Self-Assembled Supramolecular Squares
from Chiral [4,4’]-Bipyridines
and
Mass Spectrometric Investigations

of Oligothiophene-Based Catenates and Catenanes
Dissertation
zur Erlangung des Doktorgrades (Dr. rer. nat.)
der Mathematisch-Naturwissenschaftlichen Fakultét

der Rheinischen Friedrich-Wilhelms-Universitat Bonn

vorgelegt von
Alexander Rang
aus
Bonn Bad-Godesberg

Bonn 2008



Angefertigt mit Genehmigung
der Mathematisch-Naturwissenschaftlichen Fakultat

der Rheinischen-Friedrich-Wilhelms-Universitat Bonn

Erster Gutachter: Prof. Dr. Christoph A. Schalley (FU Berlin)
Zweiter Gutachter: Prof. Dr. Arne Liitzen

Tag der miindlichen Priifung: 09.02.2009

Diese Dissertation ist auf dem Hochschulschriftenserver der ULB Bonn unter
http://hss.ulb.uni-bonn.de/diss_online elektronisch publiziert.
Erscheinungsjahr: 2009



Fir CALM

Das Mogliche unmdaglich machen!

von Bertrand Russell (1872 — 1970; Literaturnobelpreistréger 1950)






Contents (Short)

1 Introduction

2 Aim of this study

3 Theoretical Part

4 Methodological Overview
5 Results and Discussion

6 Results of Collaborative Projects
7 Summary and Outlook

8 Experimental Part
Bibliography

Curriculum Vitae
Publications
Acknowledgment

Declaration

11

27

47

129

167

175

277

299

301

303

305



Contents

Introduction

1.1 The Lock and Key Principle — Induced Fit . . . . . ... ... ..
1.2 Self-Assembly of Rigid and Flexible Systems . . . . . ... .. ..
1.3 State of the Art Instrumental Analytics . . . . . . .. .. ... ..
1.4 Interdependent Stimulation . . . ... ... .. .. ... .....

Aim of this study

Theoretical Part

3.1 Introduction into Self-Assembly . . . . . .. ... ... ... ...

3.2 Water Soluble Assemblies by Fugita et al. . . . . . . . . . . . ...
3.2.1 Self-Assembled Supramolecular Squares . . . . . . . . . ..
3.2.2 Larger Assemblies . . . . . .. ...
3.2.3  Chemistry Inside Containers . . . . . .. . ... ... ...
3.2.4  Structural Switching . . . . .. ... ..o
3.2.5  “Kinetic Self-Assembly” . . . . ... ... L.
3.2.6  Theoretical Considerations . . . . . . ... ... ... ...

3.3 Organo-Soluble Assemblies by Stang et al. . . . . . . . . .. ...
3.3.1 Self-Assembled Supramolecular Squares . . . . . . . .. ..
3.3.2  Smaller and Larger Assemblies. . . . . . . ... ... ...
3.3.3 Transport Experiments . . . . . . ... ... ...
3.3.4  Structural Switching . . . .. .. ..o
3.3.5  Summary ...

3.4 Chirality in Self-Assembly . . . . . ... ... .. ... .. ....
3.4.1 Chiral Assemblies from Achiral Building Blocks . . . . . .
3.4.2  Chiral Assemblies from Chiral Building Blocks . . . . . . .

11

=~ NN N = e



3.4.3 Examples from Fujita et al. . . . . . .. ... 24

3.4.4 Examples introduced by Stang et al. . . . . . ... .. .. 24
345 Summary ... 25

3.5 Catenanes and Rotaxanes . . . . . . .. ... ... ... ..... 25
Methodological Overview 27
4.1 NMR in Supramolecular Chemistry . . . . . . ... .. ... ... 28
4.2  Mass Spectrometry in Supramolecular Chemistry . . . . . . . .. 29
4.2.1 Electrospray lonization (ESI) . ... ... ... ... ... 29
4.2.2  Basic Principle of FT-ICR-MS . . . . ... ... ... ... 30
4.2.3 Tandem Mass Spectrometry . . . . . . . . .. .. .. ... 33
4.2.4 The Bruker Apollo IV FT-ICR-MS . . ... ... ... .. 34
4.2.5 Examples for Structural Information by Tandem MS . . . 35
4.2.6 Reactivity in the Gas Phase . . . . . .. . ... ... ... 39

4.3 Scanning Tunneling Microscopy (STM) . . . . . . ... ... ... 40
4.3.1 Introduction into STM . . . . .. .. ... ... ... ... 40
4.3.2  Electro Chemical STM (EC-STM) . .. ... ... ..... 41

4.4 Quartz Micro Balances (QMB) . . . .. ... ... L. 43
4.4.1 Quartz Micro Balances as Chemical Sensors . . . . . . .. 43
4.4.2 Sauerbrey Relation . . . . .. .. .. ... ... ... .. 44
4.4.3 Sensor-Active Layers . . . . . . ... ... ... ... 45
Results and Discussion 47
5.1 Syntheses of Organic Ligands . . . . . . .. ... ... ... ... 47
5.1.1 Programming of the Building Blocks . . . . . . ... ... A7
5.1.2  [4,4’]-Bipyridine as Starting Material . . . . . ... .. .. 48
5.1.3 [4,4]-Bipyridinyl-3,3’-diamine . . . . . ... ... ... .. 50
5.1.4 Homo Coupling of Alkyl Pyridines . . . ... ... .. .. 50
5.1.4.1 Racemization Barrier of Diethyl-bipyridine . . . . 53

5.1.4.2  3,3-Dimethyl-[4,4’]-bipyridine as Starting Material 53

5.1.4.2.1  Deprotonation of the CH;-Groups . . . . 53

5.1.4.2.2  Achiral and Chiral Diamides . . . . . . . 55

5.1.4.2.3 An Unsymmetrical Amide . . . . . . .. 56

11



5.1.4.2.4  Dendron Decorated [4,4’]-Bipyridines . . 59
5.1.4.3  3,5,3",5-Tetramethyl-[4,4’]-bipyridine as Starting

Material . . . . .. ..o 59

5.1.4.3.1  Axial Chiral Diamides Without Spacer . 60

5.1.4.3.2  Axial Chiral Diamides With CH,-Spacers 63

5.1.4.3.3 Chiral HPLC . . ... . ... ... ... 64
5.1.4.4  4-lodo-3,5-dimethyl-pyridine . . . . . . . .. ... 64
5.1.5  2,6-Dimethyl-[4,4’]-bipyridine . . . . . ... ... ... .. 65
5.2 Synthesis of Self-Assembled Supramolecular Squares (SAMS) . . . 68
5.2.1 Stang Squares . . . . . . .. ..o 68
5.2.2 Fujita Squares . . . . . . .. ... 69
5.3 Functionalized SAMS . . . . . . . ... 69
5.3.1 Symmetry Considerations — 560 Isomers . . . . . .. ... 69

5.3.2  SAMS from [4,4’]-bipyridine Derivatives Disubstituted at
the 3 and 3’ Positions . . . . . . .. ... ..., 71
5.3.2.1  Small Substituents . . . ... ... ... 71
5.3.2.2  SAMS from Unsymmetrical [4,4’]-Bipyridines . . 79
5.3.2.3 Large Substituents — Self-Assembled Dendrimers 82
5.3.2.4  SAMS from Amino Acid Decorated Ligands . . . 90

5.3.3 SAMS from 3,5,3’,5-Tetramethyl-[4,4’]-bipyridine

Derivatives . . . . .. ..o 98
5.3.3.1  Chiral SAMS from Axial Chiral Ligands . . . . . 98

5.3.3.2  SAMS from Axial Chiral Ligands in Racemic Mix-
tures . . ... Lo 108
5.3.3.3 SAMS from Cy, Ligands . . . . . .. ... .... 111
54 MS of Fujita-Squares . . . . . . .. ... Lo 116
5.4.1 Simple mass spectra . . . . .. ... .. L. 116
5.4.2 MS-MS-spectra obtained by IRMPD . . . . . ... .. .. 118
5.5 Unidirectional SAMS . . . . . . . ... oo 120
5.5.1 Unidirectional Stang Squares? . . . . . . . ... ... ... 122
5.5.2  Unidirectional Fujita Squares . . . . . ... .. ... ... 125
6 Results of Collaborative Projects 129

v



6.1 Second-Order Template Effect Observed by EC-STM . . . . . .. 130

6.1.1 Introduction and Motivation . . . . . . .. ... ... ... 130
6.1.2 Experimental Section . . . . . .. ... ... ... 132
6.1.3 First Order Template Effect —
¢(2x2)-Chloride Adlayer on Copper (100). . . . . . . . .. 134
6.1.4  Synthesis of the Adsorbates . . . . . ... ... ... ... 136
6.1.5 Second-Order Template Effect —
Fujita Squares on Top of the Chloride Adlayer . . . . . . . 136
6.1.6 Second-Order Template Effect —
Cyclophanes on Top of the Chloride Adlayer . . . . . . .. 143
6.1.7 Outlook . . . . ... .. ... . 145
6.2 Gravimetric Detection of Ethene by QMB . . . . . .. ... . .. 145
6.2.1 Introduction . . . . . . . .. .. ... 145
6.2.2 Experimental Setup . . . . . ... .. 146
6.2.3 Results and Discussion . . . . . . ... ... ... ... 148
6.2.4 Summary and Conclusion . . . . . ... ... ... .. .. 152
6.3 MS Investigation of Oligothiophene Compounds . . . . . . . . .. 153
6.3.1 Introduction . . . . . . .. ..o 153
6.3.2 Compounds Under Investigation . . . . . . . ... ... .. 154
6.3.3 Structural Proof by MS . . . .. .. ..o 154
6.3.4 Properties of the Catenane . . . . . . .. ... ... .... 160
6.3.5 Summary . . . ... 165
Summary and Outlook 167
7.1 Summary . .o oo 167
7.2 Outlook . . . . . . . 170
Experimental Part 175
8.1 List of Abbreviations . . . . . . ... ... .. ... ... ... 175
8.2 General Techniques . . . . . . . . .. ... ... ... ... 175
8.3 Synthesis of Organic Precursors . . . . . . . ... ... .. .... 179
8.4 Synthesis of Metal-Precursors . . . . . .. ... ... ... .... 212
8.4.1 Stang’s (dppp)M(OTf)s (M =Pdand Pt) . ... .. ... 212



8.4.2 Fujita’s (en)M(NO3z)s (M =Pdand Pt) . ... ... ... 212

8.5 Synthesis of SAMS . . . . . . . . ... 212
8.6 Data of Crystal Structures . . . . . . . ... ... .. ... .... 230
8.6.1 3,3-Diethyl-[4,4’]-bipyridine . . . .. ... ... ... ... 230

8.6.2 3,53 5-Tetramethyl-[4,4’)-bipyridine . . . . . . ... ... 233

8.6.3 2,6,2’,6-Tetramethyl-[4,4’]-bipyridine . . . . . . ... ... 237

8.6.4 5,6-Dihydro-[3,8]phenanthroline . . . . ... .. ... ... 240

8.6.5 Tetramethyl-bipyridine-3,3’,5-tricarboxamide . . . . . . . . 243

8.6.6 (S,9)-Diala[4,4’]-Bipyridine . . . . . ... ... ... ... 248

8.6.7 (R,R)-Diala[4,4’]-Bipyridine . . . . ... ... .. ... .. 252

8.6.8  Self-Assembled Supramolecular Squares AS1b . . . . . .. 256

8.7 Symmetry Considerations — 560 Isomers . . . . .. .. ... ... 271
Bibliography 277
Curriculum Vitae 299
Publications 301
Acknowledgment 303
Declaration 305

vi



Chapter 1

Introduction

1.1 The Lock and Key Principle — Induced Fit

Emil Fischer’s postulate of the lock and key specificity of enzymes with respect
to substrates' contains the two main tenets of the new research area. These are
precisely what we nowadays — more than 100 years later — call supramolecular
chemistry:> Molecular recognition and supramolecular function. In 1894, Fischer
suggested that enzymes are very specific, since both the enzyme and the substrate
possess specific complementary geometric shapes which fit exactly into each other.
However, while this model explains enzyme specificity, it fails to answer several

important questions, such as the stabilization of transition states.

Daniel Koshland hence proposed a modification to the lock and key model in
1958. In doing so, he claimed that the enzyme is reshaped,® when interacting with
the substrate due to its rather flexible structure. Consequently, the substrate does
not only bind to a rigid active site but rather to a flexible and thereby complex
system. During the binding process of the substrate, the active site of the enzyme
continues to change until the final shape and charge is reached.* In some cases,
even the substrate molecule slightly changes its shape when it enters the active
site.” Thus, Koshland’s induced fit model has led to a paradigm shift, but still
left many questions to be answered. Worth analyzing are thereby the hosts’ and
guests’ structures prior and during the binding process, since detailed knowledge

is needed to understand the principles of molecular recognition on its highest level.
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1.2 Self-Assembly of Rigid and Flexible Systems

Biology is replete with examples of complex nanoscale structures® formed by self-
assembly.” From the early 1990ies onward, there have been numerous attempts
by chemists to transfer this strategy from biochemistry to supramolecular chem-
istry. In the beginning, the utilized components had, of course, a biological origin
(e.g. cyclodextrins® or DNA'Y). For a detailed discussion see chapter 3.1. In
his cutting-edge review® from 1991 about self-assembly in nanochemistry, George
M. Whitesides suggested ”that molecules designed for self-assembly should be as
rigid as is consistent with achieving good intermolecular contact...”. When rigid
building blocks are used, the outcome of self-assembly reactions is more or less
predictable. It is therefore not astonishing that many artificial examples are flat
and rigid molecules. Self-assembly processes of rigid building blocks in small num-
bers are incredible examples of scientific results, but fail to convince completely
when compared to natural systems.

However, when flexible building blocks are used, this predictability gets in-
creasingly difficult. The same holds true, when the amount of different building
blocks is increased, e.g. when racemic mixtures are used for the construction of
larger assemblies with more than two subunits. The situation gets especially chal-
lenging, when conformational aspects are also involved. If multiple conformations
of each subunit are comparable in energy and the activation barriers between them
are small, the conformation of the final assembly is almost impossible to predict,
if at all determined. Again, a deep knowledge of the structures of the involved

subunits is indispensable.

1.3 State of the Art Instrumental Analytics

But which techniques can be used, to identify the exact 3D-structure of the sub-
units and the final assembly? In biology, biochemistry as well as chemistry, three
sophisticated types of methodologies among others play a significant role. These

are as follows:

e Mass spectrometry (MS), for instance, can be used to get at least a rough
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idea of the amount of subunits in the final assembly (mostly Electro Spray
Tonization'! (EST)). For example, MS has helped to confirm the amount of
subunits of the tobacco mosaic virus obtained by crystal structure analysis:'2
2131 subunits with an overall weight of 40.5 MDa.'® On the other hand,
mass spectrometry is not the method of choice to analyze the exact 3D-

structure of the final assembly.

e Solid-phase structures are usually obtained by X-ray crystallography. In the
late 1950ies, scientists started to solve crystal structures of proteins.'* Since
then, over 40000 X-ray crystal structures of biological molecules have been
determined. This technique, however, suffers from two crucial limitations:
(i) perfectly ordered crystals of self-assembled systems are often hard to
prepare, and (ii) the structures in solution might be different, if e. g. packing

effects alter the structure in the crystal.

® are usually obtained by nuclear magnetic

e Complex structures in solution?
resonance spectroscopy (NMR) with elaborate pulse sequences, like DOSY,
ROESY, NOESY or EXSY. A detailed discussion of these techniques would
certainly go beyond the scope of this thesis but can be found in standard
text books listed in the references.!'” Structure determination by NMR is
traditionally a time-consuming process. Furthermore, the superposition of
several identical or almost similar building blocks hamper the signal assign-

ment, which is quite common in self-assembly.

What follows from the above discussion is that only the combination of the men-
tioned methodologies might lead to a complete picture of the 3D-structure of the
final assembly. For centuries, scientist have tried to fully understand the complex
processes of natural systems. But despite of these efforts, the scientific community
is still on the onset to solve this difficult research tasks. In further attempts, the
aim must be to mimic the complexity of natural processes by simpler artificial
18 (

systems'® (supramolecular function).
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1.4 Interdependent Stimulation

Undoubtedly, chemical research would be impossible without new materials or
new analytical enhancements. New materials and molecules can be found either
accidentally, which generally raises new analytical questions, or target-oriented,
which generally raises as many questions. In both cases, each new answer to each
question facilitate more elaborate questions to be asked.

On the other hand, several examples can be found, in which the invention
of new analytical methodologies has paved the way for new areas of research.
In 1985, Michael Karas and Franz Hillenkamp have developed the matrix as-
sisted laser desorption/ionization (MALDI'Y). In the same year, Koichi Tanaka
applied this ionization method to large bio molecules like proteins. Together with
HPLC-MS, which couples the power of High-Performance Liquid Chromatogra-
phy with Mass Spectrometry,?® these ionization techniques have revolutionized
whole research disciplines. Since then, mass spectrometry has become a major
tool in chemistry, biology and medical science, enabling related disciplines like
proteomics, just to name one. In conclusion, synthetical and analytical chemistry
are interdependently stimulating each other.

The present thesis can be seen as a further relevant, but still evanescent,
building block to a solution of this difficult task by combining fundamental and
applied research as well as synthesis of new materials and analytical structure

elucidation.



Chapter 2

Aim of this Study

Due to this interdependent stimulation between synthesis and analytical structure
elucidation, the aim of this study diverge into several different tasks along the
research path from fundamental towards applied research. The following list of
questions gives first insight, whereas detailed introductions and descriptions can

be found prior to each chapter of this thesis, respectively.

1. A Supramolecular Construction Kit of Functionalized Self-Assem-

bled Metallo Supramolecular Squares

A supramolecular construction kit of Self- Assembled Metallo Supramolecu-
lar Squares (SAMS) should be made available for several applications within
the Collaborative Research Center (SFB 624) “Template - From the Design
of Chemical Templates towards Reaction Control”, such as Electro Chemical
Scanning Tunneling Microscopy (EC-STM; Group of Prof. Dr. K. Wandelt
in Bonn) or Quartz Micro Balances (QMB; Group of Prof. Dr. J. Bargon
in Bonn). SAMS consist of three different building blocks: cationic metal
precursors, anions and neutral organic ligands. From two different metal
precursors with two different anions, respectively, and two organic ligands
already 2% = 8 compounds are obtained, with to some extent different prop-
erties (see Figure 2.1). This construction kit makes tailor-made compounds
with desired properties possible - naturally within certain limits. When a
screening technique for the desired purpose is available, the obtained com-

pounds might be further optimized: Which components can be modified to

5
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obtain such a construction kit of functionalized self-assembled supramolec-
@ D- H
I u

Figure 2.1: A supramolecular construction kit: Two different metal complexes (green and red)

ular squares?

with two different anions, respectively (gray and white) and two different ligands (yellow and

purple) give eight (23 = 8) different compounds.

2. Self-Assembled Defect Free Dendrimers

Self-assembly is an ideal approach to construct large to giant architectures
via the ”"bottom up approach”?! without the effort necessary to generate
such large structures through total synthesis. A major disadvantage of di-
vergent?? dendrimer synthesis is the growing amount of defects observed
at higher generations of dendrimers. To apply self-assembly to dendrimer
synthesis has proven to be a way to overcome this problem in a convergent
fashion.?® Hence, this thesis should answer the question, if [4,4’]-bipyridines,
functionalized with Fréchet dendrons (see Figure 2.2) of higher generation,

self assembly into dendrimers with molecular masses of more than 15000 Da?

3. Chiral Self-Assembled Supramolecular Squares

Functionality should be introduced into the organic ligands by several func-
tional groups. In numerous research areas chirality plays an unambiguous
role, e. g. diastereomeric host guest complexes have different physical prop-
erties. Hence, chiral components should be used as well. In a first approach,
chiral amino acid residues are used to obtain organic ligands with point chi-

rality. As the overall chiral induction of the final assemblies might be larger,
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bipyridine

Figure 2.2: Self-assembly strategy to synthesize defect free dendrimers with nanometer-sized
cavities at their cores. Dendrons are attached covalently to a bipyridine ligand, which in
combination with the appropriate metal corner complexes undergoes self-assembly of metallo-

Supramolecular squares.

when axially chiral [4,4’]-bipyridine systems are used, an approach to this
new class of compounds (see Scheme 2.1) needs to be found. How can chiral

[4,4’]-bipyridines be made available?

N N
B B
'R /2R R /2R
2R - R 2R N 'R
N N

Scheme 2.1: A dissymmetrical axially chiral [4,4’]-bipyridine (‘R# 2R).

4. Isomeric Structures in Self-Assembly

As already discussed in the introduction, multiple conformations of the final
assemblies might co-exist in solution. 560 isomers are in principle possible
(see chapter 8.7), when substituted [4,4’]-bipyridine systems are used in
self-assembly reactions (Compare two of them in Scheme 2.2). Steric or
electronic effects might of course reduce this amount drastically. Which of
these isomers are formed in solution and in the solid phase? Is it possible

to alter the outcome? Are they inter converting into each other?
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8 CF3SO03”
aM=Pdand b M = Pt aM=Pdandb M =Pt

Scheme 2.2: Two isomers of self-assembled supramolecular squares (left: All residues are

pointing inside the cavity; right: All residues are pointing away from the cavity).

5. Unidirectional Self-Assembled Supramolecular Squares

In supramolecular chemistry unidirectionality plays a crucial role (see chap-
ter 5.5). Can unidirectional self-assembled supramolecular squares be de-

signed from simple building blocks?

6. Mass Spectrometric Investigations of Fujita-Squares

Mass spectrometry might reveal the exact amount of subunits of the fi-
nal assemblies. Unfortunately, mass spectrometric investigations of Fujita-
assemblies have proven to be more difficult than those devoted to Stang-

assemblies. Hence, a method for reproducible ionization needs to be found.

7. ESI-FTICR Mass Spectrometric Investigation of Oligothiophene-

Based Macrocycles, Catenates and Catenanes

Several different - to some extent complementary - methodologies have been
developed to examine supramolecular systems in the condensed phase, in
solution as well as in the gas phase. In September 2003, the Kekulé-
Institute for Organic Chemistry and Biochemistry received a Bruker APEX
IV Fourier-Transform Ion-Cyclotron-Resonance (FT-ICR) Mass Spectrom-

eter, which was installed at the University of Bonn for the above mentioned



SEB 624 of the Deutsche Forschungsgemeinschaft. With this instrument,
oligothiophene-based macrocycles, catenates and catenanes of the research
group of Prof. Dr. P. Bauerle (Institute for New Materials of the Univer-
sity of Ulm) should be investigated in the gas phase, to obtain valuable
structural information of this new class of organic electronic materials with

defined structures.






Chapter 3

Theoretical Part

A general introduction into the compounds used in this thesis should be given
in the theoretical part. As one class of compounds is obtained in self-assembly
reactions, a more detailed overview into the fundamentals of self-assembly should

be given at first.

3.1 Introduction into Self-Assembly

Self-assembly® is a fundamental principle which generates structural organization
by non-covalent interactions,?* without guidance or management from an out-
side source. It is defined as a reversible process in which pre-existing, disordered
components, which may be the same or different, form larger structures by in-
teraction with each other. A simple, long known example is the formation of a
micelle by tenside molecules in solution. Classical, covalent synthesis is so success-
ful in these days that it can make most target molecules. However, self-assembly
has the potential to provide the basis for a new form of super molecular synthe-
sis,?® which allows the chemists to generate aggregates with structural complexity
comparable to that of biological macromolecules. Synthesis of structures of this
complexity will require new strategies that rely heavily on non-covalent synthesis.
Self-assembly is, in some sense, the core of non-covalent, molecular synthesis.
Self-assembly can be classified as either static or dynamic. In static self-

assembly, the system is in equilibrium, whereas in dynamic self-assembly, the

11



12 CHAPTER 3. THEORETICAL PART

system requires the continuous conversion of energy. In general, chemistry has
focused almost exclusively on equilibrium systems.
The success of self-assembly in a molecular system is determined by at least

five characteristics of the system:?®

e Components: As the self-assembly process organizes without guidance
or management from an outside source, the involved components must be
programmed prior to the actual process. The complementarity in shape
and electrostatic potential surface among the self-assembling components is
crucial. When the building blocks fit nicely, rigidity is appropriate. When
small errors in binding geometries need to be corrected, flexibility is desired

at least to some extent.

e Interactions: The interactions in self-assembly are generally weak, com-
parable to thermal energies, and non-covalent (van der Waals and Coulomb
forces, hydrophobic interactions, hydrogen bonds, or coordination bonds).

A balance of attractive and repulsive interactions is required.

e Reversibility (or Adjustability): The association must be reversible or
must allow the components to adjust their positions within an aggregate
to suppress undesired side products. Therefore, the strength of the bonds
between the components must be comparable to the forces tending to disrupt
them. For example, processes in which interaction between molecules leads

to irreversible binding generate glasses, not crystals.

e Environment: The interaction of the components with their environment
can strongly influence the outcome of the process. A competitive environ-
ment may well destroy the assemblies, for example, if strong electro-donating

solvent molecules can replace ligands with lower donating ability.

e Mobility: The self-assembly of molecules normally is carried out in solution

to allow the required motion of the components.

As the whole scope of self-assemblies is to large to be summarized, the com-
plementary results from two groups, Fujita et al. and Stang et al., are presented

in more detail on the next pages.
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3.2 Water Soluble Assemblies by Fujita

3.2.1 Self-Assembled Supramolecular Squares

In 1990, Fujita et al. reported a water soluble, cyclic, tetranuclear Pd com-
plex, [(en)Pd(NOj)s([4,4’]-bipyridine)]s, wherein the square-planar Pd atoms are
bridged by [4,4’]-bipyridine.?® In water, (en)Pd(NO3), [c] and [4,4’]-bipyridine
are mixed in a 1:1 ratio and the solution is stirred for 10 minutes at room temper-
ature. Upon addition of ethanol, a pale yellow powder immediately precipitates.
The structure of this complex is estimated to be a macrocyclic tetramer by the

following facts:
e The elemental analysis of the solid agreed with the empirical formula.

e All pyridines of the complex are completely equivalent in the 'H NMR spec-

trum; only one set of signals is observed indicating high symmetry.

e Right bond angles (¥ (N,,-Pd-N,, ) = 90°) rule out the formation of other
cyclic oligomers, which must have significant ring strain, as [4,4’]-bipyridine

is to stiff to be bound.
Since then, other proofs for this structure have been found:

e Coldspray Ionization Mass Spectrometry?’ showed peaks for
[(en)Pd([4,4')-bipyridine)]5T (NO3™),, with = 5—7 usually carrying a num-

ber of solvent molecules.

e A solid-phase structure could be obtained by X-ray crystal structure analy-

sis.?®

With this simple technique, mixing, stirring, and precipitating, this water soluble,
cyclic, highly charged, tetranuclear Pd complex is available in high yields by self-
assembly.

When the metal complex is slightly modified, Pd is exchanged by analogous Pt,
the self-assembly conditions change drastically. After mixing equimolar amounts
of (en)Pt(NO3)y [d] and [4,4’]-bipyridine in D,O, the self-assembly was moni-

tored by 'H NMR.? Initially, an intractable mixture was formed, which may be
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composed of oligomers. Not until four weeks at 100°C, the spectra converged
to one set of signals. Precipitation yields [(en)Pt(NOj3)2([4,4’]-bipyridine)]s. The
results of the above mentioned methods (elemental analysis, 'H NMR, Coldspray
lonization Mass Spectrometry, etc.) agreed likewise in the Pt case.
Unfortunately, Fujita et al. do not discuss, why these two metal precursors,
(en)Pd(NOg)s [c] and (en)Pt(NOg3)s [d], differ that drastically in self-assembly.

3.2.2 Larger Assemblies

Almost all of the following larger assemblies are prepared from (en)Pd(NOj), [c]
with two binding sites or PA(NOj)s with four. The corresponding Pt complexes

are used rather rarely. It is almost impossible to summarize the work of Fujita et

al. in the last decade. All sorts of assemblies are reported: e.g. catenanes,0 32

34,35 38

a hexahedron,®® an open octahedron, a cuboctahedron,®® a cube,?” boxes,

prisms,?® and nanotubes.?® Guest inclusion inside these assemblies contains:

e anionic guest, like various sodium carboxylates,?

2 adamantane,*? porphyrins,*® coronene,** si-

45

e neutral guests, like boranes,*

loxanes and silanol oligomers,

e and even cationic guest, like tetrabutylammonium.6
However, anions play in important role in the later case, as all supramolecular

assemblies introduced by this group are positively charged.

3.2.3 Chemistry Inside Containers

Fujita and coworker demonstrated that general rules for chemistry in solution are
not always valid inside these containers (micro environment): e.g. pH-switchable
through-space interactions of organic radicals,*” unusual peptide folding,*® stereo
selective photodimerization of olefins,* formation of defined water cluster,®® and

51

stable dimers of cis-azobenzene®" are observed. Three further topics of special

interest for this study are discussed in more detail.
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3.2.4 Structural Switching

Structural switching between two different assemblies is controlled by e.g. guest
inclusion: In the case of a flexible tridentate ligand and (en)Pd(NOj3)s [c], a
polymeric mixture is obtained.?>% The desired MsL, complex assembles only in
the presence of specific guest molecules (here: sodium 4-methoxyphenylacetate) in
high yields. The authors titled this communication “A Prototype for 'Induced-Fit’
Molecular Recognition”.

In the case of a triangular tetradentate ligand and (en)Pd(NOj3)s [c], a Mgly
composition is formed (see Scheme 3.1).°% Two structures are in equilibrium: an
open cone (tetragonal pyramidal) and a closed tetrahedron structure. Adding
of large guest molecules such as dibenzoyl induces quantitative assembly of the
open cone structure, whereas small tetrahedral guests give the closed tetrahedron
structure. Therefore, both assemblies constitute a dynamic receptor library® from

which each receptor is selected by its optimal guest.
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Scheme 3.1: Four triangular tetradentate ligands and eight metal centers self assemble into

an open cone (tetragonal pyramidal, top) or a closed tetrahedron structure (bottom).

Recently, Fujita et al. showed that the choice of solvent can also change the

outcome of self-assembly. A 1:1 mixture of Pd(NOj3), and a bidentate ligand can
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self-assemble into two box-shaped structures:¢ MyLg and M3zLg (see Scheme 3.2).
The authors demonstrated that the ratio of these two assemblies is almost com-
pletely controlled by changing solvents: In dimethylsulfoxide the M4Lg complex
is formed exclusively, while in acetonitrile the M3Lg is the only product. Adding
acetonitrile to an dimethylsulfoxide solution of the MyLg complex leads to an
equilibrium, which is depending on to the concentration of acetonitrile. When the

acetonitrile is removed (in vacuo), the MyLg complex is reverted back.

+PA(NO3),

in DMSO in MeCN

Scheme 3.2: The solvato-controlled assembly of MyLg and MsLg structures and their inter-

conversion.

3.2.5 “Kinetic Self-Assembly”

In 2004, Fujita et al. reported an example of what the authors call “Kinetic Self-
Assembly”:*" Two different macrocycles precursors, i.e. two U-shaped bidentate
ligands, are mixed with (en)Pd(NOj3)s [c]. The two ligands only differ in exocyclic
bulky alkoxy side chains. In the beginning, selective cross-catenation (AB) is ob-

served by 'H NMR and mass spectrometry as the only of three expected products
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(A9:AB:By), because the homo-catenation of the macrocycle with the bulky side
chains is kinetically unfavorable (steric demand of the side chains).

If the mixture is allowed to stand at room temperature for one week, the three
expected products, two different homo-catenanes and one hetero-catenane, are
obtained in statistical ratio: 1:2:1 = A5:AB:Bs,.

One might consider this “kinetic self-assembly” not to be in line with what
chemists consider in general with “kinetic control” (e.g. reversible Diels-Alder-
reactions or the deprotonation of ketones at the a-position). In the covalent case,
two different product distributions can be obtained in the end, individually (of
course by two different routes). One of these products is NOT the thermodynamic
product. Hence, the product distribution might alter over time depending on the
system’s temperature. Whereas in the self-assembly case, only one product is ob-
tained in the beginning, which is transferred over time into THE thermodynamic
product (or product distribution). One can consider this “Kinetic Self-Assembly”
to be a slow reaction, which is following the basic laws of thermodynamics. Nev-
ertheless, this example shows nicely that self-assembly is controlled by quite a lot

of circumstances.

3.2.6 Theoretical Considerations

Recently, Fyles et al. developed a method to predict the outcome in a multi-
component equilibrium self-assembly process®® and applied it to the formation of
self-assembled supramolecular squares of the Fujita type. The method is based on
an additive free energy approach that derives the cumulative formation constants
of all possible 56 species at equilibrium. Estimates for the required values of the
pair-wise interactions are derived from potentiometric titrations. The method
calculates the equilibrium speciation as a function of reactant concentrations and
pH and produces a map of the range of compositions: quite expected, the square
tetranuclear Pd complex is the most dominant at pH=7, when equimolar amounts
of ligand and metal complex are used. The authors predict that even at uM
concentrations this finding holds true. From these finding, Fyles et al. were
able to form a highly conducting ion channel®® by self-assembled supramolecular

squares of the Fujita type.®
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As all materials, introduced in the last chapter, are self-assembled in water, and
only a few are soluble in organic media unlike highly polar solvents (dimethylsulf-
oxide and dimethylformamide), a large amount of puzzle pieces would be missing

without Stang’s contribution to self-assembly (3.3).

3.3 Organo-Soluble Assemblies by Stang

3.3.1 Self-Assembled Supramolecular Squares

Four years later than Fujita et al., Stang and coworker introduced self-assem-
bled supramolecular squares,®® which are highly soluble in organic solvents such
as dichloromethane, chloroform, nitromethane, ethanol, methanol, and acetone,
but insoluble in diethylether, hexane, pentane, benzene, toluene, acetonitrile, and
water. The bidentate blocking ligand as well as the counter anion are exchanged,
to achieve this different solubility: NO; is replaced by OTf and (en) by 1,3-
bis(diphenylphosphino)-propane (dppp). Reaction of the resulting metal com-
plexes (dppp)M(OTf), with M = Pd(II) [a] or Pt(II) [b] with equimolar amounts
of [4,4’]-bipyridine, in dichloromethane at room temperature results in the forma-
tion of molecular squares in a matter of minutes. If desired, the squares can be
precipitated with diethylether in excellent yields. Both compounds are air-stable,
robust, microcrystalline solids and are characterized by elemental analyses and

multinuclear NMR techniques:

e The elemental analyses are consistent with the 1:1 (complex:ligand) compo-

sitions.

e The 3'P NMR and 'F NMR spectra display sharp singlets as expected
for the highly symmetrical compounds. The 3P NMR signals are shifted
about several ppm, relative to the precursor metal(Il) triflates. Most im-
portantly, the coordinated ligands [4,4’]-bipyridine display only two signals
in the 'H NMR spectra. Integration of the proton signals is consistent with

the requirements.

Like in the case of Fujitas squares, right bond angles (4 (N,,-M-N,, ) = 90°)

rule out the formation of other cyclic oligomers which must have significant ring
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strain. Since then, other proofs for this tetrameric structure have been found:

e FAB-Mass Spectrometry® showed peaks for
[(dppp)M([4,4]-bipyridine)]4(OTf)F, with M = Pd and Pt.

e ESI-FTICR-Mass Spectrometry%6* showed peaks for
[(dppp)M([4,Zl’]—bipylridine)h(OTf)gCSﬂE)Jr with x = 1 — 6. Furthermore, this
methodology gave inside into the fragmentation path ways in the gas phase
and the square-triangle equilibrium in solution, when [4,4’]-bipyridine is ex-

changed by more flexible ligands (see 3.3.4).

e A solid-phase structure could be obtained by X-ray crystal structure analyses
for [(dppp)Pt([4,4']-bipyridine)(OTf)s]4,5! whereas a triangular structure®
is found in the case of [(dppp)Pt((E)-1,2-di(pyridin-4-yl)ethene)(OTt)s]s.

e EC-STM examinations on Cu(100)% showed the tetrameric structure nicely
(see 6.1).

To assess the solution stability of these self-assembled supramolecular squares,
the 'H NMR spectra of [(dppp)Pt(2,7-diazapyrene)(OTf)s], in CD;NO, is exam-
ined between the temperatures of -20 and +90 °C. No change in the 'H NMR
spectra is observed in this 110 °C temperature range.%!

The dramatic differences between Pd and Pt (see 3.2.1) are not observed by
Stang. Unfortunately, it is not discussed, why these two metals differ that drasti-
cally in self-assembly reaction of (en)M(NOj3)s and (dppp)M(OTT)s.

Again, with this simple technique, mixing, stirring and precipitating, this read-
ily soluble, cyclic, highly charged, tetranuclear Pd and Pt complexes are available

in high yields by self-assembly.

3.3.2 Smaller and Larger Assemblies

The variety of assemblies introduced by Stang et al. is quite comparable, but

equally elegant to the list of Fugita et al.: A small triangle (pyrazine as ligand),®”

69,70

larger triangles,%® rectangles, cycles,” a trigonal bipyramid,” tetrahedra,™

dodecahedra,™ cuboctahedra,” a dimeric rhomboid,”® and other cages.”” Unlike
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Fugita et al., Stang and coworker have developed quite a large variety of different

metal complexes as building blocks, to achieve this impressive list of assemblies.

3.3.3 Transport Experiments

Simple “passive transport” experiments demonstrate that some macrocycles are
capable of transporting sodium tosylates from one aqueous phase into another

through chloroform.™

3.3.4 Structural Switching

In 2002, Schalley et al.%® explored the equilibrium between self-assembled supra-
molecular squares and triangles from (dppp)M(OTf), with M = Pd(II) [a] or
Pt(II) [b] and organic ligands (E)-1,2-di(pyridin-4-yl)ethene 1 and (E)-1,2-di(py-
ridin-4-yl)diazene 2 by 'H NMR and 3'P NMR as well as mass spectrometry. As
both organic ligands are more flexible than [4,4’]-bipyridine, triangle formation
is not excluded anymore. Of course, they do not bear a geometry that is in line
with the requirements of the cis-coordinated metal centers. Thus, they suffer
from some ring strain. On the other hand they are entropically favored due to
the larger number of triangles formed from the same number of building blocks.
In most cases, this fine balance between entropy and enthalpy determines which
species are formed and where the equilibrium lies.

In the 3P NMR spectra (see Figure 3.1 ¢), two sets of signals (assigned to
squares and triangles) are observed for [(dppp)Pt(1)(OTf)s], (x=3 or 4), which
change in their relative ratios from about 5:1 (square:triangle) in [D7]-dimethyl-
formamide to about 2:1 in [D7]-dimethylformamide:[DgJ-acetone = 30:70. Thus,
the smaller macrocycle is suppressed, when acetone is added. This finding is quite
comparable with the results from Fujita et al. (see 3.2.4), where a MyLg complex
is more dominant in dimethylsulfoxide and the M3Lg complexes in acetonitrile.
Furthermore, the square-triangle-equilibrium shows temperature dependence in
'H NMR and 3'P NMR experiments: The square concentration decreases in in-
tensity with increasing temperature. This behavior is expected, as the entropy

contribution to the free energy becomes more important at higher temperatures
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Figure 3.1:  Crystal structures of a) [(dppp)Pt(OTf)s([4,4’]-bipyridine)]4,®1 and b)
[(dppp)Pt(OTt)2(2)]3; ¢) square-triangle equilibrium between [(dppp)Pt(OTf)2(2)]s and
[(dppp)Pt(OTf)2(2)]3 observed by 3P NMR; d) MS spectra of the above mentioned equilibrium.
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and thus more and more disfavors the squares.

