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Abstract

Thiophene is a p-type semiconducting organic polymer with applications in photovoltaics,
transistors, and light emitting diodes. Because of its structure, short chains of thiophene between
four and eight units long could be particularly adaptable to specific device specifications, such as
degree of conductivity. Cyclic voltammetry can be used to determine the electrochemical
properties of various thiophene derivatives, but in order to prevent polymerization, ferrocene
caps were added.

In this continuing research, anhydrous syntheses were developed to increase yields and decrease
ferrocene contamination caused by water in the previously performed aqueous synthesis. Various
catalysts, reducing agents, and bases were investigated to find the combination that resulted in
the highest yield.

Based on those results, the most important factors in the reaction appear to be the catalyst and the
base. Potassium t-butoxide was found to react with dioxane to produce more ferrocene
contamination than the aqueous reaction. Bases of varying strengths (K2CO3 and K3P0O4) were
also investigated with a palladium(0) catalyst, but resulted in ferrocene-capped thiophene yields
of less than 5%. This research showed that all reactions investigated using anhydrous conditions
were less effective than the original aqueous synthesis. The advantage of the anhydrous
synthesis, the ability to recover starting materials, was demonstrated.

Introduction

Thiophene, as seen in Figure 1, is a p-type semiconducting organic polymer that has applications
in photovoltaics, transistors, and light emitting diodes because of its tuneable electronic
properties. Photovoltaic cells made from thiophene are different from inorganic cells because the
thiophene cells are cheaper and produce higher operating voltages. With slight modifications to
the structure of thiophene, the electronic properties can be tuned. Tuning alters the electronic
properties of the material and would allow for changes in conductivity and absorbance. The
proper tuning could greatly increase the efficiency (1).
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Figure 1: Polythiophene

Other applications of thiophene include transistors, which are used in microchips, and light
emitting diodes. Both of these types of devices could be manufactured more cheaply with
thiophene semiconductors and could be made more efficient with the right tuning. With
thiophene, transistors used in microchips could also approach the smallest size physically
possible. This would be highly advantageous in biomedical applications like pacemakers and



hearing aids. All of this will only be only possible when the proper thiophene derivative for the
application is found.

The main problem slowing the research is that thiophene cannot be electrochemically
characterized using cyclic voltammetry, the easiest method of electrochemical characterization
(2,3,4,5). When thiophene is subjected to testing conditions, it polymerizes, which nullifies any
data. Recently, Tibodeau et al. showed that the problem of polymerization can be solved by
adding a ferrocene end-cap to the positions on thiophene where polymerization occurs.
Ferrocene, as seen in Figure 2, is electrochemically very stable and becomes the
electrochemically active species.
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For my project, I synthesized ferrocene-capped monothiophene (2,5-diferrocenyl-thiophene), as
seen in Figure 3. This was done because shorter thiophene chains are more soluble than long
chains over five units. Another aspect that was considered is that Tibodeau et al. reported higher
yields when capping shorter chains, with the highest reported yield being 18% for
monothiophene. A final consideration was the degree to which the chain resembles the chain
used for the application. Generally, the chains used in most applications are upwards of four
units long.

In the beginning of my project last year, derivatives of ferrocene-capped thiophene were
synthesized by adding substituents to the ferrocene caps. However, there was an insufficient
quantity of ferrocene-capped thiophene used to isolate any single isomer that was formed.
Because the reaction to synthesize the ferrocene-capped thiophene resulted in less than 18%
yields, efforts this year were focused on improving that synthesis reaction.

