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Karsten und meiner Familie

Small Atomes of themselves a World may make,

As being subtle, and of every shape:

And as they dance about, fit places finde,

Such Formes as best agree, make every kinde.

(Margaret Cavendish, 1653)



Abbreviations

a. u. arbitrary units

Cbz Benzyloxycarbonyl

cmc Critical Micellar Concentration

COSY Correlated Spectroscopy

Cryo TEM Cryo Tranismission Electronmicroscopy

CA Cyanuric Acid

DCC N,N´-Dicyclohexylcarbodiimide

DCU Dicyclohexylurea

DEPT Distortionless Enhancement by Polarisation Transfer

DMAP 4-(Dimethylamino)pyridine

DMF Dimethylformamide

DOSY Diffusion Ordered 2D NMR Spectroscopy

EA Elemental Analysis

EDC N-(3-Dimethylaminopropyl)-N´-ethylcarbodiimide hydrochloride

EtOAC Ethyl acetate
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fc Flash Chromatography

HETCOR Heteronuclear Correlated Spectroscopy

HOBt Hydroxybenzotriazole

IBA Intensity of the Benzamide Fluorescence Band

IR Infra Red

MALDI Matrix Assisted Laser Desorption Ionization

mb Methylene Blue

MW Molecular Weight

MS Mass Spectroscopy

NBA 3-Nitrobenzylic alcohol

NMR Nuclear Magnetic Resonance

NOE Nuclear Overhauser Effect

PGSE - NMR Pulsed - Field Gradient Spin Echo Nuclear Magnetic Resonance

rt Room Temperature

sds sodium dodecylsulfate

TBAB Tetrabutylammoniumbromide

TEM Transmission Electron Microscopy
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1 Introduction

1.1 Motivation

Already the people in Ancient Babylon 2800 BC knew how to make soap. In 1550 BC

the Ancient Egyptians used to bath regularly in soaped water, producing the soap by

combining animal and vegetable oil with alkaline salts. Since then the use of soap

grew. But soap is not only used for cleaning due to its ability to remove oil from water

and decrease the surface tension of water.

Figure 1.1: Egyptian slaves washing clothes.[1]

Soap consists of small amphiphilic molecules. All living systems are build up by am-

phiphiles and thus by lipids in a broader sense. Amphiphiles (Greek: αµϕις, amphis,

both and ϕιλια, philia, love) are the main components of biological membranes. They

are able to form micelles, vesicles and liposomes when a critical concentration is ex-

ceeded. The formation of micelles in the human body is necessary for the uptake of fat

soluble vitamins and other essential substances. Hence the investigation of micelles

and their transport capacity is of great scientific interest. The synthesis of artificial

amphiphiles and the exploration of their drug delivery ability is a big challenge in or-

ganic chemistry. Herein the bowl shaped calix[4]arenes play a major role as they are

easily convertible. They can be linked with hydrogen bonding agents to investigate for

example the basic impetus of enzymatic reactions and cell formation. In a next step

they can be utilized to form water soluble supra molecular architectures and inclusion

complexes. By the connection of the hydrophobic calix[4]arenes with dendrons pro-

viding hydrophilic entities artificial water soluble systems can be established. These
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1 Introduction

amphiphiles provide a new generation of macromolecules which are able to undergo

controlled self assembly into bigger units like vesicles or micelles. Using these artificial

container systems formation of cells can be mimicked and a new generation of drug

delivery systems can be developed.

1.2 Calix[n]arenes

Calix[n]arenes serve as the platform for the systematic synthesis of new supra molec-

ular architectures. They attracted a lot of interest since 1970 as GUTSCHE gave them

their name and started to investigate them as potential enzyme mimetics and con-

tainer systems due to their cage structure.[2] The cyclic structure of calix[n]arenes was

profen in the middle of the last century by ZINKE.[3] The first synthesis of uncleaned

calix[n]arenes refers to VON BAYER who found that by condensation of formaldehyde

with phenol a black resin formed.

1.2.1 Synthesis

Calix[n]arenes are a widely used scaffold for the design of supra molecular architec-

tures. They are bowl shaped cyclic oligomers consisting of p-substituted phenols con-

densed with formaldehyde. The generic name is composed of the Greek word "calix"

(χαλιξ) for bowl or vase and "arene" is used to emphasize the aromatic character.[2]

The small letter "n" denotes the number of phenolic units in the macrocycle. The clock-

wise numbering of the C-atoms starts at the C-atom connecting a phenolic unit with a

methylene bridge (Figure 1.2).

2
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Figure 1.2: Numbering and possible conformations of the p-t-butylcalix[4]arene.

The phenolic hydroxy groups feature the so called lower rim and the positions 5,11,

17,23 indicate the upper rim.[4] Symmetric calix[n]arenes are synthesized by a one pot

route. Depending on the used base, its concentration, the reaction temperature and

the solvent n can be controlled to be 4, 6 or 8.[5–7] Whereas the calix[4]arene is the

thermodynamic product (Scheme 1).

The one pot reaction works in good yields if para-t-butyl phenol is used. For the

synthesis of unsymmetrical products or calixarenes with uneven n´s a divergent step

by step [8] build up or a convergent fragment condensation has to be applied.[9] The

information in this thesis will further on refer to the calix[4]arene (calixarene).

1.2.2 Functionalization and Conformation

The basic para-t-butyl-calixarene emanating from the one pot synthesis carries hydroxy

groups at the lower rim and t-butyl groups at the upper rim. Unsubstituted calixarenes

can flip in different conformations due to the flexible rotatability of the methlyene bridges

(Figure 1.2).[10] This flexibility can be locked by a selective modification of the hydroxy

groups at the lower rim for example by etherification.[11] By using different reaction

conditions the conformation of the calixarene can be controlled.[12] The 1,3 partial con-

former can be achieved by using K2CO3 as base in the etherification, whereas tetra

substitution takes place if NaOH and NaI as template is used.[13] In the cone confor-
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HOHO HO
OH

OH

H H
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+ nn

NaOH,
diphenylether,
250°C

KOH,
xylole,
140°C
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140°C

OH
6

OH
8

Scheme 1: Synthesis of the different symmetric calix[n]arene with an even number of phenolic
rings.

mation the (25) and (27) positions react first because of the favored diametric hydro-

gen bonding of the phenolic hydroxy groups.[14] There are also manifold possibilities to

functionalize the upper rim. The t-butyl groups can be removed by a Retro-FRIEDEL-

CRAF´s reaction utilizing AlCl3.[15] By a subsequent electrophilic aromatic substitution

a variety of groups can be introduced like halogenes[16], sulfon [17] or formyl [18] groups

which can be changed further by SUZUKI couplings[19] or reductions.[18] Another ap-

proach for an upper rim reaction is the ipso-nitration by which one to four nitro groups

can be introduced[20] which can easily be reduced.[21] The resulting amino groups can

then be further reacted via amidation reactions.[22,23]

1.3 Dendrimers

Dendrimers are fundamental building blocks when synthesizing new amphiphilic den-

drocalixarene architectures. They are readily accessible and some of them are convert-

ible into water soluble components. Dendrimers attracted a lot of attention in the last

three decades. These monodispers molecules provide a globular three-dimensional

architecture. The name is derived from the greek words "dendron" for tree and meros

for piece.[24] Dendrimers consist of one core unit and branching units. They can be

synthesized by two different ways (Figure 1.3).[25]
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Figure 1.3: Outline of the divergent and convergent dendrimer synthesis

Using the divergent or macromolecular approach the dendrimer is build up starting from

the central core followed by numerous selective reaction steps. Herein a sophisticated

purification has to be applied as the building blocks are very similar. A first dendrimer

synthesized by this route is PAMAM.[26]

The convergent synthesis route starts at the periphery of the dendron and ends af-

ter a cascade of reaction steps at the core. In this approach only a low number of

sites have to react with small molecules compared to the dendron and thus the purifi-

cation is facilitated providing few defects in the product. Polyarylether-dendrons are

easily accessible by this reaction path.[27] In both reaction paths several protection and

deprotection steps have to take place before the units of the next generation can be

connected.[28]

Due to this individual control of the size and shape of the desired dendron, they are

predestinated to be used to mimic enzymatic environments.[29] It is also possible to syn-

thesize amphiphilic dendrimers which provide a micellar environment.[30] Thus they can

be used to include apolar guests and shield them from the water phase by the inclu-
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1 Introduction

sion into the apolar microenvironment of their core region.[31] Calixarenes also provide

a good basis for the formation of dendrimers. In addition to their multiple functionaliza-

tion sites they contain a conformational restricted macrocyclic scaffold.[32]

1.4 Amphiphilic Architectures

The synthesis of artificial amphiphilic molecules is a big challenge in organic chem-

istry. Especially the behavior of these molecules in aqueous solution is of extraordi-

nary scientific interest as the chemistry of life is based on micellization processes. All

biochemical processes like the architecture of cells or enzymatic processes depend

on amphiphilic molecules.[33] Amphiphilic molecules contain a hydrophobic moiety as

well as a hydrophilic part. Utilizing these structure elements amphiphiles organize

themselves into assemblies such as micelles or vesicles when dissolved in water (Fig-

ure 1.4).[34]

S
O

O
O

Na
hydrophobic alkyl chain

head group

guest core

polare layer

micelle sodium dodecyl sulfate
(SDS)

pyrene
(possible guest)

Figure 1.4: Outline of a micelle, example of an amphiphile (SDS) and a possible guest (pyrene)

Micelles are globular structures in which the hydrophobic part is directed inside the

core and the hydrophilic parts are outside in the aqueous phase. Vesicles are closed

spherical structures consisting of a bilayer membrane. The driving force for the ag-

gregation phenomena is the hydrophobic effect. This means that the nonpolar residue

of the amphiphile can not be dissolved in the solvent (water) whereas the hydrophilic

head groups are surrounded by water molecules. The insolubility of the hydropho-

bic molecule parts is due to entropy effects. [33] Such systems are referred to as mi-

croheterogeneous as they are heterogeneous on a microscopic scale. Thus these

short-lived structures are influenced significantly by the chain length, the head groups,

the temperature, potential additives and the concentration of the amphiphile (surfac-

tant/tenside). Monomers exist at low surfactant concentrations. By increasing the con-

centration the tensides start to form aggregates spontaneously. This specific starting
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concentration is called the critical micellization concentration (cmc). At this point the

physical properties of the solution like optical density, viscosity, surface tension or flu-

orescence intensity change abruptly. Utilizing these properties the formation of am-

phiphilic assemblies can be examined effectively by physical investigation methods.[35]

Herein fluorescence spectroscopy is widely applied in the modern cmc determination.

A common and well known tenside is sodium dodecyl sulfate which is added into a lot

of industrial soap products to increase their foaming and oil removing ability.

1.5 Self Organization based on the Hydrogen Bonding

Motif

Self organization is a challenge in synthetic organic chemistry as it provides a deeper

understanding of natural relevant cooperative processes. Based on the hydrogen bond-

ing motif a wide range of supramolecular structures have been build. The HAMILTON

receptor and cyanuric or barbituric acid turned out to be exceptionally successful in

building stable hydrogen bonded complexes. The HAMILTON to barbituric acid bind-

ing motif was firstly introduced in 1988.[36] The HAMILTON receptor provides a perfect

cavity containing six hydrogen bonding sites. The barbituric acid contains complemen-

tal sites and fits into the cavity (Figure 1.5). Such host guest systems are already

used as extraction agents of barbiturates from blood serum or mimics in the enzyme

catalysis.[37,38]

R

O

HN

O

NH

NN

NH HN OO

N N

O

OO
R´´´R

H
N

N NH

O

O

O H
N

NHN

O

O

O

OO O

HN

O

NH

NN

N N

NN
NH2

N NH

NH2

H

HH

Figure 1.5: Complexation of barbituric acid by the HAMILTON receptor and melamine substi-
tuted calixarene as building block for molecular capsules.[39]
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Calixarenes are per se preorganized building blocks. Hence they are good starting

points for new supramolecular structures because all forces can be concentrated in

one direction. Thereby artificial capsules can be build up which include small guests

in bulky solvents and can undergo rearrangements because of their dynamic charac-

ter. By using melamine residues at the upper rim and cyanuric acid as the hydrogen

bonding partner stable circular networks can be formed.[39] The formation of these com-

plexes can be proved for example by NMR spectroscopy. As the chemical environment

of the NH protons in the substrates shifts due to the hydrogen bonds in the complex. If

the hydrogen bonding agents are fluorescence active the binding or substitution of the

chromophores can be tracked by fluorescence spectroscopy.[40]
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2 Proposal

The major goal of this thesis is the synthesis and systematic screening of a new class

of amphiphilic dendrocalixarenes. The predominant task of these compounds is the for-

mation of persistent micelles featuring low critical micellization concentrations. These

novel water soluble compounds should be examined with respect to their micellization

behavior.

The architecture of these new dendrocalixarenes is essential for the formation of per-

sistent supramolecular structures.Two different designs are created to set a bench-

mark for further investigations of inclusion phenomena. At first, a library of dendro-

calixarenes should be established deriving from the T-shaped structure of an earlier

established amphiphilic calixarene.[41] The lower rim of the calixarenes contains four

lipophilic dodecyl or propyl chains. The upper rim should feature NEWKOME dendrimers

of the first and second generation connected by malonylic acid spacer units. Removing

the t-butyl protection of the acid groups should introduce the water solubility of the dif-

ferent dendrocalixarenes 1, 2 and 3 (Figure 2.1). Secondly, a self-labeled amphiphilic

dendrocalixarene containing a deep-cavity structure will be designed (4). This should

be provided by the connection of the upper rim of the calixarene to terephthalic acid

building blocks. Water solubility will be introduced by the connection of these rod-like

units to NEWKOME dendrons. The lower rim of the calixarene is substituted by four

hydrophobic dodecyl chains (Figure 2.1).

The synthesis of dye-labeled amphiphilic systems should additionally be accomplished.

The pyrene labeled dendrocalixarene (5) and the dendron (6) were designed for this

purpose (Figure 2.2).

The systematic screening of this new family of dendrocalixarene will be accomplished

via different physical investigation methods in a third step. Elucidation of the host guest

chemistry will be done via UV/Vis measurements by the inclusion of apolar pyrene.

The most promising candidates with respect to their aggregation ability should be used

in extensive fluorescence measurements. In these experiments the critical micelliza-

tion concentrations at different pH values will be determined. The aggregates size and

9
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Figure 2.1: Outline of the desired dendrocalixarenes
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Figure 2.2: Outline of the desired dye-labeled amphiphiles

architecture can be elucidated by PGSE NMR measurements and TEM micrographs.

Another aim of this thesis is the synthesis and investigation of cyanuric acid substi-

tuted calixarenes. The self assembly ability in the presence of HAMILTON receptor

compounds should be investigated via NMR and fluorescence spectroscopy.
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3 Results and Discussion

From our environment we know that natural occurring molecules are able to assemble

in defined architectures (cf. DNA, viruses, etc.). Controlled self-assembly to mimic

nature is a big challenge in chemistry when synthesizing artificial systems, eg. mi-

celles. These molecules need to have a balanced relation between their hydropho-

bic and hydrophilic moiety. Calixarenes provide a versatile basis for this requirement.

They posses a bowl shaped hydrophobic cavity and their convertibility at the upper and

lower rim is widely known.[2] Furthermore, they can serve as hosts due to their cone

shaped scaffold. Another useful property of calixarenes is their lack of toxicity and im-

mune response[42]. Therefore aggregates of amphiphilic calixarene derivatives may be

used as future drug delivery systems. For this application it is necessary to know the

selfassembly characteristic of these amphiphilic calixarenes. These highly interesting

compounds are examined in this thesis.

3.1 A New Class of Amphiphilic Dendrocalixarenes

Dendrocalixarenes derive from the connection of a calixarene and a specific number

of dendrons. The upper and lower rim of calixarenes can be modified utilizing different

reaction paths and concepts. The four hydroxy groups at the lower rim of the calixarene

were connected to dodecyl or propyl chains yielding the cone conformation of the cal-

ixarene to provide the hydrophobic part of the desired amphiphile. The t-butyl groups

at the upper rim were ipso-substituted in the (5,11), the (5,17) position (confine Figure

1.2) or fourfold to connect different spacer entities which provide the juncture for the

dendrons. The dendrimers were deprotected in a final step to introduce water solubil-

ity. The class of these amphiphilic dendrocalixarenes and reference substances were

utilized to systematically screen their aggregation ability in aqueous media.

12



3 Results and Discussion

3.1.1 Synthesis of Malonyl Spacered Dendrocalixarenes

Malonic acid was chosen as the first spacer entity to be connected to the upper rim

of the calixarenes. This unit is long enough to separate the calixarene from the den-

drimer region. The malonylic spacer induces a T-shape of the molecule by spreading

the hydrophobic groups outwards. Additionally, it is chemically stable toward the reac-

tion conditions.

The synthesis of the different dendrocalixarenes started from the readily available para-

t-butylcalixarene.[5] Etherification of the phenolic units using either bromododecane or

iodopropane yielded the lower rim substituted calixarenes in their cone conformation

(7, 8) (Scheme 2).[13] Afterward the t-butyl groups were ipso substituted by nitro groups

using different concentrations of HNO3 (9, 10, 11, 12, 13).[20] The nitrocalixarenes could

be isolated in good yields after column chromatography. These nitro calixarenes can

easily be reduced utilizing hydrazine hydrate and Pd/charcoal as catalyst (14, 15, 16,

17, 18).[21] By reacting the resulting amino calixarenes with methyl malonyl chloride

the malonic acid spacered dendrocalixarenes 19, 20, 21, 22 and 23 were obtained

in excellent yields. The subsequent deprotection of the methyl ester with sodium hy-

droxide in THF yielded the calixarenes 24, 25, 26, 27 and 28 after reprecipitation from

CHCl3/MeOH in high purity (Scheme 2).[22]

The malonylcalixarenes were subsequently connected to the dendrons of the first and

second generation 30 and 31 via the active ester method (Scheme 4). The reaction

conditions were optimized according to each individual calixarene. DCC and EDC

were chosen depending on the substitution motif and the alkyl chain length of the

calixarene. The usage of DMAP anC HOBt was adapted to the best yields of the

corresponding dendrocalixarene 32, 33, 34, 35, 36 and 37 (compare Chap. 6.4). All

protected dendrocalixarenes could be isolated in 30% yield on average. Calixarene 36

could only by isolated in 3% yield due to the steric hindrance at the upper rim caused

by the four dendrimers of the first generation. The deprotection of the acid groups of

the dendrocalixarenes was accomplished under acidic conditions utilizing formic acid

or TFA. Depending on the individual calixarenes different acid mixtures were used to

achieve complete deprotection. The amphiphilic target molecules 1, 2, 3, 38 and 39

are shown in Scheme 3 and Scheme 4.

The 5,17-calixarenes 38 and 39 were synthesized according to previously described

procedures.[23] The synthesis of the 5,11-calixarene adducts with the second genera-

tion dendron 31 in adjacent position could not be achieved because of steric hindrance.

Dendrocalixarenes 1 and 2 are soluble in buffered water at pH = 7.0 after sonication
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Scheme 2: Synthesis of the deprotected malonylcalixarenes 24, 25, 26, 27 and 28: a)
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and heating to 40◦C. Whereas 3, 38 and 39 are readily soluble at pH = 7.0. At the

solubility limit of the dendrocalixarenes the solution is opalescent in all cases. All den-

drocalixarenes were completely analyzed via 1H and 13C NMR spectroscopy, EA, MS

and IR. The deprotected compounds could not be detected via FAB-MS.

Synthesis of a Linear Amphiphilic Calixarenemimic

Compound 40 was synthesized in order to design a reference substance to mimic

the amphiphilic calixarenes without a cage. This linear amphiphile should be used

in the subsequent fluorescence measurements to investigate its aggregation proper-

ties (Chap. 3.2.4.1). The cmc of 40 should then be compared with the cmc´s of the

dendrocalixarens to understand the influence of the cage of the calixerenes onto the

aggregation properties.

The reactions were carried out corresponding to the reactions with the calixarenes and

are displayed in Scheme 5.
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Scheme 5: Synthesis of 40: a) bromodecane, DMF, NaH; b) H2, EtOH, Pd/C, c) methyl malonyl
chloride, THF, d) NaOH, H2O, THF, e) 30, DMF, DCC, HOBt, f) HCO2H.

Reacting commercially available 4-nitrophenol with bromdodecane in DMF with NaH

as base yielded the phenolether 40. Hydrogenation of this compound with Pd/C, ami-

dation with methyl malonyl chloride and subsequent basic deprotection yielded the free
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3 Results and Discussion

acid 44. Connecting this compound with 30 using DCC and HOBt in DMF and depro-

tecting the t-butyl groups with formic acid yielded 40 which is readily soluble in buffered

water at pH 7.0.

3.1.2 Synthesis of Dendrocalixarenes Containing a Terepht halic

Acid Spacer

Another advantageous spacer unit is terephthalic acid as the cage of the calixarene is

enhanced by its connection to the upper rim. These chromophoric benzamide building

blocks provide an easy detectability via physical investigation methods like fluores-

cence spectroscopy (Chap. 3.2.3) or TEM (Chap. 3.2.9).

The synthesis of the new water soluble dendrocalixarene 4 is shown in Scheme 6.

The tetraamino calix[4]arene 17 was synthesized as described beforehand.[21] Com-

pound 17 was subsequently allowed to react with methyl 4-(chlorocarbonyl)benzoate

46 in THF and the ester groups were subsequently deprotected with lithium hydroxide

in a water/THF mixture at elevated temperatures to achieve terephthalcalixarene 50.

The free carboxylic acids were connected to the NEWKOME dendron 30 via DCC cou-

pling and the pure dendrocalixarene 4 was obtained after reprecipitation in 58% yield.

The final step in the synthesis of the new dendrocalixarene 4 is the cleavage of the

t-butyl esters utilizing formic acid to introduce water solubility by the formation of free

carboxylic acid groups. Calixarene 49 was synthesized by connecting the valineden-

dron 47 with the terephthalcalixarene 50 using EDC as a coupling reagent. Dendron

47 was synthesized beforehand by reacting Cbz-protected valine with the NEWKOME

dendron of the second generation 31 and subsequent deprotection with HCl in EtOAc.

Column chromatography yielded the pure valineterephthalcalixarene 49 in 50%. The

new compounds were analyzed by 1H and 13C NMR spectroscopy, EA and MALDI

mass spectroscopy.
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Scheme 6: Synthesis of the benzamide dendrocalixarenes: a) i: bromdodecane, TBAB, NaOH,
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3 Results and Discussion

The MALDI mass spectrum reveals that calixarene 4 is not fragmented. It is detected

at m/z = 2851 corresponding to the molecule combined with eight sodium atoms. The

eight releasing steps of each sodium atom can be observed in the mass spectrum

(Figure 3.1).
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Figure 3.1: MALDI mass spectra of 4 with cinnamon acid as matrix.

The MALDI spectrum of 49 (M = 7834 g/mol) is shown in Figure 3.2. The measure-

ments were accomplished with cinnamon acid and TFA as matrix.
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Figure 3.2: MALDI mass spectrum of 49 with cinnamon acid as matrix.

Deprotection takes place due to the presence of this acidic matrix. The peak at m/z =

7738 refers to [M - 3 t-butyl + 2 K+] being the focal point of the isotopes. At m/z = 7725

the fragment [M - 3 t-butyl + K+ + Na+] is found. The addition of two potassium atoms

to the calixarene 49 yields a peak at m/z = 3995 deriving from [M + 2 K+].

The synthesis of 4 and 49 was successful despite the crowded environment at the up-
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3 Results and Discussion

per rim caused by the dendrimers either of the first or the second generation. Thus the

terephthalic building blocks are excellent entities to overcome the steric hindrance at

the calixarene. These units also provide a deeper cavity of the calixarene.

Synthesis of a Reference Calixarene for the Dendrocalixarene 4

Calixarene 51 was synthesized in order to obtain an apolar model of the terephthalden-

drocalixarene 4. It features also a deepened calixarene cavity similar to its amphiphilic

counterpart. Compound 51 will be investigated with respect to its ability as transport

system for small guests (Chap. 3.1.4). The thus drawn conclusion will help to under-

stand the inclusion phenomena observed when using the dendrocalixarene 4.

Calixarene 51 was synthesized according to Scheme 7. The tetraaminocalixarene

17 was connected to benzoic acid via the active ester method with DCC, DMAP and

HOBt in DMF. Compound 51 was obtained in 30% yield after reprecipitation from

CHCl3/MeOH. It was analyzed by 1H and 13C NMR spectroscopy, EA and MALDI mass

spectroscopy.
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Scheme 7: Synthesis of the hydrophobic model 51 a) i: DCC, DMAP, HOBt, DMF.
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3.1.3 Synthesis of Dye Labeled Amphiphiles

Dye labeled amphiphiles provide exceptional benefits compared to their unmarked

counterparts. Their aggregation behavior can be investigated via photophysical meth-

ods without additional probes. The micelles or container systems build up by these

amphiphiles can be traced in aqueous media without additional probes (Chap. 3.2.6).

Multifunctional dendrons are required to achieve this goal. They can be synthesized by

starting from 1 → (2+1) branched monomers which were established by NEWKOME.[43]

In the synthesis route the protection groups should be orthogonally removable. Utiliz-

ing this approach a new class of dye labeled amphiphiles should be accessible which

contain an intrinsic covalently bound dye.

3.1.3.1 Synthesis of a Pyrenyl- and a Porphyrindrimer

The multifunctional dendron 53 was synthesized according to the method established

by NEWKOME.[43]

The chromophoric units were connected to 53 via the active ester method using the

coupling reagents EDC and HOBt in DMF (Scheme 8). The nitro group of the obtained

dendrons 54 and 55 could not be reduced neither by RANEY-Ni nor by Pd/charcoal.

The water soluble pyrenyldendron 6 was obtained after the deprotection of the ester

groups using formic acid. The cleavage of the t-butyl groups of the porphyrin substi-

tuted dendron 55 could not be accomplished as all ester groups were cleaved by using

different mixtures of formic acid and TFA in various solvents. In refluxing trichloroben-

zene no reaction could be observed at all.
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3.1.3.2 Synthesis of a 1 → (2+1) Aminodendron

The dye labeled dendrons in Chap. 3.1.3.1 could not be reduced to the corresponding

amines. Thus dendron 56 was synthesized as an additional example of a 1 → (2+1)

branched dendron. The synthesis established by NEWKOME [43] was modified as the

used starting materials in the alternative synthesis route were easier accessible .
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hydrate, DMF, rt; c) t-butylacrylate, Triton B, d) Ac2O, pyridine, rt, e) formic acid, f)
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4-Iodobutyl acetate 57 was synthesized by the selective cleavage of THF with acetyl

chloride and sodium iodide (Scheme 9). The iodide was subsequently substituted by

a nitro group.[44,45] Reacting the nitro compound 58 with t-butylacrylate in a MICHAEL

reaction yields the acetyl-deprotected nitrodendron 59. The multifunctional monomer

60 is achieved by protecting the hydroxy functionality with acetic acid anhydride in pyri-

dine. The subsequent deprotection of the t-butyl esters was done with formic aicd and

yielded the dendron 61. Dendron 62 was synthesized by connecting 61 and dendron

30 under standard STEGLICH conditions.[46] The amino-dendron 56 was finally obtained

by the reduction of the nitro group with RANEY-Ni/H2.
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3 Results and Discussion

3.1.3.3 Synthesis of an Amphiphilic Pyrenyl-Labeled Calix arene

An amphiphilic dye labeled dendrocalixarene like 5 provides several benefits. Its aggre-

gation and micellization ability can be examined via fluorescence spectroscopy without

additional probes. The nano containers possibly formed by 5 can be traced in the body

when used as capsules in delivery tasks.

The first step in the pursuit of the synthesis of the amphiphilic dye labeled calixarene

was done by the connection of aminodendron 56 to the free acid groups of 1,3-malonyl-

calixarene 24 (Scheme 10).
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The reaction was done via the active ester method using EDC and HOBt in DMF. Firstly

the acetyl ester was removed with K2CO3 in ethanol as the ester groups of 56 could

orthogonally be deprotected. The free hydroxy group provides a reaction site to attach

a dye substituent. Pyrene was chosen as a dye as it has well known spectroscopic

features.[47] An attempt to synthesize a pyrene labeled amphiphilic calixarene is the

etherification of the free alcohols of 65 with pyrenyl butanole. The reactions were done

either with Na-18-crown-6 or with K2CO3 at reflux in THF. Nevertheless the product

could not be obtained by these methods.

Another approach to connect pyrene to the dendrocalixarene 65 is an esterification

reaction with pyrene butyric acid 67. The reaction with 67 utilizing different coupling

reagents like DCC or HOBt in different concentrations and in a variety of solvents

yielded the desired ester in less than 3% containing slight non removable impurities.

This low observed yield could be due to the labile ester function and the easy cleav-

age under the choosen reaction conditions. The convergent synthesis route in which

the denron is firstly connected to pyrene butyric acid and then the complete dendron

coupled to the calixarene 24 was also unsuccessfull.[48]

The successful synthesis of 5 could finally be achieved by using 1-pyrenebutyric acid

N-hydroxysuccinimide ester in CH2Cl2 using DMAP as base (Scheme 10). This method

activates the pyrene butyric acid 67 to overcome the steric restrictions in the dendritic

region. The work up of this reaction mixture was done without citric acid solely with

pure water to prevent ester cleavage. The protected dendrocalixarene 66 could ex-

cellently be obtained in 24% yield after flash chromatography. The deprotection of the

ester groups was done with TFA in toluene. The dye labeled fluorescent dendrocal-

ixarene 5 was fully characterized by 1H and 13C NMR spectroscopy, EA and MALDI

MS.
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3.1.3.4 Synthesis of a Cationic Pyrene Derivative

1-(4-(Trimethylammonium)butyl)pyrenebromide 68 was synthesized for the usage as a

cationic probe for the fluorescence experiments in Chapter 3.2.3. The reaction path is

outlined in Scheme 11.

OH

a)

Br N

b)
Br

69 6870

Scheme 11: Synthesis of the fluorescence probe 1-(4-(trimethylammonium)butyl)pyrene- bro-
mide 68: a) CBr4, PPh3, CH2Cl2, 6 min; b) NMe3, THF, 8 h.

The hydroxyl group of commercially available 1-pyrenyl butanol 70 was replaced by

bromide in a nucleophilic substitution.[49] Subsequently, the bromide of 69 was substi-

tuted by trimethylamine in THF. The resulting salt 68 was purified by reprecipitation.

The UV/Vis and excitation fluorescence spectra (λex = 333 nm) in water at pH = 7.0 are

shown in Figure 3.3.

Figure 3.3: UV/Vis and excitation fluorescence spectra of the pyrenyl ammonium salt 68 in
water at pH = 7.0

The UV/Vis spectrum features the expected bands of the pyrene moiety. Exciting the

pyrene ammonium salt 68 at λex = 333 nm yields the fluorescence spectrum showing
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the vibronic bands of the pyrene moiety. The bands are not so clearly resolved as for

pure pyrene due to the covalent bound butyl unit. Compound 68 is a positive charged

amphiphilic fluorescence probe. Determination of its cmc will be described in Chapter

3.2.4.1. The positive charged pyrene ammonium salt 68 is also a valuable fluorescence

probe. Its influence on the cmc of different dendrocalixarenes will be described in

Chapter 3.2.5.2 and 3.2.5.4.

3.1.4 Inclusion Properties of the Apolar Deep Cavity

Calixarenemimic

Guest complexation phenomena of the deep cavity calixarene 51 (Chap. 3.1.2, Scheme

7) were investigated via NOE and ROE NMR measurements. Calixarene 51 is equipped

with several key features for the inclusion of guest molecules. The benzoic acid build-

ing blocks at the upper rim provide a deep cavity for the inclusion of small guests. The

amide linkages between the calixarene and the benzoic acid units are able to establish

hydrogen bonds with polar guests. The efficiency of the guest binding of the generic

compound 51 is of special interest. The behavior of the structure tectone 51 will give

valuable information about the inclusion ability of the more sophisticated amphiphilic

terephtaldendrocalixarene 4 (cf. Scheme 6).

The study of host guest interactions to mimic biological processes is crucial to under-

stand living systems as molecular recognition is a key process in nature. Among these

the inclusion of amino acids is extensively studied because of their basic necessity for

live.[50] Polycyclic aromatic hydrocarbons on the other hand are often found in waste

deposits and thus it is of great interest to find appropriate complexation agents for

extraction tasks.[51]
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The nuclear OVERHAUSER effect (NOE) in NMR experiments can be used to get insight

into complexation modes. This method elucidates the spatial vicinity of molecules. In

NOE experiments the signal intensity of one nucleus is enhanced by irradiation onto

another nucleus due to dipole-dipole interaction.[52] The double pulsed field gradient

selective excitation (DPFGSE) method was established to improve the sensitivity of

this experiment.[53] To avoid the zero crossing when measuring intermediate sized

molecules (1000 to 3000 g/mol) the rotating frame OVERHAUSER effect is utilized.

Combining the ROE with the DPFGSE method a good resolution and assignment of

the NMR cross signals is feasible.[54]

Another method to understand the complexation phenomena are NMR titrations of the

host with a defined quantity of a guest. The binding of the guest can be traced by

the shift of the signals corresponding to the host-guest interactions. Deep cavity cal-

ixarene 51 is an excellent example as the NH signals of the benzamide moieties are

easily detectable in the NMR spectra. This approach allows the decision whether the

benzamide moieties of 51 provide a cavity deep enough for the inclusion of guests.

L-Cbz-valine and pyrene were chosen as guests. L-Cbz-valine contains an aromatic

unit and a polar group. Thus the question can be answered which part of the amino

acid is included into the cavity. Secondly it could be investigated if pyrene is included

into the deep cavity of 51.
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NMR Experiments with the Deep Cavity Calixarene and Pyrene

Calixarene 51 (4.2 10−4 mol) was dissolved in CDCl3 (450 µL) and 0.5, 1.0 and 4.0

equivalents of pyrene in CDCl3 were added. Figure 3.4 presents the enlargement of

the aromatic region of the measured 1H NMR spectra.

pyrene (e)

4.0 (d)

1.0 (c)

0.5 (b)

0.0 (a)

NH

NH

NH

NH

51

Figure 3.4: Spectra of the 1H NMR titration of 51 with 0.0 (a), 0.5 (b), 1.0 (c) and 4.0 (d)
equivalents of pyrene and pyrene alone (e) in CDCl3, inset: 1H NMR spectrum of
calixarene 51 without pyrene

The signals of pyrene are not visible at 0.5 and 1.0 equivalents. After the addition of

4.0 equivalents of pyrene its signals are visible in the region between δ = 8.05 and

8.20 ppm. By adding 0.5, 1.0 and 4.0 equivalents of pyrene the aromatic protons of

the calixarene (δ = 7.0 ppm) and the signals of the benzamide moieties (δ = 7.2 to

7.7 ppm) are not affected by the addition of pyrene. The four NH protons (NH) of the

calixarene are high field shifted by 0.05 ppm indicating that a marginal interaction of 51

and pyrene takes place. These observation demonstrates that 51 interacts with pyrene

at the upper rim to a minor extent.

A 1:1 mixture of 51 and pyrene at a higher concentration of 4.1 10−3 mol/L each was

submitted to a NMR measurement utilizing a DPFGSE-NOE sequence in order to fur-

ther investigate this observation. In this experiment no NOE effect could be observed

because the amplitude of the correlation peaks was zero. DPFGSE-ROE and 1D-

ROESY experiments revealed apart from the expected intra molecular cross peaks a

weak correlation between the CH3 protons of the calixarene dodecyl chains and the

pyrene protons. Thus only a loose contact between pyrene and 51 takes place at the
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alkyl chains on a timely average but no endo complex of pyrene and the deep cavity of

the calixarene could be observed. It can be assumed by this observations that pyrene

is also not included into the calixarene cavity of 4 in the fluorescence experiments that

will described in Chapter 3.2.5.2.

NMR Titration with the Deep Cavity Calixarene and L-Cbz-valine

NMR titration experiments were accomplished with the deep cavity calixarene 51 and

L-Cbz-valine. For this purpose calixarene 51 (4.5 10−4 mmol) was dissolved in CDCl3
(450µL) and 0.5 to 4.0 equivalents of the amino acid L-Cbz-valine dissolved in CDCl3
were added. The NMR spectra after each addition step are shown in Figure 3.5.
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Figure 3.5: 1H NMR spectra of 51 with 0.0 (a), 0.5 (b), 1.0 (c), 2.0 (d), 3.0 (e) and 4.0 (f)
equivalents of L-Cbz-valine in CDCl3

The aromatic protons of 51 (CHcalix) resonate at δ = 7.00. Increasing the amount of

Cbz-valine the signal splits up in two doublets featuring a coupling constant of 4J = 2.0

Hz. This behavior is mirrored in the 13C NMR spectrum as the signal of the aromatic

CH atom at δ = 121.0 splits into a doublet. The NH protons of 51 (NH) are gradually

shifted from δ = 7.95 without amino acid to δ = 8.06 at 4.0 eq. Thus it is assumed

that the valine is complexed at the upper rim of calixarene 51. This conclusion is

reflected by the 13C NMR spectrum of the complex as the signal of the carboxylic

group of the amino acid is low field shifted by ∆δ = 3 compared to the pure amino acid.

This structure explains also the above mentioned splitting of the aromatic calixarene
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protons. As the amino acid enters the cavity these protons sense a chiral environment

and the C4v symmetry is reduced to the chiral C4 symmetry in the complex.

NOE NMR experiments were accomplished with a 1:1 mixture of Cbz-valine and 51 at

a concentration of 7.8 10−3 mol/L each to verify that 51 includes Cbz-valine. Herein a

positive NOE effect was observed between the NH protons of valin and the NH protons

of the amide linkage of 51. Additionally, there was a NOE between the ortho and para

aromatic protons of the benzoic acid residue of 51 and the i-propyl protons as well as

the valine-NH protons. Excitation at the frequency of the Cbz group yields a rather

small NOE at the NH proton of 51.

The AM1 geometry optimization affirms the conclusion of these NMR experiments.[55]

The calculation shows the lowest heat of formation for the assumed 1:1 endo complex

(Figure 3.6).

