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FAB    fast atom bombardment 
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HOBt    1-hydroxybenzotriazole 
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MALDI-ToF   matrix assisted laser desorption ionization-time of flight 
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NBA    3-nitrobenzylalcohol 
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PAMAM   poly(amido amin) 

PDI    polydispersity index 

PEM    polyelectrolyte multilayer 

ppm    parts per million 

PPPD    polypyridylphenylene dendrimers 

r.t.    room temperature 

SC    sodium cholate 

SDBS    sodium dodecylbenzenesulfonate 

SDC    sodium chenodeoxycholate 

SDS    sodium dodecylsulfate 

SIN    sinapinic acid 

THF    tetrahydrofuran 

TLC    thin layer chromatography 

UV/Vis   ultraviolet-visible spectroscopy 
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1                       INTRODUCTION 

 

1 Introduction 

 

 

Chaos was the law of nature; order was the dream of man. 

– Henry Adams – 

 

 

The question about chaos or order as principle of nature is more a philosophical 

question than a scientific one. Relying on the second law of thermodynamics, the 

entropy – a measure of disorder – of isolated systems can never be decreased. As all 

spontaneous processes in nature are irreversible, the whole universe strives for a 

state of disorder. As direct antagonist to this philosophy stands the idea of order and 

systematic arrangement as basic driving force. A short journey through nature for 

clarification: systematic build-up of atoms, organization in living cells, highlighting lipid 

bilayer and DNA sequence, harmonic interaction of all organs in a healthy human 

body and perfect equilibrium of the natural food chain, as long as man does not 

appear as disturbing factor. Even in space, planetary motions and forces follow 

discovered laws of nature. Looking at the beauty and harmony of our environment, 

one can hardly deny that order instead of chaos is the essential step for life. 

 

As nature has the ability to control the different states of order, chemists all over the 

world are trying to mimic this skill by synthesizing artificial model compounds. Their 

investigation provides the willing scientist a vast amount of information about, e.g. 

cause and effect of inter – and intramolecular interactions and how to control the 

behavior for desired purposes. As ordered and systematic properties cannot be 

expected from disordered assemblies of compounds, scientists focus on 

monodisperse macromolecules with exactly defined structure leading to exactly 

defined properties. These order-promising molecules are established for more than 

30 years now – the class of dendrimers. 
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1.1 Dendrimers – History and Properties 

 

Dendrimers are monodisperse macromolecules with a perfect organized, highly 

branched and three-dimensional architecture and an absolute regular structure.[1] 

Since their discovery and the first synthetic approach in 1978 by F. VÖGTLE and 

coworkers,[2] the class of dendrimers, also called arborols or cascade molecules are 

indispensable in chemistry and related scientific fields.[3] 

 

 

Figure 1. Number of publications on dendrimers determined by CAS-Online search.
[4]

  

 

In Figure 1 the increasing number of publications discussing dendritic systems from 

around 150 in 1994 to nearly 2100 in 2009 is pictured. The start for these immensely 

important substances was quite cautious, but in the early 1990s, after the discovery 

of different types of dendrimers by D. A. TOMALIA
[5,6], G. R. NEWKOME

[7-9], J. M. J. 

FRÉCHET
[10,11], R. MÜLHAUPT

[12] and J. S. MOORE
[13], for instance, the run for novel 

architectures and also applications was unstoppable. 

To explain the great interest in dendrimers, some unique properties should be 

highlighted first. The term dendrimer comes from the Greek words: dendron = tree 

and meros = part.[14] Alternatively, branched molecules are called arborols named 

after the Latin word: arbor = tree.[7] How precisely theses names describe the 

structure, is shown in Figure 2.  
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Figure 2. Arborol 1 synthesized by NEWKOME
[7]

 with comparable structure to a common tree. 

 

All dendrimers have one principle structure in common (see Figure 3): from a core 

unit (A), also termed as focal point, a certain number of branching units (B) emanate 

to the globular surface or periphery (C) of the molecule. Different layers of branching 

units enclose the core like shells and are called generations. Per generation the 

number of branching units and peripheral groups increases exponentially. The exact 

amount of end groups is defined by the equation ni = fk 
. (f – 1)i, where i stands for 

any generation and fk and f are the numbers of functionalities of the core or branching 

units, respectively.[15] The functional units at the surface, as they are the interface 

and first contact to surrounding molecules, are then more and more controlling the 

properties of the whole dendritic systems.[16]  

 

 

Figure 3. Schematic structure of dendrimers with core (A), branching units (B) 
 and peripheral groups (C). 
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Due to the synthetic approach, which will be discussed in the next chapter, dendritic 

systems posses an exactly ordered structure and a completely regular and 

systematic architecture. Dendrimers are uniform and monodisperse macromolecules. 

Their molecular weights are, oppositely to hyperbranched polymers, not statistical 

distributed but exactly defined. This is described by the polydispersity index (PDI), a 

measure for the uniformity of macromolecules, where the average molecular weight 

distribution is calculated. Whereas the PDI for polymers, like industrial polyethylene, 

is about 30, dendritic systems are able to show a PDI-value of 1, which clearly shows 

one of their unique properties: monodispersity.[17] 

Furthermore, dendrimers have the ability to form shape persisting structures in 

solution. Like solvated ‘balls’, they keep their globular architecture and do not coil, 

which is a very important requirement for various applications. Linear polymers tend 

to coil and expand in solution – a big disadvantage, when order and accuracy are 

needed.[15]  

If dendrimers, analogously to NEWKOME´s arborols, differ in terms of polarity along the 

framework from core to surface, they are called ‘unimolecular micelles’. This property 

can again be controlled by synthetic methods, when an apolar core, for instance, is 

surrounded by peripheral water-soluble groups.[9] 

But beside the polarity also the density of packing in a dendrimer is variable. Due to 

the branched build-up, cavities can be formed in the dendritic interior. Neglecting the 

possibility that for a certain level of generations peripheral groups are able to fold 

back into theses holes,[18] dendritic cavities enclose guest molecules, which will be 

discussed in detail in Chapter 1.4: applications of dendritic systems. 
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1.2 Synthesis of Dendrimers 

 

For the synthesis of dendrimers two fundamentally different approaches have been 

established, the divergent and the convergent way to branched molecules. Both own 

their advantages and disadvantages, but depending on purpose and application 

afterwards, the more promising synthetic route can be chosen.  

Divergent synthesis of dendrimers stands for the stepwise build-up from core to 

periphery. Therefore, a polyvalent core is coupled to protected branching units. After 

deprotection / activation of the peripheral groups, a coupling step with branching 

units to the next generation follows. As per generation the number of coupling steps 

and also the amount of monomeric starting material increases exponentially, the 

tendency to side reactions and the appearance of defective positions in the dendritic 

skeleton is more likely. An excess of starting material and coupling reagents forces 

the reaction to completion, but disorder cannot completely be avoided. The divergent 

concept is suitable for large-scale preparation of dendrimers, for instance PAMAM 

and poly(propylene imine) dendrimers,[5,19] NEWKOME´s arborols[7,20-22] or phosphorus-

based dendrimers by MAJORAL.[23-25] 

The convergent synthesis of dendrimers is analogously to the divergent approach an 

iteration of reaction sequences, but the build-up concept is completely contrary – 

from periphery to core. Therefore, branched units are coupled to a polyfunctional 

core monomer. Instead of the peripheral groups as for the divergent way, the focal 

point is afterwards deprotected / activated and coupled again to the next core 

monomer. The number of reaction steps is constant and only a slight excess of 

starting material and coupling reagents is needed. The tendency to defects and 

disorder in the architecture does nearly not exist, due to the possibility of purification 

after each synthetic step. The convergent build-up allows the decoration of the 

dendrimer with various functional units and is especially for scientific purposes a very 

interesting and important aspect. The versatility in shapes, structures and 

applications of dendrimers has two main reasons: kind and place of functional 

moieties. In Figure 4 the common types of functionalized dendrimers are shown. 

Either only the core is functionalized, the periphery or both sites carry use-oriented 

groups. 
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Figure 4. Schematic presentation of locations for functionalities (highlighted in red):  
functional core and / or periphery. 

 

As a huge amount of functional compounds can be applied for the dendritic build-up, 

the possible combinations of different core – and branching units and peripheral 

groups are almost uncountable. Additionally to classical “organic” dendrimers, the 

incorporation of heteroatoms, like silicon, phosphor, boron, germanium or even 

bismuth, into the branched structure has established in dendrimer chemistry.[26] For 

the imagination of novel architectures and synthetic approaches by skilled scientists 

no boundaries are set. But there is one important constriction: the mathematical limit 

of the dendritic growth, described by the DE GENNES dense-packing model.[27] As the 

number of end groups increases exponentially per generation, the available volume 

for the dendrimer grows only proportionally to the cube of its radius.[16] This is 

clarified by the following equation: AZ = ADNZ(r2/NCNbG) containing the variables: Z = 

number of terminal groups, AZ = surface area, AD = total surface of the dendrimer, NZ 

= number of surface groups per generation, r = radius of the dendrimer, NC = number 

of core branches, Nb = number of branches at each generation and G = number of 

generations.[18] The inversely proportional behavior of surface area and number of 

generations leads to a steric crowding at a certain level, where no further build-up, 

besides tolerating a dramatic increase in imperfection and disorder, can be carried 

out. 
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1.3 Ionic Dendrimers – Oligoelectrolytes 

 

Since the beginning of time, controlling the intra – and intermolecular interactions 

was an essential step and a powerful tool in nature. Therefore, especially the strong 

electrostatic forces, repulsion and attraction of charged groups ruled by COULOMB´s 

law, act as an important motif for assemblies and properties of molecules. As nature 

shows this principle in a perfect way, when looking at biopolymers like proteins or 

nucleotides for instance, science concentrates on synthesis and application of 

charged, artificial polymers. The class of ionic polymers can be divided into two 

groups: polyelectrolytes, containing cationic or anionic moieties,[28,29] and 

polyzwitterions, containing cationic and anionic groups. Furthermore, if both cationic 

and anionic moieties are located on the same monomer unit, compounds are called 

polybetaines, whereas a location on different monomer units leads to the class of so 

called polyampholytes.[30] 

Beside the wide field of applications for charged polymers, they have two critical 

disadvantages: firstly, the polyelectrolyte effect.[31] As corresponding charges repulse 

each other, the polymer chain is spread in a rod-conformation. The addition of small 

electrolytes, namely the increase of ionic strength, screens the charges and the 

polymeric structure does not stay inherently stable. Weakening the repulsion forces 

leads to coiling and shrinking, respectively. Secondly, there is another disadvantage 

of polymers to be mentioned: the averaged molecular weight, size and also amount 

of charges can be a hindrance for applications, where exact, permanent and 

controllable properties are needed. 

To avoid those limitations, the scientific focus lies on using charged dendrimers for 

numerous applications. Due to their unique properties, ionic dendrimers assure 

important requirements: persistence of their globular structure in solution, exactly 

defined amount and location of positive or negative charges and monodispersity. 

Thereby, a novel substance class has been introduced – molecular polyelectrolytes, 

called oligoelectrolytes. 

In the following, some examples of charged dendrimers and their principle build-up 

will be highlighted 
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1.3.1 Anionic Dendrimers 

 

One of the first anionic oligoelectrolytes was described by TOMALIA and coworkers in 

1991.[32] So called “half-generation” – PAMAM / poly(amidoamine) dendrimers were 

generated, where the macromolecule´s surface is not terminated with amino groups, 

but synthesis was ended at the ester stage. Cleavage of these ester groups leads to 

pH-value dependent, negatively charged oligo-carboxylates. In 1993 FRÉCHET and 

coworkers published ester-terminated polyether dendrimers, which could be turned 

into carboxy-terminated macromolecules 2, analogously to the systems of TOMALIA, 

after basic hydrolysis.[33] In Figure 5 an anionic dendrimer by FRÉCHET is pictured, 

containing a biphenyl core and two third generation dendrons with eight peripheral 

carboxylic moieties each.  

 

Figure 5. Anionic polyether dendrimer 2 by J. M. J. FRÉCHET.  

     

A few years ago, the research group of MAJORAL presented multicharged dendrimers 

containing phosphorus atoms as branching points.[34] Thereby, terminal aldehyde 

groups were turned into carboxylates by different reactions, leading again to 

branched structures up to the eighth generation with a negatively charged surface. In 

Figure 6 an anionic oligoelectrolyte by MAJORAL is shown schematically, terminal 

groups are introduced by a KNOEVENAGEL reaction of peripheral aldehydes and 

malonic acid under basic conditions. 

2 
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Figure 6. Phosphorus based dendrimer by J.-P. MAJORAL with a modified anionic periphery. 

 

For another example of anionic oligoelectrolytes, branched structures by NEWKOME 

should be mentioned here. Already in 1991, NEWKOME and coworkers synthesized an 

alkane-cascade compound with a framework only consisting of alkyl chains and 36 

peripheral carboxylic acid functions, which was the origin for the term 

‘monomolecular micelle’.[35] Very important compounds, especially for this present 

work, with a huge field of application are oligo-esters with an amine-functionalized 

focal point of different generations shown in Figure 7:[8,36,37] 

 

 

Figure 7. Oligo-ester dendrons by NEWKOME, H2N-[G1] 3, H2N-[G2] 4 and H2N-[G3] 5. 

 

The build-up of these dendrimers is as simple as effective: reactive focal point for 

various reactions, for instance coupling to any carboxylic acid and a surface of three 

to 27 carboxylic groups, protected as tert-butyl esters. How these branched 

compounds can act as versatile and powerful building block will be discussed later 

on.   

To sum up shortly, anionic oligoelectrolytes are mostly presented by structures of 

nonpolar frameworks and peripheral carboxylic acid groups, whose number is exactly  

3 

4 5 
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defined and controlled by synthetic methods – an important requirement for 

oligoelectrolytes. The amount of negative charges is regulated by adjusted pH-value. 

 

1.3.2 Cationic Dendrimers 

 

Many different kinds of positively charged oligoelectrolytes are known up to now. 

Charges can be located along the skeleton and / or the periphery. Furthermore, 

cationic charges can be generated reversibly or permanently. Only a few following 

examples are sufficient for showing the various possibilities in design and modifying 

of cationic dendritic systems. 

First approach to cationic dendrimers is the reversible protonation of functionalized 

dendrimers containing amino groups in the dendritic skeleton and the periphery. 

MEIJER and coworkers described the protonation of poly(propylene imine) dendrimers 

6 in 1997, shown in Figure 8:[38] 

 

Figure 8. Reversibly cationic poly(propylene imine) dendrimer 6 by MEIJER. 

 

Analogously, the formation of positively charged PAMAM – dendrimers by 

protonation of amines located on the surface was reported by TAKAGISHI.[39] Also in 

2003, the group of DIEDERICH published the synthesis of amphiphilic dendrimers 

consisting of long alkyl chains and a branched head group, positively charged by 

protonated amine functions 7.[40] 

 

 

 

 

6 



 

 
11 

 

1                       INTRODUCTION 

 

 

Figure 9. Amphiphilic dendrimer 7 with cationic headgroup by DIEDERICH. 

 

Another access to positive oligoelectrolytes is the permanent charging up of 

peripheral amine groups by total methylation. One example is found in the synthesis 

of PE-TMA 36, a dendrimer out of pentaerythritol branching units and 36 

trimethylammonium sites on the surface.[41-42] 

A very important structure motif for cationic dendrimers shows the incorporation of 

permanently charged groups as branching units into the dendritic framework. 

Remarkable architectures were obtained by ENGEL, who presented ammonium 8 and 

phosphonium 9 based cascade molecules. Thereby, only the skeleton was cationic, 

the periphery was decorated with uncharged moieties.[43-45] 

 

 

 

Figure 10.  ENGEL´s ammonium 8 and phosphonium 9 based dendrimers. 

 

Further example for cationic oligoelectrolytes containing a permanently charged core 

was published by FORD, a totally methylated poly(propylene imine) dendrimer 

terminated by methyltriglycol groups,[46] and VAN KOTEN, who synthesized silicon 

based dendrimers containing branching alkylammonium groups and peripheral 

FRÉCHET dendrons 10.[47,48] 

The last common approach to cationic dendrimers with a very interesting principle of 

build-up to be presented here, is described by synthetic routes, where both dendritic 

7 

8 

9 
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framework and periphery are positively charged. By peralkylation of already in Figure 

6 presented phosphorus dendrimers of MAJORAL, permanently charged groups from 

core to surface were generated – up to 322 charges for the seventh generation.[49] 

Analogously, the total methylation of polypyridylphenylene dendrimers (PPPD) led to 

cationic oligoelectrolytes, charged up through the whole branched skeleton.[50]  

 

 

Figure 11. Silicon based dendrimer 10 containing permanent cationic core. 

 

As last example for oligoelectrolytes with cationic centers from core to the surface, 

the tetraalkylammonium dendrimer 11 of STODDART is presented in Figure 12.[51] 

A completely different and challenging access to cationic dendrimers lies in the 

incorporation of transition metals into dendritic ligand systems. For instance, 

polypyridine complexes are able to bind Ru2+ - cations forming exactly defined metal-

ligand-dendrimers.[52] Further on, the up to now largest transition metal dendrimer 

was synthesized by complexation of 28 Pt4+ - cations via a big network of branched 

bipyridyl units.[53] A remarkable approach to positive oligoelectrolytes was published 

by MAJORAL: by incorporation of ferrocenyl groups along the framework and the 

periphery, the whole dendritic systems could be turned electrochemically into cationic 

ones by complete oxidation to ferrocenium units.[54] 

10 
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Figure 12. Alkylammonium dendrimer 11 with 21 permanent cationic charges by STODDART. 

 

In conclusion, these selected examples clarify how versatile the construction of 

cationic oligoelectrolytes can be. Despite of different structure motifs and shapes, 

they all have critical properties in common: exactly defined amount and location of 

cationic sites and thereby, controllable charge density distribution. 

  

1.3.3 Zwitterionic Dendrimers 

 

Although zwitterionic polymers, as already mentioned, are extensively explored and 

applied, their analogues, zwitterionic oligoelectrolytes are rather unknown. Therefore, 

the design of macromolecules offering not only the control over number and position 

within the dendrimer, but also the type of charges by synthetic methods, is a 

promising target. 

Well known phosphorus dendrimers by MAJORAL were peripherally functionalized by 

small zwitterionic [phosphonium anionic zirconocene(IV)] complexes (Figure 13).[55] 

 

 

Figure 13. Zwitterionic dendrimer by MAJORAL. 

11 
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In this case, charges were directly neighbored, located on the surface and showed a 

fixed ratio of positive to negative charges. These conditions reduced significantly the 

possibilities for control and change of the properties for desired applications.  

Another approach was described by FREJD, who constructed a chiral dendrimer 

based on amino acids.[56] Depending on the way of coupling, interior was decorated 

with protected carboxylic acid or amine groups. The surface presented both acid and 

amine functionalities. After deprotection, zwitterionic dendrimers with either 21 

negative and 12 positive charges or vice versa, respectively, were generated. By pH-

value adjustment the dendrimer could then reversibly be switched from a completely 

cationic to an anionic status. 

Further on, the synthesis of bis-terpyridine Ru(II)-based macromolecules was 

reported, presenting an overall charge-neutral metalladendrimer which could be 

changed from isomeric to zwitterionic form.[57] 
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1.4 Applications of Dendritic Systems 

 

Possessing unique properties, dendrimers as an outstanding class of monodisperse 

macromolecules are indispensable in science nowadays. Due to the variable build-up 

via synthetic methods, architecture and incorporated functionalities can be 

customized to countless applications. One widespread review article about design of 

dendrimers for function was published in 2010 by ASTRUC,[18]
 summing up earlier 

overviews and latest developments.[14,16] To prove the versatility and flexibility of 

dendritic systems, the most important fields should be highlighted here. 

One fundamental step in design of novel branched structures was the incorporation 

of metal centers into the framework or the periphery generating organometallic 

dendrimers.[58-61] These synthesized metalladendrimers enrich especially the fields of 

photochemistry,[62,63] mentioning luminescent dendrimers by VÖGTLE,[64] and the 

development of homogenous catalysts.[41,65-68] Dendrimers also became essential to 

medicinal application,[1] emphasizing gene delivery[40,69], complexation of DNA[50] and 

scavenging metals, e.g. iron-ion binding by peripheral hydroxypyridinone groups.[70] 

In particular, the concept of dendritic structures and their stepwise build-up can play 

out its strengths, when drug delivery to the human body is desired. Globular 

dendrimers can be used as monodisperse carriers and, therefore, be decorated with 

solubilizing groups, targeting moieties for addressing the transport, and an exactly 

defined amount of drugs and active agents.[71] 

Further on, dendrimers presenting their unique properties are important compounds 

for supramolecular chemistry,[72,73] development of novel materials based on 

nanoparticles,[74-78] synthesis of biomimetic macromolecules[79] and design of ion-

selective receptors.[80] As already mentioned before, dendrimers are able to 

encapsulate substrates in their cavities caused by the branched build-up and 

differences in internal density of packing. MEIJER described in detail the concept of 

the ‘dendritic box’,[81,82] followed by numerous publications of encapsulation and host-

guest chemistry in dendrimers.[83-87] 

But not only the versatility in applications of dendritic architectures themselves is 

impressive. Attaching dendrimers to various compounds, so called ´dendronizing´, is 

used as powerful tool for the control and change of their properties. Firstly, the 

aggregation behavior in solution can considerably be influenced by attached
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dendrimers. This could clearly be proofed for negatively and positively charged 

dendrimer-porphyrins[88] and dendronized perylenes.[89,90] Secondly, the process of 

dendronizing can be used as solubility – upgrade for different molecules. Especially 

dendritic architectures by NEWKOME (see Figure 7) are perfectly suited. Due to a focal 

amino group, the connection of every compound exhibiting a carboxylic acid to these 

dendritic systems is easily achieved. As oligo-ester terminated structures they 

transfer excellent solubility properties in organic solvents to the respective substrate. 

After deprotection of the terminal carboxylic acid groups, a remarkable water-

solubility of even very nonpolar molecules, e.g. perylenes, fullerenes and porphyrin-

fullerene dyads is generated (Figure 14).[89-93]  

 

 

Figure 14. Schematic illustration of dendronizing any substrate for changing solubility properties. 
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2 Proposal 

    

 

The aim of this work is the synthesis of novel cationic and zwitterionic 

oligoelectrolytes, followed by investigation of their properties and possible 

applications. As the well known dendronizing of various compounds with NEWKOME 

dendrons opens an easy access to negatively charged dendrimers, this principle 

should be extended. 

In the first instance, positively charged building blocks should be synthesized and 

applied for an easy transformation of negatively charged dendrimers to cationic ones. 

Like in a construction kit, cationic dendrimers should be easily generated and 

attached. In this line, an interesting approach 

would be the formation of cationic dendrimers 

based on anionic ones without changing the 

synthetic route completely. 

Due to the desired investigation of the aggregation 

behavior of positively and negatively charged 

dendrimers, the positive charge has to be 

permanent and pH-value independent. This 

cationic building block should then be used for 

‘charging’ different, already dendronized 

compounds with an exactly defined number of 

positive charges. 

In the second part of this work, novel zwitterionic dendrimers of first and second 

generation should be synthesized. Based on dendronized pyridinium units branched 

architectures consisting of permanent cationic cores surrounded by a negatively 

charged shell of oligo-carboxylic acids should be formed. Those structures would 

represent a new family of oligoelectrolytes, where one macromolecule is decorated 

with both negative and positive charges organized within specific areas. Additionally, 

a zwitterionic building block should be synthesized and applied for fast connection to 

various compounds completing the molecular construction kit for ‘charging’ 

molecules. Especially for the design of ionic surfactants this building block could be a 

powerful tool. 
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Finally, the aggregation behavior and properties in solution of the synthesized 

oligoelectrolytes should be investigated and discussed. 
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3 Results and Discussion 

 

3.1  Cationic Dendrimers 

 

3.1.1 Cationic Building Blocks 

 

The attachment of small cationic building blocks possessing both a permanent 

positive charge and a terminal hydroxyl group, to anionic dendrimers was a new and 

efficient strategy for fast access to cationic oligoelectrolytes. Starting from oligo-

carboxylic acids terminated architectures only one coupling step was necessary for 

decorating the dendritic structure with the opposite charge.  

 

 

Figure 15. Small cationic building blocks choline 12 and a pyridinium analogue 13.  

 

In Figure 15 the building blocks for synthesis of cationic dendrimers, namely choline 

12 and its tert-butyl pyridinium analogue 13 are pictured. They were easily obtained 

in excellent yields by simply heating of 2-aminoethanol with methyl iodide forming 12 

or 2-bromoethanol with tert-butyl pyridine for synthesis of 13, respectively.[94,95] 

Although these compounds were well known in literature, they had never been used 

for direct coupling to carboxylic acids. Indeed, 12 and especially 13 showed all the 

necessary requirements for the successful appliance of our synthetic concept: 

 permanent, pH-value independent cationic charge via a quarternized 

pyridine unit or permethylated amine group, respectively. 

 reactive, sterically non hindered hydroxyl group for esterification. 

 soluble in polar organic solvents, like acetone, THF and alcohols for easy 

handling and purification. 

One essential advantage for using already charged building blocks has still to be 

mentioned. The coupling could be carried out under mild conditions, e.g. DCC-

mediated esterification at room temperature. This was in complete contrast to the 

opposite approach for the synthesis of cationic dendrimers where terminal halides or
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amino groups were introduced to the periphery first. But what if labile moieties within 

the molecule cannot tolerate the treatment of alkylation agents or bases at high 

temperatures, which are necessary for quarternization? The esterification of 12 or 13 

could be carried out under complete non-basic conditions – a convincing argument 

for using such small cationic building blocks. 
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3.1.2 Cationic Dendrimers with a Focal Nitro Group 

 

To verify the novel concept for the synthesis of cationic dendrimers by coupling of 

small, positively charged building blocks to oligo-carboxylic acids and, thereby, 

turning anionic dendrimers into their counterparts in one step, the synthesis started 

with threefold esterification of 12 and 13 with deprotected NEWKOME dendron of first 

generation 14 (Scheme 1). Under mild conditions the DCC-mediated esterification 

assisted by 1-HOBt in DMF and the building blocks 12 and 13, respectively, was 

carried out for 2 days at room temperature. The cationic dendrimers of first 

generation containing three terminal ammonium groups 15 and pyridinium groups 16 

were obtained as hygroscopic solids in yields up to 73%.   

 

 

Scheme 1. Synthesis of cationic dendrimers of first generation with peripheral ammonium 15 or 
pyridinium groups 16. 

 

A long reaction time and excess of cationic starting material favored the product 

formation. For purification, especially the separation of ionic starting material from the 

ionic product, column chromatography on silica could not be carried out due to the 

high polarity of all compounds. But as 12 and especially 13 were very soluble in 

acetone, in contrast to the products 15 and 16, respectively, containing three
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charges, the pure product could be obtained via simple precipitation by adding 

acetone to a concentrated solution of the raw product in methanol. 

Analogously to the syntheses shown in Scheme 1 above, the strategy was also 

applied to dendrimers of second generation. In Scheme 2 the esterification of 

NEWKOME dendron 17 possessing a focal nitro group and nine peripheral carboxylic 

acid groups with building block 13 is presented. A reaction time of seven days, 

excess of reactive starting material 13 and subsequent precipitation with acetone 

leads to the nine-fold charged, permanent cationic dendrimer 18.           

 

Scheme 2. Synthesis of cationic dendrimer of second generation with peripheral pyridinium groups 
18. 

 

For the characterization of 18 the 1H-NMR spectrum is shown in Figure 16. At 1.44 

ppm a strong singlet for the 81 protons of nine tert-butyl groups (1) could be 

detected. From 1.92 to 2.34 ppm broad signals were located representing the 

dendritic methylene groups. The introduced methylene groups of the building block 

13 (4, 5) were detected at 4.58 and 4.96 ppm, respectively, whereas the protons 

neighbored to the pyridinium nitrogen atom were shifted more downfield. Two signals 

for each 18 protons (2, 3) of the pyridinium ring appeared at 8.22 and 9.03 ppm. Only 

one signal split into the expected doublet at 8.22 ppm with a coupling constant of 6.8 

Hz. The signal for the aromatic protons (3) directly neighbored to the positively 

charged nitrogen atom appeared only as broad signal. The integral ratios indicated 

complete esterification. The removal of starting material 13 could be proved by the 

shift of the signal (5) to lower field and no appearance of a signal around 4.00 ppm. 
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Despite of extensive drying under reduced pressure, the signals for methanol and 

DMF could not be removed.    

 

Figure 16. 
1
H-NMR spectrum (400 MHz, MeOD-d4) of 18. 

