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Abstract  
 
This thesis deals with the synthesis of new organic materials for electronic 
applications. Several new ring-forming methods are employed to construct sulphur 
heterocycles: Tandem electrophilic aromatic substitution and acid-catalyzed trans-
etherification of methoxythiophene, double electrophilic aromatic substitutions with 
ethane-1, 2-disulphenyl chloride, and also, the reaction of dienes with sulphur 
dichloride. Two new condensed thiophenes have been incorporated in end-capped 
oligothiophenes. An improvement of the synthesis of [3, 2-b:2’, 3-d]thiophene is 
reported, with some attempts to incorporate it in oligomers. A synthesis of substituted 
naphthalenes is also described. A new method of producing disubstituted thiophenes 
from substituted butadienes ans sulphur dichloride is employed in a new route to 3, 4-
ethylenedioxythiophene, a very important monomer for conducting polymers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords : Organic Semiconductors, Thiophenes, Heterocyclic Synthesis, 
Dithienothiophene, Naphthalene, Ethylenedioxythiophene 
 



 

 



 

This Thesis is based on the following papers and manuscripts :  
 
 
 
I  Synthesis of 2, 3-Dihydrothieno[2, 3-b]-1, 4-dithiin, 2, 3-Dihydrothieno[3, 2-

b]-1, 4-oxathiin, 2, 3-Dihydrothieno[2, 3-b]-1, 4-oxathiin and their 
transformation into corresponding end-capped oligomers 

 
Jonas Hellberg, Tommi Remonen, Fredrik Allared, Johnny Slätt, Mats 
Svensson. Synthesis 2003, 2199 – 2205. 

 
 
II  1, 2-Ethanedisulfenyl chloride as a reagent for the preparation of 

ethylenedithio substituted aromatics 
 

Fredrik Allared, Jan Blid, Jonas Hellberg, Tommi Remonen, Mats Svensson. 
Synthetic Metals 2001, 120, 1061 – 1062. 

 
 
 
III A convenient and improved synthesis of dithieno[3, 2-b:2’, 3-d]thiophene 
 

Fredrik Allared, Jonas Hellberg, Tommi Remonen. Tetrahedron Letters 2002, 
43, 1553 – 1554. 

 
 
IV Facile synthesis of 2, 3-diiodonaphthalene, and 2-bromo, 3-iodonaphthalene 
 

Fredrik Allared, Jonas Hellberg, Margit Pelcman. Synthetic Communications 
2003, 33, 2751 – 2756. 

 
 
V Simple one-step synthesis of 3,4-dimethoxythiophene and its conversion into 

3, 4-ethylenedioxythiophene (EDOT) 
 

Fredrik von Kieseritzky, Fredrik Allared, Emma Dahlstedt, Jonas Hellberg. 
Manuscript for Tetrahedron Letters. 

 
 
 
 
Reprinted with permission. 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The wireless telegraph is not difficult to understand. The ordinary 
telegraph is like a very long cat. You pull the tail in New York, and 
it meows in Los Angeles. The wireless is the same, only without the 
cat.  
 
Albert Einstein 1879-1955 
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1. Applications of organic conducting and 
semiconducting materials 

 

1.1 Organic conducting and semiconducting materials1 
 
Typical organic compounds are electrically insulating, but there are several classes of 
compounds that are electrically conducting, semiconducting or even 
superconducting.2 The first known organic conductor was a complex between 
perylene 1 and bromine, whose conductivity was reported in 1954 by Akamatu et al.3 
This compound belongs to the general class of charge-transfer salts, which consists of 
an electron-rich donor and an electron-poor acceptor component.4 An example of a 
charge-transfer salt with an organic acceptor is the complex formed from 
tetrathiafulvalene 2 (TTF) and tetracyanoquinodimethane 3 (TCNQ), which is has 
metallic conductivity down to 66 K.5 A related class of compounds is cation radical 
salts, which consist of stable cation radicals with inorganic counterions. The salts are 
prepared from electron-rich donor molecules which are oxidized in the presence of the 
counterions in a process known as electrocrystallization.6 In 1980, the cation radical 
salt (TMTSF)2PF6, formed from the donor tetramethyltetraselenafulvalene 4 was 
found to be superconducting below 0.9 K at 12 kbar.7 In cation radical salts, the 
donors stack on top of each other like pancakes, with the counter ions intercalating 
between stacks. The conductivity is high along the axis of the stacks, and lower in the 
perpendicular directions, making these systems quasi-one-dimensional conductors. 
 
The charge transfer salts can be made up of mixed donor-acceptor stacks, or 
segregated into donor stacks and acceptor stacks. Typically, segregated stacking gives 
a higher conductivity.8 
 

                                                 
1 Handbook of Organic Conductive Molecules and Polymers, vol 1 – 4; Nalwa, H. S., Ed.; John Wiley 
& Sons: Chichester, England, 1997; ISBN 0 471 96275 9. 
2 Conductors have a  higher conductivity than semiconductors. A clear distinction between conductors 
and semiconductors can be made according to the temperature dependency of their conductivity. In a 
conductor, the conductivity decreases with increasing temperature, due to reduced charge carrier 
mobility. This is because lattice vibrations interfere with the propagation of charge carriers. On the 
contrary, the conductivity of a semiconductor increases with temperature, because the number of 
charge carriers in a semiconductor increases with temperature. Note that materials often are 
semiconducting in one temperature range, and conducting at higher temperatures. 
3 Akamatu, H., Inokuchi, H., Matsunaga, Y. Nature, 1954, 173, 168 – 169. 
4 Charge transfer salts are also often called charge transfer complexes. However, the term ‘charge 
transfer complex’ also refers to bimolecular electron donor-acceptor, complexes, cf. March's advanced 
organic chemistry; Smith, M. B., March, J., Wiley-Interscience, New York, USA, 2001, pp 102 – 104, 
ISBN 0 471 58589 0. 
5 Ferraris, J., Cowan, D. O., Walatka, V., Jr., Perlstein, J. H. Journal of the American Chemical Society 
1973, 95, 948 – 949. 
6 Batail, P., Boubekeur, K., Fourmigué, M., Gabriel, J.-C. P. Chemistry of Materials 1998, 10, 3005 – 
3015. 
7 Jérome, D., Mazaud, A., Ribault, M., Bechgaard, K. Journal de Physique – Lettres 1980, 41, L95 – 
L98. 
8 Torrance, J. B. Accounts of Chemical Research 1979, 12, 79-86. 
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Figure 1. Donors and acceptors for charge-transfer salts and ion-radical salts. 
 
 
Conjugated polymers constitute a third class of electrically conducting materials.9,10 In 
1977, polyacetylene 5 doped11 with iodine was found by Shirakawa, McDiarmid and 
Heeger et al to have metallic conductivity.12 This discovery was awarded with the 
Nobel prize in chemistry in 2000. Polyacetylene is not a technologically important 
material, since it is quite unstable to oxygen and difficult to process. The most 
practically important types of conducting polymers are poly-para-phenylenevinylene 
(PPV), polypyrrole 6, polythiophene 7, polyaniline13 8, polyfluorene 9 and derivatives 
thereof. 
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Figure 2. Important classes of conjugated polymers 

                                                 
9 Semiconducting Polymers; Chemistry, Physics and Engineering; Hadziioannou, G., van Hutten, P. F., 
Eds.; Wiley – VCH, Weinheim, Germany, 2000; ISBN 3 527 29507 0. 
10 Handbook of oligo-and polythiophenes; Fichou, D., Ed.; Wiley – VCH, Weinheim, Germany, 1999; 
ISBN 3 527 29445 7. 
11 The use of the term "doping" for this process is questionable. Doping of inorganic semiconductors 
involves addition of impurities in ppm or ppb concentration. For polymers, the term refers to chemical 
or electrochemical oxidation or reduction of the polymer. The doping level used in polymers is much 
higher, frequently several tens of percents. Electrochemical doping is done in the presence of a 
counterion, referred to as the "dopant", which forms an ion pair with the oxidized polymer. 
12 Shirakawa, H., Louis, E. J., MacDiarmid, A. G., Chiang, C. K., Heeger, A. J. Chemical 
Communications 1977, 578 – 580.  
13 The actual structure of polyaniline is more complicated than the structure shown in figure 2. 
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Also, organic molecular materials, such as oligothiophenes,10,14 for instance α-
sexithiophene (α6T) 10 and pentacene 11 have found use. These are semiconducting, 
and are generally used in undoped form. 
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Figure 3. Compounds that form semiconducting molecular materials 
 
 
Since the mid-80's, a number of practical applications of organic conductors and 
semiconductors have been developed. In the following sections, an introduction to the 
three most active research topics in the field will be given. Some important materials 
that are used will be introduced, with a brief discussion of what properties are 
desirable and undesirable. 
 

1.2 Organic Thin Film Transistors15, 16, 17 
 
The field-effect transistor is the most common type of transistor. There are several 
different types of field-effect transistor, one of which is the organic thin-film 
transistor. A field-effect transistor based on an organic semiconducting material was 
first reported in 1983.18 One of the most common ways of constructing a thin film 
transistor is shown in figure 1. One electrode, referred to as the gate, is deposited on 
the substrate. It is covered by an insulating material, on top of which the 
semiconductor film is subsequently formed. On top of the semiconductor layer, two 
more electrodes, known as the source and drain are deposited. This is known as a top-
contact device. 
 
 

                                                 
14 Electronic materials: the oligomer approach; Müllen, K., Wegner, G., Eds.; Wiley – VCH, 
Weinheim, Germany, 1998; ISBN 3 527 29438 4. 
15 Dimitrakopoulos, C. D., Malenfant, P. R. L. Advanced Materials 2002, 14, 99 – 117. 
16 Katz, H. E., Bao, Z., Gilat, S. L. Accounts of Chemical Research, 2001, 34, 359 – 369. 
17 Würthner, F. Angewandte Chemie, International Edition 2001, 40, 1037 -1039. 
18 Ebisawa, F., Kurokawa, T., Nara, S. Journal of Applied Physics 1983, 54, 3255 – 3259. 
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Figure 4. A thin film transistor with top-contact geometry 
 
 
The organic semiconductors mostly used for thin film transistors are pentacenes, 
oligothiophenes and regioregular poly-3-alkylthiophene. They are so-called p-type 
materials which means that the majority charge carriers are holes.19 When a negative 
voltage, relative to the source electrode, is applied to the gate electrode, holes 
accumulate in a thin layer of the semiconductor near the gate, i.e. the insulating layer 
acts as a capacitor. When the number of charge carrier in the semiconducting channel 
increases, the conductivity increases, and the transistor is said to be in accumulation 
mode. If a positive potential is applied to the gate, the channel is depleted of charge 
carriers, and the transistor is said to be in depletion mode. The ratio of the currents in 
accumulation and depletion mode, the so-called Ion/Ioff ratio of the transistor must be 
higher than circa 105 for the transistor to be useful in electronic circuits.17 
 
Organic thin film transistors cannot compete with field effect transistors based on 
inorganic monocrystalline semiconductors, such as Si, Ge or GaAs, which have 
charge carrier mobilities,20 that are three orders of magnitude higher, or more.15 The 
organic semiconductors are consequently not suited for applications requiring high 
switching speed. The most important area where organic semiconductors are 
interesting is in new applications that cannot be realized with traditional 
semiconductors, for instance when covering of large area, mechanical flexibility or 
processing at low temperatures is required. Organic materials are also very low-cost 
compared to monocrystalline silicon. 

                                                 
19 A hole can be viewed as a vacancy in the HOMO (highest occupied molecular orbital) of a molecule 
or valence band of a solid. The valence band is the highest occupied band (see note 21) in insulators 
and semiconductors, and the next higher band is known as the conduction band. The charge carriers in 
semiconductors are holes in the valence band, and electrons in the conduction band. (That is, the 
valence band is nearly fully occupied, and the conduction band is nearly empty in a semiconductor). 
In an insulator, the valence band is the highest occupied band (see note 21), and the lowest unoccupied 
band is called the conduction band.  
20 The charge carrier mobility (i.e. hole or electron mobility) µ is the average drift speed of the charge 
carriers per unit electrical field. The conductivity of a material is a sum of terms for the holes and 
electrons : σ = choleseµholes + celectronseµelectrons, where choles and celectrons are the concentrations of holes and 
electrons in the material. 
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Charge transport in organic semiconductors does not in general occur by band 
transport21 as in silicon, but rather by hopping22 between localized states. The hopping 
is assisted by lattice vibrations, and consequently the hole mobility increases with 
temperature.23 In single crystals of pentacene, coherent band-like transport dominates 
at low temperatures. Very high mobilities have been observed in pentacene, but only 
in extremely pure, defect-free single crystals. 
 
Frequently, the charge carrier mobility in thin film transistors is gate voltage 
dependent. An alternative model for charge transport, which explains this behaviour, 
in the multiple trap and release model. According to this model, the material contains 
traps – local energy minima for the charge carriers. At a low gate bias, the injected 
holes end up in the deepest traps. At higher gate bias, enough holes are injected to fill 
the traps, and the remaining holes are transported in the valence band.19 This model is 
very different from the hopping transport model.22 Traps can be due to impurities, 
grain boundaries, or crystal defects. In order to produce a useful material for field-
effect transistors, it is important to choose synthetic routes that enable efficient 
purification.24 
 
Currently, much work is done in search of n-type materials, i.e. semiconducting 
materials in which the majority charge carriers are electrons (as in n-doped inorganic 
materials). The fact that many more p-type materials than n-type materials have been 
found, reflects the instability of carbanions and organic anion radicals compared to 
carbocations and cation radicals.15 Examples of n-type materials that have been 
developed are perfluoroalkyl-substituted oligothiophenes25 and TCNQ 3.26 
 
The use of soluble organic semiconductors can lead to a significantly lowered cost of 
manufacturing devices. Patterns of soluble polymers or oligomers can be made by 
stamping or printing techniques instead of expensive lithographic methods. 
 
Measurements of hole mobility in films of poly-3-alkylthiophenes, which are soluble 
in organic solvents, indicate that the alkyl chains are not detrimental to the electronic 
properties. 
 

                                                 
21 The energy bands in a crystal are comprised of molecular orbitals delocalized over the entire crystal, 
which are so closely spaced in energy (since they are formed from a huge number of atomic orbitals) 
that they form a continuum. Several bands may overlap in energy, but often they are separated by a 
band gap, which is a range of energies for which there are no corresponding orbitals. The term ”band 
gap” commonly refers to the energy difference between the (top of the) valence band and the (bottom 
of the) conduction band (see note 19), cf. Introduction to Solid State Physics, 7th ed.; Kittel, C; John 
Wiley & Sons, New York, 1996; ISBN 0 471 11181 3. 
22 Hopping transport means that the holes or electrons hops from one localized site to another nearby. 
The hole or electron becomes trapped, and requires an input of thermal energy before it can hop 
further. 
23 Note that in an ordinary semiconductor, conductivity increases with temperature, not because of 
increasing mobility, but because the number of charge carriers increase. 
24 Katz, H. E., Bao, Z., Gilat, S. L. Accounts of Chemical Research 2001, 34, 359 – 369. 
25 Facchetti, A., Mushrush, M., Katz, H. E., Marks, T. J. Advanced Materials 2003, 15, 33 – 38. 
26 Brown, A. R., de Leeuw, D. M., Lous, E. J., Havinga, E. E. Synthetic Metals, 1994, 66, 257 – 261. 
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Sirringhaus et al27 have demonstrated the manufacture of an entirely polymer-based 
TFT. The source, gate and drain electrodes was deposited by inkjet printing using an 
aqueous dispersion of PEDOT/PSS, a much-used blend of p-doped poly-
ethylenedioxythiophene and a polymeric counter ion, cf. Figure 5.28, 29 The 
semiconducting layer was F8T2, a copolymer of bithiophene and dioctylfluorene (cf. 
9, R = n-octyl), was deposited by spin-coating. As insulator, a film of 
polyvinylphenol, PVP, was used. 
 

