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ABSTRACT

Over the past 20 years, small molecule solid phase synthesis has become a powerful tool in the discovery of novel mol-
ecular materials. In the development of organic chemistry, the carbon-carbon bond formation has always been one of
the most useful and fundamental reaction. The current review summarizes recent developments in metal-catalyzed cou-
pling reactions. The following method is discussed in detail—the cross-coupling of aryl halides with aryl boronic acids
(the Suzuki coupling), and the others C-C bond formation reactions as the palladium-catalyzed reaction between an aryl
and (or) alkyl halide and a vinyl functionality (the Heck reaction); and the palladium-catalyzed cross-coupling reaction

of organostannyl reagents with a variety of organic electrophiles (the Stille reaction)—are mentioned.

Keywords: C-C Bond Formation; Coupling Reactions; Palladium Catalysts; Suzuki Coupling;

Heterocyclic Copolymers

1. Introduction

Recently, small-molecule solid-phase synthesis has beco-
me a powerful tool in the discovery of new drugs or mo-
lecular materials. The methods are investigated by the
time in details: the cross-coupling of aryl halides with
aryl boronic acids (the Suzuki coupling); the palladium-
catalyzed reaction between an aryl and (or) alkyl halide
and a vinyl functionality (the Heck reaction); and the
palladium-catalyzed cross-coupling reaction of organ-
ostannyl reagents with a variety of organic electrophiles
(the Stille reaction) [1].

Organic transformations in aqueous media have re-
ceived also much attention because water is mainly
harmless to the environment. The cross-coupling reaction
of alkenyl and aryl halides with organoborane derivatives
in the presence of a palladium catalyst and a base (Su-
zuki reaction) has often been carried out in an organic-
aqueous mixed solvent. Although Davidson and Triggs
[2] discovered in 1968 that arylboronic acids reacted
with palladium(II) acetate to give corresponding biaryls,
and Garves [3] in 1970 that arylsulfinic acids could be
coupled to biaryls using Pd(II) in aqueous solvents, it was
not until 1979 when biaryls could efficiently be prepared
by a palladium-catalyzed reaction. Miyaura and Suzuki
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[4] reported that cross-coupling reactions between al-
kenylboranes and organic halides were efficiently cata-
lyzed by a catalytic amount of tetrakis (triphenylphoshine)
palladium (Pd(PPhs)s) in the presence of a suitable base.

In this context, using the conventional bridged deri-
vatives of phenoxazine [5], phenothiazine, fluorene, car-
bazole as a functional segments, the palladium-catalyzed
condensation halide arylenes by Suzuki-, and other cou-
pling reactions were used as well-established procedure
in modern organic synthesis [6]. The coupling products
find good applications as intermediates in the preparation
of materials (Figure 1). However, the Suzuki-type reac-
tions catalyzed by heterogeneous palladium involving
bromoarenes are relatively unexplored. In this context,
polymer-supported catalysts have become valuable tools
offering many advantages such as simplification of
product synthesis.

Nowadays, palladium-catalyzed Suzuki-Miyaura co-
upling reaction [7,8] of aryl halides is one of the most
effective methods for the construction of biaryls or sub-
stituted aromatic moieties in organic synthesis. Although
homogeneous palladium catalysts have been extensively
investigated [9-14], their industrial applications remained
limited due to the difficulty in the separation process
from the products for recycling [9-15]. Heterogenization
of the existing homogeneous palladium catalysts offers
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Figure 1. Applications of molecular materials synthesized by Suzuki coupling.

an attractive solution to this problem [16-19]. From a
practical point of view, the use of aryl chlorides is highly
desirable compared with the more expensive aryl iodides,
aryl bromides and aryl triflates.

This short review summarizes the advantages of the
Suzuki protocol over other similar cross-coupling reac-
tions, several structurally different ligands that promote
the reaction in water [20-23], recent results from ligan-
dless Suzuki procedure, and target molecules mainly
produced by the method.

