the electron-donating alkoxy group decreases the electron
acceptor nature of the pyridine repeat unit. Accordingly, we
should consider polymerization of para-substituted pyridine
monomer bearing an alkyl side chain for the synthesis of well-
defined n-type π-conjugated polymers. Thus, the polymer-
ization of 6-bromo-3-chloromagnesio-2-(3-(2-methoxyethoxy)-
propyl)pyridine 4, formed from the corresponding bromoiodo
precursor 5, with a Ni catalyst was investigated (Scheme 4).47

We first examined whether the Ni catalyst would intra-
molecularly walk on the acceptor pyridine ring even between
the para positions by means of a model reaction. Thus, 2,5-
dibromopyridine was reacted with 0.5 equiv of phenyl-
magnesium chloride in the presence of a catalytic amount of
Ni(dppp)Cl2 in THF at ambient temperature. We found that
2,5-diphenylpyridine was quantitatively formed, indicating that
successive coupling reactions took place via intramolecular
transfer of Ni(0) catalyst on the pyridine ring, as in the case of
the model reaction using 3,5-dibromopyridine (Scheme 5).

Therefore, we expected that the polymerization of para-
substituted pyridine monomer bearing an alkyl group would
also proceed via a catalyst-transfer chain-growth polymerization
mechanism to yield poly(pyridine-2,5-diyl) with a well-defined
molecular weight and low polydispersity.
However, the polymerization of 4 with Ni(dppp)Cl2 in the

presence of 1.0 equiv of LiCl afforded polymer with a broad
molecular weight distribution (Mn = 10 300, Mw/Mn = 4.35).
The MALDI-TOF mass spectrum of the obtained polypyridine
contained one major series of peaks, corresponding to the K+

Scheme 1. Polymerization of 1

Scheme 2. Polymerization of 3 from Precursor 2

Scheme 3. Model Reaction of 3,5-Dibromopyridine with
Phenylmagnesium Chloride

Scheme 4. Polymerization of 4 from Precursor 5

Scheme 5. Model Reaction of 2,5-Dibromopyridine with
Phenylmagnesium Chloride
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adducts of the Br/Br-ended polymer, accompanied by two
minor series of peaks. The two minor series of peaks
correspond to the K+ adducts of polymer with Br/H ends
and the Na+ adducts of polymer with Br/Br ends. We followed
the time course of the polymerization to clarify when the
polymer with Br/Br ends was formed. In the MALDI-TOF
mass spectra, the major peaks were always those of Br/Br-
ended polymers from the early stage to the final stage. This
result indicated that disproportionation occurred continually
from the initial stage of polymerization. Thus, the polymer-
ization of 4 with Ni(dppp)Cl2 proceeds essentially via an
intramolecular catalyst-transfer polymerization mechanism to
afford polymer with Br/H ends after hydrolysis of the
polymer−Ni−Br complex, but the disproportionation reaction
continually occurs to afford polymer with Br/Br ends, as well as
Ni(II) and Ni(0) complexes, which can initiate the polymer-
ization from 4 and insert into the terminal C−Br bond followed
by repropagation, respectively (Scheme 6). The tendency for

occurrence of disproportionation in the polymerization of
pyridine monomer 4 can presumably be attributed to
coordination of the nitrogen in the pyridine−Ni−Br end to
the Ni in another pyridine−Ni−Br end, as shown in complex X
in Scheme 6. Suzuki−Miyaura coupling polymerization of a
pinacol boronate monomer, having the same substituted
pyridine structure, with o-tolylPd(tBu3P)Br was also accom-
panied with disproportionation.47

Huck and Kiriy investigated the polymerization of AB type
monomers consisting of a strong acceptor arene and weak
donor arene. Solubilizing side chains are introduced into the
donor unit of the monomers. AB type monomer 6 composed of
fluorene boronic acid ester and bromobenzothiadiazole was
synthesized, and Suzuki−Miyaura coupling polymerization with
ArPd(tBu3P)Br (Ar = Ph and pyrenyl) was conducted in the
presence of CsF and crown ether.48 The molecular weight of
the obtained polymer increased with reaction time (Mn =
3300−7400), and the molecular weight distribution remained
narrow (Mw/Mn ≤ 1.27), indicating a chain-growth polymer-
ization mechanism. Furthermore, the MALDI-TOF mass
spectra showed two series of peaks corresponding to polymer
with Ar/Br and Ar/H ends. The presence of an aryl group on
every polymer chain strongly supports the chain-growth
polymerization from the Pd complex initiator (Scheme 7).