One year later, Stang et al. showed a concentration- and temperature depen-
dent equilibrium between a dimeric rhomboid and a trimeric hexagon following
Le Chatelier’s principle.”™ The study of the equilibrium by 'H NMR allowed the
quantitative determination of the thermodynamic equilibrium constants, where
such variables as ionic strength and activity coefficients have also been consid-

ered.

3.3.5 Summary

In the last two sub chapters an enormous number of different assemblies has been
introduced, both soluble in water and organic media. Complementary methods
have been applied to characterize the resulting compounds or equilibria as well
as the chemistry inside these special micro-environments. Furthermore, it has
been shown that self-assembly (and structural switching) can be controlled by
quite a lot of circumstances: On one hand, there are the expected factors like
programming (flexibility vs. rigidity), the molar ratio of the subunits, temper-
ature, concentration, pH-value, or guest inclusion. On the other hand, rather
unexpected criteria have been found to govern the outcome of self-assembly like

solvent and time (“kinetic self-assembly”).

3.4 Chirality in Self-Assembly

3.4.1 Chiral Assemblies from Achiral Building Blocks

Quite a lot of examples exist, where achiral building blocks assemble into chiral
assemblies. For example, an assembly process of two achiral molecules leads to
a chiral supermolecule, when the symmetry planes of the molecular components
are perpendicular to each other in the assembly,”™ like in the case of dimeric cap-
sules by Rebek et al.3%®" The problem with such approaches is that the resulting
complexes are obtained in racemic mixtures. However, self-resolution®? occurs in
some cases; self-resolution is the spontaneous selection of components with the

same chirality from a racemic mixture that leads to the formation of homochiral
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assemblies. This is a characteristic phenomenon in the solid state (e.g. crystal-
lization) or on surfaces, but it still is a rare event in solution. Usually, one can
not predict with nowadays methods the outcome of these separations. As this
approach is not the subject of this thesis, these assemblies are not discussed in

more detail.

3.4.2 Chiral Assemblies from Chiral Building Blocks

For functional supramolecules'® it is important to control the stereoselectivity in
the self-assembly process. The general method to control supramolecular chirality
is the introduction of chiral building blocks (asymmetric induction). In principle,
all types of chirality may be included in particles, which self-assemble: Point
chirality, axial chirality, helical chirality, planar chirality, or topological chirality.
Two different approaches might be followed. Several examples can be found, in

which chiral side groups (point chirality, chiral pool) are peripherally attached:

e helically chiral metal helicates, formed by organic ligands with chiral side

groups attached,®?

e a chiral pyramidal polyhedron, assembled by chiral [2,2’]bipyridine-deriva-

tives and Pr(III)-ions,3*

e chiral hydrogen-bonded oligo(p-phenylenes), which aggregate in chiral

stacks,®® or

e chiral calix[4]arenes, which only assemble into one out of two possible di-

astereoisomeric assemblies.56

However, when chiral ligands are introduced in metal helicates®” three forms
of chirality must be distinguished. At first, the chirality given by the optically
active carbon (R/S), secondly, the coordination environment around the metal
centers (D/L), and thirdly the overall sense of the helix(P/M).5®

Fewer examples can be found, where chiral subunits self-assemble, without the

help of chiral side groups:
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e cyclic octapeptides, with alternating point chirality which self-assemble into

nanotubes® (chiral pool),

e self recognition of ligands® in a Cu(I)-complex, with (R,R)-1,2-diamino-

cyclo-hexane (dach, commercially available) as central building block, or

e chiral subunits (the chirality is due to the curved geometry and a lack of
symmetry, separation of enantiomers), which produce cyclic, tetrameric cap-

sules.8!

Both approaches have their advantages and disadvantages: When inherent
chiral subunits need to be synthesized, the obtained racemic mixtures must be
separated into enantiomers, or enantioselective syntheses must be used. The use
of peripherally attached chiral molecules from the chiral pool is certainly easier,
but somehow less elegant. From the point of view of atom efficiency®® (introduced
by Trost), chiral self-assembly without the help of peripherally attached, chiral

side groups uses a smaller number of atoms and is thus more efficient.

3.4.3 Examples from Fujita et al.

As the square planar metal complexes used by Fujita et al. are achiral, the chirality
must be introduced by (i) chiral, bidentate, blocking ligands attached to the metal
complex or (ii) chiral organic ligand subunits. In 2002, Fujita et al. reported an
example of the first type.”> When (R,R)-1,2-diaminocyclo-hexane (dach) is used
as bidentate blocking ligand for Pd(NOs)s, (dach)Pd(NOs)s is obtained as chiral
building block for self-assembly. Several U-shaped, achiral, bidentate ligands are
"ring-closed” by reaction with (dach)Pd(NOs3)s. The macrocycles themselves are
CD silent, whereas the resulting catenanes are CD active. Obviously, chirality

induction of the assemblies is achieved by the use of chiral building blocks.

3.4.4 Examples introduced by Stang et al.

Again like Fujita et al., chiral assemblies are designed with chiral metal complexes,
which were obtained from (R)-BINAP %% as well as (R)-DIOP and (S)-DIOP%

as chiral, bidentate, blocking ligands. In the first case, Stang et al. monitored the
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rotation of one ligand between two metal complexes by 'H NMR to obtain rota-
tional barriers. In the latter case, circular dichroism studies are used to observe
neutral guest inclusion. As these systems are not comparable with the systems

introduced in this thesis, the results are not discussed herein.

3.4.5 Summary

In the introduced chiral assemblies by Fujita et al. and self-assembled supramo-
lecular squares by Stang et al., only chiral metal subunits, obtained by chiral,
bidentate, blocking ligands, are used. However, chiral ligands, a main focus of

this thesis, remain by and large unexplored.

3.5 Catenanes and Rotaxanes

Besides self-assembled supramolecular squares, a second class of supramolecular

compounds plays an ancillary role in this thesis: Catenanes and rotaxanes.

L) 00

[2]catenane [2]rotaxane

Figure 3.2: A [2]-catenane and a [2]-rotaxane.”®

This sub chapter should give a very brief introduction into these fascinating
97 (from the Latin word ”catena” for ”chain”) are two en-
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compounds. Catenanes
tangled macrocycles mechanically interlocked®® with each other. Rotaxanes” are
likewise mechanically-interlocked compounds consisting of a ”dumbbell shaped
molecule” which is threaded through a macrocycle. The name is derived from
the Latin word for wheel (rota) and axle (axis). Catenanes can not be separated
without breaking a covalent bond, although they are not bound to each other by
such a bond. The two components of rotaxanes are kinetically trapped since the

ends of the dumbbell (called stoppers) are usually larger than the internal diam-
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eter of the macrocycle. Among other facts, the size!® of the stoppers and the
macrocycle defines the timescale of disassociation (”unthreading”) of the compo-
nents. These complex molecules cannot be obtained in adequate yields without
templated!®! synthesis. Also, catenanes feature some challenging properties as

92 switches,' or potentially as molecular machines,'** in which they

105

polymers,*
are able to circumrotate. Last but not least, catenanes and rotaxanes can be

topological chiral !



Chapter 4
Methodological Overview

Whereas in the last chapter the access towards the substances used in the thesis
was introduced, this chapter deals with the methods used to analyze the obtained
substances and materials. Several different - to some extent complementary -
methodologies have been developed to examine supramolecular systems in the

condensed phase, in solution and in the gas phase. For example:

e in the condensed phase: Crystallography, Scanning Tunneling Microscopy
(STM) and other proximal probes, Infrared spectroscopy (IR, also in solution

and the gas phase)

e in solution: Ultraviolet visible spectroscopy (UV/VIS), nuclear magnetic
resonance spectroscopy (NMR, including 1D and 2D techniques, also in
the solid state), isothermal titration calorimetry (ITC), circular dichroism

spectroscopy (CD)

e in the gas phase: Mass Spectrometry (MS).

Each of these methods has been developed continuously over the last decades.
Thus, a complete introduction into each method is impossible in the scope of
this thesis. The issues of each research area related to this work are highlighted
thoroughly: At first, fundamental techniques like NMR and MS are discussed.
In the following sub chapter, the Scanning Tunneling Microscopy (STM) and the
advanced Electrochemical STM (EC-STM) are described briefly. The research

27
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path towards applied sensor techniques, like Quartz Micro Balances(QMB), is
followed in the last sub chapter.

4.1 NMR in Supramolecular Chemistry

Nuclear magnetic resonance (NMR) spectroscopy exploits the magnetic properties
of certain nuclei like *H, C, N, 9F, or 3'P. The most important applications for
organic chemist are 'H NMR and *C NMR spectroscopy in solution. This holds
true for supramolecular chemists as well. Nevertheless, some important aspects
for supramolecular chemistry needs to be addressed.

The ratio of different building blocks can be assigned with simple 'H NMR or
13C NMR experiments under certain circumstances (e. g. when signal overlapping
is not observed). If the symmetry of a large assembly is low, signal integration
might be difficult due to signal overlapping. Moreover, the ratio of building blocks
alone is not sufficient when the absolute amount of building blocks is under ques-
tion. For example, a 1:2-complex and a 2:4-complex of A and B might have
analogous 'H NMR spectra. If both complexes are present in equilibrium the
situation gets challenging. Again, the ratio of these two complexes might be ob-
tained by signal integration, but the assignment which set of signals corresponds
to which complex is somewhat speculative.

Complexes that are not satisfactorily represented in 1D NMR spectra might be
further elucidate by 2D experiments. Several elaborate pulse sequences have been
developed. One the one hand, the second dimension might be time, to evaluate
the kinetic of self-assembly reactions, or temperature, to get first insight into
thermodynamic aspects. On the other hand, magnetization transfer might be used
to correlate nuclei. Depending on the experiment, this transfer can be achieved
through bonds (HH-COSY, HH-TOCSY, HMQC, or HMBC) or space (ROESY or
NOESY). Furthermore, DOSY experiments'®” (Diffusion Ordered Spectroscopy)
might be used to measure the diffusion coefficients of different complexes by NMR.
This tool has become a valuable tool to examine self-assembly reactions. Last but
not least in this incomplete list, EXSY'® (Exchange Spectroscopy) experiments

offer a simple way to obtain information about dynamic processes in complexes.
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Again, a detailed discussion of these techniques is omitted but can be found in

standard text books listed in the references.'”

4.2 MS in Supramolecular Chemistry

Mass spectrometry is an analytical technique that identifies the mass-to-charge

ratio of charged particles. Usually, a mass spectrometer has three essential parts:

e Ton Source: In the ion source, the analyte is converted into ions and trans-
ferred into the gas phase. Typical ionization techniques are Electron Ion-
ization (EI), Chemical Ionization (CI), Fast Atom Bombardment (FAB),
Electrospray Ionization (ESI), and Matrix Assisted Laser Desorption Ion-
ization (MALDI).

e Mass Analyzer: A mass analyzer sorts the ions by their masses in elec-
tric and magnetic fields. Sector field, time-of-flight (TOF), quadrupole, ion

traps, and ion cyclotron resonance (ICR) mass analyzers might be used.

e Detector: In or at the detector the somehow ”sorted” ions or fragments
of ions are detected and counted. Usually, electron multipliers are used to

"count” single ions.

The building blocks in self assembly are usually hold together by weak inter-
action. Hence, ionization is rather difficult and can only be achieved by soft ion-
ization conditions. Nondestructive transfer into the gas phase is usually achieved
by ESI. As most substances in the experimental part of this work were indeed
transferred into the gas phase by ESI, and sorted and detected inside an FT-ICR,

these techniques will be discussed in more detail in the following chapters.

4.2.1 Electrospray Ionization (ESI)

In electrospray ionization,'! first introduced by Dole in 1966 and further de-

12 3 liquid, containing the analyte, is pushed through a very

veloped by Fenn,
thin capillary in a very strong electric field. As charges repel, the liquid pushes

itself out of the capillary and forms a mist or an aerosol of small droplets about
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10 pm across. This jet of aerosol droplets is produced by a process involving the

13 and a jet from the tip of this cone. A neutral carrier

formation of a Taylor cone
gas, such as nitrogen, is used to help nebulize the liquid and to help evaporate
the neutral solvent in the small droplets. From here on, two different mechanisms
of ionization are discussed: Coulomb fission and Ion Evaporation. As the small
droplets evaporate, the charged analyte molecules are forced closer together. The
proximity of the molecules becomes unstable as the equally charged molecules
come closer together. The droplets once again explode when the repulsion of the
charges is higher than the surface tension.''* This process repeats itself until the
analyte is free of solvent and is a lone ion (Coulomb fission). Alternatively, it
is assumed that the increased charge density, resulting from solvent evaporation
causes Coulombic repulsion to overcome the liquid’s surface tension resulting in
a release of ions from droplet surfaces (Ion Evaporation). Which of those two
pathways is the major one is still under discussion.

Nevertheless noteworthy is that the use of the word ”ionization” in ”electro-
spray ionization” is misleading, due to that many of the ions observed are pre-
formed in solution before the electrospray process or created by simple changes
in concentrations (or in some cases pH-value) as the aerosolized droplets shrink.
It is argued that electrospray is simply an interface for transferring ions from the
solution phase to the gas phase.

Electrospray ionization is also ideal for studying non-covalent complexes (see
below). The electrospray process is sometimes capable of transferring non-covalent
complexes into the gas phase without disrupting the non-covalent interaction. If

15 a variant of ESI operating

ESI is not “soft enough”, cold-spray ionization (CSI),
at low temperature (ca -80 to 10 °C), may be used with good results.
In 2003, Prof. Dr. John B. Fenn was awarded the Nobel Price for Chemistry

for his contribution on the field of ESI applied to BIO-molecules.

4.2.2 Basic Principle of Fourier Transform Ion Cyclotron

Resonance Mass Spectrometry (FT-ICR-MS)

In 1974, Fourier-transform ion-cyclotron-resonance mass spectrometry was intro-

duced by Comisarow and Marshall.!%® First, the basic physical principles of FT-
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ICR-MS are briefly presented. After that, the instrument, the techniques and the
experiments used in this thesis are discussed in more detail. An ion of charge z
moving with velocity v in a static magnetic field B is subjected to a force F' that
is proportional to the magnitude of the charge and the speed of the particle!®”

(Lorentz force, see 4.1):

F=zwxB (4.1)

The magnitude and direction of the force depend on the direction of the ve-
locity as described using the vector cross product. An important characteristic
of the magnetic force on a moving charged particle is that the force is always
perpendicular to the velocity of the particle. The magnetic force does no work
on the particle, so this force does not affect the kinetic energy of the particle.
While the direction of the force changes, its magnitude remains constant. In the
special case where the velocity of a charged particle is perpendicular to a uniform
magnetic field the particle moves in a circular orbit. If we apply Newton’s second

law to the particle (eq. 4.2):

mu? ) zB

ZUXB:T & o= (4.2)
where m is the mass of the ion and ¥ represents the cyclotron frequency (“cy-
clotron” equation), the experimentally measured ion cyclotron frequency can thus
be converted to the mass-to-charge ratio of an ion. The frequency of the cyclotron
gyration of an ion is inversely proportional to its mass-to-charge ratio * and di-
rectly proportional to the strength of the applied magnetic field. A remarkable
feature of eq. 4.2 is that all ions of a given mass-to-charge ratio, 7, have the
same [CR frequency, independent of their velocity. This property makes ICR es-
pecially useful for mass spectrometry, because translational energy “focusing” is
not essential for the precise determination of 2.1
In an FT-ICR mass spectrometer, ions are trapped in a cell which is positioned
inside a strong magnetic field and composed of three distinct sets of plates: trap-
ping, transmitter and receiving plates. The ions are trapped in the cell by electric
potentials applied to the trapping plates that are perpendicular to the magnetic

field.
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As 7 is limited by the instrument’s size, the maximum “* value of an ion that
can be trapped is a function of the magnetic field strength. The greater the
field strength, the higher the “* value of the ion can be. In order to obtain the
desired magnetic field strength, it is necessary to use a super-conducting magnet

(nowadays up to 14.5 Tesla, 2004).

Although ions in a static magnetic field move in cyclotron orbits, they will not
generate any signal if placed between a pair of receiving plates, due to randomly
oriented and thus incoherent motion. In order to obtain a signal, a packet of ions
of a given mass-to-charge ratio needs to be converted into coherent motion by
applying an oscillating electrical field such as provided by a AC signal generator
(transmitter plates). If the frequency of the applied field is the same as the cy-
clotron frequency of the ions, the ions absorb energy thus increasing their velocity

(and the orbital radius) but keeping a constant cyclotron frequency.

When the radio-frequency current is turned off, each packet of ions of a specific
7 induces an image current that is detected by a pair of electrodes in the analyzer
cell (receiving plates). The amplitude of the detected current is proportional
to the number of ions in the analyzer cell while its frequency is the same as
the cyclotron frequency of the ions. A small AC voltage is generated across a
resistor and this signal is amplified and detected. The ions are therefore detected
without ever colliding with the electrodes. This non-destructive detection scheme
is unique to ICR and allows for improved sensitivity and versatility compared to

more traditional approaches that utilize destructive detection methods.

The decay over time of the image current resulting after applying a short radio-
frequency sweep that excites all ions simultaneously, is transformed from the time

domain into a frequency domain signal by a Fourier transformation. Because the
v
T

of 2 can be obtained. Cyclotron frequencies can be measured with very high

cyclotron frequency ¥ is related to " by equation (4.2) a spectrum as a function

precision leading to high accuracy mass measurements and ultra-high resolving

power.
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4.2.3 Tandem Mass Spectrometry

Tandem mass spectrometry™® (MSMS or MS™) is inter alia used to gain structural
information about a complex compound by fragmenting specific ions inside the
mass spectrometer and identifying the resulting fragment ions. This information
can then be pieced together to generate structural information regarding the in-
tact molecule. Primary (“precursor”) ions are energetically activated and then
dissociated followed by mass analysis of the resulting secondary (“product”) ions.

A tandem mass spectrometer in many cases is a mass spectrometer that has
more than one analyzer, in practice usually two. The two analyzers are separated
by a collision cell into which an inert gas (e.g. argon, xenon) is admitted to
collide with the selected sample ions. As an alternative, ions may be trapped for
sometime in a confined space using a a magnetic field (see 4.2.2). Thus a second
analyzer is obsolete in this case.

Inside a FT-ICR instrument, dissociation is commonly achieved by collisions of
ions with neutrals, collision-induced dissociation'” (CID), electron capture disso-
ciation''® (ECD), ultraviolet photodissociation (UVPD),*¥ multiphoton infrared
photodissociation (IRMPD),'? or blackbody infrared dissociation (BIRD)"!
which makes the experimental setup much easier.

Mainly CID and IRMPD were used for fragmentation in this work. For CID of
ions, the most popular method is sustained off-resonance irradiation (SORI),??
because it is the simplest to implement and tune. Photodissociation has also
proved effective. Typically, IR (10.6um) laser photons are used for “slow heating,”
and fragments similar to those obtained by CID are produced. One advantage
of IRMPD is that gas pulses are not necessary, so that high-resolution FT-ICR
detection can occur quickly after dissociation, as no pump down is required.

For large ions, two fundamental limits severely constrain fragmentation in tan-
dem mass spectrometry.'?® First, the center-of-mass collision energy - the absolute
upper limit of energy transfer in a collision process - decreases with increasing mass
of the projectile ion for fixed ion kinetic energy and mass of the neutral molecule.
Secondly, the dramatic increase in density of states with increasing internal de-
grees of freedom of the ion decreases the rate of dissociation by many orders

of magnitude at a given internal energy. Consequently, most practical MS/MS
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experiments with complex ions involve multiple-collision activation (MCA-CID).

4.2.4 The Bruker Apollo IV FT-ICR-MS

In September 2003, the “Kekulé-Institut for Organic Chemistry” received a Bruker
APEX 1V Fourier-Transform Ion-Cyclotron-Resonance (FT-ICR) Mass Spectrom-
eter which was installed at the University of Bonn for the Collaborative Research

Initiative 624 of the German Science Foundation.

Analyte solutions were introduced into the ion source with a syringe pump
(Cole-Palmers Instruments, Series 74900) at flow rates of around 3-4 ul/min.
The instrument is equipped with an Apollo ESI ion source(off-axis 70° spray
needle). Ton transfer into the first of three differential pumping stages in the ion
source was performed through a glass capillary with 0.5 mm internal diameter
and nickel coatings at both ends. Ionization parameters, some with a significant
effect on signal intensities, were adjusted as follows: capillary voltage: —4.1 to
—4.4 kV; end-plate voltage: —2.8 to —3.5 kV; cap-exit voltage: +200 to 4300
V; skimmer voltages: +8 to +12 V. The flow of the drying and nebulizer gases
were kept in a medium range (ca. 700mbar). The ions were accumulated in
the instrument’s hexapole for 0.5-1s, introduced into the FT-ICR cell (inside a
7 Tesla super conducting magnet), which was operated at pressures below 1071
mbar, and detected by a standard excitation and detection sequence. For each
measurement 16-256 scans were averaged to improve the signal-to-noise ratio.
For MSMS experiments, the complete isotope patterns of the ion of interest were
isolated by applying correlated sweeps followed by shots to remove the higher
isotopes. After isolation, argon was introduced into the ICR cell as the collision
gas through a pulsed valve at a pressure of around 10~® mbar. The ions were
accelerated by a standard excitation protocol and detected after a 2s pumping
delay. For IRMPD a CO, IR laser at a wavelength of 10.6 yum and a power
of maximum 25W was used. A detailed description can also be found in the

references.!?*
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4.2.5 Examples for Structural Information by Tandem MS

Although most tandem mass spectrometry experiments nowadays are performed
for peptide and oligonucleotide sequencing, there are several examples were MS”
is used to produce structural information'?® of complex supramolecules. One ex-
ample should be discussed in more detail. Compounds from the research groups of
Prof. Viégtle and Prof. Schalley like macrocycles and non-covalent complexes like
catenanes and rotaxanes were investigated in the gas phase to obtain structural
information.'?%127  Among others, five different compounds 6 - 10 (see follow-
ing three figures) were investigated by ESI tandem mass spectrometry. They
were sprayed from methanol (30um solutions). MSMS spectra were recorded as
described before. On collision with argon protonated tetralactam macrocycle 6
looses one water molecule. Several other fragmentations occur and appear in the
spectra with much lower intensities. All these fragments are assigned to two sub-
sequent bond cleavages within the macrocycle and loss of the neutral fragment
(six categories, see Fig. 4.1) and there is evidence that the first step is cleavage
of the protonated amide bond. Three out of the four other compounds under
study have the tetralactam macrocycle as building block, the fifth is a octalactam

macrocycle with the same subunits (see Fig. 4.2 and 4.3).

The following two compounds, catenane 7 and octalactam macrocycle 8, have
the same elemental composition, which leads to the same mass and the same iso-
topic pattern, but they differ in topology resulting in different properties. Whereas
ordinary MS fails to distinguish between these two isobaric species, MS" is able
to: The MS"-spectra from 7 and 8 differ from each other in two significant re-
spects. While the protonated octalactam macrocycle 8 predominantly loses a
water molecule like the tetralactam macrocycle 6, the protonated catenane 7
yields only a very minor signal for such a reaction. Instead, a stronger signal
is observed at half the mass which corresponds to tetralactam macrocycle 6 or
rather its open-chain analogue. This fragment can easily be explained by a ring
cleavage reaction within one of the two macrocycles, which is then followed by

deslipping of the neutral macrocycle finally leaving the complex.
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Figure 4.1: Fragmentation of the protonated tetralactam macrocycle.
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Figure 4.3: Fragmentation of the deprotonated supramolecular compounds 9 and 10.

The next two compounds have again both the same elemental composition, and
can be distinguished by MS", as well: When deprotonated rotaxane 9 is isolated
and collided with argon, only fragments of the axle are observed as products, but
not the intact axle alone. The typical decomposition products of the tetralactam
macrocycle 6 are not observed. This indicates that the decay of the axle is less
energy demanding than that of the macrocycle. In marked contrast, complex
10, in which the axle is weakly bound to the wheel, shows the intact axle as
major product of dissociation. Of course, for a non-covalently bound complex in

which the two components are held together by weak interactions, one would not
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expect energy-demanding bond rupture to compete, and thus this result is not

unexpected.

The most important conclusion from these experiments is that mass spec-
trometry, carefully used, may provide more than just an exact mass. Beyond its
‘normal’ use for mass analysis, it gives structural information, even for such large
molecules as catenanes and rotaxanes 6 - 9. Of course, control experiments with

isomeric structures should be done whenever possible.

Only noted in passing is that ion mobility mass spectrometry!?® (IMS/MS, a
technique where ions are first separated by drift time through some neutral gas
under an applied electrical potential gradient) might also been used to gather

structure information.

4.2.6 Reactivity in the Gas Phase

In summary, mass spectrometry is used to characterize various analytes and gather
valuable structure information. Maybe even more important, mass spectrometry
reveals the intrinsic properties of chemical compounds. Interactions with other
molecules like solvent molecules do not take place, as the ion is highly diluted in
the gas phase. Hence, comparison with data obtained from solution may reveal

the effects of solvation.

In this context, several fascinating results were obtained by mass spectromet-
ric investigations including metal organic chemistry'?® in the gas phase or homo-
geneous catalysis,’?® just to name two. In 1997, Armentrout et al. developed
CRUNCH,®! a combined MS and computational chemistry approach to obtain
binding constant for small complexes from gas phase experiments. Recently, Chen
et al. described an advanced methodology'®? for larger complexes. Last but not

133

least, H/D-exchange experiments'®® might be used to distinguish between isobaric

1somers.
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4.3 Scanning Tunneling Microscopy (STM)

4.3.1 Introduction into STM

Traditionally, diffraction-based probes have played the major role in structural
analysis, and have provided most of our basic knowledge about the atomic ar-
rangement of materials. For example, the diffraction of beams of a wavelength
that is comparable to the spacing between atoms in a crystal indicates the spacing
between the atoms. Thus, X-ray diffraction is the primary tool for analyzing the
long-range, atomic ordering of solids. Diffraction measurements however reveal
only the internal atomic arrangements of a material. A separate class of tools
is desired, when the surface atoms of a material in real space are under study,
rather than its three-dimensional bulk structure. The Scanning Tunneling Mi-
croscopy (STM) was the first of several ”proximal probes” (STM, Atomic Force
Microscopy (AFM), Electrostatic Force Microscopy (EFM), etc.) that in the past
decades have revolutionized the ability to explore solid surfaces on the size-scale

of atoms.

134,135 provides

The Scanning Tunneling Microscopy (developed in the 1980ies
a "picture” of a surface by sensing corrugations in the electron density that arise
from the positions of surface atoms. A finely sharpened metal wire (or "tip”) is
first positioned within a few nanometers of the sample by a piezoelectric trans-
ducer, a ceramic positioning device that expands or contracts in response to a
change in applied voltage. This arrangement enables the STM to control the
motion of the tip with subnanometer precision in all directions in space. At this
small separation electrons ”tunnel” through the gap, the region of vacuum, gas or
liquid between the tip and the sample. If a small voltage (bias) is applied between
tip and sample, then a net current of electrons (the ”tunneling current”'3¢) flows
through the gap in the direction of the bias. Now, the tip is rastered across a
small region of the sample. As the tip scans across the surface, corrugations in
the electron density at the surface of the sample cause corresponding variations in
the tunneling current. By detecting the very fine changes in tunneling current as
the tip is swept across the surface, a map of the corrugations (i.e. a topographic

map) in electron density at the surface can be derived.'7
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Figure 4.4: a) Schematic representation of a STM: The tip T of the microscope is scanned
over the surface of a sample S with a piezoelectric tripod (X,Y,Z). The rough positioner L brings

the sample within reach of the tripod. A vibration filter system P protects the instrument from
138),

external vibrations; b) Photograph of the prototype (both taken from

Two different modes can be applied: in the constant current mode, the tip
is moved along a fixed trajectory in the x direction, and the tunneling current is
monitored. A feedback loop is then used to move the tip towards or away from
the sample in order to maintain a constant current. At the end of a single scan,
the tip is displaced a single step in the y-direction, and the scan repeated.

In the constant height approach, the tip-sample distance is fixed during the
scan, and the variation in tunneling current is plotted as a function of lateral
position. Thus, only the electronics have to respond, rather than the piezoelectric
crystal. As a result, the imaging speed can be increased drastically. The constant
height method can however only be used to image very flat areas of the sample.

In 1986, Gerd Binnig and Heinrich Rohrer of IBM’s Ziirich Research Center
were awarded the Nobel Prize in Physics for developing the STM. For recent

reviews see reference.?

4.3.2 Electro Chemical STM (EC-STM)

Basically, an Electro Chemical Scanning Tunneling Microscopy (EC-STM) con-
sists of the components of a general STM and additionally the components used
in Cyclic Voltammetry (CV).'*! This allows two important modifications: a) The

12 (mostly an aqueous elec-

tunneling process occurs at the solid/liquid interface
trolyte) and b) electric currents in the CV can directly be correlated with the

physico-chemistry on top of the sample surface (electrode surface). All STM
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constant height mode constant current mode

Figure 4.5: left) Constant Height Mode and right) Constant Current Mode; abbreviations see
139).

Figure 4.4 (taken from
measurements presented in the experimental chapter have been carried out by
Dr. Caroline Zorlein using a home-built EC-STM that has been described in de-
tail in reference'®® (Fig. 4.6 b).

a) Tunneling at the solid/liquid interface

| P |
¥ L

Electrolyte

Figure 4.6: a) Schematic representation of an EC-STM b) Photograph of the EC-STM of
the Institute for Physical and Theoretical Chemistry of the University Bonn (Working group of
Prof. Wandelt).

The potentials between (a) the working electrode (the sample) and (b) the tip

have to be controlled independently against a reference electrode. In this case, the
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tunneling bias voltage is the difference between these two potentials. A counter
electrode is used in order to follow the current by the reaction on the electrode
surface. By using these four electrodes, the electrochemical reaction is controlled
precisely by an external voltage, and the solid-liquid interface can be observed by
the means of STM. For two early reviews about electrochemical applications of in

situ. STM see.'** For non-aqueous electrolytes see.'#?

4.4 Quartz Micro Balances (QMB)

4.4.1 Quartz Micro Balances as Chemical Sensors

Nowadays, the most frequently used bulk acoustic wave sensors (BAW) is the
Quartz Micro Balance (QMB). The basic principle of QMBs as chemical sensors
is the Piezo electric effect.!4® When an alternating voltage with defined frequency
is impressed across a quartz crystal (7 to 14 mm diameter), the crystal starts to

oscillate. If one adsorbs a special chemical substance (a “sensor-active layer” 7).

the resonance frequency is reduced proportional to the mass of the substance!#®
(Sauerbrey relation).

A gaseous analyte can now be bound in or at the sensor-active layer. The mass
increase causes again a decrease in its resonance frequency. Thus, the quartz can
be regarded as a high-precision balance. To develop a sensor from this type of
scale is easy. The interactions between layer (host) and analyte (guest) have to
be selective. The layer should have cavities, which have to match the sterical

49 These interactions have to

and electronic demands of the guest molecules.
be reversible in order to be able to release the sensor or to monitor an analyte
online in real time. The bound guest molecules have to be set free as soon as the
concentration of the guest in the gaseous phase is decreased. After flushing with
inert gas the quartz oscillates in its normal frequency again. If differently coated

¢

quartz are combined in an array, a ”‘chemical nose” is obtained (see Fig. 4.7).
Each single modified quartz reacts individually onto different analytes, a rather

complex, but unambiguous pattern is generated. The pattern recognition takes

place inside an ordinary computer, which makes the recognition of quite complex

analyte mixtures possible in real time. The technical effort is small (and with this
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Figure 4.7: Principle of combined QMBs!?).

the price) compared to established methods for example GCMS.'! The size of
the hole array is typically smaller than a cigarette packet.

More and more technical applications are possible for the usage of QMBs:
Already in 1964, King showed a first application for this phenomena.'®® Recent
results related to practice are the concentration determination of ammonia in pig
stables!® or SO, in the gas phase.'® But also complex food flavors (Emmentaler
cheese) can be analyzed:'®® 2-Heptanone is the key substance for the determina-
tion of the degree of ripeness in the flavor of this cheese and can be detected by
QMBs.

Two points have to be discussed in the following sections in more detail: The

Sauerbrey relation and the sensor-active layers.

4.4.2 Sauerbrey Relation

In 1952, Sauerbrey reported that upon absorption of any kind of compound on

an oscillating quartz its reduction of frequency is following a certain relation:
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Af ~ (fo)* Am (4.3)

with A f being the frequency difference, fy being the ground frequency, and Am
the mass difference if Af is smaller than 2 % of fy. Two aspects are of major
importance: a) a quartz with higher fj is more sensitive. As f is anti-proportional
to the quartz’ thickness, there is a technical limit for applications (right now up
to 200 MHz). b) The proportionality between frequency shift and mass makes
light analytes hard to trace. However, lightweights like ethene (28 g/mol) can be
detected (see 6.2).

4.4.3 Sensor-Active Layers

But a real sensor not only has to measure accurately, selectivity for special analytes
is also needed. As the quartz itself is not that selective, it has to be coated with a
sensor-active layer. This layer can be from whatever composition which is needed.

In the case of the Emmentaler cheese QMBs, tetralactam macrocycles of the group
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of Prof. Vigtle were used.'® But also cyclodextrines'®® or cyclophanes!®” can be
coated on top of a quartz plate.

If large and reproducible sensor responses are needed, not only the chemical
structure of the sensor-active layer on top of the quartz but also the coating
technique is of major importance: Spin Coating!®® and Electrospray coating!'®®

are the most frequently used methods.






Chapter 5
Results and Discussion

The presentation of the results are divided into two chapters: At first, the synthesis
of the organic ligands based on [4,4’]-bipyridine and metal precursors is presented,
which is of course the basis for the self-assembly reactions, the main theme of this
thesis. In the following chapter, Results of Collaborative Projects, applications of

the obtained compounds are discussed.

5.1 Syntheses and Properties of the Organic Lig-
ands for Self-Assembly

5.1.1 Programming of the Building Blocks

When self-assembly is used to design complex molecular architectures, the pro-
gramming of the involved particles, here metal complexes and organic ligands, is
of major importance.'9 Modification of the ligand is chosen, to obtain a modular
approach with minimal synthetic steps. Hence, the ligands are modified and the
metal precursors (Stang and Fujita types) are used unchanged. Three different

positions of the organic ligands (bi(s)-pyridines) might be modified:

1. The ortho positions of the pyridine ring should not be substituted at all,

not to hinder the assembly formation due to steric repulsion.

2. The substitution of the meta position seem rather promising.

47
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3. Elongation of the bipyridine system, leads to the discussed triangle-square-
equilibrium (see 3.3.4). Thus, rigid [4,4’]-bipyridines are needed, without

any spacer between the two pyridine rings.

To avoid complicated product mixtures (see Scheme 5.1 b), the ligands must
be Cy symmetrical. In supramolecular chemistry, general approaches for the at-
tachment of functional groups are amide, sulfonamide or ester bond formations.
Thus, substitution of both meta positions of [4,4’]-bipyridine with sulfonic acid,
carboxylic acid, amine or hydroxy functionalities, respectively, seems to be a
straightforward procedure. When these requirements are followed, the ligands
are dissymmetrical’®? and axially chiral. The latter point should be discussed in
more detail: 3,3’-Di-substituted [4,4’]-bipyridines do not possess an S,-axis and
are thus chiral. However, the rotation around the central biaryl-bond should be

161 yacemic mixtures are

fast on the human timescale with only two substituents:
the consequence. With all four positions (3,3’,5 and 5’) substituted, the rotation
should occur much more slowly. Atropisomers are hence obtained (see 5.1.4.3).

In this case, the separation into enantiomers is desired.

5.1.2 [4,4’]-Bipyridine as Starting Material

Influenced by the electronegative nitrogen atom, the aromatic ring of pyridine is
electron poor compared to benzene. This restrains the electrophilic substitution,
which is typical for aromatic systems (see Scheme 5.2). Otherwise, nucleophilic
substitution at the ortho position is possible in good yields. An early review from
1958 about the introduction of substituents in the pyridine ring can be found
in the references.!% Polarity reversal (Umpolung) is achieved by oxidation of the
nitrogen atom leading to pyridine-N-Oxide, which is now attacked by electrophiles
at the para position easily (see Scheme 5.2 ¢). In conclusion, the introduction of
substituents into pyridine’s meta position seems difficult.

Since the direct twofold nitration and sulphonation of [4,4’]-bipyridine turned
out not to be realizable, the desired target compounds can be synthesized by homo
coupling of precursor pyridines with functional groups at the meta position. These
functional groups are then inter converted subsequently. Following this approach,

different precursor pyridines are discussed in the following sub chapters.
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Scheme 5.1: a) If the ligand is not dissymmetrical, product mixtures b) are obtained. Red,
dotted arrows are rotated by 180°. ¢) With two small substituents the rotation around the

bipyridyl bond should be fast, whereas with four substituents atropisomers might be obtained.
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Scheme 5.2: a) Electrophilic Substitution: NaNO,, H,SO, (Oleum), 300°C, 5 %;63 b) Ts-
chitschibabin Reaction: 1. NaNH,, liquid NH; 2. H;OT, 70 %;'%* ¢) Electrophilic Substitution
of Pyridine-N-oxide: HNO,, H,SO, 78 %'%¢ .

5.1.3 [4,4’]-Bipyridinyl-3,3’-diamine *

3-Nitro-pyridin-4-ol 15 can be converted to 4-chloro-3-nitro-pyridine 16 with
phosphorylchloride and phosphorpentachloride. Homo coupling with copper(0)
(Ullmann coupling) leads to 3,3’-dinitro-[4,4’]-bipyridine 17,'% which can be re-
duced with tin dichloride dihydrate. [4,4’]-Bipyridinyl-3,3’-diamine 18 is thus
obtained in 32% yield over three steps (see Scheme 5.3). With this compound in

hands, diurea and diamide compounds are easily available.!™!

