
 

Multi-chromophoric arrays in molecules of high symmetry

Citation for published version (APA):
Biemans, H. A. M. (1997). Multi-chromophoric arrays in molecules of high symmetry. [Phd Thesis 1 (Research
TU/e / Graduation TU/e), Chemical Engineering and Chemistry]. Technische Universiteit Eindhoven.
https://doi.org/10.6100/IR498806

DOI:
10.6100/IR498806

Document status and date:
Published: 01/01/1997

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR498806
https://doi.org/10.6100/IR498806
https://research.tue.nl/en/publications/ae3900a2-bf23-4d32-86d5-b33bb46fca6b


hluh1~ Cbruiimpfwr1c J\rruy£ 
1n hluJacuJBs 

~ 1 J4 
1 r . 

UJ Ji J~JJ )YJJJJJJBJJY . 



Multi-Chromophoric Arrays 

in Molecules of High Symmetry 



Multi-Chromophoric Arrays 

in Molecules of High Symmetry 

PROEFSCHRIFT 

ter verkrijging van de graad van doctor aan de 
Technische Universiteit Eindhoven, op gezag van de 
Rector Magnificus, prof.dr. M. Rem, voor een 
commissie aangewezen door het College voor 
Promoties in bet openbaar te verdedigen op 
woensdag 19 november 1997 om 16.00 uur. 

door 

Hendrikus Antonius Marla Blemans 

geborente's-Hertogenbosch 



Dit proefscluift is goedgekeurd door de promotoren: 

prof.dr. E.W. Meijer 

en 

prof.dr. R.J.M. Nolte 

Dit onderzoek werd verricht onder auspicit!n van de Stichting voor Scheikundig Onderzoek in 
Nederland (SON), met financiele steun van de Nederlandse Organisatie voor 
Wetenschappelijk Onderzoek (NWO). 

Copyright © 1997 H.A.M. Biemans 
Druk: Universiteitsdrukkerij TUE 
Omslag: Fibonacci spiralen. 

CIP-DATA LffiRARY TECHNISCHE UNIVERSITEIT EINDHOVEN 

Biemans, Hendrikus A.M. 

Multi-chromophoric arrays in molecules of high symmetry I by Hendrikus A.M. Biemans. -
Eindhoven : Technische Universiteit Eindhoven, 1997. 

Proefschrift. -
ISBN 90-386-0818-7 
NUGI 813 
Trefwoorden: aromatische verbindingen I spectroscopie I nietlineaire optica 
Subject headings: organic compounds I photophysics I spectroscopy I second-order 
nonlinear optical properties 



Symmetry, as wide or as narrow as you may define its 
meaning, is one idea by which man through the ages has 
tried to comprehend and create order, beauty, and 
perfection. 

-Hermann Weyl, Symmetry, Princeton 
University Press, Princeton, 1952 

Aan mijn ouders. 



Contents 

Chapter 1: General Introduction 

1. 1 Molecular vs Supramolecular Chemistry 

I .2 Multi-Chromophoric Arrays 

I.3 Aims of the Research 

1.4 Scope of the Thesis 

I.5 References 

1 

I 

3 
12 

12 

13 

Chapter 2: Chirality and Symmetry in 1,1'-Binaphthyl-2,2'-diether Derivatives 19 

2.1 Introduction 20 

2.2 Cyclic 6,6' -Dinitro-1, 1 '-binaphthyl-2,2' -diethers 21 

2.2.1 Synthesis 21 

2.2.2 UVNis Absorption Spectroscopy 24 

2.2.3 CD Spectroscopy I Optical Rotation 26 

2.2.4 Electric Field Induced Second Harmonic Generation I Hyper Rayleigh 

Scattering 

2.2.5 Infrared I Raman Spectroscopy 

2.2.6 Conclusions 

2.3 Symmetrical Bisbinaphthy1 Derivative 

2.3.1 Synthesis 

2.3.2 Dynamic NMR Spectroscopy 

2.3.3 Conclusions 

2.4 Experimental 

2.5 References 

Chapter 3: Bi- and Tri-Chromophoric Arrays 

3.1 Introduction 

3.2 Synthesis 

3.3 UVNis Absorption Spectroscopy 

3.4 Fluorescence Spectroscopy 

3.5 Infrared Absorption Spectroscopy 

3.6 Time Resolved Microwave Conductivity 

3.7 Conclusions 

3.8 Experimental 

3.9 References 

28 

30 

32 

33 
33 

34 

35 

35 

41 

43 

43 

45 

47 

48 

49 

50 

53 

54 

58 



Chapter 4: Dendritic Multi-Chromophoric Arrays 

4.1 Introduction 

4.2 Synthesis 

4.3 1H NMR Spectroscopy 

4.4 UV Nis Absorption Spectroscopy 

4.5 Hyper Rayleigh Scattering 

4.6 Conclusions 

4.7 Experimental 

4.8 References 

Chapter 5: Multiple SNAr Reactions on Perfluoroaromatics 

5.1 Introduction 

5.2 Reactions Involving the Pyrrolyl Nucleophile 

5.2.1 Synthesis 

5.2.2 X-ray Diffraction 

5.2.3 NMR Spectroscopy 

5.2.4 UV Nis Absorption Spectroscopy 

5.2.5 Fluorescence Spectroscopy 

5.2.6 Conclusions 

5.3 Reactions Involving Other Nucleophiles 

5.3.1 Synthesis 

5.3.2 X-ray Diffraction 

5.3.3 NMR Spectroscopy 

5.3.4 UV Nis Absorption Spectroscopy 

5.3.5 Conclusions 

5.4 Experimental 

5.5 References 

Chapter 6: Hexakis(3,6-disubstituted-carhazolyl)benzene Derivatives 

6.1 Introduction 

6.2 Synthesis 

6.3 Characterization 

6.3.1 Mass Spectrometry 

6.3.2 Liquid Crystalline Behaviour 

6.3.3 NMR Spectroscopy 

6.4 Electronic and Photophysical Properties 

6.4.1 UVNis Absorption Spectroscopy 

6.4.2 Fluorescence Spectroscopy 

61 

61 

63 

64 

66 

66 

68 

69 
70 

73 

73 

76 

76 

79 

81 

83 

85 

86 

86 

86 

88 

89 

90 

91 

91 

94 

97 

97 

99 
106 

106 

108 

109 

111 

111 
111 



6.4.3 CD Spectroscopy 

6.4.4 Time Resolved Microwave Conductivity 

6.4.5 Cyclic Voltammetry 

6.5 Conclusions 

6.6 Experimental 

6.7 References 

Chapter 7: Circular Hexaporphyrin Array 

7.1 Introduction 

7.2 Synthesis 

7.3 1H NMR Spectroscopy 

7.4 UVNis Absorption Spectroscopy 

7.5 Fluorescence Spectroscopy 

7.5 Conclusions 

7.6 Experimental 

7.7 References 

Summary 

Samenvatting 

Curriculum Vitae 

Dankwoord 

113 

114 
116 

116 

117 

125 

129 

129 

130 
131 
135 
136 

137 

138 
138 

140 

142 

144 

145 



1 General Introduction 

I want to know how God created this world. I am not interested in this or tlwt 
phenomenon, in the spectrum of this or that element. I want to know His thoughts; the 
rest are details. 

-Albert Einstein 

1.1 Molecular vs Supramolecular Chemistry 

Large, well-defined multi-chromophoric arrays are receiving increasing attention due to 

the control they offer over energy and electron transfer processes in restricted space. The 

formation of these arrays can be accomplished by either covalent coupling of chromophores into 

a single molecule or by the assembly of interacting mono-chromophoric species. Despite the 

progress that has been made in the synthesis of complex molecules, 1 the formation of multi

chromophoric arrays in single molecules of high symmetry, is a challenge on its own. Therefore, 

large well-defined structures have also been prepared by the assembly of smaller molecules, by 

making use of weak intermolecular interactions. However, the reversible character of these 

assemblies make them, in general, less suitable for the preparation of functional materials. 

Decreasing this reversibility by increasing the association constant of these molecules can be 

accomplished by increasing the number of interaction sites per molecule. This in tum requires 

the accessibility of large, multi-component molecules and in this thesis the synthesis and 

characterization of such molecules is described. The next challenge would be the assembly of 

these molecules into macroscopic architectures. 

Understanding the aggregation and ordering processes that govern the formation of 

complex molecular architectures, is now recognized as being the field of Supramolecular 

Chemistry. Already in 1894, Emil Fischer acknowledged the importance of selective interactions 

between molecules when he introduced the "lock and key" principle. Today this area is more 

generally defined as tlie chemistry beyond the covalent bond or the chemistry of intermolecular 

bonds.2 In other words, it is the area of chemistry which is concerned with the next step in 

increasing complexity beyond the molecule and towards supermolecules and multi-molecular 

assemblies. These are being held together by relatively weak non-covalent interactions like 

hydrogen-bonds, van der Waals interactions, electrostatic interactions, metal ion coordination 

and donor-acceptor interactions or 1t-stacking.3 The combined strength of these relatively weak 

intermolecular interactions, possessing different degrees of strength, directionality and 

dependence on distance and angles, determines the final architecture of the assembly. In 
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Chapter 1 

biological materials this architecture is usually precisely regulated via primary, secondary and 

tertiary levels of organization.4 For example in hair, the degree of complexity and ordering 

increases from (molecular) peptides via collagen (hydrogen bonded triple helices) and 

nanoscopic filaments to microscopic fibers and finally to macroscopic hair. The properties of 

these biological a">semblies will, because of this structural complexity, generally not be a 

superposition of those of the single components, e.g. the properties of a hair are not directly 

related to those of the peptide. They are rather the result of an ingenious interplay of the 

energetic and architectural features of the different interacting components. It is this ingenuity 

that has inspired already many people, active in the field of Supramolecular Chemistry. The 

demonstrated attainment of high efficiencies, selectivities and rates has motivated them to 

design new synthetic assemblies with similar characteristics and to mimic the biological 

structures and processes. Thus, Supramolecular Chemistry can be considered a science operating 

at the boundaries of chemistry, physics and biology. 

For the design and preparation of such synthetic architectures, which make use of the 

non-covalent interactions described earlier, a variety of building principles have been used. High 

degrees of ordering of individual molecules have, for example, been achieved in thermotropic 

and lyotropic liquid crystalline phases in which the governing processes are donor-acceptor 

interactions and intermolecular 1t-stacking. They are, among others, used as synthetic equivalents 

to study the complex assembling processes of the tobacco mosaic virus.5 Many natural systems, 

such as proteins and polypeptides, lipids, nucleic acids and viruses, exhibit liquid crystallinity 

for reasons not well known yet, but which are thought to be related, apart from the order present, 

to the dynamics and reversibility of liquid crystalline systems.6 More recently, much attention 

has been devoted to the role of hydrogen bonding in inducing higher degrees of order.7 These 

highly directional interactions are also encountered in nature and are now used in synthetic 

equivalents of biological structures. In this way, e.g. three dimensional networks8 and hydrogen 

bonded polymers9 have been constructed. 

For all these approaches the elucidation of the macroscopic structure is of major 

importance to obtain information about the degree and nature of organization. The development 

of new analytical techniques, like matrix-assisted laser desorption/ionization mass 

spectroscopy10 (MALDI-MS), electrospray ionization mass spectroscopyll (ESI-MS), high 

resolution transmission electron microscopy12 (TEM), atomic force microscopy13
•
14 (AFM), 

scanning tunneling microscopy14
•
15 (STM) and X-ray diffraction (XRD), has greatly enhanced 

the possibilities of structure determination of these complex architectures. Furthermore, a 

stepwise assembling process of synthetic building blocks, in line with the ordering processes as 

they occur in nature (e.g. hair, vide supra), could give additional information about the different 

levels of organization. Especially if the intermediate structures, which are on a next level of the 
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General Introduction 

ordering hierarchy, were to be investigated separately. The synthesis of such intermediate 

assemblies should yield multi-component structures which, as in nature, should have a pre

organized and well-defined configuration and conformation. While the structural investigation 

of these compounds can be accomplished with the techniques described above, the 

photophysical behaviour of the final architectures is a powerful tool for the physical 

characterization of these multi-component structures. The close proximity of, or interactions 

between multi-component arrays as well as between the individual segments that make up such 

an array, can significantly affect the photophysical properties. Investigations of such well

defined multi-chromophoric arrays might give information on the relation between the properties 

of these arrays and those of the mono-chromophoric building blocks. Extrapolation of this 

knowledge, by applying these relations to even larger architectures, might make relating 

molecular and material properties conceivable. A variety of techniques to study photophysical 

properties are already available (e.g. UVNis and fluorescence spectroscopy, CD/ORD 

spectroscopy), new ones have recently been developed (e.g. nonlinear optical techniques like 

electric field induced second harmonic generation16 (EFISHG) and hyper Rayleigh scattering17 

(HRS), sub-picosecond transient spectroscopy, time resolved microwave conductivity18 

(TRMC)), and many more will undoubtedly follow. 

In recent years, a lot of attention has already been given to the photophysics of 

supramolecular structures and their multifunctional building blocks. 19 In the following section 

several multi-chromophoric arrays are reviewed and the photophysical properties of some 

selected examples will be discussed. 

1.2 Multi-Chromophoric Arrays 
One of the first classes of supramolecular multi-chromophoric systems is that of guest

host systems. In the last twenty years a great variety of guest-host systems has been prepared in 

which the selective complexation of specific molecules occurs.20 Riffaud21 and Vogtle22 have 

shown for crown ethers and related compounds23 that, when multiple chromophores are 

covalently linked or incorporated in the cyclic ether itself, subsequent complexation of a cation 

in the cavity can change the photophysical properties and the photochemical reactivity of the 

chromophores. An example in which the host molecule itself consists of multiple chromophoric 

units is that of the more recently developed calixarenes.24 They are cyclophanes that consist of 

methylene bridged phenol moieties. The luminescence properties of metal complexed calixarene 

derivatives, as investigated by Pochini et al}5 show different phosphorescent behaviour for 

different metal ions. Furthermore, due to the alignment of the four aromatic units in 

calix[4]arenes, Reinhoudt et al.26 were able to demonstrate that donor/acceptor substituted 

derivatives exhibit nonlinear optical behaviour in a poled polymer matrix. The extreme 
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Chapter I 

nonlinear optical stability of the poled polymer films is explained by a preferred head-to-tail 

aggregation of the calixarenes.27 Also cyclodextrins (CDs), oligosaccharides which are cone

shaped with openings at either side of different diameter, are frequently used host molecules.28 A 

most important characteristic of CDs is the combination of a hydrophilic outside and a 

hydrophobic inside, giving them the ability to form inclusion complexes with molecules of 

appropriate size and nature. Modification of the CD molecule on the upper or lower rim, can 

furthermore strongly modify the affinity for a guest molecule.29 Fluorescence techniques30 can 

be used to study a number of physical parameters and processes, including the determination of 

association constants, radiative rate constants, restricted rotation and shielding from external 

quenchers. l, 1 '-Bis( a-methylnaphthyl)-1,3-dithiane for example, normally shows a local 

emission as well as excimer emission in solution. Eaton31 has demonstrated that complexation of 

this molecule with y-CD leads to selective excimer emission indicating that both naphthyl 

groups are enclosed in the y-CD cavity. However, complexation with the smaller p-en leads to 

a disappearance of the excimer emission while the local emission decay is hi-exponential, 

suggesting that only one naphthyl unit can be enclosed in the p-en cavity. Recently Lehn and 

Valuer et al.32 have modified P-CDs with 2-naphthoyloxy units on the primary and secondary 

face and on both, yielding molecules with either 7 or 14 chromophores. The chromophores are 

spatially well defined with the inter-chromophoric distance being about 4 A on the primary face 

and 8 A on the secondary face. The photophysical properties of P-CDs (figure 1.1) were studied 

using absorption and fluorescence spectroscopy as well as time-resolved fluorescence 

spectroscopy_3:re 

Figure 1.1 Schematic representation of a complex between 
the /3-CD moiety and a dye molecule. The bottom picture 
illustrates the transfer of energy between the chromophores 
and from the chromophores to the dye molecule. 32

e 
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Genera/Introduction 

In the emission spectra, an additional band was observed at higher wavelengths for the modified 

~-CD compared to the model compound containing only one chromophoric naphthoyloxy 

group. This was rationalized by intramolecular excimer formation, since the absorption and 

excitation spectra of the· modified ~-CD were similar in shape, irrespective of excitation 

wavelength. Further evidence for the intramolecular excimer was provided by the fluorescence 

rise and decay times. The fast initial decay at 352 nm (predominantly monomer emission) and 

the fast initial rise at 450 nm (predominantly excimer emission) and the fact that the longer 

decay time is found to be 14.3 ns, all substantiate the presence of excimers. By complexation of 

a dye molecule within the interior of the ~-CD moiety the transfer of energy to this dye was 

determined. Increasing the dye concentration resulted in a relative decrease of naphthoate 

emission. Furthermore, from fluorescence anisotropy measurements and 13C NMR longitudinal 

relaxation time (T1) measurements the tightness of the complex was determined. The data 

suggest that the complex indeed is tight as long as rotational motions of the dye molecule along 

the axis of the ~-CD are not considered. 

New architectures capable of forming supramolecular, interwoven and mechanically 

interlocked structures, are catenanes and rotaxanes.l3 Catenanes are formed by interlocked rings, 

while rotaxanes consist of a ring threaded by a linear fragment with bulky groups on either end 

to prevent the rings from slipping off. These supramolecular species can be composed from a 

variety of molecules34 like the crown ethers and CDs mentioned earlier. The chemistry and 

(photo)physical properties of catenanes and rotaxanes based on 4,4'-bipyridines and 

functionalized crown ethers has been extensively reviewed35 and the complexation of the 

positively charged viologen units with electron rich units in the crown ether type molecules has 

led to a great variety of (aesthetically appealing) structures. The synthetic effort put into making 

these structures reached a new milestone with the preparation of Olympiadane (figure 1.2) as 

recently reported by Stoddart et al. 36 

Figure 1.2 Olympiadane36
• 
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Chapter I 

Derivatives in which the photophysical properties are employed, have also been synthesized.l7 

By making use of the interactions between the different components switchable structures have 

been devised. In figure 1.3 a rotaxane, prepared by Stoddart et at.378
, is shown in which a 

viologen containing ring system is complexed with a glycol ether containing a benzidine and a 

biphenol unit and which is terminated with two chain stoppers to prevent the. ring from slipping 

off. The relative proportions at room temperature of the two translational isomers, corresponding 

to the different occupations of the ring on the chain, were determined with two-dimensional 1H 

NMR techniques. The benzidine station was found to be occupied by 84% of the rings. Addition 

of excess trifluoroacetic acid then caused the ring to shift completely to the biphenolic station, 

while neutralization with pyridine regenerated the original spectrum. The conclusion from the 

NMR studies are supported by UVNis spectroscopy. In the neutral form two bands are observed 

at 690 and 480 nm, corresponding to the two partially occupied stations. The addition of acid 

then causes the 690 nm absorption to disappear. Electrochemical investigations give essentially 

the same results. After the first oxidation of the benzidine unit, Coulombic repulsions cause the 

ring to shift to the biphenolic station. The second oxidation of the benzidine unit then occurs at 

the same half-wave potential as that of an uncomplexed benzidine unit indicating that the ring 

has already been excluded from association. 

Figure 1.3 A switchable rota.xane. 37
a 
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General Introduction 

Bi-and terpyridine units are also frequently used as building blocks in supramolecular 

structures.38 With coupling of the units being induced by the complexation with metals, 

helicates,39 antennas,40 metallo-stars and -dendrimers41 have been constructed, while the use of 

two bifunctional ligands connected by a spacer are used to build molecular wires.42 A recent 

example of this synthetic strategy by Constable et al.41
b.e.f is shown in figure 1.4. The use of 

ruthenium in these ligand complexes gives them favourable photophysical properties.43 Thus, 

efficient energy transfer can take place between the different components of a multi

chromophoric array,44 the occurrence of which can be established e.g., by the presence of only 

one emission band for compounds that contain more than one type of chromophoric unit or by 

quenching of the luminescence of the donor unit. The efficiency can be determined by 

comparing absorption and excitation spectra. Based on these considerations, supramolecular 

multi-chromophoric arrays have been designed in which electronic energy, generated by the 

absorption of light, is channeled towards a desired direction.45 

Figure 1.4 Metallo-star based on terpyridine metal complexes. 41
b,e.f 
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Chapter 1 

An example by Balzani et al.'41
g is shown in figure 1.5. When both M 1 and M2 are Ru2+, 

luminescence of the central unit is quenched while that of the peripheral units is sensitized, since 

the excited state of the latter resides at a lower energy level. Energy transfer thus takes place 

from the inside to the outside. However, when M 1 is Os2
+, the center of the molecule has the 

lower lying excited state. This is observed by a quenching of the luminescence. of the peripheral 

units, while that of the core is sensitized with -100% efficiency. In this case energy transfer 

takes place from the outside to the inside. 

b) 

a) M1 = M2 = Ru2+ 

b) M1 = Qs2+; M2 = Ru2+ 

Figure l.S Molecular antenna in which directional energy transfer can take 
place.41

g 

Dendritic structures are frequently studied because of their well-defined tree-like 

architecture and large number of multifunctional endgroups.46 Although this offers many 

opportunities to study the photophysical properties of well-defined, multi-chromophoric arrays,47 

the research efforts in this area are limited. Stewart and Fox48 have studied a series of 

chromophore-labeled dendrimers, in which the amount of quenching of excimer emission is 

found to be a function of dendrimer generation, suggesting substantial electronic coupling 

between the chromophores which increases for higher generations. Moore et al.49 have recently 

prepared a dendritic structure in which directional energy transfer has been achieved (figure 1.6). 

The meta-coupling of arylacetylene units ensures localized 1t-segments which, starting from the 

perylene unit, decrease in length by one phenylacetylene unit and therefore also in conjugation. 

8 



Genera/Introduction 

This provides an energy gradient as the energy level decreases from the periphery to the perylene 

core. When the molecule is excited at 310 nm, where the phenylacetylene chrornophore absorbs, 

emission occurs at 484 and 518 nm with only residual emission from the phenylacetylene units 

in the range 340-420 nm. From these data the quantum yield of energy transfer is estimated to be 

98%. Attempts to explain the intramolecular electronic energy transfer by applying the FOrster 

mechanism (based on Coulombic interactions) failed, presumably due to the occurrence of 

multi-step processes involving more variables than the model at this moment accounts for. 

a b c d e 

Figure 1.6 Rigid phenylacetylene dendrimer employed as "molecular antenna" for the 
directional transduction of energy. 49 

A last area to be considered comprises the field of porphyrin containing structures. The 

attention given to multi-porphyrin arrays is mainly due to their importance in photosynthetic 

reaction centers and light-harvesting (U:I) complexes in plants50 and bacteria.51 Especially the 

elucidation of the crystal structure of l1:12 from Rhodopseudomonas acidopila52 and that of the 

LH chlorophyll alb-protein complex,53 has led to an increasing research activity.54 The attention 
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Chapter 1 

is focused on the transport of energy and conversion of that energy into more useful forms since 

this provides a foundation for the design of molecular (photonic) devices.5s For example, in 

figure 1.7 a linear porphyrin array is shown, prepared by Wagner and Undsey.55r Dlumination of 

this molecule at 485 nm results in 62% absorption by the input dye, 12% by the output dye and 

26% by the bridging zinc porphyrin units. However, from the emission only 3% arises from the 

input dye, 5% from the bridging porphyrins and 92% is due to emission from the output dye. 

These results were explained by energy transfer from the input to the output dye and a value of 

76% overall energy transfer efficiency is calculated. 

t Input ou~~ 
Figure 1.7 Molecular wire.551 The arrows indicate absorption and emission of light. 

Applying the Forster model to stepwise energy transfer resulted in the prediction of the overall 

efficiency of <6%, while the efficiency of direct transfer from input to output dye (bypassing the 

three porphyrin units) is 0.1 %. The contribution of the latter process to the observed spectrum is 

negligible, while comparison of the former result with the experimentally deter,rnined efficiency 

indicated that the energy transfer is significantly mediated by the diarylethylene spacer. Another 

example of the efforts in the field of multi-porphyrin arrays is shown in figure 1.8. In this 

compound no interactions between the porphyrin units were found, as was concluded from 

UVNis and 1H NMR investigations.54c This was thought to be due to the separation of 

approximately 15A between the porphyrin moieties and the relative rigidity of the system. Other 

photophysical investigations are reported to be in progress. The example shown in figure 1.9 by 

Lehn,s6 is an assembled structure which employes the weak: intermolecular hydrogen bonding 

interactions. Nevertheless, diffusion-ordered 20 NMR studies indictate >90% assembly of the 

three diporphyrinyl triazine units with three barbiturtic acid moieties into a multi-chromophoric 

cycle. From the changes observed in UVNis absorption and fluorescence spectroscopy, the 

formation of cyclic rather than linear structures is deduced. Additional evidence for this was 

obtained from 1H NOE NMR studies. 

10 



General Introduction 

MoZnorlll-

Figure 1.8 Cyclic nonameric porphyrin array. 54
c 

M•2HorZn 

Figure 1.9 Supramolecular multi-chromophoric cycle. 56 

In conclusion, the multi-chromophoric arrays presented here possess spatially well

defined chromophoric units of which the combined and/or cooperative properties differ 

substantially from those of the singular counterparts. In this way specific properties have been 

achieved which would not have been possible without this pre-organization. Assembling these 
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multi-chromophoric structures to even larger supramolecular architectures, and determination of 

the properties of these assemblies with an increased number of chromophores, is the next step, 

as is shown by the example in figure 1.9. For this purpose, it would however be beneficial to 

investigate how systematically increasing the number of chromophores within one multi

component structure influences the (photo)physical properties. 

1.3 Aims of the Research 
The primary goal of the research presented in this thesis is to investigate the 

(photo)physical properties of multi-chromophoric arrays in relation to their structure and to 

determine how a systematic change in the number of chromophores and/or their intramolecular 

orientation or conformation influences these properties. Furthermore, it is aimed, based on the 

knowledge gathered by studying these arrays, at the design, synthesis and characterization of 

new multi-chromophoric structures, with anticipated properties and/or combinations of 

properties which might be useful in future functional materials or molecular devices. 

For this purpose several structurally and geometrically different arrays have been 

synthesized. The spatial arrangement of the chromophores is varied by changes in the connecting 

covalent linkages, thus varying e.g. the angle and/or distance between the chromophoric units. A 

systematic increase in the number of chromophores, furthermore led to series of compounds 

from which structure-properties relationships were derived. 

The chromophores used in these studies, consist of donor-acceptor substituted 

aromatics, which makes them, in principle, also suitable for nonlinear optical (NLO) 

measurements. Since the current NLO-techniques are not fully developed for multi

chromophoric arrays, the structures have also been used to evaluate these techniques. 

1.4 Scope of the Thesis 
The research described in this thesis is placed in a context in Chapter 1, by an attempt 

to position it in-between molecular and supramolecular chemistry. Furthermore, a survey 

containing several selected examples of rnulti-chromophoric arrays is presented. 

In Chapter 2 the synthesis of a series of optically active donor I acceptor substituted 

binaphthyls is described and discussed with respect to the rate and selectivity of the final 

nitration reaction. The (chir)optical and nonlinear optical properties are presented and discussed 

in relation to the molecular structure and geometry. Furthermore, from racemic starting material 

an, in principle, centrosymmetric, meso-bis(binaphthyl) derivative has been synthesized, together 

with the corresponding enantiomeric pair. The diastereomers have been characterized with 

respect to their conformational dynamics. 

12 



General Introduction 

In Chapter 3 the synthesis of a series of donor I acceptor substituted molecules, 

possessing one-, two· and three-fold symmetry axes, is described. The (non)-dipolar character of 

these molecules in the ground- and excited state is investigated with several spectroscopic 

techniques and related to the molecular structure. 

The accessibility of dendrimers containing multiple endgroups, has led to the 

functionalization of several generations of these structures with nonlinear optical chromophores 

of which the synthesis is described in Chapter 4. The spectroscopic properties and nonlinear 

optical behaviour of these dendrimers is discussed in relation to the conformational dynamics 

and flexibility of the different generations. 

In Chapter 5 a new synthetic approach to multi-chromophoric arrays is presented with 

the synthesis of hexapyrrolylbenzene and octapyrrolylnaphthalene. The chemistry involved in 

the synthesis of these structures is discussed in detail together with the scope and limitations of 

the hexasubstitution reaction. The photophysical properties of the structures reveal interactions 

between the chromophoric units. The spatially well-defined character and the relative 

conformational rigidity of the system, allow the properties to be related to the propeller-shaped 

molecular structure. 

The previous Chapter can be seen as an introduction to Chapter 6. Here the chemistry 

of the hexasubstitution reaction, is applied to new carbazole derivatives, containing solubilizing, 

1t-conjugated, chiral and multiple endgroup possessing side chains. The more extended 1t-system 

of carbazole compared to pyrrole gives rise to larger interaction effects in the final 

hexasubstituted products as is concluded from several spectroscopic studies. Two of these new 

structures have also exhibited an unexpected liquid crystalline behaviour, while derivatives 

containing 12 and 24 functional endgroups might be used as rigid cores in new dendrimer 

syntheses. 

The circular arrangement of chromophores is in Chapter 7 used in the design of a 

porphyrinyl derivative. The synthesis of a hexaporphyrinylbenzene is described and the close 

proximity and relative orientation of the chromophores is studied with two-dimensional 1H 

NMR and spectrosco]:>iC techniques. From these results an average geometrical arrangement is 

postulated. 

1.5 References 

K.C. Nicolaou, EJ. Sorensen, Classics in total synthesis: targets, strategies, methods, VCH 
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2 Chirality and Symmetry in 1,1'-Binaphthyl-2,2'

diether Derivatives* 

Summary 

What I am going to tell you about is what we teach our physics students in 
the third or fourth year of graduate school ... It is my task to convince you 
not to tum away because you don't understand it. You see my physics 
students don't understand it either. That is because I don't understand it. 
Nobody does. 

- Richard.P. Feynman, QED: The Strange Theory uf Light and Matter, 
Princeton Unive11!ity Press, Princeton, 1985 

A series of racemic and enantiomerically pure cyclic 6,6'-dinitro-1,1'

binaphthyl-2,2 '-diethers has been synthesized by nitration of the 

corresponding cyclic ethers. Both the rate and the selectivity of the nitration 

proved to be very sensitive to the chain length of the diether bridge. The 

optical, chiroptical and nonlinear optical properties also depended 

tGignificantly on the length of the diether bridge. Furthennore, a potentially 

centrosymmetric derivative was synthesized comprising two binaphthalene 

units connected to a central benzene ring. Using racemic starting material, 

two fractions were obtained: the racemic mixture (RR and SS), and the 

centrosymmetric meso compound (RS). Dynamic NMR studies showed that two 

conformations were separately visible at -20°C on the NMR time scale for both 

fractions. Fromfullline shape analysis and NMR simulations an estimate was 

made of the exchange rate constants at room temperature for both fractions. 

They were found to be in the order of 14· UY and 23· UY s·1• 

* Parts of this work have been published: a) A. Gussoni, G. Zerbi, J.J.G.S. van Es, H.A.M. Biemans, E.W. Meijer, 
Synth. Met., 1996, 80, 201; b) E. Hendrickx, C. Boutton, J.J.G.S. vanEs, H.A.M. Biemans, E.W. Meijer, K. Clays, 
A. Persoons, Chem. Phys. Lett., 1997, 270, 241; c) J.J.G.S. vanEs, H.A.M. Biemans, E.W. Meijer, Tetrahedron 
Asymmetry, 1997, 8, 1825. 
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Chapter2 

2.1 Introduction 
Chiral 1,1' -binaphthyls are used in a large variety of applications but mostly as axially 

chiral bidentate ligands in catalysts useful for asymmetric syntheses.1 Two binaphthyl moieties, 

linked twice by ether bridges yielding either enantiomeric pairs or meso compounds, have also 

been used in guest-host complexation and chiral recognition studies.2 The dihedral angle 

between the two naphthyl fragments can be controlled by using a bridging chain between the 

two C2-positions, as is demonstrated for a number of acetals.3 As a res~lt, the optical properties 

of these systems changed drastically4 and it is suggested that the charge-transfer properties are 

different for open chains and bridging chains. 5•
6 More recently, binaphthyls substituted with 

electron-donating and -accepting groups have been investigated for their nonlinear optical 

(NLO) properties.5
•
6 In the field of nonlinear optics/ there is a considerable interest in new 

organic molecules with large first molecular hyperpolarizabilities (~). In general, it is accepted 

that ~ can be enhanced by an increase in the relative strengths of the donor and/or acceptor and 

by extension of the conjugated 1t-system connecting the donor and acceptor.8 However, this is 

usually accompanied by a bathochromic shift of the absorption band, thus limiting the potential · 

applications such as frequency doubling (second harmonic generation, SHG). Finding an 

optimum between a high ~ and a small bathochromic shift is known as the ~-A.rnax trade-off. 

From NLO theory it is, furthermore, known that ~elf is linearly related to the number of 

chromophores present in the cluster or assembly.9 At interchromophoric distances smaller than 

3.3 A, even an increase in ~· was expected, according to a theoretical treatment c('lnceming 

chromophoric interactions.10 In general, however, an increase in chromophoric interactions 

results in a ~elf that is less than the vectorial sum of those of the monomeric units. 11 

Nevertheless, it has led to extensive investigations dealing with multi-chromophoric NLO

molecules. Examples include calixarenes,12a.b,d.e.f triphenylcarbinols 12b,c and binaphthalenes. 5.6 

Films of appropriately functionalized calix[4]arenes e.g., showed a three- to fourfold 

enhancement of ~ while the absorption even shifted to the blue,1
2a.b with the ~ per unit of 

volume being almost constant. For donor/acceptor-substituted binaphthalenes a model was 

recently developed in which the ~-values obtained by the vectorial addition of those of the 

monomeric units are in agreement with the measured values of the bi-chromophores.6 The 

measured ~-value of the monomers was found to be lower than the calculated ~rttOIIO of the bi

chromophore, which might imply that the previously discussed ~-enhancement plays a role here. 

The influence of chirality on, and the contributions to the nonlinear optical properties 

has already been described in theory, 13 but only recently the frrst experimental evidence was 

presented, when SHG was observed from centrosymmetric crystals of (R,S)-N-acetylvaline. 14 As 

a result of the birefringence of the crystal, the incoming light became elliptically polarized. 
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Furthennore, enantiomers differ with respect to their interaction with light, 15 which consists of 

an electric and magnetic component. As a result of the centrosymmetric arrangement of the 

molecules there is a cancellation of electric dipoles, and, hence, the observation of SHG was 

attributed to a nonlinear magnetic contribution. Since then, this effect has also been studied in 

other systems, 16 including enantiomerically pure 2,2' -dihydroxy-1, 1 '-binaphthalene. 17 Absorbed 

at an air/water interface it resulted in a relatively ordered layer (less than one monolayer). 

Employing either left- or righthanded circularly polarized light in a NLO-experiment then 

produced SHG of different intensities. Nonlinear optical properties and SHG in particular, were 

already acknowledged as being a powerful tool to study surfaces, 18 since it is sensitive to the 

intrinsic property of asymmetry which exists at the interface between two centrosymmetric 

media. With the possibility of also using circularly polarized light the sensitivity and potential of 

NLO is greatly enhanced. 

To gain more insight into the influence of chirality on the nonlinear optical properties 

and to study the confonnational dependence on the length of the bridging chain, . a series of 

cyclic 6,6'-dinitro-1,1'-binaphthyl-2,2'-diethers has been synthesized. Changing the bridge 

length influences the linear (chir)optical properties, while with nonlinear optical measurements 

in a chirality sensitive setup, e.g. using circularly polarized light, the contributions of the electric 

and the magnetic dipole moment should be detectable. For this pwpose the first 

hyperpolarizability is expressed as ~ = ~elect. + ~magn.. Also a molecule comprising two 

binaphthalene moieties attached to a central benzene core was synthesized, yielding a 

centrosymmetric meso-derivative, which was separated from the racemate. Due to symmetry, the 

net electric dipole moment of the former equals zero, but a non zero magnetic dipole moment 

remains, implying ~ = ~magn .• However, this depends strongly on the dynamic behaviour of the 

system and whether the system, on the time scale of an NLQ..experiment, can, be considered 

centrosymmetric. For that purpose the confonnational dynamics of the molecule was first 

studied with dynamic NMR. 

2.2 Cyclic 6,6'-Dinltro-1, 1'-blnaphthyl-2,2'-diethers 
2.2.1 Synthesis 

The synthesis of compounds 2 and 3 is outlined in scheme 2.1 for the racemic 

derivatives. Reversal of the reaction sequence (etherification after nitration) would in principle 

have limited the total number of reactions, because nitration would have to be carried out only 

once. However, nitration of 2,2'-dihydroxy-1,1'-binaphthalene gave very poor yields of the 

corresponding 6,6' -dinitro derivative. Hence, etherification followed by nitration was the 

preferred sequence. The etherification reactions were carried out using a procedure adapted from 
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literature.2 1,4-Dibromobutane and 1,3-dibromopropane were used to prepare 2a and 2b 

respectively, while ethylene glycol di-p-tosylate was used in the synthesis of 2c. 

2 and3 R R 

OH i OR ;; OR a -{CH2)4-
~ ~ b -(CH2)3· 

OH OR OR c -(CH2)2· 
d ·Ctiz-

~ e .CHa ·CH3 
1 2 3 

Scheme 2.1 Synthesis of compounds 2 and 3 (only shown for the racemic derivatives). 

Reagents and conditions: i) X(CH2J..X (X= Br for 2a and 2b, X=OTs for 2c and X=I for 2d) 

and Mel for 2e, K2C03, DMF, 80"C; ii) HNOJ, HOAc, 16 hat room temperature for 3a and 
3e, 16 hat room temperature then 2 hat 80"C for 3b, 48 hat 80°C for 3c, 168 hat BO"C for 

3d. 

Diiodomethane and two equivalents of iodomethane were used to prepare ld and 2e 

respectively. All reactions were carried out with K:zC0:3 as base in DMF at 80 oc except for the 

Synthesis of 2e, which was carried out at 50 °C, and were allowed to proceed until thin layer 

chromatography indicated the absence of 1. Contrary to an earlier report,4 no racemization was 

observed in the etherification reaction of (R)-(+)- and (S)-(-)-2,2'-dihydroxy-1,1'-binaphthalene 

when using DMF as solvent. This was deduced from HPLC analysis using a Pirkle type column. 

Several nitration experiments of the cyclic diethers 2 were performed in both glacial acetic acid 

and acetic anhydride using 100% nitric acid (table 2.1). The reactions were allowed to proceed, 

until 400 MHz 1H NMR indicated more than 95% selectivity for the formation of dinitro 

products. The usual work-up was followed by elaborate flash column chromatography to collect 

the desired isomers. The isomers could be identified by inspection of their characteristic 1H' 

NMR signals (for an example the reader is referred to the experimental section of compound 

3a). The reactivity of.2 towards nitration decreased significantly with decreasing length of the 

connecting carbon bridge. For 2a and 2e nitration was performed for 16 h at room temperature 

while for ld 168 hat sere was needed to complete the reaction (>95%, table 2.1). This can be 

rationalized by assuming that the ether oxygens become progressively less capable of 

donating electrons to the aromatic ring systems. Therefore the intermediates in the substitution 

reaction are less stabilized, which makes the rings less prone to undergo electrophilic aromatic 

substitution. For 2b and ld a preferred substitution at the 3-position took place which can also 
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be rationalized by a favourable orientation of the lone pairs of the ether oxygens. Furthennore, a 

decrease in the total amount of 8-substituted isomers is found with decreasing bridge length, 

presumably due to the increased steric hindrance. Nitration in acetic anhydride gave traces of 

trinitro compounds (especially 6,8,6') and in the case of n=2 also 3,4'-dinitro and 3,5'-dinitro 

products, while the selectivities in general are comparable to those of nitration in acetic acid. 

The dimethoxy compound 3e could only be prepared in a two-step reaction. Initially, dinitration 

was carried out in glacial acetic acid with 100% nitric acid at 20°C for 16 h (table 2.1). Because 

of nearly identical Rr-values, the 6,6'- and 3,8' -dinitro derivatives could not be separated, not 

even by repeated flash column chromatography. This problem was overcome by mononitration 

of 2e yielding the 3-, 6- and 8-substituted products which were easily separated. 

Table 2.1 Reaction conditions, selectivities and yields of the one step nitration products of 
the Cf_Clic ethers 2a-e. 

Compound Conditions Selectivity dinitro (%) Isolated(%) 

Solvent Tee> t (h) 3,3' 3,6' 6,6' 3,8' 6,8' 8,8' 6,6' 

2a(n=4) HOAc 20 16 10 37 23 23 7 24 

2b (n=3) HOAc 
20 16 9 32 14 32 13 4 
80 2 

2c (n=2) HOAc 80 48 10 50 2 34 44 

2d (n=1) HOAc 80 168 23 46 10 20 3 
2e(Me, Me) HOAc 20 16 8 34 8 50 a . 

2b (n=3) Ac20 20 16 8 35 19 15 23 14 

2c (n-2) Ac20 
20 16 17 34 5 22 30 
80 2 

a) The 6,6'-derivative could not be separated from the 3,8'-derivative using flash column 
chromatography. 