2. Transition Metals in Synthetic Organic
Chemistry

During the second half of the 20th century, transition
metals have come to play an important role in organic
chemistry and this has led to the development of a large
number of transition metal-catalyzed reactions for creat-
ing organic molecules. Transition metals have a unique
ability to activate various organic compounds and th-
rough this activation they can catalyze the formation of
new bonds. One metal that was used early on for cata-
lytic organic transformations was palladium. One event
that stimulated research into the use of palladium in or-
ganic chemistry was the discovery that ethylene is oxi-
dized to acetaldehyde by air in a palladium-catalyzed
reaction and this became the industrially important
Wacker process. Subsequent research on palladium-ca-
talyzed carbonylation led to new reactions for the forma-
tion of carbon-carbon bonds.

Copyright © 2013 SciRes.

In general, transition metals, and in particular pall-
adium, have been of importance for the development of
reactions for the formation of carbon-carbon bonds. In
2005 the Nobel Prize in chemistry was awarded to
metal-catalyzed reactions for the formation of car-
bon-carbon double bonds. The 2010 year the Nobel Prize
in chemistry is awarded to the formation of car-
bon-carbon single bonds through palladium-catalyzed
cross-coupling reactions.

3. Suzuki Coupling

The Scheme 1 shows the first published Suzuki coupling,
which is the palladium-catalyzed cross-coupling between
organoboronic acid and halides. Recent catalyst and
methods developments have broadened the possible ap-
plications enormously, so that the scope of the reaction
partners is not restricted to aryls, but includes alkyls,
alkenyls and alkynyls. Potassium trifluoroborates and
organoboranes or boronate esters may be used in place of
boronic acids. Some pseudohalides (for example triflates)
may also be used as coupling partners.

4. Mechanism of the Suzuki Coupling

In the Suzuki (Scheme 2) as well as Stille mechanism is

K,COs,. Pd(PPh,),
B(OH), Br ) —> /
\ }R benzene, A \ >R

Scheme 1. Typical Suzuki procedure.
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need of activation, and in the Suzuki coupling the bo-
ronic acid must be activated, for example with base. The
activation of the boron atom features the polarization of
the organic ligand, and facilitates transmetalation. If
starting materials are substituted with base labile groups
(i.e., esters), powdered KF effects this activation while
leaving base labile groups unaffected. It is worth to men-
tion, that F- is also advantageous in Stille reaction.

Due to the stability, ease of preparation and low toxi-
city of the boronic acid compounds, there is currently
widespread interest in applications of the Suzuki cou-
pling, with new developments and refinements being
reported constantly.

4.1. Oxidative Addition

Attaching of the palladium catalyst to the alkyl halide
gives rise to the organopalladium complex (Scheme 3).
The complex is at the beginning in the cis conformation
but isomerizes to the trans conformation. Stereochemis-
try with vinyl halides are retained but inversion of
stereochemistry occurs with allylic or benzylic halides.

4.2. Transmetalation

The role of base in the Suzuki coupling is to activate the
boron-containing reagent, and also facilitate the forma-
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Scheme 2. The mechanism of Suzuki coupling reaction.
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tion of R'Pd-OR from R'Pd-X (Scheme 4). Reaction
does not occur in the absence of base. Exact mechanism
is unclear.

4.3. Reductive Elimination

This final step of catalytic cycle gives the desired product
and it also regenerates the palladium catalyst so that it
can participate again in the catalytic cycle (Scheme 5).
Require the complex to revert back to the cis conforma-
tion before reductive elimination can occur.

5. Suzuki Cross-Coupling as Synthetic
Protocol for Branched Heterocyclic Units

Suzuki reactions are very useful tool for the formation of
Csp,-Csp, bonds. This procedure is, however, convenient
in the synthesis of conducting polymers. Suzuki reaction
is also a powerful method for the formation of Csp,-Csps
bond. This coupled protocols was also used in our previ-
ous work for obtaining branched or hyper-branched
sterically crowded heterocyclic structures [24,25] (Scheme
6).