5.1.4 Homo Coupling of Alkyl Pyridines

A wide variety of chemical transformations'™ for the benzylic methyl group can
be found in the literature, among others: oxidation, halogenation or deproto-

nation. Hence, 3,3’-dimethyl-[4,4’]-bipyridine 20 is chosen to be an ideal start-

*In cooperation with Torsten Weilandt (Diploma Thesis 2004).17!
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Scheme 5.3: a) PCl;, POCl;, 135°C, 5hours, 88%; b) Cu, DMF, 100°C, 15hours, 48%; c)
SnCl,(H,0),, HCIL, 100°C, 1 hour, 77%.

ing material for ligand syntheses. Commercially available 3-methyl pyridine 19
can be converted into 3,3’-dimethyl-[4,4’]-bipyridine 20 by reductive coupling
(chlorotrimethylsilane, sodium) followed by oxidation (potassium permanganate),
a reaction sequence introduced by Rebek et al.'™ (see Scheme 5.4). Three further
alkyl substituted pyridines are converted into the corresponding 4,4’-bipyridines
by a slightly modified approach, to achieve higher yields: The alkyl-pyridines are
solved in diethylether instead of tetrahydrofuran to elongate reaction time up to
24 hours (tetrahydrofuran is polymerizing under the given reaction conditions)
and sodium powder is used instead of grounded sodium. While 3,3’-diethyl-[4,4’]-
bipyridine 22 and 2,6,2’,6’-tetramethyl-[4,4’]-bipyridine 27 are target molecules,
3,3’-dimethyl-[4,4’]-bipyridine 20 and 3,5,3’,5'-tetramethyl-[4,4’]-bipyridine 24 are
valuable starting materials for further transformations (see 5.1.4.2 and 5.1.4.3).
Please note that 3,5,3’ 5-tetramethyl-[4,4’]-bipyridine 24 is only obtained in 47%.
However, 3,5-dimethyl-4-trimethylsilanyl-pyridine 25 (ca. 15%, see 5.1.4.4) and
unreacted 3,5-dimethyl pyridine 23 (ca. 25%) can be recycled.
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Scheme 5.4: Conversion of four alkyl-pyridines into the corresponding 4,4’-bipyridines: a) to
c¢) 1) SiMe;Cl, Na, Et,0, 24hours at 0°C to RT 2) KMnO,, H,O, RT, 1hour, a) 48 % yield,
b) 19 % yield, c¢) 47 % yield, d) 1) Na, Et,O, 24 hours at 0°C to RT 2) KMnO,, H,O, RT, 1 hour,
7% yield; Among the desired products the following byproducts are isolated and characterized:
3,5-dimethyl-4-trimethylsilanyl-pyridine 25 and 2,2’-ethane-1,2-diylbis(6-methylpyridine) 28.
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5.1.4.1 Racemization Barrier of 3,3’-Diethyl-[4,4’]-bipyridine

Figure 5.1 shows the variable temperature 'H NMR spectra obtained for 22 in two
different solvents ([Dg]-tetrachloroethane and [Dg]-dimethylsulfoxide). In both
cases, the two diastereotopic protons at each methylene group are clearly sepa-
rated at lower temperature and coalesce at the same coalescence temperature of
T.= 363 K. The behavior is very similar in both solvents and from the peak dis-
tances, the coupling constants, and the coalescence temperature, two very similar

racemization barriers are obtained, which amount to

e AGH = 76.9kJmol ! in C,D,Cl, (estimated from Av = 59.11Hz, Jap =
7.43Hz, T. = 363K at 500 MHz) and

e AGH = 77.1kJmol ! in [Dg]-DMSO (estimated from Av = 79.42 Hz, Jog =
7.40Hz, T. = 368 K at 500 MHz).

Irrespective of the exact values of these barriers, the racemization is assumed

to be slow on the NMR time scale at room temperature.

5.1.4.2 3,3’-Dimethyl-[4,4’]-bipyridine as Starting Material

5.1.4.2.1 Deprotonation of the CH;-Groups Deprotonation of the methyl
groups of 2-methyl pyridine (pK, = 34.0)'™ and 4-methyl-pyridine (pK, = 32.2)'™
is achieved with lithium diisopropylamide (pK, of the corresponding acid = 35.7).
The base must be sterical demanding, to avoid nucleophilic attack at the ortho
positions of the pyridine ring. As the acidity of 3-methyl pyridine 19 is consid-
erably lower (pK, = 37.7),}™ a stronger base is needed. And indeed deprotona-
tion is possible with lithium-2,2,6,6-tetramethyl-piperidine,'™ which is generated
i situ by deprotonation of 2,2,6,6-tetramethyl-piperidine with n-butyllithium
in tetrahydrofuran at 0°C in 30 minutes: 3-Methyl pyridine 19 is added at -
78°C and stirring is continued, while the temperature is raised to 0°C. Deuter-
ated water is added, and the degree of deuteration is determined by GCMS
analysis. After optimization (1.1eq. base, 0.5hour reaction time), complete
deprotonation is achieved. With these preliminary results in mind, 3,3’-dime-

thyl-[4,4’]-bipyridine 20 can be deprotonated at both methyl groups with 2.3 eq.
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Figure 5.1: Variable-temperature 'H NMR spectra of 22 in [Dy]-tetrachloroethane (left) and
[Dg]-dimethylsulfoxide (right).
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of lithium-2,2,6,6-tetramethyl-piperidine as base within 1hour at 0°C. It was
planned to attack the dianion with two equivalents of iodide, to obtain 3,3’-
bis(iodomethyl)-[4,4’]-bipyridine 29. Unexpectedly, 5,6-dihydro-[3,8]phenanthro-
line 30 is isolated in high yields (see Scheme 5.5 a). Obviously, the dianion is
oxidized twofold by iodide, and the third ring is closed. Unfortunately, aroma-
tization to [3,8]-phenanthroline 31 is neither achieved by oxidation with 2,3,5,6-
tetrachloro-[1,4]benzoquinone (Chloranil) nor by 4,5-dichloro-3,6-dioxo-cyclohexa-
1,4-diene-1,2-dicarbonitrile (DDQ) (see Scheme 5.5 b) and c).

N N

B B
/ a) /
%,
= | | = |
Ny X 0g

20 N

a) N N
N B B
= b) =

A

= orc) &~

x | . |
N 30 N 31

Scheme 5.5: a) 1) 2.3eq. lithium-2,2,6,6-tetramethyl-piperidine, THF, -78°C to 0°C, 1h
2) 2.3eq. I, -78°C to RT, 85%; b) 2,3,5,6-tetrachloro-[1,4]benzoquinone (Chloranil), toluene,
110°C, 7days; ¢) 4,5-dichloro-3,6-dioxo-cyclohexa-1,4-diene-1,2-dicarbonitrile (DDQ), toluene,
110°C, 7 days.

5.1.4.2.2 Achiral and Chiral Diamides 3,3’-Dimethyl-[4,4’]-bipyridine 20

617 with potassium per-

is oxidized into [4,4’]-bipyridinyl-3,3’-dicarboxylic acid 3
manganate in 73% yield. After conversion into [4,4’]-bipyridinyl-3,3’-dicarbonyl
dichloride dihydrochloride!™ with thionyl chloride, several diamide compounds are
accessible: [4,4’]-Bipyridinyl-3,3’-dicarbonyl dichloride dihydrochloride, 2.5eq. of

the amine of choice and triethylamine are suspended in tetrahydrofuran and the
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resulting suspensions are stirred at room temperature over night. In the case of
[4,4’]-Bipyridinyl-3,3’-dicarboxamide 37, gaseous ammonia is used as amine and

base. The resulting diamides are purified by flash column chromatography.

In addition to simple amine compounds, methoxy protected alanine is used
as a chiral amine compound. With two chiral residues attached to the bipyridine
system and the axially chirality of the central bipyridyl bond, two diastereomers
are formed: While the chirality of the (S)-alanine moieties is fixed, the bipyri-
dine backbone can still interconvert between two axially chiral forms yielding the
(5,5,aS5)- and (S,S,aR)-diastereomers. Like discussed before, 3,3’- and/or 5,5
substituents attached to the [4,4’]-bipyridine-backbone hinder the rotation around
the biaryl bond and thus have a large effect of the racemization rates.'® Anal-
ogously, incorporation of an additional chiral information, e.g. the (5)-alanine
esters in 41 leads to interconverting diastereomers. Not unexpectedly, the signals
for the amino acid residues are sharp in the *C NMR spectrum of 41 in [D;]-
chloroform while the signals for the bipyridine backbone are broad. Broadened
signals are also observed in the room-temperature '"H NMR spectrum (see Figure
5.2). Low-temperature measurements (*H) reveal the coexistence of two species
in an almost temperature independent 3:1 ratio. The activation barrier of their
mutual interconversion can be estimated to amount to ca. AG* = 60 kJmol~!. In
[Dg]-acetone, sharp signals are found in the room temperature 'H NMR spectrum
as well as the ¥*C NMR spectrum. Thus, the interconversion of the two isomers is
faster in acetone than in chloroform. Low-temperature measurements show again
two sets of signals, now in a 3:2 ratio. Together with the crystal structure anal-
ysis (see 8.6), these results point to the existence of an intramolecular hydrogen
bond in chloroform which needs to be broken during the interconversion of di-
astereomers. Acetone weakens this hydrogen bond and thus, the interconversion
is faster. For the corresponding biphenyls, see citation.'™ Due to packing effects,
only one diastereomer is however found in the solid-phase structure (see chapter
8.6).

5.1.4.2.3 An Unsymmetrical Amide In one batch, the oxidation of 3,3’-
dimethyl-[4,4’]-bipyridine 20 to [4,4’]-bipyridinyl-3,3’-dicarboxylic acid 36 was
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Scheme 5.6: a) KMnO,, H,O, 95°C, 8hours, 73%; b) 1) SOCl,, 76°C, 5hours, quant.; 2)
amine of choice, Et;N, THF, RT, variable reaction times (typically over night).
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Figure 5.2: Variable-temperature 'H NMR spectra of (.5,5)-2-[3’-(1-methoxycarbonyl-ethyl-
carbamoyl)-[4,4’]-bipyridinyl-[4]-3-carbonyl]-amino-propionic acid methyl ester 41 in [Dq]-

chloroform (*).
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incomplete. As the separation of (3’-methyl-[4,4’]-bipyridinyl-3-yl)-acetic acid
and [4,4’]-bipyridinyl-3,3’-dicarboxylic acid 36 is almost impossible, the follow-
ing reactions are carried out without purification. 3’-Methyl-[4,4’]-bipyridinyl-3-
carboxylic acid methyl ester 43 and 3’-methyl-[4,4’]-bipyridinyl-3-carboxylic acid-
methylamide 44 are isolated. As both compounds are not dissymmetrical, they

play an important role in chapter 5.3.

Ne Ne
| 7 Co0CH;8 | Z CONHCH;
= =4
Y | 43 SN | a4

Scheme 5.7: Isolated mono carbonyl compounds.

5.1.4.2.4 Dendron Decorated [4,4’]-Bipyridines In cooperation with Dr.
T. H. Baytekin dendron decorated [4,4’]-bipyridines are designed and synthesized
(see Scheme 5.8). Dendron amines are synthesized using Fréchet’s procedures for
the preparation of benzyl bromide dendrons,'™ followed by Gabriel reaction.'™
The amide bonds are formed with the same procedure mentioned above (see

Scheme 5.6).

5.1.4.3 3,5,3’,5’-Tetramethyl-[4,4’]-bipyridine as Starting Material

One of the two possible rings of 3,5,3’ 5-tetramethyl-[4,4’]-bipyridine 24 can be
closed by the same reaction sequence like for 3,3’-dimethyl-[4,4’]-bipyridine 20
(deprotonation, oxidation with iodide). However, the yield of 1,10-dimethyl-5,6-
dihydro-[3,8]phenanthroline 49 is significant lower (20%) compared to 31 (85%).
The second ring can not be closed at all. Neither a higher amount of base nor
longer reaction times, increase these yields. In both cases, the distances of the

resulting two negative charges after twofold deprotonation are much smaller than
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Scheme 5.8: a) 1) SOCI,, 76°C, 5hours, quant.; 2) amine, Et;N, THF, RT, variable reaction

times.

in the case of 3,3’-dimethyl-[4,4’]-bipyridine 20. This means that the interme-
diates should be higher in energy. In this case, two reaction parameters can be
altered: choice of base and temperature. As no stronger and sterical demanding
base is found in the literature, the reaction temperature is increased to 20°C;
not unexpectedly, 3,3’,5,5-tetramethyl-2-(2”,2”,6” ,6”-tetramethylpiperidin-1-yl)-
[4,4’]-bipyridine 51 is obtained as side product (see Scheme 5.9 ¢) with constant
yield of the desired product 49. This means that at higher temperatures not only
the desired reaction gets faster, but also a second type of reaction, the nucleophilic
attack at the pyridine’s ortho position, comes into play. In conclusion, the yield

for 49 could not be increased.

5.1.4.3.1 Axial Chiral Diamides Without Spacer 4,4’-Bipyridine is an

extraordinarily versatile key intermediate: It is a precursor to the herbicide para-

181

quat,'®® a useful building block in liquid crystals'®! as well as in supramolecular

2

chemistry.'®2 In marked contrast to the large number of known atropisomeric
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Scheme 5.9: a) 1) 2.3eq. lithium-2,2,6,6-tetramethyl-piperidine, THF, -78°C to 0°C, and 1h
at 0°C, 2) 2.3eq. I,, -78°C to RT, 20%; b) like a); c¢) side product when reaction temperature
is increased to 20°C.
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Scheme 5.10: a) KMnO,, H,0, 95°C, 8hours, not isolated; b) 1) SOCI,, 76°C, 10 hours,
quant.; 2) amine or alcohol, Et;N, THF, RT, variable reaction times; c¢) 1) 2.3eq. lithium-
2,2,6,6-tetramethyl-piperidine THF, -78°C to 0°C, 1h; 2) CO,, 0°C, 45%; d) benzotriazole-
1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PYBOP),!7 amine, Hiinig’s base,
DCM, RT, variable reaction times (typically over night).
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biphenyls, surprisingly no axially chiral 4,4’-bipyridines are available in the litera-

183 although chirality plays a crucial

ture except for a few biquinoline compounds,
role in these fields.

With 3,5,3",5-tetramethyl-[4,4’]-bipyridine 24 in hands, two routes toward
atropisomeric [4,4’]-bipyridines can be followed. On one hand, oxidation of two
out of the four methyl groups (not at the same pyridine ring) leads to an axially
chiral diacid. Unfortunately, the oxidation of benzylic positions is typically not a
selective procedure. Thus, it is not surprising that one monoacid, two diacids, one
triacid and one tetraacid is obtained, when 3,5,3’ 5’-tetramethyl-[4,4’]-bipyridine
24 is oxidized with potassium permanganate. As the resulting product mixture is
hard to separate, the following steps are carried out, without separation. The acid
groups of the mixture are converted into the acid chlorides by thionyl chloride.

Reaction with

e methanol gives a mixture of esters. While the compounds with different
amounts of ester groups, can be obtained individually by column chroma-
tography, the two diesters can not be separated from each other by ordinary

column chromatography.

e amines (methylamine and dodecylamine) give mixtures of amides. In both
cases all formed compounds are separated from each other by column chro-
matography. Unlike the two diesters, the two diamides are separable, re-

spectively.

In conclusion, this route permits a whole variety of different compounds with a

lot of column chromatography.

5.1.4.3.2 Axial Chiral Diamides With CH,-Spacers On the other hand,
deprotonation of two methyl groups — as seen before — and quenching of the result-
ing dianion with CO, leads to an axially chiral diacid (2,2’-(5,5’-dimethyl-[4,4"]-
bipyridine-3,3’-diyl)diacetic acid 56) with CH,-spacers between pyridine ring and
carboxylic acid functionality. The only byproduct is 2-(3’,5,5-trimethyl-[4,4’]-
bipyridin-3-yl)acetic acid, the corresponding mono acid, which can be removed by

column chromatography. As the resulting acid groups can not be converted into
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the acid chlorides by thionyl chloride, another standard amide coupling strategy
(PYBOP!'™ /Hiinig’s base) is chosen. Again, two different chiral diamides from
methylamine and dodecylamine are prepared. In conclusion, the second route
is more expensive (lithium compounds, dry and oxygen free solvents, PYBOP),
but give the desired axially chiral diamides with CH,-spacers with less column

chromatography.

5.1.4.3.3 Chiral HPLC Chromatography on a home-made immobilized Chi-
racel OD stationary phase'® affords enantiomer separation of racemic 54, 55
and 58 with > 92% ee. CD spectroscopy of the resulting pairs of enantiomers
showed the appropriate mirror inverted CD spectra. Tetrasubstituted bipyridyl
compounds 54 and 55 are reasonably stable against racemization. After 70 hours
in methanol at 50°C, only a minor decay of the CD signal of (aR)- or (aS)-55 is
observed. Bipyridine 58 racemizes somewhat more easily: After 26 hours at 50°C,
racemization is observed in detectable amounts. We suggest the higher barrier for
racemization of 54 and 55 to be caused by the flexibility-reducing conjugation of
the amide carbonyl groups to the pyridyl rings.

In conclusion, an effective two-step synthesis for axially chiral 4,4’-bipyridines
was developed, which provides easy access to a long neglected class of chiral
building blocks not only highly useful for supramolecular chemistry. As shown by
a combination of CD-spectroscopy and HPLC traces, a separation of the enan-
tiomers is possible with the appropriate chiral stationary phase. Two different
classes of these bipyridine have been prepared: One offers rigidity due to carbonyl
group conjugation with the pyridine 7-system, the other is more flexible due to
the CH,-spacer between the carbonyl and the pyridine ring. The enantiomers

obtained in more than 92% ee were quite stable in solution at room temperature.

5.1.4.4 4-lodo-3,5-dimethyl-pyridine

One byproduct of the reductive coupling of 3,5-dimethyl pyridine 23 to 3,5,3",5’-
tetramethyl-[4,4’]-bipyridine 24 is 3,5-dimethyl-4-trimethylsilanyl-pyridine 25.
The TMS-group can be converted into iodide with iodmonochloride in high yields.
4-Todo-3,5-dimethyl-pyridine 59 can be isolated, but the free base is unstable even
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in the solid-phase and at low temperatures. Within two days in the freezer the
white crystals decompose. 4-Iodo-3,5-dimethyl-pyridine 59 should either be stored
as the Hl-salt or used without delay. As iodide containing hetero cycles can be
used in standard palladium catalyst cross coupling reactions, to form unsymmet-
rical [4,4’]-bipyridines or larger ligands, 4-iodo-3,5-dimethyl-pyridine 59 might be
a valuable building block for further studies.

N N
X X
| a)
P — =
SiMe; 25 | 59

Scheme 5.11: a) IC1, 0°C to room temperature, 79%.

5.1.5 2,6-Dimethyl-[4,4’]-bipyridine

For unidirectional molecular squares (see 5.5.1) 2,6-dimethyl-[4,4’]-bipyridine 81 is
needed. Two routes can be followed: Literature known Hantzsch reaction starting
from isonicotinaldehyde 78 (see 5.12 a) followed by oxidation b) and decarboxy-
lation c) yields the target molecule in three steps in 10%.%

A modern route is presented in the next paragraph. 2,6-Dimethyl-pyridin-N-
oxide 82 can be converted into 4-chloro-2,6-dimethyl-pyridine 83 in 53% yield with
phosphorylchloride, after protonation with hydrochloric acid.!®¢ The resulting
byproduct 2-chloromethyl-6-methyl-pyridine can be either removed by distillation
or synthetically (refluxing in triethylamine). Suzuki coupling with 4-pyridinyl
boronic acid in the presence of a catalytic amount of bis(tri-tert-butylphosphi-
ne)palladium(0) (Buchwald-type) yields the target molecule in 19%. As 4-Chloro-
pyridines give lower yields in cross coupling reactions than the corresponding
bromo-compounds,'®” the same reaction sequence is carried out towards 4-bromo-
2,6-dimethyl-pyridine 86. However, when 2,6-dimethyl-pyridin-N-oxide hydrobro-
mide is reacted with phosphorylbromid, three monobrominated compounds are

detected in the GCMS spectrum (see Figure 5.3): 4-Bromo-2,6-dimethyl-pyridine
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Scheme 5.12:  a) CH;COCH,COOEt, NH,, EtOH, 80°C, 8 hours, 47%; b) 1) H,SO,, HNO,
H,0, 40°C, 1hour; 2) KOH, EtOH, 78°C, 1 hour, 40%; c¢) CaO, 500°C, 1 hour, 53%; d) 1) HCI,
RT, 30 min, 2) POCl,, 0°C to 105°C, 12 hours, 53%; e) 4-pyridinyl boronic acid, CsCO;, bis(tri-
tert-butylphosphine)palladium(0), 1,4-dioxane, 80°C, 4hours, 19%; f) 1) HBr, RT, 30 min,
quant. 2) POBrg, 100°C, 1hour, three isomers.
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86, 3-bromo-2,6-dimethylpyridine 84 and 2-(bromomethyl)-6-methylpyridine 85.
The later can be removed from the product mixture by reaction with sodium
hydroxide. The remaining two regioisomers can neither be separated by column

chromatography nor distillation.
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Figure 5.3: Three isomers (30%:46%:24%) are formed, when 2,6-dimethyl-pyridin-N-oxide
hydrobromide is reacted with phosphorylbromid.

A possible mechanism for the conversion of 2,6-dimethyl-pyridin-N-oxide hy-
drobromide into 4-bromo-2,6-dimethyl-pyridine 86 is shown in Scheme 5.13. For
this reason, 2,6-dimethyl-pyridin-N-oxide hydrobromide is heated in [Dg]-dimeth-
ylsulfoxide as well as [Ds]-tetrachloroethane at 140°C for 7 days. Several "H NMR
spectra are recorded, but unfortunately, a conversion into 4-bromo-2,6-dimethyl-
pyridine 86 does not take place.

As only small quantities of 2,6-dimethyl-[4,4’]-bipyridine 81 are needed, no

further optimization is performed. Hence, 2,6-dimethyl-pyridin-N-oxide 82 can
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be converted into 2,6-dimethyl-[4,4’]-bipyridine 81 over 4-chloro-2,6-dimethyl-py-
ridine 83 in two steps in 10% yield.

H\?
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i ‘Hy0 N
Br? Br 86

Scheme 5.13: A possible mechanism for the conversion of 2,6-dimethyl-pyridin-N-oxide hy-
drobromide into 4-bromo-2,6-dimethyl-pyridine 86.

5.2 Synthesis of Self-Assembled Supramolecular
Squares (SAMS)

The second building blocks for self-assembled supramolecular squares, the metal
complexes, were synthesized according to well-known literature procedures:
(dppp)Pd(OTf)y [a],%" (dppp)Pt(OTf)y [b]'®® (with dppp = 1,3-propandiylbis-
(diphenylphosphan)), (en)Pd(NO3), [c],? ' and (en)Pt(NO3), [d]?*!?° (with en
= ethylenediamine).

As now both building blocks for self-assembled supramolecular squares are
introduced, i.e. the organic ligands as well as the metal complexes, the self-as-

sembly reactions can be discussed:

5.2.1 Stang Squares

For square formation, equimolar amounts of metal precursor and organic ligand
are mixed in organic solvents like: dichloromethane, acetone or methanol. If
the solubility of the organic ligand is poor in these solvents, dimethylsulfoxide
or dimethylformamide might be used as well. Usually, the mixtures are stirred

for at least one hour, to avoid kinetically driven processes. Precipitation with
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e.g. diethylether yields the desired solids in high yields (typically > 90%). As
both metal precursors react readily with chloride anions, the organic ligands are
washed thoroughly with water prior to the self-assembly reactions, not to hamper
assembly formation. For mass spectrometric measurements, acetone solutions
(400 pm concentration) produce best results. For CD measurements, methanol

solutions of variable concentrations are used.

5.2.2 Fujita Squares

Unfortunately, the syntheses of Fujita squares are more difficult to prepare. The
first synthesis of Fujita squares?® is described as follows: An ethanol solution of
[4,4’]-bipyridine 11 is added at room temperature to a methanol-water (1:1) solu-
tion of (en)Pd(NOj3)s [c], and the solution is stirred for 10 min at that temperature.
Upon addition of more ethanol, a pale yellow powder immediately precipitated.
In this thesis, a slightly modified procedure is used: Both components are
mixed in an equimolar ratio in D,O. The mixture is heated to 40°C until the
kinetically formed oligomers (broad signals in the 'H NMR spectra) merge into
the desired macrocycle (sharp signals). If desired, precipitation is possible with
ethanol. For the platinum species, it may take up to four weeks, until the equi-

librium is reached.?® Two equivalents of nitric acid accelerate the reaction (seven
days).?

5.3 Functionalized SAMS

The syntheses and characterization of self-assembled supramolecular squares from
[4,4’]-bipyridine derivatives are presented in the following chapter. These are
characterized by means of mass spectrometry (ESI-FTICR), NMR spectroscopy
("H NMR, 3'P NMR, as well as some 2D NMR techniques) and in one case by crys-
tal structure analysis. In order to facilitate a full understanding of these results,
a few remarks on the squares’ geometries are given beforehand. Steric repulsion
and hydrogen bonds will play an important role for squares from 3,5,3",5’-tetra-

methyl-[4,4’]-bipyridine 24 derivatives.



70 CHAPTER 5. RESULTS AND DISCUSSION

5.3.1 Symmetry Considerations — 560 Isomers

When the pyridine rings of unsubstituted bipyridines are coordinated to metal
corners of the Stang type, they tend to adopt an orientation almost perpendicular
to the plane through the four metal corners. Each pyridine ring is solvated on
the outside of the square by one phenyl ring attached to the dppp ligand. This

192 Hhut also

arrangement is not only found in molecular modeling calculations,
in the crystal structures of unsubstituted squares.®'*3 However, when the 3,3’
positions of the bipyridine ligands are substituted, the torsional angle around the

aryl-aryl bond increases and both pyridines must make a compromise.
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Scheme 5.14: The dihedral angles of diaryl systems depend on the substitution patterns.

In order to accommodate both their needs, they are positioned in an orienta-
tion tilted against their preferred position. In principle, this leads to two kinds of
isomerism: (i) The absolute configuration of each of the four ligands can either be
aR or aS (aR/aS isomerism). (ii) Independently, each of the eight substituents can
either point inwards if room permits, i. e. towards the cavity, or point outwards,
away from the cavity (In/Out-isomerism). The combination of these two types of
isomers lead to a multitude of different isomeric structures.

In chapter 8.7 a complete derivation can be found, how many isomers can “be
generated. In principle, 560 isomers can co-exist in equilibrium. Furthermore,
they are conformers, which can interconvert into each other due to the supramol-
ecular nature of the system. Three different processes (or a combination of these)

contribute to the interconversion:

1. A stereoisomerization around the central aryl-aryl bond, which intercon-

verts (aR)-[4,4’]-bipyridines into (aS)-[4,4’]-bipyridines,
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2. rotation of one complete ligand around the metal-metal-axis in steps of

90°, which would e. g. change the In/Out position of the substituents, and

3. dissociation after breaking of two M-N-bonds and recombination to form

another isomer.

The latter point should be explained in more detail: Dissociation of two metal-
ligand-bonds yields two fragments which can react (a) with each other into an-
other [4:4:8]-complex upon stereoisomerization or rotation of one complete ligand
(see above) or (b) with other fragments present in solution. As it seems almost
impossible to clearly distinguish between these two marginal cases, no further
differentiation is made in the following chapters.

Two challenges can be outlined from these findings: (i) Mixtures are expected
to be formed on the one hand. On the other hand, if steric and electronic interac-
tions sum up, individual isomers might be preferred in some cases. Is it possible
to find factors which allow the precise prediction of the outcome of self-assembly?
(ii) Can experiments be designed to distinguish between the three types of inter-
conversion?

In the following paragraphs, the outcome of several self-assemblies is discussed

in order to answer these questions.

5.3.2 SAMS from [4,4’]-bipyridine Derivatives Disubsti-
tuted at the 3 and 3’ Positions

5.3.2.1 Small Substituents

Scheme 5.15 shows the organic ligands used in self-assembly reactions to yield
small self-assembled supramolecular squares. These are characterized by means
of mass spectrometry (ESI-FTICR) and NMR, spectroscopy (‘H, 3C, ¥F, and
3P NMR). Unfortunately, all attempts to grow single crystals for crystal struc-

ture analysis failed.

Results from Mass Spectrometry T It has been shown previously that self-

assembled supramolecular squares can be detected by ESI mass spectrometry

"In cooperation with Dr. Marianne Engeser and published in reference.%*
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Scheme 5.15: Self-assembly reactions of organic ligands 11, 20, 22, 87, 38, and 18 and metal
precursors [a] and [b] yielding Small Squares SS1a,b to SS6a,b. All palladium squares in this

and the following chapters are labeled a, whereas platinum squares are labeled b.
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under very soft ionization conditions®® if acetone is used as solvent.

Although intact square ions are observed, the spectra are in many cases still
dominated by mono and dinuclear complexes. These fragments may originate from
two sources: either they are already present in solution or they are formed during
the ESI process. Careful adjustment of the ionization parameters, in particular
lowering the hexapole accumulation times (< 0.2 sec), increases the abundance of
intact ions. Almost fragment-free spectra are however obtained only when solu-
tions with rather high concentrations of squares (in the 400 pm range) are used.
This behavior can be explained when one considers that self-assembled species
exist in solution within an optimal concentration regime which is limited at the

lower end by the so-called lowest self-assembly concentration.!%*

To the upper end,
polymer formation limits the concentration range. Consequently, relatively high
concentrations compared to the ones typically used (ca. 50 pm) for ESI are needed
for an efficient ionization of the squares under study here. The corresponding ESI
mass spectra mostly consist of a series of differently charged self-assembled squares

(see Figure 5.4). The almost exclusive observation of 4:4 complexes is a strong
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Figure 5.4: Mass spectra of SS1b. Peaks for [4:4:8-x|*T with x = 2 to 7 can be found (this

notation represents the composition as [metal:ligand:OTf]" ).

indication that the squares present in solution are transferred into the gas phase as
intact macrocycles. The series of signals is caused by stripping off triflate counter

ions from the squares. In the case of SS1la,b, the observed signals range from
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the loss of two triflates giving rise to [4:4:6]*" (this notation represents the com-
position as [metal:ligand:OTf]"*) up to the sevenfold charged [4:4:1]"" square.®
While the experimental isotope patterns for the odd charge states closely match
those calculated on the basis of natural abundances, the even charged ions are in
some cases superimposed by a minor amount of smaller fragments at the same ~*
value: For example, a doubly charged square [4:4:6]>" might be superimposed by
a [2:2:3]1 fragment. The actual charge distribution observed strongly depends on
ionization conditions, i.e. drying and nebulizing gas flows. In general, the plat-
inum squares show less fragmentation compared to their palladium analogues due
to the more stable metal-nitrogen bonds. In addition, the tendency to fragment
decreases with increasing size of the organic ligands. This stability of the ions
can be attributed to the increasing number of degrees of freedom, which permit

to store more internal energy before fragmentation is induced.

The spray-solvent (in most cases: acetone) should be distilled before use to
remove anions such as chloride or formiate, acetate and propionate. If necessary,
the NMR-solutions ([Dg-dimethylsulfoxide, [D7]-dimethylformamide) might be
diluted by acetone (to 400 pum) and sprayed.

Figure 5.5 shows exemplary mass spectra of SS5a,b. Each spectrum is dom-
inated by the [4:4:6]T square. The experimental isotope patterns for the +2

charge states closely match those calculated on the basis of natural abundances

(see insets), as — in this case — no smaller fragments at the same “*-value are
present. In table 5.1, the measured signals for the +2 and +3 charge state for

SS1a,b to SS6a,b are summarized.

Results from NMR NMR spectra for SS1a,b to SS6a,b (see Scheme 5.15)
are recorded in different solvents ([Dg]-dichloromethane, [Dg]-acetone, [Dg]-dime-
thylsulfoxide, and [D7]-dimethylformamide) with variable concentrations (10 to
0.3 mm) and at variable temperatures (223 to 373 K). Figure 5.6 shows the 'H
and >'P NMR of SS2b in acetone at room temperature. In the 'H NMR spectrum
more than one set of broad signals is observed. Although a complete assignment
of the signals observed in the 'H NMR spectrum is impossible, the downfield shift

of the aliphatic protons of the dppp-subunit relative to the same signals in the
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Figure 5.5: Exemplary mass spectra of a) SS5a and b) SS5b.
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Figure 5.6: a) and b) Partial 'H and 3!P NMR of SS2b in [Dg]-acetone (*) at room temper-

ature.
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Compound | Formula chemical Composition m/z
SS1a [4:4:6)*T | Cy5,H,36PgPd,NgF SO0 | 1797
[4:4:5]3F | Cs3H,36PsPd,NgF:S:0;; | 1148

SS1b [4:4:6]*T | C,5,H,36PgPtyNgF 45405 | 1974
[4:4:5]3F | C53H,36PgPty,NgF,:S:0,5 | 1266

SS2a [4:4:6)*T | C,goH;50PgPdyNF S0 ¢ | 1853
[4:4:5]3F | Cg;Hy5oPsPd,NF:S:0,5 | 1185

SS2b [4:4:6]*T | C,oH 5P Pty NgF 155605 | 2030
[4:4:5]3F | C, H;50PgPtyNgF,:S:0,5 | 1303

SS3a [4:4:6)*T | C,70H; 6 PsPdyNgF S0 | 1909
[4:4:5]3F | CgoH;sPsPdyNgF:S:0,5 | 1223

SS3b [4:4:6]*T | C,oH,6sPsPtyNgF 155605 | 2086
[4:4:5]37 | CeoH ;6 PsPtyNgF55:0,5 | 1341

SS4a [4:4:6)*T | Cy70H;50PgPdyN O3, F1Sq | 2029
[4:4:5]3F | CgoH;50PsPd,NgO5 F1S: | 1303

SS4b [4:4:6]*T | C,,oH;50PgPtyNgO5,F1oSs | 2206
[4:4:5]3F | CeoH;50PgPtyNgOy F S, | 1421

SS5a [4:4:6)*T | Cy70H69PsPd,N;6006F 1556 | 2025
[4:4:5]3F | Cyg9H60PsPdyN14093F 1S5 | 1300

SS5b [4:4:6]*7 | Ci70H60PsPt,N6056F 5S¢ | 2202
[4:4:5]3F | CleoH60PsPtyN;6005F5Ss | 1418

SS6a [4:4:6)*T | Cy54HyyPoPd, N ¢F14S605 | 1857
[4:4:5]3F | Cy53H, PsPd N F S0, | 1188

SS6b [4:4:6]*T | C5,H; 1 PsPt, N sF 15805 | 2034
[4:4:5]3F | C53H, 1 PsPt, N sF 158045 | 1306

Table 5.1: Mass spectrometric results for compounds SS1a,b to SS6a,b, sprayed from acetone
(400 pm solutions).



5.3. FUNCTIONALIZED SAMS 77

metal precursor, is clearly visible, as expected for pyridine coordination. Further
proof for metal-ligand-coordination comes from the 3'P NMR spectrum. Multiple
sets of overlapping signals are observed at the ppm regime (-11ppm) and with
the ! Jpi195,p-coupling (3060 Hz) expected from the data known for SS1b (-13 ppm,
3041 Hz)%'). These findings differ considerably from the free metal precursor: -
7ppm with a ' Jp195 p-coupling of 3650 Hz (same solvent and temperature). Hence,
coordination of the organic ligands to the metal precursors is unquestionable.

When the NMR solvent is changed to [Dg]-dimethylsulfoxide, the situation gets
less complicated: Figure 5.7 shows the 'H and *'P NMR of SS4a,b in [Dg]-dime-
thylsulfoxide at room temperature. While the 'H NMR spectrum for palladium
species SS4a shows only one set of broad signals, the spectrum of the correspond-
ing platinum species SS4b is still complex (more than one broad set of signals).
Obviously, the interconversion processes are faster in [Dg|-dimethylsulfoxide than
in [Dg]-acetone. Indeed, the signals sharpen when the temperature is increased*
for the palladium species SS4a and the platinum species SS4b. Nevertheless, the
signals in the 'H NMR spectra of SS4b at 373 K are still as broad as the signals
observed for SS4a at room temperature (AT = 65 K).

As mass spectra for compounds SS1a,b to SS6a,b show the almost exclu-
sive presence of [4:4]-complexes (see above), the multitude of signals in the NMR
spectra is assigned to mixtures of interconverting square isomers as discussed in
8.7. Hence, two important aspects can be deduced from the temperature depen-
dent NMR spectra: (i) The solvent and the temperature of choice have drastic
effect onto the kinetics of interconversion between the possible isomers. (ii) Plat-
inum species seem to interconvert more slowly than palladium species (for a more
detailed discussion see 5.3.2.3).

To answer the question, which of the three types of interconversion causes the
coalescence in the NMR spectra, 'H and 3'P NMR spectra of octaethyl square
SS3a,b are recorded in [Dg]-dimethylsulfoxide at variable temperatures. In line
with SS4a, one broad signal is observed in the 3P NMR spectra of SS3a, which
sharpens with increasing temperature (see Figure 5.8 b). Quite unexpectedly,

the 'H NMR spectra of SS3a,b show broad and overlapping sets of signals at

#Valuable discussions with Torsten Weilandt are acknowledged.
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Figure 5.7: a) and b) Partial 'H and 3'P NMR of SS4a in [Dg]-dimethylsulfoxide at variable
temperatures; c¢) and d) Partial 'H and 3P NMR of SS4b in [Dg]-dimethylsulfoxide at variable

temperatures.
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room temperature (see Figure 5.8). The two signals of pyridine’s ortho-hydrogen
atoms overlap at 8.5 ppm as well as the central CH,-group of the dppp-subunit
with the diastereotopic protons of the CH,—CH,-group at 2.0 ppm over a wide
temperature regime, respectively. The latter point is especially disappointing, as
therefore the exact coalescence temperature of a ligand stereoisomerization can
not be obtained. However, for SS3a, sharp signals are already observed at 323 K,
which is 40 K lower than the coalescence temperature obtained for the free ligand

22 (see 5.1.4.1). Three explanations might be considered for this finding:

1. If the barrier for stereoisomerization might be smaller in SS3a than in the
free ligand 22, T¢ might be smaller, too. This might be explained by
the hypothesis that the m — w*-stacking of the dppp’s phenyl group with
the pyridine backbone of the ligand might stabilize the transition state of

stereoisomerization.

2. A complete dissociation of the squares into their building blocks occurs,

before the T of the stereoisomerization is reached.

3. Two or more metal-nitrogen bonds are broken and the resulting fragments
rebuild other square-isomers, again before T¢ of the stereoisomerization is

reached.

A reduced barrier of stereoisomerization (1.) should however be observed for
palladium as well as for platinum species, which is not the case: The spectra for
SS3b stay broad over the whole accessible temperature range. Hence, possibility
(1.) might be ruled out. Furthermore, the signals of the ligand component within
the supramolecular aggregates are shifted when compared to the free ligand 22 in
the same solvent at the same temperature and concentration regime. These shifts
are a strong indication that squares are still present in solution in considerable
amount. Therefore, (2.) can be excluded as well. As a conclusion, the third
explanation becomes more reasonable: Metal-nitrogen bonds are continuously
broken and rebound at higher temperatures causing averaged signals in the NMR
spectra. Another evidence for this explanation comes from the NMR results of
self-assembled supramolecular squares from unsymmetrical ligands (see next sub

chapter).



80 CHAPTER 5. RESULTS AND DISCUSSION

a) SS3a H b) *P

298 K | 1 N

-y -
323Kl NL L L MMM
-

(o}
353 K M \ L [ }l
c)22 : : P 15 ppm
aj. : : :
b c b /N a
353 K o I el
d) SS3b
N
[} | ~
A [ NP
353 K —M-PZPh
T T T T T T Ph_ﬁ’\j
9 8 7 ppm 3 2 1ppm Ph

Figure 5.8: All spectra recorded in [Dg]-dimethylsulfoxide (*) (residual water is marked with
circles) with comparable concentrations: a) and b) partial *H and *'P NMR of SS3a at variable
temperatures; c) partial 'H NMR of the free ligand 22 at 353 K; d) partial 'H NMR of SS3b
at 353 K.
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5.3.2.2 Self-Assembled Supramolecular Squares from Unsymmetrical
[4,4’]-Bipyridines

— \
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Scheme 5.16: Synthesis of SS7a,b (only one out of four isomers drawn, see below).