Subsequent nitration of the 6-substituted compound then only yielded the 3,6' -, 6,6'- and 6,8'

dinitro products from which the desired 6,6' -dinitro substituted 3e was easily separated. The 

overall yield starting from 2e was 7%. All6,6'-dinitro-1,1'-binaphthyl2,2'-ethers 3 were purified 

by flash columnchromatography, followed by crystallization. HPLCanalysis using a 

ChiralpakOT (+) column of the (R)- and (S)-6,6'-dinitro products 3, obtained after column 

chromatography and before crystallization, indicated that no racemization had occurred during 

the nitration (figure 2.1). Mononaphthyl derivatives 4 and 6 were used as model compounds for 

the properties of 3, (scheme 2.2). 2-Nitronaphthalene 4, was obtained from commercial sources. 
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2-Nitro-6-methoxynaphthalene 6 was prepared by amination of the known Grignard reagent 

derived from 6-bromo-2-methoxynaphthalene to yield 6-amino-2-methoxynaphthalene 5, 

followed by oxidation to 6. 

4 

3e(S) 

3e(R) 

3e (RS) 

0 2 
lime(min) 

4 6 

Figure 2.1 HPLC traces for 3e (R), (S) and 
(RS), showing that no racemization has 
occurred. 

Br~ 

.~OMe 
1) Mg 

? 
2) (Ph0)2PNa 

3) RedAI® [NaAIH2(0CH2CH~Me)2] 

~~ 
~OMe 

_N_ae_o3-l.,..,. 
02~ 
~OMe 

5 6 

Scheme 2.2 Model compounds 4 and 6. 

2.2.2 UVNis Absorption Spectroscopy 
UV/Vis measurements of the dinitro-binaphthyl-diethers 3 were performed in 

chloroform (figure 2.2) and the numerical results are given in table 2.2. The 260 nm and 280 nm 

maxima may be attributed to naphthalene transitions, while the 353-362 maximum stems from 

the nitro group. These maxima show little positional variation with varying bridge length. The 

fourth band however, corresponding to the charge transfer band (Acr), is gradually shifted from 

307 to 332 nm when the bridge length is increased and is even 343 nm for the open form 3e. 
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When the AcT of 4 (305 nm) and 6 (336 nm) are compared, the effect of the donating oxygen 

immediately becomes clear. The value of the A.cT of 4 is comparable to those conesponding to 

the cyclic diethers 3c and 3d, indicating little if any donation of the ether oxygens, while the 

value of the AcT of 6 is comparable to those of the cyclic ethers 3a and 3e. Because the lone pairs 

of the ether oxygens in the case of 6 and 3e can achieve almost maximal overlap with the 

naphthyl units it is concluded that this is also the case for 3a. The A.cT of 3b is intermediary, 

indicating only partial overlap. 

4x10
4 

~- 3x10
4 

~ 
~ 2x10

4 

::::.. 
"' 

1x1o• 

250 300 350 

l. {nm) 

-··--···-· 3a 
-·-·-···- 3b 
......... 3c 

------3d 
--3e 

400 450 

Figure 2.2 UV!Vis spectra in chloroform of the dinitro
binaphthyl-diethers 3. 

Table 2.2 UV!Vis measurements in chloroform of the dinitro-binaphthyl 
diethers 3 and the model come,ounds 4 and 6. 

R,R A.m.x (nm) [£·103 (l·mol"1·cm·1
)] 

Naphthalene Charge Transfer Nitro 

6 255 [17.7] 273 [12.0] 336 [10.9] 358 [9.1] 

3e Me, Me 259 [24.1] 288 [31.7] 343 [17.6] 366 [15.0] 

3a (CH2)4 260 [28.9] 283 [31.8] 332 [18.4] 362 [13.7] 

3b (CHzh 260 [31.3] 281 [32.8] 324 [18.4] 361 [11.6] 

3c (CHzh 259 [35.9] 277 [32.0] 309 [20.6] 356 [8.5] 

3d CH2 261 [33.3] 289 [27.9] 307 [23.3] 356 [6.7] 

4 262 [24.2] 305 [9.2] 353 [2.9] 
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In conclusion it is justified to state that decreasing the bridge length decreases the donating 

capabilities of the.ether oxygens which is most clearly reflected in the charge transfer band of the 

UV Nis absorption spectrum. 

2.2.3 CD Spectroscopy I Optical Rotation 

The optical rotations measured for the R- and S-derivatives of compounds 2 and 3 are 

given in table 2.3 and the CD spectra of the (S)-6,6'-dinitro-1,1'-binaphthyl-2,2'-diethers 3 are 

presented in figure 2.3. The expression of chirality, as observed by optical rotation (table 2.3) 
' and circular dichroism measurements (figure 2.3), strongly increases by shortening the length of 

the connecting carbon bridge. Open chain 3e shows low optical rotations and even opposite 

Cotton effects. This can be the result of more conformational flexibility in 3e, while in 3a-3d the 

dihedral angle between the naphthalene rings is more fixed. This rationalization is in agreement 

with AMI and PM3 calculations of which the results are given in table 2.4. 

80 

60 

·~ 40 

0 e; 20 
<:::-

-20 

·40 

·····-·· 3a 
-·-·-·-·- 3b 
········· 3c 
------3d 

--3e 

400 450 

Figure 2.3 CD spectra of (S)-6,6'-dinitro-1,1'
binaphthyl-2,2'-diethers 3 measured in chloroform. 

The rotational strength can be defined as: Roa = JJ<,a • miiJJ • cos(J.L,m), in which JJ<,a and miiJJ are the 

magnitudes of the eleetric and magnetic dipole transition moments, respectively, and cos(Jl,m) 

represents the cosine of the angle between these two vectors. 19 The imaginary vector m can be 

described as a magnetic moment that is being created by the rotation of electron charge upon 

excitation. Because of this relation, the angle between the two vectors Jl and m is of great 

importance to the size and the sign of the rotational strength. The larger optical rotations found 

for 3 (table 2.3) as compared to the parent compound 2, can be accounted for by the increase of 

Jl. However, the energy difference between the probing wavelength (589 nm) and the transition 
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that is measured also becomes smaller, thereby increasing the chiral response parameter and the 

optical rotation. 19 It is tempting to try to relate the increase in optical rotation to the decrease in 

dihedral angle. However, the relation is not that apparent, since e.g., the extinction coefficient (E) 

and thus J.1. changes in the series, while also the nitro transition occurs in that wavelength region. 

Table 2.3 Optical rotations of the R-derivatives 
ol2 and 3 measured in chlorotorm. 

Compound 2 3 

s[a]~ R[a]~ s[a]~ R[a]~ 

a (n=4) +217 -217 +558 -558 

b(n=3) +431 -431 +734 -734 

c(n=2) +523 -523 +753 -753 

d (n=l) +779 -779 +998 -998 

e(Me,Me) -54 +54 -53±10 

a) At 27 °C (c=l [except 3e: c=0.06], CHCI)); 
average of 3-5 measurements, the error is ± 1. 

Table 2.4 Results of AMI and PM3 calculations on 3, where 81 and 8z 
represent dihedral angles. 

a, = a-b-e-d; 92 = e-a-f-g 

Compound tilir (kcal/mo1) a1 ~ 

AMI PM3 AM1 PM3 AM1 PM3 

3a(n=4) 22.7 -2.3 90.2 90.3 63.2 63.7 

3b (n=3) 34.9 10.9 54.2 62.3 54.8 60.2 

3c (n=2) 37.3 10.8 73.5 73.3 135.6 132.6 

3d (n=1) 35.4 9.0 44.9 46.7 105.1 108.5 

3e(Me,Me) 25.2 -3.6 88.2 89.2 1.9 -16.9 
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2.2.4 Electric Field Induced Second Harmonic Generation I Hyper Rayleigh 
Scattering 

The nonlinear optical properties 7 were investigated using electric field induced second 

harmonic generation (EFISHG)20 and hyper Rayleigh scattering (HRS).21 A detailed description 

of these techniques can be found in literature. Because the molecules are composed of two 

dipolar subunits, the measurements are analyzed using a recently developed vector model for the 

hyperpolarizability tensor of such bis-dipolar molecules.6 Using this model, the experimentally 

observed quantities, ~HRS and ~BFISHo. can be written as functions of two tensor components, 

~zzz and ~zxx, with the two dipolar subunits lying in a plane parallel to the ZX plane, Z being 

directed along the two-fold axis and dipole moment of the molecule. These tensor components 

can again be expressed as a function of the dihedral angle e1 between two constituent units (see 

table 2.4) and the hyperpolarizability of a single one of those units, ~mono· The results are given 

in table 2.5. 

Table 2.5 Results from EFISHG and HRS measurements on 3a-3e, 4 and 6. 

EFISHGa HRSa.b 

l.l ~Z, EFlSHG ~zzz ~zxx Pmono ~HRS ~zzz ~zxx ~mono 
(Debye) (10"30 esu) (10"30 esu) 

6 4.5 26 - - 26 27 - 27 

3e 6.2 38 17 19 26 - -
3a 8.3 38 18 20 27 - - - -
3b 7.5 29 22 6.5 16 17 34 9 24 

3c 6.7 29 19 10 18 12 20 10 18 

3d 5.6 19 16 2.5 10 9 19 3 12 

4 4.0 8 - - 8 10 - - 10 

a) All measurements were performed in chloroform at a fundamental wavelength 
of 1064 nm; b) The ~ of p-nitroaniline (23·10-30 esu) was used as external 
reference. 

The HRS measurement of 3a was not possible due to multi-photon absorption induced 

fluorescence while for 3e the solubility in chloroform was too low. As can be seen from table 

2.5, both ~z, BFISHG and ~HRS increase with increasing bridge length (from 3d to 3a). The 

comparable ~ values from the EFISHG experiments for 3a and 3e are an indication that also the 

electron donating effects of the oxygen atoms are comparable. The same trend is observed for 

the calculated ~mono· In addition, a comparison of the ~-values with those of the model 

compounds 4 and 6 is useful. The overall results of the nonlinear optical measurements are in 
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agreement with the UVNis data from which it already became clear that the donating 

capabilities of the ether oxygen increase with increasing bridge length. This is also reflected in 

the dipole moments of 3a-d. Furthermore, it is clear that ~zxx increases in magnitude relative to 

~zzz with increasing bridge length. For 3a and 3e ~zxx is even larger than ~zzz. This is in strong 

contrast with the more traditional dipolar chromophores, where ~zzz is considered the only 

significant hyperpolarizability tensor component. The ~-values obtained with the EFISHG and 

HRS technique are shown to be in good agreement when it concerns single chromophoric 

molecules. However, the ~z. EFISHG and ~HRs-values obtained for the bi-chromophoric molecules 

are not immediately comparable since the underlying fundamentals of the two techniques are 

significantly different. This is partially due to the fact that in EFISHG the molecules are aligned 

by a strong external electric field, which influences the conformation of the molecules (61) and 

hence the orientation of the lone pair of the ether oxygens (and thus also the ground state dipole 

moment). Furthermore, in the EFISHG measurements, not~ but fl·~ is determined from which ~ 

is calculated by an additional measurement of fl. Nevertheless, after the necessary mathematical 

analyses, the tensor components thus obtained can be compared and then the agreement between 

the different ~-values is reasonable (except for ~zzz of 3b). This suggests that relatively good 

accuracy can be obtained by modelling the hyperpolarizability tensor of these molecules by a 

vector model and that, at the level of electronic hyperpolarizability, the interactions between the 

two naphthalene units can be neglected. Using INDO/S quantumchernical calculations, it has 

been shown that for a dimer of p-nitroaniline these interactions gain importance when the 

dihedral angle between the units decreases. 10 

Also two types of HRS experiments were performed to measure the contribution of the 

magnetic dipole moment to the first hyperpolarizability ~ (~magn·). In a first experiment a 

solution of one of the chiral molecules was irradiated with left- and righthanded circularly 

polarized light in separate measurements. However, the difference between the two signals was 

not significant. Also measurements with only one type of circularly polarized light on solutions 

of R- and S-molecules failed to give a significant result. Clearly the contribution of the electric 

dipole moment to the first hyperpolarizability ~ (~elect') is much larger than ~magn., despite the 

presence of significant chirality as can be judged from the large optical rotations determined 

with CD spectroscopy and polarimetry. 

Chirality sensitive EFISHG measurements were performed on 3b and 3c. The results of 

the measurements are shown in table 2.6. In this experiment the molecules, which are aligned by 

means of an external electric field, are irradiated with linear polarized light ( 1064 nrn). The 

resulting SHG signals (of 532 nrn) are then led through a A/4-waveplate which is fitted in such a 

way that SHG from an achiral solution produces circular polarized light. 
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Table 2.6 Results of chiral EFISHG measurements. 

Compound {Jl· ~)II {Jl· ~h (J.t · ~)n/ {Jl· ~h 
(· 1046 esu) 

3b 4.1 ±0.2 3.6±0.2 1.16±0.2 

3c 2.5 ±0.2 1.9±0.2 1.27 ±0.2 

This is accomplished by splitting the signal and polarizing the components parallel and 

perpendicular to the original polarization direction, and rotating the A/4-waveplate until the two 

splitted beams are of equal intensity. The SHG coming from the chiral solutions can have two 

clearly distinguishable natures. Firstly, the light can be linearly polarized but rotated with respect 

to the original plane of polarization. And secondly, it can be elliptically polarized with the two 

axes either being or not being parallel to those of the A/4-waveplate. In the first case the A/4-

waveplate will yield elliptically polarized light. However, the two measured intensities of the 

projections caused· by the polarizers after splitting the signal will be of equal intensity. As a 

result, only elliptically polarized SHG leaving the sample will result in a difference in intensity 

of the two signals. This ellipticity can only stem from chiral SHG caused by the molecules, since 

at 532 nm the molecules show no absorption and no CO-effects. From table 2.6 it is clear that 

there is a difference in intensity for the two differently polarized signals, while the measurements 

furthermore showed that the ratios remain constant with increasing concentration. This proves 

that the light entering the A/4-waveplate is elliptically polarized with a constant ellipticity with 

increasing concentration. The latter effect proves that the observed signals are not due to a 

propagation effect, in agreement with the absence of absorption bands at 532 nm as was 

concluded from the UVNis measurements. The measurements of chiral SHG are only relative, 

since they involve projections of linear combinations of polarization and magnetization 

components. Nevertheless, it has been shown that chirality effects in SHG can be measured with 

this method. 

2.2.5 Infrared I Raman Spectroscopy 
Another technique which recently has been shown to be applicable for measuring 

molecular nonlinearities makes use of absolute vibrational IR intensities .and Raman cross 

sections.Z2 The prerequisite that large electron-phonon coupling takes place is mostly found in 

low bandgap polyconjugated systems?3 The basic phenomenon which determines NLO 

responses in those systems is the delocalization of 1t electrons along a delocalization path 

determined by the topology of p, orbitals within the molecule.22
b-d The results of the 

measurements are given in table 2.7. As can easily be deduced from the table, the ~-values for 
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3b and 3c are not simply a tensorial combination of that of two units 6. Here again the oxygen 

lone pair of the ether linkage plays an important role. Using "vibrational chemical shifts" and 

intensity spectroscopy,24 Villa et al.25 suggested that in the gas and liquid (solution) phases 

methoxybenzene may consist of a mixture of conformational isomers obtained by the rotation of 

the CH3-0- group about the 0-Carom. bond, in agreement with a few quantum chemical 

calculations. 26 

Table 2.7 Molecular NLO property 
fJzzz of compounds 4, 6, 3b and 3c. 

Compound ~zzz (10-30 esu) 

4 5.7 

6 11.7 

3c 30.2 

3b 39.2 

This introduces the concept of conformationally dependent hyperpolarizability. When the 

oxygen lone pair is coplanar with the aromatic unit there is a strongly reduced charge injection 

when compared to the conformation in which the oxygen lone pair has a perpendicular 

orientation with respect to the naphthyl unit. Since these two conformations certainly contribute 

differently to the hyperpolarizability, the values measured have to be considered average values, 

which should also be temperature dependent. In 3c the two oxygen atoms are constrained in a 

rigid ring. Because of this, the measured values of (} can no longer be an average, attributable to 

the different rotamers, but a measure of a property intrinsic to a molecule in a fixed 

conformation. The fact that the measured value is somewhat higher then the tensorial 

combination of that of two units 6, indicates that the average overlap and thus the charge 

injection by the oxygen atoms in each naphthalene ring is higher then in 6. 

The only recent development of this vibrational technique makes an evaluation of the accuracy 

and comparison with other techniques quite difficult. Nevertheless, the results obtained for 

single chromophoric molecules show a reasonable agreement with the (}-values obtained from 

EFISHG and HRS. But here again, the conformational rigidity in the bi-chromophoric molecules 

requires complex tensorial analysis and assumptions with respect to the donor capacity of the 

oxygen atoms to obtain a ~-value. Presumably this causes the deviation, for the bi-chromophoric 

molecules, between the values obtained with the vibrational method and those obtained with 

EFISHG and HRS. 
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2.2.6 Conclusions 
The reactivity as well as the selectivity of the nitration of 2a-e proved to be very 

sensitive to the chain length of the diether bridge. Also the optical, chiroptical and nonlinear 

optical properties showed a strong dependence on the ether linkage. The observed effects, in the 

synthesis as well as in the properties, have all been explained by taking two contributions into 

account. In the first place, the dihedral angle between the two naphthyl units, which detennines 

the optical activity. Secondly, the 1t-overlap between the lone pair of the ether oxygen and the 

naphthalene system, which decreases with decreasing bridge length and which is of importance 

for all the rest of the effects found. 

The P-values found with the vibrational technique deviate somewhat from those found 

with EFISHG and HRS, but the results obtained with the three different methods are in 

reasonable agreement, as the same trends are observed. The P-values are, however, not 

immediately comparable since different physical assumptions are made and different 

mathematical transformations are used to obtain p. The overall conclusion concerning the 

different nonlinear optical techniques must be that, although the values obtained for single 

chromophoric molecules show good agreement, the values obtained for multi-chromophoric 

molecules are a result of complex mathematical methods which make comparison between the 

calculated P-values still quite difficult. A recent comparison between EFISHG and HRS results 

of NLO-calixarenes also gave contradictory results, tzr as a discrepancy was noted between 

theoretical values and the EFISHG results, while good agreement was obtained with the HRS 

results. The problems associated with evaluating the measured quantities is still one of the 

fundamental problems in studying the nonlinear optical properties of multi-chromophoric 

molecules. Together with an even more detailed mathematical analysis of the underlying 

principles of the existing techniques, also the development and use of other techniques might 

contribute in creating a better understanding of the photophysical processes involved in multi

chromophoric systems. A time resolved spectroscopic technique might give more insight into 

the photophysical processes, e.g. decay pathways, that occur when light interacts with matter. 

That this is especially important for multi-chromophoric compounds will become clear in 

Chapter 3. 

Attempts to directly measure the contribution of the magnetic dipole moment to the 

first hyperpolarizability p <Pmngn') did not give significant results. However, it was possible to 

measure relative chirality effects in the SHG signal with the EFISHG technique. The problem of 

directly measuring pmngn. might be overcome if the contribution of the electric dipole moment is 

eliminated and only a net magnetic dipole moment remains. A highly symmetric molecule that 

might fulfill these requirements is presented and discussed in the next paragraphs. 
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2.3 Symmetrical Bisblnaphthyl Derivative 
2.3.1 Synthesis 

The synthesis of the centrosymmetric compound meso-9 (together with racemic 9), 

composed of two binaphthyl units, is outlined in scheme 2.3. 

Br NC 

94% 52% 

OH Br2 OH CuCN ,... ... 
OH CH2CI2 OH NMP 

Br NC 

7 8 

58% NC 

~ooc: 
~:roc~ ... 

Cs2C03, DMF 

NC meso-9 
+ 

racemic 9 

Scheme 2.3 Synthesis of centrosymmetric meso-compowul 9 together 
with its racemic diastereomers. 

OH 

OH 

CN 

CN 

The cyanogroup instead of the nitro group was used here as acceptor, due to synthetic 

accessibility. Precursor 7 was prepared by bromination of 2,2'-dihydroxy-1,1'-binaphthalene in 

dichloromethane. The subsequent Rosenmund-von Braun reaction with copper(l)cyanide failed 

to give satisfactory results when using DMF as solvent. However, when NMP was used, 8 was 

readily obtained. Etherification of 8 with 1,2,4,5-tetrakis(bromomethyl)benzene under the 

influence of Cs2C03 in DMF, gave target compound 9 as a only slightly soluble white solid. 

Because racemic starting material was used, 9 consisted of diastereomeric components: the 

racemate (RR and SS) and the meso compound {RS). While one diastereomeric fraction was 

obtained pure as the residue of several washings with THF, the other diastereomeric fraction 

could be isolated by preparative HPLC with THF using a silica gel column. Because the meso 

compound is centrosymmetric it should possess the lowest dipole moment. Therefore, the first 

fraction obtained by preparative HPLC was thought to be the meso compound. The second 
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fraction proved to be identical to the residue which remained after washing of the crude mixture 

with THF. 

2.3.2 Dynamic NMR Spectroscopy 

Both fractions of 9 were used for variable temperature 1H NMR measurements. The 

results of the meso-derivative (fraction 1) are shown in figure 2.4. From this figure it is clear that 

at higher temperatures there is only an average conformation visible on the NMR time scale. 

meso-9 in DMF-d7 

I • a I u.b ao~c 

I • L J ~ JA. 70"C 

so·c 

50'C 

40'C 

30'C 

20'C 

10'C 

o·c 

-10'C 

-20'C 
9 8 7 6 5 

(ppm) 

Figure 2.4 Variable temperature 1H NMR ofmeso-9 (fraction 1) in DMF-d7• 

When the sample is cooled, line broadening occurs until, at -20"C, all signals are doubled. A 

similar behaviour is observed for racemic 9 (fraction 2). This proves that on the NMR time scale 

at least two different stable conformations are present in a DMF solution at -20". From these 

series of measurements the coalescence temperature, T c• and the exchange rate constant at that 

temperature, kc. were determined using full line shape analysis. The coalescence temperature, Tc, 

was found to be 279K for meso-9 and 286K for racemic 9. The corresponding rate constant, kc, 
was calculated to be 175 s-1 and 164 s·1 respectively. To determine the rate constant at room 

temperature, the NMR spectra were simulated using the MAPLE program and compared to the 

measured spectra. From these simulations the rate constant at 300K was estimated to be 
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14·102 s·1 for meso-9 and 23·102 s·1 for racemic 9. These low rates imply that the exchange 

between the different conformations occurs relatively slow, although clearly fast enough for the 

observation of only one (average) conformation in the NMR spectrum. For an optical 

experiment, however, which occurs at a much faster time scale, it means that all different 

conformations will be probed, some of which will be non-centrosymmetric. In a nonlinear 

optical experiment, the measured hyperpolarizability 13 will therefore also contain contributions 

of these non-centrosymmetric conformations. And since these non-centrosymmetric 

conformations have a non-zero electric dipole moment, the measured 13 will consist of the 

desired l3magn. as well as pelect. The latter of the two contributions is generally much larger, 

making discrimination, as already described in 2.2.4, rather difficult. This, together with the low 

solubility of both fractions also made detailed NLO study with circular polarized light less 

attractive. 

2.3.3 Conclusions 

Compound 9 was synthesized as a mixture of diastereomers and separated into the 

(centrosymmetrical) meso-compound and the racemate. No attempts were made to confirm the 

structure-assignment of the samples. Dynamic NMR studies showed that, for both fractions, two 

conformations where visible at -200C on the NMR time scale. The estimated exchange rate 

constants at room temperature for the two fractions were found to be on the order of 14·1 02 

(meso-9) and 23·102 s·1 (racemic 9). From these relatively low exchange rates it was concluded 

that a nonlinear optical experiment performed at this temperature would yield a 

hyperpolarizability value consisting of both pelect. and pmagn· contributions. Since the electric 

dipolar effects are, in general, much larger (see also 2.2.4), discrimirmtion between the two will 

not give reliable values for pmagn·. Clearly the conformational flexibility in these molecules has 

to be restricted even more to completely eliminate pelect. and quantify pmagn. with reasonable 

accuracy. The issue of restricting the conformational flexibility will also be addressed in Chapter 

4. 

2.4 Experimental 
General 
Chemicals were used as received and were of the highest purity. All solvents used were of p.a. quality. 
For flash column chromatography Merck silica gel 60 (particle size 0.040-0.063 mm) was used. The 
dichloromethane that was used in eluents contained 0.2% ethanol. Thin layer chroJnatography (TLC) 
was performed using Merck precoated F-254 silica gel plates. Analytical HPLC was performed with a 
Gilson 305306 pump and a PEY Unicam UV detector (4t = 254 nm). The columns used were either a 
Pirkle type column (Balcerbond DNBPG, 4.6 x 250 mm, part. size 5 IJ.m, pore size 120 A, flow rate 1 
ml/min, eluent hexane/2-propanol : 90/10) or a Chiralpalc OT (+) (4.6 x 250 mm, part. size 5 1J.ffi, flow 
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rate 0.5 ml/min, operating temperature 5 °C). Melting points are given uncorrected and are determined 
using a Jenaval optical microscope equipped with a Linkam THMS 600 hotstage. Elemental analyses 
were carried out with a Perkin Elmer 240. NMR spectra were taken on a Broker AM-400 spectrometer 
operating at frequencies of 400.1 and 100.6 MHz for 1H and 13C nuclei, respectively. Chemical shifts (a) 
are reported .in ppm downfield from the internal standard tetramethylsilane. UV Nis spectra were taken 
on a Perkin Elmer Lambda 3B UVNis spectrophotometer. Optical rotations were measured on a JASCO 
DIP 370 digital polarimeter. CD-spectra were taken on a JASCO J-600 spectropolarimeter. The HRS and 
EFISHG measurements were performed in the group of Prof. A. Persoons at the University of Leuven. 
The NLO measurements using the vibrational technique were performed in the group of Prof. G. Zerbi at 
the University of Milan. 

Synthesis 
The preparation of 2a is described in detail and the synthesis of 2b-2e was carried out in a similar 
fashion using the conditions and reagents as described in the text. 
2,2' ·(1,4-Butylenedioxy)-1,1 '·binapbthalene, 2a 
1,1'-Bi-2-naphthol (4.30 g, 15 mmol) and K2C03 (4.56 g, 33 mmol) were stirred in anhydrous DMF (75 
ml) at 80"C. 1,4-Dibromobutane (3.56 g, 16.5 mrnol) in anhydrous DMF (50 ml) was added dropwise 
over a period of 1 h after which it was stirred at 80"C for 16 h. The reaction mixture was then poured 
into water (500 ml) and extracted with dichloromethane (3 x 150 ml). The organic layer was 
subsequently washed with 0.5N KOH, water, 0.5N HCl, water and brine and dried over MgS04. 
Filtration, evaporation of the solvent, column chromatography of the residue (dichloromethanelhexane: 
317) and crystallization from toluene of the separated and concentrated fractions, yielded 2a (3.88 g, 
11.40 mmol, 76%). 
M.p.: 264-26rc (256.5-257.SOC); Elemental analysis calc.: C 84.68, H 5.92; found: C 84.80, H 5.94; 1H 
NMR (400 MHz, CDCh): a 7.94 (d, J = 9.0 Hz, 2H, H-4), 7.85 (dd, J = 1.3 and 8.1 Hz, 2H, H-5), 7.49 
(d, J = 9.0 Hz, 2H, H-3), 7.32 (ddd, J = 1.3, 6.8 and 8.1 Hz, 2H, H-6), 7.18 (ddd, J = 1.3, 6.8 and 8.5 Hz, 
2H, H-7), 7.09 (dd, J = 1.3 and 8.5 Hz, 2H, H-8), 4.52 (ddd, J = 2.7, 4.8 and 11.4 Hz, 2H, OCHz), 4.10 
(ddd, J = 2.0, 9.5 and 11.4 Hz, 2H, OCl!z), 1.79-1.89 (m, 2H, OCH2C!!z), 1.67-1.77 (m, 2H, OCHzCI!z); 
13C NMR (100 MHz, CDCh) : a 153.3 (Cq). 134.1 (Cq), 129.8 (Cq), 129.4, 127.9, 126.4, 125.8, 124.0, 
122.4 (Cq), 117.4, 70.3 (0C.H2), 25.3 (OCH£H2). 
2,2' ·(1,3-Propylenedioxy)-1,1 '-binaphtbalene, 2b 
M.p.: (cryst. from toluene/hexane: 111) 280-284°C (272.5-273.5°C); Elemental analysis calc.: C 84.64, H 
5.56; found: C 84.93, H 5.55; 1H NMR (400 MHz, CDCh): a 7.96 (d, J = 8.9 Hz, 2H, H-4), 7.88 (dd, J = 
1.3 and 8.2 Hz, 2H, H-5), 7.46 (d, J = 8.9 Hz, 2H, H-3), 7.36 (ddd, J = 2.3, 5.7 and 8.1 Hz, 2H, H-6), 
7.21-7.27 (m, 4H, H-7 and H-8), 4.40 (dt, J = 4.5 and 11.8 Hz, 2H, OCHz), 4.33 (dt, J = 5.6 and 11.8 Hz, 
2H, OCI!z), 1.96 (tt, J . 4.5 and 5.6 Hz, 2H, OCH2CH2); 13C NMR (100 MHz, CDCh) : a 154.6 (Cq), 
133.6 (Cq), 130.4 (Cq), 129.6, 128.1, 126.3, 126.1, 124.2, 123.9 (Cq). 119.2, 71.9 (OQI2), 30.6 
(0CH@2). 
2,2' ·(1,2-Ethylenedioxy)-1,1' -binaphthalene, 2c 
M.p.: (cryst. from toluene/hexane: 111) 233-23~C (197.5-198.5°C); Elemental analysis calc.: C 84.59, H 
5.16; found: C 84.65, H 5.21; 1H NMR (400 MHz, CDCh): a 7.98 (d, J = 8.8 Hz, 2H, H-4), 7.89 (dd, J = 
1.3 and 8.2 Hz, H-5), 7.45 (d, J = 8.8 Hz, 2H, H-3), 7.39 (ddd, J = 2.1, 5.8 and 8.2 Hz, 2H, H-6), 7.26 
(dd, J 1.4 and 8.2 Hz, 2H, H-8) , 7.22 (ddd, J = 1.2, 5.8 and 8.2Hz, 2H, H-7), 4.41 (m, 2H, OC!!2), 4.19 
(m, 2H, OCI!z); 13C NMR (100 MHz, CDCh): a 156.5 (Cq), 132.9 (Cq), 130.9 (Cq), 130.7, 128.0, 127.0, 
126.2, 124.7, 124.2 (Cq), 122.4, 72.9 (QC.H2). 
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2,2' -Methylenedioxy-1,1 '-binaphthalene, 2d 
M.p.: (cryst. from toluene/hexane: 111) 185-189"C (178.5-179.5"C); Elemental analysis calc.: C 84.54, H 
4.73; found: C 84.52, H 4.75; 1H NMR (400 MHz, CDCh): o 7.92 (d, J = 8.7 Hz, 2H, H-4), 7.88 (dd, J = 
0.6 and 8.1 Hz, 2H, H-5), 7.51 (dd, J = 0.6 and 8.5 Hz, 2H, H-8), 7.44 (d, J = 8.8 Hz, 2H, H-3), 7.40 
(ddd, J = 1.2, 6.4 and 8.1 Hz, 2H, H-6), 7.25 (ddd, J = 1.4, 7.0 and 8.5 Hz, 2H, H-7), 5.66 (s, 2H, CH2); 
13C NMR (100 MHz, CDCh) : o 151.2 (Cq), 132.1 (Cq), 131.7 (Cq), 130.3, 128.3, 126.8, 126.0 (Cq), 
126.0, 124.9, 120.9, 103.1 (<X;H2). 

2,2' -Dimethoxy-1,1 '-binaphthalene, 2e 
M.p.: (cryst. from toluene/hexane: Ill) 200-204"C; Elemental analysis calc.: C 84.05, H 5.77; found: C 
84.07, H 5.81; 1H NMR (400 MHz, CDCb): o 7.95 (d, J = 9.0 Hz, 2H, H-4), 7.85 (dd, J = 0.9 and 8.1 
Hz, 2H, H-5), 7.44 (d, J = 9.0 Hz, 2H, H-3), 7.30 (ddd, J = 1.3, 6.7 and 8.1 Hz, 2H, H-6), 7.19 (ddd, J = 
1.3, 6.7 and 8.4 Hz, 2H, H-7), 7.10 (dd, J = 1.3 and 8.4 Hz, 2H, H-8), 3.74 (s, 6H, OCfu); 13C NMR (100 
MHz, CDCI3) : o 154.9 (Cq), 134.0 (Cq), 129.4, 129.2 (Cq), 127.9, 126.3, 125.2, 123.5, 119.5 (Cq), 114.2, 
56.9 (<X;H3). 

The preparation of 3a is described in detail and the synthesis of 3b-3e was carried out in a similar 
fashion using the conditions and reagents as described in the text. 
2,2' ·(1,4-Butylenedioxy)-6,6' ·dinitro-1,1 '-binaphtha1ene, 3a 
Compound 2a (3.4 g, 10 mrnol) was suspended in glacial acetic acid (50 rnl). Nitric acid (100%, 1.29 g, 
20.5 mmol) in glacial acetic acid (2 ml) was added dropwise in 5 min. The resulting mixture was then 
stirred at room temperature for 16 h after which it was poured into water (I 00 rnl) and extracted with 
dichloromethane (3 x 50 ml). The organic layer was then washed with IN KOH, water and brine and 
dried over MgS04. Filtration, evaporation of the solvent, flash column chromatography of the residue 
(dichloromethane/hexane: 3n) and crystallization from toluene/hexane (111) of the separated and 
concentrated fractions, yielded 3a (1.03 g, 2.39 rnrnol, 24%). 
M.p. >300"C; Elemental analysis calc.: C 66.97, H 4.22, N 6.51; found: C 66.79, H 4.18, N 6.41; 1H 
NMR (400 MHz, CDCb): o 8.87 (d, J = 2.3 Hz, 2H, H-5), 8.19 (d, J = 9.1 Hz, 2H, H-4), 7.98 (dd, J = 
2.3 and 9.5 Hz, 2H, H-7), 7.65 (d, J = 9.1 Hz, 2H, H-3), 7.14 (d, J = 9.5 Hz, 2H, H-8), 4.56-4.62 and 
4.18-4.28 (each m, 4H, OC:lli). 1.82-1.92 (m, 4H, ClliClli); 13C NMR (100 MHz, CDCh/MeOD: 10/1): 
o 157.2 (Cq), 146.9 (Cq). 136.4 (Cq), 132.1, 127.9 (Cq), 126.5, 125.1, 121.0 (Cq), 119.8, 118.9, 70.7 
(O~H2), 25.8 ~H~Hz). 

Other isolated isomers: 
3-nitro substitution: 1H NMR (400 MHz, CDCb): o 8.58 (br. d, J = 8.8 Hz, lH, H-5), 8.24 (s, IH, H-4), 
8.00 (d, J = 9.0 Hz, lH, H-4'), 7.88 (br. d, J = 8.1 Hz, lH, H-5'), 7.55 (ddd, J = 1.5, 6.6 and 8.8 Hz, 1H, 
H-6), 7.50 (d, J = 9.0 H~, JH, H-3'), 7.36 (ddd, J = 1.1, 6.9 and 8.1 Hz, 1H, H-6'), 7.31 (ddd, J = 1.1, 6.6 
and 8.6 Hz, 1H, H-7), 7.26 (br. d, J = 8.6 Hz, IH, H-8), 7.23 (ddd, J = 1.4, 6.9 and 8.5 Hz, 1H, H-7'), 
7.00 (br. d, J = 8.5 Hz, IH, H-8'), 4.51-4.58 (m, 2H, OCfu), 4.08-4.22 (m, 2H, QCfu), 1.84-1.92 (m 4H, 
OCH2Cfu); 13C NMR (100 MHz, CDCb) : o 153.3, 152.0, 147.0, 134.9, 133.5, 130.9, 130.4, 129.7, 
128.2, 127.7, 127.4, 126.9, 126.6, 125.1, 124.8, 123.2, 121.7, 120.3, 116.9, 115.5, 71.1, 70.4, 25.5, 25.4. 
6-nitro substitution: 1H NMR (400 MHz, CDCb): o 8.84 (d, J 2.4 Hz, IH, H-5), 8.14 (d, J = 9.0 Hz, 
1H, H-4), 7.99 (d, J = 9.0 Hz, IH, H-4'), 7.93 (dd, J = 2.4 and 9.4 Hz, lH, H-7), 7.89 (br. d, J = 8.1 Hz, 
tH, H-5'), 7.64 (d, J = 9.0 Hz, lH, H-3), 7.50 (d, J = 9.0 Hz, lH, H-3'), 7.36 (ddd, J = 1.2, 6.9 and 8.1 
Hz, IH, H-6'), 7.22 (d, J = 9.5 Hz, lH, H-8), 7.22 (ddd, J = 1.3, 6.9 and 8.5 Hz, lH, H-5'), 7.01 (br. d, J 
= 8.5 Hz, lH, H-8'), 4.52-4.62 (m, 2H, OCJ:h), 4.13-4.23 (m, 2H, OC:lli), 1.82-1.92 (m, 4H, OCH2C!h); 
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13C NMR (100 MHz, CDCh): o 157.1, 153.6, 144.1, 137.0, 133.7, 131.6, 130.1, 129.8, 128.3, 128.0, 
127.4, 126.8, 125.1, 125.0, 124.2, 124.2, 120.6, 119.7, 119.2, 117.2, 70.6, 70.5, 25.7, 25.6. 
3,3'-dinitro substitution: 1H NMR (400 MHz, CDCh): o 8.57 (br. d, J = 8.7 Hz, 2H, H-5), 8.22 (s, 2H, 
H-4), 7.59 (ddd, J = 1.2, 6.8 and 8.7 Hz, 2H, H-6), 7.36 (ddd, J = 1.1, 6.8 and 8.6 Hz, 2H, H-7), 7.15 (br. 
d, J = 8.6 Hz, 2H, H-8), 4.55-4.63 (m. 2H, OCfu), 4.17-4.26 (m, 2H, OCfu), 1.85-1.90 (m, 4H, 
OCH2Cfu); 13C NMR (100 MHz, CDCh) : o 151.9, 147.8, 134.4, 128.2, 127.6, 127.8, 125.9, 123.4, 
121.5, 114.9, 71.2, 25.6. 
3,6'-dinitro substitution: 1H NMR (400 MHz, CDC!,): o 8.86 (d, J = 2.4 Hz, lH, H-5'), 8.59 (br. d, J = 
8.7 Hz, 1H, H-5), 8.23 (s, 1H, H-4), 8.20 (d, J = 9.0 Hz, 1H, H-4'), 7.97 (dd, J = 2.3 and 9.3 Hz, lH, H-
7'), 7.65 (d, J = 9.0 Hz, lH, H-3'), 7.59 (ddd, J = 1.2, 6.8 and 8.7Hz, lH, H-6), 7.35 (ddd, J = 1.1, 6.8 
and 8.7 Hz, lH, H-7), 7.18 (ddd, J = 0.8, 0.8 and 8.4 Hz, lH, H-8), 7.12 (d, J = 9.3 Hz, lH, H-8'), 4.30-
4.64 (m, 2H, OCfu), 4.18-4.31 (m, 2H, OCfu), 1.82-2.00 (m, 4H, OCH2Cfu); 13C NMR (100 MHz, 
CDCh) : o 157.0, 154.2, 147.5, 144.2, 136.3, 134.5, 132.5, 128.1, 128.1, 127.9, 127.6, 126.6, 125.9, 
125.1, 123.5, 121.6, 120.9, 120.2, 118.8, 115.1, 71.3, 70.7, 25.8, 25.8. 
3,8'-dinitro substitution: 1H NMR (400 MHz, CDCh): o 8.60 (dt, J = 0.9, 0.9 and 8.8 Hz, 1H, H-5), 8.26 
(s, lH, H-4), 8.12 (d, J = 9.2 Hz, 1H, H-4'), 8.10 (dd, J 1.3 and 8.1 Hz, lH, H-3'), 7.64 (d, J = 9.1 Hz, 
1H, H-3), 7.59 (dd, J = 1.3 and 9.5 Hz, 1H, H-7'), 7.51 (ddd, J = 1.2, 6.9 and 8.8 Hz, lH, H-6), 7.41 (dd, 
J = 7.5 and 8.1 Hz, lH, H-6'), 7.21 (ddd, J 1.2, 6.9 and 8.6 Hz, lH, H-7), 6.86 (br. d, J = 8.6 Hz, lH, 
H-8), 4.62-4.67 (m, 1H, OCfu), 4.54-4.59 (m, 1H, OQh), 4.38-4.44 (m, lH, OCfu), 4.23-4.29 (m, lH, 
0Cfu),l.85-2.00(m, 4H, OCHzCfu); 13C NMR (100 MHz, CDCh): o 156.6, 151.4, 148.0, 146.9, 133.6, 
133.1, 131.3, 131.0, 128.2, 127.6, 127.3, 125.0, 124.7, 124.5, 123.7, 122.7, 121.4, 118.6, 117.4, 114.6, 
71.0, 71.9, 26.4, 26.1. 
6,8'-dinitro substitution: 1H NMR (400 MHz, CDCI3): o 8.78 (d, J = 2.3 Hz, lH, H-5), 8.11 and 8.14 
(each d, J = 9.5 Hz, 2H, H-4 and H-4'), 8.10 (dd, J = 1.3 and 8.1 Hz, lH, H-5'), 7.85 (dd, J = 2.3 and 9.4 
Hz, 1H, H-7), 7.61 and 7.64 (each d, J = 9.4 Hz, 2H, H3 and H-3'), 7.55 (dd, J = 1.2 and 7.4 Hz, lH, H-
7'), 7.41 (dd, J = 7.4 and 8.1 Hz, 1H, H-6'), 6.82 (d, J = 9.5 Hz, 1H, H-8), 4.63-4.69 (m, 1H, OCfu), 
4.50-4.55 (m, 1H, OCfu), 4.36-4.44 (m, lH, OCfu), 4.25-4.33 (m, lH, OCfu), 1.84-1.97 (m, 4H, 
OCH2CI:h); 13C NMR (100 MHz, CDCh): o 156.9, 156.5, 148.2, 143.8, 135.8, 132.9, 132.4, 131.1, 
130.9, 127.4, 125.4, 125.2, 125.1, 124.1, 122.7, 121.2, 119.8, 118.9, 118.2, 117.9, 71.2, 70.6, 26.5, 26.3. 
8,8'-dinitro substitution: 1H NMR (400 MHz, CDC13): o 8.06 (d, J = 9.0 Hz, 2H, H-4), 8.02 (dd, J 1.4 
and 8.1 Hz, 2H, H-5), 7.63 (d, J = 9.0 Hz, 2H, H-3), 7.48 (dd, J = 1.4 and 7.4 Hz, 2H, H-7), 7.34 (dd, J = 
7.4 and 8.1 Hz, 2H, H-6), 4.50-4.63 (m, 4H, OCfu), 1.93-2.07 (m, 4H, OCHzCfu); 13C NMR (100 MHz, 
CDCh): o 156.7, 147.5, 133.4, 131.0, 131.0, 124.5, 124.3, 122.3, 118.4, 117.8, 71.0, 26.9. 
2,2' -(1,3-Propylenedioxy)-6,6' -dinitro-1,1 '-binaphthalene, 3b 
M.p.: (cryst. from toluene/hexane: 111) 264-268"C; Elemental analysis calc.: C 66.35, H 3.87, N 6.73; 
found: C 66.60, H 3.91, N 6.45; 1H NMR (400 MHz, CDC13): o 8.89 (d, J = 2.4 Hz, 2H, H-5), 8.21 (d, J 
= 8.9 Hz, 2H, H-4), 8.04 (dd, J 2.4 and 9.3 Hz, 2H, H-7), 7.64 (d, J = 8.9 Hz, 2H, H-3), 7.29 (d, J = 9.3 
Hz, 2H, H-8), 4.40-4.51 (m, 4H, OCfu), 2.00-2.06 (m, 2H, Cfu); 13C NMR (100 MHz, CDC!,): o 158.4 
(Cq), 144.3 (Cq), 135.8 (Cq). 132.4, 128.7 (Cq), 126.9, 125.2, 123.1 (Cq). 121.2, 120.0, 72.1 (Qgl2), 30.3 
(OCH~H2). 