Figure 3.6: AM1 optimized structure of the 1:1 complex of 51 and L-Cbz-valine in the gas phase

According to these calculations the amino acid is located in the deepened cavity of 51

and the benzyl group is positioned outside the calixarene (Fig. 3.6). It has to be consid-

ered that the calculation was done in the gas phase. Nevertheless the strength of the

formed hydrogen bonds should be comparable either in an apolar solvent like CDCl3
or in the gas phase. The used NMR methods and the structure modeling showed im-

pressively that 51 is effectively able to include polar guests into its cavity. The ROE

measurement reveals also that a big apolar guest like pyrene stays outside the cal-

ixarene cavity. Hence, calixarene 51 is an appropriate apolar generic model to mimic

the complexation of guests.

In a next step 4 was investigated. This calixarene contains the structural characteris-
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tics of 51. Using terephthalic acid units instead of benzoic acid moieties the upper rim

of the calixarene could be connected to dendrons which induce water solubility after

deprotection (Scheme 6 in Chap. 3.1.2).

3.2 Investigation of the Supramolecular Architectures

formed by Amphiphilic Dendrocalixarenes

The investigaton of the supramolecular architecture of these novel amphiphilic dendro-

calixarenes 1, 2, 3, 4, 38 and 39 is essential with respect to their possible applications.

The aggregates and micelles formed by these water soluble calixarenes could be used

as nano containers in drug delivery or utilized to extract organic compounds in waste

recovery.[56]

The inclusion behavior between amphiphilic dendrocalixarenes 1, 2, 3, 4, 38 and 39

(confine Figure 2.1 and Scheme 2) and pyrene was investigated utilizing UV/Vis spec-

troscopy (Chap. 3.2.1). Conductometry measurements revealed the cmc of the self-

labeled 4 (Chap. 3.2.2) Fluorescence spectroscopy with 4 and 38 in the presence of

different pyrene dyes showed that these dendrocalixarenes form stabel micelles even

in low concentration ranges and thus are promising candidates for further applications

(Chap. 3.2.5.1, 3.2.5.2, 3.2.5.4). The size of the aggregates formed by 1, 2, 3, 4, 38

and 39 and 66 was revealed by PGSE NMR measurements (Chap. 3.2.8). The molec-

ular architecture of the dendrocalixarenes 1, 3 and 4 could be investigated by TEM

micrographs (Chap. 3.2.9).

These physical investigations methods give a deep insight into the aggregation phe-

nomena occurring with the different amphiphilic dendrocalixarenes. The evaluation of

the derived results shows that the spatial alignment as well as the number of hydrophilic

and hydrophobic groups at the calixarenes significantly influence the architecture of the

aggregates.
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3.2.1 Probing the Supra Molecular Architectures of Amphiph ilic

Dendrocalixarenes via UV/Vis Spectroscopy

UV/Vis spectroscopy is a suitable method to investigate the aggregation ability of am-

phiphilic molecules. Calixarenes feature a UV/Vis band in the region of 280 nm due

to their phenolic units. To evaluate their aggregation behavior it is necessary to use

an appropriate probe which is able to trace the micellization process. The transition

bands of this probes should be accessible in a big wavelength range and its UV/Vis

bands should be sensible to slight changes in the environment.

Thus in order to demonstrate that the new water soluble dendrocalixarenes form mi-

cellar structures UV/Vis spectroscopy with an apolar guest was performed. It is well

known that micelles provide a good accommodation for guests because of their hy-

drophobic core. They are also capable of forming inclusion complexes with different

guests. Hence, calixarenes are used in industrial applications like chromatography or

waste recovery.[56] Inclusion phenomena with apolar guests especially pyrene are of-

ten used to demonstrate that amphiphiles form micellar structures. Pyrene is bound

to the micellar core by non covalent forces like VAN DER WAALS interactions. It is

widely used because it exhibits a characteristic absorption spectrum with pronounced

bands. Pyrene also features low solubility in water (1-2 µM) thus the UV/Vis detection

of pyrene in water is negligible.[57] Therefore the detection of pyrene in the aqueous

phase via this method gives clear evidence for the inclusion of pyrene and the aggre-

gation or even micellization ability of the amphiphilic dendrocalixarenes.

UV/Vis spectroscopy

The dendrocalixarenes 1, 2, 3, 4, 38 and 39 (Scheme 2,6) were dissolved in phosphate

buffered water at pH = 7.0 at a concentration of 3.2 10−4 mol/L. A small amount of solid

pyrene was added to each solution. The resulting mixture was stirred for 45 min and

subsequently filtrated through a syringe filter with 45 µm pores to assure that only the

solid pyrene is filtrated and the aggregates remain intact. UV/Vis spectroscopy was

accomplished with the aqueous phase. After that the solution was diluted by 80 % with

buffered water and the cycle started again by adding solid pyrene. At high concentra-

tions of 1, 2 and 38 the samples with pyrene were milky indicating an emulsion of the

calixarene with pyrene. The solutions became clear by decreasing the concentration

of the calixarenes.
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In Figure 3.7 the UV/Vis spectra of pyrene and the dendrocalixarenes 3 and 38 at

different concentrations are shown.
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Figure 3.7: UV/Vis spectra of 38 at a concentration of a) 3.4 10−4 mol/mL, b) 2.1 −4 mol/mL, c)
1.3 −4 mol/mL with pyrene after filtration in buffered solution at pH = 7.0 and of 3 at
a concentration of d) 3.2 10−4 mol/mL, e) 2.6 −4 mol/mL with pyrene after filtration
in buffered solution at pH = 7.0; UV/Vis spectrum of pyrene at 1.4 10 −6 mol/mL in
methanol

The bands of pyrene at a concentration of 1.4 10−6 mol/mL in methanol evidence three

peaks at 305, 319 and 334 nm in the region of 250 to 360 nm. At low concentrations

of 38 no pyrene bands are visible. The pyrene bands featuring maxima at 322 nm and

338 nm appear by increasing the concentrations of 38. The shift compared to pure

pyrene indicates the formation of the inclusion of pyrene into the hydrophobic core of

the micelle.[58] The band at 305 nm is masked due to the strong absorption of the cal-

ixarene moiety in the near UV region. The dendrocalixarenes 1 and 2 exhibited the

same behavior.

No inclusion of pyrene could be detected for compound 3 with propyl chains which

holds also for 39. This result clearly demonstrates that long alkyl chains are impor-

tant for the formation of micelles which can incorporate guests. The short chained

calixarenes 3 and 39 do not include pyrene in detectable amounts. Nevertheless the

PGSE NMR measurements (Chap. 3.2.8) showed that aggregates are formed by these

compounds. Thus some sort of aggregate should possibly be formed. Therefore the

formation of vesicles is assumed for these short chained calixarenes. Vesicles are

filled with water and thus are not able to include pyrene in detectable amounts. Pyrene
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should also not intercalated between the short propyl chains in the double layer of the

vesicles.[59] Nevertheless it can not be proved completely as at neutral conditions no

aggregation could be observed in the TEM micrographs for the short chained dendro-

calixarene 3 (Chap. 3.2.9.1).

Evaluation of the cmc

The inclusion and release of pyrene is indicated by its absorbance in the UV/Vis spec-

tra. Evaluation of the absorbance yields the cmc of an micellization agent. The at-

tainment of the cmc is indicated by a sudden increase of a physical measurand and

thus the absorbance. Plotting the absorbance at 338 nm versus the concentration of

38 results in a sigmoidal graph. The same plots for 1 and 2 feature double sigmoidal

courses (Figure 3.8).
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Figure 3.8: Plot of the absorbance at 338 nm of pyrene versus the concentration of the corre-
sponding calixarenes 1, 2 and 38 respectively, the lines represent the fitting curves

A sigmoidal BOLTZMANN fit (3.1) was employed to the curves in order to get a first clue

of the cmc´s of the dendrocalixarenes.[60,61]

A =
ai − af

1 + exp
( x−x0

∆x

) + af (3.1)

36



3 Results and Discussion

The concentration of the corresponding dendrocalixarene is denoted by x, ai and af are

the initial and final limits of the sigmoid, respectively, ∆ x is an independent variable

and describes the range of the sudden change of the sigmoidal graph. The center of

the sigmoidal curve progression is denoted by x0 indicating the cmc. Thus calixarene

38 gives rise to one sort of aggregate indicated by the single cmc. Calixarenes 1 and

2 connected to the dendrons of the first generation induce two types of aggregates

because two cmc´s are found (Table 3.1).

Compound cmc 1 [mol/L] cmc 2 [mol/L] ratio calixarene
pyrene

1 7.4 10−5 2.4 10−4 38/1
2 5.8 10−5 1.6 10−4 19/1
38 2.2 10−4 30/1

Table 3.1: cmc values of the dendrocalixarenes 1, 2, 38 and ratio between calixarene and
pyrene at the maximal concentration of the calixarenes determined by UV/Vis spec-
troscopy (pH = 7.2, ǫ334 (MeOH) = 38677 cm2/mol)

The UV/Vis spectra of compound 4 in the presence of pyrene showed that the ab-

sorption of pyrene interferes with the benzamide absorption. Thus, no inclusion could

reliably be detected via UV/Vis spectroscopy. The investigation of the above estab-

lished pyrene extraction via fluorescence measurements will be discussed in Chap.

3.2.5.3.

Quantification of the Amount of Pyrene in the Micelles

The amount of pyrene included in the calixarene micelles can be calculated according

to the LAMBERT BEER law (Eq. 3.2) using the absorbance, the length of the optical

pass of the cuvette and the molar extinction coefficient ǫ at 334 nm.

c =
A
ǫd

(3.2)

This equation reveals the concentration of pyrene which is included by the micelles.

The concentration of the calixarenes was 3.2 10−4 mol/L to ensure that the cmc has

been exceeded. It becomes apparent that the 5,11-calixarene 2 can take up more

pyrene than the 5,17-substituted counterparts 38 and 1. For 38 a calixarene/pyrene

ratio of 7/1 would be expected.[23] But it has to be considered that all solutions contain

two absorbing species: pyrene and calixarene. Thus the detection limit of pyrene is de-

creased and therefore the ratio could be estimated too high. For 1 and 2 the detection

limit is lower (Figure 3.8).
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The evaluation of the LAMBERT BEER law additionally proved that 38, 2 and 1 can take

up an amount of pyrene higher than its solubility limit in water.[57] This behavior shows

that a host guest interaction takes place and pyrene is included into the micelles.

The above described measurements efficiently showed that the aggregates formed by

1, 2 and 38 can included pyrene. The formation of aggregates by 3 and 39 could not be

shown by UV/Vis spectroscopy. If they form some sort aggregate these assemblies are

not able to include pyrene in detectable amounts. UV/Vis experiments give no informa-

tion about the aggregate size or architecture. Hence, size and structure determination

was done by PGSE NMR experiments (Chap. 3.2.8) and TEM micrographs (Chap.

3.2.9). To get more information about the aggregation ability of dendrocalixarene 4

conductometry and fluorescence experiments were accomplished (Chap. 3.2.5.4).

3.2.2 Determination of the Cmc of a Dendrocalixarene Contai ning

a Therephtalic Acid Spacer via Conductometry

Measuring the specific conductivity of different amphiphiles in solution is an efficient

method to determine their cmc. Diluting a detergent dissolved in water and plotting

the measured conductivity versus the corresponding concentration yields two straight

lines featuring different slopes.[62] The first line corresponds to the range beyond the

cmc at the time when solely monomers exist in solution. The second line indicates the

concentration range above the cmc. The intersection of the two lines presents the cmc

of the tenside.

Conductometry was applied to understand the aggregation behavior of dendrocal-

ixarene 4. It was dissolved in pure unbuffered water (κ ≤ 2 µS). Using this proce-

dure provides the possiblity to determine the cmc without extra buffer salts which could

change the surface charge of the micelles. To dissolve dendrocalixarene 4 in water an

amount of sodium hydroxide equivalent to the number of free carboxylic acid groups

was added acquiring a maximal degree of deprotonation yielding 412−.
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The conductivity experiment with dendrocalixarene 412− in pure water features two

lines as proposed by the theory (Figure 3.9).
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Figure 3.9: Variation of the conductivity versus the concentration of 412−, for the cmc determi-
nation of 412− in pure water ( κ ≤ 2µS, Tref = 25◦C).

The intersection of the lines and thus the cmc(412−) is located at 2.3 10−5 mol/L.

This values is in good accordance with the fluorescence experiments with 412− (Chap.

3.2.5.1). This value is significantly lower than the cmc of sodium dodecylsulfate 72 of

9.0 10−3 mol/L determined with this method being in good accordance within experi-

mental error to the literature value (8.1 10−3 mol/L).[63] Thus the conical shape of 4 as

well as the advanced relation between hydrophobic and hydrophilic moieties reduces

the cmc compared to 72. The micelles formed by 4 are persistent until lower concen-

tration ranges and the capacity of transport is relatively high (Chap. 3.2.5.3). This

provides the benefit that a small amount of substance is needed to transport possible

guests which is a elementary feature in drug delivery applications.

This experiments proved that conductometry and the later on established fluorescence

experiments are complementary usable to evaluate cmc´s. In the subsequent thesis

solely fluorescence spectroscopy is applied to determine the cmc as due to device-

specific drawbacks the conductance could just be determined in unbuffered solution.

The conductance in buffered solutions was to high to be determined correctly. However

it is essential to determine the aggregation ability of amphiphils in solutions mimicking

natural conditions; especially in respect of their later use in future medicinal or environ-

mental applications.
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3.2.3 Investigation of the Cmc via Fluorescence Spectrosco py

Fluorescence spectroscopy is a valuable and accurate tool for the evaluation the con-

centration when the micellization of amphiphilic molecules takes place (cmc, Chap.

1.4). Due to the sensitivity of this method a wide concentration range of the contem-

plated water soluble compound can be investigated. A lot of probes are established for

the evaluation of the cmc via fluorescence spectroscopy. Thus this method was applied

to get information of the aggregation ability of different amphiphilic molecules.

Firstly the probes pyrene and its derivatives the pyrene ammmonium salt 68 and pyrene

butyric acid 67 were investigated to understand their properties in different media

(Chap. 3.2.4.1). The water soluble compounds sodium dodecylsulfate (sds) and 40

were examined as mimics of the amphiphilic dendrocalixarenes 4 (Chap. 3.2.5.1,

3.2.5.2) and 38 (Chap. 3.2.5.4). These dendrocalixarenes are the most promising

candidates for the application as nano containers. Calixarene 4 is self labeled and

therefore fluorescence active without any additive. Water soluble compound 38 forms

persistent micelles due to its T-shaped design.

Micelles are able to include apolar guests into their interior which can be detected by

fluorescence emission spectroscopy.[64] Herein pyrene has proved itself as a good flu-

orescence probe. Pyrene shows five distinct vibronic bands (I1 to I5) caused by the

HAM effect (Figure 3.11).[64] The intensity of these pyrene bands vary due to medium

effects. The I1 band is dependent on the polarity of the environment as this band is

caused by a 0-0 transition which normally is a forbidden a1g vibration. Increasing the

solvent polarity results in a symmetry distortion of the pyrene orbitals, the transition

becomes allowed and the intensity of the I1 band increases. In contrast the I3 band

is allowed and shows minimal variation in fluorescence intensity in solution at room

temperature.[34] Therefore the change of solvent polarity can be described by the first

and third vibronic band of the fluorescence emission spectrum (I1/I3 ratio).

The variation of the band intensities of the pyrene fluorescence emission can be used

to probe the polarity of the solvent or the environment in a broader sense. Thus pyrene

is incorporated into micelles and lipid bilayers to probe their micropolarity [65] since it

changes its fluorescence spectrum when micellization takes place.[66] The I1/I3 ratio

shows low values of abround 0.5 in apolar solvent like n-hexane. In polar media like

methanol or water this ratio rises up to 1.9. In the presence of aggregates like micelles

formed by amphiphiles pyrene is solubilized preferentially in the apolar region of these

aggregates as it is only soluble in water to a low extent (6.0 10 −7 mmol/mL). At low

amphiphile concentrations the pyrene fluorescence spectrum and thus the I1/I3 ratio
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features the behavior of pyrene in water. Recording fluorescence spectra at increasing

amphiphile concentration the I1/I3 shows a sudden decrease. This point is denoted as

the cmc at which micelles start to form.

Another feature of pyrene is its ability to form excimers (excited dimer) if one pyrene

molecule in the ground state forms a dimer with a pyrene molecule in the exited state.

The formation of excimers is due to a close contact of about 0.3 nm. By this contact

energy can be transfered between the orbitals of both molecules. As the formation of

the excimer consumes energy the emission shows a featureless band shifted to higher

wavelengths.[67] This property of pyrene can be used to identify the inclusion behavior

of micelles.[66] Nevertheless, these methods used to identify the cmc have to be care-

fully interpreted as all additives in the solution could change the micellization ability of

amphiphiles to some extent.[68]

3.2.4 Fluorescence Properties of Pyrene and its Charged

Derivatives

In the investigation of tensides it is necessary to understand the aggregation behavior

of the additives used to evaluate the environment of the surfactant. In the succeeding

fluorescence investigations charged and uncharged pyrene derivatives (Figure 3.10)

were analyzed to elucidate their characteristics in different solvents as well as at vary-

ing concentrations.
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Figure 3.10: Pyrene and its charged derivatives 68 and 67 used in the fluorescence investiga-
tions of the dendrocalixarenes

It is necessary to determine the behavior of these probes in solvents that mimic the en-

vironment of their later use. Fluorescence excitation spectra of pyrene and its deriva-

tives pyrene butyric acid 67 and the pyrene ammonium salt 68 were measured in order

to understand their behavior in different media. They were dissolved in deionized wa-

ter, buffered water at pH = 7.0 and dodecane in a concentration of 6.0 10−7 mol/L,
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respectively. These different solvents mimic the environment each dye will sense dur-

ing the micellization process of the amphiphilic dendrocalixarenes. If the pyrene moi-

eties are included into the micellar core the dodecane chains are in near neighborhood

of the pyrene units which is thus mimiced by using dodecane as a solvent in these

experiments. The fluorescence spectra of pyrene are shown in Figure 3.11 using an

excitation wavelength of 333 nm.
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Figure 3.11: Fluorescence spectra of pyrene in deionized water, buffer at pH = 7.0 and dode-
cane in a concentration of 6.0 10−7 mol/L

The spectra show the well resolved vibronic bands I1 to I5. The same behavior is

observed for 67 and 68. No excimer band is formed in the region of 430 nm to 500

nm because at this low concentration no close contact between an excited monomer

and a monomer in the ground state is given and thus no electronic coupling takes

place which could lead to an excimer.[66] This means that the pyrene moieties are

sufficiently separated in polar as well as in apolar solvents. The highest pyrene intensity

is obtained in buffered solution, intermediate in pure water and lowest in dodecane.

This strong solvent dependance originates from different dielectric constants of the

medium. It is well known that in non polar solvents, like n-hexane, the quantum yield is

decreased.[47] Therefore pyrene, 67 and 68 are expected to show decreased intensity

in the experiments with the dendrocalixarenes when included into the hydrophobic core

of the micelles. This outcome shows also that the fluorescence intensity of pyrene, 67

and 68 is high enough in polar and apolar environments to utilize them as fluorescence

antennas in the subsequent investigations in the presence of surface active agents.
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3.2.4.1 Cmc of Sds and a Linear Calixaren Mimicof Pyrene and i ts Charged

Derivatives

The charged pyrene derivatives 67 and 68 are able to form micelles on their own due

to their amphiphilic character. Their cmc has to be determined beforehand to use them

effectively as fluorescence probes. The cmc of the linear calixarenemimic 40 was eval-

uated in buffered water at pH = 7.0 This value can then be compared with the cmc´s

of the dendrocalixarenes to understand the influence of the calixarene cage onto the

aggregation process.

Evaluation of the Cmc of the Charged Pyrene Derivatives

The cmc of the amphiphilic pyrene derivatives 68 and 67 has to be determined as they

can build micelles on their own in order to guarantee that they exist as monomers when

used as probes for the evaluation of the cmc of other surfactants. Thus 67 and 68 were

used in fluorescence experiments in buffered water at pH = 7.0 (Figure 3.12).
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Figure 3.12: Fluorescence spectra of 68 at different concentration of 68 (a) 1.2 10−9 mol/L, b)
6.1 10−8 mol/L, c) 3.0 10−4 mol/L, d) 2.3 10−3 mol/L, e) 1.7 10−3 mol/L)

Fluorescence spectra of 68 in a concentration range from 1.7 10−3 mol/L to 1.2 10−9

mol/L are represented. Increasing the concentration of 68 yields a decrease of the I1
intensity as micelles are formed at high concentrations and thus the emitted energy is

quenched by a close contact of the pyrene moieties.
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Plotting the development of the I1 intensity versus the concentration of 68 reveals a

nonlinear concentration development showing a maximum intensity value at a specific

concentration of 68 (Figure 3.13).

0.0 2.0x10
-4

4.0x10
-4

6.0x10
-4

8.0x10
-4

0

200

400

600

800

1000

1200

re
l.

in
te

n
s
it
y

/
a
.
u
.

/ mol/L

N

Br

OH

O

[ ],68

68

67

67

Figure 3.13: Variation of the I1 intensity of 68 and 67 versus the concentration of 68 and 67,
respectively (λex = 333 nm) at pH = 7.0.

At this point the cmc is reached. The same behavior holds for 67. Using this method

cmc7 (68) is 6.3 10−5 mol/L and cmc7 (67)1.0 10−4 mol/L for 67. The subscript num-

ber herein means the used pH value. The first compound in brackets denotes the

substance for which the cmc is determined. If a second compound is mentioned in

the brackets it indicates the used flurescence probe (for explanation of the denotation

see Chap. 6.3). Concentrations below the determined cmc guarantee that no micellar

structures of 67 and 68 exist in solution. Accordingly, the charged pyrene derivatives

can be used as fluorescence antennas below their cmc to investigate the aggregation

behavior of surfactants. Additionally, they do not form excimers even in high concen-

tration ranges because the mutual repulsion between the charged head groups is to

high. Thus solely the formation of mixed micelles with the dendrocalixarenes and the

charged pyrene derivatives 67 and 68 should be observed (Chap. 3.2.5.2, 3.2.5.4).
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Cmc Determination of the Linear Amphiphiles sds and 40

Sds and compound 40 (Figure 3.14) were investigated via fluorescence spectroscopy

at different concentrations in buffered water to evaluate their cmc. This was done to set

up a reliable procedure for the fluorescence investigation of the dendrocalixarenes.
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Figure 3.14: Sds and the linear calixarenemimic 40

Cmc of sds

Sds is a frequently used surfactant and therefore a lot of literature is available about its

micellization behavior.[69] Fluorescence spectroscopy with pyrene as an fluorescence

probe is often used to determine the cmc of sds in various environments.[70] The ten-

side sds was analyzed in the presence of the dye pyrene via fluorescence spectroscopy

to set up a reliable procedure for the examination of the dendrocalixarenes. Addition-

ally the pyrene derivatives 67 and 68 were used as charged fluorescence reporters to

investigate the aggregation behavior of mixed micelles.
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The behavior of sds in the presence of pyrene in the fluorescence experiments shows

the expected outcome (Figure 3.15).
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Figure 3.15: I1/I3 ratio of pyrene versus the concentration of sds, I1 intensity of pyrene versus
the concentration of sds in the presence of pyrene (6.0 10−7 mol/L, λex = 333
nm).

The intensity of the I1 vibronic band of pyrene is affected by the polarity of the en-

vironment as the I1 band is a sensor for the polarity of the solvent, whereas the I3
band remains nearly unaffected. Therefore the I1/I3 ratio is a good indicator for the

environment of pyrene.[64] The I1/I3 ratio in aqueous solution averages 1.9 whereas in

dodecane the value decreases to about 0.5. This outcome is expected due to the differ-

ence of solvent polarities which influences the transition manner of the π-system which

is essential for the fluorescence.[34] A sudden change of the I1/I3 ratio indicates the in-

clusion of pyrene in the hydrophobic core of the micelles of sds. Cmc7 (sds /pyrene )

is achieved at the inflection point x0 = 1.0 10−2 mol/L of a Boltzmann-type sigmoid fit

(Chap. 3.2.1, eq. 3.1) of the I1/I3 ratio (Figure 3.15).[61]

The I1 intensity development of pyrene versus concentrations of sds shows a steep

increase in the region of the cmc determined by the I1/I3 ratio. Thus the evaluation of

the I1 intensity variation exhibits a second possibility to determine the cmc if the I1/I3
ratio can not be used. This procedure is inevitable because the I3 band is not reliably

detectable with covalently bound pyrene when using the pyrene ammonium salt 68

and pyrene butyric acid 67. Additionally if the cmc´s are low the determination of the

I1/I3 ratio would be limited because not enough pyrene is dissolved in the hydrophobic
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phase.[60] In Figure 3.16 the variation of the I1 intensity of 67 and 68 is plotted versus

the logarithmized concentration of sds. Taking the logarithm of the concentration of sds

clearly represents the progression of the I1 intensity.
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Figure 3.16: I1/I0 of 68 versus the concentration of sds, I1/I0 of 67 versus the concentration of
sds in the presence of the corresponding pyrene derivative (6.0 10−7 mol/L, λex =
333 nm).

I0 denotes the intensity of the pyrene derivative in buffer without surfactant and is used

to normalize the I1 intensity values at the different concentrations of sds (Chap. 6.3).

The I1 intensity of 68 shows a linear behavior at low concentrations of sds. Increasing

the concentration of sds brings about a decrease of the monomer intensity I1 of 68 and

a simultaneous evaluation of a band at 480 nm. This band derives from an excimer

formation in expense of the monomer intensity.

The minimum of I1 at 4.4 10−4 mol/L (-3.36) indicates that premicellar aggregates of sds

are formed. At this stage undefined aggregates are formed including two molecules of

cationic 68 in close proximity.[69] At higher concentrations of sds the molecules of 68

are separated from each other caused by the inclusion into defined micelles of sds.

This is assigned by the inflection point of the BOLTZMANN type sigmoid fit of the curve

between the minimum at 3.5 10−4 mol/L (-3.46) and the horizontal progression starting

at 9.1 10−2 mol/L (-1.04). Thus cmc7 (sds /68) is 3.5 10−3 mol/L.

The I1 intensity of 67 shows a linear behavior at low concentrations of sds, then it in-

creases steeply and is nearly linear again at high concentrations of sds. A linear fit of

both linear areas reveals an intersection point at 4.2 10−2 mol/L. At this point of the
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sudden change cmc7 (sds /67) is attained as the cmc is defined as a point at which the

physical properties - for example the I1 intensity - suddenly changes.

The experiments using the probes pyrene and its charged derivatives 68, 67 and the

surfactant sds showed that the cmc depends significantly on the additives used for the

cmc determination. The hydrophobic pyrene moiety is included in the aploare region

of the micelles and the charged headgroup is located outside at the hydrophobic outer

sphere. Hence the surface charge is altered which significantly influcences the cmc of

the corresponding compound.

These experiments however give no clue about the size or architecture of the mixed

micelles formed by the tenside sds and the pyrene derivatives. Nevertheless it can

be stated that the presence of the charged pyrene derivatives significantly influences

cmc7 (sds ).

Cmc of the Linear Calixarenemimic

The linear compound 40 mimics the constitution of the malonyl spacered calixarenes

without a cage and the dendritic unit carries three negative charges in contrast to one

of sds. Compound 40 features a dodecylether in para position of the benzylic unit like

sds. Due to this substitution pattern the hydrophobic and hydrophilic moieties of 40

sense a spatial preorganization. Compound 40 is very soluble in phosphate buffer at

pH = 7.0.

To evaluate the cmc7(40/pyrene ) fluorescence spectra were recorded at different con-

centrations of 40. The concentration of pyrene was kept constant at 6.0 10−7 mol/L.

The vibronic bands of pyrene are resolved in the fluorescence spectra when exited at

333 nm (Figure 3.17); whereas 40 can not be exited at this wavelength.

At low concentrations of 40 the intensity of pyrene is nearly as high as in buffered

solution. The intensity of all pyrene bands decrease and the maxima are shifted batho-

choromic by an increase of the concentration of 40. The observed quenching of inten-

sity indicates the inclusion of pyrene into the micelles of 40. This behavior is expected

in accordance to the fluorescence spectra of pyrene measured in dodecane and phos-

phate buffer (Chap. 3.2.4.1). The quantum yield of included pyrene is low like in pure

dodecane. High intensity is expected in buffered solution. The shift of the intensities is

also an evidence for the inclusion of pyrene into the core of the micelles of 40.[59] The

shift of the I1 and I3 intensities has to be considered in the evaluation of the intensity

values.
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In Figure 3.17 the evolution of the I1 intensity and the I1/I3 ratio are plotted versus

the concentration of 40. Both plots show a sigmoidal behavior and are BOLTZMANN

fitted using equation 3.1. x0 = 5.2 10−5 mol/L, the inflection point of the sigmoid of

the I1/I3 ratio, gives the cmc7 (40/pyrene).[60] The same value within experimental error

is obtained if the asymptotes of the I1 development at high and low concentrations

of 40, respectively, are linear fitted (for evaluation Chap. 6.3). Cmc7(40/pyrene) is

significantly lower than cmc7 (sds /pyrene ) (1.0 10−2 mol/L). Thus the rigidity in the

molecular structure of 40 induced by the malonyl unit and the flexible hydrophilic head

group containing three negative charges compared to sds lowers the cmc.

3.2.5 Cmc of Two Dendrocalixarenes

The novel amphiphilic dendrocalixarenes 4 and 38 (Figure 3.18) were extensively in-

vestigated via fluorescence spectroscopy. These calixarenes are the most promising

candidates to form persistent micelles.
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Figure 3.18: The novel amphiphiphilic dendrocalixarenes 4 and 38 used in the subsequently
explained fluorescence experiments.

They show a balanced relationship between the hydrophilic and hydrophobic units and

the topology of the moieties is directed by the calixarene cage. Moreover 4 and 38 are

soluble in buffered water at a physiological pH value. Thus they could serve as poten-

tial drug delivery containers. Especially, because calixarenes exhibit a lack of immune

response.[71]

Self-labeled dendroterephthalcalixarene 4 features an enhanced cavity due to the four

terephthalic units at the upper rim to transport possible guests. The benzamide entities

derived from the amide linkage of 4 to the terephthalic units are fluorescence active.[72]

Therefore 4 provides a covalently bound fluorescence probe. Substituted benzamides

for example are often found in drugs and thus used in medicinal analysis.[73] The amide
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groups between calixarene and terephthalic moieties provide extra binding sites for

guests via intermolecular hydrogen bonding.

Dendrocalixarene 38 proved to form persistent micelles of seven molecules due to its

T-shaped architecture.[41] The negatively charged carboxylic acid groups are homoge-

neously distributed over the surface of the micelle by nonlinear repulsive forces. 38 is

able to include apolar guests like pyrene into its stable micelles. It was found that this

apolar molecule is located in the polar dendrimer region of the micelles formed by 38

and not in the hydrophobic core as expected for conventional micelles.[59]

On the basis of these key benefits dendrocalixarene 4 and 38 are outstandingly in-

teresting agents in fluorescence investigations. The aggregation ability can be inves-

tigated via this method even at extremely high and low concentrations in contrast to

the above utilized UV/Vis spectroscopy. Dendrocalixarenes 4 and 38 were investigated

with the uncharged pyrene as a fluorescence probe to get a first insight into their ag-

gregation behavior. In a next step the pyrene ammonium salt 68 pyrene butyric acid

and 67 were used to mimic potential positively or negatively charged additives or even

guests. The fluorescence experiments were accomplished at pH = 7.0 and pH = 9.0

at different probe concentrations (6.0 10−6 mol/L, 1.2 10−6 mol/L). This change should

reveal the behavior and stability of 4 and 38 in different environments.

3.2.5.1 Cmc of the Dendrocalixarene Containing a Chromopho ric Unit

Dendroterephthalcalixarene 4 contains four chromophoric benzamide units. Exited at

333 nm 4 emits around 490 nm. The light emission is caused by a twisted intramolec-

ular charged transfer (TITC).[74] This TITC arises either from an electron transfer be-

tween twisted donor-acceptor groups or a configuration change of the amino nitrogen

from pyramidal to planar in the ICT.

Fluorescence spectroscopy was accomplished exiting the covalently bound benza-

mides at λex = 333 nm. The experiments were conducted in either a sodium/potassium

phosphate or a pure sodium phosphate buffer at pH = 7.0 and in a sodium borate buffer

at pH = 9.0. In an other experiment calixarene 4 was dissolved in pure water by fully

deprotonating it with sodium hydroxide yielding the twelve fold anion. The investigation

of 412− without buffer salts provides a minimum of disturbance of the surface charge

of the micelles (Chap. 3.2.2). The inset in Figure 3.19 displays the qualitative UV/Vis

spectrum of 4 at pH = 7.0 (Na/K phosphate buffer) showing the benzamide band at 333

nm. Thus this wavelength was chosen as λex for the fluorescence excitation.
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Cmc of the Dendroterephtalcalixarene 412− in Pure Water

Figure 3.19 shows the resulting fluorescence spectra of 412− in water after the depro-

tonation with twelve equivalents of NaOH.
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Figure 3.19: Fluorescence intensity of 412− in water at low (a) 4.5 10−8 mol/L, b) 9.1 10−7

mol/L, c) 3.9 10−6 mol/L, d) 8.2 10−6 mol/L, intermediate e) 1.7 10−5 mol/L, f)
3.5 10−5 mol/L, and high g) 5.1 10−5 mol/L, h) 8.8 10−5 mol/L, i) 1.5 10−4 mol/L,
k) 2.7 10−4 mol/L concentrations of 4, λex = 333 nm; inset: qualitative UV/Vis
spectrum of 4.

The benzamide fluorescence band is found at 484 nm at high concentrations of 412−

and shifted to 494 nm at low concentrations. This shift arises from a change in the

pH value as it can not be adjusted without buffer. The fluorescence spectra show an

increasing intensity of the benzamide band (IBA) while increasing the concentration of

calixarene 4 until a maximum intensity is reached. Increasing the concentration of 4

beyond this point the intensity tends to vanish again. Plotting this non linear intensity

development versus the concentration of 4 the graph exhibits a maximum at 2.2 10−5

mol/L of 4. The intensity values are normalized to the highest measured intensity of

the benzamide band (IBA,max ) (Chap. 6.3).

The increase of IBA up to the maximum by increasing the concentration of calixarene 4

is due to an enhanced amount of calixarene molecules. By a further increase of cal-

ixarene concentration the fluorescence energy is quenched. This observation arises

from an energy transfer between the benzamide moieties which are in close proximity

in the micelles which start to form at the maximum. Hence the maximum is the point at

which the cmc is attained. The cmc (412−) in unbuffered water is 2.2 10−5 mol/L. This
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value is in good aggrement with result of the conductometry experiment (Chap. 3.2.2).

Fluorescence spectroscopy is therefore a reliable method to determine the aggregation

properties of dendrocalixarene 4 and can interchangeable be used with conductome-

try. In addition fluorescence experiments can be accomplished in the presence of

buffer salts in contrast to the conductance measurements. This means that the cmc

of 4 and related water soluble compounds can reliably be determined via fluorescence

spectroscopy.

Cmc of 412− in Buffered Water at Different pH Values

At pH = 7.0 (Na/K phosphate) the benzamide band exhibits a broad maximum at 485

nm. In the sodium phosphate buffer this maximum is found at 488 nm. The band is

blue shifted to 496 nm in the experiments at pH = 9.0 compared to neutral pH val-

ues. This observation arises from the different environment the benzamide units sense

depending on pH and concentration of counterions (Figure 3.20).[74]

[ ]

pH = 7.0

pH = 9.0

water

4

Figure 3.20: Variation of IBA/IBA,max of 4 versus the concentration of 4 at pH = 7.0 (Na/K phos-
phate), pH = 9.0 (Na borate) and in water with twelve equivalents sodium hydrox-
ide, λex = 333 nm or 330 nm.

IBA features also maxima in the buffered solutions at the different pH values. Con-

sequently cmc7 (4) is 5.7 10−5 mol/L (Na/K phosphate buffer) and cmc9 (4) 3.7 10−5

mol/L (Na borate buffer). The smaller value at pH = 9.0 indicates that the micelles hold

tighter compared to neutral conditions indicating a modified interaction between the

chromophores and hence a different structural organization of the benzamide building
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blocks. Despite the higher degree of deprotonation and thus stronger mutual repulsion

of the molecules the micelles are more stable at basic conditions. These fluorescence

experiments also show that the cmc´s in buffered water are higher than in unbuffered

water which means that the presence of buffer salts and the change in pH influences

the aggregation ability of an amphiphilic system.

To understand if a change of the buffer salts influences the aggregation behavior ad-

ditionally a sodium phosphate buffered solution was used to evaluate the cmc of the

amphiphile 4. Here the cmc was determined to be 4.0 10−5 mol/L indicating that the

omission of potassium also influences cmc7 (4).

Cmc (4) was also measured at pH values from 7.0 to 12.0 via fluorescence spec-

troscopy to learn if the aggregation phenomenon depends on the pH value. To adjust

pH = 7.0 and 8.0 the buffer salts sodium, potassium phosphates and hydroxide were

used. For pH = 9.0 a commercially available sodium borate buffer was utilized and

the higher pH values were adjusted with sodium phosphate mono base and sodium

hydroxide. The cmc´s at pH = 7.0, 8.0, 11.0 are all in the same region as can be seen

from table 3.2.

pH cmc / [mol/L] shift / [nm] ionic strength/ [mol/kg]
7.0 (Na/K phosphate) 4.7 485 0.15
7.0 (Na phosphate) 4.0 488 0.02
8.0 4.4 494 0.15
9.0 3.4 492 0.19
11.0 4.3 478 0.09
12.0 3.8 472 0.14

Table 3.2: cmc´s of 4, shift of the benzamide band of 4 at different pH values and ionic strength
of the corresponding buffer solutions, the cmcs are given in 10−5 mol/L

This shows that cmc (4) depends on the presence of sodium or potassium to some

extent. The anion of the buffer system as well as ionic strength also influences the cmc

and the micellization process. The cmc´s at pH = 9.0 and pH 12.0 are somewhat than

at neutral conditions. Thus change of anion of the buffer salt as well as the higher pH

value lowers the cmc.