Phenothiazine, as well as phenoxazine, is a well-
known very strong electron donor and has high HOMO
energy level because of sulfur atom. Therefore, it was
expected phenothiazine ring to be an excellent building
block for lowering the ionization potential of conjugated
polymers. However, efficient electrogenerated chemilu-
minescence was observed in co-oligomers of methyl-
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Scheme 6. Pathway of synthesis of symmetric derivatives of arylenes.

phenothiazine and interesting redox properties were
found in other oligophenothiazines [26]. Phenothiazines
as well as phenoxazines are nonplanar. The possible
consequence of the nonplanarity of these rings for the
photophysics, light-emitting properties, charge transport
of m-conjugated polymers are motivated. However, the
device based on poly(alkylphenothiazine) are not enough
to make efficient device since it has unbalanced charge
transporting property. In order to improve electron affin-
ity and transporting properties of material we decided to
introduced the benzothiadiazole to the oligomer back-
bone.

Suzuki coupling of dibromoarylenes and boronic acid
derivatives was subsequently performed using Pd(PPh;),
as the catalyst. The synthesis of phenothiazine/phenoxa-
zine oligomers was provided as shown in Scheme 7. This
type of reactions was carried out in standard conditions
[24].

Conversion of N-alkyl-3,7-dibromophenoxazine, -phen-
othiazine to the boronic ester was achieved under reaction
conditions in presence 2-isopropoxy-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane [24]. Alternated benzothiadiazole
oligomers were obtained in 50% yield. The molar ratio of
phenoxazine moiety in the oligomers was controlled by
adjusting the molar ratio between dibromobenzothiadia-
zole and monomers ab while a 1/1 molar ratio between
the dibromides and the bisborylated compounds was
maintained [24].

It was determined that the oligomers were all of rather
low molecular weight. Both gave number-average mo-
lecular weights of about 3500 g/mol. This value corre-

Copyright © 2013 SciRes.

sponds to a degree of polymerization of seven to eight,
meaning that the polymers synthesized here have an av-
erage of about 30 aromatic rings per chain [24]. The mo-
lecular weights obtained were adequate for processing
and film formation, and thus, further optimization of the
polymerization was not attempted.

2,1,3-Benzothiadiazole-based oligomers and polymers
have been widely studied in recent years as active mate-
rials in various optoelectronic devices because of the
heterocyclic group and the observed low-band-gap in
polymers containing it [27]. Copolymerization of ben-
zothiadiazole with phenoxazine, phenothiazine, fluorene
[27] and carbazole [28] or other suitable arylenes can be
used as a means to tune the HOMO-LUMO levels in the
resulting polymers.

The electron-rich, heterocyclic thianthrene seemed to
be a good example for charge transporting materials,
since it shows a reversible oxidation behavior at low po-
tential in cyclic voltammetry. The synthesis of thian-
threne derivatives (Scheme 8) in moderate yield is
shown as follows [25]. The cross-coupling reaction of
thianthren-1-yl boronic acid with dibromoalkyl deriva-
tives of fluorene-, carbazole-, diphenylamine-, phenothi-
azine in presence of catalytic amounts of Pd (PPh;), in
two-phases system at 90°C gave a-d, respectively. The
obtained semiconducting units as viable luminance and
high hole-transporting one, exhibit good solubility in
common organic solvents, thermal stability and lumines-
cence in blue region and can be cast into uniform films.
They possess good fluorescence quantum [25].
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Scheme 8. The synthetic procedure for Suzuki coupled thianthrene derivatives [by 25].

6. Suzuki Cross-Coupling vs. Other
Palladium-Catalyzed Reactions

In the Suzuki reaction [8,29], the Heck reaction [30], the
Kumada reaction [31], the Stille reaction [32], the Negi-
shi reaction [33], and the Sonogashira reaction [34], pal-
ladium is known to be particularly effective in activating
sp,-carbon-halogen bonds even in aqueous media [35].
All reaction types have drawbacks that limit the use in
synthesis (Table 1).