2,2' -(1,2-Ethylenedioxy)-6,6' -dinitro-1,1' -binaphthalene, 3c 
M.p. (cryst. from toluene) 242-245°C; Elemental analysis calc.: C 65.67, H 3.51, N 6.96; found: C 65.76, 
H 3.51, N 6.71; 1H NMR (400 MHz, CD03): o 8.89 (d, J = 2.3 Hz, 2H, H-5), 8.23 (d, J = 8.8 Hz, 2H, H-
4), 8.02 (dd, J = 2.3 and 9.4 Hz, 2H, H-7), 7.63 (d, J = 8.8 Hz, 2H, H-3), 7.26 (d, J = 9.4 Hz, 2H, H-8), 
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4.48-4.56 and 4.19-4.27 (each m, 4H, OC.lh); 13C NMR (100 MHz, CDCh): o 159.6 (Cq), 144.7 (Cq), 
135.4 (Cq), 133.3, 129.5 (Cq), 127.9, 124.9, 124.9, 123.8 (Cq), 120.0, 72.8 (~H2). 
2,2' -Methylenedioxy-6,6' -dinitro-1,1 '-binaphthalene, 3d 
M.p.: (cryst. from toluene) 226-228"C; Elemental analysis calc.: C 64.95, H 3.11, N 7.21; found: C 
64.97, H 3.43, N 6.79; 1H NMR (400 MHz, CDCh): o 8.94 (d, J = 2.3 Hz, 2H, H-5), 8.25 (d, J 8.8 Hz, 
2H, H-4), 8.09 (dd, J = 2.3 and 9.3 Hz, 2H, H-7), 7.68 (d, J = 8.8 Hz, 2H, H-3), 7.50 (d, J = 9.3 Hz, 2H, 
H-8), 5.79 (s, 2H, 0C.lh0); 13C NMR (100 MHz, CDCh): o 154.5 (Cq), 144.9 (Cq), 134.5 (Cq). 133.0 (C-
4), 130.4 (Cq), 127.8, 125.7 (Cq), 125.3, 123.5, 119.9, 103.5 (O.{;;H2). 

2,2' -Dimethoxy-6,6' -dinitro-1,1 '-binaphthalene, 3e 
M.p.: >300"C; Elemental analysis calc.: C 65.35, H 3.99, N 6.93; found: C 65.86, H 4.04, N 6.52; 1H 
NMR (400 MHz, CDCh): o 8.87 (d, J = 2.3 Hz, 2H, H-5), 8.22 (d, J = 9.2 Hz, 2H, H-4), 8.00 (dd, J = 
2.3 and 9.3 Hz, 2H, H-7), 7.61 (d, J = 9.2 Hz, 2H, H-3), 7.13 (d, J = 9.3 Hz, 2H, H-8), 3.84 (s, 6H, 
OC!h); 13C NMR (100 MHz, CDCb): o 158.0 (Cq), 143.6 (Cq), 136.5 (Cq), 132.5, 127.2 (Cq), 126.1, 
125.3, 120.1, 118.4 (Cq), 115.2, 56.5 (O.{;;H2}. 

2-Amino-6-methoxynaphthalene, 5 
A Grignard reagent was prepared from 2-bromo-6-methoxy-naphtha1ene (11.86 g, 50.0 mmo1) and 
magnesium (1.34 g, 55.1 mmol) in THF (50 ml) according to a literature proceduren. This Grignard
suspension was cooled to -7fJ'C and added dropwise to a cooled (-7fJ'C) solution of 
diphenylphosphorylazide (14.5 g, 52.7 mmol} in THF (400 ml}. The resulting mixture was stirred for l h 
at -7(J'C and then allowed to warm to -2(J'C and then stirred an additional 40 min. After cooling again to 
-7fJ'C Red-A!® (65 ml=3.2M, =216 mmol} was added dropwise. It was allowed to warm up to (J'C and 
stirred for 1 h and then stirred an additional 30 min. at room temperature. Then ice-water (500 ml) was 
added carefully (H2 formation) and the resulting suspension was filtered and the residue washed with 
water. The organic layer was washed with water and then extracted with 0.5N HCI. Then the water layer 
was washed with diethyl ether and basified by the addition of solid KOH. The resulting precipitate was 
taking up in dichloromethane (500 ml) and the water layer was washed with dichloromethane (2 x 100 
ml). The organic layer was washed with water (2 x 100 ml), brine (2 x 100 ml) and dried over K2C03• 

Filtration, evaporation of the solvent and columo chromatography (dichloromethanelmethanol: 98:2) 
yielded 5 (4.15 g, 24.0 mmol, 48%). 
M.p.: 1Sl-153°C; 1H NMR (400 MHz, CDCh): o 7.56 (d, J = 8.5 Hz, lH, H-4), 7.50 (d, J = 8.9 Hz, lH, 
H-8), 7.06 (dd, J = 2.6 and 8.8 Hz, lH, H-7), 7.03 (d, J = 2.5 Hz, 1H, H-5), 6.95 (d, J 2.1 Hz, 1H, H-1), 
6.93 (dd, J = 2.3 and 8.5 Hz, 1H, H-3), 3.87 (s, 3H, OC!h), 3.69 (br. s, 2H, N]!2); 

13C NMR (100 MHz, 
CDCh): o 155.3 (Cq), 142.3 (Cq). 130.2 (Cq), 128.6 (Cq), 127.9, 127.3, 118.9, 118.7, 109.2, 106.1, 55.3 
(O.{;;H3). 
2-Methoxy-6-nitronaphthalene, 6 
Sodium perborate tetrahydrate (7.3 g, 47.4 mmol) was stirred in acetic acid (30 ml) at 6(J'C. To this 
suspension was added dropwise (Y2 h) a solution of 5 (1.73 g, 10.0 mmol) in acetic acid (20 ml). After 
stirring for 2 h at 6(J'C the reaction mixture was cooled to (J'C and filtered. The remaining solid was 
washed with ice-water and diethyl ether. The two layers were separated, the water layer was extracted 
with diethylether (2 x 100 ml) and the combined organic layers were washed with water and dried over 
MgS04• After filtration, evaporation of the solvent and column chromatography of the residue 
(dichloromethanelhexane: 218), the resulting solid was taken up into dichloromethane (150 ml) and 
washed with IN KOH (3 x 50 ml), water (50 ml) and brine (SO ml). Drying over MgS04, filtration, 
evaporation of the solvent and crystallization of the residue (ethanol/water: 9/l) yielded 6 (0.33 g, 1.6 
mmol, 16%) 
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M.p.: 138.5-139.5"<::; 1H NMR (400MHz, CDCh): ~ 8.71 (d, J = 2.2 Hz, 1H, H-5), 8.20 (dd, J = 2.3 and 
9.0 Hz, !H, H-7), 7.90 (d, J = 9.0 Hz, lH, H-4), 7.80 (d, J = 9.0 Hz, lH, H-8), 7.27 (dd, J = 2.5 and 9.0 
Hz, lH, H-3), 7.19 (d, J = 2.4 Hz, 1H, H-1), 3.97 (s, 3H, OCJ:h); 13C NMR (100 MHz, CDCh): ~ 160.7 
(Cq), 143.8 (Cq), 137.8 (Cq), 131.5 (Cq), 130.9, 127.8, 124.6, 121.0, 120.0, 105.9, 55.5 (QhH3). 

6,6' ·Dibromo-2,2' -dihydroxy-1,1 '·binaphthalene, 7 
To a cooled ( -78°C) solution of 2,2' -dihydroxy-1, 1' -binaphthalene ( 10 g, 34.9 mmol) in dichloromethane 
( 175 ml), a bromine ( 11.2 g, 70.1 mmo1) solution in dichloromethane (25 ml), was added dropwise in 1 
h. This mixture was stirred 2 h at -78"C, followed by an additional 2 h at room temperature. Then a 
sodium bisulfite solution (25 g, 0.24 mol in 250 ml water) was added. The organic layer was washed 
with brine (2 x 100 ml) and dried over MgS04. Evaporation of the solvent yielded 7 (14.6 g, 32.9 mmol, 
94%). 
1H NMR (400MHz, DMSO~): ~9.52 (br.s, 2H, 0!!), 8.12 (d,J = 2.1 Hz, 2H, H-5), 7.87 (d, J = 8.9 Hz, 
2H, H-4), 7.36 (d, J = 8.9 Hz, 2H, H-3), 7.32 (dd, J = 2.2 and 9.1 Hz, 2H, H-7), 6.85 (d, J = 9.1 Hz, 2H, 
H-8); 13C NMR (100 MHz, DMSO~): ~ 153.6 (Cq), 132.6, 129.6 (Cq), 129.3, 128.9, 128.2 (Cq), 128.6, 
119.7 (Cq), 115.3 (Cq). 115.1. 
6,6' -Dicyano-2,2' -dihydroxy-1,1 '-binaphthalene, 8 
Compound 7 (5 g, 11.3 mmol) and CuCN (3 g, 33.5 mmo1) were stirred in NMP (25 ml) at 20Q"C for 16 
h. After cooling to. 1 OOOC the mixture was poured into a solution of ferric(III)chloride (6.8 g. 41.9 mmol) 
and concentrated HCI (=12M, 4ml) in water (15 ml). This mixture was stirred for 2 hat &C, cooled to 
room temperature and extracted with diethyl ether (3 x 200 ml). Washing of the ether fraction with water 
(4 x 200 ml), drying over MgSO"' evaporation of the solvent and column chromatography of the residue 
(THF/hexanes: gradient), yielded 8 (2.0 g, 5.9 mmol, 52%). 
1H NMR (400 MHz, dioxane-d8): ~ 8.38 (d, J =2Hz, 2H, H-5), 7.99 (d, J =9Hz, 2H, H-4), 7.40 (dd, J = 
2 and 9Hz, 2H, H-7), 7.38 (d, J =9Hz, 2H, H-8), 7.07 (d, J =9Hz, 2H, H-3); 13C NMR (100 MHz, 
dioxane-ds): 6 156.7 (Cq), 136.7 (Cq), 135.1 (C-4), 131.5 (Cq), 128.7, 128.1, 125.9, 120.7 (Cq), 119.8 
(Cq), 114.7, 107.4 (Cq). 
[1-0, 2-0:4-0, 5-0]-Bis[2' ,2"•(6',6"-dicyano-1' ,1"-binaphthyl)]-1,2,4,5-tetramethanolbenzene, 9 
To a solution of 8 (7 g, 20.8 mmol) and CszC03 (20.3 g, 62.3 mmol) in DMF (150 ml) at 130"C was 
added dropwise (3 h) a solution of 1,2,4,5-tetrakis(bromomethylbenzene ( 4.68 g, 10.4 mmol) in DMF 
(10 ml). This reaction mixture was stirred for 3 hat 130"C after which it was poured into water (200 ml) 
and extracted with ethylacetate (3 x 200 ml). The organic layer was washed with water (5 x 100 ml) and 
dried over MgS04. Evaporation of the solvent yielded 9 ( 4.8 g, 6.0 mmol, 58%) as a mixture of isomers. 
A first fraction was obtained as the residue after several washings with THF. A second fraction was 
obtained by preparative HPLC (THF, silicage1 column). The product that eluted slowest proved to be 
identical to the residue obtained by the THF-washings. 
1H NMR (400 MHz, DMF-d1, 800C): fraction 1 (meso-9): ~ 8.54 (d, J = 1.5 Hz, 4H, H-5), 8.27 (d, J = 
8.8 Hz, 4H, H-4), 7.94 (d, 1= 8.8 Hz, 4H, H-8), 7.77 (s, 2H, Hphenyt), 7.42 (dd, J = 1.8 and 8.8 Hz, 4H, H-
7), 7.15 (d, J = 8.8 Hz, 4H, H-3), 5.45 (dd, J = 11.8 and 33.5 Hz, 8H, OCH.Hh); fraction 2 (racemic 9): ~ 
8.44 (d, J = 1.5 Hz, 4H, H-5), 8.14 (d, J = 8.8 Hz, 4H, H-4), 7.90 (d, J = 8.8 Hz, 4H, H-8), 7.78 (s, 2H, 
Ifpre,yt), 7.45 (dd, J = 1.8 and 8.8 Hz, 4H, H-7), 7.20 (d, J = 8.8 Hz, 4H, H-3), 5.48 (dd, J = 11.8 and 26.1 
Hz, 8H, OCH.J:!,). 
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3 Bi- and Tri-Chromophoric Arrays* 

Summary 

( ... ) the aim of science is not things themselves, as the dogmatists in their 
simplicity imagine, but the relation between things; outside those relations 
there is no reality knowable. 

-Henri Poincare, Science and Hypothesis, Dover 
Publications Inc., New York, 1952 

Two series of one-, two- and three{old symmetrical molecules, with one, 

two and three chromophores, respectively, have been synthesized. Their 

optical properties have been studied using UV/Vis and fluorescence 

spectroscopy. Information about the lifetime and nature of the triplet state was 

obtained from time resolved microwave conductivity (TRMC) measurements. 

The triplet lifetime was found to decrease from la (one chromophore) to lc 

(three chromophores). This was rationalized by assuming a mixing between 

the lowest lying mr:" and 'IUC• singlet and triplet states. The triplet state of 

compounds la-Ic was found to be dipolar and the time scale for flip-flop 

switching between the different possible degenerate structures for the 

symmetricallb and lc compounds was estimated to be on the order of several 

tens of picoseconds. 

3.1 Introduction 
Recently it was realized1 that the nonlinear optical (NLO) properties2 of molecules and 

materials can be enhanced using multi-chromophoric structures without the loss of optical 

transparencY' usually associated with increasing NLO-effects (see also Chapter 2). This has led 

to an increasing interest in the nonlinear optical properties of multi-dipolar and multiple 

donor/acceptor chromophoric compounds. A clear distinction can be made between these two 

classes of compounds. In the former, which is already discussed in chapter 2, the molecules are 

build up from several (classical) dipolar units separated by a spacer. In the second class, several 

donors and acceptors are attached to a single 1t-conjugated system which leads to non-dipolar, 

*Part of this work has been published: W. Schuddeboom, J.M. Warman, H.A.M. Biernans, E.W. Meijer, J. Phys. 
Chern. 1996, 100, 12369. 
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non-centrosymmetric multi-chromophoric arrays. The first example of second harmonic 

generation (SHG) from a powder sample of such a molecule, was established for I ,3,5-triamino-

2,4,6-trinitrobenzene (T ATB).4 

N02 

H2*0 NH2 
02 N02 

NH2 
TATB 

This threefold symmetrical molecule5 is now generally considered to be the prototype 

of these so called octopolar molecules.6 Rationalization and determination of the origin of SHG 

from this octopolar molecule is still the subject of investigations.7 Several explanations have 

already been presented, including polymorphism,4•
7
b deformation of the molecular structure 

within the crystal,? a non-centrosymmetric stacking of the layers,8 and the presence of 

irreducible tensor components.6'
9 However, since SHG of an alkylated derivative of TA TB was 

measured from a solution with hyper Rayleigh scattering (HRS),10 also a molecular 

rationalization might be applicable: a non-dipolar ground state of the molecule and a dipolar S 1 

state can also account for the large SHG efficiency.11 This has led to an upsurge of interest, from 

a theoretical6•
12 as well as a practical13

•
14

•
15

•
16 point of view, in symmetric structures with high 

optical nonlinearities. 

The TATB molecule studied by Ledoux et al.,4 can be considered the threefold 

symmetrical equivalent of p-nitroaniline. As mentioned earlier, the conjugation paths between 

the three donors and acceptors make use of the same n:-system, the central phenyl ring. 

Separation of the conjugation paths might lead to a larger dipolar excited state11 and hence an 

even higher SHG efficiency. A "n:-separated" analogue of 1,3,5-triamino-2,4,6-trinitrobenzene is 

l,3,5-tris(4-nitrophenyl)-hexahydro-s-triazine. This molecule17 and other, differently substituted 

derivatives 18 have already been synthesized and studied19 previously. However, a full series 

comprising one, two and three such chromophores has not yet been subjected to detailed 

photophysical investigations with respect to the nature and (de)localization of the excited state. 

Therefore, two series of symmetrical arrays, containing separate donor-n:-acceptor units 

based on aniline substituted with different acceptor groups, have been synthesized. The 

photophysical properties have been investigated with UVNis and fluorescence spectroscopy. 

One series has additionally been studied with time-resolved microwave conductivity (TRMC), a 

technique which monitors short-lived dipolar products of flash photolysis and gives information 
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with respect to the localization or delocalization of the photoexcited state. Unfortunately, 

nonlinear optical measurements have, until now, been unsuccessful. 

3.2 Synthesis 
The synthesis of the p-nitroaniline derivatives la-c is outlined in scheme 3.1. 

Cl-©-~ + H-NJ 
excess 1a 

Scheme 3.1 Synthesis of la-c. 

Compounds la-c were prepared by (adaptations of) literature procedures.18
•
20

•
21a Compound la 

was prepared in high yield by reacting p-chloronitrobenzene and an excess of piperidine, which 

was also used as scavenger for the HCl formed during the reaction.Z0 The bi-chromophoric 

molecule lb was prepared by reacting 1 equivalent of piperazine and 2 equivalents of p

chloronitrobenzene in the melt, which yielded, after precipitation and crystallization, the desired 

compound in 20% yield.Z1
a For the tri-chromophoric compound lc, DMSO was first treated with 

P20s, after which p-nitroaniline was added. Precipitation followed by crystallization from 

pyridine gave lc in 32% yield.18 For the synthesis of compounds Sa-c commercially available 

thiophenols were first alkylated and subsequently oxidized as outlined in scheme 3.2. p

Chlorothiophenol, p-fluorothiophenol and p-nitrothiophenol were alkylated with bromohexane 

in either acetone or MEK with K2C03 as a base to give the thioethers 2a-c in high yield. 

Oxidation of these compounds to the sulfonyl derivatives 3a-c, proceeded smoothly in high yield 

with m-chloroperbenzoic acid (MCPBA) in dichloromethane. Nitro compound 3c was 
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subsequently reduced to the amino derivative 4 with tin in a concentrated HCl solution. The 

synthesis of the monochromophoric Sa is comparable to that of the nitro derivative; 3a was 

reacted with an excess of piperidine to yield compound Sa in 64%. Reaction of 3a with 

piperazine failed to give Sb in several attempts. In this case, reaction of the fluoro derivative 3b 

with piperazine in diisopropylethylamine, also used as a base to scavenge the formed HCl, 

yielded bi-chromophoric Sb in 46% yield. Tri-chromophoric compound Sc was prepared in 46% 

yield, by reacting amino derivative 4 with paraformaldehyde in toluene. !Sc 

MCPBA 
x-©--so2CeH13 2 ,.. 

DCM 
3 

3c 
Sn,HCI 

H2N-©--S02CeH13 ,.. 
82% 

4 

3a + CN-H 
excess 

64% __...,.. 

1\ 
2 3b + H-N N-H 

4 
(CHO)n ,.. 

46% 

\_/ 

NEt(i-Pr)2 ... 
toluene 

46% 

Scheme 3.2 Synthesis of Sa-c. 

2 3 

a Cl 94% 79% 
b F 97% 97% 
c N02 99% 90% 

Sa 

H13Ca02S-©--N8N-©--S02CeH13 

Sb 
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3.3 UVNis Absorption Spectroscopy 
All compounds, la-c, the model compounds p-nitroaniline (PNA) and p

dimethylaminonitrobenzene (DMPNA) and Sa-c, show unstructured absorption bands in 

chloroform as well as in benzene. The absorption maxima and molar extinction coefficients are 

given in table 3.1. 

Table 3.1 Absorption maxima and molar extinction coefficients of la-c, 
PNA, DMPNA, 4 and Sa-c. 

Benzene Chloroform Acetonitrile 

A..ru.x (nm) A..ru.x (nm) £ (llY Vmol·cm) A..ru.x (nm) 

PNA 345 346 14.2 
DMPNA 381 390 20.5 

la 384 394 19.1 
lb 375 385 34.1 
lc 354 350 40.8 

4 277 261 30.3 263 
Sa 285 287 23.2 285 
Sb 285 287 48.1 287 
Sc 280 277 74.6 282 

The pronounced bathochromic shift upon N-alkyl substitution, illustrated by PNA vs DMPNA 

and la, is characteristic of aniline derivatives and is a consequence of the increased electron 

density at the anilino nitrogen caused by the electron-donating effect of the alkyl groups. In 

going from la to lc, a pronounced blue shift is observed in chloroform as well as benzene. This 

hypsochromic shift is ascribed to a mutual electron withdrawing effect of the anilino nitrogens in 

lb and lc. This counteracts and eventually almost neutralizes the electron donating effect of the 

intervening methylene groups and results for lc in the spectrum being similar to that of PNA. 

The same trends, but. less pronounced, are observed for Sa-c. The absorption spectra of lb, lc, 
Sb and Sc are very similar in shape to those containing only a single chromophoric unit. No 

additional long wavelength absorption bands indicative of intramolecular interactions between 

the chromophoric units are apparent. The spectra suggest rather that, due to the decoupling effect 

of the intervening methylene groups, photon absorption involves local excitation of a single 

chromophoric moiety. 
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3.4 Fluorescence Spectroscopy 
No fluorescence at all could be detected from benzene solutions of PNA at room 

temperature, in agreement with previous studies. 22 Only weak emissions with maxima at 

approximately 430 nm were observed for DMPNA and la. For lb, a very weak fluorescence 

was just detectable, whereas lc showed no fluorescence at all, as was found for PNA itself. The 

emissive properties of la-c therefore show a trend similar to that found for the absorption 

spectra, i.e., a tendency for lb and lc to revert back to the properties of the unsubstituted parent 

compound PNA. 

In the case of the sulfonyl derivatives Sa-c the fluorescence intensities after excitation 

at "-max, were readily detectable in chloroform, benzene and acetonitrile. The results for 4 and Sa

c as measured in acetonitrile, are shown in figure 3.1. A relatively strong emission band is 

observed at 335 nm for 4. Compounds Sa-c all show relatively weak emissions at the same 

position as parent compound 4. In addition, Sa and 5b feature stronger emission bands around 

460-470 nm, while Sc has an emission band at 382 nm. Electronic interaction between the 

chromophores would lead to a delocalization of energy and subsequently high wavelength or 

excimer emission for 5b and Sc. This is not observed and is in agreement with the UVNis 

results (vide supra). 

18 

16 

14 
;:; 

--4 (' 1/5) 
------Sa 
......... 5b 

.e 12 -·-·--·· 5c 

G> 
0 c: 
<l> 
0 

"' <l> 
c: ·e 
:::> 

....1 

10 

8 

6 

4 

2 

0 
. 300 400 500 600 

Figure 3.1 Emission spectra of 4 and Sa-c measured in 
acetonitrile after excitation at their respective absorption 
maxima. 

The high wavelength emission observed for Sa and Sb compared to 4 is rationalized by the 

presence of alkyl substituents, while the tendency of the emissive properties of Sc to revert back 

to. those of the parent compound 4 is again in agreement with the results obtained from the 
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absorption data. The excitation spectra of the 335, 457, 472 and 382 nm emission of 4 and 5a-c 

respectively, resemble the corresponding absorption spectra, with the excitation maxima (277, 

298, 301 and 290 nm respectively) shifted slightly to longer wavelengths (table 3.1). 

3.5 Infrared Absorption Spectroscopy 
Several characteristic absorptions are observed in the IR spectra of the nitro and the 

hexylsulfonyl derivatives. The results are summarized in table 3.2. The N-H absorptions are 

clearly present for PNA and 4, and absent for the other compounds. The bands around 2900 cm·1 

are assigned to the aliphatic C-H stretch vibrations. For DMPNA, which only contains two 

methyl groups, there is one such absorption present. Furthermore several trends can be observed 

for the stronger absorption bands although their significance is not quite clear. The characteristic 

vibrations for nitro substituents are observed around 1600 cm·1 and between 1311-1327 cm·1
• 

Tabel3.2 Characteristic /R absorption bands (in em·') of PNA, DMPNA, 4 
and la-c and Sa-c. 

N-H 

NO,. 

so2 1594 1589 1589 1589 

1126 1147 1137 1138 

1126 

CH 2921 2932 2932 2932 2932 2932 2932 2932 

2845 2845 2845 2856 2856 2867 2856 

CHI 1507 1529 1507 1507 1502 

Aryl 1474 1485 1474 1485 

1442 1452 

Aryl H80 1201 1278 1278 1295 1295 

1109 lll5 1109 1115 1115 1251 1229 1239 

940 913 946 946 

842 821 821 831 831 782 821 831 821 

755 750 755 155 744 782 788 

570 603 562 566 

526 537 
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The wavenumber slightly increases from 1311 to 1327 .cm·1 for la to lc, while for la the 

absorption resembles that of PNA. One of the aryl absorptions of the nitro derivatives show a 

small shift to lower wavenumbers in going from la to lc: 1246 to 1229 cm·1. For the 

hexylsulfonyl derivatives a decreasing value of the aryl absorption is observed for Sa to Sc from 

1507 to 1496 cm-1
, while for another absorption band it increases from 1453 to 1464 em·'. 

3.6 Time Resolved Microwave Conductivity23 
With the Time Resolved Microwave Conductivity (TRMC) method,24 changes in the 

dipole moments of solute molecules on photoexcitation can be detected. In a microwave cavity 

molecules in a relatively nonpolar solvent are excited by means of a laser pulse and changes in 

the absorption of microwave energy are then measured as transients. From these measurements 

information about the singlet and triplet state of molecules can be obtained (see also 

experimental section). The measurements were performed on benzene and dioxane solutions of 

the nitro-derivatives la-c, PNA and DMPNA. The TRMC transients were relatively long-lived 

and were assigned to the formation of triplet states with dipole moments substantially larger than 

those of the ground state molecules, even for lb and lc. 

Triplet state lifetimes. 

The T1 lifetimes ('tT) and the parameter [i!>Isc&MT] are determined from the decay of the 

TRMC transients24 and are listed in table 3.3. The 'tT for PNA in benzene decreases with 

increasing concentration and the value of 54 ns was obtained by extrapolation to "zero 

concentration". 

Table 3.3 Triplet state lifetimes ( 7:r) and [ t/J1s0 1Mr} values 
derived from TRMC transients. 

'tT (ns) [ii>Isc&MT] (10'8 m2Ns) 

solute benzene dioxane benzene dioxane 

PNA 54 a 2753 2.69 0.66 

DMPNA 1400 2200 1.09 0.56 

la 1400 2600 0.92 0.38 

lb 575 1200 1.13 0.60 

lc 18 120 0.90 0.53 
a) Extrapolated value at "zero concentration". 

It is concluded that for PNA and lc the lowest S1 and T, states are almost equal in energy and 

of 1nn:· and 3n:n:• character, respectively. This results in strong S1 H T1 mixing and a more rapid 
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decay to the ground state than would nonnally be expected for a spin-forbidden transition. 

Several studies have clearly demonstrated that the first absorption band of PNA involves 

transitions to more than one electronic configuration?5 Since the observed band is broad and 

structureless it is thought that also these transitions (1n1t· and 11t1t*) are close in energy. The 

general conclusion is therefore that all of the lowest n1t* and 1t1t• singlet and triplet. states of PNA 

are in fact close to each other (figure 3.2). 

The pronounced increase in the triplet state lifetime of PNA from 54 to 1400 ns on N

dimethyl substitution is rationalized by a lowering in energy of the more polar 1t1t• states relative 

to the n1t*, causing eventually inversion in S1 from 1n1t* to 11t1t•.zsc Stand T1 are now both of1t1t* 

character, and the S1 H T1 mixing decreases substantially, thereby increasing 'tT. Increasing the 

solvent polarity has the same effect. This would explain why the triplet state lifetime of PNA is 

going from 54 to 275 ns when replacing benzene by the more polar solvent dioxane. 

I PNA in benzene I 

N-alkyl subslilutlon 

or 

more polar solvent 

17E'It* --

1nJt* ttU!IHIHI .. 

.......... , 1111H!HUU 3fl1t* 
17E'It* 

So 

···- 3rut* 

strong 
s1-T1 
coupling 

I DMPNA in dioxane I 

- ........... 
'• 

•• ••• _ Smt* 

weak 
s1-T1 
coupling 

FigUre 3.2 Order of states required to explain the short T1 lifetime of 
PNA in benzene and the pronounced increase in lifetime found on N
methyl substitution or increasing solvent polarity due to the change 
in S1 from mainly I n'IC• to l T&Tl• character. 

The decreased coupling between S1 and T1 is also in agreement with the occurrence of S1 ~So 

fluorescence for the N-alkyl derivatives DMPNA and la, as discussed earlier. The triplet 

lifetimes for la-c display a similar trend to that found for the optical absorption and emission 

properties, with the results for lb and lc tending to revert back to those of PNA itself. In the 

case of lc, the T1 lifetime of 18 ns is in fact even shorter than that of PNA, indicating even 

stronger mixing between the St and T1 states for this compound. 
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Triplet state dipole nwments. 

Table 3.4 lists the triplet state dipole moments J.I.T, which are estimated from the 

[IPJsc.:l.MT] values and the dipole relaxation time.24 .:l.MT is the change in rotational charge 

mobility which is proportional to the difference between the squares of the dipole moments of 

the triplet and ground states, i.e . .:l.MT "" (J.I.l - J.4h, and <P1sc the quantum yield for intersystem 

crossing. The values of J.I.T for the symmetrical lb and c are of the same order of magnitude or 

even larger than those determined for the nonsymmetrical DMPNA and la. However, there is in 

fact a larger discrepancy between the dipole moments for the symmetrical and nonsymmetrical 

compounds than might appear at first glance from table 3.4. 

Table 3.4 Triplet state dipole moments from TRMC measurements for 
Prsc = 1 and Prsc = 0.5. 

solute 

PNA 

DMPNA 

IP!sc = 1 

benzene 

11.3 

9.1 

dioxane 

8.8 

9.1 

<Prsc =0.5 

benzene 

14.7 

11.1 

dioxane 

10.9 

11.1 

la 9.1 8.7 11.0 10.5 

lb 8.4 [15.0]b 9.0 [15.6]b 11.8 [18.4]b 12.7 [19.3]b 

lc 8.6 [15.2]b 9.9 [16.5]b 12.2 [18.8]b 14.0 [20.6]b 

a) The ground state dipole moments used were 6.2 (PNA26), 6.6 
(DMPNA26 and lc), and 0 D (lb and lc). b) The estimated dipole 
moment of the locally excited moiety, taking for the opposing dipole 
moment of the "dormant" moieties a value of 6.6 D. 

This arises because one has to take into account that ItT for the symmetrical compounds is a net 

value, equal to the resultant of the dipole associated with the locally excited chromophore, J.I.LT, 

and the opposing dipole(s) of the accompanying "dormant" nitro-anilino moiety(ies). If the latter 

is taken as a first approximation to be close to the value of 6.6 D found for the ground state 

DMPNA, then the dipole moment of the locally excited chromophore must be larger than the ItT 

values given in table 3.4 by approximately this amount. These estimates of !lLT are shown in 

bracketsin table 3.4. Even the lowest values (15 D) are then still unrealistically high. This is 

made plausible by the assumption that dipole relaxation in the triplet state of lb and lc occurs 

more rapidly than rotational relaxation and, therefore, that there is an additional mechanism 

which causes dipole reversal. This most probably involves flip-flop switching of the local dipole 

between the different possible degenerate locally excited structures, as has been proposed to 

occur for a similar symmetrical derivative of (dimethylamino)-benzonitrile.27 The time scale for 
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the flip-flop dipole relaxation in the T1 states of the symmetrical compounds must then be 

comparable with or shorter than the rotational relaxation times. Since the viscosity normalized 

rotational diffusion times are, in a first approximation, estimated to be 67, 107 and 148 ps/cP for 

la,b and c respectively, the time scale for the flip-flop mechanism must be on the order of 

several tens of picoseconds. 

3. 7 Conclusions 
The UVNis and fluorescence properties and triplet state lifetimes of the chromophoric 

compounds la-c and Sa-c are found to be highly dependent on the electron density on the 

anilino nitrogen. This is influenced substantially by alkyl substitution and differs significantly for 

the respective mono-, di- and trisubstituted derivatives. The triplet state dipole moments of lb 

and lc seem to be comparable to those of compounds with a single chromophoric unit. 

However, when taking into account the ground state dipole moments of the opposing "dormant" 

chromophores, the dipole moment of the excited moiety is substantially larger. The combined 

photophysical results suggest that photoexcitation takes place in a single chromophoric unit and 

that intramolecular dipole switching between degenerate structures in the symmetrical 

compounds lb and lc takes place via a so called flip-flop mechanism. The time scale of this 

flip-flop switching of the local dipole is estimated to be on the order of a few tens of 

picoseconds. Because the local dipole exchanges between the different chromophoric moieties, 

on average, a non-dipolar molecule may be considered, depending on the time scale of the 

respective experiment or techniques with which the molecules are probed. 

Based on these considerations it seems worthwhile to also determine the nonlinear 

optical properties of these molecules, especially in light of the issues already mentioned in the 

introduction concerning the origin of NLO activity in octopolar molecules. A direct comparison, 

may however not be valid as the molecules described here have separated 1t-systems which 

gives them also a greater conformational flexibility. The chromophores in lc for example, may 

be oriented, at times, in an umbrella-shaped conformation, la-c,hJ comparable to that of 

calixarenes. This could make interpretation of the NLO results rather difficult, in line with what 

has already been concluded for the multi-chromophoric molecules descibed in Chapter 2. The 

issue of conformational dynamics of multi-chromophores will also be addressed in Chapter 4. 

Nevertheless, attempts were made to determine the first hyperpolarizability. However, lb and lc 

were too insoluble in the appropriate solvents to measure ~ with acceptable accuracy. The series 

5 showed significant emission at 532 nm due to multi-photon absorption, the wavelength at 

which also frequency doubling (SHG) occurs when using a 1064 nm fundamental beam. 

Correction for this fluorescence would result in large errors in the data, making the results 

unreliable. This problem can be circumvented in two ways: firstly, using a longer wavelength 
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(>1500 nm) for the fundamental beam,28 which would result in SHG at >750 nm, a wavelength 

at which no fluorescence occurs, and secondly, using a femto-second laser?9 Fluorescence is a 

process usually occurring at a nanosecond time scale, while SHG is an instantaneous process. 

Using a femtosecond laser pulse allows discrimination between the two processes. However, 

neither technique was available at the time of the experiments and these investigations, 

therefore, remain to be done. 

3.8 Experimental 
General 
TRMC measurements were performed in the group of Dr. J .M. Warman at the IRI in Delft. Fluorescence 
measurements were performed on a Perkin Elmer LS 50B luminescence spectrometer. Infrared spectra 
were recorded with a Perkin Elmer 1600 series FI1R using KBr-pellets. For other general experimental 
details the reader is referred to Chapter 2. 

TRMC 
In the TRMC technique24 a dilute solution of the compound of interest is contained within an X-band (ca 

10 GHz) microwave cavity. The solute is photo-excited with a flash of UV light from a Lumonics 
HyperEX 420 excimer laser (7 ns, 50 mJ, 308 nm pulse). The change in microwave power reflected by 
the cavity resulting from flash-photolysis, LlR, is monitored with nanosecond time-resolution at 
frequencies close to a cavity resonance. 
At the resonance frequency fo, LlR is proportional to the change in the real component of the 
conductivity, ~aR (or the dielectric loss, .1£"), of the solution. This gives a measure of the change in 
dipole moment of the solute molecule on photo-excitation via: 

N*[e'+2] 2[,ut- .u5JwG(we) 
IHIR = 21kBT (1) 

In (I), N* is the excited state concentration, e' is the dielectric constant of the solution, ll* and !lo are the 
dipole moments of the excited state and ground state of the solute molecule respectively, e is the dipole 
relaxation time, ro is the radian microwave frequency and G( mEl) is the dispersion term which for a 
Debye-type dispersion is given by: 

we 
G(we) = 2 (2) 

1 +(we) 

If e is known or can be estimated, it is possible to derive from a quantitative treatment of the 
experimental results t~e parameter ljl*[J.l*2 - J.l02], where ljl* is the quantum yield for excited state 
formation. 