S S S S S
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SO3H SO3 SO3Na SO3

n

n  
 

Figure 5. Simplified structure of PEDOT/PSS 
 
 
The most high-performing organic material for thin film transistors, pentacene, has 
the drawback of being very sparingly soluble in all solvents. Therefore, it has been 
necessary to utilize vacuum deposition for forming pentacene films. Recently, 
workers have avoided the use of vacuum deposition by forming films of soluble 
Diels-Alder adducts of pentacene. When heated in vacuo, small molecules, for 
instance tetrachlorobenzene30 or N-sulphinylacetamide,31 are eliminated through a 
retro-Diels Alder reaction, leaving behind a film of pure pentacene.32 
 
So far, solution-processed materials have mobilites that are at least one order of 
magnitude lower than that of vacuum-deposited pentacene. 
 

                                                 
27 Sirringhaus, H., Kawase, T., Friend, R. L., Shimoda, T., Inbasekaran, M., Wu, W., Woo, E.P. 
Science 2000, 290, 2123 - 2126. 
28 The exact structure of PEDOT/PSS, i.e. for instance degree of polymerisation, is not known. The 
aqueous dispersion is made by oxidative polymerisation of ethylenedioxythiophene in the presence of 
sodium polystyrenesulphonate, and is commercially available. On evaporation, it gives an insoluble 
film of PEDOT/PSS. 
29 Groenendaal, L., Jonas, F., Freitag, D., Pielartzik, H., Reynolds, J. R. Advanced Materials 2000, 12, 
481 – 494. 
30 Herwig, P. T., Müllen, K. Advanced Materials 1999, 11, 480 – 483. 
31 Afzali, A., Dimitrakopoulos, C. D., Breen, T. L. Journal of the American Chemical Society 2002, 
124, 8812 – 8813. 
32 See also the discussion of soluble pentacene derivatives in chapter 5. 
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If all layers in a TFT can be deposited from solution, the manufacturing cost can be 
reduced significantly, through the elimination of costly vacuum equipment and time-
consuming operations. Also, stamping or printing of organic semiconductors gives a 
large economical advantage over the use of lithographic techniques. 
 

1.3 Light-Emitting Diodes and display technology33, 34 
 
In the manufacture of light emitting diodes, LEDs, conjugated polymers have been 
more used than oligomers and small molecules. The principal advantage with 
polymer-based LEDs over inorganic semiconductor-based LEDs lies in the possibility 
of using less expensive manufacturing methods. Also, the variation of the material by 
the choice of substituents in the monomers, or by blending polymers, gives many 
opportunities to change properties, such as the colour. 
 
Oligomers are much easier to purify, but have a tendency to crystallize over time, 
which leads to reduced efficiency for the LEDs. 
 
The interest for polymer based light-emitting diodes was awakened in 1990, when 
Burroughes et al reported a PPV-based electroluminescent device.35  
 
A simple LED can be constructed by depositing a thin polymer film on a glass plate 
covered with ITO.36 Glass and PET substrates with a thin, transparent, ITO layer are 
commercially available. The cathode37 is vacuum deposited on top of the polymer. 
The most efficient cathode metal is often calcium, which gives stability problems due 
to its  high reactivity. Aluminium cathodes are more stable, but do not inject electrons 
as well. 
 
 

                                                 
33 Kraft, A., Grimsdale, A. C., Holmes, A. B. Angewandte Chemie, International Edition 1998, 37, 402 
– 428. 
34 Friend, R. H., Gymer, R. W., Holmes, A. B., Burroughes, J. H., Marks, R. N., Taliani, C., Bradley, 
D. D. C., Dos Santos, D. A., Brédas, J. L., Lögdlund, M., Salaneck, W. R. Nature 1999, 397, 121-128. 
35 Burroughes, J. H., Bradley, D. D. C., Brown, A. R., Marks, R. N., Mackay, K., Friend, R., Burns, P. 
L., Holmes, A. B. Nature 1990, 347, 539-541. 
36 ITO, Indium Tin Oxide, is a transparent semiconductor. 
37 The electrode where holes are injected is called the anode and the electrode where electrons are 
injected is called the cathode, just like in electrochemistry. 



 8

 
 

Figure 6. A simple LED structure 
 
 
Electrons and holes meet in the polymer film, and combine, forming neutral excited 
states known as excitons. Excitons in organic semiconductors are less delocalized 
than are excitons in classical semiconductors. Spin-allowed emission of light 
(fluorescence) only occurs from singlet excitons. The radiative emission from singlet 
excitons is readily measured as photoluminescence.  
 
The quantum efficiency38 of luminescence is lower in the solid state than in solution 
because of several effects, such as migration of the exciton to quenching sites,39 where 
it can decay nonradiatively, and interactions between polymer chains producing more 
stable excited states, which can have smaller transition dipole moments. 
 
It is generally believed that the combination of holes with electrons occurs 
independently of their respective spin states. Therefore, recombination is expected to 
yield 25% singlet and 75% triplet excitons. This means that it is essential to make 
productive use also of the triplet excitons, in order to get high electroluminescence 
quantum efficiency.40 This was accomplished by Baldo et al through incorporation of 
a phosphorescent sensitizer and a fluorescent dye.41 In their device, singlet excitons 
formed in the semiconducting host material transfer their energy to form singlet 
excitons in the sensitizer, which subsequently transfer their energy to singlet excitons 
in the dye.42 Triplet excitons in the host material transfer their energy to triplet 
excitons in the sensitizer, which in turn transfer their energy to the singlet exciton 

                                                 
38 The quantum efficiency of photoluminescence is the ratio of emitted photons to absorbed photons. 
39 The quenching sites are often defects in the polymer, such as carbonyl groups. 
40 The internal quantum efficiency of a LED is the number of photons produced per injected electron. 
The external quantum efficiency is the number of photons that leave the device per injected electron. 
The power conversion efficiency equals the external quantum efficiency multiplied by the ratio of the 
photon energy and the drive voltage. 
41 Baldo, M. A., Thompson, M. E., Forrest, S. R. Nature 2000, 403, 750 -753. 
42 Also, some of the singlet excitons in the sensitizer undergo internal spin conversion to triplet 
excitons. 
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state of the fluorescent dye. In this way both the singlet and triplet excitons that are 
formed put their energy into the singlet state of the dye, which gives the 
luminescence.43  
 
For unsubstituted PPV, the injection of holes (at the anode) is more facile than the 
injection of electrons (at the cathode). The combination of holes and electrons occurs 
near the cathode, since the mobility of holes is higher than that of electrons. This is 
disadvantageous, since interaction with the surface of the cathode contributes to 
exciton quenching.33 By inserting a so-called hole-blocking layer at the cathode, the 
injection of electrons is facilitated, and also, since the mobility of holes in the hole-
blocking layer is low, the combination of holes with electrons occurs further away 
from the cathode. The most important class of hole-blocking materials is oxadiazoles, 
such as PBD 12 (figure 7). 
 
 

N N

O

12  
 

Figure 7. PBD, one of the most used materials for hole-blocking layers 
 
 
Cyano-PPV 13 (Figure 8) has a much higher electron affinity than has PPV. In CN-
PPV based devices, the efficiency is limited by the efficiency of hole injection at the 
anode. In this case, the efficiency can be improved by introducing a hole transporting 
layer, such as PPV, at the ITO anode. 
 
 

OC6H13

C6H13O NC

OC6H13

C6H13O
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n
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Figure 8. CN-PPV 
 
 

                                                 
43 Some energy is also transferred to the triplet state of the dye. Baldo et al have utilized the fact that 
the energy is transferred by two different mechanisms to design a device architecture which reduces the 
energy transferred to the triplet state. All energy transfer to the triplet state occurs by Dexter transfer, 
which is short-range and conserves spin. The other energy transfers occur by Förster transfer (dipole-
dipole coupling) which is more long-range and does not conserve spin. 
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Reduced conjugation length can increase the fluorescence and electroluminescence 
quantum efficiencies, probably by slowing down nonradiative processes such as 
diffusion of the excitons to quenching sites.39 On the other hand, the charge carrier 
mobilities are also reduced. 
 
Conjugated polymers can also be used for light-emitting electrochemical cells, 
LEC:s,44 which is a different type of light-source. The cells are made up of an active 
layer between two electrodes. The active layer consists of a mixture of undoped, 
luminescent polymer with an electrolyte. When a voltage is applied over the cell, the 
polymer becomes p-doped at the anode and n-doped at the cathode. In the middle, a p-
n junction is formed. Combination of holes injected at the anode and electrons 
injected at the cathode takes place at the p-n junction, forming excitons, which decay 
radiatively, as in a LED. The device can be symmetrical so that any of the electrodes 
can serve as the anode of cathode. Advantages of LEC:s are that the turn-on voltage is 
less than 3 V, stable metals, such as Al or Au can be used for the electrodes, and it is 
not necessary for the work functions of the electrodes to match the HOMO and 
LUMO of the polymer, which means that the same electrodes can be used for 
different materials (giving different colour of light). A disadvantage is that the doping 
of the polymer is slow, so that it can take several minutes for the light to turn on. 
When the device is turned off, the polymer returns to its undoped state, which is more 
environmentally stable. Therefore, the shelf-life of the devices should be longer than 
for organic LED:s.  
 

1.4 Photovoltaic Devices45 
 
An important field in which the use of organic semiconducting materials is interesting 
is in solar cells. The efficiencies of solar cells based on organic semiconductors is still 
far below their inorganic counterparts, but the possibility to cover large areas at a low 
cost with organic materials, means that lower efficiencies can be tolerated. It can be 
imagined that in the future, polymer-based solar cells will be made available as large 
films sold on rolls and readily applied to any surface. The most important issues at the 
moment are the efficiency and environmental stability of devices. 
 
Currently, the most investigated systems are based on mixtures of fullerenes and 
conjugated polymers. In 1992 Heeger et al46 reported the photoinduced charge 
transfer from MEH-PPV 14 (figure 9) to C60. On illumination of MEH-PPV, excitons 
are formed. If a C60 molecule is present sufficiently near the polymer chain, a very 
fast (subpicosecond) electron transfer ensues. 
 
Near the interface of the donor (PPV) and acceptor (C60) layer, the quantum efficiency 
of generation of separated charges is almost 100%.45 The holes generated in the donor 
phase are transported along the conjugated polymer chains, and can also hop between 
chains. The electrons are transported through hopping between C60 molecules. Since 
the charge separation is efficient only at the interface, it is important to achieve a high 

                                                 
44 Pei, Q., Yu, G., Zhang, C., Yang, Y., Heeger, A. J. Nature 1995, 269, 1086 -1088. 
45 Brabec, J. C., Sariciftci, N. S. in Ref. 9. 
46 Sariciftci, N. S., Smilowitz, L., Heeger, A. J. Science, 1992, 258, 1474 -1476. 
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interfacial area. C60 has been replaced with functionalized fullerenes in order to 
improve its solubility and blending properties. 
 
In order to be useful, solar cells must have a sufficient lifetime. To achieve this, it is 
necessary to protect the devices from oxygen and moisture. The stability of 
conjugated polymers against oxygen is low. It has been found that the addition of C60 
to the polymer improves its photostability considerably, since the photoexcited states 
lead to charge separation much faster than any competing reactions. Otherwise, the 
excitons can undergo intersystem crossing to triplet excitons, which react with 
oxygen, producing the very reactive singlet oxygen. Singlet oxygen has been shown 
to react with PPV, creating carbonyl groups. 
 
For efficient tunnelling of charge carriers between the material and the electrodes, the 
work function of the cathode should match the HOMO of the acceptor, and the work 
function of the anode should match the LUMO of the donor.47 
 
In 1995, two research groups independently reported photovoltaic devices based on 
two different semiconducting polymers, CN-PPV 13 and MEH-PPV 14.48 
Microscopic phase separation in the polymer blend gives an interpenetrating network 
of the two polymers. Exciton dissociation at the interface produces electrons in the 
CN-PPV phase and holes in the MEH-PPV phase, which are transported to the 
electrodes.  
 
 

O

MeO
n

14  
 

Figure 9. MEH-PPV 
 

 
A breakthrough in efficiency was achieved by Brabec et al, who reported 2.5% power 
conversion efficiency49 under AM1.5 illumination50 in a PPV/fullerene-based cell. 

                                                 
47 Unfortunately, the physicists working in this field use the term anode to refer to the high-work 
function electrode, and cathode to the low-work function electrode. Probably this is due to the fact that 
the simplest possible device structure for a solarcell or photodiode is the same as that for a light-
emitting diode. For LED:s the high-work-function electrode serves as the anode, and the low-work 
function as the cathode. However, since photodiodes operate in reverse compared to LED:s, the roles of 
the electrodes are reversed. In the following sections, the terms anode and cathode will be avoided not 
to add to the confusion.  
48 (a) Heeger, A. J., Yu, G. Journal of Applied Physics 1995, 78, 4510 -4515. (b) Halls, J. J. M., Walsh, 
C. A., Greenham, N. C., Marseglia, E. A., Friend, R. H., Moratti, S. C., Holmes, A. B. Nature 1995, 
376, 498 – 500. 
49 The power conversion efficiency is the ratio of the electrical power output to the illumination power.  
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The active layer of MDMO-PPV 15 and [6,6]-PCBM 16 (Figure 10) was sandwiched 
between a LiF-covered Al electrode51 and a PEDOT-PSS-covered ITO electrode. The 
authors noted that the solvent used for deposition of the active layer had great 
influence over the efficiencies of the devices, probably due to differences in the 
microscopic structure of the films formed. Cells with active layer deposited from 
chlorobenzene solution were almost three times more efficient than those with 
toluene-deposited films.  
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MeO
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Figure 10. MDMO-PPV and [6,6]-PCBM 
 

 
In addition to poly-para-phenylenevinylenes, polythiophenes are also interesting 
materials for photovoltaic devices. Substituted polythiophenes have good solubilities 
and can give good phase separated structures. An important advantage of 
polythiophenes is that the HOMO - LUMO band gap can be varied over a wide range 
through the choice of appropriate substituents. 
 
Recently, power conversion efficiencies up to 3.5% were reported by Padinger et al,52 
in poly-3-hexylthiophene/[6,6]-PCBM-based solar cells. They investigated the effect 
of postproduction treatments on solar cells, and found that applying an electric voltage 
over the cell, while heating it at 75 °C. This leads to higher charge mobility, probably 
because of orientation and enhanced crystallization of the polymer chains. 
 