 

Comparable to synthesis of 18, the nine-fold acid 17 was also esterified with the 

choline unit 12 yielding a very hygroscopic solid 19 with nine peripheral, 

permethylated ammonium groups (Scheme 3). Whereas 18 was readily dissolved 

even in small amounts of methanol for following precipitation, compound 19 showed 

less solubility and a mixture of methanol and nitromethane had to be used. 

In Figure 17 the 1H-NMR spectrum in D2O of compound 19 is shown. The protons of 

the dendritic framework could be detected as broad signals from 2.05 to 2.49 ppm. 

The 81 protons (1) of nine trimethylammonium groups were located as singlet at 3.27 

ppm. The signals for the two different methylene groups of the added building block 

12 appeared at 3.80 (2) and 4.59 (3), respectively. Impurities were related to traces 

of acetone and nitromethane. Due to correct integrals and the missing of signals 

around 4.00 ppm indicating starting material, the product was obtained purely and, 

like the cationic dendrimers 15, 16 and 18 well characterized. Due to their highly 

hygroscopic properties the melting point of this novel compounds could not be 

determined reproducibly.      
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Scheme 3. Synthesis of cationic dendrimer of second generation with peripheral ammonium groups 
19. 

 

Figure 17. 
1
H-NMR spectrum (400 MHz, D2O) of 19. 

 

To sum up shortly, the synthesis of permanent cationic dendrimers of first and 

second generation could easily be achieved by one-step esterification of oligo-

carboxylic acids and small building blocks 12 and 13 under mild conditions. Different 

solubility properties were used for unproblematic purification, so that charged starting 
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material and product could be separated. Possessing up to nine positive charges, 

such dendritic architectures were very water-soluble and presented a remarkably 

high charge density. These properties turned them into very important compounds for 

assembly of oppositely charged oligoelectrolytes, which will be discussed later on in 

detail.[96,97] 

To extend the molecular construction kit of cationic building blocks we were aiming at 

compound 20. By reducing the focal nitro group of 16 with RANEY-Ni, Pd/C or LiAlH4 

to a reactive amino group, novel building blocks would be generated, where in one 

coupling step three positive charges could be transferred. 

       

Scheme 4. Failed reduction of 16 leading to 1,4-dihydropyridine species 21.  

In doing so, the reduction of pyridinium units instead of the focal nitro group was 

observed (Scheme 4) in every case of reduction agent. In analogy to the natural 

nicotinamide coenzyme systems NAD+/NADH containing pyridinium salts (oxidized 

form) and 1,4-dihydropyridine groups (reduced form),[98] this undesired side-reaction 

irreversibly took place. Unfortunately, compound 21 possessing three 1,4-

dihydropyridine moieties could not be isolated, only a mixture of various fragments 

and a complete loss of all aromatic signals in the recorded NMR spectra were 

detected. Due to the harming of the dendritic architecture, a subsequent oxidation 

step to the pyridinium form could not be applied. 
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3.1.3 Cationic Dendrimers with a Focal Amino Group 

 

As the subsequent activation of cationic dendrimers by reducing the nitro group at 

the core site failed, another strategy had to be applied. Therefore, the reduction was 

carried out firstly and the NEWKOME dendron 3 was used as starting material. Initially, 

the reactive amino group was deactivated by the FMOC – protection group (Scheme 

5). Under acidic conditions the tert-butyl esters were cleaved completely, whereas 

the FMOC – protection group stayed unaffected, forming compound 22. In analogy to 

tricarboxylic acid dendron 14, molecule 22 was treated under identical conditions with 

cationic building blocks 12 and 13 (Scheme 5). After a reaction time of 2 days and 

repeated precipitation out of an alcoholic solution by a mixture of diethylether and 

acetone, the products 23 and 24 were synthesized containing again three permanent 

cationic charges and a still protected amino group at core site.   

 

Scheme 5. Synthesis of the cationic dendrimers 23 and 24 possessing a focal, protected amino 

group.  

 

In Figure 18 the 1H-NMR spectrum of compound 23 is depicted. At 1.99 and 2.42 

ppm broad signals for the two different dendritic methylene protons could be 

detected. A sharp singlet for all nine methyl groups (1) was located at 3.27 ppm. The 

signals for the introduced methylene groups (2, 3) could be found at 3.78 and 4.53 
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ppm, respectively. The presence of the FMOC – protection group was proofed by the 

appearance of a doublet (4) and triplet (5) at 4.23 and 4.38 ppm, respectively, for the 

methylene linker and two multiplets and doublets at 7.36, 7.44, 7.71 and 7.86 ppm for 

the aromatic protons of the fluorene moiety. Additional signals could be referred to 

acetone, water and methanol.      

 

Figure 18. 
1
H-NMR spectrum (300 MHz, MeOD-d4) of 23. 

 

The 1H-NMR spectrum of compound 24 is shown in Figure 19. The signal for the tert-

butyl groups (1) could clearly be detected as a sharp signal at 1.41 ppm. The broad 

signals for the dendritic methylene protons were located at 1.85 and 2.30 ppm, 

respectively. The methylene linker of the FMOC - group appeared as triplet (7) at 

4.22 ppm and doublet (6) at 4.34 ppm. The signals for the methylene protons (4, 5) of 

the linked building block 13 appeared as broad signals at 4.58 and 4.93 ppm, 

wherein last-mentioned signal lay under the solvent signal of methanol. Two 

multiplets at 7.31 and 7.41 ppm and two doublets at 7.68 and 7.83 ppm originated 

from the aromatic protons of the fluorene moiety. Finally, the signals for the two 

different protons of the pyridinium ring were detected as doublets at 8.14 and 8.95 

ppm, respectively, wherein the signal for the protons (3) directly neighbored to the 

positive nitrogen atom was shifted more downfield. 
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Figure 19. 
1
H-NMR spectrum (300 MHz, MeOD-d4) of 24. 

 

As already mentioned, we were aiming at cationic dendrimers as building blocks for 

fast one-step coupling and easy transfer of an exactly defined number of positive 

charges to various compounds. For improving the versatility of coupling, a spacer 

between the amino functionality and bulky dendritic structure was introduced. 

Thereby, the steric hindrance was reduced and the formation of product molecules in 

subsequent esterification reactions would be favored. Starting with 4-amino butanoic 

acid 25 the amino group was firstly protected with FMOC-NHS in a mixture of 

methanol and chloroform for 24 h (Scheme 6). After purification by column 

chromatography the free carboxylic acid of 26 was coupled to NEWKOME dendron of 

first generation 3 in DMF for one day obtaining compound 27. Compound 28, 

synthesized by stirring 27 in formic acid for one day, was then treated with an excess 

of building block 13 under DCC-mediated esterification conditions in DMF for three 

days (Scheme 6). Purification again succeeded by repeated precipitation. Compound 

29 was obtained as hygroscopic, brownish solid, readily soluble in alcohols, DMF and 

water. 
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Scheme 6. Synthesis of cationic dendrimer with three pyridinium units 29 and a protected focal amino 

group in distance to the bulky architecture due to introduction of an amino acid as spacer.  

 

In Figure 20 the 1H-NMR spectrum of 27 is depicted. At 1.35 ppm the signal of the 27 

tert-butyl protons (1) could be detected. In the aliphatic region signals for the 

methylene groups were located at 1.75 and 2.07 ppm with each two protons for the 

spacer moiety (5, 6) and at 1.90 and 2.12 ppm with each six protons for dendritic 

protons (2, 3). The last two protons of the spacer (7) neighbored to the amide were 

located as signal at 3.16 ppm. The already familiar signals of the FMOC- linkage 

appeared as triplet (10) at 4.13 ppm and as doublet (9) at 4.33 ppm followed by two 

broad signals of the amide protons (4, 8) at 5.11 and 6.12 ppm, respectively. The 

aromatic protons (11-14) were again detected as sets of higher-order signals at 7.31, 

7.42, 7.62 and 7.80 ppm.   
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Figure 20. 
1
H-NMR spectrum (300 MHz, CDCl3) of 27. 

 

The 13C-NMR spectrum of 27 is shown in Figure 21.The signal for the carbon atom 

(9) in the middle of the amino acid spacer was located at 26.32 ppm followed by a big 

signal for all methyl carbon atoms (1) of the tert-butyl ester group at 28.26 ppm. After 

two close signals for the dendritic carbon atoms (4, 5) at 30.04 and 30.15 ppm, the 

signals for the carbon atoms of the spacer (8, 10) were detected at 34.43 and 40.38 

ppm, respectively. The tertiary carbon atom (6) located at the dendritic core 

appeared as signal at 47.49 ppm. At 57.65 and 66.76 ppm the carbon atoms of the 

FMOC – linker (12, 13) could be detected. The three tertiary carbon atoms (2) of the 

tert-butyl groups appeared as a signal at 80.89 ppm. In the aromatic region the 

signals for the fluorene carbon atoms were located between 120.19 and 144.05 ppm. 

For the carboxylic carbon atoms three signals could be located: a weak signal at 

156.95 ppm for the carbamate group (11), at 172.09 ppm for the amide carbon atom 

(7) and at 173.11 ppm a signal for three ester carbon atoms (3).    
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Figure 21. 
13

C-NMR spectrum (75 MHz, CDCl3) of 27.  

 

In Figure 22 the 1H-NMR spectrum of compound 29 is depicted. In analogy to the 

spectrum of compound 24 (Figure 19), only the signals for the introduced spacer 

moiety were detected additionally. The signal for the two protons (7) located in the 

middle of the amino acid was shifted to 2.27 ppm. The spacer protons (6, 8) 

appeared as broad signals at 2.94 and 3.22 ppm.   

Due to the hygroscopic properties of all cationic compounds, the consistency can be 

described as viscous solid. This complicated the removal of enclosed solvent 

molecules, what could be observed at the signals for diethylether, an actually very 

volatile solvent, in the NMR spectrum.[99]     

1

2

3

1

2

3

4

4,5

5

*

6

6

7

7

8

8

9

9

10

1011

11

12

12

13

13

aromatic 

carbon atoms 



 

 
32 

 

3        RESULTS AND DISCUSSION 

 

Figure 22. 
1
H-NMR spectrum (300 MHz, MeOD-d4) of 29. 

 

Another building block would be a focal amino group bearing a cationic dendrimer of 

second generation, which would transfer exactly nine permanent positively charged 

units in one step. As the reduction could not be carried out as last step, the 

synthesis, shown in Scheme 7, had to be started again with the reduced form of 

NEWKOME dendron of second generation 4 (Scheme 7). After deactivating the focal 

group orthogonally with a FMOC – protection group, the compound 30 was stirred in 

formic acid for 24 h to cleave all nine tert-butyl esters leading to oligo-carboxylic acid 

31. As already shown for cationic dendrimer 28 (Scheme 2), the nine-fold 

esterification with the small building block 13 by assistance of DCC and 1-HOBt in 

DMF for seven days succeeded also in this case. By precipitation and stirring the 

solid in acetone, compound 32 could be purified and all starting material was 

removed. Compound 32 represented the important precursor for a cationic building 

block transferring nine charges. The reactive amino group at the core site was still 

protected, indeed, and had to be activated under basic conditions, which will be 

discussed later on.      
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Scheme 7. Synthesis of cationic dendrimer of second generation 32 containing nine permanent 

cationic pyridinium units and a protected focal amino group.  

 

The 1H-NMR spectrum of compound 32 is shown in Figure 23. At 1.42 ppm a singlet 

for 81 protons (1) of the tert-butyl groups could be detected, followed by the signals 

for the dendritic methylene protons at 1.93 and 2.34 ppm. The two different protons 
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of the FMOC – linker (6, 7) were observed as one broad signal at 4.22 ppm. The 

methylene protons (4, 5) presenting the linked building block were detected as broad 

signals at 4.56 and 4.93 ppm, respectively. The aromatic protons of the fluorene 

moiety appeared as sets of higher-order signals at 7.32, 7.38, 7.69 and 7.79 ppm. 

The broad signals for the two different protons of the pyridinium ring were observed 

at 8.18 and 9.00 ppm, respectively. Additional signals could be referred to small 

amounts of DMF and methanol.    

 

Figure 23. 
1
H-NMR spectrum (400 MHz, MeOD-d4) of 32. 

 

As the cationic dendrimers based on branched architectures by NEWKOME exhibiting 

peripheral, positively charged sites and the focal nitro group could not be 

functionalized any further, which was shown in Scheme 4, the strategy for synthesis 

of cationic dendrimers as building blocks was changed. We managed to synthesis 

three different species with already reduced amino functionality at core site:  

 

 Permanent cationic dendrimers of first generation with three peripheral 

ammonium 23 or pyridinium moieties 24. 

 Permanent cationic dendrimers of first generation with three peripheral 

pyridinium moieties and an amino acid functionalized core 29. 
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 Permanent cationic dendrimer of second generations with nine peripheral 

pyridinium moieties 32. 

All compounds still contained the FMOC – group protected amino function which had 

to be cleaved under basic conditions. Unfortunately, the ester linkage between the 

dendritic framework and the small cationic building blocks turned out to be unstable 

under basic conditions. In this case, not only the protection group but also a certain 

percentage of coupled building blocks 12 or 13, respectively, was cleaved. As 

already mentioned, the hydroxyl function of the starting material was very reactive 

leading to an excellent conversion in esterification reactions. The ester groups 

showed the same reactive behavior – fast reaction with bases, e.g. hydroxide ions 

leading to saponification. Although the most ester groups stayed unaffected – of 

course depending on base concentration and reaction time – the concept of 

dendrimers as regular and monodisperse macromolecules was not fulfilled any more. 

For the analysis of this side reaction different conditions for deprotection were tested. 

 

 Bases in various concentrations: pyridine, tert-butyl pyridine, DMAP, DBU, 

piperidine, triethylamine and sodium hydroxide 

 Reaction time: from five minutes to two days 

 Temperature: from 0°C to 60 °C. 

 

The received results are easily concluded: either both protection and ester group 

stayed unaffected, e.g. at low temperatures and weak bases, or both groups were 

cleaved. No reaction conditions could be found so far, where exclusively the 

protection group was removed and all ester groups were not harmed. This fact was a 

drawback for the development of dendritic building blocks for the transfer of more 

than one positive charge. Next step to think about would be the stabilization of the 

linkage between dendrimer and charge carrying unit. One approach can be the 

substitution of the ester linkage by the formation of more stable amides. Another 

approach is presented by increasing the distance between coupling site, namely the 

hydroxyl group, and the cationic moiety, which has a big influence on the reactivity 

due to neighbor-group effects. In line with this work, variations of the building blocks 

12 and 13 in terms of length of alkyl chain and binding motif were not carried out, but 

will show great potential for further studies. Further on, an alternative protection 

group has to be found where milder and non-harming conditions for deprotection can 

be applied.  
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In case of the successful synthesis of cationic dendrimers of first and second 

generation containig a focal amino group for coupling reactions to different carboxylic 

acids, one fact can definitely become critical: the problematic purification. 

Advantageously, cationic building blocks with only one positive charge were soluble 

in acetone and could so be separated from products with three to nine charges, 

which did not show this property. But in terms of solubility, starting material with three 

or nine charges will not differ significantly from charged products. As precipitation as 

purification method can then be excluded, intensive and complicated ones like 

preparative HPLC on special reversed phase columns, GPC or electrophoresis have 

to be applied – a big disadvantage for cationic dendrimers with an amino group at the 

core site. 
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3.1.4 Cationic Dendrimers – Charging Molecules 

 

To avoid the mentioned complications for application of cationic dendrimers, like 

failed reductions or purification problems due to similar solubility properties of starting 

material and product, another approach was successfully developed. After 

dendronizing different substrates with NEWKOME dendrons transferring branched 

anionic building blocks, the molecules were charged up negatively (Figure 14). These 

compounds could then be changed by the already familiar coupling reaction with 

small cationic building blocks into permanent positively charged up molecules in one 

step. In the following, some examples were given to show the versatility of small 

cationic units opening an easy access for cationic dendrimers attached to various 

substrates. 

    

 

Scheme 8. Synthesis of six-fold cationic perylene 34 starting from dendronized perylene 33. 

 

First example in Scheme 8 described the synthesis of positively charged perylenes 

starting from already dendronized perylenes in one step. The anionic perylene 

compound 33 presenting two dendrons of first generation attached symmetrically via 

an alkyl spacer to the bisamide groups, was synthesized in the group of HIRSCH
[89]

 

and showed water-solubility in dependence of the pH-value. In non-buffered aqueous 

medium some carboxylic groups were indeed deprotonated, which was not 
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sufficiently to dissolve the complete molecule with its nonpolar perylene moiety in 

water. For good water-solubility in adequate concentrations a high pH-value, e.g. by 

assistance of buffers (pH 10) was indispensable. In one reaction step the anionic 

dendronized perylene 33 was turned into the cationic counterpart 34 exhibiting six 

permanently charged pyridinium units. Due to the pH-value independently charges, 

compound 34 was readily soluble in water in a wide pH-range and no buffered 

solution was required. The DCC-mediated esterification connecting 33 and 13 was 

carried out in DMF for three days. The resulting cationic perylene 34 was purified by 

repeated precipitation and afterwards characterized. 

 

Figure 24. 
1
H-NMR spectrum (400 MHz, MeOD-d4) of 34. 

 

In Figure 24 the 1H-NMR spectrum of cationic perylene 34 is depicted. Due to 

aggregation phenomena the signals broaden up and clear splitting pattern cannot be 

determined. Broad signals were detected for the methylene protons of both dendritic 

framework and the alkyl spacer from 1.33 to 3.66 ppm, wherein the protons (6), 

directly neighbored to the nitrogen atom of the bisamide were shifted most to lower 

field. A strong signal for 54 protons (1) of the tert-butyl group was observed at 1.49 

ppm. Two signals for the methylene protons (4, 5) of the linked building block 13 

were detected at 4.66 and 5.05 ppm, respectively. A broad signal for the aromatic 

protons of the perylene was located at 7.34 ppm, whereas the protons (2, 3) of the 
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pyridinium units appeared as broad doublets at 8.28 and 9.10 ppm.  

Next example, which proved the great concept of cationic building blocks, could be 

found in the synthesis of positively charged amphiphiles. Starting from the easily 

available anionic amphiphile 35 containing a C22-alkyl chain and a deprotected 

NEWKOME dendron of first generation,[100,101] the head group was decorated 

uncomplicatedly with the opposite charge. Therefore, the oligo-carboxylic acid 35 

was treated with DCC, 1-HOBt and 13 in DMF for two days yielding amphiphile 36 

exhibiting a positively charged head group out of three pyridinium units (Scheme 9).  

  

 

Scheme 9. Synthesis of amphiphile 36 with a cationic dendrimer of first generation as head group. 

 

The 1H-NMR spectrum of 36 is shown in Figure 25. The signal for the three protons 

(6) terminating the alkyl chain split into a broad triplet at 0.92 ppm. Two sharp signals 

were following at 1.31 ppm for 36 protons of the alkyl chain and at 1.48 ppm for 27 

protons (1) of the tert-butyl groups. At 1.96, 2.18, 2.47 and 2.83 ppm broad multiplets 

indicated the methylene protons of the dendritic head group and the remaining 

protons belonging to the alkyl chain. The signal for the methylene protons (5) of the 

introduced cationic unit was observed at 4.59 ppm, whereas the signal for protons (4) 

lay directly under the solvent signal of methanol at 4.96 ppm. Finally, the signals for 

the protons (2, 3) of the pyridinium rings were detected as broad doublets at 8.23 and 

9.02 ppm, respectively.  
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Figure 25. 
1
H-NMR spectrum (300 MHz, MeOD-d4) of 36. 

 

In analogy to Scheme 9, the synthesis of a dendritic amphiphile of second generation 

with positively charged head group was carried out. The anionic amphiphile 37 

containing a C14-alkyl chain and a deprotected NEWKOME dendron of second 

generation was treated with an excess of 13 in a DCC-mediated esterification 

(Scheme 10). Compound 38 was obtained as product – a permanently charged 

amphiphile with a dendritic head group decorated with nine peripheral pyridinium 

rings assuring excellent water-solubility. 
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Scheme 10. Synthesis of amphiphile 38 with a cationic dendrimer of second generation as head 

group. 

 

In Figure 26 the 1H-NMR spectrum of compound 38 is depicted. The signal for the 

protons (6) at the end of the alkyl chain split into a triplet at 0.88 ppm. At 1.27 ppm a 

signal for 18 protons of the alkyl chain and at 1.46 ppm a signal for 81 protons (1) of 

the tert-butyl group was located. In the following, broad signals at 1.61, 1.92, 2.00, 

2.27 and 2.34 ppm were detected for methylene protons of the dendritic framework 

and alkyl chain. The linkage of building block 13 was again proved by the 

appearance of the signals at 4.58 and 4.95 ppm for the protons (4, 5) and the two 

signal in the aromatic region for the protons (2, 3) of the pyridinium rings at 8.22 and 

9.03 ppm, respectively. Impurities are assigned to acetone and traces of DMF.   
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Figure 26. 
1
H-NMR spectrum (400 MHz, MeOD-d4) of 38. 

 

As most of the cationic dendrimers presented so far, were based on pyridinium units, 

an interesting question was about the functionalisation of the pyridine ring itself 

before building up branched architectures. For this purpose, an important compound 

presented the dinicotinic acid, pyridine-3,5-dicarboxylic acid 39. Both acid 

functionalities could be esterified with building block 13 obtaining compound 40, a 

functionalized pyridine ring containing two cationic pyridinium rings (Scheme 11).    

 

 

Scheme 11. Synthesis of a charged pyridine species 40. 

 

For proving the synthesis of the pure compound 40, the 1H-NMR spectrum is shown 

in Figure 27. A sharp singlet for the protons (1) of two tert-butyl groups was located 

at 1.46 ppm. The methylene protons (4), directly neighbored to the positive nitrogen 

atom were observed as multiplet at 4.95 ppm. At 5.16 ppm the signal for the 

methylene protons (5) located nearest to the ester group was detected. The signal for 

the pyridinium rings (2, 3) appeared as doublets at 8.22 and 9.10 ppm, whereas the 

protons of the inner ring were detected as signals at 8.75 and 9.27 ppm, respectively.  
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Figure 27. 
1
H-NMR spectrum (300 MHz, MeOD-d4) of 40. 

 

 

Figure 28. 
13

C-NMR spectrum (75 MHz, MeOD-d4) of 40. 
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In Figure 28 the 13C-NMR spectrum of compound 40 is given. The signal for the six 

carbon atoms of all methyl groups (1) was located at 30.64 ppm, followed by the 

signal for the tertiary carbon atoms (2) of the tert-butyl group at 38.12 ppm. The 

carbon atoms of the linked building block (6, 7) were detected as signals at 60.85 

and 65.58 ppm, respectively. The three different carbon atoms of the two pyridinium 

rings (3-5) were observed as signals at 127.15, 146.35 and 165.28 ppm. The signals 

for the three different carbon atoms of the inner pyridine ring (9-11) were detected as 

signals at 127.55, 139.99 and 155.41 ppm, respectively. Finally, the signal for the two 

carboxylic carbon atoms of the ester group (8) appeared at 174.04 ppm. 

 To extend the number of cationic charges per pyridine ring, branching units had to 

be introduced. For dendronizing the pyridine, 39 was coupled with two equivalents of 

NEWKOME dendron 3 leading to the branched pyridine 41. After cleavage of all tert-

butyl esters by stirring in formic acid, the resulting deprotected compound 42 was 

reacted with 13 in a DCC-mediated amidation in DMF for three days. After repeated 

precipitation steps the product 43 was obtained purely and characterized.   

 

 

Scheme 12. Synthesis of branched and charged with pyridine compound 43. 

The 1H-NMR spectrum of the branched pyridine compound 41 is shown in Figure 29. 
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The signal for 54 protons (1) of peripheral methyl groups appears as sharp singlet at 

1.44 ppm. The methylene protons (2, 3) of the dendritic framework were detected as 

two multiplets at 2.14 and 2.33 ppm, whereas the protons located near the ester 

group were shifted more downfield. Due to the magnetic influence of the aromatic 

pyridine ring the amide protons (4) were shifted remarkably to lower field and are 

detected at 7.58 ppm. Showing a 4J-coupling, the signal for the proton (5) of the 

pyridine rings was observed as triplet at 8.60 ppm and for proton (6) as doublet at 

9.14 ppm. 

 

Figure 29. 
1
H-NMR spectrum (300 MHz, CDCl3) of 41. 

 

In Figure 30 the 13C-NMR spectrum of compound 41 is depicted. The methyl carbon 

atoms (1) of six tert-butyl groups were detected as signal at 28.45 ppm. Possessing 

nearly the identical chemical shift the methylene carbon atoms of the dendritic 

architecture were observed as signals at 30.32 and 30.65 ppm. The tertiary carbon 

atom (6) of the dendritic core appeared as signal at 58.62, whereas the tertiary 

carbon atom (2) of the tert-butyl group was detected at 81.39 ppm. The aromatic 

carbon atoms of the pyridine ring (8-10) appeared as signals at 130.62, 134.02 and 

150.80 ppm, respectively. The signal for the two carbon atoms (7) of the amide was 

found at 164.36 ppm. All six carboxylic carbon atoms (3) of the ester group were 

observed as signal at 173.53 ppm. 
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Figure 30. 
13

C-NMR spectrum (75 MHz, CDCl3) of 41. 

 

Figure 31. 
1
H-NMR spectrum (300 MHz, MeOD-d4) of 43. 

The 1H-NMR spectrum of compound 43, a branched and quarternized pyridine, is 

shown in Figure 31. A sharp signal at 1.45 ppm represented the methyl protons (1) of 

six tert-butyl groups. The dendritic protons were detected as broad signals at 2.15 
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and 2.45 ppm, respectively. The methylene protons (4, 5) of the coupled building 

block were observed as signals at 4.58 and 4.94 ppm. The two signals for the 

aromatic protons of the six pyridinium rings (2, 3) appeared at 8.21 and 9.02 ppm. 

The signals for the aromatic protons (6, 7) of the inner pyridine ring were hardly 

detectable at 8.64 and 8.85 ppm. Additional signals could be referred to solvent 

molecules, like acetone, DMF and methanol.  

    

In summary, these examples clarify that building block 13 is a powerful tool for fast 

transfer of cationic charges and the uncomplicated change from negatively to 

positively charged dendrimers. Starting from an anionic dendronized perylenes 33 or 

amphiphiles 35 and 37, a novel cationic perylene 34 and amphiphiles with a 

branched cationic head group of first generation 36 and second generation 37 were 

synthesized for the first time. Furthermore, branched and positively charged pyridine 

rings 40 and 43 were generated. These compounds can be used as ionic ligands in 

metal complexes transferring water-solubility, or can be functionalized via qua-

ternization reactions at the pyridine core which is described in detail in Chapter 3.2. 
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3        RESULTS AND DISCUSSION 

 

3.1.5 Application of Cationic Dendrimers 

 

The synthesis of cationic dendrimers exhibiting permanent positively charged units in 

the periphery was an important step for the investigation of the self-assembly of 

oppositely charged dendrimers.  

Based on charged polymers, the build-up of supramolecular architectures was firstly 

achieved by wet-coating layer-by-layer deposition (LbL).[102] Therefore, a solid 

surface, like glass or metal, was etched by treatment with a strong base. Alternated 

dipping in aqueous solutions of the respective charged polymer led efficiently to 

deposition of polyelectrolyte multilayers (PEM) held together by electrostatic 

interaction. Among other things, applications for these structures were found in the 

biomedical area and are widely investigated.[103] But as already mentioned, 

polyelectrolytes showed some disadvantages in comparison to oligoelectrolytes – 

charged dendrimers. These properties restricted the fine tuning and exactly 

controllable built-up of layer deposition on solid surfaces.[104] Recently, the concept of 

self-assembled layer-by-layer deposition of charged macromolecules was extended 

to OEM – the formation of oligoelectrolyte multilayer films.[96] As oligoelectrolytes 

presented the class of monodisperse compounds with controllable properties, e.g. 

number and location of charges, they were the most suited building blocks for an 

absolute regular monomolecular layer deposition.         

In Figure 32 some examples are given for applied oligoelectrolytes. Beside the well 

known anionic building block 17, a deprotected NEWKOME dendron of the second 

generation, also non dendritic compounds based on porphyrins as chromophores 

were used.[105,106] The cationic porphyrin 44 exhibited eight pyridinium rings and its 

anionic counterpart 45 four malonic acid moieties. Chromophoric groups were 

introduced to monitor easily the deposition and degradation of monomolecular layers 

by UV/Vis – spectroscopy. Compound 18 presented a novel cationic representative 

for a dendritic, non chromophoric molecule with permanent, pH-value independent 

charges. All compounds showed the requirements for a regular and controllable 

multilayer architecture out of alternating oligoelectrolytes: excellent solubility in 

aqueous buffered solution, high charge density and monodispersity. 