Synthesis 
1-(4-Nitropbenyl)piperidine, la 
Piperidine (5.14 g, 60.4 mmol) and p-chloronitrobenzene (3.17 g, 20.1 mmol) were stirred in DMSO (15 
ml) at 80"C for 28 h. Mter cooling to room temperature, water (125 ml) was added and the resulting 
precipitate was filtered and washed with water. Crystallization from ethanol yielded la (3.90 g, 18.9 
mmol,94%). 
M.p. 105.5-106.0"C (103-104°C, EtOH); Elemental analysis calc.: C 64.06, H 6.84, N 13.58; found: C 
63.87, H 7.10, N 13.69; 1H NMR (400 MHz, CDCh): o 8.10 (d, J = 9.4 Hz, 2H, Har-3,5), 6.79 (d, J = 9.4 
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Hz, 2H, H • ..-2,6), 3.45 (m, 4H, NC!12), 1.69 (m, 6H, NCH:zCH2CH2); 
13C NMR (100 MHz, CDCh): o 

154.9 (Cq). 137.4 (Cq). 126.1, 112.3, 48.4, 25.3, 24.2; IR (KBr, cm'1): 2932, 2845, 1600, 1474, 1311, 
1246,1109,913,821,755. 
1,4-Bis( 4-nitrophenyl)piperazine, 1b 
Piperazine (1.72 g, 20.0 rnmol) and p-chloronitrobenzene (6.30 g, 40.0 mmol) were stirred in DMSO (50 
ml) at 80"C for 24 h. After cooling to room temperature, water (150 ml) was added and the resulting 
precipitate was filtered and washed with water. Crystallization from ethanol yielded 1b (1.31 g, 4.0 
mmol,20%). 
M.p. 270-27l"C (263-264"C, phenol/nitrobenzene); Elemental analysis calc.: C 58.53, H 4.91, N 17.06; 
found: C 58.61, H 5.05, N 17.29; 1H NMR (400 MHz, DMSO-d6): o 8.09 (d, J 9.4 Hz, 4H, H...-3,5), 
7.01 (d, J = 9.4 Hz, 4H, H.,-2,6), 3.71 (s, 8H, NClli); 13C NMR (100 MHz, DMSO~): o 154.1 (Cq), 
136.8 (Cq), 125.8, 112.0, 45.1; IR (KBr, cm-1

): 2932, 2845, 1594, 1507, 1485, 1322, 1235, 1115, 946, 
831,755. 
1,3,5-Tris( 4-nitrophenyl)-hexahydro-s-triazine, 1c 
Phosphorus pentoxide (3.6 g. 25.4 rnmol) was added, with cooling, to DMSO ( 15 ml). After 15 min. p
nitroaniline (2. 77 g, 20.1 mmol) was added. This solution was stirred for 70 h at room temperature, after 
which first methanol (50 ml) and then water (50 ml) were added. The resulting precipetate was filtered 
and washed with methanol. Crystallization from pyridine yielded 1c (0.95 g, 2.1 rnmol, 32% ). 
M.p. 325°C (decomp.} (286-28rC, pyridine, decomp.); Elemental analysis calc.: C 56.00, H 4.03, N 
18.66; found: C 55.03, H 3.96, N 18.77; 1H NMR (400 MHz, DMSO-dt,): o 8.09 (d, J = 9.4 Hz, 6H, Har· 
3,5), 7.22 (d, J = 9.4 Hz, 6H, H...-2,6}, 5.35 (s, 6H, NC!12); 13C NMR (100 MHz, DMSO~): o 152.4 
(Cq), 139.1 (Cq), 125.6, 114.6, 62.9; IR (KBr, cm'1): 2932,2845, 1594, 1507, 1327,.1229, 1115, 946, 831, 
744. 
1-Chloro-4-(n·hexylthio)-benzene, 2a 
p-Chlorothiophenol (10.0 g, 69.2 mmol), 1-bromohexane (11.7 g, 70.9 mmol) and K:zC03 (8.9 g, 64.5 
mmol) were stirred in MEK (50 ml) at 80"C for 20 h. The reaction mixture was then poured into water. 
Extraction with diethyl ether (3 x 100 ml), washing of the organic layers with water (3 x 50 ml) and 
drying over MgS04 gave, after filtration and evaporation of the solvent, 2a (14.9 g, 65.1 mmol, 94%) as 
a liquid. 
1H NMR (400 MHz, benzene~): o 6.98 (d, J = 8.8 Hz, 2H), 6.95 (d, J = 8.8 Hz, 2H), 2.53 (t, J = 7.3 Hz, 
2H, SCH2), 1.42 (m, 2H, Halkyl), 1.13-1.22 (m, 4H, Halkyl), 1.05-1.11 (m, 2H, lia!kyJ), 0.83 (t, J = 7.1 Hz, 
3H, Cfu); 13C NMR (100 MHz, benzene-d6): o 136.4 (Cq), 131.6 (Cq), 130.2, 129.2, 33.6, 31.6, 29.1, 
28.7, 22.8, 14.2. 
1-Fiuoro-4-(n-hexylthio)-benzene, 2b 
p-Fluorothiophenol (5.0 g, 39.0 mmol), 1-bromohexane (6.44 g, 39.0 mmol) and K2C~ (5.7 g, 41.2 
mmol) were stirred in acetone (75 ml) at 55°C for 24 h. The reaction mixture was then poured into water 
and extracted with diethyl ether (3 x 100 ml). The organic layer was washed with water (3 x 50 ml) and 
dried over MgS04. Filtration and evaporation of the solvent yielded 2b (8.0 g, 37.7 mmol, 97%) as a 
liquid. 
1H NMR (400 MHz, CDCI3): o 7.32 (dd, J = 6.7 and 7.3 Hz, 2H, H...-3,5), 6.98 (dd, J = 8.7 and 8.7 Hz, 
2H, Har-2,6), 2.85 (t, J = 7.2 Hz, 2H, SCfu), 1.60 (m, 2H, Halkyl), 1.36-1.43 (m, 2H, HalkyJ), 1.25-1.32 (m, 
4H, H.lkyl), 0.88 (t, J = 7.0 Hz, 3H, CH3); 13C NMR (100 MHz, CDC~)): o 161.6 (Jcp =244Hz, C-1), 
131.8 (Jcp= 8Hz, C-3,5), 131.7 (C-4), 115.8 (Jcp= 22Hz, C-2,6), 35.0, 31.3, 29.1, 28.4, 22.5, 14.0. 
1-(n-Hexylthio)-4-nitro-benzene, 2c 
p-Nitrothiophenol (7.5 g, 48.3 mmol), 1-bromohexane (7.98 g, 48.3 mmol) and K2C~ (7.0 g, 50.8 
mmol) were stirred in acetone (75 ml) at 55°C for 24 h. The reaction mixture was then poured into water 
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and extracted with diethyl ether (3 x 100 ml). The organic layer was washed with water (3 x 50 ml) and 
dried over MgS04. Filtration and evaporation of the solvent yielded 2c ( 11.5 g, 48.0 mmol, 99%) as a 
liquid. 
1H NMR (400 MHz, CDCb): a 8.11 (d, J = 8.9 Hz, 2H, H-3,5), 7.31 (d, J = 9.0 Hz, 2H, H-2,6), 3.01 (t, J 
= 7.3 Hz, 2H, SC!h). 1.69-1.75 (m, 2H, Ha~~cyl). 1.41-1.51 (m, 2H, Halkyi), 1.28-1.35 (m, 4H, Ha~~cyu. 0.90 (t, 
J = 7.0 Hz, 3H, Clh); 13C NMR (100 MHz, CDCh): a 148.2 (Cq), 144.7 (Cq), 125.9, 123.6, 31.7, 31.2, 
28.5, 28.4, 22.4, 13.9. 
1-Chloro-4-(n-hexylsulfonyl)-benzene, 3a 
To a stirred solution of 2a (3.0 g, 13.1 mmol) in dichloromethane (25 ml) was added at room 
temperature MCPBA (8.1 g, 70-75%, "'32.8 mmo1) in small portions (exothermic reaction). The reaction 
mixture was then stirred for 1 hat 40"C after which it was poured into water (150 ml) and extracted with 
dichloromethane (3 x 50 ml). The combined organic layers were washed with water (3 x 50 ml) and lN 
NaOH (3 x 50 ml), dried over MgS04. filtrered and concentrated to yield 3a (2.7 g, 10.4 mmol, 79%) as 
a liquid. 
1H NMR (400 MHz, CDCh): a 7.66 (d, J = 8.7 Hz, 2H, H-3,5), 7.55 (d, J = 8.7 Hz, 2H, H-2,6), 3.09 (m, 
2H, S02Cfu), 1.65-1.72 (m, 2H, Ha~~cyl). 1.40-1.49 (m, 2H, Ha~. 1.30-1.40 (m, 4H, Haikyl), 0.86 (t, J = 7.1 
Hz, 3H, CJ:h); 13C NMR (100 MHz, CDCh): a 140.1 (Cq), 137.6 (Cq), 129.4, 129.4, 56.1, 31.0, 27.7, 
22.4, 22.1, 13.7. 
1-Fluoro-4-(n-hexylsulfonyl)-benzene, 3b 
To a stirred solution of 2b (7.0 g, 33.0 mmol) in dichloromethane (50 ml) was added at room 
temperature MCPBA (17.9 g, 70-75%, .. 72.5 mmol) in small portions (exothermic reaction). The 
reaction mixture was then stirred for 2 h at 40"C after which it was poured into water (300 ml) and 
extracted with dichloromethane (3 x 100 ml). The combined organic layers were washed with water (3 x 
100 ml) and IN NaOH (3 x 100 ml), dried over MgS04, filtered and concentrated to yield 3b (7.9 g, 32.1 
mmol, 97%) as a liquid. 
1H NMR (400 MHz, CDCh): a 7.95 (dd, J = 5.1 and 9.0 Hz, 2H, H-3,5), 7.26 (dd, J = 8.6 and 8.8 Hz, 
2H, H-2,6), 3.10 (m, 2H, S~Cfu), 1.62-1.73 (m, 2H, ~~). 1.31-1.43 (m, 2H, Halkyl), Ll9-l.3l (m, 4H, 
Ha~~cyl), 0.85 (t, J = 7.0 Hz, 3H, Clh); 13C NMR (100 MHz, CDCh): 8 165.5 (JcF 257 Hz, C-1), 135.1 
(JcF= 3Hz, C-4), 130.7 (JcF= 9Hz, C-3,5), 116.3 OcF= 23Hz, C-2,6), 56.1, 30.9, 27.6, 22.4, 22.0, 13.6. 
1-(n-Hexylsulfonyl)-4-nitro-benzene, 3c 

To a stirred solution of2c (5.0 g, 20.9 mmol) in dichloromethane (40 ml) was added at room temperature 
MCPBA (11.3 g, 70-75%, "'72.5 mmo1) in small portions (exothermic reaction). The reaction mixture 
was then stirred for 2 h at 40"C after which it was poured into water (200 ml) and extracted with 
dichloromethane (3 x 100 ml). The combined organic layers were washed with water (3 x 100 ml) and 
IN NaOH (3 x 100 ml), dried over MgS04, filtered and concentrated to yield 3c (5.1 g, 18.8 mmol, 90%) 
as a liquid. 
1H NMR (400 MHz, CDCh): a 8.43 (d, J = 8.9 Hz, 2H, Har·3,5), 8.13 (d, J = 9.0 Hz, 2H, Har-2,6), 3.14 
(m, 2H, S~Cfu), 1.67-1.77 (m, 2H, Ha~~cy~), 1.34-1.44 (m, 2H, H-alkyl). 1.21-1.34 (m, 4H, H-alkyu. 0.86 (t, J 

6.9 Hz, 3H, CJ:h); 13C NMR (100 MHz, CDCh): a 150.8 (Cq), 144.8 (Cq), 129.6, 124.5, 56.2, 3l.l, 
27.9, 22.5, 22.2, 13.8. 
4-(n-Hexylsulfonyl)-aniline, 4 
To a mixture of3c (4.3 g, 15.8 mmol) and Sn granules (3.15 g, 26.5 mmol) was added HCl (12M, 10 ml, 
z120 mmol) in portions. The reaction mixture was then refluxed for 3 h. After cooling to room 
temperature a NaOH solution (10 g, 250 mmol, in 50 ml water) was added dropwise and the resulting 
mixtures was extracted with diethyl ether (3 x 100 ml). The organic layer was washed with 1N NaOH (3 
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x 50 ml) and water (3 x 50 rnl), dried over MgSO.., filtered and concentrated to yield 4 (3.2 g, 13.3 rnrnol, 
83%) as a liquid. 
1H NMR (400 MHz, CDCh): o 7.65 (d, J = 8.6 Hz, 2H, H.,-2,6), 6.71 (d, J = 8.7 Hz, 2H, H.,-3,5), 4.18 
(br. s, 2H, Nfu), 3.02 (rn, 2H, SOt:fu), 1.64-1.70 (rn, 2H, Ha!kyl). 1.30-1.36 (rn, 2H, Ha!kyt). 1.21-1.27 (rn, 
2H, Halkyt). 0.86 (t, J = 6.9 Hz, 3H, CH~); 13C NMR (100 MHz, CDCh): o 151.2 (Cq), 130.1, 127.3 (Cq), 
114.1, 56.7, 31.2, 27.9, 22.8, 22.3, 13.7; IR (KBr, crn.1): 3466, 3379, 2932, 2856, 1627, 1594, 1502, 
1278,1126,782,570,526. 
1-[4-(n-Hexylsulfonyl)-phenyl]-piperidine, Sa 
Compound 3a (0.75 g, 2.88 rnrnol) and piperidine (0.73 g, 8.57 rnrnol) were dissolved in DMSO (5 rnl) 
and stirred at 1 OO"C for 2 days. After cooling to room temperature the reaction mixture was poured into 
water and extracted with diethyl ether (3 x 50 ml). The organic layer was washed with water (3 x 50 rnl) 
and dried over MgS04. Filtration, evaporation of the solvent and column chrornatograpy of the residue 
(CHt:hlhexanes-gradient) yielded Sa (0.57 g, 1.84 rnrnol, 64 %). 
M.p. 48-50"C; 1H NMR (400 MHz, CDCh): o 7.68 (d, J 9.1 Hz, 2H, H.,-3,5), 6.91 (d, J = 9.1 Hz, 2H, 
H.,-2,6), 3.36 (rn, 4H, NCfu), 3.03 (rn, 2H, S02Cfu), 1.63-1.74 (rn, 8H, NCH2CHzCHz and Ha!ky1), 1.29-
1.36 (rn, 2H, Ha!kyt). 1.22-1.29 (rn, 4H, H.lkyt), 0.85 (t, J 6.9 Hz, Cfu); 13C NMR (100 MHz, CDCh): o 
154.4 (Cq), 129.7, 125.8 (Cq), 113.6, 48.5, 56.7, 31.2, 28.0, 25.2, 24.2, 22.9, 22.3, 13.7; IR (KBr, crn-1

): 

2932,2856,1589,1507,1453,1278,1251,1147,1126,821,782,603,537. 
1,4-Bis[4-(n-hexylsulfonyl)-phenyl]-piperazine, Sb 
Compound 3b (1.02 g, 4.17 rnrnol), NEt(i-Pr)2 (2.7 g, 20.9 rnrnol) and piperazine (0.18 g, 2.09 rnrnol) 
were dissolved in DMSO (5 ml) and the solution was stirred at 130"C for 5 days. After cooling to room 
temperature the reaction mixture was poured into water (100 ml) and extracted with dichloromethane (3 
x 50 ml). The combined organic layers were washed with water and dried over MgS04. Filtration, 
evaporation of the solvent and column chromatography of the residue (ethylacetatelhexanes-gradient) 
gave crude Sb. Mter treatment with activated carbon and crystallization from toluene pure 5b was 
obtained (0.51 g, 0.95 rnrnol, 46%). 
M.p. 185-188°C; Elemental analysis calc.: C 62.89, H 7.92, N 5.24; found: C 62.14, H 8.02, N 5.46; 1H 
NMR (400 MHz, CDCI3): o 7.76 (d, J = 9.0 Hz, 4H, H.,-3,5), 6.95 (d, J = 9.1 Hz, 4H, H.,-2,6), 3.57 (s, 
8H, NCfu), 3.05 (rn, 4H, S~Cfu), 1.65-1.73 (rn, 2H, Ha!kyt). 1.30-1.36 (rn, 2H, Ha!kyt), 1.21-1.30 (rn, 4H, 
Hatkyt), 0.85 (t, J = 6.9 Hz, 3H, Cfu); 13C NMR (100 MHz, CDCh): o 153.6 (Cq), 129.9, 127.7 (Cq), 
113.7, 56.7, 46.7, 31.2, 28.0, 22.9, 22.3, 13.9; IR (KBr, crn-1

): 2932, 2867, 1589, 1502, 1458, 1295, 1229, 
1137, 831, 788, 562. 
1,3,5-Tris[ 4-(n-hexylsulfonyl)-phenyl]-hexahydro-s-triazine, Sc 
Compound 4 (1.0 g, 4.1 rnrnol) and paraforrnaldehyde (0.15 g, 5.0 rnrnol) were heated tinder reflux in 10 
rnl toluene for I night after which additional portions of paraforrnaldehyde (0.1 g, 3.3 rnrnol) and toluene 
(5 rnl) were added. After 4 h the reaction mixture was evaporated to dryness. Flash column 
chromatography (dichlorornethanelhexanes/ethylacetate: 10/10/4) of the residue, followed by treatment 
with activated carbon and crystallization from toluene yielded pure Sc (0.48 g, 0.63 rnmol, 46% ). 
M.p. 194-1980C; Elemental analysis calc.: C 61.63, H 8.32, N 5.53; found: C 62.26, H 7.56, N 4.86; 1H 
NMR (400 MHz, CDCh): o 7.76 (d, J = 8.9 Hz, 6H, H.,-3,5), 6.94 (d, J = 8.9 Hz, 6H, H.,-2,6), 5.07 (s, 
6H, NCfu), 3.03 (rn, 6H, SOt:fu), 1.64-1.77 (rn, 6H, Ha!kyl), 1.32-1.43 (rn, 6H, Ha!kyt), 1.20-1.32 (rn, 
12H, Haucy1), 0.86 (t, J = 6.9 Hz, 9H, CH:J); 13C NMR (100 MHz, CDCh): o 151.3 (Cq), 130.2 (Cq), 130.1, 
115.2, 64.2, 56.5, 31.2, 27.7, 22.6, 22.3, 13.9; IR (KBr, crn'1): 2932, 2856, 1589, 1496, 1464, 1295, 1239, 
1138, 821, 566. 
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4 Dendritic Multi-Chromophoric Arrays* 

Summary 

To doubt everything or to believe everything are two equally convenient 
solutions; both dispense with the necessity of reflection. 

Henri Poincare, Science and Hypothesis, Dover 
Publications Inc., New York, 1952 

A series of amino-tenninated dendrimers has been functionalized with 4, 

8, 16, 32 and 64 dimethylaminobenzoyl groups respectively. From UV/Vis 

measurements no sign of electronic interaction between the chromophoric 

end groups could be observed. In 1 H NMR, the amide proton signals showed a 

downfield shift with increasing generation of up to 2 ppm, which was 

rationalized by increasingly stronger intramolecular hydrogen bonding 

between the amide functions with increasing generation. The strong 

concentration dependence of the amide proton, which was observed for the 

lower generations, was explained by intennolecular hydrogen bonding 

between molecules. This effect was found to slowly vanish for the highest 

generations, presumably due to the increasingly dense packing. From 

combined HRS and depolarization measurements it was concluded that the 

dendrimers already at low generations possess an, on average, sphere-like 

structure, which continues to grow spherically, but becoming more rigid at 

higher generations. 

4.1 Introduction 
Dendrimers are well-defined highly branched macromolecules that emanate from a 

central core and are synthesized through a stepwise, repetitive reaction sequence. The interest in 

these dendritic macromolecules originates from the unique properties of these structures with a 

defined number of generations and functional endgroups. 1 The high degree of control over mole

cular weight and shape has led to the synthesis of unimolecular micelles,2 spherical and cone

shaped mesostructures3
, as well as stratified dendrimers possessing generations of different 

* Parts of this work have been published: EJ.H. Put, K. Clays, A. Persoons, H.A.M. Biemans, C.P.M. Luykx, E.W. 
Meijer, Chem. Phys. Lett., 1996, 260, 136 and SPIE-Proc., 1996, 2852, 122. 
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structure.4 More recently, dendrimers were used as functional catalysts5 and guest-host systems.~ 

Diameters of the spherical dendrimers range from 3-10 nanometers, enabling these structures to 

be building blocks of a new chemistry set.7 A variety of techniques has been used to study the 

three-dimensional architecture of dendrimers. Intrinsic viscosity measurements in conjunction 

with molecular modeling studies1 and more recently transmission electron microscopy and 

scanning tunneling microscopy8 have been used to verify the presence of globular structures at 

higher generations. Spectroscopic studies to probe the three-dimensional architecture of 

dendritic macromolecules include NMR9 and ESR 10 measurements. The luminescent behaviour 

of added fluorescence probes has also been investigated, 11 but the outcome of only one 

photophysical investigation12 on endgroup-functionalized dendrimers has been published. 

The recently developed hyper Rayleigh scattering (HRS)13 technique has already 

proven to be a very powerful tool in determining first hyperpolarizabilities of nonlinear optical 

molecules.14 Moreover, measurements on bacteriorhodopsin15 and chiral, nonlinear optical 

(NLO)-polymers,16 revealed that HRS is also an interesting tool to study supramolecular 

architectures. This technique is based on a second order nonlinear optical phenomenon and 

measures nonlinear light scattering at the second harmonic frequency. Therefore, this technique 

is very sensitive to centrosymmetry at the molecular and supramolecular level, assuming the 

validity of the electric dipole approximation. 17 Hence, measuring the molecular hyperpolariza

bility of an appropriately modified dendrimer at different generations will probe both the 

tendency of the dendrimer to form spherical structures and the conformational dynamics of these 

structures. 

For this reason NLO-modified dendrimers were prepared. The core of the NLO 

dendrimers is based on poly(propylene imine) dendrimers, which were synthesized by a 

divergent approach. 18 A repetitive reaction sequence using the double Michael addition of a 

primary amine to acrylonitrile followed by the heterogeneously catalyzed hydrogenation of the 

nitrites -to primary amines, yields diaminobutane (DAB)-based poly(propylene imine) den

drimers (DAB-dendr-[NH2]n with n= 4, 8, 16,32 and 64 primary amine endgroups). A variety of 

endgroup modificatiOI_tS is already reported, 19 but for the HRS measurements, the dendrimers of 

generations 1 to 5 are functionalized with p-dimethylaminobenzoyl groups to yield oligoamides 

of structure: DAB-dendr-[NHCO-p-phenyl-N(CH3hln· Additional informational about the 

conformational dynamics of these molecules can be obtained from 1H NMR spectroscopy, since 

intramolecular hydrogen bonding should strengthen, as the dendrimer periphery becomes more 

crowded. Furthermore, the effects of this hydrogen bonding on the ( opto )electronic properties 

can be determined with UVNis spectroscopy. The combined results then give information about 

the tendency and the dynamics of the molecules to form spherical structures. 
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4.2 Synthesis 
The NLO-dendrimers 3a-e were prepared by reaction of p-dimethyl

aminobenzoylchloride with the poly(propylene imine) dendrimers (DAB-dendr-[NH2] 0 ) (scheme 

1). 

n • 1 

0 
n-propylamine (CHs)2~-~ 

H 

DAB-dendr-[NH2ln 

2 

DAB-dendr-[NH-CO-phenyi-NMel!]n 

3 

3e:n=64 

Scheme 4.1 Synthesis of 1,2 and 3a-e. 
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p-Dimethylaminobenzoyl chloride 1 was first synthesized by reflux of the corresponding 

carboxylic acid with thionyl chloride followed by evaporation of the excess thionyl chloride and 

sublimation of the remaining solid. This yielded pure 1 in yields of only 20-30%. These low 

yields were attributed to the formation of the HCl salt, which is liberated during the reaction. 

However, when the carboxylic acid was first converted to its potassium salt and subsequently 

reacted with oxalyl chloride, 1 was formed in 70-90% yield. In this reaction sequence no 

hydrochloric acid was formed and 1 is easily isolated as a yellowish powder which could be 

stored under argon for longer periods of time. Prior to reaction with 1, the different DAB--dendr

[NH2]n compounds were co-evaporated with toluene to remove traces of water. During the 

formation of 3, hydrochloric acid is formed, for which triethylamine (1.5 molar equivalents) was 

found to be the most effective scavenger. The reactions were all carried out in dichloromethane 

as solvent under similar conditions, to yield the NLO-dendrimers 3a-e in 70-80% yield. The 

lower generations 3a-c were purified by extensive washing procedures (Na2C03(aql• HCl(aq) and 

water in CH2Ch and DMF) and precipitations until the aromatic region in 1H NMR showed only 

the two expected doublets. The higher generations, with 32 and 64 endgroups (3d and e), were 

purified by dialysis with DMF as solvent. However, this was only fully effective for 3d, as was 

clarified by 1H NMR spectroscopy. For 3e, an impurity (=5-10%) with aromatic 1H signals 

remained visible in NMR. This is assumed to be clathrated to the inside of the dendrimer, 

because even prolonged dialysis did not change the relative amounts. Several experiments were 

performed to determine the nature of the clathrate by deliberate incorporation of impurities 

during the synthesis. None of the experiments gave, however, a 1H NMR spectrum comparable 

to that of the original dendrimer sample. Nonetheless, it is believed that the clathrate is p

dimethylbenzoic acid. Finally, it is not hard to imagine that impurities are difficult to remove in 

the case of generation 5, since encapsulation is known to occur for some derivatives.6 As a 

model compound for the properties of the NLO modified dendrimers, N-(n-propyl)-4-

dimethylaminobenzamide 2 was prepared by reaction of 1 with n-propylamine. 

4.3 1H NMR Sp_ectroscopy 
Analysis of the 1H NMR spectroscopic data revealed a remarkable trend in the 

chemical shift of the amide proton, while all the other protons have relatively constant chemical 

shifts. The results are given in the figures 4.1. Measured at concentrations of approximately 0.1 

molar equivalent endgroupslliter the chemical shifts are dramatically dependent on the 

generation. For model compound 2 the amide proton is located at 6.0 ppm, while an increase in 

the number of functional groups shifts the amide proton to lower field with a maximum at 8.0 

ppm for the fifth generation. Since the total number of endgroups in the samples is comparable, 
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the effect is attributed to the local concentration of amides. In dendrimers of higher generation, 

the endgroups are more densely packed. 

8.0 • 0.20 -·-2 • • • • 
--3a(n=4) 
--3b(n=8 

7.5 0.15 -Cl-31: (n=16) 

• -o- 3d (n=32) 

• '[ 
'[ 7.0 .e. 0.10 
.e. <0 

<0 
<I 

-~:;.- 3e (n=64) 

6.5 0.05 

6.0 0.00 
0 10 20 30 40 50 60 70 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 

Number of endgroups Concentration (molar eq. endgroups · f') 

Figure 4.1 a) Chemical shift of the amide proton of 2 and 3a-e measured at approximately 
0.1 molar equivalent endgroups per liter; b) Concentration dependence of the chemical shift 
of the amide proton of2 and3a-e. 

Therefore, the local density of amide functions increases and with that, the possibility of 

intramolecular hydrogen bonding. The latter leads to a deshielding of the amide proton involved, 

which is reflected in a downfield shift of the proton. By performing the NMR experiments with 

samples of different concentrations it is also found that the chemical shifts of the higher 

generations are concentration independent, while those of the lower generations and the model 

compound, are significantly concentration dependent. Apparently the endgroups in the higher 

generations have a stronger tendency to form only intramolecular hydrogen bonds. This again is 

the result of the close packing of endgroups at the periphery of the dendrimers. Additional 

evidence for a close packing of end groups in modified poly(propylene imine) dendrimers is 

found in the dendritic box.6 This close packing then hampers intermolecular hydrogen bonding, 

even at higher concentrations. When the structure becomes more open at lower generations, by 

having a less crowded packing of endgroups, the strength of intramolecular hydrogen bonding 

weakens, as is reflected by the upfield shift of the amide protons. The probability of the 

formation of intermolecular hydrogen bonds subsequently increases and the chemical shift 

becomes concentration dependent Apparently, at lower concentrations the dendrimers can be 

regarded as uncorrelated individual molecules without intermolecular entanglements, while at 

higher concentrations, the lower generation dendrimers can be regarded as molecules more or 

less clustered by intermolecular hydrogen bonding. 

65 



Chapter4 

4.4 UVNis Absorption Spectroscopy 
Analysis of the UV Nis spectroscopic data of the modified dendrimers and the model 

compound showed that there is no significant electronic interaction between the chromophores 

of the dendrimers (table 4.1 ). The absorption maxima are all located around 300 nm, indicating 

that the intramolecular hydrogen bridges as observed for the higher generations in 1H NMR 

have little or no effect on the absorption spectrum. Additionally, the extinction coefficient 

increases linearly with the number of chromophores present in the molecule as is apparent from 

the coefficient when it is expressed per number of endgroups. 

Table 4.1 UV /Vis se.ectroscoe_ic data of_2 and 3a-e. 

Compound Amax e (103 1/mokm) e (103 1/molar equivalent 

(nm) endgrou~s·cm) 

2 298 20.5 20.5 

3a 299 65.0 16.3 

3b 299 148.5 18.6 

3c 300 248.5 15.5 

3d 297 526.2 16.4 

3e 297 1013.1 15.8 

4.5 Hyper Rayleigh Scattering 
The nonlinear optical properties20 were investigated with hyper Rayleigh scattering 

(HRS). A detailed description of this recently developed technique can be found in literature?1 

The nonlinear light scattering is thought to consist of incoherent scattering from individual 

molecules. Therefore, the hyperpolarizability, !>dendr .• is determined for the whole dendritic 

structure and not for a single NLO endgroup. The measurements were performed in chloroform 

and the results are shown in figure 4.2. The hyperpolarizability of the dendrimer increases 

almost linearly with the number of chromophores for the lower generations (figure 4.2.a). 

However, at higher generations this increase in hyperpolarizability becomes smaller and 

eventually disappears. This is clarified in figure 4.2.b, where the effective first 

hyperpolarizability (j)eff) per single endgroup is shown. This !>err. was obtained by dividing l>dendr. 

by the number of endgroups. It should be noted that the experimental error irt the measurement 

of the fifth generation dendrimer is somewhat larger due to the presence of the clathrated 

impurity. However, this does not influence the observed trend. At low generations the high 

degree of conformational freedom allows the chromophores to arrange in a non-centrosymmetric 
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way. Hence the hyperpolarizability ~demlr. increases with the number of chromophores. This is 

equivalent to what has been found for side-chain functionalized NLO-polymers.Z2 

100 7 

• • • 
50 • 6 • 

i 5 

• 1 
~ 50 • ~"' 4 • ~ I 0 • 

140 ~3 • ... "" • 
2 

20 • 
0 0 

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 
Number of endgroups Number of endgroups 

Figure 4.2 a) Hyperpolarizability per molecule for 2 and 3a-e measured in 
chloroform. p-Nitroaniline is used as external standard; b) Hyperpolarizability per 
endgroup for 2 and 3a-e measured in chloroform. p-Nitroaniline is used as external 
standard. 

After the third generation the structure of the dendrimer becomes more spherical and the 

conformational freedom is more restricted by steric hindrance due to the more dense packing of 

the endgroups and the formation of intramolecular hydrogen bonds. A further increase in ~dendr. 

is therefore expected to be limited. Theoretically, the first hyperpolarizability of a densely 

packed, rigid, perfectly spherical and, hence, centrosymmetric NLO-dendrimer should be zero, 

within the electric dipole approximation. 

Depolarization experiments on the second-harmonic signal of 2, 3b, 3c and 3e reveal 

that the average structure can already be considered isotropic at lower generations. The 

depolarization ratio (p) is defined as the ratio between the intensities of two orthogonal 

polarization components?3 For dipolar NLO-molecules with C2v symmetry p-values between 4 

and 5 are usually found. The octopolar group D:lh and tetrahedral cubic group Td correspond to 

more isotropic objects with typical p-values close to 1.5,24 the lower limit for depolarization in 

HRS. Perfect spheres would theoretically have a p-value of 1. However, in NLO the ratio for 

perfect spheres is ill-defined, since they are centrosymmetric and do not give SHG. The results 

of the measurements performed on chloroform solutions of 2, 3b, 3c and 3e are shown in figure 

4.3. Already for low generations values typical for high order symmetry groups, corresponding 

to more isotropic structw:es, are found. This contrasts the HRS measurements where the less 

abrupt change in ~eff. is explained by the flexibility of the dendrimers. These combined results 

suggest therefore that, on the timescale of the experiment, the dendrimers already possess an on 
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average, sphere-like structure at low generations that still contains enough flexibility to 

contribute to the hyperpolarizability. As they continue to grow spherically for higher 

generations, this flexibility decreases and as a result the increase of the hyperpolarizability 

becomes less which is reflected in the ~ per endgroup (~eff). 

4.6 Conclusions 

5 

4 

3 

2 I • • 

o+-~~~r-~r-~~~~~--~ 
0 10 20 30 40 50 60 70 

Number of endgroups 

Figure 4.3 Depolarization ratio p per 
number of endgroups for 2, 3b, 3c and 3e. 

From UV Nis measurements it is concluded that the NLO-modified dendrimers show 

no sign of electronic interaction. However, from 1H NMR data a clear proximity effect can be 

deduced, which was attributed to intramolecular hydrogen bonding. Combined HRS and 

depolarization measurements suggest an already sphere-like structure at low generations which 

continues to grow spherically, becoming more rigid at higher generations. Although in the 

nonlinear optical experiments ~ is determined for a single molecule, it consists of contributions 

of the more or less independent chromophores. However, they become less independent with 

increasing generation, because of their closer proximity and resulting restricted conformational 

freedom. At higher generations also electronic interactions might play a role, although no 

interactions seem to occur in the ground state, as was deduced from UVNis and 1H NMR 

measurements. 

Extrapolation of the results presented here to, if possible, even larger dendritic 

structures suggests that, since the hyperpolarizability per endgroup decreases exponentially, the 

~ per molecule will also start to decrease after a certain generation. This is in agreement with the 

tendency to form a more spherical and thus eventually centrosymmetric structure (with ~=0) at 

higher generations. Nevertheless, even the highest generation dendrimer studied here, still 

possesses significant conformational flexibility. 
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4. 7 Experimental 
General 
Dichloromethane was distilled over P20s prior to use to remove traces of ethanol and water. Infrared 
spectra were recorded with a Perkin Elmer 1600 series FTIR using KBr-pellets. 1H NMR spectra were 
recorded on a Varian Gemini 300 spectrometer operating at 300.1 MHz. For other general experimental 
details the reader is referred to Chapter 2. 

Synthesis 
p-Dimethylaminobenzoyl chloride, 1 
First potassium p-dimethylaminobenzoate was prepared by stirring equimolar amounts of potassium 
hydroxide and p-dimethylaminobenzoic acid in water and evaporating the solution to dryness. To a 
cooled mixture (0 "C) of potassium p-dimethylaminobenzoate (6.7 g, 33.0 mmol) and benzene (25 ml) 
was added dropwise a solution of oxalyl chloride (4.2 g, 33.1 mmol) in benzene (8 ml). After the 
addition was complete, the mixture was stirred for an additional 30 min. at room temperature followed 
by reflux at 80 "C for 1 h. The reaction mixture was then allowed to cool to room temperature after 
which the solid was filtered and washed three times with benzene. The combined filtrates were collected 
and evaporated to dryness yielding 1 (4.3 g, 23.4 mmol, 71 %). When the reaction was carried out in 
CCL., a yield of 88% was obtained. 
1H NMR (300MHz, CDCh): o7.89 (d, J = 9.2 Hz, 2H), 6.68 (d, J = 9.2 Hz, 2H), 3.11 (s, 6H, N(C!hh); 
13C NMR (75 MHz, CDCh): o 167.2, 155.2, 134.6, 133.2, 111.5, 40.7. 
N-n-propyl-p-dimethylaminobenzamide, 2 
Compound 1 (0.56 g, 3.1 mmol) was added to a solution of n-propylamine (0.54 g, 9.1 mmol) in 
dichloromethane (10 ml). After stirring for 1 hat room temperature the reaction mixture was diluted with 
dichloromethane (40 ml) and washed a Na2C03 solution (3 x 50 ml) and water (3 x 50 ml). The organic 
layer was dried over MgS04, filtered and evaporated to dryness. Crystallization of the residue from a 
toluene/hexane mixture (1/1) yielded 2 (0.44 g, 2.1 mmol, 69%). 
1H-NMR (300 MHz, CDC13): o 7.68 (d, J = 8.8 Hz, 2H), 6.67 (d, J = 9.0 Hz, 2H), 6.0 (s, 1H, N-ID, 3.40 
(m, 2H, CHz-N), 3.02 (s, 6H, N(C!h)2), 1.63 (m, 2H, Cfu), 0.98 (t, J = 7.5 Hz, 3H, C!b); 13C NMR (75 
MHz, CDCh): o 168.0, 152.9, 128.8, 122.3, 111.6, 42.1, 40.7, 23.7, 12.0; 1R (KBr, cm"1

): 3326, 1620, 
1517,951,831,770. 

General procedure for the preparation of DAB-dendr-[NH-CO-p-phenyi-N(CH3)z].: 
1 Molar equivalent of dendrimer was coevaporated with toluene (3 x) after which it was dissolved in 
dichloromethane (typically 0.2 g in 10 ml) and per endgroup 1.5 equivalent triethylamine was added. 
Then 1.1 equivalent 1 was dissolved in dichloromethane (0.1M) and added dropwise. After stirring for 1 
night at room temperarure, the mixture was diluted with dichloromethane and washed with a Na2C03 

solution (3-5 x 100 ml) and water (3-5 x 100 ml). Then the organic layer was dried over MgS04, filtered 
and evaporated to dryness. The remaining traces of triethylamine were removed by applying vacuum at 
100 "C for 8 h. 
DAB-dendr-[NH-CO·p-phenyi·N(CH3h]4 , 3a 
1H NMR (300 MHz, CDC13): o 7.70 (d, 8H), 7.21 (s, 4H, N-ID, 6.68 (d, 8H), 3.46 (m, 8H), 2.97 (s, 24H, 
N(C!hh), 2.49 (m, 8H), 2.39 (m, 4H), 1.72 (m, 8H), 1.43 (m, 4H); lR (KBr, cm-1

): 3347, 1608, 1513, 
945, 829, 768. 
DAB-dendr-[NH-CO-p-phenyl-N(CH3h]s, 3b 
1H NMR (300 MHz, CDCh): o 7.76 (d, 16H), 6.68 (d, 16H), 7.62 (s, 8H, N-ID. 3.43 (m, 16H), 2.93 (s, 
48H, N(C!h)2), 2.38 (m, 36H), 1.69 (m, 28H); lR (KBr, cm-1

): 3329, 1609, 1513,946,828,767. 
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DAB-dendr·[NH-CO·p·phenyi-N(CHJ)z]16, 3c 
1H NMR (300 MHz, CDC~)): o 7.78 (d, 32H), 6.57 (d, 32H), 7.68 (s, 16H, N-ID, 3.42 (m, 32H), 2.93 (s, 
96H, N(QL)2), 2.38 (m, 84H), 1.5 (m, 60H); IR (KBr, cm'1): 3329, 1609, 1513,946, 828, 767. 
DAB-dendr-[NH-CO-p·phenyi-N(CH3hlll, 3d 
1H NMR (300 MHz, CDC!;): o 7.83 (s, 32H, N-.ID, 7.79 (d, 64H), 6.52 (d, 64H), 3.42 (m, 64H), 2.90 (s, 
192H, N(C!:b)2), 2.38 (m, 180H), 1.6 (m, 124H); IR (KBr, cm'1): 3327, 1609, 1513,946,828,767. 
DAB-dendr-[NH·CO·p·phenyi·N(CH3)z]64 , 3e 
1H NMR (300 MHz, CDC~)): 0 7.97 (s, 64H, N-H), 7.79 (d, 128H) 6.51 (d, 128H), 3.42 (m, 128H), 2.90 
(s, 384H, N(C!:bh), 2.34 (m, 372H), 1.5 (m, 252H); IR (KBr, cm'1): 3329, 1609, 1513,946, 828,767. 
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5 Multiple SNAr Reactions on Perfluoroaromatics* 

The world is chiral and dina~ enjoy symmetry wherever you find it. 

- Vladimir Prelog 

Summary 
Hexa-N-pyrrolylbenzene and octa-N-pyrrolylnaphthalene have been 

synthesized via a convenient nucleophilic aromatic substitution reaction using 

pyrrolyl sodium and the appropriate per:fluoroaromatic substrate. The crystal 

structure of both molecules could be elucidated using X-ray diffraction on 

single crystals. The structure proved to be propeller shaped with the pyrrolyl 

units in close proximity of each other, allowing for n:-n: interactions. 

Measurements that substantiated the presence of the interactions between 

neighbouring pyrrolyl units included 1H NMR, UV/Vis and fluorescence 

spectroscopy. Besides full, also partial substitution reactions were petformed 

and the substitution patterns and yields of the isolated products were analyzed 

to provide more insight into the reaction kinetics. The use of other 

nucleophiles in the S~r reaction with hexajluorobenzene yielded only 

partially substituted products, which all showed the same para-selectivity as 

was found for the pyrrolyl nucleophile. 

5.1 Introduction 
Highly symmetrical, propeller-shaped, hexasubstituted benzenes have received 

considerable attention due to their intriguing properties as sterically congested polycyclic 

aromatic compoundsY Suitably substituted compounds are known to form inclusion 

complexes3 while hexak:is(p-alkylphenyl)benzenes show, after ring-fusing, columnar stacked, 

liquid crystalline mesophases.4 Furthermore, the sterical congestion of these multi

chromophores gives rise to new electro-optical properties,5 as has been shown e.g. for 

hexaquaterphenylylbenzene.6 Recently, similarly octasubstituted naphthalenes and 

I Part of this wOtk has been published: HAM. Biemans, C. Zhang, P. Smith, H. Kooijman, W.J.J. Smeets, A.L. 
Spek, E.W. Meijer,!. Org. Chem, 1996,6/,9012. 

73 



5 

decasubstituted anthracenes have been reported as well. If An interesting one-pot synthesis for 

some of ihose structures is based on the multiple nucleophilic substitution of perhaloaromatics 

with the corresponding nucleophile. Perchloro-3
d"" as well as perfluoro-3•·c·7•

8
·
9

•
10

•
11 benzenes3

d· 

•·
7
•
8

•
9

•
11 and naphthalenes3•·c,to have been used as core molecule. The nucleophiles used in the 

substitution reactions can be classified into several categories. Firstly, the nucleophilic centre is 

not part of an aromatic system. Examples include thiophenol, 2-naphthylthiol (both yielding 

fully substituted products)3 and mixed alkyVacyl phosphines (yielding only partially substituted 

products), 10 with sulfur and phosphor as the nucleophilic centre, respectively. When the 

nucleophilic centre is part an aromatic system, only nitrogen based nucleophiles are found in 

literature. Examples of those nucleophiles, that have reacted six times with hexafluorobenzene 

comprise 4-dimethylaminopyridine,9 irnidazole8 and several pyrazoles8
•
12 (figure 5.1). 

Me, Me 
'N' 

Me 6l Me \ I 
Me-~ ""' 0('N-Me · ~N*V 

r?'~ ~ 
Me-~ r(~ ~N-Me 
M~ y Me 

/N, 
Me Me 

Figure 5.1 Examples of hexasubstituted benzenes based on nitrogen containing 
nucleophiles. 8•

9
•
12 

In some of these cases an auto-acceleration effect is postulated, since hexasubstitution seems to 

be favoured over partial substitution.8
•
9 When 4-dimethylaminopyridine was reacted with 

hexafluorobenzene in· the presence of trimethylsilyl triflate in a molar ratio of 1: 1:1, the 

hexasubstituted product formed exclusively.9 This was explained by an electrophilic auto

activation of the system. Increasing the number of cationic substituents makes the system 

increasingly prone to further substitution. In another instance, pyrazolyl sodium was reacted with 

hexafluorobenzene in a 2 to I ratio and the hexasubstituted product was formed in almost 90% 

yield.8 The proposed mechanism here was single electron transfer, more specifically the SRNl 

mechanism. This was confirmed by an inhibition experiment using m-dinitrobenzene as the 

electron trap to disrupt the electron transfer cycle. Another striking effect, which can be observed 

in all of these reactions described in literature, is the identical substitution patterns in cases 
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where only partial substitution had taken place.8
•
10

•
11 In all cases, the 1,4-di- or the 1,2,4,5-

tetrasubstituted compound is formed as the main product. When 4-dimethylaminopyridine was 

reacted with hexafluorobenzene in refluxing THF for 24 hours, the 1,4-disubstituted product was 

obtained in 20% yield. 1 1 The formation of this substitution pattern can be rationalized by the 

electron withdrawing character of the pyridinium cation which is formed after the first 

substitution. This activates the C-2/5 and C-4 positions, while additionally, the combined 

inductive electron withdrawing effect of the fluorines is felt strongest at the C-4 position. The 

increased sterical hindrance at the C-2/5 positions furthermore ensure a preferential substitution 

at the C-4 position. This large paralortho ratio has also been found for a number of other 

electron withdrawing substituents in a similar reaction with imidazole? Furthermore, the low 

reactivity of the disubstituted product towards further substitution was explained by assuming 

strong contacts between the fluoride anion and the countercation. Exchanging the fluoride anion 

for a triflate anion would decrease this interaction and subsequently increase the electrophilicity 

of the system. This was accomplished by the addition of trimethylsilyl triflate and indeed 7 days 

of reflux in acetonitrile afforded the hexasubstituted product in >90% yield.9 In the previously 

mentioned reaction between pyrazole and hexafluorobenzene (in a 2 to 1 ratio), 8 besides 

hexapyrazolylbenzene, the corresponding 1,4-di- (11%) and 1,2,4,5-tetrasubstituted derivative 

(3%) were found. In the same article other examples are given and in all cases again only the 

characteristic di- and tetrasubstitutions are found next to hexasubstitution, the only exception 

however, being pyrrole. When two equivalents of the sodium salt of pyrrole are reacted with 

hexafluorobenzene in THF, no hexasubstitution takes place and only the penta- (3%), 1,2,4,5-

tetra- (27% ), 1 ,2,4-tri- (11%) and 1 ,4-disubstituted (38%) products are isolated. But again the 

major fractions are the di- and tetrasubstitution derivatives. 