Zhang et al53 have compared the efficiencies of MEH-PPV/[6,6]PCBM-based solar 
cells with conducting polymer anodes47 and cells with ITO anodes. By replacing ITO 
with a polymer, it is possible to achieve higher mechanical flexibility of the device. 
                                                                                                                                            
50 The standard conditions for evaluating the efficiency of solar cells are a temperature of 25 °C and 
illumination with AM1.5, which is a synthetic approximation of the solar spectrum, with the sun 42 ° 
over the horizon. Another standard spectrum is AM1.5G (global) which also includes the contribution 
from scattered light, cf. Solar energy materials & solar cells 2000, 61, 87 – 95.  
51 A thin layer of LiF improves the contact between aluminium and an organic semiconductor. 
52 Padinger, F., Rittberger, R. S., Sariciftci, N. S. Advanced Materials 2003, 13, 85 – 88. 
53 Zhang, F., Johansson, M., Andersson, M. R., Hummelen, J. C., Inganäs, O. Advanced Materials 
2002, 14, 662 – 665. 
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The use of conducting polymers as contacts for LED runs into trouble because of the 
insufficient conductivity of the polymers available, but in photovoltaic devices, the 
current densities are much lower, which may allow the use of conducting polymers. 
 
It was found that it is feasible to use conducting polymers. PEDOT:PSS, mixed with 
sorbitol gave results comparable to ITO. 
 
In the beginning of 2004, polymer-based solar cells with an efficiency of more than 5 
% were reported.54 
 

1.5 Summary and outlook 
 
Many applications are being developed for organic conducting and semiconducting 
materials, and rapid progress is made in device performance. 
 
Research is mostly done on materials that are not currently possible to produce in bulk 
quantities. For technological applications, more stable materials, which are simpler to 
make will need to be found. 
 
Light-emitting diodes based on polymers are already used in flat colour-displays for 
mobile telephones, and their use will probably become more wide-spread in the next 
few years. 
 
The efficiencies of “organic” solar cells are lower than those of solar cells based on 
inorganic materials, but have now been improved to the point that they are almost 
competitive. It is reasonable to believe that efficiencies of 10% will be reached within 
5 years, but it may take several more years to create a market for them. 
 
 
 
 
 
 
 

                                                 
54 Press release from Siemens, January 7, 2004. 
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2. End-capped oligothiophenes 
 
(Paper I) 
 

2.1 Introduction 
 
Oligothiophenes have been used as model systems for polythiophenes. Whereas 
polythiophenes are polydisperse, the oligomers can be synthesized with a defined 
chain-length, which facilitates investigation of the relationship between structure and 
properties.14, 55 The properties of organic materials can be modified by changing 
substituents on the molecules. The effects can result from changed energy levels and 
other properties of the individual molecules, or from a change in the fashion 
molecules aggregate in solution and in the solid state. 
 
For unsubstituted oligothiophenes, the solubility falls dramatically with increasing 
chain length. As expected, the energy levels become more closely spaced, as the π 
system becomes more extended. It is found that the π → π* UV absorption is shifted 
to lower wavelengths with increased chain length. 
 
The substituted oligothiophene α,α'-di-n-hexyl-α-sexithienyl 17 was synthesized by 
Garnier et al.56 The terminal alkyl chains were found to favour stacking of the 
molecules. The hexyl chains of different molecules show a tendency to aggregate, 
which led to an ordering of films, compared to films of unsubstituted α-sexithienyl, 
α6T 10. The propensity for charge hopping between adjacent molecules depends on 
their separation and the efficiency of their π-molecular orbital overlap. This suggests 
that the more ordered packing in 17 should facilitate charge transport in the materials. 
Indeed, it was found that the charge mobility in field effect transistors made with 17 
was higher than in α6T-based ones. 
 

 

S

S

S4

17  
 

Figure 11. α,α'-di-n-hexyl-α-sexithienyl 
 

 
Perfluoro-n-hexyl substituted oligothiophenes were investigated by Marks et al.25 
They were found to be n-type semiconductors (see section 1.2). The perfluorohexyl 
substituted oligomers showed improved processability compared to their parent 
compounds. The thermal stability was improved, and also, the volatility, which made 

                                                 
55 Müllen, K., Wegner, G. Advanced Materials 1998, 433, 433 – 436. 
56 Garnier, F., Yassar, A., Hajlaoui, R., Horowitz, G., Deloffre, F., Servet, B., Ries, S., Alnot, P. 
Journal of the American Chemical Society 1993, 115, 8716 – 8721. 
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purification by sublimation clean and efficient. The substituted oligomers also showed 
an improved solubility in organic solvents, and higher stability against oxygen. The 
material showed segregated stacking of the heterocyclic core and the fluoroalkyl 
parts. 
 
Oligothiophenes with blocked terminal β- as well as α-positions were synthesized by 
Bäuerle.57 The series ECnT (figure 12) consists of oligothiophenes "end-capped" with 
cyclohexyl rings. This was found to increase the chemical stability of the oligomers, 
and improve solubility. Blocking the terminal positions of an oligothiophene also 
makes it possible to study the energy levels by electrochemical methods. This is not 
possible with free α-positions, since oxidation then leads to polymerisation. 
 

 

S S Sn - 2  
 

Figure 12. ECnT oligothiophenes 
 
 

2.2 Aim of the project 
 
Earlier work in our research group has dealt with the synthesis of chalcogen-
substituted donors for charge-transfer salts and cation-radical salts. Among these were 
the tetrathiafulvalene derivatives 18 and 19 (figure 13).58  
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Figure 13. Chalcogen-substituted tetrathiafulvalenes 
 

 

                                                 
57 Bäuerle, P. Advanced Materials 1992, 4, 102 – 107. 
58 Moge, M. New Tetrathiafulvalene π-Donors; Synthesis and Cation Radical Salts, Doctoral Thesis, 
Royal Institute of Technology, Stockholm, 1997.  
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A later project was aimed at the synthesis of sulphur-substituted dithienothiophenes 
for the same type of applications. Among others, the donors 20 and 21 were 
synthesized, and a number of routes towards the donors 22 and 23 (cf. figure 14) were 
investigated.59 
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Figure 14. Dithienothiophenes 
 
 
2, 3-Dihydrothieno[2, 3-b]-1, 4-dithiine 24 was selected as a potential building block 
for the synthesis of 22 and 23, and a synthesis of this new compound was developed. 
The further transformation into 22 and 23 was however unsuccessful. Later, we were 
able to prepare 22 by a different route (see chapter 3). 

 
 

S
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Figure 15. 2, 3-Dihydrothieno[2, 3-b]-1, 4-dithiine 
 
 
The publication of the synthesis of the ECnT series of oligomers (figure 12) led us to 
investigate the oligomer series shown in figure 16, with heteroatoms X, Y being 
oxygen or sulphur. For this purpose, we developed syntheses of the new condensed 
thiophenes 2, 3-dihydrothieno[3, 2-b]-1, 4-oxathiine 25 and 2, 3-dihydrothieno[2, 3-
b]-1, 4-oxathiine 26 (figure 17). 
 
 
                                                 
59 Remonen, T. Synthesis of Extended Thiophene Systems – Materials for Electronical and Optical 
Applications, Doctoral Thesis, Royal Institute of Technology, Stockholm, 1998. 
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Figure 16. End-blocked oligothiophenes 
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Figure 17. 2, 3-Dihydrothieno[3, 2-b]-1, 4-oxathiine and 2, 3-dihydrothieno[2, 3-b]-1, 
4-oxathiine 

 
 

2.3 Results and discussion 
 
 
2.3.1 Synthesis of 2, 3-dihydrothieno[2, 3-b]-1, 4-dithiine and the corresponding  
 end-capped oligothiophenes 
 
The synthesis of 24 and the corresponding end-capped oligothiophenes is summarized 
in Scheme 1. The bithiophene 31 was made from the bromide 30 by reductive 
coupling using a nickel catalyst. The terthiophene 32 and quaterthiophene 33 were 
made by Suzuki-coupling using the boronic esters 34 and 35 (Figure 18). For an 
alternative route to 24 and its derivatives, see chapter 3. 34 was prepared from 
thiophene according to a literature procedure,60 and we were able to prepare the new 
reagent 35 from bithiophene by the same procedure. 

 
 
 

                                                 
60 Parakka, J. P., Jeevarajan, J. A., Jeevarajan, A. S., Kispert, L. D., Cava, M. P. Advanced Materials 
1996, 8, 54 – 59. 
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Scheme 1. Synthesis of oligomers end-blocked with 24 
Reagents : a) NaOMe, CuBr b) Mercaptoethanol, KHSO4  

c) SO2Cl2 d) NBS e) See the text above. 
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Figure 18. Boronic diesters used for the Suzuki reactions 
 
 
2.3.2 Synthesis of 2, 3-dihydrothieno[3, 2-b]-1, 4-oxathiine and the  

corresponding  end-capped oligothiophenes 
 
An interesting tandem reaction producing 25 from 3-methoxythiophene 28 in a one-
pot procedure was found, making this compound readily available in fairly large 
quantities. Mercaptoethanol 36 is converted to the corresponding sulphenyl chloride 
37 by treatment with sulphuryl chloride. 3-Methoxythiophene is added to the solution, 
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and 25 is formed among other products. The best yield of 25 was obtained when 
mercaptoethanol was chlorinated in a flask sealed with a rubber septum, and 
methoxythiophene was added through the septum after 15 minutes. This ensures a 
high concentration of HCl to protonate reaction intermediates. A likely reaction 
mechanism is summarized in Scheme 2. The SO2 liberated from sulphuryl chloride 
may also play a role, either by increasing the polarity of the medium, or more directly, 
by complexing with the thiophene ring.61 
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Scheme 2. One-pot procedure for producing 3-dihydrothieno[3, 2-b]-1, 4-oxathiine 
 
 
The Suzuki couplings with the bromo derivative 38 gave reasonably good results, but 
the homocoupling method used for 31 did not give the bithiophene 42. In general 
transition-metal mediated or –catalyzed coupling reactions proceed with greater 
difficulty for electron-rich coupling partners than for electron-poor ones.62 Attempted 
dimerisation of 38 by lithium-halogen exchange followed by treatment with CuCl2 
was also unsuccessful. This may be due to low stability of the thienyllithium 
intermediate. We did not attempt to replace CuCl2 with a different oxidant such as 
Fe(acac)3.63 
 

 

                                                 
61 61 Solvents and Solvent Effects in Organic Chemistry, 3rd Ed.; Reichardt, C., Wiley-VCH, 
Weinheim, Germany, 2003; ISBN 3 527 30618 8. 
62 Transition Metals in the Synthesis of Complex Organic Molecules; Hegedus, L. S., University 
Science Books, Mill Valley, California, USA, 1994; ISBN 0-935702-28-8. 
63 Miller, L. L., Yu, Y. Journal of Organic Chemistry 1995, 60, 6813 – 6819. 
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Scheme 3. Synthesis of oligomers end-blocked with 25. 
Reagents : a) NBS b) Pd(PPh3)4, CsF, F or G 

 
 
In order to bypass the difficult reductive coupling of 38, attempts were made, to apply 
the ring-closure using hydroxyethanesulphenyl chloride (cf. scheme 2) to 4, 4'-
dimethoxy-2, 2'-bithiophene 41 (Scheme 4), which is made in two steps from 2, 4-
dibromothiophene using a literature procedure.64 An initial attempt gave the desired 
product in excellent purity, but the results proved difficult to reproduce. We decided 
to concentrate on finding a satisfactory procedure for the reductive coupling of 38, in 
order to consistently use metal-mediated couplings for making the oligomers in this 
project. 
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Scheme 4. Synthesis of the bithiophene 42.  
 
 
Some different reactions for making 42 were attempted (Scheme 5). Attempted 
oxidative dimerisation (route a) using FeCl3 on silica65 gave only unreacted starting 
material. Oxidation with a stoichiometric amount of Pd(OAc)2 in refluxing acetic acid 
overnight gave the desired product, but with incomplete conversion and substantial 
loss of material. An attempt to use a catalytic amount of Pd(OAc)2 and a 
stoichiometric amount of Cu(OAc)2 did not give the desired product. Attempted 
oxidative coupling using Pb(OAc)4 and BF3⋅O(Et)2 according to the method described 

                                                 
64 Dahlmann, U., Neidlein, R. Helvetica Chimica Acta 1996, 79, 755 – 766. 
65 Jemty, T. C., Gogins, K. A. Z., Mazur, Y., Miller, L. L. Journal of Organic Chemistry 1981, 46, 
4545 – 4551. 
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by McKillop et al66 gave large amounts of an unidentified side product, which 
probably resulted from S-oxidation. 
 
After direct lithiation of 25 using n-butyllithium followed by treatment with CuCl2, 
(route b) only 25 was recovered. 
 
Also a number of protocols for the reductive dimerisation of the 5-bromo and 5-iodo 
derivatives 38 and 44 were investigated. (route c). 

 
 

 
 

Scheme 5. Routes to 42. a) oxidative coupling  
b) Lithiation and oxidative coupling c) Reductive coupling 

 
 
The iodination of 25 was accomplished by treatment with iodine and cupric acetate in 
refluxing acetic acid overnight. A drawback of this procedure is that a relatively long 
reaction time is necessary. In one instance, conversion was only 25% after one day. 
 
25 was readily brominated under mild conditions. NBS was added to a solution of 25 
in a dichloromethane/acetic acid mixture at 0 °C and the mixture was stirred for 3 
hours at room temperature. The crude product was sufficiently pure to use for further 
transformations. It proved to be necessary to use the product immediately or keep it in 
a refrigerator. When the bromide was stored at room temperature and in ambient 
atmosphere, it decomposed after an induction period of a few hours, emitting smoke, 
and producing black insoluble materials.  

                                                 
66 McKillop, A., Turrell, A. G., Young, D. W., Taylor, E. C Journal of the American Chemical Society 
1980, 102, 6504 – 6512. 
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Table 1. Results of attempted reductive couplings 
 

Leaving 
group Conditions Results 

Br Pd(OAc)2 + DIPEA, toluene, 105 °C, N2
67 no reaction 

Br PdCl2(dppf), bispinacolatodiboron, DMSO, 80 °C, 
N2

68 reduction 

Br Cu, DMPU, 90 °C no reaction 

Br Ni(PPh3)2Cl2 + bipy + KI + Zn, THF, 60 °C69 some 
product70 

I Ni(PPh3)2Cl2 + TBAI + Zn, THF, 50 °C no reaction 

Br (1) NiCl2 + PPh3 +bipy, DMF, N2, 70 °C (2) 
substrate, Zn, THF71 

15–26% 
yield 

Br (1) 1 eq NiCl2 + PPh3 +Zn, DMF, 50 °C (2) 
Substrate, THF 24% yield 

 
A system, where Ni(0) is formed in situ was found to be most efficient. Essentially the 
same yield was obtained using stoichiometric amount of NiCl2 as with 20 % NiCl2. 
 