The shift of the benzamide band of the dendroterephthalcalixarene 4 varies also if the

environment is altered. It is shifted from 485 nm at pH = 7.0 to 492 nm at pH = 9.0.

At the elevated pH values the band is even more red shifted compared to pH = 7.0.

Thus the increasing concentration of the hydroxide ions changes the transition manner

of the ICT causing the benzamide emission.

Evaluating these experiments it can be stated that the cmc of 4 is not so strong in-
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fluenced by the presence of different buffer salts as expected. The change in ionic

strength as well as the altered pH value modifies the cmc only to a sligth extend. The-

ses measurements show nevertheless that a lower pH value favors the micellization of

4. This observation will be affirmed by the TEM micrographs in Chap. 3.2.9.2

This outcome is useful in respect to future applications of the amphiphilic dendrocal-

ixaren 4. The micelles are stable independent of the buffer salts and the pH value. The

behavior of the aggregates formed by 4 in the presence of different guest is examined

in Chapter 3.2.5.2.

3.2.5.2 Influence of the Probes Pyrene and its Derivatives on the Cmc a

Chromophoric Calixarene

To understand the influence of different probes onto cmcx(4) the chromophoric probes

pyrene, 68 and 67 were used as fluorescence reporters. These additional results

should clarify the influence of charged additives onto the aggregation ability of 4.

Therefore fluorescence experiments were accomplished with pyrene, 68 and 67 at

different concentrations of 4. This should elucidate the influence of different additive

concentrations on the aggregation ability of 4. The measurements at pH = 7.0 were

accomplished at a probe concentration of 6.0 10−7 mol/L and 1.2 10−6 mol/L. The mea-

surements at pH = 9.0 with 4 were done at a constant concentration of 6.0 10−7 mol/L

of pyrene and its derivatives 68 and 67.

Cmc of Deondroterephthalcalixarene 4 in the Presence of Pyrene

Fluorescence experiments with 4 were accomplished with uncharged pyrene at pH =

7.0 (Na/K phosphate) and pH = 9.0 (Na borate) (Figure 3.21).

Exiting at 333 nm the well defined vibronic bands of pyrene appear additionally to the

benzamide bands of 4. At pH = 7.0 the benzamide band is located at 485 nm either at

6.0 10−7 mol/L as at 1.2 10−6 mol/L of pyrene. Whereas this band is found at 495 nm at

pH = 9.0. This demonstrates the sensitivity of the benzamide band to the environment.
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Figure 3.21: Fluorescence spectra of calixarene 4 in the presence of pyrene (6.0 10−7 mol/L)
at varying concentrations of 4 (a) 1.9 10−6 mol/L, b) 4.8 10−6 mol/L, c) 7.2 10−6

mol/L, d) 8.2 10−6 mol/L, e) 3.1 10−5 mol/L, f) 5.3 10−5 mol/L, g) 6.0 10−7 mol/L
pyrene) at pH 7.0, λex = 333 nm.

Figure 3.22 shows the plot of IBA versus the concentration of 4. It follows qualitatively

the same trends as determined for 412−.

[ ]

pH = 9.0

pH = 7.0,
[pyrene] = 1.2 10-6 mol/L

pH = 7.0,
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4

Figure 3.22: Intensity variation of the benzamide band of 4 versus the concentration of 4 in the
presence of pyrene (6.0 10−7 mol/L, 1.2 10−6 mol/L), at pH = 7.0 (λex = 333 nm)
and pH = 9.0 (λex = 333 nm).

Low IBA´s are observed at low concentrations of calixarene 4. Increasing the con-

centration of 4 results in an increase of IBA until a maximum value is reached. The

highest intensity and thus cmc7 (4) is located at 4.1 10−5 mol/L for both concentrations
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3 Results and Discussion

of pyrene (Figure 3.22). This value is slightly smaller than without pyrene at pH = 7.0

(Table 3.3). IBA tends to zero after the maximum by a further increase of the concen-

tration of 4 because of strong intramolecular benzamide interaction and the resulting

energy quenching in the micellar environment.

At pH = 9.0 the benzamide bands of amphiphilic 4 show a different behavior. IBA rises

until a concentration of 2.1 10−6 mol/L and features a local minimum at 1.5 10−5 mol/L

and reaches a second maximum at 4.1 10−5 mol/L. This means that 4 starts to form

aggregates at a concentration of 2.1 10−6 mol/L, thus this point is denoted as cmc9 (41).

After that IBA decreases induced by a meanwhile energy quenching due to a close con-

tact of the benzamide moieties. At the next maximum at 4.1 10−5 mol/L of 4 a second

cmc9 (42) is obtained corresponding to the one at pH = 7.0 indicating that two sorts

of micellar aggregates are formed. This observation will be corroborated by the TEM

micro graphs in Chapter 3.2.9.2.

In Figure 3.23 the trend of the intensity of the first vibronic band of pyrene (I1) at 374

nm at pH = 7.0 and 373 nm at pH = 9.0 is plotted versus the concentration of 4.

3.0
][

]

1.0

pH 7.0
[pyrene] = 1.2 10-6 mol/L

pH 9.0
[pyrene] = 6.0 10-7 mol/L

pH 7.0
[pyrene] = 6.0 10-7 mol/L

[4

4

Figure 3.23: I1/I0 of pyrene versus the concentration of 4 at pH = 7.0 (6.0 10−7 mol/L and 1.2
10−6 mol/L) and pH = 9.0, inset I1/I3 versus the concentration of 4, pH = 7.0 (6.0
10−7 mol/L of pyrene), pH = 7.0 (1.2 10−6 mol/L of pyrene), pH = 9.0.

The intensity of pyrene in buffered solution without surfactant was used to normalize

the intensity values.
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The I1 intensity of pyrene at low concentrations of 4 either at pH = 7.0 or at pH = 9.0

is high. An increase of the concentration of 4 leads to an exponential decrease of

the I1 intensity of pyrene. The quenching behavior observed in these measurements is

also found for poly-(propyleneimine) dendrimers forming 1:1-complexes with pyrene.[31]

This above found energy quenching can be explained by the inclusion of pyrene into

the hydrophobic region of the aggregates at the dodecyl chains. This observation is

in agreement with the diminished intensity of pyrene dissolved in dodecane (Chap.

3.2.4.1). Additionally the ROESY experiments with the apolar deep cavity calixarene

51 showed an interaction between the methyl groups of the dodecyl chains and the

added pyrene (Chap. 3.1.4).

The asymptotes in the plots can be fitted linearly (Chap. 6.3). The observed straight

lines show an intersection point for each pH value. At pH = 7.0 this point is located at

8.0 10−6 mol/L for 6.0 10−7 mol/L of pyrene which is lower than cmc7 (4). Hence pyrene

is already in close contact with calixarene 4 prior to micellization and thus influencing

this process. For 1.2 10−6 mol/L of pyrene the intersection is traced at a lower concen-

tration of 2.6 10−6 mol/L of 4. As if more pyrene is present an interaction is more likely.

At pH = 9.0 micelles are formed before pyrene is involved into the aggregation (Table

3.3). Additionally it becomes obvious that the calixarene micelles include uncharged

pyrene at pH = 7.0 and pH = 9.0 as single molecules because no excimer is formed,

which would emit at around λmax = 480 nm.[66]

The monomer emission of pyrene is highly sensible to the polarity of the environment

as mentioned above (Chap. 3.2.3). Thus additionally the I1/I3 ratios at both pH values

at different concentrations of 4 were analyzed to emphasize the preceding conclusions

derived from the I1 intensity development (inset, Figure 3.23). At low concentrations of

4 pyrene is located in the buffered solution either at pH = 7.0 as at pH = 9.0 because

the I1/I3 ratio is high (1.9). At pH = 7.0 the values of the I1/I3 ratio starts to decrease

at around 8.0 10−6 mol/L of 4 which corresponds to the intersection point of the lin-

ear analysis of the I1 intensity development for a concentration of 6.0 10−7 mol/L of

pyrene and reaches a nearly constant value of 0.9 at 4.1 10−5 mol/L of 4 which equals

cmc7 (4).

Using a concentration of 1.2 10−6 mol/L of pyrene the the I1/I3 ratio shows a slight de-

crease at cmc7 (4) and decreases steeply at high concentrations of 4. This indicates

the inclusion of the pyrene into the more hydrophobic region of the dendrocalixarene.

Cmc9 (4) and thus the break of the micelles is indicated by a slight decrease of the

I1/I3 ratio from 1.9 to 1.8. At pH = 7.0 as well as at pH = 9.0 the environment sensed
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by pyrene is more polar than expected for a pure hydrophobic environment (I1/I3 = 0.5

- 0.6). Thus pyrene is exposed to some polar groups at the upper rim on an average

due to a pyrene dendrimer association and not solely located at the lower rim.[31,59]

These experiments suggest that the micelles of calixarene 4 are more stable at pH =

9.0 compared to pH = 7.0 despite the stronger repulsion effected by the higher degree

of deprotonation. Thus the micelles are more stable at basic conditions. These ob-

servations clearly show that pyrene, which is frequently used as a fluorescence label

to determine the cmc’s of amphiphiles is not an innocent spectator but plays an active

role in the exact nature of micellization process.

Cmc of Dendrotereophthalcalixarene 4 in the Presence of the Charged Pyrene Deriva-

tives 67 and 68

To get a deeper understanding of the new dendrocalixarene 4 the cationic pyrene am-

monium salt 68 and the anionic pyrene butyric acid 67 were utilized in fluorescence ex-

periments. Cmc7 (68) is 6.3 10−5 mol/L and cmc7 (67) is 1.0 10−4 mol/L (Chap. 3.2.4.1,

Figure 3.13). Thus the concentration of 6.0 10−7 mol/L or 1.2 10−6 mol/L of 68 and

67 maintained in the following experiments ensures that these amphiphilic dyes do not

form micellar structures by themselves.

Fluorescence emission spectra (λex = 333 nm) were measured at pH = 7.0 and pH =

9.0. They showed the vibronic bands of the pyrene derivative between 374 nm and 445

nm and the expected bands of compound 4 at around 490 nm. Plotting IBA versus the

concentration of 4 reveals cmc7,9 (4/68 and 67) (Table 3.3). Depending on the charge

of the fluorescence dye the microenvironment of the micelle is altered and hence the

cmc.

Significantly, cmc7,9 (4/68) at a concentration of 6.0 10−7 mol/L is strictly higher than

cmc7,9 (412−). The positive charge seems to disfavor the micellization, probably caused

by the formation of COULOMB complexes between the anionic calixarene 4 and the

cationic pyrene derivative 68 at low concentration of the calixarene. This electrostatic

association has to be overcome or at least considerably disturbed during the micelliza-

tion process in the presence of 68. In contrast to this cmc7 (4/68) at 1.2 10−6 mol/L

of 68 is lower than cmc7 (412−) thus the presence of more 68 favors the micellization

process by electrostatic forces. This indicates that the micelles formed by the am-

phiphile 4 show a modified micellization behavior depending on the concentration of

the cationic pyrene derivative 68. The change of the micellar architecture is corrobo-

rated by the TEM micro graphs of 4 at pH = 9.0 in the presence and absence of pyrene
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(Chap. 3.2.9.2). Of course, such electrostatically bound complexes are not expected

for pyrene and anionic 67. The trends of the cmc´s are different in the presence pyrenyl

butyric acid 67 as it is deprotonated at neutral and basic conditions (pKa around 5).

Cmc7 (4/67) is lower than cmc7 (412−) at both concentrations of 67. The minor deproto-

nation degree of 67 favors the micellization process as not so much negative charges

are present. Cmc9 (4/67) is lower than cmc (412−). Thus the more pronounced bending

of the molecule because of a higher degree of deprotonation seems to favor micelliza-

tion to some extend (cf. Chap. 3.2.9.2). Additionally, as was stated in Chap. 3.2.5.1

the change of the buffer salts from Na/K phosphate to Na borate modifies the cmc.

I1/I0 of Dendroterephtalcalixarene 4 in the Presence of the Charged Pyrene Deriva-

tives 67 and 68

The I1 intensity is used to understand the cmc because with 67 and 68 I3 could not reli-

ably determined to evaluate the I1/I3 ratio as it was possible in the presence of pyrene.

The pronounced attractive or repulsive interactions between the oppositely charged

molecules 4 and 67 or 68 become especially apparent if the decay of the pyrene moiety

based I1 emission is considered as a function of the concentration of 4 (Figure 3.24).
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Figure 3.24: I1/I0 of 67 and 68, respectively, versus the concentration of 4, in the presence of
6.0 10−7 mol/L, 1.2 10−6 mol/L of 67 at pH = 7.0 and pH = 9.0, in the presence
6.0 10−6 mol/L and 1.2 10−6 mol/L of 68 at pH = 7.0 and pH = 9.0.

The exponential decay of I1 induced by the electronic communication between two cor-

responding chromophors located in close neighborhood gives insight into the mutual

interactions. A linear curve analysis of the I1 progression of the measurement at high
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and low concentrations of calixarene 4 with 67 and 68 reveals intersection points for

each pair of linear plots.

In the presence of the permanently positively charged 68 the slope turns abruptly al-

ready below cmc7,9 (68). The intersection point at pH = 7.0 at a concentration of

6.0 10−7 mol/L of 68 is located at 4.2 10−7 mol/L. At a concentration of 1.2 10−6

mol/L of 68 the intersection is traced at 5.0 10−6 mol/L. Thus the emission energy

of 68 is quenched by an electronic communication at low concentrations of 4 before

cmc7 (4/68) is attained. This corroborates strongly the suggestion that electrostatic

COULOMB complexes between 4 and 68 are formed prior to the micellization of 4. The

same assumption holds for the experiment with 68 at pH = 9.0 at which the intersection

is found at 3.0 10−7 mol/L (Table 3.3).

The experiments with the pH dependent negative charged 67 show a smooth slope.

The linear analysis of the I1 intensity progression of the negative charged 67 at different

concentrations of 4 displays only slightly smaller values than cmc7,9 (4/67) indicating a

loose contact between the alike charged compounds (Table 3.3).

cmc (4 12−) = 2.2 cmc 7 cmc 7 cmc 9 (I1/I0)7 (I1/I0)7 (I1/I0)9

4 5.6 3.7
pyrene 6.0 10 −7 1.2 10 −6 6.0 10 −7 6.0 10 −7 1.2 10 −6 6.0 10 −7

derivatives
/ mol/L
4 + pyrene 4.1 4.0 0.21 0.80 0.26 0.60
4 + 67 4.0 3.4 4.3 1.9 1.5 2.4
4 + 68 7.3 4.9 5.2 0.042 0.50 0.03
4 + mb 0.60 0.10

Table 3.3: Summarization of the cmc´s of 4 and the intersection points of I1/I0 of the pyrene
derivatives versus the concentration of 4 at pH = 7.0 and pH = 9.0, the cmc and I1/I0
values are given in 10−5 mol/L, mb = methylene blue (Chap. 3.2.7).

The preceding experiments indicate that the pyrene moiety is in the vicinity of the den-

drimer region of dendrocalixarenes 4 forming the micelles. The energy quenching is

due to a close contact of the benzamide moieties and the pyrene residue. Thus the

presence of guests independent of their charge changes the aggregation behavior of

4 considerably.

It is necessary to consider that the information obtained by these two methods are nec-

essarily different. The evaluation of the I1/I0 relation of pyrene, 67 and 68 hold for the

aggregates of 4 in the presence these guests. The presence of these guests signifi-

cantly influences the formation of these mixed aggregates due to the different charges
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3 Results and Discussion

and only the behavior of these associations is considered, whereas the progression of

IBA averages the character of occupied and unoccupied micelles of 4.

Complexation of the Pyrene Derivative 68 by Chromophoric Calixarene 4

The cmc of 4 is higher in the presence of pyrene derivative 68 compared to the cmc

without this positive charged additive. Complexation of amphiphilic 68 should be de-

pendent of electrostatic as well as hydrophobic interactions. Discrimination between

these two forces is necessary to understand the change of cmc7 (73/68). Fluores-

cence experiments should reveal the character of the interaction responsible for the

complexation of 68 either inside the micelles or at their surface.

Fluorescence measurements were done in Na/K phosphate buffered water at pH =

7.0 utilizing a excitation wavelength of 333 nm. Figure 3.25 shows the fluorescence

spectra at different concentrations of 68.
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Figure 3.25: Fluorescence spectra of 68 in the presence of 4 in water at pH = 7.0 (a) 2.5
10−5 mol/L, b) 8.0 10−5 mol/L, c) 1.6 10−4 mol/L, d) 2.0 10−4 mol/L, e) 8.0 10−4

mol/L, f) 1.8 10−3 mol/L, 4 at 2.5 10−4 mol/L without 68), inset: development of
I1 of 68 (squares) and IBA (triangles) versus the concentration of 68 at a constant
concentration of 2.5 10−4 mol/L.

The calixarene concentration was 2.5 10−4 mol/L which is high above cmc7 (4) guaran-

teeing that micelles are present. The concentration of 68 was varied in order to study

the effect of the different amounts of positive charges.

The progression of I1 is displayed in the inset of Figure 3.25. It becomes clear that

an increase of the concentration of 68 yields a linear increase of intensity until a max-

imum is reached. This maximum at 1.7 10−4 mol/L indicates the beginning of a close
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pyrene to calixarene contact. Afterward I1 declines by increasing the concentration of

68 and the resulting energy quenching. The maximum I1 intensity can not be attributed

to cmc7 (68) = 6.3 10−5 mol/L (Chap. 3.2.4.1).

The analysis of the plot of the I1 intensity after the maximum using a first order expo-

nential decay shows that at a concentration of about 2.5 10−3 of 68 a nearly complet

emission energy quenching takes place. Hence, this point denotes the maximum up-

take of the amphiphilic pyrene ammonium salt 68 by the dendroterephthalcalixarene 4.

The pyrene/calixarene ratio amounts to ten at this point. These observations clearly in-

dicate an electrostatic association of the positive charged dye molecules at the twelve

free acid groups of dendrocalixarene 4.

The broad band at 480 nm can be attributed to IBA of 4 reaching a maximum of intensity

at 1.8 10−4 mol/L of 68. The highest intensity value of I1 is also reached at this point.

Thus the formation of pyrene excimers can be omitted as its intensity would evolve in

the expense of the monomer intensity.

These observations show that 68 is most likely associated at the free acid groups of

the dendrons at the upper rim of calixarene 4. Nevertheless inclusion of the pyrene

moieties of 68 into the micellar core can not be excluded. The low cmc in presence

of 68 can therefore be explained by the change of the surface charge of the micelles

induced by electrostatic interactions.

3.2.5.3 Capacity of Transport of the Dendroterephthalcali xarene

The evaluation of the amount of guest molecules that micelles of 4 can take up is nec-

essary to quantify its capacity of transport. The preceding fluorescence investigations

(Chap. 3.2.5.1, 3.2.5.2) revealed a low cmc7 (4/pyrene derivative ). Dendrocalixarene

4 forms stable micelles even at low concentration compared to the linear amphiphiles

like sds or 40 (Chap. 3.2.4.1, 3.2.4.1). Hence, the transport of guests should be pos-

sible requiring a minimal amount of 4. Minimization of the host/guest ratio is important

especially with respect to the possible application of calixarene 4 as a drug delivery

system. As a maximum of drug could be delivered by a minimal amount of container

system.
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Inclusion of Porphyrin 74 by Dendroterephthalcalixarene 4

A first attempt to investigate the capacity of transport of 4 was done by UV/vis spec-

troscopy. The utilized apolar guest was 5,10,15,20-tetrakis(2-methylpropyl)porphy- ri-

natonickel(II) complex 74 because this compound is insoluble in water. Hence, if por-

phyrin 74 is transfered into the aqueous phase it has to be included into the micelles of

4 which is water soluble.[23,41]

To verify this assumption calixarene 4 (4.5 10−5 mol/L) and an excess of 74 were dis-

solved in THF. The solvent was evaporated and the residue dried under high vacuum.

Subsequently, the mixture of the components was dissolved in 1.0 mL buffered water

at pH = 7.0 (Na/K phosphate buffer) leaving insoluble magenta colored substance in

the flask. The recorded UV/vis spectra are shown in Figure 3.26.
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Figure 3.26: UV/vis spectra of the inclusion complex of 4 and 74, 4 and 74, inset: aqueous
phase of the inclusion complex at pH = 7.0.

A solution of porphyrin 74 in CH2Cl2 was measured. The molar extinction coefficient

ǫex was determined to be 478000 at 420 nm.[75] Calixarene 4 shows three bands in

water (ǫex (water, pH 9.0) = 28847 at 280 nm). The spectrum of the mixture of 4 and

74 in buffered water is also visualized. The bands of the mixed components are shifted

indicating that 74 is included into the micelles of 4. This phenomenon is reflected by

the magenta color of the aqueous phase caused by the porphyrin.

To verify that the above described phenomenon is not due to THF transferring 74 into

the aqueous phase a control experiment was carried out. The above described proce-

dure was done without calixarene 4. This time no porphyrin could be observed in the

aqueous phase via UV/Vis spectroscopy. Thus 74 is dragged into the aqueous phase

solely by the inclusion into the micelles formed by calixarene 4.
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The concentration of each component can be calculated utilizing the LAMBERT-BEER

(eq. 3.2, Chap. 3.2.1) law. Correlating the concentrations shows that the calixarene /

porphyrin ratio amounts to 92/1 (c(4) = 1.35 10−5 mol/L, c(74) = 1.47 10−7 mol/L). Thus

the insoluble residue in the flask has to be a mixture of 4 and 74.

These observations show that 4 is able to include an apolar guest like 74. Neverthe-

less, the capacity of transport of 4 under these conditions is low. To proof this obser-

vation additional extraction experiments utilizing pyrene as a probe were accomplished.

Inclusion of Pyrene by the Chromophoric Calixarene 4

Pyrene is a good fluorescence probe and was used to identify the cmc of amphiphile

4. The concentration of pyrene was kept constant during the fluorescence experiments

described in Chap. 3.2.5.2. In the subsequent fluorescence measurements dendro-

calixarene 4 at different concentrations was stirred with solid pyrene in buffered water

at pH = 7.0 (Na/K phosphate). This procedure yielded the extraction of pyrene into

the micelles of 4 in the aqueous phase as described in Chap. 3.2.1. In contrast to

those experiment the solid pyrene was filtrated by a filter paper in order not to disturb

the micelles. The excitation spectra at λex = 333 nm and pictures of the solutions are

shown in Figure 3.27.
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Figure 3.27: a) Fluorescence spectra of calixarene 4 at a) 9.7 10−6 mol/L , b) 1.9 10−5 mol/L,
c) 3.9 10−5 mol/L, d) 7.8 10−5 mol/L, e) 1.6 10−4 mol/L, f) 3.1 10−4 mol/L in
the presence of pyrene and of 4 without pyrene (straight lines), inset: evolution
intensity at 373 nm and 464 nm of pyrene and of IBA of 4 at 480 nm, b) pictures of
the solutions of 4 filtrated from pyrene at the concentrations a) - f).

The spectra of pure 4 show the benzamide band (IBA) at 480 nm. Increasing the con-

centration of 4 yields a maximum of IBA at 4.2 10−5 mol/L corresponding to cmc7 (4)

within the experimental error (Table 3.2). As a control experiment calixarene 4 was
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measured at the same concentrations without pyrene. The band between 450 nm and

500 nm is not so pronounced without pyrene.

The solutions of the mixture of 4 and pyrene show the well resolved vibronic bands of

pyrene and a broad band at 464 nm. Increasing the concentration of 4 yields an in-

crease of extracted pyrene. This increasing amount of pyrene brings about a decrease

of the intensity of the pyrene bands. This phenomenon can be explained by energy

quenching due to the close calixarene to pyrene contact as described in Chap. 3.2.5.1.

This behavior can again be quantified by the I1 at 373 nm (inset Figure 3.27 a). It shows

a sigmoid behavior featuring an inflection point at 3.8 10−5 mol/L of 4. This value cor-

relates with cmc7 (4/pyrene ) within experimental error (Table 3.3). Hence, solid pyrene

is extracted into the aqueous phase and included into the micelles of 4 after the cmc is

overridden.

The band at 464 nm of the inclusion complex attributes to the mixed intensity of the

pyrene excimer and the benzamide band (IBA) of 4. Thus the intensity of the bands

between 400 nm and 500 nm is higher than for pure 4. The development of the

band at 464 nm shows a maximum at 2.8 10−5 mol/L which is slightly smaller than

cmc7 (4/pyrene ). This lower cmc could indicate that solid pyrene acts like a seed crys-

tal for the micelles and thus lowers the cmc.

The amount of pyrene extracted by 4 at high concentrations yields opaque solutions

(e, f). These samples could not be examined via fluorescence spectroscopy as the

incident light beam was scattered by non removable pyrene particles (Figure 3.27, b)).

This outcome proves that the amount of pyrene extracted by dendrocalixarene 4 is very

high. Thus the capacity of 4 has to be very high in respect to uncharged pyrene.
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3.2.5.4 Cmc of a Malonyl Spacered Dendrocalixarene in the Pr esence of Pyrene

and its charged Derivatives

Dendrocalixarene 38 (cf. Fig. 3.18) was also investigated in the presence of pyrene,

negative charged pyrene butyric acid 67 and the cationic pyrene ammonium salt68 via

fluorescence spectroscopy. As 38 does not contain a covalently bound fluorescence

indicator like 4 the cmc can be obtained evaluating the I1/I3 ratio by simultaneously

considering the I1 intensity of the pyrene moiety when exiting the pyrene moiety at

λex = 333 nm. Compound 38 shows no fluorescence bands when excited at 333 nm

as no absorbance is observed in the UV/Vis spectrum at this wavelength (Figure 3.28).
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Figure 3.28: Qualitative UV/Vis spectrum of 38.

Cmc of Dendrocalixarene 38 in the Presence of Pyrene

The fluorescence experiments with 38 and pyrene were accomplished as described in

Chap. 6.4. A constant pyrene concentration of 6.0 10−7 mol/L (Na/K and Na phosphate

buffer) and 1.2 10−6 mol/L (Na/K phosphate buffer) was used for the measurements at

pH 7.0 and pH = 9.0 (sodium borate).
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Figure 3.29 shows the spectra at pH = 7.0 at a concentration of 6.0 10−7 mol/L of

pyrene at varying concentrations of 38.

350 400 450 500
0

40

80

120

160

200

240

280

f
e

d

a

re
l.

in
te

n
s
it
y

/
a
.
u
.

wavelength / nm

b

Figure 3.29: Fluorescence spectra of 38 in the presence of pyrene (6.0 10−7 mol/L) at varying
concentrations of 38 (a) pyrene in buffer 6.0 10−7 mol/L, b) 3.7 10−8 mol/L, c) 2.4
10−6 mol/L, d) 9.4 10−6 mol/L, e) 8.5 10−5 mol/L, f) 7.9 10−4 mol/L in buffered
solution at pH 7.0, λex = 333 nm.

The fluorescence spectra display a decreasing intensity of pyrene by increasing the

concentration of calixarene 38 at pH = 7.0 as well as at pH = 9.0. They reveal a red shift

of the vibronic bands of pyrene at high concentrations of 38 compared to pure pyrene

in the buffered solutions. This observation shows that a pyrene calixarene inclusion

complex is formed.[59] No excimer bands are observed, hence monomeric pyrene is

included into the aggregates.[66]

The exponential progression of the I1/I3 ratio versus the concentration of 38 at both

concentrations of pyrene at pH = 7.0 and pH 9.0 is displayed in Figure 3.30 factoring

in the shift of the corresponding bands.

At low concentrations of amphiphile 38 the I1/I3 ratio amounts to 2.0 - 1.3 for all pyrene

concentrations either at pH = 7.0 or at pH =9.0. Hence, pyrene is located in the hy-

drophilic phase. The I1/I3 ratio declines to about 1.0 at high concentrations of 38.

Hence, it is altogether higher than expected for a pure apolar environment thus com-

pound pyrene is exposed to the polar dendrimers at the upper rim of the calixarene.

This observation corresponds to the findings of CHANG et al.[59]
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Figure 3.30: I1/I3 versus the concentration of 38 at 6.0 10−7 mol/L and 1.2 10−6 mol/L of pyrene
at pH = 7.0 and at pH = 9.0 using 6.0 10−7 mol/L of pyrene.

At a concentration of 1.2 10−6 mol/L of pyrene the I1/I3 ratio stays at 1.3 after the slope.

As more pyrene is present the emission from the hydrophilic and hydrophobic region

averages and the ratio is necessarily higher.

A linear analysis of the linear regions of the I1/I3 ratio results in two straight lines for

each series of measurements showing a distinct intersection point for each pair of

lines (Chap. 6.3). As these intersection points indicate a sudden change of a physical

property - the I1/I3 ratio -they are considered as the cmc. The explicit cmc values are

listed in Table 3.4.

pH (pyrene / mol/L ) puffer salts cmc I1/I0
7.0 (6.0 10−7) Na/K phosphate 0.88 0.19
7.0 (1.2 10−6) Na/K phosphate 0.84 0.23
7.0 (6.0 10−7) Na phosphate 0.13 0.044
9.0 (6.0 10−7) Na borate 14.0 0.13
7.0 (6.0 10−7) Na/K phosphate 5.2 -

Table 3.4: Summarization of the cmc´s of dendrocalixarene 38 determined by the I1/I3 ratio in
the presence of 6.0 10−7 mol/L and 1.2 10−6 mol/L of pyrene at pH = 7.0 as well
as 6.0 10−7 mol/L of pyrene at pH = 9.0 and intersection points of the I1 intensities
of pyrene, the cmc and the concentrations of the intersection points of the I1/I0 are
given in 10−5 mol/L.

It is obvious that cmc9 (38/pyrene ) is higher than cmc7 (38/pyrene ). This behavior

can be explained by a higher degree of deprotonation of 38 basic conditions and a
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3 Results and Discussion

resulting stronger mutual repulsion of the monomers forming the micelles. At pH = 7.0

the cmc is the same within experimental error for both concentrations of pyrene. The

investigation of the cmc in the sodium phosphate buffer at pH = 7.0 revealed a value

of 1.3 10−6 mol/L (c(pyrene) = 6.0 10−7 mol/L). Thus the absence of potassium in the

buffer solution lowers cmc7 (38/pyrene ). In contrast cmc7 (40/pyrene ) is significantly

higher than the cmc´s determined for the dendrocalixarene. Thus the cage of the

calixarene should responsible for the lower cmc due to the enhanced rigidity in the

amphiphile.

The interaction of dendrocalixarene 38 and pyrene becomes clear if the I1 intensity of

pyrene is plotted versus the concentration of 38 (Figure 3.31).
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Figure 3.31: I1/I0 of pyrene versus the concentration of 38, in the presence of pyrene at 6.0
10−7 mol/L and 1.2 10−6 mol/L at pH = 7.0 and 6.0 10−7 mol/L of pyrene at pH =
9.0, I0 is the I1 intensity of pyrene (6.0 10−7 mol/L or 1.2 10−6 mol/L) in buffered
solution and used for normalization.

The interaction of the components is elucidated for both pyrene concentrations at ei-

ther pH value by the progression of this graph. I1/I0 is high at low concentrations of

38 corresponding to pure pyrene in buffered solution. It decreases exponentially by

increasing the concentration of 38. A linear fit of the asymptotes at high and low con-

centrations of 38 brings about an intersection point for each experiment (Table 3.4).

These points are located at lower concentrations of 38 compared to its cmc´s at the

corresponding pH value. Thus pyrene interacts instantly with the calixarene before

micellization takes place. In the sodium phosphate buffer the intersection point is sig-

nificantly lower than in the presence of the mixed buffer salts (Na/K phosphate). Thus
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3 Results and Discussion

the change in buffer salts alters the concentration of 38 at which it starts to interact with

pyrene. This observation indicates that different aggregation modes occur.

The preceding measurements displayed that the cmc can reliably be determined by

the evaluation of the I1/I3 ratio. Dendrocalixarene 38 forms stable micelles at neutral

conditions compared to sds (Chap. 3.2.4.1). The change of buffer salts at neutral con-

ditions significantly changes the cmc. It is lower at neutral than at basic conditions as

the mutual repulsion between the single molecules of 38 rises due to the higher depro-

tonation degree of the acid groups. In summary, 38 is an excellent nano container for

the incorporation of pyrene.

Influence of the Charged Pyrene Derivatives 67 and 68 on the Cmc of Dendrocalix-

arene 38

The pyrene butyric acid 67 and pyrene ammonium salt 68 were utilized in the inves-

tigations of dendrocalixarene 38 to examine the influence of charged probes onto its

cmc. As dendrocalixarene 38 is a potential container system for multiple applications it

is necessary to know its aggregation behavior in the presence of charged guests.

Fluorescence spectra were recorded in a buffered solution at pH = 7.0 (Na/K phos-

phate) at different concentrations of 38 at a constant concentration of the pyrene deriva-

tives of 6.0 10−7 mol/L and 1.2 10−6 mol/L, respectively. At pH = 9.0 (Na borate) solely

a concentration of 6.0 10−7 mol/L of 68 and 67 was used.

In these measurements the I3 intensity of 67 and 68 could not reliably be determined.

Hence the I1/I3 ratio could not be used to identify the cmc and therefore solely I1 is

utilized to evaluate the cmc and the interaction of the compounds. The experiments

with 67 and 68 are discussed separately for clarity.
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3 Results and Discussion

Interaction and cmc of Dendrocalixarene 38 in the Presence of Pyrenylbutyric

Acid 67

The fluorescence spectra of amphiphile pyrene butyric acid 67 recorded at different

concentrations of calixarene 38 show distinct behavior. The plot of I1 of 67 versus the

concentration of 38 points out the repulsion between the alike charged compounds

(Figure 3.32).
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Figure 3.32: I1/I0 of pyrene derivative 67 versus the concentration of dendrocalixarene 38, in
the presence of 67 at 6.0 10−7 mol/L and 1.2 10−6 mol/L at pH = 7.0 and 6.0 10−7

mol/L of 67 at pH = 9.0; inset: extension of the low concentration range at pH 7.0.

I1 decreases by increasing the concentration of 38 at pH = 7.0 (Na/K phosphate) as

well as at pH = 9.0 (Na borate) at a concentration of 6.0 10−7 mol/L of 67.

At pH = 7.0 a discontinuity is detected at 9.3 10−7 mol/L of 38 which is revealed by

the intersection point of the linear analysis (inset in Figure 3.32, Chap. 6.3). The

discontinuity is followed by a nearly linear decrease of I1 by further increasing the cal-

ixarene concentration. This behavior indicates a constantly proceeding interaction of

the pyrene moiety with the dodecyl chains. At a concentration of 1.2 10−6 mol/L of 67

at pH = 7.0 the intensity of the pyrene entity rises above the intensity of 67 in buffered

solution. After that the intensity decreases by increasing the concentration of 38.

In all cases the cmc could not reliably be determined. This behavior arises from the

repulsion between the two negatively charged species. Nevertheless an interaction

between both amphiphiles takes place suggested through the quenching of emission

energy. However, the repulsion between the negatively charged headgroups over-
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weights the entropic effect inevitable for the micellization process. Thus the aggregates

if formed are loose and unstable.

Interaction and Cmc of Dendrocalixarene 38 in the Presence of 68

The fluorescence spectra showed high intensity of the vibronic bands of 68 at pH = 7.0

and pH = 9.0 at low concentrations of amphiphile 38. Increasing the concentration of 38

yields the evolution of an excimer band (IE) at 480 nm at the expense of the monomer

emission intensity. IE decreases again by further increasing the concentration of 38

(Figure 3.33).
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Figure 3.33: Fluorescence spectra of dendrocalixarene 38 in the presence of 68 (6.0 10−7

mol/L) at varying concentrations of 38 (a) 2.1 10−9 mol/L, b) 2.5 10−8 mol/L, c)
1.4 10−6 mol/L, d) 1.0 10−5 mol/L, e) 7.7 10−5 mol/L, f) 5.7 10−4 mol/L and 68 in
buffer 6.0 10−7 mol/L, in buffered solution at pH 9.0.

The vibronic bands of the pyrene monomer are red shifted at high concentrations of

amphiphile 38 compared to pure cationic 68. This implies that the pyrene residue of

the positive charged compound 68 is included into the hydrophobic micellar core. In

contrast with 4 no shift could be observed (Chap. 3.2.5.2).
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The progression of the I1/I0 intensity of 68 versus the concentration of 38 was employed

to evaluate the cmc (Figure 3.34) factoring in its shift.
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Figure 3.34: I1/I0 of pyrene derivative 68 versus the concentration of dendrocalixarene 38, in
the presence of 68 at 6.0 10−7 mol/L, 1.2 10−6 mol/L at pH = 7.0 and 6.0 10−7

mol/L of 68 at pH = 9.0; inset: extension of the low concentration range at pH 7.0
and pH = 9.0; I0 of pure 68 in buffered solution is applied to normalize I1.

Increasing the concentrations of 38 yields a steep linear decrease of I1/I0 opening out

into a minimal value. The energy quenching indicates the formation of excimers and

premicellar aggregates. These undefined aggregates contain most likely two pyrene

entities of 68 and are formed before cmc7,9 (38) is attained.[69] This behavior is expected

for quaternary ammonium salts and used to evaluate the cmc of anionic surfactants.[76]

Pure compound 68 shows negligible excimer formation in buffered solution at pH = 7.0

even at high concentrations (Chap 3.2.4.1). Thus the excimer formation is induced by

the negative charged dendrocalixarene 38. I1 increases again beyond this minimum

by further increasing the concentration of 38.[66] The premicellar aggregates rearrange

into micelles and the pyrene molecules are separated from each other as they are in-

cluded into the micelles. At this point cmc7 (38) and cmc9 (38) are reached.

The cmc is determined by the intersection point of the linear analysis of the intensity in-

crease after the minimum and the nearly horizontal development of the intensity at high

concentrations of 38. This point denotes the sudden change of a physical property.[77]

The values obtained by this procedure are summarized in Table 3.5.
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pH (68 / mol/L) premicellar cmc
aggregates

7.0 (6.0 10−7) 0.88 5.9
7.0 (1.2 10−6) 0.03 0.43
9.0 (6.0 10−7) 0.015 0.26

Table 3.5: Summarization of the concentrations for the premicellar aggregates and the cmc of
38 in the presence of 68 at 6.0 10−7 mol/L, 1.2 10−6 mol/L at pH = 7.0 and pH = 9.0,
the cmc and premicellare aggregate concentration values are given in 10−5 mol/L.