To synthesize ferrocene-capped thiophene requires a Suzuki coupling reaction. The
project reported here built on work by Tibodeau et al. that used an aqueous synthesis, and my
research last year suggested the formation of a stable byproduct when the boronic acid reacted
with water, as seen in Figure 4 (2). Recently, Retbgll et al. showed that by adding an organic
group to the boronic acid, it is possible to use an anhydrous synthesis (6). For my project, I
adapted a procedure from Retbgll et al. to synthesize a boronic ester, and developed the reaction
seen in Appendix A Figure Al. My hypothesis was that an anhydrous synthesis would eliminate
the byproduct, and thus increase the yield. I also used a variety of bases to cleave the carbon-
boron bond, as was suggested by Saito et al. (7).
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Figure 4: Contamination reaction

Methods



Synthesis of 2,5-diferrocenyl-thiophene, as seen in Figure 5:

A 100-mL round-bottom sidearm two-neck flask with condenser and stir bar was charged with
1.88 g (8.2 mmol) ferrocene-boronic acid, 55 mL dimethylether, and 11 mL 3 M NaOH. The
contents of the flask were stirred for ten minutes before adding 0.47 mL (4.1 mmol) 2,5-
dibromo-thiophene followed by 0.12 g (0.146 mmol) 1,1' bis(diphenylphosphino)-ferrocene
dichloro-palladium. The mixture was refluxed vigorously for five days, cooled to room
temperature, and the solvent was evaporated using high vacuum. The mixture was extracted with
ether, filtered through celite to remove any catalyst, and then evaporated to dryness. This mixture
was purified by sublimation at reduced pressure and 90°C to remove any ferrocene. Further
purification was done as necessary using column chromatography (silica gel, dichloromethane/
hexane 50:50), and '"H NMR spectroscopy was used to determine the fractions that contained
pure 2,5-diferrocenyl-thiophene.
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Figure 5: 2,5-diferrocenyl-thiophene reaction (dppf = 1,1’ bis-(diphenylphosphino)-ferrocene)
Synthesis of 1-(4,4,5,5-tetramethyl-1,3,2-dioxabor an-2-yl)-ferrocene (fcbp), as seen in Figure 6:

An oven-dried 100-mL roundbottom flask was charged with 60 mL pentane. A suspension was
formed by adding 1.00 g (4.35 mmol) ferrocene-boronic acid, and 513 mg (4.35 mmol) pinacol
were added, and left to stir overnight. After the reactants had gone into solution, the solution was
dried over magnesium sulfate, and filtered through celite. The solution was evaporated to
dryness, and column chromatography (silica gel, dichloromethane) was used to further purify the
products. Mass spectrometry was used to determine correct synthesis of 1-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-ferrocene, hereafter referred to as fcbp.
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Figure 6: Synthesis of fcbp
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Synthesis of 2,5-diferrocenyi-thiophene by generic anhydrousSuziki coupling:

A 100-mL two-neck roundbottom sidearm flask with condenser and stir bar was flame dried and
charged with 35 mL anhydrous solvent under an inert atmosphere. To stabilize the catalyst,
excess ligand was added, followed by the catalyst. After stirring for five minutes, the reducing
agent was added. Again, the mixture was stirred for five minutes before adding the fcbp, the
base, and the 2,5-dibromo-thiophene. The mixture was refluxed for the specified time, and was



monitored by thin layer chromatography (TLC) (silicon dioxide, 50/50 hexane:dichloromethane).
After refluxing, the reaction was cooled to room temperature, the solvent was vacuumed off, and
the products were extracted with diethyl ether. Column chromatography was used to remove
starting materials and contaminants from the desired products, and 'H NMR spectroscopy was
used to determine the pure fractions of 2,5-diferrocenyl-thiophene. This procedure was repeated
several times using different bases, catalysts, and reducing agents, as seen in Appendix A Table
A2. Originally, potassium-#-butoxide was used as a dioxane-soluble base. However, an
unexpected reaction occurred between the solvent and the base that produced more ferrocene
than the aqueous synthesis. Subsequent reactions used a weaker base, potassium carbonate, as
suggested by Saito et al. (7). Potassium carbonate did not produce any ferrocene, however it
failed to cleave the carbon-boron bond. Finally a stronger base, potassium phosphate, was used.

