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Abstract

Heteroaromatics-containing polymers comprise a huge class of materials that have received considerable attention due to their
interesting electrical, electrochemical, and optical properties. In this review, the recent advances on the use of organometallic cross-
coupling reactions for the synthesis of heteroaromatic conjugated polymers for the optoelectronic interests and applications are

summarised.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Over the past two decades conducting polymers have
received widespread attention due to their high conduc-
tivity and interesting optoelectronic properties [1]. The
nature of conjugated system, the conjugation length, re-
gio-regularity and the substituent(s), inter alia, may
determine the performance of these polymers. In gen-
eral, incorporation of heteroaromatic rings in these pol-
ymers has shown remarkable modification of the
photophysical and electronic properties of these poly-
mers [2]. Oxidative polymerization of heteroaromatic
rings have been extensively used in the synthesis of these
polymers. For example, heteroaromatic ring-containing
polyaryls such as polypyrrole can be obtained by the
electrochemical oxidation of the corresponding mono-
meric unit [3]. However, this process suffers from the
gross defect that the structure of the polymer is some-
what undirected and undefined. X-ray photoemission
studies indicate that as many as one in three pyrrole
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rings is affected by structural disorder, part of which is
attributed to non-o-o'-linkages [4]. The situation in
which two linked aromatic units are electrochemically
polymerized has been shown to be considerably worse
[5]. Other oxidative polymerization [6], or Friedel-Crafts
polymerization [7] processes give no control of linkage
position or the degree of branching or cross-linking.
Although polyphenylenes and the like can be obtained
by the dehalogenation of the haloaromatic compounds
with alkali metals (Wurtz—Fittig reaction) [8], the reac-
tion normally requires high temperature and the poly-
mers prepared may have some steric irregularities or
branching due to the radical nature of the conventional
coupling reactions.

Thanks to the rapid growth in the application of
organometallic catalysts or reagents [9,10], conjugated
polymers of a wide range of fascinating structural vari-
ety and regio-regularity have been synthesized. Moreo-
ver, the monomeric units are occasionally synthesized
via transition metal catalyzed reactions. This review
summarizes recent development in the synthesis of het-
eraromatic conjugated polymers. Particular attention
will be focused on the use of organometallic catalyst
or reagent for the synthesis of these polymers. No
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comprehensive coverage is attempted and only repre-
sentative examples are summarized.

Transition metal catalyzed cross-coupling reaction
provides a particularly powerful arsenal for the Cgpo—
Csp2 and Cy,—Cqp,» bond formation [10]. More recently,
alkyl halides or related unactivated electrophiles can also
proceed smoothly [11,12]. The reaction in general in-
volves the transition metal catalyzed oxidative addition
reaction across the C-X bond of an electrophile, trans-
metallation with a main group organometallic nucleo-
phile, followed by reductive elimination step leading to
carbon—carbon bond formation and the active catalyst
is regenerated (Scheme 1). Most commonly employed
transition metal catalysts are nickel or palladium-based
complexes, although other metals have also be used.
The organometallic nucleophiles can be Grignard rea-
gents (Kumada—Corriu), stannanes (Stille), boron rea-
gents (Suzuki-Miyaura), lithium, copper, mercury, or
zinc compounds.

Conjugation length can thus be extended by means of
this transformation and the application to polymer syn-
thesis abounds. When the electrophilic and nucleophilic
centers of the monomeric substrates are readily accessi-
ble, the regio-regularity of the polymers can be easily
achieved.

2. Kumada—Corriu coupling

Poly(3-alkylthiophenes) are prepared by nickel-cata-
lyzed Grignard couplings of the diiodothiophenes hav-
ing alkyl at C; position (Eq. (1)). Apparently, one of
the C-I bond may react with magnesium to form the
Grignard reagent which undergoes further coupling
reaction. The reaction is simple but the regio-regularity
can not be controlled. The deep red-colored polymers
can be soluble in various organic solvents and show high
conductivity after doping with acceptor dopants such as
NOSbFg, FeCl; or 1, [13].

g

S 2. Ni(dppp)Br,

1. Mg/ THF

R
o

Regio-regular polymerization of 3-alkylthiophenes
can be controlled by regioselective lithiation of 2-bro-
mo-3-alkylthiophene with lithium diisopropylamide
(LDA) followed by transmetallation with magnesium
bromide to yield the organomagnesium intermediate.
The use of NiCl,(dppe) catalyst for the polymerization
of this intermediate gives the corresponding polythio-
phene in over 90% of head-to-tail regioselectivity (Eq.