Compound 18 was successfully applied for the layer-by-layer deposition of molecular 

oligoelectrolytes on both glass and Ti-6Al-4V surfaces of different coarseness.[97] For 

medical applications as drug delivery systems active reagents and bioactive 

molecules can be incorporated into the architecture of monomolecular layers. For 
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example, titanium implants coated with such assemblies and subsequently applied to 

the human body, were able to degrade and therefore release drugs dependently on 

the pH-value. Further on, by controlling the number of layers and the location of 

incorporated active agents the time of release could be adjusted. 

 

 

Figure 32. Examples for oligoelectrolytes used for the self-assembled LbL-deposition 

 

For fundamental research the development and synthesis of novel molecular 

oligoelectrolytes was essential, but to have a complete understanding of the 

mechanism of oligoelectrolyte self-assembly, numerous experiments and calculations 

are still to be done.    
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3.2 Zwitterionic Dendrimers 

 

3.2.1 Building Blocks for Zwitterionic Dendrimers 

 

A new family of zwitterionic dendrimers was being introduced exhibiting an 

unprecedented architecture and outstanding properties. The fundamental key 

compound defining the general structural motif for all novel dendritic zwitterions was 

found in the synthesis of the dendronized pyridine unit 41, already described in 

Scheme 12. The dendritic compound 41 had two special features: firstly, a pyridine 

core whose quarternisation at the nitrogen atom by reaction with any alkyl halide led 

to a permanent positive charge, highlighted green in Figure 33. The periphery 

consisted of a shell of tert-butyl ester groups (red) providing an environment of 

surrounding carboxylic acids after acidic deprotection. Building block 41 allowed for 

generation of branched zwitterions, with so far unknown structural pattern: decoration 

of a dendritic architecture with an exactly defined number of negative and positive 

charges, which were organized within different areas of the macromolecule. 

 

 

Figure 33. Dendronized pyridine 41 as precursor for zwitterionic architectures. 

 

To increase the possibilities for connection of dendronized pyridines to various 

compounds and, not less important, the build-up of extended zwitterionic 

architectures, the pyridine based building block 41 was quarternized with 2-

iodoethanol in chloroform at 60°C yielding compound 46 (Scheme 13). Thereby, both 

a hydroxyl group as coupling moiety and a positive charge were introduced at the 

core site. The resulting yellow pyridinium salt 46 was easily purified by column 

chromatography on silica and fully characterized. The peripheral shell of ester groups 

shielded efficiently the cationic pyridinium interior and invested the entire molecule 

with a very good solubility in organic solvents. 
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Scheme 13. Synthesis of the dendritic pyridinium building block 46. 

 

Figure 34 shows the 1H-NMR spectrum of compound 46. A sharp singlet at 1.42 ppm 

originated from the 54 protons (1) of the peripheral tert-butyl ester groups. The 

signals of the dendritic methylene protons (2, 3) were detected at 2.13 and 2.30 ppm 

as multiplets. The introduced ethylene chain was proved by means of two signals: 

one signal was detected at 4.20 ppm for the two protons (8) neighbored to the 

hydroxyl group. The two protons of the carbon atom directly attached to the positive 

nitrogen atom (7) were observed as signal at 4.91 ppm. As sharp signal at 5.31 ppm 

the proton (9) of the hydroxyl group was detected. The signal for the two amide 

protons (4) appeared at 8.59 ppm. At 9.46 and 9.64 ppm, respectively, signals arose 

for the aromatic protons (5, 6) showing the intensity ratio 2:1. 

 

Figure 34. 
1
H-NMR spectrum (400 MHz, CDCl3) of 46. 
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Figure 35. 
13

C-NMR spectrum (100 MHz, CDCl3) of 46. 

        

The 13C-NMR spectrum of compound 46 is depicted in Figure 35. At 28.00 ppm a 

signal was detected for the 18 methyl carbon atoms (1) of the ester groups. With 

similar shift the carbon atoms of the dendritic framework (4, 5) gave signals at 29.59 

and 29.80 ppm, respectively. The two tertiary carbon atoms (6) of the dendritic focal 

point were detected as signal at 59.55 ppm. The carbon atoms of the added ethylene 

group (11, 12) were detected as weak signals at 63.55 and 64.54 ppm. The signal for 

the six tertiary carbon atoms (2) was observed at 80.88 ppm. At 135.02, 142.56 and 

145.93 ppm the signals for the aromatic carbon atoms (8-10) of the pyridine ring 

appeared. The signal for the carbon atom of the amide (7) and for the ester (3) was 

detected at 160.03 and 172.99 ppm, respectively.  

Varying the concept of branched pyridine units as building blocks for zwitterionic 

dendrimers, 3,5-pyridine dicarboxylic acid 39 (Scheme 11) was coupled under 

identical conditions like in the synthesis of 41 (Scheme 12), with two equivalents 

NEWKOME dendron of second generation 4 in a DCC-mediated reaction (Scheme 14). 

The resulting dendronized pyridine unit was then able to act as a precursor for 

zwitterionic units consisting of one internal positive charge surrounded by up to 18 

negative charges in the periphery. 
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Scheme 14. Synthesis of branched pyridine unit 47 dendronized with NEWKOME´S dendron of second 

generation. 

 

Figure 36. 
1
H-NMR spectrum (400 MHz, CDCl3) of 47. 

 

In Figure 36 the 1H-NMR spectrum of compound 47 is given. At 1.34 ppm a strong 

signal presented all 162 protons (1) of the terminal tert-butyl groups. The signals for 

the protons of the dendritic framework split into three multiplets at 1.92, 2.15 and 

2.24 ppm, respectively, with the intensity contribution of 36:48:12 protons. At 6.06 

ppm a signal for the six amide protons (2) inside the dendrimer were observed, 

whereas the signal for the amide protons (3) directly neighbored to the aromatic ring 

were shifted to 8.80 ppm. The aromatic protons (4, 5) were detected as signals at 

8.77 ppm and 9.17 ppm. Additional signals could be referred to DMF and EtOAc.  
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3.2.2 Spherical Zwitterionic Dendrimers 

 

The development of spherical zwitterionic dendrimers was an interesting challenge. 

We were aiming at zwitterionic oligoelectrolytes whose structure showed the 

molecular analogue of the atom model: cationic core surrounded by a negatively 

charged shell. These requirements were exactly presented by the dendronized 

pyridine building block 41 (Figure 33). 

For this purpose, 41 was quarternized by the bifunctional spacer α,α´-dibromo-p-

xylene 48 via heating in chloroform (Scheme 15). The pyridinium salt 49 was 

obtained as a white solid providing a very good solubility in organic solvents. Due to 

the shell of 12 tert-butyl ester groups shielding efficiently the interior of two positively 

charged pyridinium rings, the solubility behavior was reasonable. Standard 

purification steps like normal-phase column chromatography could therefore be 

applied.  

 

Scheme 15. Synthesis of spherical zwitterionic dendrimer of first generation 50 containing a xylene 
spacer. 

 

Due to the deactivating amide groups, the nucleophilic substitution of the terminal 

halide of the spacer by the nitrogen atom was extremely slow. The reaction had to be 

supported by the addition of silver salts, e.g. silver nitrate. In a ‘SN1-like’ mechanism 

the silver halide and a highly reactive carbocation were formed, which can now react 

with the pyridine nitrogen atom.[107] During the synthesis of compound 49 it was 

observed, that the nitrate counterions were able to substitute the halide, which 

resulted in the formation of the corresponding nitric acid ester.[108] Subsequent 

substitution of nitrate by the pyridine compound was not observed. Nevertheless, 

these mono-substituted by-products could easily be separated by column 
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chromatography. 

Under acidic conditions, by stirring 49 in formic acid for one day, all ester groups 

were cleaved. The resulting compound 50 presented a model compound for 

zwitterionic dendrimers with a spherical shape: two permanent positively charged 

pyridinium units were surrounded by a shell of 12 carboxylic acid groups which were 

negatively charged depending on adjusted pH-value. 

 

Scheme 16. Synthesis of spherical zwitterionic dendrimer of first generation 53 containing a hexyl 

spacer. 

 

Analogously to synthesis of compound 50 given in Scheme 15, the bifunctional 

spacer could be varied. The pyridine moieties were linked by a hexyl spacer 

(Scheme 16) using 1,6-diiodohexane 51 and an octyl spacer (Scheme 17) using 1,8-

diiodooctane 54, respectively. These possibilities allowed for controlling the distance 

of the charges, the space within the branched architecture and thus, the structure 

could be adjusted on purpose for different applications. All pyridinium based 

dendrimers exhibited in their protected form (49, 52 and 55) excellent solubility in 

many organic solvents. Deprotection by assistance of formic acid led quantitatively to 

spherical zwitterionic dendrimers (50, 53 and 56), soluble in DMF, DMSO and 

buffered aqueous solution (pH 7 and 10). All compounds were characterized by 

NMR- and IR-spectroscopy, mass spectrometry and elemental analysis.   
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Scheme 17. Synthesis of spherical zwitterionic dendrimer of first generation 56 containing an octyl 

spacer. 

 

As the NMR spectra of the synthesized spherical zwitterionic dendrimers of first 

generation were very similar, only the characterization of compound 49 and 56 is 

depicted for reasons of clarity. 

 

Figure 37. 
1
H-NMR spectrum (400 MHz, CDCl3) of 49. 
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For reasons of symmetry the 1H-NMR spectrum of 49 (Figure 37) was very simple. A 

strong signal for the methyl protons (1) of the 12 ester groups was detected at 1.34 

ppm. The dendritic protons (2, 3) were observed as multiplets at 2.04 and 2.20 ppm. 

At 5.96 ppm a signal appeared for the four protons (7) of the methylene bridge 

belonging to the xylene moiety. All four protons of the xylene core (8) gave one signal 

at 7.66 ppm, a strong proof for purity which excluded the presence of mono-

substituted by-product. A signal for the amide protons (4) was detected at 8.76 ppm, 

whereas the signals for the two sorts of protons (5, 6) of the pyridinium unit were 

observed at 9.60 and 9.79 ppm, respectively. 

 

Figure 38. 
13

C-NMR spectrum (100 MHz, CDCl3) of 49. 

  

In Figure 38 the 13C-NMR spectrum of compound 49 is depicted. At 27.96 ppm a 

signal for the 36 carbon atoms (1) of the ester groups was detected. For the dendritic 

carbon atoms (4, 5) two signal arose at 29.46 and 29.69 ppm. The signal for the 

tertiary carbon atoms (6) of the dendritic core appeared at 59.41 ppm. As a very 

weak signal the two carbon atoms (8) of the methylene bridge were observed at 

64.94 ppm. The signal for the 12 tertiary carbon atoms (2) of the tert-butyl ester 

groups was detected at 80.73 ppm. Again for symmetrical reasons the pyridinium 

and xylene carbon atoms were observed as five signals at 130.97, 133.98, 135.64, 

143.14 and 145.82 ppm. The signal at 159.69 ppm represented the carboxylic carbon 
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atoms (7) of the amide group, whereas the signal for the carboxylic carbon atoms (3) 

of the ester groups was detected at 172.90 ppm. 

 

Figure 39. 
1
H-NMR spectrum (400 MHz, DMSO-d6) of 56. 

 

The 1H-NMR spectrum of compound 56 is given in Figure 39. The absence of the 

strong signal for the tert-butyl groups proved the successful deprotection of all 

carboxylic acids. At 1.30 ppm the signal for the eight inner methylene protons (9, 10) 

of the octyl chain were detected. The signals for the dendritic protons (3) and four 

protons (4) of the chain were observed at 1.99 ppm. The dendritic protons (2) of the 

methylene groups close to the ester appeared as broad signal at 2.29 ppm. At 4.66 

ppm a very broad triplet was observed for the four methylene protons (7) directly 

linked to the nitrogen atom. The signals for the aromatic protons (5, 6) of both 

pyridinium rings were detected at 9.29 and 9.44 ppm, respectively. With a huge 

chemical shift of 10.09 ppm a broad signal for the amide protons (4) were observed. 

The protons (1) of the carboxylic acids appeared as very broad signal at 12.91 ppm. 

The presence of water in the NMR-solvent caused the broad signal 3.30 ppm. 

To extend the architecture of zwitterionic dendrimers based on branched pyridinium 

moieties and increase the number of charges within one macromolecule, the second 

generation of pyridinium dendrimers were synthesized (Scheme 18). Due to the 

activation of the pyridine core by 2-iodoethanol, compound 46 (Scheme 13) was 
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easily coupled to 3,5-pyridine dicarboxylic acid 39 as basic core monomer. The 

resulting hemispheric dendron 57 exhibited one pyridine core, available for further 

reactions, and two branches to the dendronized pyridinium units. The yellowish solid 

57, which showed again high solubility in organic solvents, was deprotected by 

stirring in formic acid for one day, resulting in the hemispheric zwitterionic pyridinium 

dendrimer 58 with two cationic charges located at the framework surrounded by a 

shell of 12 negative charges.   

 

Scheme 18. Synthesis of the second generation pyridinium dendrimer 57 and its deprotected, 
zwitterionic form 58. 

 

 

Figure 40. 
1
H-NMR spectrum (400 MHz, CDCl3) of 57. 

 

In Figure 40 the 1H-NMR spectrum of compound 57 is depicted. All 108 methyl 
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protons (1) gave one strong signal at 1.36 ppm. At 2.09 and 2.20 ppm, respectively, 

the protons (2, 3) of the dendritic framework were detected as broad triplets. The 

protons (7, 8) presenting the ethylene bridge between the pyridine rings were shifted 

in comparison to the starting material 46 to lower field. Their signals were observed 

at 4.96 and 5.59 ppm. The amide protons (4) appeared as a signal at 8.75 ppm. 

Finally, four signals for the aromatic protons were detected at 8.93, 9.30, 9.65 and 

10.07 ppm, respectively. Thereby, the signals for the protons (9, 10) at the inner core 

unit showed a clear splitting pattern, whereas the protons (5, 6) of the quarternized 

pyridinium rings were broadened up. Some residues of DMF were also detected in 

the spectrum. 

In analogy to the synthesis of the model compounds 50, 53 and 56, shown in 

Schemes 15-17, the hemispherical compound 57 was linked with a bifunctional 

spacer 1,10-diiododecane 59 under assistance of silver hexafluorophosphate. The 

resulted compound 60, purified via normal-phase column chromatography and 

characterized, was treated with formic acid to form compound 61 (Scheme 19).    

 

 

Scheme 19. Synthesis of spherical zwitterionic dendrimer of second generation 61. 

 

This outstanding compound 61 presented the flagship of spherical zwitterionic 

dendrimers synthesized for the first time. Exhibiting a cationic core of six permanently 
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charged pyridinium rings and a surrounding periphery of 24 carboxylates (depending 

on adjusted pH-value), this zwitterionic oligoelectrolyte could be described as first 

molecular representative of the common atom model. 

 

Figure 41. 
1
H-NMR spectrum (400 MHz, CDCl3) of 60. 

 

The 1H-NMR spectrum of 60 is shown in Figure 41. The inner protons of the alkyl 

chain were detected as broad and split signals at 1.21 ppm. The strong singlet at 

1.35 ppm represented 216 protons (1) of the peripheral tert-butyl groups, followed by 

a weak signal at 1.55 ppm for the protons (12) of the alkyl chain. The dendritic 

protons (2, 3) were observed as signals at 2.09 and 2.20 ppm, respectively. The 

signal for the protons (11) of the alkyl chain methylene group directly attached to the 

nitrogen atom was hardly detectable at 3.94 ppm, but consistently with comparable 

model compounds. The protons (7, 8) were observed as signals at 4.95 and 5.65 

ppm. The aromatic protons (5, 9) were detected as a broad signal at 8.80 ppm. The 

signal at 9.31 ppm represented the eight amide protons (4), whereas the signals for 

the aromatic protons (6, 10) overlapped to one signal at 9.87 ppm.    
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Figure 42. 
1
H-NMR spectrum (300 MHz, DMSO-d6) of 61. 

 

 In Figure 42 the 1H-NMR spectrum of compound 61 is depicted. At 1.24 ppm a 

signal for the 12 protons belonging to the inner methylene groups of the C10-linker 

was detected. The disappearance of the strong singlet for the tert-butyl esters 

indicated clearly the complete deprotection of compound 60. A broad signal for the 

protons (12) of the linker was observed at 1.82 ppm, followed by two strong signals 

for the protons (2, 3) of the dendritic framework at 2.00 and 2.24 ppm, respectively. 

The four protons (11) belonging to the methylene group of the alkyl chain directly 

attached to the pyridinium ring appeared as signal at 3.92 ppm. At 4.85 and 5.17 

ppm the broad signals for the protons (7, 8) of the ethylene bridges were detected. In 

the aromatic region, a broad triplet at 8.59 ppm for the two protons (9) in para-

position of the inner pyridinium rings was observed, followed by a signal for the eight 

amide protons (4) at 9.15 ppm. Very closely two signals appeared at 9.28 and 9.31 

ppm, belonging to the four protons (10) in ortho-position of the inner pyridinium rings, 

splitting into a broad doublet due to a 4J-coupling and to the four protons (5) in para-

position of the outer pyridinium rings. A broad signal at 9.68 ppm showed the eight 

protons (6) in ortho-position of the outer rings. Finally, a very broad signal was 

detected for the 24 protons (1) of the carboxylic acid groups at 12.52 ppm.    

3

2

1

2

4

3

*

5 6

7

7

8

8 9

10

1 *

*
11

11 12

12

chain

– CH2 –

9

10

6

4
5



 

 
63 

 

3        RESULTS AND DISCUSSION 

 

3.2.3 Zwitterionic Amphiphiles 

 

The coupling of long alkyl chains to the dendronized building blocks 41 and 46 

(Scheme 13) offered the opportunity to synthesize new zwitterionic dendritic 

architectures with amphiphilic properties. Thereby, the versatility and the advantages 

of the building blocks based on branched pyridine rings could be pointed out again. 

In two steps – coupling and deprotection – a novel family of charged surfactants was 

created, completing the already known amphiphiles containing anionic or cationic 

dendrimers as head groups.[101,109,110]  

 

 

Scheme 20. Synthesis of zwitterionic amphiphile 64 containing a dendronized pyridinium unit of first 

generation as head group. 

 

Compound 64 representing the first member of the new class of zwitterionic 

amphiphiles was synthesized by direct quarternization of the pyridine building block 

41 by 1-iodohexadecane 62 and addition of silver nitrate in chloroform at 60°C for 

two days. The obtained compound 63 purified by column chromatography was then 

deprotected by stirring in formic acid for one day (Scheme 20). The zwitterionic 

amphiphile 64 exhibited now a dendronized pyridinium unit of first generation as 

head group presenting a ratio of negative to positive charges of 6:1 which was 

depending on adjusted pH-value. 
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Figure 43. 
1
H-NMR spectrum (300 MHz, CDCl3) of 63. 

  

The 1H-NMR spectrum in Figure 43 shows clearly the successful synthesis of 

compound 63. The protons (9) of the terminal methyl group appeared as triplet at 

0.84 ppm followed by a signal for 26 protons of the alkyl chain at 1.22 ppm. A strong 

singlet was detected for the protons (1) of the tert-butyl groups at 1.39 ppm. A broad 

signal was observed for two protons (8) of the alkyl chain at 1.95 ppm. The protons 

(2, 3) of the dendritic framework were detected as multiplets at 2.11 and 2.27 ppm, 

respectively. At 4.68 ppm a triplet originated from the protons (7) of the alkyl chain 

directly linked to the nitrogen atom. The signal for the amide protons (4) was 

observed at 8.88 ppm, whereas the signals for the two different protons (5, 6) of the 

pyridinium ring were detected at 9.55 and 9.62 ppm. 

 

After deprotection the 1H-NMR spectrum of compound 64 (Figure 44) shows only a 

few changes. Due to aggregation in solution the shape of all signals broadened up. 

The absence of the strong signal for the tert-butyl groups at around 1.40 ppm proved 

cleavage of all peripheral esters. Further on, the signal for the amide protons (4) was 

shifted to lower field from 8.88 to 9.65 ppm, possibly influenced by the change from 

nitrate to formate as counterion, indicated by a singlet at 8.21 ppm. 
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Figure 44. 
1
H-NMR spectrum (300 MHz, DMSO-d6) of 64. 

 

Long fatty acids like the docosanoic acid 65 could also be used for the fast synthesis 

of zwitterionic dendrimers with amphiphilic properties. Building block 46 with its 

already quarternized pyridine core was coupled easily in a mild DCC-mediated 

esterification to the terminal carboxylic acid group of 65 (Scheme 21). After 

purification by normal-phase column chromatography the cleavage of all tert-butyl 

esters was carried out in formic acid leading to zwitterionic amphiphile 67.  

In Figure 45 the 1H-NMR spectrum of compound 66 is depicted. The protons (11) of 

the terminal methyl group appeared as a triplet at 0.85 ppm followed by a signal for 

36 protons of the alkyl chain at 1.22 ppm. A strong singlet was detected for the 

protons (1) of the tert-butyl groups at 1.41 ppm. A signal was observed for two 

protons (10) of the alkyl chain at 1.72 ppm. The protons (2, 3) of the dendritic 

framework were detected as multiplets at 2.15 and 2.30 ppm, respectively, overlaying 

a broad signal for the two protons (9) of the alkyl chain. The protons of the ethylene 

bridge of the building block were observed as signals at 4.69 and 5.14 ppm. A broad 

signal at 8.57 ppm originated from the two amide protons (4), whereas the aromatic 

protons (5, 6) of the pyridinium unit were observed as signals at 9.45 and 9.63 ppm. 
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Scheme 21. Synthesis of zwitterionic amphiphile 67 containing a dendronized pyridinium unit of first 

generation as head group. 

 

 

Figure 45. 
1
H-NMR spectrum (300 MHz, CDCl3) of 66. 
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The 13C-NMR spectrum of compound 66 is given in Figure 46. The signal for the 

carbon atom (14) of the terminal methyl group of the alkyl chain was detected at 

14.11 ppm. Each carbon atom of the chain could not exactly be assigned, they were 

observed as eleven signals from 22.67 to 33.67 ppm. Between this numerous signals 

three strong signals were detected. One for the 18 methyl carbon atoms (1) of the 

tert-butyl ester groups at 28.08 ppm and the other two for the 12 carbon atoms (4, 5) 

of the dendritic framework at 29.68 and 29.98 ppm. At 58.22 ppm the carbon atom 

(12) of the ethylene bridge was observed. The tertiary carbon atom (6) localized at 

the dendritic core appeared as a signal at 59.85 ppm. The second carbon atom (11) 

of the ethylene bridge was detected at 61.49 ppm. The signal at 80.83 ppm 

originated from the six tertiary carbon atoms (2) of the tert-butyl group. The aromatic 

carbon atoms (8-10) of the pyridinium ring were observed as signals at 134.79, 

143.27 and 145.38 ppm, respectively. At 159.61 ppm a signal originated for the two 

carbon atoms (7) of the amide group. The two different ester groups in compound 66 

were detected as signals at 172.86 ppm, for the six carbonyl atoms (3) of the 

dendron, and at 173.14 ppm for the ester linkage between pyridinium building block 

and fatty acid 

 

Figure 46. 
13

C-NMR spectrum (75 MHz, CDCl3) of 66. 
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Figure 47. 
1
H-NMR spectrum (400 MHz, THF-d8) of 67. 

  

The 1H-NMR spectrum of compound 67, the deprotected zwitterionic amphiphile 

containing an ester linked docosyl chain, is depicted in Figure 47. All signals 

belonging to the product were very broad and integrals were not exactly 

measureable. Due to pure starting material and no known formation of by-products 

by treatment with formic acid so far, the pure and quantitative formation of the 

product 67 could be ensured, although some unexplainable signals were observed. 

The signal for the terminal methyl protons (11) of the alkyl chain split into a triplet at 

0.89 ppm. At 1.29 ppm the signal for 36 protons of the alkyl chain was detected. A 

broad signal was observed at 1.56 ppm for the protons (10) of the alkyl chain, 

followed by the very broad signals for the dendritic protons (2, 3) at 2.15 and 2.32 

ppm, respectively, overlaying the signal for the protons (9) of the alkyl chain. The two 

signals for the ethylene protons (7, 8) of the esterified building block were detected at 

4.66 and 5.14 ppm, respectively. The amide protons (4) appeared as broad signal at 

8.36 ppm. Two broad signals at 9.43 and 9.58 ppm indicated the two sorts of 

pyridinium protons (5, 6). Due to fast exchange with the solvent the acidic protons (1) 

were not observed. 

In analogy to the synthesis of compound 63, shown in Scheme 20, the third pyridine 

based second generation building block 47 described in Scheme 14, was directly 
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quarternized by 1-iodohexadecane 62 via heating in chloroform and the assistance of 

silver nitrate (Scheme 22). The obtained compound 68 presented an amphiphile with 

one positive charge at the core site and a peripheral surrounding of 18 tert-butyl ester 

groups. Unfortunately, the deprotection and the generation of a zwitterionic 

amphiphile with a ratio of negative to positive of 18:1 did not succeed. No pure 

product for clear characterization and subsequent measurements could be obtained. 

Further studies have to be done to explain the observed phenomena.     

   

 

Scheme 22. Synthesis of amphiphile 68 containing a dendronized pyridinium unit of second 

generation as head group. 

 

The 1H-NMR spectrum of compound 68 is given in Figure 68. Both the signals of the 

pyridine building block and the alkyl chain were clearly detected. At 0.84 ppm the 

signal for the terminal methyl protons (8) of the alkyl chain split into a triplet. The 

signal for the methylene protons of the chain was detected at 1.21 ppm, followed by 

the strong signal for 162 protons (1) of the tert-butyl groups at 1.37 ppm. As broad 

signal at 1.58 ppm two protons (7) of the attached alkyl chain were detected. The 

dendritic protons of the framework on both sides of the pyridinium unit were observed 

as signals at 1.90, 2.14 and 2.29 ppm, respectively. The signal for the methylene 

group (6) of the alkyl chain, directly attached to the nitrogen atom, split into a triplet at 

4.81 ppm. The amide protons (2) appeared as a signal at 6.63 ppm. The aromatic 

protons (4, 5) were detected as signals at 9.07 and 9.33 ppm, whereas the signal for 

the amide protons (3) was shifted to 9.97 ppm.      
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Figure 48. 
1
H-NMR spectrum (300 MHz, CDCl3) of 68. 

 

Continuing the strategy of connecting pyridine building blocks to long alkyl chains for 

the synthesis of zwitterionic dendrimers with amphiphilic properties, the synthesized 

pyridinium dendrimer of second generation 57 was also used. By direct 

quarternization with 1-iodohexadecane 62 in chloroform under assistance of silver 

sulfate and subsequent deprotection a novel zwitterionic amphiphile could be 

generated (Scheme 23). Compound 70 presented an extended head group 

consisting of three permanent positively charged pyridinium rings and a negatively 

charged periphery of 12 carboxylic acids controlled by adjustment of the pH-value. 

Looking at the counterions, the exact composition was not clear. Overall three 

cationic charges had to be saturated and one sulfate and iodide, respectively, were 

most reasonable, explained by the results of elemental analysis. Nevertheless, the 

counterions for the pyridinium moieties played only a less important role, as the 

properties were mostly dictated by the peripheral carboxylate group and their 

counterions. 
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Scheme 23. Synthesis of zwitterionic amphiphile 70 containing a dendronized pyridinium unit of 

second generation as head group. 

 

 

Figure 49. 
1
H-NMR spectrum (400 MHz, CDCl3) of 69. 

 

Figure 49 shows the 1H-NMR spectrum of the protected species 69. The signal for 

the protons (13) of the terminal methyl group of the alkyl chain split into a triplet at 

0.83 ppm, followed by the signal for 26 protons of the alkyl chain at 1.20 ppm. A 

strong singlet at 1.38 ppm indicated 108 protons (1) of all tert-butyl groups. Two 
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protons (12) belonging to the alkyl chain were observed as a weak signal at 1.53 

ppm. The protons (2, 3) of the dendritic framework were detected as two signals at 

2.07 and 2.23 ppm, respectively. The signal for the protons (11) of the methylene 

group directly attached to the pyridinium ring lay under a signal of residual solvent at 

3.95 ppm. The signals for the ethylene protons (7, 8) of the pyridinium dendrimer 

appeared at 4.11 and 4.86 ppm. The signal for the amide protons (4) was shifted to 

8.63 ppm. The aromatic protons of the two different pyridinium rings originated two 

sets of signal: one triplet and doublet for the inner ring protons (9, 10) at 8.83 und 

9.32 ppm and two broad signals at 9.49 and 9.64 ppm for the outer ring protons (5, 

6). 