Synthesis of 2,5-diferrocenyl-thiophene by anhydrous Suzuki coupling,
as seen in Appendix A Figure Al:

A 100-mL two-neck roundbottom sidearm flask with condenser and stir bar was flame-dried and
charged with 35 mL anhydrous dioxane under argon. To stabilize the catalyst, 52 mg (0.20
mmol) triphenylphosphine were added followed by 115 mg (0.10 mmol) tetrakis-
triphenylphosphine-palladium(0). After stirring ten minutes, 624 mg (2.0 mmol) fcbp, 637 mg
(3.0 mmol) potassium phosphate (tribasic), and 112 uL (1.0 mmol) 2,5-dibromo-thiophene were
added, and the mixture was refluxed for four days. After refluxing, the reaction was cooled to
room temperature, and the solvent was vacuumed off using high vacuum. The mixture was
extracted with acetone, and column chromatography (silica gel, 70/30 hexane:dichloromethane)
was run to purify products. After fractions had been taken, 'H NMR spectroscopy and mass
spectroscopy were used to determine the pure fractions.

Results

Aqueous synthesis of 2,5-diferrocenyl-thiophene:

The synthesis of 2,5-diferrocenyl-thiophene yielded an orange crystalline solid. Initially, TLC
using silicon dioxide showed large quantities of ferrocene running slightly ahead of the 2,5-
diferrocenyl-thiophene band. After more purification, monitored using TLC, the product was
isolated. TLC using silicon dioxide showed very little ferrocene. A '"H NMR spectrum, as seen in
Appendix A Figure A3, showed a singlet at 0 4.10 ppm corresponding to cyclopentadienyl rings
attached only to the iron, two triplets at 8 4.28 ppm and 0 4.54 ppm corresponding to
cyclopentadienyl rings that are attached to the thiophene and the iron, and a singlet at 6 6.78 ppm
corresponding to the two identical thiophene protons. Ferrocene and ferrocene-capped thiophene
bands run very close together with chromatography, which makes purification difficult.
However, the reaction yielded around 18% of the desired product.

Synthesis of 1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-ferrocene (fcbp):

The synthesis of fcbp yielded an orange crystalline solid. Analysis using 'H NMR spectroscopy,
as seen in Appendix A Figure A4, showed a peak at 0 2.42 ppm corresponding to the twelve
methyl protons, a peak at d 4.15 ppm corresponding to the unattached cyclopentadienyl, and
multiplets at 6 4.32 ppm and 0 4.57 ppm corresponding to the attached cyclopentadienyl see.
Further analysis using mass spectroscopy, as seen in Appendix B Figure B1, showed a peak at



312 m/z indicating the desired product, but another peak at 438 m/z indicating a contaminant.
Further column chromatography (silica gel, dichloromethane) was used to separate the
contaminant from the product, and the contaminant was identified to be 1,2-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-ferrocene. The yield of the desired product was 86%.

Synthesis of 2,5-diferrocenyl-thiophene by anhydrous Suzuki coupling:

The synthesis of 2,5-diferrocenyl-thiophene by anhydrous Suzuki coupling yielded an orange
crystalline solid. Analysis using TLC (silica gel, hexane/dichloromethane 50:50) showed some
products and some starting material after four days. The two bands were easily separated with
column chromatography, and further TLC on the first band (silica gel, hexane/dichloromethane
70:30) showed a variety of contaminants. Analysis of fractions from further column
chromatography (silica gel, hexane/dichloromethane 70:30) using '"H NMR spectroscopy showed
peaks similar to those seen in Appendix A FigureA3. The pure yield was found to be around 5%.

Conclusion

This project showed that the current techniques to synthesize 2,5-diferrocenyl-thiophene result in
low yields, with ferrocene contamination that is difficult to remove quickly. Furthermore the project
showed that the anhydrous syntheses attempted do not result in equal or improved yields, although
the byproduct has been eliminated and the starting material is recoverable. Using a less polar
chromatography eluent, 70:30 hexane: dichloromethane rather than 50:50 hexane: dichloromethane
improves separation.

More research should be done using the palladium(0) catalyst in THF with potassium-z-butoxide to
cleave the carbon-boron bond. Because the potassium-z-butoxide was reacting with the solvent,
changing to a solvent where its stability was demonstrated would eliminate the contamination.
Furthermore, the palladium(0) catalyst was the only catalyst that showed any yield. With the right
conditions, this type of synthesis has the potential to give significantly higher yields than the
aqueous procedure.