Suzuki cross coupling has, on the other hand, less li-
mitations than the other reactions mentioned. In the Heck
reaction, for example, where an aryl or vinyl halide and
an alkene are converted to a more highly substituted al-
kene under alladium catalysis, the intermolecular reac-
tion often proceeds well when the alkene is electrophilic.
With nucleophilic substituents, the reaction gives less
satisfactory effects. The Kumada coupling is very sensi-
tive to air and the presence of radical inhibitors, and this
has limited the use of the reaction in aqueous media. In

Copyright © 2013 SciRes.

the Stille reaction, stannanes are used as substrates, and
many of these are environmentally hazardous. There is
no toxicity issue involved in organoborane reagents. For
a large-scale setting, a Suzuki coupling is an attractive
choice. It is assumed that the electron-donating character
of the alkyl groups on the phosphine, as well as its steric
bulk, results in a more facile oxidative addition of palla-
dium into the aryl halide. Prior work utilizing aryl chlo-
rides in Suzuki couplings required strongly electron-
withdrawing substituents on the aryl chloride.

The organoborane reagents are usually more easy to
prepare in the laboratory, and the workup procedures are
more simple than using other cross-coupling methods
[27-40].

7. Ligands Suzuki Cross-Coupling

The vast majority of ligands applied in modern synthesis
possess low water solubility. Many strategies have been
used to enhance the solubility of metal-ligand complexes
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Table 1. Comparison of palladium catalyzed reactions.

Type of coupling

Reaction

R!- znR?

The Negishi Coupling

cat. [Pd°Ly]
+ RAX —» (RI.R2

R'= alkyl, alkynyl, aryl, vinyl

R?=acyl, aryl, benzyl, vinyl

X=Br,I, OTf, OTs #
cat. [Pd°L ]
R! —— H + R:*X > R! —— R?
base
The Sonogashira Coupling R! = alkyl, aryl, vinyl
R3= alkyl, benzyl, vinyl
X =Br,CL I, OTf #
3
R? K
cat. [Pd°L ] 5
R
R? + RYX — RL__A
H / base
The Heck Reaction 1
1 R
R
R*= aryl, benzyl, vinyl
X =ClBr, I, OTf #
R} R?
cat. [Pd°L,] 2
5 4 4 R
+ REX ——» RL_A
H / R base
The Kumada Coupling 1
1 R
R
R*=aryl, benzyl, vinyl
X =Cl,Br, I,0Tf #
cat. [Pd’L,]
R'-SnR; + REX —— (RI.R2
The Still li
¢ Stille Coupling R' = alkyl, alkynyl, aryl, vinyl
R?= acyl, alkynyl, allyl, aryl, benzyl, vinyl
X =Br, Cl, I, OAc, OP(=0)(OR),, OTf #
cat. [Pd°L ]
R'-BY, + R*X —— (RI.R?2
base
The Suzuki Coupling

R!=alkyl, alkynyl, aryl, vinyl

R2= alkyl, alkynyl, aryl, benzyl, vinyl
X =Br, Cl, I, 0Ac, OP(=0)(OR)y, OTf #

in water of which three are mostly utilized [41]. The
catalytic reaction is performed in the presence of mi-
celle-forming surfactants, solubilizing functionalities are
added to the ligand, i.e., ionic groups to poorly soluble
ligands and easily accessible, water-soluble sources from
nature are utilized as ligands.

These include, for example, carbohydrates and the bio-
polymer chitosan suitable for the Suzuki reaction [42,43]
(Scheme 9). Ligands based on monosaccharides usually
have only moderate solubility in water and often require
incorporation of extra hydrophilic groups to improve the
ligand property. Also, a co-solvent or a surfactant is
sometimes needed for optimum efficiency. Dissaccharide
ligands have the advantage of higher aqueous solubility,
but the synthesis of these is usually tedious. Chitosan, on
the other hand [44-47], has proven to be a very promising

Copyright © 2013 SciRes.

material for organic synthesis and catalysis. For example,
Suzuki and Heck reactions have successfully been com-
pleted using metal-chitosan complexes as catalysts in
aqueous solutions [48]. The complexes have offered both
economically and environmentally more favorable con-
ditions for many reactions.