When unsymmetrical ligands, such as 44, are used in self-assembly reactions
for square formation (see Scheme 5.16), the ligand can be oriented either M-N-N’-
M or M-N’-N-M. Four constitutional isomers (see Figure 5.9 f) might be formed,
each with its own set of conformers. Two or more metal-nitrogen-bonds must be

broken for isomerization of the constitutional isomers.

At 323K, the '"H NMR spectrum of SS7a shows one set of sharp signals (see
Figure 5.9 a). This finding indicates that isomerization of the constitutional iso-
mers is fast on the NMR time scale at 323 K. Thus, the dissociative mechanism
should play a crucial role in the isomerization of conformers, too. In conclusion,
some indication is found which of the three processes contribute to the intercon-
version. Unfortunately, no evidence is found which isomers exist in solution in

considerable amount.
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Figure 5.9: All spectra recorded in [D7]-dimethylformamide (*) with comparable concentra-
tions: a) and b) partial 'H and 3P NMR of SS7a at 323 K; c¢) and d) partial 'H and 3P NMR
of SS7b at 373K; f) 44 can be oriented either M-N-N’-M or M-N’-N-M in SS7a,b. Thus, four

constitutional isomers exit, each with its own set of conformers.

5.3.2.3 Large Substituents — Self-Assembled Dendrimers®

97 amines are synthesized according to Chapter 5.1.4.2.4. Self-assembly

Dendron
yields the corresponding metallo-supramolecular squares DSGO0a,b to DSG3a,b
in high yields (see Scheme 5.17): Equimolar amounts of (dppp)M(OTf), with M
= Pd(II) [a] or Pt(II) [b] and the desired bipyridine are mixed in dichloromethane
and the resulting mixtures are stirred for 2 hours. It turned out that filtering the
solution once and reducing the volume of the filtrate to 50% is advantageous in
order to remove some insoluble remainders and adjust the concentration for the
following precipitation of the product. Slow addition of diethyl ether to the reac-
tion mixture then resulted in a white precipitate with a yield of 85% to 95%. The
only exceptions from this procedure are the G3-substituted squares DSG3a,b,
which are well soluble in diethyl ether and even in such nonpolar solvents like
hexane due to the large lipophilic dendrons. Consequently, metal corners and
bipyridine ligands are mixed and used without workup in the case of G3.

ESI mass spectra show again the +2 and 43 charge states of the squares
formed through stripping away counterions as the most prominent peaks in the
spectra (Figure 5.10). For instance, the mass spectrum of DSG2a shows the
doubly charged ions [4:4:6]*" at ™ = 4877 and that of the Pt analogue DSG2b

$In cooperation with Dr. Tarik H. Baytekin and Dr. Marianne Engeser and published.%5:196
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Figure 5.10: ESI-FTICR mass spectra of 200 um acetone solutions of a) DSG1a, b) DSG1b,

c) DSG2a, and d) DSG2b (asterisks indicate small contributions from defects originating from
dendron synthesis). Insets: The isotope patterns of the +3 charge states have been generated

independently in a second measurement and agree with those calculated, since they cannot be

superimposed by fragments.
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Scheme 5.17: Synthesis of self-assembled Dendrimer Squares DSGO0a,b to DSG3a,b.

exhibits a signal for [4:4:6]°" at * = 5054. The +2 charge states are superimposed
by minor contributions of [2:2:3]" fragments. By tuning the ionization conditions,
the 43 charge states can be generated without any contributions of other ions and
the isotope patterns obtained now are in excellent agreement with those calcu-
lated (insets in Figure 5.10). A superposition with fragments is not possible due
to the odd number of charges. The tendency to generate higher charge states as
well as the trend to fragment decrease with increasing dendron generation. While
the mass spectra of first generation dendritic squares exhibit some fragments, the
spectra obtained for the second generation compounds are almost fragment free.
As discussed before (see Chapter 4.2.3), this increased stability of the ions can be
attributed to the increasing number of degrees of freedom, which permit to store
more internal energy before fragmentation is induced. The GO squares DSGO0a,b
behave similarly and are thus not shown here. The mass spectrometric experi-
ments provide a clear picture of the species present in solution for all squares with
dendrons up to the second generation. No signals for other polygons or larger

open-chain oligomers are observed. Despite of the size of the dendrons, the self-
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assembly of squares proceeds therefore easily in solution. The +2 charge states
of the largest compounds under study, i.e. G3 dendrimers DSG3a,b, are outside
the available ”* range of the FT-ICR instrument. All attempts to generate higher
charge states for the G3 squares DSG3a,b failed so far so that a mass spectro-
metric characterization is unfortunately not available yet. Nevertheless, the G3
dendritic squares show a behavior in the NMR as well as the AFM experiments
strictly analogous to that observed for the smaller dendrimers (see below). We
therefore conclude that the G3 dendron-decorated bipyridines yield squares as

well.

In order to test ligand-exchange reactions, two squares with different bipyri-
dine ligands are mixed. For the mixture of GO and G1 Pd(II) squares DSGOa
and DSG1a, a full equilibration is reached after less than ca. 30 s, after which
the first ESI-MS spectrum could be obtained (Figure 5.11 a). The distribution
of G04:G03G11:G0,G15:G0,G13:G1y squares is close to the statistically expected
1:4:6:4:1 ratio. In marked contrast, ligand exchange is much slower for the cor-
responding GO and G1 Pt square mixture DSGOb andDSG1b (Figure 5.11 b).
Only after ca. 2 days, the equilibrium is reached and no further intensity change
is observed. From these experiments, we can conclude a rather drastic difference
in the ligand-exchange kinetics to exist depending on the metal corner.'”® Palla-
dium squares exchange ligands remarkably faster than their Platinum analogues.
These finding are in excellent agreement with the NMR results for unsymmetrical
ligands (Chapter 5.3.2.2).

Figure 5.12 compares a series of 'H NMR spectra obtained for the G1-G3-
substituted Pd assemblies at room temperature and G1 Pt squares at high tem-
perature (373 K). The 'H NMR spectra of dendritic Pd squares exhibit quite sharp
signals at room temperature (Figures 5.12a-c). With the above remarks in mind
(*H and 3'P NMR of SS4a,b in Figure 5.7), it is not surprisingly to find only
one set of easily assignable signals for all Pd squares. Evidence for coordination
of the pyridine nitrogen atoms to the metal centers comes from the small, but
typical downfield shifts (A = 0.2 ppm) of the H-2 and H-6 pyridine protons. In
contrast, the H-5 protons are shifted to higher field by ca. 0.1 ppm due to the
shielding effects of the dppp phenyl rings of the corners. The 3'P NMR signals
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Figure 5.11: a) Partial ESI-FTICR mass spectrum of a mixture of DSG0a andDSG1la in
acetone (each 200 pym) measured directly after mixing (corresponding to a ca. 30 second delay).
b) Partial ESIFTICR mass spectra of a mixture of DSGOb andDSG1b in acetone (each 200
um) kept at room temperature and measured after 30 seconds, 3 hours, and 48 hours after

mixing.
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87

a) - ¢) Room temperature 'H NMR (left) and 3P NMR spectra (center) of G1

to G3 substituted Pd squares DSGla, DSG2a and DSG3a. For all three compounds, the

'H NMR spectra show one set of signals which can be assigned as shown in the drawings on the

right. Asterisks indicate solvent signals and residual water ([D7]-dimethylformamide for DSG1la
and DSG2a, [Dg]-dimethylsulfoxide for DSG3a). d) 'H and 3'P NMR spectra of DSG1b in

[Dg]-dimethylsulfoxide at 373 K.
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appear at around 19 ppm for all Pd squares. Chemical shift differences of ca. 1
ppm as compared to the free triflate salt of the Pd corners are in line with pyridine
coordination, too. The 3'P NMR signals are somewhat broadened, presumably
indicating that several out of the many possible conformers discussed above equi-
librate with each other slow enough to cause some peak broadening. In contrast
to the Pd squares, all Pt analogues give rise to rather complex 'H and 3'P NMR
spectra at room temperature as expected from the above discussion. At 298 K,
signals are broad and many sets of signals strongly overlap. At high temperature
(373K), however, the spectra become similarly simple as compared to the Pd
analogues (Figure 5.12 d). Pyridine coordination is again confirmed by similar
shifts as discussed above. Furthermore, the 1th1957P coupling constant is highly
indicative of coordination, because it is much lower for the squares (3150 — 3250
Hz) than that for the (dppp)Pt(OTf)s [b] precursor (3647 Hz) in [D7]-dimethyl-
formamide. The highly complex room temperature 'H NMR spectra for the Pt
squares indicate slow dynamic processes indeed to occur. In order to understand
the marked difference between the Pd and Pt squares in more detail, variable

temperature 'H NMR experiments are conducted with both.

Figure 5.13 shows the two series recorded for DSGla and DSG1b. Clearly,
similarities can be seen between spectra of DSG1a and those obtained for DSG1b
at much higher temperature. For example, the 373K 'H NMR spectrum of
DSG1b resembles in its appearance the 293 K spectrum of DSGla. An ex-
act determination of coalescence temperatures is of course not possible due to
the strong overlap of signals at lower temperature. Consequently, the determi-
nation of interconversion barriers is not straightforward. But the temperature
difference caused by the metal change is drastic and clearly visible: The isomer
interconversion for the Pt complexes is approximately as fast as that of the Pd
complexes at room temperature when the temperature is raised by ca. 60 - 80 K.
Consequently, the spectra of Pd squares are already in the fast exchange regime
at room temperature, while the Pt squares still interconvert slowly on the NMR
timescale. This temperature dependent behavior is very similar to the one already
discussed above for SS3a,b and SS4a,b. With respect to the three isomeriza-

tion mechanism discussed above, only one conclusion can be drawn from these
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Figure 5.13: Variable-temperature 'H NMR spectra of DSG1a (left) and its Pt(II) analogue
DSG1b (right). Please note that the temperature is 40 to 60 K higher in the Pt spectra.
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results: Interconversion through the combination of ligand rotation around the
metal-metal-axis with stereoisomerization of the ligands cannot explain the large
difference in exchange rates. On the contrary, if these processes alone accounted
for the observed conformer interconversion, no significant difference would be ex-
pected. Ligand exchanges'® thus contribute here at least significantly. These
conclusions are in excellent agreement with the 'H NMR results of SS4a,b in
[Dg]-dimethylsulfoxide and the mass spectrometric ligand-exchange experiments
discussed above. Thus, even though a more detailed or even quantitative analysis
is not straightforward, some qualitative conclusions can be drawn on the dynamic
behavior of the dendritic squares under study.

Visualization of films of these dendrimers using atomic force microscopy (AFM)
provides information on their molecular dimensions. After deposition of a square
monolayer on the surface, a slow reorganization within this layer is observed which
leads to the formation of "tower-like” aggregates and multi-layer formation. The
interplay of interactions between the dendrimers and the surface and interactions
between different dendrimers are invoked to rationalize the observations. For a
more detailed analysis of the AFM results please see ref.!?®

In conclusion, a reasonably short synthesis for self-assembling dendrimers®
that bear a nanometer-sized cavity at their cores is described. The synthetic
strategy includes a first step in which Fréchet-dendrons are attached to bipyridine
ligands covalently, followed by a self-assembly step generating metallo-supramole-
cular squares. Careful analysis by NMR and MS revealed that square formation
and isomer interconversion is not prevented by the size of the dendrons. Valuable
facts (differences between Pd and Pt, isomer interconversion) could be deduced
from these achiral substituents, whereas the introduction of chirality is the major

topic of the following chapters.

5.3.2.4 Self-Assembled Supramolecular Squares from Amino Acid

Decorated Ligands?

Both, homochiral assembly?’! formation from racemic building blocks (self-recog-

)202

nition) and heterochiral assembly formation (self-discrimination)®’* are quite rare.

YThe results of this chapter are submitted for publication.20?
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Even more complex situations arise when diastereomers can interconvert quickly
even after assembly formation.9 In the following chapter, heterochiral self-assem-
bled supramolecular squares from amino acid decorated ligand 41 are presented
(see Scheme 5.18. For other chiral squares see references.?

The synthesis of 41 is described in Chapter 5.1.4.2.2). Ligand 41 forms chiral
assemblies when mixed with equimolar amounts of metal precursors [a] and [b],
respectively. Except for a small, coordination-indicating shift of the 215 nm band,
the CD spectra for chiral assemblies ASla,b (see Figure 5.14) resemble that of

41.

«—41
AS1b
P\ Aoty

230 270 310 nm

N
o O
I

Ellipticity, m®
> AN
o O O

o
o
I

<«—AS1a

Figure 5.14: CD spectra of 41 and ASla,b (all: methanol, 500um of 41 and 125um for
AS1la,b.

In the ESI mass spectra of ASla,b, doubly and triply charged squares are
observed similar to the squares discussed so far (see Figure 5.15) together with
the typical fragments (see Chapter 4.2.3). Elemental compositions of the result-
ing assemblies are confirmed by exact mass and high-resolution isotope patterns.
Consequently, other assemblies than squares can be ruled out.

As discussed in paragraph 8.7, 560 possible isomers might in principle coexist in
solution. Consequently, one may expect to obtain rather complex NMR spectra.
Surprisingly, this is not the case (Figure 5.16). In the rather simple 'H NMR
spectra of AS1a,b in [Dg-acetone, the symmetry of the ligand component within
the supramolecular aggregates is reduced as compared to the free ligand 41 as

indicated by two sets of signals that appear in a 1:1 ratio. Two doublets in
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Figure 5.15: FTICR-MS spectra of a) ASla and b) AS1b (both: acetone, 400 pm, labels
represent the composition as [metal:ligand:OTf]"T); insets: experimental and calculated isotope
patterns. Note that for ASla the signals for [4:4:6]2T overlap with minor signals for [2:2:3]*
(< 5% intensity).
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the 3'P NMR spectra of ASla,b (*Jpp = 30.5 Hz (ASla) and ?Jpp = 29.8 Hz
(AS1b), again in a 1:1 ratio) confirm the symmetry reduction. The coupling
indicates that both P atoms at each corner are different from each other. From
this finding, the symmetry of the resulting assemblies can be obtained, since only
three scenarios would be in accordance with these observations: (i) The first one
would be the formation of an almost exact 1:1:1:1 mixture of four different, Dy-
symmetric isomers which at the same time coincidentally correctly mimic the roof
effect observed in the *'P NMR spectra. This, however, is very unlikely compared
to the other alternatives which would be (ii) Dy or (iii) C; symmetrical isomers
that also agree with the obtained NMR results. Thus, it is indicated that only

one isomer is formed exclusively.

r——o
E— % b
ol
o

10 9 ppm
70 40 30 2.0 ppm -13 ppm

Figure 5.16: Room-temperature 'H NMR (left) and 3P NMR spectra (right) of 41, ASla,
(dppp)Pd(OTf); [a], and AS1b in [Dgl-acetone (*); circles: residual water.

Symmetry considerations for all possible isomers allows to identify eight can-
didate structures which meet the criteria obtained from the NMR experiments
(see Figure 5.17): The two C, symmetrical isomers (I and II) bear one amide

group pointing inwards and one pointing outwards on each ligand. The absolute
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configuration of all ligands is (5,5,aR) for I and (S,5,aS) for II. In the six Do-
symmetric isomers, the situation is a bit more complex. In isomers III (all amides
out) and IV (all amides in), two ligands are (5,5,aR)-configured, the other two
(5,5,aS). In the remaining four isomers, the amide groups of two opposite ligands
are pointing inside and the other two outwards: V (aR in, aS out), VI (aS in,
aR out), VII (all aR) and VIII (all aS). The symmetry considerations depicted
in Figure 5.17 lead to the following conclusion: For Cj-symmetrical structures I
and II, each ligand contributes to both sets of signals in the NMR spectra, since
its two pyridine rings are not equivalent. For all Dy-symmetric structures, both
pyridine rings in each ligand are equivalent, but the structure contains two pairs

of ligands, each one of which causes one set of signals in the 'H NMR.

1C,all aR Il C, all aS ll D, aR/aS IV D, aR/aS
1 2 1 2 1 1 1 1
P P P P P P P P
2 1.2 1
o2 A oo A pl 2]l A A o2 2 o2
A A A A
A A A A A A A A
co> co—>
A ®c4 A A ®c4 Al A ®c2 A A ®c2 A
1 2 _1 2 A A
P —L PeP_| A P” p2 P2 p? p?
2 A I 2~ A 1 1 AAA I T 1 ]
P P P P Co P P Co P
VD,aR/aS  VID,aR/aS  VlD,allaR  VIllD,allaS
o] o] o] o] o] o] 1 1
2] A A 2 2 2 2 2 2] A 2
P p* pf—2 L P2~ P" P 2 P
A A A A A A A A
Co— > Co—> Co—> Co—>
A ®02 Al 77 |a ®02 Al A ®02 A ‘A ®c2 A
2 2 2 22 2 2 2
P P F PP P° P P
1 ApA 1y 1AA Ty 1 AfA Ty 1 ApA Ty
P ¢ P P ¢ P P ¢, P P ¢ P

Figure 5.17: Eight candidate structures that meet the NMR-derived symmetry criteria (black
A: amides above; grey A : amides below square plane; symmetry elements and resulting sym-
metry groups labeled in red). Note that IIT and IV do not possess mirror planes due to the

chiral amino acid residues A.

2D-NMR experiments (HH-COSY, HMQC, HMBC) of AS1a,b are performed

to assign all 'H and '3C nuclei of the ligand component (see Figure 5.18 top)
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and to narrow down the number of possible isomers. In the HMBC spectrum
(Figure 5.18 bottom) each signal is assigned to one set (A or B). Only A/A
and B/B cross signals are found. Cross signals between ” A-protons” and ”B-
carbons” or vice versa are not observed. In particular, cross signals exist for the
3J couplings between H} and C% as well as H% and C%. These can only appear
in Do-symmetrical isomers III to VIII because both pyridine rings of each ligand
belong to the same set of signals. In Cy-symmetrical structures I and IT, couplings
between H% and C% as well as H% and C% should instead be observed. Therefore

isomers I and II can be clearly ruled out.

A discrimination between the remaining candidates is not possible by NMR
experiments alone. Therefore, single crystals of AS1b are grown from saturated
acetone solutions kept at 50°C over three days. The crystal structure of 3b shown
in Figure 5.19 clearly demonstrates the assembly to be a square with all amide
groups pointing away from the cavity. The absolute configuration of two opposite
ligands is (5,5,aR), while the two remaining ligands are (S,5,aS)-configured. As
the solid-phase structure agrees well with the symmetry and coupling conditions
found in the NMR spectra, it can be safely concluded that this is the isomer found

in solution, too.

More profound insight into the reasons for this remarkable selectivity in the
self-assembly reactions of ASla,b comes from the solid-state structure: Crys-

61193 show a) two of the four

tal structures of simpler squares of the Stang type
phenyl rings of each dppp to be m-stacked with one pyridine ring and b) the re-
maining two dppp phenyl rings to self-solvate each other either above or below the
square’s plane. As clearly visible in Figure 5.19, the amino acid substituents avoid
steric congestion with these phenyl groups that are in the axial position of the
diphosphametallacyclohexane rings. Consequently, the dppp ligands dictate an
up-down-down-up-up-down-down-up arrangement of the amino acid substituents.
At the same time, they all point away from the cavity, most likely in order to

maximize stacking with the equatorial phenyl groups. Both arguments together

unambiguously lead to the structure found in the crystal.

In conclusion, the remarkably diastereoselective self-assembly of self-assem-

bled supramolecular squares incorporating four bipyridine ligands carrying two
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Figure 5.18: Top: The HH-COSY spectrum (aromatic region) of AS1b in [Dg]-acetone allows
the assignment of the two sets of peaks (A or B). Bottom: The room-temperature HMBC
spectrum (aromatic region) of AS1b in [Dg]-acetone shows cross peaks resulting from 3J and 4J
'H-'3C couplings. Cross peaks for *J couplings are labeled, 3J couplings are unlabeled. Lines

are drawn for cross peaks belonging to bipyridine signals. * indicate ligands amide signals.
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Figure 5.19: Solid-phase structure of AS1b derived from X-ray crystal structure analysis. It
is clearly visible that all amino acid residues are pointing away from the square’s cavity. The
absolute configuration of two opposite ligands is (5,5,aR), while the two remaining ligands are
(S,5,a85)-configured. Hydrogen atoms, anions and solvent molecules (acetone) are omitted for

clarity.
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alanine substituents each is described. NMR experiments and crystal structure
agree that only one isomeric structure is formed, in which all amino acid residues
point away from the cavity and pair wise opposite bipyridine ligands have the
same chirality. Although the chiral information introduced with the alanines
favors one configuration of the axially chiral biaryl backbone, the ratio of both
diastereomers is strictly 1:1 in the squares. Consequently, the diastereoselectivity
is not governed by the alanyl moieties alone any more but largely influenced by
the steric and stereoelectronic effects from the dppp ligand which ultimatively
lead to the exclusive formation of heterochiral assemblies.

Two important aspects can be derived from the findings with AS1a,b: (i) [Dg]-
acetone is the solvent of choice for NMR measurements, if the precise outcome of
self-assembly reactions should be analyzed. (ii) A first idea can be obtained from
AS1a,b if the outcome of self-assembly regarding mixture formation (560) can

be controlled by the size and the properties of the substituents.

5.3.3 Self-Assembled Supramolecular Squares from

3,5,3’,5’-Tetramethyl-[4,4’]-bipyridine Derivatives

5.3.3.1 Chiral Self-Assembled Supramolecular Squares from Axial
Chiral Ligands!

3,3-disubstituted [4,4’]-bipyridines can not be separated into enantiomers due to
their fast interconversion on the human timescale at room temperature. 3,5,37,5-
tetrasubstituted [4,4’]-bipyridines, however, might be obtained enantiomerically
pure (or enriched). A convenient two-step synthesis for axially chiral [4,4’]-bipyri-
dines starts from commercial lutidine which is converted on multigram scale into
24. Modification of two methyl groups (one of each pyridine ring) yields axially
chiral bis-amides rac-55 and rac-58, which can be separated into enantiomers
by column chromatography (see 5.1.4.3.3).

Both types of ligands form chiral assemblies?®® when pure enantiomers of 55
or 58 are mixed with equimolar amounts of (dppp)M(OTf), with M = Pd(II) [a]

IThe results of this sub chapter are obtained in cooperation with Dr. Marianne Engeser, M.
Nieger and N.M. Maier and are published.?4
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[a] M = Pd
[b] M = Pt
+
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" H 8 CF3SO5
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24R = CH3 CS2a,b R = CO-NH-C12H25
55R = CO-NH-C12H25 CS3a,bR = CH2-CO-NH-C12H25
58 R = CH,-CO-NH-C12H25 aM=Pdandb M = Pt

Scheme 5.19: a) acetone, 1 h, RT, quant. Square formation through self-assembly of
(dppp)M(OTT), with M = Pd(II) [a] or Pt(II) [b] and 24 as well as axially chiral 4,4’-bipyridines

55, and 58 (only one enantiomer shown).
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or Pt(IT) [b] (Scheme 5.19).%t

Not unexpectedly, the differences between the CD spectra (Figure 5.20) of Pd
(blue lines) and Pt compounds (red lines) are small because the chiral information
in the ligands’ bipyridyl backbone is not changed significantly by the self-assembly

process.

CS2a (blue) and CS2b (red)

220 260 280 nm
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o
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Figure 5.20: CD-spectra of CS2a,b (top, 1 mm, methanol, 60 um) and CS3a,b (bottom,
10 mm, methanol, 60 pm).

Again, electrospray mass spectrometry of CSla,b - CS3a,b clearly rules out
the formation of assemblies other than squares: Doubly (for CS2a,b) and triply
(for CSla,b and CS3a,b) positively charged complexes are formed by losses of
triflate counterions (Figure 5.21). Elemental compositions of the resulting assem-

blies are confirmed by exact masses and high-resolution isotope patterns. For
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both, the Pd as well as the Pt compounds some typically observed fragmentation
(see Chapter 4.2.3) occurs.
For an understanding of the NMR spectra of CS1la,b - CS3a,b, it is helpful

to consider the following points:

e a) In contrast to 4,4’-bipyridine, its tetrasubstituted derivatives have much
larger torsional angles around the aryl-aryl bond. For example, this angle
is 83° and 86° in the two independent molecules in the unit cell of the solid

state structure of 24 (see Chapter 8.6 and Figure 5.22, left).

e b) Upon coordination to the metal corners, the pyridine rings usually®!
prefer an orientation perpendicular to the square’s M-M-M-M plane and
are stacked with neighboring dppp phenyl groups. This arrangement is not
feasible here: If one pyridine were perpendicular, the other one needed to be
co-planar with the square plane. Molecular modeling!®? thus suggests the
pyridines to compromise in a tilted conformation with an angle of ca. 40°-

50° relative to the square plane (Figure 5.22, right).

e ¢) The bipyridines can thus adopt four different conformations by rotation

around the metal-metal axis in ca. 90° steps.

e d) Based on the results from Chapter 5.3.2.3 the neighboring dppp phenyl
groups make the rotation of bipyridines around the M-M axis slow on the
NMR time scale.

Taking these considerations into account, the self-assembly of CSla,b can
potentially give rise to six conformers I — VI (Scheme 5.20). The latter five
conformations can be obtained from I by rotating one ligand (II, shown red in
Scheme 5.20), two adjacent ligands (III), two opposing ligands (IV), three (V),
and all four ligands (VI) by 90° around the M-M axis. Three aspects should be

noted:

e a) Rotation of one ligand around 180° yields the same conformer due to the

ligand symmetry.

e b) I and VI as well as IT and V are pairs of enantiomers.
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Figure 5.21: ESI-FTICR-MS spectra of CS2a,b and CS3a,b (all: acetone, 400 um, labels
represent the composition as [metal:ligand:OTf]""); insets: experimental and calculated iso-

tope patterns. For CS2a,b the [4:4:6]>" ion overlaps with fragment signals ([2:2:3]7; < 10%

intensity).



104 CHAPTER 5. RESULTS AND DISCUSSION

Figure 5.22: Left: X-ray single crystal structure of 24 (one of the two independent molecules).
The C3-C4-C4’-C3’ dihedral angle is 83° and 86°, respectively. Right: MM2 geometry-optimized
structure of (dppp)Pd(24)3".192 The coordinated pyridine rings adopt a tilted geometry. Arrow:
The dppp phenyl ring hinders bipyridine rotation.

e ¢) In conformers IT - V| the pyridine rings marked with double arrows in
Scheme 5.20 are tilted towards each other. This generates steric repulsion
between two ortho-hydrogen atoms of adjacent pyridines (Scheme 5.21, inset
right).

In T and VI, no such repulsion occurs because one of the two adjacent pyridines
at each corner is tilted outwards, the second one inwards (Scheme 5.21, inset
left). These two enantiomeric conformations should thus be energetically favored
and are expected to be the major, if not exclusive, products of the self-assembly
process.

Indeed, exactly two signals for the ortho-hydrogen atoms and two signals for
the methyl groups are observed in the 'H NMR spectrum of CSla,b in [Dg)-
acetone (Figure 5.23a). The ortho-hydrogens and methyl groups pointing towards
the cavity feel the anisotropy of the second pyridine ring coordinated to the same
corner. They are therefore shifted upfield with respect to those pointing away
from the cavity (Ao = 0.4 ppm for the ortho-hydrogen atoms and Ao = 0.3 ppm
for the CH; groups). All phosphorus nuclei are symmetry-equivalent and thus
only one sharp signal is seen in the 3'P NMR spectrum. In [D;]-dimethylform-

amide, broadened signals are observed in the 'H and *'P NMR spectra at room
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Scheme 5.20: Self-assembly of (dppp)M(OTf)s with M = Pd(II) [a] or Pt(II) [b] and 24 can
result in the formation of six conformers I to VI. The ligands’ methyl groups are either above
(thick) or below (dotted) the plane through the four metal atoms. Red ligands are turned by
90° around the M-M axis. Black arrows indicate steric repulsion between the ortho-hydrogen

atoms of pyridine rings (also, see inset in the next Scheme).
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temperature (Figure 5.23b). Below a coalescence temperature of 308 K at 500
MHz, the ligands’ signals split into a pattern analogous to that observed in [Dg]-
acetone. This behavior is indicative of an interconversion of conformations I and
VI which shows some solvent-dependence and is faster in dimethylformamide than
in acetone. In agreement with previous data (see 5.3.2.3), these results confirm
both the operation of slow exchange processes and the importance of avoiding the
pyridine ortho-hydrogen repulsion.

Symmetry considerations for CS2a,b and CS3a,b are more complex, but can
be based on the same considerations (Scheme 5.21). Self-assembly reaction of
(dppp)M(OTf)s with one pure enantiomer of 55 or 58 may result in the forma-
tion of up to ten conformers, already excluding those which suffer from steric
repulsion between pyridine ortho-hydrogen atoms. In conformation I, all eight
amide groups are pointing towards the cavity. Ligand rotations by 180° yields
five additional conformers, IT — VI, in analogy to those discussed for CSla,b
(Scheme 5.20). Conformer VII is obtained from I by rotation of all ligands by
90°. From VII, conformations VIII - X can again be generated by 180° rotations
of the appropriate ligands. Any process which involves a 90° ligand rotation of
less than all four ligands would unavoidably lead to steric repulsion of pyridine
ortho-hydrogen atoms. Based on the NMR results obtained for CS1a,b, they are
expected not to be formed in the assembly process and thus are not listed here.
Furthermore, the resulting symmetry elements for I - X are analyzed in Scheme
5.21.

Table 5.3.3.1 provides the expected number of NMR signals and the expected
3P NMR multiplicities. Mixtures of these ten slowly interconverting conformers
would certainly result in complex and hard-to-interpret NMR spectra. However,
this is interestingly not the case. In the P NMR spectrum of CS2a in [Dg)-
acetone, four doublets are observed in an exact 1:1:1:1 integration ratio, two sharp,
two somewhat broadened (Figure 5.21c, right). From this result, we can draw

three important conclusions:

e a) Exchange processes are still slow on the NMR time scale under the con-

ditions applied here; otherwise, only one singlet would be observed.

e b) Mixtures of conformers unlikely result in an exact 1:1:1:1 ratio of doublets.
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Scheme 5.21: Self-assembly of (dppp)M(OTf), with M = Pd(II) [a] or Pt(II) [b] and enantio-
merically pure, axially chiral [4,4’]-bipyridines can result in the formation of ten conformers I to
X. Ligand amides are either above (black A) or below (grey A) the square plane; methyl groups
are indicated by solid (above) and dashed lines (below the plane). P atoms which are chemically
non-equivalent are labeled with indices. Curved arrows indicate NMR, coupling between non-

equivalent P atoms. Inset: Steric repulsion between pyridine ortho-hydrogen atoms (right) can
be avoided (left).
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[somer | symmetry | Set of signals | Signals
'H NMR¢ | 3'P NMR®

I Dy 1 1s
II Cy 4 4d

II1 Cy 4 2d,1s
v Dy 2 2d
A\ Csy 4 4d
VI Dy 1 1s
VII Cy 2 2d
VIII Cy 8 8d

IX Cy 4 2d,1s
X Dy 2 2s

Table 5.2: Symmetry considerations for conformers I - X and the resulting symmetry reduc-
tions in their 'H and 3'P NMR spectra. ¢ some of these signals may overlap; * s = singlet, d =

doublet; coupling due to chemically non-equivalent 31P atoms.

Thus, only one conformer is formed exclusively. Similar behavior is found

for other chiral assemblies.?3»94 206

e ¢) Only conformers IT and V agree with the coupling pattern observed in
the 3P NMR spectrum.

In the corresponding 'H NMR spectrum, the reduction to a Cy symmetry can be
seen as well. Four signals are found for one of the two non-equivalent pyridine
ortho-hydrogen atoms (arrows in Figure 5.23 ¢). Similarly, four methyl signals
are seen (not shown). The same situation is observed for the Pt analogue CS2b:
The patterns are very similar and only differ from the NMR results obtained for
CS2a in that minor peak shifts occur and two doublets coincide in the 3'P NMR
spectrum (Figure 5.23 d). The P-Pt coupling constants agree well with earlier
results® and confirm assembly formation: 'Jpii05 p = 3050 Hz (CS1b and CS2b),
compared to 'J(1°Pt,P) = 3600 Hz for the precursor complex (dppp)Pt(OTf),
[b]. Without crystal structure analysis, it is impossible to safely deduct from the

obtained spectroscopic data alone, which of the two remaining conformers, i.e. I
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a)CS1a 'H [Dgl-acetone ¥p
o-PyH 293 K T CHg
v Vv

r 717 17T

125 8.0 ppm

T

81.5 l 71.5 lppm
b)CS1a 'H [D,]-DMF P 111 1 1:1
*
333 K
T T T T T T T T T
8.5 7.5 ppm 175 12.5 ppm
dycs2b 'H Sp 2 11
o-PyH
NH WNHW
T T T T T T T T T
8.5 7.5 ppm  -8.7 -11.2 ppm

Figure 5.23: a) 'H and 3'P NMR spectra of CSla in [Dgl-acetone at room temperature; b)
Aromatic region of variable temperature 'H NMR spectra of CSla in [D7]-dimethylformamide.
c) and d) Partial 'H NMR and 3'P NMR spectra of CS2a and CS1b in [Dg]-acetone at room

temperature. Asterisks indicate solvent signals.

or V, is preferred. Therefore, a tentative assignment is omitted. Nevertheless,
two important aspects can be derived from these findings: (i) [Dg]-acetone is
again the solvent of choice for NMR measurements, if the precise outcome of self-
assembly reactions should be analyzed, as the obtained assemblies are kinetically
more stable than in [Dg|-dimethylsulfoxide or [D7|-dimethylformamide. (ii) The

amount of formed isomers is reduced drastically upon increased steric repulsion.

5.3.3.2 SAMS from Axial Chiral Ligands in Racemic Mixtures

When axially chiral ligand 55 is used in a racemic mixture in self-assembly re-
actions (see Scheme 5.22), the amount of expected isomers increases drastically.
Again, 560 isomers are possible as discussed in Chapter 8.7. In marked contrast to
the racemic mixtures of Chapter 5.3.2.1, these conformers can only interconvert
by ligand rotation around the metal-metal axis. Alternatively, two M-N-bonds
can be broken and the resulting fragments can undergo further reactions.

Electrospray mass spectra of RS1la,b perfectly mimic the spectra obtained
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Ph\m Ph - / \

i \-P=Ph (dppp)m—N\ /7SN m(dppp)
TfO oTf & = R 2
[a] M = Pd X XN
R g R
[b] M = Pt R R
Acetone, | N | N
+ - = R R o
RT, quant. N — J N
= ) (dppp)M-N_ »—<X _ N~-M(dppp)
N\ / B N (rac) 8 CF3S0O3°
R R RS1a,b R = CO-NH-CyoHos
rac-55 R = CO-NH-C1,Hos aM=PdandbM = Pt

Scheme 5.22: Self-assembly reaction of rac-55 into RS1a,b (Racemic Squares).

for their enantiopure analogues. The formation of assemblies other than squares
is clearly ruled out: Doubly positively charged complexes are formed by losses of
triflate counterions (Figure 5.24).

Superposition of the 3'P NMR spectra of CS2a,b and RS1a reveals that the
major product of CS2a,b (Isomer II or IV) is not formed in the racemic case.
Instead, three sets of peaks can be found in the 3'P NMR of RS1a (see Figure
5.25):

1. seven doublets with similar intensities and coupling constants (one doublet

is presumably superimposed by other peaks, blue),
2. four doublets (two sharp and two broad, red), and

3. two doublets and one singulet in a 1:2:1 ratio (green).

Before possible isomers are deduced, the following aspects should be taken into

account:

e Steric repulsion of the ortho-hydrogen atoms of adjacent pyridine rings is
avoided (see Chapter 5.3.3.1).
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a) RS1a [4:4:6]2* [4:4:6]2*

2699.0 Da exp.
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Figure 5.24: FTICR-MS spectra of a) RS1la and b) RS1b (both: acetone, 400 pm, labels

represent the composition as [metal:ligand:OTf]""); insets: experimental and calculated isotope

31 NMR RS1a M

# I
u

| | | | |
75 100 -125 -150 -17.5ppm

patterns.

Figure 5.25: 3P NMR spectra of RS1a in [Dg]-acetone at room temperature. The three sets

of signals are marked in blue, red and green.
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e Hydrogen bond formation might adjust the amide groups to point inside the
cavity to maximize bonding interactions. The results from Chapter 5.3.2.4,
however, proof that the amide groups might point outside as well due to

steric repulsion.

e Assemblies which incorporate two (aR)-55 and two (aS)-55 should be en-
tropically favored, as (aR)-X and (aS)-X are present in a 1:1 ratio (racemic

mixture).

As unfortunately not enough isomers can be ruled out, the obtained sets of
signals are not assigned to their corresponding isomers. Nevertheless, several

important conclusions can be drawn:

e The outcome of self-assembly with racemic ligands is different and more

complex as in the case of enantiopure axially chiral ligands.
e Mixture formation occurs due to the larger amount of building blocks.

e Obviously, the entropy term in self-assembly reactions is quite important

when racemic mixtures are used.

e However, less isomers are formed than in the self-assembly reactions from
achiral bipyridines discussed in Chapter 5.3.2.1. This finding might be ex-

plained by steric repulsions.

As the obtained NMR spectra are complex, alternative spectroscopic or spec-
trometric methods should be applied. For example, squares built from mass-
labeled enantiomers could be mixed in equimolar amounts. Time resolved mass
spectra might give deeper insight into the kinetic stability of the obtained assem-

blies. A more detailed picture is given in the outlook in Chapter 7.2.

5.3.3.3 Self-Assembled Supramolecular Squares from (5, Ligands

On the first glance, the situation seems even more complex when [4,4’]-bipyridine
ligands with two different pyridines are used in self-assembly reactions. However,

only four isomers are expected when equimolar amounts of organic ligand US1,
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Ph\p _Ph
~ M

.PZ
Ph” M Ph
TiO OTf
[a] M = Pd
[b] M = Pt
a)
+ E——

8 OTf

R-NH Us2ab R = CioHos

US1 R = CO-NH-CoHas aM=Pdandb M =Pt

Scheme 5.23: a) acetone, 1 h, RT, quant. Self-assembly of (dppp)M(OTf)s (M= Pd [a] or Pt
[b]) and US1 yields unidirectional squares US2 (Unidirectional Squares, only one out of four

isomers is shown).
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a byproduct from the synthesis of 55, and metal precursors (dppp)M(OTf)s with
M = Pd(II) [a] or Pt(IT) [b] are mixed, respectively. The amount of possible
isomers is reduced that drastically because of the mirror plane of US1. Thus,
US1 is inherent achiral. Starting from isomer (I) (see Scheme 5.26 a), isomer
(IT) is obtained by rotating one ligand around 180°. Please note that hereby two
metal nitrogen bonds need to be broken and reestablished. Two adjacent ligands
are turned in isomer (III), and two opposite ligands in isomer (IV). When three
out of four ligands are turned around, isomer (II) is obtained again. Analogously,
isomer (I) is reobtained when all four ligands are turned around. From a statistical
point of view, the expected ratio should be 1:4:2:1 for LILIIL:IV. And indeed,
the situation in the '"H NMR spectra of US2b (see Figure 5.26 b) is complex. In

the 3'P NMR spectra, a mixture of two components can be found (see Figure 5.26

c):

e A main component with two doublets (*Jpp = 32.0 Hz) in 73% intensity

and

e a by-product with four doublets (?Jpp = 31.3 Hz) in a 2:4:1:1 ratio with

27% intensity (marked with arrows).

