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Azaheterocycles in Electron-Deficient 
and Supramolecular Materials 

 

 

 

1.1 Introduction 
Azaheterocyles are well known in natural systems and play an important role in the 

metabolism of all living cells. Even our blueprint of life, the biopolymer DNA, encodes its 

genetic information via the azaheterocyclic pyrimidine and purine bases. Naturally occurring 

azaheterocyclic structures have found widespread clinical use, albeit that nowadays the majority 

of the pharmacologically active compounds are synthetic in nature. The application of the 

azaheterocycles is not only limited to the field of medicine; an increasing number of compounds 

is being used as solvents, dyes, photographic sensitizers, antioxidants, etc.1 

The interest for azaheterocycles in both applied and fundamental chemistry originates 

from the versatility of these structures, which allows the design and synthesis of novel materials 

displaying a wide range of chemical, physical and biological properties. Two specific 

characteristics of the azaheterocycles, being their electron-deficient nature together with their 

hydrogen bond accepting capabilities, have attracted interest in the area of supramolecular 

chemistry and materials science. This chapter focusses on azaheterocycles consisting of aromatic 

six-membered rings, their properties and their use in -conjugated materials and supramolecular 

chemistry. 

 

1.2 Azaheterocycles in Electron-Deficient Materials 
Electron-rich -conjugated materials are generally good hole conductors and can be 

converted into p-type materials by oxidation, while electron-deficient materials are electron 

conductors and can be reduced to afford n-type materials. For the fabrication of real ‘plastic 

electronics’, e.g. bipolar transistors, p–n junction diodes or complementary circuits, both p-type 

and n-type materials are needed; however most -conjugated materials reported so far are 

electron-rich in nature.2 Due to their high electron affinity, azaheterocycles are promising 

candidates for the design and synthesis of n-type semiconducting materials. The electron-

 
1. Comprehensive Heterocyclic Chemistry (Eds.: A.R. Katritzky, C.W. Rees), Elsevier Science Ltd, 

Oxford, 1997. 
2. Handbook of Conducting Polymers (Ed. T.A. Skotheim), Marcel Dekker, New York, 1986. 
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deficient nature of the six-membered azaheterocycles stems from the incorporation of the more 

electronegative nitrogen atoms (electronegativity of nitrogen is 3.07 versus 2.50 for carbon). This 

effect can clearly be seen when the basicity (Kb) of the azaheterocycles is considered; the latter 

decreases with increasing number of nitrogen atoms, due to enhanced electron affinity (figure 

1.1). The amino-substituted azaheterocycles display a similar behavior, albeit that the pKb1 values 

are somewhat lower due to the electron-donating properties of the amino group. 
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Figure 1.1 Basicity constants (pKb1) of some azaheterocycles in aqueous solutions.3 
 

Poly(azaheterocycle)s have been prepared by various synthetic procedures.2 One very 

successful method was introduced by Yamamoto et al., who used organonickel complexes, 

typically bis(1,5-cyclooctadiene)nickel, to form the -conjugated backbone of the polymers via a 

reductive polycondensation of dihalogenated azaheterocycles.4 Using this strategy, Yamamoto et 

al. were able to synthesize many azaheterocyclic polymers and determine their electron affinity 

via cyclic voltammetry (figure 1.2).5 Again, a direct relationship between the number of nitrogen 

atoms per aromatic unit and the electron deficiency can be observed; the first reduction 

potential decreases with increasing number of nitrogen atoms. 
 

 
3. a) Handbook of Chemistry and Physics (Ed. D.R. Lide), 73rd ed., CRC Press, Boca Raton, Florida, 

1992. b) B.A. Korolev, M.A. Mal’tseva, J. Gen. Chem. USSR 1976, 46, 1562. 
4. a) T. Yamamoto, A. Yamamoto, Chem. Lett. 1977, 353. b) T. Yamamoto, Y. Hayashi, A. Yamamoto, 

Bull. Chem. Soc. Jpn. 1978, 51, 2091. 
5. a) T. Yamamoto, T. Ito, K. Kubota, Chem. Lett. 1988, 153. b) T. Kanbara, N. Saito, T. Yamamoto, K. 

Kubota, Macromolecules 1991, 24, 5883. c) T. Kanbara, T. Kushida, N. Saito, I. Kuwajima, K. Kubota, 
T. Yamamoto, Chem. Lett. 1992, 583. d) T. Kanbara, T. Yamamoto, Macromolecules 1993, 26, 3464. e) 
N. Saito, T. Kanbara, T. Kushida, K. Kubota, T. Yamamoto, Chem. Lett. 1993, 1775. f) N. Saito, T. 
Kanbara, Y. Nakamura, T. Yamamoto, Macromolecules 1994, 27, 756. g) T. Yamamoto, T. Maruyama, 
Z.-H. Zhou, T. Ito, T. Fukuda, Y. Yoneda, F. Begum, T. Ikeda, S. Sasaki, H. Takezoe, A. Fukuda, K. 
Kubota, J. Am. Chem. Soc. 1994, 116, 4832. h) N. Saito, T. Yamamoto, Macromolecules 1995, 28, 4260. 
i) T. Yamamoto, Z.-H. Zhou,T. Kanbara, M. Shimura, K. Kizu, T. Maruyama, Y. Nakamura, T. 
Fukuda, B.-L. Lee, N. Ooba, S. Tomura, T. Kurihara, T. Kaino, K. Kubota, S. Sasaki, J. Am. Chem. 
Soc. 1996, 118, 10389. j) T. Yamamoto, J. Polym. Sci., Part A: Polym. Chem. 1996, 34, 997. 
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Figure 1.2 Poly(azaheterocycle)s and their first reduction potentials (V vs. Ag/Ag+) as reported by 
Yamamoto et al.5 

 

Remarkably, polypyrazine is missing from the list of poly(azaheterocycle)s synthesized by 

Yamamoto as he stated: “Our preliminary investigation indicates that preparation of 

poly(pyrazine-2,5-diyl) from its logical monomers, 2,5-dichloropyrazine and 2,5-dibromo-

pyrazine, by the organometallic dehalogenation polycondensation does not proceed well […]”. 

In fact, pyrazine has hardly been used in electron-deficient -conjugated materials, which might 

be the direct result of difficulties encountered in the synthesis of functionalized pyrazine 

monomers and polymers. To our knowledge, Tour is the only one who described the preparation 

of polypyrazines up to now (scheme 1.1).6 Using the same Stille methodology7 Tour et al. also 

synthesized planar polypyridines8 and alternating co-polymers containing pyridine.9 

Unfortunately, the first reduction potentials of these poly(azaheterocycle)s were not reported 

and, hence, their anticipated high electron affinity remains unconfirmed. 
 

 
6. C.Y. Zhang, J.M. Tour, J. Am. Chem. Soc. 1999, 121, 8783. 
7. a) J.K. Stille, Angew. Chem. 1986, 98, 504. b) V. Farina, G.P. Roth, Adv. Met.-Org. Chem. 1996, 5, 1. 
8. Y. Yao, J.J.S. Lamba, J.M. Tour, J. Am. Chem. Soc. 1998, 120, 2805. 
9. a) Y. Yao, Q.T. Zhang, J.M. Tour, Macromolecules 1998, 31, 8600. b) Y. Yao, J.M. Tour, 

Macromolecules 1999, 32, 2455. 
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Scheme 1.1 Synthesis of planar polypyrazines as described by Tour et al.6 
 

Copolymers consisting of alternating phenyl and pyrazine units were described by Delzotti 

et al.10 and Delnoye11 (figure 1.3a,b). The latter revealed a first reduction potential of –1.37 V (V 

vs. SCE), which is a clear demonstration of the electron-deficient nature of the pyrazine ring 

considering the presence of the electron-rich para-phenylenediamine units in the same 

-conjugated backbone. Peng et al.12 described the synthesis of a poly(para-phenylenevinylene) 

incorporating pyrazine (figure 1.3c), which was used in polymer light emitting diodes (LEDs). 

Other azaheterocycles that have been incorporated in electron-deficient polymers for LEDs 

include pyridine,13 triazine,14 quinoline15 and quinoxaline.16  
 

 
10. a) M.W.C. Dezotti, M.-A. De Paoli, Synth. Met. 1989, 29, E41. b) D.A. Dos Santos, D.S. Galvão, B. 

Laks, M.W.C. Dezotti, M.-A. De Paoli, Chem. Phys. 1990, 144, 103. 
11. D.A.P. Delnoye, R.P. Sijbesma, J.A.J.M. Vekemans, E.W. Meijer, J. Am. Chem. Soc. 1996, 118, 8717. 
12. Z. Peng, M.E. Galvin, Chem. Mater. 1998, 10, 1785. 
13. a) S.W. Jessen, J.W. Blatchford, L.-B. Lin, T.L. Gustafson, J. Partee, J. Shinar, D.-K. Fu, M.J. 

Marsella, T.M. Swager, A.G. MacDiarmid, A.J. Epstein, Synth. Met. 1997, 84, 501. b) M. Onoda, A.G. 
MacDiarmid, Synth. Met. 1997, 91, 307. c) S.-C. Ng, H.-F. Lu, H.S.O. Chan, A. Fujii, T. Laga, K. 
Yoshino, Adv. Mater. 2000, 12, 1122. 

14. R. Fink, C. Frenz, M. Thelakkat, H.-W. Schmidt, Macromolecules 1997, 30, 8177. 
15. a) S.A. Jenekhe, X. Zhang, X.L. Chen, V.E. Choong, Y. Gao, B.R. Hsieh, Chem. Mater. 1997, 9, 409. 

b) X. Zhang, A.S. Shetty, S.A. Jenekhe, Acta Polym. 1998, 49, 52. b) Y. Cui, X. Zhang, S.A. Jenekhe, 
Macromolecules 1999, 32, 3824. 

16. a) T. Fukuda, T. Kanbara, T. Yamamoto, K. Ishikawa, H. Takezeo, A. Fukuda, Appl. Phys. Lett. 1996, 
68, 2346. b) D. O’Brien, M.S. Weaver, D.G. Lidzey, D.D.C. Bradley, Appl. Phys. Lett. 1996, 69, 881. c) 
M. Jandke, P. Strohriegl, S. Berleb, E. Werner, W. Brütting, Macromolecules 1998, 31, 6434. d) Y. Cui, 
X. Zhang, S.A. Jenekhe, Macromolecules 1999, 32, 3824. 
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Figure 1.3 Pyrazine containing copolymers as described by a) Delzotti,10 b) Delnoye11 and c) Peng.12 

 

1.3 Azaheterocycles in Supramolecular Chemistry 
A second interesting feature of the six-membered aromatic azaheterocycles can be 

attributed to the presence of a lone pair on the nitrogen atoms. The latter may interact with 

protic hydrogen atoms and metal ions and, thus, allows for hydrogen bonding and metal 

complexation, respectively. Although these secondary interactions are much weaker than 

covalent bonds, their reversibility can be used to organize small molecules in large well-defined 

supramolecular assemblies, especially when combined in a cooperative fashion. One of the first 

to recognize the importance of the secondary interactions was Lehn,17 who —together with 

Cram18 and Pedersen19— initiated the field of supramolecular chemistry. Using pyridine and 

pyridazine rings as ligands Lehn et al. described some beautiful supramolecular structures, which 

were assembled via metal complexes containing copper, silver or iron ions (figure 1.4).20 
 

 
17. a) B. Dietrich, J.-M. Lehn, J.-P. Sauvage, Tetrahedron Lett. 1969, 2889. b) B. Dietrich, J.-M. Lehn, J.-P. 

Sauvage, J. Blanzat, Tetrahedron 1973, 29, 1629. c) B. Dietrich, J.-M. Lehn, J.-P. Sauvage, Tetrahedron 
1973, 29, 1647. d) J.-M. Lehn, Struct. Bonding 1973, 16, 1. 

18. D.J. Cram, J.M. Cram, Science 1974, 183, 803. 
19. a) C.J. Pedersen, J. Am. Chem. Soc. 1967, 89, 7017. b) C.J. Pedersen, Angew. Chem. Int. Ed. Engl. 1988, 

27, 1053. 
20. a) R. Krämer, J.-M. Lehn, A. Marquis-Rigault, Proc. Natl. Acad. Sci. USA 1993, 90, 5394. b) P.N.W. 

Baxter, J.-M. Lehn, J. Fischer, M.-T. Youinou, Angew. Chem. 1994, 106, 2432. c) B. Hasenknopf, J.-M. 
Lehn, B.O. Kneisel, G. Baum, D. Fenske, Angew. Chem. Int. Ed. Engl. 1996, 35, 1838. 
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Figure 1.4 Illustrative examples of supramolecular complexes described by Lehn et al.20 
 

Lehn also used azaheterocycles for the construction of supramolecular assemblies based 

on hydrogen bonding. By combining 5,5-diethylbarbituric acid and 5-butylpyrimidine-2,4,6-

triamine, tape and rosette-like structures were obtained (figure 1.5a).21 Whitesides et al. 

described a similar system in which a disubstituted melamine was employed instead of a 

pyrimidine (figure 1.5b).22 The architecture of the supramolecular assemblies could be chosen 

between a tape, crinkled tape and rosette, depending on the steric demands of the substituents 

 
21. a) J.-M. Lehn, M. Mascal, A. DeCian, J. Fischer, J. Chem. Soc., Chem. Commun. 1990, 479. b) J.-M. 

Lehn, M. Mascal, A. DeCian, J. Fischer, J. Chem. Soc., Perkin Trans. 2 1992, 461. 
22. a) J.A. Zerkowski, C.T. Seto, D.A. Wierda, G.M. Whitesides, J. Am. Chem. Soc. 1990, 112, 9025. b) 

J.A. Zerkowski, C.T. Seto, G.M. Whitesides, J. Am. Chem. Soc. 1992, 114, 5473. c) J.A. Zerkowski, 
G.M. Whitesides, J. Am. Chem. Soc. 1994, 116, 4298. 
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on the melamine moiety. Whitesides and coworkers later stabilized the rosette structure by 

connecting three melamine units to a central phenyl ring.23 Association of the latter with a 

difunctional cyanuric acid derivative afforded a supramolecular structure consisting of two 

stacked rosettes.24 
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Figure 1.5 Hydrogen bonded supramolecular assemblies as reported by a) Lehn et al.21 and b) 
Whitesides et al.22 

 

In the quest for supramolecular polymers,25 Beijer —from our group— explored the 

hydrogen bonding capabilities of azaheterocycles by developing a self-complementary quadruple 

 
23. C.T. Seto, G.M. Whitesides, J. Am. Chem. Soc. 1990, 112, 6409. 
24. J.P. Mathias, C.T. Seto, E.E. Simanek, G.M. Whitesides, J. Am. Chem. Soc. 1994, 116, 1725. 
25. a) C. Fouquey, J.-M. Lehn, A.-M. Levelut, Adv. Mater. 1990, 2, 254. b) J.-M. Lehn, Makromol. Chem., 

Macromol. Symp. 1993, 69, 1. c) M. Kotera, J.-M. Lehn, J.P. Vigneron, J. Chem. Soc., Chem. Commun. 
1994, 197. d) C.M. Lee, C.P. Jariwala, A.C. Griffin, Polymer 1994, 35, 4550. e) C.B. St.Pourcain, A.C. 
Griffin, Macromolecules 1995, 28, 4116. 
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hydrogen bond unit based on diaminotriazines.26 The mono-ureido derivative featured an 

additional intramolecular hydrogen bond and revealed a dimerization constant of 2∙104 M–1 

(figure 1.6a).27 Although this dimerization constant is orders of magnitudes lower than those 

reported for the 2-ureido-4[1H]-pyrimidinones (Kdim > 107 M–1),28 which were later developed by 

Beijer and Sijbesma,29 Hirschberg obtained viscous solutions when a bifunctional ureidotriazine 

(figure 1.6b) was dissolved in chloroform.30 The latter was due to the formation of a random-coil 

supramolecular polymer in this solvent. Furthermore, in dodecane columnar structures were 

observed, in which defined helicity could be induced by admixture of an enantiomerically pure 

monofunctionalized ureidotriazine. 
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Figure 1.6 Quadruple hydrogen bond units as described by a) Beijer27 and b) Hirschberg.30 
 

Supramolecular assemblies of C3-symmetric discotic molecules were described by Palmans 

(figure 1.7a).31 These discotic molecules showed both thermotropic and lyotropic behavior due 

to their long peripheral alkoxy tails and rigid aromatic core. The latter incorporates three 

3,3’-bis(acylamino)-2,2’-bipyridine units, in which the adjacent pyridine rings are held coplanar 

by two intramolecular hydrogen bonds. Columnar aggregates were found in solution at 

concentrations as low as 10–6 M32 and their remarkable stability is believed to be related to the 

 
26. F.H. Beijer, R.P. Sijbesma, J.A.J.M. Vekemans, E.W. Meijer, J. Org. Chem. 1996, 61, 6371. F.H. 

Beijer, Cooperative Multiple Hydrogen Bonding in Supramolecular Chemistry, Ph.D. thesis, Eindhoven 
University of Technology, 1998. 

27. F.H. Beijer, H. Kooijman, A.L. Spek, R.P. Sijbesma, E.W. Meijer, Angew. Chem., Int. Ed. 1998, 37, 75. 
28. S.H.M. Söntjens, R.P. Sijbesma, M.H.P. van Genderen, E.W. Meijer, J. Am. Chem. Soc. 2000, 122, 

7487. 
29. a) F.H. Beijer, R.P. Sijbesma, H. Kooijman, A.L. Spek, E.W. Meijer, J. Am. Chem. Soc. 1998, 120, 

6761. b) R.P. Sijbesma, F.H. Beijer, L. Brunsveld, B.J.B. Folmer, J.H.K.K. Hirschberg, R.F.M. Lange, 
J.K.L. Lowe, E.W. Meijer, Science 1997, 278, 1601. 

30. J.H.K.K. Hirschberg, L. Brunsveld, A. Ramzi, J.A.J.M. Vekemans, R.P. Sijbesma, E.W. Meijer, 
Nature 2000, 407, 167. 

31. a) A.R.A. Palmans, J.A.J.M. Vekemans, H. Fischer, R.A. Hikmet, E.W. Meijer, Chem. Eur. J. 1997, 3, 
300. b) A.R.A. Palmans, Supramolecular Structures Based on the Intramolecular H-bonding in the 3,3’-
Di(acylamino)-2,2’-Bipyridine Unit, Ph.D. thesis, Eindhoven University of Technology, 1997. 

32. A.R.A. Palmans, J.A.J.M. Vekemans, E.E. Havinga, E.W. Meijer, Angew. Chem. Int. Ed. Engl. 1997, 
36, 2648. 
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occurrence of intermolecular hydrogen bonds between the protons of the amide groups and the 

carbonyl groups of the discs above or below.33 Recently, Brunsveld synthesized water-soluble 

derivatives provided with peripheral ethylene oxide tails (figure 1.7b) and showed aggregation of 

these molecules in polar media.33,34 
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Figure 1.7 C3-Symmetric discotic molecules as described by a) Palmans31 and b) Brunsveld.34b 

 

1.4 Aim and Scope of this Thesis 
Electron-deficient -conjugated materials with good processability are in demand, since 

they allow the fabrication of flexible ‘plastic electronics’. Supramolecular chemistry, essential for 

basic insight in biological systems, has developed into a mature field with a wide scope and 

numerous applications. Merging these two topics might yield new and well-organized 

-conjugated materials with intriguing properties. Azaheterocycles are attractive building blocks 

for accomplishing this task, since their high electron affinity and hydrogen bond accepting 

capabilities allow the design and synthesis of new electron-deficient and/or supramolecular 

materials. Therefore, the aim of this thesis is defined as the preparation and investigation of 

-conjugated oligomers and discotics based on azaheterocycles. Intramolecular hydrogen 

bonding will be used to planarize aromatic rings within the molecules, while the introduction of 

mesogenic units will be explored to organize the synthesized structures on a nanoscopic level. 

 
33. L. Brunsveld, H. Zhang, M. Glasbeek, J.A.J.M. Vekemans, E.W. Meijer, J. Am. Chem. Soc. 2000, 122, 

6175. 
34. a) P. van der Schoot, M.A.J. Michels, L. Brunsveld, R.P. Sijbesma, A. Ramzi, Langmuir 2000, 16, 

10076. b) L. Brunsveld, Supramolecular Chirality, Ph.D. thesis, Eindhoven University of Technology, 
2001. 
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During previous work in our group by Delnoye,11 alternating copolymers of pyrazine and 

diacylated para-phenylenediamine were synthesized (figure 1.3b). The -conjugation in the 

backbone of these electron-deficient copolymers was enhanced by means of intramolecular 

hydrogen bonds. To examine in more detail the interplay between the electron affinity, 

intramolecular hydrogen bonding and the push-pull character in these copolymers, in chapter 2 

the investigation of model cotrimers is described.35 2,5-Diphenylpyrazines, substituted with 

(acylated) amino groups at the ortho and para positions of the phenyl rings, were synthesized and 

characterized, while their optical and electronic properties were compared. 

To further explore the electron-deficient nature of pyrazine, several phenyl end-capped 

oligopyrazines and ethynylene pyrazinylene oligomers were investigated and the results are 

described in chapter 3. As a first attempt towards electron-deficient discotics, a C3-symmetric 

triazine derivative was prepared and characterized. The optical properties of the synthesized 

compounds in solution was investigated using UV/Vis and fluorescence spectroscopy, while their 

electron affinity was determined via cyclic voltammetry (CV). The melting behavior of 

compounds provided with a mesogenic periphery was examined with polarization microscopy 

and differential scanning calorimetry (DSC). 

The synthesis and characterization of electron-deficient discotics based on hexaaza-

triphenylene (HAT) are described in chapter 4. First, a liquid crystalline HAT derivative was 

prepared and its optical properties, melting behavior and electron affinity were investigated. To 

determine its suitability as electron acceptor material for photoinduced electron transfer 

processes, photoinduced absorption (PIA) spectroscopy was performed.36 Secondly, a donor–

acceptor system based on the HAT core and oligo(para-phenylenevinylene) moieties was 

synthesized and also examined with PIA spectroscopy. Finally, both compounds were applied in 

photovoltaic devices. 

To widen the scope of the supramolecular assemblies of C3-symmetric star-shaped 

molecules described by Palmans31 and Brunsveld,34b asymmetric analogues were programmed. In 

chapter 5 the synthesis and characterization of such star-shaped molecules, provided with both a 

polar and an apolar periphery, are described. Their melting behavior was determined with 

polarization microscopy and DSC, while their aggregation behavior in solution was investigated 

using UV/Vis, fluorescence and circular dichroism (CD) spectroscopy. 

 
35. K. Pieterse, J.A.J.M. Vekemans, H. Kooijman, A.L. Spek, E.W. Meijer, Chem. Eur. J. 2000, 6, 4597. 
36. K. Pieterse, P.A. van Hal, R. Kleppinger, J.A.J.M. Vekemans, R.A.J. Janssen, E.W. Meijer, Chem. 

Mater. 2001, in press. 



 

 

Ladder-Like Oligomers 

 

 

 
Abstract: Symmetrical 2,5-bis(2-aminophenyl)pyrazines have been synthesized by application of 

the Stille coupling strategy. These co-trimers feature three important properties: strong intra-

molecular hydrogen bonding, push-pull character and high electron affinity. Intramolecular 

hydrogen bonding has been confirmed by 1H NMR and IR spectroscopy and single crystal X-ray 

diffraction. The hydrogen bond strength can be increased by substituting the amino groups with 

stronger electron-withdrawing functionalities. Despite the anticipated enhanced -conjugation 

through planarization, a hypsochromic shift was observed in the UV/Vis spectra, rationalized by a 

decrease in push-pull character. The electron affinity of the co-trimers was deduced from the first 

reduction potentials measured by cyclic voltammetry and is related to the electron-withdrawing 

character of the amino substituents. The results have been compared with those of the 

corresponding 4-aminophenyl analogs and show that intramolecular hydrogen bonds can be used 

to design polymers with enhanced -conjugation as well as a high electron affinity. 

 

 

2.1 Introduction 
The discovery of electronic conductivity in doped polyacetylene in the late 1970’s1 led to 

an upsearch in the design and synthesis of new -conjugated polymers. One of the major 

drawbacks of those early polymers was their insolubility in common organic solvents, which 

hampered application in devices via film spinning or drop casting. These processability problems 

could be overcome by introducing solubilizing groups on the polymer backbone. However, in the 

case of poly(para-phenylene) this increases the steric interactions between the adjacent aromatic 

rings, forcing the aromatic rings out of plane and inevitably leading to reduced -conjugation 

along the polymer backbone.2 Therefore, new -conjugated polymers were designed in which the 

aromatic units were fixed in a planar conformation using covalent linkages. Two classical 

 
1. a) H. Shirakawa, E.J. Louis, A.G. MacDiarmid, C.K. Chiang, A.J. Heeger, J. Chem. Soc., Chem. 

Commun. 1977, 578. b) C.K. Chiang, C.R. Fincher, Y.W. Park, A.J. Heeger, H. Shirakawa, E.J. Louis, 
S.C. Gau, A.G. MacDiarmid, Phys. Rev. Lett. 1977, 39, 1098. c) C.K. Chiang, Y.W. Park, A.J. Heeger, 
H. Shirakawa, E.J. Louis, A.G. MacDiarmid, J. Chem. Phys. 1978, 69, 5098. 

2. R.L. Elsenbaumer, L.W. Shacklette in Handbook of Conducting Polymers (Ed.: T.A. Skotheim), M. 
Dekker, New York, 1986. 
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examples of this new class of -conjugated polymers, the so-called ladder polymers, were 

reported by Scherf et al.3 and Tour et al.4 (figure 2.1). 
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Figure 2.1 Ladder polymer according to Scherf 3 (left) and Tour 4 (right). 
 

Both ladder polymers were prepared by a two-step synthesis, in which first a soluble open-

chain precursor polymer was synthesized, followed by a ring-closure reaction to yield the ladder 

polymer. Other ladder polymers using a similar synthetic approach were described by Chmil5 and 

Swager6, while Schlüter7 synthesized a ladder polymer (figure 2.2) via a repetitive Diels–Alder 

cycloaddition. More recently Tour et al. reported the synthesis of ladder-type polyaza-

heterocycles based on pyridine and on pyrazine.8 A complicating factor in all these approaches is 

the necessity to perform a reaction on a polymer, which seldom is amenable to completion.  
 

(CH2)12C6H13

C6H13

(CH2)12

n 
 

Figure 2.2 Fully unsaturated double-stranded polymer reported by Schlüter.7 
 

Hydrogen bonds might in principle replace covalent bonds as the fixating linkages in 

ladder polymers. Although less strong than a covalent linkage, the reversible nature of the 

hydrogen bonds allows easy tuning of the polymer properties by changing its environment or by 

modifying the electronic character of the substituents adjacent to the hydrogen bonding groups. 

Furthermore, no additional reactions are necessary after the polymerization step, since the 

secondary interactions will arise spontaneously upon the formation of the polymer backbone. 
 

3. U. Scherf, K. Müllen, Makromol. Chem., Rapid Commun. 1991, 12, 489. 
4. J.M. Tour, J.J.S. Lamba, J. Am. Chem. Soc. 1993, 115, 4935. 
5. K. Chmil, U. Scherf, Makromol. Chem., Rapid Commun. 1993, 14, 217. 
6. M.B. Goldfinger, T.M. Swager, J. Am. Chem. Soc. 1994, 116, 7895. 
7. M. Löffler, A.-D. Schlüter, K. Gessler, W. Saenger, J.-M. Toussaint, J.-L. Brédas, Angew. Chem. Int. 

Ed. Engl. 1994, 33, 2209. 
8. a) Y. Yao, J.J.S. Lamba, J.M. Tour, J. Am. Chem. Soc. 1998, 120, 2805. b) Y. Yao, Q.T. Zhang, J.M. 

Tour, Macromolecules 1998, 31, 8600. c) Y. Yao, J.M. Tour, Macromolecules 1999, 32, 2455. d) C.Y. 
Zhang, J.M. Tour, J. Am. Chem. Soc. 1999, 121, 8783. 
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Indeed, several groups used intramolecular hydrogen bonds to planarize the -conjugated 

backbone of ladder-like polymers.9 In our group Delnoye synthesized a copolymer composed of 

alternating pyrazine and acylated 1,4-phenylenediamine units (figure 2.3), taking advantage of 

the hydrogen bond accepting capabilities of the pyrazine units to organize the system in a close 

to planar conformation.9b Moreover, co-polymerization was favoured due to the formation of 

intramolecular hydrogen bonds, since these interactions were found to activate the pyrazine 

units in the coupling reaction. 
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Figure 2.3 Alternating co-polymer of pyrazine and acylated 1,4-phenylenediamine units. 
 

The use of pyrazine units as an integral part of the -conjugated backbone of this 

copolymer provided it with an electron-deficient character. This was expressed by the first 

reduction potential, which was as low as –1.37 V (SCE, 0.1 M Bu4NPF6 in THF, 100 mV∙s–1) even 

though the copolymer also incorporated the electron-releasing phenylenediamine units. To 

obtain more insight into the relations between the three important features of the copolymer, 

e.g. intramolecular hydrogen bonding, push-pull character and electron affinity, co-trimers with 

a central pyrazine ring have been synthesized and investigated. 

 

2.2 Synthesis 
The synthesis of the co-trimers started with the preparation of 2,5-dibromopyrazine as a 

symmetrical building block in a two-step procedure (scheme 2.1). First, pyrazinamine was 

selectively brominated at the para position using N-bromosuccinimide (NBS) and subsequently 

the amino group of 5-bromopyrazinamine (2.1) could be converted into a bromide via a 

Sandmeyer-type reaction, affording 2,5-dibromopyrazine (2.2) in an overall yield of 44%. 
 

 
9. a) J.A. Osaheni, S.A. Jenekhe, A. Burns, G. Du, J. Joo, Z. Wang, A.J. Epstein, C.-S. Wang, 

Macromolecules 1992, 25, 5828. b) D.A.P. Delnoye, R.P. Sijbesma, J.A.J.M. Vekemans, E.W. Meijer, 
J. Am. Chem. Soc. 1996, 118, 8717. c) M. Moroni, J. Le Moigne, T.A. Pham, J.-Y. Bigot, 
Macromolecules 1997, 30, 1964. d) S.K. Pollack, Y.M. Hijji, B. Kgobane, Macromolecules 1997, 30, 
6709. e) H.A.M. van Mullekom, J.A.J.M. Vekemans, E.W. Meijer, Chem. Eur. J. 1998, 4, 1235. 
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Scheme 2.1 Synthesis of 2,5-dibromopyrazine. 

 

The oligomers 2.3b, 2.4b and 2.5 were synthesized via the Stille coupling methodology.10 

Oligomers 2.3b and 2.4b could be prepared in a 63% and 83% yield, respectively, starting from 

2,5-dibromopyrazine (2.2) and tert-butoxycarbonyl (Boc) protected trimethylstannylaniline using 

Pd(PPh3)2Cl2 as the catalyst and CuBr as the co-catalyst (scheme 2.2). Due to the limited 

solubility of oligomer 2.4b in the solvent used (THF), 2.4b could be collected as a solid material 

after the reaction without the need for further column chromatographic purifications. Parent 

oligomers 2.3a and 2.4a were prepared starting from oligomers 2.3b and 2.4b in 94% and 93% 

yield, respectively, by removal of the Boc-protecting groups through acidification with 

trifluoroacetic acid (TFA). Oligomers 2.3c and 2.4c were synthesized in 83% and 77% yield, 
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Scheme 2.2 Synthesis of ortho and para substituted 2,5-diphenylpyrazines. 
 

10. a) J.K. Stille, Angew. Chem. 1986, 98, 504. b) V. Farina, G.P. Roth, Adv. Met.-Org. Chem. 1996, 5, 1. 
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respectively, by dissolving their corresponding Boc-protected analogs 2.3b and 2.4b in 

trifluoroacetic acid (leading to in situ deprotection), followed by acylation with trifluoroacetic 

anhydride (TFAA). Oligomer 2.5 was synthesized in a 41% yield using a different catalytic 

system, namely Pd(PPh3)4 in a mixture of toluene and aqueous Na2CO3 (scheme 2.3). However, 

as a consequence of the low reaction rate in this system methyl transfer concurrently occurred, 

leading to the formation of 2-methyl-5-phenylpyrazine as a major side product. Pure 2.5 was 

obtained after purification of the crude reaction mixture by column chromatography. 
 

41%

Pd(PPh3)4
toluene

1M Na2CO3 sol.

SnMe3 +
N

N
2.2

2.5  
 

Scheme 2.3 Synthesis of 2,5-diphenylpyrazine. 
 

2.3 Results and Discussion  
The oligomers obtained were fully characterized with 1H NMR, 13C NMR, UV/Vis and 

fluorescence spectroscopy and cyclic voltammetry (CV) in solution, while IR spectroscopy was 

performed in the solid phase. Furthermore, single crystal X-ray diffraction was used to 

characterize co-trimers 2.3a–c and 2.5. 

 

2.3.1 Solid phase properties 

One of the important features of co-trimers 2.3a–c is their ability to form intramolecular 

hydrogen bonds. An indication for hydrogen bonding in the solid state could be found by 

comparing the N–H stretch vibrations of their IR spectra with those of the corresponding para 

substituted oligomers 2.4a–c; oligomers 2.3b and 2.3c showed N–H stretch vibrations at lower 

wavenumbers and featured broader signals in comparison with 2.4b and 2.4c (table 2.1). 

Furthermore, IR spectra showed that N–H stretch vibrations of the ortho substituted oligomers 

shifted to lower wavenumbers upon acylation with stronger electron-withdrawing groups due to 

an increase in hydrogen bonding strength. Surprisingly, co-trimer 2.4a featured three N–H 

stretch vibrations. The two signals at higher wavenumbers can be attributed to the free amino 

group; however, the signal at 3184 cm-1 suggests the presence of a hydrogen bonded N–H proton. 

Obviously, an intermolecular hydrogen bond seems likely. 
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Table 2.1 Physical data on the co-trimers in solid phase. 
  Single crystal X-ray diffraction 

Oligomer IRa 

N–H [cm-1] 
H∙∙∙Nb 

[Å] 
N∙∙∙Nc 

[Å] 
N–H∙∙∙Nd 

[°] 
Interplane 
anglee [°] 

2.3a 3465, 3359 2.106(15) 2.7795(15) 128.4(16) 31.17(5) 

2.3b 3253 2.035(5), 
2.039(5) 

2.697(7), 
2.708(7) 

131.3(3), 
132.0(3) 

21.4(3), 
20.0(3) 

2.3c 2891 1.88(2) 2.6314(17) 141.9(17) 15.16(6) 
      

2.4a 
3423, 3305, 

3184 
— — — — 

2.4b 3358 — — — — 
2.4c 3321 — — — — 

      

2.5 — — — — 20.92(15) 
a Measured via ATR. b Distance between the N–H proton and the pyrazine nitrogen. c Distance 
between the N–H nitrogen and the pyrazine nitrogen. d Bond angle between the N–H and the 
hydrogen bond. e Angle between the planes through the pyrazine and phenyl rings. 

 

From oligomers 2.3a–c and 2.5 sufficiently large crystals were obtained to make 

determination of their crystal structures by single crystal X-ray diffraction possible (figure 2.4 

and 2.5). Absolute proof of the presence of intramolecular hydrogen bonds in the solid phase 

could be found in the crystal structures of oligomers 2.3a–c. The latter clearly show cisoid 

conformations in which the nitrogen atoms of the central pyrazine rings are in close proximity to 

the N–H groups due to the intramolecular hydrogen bonds. Furthermore, bistrifluoroacetyl 

oligomer 2.3c featured additional intramolecular contacts between the N–H protons and two of 

the fluorine atoms of the CF3 groups. Table 2.1, showing typical distances and angles (standard 

deviation in parentheses), reveals a decrease in hydrogen bond length when stronger electron-

withdrawing groups are incorporated into the oligomers. This hydrogen bond length is inversely 

proportional to the hydrogen bond strength. The interplane angle between the central pyrazine 

and the phenyl rings also decreases upon substitution of the co-trimers with stronger electron-

withdrawing groups. Although the increase in hydrogen bond strength seems a likely cause, 

 

 
 

Figure 2.4 PLUTON representations of the crystal lattice of oligomer 2.5 showing a front (left) and a 
side view (right). 
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crystal packing effects can not be excluded. This is apparent from the interplane angle of 

oligomer 2.5, which is comparable to that of 2.3b despite the absence of intramolecular hydrogen 

bonds. 