 

Figure 50. 
13

C-NMR spectrum (100 MHz, CDCl3) of 69. 

      

In Figure 50 the 13C-NMR spectrum of compound 69 is depicted. The carbon atoms 

of the alkyl chain were detected between 14.05 and 31.84 ppm, whereas the carbon 

atom (12) terminating the alkyl chain was shifted to the highest field. Three signals 

stuck strongly out of the numerous alkyl chain signals: one signal at 28.01 ppm for 

the carbon atoms (1) of the tert-butyl groups and two signals for the dendritic carbon 

atoms (4, 5) at 29.50 and 29.72 ppm, respectively. The four tertiary carbon atoms (6) 

of the dendritic core were observed as signal at 52.65 ppm. The signal for the 

methylene group (11) directly attached to the positive nitrogen was detected at 59.35 

ppm. The signals for the carbon atoms (8, 9) belonging to the ethylene bridge of the 

building blocks were detected at 60.35 and 64.66 ppm, followed by the signal for the 
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tertiary carbon atoms (2) of the tert-butyl groups at 80.73 ppm. The two different 

pyridinium rings originated six different signals in the aromatic region: at 125.92, 

134.97, 137.98, 142.34, 145.95 and 154.14 ppm. Finally, the signals for the three 

carbonyl carbon atoms were observed: at 160.12 ppm for the amide carbon atom (7) 

and at 164.83 and 172.77 ppm, respectively for the carbon atoms (3, 10) of the ester 

groups.  

 

Figure 51. 
1
H-NMR spectrum (400 MHz, DMSO-d6) of 70. 

  

The 1H-NMR spectrum of the deprotected zwitterionic amphiphile 70 is depicted in 

Figure 51. Due to aggregation in solution the signals appeared very broad, but 

showed all expected signals. The signal for the terminal methyl protons (13) of the 

alkyl chain split into a triplet at 0.84 ppm, followed by a signal for 26 methylene 

protons of the alkyl chain at 1.22 ppm. Two protons (12) belonging to the alkyl chain 

were detected as broad signal at 1.52 ppm. The signals for the dendritic protons (2, 

3) were detected as signals at 1.98 and 2.25 ppm. The protons (11) of the methylene 

group directly linked with the nitrogen atom appeared as a signal at 3.96 ppm. For 

the protons (7, 8) belonging to the ethylene bridge of the introduced building block 

two signals were observed at 4.84 and 5.19 ppm, respectively. After two residual 

solvent peaks caused by toluene and formic acid, five signals were detected in the 

aromatic region: a broad triplet and doublet for the protons (9, 10) of the inner 

pyridinium ring at 8.57 and 9.27 ppm. The signal for the protons (5) of the outer 

pyridinium rings were observed at 9.32, whereas the protons (6) the pyridinium rings 

and the amide protons (4) resulted in one signal. The acidic protons (1) of the 
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carboxylic acids were detected as very broad signal at 12.64 ppm. 

 

Figure 52. 
13

C-NMR spectrum (100 MHz, DMSO-d6) of 70.  

 

In Figure 52 the 13C-NMR spectrum of compound 70 is given. The signals for the 

alkyl chain were detected at 13.61, 22.06, 28.08, 29.00 and 31.72 ppm. Between 

these peaks two stronger signals appeared for the dendritic carbon atoms (2, 3) at 

28.72 and 29.41 ppm, respectively. The tertiary carbon atoms (4) of the dendritic 

core were observed as a signal at 58.20 ppm. With nearly the identical chemical shift 

the carbon atom (9) of the alkyl chain directly attached to the positive nitrogen atom 

and the carbon atom (6) of the ethylene linker were detected at 59.72 and 59.92 

ppm. The signal for the second carbon atom (7) of the linker appeared at 64.08 ppm. 

The two different pyridinium rings were presented by six signals: the aromatic carbon 

atoms were observed between 125.42 and 154.07 ppm, respectively. The carbonyl 

carbon atom (5) of the amide groups could be found as signal at 161.04 ppm, 

whereas the signals for the carbonyl carbon atoms (1, 8) of all acid groups were 

detected at 163.54 and 175.14 ppm.  

Another approach to extend dendritic architectures with positive and negative 

charges was the coupling of building block 46 to a deprotected NEWKOME dendron. 

Thereby, pyridinium dendrimers were generated containing an oligo-ester core 

instead of a focal pyridine moiety. In doing so, compound 46 with its functionalized 
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pyridinium core was connected with the well known anionic amphiphile 35 (Scheme 

9). This synthesis completed now the series of different charged amphiphiles. As 

Scheme 9 showed, cationic building blocks 13 changed the anionic compound into 

the positively charged counterpart 36 in a one-step reaction. Scheme 24 described 

the synthesis of zwitterionic amphiphiles based on functionalized NEWKOME 

dendrons, where three pyridinium building blocks were transferred. After deprotection 

the branched head group of compound 72 was decorated with an interior of three 

dendronized pyridinium rings and a shell of 18 negative charges.  

   

 

Scheme 24. Synthesis of compound 72 possessing a branched head group consisting of dendronized 

pyridinium units of first generation.   

As the synthesized compound 71 was very similar to the already presented 

amphiphiles, the characterization by the 1H-NMR spectrum (Figure 53) was not 

described in detail. All signals for the dendritic building blocks and the alkyl chain 

were detected as expected. The signals for the dendritic core of starting material 35 

and the dendrons of the branched pyridine rings overlapped and were observed as 

broad signals at 2.14 and 2.29 ppm.    
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Figure 53. 
1
H-NMR spectrum (300 MHz, CDCl3) of 71. 

 

The 1H-NMR spectrum of compound 72 is depicted in Figure 54. The terminal 

protons (14) of the alkyl chain were detected as triplet at 0.83 ppm. The protons of 

the alkyl chain were observed as strong signal at 1.22 ppm. Another two protons (13) 

appeared as broad signal at 1.79 ppm. All dendritic protons (2, 3, 9, 10) were 

presented by the two broad signals at 2.00 and 2.25 ppm overlapping the signal for 

the last protons (12) of the alkyl chain. Possibly explained by steric stress in the head 

group leading to rotational hindrance, the signals for the protons (7, 8) were split and 

appeared as main signals at 4.50 and 4.95 ppm, respectively. A very weak signal at 

7.04 ppm indicated the amide proton (11). The aromatic protons (5) were observed at 

9.31 as one signal, whereas the aromatic protons (6) and the amide protons (4) 

overlapped to one signal at 9.48 ppm. 
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Figure 54. 
1
H-NMR spectrum (400 MHz, DMSO-d6) of 72. 

 

To sum up shortly, branched pyridine systems opened an easy way to zwitterionic 

dendrimers with amphiphilic properties. In two steps – coupling and deprotection – 

long alkyl chains could be functionalized with branched architectures of first and 

second generation decorated with opposite charges. These charges were separated 

within the framework of the macromolecule consisting of cationic pyridinium units as 

core and oligo-carboxylic acids as negatively charged shell screening the inner 

charges. The net charge of the whole dendrimer in aqueous solution was controlled 

by the adjusted pH-value: cationic character, if the carboxylic acids were protonated 

and anionic character, if the number of deprotonated carboxylic acid groups 

exceeded the number of pyridinium moieties. By variation of the zwitterionic building 

block and the alkyl chain compound, numerous members of the new family of 

charged surfactants could be synthesized. 
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3.2.4 Applications 

 

Dendrimers act as host molecules for the encapsulation of small functional 

compounds into their branched architecture.[18] MEIJER and coworkers reported on 

the enclosure of substrates, e.g. the dye molecules eriochrome black T and rose 

bengal or tetracyanoquinodimethane, by poly(propyleneimine) dendrimers.[81] In 2001 

van Koten and coworkers presented dendritic container molecules based on 

electrostatic interaction.[47] A polycationic core was shielded by a shell of FRÉCHET-

type or PERCEC-type dendrimers to solubilize the charged moiety in apolar organic 

solvents. Via anion exchange different negatively charged molecules, e.g. methyl 

orange or fullerene derivatives could be transferred from the aqueous to the organic 

layer.[48,87,111] 

In our case, all synthesized dendritic systems with a branched pyridinium core and 

peripheral tert-butyl groups showed excellent solubility in organic solvents. The 

cationic core structure of the architecture should provide ideal requirement for the 

encapsulation of anionic dye molecules and their transfer into the water sub-phase. 

An example of such a dye molecule was methyl orange (MO). 

 

 

Scheme 25. Electrostatic host-guest assembly of pyridinium dendrimer 49 and methyl orange (MO). 

 

Indeed, when overlaying a solution of 49 (Scheme 25) or 55 (Scheme 26) in 

dichloromethane by an aqueous solution of NaMO, after vigorously stirring 

immediately anion exchange took place as demonstrated by orange coloration of the 

organic phase. As shown by NMR spectroscopy (Figure 55) the exchange was 
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quantitative and each pyridinium unit bound one MO counterion reversibly. The 

addition of an excess of potassium iodide caused the release of MO into the aqueous 

phase. 

 

Scheme 26. Electrostatic host-guest assembly of pyridinium dendrimer 49 and methyl orange (MO). 

 

The depicted NMR spectra are given exemplarily for compound 73 and show the 

exact host-guest assembly of one pyridinium dendrimer with two internal cationic 

charges and two dye molecules methyl orange. 

Figure 55 shows the 1H-NMR of 73 in CDCl3. Beside the familiar signals for 

compound 49, depicted in Figure 37, the signals for the MO were detected 

additionally. The twelve protons (13) were observed as singlet at 3.05 ppm. The 

aromatic protons (12) in ortho-position to the dimethylamino group appeared as a 

doublet at 6.70 ppm. The remaining aromatic protons (9-11) were detected each as a 

doublet at 7.76, 7.81 and 7.89 ppm, respectively.      
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Figure 55. 
1
H-NMR spectrum (300 MHz, CDCl3) of 73. 

 

 

Figure 56. 
13

C-NMR spectrum (100 MHz, CDCl3) of 73. 
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The 13C-NMR spectrum of compound 73 is given in Figure 56, where the additional 

signals for the two encapsulated dye molecules were clearly observed. At 40.27 ppm 

the signal for the methyl carbon atoms (9) of MO were detected. In the aromatic 

region eight signals were detected for the carbon atoms of the two phenyl rings 

between and 153.68 ppm, respectively.  

According to literature,[87] some shifts in the 1H-NMR spectrum were detected when 

MO was coordinated to the inner pyridinium rings of 49 (Figure 57). The exact 

stoichiometry and the chemical shift, due to the change of the inner environment, 

proved the assembly of anionic guest molecules. Thereby, these molecules were not 

solely physically trapped, but held by ionic interactions. 

 

Figure 57. Comparison of the 
1
H-NMR spectra of electrolyte 49 and MO assembled compound 73. 

 

It could be shown that branched pyridinium dendrimers with peripheral tert-butyl ester 

groups acted as potent host systems for negatively charged substrates. Their 

transfer from the aqueous to the organic phase and the possibility of controlled 

release were important steps in host-guest chemistry and were of big interest for 

further applications. 
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3.3 Aggregation Behavior of Oligoelectrolytes 

 

3.3.1 Micelle Formation of Dendritic Amphiphiles  

 

Amphiphiles combine completely different moieties in terms of polarity in one 

molecule. Just as remarkable the structural motif, as interesting are the properties in 

aqueous solution. The most important one and specific for any surfactants is defined 

as cmc (critical micelle concentration), the lowest concentration, where micelles are 

formed. Thus, the cmc-value is a measure, when aggregation in water occurs, 

shielding nonpolar parts by polar or rather charged groups and how stable those 

micelles are. This distinctive change from monomeric to aggregated amphiphiles can 

be observed by many physical methods, e.g. conductometric or tensiometric 

measurements, and therefore the cmc-value can be determined exactly. 

The critical micelle concentrations (cmc) of the synthesized amphiphiles 36, 64, 67, 

70 and 72 were determined by conductivity measurements. For this purpose, 

concentrated aqueous solutions of the corresponding amphiphiles – zwitterionic ones 

were applied as sodium carboxylates by adding the stoichiometric amount of solid 

sodium hydroxide, were diluted step by step and the specific conductivities were 

measured. The measurements were triply carried out per compound and were 

completely reproducible. Plotting the dependence of the specific conductivities κ on 

the concentration c showed two different linear regions, belonging to monomers or 

aggregates, respectively. The intersection of both linear fits, calculated by the 

program Origin 8G SR1, was related directly to the cmc-value[109,112,113].  

Figures 57 to 61 show the cmc-value determination of the amphiphiles with cationic 

head group 36 and zwitterionic head groups 64, 67, 70 and 72 of first and second 

generation. In order to indicate the change of slope at the cmc, the linear fit of the 

corresponding curves for monomeric and aggregated region was included in all 

figures below. 
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Figure 58. Plot of specific conductance κ as a function c of 36. 

 

 

Figure 59. Plot of specific conductance κ as a function c of 64. 
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Figure 60. Plot of specific conductance κ as a function c of 67. 

 

 

 

Figure 61.  Plot of specific conductance κ as a function c of 70. 
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Figure 62. Plot of specific conductance κ as a function c of 72. 
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64 
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67 
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70 
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72 

 
 
8.4 x 10-5 

 

 

Table 1. cmc-values for all amphiphiles. 

  

Table 1 shows the results of the conductivity measurements for all amphiphiles. In 

comparison to the zwitterionic amphiphiles 64 and 67 with identical head groups, 

compound 67 exhibited a higher cmc showing that the aggregation in water was less 

preferred. Despite elongated alkyl chains, the ester linkage in 67 influenced the 

aggregation in a way that higher cmc-values results. The amphiphiles 70 and 72 with 

bulkier head groups showed lower cmc-values. Compound 72 exhibiting a C22 – alkyl 
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chain and three pyridinium units with 18 negative charges presented the lowest cmc 

and therefore, the most pronounced tendency towards micelle formation. Decorated 

with a three-fold pyridinium head group, the cationic amphiphile 36 showed a cmc-

value of 1.9 x 10-4 mol/L. This measured value did not differ significantly from the 

values of the zwitterionic or anionic (35) representatives. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
87 

 

3        RESULTS AND DISCUSSION 

 

3.3.2 Aggregation Behavior of Charged Perylenes 

 

After successful synthesis of novel compounds a great scientific interest lies always 

in the investigation of the properties. Especially when nonpolar and charged moieties 

are combined in one molecule, its aggregation behavior in solution is a fundamental 

characteristic and important to analyze. Due to their optical properties, the degree of 

aggregation of functionalized perylenes could easily be monitored by spectroscopic 

methods, e.g. absorption and emission measurements.  

 

 

Figure 63. Absorption spectra of an aqueous, non-buffered solution of 34 in the concentration range 

5.0x10
-5

 to 3.9x10
-7

 mol/L.  

 

Absorption spectroscopy is the most important method for the characterization of 

aqueous perylene dye solutions, as the ratio of the two dominant bands in the 

UV/Vis-spectra is directly related to the degree of perylene aggregation. The band 

around 500 nm presents the 0→1 transition, whereas the other band at around 550 

nm stands for the 0→0 transition. While monomeric perylene bisimides exhibit 
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normal FRANCK-CONDON progression with A0→0/0→1 ≈ 1.6, aggregated derivatives 

have an inverse intensity distribution among their vibronic states with A0→0/0→1 ≤ 

0.7.[114-116]  

In Figure 63 the absorption spectra of the cationic dendronized perylene bisimide 34 

(also Per7) in aqueous, non-buffered solution is depicted. In the concentration range 

5.0x10-5 to 3.9x10-7 mol/L no significant change, namely the transition from 

aggregated to monomeric perylene derivatives, was observed. Even in high dilution 

the band ratio representing aggregation dictated the absorption spectrum. So 

perylene 34 was strongly self-aggregated in solutions of even very low 

concentrations and showed only partially monomeric signatures, as the band for the 

0→0 transition gradually rose for lower concentrations. This behavior was confirmed 

by conductivity measurements, where no clear cmc-value could be determined at 

concentrations down to 1x10-6 mol/L, explainable by no sharp transition between 

aggregated and monomeric perylene species. 

 

Figure 64. Emission spectra (excitation at λ = 500 nm) of an aqueous, non-buffered solution of 34 in 

the concentration range 5.0x10
-5

 to 3.9x10
-7

 mol/L. 

 

The emission spectra of 34 are given in Figure 64 showing a linear increase of the 

fluorescence starting from low concentrations and a decrease at higher 

concentrations due to the inner filter effects, where reabsorption of emitted radiation 

by other chromophores took place. The comparison of the different spectra, shown in 

Figure 64, gave information about the degree of aggregation at c = 1.25 x 10-5 mol/L.  
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Figure 65. Comparison of absorbance, excitation and emission spectrum of 34. 

 

As the absorbance of 34 strongly deviated from the excitation spectrum and also the 

excitation and the emission spectra had no correlation, the strong self-aggregation 

and the low number of monomeric perylene bisimides in solution was proved. 

This behavior was dramatically changed and observed for the first time: the cationic 

surfactant dodecyltrimethylammonium bromide (DTAB) split perylene aggregates into 

monomeric species right above its own cmc-value of 1.3 x 10-2 mol/L. 

 

 

Figure 66. Absorption spectra of 34 (c = 3x10
-6

 mol/L, aqueous, non-buffered) and stepwise addition 

of cationic surfactant DTAB. 

 

+
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As presented in Figure 66, the absorbance was reduced at the first additions of 

DTAB. But above the cmc-value of DTAB the intensity was increased and a clear 

monomeric signature was observed. Although it was not a priori expectable, the 

effect of positively charged surfactants on cationic perylenes had to be explained by 

cation – π-electron interactions, namely strong intermolecular attraction forces[117] 

which favored the approach of positively charged DTAB to the aromatic skeletal 

structure of the perylene.   

 

 

Figure 67. Emission spectra of 34 (c = 3x10
-6

 mol/L, aqueous, non-buffered) and stepwise addition of 

cationic surfactant DTAB.  

  

The monomerizing effect of DTAB on 34 was also observed in the fluorescence 

spectra, depicted in Figure 67. Above the cmc-value of DTAB the emission intensity 

was increased significantly and the maxima appear slightly blue shifted indicating 

less π-stacking interaction. For further evidence the absorption and emission 

spectrum are compared in Figure 67. As both become mirror-images to each other, it 

was completely proved, that perylene aggregates were broken up by the cationic 

surfactant DTAB and the amount of free, monomeric cationic perylene bisimides was 

drastically increased.   
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Figure 68. Comparison of absorption and emission spectrum of 34 and DTAB above cmc.  

 

To understand the reasons for the monomerizing effect of DTAB on cationic 

dendronized perylene derivatives it was obvious to test the oppositely charged 

surfactant, sodium dodecylbenzenesulfonate (SDBS).    

 

 

Figure 69. Absorption spectra of 34 (c = 3x10
-6

 mol/L, aqueous, non-buffered) and stepwise addition 

of anionic surfactant SDBS. 

  

As figure 69 clearly shows, no significant change in aggregation and no monomeric 

signature was observed. After first addition of the anionic soap SDBS, the 

+
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absorbance decreased first indicating stronger aggregation like gluing the perylene 

compounds together. The intensity was then subsequently increased but no 

deaggregation occurs. The cmc-value of SDBS (0.79 mM) had no influence on the 

perylene assembly. 

 For investigation of the mixed micelle formation of charged perylenes and 

surfactants, a novel procedure was introduced. By mixing different ionic and non-

ionic surfactants (Figure 69) with anionic (33) and cationic perylene bisimides (34) 

the monomerizing effect could fast and easily be tested. Only simple optical 

screening at day- and UV-light, respectively, was required to give a qualitative 

overview of surfactant effects, as the fluorescence of the solution was clearly 

indicating the degree of aggregation. 

  

 

Figure 70. Different surfactants for the optical screening of mixed micelle formation.  

 

For screening the mixed micelle formation the six surfactants shown in Figure 70, 

were tested: the cationic soap dodecyltrimethylammonium bromide (DTAB), the 

anionic soaps sodium dodecylbenzenesulfonate (SDBS) and sodium dodecylsulfate 

(SDS) and the bile salts sodium cholate (SC) and sodium chenodeoxycholate (SDC). 

At last surfactant the non-ionic Triton X-100 was used bearing a hydrophilic 

polyethylene oxide group. 

In doing so, the results are depicted in Figure 71. In a buffered solution (pH = 7) of 

perylene 33 / Per1 (c = 5 x 10-6 mol/L) the different surfactants were added with a 

concentration far above the respective cmc-value (c = 5 g/L). Interaction was only 

observed for the addition of cationic surfactant DTAB and the bile salts SC and SDC 

SDBS
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SDC

SC

DTAB

Triton X-100
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in form of increased fluorescence due to perylene deaggregation. Obviously in the 

case of the anionic soaps SDS and SDBS, the repulsion of the correspondent 

charges was too strong and inhibited the approach of surfactant to the perylene 

aggregates for breaking them up.   

 

Figure 71. Mixture of 33 (c = 5x10
-6

 mol/L) and respective surfactant (c = 5 g/L) in buffered solution 

(pH = 7) at daylight (first row) and UV-light (second row). 

 

 

Figure 72. Mixture of 34 (c = 5x10
-6

 mol/L) and respective surfactant (c = 5 g/L) in buffered solution 

(pH = 7) at daylight (first row) and UV-light (second row). 

 

Analogously the optical screening was carried out for the cationic perylene derivative 

34 under identical conditions. As already described, DTAB broke up perylene 

aggregates due to strong cation – π-electron interaction and formed mixed micelles. 

The same effect was observable for the bile salt SDC, whereas SC stayed nearly 

ref SDBS SDS SC SDC DTAB TX-100

ref SDBS SDS SC SDC DTAB TX-100
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unaffected. Very unexpected effects were observed for the anionic surfactants SDBS 

and SDS. As described early, SDBS did not monomerize perylene aggregates in 

non-buffered solution. For the comparison of the optical screening all mixtures were 

carried out in buffered solution and there strong deaggregation by highly increased 

fluorescence was detected. 

As the cationic surfactant DTAB interacted strongly with positively charged perylene 

aggregates 34, this effect was also tested for the synthesized cationic amphiphile 36 

bearing three pyridinium rings as head group.    

 

 

Figure 73. Absorption spectra of 34/Per7 (c = 1x10
-5

 mol/L, aqueous, non-buffered) and stepwise 
addition (a, b, c: small pinches) of the cationic amphiphile 36. 

 

In Figure 73 a qualitative overview of the absorption spectra of pure 34, 

concentration c = 1 x 10-5 mol/L in aqueous, non-buffered solution, and after addition 

of amphiphile 36 is depicted. Only slight changes could be observed, no signature for 

monomeric perylene derivatives were detectable. 

+
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Figure 74. Emission spectra of 34/Per7 (c = 1x10
-5

 mol/L, aqueous, non-buffered) and after addition 
of the cationic amphiphile 36. 

 

The emission spectra (Figure 74) showed that the fluorescence intensity increased 

after first addition of 36 in comparison to pure compound 34. Actually, this proved the 

existence of monomeric perylene derivatives and the formation of mixed micelles. 

Additional amphiphiles caused no spectroscopic changes. But as no significant 

changes were detected in the absorption spectra, the amount of broken up perylene 

aggregates was rather low and the monomerizing effect of 36 was ineffective. 

 

For the last step of investigating the aggregation behavior of charged perylene 

bisimides the oppositely charged compounds 33 and 34 were mixed and 

spectroscopic measurements were carried out. Thereby, the influence of ionic 

strength and the pH-value on the degree of aggregation was checked. 

 

 

Figure 75. Absorption spectrum of 33/Per1 at pH = 7 and 10 in buffered and non-buffered solution. 

 

First of all, the charged perylene compounds alone were measured at different pH-

values, adjusted by addition of solid sodium hydroxide, and in non-buffered and 

buffered solution, respectively. Following tendency for the degree of aggregation 
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could be observed: the aggregation of anionic perylene bisimides was more 

distinctive for a higher pH-value and for buffered solutions, due to charge screening 

via higher ionic strength and therefore, less electrostatic repulsion. In contrast, the 

absorption spectrum of the anionic perylene 33 at pH = 7 showed even a monomeric 

signature in non-buffered medium. 

 

Figure 76. Mapping the emission spectra of 33/Per1 at pH = 7 and 10 in buffered and non-buffered 

solution. 

 

For clarification the maps of the emission spectra of 33 for the mentioned different 

conditions are depicted in Figure 76. Nearly no fluorescence intensity was observed 

in the case of buffered solutions indicating a high degree of aggregation. The highest 

fluorescence intensity and therefore the highest amount of monomeric perylene was 

detected at pH = 7 in non-buffered solution, as already reasoned by the absorption 

spectra in Figure 74. 

The absorption spectra of the cationic perylene compound 34, given in Figure 76, 

showed, as expected, no significant pH-value dependency. In buffered solution the 

degree of aggregation was slightly increased, shown by less intense and broader 

peaks in the spectrum.  
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Figure 77. Absorption spectrum of 34/Per7 at pH = 7 and 10 in buffered and non-buffered solution. 

 

The emission spectra confirmed the findings of the respective absorption spectra. 

The overview in Figure 78 showed again the highly increased degree of aggregation 

for all charged perylenes in buffered solution and high pH-value, as the fluorescence 

intensity was quenched.   

 

 

Figure 78. Comparison of respective emission spectra of 33/Per1 and 34/Per7 at pH = 7 and 10 in 
buffered and non-buffered solution. 

 

After this preliminary investigations, the oppositely charged perylenes 33 and 34 

were mixed in a buffered solution at pH = 7 and 10 at concentrations c = 1 x 10-5 

mol/L for each compound. Interestingly, the absorption spectra (Figure 79) presented 

the higher degree of aggregation at pH-value = 7. The dotted line gave the theoretical 

band for the half of the summed up single spectra of 33 and 34, only expectable, if no 

additional aggregation occurs. At pH = 10 the calculated and measured spectrum 

matched very well, meaning that no significant interaction at this pH-value was 

observed.   
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Figure 79. Absorption spectra of a 1:1 mixture of 33/Per1 and 34/Per7 (c = 1x10
-5

 mol/L)
 
in buffered 

solution at pH = 7 and 10. 

 

The emission spectra of the 1:1 mixture of 33 and 34 in buffered solution, depicted in 

Figure 80, confirmed again clearly the results of the absorption spectra in Figure 79. 

Strong aggregation effects occurred at pH = 7, indicated by completely quenched 

fluorescence intensity contrary to the spectrum for pH = 10. 

 

 

Figure 80. Emission spectra of a 1:1 mixture of 33/Per1 and 34/Per7 (c = 1x10
-5

 mol/L)
 
in buffered 

solution at pH = 7 and 10.  

 

When the respective emission spectra of 33, 34 and the 1:1 mixture in buffered 

solution at pH = 7 were normalized (see Figure 81), the excimer (excited dimer) band 

at around 700 nm could be detected – an evidence for strong aggregation.   
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Figure 81. Normalized emission spectra of 33/Per1, 34/Per7 and the 1:1 mixture at pH = 7 in buffered 

solution. 

 

Next step was to investigate the pH-value dependency on the degree of aggregation 

of 33 and 34. For this purpose, the compounds were mixed in a non-buffered 

aqueous solution starting at basic medium adjusted by KOH. Subsequently, the pH-

value was decreased by addition of HCl and finally again increased by addition of 

KOH.  

 

Figure 82. Spectroscopic investigation of the pH-value dependency on the aggregation of 33/Per1 
and 34/Per7. 
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The spectroscopic measurements (Figure 82) showed for decreasing pH-value a 

highly increased degree of aggregation. Going to pH = 3.4 the absorbance was 

lowered, the fluorescence was quenched and a strong excimer band was detected. 

The subsequent addition of KOH reversed the process and led to deaggregation 

again. But how are these findings explained? Although at high pH-value the degree 

of deprotonation and therefore, the electrostatic attraction should be very distinctive, 

another effect dominated the process of aggregation: as the pH-value was lowered, 

the anionic perylene 33 bearing terminal carboxylic acids became protonated and 

thus insoluble in the non-buffered, acidic medium. To stay in solution the anionic 

compound stuck strongly to the soluble cationic counterpart 34 recognized by 

intensive formation of aggregates. 
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4 Summary 

 

Ionic dendrimers, called molecular oligoelectrolytes, are an outstanding class of 

macromolecules and indispensable compounds by now for chemistry, material 

science and related areas in terms of structure, properties and applications. Their 

further development and extension to novel architectures was the challenging subject 

of the present work.  