[somer | symmetry | Set of signals | Signals
'H NMR® | 3'P NMR®

I Cy 1 2d
11 Cy 4 8d
111 D, 1 25
1A% Co 2 2s,2d

Table 5.3: Symmetry considerations for conformers I - IV of US2a,b and the resulting

a

symmetry reductions in their 'H and 3'P NMR spectra. ¢ some of these signals may overlap;

s = singlet, d = doublet; coupling due to chemically non-equivalent *'P atoms.

Like in the paragraphs before, symmetry considerations (see Figure 5.26) can

be applied to assign which isomers contributes to which set of signals. In Table
5.3, the expected signals (H and *'P NMR) for isomers (I) to (IV) are listed. As
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a) Symmetry Considerations for US2a,b

| Gy noc m D, v C,
1 2
V;P A ] P‘h A
N P A
-t Al A
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Figure 5.26: a) Symmetry considerations for US2a,b: four isomers are expected; b) and c)
'H and 3'P NMR of US2b, [DgJ-acetone; d) molecular modeling of isomer I (Arrows indicate
hydrogen bonds. Curved arrows indicate that the distance is too large for hydrogen bonds) and

e) molecular modeling of isomer II. Arrows indicate hydrogen bonds.



116 CHAPTER 5. RESULTS AND DISCUSSION

only one structure with two doublets exists, isomer (I) is the major product of
self-assembly and isomer (II) seems to be the byproduct because four doublets in a
2:4:1:1 ratio only agree with the eight independent phosphorous atoms, from which
some coincide. This finding is rather unexpected when the statistical distribution

is taken into account.

Without crystal structure analysis, it is impossible to understand the driving
force for this selectivity. However, one structure-based argument derived from
simple molecular modeling calculations may be helpful for a tentative assignment:
The space filling model of the MM2 minimized structure!®? of US2a (isomer I)
is depicted in Figure 5.26 d). As expected, four amide groups are pointing away
from the square’s cavity and four are pointing inside. These four amide groups
are all on the same side of the plane of the four metal atoms (above this plane
in Figure 5.26 d). Two hydrogen bonds between these four amide groups are
indicated by black arrows (N-O-distances = 0.29 and 0.28 nm). Two further H-
bonds seem possible, but the N-O-distances are quite long (0.44 and 0.43 nm,
indicated by curved arrows). Of course, there might be another local minimum
on the challenging hyper surface, in which three amide bonds are possible. Steric
interactions which might destabilize this isomer are not found, although these
interaction are difficult to predict. If one ligand (i.e. the top ligand, see Figure
5.26 d) is turned around, the two involved amide groups change sides: The amide
group above the square’s plane is now pointing away from the cavity, while the
amide group which is pointing inside is now below the plane, apart from the
remaining three In-amide groups. Certainly, only two hydrogen bonds are possible
in this isomer (again indicated by black arrows). This finding is clearly visible in
the space filling model of the MM2 minimized structure'®? of isomer (II). Please
note that the fourth amide group can not point into the square’s cavity, due to
same steric repulsion of the ortho-hydrogen as seen in Chapter 5.3.3.1. From these
molecular modeling results, two tentative conclusions can be drawn: (i) hydrogen
bonding yields in isomer (I) and isomer (II) the most stable isomers, (ii) with a

small preference (< 5kJmol™!, MM2) for isomer (I).

As these findings are in line with the results obtained from 3!P NMR, they

might explain the unexpected selectivity far away from the statistical distribution.
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In conclusion, the amount of possible isomers is reduced to only four when
inherent achiral US1 is used in self-assembly reactions. The large dihedral angle
of the two pyridine halves causes larger sterical repulsion of the organic ligands
in the supramolecular assembly. Thus, only one isomer is the major product in
US2a,b.

In this chapter, the fascinating self-assembly of different [4,4’]-bipyridines is
reported. In cases of racemic mixtures of ligands, the outcome of self-assembly
reactions is still hard to predict and usually mixtures are obtained. However,
several examples are shown in which non-covalent interactions, which are com-
monly regarded as weak, govern the reaction outcome. Thus, single products are
obtained, even though statistical mixtures might have been expected. As a final
point, it should be addressed that the careful choice of solvent plays an important
role in the NMR-~analysis of assemblies when isomerization processes are fast on

the NMR time scale and only averaged signals are observed.

5.4 Mass Spectrometric Investigations of Self-
Assembled Metallo Supramolecular Squares

of the Fujita Type™

The following two sub chapters, preliminary results of ongoing research projects
are described. As these results might be of special interest for future mass spec-

trometric investigations, they are presented although unfinished.

5.4.1 Simple mass spectra

Previously, all attempts to observe mass spectra of intact squares of the Fujita
type [(en)Pd(L)(NO3)s]s with L = [4,4’]-bipyridine 11 failed. Different solvents
like water, methanol, acetonitrile and nitromethane as well as various mixtures of
these were tried, but only smaller aggregates or fragments were detected. High
concentrations — up to 400um, above the critical concentration (see 5.3.2.1) which

lead to success in the case of Stang’s squares did not change the outcome. Only

**Many thanks to Dr. Marianne Engeser for helpful discussions.
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after anion exchange (PFg instead of NO, ), larger complexes were observed by
Sakamoto and Yamaguchi.?" Therefore, [(en)Pd(11)(NO3)s]s was dissolved in
water and eight equivalents of NH,PF, were added. The white precipitate is
filtered off, and dried roughly. Indeed, only two peaks were observed in the
MS spectrum of [(en)Pd(11)(PFg)s]s, when sprayed from nitromethane solutions
(1500pm): [1:2:1]7 at 623.1 Da and [4:4:5]>" at 671.7 Da, the latter being the base-
peak (this notation represent the composition as [metal:ligand:PFg]"", see Figure
5.27). Please note that no further changes were applied, i.e. no cooling of the

solution, the drying or the nebulizing gas like in Cold-Spray-Ionization'® (CSI).

[4:4:53* [1:2:11" [4:4:51*
671.7 Da exp. exp.
[1:2:11"
623.1 Da
L, |
calc. calc.
WL&LM l |1 l )

1 1
500 750 m/z

Figure 5.27: The ESI-FTICR spectrum of [(en)Pd(11)(PFg)2]4; * = electronic noise; Insets:

experimental and calculated isotope patterns on the basis of natural isotope abundances.

For platinum analogue [(en)Pt(11)(PFg)2]4, the case is somewhat more diffi-

cult. Under the same preparation and spraying conditions, several peaks for
e 4:4-complexes: [4:4:1-4H]** at 595.1 Da and [4:4:3-2H]*" at 692.8 Da,

e a 3:3 complex: [3:3:1-3H|*" at 687.6 Da (rather a gas phase fragment than

present in solution),
e fragments [2:2:0-2H]?" at 410.1 Da and [2:3:0-2H]*" at 488.1 Da and

e cven higher aggregates [6:6:4-4H]*™ at 833.8 Da
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were observed (see Figure 5.28). In marked contrast to [(en)Pd(11)(PFg)s]s, the
loss of neutral HPFy is observed upon ionization in the spraying process. The
same phenomena was observed in the case of chiral self-assembling thombs?*® of
the composition [(en)PdL(NOs)]s, here loss of neutral HNO,;. Assuming that
the proton of HPF is one of the N-H protons of ethylenediamine, the negative
charge is at least partially balanced by one of the positive charges of the platinum
complex (see Scheme 5.24). The reduction of the charge might however weaken
the Pt-Np,-bonds: Thus, more fragments are observed. This finding is rather
unexpected because in the case of squares of the Stang type, the platinum squares
were more stable than the analogue palladium squares. It is noted in passing
that incomplete square formation before ESI can be ruled out. In the 'H NMR
spectrum ([Dz]-nitromethane), one sharp set of signals is observed exclusively as

expected for this highly symmetrical compound.

(\ (\ I

HQN_pt2+ L ——— H2N—Pt2+ L <—— H,N—Pt*—L

‘HPFg _ _
2 PF6 L PFe L PF6 L

Scheme 5.24: Loss of HPFg in the ESI-process.

5.4.2 MS-MS-spectra obtained by IRMPD

Both peaks of the MS-spectrum of [(en)Pd(11)(PFg)s]4, the mononuclear complex
[1:2:1]" and the square [4:4:5]**, were subjected to IRMPD-MSMS measurements:

e After irradiation, the mononuclear complex [1:2:1]" looses (i) neutral HPFg
yielding a [1:2:0-H]" complex and (ii) neutral PF; as well as one ligand
yielding a [1:1:0+F]* complex (see Figure 5.29 a - ¢). The latter case needs
to be discussed in more detail. As a neutral ligand loss itself is not observed
(arrow in Figure 5.29 b and ¢), one can conclude that after loss of one neutral

PF5 the remaining F~ is directly replacing one of the two neutral ligands
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[2:2:0-2H]*": 410.1 Da
. [2:3:0-2H]*": 488.1 Da
. [4:4:1-4H]": 595.1 Da
- [3:3:1-3H]*": 687.6 Da
. [4:4:3-2H]°": 692.8 Da
[6:6:4-4H]*": 833.8 Da
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Figure 5.28: a) ESI-FTICR spectrum of [(en)Pt([4,4’]-bipyridine)(PFg)2]4; b) isotope patterns
of the cited peaks (experimental and calculated); note that in the case of [2:2:0-2H]** there is

+

a significant contribution of [1:1:0-H]" at the same m/z value (arrows).
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from one of the four binding positions of the metal, because of its higher
binding energy. For a loss of ethylenediamine (chelate ligand) two bonds
need to be broken. Thus, loss of one 11 (only one side bound) should be
the lowest energy pathway.

e In the case of the triply charged square ([4:4:5]*"), the twofold loss of neu-
tral PF; is observed after 0.25sec irradiation time. If the irradiation time
is elongated to 0.5sec, the formerly [4:4]-complex fragments into smaller
pieces: [1:2:1]* and [1:1:0+F]" (see Figure 5.29 d - f). Taking the results
from [1:2:1]" into account, the twofold loss of neutral PF; — before the square
fragments into smaller pieces — is rather unexpected. One would expect that
the square breaks apart, as soon as two M-Np,-bonds are broken by coordi-
nation by fluoride. In marked contrast to the situation in the mononuclear
complex [1:2:1]T, both nitrogen atoms of each 11 are bound to metal cen-
ters, albeit not in a chelate fashion. Thus, F~ might cleave one of the two
M-N,,-bonds instead, as both types of ligands are not expelled. Further
fragments are not observed in the MS MS spectra. This is however even
more astonishing as a trinuclear [3:2:4]*T -2 PF, complex or its fragments

should be generated.

In conclusion, these preliminary results are a first indication that mass spectro-
metric measurements can indeed be performed with larger Fujita-type complexes
without the need of CSL.'* First MS MS-experiments show that their fragmen-
tation reactions are certainly different and thereby more interesting than the well
understood MS and MSMS-spectra of Stang-squares.

In marked contrast, the outcome of self-assembly reactions is still hard to

predict, as the following results for unidirectional squares indicate.

5.5 Unidirectional Self-Assembled Supramolec-

ular Squares

In supramolecular chemistry, unidirectionality plays a crucial role: Unidirectional

07 104

motion?’” is an indispensable requirement in molecular motors.'** Catenanes from
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[1:2:1]"
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3
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Figure 5.29: a) - ¢): MS MS-Experiments (IRMPD) of the mononuclear complex [1:2:1]T: a)
Mass selection of 623 Da (whole isotope pattern); b) 1.00sec irradiation; ¢) 1.50 sec irradiation:
two new peaks arise which were assigned to [1:1:0+F]" at 341 Da and [1:2:0-H]T at 477 Da;
arrows indicate the m/z value of [1:1:1]", which is not present in detectable amounts; d) - f) MS
MS-Experiments (IRMPD) of [4:4:5]>": d) Mass selection of 671.7 Da; * = electronic noise; e)
0.25 sec irradiation: arrows indicate loss of neutral PFy; f) 0.50 sec irradiation: two new peaks
arise, which were assigned to [1:1:04+F]* at 341.0 Da and [1:2:1]* at 623.1 Da.
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208 are topological chiral. Unidirectional guest inclusion

unidirectional macrocycles
is widely observed.?" In self-assembly, unidirectionality might reduce the number
of possible structures when mixtures are formed.?!"

When [4,4’]-bipyridine 11 is exchanged by 2,6-dimethyl-[4,4’]-bipyridine 81 in
self-assembled supramolecular squares, several isomers are possible in principle,
because of the reduced symmetry (see Fig. 5.30a-c). Due to the sterical demand
of the two methyl groups, it should be energetically favorable when two ligands
bind to one metal subunit with different sides of the ligand, i.e. one pyridine
and one lutidine side. When this assumption is followed in a 4:4 complex at each
metal subunit, only one out of this isomers is favored: an unidirectional square
is formed (see Fig. 5.30c top left isomer). Noteworthy, this unidirectional square

itself is of course achiral.

a) b) c)
A A
N |l
| |
mirror .
A
plane < " v
| | A A A
A AN
N 'l
mirror mirror P R
plane plane .

Figure 5.30: a) [4,4’]-bipyridine 11; b) 2,6-dimethyl-[4,4’]-bipyridine 81; c¢) possible self-as-

sembled supramolecular squares isomers formed from 2,6-dimethyl-[4,4’]-bipyridine 81.

5.5.1 Unidirectional Stang Squares?

First evidence that only one lutidine side can bind to one metal subunit is obtained
from mass spectrometry: When dpppPt(py),(OTf), is sprayed from acetone (¢ =
400pm), two major peaks at 834 Da and 913 Da can be found in the (+)ESI-MS-
spectra. The first one can be assigned to dpppPt(py);(OTf)", while the later
corresponds to dpppPt(py),(OTf) ™.

When dpppPt(py),(OTf), or dpppPt(OTf), are sprayed from pyridine (same

concentrations), these findings remain unchanged. Not unexpected, two pyri-
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dine nitrogen atoms can bind to the metal subunit. In marked contrast, in
the MS spectra of dpppPt(OTf), sprayed from 2,6-lutidine only one peak for
dpppPt(Lut), (OTf)" is found at 862 Da. These findings might be a first indica-
tion that only one 2,6-lutidine ring can bind to one metal precursor.

When equimolar amounts of 2,6-dimethyl-[4,4’]-bipyridine 81 and
(dppp)Pt(OTf)s [b] are mixed in [Dg|-dimethylsulfoxide three sets of signals can
be found in the P NMR, spectrum (see Figure 5.31 and Table 5.4).

Chemical Shift Splitting Coupling | Intensity | Remark
[ppm] "pep [Hz|
-8.50 singlet 3680 16 % free [b]
-9.13 & -10.12 | doublets (31 Hz) | ca. 3050 34 %
-11.28 singlet 3040 50 %

Table 5.4: Set of signals found in the 3'P NMR spectrum of an equimolar mixture of 2,6-di-
methyl-[4,4’]-bipyridine 81 and (dppp)Pt(OTf)y [b].

With these findings in hand, the outcome of the self-assembly reaction can be
described as follows: All ligands bind with their pyridine binding site to platinum
complexes. As the binding constant for the second ligand is higher than the bind-
ing constant for the first ligand,?* 1:2 = [b]:81 complexes are formed exclusively.
Two thirds of unreacted [b] (2/3*50% ~ 34 %) bind to one of the two lutidine
binding sites of the 1:2-complexes, whereas one third (2/3*50 % ~ 16 %) remains
unbound. Three complexes are the result: [1:0:2] (16%), [1:2:2] (14%) and [2:2:4]
(34%). Please note that the latter two contribute both to the singlet at -11.28 ppm
with a coupling constant of 3040 Hz.

As expected, the 'H NMR spectrum of this mixture is rather complex. Fortu-
nately, the signals of the ortho-pyridine protons of 81 can be identified. Two sets
of signals at 8.98 and 8.83 ppm with a 69:31 ratio can be found. This ratio is in
good agreement with the results obtained from the 3P NMR spectrum.

From these finding, one can conclude that the 2,6-dimethylpyridine side of 81
can indeed bind to [b]. The binding energy of the lutidine binding site of 81 is
— as expected — lower than the pyridine side. Molecular squares are however not

formed. The NMR sample is heated to 100°C for three days, but after cooling
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Figure 5.31: Partial 'P NMR spectrum of an equimolar mixture of 2,6-dimethyl-[4,4’]-bipyr-
idine 81 and (dppp)Pt(OTf)s [b] in [Dg]-dimethylsulfoxide.
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to room temperature the 3'P NMR spectra remains unchanged. Thus, square

formation is not hindered kinetically, but thermodynamically.

X —>
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N
X — X ~ |
Pho g b.aPh N
— Ph™ " pt' “Ph -
CF;S05 05SCF, N
[b] |
N~ 81
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Figure 5.32: Schematic representation of a section of the complex equilibrium between 81 and
(dppp)Pt(OTH)2 [b].

In Scheme 5.32, two possible outcomes of the self-assembly reaction are shown:
the unidirectional square and the equimolar mixture of [b] and [2:2:4]. Rather
unexpectedly, the free metal complex [b] seems to be too stable to push the
equilibrium to the formation of unidirectional squares. Two modifications might
destabilize the free metal complex: a different solvent or different bidentate block-
ing ligands. Unfortunately, [b] is not soluble in many apolar solvents at all.

Alternatively, steric repulsion between the methyl groups of 81 and the dppp-
blocking ligand may also reduce the M-N-binding constant. Metal precursors [c]

and [d] might thus be better metal precursors.

5.5.2 Unidirectional Fujita Squares

When equimolar amounts of 2,6-dimethyl-[4,4’]-bipyridine 81 and [c] are mixed in
D,O (see Scheme 5.25), a rather complex 'H NMR spectrum is observed. When
the sample is heated for three days at 90°C, three signals arise: an AA’XX’
pattern and a singlet (see Figure 5.26 a). The AA’XX’ pattern, with an downfield

shift of 0.3 ppm and 0.5 ppm compared to free 81 (in D,O, same concentration,
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Scheme 5.25: Self-assembly reaction between equimolar amounts of 81 and metal complexes
(en)Pd(NO3)2 [c] or (en)Pt(NOs)s [d] might lead to the formation of unidirectional squares
UFSl1c,d (Unidirectional Fujita Squares).

see Figure 5.26 b), can be assigned to the pyridine side of 81, and the singlet,
with an downfield shift of 0.7 ppm compared to the meta protons of 81. No
further changes in the spectra are observed when heating is continued. Thus,
a thermodynamic minimum (either local or global) seems to be reached, which
seems not to unidirectional squares exclusively. To increase the metal-nitrogen
binding constant, palladium might be exchanged by platinum.

In case of the platinum metal precursor (en)Pt(NOj), [d], the synthesis is
less straightforward. Based on earlier results from Fujita et al.,?° the equilibrium
between different species might be reached only after weeks at 100°C. Adding of
a catalytic amount of nitric acid reduces this time span to one week, in some
cases. As it turned out that both methods failed to produce unidirectional Fujita
squares, an alternative route based on the results from Ferrer et al.,*'? is used:
Equimolar amounts of 81 and (en)Pt(NOj)s [d] are mixed in dichloromethane
and the suspension (the metal precursor (en)Pt(NOj3), [d] is not soluble in di-
chloromethane) is stirred. The metal precursor’s crystal size, shape and color

changes over a period of two days. After removal of the solvent, which does not
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Scheme 5.26: Partial 'H NMR spectra of a) an equimolar mixture of 81 and (en)Pd(NO3),
[c], b) 81, and ¢) an equimolar mixture of 81 and (en)Pt(NOj)s [d] (all in D,O at room

temperature with the same concentration of 81.

contain significant amounts of 81 anymore, the 'H NMR spectrum in D,O shows
only one set of signals (see Figure 5.26 c¢). Again, strong downfield shifts (0.6
- 0.8 ppm) are observed for the three aromatic signals of the organic precursor.
These high shift differences might be the result of binding of both the ligand’s
binding sites to the metal complex, and thus, the unidirectional square UFSc,d
might have been formed. Unfortunately, no single crystals for crystal structure
analysis could be grown so far and no [4:4]-complexes could be observed by mass
spectrometric investigations. Hence, further proof for unidirectional squares based

on these building blocks must be found.



Chapter 6

Results and Discussion of

Collaborative Projects

As already discussed previously, the aim of this study diverge into several dif-
ferent tasks along the research path from fundamental towards applied research.
Whereas the results described in the last chapter are more of fundamental inter-
est, this chapter covers the results of collaborative projects within the SFB 624
and with the working group of Prof. Dr. P. Bauerle. New materials are obtained
and characterized thoroughly. In the first two sub chapters self-assembled supra-
molecular squares are deposited on surfaces and used as sensor active layers for
the detection of ethene, whereas in the last sub chapter oligo- and polythiophenes,

organic semiconductors, are analyzed in the gas phase.
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6.1 Second-Order Template Effects Observed by
EC-STM*

6.1.1 Introduction and Motivation

Within the last three decades supramolecular chemistry has become an inherent
part of modern chemistry?3% 27 having significant impact also on other branches
of science and nano-technology, in particular on those which are mainly dealing
with the design, the fabrication and characterization of molecular architectures
with dimensions on the nanometer scale. One challenging task for supramolecular
chemists is certainly to provide artificial model systems allowing them to study

104,238 . ¢4

the working principle of nano-sized devices, machines and actuators
gain deeper insights into the mechanism of fundamental (bio)chemical processes
such as the molecular recognition via highly specific host-guest interactions.
Following the so-called “bottom-up” approach, rather than the “top-down”
approach, most supramolecular structures are self-assembled from simple molecu-
lar building blocks via non—covalent and weak forces. Such a self-assembly results
in molecular superstructures which reveal a higher complexity than the individual
molecular building blocks following Lehn‘s definition of supramolecular chemistry
as the ”chemistry beyond the molecule”.?3® Related to the increase in struc-
tural complexity also new functionalities are often introduced into these artificial
systems of higher order. It appears obvious that experimental control of e.g. ori-
entation upon the self-assembly process is strongly required in order to keep the
size, the electronic and geometric structure and finally the functionality of these
supramolecular architectures under control. A quite new approach to steer the
ordering process of supramolecular architectures is the use of well defined surfaces
of single crystals acting as electronic and geometric templates due to the presence
of specific adsorbate-substrate interactions. These are modulated according to the
symmetry and periodicity of the substrate surface. While in solution and in the 3D

solid-state only the specific and directional intermolecular interactions determine

*The results of this section were obtained in collaboration with Dr. Caroline Zorlein and Dr.
Peter Broekmann in the working group of Prof. Dr. K. Wandelt as well as Leo Merz in the

working group of Prof. B. A. Hermann and are published.56:235
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the formation of supramolecular architectures we find on surfaces, by contrast,
a complex interplay between the inter-adsorbate (intermolecular template effect)
and the adsorbate-substrate interactions (surface template effect) controlling the
2D phase behavior at surfaces. Thus, it is not astonishing that structure motifs
and intermolecular spacings of supramolecular ensembles are observed at surfaces

which are known neither from the solution phase nor from the 3D solid-state.?4

Besides the surface mediated template effects it is also the unique possibil-
ity of applying structure sensitive tools such as the scanning probe techniques
which makes a combination of supramolecular chemistry and surface science ap-
proach to a promising and challenging task. In particular Scanning Tunneling
Microscopy (STM) provides direct access to structural information of supramolec-
ular architectures. Nowadays scanning probe techniques can be used for surface
characterization in various environments, not only in UHV (Ultrahigh Vacuum)
or under ambient conditions but also at solid/liquid interfaces, particularly in an

electrochemical environment.24!

The formation process mentioned before is controlled by a hierarchical se-
quence of template effects starting with the initial adsorption of an anion layer
on-top of a metal electrode surface. A strong interaction of this anion layer with
the metal substrate leads to a highly ordered adsorbate layer that frequently
adopts the symmetry of the underlying substrate (first order template effect, see
Fig 6.1).

For a recent review on the phenomenon of "specific anion adsorption” see
ref.?*! In the following step cationic complexes are locked onto the anion layer
mainly by enhanced electrostatic interactions. Hydrophobic solvent effects may
also support this process. The supramolecular architectures on-top of the anion
layer should reveal molecular host-cavities, which are preferentially oriented to-
wards the solution phase. For that purpose we use the specific interaction between
the anion layer and the supramolecular cavitands forcing them into the desired
adsorption geometry (second order template effect). This particular orientation
of the cavitands (i.e. flat and parallel to the surface) is required since our final
goal is the direct observation of the specific inclusion of guest molecules?*? into

the host cavitands (third order template effect) by use of the STM.
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Figure 6.1: Schematic drawing representing the sequence of template effects used for the

hierarchical assembly of supramolecular architectures at the electrode surface.%¢

6.1.2 Experimental Section

To observe structure motifs of supramolecular ensembles (here macro-cycles) at
surfaces by ECSTM (see chapter 6.1), the building blocks need to be prepared, at
first. In this case, the EC-STM solvent of choice is water. Therefore, the desired
building blocks need to be water-soluble and available in at least mg quantities.
Two different approaches were chosen to obtain the desired macro-cycles: On the
first hand, covalent molecular rectangles were prepared, which were first intro-
duced by Stoddart et al.:

e cyclobis(paraquat-p-phenylene)tetra(hexafluorophosphate),43

e N.N’-1,4-phenylene-bis(methylene)bis-4,4’-bipyridinium-bis-
(hexafluorophosphate),?** and

e cyclobis(paraquat-p-biphenylene)tetra(hexafluorophosphate).?45

All three were synthesized by irreversible bond formations, i.e. Sy type reactions
from bisbenzylbromides and [4,4’]-bipyridines under high dilution conditions to
form the desired compounds and undesired polymeric waste (see Scheme 6.1).
Purification is achieved either by recrystallization or by column chromatog-
raphy, which however is rather difficult, because of the polycationic nature of

the desired compounds. In the last steps the tetra(hexa-fluorophosphate) salts
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Scheme 6.1: a) 1) [4,4")-bipyridine 11, acetonitrile, 82°C, 18 hours, 2) NH,PFg, H,O, 68%; b)
NBut,Cl, acetonitrile, quant.; ¢) 1) 1,4-bis-bromomethyl-benzene, acetonitrile, 82°C, 18 hours,
2) NH,PFy, H,0, 12%; d) like b); e¢) N-bromosuccinimide, N,N-azobisisobutyronitrile, DCM,
hv, 2hours, 47%; f) [4,4’]-bipyridine 11, acetonitrile, 82°C, 18 hours, 2) NH,PF,, H,0, 42%; g)
1) 4,4-bis-bromomethyl-biphenyl, acetonitrile, 82°C, 18 hours, 2) NH,PF,, H,O, 26 %; h) like
b).



134 CHAPTER 6. RESULTS OF COLLABORATIVE PROJECTS

were converted into the water-soluble tetra-chloride salts: Cyclobis(paraquat-p-
phenylene)tetrachloride, N ,N’-1,4-phenylene-bis(methylen)bis-4,4’-bipyridinium-
bis-chlorideand cyclobis(paraquat-p-biphenylene)tetrachloride.?

Prior to each STM experiment the copper substrate needs to be treated by
an electrochemical etching procedure in order to remove the native oxide layer
that is ineluctably formed in air. For this purpose, the Cu(100) sample (MaTeck
company, Jillich, Germany) is immersed into 50 % orthophosphoric acid. For
the copper dissolution reaction an anodic potential of &~ 2 V is routinely applied
between the copper sample and a platinum foil for about 20 to 40 s. Subsequently,
the surface is rinsed with degassed supporting electrolyte (10 mM HC1/5 mM
KCI) which removes not only the phosphate from the copper surface but also
protects the surface against re-oxidation due to the formation of a specifically
adsorbed chloride layer. Under these conditions the sample is mounted into the
electrochemical cell of the EC-STM system and brought under potential control.
The tunneling tips used in our experiments were electrochemically etched from
0.25 mm tungsten wire in 2 M KOH solution and subsequently isolated by passing
the tip through a drop of nail polish. For all solutions high purity water is used.
The electrolyte solution had to be purged with oxygen-free argon several hours
before use. All potentials given in this chapter refer to an internal Ag/AgCl

reference electrode.

6.1.3 First Order Template Effect —
c(2x2)—Chloride Adlayer on Copper (100)

Therefore, STM and CV (Cyclic Voltammetry) measurements were first performed
in pure supporting electrolyte (10 mM HCI or 10 mM HCI/5 mM KCI). The
template structure displays representative STM images of the morphology and
atomic structure of the chloride pre-covered Cu(100) electrode surface (Fig. 6.2).

Chloride anions specifically adsorb on the Cu(100) electrode surface under for-
mation of a well ordered c¢(2 x 2)-Cl phase?:24" adopting the fourfold rotational
symmetry of the copper substrate (first order template effect) with individual
chloride particles residing in substrate fourfold hollow sites (Fig. 6.2) (coverage

V= 0.5 ML, the V value is defined as the chloride to copper ratio, at V=0.5
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Figure 6.2: Representative STM images of the chloride modified Cu(100) electrode surface:
a) morphology of the Cu(100) electrode surface in the presence of specifically adsorbed chloride:
69 nm X 69 nm, I; = 1 nA, U, = 25mV, E = -300 mV vs. Ag/AgCl, the in—set displays
an atomically resolved STM image of the ¢(2 x 2)-Cl adlayer; b) hard—sphere model of the

(2 x 2)-Cl structure.?3

the maximum coverage of the surface with chlorides is reached.). This adlayer is
stable in the potential range between -250 mV and about -680 mV. For a surface
template effect not only a strong adsorbate-substrate interaction is required but
also a strong modulation of these interactions according to the lattice symmetry
and dimensions of the substrate. It is well known that strongly adsorbing anions
not only acquire a typical atomic surface structure but also have a strong influence
on the surface morphology (Fig. 6.2). Substrate steps are preferentially aligned
parallel to the main symmetry axes of the chloride layer, which are rotated by 45°
with respect to the substrate main symmetry axes. In particular, chloride layers
are ideal substrates and templates for the adsorption of cationic species, since the
chloride retains practically its full charge upon adsorption,?*® while the heavier
homologues bromide and iodide exhibit an increased partial charge transfer to the

metal.
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6.1.4 Synthesis of the Adsorbates

Before discussing the second-order template effect, the water soluble adsorbates
have to be introduced, which can be divided into two groups: Fujita’s met-
allo supramolecular squares and triangles and Stoddart’s Cyclobis(paraquat-p-
phenylene), an electron poor cyclophane. The first class self-assembles under
thermodynamic control from two different, easily available building blocks.262%249
These complexes consist of four Pt(II) centers located at the corners of the molec-
ular square. The Pt(II) centers are bridged by [4,4’]-bipyridine ligands and fur-
ther stabilized by chelating ethylene-diamine molecules resulting in a square pla-
nar fourfold coordination of each Pt(II) center (counter anions: 8 NO, ). What
makes this type of supramolecular square interesting is the fact that it features a
molecular cavity with nanometer dimensions (Fig. 6.3) and — quite important for
EC-STM experiments — its solubility in aqueous electrolytes.
Cyclobis(paraquat-p-phenylene) is synthesized by irreversible bond formations,
i.e. Sy type reactions from bisbenzylbromides and [4,4’]-bipyridines under high
dilution conditions to form the desired macrocycle and undesired open chain ana-
logues. Cyclobis(paraquat-p-phenylene) can be purified by column chromatogra-
phy, which however is rather difficult, because of its polycationic nature. Its size
(1.32 x 1.18 nm) is comparable with the Fujita ensembles, it is highly charged
(+4) and water soluble.

6.1.5 Second-Order Template Effect —
Fujita Squares on Top of the Chloride Adlayer

A first approach towards the formation of cavitand structures at electrode surfaces
is the adsorption of supramolecular entities from the solution phase. In order to
demonstrate this we use fourfold symmetric metallo-supramolecular complexes of
the Fujita type .

After exchanging the pure supporting electrolyte by a solution also containing
the Fujita-squares, copper steps can be observed on a mesoscopic length scale
which are oriented parallel to substrate directions (Fig. 6.4 a) which is clearly

indicative for the presence of the ¢(2 x 2) chloride layer. Molecularly resolved
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Figure 6.3: (a) Schematic representation of the Fujita—squares; (c) schematic representation
192

of the Cyclobis(paraquat-p-phenylene); (b) and (d) MM2-minimized space—filling models.
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STM images indeed exhibit Fujita-squares lying flatly on the electrode surface
(Fig. 6.4 b-d) as desired. Clearly visible are the pronounced cavities of the
supramolecular entities imaged as dark depressions surrounded by square-shaped
brighter rims. The presence of flat lying squares on-top of the chloride lattice
can be seen as a direct prove for enhanced adsorbate-substrate interactions via

electrostatics.

The lateral order of the Fujita-squares on Cu(100)-c(2 x 2)-Cl is apparently
quite poor (Fig. 6.4 b). One reason for that is the presence of co-adsorbed chain-
like oligomers which are disturbing the lateral order of the squares. By contrast,
surface areas with higher density of molecular squares and a lower concentration

of oligomers do reveal a locally confined 2D order (Fig. 6.4 c-d).

Two different packing motifs can be distinguished, one exhibiting a fourfold
symmetry (|a| = ]7\,7 = 90°) adopting the symmetry of the c¢(2 x 2)-Cl lat-
tice underneath (Fig. 6.5 ¢) and another one (Fig. 6.5 b) revealing a distorted
(quasi)hexagonal arrangement of squares (| @] < |?|,7 < 90°) as displayed in
Fig. 6.4 d. This leads to a commensurate superstructure (5x5)-1 square structure

regarding the chloride adlayer (Fig. 6.6).
The “Nearest Neighbor Distance” of = 1.9 nm + 0.05 nm in both cases com-

pares well with the calculated van-der-Waals diameter of the Fujita-square.'®® The
value of 2.05 nm given in Fig. 6.3 b) is inclusive of the van-der-Waals radius of
the peripheral hydrogen atoms. The lower observed value of 1.90 nm seems rea-
sonable, when one takes into account that the peripheries of two adjacent squares

may well interdigitate thus maximizing the van-der-Waals contacts.

The Pt-Pt distance of 1.14 nm determined by molecular modeling agrees well
with the values of 1.11 nm reported in a recent X-ray crystal structure analysis of
the Fujita-square.?® The lateral ordering is apparently dominated by short-range

van-der-Waals interactions.

Applying more drastic tunneling conditions leads to a locally confined removal
of the organic layer by the tunneling tip. This procedure allows a precise determi-
nation of the molecular orientation with respect to the chloride lattice underneath.
For the sake of simplicity we have superimposed the chloride lattice to the STM
image in Fig. 6.4 e) (white lattice). From that it becomes evident that the Fujita-
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Figure 6.4: (a) Morphology of the chloride pre-covered Cu(100) electrode in the presence of
the Fujita—squares: 56 nm x 56 nm, I; = 0.6 nA, U, = 278 mV, E =-500mV vs. Ag/AgCl;
(b) coexistence of Fujita—squares and chain-like oligomers: 20.5 nm x 20.5 nm, I; = 0.7 nA, U,
= 280 mV, E =550 mV vs. Ag/AgCl; (¢) four—fold symmetric arrangement of Fujita—squares:
6 nm x 6 nm, I; = 0.7 nA, U, = 280 mV, E =-550mV vs. Ag/AgCl; (d) quasi-hexagonal
arrangement of Fujita—squares: 6 nm x 6 nm, [; = 0.7 nA, U, = 280mV, E =-550mV vs.
Ag/AgCl; (e) 4 nm x 4 nm, I; = 0.7 nA, U, = 280mV, E =-550mV vs. Ag/AgCl; (f) ¢(2 x 2)—-
Cl phase imaged after tip—induced removal of the Fujita—squares: 4 nm x 4 nm, I; = 0.7 nA,
Uy = 280mV, E =-550mV vs. Ag/AgCl.?35
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(6 x 6) nm?;, U,, =-550 mV,
U,=280mV, I,=0.7 nA

(10.75 x 10.73) nm?; U,
U, =280 mV, I, = 0.4 nA

(6 x 6) nm?* U,, =-550 mV,
U, =280 mV, I,=0.7 nA

Figure 6.5: Two different packing Motifs.!3

Figure 6.6: Model of the Fujita Squares on top of Cu (100).13?
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squares with their Pt-Pt connecting axes are oriented parallel to the close packed
chloride rows. The same is valid even for the zig-zag chains of the oligomers in
the same figure.

"H-NMR experiments under similar experimental conditions (in 0.1 M DCI/
D,O solutions) confirmed that some of the squares opened and new signals for
oligomers were found. The overall length of these oligomers can of course not
be determined by simple NMR-techniques. The degradation does not take place
instantaneously, but proceeds on a time scale of about 30 min. In this sense
the observed co-adsorption of squares and oligomers of variable chain lengths at
the electrode surface simply reflects the existence of these various supramolecular
species in the solution phase. It should be stressed that the beginning decompo-
sition of the Fujita-squares is not a surface effect.

This becomes evident when the contact time between the chloride containing
solution and the Fujita-squares is minimized. If the Fujita-squares are added to
the electrolyte solution just before the STM experiment large and well ordered
domains of the supramolecular squares are obtained (Fig.6.7 a) which remain

stable at least on the time scale of our STM experiments.

Figure 6.7: Long-range order of Fujita-squares after optimized preparation techniques: 35.6
nm X 35.6 nm, I; = 0.7 nA, U, =—110mV, £ =—480mV vs. Ag/AgCl; (b) 13.3 nm x 13.3 nm,
I; = 0.7 nA, Uy =110mV, E =480mV vs. Ag/AgCl.23°

Quite interestingly, the imaging properties of the Fujita-squares seem to de-
pend on the absolute value and the polarity of the bias voltage. With a bias

voltage of -110 mV and a tunneling current of 0.7 nA at a working potential of



142 CHAPTER 6. RESULTS OF COLLABORATIVE PROJECTS

-480 mV the squares are imaged as square-shaped entities with four pronounced
STM spots at their corners (Fig.6.7 b). Please note that in our STM set-up a neg-
ative bias means that the electrons tunnel from the tip into the surface. Hence, it
appears most likely that by using negative bias voltages (e.g. -100 mV) the Pt(II)
centers at the corner sites of the Fujita-squares are predominantly imaged in the
STM experiment while at positive bias (+280 mV) the MOs of the molecular
ligands are preferentially visualized (figs. 6.4 c-d). Similar intriguing effects have
recently been reported by Mena-Osteritz et al. describing a selective imaging of

MOs of macrocyclic oligothiophene-diacetylenes physisorbed on HOPG.250:251

To evaluate how important the anion-covered surface is for the arrangement
of the squares, preliminary experiments were performed on HOPG: A series of
molecular squares in different solvents (1 and 4 in H,O; 2, 5, and 6 in CH,Cl,)
have been deposited by solution casting on HOPG. All measurements show one-
dimensional striped patterns, which could result from a selforganization that is
probably unstable under the scanning tip (even with soft tunneling parameters)
or from stacking of the molecules dominated by intermolecular interactions. The
best high-resolution images were obtained with square 5 (Fig. 6.8).%6 This is
clearly pointing to the absence of a strong template effect and the presence of

inter-adsorbate interactions ruling the 2D phase behavior on HOPG.