 
2.3.3 Synthesis of 2, 3-dihydrothieno[2, 3-b]-1, 4-oxathiine and the 

corresponding end-capped oligothiophenes 
 
We were also interested in producing the condensed thiophene 26 and its 
corresponding oligothiophenes. Ring-closure of the corresponding bromothiophene 46 
to 26 using the classical Ullmann ether synthesis proved unsuccessful,59 but was 
possible using the new variation of the developed by Buchwald72 (Scheme 6). 
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Scheme 6. Preparation of 2, 3-dihydrothieno[2, 3-b]-1, 4-oxathiine 
Reagents : a) NBS or various iodinating agents b) CuI, phenanthroline, Cs2CO3 

 
 
                                                 
67 Hassan, J., Lavenot, L., Gozzi, C., Lemaire, M. Tetrahedron Letters 1999, 40, 857 – 858. 
68 Ishiyama, T., Murata, M., Miyaura, N. Journal of Organic Chemistry 1995, 60, 7508 – 7510. 
69 (a) Parakka, J. P., Cava, M. P. Tetrahedron 1995, 51, 2229 – 2242. (b) The addition of bipyridyl was 
suggested by Fredrik von Kieseritzky. 
70 Not purified. 
71 In an experiment where Zn was added before the substrate, the desired product was not formed. 
72 Wolter, M., Nordmann, G., Job, G. E., Buchwald, S. L. Organic Letters 2002, 4, 973 – 976. 
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In the reaction of 3-methoxythiophene and mercaptoethanol, an excess of 
mercaptoethanol ensures that the side product 47 formed from mercaptoethanol and 2 
equivalents of 3-methoxythiophene is not formed, on the other hand, separation of the 
unreacted mercaptoethanol is problematic. At reaction temperatures higher than 90 
°C, significant amounts of decomposition products from mercaptoethanol were 
obtained. 
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Scheme 7. Reaction of 3-methoxythiophene with mercaptoethanol 
 
 
45 was readily brominated using NBS, giving material of high purity, provided that all 
mercaptoethanol was removed before addition of NBS. A number of iodination 
methods were attempted. Iodine gave no reaction. Iodine with iodic acid gave the 
desired product, but this reaction was very slow. Suzuki iodination73 in trifluoroacetic 
acid was also very slow. More rapid reaction was obtained using N-iodosuccinimide 
and trifluoroacetic acid, but as a side reaction, the hydroxyl group was 
trifluoroacetylated. Refluxing 45 in methanol overnight with Iodine and Cu(OAc)2 
gave the iodinated product in 42% yield, and with better purity than the material from 
any of the other methods. 
 
Ring-closure of the iodo compound  was attempted using Buchwald's procedure,72 and 
this was found to produce the desired product. The iodination procedures initially 
used gave incomplete conversion, but it was found that the unseparated mixture of 45 
and 46 could be used in the ring-closure. An advantage of doing this is that 45 and 26 
are readily separated by chromatography. 26 was produced in 38% yield over two 
steps, when the NIS/TFA iodination was employed. When pure iodide made by the 
Cu(OAc)2 method was used, a crude yield of 87 % was obtained. 
 
Since the bromide was much more readily available than the iodide, ring-closure of 
the bromide was also attempted using the same conditions. This also resulted in the 
ring-closed product, albeit in a lower yield, and with a slower reaction than for the 
iodide. A highest yield of 29% was obtained after chromatography. 
 

                                                 
73 (a) Suzuki, H. Organic Syntheses Coll Vol VI, 1988, 700 -704. (b) See also chapter 5 of this thesis. 
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A number of alternative bases were tried for the ring-closure of the bromide, in order 
to improve the atom economy.74 However, only caesium carbonate was successful. 
None of the desired product was formed using K3PO4, Na2CO3, NaOAc, KOtBu, 
sodium tert-pentoxide, NaH or NaOH. 
 
Since (iso-TOT) was obtained in much smaller quantities than (TOT), no attempts 
were made to produce the corresponding oligothiophenes. 
 
 

2.4 Conclusions 
 
The major obstacle in our synthesis of the new oligothiophenes have been the 
difficulty to perform transition-mediated coupling reactions with electron-rich 
thiophenes. It is generally seen for a wide range of transition-metal catalyzed or –
mediated that lower yields and slower reactions are obtained. Acceptable yields could 
be obtained from the Suzuki reactions by employing anhydrous reaction conditions 
(see chapter 4.3 for a discussion) and rather high temperature. The formation of 
bithiophenes were more difficult, and we could not find any conditions that gave the 
bithiophenes in good yields. A related problem was the ring-closure of 46 to form 26,  
which did not succeed with the normal Ullmann ether synthesis. In this case, a 
solution was found in the catalyst system reporter by Buchwald et al. 
 
We also experienced some difficulties due to the low stability of our brominated 
electron-rich thiophenes, which tended to decompose when concentrated. It has been 
reported that the very electron-rich compound 2, 5-dibromo-3, 4-
ethylenedioxythiophene 48 spontaneously polymerizes in the solid state, producing 
bromine-doped PEDOT.75 
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Figure 19. 2, 5-dibromo-3, 4-ethylenedioxythiophene 
 

Preliminary measurements of charge-carrier mobility in small samples of the 
oligomers gave results of similar magnitude to those for the ECnT oligomers.59 
 
 

                                                 
74 Buchwald's procedure employs 2 equivalents of Cs2CO3, a high molecular weight and fairly 
expensive base. 
75 Meng, H., Perepichka, D. F., Wudl, F. Angewandte Chemie, International Edition in English 2003, 
42, 658 – 661. 
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3. Electrophilic aromatic substitution with ethane-1, 
2-disulphenyl chloride. 
 
(Paper II) 
 

3.1 Introduction 
 
As described in chapter 2, a synthesis of TDT was developed in our group. The 
dithiino ring was produced via an electrophilic ring-closure (Scheme 8). This later led 
us to the question if the ring system would be possible to construct by a double 
electrophilic aromatic substitution using ethanedisulphenyl chloride 49. 
 

 

 
 

Scheme 8. Old and new route to dihydro-dithiino-fused thiophene 
 

 
The reagent, ethane-1, 2-disulphenyl chloride, is easy to make by chlorination of 1, 2-
ethanedithiol using chlorine, or more conveniently sulphuryl chloride.76 
 
The ethylenedithio bridge is an interesting structural motif for electroactive materials. 
In cation radical salts of bis-ethylenedithio-tetrathiafulvalene, ET, the ET molecules 
form stacks. Sulphur-Sulphur distances of less than the sum of van der Waals radii 
(3.60 Å) is found between ET stacks77, 78 in the β phase of ET salts. This leads to the β 
phases being 2-dimensional metals. The presence of interstack interactions may also 
counteract the Peierls instability, which causes a phase transition from conducting to 

                                                 
76 Mueller, W. H., Dines, M. Journal of Heterocyclic Chemistry 1969, 6, 627 – 630. 
77 Williams, J. M., Leung, P. C. W., Beno, M. A., Emge, T. J., Wang, H. H., Carlson, K. D., Crabtree, 
G. W. Journal of the American Chemical Society 1985, 107, 5815 – 5816. 
78 Organic Superconductors (Including Fullerenes) Synthesis, Structure, Properties, and Theory; 
Williams, J. M., Ferraro, J. R., Thorn, R. J., Carlson, K. D., Geiser, U., Wang, H. H., Kini, A. M., 
Whangbo, M.-H.; Prentice-Hall, Englewood Cliffs, USA, 1992; ISBN 0 13 640566 5. 
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insulating in one-dimensional materials, since a strictly one-dimensional conductor 
must be insulating at 0 K.79, 80 A statistical analysis of crystal structures combined 
with ab initio calculations on model systems suggested that two important interactions 
in these materials are S⋅⋅S contacts (approx. 0.35 kcal/mol) and nonclassical C-H⋅⋅S 
hydrogen bonds (approx. 0.45 kcal/mol).81 Recently, S⋅⋅S interactions as well as other 
chalcogen interactions have been employed for the construction of tubular 
supramolecular assemblies.82 Intramolecular S⋅⋅S, S⋅⋅O and S⋅⋅N interactions have 
been utilized in conjugated oligomers83 and conjugated polymers84 for rigidifying the 
structure, so that the π overlap within the chain is improved. 
 
In addition to thiophenes, we were also interested in investigating the scope of the 
reaction, since our group have been studying several different types of ethylenedithio-
substituted aromatic systems. The condensation of an aromatic ring with ethane-1, 2-
disulphenyl chloride could be an interesting general method for producing dihydro-1, 
4-dithiino-fused ring systems. Previously, these ring systems have mostly been 
prepared by alkylation of vicinal dithiols or the corresponding sulphide anions with 1, 
2-dibromoethane or 1-bromo, 2-chloroethane (Scheme 9). Another interesting method 
for making the dihydro-1, 4-dithiino rings is by oxidative ring expansion of cyclic 
thioacetals with Br2, NBS, TeCl4 and other oxidants.85 This is frequently accompanied 
by aromatisation of the fused ring. It has been shown that NBS catalyses the 
formation of the thioacetal as well : thioacetal formation, ring expansion and 
aromatisation occurs in a cascade reaction when the reactants are mixed in 
dichloromethane at 0 °C.  

 
SH

SH S

S

52 53

a)

 
Scheme 9. Preparation of 2, 3-dihydro-1, 4-benzodithiin by alkylation of 

dithiocatechol.86 Reagents : a) dibromoethane, NaOEt. 
 

                                                 
79 Graja, A. Condensed Matter News 1994, 3, 14 – 26. 
80 Organic Conductors Fundamentals and Applications; Farges, J.-P.; Marcel Dekker, New York, 
USA, 1994; ISBN 0 8247 9216 5. 
81 Nonoa, J. J., Rovira, M. C., Rovira, C., Veciana, J., Tarrés, J. Advanced Materials 1995, 7, 233 – 
237. 
82 (a) Werz, D. B., Staeb, T. H., Benisch, C., Rausch, B. J., Rominger, F., Gleiter, R. Organic Letters 
2002, 4, 339 – 342. (b) Gleiter, R., Werz, D. B., Rausch, B. J. Chemistry – A European Journal 2003, 
9, 2676 – 2683. 
83 (a) Raimundo, J.-M., Blanchard, P., Frère, P., Mercier, N., Ledoux-Rak, I., Hierle, R., Roncali, J. 
Tetrahedron Letters 2001, 42, 1507 – 1510. (b) Leriche, P., Turbiez, M., Monroche, V., Frère, P., 
Blanchard, P., Skabara, P. J., Roncali, J. Tetrahedron Letters 2003, 44, 649 – 652. 
84 Karikomi, M., Kitamura, C., Tanaka, S., Yamashita, Y. Journal of the American Chemical Society 
1995, 117, 6791 – 6792. 
85 (a) Tani, H., Inamasu, T., Tamura, R., Suzuki, H. Chemistry Letters 1990, 1323 – 1326. (b) Tani, H., 
Kawada, Y., Azuma, N., Ono, N. Tetrahedron Letters 1994, 35, 7051 – 7054. (b) This reaction is also 
applicable to cyclic S, O-acetals  (1, 3-oxathiolanes). (c) Tani, H., Irie, S., Masumoto, K., Ono, N. 
Heterocycles 1993, 36, 1783  - 1789. 
86 Parham, W. E., Roder, T. M., Hasek, W. R. Journal of the American Chemical Society 1953, 75, 
1647 – 1651. 



 27

a)O

S

S

S

S

54 55 53  
 

Scheme 10. Preparation of 2, 3-dihydro-1, 4-benzodithiin from cyclohexanone via 
rearrangement of a thioacetal formed in situ followed by aromatisation. 

Reagents and conditions : mercaptoethanol 1 eq., NBS 3 eq., CH2Cl2, 0 °C. 
 
 

3.2 Results and discussion 
 
 
3.2.1 Investigation of various substrates 
 
Some initial results are presented in paper I. I found that the reaction was successful 
with electron-rich substrates, such as veratrole and indole. The ethylenedithio bridge 
is electron-donating, and further activates the aromatic system towards electrophilic 
aromatic substitution. Therefore, thiophene 56 reacted with two equivalents of the 
reagent, giving 57, even if a large excess of thiophene was used.  
 
A few Lewis acids were tried as catalysts for the reaction, mainly AlCl3 and FeCl3. 
Indole, being very reactive in electrophilic aromatic substitutions, reacted without any 
Lewis acid. In contrast, thiophene gave very little product in the absence of Lewis 
acid. Less reactive systems, such as benzene, o-xylene, benzothiazole and 
dibenzothiophene gave no reaction. Since ethanedisulphenyl chloride decomposes in 
the presence of Lewis acids, the aromatic substrate must be sufficiently reactive to 
react with the sulphenyl chloride before it is degraded. 
 
In all cases it has been necessary to purify the product by chromatography. 
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Table 2. Products from thiophenes 
 

Starting Material Product Isolated 
Yield 

S
56

 S

S

S S

S

57

 

58% 

S
Br

Br

58

 S

S

S Br

Br

59

 

not isolated 

S S
60

 S S

S

S S

S

31

 

6% 

S S

S

61

 S S

S

S S

SS

22

 

5% 

S
Br 62

 S

S

S Br
30

 

not isolated 

S
OMe 64

 
S

S

S OMe
64

 

8% 

 
 
The yields obtained are not particularly high, but nevertheless the reaction is 
interesting, since there is no alternative procedure for affording the same 
transformation.  
 
From these experiments, no conclusions could be drawn as to what reaction 
conditions are appropriate, except that a Lewis acid normally is required. 
 
A number of experiments were made with 2-bromothiophene 62, and 2, 3-
dibromothiophene 58, which could potentially give interesting building blocks for 
further synthesis. The desired products were observed in the crude product NMR 
spectra, but could not be purified, probably due to instability.87 
 

                                                 
87 For a discussion of the low stability of 2-bromothiophenes bearing electron-donating substituents, 
see chapter 2 of this thesis. 
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Table 3. Results from benzo[b] fused heterocycles 
 

Starting Material Product Isolated 
Yield 

S
65

 S

S
S

S
66

 

124% of 
theory 
(crude 

product) 

N
H

67

 N
H

S

S

68

 

20% 

 
 
A clear difference between benzo[b]thiophene and indole can be seen. Whereas indole 
gives the cyclized product, benzo[b]thiophene gives almost exclusively the linear 
product shown above. When the reaction was repeated with lower concentrations, 
traces of the cyclized product could be detected. This is probably due to the higher 
reactivity of indole, and may also be an indication that sulphenyl halides, which are 
not so reactive electrophiles, give a relatively high α:β selectivity in the reaction with 
benzo[b]thiophene. 
 
Studies of the products from reactions of substituted indoles with sulphenyl chlorides 
have led researchers to propose the mechanism shown in Scheme 11, for the reaction 
of indole with methanesulphenyl chloride.88 We believe that the reaction with 
ethanedisulphenyl chloride occurs by an analagous mechanism shown in Scheme 12. 
 