Since hexapyrrolylbenzene and octapyrrolylnaphthalene are expected to be useful as 

building blocks for larger 1t-conjugated systems, the synthesis of these molecules has been 

investigated. Since the mechanism does resemble that of a nucleophilic aromatic substitution 

reaction (SNAr), we performed the reaction of pyrrolyl sodium with hexafluorobenzene at 

ambient temperature in DMF. 

¢~" 9" 
Nu 

addition elimination ¢ F .... - .... 
slow fast 

A A A 

Meisenheimer complex 

Figure 5.2 The StvAr reaction mechanism involving the Meisenheimer complex. 
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To gain more insight into the mechanism, also partial substitution experiments were performed. 

The circular arrangement and nonplanarity of the substituents in these systems are studied for 

their characteristic properties. The close proximity of the pyrrolyl moieties might allow 

interaction between these units which should be reflected in the spectroscopic properties. 

Indications for these interactions can be observed from e.g. 1H NMR chemical shift changes, 

additional long-wavelength absorption bands caused by an arrangement resembling an 

intramolecular excimer complex, and changes in the emission behaviour. 

Furthermore, to determine the scope and limitations of the reaction, the reactivity of several 

other nucleophiles has been studied. Among these are also molecules which do not possess a 

nitrogen based nucleophilic centre. When only tetrasubstitution took place, the purified product 

was reacted again with pyrrolyl sodium to determine whether or not this partial substitution was 

due to stericallimitations. 

5.2 Reactions Involving the Pyrrolyl Nucleophlle 
5.2.1 Synthesis 

When hexafluorobenzene was added to a DMF solution of pyrrolyl sodium, prepared 

from pyrrole and NaH, a noticeable exothermic reaction occurred. After precipitation in water, 

hexapyrrolylbenzene 1 was obtained in high yield as a white solid (scheme 5.1). 

* 
·o 

1/6 0*0 
86% 0 0 

0 DMF 

6~ 
1 N_ 

Na+ oo 
ON 0 000/o N*N# 

* 1/8 0 0 06~ ~ h 
2 

Scheme 5.1 Synthesis of hexapyrrolylbenzene 1 and octapyrrolyl
naphthalene 2. 
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The same procedure was also used with octafluoronaphthalene, which gave 2 in high yield as a 

yellow solid. 

In order to investigate a previously postulated auto-acceleration effect in the hexasubstitution 

reaction,8•
9 an experiment was conducted in which 1 equivalent of hexafluorobenzene was added 

to 2 equivalents of pyrrolyl sodium (instead of 6 needed for a stoichiometric and complete 

reaction). Five main products could be isolated by column chromatography, and their structures 

were elucidated using GC-MS, 1H-, 13C- and '9p NMR spectroscopy (table 5.1). Indeed, in 

agreement with earlier statements, a preferred formation of the highly substituted compounds 

was found. The preference for 1 was even more pronounced, when hexafluorobenzene was 

added very slowly to pyrrolyl sodium; the product consisted for >90% of hexapyrrolylbenzene 

(as determined by 1H-NMR). 

Table 5.1 Selected data of the 5 isolated reaction products obtained after addition of 
hexat!:.uorobenzene to ezrrol1_l sodium in a 1:2 molar ratio, in DMF. 

Compound GC/MS Yield' IH-NMRb 13C-NMR 19p-NMR• Structured 

(MfZ) (400MHz) (lOOMHz) 
p p 

6pyrroles 468 50 6.08[6] 110.6 120.8 134.2 * 6.18[6] 

5 pyrroles 421 9 6.08[3] 110.5 110.6 110.8 -127 

* 6.18[3] 120.9 121.1 121.7 

6.26[2] 126.4 126.5 133.7 

6.52[2] 151.1 (JcF256Hz) 
p p 

4 pyrroles 373 36 6.26[4] 110.8 121.6 125.4 -133 * 653[4] 148.4 (JcF252Hz) 

3 pyrroles 326 3 6.26[2] 110.8 110.8 110.9 -134(d, t=10.7Hz) 

* 6.43[1] 119.2 121.6 121.8 -143(d, J3=22.0Hz) 

650[2] 122.4 125.4 133.7 -148(dd, t=l0.7Hz, 

6.97[1] 1425 (lcF247Hz) J3=22.0Hz) 

144.6 (JcF256Hz) 

147.7 (JcF252Hz) 

2pyrroles 280 2 6.43[2] 110.9 121.7122.3 -148 * 6.96[2] 142.0 (JcF255Hz) 

a) As determined by GC; b) The values between brackets indicate the relative intensities of the 
signals; c) Hexafluorobenzene was used as external reference (-162 ppm); d) The P represents a 
pyrrolyl unit. 
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Apparently, these experimental results are indicative of an auto-acceleration effect as found by 

others.8•
9 However, when the addition sequence was reversed, by the slow addition of 2 molar 

equivalents of pyrrolyl sodium to 1 molar equivalent of hexafluorobenzene, the product consists 

for >90% of 1,4-dipyrrolyl-2,3,5,6-tetrafluorobenzene. This result clearly contradicts an auto

acceleration effect, which, irrespective of the addition sequence, would result in the preferred 

formation of hexapyrrolylbenzene. An instantaneous, exothermic reaction . between pyrrolyl 

sodium and hexafluorobenzene, however, can also account for the highly substituted products, 

without the need to invoke an auto-accelerated process. The other substitution patterns found can 

be rationalized by the following mechanism. The pyrrolyl unit in the monopyrrolyl derivative 

can be considered a less electron withdrawing substituent relative to fluorine. Probably because 

of the dihedral angle between the two ring systems, the mesomeric donor and inductive electron 

withdrawing character oi the pyrrolyl moiety are counterbalanced. And since the combined 

inductive electron withdrawing effects of the fluorines are felt strongest for the fluorine atom on 

the para position, together with the increased steric hindrence on the ortlw position, the para 

position is the most prone to undergo further substitution. The reactivity of the monopyrrolyl 

system may still be comparable to that of hexafluorobenzene. However, as soon as two fluorine 

atoms are replaced, the remaining fluorines are only influenced by one ortho and one meta 

fluorine atom, thereby significantly lowering the reactivity of the system compared to 

hexafluorobenzene. This accounts for the preferred formation of 1 ,4-disubstituted products, a 

phenomenon also observed in other examples described in literature. When in such a para

dipyrrolyl compound one of the remaining fluorine atoms is replaced, the. two neighbouring 

aromatic units become strongly sterically hindered, forcing them in a considerable out-of-plane 

conformation with respect to the central arene. This then makes it more reactive due to the, then 

dominant, inductive electron withdrawing effect. The remaining fluorine atoms even become 

more reactive than those of the disubstituted product. Of the three remaining fluorines, the one 

with an ortho and meta fluorine neighbour (and the additional meta and para electron 

withdrawing pyrroles) is again the most reactive and will lead to the 1,2,4,5-tetrasubstituted 

product. The remaining fluorines feel the influence of the two ortlw and two meta electron 

withdrawing pyrrolyl units, and one para fluorine substituent, which presumably lowers the 

reactivity of the system compared to hexafluorobenzene and the 1,4-dipyrrolyl derivative. 

However, a fifth substitution will easily lead to hexasubstitution. This mechanistic description is 

also visualized in figure 5.3, in which the postulated relative reactivities of the different 

intermediates are depicted. 

The explanation given here suggests a regioselective formation of specific di-, tetra- and 

hexasubstituted products, which is in excellent agreement with the experimental evidence 

presented here and in the literature. Furthermore, it is clear that the order· of addition of the 
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respective reagents, is an important factor in the product distribution. This is certainly the case 

for the pyrrolyl substituent since the reaction takes place very rapidly. 

P~>~-·~,"-F*F F>or-F*p F » P*p F>or-*Fp F 
~p~p F FF P F p p p 
Frgure 5.3 Postulated relative reactivities of the different intermediates in the 
hexasubstitution reaction of pyrrolyl sodium with· hexajluorobenzene. The P represents a 
pyrrolyl unit. 

As a model compound to study the properties of 1 and 2, 1,3,5-tripyrrolylbenzene 3 was 

synthesized. Even prolonged reaction at elevated temperatures of I ,3,5-trifluorobenzene with a 

large excess of pyrrolyl sodium in DMF failed to give the formation of trisubstituted product. 

Without the presence of electron withdrawing fluorine substituents at the ortho positions, the 

reactivity of 1,3,5-trifluorobenzene towards substitution with pyrrole is clearly significantly 

lower. Because of the relatively low boiling point of 1,3,5-trifluorobenzene (75 °C), the reaction 

was also carried out with 1,3,5-tribromobenzene (b.p. 271 OC) at higher temperatures. This 

yielded the mono-, di- and trisubstituted products which could all be purified by column 

chromatography in yields of 44, 29 and 18 %, respectively. 

5.2.2 X-Ray Diffraction 
Crystallization of 1 from acetonitrile produced large crystals from which the crystal 

structure was determined (figure 5.4). 

Frgure 5.4 Top- and sideview of the crystal structure of 1 represented by a 
PLUTON drawing. 
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The crystals are orthorhombic, space group Pna21 and the unit cell contains 4 molecules. In the 

crystal the dihedral angles between the least squares planes through the pyrrole rings and the 

central phenyl ring in the "propeller-shaped" molecule range between 48° and 69". Comparing 

these values to those found for other hexasubstituted benzenes (hexaphenyl2
: 62° to 71 °; 

hexa(3,5-dimethylpyrazolyl)12
: 85° or between 51-122° and hexa(4-dimethylamino-1-

pyridinium)9: 80°, leads to concluding, that the pyrrolyl moieties are able to become more 

coplanar with the central phenyl ring than any other substituent known today. The range in 

which the dihedral angles are found, is also somewhat wider than usual, reflecting the greater 

conformational freedom in hexapyrrolylbenzene. 

Crystallization of 2 from acetonitrile also produced large crystals from which the crystal 

structure was determined (Figure 5.5). 

Figure 5.5 Top- and sideview of the crystal structure of 2 represented by a 
PLUTON drawing. 

The crystals are tetragonal, space group P41212 and the unit cell contains 4 molecules. Each 

molecule lies upon a crystallographic twofold rotation axis. As expected, the dihedral angles 

between the least squares planes through the pyrrole rings and the arene in 2 range between 59" 

and 78°. Again, the pyiroles in 2 can obviously have a more coplanar conformation as compared 

to the phenyls in octaphenylnaphthalene1
' (68° to 69"). As in the case of octaphenylnaphthalene, 

the naphthalene unit is twisted and the pyrroles attached to the a-position of the naphthalene 

system (Ca) are in turn displaced above and below the plane. The twist of the naphthalene core, 

expressed as the angle between the two symmetry-related C~-Cfi bonds, amounts to almost 22°. 
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1 H NMR spectroscopy 

Multiple StvAr Reactions on Perjluoroaromatics 

The chemical shifts in CDCh determined with 1H NMR of the 5 main reaction 

products, as shown in table 5.1, are surprisingly consistent throughout the series. When a 

pyrrolyl substituent has two fluorine neighbours, the signals of the two different pyrrolyl protons 

are centered around 6.96 and 6.43 ppm respectively. If a pyrrolyl unit is neighboured by one 

fluorine atom and another pyrrolyl unit, its chemical shifts are approximately 6.52 and 6.26 ppm 

and if the pyrrolyl unit is sandwiched between two other pyrrolyl rings the chemical shifts are 

6.18 and 6.08 ppm, respectively. The upfield shift of the pyrrolyl protons of the heavier 

substituted products can be rationalized by an interaction with the 1t-electrons of the 

neighbouring pyrrolyl unit(s). From the crystal structure of the propeller shaped molecules 

(figures 5.4 and 5.5) it is immediately clear that the overlap or interaction with the 1t-orbitals, 

and hence also the upfield shift, will be strongest for the a-protons. On going from two fluorine 

neighbours to two pyrrolyl neighbours the a-protons shift from 6.96 to 6.18 ppm (ao 0.78 ppm), 

while the ~-protons shift from 6.43 to 6.08 ppm (ao 0.35 ppm). When the distance between the 

pyrrolyl units becomes larger, the interaction between the pyrrolyl protons and the neighbouring 

1t-system will obviously decrease. For the trisubstituted compound 3 the chemical shifts of the 

pyrrolyl protons are located at 7.15 and 6.41 ppm. These values are similar to those found for 

phenylpyrrole (7.01 and 6.34 ppm). It can hence be concluded that no intramolecular 1t·1t 

interaction between the pyrrolyl substituents occurs in the case of 3. 

In compound 2, there are two inequivalent pyrrolyl substituents. The pyrrolyl groups on 

the C~ position of the naphthalene system show structural resemblance to those of 

hexapyrrolylbenzene. Therefore, the chemical shifts are expected to be comparable, and the 

signals at 6.19 and 5.98 ppm are hence assigned to the a- and ~-protons, respectively. The 

pyrrolyl units attached to the Ca position of the naphthalene system are in closer proximity of 

each other than those on the C~ postions. This can also be deduced from the crystal structure 

(figure 5.5). The pyrrolyl protons are thus expected to be located at even higher field, which 

leads to the assignment of the signals at 5.98 and 5.82 to the a.- and ~-protons, respectively. 

13C NMR spectroscopy and CP MAS 13C NMR spectroscopy 

The different carbon atoms of all compounds are accounted for in the 13C NMR 

spectra. They are located in the expected ranges (110 to 140 ppm for the Cq, C-N and. C-H 

carbons and 140 to 150 ppm for the C-F carbons, see table 5.1). For the partially substituted 

compounds a C-F signal is observed with J=250 Hz, while for the 1,2,4-trisubstituted compound 

a further splitting occurs due to long range C-F couplings. Also, instead of the original singlet C

N signal, a splitting due to these coupling effects occurs. Furthermore, INVGATE-experiments 
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were performed on the partially substituted products. Such an experiment, in which the protons 

are decoupled and the NOR-effects hence disappear, allows integration of the 13C signals. The 

measurements gave 13C signals with integration a.teas which were in agreement with the 

proposed structure. 

The crystal data of 2 show that a plane of symmetry, running through the central 

naphthalene C-C bond, divides the molecule into two equivalent halves, of which each atom is 

inequivalent. This symmetry and inequivalence can be observed with CP MAS 13C NMR (figure 

5.6). The central pseudo-quaternary carbons give two signals between 127 and 128.5 ppm, while 

in solution only one signal is observed at 127.7 ppm. The four different a- and ~-carbons, that 

are part of the naphthalene system, are also inequivalent, as four signals are observed between 

132 and 138 ppm. In a CDC13 solution this can not be observed and only two signals are visible 

at 135.9 and 133.5 ppm. The CP MAS resonances are furthermore splitted due to coupling with 

the neighbouring quadrupolar nitrogen atoms. 13 The four different pyrrolyl substituents are also 

inequivalent and hence contain eight different a- and ~-carbons. The eight a-carbons are present 

between 119 and 126 ppm and are also splitted due to quadrupolar nitrogen coupling. Four sets 

can clearly be recognized between 119 and 123 ppm, while the other four are located between 

123 and 126 ppm. Again, in solution only two signals are observed for these carbon atoms which 

belong to the a-pyrrolyl carbons on the a- and ~-naphthalene position, respectively. 

140 135 130 125 120 115 110 105 
(ppm) 

Flgure 5.6 CP MAS 13 C NMR spectrum of2 obtained at 4 kl{z. Line broadening 
was applied with lb=-60 and gb=l 00. 

The eight different ~-carbons of the pyrrolyl substituents are located between 107 and 113 ppm 

as singlets. As for the a-pyrrolyl carbons, these ~-carbons also give only two signals in solution. 

Since the inequivalent carbon atoms give identical signals when the molecule is dissolved, it is 

concluded that in solution the conformational flexibility is much greater. This implies a rapid 

interchange between the two twisted naphthalene conformations, and between the left- and 
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righthanded pyrrolyl propeller conformations which are present in the crystal structure (vide 

supra), that occurs fast with respect to the NMR time scale. 

19F NMR spectroscopy of partially substituted products 
19F NMR, of which the sensitivity is comparable to that of 1H NMR, proved to be a 

very powerful technique to confirm the substitution pattern of the partially substituted products. 

From the observed chemical shifts, the following trend was determined (see table 5.1). When a 

fluorine is neighboured by two pyrrolyl units the chemical shift is located between -127 and -134 

ppm. When it is neighboured by only one pyrrole and hence also one other fluorine, the chemical 

shift is located between -143 and -148 ppm. Hexafluorobenzene, which is used at external 

reference, shows an absorption at -162 ppm. Only in the 1,2,4-tripyrrolyl substituted compound 

the three fluorines are inequivalent with concomitant splitting of the signals due to long range 

couplings. Based on these coupling constants the signals can be assigned. For fluoriae F-3 

neighboured by two pyrrolyl substituents, J = 10.7 Hz, being characteristic for meta-coupling. 

For the two neighbouring fluorines an ortho-coupling for F-6 is found of 1 = 22.0 Hz, while for 

F-5 the additional meta-coupling is found (1 = 10.7 Hz). 

5.2.4 UVNis Absorption Spectroscopy 

The UVNis spectra of 1 (hexapyrrolylbenzene), 3 (1,3,5-tripyrrolylbenzene) and N

phenylpyrrole measured in acetonitrile are shown in figure 5.7. 

7xto• 

6xto• 

......... 1 

------3 

250 
l..(nm) 

300 

Figure 5.7 UV/Vis spectra of 1, 3 and N-phenylpyrrole 
in acetonitrile. 
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For compound 1 an additional small shoulder or broadening on the low-energy side (A = 300 

nm) of the main absorption band at Amax = 254 nm is present when compared to phenylpyrrole or 

tripyrrolylbenzene 3. These effects suggest the occurrence of 7t-stacking between the aromatic 

pyrrolyl units. A nice textbook example14 of 7t-7t interactions which are visible in UV Nis 

spectra, concerns a series of paracyclophanes, where the intervening alkyl spacer is varied in 

length, thereby varying the interplanar distance between the two benzene rings. As this distance 

becomes smaller, the 7t-7t interaction between the benzene rings increases. This is visible in 

UV Nis spectrum by the appearance of a new absorption band on the low energy side of the 

spectrum, which increases in strength with smaller interplanar distances. For compound 2 also a 

shoulder can be observed (figure 5.8), but no reference compound was available to confirm the 

7t-7t interaction. However, the molecule consists of a naphthalene core which itself shows 

absorption bands up to 320 nm, while the maximum of the shoulder is observed at 

approximately 340 nm. 

7x1o• 

6x1o• 

""-; 5x1o• 
~ 

"o 4x1o• 
Ei 
':' 3x1o• 

2x1o• 

1x1o• 

0 +------,---.---r--~--T---~-T~~--, 
200 250 300 350 400 450 

A. (nm) 

Figure 5.8 UV/Vis spectrum of2 in acetonitrile. 

The additional transitions or shoulderS observed for 1 and 2 might also be related to 

other phenomena. For this purpose ab initio calculations have been performed15 using a 6-31G• 

basis set. From these results the theoretical UV Nis spectra were constructed with the ZINDO 

(INDO/S) method.16 The experimental and theoretical spectra of both 1 and 2 show a very good 

agreement. The most striking observation in the case of 1 is the calculation of a forbidden 

transition (oscillator strength = 0.000) at the same position as the shoulder in the measured 

spectrum (A = 300 nm). However, it is not unlikely that in a UV Nis measurement in solution at 

room temperature, a small distortion of the calculated 0 6 symmetry of the molecule occurs, thus 

increasing the oscillator strength of that band and explaining the presence of the shoulder in the 
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experimental spectrum. In the calculated spectrum of 2 the low energy absorption is accounted 

for by the presence of two transitions around 330 and 370 nm (oscillator strength == 0.1 ). They 

are, however, somewhat smaller than the experimentally observed transitions. 

5.2.5 Fluorescence Spectroscopy 
The fluorescence behaviour in acetonitrile of N-phenylpyrrole, 1,3,5-triphenylpyrrole 3 

and hexapyrrolylbenzene 1 is compared in figure 5.9. The solutions were of similar optical 

density (OD == 0.1) and were are all excited at 253 nm, which is at or close to their respective 

absorption maximum. For phenylpyrrole a broad emission band at 308 nm is observed. 

Triphenylpyrrole 3 produces a more narrow band at 330 nm. For 1 the emission is quenched 

significantly, but a maximal emission is observed at 342 nm. 
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Figure 5.9 Emission spectra for phenylpyrrole, 3 and 1 
as measured in acetonitrile. All samples had OD == 0.1 
and were excited at A=253 nm. 

A possible explanation for this quenching effect might rest on the interaction between the 

neighbouring pyrrolyl units which leads to a nonradiative decay of the excitation energy. This 7t

stacked conformation resembles that of an intramolecular excimer complex of which it is known 

that new radiative as well as nonradiative pathways can occur. The excitation spectra at the 

respective emission maxima all resemble the absorption spectra. 

The emission behaviour of naphthalene derivative 2 is completely different with an emission 

band around 487 nm after excitation at 288 nm. 
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5.2.6 Conclusions 
The synthesis of hexapyrrolylbenzene and octapyrrolylnaphthalene via nucleophilic 

aromatic substitution reaction with pyrrolyl sodium on the corresponding perfluoroaromatic 

compound proceeded smoothly when carried out in DMF. By performing partial substitution 

experiments on hexafluorobenzene and analyzing the products, a mechanistic description was 

formulated; which rationalizes both the relative reactivities of the intermediates as well as the . 

preferred 1,4- and 1,2,4,5-substitution patterns. The crystal structures of 1 and 2 proved their 

expected propeller shape. 1H NMR, UVNis and fluorescence spectroscopy all substantiate the 

occurrence of x-x interactions between the pyrrolyl units in 1 and 2. The combined 

photophysical data suggest that delocalization of excitation energy throughout the electronically 

interacting x-system is plausible. 

Expansion of the range of nucleophiles which can be used in this reaction is described 

in the next paragraphs of this Chapter, while extension of the x-system will be investigated in 

Chapter 6. The potential use of other nucleophiles and/or accessibility of an enlarged 1t-system 

may be of great importance for the future design of molecular electronic devices e.g. relay 

stations. If the six aromatic moieties can be substituted with x-conjugated chains, electronic 

energy (or information) can be relayed from one x-conjugated chain via the circularly arranged 

relay station to another 1t-conjugated chain. By asymmetric substitution of the relay station, the 

selectively transport of information into a desired direction, e.g. by triggering with external 

stimuli, might become feasible. 

5.3 Reactions Involving Other Nucleophiles 
5.3.1 Synthesis 

2,5-Dimethylpyrrole was used as a frrst alternative for pyrrole (scheme 5.2). Although 

the two methyl groups only slightly enlarge the molecule, a maximum of only four substitutions 

could be reached (4a: 15%, 4b: 75%), as was determined by 1H, 13C and •9p NMR and GC-MS. 

Indeed, repeated reaction of 4b with 2,5-dimethylpyrrolyl sodium failed to give higher 

substituted analogues but reaction with pyrrolyl sodium gave fully substituted compound 5, 

according to NMR and FD-MS, in almost quantitative yield. The partial substitution with 2,5-

dimethylpyrrole indicates that the remaining fluorine atoms in 4b suffer from increased steric 

hindrance. As a non-aromatic nitrogen containing nucleophile pyrrolidinyl sodium was used. 

This gave 6 in 54% yield after purification, as was deduced from NMR and GC-MS. In this case 

it was impossible to react 6 further with pyrrolyl sodium in order to achieve full substitution. 

This is rationalized by the steric hindrance exerted by the alkyl hydrogen atoms in the 

neighbourhood of the fluoro-substituent. Moreover, the relative electron donating effect of the 

four nitrogen substituents presumably also lowers the reactivity of the remaining two positions. 
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F*F HaC *OF ~Q 
H3C-()-cHa ~F ~N F CHa + 

Na+ ----il)llo... \=\ 

Q 
4b 

>95o/o 

Q * 54% 

CH3 
4a (15o/o) 

<\&0 
G~O 

6 

Scheme 5.2 Synthesis of 4a, 4b, 5 and 6. 

;=(CH3 F HaC\=\ 

H3C~wN~CHa 
(:(1))~ 

CHa HaC 
4b (75o/o) 

Indeed, the sodium salt of p-cresol also reacted only four times with hexafluorobenzene to give 

7, as was determined from NMR and FD-MS (scheme 5.3). However, in 7 there is obviously 

enough flexibility left, and reaction with the more nucleophilic pyrrolyl sodium yielded 8, which 

was again confirmed by NMR and FD-MS. As a carbon nucleophile the lithium salt of 

phenylacetylene was used. The reaction was carried out in THF, and gave the doubly substituted 

compound 9, according to NMR and GC-MS. To increase the 7t-conjugation of the substituents, 

the reactivity of 2,5-diphenylpyrrole and 2,5-dithienylpyrrole was also investigated, but both 

failed to give any reaction. The steric hindrence caused by the free rotation around the bond 

connecting the aromatic units presumably prevents reaction from taking place. Furthermore, the 

increased aromatic system allows a larger delocalization of the anion, thus lowering the 

nucleophilicity of the nitrogen atom. 
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9 *' F .. 
Na+ 

67"A. 

Q 
7 

89% 

8 

@-c=c·u+ * ~~c~-<Q) 32% 
F F 

9 

Scheme 5..3 Synthesis of7, 8 and 9. 

In all the reactions described above the previously mentioned para-activation is 

observed. It is most remarkable, however, that this is also observed for the cresol substitution. 

Although the phenolic oxygen atoms not necessarily have to be considered (deactivating) 

donors, neither can they be considered as (activating) acceptor substituents. This only leaves the 

combined electron withdrawing influence of the fluorine substituents, together with the sterical 

hindrence on the ortho positions, to explain the formation of parasubstituted product. The para

activation found for the acetylenic nucleophile can also be ascribed to this effect. 

5.3.2 X-ray Diffraction 
Crystallization of tetrapyrrolyl derivative 4b from acetonitrile produced large crystals 

suitable for crystal structure determination (figure 5.10). The crystals are monoclinic, space 

group P2dc and the unit cell contains 2 molecules. The increased steric hindrence above and 

below the plane of the central arene, is clearly visible. This rationalizes the decreased reactivity 

towards further substitution with the 2,5-dimethylpyrrolyl nucleophile, compared to pyrrolyl 
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sodium, assuming that it approaches either from above or below, but parallel to the plane of the 

central arene. 

Figure 5.10 Top- and sideview of the crystal structure of 4b represented by a PLUTON 
drawing. 

5.3.3 NMR Spectroscopy 
1 H NMR spectroscopy 

From a comparison of the 1H NMR data of 1, 4a, 4b and 5 (table 5.2) again a close 

proximity effect is observed, which is an indication of interaction between the pyrrolyl units. 

The ~-proton for 4b (o 5.89 ppm) is shifted upfield compared to 4a (0 6.01 ppm). For 5 the 

corresponding proton is located at 5.74; an additional upfield shift of 0.15 ppm. The a.- and ~

protons of the two unsubstituted pyrrolyl units appear at 6.06 and 5.94 ppm respectively, 0.12 to 

0.14 ppm upfield compared to those in hexapyrrolybenzene 1. The chemical shifts of the aryl 

proton signals of 7 and 8 can be compared to those of p-tolylether. For the latter compound the 

signals are located at 7.09 and 6.88 ppm, respectively. For 7 they are located at 7.02 and 6.78 

ppm while for 8 they are located at 6.97 and 6.75 ppm, again indicating a small but increasing 

shielding effect. 

Table 5.2. 1 H NMR chemical shifts for I, 4a, 4b and 5 as 
measured in CDCl3. 

1 

4a 

4b 

5 
{ 2,5-dlimethylpyrrolyl 

pyrrolyl 

89 

On-H (ppm) §l.H (ppm) 

6.18 6.08 

6.06 

6.01 

5.89 

5.74 
5.94 
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19F NMR spectroscopy of partially substituted products 

From the l9p NMR data, combined with the MS data, the substitution patterns can 

easily be determined since only single peaks are observed for the proposed symmetrical 

compounds. Although the chemical shifts depend on the nature of the neighbouring substituent, 

some trends, similar to those found for the partially pyrrolyl substituted benzenes, can be 

observed. The di- and tetrasubstituted dimethylpyrrole derivatives 4a and 4b show signals with 

chemical shifts at -145 and -124 ppm, respectively. The corresponding signal of the 

tetrasubstituted derivative 6 appears at -135 ppm, comparable to that of 1,2,4,5-

tetrapyrrolylbenzene (-133 ppm). The tetracresol substituted compound 7 gives a more upfield 

shifted signal at -155 ppm. For compound 9 the signal is located at -137 ppm, shifted slightly 

downfield compared to the disubstituted pyrrolylbenzene derivative ( -148 ppm) and 4a ( -145 

ppm). 

5.3.4 UVNis Absorption Spectroscopy 
In figure 5.11, the UVNis spectra of the hexasubstituted pyrrolyl derivatives 1 and 5, 

measured in acetonitrile, are shown. The absorption maximum of 5 (Amax = 264 nm) is located at 

a higher wavelength than 1 (Amax = 254 nm). The previously mentioned shoulder in the UVNis 

spectrum of 1, indicative of Tt-stacking effects, is also observed for compound 5, and even seems 

to be slightly stronger, while it is also located at a higher wavelength (A,= 316 nm). This agrees 

with the observations made in the synthesis of compounds 4a and 4b, and comparison of the 1H 

NMR data to 1, that there is an increased steric hindrance in the case of the 2,5-dimethylpyrrolyl 

substituents, resulting in increased interactions. 
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Figure 5.1lUVNis spectra of 1 and 5 as measured in 
acetonitrile. 
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5.3.5 Conclusions 
With all nucleophiles investigated here, other than the pyrrolyl anion discussed 

previously, SNAr disubstitution of hexafluorobenzene is restricted to 1,4-regioselectivity, and 

tetrasubstitution to 1,2,4,5-regioselectivity. While in the tetrasubstituted products 4 and 7 the 

remaining fluorine atoms could still be replaced by a pyrrolyl substituent, this proved impossible 

in the case of 6, thus indicating the limits of the steric or electronic possibilities of this reaction. 

The observed substitution patterns all suggest, that N or 0 substituents preferentially direct a 

subsequent substitution to the corresponding para-position. In the absence of para-fluorine 

substituents, onho-substitution takes place. This is in agreement with what has been found for 

the pyrrolyl substitution and what has been described in literature. The use of nucleophiles that 

yield hexasubstituted products thus seems to be limited to flat aromatic systems without large 

substituents at the a-positions as illustrated with 2,5--dimethylpyrrolyl- and pyrrolidinyl sodium. 

Derivatization or 1t-extension of the nucleophile must therefore be introduced sufficiently remote 

from the nucleophilic centre. A nucleophile fulfilling these requirements proved to be the anion 

of carbazole, a flat molecule capable of hexasubstitution, incorporating an enlarged 1t-system 

which, in addition, can easily be functionalized at the C-3 and C-6 position. The investigations 

concerning hexacarbazolyl substituted molecules are described in Chapter 6. 

5.4 Experimental 
General 
DMF was dried over BaO. Analytical gas chromatography was performed using a CPSll..5CB column 
(length 25 m, diameter 0.32 mm, film 0.12 !J.m) in a Perkin Elmer Autosystem. •9p NMR spectra were 
taken on a Bruker AM-400 spectrometer operating at a frequency 376.5 MHz. Hexafluorobenzene in 
CDCh was used as external standard (0 -162 ppm). Fluorescence spectra were taken on a Perkin Elmer 
LS-50 spectrophotometer. GC-MS measurements were performed on a Hewlett Packard 5970 A (OV-1 
column, I = 25 m, d = 200 llfU). For other general experimental details the reader is referred to Chapter 2. 

Synthesis 
Hexa·N·pyrrolylbenzene, 1 
Pyrrole (1.20 g, 17.9 mmol) was added dropwise to a suspension of NaH (0.43 g, 17.9 mmol) in DMF 
(15 ml). After the liberation of H2-gas had seized the reaction mixture was stirred for an additional 30 
min. Then a solution of hexafluorobenzene (0.5 g, 2.69 mmol) in DMF (5 ml) was added drop wise in 15 
and the reaction mixture was stirred for and additional2 h.lt was poured into ice-water (100 ml) and tbe 
white precipitate was filtered and dried overnight in air yielding 1 ( 1.08 g, 2.3 mmol, 86% ). 
M.p.>350"C; Elemental analysis calc.: C 76.90, H 5.16, N 17.94; found: C 76.86, H 5.14, N 18.00; Ge
MS (rnlz) 468; Calc.: 468.57; 1H NMR (400 MHz, CDCh): o 6.17 (dd, J = 2.2 and 2.2 Hz, l2H, H-2,5), 
6.07 (dd, J = 2.1 and 2.1 Hz, 12H, H-3,4); 13C NMR (100 MHz, CDCh) o 134.3, 120.9, 110.6; 
Crystallization from acetonitrile yielded large colourless crystals from which the crystal structure was 
determined. Crystal data: orthorhombic, space group Pna21 (no. 33) with a=I0.2570(12), b=19.797(2), 
c=11.811(2)A, a::::{3=[-9<Y', V=2398.3(5)N, Z=4, Dx=l.298 g cm·3

• 
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Partial substitution of hexaDuorobenzene by pyrrole. 
Pyrrole (0.35 g, 5.2 mmol) was added dropwise to a suspension of NaH (0.125 g, 5.2 mmol) in DMF (5 
ml). After the liberation of Hrgas had seized the reaction mixture was stirred for an additional 30 min. 
Then a solution of hexafluorobenzene (0.5 g, 2.69 mmol) in DMF (5 ml) was added in one batch and the 
reaction mixture was stirred for and additional 2 h. It was poured into ice-water (100 ml) and the white 
precipitate was filtered and dried overnight in air yielding 0.36 g crude product. The mixture was 
subjected to column chromatography using silicagel and CHzC}zlhexanes as eluent (from a 1/3 ratio to 
1/1 ratio). 
5 Products were isolated and characterized: 
1,4-Di-N-pyrrolyl-tetrafluorobenzene: GC-yie1d: 2%; GC-MS (m/z) 280; Calc.: 280.23; 1H NMR (400 
MHz, CDC13) o 6.96, 6.43; 13C NMR (100 MHz, CDCh) o 142.0, 122.3, 118.7, 110.9; 1~ NMR (376.5 
MHz, CDCb) o -148. 
1,2,4-Tri-N-pyrrolyl-trifluorobenzene: GC-yie1d: 3%; GC-MS (m/z) 326; Calc.: 327.31; 1H NMR (400 
MHz, CDCh) o 6.91 (2H), 6.50 (4H), 6.43 (2H), 6.26 (4H); 13C NMR (100 MHz, CDCh) o 147.7, 144.6, 
142.5, 133.7, 125.4, 122.4, 121.8, 112.6, 119.2, 110.9, 110.8, 110.8; 1~ NMR (376.5 MHz, CDCh) o-
134 (d, J = 10.7 Hz), -143 (d, J =22Hz), -148 (dd, 1=10.1 and 22Hz). 
1,2,4,5-Tetra-N-pyrrolyl-difluorobenzene: GC-yie1d: 36%; GC-MS (m/z) 373; Calc.: 374.40; 1H NMR 
(400 MHz, CDCh) o 6.53 (8H), 6.26 (8H); 13C NMR (100 MHz, CDCI3) o 148.4, 125.4, 121.6, ll0.8; 
1~ NMR (376.5 MHz, CDCJ,) o -133. 
1,2,3,4,5-Penta-N-pyrrolyi-Ouorobenzene: GC-yield: 9%; GC~MS (m/z) 421; Calc.: 421.48; 1H NMR 
(400 MHz, CDCb) o6.52 (4H), 6.26 (4H), 6.18 (6H), 6.08 (6H); 13C NMR (100 MHz, CDCb) o 151.1, 
133.7, 126.5, 126.4, 121.7, 121.1, 120.9, 110.8, 110.6, 110.5; 1~ NMR (376.5 MHz, CDCb) o -127. 
1: GC-yield: 50%; other data are given above. 
Octa·N-pyrrolylnaphthalene, 2 
Pyrrole (2.00 g, 29.8 mmol) was added dropwise to a suspension of NaH (0.71 g, 29.6 mmol) in DMF 
(25 ml). After the liberation of H2-gas had seized the reaction mixture was stirred for an additional 30 
min. Then a solution of octafluoronaphthalene (0.6 g, 2.21 mmol) in DMF (10 ml) was added in one 
batch and the reaction mixture was stirred for and additional 2 h. It was poured into ice-water (100 ml) 
and the yellow precipitate was ftltered and dried overnight in air yielding 2 (1.15 g, 1.77 mmol, 80% ). 
Mp.>350"C; Elemental analysis calc.: C 77.76, H 4.97, N 17.27; found: C 77.60, H 4.92, N 17.20; GC
MS (m/z) 648; Calc.: 648.78; 1H NMR (400 MHz, CDCb) o 6.19 (8H, m), 5.98 (16H, m), 5.82 (8H, m); 
13C NMR (100 MHz, CDCb) o 135.9, 133.5, 127.7, 124.3, 121.0, 110.0, 109.8; Crystallization from 
acetonitrile yielded large yellow crystals from which the crystal structure was determined. Crystal data 
of 2: tetragonal, space group P41212 (no. 92) with a=11.5659(11) and c=25.680(9)A, a;=fJ=y.=90", 
V=3435.2(13)N, Z=4, D.=1.254 g cm·3. 