Figure 6.8: Inter-adsorbate interactions of square 5 ruling the 2D phase behavior on HOPG.56
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6.1.6 Second-Order Template Effect —
Cyclophanes on Top of the Chloride Adlayer

A second, slightly modified, approach towards the formation of cavitand struc-
tures at electrode surfaces is the adsorption of Stoddart’s Cyclobis(paraquat-p-
phenylene) from the aqueous phase (see 6.1.4). Again a chloride pre-covered
Cu(100) surface serves as template. The pure supporting electrolyte is exchanged
by an aqueous solution of the cavitands (50 mM in 10 mM HCI) under potential
control. Again, copper steps can be observed on a mesoscopic length scale which
are oriented parallel to substrate directions which again is a strong hint for an
intact ¢(2 x 2) chloride layer. Molecularly resolved STM images exhibit again
that the cyclophanes are lying flatly on the electrode surface with their cavities

pointing towards the solution (Fig.6.9).

Clearly visible is the lateral order with only minor defects, which leads to
large and well ordered domains. As the cyclophanes are rectangular, the fourfold
symmetry is reduced. And indeed, two domains are observed, which are almost
perpendicular (o = 85+5 °), leading to a twofold symmetry (rectangular unit
cell | @] = 2.1 0.1 nm | 5] = 0.9 £ 0.1 nm). Although the [4,4’)-bipyridines
are quite close to each other, which means that their positive charges have to be
compensated by the chloride adlayer, a commensurate superstructure is formed
(Fig. 6.10).

Another interesting feature of these STM-experiments reveals, when the bias
voltage is increased and the tunneling current is reduced. This leads to a smaller
interaction and a larger distance between sample and tip. Over the first adsorbate
layer more complexes become visible. Densely packed rows of cyclophanes can be
found. However, a second complete monolayer is not observed. The distance be-
tween these two layers corresponds well with the height of the first monolayer,
indicating that the second layer is again lying flat on top of the flat lying cyclo-
phanes of the first layer.
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Figure 6.9: Cyclobis(paraquat-p-phenylene) on top of Cu (100).139
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Figure 6.10: Model of Cyclobis(paraquat-p-phenylene) on top of Cu (100).139
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6.1.7 Outlook

The stage is now set to attempt the insertion of guest molecules into the cavi-
ties of the squares and directly observe the guests within the host at electrified
solid/liquid interfaces by means of high-resolution scanning probe techniques.

In the case of Stoddart’s Cyclobis(paraquat-p-phenylene), electron rich guests
like phenols or benzene compounds with more than one hydroxy group offer ap-
propriate binding energies in water. Future measurements should focus on the
inclusion of guest molecules into the cavitand structures similar as recently re-
ported by Pan et al. who succeeded in imaging host-guest complexes at the
solid/liquid interface.?>

Longer and more flexible bis-pyridines lead to an equilibrium between squares
and triangles?*??. Another interesting study would be to find, which species can

be deposited on surfaces with threefold symmetries.

6.2 Gravimetric Detection of Ethene by QMBI

6.2.1 Introduction

Ethene is of both biogenic*'* and anthropogenic?'® origin, and thus almost ubiqui-
tous. As a phytohormone, it induces the process of ripening, stimulates epinasty,
and indicates exposure of plants to stress.?'® Furthermore, monitoring of ethene
is pivotal for air-quality management in cities because it is a volatile organic
compound (VOC) which is known to have a strong photochemical ozone creating
potential (POCP).?!" Furthermore, ca. 100 million tons of ethene were consumed
in industrial processes in 2003 indicating its major role for modern economy.?'8
Therefore, an inexpensive and robust real-time method for quantitative mon-
itoring its content in analyte gases represents a highly interesting target for an-
alytical chemistry. At present, several analytical methods exist for a continuous

quantitative survey of ethene, among them laser photoacoustic techniques with

TThe results of this section were obtained in collaboration with Dr. Boris Graewe in the
working group of Prof. Dr. J. Bargon and Dr. Jan Haubrich. Parts of these results are published

in reference.?'® The compounds in this section are numbered QMB for Quarz Micro Balances.
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an extremely low detection limit in the ppt range?'® or optical methods which
operate at concentrations down to 30 ppb.?!? These methods often suffer from
costly equipment and require sophisticated procedures. For example, laser pho-
toacoustic devices are quite sensitive to the flow rates which consequently need
to be precisely controlled. FT-IR spectroscopy is a standard method for the de-
tection of ethene,??° but suffers severely from its cross-sensitivity to water, an
omnipresent analyte.

In principle, mass-sensitive detection based on quartz microbalances (QMB)
provides an inexpensive and robust method to detect volatile compounds.??* A
QMB utilizes the piezoelectric effect of quartz plates coated with a sensor-active
layer. Upon binding of the analyte, the resulting mass increase lowers the res-
onance frequency (see chapter 4.4.2). A combination of sensor arrays (see Fig.
4.7) with different coatings and pattern recognition software also provides the
necessary selectivity to distinguish different analyte molecules in mixtures so that
cross-sensitivity problems can be solved.???

However, two problems hamper the gravimetric detection of ethene: (i) its low
molecular weight, which directly affects the sensor response and (ii) the fact that
the double bond is the only functional group, which can be utilized for binding the
analyte to the sensor-active layers.??® Correspondingly, all attempts with either
commercial polymer-coated QMB’s or home-made analogues coated with typical
organic receptor molecules did not yield any detectable signal, when ethene was

present in the gas stream.

6.2.2 Experimental Setup

For the experiments discussed here, 167 um thick 10 MHz quartz plates with one
gold electrode on each side were electrospray-coated'® with a 0.084 pm (=5 kHz
frequency shift) or 0.168 pum (=10 kHz frequency shift) or 0.252 pum (=15 kHz
frequency shift) thick layer of the metallo supramolecular macrocycles?®:61 63,66
and metal complexes shown in Scheme 6.2.

Palladium and platinum complexes are excellent candidates for the detection
of ethene, because they represent stable 16 electron complexes that may offer a

binding site to the ethene. At the same time, the binding energy of the analyte
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Scheme 6.2: Materials QMB1 - QMB16 for coating the QMB sensors. In solution, self-as-
sembled supramolecular triangles??* QMBS5 to QMB12 are in equilibrium???

sponding squares.

[QMBI] M = Pd, L= (dppp).
A =O0Tf

[QMB2] M = Pt, L= (dppp).
A =0Tf

[QMB3] M = Pd, L= (en),
A =NO5

[QMB4] M =Pt, L= (en),
A =NO5

[QMBS] M = Pd, L= (dppp),
X =CH, A=0Tf
[QMB6] M = Pd, L= (dppp),
X=N, A=O0Tf
[QMB7] M = Pt, L= (dppp),
X =CH, A=0Tf
[QMBS8] M = Pt, L= (dppp),
X=N, A=O0Tf
[QMB9] M = Pd, L= (en),
X =CH, A=NOjy
[QMB10] M = Pd, L= (en),
X=N, A=NO;5
[QMB11] M = Pt, L= (en),
X =CH, A=NOjy
[QMBI12] M = Pt, L= (en),
X=N, A=NO;s

[QMB13] M = Pd, L= (dppp).
A =O0Tf
[QMB14] M = Pt, L= (dppp).
A =OTf
[QMB15] M = Pd, L= (en),

A =NOjy
[QMB16] M = Pt, L= (en),
A =NOy

with the corre-
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is expected to be quite low due to the preference of these metals to form square
planar complexes with 16 valence electrons.?? From the low binding energies,
one may expect binding to be reversible —a necessary prerequisite for a real-time
sensor. Twelve sensors were transferred at a time into a temperature controlled
measuring chamber and exposed to a 200 ml/min flow of dry nitrogen containing

a defined concentration of ethene in the range of 0-1000 ppm by volume.

6.2.3 Results and Discussion

In contrast to all purely organic and macromolecular substances tested, all metal
complexes give rise to a detectable frequency shift when ethene is present. This
indicates that binding occurs at the metal centers. Nevertheless, compounds with
larger cavities give rise to a higher sensor response. In particular QMB9 and
QMB12 are excellent ethene sensor-active layers. Tentatively, we attribute the
higher sensor responses of the macrocyclic compounds to the presence of cavities
in the sensor-active layer, which may provide the necessary space for binding
of ethene and the required conformational flexibility at the metal centers. In
addition, electronic effects at the metal centers depending on the presence of bis-
1,3-diphenylphosphinopropane (dppp) versus ethylene diamine (en) ligands are
expected to play a role. In the following, we focus on the best sensor-active
compound observed so far, i.e. QMB12. For this substance, measurements were
performed with variable layer thicknesses and at different temperatures. With
increasing temperatures T, the sensor response decreases. The increase in sensor
response with increasing layer thickness provides evidence for volume sorption of
ethene and clearly rules out exclusive binding on the surface.

Thus, calculating binding energies on a basis of Langmuir isotherms would usu-
ally not applicable. On the other hand, using a Brunauer-Emmet-Teller isotherm
neither is appropriate because it does not allow us to describe a saturation situ-
ation like the one observed in our cases. The solution to this problem is a model
taking into account surface adsorption with a very small equilibrium constant (i.e.
predominantly on the side of desorbed ethene molecules) combined with a rather
high diffusion rate of ethene within the coating. Both assumptions perfectly fit

into the physico-chemical behavior one would expect from ethene regarding ad-
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sorption on and diffusion into coatings: ethene hardly adheres to any kind of
organic coating material, but once it finds an appropriate site to dock onto (here
the metal centers) it quickly diffuses into the volume due to great mobility which
it owes to weak binding. For all coatings under study the ratio of bound ethene
(derived from the QMB’s frequency shift) to metal centers never exceeds 1 in-
dicating the presence of a single binding site on each metal atom. This result
is not only in line with expectation, but also corroborates our DFT calculations
described below. On the basis of these arguments a standard Langmuir isotherm
(Eq. 6.1) together with Arrhenius’ equation (Eq. 6.2) may be used to derive the
binding energy of the analyte from a plot of Inb versus 1/7" in the present case
(S and Sy are the observed and maximum frequency shifts, b is the curvature
factor of the isotherm, and ¢ the analyte concentration).??” With this approach,

we determine a quite low binding energy of ethene of ca. -1 kJ/mol.

bc
S = [+ bo) (6.1)
b(T) = Z—?) a expg—; (6.2)

For comparison with the experimental binding energy, resolution-of-the-iden-
tity??® density-functional-theory (RI-DFT) calculations were performed with
“Turbomole 5”22 (Becke-Perdew functional®" with TZVPP basis sets and effective
core potential (ECP for Pt, 60 core electrons). In order to reduce the computa-
tional cost, only a truncated model complex, QMB16, was used. The calculated
local minimum of 7.6 kJ/mol obtained for the most favorable adsorbed complex
using TZVPP basis sets and a pseudopotential for Pt (ECP-60)! indicates a
slightly metastable binding state. Within the DFT error bar, the binding energy
obtained here is still close to the very weak interaction determined experimentally.
The deviation is mainly ascribed to the truncated model and to the limited size
of the basis set, as evidenced by a significantly unfavorable local minimum of 24.2
kJ/mol obtained with the smaller SVP basis sets. Several other binding possibil-
ities have been considered, among them ligand exchanges, which replace one of
the ethylene diamine or a pyridine ligand by ethylene. They are all significantly

less favorable in energy. In the most favorable structure, ethene is bound in the
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plane of a distorted trigonal-bipyramid formed around the metal center with Pt-C
distances of 2.12A and a C-C bond length of 1.44 A. The Pt-N2 bond length of
pyridine in plane is elongated to 2.29 A as compared to the model complex before
ethene binding (2.05 A). Also, the Pt-N3 distance to the ethylene diamine ligand
increases from 2.09 to 2.36 A upon ethene binding.

Figure 6.11: Ball and stick model of the ethene-QMB16-complex. The distorted trigonal-

bipyramidal structure is clearly visible.

With QMB12, the extrapolation of the linearly fitted part of the Langmuir
isotherm yields a lower detection limit for ethene of 3 ppm. In the range between
5 and 100 ppm, the sensor response correlates linearly with analyte concentration
(Fig. 6.12). At higher ethene concentrations, i.e. 100-600 ppm, the concentra-
tion/sensor response correlation can be fitted with a second order polynomial (Fig.
6.12). Consequently, a calibration of the sensor is easily possible and a quanti-
tative determination of the ethene concentration is feasible between 3 and 600
ppm, a highly attractive range for many practical applications which is not easily
covered by other methods. Above 600 ppm, the sensor approaches saturation,
which indicates binding of ethene at specific sites in the sensor-active layer.

Upon a change of the ethene concentration, the sorption equilibrium is reached
within minutes. Thus, the sensor responds quickly and is suitable for real time
measurements. To get a more detailed insight into the kinetics of ethene diffusion
into the sensor-active layer, a simulation on the basis of a model combining Lang-
muir surface absorption and volume diffusion was performed.!%230 Experimental

and simulated sensor responses for two different layer thicknesses were compared.
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Figure 6.12: Linearly fitted Langmuir isotherm of the “ethene concentration : sensor

response”’-correlation for QMB12 in the range of 3-100 ppm. Langmuir isotherm fitted to

a second order polynomial in the ethene concentration range of 100-1000 ppm.
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Both simulations have been carried out with the same set of parameters.?*? Only
the maximum uptake of ethene, which directly correlates to the layer thickness,
had to be altered in order to receive good fits in both cases. According to these
simulations, ethene diffusion through a layer of QMB12 is characterized by a
diffusion coefficient of 2.3 - 107%m2s~1 which on the minute time scale of the
experiment nicely agrees with layer thicknesses in the upper nanometer range.?3

Interestingly substance QMB12 is not only the most sensitive of all tested
coatings towards ethene but it also shows the lowest cross sensitivities towards
other analytes like cyclohexanone, nitromethane or toluene. The strongest cross
sensitivity with a frequency shift of 95 Hz at 1000 ppm was measured for nitro-
methane. Substitution isomers of ethene (tetrachloroethylene, trichloroethylene,
cis and trans-dichloroethylene and 2,3-dimethyl-2-butene) at a concentration of
1000 ppm all produce a frequency shift of less than 30 Hz (best: tetrachloroethy-
lene, 28 Hz, worst: 2,3-dimethyl-2-butene, 8 Hz). Thus, one can say that also the
selectivity of QMB12 towards the almost completely unfunctionalized substance

ethylene is amazingly high.

6.2.4 Summary and Conclusion

For the first time, a real-time gravimetric detection of trace amounts of ethene
in the range of 5-600 ppm could be realized using metallo-supramolecular macro-
cycles as sensor-active layers that bear Pd and Pt centers. The thermodynamic
analysis, theoretical calculations, simulations, and control experiments with purely
organic control compounds all corroborate ethene binding at the metal centers
rather than inside the cavities formed by the macrocycles. Interestingly, this
interaction does not only occur on the surface, but uses the whole volume of the
sensor active layer. Since an inexpensive platform for an array of six differently
coated QMB sensors has already been developed for the detection of other volatile
analytes,?* the transfer of these results into commercial applications should be
easily possible. Nevertheless, cross-sensitivities with other volatile compounds
have to be taken into account. Preliminary results indicate that these issues can
be resolved. Particularly helpful in this respect is the fact that ethene did not

give any sensor response with organic and macromolecular coatings. Such coatings



6.3. MS INVESTIGATION OF OLIGOTHIOPHENE COMPOUNDS 153

however respond to the presence of many other analytes, particularly water, from

which ethene needs to be distinguished.

6.3 Mass Spectrometric Investigation of Oligo-
thiophene-Based Macrocycles, Catenates

and Catenanes?

6.3.1 Introduction

Oligo- and polythiophenes are organic semiconductors that have important appli-
cations in organic electronics.?®® Thus, a-conjugated oligothiophenes have become
one of the most investigated classes of compounds for studying structure—property
relationships in organic electronic materials of a defined structure over the past two
decades.?’® In this context, a protocol for the synthesis of a-conjugated oligothio-
phene macrocycles was recently published.?” Besides their unexpected properties
due to their cyclic structure,?>® they represent a model of an ultimate, defect-free
conjugated oligothiophene chain. In the past few years, several attempts have
been made towards the realization of individually addressable, switchable devices
based on interlocked macrocyclic structures.?® Catenanes have been intensively
investigated and several synthetic approaches towards these compounds utiliz-

101 have been developed in the past few

ing highly efficient templating strategies
decades.

In this respect, it was the goal to prepare new conjugated supramolecular
topologies based on oligothiophene macrocycles that combine their electronic ma-
terial benefits and the properties of a defined supramolecular architecture. Nev-
ertheless, threading of an oligothiophene chain through a conjugated macrocycle
and the subsequent preparation of intertwined conjugated catenanes represents a

yet unsolved major synthetic challenge. The design of interlocked 7-conjugated

IThe results of this section were obtained in collaboration with Dr. M. Ammann, Dr. M.
Wilde, Dr. G. G6tz and Dr. E. Mena-Osteritz in the working group of Prof. Dr. P. Biuerle
(University of Ulm) and are published in references.?®*25% The compounds in this section are
numbered OTC for OligoThiophen-Based Catenanes.
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macrocycles by an efficient strategy calls for the use of specific template binding
sites that do not interrupt the molecule’s entire m-conjugation. Therefore, among
all the available template methods, the well-known [1,10]phenanthroline-based
catenane synthesis originally introduced by Sauvage and coworkers?®® appeared
to be the most suitable approach and is the basis for the synthesis of the first

conjugated catenates.

6.3.2 Compounds Under Investigation

The following seven compounds, platinum macrocycle OTC1, bis-platinum cop-
per catenate OTC4, deplatinated copper catenate OTC5 and open chain copper
adduct OTC6, with three thiophene units per ring respectively as well as platinum
macrocycle OTC2, macrocycle OTC3 and catenane OTC7, with four thiophene
units, (see Scheme 6.3) were prepared by Dr. M. Ammann and Dr. M. Wilde in
the group of Prof. Dr. P. Bauerle. Their synthesis and characterization by NMR

are described in detail in the references.??32%4

6.3.3 Structural Proof of the Macrocycles, Catenates and
Catenanes by MS

The synthesis of catenanes is still a considerable challenge, as is the identification
of their intertwined topology. If no crystal structure is available, NMR exper-
iments may provide some evidence. They often reveal up-field chemical shifts
for the signals of those parts of a macrocycle that are inserted into the cavity
of the other.!%%261  However, this is not necessarily the case for all catenanes
because this effect is often caused by the anisotropy of aromatic rings incorpo-
rated in the two macrocycles of the catenane. Mass spectrometry represents a

262 Tn addition to the analytical charac-

complementary method of investigation.
terization with respect to the exact mass, charge state and isotope patterns, MS
allows gas-phase experiments to be carried out in which molecules can be stud-
ied under environment-free conditions. Tandem mass spectrometric (MS/MS)
experiments such as collision-induced dissociation (CID) provide an insight into

a molecule’s reactivity and often indirectly into its structural features such as
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Scheme 6.3: Oligothiophene-Based Macrocycles, Catenates and Catenanes OTC1 - OTC?7.
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125,263 and intertwined topologies.'?%127  Consequently, tan-

guest encapsulation
dem electrospray-ionization Fourier-transform ion-cyclotron-resonance (ESI-FT-
ICR) mass spectrometry provides an insight into the structures of the compounds
under study here and their reactivity in the gas phase (for an introduction see

4.2.3).
Macrocycles OTC1 and OTC2 can be charged by two different methods.

Spraying them from methanol solutions leads to the protonated species with sig-
nals at m/z = 1775.57815Da [M+H]" for OTC1 (Am = 15 ppm) and m/z =
2328.78884 Da [M+H]|* for OTC2 (Am = 8 ppm), respectively. Spraying these
compounds from a nonacidic solvent gives rise to small contributions of radical
cations which points to the ease of one-electron oxidation of the fully conjugated
macrocycles. These radical cations could almost be completely suppressed in favor
of the protonated compounds when trifluoroacetic acid is added to the solution.
On the other hand, adding a small amount of [Cu(CH3CN)4|BF, to acetonitrile
solutions of OTC1 and OTC2 leads to the corresponding copper adduct peaks
which appear at m/z = 1837.3 Da [M+Cu]" for OTC1 and at m/z = 2391.7 Da
[M+Cu]* for OTC2.

Catenates OTC4 and OTC5 are easily ionized by the loss of the counteranion.
Electrospray ionization from acetonitrile solutions results in a peak at m/z =
3612.85458 Da [OTC4 — BF,]" (Am = 3 ppm) for catenate OTC4 and a peak at
m/z = 2398.91162 Da [OTC5 — BF4|* (Am = 8 ppm) for catenate OTC5 (sce
Figure 6.14 a) and b).

Methanol solutions (again with 0.5% CF;CO,H) of OTC3 and OTC7 gen-
erate ions corresponding to [OTC3+H]* and [OTC7+H]* at the expected m/z
values of 1331.4693 Da (Am = 5 ppm) and 2661.9399 Da (Am = 8 ppm), respec-
tively (see Figure 6.14 c).

Not only the exact masses of these seven compounds, but also the isotope pat-
terns agree excellently within the error margins with those calculated on the basis
of natural abundances, thus confirming the elemental compositions (see Figure
6.13 insets).

While the ESI mass spectrum of OTCS5 proves the presence of a pure sam-

ple and does not show any decomposition products, two major fragments are
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Figure 6.13: ESI-FT-ICR mass spectra of a) OTC4, b) OTC5 and ¢) OTCT (ca. 30-10~M
solutions in acetonitrile a) and b) or methanol ¢)); Insets: isotope patterns (experimental and

calculated on the basis of natural isotope abundances).
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observed in the spectrum of OTC4 whose relative and absolute intensities vary
with the spray conditions. One signal is observed at m/z = 3005.8 Da, which is
more prominent than the second one at m/z = 2398.6 Da under soft ionization
conditions, but still small relative to the parent-ion base peak. The second signal,
which has the same mass as catenate OTCD5, increases in intensity with harsher
ionization conditions at the expense of both the parent ion and the first signal
at m/z = 3005.9Da. The fact that the relative intensities vary with ionization
conditions indicates that both are fragments of the parent catenate [OTC4 —
BF4|" rather than impurities in the sample. We have therefore attributed these
signals to consecutive losses of two neutral [(dppp)Pt] moieties (Am = 607 Da)
formed during the ionization process or subsequently in the gas phase. To confirm
this, mass-selected [OTC4 — BF4|™ is subjected to a tandem MS experiment in
which it is collisionally activated with argon as the collision gas in the FT-ICR
cell (CID). Again, the two major fragments are observed at m/z = 3005.9 Da (Am
= 607Da) and m/z = 2398.9 Da (Am = 1214 Da = 2x607 Da) (see Figure 6.14
a). As these masses correspond to the loss of two [(dppp)Pt] units, it is suggested
that two consecutive reductive eliminations of [(dppp)Pt| lead to the formation
of catenate OTC5 from catenate OTC4 in the gas phase. After the reductive
eliminations, two fully conjugated, catenated macrocycles are obtained. Further

support for this structural assignment comes from three additional experiments.

e When the collision energy is increased in the CID experiment with bis-
platinum copper catenate [OTC4 — BF,]*, a series of fragmentations of
the n-butyl side-chains is observed from the [OTC4 — BF, — 2 (dppp)Pt]™
ion following the two-fold reductive elimination [i.e., =30 Da (C,Hg), —42 Da
(C3Hg), 44 Da (C4Hg), —58Da (C,H,,)], ete. relative to the fully deplati-
nated ion peak at m/z = 2398.9 Da. Instead, the loss of one of the ligands

of the copper ion almost vanishes within the noise.

e Under the same collision conditions, catenate OTC5 shows the same series
of fragmentations of the n-butyl side-chains (see Figure 6.14 b). Owing to
the completely conjugated nature of the intertwined macrocycles, all bonds
within the macrocycle are difficult to cleave. In addition, simple bond cleav-

age within the macrocycle backbone alone would not give rise to fragmen-
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tation because both halves are still connected through coordination to the
Cul ion. Consequently, the cleavage of C-C single bonds in the n-butyl

side-chains represents the lowest energy processes.

e As a control experiment, intermediate OTCG6, a copper-bridged dimer, is
subjected to a CID experiment. Since it is an open-chain analogue of OTC5,
it can either give fragments of the n-butyl chains or decompose with the loss
of one of the ligands from the central copper ion. The monoisotopic ions of
OTCG6 are isolated (m/z = 2687.1 Da) and upon collisional activation the
only fragment observed is m/z = 1375.1 Da, which corresponds to the loss
of one neutral ligand (see Figure 6.14 ¢). As no further fragments between
the parent ion and the daughter ion are observed, the weakest bonds are
now the two dative N-Cu bonds. Because the structure is not mechanically
bound, one ligand can easily be removed. This is in marked contrast to the
fragmentation of [OTC5 — BF4|* and [OTC4 —- BF, — 2 (dppp)Pt]", in
which ligand loss would require an additional bond cleavage within the fully

conjugated macrocycles to permit the loss of one ligand from the copper ion.

These three observations provide definitive and independent evidence (i) for the
catenated structure of both OTC4 and OTCS5 and (ii) for the feasibility of the
reductive elimination processes leading to ring-closure in the gas phase, when the
ions are collisionally activated, which basically means that their internal energy is
increased. Since no oxidant is present in the high vacuum of the mass spectrom-
eter, ring-closure occurs without oxidation of the [(dppp)Pt] moieties.

As the mass as well as the elemental composition of catenane OTC7 is the
same like two individual macrocycles OTC3 and a two times larger macrocyc-
le, high resolution mass spectrometry can not be used to distinguish these three
possible compounds. But as the reactivity of the three compounds in the gas phase
might be different, MS-MS investigations might be able to distinguish these three
substances. Mass-selected 2262.1 Da, the mass of the protonated three substances,
is subjected to collision-induced dissociation. The only fragment stemming from
cleavage of a covalent bond within the macrocycle backbone corresponds to loss
of one complete wheel. As in case of catenate OTC5, a series of alkyl chain

losses from the n-butyl groups on the thiophene rings originating from both the
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parent catenane and the macrocycle are also found (see Figure 6.14 d). Macrocycle
OTC3 shows the same series of alkyl side-chain fragmentations in an analogous
MS-MS experiment. This fragmentation pattern is not in line with a weak, proton-
bridged, complex of two non-intertwined wheels, because the extensive losses of
alkyl groups cannot compete with dissociation of such a weak complex into two
separate macrocycles. Neither does the fragmentation pattern support a single,
large macrocycle with the elemental composition of the catenane, since the only
backbone fragment (excluding the losses of alkyl groups) is the loss of one wheel.
This behavior is typical of catenanes, in which only one covalent bond within a
macrocycle backbone needs to be broken, while a single macrocycle would require
the cleavage of two covalent bonds and thus should lead to a number of different
fragments. The only remaining topology is consequently that of a catenane.

An overview of the four collisionally induced dissociations (CID) can be found

in Figure 6.15.

6.3.4 Properties of the Catenane

The geometrical structure and preferred conformation in solution of catenane
OTC7 and macrocycle OTC3 are investigated by detailed analysis of 'H NMR
and 2D-NMR spectra in combination with semi-empirical calculations. One set
of signals in the 'H NMR spectra of macrocycle OTC3, a down-field shift of
the 3 protons on the “inner” thiophene rings and a up-field shift of the closest
phenanthroline protons (H3, H3’) relative to those of the open chained precursor,
point to a symmetric over-all conformation of the macrocycle and to a distortion
of the “inner” thiophene rings. This proposal agrees well with calculations which
gave a symmetrical minimum energy conformation in which the “inner” thiophene
rings are rotated by 95-100°, thus leading to a puckering of the phenanthroline
unit by 27° from coplanarity (see 6.16). According to calculations, a fully coplanar
conformation of macrocycle OTC3 could be achieved by an anti arrangement of
one “inner” thiophene ring, thus leading to a nonsymmetric structure.
Additionally, STM experiments on monolayers of macrocycle OTC3 adsorbed
on graphite display the symmetrical structure of the conjugated macrocycle OTC3
(see Figure 6.17). The same trends are found in the '"H NMR spectra of catenane
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Figure 6.14: Tandem mass spectra (CID) of a) OTC4, b) OTC5, ¢) OTC6 and d) OTCT7;

Insets: fragmentations from bond cleavages of the n-butyl chains; * radio peak.
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Figure 6.15: Tllustration of the collisionally induced dissociations (CID) of a) OTC4, b)
OTC5, ¢) OTC6 and d) OTCT.
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a) b) c)

Figure 6.16: Calculated minimum energy conformation of macrocycle OTC3 (a) top view, b)

side view) and ¢) catenane OTCT.

Figure 6.17: STM image of a monolayer of macrocycle OTC3 at the solid (highly ordered
pyrolytic graphite; HOPG)/liquid (1,2,4-trichlorobenzene) interface.

OTC7, and temperature-dependent measurements showed that the dynamic mo-
tion of the two interlocked macrocycles, which is frequently found for conventional

264 is hindered up to 100°C. Calculations predict a stable minimum en-

catenanes,
ergy conformation of catenane OTCT consisting of two puckered, but intertwined

symmetric macrocycles of OTC3.

Catenane OTCY7 is a unique molecular system in which the conjugated ma-
crocycles are mechanically kept in proximity and may influence each other elec-
tronically “through space”. Investigation of the optical and redox properties of

OTCT7 compared to those of macrocycle OTC3 provides clear evidence for a mu-
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tual interaction between its two rings. The absorption spectra of both compounds
showed a broad band arising from the m — 7* transition of the conjugated system,
with a maximum at nearly the same position and a tailing at lower energy, which
is typical for cyclothiophenes®® (see Figure 6.18). However, the molar extinction
coefficient is doubled for catenane OTC7, thus indicating an additive contribu-
tion of both rings in the intertwined system. If both spectra are normalized (same
concentration of rings), a difference spectrum shows additional bands for catenane
OTC7 from which the band at lower energy (A=530 nm) indicates an inter-ring
charge-transfer (CT) transition. This finding is compatible with the conforma-
tion discussed above in which the (oligo)thiophene donor units in one ring are in
proximity to the phenanthroline acceptor unit of the other ring. The decrease in
the fluorescence quantum yield of catenane OTC7 (¢ = 2%) relative to that of
macrocycle OTC3 (¢ = 6%) is also consistent with a quenching arising from an

“intermolecular” charge-transfer interaction in catenane OTC7.

1,0 H
0,8

0,6 4

OD (a.u.)

04

0,2

—

300 400 ' 500 600
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0,0

Figure 6.18: Normalized absorption spectra of catenane OTCT (solid black line) in compar-
ison to that of macrocycle OTC3 (dotted line) in dichloromethane and a difference spectrum

comparing the two compounds (gray line).

Cyclic voltammetry studies show the remarkably different redox properties of
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OTCT7 and OTC3 (see 6.19). The important electrophores in our systems are
the four thiophene units which typically are oxidized reversibly to radical cations
and dications by successive one-electron transfers. The corresponding potentials
at which these processes occur generally depend on electronic influences in the
vicinity of the electrophore. In this respect, macrocycle OTC3 shows first and
second one-electron oxidation at potentials slightly negative of those of open-
chained precursor, which correspond to the formation of stable radical cations.
Further oxidation leads to tri- and tetracationic macrocycles at potentials which
are more positive than those of the precursor. All oxidation processes (of the four
thiophene units) of intertwined catenane OTCT7 are in general shifted to positive
potentials because of the proximity of the electron withdrawing phenanthroline
unit. This effect is also due to inter-ring, through-space, donor—acceptor inter-
actions, and strongly corroborates the symmetrical and puckered conformation

discussed above.

6.3.5 Summary

13

In conclusion, a unique “m-conjugated catenane” is prepared consisting of inter-
twined oligothiophene-phenanthroline macrocycles as a novel topological struc-
ture in the field of conjugated oligomers and polymers by a double metal template
strategy. The interesting optical and redox properties found are in line with the
structural and conformational analysis, which gave clear evidence that the two
macrocycles in catenane OTC7 influence each other by through-space donor—

acceptor interactions.
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Figure 6.19: Deconvoluted cyclic voltammogram of catenane OTC7 (black line) in com-
parison to that of macrocycle OTC3 (gray line) (OTCT7: 2.5 x 10~*M, OTC3: 5.0 x
107*M, in CH,Cl,/0.1M (C,Hg),NPF; at 295 K, v=100 mVs~!, potentials versus the fer-
rocene/ferrocenium (Fc/Fe+) couple.



Chapter 7

Summary and Outlook

7.1 Summary

The aims of this thesis are divided into seven sections. Hence, the summary adopts

this structuring.

1. A Supramolecular Construction Kit of Functional Self-Assembled

Metallo Supramolecular Squares

SAMS have proven themselves to be interesting materials for several appli-
cation within the Collaborative Research Initiative 624 at the University of

Bonn.

(a) For the first time, a real-time gravimetric detection of trace amounts
of ethene in the range between 5 and 600 ppm could be realized using
SAMS as sensor-active layers. In particular QMB9 and QMB12 are

excellent ethene sensor-active layers.

(b) Furthermore, SAMS and related compounds (like Stoddart’s Cyclobis-
(paraquat-p-phenylene)) have been successfully adsorbed and moni-
tored by means of EC-STM using a second order template effect. High-
resolution images were recorded from the cyclophanes lying flatly on
the electrode surface with their cavities pointing towards the solution.
In some cases, high lateral ordering with only minor defects, in other

cases, stacking of further assemblies on top of the first monolayer were

167
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observed. Useful information (size, reactivity towards chloride) was

extracted.

(c) In addition to literature known SAMS, a convergent synthetic strategy
towards functionalized [4,4’]-bipyridines was developed: Key steps of
the reaction sequence are (i) a modified reductive coupling of several
alkyl-pyridines (picolines and lutidines), (ii) conversion of two methyl
groups into carboxylic acids (oxidation or deprotonation followed by
quenching with carbon dioxide) and (iii) standard peptide coupling
reactions (acid chlorides or PYBOP).

(d) As an unexpected by-product of the synthetic effort, an alternative
route towards dihydro-[3,8]-phenanthrolines was found. This roughly
developed route is neither short nor cheap, but affords unusually sub-
stituted [3,8]-phenanthrolines.

2. Self-Assembled Defect Free Dendrimers

With the above mentioned reaction sequence self-assembled dendrimers of
the third generation were synthesized with molecular masses of more than
15000 Da, which allowed valuable inside into their self-assembly reactions
like the effect of the metal complex (Pd vs. Pt) or the solvent of choice.
Visualization of films of these dendrimers using atomic force microscopy
(AFM) provided information on their molecular dimensions as well as their
multi-layer formation. The results of this study were not described in this

thesis but can be found in the references.'9

Chiral Self-Assembled Supramolecular Squares

Two sorts of chiral SAMS were developed:

(a) SAMS from alanine-decorated bipyridines showed an outstanding hete-
rochiral self-sorting.?®® The absolute configuration of one final assembly

was determined on the basis of crystal structure analysis.

(b) SAMS from axially chiral [4,4’]-bipyridines. This completely new class
of compounds was obtained by an elegant reaction sequences either

flexible (with CH,-Spacer) or stiff (without any spacer). Three different



7.1.

SUMMARY 169

racemic mixtures were separated into their enantiomers by means of
chiral HPLC. Enantiopure ligands show a notably selective self-assem-

bly in marked contrast to their racemic mixtures.

. Isomeric Structures in Self-Assembly

560 independent isomers could be identified. [4,4’]-Bipyridines, substituted
with small and achiral residues, showed overlapping peaks in the 'H NMR
spectra indicating mixture formation. Dendron substituted [4,4’]-bipyridi-
nes allowed valuable inside into their self-assembly reactions. In case of the
sterically demanding axially chiral ligands, the amount of possible isomers
could be narrowed down to two isomers, which could however not been safely
assigned. In the solid-phase structures of alanine-decorated SAMS, only one
isomer was found exclusively. NMR analysis gave clear evidence that only
this isomer is formed in solution, too. These results, give a first insight,

which factors govern the outcome of self-assembly.

. Unidirectional Self-Assembled Supramolecular Squares

The synthesis of the desired ligand for unidirectional SAMS was successfully
carried out. Unfortunately, all attempts to grow single crystals of the final
assembly failed, so that an incontestable evidence for unidirectionality could

not be given.

. Mass Spectrometric Investigations of Fujita-Squares have proven to

be far more difficult than the corresponding Stang-square measurements.
However, ionization (and complete desolvation) was accomplished by ex-
changing the anion (PFy instead of NO, ) and the solvent (nitromethane).
First insight into interesting dissociation pathways was obtained. As these
results are only preliminary, further investigation are advisable to get more

profound insight.

. Mass Spectrometric Investigation of Oligothiophene-Based Macro-

cycles, Catenates and Catenanes by ESI-FTICRMS

A unique “m-conjugated catenane” was prepared by the working group of

Prof. Bauerle (Ulm) consisting of intertwined oligothiophene—phenanthroline
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macrocycles. The interesting optical and redox properties found were in line
with the structural and conformational analysis, which gave clear evidence
that the two macrocycles in the catenane influence each other by through-
space donor—acceptor interactions. Structural proof for this catenation came
from MSMS measurements, in which further evidences were found for the
complete conjugation. Moreover, MSMS studies of platinated precursors
macrocycles and catenates showed an unexpected reactivity in the gas phase:
Reductive eliminations at the platinum centers were observed in the gas

phase, yielding fully conjugated macrocycles.

In conclusion, the aims of this thesis were exceeded. Results of this study were
incorporated in twelve accepted publications as well as six poster contributions.
Nevertheless, science will never answer all possible question. Thus, an of course

incomplete list of impulses might be found in the next sub chapter.

7.2 Outlook

Hantzsch [4,4’]-Bipyridine Reaction

The Hantzsch dihydropyridine/pyridine reaction sequence allows the prepa-
ration of dihydropyridine derivatives by condensation of an aldehyde with two
equivalents of a (-ketoester in the presence of ammonia. Subsequent oxidation
gives pyridine-3,5-dicarboxylates, which may be decarboxylated to yield the cor-
responding pyridines. As seen in Scheme 7.1, the aldehyde component can be

265 Thus, this sequence might be an

isonicotinaldehyde, yielding [4,4’]-bipyridines.
ideal opportunity to obtain sterically demanding [4,4’]-bipyridines with further
functional groups like amides.
Enantioselective Deprotonation of Tetramethyl-[4,4’]-bipyridine
Axially-pro-chiral 2,2’,6,6’-tetramethyl-biphenyl can be twofold deprotonated
with n-butyllithium. An enantioselective dilithiation in the presence of the chiral
auxiliary (-)-spartein, followed by quenching with gaseous carbon dioxide, yields
(+)-2,2’-(6,6’-dimethyl-biphenyl-2,2’-diyl)diacetic acid in moderate stereoselectiv-
ity (40%ee).?% The absolute configuration of the chiral diacid is thereby still
unknown. As the methyl protons of 3,5,3",5’-tetramethyl-[4,4’]-bipyridine 24 are
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Scheme 7.1: a) Hantzsch [4,4’]-bipyridine reaction; b) standard amide coupling conditions.