It becomes obvious that a higher concentration of 68 lowers the premicellar aggrega-

tion concentration and cmc7 (38/68). It is also evident that cmc9 (38/68) as well as the

premicellar aggregation concentration are lower than the same values at pH = 7.0.

A higher concentration of positive charges and a higher degree of deprotonation en-

hance the aggregation ability of 38. Hence, dendrocalixarene 38 is a suitable container

system for positively charged guests either at pH 7.0 as at pH 9.0 and its inclusion abil-

ity rises by increasing the guest concentration.

3.2.5.5 Capacity of Transport of the Malonyl Spacered Dendr ocalixarene

The experiments described in Chap. 3.2.5.4 elucidated that dendrocalixarene 38 is

efficiently able to build micelles in the presence of pyrene and its derivative 68. In

these fluorescence measurements the concentrations of the dyes were kept constant.

The question still stands how much uncharged pyrene can be included by 38. As

dendrocalixarene 38 is a potential drug container it is essential to know its capacity of

transport.

The subsequent fluorescence experiments were accomplished at a concentration of

8.5 10−5 mol/L of 38 at pH = 7.0 (Na/K phosphate). The used concentration is about

ten times higher than cmc7 (38/pyrene) (Table 3.4). The pyrene concentration was

varied between 1.4 10−7 mol/L and 9.2 10−5 mol/L and fluorescence spectra recorded

(Figure 3.35).
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Figure 3.35: Fluorescence spectra at a) 1.4 107 mol/L, b) 1.3 10−6 mol/L, c) 2.9 10−6 mol/L,
d) 1.2 10−5 mol/L and e) 9.2 10−5 mol/L of pyrene in the presence of 8.5 10−5

mol/L 38, normalization was done according to the highest obtained I1 intensity of
pyrene; inset: normalized I1 intensity of pyrene versus the concentration of pyrene
in the presence of 38 at 8.5 10−6 mol/L at pH = 7.0.

The I1 intensity of pyrene increases non linearly and passes into a horizontal line at a

concentration of 4.5 10−5 mol/L of 38. The calixarene/pyrene ratio sums up to 2/1 at

this point. This value is 64 times higher than the solubility of pyrene in water (6.0 10−6

mol/L).[57] The I1/I3 ratio averages at 1.7 throughout the experiment which means that

pyrene is located in the polar dendrimer region at the upper rim of the calixarene.

Slight pyrene excimer evolution starts at a concentration of about 1.3 10−6 mol/L of

pyrene. The excimer band is located at 470 nm. Its development only marginally in-

fluences the I1 intensity. Hence, the pyrene molecules are mostly included into the

calixarene micelles at the upper rim and are separated from each other.

The preceding experiments showed that the dendrocalixarene 38 is an excellent nano

container for the transportation of small apolar guests like pyrene. Its capacity of

transport is high enough to include one molecule of pyrene per two calixarens. Den-

droalixarene 38 is additionally able to minimize the interactions between two pyrene

molecules as the formation of excimers is suppressed.

3.2.6 Investigation of the Cmc of Pyrene-Labeled Dendrimer s

Dendrimer 6 and 75 both are NEWKOME dendrimers. The first generation dendrimer 75

carries three negative charges. Pyrene is attached to the focal point of the dendron via

a butyric acid spacer. The second generation dendron 6 contains six negative charges.
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Pyrene is bound via an methylene amide linkage to one arm of the dendron. The focal

point carries a nitro group. Both dendrimers are soluble in buffered water at pH = 7.0.

Concentration dependent fluorescence spectra of 6 and 75 were recorded exiting at

λex = 333 nm in buffered solution at pH = 7.0 (Na/K phosphate) in order to evaluate

their cmc´s (Figure 3.36).
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Figure 3.36: Intensity of pyrene in 75 and 6 versus the concentration of 75 and 6, respectively,
and of 6 in the presence of pyrene (6.0 10−6 mol/L) (λex = 333 nm).

A non linear curve progression with a maximum evolved when plotting the I3 intensity

development of the pyrene residue versus the dendron concentration. This was ob-

served beforehand for the charged pyrene derivatives 68 or 67 (Chap. 3.2.4.1). The

intensity increases up to a maximum due to the increasing dendron concentration. Mi-

celles are formed at the maximum accompanied by an energy quenching by a close

contact of the molecules in the micelles. The maximum is located at 6.2 10−5 mol/L for

both dendrons. This point of highest intensity is denoted as cmc7 (dendron ) because

an abrupt change of the physical measurand happens according to the definition of

the cmc.[77] No excimer formation was found in the utilized concentration ranges of the

dendrons thus the pyrene moieties are separated from each other.

This can be explained by the formation of aggregates including the covalently bound

pyrene. It is well known that in the crystall structure of the first generation dendrimer 75

a edged-to-face stacking of the pyrene moieties takes place.[78] The crystal is stabilized

by hydrogen bonds. A comparable architecture would explain the missing excimer for-

mation in solution.
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The second generation dendron 6 features an unbalanced relationship between its hy-

drophilic and hydrophobic residues. The pyrene moiety can be shielded from the other

pyrene units by some sort of backfolding of the dendron "arms"

The intensity quenching of both amphiphiles in buffered water arises from a close con-

tact of the pyrene residue and the amid linkages and the hydrophobic CH2 groups.[31]

The different number of negative charges does not influence the cmc. Hence, persis-

tent micelles are formed by these dendrons despite the low percentage of hydrophobic

groups considering their low cmc´s.

Fluorescence spectra at different concentrations of 6 at a constant pyrene concentra-

tion (6.0 10−7 mol/L) were recorded to understand this aggregation phenomenon. The

plot of I3 versus the concentration of 6 features a non linear curve progression with

a smooth maximum at 4.2 10−4 mol/L indicative for the cmc. Thus cmc7 (6/pyrene )

is higher than cmc7 (6). Again no formation of excimers was found in the used con-

centration range indicating that the non covalently bound pyrene and free pyrene are

separated from each other. Nevertheless it disturbs the formation of the aggregates.

This outcome shows in summarization that 6 and 75 form stable micelle despite their

different structure. It is again revealed that pyrene is not solely an innocent specta-

tor but significantly influences the aggregation behavior as was stated for 4 (Chap.

3.2.5.2).

3.2.7 Cmc of a Chromophoric Dendrocalixarene in the Presenc e of

Methylene Blue

Dendrocalixarene 4 could be utilized as a potential negative charged container for drug

delivery as described above. It should also be able to absorb positively charged dyes

on its surface by ionic interactions. This sort of absorption phenomena were intensively

studied due to their great relevance.[79–81] Thereby methylene blue (mb) plays an impor-

tant role as it is an excellent photosensitizer that is tested in vitro as a photodynamic

therapy agent.[82,83]

Thus it is of relevance to examine its photochemical behavior on the surface of micelles

mimicking biological environments. Mb is not included into the micelles but clued to the

surface by electrostatic forces. It changes its own behavior and the properties of the

micelles as in microheterogenous systems the distribution of additive and surfactant

relative to the surface of the micelle and the interfacial region is influenced by hy-

drophobic and electrostatic interactions.
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Figure 3.37: Structure of methylene blue (mb) and the dendroterephthalcalixarene 4 used in
these measurements

The permanently positively charged mb is often used to investigate the cmc depend-

ing on its charge via UV/Vis spectroscopy to investigate amphiphilic container systems

with respect to their drug delivery ability.[84] The association of mb in solution can be de-

tected by determining the dimer (λmax = 618 nm) to monomer (λmax = 664 nm) ratio.[85]

It is also well known that the positions of the UV/Vis absorption bands depend on the

microenvironment of mb.[80]
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Hence, UV/Vis absorption spectroscopy was accomplished in a buffered solution of 4

at pH = 7.0 and pH = 9.0, respectively, with a buffered solution of mb maintaining its

concentration at 4.0 10−6 mol/L. The resulting spectra are shown in Figure 3.38 and

3.39.
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Figure 3.38: Absorption spectra of mb in the presence of varying concentrations of 4 (a) 1.1
10−7 mol/L, b) 2.1 10−6 mol/L, c) 3.0 10−6 mol/L, d) 9.1 10−6 mol/L, e) 4.0 10−5

mol/L and pure mb at 4.0 10−6 mol/L in buffered solution at pH = 7.0.

At low concentrations of 4 the absorption bands of mb look similar to pure mb in the

corresponding buffered solution. At high concentrations of 4 the absorbance of mb is

reduced and red shifted compared to pure mb in buffer. This is due to the dimerization

of mb on the surface of the aggregates and pronounced electrostatic forces between

the different charged species.[81] At pH = 7.0 the intensity solely increases (Fig. 3.38).
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At pH = 9.0 the intensity goes down by increasing the concentration of dendrocal-

ixarene 4 and decreases again by increasing the concentration of 4 further (Fig. 3.39).
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Figure 3.39: Absorption spectra of mb in the presence of varying concentrations of 4 (a) 9.5
10−8 mol/L, b) 1.8 10−6 mol/L, c) 2.6 10−6 mol/L, d) 1.1 10−5 mol/L, e) 3.5 10−5

mol/L and pure mb at 4.0 10−6 mol/L in buffered solution at pH = 9.0.

The progression of the absorbance either at neutral or at basic conditions is mirrored by

the dimer/monomer ratio which is plotted versus the concentration of 4 (Figure 3.40).
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Figure 3.40: Dimer/monomer ratio of mb versus the concentration of 4 at pH = 7.0 (blue
squares) and pH = 9.0 (green squares).
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At pH = 7.0 the dimer/monomer ratio rises gradually by increasing the concentration of

4 until a constant ratio is reached. The high dimer/monomer ratio after the slope shows

that solely dimers are absorbed on the the surface of the aggregates. The concentra-

tion of 4 at the slope is 6.0 10−6 mol/L. This point denotes the start of micellization and

hence the cmc. As a predominantly dimers of mb are formed at high concentrations of

4 the surface of the micelles is relatively small. This observation will be confirmed by

the cryo-TEM micro graphs (Chap. 3.2.9.2).

At pH = 9.0 the dimer/monomer ratio features a maximum at 1.0 10−6 mol/L of 4. This

point denotes cmc7 (4/mb ) as the dimers break down.[84] Subsequently the dimer/monomer

ratio decreases by increasing the concentration of 4 because the dimers are split up

and the monomers are spread over the big surface of the micelles formed by 4. This

outcome indicates that 4 forms defined small aggregates at pH = 9.0 because a sharp

point is found for the cmc. This outcome will be corroborated by the cryo-TEM micro-

graphes (Chap. 3.2.9.2).

The cmc at both pH values are lower than in the presence of any pyrene derivative

(Chap. 3.2.5.1, 3.2.5.2) thus the positive charged mb alters the surface charge of the

micellar surface and thus tightens the aggregates and COLOUMB interactions (Table

3.3).

3.2.8 Determination of the Aggregate Size of the

Dendrocalixarenes via PGSE NMR

PGSE (pulse gradient spin echo)-NMR spectroscopy is a powerful tool to identify the

size of molecules and aggregates.[86] Like other diffusion dependent NMR measure-

ments it is based on the HAHN spin echo experiment.[87] The attenuation of the echo

signal from a HAHN spin echo pulse sequence containing a magnetic field gradient

pulse over time is related to the adjournment of the spins and thus the single molecules.

Increasing field gradients (G) in the PGSE-NMR experiments induce a exponential de-

crease in signal intensity which are connected to the diffusion rates. Small molecules

cause a rapid decrease and big molecules or aggregates bring about a slow decrease

in signal intensity. Plotting the signal intensity versus the squared field gradient accord-

ing to equ. 3.3 results in a straight line:

I = I0 exp
[
−D

(
∆ −

δ

3
−

π

2

)
G2 γ2 δ2

]
(3.3)
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δ is the duration of the gradient pulse, ∆ is the delay between the gradient pulses and

γ is the gyromagnetic ratio. The slope of this line yields the diffusion coefficient D.[88]

Using D the hydrodynamic radius Rh of the molecules or aggregates can be calculated

utilizing the STOKES-EINSTEIN equation (equ. 3.4).

Rh =
kT

6πηD
(3.4)

In the calculation of Rh the viscosity of the medium η and the absolute temperature T

have also to be considered (k = BOLTZMANN constant). Rh is defined as the radius of

a sphere. Therefore the real radius of the aggregates or molecules should be smaller

because of the solvent shell which is also considered in this calculation. Nevertheless

the obtained values give a good clue of the scale of the different aggregates formed

by the dendrocalixarenes. The PGSE NMR measurements revealed different hydrody-

namic radii for flexible and rigid molecule units, respectively. Hence, the average radius

can be calculated for each molecule.

Size Determination of the Aggregates

The PGSE-NMR experiments with the dendrocalixarenes 1, 2, 3 and 4 (cf. Scheme

2.1, 6) were accomplished at a concentration of 3.0 10−3 mol/L which is significantly

higher than their cmc in phosphate buffered water (Chap. 3.2.3). For calixarene 5 a

concentration of 6.4 10−3 mol/l was used. The pH value of the used D2O was adjusted

to pH = 7.0 using buffer (Na/K phosphate/chloride). The hydrodynamic radii of 38 and

39 dissolved in the same concentration range are given for comparison.[23] The values

are summarized in table 3.6.

Compound Rh [nm] d [nm]
1 10.0 20.0
2 1.3 2.6
3 5.1 10.4
4 8.7 17.4
5 8.5 17.0

38 6.5 13.0
39 4.2 8.4

Table 3.6: Hydrodynamic Radii Rh and diameters of the dendrocalixarenes 1, 2, 3, 4, 5, 38 and
39 determined by PGSE-NMR in D2O (pH = 7.0, 30◦C)

It becomes apparent that the length of the alkyl chains, the generation of the dendron

and the spatial alignment of the dendrons significantly influences the dimension of the
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aggregates build from the dendrocalixarenes. The aggregate radii of 3 and 39 with

propyl chains at the lower rim are larger than those of 38, 1, 2 with dodecyl chains.

Compound 38 and 1 feature the same spatial alignment of the dendrons at the upper

rim. Nevertheless the aggregates of 38 with the second generation dendrons show

smaller radii despite the bigger molecule size than the aggregates of 1 with the first

generation dendrons. Pyrene-labeled dendrocalixarene 5 shows a slightly higher hy-

drodynamic radius than its counterpart 38. This observation can be attributed to the

spatial distortion of the denrimers at the upper rim and the resulting changed bending

shape of the dendrocalixarene. The smallest hydrodynamic radius is realized by the

(1, 2) substituted 2.

In calixarene 4 the dendrons are connected to the upper rim via rigid rod-like tereph-

thalic units whereas in 38 a T-shaped alignment of the dendrons is induced by the

malonyl units. These different substitution motives induce that the aggregates build up

by 4 are bigger than those of compound 38.

The preceding PGSE-NMR elucidated the size of the aggregates formed by the differ-

ent dendrocalixarene which will be corroborated by the TEM experiemnts in Chapter

3.2.9. The influence of their chain lengths, the character of the dendrons as well as the

spatial alignment of the hydrophilic and lipophilic components could be revealed. This

knowledge is a benchmark in the decision which dendrocalixarene could be promising

for further applications.

3.2.9 Determination of the Molecular Architecture of the

Dendrocalixarenes via TEM

Micelles build by the dendrocalixarenes 1, 3 and 4 are short lived dynamic spherical

aggregates formed in solution by exceeding the cmc. An excellent technique to resolve

the structural details of the assemblies formed by 1, 3 and 4 in their native fully hy-

drated state is (cryo-)TEM (transmission electron microscopy).

Herein ultra thin sample layers are shock frozen by an appropriate cooling agent ap-

plying cooling rates of 104 Ks−1. Utilizing this amorphous solidification method ("vit-

rification") the structural information of the assembly is preserved as no dehydration

or crystallization takes place. Even possible rearrangements of the aggregates are

circumvented.[89,90] Additional protection of the sample against the electron radiation

necessary to perform TEM is provided by the above introduced vitrification method.

These in a solid glass like layer of solvent embedded assemblies can be visualized by
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TEM techniques.

Sample preparation is carried out by dissolving the amphiphilic substance in a con-

centration of about 2.0 mg/mL in the corresponding aqueous solution. Droplets of the

aqueous samples (5 µL) are applied to a hydrophilized carbon covered 200 mesh grid.

Supernatant fluid is removed with a filter paper to guarantee that a ultra thin sample

layer spans the holes of the carbon film. If necessary the samples are contrasted either

with 1% phospho-tungstic-acid (PTA) or a mixture of PTA and trehalose. After that the

sample grid is immediately vitrified with liquid ethane (90 K) under controll of humid-

ity as well as temperature and subsequently transfered under liquid nitrogen into the

transmission electron microscope to record the cryo-TEM images.[91]

Microscopy is carried out at 94 K with a magnification of 58.300 times and an acceler-

ating voltage of 100 kV. If TEM has to be carried out at room temperature the sample

grid is solely dried and examined with the same magnification and acceleration.

To evaluate the structural information of individual particles in the same spatial orien-

tation from the cryo-TEM data a large number of projection images have to be aligned

and summarized due to the low signal-to-noise ratio. The cryo data is tested for the ab-

sence of optical diffraction effects prior to the image digitalization. Individual particles

are selected and extracted from the digitalized micrographs. Subsequently, an auto-

matic classification procedure is performed by a multi variant statistical analysis after

suppressing the high frequency background noise by filtering non-biased "reference-

free" alignments.[92] To achieve a clear three-dimensional reconstruction an isomorphic

data set has to be identified. A random orientation of the assemblies in their matrix

yields a set of "class averages" bringing out noise reduced two-dimensional projec-

tion images from typical views. To exclude inhomogeneities which would reduce the

quality of the reconstruction the angular relation between the different class averages

("EULER angle" determination) has to be assigned via the common line projection the-

orem. Using these filtered class averages representing distinct spatial alignments a

rough three dimensional structure of the assemblies can be determined by the back

projection algorithm.[93] Further structural refinements of the assemblies can be done

by the multi reference alignment procedures and a final FOURIER shell correlation.[94]

These described reconstruction methods by reprojection was successfully applied to

determine the structure of native globular proteins.[95] Artificial assemblies build from

calixarene or fullerene adducts were also resolved effectively.[41,96]

The subsequent TEM micrographs were recorded by B. Schade in the group of C.

Boettcher at the research center for electron microscopy, FU Berlin, as described
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above. The dendrocalixarenes 1, 4 and 3 were dissolved in different buffers or water

at a concentration of 2.0 mg/mL (about 9.0 104− mol/L). This concentration guarantees

that the cmc is exceeded (Table 3.3 in Chap. 3.2.5.2 and 3.1 in Chap. 3.2.1).

3.2.9.1 Bilayer Membranes build by Malonyl Spacered Dendro calixarenes

Compound 3 and 1 are the first examples of dendrocalixarenes with dendrons of the

first generation at the upper rim to be investigated via the cryo-TEM technique. Using

these molecules the influence of the number of the charges of the dendrons as well as

the chain length can be clarified. Especially the influence of the substitution motif of

the dendrimers in the at the upper rim of the dendrocalixarenes can be elucidated as

3 contains four dendrons and 1 two in diametric positions.

Dendrocalixarene

Dendrocalixarene 1 was dissolved in phosphate buffer at pH = 7.2 and 9.2 at a concen-

tration of 2.0 mg/mL (1.1 10−3 mol/L) applying sonication to achieve a clear solution.

A mixture of PTA and trehalose (5%/1%) was used as staining agent to visualize the

aggregates. The recorded micrographs show different plane membrane fragments at

both pH values with a dimeter of about 10 nm (Figure 3.41, a).
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Figure 3.41: a) Plane aggregates of 1, b) Vesicles and c) micelles of 1 at pH = 9.2.

The PGESE NMR measurements (Chap 3.2.8) revealed a hydrodynamic diameter of
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20 nm which is twice the size of the membranes. As mentioned above the solvent

shell is included in the PGESE NMR experiments. Thus both values from the different

experiments are in good accordance regarding the experimental conditions.

Two types of aggregates appear at pH = 9.2. Firstly big vesicles are observed fea-

turing a double layer membrane. Secondly small spherical architectures are found

which could be attributed to micelles (Figure 3.41, b, c). The diameter of both sorts of

aggregates is 6.0 to 6.5 nm corresponding to twice the length of the pinched cone con-

formation of 1 with upturned dendrons. Thus the dodecyl chains interdigitate in some

way to form the double layer structure revealed by the micrographs. A uniform stable

structure was found at neither pH value.

This can be explained by the low space requirement of the first generation dendrons in

(5,17) position at the upper rim of the calixarene. Dendrocalixarene 1 is not able to de-

velop a conical shape by the mutual repulsion of the acid groups. Thus the curvature of

1 is not strong enoug to build persistent micelles. In contrast to 38 featuring the same

substitution motif but with the second generation dendrimers. Thus the first generation

dendrimers of 1 induce an all anti-conformation compared to the T-shape of 38.[41]

Dendrocalixarene 3

Cryo-TEM with dendrocalixarene 3 (Fig. 3.42 a) was performed at pH = 7.2 and 9.2.
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Figure 3.42: a) Structure of 3 featuring the interdigitation of the propyl chains, b) micrograph of
the aggregates of 3 at pH = 4.3 using a bandpass filter (0.05/0.5).

At these pH values no aggregate formation could be observed in the TEM micrographs.

The PGSE NMR experiments in contrast showed aggregates with a hydrodynamic ra-

dius of 10.4 nm (Chap. 3.2.8). This indicates that aggregates of 3 are not stable to
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the cryp-TEM preparations. Thus calixarene 3 was additionally dissolved in a citrate

buffer at pH = 4.3 resulting in a clear solution. Vitrification of this solution showed

micellar coiled fibers with a diameter between 3.6 and 4.3 nm surrounded by unstruc-

tured darker regions (Figure 3.42 b). The diameter of the fibers corresponds to two

molecules of 3 in the all anti conformation. Thus the alkyl chains interdigitate and the

four dendrons are spread outwards. The bending of the fibers is caused by the repul-

sion of the dendrons in the crowded upper rim region. In contrast to dendrocalixarene

38 which adopts a T-shaped structure in the aggregates determined by previous cryo-

TEM measurements.[41]

Dendrocalixarene 3 was additionally dissolved in pure water and micrographs recorded.

A suspension of 3 could be achieved via sonication which results in a warming of the

solution up to 83◦C. Two samples were prepared from this suspension with a final pH

value of 3.2.

The first one was vitrified at 40◦C being already cloudy due to big aggregates. It

showed parallel equidistant (2.6 or 1.45 nm) lines which seem to keep some flexi-

bility (Fig. 3.43). The second sample was allowed to cool to room temperature before

TEM measurements which revealed round or squared aggregates featuring the same

iterative equidistant lines like the warm prepared sample.

Drawing up micrographs of the cold suspension of 3 at pH = 3.2 using 1% PTA in a

0.1 M trehalose solution (adjusted to pH = 4.0) as contrast agent features fibers with a

diameter of 3.6 nm. Theses fibers are aligned parallel in some regions and split up in

others (Fig. 3.43).

These results indicate that the molecules 3 arrange in a higher order. The diameter of

3.6 nm corresponds to a double layer formed by an interdigitation of the alkyl chains

of 3 (Figure 3.42, a). The smaller distance of 1.45 nm coincides with the semi dou-

ble layer. Thus it is assumed that the amphiphilic dendrocalixarene molecules 3 build

highly ordered stacked fibers.

Double layered structures were found for both dendrocalixarenes 3 and 1 with NEWKOME

dendrons of the first generation at the upper rim. Uniform persistent micelles could be

found at neither pH value. This structure motif was found for calixarene 38 which con-

tains second generation dendrons in the 5, 17 position and four dodecyl chains.[41] Thus

the formation of persistent micelles is dependent on the chain length at the calixarene

as well as the number of negative charges contributed from the dendrons.
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a)

b)

Figure 3.43: a) Aggregates prepared from 3 after cooling the suspension in pure water, b)
fibers of 3 at pH = 3.2 with 1% PTA in a 0.1 M trehalose solution as contrasting
agent.

3.2.9.2 Aggregates Build by the Chromophoric Dendrotereph thalcalixarene

The evaluation of the cmc of the self-labeled amphiphilic dendrocalixarene 4 via flu-

orescence spectroscopy was examined in Chapter 3.2.5.1 and 3.2.5.2. It could be

elucidated that the pH values as well as the loading of the micelles with pyrene signifi-

cantly influence the aggregation behavior and the micellar architecture of 4.

TEM was accomplished to investigate the influence of different environmental condi-

tions onto the supramolecular architecture of the host nano-containers formed by 4.

The size and form of micelles can be provided in detail by this method and therefore

information of structural modifications are directly accessible. Calixarene 4 is an ex-
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ceptional applicable candidate in TEM investigations. It shows high contrast due to its

additional aromatic building blocks at the upper rim and thus an improved quality of the

cryo-TEM micrographs.

The concentration of 4 used in the experiments was higher than 7.5 10−4 mol/L which

is clearly above the cmc (Table 3.2, 3.3). The investigations were accomplished at pH

= 7.2 (Na/K phosphate buffer), pH = 9.0 (Na borate buffer) and pH = 4.3 without pyrene.

Additional experiments were conducted at pH = 7.2 (Na/K phosphate buffer) and pH =

9.0 (Na borate buffer) in the presence of pyrene.

Aggregates Formed by Dendrocalixarene 4 at pH = 7.2

The supramolecular architectures formed by dendrocalixarene 4 containing four benza-

mide moieties which provide extra contrast are excellently visible in TEM experiments.

Clear images of the aggregates of 4 can be recorded in combination with different

staining methods.

The micrographs in a pure PTA solution at pH = 7.2 showed solely spherical micelles.

By using either a mixture of PTA and trehalose or by simply drying the sample the coex-

istence of rod-like and spherical micelles could be observed at pH = 7.2 in the images.

Both aggregate types feature low density areas in their center. This region can be at-

tributed to the micellar core as the density information of the disordered hydrophobic

alkyl chains are averaged out performing image processing. The appearance of these

low density areas is a typical feature of double layered amphiphilic architectures like

cylindrical micelles (Figure 3.44).

50 nm

pH = 7.2

Figure 3.44: Cryo-TEM image of the rod-like and spherical aggregates of 4 at pH = 7.2, the
arrows denote the swollen micellar endcaps.
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The diameter of the rod-like structures is 7.1 nm nearly twice the length of 3.2 nm corre-

sponding to the fully stretched molecule. This observation indicates that the molecules

of 4 are arranged in double layers characteristic of amphiphiles. The globular micelles

revealed a diameter of 8.4 nm which was elucidated by summarization and alignment

of 181 spherical objects from the cryo-TEM micro.

The coexistence of two different packing motifs in equilibrium at pH = 7.2 can be at-

tributed to two distinct states of aggregation of 4. This behavior was found for con-

ventional surfactants which form rods and spheres in equilibrium as a function of pH

value and ionic strength.[97] The different space demand of dendrocalixarene 4 in the

rods and spheres is indicated by swollen end caps. This structural feature is found in

the rods of 4 (arrows in Figure 3.44). The diameter of the caps coincides well with

the diameter of the spheres formed by 4. Thus the different aggregate design at pH

= 7.2 arises from two types of curvature of the calixarene units. This kind of pack-

ing difference was found before for an amphiphilic dendrofullerene with relatively rigid

units.[98] The small surface of the aggregates caused by the different architecture was

already established by the UV/Vis spectroscopy in the presence of mb (Chap. 3.2.7).

Mb dimerized at concentration ratios exceeding cmc7 (4) because the space on the

aggregates is to small for any monomerization to take place.

Both diameters are smaller then the size obtained by the PGSE NMR experiments

showing a hydrodynamic diameter of 17.4 nm for the micelles of 4 (Chap. 3.2.8).[99]

The difference is explicable by the hydration of the micelle which is measured in the

PGSE NMR experiments but omitted in the TEM micrographs.

The ultra structural organization of the spherical micelles of 4 at pH = 7.0 are similar to

those of the persistent micelles formed by 38.[41] An approach to evaluate the spatial

alignment of the single molecules of 4 in its spherical micelle is presented in figure 3.45
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3.2 nm

a) b)

Figure 3.45: a) Calculated structure of stretched 4 in its fully protonated state, b) selected
reference free class sum images from the TEM micrographs of a dried and PTA
stained sample of 4 at pH = 7.0.

The pictures show selected reference free class sum images of 11041 particles gath-

ered from cryo-TEM micrographs of a sample stained with PTA at pH = 7.0. Each of the

class sum images displays a different spatial orientation of the spherical micelles. The

inherent 3D structure is represented by different density patterns and dimensions. The

3D structure determination of the micelles is achieved by combining theses images.
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The surface representation of the reconstruction is presented in Figure 3.46.

a)

b)

c)

38

4

Figure 3.46: a) Transparent surface representation of the 3D density map calculated form
11041 images of individual micelles of 4 at pH = 7.2 in the direction of the in-
herent D2 axis; b) Fitting twelve molcular modes of 4 into the 3D density map of
the reconstructed volume, c) Spatial conformations of the headgroups of 4 and
38.

The most differenced reference free class sums show a D2 symmetry of the micelle

in which twelve fully protonated molecules of 4 can be inscribed. Nevertheless in this

case the demand for space would be slightly to small. Therefore it is assumed that

the head groups of 4 are hydrated to some extend or carry counter ions to fill the

reconstructed volume properly. In contrast to 38 the packing of the headgroups of 4

is denser due to the size of the dendrimers and the spatial alignment of the spacer

groups at the upper rim of the calixarene.
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Aggregates of 4 at pH = 9.0

Cryo-TEM micrographs were also recorded at pH = 9.0. This conditions produce solely

spherical micelles with a diameter of 6.3 nm being significantly lower than at neutral

conditions (Figure 3.47).

pH = 9.0

50 nm

Figure 3.47: Cryo-TEM image of solely spherical micelles of 4 at pH = 9.0.

The higher packing density of the molecules of 4 is a typical feature of pH dependent

compounds. The more pronounced curvature of the molecule shape is due to the mu-

tual repulsion of the fully deprotonated acid groups of the dendrons inducing a stronger

bending. This curvature induces the formation of smaller persistent micelles compared

to neutral conditions.

The big surface of these small micelles was already elucidated by the UV/Vis measure-

ments as the permanently positively charged mb monomerized on the big surface of

the micelles (Chap. 3.2.7). The persistence of the micelles is also mirrored in cmc9 (4)

which is significantly lower than cmc7 (4) (Table 3.2).

Aggregates of 4 at pH = 4.3

At pH = 4.3 dendrocalixarene 4 should be protonated completely.[100] The samples of 4

at acidic conditions are opalescent indicative for big aggregates. The structure aggre-

gates utilizing different contrasting agents are displayed in Figure 3.48
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50 nm
c)

b)

50 nm

a)

50 nm

Figure 3.48: a) spherical micelles of 4 by staining with PTA at pH = 7.0, b) hexagonal alignment
of the aggregates of 4 showing regular imperfections, c) Hexagonal structures,
loops and fibers formed by the aggregates of 4 at pH = 4.3 using a 1% PTA
staining.

The measurements revealed a strong dependence from the pH value of the contrast-

ing agent. This behavior reflects the observation at neutral and basic conditions (see

above). Using PTA at pH = 7.0 and the calixarene 4 solution at pH = 4.3 lead to small

spherical micelles (Figure 3.48 a) as detected with samples of 4 at a neutral pH value

(Fig. 3.44).

Micrometer sized plane membrane sheets mainly exhibiting a regular structure formed

if the pH value of the staining agent was adjusted to pH = 4.3 (Figure 3.48 b). The cen-

tral areas of these even aggregates are highly ordered and feature a meshed design

with a pore size of 5.0 nm. Even areas of imperfection display an ordered absence of

aggregates. The hexagonal architecture gives way to loops and fibers at the edges of

the aggregates (Figure 3.48 c). Cryo-TEM images proved that theses structures are

not due to artifacts to drying or staining procedure.

These cobweb-like highly ordered aggregates reveal a membrane thickness of 6.0 nm.

Tiltseries (-22.5◦ up to 22.5◦ in 5◦ steps) of the sheets oriented in a side view orientation

e.g. with its edge parallel to the electron beam are shown in Figure 3.49

Hence, the network is build be interconnected cylindrical components which are bifur-

cated regularly. The cross sections diameter of 6.0 nm corresponds to the dimension

of the molecular double layer of 4.
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Figure 3.49: Cryo-TEM images showing a detail of the porous membrane formed by 4 at pH
= 4.3 at different tilt angels (-22.5◦ up to 22.5◦ in 5◦ steps) featuring a membrane
layer thickness of 6.0 nm.

Aggregates of 4 in the Presence of Pyrene at pH = 7.2 and pH = 9.0

The fluorescence experiments in Chap. 3.2.5.2 revealed that the presence of pyrene

significantly changes cmc. TEM measurements were accomplished to investigate if the

architecture of the aggregates of 4 is affected by the loading with pyrene.

To a solution of 4 at the corresponding pH value an equimolar amount of pyrene was

added before submitting to the TEM experiment. This procedure yielded a slight precip-

itate indicating that not the whole quantity of pyrene could be included into the micelles

of 4.

The TEM images from the native solution at pH = 7.2 again showed the coexistence of

globular micelles and rod-like structures either with contrasting agent or at cryo-TEM

conditions. The diameter of the spherical micelles averages at 8.6 nm. This is slightly

higher than that of the unloaded micelles. The rod-like structures featuring swollen end

caps show the same behavior as without a pyrene.

The size of the micelles corresponds the the DOSY measurements showing a diame-

ter of 10.8 nm as the hydrodynamic sphere is considered in theses experiments. The

ROESY measurements (Chap. 3.1.4) with the hydrophobic model 51 of 4 revealed that

pyrene is preferentially located in the region of the dodecyl chains. This indicates that

pyrene is included into the hydrophobic core of the micelles but without distorting the

supra molecular architecture or increasing the size of the micelles.

The TEM micrographs of the micelles of 4 in the presence of pyrene at pH = 9.0 show a

distinct differing behavior compared to pH = 7.0. The loaded micelles are less uniform

compared to the unloaded at basic conditions. The cryo-TEM investigations showed

an average diameter of 6.8 nm of the globular micelles featuring the same size as their

unloaded counterparts at pH 9.0. Nevertheless a lot of micelles are present featuring a

96



3 Results and Discussion

diameter of 8.2 nm corresponding to the diameter of the unloaded globular micelles at

pH = 7.0. This behavior clearly indicates the pyrene loaded micelles adopt a different

micellar architecture at pH = 9.0.

As pointed out in the last section (pyrene loading at pH = 7.0) pyrene is involved in the

micellization process of calixarene 4. The smaller micelles accommodate pyrene at the

upper rim in the dendron region. This is facilitated by the increased cavity induced by

the mutual repulsion of the acid groups. This host guest interaction prevents a stronger

bending of the molecule entities of 4 that is necessary for small persistent micelles.

This enhanced curvature was suggested for the unloaded micelles of 4 at pH 9.0.

These TEM images above clearly corroborate that pyrene is not solely an innocent

spectator of the micellization which affirms the fluorescence measurements (Chap.

3.2.5.2). Pyrene drastically changes the architecture of the micelles formed by 4. Nev-

ertheless it can not be decided from the micrographs if pyrene is permanently included

into the aggregates or if its presence just changes the aggregation behavior of the

amphiphilic dendrocalixarene 4.

3.3 Solid State Structure of a Dibenzylcalixarene

25,27-Dibenzyl-11,23-di-t-butyl-26,28-dihydroxy-5,17-dinitrocalixarene 76 is an exam-

ple for the selective ipso nitration of calixarenes.[101] Its molecular structure is eas-

ily deducible from its crystal structure. Single crystals were grown from a mixture of

methanol and EtOAc after dissolving 76 in CHCl3 (Figure 3.50).
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Figure 3.50: Solid state structure of 76.
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This procedure yielded colorless crystals which were submitted to a crystal structure

analysis. The solid state structure of one molecule of 76 is shown in Figure 3.50. The

packing of the single molecules is attributed to inter molecular VAN DER WAALS inter-

actions. The conformation of the calixarene is such that no solvent is enclathrated in

the cage. Additionally, no solvent molecules are incorporated into the lattice formed by

the single molecules of 76. Compound 76 adopts a pinched cone conformation compa-

rable to the most structures determined for calix[4]arenes.[102] The carbon atoms of the

methylene bridges are located in one plane. The benzyl and hydroxy residues are on

the same side of this mean plane. The angle between the above defined mean plane

and the benzyl rings C52 − 56 is 87.3◦ and 76.3◦ for C62 − 66, respectively, indicating that

the diametric benzyl substituents are twisted against each other. The calixarene there-

fore adopts almost a C2v symmetry.

The shape of the calixarene cavity is stabilized by intra molecular hydrogen bonds

between the diametrically opposed hydroxy groups and the OCH2 units, respectively.

The distances between O41
...O50, O21

...O60, O60
...O41 and O21

...O50 are in the range of

common hydrogen bonds. The O atoms form a distorted rhombohedron. The dihedral

angle of the hydroxy group bearing aromatic rings (C21 − 26, C41 − 46) is 72.1◦ which

is significantly smaller than for the pinched cone structure of the 1,3-nitro-calixarene

containing pentyl instead of benzyl groups.[101] In contrast the dihedral angle formed

by the benzyl bearing aromatic rings (C11 − 16, C31 − 36) adds up to 16.0◦ being bigger

than for the pentyl calixarene.

The inter planar angles between the mean plane and the phenolic rings of the cal-

ixarene are listed below (Table 3.7).

C atoms of the phenolic rings inter planar angle
C11 − 16 81.4◦

C21 − 26 37.4◦

C31 − 36 82.7◦

C41 − 46 34.1◦

Table 3.7: Inter planar angles formed by the phenolic rings of calixarene 76 and the mean plane
of the calixarene defined by the methylene C atoms.

The angles found between the benzyl ring bearing units of the calixarene and the mean

plane are bigger than for the compound without t-butyl groups at the upper rim.[103]

Whereas the angles formed by the mean plane and the unsubstituted phenolic rings

are smaller than the values for the de-t-butylated calixarene.