2.3a 2.3b

2.3c 2.5

 
 

Figure 2.5 PLUTON representations showing the front and side views of the crystal structures of 
oligomers 2.3a–c and 2.5. 

 

2.3.2 Solution properties 

In 1H NMR spectra the N–H signals are of special interest, since they can reveal the 

quality of hydrogen bonding in the oligomers provided with amino groups. The N–H signals of 

the oligomers substituted at the ortho positions of the phenyl rings (2.3a–c) were found 

considerably downfield compared to those of their corresponding para substituted derivatives 

2.4a–c (table 2.2). This implies that intramolecular hydrogen bonding in the ortho substituted 

compounds, which was observed in the solid phase, is also present in solution. Furthermore, 

derivatizing the amino groups of compounds 2.3a and 2.4a with the electron-withdrawing Boc or 

trifluoroacetyl groups, strongly shifted the N–H signals downfield. This can be explained by the 

enhanced acidity of the N–H protons, which in the series of co-trimers 2.3a–c should relate to 

increased hydrogen bond strength. Also 13C NMR data points to a preferentially cisoid 

conformation in the case of oligomers 2.3a–c, inline with the anticipated intramolecular 

hydrogen bonding. Whereas in 2,5-diphenylpyrazine (2.5) the C-1’ and C-3’ carbon atoms differ 

by more than 7 ppm, in the ortho-substituted analogues the signals for these carbons are in much 

closer proximity ( C-1’,C- 3’ < 1.5 ppm). 
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Table 2.2 Physical data of the co-trimers in solution. 
Oligomer 

 

1H NMRa 
N–H [ppm] 

UV/Visb 
max [nm] 

Fluorescenceb 
max [nm] 

CVc 
Epc [V] 

2.3a 5.71 387 437 –2.00 
2.3b 10.52 359 409 –1.70 
2.3c 13.13 353 395 –1.26, –1.58 

     

2.4a 3.89 367 446 < –2.30 
2.4b 6.60 352 414 –1.96 
2.4c 11.48d 342 395 –1.71, –1.91 

     

2.5 — 324 374 –2.03 
a Measured in deuterated chloroform. b Measured in chloroform. c CV conditions: THF, 
0.1 M Bu4NPF6, SCE, 100 mV∙s–1. d Oligomer 2.4c was measured in DMSO-d6 due to 
poor solubility in deuterated chloroform. 

 

The influence of the intramolecular hydrogen bonds on the optical properties of the 

synthesized oligomers in chloroform solutions was investigated by means of UV/Vis (figure 2.6) 

and fluorescence (figure 2.7) spectroscopy. When one proton of the amino groups in co-trimer 

2.3a is replaced by electron-withdrawing groups, one might expect a bathochromic shift of the 

max values in UV/Vis, since the increase in hydrogen bond strength will lead to a more planar 

co-trimer (as was shown in single crystals) and thus enhanced -conjugation. However, UV/Vis 

spectroscopic data on the oligomers showed a hypsochromic shift of the max of the acylated 

oligomers compared to their parent amino derivatives. This hypsochromic shift can be attributed 

to counteracting push-pull effects in the co-trimers, in which the electron-releasing phenyl rings 

act as donors while the electron-deficient pyrazine ring behaves as the acceptor. Substituting 

electron-withdrawing groups on the amino groups of co-trimer 2.3a will not only increase 

hydrogen bond strength, but will concomitantly reduce the donor character of the phenyl rings, 

and hence diminish the overall push-pull character of the oligomers. As is apparent from the max 

values in table 2.2, the influence of the latter on the UV/Vis absorption of the oligomers 

overrules the gain in -conjugation. 

The max of the fluorescence measurements followed the trend that was observed for the 

max of the UV/Vis spectra, exhibiting Stokes shifts ranging from 42 nm up to 79 nm. The 

intensity of the fluorescence was, however, almost two orders of magnitude lower for the ortho 

substituted oligomers than for the para substituted ones (figure 2.7). The rationale behind the 

quenching of the fluorescence by intramolecular hydrogen bonding in co-trimers 2.3a–c is not 

yet clear, presumably the possibility for intramolecular proton transfer and the rigidification of 

the co-trimer backbone enables energy dissipation via non-radiative pathways. 
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Figure 2.6 UV/Vis spectra of oligomers a) 2.3a–c and b) 2.4a–c and 2.5 in chloroform. 
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Figure 2.7 Fluorescence spectra of oligomers 2.3a–c, 2.4a–c and 2.5 in chloroform (excited at the 
max of their absorption spectra). 
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To establish the electron affinity of the synthesized co-trimers, first reduction potentials 

were determined by cyclic voltammetry in THF (figure 2.8). Table 2.2 shows lower first 

reduction potentials for co-trimers 2.3a–c compared to their corresponding para substituted 

oligomers 2.4a–c. This can be attributed to the enhanced -conjugation in the ortho substituted 

oligomers, which is induced by the intramolecular hydrogen bonding. Substitution of the amino 

functionalities of parent oligomers 2.3a and 2.4a with electron-withdrawing groups also lowered 

the first reduction potentials, since the decreased donor character of the phenyl rings increased 

the overall electron affinity of the -conjugated system. The latter could clearly be seen for the 

trifluoroacetyl functionalized co-trimers, which could be reduced a second time. 
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Figure 2.8 Cyclic voltammograms of oligomers a) 2.3a–c and b) 2.4b,c and 2.5. 
 

2.4 Conclusions 
Intramolecular hydrogen bonds are capable of planarizing -conjugated systems and can 

be generated by N-acylation, which —at the same time— allows the introduction of solubilizing 

groups. The hydrogen bond strength as well as the electron affinity could be increased in 

oligomers 2.3a–c by placing stronger electron-withdrawing substituents on the amino groups. 
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Hence, replacing the acyl groups of the copolymer described by Delnoye9b with perfluoronated 

derivatives should greatly enhance the electron affinity and -conjugation of this copolymer. 

Since the intramolecular hydrogen bonds of the copolymer and oligomers are formed 

spontaneously during synthesis of their -conjugated backbone and allow easy tuning of their 

properties, they form an attractive alternative for covalent linkages in ladder polymers. 

 

2.5 Experimental Section 
General. All solvents used were p.a. quality. Tetrahydrofuran (THF) was distilled over Na/K/benzo-

phenone. For column chromatography Merck silica gel 60 was used. Melting points were determined using 

a Jenaval polarization microscope equipped with a Linkam THMS 600 heating device. 1H NMR and 13C 

NMR spectra were recorded on an AM-400 Bruker spectrometer with frequencies of 400.1 and 100.6 

MHz, respectively. Chemical shifts are given in ppm ( ) downfield from tetramethylsilane (TMS). UV/Vis 

spectra were recorded on a Perkin Elmer Lambda 3B spectrophotometer or on a Perkin Elmer Lambda 

900 UV/Vis/NIR spectrophotometer. Fluorescence spectra were recorded on a Perkin Elmer LS50B 

luminescence spectrometer and infrared spectra on a Perkin-Elmer Spectrum One using attenuated total 

reflection (ATR) sample accessory. Elemental analysis was performed on a Perkin Elmer 2400 series 

analyzer. Cyclic voltammograms were obtained in THF with 0.1 M tetrabutylammonium hexafluoro-

phosphate as supporting electrolyte using a Potentioscan Wenking POS73 potentiostat. A platinum disk 

(diameter 5 mm) was used as working electrode, the counter electrode was a platinum plate (5 5 mm2) 

and a saturated calomel electrode (SCE) was used as reference electrode. 

 

5-Bromopyrazinamine (2.1).11 A solution of pyrazinamine (4.19 g, 44.06 mmol) in dichloromethane (250 

ml) was cooled to 0 °C and N-bromosuccinimide (7.84 g, 44.05 mmol) was added in the absence of light. 

The mixture was stirred for 20 h in a cooling room at 4 °C, after which the organic layer was washed with a 

saturated Na2CO3 solution (4 40 ml) and water (40 ml). After drying over MgSO4, filtration and 

evaporation of the solvent, the crude product was purified by column chromatography (SiO2, ethyl acetate 

(25%) in dichloromethane) yielding 2.1 as a pale yellow solid (5.00 g, 28.7 mmol, 65%). 1H NMR (CDCl3): 

 = 8.09 (d, J = 1.4 Hz, 1H, H-6), 7.77 (d, J = 1.4 Hz, 1H, H-3), 4.65 (s, 2H, N–H); 13C NMR (CDCl3):  

= 153.4 (C-2), 144.2 (C-6), 131.7 (C-3), 127.1 (C-5). 

 

2,5-Dibromopyrazine (2.2).12 5-Bromopyrazinamine (2.1, 2.98 g, 17.1 mmol) was added to a mechanically 

stirred solution of 47% hydrobromic acid in water (10 ml), which was cooled using an ice-salt bath. 

Bromine (2.7 ml, 52.7 mmol) was added in 10 min, followed by a solution of NaNO2 (2.99 g, 43.3 mmol) in 

water (5.1 ml). During these additions the temperature of the reaction mixture was kept below 5 °C. The 

mixture was then stirred for 25 min, after which a solution of NaOH (6.49 g, 0.162 mol) in water (17 ml) 

was added, while the temperature was kept below 15 °C. The mixture was made weakly alkaline (pH = 8) 

with a saturated NaHCO3 solution and extracted with diethyl ether (3 35 ml). The combined organic 

layers were dried over MgSO4, filtered and evaporated to dryness. Purification of the crude material by 
 

11. D.A. de Bie, A. Ostrowicz, G. Geurtsen, H.C. van der Plas, Tetrahedron 1988, 44, 2977. 
12. Modified from: R.C. Ellingson, R.L. Henry, J. Am. Chem. Soc. 1949, 71, 2798. 
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column chromatography (SiO2, diethyl ether (25%) in pentane) afforded 2.2 as a white solid (2.74 g, 11.5 

mmol, 67%). 1H NMR (CDCl3):  = 8.49 (s, 2H, H-3,6); 13C NMR (CDCl3):  = 147.3 (C-3,6), 139.1 

(C-2,5). 

N.B. Since dibromopyrazine 2.2 is rather volatile, evaporation of the solvents should be done at room 

temperature to prevent sublimation. 

 

2,5-Bis(2’-aminophenyl)pyrazine (2.3a). 2,5-Bis(2’-tert-butoxycarbonylaminophenyl)pyrazine (2.3b, 0.14 g, 

0.30 mmol) was dissolved in a solution of trifluoroacetic acid (5 ml) and dichloromethane (5 ml). The 

solution was briefly heated under reflux and subsequently neutralized with a saturated Na2CO3 solution in 

water. The two phases were separated and the water layer was extracted with another portion of 

dichloromethane. The combined organic layers were then washed with water, dried over MgSO4, filtered 

and evaporated to dryness. Column chromatography (SiO2, ethyl acetate (2.5%) in dichloromethane) of 

the crude material finally afforded 2.3a as a yellow solid (0.0744 g, 0.284 mmol, 94%). M.p. 225 °C; 1H 

NMR (CDCl3):  = 8.93 (s, 2H, H-3,6), 7.63 (dd, J = 7.9 and 1.4 Hz, 2H, H-6’), 7.22 (m, 2H, H-4’), 6.82 (t, 

J = 7.6 Hz, 2H, H-5’), 6.79 (dd, J = 8.1 and 0.6 Hz, 2H, H-3’), 5.71 (s, 4H, N–H); 13C NMR (CDCl3):  = 

151.0 (C-2,5), 147.1 (C-2’), 140.3 (C-3,6), 130.7 (C-4’), 128.7 (C-6’), 118.6 (C-1’), 117.8 (C-5’), 117.4 (C-3’); 

IR (ATR):  = 3465.1, 3358.7, 1603.9, 1590.7, 1494.0, 1480.4, 1443.5, 1306.5, 1283.6, 1244.0, 1158.0, 

1137.3, 1065.9, 1030.8, 1010.9, 915.1, 857.4, 751.9 cm–1; UV/Vis (CHCl3): max ( ) = 387 nm (17000 l∙mol–1 

∙cm–1); Fluorescence (CHCl3): max = 437 nm; Elemental analysis (%) for C16H14N4 (262.31): calcd C 73.26, 

H 5.38, N 21.36; found C 73.08, H 5.36, N 20.73. 

 

2,5-Bis(2’-tert-butoxycarbonylaminophenyl)pyrazine (2.3b).9b Under continuous stirring, a solution of 

2,5-dibromopyrazine (2.2, 0.203 g, 0.86 mmol), N-(tert-butoxycarbonyl)-2-trimethylstannylaniline (0.626 g, 

1.76 mmol) and CuBr (0.0110 g, 0.0766 mmol, 8.9 mol%) in THF (8 ml) was frozen using a liquid nitrogen 

bath and degassed to a pressure of 0.1 mbar. The solution was then thawn and flushed with argon. This 

cycle was repeated before Pd(PPh3)2Cl2 (0.0307 g, 0.0437 mmol, 5 mol%) was added, followed by five 

more freeze–pump–thaw cycles. The solution was then heated under reflux for 24 h, cooled, evaporated to 

dryness and subsequently dissolved in chloroform. The organic layer was then washed with an aqueous 

ethylenediamine solution (5%), water (3 ) and brine. After drying over MgSO4, filtration and evaporation 

of the solvent, the crude product was purified by column chromatography (SiO2, hexane (10%) in 

dichloromethane) yielding 2.3b as a white solid (0.25 g, 0.54 mmol, 63%). M.p. 234 °C (decomp); 1H NMR 

(CDCl3):  = 10.50 (s, 2H, N–H), 9.00 (s, 2H, H-3,6), 8.35 (d, J = 8.2 Hz, 2H, H-3’), 7.71 (dd, J = 7.9 and 

1.5 Hz, 2H, H-6’), 7.45 (m, 2H, H-4’), 7.15 (td, J = 7.8 and 1.1 Hz, 2H, H-5’), 1.52 (s, 18H, Boc); 13C NMR 

(CDCl3):  = 153.1 (C=O), 150.8 (C-2,5), 141.4 (C-3,6), 138.6 (C-2’), 130.9 (C-4’), 128.7 (C-6’), 122.6 

(C-5’), 122.2 (C-1’), 120.9 (C-3’), 80.3 (C(CH3)3), 28.3 (C(CH3)3); IR (ATR):  = 3252.6, 2983.2, 1733.6, 

1606.4, 1578.4, 1515.9, 1483.7, 1434.4, 1367.4, 1324.6, 1278.7, 1222.8, 1143.9, 1050.4, 1022.2, 832.1, 754.0, 

717.0 cm–1; UV/Vis (CHCl3): max ( ) = 359 nm (16500 l∙mol–1∙cm–1); Fluorescence (CHCl3): max = 409 

nm; Elemental analysis (%) for C26H30N4O4 (462.55): calcd C 67.51, H 6.54, N 12.11; found C 67.19, H 

6.58, N 11.76. 
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2,5-Bis(2’-trifluoroacetylaminophenyl)pyrazine (2.3c). 2,5-Bis(2’-tert-butoxycarbonylaminophenyl) 

pyrazine (2.3b, 0.0072 g, 0.016 mmol) was dissolved in trifluoroacetic acid (1 ml) and trifluoroacetic 

anhydride (0.20 ml) was slowly added. The solution was stirred at room temperature for 45 min and then 

water (2 ml) was added. The precipitated solid was collected, washed with water and dried in a vacuum 

stove at 60 °C, affording 2.3c as an off-white solid (0.0059 g, 0.013 mmol, 83%). M.p. 282 °C; 1H NMR 

(CDCl3):  = 13.13 (s, 2H, N–H), 9.14 (s, 2H, H-3,6), 8.64 (d, J = 8.4 Hz, 2H, H-3’), 7.95 (dd, J = 7.9 and 

1.3 Hz, 2H, H-6’), 7.59 (m, 2H, H-4’), 7.40 (m, 2H, H-5’); 13C NMR (CDCl3):  = 155.0 (q, JCF = 38 Hz, 

C=O), 150.4 (C-2,5), 140.2 (C-3,6), 136.2 (C-2’), 132.0 (C-4’), 128.4 (C-6’), 125.8 (C-5’), 122.5 (C-3’), 

122.1 (C-1’), 116.0 (q, JCF = 289 Hz, C–F); IR (ATR):  = 2890.8, 1714.6, 1608.5, 1588.6, 1549.4, 1445.7, 

1341.6, 1272.3, 1171.2, 1148.1, 1117.4, 1051.2, 1018.1, 894.0, 769.3, 752.6, 739.9, 685.7 cm–1; UV/Vis 

(CHCl3): max ( ) = 353 nm (15400 l∙mol–1∙cm–1); Fluorescence (CHCl3): max = 395 nm; Elemental analysis 

(%) for C20H12F6N4O2 (454.33): calcd C 52.87, H 2.66, N 12.33; found C 52.98, H 2.73, N 11.81. 

 

2,5-Bis(4’-aminophenyl)pyrazine (2.4a). 2,5-Bis(4’-tert-butoxycarbonylaminophenyl)pyrazine (2.4b, 0.20 g, 

0.43 mmol) was dissolved in a solution of trifluoroacetic acid (5 ml) and dichloromethane (10 ml). The 

solution was briefly heated under reflux and subsequently neutralized with a saturated Na2CO3 solution in 

water. The precipitated solid was collected, washed with water and dichloromethane and dried in a 

vacuum stove at 50 °C, affording 2.4a as a yellow solid (0.106 g, 0.404 mmol, 93%). M.p. 280 °C (decomp); 
1H NMR (400 MHz, CDCl3, 22 °C,TMS):  = 8.90 (s, 2H, H-3,6), 7.87 (d, J = 8.7 Hz, 4H, H-2’,6’), 6.80 (d, 

J = 8.6 Hz, 4H, H-3’,5’), 3.89 (s, 4H, N–H); 13C NMR (DMSO-d6):  = 150.3 (C-2,5), 148.4 (C-4’), 139.1 

(C-3,6), 127.2 (C-2’,6’), 123.3 (C-1’), 113.9 (C-3’,5’); IR (ATR):  = 3423.2, 3305.2, 3183.7, 1635.7, 1599.2, 

1474.7, 1438.0, 1350.0, 1293.9, 1176.0, 1155.8, 1130.6, 1024.8, 827.5 cm–1; UV/Vis (CHCl3): max ( ) = 367 

nm (25600 l∙mol–1∙cm–1); Fluorescence (CHCl3): max = 446 nm. 

  

2,5-Bis(4’-tert-butoxycarbonylaminophenyl)pyrazine (2.4b). Under continuous stirring, a solution of 

2,5-dibromopyrazine (2.2, 0.685 g, 2.88 mmol), N-(tert-butoxycarbonyl)-4-trimethylstannylaniline (2.40 g, 

6.74 mmol) and CuBr (0.0351 g, 0.245 mmol, 8.5 mol%) in THF (26 ml) was frozen using a liquid nitrogen 

bath and degassed to a pressure of 0.1 mbar. The solution was thawn and flushed with argon. This cycle 

was repeated before Pd(PPh3)2Cl2 (0.0850 g, 0.121 mmol, 4 mol%) was added, followed by four more 

freeze–pump–thaw cycles. The solution was then heated under reflux for 3 days and subsequently cooled. 

The solid material was collected and washed with THF and diethyl ether, yielding 2.4b as a white solid 

(1.10 g, 2.38 mmol, 83%). M.p. >300 °C (decomp); 1H NMR (CDCl3):  = 9.00 (s, 2H, H-3,6), 8.01 (dd, J 

= 6.8 and 1.9 Hz, 4H, H-2’,6’), 7.52 (d, J = 8.7 Hz, 4H, H-3’,5’), 6.60 (s, 2H, N–H), 1.54 (s, 18H, Boc); 13C 

NMR (DMSO-d6):  = 152.6 (C=O), 148.7 (C-2,5), 141.1 (C-4’), 140.3 (C-3,6), 129.3 (C-1’), 126.9 

(C-2’,6’), 118.2 (C-3’,5’), 79.4 (C(CH3)3), 28.1 (C(CH3)3); IR (ATR):  = 3358.1, 1698.3, 1533.4, 1504.6, 

1472.8, 1414.8, 1367.8, 1305.8, 1251.8, 1230.1, 1156.3, 1068.8, 1054.3, 1017.6, 834.9, 771.6 cm–1; UV/Vis 

(CHCl3): max ( ) = 352 nm (34800 l∙mol–1∙cm–1); Fluorescence (CHCl3): max = 414 nm. 

 

2,5-Bis(4’-trifluoroacetylaminophenyl)pyrazine (2.4c). 2,5-Bis(4’-tert-butoxycarbonylaminophenyl) 

pyrazine (2.4b, 0.100 g, 0.216 mmol) was dissolved in trifluoroacetic acid (3 ml) and trifluoroacetic 

anhydride (0.50 ml) was slowly added. The solution was stirred at room temperature for 45 min and then 

water (6 ml) was added. The precipitated solid was collected, washed with water and dried in a vacuum 
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stove at 60 °C, affording 2.4c as a pale-yellow solid (0.0753 g, 0.166 mmol, 77%). M.p. >350 °C; 1H NMR 

(DMSO-d6):  = 11.48 (s, 2H, N–H), 9.32 (s, 2H, H-3,6), 8.26 (d, J = 8.7 Hz, 4H, H-2’,6’), 7.88 (d, J = 8.7 

Hz, 4H, H-3’,5’); IR (ATR):  = 3320.8, 1697.9, 1597.2, 1539.9, 1477.2, 1420.1, 1344.0, 1291.0, 1171.2, 

1146.8, 1112.2, 1068.3, 1012.2, 906.6, 829.5, 742.5, 683.3, 668.5 cm–1; UV/Vis (CHCl3): max ( ) = 342 nm 

(7400 l∙mol–1∙cm–1); Fluorescence (CHCl3): max = 395 nm; Elemental analysis (%) for C20H12F6N4O2 

(454.33): calcd C 52.87, H 2.66, N 12.33; found C 52.66, H 2.74, N 12.12. 

 

2,5-Diphenylpyrazine (2.5).13 A solution of 2,5-dibromopyrazine (2.2, 0.47 g, 1.98 mmol) and trimethyl-

stannylbenzene (1.23 g, 5.11 mmol) in toluene (10 ml) and aqueous Na2CO3 (0.5 M, 20 ml) was deaerated 

and stored under argon. Pd(PPh3)4 (0.0241 g, 0.0209 mmol, 1 mol%) was added and the reaction mixture 

was heated under reflux for 3 days. After this period, water (50 ml) and dichloromethane (30 ml) were 

added, the two layers were separated and the aqueous layer was extracted twice with dichloromethane (30 

ml). The combined organic layers were then washed with water (2 50 ml) and brine (50 ml), dried over 

MgSO4, filtered and evaporated to dryness. Column chromatography (SiO2, hexane (25%) in dichloro-

methane) of the crude material yielded 2.5 as a white solid (0.19 g, 0.82 mmol, 41%). M.p. 197 °C; 1H 

NMR (CDCl3):  = 9.08 (s, 2H, H-3,6), 8.07 (m, 4H, H-2’,6’), 7.56-7.46 (m, 6H, H-3’,4’,5’); 13C NMR 

(CDCl3):  = 150.7 (C-2,5), 141.2 (C-3,6), 136.3 (C-1’), 129.8 (C-4’), 129.1 (C-3’,5’), 126.8 (C-2’,6’); IR 

(ATR):  = 3060.7, 1472.2, 1449.6, 1340.8, 1319.2, 1162.5, 1076.3, 1069.1, 1027.3, 1013.7, 909.1, 754.7, 

685.8 cm–1; UV/Vis (CHCl3): max ( ) = 324 nm (20400 l∙mol–1∙cm–1); Fluorescence (CHCl3): max = 374 

nm; Elemental analysis (%) for C20H12F6N4O2 (232.28): calcd C 82.73, H 5.21, N 12.06; found C 82.57, H 

5.19, N 12.00. 

 

X-Ray structure determination of 2.3a–c and 2.5. Crystals suitable for X-ray diffraction were glued to the 

tip of a glass capillary and placed in the cold nitrogen stream on an Enraf-Nonius CAD4-T diffractometer 

on rotating anode. Accurate unit-cell parameters and an orientation matrix were determined by least-

squares fitting of the setting angles of a limited set of reflections (SET4-centered14 on the CAD4). 

Reduced-cell calculations did not indicate higher lattice symmetry.15 Crystal data and details on data 

collection and refinement are collected in table 2.3. All data were collected at 150 K in  scan mode using 

graphite-monochromated MoK  radiation (  = 0.71073 Å). Data were corrected for Lp effects and the 

observed linear instability of the periodically measured reference reflections, but not for absorption. The 

crystals of compounds 2.3c and 2.5 turned out to be twinned; intensity data were collected on the major 

twin component. All structures were solved by automated direct methods (SHELXS-8616 for 2.5; 

SHELXS-9717 for the other compounds. The structures were refined on F2, using full-matrix least-squares 

 
13. For an alternative synthetic approach see: J. Armand, K. Chekir, J. Pinson, Can. J. Chem. 1974, 52, 

3971. 
14. J.L. de Boer, A.J.M. Duisenberg, Acta Crystallogr. 1984, A40, C-410. 
15. A.L. Spek, J. Appl. Crystallogr. 1988, 21, 578. 
16. G.M. Sheldrick, SHELXS-86, Program for Crystal Structure Determinations, University of Göttingen, 

1986. 
17. G.M. Sheldrick, SHELXS-97, Program for Crystal Structure Determinations, University of Göttingen, 

1997. 
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techniques (SHELXL-9718). The hydrogen atoms of 2.3b were included in the refinement on calculated 

positions, riding on their carrier atoms; hydrogen atoms of all other compounds were located on 

difference Fourier maps and their coordinates were included as parameters in the refinement. All non-

hydrogen atoms were refined with anisotropic atomic displacement parameters. The hydrogen atoms of 

2.3b and 2.5 were refined with fixed isotropic displacement parameters related to the value of the 

equivalent isotropic displacement parameters of their carrier atoms; the isotropic displacement 

parameters of the hydrogen atoms of 2.3a and 2.3c were refined. All structures were refined till ( / )max < 

0.001. Due to the lack of significant anomalous scattering, the absolute structure of 2.3b could not be 

determined (Flack x = –2(3) in the final structure factor calculation19). Neutral atom scattering factors 

and anomalous dispersion corrections were taken from the International Tables for Crystallography.20 

Geometrical calculations and illustrations were performed with PLATON.21  
 

 
18. G.M. Sheldrick, SHELXL-97, Program for Crystal Structure Refinement, University of Göttingen, 1997. 
19. H.D. Flack, Acta Crystallogr. 1983, A39, 876. 
20. A.J.C. Wilson (Ed.), International Tables for Crystallography, Vol. C, Kluwer Academic Publishers, 

Dordrecht, 1992. 
21. A.L. Spek, Acta Crystallogr. 1990, A46, C-34. 
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Table 2.3 Crystallographic data for 2.3a–c, 2.5. 
Compound 2.3a 2.3b 2.3c 2.5 

Crystal data 
Formula C16H14N4 C26H30N4O4 C20H12F6N4O2 C16H12N2 

Molecular weight 262.31 462.55 454.33 232.28 

Crystal system monoclinic orthorhombic triclinic monoclinic 

Space group P21/c (No. 14) Pca21 (No. 29) P-1 (No. 2) P21/c (No. 14) 

a [Å] 6.8891(6) 15.940(3) 7.0555(11) 13.359(4) 

b [Å] 12.7250(16) 5.937(3) 7.108(2) 5.7080(9) 

c [Å] 7.4918(10) 25.268(3) 9.822(2) 7.506(4) 

 [°] — — 108.67(2) — 

 [°] 107.997(10) — 93.099(16) 93.82(2) 

 [°] — — 103.91(2) — 

V [Å3] 624.63(13) 2391.3(13) 448.35(19) 571.1(4) 

Dcalc [g cm –3] 1.395 1.285 1.683 1.351 

Z 2 4 1 2 

F(000) 276 984 230 244 

 (MoK ) [mm–1] 0.087 0.088 0.154 0.081 

Crystal size [mm] 0.2  0.2  0.3 0.02  0.6  0.6 0.1  0.3  0.4 0.05  0.1  0.3 
Crystal color yellow pale yellow colorless colorless 

Data collection 

min, max [°] 1.6, 27.5 0.8, 27.5 2.2, 27.5 1.5, 25.0 

Cell determination (no. refl, 
 range) 

25, 10.05–15.59 25, 9.71–13.56 19, 9.99–14.01 19, 7.03–16.82 

 [°] 0.81 + 0.35tan  1.15 + 0.35tan  0.92 + 0.35tan  0.50 + 0.35tan  
X-ray exposure time [h] 25 13 14 14 

Data set –8:8, –16:16, –9:9 –13:20, 0:7, 0:32 –9:8, –8:9, –12:12 –15:15, –6:0, –8:8 

Total data 4542 3968 4190 2068 

Total unique data 1429 [Rint = 
0.0367] 

2796 [Rint = 
0.0413] 

2057 [Rint = 
0.0285] 

1003 [Rint = 
0.1815] 

Refinement 
No. of refined params 119 313 169 100 

Final R a 
0.0365 [1262 I > 

2 (I)] 
0.0649 [1746 I > 

2 (I)] 
0.0325 [1802 I > 

2 (I)] 
0.0585 [631 I > 

2 (I)] 

Final wR2 b 0.0987 0.1621 0.0943 0.1478 

Goodness of fit 1.036 1.030 1.046 1.060 

w–1 c 
2(F2)+(0.0524P)2 

+0.17P 

2(F2)+(0.0724P)2 

+0.11P 

2(F2)+(0.0506P)2 

+0.12P 

2(F2)+(0.0270P)2 

+0.11P 

Min. and max. residual 
density [e Å–3] 

–0.21, 0.23 –0.27, 0.24 –0.28, 0.34 –0.23, 0.20 

a R = ||F0| – |Fc||/ |F0|. b wR2 = [ [w(F0
2 – Fc

2)2]/ [w(F0
2)2] ]1/2. c P = (Max(F0

2,0) + 2Fc
2)/3. 



 

 

Electron-Deficient Materials 
incorporating Pyrazine or Triazine 

 

 

 
Abstract: Azaheterocycles are proposed to be suitable building blocks for the preparation of 

-conjugated materials with high electron affinity, due to their electron-deficient nature. To 

investigate this hypothesis, linear oligomers incorporating pyrazine and a C3-symmetric discotic 

molecule based on triazine were synthesized and characterized. As a first approach phenyl end-

capped oligopyrazines were prepared, however, for longer oligomers the synthesis proved to be 

cumbersome while their purification/characterization was hampered by their low solubility in 

common organic solvents. Therefore, tridodecyloxyphenyl end-capped ethynylene pyrazinylene 

oligomers were synthesized to circumvent these disadvantages. These oligomers showed 

remarkable solvent dependent UV/Vis and fluorescence behavior in solution, while the oligomers 

containing one or two pyrazine rings displayed liquid crystallinity in the solid state. Their electron 

affinity was determined by measuring their first reduction potentials via cyclic voltammetry and 

was as low as –1.08 V for the largest ethynylene pyrazinylene oligomer containing three pyrazine 

rings. The synthesized discotic molecule exhibited UV/Vis and fluorescence behavior comparable 

to that of the linear oligomers and featured a somewhat lower first reduction potential than 

expected, which was rationalized by the enhanced electron deficiency of the central triazine ring. 

 

 

3.1 Introduction 
The application of -conjugated materials in electronic devices such as field-effect 

transistors1 and light-emitting diodes2 has gained much attention the last two decades. Their ease 

of modification and good processability might help to reduce costs of the devices while —on the 

other hand— the flexibility and, therefore, the applicability of the devices might be enhanced. 

Most organic semiconductors reported so far exhibit p-type characteristics, however, for the 

fabrication of real ‘plastic electronics’, e.g. bipolar transistors, p–n junction diodes or 

complementary circuits, both p-type (electron-rich) as well as n-type (electron-deficient) 

 
1. A.R. Brown, A. Pomp, C.M. Hart, D.M. de Leeuw, Science 1995, 270, 972. 
2. a) A. Kraft, A.C. Grimsdale, A.B. Holmes, Angew. Chem., Int. Ed. 1998, 37, 402. b) R.H. Friend, R.W. 

Gymer, A.B. Holmes, J.H. Burroughes, R.N. Marks, C. Taliani, D.D.C. Bradley, D.A. Dos Santos, 
J.-L. Brédas, M. Lögdlund, W.R. Salaneck, Nature 1999, 397, 121. 
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materials are needed. For use as the n-type semiconductors in these devices, materials like C60,3 

naphthalene-1,4,5,8-tetracarboxylic dianhydride4 and pentacene5 have been proposed, but these 

structures cannot be used in air and are also sparingly soluble. In fact, it is the environmental 

sensitivity, low field mobility and difficult synthesis of the n-type materials which has hampered 

major progress in this field.6 Recently, however, Bao,7 Katz8 and Friend9 described organic 

n-type semiconductors (figure 3.1) which were air-stable, showed field mobilities around 10–2 

cm2∙V–1∙s–1 and could be applied in thin film transistors via vapor deposition. In all these cases 

fluorine atoms were used to increase the electron deficiency of the -conjugated system;10 even 

sexithiophene, normally used as a p-type material, was transformed into an n-type material in 

this manner. 
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Figure 3.1 Structures reported by a) Bao7, b) Katz8 and c) Friend.9 
 

In principle, azaheterocycles can be used as the electron-deficient units in -conjugated 

materials; however, to obtain materials which are stable under ambient conditions, azahetero-

cyclic structures must be synthesized with first reduction potentials around –0.5 V.11 Although 

the suitability of azaheterocycles as the basic building blocks for n-type materials was shown by 

 
3. R.C. Haddon, A.S. Perel, R.C. Morris, T.T.M. Palstra, A.F. Hebard, R.M. Fleming, Appl. Phys. Lett. 

1995, 67, 121. 
4. J.G. Laquindanum, H.E. Katz, A. Dodabalapur, A.J. Lovinger, J. Am. Chem. Soc. 1996, 118, 11331. 
5. J.H. Schön, S. Berg, C. Kloc, B. Batlogg, Science 2000, 287, 1022. 
6. F. Würthner, Angew. Chem., Int. Ed. 2001, 40, 1037. 
7 a) Z. Bao, A.J. Lovinger, J. Brown, J. Am. Chem. Soc. 1998, 120, 207. b) J.H. Schön, C. Kloc, Z. Bao, 

B. Batlogg, Adv. Mater. 2000, 12, 1539. 
8 a) H.E. Katz, A.J. Lovinger, J. Johnson, C. Kloc, T. Siegrist, W. Li, Y.-Y. Lin, A. Dodabalapur, Nature 

2000, 404, 478. b) H.E. Katz, J. Johnson, A.J. Lovinger, W. Li, J. Am. Chem. Soc. 2000, 122, 7787. 
9 A. Facchetti, Y. Deng, A. Wang, Y. Koide, H. Sirringhaus, T.J. Marks, R.H. Friend, Angew. Chem., 

Int. Ed. 2000, 39, 4547. 
10. Perylenetetracarboxyldiimides are already n-type materials without incorporation of fluorine atoms. 