By controlled reaction steps new charged dendrimers were designed providing 

exactly defined properties like kind, number and position of charges. Beside the 

generation of such architectures, the process of coupling to various molecules, called 

dendronizing, and therefore, the transfer of charged moieties was also investigated. 

In the first part of this work permanent cationic dendrimers were successfully 

synthesized. For the first time, small cationic building blocks based on permethylated 

amines 12 and quarternized pyridines 13 were therefore applied, opening an easy 

way from oligo-carboxylic acids to cationic dendrimers in a one step coupling reaction 

under very mild, non basic conditions. The big advantages of this elegant approach 

to permanent positively charged architectures was pointed out for the synthesis of 

numerous compounds, where changes on the synthetic route were not necessary, as 

the synthesis turned directly anionic dendrimers to cationic ones. In doing so, cationic 

dendrimers of first generation 15 and 16 bearing three terminal charges and 

dendrimers of second generation 18 and 19 with nine peripheral charged moieties 

were synthesized and fully characterized. Compound 18 presenting a highly 

increased charge density acted as perfectly suited building block for the formation of 

monomolecular layer-architectures by LbL-deposition of oppositely charged 

oligoelectrolytes on different substrates. Furthermore, the synthesis of cationic 

dendrimers with a protected amino group at core site of first generation 23 and 24, 

containing a butyl spacer 29 and of second generation 32 succeeded, whereas all 

subsequent deprotection reactions led to undesired by-products. The uncomplicated 

change of anionic compounds to cationic ones in one step was also proved by the 

formation of a positively charged perylene bisimide 34 starting from the anionic 

counterpart 33 and the amphiphiles 36 and 38 containing a long alkyl chain and a 

cationic dendrimer of first and second generation, respectively, as polar headgroup. 

Additionally, a branched architecture based on a pyridine ring as core showing a 

positively charged periphery out of two (40) and six pyridinium moieties 43, 
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respectively, was synthesized. 

The second part of the present work extended successfully the class of ionic 

dendrimers by introducing a new family of zwitterionic dendrimers. The novel 

structure motif and basic building block consisted of a dinicotinic acid 39 as core unit 

connected with protected NEWKOME dendrons. Quarternization of the pyridine moiety 

and deprotection under acidic conditions led in two reaction steps to a permanent 

positively charged pyridinium unit shielded by an anionic periphery of carboxylic 

acids. Starting from the dendronized pyridine compound of first generation 41 and 

second generation 47 and the branched pyridinium compounds of first 46 and 

second generation 57, respectively, various zwitterionic dendrimers could be 

synthesized and fully characterized. Thereby, the branched zwitterions synthesized 

for the first time could be distinguished in two types: spherical zwitterionic dendrimers 

and amphiphiles containing a zwitterionic headgroup.  

For the synthesis of spherical zwitterionic dendrimers two pyridine building blocks 

were connected by different bifunctional spacers leading to compounds 50, 53 and 

56, where two cationic pyridinium units were surrounded by a periphery of up to 12 

anionic carboxylates. As a molecular analogue to the common atomic model, 

compound 61 was generated. An interior of six pyridinium rings was shielded by 24 

peripheral carboxylates and showed clearly the local separation of differently charged 

areas. 

For the synthesis of novel amphiphiles the compounds 41 and 46 were used as 

building blocks for fast transfer of zwitterionic dendrimers. Following the principle of 

‘connection and deprotection’ five different amphiphiles (64, 67, 68, 70 and 72) with 

C16 and C22 alkyl chains and up to three branched pyridinium units were synthesized 

and completely characterized. It was observed that all pyridinium compounds with 

peripheral tert-butyl ester groups provided an excellent solubility in organic solvents, 

as the cationic charges were shielded efficiently. Beside the possibility of an easy 

purification by column chromatography another interesting aspect could be 

investigated. By anion exchange the synthesized pyridinium salts 49 and 55 were 

used for pulling exclusively water-soluble dye molecules into the organic phase due 

to electrostatic interaction. The formed assemblies 73 and 74 were isolated and fully 

characterized, proving the fast and quantitative exchange. 

As third and last part of this work the aggregation behavior of the synthesized 

amphiphilic oligoelectrolytes in aqueous solution was investigated. The cmc-values of 

the cationic and zwitterionic amphiphiles 36, 64, 67, 70 and 72 enriching significantly 

the family of charged surfactants, were determined by conductivity measurements 
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and reached from 8 x 10-5 mol/L to 9 x 10-4 mol/L. Further on, the aggregation 

behavior of charged perylene bisimides with different commercial available 

surfactants was analyzed by absorption and emission spectroscopy using their 

outstanding optical properties. Additionally, a very efficient method was introduced 

for checking qualitatively the interaction of surfactants with aggregated perylene 

derivatives by optical screening. Thereby, the monomerizing effect of charged 

surfactants on anionic (33) and cationic perylene bisimides (34) and the formation of 

mixed micelles were observed for the first time. 
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4           ZUSAMMENFASSUNG 

4 Zusammenfassung 

 

Ionische Dendrimere, sogenannte molekulare Oligoelektrolyte, sind eine heraus- 

ragende Klasse von Makromolekülen und mittlerweile unersetzliche Verbindungen in 

der Chemie, den Materialwissenschaften und verwandten Bereichen in Bezug auf 

Struktur, Eigenschaften und Anwendungen. Ihre Weiterentwicklung und die 

Erweiterung zu neuen Architekturen war die herausfordernde Aufgabe der 

vorliegenden Arbeit.  

Durch steuerbare Reaktionsschritte wurden neue, geladene Dendrimersysteme 

entworfen, die exakt definierte Eigenschaften, wie Art, Anzahl und Position der 

Ladungen, aufweisen. Neben der Herstellung solcher Architekturen, wurde die 

Kopplung an zahlreiche Moleküle (Dendronisierung) und dadurch die Übertragung 

geladener Gruppen untersucht. 

Im ersten Teil dieser Arbeit wurden erfolgreich permanent kationische Dendrimere 

synthetisiert. Zum ersten Mal wurden dafür kleine kationische Bausteine, basierend 

auf permethylierten Aminen 12 oder quarternisierten Pyridinen 13, verwendet, die 

einen schnellen Weg von Oligocarbonsäuren zu kationischen Dendrimeren durch 

eine einstufige Kopplungsreaktion unter sehr milden, nicht basischen Bedingungen 

eröffnen. Die großen Vorteile dieses eleganten Zugangs zu permanent positiv 

geladenen Architekturen wurde bei den Synthesen zahlreicher Verbindungen 

herausgestellt, wo Veränderungen in der kompletten Syntheseroute nicht notwendig 

sind, da direkt anionische in kationische Dendrimere umgewandelt werden. Dabei 

wurden kationische Dendrimere der ersten Generation 15 und 16, die drei 

endständige Ladungen tragen, und der zweiten Generation 18 und 19 mit neun 

geladenen Gruppen synthetisiert und komplett charakterisiert. Dank der stark 

erhöhten Ladungsdichte stellte Verbindung 18 einen maßgeschneiderten Baustein 

für die Ausbildung monomolekularer Schichtstrukturen durch LbL-Beschichtung 

gegensätzlich geladener Oligoelektrolyte auf verschiedene Substrate dar. Weiterhin 

war die Synthese kationischer Dendrimere mit einer geschützten Aminofunktion 

direkt am Kern der ersten Generation 23 und 24, verknüpft mit einem Butyl-Spacer 

29 und der zweiten Generation 32 erfolgreich, wobei alle anschließenden Ent-

schützungsreaktionen zu unerwünschten Nebenprodukten führten.  

Der unkomplizierte Wechsel in einem Schritt von anionischen zu kationischen 

Verbindungen wurde ebenfalls bei der Bildung positive geladener Perylenbisimide 
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34, ausgehend vom anionischen Gegenstück 33 bewiesen. Gleiches gilt für die 

Amphiphile 36 und 38, die aus einer langen Alkylkette und kationischen Dendrimeren 

der ersten, beziehungsweise zweiten Generation als polare Kopfgruppe bestehen. 

Zusätzlich wurde eine verzweigte Struktur mit einem Pyridinring als Kerneinheit 

synthetisiert, die eine positiv geladene Peripherie aus zwei (40), beziehungsweise 

sechs Pyridiniumgruppen (43) aufweist. 

Der zweite Teil der vorliegenden Arbeit erweiterte erfolgreich die Klasse der 

ionischen Dendrimere, indem eine neue Familie an zwitterionischen Dendrimeren 

eingeführt wurde. Das neue Strukturprinzip und der Grundbaustein bestehen aus der 

Dinicotinsäure 39 als Kerneinheit, die mit geschützten NEWKOME-Dendronen 

verbunden ist. Die Quarternisierung des Pyridinrings und die saure Entschützung 

führten in zwei Reaktionsschritten zu einer permanent positive geladenen 

Pyridiniumeinheit, die von einer anionischen Peripherie aus Carbonsäuren umgeben 

ist. Ausgehend von den dendronisierten Pyridinverbindungen der ersten (41) und der 

zweiten Generation 47 und den verzweigten Pyridiniumverbindungen der ersten (46), 

beziehungsweise der zweiten Generation 57, konnten zahlreiche zwitterionische 

Dendrimere synthetisiert und komplett charakterisiert werden. Dabei konnten diese in 

kugelförmige, zwitterionische Dendrimere und Amphiphile, die eine zwitterionische 

Kopfgruppe besitzen, unterteilt werden. 

Für die Synthese kugelförmiger, zwitterionischer Dendrimere wurden jeweils zwei 

Pyridin-Bausteine mit verschiedenen bifunktionellen Spacer-Molekülen verbunden, 

was zu den Verbindungen 50, 53 und 56 führte, bei denen zwei kationische 

Pyridiniumkerne von bis zu zwölf anionischen Carboxylatgruppen umgeben sind. Als 

molekulares Analogon zum allgemein bekannten Atommodell wurde Verbindung 61 

entworfen. Hierbei wurden sechs Pyridiniumringe im Inneren des Dendrimers 

schalenförmig von 24 Carboxylaten umgeben und die räumliche Trennung der 

unterschiedlich geladenen Bereiche verdeutlicht. 

Für die Herstellung neuartiger Amphiphile wurden die Verbindungen 41 und 46 als 

Bausteine für den schnellen Transfer von zwitterionischen Dendrimeren eingesetzt. 

Nach dem Prinzip “Verknüpfen und Entschützen” wurden fünf verschiedene 

Amphiphile (64, 67, 68, 70 and 72) mit C16 und C22-Alkylketten und bis zu drei 

verzweigten Pyridiniumeinheiten  synthetisiert und komplett charakterisiert. Alle 

Pyridiniumverbindungen mit endständigen tert-Butylestergruppen wiesen exzellente 

Löslichkeit in organischen Lösungsmitteln auf, da die positiven Ladungen effektiv 

abgeschirmt werden. Neben der Möglichkeit für eine einfache Aufreinigung  durch 

Säulenchromatographie wurde ein weiterer interessanter Aspekt untersucht. Durch 



 

 
106 

 

4           ZUSAMMENFASSUNG 

Anionenaustausch wurden die synthetisierten Pyridiniumsalze 49 und 55 dafür 

verwendet, um ausschließlich wasserlösliche Farbstoffmoleküle in die organische 

Phase aufgrund elektrostatischer Wechselwirkungen zu ziehen. Die gebildeten 

Verbindungen 73 und 74 wurden isoliert und vollständig charakterisiert, wodurch der 

schnelle und quantitative Austausch bewiesen werden konnte.  

Im dritten und letzten Teil dieser Arbeit wurde das Aggregationsverhalten der 

hergestellten amphiphilen Oligoelektrolyte in wässriger Lösung untersucht. Für die 

kationischen und zwitterionischen Amphiphile 36, 64, 67, 70 und 72, die die Familie 

geladener Seifen entscheidend bereichern, wurden die cmc-Werte durch 

Leitfähigkeitsmessungen bestimmt und reichen von 8 x 10-5 mol/L bis zu 9 x 10-4 

mol/L. Weiterhin wurde das Aggregationsverhalten geladener Perylenbisimide mit 

verschiedenen käuflich erhältlichen Seifen durch Absorptions – und Emissions-

spektroskopie analysiert, indem ihre herausragenden optischen Eigenschaften 

ausgenutzt wurden. Zusätzlich wurde eine effektive Methode entwickelt, indem 

qualitativ die Wechselwirkung von Seifen mit Perylenaggregaten durch optische 

Überprüfung eingeschätzt werden kann. Dabei wurde zum ersten Mal der Effekt der 

Monomerisierung an anionischen und kationischen Perylenverbindungen (33, 34) 

durch geladene Seifen und die Ausbildung gemischter Mizellen beobachten werden. 
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5 Experimental Part 

 

5.1 Chemicals and Instrumentation 

 

Chemicals 

Commercially available reagents were purchased from Aldrich, Fluka and Acros 

Organics and, if not otherwise noted, used without any further purification. All 

analytical-reagent grade solvents were purified by distillation. 

 

Thin Layer Chromatography (TLC) 

Riedel-de-Haën silica gel F254 and Merck silica gel 60 F254, 0.2 mm on aluminum foil. 

Detection by UV lamp (254 / 366 nm), KMnO4/H2O bath or iodine chamber. 

 

Flash Chromatography (FC) 

Macherey-Nagel silica gel 60 M (grain size: 0.04 - 0.063 mm, less active). 

 

UV/Vis Spectroscopy 

Shimadzu UV-3102 PC, UV-Vis-NIR Scanning Spectrophotometer. 

 

Fluorescence Spectroscopy 

Shimadzu RF-5301 PC spectrofluorophotometer. Data were analyzed by software 

Origin 8G. 

 

IR Spectroscopy 

Bruker Vector 22 with an ATR RFS 100/S detector. All compounds were measured 

by coating the pure solid on a diamond crystal. 

 

Conductivity Measurement 

Cond 340i handheld conductivity-meter from WTW, reference temperature: 25°C. 

 

Mass Spectrometry (MS) 

Varian Micromass Zabspec FAB+ mode. Matrix: 3-nitrobenzylalcohol (NBA) 

Shimadzu AXIMA Confidence, MALDI-ToF mass spectrometer, Nitrogen UV-LASER 

(50 Hz, 337 nm). Matrix: sinapinic acid (SIN) or 2,5-dihydroxybenzoic acid (DHB). 
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NMR Spectroscopy 

Jeol JNM EX 400 and JEOL JNM GX 400 (1H: 400 MHz and 13C: 100.5 MHz), Bruker 

Avance 300 (1H: 300 MHz and 13C: 75 MHz). 

The resonance multiplicities are indicated as s (singlet), d (doublet), t (triplet), q 

(quartet), m (multiplet) and br (broad signal). The raw data sets were processed 

using the software ACD/Labs 10.0 and MestReNova Lite 5.2.5 from Mestrelab 

Research S.L. 

 

Elementary Analysis 

EA 1110 CHNS from CE Instruments. 
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5.2    Synthetic Procedures and Spectroscopic Data 

 

The compound names are either generated with the software ChemBioDrawUltra 

12.0 from CambridgeSoft or are abbreviated reasonably for clarity. 

The following compounds have been synthesized according to literature.  

 

 Di-tert-butyl-4-[2-(tert-butoxycarbonyl)ethyl]-4-nitroheptanedicarboxylate 

(O2N-[G1])[8] 

 Di-tert-butyl-4-[2-(tert-butoxycarbonyl)ethyl]-4-aminoheptanedicarboxy- 

late (H2N-[G1])[8] (3) 

 4-(2-Carboxyethyl)-4-nitroheptanedioic acid (O2N-[G1]-COOH)[37] (14) 

 9-Cascade:nitromethane[3]:(2-aza-3-oxopentylidyne):tert-butyl 

propionate (O2N-[G2])[8, 37] 

 9-Cascade:aminomethane[3]:(2-aza-3-oxopentylidyne):tert-butyl 

propionate (H2N-[G2])[37] (4) 

 9-Cascade:nitromethane[3]:(2-aza-3-oxopentylidyne): propionic acid 

(O2N-[G2]-COOH)[8, 37] (17) 

 Di-tert-butyl-4-[2-(tert-butoxycarbonyl)ethyl]-4-(FMOC-amino)heptanedi- 

carboxylate (FMOC-NH-[G1])[118-119] 

 4-(2-Carboxyethyl)-4-(FMOC-amino)heptanedioic acid  

(FMOC-NH-[G1]- COOH)[119] (22) 

 4-(tert-Butyl)-1-(2-hydroxyethyl)pyridinium bromide[94] (13) 

 2-Hydroxy-N,N,N-trimethylethylammonium iodide (choline)[95] (12) 

 4-(2-Carboxyethyl)-4-(1-oxodocosylamino)heptanedioic acid[100-101] (35) 

 N,N´-Substituted perylene-3,4:9,10-tetracarbodiimide[89] (33) 

 9-Cascade:(1-oxotetradecyl)aminomethane[3]:(2-aza-3-

oxopentylidyne):tert-butyl propionate (37) 
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Di-(2-(N,N,N-trimethylammonium)ethyl)-4-(2-(2-(N,N,N-trimethylammonium) 

ethoxycarbonyl)ethyl)-4-nitroheptanedicarboxylate triiodide (15) 

 

 

 

In a 250 mL round bottom flask 0.50 g (1.80 mmol) 14 and 0.97 g (7.20 mmol) HOBt 

were dissolved in 100 mL dry DMF. After cooling to 0°C, 1.49 g (7.20 mmol) DCC 

were added and the solution was stirred for 15 min. 1.66 g (7.20 mmol) 12 were 

subsequently added and the solution was furthermore stirred for two days. 

Afterwards the formed precipitate of DCU was filtrated and the solvent removed 

under reduced pressure. The residue was dissolved in MeOH and precipitated with 

Et2O for three times. To isolate the product the residue was taken up in MeOH and 

precipitated with acetone. 

Yield: 1.20 g (1.31 mmol, 73 %). 

 

1H-NMR (300 MHz, D2O, rt): = 2.46 (m, 6 H, CH2), 2.64 (m, 6 H, CH2), 3.34 (s, 27 

H, CH3), 3.87 (m, 6 H, CH2), 4.68 (m, 6 H, CH2) ppm. 

13C-NMR (75 MHz, D2O, rt): = 29.97 (3 C, CH2), 29.88 (3 C, CH2), 54.38 (9 C, CH3), 

59.09 (3 C, CH2), 64.94 (3 C, CH2), 92.93 (1 C, Ct), 173.64 (3 C, C=O) ppm. 

MS (FAB): m/z = 789 [M-I]+. 

EA: C25H51I3N4O8
.H2O: calcd. (%): C 32.13, H 5.72, N 6.00; found: C 32.25, H 5.91, N 

5.66. 

IR:  ̃ = 3262, 3015, 2972, 1741, 1652, 1536, 1147, 1366, 1216, 957 cm-1. 
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Di-(2-(4-(tert-butyl)pyridinium)ethyl)-4-(2-(2-(4-(tert-butyl)pyridinium) 

ethoxycarbonyl)ethyl)-4-nitroheptanedicarboxylate tribomide (16)  

 

 

 

In a 250 mL round bottom flask 0.50 g (1.80 mmol) 14 and 0.97 g (7.20 mmol) HOBt 

were dissolved in 100 mL dry DMF. After cooling to 0°C, 1.49 g (7.20 mmol) DCC 

were added and the solution was stirred for 15 min. 1.87 g (7.20 mmol) 13 were 

subsequently added and the solution was furthermore stirred for two days. 

Afterwards the formed precipitate of DCU was filtrated and the solvent removed 

under reduced pressure. The residue was dissolved in MeOH and precipitated with 

Et2O for three times. To isolate the product the residue was taken up in MeOH and 

precipitated with acetone.  

Yield: 1.14 g (1.14 mmol, 63 %). 

 

1H-NMR (300 MHz, MeOD-d4, rt): = 1.47 (s, 27 H, CH3), 2.20 (m, 6 H, CH2), 2.39 

(m, 6 H, CH2), 4.61 (m, 6 H, CH2), 4.94 (m, 6 H, CH2), 8.23 (d, J = 6.78 Hz, 6 H, Ar-

H), 9.02 (d, J = 6.78 Hz, 6 H, Ar-H) ppm. 

13C-NMR (75 MHz, MeOD-d4, rt): = 28.14 (3 C, CH2), 29.10 (9 C, CH3), 29.70 (3 C, 

CH2), 36.51 (3 C, Cq), 59.36 (3 C, CH2), 62.91 (3 C, CH2), 92.45 (1 C, Ct), 125.50 (6 

C, Ar-C), 144.75 (6 C, Ar-C), 171.67 (3 C, Ar-C), 172.11 (3 C, C=O) ppm. 

MS (FAB): m/z = 923 [M-Br]+. 

EA: C43H63Br3N4O8: calcd. (%): C 51.46, H 6.33, N 5.58; found: C 51.23, H 6.51, N 

5.71. 

IR (ATR):  ̃ = 3397, 3026, 2972, 1733, 1633, 1536, 1486, 1162, 1023, 838 cm-1. 
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9-Cascade:nitromethane[3]:(2-aza-3-oxopentylidyne):2-(4-(tert-butyl) 

pyridinium)ethylpropionate bromide (18) 

 

 

 

In a 100 mL round bottom flask 0.21 g (0.22 mmol) 17 and 0.54 g (3.96 mmol) HOBt 

were dissolved in 20 mL dry DMF. After cooling to 0°C, 0.82 g (3.96 mmol) DCC 

were added and the solution was stirred for 15 min. 1.03 g (3.96 mmol) 13 were 

subsequently added and the solution was furthermore stirred for seven days. 

Afterwards the formed precipitate of DCU was filtrated and the solvent removed. The 

residue was dissolved in MeOH and precipitated with Et2O for three times. To isolate 

the product 18 the residue was taken up in MeOH and precipitated with acetone.  

Yield: 0.18 g (0.057 mmol, 26 %). 

 

1H-NMR (400 MHz, MeOD-d4, rt): = 1.44 (s, 81 H, CH3), 1.92 (m, 18 H, CH2), 2.28 

(m, 12 H, CH2), 2.34 (m, 18 H, CH2), 4.58 (m, 18 H, CH2), 4.96 (m, 18 H, CH2), 8.22 

(d, J = 6.84 Hz, 18 H, Ar-H), 9.03 (br, 18 H, Ar-H) ppm. 

13C-NMR (100 MHz, MeOD-d4, rt): = 29.34, 30.19, 30.35 (24 C, CH2), 30.47 (27 C, 

CH3), 37.83 (9 C, Cq), 58.83 (3 C, Ct), 60.82 ( 9 C, CH2), 64.08 (9 C, CH2), 88.58 (1 

C, Ct), 126.94 (18 C, Ar-C), 146.24 (18 C, Ar-C), 173.54 (9 C, C=O), 173.86 (3 C, 

C=O), 174.41 (9 C, Ar-C) ppm. 

MS (FAB): m/z = 3065 [M-Br]+. 

MS (ESI): m/z = 1492 [M-2Br]++. 

EA: C139H204Br9N13O23
.H2O

.DMF: calcd. (%): C 52.71, H 6.64, N 6.06; found: C 

52.50, H 6.63, N 6.20. 
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IR (ATR):  ̃ = 3412, 3254, 2968, 1733, 1640, 1536, 1459, 1158, 1042, 849 cm-1. 

 

 

9-Cascade:nitromethane[3]:(2-aza-3-oxopentylidyne):2-(N,N,N-trimethyl 

ammonium)ethylpropionate iodide (19) 

 

 

 

In a 100 mL round bottom flask 0.20 g (0.21 mmol) 17 and 0.51 g (3.78 mmol) HOBt 

were dissolved in 20 mL dry DMF. After cooling to 0°C, 0.78 g (3.78 mmol) DCC 

were added and the solution was stirred for 15 min. 0.87 g (3.78 mmol) 12 were 

subsequently added and the solution was furthermore stirred for seven days. 

Afterwards the formed precipitate of DCU was filtrated and the solvent removed 

under reduced pressure. The residue was dissolved in a mixture of MeOH and 

CH3NO2 and precipitated with a 1:1 mixture of Et2O and acetone. After repeating this 

procedure for five times, the oily product 19 was separated from the solvent and 

dried in fine vacuum. 

Yield: 0.12 g (0.042 mmol, 20 %). 

 

1H-NMR (400 MHz, D2O, rt): = 2.05 (m, 18 H, CH2), 2.33 (m, 12 H, CH2), 2.49 (m, 

18 H, CH2), 3.27 (s, 81 H, CH3), 3.80 (m, 18 H, CH2), 4.59 (m, 18 H, CH2) ppm. 

13C-NMR (100 MHz, D2O, rt): = 28.79, 29.41, 30.67, 32.65 (24 C, CH2), 54.42 (27 

C, CH3), 58.08 (3 C, Ct), 58.91 (9 C, CH2), 65.00 (9 C, CH2), 93.69 (1 C, Ct), 173.73 

(3 C, C=O), 174.79 (9 C, C=O) ppm. 

MS (MALDI): m/z = 2778 [M-I+Na]+, 2499 [M-3I]+. 

EA: not determinable 

IR:  ̃ = 3263, 3015, 2971, 1741, 1654, 1536, 1148, 1365, 1218, 953 cm-1. 
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Di-(2-(N,N,N-trimethylammonium)ethyl)-4-(2-(2-(N,N,N-trimethylammonium) 

ethoxycarbonyl)ethyl)-4-(FMOC-amino)heptanedicarboxylate triiodide (23)  

 

 

 

In a 100 mL round bottom flask 0.41 g (0.88 mmol) 22 and 0.48 g (3.50 mmol) HOBt 

were dissolved in 40 mL dry DMF. After cooling to 0°C, 0.72 g (3.50 mmol) DCC 

were added and the solution was stirred for 15 min. 0.81 g (3.50 mmol) 12 were 

subsequently added and the solution was furthermore stirred for two days. 

Afterwards the formed precipitate of DCU was filtrated and the solvent removed 

under reduced pressure. The residue was dissolved in MeOH and precipitated with a 

1:1 mixture of Et2O and acetone for five times. The product 23 could be obtained as 

an oily substance which was then dried in fine vacuum. 

Yield: 0.24 g (0.22 mmol, 25 %). 

 

1H-NMR (300 MHz, MeOD-d4, rt): = 1.99 (m, 6 H, CH2), 2.42 (m, 6 H, CH2), 3.27 (s, 

27 H, CH3), 3.78 (m, 6 H, CH2), 4.23 (t, J = 6.22 Hz, 1 H, CH), 4.38 (br, 2 H, CH2), 

4.53 (m, 6 H, CH2), 7.36 (m, 2 H, Ar-H), 7.44 (m, 2 H, Ar-H), 7.71 (d, J = 7.16 H, 2 H, 

Ar-H), 7.86 (d, J = 7.35 Hz, 2 H, Ar-H) ppm. 

13C-NMR (75 MHz, MeOD-d4, rt): = 29.87 (3 C, CH2), 30.49 (3 C, CH2), 55.42 (9 C, 

CH3), 58.06 (1 C, Ct), 59.76 (3 C, CH2), 64.27 (3 C, CH2), 66.54 (1 C, CH2), 121.58, 

127.86, 128.84, 129.44, 143.01, 145.67 (12 C, Ar-C), 174.93 (3 C, C=O) ppm. 

MS (FAB): m/z = 982 [M-I]+. 

EA: C40H63I3N4O8
.3H2O: calcd. (%): C 41.32, H 5.98, N 4.82; found: C 40.95, H 5.70, 

N 4.46. 

IR (ATR):  ̃ = 3436, 1734, 1522, 1476, 1385, 1167, 1103, 952, 874, 745 cm-1. 
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Di-(2-(4-(tert-butyl)pyridinium)ethyl)-4-(2-(2-(4-(tert-butyl)pyridinium)ethoxy 

carbonyl)ethyl)-4-(FMOC-amino)heptanedicarboxylate tribomide (24) 

 

 

 

In a 100 mL round bottom flask 0.82 g (1.75 mmol) 22 and 0.95 g (7.00 mmol) HOBt 

were dissolved in 40 mL dry DMF. After cooling to 0°C, 1.44 g (7.00 mmol) DCC 

were added and the solution was stirred for 15 min. 1.50 g (7.00 mmol) 13 were 

subsequently added and the solution was furthermore stirred for two days. 

Afterwards the formed precipitate of DCU was filtrated and the solvent removed 

under reduced pressure. The residue was dissolved in MeOH and precipitated with a 

1:1 mixture of Et2O and acetone for five times. The product 24 was separated from 

the solvent and dried in fine vacuum. 

Yield: 0.53g (0.44 mmol, 25 %). 