(2)) [14].
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The regio-regularity of the poly(3-alkylthiophene-
diyl)s obtained from this cross-coupling reaction ap-
pears to be much better than the polymer from
electrochemical oxidation [15] or FeCl; oxidation [16].
Polythiophenes with ethereal side chain (Eq. (3)) [17],
carboxylic acid group (Eq. (4)) [18] and copolymers of
random head-to-tail regioselectivity (Eq. (5)) [19] are
also obtained in a similar manner.
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The side chain can contain electrochemically active
group (e.g. 1) [20]. The mercapto-substituted side chain
(e.g. 2) synthesized by the same method can be used in
soft-lithography patterning [21].
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Starting from 2-bromo-3-[2-(S-methylbutoxy)ethyl]-
thiophene, the corresponding polymer is synthesized
using McCullough method (Eq. (6)) [22]. At 160 °C,
the melting point of the polymer, a complete loss of
optical activity in the n—r* transition band is observed.
Slow cooling of the polymer film yields a reversible
thermochromism, while the optical activity in the
absorption bands is recovered. The MgBr moiety can
also be obtained by the metathesis with a Grignard rea-

gent (Eq. (7)) [23].
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S
Br [ (6)
THF n

/N

R
Br*@Br
s
RMgX / THF [ @ ﬂM ]
Br + Br
-RB
85% 15%
R R
Ni(dppp)Cl, 7 S J\
s W/ 7
R

(7)

Highly reactive zinc [24] reacts chemoselectively with
2,5-dibromothiophene to yield quantitatively 2-bromo-
zincio-5-bromothiophene. In the presence of Pd(PPhs),,
poly(thiophen-2,5-diyl) is obtained [25]. However, under
the same conditions, 3-hexyl analog yields regio-random
structure in the product polymer. When NiCl,(dppe) is
employed, 90% regioselectivity, however, is observed

(Eq. (8)) [25].

BrﬂBr
S

Zn / THF

*@ZnBr Ban«dBr

Pd(PPhg), Ni(dppe)Cl,
E /T\ :

71\

S R

n

Regio-random PAT S \ /) S \ /)

Head-to-Tail PATs
(8)
The end group modification of regio-regular polythio-

phenes can be achieved by the nickel-catalyzed cross-cou-
pling reaction of 2-thienylzinc reagent (Eq. (9)) [26].
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The reaction can also be extended to the synthesis of
poly(9-alkylcarbazole-3,6-diyl)s via palladium-catalyzed
cross-coupling reactions (Eq. (10)) [27].
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N
R
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R

Palladium-catalyzed reductive coupling of thienyl
mercuric chloride (Eq. (11)) yields the corresponding
poly(3-alkylthiophene)s (Eq. (12)) [28]. In the presence
of a CO atmosphere, alternating poly(thiophenediyl ke-
tone)s are obtained in moderate yield (Eq. (13)). Copo-
lymerizatin of two different dimercuric chlorides afford
the corresponding copolymers.
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The use of furan-containing conjugated systems in
material application has been rare because the heteroar-
omatic ring may be susceptible to photoinduced oxida-

tive cleavage [29]. However, it has recently been shown
that furan moiety is stable under inert atmosphere upon
irradiation even at elevated temperature [30].

Reactions of bis-zinc chloride and dibromobenzene
derivatives in the presence of a catalytic amount of
Pd(PPh;), lead to the formation and precipitation of
the corresponding polymers (Egs. (14) and (15)) [31].
The corresponding thiophene analog is prepared simi-
larly. Electrical conductivities are enhanced when these
polymers are doped with I, or FeCls.