For a recent example see C.W. Struijk, A.B. Sieval, J.E.J. Dakhorst, M. van Dijk, P. Kimkes, R.B.M. 
Koehorst, H. Donker, T.J. Schaafsma, S.J. Picken, A.M. van de Craats, J.M. Warman, H. Zuilhof, 
E.J.R. Sudhölter, J. Am. Chem. Soc. 2000, 122, 11057. 

11. D.M. de Leeuw, M.M.J. Simenon, A.R. Brown, R.E.F. Einerhand, Synth. Met. 1997, 87, 53. 
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Yamamoto,12 the use of azaheterocycles such as pyridine,13 triazine14 and quinoline15 has only 

been of limited value in polymer light emitting diodes. Especially pyrazine has hardly been 

implemented in electronic devices,16 which might be the direct result of difficulties encountered 

in the synthesis of functionalized pyrazine monomers and polymers. This is illustrated by the fact 

that —to our knowledge— only one polypyrazine has been described up to now,17 while reports 

of pyrazine containing copolymers are also scarce.16,18 To explore the potential of pyrazine as the 

electron-deficient building block for n-type materials, the synthesis and characterization of well-

defined oligomers was programmed. 

 

3.2 Phenyl End-Capped Oligopyrazines 
As a first approach towards electron-deficient oligomeric materials, oligopyrazines with 

phenyl end-caps were envisaged. The phenyl termini should help to prevent polymerization of 

the oligomers, once they are in their reduced form. 

 

3.2.1 Synthesis 

The synthesis of the phenyl end-capped oligopyrazines started with the preparation of 

2-bromo-5-phenylpyrazine (3.1) from 2,5-dibromopyrazine (2.2) and trimethylstannylbenzene 

(scheme 3.1) via the Stille methodology.19 Triphenylarsine was added as a weaker donor ligand20 

to enhance the reaction rate of the catalytic system (Pd(PPh3)2Cl2 / CuBr). Since selective 

substitution of the pyrazine ring was not feasible, 2,5-diphenylpyrazine (2.5) was also obtained. 
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Scheme 3.1 Synthesis of phenylpyrazine derivatives 3.1 and 3.2. 
 

 
12. T. Yamamoto, J. Polym. Sci., Part A: Polym. Chem. 1996, 34, 997. 
13. a) S.W. Jessen, J.W. Blatchford, L.-B. Lin, T.L. Gustafson, J. Partee, J. Shinar, D.-K. Fu, M.J. 

Marsella, T.M. Swager, A.G. MacDiarmid, A.J. Epstein, Synth. Met. 1997, 84, 501. b) M. Onoda, A.G. 
MacDiarmid, Synth. Met. 1997, 91, 307. c) S.-C. Ng, H.-F. Lu, H.S.O. Chan, A. Fujii, T. Laga, K. 
Yoshino, Adv. Mater. 2000, 12, 1122. 

14. R. Fink, C. Frenz, M. Thelakkat, H.-W. Schmidt, Macromolecules 1997, 30, 8177. 
15. X. Zhang, A.S. Shetty, S.A. Jenekhe, Acta Polym. 1998, 49, 52. 
16. Z. Peng, M.E. Galvin, Chem. Mater. 1998, 10, 1785. 
17. C.Y. Zhang, J.M. Tour, J. Am. Chem. Soc. 1999, 121, 8783. 
18. a) M.W.C. Dezotti, M.-A. De Paoli, Synth. Met. 1989, 29, E41. b) D.A.P. Delnoye, R.P. Sijbesma, 

J.A.J.M. Vekemans, E.W. Meijer, J. Am. Chem. Soc. 1996, 118, 8717. 
19. J.K. Stille, Angew. Chem. 1986, 98, 504. 
20. V. Farina, G.P. Roth, Adv. Met.-Org. Chem. 1996, 5, 1. 
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An Ullmann coupling of compound 3.1 to form 5,5’-diphenyl-2,2’-bipyrazine seemed an 

obvious choice; unfortunately, the reaction did not succeed and, therefore, a portion of the 

obtained bromopyrazine 3.1 was converted into its corresponding trimethylstannane 3.2 to 

enable an aryl-aryl coupling via a Stille reaction. In our group, the standard procedure for 

exchanging a bromide for a trimethylstannyl group via a lithiation reaction had previously been 

found to be unsuccessful for pyrazine derivatives and, hence, a different synthetic approach was 

investigated. The synthesis of stannane 3.2 was feasible via a palladium catalyzed reaction of 

bromopyrazine 3.1 with hexamethyldistannane (scheme 3.1),21 after which pyrazine derivatives 

3.1 and 3.2 were subjected to a Stille coupling. Much to our surprise already after 15 minutes at 

room temperature a yellow precipitate was formed, which was only sparingly soluble in common 

organic solvents. Via elemental analysis and direct insertion probe mass spectrometry (DIP-MS) 

the solid was indentified as the desired 5,5’-diphenyl-2,2’-bipyrazine (3.3). The high reaction rate 

at room temperature (normally Stille reactions are performed at elevated temperatures) as well 

as a yield around 50%, suggested that not a Stille reaction but a homo-coupling of one of the 

reagents had occurred. Since 1H NMR analysis of the liquid reaction phase gave no conclusive 

answer to which of the two reagents had reacted, both the bromo and the stannane derivative 

were subjected to ‘homo-coupling conditions’. Only the reaction mixture containing the 

stannane 3.2 showed the formation of a precipitate when CuBr was used as the catalyst (12 

mol%) and DMF as the solvent, however, the reaction was slower in the absence of the 

palladium catalyst. Although homo-coupling of stannanes using just copper(I) ions as a catalyst 

has been described before, more than 1 eq. of copper was always required.22 
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Scheme 3.2 Synthesis of 5,5’-diphenyl-2,2’-bipyrazine (3.3). 
 

To synthesize the next oligopyrazine in the series, a Stille coupling of stannane 3.2 and 

2,5-dibromopyrazine was attempted using Pd2(dba)3 and AsPh3 as the catalytic system (scheme 

3.3). In order to prevent homo-coupling of 3.2, the use of CuBr as a co-catalyst was avoided. 
 

 
21. T.R. Bailey, Tetrahedron Lett. 1986, 27, 4407. 
22. a) E. Piers, E.J. McEachern, M.A. Romero, P.L. Gladstone, Can. J. Chem. 1997, 75, 694. b) E. Piers, 

P.L. Gladstone, J.G.K. Yee, E.J. McEachern, Tetrahedron 1998, 54, 10609. 
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Scheme 3.3 Attempted synthesis of 5,5’’-diphenyl-2,2’:5’,2’’-terpyrazine (n=3). 
 

Unfortunately, DIP-MS of the obtained yellow precipitate showed besides the desired 

phenyl end-capped terpyrazine also the presence of bipyrazine 3.3 as a major product. 

Furthermore, oligomers containing four and five pyrazine rings were detected (figure 3.2). The 

occurrence of bipyrazine 3.3 was again explained by homo-coupling of stannane 3.2, but the 

presence of larger oligomers was unexpected. A rationale might be that during the homo-

coupling hexamethyldistannane is formed, which —in turn— can convert a bromide into 

trimethylstannyl group and thus lead to scrambling of the functionalities. Attempts to purify the 

oligomeric mixture via crystallization or trituration failed due to the low solubility of the 

compounds in suitable solvents, while via sublimation different fractions could be obtained, but 

none of them was analytically pure. 
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Figure 3.2 Single ion mode mass spectra of the oligomeric mixture, acquired via a direct insertion 
probe (the TIC-curve depicts the total ion count). 

 

3.2.2 Characterization 

The synthesized oligomers 2.5 (n=1) and 3.3 (n=2) were fully characterized using 1H and 
13C NMR, UV/Vis and fluorescence spectroscopy, elemental analysis and cyclic voltammetry 

(CV). The longer oligomers (n=3–5) were not investigated, since pure samples of these 

compounds were not obtained. 
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5,5’-Diphenyl-2,2’-bipyrazine (3.3) was found to be only sparingly soluble in common 

organic solvents, in contrast to 2,5-diphenylpyrazine (2.5) which showed good solubility in 

chloroform, THF and diethyl ether. Although the poor solubility of 3.3 was unexpected for us, 

similar behavior had been reported for phenyl end-capped oligopyrimidines23 and might be 

explained by attractive -  interactions in the solid phase between the electron-rich phenyl 

groups and the electron-deficient pyrazine groups. To enable characterization of 3.3 by NMR 

spectroscopy, the compound was dissolved in deuterated trifluoroacetic acid and its NMR data 

were compared with those of diphenylpyrazine 2.5 in TFA-d1. The NMR spectra of 2.5 and 3.3 

showed signals of the pyrazine protons around 9.5 and 9.9 ppm, respectively; the downfield shift 

of the signals of 3.3 compared to 2.5 is due to the electron-withdrawing effect of the extra 

pyrazine ring. Dissolving the pyrazine derivatives in a strong acid will lead to protonation, but 

taking the low basicity of the pyrazine nitrogen atoms into account, pyrazine will probably only 

be protonated once. In the case of diphenylpyrazine 2.5 this should result in an asymmetric 

compound; the latter, however, is not observed in the NMR spectra, since the timescale of this 

technique is much slower than the proton exchange. Comparison of the NMR spectra of 2.5 in 

TFA-d1 to those in chloroform, reveals a downfield shift of signals of the protons (especially the 

pyrazine protons), while in 13C NMR only the signal belonging to the carbons at the ortho 

positions of the phenyl rings exhibits a significant shift (downfield). The latter is probably due to 

the spatial proximity of these carbon atoms to the protonated pyrazine ring. Although one might 

expect an upfield shift of the carbon signals due to diminished -conjugation (caused by 

increased steric interactions between protons of adjacent aromatic rings), this is not observed as 

a result of the enhanced push-pull character (caused by increased electron deficiency of the 

protonated pyrazine ring). 

Even though compound 3.3 was only sparingly soluble in chloroform and ethanol, 

sufficient amounts could be dissolved to allow characterization via UV/Vis and fluorescence 

spectroscopy (table 3.1). For comparison reasons, also the max values of para-terphenyl and 

para-quaterphenyl are shown. Going from diphenylpyrazine 2.5 to diphenylbipyrazine 3.3, a 

bathochromic shift of 20 nm was observed, which is due to the elongation of the -conjugated 

system, while the Stokes shift increased from 50 to 65 nm. Quaterphenyl only showed a red-shift 

of 14 nm compared to terphenyl; this smaller shift means that the addition of one phenyl ring 

has less influence on the optical properties of the oligomers than the addition of a pyrazine ring. 

The rationale behind this behavior is the enhancement of the push-pull character by the 

introduction of an electron-deficient pyrazine ring. Moreover, the existence of the push-pull 

interaction also explains why higher max values were observed for the pyrazine containing 

oligomers. 

 
23. R. Gompper, H.-J. Mair, K. Polborn, Synthesis 1997, 6, 696. 
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Table 3.1 Physical data of the oligopyrazines and their reference compounds. 
Oligomer 

 
UV/Visa 
max [nm] 

Fluorescencea 
max [nm] 

CVb 
Epc [V] 

N

N  
324 374 –2.03 

N

N N

N

 
344 409 –1.58, –2.10 

 280 343 –2.52 

 294 370 –2.22, –2.50 

a Measured in chloroform and ethanol. b CV conditions: THF, 0.1 M Bu4NPF6, SCE, 
100 mV∙s–1. 

 

To investigate the electron affinity of the synthesized oligomers, the first reduction 

potentials of the compound were determined via cyclic voltammetry in THF (table 3.1). As 

expected, the phenyl end-capped oligopyrazines showed smaller first reduction potentials than 

their corresponding para-phenylenes. Furthermore, the oligomers consisting of four aromatic 

units could be reduced twice. Although all CV measurements were chemically reversible, only 

the first reduction potentials of 2.5 and 3.3 could be determined in an electrochemically 

reversible manner (figure 3.3). 
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Figure 3.3 Cyclic voltammetry measurements on 2,5-diphenylpyrazine (2.5) and para-terphenyl (left) 
and 5,5’-diphenyl-2,2’-bipyrazine (3.3) and para-quaterphenyl (right). 

 

3.3 Ethynylene Pyrazinylene Oligomers 
According to the CV measurements on the phenyl end-capped oligopyrazines, more 

accumulated pyrazine rings are needed to reach a first reduction potential of –0.5 V. However, 

both the synthesis and the characterization of the phenyl end-capped oligopyrazines had proven 

to be difficult and, hence, alternative pyrazine containing oligomers were investigated. To 
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simplify the synthesis of the oligomers, ethynylene was introduced as a coupling unit between the 

pyrazine rings, thus avoiding the necessity of direct carbon-carbon bond formation between the 

aromatic rings. In order to facilitate characterization of the oligomers the phenyl end groups 

were replaced by tridodecyloxyphenyl moieties, which —as a second advantage— should induce 

liquid crystallinity in the oligomers and, therefore, can help to organize the molecules in the 

solid phase. 

 

3.3.1 Synthesis 

As a first building block the synthesis of a monosubstituted pyrazine derivative was 

programmed; however, the reaction of equimolar amounts of 2,5-dibromopyrazine (2.2) and 

3,4,5-tridodecyloxyphenylacetylene,24 using Pd(PPh3)4 as the catalyst,25 led mainly to the 

formation of a disubstituted pyrazine 3.4 (scheme 3.4). 
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Scheme 3.4 Synthesis of disubstituted pyrazine 3.4. 

 

To allow synthesis of longer oligomers, monosubstitution of the pyrazine unit is a 

prerequisite. An elegant solution for this problem would be the preparation of a pyrazine 

building block containing two different halogens, since the latter would also imply a difference in 

reactivity of the two substituents. Therefore, 5-bromo-2-iodopyrazine (3.5) was synthesized via a 

diazotation reaction starting from 5-bromopyrazine-2-amine (2.1) (scheme 3.5). Although initial 

yields were low, asymmetric pyrazine 3.5 could be prepared in 41% yield after some 

modifications of the reaction procedure.26 Using asymmetric pyrazine 3.5 as the starting material 

and Sonogashira reaction conditions,27 monosubstituted pyrazine 3.6 could indeed be 

synthesized in high yield and selectivity. After pyrazine 3.6 had reacted with trimethylsilyl-

acetylene, the trimethylsilyl group of the obtained pyrazine derivative 3.7 was removed with 

tetrabutylammonium fluoride. Even though the deprotection step should be quantitative, 

compound 5.8 was obtained in only 47% yield, presumably due to degradation of the product 

during the chromatographic purification. To further elongate the -conjugated system and 

finalize the synthetic route towards oligomer 3.10, pyrazine derivative 5.8 was subsequently 

 
24. J.A.J.M. Vekemans, manuscript in preparation. 
25. Y. Akita, H. Kanekawa, T. Kawasaki, I. Shiratori, A. Ohta, J. Heterocycl. Chem. 1988, 25, 975. 
26. See chapter 2, synthesis of 2,5-dibromopyrazine (2.2). 
27. K. Sonogashira, Y. Tohda, N. Hagihara, Tetrahedron Lett. 1975, 4467. 
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coupled to 5-bromo-2-iodopyrazine, followed by a reaction with 3,4,5-tridodecyloxyphenyl-

acetylene to end-cap the oligomer. 
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Scheme 3.5 Synthetic route towards ethynylene pyrazinylene oligomer 3.10 (R = C12H25). 
 

To prepare the next oligomer in this series, disubstituted pyrazine 3.11 was first 

synthesized starting from 2,5-dibromopyrazine (2.2) and trimethylsilylacetylene (scheme 3.6). 

After removal of the trimethylsilyl protecting groups by treatment with tetrabutylammonium 

fluoride, 2,5-diethynylpyrazine (3.12) was obtained, again only in a moderate yield after 

purification via column chromatography. The desired ethynylene pyrazinylene oligomer could 
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Scheme 3.6 Synthesis of oligomer 3.13 (R = C12H25) containing three pyrazine rings. 
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then be synthesized by coupling 3.12 with two equivalents of bromopyrazine 3.6 (scheme 3.5), 

affording 3.13 in 47% yield. 

 

3.3.2 Characterization 
1H NMR spectra of the obtained oligomers 3.4, 3.10 and 3.13 featured signals of the 

pyrazine protons around 8.8 ppm. The signals that were most upfield could be assigned to the 

protons closest to the electron-rich tridodecyloxyphenyl group. Extension of the oligomers from 

one to three pyrazine rings, led to a downfield shift of the protons closest to the center of the 

molecule, due to the electron-deficient nature of the pyrazine rings. 

To investigate the assumed liquid crystalline behavior of the oligomers, their melting 

behavior was examined by DSC measurements and polarization microscopy. The smallest 

oligomer 3.4 showed a liquid crystalline mesophase from 13.5 °C ( H = 24 kJ∙mol–1) to 40.1 °C 

( H = 13 kJ∙mol–1) during the second heating run (figure 3.4), its cooling run was reversible and 

revealed transitions at 33.9 °C ( H = –10 kJ∙mol–1) and 4.9 °C ( H = –16 kJ∙mol–1). Oligomer 

3.10 exhibited two mesophases; the melting peak of the dodecyloxy tails was observed at 36.3 °C 

( H = 4.9 kJ∙mol–1), while a transition from one mesophase to another was found at 58.3 °C ( H 

= 1.0 kJ∙mol–1). Both DSC measurements and polarization microscopy revealed a clearing 

temperature of 70.2 °C ( H = 0.9 kJ∙mol–1). The cooling run featured the same transitions, but 

the crystallization peak at 14.5 °C ( H = –2.5 kJ∙mol–1) was smaller than its corresponding 

melting peak. The latter might mean that 3.10 cannot crystallize in its preferred orientation, 

which —in turn— might explain the recrystallization peak observed in the heating run. The 

mesomorphic behavior exhibited by oligomer 3.10 is not unusual; molecules with rigid rod-like 

cores and half-disc shaped mesogenic endgroups have been shown previously to display nematic, 

smectic, cubic and columnar hexagonal mesophases.28 Therefore, it was even more surprising 

that oligomer 3.13 revealed no liquid crystalline behavior at all; it only featured a crystalline to 

isotropic transition at 132.0 °C ( H = 15 kJ∙mol–1) in the heating run. The latter was confirmed 

by polarization microscopy of the isotropic melt, which clearly showed the growth of crystalline 

needles upon cooling. Similar to oligomer 3.10, 3.13 only revealed a broad crystallization peak 

on the cooling runs and a recrystallization peak around 90 °C in the heating runs. Since no X-ray 

diffraction experiments were performed on the mesophases of 3.4 and 3.10, definite assignment 

was not possible. 
 

 
28. a) H.-T. Nguyen, C. Destrade, J. Malthête, Adv. Mater. 1997, 9, 375. b) K.E. Rowe, D.W. Bruce, J. 

Mater. Chem. 1998, 8, 331. 
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Figure 3.4 DSC thermograms of oligomers 3.4, 3.10 and 3.13. 

 

To determine the optical properties of the oligomers in solution, UV/Vis, excitation and 

fluorescence spectra were measured (table 3.2). As expected, the max values increased with 

increasing length of the oligomers, due to the extension of the -conjugated system. 

Bathochromic shifts were observed for all max values when the spectra measured in the polar 

solvents were compared to those in hexane, the red-shift, however, being larger for the 

chloroform solutions. The max values of the excitation spectra showed less solvent dependency 

than those of the UV/Vis spectra, but the trends displayed by both were comparable. 

 
Table 3.2: Spectroscopic data of oligomers 3.4, 3.10 and 3.13. 

Oligomer Solvent UV/Vis 
max [nm] 

(  [l∙mol–1∙cm–1]) 

Excitation 
max [nm] 

Fluorescence 
max [nm] 

hexane 369 (4.9∙104) 384 409 
chloroform 383 (4.7∙104) 389 484 3.4 

THF 376 (4.8∙104) 386 472 
     

hexane 380 (6.6∙104) 390 438 
chloroform 396 (6.0∙104) 396 535 3.10 

THF 393 (6.4∙104) 392 536 
     

hexane 395 (8.8∙104) 391 451 
chl. (25%) in hex. 397 (8.1∙104) 397 515 
chl. (50%) in hex. 399 (8.2∙104) 399 533 
chl. (75%) in hex. 401 (8.4∙104) 400 568 

chloroform 404 (8.2∙104) 400 579 

3.13 

THF 397 (8.9∙104) 396 579 

 

In contrast to the excitation spectra, the fluorescence spectra of the oligomers revealed a 

strong solvent dependency of the max values (table 3.2); the Stokes shift of the longest oligomer 

3.13 tripled, going from the hexane to the THF solution. The intensity of the emission bands was 



38 — CHAPTER 3 — 

also directly related to the polarity of the solvent and showed a decrease with increasing polarity. 

Again, the strongest effects were observed for oligomer 3.13 (figure 3.5). The strong solvent 

dependency of the Stokes shift as well as the fluorescence intensity could point to the occurrence 

of a twisted intramolecular charge transfer (TICT) state. The latter has been observed previously 

for other donor-acceptor substituted ethynylene derivatives29 and is due to the interconversion 

from a locally excited to a charge transfer state, facilitated by rotation about a bond. The charge 

transfer state, which is stabilized by polar solvents, could in our case lead to energy dissipation 

via non-radiative pathways and, thus, explain the difference in fluorescence intensity between 

solutions of the oligomers in polar and apolar solvents. 
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Figure 3.5 Excitation and fluorescence spectra of 3.13 in various solvents. 
 

Table 3.2 shows that the max values of the ethynylene pyrazinylene oligomers were higher 

than those of the phenyl end-capped oligopyrazines with the same number of aromatic rings (3.4 

versus 2.5 and 3.10 versus 3.3). The latter is due to the ethynylene coupling units, which not only 

help to enlarge the -conjugated system but also eliminate the steric interaction betweens the 

pyrazine rings and, hence, improve the -conjugation in these oligomers. Furthermore, the push-

pull character in the ethynylene pyrazinylene oligomers is enhanced, due to end-capping with the 

more electron-rich tridodecyloxyphenyl groups. 

The improved -conjugation as well as the incorporation of ethynylene groups —generally 

considered to be weakly electron-withdrawing— should increase the electron affinity of the 

ethynylene pyrazinylene oligomers. To test this assumption, the first reduction potentials of the 

synthesized oligomers were determined via cyclic voltammetry (figure 3.6). Oligomers 3.4, 3.10 

and 3.13 showed quasi-reversible first reduction potentials (Epc) at –1.68 V, –1.38 V and –1.08 V, 

 
29. L.R. Khundkar, J.T. Bartlett, M. Biswas, J. Chem. Phys. 1995, 102, 6456. 
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respectively, which were indeed lower than those observed for the phenyl end-capped 

oligopyrazine with the same number of aromatic rings. In addition, oligomer 3.13 could be quasi-

reversibly reduced a second time at –1.31 V, while all oligomers could be reduced once more 

below –2.3 V, but these reductions were not reversible. 
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Figure 3.6 Cyclic voltammograms of ethynylene pyrazinylene oligomers 3.4, 3.10 and 3.13 
(conditions: THF, 0.1 M Bu4NPF6 , SCE, 100 mV∙s–1). 

 

3.4 Ethynylene Triazinylene based Discotic 
Instead of using the C2-symmetric pyrazine unit as the electron-deficient building block, 

s-triazine should also be capable of fulfilling that role. Due to its C3-symmetry, this will lead to 

the formation of discotic molecules. The latter generally feature liquid crystalline mesophases 

over broader temperature ranges compared to their linear analogues of similar size. However, 

due to the meta-substitution of the triazine unit, the effective conjugation length will be limited 

to just one branch of the discotic molecule. 

 

3.4.1 Synthesis 

The discotic molecule was obtained after nucleophilic substitution of the triazine ring by 

reaction of cyanuric fluoride with three equivalents of the appropriate acetylide (scheme 3.7).30 

The latter was prepared in modest yield at low temperature by the addition of n-butyllithium to a 

solution of a 3,4,5-tridodecyloxyphenylacetylene in THF. 
 

 
30. R. Wortmann, C. Glania, P. Krämer, R. Matschiner, J.J. Wolff, S. Kraft, B. Treptow, E. Barbu, D. 

Längle, G. Görlitz, Chem. Eur. J. 1997, 3, 1765. 
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Scheme 3.7 Synthesis of discotic molecule 3.14 (R = C12H25). 

 

3.4.2 Characterization 

Discotic compound 3.14 was fully characterized by 1H and 13C NMR, UV/Vis, IR 

spectroscopy, MALDI-TOF mass spectrometry and elemental analysis. The melting behavior of 

discotic compound 3.14 was investigated via DSC and polarization microscopy (figure 3.7) and 

showed a liquid crystalline mesophase from 22.9 °C ( H = 32 kJ∙mol–1) to 60.3 °C ( H = 5.5 

kJ∙mol–1) on the heating run. The cooling was run was reversible and featured transitions at 56.6 

°C ( H = –5.4 kJ∙mol–1) and 16.2 °C ( H = –29 kJ∙mol–1). The temperature range of the liquid 

crystalline state was similar to the one observed for oligomer 3.10, despite the C3-symmetry of 

3.14; the latter might be a direct result of the shape of the core, which has only a small -  

overlap with neighboring discs. 
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Figure 3.7 DSC thermogram of 3.14 (left) and the texture of the liquid crystalline mesophase as 
observed via polarization microscopy at 32 °C (right). 
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Although a hexagonal columnar arrangement of the molecules in the mesophase seems 

logical, the texture observed via polarization microscopy displayed a pattern unlike those seen 

for other discotic molecules synthesized in our group. Therefore, a more in-depth investigation 

of the liquid crystalline behavior of discotic molecule 3.14 was initiated by measuring X-ray 

diffraction patterns at different temperatures (figure 3.8). The experiments clearly showed a 

change in intensity and in width of the peaks around 55 °C, which was rationalized by the 

transition from the liquid crystalline phase to the isotropic melt. The effect of the melting of the 

alkoxy tails on the X-ray diffraction patterns was less pronounced and could be observed around 

15 °C by the disappearance of the peak at 10.5 degrees. At low temperatures the X-ray 

diffraction patterns revealed low intensity signals between 2 and 6 degrees (figure 3.8, inset), 

which could be assigned to higher order reflections. Unfortunately, these reflections also 

disappeared around 15 °C and, hence, exact determination of the liquid crystalline phase was not 

possible. The thermal stability of 3.14 was determined via thermal gravimetric analysis (TGA), 

which revealed no degradation up to 300 °C. 
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Figure 3.8 Circularly integrated X-ray diffraction patterns of neat 3.14 at different temperatures. 

 

UV/Vis spectra of discotic molecule 3.14 in hexane and chloroform solutions featured max 

values of 358 nm and 370 nm (table 3.3), respectively, and were similar to those found for 

smallest linear oligomer 3.4. The latter is in agreement with the limited -conjugation in discotic 

compound 3.14 as a consequence of the meta-substitution of the triazine unit. 
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Table 3.3: Physical data of discotic molecule 3.14 in solution. 
Solvent UV/Vis 

max [nm] 
(  [l∙mol–1∙cm–1]) 

Excitation 
max [nm] 

Fluorescence 
max [nm] 

CVa 
Epc [V] 

hexane 358 (8.3∙104) 358 399 — 
chloroform 370 (6.8∙104) 373 514 — 

THF — — — –1.49, –2.08 
a CV conditions: 0.1 M Bu4NPF6, SCE, 100 mV∙s–1. 

 

Fluorescence spectroscopy revealed the same solvent dependent emission behavior as 

observed for the linear oligomers (figure 3.9), showing an increase of the Stokes shift and a 

decrease in emission intensity with increasing solvent polarity. Moreover, in contrast with the 

linear oligomers, the max values of the excitation spectra of 3.14 also exhibited strong solvent 

dependency. 
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Figure 3.9 Excitation and fluorescence spectra of 3.14 in hexane and chloroform. 

 

Since discotic compound 3.14 has limited -conjugation, a first reduction potential similar 

to the one obtained for oligomer 3.4 (–1.68 V) was expected; however, a first reduction potential 

of –1.49 V was measured via CV (table 3.3). The latter is obviously due to the higher electron 

deficiency of the triazine unit compared to pyrazine, which enhances the overall electron affinity 

of the discotic compound 3.14. Although multiple CV scans of 3.14 showed no change in signal 

intensity, the cyclic voltammogram of the latter showed no oxidation wave and was thus deemed 

irreversible. A second reduction, which was found at –2.08 V, revealed the same electrochemical 

behavior. 
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3.5 Conclusions and Outlook 
A discotic molecule incorporating triazine and oligomeric structures incorporating 

pyrazine were synthesized. Since direct coupling of the pyrazine rings proved to be difficult, 

ethynylene groups were introduced as coupling units; the latter did not diminish the stability or 

electronic properties of the oligomers. Although none of the obtained structures showed a first 

reduction potential as low as –0.5 V, they demonstrate the usefulness of azaheterocycles for the 

design and synthesis of electron-deficient materials. The evolution of the first reduction 

potentials of the ethynylene pyrazinylene series from –1.68 V to –1.08 V (n = 1 3), suggests 

that with n  6 the target value can be approached. The liquid crystalline or crystalline behavior 

exhibited by the tridodecyloxyphenyl substituted compounds might be used as a tool to organize 

the molecules on a nanoscopic level and, thus, enhance their properties in organic based 

electronic devices. 

The electron affinity of the triazine based discotic can probably be improved by 

enlargement of the core via incorporation of pyrazine units (scheme 3.8). Preliminary 

experiments have shown that synthesis of these extended discotics will not be feasible using the 

synthetic approach described in this chapter, e.g. nucleophilic substitution of cyanuric fluoride. 

Therefore, the coupling of 2,4,6-triethynyltriazine with 3 eq. of a bromo derivative seems a 

logical alternative. 
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Scheme 3.8 Retrosynthetic route towards triazine based discotics with an extended core. 
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3.6 Experimental Section 
General. para-Terphenyl (99+%) and para-quaterphenyl (98%) were purchased from Acros and Aldrich, 

respectively, and used as such. All solvents used were p.a. quality. Tetrahydrofuran (THF) was distilled 

over Na/K/benzophenone, while triethylamine was dried over KOH. For column chromatography Merck 

silica gel 60 was used or Merck alumina 90 (activity II-III), while for preparative size exclusion 

chromatography Bio-Rad S-X1 Beads were used. 1H NMR and 13C NMR spectra were recorded on a 

Varian Gemini spectrometer with frequencies of 300.1 and 75.0 MHz, respectively, an AM-400 Bruker 

spectrometer with frequencies of 400.1 and 100.6 MHz, respectively, or a Varian Mercury spectrometer 

with frequencies of 400.1 and 100.6 MHz, respectively. Chemical shifts are given in ppm ( ) downfield 

from tetramethylsilane (TMS). UV/Vis spectra were recorded on a Perkin Elmer Lambda 3B 

spectrophotometer, a Perkin Elmer Lambda 40P spectrophotometer or a Perkin Elmer Lambda 900 

UV/Vis/NIR spectrophotometer. Fluorescence spectra were recorded on a Perkin Elmer LS50B 

luminescence spectrometer and infrared spectra on a Perkin-Elmer Spectrum One using attenuated total 

reflection (ATR) sample accessory. The optical properties and melting points were determined using a 

Jenaval polarization microscope equipped with a Linkam THMS 600 heating device. DSC data was 

collected on a Perkin Elmer Pyris 1 under a nitrogen atmosphere, while TGA data was collected on a 

Perkin Elmer TGA 7. Mass spectra were recorded on a Shimadzu GC/MS-QP5000 via a direct insertion 

probe (DIP) or a Perseptive DE Voyager MALDI-TOF spectrometer utilizing -cyano-4-hydroxy-

cinnamic acid as the matrix. Elemental analysis was performed on a Perkin Elmer 2400 series analyzer. 

Cyclic voltammograms were obtained in THF with 0.1 M tetrabutylammonium hexafluorophosphate as 

supporting electrolyte using a Potentioscan Wenking POS73 potentiostat. A platinum disk (diameter 5 

mm) was used as working electrode, the counter electrode was a platinum plate (5 5 mm2) and a saturated 

calomel electrode (SCE) was used as reference electrode. 

 

2-Bromo-5-phenylpyrazine (3.1). Under continuous stirring, trimethylstannylbenzene (2.63 g, 10.9 mmol), 

2,5-dibromopyrazine (2.2, 2.60 g, 10.9 mmol) and CuBr (0.13 g, 0.90 mmol, 8 mol%) were added to THF 

(50 ml) under an argon atmosphere. The mixture was frozen using a liquid nitrogen bath and degassed to 

a pressure of 0.1 mbar. The solid was then thawn and flushed with dry argon. This procedure was repeated 

before Pd(PPh3)2Cl2 (0.31 g, 0.44 mmol, 4 mol%) was added. The freeze–pump–thaw cycle was repeated 

five times, after which the solution was heated under reflux overnight. The solution was allowed to cool 

and Pd(PPh3)2Cl2 (0.087 g, 0.12 mmol, 1 mol%) and AsPh3 (0.24 g, 0.79 mmol, 7 mol%) were added using 

the same freeze-thawn procedure as described above. After another day of heating under reflux, the 

solution was cooled and the solvent evaporated in vacuo. Chloroform was added to the residue and the 

solution was successively washed with aqueous ethylenediamine (5%), water (4 ) and brine (1 ). The 

organic phase was then dried over MgSO4, filtered and evaporated to dryness. The crude material was 

subsequently purified by column chromatography (SiO2, dichloromethane (50%) in hexane, Rf = 0.39), 

affording 3.1 as a white solid (1.16 g, 4.93 mmol, 45%). M.p. 98 °C; 1H NMR (CDCl3):  = 8.77 (s, 1H, 

H-6), 8.72 (s, 1H, H-3), 7.98 (d, 2H, HPh-o), 7.50 (m, 3H, HPh-m,p); 13C NMR (CDCl3):  = 151.2 (C-5), 

146.8 (C-3), 141.7 (C-6), 139.0 (C-2), 135.1 (CPh-i), 130.3 (CPh-p), 129.2 (CPh-m), 126.8 (CPh-o). 

N.B. Besides the title compound, 2,5-diphenylpyrazine (2.5, 0.26 g, 1.1 mmol, 20%) was isolated during 

column chromatography (Rf = 0.31). 1H NMR (TFA-d1):  = 9.52 (s, 2H, H-3,6), 8.08 (d, J = 7.2 Hz, 4H, 
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HPh-o), 7.75–7.73 (m, 6H, HPh-m,p); 13C NMR (TFA-d1):  = 152.5 (C-2,5), 141.4 (C-3,6), 135.9 (CPh-i), 

132.3 (CPh-o), 131.6 (CPh-p), 129.6 (CPh-m). 

 

5-Phenyl-2-trimethylstannylpyrazine (3.2). Hexamethyldistannane (0.6 ml, 3 mmol) and 2-bromo-

5-phenylpyrazine (3.1, 0.29 g, 1.2 mmol) were dissolved in dry toluene (15 ml), after which the solution 

was deaerated and stored under argon. Pd(PPh3)4 (~10 mol%) was added, the solution was again 

deaerated, stored under argon and then heated under reflux for 2 d. The solvent was evaporated and the 

residue was purified by column chromatography (Al2O3, dichloromethane (33%) in hexane, Rf = 0.52), 

yielding the title compound 3.2 as a solid (0.28 g, 0.88 mmol, 71%). M.p. 68 °C; 1H NMR (CDCl3):  = 

9.17 (s, 1H, H-3), 8.65 (s, 1H, H-6), 8.00 (d, 2H, HPh-o), 7.49 (m, 3H, HPh-m,p), 0.42 (9H, Sn(CH3)3, with 

Sn satellites at 0.49 and 0.36); 13C NMR (CDCl3):  = 166.1 (C-2), 150.8 (C-5), 149.7 (C-3, with Sn 

satellites), 143.5 (C-6, with Sn satellites), 136.7 (CPh-i), 129.7 (CPh-p), 128.9 (CPh-m), 126.7 (CPh-o), –9.5 

(Sn(CH3)3, with Sn satellites at –8.7 and –10.4). 