1,3,5-Tri-N-pyrrolylbenzene, 3 
Pyrrole (2.8 g, 41.7 mmol) was added dropwise to a suspension ofNaH (0.96 g, 40.0 mmo1) in DMF (15 
ml). After the liberation of H2-gas had seized the reaction mixture was stirred for an additional 30 min. 
Then a solution of 1,3,5-tribromobenzene (4.15 g, 13.2 mmo1) in DMF (10 ml) was added dropwise and 
the reaction mixture was stirred overnight at 65"C. It was then poured into ice-water (I 00 ml) and the 
precipitate was filtered and dried overnight in air yielding a mixture which was subjected to column 
chromatography (CHzChlhexanes: l/4). Three products could be isolated: the once, twice and thrice 
substituted products. 
3: GC-MS (m/z): 273; Calc.: 273.1; 1H NMR (300MHz, CDCb): o 7.29 (s, 3H, Hp~>eny1), 7.15 (dd, J = 2.2 
and 2.2 Hz, 6H, H-2,5), 6.41 (dd, J = 2.2and 2.2 Hz, 6H, H-3,4); 13C NMR (75 MHz, CDCJ,): o 142.3, 
118.8, 110.9, 109.1; 1-Bromo-3,5-Di-N-pyrrolylbenzene : GC-MS (m/z): 286 (100%), 288 (100%); 
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Calc.: 287.0; 1H NMR (300 MHz, CDCh): 5 7.43 (br. d. J = 1.9 Hz, 2H, Hp.,.ny1-2,6), 7.41 (br. d, J = 1.8 
Hz, IH, Hp.,..yr4), 7.10 (br.m, 4H, ~-2,5), 6.39 (br. m, 4H, Hpyrrole-3.4); 13C NMR (75 MHz, CDC13): 

S 142.7, 131.5, 123.5, 122.2, 118.8, 111.7; 1,3-Dibromo-5-N-pyrrolylbenzene : GC-MS (mlz): 299 
(50%), 301 (100%), 303 (50%); Calc.: 300.9; 1H NMR (300 MHz, CDCh): 5 7.53 (br. m, lH, Hphenyl-2), 
7.49 (br. m, 2H, Hptenyr4,6), 7.04 (br. m, 2H, Hpyrro~e-2,5), 6.37 (br. m, 2H, Hpyrro~e-3,4); 13C NMR (75 
MHz, CDCiJ): 5 142.7, 123.8, 121.0, 118.9, 111.8, 111.3. 
1,4-Bis(2,5-dimetbyi-N-pyrrolyl)-2,3,5,6-tetrafluorobenzene, 4a and 
3,6-Difluoro-1,2,4,5-tetrakis(2,5-dimethyi-N-pyrrolyl)benzene, 4b 
2,5-Dimethylpyrrole (1.53 g, 16.08 mmol) in DMF (10 ml) was added dropwise to a suspension ofNaH 
(0.39 g, 16.25 mmol) in DMF (20 ml) at room temperature. This mixture was stirred until no more 
hydrogen gas evolved. Then a solution of hexafluorobenzene (0.50 g, 2.69 mmol) in DMF (10 ml) was 
added dropwise in 10 min. This was stirred overnight at room temperature after which it was poured into 
water (100 ml). Extraction with ethyl acetate (3 x 75 ml), washing of the organic layer with water ( 4 x 
100 ml), drying over MgSO<~. filtration and evaporation of the solvent yielded a mixture of 4a and 4b. 
Column chromatography (chloroformlhexanes: l/2) yielded 4a (0.14 g, 0.4 mmol, 15%) and 4b (0.98 g, 
2.0 mmol, 75%), which eluted in this order. 
4a: GC-MS (mlz): 336.15; Calc.: 336.34; 1H NMR (400 MHz, CDC13): o 6.01 (s, 4H, Hpyrro1e). 2.10 (s, 
12H, CJ:b); 13C NMR (100 MHz, CDCh): o 144.2 (Cq, JcF= 250Hz), 129.4, 118.7 (Cq). 107.9, 12.3; 19p 
NMR (376.5 MHz, CDC13): o -145. 
4b: GC-MS (mlz): 486.45; Calc.: 486.61; 1H NMR (400 MHz, CDCh): o 5.89 (s, 8H, Hpyrro~e), 1.98 (s, 
24H, CJ:b); 13C NMR (100 MHz, CDCh): o 152.2 (Cq, JCF = 5 and 253Hz), 129.3, 126.6 (Cq). 108.2, 
12.6; •9p NMR (376.5 MHz, CDC13): o -124. Crystallization from acetonitrile yielded colourless crystals 
from which the crystal structure was determined. Crystal data: monoclinic, space group P2.Jc (no. 14) 
with a=11.6716(9), lr-=14.0944(8) and c=8.0719(9)A, a:::r-=<JO", /J=104.388(6)0

, V=1286.21(19)N, 2=2, 
D,.=l.257 g cm·3

• 

3,6-Di-N-pyrrolyl-1,2,4,5-tetrakis(2,5-dimethyl-N-pyrrolyl)benzene, 5 
Pyrro1e (1.0 g, 14.9 mmol) was added to a suspension of NaH (0.3 g, 12.5 mmo1) in DMF (25 ml) at 
room temperature and it was stirred until no more hydrogen gas evolved. 6 Ml of this solution was then 
added dropwise to a solution of 4b (0.1 g, 0.21 mmo1) in DMF (4 ml). It was then stirred overnight at 
lOO"C. After cooling to room temperature the mixture was poured into water and filtered. 1H NMR of 
the crude product indicated full conversion into 5. 
FD-MS (mlz): 580.2; Calc.: 580.78; 1H NMR (400 MHz, CDCh): o 6.06 (dd, J = 2.1 and 2.1Hz, 4H, 
Hpyrro~e-2,5), 5.94 (dd. J = 2.1 and 2.1 Hz, 4H, Hp~-3,4), 5.74 (s, 8H, Hpyrro~e-3',4'), 1.84 (s, CJ:b); 13C 
NMR (100 MHz, CDCh): o 139.0 (Cq), 134.1 (Cq), 129.2, 120.5, 110.9, 108.2, 12.6. 
3,6-Diftuoro-1,2,4,5-tetrakis(1-pyrrolidinyl)benzene, 6 
To a solution of pyrrolidine (1.0 g, 14.1 mmol) in THF (15 ml) was added dropwise n-BuLi (8.8 ml, 
1.6M). This was first stirred for I h at room temperature. Then hexafluorobenzene (0.25 g, 1.34 mmol) 
in THF (2 ml) was added. The reaction mixture was stirred overnight at 60"C after which it was poured 
into water (100 ml) and extracted with diethy1 ether (3 x 50 ml). Washing of the organic layer with water 
(3 x 50 rnl), drying over MgS04, filtration, evaporation of the solvent and column chromatography of the 
residue (dichloromethane/hexanes: gradient) yielded 9 (0.28 g, 0.7 mmol, 54%) as the main product. 
GC-MS (mlz): 390; Calc.: 390.52; 1H NMR (400 MHz, CDCh): o 3.23 (m, 16H, NCfu), 1.86 (m, 16H, 
NCH2Cfu); 13C NMR (100 MHz, CDCh): o 153.9 (Cq. JCF =240Hz), 129.6 (Cq), 51.4, 25.6; 19p NMR 
(375 MHz, CDCI3): o-135. 
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3,6-Diftuoro-1,2,4,5-tetrakis( 4-methylphenoxy)benzene, 7 
A solution of p-cresol (1.0 g, 9.2 mmol) in DMF (2 ml) was added to a suspension ofNaH (0.21 g, 8.75 
mmol) in DMF (10 ml) at room temperature. When no more hydrogen gas evolved a solution of 
hexafluorobenzene (0.25 g, 1.34 mmol) in DMF (1 ml) was added. This mixture was stirred overnight 
after which it was poured into water (50 ml). Extraction with dichloromethane (3 x 50 ml), washing of 
the organic layer with water (3 x 50 ml), drying over MgS04, filtration, evaporation of the solvent and 
column chromatography of the residue (dichloromethaneJhexanes: gradient) yielded 7 (0.48 g, 0.89 
mmol, 67%) as the main product. 
FD-MS (rnlz): 538.1; Calc.: 538.60; 1H NMR (400 MHz, CDCI3): o 7.02 (d, J = 8.3 Hz, 8H, H-3,5), 6.78 
(d, J:: 8.5 Hz, 8H, H-2,6), 2.24 (s, 12H, C}h); 13C NMR (100 MHz, CDCh): o 155.4 (Cq), 147.1 (Cq, JcF 
=250Hz), 135.3 (Cq), 132.5 (Cq), 130.1, 115.4, 20.5; '9p NMR (376.5 MHz, CDCh): o -155. 
3,6-Di-N-pyrrolyl-1,2,4,5-tetrakis( 4-methylphenoxy )benzene, 8 
Pyrrole (0.35 g, 5.22 mmol) and NaH (0.1 g, 4.2 mmol) were stirred in DMF (5 ml) at room temperature 
until no more hydrogen gas evolved. Then 7 (0.1 g, 0.19 mmol) in DMF (l ml) was added and this 
mixture was stirred overnight after which it was poured into water (50 ml). Extraction with 
dichloromethane (3 x 50 ml), washing of the organic layer with water (3 x 50 ml), drying over MgS04, 
filtration, evaporation of the solvent and column chromatography of the residue 
(dichloromethanelhexanes: gradient) yielded 8 (0.09g, 0.14 mmol, 89 %). 
FD-MS (rnlz): 632.1; Calc.: 632.77; 1H NMR (300 MHz, CDC!)): o 6.97 (d, J = 8.7 Hz, 8H, Hphenyl·3,5), 
6.75 (dd, J = 2.0 and 2.0Hz, 4H, Hpyrro~e·2,5), 6.57 (d, J = 8.5 Hz, 8H, Hpbeny1-2,6), 6.06 (dd, J = 2.0 and 2.0 
Hz, 4H, Hpyrro~e-3,4), 2.28 (s, 12H, CH3); 

13C NMR (100 MHz, CDCI3): o 155.2 (Cq), 141.3 (Cq), 131.9 
(Cq), 130.0 (Cq), 129.7, 122.4, 115.3, 109.2, 20.6. 
1,4-Bis(phenylethynyi)·2,3,S,6-tetranuorobenzene, 9 
n-Butyllithium (18 ml, 1.6M in hexane) was added to a solution of phenylacetylene (3 g, 29.4 mmol) in 
THF (40 ml) at room temperature. After stirring for 1 h, hexafluorobenzene (0.25 g, 1.34 mmol) was 
added. This mixture was stirred overnight at room temperature after which it was poured into water. 
Extraction with diethyl ether (3 x 50 ml), washing of the organic layer with water (3 x 100 ml), drying 
over MgS04. filtration, evaporation of the solvent and column chromatography of the residue 
(dichloromethanelhexanes: gradient) yielded 6 (0.15 g, 0.43 mmol, 32%) as the main product. 
GC-MS (rnlz): 350.05; Calc.: 350.32; 1H NMR (400 MHz, CDC~)): o 7.62 (m, 4H, Hp~~enyt·3,5), 7.43 (m, 
6H, Hp~~eny1·2,4,6); 13C NMR (100 MHz, CDC13): o 146.5 (Cq, Jcr-237.6Hz), 132.0, 129.7, 128.5, 121.6 
(Cq). 103.0 (Cq), 103.0 (Cq), 74.6 (Cq); '9pNMR(376.5 MHz, CDCh): o -137. 
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6 Hexakis(3,6-disubstituted-carbazolyl)benzene 

Derivatives 

Summary 

Science is built up with facts, as a house is with stones. But a 
collection of facts is no more a science than a heap of stones is 
a house. 

-Henri Poincare, Science and Hypothesis, Dover 
Publications, Inc., New York, 1952 

A nucleophilic aromatic substitution reaction is described using 

hexajluorobenzene as substrate and a variety of N-nucleophiles derived from 

carbazole. The nucleophiles were synthesized starting either from carbazole 

by selective 3,6-diacylation or from 3,6-dibromocarbazole using a double 

palladium catalyzed acetylenic coupling. The hexasubstituted benzenes 

formed in the final reaction possess a conformationally restricted, spatially 

well-defined, propeller-shaped structure. The . structures were fully 

characterized with 1H and 13C NMR spectroscopy, IR spectroscopy, 

elemental analysis and mass spectrometry. The photophysical properties 

have been studied with UVNis and fluorescence spectroscopy and time 

resolved microwave conductivity (TRMC). Based on these results the 

occurrence of tr-tr interaction between neighbouring carbazole units is 

discussed. A derivative with chiral alkyl side chains has been studied with 

circular dichroism spectroscopy. No evidence was found for chirality 

transfer from the side chains to the tr-tr* band. The unexpected liquid 

crystalline behaviour found for compound 2b was investigated with X-ray 

diffraction, differential scanning calorimetry and polarized light 

microscopy. The combined results substantiated the presence of a columnar, 

hexagonally ordered liquid crystalline phase between 252 and 270°C. 

6.1 Introduction 
Well-defined multi-chromophoric arrays are recelVlng increasing attention as 

building blocks for supramolecular architectures (see also Chapter 1 ). This interest can 

predominantly be attributed to the pre-organization in these systems, caused by directional 
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interactions, which may give rise to an induction of ordering on the supramolecular level. It is 

often the degree and nature of this macroscopic organization, that determines the electronic, 

optical, magnetic and mechanical properties of materials.1.2 The optical properties of these 

multi-chromophoric arrays and their assemblies, can be used to gather information concerning 

the structural organization and the magnitude and origin of the interactions involved. They are 

e.g. applied in the structural characterization of biological3 and polymer4 systems. A better 

understanding of these interactions is of fundamental importance for a great number of studies 

and applications throughout the fields of chemistry and physics. They range from 

investigations of light harvesting antenna systems in natural photosynthetic bacteria5 and 

plants6 to the design and synthesis of multi-chromophoric assemblies7 as photomolecular 

devices for the conversion of light into more useful forms. The photophysical properties of 

these assemblies are usually not a superposition of those of a single unit. E.g., the excitation 

can be described as being delocalized over the system, in which case the interactions can be 

manifested in excimer fluorescence,8 transannular interactions9 or exciton splittings. 10 

However, the excitation energy can also be localized on a single unit and subsequently be 

transferred to a neighbouring chromophore. This process is known as excitation energy 

transfer (EET).11 The EET process has been extensively investigated in polymers 12 substituted 

with chromophores as well as in a great number of well-defined bichromophoric molecules. 13 

The majority of the polymers studied have been one-dimensional, functionalized polymers, 

although hyperbranched and dendritic polymeric systems14 are attracting increasing attention 

due to their unique spherical structures and properties. For a more detailed and fundamental 

understanding, however, it is a prerequisite to use large chromophoric arrays, that are also 

spatially well-defined. Hexasubstituted benzenes are ideally suited for this purpose as they are 

indeed well-defined15 (see also Chapter 5). Furthermore, the conformational restrictions, 

together with the 1t-stacking capabilities, offer greater control over the three-dimensional 

structure on the molecular as well as the supramolecular and macroscopic level. A circular 

arrangement of chromophores would also, because of its infinity, offer a distinct advantage for 

the interpretation of the results. It allows delocalization through the entire 1t-system, with each 

unit being identical to the next, in contrast to finite linear systems. By careful tuning of 

interchromophoric distances also the depth of the intramolecular excimer-like energy trap can 

be controlled. Circular arrays also show more resemblance to the structures found in nature, 

like the light harvesting antenna systems.5
•
6 Investigations concerning such a porphyrin 

containing cyclic array will be described in Chapter 7. 

Chromophores that are intensively studied for their photophysical properties are 

carbazole derivatives. 16 Especially because of their photoconductive properties17 they have 

attracted a lot of attention from the xerographic industry. Poly(N-vinylcarbazole)s (PVKs) and 

poly(3,6-carbazole)s have, because of their high hole-transporting mobility, also been 
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successfully applied in polymer light emitting diodes (P-LEDs). 18 From cellulose derivatives 

containing carbazole moieties, highly ordered films have been constructed using the 

Langmuir-Blodgett technique, 19 which have been studied for excimer formation and excitation 

energy transfer. Other carbazole derivatives have also been used to construct novel 

hyperbranched polymers. 14 The use of the carbazole moiety in the hexasubstituted benzenes 

would, therefore, be interesting not only from a fundamental but also from a more application 

oriented point of view. The larger rt-conjugated system allows a greater interaction between 

the aromatic units to occur in these hexasubstituted benzene derivatives, while restricting even 

more the conformational flexibility of the substituents. Furthermore, functionalization of 

carbazole derivatives at the C3- and C6-position yields new, rigid structures with at least 12 

functional endgroups which might be used as core molecules for novel dendritic structures. 

In this Chapter the derivatization of carbazole at the C3- and C6-position, and their 

subsequent use in the substitution reaction with hexafluorobenzene is described, with the aim 

to build new multi-chromophoric and spatially well-defined circular arrays. The photophysical 

properties of these propeller-shaped molecules are investigated with UVNis and fluorescence 

spectroscopy and time resolved microwave conductivity, and are discussed in relation to the 

spatial arrangement of the substituents. 

6.2 Synthesis 
Hexa-N-carbazolylbenzene 1 was synthesized by the reaction of carbazolyl sodium, 

prepared from carbazole and NaH, with hexafluorobenzene in DMF at 50°C (scheme 6.1). The 

reaction yielded an amorphous beige powder which was very slightly soluble in common 

organic solvents. Compound 1 could nevertheless be obtained in 21% yield as a white powder 

by several washings with THF, and be characterized despite the low solubility. 

* F 

DMF 

Scheme 6.1 Synthesis of hexa-N-carbazolylbenzene I. 
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In the 1H NMR and IR spectra the disappearance of the N-H signal is observed, while in the 
13C NMR spectrum, an additional peak is found, originating from the central phenyl ring. 

Unexpectedly, no significant shifts, indicative of stacking interactions with the neighbouring 

1t-systems, are observed for the carbazolyl signals. From 19F NMR it is clearly deduced, that 

no partially substituted products are present, while the elemental analysis and FD-MS (table 

6.1) data are in agreement with the calculated values. 

Disubstituted carbazole derivatives by Friedel-Crafts acylation 

Solubilizing groups were introduced on the carbazole moiety by adaptation of a 

literature procedure involving a Friedel-Crafts acylation20 (scheme 6.2). 

R 

~"* - F 
Na+ ,. 

DMF 
R 

6 

2-48 2-4b 

2 

3 

4 

Scheme 6.2 Synthesis of hexa-N-carbazolyl derivatives 2b, 3b and 4b. 

3,6-Dihexanoylcarbazole 2a was thus prepared in high yield by acylation of carbazole with 

hexanoyl chloride in the presence of aluminiumchloride in dichloromethane. The 3,6-dihexyl 

derivative 3a was subsequently obtained by Clemmensen reduction of the two carbonyl 

moieties in 2a using zinc amalgam in a toluene/ethanol mixture. From 1H and 13C NMR and 

the IR spectroscopic data, it was concluded that no carbonyl functionalities were present in the 

purified product (>95%). The chiral carbazole derivative 4a was similarly prepared by 

acylation using the corresponding chiral acid chloride. For this purpose (S)-citronellol was 

hydrogenated21 and subsequently oxidized with Jones reagent (chromic acid in sulfuric acid) 

100 



Hexakis( 3, 6-disubstituted-carbazolyl )benzene Derivatives 

to tht:: corresponding acid. Reaction with thionyl chloride in dichloromethane then gave the 

acid chloride which was immediately used in the Friedel-Crafts reaction with carbazole to 

yield 3,6-disubstituted 4a. Reaction· of the sodium derivatives of 2a-4a with 

hexafluorobenzene, under the conditions described above for 1, yielded, after column 

chromatography, the readily soluble compounds 2b-4b in reasonable yields (44%, 28%, and 

38% for 2b, 3b, and 4b respectively). Taking into account that hexasubstitution had to take 

place, the isolated yields amount to 81-87% per substitution reaction. In the 1H NMR and IR 

spectra the N-H signals are no longer present while in the 13C NMR spectra one additional 

peak is observed. Furthermore from '9p NMR measurements no partially substituted products 

are apparent, and elemental analysis and mass determinations (table 6.1) of 2b-4b are in 

agreement with the calculated values. In contrast to what was found for 1, significant upfield 

shifts are observed in the 1H NMR for the carbazolyl protons upon hexasubstitution (table 6.2, 

vide infra). 

Compounds S, 6, and 7 were synthesized as model compounds to study the properties of the 

corresponding hexasubstituted derivatives. Compounds S and 6 were both prepared by 

acylation of the commercially available N-phenylcarbazole with the corresponding acid 

chlorides (figure 6.1), while 7 was prepared by reaction of the sodium salt of 2a with methyl 

iodide. 

0 

5 
~ 

6 

7 

Figure 6.1 Model compounds 5, 6 and 7. 

Disubstituted carbazole derivatives by the Hagihara reaction 

Extension of the 1t-conjugation of the carbazole moiety was achieved by a palladium 

catalyzed and copper(l)iodide assisted acetylenic coupling reaction, with an amine as solvent, 

commonly known as the Hagihara reaction.22.23 
. With commercially available 3,6-

dibromocarbazole and trimethylsilylacetylene in· piperidine a reaction was accomplished 

giving 8 (scheme 6.3) in high yield (88 % ). Subsequent deprotection of the acetylene unit with 
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tetrabutylammoniumfluoride in THF, almost quantitatively yielded 9. This compound was 

reacted with iodobenzene in piperidine under similar acetylenic coupling conditions to give 

bis(phenylethynyl) derivative lOa in 89% yield. Reaction of this relatively large n:-conjugated 

molecule with NaH in DMF, followed by the addition of hexafluorobenzene afforded 

hexasubstituted lOb in 19% yield after column chromatography (76% per substitution). 

TMS, /TMS 
c c 

HC=:C-Si(CH3)3 ... 
Cui, PdCI2(PPh3)2, 
PPh3, piperidine 

H H 
'c c( 

~c~c~ 

~ 
9 

1)NaH, DMF 

Cui, PdCI2(PPh3)2, 
PPh3, piperidine 

10b 

,~ e 

'©095 
N THF 

~ 
8 

©_ f)) 
c~c~c._c 

I 
H 

101 

6 

Scheme 6.3 Synthesis of carbazolyl derivatives 8, 9, lOa and JOb. 
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1H and 13C NMR and IR spectroscopy all show the same trends as observed for the acylated 

derivatives, while 1'1<NMR again indicates that no partially substituted products are present. 

Characterization with FD-MS, resulted in the occurrence of significant fragmentation, but the 

major fragments could. be assigned, while with FAB-MS no fragmentation was observed and 

the experimental value is in agreement with the calculated mass (table 6.1). 

It is known that the reactivity, in the Hagihara reaction as well as in SNAr reactions in 

general, increases with electron withdrawing substituents on the halogen-bearing aromatic. 

Furthermore, the reactivity increases in the series with F<Cl<Br<l. Both effects were 

investigated by reacting p-iodonitrobenzene, 1~bromo-4-(n-hexylsulfonyl)-benzene, 1-bromo-

4-(n-hexyloxy)-benzene and 1-iodo-4-(n-hexyloxy)-benzene in the· coupling reaction with 

carbazole derivative 9 (scheme 6.4). 

H /H 
'c c •C'©I:jQ5rf 

I 
H 

9 

Scheme 6.4 Synthesis of lla, 12a and 13a. 

X 

Br 

Br 

R Y(%) 

-N02 10 11a 

-~CsH13 30 12a 

-OCsH13 0 

-OCsH13 46 13a 

The n-hexylsulfonyl derivative was first synthesized in high yield by alkylation of 4-bromo

thiophenol with bromohexane in DMF using K2C03 as base, and subsequent oxidation with 

m-ch1oroperbenzoic acid (MCPBA) in dichloromethane. The. two alkoxy derivatives were 

prepared by a similar alkylation of the corresponding halo-phenol. The coupling reaction with 

p-iodonitrobenzene proceeded readily, but lla was obtained in low yield. This was explained 

by the occurrence of a competitive SNAr side reaction of the halogen-bearing aromatic with 

the solvent, piperidine, which gave 4-nitrophenylpiperidine in high yield. Reaction of the 

other acceptor substituted derivative, 1-bromo-4-(n-hexylsulfonyl)-benzene, with 9 was hence 

carried out in a triethylamine I DMF mixture (1:1), which afforded 12a in 30% yield after 
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purification. Reaction of 1-bromo-4-(n-hexyloxy)-benzene with 9 failed to give disubstitution. 

Although various solvents and solvent combinations were used and some reaction did seem to 

take place, the formation of 13a could not be detected. However, when the corresponding 

iodo-alkoxy derivative was used with diisopropylamine as solvent, 13a could be isolated in 

46% yield. 

These results all substantiate previous findings of activation by electron withdrawing 

substituents and the higher reactivity of an iodo derivative. In this particular coupling reaction, 

a bromoaromatic species clearly has to be accompanied by an acceptor group on that moiety, 

while the use of an iodoaromatic allows both donors and acceptors to be present in the 

molecule. Furthermore, several secondary and tertiary amines have been successfully used as 

solvent, either pure or in combination with DMF as co-solvent, but care has to be taken to 

avoid a nucleophilic aromatic substitution as a competitive side-reaction. 

Compounds 12a and 13a were also used in the substitution reaction with 

hexafluorobenzene. Dinitro compound lla had such a low solubility that no attempts were 

made to synthesize the derivative with 12 nitro functionalities. Reaction of the relatively high 

mass compounds 12a and 13a, requiring only small amounts of NaH, with 

hexafluorobenzene, yielded mixtures of several compounds which could not be separated by 

column chromatography. According to mass spectrometry and I9p NMR (table 6.3), these 

product mixtures also contained substantial amounts of di- and tetrasubstituted products 

besides the hexasubstituted product. The small amounts of NaH used to make the anion, 

together with the sensitivity of this reaction to water are thought to cause the partially 

substituted products and not sterical reasons since hexasubstitution does take place. 

Two structures with functional endgroups were synthesized, that might subsequently 

be used as rigid core for novel dendrimer syntheses. Derivatives with 12 (15b) and 24 (16b) 

cyano endgroups were prepared by reaction of hexafluorobenzene with the carbazole 

derivatives 15a and 16a, respectively (scheme 6.5). Compound 15a was obtained in 66% 

yield, by reaction of 3,6-dibromocarbazole with 5-hexynenitrile using piperidine as solvent. 

For compound 16a, first acetylene 14 was prepared by reaction of propargyl bromide with two 

equivalents of 3,3' -iminodipropionitrile using an adapted literature procedure.24 Reaction of 

14 with 3,6-dibromocarbazole in piperidine gave only small amounts of disubstitution besides 

starting material and monosubstituted product. However, when the reaction was carried out in 

a triethylamine I DMF mixture (I: l ), 16a was obtained in 50% yield. Subsequent reaction of 

15a and 16a with hexafluorobenzene gave 15b and 16b in 53 and 12% yield, respectively, 

after purification. Compound 15b was isolated by column chromatography which also 

afforded the tetrasubstituted product according to 1H and '9p NMR (table 6.3). Column 

chromatography of the residue containing 16b afforded the tetra- and hexasubstituted 

compounds as a mixture. Subsequent multiple precipitations in acetone yielded the 
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tetrasubstituted product, while pure 16b could be isolated by concentrating the mother liquor 

after the final precipitation. 

··~·· 
N 

~ 

1) NaH, DMF 

H-C=C-(CH2)3-cN 
or 
14 

Cui, PdCI2(PPhs}2 
PPh3,amine 

6 

14 

~ 
I 
H 

15a : R = -C=C-(Cfi!)s-cN 

~CN 
16a : R = -c=c-cH2-N 

~CN 

15b: R = -cEC-(CH2)3-CN 

~CN 
1&b: R = -c=e-cfi!-~ 

CN 

Scheme 6.5 Synthesis of cyano derivatives 14, 15 and 16. 

A phenylethynyl dendritic derivative, based on the well-defined structures as 

prepared by Moore}5 was synthesized by reaction of 9 with an iodoterminated 

monodendron,26 which gave carbazole 17a in 51% yield (scheme 6.6). Subsequent reaction 

with hexafluorobenzene then yielded a mixture which, after column chromatography, mainly 

contained the di- and tetrasubstituted products, as was concluded from 1H and 19p NMR. 

HPLC with a silicagel column gave insufficient separation between the different components. 

Retardation of the products gave, for all ·different solvent combinations, even a decrease in 

separation between the peaks. However, the mixture could be separated by preparative 

reversed phase HPLC. The fractions proved to be the di- and tetrasubstituted compounds, 

according to MALDI-TOF-MS and 19p NMR (table 6.3). 
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n 

17b 

n=2,4 

~ 
17a 

Scheme 6.6 Synthesis of dendritic compounds 17a and 17b. 

6.3 Characterization 
6.3.1 Mass Spectrometry 

All hexasubstituted products have been characterized by mass spectrometry (table 

6.1). Because of their high mass, GC-MS was not possible but instead either FD-MS, FAB

MS or MALDI-TOF-MS was used. For dihexyl derivative Jb, in addition to the peak at 2079 

(m/z), a peak is observed at 2093 (m/z). This can be accounted for by the presence of one 

carbonyl functionality. Since the starting material 3a was prepared by reduction of 2a, it is not 

unlikely that Ja has not been 100% pure. Assuming identical response factors, the intensities 

in the mass spectrum (85% vs 100% for Jb) are representative for the relative amounts of both 
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compounds. In this way, also assuming equal reactivities in the hexasubstitution reaction, the 

percentage of unreacted carbonyls in 3a can be calculated. This is found to be approximately 

4%. This low amount was, however, not previously detected witb 1H and 13C NMR · 

spectroscopy and IR spectroscopy of 3a. 

Table 6.1 Mass determinations for the hexasubstituted benzenes I, 
2b, 3b, 4b, JOb, 12b, 13b, ISb and 16b. 

Compound Formula M mea&nD:II (m/z} M :ruculated 

1 C1sH4sN6 1068.94 1069.29 

2b CtsoHt6sN60t2 2246.58 2247.04 

3b CtsoHt92N6 2079.2a 2079.24 

4b c,gs~~~6012 2921.18 2920.34 

lOb C174H96N6 2270b 2270.75 
12bf C2~24oN6024S12 4045.8c 4049.45 

13bf c~2~6012 3466.3c 3472.69 

lSb CtsoHJOsNts 2161.2c 2162.65 

16b Ct~t56N42 2980.0d 2979.60 
a) FD-MS; b) FAB-MS; c) MALDI-TOF MS; d) ESI-MS; e) 
Corrected for isotope distribution; f) Not . isolated as pure 
compound. 

Compound lOb shows significant fragmentation in FD-MS, but tbe major fragments can be 

assigned. When measured witb FAB-MS, no fragmentation takes place. However, an 

additional peak is observed at 2286 (mlz) with a relative intensity of 10%, for which no 

reasonable explanation could be found. The partially purified products of 12b and 13b cannot 

be measured witb fD..MS. Instead, MALDI-TOF MS spectra are measured in a dithranol 

matrix. The mixture containing 12b gives, among others, signals at 1470.8 (mlz), 2759.0 

(mlz) and 4045.9 (mlz) which are assigned to tbe di-, tetra- and hexasubstituted product 

respectively. The intensity of the hexasubstituted compound increases slightly when sodium

or silver trifluoroacetate is added. The mixture containing 13b gives signals at 2375.0 (mlz) 

and 3466.3 (mlz) which are assigned to the tetra- and hexasubstituted product. Compound lSb 

was also measured witb MALO I-TOF-MS, and signals were observed corresponding to the 

hexasubstituted product, as well as signals attributed to metal adducts witb lSb, which 

originate from added salts. The tetra- and hexasubstituted products from tbe reaction of 16a 

witb hexafluorbenzene, contain 8 and 12 tertiary amine functionalities. As a result they could 

easily be measured with ESI-MS. For the tetrasubstituted compound, also the dimer (2M + 
3H) could be detected. The MALDI-TOF-MS spectrum of the phenylethynyl dendritic 
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compounds confirmed the presence of the di- and tetrasubstituted products as was also 

deduced from 19F NMR. 

6.3.2 Liquid Crystalline Behaviour 
Polarized light microscopy studies of compound 2b revealed, unexpectedly, the 

presence of a liquid crystalline (LC) phase. DSC measurements confirmed these multiple 

phase changes (figure 6.2). Further detailed investigation showed that the LC phase existed 

between 252 °C and 270 °C, X-Ray diffraction measurements, performed at 265 oc on an 

unoriented sample, gave clear as well as diffuse reflections. From the combined results, a 

hexagonal, disordered, columnar packed (l>tw or Colh) LC-phase was deduced. The 

intercolumnar distance was calculated to be 20.3 A. 

2b 

160 180 200 220 240 260 280 
Temperature ("C) 

Figure 6.2 DSC measurements on dodecahexanoyl 
derivative 2b, revealing a liquid crystalline phase 
between 252 and 270"C. 

This compares well with molecular modelling studies, assuming slightly intertwining alkyl 

chains. The modelling studies also showed that the height and the diameter of the rigid 

aromatic core are of similar dimensions, which complicates rationalization of this unexpected 

LC-behaviour. Intermolecular 1t-stacks are often assumed to explain a columnar packing. 

However, in this case the aromatic carbazole units are in a dihedral angle with the central 

benzene, which is thought to be in the order of 70-80°. This makes 1t-stacking between the 

different molecules an unlikely explanation. The influence of the polarizable carbonyl 

functionalities might also be argued to explain the columnar packing. Especially since also 

compound 4b showed a LC-phase (columnar), as was deduced from polarized light 

microscopy studies (K -;. 290-300 oc -;. M -;. 317 °C -;. 1). 
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6.3.3 NMR Spectroscopy 
1 H NMR spectroscopy 

Some selected chemical shifts of hexasubstituted compounds 2b, 3b, lOa and lOb 
and monocarbazolyl models 2a, 3a and lOa, are shown in table 6.2. The aromatic signals can 

easily be assigned, since they posses very specific coupling patterns: the proton on position I 

(H-1) shows an ortho-coupling, for H-4 a meta-coupling is observed, and H-2 possesses an 

ortho- as well as a meta-coupling. Because of the close proximity of the carbazolyl moieties in 

the hexasubstituted products, the aromatic protons are strongly shielded. This has also 

previously been observed for pyrrolyl derivatives (see Chapter 5). The stronger upfield shifts 

occur for the carbazolyl protons on positions 2 and 4; 0.8 ppm for 2b, 0.7-0.9 ppm for 3b and 

for 0.6-0.7 ppm for lOb. The protons on position l are least affected (0.2-0.3 ppm upfield 

shift). Even for the CH2 units adjacent to the carbonyl functionality a 0.32 ppm upfield shift is 

observed upon hexasubstitution. For all the hexasubstituted acetylenic derivatives the most 

striking observation is, that the H-1 protons are observed upfield of those on position 2, while 

in the spectra of the starting materials and the di- and tetrasubstituted products, H-1 is located 

downfield ofH-2. For the dihexyl and dihexanoyl derivatives this behaviour is not observed. 

Table 6.2 Selected JH NMR data of 
hexasubstituted derivatives 2b, 3b and lOb and 
monocarbazolyl derivatives 2a, 3a and lOa, 
measured in CDC[J. 

H-4 H-2 H-1 CO-Cfu 

2a 8.19 8.14 7.50 3.12 

2b 8.04 7.31 7.16 2.79 

3a 7.65 7.21 7.29 

3b 6.99 6.30 6.95 

lOa 8.27 7.59 7.36 

lOb 7.67 6.91 7.14 

13C NMR spectroscopy 

The different carbon atoms of all compounds are accounted for in the 13C NMR 

spectra. They are located in the expected ranges, e.g. 110-140 ppm for the Ccarbazolyl. 140-150 

ppm for the C-F carbons, 115-120 for the Ca:N and 80-90 ppm for Ca:C. For the partially 

substituted compounds, the C-F signal is observed as a doublet with J ... 250 Hz. INVGATE

experiments (see 5.2.3) on the partially substituted products of 15b and 16b, gave 13C signals 

with integration areas which confirmed the number of substitutions that had occurred. 
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19F NMR spectroscopy of partially substituted products 

The di- and/or tetrasubstituted products present in the mixtures containing 12b, 13b, 

lSb, 16b and 17b have also been characterized with l9p NMR. The chemical shifts of the 

remaining fluorine atoms of those compounds are shown in table 6.5. 

Table 6.3 19 F NMR chemical shifts of partially 
substituted products. 

Starting 0disubst. (ppm) Orettasubst. (ppm) 

compound 

12a 
13a 
lSa 

16a 
17a 

-139a 

-14<f 

-14<f 

-1174 

-117a 

-1258 

-119b 

-1164 

For both 12b and 13b two singlet resonances are observed at -139 and -117 ppm and at -140 

and -117 ppm respectively, indicating the presence of both di- and tetrasubstituted product. 

The upfield signals (-139 and -140 ppm) are assigned to the disubstituted product and the 

downfield signals to the tetrasubstituted product, in agreement with the assignments made for 

the partially substituted products described in Chapter 5. From the intensity ratio of the two 

signals the product distribution was estimated to be approximately 1:1 in the case of 12b. For 

13b it is estimated to contain the tetrasubstituted product for more than 90%. For lSb and 16b 

the tetrasubstituted products could be isolated by column chromatography, which gave signals 

at -125 (in CDCh) and -119 ppm (in DMSO), respectively. For the phenylethynyl dendritic 

structures, signals were observed at -140 and -116 ppm, corresponding to the di- and 

tetrasubstituted products, respectively. In general, I9p NMR signals tend to be significantly 

concentration dependent. However, the measurements described here, were performed without 

taking this dependence into account. Nevertheless, the fluorine chemical shifts of the different 

di- and tetrasubstituted products all have similar values. This can be rationalized by assuming 

a shielding of the fluorine atoms by the neighbouring carbazolyl moieties. This ensures a 

similar molecular environment for the fluorine atoms at every concentration, thus making the 

chemical shifts of the fluorine atoms relatively independent of the concentration. The di

and/or tetrasubstitution patterns are determined from a combination of the 19F and 1H NMR 

data The singlet resonances observed in 19F NMR already indicate a symmetrical 

configuration. From 1H NMR it is furthermore clear that the carbazolyl moieties of the two 

products present in each mixture are identical since only one set of signals is observed for 
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each of the products. Based on these observations, again the symmetrical 1,4- and 1,2,4,5-

substitution patterns are assigned to the respective products. 

6.4 Electronic and Photophysical Properties 
6.4.1 UVNis Absorption Spectroscopy 

Figure 6.3 shows the UVNis spectra of 2b and 5 as measured in acetonitrile. In the 

spectrum of 5, which has a similar shape as the spectra of 2a and 7, three absorption bands are 

present. In the spectrum of the hexasubstituted compound 2b, four bands can be distinguished, 

of which the low energy absorption is red-shifted compared lowest lying band in 5. Similar 

observations are made for N-phenylcarbazole and 1, and lOa and lOb. This is thought to be 

caused by intramolecular 7t-7t interaction between the carbazolyl moieties, and was also 

observed for the pyrrolyl derivatives described in Chapter 5 and, e.g., for a series of 

paracyclophanes. 27 
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Figure 6.3 UV/Vis spectra of2b and5 in acetonitrile. 

6.4.2 Fluorescence Spectroscopy 

400 

Fluorescence spectra are measured in acetonitrile for three series of carbazole 

derivatives (1, 2b and lOb). All samples had a maximal optical density of approximately 0.1. 

Carbazole itself shows two emission bands at 342 and 357 nm. Apart from a small red shift, 

the spectra for N-phenylcarbazole (348, 363 nm) and N-methylcarbazole (352, 368 nm) are 

identical to that of carbazole. For compound 1 two maxima are located at the same position as 

for carbazole (figure 6.4), which might indicate the presence of starting compound. However, 

the other analyses did not confirm this, and the bands are hence attributed to a local emission 

of 1. Additionally, a new structureless excimer-like emission band is found at approximately 
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425 nm. The excitation spectrum of the 425 nm emission, closely resembles the absorption 

spectrum. bnportantly, the local emission band at 342 nm for 1, is found at higher energy then 

the onset of the absorption spectrum (-360 nm). Extrapolation of the excimer-like emission 

band at 425 nm to lower wavelengths also suggests that emission and absorption have a 

common onset at about 360 nm. These observations indicate that the conformation necessary 

for intramolecular excimer emission is already present in the ground state of the molecule. 

500 
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Figure 6.4 Emission, excitation and absorption spectra of 1 
compared to the emission spectrum of N-phenylcarbazole in 
acetonitrile. 

For the hexanoyl derivatives 2a, 2b, 5 and 7 and the bis(phenylethynyl) derivatives lOa and 

lOb similar observations have been made. For the hexanoyl derivative 2b, the excimer-like 

emission at 416 nm is much stronger with a low intensity, local emission band at 344 nm. For 

2a, 5 and 7, also low intensity emission is found at 344 nm (figure 6.5). The excitation 

spectrum of the 416 nm emission for 2b resembles the absorption spectrum, while the 

extrapolated excimer-like emission band shows overlap with the excitation spectrum. For lOb 

only one band is observed at 450 nm which is ascribed to excimer-like emission, because for 

lOa a local emission is observed at 386 nm (figure 6.6). The excitation spectrum of the 450 

nm emission and the absorption spectrum of lOb are similar in shape while an overlap is 

observed between the excitation spectrum and the corresponding excimer-like emission band, 

again indicating that the conformations in the ground state resemble those of an 

intramolecular excimer. 
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Figure 6.5 Emission, excitation and absorption spectra of 2b 
compared to the emission spectrum of 5 in acetonitrile. 
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Figure 6.6 Emission, excitation and absorption spectra of JOb 
compared to the emission spectrum of lOa in acetonitrile. 

6.4.3 CD Spectroscopy 
There are many cases, e.g. sidechain conjugated polymers,28 in which chirality can be 

transferred from the side chain to the backbone upon aggregation. This is observed as ORD 

and CD effects in the 1t-1t • band. 28 Because in the hexasubstituted benzenes the necessary 1t-1t 

interactions are also present,. even ·in the molecularly dissolved state, a similar chirality 

transfer might occur. Since the propeller-shaped hexasubstituted benzenes are intrinsically 

chiral, the chiral sidechains in compound 4b should allow for a preferred conformational 
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handedness of the propeller. Whether this can be observed with CD spectroscopy depends 

very much on the conformational dynamics of the system and the energy difference between 

the two chiral conformations. CD measurements in acetonitrile at room temperature gave no 

significant CD signal, presumably due to a rapid interchange between the different chiral 

conformations. To restrict this conformational flexibility, measurements were also performed 

at 100 K, in the glassy phase of 2-Me-THF, but again no significant signal could be observed. 

However, formation of the glassy phase before the molecule has had a cha,nce to preferentially 

adopt one propeller conformation, would result in a mixture, in which both chiral propeller 

conformations are equally present, hence also explaining the absence of a CD signal. 

A larger structural difference between the chiral conformations, resulting in a larger 

energy difference between two diastereomeric conformers, may increase the probability of 

forming one preferred chiral propeller conformation. This can be accomplished by either 

increasing the number of chiral centers, as for the polymers mentioned previously, or by a 

more sterically hindering chiral group. However, preliminary attempts to functionalize 

carbazole by acylation with easily accessible, bulky chiral acid chlorides, e.g. a camphor 

derivative, did not yield the desired 3,6--disubstituted carbazolyl derivatives. 

6.4.4 Time Resolved Microwave Conductivity 
Time resolved microwave conductivity29 (TRMC, see experimental section) 

measurements were performed on benzene solutions of N-phenylcarbazole, 1 and 3b. The 

transients thus obtained are relatively short-lived and may be assigned mainly to the excited 

singlet states of the solutes which have lifetimes of several nanoseconds as determined from 

the fluorescence decay (table 6.4). Evidence for the formation of a long-lived triplet state is 

observed for 3b but this is completely absent for the N-phenylcarbazole. Both the real and 

imaginary conductivity transients are seen to be larger for 1 and 3b than for N

phenylcarbazole despite the shorter lifetimes of the S1 states of the former compounds. The 

difference in noise level between 1 and N-phenylcarbazole and 3b arises from the much 

lower solubility of the former and the resulting lower signal level. 