The crystals of 76 show impressively that small changes in substituents can induce big
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structural changes. The presence of the t-butyl groups in 76 prevents the incorporation

of any solvents in the lattice as well as in the cavity. The structure of 76 is significantly

influenced by the strong hydrogen bonds at its lower rim. The diametric benzyl groups

at the lower rim of 76 effect a distortion of the calixarene cavity which is different from

its pentyl substituted counterpart[102] or its de-t-butylated[103] pendant.

3.4 Synthesis and Investigation of a Bis- and a

Tetra-Cyanuriccalixarenes

An important challenge of supramolecular chemistry is the design and synthesis of self-

assembled nanoscale structures. The assembly processes originates from hydrogen

bonding, π-π or ionic interaction. Based on the hydrogen bonding motif a wide range of

supramolecular structures has been build. These sorts of interactions are extensively

used by nature to create arrays which are able to self organize. These systems can re-

place building blocks in order to react flexibly on changed external conditions. Thus the

understanding of these natural processes is of great interest and biomimetic molecules

have to be synthesized and investigated. Cyanuric acid is a successful agent for the for-

mation of supramolecular hydrogen bonded structures. Proving itself to be exception-

ally successful in building artificial and stable capsules and cages used together with

melamin substituted calixarenes. [39] It is also well known that the so called HAMILTON

receptor forms stable architectures in combination with cyanuric acid.[40] The setup of

these structures can be elucidated by NMR spectroscopy. Electron and energy transfer

through the hydrogen bonds can be accomplished by attaching suitable chromophoric

electron donors and acceptors to these moieties. These donor-acceptor nanohybrides

are detectable by fluorescence quenching due to the electronic communication.[104]

In this section the synthesis route to achieve two calixarenes with cyanuric acid at the

upper or lower rim, respectively, is introduced. These calixarenes were synthesized

with the intention to build up novel supramolecular nanoscale structures via the hy-

drogen bonding motif in the presence of HAMILTON receptor derivatives. These self

aggregation phenomena can be investigated by non invasive methods like NMR spec-

troscopy or fluorescence experiments as these methods provide valuable information

about each aggregation steps.
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3 Results and Discussion

3.4.1 Synthesis

The starting reagent for the synthesis of the biscyanuriccalixarene 77 was the para-t-

butyl-calixarene (Scheme 12).
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Scheme 12: Synthesis of the bisyanuriccalixarene 77: a) IC3H7, NaH, DMF, b) i: BrCH3CO2H,
acetone, K2CO3, ii: NaOH, THF,c) 81, EDC, HOBt, DMAP, DMF.

This compound was reacted with propyl iodide using NaH as base to get the (25,27)

substituted calixarene 78.[105] In a second step the residual phenolic hydroxy groups of

78 were connected to ethylacetate via a nucleophilic substitution reaction with ethyl 2-

bromoacetate. The resulting ethylester was deprotected with 1.25 M NaOH in THF.[106]
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The free acid groups were then connected to 81 via the active ester method with EDC,

HOBt and DMAP in DMF. The pure product 77 could be obtained by a subsequent flash

chromatography in good yield.

The synthesis of the tetracyanuriccalixarene 82 started with the tetraaminocalixarene

17 which was synthesized according to known procedures (Scheme 13).[22]
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Scheme 13: Synthesis of tetra-Cyanuriccalixarene 82: a) 83, DCC, HOBt, CH2Cl2.

The subsequent coupling reaction with the cyanuric acid derivative 83 was carried out

utilizing the acitve ester method with DCC and HOBt in CH2Cl2. The used cyanuric

acid derivative 83 consists of a capronic acid spacer in order to minimize the steric

hindrance at the upper rim of the calixarene. Both compounds showed well resolved

bands in the 1H NMR spectra when dissolved in polar solvents like MeOD or DMSO.

In apolar CDCl3 the resolution was diminished and broad bands appeared as the inter

and intra molecular hydrogen bonds remain intact in this apolar solvent. Further char-

acterization was done via MALDI MS, elemental analysis and 13C NMR spectroscopy.
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3.4.2 Selfassembly Properties of the Biscyanuriccalixare ne using

a HAMILTON receptor porphyrin

Calixarene 77 features two cyanuric acid moieties at the lower rim able to establish

hydrogen bonding complexes when establishing supramolecular architectures. The

(1,3) substitution motif of 77 induces minimal steric hindrance as only two HAMILTON

receptor molecules can be bound. The cyanuric acid units are bound at the lower rim

of 77 resulting in more robust spatial alignment and flexibility due to the template effect

of the cage.

The self assembly properties of this system can excellently be evaluated via NMR

titrations. Calixarene 77 (1 eq. =̂ 1.8 10−6 mol) was dissolved in CDCl3 (400 µL) and

0.5 up to 5 equivalents of porphyrin 84[104] were added. The calixarene signals are are

rather broad and unresolved in CDCl3. Details of the titration after every addition step

are shown in Figure 3.51.
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Figure 3.51: Complexation of biscyanuriccalixarene 77 by HAMILTON porphyrin 84 after the
addition of 0.5 to 5.0 equivalents of 84.

The signals arising from the protons of the HAMILTON receptor (NH1HAM (1), NH2HAM

(2)) and the bound cyanuric acid (NHc) were assigned according to previous experi-

ments.[104] NHf denotes the signals of the protons deriving from the non complexed

HAMILTON receptor.
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A weak signal for the NH protons of complexed cyanuric acid (NHc) appears after the

addition of 1.5 equivalents of porphyrin 84 between δ = 10.75 and 11.75 (Figure 3.51).

The addition of the third equivalent results in a clear signal at δ = 12.81. This is ex-

pected as the 1:2 complex is formed and the complex formation should be completed

after the addition of three equivalents of porphyrin 84.

The NH1HAM(1) and NH2HAM(2) proton signals are shifted to higher field when porphyrin

84 is added. The NH2HAM(2) overlaps with the eight pyroll signals of the porphyrin after

the addition of five equivalents of porphyrin 84 as the integral sums up to ten protons.

The signal of the NH protons of uncomplexed 84 (NHf ) appears after the addition of

1.5 equivalents of porphyrin. NHf is shifted to higher field by increasing the amount

of 84 indicating the complete formation of the 1:2 complex. The aromatic protons of

77 (CH1, CH2) are significantly shifted due to the addition of 84. The signals of the

CH1 protons are shifted to higher field as the phenolic units are bend inward due to the

steric requirements of the HAMILTON receptor. To reduce the strain the phenolic units

bearing the CH2 protons are bend outwards and therefore their signals are shifted to

lower field.

The progress of the shift of the signals of the CH1 and CH2 protons versus the equiv-

alents of 84 is shown in Figure 3.52 featuring a sigmoidal behavior.

0 2 4 6
9.0

9.2

9.4

9.6

9.8

10.0

6.5

6.6

6.7

6.8

6.9

7.0

equivalents of

/
p
p
m

d

/
p
p
m

d

NH2HAM

CH1

CH2

NH1HAM

84

Figure 3.52: Chemical shift of NH1HAM and NH2HAM of porphyrin 84 and CHcalix of bis-
cyanuriccalixarene 77 versus the equivalents of added porphyrin 84

The plot passes into a horizontal line at three equivalents of porphyrin 84. This is ex-

pected bacause at a 1:2 ratio of 77 to 84 the complex is fully established and a further

addition of 84 yields no further complexation. This observation is corroborated by the

sigmoid signal evolution of the peaks of the NH1HAM , NH2HAM protons featuring an in-
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flection point at three equivalents of porphyrin 84 as the complex is set up completely.

The association constants were calculated by considering the following equations to

evaluate the required values.[107]

K1 : 77 + 84 ⇀↽ 77:84

K2 : 77:84 + 84 ⇀↽ 77:842

log K1 is calculated to 4.8 and log K2 is 2.2. Both constants are in the expected

range.[108]

The temperature dependence of the complex formation between 77 and 84 reveals the

dynamic character of this supramolecular assembly at a ratio of 1:5 (Figure 3.53).
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Figure 3.53: Temperature dependent 1H NMR spectrum of a 1:5 mixture of biscyanuriccal-
ixarene 77 and HAMILTON porphyrin 84.

The NH1HAM and NHf protons as well as the NHc protons show broad signals at 40◦C.

Thus the complex remains intact even at this relatively high temperature. Decreasing

the temperature yields a shift to lower field of the NH1HAM and NH2HAM signals still

featuring broad singlets even at -55◦C. The signals of the NH2HAM protons coincide

with the aromatic porphyrin signals at temperatures between -20◦C and 40◦C. The

signal of NHc is shifted to higher field by lowering the temperature nevertheless the

signal is still broad. These observations show that the equilibrium is favored toward

complex formation at low temperatures.
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3.4.3 Selfassembly of Supramolecular Architecture using t he

Tetracyanuriccalixarene and a H AMILTON Receptors

Porphyrin and a Fullerene Derivative

The cyanuric acid calixarene 82 features four cyanuric acid moieties at the upper rim.

The carboxy pentyl chains connecting the calixarene and the cyanuric acids are flexi-

ble and reduce the steric hindrance at the upper rim. Fluorescence spectroscopy and

NMR titrations were accomplished in order to evaluate the selfassembly properties of

this system. The complementary counterparts in these experiments were the HAMIL-

TON receptor porphyrin 84[104] and fullerene derivative 85[108]. They are well known

compounds and thus the assignment of the NMR signals and the fluorescence bands

can easily be accomplished.

Fluorescence Spectroscopy with Tetracyanuriccalixarene 82 and the HAMILTON recep-

tors 84 and 85

Calixarene 82 carries four cyanuric acid residues which can bind four HAMILTON re-

ceptor units. The sole binding of 84 to the calixarene would not result in any change of

the recorded fluorescence spectra. Nevertheless, if 82 is complexed four times by 84 it

should also be possible to substitute it by any other HAMILTON receptor molecule. Thus

fullerene 85[40] was used to replace 84[104]. It could be shown previously that the ad-

jacent hydrogen bonded fullerenes and porphyrins transfer energy through the bonds

of the connecting species.[104] Using this observation the substitution of porphyrin 84

by fullerene derivative 85 at the upper rim of tetracyanuriccalixarene 82 should be ob-

servable. Five permutations in complexing the HAMILTON derivatives 84 and 85 are

possible. Different equilibria have to be considered taking into account that the asso-

ciation constants of the compounds should vary. However, the overall process is the

quenching of the fluorescence energy emitted from porphyrin 84.

In the fluorescence titration one equivalent (1.1 10−5 mol) of calixarene 82 was mixed

with five equivalents (5.5 10−5 mol) of 84 to adjust complete complex formation. Sub-

sequently one to 40 equivalents of 85 were added, the solutions adjusted to 3.0 mL,

equilibrated for 45 min and fluorescence spectra recorded. As a control experiment the

same measurements were conducted without the tetracyanuriccalixarene 82.
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Figure 3.54: HAMILTON porphyrin 84[104] and fullerene derivative 85[40] serving as complexing
agents for tetracyanuriccalixarene 82

The excitation wavelength λex = 607 nm was chosen in this fluorescence experiment

because it is one of the Q-bands of the porphyrin (Figure 3.55).
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Figure 3.55: Fluorescence spectra of the addition of 1.0, 5.0, 10, 20 and 40 equivalents of
fullerene derivative 85 to a 1:5 mixture of tetracyanuriccalixarene 82 and porphyrin
84 and of the addition of 1.0, 5.0, 10, 20 and 40 equivalents of fullerene derivative
85 to porphyrin 84, λex = 607 nm.

In Figure 3.56 the quenching of fluorescence emission energy by increasing the con-

centration of calixarene 84 is plotted versus the equivalents of the titrant 85.
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Figure 3.56: Variation of the emitted intensity of porphyrin 84 versus the added eq. of 85 in the
presence of one eq. calixarene 82 and five eq. 84 and without calixarene 82.
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The values are normalized to the fluorescence intensity of complexed 84 and cal-

ixarene 82. The fluorescence intensity of porphyrin 84 decreases nearly linearly by

adding fullerene derivative 85 independent of the presence of calixarene 82. Hence,

the HAMILTON receptor compounds complex each other and the calixarene serves as

an innocent spectator although donor-acceptor interactions should be granted in the

used concentration ranges.[104] This shows that the association constant between 84

and 85 is higher than the association constant between the tetracyanuriccalixarene 82

and the HAMILTON receptor derivatives. This outcome arises from the steric hindrance

at the upper rim when one up to four HAMILTON receptor derivatives are bound.

NMR Titrations with Tetracyanuriccalixarene 82 and Porphyrin 84

The selfassembly of calixarene 82 with the HAMILTON receptor 84 was additionally in-

vestigated via a NMR titration experiment. This procedure should reveal the dynamic

character of the hydrogen bonding complex.

The solvent within these experiments was CDCl3 as stable intramolecular hydrogen

bonds are only established in apolar solvents. Herein one equivalent of calixarene 82

(7.7 10−3 mol/L) was dissolved in CDCl3 (400 µL) and one up to five equivalents of por-

phyrin 84 added. The spectrum of pure 82 shows a signal at δ = 9.17 for the free NH

protons of the cyanuric acid (NHf ) which is shifted to δ = 9.61 after the addition of two

equivalents of porphyrin 84. By adding three up to five equivalents this signal vanishes

but nevertheless no peak for the bound cyanuric acid (NHC) moiety is observed. The

signal of the complexed HAMILTON receptor (NH1HAM) is found at δ = 9.85 and slightly

shifted to δ = 9.98 at five equivalents (Figure 3.57).
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Figure 3.57: Extract of the NMR spectra of the complexation of 82 by porphyrin 84 after the
addition of 1.0 to 5.0 equivalents of 84

This experiment shows that complexation takes place although the evolution of the

signals is not strong. The signals of the 1:4 complex formed by 82 and 84 are broad.

This emanates from the four binding sites at the calixarene and the resulting flexibility

of the system.

3.4.4 Selfassembly of a Molecular Capsule Build by the Tetra -

cyanuriccalixarene and a H AMILTON Receptor alkyne

The synthesis of molecules able to self assemble spontaneously into supramolecu-

lar architectures is a challenging topic in organic chemistry. Especially the formation

of stable capsules with the ability to include guests into their cavity is extraordinar-

ily interesting. The formation of capsules by urea substituted calix[4]arenes is a well

known example.[109] These capsule consists of two urea-calix[4]arenes locked by hy-

drogen bonds. The setup of this bimolecular capsules and the inclusion of small solvent

molecules can be trapped by NMR spectroscopy. As the signal of the included guest is

shifted to a higer field compared to the pure guest dissolved in the corresponding NMR

solvent.
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In this work the synthesis of a nanoscale capsule was achieved by using the tetra-

cyanuriccalixarene 82 as the template providing the caps of the capsule.(Figure 3.58).
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Figure 3.58: Complexing agent 86[110] for 82 to set up a molecular capsule

The walls of the capsule are formed by four HAMILTON receptor derivatives 86.[110]

This receptor is formed by two acetylene units connected by a benzene unit with two

diametric directed HAMILTON receptors reducing the steric hindrance at the upper rim

due to the linear arrangement. These components should lead to a highly directional

organization to build up the capsule glued together by the potent hydrogen bonding

motif featuring a 2:4 stoichiometry of 82:86.
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Using this components 1H NMR titrations were accomplished. Herein one equivalents

corresponding to 3.98 10−3 mmol of calixarene 82 was dissolved in CHCl3 (400 µL).

One equivalent (9.95 10−4 mmol) of alkyne 86 was added four times. 1H NMR spectra

were recorded using a time delay of 45 min between every measurement. Finally

another equivalent of 82 was added to close the capsule. This procedure ensures that

the strong intramolecular hydrogen bonds between the HAMILTON receptor molecules

and the cyanuric acid units can be established. The corresponding 1H NMR spectra

are shown in Figure 3.59
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Figure 3.59: 1H NMR spectrum of the complexation of 82 by 0 eq. to 4 eq. of 86 to set up a
molecular capsule, closed capsule (top line)

Both sets of HAMILTON receptor NH protons (NH1HAM , NH2HAM ) are shifted to higher

field by adding one up to four equivalents of 86. The signal of the calixarene NH pro-

tons (NHcalix) are shifted to higher field. This signal at δ = 9.20 was assigned according

to reference calixarene 87 containing four caproic acid moieties at the upper rim. A

new signal of the NH protons of the complexed cyanuric acid (NHc) appears at δ =

13.22. It is shifted to lower field after the addition of two equivalents of alkyne 86 and

stays constant until four equivalents are added. It is shifted back to high field when the

capsule is closed and the 2:4 ratio of 82:86 is reached. The protons of the benzene

ring in between the alkyne moieties show a broad singlet at one equivalent of 86 at δ =

8.5. It splits up in two rather defined singlets at four equivalents.
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By adding the second equivalent of tetracyanuriccalixarene 82 in order to close the

capsule the NH protons of the HAMILTON receptor are shifted to lower field and the

residual NH protons feature a broad signal at about δ = 9.00. The formation of the

closed structure induces a distortion of the molecules and thus the shift of the signals.

The peak of complexed cyanuric acid is still visible which indicates that on a timely av-

erage all receptor units of 86 are bound. It can be assumed that the capsular structure

is stable on the NMR time scale. The structure is also stable over time, as a NMR

spectrum after 14 days showed no change in peak shapes.

The development of the chemical shift of the signals of the HAMILTON receptor NH

protons (NH1HAM , NH2HAM) and the NHcalix proton signals as well as the the bound

cyanuric acid (NHC) proton signals are visualized in Figure 3.60
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Figure 3.60: Development of the chemical shift of the signals of the NH1HAM and NH2HAM

protons of the HAMILTON alkyne 86 and the signals of the NHcalix protons of tetra-
cynurcalixarene 82 versus the equivalents of added HAMILTON alkin 86.

The signals of the HAMILTON receptor NH protons are shifted to higher field due to the

addition of up to four equivalents of the HAMILTON alkyne 86. Adding the second equiv-

alent of the calixarene 82 and thus closing the capsule leads to a shift of the signals to

lower field. The same observation holds for the signals of bound cyanuric acid and the

NH proton of the calixarene 82 as it has to change the structure of the cavity when the

capsule is closed.

These observations show that a complex featuring a 2:4 stoichiometry is formed. There

has also to be some kind of cooperative effect as at a 1:2 relation between calixarene

82 and alkyne 86 the signals of the NH protons are shifted forward to higher field. The
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pronounced appearance of the signals within this titration serves as another prove for

the formation of a defined supramoleculare architecture. In contrast the experiments

of calixarene 82 in the presence of 84 (Chap. 3.4.3, Figure 3.57) featured a marginal

peak evolution of any NH signal as the complex formation was weak.

To investigate the dynamic character of the capsule temperature dependent NMR mea-

surements were accomplished (Figure 3.61).
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Figure 3.61: Temperature dependent 1H NMR spectrum of a 2:4 mixture of tetracyanuriccal-
ixarene 82 and HAMILTON alkyne 86, for denomination see Figure 3.59.

At 40◦C the 2:4 capsule of 82 and 86 shows one broad signals of the HAMILTON NH

protons (NH1HAM , NH2HAM) and the calixarene NH protons. These signals are distin-

guishable at 20◦C as displayed above (Fig. 3.59). The signal of the complexed cyanuric

acid (NHc) can not be detected at about δ = 13.20 at rt. Coalescence takes place by

lowering the temperature to 0◦C and the NH signals in the region between δ = 9.50 to

10.00 are not detectable in the spectrum. The signal of the aromatic calixarene protons

vanishes completely at low temperatures. By increasing the temperature the signal ap-

pears and is sharp at 40◦C.

Cooling down to -20◦C yields the appearance of the NHc, NH1HAM (1) and NH2HAM (2)

peaks featuring broad signals. These signals become sharp accompanied by a shift to

lower field by decreasing the temperature to -50◦C. The evolution of the NHc and NHf

shows that the association-dissociation equilibrium is frozen on the NMR time scale.

At this low temperature the capsule is thermodynamically favored over the discrete

species.

The size of the capsule can be revealed by a DPGSE NMR experiment (Chap. 3.2.8).

CDCl3 was chosen as a NMR solvent in order not to disturb the capsule. The radius of

the system could be determined to be 5.8 nm at 30◦C with this method. This outcome

was tested by calculating a molecular model utilizing the MMFF standard.[55] The cal-

culation was done using a model of 82 with methyl chains instead of dodecyl chains.
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The diameter of the empty capsule determined with this method is 5.1 nm on the long

axis (Figure 3.62). Both results are in good accordance.

Figure 3.62: Molecular model of the 2:4 capsule formed by the tetracyanurcalixarene 82 and
the HAMILTON receptor alkynes 86.

Thus the DPGSE NMR experiment and the molecular modeling give clues about the

size and structure of this novel capsule formed by two calixarenes 82 and four HAMIL-

TON alkyne.

The formation of the capsule was corroborated by an inclusion experiment. Herein

neutral 1,2-dichloroethane was used as an apolar guest in NMR experiements 3.63.

In Figure 3.63 the spectra of calixarene 82 in the presence of C2H4Cl2, the capsule

build by 82 and the alkyne 86 and the capsule in the presence of 10 µL of C2H4Cl2 are

shown. The spectrum of the calixarene and C2H4Cl2 shows an extra singlet at δ = 3.70

which can be assigned to C2H4Cl2 in CDCl3. No additional signal due to any guest

inclusion into the calixarene cavity is observed. The spectrum of the capsule shows

the expected signals as described in Figure 3.59.
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3 Results and Discussion
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Figure 3.63: Extraction of the 1H NMR spectrum of calixarene 82 in the presence C2H4Cl2, the
capsule of 82 and 86 without C2H4Cl2 and in the presence of the neutral guest in
CDCl3.

After the addition of C2H4Cl2 into the solution containing the capsule two extra singlets

are observed. The peak at δ = 3.70 can again be assigned to free C2H4Cl2. Hence,

the second singlet at δ = 2.32 can be attributed to included C2H4Cl2. This dramatic

high field shift of ∆δ = 1.38 suggests that the ethane derivative is shielded by magnetic

anisotropy induced by the aromatic moieties of the capsule in close proximity. Thus the

apolar guest is most probably included into the calixarene cage. [111] The correlation of

the guest signal to the calixarene methyl signals shows that two molecules of C2H4Cl2
are included into the capsule. The exchange of the guest between the capsule and the

solvent is therefore slow on the NMR time scale.

In conclusion, it could be shown by these experiments that 82 and 86 build a stable

capsule showing a 2:4 stoichiometry. This capsule features a defined size as revealed

by the DPGSE NMR experiment and the molecular modeling. It is able to include an

apolar guest like C2H4Cl2. Thus a novel example of spontaneous self assembly by the

aid of the hydrogen bonding motif most likely found.
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4 Summary

The first part of this thesis was dedicated to the synthesis of the T-shaped malonyl

dendrocalixarenes 1, 2, 3, (Chap. 3.1.1) as well as the chromophoric terephthalic acid

spacered dendrocalixarenes 4 and 49 (Chap. 3.1.2). The desired spatial alignment of

the hydrophilic and hydrophobic groups is directed by the cage and the spacer units at

the calixarene. The hydrophilic units of the calixarenes at the upper rim are provided

by NEWKOME dendrimers either of the first or second generation using different sub-

stitution motifs at the upper rim. Hydrophobicity is introduced by four propyl or dodecyl

chains at the lower rim of the calixarenes. In addition to these novel amphiphiles a

hydrophobic model 51 of the dendroterephthalcalixarene 4 and a linear mimic 40 of

the malonyl calixarenes were synthesized. The effective synthesis of two new dye la-

beled dendritic amphiphiles 6 and 55 was accomplished (Chap. 3.1.3.1). Based on this

approach the pyrene labeled dendrocalixarene 5 was successfully synthesized (Chap.

3.1.3.3).

The efficient systematic screening of the architecture of the dendrocalixarenes 1, 2,

3, 4 as well as the the well known calixarenes 38[41] and 39 was the topic of the second

part of this thesis. A variety of physical investigations were utilized to elucidate the

supramolecular assembly and structure of these amphiphiles. The host guest chem-

istry of the deep cavity calixarene 51 was evaluated via NMR titrations and ROESY ex-

periments (Chap. 3.1.4). It was shown that 51 efficiently binds the amino acid valine via

hydrogen bonds in its deepended cage. Apolar pyrene is coordinated at the aliphatic

chains at the lower rim of 51. UV/Vis spectroscopy was used in a first approach to un-

derstand the aggregation behavior of the dendrocalixarenes 1, 2, 3, 4, 38, and 39 in the

presence of pyrene (Chap. 3.2.1). These experiments showed that the amphiphiles 39

and 3 assemble probably in vesicles because of their short propyl chains. The water

soluble calixarenes 1, 2 and 38 featuring dodecyl chains build micelles. The UV/Vis

measurements showed that the micellization of the calixarenes strongly depends on

the number of hydrophilic groups and the length of the alkyl chains. A first insight into
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the aggregation behavior of 4 was achieved by conductivity measurements showing

that this calixarene forms more stable micelles compared to the linear calixarenemimic

40 (Chap. 3.2.2, 3.2.4.1).

Fluorescence spectroscopy was accomplished to further elucidate the micellization

phenomenon (Chap. 3.2.3). Pyrene and its charged derivatives pyrene butyric acid

67 andthe ammonium salt 68 were used as probes in these investigations. The cmc

of the charged dyes 88 and 89 was determined beforehand as they are amphiphilic

compounds on their own (Chap. 3.2.4.1). Based on this knowledge it is possible to

use them below their cmc as excellent fluorescence probes. In a next step the cmc of

sodium dodecylsulfate (sds) was identified in the presence of pyrene and its charged

derivatives 67 and 68 (Chap. 3.2.4.1). This approach revealed that the cmc is strongly

dependent on the charge of the probes used to evaluate the micellization. The micelles

of sds could be destabilized with negative charged 67, tightened by using the positive

charged 68 whereas apolar pyrene showed intermediate behavior. The cmc of the lin-

ear calixarenemimic 40 was investigated in the presence of pyrene (Chap. 3.2.4.1).

These experiments additionally provided a reliable procedure for the evaluation of the

cmc of amphiphilic compounds via fluorescence spectroscopy.

Further work was then focused on the evaluation of the aggregation behavior of the

dendrocalixarenes 4 and 38 via fluorescence investigations. These calixarenes were

chosen as they are the most promising candidates for further applications in drug de-

livery or as waste recovery agents. The different structure of 4 and 38 induces different

micellization behaviors as cmcx ´s (38) are mostly lower than cmcx´s (4). The self-

labeled rod-like calixarene 4 was analyzed in different buffered or unbuffered aqueous

systems via fluorescence spectroscopy as it is fluorescent on its own (Chap. 3.2.5.1).

It showed its lowest cmc and thus the strongest intermolecular cohesion in unbuffered

solution without additives (Table 3.2). The utilization of buffer elevates cmc(4). It could

successfully be shown that the change of the pH from neutral to basic conditions mostly

lowers the cmc (Table 3.3). Fluorescence experiments with calixarene 4 in the pres-

ence of pyrene, 68 and 67 at different concentrations showed that these dyes are not

solely innocent spectators but significantly influence the cmc and thus the aggrega-

tion behavior (Chap. 3.2.5.2). Especially the positively charged 68 elevated the cmc

extremely because of the formation of COLOUMB complexes if it was used at a low

concentration. It was further shown that calixarene 4 binds up to ten molecules of 68
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(Figure 3.25). Additional work was done to evaluate the transport capacity of dendro-

calixarene 4 showing that it is an excellent nano container in respect to apolar pyrene

(Chap. 3.2.5.3). The aggregation ability of calixarene 4 was also investigated in the

presence of the photo sensitizer methylene blue as this calixarene is a potential drug

delivery system (Chap. 3.2.7). The fluorescence investigations of the T-shaped den-

drocalixarene 38 showed that it builds persistent micelles in neutral and basic media

in the presence of different concentrations of apolar pyrene and the cationic pyrene

derivative 68 (Chap. 3.2.5.4, Table 3.4). The capacity of transport of 38 is very high

with respect to pyrene (Chap. 3.2.5.5). Using the negative charged pyrenyl butyric acid

67 no micellization could be observed. The aggregation behavior of the amphiphilic

dye-labeled dendritic systems 6 and 75 was also elucidated via fluorescence spec-

troscopy showing that they form stable micelles which shield the pyrene moiety from

the environment (Chap. 3.2.6).

PGSE NMR experiments with the dendrocalixarenes 1, 2, 3, 4, 38 and 39 showed that

the hydrodynamic diameter of the vesicles or micelles formed by these calixarenes

ranges between 2.0 nm and 20 nm (Chap. 3.2.8). The size depends on the chain

length, the substitution motif of the upper-rim and the number of charges provided by

the dendrimers. This outcome was confirmed by the TEM experiments accomplished

with the dendrocalixarenes 1, 3 and 4 (Chap. 3.2.9). The supramolecular assemblies

formed by these compounds were examined at acidic, neutra and basic conditions.

The first generation malonyl spacered dendrocalixarenes 3 and 1 build double layered

structures in dependence on the pH value (Chap. 3.2.9.1). The high contrast tereph-

thaldendrocalixarene 4 shows globular or rod-like architectures in dependence from

neutral or basic conditions due to a varying packing motif (3.2.9.2). At acidic condi-

tions a regular hexagonal pattern is formed by the molecules of amphiphile 4. TEM

micro graphs of calixarene 4 in the presence of pyrene showed changes in the micellar

architecture compared to pure 4. These TEM images altogether corroborated the con-

clusions drawn from the antecedent optical investigations via fluorescence and UV/Vis

spectroscopy.

The third part of this thesis was devoted to the synthesis and investigation of the

bis- and tetracyanuriccalixarenes 77 and 82, respectively (Chap. 3.4.1). The de-

sign of these new hydrogen bonding agents was accomplished to create a new class

of supramolecular structures in combination with the HAMILTON receptor components
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85[40], 84[104] and 86[110]. NMR titrations elucidated that the molecular structure bis-

cyanurcalixaren 77 is significantly distorted due to the complexation of the HAMILTON

porphyrin 84 (Chap. 3.4.2). The tetracyanurcalixarene 82 complexes the HAMILTON

porphyrin 84 which could be proved by NMR titrations and fluorescence experiments.

The evidence of this phenomenon is not strong due to the high flexibility of the cyanuric

acid moieties (Chap. 3.4.3). The tetracyanurcalixarene 82 and the HAMILTON alkyne

derivative 86 assemble spontaneously into a defined capsule able to include an apolar

guest (Chap. 3.4.4). This behavior could be elucidated via NMR measurements, PGSE

NMR experiments and molecular modeling methods.
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5 Zusammenfassung

Der erste Teil dieser Arbeit war der Synthese der T-förmigen Dendrocalixarene 1, 2,

3 (Kap. 3.1.1) gewidmet, die eine Malonyleinheit zwischen Calixaren und Dendrimer

enthalten. Als weiteres wurden die Terephthalsäureeinheiten tragenden Dendrocal-

ixarene 4 and 49 (Kap. 3.1.2) synthetisiert. Die gewünschte räumliche Anordnung der

hydrophilen und hydrophoben Gruppen wurde dabei durch den Kelch und die Spac-

ereinheiten des Calixarens erwirkt. Die hydrophilen Einheiten am Calixaren wurden

durch NEWKOME Dendrimere der ersten und zweiten Generation in verschiedenen Po-

sitionen am oberen Kelchrand zur Verfügung gestellt. Die hydrophoben Substituenten

wurden durch vier Propyl- oder Dodecylketten am unteren Kelchrand des Calixarens

eingeführt. Ein lipophiles Modell 51 des Terephthaldendrocalixarens 4 und ein lin-

eares Abbild 40 der Malonyldendrocalixarene wurden zusätzlich zu diesen neuen Am-

phiphilen dargestellt. Die Synthese von zwei neuartigen farbstoffmarkierten dendritis-

chen Amphiphilen 6 und 55 konnte ebenfalls in guter Ausbeute durchgeführt werden

(Kap. 3.1.3.1). Basierend auf dieser Herangehensweise konnte zusätzlich das pyren-

markierte Dendrocalixaren 5 erfolgreich synthetisiert werden (Kap. 3.1.3.3).

Die effiziente systematische Untersuchung der Architektur dieser Dendrocalixarene

1, 2, 3, 4 sowie der der wohl bekannten Calixarene 38[41] und 39 war Bestandteil

des zweiten Teils dieser Arbeit. Dabei wurden verschiedene physikalische Unter-

suchungsmethoden angewendet, um die supramolekulare Organisation und die gebilde-

ten Überstrukturen dieser Amphiphile zu verstehen. Die Wirt-Gast-Chemie des Cal-

ixarens 51, das einen vergrößerten Kelch besitzt, wurde durch NMR Titrationen und

ROESY Experimente beleuchtet (Kp. 3.1.4). Es konnte gezeigt werden, dass Cal-

ixaren 51 die Aminosäure Valin durch Wasserstoffbrückenbindungen im Inneren des

Kelchs bindet. Im Gegensatz dazu wird das unpolare Pyren im Bereich der aliphatis-

chen Ketten am unteren Kelchrand von 51 assoziiert. Das Aggregationsverhalten der

Dendrocalixarene 1, 2, 3, 4, 38 and 39 wurde mit Hilfe der UV/Vis Spektroskopie in

Gegenwart von Pyren untersucht (Kap. 3.2.1). Diese Experimente konnten zeigen,
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dass die Amphiphile 3 and 39, die Propylketten tragen, Vesikel ausbilden. Die wasser-

löslichen Calixarene 1, 2 and 38, die mit Dodecylketten am unteren Kelchrand substi-

tuiert sind, bilden Mizellen. Durch diese UV/Vis Experimente konnte gezeigt werden,

dass die Mizellbildung der Calixarene stark von der Anzahl der hydrophilen Gruppen

und der Länge der Alkylketten abhängt. Ein erster Einblick in das Aggregationsver-

halten des Terephthalsäuredendrocalixarens 4 konnte durch Leitfähigkeitsmessungen

gewonnen werden. Diese zeigten, dass Calixaren 4 stabilere Mizellen bildet als das

lineare Calixarenmodell 40 (Kap. 3.2.2, 3.2.4.1).

Fluoreszenzspektroskopie wurde angewendet, um das Mizellbildungsphänomen ge-

nauer zu untersuchen (Kap. 3.2.3). Pyren und seine Derivate 68 und 67 wurden bei

diesen Experimenten als Sonde verwendet. Die cmc der geladenen Farbstoffe 68 and

67, die selbst Amphiphile sind, wurde dabei im Vorhinein bestimmt (Kap. 3.2.4.1).

Basierend auf dieser Kenntnis können sie dann unterhalb ihrer cmc als hervorra-

gende Fluoreszenzsonden verwendet werden. In einem nächsten Schritt wurde die

cmc von Natriumdodecylsulfat (sds) in der Gegenwart von Pyren und seinen ionischen

Derivaten, der Pyrenylbuttersäure 67 und dem Ammoniumsalz 68, bestimmt (Kap.

3.2.4.1). Diese Methode zeigte, dass die cmc stark von der Ladung des Indikators

abhängig ist, der zur Bestimmung der Mizellenbildung verwendet wird. Die Natrium-

dodecylsulfatmizellen wurden durch die negative Ladung der Pyrenylbuttersäure 67

geschwächt, durch die positive Ladung der Verbindung 68 stabilisiert, während un-

polares Pyren ein Verhalten zwischen den beiden Extremen zeigte. Die cmc des lin-

earen Calixarenabbilds 40 wurde in Gegenwart von Pyren untersucht (Kap. 3.2.4.1).

Durch diese Experimente konnte eine belastbare Methode für die cmc-Bestimmung

amphiphiler Verbindungen durch die Fluoreszenzspektroskopie etabliert werden.

Der Schwerpunkt der Arbeit im Weiteren lag dann auf der Evaluation des Aggrega-

tionsverhaltens der Dendrocalixarene 4 und 38 mit Hilfe der Fluoreszenzspektroskopie.

Diese Dendrocalixarenderivate wurden ausgewählt, da sie die vielversprechendsten

Kandidaten in Bezug auf weitere Anwendungen als Wirkstofftransportsysteme oder die

Wiederverwertung von Abfallprodukten sind. Die unterschiedliche Struktur von 4 and

38 rufen unterschiedliches Mizellbildungsverhalten hervor, da die cmcx´s (38) im All-

gemeinen kleiner sind als die cmcx´s (4). Das intrinsisch farbstoffmarkierte stäbchen-

förmige Calixaren 4 wurde in verschiedenen gepufferten und ungepufferten wässrigen

Systemen mit Hilfe der Fluoreszenspektrospkopie untersucht, da es von sich aus fluo-
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reszierend ist (Kap. 3.2.5.1). Diese Verbindung zeigte ihre kleinste cmc und daher den

größten intermolekularen Zusammenhalt in ungepufferter Lösung, die keine weiteren

Additive enthielt (Tabelle 3.2). Die Verwendung von Puffer erhöhte cmc(4). Es konnte

weiterhin erfolgreich gezeigt werden, dass ein Wechsel von neutralen zu basischen

Bedingungen meist die cmc verkleinert (Tabelle 3.3). Fluoreszenzexperimente mit Cal-

ixaren 4 in Gegenwart von Pyren und seinen Derivaten 67 und 68, bei verschiedenen

Konzentrationen verwendet, zeigten, dass diese Farbstoffe die cmc signifikant beein-

flussen und daher auch das Aggregationsverhalten (Kap. 3.2.5.2). Insbesondere das

positive geladene Pyrenderivat 68 erhöhte die cmc sehr stark durch die Ausbildung von

COLOUMB Komplexen, wenn es in kleiner Konzentration verwendet wird. Es konnte

auch gezeigt werden, dass Calixaren 4 bis zu zehn Moleküle von 68 aufnehmen kann

(Abbildung 3.25). Weitere Experimente wurden durchgeführt, um die Transportkapaz-

ität des Dendrocalixarens 4 zu erforschen. Diese Untersuchungen zeigten, dass es

einen hervorragenden Nanocontainer für unpolares Pyren darstellt (Kap. 3.2.5.3). Das

Aggregationsverhalten von Calixaren 4 wurde zusätzlich in Gegenwart des Fotosen-

sibilisators Methylenblau untersucht, da 4 ein potentielles Wirkstofftransportsystem ist

(Kap. 3.2.7). Die Fluoreszenzuntersuchungen mit dem T-förmigen Dendrocalixaren 38

zeigten, dass dieses Molekül persistente Mizellen ausbildet. Dies geschieht sowohl

in neutraler als auch basischer Umgebung in Gegenwart verschiedener Konzentra-

tionen des unpolaren Pyrens und des kationischen Pyrenderivats 68 (Kap. 3.2.5.4,

Table 3.4). Die Transportkapazität von Calixaren 38 in Bezug auf Pyren ist sehr hoch

(Kap. 3.2.5.5). Bei Verwendung der negativ geladenen Pyrenylbuttersäure 67 konnten

keine Mizellen beobachtet werden. Das Aggregationsverhalten der pyrenmarkierten

amphiphilen dendritischen Systeme 6 and 75 wurde ebenfalls mit Hilfe der Fluoreszen-

spektroskopie untersucht. Diese Experimente zeigten, dass diese Verbindungen sta-

bile Mizellen bilden, die ihre Pyrensubstituenten von der Umgebung abschirmen (Kap.