 

5,5’-Diphenyl-2,2’-bipyrazine (3.3). Method 1. 5-Phenyl-2-trimethylstannylpyrazine (3.2, 99.4 mg, 0.31 

mmol) and 2-bromo-5-phenylpyrazine (3.1, 74.3 mg, 0.31 mmol) were dissolved in dry DMF (3 ml). CuBr 

(5.5 mg, 0.038 mmol, 12 mol%) was added and the solution was stirred under argon atmosphere at RT. 

After bubbling of helium through the solution, Pd(PPh3)2Cl2 (9.0 mg, 4 mol%) was added. The solution 

was again deoxygenized by bubbling with helium and subsequently stirred at RT for 2 h. The precipitated 

solid was collected by filtration and washed with aqueous ethylenediamine (5%), methanol and diethyl 

ether, yielding 3.3 as a yellow solid (~48 mg , ~0.15 mmol, ~50%). Method 2. 5-Phenyl-2-trimethylstannyl-

pyrazine (3.2, 53.1 mg, 0.16 mmol) and CuBr (2.8 mg, 0.020 mmol, 12 mol%) were added to DMF (1.5 ml) 

and the mixture was stirred at RT overnight. The precipitated solid was collected by filtration and washed 

with aqueous ethylenediamine (5%), water, methanol and ether. This afforded 3.3 as a yellow solid (18.4 

mg, ~0.059 mmol, ~70%), which still contained some inorganic impuritities. To obtain an analytically 

pure sample of 3.3, the combined fractions (vide supra) were dissolved in conc. sulfuric acid, precipitated 

in water and dried overnight in a vacuum oven. M.p. 292 °C; 1H NMR (TFA-d1):  = 9.94 (s, 2H, H-3), 

9.88 (s, 2H, H-6), 8.17 (t, J = 7.8 Hz, 2H, HPh-p), 7.95 (d, J = 7.5 Hz, 4H, HPh-o), 7.85 (t, J = 7.7 Hz, 4H, 

HPh-m); 13C NMR (TFA-d1):  = 151.4, 151.1, 150.2, (C-2,2',5,5’,6,6'), 138.0 (C-3,3'), 133.9 (CPh-i), 133.0 

(CPh-o), 130.7 (CPh-m), 128.5 (CPh-p); Elemental analysis (%) for C20H14N4 (310.36): calcd C 77.40, H 4.55, 

N 18.05; found C 77.45, H 4.56, N 18.28. 

 

Phenyl end-capped oligopyrazines. To a continuously stirred and deoxygenized solution of 2,5-dibromo-

pyrazine (2.2, 34.7 mg, 0.146 mmol) in DMF (3 ml), Pd2(dba)3 (7.5 mg, 0.0082 mmol, 3 mol%) and AsPh3 

(18.1 mg, 0.059 mmol, 20 mol%) were added. The solution was then deoxygenized by bubbling helium 

through the solvent and subsequently 5-phenyl-2-trimethylstannylpyrazine (3.2, 93.0 mg, 0.292 mmol) was 

added. After another deoxygenation procedure, the solution was stirred for 2 h at 90°C. The solvent was 

then evaporated in vacuo and the residue was washed with DMF, methanol and diethyl ether, affording an 

oligomeric mixture (38.0 mg). Due to the limited solubilty in suitable organic solvents, purification was not 

possible and, therefore, only a tentative assignment for 5,5''-diphenyl-2,2':5',2''-terpyrazine is given. 1H 

NMR (TFA-d1):  = 10.02 (s, 2H, H-2’,5’), 9.93 (s, 2H, H-2,2”), 9.89 (s, 2H, H-5,5”), 8.16 (d, 2H, HPh-o), 

7.94 (t, 4H, HPh-p); 7.83 (t, 4H, HPh-m). 
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2,5-Bis(3,4,5-tridodecyloxyphenylethynyl)pyrazine (3.4). 2,5-Dibromopyrazine (2.2, 0.367 g, 1.50 mmol) 

and 3,4,5-tridodecyloxyphenylacetylene (0.993 g, 1.50 mmol) were dissolved in a mixture of DMF (4 ml) 

and toluene (4 ml). To this mixture KOAc (0.234 g, 2.25 mmol) and Pd(PPh3)4 (70 mg, 0.060 mmol, 4 

mol%) were added under an argon atmosphere and subsequently the heterogeneous mixture was heated 

under reflux for 2 h. Toluene was removed in vacuo and the DMF suspension was poured into a mixture of 

diethyl ether (50 ml), water (25 ml) and conc. hydrochloric acid (0.5 ml). After the layers were separated, 

the organic layer was washed with another portion of water (25 ml) and conc. hydrochloric acid (0.5 ml) 

and evaporated to dryness. The residue was purified via column chromatography (SiO2, dichloromethane 

(30%) in heptane), yielding 3.4 as a off-white solid (0.380 g, 0.274 mmol, 37%). 1H NMR (CDCl3):  = 

8.70 (s, 2H, H-3,6), 6.83 (s, 4H, HPh-2,6), 3.99 (m, 12H, OCH2), 1.83–1.69 (m, 12H, OCH2CH2), 1.47 (m, 

12H, OCH2CH2CH2), 1.26 (m, 96H, (CH2)8), 0.88 (t, J = 6.8 Hz, 18H, CH3); 13C NMR (CDCl3):  = 153.3 

(CPh-3,5), 147.2 (C-3,6), 140.5 (CPh-4), 137.9 (C-2,5), 115.8 (CPh-1), 110.9 (CPh-2,6), 96.1 (CPz–C C–CPh), 

85.3 (CPz–C C–CPh), 73.8 (CPh-4–OCH2), 69.4 (CPh-3,5–OCH2), 32.2, 30.6, 30.0, 29.9, 29.9, 29.9, 29.8, 29.6, 

29.5, 26.3, 22.9 ((CH2)10), 14.3 (CH3); IR (ATR):  = 2917, 2849, 2213, 1573, 1505, 1467, 1422, 1385, 1360, 

1300, 1267, 1233, 1121, 1028, 1011, 991, 970, 910, 826, 721 cm–1; Elemental analysis (%) for C92H156N2O6 

(1386.26): calcd C 79.71, H 11.34, N 2.02; found C 79.80, H 11.24, N 2.01. 

 

5-Bromo-2-iodopyrazine (3.5). In a 100 ml threenecked flask equipped with a mechanical stirrer 

5-bromopyrazinamine (2.1, 2.0 g, 11.5 mmol) was suspended in hydroiodic acid (57% in water, 7.4 ml), 

which was cooled using an ice-salt bath. I2 (2.0 g, 7.8 mmol) was slowly added, keeping the temperature of 

the mixture below 2 °C, followed by the addition of NaNO2 (3.31 g, 48.0 mmol) over a period of 3 h. The 

mixture was made alkaline by first adding a Na2S2O5 solution (10% in water, 50 ml) and then a sat. 

Na2CO3 solution (30 ml). The obtained mixture was extracted with diethyl ether (240 ml) and the organic 

layer was subsequently washed with a Na2S2O5 solution (10% in water, 100 ml), dried over MgSO4, filtered 

and evaporated to dryness. Purification of the residue by column chromatography (SiO2, diethyl ether 

(25%) in hexane, Rf = 0.7) afforded pure 3.5 as a white solid (1.34 g, 4.70 mmol, 41%). 1H NMR (CDCl3): 

 = 8.61 (d, J = 1.4 Hz, 1H, H-3), 8.50 (d, J = 1.4 Hz, 1H, H-6); 13C NMR (CDCl3):  = 152.8 (C-3), 148.6 

(C-6), 140.5 (C-5), 115.0 (C-2). 

 

2-Bromo-5-(3,4,5-tridodecyloxyphenylethynyl)pyrazine (3.6). 5-Bromo-2-iodopyrazine (3.5, 0.43 g, 1.51 

mmol) and 3,4,5-tridodecyloxyphenylacetylene (0.98 g, 1.50 mmol) were dissolved in triethylamine (10 ml) 

and the catalysts Pd(PPh3)2Cl2 (0.0127 g, 0.0181 mmol, 1 mol%) and CuI (0.0088g, 0.046 mmol, 3 mol%) 

were added. The mixture was stirred at RT for 2 h, evaporated to dryness, dissolved in toluene and again 

evaporated to dryness to remove any residual triethylamine. Purification by column chromatography 

(SiO2, hexane (40%) in dichloromethane, Rf = 0.3) yielded 3.6 as a yellow-orange waxy solid (1.14 g, 1.40 

mmol, 94%). 1H NMR (CDCl3):  = 8.65 (d, J = 1.5 Hz, 1H, H-6), 8.48 (d, J = 1.5 Hz, 1H, H-3), 6.81 (s, 

2H, HPh-2,6), 3.97 (m, 6H, OCH2), 1.84–1.72 (m, 6H, OCH2CH2), 1.46 (m, 6H, OCH2CH2CH2), 1.26 (m, 

48H, (CH2)8), 0.88 (t, J = 7.0 Hz, 9H, CH3); 13C NMR (CDCl3):  = 153.3 (CPh-3,5), 147.4, 147.3 (C-3,6), 

140.6 (CPh-4), 138.9, 138.8 (C-2,5), 115.6 (CPh-1), 110.9 (CPh-2,6), 95.7 (CPz–C C–CPh), 84.0 (CPz–C C–CPh), 

73.8 (CPh-4–OCH2), 69.4 (CPh-3,5–OCH2), 32.2, 30.5, 30.0, 29.9, 29.9, 29.8, 29.6, 29.5, 26.3, 22.9 ((CH2)10), 

14.3 (CH3). 
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5-(3,4,5-Tridodecyloxyphenylethynyl)-2-trimethylsilylethynylpyrazine (3.7). 2-Bromo-5-(3,4,5-tridodecyl-

oxyphenylacetylene)pyrazine (3.6, 0.5 g, 0.62 mmol) was dissolved in triethylamine (3.5 ml) and 

trimethylsilylacetylene (0.09 ml, 0.64 mmol) was added. After addition of a spatula end of Pd(PPh3)2Cl2 

and CuI, the reaction mixture was heated at 60 °C for 45 min, allowed to cool and filtered. The filter was 

washed with triethylamine and the combined filtrates were evaporated to dryness. Purification of the 

crude material by column chromatography (SiO2, heptane (40%) in dichloromethane) afforded 3.7 as a 

dark colored solid (0.32 g, 0.39 mmol, 63%). 1H NMR (CDCl3):  = 8.66 (d, J = 1.5 Hz, 1H, H-3), 8.64 (d, 

J = 1.5 Hz, 1H, H-6), 6.81 (s, 2H, HPh-2,6), 4.00–3.95 (m, 6H, OCH2), 1.82–1.72 (m, 6H, OCH2CH2), 1.46 

(m, 6H, OCH2CH2CH2), 1.26 (m, 48H, (CH2)8), 0.88 (t, J = 6.8 Hz, 9H, CH3), 0.29 (s, 9H, Si(CH3)3); 13C 

NMR (CDCl3):  = 153.3 (CPh-3,5), 147.5, 147.0 (C-3,6), 140.6 (CPh-4), 138.5, 137.2 (C-2,5), 115.7 (CPh-1), 

110.9 (CPh-2,6), 101.9 (CPz–C C–Si), 101.0 (CPz–C C–Si), 96.3 (CPz–C C–CPh), 85.2 (CPz–C C–CPh), 73.8 

(CPh-4–OCH2), 69.4 (CPh-3,5–OCH2), 32.2, 31.8, 30.5, 29.9, 29.9, 29.9, 29.9, 29.8, 29.6, 29.5, 26.3, 22.9 

((CH2)10), 14.3 (CH3), –0.2 (Si(CH3)3). 

 

5-Ethynyl-2-(3,4,5-tridodecyloxyphenylethynyl)pyrazine (3.8). Pyrazine derivative 3.7 (0.72 g, 0.87 mmol) 

was dissolved in THF (5 ml) and Bu4NF (1 M in THF, 1.50 ml, 1.50 mmol) was added. The solution was 

stirred at RT for 10 min and then filtrated over a short silica column using dichloromethane as the eluent. 

The filtrate was evaporated to dryness and the crude oil was purified by column chromatography (SiO2, 

hexane (33%) in dichloromethane, Rf = 0.46), yielding pure 3.8 as a yellow solid (0.31 g, 0.41 mmol, 47%). 
1H NMR (CDCl3):  = 8.66 (d, J = 1.5 Hz, 1H, H-6), 8.64 (d, J = 1.5 Hz, 1H, H-3), 6.81 (s, 2H, HPh-2,6), 

3.98–3.94 (m, 6H, OCH2), 3.43 (s, 1H, C C–H), 1.82–1.72 (m, 6H, OCH2CH2), 1.45 (m, 6H, 

OCH2CH2CH2), 1.25 (m, 48H, (CH2)8), 0.86 (t, J = 6.8 Hz, 9H, CH3); 13C NMR (CDCl3):  = 153.3 

(CPh-3,5), 147.6, 147.1 (C-3,6), 140.7 (CPh-4), 139.1 (C-2), 136.6 (C-5), 115.6 (CPh-1), 110.9 (CPh-2,6), 96.5 

(CPz–C C–CPh), 85.1 (CPz–C C–CPh), 82.8 (CPz–C C–H), 80.3 (CPz–C C–H), 73.8 (CPh-4–OCH2), 69.4 

(CPh-3,5–OCH2), 32.2, 30.5, 30.0, 29.9, 29.9, 29.8, 29.6, 29.5, 26.3, 22.9 ((CH2)10), 14.3 (CH3). 

 

2-(5’-Bromo-2’-pyrazinylethynyl)-5-(3,4,5-tridodecyloxyphenylethynyl)pyrazine (3.9). Pyrazine derivative 

3.8 (0.165 g, 0.22 mmol) and 5-bromo-2-iodopyrazine (3.5, 0.693 g, 0.24 mmol) were dissolved in 

triethylamine (2 ml) and spatula ends of Pd(PPh3)2Cl2 and CuI were added. The reaction mixture was 

heated at 70 °C for 20 min, allowed to cool and filtered. The filter was washed with triethylamine and the 

combined filtrates were then evaporated to dryness. Purification by column chromatography (SiO2, 

dichloromethane) afforded 3.9 as a yellow solid (0.1126 g, 0.123 mmol, 56%). 1H NMR (CDCl3):  = 8.82 

(s, 1H, H-3), 8.75 (s, 1H, H-3’/6), 8.74 (s, 1H, H-3’/6), 8.62 (s, 1H, H-6’). 6.86 (s, 2H, HPh-2,6), 4.01–3.97 

(m, 6H, OCH2), 1.83–1.72 (m, 6H, OCH2CH2), 1.48 (m, 6H, OCH2CH2CH2), 1.27 (m, 48H, (CH2)8), 0.88 

(t, J = 6.8 Hz, 9H, CH3); 13C NMR (CDCl3):  = 153.4 (CPh-3,5), 148.0, 147.8, 147.6, 147.4 (C-3,3’,6,6’), 

140.9, 140.8 (C-2, CPh-4), 139.7, 137.3, 136.0 (C-2’,5,5’), 115.6 (CPh-1), 111.1 (CPh-2,6), 97.5 (CPz–C C–CPh), 

90.3 (CPz–C C–CPz’), 89.3 (CPz–C C–CPz’), 85.4 (CPz–C C–CPh), 73.9 (CPh-4–OCH2), 69.5 (CPh-3,5–OCH2), 

32.3, 30.7, 30.0, 30.0, 29.9, 29.7, 29.6, 29.4, 26.4, 23.0 ((CH2)10), 14.4 (CH3). 

 

1,2-Bis[2-{5-(3,4,5-tridodecyloxyphenylethynyl)pyrazinyl}]ethyne (3.10). Pyrazine derivative 3.9 (0.1102 

g, 0.12 mmol) and 3,4,5-tridodecyloxyphenylacetylene (0.082 g, 0.12 mmol) were dissolved in triethylamine 

(3.3 ml) and spatula ends of Pd(PPh3)2Cl2 and CuI were added. The reaction mixture was then heated 
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under reflux for 1 h, allowed to cool and evaporated to dryness. The residue was dissolved in diethyl ether 

(10 ml), washed with water (2 10 ml), dried over MgSO4 and again evaporated to dryness. Pure 3.10 was 

obtained as a yellow solid ( 0.0257 g, 0.017 mmol, 14%), after two purifications by column chromatography 

(SiO2, dichloromethane, Rf = 0.44). 1H NMR (CDCl3):  = 8.82 (d, J = 1.5 Hz, 2H, H-3), 8.75 (d, J = 1.5 

Hz, 2H, H-6), 6.84 (s, 4H, HPh-2,6), 4.02–3.96 (m, 12H, OCH2), 1.83–1.74 (m, 12H, OCH2CH2), 1.47 (m, 

12H, OCH2CH2CH2), 1.26 (m, 96H, (CH2)8), 0.88 (t, J = 6.8 Hz, 18H, CH3); 13C NMR (CDCl3):  = 153.3 

(CPh-3,5), 147.9 (C-3), 147.4 (C-6), 140.8 (CPh-4), 139.5 (C-5), 136.1 (C-2), 115.6 (CPh-1), 111.0 (CPh-2,6), 

97.3 (CPz–C C–CPh), 90.6 (CPz–C C–CPz), 85.3 (CPz–C C–CPh), 73.8 (CPh-4–OCH2), 69.4 (CPh-3,5–OCH2), 

32.2, 30.5, 30.0, 29.9, 29.9, 29.9, 29.8, 29.6, 29.5, 26.3, 22.9 ((CH2)10), 14.3 (CH3); IR (ATR):  = 2918, 

2850, 2207, 1572, 1500, 1467, 1420, 1360, 1298, 1261, 1234, 1149, 1113, 1029, 1011, 912, 801, 721 cm–1. 

 

2,5-Bis(trimethylsilylethynyl)pyrazine (3.11). 2,5-Dibromopyrazine (2.2, 1.55 g, 6.5 mmol) was dissolved in 

triethylamine (26 ml) and trimethylsilylacetylene (1.85 ml, 13 mmol) was added. Then, the catalysts 

Pd(PPh3)2Cl2 (0.0844 g, 0.07 mmol 0.5 mol%) and CuI (0.0284 g, 0.15 mmol, 1 mol%) were added. The 

mixture was heated under reflux for 1 h, allowed to cool and filtered. The filter was then carefully washed 

with triethylamine and the combined filtrates were evaporated to dryness. Purification by column 

chromatography (SiO2, dichloromethane (33%) in heptane, Rf = 0.25) afforded 3.11 as a white solid (0.66 

g, 2.4 mmol, 37%). 1H NMR (CDCl3):  = 8.60 (s, 2H, H-3), 0.28 (s, 18H, Si(CH3)3); 13C NMR (CDCl3):  

= 147.4 (C-3,6), 137.8 (C-2,5), 102.2, 100.8 (C C), –0.2 (Si(CH3)3). 

 

2,5-Diethynylpyrazine (3.12). 2,5-Bis(trimethylsilylethynyl)pyrazine (3.11, 1.06 g, 3.89 mmol) was 

dissolved in THF (20 ml) and Bu4NF (1 M in THF, 8.0 ml, 8.0 mmol) was added. The reaction mixture was 

stirred for 1 min, poured into diethyl ether (50 ml) and washed with water (2 50 ml). The organic phase 

was then dried over MgSO4, filtered and evaporated to dryness. Purification by column chromatography 

(SiO2, diethyl ether (25%) in pentane) afforded 3.12 as a yellow-white solid (0.25 g, 1.98 mmol, 50%). 1H 

NMR (CDCl3):  = 8.64 (s, 2H, H-3,6), 3.44 (s, 2H, C C–H); 13C NMR (CDCl3):  = 147.6 (C-3,6), 137.8 

(C-2,5), 83.3 (CPz–C C–H), 80.1 (CPz–C C–H). 

N.B. Since diethynylpyrazine 3.12 is rather volatile, evaporation of the solvents should be done at room 

temperature to prevent sublimation. 

 

2,5-Bis{2’-ethynyl-5’-(3,4,5-tridodecyloxyphenylethynyl)pyrazine}pyrazine (3.13). 2,5-Diethynylpyrazine 

(3.12, 0.03 g, 0.24 mmol) and 2-bromo-5-(3,4,5-tridodecyloxyphenylethynyl)pyrazine (3.6, 0.3727 g, 0.46 

mmol) were dissolved in triethylamine (2 ml) and spatula ends of Pd(PPh3)2Cl2 and CuI were added. The 

reaction mixture was heated under reflux for 2 h, blanketed by argon, allowed to cool and filtered. The 

filter was washed with triethylamine and the combined filtrates were evaporated to dryness. Purification of 

the crude material by column chromatography (SiO2, ethyl acetate (1%) in dichloromethane) yielded pure 

3.13 as a yellow waxy solid (0.1803 g, 0.114 mmol, 47%). 1H NMR (CDCl3):  = 8.87 (s, 2H, H-3,6), 8.82 

(d, J = 1.1 Hz, 2H, H-3’), 8.75 (d, J = 1.1 Hz, 2H, H-6’), 6.83 (s, 4H, HPh-2,6), 3.99–3.96 (m, 12H, OCH2), 

1.83–1.75 (m, 12H, OCH2CH2), 1.46 (m, 12H, OCH2CH2CH2), 1.25 (m, 96H, (CH2)8), 0.87 (t, J = 7.0 Hz, 

18H, CH3); 13C NMR (CDCl3):  = 153.3 (CPh-3,5), 148.2 (C-3,6), 147.9 (C-3’), 147.5 (C-6’), 140.8 (CPh-4), 

139.6 (C-5’), 137.7 (C-2,5), 135.9 (C-2’), 115.5 (CPh-1), 111.1 (CPh-2,6), 97.5 (CPz’–C C–CPh), 91.4 (CPz–

C C–CPz’), 90.2 (CPz–C C–CPz’), 85.3 (CPz’–C C–CPh), 73.8 (CPh-4–OCH2), 69.4 (CPh-3,5–OCH2), 32.2, 30.6, 
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29.9, 29.9, 29.6, 29.5, 26.3, 22.9 ((CH2)10), 14.3 (CH3); IR (ATR):  = 2920, 2851, 2206, 1572, 1499, 1467, 

1420, 1358, 1298, 1262, 1233, 1188, 1151, 1114, 1030, 916, 833, 767, 721 cm–1; Elemental analysis (%) for 

C104H160N6O6 (1590.45): calcd C 78.54, H 10.14, N 5.28; found C 78.25, H 10.06, N 4.94. 

 

2,4,6-Tris(3,4,5-tridodecyloxyphenylethynyl)triazine (3.14).30 Blanketed by argon, n-BuLi (1.6 M in 

hexane, 2.35 ml, 3.76 mmol) was added dropwise to a stirred solution of 3,4,5-tridodecyloxyphenyl-

acetylene (2.47 g, 3.77 mmol) in THF (10 ml) at –78 °C. The solution was stirred for 1 h, allowed to warm 

to RT and stirred for another 20 min. The solution was then cooled to –78 °C and a solution of cyanuric 

fluoride (0.146 g, 1. 08 mmol) in THF (1 ml) was added dropwise. The mixture was warmed to RT, stirred 

for 2 h and water (10 ml) and dichloromethane (10 ml) were added. The layers were separated and the 

aqueous layer was extracted with dichloromethane (2 10 ml). The combined organic layers were then 

washed with brine, dried over Na2SO4, filtered and evaporated to dryness. The residue was purified by 

column chromatography (SiO2, pentane (25%) in dichloromethane) and preparative size exclusion 

chromatography (Biobeads, CH2Cl2), affording pure 3.14 as a yellow waxy solid (0.51 g, 0.25 mmol, 23%). 
1H NMR (CDCl3):  = 6.92 (s, 6H, HPh-2,6), 4.03–3.94 (m, 18H, OCH2), 1.85–1.70 (m, 18H, OCH2CH2), 

1.48 (m, 18H, OCH2CH2CH2), 1.27 (m, 144H, (CH2)8), 0.87 (t, J = 5.9 Hz, 27H, CH3); 13C NMR (CDCl3): 

 = 160.7 (C-2,4,6), 153.3 (CPh-3,5), 141.6 (CPh-4), 114.5 (CPh-1), 112.0 (CPh-2,6), 95.2 (CTz–C C–CPh), 86.2 

(CTz–C C–CPh), 73.9 (CPh-4–OCH2), 69.4 (CPh-3,5–OCH2), 32.2, 31.9, 30.6, 30.0, 29.9, 29.8, 29.7, 29.5, 26.3, 

23.0 ((CH2)10), 14.3 (CH3); IR (ATR):  = 2920, 2852, 2218, 1575, 1492, 1468, 1421, 1377, 1306, 1236, 

1168, 1115, 1052, 1002, 830, 819, 721 cm–1; MALDI-TOF MS [M+H+]: calcd 2041.8 Da; found 2042.1 Da; 

Elemental analysis (%) for C135H231N3O9 (2040.33): calcd C 79.47, H 11.41, N 2.06; found C 79.53, H 11.32, 

N 2.06. 
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Abstract: Hexaazatriphenylene (HAT) derivatives provided with trialkoxyphenyl moieties were 

synthesized as possible electron-deficient liquid crystalline materials. Indeed, the methoxy 

substituted reference compound revealed a reversible first reduction potential of –0.35 V, while 

the dodecyloxy substituted discotic featured a columnar hexagonal ordered mesophase over a 

temperature range of 280 °C. As a donor–acceptor material a HAT core was provided with 

mesogenic OPV4 units. Both photoinduced absorption and fluorescence spectroscopy confirmed 

the expected photoinduced electron transfer for blends of the dodecyloxy substituted discotic with 

electron-rich -conjugated polymers and for the pure donor–acceptor discotic. Therefore, the 

application of these materials in photovoltaic cells was investigated, but the performance of the 

devices was poor. The latter is presumably due to shielding of the core by the long peripheral 

alkoxy tails or incorrect orientation of the molecules in these devices rather than to the intrinsic 

properties of the synthesized HAT derivatives. 

 

 

4.1 Introduction 
The solar cell may rejoice itself in ever increasing interest due to the expected depletion of 

the conventional energy sources (gas and oil) and the burden their use poses on the 

environment. The commercially available solar cells are based on inorganic materials such as 

polycrystalline silicon and gallium arsenide and can reach efficiencies as high as 30%.1 One 

major drawback of these solar cells is their high purchasing costs, which makes the electricity 

produced more expensive than the electricity obtained from fossil fuels. Furthermore, their 

relatively high weight and low flexibility hampers application of the inorganic solar cells. 

Therefore, solar cells based on -conjugated materials are investigated, since their ease of 

modification and good processablity might help to reduce costs and weight. 

The solar cells containing organic materials can roughly be divided into two groups; one 

contains both organic and inorganic materials (a hybrid cell), while the other has a completely 

organic active layer. The hybrid solar cell was first reported by Grätzel2 and consists of a 

 
1. T. Takamoto, E. Ikeda, H. Kurita, M. Ohmori, Appl. Phys. Lett. 1997, 70, 381. 
2. B. O’Regan, M. Grätzel, Nature 1991, 335, 737. 
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nanocrystalline titanium dioxide film which is coated with a monolayer of dye molecules, 

typically tris(2,2’-bipyridyl-4,4’-dicarboxylate)ruthenium(II) complexes (figure 4.1). Excitation of 

a dye molecule results in transfer of one electron from the dye to the conduction band of 

titanium dioxide. The electron can then be collected at the transparent electrode, while the hole 

migrates towards the platinum electrode. The latter is achieved by the iodide solution, which 

regenerates the dye molecule via an electron transfer from the iodide. The concomitantly 

formed iodine subsequently diffuses towards the platinum electrode and is reconverted into 

iodide, closing the electric circuit. Since the solution contains an excess of iodide ions, the iodine 

is bound to the iodide ions forming triiodide ions. A disadvantage of the described hybrid solar 

cell is the necessity to incorporate a solvent to allow diffusion of the iodide and triiodide ions 

towards the dye monolayer and electrode surface, respectively. Since evaporation of the volatile 

solvent is hard to prevent, this inevitably will lead to loss of function of the solar cell. Research 

has been initiated to replace the electrolyte by a hole-conductor3 or to remove both iodide 

solution and dye by using a -conjugated material as the light harvester and hole-conductor,4 but 

the efficiencies of these solar cells are constantly lower than those of the original hybrid solar 

cells. 

3II3

transparent electrode
titanium dioxide
dye monolayer

iodide solution

platinum electrode

h

 
 

Figure 4.1 Hybrid solar cell as reported by Grätzel. 
 

The all-organic solar cells can be divided in two subtypes, that only differ in morphology of 

the active layer. The construction of the first all-organic solar cells was based on their inorganic 

analogues and used a p–n junction consisting of an organic p-type and n-type semiconducting 

material (figure 4.2, left).5 The disadvantage of this system is that only a limited fraction of the 

-conjugated materials can participate in the charge separation process due to the small contact 

area between the two semiconductors and, hence, excitations must migrate through the bulk 

material to reach the depletion layer. Since excitation lifetimes are limited, many excitations will 

 
3. a) J. Hagen, W. Schaffrath, P. Otschik, R. Fink, A. Bacher, H.-W. Schmidt, D. Haarer, Synth. Met. 

1997, 89, 215. b) U. Bach, D. Lupo, P. Comte, J.E. Moser, F. Weissörtel, J. Salbeck, H. Spreitzer, M. 
Grätzel, Nature 1998, 395, 583. 

4. a) A.C. Arango, L.R. Johnson, V.N. Bliznyuk, Z. Schlesinger, S.A. Carter, H.-H. Hörhold, Adv. Mater. 
2000, 12, 1689. b) P.A. van Hal, M.P.T. Christiaans, M.M. Wienk, J.M. Kroon, R.A.J. Janssen, J. 
Chem. Phys. B 1999, 103, 4352. 

5. C.W. Tang, Appl. Phys. Lett. 1986, 48, 183. 
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decay to the ground state during this process, obviously decreasing the efficiency of the solar 

cell. To overcome this problem, bulk heterojunction solar cells were investigated, since the 

formation of an interpenetrating network of the two semiconducting materials results in a large 

contact area at which charge separation can occur (figure 4.2, right).6 However, due to the 

irregular morphology of the bulk heterojunction, the migration of charges to their electrodes is 

less straightforward than in the p–n junction solar cell. 
 

transparent electrode

p-type semiconductor

n-type semiconductor

metal electrode

h h

 
 

Figure 4.2 All organic solar cells having a p–n junction (left) or a bulk heterojunction (right) as the 
active layer. 

 

Although promising efficiencies of 2.5% have been reached for the bulk heterojunction 

solar cells,7 one of the major drawbacks of the all-organic solar cells is their low charge carrier 

mobility. In principle, this mobility can be improved by nanoscopic order of the -conjugated 

materials in these devices, for instance via a liquid crystalline mesophase. Appropriately 

derivatized triphenylenes, phthalocyanines and coronenes have shown high mobilities of charges 

parallel to their columns and feature hexagonal liquid crystalline mesophases over broad 

temperature ranges, due to their large disc-like aromatic cores.8 These systems, however, have 

donor characteristics while examples of liquid crystalline acceptor materials are scarce.9 

 
6. a) N.S. Sariciftci, L. Smilowitz, A.J. Heeger, F. Wudl, Science 1992, 258, 1474. b) G. Yu, J. Gao, J.C. 

Hummelen, F. Wudl, A.J. Heeger, Science 1995, 270, 1789. c) J.M.M. Halls, C.A. Walsh, N.C. 
Greenham, E.A. Marseglia, R.H. Friend, S.C. Moratti, A.B. Holmes, Nature 1995, 376, 498. d) M. 
Granström, K. Petritsch, A.C. Arias, A. Lux, M.R. Andersson, R.H. Friend, Nature 1998, 395, 257. 

7. S.E. Shaheen, C.J. Brabec, N.S. Sariciftci, F. Padinger, T. Fromherz, J.C. Hummelen, Appl. Phys. Lett. 
2001, 78, 841. 

8. a) A. Bacher, I. Bleyl, C.H. Erdelen, D. Haarer, W. Paulus, H.-W. Schmidt, Adv. Mater. 1997, 9, 1031. 
b) D. Adam, P. Schuhmacher, J. Simmerer, L. Häussling, K. Siemensmeyer, K.H. Etzbach, H. 
Ringsdorf, D. Haarer, Nature 1994, 371, 141. c) N. Boden, R.J. Bushby, J. Clements, J. Chem. Phys. 
1993, 98, 5920. d) C.F. van Nostrum, A.W. Bosman, G.H. Gelinck, P.G. Schouten, J.M. Warman, 
A.P.M. Kentgens, M.A.C. Devillers, A. Meyerink, S.J. Picken, U. Sohling, A.-J. Schouten, R.J.M. 
Nolte, Chem. Eur. J. 1995, 1, 171. e) A.M. van de Craats, J.M. Warman, K. Müllen, Y. Geerts, J.D. 
Brand, Adv. Mater. 1998, 10, 36. 

9. a) N. Boden, R.C. Borner, R.J. Bushby, J. Clements, J. Am. Chem. Soc. 1994, 116, 10807. b) S. Kumar, 
D.S.S. Rao, S.K.J. Prasad, J. Mater. Chem. 1999, 9, 2751. c) C.W. Struijk, A.B. Sieval, J.E.J. Dakhorst, 
M. van Dijk, P. Kimkes, R.B.M. Koehorst, H. Donker, T.J. Schaafsma, S.J. Picken, A.M. van de 
Craats, J.M. Warman, H. Zuilhof, E.J.R. Sudhölter, J. Am. Chem. Soc. 2000, 122, 11057. d) N. Boden, 
R.J. Bushby, G. Headdock, O.R. Lozman, A. Wood, Liq. Cryst. 2001, 28, 139. e) F. Würthner, C. 
Thalacker, S. Diele, C. Tschierske, Chem. Eur. J. 2001, 7, 2245. 
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Therefore, the synthesis and characterization of electron-deficient discotic molecules was 

programmed, since the latter might serve as ordered acceptor materials in all-organic solar cells. 

To improve electron as well as hole conduction in the solar cells, one would like to 

organize both semiconducting materials. The latter can elegantly be achieved by incorporation 

of p-type and n-type structures in one discotic molecule (figure 4.3). Orientation of the resulting 

columns perpendicular to the electrode surfaces, would afford a solar cell that combines the 

advantages of the p–n junction and bulk heterojunction, being straightforward charge collection 

and large contact area, respectively. Moreover, the nanoscopic ordering of the -conjugated 

parts would ensure high charge carrier mobility. As a first attempt discotic donor–acceptor 

systems composed of an electron-deficient core and an electron-rich periphery were envisaged. 
 

 
 

Figure 4.3 Discotic donor–acceptor molecule and its proposed ideal orientation in a solar cell. 

 

4.2 Electron-Deficient Discotics 
The hexaazatriphenylene (HAT) moiety10 has been established as an electron-deficient 

arene by cyclic voltammetry, revealing a first reduction potential as low as –0.01 V for the 

hexacyano substituted HAT derivative.11 Hence, providing the planar HAT-triimide core with 

3,4,5-trialkoxyphenyl groups should afford a discotic liquid crystalline compound with the 

desired electron-deficient nature in the core of the molecule. 

 

4.2.1 Synthesis 

The synthesis of HAT building block 4.4 (scheme 4.1) started from the commercially 

available hexaketocyclohexane, following the synthetic route as described by Czarnik et al.12 

Although the yield of the crude material in the first step was 2.5 times lower than the reported 

amount, purification afforded HAT-hexacarbonitrile 4.1 in 10% higher yield. The other steps 

 
10. B. Kohne, K. Praefcke, Liebigs Ann. Chem. 1985, 522. 
11. J.C. Beeson, L.J. Fitzgerald, J.C. Gallucci, R.E. Gerkin, J.T. Rademacher, A.W. Czarnik, J. Am. 