Further research could then be done to determine the electrochemical properties of 2,5-diferrocenyl-
thiophene and its derivatives using this research as a foundation by using using cylic voltammetry.
The temperature at which that is done can be varied to determine the barrier to charge
delocalization, because the vibration of the atoms is slowed with decreased temperature.

Another aspect that could be studied would be to use a longer-chain thiophene to repeat these
experiments. This would better reflect the true nature of the polythiophenes used for applications
such as transistors for microchips, light emitting diodes, and photovoltaic devices.

Acknowledgements

First, I must thank Dr. John Matachek and Hamline University for providing me with this
opportunity. I must also thank Ms. Lois Fruen for her help and guidance throughout the school
year. I am most grateful to Julia Rossini, Rebecca Richards, and Joe Sweeney for their help
around the lab, along with all the others at Hamline. Finally, I would like to thank Team
Research for helping me express the ideas presented in this research.



Sources Cited

1) Zhu, Y.; Wolf, M. O.; J. Am. Chem. Soc., 2000, 122, 10121-10125.

2) Tibodeau, J.; Electronic Properties of Ferrocene-capped Oligothiophenes, Honor’s
Thesis, Hamline University Department of Chemistry 2000.

3) Matachek, J. R.; interviews, 2002.

4) Goto, H.; Yahsima, E.; J. Am. Chem. Soc., 2002, 124, 7943-7949.

5) Levillain, E.; Roncali, J.; J. Am. Chem. Soc., 1999, 121, 8760-8765.

6) Retbgll, M.; Edwards, A. J.; Rae, A. D.; Willis, A. C.; Bennett, M. A.; Wenger, E.; J.
Am. Chem. Soc., 2002, 124, 8348-8360.

7) Saito, S.; Oh-tani, S.; Miyura, N.; J. Org. Chem., 1997, 62, 8024-8030.



Appendix A: Suzuki Coupling

Figure Al: Anhydrous Suzuki coupling mechanism
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Table A2: Suzuki coupling reaction conditions

Solvent Catalyst Excess Ligand |Reducing Agent Base Time Yield
5-10 mol% equivalent equivalent on catalyst |3 equiavalents on (starting materials)
dependant on scale on catalyst fully reduced boronic ester
THF NiBr2(PPh3)2 1 PPh3 2 n-BulLi potassium t-butoxide |72 hrs 0% (~100%)
dioxane |PdCI2(dppf) none 2 n-BulLi potassium t-butoxide |48 hrs 0% (~0%)
dioxane  |NiBr2(PPh3)2 none 2 n-BulLi potassium t-butoxide |72 hrs 0% (~0%)
dioxane NiCl2(dppe) 2 dppe .5 n-BuLi potassuim t-butoxide |44 hrs 0% (~0%)
dioxane NiCl2(dppe) 2 dppe none potassium t-butoxide 18 hrs 0% (~0%)
dioxane |PdCI2(dppf) none .5 n-BulLi potassium carbonate |48 hrs 0% (~100%)
dioxane |(PPh3)4Pd(0) open bottle |2 PPh3 none potassium carbonate |24 hrs 0% (~100%)
dioxane |(PPh3)4Pd(0) fresh bottle |2 PPh3 none potassium carbonate  |120 hrs 2.5% (N/A)
dioxane NiCl2(dppe) 2 dppe .25 added after 20 hr. |potassium phosphate |44 hrs 0% (90%)
dioxane NiCl2(dppe) 2 dppe .375 n-BulLi potassium phosphate 120 hrs 0% (~100%)
dioxane PdCI2(dppf) none .375 n-BulLi potassium phosphate |44 hrs 0% (~95%)
dioxane |(PPh3)4Pd(0) fresh bottle |2 PPh3 none potassium phosphate |96 hrs trace (42%)
dioxane  |(PPh3)4Pd(0) fresh bottle |2 PPh3 none potassium phosphate |96 hrs 5% (69%)
Figure A3: 'H NMR spectrum of 2,5-diferrocenyl-thiophene
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Figure A4: '"H NMR spectrum of fcbp
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Appendix B: Mass Spectral Data

Figure B1: Mass spectrum of mono- and bis-boronic ester
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