MeQ MeQ

cizn—{_ ! Y zn0 + BrQBr
Z Z
OMe OMe
MeQO
Pd(PPh3), N\
4 N zZ=0orS
OMe
(14)
Clzn / /N ZnCl
(0] (0]
_ PdFPR). : ﬁ/ (15)
Br

3. Yamamoto coupling

Ni(0)-based polymerization of 2,5-dibromopyridine
yields the corresponding poly(2,5-pyridinediyl) as yellow
or yellowish orange precipitate (Eq. (16)) [32-34].

Ni(COD
Br4</j\>~5r I )2 7 N (16)
—N 2,2'-bipyrindine —N

n

It is interesting to note that the presence of 1 mole
Ph;P per mole of Ni gave higher yield and higher molec-
ular weight than those in the reaction system containing
excess amount of Ph;P. In this case, both head-to-tail and
tail-to-tail units are present. In order to avoid such irreg-
ularity, polymerizations of bipyridine derivatives lead to
regio-regular polybipyridines (Egs. (17) and (18)) [35].

e W

Ni COD
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Y.-J. Cheng, T.-Y. Luh | Journal of Organometallic Chemistry 689 (2004) 4137-4148 4141

The corresponding monomers are also synthes1zed by
means of cross-coupling reactions. The reaction has
been extended to the synthesis of poly(thiophene-2,5-
diyl)s [36]. Copolymers derived from 2,5-dibromothio-
phene and 2,4-dibromothiophene are also synthesized
by this procedure (Eq. (19)) [36]. Ferrocene bearing
polythiophene copolymers are prepared similarly (Eq.
(20)) [37].

g U

(19)
Ni(COD),
2,2'-bipyridine
Br + BF‘({
20
NI(COD) Bu = "Fg 20)
i
_ _2_ I\ (N
2,2'-bipyridine S X S yin

Dehalogenative couplings of 4,4’-dialkyl-2,2’-bithia-
zoles with Ni(0) in refluxing toluene yield the corre-
sponding new class of variable bandgap conjugated pol-
ymers having thermochromic properties (Eq. (21)) [38].
These polymers are capable of reversible n-doping with
a maximum doping level of about one electron per bithi-
azole unit. This capacity is comparable to that of
(Lip.;CH), and greater than the usual capacities of com-
mon p-dopable conjugated polymers.

The corresponding oxygen analog, poly(nonylbis-
oxazole) (Eq. (22)) [39] and nitrogen analog, poly(imi-
daxole-2,5-diyl)s (Eq. (23)) [40] are prepared similarly.
These polymers are electrochemically active and have

stacked structures in the solid.
IHi J py ﬁ%

Ni( COD A
bpy/NlBr

I Hisr _NGOD. & @ Hj%
bpy / Xylenes

22)

MH%

Hex Hex

Ni(COD), / bpy

Br )—( 1Br

Hex Hex
(23)

Polymerization of 3-alkyl-2,5-dibromofuran has
been studied in details (Eq. (24)) [41]. When Ni
(COD), is used, 75% of head-to-tail regio-regularity
is obtained. Zinc procedure by Rieke method followed
by treatment with a catalytic amount of NiCly(dppe)
yield over 95% regioselectivity favoring head-to-tail
linkage.

Ni(COD), /Fl{\
o 4
Br /N Br :
o) QA .
BrZn /N Br
R
(dppp)Cl, J o\ O
0 \ /) .
R
(24)

On the other hand, the same organozinc intermediate
is transformed into random linkage when Pd(PPhs), is
employed as the catalyst. The physical as well as spect-
roscopic properties of these polymers are very much
dependent on the regio-regularity.

New n-type poly(pyrimido[5,4-d]pyrimidine-2,6-di-
Iyl)s are prepared from the Ni(0) promoted coupling
reaction of the corresponding monomeric chlorides in
excellent yields (Eq. (25)) [42]. Poly(pyrazine-2,5-diyl)
is prepared in a similar manner (Eq. (26)) [43].
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Polymerization of N-alkyl-3,6-dibromocarbazoles
under Yamamoto coupling conditions yields the corre-
sponding high molecular weight polycarbazoles with
good solubility, film-forming ability, thermal stability
and moderately high photoluminescence efficiency

(Eq. (27)) [44].
Br Br O
Ni(COD),/ COD h] n
Bpy / DMF N O
& R
(27)

4. Stille coupling

The cross-coupling reaction of dihalogenothiophene
compounds and 1,2-bistributylstannylethene catalyzed
by palladium phosphine complexes, known as Stille cou-
pling reaction [45], is found to provide a new simple
route to conducting poly(thiophene-2,5-diyl-vinylene)s
(Eq. (28)) [46].