Chem. Soc. 1994, 116, 4621. 
12. J.T. Rademacher, K. Kanakarajan, A.W. Czarnik, Synthesis 1994, 378. 
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were performed in similar yields, albeit that the esterfication of 4.2 needed additional heating for 

several days for completion. 
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Scheme 4.1 Synthesis of hexacarboxylic HAT derivative 4.4. 
 

As mesogenic building blocks 3,4,5-trialkoxyanilines were needed for the preparation of 

the electron-deficient discotics, which were synthesized starting from their corresponding acids 

(scheme 4.2). In the first step, the 3,4,5-trialkoxybenzoic acids were converted into their 

corresponding benzoyl azides 4.5a,b by consecutive treatment with ethyl chloroformate and 

sodium azide. Curtius rearrangement of carboxylic azides above 70 °C in solution, resulted in the 

formation of isocyanates. Initial attempts to hydrolyse the isocyanate intermediates by addition 

of water failed, due to precipitation of apolar trialkoxyphenyl moieties which —in turn— led to 

the formation of bis(3,4,5-trialkoxyphenyl)ureas as the major products. Therefore, the solution 

containing the isocyanate intermediates was added to a heated solution of tetrabutylammonium 

hydroxide in dioxane to prevent precipitation and ensure complete hydrolysis of the isocyanate 

groups. Purification of the obtained crude reaction mixtures by column chromatography, 

afforded the desired mesogenic anilines 4.6a,b in overall yields over 60%. 
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Scheme 4.2 Synthesis of the amine-functionalized mesogenic building blocks 4.6a,b. 
 

The electron-deficient discotics 4.7a–c were synthesized by reacting HAT building block 

4.4 first with acetic anhydride, yielding a HAT-hexacarboxy trianhydride intermediate, which was 

then reacted with 3,4,5-tridodecyloxyaniline (scheme 4.3).13 Intramolecular ring closure was 

facilitated by the addition of another portion of acetic anhydride. Size exclusion chromato- 

 
 

13. K. Kanakarajan, A.W. Czarnik, J. Heterocycl. Chem. 1988, 25, 1869. 
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Scheme 4.3 Synthesis of the electron-deficient discotics 4.7a–c. 
 

graphic (SEC) analyses of the crude reaction mixture revealed two distinct peaks of which the 

one with the highest retention time was the desired HAT-hexacarboxy triimide 4.7a (figure 4.4, 

left). The other peak corresponded to a molecular weight approximately twice that of 4.7a 

(according to SEC standards based on polystyrene). Furthermore, IR spectroscopy (  = 3446 

cm–1) showed the presence of hydroxy groups, suggesting the formation of a dimeric structure in 

which two molecules of 4.7a were covalently bonded via an ether-linkage between the imide 

groups (figure 4.4, right). To test this assumption and investigate the reversibility of the 

hydration of 4.7a,14 the crude reaction mixture was thoroughly dried. From the disappearance of 

the peak at short retention time after drying could be concluded that indeed a dimer was formed 
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Figure 4.4 SEC analysis of the crude material before and after drying (left) and the dimeric structure 

derived from compound 4.7a (right). 

 
14. a) S. Dugar, J.R. Crouse, P.R. Das, J. Org. Chem. 1992, 57, 5766. b) Y. Lei, F.C. Anson, J. Am. Chem. 

Soc. 1995, 117, 9849. 
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via a reversible hydration. HAT-hexacarboxy triimide 4.7a could finally be obtained in 60% yield 

after purification of the crude reaction mixture using preparative SEC. 

As a reference compound methoxy substituted HAT-triimide 4.7c was synthesized in a 

similar fashion. Purification by column chromatography was not necessary due to the low 

solubility of 4.7c in the solvent applied, which allowed collection as a pure solid. Attempts to 

prepare chiral HAT derivative 4.7b using the same reagents and conditions, however, afforded a 

crude material containing a side-product which could not be removed. Therefore, oxalyl chloride 

was used as a stronger dehydrating reagent, which not only increased the selectivity but also 

decreased the time needed for completion of the reaction. For comparison also monofunctional 

compound N-(3,4,5-trimethoxyphenyl)pyrazine-2,3-dicarboxy imide (4.8) was synthesized 

starting from 3,4,5-trimethoxyaniline and pyrazine-2,3-dicarboxylic acid using the same 

methodology as for 4.7a and 4.7c (scheme 4.4). 
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Scheme 4.4 Synthesis of reference compound 4.8. 

 

4.2.2 Characterization 

Detailed chemical analysis showed that all data were in full agreement with the proposed 

structures. However, MALDI-TOF mass spectra of discotic 4.7a featured multiple signals, 

including signals at two and three times the molecular weight. The latter suggest strong 

aggregation in the solid phase and might be a rationale for the difficulties encountered during 

the measurements. 

TGA of dodecyloxy derivative 4.7a showed no weight loss up to 300 °C, whereas 

polarization microscopy revealed a clearing temperature of 269 °C. DSC measurements featured 

in the heating run a melting transition at –24 °C ( H = 35 kJ∙mol–1) and a transition from the 

liquid crystalline state to the isotropic melt at 269 °C ( H = 6.1 kJ∙mol–1). The cooling run 

exhibited reversible behavior, showing transitions at 251 °C ( H = –2.4 kJ∙mol–1) and at –30 °C 

( H = –34 kJ∙mol–1). The texture of the liquid crystalline state suggested a hexagonal columnar 

mesophase, but to enable definite assignment X-ray scattering experiments were performed at 

room temperature. A typical X-ray pattern revealed three main features: a series of reflections 

at relatively small angles, a broad halo ring corresponding to an average spacing of 0.45 nm and 

a reflection at large angles corresponding to a Bragg spacing of 0.34 nm. The latter is a typical 

feature often observed in columnar mesophases arising due to regular -  stacking of the 
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discotic mesogens. The small angle reflections, corresponding to Bragg spacings of 3.9, 1.95 and 

1.69 nm, indicated a two-dimensional arrangement of the columnar cross-sections in a hexagonal 

lattice with ahex = 3.9 nm where the individual reflections are given by: 
 

hkkh
adhk

22
22 3

41
 

 

The X-ray exposures from macroscopically aligned samples confirmed these findings. A 

typical example is shown on the left side of figure 4.5. The small angle Bragg reflections in this 

pattern are oriented along the equator, indicating that the columnar axes are oriented in the 

meridional direction, perpendicular to the X-ray beam. Consequently, the reflection indicating 

regular stacking of the discotic mesogens is oriented along the meridional direction as well. 
 

 

3.9 nm

0.34 nm

 
 

Figure 4.5 X-Ray scattering pattern of discotic 4.7a (edge-on view, shearing direction is top to 
bottom) (left) and the real space representation of the columnar mesophase (right). 

 

The optical properties of triimide 4.7a in solution were determined by UV/Vis and 

fluorescence spectroscopy. UV/Vis spectroscopy of compound 4.7a in chloroform and dodecane 

showed three distinct absorption bands at 277, 318 and 438 nm. When the polarity of the solvent 

was gradually increased by admixture of THF or acetonitrile (figure 4.6), a strong hypsochromic 

shift of the absorption band at 438 nm could be observed. This phenomenon is not yet 

understood, but it is probably not only due to a change in polarity of the solvent. Fluorescence of 

compound 4.7a in solution was measured by excitation of samples at 438 nm. The spectra all 

featured a weak emission band at 501 nm independent of the solvent polarity. Preliminary SANS 
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measurements showed scattering of compound 4.7a in dodecane and THF, suggesting 

aggregation in these solvents, while 4.7a appeared to be molecularly dissolved in chloroform. 
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Figure 4.6 UV/Vis spectra of 4.7a in various mixtures of chloroform and acetonitrile. 
 

To get more insight into the aggregation behavior of discotic molecule 4.7a in solution, the 

optical properties of chiral HAT-triimide 4.7b were investigated in various solvents. The latter 

reveals UV/Vis and fluorescence spectra comparable to those of 4.7a, but allows more in-depth 

study of its aggregation behavior via CD spectroscopy due to its peripheral chiral dimethyl-

octyloxy groups. The CD spectra of 4.7b in dodecane solutions featured small, but significant 

Cotton effects (figure 4.7), while no chirality was observed in chloroform and THF solutions. 

Since preliminary SANS measurements had shown aggregation of 4.7a in both dodecane and 

THF, the latter suggests that the molecules in the aggregates formed in THF lack the positional 
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Figure 4.7 CD spectra of 4.7b in dodecane at two concentrations. 
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order required for the induction of chirality from the chiral dimethyloctyloxy tails to the core of 

the columnar aggregates. The fact that only small Cotton effects15 were observed in dodecane, 

indicates that the induced chirality in the columnar aggregates arises from steric interactions of 

the dimethyloctyloxy groups rather than intrinsic helical stacking of the rigid cores. 

To study the electron affinity of compound 4.7a, determination of its first reduction 

potential was attempted. However, compound 4.7a could not be reduced by cyclic voltammetry; 

it remained electrochemically silent both in solution and as a film on the electrode. In contrast, 

the first reduction potentials of the reference compounds 4.7c and 4.8 could easily be established 

via cyclic voltammetry in acetonitrile and showed reversible first reduction potentials of –0.35 V 

and –1.06 V, respectively (conditions: 0.1 M Bu4NPF6 in acetonitrile, SCE, 100 mV∙s–1). The 

reluctance of 4.7a to be reduced by cyclic voltammetry could be due to shielding of the aromatic 

core of 4.7a by the long peripheral alkoxy tails. The similarity of the chemical structure of HAT-

hexacarboxy triimides 4.7a and 4.7c, however, suggests that 4.7a also has a comparably low first 

reduction potential of –0.35 V. 

The charge carrier mobility ( 1D) of discotic 4.7a was determined via the pulse-radiolysis 

time-resolved microwave conductivity (PR-TRMC) technique16 and was 2.4∙10–3 cm2∙V–1∙s–1. 

Although this mobility is two orders of magnitude lower than those found for other discotic 

liquid crystalline materials,8 the latter should suffice for use in organic solar cells. Two things 

must be taken into account though: due to the ultra-short measuring time of the PR-TRMC 

technique, the mobilities measured are trap-free values and, thus, approach the maximum 

mobility that can be obtained for a perfectly ordered monodomain between two electrodes. 

Secondly, the PR-TRMC technique does not allow separate determination of the positive and 

negative charge carrier mobility and, therefore, the measured mobility is a sum of both. 

Considering the electron-deficient nature of 4.7a, however, electron conduction is assumed to be 

the major contribution. 

 

4.2.3 Photoinduced absorption spectroscopy and photovoltaic devices 

The suitability of HAT-hexacarboxy triimide 4.7a as electron acceptor material for 

photoinduced electron transfer processes was investigated by mixing it with poly(3-hexyl-

thiophene) (P3HT) and measuring photoinduced absorption (PIA) and fluorescence of films of 

the blend (50/50 wt%). A PIA spectrum of the mixed film showed two characteristic absorption 

bands at 0.37 eV and 1.24 eV (figure 4.8), which can be assigned to the radical cations of P3HT 

 
15. a) A.R.A. Palmans, J.A.J.M. Vekemans, E.E. Havinga, E.W. Meijer, Angew. Chem. Int. Ed. Engl. 

1997, 36, 2648. b) L. Brunsveld, H. Zhang, M. Glasbeek, J.A.J.M. Vekemans, E.W. Meijer, J. Am. 
Chem. Soc. 2000, 122, 6175. 

16. J.M. Warman, M.P. de Haas in Pulse Radiolysis of Irradiated Systems (Ed.: Y. Tabata), CRC Press, 
Boca Raton, Florida, 1991, p. 101. 
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and originate from photoinduced electron transfer.4b This is in contrast with PIA spectra of pure 

P3HT, featuring bands at 1.08 and 1.18 eV assigned to the triplet-state, and of pure 4.7a, 

showing no photoinduced absorption at all. Since in the blend photoinduced electron transfer 

was observed from P3HT, our electron-deficient compound 4.7a should be concomitantly 

reduced. However, its absorption band could not be identified in the PIA spectrum of the mixed 

film, possibly because it coincides with one of the polaronic bands of P3HT. To test this 

assumption, spectroelectrochemistry was performed on a solution of reference compound 4.7c in 

acetonitrile, which indeed gave an absorption band of the radical anion at 1.24 eV. The 

modulation frequency dependence of the PIA bands revealed that all bands follow the same 

recombination kinetics and that a distribution of lifetimes is present ranging up to 10 ms. The 

intensity of the PIA bands increased with the square root of the pump intensity, pointing to a 

bimolecular decay mechanism (recombination of opposite charges). Fluorescence spectroscopy 

of a film of the blend of both components showed complete quenching of the fluorescence of the 

P3HT (at 672 nm for a film of pure P3HT), which indicates that the process of photo-

luminescence is much slower than the competitive electron transfer. PIA experiments performed 

on blends of 4.7a and poly{2-methoxy-5-[( )-3’,7’-dimethyloctyloxy]-1,4-phenylenevinylene} 

(MDMO-PPV)17 as the electron donor material, showed similar results, being photoinduced 

electron transfer and quenching of the fluorescence of MDMO-PPV. 
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Figure 4.8 PIA spectra of 4.7a, P3HT and a mixture of both (50/50 wt%). The spectra were recorded 

at 80 K utilizing a 2.54 eV (488 nm, 25 mW) excitation beam and a modulation 
frequency of 275 Hz. 

 

 
17. F. Wudl, P.M. Allemand, G. Srdanov, Z. Ni, D. McBranch in Materials for Non-linear Optics: Chemical 

Perspectives (Eds.: S.R. Marder, J.E. Sohn, G.D. Stucky), American Chemical Society, Washington 
DC, 1991, p. 683. 
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Since PIA spectroscopy of the blends of 4.7a with electron-rich -conjugated polymers 

showed photoinduced electron transfer, application of these blends in photovoltaic devices was 

investigated. Therefore, a solution of 4.7a and MDMO-PPV (50/50 wt%) was spin cast on a 

transparent electrode, followed by vapor deposition of the aluminum counter electrode. The 

transparent electrode consisted of an indium tin oxide (ITO) coated glass substrate on which a 

poly(ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS) layer was spin cast to 

reduce surface roughness and prevent shunting. Unfortunately, the prepared devices only 

showed negligible photovoltaic effects; doubling the weight percentage of 4.7a and changing the 

drop casting solvent from a hexane/chloroform mixture to THF, did not improve the efficiency 

of the devices. A rationale for the poor performance of the photovoltaic devices might be the 

formation of small aggregates of 4.7a that are embedded in an amorphous matrix of MDMO-

PPV. These aggregates would effectively function as electron traps and, thus, hamper electron 

conduction towards the electrode. 

 

4.3 Donor–Acceptor Discotic 
From the experiments described above, it became apparent that ordering the electron-

deficient material alone will not suffice to get organic solar cells with reasonable efficiencies. 

Combining both electron acceptor and donor parts in one liquid crystalline material, will not 

only ensure intimate contact between these parts, but will also allow concomitant ordering of 

both parts in the mesophase. As a first attempt towards these mixed donor–acceptor systems, a 

discotic molecule consisting of the electron-deficient HAT core and three electron-releasing 

oligo(para-phenylenevinylene) substituents was envisaged. 

 

4.3.1 Synthesis 

Donor–acceptor discotic 4.9 was synthesized starting from HAT-hexacarboxylic acid 4.4, 

which was converted into a trianhydride intermediate via treatment with oxalyl chloride. 

Reaction of the trianhydride with 3 equivalents of an amino functionalized oligo(para-

phenylenevinylene) (OPV4)18 and addition of another portion of oxalyl chloride, afforded 4.9 in 

27% yield after extensive purification via preparative size exclusion chromatography. 
 

 
18. E. Peeters, Mesoscopic Order in -Conjugated Materials, Ph.D. thesis, Eindhoven University of 

Technology, 2000. 
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Scheme 4.5 Synthesis of donor–acceptor discotic 4.9. 

 

4.3.2 Characterization and application in photovoltaic cells 
1H NMR spectroscopy on donor–acceptor discotic 4.9 showed very broad signals when 

deuterated toluene, ortho-dichlorobenzene, chloroform or THF were used as the solvent. A 

rationale for this behavior might be aggregation of discotic 4.9 in these solvents. Well-resolved 
1H and 13C NMR spectra could be obtained in deuterated 1,1,2,2-tetrachloroethane at 100 °C 

and featured signals, which were in agreement with the proposed structure. 

The optical properties of discotic 4.9 in chloroform were investigated with UV/Vis and 

fluorescence spectroscopy (figure 4.9). The UV/Vis spectrum, featuring a max at 439 nm, was 
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Figure 4.9 UV/Vis and fluorescence spectra of 4.9 and OPV4–NH2 in chloroform. 
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dominated by the OPV4 chromophores and, thus, bared great resemblance with the spectrum of 

OPV4–NH2. However, discotic 4.9 revealed scattering at longer wavelengths, which could be due 

to aggregation of the discotic molecules. The fluorescence spectrum of discotic 4.9 featured one 

emission band at 504 nm, but with an intensity 4000 times lower than the intensity observed for 

OPV4–NH2. The latter is due to quenching of the fluorescence of the OPV4 moiety by 

photoinduced electron transfer, a reasonable assumption considering the close proximity of the 

donor and acceptor parts in discotic 4.9. 

To further investigate the assumed photoinduced electron transfer process, a PIA 

spectrum of a drop cast film of discotic 4.9 on a quartz substrate was measured (figure 4.10). The 

PIA spectrum indeed proved the occurrence of photoinduced electron transfer, revealing two 

absorption bands at 0.78 and 1.54 eV, which could be assigned to the radical cations of the 

OPV4 parts. The absorption band of the radical anion of the HAT core was situated at 1.14 eV 

and is close to the position found via spectroelectrochemistry in solution (see paragraph 4.2.3). 

The modulation frequency dependency of the PIA bands revealed that all bands follow the same 

recombination kinetics and that a distribution of lifetimes is present ranging up to 10 ms. The 

intensity of the PIA bands increased with the square root of the pump intensity, pointing to a 

bimolecular decay mechanism (recombination of opposite charges). The nature of the broad 

bleaching band at 2.1 eV is not yet understood, but its position corresponds to the region in 

which scattering was found in the UV/Vis spectrum of 4.9. 
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Figure 4.10 PIA and UV/Vis spectrum of a thin film of 4.9. The PIA spectrum was recorded at 80 K 

utilizing a 2.71 eV (458 nm, 25 mW) excitation beam and a modulation frequency of 
275 Hz. 

 

The application of donor–acceptor discotic 4.9 in photovoltaic devices was investigated by 

spin casting a solution of the discotic compound on a transparent electrode, using the same 
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configuration as described in paragraph 4.2.3, followed by vapor deposition of the aluminum 

counter electrode. Unfortunately, preliminary results only revealed minute photovoltaic effects, 

which might be due to either insufficient charge creation/separation or poor charge transport 

caused by isolation of the electron-deficient cores. However, the latter seems the logical 

explanation, since PIA spectroscopy showed efficient photoinduced electron transfer. 

 

4.4 Conclusions 
The hexaazatriphenylene moiety is a suitable building block for the design and synthesis of 

electron-deficient discotic liquid crystalline materials, as was demonstrated by the low first 

reduction potential of reference compound 4.7c and by the columnar hexagonally ordered 

mesophase of tridodecyloxyphenyl derivatized discotic 4.7a. Both PIA and fluorescence 

spectroscopy of blends of discotic 4.7a with p-type polymers and of the pure donor–acceptor 

discotic 4.9 showed efficient photoinduced electron transfer. Unfortunately, first attempts to 

apply these materials in photovoltaic cells were not successful, giving rise to only a very small or 

no photovoltaic effect at all. The latter might be due to the formation of micellar-type 

structures19 in which the electron-deficient cores of the columnar aggregates are embedded in an 

amorphous matrix of electron-rich material. Another, inherent drawback of the use of columnar 

liquid crystalline materials in organic solar cells, is that the alignment of their columns should be 

perpendicular to the electrode surfaces in order to benefit from the high charge carrier mobility 

along the columns. The latter also implies that the negative results obtained for the tested 

photovoltaic cells are not necessarily related to the intrinsic properties of the HAT discotics. To 

influence their mesoscopic orientation in organic solar cells, more time will have to be invested 

in new techniques for the preparation and characterization of these devices; only then the full 

potential of the liquid crystalline donor–acceptor materials will be unlocked. 

 

4.5 Experimental Section 
General. All reactions were performed under an argon atmosphere. All solvents used were p.a. quality. 

Tetrahydrofuran (THF) was distilled over Na/K/benzophenone, toluene was distilled over Na and dioxane 

was distilled over LiAlH4. For column chromatography Merck silica gel 60 was used, while for preparative 

size exclusion chromatography Bio-Rad S-X1 Beads were used. 1H NMR and 13C NMR spectra were 

recorded on an AM-400 Bruker spectrometer with frequencies of 400.1 and 100.6 MHz, respectively, a 

Varian Mercury spectrometer with frequencies of 400.1 and 100.6 MHz, respectively, or a Varian Inova 

spectrometer with frequencies of 499.8 and 125.7 MHz, respectively. Chemical shifts are given in ppm ( ) 

downfield from tetramethylsilane (TMS). UV/Vis spectra were recorded on a Perkin Elmer Lambda 40P 

 
19. a) S.I. Stupp, V. LeBonheur, K. Walker, L.S. Li, K.E. Huggins, M. Keser, A. Amstutz, Science 1997, 

276, 384. b) M.A. Hempenius, B.M.W. Langeveld-Voss, J.A.E.H. van Haare, R.A.J. Janssen, S.S. 
Sheiko, J.P. Spatz, M. Möller, E.W. Meijer, J. Am. Chem. Soc. 1998, 120, 2798. 
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spectrophotometer or on a Perkin Elmer Lambda 900 UV/Vis/NIR spectrophotometer. Fluorescence 

spectra were recorded on a Perkin Elmer LS50B luminescence spectrometer and CD spectra were 

recorded on a Jasco J-600 spectropolarimeter. Infrared spectra were recorded on a Perkin-Elmer 

Spectrum One using attenuated total reflection (ATR) sample accessory. The optical properties and 

melting points were determined using a Jenaval polarization microscope equipped with a Linkam THMS 

600 heating device. DSC data was collected on a Perkin Elmer Pyris 1 under a nitrogen atmosphere, TGA 

data was collected on a Perkin Elmer TGA 7. Elemental analysis was performed on a Perkin Elmer 2400 

series analyzer. Cyclic voltammograms were obtained in THF with 0.1 M tetrabutylammonium hexafluoro-

phosphate as supporting electrolyte using a Potentioscan Wenking POS73 potentiostat. A platinum disk 

(diameter 5 mm) was used as working electrode, the counter electrode was a platinum plate (5 5 mm2) 

and a saturated calomel electrode (SCE) was used as reference electrode. X-ray scattering patterns were 

recorded on X-ray film using a Statton camera. The sample-to-detector distances were set at either 55 or 

75 mm and exposure times were in the range of 4–5 h each. The samples were sealed between two X-ray 

transparent sheets (either aluminum or mylar) and subsequently sheared in order to produce large 

domains, having uniform alignment. Photoinduced absorption spectra were recorded between 0.25 and 3.5 

eV by exciting with a mechanically modulated CW Ar ion laser (488 nm, 275 Hz) pump beam and 

monitoring the resulting change in transmission of a tungsten-halogen probe light through the sample 

( T) with a phase-sensitive lock-in amplifier after dispersion by a triple-grating monochromator and 

detection, using Si, InGaAs, and cooled InSb detectors. The pump power incident on the sample was 

typically 25 mW with a beam diameter of 2 mm. The photoinduced absorption, – T/T  d, is directly 

calculated from the change in transmission after correction for the photoluminescence, which is recorded 

in a separate experiment. Photoinduced absorption spectra and photoluminescence spectra are recorded 

with the pump beam in a direction almost parallel to the direction of the probe beam. Samples were held 

at 80 K in an inert nitrogen atmosphere using an Oxford Optistat continuous flow cryostat; during 

measurements the temperature was kept constant within 0.1 K. 

 

1,4,5,8,9,12-Hexaazatriphenylene-2,3,6,7,10,11-hexacarbonitrile (4.1). Hexaketocyclohexane octa-

hydrate (10.4 g, 33.3 mmol) and diaminomaleonitrile (25.05 g, 0.232 mol) were dissolved in glacial acetic 

acid (1.2 l) and the solution was heated under reflux for 2.5 h. The resulting heterogeneous mixture was 

filtered hot and the collected black solid was washed with hot acetic acid (3 200 ml). The remaining solid 

was then suspended in 30% nitric acid (60 ml), heated under reflux for 2.5 h and cooled down. The brown 

suspension was subsequently poured into ice-water (40 ml) and the solid collected and dried in a vacuum 

oven for 3 h at 50 °C. The crude material was purified by Soxhlet extraction with acetonitrile for 3 d, 

affording 4.1 as a brown-yellow solid (8.69 g, 22.6 mmol, 68%). 13C NMR (DMSO-d6):  = 141.6 (CHAT-

internal), 135.4 (CHAT-external), 114.2 (C N). 

 

1,4,5,8,9,12-Hexaazatriphenylene-2,3,6,7,10,11-hexacarboxamide (4.2). HAT-hexacarbonitrile (4.1, 

8.69 g, 22.6 mmol) was suspended in conc. sulfuric acid (200 ml) and the mixture was stirred at RT for 3 d. 

The resulting solution was then added dropwise to ice-water (2 l), adding extra ice as it melted. The 

obtained yellow precipitate was collected by filtration and washed with water (3 200 ml) and acetone 

(2 200 ml). Drying in a vacuum oven for 2 d at 50 °C and 5 h at 80°C yielded 4.2 as a yellow solid (10.40 g, 

19.2 mmol, 85%). 1H NMR (DMSO-d6):  = 8.47, 8.04 (2s, 12H, CONH2); 13C NMR (DMSO-d6):  = 
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166.2 (C=O), 148.3 (CHAT-external), 140.4 (CHAT-internal). Elemental analysis (%) for C18H12N12O6 •  2.8 

H2O (542.81): calcd C 39.83, H 3.27, N 30.96; found C 39.80, H 3.10, N 30.83. 

 

Hexamethyl 1,4,5,8,9,12-hexaazatriphenylene-2,3,6,7,10,11-hexacarboxylate (4.3). Conc. sulfuric acid 

(18 ml) was slowly added to a suspension of HAT-hexacarboxamide (4.2, 10.35 g, 19.0 mmol) in methanol 

(350 ml) and heated under reflux for 10 d. The mixture was cooled down, filtered and the solid was 

washed with methanol (3 75 ml). After drying in a vacuum oven at 50 °C, the solid was dissolved in 

acetonitrile (1 l) and filtered over a diatomaceous earth. The latter was washed with a portion of 

acetonitrile (210 ml) and the combined filtrates were evaporated to dryness. The residue was recrystallized 

from acetonitrile (340 ml) and methanol (17 ml), affording 4.3 as a beige solid (2.41 g, 4.14 mmol, 22%). 

The mother liquor, containing intermediates, was evaporated to dryness and the residue was suspended in 

methanol (260 ml). Conc. sulfuric acid (14 ml) was added and the suspension was heated under reflux for 

4 d. The resulting solid was then collected, washed with methanol (3 60 ml) and dried overnight in a 

vacuum oven at 50 °C. Purification by trituration with acetonitrile (70 ml) and column chromatography 

(SiO2, acetonitrile (25%) in dichloromethane), yielded another crop of pure 4.3 as a beige solid (6.55 g, 

11.2 mmol, 59%). 1H NMR (CD3CN):  = 4.18 (s, 18H, OCH3); 13C NMR (CD3CN):  = 164.4 (C=O), 

146.2 (CHAT-external), 142.1 (CHAT-internal), 53.6 (OCH3); Elemental analysis (%) for C24H18N6O12 

(582.44): calcd C 49.49, H 3.11, N 14.43; found C 49.24, H 3.07, N 14.57. 

 

1,4,5,8,9,12-Hexaazatriphenylene-2,3,6,7,10,11-hexacarboxylic acid (4.4). A suspension of hexamethyl 

HAT-hexacarboxylate (4.3, 2.04 g, 3.50 mmol) in water (75 ml) and triethylamine (7.5 ml) was stirred for 3 

d at RT. The solution was filtered and conc. hydrochloric acid ( 2 ml) was added dropwise to the filtrate 

until initial precipitation. The mixture was stirred for 45 min and an additional portion of conc. 

hydrochloric acid (9 ml) was added. The resulting suspension was then filtered and the solid was dried 

overnight in a vacuum drying oven at 60 °C, affording 4.4 as an off-white solid (1.74 g, 3.31 mmol, 95%). 
13C NMR (DMSO-d6):  = 165.9 (C=O), 146.7 (CHAT-external), 141.8 (CHAT-internal).  

 

3,4,5-Tridodecyloxybenzoyl azide (4.5a). Ethyl chloroformate (2.75 ml, 28.8 mmol) was added dropwise 

to a solution of 3,4,5-tridodecyloxybenzoic acid20 (13.52 g, 20.00 mmol) and triethylamine (4.0 ml, 28.8 

mmol) in THF (450 ml) at 0 °C. The solution was stirred for 45 min at 0 °C and then a solution of sodium 

azide (11.32 g, 0.174 mol) in water (45 ml) was added. The mixture was allowed to warm to RT and stirred 

for 2 h at this temperature. Water (450 ml) was added and the mixture was extracted with diethyl ether 

(2 400 ml). The combined organic layers were dried over MgSO4, filtered and evaporated to dryness. 

Overnight drying in a vacuum oven, afforded 4.5a as a white solid (13.0 g, 18.6 mmol, 93%), which was 

used without further purification. 1H NMR (CDCl3):  = 7.24 (s, 2H, HPh-2,6), 4.04 (t, J = 7.1 Hz, 2H, CPh-

4–OCH2), 4.00 (t, J = 6.6 Hz, 4H, CPh-3,5–OCH2), 1.86–1.70 (m, 6H, OCH2CH2), 1.48–1.45 (m, 6H, 

OCH2CH2CH2), 1.26 (m, 48H, (CH2)8), 0.88 (t, J = 6.8 Hz, 9H, CH3); 13C NMR (CDCl3):  = 172.0 

(C=O), 152.9 (CPh-3,5), 143.7 (CPh-4), 125.0 (CPh-1), 107.7 (CPh-2,6), 73.6 (CPh-4–OCH2), 69.2 (CPh-3,5–

OCH2), 31.9, 30.3, 29.7, 29.7, 29.6, 29.5, 29.4, 29.2, 26.0, 22.7 ((CH2)10), 14.1 (CH3). 

 
20. M.C. Hersmis, A.J.H. Spiering, R.J.M. Waterval, J. Meuldijk, J.A.J.M. Vekemans, L.A. Hulshof, Org. 

Process Res. Dev. 2001, 5, 54. 
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3,4,5-Tri((S)-3,7-dimethyloctyloxy)benzoyl azide (4.5b). A solution of ethyl chloroformate (1.4 ml, 14.6 

mmol) in THF (20 ml) was added dropwise to a solution of 3,4,5-tri((S)-3,7-dimethyloctyloxy)benzoic acid 

(5.9 g, 9.1 mmol) and triethylamine (2.0 ml, 14.4 mmol) in THF (200 ml) at 0 °C. The solution was stirred 

for 45 min at 0 °C and then a solution of sodium azide (5.60 g, 86 mmol) in water (20 ml) was added. The 

mixture was allowed to warm to RT and stirred for 2 h at this temperature. Water (200 ml) and diethyl 

ether (40 ml) were added and the layers were separated. The water layer was then extracted with diethyl 

ether (2 100 ml) and the combined organic layers were subsequently dried over MgSO4, filtered and 

evaporated to dryness. Compound 4.5b was obtained as a yellow oil (5.8 g, 7.8 mmol, 86%) and used 

without further purification. 1H NMR (CDCl3):  = 7.25 (s, 2H, HPh-2,6), 4.09–4.02 (m, 6H, OCH2), 1.87, 

1.71, 1.62, 1.53, 1.32, 1.15 (6m, 36H), 0.95, 0.93 (2d, J = 6.4 Hz, 9H, CHCH3), 0.88 (2d, 18H, CH(CH3)2); 
13C NMR (CDCl3):  = 171.7 (C=O), 152.7 (CPh-3,5), 143.5 (CPh-4), 124.9 (CPh-1), 107.6 (CPh-2,6), 71.8 

(CPh-4–OCH2), 67.5 (CPh-3,5–OCH2), 39.4, 39.3, 37.5, 37.4, 36.4, 36.3, 29.9, 29.7, 28.1, 24.8, 22.8, 22.7, 19.7 

(CH(CH3)2), 19.6 (CHCH3). 

N.B. The starting material and end product contained 8 and 17 mol% of ethyl 3,4,5-tri((S)-3,7-dimethyl-

octyloxy)benzoate, respectively. 

 

3,4,5-Tridodecyloxyaniline (4.6a). 3,4,5-Tridodecyloxybenzoyl azide (4.5a, 10.44 g, 14.91 mmol) was 

dissolved in dioxane (250 ml) and heated under reflux for 30 min. The solution was then cooled to 80 °C 

and added over a period of 45 min to a solution of tetrabutylammonium hydroxide (40 wt% in water, 10.40 

ml) in dioxane (250 ml) at 90 °C. The solution was stirred for 15 min at 90 °C, allowed to cool and 

evaporated to dryness. The obtained residue was dissolved in water (400 ml) and diethyl ether (400 ml) 

and the layers were separated. The water layer was extracted with diethyl ether (400 ml) and the combined 

organic layers were washed with water (500 ml), dried over MgSO4, filtered and evaporated to dryness. 

The residue was purified by column chromatography (SiO2, dichloromethane, Rf = 0.4), affording 4.6a as 

a white solid (7.16 g, 11.1 mmol, 74%). 1H NMR (CDCl3):  = 5.90 (s, 2H, HPh-2,6), 3.90 (t, J = 6.5 Hz, 

2H, CPh-4–OCH2), 3.84 (t, J = 6.6 Hz, 4H, CPh-3,5–OCH2), 3.46 (bs, 2H, NH2), 1.80–1.68 (m, 6H, 

OCH2CH2), 1.46–1.41 (m, 6H, OCH2CH2CH2), 1.26 (m, 48H, (CH2)8), 0.88 (t, J = 6.9 Hz, 9H, CH3); 13C 

NMR (CDCl3):  = 153.7 (CPh-3,5), 142.3 (CPh-4), 131.0 (CPh-1), 94.4 (CPh-2,6), 73.6 (CPh-4–OCH2), 68.9 

(CPh-3,5–OCH2), 31.9, 30.3, 29.7, 29.7, 29.6, 29.4, 26.2, 26.1, 22.7 ((CH2)10), 14.1 (CH3). 

 

3,4,5-Tri((S)-3,7-dimethyloctyloxy)aniline (4.6b). 3,4,5-Tri((S)-3,7-dimethyloctyloxy)benzoyl azide (4.5b, 

5.80 g, 7.8 mmol) was dissolved in dioxane (150 ml) and heated under reflux for 30 min. The solution was 

then cooled to 70 °C and added over a period of 1.5 h to a solution of tetrabutylammonium hydroxide (40 

wt% in water, 5.80 ml) in dioxane (150 ml) at 90 °C. The solution was stirred for 15 min at 90 °C, allowed 

to cool and evaporated to dryness. The obtained residue was partitioned between water (150 ml) and 

diethyl ether (150 ml) and the layers were separated. The water layer was extracted with diethyl ether (100 

ml) and the combined organic layers were washed with brine (150 ml), dried over MgSO4, filtered and 

evaporated to dryness. The residue was purified by column chromatography (SiO2, hexane (20%) in 

dichloromethane, Rf = 0.2), affording 4.6a as a pale-yellow oil (3.32 g, 5.91 mmol, 76%). 1H NMR 

(CDCl3):  = 5.91 (s, 2H, HPh-2,6), 3.96–3.86 (m, 6H, OCH2), 3.47 (bs, 2H, NH2), 1.81, 1.68, 1.53, 1.32, 

1.16 (5m, 36H), 0.93, 0.91 (2d, J = 6.0 Hz, 9H, CHCH3), 0.88, 0.86 (2s, 18H, CH(CH3)2); 13C NMR 



 — HEXAAZATRIPHENYLENE BASED ELECTRON-DEFICIENT DISCOTICS — 69 

(CDCl3):  = 153.5 (CPh-3,5), 142.2 (CPh-4), 130.9 (CPh-1), 94.3 (CPh-2,6), 71.8 (CPh-4–OCH2), 67.2 

(CPh-3,5–OCH2), 39.4, 39.3, 37.6, 37.4, 36.5, 29.9, 29.8, 28.1, 24.8, 22.8, 22.7, 19.7, 19.7 (CH3). 