8. Ligandless Suzuki Cross-Coupling

From an environmental point of view, development of a
new catalytic system without the use of stabilizing ph-
osphine ligands in aqueous media under mild conditions
has attracted much attention. The reaction with ligandless
catalysts (Table 2) such as Pd/C in water has, for exam-
ple, very recently been investigated [38,49].

Compared to air-sensitive and expensive homogenous
palladium catalysts, palladium charcoal can safely be
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Scheme 9. Chitosan alternatives suitable for the Suzuki
reaction [by 40].

handled and removed from the reaction mixture by sim-
ple filtration. The recovered palladium charcoal can be
purified and reused as palladium metal. These features
are also of great advantage in industrial processes. Other
palladium catalysts useful for the ligandless Suzuki reac-
tion in water include Pd(OAc), and PdCl, [50,51].

9. Targets for the Suzuki Cross-Coupling

The synthesis of biaryl compounds, reviewed by Stan-
forth [55], is of importance for numerous agrochemical
and pharmaceutical applications. The classic Ullmann
methodology [56] is also well-known in this context.
Owing, on the other hand, to the versatile chemistry of
palladium compounds in carbon-carbon bond-forming
reactions, several palladium-catalyzed processes have
been proposed as eco-friendly replacement for this
stoichiometric protocol. Essentially based on the
Pd(IT)-Pd(0) redox cycle, these processes require in situ
regeneration of the active palladium catalyst, which can
be achieved, for example, during the Suzuki reaction by
various reagents (2-propanol, hydrogen gas, or aqueous
alkali salts). In the synthesis of heterocyclic compounds,
the aqueous Suzuki reaction has found many applications
[57]. A few examples include the structural modifica-
tions and preparations of pyrroles [58], indoles [59],
pyridines [60], quinoxalines [61], benzofurans [62],
pyrimidyl thiazoles [63], pyridyl pyrimidines [63], and
imidazoles [64]. The Suzuki reaction of boronic acids in
water and a variety of heteroaryl halides has been con-
ducted to prepare 5-substitued heteroaryl pyrimidines,
which can be hydrolyzed to 5-substituted uracils as po

Copyright © 2013 SciRes.

tential antiviral agents [65]. The reaction could tolerate a
broad range of functional groups, including those present
in unprotected nucleotides and amino acids. In the
preparation of purines on solid phase, Pd catalyses have
also successfully been utilized [66]. In the synthesis of
polymeric materials (Scheme 7) [24], a hydrocarbon
nonmetallic conducting polymer with a rigid rod of ben-
zene rings was synthesized recently in water [67].

10. Catalytic Asymmetric Suzuki Cross-
Coupling

The asymmetric Suzuki cross-coupling reaction has suc-
cessfully been accomplished in both organic solvents and
inorganic-aqueous mixed solvents. For the preparation of
C,-symmetric biaryls, a modified Suzuki cross-coupling
method of haloarenes was designed in 1996 by Keay and
co-workers [68]. The catalytic asymmetric version of the
reaction for the synthesis of axially chiral biaryl com-
pounds was later developed by the Buchwald group [69].

The first, asymmetric Suzuki cross coupling performed
in an organic-aqueous mixed solvent resulting in
binaphthalene derivatives in up to 63% ee, was described
by Cammidge and Crepy [70] (Scheme 10). In DME, the
reaction gave up to 85% ee. Following these discoveries,
other reports on the asymmetric synthesis for chiral
binaphhyls or biaryls have been reported, for example,
by Castanet et al. [71] in the study on chirality reversal
depending on the palladium-chiral phosphine ratio in the
reaction of sterically hindered arylboronic acids.

The reaction was performed in DME-water or tolu-
ene-EtOH-water. An atropo-enantioselective Suzuki cross
coupling towards an axially chiral antimitotic biaryl has
very recently been prepared by Herrbach et al. [72] in
dioxane-water. Chiral atropisomeric binaphthalenes have
also been synthesized in water-DME and a mixture of
water-EtOH-toluene.