                                                 
88 (a) Hamel, P., Préville, P. Journal of Organic Chemistry 1996, 61, 1573 – 1577. (b) Hamel, P. 
Tetrahedron Letters 1997, 38, 8473 – 8474. (b) Hamel, P. Journal of Organic Chemistry 2002, 67, 
2854 – 2858. 
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Scheme 11. A proposed mechanism for the sulphenylation of indole with 
methanesulphenyl chloride 

 
 

 
 

Scheme 12. Proposed mechanism for the reaction of indole with ethane-1, 2-
disulphenylchloride 

 
 



 31

Table 4. Results from electron-rich benzene derivatives 
 

Starting material Product Isolated Yield 

O

O
71

 

O

O S

S

72

 

48% 

MeO

MeO

73

 

MeO

MeO S

S

74 41% 

 
 
An important side product is disulphides. 75 and 76 have been isolated, and identified 
by NMR and GC-MS. They give singlet signals at 3.14 and 3.08 ppm respectively. 
These signals are commonly observed in NMR spectra of the crude products, together 
with signals at 2.98 and 3.03 ppm, which are probably due to larger macrocycles. 
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Figure 20. Disulphides formed as by-products 
 
 
The formation of disulphides in electrophilic aromatic substitutions with 
benzenesulphenyl chloride was explained by Fujisawa et al with the sulphenyl 
chlorides undergoing homolytic disproportionation to disulphides and chlorine.89 
According to that study, the side reaction can be diminished by using a Lewis acid 
catalyst, and running the reaction under inert atmosphere, in the dark. 
 
I did only isolate chlorinated products in one case, where 57 was produced in low 
yield from thiophene, when the reaction was run in the absence of Lewis acid. In that 
reaction, the sulphenyl chloride was formed in situ, and may have contained residual 
sulphuryl chloride. In following reactions, the solvent was therefore evaporated from 
the newly formed sulphenyl chloride, in order to remove any unreacted sulphuryl 
chloride. 
 
 

                                                 
89 Fujisawa, T., Kobori, T., Ohtsuka, N., Tsuchihashi, G. Tetrahedron Letters 1968, 9, 5071 – 5074. 
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3.2.2 Comparison of different Lewis acids 
 
In order to compare a number of common Lewis acids as catalysts for the reaction, 2-
ethylthiophene 77 was dissolved in dichloromethane, and cooled to 0 °C. Ethane 
disulphenyl chloride 49 (1.0 equivalent) was added as a 1.0 M solution in 
dichloromethane, immediately followed by a small amount of the Lewis acids. Six 
reactions were performed in parallel, and were analyzed by GC-MS after 19 hours 
(table 5). 
 
 
Table 5. Comparison of different catalysts 
 

 no 
L.A. AlCl3 FeCl3 Fe BiOCl 

S
77 (%)

 
8.6 12.7 1.2 4.8 3.7 

SCl
78 (%)

 
12.0 11.3 13.6 11.8 9.4 

S

S

S
79 (%)

 

8.2 8.6 13.8 17.4 7.0 

S

S

S

Cl

80 (%) 29.7 29.8 47.3 44.5 26.6 

 
 
The selectivity for the desired product was disappointingly low, but it was evident that 
FeCl3 and Fe(0), which presumably generates FeCl3, are much more efficient than the 
other catalysts. Chlorination was a major side reaction in these experiments. 
 
A second experiment was made to compare the results when the addition was made at 
0 °C and room temperature (25 °C). Fe(0) and FeCl3 were used as catalysts, as they 
had been the best performers in the previous experiment. Experiments were also made 
with no additive, with Al(0) and with I2. In these experiments, the best results were 
achieved at 0 °C with Fe and FeCl3.  
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Table 6. Comparison of different catalysts at 0 °C and room temperature 
 

 A B C D E F G H I J 

77 (%) 13.0 24.3 2.3 2.8 1.5 3.6 8.8 21.0 3.4 4.1 

78 (%) 12.4 15.8 11.8 10.6 11.7 11.0 15.1 16.7 11.8 11.7 

79 (%) 9.7 9.6 19.7 17.9 30.8 17.3 7.3 9.2 11.2 18.8 

80 (%) 36.6 31.4 50.8 43.3 52.9 40.0 32.2 32.9 36.1 41.4 

 
Conditions : A) no additive, 0 °C. B) no additive, r.t. C) Fe(0), 0 °C. D) Fe(0), r.t. 
E) FeCl3, 0 °C. F) FeCl3, r.t. G) Al(0), 0 °C. H) Al(0), r.t. I) I2, 0 °C. J) I2, r.t. 
 
 
A third experiment was made in order to study how the quantity of Lewis acid affects 
the selectivity and reaction time. A solution of 2-ethylthiophene 77 was cooled to 0 
°C. 1.0 Equivalent of ethanedisulphenyl chloride was added as a 1.0 M solution in 
dichloromethane, immediately followed by a weighed quantity of FeCl3. In 
experiments C, D and E, the FeCl3 was added slowly, in order to avoid a vigorous 
reaction. The reaction mixtures were analyzed by GC-MS after one hour and after 19 
hours. 
 
 
Table 7. Results with different amounts of FeCl3 
 

 A B C D E 

77 (%) 6.1 1.2 traces traces no traces 

78 (%) 9.9 7.4 12.2 7.9 6.9 

79 (%) 32.8 54.4 40.0 59.4 36.2 

80 (%) 43.0 32.8 36.8 18.1 44.2 

 
Amounts of FeCl3 : A) 8.6 %. B) 22.6 %. C) 53.8 %. D) 86.9 %. E) 203% 
 
 
The analysis after one hour shows much lower amounts of chlorinated by-products 
than previous experiments. Better results were achieved with 22.6 % FeCl3 than with 
8.6%, but further increasing the amount of FeCl3 gave no improvement. 
 
After stirring overnight, the mixtures with 8.6 % and 22.6 % FeCl3 had changed little, 
but further chlorination of the product had occurred in the other mixtures. 
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Table 8. Results after stirring overnight 
 

 A B C D E 

77 (%) 2.9 0.7 no traces no traces no traces 

78 (%) 5.5 9.1 13.3 10.1 3.9 

79 (%) 36.1 51.5 23.3 41.4 3.3 

80 (%) 45.7 31.8 44.8 21.5 64.8 

 
 
These results suggest that a good procedure for the preparation of 79 and related 
thiophenes would be to add an excess of the reagent to the substrate at 0 °C, followed 
by 20 % of FeCl3, and to halt the reaction when all starting material is consumed.90 
 
 
A single experiment was made to compare different Lewis acids in the reaction of 
ethanedisulphenyl chloride with veratrole. 
 
 
Table 9. Reaction of ethanedisulphenyl chloride with veratrole and different catalysts 
 

 no L.A. AlCl3 FeCl3 Fe(0) 

MeO

MeO

73 (%)

 

61.7 1.7 7.9 6.1 

MeO

MeO

Cl

81 (%)

 

8.9 41.2 44.7 42.9 

S S

SS

75 (%)

 

11.8    

MeO

MeO S

S

74 (%) 3.7 24.1 4.3 18.6 

MeO

MeO S

S

Cl

82 (%) traces 18.2 38.0 26.1 

                                                 
90 The consumption of 2-ethylthiophene is readily monitored using TLC. 
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Very little ethylenedithio-veratrole was produced in the absence of Lewis acid, and 
not much chlorination was observed. The disulphide 75 was only detected in the 
reaction mixture without Lewis acids. Unlike more reactive aromatics, veratrole does 
not react with ethanedisulphenyl chloride to any great extent during the reagent’s 
lifetime in the absence of Lewis acids. 
 
 

3.3 Further investigations 
 
Further investigations concerning the scope of the reaction will be made. Particularly, 
more benzene derivatives will be investigated.  
 
Attempts will be made to use the reaction to prepare compounds such as such as 83 
and 84, which are probably more stable than 30, and to use them for transition-metal 
catalyzed coupling reactions.  
 
 

S

S

S SMe
S

S

S SeMe

83 84  
 

Figure 17. Interesting thiophenes for transition-metal catalyzed coupling reactions 
 
 
The possibility of using ethane-1, 2-disulphenyl bromide, prepared from ethane 
dithiol and elemental bromine or N-bromosuccinimide will be investigated. The major 
goal of this approach is to avoid chlorination of the starting material and desired 
product, which have proved to be important side reactions. Sulphenyl bromides are 
less investigated than chlorides, but have similar stability and properties.91, 92 In some 
reactions of sulphenyl bromides, bromination has been found to be the major 
reaction.92 If it is found that bromination becomes an important side reaction, this is 
less troublesome than the chlorination, since bromine is more readily removed than 
chlorine, and it is also a useful handle for further functionalization. 
 
 
 
 
 

                                                 
91 (a) Schöberl, A., Wagner, A. In Houben - Weyl : Methoden der Organischen Chemie. 4th ed, Band 
IX. ;pp 268 – 277. (b) Schubart, R. In Houben - Weyl : Methoden der Organischen Chemie. 4th ed, 
Ergänzungsband 11, Teil 1; pp 68 – 100.  
92 The Chemistry of the Sulfenic Acids; Kühle, E.; Georg Thieme Publishers, Stuttgart, Germany, 1973; 
ISBN 3 13 497801 6. 
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4. An improved synthesis of dithieno[3, 2-b;2', 3'-
 d]thiophene 
 
(Paper III) 
 

4.1 Applications for materials incorporating the Dithieno [3, 2-
b;2', 3'-d] thiophene ring system 

 
Dithieno[3, 2-b;2', 3'-d]thiophene, DTT 61, is a heterocyclic system that is currently 
used in several interesting optical and electronic applications (see paper III for a 
number of references). 
 

 

S

SS

61  
 

Figure 18. Dithieno[3, 2-b;2', 3'-d]thiophene 
 
 

Sirringhaus et al93 have described a thin film transistor based on the dimer 85, 
showing a high Ion/Ioff ratio. The bis-dithienothiophene molecules stack in a parallel, 
face-to-face fashion in contrast to oligothiophenes, which generally have a so-called 
herringbone crystal structure, where the orientation of molecules in neighbouring 
layers alternate.94 The coplanar stacking was found to give relatively high charge 
carrier mobility. The solubility of bis-dithienothiophene is considerably improved by 
introduction of alkyl or alkylthio substituents in the terminal α positions.95 
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Figure 19. Bis-dithieno[3, 2-b;2', 3'-d]thiophene 
 

                                                 
93 (a) Sirringhaus, H., Friend, R. H., Li, X. C., Moratti, S. C., Holmes, A. B., Feeder, N. Applied 
Physics Letters 1997, 71, 3871 -3873. (b) Li, X.- C., Sirringhaus, H., Garnier, F., Holmes, A. B., 
Moratti, S. C., Feeder, N., Clegg, W., Teat, W., Friend, R. H. Journal of the American Chemical 
Society 1998, 120, 2206 – 2207. 
94 For a crystal structure of α-sexithienyl and several other oligothiophenes, see reference 10. 
95 Morrison, J. J., Murray, M. M., Li, X. C., Holmes, A. B., Morratti, S. C., Friend, R. H., Sirringhaus, 
H. Synthetic Metals, 1999, 102, 987 – 988. 
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Dithienothiophene and derivatives thereof have been used as donors in conducting 
charge-transfer salts96 and cation-radical salts.97 
 
Luminescent supramolecular assemblies, formed from carboxylic acid or tetrazole 
derivatives of dithienothiophenes, have been synthesized.98 The materials could be 
deposited in thin films by spin-coating or sublimation. Attempts to produce 
electroluminescent devices were unsuccessful. Donor-Acceptor-substituted 
dithienothiophenes have been used as dyes in PVK/PBD99-based light-emitting 
diodes.100 
 
In addition to electronic and optoelectronic applications, dyes containing a 
dithienothiophene core have been prepared for optical applications. Non-linear optical 
phenomena,101 such as two-photon absorption,102 two-photon excited luminescence,103 
have recently been investigated. Lehn et al104 have prepared dithienothiophene-
containing reversibly photoswitchable fluorophores, 86. The material acts as an 
optical memory medium, which can be independently read and written, since 
irradiation at two different wavelengths switches the molecule between the open form 
and the ring-closed form shown below. Only the open form is fluorescent. 
 
 

 

                                                 
96 (a) Catellani, M., Porzio, W. Acta Crystallographica, 1991, C47, 596 – 599. (b) Bertinelli, F., Costa 
Bizzarri, P., Della Casa, C., Marchesini, A., Pelizzi, G., Zamboni, R., Taliani, C. Molecular Crystals 
and Liquid Crystals 1984, 109, 289 – 302. (c) Hayashi, N., Mazaki, Y., Kobayashi, K. Chemistry 
Letters 1992, 1689 – 1692. 
97 (a) Hellberg, J., Remonen, T. Synthetic Metals 1995, 70, 1137 – 1138. (b) Remonen, T., Hellberg, J., 
von Schütz, J.-U. Synthetic Metals 1997, 86, 1851 – 1852. 
98 Osterod, F., Peters, L., Kraft, A., Sano, T., Morrison, J. J., Feeder, N., Holmes, A. B. Journal of 
Materials Chemistry 2001, 11, 1625 -1633. 
99 PVK = polyvinylcarbazole, PDB = 12. 
100 Kim, O.-K., Woo, H. Y., Lee, K.-S., Kim, J. K., Kim, D. Y., Shim, H.-K., Kim, C. Y. Synthetic 
Metals 2001, 121, 1607 – 1608. 
101 Kim, O.-K., Fort, A., Barzoukas, M., Blanchard-Desce, M., Lehn, J.-M. Journal of Materials 
Chemistry 1999, 9, 2227 – 2232. 
102 Kim, O.-K., Lee, K.-S., Woo, H. Y., Kim, K.-S., He, G. S., Swieatkiewicz, J., Prasad, P. N. 
Chemistry of Materials 2000, 12, 284 – 286. 
103 Ventelon, L., Moreaux, L., Mertz, J., Blanchard-Desce, M. Chemical Communications 1999, 2055 – 
2056. 
104 Tsivgoulis, G. M., Lehn, J.-M. Angewandte Chemie International Edition in English 1995, 34, 1119 
– 1122. 
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Scheme 13. A photoswitchable molecule incorporating dithieno[3, 2-b;2', 3'-
d]thiophenes as chromophores104 

 
 

4.2 Synthesis of dithienothiophene 
 
 
4.2.1 A more efficient synthesis of dithieno[3, 2-b;2', 3'-d]thiophene is achieved 

by reversing the order of bond formation compared to the original route. 
 