Excited state lifetimes and dipole moments 

From the transients also the excited state dipole moments Jl• for the molecules have 

been determined using 11o = 1.7 D30 for N-phenylcarbazole and 11o = 0 D for 1 and 3b and 

taking for e values of the rotational relaxation times, eo. calculated for a spherical or disc

shaped molecular geomerry31 (table 6.4). The dipolemoment of approximately 4 D found for 

the excited state of the N-phenylcarbazole, is close to the value of 3.4 ± 0.2 D determined by 

other techniques30 for the S1 state of unsubstituted carbazole. Such a relatively small dipole 

moment is reasonable in view of the lack of pronounced donor-acceptor character of the 
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molecule. The dipole moment values determined for 1 and 3b on the basis of the So values, 

are in contrast, unrealistically large. It is thought that the dipole relaxation time for these 

compounds is in fact much shorter than that given by So. indicating a more rapid mechanism 

for dipole reorientation than molecular rotation alone. This is attributed to the occurrence of 

rapid intramolecular exchange between the six carbazole units with a characteristic time for 

dipole randomization 81 (81 « 9o). A similar "flip-flop" process has been suggested to occur 

for other compounds possessing 2- and 3-fold Dn symmetry32 (see also Chapter 3). The 

minimal value possible for the dipole moment can be calculated using e = 1/ro. The dipole 

moment values thus found for 3b and 1, are 4.4 and 4.5 D, respectively, i.e. values similar in 

magnitude to each other and to the value determined for N-phenylcarbazole. These results are 

in agreement with a model in which a locally excited carbazole chromophore undergoes an 

intramolecular flip-flop exchange process with neighbouring moieties on a time scale close to 

1/ro, which is in the order of a few tens of picoseconds ( 17 ps for the present measurements). 

Table 6.4 Selected data from TRMC measurements for N-phenylcarbazole, 1 and 3b 
as measured in benzene. 

Compound 'til • 9ob J.l•c Aa./47teo d 

(ns) (ps) (D) (A3) 

sphere disk sphere disk 

N-pheny lcarbazole 9.7 61 115 3.5 4.4 29 

1 5.5 268 938 12.8 23.8 446 

3b 3.5 520 2462 17.1 37.2 477 
a) The fluorescence lifetime; b) The calculated rotational relaxation times for a 
spherical or disc-like geometry; c) The S1 state dipole moment calculated using the 9 0 

values given; d) Polarizability. 

Polarizability 

A large difference between N-phenylcarbazole and the hexameric derivatives is found 

for the imaginary component of the conductivity, with the transients of the latter being almost 

5 times as strong. This shows immediately that the polarizabilitities of the excited, S1 states of 

1 and 3b are very much larger than that of N-phenylcarbazole. A quantitative treatment of the 

data yields the polarizability, Aa./41t£o, which is a measure of the volume within which a 

charge can move freely. The values found vary from only 29 A3 for N-phenylcarbazole to 450-

480 A3 for the hexamers (table 6.4). These values are to be compared with the volume of a 

single carbazole molecule of ca. 280 A3 derived from the molecular weight, assuming a 

density of ca. 1 glcm3
. For a dipole moment of 4.4 D as in the present case, the maximal 

dipolar contribution to the polarizability is calculated to be 160 A3
. At least 290-320 A3 

is 

therefore attributed to a large electronic polarizability of the excited state which exceeds the 
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volume of a single carbazole moiety. It is, therefore, concluded that, as a result of excitonic 

coupling between neighbouring carbazole units, the excited state must be delocalized, and as a 

consequence, energy can migrate between. the chromophores. This is similar to what is 

thought to occur in the cyclic arrangements of the porphyrin moieties in photosynthetic 

antenna arrays (see also Chapter 7). 

6.4.5 Cyclic Voltammetry 
The 1t-1t interaction between the carbazole moieties might also lead to observable 

effects in the redox behaviour. Cyclic voltammetry experiments on compounds 2b and 5 were 

performed to investigate this. Reversible electrochemical oxidation of 2b in acetonitrile 

occurred at 1.67 V vs SCE. However, since oxidation of 5 was irreversible, the occurrence of 

1t-1t interaction could not be substantiated with these measurements. Attempts to determine the 

number of electrons involved in the first oxidition wave of 2b did not succeed, which was 

attributed to the low mobility of the molecules in combination with the design of the available 

apparatus. 

6.5 Conclusions 
A new variety of spatially well-defined and rigid multi-chromophoric compounds has 

been synthesized. The propeller shaped molecules consist of a benzene core and six carbazolyl 

moieties, which have been functionalized with solubilizing, chiral, 1t-conjugated and 

functional endgroup containing chains. For 2b and 4b, an unexpected columnar LC-phase was 

found, which was hexagonal stacked for 2b, as was deduced from X-Ray diffraction, DSC and 

polarized light microscopy. fu the final reaction with hexafluorobenzene care has to be taken 

to avoid water in the reaction mixture. However, this becomes increasingly important when 

the absolute stoichiometry or mass ratio between the carbazole derivative and sodium hydride 

becomes larger, as in lla-17a since the amount of solvent used is based on the former 

reagent. For example, 1 g of compound 17a requires only 20 mg sodium hydride. Although 

every precaution has been taken, and even a small excess of sodium hydride was used, it is 

thought to account for the not fully substituted products found in some cases. 

As was found for the hexa- and octasubstituted pyrrolyl derivatives described in 

Chapter 5, 1H NMR again revealed an interaction between neighbouring carbazole units. This 

was substantiated by UVNis and fluorescence measurements. The large excited state dipole 

moments of 1 and 3b, determined by TRMC measurements, support the occurrence of a "flip

flop" mechanism, similar to that described in Chapter 3 for a di- and trichromophoric array. 

Furthermore, from the calculated polarizability of 450-480 N, it was also concluded that a 

strong excitonic coupling between neighbouring carbazolyl units exists. This confirms that 

delocalization of excitation energy thro1.1ghout the electronically interacting 1t-system is 
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possible, similar to what is thought to occur in photosynthetic antenna systems. The 

photophysical processes in these natural cyclic porphyrin arrays form the basis of Chapter 7, 

in which a synthetic cyclic hexaporphyrin array is investigated. It was also shown that 

substitution on the 3,6-positions with x-conjugated molecules is possible. These combined 

results confirm the plausability of these molecules to be used as building blocks for electronic 

energy (or information) transfer devices e.g. relay stations, in which electronic energy (or 

information) is selectively channeled into a desired direction (see also Chapter 5). 

Furthermore, derivatization of carbazole with functional group containing chains, 

yielded hexasubstituted compounds with 12 and 24 cyano endgroups which can be used as 

conformationally rigid core molecules for new dendritic architectures. 

6.6 Experimental 

General 
DMF was dried over BaO. 19p NMR spectra were either taken on a Broker AM-300 or AM-400 
spectrometer operating at frequencies of 376.5 or 282.3 MHz. Hexafluorobenzene in CDCh was used 
as external standard (-162 ppm). X-Ray diffraction patterns were recorded using Ni-filtered CU-Ka 
radiation in a flat plate camera in vacuum. The heating device used was a Linkam THMS 600 hot 
stage with a temperature accuracy of -2 K. The samples were prepared in sealed Lindeman glass 
capillaries. Cyclic voltammograms were obtained in acetonitrile 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 x 5 mm2

), and a saturated calomel electrode (SCE) was used as reference electrode, internally 
calibrated vs Fe/Fe+. DSC measurements were performed on a Perkin Elmer DSC-7 under a nitrogen 
atmosphere with a heating rate of 10 K min'1 and a cooling rate of 30 K min·1

• The column used for 
analytical reversed phase HPLC contained Merck RP-18 as stationary phase (4.6 x 150 mm, part. size 
5 J.l.m, flow rate I mllmin). The preparative column was identical except for the dimensions (16 x 100 
mm) and the flow rate (8 mllmin). In both cases the eluent was THF I acetonitrile (1:1) and A.!.t = 254 
nm. ESI-MS spectra were recorded using a Perkin Elmer-Sciex API 300 mass spectrometer with a 
mass range of 3000. FD-MS and MALDI-TOF-MS were performed at the Max Planck Institute for 
Polymer Research in Mainz. FAB-MS was performed at the University of Nijmegen. For other 
general experimental details the reader is referred to Chapter 2. 

TRMC 
The TRMC technique was already briefly introduced in Chapter 3, and for a short general description 
the reader is referred to the experimental section of that chapter. Basically, changes in the dipole 
moments of solute molecules on photoexcitation can be detected which are measured as transients. 
From these transients information about the singlet and triplet state of molecules can be obtained. 
Measurements can also be made at the upper and lower half-power frequencies f+ and f. of the cavity 
resonance giving two transient TRMC signals, AR.. and aR.. Addition of these signals gives a sum
signal, L(dR±), which is proportional to the change in the real (dielectric loss, e") component of the 
microwave conductivity, /loR, as found at the cavity resonance. Subtraction of the half-power 
transients yields a difference signal, il(dR±), which is proportional to the change in the imaginary 
(dielectric constant, e') component of the conductivity, dOt. While /loR is related to the degree of 
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charge separation or dipole moment change on photoexcitation as shown in (1) (see experimental 
section Chapter 3), 8a1 is related to the change in polarizability, 8u, via: 

[e' +2]2 wN .!>.a 
!>. (J l = (3) 

9 
The polarizability change can consist of components resulting from a change in the electronic 
polarizability, 8a..,, and from the out-of-phase motion of dipoles, 8uo, i.e. : 

f>.a=f>.ae+f>.av (4) 

with: 

(5) 

The polarizability can best be discussed in terms of the polarizability volume 8a.:l41t£o which is a 
measure of the volume within which charge can move without friction. The dipolar contribution to the 
polarizability volume has a maximum possible value corresponding to G( ro8)/ro8 = l (roe « l) which 
is given by: 

~ (inA3) = 8.3p.~ (fof!.l* in D) (6) 
4ne0 

The electronic polarizability, 8a..,, gives a measure of the increase in the delocalization of the 
electronic wavefunctions in the excited state. Due to excitonic interactions between chromophores the 
energy can be distributed over a larger spatial volume than for an individual, isolated chromophore. 

Synthesis 
Hexa-N-carbazolylbenzene, 1 
Carbazole (3 g, 17.9 mmol) was added portionwise to a suspension of NaH (0.43 g, 17.9 mmol) in 
DMF (10 ml) and stirred at room temperature until no hydrogen gas evolved anymore. Then a solution 
of hexafluorobenzene (0.5 g, 2.7 mmol) in DMF (2 ml) was added dropwise. This mixture was stirred 
for 2 h at 65 "C after which it was poured into ice-water (200 ml). Filtration, washing with water and 
drying overnight in air yielded a beige solid. 8 Washings with small quantaties of THF left 1 (the 
residue) as a white amorphous powder (0.6 g, 0.56 mmol, 21% ). 
M.p. >300 °C; FD-MS (rnlz): 1068.9; Calc.: 1069.29; Elemental analysis calc.: C 87.62, H 4.52, N 
7.86; found: C 87.43, H 4.53, N 7.64; 1H NMR (400 MHz, DMSO-d6) : o 7.79 (d, J = 8.2 Hz, 12H), 
7.30 (d, J = 7.6 Hz, 12H), 6.67 (dd, J = 7.1 and 7.1 Hz, 12H), 6.57 (dd, J = 7.1 and 7.1 Hz, 12H); 13C 
NMR (100 MHz, DMSO-d6) : o 139.0, 123.0, 122.5, 119.5, 119.0, 118.5, 112.5; IR (KBr, cm'1) v : 
3052,1627,1600,1491,1447,1338,1311,1224,744,728,537. 
3,6-Dihexanoylcarbazole, 2a 
Carbazole (10 g, 59.8 mmol) and AlCh (17.54 g, 134.6 mmol) were stirred in dichloromethane (150 
ml). To this suspension hexanoyl chloride (16.9 g, 125.5 mmol) was added dropwise. The reaction 
mixture was stirred at room temperature overnight after which the dichloromethane was distilled. At 
the same time a 1.2M HCI solution (400 ml) was added carefully (exothermic reaction). The mixture 
was heated until all the dichloromethane had destilled. The remaining solid was filtered and dried in 
air overnight to yield 2a (21.41 g, 58.9 mmol, 98%). 
1H NMR (400 MHz, CDCh): o 8.99 (s, 1H), 8.79 (d, J=1.2Hz, 2H), 8.14 (dd, J = 1.3 and 8.5 Hz, 2H), 
7.50 (d, J = 8.5 Hz, 2H), 3.12 (t, J = 7.4 Hz, 4H), 1.63 (m, 4H), 1.43 (m, 8H), 0.94 (t, 6H); 13C (100 
MHz, CDC13) : o 200.2, 142.9, 130.0, 127.0, 123.3, 121.6, 110.9, 38.6, 31.7, 24.5, 22.6, 14.0; IR 
(KBr, cm'1) v: 3270,2932,2867, 1671, 1622, 1594, 1464, 1409, 1360, 1311, 1251, 1191,984,804, 
635. 
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Hexakis(3,6·dihexanoylcarbazolyl)benzene, 2b 
Compound 2a (4.0 g, 11.0 mmol) was added portionwise to a suspension of NaH (0.25 g, 10.4 mmol) 
in DMF (100 ml) and was stirred until no hydrogen gas evolved anymore (V2 h). Then a solution of 
hexafluorobenzene (0.3 g, 1.6 mmo1) in DMF (2 rnl) was added and the mixture was stirred overnight 
at 65 oc after which it was poured into ice-water (200 rnl). The resulting solid (3.5 g) was filtered, 
dried and washed with dichloromethane (3 x 100 rnl). Evaporation of the solvent followed by column 
chromatography (toluene to ethyl acetate gradient) yielded a solid (2 g) in which 10% of starting 
material was still present. Crystallization from acetonitrile reduced this to 5% and a final washing 
with methanol resulted in pure 2b (1.6 g, 0.71 mmol, 44%) as a white powder. 
DSC: K~252 oc~M~270 oc~I; FD-MS (rnlz): 2246.5; Calc.: 2247.04; Elemental analysis calc.: C 
80.18, H 7.54, N 3.74; found: C 79.90, H 7.60, N 3.69; 1H NMR (400 MHz, CDCh): o 8.04 (d, J = 
1.4 Hz, 12H), 7.31 (dd, J = 1.6 and 9.0 Hz, 12H), 7.16 (d, J = 8.7 Hz, 12H), 2.79 (m, 24H), 1.63 (m, 
24H), 1.32 (m, 48H), 0.90 (t, 36H); 13C NMR (100 MHz, CDCh) : o 198.8, 140.7, 136.0, 131.4, 
125.6, 123.3, 121.1, 110.0, 38.4, 31.4, 23.8, 22.5, 13.9; IR (KBr, cm'1) v: 2932, 2867, 1676, 1622, 
1600,1469,1344,1295,1246,810. 
3,6-Dihexylcarbazole, 3a 
Amalgamated zinc was prepared from Zn (3.0 g, 45.9 mmol), HgCh (0.3 g, 1.1 mmol), 12M HCl (0.2 
ml) and water (4 ml). The zinc amalgam was then added to water (2.5 ml), 12M HCl (3 g), EtOH (5 
ml), toluene (2 ml) and 2a (1 g, 2.8 mmol). This mixture was refluxed for 2 days after which it was 
extracted with dichloromethane (3 x 50 ml) and washed with water (3 x 50 ml). Drying over MgS04, 

filtration, evaporation of the solvent and column chromatography (dichloromethane/hexanes : 3/l to 
1/0 gradient) yielded 3a (0.5 g, 1.5 mmol, 54%) as a light brown oil. 
1H NMR (400 MHz, CDCh): o 7.65 (d, J = 1.6 Hz, 2H), 7.63 (s, lH), 7.29 (d, J = 8.2 Hz, 2H), 7.21 
(dd, J = 1.6 and 8.2 Hz, 2H), 2.76 (t, J = 7.6 Hz, 4H), 1.70 (m, 4H), 1.34 (m, 12H), 0.89 (t, 6H); 13C 
NMR (100 MHz, CDCh): o 138.2, 133.8, 126.4, 123.4, 119.5, 110.2, 36.0, 32.3, 31.6, 22.7, 14.1; IR 
(KBr, cm'1) v: 3412, 2932, 2856, 1611, 1496, 1492, 1458, 1376, 1316, 1246,880,810, 750,722,603. 
Hexakis(3,6-dihexyl-N-carbazolyl)benzene, 3b 
Compound 3a (1.5 g, 4.47 mmol) was added portionwise to a suspension of NaH (118 mg, 4.92 
mmol) in DMF (10 rnl) and stirred until no hydrogen gas evolved anymore (V2 h). Then a solution of 
hexafluorobenzene (100 mg, 0.54 mmol) in DMF (2 ml) was added and the mixture was stirred 
overnight at 50 °C. Precipitation in ice-water ( 100 rnl) followed by extraction with dichloromethane (3 
x 50 ml) and washing with water (3 x 50 rnl) yielded a brown oil. Column chromatography (alumina 
150, hexanes to CHChlhexanes: 1/1 gradient) yielded 3b (0.31 g, 0.15 mmol, 28%) as a colourless oil 
which solidified overnight. 
FD-MS (rnlz): 2079.2; Calc.: 2079.24; Elemental analysis calc.: C 86.65, H 9.31, N 4.04; found: C 
86.62, H 9.61, N 3.69; 1tl NMR (400 MHz, CDCh): o 6.99 (d, J = 1.4 Hz, 12H), 6.95 (d, J = 8.4 Hz, 
12H), 6.30 (dd, J = 1.4 and 8.4 Hz, 12H), 2.37 (t, J = 6.9 Hz, 24H), 1.42 (m, 24H), 1.32 (m, 48H), 
1.19 (m, 24H), 0.91 (t, 36H); 13C NMR (100 MHz, CDCh) : o 137.2, 136.0, 133.7, 124.5, 123.7, 
118.4, 110.5, 35.7, 32.1, 32.0, 28.7, 22.8, 14.2; IR (KBr, cm'1) v : 2921, 2856, 1627, 1464, 1327, 
1300,1229,804,554. 
(S)-3,7-Dimethyloctanoic acid 
(S)-3,7-Dimethyloctanol (5 g, 31.6 mmol), prepared by hydrogenation of (S)-citronellol,21 in acetone 
(150 ml) was cooled to 0 °C. Then Jones-reagent, made from Cr03 (7.92 g, 79.20 mmol) in water (12 
ml) and concentrated sulfuric acid (7 ml) in water (11 ml), was added dropwise in 1 h. After stirring 
this mixture for 2 days at room temperature, it was filtrered and the filtrate was extracted with diethyl 
ether (3 x 100 ml). The organic layer was made basic with a 2M NaOH solution and washed with 
diethyl ether (3 x 50 ml) to remove any ester. Then, the water layer was acidified with 2M HCI and 
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extracted with diethyl ether (3 x 50 ml). Drying of the organic layer over MgS04, filtration and 
eva~ration of the solvent yielded

1
(S)-3,7-dimethyloctanoic acid (5.1 g, 29.6 mmol, 94%). 

[a]0 (c = 0.1042; CHCI)) = -5.0; H NMR (400 MHz, CDC~)): o 2.35 (H., dd, Jab= 14.9 Hz, lac= 5.9 
Hz, 1H), 2.14 (Hb. dd, Jab= 14.9 Hz, Jbc= 8.2 Hz, 1H), 1.96 (m, lH), 1.52 (m, 1H), 1.24 (m, 6H), 0.97 
(d, J = 6.6 Hz, 3H), 0.87 (d, J = 6.6 Hz, 6H); 13C NMR (100 MHz, CDC~)): o 180.2, 60.5, 41.7, 39.0, 
36.7, 30.2, 27.9, 24.8, 22.6, 22.6, 19.7. 
3,6-Bis[ (S)-3, 7 -dimethyloctanoyl]carbazole, 4a 
(S)-3,7-Dimethyloctanoic acid (2.6 g, 15.1 mmol) was converted into the acid chloride by reflux for 2 
h with SOCh (20 ml), followed by distillation of the excess SOCI2• The residual oil was then 
dissolved in dichloromethane (25 ml) and AICh (2.4 g, 18.0 mmol) was added. This mixture was 
stirred for If.! h after which a solution of carbazole (1.25 g, 7.5 mmol) in dichloromethane (5 ml) was 
added dropwise. This mixture was stirred at roomtemperature overnight and then washed with brine 
(3 x 50 ml). Drying of the organic layer over MgS04, filtration, evaporation of the solvent, column 
chromatography of the residu (CHC13 to ethyl acetate gradient) and crystallization of the isolated 
compound from methanol yielded 4a (1.15 g, 2.4 mmol, 32%). 
1H NMR (400 MHz, CDCh): o 8.79 (d, J = 1.6 Hz, 2H), 8.67 (s, 1H), 8.15 (dd, J = 1.6 and 8.6 Hz, 
2H), 7.50 (d, J = 8.6 Hz, 2H), 3.09 (H •• dd, Jab= 15.5 Hz, lac= 5.7 Hz, 2H), 2.91 (Hb,.dd, Jab= 15.5 Hz, 
Jbc= 8Hz, 2H), 2.24 (m, 2H), 1.53 (m, 2H), 1.36 (m, 8H), 1.17 (m, 4H), 1.01 (d, J = 6.6 Hz, 6H), 0.87 
(d, J = 6.6 Hz, 12H); 13C NMR {100 MHz, CDCh): o 199.9, 142.8, 130.6, 127.1, 123.1, 121.7, 110.8, 
46.0, 39.1, 37.5, 35.0, 30.2, 28.0, 24.8, 22.7, 22.6, 20.1; IR (KBr, cm"1

) v : 3270, 2954, 1665, 1646, 
1464,1409,1365,1305,1240,1202,810. 
Hexakis{ 3,6-bis[(S)-3, 7-dimethyloctanoyi]-N -carbazolyl}benzene, 4b 
Compound 4a (0.5 g, 1.05 mmol) was added to a suspension of NaH (28 mg, l. 17 mmol) in DMF (5 
ml) and stirred until no hydrogen gas evolved anymore (If.! h). Then a solution of hexafluorobenzene 
(33 mg, 0.18 mmol) was added dropwise. This mixture was stirred overnight at 50 "C after which it 
was poured into a NH4Cl-solution (100 ml). Filtration and drying of the solid followed by column 
chromatography (ethyl acetate/hexanes : 1/8 to 1/6 gradient) yielded 4b (0.2 g, 0.07 mmol, 38%) as a 
white powder. 
Polarized light microscopy: K-t290-300 °C-tM-t317 °C-tl; FD-MS (rnlz): 292l.l; Calc.: 2920.34; 
Elemental analysis calc.: C 81.44, H 9.11, N 2.88; found: C 81.14, H 9.24, N 2.60; 1H NMR (400 
MHz, CDCh) : o 8.04 (d, J = 1.5 Hz, 12H), 7.32 (dd, J = 1.7 and 8.7 Hz, 12H), 7.20 (d, J = 8.7 Hz, 
12H), 2.70 (m, 24H), 2.04 (m, 12H), 1.55 (m, 12H), 1.32 (m, 48H), 1.18 (m, 24H), 0.89 (m, 108H); 
13C NMR (100 MHz, CDC~)): o 198.4, 140.7, 136.0, 131.8, 125.6, 123.3, 120.9, 110.0, 45.6, 39.0, 
37.3, 29.6, 27.8, 24.7, 22.6, 22.5, 19.9; IR (KBr, cm-1

) v: 2943, 2867, 1681, 1622, 1600, 1474, 1365, 
1289, 1235, 810. 
3,6-Dihexanoyl-9-phenylcarbazole, 5 
AlCh (4.82 g, 36.2 mmol) was added to a solution of hexanoyl chloride (4.42 g. 32.8 mmol) in 
dichloromethhane (50 ml). To this mixture was added dropwise a solution of 9-phenylcarbazole (4 g, 
16.4 mmol) in dichloromethane (10 ml). Mter stirring for 2 days at room temperature, the 
dichloromethane was removed by distillation while a saturated NH4Cl-solution (100 ml) was added 
carefully (exothermic reaction). Extraction with dichloromethane (3 x 100 ml) and washing of the 
organic layer with water (3 x 100 ml), drying over MgS04, filtration, evaporation of the solvent 
followed by column chromatography of the residue (dichloromethane/ hexanes : 111 to 1/0 gradient) 
yielded a yellow oil which solidified after several days. It was crystallized from acetonitrile (approx. 
100 ml) to yield 5 (4.2 g, 9.55 mmol, 58%) as light yellow crystals. 
FD-MS (rnlz): 439.2; Calc. 439.60; 1H NMR (400 MHz, CDCh): o 8.84 (d, J = 1.5 Hz, 2H), 8.10 (dd, 
J = 1.7 and 8.7 Hz, 2H), 7.65 (m, 2H), 7.55 (m, 3H), 7.38 (d, J = 8.7 Hz, 2H), 3.11 (t, J = 7.5 Hz, 4H), 
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1.63 (m, 4H), 1.42 (m, 8H), 0.94 (t, 6H); 13C NMR (100 MHz, CDCI3): o 199.8, 144.3, 136.3, 130.4, 
130.2, 128.6, 127.0, 127.0, 123.3, 121.5, 110.0, 38.6, 31.7, 24.5, 22.6, 14.0; IR (KBr, cm'1) v : 2932, 
2856,1676,1627,1594,1502,1458,1371,1295,1251,1197,821,761,701. 
3,6-Bis[ (S)-3,7 -dimethyloctanoyl]-9-phenylcarbazole, 6 
(S)-3,7-Dimethyloctanoic acid (0.95 g, 5.51 mmol) was converted into the acid chloride by reflux for 
3 h with SOCb 15 ml) followed by distillation of the excess SOCb. The remaining oil was dissolved 
in dichloromethane ( 10 ml) and AlCh (0.8 g, 6.0 mmol) was added. This was stirred for Y2 h after 
which a solution of 9-phenylcarbazole (0.65 g, 2.67 mmol) in dichloromethane (5 ml) was added 
dropwise. This mixture was stirred at room temperature overnight followed by washing with brine (3 
x 50 ml). Drying over MgS04, filtration, evaporation of the solvent and column chromatography of 
the residue (chloroformlhexanes: l/4 to 1/0 gradient) yielded 6 (0.45 g, 0.82 mmol, 31%)as a light 
yellow oil. 
FD-MS (rnlz): 551.3; Calc.: 551.82; 1H-NMR (400 MHz, CDC13) : o 8.85 (d, J == 1.5 Hz, 2H), 8.10 
(dd, J = 1.7 and 8.7 Hz, 2H), 7.76 (m, 2H), 7.55 (m, 3H), 7.39 (d, J = 8.7 Hz, 2H), 3.09 (H., dd, Jab== 
15.4 Hz, J.c == 5.7 Hz, 2H), 2.90 (Hb, dd, J.b = 15.4 Hz, Jbc = 8.0 Hz, 2H), 2.25 (m. 2H), 1.55 (m, 2H), 
1.34 (m, 8H), 1.19 (m, 4H), 1.02 (d, J = 6.6 Hz, 6H), 0.88 (d, J = 6.6 Hz, 12H); 13C NMR (100 MHz, 
CDCh): o 199.7, 144.3, 136.3, 130.9, 130.2, 128.6, 127.1, 127.0, 123.3, 121.6, 110.0, 46.0, 39.1, 
37.5, 30.2, 27.9, 24.8, 22.7, 22.6, 20.1; IR (KBr, cm'1) v: 2943, 1671, 1627, 1594, 1502, 1464, 1365, 
1289,1235,1210,1011,815,755,701. 
3,6-Diha:anoyl-9-methylcarbazole, 7 
A 2 m1 solution of 2a (1 g, 2.75 mmol) in DMF was added dropwise to a suspension of NaH (66 mg, 
2.75 mmol) in DMF (20 ml). This mixture was then stirred at room temperature until no hydrogen gas 
evolved anymore. Then iodomethane was added (1 g, 7.05 mmol) and the mixture stirred overnight 
after which it was poured into water (150 ml) and extracted with ethyl acetate (3 x 50 ml). The 
organic layer was washed with a 5% HCI solution in (50 ml) and additionally washed three times with 
water (50 ml). Drying over MgS04, filtration and evaporation of the solvent afforded 7 (0.9 g, 2.4 
mmol, 87%) as a solid. 
1H-NMR (300 MHz, CDCh) : o 8.77 (s, 2H), 8.18 (dd, J = 1.7 and 8.7 Hz, 2H), 7.42 (d, J = 8.7 Hz, 
2H), 3.89 (s, 3H), 3.10 (t, J = 7.3 Hz, 4H), 1.82 (q, J = 7.4 Hz, 4H), 1.43 (m. 8H), 0.94 (t, J = 6.9 Hz, 
6H); 13C NMR (75 MHz, CDCh): o 200.5, 144.8, 130.2, 127.4, 123.4, 122.1, 109.2, 39.1, 32.3, 30.1, 
25.1, 23.2, 14.6. 
3,6-Bis( trimethylsilylethynyl)carbazole, 8 
Trimethylsilylacetylene (2.5 g, 25.5 mmol), 3,6-dibromocarbazole (4 g, 12.3 mmol), PPh3 (225 mg, 
0.85 mmol), Cui (150 mg. 0.79 mmol) and PdCb(PPh3h (300 mg, 0.43 mmol) were purged with argon 
(15 min.) and stirred overnight in piperidine (20 ml) at 50 "C, with exclusion of air. Then the reaction 
mixture was poured into a N~CI-solution (150 ml). Extraction with diethyl ether (3 x 50 ml), 
washing of the organic layer with water (3 x 50 ml), drying over MgS04, filtration and evaporation of 
the solvent yielded 8 (3.9 g, 10.8 mmol, 88%) as a light brown powder. 
1H NMR (400 MHz, CDCh): o 8.23 (d, J = 1.6 Hz, 2H), 8.18 (s, 1H), 7.58 (dd, J = 1.6 and 7.7 Hz, 
2H), 7.35 (d, J = 8.1 Hz, 2H), 0.33 (s, 18H); 13C NMR (100 MHz, CDCh) : o 139.4, 130.2, 124.6, 
122.7, 114.4, 110.6, 106.2, 92.2, 0.1. 
3,6-Diethynylcarbazole, 9 
Compound 8 (3.9 g, 10.8 mmol) and NBU4F.3H20 (9.0 g, 28.5 mmol) were stirred for 2 days at room 
temperature in THF (40 ml). Then the reaction mixture was poured into water (150 ml) and extracted 
with diethyl ether (3 x 50 ml). Drying of the organic layer over MgS04, filtration and evaporation of 
the solvent yielded 9 (2.3 g, 10.7 mmol, 99%) as a brown solid. 
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1H NMR (400 MHz, CDCh): o 8.26 (s, lH), 8.14 (d, J = 1.8 Hz, 2H), 7.54 (d, J = 8.4 Hz, 2H), 7.31 
(dd, J = 2.4 and 8.4 Hz, 2H), 3.08 (s, 12H); 13C NMR (100 MHz, CDCh) : o 139.9, 130.4, 130.3, 
124.7, 130.0, 110.8, 85.0, 75.6; 1R (K.Br, cm'1) v : 3401, 3270, 2093, 1622, 1600, 1480, 1447, 1284, 
1246,1137,886,821,695,668,635,597. 
3,6-Bis(phenylethynyl)carbazole, lOa 
Compound 9 (0.23 g, 1.07 mmol), iodobenzene (0.65 g, 3.19 mmol), PdCh(PPh3h (21 mg, O.Q3 
mmol), PPh3 (16 mg. 0.06 mmol) and Cui (11 mg, 0.06 mmol) were purged with argon (15 min.) and 
stirred for two days in piperidine (3 ml) at 50 "C, with exclusion of air. Then, the reaction mixture was 
poured into a NR!CI-solution (50 ml) and extracted with diethyl ether (3 x 50 ml). Washing of the 
organic layer with water (3 x 50 ml), drying over MgS04. filtration, evaporation of the solvent 
followed by column chromatography ofthe residue (dichloromethanelhexanes: 7/3) yielded lOa (0.35 
g, 0.95 mmol, 89%) as a light brown powder. 
1H NMR (400 MHz, CDCh): o 8.27 (d, J = 1.6 Hz, 2H), 8.15 (s, lH), 7.59 (m, 6H), 7.36 (m, 8H); 13C 
NMR (100 MHz, CDCh) : o 139.5, 132.4, 130.7, 128.1, 127.6, 124.2, 123.8, 123.2, 114.9, 111.1, 
90.9, 88.0; IR (K.Br, cm'1) v : 3412, 3052, 2213, 1594, 1496, 1436, 1284, 1235, 891, 815, 755, 684, 
597. 
Hexakis[3,6-bis(phenylethynyi).N·carbazolyl]benzene, lOb 
A solution of lOb (1.5 g, 4.1 mmol) in DMF (4 ml) was added dropwise to a suspension of NaH (107 
mg, 4.5 mmol) in DMF (10 ml). This mixture was stirred until no hydrogen gas evolved anymore ('12 
h). Then a solution of hexafluorobenzene (100 mg, 0.54 mmol) in DMF (l ml) was added and the 
reaction mixture was stirred for 2 days at 50 oc after which it was poured into a NR!CI solution (100 
ml). After filtration, drying and column chromatography ( chloroforrn!hexanes : 1/1 to 110 gradient and 
ethyl acetatelhexanes : 2/8) lOb (0.23 g, 0.10 mmo1, 19%) was obtained as a light yellow solid. 
FAB-MS (m/z): 2270; Calc.: 2270.75; Elemental analysis calc.: C 92.04, H 4.26, N 3.70; found: C 
91.78, H 4.17, N 3.68; 1H NMR (400 MHz, CDCh): o 7.67 (d, J = 1.3 Hz, 12H), 7.47 (m, 24H), 7.29 
(m, 36H), 7.14 (d, J = 8.5 Hz, 12H), 6.91 (dd, J = 1.5 and 8.5 Hz); 13C NMR (100 MHz, CDCh) : o 
137.6, 135.4, 131.5, 128.7, 128.3, 128.0, 124.1, 123.3, 123.2, 116.2, 110.3, 89.7, 88.6; IR (K.Br, cm'1) 
v:3052,2213, 1627,1594,1496,1469,1453,1278,1224,1142,1028,880,810,755,690. 
3,6-Bis( 4-nitrophenylethynyl)carbazole, lla 
Compound 9 (0.5 g, 2.32 mmol), p-iodonitrobenzene (1.20 g, 4.82 mmol), PdCb(PPh3)2 (100 mg, 0.14 
mmol), PPh3 (45 mg, 0.17 mmol) and Cui (32 mg, 0.17 mmol) were purged with argon (15 min.) and 
stirred for two days in piperidine (10 ml) at 50 "C, with exclusion of air. Then, the reaction mixture 
was poured into a NH4CI-so1ution (50 ml) and extracted with diethyl ether (3 x 50 ml). Washing of 
the organic layer with water (3 x 50 ml), drying over MgS04, filtration, evaporation of the solvent 
followed by column chromatography of the residue (chloroform) yielded lla (0.11 g, 0.24 mmol, 
I 0% ). Other fractions cqntained the single substituted product and 4-nitro-phenyl-piperidine. 
1H NMR (400 MHz, DMSO-t4): o 11.96 (s, 1H), 8.55 (s, 2H), 8.29 (d, J = 8.7 Hz, 4H), 7.83 (d, J 
8.7 Hz, 4H), 7.68 (dd, J = 1.6 and 8.5 Hz, 2H), 7.61 (d, J = 8.4 Hz, 2H); 13C NMR (100 MHz, DMS0-
<4): 0 146.4, 140.5, 132.2, 130.0, 124.9, 124.9, 124.0, 122.2, 112.0, 111.8, 96.5, 86.4. 
3,6-Bis[4-(n-hexylsulfonyl)·phenylethynyl]carbazole, 12a 
Compound 9 (0.5 g, 2.32 mmol), 1-bromo-4-(n-hexylsulfonyl)benzene (1.42 g, 4.65 mmol), 
PdCb(PPh3)2 (50 mg, 0.07 mmol), PPh3 (36 mg, 0.14 mmol) and Cui (26 mg, 0.14 mmol) were purged 
with argon (15 min.) and stirred overnight in a mixture of triethylamine (10 ml) and DMF (2 ml) at 60 
°C, with exclusion of air. Then, the reaction mixture was poured into a NR!Cl-solution (50 ml) and 
extracted with dichloromethane (3 x 100 ml). Washing of the organic layer with water (3 x 100 ml), 
drying over MgS04, filtration, evaporation of the solvent followed by column chromatography of the 
residue (dichloromethane/ethyl acetate: 20/1) yielded 12a (0.46 g, 0.69 mmol, 30%). 
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1H NMR (400 MHz, CDCh): S 9.19 (s, 1H), 8.26 (s, 2H), 7.86 (d, J = 8.7 Hz, 4H), 7.69 (d, J = 8.7 
Hz, 4H), 7.60 (dd, J = 1.6 and 8.4 Hz, 2H), 7.39 (d, J = 8.4 Hz, 2H), 3.09 (m, 4H), 1.71 (m, 4H), 1.32 
(m, 4H), 1.12 (m, 8H), 0.82 (t, 6H). 
3,6-Bis[4·(n·hexyloxy)-phenylethynyl)carbazole, 13a 
Compound 9 (0.1 g, 0.46 mmol), 1-iodo-4-(n-hexyloxy)benzene (0.4 g, 1.32 mmol), PdCh(PPh3) 2 (16 
mg, 0.02 mmol), PPh3 (12 mg, 0.05 mmol) and Cui (9 mg, 0.05 mmol) were purged with argon (15 
min.) and stirred overnight in diisopropylamine (4 ml) at 50 "C, with exclusion of air. Then the 
reaction mixture was poured into a ~Cl-solution (50 ml) and extracted with dichloromethane (3 x 
50 ml). Washing of the organic layer with water (3 x 100 ml), drying over MgS04, filtration, 
evaporation of the solvent followed by column chromatography of the residue 
(dichloromethanelbexanes: 6/4) yielded 13a (0.12 g, 0.21 mmol, 46%). 
1H NMR (400 MHz, CDCh) : S 8.21 (d, J = 1.5 Hz, lH), 7.56 (dd, J 1.6 and 8.4 Hz, 2H), 7.50 (d, J 
= 8.8 Hz, 4H), 7.31 (d, J = 8.4 Hz, 2H), 6.87 (d, J = 8.8 Hz, 4H), 3.96 (t, J = 6.6 Hz, 4H), 1.78 (m, 
4H), 1.46 (m, 4H), 1.33 (m, 8H), 0.90 (m, 6H); 13C NMR (100 MHz, CDCh) : S 159.0, 139.2, 132.9, 
129.8, 123.8, 122.9, 115.5, 114.9, 114.5, 110.8, 88.9, 87.8, 68.1, 31.6, 29.1, 25.7, 22.6, 14.0. 
N,N-Bis(l-cyanoethyl)-2-propynyl-amine, 14 
Propargyl bromide (80% in toluene, 8.15 g, 55 mmol) was added dropwise (15 min) to a solution of 
3,3' -iminodipropionitrile (90%, 15 g, 110 mmol) in THF (50 ml). After stirring overnight at room 
temperature the mixture was cooled to 0°C and the precipitated solid was removed by filtration. 
Partial concentration of the filtrate resulted in an additional precipitate which was also discarded. 
Distillation of the filtrate (170 °C, 4 mbar) then yielded 14 as a colorless oil (8.17 g, 50.7 mmol 92 
%). 
1H NMR (300 MHz, CDCh) : S 3.46 (d, J = 2.4 Hz, 2H), 2.89 (t, J = 6.8 Hz, 4H), 2.51 (t, J = 6.8 Hz, 
4H), 2.27 (t, J = 2.4 Hz, I H); 13C NMR (75 MHz, CDCh): S 118.9, 74.8, 49.8, 45.0, 42.3, 17.6. 
3,6-Bis(S-cyanopent-1-ynyl)carbazole, 15a 
5-Hexynenitrile (1.5 g. 16.1 mmol), 3,6-dibromocarbazole (1.7 g, 52 mmol), PPh3 (100 mg, 0.38 
mmol), Cui (100 mg, 0.52 mmol) and PdCl2(PPh3)2 (150 mg, 0.21 mmol) were purged with argon (15 
min.) and stirred overnight in piperidine (10 ml) at 60 "C, with exclusion of air. Then, the reaction 
mixture was poured into a ~Cl-solution (150 ml). Extraction with ethyl acetate (3 x 100 ml), 
washing of the organic layer with water (3 x 100 ml), drying over MgS04, filtration and evaporation 
of the solvent and subsequent column chromatography of the residue (dichloromethane) yielded 15a 
(1.2 g, 3.4 mmol, 66%) as a light brown powder. 
1H NMR (400 MHz, CDC13): S 8.17 (s, N-H. 1H), 8.10 (d, J = 1.4 Hz, 2H), 7.47 (dd, J = 1.5 and 8.3 
Hz, 2H), 7.34 (d, J = 8.3 Hz, 2H), 2.65 (t, J = 6.7 Hz, 4H), 2.61 (t, J = 7.1Hz, 4H), 2.00 (q, J = 6.9 Hz, 
4H); 13C NMR (100 MHz, CDCl3) : S 139.2, 129.6, 124.0, 122.8, 119.3, 114.5, 110.7, 85.0, 83.2, 24.8, 
18.7, 16.3; IR (KBr, cm.1) v: 3320, 2935, 2249, 1760, 1602, 1481, 1449, 1428, 1256, 1285,814. 
Hexakis[3,6-bis(5-cyanopent-1-ynyi)-N-carbazolyl]benzene, 15b 
Compound 15a (1.2 g, 3.4 mmol) and NaH (90 mg, 3.8 mmol) were stirred in DMF (10 ml) until no 
hydrogen gas evolved anymore (1 h). Then a solution of hexafluorobenzene (100 mg, 0.54 mmol) in 
DMF (I ml) was added dropwise and the reaction mixture was stirred for 2 days at 50 oc after which 
it was poured into a ~Cl-solution (100 ml). After extraction with ethyl actetate (3 x 100 ml), 
washing of the organic layer with water (3 x 100 ml), drying over MgS04, filtration, evaporation of 
the solvent and subsequent column chromatography of the residue (chloroform/ethyl actetate : 812) 
15b (0.62 g, 0.29 mmol, 53%) was obtained as a light yellow solid. 
Tetrasubstituted product: 1H NMR (400 MHz, CDCI3): S 7.87 (d, J = 1.3 Hz, 8H), 6.25 (dd, J = 1.5 
and 8.5 Hz, 8H), 7.16 (d, J = 8.5 Hz, 8H), 2.53-2.61 (m, 32H), 1.94 (m, 16H); 13C NMR (100 MHz, 
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CDCh) : S 152.5 (Jcp =250Hz), 138.4, 129.8, 124.4, 124.0, 123.4, 119.2, 116.4, 109.7, 86.1, 82.3, 
18.5, 16.2; 19F NMR (CDCh, 282 MHz): S -125 ppm. 
15b: MALDI-TOF-MS (mlz): 2161.2; Calc.: 2162.65; 1H NMR (400 MHz, CDCh) : 8 7.43 (d, J = 1.4 
Hz, 12H), 6.96 (d, J = 8.5 Hz, 12H), 6.67 (dd, I = 1'.5 and 8.5 Hz, 12H), 2.57-2.50 (m, 48H), 1.92 (m, 
24H); 13C NMR (100 MHz, CDCh): S 137.3, 135.4, 128.3, 122.9, 119.2, 115.8, 110.9, 86.0, 82.3, 
24.5, 18.5, 16.2; IR (KBr, cm"1) v: 2937, 2245, 1669, 1624, 1474, 1456, 1330, 1292, 1257, 1220, 814. 
3,6-Bis(N,N-bis(2-cyanoethyl)·3-amino-prop-1-ynyl]carbazole, 16a 
Compound 14 (4.0 g, 24.8 mmol), 3,6-dibromocarbazole (2.02 g, 6.2 mmol), PPh3 (105 mg. 0,40 
mmol), Cui (105 mg, 0.55 mmol) and PdC}z(PPh3)2 (180 mg, 0.26 mmol) were purged with argon (15 
min.) and stirred ovemigllt in piperidine (10 ml) at 60 °C, with exclusion of air. Then the reaction 
,mixture was poured into ammonia (150 ml) and extracted with ethyl acetate (3 x 100 ml). After 
washing of the organic layer with ammonia (3 x 100 ml), drying over MgS04, filtration and 
evaporation of the solvent and subsequent column chromatography of the residue (ethyl 
acetate/chloroform: l/4) yielded 16a (1.51 g, 3.11 mmol, 50%) as a light orange oil. 
ESI-MS: (M +1H)1+ 486.3, (M+) 485.3; Calc.: (M+) 485.60; 1H NMR (400 MHz, CDCh): 6 8.75 (s, 
1H), 8.12 (d, J = 1.5 Hz, 2H), 7.48 (dd, I= 1.5 and 8.4 Hz, 2H), 7.38 (d, J = 8.4 Hz, 2H), 3.71 (s, 4H), 
2.99 (t, J = 6.9 Hz, 8H), 2.58 (t, J = 6.8 Hz, 8H); 13C NMR (100 MHz, CDCh): S 139.5, 129.6, 124.1, 
122.5,118.5,113.3,111.0, 87.0, 80.6,49.3,42.5,17.0. 
Hexalds{3,6-bis[N,N-bis(2-cyanoethyl)·3-amino-prop-1-ynyl]carbazolyl }benzene, 16b 
Compound 16a (4 g, 8.24 mmol) was dissolved in DMF (10 ml) and added slowly to a suspension of 
NaH (0.26 g, 10.8 mmol) in DMF (2 ml). The mixture was stirred at 50 oc until no hydrogen gas 
evolved anymore ( 1 ~ h). Then a solution of hexafluorobenzene (256 mg, 1.37 mmol) in DMF (2 ml) 
was added dropwise and the reaction mixture was stirred overnight at 50 °C after it was poured into 
ammonia (100 ml). The solid was filtered and washed with water, dissolved in acetone and dried over 
MgS04 followed by filtration and evaporation of the solvent. Column chromatography (ethyl acetate) 
of the residue gave a mixture of the tetra- and hexasubstituted product according to 1H NMR. 
Repeated precipitation in acetone, which afforded the tetrasubstituted product as the precipitate, 
resulted, after evaporation of the solvent, in pure 16b (0.5 g, 0.168 mmol, 12 % ). 
Tetrasubstituted product: ESI-MS: 684.0 (M + 3H)3+, 1025.3 (M + 2H)2