11. Optical Properties of Chosen Suzuki
Coupled Branched Units

Benzothiadiazole-based oligomers and polymers have
been widely studied in recent years as active materials in
various optoelectronic devices because of the heterocyc-
lic group and the observed low band gap in polymers
containing it. Copolymerization of benzothiadiazole with
phenoxazine, phenothiazine, fluorene and carbazole or
other suitable arylenes can be used as a means to tune the
HOMO-LUMO levels in the resulting polymers. The
HOMO and LUMO energy level of m-conjugated poly-
mer are important for understanding charge injection
processes in the luminescent devices [24].

In flat-panel display applications the full-color capabi-
lity is required, especially the blue one. Much progress
has been made in the development of blue color different
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Table 2. Ligandless catalysts-examples.

Type of coupling

Reaction

References

The Mizoroki — Heck coupling |

The Suzuki coupling

The Suzuki coupling

X
R// \)J\OB

COOH
+ PhaBNa Pd/c U

Pd/C
Et;N, MeCN O/\)‘\ OBu [52] Glasnov et al.

#

COOH

e
Pd/SiO;, - TiO

B(OH), ——3= 2 O [54] Fan et al.

B(OH),

1 “/
00 1.1-2 eq.
OO 3 mol% PdC12/6 mol% (S)-(R)-PFNMe

reflux, B(OH),, DME/H,0, 1%h

44%, 63% ee (R-(-))

MmN g
H%}
Ph,P

Scheme 10. Asymmetric Suzuki cross coupling [by 40].

(S)-(R)-PFNMe

OLEDs devices. Many materials have been synthesized
and used in blue OLEDs. Moreover, several attempts
have been made to stabilize the blue colour via chemical
modification, including incorporation of benzothiadia-
zole, anthracene and other units.

According to the fact, it is worth to mention that the
emission spectra of benzothiadiazole-based phenotiaz-
ine/phenoxazine derivatives (copolymers synthesized via
Suzuki condensation) recorded at different excitation
wavelengths in the range 310 - 390 nm, emitted in the
blue region (Figure 2) [24]. Very similar situation we
observed in case of thianthrene derivatives of phenothi-
azine [25].

12. Thiophene Units

The class of conducting polymer that has seen significant
attention from both academia and industry, largely be-
cause of its diverse and often remarkable properties, is
polythiophene-based polymers. The introduction of func-
tionalized aryl moieties onto heterocyclic compounds
(such as thiophenes) is an important task in organic syn-
thesis. Three main methods exist to get unsymmetrical
aryl-aryl coupling: between an aryl halide and an aryl-
boronic acid catalysed by a palladium phosphine com-
plex (Suzuki [8,29]), between an aryl halide and a Grig-
nard reagent catalysed by a nickel complex (Kumada

Copyright © 2013 SciRes.

[31]), and between an aryl halide and an aryltrialkyl-
stannane catalysed by a palladium complex (Stille [32]).

It is well established that the physical properties of
conducting polymers are closely linked to the polymeri-
zation conditions and to the structure of their monomeric
precursor. Polymerizations of alkylthiophenes can be cla-
ssified in two categories, i.e. the oxidative electrochemi-
cal or chemical polymerization leading to positively
charged polymers, and the organometallic couplings
leading to neutral polymers [73]. Poly(alkylthiophenes)
obtained by the first method are often high-molecu-
lar-weight polymers but with a certain amount of irregu-
lar couplings [73]. On the other hand polymers obtained
by Kumada [31], Stille [32] or Suzuki [8,29] coupling
reactions are more regioregular head-to-tail poly(alkylth-
iophenes) with high molecular weights and conductivi-
ties. The drawbacks are the need of stoichiometric
amount of metal to functionalize the substrate.

The type and nature of the substituents used to induce
solubility and regioregularity in oligo and polythiophenes
greatly influence the morphology and band gap in these
materials. Several groups have reported the synthesis of
well-defined oligomers of thiophenes, especially head-to-
tail coupled ones, to understand the influence of substitu-
tion pattern on conjugation and packing. Among the
various thiophene based materials reported in the litera-
ture, regioregular poly(3-alkylthiophene)s have shown
the best promise both in terms of conjugation and device
performance [74]. In efforts to identify new classes of
thiophene based materials with improved m-conjugation
and charge transport, there is i.e. reported also the syn-
thesis and characterization of a series of structurally de-
fined thiophene based tetramers as model compounds for
polymers with thiophene based alkyl solubilizing groups.
Three tetramers of thiophene (Scheme 11) bearing al-
kylthienyl side chains have been synthesized by palla-
dium catalysed Suzuki cross-coupling [75].