 

Tris{N-(3,4,5-tridodecyloxyphenyl)}-1,4,5,8,9,12-hexaazatriphenylene-2,3,6,7,10,11-hexacarboxy 

triimide (4.7a). Hexaazatriphenylene hexacarboxylic acid (4.4, 1.05 g, 2.00 mmol) was suspended in acetic 

anhydride (50 ml) and heated to 115 °C to obtain a homogeneous solution. After being stirred for another 

15 min at 115 °C, the solution was subsequently cooled and freed from excess acetic anhydride. The 

remaining dark solid was dissolved in THF (25 ml) and a solution of 3,4,5-tridodecyloxyaniline (4.6a, 6.46 

g, 10.0 mmol) in THF (25 ml) was added. The solution was stirred at room temperature for 2 h, 

triethylamine (0.84 ml, 6.0 mmol) was added and the solution was then stirred overnight. The solvent was 

removed, the remaining oil dissolved in toluene (100 ml) and then acetic anhydride (50 ml) and 

trifluoroacetic acid (1 ml) were added. After being stirred for 3 d at 80 °C, the solution was evaporated 

and the residue was filtered over silica using dichloromethane as the eluent. The filtrate was concentrated 

and the residue was dissolved in toluene. Soxhlet extraction with molecular sieves for 1 d gave a water-free 

material. After further purifications via preparative size exclusion chromatography (Biobeads, 

dichloromethane), 4.7a was obtained as a brown-red waxy solid (2.78 g, 1.19 mmol, 60%). 1H NMR 

(CDCl3):  = 6.78 (s, 6H, HPh-2,6), 4.03 (t, J = 6.4 Hz, 18H, OCH2), 1.87–1.74 (m, 18H, OCH2CH2), 1.52–

1.47 (m, 18H, OCH2CH2CH2), 1.37–1.25 (m, 144H, (CH2)8), 0.91–0.86 (m, 27H, CH3); 13C NMR (CDCl3): 

 = 161.2 (C=O), 153.6 (CPh-3,5), 148.3 (CHAT-external), 145.2 (CPh-4), 139.4 (CHAT-internal), 125.5 

(CPh-1), 105.5 (CPh-2,6), 73.7 (CPh-4–OCH2), 69.7 (CPh-3,5–OCH2), 31.9, 30.5, 29.8, 29.7, 29.7, 29.5, 29.4, 

29.3, 26.2, 22.6 ((CH2)10), 14.0 (CH3); IR (ATR):  = 2921, 2852, 1742, 1595, 1503, 1467, 1440, 1387, 1336, 

1276, 1232, 1118, 720 cm–1; Elemental analysis (%) for C144H231N9O15 (2328.47): calcd C 74.28, H 10.00, N 

5.41; found C 74.03, H 10.32, N 5.32.  

 

Tris[N-{3,4,5-tri((S)-3,7-dimethyloctyloxy)phenyl}]-1,4,5,8,9,12-hexaazatriphenylene-2,3,6,7,10,11-

hexacarboxy triimide (4.7b). Oxalyl chloride (0.20 ml, 2.29 mmol) was added dropwise to a suspension of 

hexaazatriphenylene hexacarboxylic acid (4.4, 0.1295 g, 0.247 mmol) in THF (10 ml) and stirred for 1.5 h 

at RT. The resulting solution was then evaporated to dryness, dissolved in heptane and again evaporated 

to dryness to remove any remaining traces of oxalyl chloride. The orange residue was dissolved in THF (10 

ml) and 3,4,5-tri((S)-3,7-dimethyloctyloxy)aniline (4.6a, 0.43 g, 0.77 mmol) was added. The solution was 

subsequently stirred at RT for 30 min, triethylamine (0.20 ml, 1.44 mmol) was added and again the 

solution was stirred for 30 min. 2 M Hydrochloride acid (25 ml) was added and the mixture was extracted 

with three portions of chloroform. The combined organic phases were dried over Na2SO4, filtered and 

evaporated to dryness. The residue was dissolved in THF (10 ml), oxalyl chloride (0.50 ml, 5.73 mmol) was 

added and the solution was stirred overnight at RT. After removal of the solvent in vacuo, the remaining 

residue was dissolved in heptane and again evaporated to dryness. Purification of the crude material via 

preparative size exclusion chromatography (Biobeads, dichloromethane), afforded 4.7b as a dark-red waxy 

solid (0.35 g, 0.17 mmol, 68%). 1H NMR (CDCl3):  = 6.81 (s, 6H, HPh-2,6), 4.11–4.00 (m, 18H, OCH2), 

1.89, 1.72, 1.66, 1.53, 1.34, 1.17 (6m, 36H), 0.95 (d, J = 6.4 Hz, 9H, CHCH3), 0.88, 0.86 (2d, J = 6.8 Hz, 

18H, CH(CH3)2); 13C NMR (CDCl3):  = 161.5 (C=O), 153.7 (CPh-3,5), 148.6 (CHAT-external), 145.6 

(CPh-4), 139.2 (CHAT-internal), 125.5 (CPh-1), 105.2 (CPh-2,6), 72.2 (CPh-4–OCH2), 68.9 (CPh-3,5–OCH2), 

39.6, 39.5, 37.7, 37.6, 36.5, 30.1, 29.9, 28.2, 25.0, 22.9, 22.9, 22.8, 19.8, 19.8 (CH3); IR (ATR):  = 2954, 
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2926, 2870, 1740, 1594, 1502, 1467, 1441, 1384, 1335, 1276, 1226, 1119, 993, 808, 735 cm–1; DSC: g ? Colho 

177 °C ( H = 1.1 kJ∙mol–1) I; Elemental analysis (%) for C126H195N9O15 (2075.99): calcd C 72.90, H 9.47, N 

6.07; found C 72.56, H 9.39, N 5.97. 

 

Tris{N-(3,4,5-trimethoxyphenyl)}-1,4,5,8,9,12-hexaazatriphenylene-2,3,6,7,10,11-hexacarboxy 

triimide (4.7c). Hexaazatriphenylene hexacarboxylic acid (4.4, 0.85 g, 1.62 mmol) was suspended in acetic 

anhydride (30 ml) and heated to 115 °C to obtain a homogeneous solution. After being stirred for another 

15 min at 115 °C, the solution was cooled and freed from excess acetic anhydride. The remaining dark 

solid was dissolved in acetonitrile (50 ml) and subsequently 3,4,5-trimethoxyaniline (3.01 g, 16.4 mmol) 

was added. The solution was stirred at room temperature for one day after which acetic anhydride (15 ml) 

and trifluoroacetic acid (1 ml) were added. After the solution was stirred for 2 d at 70 °C, the solvents 

were evaporated and the residue was filtered over silica using acetonitrile as the eluent. Recrystallizations 

from acetonitrile yielded 4.7c as a dark red solid (0.75 g, 0.80 mmol, 49%). 1H NMR (CD3CN):  = 6.93 

(s, 6H, HPh-2,6), 3.94 (s, 18H, CPh-3,5–OCH3), 3.90 (s, 9H, CPh-4–OCH3); 13C NMR (CD3CN):  = 162.8 

(C=O), 153.8 (CPh-3,5), 148.5 (CHAT-external), 145.7 (CPh-4), 138.6 (CHAT-internal), 126.6 (CPh-1), 104.9 

(CPh-2,6), 60.0 (CPh-4–OCH3), 56.0 (CPh-3,5–OCH3); IR (ATR):  = 1733, 1594, 1504, 1461, 1419, 1336, 

1272, 1227, 1122, 997, 920, 813, 723 cm–1; Elemental analysis (%) for C45H33N9O15 (939.81): calcd C 57.51, 

H 3.54, N 13.41; found C 56.23, H 3.74, N 12.84. 

 

N-(3,4,5-Trimethoxyphenyl)pyrazine-2,3-dicarboxy imide (4.8). Pyrazine-2,3-dicarboxylic acid (0.53 g, 

3.15 mmol) was suspended in acetic anhydride (10 ml) and heated to 115 °C to obtain a homogeneous 

solution. After being stirred for another 15 min at 115 °C, the solution was cooled and freed from excess 

acetic anhydride. The residue was dissolved in THF (25 ml) whereafter 3,4,5-trimethoxyaniline (0.64 g, 3.5 

mmol) and triethylamine (0.48 ml, 3.46 mmol) were added. After stirring at room temperature overnight, 

the solvent was removed. The residue was dissolved in a mixture of toluene (25 ml) and then acetic 

anhydride (25 ml) and trifluoroacetic acid (0.60 ml) was added. After the solution was stirred for 6 h at 80 

°C, the suspension was cooled and the crystalline solid collected by filtration. The solid was then washed 

with toluene and dried in a vacuum oven at 50 °C, yielding 4.8 as a yellow-orange crystalline material (0.84 

g, 2.7 mmol, 85%). 1H NMR (CDCl3):  = 9.03 (s, 2H, H-5,6), 6.68 (s, 2H, HPh-2,6), 3.90 (s, 3H, CPh-4–

OCH3), 3.89 (s, 6H, CPh-3,5–OCH3); 13C NMR (DMSO-d6):  = 163.9 (C=O), 153.0 (CPh-3,5), 149.0 

(C-5,6), 146.7 (CPh-4), 137.6 (C-2,3), 126.9 (CPh-1), 105.5 (CPh-2,6), 60.1 (CPh-4–OCH3), 56.1 (CPh-3,5–

OCH3); IR (ATR):  = 1736, 1601, 1508, 1470, 1459, 1384, 1321, 1239, 1168, 1125, 1099, 996, 822, 758, 

733, 658 cm–1; Elemental analysis (%) for C15H13N3O5 (315.29): calcd C 57.14, H 4.16, N 13.33; found C 

57.12, H 4.01, N 13.25. 

 

Tris{N-((E,E,E)-4-[4-{4-(3,4,5-tridodecyloxystyryl)-2,5-bis((S)-2-methylbutoxy)styryl}-2,5-bis((S)-2-

methylbutoxy)styryl]phenyl)}-1,4,5,8,9,12-hexaazatriphenylene-2,3,6,7,10,11-hexacarboxy triimide 

(4.9). Oxalyl chloride (0.10 ml, 1.14 mmol) was added dropwise to a suspension of hexaazatriphenylene 

hexacarboxylic acid (4.4, 0.0290 g, 0.0552 mmol) in THF (5 ml) and stirred for 1.5 h at RT. The resulting 

solution was then evaporated to dryness, dissolved in heptane and again evaporated to dryness to remove 

any remaining traces of oxalyl chloride. The residue was dissolved in THF (5 ml) and OPV-NH2
18 (0.35 g, 

0.17 mmol) was added. The solution was subsequently stirred at RT for 1 h, triethylamine (0.10 ml, 0.72 
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mmol) was added and the solution was stirred for 30 min. 2 M Hydrochloride acid (20 ml) was added and 

the mixture was extracted with three portions of chloroform. The combined organic phases were dried 

over Na2SO4, filtered and evaporated to dryness. The residue was dissolved in THF (5 ml), oxalyl chloride 

(0.25 ml, 2.87 mmol) was added and the solution was stirred overnight at RT. After removal of the solvent 

in vacuo, the remaining residue was dissolved in heptane and again evaporated to dryness. Purification of 

the crude material via preparative size exclusion chromatography (Biobeads, dichloromethane and THF), 

afforded 4.9 as a black solid (63 mg, 0.15 mmol, 27%). 1H NMR (C2D2Cl4, 100 °C):  = 7.65 (d, J = 7.8 Hz, 

6H), 7.60 (d, J = 7.8 Hz, 6H), 7.42 (d, J = 16.1 Hz, 3H), 7.26 (s, 6H), 7.14 (d, J = 16.1 Hz, 3H), 7.09 (d, J 

= 16.6 Hz, 3H), 7.03 (s, 6H), 6.97 (s, 3H), 6.90 (s, 3H), 6.81 (d, J = 15.4 Hz, 3H), 6.53 (s, 6H), 4.0–3.8 (m, 

42H, OCH2), 2.07, 1.96, 1.76, 1.67, 1.48, 1.29, 1.13, 1.05, 0.89 (9m, 315H); 13C NMR (C2D2Cl4, 100 °C):  = 

161.1 (C=O), 153.2, 151.3, 151.2, 151.1, 147.4 (CHAT-external), 145.3, 139.2 (CHAT-internal), 138.6, 132.6, 

129.8, 128.7, 127.7, 127.4, 126.9, 126.7, 125.6, 122.7, 122.3, 112.0, 111.2, 110.4, 110.0, 106.2, 74.9, 74.8, 74.6, 

74.4, 69.6 (OCH2), 35.2, 35.1, 31.7, 30.3, 29.5, 29.5, 29.4, 29.3, 29.1, 26.4, 26.4, 26.0, 22.4, 16.7, 16.6, 16.5, 

13.7, 11.2, 11.1; IR (ATR):  = 2922, 2853, 1742, 1576, 1504, 1465, 1422, 1354, 1314, 1272, 1200, 1115, 

1041, 963, 853, 803, 735, 722, 692 cm–1; Elemental analysis (%) for C276H405N9O27 (4281.30): calcd C 77.43, 

H 9.53, N 2.94; found C 77.03, H 9.50, N 2.67. 
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Abstract: An asymmetric star-shaped molecule provided with two polar and one apolar 

peripheral group has been synthesized via two synthetic routes. Its melting behavior was 

investigated via DSC and polarization microscopy and revealed a liquid crystalline mesophase 

over a temperature range of 270 °C. Due to its asymmetric geometry, amphiphilic behavior was 

observed in solution; UV/Vis, fluorescence and CD spectroscopy showed the aggregation of this 

molecule in hexane, acetonitrile and water, while in chloroform and dimethoxyethane the 

compound remained molecularly dissolved. More in-depth investigations of the aggregation 

behavior in chloroform/hexane mixtures revelead a two-step process, wherein first achiral 

assemblies are formed which then transform into larger, chiral aggregates. 

 

 

5.1 Introduction 
When it comes to using secondary interactions to form large, but still well-defined 

supramolecular assemblies from simple building blocks, nature is unrivaled. Mankind is only 

beginning to understand the complex and subtle interplay needed to sustain even such a basic 

thing as a living cell. The initiation of the field of synthetic supramolecular chemistry by Cram1, 

Lehn2 and Pedersen3 three decades ago, has led to the design, synthesis and characterization of 

new nature-inspired supramolecular assemblies using a range of secondary interactions such as 

hydrogen bonding, solvophobic interactions, dipole-dipole interactions and metal complexes. 

Although these man-made structures are not nearly as sophisticated as their natural counter-

parts, it is their simplicity that allows thorough investigation and, therefore, gives basic insight 

into complex natural processes. 

 
1. D.J. Cram, J.M. Cram, Science 1974, 183, 803. 
2. a) B. Dietrich, J.-M. Lehn, J.-P. Sauvage, Tetrahedron Lett. 1969, 2889. b) B. Dietrich, J.-M. Lehn, J.-P. 

Sauvage, J. Blanzat, Tetrahedron 1973, 29, 1629. c) B. Dietrich, J.-M. Lehn, J.-P. Sauvage, Tetrahedron 
1973, 29, 1647. d) J.-M. Lehn, Struct. Bonding 1973, 16, 1. 

3. a) C.J. Pedersen, J. Am. Chem. Soc. 1967, 89, 7017. b) C.J. Pedersen, Angew. Chem. Int. Ed. Engl. 1988, 
27, 1053. 
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One class of molecules that has attracted much attention since their discovery in 1977,4 is 

the class of discotic molecules. They can show liquid crystalline mesophases over broad 

temperature ranges due to their disc-shaped core and peripheral side chains and feature special 

optical and electronic properties that makes application in devices promising (see chapter 4). 

Besides thermotropic liquid crystallinity, many of these discotic materials exhibit lyotropic liquid 

crystalline mesophases and form columnar aggregates in solution. The latter is especially 

intriguing, since it resembles —for example— the assembly of the tobacco mosaic virus in which 

double-discs of protein molecules aggregate to form a protective rod-like shell around the viral 

RNA.5 Some well-known and intensely investigated discotic molecules, which have been 

demonstrated to form columnar aggregates in solution, are the triphenylenes and the 

phthalocyanines (figure 5.1).6 
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Figure 5.1 Discotic molecules: triphenylenes (left) and phthalocyanines (right). 
 

In our group Palmans7 synthesized C3-symmetric discotic molecules based on benzene-

1,3,5-tricarboxylic acid and 3,3’-bis(acylamino)-2,2’-bipyridine (figure 5.2a). These molecules not 

only showed thermotropic liquid crystalline behavior over large temperature ranges, but also 

exhibited lyotropic liquid crystalline phases in apolar solvents. The columnar assemblies formed 

by the discotic star-shaped molecules proved to be remarkably stable; even at concentrations as 

low as 10–6 M columns would still be present in solution.8 The 3,3’-bis(acylamino)-2,2’-bipyridine 

unit is held responsible for the occurrence of the liquid crystalline mesophases and for the 

stability of the columnar stacks in solution.9 The protons attached to the nitrogen atoms are 

capable of forming intramolecular hydrogen bonds with the nitrogen atoms of the pyridine rings 
 

4. S. Chandrasekhar, B.K. Sadashiva, K.A. Suresh, Pramana 1977, 9, 471. 
5. L. Stryer, Biochemistry, 4th ed., W.H. Freeman & Company, New York, 1995. 
6. Handbook of Liquid Crystals (Eds.: D. Demus, J. Goodby, G.W. Gray, H.W. Spiess, V. Vill), Vol. 2B, 

Wiley-VCH Verlag, Weinheim, 1998. 
7. A.R.A. Palmans, J.A.J.M. Vekemans, H. Fischer, R.A. Hikmet, E.W. Meijer, Chem. Eur. J. 1997, 3, 

300. 
8. A.R.A. Palmans, J.A.J.M. Vekemans, E.E. Havinga, E.W. Meijer, Angew. Chem. Int. Ed. Engl. 1997, 

36, 2648. 
9. A.R.A. Palmans, J.A.J.M. Vekemans, E.W. Meijer, Rec. Trav. Chim. Pays-Bas 1995, 114, 277. 
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and, thus, planarize the 2,2’-bipyridine units that make up the core. This rigid aromatic core, in 

combination with the long peripheral alkoxy tails, induces the formation of hexagonal columnar 

mesophases. Although the protons of the amino groups are engaged in intramolecular hydrogen 

bonding, it is believed they are also capable of forming intermolecular hydrogen bonds with the 

carbonyl groups of the discs above or below10 (a phenomenon observed in other 1,3,5-benzene 

triscarboxamides as well11). These intermolecular hydrogen bonds lead, together with -  

interactions and solvophobic effects, to the formation of stable columnar stacks in which the 

star-shaped molecules adopt a propeller-like conformation (figure 5.2, inset). A good example 

for the cooperative nature of these forces was found via so-called ‘Sergeant-and-Soldiers’ 

experiments.12 Palmans found that addition of only 5% of a chiral star-shaped molecule 

(Sergeant) to its achiral derivative (Soldier) already sufficed to fully express its chirality.8 
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Figure 5.2 C3-symmetric star-shaped molecules as described by a) Palmans7,8 and b) Brunsveld10 
and their aggregation in a columnar stack (inset). The dark and light wedges in the 
cartoons represent hydrophobic and hydrophilic mesogenic units, respectively. 

 

 
10. L. Brunsveld, H. Zhang, M. Glasbeek, J.A.J.M. Vekemans, E.W. Meijer, J. Am. Chem. Soc. 2000, 122, 

6175. 
11. a) Y. Yasuda, E. Iishi, H. Inada, Y. Shirota, Chem. Lett. 1996, 575. b) K. Hanabusa, C. Koto, M. 

Kimura, H. Shirai, A. Kakehi, Chem. Lett. 1997, 429. c) M.P. Lightfoot, F.S. Mair, R.G. Pritchard, J.E. 
Warren, Chem. Commun. 1999, 1945. d) D. Ranganathan, S. Kurur, R. Gilardi, I.L. Karle, Biopolymers 
2000, 54, 289, e) L. Brunsveld, A.P.H.J. Schenning, M.A.C. Broeren, H.M. Janssen, J.A.J.M. 
Vekemans, E.W. Meijer, Chem. Lett. 2000, 292.  

12. M.M. Green, N.C. Peterson, T. Sato, A. Teramoto, S. Lifson, Science 1995, 268, 1860. 
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In view of the intriguing properties of these C3-symmetric star-shaped molecules, intensive 

research gave access to compounds with even larger aromatic cores13 (showing liquid crystalline 

behavior over even greater temperature ranges). More recently, Brunsveld10,14 provided the star-

shaped molecules with polar ethylene oxide tails (figure 5.2b) and investigated their aggregation 

behavior in polar solvents such as water, especially relevant considering the resemblance of these 

aggregates with natural occurring systems. 

Amphiphilic molecules can aggregate in both polar and apolar solvents. Recently, 

amphiphilic blockcopolymers have been described, which form designed amphiphilic objects on 

a nanometer scale.15 Furthermore, precise control over the arrangement of hydrophilic and 

hydrophobic groups on a polymer backbone16 could lead to the formation of coiled-coils similar 

to those found for myosin.5 Discotics molecules can aggregate in rod- or worm-like assemblies in 

either polar17 or apolar18 solvents; however, the synthesis of amphiphilic discotics capable of 

forming assemblies in both kinds of solvents has —to our knowledge— never been addressed. 

To widen the scope of the assemblies formed by discotic molecules, e.g. go to the next level of 

aggregation (analogous to the tertiary structures of proteins), asymmetrically substituted discotic 

molecules are in demand. By providing the discs with polar and apolar sites, aggregation of the 

columns into higher order assemblies, such as coiled-coils (figure 5.3), should be feasible 

depending on their environment. As a first target a system containing two polar and one apolar 

mesogen was selected. 
 

 
13. a) E.W. Meijer, J.A.J.M. Vekemans, A.R.A. Palmans, P. Breure, J. de Kraker, L. Brunsveld, Polym. 

Prepr. 2000, 41(1), 902. b) A.R.A. Palmans, Supramolecular Structures Based on the Intramolecular 
H-bonding in the 3,3’-Di(acylamino)-2,2’-Bipyridine Unit, Ph.D. thesis, Eindhoven University of 
Technology, 1997. 

14. a) P. van der Schoot, M.A.J. Michels, L. Brunsveld, R.P. Sijbesma, A. Ramzi, Langmuir 2000, 16, 
10076. b) L. Brunsveld, B.G.G. Lohmeijer, J.A.J.M. Vekemans, E.W. Meijer, Chem. Commun. 2000, 
2305. 

15. a) Z. Tuzar, P. Kratochvil, Micelles of Block and Graft Copolymers in Solutions, Surface and Colloid 
Science (Ed. E. Matijevic), Vol. 15., Plenum Press, New York, 1993. b) S.I. Stupp, V. LeBonheur, K. 
Walker, L.S. Li, K.E. Huggins, M. Keser, A. Amstutz, Science 1997, 276, 384. 

16. a) H.M. Janssen, E. Peeters, M.F. van Zundert, M.H.P. van Genderen, E.W. Meijer, Angew. Chem., 
Int. Ed. Engl. 1997, 36, 122. b) H.M. Janssen, E. Peeters, M.F. van Zundert, M.H.P. van Genderen, 
E.W. Meijer, Macromolecules 1997, 30, 8113. c) H.M. Janssen, E.W. Meijer, Macromolecules 1997, 30, 
8129. 

17. a) H. Ringsdorf, B. Schlarb, J. Venzmer, Angew. Chem. 1988, 100, 117. b) N.B. McKeown, J. Painter, 
J. Mater. Chem. 1994, 4, 1153. c) J.M. Kroon, R.B.M. Koehorst, M. van Dijk, G.M. Sanders, E.J.R. 
Sudhölter, J. Mater. Chem. 1997, 7, 615. 

18. a) E.Y. Sheu, K.S. Liang, L.Y. Chiang, J. Phys. France 1989, 50, 1279. b) O.E. Sielcken, M.M. van 
Tilborg, M.F.M. Roks, R. Hendriks, W. Drenth, R.J.M. Nolte, J. Am. Chem. Soc. 1987, 109, 4261. c) 
J.P. Gallivan, G.B. Schuster, J. Org. Chem. 1995, 60, 2423. d) U. Rohr, P. Schlichting, A. Böhm, M. 
Gross, K. Meerholz, C. Bräuchle, K. Müllen, Angew. Chem. Int. Ed. 1998, 37, 1434. e) H. Engelkamp, 
S. Middelbeek, R.J.M. Nolte, Science 1999, 284, 785. 
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Figure 5.3 Assembly of asymmetric star-shaped molecules into a coiled-coil. 

 

5.2 Synthesis 
The preparation of asymmetrically substituted star-shaped molecules, requiring 

desymmetrization of benzene-1,3,5-tricarboxylic acid, was attempted via three different routes 

(scheme 5.1). In all these routes the introduction of the two polar moieties was postponed to the 

end of the synthesis. Route I is the shortest synthetic route, since protection/deprotection steps 

are not needed via this approach. However, in the first step (b) a mixture will be obtained when 

an activated 1,3,5-benzenetricarboxylic acid is reacted with 1 eq. of monoacylated bipyridine-

diamine and 2 eq. of 2,2’-bipyridine-3,3’-diamine. After separation, the desired compound can 

subsequently be reacted with a polar gallic acid derivative (step a) and the asymmetric star-

shaped molecule is obtained. Route II seems not preferable with respect to route I, since 

protection/deprotection steps are needed in this approach; the latter, however, helps to avoid 
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Scheme 5.1 Envisaged retrosynthetic routes towards asymmetric star-shaped molecules. 
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elaborate separation and purification steps. Route III differs from route II in the final step; 

instead of using a polar monoacylated bipyridinediamine (step c), bipyridinediamine is reacted 

first with the central benzene moiety (step e) before coupling with a polar gallic acid derivative 

(step a). 

 

5.2.1 Synthesis of an asymmetric star-shaped molecule via route I 

The preparation of the desired asymmetrically substituted discotic compounds started with 

the synthesis of 2,2’-bipyridine-3,3’-diamine (5.2) via a two-step procedure (scheme 5.2). In the 

first step 3,3’-dinitro-2,2’-bipyridine (5.1) was synthesized from 2-chloro-3-nitropyridine via an 

Ullmann coupling.19 With only an equimolar amount of copper bronze, the pure compound 

could be obtained by precipitation, thus avoiding a four-day Soxhlet extraction. The electron 

transfer reduction of the nitro groups20 in the second step, afforded bipyridine 5.2 in a 58% 

overall yield. 
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Scheme 5.2 Synthesis of 2,2’-bipyridine-3,3’-diamine (5.2). 
 

3-(3,4,5-Tridodecyloxybenzoylamino)-2,2’-bipyridine-3’-amine (5.4), the second building 

block for synthetic route I, was prepared by monoacylation of 5.2 with 3,4,5-tridodecyloxy-

benzoyl chloride (scheme 5.3). Although a statistical mixture might be expected, monoacylation 

can be performed with 98% selectivity due to a decrease in nucleophilicity of the remaining 

amino group after the first reaction. 
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Scheme 5.3 The synthesis of monoacylated bipyridinediamine 5.4. 
 

 
19. A. Etienne, G. Izoret, Fr. Pat. 1 369 401, ref. Chem. Abs. 1965, 62, 570. 
20. L. Kaczmarek, P. Nantka-Namirski, Acta Polon. Pharm. 1979, 6, 629. 
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The asymmetrically substituted benzene-1,3,5-triscarboxamide 5.5 was synthesized starting 

from the commercially available trimesic chloride to which 1 eq. of apolar wedge 5.4 was added. 

After heating under reflux for one night, NMR analysis of the crude reaction mixture showed 

that mainly the monosubstituted product was formed. Statistically, only 44% of the latter is to be 

expected, but the higher selectivity is due to electronic reasons; the substitution of the first 

carbonyl functionality decreases the electrophilicity of the two remaining carbonyl groups. 

Although one might expect that introduction of the sterically demanding wedge 5.4 will also 

influence the substitution rate, this effect will probably only come into play after disubstitution. 

The synthesis of 5.5 was finished by adding the crude reaction mixture to a slight excess of 

2,2’-bipyridine-3,3’-diamine (5.2). Even though the selectivity was higher than expected, 

tris(bipyridine) 5.5 could only be obtained in 10% yield due to elaborate purification procedures 

by column chromatography over silica and preparative size exclusion chromatography. 
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Scheme 5.4 The synthesis of asymmetric star-shaped molecule 5.6. 
 



80 — CHAPTER 5 — 

The synthesis of the desired asymmetric star-shaped molecule was finalized by reacting 

compound 5.5 with two equivalents of a chiral ethylene oxide substituted gallic acid derivative,10 

affording 5.6 in overall yield of 3.5% starting from trimesic chloride. Of course one can shorten 

synthetic route I by directly reacting a polar wedge with the monosubstituted intermediate from 

scheme 5.4, but this will lead to a mixture that can only be separated on the basis of polarity 

differences and the already elaborate purification procedure needed for 5.5 does not bode well 

for this alternative route. 

 

5.2.2 Attempted synthesis of an asymmetric star-shaped molecule via route II 

The low overall yield obtained via synthetic route I, prompted us to investigate alternative 

and potentially more rewarding approaches. In that perspective route II seems a sensible option, 

since the use of protecting groups should simplify the purification procedures. In order to allow 

monosubstitution of the central benzene ring, access to 3,5-bis(methoxycarbonyl)benzoic acid 

(5.7) is a prerequisite (scheme 5.5). Therefore, one of the three esters groups of trimethyl 

benzene-1,3,5-tricarboxylate was saponified using sodium hydroxide as a base, affording 5.7 in 

pure form after a pH-selective extraction. After conversion of the free acid group of 5.7 into an 

acid chloride using thionyl chloride as the chlorinating agent, the monoactivated benzene ring 

5.8 was coupled to the apolar wedge 5.4. Much to our surprise, the crude material not only 

contained the monosubstituted product 5.9, but also a disubstituted product. The latter is 

probably due to hydrolysis of an ester group during the reaction of the monocarboxylic acid with 

thionyl chloride. 
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Scheme 5.5 Synthesis of monosubstituted compound 5.9. 
 

Hydrolysis of the methyl esters with lithium hydroxide as the base afforded the diacid 5.10 

after acidification with trifluoroacetic acid and filtration (scheme 5.6). The next step in route II 

is the activation of the acid groups to allow coupling to a polar wedge. Unfortunately, the 
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conversion of acid into acid chloride using thionyl chloride or oxalyl chloride led to concomitant 

formation of side-products. NMR analyses of the crude reaction mixtures pointed towards 

degradation of the amide bonds, while MALDI-TOF mass spectrometry showed the presence of 

compounds with molecular masses 18 mass units higher than expected. This suggested the 

conversion of secondary amide into imidoyl chlorides, a phenomenon previously observed when 

thionyl chloride was added to a compound containing a secondary amide group.21 These 

problems can be overcome by performing the reaction at low temperatures and using oxalyl 

chloride as the chlorinating agent. To activate the acid group for this reaction, diacid 5.10 should 

be converted into a salt which, as a second advantage, will also eliminate the formation of 

hydrochloric gas during the reaction. Therefore, three different salts were prepared, being the 

sodium, lithium and tetrabutylammonium salts. The two alkali metal salts were found to be 

insoluble in suitable organic solvents, but the tetrabutylammonium salt was soluble. However, 

the product contained a significant amount of water, obviously hampering a reaction with oxalyl 

chloride. Attempts to dry the bis(tetrabutylammonium) salt of diacid 5.10 via drying in a vacuum 

oven at elevated temperatures and over P2O5 or via co-evaporation with an azeotrope forming 

solvent were unsuccessful. 
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Scheme 5.6 Synthesis of bis(pentafluorophenyl) ester 5.11. 
 

Since activation of the carboxylic acid by conversion into acid chlorides proved to be 

unsuccessful, alternative activation methods were investigated. A well-known method for 

forming amide bonds is the reaction of an amine with a pentafluorophenyl ester.22 To investigate 

this approach, diester 5.11 was first synthesized by reacting diacid 5.10 with pentafluorophenol, 

 
21. A. Kraft, J. Chem. Soc., Perkin Trans. 1 1999, 705. 
22. a) S.S. Yoon, W.C. Still, Tetrahedron 1995, 51, 567. b) M.W.P.L. Baars, S.H.M. Söntjens, H.M. 

Fischer, H.W.I. Peerlings, E.W. Meijer, Chem. Eur. J. 1998, 4, 2456. 
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using 4-dimethylaminopyridine (DMAP) as a catalyst and dicyclohexylcarbodiimide (DCC) as 

the dehydration agent (scheme 5.6). To investigate the reactivity of diester 5.11 towards 

substitution, attempts were made to couple 5.11 with 2 eq. of apolar wedge 5.4. However, these 

experiments showed that the amidations proceeded very slowly, making the hydrolysis of the 

ester groups a competitive process. Performing the reactions under different conditions did not 

improve the reaction rate and hence, another approach was explored. 

The use of a dehydration reagent should —in principle— suffice to directly couple an 

amine to an acid group, since removal of the water will shift the condensation equilibrium in the 

right direction. Indeed, several reports have appeared on the synthesis of polyamides using 

triphenyl phosphite and pyridine as the condensing reagents.23 To investigate the applicability of 

this method on the synthesis of asymmetric star-shaped molecules, test reactions were 

performed by mixing 1,3,5-benzenetricarboxylic acid with 3 eq. of apolar wedge 5.4 and 4 eq. of 

triphenyl phosphite, while varying the temperature, solvent and co-condensing agent. The best 

results were obtained when dimethylacetamide (DMA) was used as the solvent, pyridine as the 

co-condensing agent and the reaction mixture was kept at 135 °C, affording symmetric star-

shaped molecule 5.12 in 55% yield. However, an attempt to synthesize an asymmetric star-

shaped derivative by reacting a polar wedge with diacid 5.10 via this method was unsuccessful; 

NMR analysis of the crude reaction mixture showed the presence of many side-products. 
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Scheme 5.7 Synthesis of a symmetric star-shaped molecule by dehydration with triphenyl phosphite. 
 

 
23. a) N. Yamazaki, F. Higashi, J. Kawabata, J. Polym. Sci., Polym. Chem. Ed. 1974, 12, 2149. b) A. 

Mariani, S.L.E. Mazzanti, S. Russo, Can. J. Chem. 1995, 73, 1960. c) C.-S. Wang, R.-W. Yang, Polymer 
1997, 38, 6109. d) D.-J. Liaw, B.-Y. Liaw, J. Polym. Sci. Part A: Polym. Chem. 1998, 36, 1075. e) M. 
Jikei, S.-H. Chon, M. Kakimoto, S. Kawauchi, T. Imase, J. Watanebe, Macromolecules 1999, 32, 2061. 
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Since all the approaches explored resulted in low yields and/or crude materials containing 

many side-products, route II offered no advantage over route I and was, therefore, abandoned. 