\ 1366.7 (2M+ 3Hi+, 2049.4 
(M + 1Hi+; after deconvolution: (M) 2049.0; Calc.: 683.8 (M + 3Hi'", 1025.2 (M + 2H)2+, 1366.6 
(2M+ 3H)3+, 2049.4 (M + 1H)1

\ (W) 2048.42; 1H NMR (400 MHz, DMSO-dt;): o 8.22 (s, 8H), 7.86 
(d, J = 8.3 Hz, 8H), 7.42 (d, J = 8.7 Hz, 8H), 3.79 (s, 16H), 2.90 (t, J = 6.6 Hz, 32H), 2.75 (t, I= 6.5 
Hz, 32H); 13C NMR (100 MHz, DMSQ..~) : S 153.6 (IcF = 250 Hz), 139.1, 129.6, 125.1, 124.4, 
122.6, 119.8, 115.2, 111.3, 85.3, 83.7, 48.5, 42.0, 16.0; 19p NMR (282 MHz, DMSO-d6): S -119 ppm; 
IR (KBr, cm"1) v: 3447,2927, 2849,2247, 1624, 1484, 1455,1328, 1303, 1258, 1220, 1133, 817. 
16b: ESI-MS: 745.9 (M + 4H)4+, 994.0 (M + 3H)3+, 1490.8 (M + 2H)2+, after deconvolution: (M} 
2980.0; Calc.: 745.9 (M + 4H)4+, 994.2 (M + 3H)3+, 1490.8 (M + 2H)2+, (M+) 2979.6; 1H NMR (400 
MHz, acetone-dt;): S 7.67 (d, I= 1.4 Hz, 12H), 7.59 (d, I= 8.5 Hz, 12H), 6.83 (dd, J = 1.5 and 8.5 Hz, 
12H), 3.72 (s, 24H), 2.94 (t, J = 7.0 Hz, 48H), 2.67 (t, I= 6.7 Hz, 48H); 13C NMR (100 MHz, acetone
~) : S 138.9, 137.6, 130.4, 124.2, 123.3, 119.3, 115.9, 112.2, 85.8, 83.5, 49.7, 42.8, 16.7; IR (KBr, 
cm" 1

) v : 3447, 2923, 2849, 2246, 1624, 1601, 1474, 1456,1327, 1283, 1258, 1219, 1133, 1029, 815. 
3,6-Bis[3,5-bis(3-5-di-t-butylphenylethynyl)phenylethynyl]carbazole, 17a 
1-Iodo-3,5-bis(3-5-di-t-butylphenylethynyl)benzene (570 mg, 0.907 mmol) and 9. (90 mg, 0.418 
mmol), PPh3 (23 mg, 0.09 mmol), Cui (17 mg, 0.09 mmol) and PdCb(PPh3h (30 mg, 0.04 mmol) 
were purged with argon (15 min.) and stirred in piperidine (10 ml) for 4 days at 50 OC, with exclusion 
of air. Then, the reaction mixture was poured into a NH4Cl-solution (150 ml), extracted with ethyl 
acetate (3 x 100 ml) and the organic layer was washed with water (3 x 100 ml). Drying over MgS04, 
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filtration, evaporation of the solvent and subsequent column chromatography of the residue {ethyl 
acetate/hexanes: 15/85) yielded 17a {0.26 g, 0.21 mmol, 51%) as a white powder. 
FAB-MS (mlz): 1216; FD-MS {mlz): 1216.1; Calc.: 1216.81; 1H NMR {400 MHz, CDCh): o 8.28 (d, 
J = 1.5 Hz, 2H), 8.24 (s, N-H., 1m, 7.72 (d, J = 1.5 Hz, 4H), 7.71 {d, 1 = 1.5 Hz, 2H), 7.63 {d, J 1.5 
Hz, 2H), 7.60 (d, J = 1.5 Hz, 2H), 7.42 {d, J = 1.5 Hz, 4H), 7.41 {d, 1 = 1.5 Hz, 8H), 1.35 {s, 72H); 13C 
NMR (100 MHz, CDCh): o 150.9, 139.5, 133.8, 130.1, 126.0, 126.0, 124.4, 124.2, 124.2, 123.1, 
123.0, 121.9, 114.3, 111.0, 91.6. 91.5, 86.6, 86.6, 34.8, 31.3. 
Hexakis{3,6-bis[3,5-bis(3·5·di-t·bntylphenyletbynyl)phenylethynyi]·N·carbazolyl}benzene, 17b 
Compound 17a {0.26 g, 0.21 mmol) and NaH {10 mg. 0.4 mmol) were stirred in DMF {5 ml) until no 
hydrogen gas evolved anymore { 1 h). Then hexafluorobenzene {7 mg, 0.038 mmol) in DMF {0.5 ml)" 
was added dropwise and the reaction mixture was stirred overnight at 50 oc after which it was poured 
into a NH4CI-solution (100 ml). After extraction with dichloromethane {3 x 50 ml), washingof the 
organic layer with water (3 x 50 ml), drying over MgS04, filtration, evaporation of the solvent and 
subsequent column chromatography of the residue (dichloromethane/hexanes : 119) 0.2 g of a white 
solid was obtained which mainly contained the di- and tetrasubstituted products. Preparative reversed 
phase HPLC (THF I acetonitrile : 111) afforded pure di- and tetrasubstituted product, which eluted in 
that order. 
Disubstituted product: MALDI-TOF-MS {mlz): 2577.7; Calc.: 2579.68; 1H NMR {400 MHz, CDCh) 
: o 8.39 {d, 1 = 1.5 Hz, 4H), 7.76 (d, J = 1.5 Hz, 8H), 7.73 {m, 4H + 4H), 7.44 {d, 1 = 1.5 Hz, 8H), 7.42 
{d, J = 1.5 Hz, 16H), 7.35 (d, J = 8.4 Hz, 4H) 1.36 (s, 144H); '9p NMR (282 MHz, CDCh) : o 
-140 ppm. 
Tetrasubstituted product: MALDI-TOF-MS (mlz): 4971.1; Calc.: 4973.30; 1H NMR (400 MHz, 
CDCb): o o 8.11 (d, J = 1.5 Hz, 8H), 7.70 (d, 1 = 1.5 Hz, 16H), 7.68 (d, 1 = 1.5 Hz, 8H), 7.45 (dd, 1 = 
1.5 and 8.5 Hz, 8H), 7.39 (d, 1 = 1.5 Hz, 16H), 7.37 (d, J = 1.5 Hz, 32m, 7.30 (d, 1 = 8.4 Hz, 8H) 1.31 
(s, 288H); '9p NMR (282 MHz, CDCh): o -116 ppm. 
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7 Circular Hexaporphyrin Array 

Summary 

My work has always tried to unite the true with the beautiful and when I had 
to choose between one and the other, I usually chose the beautifuL 

Hermann Weyl, quoted by Freeman J. Dyson in his orbituary 
Nature, 10 March, 1956 

A symmetrical hexasubstituted benzene containing six porphyrin 

moieties has been synthesized. The properties of this circular multi

chromophoric array have been investigated with (2D) 1H NMR, UV/Vis and 

fluorescence spectroscopy. In 1 H NMR a ring current effect was observed, 

giving clear indications of interactions between the substituents. These effects 

caused by the close proximity of the porphyrin rings were only partially 

substantiated by the UV/Vis and fluorescence measurements. Based on these 

results a conformation is proposed in which the meso-phenyl units are located 

above (or below) the porphyrin ring, causing large upfield shifts in 1 H NMR 

without disturbing the electronic transitions in the absorption spectrum. 

7.1 Introduction 
The design and construction of porphyrin arrays is an area of increasing current 

interest.1 Novel porphyrin architectures are qf great importance not only as models for the study 

of the energy and/or electron transfer functions of light-harvesting antenna and the 

photosynthetic reaction center but also as building blocks for the construction of functional 

molecular devices, i.e. molecular scale wires, switches and photovoltaic devices.1
•
2 The 

elucidation of the crystal structures of the photosynthetic antenna complexes3 of bacteria and 

plants, has further stimulated the interest in the design of cyclic arrays of porphyrins as synthetic 

mimics of those centers. Several authors have recently described the synthesis and properties of 

a covalently linked trimeric, ta.Zh pentameric1a.g.4 and even a nonameric4 porphyrin architecture 

(see also Chapter 1). In all these systems the central unit was also a porphyrin moiety. In the 

meso,meso-linked trimerlh (also the quatermer is reported), the porphyrin moieties are oriented 

almost orthogonal to each other resulting in only small electronic effects in the ground- and S 1 

excited state. Because of the direct meso,meso-Iinkage however, the inner ~-protons reveal a 

significant upfield shift which was attributed to the ring current effect In the comparable penta-
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and nonamer4 the porphyrins are linked by vinylic spacers. As a result of these relatively rigid 

linkages no interactions are observed in the electronic absorption spectra nor are there any 

indications from the 1H NMR data Also a 1,3,5-triporphyrinylbenzene has been reported5
• In the 

1H NMR spectrum only a small upfield chemical shift was observed for the meso-protons when 

compared to a model compound ( +0.13 ppm), indicating only little if any interaction. In the 

absorption spectra of the free base porphyrins no splitting of the Soret band was observed. 

However, this did occur for the Zn- and Mg-complexes of the triporphyrinylbenzene. For these 

compounds also the emission bands became broader while shifting to longer wavelengths, 

compared to the model compounds, and the fluorescence quantum yields decreased. 

Since cyclic porphyrin arrays are thought to be useful as model systems for 

fundamental studies of the photophysical processes as they occur in biological photosynthetic 

antennas, a novel hexameric porphyrin array was designed in which all the porphyrins moieties 

are anchored to one central benzene functionality. Conformational flexibility in the 

hexasubstituted molecule should allow for interaction between the six substituents. This has 

been investigated with lNNis spectroscopy and fluorescence techniques as well as with two 

dimensional 1H NMR measurements. 

7.2 Synthesis 
The synthesis of compounds 1 and 2 is outlined in scheme 7.1. Compound 1 was 

prepared by standard porphyrin synthesis following a literature procedure.6 For this purpose 

pyrrole (4 equivalents), tolualdehyde (3 eq.) andp-hydroxybenzaldehyde (1 eq.) were reacted in 

boiling propionic acid. Column chromatography afforded the monohydroxy porphyrin in low but 

reasonable yield (1.7 %). This was subsequently reacted with hexa.kis(bromomethyl)benzene in 

dry DMF using K2C03 as base. The reaction was continued until TLC indicated the absence of 

starting material. After column chromatography 2 was obtained as a purple solid. The hexameric 

compound 2 was characterized by 1H NMR and ESI-MS (~(after deconvolution) 4187.25; 

Calc.:~ [Cz9M222N2406] 4187.20). 
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Scheme 7.1 Synthesis of 1 and 2. 

7.3 1H NMR Spectroscopy 
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Circular Hexaporphyrin Array 

6 

The 1H NMR spectrum of 1 clearly demonstrates the potphyrin moiety to be 

approximately symmetrical since all pyrrolic protons display the same chemical shift as do the 

comparable protons of the three tolyl groups (table 7.1 ). The protons of the phenoxy moiety are 

observed upfield (M -0.07 and -0.45 ppm). Upon hexasubstitution this symmetry is clearly 

disrupted. From table 7.1 it is clear that several resonances of the potphyrin moiety display large 

upfield shifts due to the ring current effect. The largest shifts are observed for the resonances of 

the (cis)-phenyl protons which are shifted upfield by 0.92 (H-9) and 1.06 ppm (H-10). In 

addition there are large upfield shifts for the different ~-pyrrolyl protons up to 0.6 ppm. The 
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largest shifts are observed for the ~-protons closest to the (cis)-tolyl groups (0.63 ppm for H-5 

and 0.25 ppm for H-3). In contrast, the phenoxy protons (H-4 and H-7), situated on the inside of 

the molecule, display a downfield shift compared to 1. 

Table 7.1 Chemical shifts of 1 and 2 as measured in CDCh including 
assis_nments (pr 2 (see IJlure 7.1 ). 

1 (oinppm) 2(oin 2pm) Assignment of 2a 

~-Pyrrolyl protons 8.83-8.85 8.86 1 

8.81 2 

8.59 3 

8.21 5 

Phenoxy protons 8.01 8.33 4 

7.08 7.60 7 

(Trans)-tolyl protons 8.08 8.11 6 

7.53 7.54 8 

CH3 of (trans)-tolyl 2.69 2.69 11 

(Cis)-tolyl protons 8.08 7.16 9 

7.53 6.47 10 

CH3 of (cis)-tolyl 2.69 2.06 12 

CHz-0 5.89 13 

N-H -2.76 -2.72 
a) The assignment is based on the combined results from COSY and 
NOESY experiments. 

This can be rationalized by a restricted rotation of the phenoxy moiety which in 2 is, on average, 

more located out of the porphyrin plane. As a result, also the donating capabilities of the oxygen 

substituent might have decreased, rationalizing the downfield shift for H-7 of 0.52 ppm (see also 

Chapter 2). The benzylic protons (H-13) via which the porphyrin is linked to the core are 

observed at 5.89 ppm. Additionally, the signal at this relative high &-value is significantly 

broadened compared to the other signals, indicating a restricted rotation due to crowding and 

resulting in diastereotopic protons. The (trans)-tolyl protons (H-6 and H-8) have chemical shifts 

similar to those of the starting compound reflecting comparable rotational freedom and the 

absence of ring current effects. The porphyrin moiety in 2 can thus be considered electronically 

asymmetric. 

Two dimensional COSY and NOESY NMR experiments of 2 furthermore revealed a large 

number of through-space interactions between neighbouring protons (figure 7.1), substantiating 
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the observed chemical shifts due to the ring current effect. Especially the coupling of the free 

base protons with the pyrrolyl proton H-1, is a strong indication that the porphyrin moieties 

actually show some overlap. Because intra-ring NOB-coupling of the N-H protons is thought to 

be unlikely, the observed interaction must take place between neighbouring porphyrin moieties. 

Similar, even more pronounced, NOB-couplings are visible for the free-base protons with H-1,-3 

and -5 and even with H-9 and -10, and the first two CH2 groups of the alkoxy chain, of a 

comparable hexaporphyriny1benzene with decahexyloxy chains instead of methyl groups on the 

meso-phenyl unit.7 

6 

2 

Figure 7.1 1 H_J H Couplings of 2 detected with phase sensitive 2D NOESY 
NMR (mixing time = Is). Dotted arrows indicate interactions between 
different porphyrin moieties. 

From these couplings, together with molecular modelling studies, it is deduced that, on average, 

the phenyl moieties are located just above the porphyrin plane, in the area between H-1 and H-3. 

From molecular modeling it also became clear that, since the interplanar distance has to be 

smaller than 10 A for NOE couplings to occur, probably not all porphyrins overlap 

simultaneously. More likely, they occur in dimeric species (vide infra), which rapidly 

interconvert on the NMR time scale. That this interconversion process occurs relatively fast, is 
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presumably due to the presence of significant conformational flexibility of the porphyrinyl 

moieties, caused by the CH2-0- linkage. This allows the center of the porphyrinyl unit to be 

considerably out-of-plane with respect to the central phenyl ring. Low temperature 1H NMR 

experiments of the alkoxy derivative indeed confirmed the additional anisotropy within the 

porphyrin moieties by a splitting of the signals in a I: I ratio. 7 This ratio is consistent with the 

occurrence of dimeric species. 

1 2 3 4 5 6 7 8 9 10 13 

9 8 7 6 

11 12 

: LlliLLLJ : u ___ ------------ _: 
8 6 4 2 0 -2 

(ppm) 

Figure 7.2 1 H NMR of2 as measured in CDCI3 including assignments. 
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Figure 7 .3a Phase sensitive 2D 1 H NOESY NMR of2 with a mixing time of 1 s. 
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Figure 7.3b Phase sensitive 2D 1 H NOESY NMR of2 with a mixing time of 1 s. 

7.4 UVNis Absorption Spectroscopy 
The UV Nis absorption spectra in chloroform of 1 and 2 were similar in shape and no 

red or blue shift and no splitting of the Soret band at 420 run was observed, implying that there 

is hardly any electronic interaction between the porphyrin rings (figure 7.4). Changing the 

solvent to benzene, chlorobenzene or 1,3,5-trichlorobenzene also gave hardly any effect on the 

Soret band. It might, however, be more complicated, since the Soret band is composed of two 

transitions associated with the two perpendicular transition dipoles which are present in the 

porphyrin plane. 8•
9 The arrangement of the porphyrin moieties in the array are known to be of 

major importance for the observation of certain transitions in spectroscopic measurements. E.g., 

in a linear, p-phenyl bridged Zn-porphyrin array, the Soret band shows an increased splitting 

with increasing number of porphyrin units.8b A stacked, 1,8-anthracene bridged Zn-porphyrin 

array, however, displays a single Soret band which shifts to longer wavelengths with increasing 

number of porphyrin moieties. Sb Also in the Q-band region no differences between 1 and 2 were 

observed with, for both compounds, maxima at 517, 553, 592 and 648 nm. 
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Figure 7.4 UV/Vis and fluorescence spectra of2 in chloroform. 

7.5 Fluorescence Spectroscopy 
Fluorescence measurements were perfonned at concentrations in the order of 10"7 I w-8 

moVl, as to avoid possible aggregation at room temperature. The emission spectra of 1 and 2 

were measured at 420 nm in chlorofonn and both showed emissions at 655 and 720 nm (figure 

7.4), while the respective excitation spectra at 655 nm both resemble the absorption spectra. 

These observations, indicate the lack of electronic interaction between the porphyrin units. 

Furthennore, the quantum yield of 2 in chlorofonn is approximately 15%, comparable to that of 

a monomeric unit. 10 Also no shifts of the emission maxima were observed for 2 when changing 

the solvent to benzene, chlorobenzene or 1,3,5-trichlorobenzene. Steady state fluorescence 

anisotropy measurements were also carried out at -50 oc in chlorofonn, but no anisotropy was 

detected. 

However, when single photon timing measurements were perfonned for 2 in chlorofonn, by 

exciting at 420 nm, the fluorescence showed a monoexponential decay with TF = 3.8 ns. In the 

more viscous solvent ~.3,5-trichlorobenzene, the decay was still monoexponential but the decay 

time longer, TF = 8.0 ns. In benzene and chlorobenzene the fluorescence lifetime was also longer, 

but still much shorter than that of the single porphyrin moiety (ca. 10 ns). These solvent 

dependent fluorescence lifetimes do indicate that some interaction between the porphyrins 

occurs, although no solvent dependent shifts were observed in the absorption (vide supra) and 

the emission. When cooling down a sample in 2-Me-THF, the 720 nm emission increases 

relative to the 655 emission, but no changes are observed in the excitation spectrum untill the 

glassy phase is fonned. At 77K the excitation spectrum of the 655 nm emission, changes 

significantly as the Soret band clearly splits into its components (figure 7.5). 
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Figure 7.5 Excitation spectra of 2 in 2-Me-THF at room 
temperature and 77K. 

From these observations it is concluded that indeed some interaction between the porphyrin 

moieties occurs. However, the nature of the additional decay pathway could not be deduced. 

7.6 Conclusions 
From the observed ring current effects in the 1H NMR of 2 and the couplings observed 

in 2D NMR experiments a significant interaction between the porphyrin moieties is deduced. 

Also some interaction effects are deduced from the fluorescence lifetimes. The interaction could, 

however, not be confirmed with UVNis measurements. The latter were thought to be 

complicated by an unfavourable arrangement of the porphyrin chromophores, leading to a lack 

of shifting and splitting of the Soret band. 

Based on these results, combined with molecular modelling studies, it is proposed that the 

porphyrin moieties form dynamic, dimeric pairs which are rapidly interconverting on the NMR 

time scale. The geometry of each pair is such, however, that the center to center distance is 

approximately lOA, with the porphyrin rings not actually overlapping but having their (cis)-tolyl 

groups positioned over the ring. Since the interaction is then limited to porphyrin-tolyl 

interaction, this would result in significant effects on both the porphyrin and the tolyl protons 

without having to disturb the electronic (optical) transitions of the porphyrin moiety. This would 

also explain why time resolved microwave conductivity experiments (TRMC) did not show any 

delocalization of energy (see also Chapter 6) within a photoexcited hexameric molecule. 
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Chapt~rl 

7.7 Experimental 
General 
ESI-MS spectra were recorded using a Perkin Elmer-Sciex API 300 mass spectrometer with a mass 
range of 3000. Auorescence anisotropy and single photon timing measurements were performed at the 
University of Leuven. For other general experimental details the reader is referred to Chapter 2. 

Synthesis 
5-(p·Hydroxypbenyl)-10,15,20-tritolylporphyrin, 6 1 
p-Hydroxybenzaldehyde (4.6 g, 38 mrnol) and tolylaldehyde (13.5 g, 112 mrnol) were heated under 
reflux in propionic acid (500 ml). Pyrrole (10.1 g, 150 mmol) was then added and heating was continued 
for 1 h. After cooling. the mixture was filtered and the purple crystals washed with ethanol. Column 
chromatography (chloroform) yielded pure 1 (0.44 g, 0.65 mmol, 1.7%), besides a mixture (1.5 g) also 
containing 1 in substantial amounts. 
1H NMR (400 MHz, CDCh): I) 8.85-8.83 (m, Hpyrmlyl. 8H), 8.08 (d, J = 7.8 Hz, Hp~>enyb 6H), 8.01 (d, J = 
8.5 Hz, Hp~>eooxy. 2H), 7.53 (d, J = 7.9 Hz, Hpbeny1. 6H), 7.08 (d, J = 8.4Hz, Hp~>eoo•y• 2H), 2.69 (s, CJ:h, 9H), 
-2.76 (s, N-H. 2H). 
Hexakis{4-[5-(10,15,20-tri-p·tolyl·porphyrinyl)]phenoxymethyl}benzene, 2 
Hexalcis(brornomethyl)benzene (15.7 mg, 0.0247 mmol), 1 (100 mg. 0.15 mmol) and K;l:~ (100 mg, 
0.72 mrnol) were stirred overnight in dry DMF (4 ml) at 50"C. After cooling to room temperture the 
mixture was poured in water (100 ml) and extracted with dichloromethane (3 x 50 ml). The combined 
organic layers were washed with a saturated NH.tCl-solution (3 x 50 ml) and water (3 x 50 ml), dried 
over Na2S04, filtered and evaporated to dryness. Column chromatography (silicagel, CH2Ch, Rt = 0.9) 
yielded 2 (30 mg, 30%) as a purple solid. 
Formula: C~mN2406; ESI-MS: 698.54 (M + 6H)6+, 838.52 (M + 5H)s., 1048.03 (M + 4H)'*, 1397.05 
(M + 3H)*; after deconvolution: (~) 4187.25; Calc.: ~) 4187.20; 1H NMR (400 MHz, CDCh): I) 

8.86 (d, J = 4.6 Hz, Hpyrm~y1. 12H), 8.81 (d, J = 4.6 Hz, Hpyrmly!. 12H), 8.59 (d, J = 4.6 Hz, Hpyrm~yl. 12H), 
8.33 (d, J = 8.2 Hz, Hpheno•Y• 12H), 8.21 (d, J = 4.6 Hz, ~YI• 12H), 8.11 (d, J = 7.7 Hz, ~-~ny!. 
12H), 7.60 (d, J = 7.5 Hz, Hphenoxy. 12H), 7.54 (d, J = 7.7 Hz, ~-.t-phenyl. l2H), 7.16 (d, J = 7.6 Hz, ~cisr 
phenyl. 24H), 6.47 (d, J:::: 7.6 Hz, ~cisrphenyl. 24H), 5.89 (br. s, C!l2-0, 12H), 2.69 (s, C!:b (trans)-phenyl, 
18H), 2.06 (s, CH3 (cis)-phenyl, 36H), -2.72 (s, N-H. 12H); 
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Summary 

This thesis describes the research of several series of well-defined multi-chromophoric 

molecules. Differentiation within each series is accomplished in two ways. The spatial 

arrangement of the chromophores is varied, e.g. by changes in the angle and/or distance between 

the moieties, and also the number of chromophores is systematically varied. From the 

(photo )physical studies of these compounds, structure-properties relationships are derived. 

A survey of known multi-chromophoric arrays is first presented in Chapter 1 and the 

photophysical properties of several of those are discussed in relation to their structure. 

The synthesis of 1,1'-binaphthyl-2,2'-diether <lerivatives is discussed in Chapter 2. 

First, a series of racemic and enantiomerically pure cyclic 6,6' -dinitro-1, 1 '-binaphthyl-2,2'

diethers is presented. The rate as well as the selectivity of the nitration proved to be dependent 

on the chain length of the diether bridge. Also the optical, chiroptical ·and nonlinear optical 

properties displayed this dependence. Secondly, a potentially centrosymmetric meso-derivative, 

consisting of two binaphthalene units connected to a central benzene ring, is synthesized 

together with the racemic diastereomeric mixture. For both isolated fractions, two conformations 

were separately visible at -20"C in 1H NMR. The exchange rate constants of the 

centrosynunetric meso-compound and the racemate at room temperature, are found to be in the 

order of 14·1 oZ and 23·102 s·•. 

In Chapter 3, two series of molecules, incorporating one, two and three anilino based 

chromophores, are studied and compared to model compounds. The photophysical properties are 

found to be dependent on the electron density at the anilino nitrogens, which, in turn, is related 

to the degree of alkyl substitution and the number of chromophores. E.g., the lifetime of the 

excited triplet state, which had a dipolar character, was found to decrease with increasing 

number of chromophoric moieties. Furthermore, it was concluded that a "flip-flop" switching 

between the different degenerate structures for the symmetrical bi- and tri-chromophoric 

compounds occurs on a time scale of several tens of picoseconds. 

Photophysical studies on amino-terminated dendrimers, suitable for nonlinear optics, 

are discussed in Chapter 4. UVNis Spectroscopy measurements substantiated the absence of 

electronic interaction between the chromophoric endgroups. The 1H NMR data confirmed, that 

the intramolecular hydrogen bonding between the amide functions increases in strength with 

increasing generation. Combined NLO and depolarization measurements suggested that the 

dendrimers already possess an, on average, sphere-like structure at low generations, which 

rigidifies at higher generations, presumably due to an increasingly dense packing at the periphery 

of the dendrimer. 
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The synthesis of hexa-N-pyrrolylbenzene and octa-N-pyrrolylnaphthalene is presented 

in Chapter 5. From the analysis of partial substitution reactions of pyrrolyl sodium with 

hexafluorobenzene, a mechanistic description could be deduced, which rationalizes the preferred 

formation of 1,4-di-, 1,2,4,5-tetra- and hexasubstituted products via a SNAr reaction. The crystal 

structure supports the propeller shaped conformation, which allows for interactions between the 

neighbouring pyrrolyl moieties. This 1t-1t interaction was substantiated by 1H NMR, UVNis and 

fluorescence spectroscopy. The use of other nucleophiles in the SNAr reaction with 

hexafluorobenzene yielded only partially substituted products which all show the same para

activation as was found for the pyrrolyl nucleophile. 

The SNAr reaction with hexafluorobenzene described in the previous Chapter, is 

applied to carbazolyl nucleophiles in Chapter 6. The carbazolyl derivatives are prepared by 

selective 3,6-diacylation of carbazole or by a double palladium catalyzed acetylenic coupling 

with 3,6-dibromocarbazole. The photopbysical properties of these conformationally restricted, 

spatially well-defined, propeller-shaped molecules are studied with UVNis and fluorescence 

spectroscopy. The results substantiated the occurrence of 1t-1t interaction between neighbouring 

carbazole, while from time resolved microwave conductivity (TRMC) measurements, it was 

concluded that delocalization of excitation energy over at least several carbazole moieties takes 

place. Furthermore, from X-ray diffraction, differential scanning calorimetry and polarized light 

microscopy, the presence of a columnar, hexagonally ordered liquid crystalline phase between 

252 and 27Cf'C was deduced for a dodecahexanoyl derivative. 

A symmetrical hexasubstituted benzene containing six porphyrinyl moieties is the 

subject of Chapter 7. From the ring current effects observed in 1H NMR, an interaction between 

the porphyrinyl moieties was deduced. This interaction was only partially substantiated by 

UVNis and fluorescence measurements. Based on the combined results, together with 

molecular modelling studies, a conformation is proposed in which the meso-phenyl units are 

located above (or below) the porphyrinyl ring. It is furthermore proposed that the porphyrinyl 

moieties form dynamic dimeric pairs, which rapidly interconvert on the NMR time scale. 
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Samenvatting 

Dit proefschrift beschrijft bet onderzoek van verschillende goed gedefmieerde, 

multichromofore systemen. Van deze systernen is enerzijds de ruimtelijke ordening van de 

chromoforen veranderd, b.v. door veranderingen in de hoek en/of afstand tussen de eenheden, 

terwijl anderzijds ook bet aantal chromoforen systematisch is gevarieerd. Uit de (foto)fysische 

studies van deze verbindingen, zijn structuur-eigenschap relaties afgeleid. 

In Hoofdstuk: 1 wordt allereerst een overzicht gegeven van bekende multichromofore 

systernen. De fotofysische eigenschappen van enkele daarvan worden besproken met betrekking 

tot hun structuur. 

De synthese van 1,1 '-binaftyl-2,2' -diether verbindingen wordt besproken in Hoofdstuk: 

2. Allereerst wordt een serie racernische en enantiomeer zuivere cyclische 6,6'-dinitro-1,1'

binaftyl-2,2' -diethers gepresenteerd. Zowel de snelheid als de selectiviteit van de nitrering bleek 

afhankelijk te zijn van de lengte van de diether brug. Ook de optische, chirt>ptische en niet

lineair optische eigenschappen vertoonden deze afhankelijkheid. Verder is een potentieel 

centrosymrnetrische meso-verbinding, opgebouwd uit twee binaftaleen eenheden verbonden aan 

een centrale benzeen kern, gesynthetiseerd, .samen met bet racernische diastereomere rnengsel. 

V oor beide ge1soleerde fracties werden twee conformaties apart waargenomen in 1 H NMR bij -

20°C. De uitwisseling snelheidsconstanten van de centrosymrnetrische meso-verbinding en bet 

racemaat bij kamertemperatuur, zijn in de orde van 14·102 en 23·102 s·1
• 

In Hoofdstuk 3 zijn twee series van moleculen met een, twee en drie, op aniline 

gebaseerde chromoforen bestudeerd en vergeleken met modelverbindingen. De fotofysische 

eigenschappen bleken athankelijk van de electronendichtheid op de aniline-stikstoffen, welke 

gerelateerd is aan de mate van alkylsubstitutie en bet aantal chromoforen. De levensduur van de 

geexciteerde triplettoestand, welke een dipolair karakter had, nam af met toenemend aantal 

chromoforen. Verder kon geconcludeerd worden, dat een "flip-flop" uitwisselingsproces tussen 

de verschillende gedegenereerde toestanden voor de symrnetrische di- en trichromoforen 

plaatsvindt op een tijdschaal van enkele tientallen picoseconden. 

Fotofysische studies aan gefunctionaliseerde, voor niet-lineaire optica geschikte, 

dendrimeren worden hesproken in Hoofdstuk 4. UVNis Spectroscopische metingen wezen op 

de afwezigheid van electronische interactie tussen de chromofore eindgroepen. De 1H NMR data 

bevestigden, dat de intramoleculaire waterstofbruggen tussen de arnidegroepen toenemen in 

stefkte, met toenemende generatie. Gecombineerde NLO- en depolarisatiemetingen 

suggereerden dat de dendrimeren een, gerniddeld, bolvorrnige structuur hebben bij lagere 

generaties, die meer rigide wordt bij hogere generaties, vermoedelijk door de toenemend 

dichtere pakking aan de buitenkant van bet dendrimeer. 
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De synthese van hexa-N-pyrrolylbenzeen en octa-N-pyrrolylnaftaleen wordt 

gepresenteerd in Hoofdstuk 5. Uit de analyse van partiele substitutiereacties van pyrrolylnatrium 

met bexafluorbenzeen kon een mechanistische beschrijving worden afgeleid, die de preferente 

vorming van 1,4-di-, 1,2,4,5-tetra- en hexagesubstituteerde produkten via een SNAr reactie 

aannemelijk maakt. De kristalstructuur ondersteunde de propellervormige conformatie, welke 

interactie tussen de naburige pyrrolyleenheden toelaat. Deze 7t·7t interactie werd bevestigd door 
1 H NMR UV Nis en fluorescentiespectroscopie. Het gebruik van andere nucleofielen in de SNAr 

reactie met hexafluorbenzeen gaf aileen partieel gesubstitueerde produkten die allemaal dezelfde 

para-activatie vertonen die ook gevonden is voor bet pyrrolylnucleofiel. 

De SNAr reactie met hexafluorbenzeen beschreven in bet vorige Hoofdstuk, is 

toegepast op carbazoolnucleofielen in Hoofdstuk 6. De carbazoolderivaten zijn gemaakt door 

selectieve 3,6-diacylering van carbazool of door een dubbele palladium gekatalyseerde 

acetyleenkoppeling met 3,6-dibroomcarbazool. De fotofysische eigenschappen van deze 

conformationeel gehinderde, ruimtelijk goed gedefinieerde, propellervorrnige moleculen zijn 

bestudeerd met UVNis en fluorescentiespectroscopie. De resultaten wezen op bet optreden van 

1t-1t interactie tussen de naburige carbazooleenheden, terwijl uit tijdsopgeloste microgolf

geleidingsmetingen (TRMC), geconcludeerd kon worden dat er delocalisatie van excitatie

energie over minstens enkele carbazooleenheden plaats vindt. Uit Rontgen-diffractie, DSC en 

gepolariseerd Iicht microscopie metingen bleek dat een dodecahexanoyl derivaat een 

columnaire, hexagonaal geordende vloeibaar kristallijne fase vormt tussen 252 en 270°C. 

Een symmetrische hexagesubstitueerde benzeenverbinding met zes identieke porfyrine 

eenheden is bet onderwerp van Hoofdstuk 7. Uit de ringstroomeffecten die werden 

waargenomen met 1H NMR, werd een interactie tussen de porfyrine eenheden afgeleid. Deze 

interactie werd maar gedeeltelijk ondersteund door UVNis- en fluorescentiemetingen. Op basis 

van deze resultaten, samen met moleculaire modeleringstudies, is een conformatie voorgesteld 

waarin de meso-fenyl eenheden gelokaliseerd zijn boven (of onder) de porfyrine eenheid. Verder 

is voorgesteld, dat de porfyrine eenheden dynamische dimeren vormen die snel uitwisselen op 

de NMR tijdschaal. 
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Stellingen 

behorende by het proefschrift 

Multi-Chromopboric Arrays in Molecules of High Symmetry 

door 

H.A.M. Biemans 

1. De waargenomen versnelling van de cis~trans isomerisatie van dendrimeren met een 

azobenzeen-kern onder invloed van IR-straling is waarschijnlijk bet gevolg van lokale 

opwarmeffecten en niet van de voorgestelde excitatie door multifoton absorptie. 

D.·L. Jiang, T. Aida, Nature, 1997,388,454. 

2. Uit spectroscopiscbe metingen aan twee polymeren die verschillen in lengte, 

regioregulariteit en zijgroep, en die bestudeerd zijn in verschillende oplosmiddelen, mag 

niet geconcludeerd worden dat i) dergelijke polymeren eenzelfde effectieve 

conjugatielengte bezitten, en ii) de OH-functionaliteit nivellerend werkt ten opzicbte 

van de regioregulariteit. 
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3. Met bet toenemend aantal complexe moleculen dient er door redacteurs en referenten 

van wetenscbappelijke tijdschriften op gelet te worden, dat de triviale naamgeving niet 

uit de hand gaat lopen. 
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D.M. Ho, N.J. Vogelaar, C.E. Schutt, R.A. Pascal, Jr., J. Am. Chem. Soc., 1997, 119, 7291. 

4. De dendrimeersynthese zoals beschreven door Tomalia et al. is commercieel niet 

aantrekkelijk, ondanks de mogelijkheid tot bet terugwinnen van de overmaat 

grondstoffen. 
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5. Het blijft vooralsnog de vraag of de chiraliteit die aanwezig is in elementaire deeltjes 

gerelateerd kan worden aan de chiraliteit aanwezig in levende rnaterie. 

R.A. Hegstrom, D.K. Kondepudi, Scientific American, 1990, January, 98. 

6. Het komt steeds vaker voor in onderzoek aan dendrimeren dat niet goed begrepen 

processen worden verklaard door een "dendrimeer-effect". 
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7. Om bet teruglopend aantal studenten in de scheikunde een halt toe te roepen, kunnen 

studiedecanen van middelbare scholen gebruik maken van bet enthousiasme van de 

huidige studenten. Dit dient ook vanuit de opleidingen scheikunde gestimuleerd te 

worden. 

8. Dat circa 1% van de glazen zijpanelen van een nieuw gebouw naar beneden valt, mag 

nooit als ingecalculeerd risico worden geaccepteerd. 

9. De benaming "smart functional materials" suggereert ten onrechte dat functionele 

rnaterialen slim zijn en streelt derhalve alleen bet ego van de ontwerper. 

10. Gezien de arrogantie die blijkt uit sommige foutrneldingen zou een naamsverandering 

van "personal" tot "impersonal" computer op zijn plaats zijn. 

11. De onvoorwaardelijkheid waarmee elke scheidsrechterlijke beslissing in cricket door de 

spelers wordt gerespecteerd, zoals bet subjectieve "leg-before-wicket", is nog meer te 

waarderen wanneer men weet dat de betrokken scheidsrechter niet altijd uit een ander 

district of land komt. 