One of the other novel thiophene structure obtained by
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Figure 2. The fluorescence spectra of benzothiadiazole-based phenothiazine copolymer in chloroform solution (2 pM) [by
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Scheme 11. Structures of substituted thiophene-based tetr-
amers [75].

Suzuki coupling is also the substituted thieno[3,2-b]
thiophene molecules with triphenylamine core. The syn-
thetic method allowed the preparation of trisubstituted
triphenylamine derivatives of thieno[3,2-b] thiophene
and thiophene (Scheme 12) in a combinatorial manner
starting from tris (4-bromophenyl) amine in relatively
good yields [76]. The newly suggested molecules exhib-
ited extended m-conjugation with high molar extinction
coefficients and some of them demonstrated molecular
glass behavior.

It is need to mention that, the pure polythiophenes are
generally less suitable for polymerization by the Su-
zuki-Miyaura coupling method. The reason for this is the
electron-rich nature of thiophenes, which slows down the
oxidative addition step, resulting in an overall slower
reaction and more pronounced deborylation. Deboryla-
tion is the main side reaction of the Suzuki-Miyaura cou-
pling, resulting in low molecular weight products. For
less electronegative aryl monomers like polyfluorenes,
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Scheme 12. Star-shaped thiophene derivative [76].

the Suzuki-Miyaura coupling is generally accepted as a
better alternative than the Stille coupling, giving higher
molecular weight products.

13. Supramolecular Structures Built of
n-Stacking Thiophene Derivatives

The development of the methods to create nanostructures
has been inspired primarily by natural environment,
which displays a wide variety of complex nano-sized
structures with great precision. These nano-sized struc-
tures in biological systems are specifically put together
from two or more small molecular components by means
of secondary interactions.

Oligo- and polythiophenes form an important class of
conducting materials that can find possible applications
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in, for example, thin film transistors or light-emitting
diodes [77-79].

Previous investigations of the bulk properties of the i.e.

bis(urea)-substituted thiophene derivatives under consid-
eration have shown that the molecules form one-dimen-
sional fibers in solution in which the thiophene moieties
are m-stacked [80]. Pulse-radiolysis time-resolved mi-
crowave conductivity experiments i.e. have also demon-
strated that this arrangement provides an efficient path
for charge transport within these self-assembled fibers. In
fact, it has been shown that, by inducing a high degree of
molecular order in thin films of oligothiophenes, it is
possible to enhance the mobility of charge carriers [81].

The effects of the chemical composition of conjugated
polymers on the supramolecular organization, i.e., the
morphology of the active layer, are of major concern to
further optimize the performance of the devices. This
feature can sufficiently be illustrated with poly(3-alky-
Ithiophene)s.

Since polymerization procedures for regioregular
poly(3-substituted-thiophene)s have improved consid-
erably, it is obvious that many functional features are
more pronounced for the regioregular material, being
either head-to-tail [82] or head-to-head/tail-to-tail, [83]
due to an improved ordering of the planar conformation
compared to the regioirregular polythiophene.

The latter polymer, without defined interchain inter-
actions, gave rise to low charge-carrier mobilities (107
cmz/V-s), whereas the former, with lamellar arrays of
polythiophene rods, gave significant higher mobilities
(0.01 - 0.1 cm*/V-s) [84].