3.2.6).

PGSE NMR Experimente mit den Dendrocalixarenen 1, 2, 3,4, 39 und 38 zeigten, dass

die hydrodynamischen Durchmesser der Vesikel oder Mizellen, die von diesen Cal-

ixarenen gebildet werden, im Bereich zwischen 2.0 nm und 20 nm liegen (Kap. 3.2.8).

Die Größe hängt dabei von der Kettenlänge, dem Substitutionsmuster am oberen

Kelchrand und der Anzahl der Ladungen der Dendrimere ab. Dieses Ergebnis wurde

von den TEM Messungen, die mit den Dendrocalixarenen 3, 1 und 4 durchgeführt

wurden, bestätigt (Chap. 3.2.9). Die supramolekularen Strukturen dieser Verbindun-
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gen wurden unter sauren neutralen und basischen Bedingungen untersucht. Die Mal-

onyleinheiten tragenden Dendrocalixarene 1 und 3, die Dendrimere erster Generation

tragen, bilden Doppelschichtstrukturen in Abhängigkeit vom pH-Wert (Kap. 3.2.9.1).

Das hochkontrastierte Terephthaldendrocalixaren 4 zeigt kugel- und stäbchenförmige

Architekturen, da eine unterschiedliche Packung der Moleküle in Abhängigkeit vom

pH-Wert stattfindet (Kap. 3.2.9.2). Unter sauren Bedingungen bilden die amphiphilen

Moleküle von 4 ein regelmäßiges hexagonales Muster aus. TEM-Aufnahmen von Cal-

ixaren 4 in der Gegenwart von Pyren zeigten Veränderungen in der mizellaren Architek-

tur im Vergleich zur reinen Verbindung. Insgesamt bestätigten diese TEM-Aufnahmen

die Schlussfolgerungen, die vorher schon mit Hilfe der optischen Untersuchungsmeth-

oden durch Fluoreszenz- und UV/Vis-Spektroskopie gezogen wurden.

Der dritte Teil dieser Arbeit befasste sich mit der Synthese und Untersuchung der

Biscyanur- bzw. Tetracyanurcalixarene 77 und 82 (Kap. 3.4.1). Diese neuartigen

Wasserstoffbrücken ausbildenden Derivate wurden entworfen, um eine neue Genera-

tion von supramo- lekularen Strukturen in Verbindung mit den HAMILTON-Rezeptorkom-

ponenten 85[40], 84[104] und 86[110] zu etablieren . Die molekulare Struktur des Bis-

cyanurcalixarens 77 wird durch die Komplexierung mit dem HAMILTON porphyrin 84

signifikant verzerrt, wie durch NMR Titrationen bewiesen werden konnte (Kap. 3.4.2).

NMR Titrationen und Fluoreszenzexperimente mit dem Tetracyanurcalixaren 82 zeigten,

dass eine Komplexierung mit dem Porphyrin 84 stattfindet. Der Nachweis dieses Vor-

gangs ist jedoch auf Grund der hohen Flexibilität der Cyanursäureeinheiten nicht ein-

deutig (Kap. 3.4.3) Das Tetracyanurcalixarene 82 bildet zusammen mit dem HAMILTON-

Alkin- derivat 86 spontan eine definierte Kapsel, die in der Lage ist, einen unpolaren

Gast einzuschließen (Kap. 3.4.4). Dieser Vorgang konnte durch NMR Messungen,

PGSE NMR und Molekülmechanikberechnungen nachgewiesen werden.
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6.1 General Remarks

Commercial available starting materials were used as purchased. Solvents were dried

according to standard procedures. All reactions were performed at room temperature

if not otherwise specified. Reactions were monitored by thinlayer chromatography us-

ing MERCK, TLC - Aluminum foil, silica gel 60 F254. The detection of the substances

was carried out with a UV-lamp or KMnO4-solution. Column chromatography was con-

ducted with MACHEREY-NAGEL silica gel 60 M (grain size: 0.04-0.063 mm, less ac-

tive). 1H-NMR and 13C-NMR were obtained by using a BRUKER Avance 300, a JEOL

EX 400 or a JEOL JNM GX 400 spectrometer, respectively. Spectra were calibrated

to the solvent peaks as standard reference. Resonance multiplicities are referred to

as s (singlet), d (doublet), t (triplet), m (multiplet), unresolved signals as b (broad).

NMR measurements were analyzed with the software tool ACD 10.02. The determi-

nation of the association constant via NMR titrations was done with program Hype

NMR 2006 3.2.41. PGSE NMR were carried out on a JEOL A 500 equipped with an

actively shielded gradient probe head (max. gradient strength = 1.4 T/m) at 30◦C ap-

plying BPP-LED pulse sequence with a gradient pulse width δ = 1 ms and a gradient

pulse delay of 100 ms or 150 ms[112]. The gradients strength G was calibrated ac-

cording to the diffusion coefficients of HDO in D2O[113]. FAB Mass spectrometry was

performed on a MICROMASS ZABSPEC spectrometer. MALDI-TOF mass spectra

were acquired on an AXIMA-CFR plus instrument (Kratos Analytical, Manchester, UK)

or a MALDI-TOF from Shimadzu AXIMA Confidence. UV/Vis-spectroscopy was per-

formed on a specord S 600 from analytik jena; absorption maxima λmax are displayed

in nm. Fluorescence measurements were performed on a RF-5301PC spektrofluo-

rophotometer from SHIMADZU; the wavelengths of the emission maxima are given in

nm. Fluorescence and UV/Vis data was analyzed with the data analysis and graph-

ing software OriginPro 7.5 SR0. X-ray crystallographic analysis was performed on

an Enraf-Nonius MACH 3 diffractometer. Calculations were done with SHELX soft-
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ware and the graphics calculated with ORTEP-3. Ultimate analysis was performed

by combustion and gas chromatographical analysis with an EA 1110 CHNS analyzer

(CE Instruments); the outcome is presented in percent based on the calculated values.

Conductivity was measured with a Cond 340i handheld conductivity meter from WTW

with 25◦C as reference temperature. IR spectroscopy was conducted on a BRUKER

Vector 22 with an ATR RFS 100/S detector using liquid or powders substances; ab-

sorption is given in wavenumbers (cm−1). Cryo TEM measurements were performed

with a Philips CM12 transmission electron microscope (FEI company, Oregon, USA)

utilizing the Gatan (Gatan Inc., California, USA) cryoholder and stage (Model 626). The

optical sound micrographs were digitised with a Heidelberg "Primescan" drum scanner

(Heidelberger Druckmaschinen AG, Heidelberg, Germany). Alignment and automatic

classification procdures were done with the aid of IMAGCIC-5 software (Image Science

GmbH, Berlin, Germany). Cryo TEM measurements and proceeding calculations were

done in cooperation with Dr. B. Schade and PD Dr. C. Boettcher at the research center

for electron microscopy, Freie Universitaet Berlin, Germany.

6.2 Experimental Details

Fluorescence measurements with the dendrocalixarenes

Ultra pure water purchased from FLUKA was used for the cmc determination via fluo-

rescence spectroscopy. The pH 7.0 buffer solution was prepared according to [114] and

the pH 9.0 buffer purchased from Aldrich. The concentration of the pyrene derivatives

were 6.0 10 −7 mol/L or 1.2 10−6 mol/L in all sample solutions. Pyrene derivative stock

solutions were prepared to by dissolving a weighted amount of the dye in acetone. A

known amount from the corresponding pyrene derivative-acetone solution was filled

in a 25 mL flask to adjust the desired concentration. Then the acetone was removed

by a stream of nitrogen for one hour and the flask filled with the corresponding buffer

solution. To get a sample an amount of the pyrene derivative-acetone stock solution

was put in a flask and the acetone removed by a nitrogen stream for one hour. Subse-

quently the detergent sample dissolved in buffered solution was added and the mixture

allowed to equilibrate for one hour at 40◦C. Fluorescence spectroscopy was performed

with an excitation wavelengths of 330 or 333 nm. Excitation and emission slit opening

was 3 nm or 5 nm respectively. Response time was 0.1 s and scan time was 0.2 nm

in all measurements. Before measuring every sample could equilibrate for two minutes.
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Fluorescence and UV/Vis experiments with solid pyrene and the dendrocalixarenes

The dendrocalixarenes were dissolved in buffered water (Na/K phosphate) at pH =

7.0 at the required concentrations. Excess solid pyrene was added and the samples

stirred over night. Then the pyrene was filtrated utilizing a paper filter and the solutions

submitted to fluorescence analysis. Fluorescence spectroscopy was performed with

an excitation wavelengths of 333 nm. Excitation and emission slit opening was 3 nm,

response time was 0.1 s and scan time 0.2 nm. The UV/Vis samples were filtrated

using a hydrophilic syrringe filter with 45 µm pores before the measurements.

Fluorescence measurements with the cyanuric acid calixarenes

The fluorescence experiments with the cyanuric acid calixarenes were conducted in

CHCl3 with an excitation wavelength of 607 nm. The excitation and emission slit open-

ing were 3 nm and 10 nm, respectively. Response time was 0.1 s and scan time 0.2 nm

in all measurements. All samples could equilibrate for one hour before measurement.

6.3 Analysis of the cmc values determined via

fluorescence spectroscopy

Denotation of the cmc:

The subscript number at the cmc denotes the pH value used in the experiment. The

bold number in brackets before the slash denominates the compound to which the cmc

belongs. The number after the slash indicates the utilized probe:

cmcpHvalue (compound/probe )

Normalization:

I1 is the intensity of the pyrene derivative in the fluorescence experiment in the pres-

ence of the surfactant. The intensity of the pure pyrene derivative in buffered solution

at the corresponding used pH is named I0 and used to normalize the I1 intensity. The

benzamide intensity (IBA) was normalized against the highest measured intensity (IBA,

max) at the corresponding pH value.
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Linear Analysis of I1/I0 versus surfactant concentration:

The straight lines of the I1/I0 or I1/I3 ratio were linear fitted to the linear slopes at low

and high concentrations of the corresponding amphiphilic compound using the soft-

ware OriginPro 7.5 SR0. The concentrations values are always in the same range to

guarantee comparability (high: 1.0 10−4 mol/L to 9.0 10−4 mol/L, low: 8.0 10−6 mol/L to

8.0 10−13 mol/L). This method was established to quantify the fluorescence quenching

induced by the interaction between surfactant and pyrene derivative.

6.4 Experimental Procedures

The synthesis of substances para-t-butyl-calixarene[5] , 4-amino-4-[2-(tbutoxycarbonyl)-

ethyl]- heptanedioate 30[28] and 9-cascade:aminomethane[3]:(2-aza-3-oxypentylidyne)-

:propionicacid-t-butyl- ester 31[115], 7 and 8[13] were accomplished according to liter-

ature procedures. The nitrocalixarenes 9, 10, 11, 12 and 13 were synthesized fol-

lowing an uniform proce- dure.[20] The hydration of the nitro compounds with palla-

dium/charcole and hydrazine hydrate was carried out following the literature.[21] Cou-

pling these amino compounds 14, 15, 16, 17, 18 and 42 with methly malonyl chloride

and the subsequent deprotection with sodium hydroxide to the free acid 24, 25, 26, 27

and 28 and 44 was accomplished according to known procedures.[22] The precursor

calixarenes 78, 79 and 80 were synthesized according to literature procedures.[105,106].

Benzylcalixarene 76 was synthesized according to literature procedures.[101] The HAMIL-

TON receptor derivatives 84[104], 85[40], 86[110] and the cyanuric acid derivatives 81and

83[116] and the dendron 75[78] were kindly supplied by group members. The Boc pro-

tected caproic acid 90 was synthesized according to known procedures.[117]
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5,17-Di[(2-carboxyacetyl)amino-4-amino-4-[2-( t-butoxycarbonyl-

ethyl]-heptandioate-11,23-di( t-butyl)-25,26,27,28-tetradodecyloxy-

calixarene 32

R = C12H25

OO O
O

HN

R
R R R

NH

O

O

O

O
O

O

N
H

O OHN O
O

O

O

O

O
O

O

32

To a solution of compound

24 (262.0 mg, 0.19 mmol)

in DMF (20 mL) were added

EDC (218.5 mg, 1.14 mmol),

DMAP (139.5 mg, 1.14 mmol)

and HOBt (151.8 mg, 1.14

mmol). After 30 min 30

(474.2 mg, 1.14 mmol) was

added and the resulting mix-

ture stirred for 72 h. Subse-

quently the solvent was re-

moved, the crude product dissolved in CHCl3 (50 mL) and washed with citric acid

(50 mL, 10 %), then with saturated NaHCO3 (50 mL) solution and brine (50 mL) re-

spectively. Drying the organic layer over MgSO4 and reprecipitation from CHCl3/MeOH

yielded the product in 21% yield (90.0 mg, 0.041 mmol).
1H NMR (400 MHz, CDCl3, rt): δ = 0.86 (m, 12 H, CH3), 1.24 (m, 72 H, CH2), 1.33 (s,

18 H, CH3), 1.40 (s, 54 H, CH3), 1.51, 1.80 (m, 8 H, CH2), 1.90, 2.15 (m, 24 H, CH2),

2.99 (s, 8 H, CH2malonyl). 3.06 (d, 2J = 13.4 Hz, 4 H, CH2), 3.62 (t, 4 H, 3J = 6.4 Hz,

CH2O), 3.97 (t, 4 H, 3J = 8.1 Hz, 4 H, CH2), 4.38 (d, 2J = 13.2 Hz, 4 H, CH2), 6.10 (s,

4 H, CHaromNH), 7.04 (s, 4 H, CHarom-t-Bu), 7.32, 8.24 (s, 4 H, NH) ppm.
13C NMR (100.5 MHz,CDCl3, rt): δ = 14.0 (CH3), 22.6, 26.0, 26.6 (CH2), 28.0 (CH3),

29.3, 29.4, 29.6, 29.7, 29.8, 30.0, 30.1, 30.4 (CH2), 31.3 (CH2-arom), 31.7 (CH2), 31.7

(CH3), 31.88, 31.9 (CH2), 34.0 (Cquart-t-Bu), 43.4 (CH2-malonyl), 57.7 (CquartNH), 74.9,

75.3 (CH2O), 80.5 (Cquart-t-Bu), 121.3, 125.8 (CHaromH), 130.9 (CaromNH), 134.0, 135.6

(CaromCH2), 144.7 (Carom-t-Bu), 153.1, 155.4 (CaromO), 165.6, 166.9 (CO-malonyl),

172.8 (CO) ppm.

MS (FAB, NBA): m/z = 2206 [M]+.

Anal. Calcd for C134H220N4O20 (2207.20): C, 72.92 H, 10.05 N, 2.54. Found: C, 72.81

H, 9.63 N, 2.32.
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5,17-Di[(2-carboxyacetyl)amino-4-amino-4-[2-( t-butoxycarbonyl-

ethyl]- heptandioic acid-11,23-di( t-butyl)-25,26,27,28-tetradode-

cyloxycalixarene 1

R = C12H25

OO O
O

HN

R
R R R

NH

O

O

O

OH
OH

OH

N
H

O OHN O
O

O

O

O

HO
HO

HO

1

Calixarene 32 (15.0 mg, 0.007

mmol) was dissolved in formic

acid (0.5 mL) and TFA (1.0 mL)

and stirred for 12 h at rt. Re-

moving the acids yielded the

product as a yellow powder in

79 % (10.3 mg, 0.006 mmol).

1H NMR (400 MHz, D2O, buffered, rt): δ = 0.82 (m, 12 H, CH3), 1.25, 1.86, 2.09, 3.48,

4.11 (m, 124 H, CH2), 5.69 (s, 4 H, NH), 6.32, 7.07 (s, 8 H, CHarom) ppm.
13C NMR (100.5 MHz, D2O, rt): δ = 13.7 (CH3), 22.6, 26.6, 29.5, 29.6, 29.9, 30.0, 30.4,

30.8 (CH2), 31.1 (CH2-arom), 31.6, 32.0 (CH2), 33.5 (Cquart-t-Bu), 49.6 (CH2-malonyl),

58.5 (CquartNH), 69.6 (CH2O), 133.3 (CaromCH2), 153.4, 155.4 (Carom), 162.6 (Carom,

CO-malonyl), 182.7 (CO) ppm.
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5,11-Di[(2-carboxyacetyl)amino-4-amino-4-[2-( t-butoxycarbonyl-

ethyl]-heptane-dioate-di( t-butyl)ester]-17, 23-di( t-butyl)-25,26,27,

28-tetradodecyloxycalixarene 35

OO O

NH

O

HN

R
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Compound 26 (200.0 mg, 0.14 mmol) was dis-

solved in DMF (20 mL) and EDC (138.0 mg,

0.84 mmol) and DMAP (88.0 mg, 0.84 mmol)

added. After 30 min at rt 30 (483.3 mg, 1.16

mmol) was added and the resulting mixture

stirred for 24 h. Subsequently the solvent

was removed, the crude product dissolved in

CHCl3 (25 mL) and washed with citric acid (50

mL, 10 %), after that with saturated NaHCO3

(50 mL) and NaCl (50 mL) solution, respec-

tively. The organic layer was dried over

MgSO4 and after fc with EtOAc/cyclohexane

(1/1) the product was obtained in 32 % yield (101.0 mg, 0.045 mmol).
1H NMR (400 MHz, CDCl3, rt): δ = 0.85 (t, 3J = 6.6 Hz, 12 H, CH3), 1.02 (s, 18 H,

CH3), 1.24 (m, 72 H, CH2), 1.90 (m, 8 H, CH2), 1.40 (s, 54 H, CH3), 1.96 (m, 12 H,

CH2), 2.18 (m, 12 H, CH2), 3.07 (m, 8 H, CH2-malonyl, CH2), 3.82 (m, 8 H, CH2O),

4.36 (m, 4 H, CH2), 6.65, 6.69 (s, 4 H, CHaromNH), 7.03, 7.31 (s, 4 H, CHarom-t-bu),

7.99 (s, 2 H, NH), 8.45 (s, 2 H, NH) ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 14.0 (CH3), 22.6, 26.3 (CH2), 28.0 (CH3),

29.4, 29.7, 29.8, 29.9, 30.1, (CH2),30.4,30.1 (CH2-arom), 31.3 (t-Bu), 31.9 (CH2),

33.7 (Cquart -t-bu), 43.4 (CH2-malonyl), 57,7 (CquartNH), 75.3 (CH2O), 80.6 (Cquart-t-

bu), 119.6, 120.6, 125.0, 125.3 (CHarom), 131.3 (CaromNH), 133.5, 134.1, 135.0, 135.8

(CaromCH2), 144.4 (CaromNH), 153.4, 154.1 (CaromO), 165.0, 166.6 (CO-malonyl), 172.8

(CO) ppm.

MS (FAB, NBA): m/z = 2229 [M + Na]+.

Anal. Calcd for C134H220N4O20 (2207.20): C, 72.92 H, 10.05 N, 2.54. Found: C, 72.67

H, 10.10 N, 2.49.
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5,11-Di[(2-carboxyacetyl)amino-4-amino-4-[2-( t-butoxycarbonyl-

ethyl]-heptandioicacid-17,23-di( t-butyl)-25,26,27, 28-tetradode-

cyloxycalixarene 2
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HN
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Calixarene 35 (60.0 mg, 0.032 mmol) was dis-

solved in TFA (1 mL) and formic acid (1 mL) and

stirred for 12 h, removing the solvent yielded the

product as a yellow powder in 95 % (57.0 mg,

0.030 mmol).

1H NMR (400 MHz, DMSO, rt): δ = 0.78 (m, 12 H, CH3), 0.93 (s, 18 H, CH3), 1.18 (m,

78 H, CH2), 1.64 (m, 24 H, CH2), 2.15 (s, 8 H, CH2), 6.52, 6.76 (s, 4 H, CHaromNH),

7.16, 7.45 (s, 4 H, CHarom-tBu), 6.93 (s, 2 H, NH), 9.52 (s, 2 H, NH) ppm.
13C NMR (100.5 MHz, DMSO, rt): δ = 14.7 (CH3), 24.0, 26.2, 26.9, 27.1, 28.5,

30.6, 30.76, 30.83, 31.2, 31.3, 31.4, 31.5 (CH2), 31.6, 32.1 (CH2-arom), 32.3 (t-Bu),

33.4 (CH2), 34.9 (Cquart-t-bu), 43.5 (CH2-malonyl), 57.7 (CquartNH), 75.3 (CH2O), 118.8

(CHarom), 130.2 (CaromNH), 140.3 (CaromCH2), 140.8 (CaromNH), 146.1 (CaromO), 160.2

(CO-malonyl), 174.8 (CO) ppm.

IR (ATR): ν̃ = 3323, 2970, 2925, 2853, 2360, 2342, 1736, 1717, 1542, 1488, 1228,

1217 cm−1.

Anal. Calcd for C110H172N4O20 x TFA (1985.59): C, 67.75 H, 8.83 N, 2.28. O,

17.73. Found: C, 68.07 H, 9.21 N, 3.9.
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5,11,17,23-Di[(2-carboxyacetyl)amino-4-amino-4-[2-( t-butoxycar-

bonylethyl]-heptandioate-di( t-butyl)ester]-25,26,27,28-tetrapro-

pyloxycalixarene 37
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To a solution of compound

28 (499.0 mg, 0.5 mmol)

in DMF (40 mL) was added

DCC (825.0 mg, 4.00 mmol),

DMAP (489.0 mg, 4.0 mmol)

and HOBt (532.0 mg, 4.0

mmol). 30 (1.66 mg, 4.00

mmol) was added after 30

min at 0◦C and the resulting

mixture stirred for 12 h at rt.

The solvent was removed,

the crude product dissolved

in CHCl3 (50 mL) and washed with citric acid (50 mL, 10 %), after that with saturated

NaHCO3 (50 mL) and NaCl solution (50 mL), respectively. The organic layer was dried

over MgSO4. Fc with EtOAc/cyclohexane (3/7) and after that with EtOAc/cyclohexane

(2/1) yielded the product in 57% (740.0 mg, 0.29 mmol).
1H NMR (400 MHz,CDCl3, rt): δ = 0.93 (t, 3J = 7.3 Hz, 12 H, CH3), 1.42 (m, 108 H,

CH3), 1.85 (m, 8 H, CH2), 1.95, 2.19 (m, 24 H, CH2), 3.05 (d, 2J = 13.4 Hz, 4 H, CH2),

3.16 (s, 8 H, CH2malonyl), 3.76 (t, 3J = 7.2 Hz, 8 H, CH2), 4.36 (d, 2J = 13.2 Hz, 4 H,

CH2), 6.02 (s, 8 H, CHarom) 6.62 (s, 8 H, CHaromNH), 7.35, 8.78 (s, 8 H, NH) ppm.
13C NMR (100.5 MHz,CDCl3, rt): δ = 10.2 (CH3), 23.0 (CH2), 28.0 (CH3), 29.8, 30.0

(CH2), 31.0 (CH2Carom), 44.0 (CH2-malonyl), 57.3 (CquartNH), 77.2 (CH2O), 80.8 (Cquart-

t-Bu), 121.5 (CHarom), 131.0 (CaromNH), 135.2 (CaromCH2), 154.0 (CaromO), 166.1, 166.7

(CO-malonyl), 173.0 (CO) ppm.

MS (FAB, NBA): m/z = 2586 [M]+.
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5,11,17,23-Di[(2-carboxyacetyl)amino-4-amino-4-[2-( t-butoxycar-

bonylethyl]- heptandioic acid-25,26,27,28-tetrapropyl oxycalix-

arene 3
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Compound 37 (336.0 mg, 0.18

mmol) was dissolved in toluene

(15 mL) and TFA (1.92 mL)

added. The resulting reaction

mixture was stirred for 12 h and

the solvent removed. Washing

with Et2O and drying yielded the

product in 98% (325.4 mg, 0.17

mmol).

1H NMR (400 MHz, D2O, rt): δ = 0.93 (t, 3J = 7.4 Hz, 12 H, CH3), 1.89 (m, 32 H, CH2),

2.12 (m, 24 H, CH2), 3.20 (d, 2J = 13.8 Hz, 4 H, CH2), 3.65 (s, 8 H, CH2malonyl), 3.87

(t, 3J = 7.4 Hz, 8 H, CH2), 4.44 (d, 2J = 13.2 Hz, 4 H, CH2), 6.80 (s, 8 H, CHarom) ppm.
13C NMR (100.5 MHz, D2O, rt): δ = 8.9 (CH3), 23.0 (CH2), 31.6, 31.5 (CH2), 44.9

(CH2-malonyl), 58.8 (CquartNH), 77.1 (CH2O), 122.0 (CHarom), 131.0 (CaromNH), 135.9

(CaromCH2), 154.5 (CaromO), 163.2, 168.0 (CO-malonyl), 182.8 (CO) ppm.

Anal. Calcd for C92H120N8O36 H2O, TFA (2046.01): C, 55.18 H, 6.06 N, 5.48. Found:

C, 55.04 H, 5.73 N, 5.44.

133



6 Experimental Section

5,11,17,23-Di[(2-carboxyacetyl)amino-4-amino-4-[2-( t-butoxycar-

bonylethyl]-heptandioate-di( t-butyl)ester]-25,26,27,28-tetradode-

cyloxycalixarene 36
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Calixarene 91 (276.2 mg,

0.18 mmol) was dissolved

in DMF (50 mL) and HOBt

(293.1 mg, 2.16 mmol) and

DCC (453.8 mg, 2.16 mmol)

added. After 30 min stirring

30 (917.0 mg, 2.20 mmol)

was added. The reaction

mixture was stirred for fur-

ther 72 h and the DMF was

removed. The crude product

was taken up in CHCl3 (100

mL) and washed with citric acid (100 mL, 10%) and NaCl solution (100 mL). Fc with

cyclohexane/EtOAc (3/1), cyclohexane/EtOAc (1/1) and GPC with CHCl3 yielded the

product as a light yellow powder in 3% (15.5 mg , 0.005 mmol).
1H NMR (400 MHz, CDCl3, rt): δ = 0.86 (m, 12 H, CH3), 1.24 (m, 72 H, CH2), 1.42 (s,

108 H, CH3), 1.83 (m, 8 H, CH2), 1.93 (m, 24 H, CH2), 2.15 (m, 24 H, CH2), 3.05 (d,
2J = 13.8 Hz, 4 H, CH2), 3.17 (m, 8 H, CH2), 3.78 (m, 8 H, CH2), 4.35 (d, 2J = 11.7 Hz,

4 H, CH2), 6.63 (s, 8 H, CHarom), 7.39 (s, 4 H, NH), 8.84 (s, 4 H, NH) ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 14.0 (CH3), 22.6, 26.3, 27.8 (CH2), 28.0

(CH3), 29.2, 29.4, 29.7, 29.8, 29.9, 30.1 (CH2), 31.0 (CH2Carom), 31.9 (CH2), 43.8

(CH2-malonyl), 57.3 (CquartNH), 75.3 (CH2O), 80.8 (CquartCH3), 121.6 (CHarom), 130.9

(CHaromNH), 135.2 (CHaromCH2), 154.0 (CHaromO), 166.1, 166.8 (CO-malonyl), 173.0

(CO) ppm.

MS (FAB, NBA): m/z = 3114 [M + H + Na]+.

IR (ATR): ν̃ = 3014, 2970, 2360, 2342, 1736, 1718, 1558, 1542, 1364, 1229, 1217

cm−1.
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Di-tert-butyl-4-(2-(tert-butoxycarbonyl)ethyl)-4-(m alonamido)hep-

tanedioate-4-dodecyloxabenzene 45
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Compound 44 (145.0 mg, 0.4 mmol) was dissolved in

DMF (13 mL) and DCC (413.0 mg, 2.0 mmol), HOBt

(266.0 mg, 2.0 mmol) and 30 (499.0 mg, 1.2 mmol)

added. The resulting reaction mixture was stirred for 24

h at rt. Subsequently the DCU was filtrated, the crude

product dissolved in CHCl3 (50 mL) and washed with cit-

ric acid (10 %, 50 mL), saturated NaHCO3 solution and

NaCl solution (50 mL), respectively. Drying over MgSO4

and fc with hexane/EtOAc (2/1) yielded the product as a

light brown powder in 55% (167.0 mg, 0.22 mmol).
1H NMR (300 MHz, CDCl3, rt): δ = 0.85 (t, 3J = 6.7 Hz, 3 H, CH3), 1.24 (m, 16 H,

CH2), 1.33 (m, 2 H, CH2), 1.40 (s, 27 H, CH3), 1.73 (m, 2 H, CH2), 1.98 (m, 6 H, CH2),

2.21 (m, 6 H, CH2), 3.23 (s, 2 H, CH2-malonyl), 3.89 (t, 3J = 6.6 Hz, 2 H, CH2), 6.81

(d, 3J = 9.0 Hz, 4 H, CHarom), 7.12 (s, 1 H, NH), 7.40 (d, 3J = 9.0 Hz, 4 H, CHarom),

9.26 (s, 1 H, NH) ppm.
13C NMR (300 MHz, CDCl3, rt): δ = 14.1 (CH3), 22.7, 24.9, 25.6, 26.0 (CH2),

28.0 (CH3), 29.3, 29.4, 29.6, 29.7, 29.9, 31.9, 33.9 (CH2), 43.8 (CH2-malonyl), 58.0

(CquartNH), 68.2 (CH2O), 80.8 (CquartCH3), 114.7, 121.9 (CHarom), 130.5 (CHaromNH),

156.1 (CHaromO), 164.8, 167.4 (C-malonyl), 172.7 (CO) ppm.

IR (ATR): ν̃ = 2971, 2930, 2852, 2360, 2342, 1732, 1541, 1489, 1457, 1366, 1230,

1217, 1105, 848 cm−1.
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4-(2-carboxyethyl)-4-(malonamido)heptanedioic acid-4 -dodecyl-

oxabenzene 40
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Compound 45 (167.0 mg, 0.22 mmol) was dissolved in

toluene (3 mL) and TFA (2.0 mL, 22.0 mmol) was added.

The resulting mixture was stirred for 3 h at rt, the solvent

removed and the product reprecipitated with Et2O in 99 %

yield (140.0 mg, 0.22 mmol).

1H NMR 300 MHz, DMSO, rt): δ = 0.85 (t, 3J = 6.7 Hz, 3 H, CH3), 1.24 (s, 16 H, CH2),

1.38 (m, 2 H, CH2), 1.67 (m, 2 H, CH2), 1.83 (m, 6 H, CH2), 2.14 (m, 6 H, CH2), 3.20 (s,

2 H, CH2-malonyl), 3.90 (t, 3J = 6.4 Hz, 2 H, CH2), 6.85 (d, 3J = 9.0 Hz, 2 H, CHarom),

7.45 (d, 3J = 9.0 Hz, 2 H, CHarom), 7.47 (s, 1 H, NH), 9.87 (s, 1 H, NH), 12.06 (s, 3 H,

COOH) ppm.
13C NMR (100.5 MHz, DMSO, rt): δ = 14.0 (CH3), 22,1, 25,5, 28.7, 29.0, 29.04, 31.3

(CH2), 45.1 (CH2-malonyl), 56.7 (CquartNH), 67.6 (CH2O), 114.5, 120.7 (CHarom), 132.2

(CHaromNH), 154.8 (CHaromO), 165.7, 166.4 (CO-malonyl), 174.6 (CO) ppm.

IR (ATR): ν̃ = 3334, 3080, 2923, 2853, 2361, 2342, 1709, 1624, 1553, 1511, 1416,

1291,1237, 830 cm−1.

Anal. Calcd for C31H48N2O9 x 0.5 H2O (601.73): C, 61.88 H, 8.21 N, 4.66 O, 25.26

. Found: C, 62.10 H, 8.20 N, 4.81.
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Methyl-4-(chlorocarbonyl)benzoate 46

O

OO

Cl

2

46

4-(Methoxycarbonyl)benzoic acid (540.1 mg, 3.0 mmol) was dis-

solved in thionyl chloride (5.5 mL) and some drops of DMF were

added. The reaction mixture was then heated to 70◦C for 4 h, the

solvent removed and the product was immediately used without

further analysis.

Methoxyterephthalcalixarene 92
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Methyl 4-(chlorocarbonyl)benzoate (595.8 mg, 3.0

mmol) was dissolved in THF (10 mL), NEt3 (826.0

µL, 5.96 mmol) was added and the mixture cooled to

0◦C. Compound 17 (576.0 mg, 0.50 mmol) was dis-

solved in THF (10 mL) and added drop wise to the

acid chloride 46. After stirring for 8 h at rt the sol-

vent was removed under reduced pressure and the

crude product dissolved in CHCl3 (25 mL), washed

with saturated NaHCO3 (25 mL) and NaCl solution

(25 mL), respectively. The organic solution was dried

over MgSO4 and the pure product obtained after fc with cyclohexane/EtOAc (4/3) as

a yellow powder in 86 % yield (1.30 g, 0.74 mmol). 1H NMR (400 MHz, CDCl3, rt):

δ = 0.85 (t, 3J = 6.7 Hz, 12 H, CH3), 1.25, 1.35 (m, 72 H, CH2), 1.88 (m, 8 H, CH2), 3.14

(d, 2J = 13.7 Hz, 4 H, CH2), 3.85 (m, 8 H, CH2), 3.89 (s, 12 H, CH3), 4.44 (d, 2J = 13.3

Hz, 4 H, CH2), 7.00 (s, 8 H, CH), 7.71 (d, 3J = 8.3 Hz, 8 H, CH), 7.84 (d, 3J = 8.3 Hz, 8

H, CH), 8.15 (s, 4 H, NH) ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 14.0 (CH3), 22.6, 26.3, 29.7, 29.78, 29.8, 29.95,

29.98, 30.2 (CH2), 31.1 (CH2Carom), 31.9 (CH2), 52.3 (CH3), 75.4 (CH2O), 121.4 (CarH),

127.1 (Car H-terephthal), 129.7 (Car NH), 131.6 (CaromH-terephthal), 132.6 (CaromCO2),

135.4 (CaromCH2), 138.3 (CaromNHCO), 154.1 (CaromO), 164.8, 166.2 (CO) ppm.

MS (FAB, NBA): m/z = 1806 [M]+

IR (ATR): ν̃ = 3327, 2970, 2924, 2853, 2360, 2342, 1733, 1718, 1670, 1653, 1541,

1488, 1458 1281, 1217, 1019, 870 cm−1.

Anal. Calcd for C112H148N4=16 (1806.39): C, 74.47 H, 8.26 N, 3.10. Found: C, 73.19 H,

8.19 N, 3.18.
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Terephthalcalixarene 50
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O OH

R = C12H25

32

50

Powdered 92 (1.3 g, 0.7 mmol) was dissolved in THF

(50 mL), H2O (3.0 mL) and 142.0 mg LiOH (142.0 mg,

5.9 mmol) were added and the suspension heated to

60◦C. After 12 h the reaction mixture was neutralized

with HCl (1 M), the solvent removed and the product

filtrated and washed with water. After drying the prod-

uct was obtained as a yellow powder in 95 % yield

(1.2 g, 0.7 mmol).

1H NMR (300 MHz, THF, rt): δ = 0.90 (m, 12 H, CH3), 1.32, 1.47 (m, 72 H, CH2), 2.04

(m, 8 H, CH2), 3.22 (d, 2J = 12.8 Hz, 4 H, CH2), 3.98 (t, 3J = 7.5 Hz, 8 H, CH2), 4.55 (d,
2J = 12.8 Hz, 4 H, CH2), 7.33 (s, 8 H, CH), 7.71 (m, 16 H, CH), 9.51 (s, 4 H, NH) ppm.
13C NMR (100.5 MHz, THF, rt): δ = 14.6 (CH3), 23.7, 27.6, 30.6, 30.9, 31.0,

31.7, 31.22, 31.24 (CH2), 31.4 (CH2-arom), 33.1 (CH2), 76.5 (CH2O), 121.7 (CaromH),

128.5 (CaromH-terephthal), 130.5 (CaromH-terephthal), 134.2 (CaromCONH), 134.7

(CaromCO2H), 135.4 (CaromCH2), 140.5 (CaromNHCO), 154.1 (CaromO), 164.8, 166.2

(CO) ppm.

IR (ATR): ν̃ = 2970, 2923, 2853, 2360, 2342, 1736, 1717, 1558, 1374, 1364, 1229,

1217, 1113, 1017, 870, 796 cm−1.