Although dithieno[3, 2-b;2', 3'-d]thiophene has attracted considerable interest, it is 
commercially available only in milligram quantities. Also, the original synthesis of 
this compound105 gives a rather low yield. A better synthetic route was developed in 
our group (cf. paper III). In essence, the order of bond formation in the creation of the 
central ring is reversed compared to the old route. This gives a significantly higher 
yield, and a simpler procedure, since our intermediate dibromobithiophene 89 is 
readily purified by recrystallization, whereas the intermediate dithienylsulphide 88 
from the original route requires a distillation in high vacuum. 
                                                 
105 De Jong, F., Janssen, M. J. Journal of Organic Chemistry 1971, 36, 1645 – 1648. 
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Scheme 14. Reagents a) n-BuLi ; (PhSO2)2S 90 b) n-BuLi ; CuCl2 
 
 
4.2.2 Optimal conditions for the reactions 
 
2, 3-Dibromothiophene 58 is conveniently prepared by bromination of the 
commercially available 3-bromothiophene. Lithiation and treatment with copper(II) 
chloride gives dibromobithiophene 89 in good purity and yield. As a side product, 
small amounts of 2-chloro-3-bromothiophene is obtained. A crystalline product, free 
from 2-chloro-3-bromothiophene is obtained after crystallisation from hexanes.106 
 
Our first procedure to achieve the C-S bond formation, 89 was treated with 2.2 
equivalents of n-butyllithium at –78 °C. After 40 minutes, the benzenesulphonic 
thioanhydride (90) was added in one portion and the mixture allowed to reach room 
temperature overnight. We rapidly discovered that a high proportion of macrocycles 
was produced when whole crystals of 90 was added, but if the reagent was finely 
ground this problem was avoided. 
 
The purity of the crude product made with a scaled-up version of this procedure was 
found to be variable and not satisfactory. Often, a large proportion of butylthio-
substituted bithiophenes was produced, giving an oil instead of a crystalline product. 
This problem was solved by reducing the amount of n-butyllithium to precisely 2.0 
equivalents, and by increasing the time for lithiation to 90 minutes, so that as little n-
butyllithium as possible remained to compete with the dilithio-bithiophene for the 
benzenesulphonic thioanhydride. 
 
 
 
4.2.3 Investigations of some alternative synthetic methods 

                                                 
106 We obtained a discolored product. Colorless crystals was obtained by vacuum sublimation. 



 40

 
Some attempts were made to find a way to produce 3, 3'-dibromo-2, 2'-bithienyl 89 
without the use of butyllithium, for a more scaleable synthesis. Attempted reductive 
homocouplings of 2, 3-dibromothiophene 58 or 2-iodo-3-bromothiophene, according 
to literature procedures,107 gave either exclusively reduction or a mixture of 
unidentified products that did not contain the desired product.  
 
A facile preparation of 89, by tetrabromination-debromination of 2, 2'-bithienyl was 
reported by Khor et al.108 We found that the crude product contained n-propyl acetate, 
which is formed from the acetic acid/water/1-propanol solvent mixture. The propyl 
acetate was unexpectedly difficult to remove by co-evaporation with n-heptane, but 
could be removed by recrystallization from hexanes. When 1-propanol was replaced 
with 2-propanol, no ester was found in the crude product. 
 
Debromination reactions utilizing the reversibility of aromatic bromination have been 
described by Chi et al.109 They achieved regioselective debrominations of various 
substituted brominated or polybrominated benzenes by heating them with acid and 
aniline or phenol. This is a more convenient procedure than reduction with zinc, since 
it occurs in homogeneous solution, and therefore more practical for scaleup. 
Unfortunately, this method gave no reduction of tetrabromobithienyl using either 
aniline or p-anisidine as a bromine scavenger. We have not been able to use this 
method successfully for any thiophenes so far.  
 
Some initial attempts have been made to afford the cyclization of 89 to 61 without 
lithiation. 89 was treated with 3-mercaptopropionic acid, potassium carbonate and a 
catalytic amount of copper bromide in refluxing DMF for 2 hours, in a procedure 
based on Rábai's synthesis of symmetrical disulphides from aryl iodides.110 
Dithienothiophene was indeed formed, albeit only in 34% yield after 2 hours. This 
shows that the reaction works and we will search for better reaction conditions. 
Similar yield was obtained after refluxing overnight. The reaction was unexpectedly 
difficult to reproduce. A number of copper sources and different bases were tried, but 
conversions of less than 5% were obtained. Finally, we found that the reaction 
proceeded only in vigorously refluxing DMF. A single experiment was made in 
refluxing NMP, which gave the desired product in 51% crude yield. 
 

                                                 
107 (a) Venkatraman, S., Li, C.-J. Organic Letters 1999, 1, 1133 – 1135. (b) Iyoda, M., Sato, K., Oda, 
M. Tetrahedron Letters 1985, 26, 3829 – 3832.  
108 Khor, E., Ng, S. C., Li, H. C., Chai, S. Heterocycles 1991, 32, 1805 – 1812. 
109 Chi, D. Y., Choi, H. Y. Journal of the American Chemical Society 2001, 123, 9202 – 9203. 
110 Rábai, J. Synthesis 1989, 523 – 525. 
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4.2.4 Some other literature syntheses of the dithieno[3, 2-b;2', 3'-d]thiophene 
 ring system 
 
A different synthesis of 61 was published after our report (Scheme 15). The starting 
material tetrabromothiophene (91) is readily made in large scale by tetrabromination 
of thiophene. The conversion into the dialdehyde is made by the standard procedure. 
A drawback of this synthesis is that the conversion of 92 to 93 requires 3 days 
reaction time. Also, this synthesis requires a larger number of steps than ours, and the 
final step is a decarboxylation at high temperature. Nevertheless, it seems like a rather 
convenient procedure. 
 
 

 
 

Scheme 15. Another route to DTT 61.111  Reagents : a) n-BuLi ; formylpiperidine.  
b) ethyl mercaptoacetate, K2CO3. c) LiOH ; Cu, quinoline, 230 °C. 

 
 
A synthesis of dimethyldithienothiophene was also published in 2002.112 The 
formation of the central ring in 97 is made in 2 steps, with rather low yield in the 
preparation of the thiol 96 and a good yield for the cyclization. 
 
 

                                                 
111 Frey, J., Bond, A. D., Holmes, A. B. Chemical Communications 2002, 2424 – 2425. 
112 Krayushkin, M. M., Stoyanovich, F. M., Zolotarskaya, O. Y., Yarovenko, V. N., Bulgakova, V. N., 
Zavarzin, I. V., Martynkin, A. Y. Russian Chemical Bulletin, International Edition 2002, 51, 2097 – 
2099. 
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Scheme 16. A recent synthesis of  dimethyldithienothiophene 97.  
Reagents : a) NBS. b) n-BuLi ; S8. c) Cu2O, KOH, DMF (reflux). 

 
 

4.3 Functionalization of dithienothiophene 
 
 
A very small number of reactions have been used in the preparation of  
dithienothiophene derivatives. Typically commonly, the molecule has been 
functionalized symmetrically in the free α positions. The most common reactions 
reported are dibromination, diformylation with Vilsmeyer reagents, and dilithiation 
with butyllithium (Scheme 17), usually followed by quenching with DMF. The 
diformylated dithienothiophenes have been used to construct more extended 
molecules using Wittig reactions. 
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Scheme 17. Difunctionalisation of dithienothiophene 
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4.3.1 Synthesis of building blocks 
 
Mono-functionalized dithienothiophenes have been made by Suzuki coupling 
reactions with the boronic acid, which can be produced through mono-lithiation of 61 
with butyllithium, quenching with trimethyl borate and aqueous workup. For instance 
this reaction was used for the molecule shown in Scheme 13. 
 
We decided to prepare a number of building blocks in this way (Scheme 18). 
Dithienothiophene was lithiated with butyllithium, and treated with different 
electrophiles. The reaction with DMF to give the mono-aldehyde was used to compare 
different conditions for lithiation. The acetyl derivative was obtained through reaction 
with the Weinreb amide N-methoxy-N-methylacetamide. We decided to prepare a 
boronic ester, to use for Suzuki couplings, through the standard reaction with the 
isopropyl-pinacolboronate (see below). Also, the monoiodo-compound 104 was 
obtained by quenching with iodine. 
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Scheme 18. Intermediates obtained from dithieno[3, 2-b;2', 3'-d] thiophene by 
lithiation and quenching with electrophiles. Reagents : a) n-BuLi b) I2 c) DMF or 
formylpiperidine d) N-methoxy-N-methylacetamide e) isopropyl pinacolborate 

 
 

Initial attempts to produce the boronic ester through lithiation in diethyl ether and 
quenching with isopropyl pinacolborate gave some of the desired product, but large 
amounts of two unidentified di-boronic esters. When THF was used as a solvent, the 
desired product was isolated in good purity. A small amount of residual 61 could be 
removed by recrystallisation from hexanes. 
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Bromination of 61 was attempted in various solvent mixtures at room temperatures 
and 0 °C. However, no conditions were found to give selective monobromination. 
 
 
4.3.2 Construction of larger molecules using the building blocks. 
 
A colleague was able to transform the aldehyde 101 into the corresponding 
symmetrical porphyrine 106 through a modified Lindsey procedure.113 We found that 
in order to avoid overoxidation of the porphyrine, it was necessary to use chloranil for 
the aromatisation instead of DDQ. The solubility of 106 was sufficient to allow 
purification by chromatography. 
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Scheme 19.  Preparation of a symmetrically substituted porphyrin.  
 
 
An attempt were made to transform 103 into a symmetrical, star-shaped 
oligomer(figure 22), using a SiCl4-mediated trimerisation. None of the desired 
product was obtained, although the trimer 109 of 2-acetylthiophene 108 was readily 
obtained by the literature procedure (Scheme 20).114 It may be possible to make the 
reaction applicable to a wider range of starting materials by adding different co-

                                                 
113 Linde, C. Unpublished results. 
114 (a) Elmorsy, S. S., Pelter, A., Smith, K. Tetrahedron Letters 1991, 32, 4175-4176. (b) Thallapally, 
P. K., Chakraborty, K., Carrell, H. L., Kotha, S., Desiraju, G. R., Tetrahedron 2000, 56, 6721-6728. 
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solvents. Acetylfluorenes bearing solubilizing alkyl chains have been trimerized by 
the SiCl4 procedure in a mixture of ethanol and toluene.115 
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Figure 22. A star-shaped molecule 
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Scheme 20. Preparation of 1, 3, 5-tris-(2-thienyl)benzene.  
Reagents and conditions : a) SiCl4, ethanol, 0 °C. 

 
 
 
 
4.3.3 Suzuki reactions 
 
The Suzuki reaction is a cross-coupling reaction, which is a valuable tool for the 
construction of aryl-aryl bonds.116 It follows the general scheme for palladium-
                                                 
115 Zhou, X.-H., Yan, J.-C., Pei, J. Organic Letters 2003, 5, 3543-3546. 
116 Miyaura, N., Yanagi, T., Suzuki, A. Synthetic Communications 1981, 11, 513-519. (b) Gronowitz, 
S., Bobosik, V., Lawitz, K. Chemica Scripta 1984, 23, 120-122. (c) Miyaura, N., Suzuki, A. Chemical 
Reviews 1995, 95, 2457-2483. 
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catalysed cross-coupling reactions given in Scheme 21. In this case R1M is most 
commonly a boronic acid or a boronic ester. These are not very prone to undergo a 
transmetallation with palladium(II), but must be “activated” by coordination of a base, 
such as a hydroxide or fluoride ion (not shown). Good leaving groups X for the other 
coupling partner, R2X, include halogens, triflate and organic sulphides. 
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R2Pd(II)XR2Pd(II)R1

MX R1M

R2XR1-R2

 
 

Scheme 21. General catalytic cycle for cross-coupling reactions 
 
 
There is no standard conditions for the Suzuki reaction. There are many factors that 
are varied to achieve the best results for any given coupling. The most important are 
the solvent or solvent mixture, temperature, the base, the palladium source, whether a 
boronic acid or ester is used, and the leaving group. Some authors use rigorously 
oxygen-free conditions, but most commonly, the reaction is performed under nitrogen 
atmosphere using standard laboratory techniques. The reaction is often performed in a 
mixture of water and organic solvent, but it has been reported that in some cases it is 
necessary to exclude water to avoid deboronation. 
 
The boronic ester 105 was successfully coupled with 2-bromothiophene 62 and 2-
bromopyridine 111 using the reaction conditions we developed for the oligomer 
syntheses discussed in chapter 2 (Scheme 22). 2-Bromothiophene 62 gave mainly 
deboronation, low yield of 110, and small amounts of bithiophene. 2-Bromopyridine 
111, gave mainly the desired product 112 with some deboronation. The electron-poor 
heterocycle 2-bromopyridinde is a better substrate for the reaction, since it is expected 
to undergo oxidative addition to palladium faster. Not much is known about the 
deboronation side reaction, which is often important for thiophenes, but the fact that 
coupling competes more efficiently with deboronation for 111 compared to 62 
suggests that the deboronation may not be mediated by palladium. 
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Scheme 22. Suzuki-couplings with 2-bromothiophene and 2-bromopyridine 
 
 
The Suzuki coupling of 105 with some difunctional aromatics (figure 20) was 
attempted. The substrates were chosen to afford oligomers potentially interesting for 
field-effect transistor applications. Since the coupling with 62 appeared to be difficult, 
we selected mainly substrates with good leaving groups.117 The naphthalenes 117 – 
119 were also chosen partly since they are rather unusual. 
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Figure 20. Difunctional coupling partners for Suzuki couplings 
 
 

                                                 
117 The chlorosulphonyl group has been reported to be more reactive than bromide, cf. Dubbaka, S. R., 
Vogel, P. Organic Letters 2004, 6, 95-98. 
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Unfortunately, all of these substrates were troublesome, giving low conversions and 
much deboronation with extended reaction times. 113 – 115 could be analyzed by 
GC-MS. The products from the other substrates was analyzed by direct inlet MS only. 
 
114 and 117 gave small amounts of the mono-coupled products. 116 gave only 
deboronation. Some of the desired products were formed from 118 and 119, according 
to MS. Attempted coupling of 119 in a water/toluene system gave exclusively 
deboronation. 
 
Some attempts were also made with the Herrmann catalyst (trans-di(µ-acetato)-bis[o-
(di-o-tolylphosphino)benzyl]dipalladium(II). 115 gave the desired product when the 
reaction was performed in THF. 113 gave the desired product when the reaction was 
performed in THF, with some dimerisation of 105, forming 85. 
 
 
 

4.4 Future work 
 
Further attempts will be made to simplify scaleup of the synthesis of 61, but the our 
focus will be to incorporate the now readily available dithienothiophene in novel 
materials. 
 
Some substance classes of interest are linear conjugated oligomers, star-shaped 
conjugated oligomers and porphyrines. The reaction with ethanedisulphenyl chloride 
discussed in chapter 3 will be repeated. 
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5. An efficient synthesis of 2-bromo, 3-
 iodonaphthalene and 2, 3-diiodonaphthalene 
 
(Paper IV) 
 

5.1 Background 
 
The synthesis 2, 3-diiodonaphthalene 117 and 2-bromo, 3-iodonaphthalene 120 was 
developed in our group for the synthesis of extended benzodioxins.118 We 
"rediscovered" it during an investigation of various new synthetic routes to 2, 3-
disubstituted pentacenes. One interesting reaction was the synthesis of anthracenes 
from 2, 3-dibromonaphthalene via palladium-catalyzed coupling with alkynylzinc 
reagents followed by Bergman cyclization.119  
 
A literature search revealed that no good synthesis for 2, 3-diiodonaphthalene 117 had 
been reported (see article 4 for references). Therefore, we decided to publish our 
procedure. All reactions were repeated and optimized, and all products were 
characterized. 
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Figure 21. 2, 3-Diiodonaphthalene and 2-bromo, 3-iodonaphthalene 
 
 
Since unsubstituted pentacene 11 is very insoluble in all solvents even at high 
temperatures, we were interested in making more soluble derivatives, and to evaluate 
these as materials for thin film transistors (cf. chapter 1.2). Later, the synthesis and 
application of 6, 13-disubstituted pentacenes was reported.120 These are considerably 
simpler to synthesize than 2, 3-disubstituted pentacenes, and shows enhanced 
solubility and good conductivity. Also, see the discussion of soluble pentacene 
precursors in chapter 1. This eventually led us to discontinue the pentacene project.  
 