However, the manufacturing process of thiophene thin
film may cause many problems. For instance, vacuum
vapor deposition requires much energy and expensive
equipment. Although thin film fabrication method via
simple wet process have been developed using a polymer
solution, it is difficult to obtain polymer thin films with
high crystallinity. Ikeda and co-worker overcame these
problems and found a facile manufacturing method of
thiophene nanosheets with high crystallinity in the solu-
tion [85]. They discovered that an alternating copolymer,
in which a thiophene derivative and flexible ethylene
glycol chain are alternately connected, is folded in some
organic solvents in such a way that the thiophene units
are stacked each other, and the folded copolymers
self-assemble into a 2-dimensional sheet structure (Scheme
13).

The arrangement of the thiophene units in the
nanosheet was confirmed to be the same as that manu-
factured by vacuum vapor-deposition of low-molecular-
weight thiophene compounds. Therefore, our thiophene
nanosheets are feasible to the application of organic elec-
tronics devices [85].

These tailor-made supramolecular assemblies will
enormously influence the macroscopic properties. The
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Scheme 13. Concept of Ikada et al. of the supramolecular
thiophene nanosheet formation.

combination of supramolecular architecture with func-
tionality in macromolecules will not only give rise to
emerging opportunities in materials science, but also
significantly contribute to bridge the gap between natural
and artificial systems in an effort to fully understand the
guidelines used to assemble natural units in the different
hierarchies of organization.

14. Concluding Remarks

Carbon-carbon bond formations reactions on solid-sup-
port are highly useful and versatile methods needed for
the development of modern organic synthesis discovery.

The review focuses on the investigation of the solid-
phase adaption of the Suzuki, the coupling reactions due
the fact that these have proven to be both reliable and
efficient methods.

Although the method has found many applications in
synthesizing different molecules, there is still much work
on the development towards an efficient catalyst applica-
ble for structurally different substrates. The work on de-
veloping a catalyst working entirely in water has resulted
in a few remarkable discoveries. However, during the
next few years, it is anticipated that new and more effi-
cient catalysts will be discovered, giving even more ex-
cellent results in aqueous media.

Since the first reports by Miyaura and Suzuki in 1979,
the palladium-catalyzed cross-coupling reactions of or-
ganoboron derivatives with organic electrophiles have
been widely employed in both academic and industrial
laboratories and have significantly contributed to the
efficient synthesis also on a large scale of a wide range of
interesting compounds including pharmaceuticals, agro-
chemicals and synthetic intermediates.

In spite of the fact that, in recent years, many new
transition metal-catalyzed methods allowing C-C bond
formation have been developed, the Suzuki-Miyaura re-
action is still one of the most reliable and environmen-
tally friendly tools for installing a wide range of non-
functionalized and functionalized carbon substitu-
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ents on (hetero)aromatic systems with exquisite chemo-
and site-selectivity and is by far the most versatile
method for the synthesis of industrially relevant func-
tionalized heteroarenes and unsymmetrical biheteroaryl
derivatives.

Finally, summarizing the results illustrated in this pa-
per, it may be noted that for substrates bearing different
halogen atoms chemoselective cross-couplings have been
accomplished on the basis of the reactivity difference
between the halogens. However, the hardest acquirable
selectivity in Suzuki-Miyaura monocoupling reactions
involving polyhalogenated heteroarenes bearing identical
halogen atoms has been shown to be dominated by steric
and electronic effects and the presence of directing
groups at positions neighboring the reaction sites. More-
over, for symmetrically substituted dihalogenated het-
eroarenes bearing identical halogen atoms its achieve-
ment has sometimes required a careful optimization of
the reaction parameters including the nature of the cata-
lyst precursor, the base, the solvent and the molar ratio
between electrophile and organoboron reagent.

Interestingly, the efficiency and selectivity of several
monoarylation reactions illustrated in the sections of this
review have frequently allowed the development of
one-pot polycoupling procedures, but, unfortunately, this
synthetically useful approach to polysubstituted het-
eroarenes has not been applied so far to the synthesis of
important pharmacologically active agents and structur-
ally complex natural products.

It is believed that many of the one-pot processes deve-
loped so far, which are valuable for laboratory syntheses
on a small scale, require further studies aimed to make
them suitable for large-scale preparations through im-
provement of their yields and selectivity and develop-
ment of more efficient and cost effective catalyst sys-
tems.
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