Anal. Calcd for C108H140N4O16 x CDCl3 (1750.28): C, 69.89 H, 7.65 N, 3.00. Found: C,

69.73 H, 8.06 N, 3.20.
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Dendroterephthalcalixarene 48
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R = C12H25 48

Calixarene 50 (975.1 mg, 0.5

mmol), HOBt (332.8 mg, 2.5

mmol), DMAP (365.8 mg, 2.5

mmol), EDC (479.3 mg, 2.5

mmol) were dissolved in DMF

(35 mL). After 30 min 30 (1.7

g, 4.0 mmol) was added and

stirred for 72 h at rt. Then the

solvent was removed, the crude

product dissolved in EtOAc (50

mL) and the precipitated DCU fil-

trated. The filtrate was washed

with citric acid (10 %, 50 mL)

and saturated NaCl solution (50 mL). Drying with MgSO4 and fc with cycohex-

ane/EtOAc (2/1) up to pure EtOAc gave the product in 58 % yield (961.0 mg, 0.29

mmol). 1H NMR (400 MHz, CDCl3, rt): δ = 0.85 (m, 12 H, CH3), 1.25 (m, 72 H, CH2),

1.39 (s, 108 H, CH3), 1.88 (m, 8 H, CH2), 2.13 (m, 24 H, CH2), 2.30 (m, 24 H, CH2),

3.17 (d, 2J = 13.6 Hz, 4 H, CH2), 3.87 (t, 3J = 6.6 Hz, 8 H, CH2), 4.46 (d, 2J = 13.4 Hz,

4 H, CH2), 7.04 (s, 8 H, CH), 7.34 (s, 4 H, NH), 7.66 (m, 16 H, CH), 8.05 (s, 4 H, NH)

ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 14.0 (CH3), 22.6, 26.3 (CH2), 28.0 (CH3),

29.3, 29.7, 29.8, 29.8, 29.9, 30.2 (CH2), 31.3 (CH2Carom), 31.9 (CH2), 58.2 (CquartNH),

75.4 (CH2O), 80.7 (CquartCH3), 120.7 (CaromH), 127.1, 127.4 (CaromH-terephthal),

131.9 (CaromCONH), 135.6 (Carom.CO2H), 136.7 (CaromCH2), 138.1 (CaromNHCO), 154.1

(CaromO), 164.8, 166.4 (CO) ppm.

MS (MALDI-TOF, cinnamic acid): m/z = 3364 [M + Na + H]+

IR (ATR): ν̃ = 2970, 2927, 2854, 2360, 2342, 1733, 1670, 1557, 1473, 1418, 1366,

1228, 1217, 1100, 1018, 848, 801 cm−1.

Anal. Calcd for C196H296N8O36 (3340.48): C, 70.47 H, 8.93 N, 3.35. Found: C, 69.78

H, 8.81 N, 3.51.
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Dendroterephthalcalixarene 4
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4

Compound 48 (831.0 mg, 0.25 mmol)

was dissolved in formic acid (63 mL)

and stirred for 12 h. After removing

the solvent and drying under reduced

pressure the product was obtained as

a yellow powder in 92 % yield (605.0

mg, 0.23 mmol).

1H NMR (400 MHz, DMSO, rt): δ = 0.87 (m, 12 H, CH3), 1.28, 1.42 (m, 72 H, CH2),

2.02 (m, 24 H, CH2), 2.20 (m, 24 H, CH2), 3.23 (d, 2J = 12.5 Hz, 4 H, CH2), 3.94 (t, 3J

= 7.3 Hz, 8 H, CH2), 4.48 (d, 2J = 12.0 Hz, 4 H, CH2), 7.34 (s, 8 H, CH), 7.57 (s, 4 H,

NH), 7.82 (d, 8 H, 3J = 8.0 Hz, CH), 7.82 (d, 8 H, 3J = 8.0 Hz, CH), 9.95 (s, 4 H, NH)

ppm.
13C NMR (100.5 MHz, DMSO, rt): δ = 13.8 (CH3), 22.2, 26.1, 28.2, 29.0, 29.4, 29.5,

29.6, 29.7, 29.8, 29.9, 31.5 (CH2), 57.5 (Cquart-NH), 75.3 (CH2O), 121.3 (CaromH),

127.42, 127.44 (CaromH-terephthal), 133.3 (CaromCONH), 134.2 (Carom.CO2H), 137.1

(CaromCH2), 137.9 (CaromNHCO), 152.5 (CaromO), 164.5, 166.1, 174.7 (CO) ppm.

MS (MALDI-TOF, cinnamic acid, TFA): m/z = 2689 [M + Na]+

IR (ATR): ν̃ = 2921, 2853, 2360, 2342, 1716, 1652, 1541, 1466, 1417, 1217, 1111,

1018, 864 cm−1.

UV/Vis (water, buffer, pH = 9): λmax [nm] = 232, 291; ǫ (L/mol cm) = 28846 (280)

Anal. Calcd for C148H200N8O36 (2667.20): C, 66.65 H, 7.56 N, 4.20. Found: C, 65.70

H, 7.52 N, 4.37.

140



6 Experimental Section

Valindendrone 93
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L-Z-Valin (251.3 mg, 1.0 mmol), HOBt

(159.9 mg, 1.2 mmol), DMAP (146.80 mg,

1.2 mmol) and DCC (247.60, 1.2 mmol)

were dissolved in DMF (10 mL) and af-

ter 30 min 31 (1.73 g, 1.20 mmol) was

added. The reaction mixture was stirred

for 12 h under nitrogen atmosphere. Then

the solvent was removed and EtOAc (25

mL) was added to precipitate DCU. After

filtration the crude product was washed

with citric acid (10 %, 25 mL), saturated

NaHCO3 and NaCl solution (25 mL), re-

spectively, and dryed with MgSO4. Fc with

EtOAc/cyclohexane (1/1) gave the product as a white powder in 61 % yield (1.23 g,

0.74 mmol).
1H NMR (300 MHz, CDCl3, rt): δ = 0.84 (d, 3 H, 3J = 6.8 Hz, CH3), 0.92 (d, 3 H,
3J = 6.8 Hz, CH3), 1.34 (s, 81 H, CH3), 1.92, 2.07, 2.16 (m, 48, CH2), 3.45 (m, 1 H,

CHCONH), 3.77 (m, 1 H, CH-i-propyl), 5.06 (s, 2 H, CH2), 5.86 (d, 1 H, 3J = 6.0 Hz,

NH), 6.02 (s, 3 H, NH), 7.25 (m, 5 H, CHarom), 8.03 (s, 1 H, NH) ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 17.5, 19.2 (CH3-i-propyl), 26.6 (CH2), 27.8

(CH3), 29.5, 29.7, 30.8 (CH2), 31.2 (CH-i-propyl), 57.1, 57.8 (CquartNH), 61.8 (CHNH),

66.6 (CH2-benzyl), 80.3 (CquartCH3), 127.5, 127.7, 128.3 (CH-benzyl), 136.7 (Cquart-

benzyl), 156.8 (NH-CO-O), 171.6, 172.6, 172.9 (CO) ppm.
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Valinedendron 47
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47

HCl (3 M, 5 mL) was added to a solution of

compound 93 (1.2 g, 0.72 mmol) in EtOAc (25

mL). After 8 h at rt the solvent was removed

and the product dissolved in CHCl3 (50 mL)

and the organic phase was washed with satu-

rated NaHCO3 and NaCl solution (50 mL), re-

spectively. After drying with MgSO4 and dry-

ing in vacuum the product was obtained as a

white powder in 68 % yield (761 mg, 0.49 mmol).

The product was immediately reacted further to

prefent detertbutylation.

1H NMR (300 MHz, CDCl3, rt): δ = 1.03 (m, 6 H, CH3), 1.36 (s, 81 H, CH3), 1.88, 2.13,

2.16 (m, 48, CH2), 3.58 (s, 1 H, CH), 3.96 (bs, 1 H, CH), 6.04 (s, 1 H, NH), 6.60 (s, 2

H, NH), 8.23 (s, 3 H, NH) ppm.
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Valinterephthalcalixarene 49
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Calixarene 50 (111.3 mg, 0.064 mmol) was dissolved in DMF (5 mL) andDMAP (39.1

mg, 0.32 mmol), HOBt (42.6 mg, 0.32 mmol) and EDC (61.3 mg, 0.32 mmmol) were

added. The reaction mixture was cooled to 0◦C and 47 (685.0 mg, 0.45 mmol) in

CH2Cl2 (2 mL) was added. After 72 h the solvent was removed, the crude product dis-

solved in CHCl3 (20 mL) and washed with citric acid (20 mL, 10 %) and saturated

NaCl solution (20 mL). The product was dryed with MgSO4 and fc with cyclohex-

ane/EtOAc (2/1 to pure EtOAc) yielded the product in 50 % (250 mg, 0.032 mmol).
1H NMR (400 MHz, CDCl3, rt): δ = 0.83 (m, 12 H, CH3), 0.99 (m, 24 H, CH3-i-propyl),

1.23 (m, 72 H, CH2), 1.38 (m, 332 H, CH2, CH3), 1.84, 1.88, 2.12 (m, 192 H, CH2), 2.81

(m, 12 H, NH), 3.23 (d, 2J = 12.5 Hz, 4 H, CH2), 3.44 (m, 4 H, CH), 3.94 (t, 3J = 7.3

Hz, 8 H, CH2), 4.21 (m, 4 H, CH), 4.48 (d, 2J = 12.0 Hz, 4 H, CH2), 7.34 (s, 8 H, CH),

7.57 (s, 4 H, NH), 7.82 (d, 8 H, 3J = 8.0 Hz, CH), 7.82 (d, 8 H, 3J = 8.0 Hz, CH),9.95

(s, 4 H, NH) ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 14.0, 14.1, 17.6 (CH3), 19.3, 20.9, 22.6,

24.8, 25.5, 26.8, 27.7, 27.8 (CH2), 28.0 (CH3), 28.1, 29.3, 29.7, 29.73, 29.8, 29.9,

30.1, 30.9 (CH2), 31.3 (CH2Carom), 31.9 (CH2), 33.7 (CH), 57.2, 57.22, 57.9 (Cquart-

NH), 60.3 (CH), 77.2 (CH2O), 127.5 (CaromH), 127.8, 127.9 (Car H-terephthal), 128.4

(CaromCONH), 132.2 (CaromCO2H, CaromCH2), 136.8 (CaromNHCO), 157.1 (CaromO), 171.2,
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171.9, 172.9, 173.0, 173.1 (CO) ppm.

MS (MALDI-TOF, cinnamic acid, TFA): m/z = 7776 [M - t-butyl]+

IR (ATR): ν̃ = 3503, 2931, 2360, 2341, 1733, 1541, 1473, 1367, 1229, 1152, 848

cm−1.

Anal. Calcd for C433H704N24 CDCl3 (7834.31): C, 65.38 H, 8.95 N, 4.23. Found: C,

65.45 H, 8.41 N, 4.23.

5,11,17,23-Tetra(carboxyphenylamino)-25,26,27,28-te tradodecyl-

oxycalix[4]arene 51

R = C12H25

OO O

HN

O

HN

R
R R R

HN
NHO O

O

O

51

Benzoic acid (160.0 mg, 1.28 mmol) was dissolved in DMF

(10 mL).DCC (270.0 mg, 1.28 mmol), DMAP (160.0 mg,

1.28 mmol) and HOBt (170.0 mg, 1.28 mmol) were added

at 0◦C and stirred for 15 min. Subsequently calixarene 17

(250.0 mg, 0.21 mmol) was added and the reaction mix-

ture stirred for further 12 h. The solvent was removed,

the crude product dissolved in CHCl3 (100 mL) and fil-

trated from DCU. The organic phase was washed with cit-

ric acid (10 %, 100 mL), saturated NaHCO3 solution and NaCl solution (100 mL), re-

spectively, the organic solution dryed over MgSO4 and the product reprecipitated with

CHCl3/MeOH yielding 30 % (100.0 mg, 0.07 mmol).
1H NMR (400 MHz, CDCl3, rt): δ = 0.86 (t, 3J = 6.3 Hz, 12 H, CH3), 1.31 (m, 72 H,

CH2), 1.92 (m, 8 H, CH2), 3.16 (d, 2J = 13.4 Hz, 4 H, CH2), 3.87 (t, 8 H, 3J = 7.4 Hz,

CH2), 4.45 (d, 2J = 13.2 Hz, 4 H, CH2), 6.97 (s, 8 H, CH), 7.22 (m, 8 H, meta-CH), 7.33

(t, 4 H, 3J = 7.3 Hz, para-CH), 7.67 (d, 8 H, 3J = 7.4 Hz, ortho-CH),7.92 (s, 4 H, NH)

ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 14.1 (CH3), 22.7, 26.4, 29.4, 29.77, 29.8,

29.9, 30.0, 30.3 (CH2), 31.2 (CH2Carom), 32.0 (CH2), 75.5 (CH2O), 121.4 (CaromH),

127.0 (CaromH-o), 128.5 (CaromNH), 131.4, 131.8 (Carom-p, -m), 134.7 (CaromCH2), 135.2

(Cquart), 153.8 (CaromO), 165.6 (CO) ppm.

MS (MALDI-TOF, cinnamic acid): m/z = 1597 [M + Na]+

IR (ATR): ν̃ = 2923, 2852, 2360, 2342, 1652, 1602, 1540, 1467, 1416, 1216, 1029,

1001 cm−1.

Anal. Calcd for C104H140N4O8 x 0.4 CDCl3 (1574.25): C, 77.29 H, 8.75 N, 3.45. Found:

C, 77.44 H, 8.87 N, 3.63.

144



6 Experimental Section

Benzyl Acrylate 94
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To synthesize the benzylester 94 acrylic acid (3.81 mL, 55.50

mmol) was dissolved in DMF (300 mL) and benzylbromid (8.6 mL,

72.2 mmol) and K2CO3 as base (11.7 g, 83.3 mmol) were added.

The reaction mixture was stirred at 100 ◦C for 8 h. After evapo-

ration the crude product was dissolved in CHCl3 (200 mL), washed with water (200

mL) and saturated NaCl solution (200 mL). Finally the organic phase was dried over

MgSO4. The product was obtained by fc with cyclohexane/EtOAc (9/1) as a colorless

oil in 70 % yield (6.28 g, 38.7 mmol).
1H NMR (400 MHz,CDCl3, rt): δ = 5.19 (s, 2 H, CH2), 5.83 (dd, 1J = 1.5 Hz, 3J = 10.4,

1 H, CH), 6.16 (dd, 1 H, CH), 6.44 (dd, 3J = 15.0 Hz, 3J = 18.0 Hz,1 H, CH), 7,36 (m,

5 H, CH) ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 66.3 (CH2), 128.27, 128.3, 128.4 128.6 (CHarom,

CH2,olefin), 131.1 (CHolefin), 135.8 (Cquart.), 166.0 (CO) ppm.

Benzyl 4-nitrobutanoate 95

O

O
O2N

95

Benzyl acrylate 94 (6.3 g, 38,7 mmol) was dissolved in

MeNO2 (200 mL) before adding DIEA (421.0 µL). The re-

sulting mixture was stirred at 70◦C for 8 h. The product was

purified by fc with cyclohexane/EtOAc (5/1). The product

was obtained as a colorless oil in 83 % yield (7.2 g, 32.3 mmol).
1H NMR (300 MHz,CDCl3, rt): δ = 2.31 (m, 2 H, CH2), 2.50 (t, J = 6.8 Hz, 2 H, CH2),

4.45 (t, J = 6.8 Hz, 2 H, CH2), 5.12 (s, 2 H, CH2), 7.34 (m, 5 H, CH) ppm.
13C NMR (300 MHz, CDCl3, rt): δ = 22.3, 30.4, 66.7, 74.2 (CH2), 128.3, 128.4, 128.6

(CH), 135.5 (Cquart.), 171.6 (CO) ppm.

MS (FAB, NBA): m/z = 224 [M + H]+.
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4-(2-((Benzyloxy)carbonyl)ethyl)-4-nitroheptanedioa te 96
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Triton-B (150.0 µL, 40% MeOH) was added to a solution of

95 (1.9 g, 8.7 mmol) in t-butyl acrylate (10 mL) and stirred

for 16 h. Thereafter the solvent was removed and the result-

ing oil column chromatographed with cyclohexane/EtOAc

(4/1) in 49 % yield (2.0 g, 4.3 mmol).

1H NMR (300 MHz, CDCl3, rt): δ = 1.42 (s, 18 H, t-Bu), 2.18 (m, 8 H, CH2), 2.23 (m, 2

H, CH2), 2.34 (m, 2 H, CH2), 5.09 (s, 2 H, CH2-benzyl), 7.33 (m, 5 H, CH) ppm.
13C NMR (300 MHz, CDCl3, rt): δ = 26.9 (CH2), 28.0 (CH3), 28.7, 30.2, 30.3 (CH2),

66.8 (CH2-benzyl), 81.2 (Cquart), 92.0 (CquartNH), 135.4, 128.6, 128.4, 128.3 (CHarom),

171.0, 171.6 (CO) ppm.

4-(2-((Benzyloxy)carbonyl)ethyl)-4-nitroheptanedioi c acid 97

O
O2N

OH

OH

O

O

O

97

Compound 96 (2.0 g, 4.3 mmol) was dissolved in formic acid

(35 mL) and stirred for 16 h. Evaporation of the solvent and

drying yielded a yellow oil in 96 % (1.50 g, 4.10 mmol).

1H NMR (300 MHz,CDCl3, rt): δ = 2.30 (m, 10 H, CH2), 5.09 (m, 2 H, CH2), 7.32 (m,

5 H, CH), 9.39 (OH) ppm.
13C NMR (300 MHz, CDCl3, rt): δ = 28.4, 28.5, 29.1, 31.0 (CH2), 67.0 (CH2), 92.0

(Cquart.-NO2), 128.5, 128.6, 129.0 (CHarom), 135.3 (Cquart), 171.7 (CO), 177.9 (CO2H)

ppm.
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98

Dendron 97 (1.1 g, 2.9 mmol), DCC (1.3

g, 6.3 mmol) and HOBt (1.2 g, 6.3 mmol)

were dissolved in DMF (50 mL). After 0.5 h

was 30 (2.60 g, 6.3 mmol) added and stirred

for 24 h. The reaction mixture was filtrated

from DCU and the solvent removed under re-

duced pressure, dissolved in CHCl3 (50 mL),

washed with citric acid (50 mL, 10 %), satu-

rated NaHCO3 (50 mL) and NaCl solution (50 mL), respectively. The organic phase

was dried over MgSO4. After that the solvent was removed under reduced pressure

and the product purified by fc with cyclohexane/EtOAc (2/1) in 78 % yield (2.6 g, 2.2

mmol).
1H NMR (300 MHz, CDCl3, rt): δ = 1.38 (s, 54 H, t-Bu), 1.90 (m, 12 H, CH2), 2.05

(m, 4 H, CH2), 2.16 (m, 18 H, CH2), 2.34 (m, 2 H, CH2NO2), 5.07 (s, 2 H, CH2-benzyl),

6.10 (s, 2 H, NH), 7.30 (m, 5 H, CH-benzyl) ppm.
13C NMR (75 MHz, CDCl3, rt): δ = 26.8 (CH2), 28.0 (CH3), 29.7, 29.9, 31.2, 31.2

(CH2), 57.5 (Cquart.NH), 80.6 (Cquart), 92.3 (CquartNO2), 128.20, 128.23, 128.5 (CHarom),

135.5 (Cquart), 170.0, 171.8, 172.7 (CO) ppm.

MS (FAB, NBA): m/z = 1163 [M + H]+.
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53

To achieve the free acid of 98 (2.60 g, 2.23

mmol) it was dissolved in EtOH (100 mL).

Then Pd/C (433 mg, 10%) was added and

the mixture hydrogenated at normal pres-

sure. After 24 h the reaction was completed

and the solvent removed, yielding the prod-

uct as a white powder in 99 % (2.4 g, 2.2

mmol).
1H NMR (400 MHz, CDCl3, rt): δ = 1.36 (s, 54 H, t-Bu), 1.88 (m, 12 H, CH2), 2.06 (m,

4 H, CH2), 2.14 (m, 18 H, CH2), 2.28 (m, 2 H, CH2), 6.24 (s, 2 H, NH) ppm.
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13C NMR (100.5 MHz, CDCl3, rt): δ = 27.9 (CH3), 28.2, 29.2, 29.7, 29.9, 31.1,

31.2 (CH2), 57.5 (Cquart.NH), 66.7 (CH2-bnezyl), 80.8 (Cquart ), 92.9 (Cquart.-NO2), 170.9,

173.1 (CO), 174.6 (CO(OH)) ppm.

Pyrenyldendron 54

O

NO2

NH

HNO

O

HN

O

O

O

OO

O

O

O

O O

O

O

40

54

Compound 53 (211.00 mg, 0.19 mmol), EDC

(37.0 mg, 0.29 mmol) and HOBt (31.0 mg,

0.29 mmol) were dissolved in DMF (10 mL).

After 0.5 h DMAP (63.00 mg, 0.29 mmol) and

pyrenyl amino methane hydrochloride (629.0

mg, 0,19 mmol) were added and stirred for

further 12 h. The solvent was removed un-

der reduced pressure and the crude product

dissolved in CHCl3 (20 mL), washed with cit-

ric acid (20 mL, 10 %), with saturated NaHCO3 (20 mL) and the same amount NaCl

solution. The organic solution was dried over MgSO4. Column chromatography with

cyclohexane/EtOAc yielded the pure product in 50 % (35/65).
1H NMR (400 MHz, CDCl3, rt): δ = 1.36 (s, 54 H, CH3), 1.88 (m, 12 H, CH2), 2.14 (m,

18 H, CH2), 2.27 (m, 6 H, CH2), 5.09 (d, J = 5.2 Hz, 2 H, CH2), 6.24 (s, 2 H, NH), 6.64

(t, J = 5.3 Hz, 1 H, NH), 7.97 (m, 4 H, CH), 8.15 (m, 5 H, CH) ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 27.9 (CH3), 29.7, 29.8, 30.1, 30.7, 31.2, 31.3,

41.9 (CH2), 57.5 (CquartNH), 80.7 (Cquart), 93.0 (CquartNO2), 122.8, 124.7, 124.8, 125.0,

125.3, 126.0, 127.2, 127.35, 127.45 (CH-Py), 127.5, 128.2, 129.0, 130.8, 131.0, 131.2,

131.21 (Cquart-Py), 170.6, 171.1, 172.9 (CO) ppm.

MS (FAB, NBA): m/z = 1286 [M + H]+.

UV/Vis (CH2Cl2): λmax = 235, 244, 277, 315, 328, 344 nm.

Anal. Calcd for C71H104N4O17 (1285.60): C, 66.33 H, 8.15 N, 4.36. Found: C, 65.59 H,

8.07 N, 4.30.
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Pyrenyldendron 6
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To get 54 (66.0 mg, 0.05 mmol) was dissolved

in formic acid (5 mL). After 12 h the solvent was

removed and the product recovered in 98 % as a

white powder (46.5 mg, 0.049 mmol).

1 H NMR (THF-d6, 300 MHz, rt) = 1.99 (m, 12 H, CH2), 2.13 (m, 2 H, CH2NO2), 2.21

(m, 20 H, CH2), 2.29 (m, 2 H, CH2), 5.09 (d, J = 5.2 Hz, 2 H, CH2), 5.50 (s, 1 H, NH),

6.69 (s, 1 H, NH), 7.98 (m, 4 H, CH-py), 8.15 (m, 4 H, CH-py), 8.40 (d, J = 5.2 Hz, 1 H,

CH-py) ppm.

IR (ATR): ν̃ = 2933, 2361, 2342, 1716, 1705, 1684, 1540, 1457, 1204, 848 cm−1.

Anal. Calcd for C47H56N4 x 0.5 DMSO x H2O(948.96): C, 57.30 H, 6.11 N, 5.57. Found:

C, 57.20 H, 6.58 N, 4.70.

Porphyrindendron 55
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55

The Zn-Porphyrin 99 (295.3 mg, 0.4

mmol), compound 53 (357.4 mg, 0.33

mmol), EDC (76.7 mg, 0.4 mmol) and

DMAP (61.2 mg, 0.5 mmol) were dis-

solved in CH2Cl2 and stirred at rt for 12

h. The solvent was removed and the

crude product purified by fc with cyclo-

hexane/EtOAc (35/65) yielding com-

pound 55 in 48 % (279.0 mg, 0.16

mmol).

1H NMR (400 MHz, CDCl3, rt): δ = 1.42 (s, 54 H, CH3), 1.77 (m, 12 H, CH2), 1.86,

1.95 (m, 6 H,CH2), 2.05 (m, 12 H, CH2), 2.18 (m, 2 H, CH2), 2.28 (m, 2 H, CH2NO2),

2.27 (m, 2 H, CH2), 4.33, 4.46 (m, 4 H, OCH2CH2O), 6.17 (s, 2 H, NH), 7.32, 7.61 (m,

2 H, CH), 7.71 (s, 1 H, o-CH), 7.76 (m, 9 H, m-CH, p-CH), 7.84 (m, 1 H, CH), 8.19 (m,

149



6 Experimental Section

6 H, o-CH), 8.94 (m, 8 H, CH-pyrrol) ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 27.7 (CH3), 29.5, 29.6, 31.0 (CH2), 57.4

(Cquart-NH), 62.7, 65.9 (CH2O), 80.6 (Cquart ), 92.3 (Cquart-NO2), 122.8, 124.7, 124.8,

125.0, 125.3, 126.0, 127.2, 127.4, 127.5 (CH-Py), 113.9 (o-CH), 120.4, 121.0 (CHquart-

methylene), 126.5, 127.4, 128.0 (m, p CH), 131.8, 131.9 (CH-pyrrol), 134.4 (o-CH),

142.9, 144.4 (Cquart -benzene), 150.0, 150.1, 150.2 (Cquart -pyrrol), 156.6 (CquartO),

170.9, 172.1, 172.8 (CO) ppm.

MS (FAB, NBA): m/z = 1790 [M]+.

IR (ATR): ν̃ = 2360, 2342, 1734, 1699, 1522, 1489, 1229, 1217 cm−1.

UV/Vis (CH2Cl2): λmax = 547, 419 nm.

Anal. Calcd for C100H123N7O19Zn (1792.47): C, 67.01 H, 6.92 N, 5.47. Found: C, 66.88

H, 7.03 N, 5.07.

4-Iodobutyl acetate 57

I
O

O

45

57

NaI (30g, 0.20 mmol) was dissolved in THF (13.75 mL, 0.17

mmol) and acetonitrile (10 mL), cooled to 0◦C and acetyl chlo-

ride (12.05 mL, 0.17 mmol) in acetonitrile (5 mL) was added

drop wise. After 12 h at rt water (50 mL) was added and the

product extracted three times with Et2O (30 mL). Drying the product over MgSO4 and

removing the solvent yielded the product in 99 % (41.12 g, 0.17 mmol) after drying in

high vacuum as a red oil.
1H NMR (300 MHz,CDCl3, rt): δ = 1.71 (m, 2 H, CH2), 1.88 (m, 2 H, CH2), 2.02 (s, 3

H, CH3), 3.18 (t, 3J = 6.8 Hz, 2 H, CH2I), 4.05 (t, 3J = 6.3 Hz, 2 H, CH2CO) ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 5.7 (C2I), 20.8 (CH3), 29.4, 29.9 (CH2), 63.2

(C2O), 171.1 (CO) ppm.

4-Nitrobutyl acetate 58

O2N
O

O

58

To solution of compound 57 (7.2 g, 30.0 mmol) in DMF

(100 mL) and were added phloroglucin hydrate (13.0 g, 90.0

mmol) and sodium nitrite (6.2 g, 90.0 mmol). After 12 h at

rt the solvent was removed, the crude product dissolved in

water and extracted twice with Et2O (50 mL). The product was dried over MgSO4. After

filtration the product was obtained in yield 73% (3.52 g, 0.22 mmol).
1H NMR (300 MHz,CDCl3, rt): δ = 1.68 (m, 2 H, CH2), 1.99 (m, 2 H, CH2), 2.04 (s, 3
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H, CH3), 4.05 (t, 3J = 6.2 Hz, 2 H, CH2CO), 4.39 (t, 3J = 6.9 Hz, 2 H, CH2NO2) ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 20.7 (CH3), 24.0, 25.3 (CH2), 63.1 (CH2O), 75.0

(C2NO2), 171.0 (CO) ppm.

Di-t-butyl-4-(3-hydroxypropyl)-4-nitroheptanedioate 59

O2N
OH

O

O
OO

51

59

Triton B (4.6 mL) was added to a solution of 58 (9.20 g, 22.26

mmol) in t-butylacrylate (25 mL). After 24 h at rt the solvent was

removed and the product was obtained in 23 % yield by fc with

cyclohexane/EtOAc (5/3) (1.92 g, 5.12 mmol).

1H NMR (300 MHz, CDCl3, rt): δ = 1.40 (s, 18 H, CH3), 1.47 (m, 2 H, CH2), 1.97 (m, 2

H, CH2), 2.17 (m, 8 H, CH2), 3.61 (t, 3J = 6.1 Hz, 2 H, CH2O) ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 26.0 (CH2), 28.0 (CH3), 29.8, 30.4 (C2), 31.6

(CH2Cquart), 61.9 (CH2OH), 81.1 (Cquart), 92.8 (CquartNO2), 171.2 (CO) ppm.

Di-t-butyl 4-(3-acetoxypropyl)-4-nitroheptanedioate 60

O2N
O

O

O
OO

O

60

Compound 59 (1,92 g, 5.12 mmol) was dissolved in acetic acid

anhydride (1.3 mL) and pyridine (8 mL) added. After 12 h at rt

the solvent was removed and the product was obtained in 96 %

yield (2.04 g, 4.89 mmol).

1H NMR (300 MHz,CDCl3, rt): δ = 1.40 (s, 18 H, CH3), 1.54 (m, 2 H, CH2), 1.92 (m, 2

H, CH2), 2.01 (s, 3 H, CH3), 2.17 (m, 8 H, CH2), 4.01 (t, 3J = 6.2 Hz, 2 H, CH2O) ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 20.9 (CH3Ac), 23.1 (CH2), 28.0 (CH3), 29.8,

30.5 (C2), 31.9 (CH2Cquart), 63.5 (CH2Ac), 81.2 (Cquart), 92.5 (CquartNO2), 171.1 (CO)

ppm.
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4-(3-Acetoxypropyl)-4-nitroheptanedioate 61

O2N
O

OH

OH
OO

O

54

61

Compound 60 (2.04 g, 4.89 mmol) was dissolved in formic acid

(35 mL). After 3 h at rt the solvent was removed and the product

was obtained in 99 % yield (1.48 g, 4.84 mmol).

1H NMR (300 MHz, CDCl3, rt): δ = 1.54 (m, 2 H, CH2), 1.99 (m, 2 H, CH2), 2.04 (s, 3

H, CH3), 2.30, 2.38 (m, 8 H, CH2), 4.04 (t, 3J = 6.2 Hz, 2 H, CH2O) ppm.

Anal. Calcd for C12H19NO8 (305.28): C, 47.21 H, 6.27 N, 4.59. Found: C, 47.60 H, 6.63

N, 3.79.

Nitrodendron 62

O2N
N
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92

62

Free acid 61 (1.48 g, 4.84 mmol) was dissolved in

DMF (200 mL) and DCC (5.0 g, 24.2 mmol), HOBt

(3.2 g, 24.2 mmol) added and stirred for 30 min.

Then was 30 (8.1 g, 19.36 mmol) added and stirred

for 24 h at rt. After that the solvent was removed,

the crude product dissolved in CHCl3 (100 mL) and

washed with citric acid (100 mL, 10%), saturated

NaHCO3 (100 mL) and NaCl solution (100 mL), respectively. The organic layer was

dried over MgSO4. After that the solvent was removed under reduced pressure and

the product purified by fc with cyclohexane/EtOAc (2/1) in 76% yield (3.90 g, 3.66

mmol).
1H NMR (300 MHz, CDCl3, rt): δ = 1.39 (s, 54 H, CH3), 1.60 (m, 2 H, CH2), 1.91 (m, 14

H, CH2), 2.03 (m, 6 H, CH2), 2.12 (s, 3 H, CH3), 2.17 (m, 14 H, CH2), 4.00 (t, 3J = 6.1

Hz, 2 H, CH2O), 6.16 (s, 2 H, NH) ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 21.3 (CH3Ac), 23.4 (CH2), 28.5 (CH3), 30.2,

30.4, 31.3 (C2), 31.8 (CH2Cquart), 58.0 (CquartNH), 64.0 (CH2Ac), 81.1 (Cquart), 93.2

(CquartNO2), 170.6, 171.3, 173.2 (CO) ppm.

MS (FAB, NBA): m/z = 1100 [M-H]+.

Anal. Calcd for C57H99N3O17 x 0.25 CDCl3 (1098.41): C, 60.93 H, 8.89 N, 3.72. Found:

C, 60.91 H, 8.40 N, 3.80.
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Aminodendron 56
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56

To dendron 62 (3.90 g, 3.66 mmol) in EtOH (65 mL)

was added RANEY-Ni (8 g) and the reaction mixture

stirred under a H2 atmosphere for 12 h. Filtration

over celite 550 and drying yielded the product in

98% yield (3.80 g, 3.59 mmol).

1H NMR (300 MHz, CDCl3, rt): δ = 1.41 (s, 54 H, CH3), 1.52, 1.62 (m, 2 H, CH2), 1.79

(m, 4 H, CH2), 1.93 (m, 12 H, CH2), 2.03 (s, 3 H, CH3), 2.20 (m, 16 H, CH2), 4.03 (t, 3J

= 5.9 Hz, 2 H, CH2O), 6.38 (s, 2 H, NH) ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 20.5 (CH3Ac), 22.4 (CH2), 27.6 (CH3), 29.3, 29.7,

29.9 30.9, (CH2), 31.1 (CH2Cquart), 52.2, 56.7 (CquartNH, CquartNH2), 64.3 (CH2Ac), 79.9

(Cquart), 170.6, 172.2, 172.3 (CO) ppm.

MS (FAB, NBA): m/z = 1070 [M+H]+.

Dendrocalixarene 64
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Calixarene 24 (140.0 mg, 0.10 mmol) was dissolved in CH2Cl2 (5 mL) and EDC (57.5

mg, 0.30 mmol), HOBt (39.9 mg, 0.30 mmol) and DMAP (36.7 mg, 0.30 mmol) were

added at 0◦C, followed by the addition of 56 (321.3 mg, 0.3 mmol). The reaction mixture

was stirred for 72 h at rt and subsequently column chromatographed with CHCl3/MeOH

(97/3) which yielded 42 % of product (147.0 mg, 0.041 mmol).
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1H NMR (300 MHz, CDCl3, rt): δ = 0.84 (m, 12 H, CH3), 1.25 (m, 64 H, CH2), 1.36

(s, 18 H, CH3), 1.39 (s, 108 H, CH3), 1.54 (m, 8 H, CH2), 1.80 (m, 8 H, CH2), 1.91 (m,

28 H, CH2), 2.01 (s, 6 H, CH3), 2.06, 2.17 (m, 52 H, CH2), 3.03 (s, 4 H, CH2-malonyl),

3.06 (d, 2J = 12.0 Hz, 4 H, CH2), 3.61 (m, 8 H, CH2O), 3.98 (m, 4 H, CH2O), 3.97 (d,
2J = 12.0 Hz, 4 H, CH2), 6.29 (s, 4 H, CH), 6.48 (s, 4 H, NH), 7.09 (s, 4 H, CH), 7.70,

8.73 (s, 4 H, NH) ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 14.1 (CH3), 21.0, 22.7, 26.0, 26.7 (CH2),

28.0 (CH3), 29.4, 29.8, 30.1, 30.5, 31.4, 31.9 (CH2), 34.1 (Cquart-t-Bu), 57.4, 58.2

(CquartNH), 64.5 (CH2O), 75.0, 75.2 (CH2O), 80.5 (CH3quart), 118.9, 125.8 (CaromH),

131.8 (CaromNH), 133.9, 135.6 (CaromCH2), 144.5 (Carom-t-bu), 152.1, 155.4 (CaromO),

164.5, 167.8 (CO-malonyl), 171.1, 172.3, 172.8 (CO) ppm.

MS (FAB, NBA): m/z = 3516 [M+H]+.

IR (ATR): ν̃ = 3327, 2969, 2924, 2853, 2360, 2342, 1734, 1717, 1653, 1541, 1473,

1457, 1374, 1364, 1286, 1217, 1112, 1018, 870, 796, 726 cm−1.

Anal. Calcd for C202H336N8O40 x 1.3 CDCl3 (3516.86): C, 66.47 H, 9.29 N, 3.76. Found:

C, 66.39 H, 8.95 N, 3.26.

Dendrocalixarene 65
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Compound 64 (147.0 mg, 0.042 mmol) was dissolved in a mixture of MeOH (2 mL) and

CHCl3 (4 mL). Subsequently K2CO3 (17.9 mg, 0.13 mmol) was added and the mixture

stirred for 12 h. The crude product taken up in CHCl3 (15 mL) after filtrating from

K2CO3, washed with saturated NaCl solution (15 mL) and the organic phase was dried

with MgSO4. Removing the solvent yielded 84 % product (120.1 mg, 0.035 mmol).
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1H NMR (300 MHz, CDCl3, rt): δ = 0.85 (m, 12 H, CH3), 1.24 (m, 82 H, CH2, CH3),

1.39 (s, 108 H, CH3), 1.47 (m, 8 H, CH2), 1.79 (m, 8 H, CH2), 1.92, 2.16 (m, 32 H,

CH2), 2.61 (m, 4 H, CH2), 3.03 (d, 2J = 13.6 Hz, 4 H, CH2), 3.09 (m, 4 H, CH2malony),

3.60 (m, 8 H, CH2O), 3.98 (m, 8 H, CH2O), 4.37 (d, 2J = 12.6 Hz, 4 H, CH2), 6.20 (s, 4

H, CH), 6.48 (s, 4 H, NH), 7.11 (s, 4 H, CH), 7.79 (s, 2 H, NH) ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 14.0 (CH3), 22.6, 26.0, 26.6 (CH2), 28.0 (CH3),

29.3, 29.4, 29.8, 30.1, 30.5 (CH2), 31.7 (CH2-arom), 31.9 (CH2), 34.1 (Cquart-t-Bu), 42.6

(CH2-malonyl), 57.3, 58.6 (CquartNH), 62.2 (CH2O), 74.9, 75.2 (CH2O), 80.5 (CH3quart),

119.4, 125.9 (CaromH), 128.8 (CaromNH), 133.8, 135.9 (CaromCH2), 144.4 (Carom-t-bu),

152.4, 155.6 (CaromO), 164.8, 167.9 (CO-malonyl), 172.7, 172.9 (CO) ppm.

MS (FAB, NBA): m/z = 3432 [M+H]+.

IR (ATR): ν̃ = 2970, 2924, 2853, 2360, 2342, 1734, 1718, 1558, 1542, 1457, 1366,

1229, 1217, 1015, 802 cm−1.

Anal. Calcd for C198H332N8O38 x 4.5 K2CO3 (3432.79): C, 59.98 H, 8.25 N, 2.76. Found:

C, 59.70 H, 8.44 N, 1.99.