Regio-regularity can be controlled by using 5,5'-
dibromo-2,2’-dithienylethene as the starting material
(Eq. (29)) [47].

Bugsn” \-SnBus | o ﬂBr Pd I\
S

S
(28)
Ci2Hzs
7\
Br— g NS Br
\ /)
Ci2Hzs
Ci2Has
sz(dba)3
~X-SnBu n
BusSn 3 C1oHas
(29)

The reaction has been extended to the synthesis of
thiophene-silole copolymer (Eq. (30)) [48] which shows
broad absorptions at 594 and 615 nm. This unusual long
wavelength absorption suggests the occurrence of intra-
molecular charge transfer from thiophene ring to silole
ring.

PdCly(PPhg),

THF

(30)

Substituted polythiophenes are an ideal choice for a
sensory material due to their ease of structural modifica-
tion, high conductivity, and environmental stability
[49,50]. The conductivity of these materials is sensitive
to the nature and regiospecificity of the side chains, indi-
cating that small change of conformation may produce
large effects [49,51]. Crown ether-containing polythio-
phenes are obtained from the Stille coupling reaction
of a distannane with a dibromide (Eq. (31)) [52]. Iono-
chromic response has been found in these polymers in
the solution state.

Vbo ] Z=12
0
To 0-7 A\ /0

Br s s Br
Me3Sn N U SnMey
S S
(Q\ﬁ Z=1.2
O il
e} O
PdCl,(AsPh3), QO 0—7
THF /AW A\
S S S S

n

(31)

Amphiphilic and regio-regular polythiophenes are
obtained by Stille coupling of the dithiophene contain-
ing bromide and stannyl group at 5 and 5’ positions

(Eq. (32)) [53].

C12H25
(32)
Regio-regular oxazoline polythiophene is obtained

from the reaction of the corresponding monomer in high
yields by using a CuO-modified Stille coupling route
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(Eq. (33)) [54]. The oxazoline moiety can be hydrolyzed
into the carboxylic acid group. Under basic conditions,
the polymer shows the cation size-dependent

chromaticity.
— _N
Pdy(dba)s/ CuO
BusSn PPhy

The phosphonic acid functionalized polythlophenes
are prepared similarly (Eq. (34)) [55].

PO(OEt),
7\ S
BU3Sn s \ / Br
CraPls PO(OEY), (34)
sz(dba)3 / \ S
PPhg 7 W/ /n
C12H25

On increasing the ratio of head-to-tail coupling of
adjacent monomers on poly(3-alkylthiophenes), an in-
crease in linearity of polymer chains and hence greater
conjugation along the polymer backbone and lower band
gap are observed. Thus 2-iodo-3-hexyl-5-stannylthio-
phene is treated under Stille coupling reaction to yield
highly regio-regular poly(3-hexylthiophene) with head-
to-tail coupling ratios exceeding 96% (Eq. (35)) [56].

R

R R
/\_/§ Pd(PPh s
BusSn /S\ | (PPh3), /S\ @ /S\

n
R

(35)
Alternating thiophene-dialkoxyphenylene [57] and

phenylene-furan [29b] copolymers are synthesized simi-
larly (Egs. 36 and 37).

OCgHy7
BUSSn@SnBus + IAQI
C8H17O (36)
OCgH47
/N
THF s )

CSH11

|
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CsHi1 (37)
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/\
THF 0 n
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The Stille coupling reaction is used to synthesize pho-
torefractive polymer that contains a conjugated back-
bone and a second order non-linear optical
chromophore [58]. It is interesting to note that a combi-
nation of an electron-rich distannyl monomer and an
electron deficient dihalide monomer forms polymers
with relatively high molecular weights [59]. In addition,
solvents, that could keep the macromolecules in solution
and stabilize the palladium catalyst, would yield poly-
mers with high molecular weights.