 

1H-NMR (300 MHz, MeOD-d4, rt): = 1.41 (s, 27 H, CH3), 1.85 (m, 6 H, CH2), 2.30 

(m, 6 H, CH2), 4.22 (t, J = 6.88 Hz, 1 H, CH), 4.34 (d, J = 6.78 Hz, 2 H, CH2), 4.58 

(m, 6 H, CH2), 4.93 (m, 6 H, CH2), 7.31 (m, 2 H, Ar-H), 7.41 (m, 2 H, Ar-H), 7.68 (d, J 

= 7.16 Hz, 2 H, Ar-H), 7.83 (d, J = 7.10 Hz, 2 H, Ar-H), 8.14 (d, J = 6.78 Hz, 6 H, Ar-

H), 8.95 (d, J = 6.00 Hz, 6 H, Ar-H) ppm. 

13C-NMR (75 MHz, MeOD-d4, rt): = 29.47 (3 C, CH2), 30.63 (9 C, CH3), 31.09 (3 C, 

CH2), 38.03 (3 C, Cq), 56.76 (1 C, Ct), 61.02 (3 C, CH2), 64.26 (3 C, CH2), 67.29 (1 C, 

CH2), 121.51, 126.69, 127.01, 128.66, 129.31, 142.02, 145.75, 146.26 (24 C, Ar-C), 

173.70 (3 C, C=O), 174.40 (3 C, Ar-C) ppm. 

MS (FAB): m/z = 1116 [M-Br]+, 889 [M-FMOC-Br]+. 

EA: C58H75Br3N4O8
.H2O: calcd. (%): C 57.38, H 6.39, N 4.62; found: C 57.14, H 6.32, 

N 4.53. 

IR (ATR):  ̃ = 3464, 1733, 1642, 1563, 1516, 1396, 1245, 1117, 850, 768 cm-1. 
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4-(FMOC-amino)butanoic acid (26) 

 

 

 

In a mixture of 80 ml CHCl3 and 80 ml MeOH 0.50 g (5.6 mmol) 25 and 2.08 g (6.2 

mmol) FMOC-NHS were dissolved and stirred for 24 h. After removal of the solvent 

under reduced pressure, the raw product was purified by column chromatography 

(SiO2, CHCl3/MeOH 8.5:1.5) 

Yield: 0.51 g (1.63 mmol, 29 %) 

 

1H-NMR (300 MHz, DMF-d7, rt): = 1.77 (m, 2 H, CH2), 2.33 (t, J = 7.3 Hz, 2 H, CH2), 

3.14 (t, J = 6.3 Hz, 2 H, CH2), 4.23 (d, J = 5.2 Hz, 2 H, CH2), 4.27 (t, J = 4.1 Hz, 1 H, 

CH), 7.33 (m, 2 H, Ar-H), 7.41 (m, 2 H, Ar-H), 7.69 (d, J = 7.3 Hz, 2 H, Ar-H), 7.89 (d, 

J = 7.4 Hz, 2 H, Ar-H) ppm. 

13C-NMR (75 MHz, DMF-d7, rt): = 24.54 (1 C, CH2), 30.20 (1 C, CH2), 39.31 (1 C, 

CH2), 46.41 (1 C, CH), 65.14 (1 C, CH2), 119.30, 124.53, 126.31, 126.89, 140.38, 

143.58 (12 C, Ar-C), 155.78 (1 C, C=O), 160.92 (1 C, C=O) ppm. 

MS (MALDI): m/z = 348 [M+Na]+, 325 [M]+. 

EA: C19H19NO4
.1/3H2O: calcd. (%): C 68.87, H 5.98, N 4.23; found: C 68.96, H 5.77, N 

4.31. 

IR (ATR):  ̃ = 3336, 1692, 1547, 1446, 1323, 1262, 1215, 1141, 1025, 760 cm-1. 

 

 

Di-tert-butyl 4-[2-(tert-butoxycarbonyl)ethyl]-4-[4-(FMOC-amino)butylcarbonyl-

amino] heptanedicarboxylate (27)  

 

 

 

In a 100 mL round bottom flask 0.25 g (0.79 mmol) 26 and 0.16 g (1.18 mmol) HOBt 

were dissolved in 40 mL dry DMF. After cooling to 0°C, 0.25 g (1.20 mmol) DCC 
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were added and the solution was stirred for 15 min. 0.50 g (1.2 mmol) 3 were 

subsequently added and the solution was furthermore stirred for one day. Afterwards 

the formed precipitate of DCU was filtrated and the solvent removed under reduced 

pressure. The residue was purified via column chromatography (SiO2, CH2Cl2/EtOAc 

7:3). 

Yield: 0.25 g (0.35 mmol, 44 %). 

 

1H-NMR (300 MHz, CDCl3, rt): = 1.35 (s, 27 H, CH3), 1.75 (m, 2 H, CH2), 1.90 (m, 6 

H, CH2), 2.07 (m, 2 H, CH2), 2.12 (m, 6 H, CH2), 3.16 (m, 2 H, CH2), 4.13 (t, J = 6.8 

Hz, 1 H, CH), 4.33 (d, J = 6.7 Hz, CH2), 5.11 (s, 1 H, NH), 6.12 (s, 1 H, NH), 7.31 (m, 

2 H, Ar-H), 7.42 (m, 2 H, Ar-H), 7.62 (d, J = 7.4 Hz, Ar-H), 7.80 (d, J = 7.5 Hz, 2 H, 

Ar-H) ppm.     

13C-NMR (75 MHz, CDCl3, rt): = 26.32 (1 C, CH2), 28.26 (9 C, CH3), 30.04 (3 C, 

CH2), 30.15 (3 C, CH2), 34.43 (1 C, CH2), 40.38 (1 C, CH2), 47.49 (1 C, Ct), 57.65 (1 

C, CH), 66.76 (1 C, CH2), 80.89 (3 C, Ct), 120.19, 125.19, 127.23, 127.85, 141.43, 

144.05 (12 C, Ar-C), 156.95 (1 C, C=O), 172.09 (1 C, C=O), 173.11 (3 C, C=O) ppm. 

MS (FAB): m/z = 722 [M]+, 555 [M-3tbu]+. 

EA: C41H58N2O9: calcd. (%): C 68.12, H 8.09, N 3.88; found: C 67.85, H 8.17, N 4.04. 

IR (ATR):  ̃ = 3369, 1716, 1675, 1519, 1416, 1153, 1105, 848, 759, 735 cm-1. 

 

 

4-(2-carboxyethyl)-4-[4-(FMOC-amino)butylcarbonyl-amino] heptanedioic acid 

(28) 

 

 

 

In 30 ml formic acid 0.25 g (0.4 mmol) 27 were dissolved and stirred for 24 h at room 

temperature. After evaporating the solvent at reduced pressure, the residue was 

dissolved in toluene for three times and removed from solvent again. 

Yield: 0.19 g (0.4 mmol, 99 %). 

 

1H-NMR (400 MHz, THF-d8, rt): = 1.75 (m, 2 H, CH2), 1.98 (m, 6 H, CH2), 2.12 (m, 2 

H, CH2), 2.23 (m, 6 H, CH2), 3.16 (m, 2 H, CH2), 4.18 (t, J = 6.9 Hz, 1 H, CH), 4.31 
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(d, J = 6.8 Hz, 2 H, CH2), 7.27 (m, 2 H, Ar-H), 7.34 (m, 2 H, Ar-H), 7.65 (d, J = 7.5 

Hz, Ar-H), 7.77 (d, J = 7.5 Hz, 2 H, Ar-H) ppm. 

13C-NMR (100 MHz, THF-d8, rt): = 25.90 (1 C, CH2), 27.19 (1 C, CH2), 28.80 (6 C, 

CH2), 34.52 (1 C, CH2), 48.47 (1 C, Ct), 57.50 (1 C, CH), 66.87 (1 C, CH2), 120.72, 

126.22, 127.89, 128.42, 142.51, 145.63 (12 C, Ar-C), 157.52 (1 C, C=O), 172.43 (1 

C, C=O), 174.96 (3 C, C=O) ppm. 

MS (MALDI): m/z = 555 [M]+. 

EA: C29H34N2O9
.1/3H2O: calcd. (%): C 62.13, H 6.23, N 5.00; found: C 62.20, H 6.31, 

N 5.08.  

IR (ATR):  ̃ = 3365, 1698, 1626, 1525, 1416, 1307, 1253, 1144, 757, 739 cm-1. 

 

 

Di-(2-(4-(tert-butyl)pyridinium)ethyl)-4-(2-(2-(4-(tert-butyl)pyridinium)ethoxy 

carbonyl)ethyl)-4-[4-(FMOC-amino)butylcarbonyl-amino] heptanedicarboxylate 

tribomide (29) 

 

  

 

In a 50 mL round bottom flask 0.15 g (0.27 mmol) 28 and 0.18 g (1.35 mmol) HOBt 

were dissolved in 20 mL dry DMF. After cooling to 0°C, 0.28 g (1.35 mmol) DCC 

were added and the solution was stirred for 15 min. 0.35 g (1.35 mmol) 13 were 

subsequently added and the solution was furthermore stirred for three days. 

Afterwards the formed precipitate of DCU was filtrated and the solvent removed 

under reduced pressure. The residue was dissolved in MeOH and precipitated with a 

1:1 mixture of acetone and diethylether for several times. 

Yield: 0.10 g (0.08 mmol, 29 %). 

 

1H-NMR (300 MHz, MeOD-d4, rt): = 1.47 (s, 27 H, CH3), 1.95 (m, 6 H, CH2), 2.27 

(m, 2 H, CH2), 2.44 (m, 6 H, CH2), 2.94 (m, 2 H, CH2), 3.22 (m, 2 H, CH2), 4.28 (br, 1 
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H, CH), 4.37 (br, 2 H, CH2), 4.57 (m, 6 H, CH2), 4.91 (m, 6 H, CH2), 7.37 (m, 2 H, Ar-

H), 7.45 (m, 2 H, Ar-H), 7.69 (br, 2 H, Ar-H), 7.86 (br, 2 H, Ar-H), 8.20 (br, 6 H, Ar-H), 

8.92 (br, 6 H, Ar-H) ppm. 

13C-NMR (100.5 MHz, DMSO-d6, rt): = 24.21 (1 C, CH2), 25.97 (1 C, CH2), 28.23 (6 

C, CH2) 29.48 (9 C, CH3), 32.41 (1 C, CH2), 36.26 (3 C, Cq),  46.76 (1 C, Ct), 56.22 (1 

C, CH), 58.67 (3 C, CH2), 62.53 (3 C, CH2), 65.34 (1 C, CH2), 120.26, 125.03, 

125.26, 144.87 (24 C, Ar-C), 156.32 (1 C, C=O), 170.64 (1 C, C=O), 172.20 (3 C, Ar-

C), 172.84 (3 C, C=O) ppm. 

MS (FAB): m/z = 1202 [M-Br]+. 

EA: C62H82Br3N5O9
.H2O: calcd. (%): C 57.32, H 6.52, N 5.39; found: C 57.14, H 6.32, 

N 4.53.  

IR (ATR):  ̃ = 3366, 1733, 1642, 1515, 1465, 1261, 1160, 1116, 1039, 850, 766 cm-1. 

 

 

9-Cascade:FMOC-aminomethane[3]:(2-aza-3-oxopentylidyne):tert-butyl 

propionate (30) 

 

 

 

In a 100 mL round bottom flask 1.00 g (0.69 mmol) 4 and 0.28 g (0.83 mmol) FMOC-

NHS were dissolved in 50 mL CHCl3. The solution was stirred at room temperature 

for 24 h. After evaporation of the solvent at reduced pressure, the resulting white raw 

product was purified by column chromatography (SiO2, CHCl3/THF 9:1). 

Yield: 0.82 g (0.49 mmol, 71 %). 

 

1H-NMR (300 MHz, CDCl3, rt): = 1.42 (s, 81 H, CH3), 1.96 (m, 24 H, CH2), 2.18 (m, 

24 H, CH2), 4.21 (br, 1 H, CH), 4.32 (br, 2 H, CH2), 6.05 (s, 3 H, NH), 6.37 (s, 1 H, 
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NH), 7.33 (m, 2 H, Ar-H), 7.41 (m, 2 H, Ar-H), 7.67 (br, 2 H, Ar-H), 7.77 (br, 2 H, Ar-

H) ppm. 

13C-NMR (75 MHz, CDCl3, rt): = 28.45 (27 C, CH3), 30.20 (18 C, CH2), 32.01 (3 C, 

CH2), 32.43 (3 C, CH2), 47.67 (1 C, CH), 57.02 (1 C, Ct), 57.85 (3 C, Cq), 66.39 (1 C, 

CH2), 80.96 (9 C, Ct), 120.29, 125.71, 127.48, 128.01, 141.69, 144.43 (12 C, Ar-C), 

155.46 (1 C, C=O), 172.96 (3 C, C=O), 173.10 (9 C, C=O) ppm. 

MS (MALDI): m/z = 1685 [M+Na]+. 

EA: C91H144N4O23
.H2O: calcd. (%): C 65.05, H 8.76, N 3.33; found: C 64.88, H 9.07, 

N 3.08. 

IR (ATR):  ̃ = 2978, 1728, 1537, 1455, 1392, 1367, 1252, 1151, 848, 759 cm-1. 

 

 

9-Cascade:FMOC-aminomethane[3]:(2-aza-3-oxopentylidyne): propionic acid (31) 

 

 

 

In 30 ml formic acid 0.50 g (0.30 mmol) 30 were dissolved and stirred for 24 h at 

room temperature. After evaporating the solvent at reduced pressure, residue was 

dissolved in toluene for three times and removed from solvent again. 

Yield: 0.34 g (0.29 mmol, 98 %). 

 

1H-NMR (300 MHz, DMF-d7, rt): = 2.05 (m, 24 H, CH2), 2.32 (m, 24 H, CH2), 4.22 

(br, 3 H, CH+CH2), 7.37 (m, 2 H, Ar-H), 7.45 (m, Ar-H), 7.77 (d, J = 7.4 Hz, 2 H, Ar-

H), 7.93 (d, J = 7.4 Hz, 2 H, Ar-H), 12.44 (br, 9 H, COOH) ppm. 

13C-NMR (75 MHz, DMF-d7, rt): = 26.44 (18 C, CH2), 27.87 (6 C, CH2), 45.45 (1 C, 

CH), 54.70 (1 C, Ct), 55.02 (3 C, Ct), 63.82 (1 C, CH2), 118.22, 123.57, 125.87, 

127.21, 139.34, 142.69 (12 C, Ar-C), 170.93 (3 C, C=O), 172.75 (9 C, C=O) ppm. 

MS (MALDI): m/z = 1157 [M]+. 

EA: C55H72N4O23
.HCOOH: calcd. (%): C 55.90, H 6.20, N 4.66; found: C 55.81, H 

6.47, N 4.40. 
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IR (ATR):  ̃ = 2947, 1706, 1542, 1432, 1414, 1215, 1103, 911, 762, 742 cm-1. 

 

 

9-Cascade:FMOC-aminomethane[3]:(2-aza-3-oxopentylidyne):2-(4-(tert-butyl) 

pyridinium)ethylpropionate bromide (32)  

 

 

 

In a 100 mL round bottom flask 0.20 g (0.17 mmol) 31 and 0.41 g (3.06 mmol) HOBt 

were dissolved in 40 mL dry DMF. After cooling to 0°C, 0.63 g (3.06 mmol) DCC 

were added and the solution was stirred for 15 min. 0.80 g (3.06 mmol) 13 were 

subsequently added and the solution was furthermore stirred for seven days. 

Afterwards the formed precipitate of DCU was filtrated and the solvent removed 

under reduced pressure. The residue was dissolved in methanol and precipitated 

with a mixture of diethylether and acetone. For purification the dried solid was stirred 

in acetone for one day and then filtrated.   

Yield: 0.33 g (0.1 mmol, 59 %). 

 

1H-NMR (400 MHz, MeOD-d4, rt): = 1.42 (s, 81 H, CH3), 1.93 (m, 24 H, CH2), 2.34 

(m, 24 H, CH2), 4.22 (br, 3 H, CH+CH2), 4.56 (m, 18 H, CH2), 4.93 (m, 18 H, CH2), 

7.32 (m, 2 H, Ar-H), 7.38 (m, 2 H, Ar-H), 7.69 (d, J = 7.3 Hz, 2 H, Ar-H), 7.79 (d, J = 

7.4 Hz, 2 H, Ar-H), 8.18 (br, 18 H, Ar-H), 9.00 (br, 18 H, Ar-H) ppm.     

13C-NMR (100 MHz, MeOD-d4, rt): = 29.38 (9 C, CH2), 30.26 (9 C, CH2), 30.44 (27 

C, CH3), 32.14 (3 C, CH2), 32.63 (3 C, CH2), 37.82 (9 C, Cq), 45.56 (1 C, CH), 58.74 

(3 C, Ct), 58.89 (1 C, Ct), 60.83 (9 C, CH2), 64.08 (9 C, CH2) 67.68 (1 C, CH2), 
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121.37, 126.46, 126.94, 128.65, 129.22, 142.76, 145.71, 146.23 (48 C, Ar-C), 156.96 

(1 C, C=O), 173.59 (9 C, C=O), 174.09 (3 C, C=O), 174.43 (9 C, Ar-C) ppm. 

MS (FAB): m/z = 3041 [M-FMOC-Br]+. 

EA: not determinable 

IR (ATR):  ̃ = 3385, 3046, 1731, 1642, 1564, 1465, 1372, 1187, 1074, 848 cm-1. 

 

 

Quarternized N,N´ substituted perylene-3,4:9,10-tetracarboiimide (34) 

 

 

 

In a 50 mL round bottom flask 0.25 g (0.23 mmol) 33 and 0.38 g (2.79 mmol) HOBt 

were dissolved in 20 mL dry DMF. After cooling to 0°C, 0.57 g (2.79 mmol) DCC 

were added and the solution was stirred for 15 min. 0.72 g (2.79 mmol) 13 were 

subsequently added and the solution was furthermore stirred for three days. 

Afterwards the formed precipitate of DCU was filtrated and the solvent removed 

under reduced pressure. The residue was dissolved in a small amount MeOH and 

precipitated with acetone for several times. 

Yield: 0.43 g (0.17 mmol, 74 %). 

 

1H-NMR (400 MHz, CD3OD, rt): δ = 1.33 (m, 4 H, CH2), 1.49 (s, 54 H, CH3), 1.60 (m, 

4 H, CH2), 1.98 (m, 12 H, CH2), 2.39 (m, 4 H, CH2), 2.57 (m, 12 H, CH2), 2.87 (m, 4 

H, CH2), 3.66 (m, 4 H, CH2), 4.66 (m, 12 H, CH2), 5.05 (m, 12 H, CH2), 7.34 (m, 8 H, 

Ar-H), 8.28 (d, J = 6.4 Hz, 12 H, Ar-H), 9.10 (d, J = 5.92 Hz, 12 H, Ar-H) ppm. 

13C-NMR (100 MHz, CD3OD, rt): δ = 25.54, 27.86, 28.15 (6 C, CH2), 30.04 (6 C, 

CH2), 30.34 (6 C, CH2), 30.60 (18 C, CH3), 34.28 (2 C, CH2), 38.03 (6 C, Cq), 39.56 

(2 C, CH2), 60.93 (2 C, Ct), 64.35 (6 C, CH2), 68.87 (6 C, CH2), 122.60, 124.64, 

126.45, 127.04, 128.40, 131.24, 133.78, 146.46 (44 C, Ar-C), 163.81 (4 C, C=O), 

173.58 (6 C, C=O), 174.23 (6 C, Ar-C), 174.77 (2 C, C=O) ppm. 
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MS (MALDI): m/z = 1931 [M-2 branches-3 Br]+. 

EA: C122H156Br6N10O18
.H2O: calcd. (%): C 57.51, H 6.25, N 5.50; found: C 57.12, H 

6.11, N 5.72. 

IR (ATR):  ̃ = 3324, 2932, 2852, 1692, 1654, 1625, 1577, 1346, 1244, 811 cm-1. 

UV/Vis (H2O): λmax = 320, 475, 498, 540 nm. 

 

 

Di-(2-(4-(tert-butyl)pyridinium)ethyl)-4-(2-(2-(4-(tert-butyl)pyridinium)ethoxy 

carbonyl)ethyl)-4-(1-oxodocosylamino)heptanedicarboxylate tribomide (36) 

 

 

 

In a 100 mL round bottom flask 0.36 g (0.63 mmol) 35 and 0.51 g (3.78 mmol) HOBt 

were dissolved in 40 mL dry DMF. After cooling to 0°C, 0.78 g (3.78 mmol) DCC 

were added and the solution was stirred for 15 min. 0.78 g (3.78 mmol) 13 were 

subsequently added and the solution was furthermore stirred for two days. 

Afterwards the formed precipitate of DCU was filtrated and the solvent removed 

under reduced pressure. The residue was dissolved in MeOH and precipitated with a 

1:1 mixture of acetone and diethylether for several times. 

Yield: 0.12 g (0.09 mmol, 14 %). 

 

1H-NMR (300 MHz, MeOD-d4, rt): = 0.92 (br, 3 H, CH3), 1.31 (br, 36 H, CH2), 1.48 

(s, 27 H, CH3), 1.96 (m, 6 H, CH2), 2.18 (m, 2 H, CH2), 2.47 (m, 6 H, CH2), 2.83 (m, 2 

H, CH2), 4.59 (m, 6 H, CH2), 4.96 (m, 6 H, CH2), 8.23 (br, 6 H, Ar-H), 9.02 (br, 6 H, 

Ar-H) ppm. 

13C-NMR (100.5 MHz, MeOD-d4, rt): = 14.54 (1 C, CH3), 23.78, 25.80, 27.75, 29.83, 

30.44, 30.49, 30.52, 30.68 (19 C, CH2), 30.84 (9 C, CH3), 31.87 (1 C, CH2), 34.16 (6 

C, CH2), 37.80 (3 C, Cq), 60.79 (3 C, CH2), 64.03 (3 C, CH2), 126.88, 146.16 (12 C, 

Ar-C), 173.13 (1 C, C=O), 173.63 (3 C, C=O), 173.93 (3 C, Ar-C) ppm. 
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MS (FAB): m/z = 1216 [M-Br]+, 956 [M-branch-2Br]+. 

EA: C65H107N4O7Br3
.5H2O: calcd. (%): C 56.31, H 8.51, N 4.04; found: C 56.24, H 

8.39, N 4.45. 

IR (ATR):  ̃ = 3411, 2924, 2853, 1736, 1642, 1465, 1188, 1161, 1116, 849 cm-1. 

 

 

9-Cascade:tetradecanoylaminomethane[3]:(2-aza-3-oxopentylidyne):2-(4-(tert-

butyl) pyridinium)ethylpropionate bromide (38) 

 

 

 

In a 50 mL round bottom flask 0.16 g (0.14 mmol) 37 and 0.33 g (2.44 mmol) HOBt 

were dissolved in 20 mL dry DMF. After cooling to 0°C, 0.50 g (2.44 mmol) DCC 

were added and the solution was stirred for 15 min. 0.64 g (2.44 mmol) 13 were 

subsequently added and the solution was furthermore stirred for seven days. 

Afterwards the formed precipitate of DCU was filtrated and the solvent removed 

under reduced pressure. The residue was solved in a small amount of MeOH and 

precipitated with acetone for several times. 

Yield: 0.06 g (0.02 mmol, 14 %). 

 

1H-NMR (400 MHz, MeOD-d4, rt): = 0.88 (t, 3J = 6.59 Hz, 3 H, CH3), 1.27 (br, 18 H, 

CH2), 1.46 (s, 81 H, CH3), 1.61 (m, 2 H, CH2), 1.92 (m, 24 H, CH2), 2.00 (m, 2 H, 

CH2), 2.27 (m, 2 H, CH2), 2.34 (m, 24 H, CH2), 4.58 (br, 18 H CH2), 4.95 (br, 18 H, 

CH2), 8.22 (d, 3J = 5.9 Hz, 18 H, Ar-H), 9.03 (br, 18 H, Ar-H) ppm. 



 

 
125 

 

5                                                                                               EXPERIMENTAL PART                       

13C-NMR (100.5 MHz, MeOD-d4, rt): = 14.50 (1 C, CH3), 23.75, 27.65, 29.26, 29.78, 

29.81, 30.11 (8 C, CH2), 30.24 (3 C, CH2), 30.38 (27 C, CH3), 30.49 (3 C, CH2), 

30.66, 30.74 (2 C, CH2), 30.79 (9 C, CH2), 30.85 (9 C, CH2), 33.08, 34.09 (2 C, CH2), 

37.73 (9 C, Cq), 58.52 (1 C, Ct), 58.56 (3 C, Ct), 60.68 (9 C, CH2), 63.95 (9 C, CH2), 

126.73 (18 C, Ar-C), 145.99 (18 C, Ar-C), 173.24 (9 C, C=O), 173.83 (3 C, C=O), 

174.13 (9 C, Ar-C), 175.38 (1 C, C=O) ppm. 

MS (MALDI): m/z = 2987 [M-Pyr-2Br]+, 2811 [M-2Pyr-2Br]+. 

EA: C153H232N13O22Br9
.3H2O: calcd. (%): C 54.39, H 7.10, N 5.39; found: C 54.25, H 

6.94, N 5.83. 

IR (ATR):  ̃ = 3383, 3051, 1729, 1644, 1561, 1467, 1373, 1187, 1072, 847 cm-1. 

 

 

Bis(2-(4-(tert-butyl)pyridinium)ethyl)pyridine-3,5-dicarboxylate dibromide (40) 

 

 

 

In a 100 mL round bottom flask 0.30 g (1.80 mmol) 39 and 0.73 g (5.40 mmol) HOBt 

were dissolved in 40 mL dry DMF. After cooling to 0°C, 1.11 g (5.40 mmol) DCC 

were added and the solution was stirred for 15 min. 1.40 g (5.40 mmol) 13 were 

subsequently added and the solution was furthermore stirred for 2 days. Afterwards 

the formed precipitate of DCU was filtrated and the solvent removed under reduced 

pressure. The residue was dissolved in MeOH and precipitated with a 1:1 mixture of 

Et2O and acetone for five times. The product 40 was at last dried in fine vacuum. 

Yield: 0.42 g (0.65 mmol, 36 %). 

 

1H-NMR (300 MHz, MeOD-d4, rt): = 1.46 (s, 18 H, CH3), 4.95 (m, 4 H, CH2), 5.16 

(m, 4 H, CH2), 8.22 (d, J = 6.97 Hz, 4 H, Ar-H), 8.75 (s, 2 H, Ar-H), 9.10 (d, J = 6.97 

Hz, 4 H, Ar-H), 9.27 (s, 1 H, Ar-H). 

13C-NMR (75 MHz, MeOD-d4, rt): = 30.64 (6 C, CH3), 38.13 (2 C, Cq), 60.85 (2 C, 

CH2), 65.58 (2 C, CH2), 127.15 (4 C, Ar-C), 127.55 (1 C, Ar-C), 139.99 (2 C, Ar-C), 

146.35 (4 C, Ar-C), 155.41 (2 C, Ar-C), 165.28 (2 C, Ar-C), 174.04 (2 C, C=O). 

MS (FAB): m/z = 573 [M-Br]+. 
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EA: C29H37Br2N3O4
.3/2H2O: calcd. (%): C 51.34, H 5.94, N 6.19; found: C 51.60, H 

5.73, N 6.16. 

IR (ATR):  ̃ = 2967, 1728, 1650, 1601, 1523, 1266, 1243, 1041, 850, 748 cm-1. 

 

 

[G1]-Dendritic pyridine (41) 

 

 

 

In a 50 mL round bottom flask 0.32 g (1.91 mmol) 39 and 0.77 g (5.70 mmol) HOBt 

are dissolved in 20 mL dry DMF. After cooling to 0°C, 1.18 g (5.72 mmol) DCC were 

added and the solution was stirred for 15 min. 2.00 g (4.81 mmol) 3 were 

subsequently added and the solution was furthermore stirred for three days. 

Afterwards the formed precipitate of DCU was filtrated and the solvent removed 

under reduced pressure. The raw product was purified via column chromatography 

(SiO2, CH2Cl2/EtOAc 7:3).  

Yield: 1.60 g (1.66 mmol, 87 %). 

 

1H-NMR (300 MHz, CDCl3, rt): δ = 1.44 (s, 54 H, CH3), 2.14 (m, 12 H, CH2), 2.33 (m, 

12 H, CH2), 7.58 (s, 2 H, NH), 8.60 (t, J = 2.1 Hz, 1 H, Ar-H), 9.14 (d, J = 2.1 Hz, 2 H, 

Ar-H) ppm. 