Dendrocalixarene 66
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Calixarene 65 (100.0 mg, 0.029 mmol) was dissolved in CH2Cl2 (5 mL) and 1-pyrene

butyric acid N-hydro- xysuccinimide ester (28.0 mg, 0.072 mmol) as well as DMAP

(8.20 mg, 0.067 mmol) were added. The reaction mixture was stirred for 72 h at rt. The

crude product taken up in CHCl3 (15 mL), washed with water (15 mL) and saturated

NaCl solution (15 mL), respectively and the organic phase was dried with MgSO4. Fc

with toluene/EtOAc (2/8) yielded 24 % product (28.0 mg, 0.007 mmol).
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1H NMR (300 MHz, CDCl3, rt): δ = 0.86 (m, 12 H, CH3), 1.24 (m, 72 H, CH2), 1.36,

1.39 (m, 126 H, CH3), 1.57 (m, 4 H, CH2), 1.77 (m, 4 H, CH2), 1.90 (m, 36 H, CH2),

2.02 (m, 4 H, CH2), 2.16 (m, 36 H, CH2), 2.44 (t, 4 H, 3J = 7.5 Hz, CH2CO), 3.04 (s,

4 H, CH2malonyl), 3.06 (d, 4 H, 2J = 12.0 Hz, CH2), 3.35 (t, 4 H, 2J = 7.5 Hz, CH2O),

3.57 (m, 4 H, CH2), 3.96 (m, 8 H, CH2), 4.35 (d, 2J = 12.4 Hz, 4 H, CH2), 6.32 (s, 4 H,

CH), 6.46 (s, 4 H, NH), 7.07 (s, 4 H, CH), 7.72 (s, 2 H, NH), 7.83 (d, 2 H, 3J = 7.7 Hz,

CH-py), 8.04 (m, 14 H, CH-py), 8.29 (d, 2 H, 3J = 9.23 Hz, CH-py), 8.68 (s, 2 H, NH)

ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 14.1 (CH3), 22.3 (CH2-py), 22.7, 26.1, 26.7

(CH2), 28.0 (CH3), 28.4 (CH2-py), 29.3, 29.4, 29.7, 29.8, 29.9, 30.2, 30.5, 31.0 (CH2),

31.2 (CH2-py), 31.4 (CH2), 31.8 (CH2-arom), 31.9 (CH3), 32.0, 32.8, 33.8 (CH2), 34.1

(Cquart-t-Bu), 42.4 (CH2-malonyl), 57.4, 58.3 (CquartNH), 64.6 (CH2OCO), 75.0, 75.1

(CH2O), 80.5 (CH3,quart ), 118.9, 123.4 (CaromH), 124.4, 124.8, 125.0, 125.3, 125.8,

126.6, 127.3, 127.4, 127.5 (CH-py), 128.2 (CaromNH), 129.0, 130.9, 131.4, 131.8 (Cquart-

py), 134.0, 135.6 (CaromCH2), 135.8, 137.8 (Cquart -py), 144.6 (Carom-t-bu), 152.2, 155.3

(CaromO), 164.5, 167.8 (CO-malonyl), 172.3, 172.8, 173.4 (CO) ppm.

MS (MALDI-TOF, sinapinic acid): m/z = 3995 [M + Na]+.

IR (ATR): ν̃ = 2927, 1729, 1456, 1367, 1314, 1153, 1128, 1035, 846, 715 cm−1.

Anal. Calcd for C238H360N8O40 x 2.5 CDCl3 (3973.43): C, 67.58 H, 8.61 N, 2.62. Found:

C, 67.80 H, 8.55 N, 2.82.
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Calixarene 66 (20.0 mg, 0.005 mmol) was dissolved in toluene (2 mL) and TFA (1 mL)

added. The reaction mixture was stirred for 12 h at rt, the solvent evaporated which
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yielded 98% of product ( 16.2 mg, 0.0049 mmol).
1H NMR (300 MHz, THF, MeOD, rt): δ = 0.85 (m, 12 H, CH3), 1.24 (m, 90 H, CH2,

CH3), 1.57 (m, 4 H, CH2), 1.96 (m, 40 H, CH2), 2.08 (m, 4 H, CH2), 2.21 (m, 36 H,

CH2), 2.42 (t, 4 H, 3J = 6.9 Hz, CH2CO), 3.03 (d, 4 H, 2J = 11.9 Hz, CH2), 3.11 (s, 4 H,

CH2malonyl), 3.31 (m, 4 H, CH2O), 3.53 (m, 4 H, CH2), 3.99 (m, 8 H, CH2), 4.35 (m,

4 H, CH2), 6.41 (s, 4 H, CH), 7.04 (s, 4 H, CH), 7.11 (s, 4 H, NH), 7.67 (s, 2 H, NH),

7.83 (d, 2 H, 3J = 7.4 Hz, CH-py), 8.04 (m, 14 H, CH-py), 8.30 (d, 2 H, 3J = 9.23 Hz,

CH-py), 8.35 (s, 2 H, NH) ppm.
13C NMR (100.5 MHz, THF, MeOD, rt): δ = 14.4 (CH3), 23.6 (CH2-py), 25.3, 25.5,

25.7, 27.8 (CH2), 29.5 (CH2-py), 30.35, 30.4, 30.5 (CH2), 30.7 (CH2-py), 30.7 (CH2),

30.9 (CH2-arom), 31.2 (CH3), 32.1, 32.9 (CH2), 33.5 (Cquart -t-Bu), (CH2-malonyl), 67.7,

67.9 (CquartNH), 68.1 (CH2OCO), (CH2O), (CaromH), 125.6, 125.9, 126.6 (CH-py), 128.1

(CaromNH), 128.3, 129.7 (Cquart-py), (CaromCH2), (Cquart-py), (Carom-t-bu), (CaromO), (CO-

malonyl), 176.8 (CO) ppm. MS (MALDI-TOF, trans-2-[3-(4-tert-Butylphenyl)-2-methyl-

2-propenylidene]malononitrile): m/z = 3006 [M - OH +Na]+, .

1-(4-Bromobutyl)pyrene 69

Br

92

69

Pyrenyl butanole (712.00 mg, 2.60 mmol) and CBr4 (2.65 mg,

5.30 mmol) were dissovlved in CH2Cl2 (20 mL) and PPh3 (816.0

mg, 3.11 mmol) added. The reaction was quenched with satu-

rated Na2CO3 solution (55 mL) after 15 min. The water phase

was extracted three times with CH2Cl2 (20 mL) and the com-

bined organic phases subsequently washed with Na2CO3 (20 mL) two times. Fc with

cyclohexane/EtOAc (96/4) gave the light sensitive product in 70 % yield (625.1 mg, 1.8

mmol).
1H NMR (300 MHz, CDCl3, rt): δ = 2.01 (m, 4 H, CH2), 3.35 (m, 2 H, CH2), 3.45 (m,

2 H, CH2), 7.84 (d, J = 7.9 Hz, 1 H, CH), 7.99 (m, 3 H, CH-Py), 8.14 (m, 4 H, CH-Py),

8.25 (d, J = 9.2 Hz, 1 H, CH) ppm.
13C NMR (300 MHz, CDCl3, rt): δ = 30.2, 32.55, 32.6, 33.6 (CH2), 123.2, 124.7, 124.8,

124.9, 125.0, 125.04, 125.8, 126.6, 127.2 (CH-Py), 127.3, 127.5, 128.6, 129.9, 130.8,

131.4, 136.0 (Cquart-Py) ppm.

MS (FAB, NBA): m/z = 338 [M + H]+.

IR (ATR): ν̃ = 3046, 2943, 2870, 2360, 2342, 1735, 1717, 1194, 839, 710 cm−1.

Anal. Calcd for C20H17Br (337.25): C, 71.23 H, 5.08. Found: C, 71.32 H, 5.12.
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1-(4-(Trimethylammonium)butyl)pyrenebromide 68

N

Br

68

Compound 69 (300.0 mg, 0.86 mmol) was dissolved in THF

(5 mL) and NMe3 (2 mL, 50 %) added. At this point a yellow

precipitate formed. The mixture was stirred for 8 h, the solvent

removed, the crude product taken up in ethanol and precipi-

tated with Et2O. The product was filtrated and dried under high

vacuum which yielded 10 % (34.1 mg, 0.086 mmol).
1H NMR (400 MHz, CDCl3, rt): δ = 1.69 (m, 2 H, CH2), 1.83 (m, 2 H, CH2), 3.22 (s, 9

H, CH3), 3.33 (t, J = 7.3 Hz, 2 H, CH2), 3.52 (m, 2 H, CH2) 7.80 (d, J = 7.8 Hz, 1 H,

CH-Py), 7.95 (m, 3 H, CH-Py), 8.09 (m, 4 H, CH-Py), 8.17 (d, J = 9.2 Hz, 1 H, CH-Py)

ppm.
13C NMR (100.5 MHz, CDCl3, rt): δ = 22.6, 27.7, 32.4 (CH2), 53.2 (CH3), 66.4 (CH2-

NMe3), 123.2, 124.9, 125.0, 125.05, 125.1, 126.1, 126.9, 127.4 (CH-Py), 127.5, 127.7,

128.6, 130.1, 130.8, 131.4, 135.0 (Cquart.-Py) ppm.

MS (FAB, NBA): m/z = 316 [M - Br]+.

IR (ATR): ν̃ = 3463, 3410, 3030, 2971, 2360, 2342, 1734, 1717, 1474, 1457, 1229,

1216, 906, 849, 713 cm−1.

UV/Vis (CH2Cl2): λmax = 202, 242, 276, 312, 326, 342 nm.

Anal. Calcd for C23H26BrN (396.36): C, 67.93 H, 6.61 N, 3.43. Found: C, 67.78 H, 6.55

N, 3.51.
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Biscyanuriccalix[4]arene 77
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Calixarene 80 (110 mg, 0.13 mmol) was dissolved in DMF

(15 mL) and EDC (74.7 mg, 0.39 mmol), HOBt (51.9

mg, 0.39 mmol) and DMAP (47.7 mg, 0.39 mmol) were

added.Compound 81 (89.4 mg, 0.39 mmol) was dissolved

in DMF (5 mL) and added to the reaction mixture after 0.5

h. The resulting mixture was stirred for 5 d. The crude

product was taken up in CHCl3 (25 mL), washed with sat-

urated NaHCO3 (25 mL) solution and NaCl solution (25

mL), after that dried with MgSO4. Column chromatog-

raphy was performed two times with cyclohexane/EtOAc

(35/65) which yielded 15 % of the product (25.1 mg, 0.02

mmol).

1H NMR (400 MHz, MeOD, d4, rt): δ = 0.94 (s, 18 H, CH3), 1.05 (t, 3J = 7.5 Hz, 6 H,

CH3), 1.23 (s, 18 H, CH3), 1.38 (m, 8 H, CH2), 1.64 (m, 8 H, CH2), 1.95 (m, 4 H, CH2),

3.15 (d, 2J = 12.9 Hz, 4 H, CH2) 3.76 (m, 8 H, CH2N, CH2O), 4.13 (t, 4 H, 3J = 6.5 Hz,

CH2O), 4.64 (d, 2J = 12.9 Hz, 4 H, CH2), 4.91 (s, 4 H, CH2CO), 6.60 (s, 4 H, CHarom),

6.99 (s, 4 H, CHarom).
13C NMR (400 MHz, MeOD, d4, rt): δ = 11.6 (CH3), 24.8, 26.4, 27.6, 29.1 (CH2), 32.3,

32.5 (CH3), 35.1 (CH2Cquart), 35.0, 35.2 (Cquart-t-bu), 42.5 (CH2N), 65.9 (CH2OCO),

72.2, 78.9 (C2O), 126.4, 127.2 (CHarom), 134.3, 136.4 (CaromCH2), 145.9, 146.7 (Carom-

t-bu), 150.9, 152.0 (COcyanur ), 155.1, 155.2 (CaromO), 172.6 (CO-NH) ppm.

MS (FAB): m/z = 1270 [M+]

IR (ATR): ν̃ = 2970, 2855, 2360, 2342, 1737, 1457, 1363, 1217, 1203 cm−1.

Anal. Calcd for C72H98N6O14 (1271.58): C, 68.01 H, 7.77 N, 6.61. Found: C, 68.33 H,

8.20 N, 6.30.
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Tetracyanuriccalix[4]arene 82
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Calixarene 17 (300 mg, 0.26 mmol) was

dissolved in CH2Cl2 (50 mL) and DCC

(321.0 mg, 1.56 mmol) and HOBt (207.7

mg, 1.56 mmol) were added. After 0.5

h 83 (379.4 mg, 1.56 mmol) was added

and the reaction mixture stirred for 72

h. Thereafter the precipitated DCU was

filtrated and the solvent removed. The

crude product was taken up in CHCl3 (50

mL), washed with citric acid (10 %, 50

mL), with saturated NaHCO3 (50 mL) so-

lution and brine (50 mL), then dried with MgSO4. Column chromatography was firstly

performed with CH2Cl2/EtOAc (3/2) and secondly with CHCl3/EtOH (7/3) which yielded

19 % (101.7 mg, 0.05 mmol).
1H NMR (400 MHz, MeOD, d4, rt): δ = 0.73 (t, 3J = 7.2 Hz, 12 H, CH3), 1.18 (m, 72 H,

CH2) 1.42 (m, 8 H, CH2), 1.56 (m, 8 H, CH2), 1.69 (m, 8 H, CH2), 1.80 (m, 8 H, CH2),

3.02 (d, 2J = 13.2 Hz, 4 H, CH2) 3.25 (m, 8 H, CH2), 3.75 (t, 3J = 7.5 Hz, 8 H, CH2),

3.87 (m, 16 H, CH2) 4.29 (d, 2J = 12.9 Hz, 4 H, CH2), 6.52 (s, 8 H, CHarom) ppm.
13C NMR (400 MHz, MeOD, d4, rt): δ = 13.7 (CH3), 22.4, 24.3, 24.7, 26.0, 29.1, 29.4,

29.6, 29.7, 30.0 (CH2), 31.6 (CH2Carom), 32.33, 36.4 (CH2), 51.6 (CH2N(CO)2), 75.7

(CH2-O), 124.7 (CHarom), 130.2 (CaromNH), 135.4 (Carom-CH2), 153.3, 154.8 (COcyanur ),

163.0 (CO-NH) ppm.

MS (FAB): m/z) = 2058 [M]+

IR (ATR): ν̃ = 2925, 2854, 2360, 2341, 1736, 1647, 1636, 1473, 1228, 1217, 892 cm−1.

Anal. Calcd for C112H168N16O20 x 5 C6H12 (2058.63): C, 65.34 H, 8.23 N, 10.89. Found:

C, 69.05 H, 9.76 N, 8.02.
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Caproic acid calixarene 87
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DCC (887.2 mg, 4.30 mmol) and HOBt (572.4 mg, 4.30 mmol)

were added to compound 17 (1.00 g, 0.86 mmol) dissolved in DMF

(50 mL) and the agents cooled to 0◦C. After 0.5 h 90 (994.6 mg,

4.30 mmol) was added and the resulting reaction mixture stirred for

12 h at rt. The crude product was dissolved in CHCl3 (25 mL) after

removing the DMF, washed with citric acid (25 mL, 10%), saturated

NaHCO3 (25 mL) and NaCl solution (25 mL), after that dried with

MgSO4. Fc with CHCl3/MeOH (9/1) yielded 29% (510.0 mg, 0.25 mmol).
1H NMR (300 MHz, CDCl3, DMSO-d6, rt): δ = 0.82 (t, 12 H, 3J = 6.4 Hz, CH3), 1.21,

1.33 (m, 64 H, CH2), 1.35 (m, 52 H, CH2, CH3), 1.55 (m, 16 H, CH2), 1.86 (m, 8 H,

CH2), 2.15 (m, 8 H, CH2CO), 2.90 (m, 8 H, CH2NH), 3.01 (d, 2J = 13.2 Hz, 4 H, CH2)

3.76 (t, 8 H, 3J = 6.2 Hz, CH2O), 4.32 (d, 4 H, 2J = 12.8 Hz, CH2O), 6.38 (t, 4 H, 3J =

5.6 Hz, NH), 6.88 (s, 8 H, CHarom), 9.29 (s, 4 H, NH).
13C NMR (400 MHz, CDCl3, DMSO-d6, rt): δ = 12.3 (CH3), 20.7, 22.6, 23.4, 24.4, 24.6

(CH2), 26.7 (CH3), 27.4, 27.7, 27.8, 27.9, 28.0, 28.1, 29.4, 29.9 (CH2), 31.9 (CH2Carom),

32.11 (CH2CH2CO), 34.7 (CH2CO), 38.5 (CH2NH), 73.5 (C2O), 75.9 (CquartCH3), 118.3

(CHarom), 132.8 (CaromCH2), 150.6 (CaromNH), 154.3 (CaromO), 169.2, 173.2 (CO-NH)

ppm.

MS (FAB): m/z = 2049 [M + K]+

IR (ATR): ν̃ = 2970, 2926, 2854, 1736, 1717, 1541, 1522, 1508, 1473, 1365, 1228,

1217, 1170, 1008, 868 cm−1.

Anal. Calcd for C120H200N8O16 (2010.92): C, 71.67 H, 10.02 N, 5.57. Found: C, 71.37

H, 9.94 N, 5.44.

6.5 Crystallographic Data of 25,27-Dibenzyl-11,23-di- t-

butyl-26,28-dihydroxy-5,17-dinitrocalixarene

Empiric formula C50 H50 N2 O8

Formula weight 806.92

Temperature 173(2) K

Wavelength 0.71073 Å

Crystal system Monoclinic
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Space group P21/n

Unit cell dimensions a = 12.8806(4) Å α = 90◦

b = 19.2332(4) Å β = 107.184(1)◦

c = 18.7313(6) Å γ = 90◦

Volume 4433.3(2) Å
3

Z 4

Density (calculated) 1.209 Mg/m−3

Absorption coefficient 0.082 mm−1

F(000) 1712

Crystal size 0.20 0.15 0.15 mm3

Θ range for data collection 2.50 to 25.02◦

Index ranges -15<=h<=15, -22<=k<=20, -22<=l<=22

Reflections collected 14012

Independent reflections 7815 [R(int) = 0.0278]

Reflections [I>2σ(I)] 5176

Completeness to Θ = 25.02◦ 99.9%

Absorption correction Empirical

Max. and min. transmission 0.9879 and 0.9838

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 7815 / 0 / 547

Goodness-of-fit on F2 1.048

Final R indices [I>2σ(I)] R1 = 0.0653, wR2 = 0.1761

R indices (all data) R1 = 0.0978, wR2 = 0.2009

Largest diff. peak and hole 0.637 and -0.446 eÅ-3

x y z U(eq)

C(11) -879(2) 357(1) 2698(2) 44(1)

C(12) -1471(2) 699(1) 3101(2) 45(1)

C(13) -2564(2) 816(2) 2758(2) 47(1)

C(14) -3083(2) 593(1) 2030(2) 47(1)

C(14A) -4298(2) 737(2) 1670(2) 57(1)

C(14D) -4925(3) 525(4) 2202(3) 132(2)

C(14C) -4461(4) 1509(2) 1542(4) 128(2)

C(14B) -4761(3) 367(3) 945(3) 103(2)
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C(15) -2453(2) 256(1) 1652(2) 47(1)

C(16) -1349(2) 138(1) 1969(2) 45(1)

C(17) -683(2) -185(1) 1502(2) 50(1)

O(21) 614(2) 984(1) 1719(1) 47(1)

C(21) -24(2) 896(1) 1006(2) 41(1)

C(22) -668(2) 295(1) 866(2) 44(1)

C(23) -1313(2) 171(2) 142(2) 48(1)

N(24) -1974(2) 498(2) -1175(2) 59(1)

O(24B) -1964(2) 919(1) -1664(1) 77(1)

C(24) -1310(2) 642(2) -417(2) 48(1)

O(24A) -2493(2) -45(2) -1295(2) 97(1)

C(25) -696(2) 1238(1) -276(2) 45(1)

C(26) -45(2) 1379(1) 440(2) 39(1)

C(27) 600(2) 2047(1) 616(2) 43(1)

C(31) 654(2) 2643(1) 1838(2) 38(1)

C(32) 138(2) 2533(1) 1084(2) 38(1)

C(33) -854(2) 2852(1) 763(2) 45(1)

C(34) -1344(2) 3278(1) 1169(2) 48(1)

C(34A) -2438(3) 3631(2) 799(2) 66(1)

C(35) -803(2) 3360(1) 1928(2) 47(1)

C(36) 189(2) 3049(1) 2274(2) 40(1)

C(37) 711(2) 3125(1) 3114(2) 44(1)

O(41) 560(2) 1709(1) 3235(1) 46(1)

C(41) -74(2) 2066(1) 3564(1) 39(1)

C(42) 7(2) 2793(1) 3542(1) 42(1)

C(43) -580(2) 3190(2) 3899(2) 46(1)

C(43D) -2669(6) 3695(5) -22(4) 232(6)

C(43C) -2474(6) 4326(4) 1049(5) 251(6)

C(43B) -3273(5) 3211(7) 906(10) 400(13)

O(44B) -1868(2) 3924(1) 4557(2) 77(1)

N(44) -1851(2) 3298(2) 4645(2) 60(1)

O(44A) -2308(2) 2997(2) 5045(2) 94(1)

C(44) -1236(2) 2869(2) 4263(2) 48(1)

C(45) -1345(2) 2156(2) 4267(2) 48(1)

C(46) -773(2) 1741(1) 3910(2) 43(1)
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C(47) -929(2) 966(2) 3885(2) 48(1)

O(50) 244(2) 282(1) 3034(1) 49(1)

C(51) 559(3) -370(2) 3399(2) 59(1)

C(52) 1771(2) -424(1) 3646(2) 49(1)

C(53) 2393(3) -100(2) 3264(2) 69(1)

C(54) 3493(3) -182(2) 3483(3) 87(1)

C(55) 4003(4) -578(3) 4062(3) 104(2)

C(56) 3393(5) -931(3) 4425(3) 127(2)

C(57) 2271(4) -831(3) 4229(2) 98(2)

O(60) 1639(1) 2310(1) 2169(1) 42(1)

C(61) 2571(2) 2724(2) 2163(2) 49(1)

C(62) 3565(2) 2466(1) 2728(2) 46(1)

C(63) 4551(3) 2774(2) 2769(2) 66(1)

C(64) 5495(3) 2571(2) 3293(2) 72(1)

C(65) 5482(3) 2054(2) 3780(2) 65(1)

C(66) 4516(3) 1731(2) 3751(2) 70(1)

C(67) 3557(2) 1947(2) 3226(2) 59(1)

Table 6.2: Atomic coordinates (x104) and equivalent isotropic displacement parameters (Å
2

x
103) for 76. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

C(11)-C(12) 1.386(4)

C(11)-C(16) 1.387(4)

C(11)-O(50) 1.404(3)

C(12)-C(13) 1.383(4)

C(12)-C(47) 1.518(4)

C(13)-C(14) 1.397(4)

C(14)-C(15) 1.386(4)

C(14)-C(14A) 1.535(4)

C(14A)-C(14B) 1.493(5)

C(14A)-C(14C) 1.508(6)

C(14A)-C(14D) 1.512(6)

C(15)-C(16) 1.388(4)

C(16)-C(17) 1.525(4)

C(17)-C(22) 1.511(4)
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O(21)-C(21) 1.357(3)

C(21)-C(22) 1.402(4)

C(21)-C(26) 1.403(4)

C(22)-C(23) 1.385(4)

C(23)-C(24) 1.387(4)

N(24)-O(24A) 1.225(4)

N(24)-O(24B) 1.225(4)

N(24)-C(24) 1.451(4)

C(24)-C(25) 1.373(4)

C(25)-C(26) 1.383(4)

C(26)-C(27) 1.513(4)

C(27)-C(32) 1.518(4)

C(31)-C(36) 1.388(4)

C(31)-C(32) 1.388(4)

C(31)-O(60) 1.393(3)

C(32)-C(33) 1.386(4)

C(33)-C(34) 1.388(4)

C(34)-C(35) 1.396(4)

C(34)-C(34A) 1.533(4)

C(34A)-C(43B) 1.405(8)

C(34A)-C(43C) 1.422(7)

C(34A)-C(43D) 1.483(8)

C(35)-C(36) 1.387(4)

C(36)-C(37) 1.524(4)

C(37)-C(42) 1.518(4)

O(41)-C(41) 1.347(3)

C(41)-C(46) 1.402(4)

C(41)-C(42) 1.404(4)

C(42)-C(43) 1.378(4)

C(43)-C(44) 1.377(4)

O(44B)-N(44) 1.215(4)

N(44)-O(44A) 1.227(4)

N(44)-C(44) 1.469(4)

C(44)-C(45) 1.379(4)

C(45)-C(46) 1.384(4)
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C(46)-C(47) 1.504(4)

O(50)-C(51) 1.429(3)

C(51)-C(52) 1.495(4)

C(52)-C(57) 1.344(5)

C(52)-C(53) 1.371(4)

C(53)-C(54) 1.363(5)

C(54)-C(55) 1.329(6)

C(55)-C(56) 1.363(7)

C(56)-C(57) 1.395(7)

O(60)-C(61) 1.444(3)

C(61)-C(62) 1.485(4)

C(62)-C(67) 1.369(4)

C(62)-C(63) 1.382(4)

C(63)-C(64) 1.375(5)

C(64)-C(65) 1.353(5)

C(65)-C(66) 1.378(5)

C(66)-C(67) 1.395(4)

C(12)-C(11)-C(16) 122.1(3)

C(12)-C(11)-O(50) 117.6(2)

C(16)-C(11)-O(50) 120.2(2)

C(13)-C(12)-C(11) 118.2(3)

C(13)-C(12)-C(47) 120.5(3)

C(11)-C(12)-C(47) 121.2(3)

C(12)-C(13)-C(14) 122.1(3)

C(15)-C(14)-C(13) 117.3(3)

C(15)-C(14)-C(14A) 122.4(3)

C(13)-C(14)-C(14A) 120.3(2)

C(14B)-C(14A)-C(14C) 109.0(4)

C(14B)-C(14A)-C(14D) 108.8(4)

C(14C)-C(14A)-C(14D) 107.1(4)

C(14B)-C(14A)-C(14) 113.2(3)

C(14C)-C(14A)-C(14) 108.9(3)

C(14D)-C(14A)-C(14) 109.6(3)

C(14)-C(15)-C(16) 122.6(3)
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C(11)-C(16)-C(15) 117.7(2)

C(11)-C(16)-C(17) 122.2(3)

C(15)-C(16)-C(17) 120.0(3)

C(22)-C(17)-C(16) 110.1(2)

O(21)-C(21)-C(22) 116.0(2)

O(21)-C(21)-C(26) 122.2(2)

C(22)-C(21)-C(26) 121.8(3)

C(23)-C(22)-C(21) 118.4(3)

C(23)-C(22)-C(17) 121.5(3)

C(21)-C(22)-C(17) 120.1(3)

C(22)-C(23)-C(24) 119.5(3)

O(24A)-N(24)-O(24B) 123.5(3)

O(24A)-N(24)-C(24) 118.3(3)

O(24B)-N(24)-C(24) 118.2(3)

C(25)-C(24)-C(23) 122.0(3)

C(25)-C(24)-N(24) 119.1(3)

C(23)-C(24)-N(24) 118.9(3)

C(24)-C(25)-C(26) 120.0(3)

C(25)-C(26)-C(21) 118.3(2)

C(25)-C(26)-C(27) 121.0(2)

C(21)-C(26)-C(27) 120.7(2)

C(26)-C(27)-C(32) 111.4(2)

C(36)-C(31)-C(32) 121.7(2)

C(36)-C(31)-O(60) 119.5(2)

C(32)-C(31)-O(60) 118.8(2)

C(33)-C(32)-C(31) 118.5(2)

C(33)-C(32)-C(27) 119.4(2)

C(31)-C(32)-C(27) 122.0(2)

C(32)-C(33)-C(34) 122.3(3)

C(33)-C(34)-C(35) 117.0(3)

C(33)-C(34)-C(34A) 121.3(3)

C(35)-C(34)-C(34A) 121.6(3)

C(43B)-C(34A)-C(43C) 113.1(9)

C(43B)-C(34A)-C(43D) 105.6(8)

C(43C)-C(34A)-C(43D) 104.3(6)
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C(43B)-C(34A)-C(34) 108.8(4)

C(43C)-C(34A)-C(34) 112.5(3)

C(43D)-C(34A)-C(34) 112.4(3)

C(36)-C(35)-C(34) 122.7(3)

C(35)-C(36)-C(31) 117.8(2)

C(35)-C(36)-C(37) 120.4(2)

C(31)-C(36)-C(37) 121.7(2)

C(42)-C(37)-C(36) 110.8(2)

O(41)-C(41)-C(46) 123.0(2)

O(41)-C(41)-C(42) 115.7(2)

C(46)-C(41)-C(42) 121.3(2)

C(43)-C(42)-C(41) 118.8(2)

C(43)-C(42)-C(37) 121.5(2)

C(41)-C(42)-C(37) 119.7(2)

C(44)-C(43)-C(42) 119.8(3)

O(44B)-N(44)-O(44A) 124.0(3)

O(44B)-N(44)-C(44) 118.8(3)

O(44A)-N(44)-C(44) 117.3(3)

C(43)-C(44)-C(45) 121.8(3)

C(43)-C(44)-N(44) 119.2(3)

C(45)-C(44)-N(44) 119.0(3)

C(44)-C(45)-C(46) 120.0(2)

C(45)-C(46)-C(41) 118.3(2)

C(45)-C(46)-C(47) 120.0(2)

C(41)-C(46)-C(47) 121.7(2)

C(46)-C(47)-C(12) 112.6(2)

C(11)-O(50)-C(51) 114.4(2)

O(50)-C(51)-C(52) 109.4(2)

C(57)-C(52)-C(53) 118.3(3)

C(57)-C(52)-C(51) 119.9(3)

C(53)-C(52)-C(51) 121.7(3)

C(54)-C(53)-C(52) 120.4(4)

C(55)-C(54)-C(53) 122.1(4)

C(54)-C(55)-C(56) 118.2(4)

C(55)-C(56)-C(57) 120.4(4)
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C(52)-C(57)-C(56) 120.3(4)

C(31)-O(60)-C(61) 113.08(18)

O(60)-C(61)-C(62) 110.7(2)

C(67)-C(62)-C(63) 117.8(3)

C(67)-C(62)-C(61) 123.5(3)

C(63)-C(62)-C(61) 118.7(3)

C(64)-C(63)-C(62) 121.5(3)

C(65)-C(64)-C(63) 120.4(3)

C(64)-C(65)-C(66) 119.7(3)

C(65)-C(66)-C(67) 119.7(3)

C(62)-C(67)-C(66) 120.9(3)

Table 6.3: Bond lengths [Å] and angles [◦] for 76.

U11 U22 U33 U23 U13 U12

C(11) 38(1) 43(1) 52(2) 5(1) 13(1) -6(1)

C(12) 43(2) 48(2) 44(2) 3(1) 14(1) -8(1)

C(13) 43(2) 56(2) 45(2) -6(1) 18(1) -4(1)

C(14) 43(2) 51(2) 47(2) -7(1) 14(1) -3(1)

C(14A) 43(2) 69(2) 55(2) -17(2) 9(1) 5(1)

C(14D) 41(2) 262(7) 94(3) -12(4) 23(2) -17(3)

C(14C) 89(3) 89(3) 166(5) -21(3) -23(3) 32(3)

C(14B) 56(2) 142(4) 90(3) -57(3) -12(2) 21(2)

C(15) 46(2) 50(2) 44(2) -7(1) 13(1) -6(1)

C(16) 45(2) 41(1) 52(2) 0(1) 21(1) -1(1)

C(17) 50(2) 44(1) 61(2) 0(1) 23(1) 2(1)

O(21) 49(1) 44(1) 47(1) 3(1) 11(1) -2(1)

C(21) 37(1) 44(1) 42(2) -2(1) 15(1) 8(1)

C(22) 42(2) 45(1) 51(2) -5(1) 22(1) 4(1)

C(23) 40(2) 51(2) 60(2) -13(1) 24(1) -1(1)

N(24) 43(1) 81(2) 55(2) -13(2) 15(1) -1(1)

O(24B) 85(2) 84(2) 53(2) -3(1) 5(1) 9(1)

C(24) 37(2) 61(2) 48(2) -12(1) 16(1) 6(1)

O(24A) 79(2) 140(3) 69(2) -26(2) 15(1) -52(2)

C(25) 41(2) 51(2) 47(2) -2(1) 18(1) 11(1)
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C(26) 36(1) 44(1) 42(2) -1(1) 17(1) 8(1)

C(27) 44(2) 46(1) 42(2) 4(1) 18(1) 6(1)

C(31) 32(1) 40(1) 43(2) 5(1) 12(1) -1(1)

C(32) 38(1) 39(1) 40(2) 0(1) 14(1) 0(1)

C(33) 43(2) 48(1) 42(2) -1(1) 8(1) 2(1)

C(34) 37(2) 50(2) 54(2) -7(1) 10(1) 4(1)

C(34A) 43(2) 75(2) 71(2) -15(2) 3(2) 16(2)

C(35) 42(2) 50(2) 52(2) -8(1) 17(1) 1(1)

C(36) 39(1) 41(1) 43(2) -2(1) 16(1) -5(1)

C(37) 42(2) 48(1) 43(2) -5(1) 14(1) -8(1)

O(41) 44(1) 46(1) 51(1) -1(1) 20(1) -4(1)

C(41) 30(1) 55(2) 31(1) -3(1) 5(1) -2(1)

C(42) 38(1) 52(2) 35(1) -5(1) 10(1) -6(1)

C(43) 40(2) 55(2) 42(2) -7(1) 10(1) -2(1)

C(43D) 169(7) 361(13) 114(5) -42(6) -39(5) 197(8)

C(43C) 182(7) 161(6) 286(10) -101(7) -124(7) 132(6)

C(43B) 44(3) 413(18) 720(30) 410(20) 81(8) 68(6)

O(44B) 82(2) 74(2) 83(2) -8(1) 35(1) 21(1)

N(44) 41(1) 87(2) 56(2) -17(1) 19(1) -3(1)

O(44A) 89(2) 108(2) 113(2) -36(2) 74(2) -25(2)

C(44) 37(2) 64(2) 43(2) -10(1) 11(1) -1(1)

C(45) 35(1) 72(2) 36(2) -3(1) 10(1) -7(1)

C(46) 38(1) 56(2) 34(1) 1(1) 6(1) -7(1)

C(47) 49(2) 56(2) 40(2) 2(1) 13(1) -9(1)

O(50) 41(1) 44(1) 59(1) 12(1) 12(1) 2(1)

C(51) 58(2) 47(2) 71(2) 18(2) 18(2) 3(1)

C(52) 57(2) 45(2) 44(2) 2(1) 15(1) 12(1)

C(53) 57(2) 88(2) 61(2) 10(2) 17(2) 2(2)

C(54) 63(2) 98(3) 106(3) 6(3) 34(2) 10(2)

C(55) 58(2) 110(3) 133(4) 6(3) 14(3) 31(2)

C(56) 102(4) 157(5) 102(4) 57(4) 0(3) 59(4)

C(57) 91(3) 120(3) 84(3) 55(3) 28(2) 31(3)

O(60) 33(1) 44(1) 49(1) 6(1) 12(1) 1(1)

C(61) 38(2) 56(2) 55(2) 9(1) 14(1) -4(1)

C(62) 38(2) 52(2) 48(2) -5(1) 14(1) 1(1)
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C(63) 43(2) 71(2) 80(2) 9(2) 11(2) -5(2)

C(64) 39(2) 89(2) 83(3) -7(2) 10(2) -8(2)

C(65) 40(2) 93(2) 55(2) -13(2) 3(2) 13(2)

C(66) 52(2) 97(3) 56(2) 14(2) 8(2) 10(2)

C(67) 40(2) 80(2) 55(2) 9(2) 12(1) 3(2)

Table 6.4: Anisotropic displacement parameters (Å
2

x 103) for 76. The anisotropic displace-
ment factor exponent takes the form: -2π2[h2a*2U11 + ... + 2hka*b*U12].

x y z U(eq)

H(13A) -2975 1056 3026 56

H(14A) -4885 20 2269 197

H(14B) -5687 666 1995 197

H(14C) -4611 753 2686 197

H(14D) -4169 1652 1137 192

H(14E) -4081 1759 2000 192

H(14F) -5239 1617 1404 192

H(14G) -4643 -135 1022 155

H(14H) -4401 530 582 155

H(14I) -5542 461 755 155

H(15A) -2790 99 1157 56

H(17A) 70 -268 1821 60

H(17B) -1003 -638 1300 60

H(21A) 860 1391 1774 71

H(23A) -1753 -234 30 58

H(25A) -718 1553 -671 54

H(27A) 590 2282 144 52

H(27B) 1365 1938 890 52

H(33A) -1212 2778 248 54

H(35A) -1129 3642 2220 57

H(37A) 1435 2900 3259 53

H(37B) 813 3624 3244 53

H(41A) 385 1287 3207 69

H(43A) -533 3682 3894 55

H(43B) -3293 4004 -220 348
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H(43C) -2834 3235 -253 348

H(43D) -2032 3889 -136 348

H(43E) -3162 4542 768 377

H(43F) -1867 4591 969 377

H(43G) -2416 4325 1583 377

H(43H) -3966 3342 544 600

H(43I) -3320 3278 1414 600

H(43J) -3116 2722 834 600

H(45A) -1813 1949 4515 57

H(47A) -1380 837 4211 58

H(47B) -213 737 4085 58

H(51A) 244 -755 3051 71

H(51B) 281 -408 3837 71

H(53A) 2055 182 2843 82

H(54A) 3909 52 3214 104

H(55A) 4773 -614 4218 125

H(56A) 3733 -1247 4813 152

H(57A) 1859 -1051 4510 117

H(61A) 2442 3215 2271 59

H(61B) 2676 2705 1660 59

H(63A) 4576 3134 2427 79

H(64A) 6160 2795 3313 87

H(65A) 6137 1914 4140 78

H(66A) 4502 1364 4087 84

H(67A) 2889 1730 3214 71

Table 6.5: Hydrogen coordinates (x 104) and isotropic displacement parameters (Å
2

x 103) for
76.
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