Pd/Cu-catalyzed couplings of dibromopyridines with
distannylpyridines are utilized for the synthesis of func-
tionlized polypyridines for double-bonded ladder poly-
mers (Eq. (38)) [60].

Pd(PPh,),Cl,/ Cul

BusSn NHBoc Br N R
) )

BocHN SnBug N Br THF / NMP

Palladium-catalyzed polycondensation between 2,5-
dibromo-4-alkylthiazoles and 2,5-(bistrimethylstan-
nyl)thiophene gives charge-transferred-type alternating
polymers of high regio-regularity (Eq. (39)) [61]. The
tendency of the polymer to form the stacked structure
is considered to contribute to the regio-regulation in
the polymerization.
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5. Suzuki-Miyaura coupling

Suzuki-Miyaura reaction is also a powerful tool for
the formation of Cg,,—Cypp bond [62]. Thus, polymers
containing alternating phenylene and pyrrolic or ter-
pyrrolic units are prepared by the Suzuki-Miyaura cou-
pling reaction of the corresponding bisboronic acid and
bis halides (Eq. (40)) [63]. In a similar manner, poly(car-
bazole-2,7-diylfluorene-2,7-diyl) is prepared from the
corresponding monomers (Eq. (41)) [64].

CizHas
(HO)B B(OH), . Br / N\ Br  Pd(PPhg),
CioHos éoc n
CizHzs CioHos
ﬂ §+(/ \%_]» g § (/ \5
CioHas CioHaos

.. + i’;ﬁf
e T 0

CsH17 CeHi7” Cetiz
(41)

Blue-light emitting fluorene-based polymers with tun-
able electronic properties are obtained from Suzuki-
Miyaura coupling reaction (Eq. (42)) [65].

Segrte

CeHig~ CeHia

CioHzt  CioHaq

Br—Z/ \§~Br
S
CioHa4

0.0 /]

CeHig™ CeHia

Ci1oHz1
Pd(PPh3)4

e ——

(42)

Thermally stable polymers comprised of alternating
1,10-phenantroline/1,4-didodecyloxybenzene, 1,10-phe-
nanthroline/9,9-dioctylfluorene or pyridine/1,4-dialkoxy-
benzene units are synthesized by palladium(0)-catalyzed
coupling reaction in excellent yields (Eqgs. (43)—(45)) [66].

OC12H25
o \Q e s {:/% X
C12H250
OCy2Hzs
Pd(PPh3)4, Na,CO. —
(PPhg)4, Na;COs 7\
_ Y
THF / Hy0 N N n
Cy2H250
(43)
O
Br— \/Br+><:’B . B‘:><
=N N (0] (e}
CBH17 C8H17

Pd(PPhg)s, Na;COj3

THF / H,0

Pd(PPhg)g, Na2003

THF / H,0

Like Stille coupling reaction, the Suzuki-Miyaura
reaction can also be highly regio-regular (96% head-to-
tail), when 3-alkylthiophene derivatives are employed

(Eq. (46)) [67].

CgHq7 CgHi7

><:QB ﬂﬂ (OAG),/ K5CO4
g s
(46)

Pd > : f/ \§ :
THF / EtOH / H,0 S
Suzuki-Miyaura copolymerization of p-phenyl-

n
enebisboronic acid with a mixture of 4,7-dibromo-
2,1,3-benzothiadiazole and a 2,7-dibromofluorene
derivative affords the corresponding copolymer which
is then transformed into polycationic water soluble con-
jugated copolymer that changes emission color as a re-
sult of conformational and aggregation changes (Eq.
(47)) [68].
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Br Br
R W to8— Hsom, )
NN
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PA(PPhg) / KsCOs / THF O O O O O
MesN / THF / H,O

(47)

The synthesis of alternating silole-thiophene copoly-
mer is achieved by the Suzuki-Miyaura coupling reac-
tion (Eq. (48)) [69]. Silole—phenylene, silole—pyridine
and silole-thiazole alternating copolymers are prepared
similarly [70].