O
1) (-)-Spartein,
OH

n-BuLi

2) CO, OH
70%, 40%ee
O

Scheme 7.2: Enantioselective deprotonation of 2,2’,6,6"-tetramethyl-biphenyl with (-)-spartein
in 70% with 40%ee.

less acidic than those of 2,2’,6,6’-tetramethyl-biphenyl, (-)-spartein might how-
ever not be strong enough for twofold deprotonation. Nevertheless, these results
demonstrate nicely that enantioselective dilithiation might be a promising route
towards axially chiral diacid 56.
Chiral Separation by Crystallization

As the solubility of chiral diacids 52 and 56 is poor in organic solvents, sepa-
ration into enantiomers with chiral HPLC seems not to be operable. A promising

267 (water as mobile

alternative might hence be the use of chiral ion exchange resins
phase).

On the other hand, some racemic compounds are known to crystallize as 1:1
mixtures of enantiopure crystals. More efficient is the chiral crystallization with
the use of resolving agents to form diastereomeric salts, which is a widely used
technique for resolving chiral compounds. The racemic mixtures of chiral diacids
52 and 56 might thus be resolved by crystallization with chiral amines like brucine

or sparteine. However, the approach to resolve chiral compounds by this method
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is still conducted mainly on a trial-and-error basis.

When larger amounts of enantiopure diacids will become available, these chiral
bipyridines will offer a versatile platform for further functionalization through
ester or amide bond formation or the reduction of the acids to the corresponding
aldehydes and alcohols.

Labeled Enantiomers in Square Formation

The results from chapter 5.3.3.1 and 5.3.3.2 show that the outcome of self-as-
sembly is completely different, when either racemic mixtures of axial chiral lig-
ands are used or enantiopure ligands. NMR Spectroscopy seems not to be feasible
to study these complex product mixtures. Mass spectrometric investigations of

mass-labeled enantiomers might however be the method of choice. (aR)-88 dif-

(aR)-55 R = CO-NH-C12Ho5  (@S)-55 R = CO-NH-C12Ho5

(aR)-88 R = CO-NH-C1oH21 (aS)-88 R = CO-NH-C1gH>1

Scheme 7.3: Axial chiral [4,4’]-bipyridine-derivatives 55 and 88.

fers from (aR)-55 (see Scheme 7.3) only by the length of its alkyl chains (C,;yHy,
and C,,H,;). This should however not have any significant impact on their self-
assembly reactions. 1:1:2 mixtures of (aR)-55:(aR)-88:[a] should hence show a

statistical ligand-distribution within the squares’ peaks:
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(1:4:6:4:1 = 55,88,:553881:55,885:55,883:55,88,, all (aR)).
Even though the palladium squares show broad isotope patterns, this distribution
should be easily observable be MS, as the peaks are separated by 56 Da. 1:1:2 mix-
tures of (aR)-55:(aS)-88:[a] should however show a significant deviance from
the statistical distribution. These results would nicely put the finishing touch to
the previously discussed results.
Amino Acid Decorated [4,4’]-Bipyridines

Alanine decorated [4,4’]-bipyridines have been used palmy in self-assembly
reactions. Thereby, the amino acid substituents avoid sterical congestion with
dppp’s phenyl groups. Due to the modular approach, larger amino acids can
casily be attached to the [4,4’]-bipyridine-system. These larger residues might
however increase the sterical congestion, hence, hamper or alter the outcome of
the self-assembly reactions. When smaller blocking ligands instead of dppp are
designed, even small peptide-chains might be attached to self-assembled supra-

molecular squares.






Chapter 8

Experimental Part

8.1 List of Abbreviations

br
CSI

DMSO
EI
FAB
ICR

M+
MeOH

quart

broad signal

Cold Spray Ionization
doublet
dimethylsulfoxide
Electron Ionization

Fast Atom Bombardment
Ion Cyclotron Resonance
coupling constant [Hz]
molecular radical cation
methanol

quartet

retention factor

triplet

CID

Cq
DMF
EtOAc
ESI

FT
IRMPD
m

MALDI

MHz
quin

S

8.2 General Techniques

Collision Induced Decay
quaternary carbon atom
N,N-dimethylformamide
ethyl acetate
ElectroSpray Ionization
Fourier-Transformation
IR Multi Photon Dissociation
multiplet

Matrix Assisted Laser
Desorption Ionization
megahertz

quintet

singlet

e The routine NMR, spectra were recorded on a Bruker Avance 300 (*H: 300
MHz, ¥C: 76 MHz) and a Bruker AM 400 (*H: 400 MHz, *C: 101 MHz). All
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NMR spectra are recorded at 298 K, unless otherwise stated.

Variable temperature measurements were performed on a Bruker DRX 500
(*H: 500 MHz, 3C:125 MHz, °F: 470 MHz, and *'P: 202 MHz).

2D-NMR, measurements (HH-COSY, HMQC, HMBC) were recorded on a
Bruker AM 500 (*H: 500 MHz, ¥C: 126 MHz).

All 'H chemical shifts are reported in ppm relative to residual non-deu-
terated solvent signals as the internal standard: [Dg]-acetone (2.05ppm),
[Ds]-acetonitrile (1.94ppm), [D;]-chloroform (7.27 ppm), D,O (4.80 ppm),
[D7]-dimethylformamide (2.75 ppm), [Dg]-dimethylsulfoxide (2.50 ppm), and
[D,]-methanol (3.31 ppm). '*C chemical shifts are given in ppm relative to
the carbon resonance of the deuterated NMR solvent: [Dgl-acetone
(29.92 ppm), [D3]-acetonitrile (1.39 ppm), [D;]-chloroform (77.23 ppm), [D7]-
di-methyl formamide (29.76 ppm), [Dg|-dimethylsulfoxide (39.51 ppm), and
[D4]-methanol (49.15 ppm). *'P chemical shifts are provided in ppm relative
to external 86% H;PO, (0.00 ppm). F chemical shifts are reported relative
to external CFCl, (0.00 ppm).

GC/MS measurements were performed with two Hewlett-Packard instru-
ments (Palo Alto, USA): GC HP 5890 Series II (Crosslinked Methyl Silicon
column, 0.2um core) and MS HP 5989A both at 70 eV.

EI(HighRes) spectra were measured on a Thermo Finnigan instrument (Bre-

men, Germany): MAT 95 XL (sector mass spectrometer).

High-resolution ESI mass spectra and MS/MS spectra were recorded on
a Bruker (Bremen, Germany) Apex IV FT-ICR mass spectrometer (7 T-
Magnet, Apollo electrospray ion source). For a detailed description see
chapter 4.2.4.

Chiral HPLC: The semi-preparative enantiomer separations of the racemic
4,4’-bipyridine derivatives 54, 55 and 58 were carried out with an Agilent
1100 Series HPLC system (Waldbronn, Germany), consisting of a quater-

nary gradient pump, a solvent degasser, a multiple wavelength UV-detector,
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an autosampler, and a column thermostat. Fraction collection was achieved
via time-controlled by an Agilent 1200 Series 12 position/13 port-selection
valve integrate downstream at the UV detector unit. System operation and
data processing were performed using HP ChemStation software, installed
on a personal computer. The enantiomer separations were carried out with
a analytical column (250 x 4.6 mm core), packed with a chiral stationary
phase based on tris-(3,5-dimethylphenyl)cellulose, covalently immobilized to

184 The employed mobile phase was a

macroporous 10 um spherical silica gel.
mixture of n-heptane/2-propanol (15:1, v/v). The flow rate was 1 mL/min,
and the column temperature was kept at 254+1°C. Peaks were monitored
by UV detection at multiple wavelengths (230, 254, 270, 360 nm). Samples
were injected as filtered solutions in chloroform (50 mg/ml), and injection
volumes were typically 30 to 80 uL, corresponding to a specific sample load
of 1.5 to 4.0 mg racemic 4,4’-bipyridine derivative per run. Due to the
extreme peak tailing of the analytes, even at low sample loads, "safe” frac-
tion collection was firstly programmed to collect the front region of the first
eluting enantiomer, to pool the middle section to a mixed fraction, and col-
lect the rear section of the second eluting enantiomer. To improve yields,
the mixed fractions were reprocessed after evaporation of the solvents. The
first and third fractions were evaporated under reduced pressure at a bath
temperature < 40°C to avoid thermally-induced racemization. The respec-

tive enantiomerically enriched bi-pyridines were obtained as colorless solids,

generally with ee > 92%.

CD: CD-Spectra were recorded with a Jasco J-810 Spektrophotometer
(Jasco Corp., Tokyo, Japan). Cell: 1mm and 10 mm (Hellma, Miillheim,

Germany); solvent: methanol (spectrophotometric grade, 99.9%, Sigma).

Melting Points: Melting points were measured with an homebuilt instru-
ment (Elektronikwerkstétten Chemie Uni Bonn, Germany) and are uncor-

rected.

CHN Elemental Analysis: The elemental compositions were determined

with a Vario EL (Heraeus, Hanau, Germany).



178

CHAPTER 8. EXPERIMENTAL PART

Thin Layer Chromatography: Merk’s (Darmstadt, Germany) precoated
thin layer chromatography plates were used (60 F254).

Column Chromatography: Stationary phase: Merk’s (Darmstadt, Ger-
many) silica gel (0.063-0.200pm); mobile phase as stated in the experimental

section (pre-distilled, solvent grade).

Commercially available starting materials: Starting materials were
purchased from the following suppliers and were used without further pu-
rifications: Acros Organics, Aldrich, Fluka, Lancaster, Merck, and Riedel
De Haen.

Solvents: All solvents were distilled prior to use.?%?
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8.3 Synthesis of Organic Precursors

4-Chloro-3-nitro-pyridine 162™

N N
X AN
POCls, PCls,
Z NO, 135°C.5h = NO,
OH Cl

Procedure modified from Reich et al?”® In 17ml phosphorylchloride, 1.7 g
phosphorpentachloride and 1.000 g (140.1 g/mol, 7.1 mmol) 3-nitro-pyridin-4-ol 15
are heated at 135 °C for 5 hours. The volatile compounds were removed in vacuo
and the residue is poured in 100 ml of ice. The aqueous phase is brought to
pH = 8 with solid sodium carbonate and extracted with diethylether (3 times
25ml). The combined organic phases are dried over magnesium sulphate and the
diethylether is removed in vacuo. The crude product can be used without further
purification. Yield of the crude product: 0.996 g, 6.3 mmol, 88%. Analytical clean
4-chloro-3-nitro-pyridine 16 can be obtained by distillation (90°C at 2 mbar).

Mol. Weight: 158.6 g/mol (C;H;CIN,O,).

MS (GC-MS): (Ry= min): m/z (%): 158 (M+,87), 112 ([M—NO,|*, 100),
85 (IM—NO,—HCN]*, 90).

Melting Point: 154 °C (154-155 °C?™).
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3,3’-Dinitro-[4,4’]-bipyridine 17'%

N
X
N |
| Cu, DMF, 7 NO,
/ >
NO2 449 oc, 15h ON~_~
Cl |
N
N

1199 (Valuable discussion with T.

Procedure modified from Kanoktanaporn et a
Weilandt is gratefully acknowledged). In 7 ml of dry dimethylformamide, 4-chloro-
3-nitro-pyridine 16 (2.04 g, 158.6 g/mol, 12.9 mmol) and copper powder (2.00 g,
63.6 g/mol, 31.50 mmol) were suspended and heated under argon for 15 hours at
100°C. 40 ml aqueous ammonia solution are added and the aqueous phase is ex-
tracted with diethylether until the extract is colorless. The combined organic
phases are washed with water (20ml) and dried over magnesium sulphate. All
volatile compounds are removed in vacuo (GCMS-analysis). Yield: (0.767 g, 3.1

mmol, 48%).
Mol. Weight: 246.2 g/mol (C, H¢N,O,).

MS (GC-MS): (Ry= 8.67 min): m/z (%): 216 ([M—NOJ*, 5),
200 ([M—NO,]*, 100),
170 ((M—NO,—NOI*, 10),
144 (]M—NO,—NO—C,H,|"*, 30),
117 (M—NO,—NO—C,H,—HCNJ*, 35),
90 ([M—NO,~NO—C,H,~ HCN—HCN]*, 40).
Melting Point: 129 °C (127-128 °C'69).
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[4,4’]-Bipyridinyl-3,3’-diamine 1827

\ N
- 9
P NO, SnCla, HCleone, 7 NH,
OsN = | 100 °C, 1 h HoN _~ |
S N
\ N

Procedure modified from Kanoktanaporn et al.:'%°

In 14 ml hydrochloric acid, 0.695g (246.2 g/mol, 2.8 mmol) 3,3’-dinitro-[4,4’]-bi-
pyridine 17 and 5.101 g (22.6 mmol) tin dichloride dihydrate were suspended and
heated at 100 °C for 1hour. The precipitate is filtered of and resolved in water
The aqueous phase is brought to pH = 8 and stored at 4 °C over night. White
crystals are filtered off and dried roughly. Yield 0.563 g (77%).

Mol. Weight: 186.2 g/mol (C, H,(N,).

MS (GC-MS): (Rg=min): m/z (%): 186 (M'*, 100), 185 ([M—H] ", 18), 170
(IM=NHL,]*, 10), 169 ([M—NH,]*, 10), 159 ([M—HCN]*,
6), 158 (M—H—HCN]*, 7).

Melting Point: > 250 °C (276-277 °C169).
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3,3’-Dimethyl-[4,4’]-bipyridine 20'™

N

| X
1) CISiMegs, 0°C, THF
N 3 y

A 2) Na, 12 h 7

P 3) KMHO4, RT, Hgo =
|

N

Procedure modified from Rebek et al.:'™ In dry diethylether, (instead of
tetrahydrofuran) 3-methyl pyridine 19 ( 18.5ml, 0.95g/ml, 17.6g, 93.1g/mol,
189 mmol), chlorotrimethylsilane (1eq.) and sodium (1.05eq., small portions)
were added at 0°C. The suspension was stirred for 24 hour and dried roughly.
The residue is extracted with hot toluene several times until the extract is color-
less. The toluene is removed and the residue is dried roughly, again. An acetone-
water-mixture and solid potassium permanganate is added under stirring until
the characteristic color remains. Stirring is continued for further 30 min., the
solid is filtered off, washed with a warm acetone-water-mixture and the acetone is
removed from the filtrate. The aqueous phase is extracted with chloroform several
times until the extract is colorless. After drying over sodium sulfate and removing
of the solvent, the crude product was purified by flash chromatography. Yield:
8.35g, 90.7mmol, 48 % (instead of 40 %'™).

R -Value: 0.52 (5:1)=(ethylacetate:methanol).
Mol. Weight: 184.1g/mol (C;,H;,N,).
'"H-NMR: (400 MHz, Chloroform-d;) ¢ (ppm): 8.55 (d, *Jug = 0.6 Hz,

2 H, H-2 and H-2'), 8.50 (dd, ®Juy = 5.0 Hz, *Jyu = 0,6 Hz,
2 H, H-6 and H-6"), 7.00 (d, 3Jyy = 5.1Hz, 2 H, H-5 and
H—5’), 2.25 (S, 6 H, HCHg)'



8.3. SYNTHESIS OF ORGANIC PRECURSORS 183

BC-NMR: (100 MHz, Chloroform-d;) § (ppm): 151.6, 147.8, 146.7,
130.8, 123.2, 16.8.
File Name(s): 2002, 51x4a073.

MS (GC-MS): (Ry= 6.167 min): m/z (%): 184 (M'*, 100), 183 ([M-H]T,
71), 169 ([M-CHjs |, 35), 168 ([M-CHs-H|*, 23), 157 ([M-
HCN'*, 14), 156 ([M-H-HCN]*, 18), 142 ([M-CH3-HCN]™,
28), 128 ([M-CH3-HCN-CH, |, 9).

Melting Point: 124°C.
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3,3’-Diethyl-[4,4’]-bipyridine 22

N
| X
1) CISiMes, 0°C,
N\ Et,O =
- 2)Na, 12 h -
3) KMnO4, RT, Hgo |
A
N

Procedure modified from Rebek et al.:*™ In dry diethylether, 3-ethyl-pyridine 21
( 1.05ml, 0.95g/ml, 1.00g, 107.2g/mol, 9.3 mmol), chlorotrimethylsilane (1eq.)
and sodium (1.1 eq., small portions) were added at 0°C. The suspension was stirred
over night and dried roughly. The residue is extracted with hot toluene several
times until the extract is colorless. The toluene is removed and the residue is dried
roughly, again. An acetone-water-mixture and solid potassium permanganate is
added under stirring until the characteristic color remains. Stirring is continued
for further 30 min., the solid is filtered off, washed with a warm acetone-water-
mixture and the acetone is removed from the filtrate. The aqueous phase is
extracted with chloroform (3 times 10ml). After drying over sodium sulfate and

removing of the solvent, the crude product was purified by flash chromatography
(Yield: 194 mg, 0.9 mmol, 19 %).

R /-Value: 0.40 (ethylacetate).
Mol. Weight: 212.2g/mol (C,,H4xN,).
'"H-NMR: (400 MHz, Chloroform-d;) ¢ (ppm):8.59 (s, 2 H, H-2 and

H-27), 8.49 (d, 3Juy = 5.0 Hz, 2 H, H-6 and H-6"), 7.00 (d,
3Jun = 5.0 Hz, 2 H, H-5 and H-5"), 2.45 (m, 2 H, CH,), 2.35
(m, 2 H, CH,), 1.06 (t, 3Jyy = 7.6 Hz, 6 H, CHj).
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BC-NMR: (100 MHz, Chloroform-d;) § (ppm): 150.6, 147.2, 145.9,
136.5, 123.4, 23.8, 15.1.

File Name(s): 2004, 44x4a105.

MS (GC-MS): (Ry=9.2min): m/z (%): 212 ([M]*, 100), 197 ([M-CHs, 29),
183 ([M-C,H,, 46), 168 ([M-C,H.-CH, 42), 156 ([M-C,H,-
C,H, 13), 154 ([M-C,H.-C,H, 13).

MS (EI): Exact mass: 212.1313 Da calc. for: C,,H;4N, 212.1311 Da
(1ppm).
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3,5,3’,5’-Tetramethyl-[4,4’]-bipyridine 24

N
X
1) CISiMes, 0°C, THF |

Na 2)Na, 1 h Z
= 3) KMnO4, RT, Hgo,

30 min Z |

N
N

Procedure according to Rebek et al'™ for 3,3’-dimethyl-[4,4’]-bipyridine 20. In
diethylether, 3,5-dimethyl pyridine 23 (23.7ml, 0.94g/ml, 22.3mg, 107.2 g/mol,
208.0mmol), chlorotrimethylsilane (1eq.) and sodium (1.05eq., powder) were
added at 0 °C. The suspension was stirred over night and dried roughly. The
residue is extracted with hot toluene several times until the extract is colorless.
The toluene is removed and the residue is dried roughly, again. An acetone-
water-mixture and solid potassium permanganate is added under stirring until
the characteristic color remains. Stirring is continued for further 30 min., the
solid is filtered off, washed with a warm acetone-water-mixture and the acetone is
removed from the filtrate. The aqueous phase is extracted with chloroform several
times until the extract is colorless. After drying over sodium sulfate and removing
of the solvent, the crude product was purified by flash chromatography. Yield:
10.1g (47.8 mmol, 23 %)

R -Value: 0.57 (5:1)=(ethylacetate:methanol).

Mol. Weight: 212.3 g/mol (Cy HysNy).

'"H-NMR: (400 MHz, Chloroform-d;) ¢ (ppm): 8.40 (s, 4 H, H-2, H-6,
H-2" and H-67), 1.90 (s, 12 H, Hep, ).

3C-NMR: (100 MHz, Chloroform-d;) ¢ (ppm): 149.0, 145.0, 129.6, 16.3.

File Name(s): 2004, 15x4a017.
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MS (GC-MS): (Ry= 6.879 min): m/z (%): 212 (M'*, 98), 197 ([M-CH; |,
100), 182 ([M-CH,-CH; ], 34), 170 ([M-CH,-HCN]*, 18),
154 ([M-H-CH,-CH,-HCN]*, 16), 128 ([M-CH,-CHa-HON-
HCNJ*, 11).

MS (EI): Exact mass: 212.1318 Da calc. for: C,,H,4N, 212.1313 Da
(2.4ppm).

Melting Point: 126 °C.
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3,5-Dimethyl-4-trimethylsilanyl-pyridine 25

N
X

Z

SiMe3

Byproduct in variable yields of 3,5,3",5’-tetramethyl-[4,4’]-bipyridine 24.

R/-Value:
Mol. Weight:

'H-NMR.:

BC-NMR:

File Name(s):

MS (GC-MS):

MS (EI):

Melting Point:

0.73 (ethylacetate).
179.3 g/mol (C,,H,,NSi).

(300 MHz, Chloroform-d;) § (ppm): 8.13 (s, 2 H, H-2 and
H—6>, 2.36 (S, 6 H, HCH3)7 0.39 (S, 9 H, HSi(CH3)3)-
(75 MHz, Chloroform-d;) ¢ (ppm): 148.3, 146.3, 137.8, 21.3,

2.7.
2005, 51x3a040.

(Ryg= 4.5 min): m/z (%): 179 (M'*, 64), 164 ([M-CHj |,
80), 73 ([Si(CHs)s]™, 100).
Exact mass: 179.1131 Da calc. for: C;yH;;NSi 179.1130 Da

(1 ppm).
liquid.
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2,6,2’,6’-Tetramethyl-[4,4’]-bipyridine 27°7
N
| AN

Z

\

/

Sodium (2.91 g, 23 g/mol, 126.6 mmol, dispersion in toluene) and 2,6-dimethyl
pyridine 26 (14.7ml, 0.923g/ml, 13.5g, 107 g/mol, 126.6 mmol) were stirred in
100 ml diethylether inside an ultrasonic bath for 24 hours. Isopropanol (50 ml, to
remove excess of sodium), and after 1hour water (100ml) are added. The pH-
Value was adjusted to pH = 7 with dilute hydrochloric acid. Solid potassium
permanganate is added under stirring until the characteristic color remains. Stir-
ring is continued for further 30 min, the solid is filtered off, washed with a warm
acetone-water-mixture and the acetone is removed from the filtrate. The aque-
ous phase is extracted with chloroform several times until the extract is colorless.
After drying over sodium sulfate and removing of the solvent, the crude product

was purified by column chromatography. Yield: 0.9 g (4.2 mmol, 7 %).

R/-Value: 0.70 (28:1)=(dichloromethane:methanol).

Mol. Weight: 212.3g/mol (C,H(N,).

'H-NMR: (400 MHz, Chloroform-d;) ¢ (ppm): 7.16 (s, 4H, H-2, H-2’,
H-6 and H-6"), 2.59 (s, 12H, Hop ).

BC-NMR: (100 MHz, Chloroform-d;) ¢ (ppm): 158.6, 146.9, 118.2, 24.6.

File Name(s): 2005, 10x4b050.

MS (GC-MS):  (Re= 7.5 min): m/z (%): 212 (M*, 100), 197 [M—CH,]*,
6), 51 ([C,H,]*, 7).
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5,6-Dihydro-[3,8]phenanthroline 30

N N
X | N
1) 2 LiITMP, -78°C
| F )tool°C, THF Z
/ 2) I = |
| S

/
pa

In 2ml of dry THF 2.3 eq. 2,2,6,6-tetramethyl-piperidine were reacted with
2.3 eq. nm-butyllithium (1.6 M solution in pentane) at -78 °C. After 30 min. at
this temperature, leq. of 3,3’-dimethyl-[4,4’]-bipyridine 20 (505mg, 2.7 mmol)
was added in 1ml of dry THF. The reaction mixture was allowed to warm to 0
°C and stirred for 2 h. The temperature was lowered to -78 °C again, 2.3 eq.
of iodide in 2ml of dry THF were added and the reaction mixture was stirred
over night while it was allowed to warm to room temperature. Water (5ml) was
added and the aqueous layer was extracted with dichloromethane. The combined
organic phases were dried over sodium sulfate and after removing of the solvents,

the crude product was purified by flash chromatography (420 mg, 2.3 mmol, 85%).

R;-Value: 0.25 (5:1)=(ethylacetate:methanol).
Mol. Weight: 182.1g/mol (C,,H,(N,).
'H-NMR: (400 MHz, Chloroform-d;) ¢ (ppm): 8.60 (d, 3Jgg = 5 Hz, 2

H, H-6 and H-6"), 8.56 (s, 2 H, H-2 and H-2’), 7.61 (d, 3Jgg
= 5Hz, 2 H, H-5 and H-5"), 2.94 (s, 4 H, Hoppyiene)-
BC-NMR: (100 MHz, Chloroform-d;) ¢ (ppm): 149.8, 149.1, 139.1,
132.2, 117.8, 24.8.
File Name(s): 2005, 39x4b004.

MS (GC-MS): (Ry= 7.922 min): m/z (%): 182 (M'*, 100), 181 ([M-H]T,

95), 167 ([M-CHs)]", 18), 154 ([M-H-HCN]*, 27).
Melting Point: 127 °C.
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[3,8]-phenanthroline 31

N N
B B
/ /
7 neither DDQ, =
| toluene, 111 °C |
™ AN
N nor chloranil, N

toluene, 111 °C

Small amounts of 5,6-dihydro-[3,8]phenanthroline 30 (typically 10 mg) were
heated in toluene with two equivalents of oxidants chloranil or DDQ under re-
flux. After continuous heating (111 °C) for seven days, GCMS and TLC analysis
showed in both cases no conversion of the starting material and the reactions were
stopped. In the first case 95 % of the starting material could be recovered after

flash chromatography, in the second case 85 %.
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[4,4°]-Bipyridinyl-3,3’-dicarboxylic acid 36'™

N N
X X

Z KMnO4, HQO, 7 COOH

P 95 °C,8h COOH

/
/

Procedure according to Rebek et al.'™ Yield (58 %, Lit.: 61 %). After filtration
of the product, all volatile compounds of the filtrate are removed in vacuo. The
resulting residue is recrystallized from methanol, to yield another 15 % of crude
[4,4’]-bipyridinyl-3,3’-dicarboxylic acid 36.

Mol. Weight: 244.2 g/mol (C,,HgN,O,).

Melting Point: > 250°C (Lit.: > 250°C'™).
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[4,4’]-Bipyridinyl-3,3’-dicarboxamide 37

S S

Zcocl  NHg, THF 7 NCONH,
_ COCI  RT,1h _ CONH,
Ny~ 2HC N |

In 15 ml tetrahydrofuran, [4,4’]-bipyridinyl-3,3’-dicarbonyl dichloride dihydro-
chloride (260 mg, 354.0 g/mol, 0.73 mmol) is suspended and gaseous ammonia is
led through the suspension for 5min. The suspension is stirred for 1hour and
all volatile compounds are removed in vacuo. The resulting residue is resolved in
water and stored at 0°C for 48 hours. White crystals are filtered off and dried
roughly. Yield (160 mg, 0.66 mmol, 90%).

Mol. Weight: 242.2 g/mol (C,,H,(N,O,).

'H-NMR: (400 MHz, dimethylsulfoxide-dg) § (ppm): 8.76 (s, 2H, H-2
and H-2'), 8.66 (d, *Jyuy = 5Hz, 2H, H-6 and H-6"), 8.05 (b,
OH, Hypia), 7.55 (b, 2H, Hapia), 7-19 (d, *Jum = 5 Hz, 2H,
H-5 and H-5").

I3C-NMR: (100 MHz, dimethylsulfoxide-dg) § (ppm): 168.4, 150.7,
148.4, 145.1, 131.4, 123.8.

File Name(s): 2005, 19xab031.

MS (ESI): sprayed from water: 243.1 Da [M+H]"
Exact mass: 243.0893 Da calc. for [M+H|*: C;,H,;N,OF
243.0877 Da (7 ppm).
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[4,4’]-Bipyridinyl-3,3’-dicarboxylic acid bis-methylamide 38

S S

7 coci  MeNHsCl, EtgN, 7 NGCONHMe
_ COCl THF,RT,5h _ CONHMe
SN | 2 HC SN |

In 15ml tetrahydrofuran, [4,4’]-bipyridinyl-3,3’-dicarbonyl dichloride dihydro-
chloride (250 mg, 354.0 g/mol, 0.71 mmol) and methylammonium chloride (3eq.,
2.12mmol, 66.5g/mol, 138 mg) are suspended and 1ml triethylamine is added.
The suspension is stirred for 5hours and all volatile compounds are removed in
vacuo. The resulting residue is resolved in dichloromethane and washed with a
dilute aqueous sodium carbonate solution. All volatile compounds are removed
in vacuo. The resulting residue is purified by column chromatography. Yield
(145mg, 0.53 mmol, 76%).

R /-Value: 0.20 (9:1)=(dichloromethane:methanol).
Mol. Weight: 270.3 g/mol (C,,H,,N,0,).
'H-NMR: (400 MHz, methanol-dy) § (ppm): 8.61 (s, 2H, H-2, H-2"),

8.50 (d, 3Jus = 5Hz, 2H, H-6, H-6'), 8.31 (b, 2H, Homie),
7.02 (d, 3Jun = 5 Hz, 2H, H-6, H-6"), 2.60 (s, 6H, HCH3)-
BC-NMR: (100 MHz, methanol-dy) § (ppm): 167.9, 150.5, 148.0, 145.4,
131.3, 123.6, 26.4.
File Name(s): 2004, 27x4a109.

MS (EI): Exact mass: 270.1110 Da calc. for M'* C,,H,;,N,O,:
270.1110 Da (0 ppm) .
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[4,4’]-Bipyridinyl-3,3’-dicarboxylic acid bis-pentylamide 39

N
| X

Z

=

AN
N

N\
cocl  CsHi1NHz, EtsN, | 7 SCONHCsH
COCI THF,RT,5h _~_-CONHCsH;
2 HCl N |

[4,4’]-Bipyridinyl-3,3’-dicarbonyl  dichloride  dihydrochloride (734 mg,
354.0 g/mol, 2.1 mmol) and pentane-1-amine (3 eq., 6.2 mmol, 87.2 g/mol, 542 mg,

0.75g/ml, 0.72ml) are suspended in 15 ml tetrahydrofuran and 1ml triethylamine

is added. The suspension is stirred for 5hours and all volatile compounds are re-

moved in vacuo. The resulting residue is resolved in dichloromethane and washed

with a dilute aqueous sodium carbonate solution. All volatile compounds are

removed in vacuo. The resulting residue is purified by column chromatography.
Yield (145mg, 0.53 mmol, 66%).

R-Value:
Mol. Weight:

'H-NMR:

BC-NMR:

File Name(s):

MS (GC-MS):

0.27 (9:1)=(dichloromethane:methanol).
382.5g/mol (CyH4,N,O,).

(400 MHz, Chloroform-d;) § (ppm): 8.73 (s, 2H, H-2 and
H-2), 8.59 (d, *Juy = 5Hz, 2H, H-5 and H-5)), 7.94 (s,
OH, Hymige)s 7.03 (d, 3Jyy = 5Hz, 2H, H-6 and H-6"),
3.15 (t, 3Jun = 5Hz, 4H, Hoo om, o,n,), 1.26 (m, 12H,
Hom, oy, —om, ), 083 (t, Iy = 5Hz, 6H, Hou, _cn,)-
(100 MHz, Chloroform-d;) § (ppm): 167.2, 150.8, 148.5,
145.2, 131.9, 123.2, 40.2, 29.3, 29.2, 22.6, 14.1.

2003, 09x4a048.

(Ry=12.9 min): m/z (%): 382 (M'*, 23), 354 ([M—C,H,| T,

20)7 326 ([M_C2H4_C2H4]+7 23)7 296 ([M_C5H12N]+7 43)7
268 ([M—CONHC,H,,]*, 100).
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[4,4’]-Bipyridinyl-3,3’-dicarboxylic acid bis-benzylamide 40

8 8

7 cocl CeHsCHaNHz, 7 N GCONHCH,CeHs
_ | coCl Etfo,’rxléEHF, _ | CONHCH,CgHs
Y 2 HCl Y

In 15ml tetrahydrofuran, [4,4’]-bipyridinyl-3,3’-dicarbonyl dichloride dihydro-
chloride (150 mg, 354.0 g/mol, 0.42 mmol), benzylamine (3 equivalents, 1.27 mmol,
107.2g/mol, 136 mg, 0.98 g/ml, 0.14ml), and 1ml triethylamine are suspended.
The suspension is stirred for 5hours and all volatile compounds are removed in
vacuo. The resulting residue is resolved in dichloromethane and washed with a
dilute aqueous sodium carbonate solution. All volatile compounds are removed
in vacuo. The resulting residue is purified by column chromatography. Yield
(130 mg, 0.31 mmol, 74%).

R /-Value: 0.40 (9:1)=(dichloromethane:methanol).
Mol. Weight: 422.5 g/mol (CyHyyN,O,).
'H-NMR: (400 MHz, Chloroform-d;) § (ppm): 8.75 (s, 2H, H-2 and

H-27), 8.59 (d, BJHH = 5HZ, 2H, H-6 and H—6’), 7.50 (t, 3JHH
=5Hz, 2H, Hymige), 7-23-7.26 (m, 6H, H-6, H-6’ and He,x1.),
7.02-6.96 (m, 6H, HC6H5)7 4.37 (b, 4 I‘I7 HCHQ)-

3C-NMR: (100 MHz, Chloroform-d;) ¢ (ppm): 166.4, 150.4, 147.7,
144.9, 137.3, 131.0, 128.8, 127.7, 127.6, 123.0, 43.9.

File Name(s): 2004, 26x4a055 and 26x4a065.

MS (ESI): sprayed from methanol: 423.2 Da [M+H]"

Exact mass: 423.1816 Da calc. for [M+H|": CygH,3N,OF
423.1818 Da (+0.5 ppm).
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(S,S)-2-[3’-(1-Methoxycarbonyl-ethylcarbamoyl)-[4,4’]-bipyridinyl-

-3-carbonyl]-amino-propionic acid methyl ester 41

0

"N CIH N\)k
| e

Zcocl =
ANC0C BN THE,

| RT, 5 h

™

N~ 2HCI :

In 15 ml tetrahydrofuran, [4,4’]-bipyridinyl-3,3’-dicarbonyl dichloride dihydro-
chloride (470 mg, 354.0 g/mol, 1.3 mmol) and (S)-methyl-2-amino-propanoic acid
methyl ester (3eq., 4.0mmol, 139.6g/mol, 556 mg), and triethylamine (8eq.,
10.6 mmol, 101.2g/mol, 0.73g/ml, 1.5ml) are suspended. The suspension is
stirred for 5hours and all volatile compounds are removed in vacuo. The re-
sulting residue is resolved in dichloromethane and washed with a dilute aqueous
sodium carbonate solution. All volatile compounds are removed in vacuo. The

residue is purified by column chromatography. Yield (242 mg, 0.58 mmol, 44%).

R/-Value: (9:1)=(dichloromethane:methanol).
Mol. Weight: 414.4 g/mol (CyqHyuN,Op).
'"H-NMR: (400 MHz, Chloroform-d;) ¢ (ppm): 8.80 (s, 2H, H-2 and

H-2%), 8.67 (d, *Jgg = 4 Hz, 2H, H-6 and H-6"), 7.92 (s, 2H,
Homiae), 7-16 (d, 3Jyn = 4Hz, 21, H-5 and H-5'), 4.53 (q,
3Jun = 7Hz, 2H, Heu—cw,), 3.63 (s, 6H, Heoocw, ), 1.31 (d,
*Jun = 7THz, 6H, Hen_cn, ).
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BC-NMR: (100 MHz, Chloroform-d;) § (ppm): 174.0, 166.7, 150.7,
147.9, 144.3, 131.1, 123.7, 52.7, 48.5, 17.8.
File Name(s): 2004, 10x4a059.

MS (EI): High resolution: 414.1537Da calc. for C,,Hy,N,O
2022V Vg
414.1539 Da (0.5 ppm).
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3’-Methyl-[4,4’]-bipyridinyl-3-carboxylic acidmethylamide 44

N
| X

ZT

F ~

\

/

Byproduct of [4,4’]-bipyridinyl-3,3’-dicarboxylic acid bis-methylamide 38.

R/-Value:
Mol. Weight:

'H-NMR:

File Name(s):

MS (GC-MS):

MS (ESI):

0.27 (17:1)=(dichloromethane:methanol).
227.1g/mol (C,3H3N;0).

(400 MHz, Chloroform-d,) ¢ (ppm): 8.92 (s, 1H, H-2), 8.71
(d, 3Juy =5Hz, 1H, H-6), 8.52 (s, 1H, H-2'), 8.48 (d, *Jpn
—5Hz, 1H, H-6)), 7.13 (d, 3Jun =5Hz, 1H, H-5), 7.07 (d,
3Jun =5Hz, 1H, H-5"), 2.76 (d, *Jun =5 Hz, 3H, Hyuen, ),
2.12 (s, 3H, Hep, ).

2005, 14x4b005.

(Ry= 7.944 min): m/z (%): 227 (M'*, 12), 212 ([M—CH,] ™,
13), 197 ([M—NHCH,]*, 100), 169 ((M—CONHCH,]*, 15),
141 ([M—CONHCH,—HCN]*, 9).

sprayed from methanol: 305.1 Da [M+CI|~

Exact mass: 305.0782 Da

calc. for [M+Cl]—: C,,H,,N,0,Cl; 305.0811 Da (-9 ppm).
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1,10-Dimethyl-5,6-dihydro-[3,8] phenanthroline 49

New AN
| 1) 2 LiITMP, -78°C P
7 t00°C, THF
— | 2) I = |
xn
\N N

In 2ml of dry tetrahydrofuran 2.3 eq. 2,2,6,6-tetramethyl-piperidine were re-
acted with 2.3 eq. n-butyllithium (1.6 mol 17! solution in pentane) at -78°C. After

30 minutes at this temperature, 1 eq. of 3,5,3’,5’-tetramethyl-[4,4’]-bipyridine 24

(50 mg, 0.24 mmol) was added in 1ml of dry tetrahydrofuran. The reaction mix-

ture was allowed to warm to 0°C and stirred for 2hours. The temperature was

lowered to -78°C, 2.3 eq. iodide in 2ml of dry tetrahydrofuran were added and

the reaction mixture was stirred over night while it was allowed to warm to room

temperature. Water (5ml) was added and the aqueous layer was extracted with

dichloromethane. After drying over sodium sulfate and removing of the solvents,

the crude product was purified by flash chromatography (Yield 10 mg, 0.05 mmol,

20%).

R/-Value:

Mol. Weight:

'H-NMR:

BC-NMR:

File Name(s):

0.50 (5:1)=(ethylacetate:methanol).
210.1g/mol (C,,H,,N,).