                                                 
118 Dahlstedt, E. Synthesis of Electroactive Molecules Based on Benzodioxins and Tetrathiafulvalenes, 
Doctoral Thesis, Royal Institute of Technology, Stockholm, 2003. ISBN 91-7283-567-2. 
119 Bowles, D. M., Anthony, J. E. Organic Letters 2000, 2, 85 - 87. 
120 (a) Anthony, J. E., Brooks, J. S., Eaton, D. E., Parkin, S. R. Journal of the American Chemical 
Society 2001, 123, 9482 – 9483. (b) Anthony, J. E., Eaton, D. L., Parkin, S. R. Organic Letters 2002, 4, 
15 – 18. 
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Figure 22. Soluble pentacene derivatives 
 
 

5.2 Methodology 
 
Electrophilic aromatic substitutions on naphthalene mainly give 1-substituted 
products under kinetic control. With reversible reactions such as sulphonation, 1-
substitution occurs at low temperatures, and at higher temperatures, 2-substitution is 
observed. Dibromination typically gives 1, 5- or 1, 4- disubstituted products. Under 
different conditions, disulphonation gives mainly 1, 5-, 2, 6-, 2, 7- or 1, 6-disulphonic 
acids.121 
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Scheme 23. Electrophiles typically attack the 1-position of naphthalene. Conditions : 
a) I2, HNO3 

 
 
A method for escaping the normal tendencies of the naphthalene system is to block 
the 1 and 4 positions via reversible Diels-Alder adduct formation with 
hexachlorocyclopentadiene. Naphthalene reacts with 2 equivalents of 
hexachlorocyclopentadiene to give 125. In this compound, one of the benzene rings is 
dearomatized, which stops electrophilic attack on that ring and removes the 
stereoelectronic reasons for electrophilic attack in the 1 and 4 positions. Electrophilic 

                                                 
121 For leading references, see Polycyclic Hydrocarbons, Vol 1; Clar, E.; Academic Press, London, 
England, 1964.  
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aromatic substitution occurs predominantly in the less hindered 2 and 3 positions. On 
heating, the products undergo a double retro-Diels-Alder, generating the desired 
naphthalenes (Scheme 24). 
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Scheme 24. Synthesis of 2-substituted naphthalenes 
 
 
Napththalene-bis(hexachlorocyclopentadiene) adduct 125 is commercially available 
and inexpensive. The use of this compound in the synthesis of 2-substituted 
naphthalenes was reported in 1953.122 A review of the use of 
hexachlorocyclopentadiene as a protecting group for naphthalene and other polycyclic 
aromatic compounds, such as anthracene and pyrene, was published in 1974.123 The 
method has been utilized for the synthesis of a number of 2-substituted and 2, 3-
disubstituted naphthalenes.  
 
 

5.3 Results and discussion 
 
 
5.3.1 Iodination 
 
In the Suzuki iodination procedure, iodine is oxidized with periodic acid in 
concentrated sulphuric acid or a mixture of sulphuric acid, acetic acid and water. It is 
                                                 
122 Hyman, J., Silverman, M. US Pat. 2658913. 
123 Look, M. Aldrichimica acta 1974, 7, 23 – 29. 
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convenient to think of the active iodinating species as "I+", formed according to 
equation (1), although the iodine is probably present as a mixture of species.124 We 
have found that the reaction of 125 in sulphuric acid is very sluggish, and the reaction 
in acetic acid with a small amount of sulphuric acid is even slower. In 
methanesulphonic acid, the reaction was considerably faster, typically giving full 
conversion after a weekend at room temperature. The completion of the reaction is 
seen by discoloration of the mixture. The products are obtained in high yield and 
purity. No attempts were made to reduce the reaction time, since the active operator 
time is very short despite the long reaction time. 
 
3 I2 + H5IO6 + 7 H+ → 7 I+ + 6 H2O  (1) 
 
Iodine is not highly soluble in methanesulphonic acid. In one experiment, finely 
divided iodine and periodic acid were mixed with methanesulphonic acid and left with 
stirring overnight, after which some undissolved iodine still remained. Nevertheless, 
the iodination of bromonaphthalene-bis(hexachlorocyclopentadiene) adduct 127 
(Scheme 25) using this mixture proceeded smoothly, giving the desired product in 
excellent purity. An attempt to replace iodine with potassium iodide, and more 
periodic acid, resulted in a more sluggish reaction. 
 
We have used a molar ratio of 2:1 and 1:1 of "I+" and the two substrates. No excess of 
"I+" was necessary.  
 
 

                                                 
124 Garrett, R.A., Gillespie, R. J., Senior, J. B. Inoganic Chemistry 1965, 4, 563 – 566. 
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Scheme 25. Iodination under modified Suzuki conditions. 
Reagents and conditions : a) H5IO6, I2, MeSO3H, rt. 

 
 
There are some successful literature preparations of 2-iodonaphthalene, the most 
interesting of which is via direct oxyiodination over a zeolite catalyst,125 which gives 
mostly 2-iodination at low conversions of naphthalene. 2-Iodonaphthalene can also be 
made from β-naphthylamine,126 which is a known carcinogen. 
 
We expected that monoiodination should not present any difficulties, since the iodine 
is bulky, and we have observed clearly that the second iodination seems to be more 
difficult than iodination of protected bromonaphthalene. A single attempt in smaller 
scale gave the desired product in 95% yield. 
 
 
5.3.2 Pyrolysis of the intermediates 
 
Our contribution consists mainly of the use of a standard vacuum sublimation 
apparatus for the retro-Diels Alder reaction. The sublimation affords the deprotected 

                                                 
125 Tustin, G. C., Rule, M. Journal of Catalysis 1994, 147, 186-198. 
126 Schmidlin, J., Huber, M. Chemische Berichte 1910, 43, 2824 – 3837.  
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product in very high purity. In addition to the crystalline naphthalene derivative, 
liquid hexachlorocyclopentadiene is formed. In order to separate this liquid from the 
crystals, we simply incline the sublimation downwards, so that the liquid does not 
flow back to the hot zone. For large preparations, it is most practical to open the 
system intermittently to remove the liquids. If necessary, the final product can be 
washed with a small quantity of hexanes, to remove residual 
hexachlorocyclopentadiene. 
 
 
My first attempt to pyrolyze the diiodinated adduct yielded, in addition to the 
expected product, significant amounts of 2, 3-dichloronaphthalene, and 2-chloro, 3-
iodonaphthalene. Presumably, a radical chain reaction had occurred, where naphthyl 
radicals abstracted chlorine from the hexachlorocyclopentadiene, and the formed 
cyclopentadienyl radicals in turn abstracted iodine from the iodonaphthalene. The 
formation of chlorinated products was not observed in any other pyrolysis. It is likely 
that the Diels-Alder adduct contained unreacted iodine, which acted as a radical 
initiator. We made no attempts to test this hypothesis by deliberately adding a radical 
initiator in the pyrolysis. 
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Scheme 26. Pyrolysis of the intermediates 
 
 
In order to perform a successful vacuum sublimation it is advisable to determine the 
actual melting point of the material in question. The temperature should be kept at 
least 15 °C below the melting point, in order to avoid sintering and melting of the 
material, which leads to a much slower sublimation, due to decreased surface area. 
 
A band of the starting material was deposited in the sublimation tube, near the heated 
end. In order to achieve high yield and purity, a procedure was adopted, in which the 
sublimation was interrupted when most of the material had sublimed, and the crystals 
of starting material was returned to the heated end before continued sublimation. This 
was repeated if necessary. Hereby, the yield was improved from 45 – 55 % to 83 % 
for both compounds. A small amount of unreacted starting material was also 
recovered.  
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5.4 Conclusion 
 
Our syntheses of iodinated naphthalenes utilize well-established chemistry. The 
important new features are the use of methanesulphonic acid as a reaction medium for 
the Suzuki iodination, and the demonstration of the use of a simple sublimation-
apparatus for the retro-Diels-Alder reaction. 
 
The iodination reaction should be possible to perform on any scale. We have 
performed the pyrolysis step on up to 25 grams with our equipment. With a slightly 
larger sublimation apparatus, the reaction should be possible to perform in 200 g 
batches. 
 
 



 56

6. A new synthesis of 3, 4-dimethoxythiophene 
 
(Paper V) 
 

6.1 Uses for 3, 4-dimethoxythiophene and 3, 4-
 ethylenedioxythiophene 
 
A number of 3, 4-dialkoxythiophenes have been used as monomers for conjugated 
polymers and oligomers.127 The most important monomer is 3, 4-ethylenedioxy-
thiophene 129 (EDOT), which gives the polymer PEDOT described in chapter 1. 
EDOT is also used in many co-polymers and mixed oligomers. Several derivatives of 
EDOT have been made, bearing solubilizing groups, cf. Figure 23. 
 
 

S S S S

OO OO OO OO

OR O O

O SO3Na

n n

129 130 131 132  
 

Figure 23. 3, 4-dialkoxythiophenes used for conjugated polymers and oligomers 
 
 
A wide range of 3, 4-dialkoxythiophenes have been prepared by acid-catalyzed 
transetherification of 3, 4-dimethoxythiophene, analogous to the transetherification of 
3-methoxythiophene discussed in chapter 2. This method has also been applied for the 
synthesis of alkylthio-thiophenes (Scheme 27).128 A different example of the use of 3, 
4-dialkoxythiophenes is in the synthesis of dithiaporphyrins.129 
 
 

                                                 
127 (a) Heywang, G., Jonas, F. Advanced Materials 1992, 4, 116- 118. (b) Coffey, M., McKellar, B. R., 
Reinhardt, B. A., Nijakowski, Felga, W. A. Synthetic Communications 1996, 26, 2205 – 2212. (c) 
Groenendaal, L., Jonas, F., Freitag, D., Pielarzik, H., Reynolds, J. R. Advanced Materials 2000, 12, 481 
– 494. (d) Perepichka, I. G., Besbes, M., Levillain, E., Sallé, M., Roncali, J. Chemistry of Materials 
2002, 14, 449 – 457. 
128 (a) US Patent application 2003/0028024A1, Bayer Corporation. (b) Goldoni, F., Langeveld-Voss, B. 
M. W., Meijer, E. W. Synthetic Communications 1998, 28, 2237 – 2244. 
129 Agarwal, N., Mishra, S. P., Kumar, A., Hung, C.-H., Ravikanth, M. Chemical Communications 
2002, 2642-2643. 
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Scheme 27. Synthesis of other 3, 4-disubstituted thiophenes from 3, 4-
dimethoxythiophene 

 
 

6.2 Existing synthetic routes to 3, 4-dimethoxythiophene and 3, 
 4-ethylenedioxythiophene 
 
The most important synthetic routes to 3, 4-dimethoxythiophene 133 and 3, 4-
ethylenedioxythiophene 129 begin with the Hinsberg thiophene synthesis,130 which is 
a condensation of diethyl 3-thiaglutarate with diethyl oxalate under basic conditions 
(scheme 1).131 
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Scheme 28. The Hinsberg thiophene synthesis. Reagents : a) NaOEt or NaOMe. 
 
 
6.2.1 3, 4-dimethoxythiophene 
 
The product is converted into 3, 4-dimethoxythiophene 133 by methylation using 
dimethyl sulphate, saponification and decarboxylation. The first of 3, 4-
dimethoxythiophene using this procedure was reported in 1945.132 An improved 
synthesis was reported in 1996 by Merz et al (Scheme 2).133, 134 3, 4-
                                                 
130 Hinsberg, O. Chemische Berichte 1910, 43, 901 - 906. 
131 The corresponding condensation with a 1, 2-diketone, e.g. benzil leads to a product where one of the 
ester groups is hydrolysed to the corresponding acid, via a Stobbe reaction, cf. Wynberg, H., 
Kooreman, H. J., Journal of the American Chemical Society 1965, 87, 1739–1742. 
132 Frager, E. W. Journal of the American Chemical Society 1945, 67, 2217– 2218. 
133 Merz, A., Rehm, C. Journal für praktische Chemie 1996, 338, 672-674. 
134 The methylation conditions described in reference 133 is optimised to afford the O, O-dimethylated 
product.  
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Dimethoxythiophene has also been prepared from 3, 4-dibromothiophene by the 
Ullmann ether synthesis.135 
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Scheme 29. Synthesis of 3, 4-dimethoxythiophene.133 Reagents and conditions : a) 
KOH/EtOH. b) Me2SO4, toluene, [18]crown-6. c) NaOH/MeOH. d) 250 °C. 

 
 
Merz et al reported that they obtained 133 as a colourless and air-stable solid with a 
melting point of 23-24 °C, whereas all other preparations have given it as a air-
sensitive liquid. They suggest that the source of instability is the presence of 3-
hydroxy-4-methoxythiophene as an impurity. 
 
 
6.2.2 3, 4-ethylenedioxythiophene 
 
EDOT 129 was first synthesized in the 1980:s by a similar route,136 which is based on 
the synthesis of 142 by the Hinsberg method137 (scheme 30). The compound is 
prepared industrially by Bayer on a multi-ton scale by this route. All steps have been 
optimized to greater than 90 % yield.138 
 
                                                 
135 Keegstra, M. A., Peters, T. H. A., Brandsma, L. Tetrahedron 1992, 48, 3633 - 3652. 
136 European Patent Application 339 340 1988, Bayer AG. 
137 Gogte, V. N., Shah, L. G., Tilak, B. D., Gadekar, V.N, Sahasrabudhe, M. B., Tetrahedron 1967, 23, 
2437 - 2441. 
138 Personal communication with L. Groenendaal, Bayer coorporation. 
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Scheme 30. The industrial route to EDOT.  
Reagents and conditions: a) dichloroethane, K2CO3. b) NaOH ; HCl. c) CuO, ∆. 

 
 
6.2.3 Some disadvantages of the synthetic routes for 3, 4-dimethoxythiophene 

and 3, 4-ethylenedioxythiophene 
 
The syntheses of 3, 4-dimethoxythiophene and 3, 4-ethylenedioxythiophene suffer 
from a number of drawbacks, which contributes to the relatively high price of these 
simple compounds : 
 
The Hinsberg synthesis uses diethyl oxalate under basic conditions, which can lead to 
runaway reaction.139  
 
The methoxy groups in 3, 4-dimethoxythiophene are introduced by methylation with 
dimethyl sulphate, a strong carcinogen. Probably, it can be replaced with dimethyl 
carbonate.140 The ethylenedioxy bridge in EDOT is introduced by alkylation with 
dichloroethane, which is a suspected carcinogen. 
 