 

5.2.3 Synthesis of an asymmetric star-shaped molecule via route III 

From route II it has become apparent that activation of the acid group alone will not 

suffice if one wants to couple it to a monoacylated 2,2’-bipyridine-3,3’-diamine, due to the 

inherently low nucleophilicity of the latter. Hence the activation of the amino group seems a 

logical choice. This can be achieved by deprotonation of the amino group, affording an anion 

with greatly enhanced nucleophilicity. The deprotonation of an amino group is fairly 

straightforward; even at low temperatures a proton can be removed by use of a strong base. 

However, the presence of secondary amides in the same compound or in one of the other 

reagents will make things more complicated, since the N–H proton of the amide group is more 

acidic than the NH2-function and will thus lead to an acid-base reaction between this amide and 

the deprotonated amino group. This also implies that acid groups should be substituted with 

aprotic leaving groups, before reaction with a deprotonated amine. 

Di(pentafluorophenyl) ester 5.11, obtained via route II (scheme 5.1, step d), is a suitable 

reagent for a reaction with a deprotonated amine, since the pentafluorophenyl group does not 

carry any protons and is a good leaving group as well. The number of secondary amide groups 

present during the reaction, can be reduced by using a deprotonated 2,2’-bipyridine-3,3’-diamine 

as the nucleophile (scheme 5.1, step e). The reaction consumes 6 anions; 2 anions for the 
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Scheme 5.8 Synthesis of asymmetric tris(bipyridine) 5.5 via activation of the two amino groups in 5.2. 
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deprotonation of 5.11, 2 anions for the actual coupling reaction and 2 more for deprotonation of 

the newly formed amide groups. Therefore, at least 3 eq. of doubly deprotonated 2,2’-bipyridine-

3,3’-diamine were added, to make full conversion of the ester groups possible (scheme 5.8). 

Although this meant that more than one equivalent of unreacted bipyridine 5.2 remained in the 

crude reaction mixture, precipitation of the product in methanol afforded pure tris(bipyridine) 

5.5 in 97% yield. Taking into account the yield obtained for step a (route I), asymmetric star-

shaped molecule 5.6 could be synthesized in an overall yield of 16% starting from trimethyl 

1,3,5-benzenetricarboxylate (route III). 

 

5.2.4 Synthesis of an asymmetric 3,3’-bis(acylamino)-2,2’-bipyridine 

As a linear reference compound for the asymmetric star-shaped molecule 5.6, 

asymmetrically disubstituted bipyridine 5.13 was synthesized by reacting monoacylated 

bipyridine 5.4 with a polar gallic acid chloride (scheme 5.9). The latter was substituted with 

achiral ethylene oxide chains containing 7 repeating units on average. 
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Scheme 5.9 Synthesis of asymmetric diacylated bipyridine 5.13. 

 

5.3 Characterization 
Asymmetric star-shaped molecule 5.6 and its reference compound 5.13 were fully 

characterized using 1H and 13C NMR, IR, UV/Vis and fluorescence spectroscopy, while their 

melting behavior was investigated via polarization microscopy and DSC. Since star-shape 

molecule 5.6 was substituted with chiral groups, its aggregation behavior in solution was also 

studied with CD spectroscopy. 

 

5.3.1 NMR spectroscopy 

NMR spectra of solutions of compounds 5.6 and 5.13 in deuterated chloroform showed 

sharp signals, which is an indication that the molecules are molecularly dissolved in this solvent, 
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and featured the typical signal patterns expected for a preferred planar, transoid conformation 

of the diacylated bipyridinediamine unit. As a consequence of the intramolecular hydrogen 

bonding in this unit the N–H signals are situated between 16 and 14 ppm, while the H-4/4’ 

signals can be found at relatively low field due to deshielding effect of the neighboring carbonyl 

functionalities. Moreover, the planar core of the asymmetric star-shaped molecule 5.6 resulted in 

a downfield shift of the H-6’ signals in comparison to H-6 (figure 5.4). The polar and apolar 

wedges showed H-6 signals at 8.49 and 8.42 ppm, respectively; the deshielding effect exerted by 

the oxygen atoms in the polar ethylene oxide chains might be responsible for the difference. 
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Figure 5.4 1H NMR spectrum of asymmetric star-shaped molecule 5.6 in CDCl3. 

 

5.3.2 Liquid crystalline behavior 

DSC measurements on asymmetric bipyridine 5.13 showed two distinct melting peaks in 

the heating run (figure 5.5); the first one (2.8 °C, H = 73 kJ∙mol–1) is attributed to the melting 

of ethylene oxide chains, while the second and smaller peak (14.0 °C, H = 31 kJ∙mol–1) can be 

assigned to the dodecyloxy tails. The thermogram further featured a low energetic transition 



86 — CHAPTER 5 — 

from one mesophase to another at 47.7 °C ( H = 0.8 kJ∙mol–1) and a liquid crystalline to 

isotropic transition at 67.8 °C ( H = 1.0 kJ∙mol–1). The cooling run showed reversible behavior: I 

(65.0 °C, H = –0.8 kJ∙mol–1) M2 (42.5 °C, H = –1.0 kJ∙mol–1) M1 (8.9 °C, H = –31.4 kJ∙mol–1) 

Cr2 (–16.0 °C, H = –65.5 kJ∙mol–1) Cr1. The low energetic transition at 23 °C, which can only be 

seen in the heating run, could not be assigned and is probably an artefact. In comparison, a 

symmetrical diacylated bipyridine provided with only dodecyloxy chains featured one liquid 

crystalline mesophase in the range of 38–110 °C,7 while symmetric bipyridines substituted with 

ethylene oxide groups showed no thermotropic liquid crystalline behavior at all.24 The thermal 

stability of bipyridine 5.13 was investigated with thermal gravimetric analysis (TGA) and showed 

no signs of degradation up to 200 °C.  
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Figure 5.5 DSC thermogram of bipyridine 5.13, showing the heating and cooling run. 
 

The textures of the two mesophase M1 and M2, formed during heating and cooling of 5.13, 

were investigated via polarization microscopy (figure 5.6). Mesophase M1 exhibited a conical 

fan-shaped texture similar to those observed for the symmetric star-shaped molecules7 and is 

presumably due to arrangement of the molecules into a columnar hexagonal array. The texture 

of M2 slowly formed from a macroscopically separated system and might be indicative of a 

smectic mesophase. It is tentative to image the arrangement of asymmetric bipyridine molecules 

into a smectic bilayer (SmA2 or SmC2), allowing 5.13 to fully express its amphiphilic nature. 

However, since no X-ray diffraction experiments were performed on either of the two 

mesophases, definite assignment was not possible. 
 

 
24. L. Brunsveld, unpublished results. 
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Figure 5.6 Textures of mesophases M1 at 42 °C (left) and M2 at 54 °C (right) as observed by 
polarization microscopy. 

 

DSC measurements on asymmetric star-shaped molecule 5.6 showed only one small peak 

in the heating run at –6.9 °C ( H = 11 kJ∙mol–1), which can be attributed to the melting of the 

dodecyloxy tails. The cooling run was reversible, featuring a negative peak at –14.0 °C ( H = –16 

kJ∙mol–1). Although melting of the ethylene oxide chains occurs around –70 °C for the polar 

C3-symmetric star-shaped molecules, melting peaks of such kinds could not be observed for the 

asymmetric derivative. DSC measurements further indicated a liquid crystalline to isotropic 

transition around 280 °C for 5.6; exact determination of the clearing temperature, however, was 

not possible since TGA measurement showed degradation of the product above 170 °C. The 

latter also hampered the formation of large monodomains, but the flower-like textures that were 

observed by polarization microscopy suggested a columnar mesophase. In comparison to the 

C3-symmetric star-shaped molecules provided with dodecyloxy (Cr 9 Colho 355 I) and chiral 

ethylene oxide (g –74 Colho 270 I) tails, 5.6 showed a smaller temperature range of liquid 

crystallinity. The latter is probably due to its asymmetric nature, which impedes efficient packing 

of the discotic molecules in the mesophase. 

 

5.3.3 Optical properties in solution 

UV/Vis spectra of asymmetric bipyridine 5.13 were measured and showed a hypsochromic 

shift of the max values with increasing polarity of the solvents (figure 5.7). The solution in water 

was an exception; the max of the latter exhibited a red shift. Fluorescence spectroscopy on a 

solution of 5.13 in water showed strong fluorescence at 520 nm, independent of the excitation 

wavelength, while only low intensity emission bands were observed in the other solvents. When 

excited at 290 nm, the measured fluorescence spectra also featured additional emission bands 

between 300 and 400 nm, displaying a bathochromic shift with increasing polarity. Excitation 

spectra measured at 360 and 512 nm of 5.13 in acetonitrile were similar to the UV/Vis spectrum, 

indicating that the two emission bands in the fluorescence spectra originate from the same 

excited state. Since NMR showed asymmetric bipyridine 5.13 to be molecularly dissolved in 

chloroform, it seems reasonable to assume that the special optical behavior in water is due to 

aggregation in this solvent. The increase of the fluorescence intensity upon aggregation has 
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previously been observed for diacylated 2,2’-bipyridine-3,3’-diamine units and was rationalized 

by the occurrence of a photoinduced intramolecular proton transfer.10 
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Figure 5.7 UV/Vis spectra of 5.13 in various solvents. 
 

UV/Vis spectroscopy on the asymmetric star-shaped compound 5.6 in chloroform and 

1,2-dimethoxyethane (DME) (figure 5.8) showed spectra similar to those found for the 

C3-symmetric polar and apolar substituted star-shaped molecules in their molecularly dissolved 

state. The solubility of 5.6 in pure hexane and water was low and therefore 0.5% of chloroform 

and 3% of methanol were added to the pure solvents, respectively. The max values of 5.6 in these 

solutions and in pure acetonitrile were red shifted in comparison to chloroform, a clear 

indication for aggregation of the molecules in these solvents. In addition, the UV spectrum of 
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Figure 5.8 UV/Vis and fluorescence spectra of 5.6 in various solvents. 
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5.6 in the hexane solution featured scattering at higher wavelengths, which might be caused by 

the formation of large aggregates. The fact that aggregation occurs in both polar and apolar 

solvents shows the amphiphilic nature of 5.6, a direct result of its asymmetric substitution. 

Similar to the fluorescence behavior observed for the reference compound, 5.6 only exhibited 

strong fluorescence in the solvents in which aggregation takes place (water, hexane, acetonitrile). 

The max of the emission bands was located at 515 nm and independent of the excitation 

wavelength (290, 350 and 385 nm). 

CD spectra of 5.6 in chloroform and DME show no Cotton effect (figure 5.9); this is in 

agreement with our earlier observation that no aggregates are formed in these solvents. 

Solutions of asymmetric star-shaped molecule 5.6 in hexane, acetonitrile and water do give rise 

to formation of chiral aggregates. Since the core exhibits more solvophobic behavior in water, 

the CD signal in this solvent is stronger in comparison to the signal in acetonitrile; the strongest 

CD signal, however, was observed for a solution of 5.6 in hexane. The occurrence of scattering at 

higher wavelengths might be due to the formation of large superstructures or nanocrystallites. 
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Figure 5.9 CD spectroscopy of 5.6 in various solvents. 
 

To investigate the aggregation behavior of asymmetric star-shaped molecule 5.6 in further 

detail, UV/Vis, fluorescence and CD spectra were recorded of 5.6 in hexane solutions containing 

different volume fractions of chloroform. UV/Vis spectroscopy showed a hypsochromic shift of 

the max when larger volume fractions of chloroform were added (figure 5.10). This is due to fact 

that the addition of a more polar solvents diminishes the solvophobic character of the core and 

also helps to solubilize the polar ethylene oxide tails. The fluorescence spectra displayed a sharp 

decrease in fluorescence intensity when 10% chloroform or more was added to the hexane 

solution, while no direct relation between the fluorescence intensity and volume fraction of 

chloroform was found below 10%. 
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Figure 5.10 UV/Vis and fluorescence spectra of 5.6 in different chloroform/hexane mixtures. 

 

The measured CD spectra showed peculiar changes of the CD effect when the volume 

fraction of chloroform was increased (figure 5.11); from 0.5% to 2.5% the CD effect increased, 

while above 2.5% the expected decrease was observed. Furthermore, the solution of 5.6 in 

hexane containing 10% of chloroform exhibited a small negative CD effect, which disappeared 

after the addition of more chloroform. The initial increase of the CD effect might be 

rationalized by assuming that a certain quantity of chloroform is necessary as a lubricant to allow 

the aggregates of 5.6 to adopt their optimal conformation and hence fully express their chirality. 

A transition from a large, chiral aggregate to a smaller, achiral aggregate occurs between 7.5 and 

10%; while the intensity and position of the absorption bands in the UV/Vis spectra remain 

unchanged, the fluorescence intensity and the CD effect decreases and —concomitantly— the 

scattering at higher wavelengths disappears. Therefore, the spectroscopic data suggests that the 
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Figure 5.11 CD spectra of 5.6 in different chloroform/hexane mixtures. 
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aggregation of asymmetric star-shaped molecule 5.6 in chloroform/hexane mixtures is a two-step 

process, in which first in chloroform the molecularly dissolved molecules assemble into achiral 

aggregates and subsequently transform into larger, chiral aggregates upon the addition of 

hexane. Similar phenomena have been observed previously for the C3-symmetric star-shaped 

molecules substituted with ethylene oxide chains; they also assemble into achiral columnar 

structures wherein chirality can be induced by lowering the temperature, increasing the 

concentration or by addition of a non-solvent.14a 

The aggregation behavior of 5.6 in methanol/water mixtures was also investigated by 

UV/Vis, fluorescence and CD spectroscopy. The UV/Vis and fluorescence spectra of 5.6 in 

mixtures of 3%, 10%, 50% methanol in water and in pure methanol showed no distinct 

differences. However, the CD spectra revealed a decrease of the cotton effect by a factor 2, 

which indicates that the aggregation of 5.6 in polar solvents is also a two-step process. 

 

5.4 Conclusions and Outlook 
Asymmetric star-shaped molecule 5.6 could be synthesized via two different routes and, as 

a reference compound, asymmetrically substituted bipyridinediamine 5.13 was prepared. Both 

compounds showed liquid crystalline behavior at room temperature and aggregation in water. 

Asymmetric star-shaped molecule 5.6 also formed supramolecular assemblies in hexane, a clear 

demonstration of its amphiphilic nature. UV/Vis, fluorescence and CD measurements on 5.6 in 

hexane/chloroform mixtures further suggested that the aggregation of the molecules occurs via a 

two-step process, wherein the addition of hexane to a chloroform solution leads first to assembly 

into an achiral structure which subsequently —upon further addition of hexane— rearranges to 

form a larger, chiral aggregate. 

To prove the existence of higher-order aggregates, such as coiled-coils, indirect 

spectroscopic techniques like UV/Vis, fluorescence and CD spectroscopy will no longer suffice. 

However, the anticipated size of the formed supramolecular assemblies allows investigation of 

solutions with SANS or LS techniques, while drop cast films can be explored with TEM, SEM, 

AFM or STM. The latter was elegantly shown by Shinohara et al., who used STM to visualize a 

nanometer-sized double helix structure formed by an optically active polyphenylacetylene.25 

Although the synthesis of asymmetric discotics will generally be more difficult than those of their 

symmetric analogues, the accessibility of the asymmetrically substituted star-shaped molecules in 

combination with sophisticated characterization techniques heralds new research opportunities 

in which these discotics can serve as scaffolds for the creation of well-defined supramolecular 

architectures. 

 

 
25. K.-I. Shinohara, S. Yasuda, G. Kato, M. Fujita, H. Shigekawa, J. Am. Chem. Soc. 2001, 123, 3619. 
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5.5 Experimental Section 
General. The achiral methoxyhepta(ethylene oxide) chains originate from a commercially available 

oligomer mixture with on average 7 repeating units. All reactions were performed under an argon 

atmosphere. All solvents used were p.a. quality. Tetrahydrofuran (THF) and diethyl ether were distilled 

over Na/K/benzophenone, dichloromethane (CH2Cl2) was distilled over P2O5. For column 

chromatography Merck silica gel 60 was used, while for preparative size exclusion chromatography Bio-

Rad S-X1 Beads were used. 1H NMR and 13C NMR spectra were recorded on an AM-400 Bruker 

spectrometer with frequencies of 400.1 and 100.6 MHz, respectively. Chemical shifts are given in ppm ( ) 

downfield from tetramethylsilane (TMS). UV/Vis spectra were recorded on a Perkin Elmer Lambda 40P 

spectrophotometer or on a Perkin Elmer Lambda 900 UV/Vis/NIR spectrophotometer. Fluorescence 

spectra were recorded on a Perkin Elmer LS50B luminescence spectrometer and CD spectra were 

recorded on a Jasco J-600 spectropolarimeter. Infrared spectra on a Perkin-Elmer Spectrum One using 

attenuated total reflection (ATR) sample accessory. The optical properties and melting points were 

determined using a Jenaval polarization microscope equipped with a Linkam THMS 600 heating device. 

DSC data was collected on a Perkin Elmer Pyris 1 under a nitrogen atmosphere, TGA data was collected 

on a Perkin Elmer TGA 7. Elemental analysis was performed on a Perkin Elmer 2400 series analyzer. 

 

3,3’-Dinitro-2,2’-bipyridine (5.1). 2-Chloro-3-nitropyridine (32.0 g, 0.200 mol) was dissolved in DMF (160 

ml) and copper bronze (16.0 g, 0.254 mol) was added in portions. The reaction mixture was heated to 110 

°C and stirred for 3 h, after which the hot mixture was filtered over diatomaceous earth. The filtrate was 

then poured into 5% ammonia (600 ml) under vigorous stirring and the precipitate collected and washed 

with 5% ammonia until the filtrate was colorless. Overnight storage in a vacuum drying oven at 50 °C, 

afforded 5.1 as a yellow-brown solid (21.17 g, 86.0 mmol, 86%). 1H NMR (CDCl3):  = 8.88 (dd, J = 1.4 

and 4.3 Hz, 2H, H-6,6’), 8.58 (dd, J = 1.5 and 8.4 Hz, 2H, H-4,4’), 7.65 (dd, J = 4.7 and 8.2 Hz, 2H, 

H-5,5’); 13C NMR (DMSO-d6):  = 153.3 (C-6,6’), 149.5 (C-3,3’), 144.8 (C-2,2’), 134.0 (C-4,4’), 125.7 

(C-5,5’); IR (ATR):  = 1589, 1560, 1528, 1440, 1417, 1364, 1260, 1228, 1147, 1113, 1049, 1038, 987, 955, 

865, 855, 819, 790, 783, 750, 729, 703 cm–1; Elemental analysis (%) for C10H6N4O4 (246.18): calcd C 48.79, 

H 2.46, N 22.76; found C 48.78, H 2.43, N 22.80. 

 

2,2’-Bipyridine-3,3’-diamine (5.2). 3,3’-Dinitro-2,2’-bipyridine (5.1, 10 g, 41 mmol) was added in portions 

to a solution of SnCl2 (71.9 g, 0.369 mol) in hydrochloric acid (140 ml). The mixture was then heated to 

reflux for 2.5 h, cooled down and made alkaline (pH = 14) using a 4 M NaOH solution. The water layer 

was extracted with dichloromethane (3 300 ml) and the combined organic phase was dried over MgSO4, 

filtered and evaporated to dryness. Recrystallization of the crude solid from ethanol and concomitant 

decoloration with active carbon, yielded 5.2 as yellow crystals (5.11 g, 27.4 mmol, 67%). 1H NMR (CDCl3): 

 = 7.97 (dd, J = 2.6 and 4.0 Hz, 2H, H-6,6’), 7.02 (m, 4H, H-4,4’,5,5’), 6.28 (bs, 4H, NH); 13C NMR 

(CDCl3):  = 143.9 (C-3), 140.7 (C-2), 135.8 (C-6), 124.0 (C-4), 123.1 (C-5); IR(ATR):  = 3349, 3220, 

3046, 1920, 1803, 1583, 1547, 1428, 1314, 1269, 1203, 1148, 1088, 1060, 1024, 968, 905, 834, 794, 728 cm–1. 
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3,4,5-Tridodecyloxybenzoyl chloride (5.3). To a solution of 3,4,5-tridodecyloxybenzoic acid26 (5.00 g, 7.41 

mmol) in dry dichloromethane (25 ml) were added thionyl chloride (0.66 ml, 8.89 mmol) and two drops of 

DMF. The solution was stirred overnight at RT and then evaporated to dryness. Blanketed by argon, the 

solid was dissolved in hexane and again evaporated to dryness to remove the excess of thionyl chloride. 

Compound 5.3 was obtained as a white solid in quantitative yield and was used without further 

purification. 1H NMR (CDCl3):  = 7.32 (s, 2H, HBz-2,6), 4.05 (m, 6H, OCH2), 1.80 (m, 6H, OCH2CH2), 

1.46 (m, 6H, OCH2CH2CH2), 1.30 (m, 48H, (CH2)8), 0.88 (t, 9H, CH3). 

 

3’-(3,4,5-Tridodecyloxybenzoylamino)-2,2’-bipyridine-3-amine (5.4). 2,2’-Bipyridine-3,3’-diamine (1.38 g, 

7.41 mmol) and triethylamine (1.25 ml, 8.93 mmol) were dissolved in diethyl ether (70 ml). The solution 

was cooled using and ice-salt bath and a solution of 3,4,5-tridodecyloxybenzoyl chloride (5.14 g, 7.41 

mmol) in diethyl ether (70 ml) was added dropwise. The solution was then warmed to RT, stirred for 4 h 

and finally evaporated to dryness. The obtained residue was purified by column chromatography (SiO2, 

ethyl acetate (20%) in hexane, Rf = 0.3), affording 5.4 as a yellow solid (5.32 g, 6.31 mmol, 85%). 1H NMR 

(CDCl3):  = 14.25 (s, 1H, NHCO), 9.23 (dd, J = 1.4 and 8.2 Hz, 1H, H-4’), 8.33 (dd, J = 2.0 and 4.9 Hz, 

1H, H-6’), 8.00 (dd, J = 2.5 and 3.9 Hz, 1H, H-6), 7.31 (dd, J = 4.9 and 8.8 Hz, 1H, H-5’), 7.18 (m, 2H, 

H-4,5), 7.18 (s, 2H, HBz-2,6), 6.55 (bs, 2H, NH), 4.05 (m, 6H, OCH2), 1.80 (m, 6H, OCH2CH2), 1.50 (m, 

6H, OCH2CH2CH2), 1.32 (m, 48H, (CH2)8), 0.88 (t, J = 6.8 Hz, 9H, CH3); 13C NMR (CDCl3):  = 166.1 

(C=O), 153.0 (CBz-3,5), 145.1 (CBz-4), 143.5 (C-3), 141.5 (C-2’), 140.7 (C-2), 138.6 (C-6’), 136.1, 134.7 

(C-3’,6), 130.5 (C-4’), 128.6 (CBz-1), 125.1 (C-5’), 124.0 (C-5), 122.7 (C-4), 106.5 (CBz-2,6), 73.5 (CBz-4–

OCH2), 69.4 (CBz-3,5–OCH2), 31.9, 30.3, 29.7, 29.7, 29.6, 29.6, 29.4, 29.3, 26.1, 22.6 ((CH2)10), 14.1 (CH3). 

 

N,N’-Bis{3-[3’-amino-2,2’-bipyridyl]}-N’’-{3[3’-(3,4,5-tridodecyloxybenzoylamino)-2,2’-bipyridyl]} 

benzene-1,3,5-tricarboxamide (5.5). A solution of 3’-(3,4,5-tridodecyloxybenzoylamino)-2,2’-bipyridine-

3-amine (5.4, 1.27 g, 1.5 mmol) and triethylamine (0.25 ml, 1.79 mmol) in dichloromethane (15 ml) was 

added dropwise to a solution of trimesic chloride (0.40 g, 1.5 mmol) in dichloromethane (15 ml), which 

was cooled using an ice-salt bath. The obtained solution was then heated under reflux overnight, cooled to 

RT and then added dropwise to a solution of 2,2’-bipyridine-3,3’-diamine (0.61 g, 3.3 mmol) and 

triethylamine (0.50 ml, 3.6 mmol) in dichloromethane (30 ml), which was cooled using an ice-salt bath. 

The solution was allowed to warm to RT, stirred overnight and evaporated to dryness, where after the 

residue was precipitated in methanol from a chloroform solution in order to remove the salts. Pure 5.5 

could be obtained as a yellow solid (0.20 g, 0.15 mmol, 10%) after purification of the crude material by 

column chromatography (SiO2, methanol (0 5%) in chloroform) and preparative size exclusion 

chromatography (Biobeads, THF). 1H NMR (CDCl3):  = 15.36 (s, 2H, NHCOBip), 15.24 (s, 1H, 

NHCOC12), 14.40 (s, 1H, NH’COC12), 9.37 (dd, J = 1.6 and 8.4 Hz, 1H, HC12-4), 9.26 (dd, 1H, J = 1.8 and 

8.2 Hz, HC12-4’), 9.25 (dd, J = 1.6 and 8.4 Hz, 2H, HBip-4), 8.94 (dd, J = 1.4 and 4.6 Hz, 1H, HC12-6’), 8.86 

(s, 1H, HTri-2), 8.81 (s, 2H, HTri-4,6), 8.50 (dd, J = 1.2 and 5.2 Hz, 2H, HBip-6), 8.15 (dd, J = 1.2 and 4.4 Hz, 

2H, HBip-6’), 8.13 (dd, J = 1.4 and 4.2 Hz, 1H, HC12-6), 7.35 (dd, J = 4.4 and 8.4 Hz, 1H, HC12-5), 7.26 (s, 

2H, HBz-2,6), 7.16 (dd, J = 4.4 and 8.4 Hz, 1H, HC12-5’), 7.13 (dd, J = 4.2 and 8.6 Hz, 2H, HBip-5), 7.02 (dd, 

 
26. M.C. Hersmis, A.J.H. Spiering, R.J.M. Waterval, J. Meuldijk, J.A.J.M. Vekemans, L.A. Hulshof, Org. 

Process Res. Dev. 2001, 5, 54. 
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J = 4.6 and 8.2 Hz, 2H, HBip-5’), 6.89 (dd, J = 1.4 and 8.2 Hz, 2H, HBip-4’), 6.55 (bs, 4H, NH2), 4.09 (m, 6H, 

OCH2), 1.88, 1.83 (2 m, 6H, OCH2CH2), 1.53 (m, 6H, OCH2CH2CH2), 1.29 (m, 48H, (CH2)8), 0.89 (m, 

9H, CH3); 13C NMR (CDCl3):  = 165.7 (C=O’), 163.5 (C=OC12), 163.3 (C=OBip), 152.9 (CBz-3,5), 144.7, 

143.0, 141.6, 141.4, 141.4, 140.8, 140.1, 139.2, 137.5, 137.5, 137.1, 136.1, 135.9, 135.4, 134.8, 130.3, 129.1, 

129.1, 128.8, 127.8, 125.0, 124.1, 124.1, 123.4, 122.0, 106.6 (CBz-2,6), 77.2, 77.2, 73.6, 69.7, 32.1, 32.0, 30.5, 

29.9, 29.9, 29.9, 29.8, 29.8, 29.6, 29.6, 29.5, 29.5, 26.3, 22.8, 14.3; IR (ATR):  = 3426, 3247, 2920, 2851, 

1672, 1567, 1513, 1497, 1468, 1436, 1373, 1296, 1235, 1214, 1200, 1151, 1119, 1068, 1029, 943, 9115, 866, 

794, 752, 728, 720, 691 cm–1; Elemental analysis (%) for C82H106N12O7 (1371.82): calcd C 71.80, H 7.79, N 

12.25; found C 71.94, H 7.80, N 11.98. 

N.B.: As a side-product N-{3-[3’-amino-2,2’-bipyridyl]}-N’,N’’-bis{3[3’-(3,4,5-tridodecyloxybenzoylamino)-

2,2’-bipyridyl]}benzene-1,3,5-tricarboxamide was obtained (0.08 g, 0.039 mmol, 5.3%). 1H NMR (CDCl3): 

 = 15.16 (s, 1H, NHCOBip), 15.06 (s, 2H, NHCOC12), 14.22 (s, 2H, NH’COC12), 9.20 (d, J = 8.0 Hz, 2H, 

HC12-4), 9.15 (d, J = 8.0 Hz, 2H, HC12-4’), 9.05 (d, J = 8.4 Hz, 1H, HBip-4), 8.80 (d, J = 3.6 Hz, 2H, HC12-6’), 

8.55 (s, 2H, HTri-4,6), 8.48 (s, 1H, HTri-2), 8.35 (d, J =3.2 Hz, 1H, HBip-4’), 7.96 (d, J = 3.2 Hz, 2H, HC12-6), 

7.93 (d, J = 3.6 Hz, 1H, HBip-6’), 7.19 (dd, J = 4.2 and 8.2 Hz, 2H, HC12-5), 7.12 (s, 4H, HBz-2,6), 6.99 (dd, J 

= 4.2 and 8.4 Hz, 2H, HC12-5’), 6.93 (dd, J = 4.0 and 8.0 Hz, 1H, HBip-5), 6.86 (dd, J = 4.0 and 8.0 Hz, 1H, 

HBip-5’), 6.71 (d, J = 4.4 Hz, 1H, HBip-6), 6.45 (bs, 2H, NH2), 4.01 (m, 6H, OCH2), 1.85 (m, 6H, 

OCH2CH2), 1.52 (m, 6H, OCH2CH2CH2), 1.31 (m, 48H, (CH2)8), 0.91 (m, 9H, CH3); 13C NMR (CDCl3):  

= 165.5 (C=O’), 163.1 (C=OC12), 162.9 (C=OBip), 152.9 (CBz-3,5), 144.7, 142.8, 141.8, 141.3, 141.2, 140.6, 

140.0, 139.2, 137.4, 137.2, 136.0, 135.7, 135.3, 134.7, 130.0, 129.0, 128.9, 128.6, 127.5, 124.9, 124.1, 124.0, 

123.3, 121.9, 106.7 (CBz-2,6), 77.3, 73.5, 69.7, 32.1, 30.6, 29.9, 29.9, 29.8, 29.7, 29.7, 29.5, 29.5, 26.3, 22.8, 

14.3; IR (ATR):  = 3426, 3259, 2921, 2852, 1671, 1567, 1513, 1494, 1467, 1443, 1371, 1331, 1297, 1238, 

1201, 1118,1072, 1029, 945, 914, 862, 798, 744, 730, 719 cm–1. Elemental analysis (%) for C125H182N12O11 

(2028.89): calcd C 74.00, H 9.04, N 8.28; found C 73.81, H 9.08, N 8.15. 

 

N,N’-Bis{3[3’-(3,4,5-tris{(S)-2-[methoxytetra(ethyleneoxy)]-1-propoxy}benzoylamino)-2,2’-bipyridyl]}-

N’’-{3[3’-(3,4,5-tridodecyloxybenzoylamino)-2,2’-bipyridyl]}benzene-1,3,5-tricarboxamide (5.6). A 

solution of 3,4,5-(tris[(S)-2-{methoxytetra(ethyleneoxy)}-1-propoxy])benzoyl chloride10 (0.15 g, 0.16 

mmol) in dichloromethane (1.6 ml) was added dropwise to a solution of compound 5.5 (0.10 g, 0.073 

mmol) and triethylamine (0.027 ml, 0.19 mmol) in dichloromethane (0.7 ml). The solution was stirred for 

2 h at RT, evaporated to dryness and the residue purified by column chromatography (SiO2, 

dimethoxyethane, Rf = 0.9) and preparative size exclusion chromatography (Biobeads, THF). Pure 5.6 was 

obtained as a white solid (80 mg, 0.025 mmol, 35 %) after overnight storage over P2O5 in a vacuum drying 

oven. 1H NMR (CDCl3):  = 15.51 (s, 1H, NHCOC12), 15.47 (s, 2H, NHCOEO*), 14.40 (s, 2H, NH’COEO*), 

14.28 (s, 1H, NH’COC12), 9.58 (m, 3H, H-4), 9.38 (m, 3H, H-4’), 9.21 (s, 3H, HTri-1,3,5), 9.05 (m, 3H, H-6’), 

8.49 (d, J = 4.0 Hz, 2H, HEO*-6), 8.42 (d, J = 3.2 Hz, 1H, HC12-6), 7.54 (m, 4H, HEO*-5,5’), 7.49 (m, 2H, 

HC12-5,5’), 7.31 (s, 4H, HBz,EO*-2,6), 7.28 (s, 2H, HBz,C12-2,6), 4.19-3.36 (m, 138H, EO* groups and 

OCH2CH2CH2), 1.88, 1.80 (m, 6H, OCH2CH2CH2), 1.53 (m, 6H, OCH2CH2CH2), 1.35 (m, 27H, 

OCH2CHCH3), 1.29 (m, 48H, (CH2)8), 0.88 (m, 9H, CH2CH3); 13C NMR (CDCl3):  = 165.9 (C=O’C12), 

165.5 (C=O’EO*), 163.6 (C=O), 152.9 (CBz,C12-3,5), 152.4 (CBz,EO*-3,5), 142.0, 141.9, 141.7, 141.5, 141.2, 

141.0, 140.3, 137.4, 137.2, 135.6, 130.2, 130.0, 129.6, 129.2, 124.4, 124.0, 123.8, 106.8 (CBz,EO*-2,6), 106.5 

(CBz,C12-2,6), 77.2, 76.3, 75.0, 74.3, 73.5, 73.1, 71.8, 70.8, 70.7, 70.5, 70.5, 70.4, 70.4, 69.5, 68.8, 68.5, 58.9, 
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58.9, 32.0, 31.9, 30.4, 29.8, 29.8, 29.7, 29.7, 29.6, 29.5, 29.5, 29.4, 29.4, 26.2, 22.7, 17.6, 17.5, 14.2; IR (ATR) 

 = 2922, 2854, 1668, 1567, 1514, 1493, 1468, 1445, 1427, 1370, 1331, 1296, 1240, 1202, 1100 (C-O-C), 944, 

855, 799, 751, 730, 716 cm–1. Elemental analysis (%) for C168H258N12O45 (3165.95): calcd C 63.74, H 8.21, N 

5.31; found C 63.05, H 8.03, N 5.18. 

 

3,5-Bis(methoxycarbonyl)benzoic acid (5.7).27 Trimethyl benzene-1,3,5-tricarboxylate (10.0 g, 39.7 mmol) 

and powdered NaOH (1.6 g, 39.7 mmol) were dissolved in methanol (350 ml) and heated overnight under 

reflux. The reaction mixture was then cooled down, poured into water (1 l) and the water phase was 

washed with diethyl ether (3 300 ml). After acidification (pH = 2) with conc. hydrochloric acid, the water 

phase was extracted with diethyl ether (3 300 ml) and the combined organic layers were dried over 

MgSO4 and filtered. Removal of the solvent via rotaevaporation, afforded 5.7 as an off-white solid (7.95 g, 

(33.3 mmol, 84%). 1H NMR (DMSO-d6):  = 8.60 (s, 2H, H-2,6), 8.57 (s, 1H, H-4), 3.93 (s, 6H, OCH3); 
13C NMR (DMSO-d6):  = 165.6 (COOH), 164.7 (COOCH3), 133.3, 132.2, 132.1, 130.8, 52.8 (OCH3). 

 

3,5-Bis(methoxycarbonyl)benzoyl chloride (5.8). 3,5-Bis(methoxycarbonyl)benzoic acid (5.7, 0.695 g, 2.92 

mmol) was dissolved in THF (10 ml), followed by the addition of thionyl chloride (0.24 ml, 3.21 mmol) 

and three drops of DMF. The solution was stirred for 3 h at RT and then evaporated to dryness. 

Blanketed by argon, the solid was dissolved in hexane and again evaporated to dryness to remove the 

excess of thionyl chloride. Compound 5.8 was obtained as a white solid in quantitative yield and was used 

without further purifications. 