Symmetrical dibromo monomer 7, consisting of thiophene,
naphthalenediimide, and thiophene, was also investigated.49

The first attempt to form a Grignard monomer from 7 for
Kumada−Tamao coupling polymerization failed. Activated Zn
was next reacted with 7 for generation of an organozinc
monomer. Remarkably, however, the acidic workup of the
prepared 7/Zn complex resulted in recovery of 7, but not the
hydrized monobromo compound. Electron paramagnetic
resonance measurements revealed that the 7/Zn complex was
a radical anion; single electron transfer from Zn to the electron-
deficient 7 occurred. This radical anion was polymerized with
Ni(dppp)Br2 or PhNi(dppp)Br at room temperature. The
polymerization behavior showed a chain-growth polymerization
mechanism: the molecular weight increased with increasing
feed ratio of monomer to the Ni catalyst, with retention of low
polydispersity (Mn = 25 000−104 000, Mw/Mn = 1.3−1.7), and
the phenyl group was introduced into the polymer end group
when PhNi(dppp)Br was used (Scheme 8).

The proposed polymerization mechanism is shown in
Scheme 9. The first step of a “quasi-transmetalation” process
involves a single electron transfer (SET) from Zn+ to Ni(II)
with concomitant elimination of Br−, leading to Ni(I) species (I
→ II, Scheme 9). The next step is the addition of Ar−Ni(I) to
the terminal carbon of the monomer (II → III). Finally, the
aromaticity of the system is recovered by elimination of Br− and
Zn2+ (III → IV). After this quasi-transmetalation, reductive
elimination (RE) and intramolecular oxidative addition (OA)
take place as in the case of catalyst-transfer condensation
polymerization of donor monomers.
As mentioned in the introduction, we first thought that

catalyst-transfer condensation polymerization of acceptor
monomers would be a challenge, because the weaker π-
donation of the n-type polymer backbone to the zerovalent
metal catalyst may not sufficiently assist intramolecular catalyst
transfer on the basis of the fact that well-defined π-conjugated
block copolymers were not obtained by successive polymer-
ization from a monomer with a high π-donor ability to a
monomer with a low π-donor ability.14,35,36,50 However, the
results cited in this report have at least revealed that Ni catalyst
can undergo intramolecular transfer on pyridine and naph-
thalenediimide, and Pd catalyst can do so on benzothiaziazole.
Accordingly, it should be feasible to polymerize more acceptor
monomers via the catalyst-transfer mechanism to yield a variety
of n-type π-conjugated polymers if the difficulties of (1)
formation of organometallic monomers and (2) low solubility
of n-type π-conjugated polymers, mentioned in the introduc-
tion, are overcome. The use of two or three aromatic
monomers consisting of strong acceptor and weak donor
arenes is a good approach for this purpose, although the donor

Scheme 6. Proposed Mechanism of Polymerization of 4

Scheme 7. Polymerization of 6

Scheme 8. Polymerization of 7
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unit slightly increases the HOMO levels of the n-type π-
conjugated polymers. Nucleophilic boronic ester and stannyl
moiety can be introduced into the donor unit under strongly
basic conditions before linking to the base-sensitive acceptor
unit to prepare monomers. The solubilizing side chain can be
attached to either donor or acceptor unit. One might wonder if
the catalyst can move on long monomer units consisting of two
or three aromatics in this approach, but the catalyst-transfer
condensation polymerization indeed took place in the polymer-
ization of the above two or three aromatic monomers, as well as
in a recent study of the polymerization of a thiophene and
phenylene Grignard monomer with a Ni catalyst.51
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