The syntheses incorporate a large number of steps for such simple products. 
 
The final step is a decarboxylation at high temperature. 
 
 

6.3 A new synthesis of 3, 4-dimethoxythiophene and conversion
 into 3, 4-ethylenedioxythiophene 
 
6.3.1 Synthetic strategy 
                                                 
139 Personal communication with M. Moge, Syntagon AB. 
140 Shieh, W.-S., Dell, S., Repic, O. Journal of Organic Chemistry 2002, 67, 2188 - 2191. 
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Our idea for the synthesis of EDOT 129 was to treat the known compound 2, 3-
dimethoxy-1, 3-butadiene 144 with sulphur dichloride to form 3, 4-
dimethoxythiophene 133, and to convert it to 129 by the acid-catalyzed 
transetherification with ethylene glycol (Scheme 31). 
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Scheme 31. Synthetic strategy 
 
 
6.3.2 Preparation of 2, 3-dimethoxy-1, 3-butadiene 
 
2, 3-dimethoxy-1, 3-butadiene 144 was prepared according to a scaled-up version of 
the literature procedure.141 The inexpensive starting material butane-2, 3-dione 145 
(biacetyl) is converted to the bis-acetal 146 by treatment with trimethyl orthoformate 
and catalytic amounts of sulphuric acid in refluxing methanol overnight (Scheme 32). 
Attempts to replace the sulphuric acid with the milder p-toluenesulphonic acid gave 
the mono-acetal 147 as the sole product. After distillation of the bis-acetal, methanol 
is eliminated. We found that a higher temperature than that reported in the literature 
was necessary using our equipment. 
 
2, 3-dimethoxy-1, 3-butadiene is a stable product, which has been used as a diene in 
Diels-Alder reactions,141 and also as a protecting group for 1, 2-diols in 
carbohydrates.142 
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Scheme 32. The literature procedure for synthesis of dimethoxybutadiene. Reagents 
and conditions : a) trimethyl orthoformate, H2SO4, methanol, reflux. b) NH4H2PO4, ∆. 
 
 

                                                 
141 McDonald, E., Suksamrarn, A., Wylie, R. D. Journal of the Chemical Society, Perkin Transactions 
1 1979, 1893 – 1900. 
142 Ley, S. V., Michel, P. Synlett 2001, 1793 - 1795. 
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Scheme 33. With p-toluenesulphonic acid, only the monoacetal was formed. Reagents 
and conditions : a) trimethyl orthoformate, TsOH, methanol, reflux. 

 
 
In the published procedure, methanol was slowly eliminated and removed by 
distillation at 110 °C. This proved to be the most troublesome step of the synthesis. 
With our equipment, the reaction did not proceed past the mono-enol-ether 148 at 110 
°C. It was necessary to increase the temperature to 140 – 150 °C in order to get the 
desired product, and even at 150 °C, several hours of reaction time was necessary to 
achieve good conversion. Good purity of the product is obtained only if the 
conversion is high, since 148 and 144 are difficult to separate by distillation. On the 
other hand, it would be preferable to minimize the reaction time since the hot reaction 
mixture polymerizes rapidly, forming a dark, gummy material if it comes in contact 
with oxygen. Some attempts were made to use a slow stream of nitrogen to sweep 
away the methanol and drive the reaction to completion. However, this proved to be 
inefficient. 
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Scheme 34. Elimination of methanol. Conditions : a) 110 °C. b) 140 °C. 
 
 
Attempts to use stronger acid or strong Lewis acids to increase the reaction rate lead 
to decomposition. 
 
Co-evaporation of methanol with hexane proved ineffective. Presumably, this lead to 
a too low  reaction temperature for the elimination to proceed. 
 
 
6.3.3 Reaction of 2, 3-dimethoxy-1, 3-butadiene with sulphur dichloride 
 
Our first attempt to afford the cyclization of 2, 3-dimethoxy-1, 3-butadiene 144 was 
made by treating a solution of 144 with SCl2 at room temperature. This turned out to 
be inefficient, leading rapidly to a dark mixture of products. Nevertheless, it could be 
seen by TLC analysis that some dimethoxythiophene 133 was formed. We decided to 
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change to hexanes as a less polar solvent, and to avoid strongly acidic conditions by 
employing a sodium acetate buffer. 
 
Addition of SCl2 to the reaction mixture lead to an exothermic reaction. By cooling 
the flask with an ice/water bath and adding the SCl2 slowly, the temperature could be 
kept below 10 °C. A rapid cyclization was achieved. In order to get a good purity of 
the product, it was however necessary to leave the reaction mixture with stirring 
overnight, for the elimination of HCl to go to completion. 
 
When stirring is discontinued, the sodium acetate settles in the bottom of the flask, 
and is filtered off. For large-scale preparations, this can probably be replaced by 
siphoning off the hexane phase. 
 
The hexane phase is washed with water, dried over magnesium sulphate, and 
concentrated to afford a pale yellow oil. 
 
I have performed this procedure on 50 mmol scale many times, and a few times on 1 
mol scale with the same type of glassware and a mechanical stirrer. 
 
The crude product from this procedure is very pure according to NMR and GC. 
However, it deteriorates rapidly due to some unidentified impurity. The hexane 
solutions seems to be rather stable, but when it is concentrated, a pale oil is obtained 
which turns brown in half an hour at room temperature. It is not possible to distil the 
crude product at 10 mmHg without extensive decomposition, but it can be distilled 
successfully with higher vacuum (2*10-2 mbar works fine).  
 
If the hexane solution of the crude product is washed with aqueous base, it rapidly 
turns brown. With 2M NaOH this is very rapid. It occurs even with a mild base such 
as NaHCO3. No decomposition is observed with acid washes. 
 
 
6.3.4 The pyridine effect 
 
The reaction can also be performed with pyridine as a base. We have observed that 
pyridine seems to inhibit the deterioration of the crude product. The same effect was 
observed with quinoline, but not with other bases. Perhaps, these electron-poor 
heterocycles, in addition to acting as bases, form charge-transfer complexes with the 
electron-rich dimethoxy-thiophene, which would reduce its reactivity.  
 
 
6.3.5 Synthesis of EDOT 
 
The conversion of 133 to 129 was achieved by treatment with ethylene glycol and p-
toluenesulphonic acid in refluxing toluene (Scheme 35). After chromatography, 129 
was obtained in 65% yield. 
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Scheme 35. Synthesis of 3, 4-ethylenedioxythiophene from 3, 4-dimethoxythiophene. 
Reagents and conditions : a) ethylene glycol, TsOH, toluene, reflux. 

 
 
6.3.6 Prospects for scale-up and comparison with the previous route 
 
Our synthesis of EDOT involves few steps, inexpensive and non-hazardous 
chemicals, and non-hazardous reactions. Sulphur dichloride is inexpensive, but 
available in technical quality only, and must be purified by distillation. The pure SCl2 
disproportionates to an equilibrium mixture of SCl2, S2Cl2 and Cl2 on storage. It has 
been claimed that this does not occur in the absence of light.143 
 
The two key steps – the ring closure with SCl2 and the transetherification should not 
present any difficulty for scale-up.  
 
Compared to the Bayer route to EDOT, our synthesis has the following advantages : 
 
• Fewer steps 
• We avoid use of strong base 
• We avoid use of diethyl oxalate, which can cause run-away reactions 
• No carcinogenic reagents are used 
• The route does not involve a high-temperature decarboxylation 
 
 

6.4 New uses for 3, 4-dimethoxythiophene 
 
Since the new synthesis of 3, 4-dimethoxythiophene made this material available to us 
in large quantity, we decided to investigate its conversion into new electron-rich 
thiophenes, by acid-catalyzed reactions. We began with the reaction of 3, 4-
dimethoxythiophene and the rather poor nucleophile catechol, producing 149 (Figure 
24). However, during the same time, a patent application concerning the reaction of 3, 
4-dimethoxythiophene 133 and a number of diols, including catechol, was filed.128 
We therefore decided to focus mainly on perfluoroalkyl-substituted alcohols and 
diols, which were not covered by this patent application.144 

                                                 
143 Gholivand, K., Eslami, A. Phosphorus, Sulfur, and Silicon 1996, 1, 269 – 281. 
144 Rather remarkably, the reaction of 3, 4-dimethoxythiophene with ethylene glycol is not covered by 
the patent application 
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Figure 24. New thiophenes synthesized from 3, 4-dimethoxythiophene 
 
 
We obtained 149 in a yield of 11% after chromatography. The new dioxin 150 was 
obtain in only 2% yield. A contributing reason that so low yields were obtained may 
be that dimethoxythiophene of insufficient purity was used, since the stability of 
impure samples of dimethoxythiophene have poor stability. Also, the perfluoroalkyl 
alcohols are poor nucleophiles. The fluoroalkyl-substituted products 151 – 153 were 
obtained, but we could not purify them. There is a substantial risk of polymerisation 
of dimethoxythiophene and the products under the reaction conditions. 
 
Another interesting possibility was the reaction of 3, 4-dimethoxythiophene with 1, 4-
dithiane-2, 5-diol 154 to directly produce dithieno[3, 2-b;2', 3'-d]thiophene 61 
(Scheme 36). A NMR spectrum of the crude product from an initial experiment was 
consistent with formation of small amounts of the desired material. However, we were 
unable to improve yields and turn this into a useful procedure.  
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Scheme 36. Reaction of dimethoxythiophene with 1, 4-dithiane-2, 5-diol. 
 
 

6.5 A different approach to EDOT 
 
In parallel with the reactions with SCl2, we also looked at an alternative strategy for 
the synthesis of EDOT. It has been reported in a patent that 1, 4-dibromo-2, 3-
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butanedione 155 can be cyclized to 3, 4-dihydroxy-thiophene 156145 by treatment with 
sodium sulphide under phase transfer conditions.146 The synthesis of EDOT using this 
reaction, followed by an alkylation is also a very short, simple and interesting route 
(Scheme 37). 
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Scheme 37.  An alternative strategy for the synthesis of 3, 4-ethylenedioxythiophene 
 

 
1, 4-Dibromo-2, 3-butanedione 155 is commercially available, and also very simple to 
prepare by bromination of 2, 3-butanedione 145. Unfortunately, we were not available 
to reproduce the reported transformation into 156. Only a black, insoluble material 
was obtained. In contrast, the cyclization of 2, 5-dibromo-3, 4-hexanedione 157 was 
successfully performed. 

 
 

 
 

Scheme 38. Attempted ring-closure with sodium sulphide. 
 
 

6.6 Outlook 
 

                                                 
145 The NMR spectrum of ”3, 4-dihydroxythiophene” shows that the major tautomer of this compound 
in solution has one ketone group and one enol group, cf. Mortensen, J. Z., Hedegaard, B., Lawesson, 
S.-O. Tetrahedron 1971, 27, 3839 – 3851. 
146 Japanese patent JP 2001172278, CAN 135:46081 
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The most important parts of our synthesis of dimethoxythiophene that needs 
improvement are the elimination to form dimethoxybutadiene, and the ring-closure 
reaction with sulphur dichloride. 
 
It is desirable to get dimethoxybutadiene with a shorter reaction time, and more 
consistent purity. It would probably be better to perform the elimination in the gas 
phase, in a flow reactor, since this would make it possible to use a higher temperature, 
but for a short time. This would also make it possible to perform the reaction in any 
scale. 
 
The reaction with sulphur dichloride has always given less than the theoretical amount 
of product, i.e. some of the diene has always been lost. Therefore, there is some room 
for improvements of the yield. Also, we have not been able to establish what the 
optimal procedure for workup is. 
 
The reaction with sulphur dichloride should be possible to apply for many different 2-
substituted and 2, 3-disubstituted butadienes. Some known butadienes which should 
give interesting thiophenes are listed in figure 25. Large-scale syntheses of several of 
these have been developed in the polymer industry. 
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Figure 25. Substituted 1, 3-butadienes which are interesting substrates for the reaction 
with SCl2. 

 
 

We anticipate that enamines, such as 161 would give similar results as enol ethers 
such as 160 and dimethoxybutadiene. The reaction is probably easier to apply to less 
electron-rich dienes, since they would give more stable thiophenes. 
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7. Concluding remarks 
 
 
Many materials are being developed in search of new organic semiconductors and 
conductors. These materials are most often constructed by a few reliable reaction 
types, but there are several reasons to search for new synthetic methods that have not 
been used in this field. Important goals for synthesis is to produce well-characterized 
materials in high purity. For production of materials for industrial applications, it is 
also important to find low-cost methods that can be employed in large scale. 
 
In our projects, we have often used the electrophilic aromatic substitution reaction 
with sulphenyl chlorides, which is little-used in organic synthesis, particularly in the 
field of organic conductors. 
 
The synthesis of 2, 3-dihydrothieno[2, 3-b]-1, 4-dithiine and 3-dihydrothieno[3, 2-b]-
1, 4-oxathiine demonstrated that the electrophilic aromatic substitution reaction with 
sulphenyl chlorides can be readily employed for preparing of six-membered rings 
with a sulphur attached to the aromatic system. 
 
Further investigations, with the doubly electrophilic reagent ethane-1, 2-disulphenyl 
chloride showed that a double electrophilic aromatic substitution can serve as a means 
to introduce ethylenedithio-bridges in activated aromatics. 
 
A similar reaction is employed in our synthesis of 3, 4-dimethoxythiophene. We 
expect that the cyclization of substituted butadienes to the corresponding thiophenes 
with sulphur dichloride should be applicable to a wide range of substituted 
thiophenes, many of which are unknown, but interesting for preparation of new 
conjugated polymers. 
 
 



 68

8. Acknowledgements 
 
 
First of all I would like to express my gratitude to the past and present members of the 
Hellberg research group: My supervisor, Jonas Hellberg for allowing me to work in 
his lab for the last couple of years, and for sharing his insight in the world of organic 
chemistry. Fredrik von Kieseritzky and Emma Dahlstedt for being good company in 
the lab, and for cooperation in many projects. Our former diploma workers Janne, 
Stefan and Paula. 
 
I would also like to thank all my colleagues and former co-workers at the departent of 
organic chemistry. In particular, I would like to express my gratitude to Fredrik 
Rahm, Åsa Sjöholm-Timén, Oscar Belda and Fredrik Lake for sharing their opinions, 
when I was writing the manuscripts for the articles in this thesis.  
 
Also thanks to Prof. Christina Moberg and Krister Zetterberg for taking their time to 
answer difficult chemistry questions. 
 
The Aulin-Erdtman foundation for financial support, which has made it possible for 
me to attend several international conferences. 
 
My family. 
 
 
 


	Abstract
	List of papers
	Table of contents
	Summary
	1. Applications of organic conducting and semiconducting materials
	2. End-capped oligothiophenes
	3. Electrophilic aromatic substitution with ethane-1, 2-disulphenyl chloride.
	4. An improved synthesis of dithieno[3, 2-b;2', 3'- d]thiophene
	5. An efficient synthesis of 2-bromo, 3- iodonaphthalene and 2, 3-diiodonaphthalene
	6. A new synthesis of 3, 4-dimethoxythiophene
	7. Concluding remarks
	8. Acknowledgements