 

3,5-Bis(methoxycarbonyl)-N-{3[3’-(3,4,5-tridodecyloxybenzoylamino)-2,2’-bipyridyl]}benzene-1-carbox-

amide (5.9). To a solution of 3,5-bis(methoxycarbonyl)benzoyl chloride (5.8, 0.748 g, 2.92 mmol) and 

3’-(3,4,5-tridodecyloxybenzoylamino)-2,2’-bipyridine-3-amine (5.4, 2.44 g, 2.89 mmol) in THF (50 ml) 

triethylamine (0.45 ml, 3.88 mmol) was added and the mixture was stirred for 4 h at 40 °C. The mixture 

was then stirred overnight at RT, evaporated to dryness and the residue was dissolved in dichloromethane 

(80 ml) and washed with water (3 70 ml). The organic phase was dried over MgSO4, filtered and the 

solvent removed by rotaevaporation. Pure 5.9 could be obtained as a pale yellow solid (2.13 g, 2.0 mmol, 

69%) after purification of the crude material by column chromatography (SiO2, ethyl acetate (0 10%) in 

chloroform) and preparative size exclusion chromatography (Biobeads, CH2Cl2). 1H NMR (CDCl3):  = 

15.19 (s, 1H, NHCO), 14.33 (s, 1H, NH’CO), 9.46 (dd, J = 1.5 and 8.8 Hz, 1H, H-4), 9.40 (dd, J = 1.6 and 

8.6 Hz, 1H, H-4’), 9.00 (s, 2H, HTri-2,6), 8.87 (s, 1H, HTri-4), 8.75 (dd, J = 1.6 and 4.6 Hz, 1H, H-6’), 8.40 

(dd, J = 1.4 and 4.4 Hz, 1H, H-6), 7.52 (dd, J = 4.6 and 8.6 Hz, 1H, H-5), 7.45 (dd, J = 4.6 and 9.0 Hz, 1H, 

H-5’), 7.27 (s, 2H, HBz-2,6), 4.08 (m, 6H, OCH2), 4.03 (s, 6H, OCH3), 1.86, 1.81 (2 m, 6H, OCH2CH2), 

1.51 (m, 6H, OCH2CH2CH2), 1.33 (m, 48H, (CH2)8), 0.88 (m, 9H, CH3); 13C NMR (CDCl3):  = 166.4 

(CO’), 165.6 (COOCH3), 163.8 (CO), 153.2 (CBz-3,5), 142.2, 142.0, 141.6, 140.7, 140.5 (C-2,2’,6,6’,CBz-4), 

137.7, 137.3 (C-3,3’), 135.8, 133.6 (CTri-1,3,5), 132.6, 131.4 (CTri-2,4,6), 130.2, 130.1, 129.7 (C-4,4’,CBz-1), 

124.6, 124.2 (C-5,5’), 106.6 (CBz-2,6), 73.6 (CBz-4–OCH2), 69.6 (CBz-3,5–OCH2), 52.7 (OCH3), 31.9, 30.4, 

29.8, 29.7, 29.7, 29.6, 29.4, 29.4, 26.1, 22.7 ((CH2)10), 14.1 (CH3); IR (ATR):  = 2917, 2850, 1725, 1666, 

 
27. a) S. Kasina, J. Nematollahi, Tetrahedron Lett. 1978, 1403. b) M. Engel, C.W. Burris, C.A. Slate, B.W. 

Erickson, Tetrahedron 1993, 49, 8761. 
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1568, 1519, 1497, 1468, 1442, 1427, 1374, 1331, 1300, 1238, 1120, 1074, 996, 919, 864, 802, 743, 730, 721  

cm–1; Elemental analysis (%) for C64H94N4O9 (1063.47): calcd C 72.28, H 8.91, N 5.27; found C 72.49, H 

8.82, N 5.24. 

N.B. As a side-product 5-methoxycarbonyl-N,N’-bis{3[3’-(3,4,5-tridodecyloxybenzoylamino)-2,2’-

bipyridyl]}benzene-1,3-dicarboxamide was obtained (0.13 g, 0.06 mmol, 4%). 1H NMR (CDCl3):  = 15.30 

(s, 2H, NHCO), 14.36 (s, 2H, NH’CO), 9.49 (dd, J = 1.5 and 8.5 Hz, 2H, H-4), 9.39 (dd, J = 1.5 and 8.6 

Hz, 2H, H-4’), 9.13 (s, 1H, HTri-2), 8.96 (s, 2H, HTri-4,6), 8.85 (dd, J = 1.6 and 4.6 Hz, 2H, H-6’), 8.39 (dd, J 

= 1.5 and 4.5 Hz, 2H, H-6), 7.50 (dd, J = 4.6 and 8.6 Hz, 2H, H-5), 7.44 (dd, J = 4.6 and 8.5 Hz, 2H, H-5’), 

7.26 (s, 4H, HBz-2,6), 4.09 (s, 3H, OCH3), 4.07 (m, 12H, OCH2), 1.84 (m, 12H, OCH2CH2), 1.51 (m, 12H, 

OCH2CH2CH2), 1.34 (m, 96H, (CH2)8), 0.88 (m, 18H, CH3); 13C NMR (CDCl3):  = 166.2 (CO’), 165.7 

(COOCH3), 163.7 (CO), 153.5 (CBz-3,5), 142.1, 141.9, 141.4, 140.7, 140.3, 137.7, 137.4, 135.8, 131.2, 131.0, 

130.2, 129.7, 129.6, 124.5, 124.1, 106.6 (CBz-2,6), 73.6, 69.6, 52.7, 31.9, 30.4, 29.8, 29.7, 29.7, 29.4, 29.4, 29.4, 

26.1, 22.7, 14.1; IR (ATR):  = 2920, 2851, 1730, 1672, 1568, 1514, 1493, 1467, 1442, 1427, 1371, 1329, 

1299, 1240, 1201, 1118, 1073, 1029, 990, 910, 861, 799, 749, 723 cm–1; Elemental analysis (%) for 

C116H176N8O12 (1874.71): calcd C 74.32, H 9.46, N 5.98; found C 74.24, H 9.07, N 5.86. 

 

3,5-Dicarboxy-N-{3[3’-(3,4,5-tridodecyloxybenzoylamino)-2,2’-bipyridyl]}benzene-1-carboxamide 

(5.10). To a solution of diester 5.9 (0.74 g, 0.70 mmol) in THF (70 ml) was added a solution of LiOH• H2O 

(70.0 mg, 1.67 mmol) in water (7 ml) and the mixture was stirred overnight at RT. After the addition of 

TFA (0.16 ml, 2.1 mmol), the solution was stirred for 5 min and evaporated to dryness. Subsequently, 

methanol (50 ml) was added and the suspension stirred for 30 min at RT. The solid was then collected, 

washed with methanol and dried in a vacuum oven at 40 °C, affording 5.10 as a pale yellow solid (0.67 g, 

0.65 mmol, 93%).1H NMR (THF-d8):  = 15.08 (s, 1H, NHCO), 14.23 (s, 1H, NH’CO), 11.96 (bs, 2H, 

COOH), 9.50 (dd, J = 1.7 and 8.6 Hz, 1H, H-4), 9.44 (dd, J = 1.5 and 8.3 Hz, 1H, H-4’), 8.97 (d, J = 1.5 

Hz, 2H, HTri-2,6), 8.82 (dd, J = 1.2 and 4.6 Hz, 1H, H-6’), 8.80 (t, J = 1.5 Hz, 1H, HTri-4), 8.39 (dd, J = 1.6 

and 4.4 Hz, 1H, H-6), 7.48 (dd, J = 4.6 and 8.6 Hz, 2H, H-5,5’), 7.26 (s, 2H, HBz-2,6), 4.05 (t, J = 6.4 Hz, 

4H, CBz-3,5–OCH2), 3.98 (t, J = 6.4 Hz, 2H, CBz-4–OCH2), 1.80 (m, 6H, OCH2CH2), 1.51 (m, 6H, 

OCH2CH2CH2), 1.25 (m, 48H, (CH2)8), 0.83 (m, 9H, CH3); 13C NMR (THF-d8):  = 166.5 (COOH), 166.2 

(CO’), 164.2 (CO), 154.2 (CBz-3,5), 143.0, 142.9, 142.4, 141.6, 141.3, 137.0, 136.7, 136.5, 134.4, 133.1, 131.3, 

130.2, 125.1, 107.4 (CBz-2,6), 79.4, 73.8, 70.2, 68.2, 32.7, 31.4, 30.7, 30.4, 27.1, 26.4, 23.6, 14.4; IR (ATR):  

= 2918, 2850, 1721, 1698, 1634, 1566, 1520, 1497, 1498, 1440, 1374, 1334, 1300, 1225, 1203, 1155, 1121, 

1072, 1030, 984, 920, 863, 800, 730, 694, 672 cm–1. 

 

3,5-Bis(pentafluorophenoxycarbonyl)-N-{3[3’-(tridodecyloxybenzoylamino)-2,2’-bipyridyl]}benzene-1-

carboxamide (5.11). A solution of diacid 5.10 (0.67 g, 0.65 mmol), pentafluorophenol (0.25 g, 1.36 mmol) 

and DMAP (7.8 mg, 0.064 mmol, 10 mol%) in THF (24 ml) was cooled using a ice bath and a solution of 

DCC (0.2824 g, 1.369 mmol) in THF (1 ml) was added. The mixture was then stirred overnight, allowing it 

to slowly warm to RT, and the resulting suspension was filtered. The obtained filtrate was evaporated to 

dryness, dissolved in chloroform (5ml) and precipitated in acetonitrile (150 ml), where after the solid was 

collected, washed with acetonitrile and dried at 50 °C in a vacuum oven. This yielded 5.11 as an off-white 

solid (0.75 g, 0.55 mmol, 85%). 1H NMR (CDCl3):  = 15.40 (s, 1H, NHCO), 14.30 (s, 1H, NH’CO), 9.47 

(d, J = 7.6 Hz, 1H, H-4), 9.41 (d, J = 7.6 Hz, 1H, H-4’), 9.29 (s, 2H, HTri-2,6), 9.22 (s, 1H, HTri-4), 8.64 (dd, 
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J = 1.8 and 4.4 Hz, 1H, H-6’), 8.47 (dd, J = 1.4 and 4.6 Hz, 1H, H-6), 7.51 (m, 2H, H-5,5’), 7.29 (s, 2H, 

HBz-2,6), 4.01 (m, 6H, OCH2), 1.91, 1.81 (2 m, 6H, OCH2CH2), 1.54 (m, 6H, OCH2CH2CH2), 1.29 (m, 

48H, (CH2)8), 0.91 (m, 9H, CH3); 13C NMR (CDCl3):  = 166.4 (CO’), 162.8 (CO), 161.0 (COPfp), 153.2 

(CBz-3,5), 142.3, 142.0, 141.5, 140.9, 140.4, 137.9, 137.2, 137.0, 136.8, 135.2, 135.0, 130.3, 130.1, 129.8, 128.9, 

124.7, 124.3, 106.6 (CBz-2,6), 73.3, 69.6, 32.0, 30.3, 29.7, 29.7, 29.6, 29.6, 29.4, 29.4, 26.1, 22.7. 14.1; 19F 

NMR (CDCl3):  = –152.5 (d, J = 17 Hz, F-2,6), –156.8 (t, J = 21 Hz, F-3,5), –161.7 (dd, J = 18 and 21 

Hz, F-4). 

 

N,N’,N’’-Tris{3[3’-(3,4,5-tridodecyloxybenzoylamino)-2,2’-bipyridyl]}benzene-1,3,5-tricarboxamide 

(5.12). A solution of 3’-(3,4,5-tridodecyloxybenzoylamino)-2,2’-bipyridine-3-amine (5.4, 0.94 g, 1.11 mmol), 

benzene-1,3,5-tricarboxylic acid (78 mg, 0.37 mmol) and triphenyl phosphite (0.4 ml, 1.5 mmol) in DMA 

(1 ml) and pyridine (1 ml) was stirred for 3 d at 135 °C. The mixture was cooled down, precipitated in 

methanol and filtered. The collected solid was then dissolved in chloroform, dried over MgSO4, filtered 

and evaporated to dryness, affording 5.12 as a waxy solid (0.55 g, 0.20 mmol, 55%). 1H NMR: (CDCl3):  

= 15.53 (s, 3H, NHCO), 14.40 (s, 3H, NH’CO), 9.60 (d, J = 8.1 Hz, 3H, H-4), 9.44 (d, J = 9.2 Hz, 3H, 

H-4’), 9.24 (s, 3H, HTri-1,3,5), 9.06 (s, 3H, H-6’), 8.39 (s, 3H, H-6), 7.53 (s, 3H, H-5), 7.48 (s, 3H, H-5’), 

7.27 (s, 6H, HBz-2,6), 4.10 (m, 18H, OCH2), 1.84 (m, 18H, OCH2CH2), 1.54 (m, 18H, OCH2CH2CH2), 1.29 

(m, 144H, (CH2)8), 0.89 (t, 27H, CH3). 

 

3’-(3,4,5-Tridodecyloxybenzoylamino)-3-(3,4,5-{tris[methoxyhepta(ethyleneoxy)]}benzoylamino)-2,2’-

bipyridine (5.13). A solution of 3,4,5-{tris[methoxyhepta(ethyleneoxy)]}benzoyl chloride (2.01 g, 1.74 

mmol) in dichloromethane (12 ml) was added dropwise to a solution of 3’-(3,4,5-tridodecyloxy-

benzoylamino)-2,2’-bipyridine-3-amine (5.4, 1.00 g, 1.19 mmol) and triethylamine (0.20 ml, 1.43 mmol) in 

dichloromethane (12 ml). The mixture was stirred for 2 h at RT, evaporated to dryness and purified by 

column chromatography (SiO2, methanol (5%) in chloroform, Rf = 0.2). Compound 5.13 was obtained as 

a very viscous light yellow oil (2.16 g, 1.10 mmol, 93%) after storage over P2O5 in a vacuum drying oven. 
1H NMR: (CDCl3):  = 14.24 (s, 1H, NHCOEO), 14.14 (s, 1H, NHCOC12), 9.34 (t, J = 8.2 Hz, 2H, H-4,4’), 

8.45 (dd, J = 1.6 and 4.0 Hz, 2H, HEO-6,6’), 8.39 (dd, J = 1.6 and 3.6 Hz, 2H, HC12-6,6’), 7.46 (m, 2H, 

H-5,5’), 7.32 (s, 2H, HBz,EO-2,6), 7.25 (s, 2H, HBz,C12-2,6), 4.28-3.34 (93H, EO tails), 4.08 (m, 6H, OCH2), 

1.86, 1.78 (2 m, 6H, OCH2CH2), 1.51 (m, 6H, OCH2CH2CH2), 1.27 (m, 48H, (CH2)8), 0.88 (m, 9H, CH3); 
13C NMR (CDCl3):  = 165.9 (COC12), 165.4 (COEO), 152.8 (CBz,C12-3,5), 152.3 (CBz,EO-3,5), 142.0, 141.9, 

141.7, 141.5, 140.2, 139.9, 137.1, 137.0, 130.1, 129.8, 129.7, 124.1, 123.8, 108.7, 107.6 (CBz,EO-2,6), 106.2 

(CBz,C12-2,6), 77.3, 73.4, 72.3, 72.2, 71.7, 70.7, 70.5, 70.4, 70.3, 69.5, 69.4, 69.4, 69.1, 68.6, 58.9, 31.9, 31.9, 

30.3, 29.7, 29.7, 29.6, 29.6, 29.5, 29.3, 29.3, 26.1, 22.6, 14.1; IR (ATR):  = 3591, 2922, 2854, 1718, 1665, 

1580, 1568, 1519, 1489, 1467, 1426, 1371, 1328, 1295, 1221, 1198, 1102, 948, 856, 797, 745, 730 cm–1; 

Elemental analysis (%) for C105H180N4O29 (1962.59): calcd C 64.26, H 9.24, N 2.85; found C 62.24, H 9.35, 

N, 2.50. 





 

Summary 
 

 

Ever increasing numbers of -conjugated materials are being applied in prototype 

electronic devices such as polymer light emitting diodes, field-effect transistors and photovoltaic 

cells. Most of these materials are electron-rich in nature, while for the construction of various 

electronic components both electron-rich and electron-deficient materials are needed. The fact 

that electron-deficient materials are less developed compared to their electron-rich counterparts 

is mainly due to their reduced stability in the charged state; moreover, their synthesis is generally 

considered to be more difficult. Another aspect that has gained attention over the last decade, is 

the mesoscopic ordering of -conjugated materials and its influence on the exhibited optical and 

electronic properties. One field that specifically deals with the arrangement of molecules via 

non-covalent interactions is that of supramolecular chemistry. The insights gained in this field 

are now being applied on -conjugated materials and can lead to many new materials with 

intriguing properties. 

This thesis describes the synthesis and characterization of -conjugated oligomers and 

discotic molecules based on azaheterocycles. Being well known from natural systems, the latter 

exhibits two specific characteristics which render them suitable for application as electron-

deficient and supramolecular materials. First of all, the increased electronegativity of nitrogen 

atoms compared to carbon atoms ensures an enhanced electron affinity when azaheterocycles 

are introduced in -conjugated structures. Secondly, the lone pair on the nitrogen atoms of 

azaheterocycles interacts with protic hydrogen atoms and, hence, allows rigidification of 

molecules via intramolecular hydrogen bonding or aggregation of these molecules into larger 

assemblies by intermolecular hydrogen bonding. 

Both characteristics of the azaheterocycles were explored by synthesizing a series of 

2,5-dianilinopyrazines, in which the central pyrazine ring was responsible for enhanced electron 

affinity of the cotrimers and intramolecular hydrogen bonds were applied to planarize the 

-conjugated backbone. Characterization of the cotrimers with the aid of spectroscopic 

techniques and cyclic voltammetry indeed showed that strengthening of the intramolecular 

hydrogen bonds improved the -conjugation and lowered the first reduction potentials. 

Intramolecular hydrogen bonds were also used to planarize 2,2’-bipyridine-3,3’-diamine 

units, of which three were combined with one benzene-1,3,5-tricarboxylic acid moiety to form 

the rigid core of a discotic molecule. These discotics have been shown to exhibit thermotropic 

and lyotropic liquid crystalline behavior when functionalized with appropriate gallic acid 

derivatives. By providing the periphery of the discotic molecule with both polar and apolar tails, 

amphiphilic discotics were obtained that —in principle— should be able to form higher-order 

aggregates, such as coiled coils, depending on their environment. The optical properties of an 



 

asymmetric discotic were investigated in polar and apolar media; in hexane the formation of 

higher-order assemblies was observed. However, the spectroscopic techniques used, were not 

suitable to obtain detailed structural information. 

To explore the extend to which pyrazine can contribute to electron deficiency of 

-conjugated materials, well-defined oligopyrazines were synthesized. To overcome the 

experienced solubility problems of the phenyl end-capped oligopyrazines, the phenyl end-caps 

were provided with dodecyloxy tails, while ethynyl spacers were incorporated to facilitate the 

synthesis. The compound containing three pyrazine rings revealed a low first reduction potential, 

approaching the values needed for application in electronic devices. 

As a first attempt towards electron-deficient liquid crystalline discotics, a triazine based 

molecule was synthesized. However, to obtain a discotic molecule with a liquid crystalline 

mesophase over a broad temperature range and with a low first reduction potential, the 

hexaazatriphenylene moiety was explored. The latter featured efficient photoinduced electron 

transfer in blends with electron-rich -conjugated polymers, but application in organic solar cells 

only showed no or small photovoltaic effects. To investigate whether this was caused by shielding 

of the electron-deficient core by an amorphous electron-rich matrix, the hexaazatriphenylene 

core was provided with a periphery consisting of three oligo(para-phenylenevinylene) moieties. 

The latter should help to organize both the electron-deficient and electron-rich phases, but 

unfortunately, this discotic molecule did not improve the efficiency of the photovoltaic cells. 

Although a flawed concept cannot be excluded, incorrect orientation of the discotic molecules 

and isolation of the electron-deficient cores are expected to be the main cause. 

 



 

Samenvatting 
 

 

-Geconjugeerde materialen worden in toenemende mate toegepast in prototype 

elektronische componenten zoals polymere lichtemitterende diodes, veldeffect transistoren en 

fotovoltaïsche cellen. De meeste van deze materialen zijn elektronenrijk van aard, terwijl voor 

de fabricage van verscheidene elektronische componenten zowel elektronenrijke als elektronen-

deficiënte materialen nodig zijn. Dat de elektronendeficiënte materialen minder ontwikkeld zijn 

dan hun elektronenrijke tegenhangers, is te wijten aan hun beperkte stabiliteit in geladen 

toestand; bovendien wordt hun synthese algemeen als moeilijk beschouwd. Een ander aspect dat 

meer en meer in de belangstelling staat, is de mesoscope ordening van -geconjugeerde 

materialen en de invloed daarvan op de optische en elektrische eigenschappen. Het 

onderzoeksgebied dat zich specifiek bezighoudt met het ordenen van moleculen via niet-

covalente interacties, is dat van de supramoleculaire chemie. De inzichten verkregen in dit 

onderzoeksgebied worden nu toegepast op -geconjugeerde materialen en dit kan leiden tot 

nieuwe materialen met interessante eigenschappen. 

In dit proefschrift staat de synthese en karakterisering van -geconjugeerde oligomeren en 

discotische moleculen gebaseerd op azaheterocyclische fragmenten beschreven. Azaheterocycles 

zijn bekend uit de natuur en hebben twee specifieke eigenschappen die ze geschikt maken voor 

toepassing als elektronendeficiënte en supramoleculaire materialen. Ten eerste zorgt de 

verhoogde elektronnegativiteit van de stikstofatomen vergeleken met koolstofatomen er voor 

dat de introductie van azaheterocyclische fragmenten in -geconjugeerde materialen de 

elektronenaffiniteit van laatstgenoemde verhoogd. Ten tweede kan het vrije elektronenpaar op 

stikstof interactie aangaan met protische waterstofatomen, wat gebruikt kan worden voor het 

verstarren van moleculen via intramoleculaire waterstofbruggen of voor aggregatie van 

moleculen via intermoleculaire waterstofbruggen. 

Beide eigenschappen van de azaheterocyclische verbindingen konden worden onderzocht 

dankzij de synthese van een serie van 2,5-dianilinopyrazine oligomeren, waarin de centrale 

pyrazine ring verantwoordelijk is voor de verhoogde elektronenaffiniteit in deze co-trimeren en 

intramoleculaire waterstofbruggen zijn gebruikt om de -geconjugeerde keten vlak te krijgen. 

Karakterisering van de co-trimeren met behulp van spectroscopische technieken en cyclische 

voltammetrie liet zien dat versteviging van de waterstofbruggen inderdaad de -conjugatie 

verbeterde en de eerste reductiepotentiaal verlaagde. 

Intramoleculaire waterstofbruggen zijn ook gebruikt om de 2,2’-bipyridine-3,3’-diamine 

eenheid vlak te krijgen. Drie van deze eenheden zijn gecombineerd met één benzeen-1,3,5-

tricarbonzuur om zo een rigide kern voor een discotisch molecuul te creëren. Het was al 

aangetoond dat deze discotische verbindingen zowel thermotroop als lyotroop vloeibaar-



 

kristallijn gedrag vertonen wanneer ze gefunctionaliseerd zijn met de juiste galluszuurderivaten. 

Door nu de buitenkant van deze discotische moleculen te voorzien van zowel polaire als apolaire 

staarten, worden amfifiele discoten verkregen die —in principe— hogere-orde aggregaten 

kunnen vormen, zoals ‘coiled coils’, afhankelijk van het oplosmiddel. De optische eigenschappen 

van een asymmetrische discoot zijn onderzocht in polaire en apolaire oplosmiddelen; in hexaan 

werden hogere-orde aggregaten gevonden. De gebruikte spectroscopische technieken waren 

echter niet geschikt om gedetailleerde informatie te verkrijgen omtrent de gevonden structuren. 

Om uit te zoeken in hoeverre pyrazine kan bijdragen aan de elektronendeficiëntie van 

-geconjugeerde materialen, zijn er goed gedefinieerde oligopyrazines gesynthetiseerd. Om de 

bij de fenyl-getermineerde oligopyrazines gevonden oplosbaarheidproblemen te omzeilen, 

werden de fenyl-eindgroepen voorzien van dodecyloxy-staarten, terwijl tussen de aromatische 

ringen ethynyl groepen werden geïntroduceerd om de synthese te vergemakkelijken. De 

verbinding met drie pyrazine-ringen liet een eerste reductiepotentiaal zien, die de waarden 

benadert die nodig zijn voor toepassing in elektronische componenten. 

Als een eerste poging in de richting van elektronendeficiënte vloeibaar-kristallijne 

discoten, werd een molecuul met een centrale triazine-ring gesynthetiseerd. Echter, om 

discotische verbindingen met een mesofase over een groot temperatuursgebied en een lage 

eerste reductiepotentiaal te verkrijgen, werd later de hexa-azatrifenyleen eenheid onderzocht. 

Deze vertoonde efficiënte fotogeïnduceerde elektronen overdracht in mengsels met elektronen-

rijke -geconjugeerde polymeren, maar toepassing in organische zonnecellen liet geen of kleine 

fotovoltaïsche effecten zien. Om te onderzoeken of dit werd veroorzaakt door afscherming van 

de elektronendeficiënte kern door een amorfe, elektronenrijke matrix, werd de hexa-

azatrifenyleen kern voorzien van een buitenkant opgebouwd uit drie oligo(para-fenyleen-

vinyleen) eenheden. Dat laatste zou zowel de elektronendeficiënte als elektronenrijke fasen 

moeten ordenen, maar helaas bleek ook dit molecuul niet in staat om de efficiëntie van de 

zonnecellen te verbeteren. Alhoewel een foutief concept niet kan worden uitgesloten, zijn 

waarschijnlijk een foute oriëntatie van de discotische moleculen alsmede de isolatie van de 

elektrondeficiënte kernen hiervoor verantwoordelijk. 
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Dankwoord 
 

 

Na in menig proefschrift gestaan te hebben als ‘de man voor de computerproblemen’, is 

het dan zover: mijn eigen boekje is gereed. Het is dan ook een groot genoegen om nu zelf de 

mensen te kunnen bedanken die mij geholpen hebben bij de totstandkoming van dit proefschrift. 

Allereerst wil ik mijn promotor Bert Meijer en copromotor Jef Vekemans bedanken. Bert, 

jouw enthousiasme heeft er voor gezorgd dat ik de moed nooit heb verloren, terwijl je met jouw 

overzicht mij altijd wist bij te sturen als ik door mijn ‘Tarzan-mentaliteit’ dreigde te verzanden. 

Jef, uw bereidwilligheid om mij (en niet alleen mij) te allen tijde met raad en daad bij te staan 

heb ik altijd enorm gewaardeerd. Zelfs in deze tijden van ras voortschrijdende automatisering 

bent u met uw synthetische adviezen nog altijd sneller dan menig zoekmachine. Alleen het 

‘browsen’ van de antwoorden, kan bij u soms wat langer duren. 

Als promovendus heb ik het voorrecht gehad om een vijftal studenten te mogen 

begeleiden tijdens hun afstudeer- of stageproject. Luc Brunsveld, samen met Anja Palmans heb 

ik (onnodig) geprobeerd om jou te begeleiden. Onze samenwerking heb ik ten zeerste 

gewaardeerd en ondanks aandringen van jouw kant, heb ik jouw recordhoudende ‘superdiscoot’ 

toch niet in mijn proefschrift opgenomen. Paul van Hal, jij bent begonnen met de synthese van 

oligopyrazines wat moeilijker bleek dan gedacht, maar samen met Marwijn Christiaans heb je 

uiteindelijk toch een aantal fysisch organische aspecten bekeken van hybride zonnecellen. Judith 

van Gorp, jij hebt je als eerste gestort op de synthese van asymmetrische stervormige moleculen. 

Jouw doorzettingsvermogen heeft er voor gezorgd, dat ondanks de moeilijke chemie de 

gewenste verbindingen wel zijn verkregen. Anne Lauritsen, jeg takker dig for dit smukke arbejde 

på ethynylpyrazinyl oligomererne. Du var en god ven og kollega, og selvom du kun var på vores 

laboratorier i tre måneder, har du gjort et blivende indtryk på os alle. Marco Schoonbrood, jij 

hebt de synthese van aantal belangrijke beginprodukten geoptimaliseerd en verder nog gezocht 

naar een ‘nette’ manier om de asymmetrische sterren te kunnen synthetiseren. Helaas is dat 

binnen jouw project niet meer gelukt, maar jouw bevindingen hebben ons wel veel geleerd. 

Naast de studenten zijn er natuurlijk nog meer mensen die hebben bijgedragen aan dit 

proefschrift. Synthetische ondersteuning heb ik genoten van Jolanda Spiering, Richard van 

Someren, Michel Fransen, Albert Schenning en Simona Precup. Zij hebben een aantal 

belangrijke verbindingen aangeleverd en mij zo een hoop werk bespaard. Omdat niet iedereen 

even analytisch onderlegd is, is het prettig om bij Joost van Dongen te kunnen aankloppen. Zijn 

kunde op het gebied van analytische en chromatografische technieken wordt door hem altijd op 

geheel eigen wijze overgedragen en nodigt uit tot nadenken over de te gebruiken apparatuur. 

Ook op het vlak van de fysische chemie was hulp onontbeerlijk. Paul van Hal wil ik dan ook 

bedanken voor de PIA metingen en Jeroen van Duren voor het fabriceren en doormeten van de 



 

zonnecellen; helaas brachten ze niet de gehoopte resultaten. René Janssen ben ik erkentelijk 

voor de discussies over de meetresultaten en voor het nauwgezet nakijken van mijn proefschrift. 

In deze wil ik ook prof. Sudhölter en prof. Schubert bedanken. 

Niet alle geavanceerde technieken kun je in je eigen groep hebben en het is dan erg goed 

om te merken dat andere mensen bereid zijn om voor jou iets te meten. Bas Wegewijs wil ik bij 

deze dan ook bedanken voor de PR-TRMC metingen die hij aan mijn elektronendeficiënte 

discoot heeft verricht, Huub Kooijman voor het oplossen van een viertal kristalstructuren en Ky 

Hirschberg voor het meten van temperatuur afhankelijke X-ray diffractie in Grenoble. I would 

like to thank Ralf Kleppinger for measuring X-ray diffraction on the electron-deficient discotics 

and Aïssa Ramzi for the preliminary SANS measurements. 

Soms zijn het de kleine dingen die je de meeste tijd kosten. Gelukkig heeft onze vakgroep 

een prima team dat een hoop ongerief weet te voorkomen. Ik wil daarom Henk Eding, Hannie 

van der Lee, Hans Damen en onze illustere secretaresses Hanneke Veldhoen en Ingrid Dirkx 

bedanken voor alle bewezen diensten en de vele gezellige praatjes tussendoor. 

Tijdens mijn promotieperiode heb ik met veel plezier de functie van systeembeheerder van 

de vakgroep vervuld en ik wil eenieder bedanken die mij de nodige afleiding heeft verschaft. 

Aangezien dit voor enkelen nog een pijnlijk onderwerp is, zal ik hier geen namen noemen. Ook 

in mijn functie als systeembeheerder ben ik geholpen: technische ondersteuning werd verzorgd 

door Stanley de la Bretonière, Alfons Franken, Eric van der Ploeg, Bas Steenhuis en Harrie 

Maathuis, terwijl het papierwerk in goede handen was bij Dyanne Vogels en Ingrid Schepens. 

Door wat verhuizingen tussendoor heb ik met menig collega een kamer mogen delen. De 

langste tijd heb ik echter doorgebracht met Emiel Peeters in onze knusse PPP-kamertje. Jouw 

knuffel- en dansacties hebben altijd voor een goede werksfeer gezorgd. Jammer dat ons gezellige 

leeshoekje nooit door de andere promovendi is overgenomen. De laatste maanden heb ik het 

gezelschap van Martin Struijk, Ky Hirschberg en Joke Apperloo mogen genieten. Laatst-

genoemde is er een mooi voorbeeld van, dat het bij elkaar brengen van twee ogenschijnlijke 

tegenpolen tot onverwachte, maar daarom niet minder gewaardeerde, resultaten kan leiden. 

Natuurlijk wil ik van deze gelegenheid ook gebruik maken om alle andere collega’s en oud-

collega’s te bedanken voor de vele uitstapjes, etentjes, meligheid tijdens de lunch en alle andere 

dingen die mijn verblijf in deze vakgroep tot een onvergetelijke ervaring hebben gemaakt. 

Tenslotte wil ik mijn familie nog bedanken. Alhoewel ik nooit de moeite heb genomen om 

mijn ouders eens goed uit te leggen wat ik nou al die jaren op het lab aan het uitspoken was (“hij 

doet iets met scheikunde”), hebben ze me altijd onvoorwaardelijk gesteund. Maud, leuk dat je 

mijn paranimf wil zijn, maar je moet me wel beloven dat je jouw leerlingen niet meer vertelt dat 

jouw broer professor is. 

 

  



Stellingen 
 

behorende bij het proefschrift 

 

Electron-Deficient Materials based on Azaheterocycles 
Towards supramolecular electronics 

 

door 

 

Koen Pieterse 
 

 

1. Een grotere verscheidenheid aan stabiele en verwerkbare elektronendeficiënte materialen 

zal de ontwikkeling van plastic elektronica ten goede komen. 

 

2. De hieronder weergegeven azaheterocyclische verbinding 3,6-bis(2H-tetrazol-5-yl)-1,2,4,5-

tetrazine kan beter een carboheterocyclische verbinding genoemd worden. 

J. Sauer, G.R. Pabst, U. Holland, H.-S. Kim, S. Loebbecke, Eur. J. Org. Chem. 2001, 697. 
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3. De bewering elektronendeficiënte polymeren gesynthetiseerd te hebben, is gemakkelijk te 

onderbouwen door het vermelden van de eerste reductiepotentialen van deze polymeren. 

Y. Yao, J.J.S. Lamba, J.M. Tour, J. Am. Chem. Soc. 1998, 120, 2805. C.Y. Zhang, J.M. Tour, J. Am. 
Chem. Soc. 1999, 121, 8783. 

 

4. Gezien de 1H NMR spectroscopische gegevens, valt de aanwezigheid van intramoleculaire 

waterstofbruggen in de door Moroni et al. beschreven polymeren in oplossing te 

betwijfelen. 

M. Moroni, J. Le Moigne, T.A. Pham, J.-Y. Bigot, Macromolecules 1997, 30, 1964. 

 

5. Door alle aandacht die de efficiëntie van organische zonnecellen krijgt, komt het belang van 

de levensduur van deze zonnecellen in de schaduw te staan. 

 

6. Zelf-replicerende systemen zijn intrinsiek gevaarlijk. 

 



 

7. Ondanks dat de mens zelf nauwelijks onderhevig is aan natuurlijke selectie, vormt dit één 

van de grootste bedreigingen voor zijn voortbestaan. 

 

8. Maatschappelijke discussies over zaken als gentechnologie en klonen hebben alleen dan 

waarde wanneer ethiek niet afkoopbaar is. 

 

9. ‘Tjoep-tjoep-tjoep’ chemie is minder lineair in de tijd, dan de naam doet vermoeden. 

 

10. Het almaar sneller maken van computers en het uitbreiden van software pakketten dient de 

gemiddelde gebruiker niet; deze is zelf de beperkende factor geworden. 

 

11. De op vrijdag in de mensa geserveerde soep van de dag riekt naar soep van een week. 

 

12. Duursport is een maatschappelijk geaccepteerde vorm van zelfkastijding. 

 

13. De waarheid hoeft een mooi plaatje niet in de weg staan. 

Vrij naar René Janssen. 

 

14. Als je niet origineel genoeg bent voor Océ (‘Be original’), dan kun je altijd bij Unilever aan 

het werk (‘Be yourself’). 
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