13C-NMR (75 MHz, CDCl3, rt): δ = 28.45 (18 C, CH3), 30.32 (6 C, CH2), 30.65 (6 C, 

CH2), 58.62 (2 C, Ct), 81.39 (6 C, Ct), 130.62 (2 C, Ar-C), 134.02 (1 C, Ar-C), 150.80 

(2 C, Ar-C), 164.36 (2 C, C=O), 173.53 (6 C, C=O) ppm. 

MS (MALDI): m/z = 962 [M]+. 

EA: C51H83N3O14: calcd. (%): C 63.66, H 8.69, N 4.37; found: C 63.71, H 8.65, N 

4.35. 

IR (ATR):  ̃ = 2979, 2223, 2059, 2029, 1720, 1509, 1366, 846, 692, 536 cm-1. 
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 Deprotected [G1]-dendritic pyridine (42)  

 

 

 

In 30 ml formic acid 0.50 g (0.52 mmol) 41 were dissolved and stirred for 24 h at 

room temperature. After evaporating the solvent at reduced pressure, residue was 

redissolved in toluene for three times and removed from solvent again. 

Yield: 0.32 g (0.51 mmol, 98 %).  

 

1H-NMR (300 MHz, DMF-d7, rt): = 2.22 (m, 12 H, CH2), 2.37 (m, 12 H, CH2), 8.27 

(s, 2 H, NH), 8.76 (t, J = 2.1 Hz, 1 H, Ar-H), 9.16 (d, J = 2.1 Hz, 2 H, Ar-H), 12.42 (br, 

6 H, COOH) ppm.   

13C-NMR (75 MHz, DMF-d7, rt): = 28.86 (24 C, CH2), 58.79 (2 C, Ct), 131.28 (2 C, 

Ar-C), 134.66 (1 C, Ar-C), 151.25 (2 C, Ar-C), 165.42 (2 C, C=O), 175.07 (6 C, C=O) 

ppm. 

MS (MALDI): m/z = 625 [M]+. 

EA: C27H35N3O14
.3/2HCOOH: calcd. (%): C 49.28, H 5.51, N 6.05; found: C 48.86, H 

5.45, N 6.23. 

IR (ATR):  ̃ = 2974, 1704, 1647, 1548, 1415, 1316, 1296, 1153, 916, 728 cm-1. 

 

 

Quarternized [G1]-dendritic pyridine (43)  
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In a 100 mL round bottom flask 0.30 g (0.48 mmol) 42 and 0.78 g (5.76 mmol) HOBt 

were dissolved in 40 mL dry DMF. After cooling to 0°C, 1.19 g (5.76 mmol) DCC 

were added and the solution was stirred for 15 min. 1.50 g (5.76 mmol) 13 were 

added and the solution was furthermore stirred for three days. Afterwards the formed 

precipitate of DCU was filtrated and the solvent removed under reduced pressure. 

The residue was dissolved in MeOH and precipitated with a 1:1 mixture of acetone 

and diethylether. For purification the dried solid was stirred in acetone for one day 

and then filtrated. 

Yield: 0.83 g (0.40 mmol, 83 %). 

 

1H-NMR (300 MHz, MeOD-d4, rt): = 1.45 (s, 54 H, CH3), 2.15 (m, 12 H, CH2), 2.45 

(m, 12 H, CH2), 4.58 (m, 12 H, CH2), 4.94 (m, 12 H, CH2), 8.21 (d, J = 6.22 Hz, 12 H, 

Ar-H), 8.64 (br, 1 H, Ar-H), 8.85 (br, 2 H, Ar-H), 9.02 (br, 2 H, Ar-H) ppm. 

13C-NMR (100.5 MHz, MeOD-d4, rt): = 29.31 (18 C, CH3), 29.69 (12 C, CH2), 36.70 

(6 C, Cq), 58.86 (2 C, Ct), 59.58 (6 C, CH2), 62.86 (6 C, CH2), 125.06 (2 C, Ar-C), 

125.68 (12 C, Ar-C), 136.32 (1 C, Ar-C), 145.01 (12 C, Ar-C), 150.84 (2 C, Ar-C), 

166.02 (2 C, C=O), 172.32 (6 C, C=O), 173.07 (6 C, Ar-C) ppm. 

MS (MALDI): m/z = 2000 [M-Br]+. 

EA: C93H145Br6N9O21
.7H2O: calcd. (%): C 50.67, H 6.63, N 5.72; found: C 50.72, H 

6.53, N 5.88. 

IR (ATR):  ̃ = 3420, 2967, 1736, 1643, 1562, 1540, 1464, 1277, 1164, 850 cm-1. 

 

[G1]-Dendritic 2-hydroxyethylpyridinium iodide (46) 

 

 

 

 

In a 100 mL round bottom flask 0.30 g (0.31 mmol) 41 were dissolved in 50 mL 

CHCl3. After addition of 50 µL (0.62 mmol) 2-iodoethanol, solution was heated to 

reflux for two days. Then solvent was removed under reduced pressure and the 
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residue purified via column chromatography (SiO2, CH2Cl2/EtOAc 7:3 and 

CH2Cl2/MeOH 9:1). 

Yield: 0.27 g (0.24 mmol, 76 %). 

 

1H-NMR (400 MHz, CDCl3, rt): δ = 1.42 (s, 54 H, CH3), 2.13 (m, 12 H, CH2), 2.30 (m, 

12 H, CH2), 4.20 (m, 2 H, CH2), 4.91 (m, 2 H, CH2), 5.31 (s, 1H, OH), 8.59 (s, 2 H, 

NH), 9.46 (s, 1 H, Ar-H), 9.64 (s, 2 H, Ar-H) ppm. 

13C-NMR (100.5 MHz, CDCl3, rt): δ = 28.00 (18 C, CH3), 29.59 (6 C, CH2), 29.80 (6 

C, CH2), 59.55 (2 C, Ct), 63.55 (1 C, CH2), 64.54 (1 C, CH2), 80.88 (6 C, Ct), 135.02, 

142.56, 145.93 (5 C, Ar-C), 160.30 (2 C, C=O), 172.99 (6 C, C=O) ppm. 

MS (ESI): m/z = 1007 [M-I]+. 

EA: C53H88IN4O18: calcd. (%): C 56.13, H 7.82, N 3.70; found: C 55.98, H 8.18, N 

3.89. 

IR (ATR):  ̃ = 2978, 2359, 1727, 1678, 1538, 1392, 1316, 1215, 1151, 848 cm-1. 

 

 

[G2]-Dendritic pyridine (47) 

 

 

 

In a 50 mL round bottom flask 0.05 g (0.28 mmol) 39 and 0.11 g (0.83 mmol) HOBt 

were dissolved in 20 mL dry DMF. After cooling to 0°C, 0.17 g (0.83 mmol) DCC 

were added and the solution was stirred for 15 min. 1.00 g (0.69 mmol) 4 were 

subsequently added and the solution was furthermore stirred for three days. 

Afterwards the formed precipitate of DCU was filtrated and the solvent removed 

under reduced pressure. The raw product was purified via column chromatography 

(SiO2, CH2Cl2/EtOAc 7:3).  

Yield: 0.45 g (0.15 mmol, 54 %). 
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1H-NMR (400 MHz, CDCl3, rt): δ = 1.34 (s, 162 H, CH3), 1.92 (m, 36 H, CH2), 2.15 

(m, 48 H, CH2), 2.24 (m, 12 H, CH2), 6.06 (s, 6 H, NH), 8.77 (br, 1 H, Ar-H), 8.80 (s, 2 

H, NH), 9.17 (d, J = 2.0 Hz, 2 H, Ar-H) ppm. 

13C-NMR (100.5 MHz, CDCl3, rt): δ = 28.20 (54 C, CH3), 29.93 (36 C, CH2), 31.71 (6 

C, CH2), 31.76 (6 C CH2), 57.71 (6 C, Ct), 58.41 (2 C, Ct), 80.73 (18 C, Ct), 130.34 (2 

C, Ar-C), 134.31 (1 C, Ar-C), 151.03 (2 C, Ar-C), 164.36 (2 C, C=O), 172.99 (18 C, 

C=O), 173.16 (6 C, C=O) ppm. 

MS (MALDI): m/z = 3034 [M+Na]+. 

EA: C159H269N9O44:
 calcd. (%): C 63.43, H 9.01, N 4.19; found: C 63.32, H 8.83, N 

4.18.  

IR (ATR):  ̃ = 2979, 2223, 2059, 2029, 1720, 1509, 1366, 846, 692, 536 cm-1. 

 

 

α,α´-p-Xylyl-bis([G1]-dendritic pyridinium) dinitrate (49) 

 

 

 

In a 50 mL round bottom flask 1.00 g (1.04 mmol) 41 and 110 mg (417 µmol) 48 were 

dissolved in 20 mL CHCl3. After addition of 180 mg (1.04 mmol) silver nitrate, the 

solution was heated to reflux for two days. The solvent was removed under reduced 

pressure and the residue purified via column chromatography (SiO2, CH2Cl2 /EtOAc 

7:3 and CH2Cl2/MeOH 95:5). 

Yield: 62 mg (29 µmol, 7 %). 

 

1H-NMR (300 MHz, CDCl3, rt): δ = 1.34 (s, 108 H, CH3), 2.04 (m, 24 H, CH2) 2.20 m, 

24 H, CH2), 5.96 (s, 4 H, CH2), 7.66 (s, 4 H, Ar-H), 8.76 (s, 4 H, NH), 9.60 (s, 2 H, Ar-

H), 9.79 (s, 4 H, Ar-H) ppm.  
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13C-NMR (100.5 MHz, CDCl3, rt): δ = 27.96 (36 C, CH3), 29.46 (12 C, CH2), 29.69 (12 

C, CH2), 59.41 (4 C, Ct), 64.94 (2 C, CH2), 80.73 (12 C, Ct), 130.97 (4 C, Ar-C), 

133.98 (2 C, Ar-C), 135.64 (4 C, Ar-C), 143.13 (2 C, Ar-C), 145.82 (4 C, Ar-C), 

159.69 (4 C, C=O), 172.90 (12 C, C=O) ppm. 

MS (MALDI): m/z = 2029 [M-2NO3]
+. 

EA: C110H174N8O34: calcd. (%): C 61.38, H 8.15, N 5.21; found: C 61.43, H 8.05, N 

4.70. 

IR (ATR):  ̃ = 2979, 2935, 2361, 2342, 1726, 1683, 1550, 1391, 1152, 848 cm-1. 

 

 

Deprotected α,α´-p-xylyl-bis([G1]-dendritic pyridinium) dinitrate (50) 

 

 

 

In 30 ml formic acid 50 mg (23 µmol) 49 were dissolved and stirred for 24 h at room 

temperature. After evaporating the solvent at reduced pressure, the residue was 

dissolved in toluene for three times and removed from solvent again.  

Yield: 34 mg (23 µmol, 99 %). 

 

1H-NMR (400 MHz, DMSO-d6, rt): δ = 1.98 (m, 24 H, CH2) 2.28 (m, 24 H, CH2), 5.93 

(s, 4 H, CH2), 7.65 (s, 4 H, Ar-H), 9.32 (s, 2 H, Ar-H), 9.54 (s, 4 H, Ar-H), 9.96 (s, 4 H, 

NH) ppm. 

13C-NMR (100.5 MHz, DMSO-d6, rt): δ = 28.88 (12 C, CH2), 29.54 (12 C, CH2), 58.11 

(4 C, Ct), 64.91 (2 C, CH2), 129.72 (4 C, Ar-C), 135.01 (2 C, Ar-C), 135.12 (4 C, Ar-

C), 141.57 (2 C, Ar-C), 145.96 (4 C, Ar-C), 160.69 (4 C, C=O), 175.16 (12 C, C=O) 

ppm. 

MS (MALDI): m/z = 1420 [M-NO3]
+. 
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EA: C62H78N8O34
.3/2H2O: calcd. (%): C 49.44, H 5.42, N 7.44; found: C 49.47, H 5.69, 

N 7.49. 

IR (ATR):  ̃ = 1712, 1676, 1549, 1489, 1404, 1292, 1206, 1097, 913, 826 cm-1. 

 

 

1,6-Hexyl-bis([G1]-dendritic pyridinium) dinitrate (52) 

 

 

 

In a 50 mL round bottom flask 0.50 g (0.52 mmol) 41 and 0.07 g (0.21 mmol) 51 were 

dissolved in 20 mL CHCl3. After addition of 0.11 g (0.62 mmol) silver nitrate, the 

solution was heated to reflux for two days. The solvent was removed under reduced 

pressure and the residue was purified via column chromatography (SiO2, 

CH2Cl2/EtOAc 7:3 and CH2Cl2/MeOH 95:5). 

Yield: 0.03 g (0.01 mmol, 6 %). 

 

1H-NMR (400 MHz, CDCl3, rt): δ = 1.39 (s, 108 H, CH3), 1.58 (m, 4 H, CH2), 1.97 (m, 

4 H, CH2), 2.11 (m, 24 H, CH2), 2.26 (m, 24 H, CH2), 4.75 (t,  J = 7.8 Hz, 4 H, CH2), 

8.72 (s, 4 H, NH), 9.58 (s, 2 H, Ar-H), 9.80 (s, 4 H, Ar-H) ppm. 

13C-NMR (100.5 MHz, CDCl3, rt): δ = 24.72 (2 C, CH2), 28.08 (36 C, CH3), 29.53 (12 

C, CH2), 29.83 (12 C, CH2), 30.78 (2 C, CH2), 59.46 (4 C, Ct), 62.56 (2 C, CH2), 

80.74 (12 C, Ct), 135.72 (4 C, Ar-C), 143.44 (2 C, Ar-C), 145.28 (4 C, Ar-C), 159.53 

(4 C, C=O), 172.79 (12 C, C=O) ppm. 

MS (ESI): m/z = 2069 [M-NO3]
+, 2008 [M-2NO3]

+. 

EA: C108H178N8O34
.2H2O: calcd. (%): C 59.81, H 8.46, N 5.17; found: C 59.79, H 

8.17, N 4.68. 

IR (ATR):  ̃ = 2980, 2360, 2343, 1722, 1683, 1542, 1415, 1391, 1150, 848 cm-1. 
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Deprotected 1,6-hexyl-bis([G1]-dendritic pyridinium) dinitrate (53) 

 

 

 

In 30 ml formic acid 25 mg (12 µmol) 52 were dissolved and stirred for 24 h at room 

temperature. After evaporating the solvent at reduced pressure, the residue was 

dissolved in toluene for three times and removed from solvent again.  

Yield: 17 mg (12 µmol, 99 %). 
 

1H-NMR (400 MHz, DMSO-d6, rt): δ = 1.23 (m, 4 H, CH2), 1.38 (m, 4 H, CH2), 2.00 

(m, 24 H, CH2), 2.26 (m, 24 H, CH2), 4.68 (br, 4 H, CH2), 9.26 (s, 2 H, Ar-H), 9.32 (s, 

4 H, Ar-H), 9.49 (br s, 4 H, NH), 12.30 (br, 12 H, COOH) ppm. 

13C-NMR (100.5 MHz, DMSO-d6, rt): δ = 24.95 (2 C, CH2), 28.83 (12 C, CH2), 29.17 

(2 C, CH2), 29.50 (12 C, CH2), 58.11 (4 C, Ct), 63.30 (2 C, CH2), 134.77 (4 C, Ar-C), 

142.36 (2 C, Ar-C), 145.80 (4 C, Ar-C), 160.86 (4 C, C=O), 175.06 (12 C, C=O) ppm. 

MS (MALDI): m/z = 1396 [M-NO3]
+, 1334 [M-2NO3]

+. 

EA: C60H82N8O34
.4H2O: calcd. (%): C 47.06, H 5.92, N 4.32; found: C 47.05, H 6.08, 

N 5.22. 

IR (ATR):  ̃ = 2984, 1714, 1677, 1549, 1453, 1398, 1292, 1099, 912, 827 cm-1. 
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1,8-Octyl-bis([G1]-dendritic pyridinium) dinitrate (55) 

 

 

 

In a 50 mL round bottom flask 0.50 g (520 µmol) 41 and 77 mg (210 µmol) 54 were 

dissolved in 20 mL CHCl3. After addition of 110 mg (620 µmol) silver nitrate, the 

solution was heated to reflux for two days. The solvent was removed under reduced 

pressure and the residue was purified via column chromatography (SiO2, 

CH2Cl2/EtOAc 7:3 and CH2Cl2 /MeOH 95:5). 

Yield: 108 mg (50 µmol, 24 %). 

 

1H-NMR (300 MHz, CDCl3, rt): δ = 1.38 (m, 116 H, CH3+CH2), 2.07 (m, 28 H, CH2), 

2.28 (m, 24 H, CH2), 4.83 (t, J = 7.6 Hz, 4 H, CH2), 8.69 (s, 4 H, NH), 9.60 (s, 2 H, Ar-

H), 9.75 (s, 4 H, Ar-H) ppm. 

13C-NMR (100.5 MHz, CDCl3, rt): δ = 24.85 (2 C, CH2), 26.90 (2 C, CH2), 27.98 (36 

C, CH3), 29.40 (12 C, CH2), 29.66 (12 C, CH2), 30.67 (2 C, CH2), 59.35 (4 C, Ct), 

62.57 (2 C, CH2), 80.72 (12 C, Ct), 135.49 (4 C, Ar-C), 142.51 (2 C, Ar-C), 145.79 (4 

C, Ar-C), 159.89 (4 C, C=O), 172.86 (12 C, C=O) ppm. 

MS (MALDI): m/z = 2098 [M-NO3]
+. 

EA: C110H182N8O34
.2H2O: calcd. (%): C 60.14, H 8.53, N 5.10; found: C 60.13, H 

8.36, N 4.84. 

IR (ATR):  ̃ = 2981, 2360, 2341, 1724, 1683, 1542, 1417, 1391, 1151, 847 cm-1. 
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Deprotected 1,8-Octyl-bis([G1]-dendritic pyridinium) dinitrate (56) 

 

 

 

In 30 ml formic acid 50 mg (23 µmol) 55 were dissolved and stirred for 24 h at room 

temperature. After evaporating the solvent at reduced pressure, the residue was 

dissolved in toluene for three times and removed from solvent again.  

Yield: 34 mg (23 µmol, 99 %). 

 

1H-NMR (400 MHz, DMSO-d6, rt): δ = 1.30 (br, 8 H, CH2), 1.99 (m, 28 H, CH2), 2.29 

(m, 24 H, CH2), 4.66 (m, 4 H, CH2), 9.29 (s, 2 H, Ar-H), 9.44 (s, 4 H, Ar-H), 10.09 (br, 

4 H, NH), 12.91 (br, 12 H, COOH) ppm. 

13C-NMR (100.5 MHz, DMSO-d6, rt): δ = 25.46 (2 C, CH2), 28.19 (2 C, CH2), 28.74 

(12 C, CH2), 29.44 (12 C, CH2), 30.90 (2 C, CH2), 58.22 (4 C, Ct), 61.25 (2 C, CH2), 

137.50 (4 C, Ar-C), 142.61 (2 C, Ar-C), 146.01 (4 C, Ar-C), 161.07 (4 C, C=O), 

175.20 (12 C, C=O) ppm. 

MS (MALDI): m/z = 1363 [M-2NO3]
+. 

EA: C62H86N8O34
.2H2O: calcd. (%): C 48.88, H 5.95, N 7.36; found: C 48.95, H 6.14, 

N 7.38. 

IR (ATR):  ̃ = 2979, 1715, 1676, 1548, 1453, 1399, 1292, 1099, 915, 823 cm-1. 
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Bis([G1]-dendritic pyridiniumethyl)pyridine-3,5-dicarboxylate diiodide (57) 

 

 

 

In a 50 mL round bottom flask 6.4 mg (0.04 mmol) 39 and 0.02 g (0.1 mmol) HOBt 

were dissolved in 20 mL dry DMF. After cooling to 0°C, 0.02 g (0.1 mmol) DCC were 

added and the solution was stirred for 15 min. 0.13 g (0.1 mmol) 46 were 

subsequently added and the solution was furthermore stirred for three days. 

Afterwards the formed precipitate of DCU was filtrated and the solvent removed 

under reduced pressure. The residue was purified via column chromatography (SiO2, 

CH2Cl2/EtOAc 7:3 and CH2Cl2/MeOH 95:5). 

Yield: 0.06 g (0.03 mmol, 75 %). 

 

1H-NMR (400 MHz, CDCl3, rt): δ = 1.36 (s, 108 H, CH3), 2.09 (m, 24 H, CH2), 2.20 

(m, 24 H, CH2), 4.96 (m, 4 H, CH2), 5.59 (m, 4 H, CH2), 8.75 (s, 4 H, NH), 8.93 (br, 1 

H, Ar-H), 9.30 (d, J = 2.7 Hz, 2 H, Ar-H), 9.65 (s, 2 H, Ar-H), 10.07 (s, 4 H, Ar-H) 

ppm. 

13C-NMR (100.5 MHz, CDCl3, rt): δ = 28.05 (36 C, CH3), 29.52 (12 C, CH2), 29.80 (12 

C, CH2), 60.18 (4 C, Ct), 60.58 (2 C, CH2), 64.14 (2 C, CH2), 80.81 (12 C, Ct), 124.74, 

134.47, 136.06, 142.38, 146.53, 155.61 (15 C, Ar-C), 160.14 (4 C, C=O), 163.17 (2 

C, C=O), 172.63 (12 C, C=O) ppm. 

MS (ESI): m/z = 2272 [M-I]+, 2144 [M-2I]+. 

EA: C113H117I2N7O32: calcd. (%): C 56.56, H 7.44, N 4.09; found: C 56.84, H 7.56, N 

4.21. 

IR (ATR):  ̃ = 2978, 2932, 2360, 1726, 1682, 1541, 1456, 1313, 1152, 847 cm-1. 
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Deprotected bis([G1]-dendritic pyridiniumethyl)pyridinium-3,5-dicarboxylate 

triformate (58) 

 

 

 

In a 50 mL round bottom flask 100 mg (0.04 mmol) 57 were dissolved in a mixture of 

10 mL CH2Cl2 and 10 mL formic acid. After stirring for one day at room temperature, 

the solvent was removed under reduced pressure. The residue was taken up in 

toluene and again removed from the solvent for three times. Yield: 71 mg (0.04 

mmol, 99 %). 

 

1H-NMR (400 MHz, DMSO-d6, rt): δ = 1.98 (m, 24 H, CH2), 2.25 (m, 24 H, CH2), 4.84 

(m, 4 H, CH2), 5.20 (m, 4 H, CH2), 8.56 (s, 3 H, HCOO), 9.27 (s, 1 H, Ar-H), 9.31 (s, 2 

H, Ar-H), 9.65 (s, 2 H, Ar-H), 9.83 (s, 4 H, Ar-H) ppm. 

13C-NMR (100.5 MHz, DMSO-d6, rt): δ = 28.78 (12 C, CH2), 29.46 (12 C, CH2), 50.59 

(4 C, Ct), 56.70 (2 C, CH2), 64.10 (2 C, CH2), 124.24, 125.28, 134.69, 141.86, 

146.65, 154.06 (15 C, Ar-C), 160.89 (4 C, C=O), 163.42 (2 C, C=O), 174.75 (1 C, 

HCOO), 175.06 (12 C, C=O) ppm. 

MS (MALDI): m/z = 1472 [M-3HCOO]+. 

EA: C68H85N7O38: calcd. (%): C 50.78, H 5.33, N 6.10; found: C 51.11, H 5.54, N  

6.09 %. 

IR (ATR):  ̃ = 3383, 2920, 2359, 1670, 1556, 1402, 1310, 1243, 1099, 743 cm-1. 
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1,10-Decyl-bis(bis([G1]-dendritic pyridiniumethyl)pyridinium-3,5-dicarboxylate) 

hexa(hexafluorophosphate) (60) 

 

 

 

In a 10 mL round bottom flask 0.20 g (83 µmol) 57 and 11 mg (28 µmol) 59 were 

dissolved in 5 mL CHCl3. After addition of 28 mg (111 µmol) silver 

hexafluorophosphate, the solution was stirred for three days at 60°C. The solvent 

was removed under reduced pressure and the residue was purified via column 

chromatography (SiO2, CH2Cl2/ EtOAc 7:3 and CH2Cl2/MeOH 90:1). 

Yield: 16 mg (3 µmol, 11 %). 

 

1H-NMR (400 MHz, CDCl3, rt): δ = 1.21 (m, 12 H, CH2), 1.35 (s, 216 H, CH3), 1.55 

(m, 4 H, CH2), 2.09 (m, 48 H, CH2), 2.25 (m, 48 H, CH2), 3.90 (m, 4 H, CH2), 4.95 (m, 

8 H, CH2), 5.65 (m, 8 H, CH2), 8.80 (s, 6 H, Ar-H), 9.31 (s, 8 H, NH), 9.87 (s, 12 H, 

Ar-H) ppm. 

13C-NMR (100 MHz, CDCl3, rt): δ = 25.72 (2 C, CH2), 28.05 (72 C, CH3), 28.50 (4 C, 

CH2), 29.30 (24 C, CH2), 29.81 (24 C, CH2), 33.54 (2 C, CH2), 59.20 (8 C, Ct), 59.58 

(2 C, CH2), 60.36 (4 C, CH2), 68.22 (4 C, CH2), 80.81 (24 C, Ct), 136.03, 142.66, 

145.35 (30 C, Ar-C), 160.23 (8 C, C=O), 172.55 (4 C, C=O), 172.91 (24 C, C=O) 

ppm. 

MS (MALDI): m/z = 4424 [M-PF6-12t-Bu]+, 4328 [M-2PF6-12t-Bu]+. 
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EA: C236H374F36N14O64P6
.2H2O: calcd. (%): C 53.11, H 7.14, N 3.67; found: C 53.08, 

H 7.45, N 3.45. 

IR (ATR):  ̃ = 2979, 2358, 2343, 1714, 1685, 1542, 1413, 1383, 1152, 848 cm-1. 

 

 

Deprotected 1,8-octyl-bis(bis([G1]-dendritic pyridiniumethyl)pyridinium-3,5-

dicarboxylate) hexa(hexafluorophosphate) (61) 

 

 

 

In a 25 mL round bottom flask 30 mg (6 µmol) 60 were dissolved in a mixture of 5 mL 

CHCl3 and 5 mL formic acid. After stirring for one day at room temperature, the 

solvent was removed under reduced pressure. The residue was taken up in toluene 

and again removed from the solvent for three times.  

Yield: 19 mg (6 µmol, 99 %). 

 

1H-NMR (400 MHz, DMSO-d6, rt): δ = 1.24 (m, 12 H, CH2), 1.82 (m, 4 H, CH2), 2.00 

(m, 48 H, CH2), 2.24 (m, 48 H, CH2), 3.92 (m, 4 H, CH2), 4.85 (m, 8 H, CH2), 5.17 (m, 

8 H, CH2), 8.59 (br, 2 H, Ar-H), 9.15 (br, 8 H, NH), 9.28 (br, 4 H, Ar-H), 9.31 (br, 4 H, 

Ar-H), 9.68 (br, 8 H, Ar-H), 12.52 (br, 24 H, COOH) ppm. 

13C-NMR (100.5 MHz, DMSO-d6, rt): δ = 25.51 (6 C, CH2),  28.26 (24 C, CH2), 29.00 

(24 C, CH2), 32.88 (2 C, CH2), 58.39 (8 C, Ct), 59.76 (2 C, CH2), 61.67 (4 C, CH2), 
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65.43 (4 C, CH2), 125.31, 128.20, 128.89, 134.22, 146.55, 154.10 (30 C, Ar-C), 

160.71 (8 C, C=O), 161.56 (4 C, C=O), 174.53 (24 C, C=O) ppm. 

MS (MALDI-TOF): m/z: 3324 [M-Pyr+Na]+, 3154 [M-PF6-Pyr]+. 

EA: C141H183F30N14O66P5
.H2O: calcd. (%): C 43.93, H 4.78, N 5.09; found: C 43.77, H 

4.96, N 4.90.  

IR (ATR):  ̃ = 2927, 2853, 2341, 1710, 1681, 1549, 1382 1291, 1207, 1096 cm-1. 

 

 

[G1]-Dendritic hexadecylpyridinium nitrate (63) 

 

 

 

In a 50 mL round bottom flask 0.30 g (0.31 mmol) 41 and 0.18 g (0.50 mmol) 62 were 

dissolved in 20 mL CHCl3. After addition of 0.08 g (0.50 mmol) silver nitrate, the 

solution was stirred at 60°C for two days. Then the solvent was removed under 

reduced pressure and the residue was purified via column chromatography (SiO2, 

CH2Cl2/EtOAc 7:3 and CH2Cl2/MeOH 9:1).  

Yield: 0.18 g (0.14 mmol, 45 %).  