C4Hg C4Hg CeH13CeH13
HO),B B(OH B
(HO), ‘<\_/7> (OH), + Br s \ s
C4Hg C4Hy CeH13CeH13
Pdy(dba); f\ S f\ S
—_—
PPhs s~ W/ s N\ Jln

6. Sonogashira coupling

Sonogashira reaction [71] provides a useful route
leading to the formation of Cy;—C,, bond. Thus, palla-
dium-catalyzed polycondensation between dihalohetero-
aromatic compounds and ethynyl aromatic compounds
in the presence triethylamine gives soluble n-conjugated
polyaryleneethynylene type polymers (Egs. (49) and
(50)) [72].

Pd complex + Cul

X-Ar—=X + =Ar—— NEta ~<Ar rgy
n
06H13 CGH13
I = N = 7N — Ty =
A A Se L A
(49)
N
OR N
\
:—Q{ + BrAOfBr
RO _S.
N\ /N OR
Pd(PPhg), / Cul {_@ . //_<\ _ ]
EtsN / Toluene \_7 >:/ Jn
RO
(50)

9-Phenylcarbazole ethynylene monodendrons (e.g. 3)
with 1.1, 3,3,-tetramethylbutyl and 3,5-di-terz-butyl-4-
(2-methoxylethoxy)phenylene groups are used for the
synthesis up to generation four of dendrimers [73].

2(n-1)

3

A series of light-emitting poly(aryleneethylylene)s
based on fluorenes with sterically hindered substituents
containing hole transport unit such as carbazole and
thiophene are synthesized by a palladium-catalyzed cou-
pling reaction (Egs. (51) and (52)) [74].

Pd(PPhg), / Cul
NEt; / Toluene

Pd(PPhs), / Cul [
NEt; / Toluene

7. Heck reaction

Poly(phenylene vinylene) (PPV) and its derivatives have
received much attention due to their high conductivity and
optoelectronic properties for electroluminescent applica-
tions [75]. The Heck reaction has been successfully applied
to synthesize several PPVs[76]. It has been shown that elec-
tron deficient PPV analogs may exhibit highly efficient
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light emitting diodes [77]. It is therefore envisaged that the
corresponding pyridinium ion analogs, poly(methylpy-
ridinium-vinylene)s (PMPyV), may demonstrate a similar
effect [76]. The charged polymers PMPyV can be readily
obtained from methylation of the corresponding poly(p-
pyridyl vinylene)s (PPyVs). The head-to-tail regioisomer
is synthesized by the Heck reaction (Eq. (53)) [78]. Metal-
loprophyrin containing polymers can also be obtained by a

similar reaction (Eq. (54)) [79].

PdCI,(PPhg),

NEt3 / NMP

(54)

Photoconductive ruthenium-containing conjugated
copolymers are prepared from the palladium-catalyzed
Heck coupling reaction (Eq. (55)) [80]

n-Bu3N

8. Miscellaneous reactions

Fe(acac);-promoted oxidative polymerizations of
crown ether-containing dilithium—dithiophene yield the
corresponding polymers which can selectively bind to al-
kali metal ions (Eq. (56)) [52].

Z=1.2 &O =12
o o

F
N = | e(acac); i\ R
Li S S Li THF S S n
(56)
Poly(3,6-dibutadiynyl-9-tetradecylcarbazole), which

can serve as hole transporting materials, is synthesized
by the CuCl induced polymerization (Eq. (57)) [81].

TMEDA
1
Ci4Hog

C14H29
(57)

The condensation of 2,5-dibromothiophene or 3,4-
dibromothiphene with 1,4-diaminopheneylenes under
Ullmann conditions in the presence of cuprous iodide
and sodium carbonate yields a series of aniline-thio-
phene copolymers (Egs. (58) and (59)) [82].

HZN@NHZ N Br—z/S\LBr _Cul/NaCO, %HOH@%
S n

(58)
Br. Br
H2NONH2+ Z—\j Cul /Na,CO4 {,N;@iﬂﬂ_}
S n
S
(59)

9. Conclusion

We have summarized the recent advances on the use
of cross-coupling reactions for the preparation n-conju-
gated heteroaromatic polymers for opticoelectronic
interests. Polymers of different fascinating structural
variety can be casily accessed by this methodology. As
the development of optoelectronic materials grows so
rapidly in recent years, the applications of organometallic
chemistry for the preparation of these polymeric materi-
als will continuously be flourishing in the years ahead.
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