 

1H-NMR (400 MHz, CDCl3, rt): δ = 0.84 (t, J = 6.9 Hz, 3 H, CH3), 1.22 (m, 26 H, CH2), 

1.39 (s, 54 H, CH3), 1.95 (m, 2 H, CH2), 2.11 (m, 12 H, CH2), 2.27 (m, 12 H, CH2), 

4.68 (t, J = 7.5 Hz, 2 H, CH2), 8.88 (s, 2 H, NH), 9.55 (s, 2 H, Ar-H), 9.62 (s, 1 H, Ar-

H) ppm. 

13C-NMR (100.5 MHz, CDCl3, rt): δ = 14.53 (1 C, CH3), 23.09 (1 C, CH2), 26.65 (1 C, 

CH2), 28.47 (18 C, CH3), 29.35 (1 C, CH2), 29.68 (1 C, CH2), 29.76 (1 C, CH2), 29.89 

(1 C, CH2), 29.97 (6 C, CH2), 30.04 (1 C, CH2), 30.06 (3 C, CH2),  30.09 (6 C, CH2), 

30.11 (2 C, CH2), 30.23 (3 C, CH2), 32.08 (1 C, CH2), 32.32 (1 C, CH2), 59.85 (2 C, 
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Ct), 63.67 (1 C, CH2), 81.20 (6 C, Ct), 136.15, 142.69, 145.64 (5 C, Ar-C), 160.10 (2 

C, C=O), 173.19 (6 C, C=O) ppm. 

MS (MALDI): m/z = 1186 [M-NO3]
+. 

EA: C67H116N4O17: calcd. (%): C 64.40, H 9.36, N 4.48; found: C 64.06, H 9.44, N 

4.18. 

IR (ATR):  ̃ = 2926, 2854, 1709, 1679, 1550, 1291, 1209, 1097, 912, 681 cm-1. 

 

 

Deprotected [G1]-dendritic hexadecylpyridinium formate (64) 

 

 

 

In 30 ml formic acid 0.30 g (0.24 mmol) 63 were dissolved and stirred for 24 h at 

room temperature. After evaporating the solvent at reduced pressure, the residue 

was dissolved in toluene for three times and removed from the solvent again.  

Yield: 0.21 g (0.24 mmol, 98 %). 

 

1H-NMR (400 MHz, DMSO-d6, rt): δ = 0.85 (t, J = 6.9 Hz, 3 H, CH3), 1.23 (m, 26 H, 

CH2), 1.92 (m, 2 H, CH2), 2.00 (m, 12 H, CH2), 2.28 (m, 12 H, CH2), 4.66 (m, 2 H, 

CH2), 8.21 (s, 1 H, HCOO), 9.27 (s, 1 H, Ar-H), 9.46 (s, 2 H, Ar-H), 9.65 (s, 2 H, NH) 

ppm. 

13C-NMR (100.5 MHz, DMSO-d6, rt): δ = 14.31 (1 C, CH3), 22.44 (2 C, CH2), 25.87 (2 

C, CH2), 28.75 (2 C, CH2), 29.05 (2 C, CH2), 29.16 (2 C, CH2), 29.35 (12 C, CH2), 

29.40 (2 C, CH2), 29.75 (2 C, CH2), 31.64 (1 C, CH2), 58.46 (2 C, Ct), 135.03, 142.43, 

146.19 (5 C, Ar-C), 161.23 (2 C, C=O), 175.35 (6 C, C=O) ppm. 

MS (MALDI): m/z = 851 [M-HCOO]+. 

EA: C44H69N3O16
.H2O: calcd. (%): C 57.82, H 7.83, N 4.60; found: C 57.93, H 7.73, N 

4.65. 
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IR (ATR):  ̃ = 2926, 2855, 2361, 2342, 1710, 1679, 1548, 1291, 1209, 1097 cm-1. 

 

 

[G1]-Dendritic 2-(docosanoyloxy)ethylpyridinium iodide (66) 

 

 

 

In a 50 mL round bottom flask 99 mg (291 µmol) 65 and 79 mg (582 µmol) HOBt 

were dissolved in 20 mL dry DMF. After cooling to 0°C, 120 mg (582 µmol) DCC was 

added and the solution was stirred for 15 min. 0.50 mg (437 µmol) 46 were 

subsequently added and the solution was furthermore stirred for three days. 

Afterwards the formed precipitate of DCU was filtrated and the solvent removed at 

the rotary evaporator. The residue was purified via column chromatography (SiO2, 

CH2Cl2/MeOH 95:5). 

Yield: 320 mg (220 µmol, 76 %). 

 

1H-NMR (300 MHz, CDCl3, rt): δ = 0.85 (t, J = 6.6 Hz, 3 H, CH3), 1.22 (m, 36 H, CH2), 

1.41 (s, 54 H, CH3), 1.72 (m, 2 H, CH2), 2.15 (m, 12 H, CH2), 2.30 (m, 14 H, CH2), 

4.69 (m, 2 H, CH2), 5.14 (br, 2 H, CH2), 8.57 (s, 2 H, NH), 9.45 (s, 1 H, Ar-H), 9.63 (s, 

2 H, Ar-H) ppm. 

13C-NMR (75 MHz, CDCl3, rt): δ = 14.11 (1 C, CH3), 22.67 (2 C, CH2), 24.59 (2 C, 

CH2), 28.08 (18 C, CH3), 29.01 (2 C, CH2), 29.23 (2 C, CH2), 29.34 (2 C, CH2), 29.43 

(2 C, CH2), 29.68 (6 C, CH2), 29.83 (4 C, CH2), 29.98 (6 C, CH2), 30.23 (1 C, CH2), 

31.90 (2 C, CH2), 33.67 (1 C, CH2), 58.22 (1 C, CH2), 59.85 (2 C, Ct), 61.49 (1 C, 



 

 
143 

 

5                                                                                               EXPERIMENTAL PART                       

CH2), 80.83 (6 C, Ct), 134.79 (2 C, Ar-C), 143.27 (1 C, Ar-C), 145.38 (2 C, Ar-C), 

159.61 (2 C, C=O), 172.86 (6 C, C=O), 173.14 (1 C, C=O) ppm. 

MS (MALDI): m/z = 1329 [M-I]+, 1273 [M-I-tBu]+. 

EA: C75H130IN3O16: calcd. (%): C 61.84, H 8.99, N 2.88; found: C 61.40, H 8.88, N 

3.04. 

IR (ATR):  ̃ = 2978, 2926, 2854, 1729, 1682, 1540, 1392, 1152, 1099, 848 cm-1. 

 

 

Deprotected [G1]-dendritic 2-(docosanoyloxy)ethylpyridinium iodide (67) 

 

 

 

In 30 ml formic acid 300 mg (206 µmol) 66 were dissolved and stirred for 24 h at 

room temperature. After evaporating the solvent at reduced pressure, the residue 

was dissolved in toluene for three times and removed from the solvent again.  

Yield: 229 mg (204 µmol, 99 %). 

 

1H-NMR (400 MHz, THF-d8, rt): δ = 0.89 (t, J = 6.8 Hz, 3 H, CH3), 1.29 (m, 36 H, 

CH2), 1.56 (m, 2 H, CH2), 2.15 (m, 12 H, CH2), 2.32 (m, 14 H, CH2), 4.66 (m, 2 H, 

CH2), 5.14 (br, 2 H, CH2), 8.36 (s, 2 H, NH), 9.43 (s, 1 H, Ar-H), 9.58 (s, 2 H, Ar-H) 

ppm. 

13C-NMR (100.5 MHz, THF-d8, rt): δ = 14.35, 23.46, 25.03, 25.79, 28.71, 29.13, 

29.97, 30.21, 30.30 (18 C, CH2), 30.62 (12 C, CH2), 32.77, 34.22 (3 C, CH2), 58.84 (2 

C, Ct), 60.06, 60.09 (2 C, CH2), 131.45, 135.83, 151.32 (5 C, Ar-C), 165.11 (2 C, 

C=O), 175.02 (6 C, C=O), 175.93 (1 C, C=O) ppm. 
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MS (MALDI): m/z = 993 [M-I]+. 

EA: C51H82IN3O16: calcd. (%): C 54.69, H 7.38, N 3.75; found: C 54.66, H 7.35, N 

4.41. 

IR (ATR):  ̃ = 2925, 2853, 2361, 1712, 1681, 1545, 1291, 1211, 1098, 914 cm-1. 

 

 

[G2]-Dendritic hexadecylpyridinium nitrate (68) 

 

 

 

In a 50 mL round bottom flask 0.10 g (0.03 mmol) 47 and 0.04 g (0.10 mmol) 62 were 

dissolved in 20 mL CHCl3. After addition of 0.02 g (0.10 mmol) silver nitrate, the 

solution was stirred at 60°C for three days. Then the solvent was removed under 

reduced pressure and the residue was purified via column chromatography (SiO2, 

CH2Cl2/ EtOAc 7:3 and CH2Cl2/MeOH 9:1).  

Yield: 0.03 g (0.01 mmol, 33 %). 

 

1H-NMR (400 MHz, CDCl3, rt): δ = 0.84 (t, J = 6.8 Hz, 3 H, CH3), 1.21 (m, 26 H, CH2), 

1.37 (s, 162 H, CH3), 1.58 (m, 2 H, CH2), 1.90 (m, 36 H, CH2), 2.14 (m, 48 H, CH2), 

2.29 (m, 12 H, CH2), 4.78 (t, J = 7.2 Hz, 2 H, CH2), 6.63 (s, 6 H, NH), 9.07 (s, 2 H, Ar-

H), 9.33 (s, 1 H, Ar-H), 9.97 (br s, 2 H, NH) ppm. 

13C-NMR (100.5 MHz, CDCl3, rt): δ = 14.27 (1 C, CH3), 22.72 (1 C, CH2), 26.64 (1 C, 

CH2), 28.23 (54 C, CH3), 29.52 (1 C, CH2), 29.86 (9 C, CH2), 29.94 (36 C, CH2), 

31.37 (1 C, CH2), 31.76 (6 C, CH2), 31.79 (6 C, CH2), 32.06 (1 C, CH2), 57.65 (6 C, 

Ct), 58.49 (2 C, Ct), 59.57 (1 C, CH2), 80.75 (18 C, Ct), 135.62, 144.71, 150.71 (5 C, 

Ar-C), 166.40 (2 C, C=O), 173.03 (18 C, C=O), 173.25 (6 C, C=O) ppm. 
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MS (MALDI): m/z = 3229 [M-NO3]
+. 

EA: C175H302N10O47-NO3: calcd. (%): C 64.95, H 9.41, N 3.90; found: C 64.99, H 9.54, 

N 3.90. 

IR (ATR):  ̃ = 2926, 2854, 1709, 1679, 1550, 1291, 1209, 1097, 912, 681 cm-1. 

 

 

Bis([G1]-dendritic pyridiniumethyl)-hexadecylpyridinium-3,5-dicarboxylate 

sulfate iodide (69) 

 

  

 

In a 50 mL round bottom flask 100 mg (42 µmol) 57 and 30 mg (84 µmol) 62 were 

dissolved in 15 mL CHCl3. After addition of 52 mg (168 µmol) silver sulfate, the 

solution was stirred at 60°C for three days. Then the solvent was removed under 

reduced pressure and the residue was purified via column chromatography (SiO2, 

CH2Cl2/MeOH 9:1).  

Yield: 42 mg (16 µmol, 39 %). 

1H-NMR (400 MHz, CDCl3, rt): δ = 0.83 (t, J = 6.8 Hz, 3 H, CH3), 1.20 (m, 26 H, CH2), 

1.38 (s, 108 H, CH3), 1.53 (m, 2 H, CH2), 2.07 (m, 24 H, CH2), 2.23 (m, 24 H, CH2), 

3.95 (m, 2 H, CH2), 4.11 (m, 4 H, CH2), 4.86 (m, 4 H, CH2), 8.63 (s, 4 H, NH), 8.83 (t, 

J = 2.2 Hz, 1 H, Ar-H), 9.32 (d, J = 2.1 Hz, 2 H, Ar-H), 9.49 (s, 2 H, Ar-H), 9.64 (s, 4 

H, Ar-H) ppm. 

13C-NMR (100.5 MHz, CDCl3, rt): δ = 14.05 (1 C, CH3), 22.61 (1 C, CH2), 25.70 (1 C, 

CH2), 28.01 (36 C, CH3), 29.28 (1 C, CH2), 29.35 (1 C, CH2), 29.50 (12 C, CH2), 

29.58 (1 C, CH2), 29.72 (12 C, CH2), 29.92 (8 C, CH2), 31.84 (1 C, CH2), 52.65 (4 C, 

Ct), 59.35 (1 C, CH2), 60.35 (2 C, CH2), 64.66 (2 C, CH2), 80.73 (12 C, Ct), 125.92, 
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134.97, 137.98, 142.34, 145.95, 154.14 (15 C, Ar-C), 160.12 (4 C, C=O), 164.83 (2 

C, C=O), 172.77 (12 C, C=O) ppm. 

MS (MALDI): m/z = 2467 [M-I]+, 2146 [M-C16H33]
+. 

EA: C129H210IN7O36S: calcd. (%): C 59.73, H 8.16, N 3.78; found: C 60.08, H 8.36, N 

4.39. 

IR (ATR):  ̃ = 2922, 2852, 2361, 1718, 1679, 1548, 1292, 1240, 1101, 745 cm-1. 

 

 

Deprotected bis([G1]-dendritic pyridiniumethyl)-hexadecylpyridinium-3,5-

dicarboxylate sulfate iodide (70) 

 

 

 

In a 50 mL round bottom flask 35 mg (0.01 mmol) 69 were dissolved in a mixture of 5 

mL CHCl3 and 5 mL formic acid. After stirring for one day at room temperature, the 

solvent was removed under reduced pressure. The residue was taken up in toluene 

and again removed from the solvent for three times. 

Yield: 24 mg (0.01 mmol, 99 %). 

 

1H-NMR (400 MHz, DMSO-d6, rt): δ = 0.84 (t, J = 6.6 Hz, 3 H, CH3), 1.22 (m, 26 H, 

CH2), 1.52 (m, 2 H, CH2), 1.98 (m, 24 H, CH2), 2.25 (m, 24 H, CH2), 3.96 (m, 2 H, 

CH2), 4.84 (m, 4 H, CH2), 5.19 (m, 4 H, CH2), 8.57 (br, 1 H, Ar-H), 9.27 (br, 2 H, Ar-

H), 9.32 (s, 2 H, Ar-H), 9.66 (s, 8 H, Ar-H+NH), 12.64 (br, 12 H, COOH) ppm. 

13C-NMR (100.5 MHz, DMSO-d6, rt): δ = 13.61 (1 C, CH3), 22.06 (1 C, CH2), 28.08 (2 

C, CH2), 28.72 (12 C, CH2), 29.00 (9 C, CH2), 29.41 (12 C, CH2), 31.72 (2 C, CH2), 

58.20 (4 C, Ct), 59.72 (1 C, CH2), 59.92 (2 C, CH2), 64.08 (2 C, CH2), 125.42, 134.75, 
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137.48, 141.92, 146.78, 154.07 (15 C, Ar-C), 161.04 (4 C, C=O), 163.54 (2 C, C=O), 

175.14 (12 C, C=O) ppm. 

MS (MALDI): m/z = 896 [M-I]2+
. 

EA: C81H114IN7O36S
.2H2O: calcd. (%): C 49.72, H 6.08, N 5.01; found: C 49.44, H 

6.33, N 5.16. 

IR (ATR):  ̃ = 3383, 2920, 2359, 1670, 1556, 1402, 1310, 1243, 1099, 743 cm-1. 

 

 

Di-([G1]-dendritic pyridinium)ethyl)-4-(2-(2-([G1]-dendritic pyridinium)ethoxy 

carbonyl)ethyl)-4-(1-oxodocosylamino)heptanedicarboxylate triiodide (71) 

 

 

In a 50 mL round bottom flask 250 mg (0.22 mmol) 35 and 119 mg (0.88 mmol) HOBt 

were dissolved in 20 mL dry DMF. After cooling to 0°C, 181 mg (0.88 mmol) DCC 

was added and the solution was stirred for 15 min. 998 mg (0.88 mmol) 46 were 

subsequently added and the solution was furthermore stirred for three days. The 

formed precipitate of DCU was filtrated and the solvent removed under reduced 

pressure. The residue was purified via column chromatography (SiO2, CH2Cl2/EtOAc 

7:3 and CH2Cl2/MeOH 95:5). 

Yield: 52 mg (0.01 mmol, 6 %). 

 

1H-NMR (400 MHz, CDCl3, rt): δ = 0.85 (t, J = 6.1 Hz, 3 H, CH3), 1.23 (m, 36 H, CH2), 

1.40 (s, 162 H, CH3), 1.88 (m, 2 H, CH2), 2.14 (m, 42 H, CH2), 2.29 (m, 44 H, CH2), 
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4.78 (m, 6 H, CH2), 5.24 (m, 6 H, CH2), 8.47 (s, 6 H, NH), 9.48 (s, 3 H, Ar-H), 9.72 (s, 

6 H, Ar-H) ppm. 

13C-NMR (100.5 MHz, CDCl3, rt): δ = 14.07 (1 C, CH3), 22.63 (1 C, CH2), 28.07 (54 

C, CH3), 29.30, 29.60, 29.65, 29.84, 29.90 (60 C, CH2), 31.87 (1 C, CH2), 59.6 (6 C, 

Ct), 61.76 (3 C, CH2), 67.03 (3 C, CH2), 80.78 (18 C, Ct), 134.34, 142.63, 146.30 (15 

C, Ar-C), 160.34 (6 C, C=O), 171.51 (1 C, C=O), 172.72 (18 C, C=O), 172.78 (3 C, 

C=O) ppm. 

MS (MALDI): m/z = 3534 [M-3I]+, 2530 [M-chain-3I]+. 

EA: C191H317I3N10O49
.2DCU: calcd. (%): C 59.68, H 8.42, N 4.49; found: C 59.83, H 

8.37, N 4.36. 

IR (ATR):  ̃ = 2978, 2930, 2360, 1727, 1682, 1545, 1457, 1152, 1098, 848 cm-1. 

 

 

Deprotected di-([G1]-dendritic pyridinium)ethyl) 4-(2-(2-([G1]-dendritic pyridi-

nium)ethoxycarbonyl)ethyl)-4-(1-oxodocosylamino)heptanedicarboxylate 

triiodide (72) 

 

 

 

In a 50 mL round bottom flask 50 mg (0.01 mmol) 71 were dissolved in a mixture of 5 

mL CHCl3 and 5 mL formic acid. After stirring for one day at room temperature, the 

solvent was removed under reduced pressure. The residue was taken up in toluene 

and again removed from the solvent for three times. 

Yield: 34 mg (0.01 mmol, 99 %). 
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1H-NMR (400 MHz, DMSO-d6, rt): δ = 0.83 (t, J = 6.6 Hz, 3 H, CH3), 1.22 (m, 36 H, 

CH2), 1.79 (m, 2 H, CH2), 2.00 (m, 42 H, CH2), 2.25 (m, 44 H, CH2), 4.50 (m, 6 H, 

CH2), 4.95 (m 6 H, CH2), 7.04 (br, 1 H, NH), 9.31 (s, 3 H, Ar-H), 9.48 (br, 12 H, Ar-

H+NH), 12.64 (br, 12 H, COOH) ppm. 

13C-NMR (100.5 MHz, DMSO-d6, rt): δ = 13.97 (1 C, CH3), 22.10 (1 C, CH2), 27.75 (1 

C, CH2), 28.69 (21 C, CH2), 29.03 (16 C, CH2), 29.32 (21 C, CH2), 30.68 (1 C, CH2), 

31.31 (1 C, CH2), 58.34 (6 C, Ct), 60.00 (3 C, CH2), 66.61 (3 C, CH2), 134.55, 142.22, 

146.72 (15 C, Ar-C), 160.98 (6 C, C=O), 172.13 (1 C, C=O), 172.47 (3 C, C=O), 

175.09 (18 C, C=O) ppm. 

MS (MALDI): m/z = 2532 [M-3I]+, 1859 [M-branch-3I]+. 

EA: C119H173I3N10O49
.2H2O: calcd. (%): C 48.54, H 6.06, N 4.76; found: C 48.83, H 

5.79, N 5.12. 

IR (ATR):  ̃ = 2979, 2932, 2360, 2341, 1727, 1682, 1367, 1152, 1097, 848 cm-1. 

 

 

α,α´-p-Xylyl-bis([G1]-dendritic pyridinium) 4-((4-(dimethylamino)phenyl) 

diazenyl)benzenesulfonate (73) 

 

 

 

A solution of 50 mg (23 µmol) 49 in 5 ml CH2Cl2 was overlaid by a solution of 15 mg 

(46 µmol) NaMO in 5 ml H2O and heavily stirred for 2h. After decolorization of the 

aqueous layer, the organic layer was separated, dried over MgSO4 and concentrated 

under reduced pressure yielding a red solid. 

Yield: 61 mg (23 µmol, 100 %). 
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1H-NMR (400 MHz, CDCl3, rt): δ = 1.36 (s, 108 H, CH3), 2.07 (m, 24 H, CH2), 2.24 

(m, 24 H, CH2), 3.05 (s, 12 H, CH3), 6.11 (s, 4 H, CH2), 6.70 (d, J = 9.3 Hz, 4 H, Ar-

H), 7.65 (s, 4 H, Ar-H), 7.76 (d, J = 8.6 Hz, 4 H, Ar-H), 7.81 (d, J = 9.2 Hz, 4 H, Ar-H), 

7.89 (d, J = 8.6 Hz, 4 H, Ar-H), 8.83 (s, 4 H, NH), 9.31 (s, 2 H, Ar-H), 9.41 (s, 4 H, Ar-

H) ppm. 

13C-NMR (100.5 MHz, CDCl3, rt): δ = 28.04 (36 C, CH3), 29.63 (12 C, CH2), 29.81 (12 

C, CH2), 40.27 (4 C, CH3), 59.35 (4 C, Ct), 65.30 (2 C, CH2), 80.79 (12 C, Ct), 111.41 

(4 C, Ar-C), 122.02 (4 C, Ar-C), 125.09 (4 C, Ar-C), 126.85 (4 C, Ar-C), 131.20 (4 C, 

Ar-C), 133.79 (2 C, Ar-C), 136.44 (4 C, Ar-C), 143.19 (2 C, Ar-C), 143.60 (2 C, Ar-C), 

145.00 (2 C, Ar-C), 145.48 (4 C, Ar-C), 152.51 (2 C, Ar-C), 153.68 (2 C, Ar-C), 

160.06 (4 C, C=O), 172.84 (12 C, C=O) ppm. 

MS (MALDI): m/z = 2333 [M-MO]+. 

EA: C138H202N12O34S2
.2H2O: calcd. (%): C 62.00, H 7.77, N 6.29; found: C 62.03, H 

7.75, N 6.39. 

IR (ATR):  ̃ = 2971, 2931, 1727, 1684, 1604, 1367, 1228, 1153, 1030, 848 cm-1. 

 

 

1,8-Octyl-bis([G1]-dendritic pyridinium) 4-((4-(dimethylamino)phenyl) 

diazenyl)benzenesulfonate (74) 

 

 

 

A solution of 50 mg (23 µmol) 55 in 5 ml CH2Cl2 was overlaid by a solution of 15 mg 

(46 µmol) NaMO in 5 ml H2O and heavily stirred for 2h. After decolorization of the 
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aqueous layer, the organic layer was separated, dried over MgSO4 and concentrated 

under reduced pressure yielding a red solid. 

Yield: 61 mg (23 µmol, 100 %).  

 

1H-NMR (400 MHz, CDCl3, rt): δ = 1.22 (m, 4 H, 2 CH2), 1.38 (br, 112 H, CH3+CH2), 

2.09 (m, 28 H, CH2), 2.25 (m, 24 H, CH2), 3.05 (s, 12 H, CH3), 4.79 (t, J = 7.5 Hz, 4 

H, CH2), 6.71 (d, J = 9.2 Hz, 4 H, Ar-H), 7.77 (d, J = 8.4 Hz, 4 H, Ar-H), 7.82 (d, J = 

9.2 Hz, 4 H, Ar-H), 7.89 (d, J = 8.8 Hz, 4 H, Ar-H), 8.82 (s, 4 H, NH), 9.35 (s, 2 H, Ar-

H), 9.38 (s, 4 H, Ar-H) ppm. 

13C-NMR (100.5 MHz, CDCl3, rt): δ = 25.75 (2 C, CH2), 28.06 (36 C, CH3), 28.31 (2 

C, CH2), 29.57 (12 C, CH2), 29.81 (12 C, CH2), 31.18 (2 C, CH2), 40.26 (4 C, CH3), 

59.39 (4 C, Ct), 63.05 (2 C, CH2), 80.70 (12 C, Ct), 111.42 (4 C, Ar-C), 121.99 (4 C, 

Ar-C), 125.08 (4 C, Ar-C), 126.88 (4 C, Ar-C), 136.22 (4 C, Ar-C), 142.65 (2 C, Ar-C), 

143.60 (2 C, Ar-C), 144.92 (2 C, Ar-C), 145.78 (4 C, Ar-C), 152.51 (2 C, Ar-C), 

153.59 (2 C, Ar-C), 160.21 (4 C, C=O), 172.82 (12 C, C=O) ppm. 

MS (MALDI): m/z = 2343 [M-MO]+, 2038 [M-2MO]+. 

EA: C138H210N12O34S2: calcd. (%): C 62.66, H 8.00, N 6.35; found: C 62.39, H 8.16, N 

6.00. 

IR (ATR):  ̃ = 2979, 2934, 2360, 1726, 1682, 1603, 1367, 1153, 1030, 847 cm-1. 
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Belag eines Käsebrötchens muss vor dem Verzehr in die hexagonal dichteste 

Packung gebracht werden), Lennard Knut Erasmus Wasserthal (Erfinder der 

Trockeneiskühlung für HPLC-Pumpen im Sommer), Bhasem Gharib (zeig´s den 

Studis), Ferdinand „Ferddl“ Hof, Jörg „Jörg“ Schönamsgruber (möge die Quarter-

nisierung mit dir sein), Wolfgang „Wolfers“ Brenner (möge der Eimer mit dir sein), 

Regina „Reggischneck“ Neubauer (möge die HPLC mit dir sein), Tina Andrä, 

Susanne „Cess“ Backes (die einzigartige Flunkyball-Queen), Miriam „Miri“ 

Biedermann (danke für die lieben Geburtstagsgeschenke), Sebastian „Boshido“ 

Bosch, Alexandra „Alex“ Burger, Astrid Hopf (wenn Miri nicht da ist, wird gscheite 

Musik aufgedreht, gell!), Andreas „Andy“ Kratzer („Stern des Südens!“), Rainer „Fürst 

René“ Lippert (Kassenwart und Kühlraumboss), Jenny Malig, Steffi Petzi (hdgdl), 

Fabian „Rodi“ Rodler, Jenny Schimcke (die Erste, die es geschafft hat, aus mir einen 

Tanzbären zu machen, Respekt!), Chau „Tschau“ Vinh („Joanna, du…!), Lukas 

„Lulu“ Zeininger (Begründer des Luluismus – die Kunst der Ausreden! ) 

Der allergrößte Dank geht allerdings an meine Mädels aus dem Elitelabor 309, Dr 

Michaela Ruppert und Simone Berngruber. Wir waren ein Dream-Team – beste 

Laune garantiert – haben das Motto „Freaky Friday“ eingeführt, das Labor in Schuss 

gehalten und zusammen alles durchgestanden. Danke, dass es euch gibt, dass ich 

mich auf euch jederzeit verlassen konnte und ihr es mit meinen zahllosen Ticks, wie 

z.B. Abrotieren nur bei geradem oder durch 5 teilbarem Unterdruck, ausgehalten 

habt. Merci für alles! 

 

Bei meinen vielen, tollen Mitarbeiterinnen, die ich während der Doktorarbeit betreuen 

durfte, möchte ich mich ganz herzlich bedanken. Besonders sind dabei Johanna 

Appelt und Melanie Stadelmann hervorzuheben, war echt klasse mit euch!  
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Zum Schluss geht ein riesiges Dankeschön an die wichtigsten Personen in meinem 

Leben: meine Familie, deren Unterstützung ich immer spüren konnte. Ohne euch 

hätte ich das alles nicht geschafft! Meine Eltern, die immer an mich geglaubt und für 

mich da waren und genau wussten, wann ich eine warme Mahlzeit gebrauchen 

konnte. Die besten Schwestern der Welt – Tina und Dani, die mir nicht nur durch 

zahllose Abholaktionen geholfen haben und die beste Oma, die in Gedanken immer 

bei mir war! Vielen Dank!!     
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