(400 MHz, Chloroform-d;) § (ppm): 8.47 (s, 2 H, H-4, H-7),
8.38 (s, 2 H, H-2, H-9), 2.85 (d, 2Juy = 10.1Hz, 2 H, H-5,
H-6), 2.50 (d, 2Ji = 10.1Hz, 2 H, H-5, H-6), 2.27 (s, 6 H,
Hen, ).

(100 MHz, Chloroform-d;) ¢ (ppm): 151.1, 145.2, 139.5,
135.4, 130.0, 26.9, 18.2.

2005, 40x4a008.
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MS (GC-MS): (R;= 8.692 min): m/z (%): 210 (M, 100), 209 ([M-H],
28), 195 ([M-CHy |*, 88), 181 ([M-CH; CH, |*, 12), 168

(IM-CH,-HCN]*, 20).
MS (EI): Exact mass: 210.1151 Da cale. for M'* C,,H,,N,: 210.1156

Da (-2,4ppm).

Melting Point: not measured.
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N,N’-Didodecyl-5,5’-dimethyl-[4,4’]-bipyridine-3,3’-dicarboxamide 55

N
| X

7 CO-NH-C12H25
= | CO-NH-C12H25
AN

N

1) 3,5,3",5-Tetramethyl-[4,4’]-bipyridine 24 (1.00g, 212.3 g/mol, 4.71 mmol)
and potassium permanganate (4eq., 18.8 mmol, 158.0g/mol, 2.98 g) are stirred
in 100ml of water at 100°C for twelve hours. The precipitate is filtered of and
washed rigorously with water. The aqueous phase is neutralized with hydrochloric
acid, the water is removed in vacuo and the residue is dried roughly. The obtained
mixture of acids is not separated. 2) The residue is suspended in thionyl chloride
(25ml) and stirred at 78 °C for eight hours. All volatile compounds are removed
in vacuo. Again, the obtained mixture of acid chlorides is not separated. 3) This
residue, dodecylamine (2eq., 9.42mmol, 185.3 g/mol, 1.75 g) and triethylamine
(5ml, excess) are suspended in 15ml of dry dimethylsulfoxide and stirred for two
days. All volatile compounds are removed in vacuo and the crude product is
purified by column chromatography. Yield: 457 mg, 0.75 mmol, 16% among other

byproducts and over three steps.

R;-Value: 0.22 (ee:methanol)=(15:1).
Mol. Weight: 606.5 g/mol (CseHg,N,O,).
'"H-NMR: (400 MHz, Chloroform-d;) ¢ (ppm): 8.6 (s, 2H, H-2 and

H-2" or H-6 and H-6"), 8.53 (s, 2H, H-2 and H-2" or H-6
and H-6"), 7.63 (t, *Jun = 5.7 Hz, 2H, Hymide), 3.21 (m,
oH, NH—CH,—CH,), 3.10 (m, 2H, NH—CH,—CH,), 1.90 (s,
6H, CH,), 1.23 (b, 40H, CH,—(CH,),,—CH,), 0.86 (t, *Jrm
— 6.8 Hz, 6H, (CH,),,—CH,).
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BC-NMR: (100 MHz, Chloroform-d;) § (ppm): 167.5, 152.5, 145.8,
142.5, 131.6, 130.4, 40.0, 32.0, 29.8, 29.7, 29.7, 29.7, 29.6,
20.5, 29.3, 26.9, 22.8, 16.8, 14.2.

File Name(s): 2006, 13x4alll.

MS (ESI): (50 * 106 M, MeOH): 607.5 Da (M+H]*), 1214.0 Da
([Mg+H]T), 1842.5 Da ([M3+Na]").  High-Resolution:
607.4931 Da (calc. for [M+H]" CyqHg;N,OF: 607.4946 Da,
-2.5ppm)
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2,2-(5,5’-Dimethyl-[4,4’]-bipyridine-3,3’-diyl)diacetic acid 56

N

/

- THF, 0 °C, 3 h
| 2) CO,
S 3) HCI
N

In 10ml tetrahydrofuran, 2,2,6,6-tetramethyl-piperidine (0.8ml, 0.83g/ml,
664 mg, 141.25g/mol, 4.70mmol) are cooled down to -78°C, under argon. t-
Butyllithium (2.5mol 17! solution in pentane, 1.9ml, 4.70 mmol, 1eq.) is added.
The mixture is stirred for 30 min at this temperature, allowed to warm to 0°C,
and cooled to -78°C again. 3,5,3",5-Tetramethyl-[4,4’]-bipyridine 24 (250 mg,
212 g/mol, 1.17mmol, 0.25eq.) in 5 ml tetrahydrofuran is added and the result-
ing mixture is stirred for 3hours at 0°C. At this temperature, gaseous carbon
dioxide is introduced until the mixture is colorless. Water (10ml) is added, the
aqueous phase is extracted with dichloromethane, neutralized with hydrochloric
acid and all volatile compounds are removed in vacuo. Yield after column chro-

matography: (157 mg, 0.52mmol, 45 %).

R;-Value: 0.14 (2:1)=(dichloromethane:methanol).
Mol. Weight: 300.3 g/mol (C,4H,4N,0,).
'"H-NMR: (400 MHz, Water-dy) § (ppm): 8.43 (b, 4H, H-2, H-2’, H-6,

and H-6"), 3.26 (d, 2Jun =15 Hz, 2H, Hew,), 3.02 (d, 2Jun
—15 Hz, 2H, Hew,), 1.94 (s, 6H, Hop ).

BC-NMR: (100 MHz, Water-ds) § (ppm): 179.8, 149.6, 149.2, 148.6,
135.5, 133.9, 41.6, 18.3.

File Name(s): 2005, 46x4a066.

MS (ESI): Exact mass: 299.1005Da calc. for [M—H"] C;4H;;N,O; :
299.1037 Da (-11 ppm).
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2,2-(5,5’-Dimethyl-[4,4’]-bipyridine-3,3’-diyl)bis(methylacetamide) 57

N
| X
s

=

A
N

N
X
CH3NH,CI, | P
CH,COOH PYBOP, CH,CONHCHj
CH,COOH  N-Et-(/-Pro),, - CH,CONHCHS,4
CH,Cly, ’
3d, RT “
N

Under argon, 9 mg of 2,2’-(5,5’-dimethyl-[4,4’]-bipyridine-3,3’-diyl)diacetic acid
56, 29mg benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophos
phate (PYBOP) (2eq.), 23mg methylammonium chloride (12eq.) and 0.1ml
of ethyldiisopropylamine (12 eq.) were suspended in 15 ml of dry dichloromethane

and stirred for three days (low solubility of starting material). The dichlorometh-

ane is removed in vacuo and the crude product is purified by column chromatog-
raphy (Yield: 0.004g, 0.01 mmol, 41%). The obtained racemic mixture of axial

chiral 57 was submitted to chiral HPLC separation. Due to peak tailoring, the

enantiomers could however not be separated.

R¢-Value:
Mol. Weight:

'"H-NMR:

File Name(s):

MS (GC-MS):

0.40 (CH,CL:MeOH)=(25:1).
326.4 g/mol (C3Hy,N,O,).

(400 MHz, Chloroform-d;) ¢ (ppm): 8.57 (s, 2H, H-2 and
H-2’or H-6 and H-6"), 8.48 (s, 2H, H-2 and H-2’or H-6 and
H-6"), 6.44 (b, 2H, Hypiae), 3.30 (d, 2Jg = 15 Hz, 2 H, CH,),
3.16 (d, CH, = 15 Hz, 2 H, CH,), 2.68 (d, CHs = 5 Hz, 3 H,
NHCH,), 1.93 (s, 61, CH,).

2006, 08x4a116.06.

(Re= 13.9 min): m/z (%): 326 (M™T, 100), 295 ([M-
NH,CH,]*, 33), 254 (M-CH,CONHCH,]*, 60), 223 ([M-
CH,CONHCH,-NH,CH,]*, 60), 195 ([M-CH,CONHCH,-
HCONHCH,]*, 83), 58 ([CONHCH,]*, 87).
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2,2’-(5,5’-Dimethyl-[4,4’]-bipyridine-3,3’-diyl)bis(dodecylacetamide) 58

N N
- B
C12H25NHo,
< CH,COOH PYBOP, < CHoCONHC1oHas
/ CH2COOH  N-Et-(i-Pro)s, / CH,CONHC 15Ho5
| CHoCly, |
“ 3d, RT “
N N

Under argon, 102mg of 2,2’-(5,5-dimethyl-[4,4’]-bipyridine-3,3’-diyl)diacetic
acid 56, 356 mg benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluoro-
phosphate (PYBOP) (2eq.), 127 mg dodecylamine (2eq.) and 1.2ml of ethyldi-
isopropylamine (12eq.) were suspended in 15ml of dry dimethylsulfoxide and
stirred for two days (low solubility of starting material). The dimethylsulfoxide
is removed in vacuo and the crude product is purified by column chromatography
(Yield: 71mg, 0.11 mmol, 33%).

R /-Value: 0.24 (ethylacetate:MeOH)=(15:1).
Mol. Weight: 635.0 g/mol (C,,HgN,O,).
'H-NMR: (400 MHz, Acetone-dg) 6 (ppm): 8.49 (s, 2H, H-2 and H-2’or

H-6 and H-6), 8.41 (s, 2H, H-2 and H-2’or H-6 and H-6),
7.30 (b, 2H, Homige), 3.24 (d, 2Jum = 15 Hz, 2 H, CH,), 3.15
(d, 2Jgn = 15 Hz, 2 H, CH,), 3.07 (m, 4 H, CHy), 1.90 (s,
CHs, 6 H), 1.28 (m, 40 H, (CH,),,), 0.88 (t, *Juy = 7 Hz,
CHs, 6 H).

3C-NMR: (100 MHz, Acetone-dg) 6 (ppm): 170.1, 150.1, 150.0, 144.9,
131.2, 130.0, 40.1, 39.9, 38.3, 32.7, 30.6, 30.4, 30.4, 30.3,
30.2, 27.7, 23.3, 16.7, 14.4.
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File Name(s): 2007, 34x4a029.07 and 34x3a008.07.

MS (ESI): Exact mass: 635.5207 Da calc. for [MTH*] C, Hg,N,OF:
635.5259 Da (-8 ppm).
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4-Todo-3,5-dimethyl-pyridine 59

/

3,5-Dimethyl-4-trimethylsilanyl-pyridine 25 (250 mg, 1.39 mmol) is dissolved
in iodmonochloride (0.25ml) at 0°C and stirred in the dark for 2 days first at
0°C than at room temperature. 25 mg of ice is added and the mixture is allowed
to come to room temperature. After the mixture is cooled down to 0°C again,
solid sodium thiosulfate is added until the mixture is colorless. The aqueous
phase is extracted three times with 10ml of dichloromethane. The combined
organic phases were dried over sodium sulfate. After removal of the solvent and
chromatographic workup 4-iodo-3,5-dimethyl-pyridine 59 is obtained as a white
solid (Yield: 256.5mg, 1.10mmol, 79%). The free base is unstable even in the
solid phase and at low temperatures. Within two days in the freezer the white

crystals decompose.

R;-Value: 0.36 (1:1) = (dichloromethane:ethylacetate).

Mol. Weight: 233.0 g/mol (C,H,,NI).

'"H-NMR: (400 MHz, Chloroform-d;) § (ppm): 8.12 (s, 2 H, H-2 and
H-6), 2.40 (s, 6 H, Hop, ).

BC-NMR: (100 MHz, Chloroform-d;) ¢ (ppm): 146.6, 137.8, 119.6, 26.0.

File Name(s): 2005, 51x4b020.

MS (GC-MS): (Ry= 4.1 min): m/z (%): 233 (M'*, 100), 127 (I*, 16), 106

(IM-I*, 46), 77 (CsH N, 92), 51 (C,Hi, 31).
MS (EI): Exact mass: 232.9699 Da calc. for: C,H, NI 232.9702 Da

(-1 ppm).

Melting Point: > 80°C decomposition.
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2,6-Dimethyl-[4,4’]-bipyridine 81'%

N
AN
N
P | X
Cl Z
HOL _OH — >
B 7
X \N |
=
N

In 8ml 1,4-dioxane, 4-chloro-2,6-dimethyl-pyridine 83 (862mg, 141.6 g/mol,
6.1 mmol), 4-pyridinyl boronic acid (797 mg, 122.9 g/mol, 6.5 mmol, 1.07 eq.),
bis(tri-tert-butylphosphine)palladium(0) (90 mg, 511.1 g/mol, 0.2 mmol, 0.03 eq.)
and cesium carbonate (2420 mg, 325.8 g/mol, 7.4 mmol, 1.2 eq.) were suspended

and heated for 4 hours at 80°C. All volatile compounds were removed in vacuo

and the mixture was purified by column chromatography: 217 mg, 1.2 mmol, 19%.

R-Value:
Mol. Weight:
'H-NMR:

BC-NMR:

File Name(s):

MS (GC-MS):

MS (EI):

0.36 (9:1)=(ethylacetate:methanol).
184.3 g/mol (C,,H ,N,).

(300 MHz, Chloroform-d;) ¢ (ppm): 8.64 (AA'XX’, Jyn =
5Hz, 2H, H-2" and H-6"), 7.43 (AA’XX’, Jyy = 5Hz, 2H,
H-3" and H-5"), 7.13 (s, 2H, H-3 and H5), 2.54 (s, 6H, Hcp,
(75 MHz, Chloroform-d;) ¢ (ppm): 158.7, 150.6, 146.3, 146.1,
121.5, 118.2, 24.5.

2006, 01x3a060.

(Ry= min): m/z (%): 184 (M™*, 100), 168 ([M—CH,]T,
13), 169 ([M—CH,]*, 10), 156 ([M—C,H,]*, 8), 142
(M—CH,—HCN]*, 12), 115 ([M—CH;—HCN—-HCN]*, 15).
High resolution: 184.1001 Da calc. for C;,H,,N, 184.1001 Da
(0 ppm).
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4-Chloro-2,6-dimethyl-pyridine 83'8¢

N
X

F

Cl

Modified from FEwvans et al.:.*¥¢ In 10ml hydrochloric acid, 2,6-dimethyl-

pyridin-N-oxide 82

(5.0g, 123.2g/mol, 40.6 mmol) was solved and stirred for

30 min. All volatile compounds were removed in vacuo. The resulting residue is

resolved in 15 ml phosphorylchloride at 0 °C and the mixture is stirred at 105 °C

over night and poured into 50 ml of ice containing solid sodium carbonate. The

aqueous phase is extracted with chloroform, the combined organic phases are dried

over magnesium sulphate and all volatile compounds were removed in vacuo. The

crude product mixture was distilled to yield 3.1 g of 4-chloro-2,6-dimethyl-pyridine
83 (21.6 mmol, 53 %) and 0.8 g of 2-chloromethyl-6-methyl-pyridine.

Mol. Weight:

'H-NMR:

BC-NMR:

File Name(s):

MS (GC-MS):

Melting Point:

141.6 g/mol (C,;HgCIN).
(400 MHz, Chloroform-d;) § (ppm): 6.93 (s, 2H, H-3 and
H-5), 2.46 (s, 6H, Hoyy, ).
(100 MHz, Chloroform-d;) ¢ (ppm): 159.2, 144.1, 120.4, 24.3.

2005, 30x4a086.

(Ry= 1.629 min): m/z (%): 141 (M'*, 100), 106 ([M—CI],
21), 79 ([M—CI-HCNJ*, 13), 63 ([M—Cl—HCN—CH,]*,
20).

liquid.
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4-Bromo-2,6-dimethyl-pyridine 8

8

N

Z

6 279

N N

POBr3, | X X
: +

100 °C, 1 h G G Br

Br

N

X Br
+ |
/

2,6-Dimethyl-pyridin-N-oxide hydrobromide 0.5 g (204.1 g/mol, 2.4 mmol) and
phosphorylbromid (5.0g, MP = 55 °C) are heated at 100 °C for 1 hour. The

suspension is cooled down and poured into 100 ml of ice containing solid sodium

carbonate. The aqueous phase is extracted with chloroform. The combined or-

ganic phases are dried over magnesium sulphate and all volatile compounds are

removed in vacuo. GCMS-analysis showed three peaks with the desired mass and

isotopic distribution (185 Da, one bromid). One isomer was removed synthetically

(refluxing in triethylamine). The remaining two isomers can neither be separated

by column chromatography nor distillation.

Mol. Weight:

MS (GC-MS):

186.1 g/mol (C,H¢BrN).

A) (Ry=4.593 min): m/z (%): 185 (M'*, 90), 106 ([M—Br|™,
75), 79 (M—Br—HCNJ*, 52), 65 ([M—Br—HCN—CH,]",
100), 51 ([C,H,]*, 24),

B) (Ry= 4.880 min): m/z (%): 185 (M, 100),
106 ((M—Bt]t, 91), 79 (M—Br—HCNJ*, 82), 63
(IM—Br—HCN—CH,|*, 71), 51 ([C,H,]*, 36),

C) (R;=6.566 min): m/z (%): 185 (M'*, 10), 106 ([M—Br] ™,
100), 79 ([M—Br—HCNJ*, 59), 63 ([M—Br—HCN—CH,]*,
18), 51 ([C,Hy]*, 12).
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8.4 Synthesis of Metal-Precursors

8.4.1 Stang’s (dppp)M(OTf), (M = Pd and Pt)

According to well-known literature procedures,’® chelation of PdCl, and PtCl,
with 1,3-bis(diphenylphosphino)-propane (dppp) by standard procedures results
in complexes (dppp)PdCl, and (dppp)PtCl,, respectively. Interaction of these
metal dichlorides with AgOTf gives, after workup, the related triflate complexes,
(dppp)Pd(OTH), and (dppp)Pt(OTH),.%!

8.4.2 Fuyjita’s (en)M(NO3); (M = Pd and Pt)

Likewise according to well-known literature procedures, reaction of K,PdCl; and
K,PtCly with ethylenediamine (en) by standard procedures results in complexes
(en)PdC1,'® and (en)PtCl,,' respectively. Interaction of these metal dichlorides
with AgNO; gives, after workup, the related nitrate complexes, (en)Pd(NO;),®
and (en)Pt(NO;),.? 1In early publications by Fujita et al., these complexes
were used in situ, while in recent publications, they are precipitated and dried
roughly. For mass spectrometric measurements, (en)Pd(PFy),%" is prepared from
(en)PdCl, and AgPFy.

8.5 Synthesis of Self-Assembled Supramolecular

Squares

General procedure for square formation: Equimolar amounts of organic ligand
(in case of axially chiral ligands only one enantiomer) and metal precursor com-
plexes (dppp)M(OTf)y with M = Pd(II) [a] or Pt(II) [b] are mixed in acetone
(MS, 4-10~*mol 17!) or [Dgl-acetone (NMR, 9-10~2mol 17!) and stirred for 24
hours before measurement, to avoid kinetically controlled product formation. For
CD-spectroscopy, the acetone is removed in vacuo, and the resulting residues are
dissolved in methanol. Note that %Pt (natural abundance 34%) is the only NMR
active Pt-isotope. Thus, phosphorous atoms in platinum squares are split in one
singlet (1Pt - 9Pt and Pt - 98Pt 66%) and one typically broadened doublet
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(195Pt, 34%) at the same chemical shift. In the cases of axially chiral ligands, a
characterization by *C NMR could not be carried out due to the small amounts
of enantiopure ligands obtained from the HPLC separation. Racemic mixtures
of the ligands cannot be used instead, because they unavoidably form mixed as-
semblies with new signals not present in the NMR spectra of the assemblies ob-
tained from enantiopure ligands. *C NMR spectra of platinum squares DSGOb
- DSG3b were not recorded, due to broadened peaks even at higher tempera-
tures. All SAMS have melting points higher than 250°C, the instrument’s limit.
Mass spectrometric investigations of DSG3a and DSG3Db failed, as even the +3

charge-state is out of the instrument’s limit.
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DSGOa

Ph- b Ph —~ )=
Ph7 M _Ph (dppp)M-N_ >—(  N-M(dppp)
TfO OTf N, = 7N

[a] M = Pd 'S 9

Mol. Weight:

'H-NMR.:

BC-NMR:

YF-NMR:
3IP-NMR:
MS (ESI):

CHAPTER 8. EXPERIMENTAL PART

RR

Acetone,

—_—

RT, quant.

-y | iy — '
R (dopp)M-N__ )—&  N-M(dppp)
R R
45 DSGOa: M = Pd, R = CO-NH-GO

4952.5g/mol (CygHg5F 5, N1503,PsPd,Sy).

(400 MHz, [D7]-dimethylformamide) § (ppm): 9.12 (b, 8H,
Hamide), 8.82 (8, SH, Hyyridie), 8.74 (d, SH, 3Jpyy = 4.93 Ha,
Hypyeidine), 7.89 (m, 32H, Happp), 7.71 (m, 16H, Happp), 7.60
(m, 32H, Hyppp), 7.25 (m, 32H, Hypenst), 7.04 (m, 16H,
Hopenst + Hypridine), 4.38 (d, 16H, 3Jqm = 5.94 Hz, Hyenyyic),
3.18 (m, 16H, Hyppp), 2.12 (m, SH, Hyppp).

(100 MHz, [D7]-dimethylformamide) 6 (ppm): 166.1, 151.3,
149.0, 139.1, 134.0 (b, Cappp), 133.3, 130.2, 130.1, 128.9,
127.5, 127.5, 125.8 (d, Jpc= 58.3 Hz), 124.8 (b, Cappp),
123.6, 120.4, 43.5, 22.3 (d, Jpo= 43.1 Hz), 18.6.

(376 MHz, [D7]-dimethylformamide) § (ppm): -78.95.

(162 MHz, [D7]-dimethylformamide) § (ppm): 18.9.

m/z = 2329.4 Da [M-20Tf]**.
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DSGOb
P Mot (<J|DIOFJ)|\’{/II N_,—\ N M(dppp)
[b] M = Pt
. Acetone, 8 CF4S0;
RT, quant.
7R (dppp)M—N’_\ﬂ\_,N-M(dppp)
RA
45 DSGOb: M = Pt, R = CO-NH-GO
Mol. Weight: 5308.8 g/mol (Cyy0H;95F 5, N1603,PPt,Sg).
'"H-NMR: (400 MHz, [D7]-dimethylformamide) § (ppm): 8.82 (b, 24H,
Hamide + Hoysidine), 7.87 (m, 32, Happp), 7.54 (m, 56H, Happp
+ Hyneny), 7.24 (1, 40H, Hypenyi+ Hypridine), 4.33 (m, 16H,
Hpengytic), 3.21 (m, 16H, Happp), 2.31 (m, SH, Happp)-
BBC-NMR: (100 MHz, [D7]-dimethylformamide) § (ppm): 167.0, 149.3,
148.3, 139.0, 133.8, 133.0, 129.9, 129.8, 128.7, 127.3, 127.2,
124.8, 123.4, 120.2, 116.9, 43.3, 21.9, 18.4.
YF-NMR: (376 MHz, [D7]-dimethylformamide) § (ppm):-78.37.
SIP-NMR: (202 MHz, [D7]-dimethylformamide, 373K) ¢ (ppm): -9.79
Upugs.p = 3116 Hz.
MS (ESI):  m/z = 2506.4Da [M-20Tf]**, 1621.6Da [M-30TfJ**,

1179.2 Da [M-40Tf]** 913.2Da [M-50Tf]5*.
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DSG1la

Ph>p.
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RR

_Ph :

P: 7N\ —
Ph. M _Ph (dppp)M-N_ >—(  N-M(dppp)
TfO OTf N, = 7N

[a] M = Pd 'S 9

Mol. Weight:
'"H-NMR:

IBC-NMR:

YF-NMR:
3IP-NMR:
MS (ESI):

Acetone,
—_—

RT, quant.

-y , 7 — \
R (dopp)M-N__ )—&  N-M(dppp)

R A
46 DSG1a: M = Pd, R = CO-NH-G1

6649.2 g/mol (CggpHye5Fo4N150,45P5Pd,Sg).

(400 MHz, [D7]-dimethylformamide) § (ppm): 9.05 (b, 8H,
Hamide), 8.85 (5, 8H, Hoyridie), 8.68 (d, 8H, 3Jx = 4.08 Hz,
Hopysidine), 7.89 (m, 32H, Happp), 7.69 (m, 16H, Happp), 7.58
(m, 32H, Happp), 751 (m, 32H, Hypew), 7.44 (m, 32H,
Honeny1), 7-36 (m, 16H, Hypens1), 7.25 (d, SH, 3Jqy = 5.16 Haz,
Hogridine), 6.63 (£, SH, “Jun = 2.22Hz, Haromatic), 6.49 (d,
16H, ‘T = 1.88 Hz, Haomatic), 5.09 (5, 32H, Hoensytic), 4.33
(d, 16H, 3Jun = 5.80 Hz, Hpensytic), 3.18 (m, 16H, Happp),
2.26 (m, SH, Happyp).

(100 MHz, [D7]-dimethylformamide) ¢ (ppm): 165.7, 160.4,
151.2, 148.7, 141.3, 137.7, 133.7, 133.0, 129.9, 129.8, 128.8,
128.2, 128.1, 125.6 (d, Jpo= 59.3Hz), 124.9, 123.4, 120.2,
106.9, 100.4, 70.0, 43.4, 22.1 (d, Jpo= 42.9Hz), 18.4.

(376 MHz, [D7]-dimethylformamide) § (ppm): -78.15.

(162 MHz, [D7]-dimethylformamide) 6 (ppm): 18.90.

m/z = 3177.3 Da [M-20Tf]**, 2069.5 Da [M-20Tf]**.
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DSG1b

Ph~p_ p-Ph ; \‘R .
Ph. M _Ph (dppp)M-N_ >—4(  N-M(dppp)
TfO OTf N, = 7N

[b] M = Pt
Acetone,
. itk 8 CF3S0;
RT, quant.
N\
I
P ' 7 - '
R (dppp)M-N _\ﬂ\ 'N-M(dppp)
R,,‘ S
| R R
SN 46 DSG1b: M = Pt, R = CO-NH-G1

Mol. Weight: 7005.4 g/mol (Cy35HogsFoy N0 4P Pt,Ss).

'"H-NMR: (400 MHz, [D7]-dimethylformamide) § (ppm): 8.83 (b, 8H,
Hyprigine)s 8.64 (b, 16H, Hyyridime + Hamiae), 7.86 (b, 32,
Happp)s 7.62 (b, 16H, Hyppp), 7.54 (b, 32H, Happp), 745 (b,
32H, Hypenyt), 7-38 (b, 32H, Hypenyt), 7-32 (b, 16H, Hypeny1),
7.18 (b, SH, Hyyiaime), 6.62 (b, SH, Hyomaric), 6.50 (b, 16H,
Haromatic)s 5.09 (b, 32H, Hpensyiic), 4.28 (b, 16H, Hpensyiic),
3.19 (b, 16H, Happp), 2.31 (b, SH, Happp) -

YF-NMR: (376 MHz, [D7]-dimethylformamide) § (ppm): -79.03.

SIP-NMR: (202 MHz, [D7]-dimethylformamide, 373K) ¢ (ppm): -9.76
Vpoosp = 3286 Hz.

MS (ESI):  m/z = 3355.1 Da [M-20Tf]2*, 2187.6 Da [M-30Tf]**.
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DSG2a

Ph>p.
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RR

_Ph :

P: 7N\ —
Ph. M _Ph (dppp)M-N_ >—(  N-M(dppp)
TfO OTf N, = 7N

[a] M = Pd 'S 9

Mol. Weight:
'H-NMR:

BC-NMR:

YF-NMR:
3IP-NMR:
MS (ESI):

+
N\

Acetone,
—_—

RT, quant.

v | 7 — A
R (dopp)M-N__ )—&  N-M(dppp)

R A
47 DSG2a: M = Pd, R = CO-NH-G2

10042.5 g /mol (CszsH 150 FsN16OgoPsPd,Ss)-

(400 MHz, [D7]-dimethylformamide) § (ppm): 9.06 (b, 8H,
Hamide), 885 (b, SH, Hyridime), 8.68 (d, SH, 3Jp=4.68 Hz,
Hppridine), 7.89 (m, 32H, Happp), 7.69 (m, 16H, Happp), 7.58
(m, 32H, Hyppp), 749 (m, 64H, Hypenn), 7.40 (m, 64H,
Hopeny), 7.36 (m, 320, Hopon), 7.24 (d, SH, 3J5=5.05 Hz,
Hopyridine), 6.82 (d, 32H, “Juy =2.15 Hz, Haromatic), 6.71 (t,
16H, *Jug =2.21Hz, Haromatic), 6.63 (t, SH, *Jgg =1.96,
Havomatic), 6.48 (d, 16H, “Jun =177, Haromatic), 5.14 (5, 64H,
Hyenmytics 5.04 (5, 32H, Hyenpyie, 4.33 (d, 16H, 3Jj=5.68 Hz,
Hionaytic), 3.16 (m, 16H, Happp), 2.25 (m, SH, Happp)-

(100 MHz, [D7]-dimethylformamide) § (ppm): 166.6,
160.5, 160.3, 151.0, 148.6, 141.4, 140.2, 137.7, 133.8 (b,
Cappp)s 133.1, 120.9, 128.8, 128.3, 128.2, 128.1, 125.5 (d,
Jpe=56.9Hz), 123.4, 120.2, 107.0, 106.9, 101.5, 100.6, 70.1,
69.9, 43.5, 22.1 (d, Jpe=43.5 Hz), 18.6.

(376 MHz, [D7]-dimethylformamide) § (ppm): -79.11.

(162 MHz, [D7]-dimethylformamide) § (ppm): 19.02.
m/2=4876.7 Da [M-20Tf]>*, 3200.9 Da [M-20Tf]?*.
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DSG2b
4 ' d M-N N-M(d
o OTf (ppp)N . N\, N( PPP)
[b] M = Pt
Acetone,
+ . 8 CF3S03
RT, quant.
I =
_ R (dpppIM-N_ )~ N-M(dppp)
R RR
N7 47 DSG2b: M = Pt, R = CO-NH-G2
Mol. Weight: 10398.8 g/mol (CsssH 50F24N16050PsPt,Sg)-
'H-NMR: (400 MHz, [D7]-dimethylformamide) § (ppm): 8.83 (b, 8H,
prridine), 8.62 (b, 16H, Hpyridine + Hamide), 7.85 (b, 32H,
Hdppp), 7.54 (b, 483H, Happyp +Hdppp), 7.44 (b, 64H, thenyl),
7.36 (b, 64H, thenyl), 7.30 (b, 32H, thenyl), 7,16 (b, 8H,
prridine)7 678 (Sa 32Ha Haromatic)a 670 (S> 16H7 Haromatic)>
6.62 (s7 8H, Hammatic), 6.49 (rn, 16H, Hammatic), 5.12 (s, 64H,
Hbenzylic)7 5.03 (SJ 32H7 Hbenzylic)a 4.29 (87 16H7 Hbenzylic)a 3.16
(s, 16H, Hdppp), 2.29 (m, 8H, Hdppp).
YP-NMR: (376 MHz, [D7]-dimethylformamide) § (ppm): -78.87.
SIP-NMR: (202 MHz, [D7]-dimethylformamide, 373K) ¢ (ppm): -8.32

MS (ESI):

1th1957p = 3237 Hz.
m/z = 5053.9 Da [M-20Tf]**, 3318.8 Da [M-30Tf]**.
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DSG3a

Ph>p.

CHAPTER 8. EXPERIMENTAL PART

RR

_Ph :

P: 7N\ —
Ph. M _Ph (dppp)M-N_ >—(  N-M(dppp)
TfO OTf N, = 7N

[a] M = Pd 'S 9

Mol. Weight:
'H-NMR:

BC-NMR:

YF-NMR:
3IP-NMR:
MS (ESI):

Acetone,
—_—

RT, quant.

-y , 7 — \
R (dopp)M-N__ )—&  N-M(dppp)

R A
48 DSG3a: M = Pd, R = CO-NH-G3

17573.5 g/mol (Cyg55HgsF24N16015,P5Pd,Sg).

(400 MHz, [D;]-dimethylformamide) § (ppm): 9.01 (b, 8H,
Hamide), 8.70 (3, 8H, Hyyridine), 8.56 (d, SH, 3Jpr=4.44Hz,
Hoyridine), 7.75 (m, 32H, Happp), 7.60 (m, 16H, Happp), 7.50
(m, 32H, Happp), 7.37-7.24 (m, 320H, Hypenyt), 7.08 (d,
SH, 3J4=5.04Hz, Hyyridine), 6.66 (1, 96, Haromaric), 6.58
(m, 48H, Hyomasc); 6.51 (b, SH, Huomasc), 6.34 (b, 16H,
Haromatic), 5.00 (b, 128H, Hyengyic), 4.95 (b, 64H, Hpengylic,
4.89 (b, 32H, Hyensyic, 4.18 (8, 16H, (Hpengytic), 2.88 (m, 16H,
Happp), 1.92 (m, 8H, Happp)-

(100 MHz, [D7]-dimethylformamide) 6 (ppm): 161.9, 159.5,
159.5, 159.4, 148.3, 148.0, 140.7, 139.3, 136.8, 136.5, 133.3,
132.6, 129.2, 128.3, 127.7, 127.6, 125.9, 106.5, 106.2, 101.1,
73.5, 69.3, 69.1, 47.9, 24.9, 17.7.

(376 MHz, [D7]-dimethylformamide) § (ppm): -78.13.

(162 MHz, [D7]-dimethylformamide) 6 (ppm): 19.98.
m/z=4876.7 Da [M-20Tf]**, 3200.9 Da [M-20Tf]*".
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DSG3b

Ph~p_ p-Ph ; \‘R .
Ph. M _Ph (dppp)M-N_ >—4(  N-M(dppp)
TfO OTf N, = 7N

[b] M = Pt
Acetone,
. itk 8 CF3S0;
RT, quant.
N\
I
P ' 7 - '
R (dppp)M-N _\ﬂ\ 'N-M(dppp)
R,,‘ S
| R R
SN 48 DSG3b: M = Pt, R = CO-NH-G3

Mol. Weight: 17929.7 g/mol (Cy50HgpsF24N150150PsPt,Sg)-

'H-NMR.: (400 MHz, [D7|-dimethylformamide) § (ppm): 8.81 (b, 8H,
Hyyridine), 8.56 (b, 16H, Hyyridine + Hamiae), 7.85 (b, 32H,
Happp)s 7.65 (b, 16H, Hyppp), 7.56 (b, 32H, Happp), 7.43-
7.28 (b, 320H, Hypenyt), 7.11 (m, SH, Hoyridine), 6.86 -6.52
(1, 168H, Hyomatic), 5.10 (b, 128H, Hyenyic), 5.06 (b, 641,
Hpenzytic); 5.00 (b, 32H, Hpensyiic), 4.29 (b, 16H, Hpensyiic),
3.14 (m, 16H, Happp), 2.28 (m, SH, Happp)-

YF-NMR: (376 MHz, [D7]-dimethylformamide) § (ppm): -78.16.

SIP-NMR: (202 MHz, [D7]-dimethylformamide, 373K) ¢ (ppm): -9.19
Vpogsp = 3237 Hz.
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ASla

Ph-p.

CHAPTER 8. EXPERIMENTAL PART

Ph

P< ] \ —
M _Ph (dppp)M-N__ 4 N-M(dppp)
N N

TfO OTf

[a] M = Pd

/O/v[o |
NH

Acetone,

—_—

RT, quant.

.. O . — .
e (@ppp)M-N_ )— ,N-M(dppp)

/,

A HN
e | J/\/ R R
41 SNT 0707 AS1a: R = CO-NH-(S)-CHCH3;COOCH;

Mol. Weight:
'"H-NMR:

BBC-NMR:

ST P-NMR:

File Name(s):
MS (ESI):

4920.4 g/mol (CyggH 95F54N;60,45PsPd,Sy).

(500 MHz, [Dgl-acetone) § (ppm): 9.44 (d, *Jyn = 4Hz,
4H, H2,), 9.20 (d, 3Jpm = 4Hz, 4H, H2), 8.54 (d, *Jun
= 2Hz, 4H, H6,,), 8.41 (d, *Jyy = 2Hz, 4H, Hoy), 8.40
(m, 16H, Hyppp), 7.34 (1, SOH, Hamidess Hetopps Happps Hin,
Hb5out), 4.08 (dq, *Jun = 7Hz and 6 Hz, 4H, Heg), 3.99 (dq,
3Jug = 7Hz and 6 Hz, 4H, Hey), 3.54 (s, 12H, Hocns), 3.41
(br, 8H, Happp), 3.24 (s, 12H, Hocns), 3.09 (br, 8H, Happp),
1.46 (d, *Jyy = 7Hz, 24H, Hegrs), 1.28 (m, SH, Hy,o).
(125 MHz, [Dgl-acetone) ¢ (ppm): 172.6 (CO), 171.5 (CO),
162.6 (CO), 162.1 (CO), 150.6 (C2), 150.4 (C2), 149.3 (C6),
148.8 (C6), 147.4 (C4), 145.2 (C4), 135.4, 135.3, 134.6,
133.4, 133.3, 133.3, 132.6, 132.4, 130.7, 130.6, 130.4, 130.4,
130.2, 130.2, 129.7, 129.6, 129.6, 128.6, 128.6 (C3), 127.9
(C3), 125.3, 125.2, 124.8, 124.7, 124.5, 124.2, 123.9, 123.7,
122.3 (C5), 119.8 (C5), 51.6 (OCHS3), 51.4 (OCH3), 49.8
(CH), 49.6 (CH), 28.8, 22.4, 22.1, 17.2, 16.5, 16.3, 15.6
(CH3), 15.3 (CHS3).

(202 MHz, [Dg-acetone) ¢ (ppm): 6.2 (d, 2Jpp =31 Hz, 4P),
4.4 (d, 2Jpp =31Hz, 4P).

41x4b005.07 and 44m5m002.07.

m/z = 2313.3 Da [M-20Tf]?*
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AS1b
o e ~
Ph” M _Ph dppp)M-N N-M(d
SRS, (plop)N N, N( PPP)
[b] M = Pt
Acetone,
+ e 8CF3SOS
RT, quant.
0.0 IN\
DN
I}H e (cppPIN-N, )
HN
o077 | I R R
M NS 0707 AS1b: R = CO-NH-(S)-CHCH;COOCH;

Mol. Weight:  5276.7g/mol (CygsH;95F o4 N150,PsPt,Sg)-

'H-NMR: (500 MHz, [Dg]-acetone) ¢ (ppm): 9.43 (dd, 3Jyy = 6 Hz
and 2Hz, 4H, H2,4), 9.21 (dd, 3Jgg = 6 Hz and 2 Hz, 4H,
H2:n), 8.63 (d, *Juw = 3 Hz, 4H, H6,,), 8.57 (d, s = 3 Hz,
4H, H6yy), 8.40 (m, 16H, Hyppp), 7.40 (m, SOH, Hamides,
Hapops H5in, Hoout), 4.09(dq, *Jm = 7Hz and 6 Hz, 4H,
Hen), 3.96 (dq, 3Jyn = 7Hz and 6 Hz, 4H, Hey) , 3.50 (br,
20H, Hocns and Happp), 3.26 (br, 20H, Hocns and Heppp),
1.47 (d, 3Jyy = 7Hz, 24H, Hons), 1.29 (m, SH, Happp).

BC-NMR: (125 MHz, [Dgl-acetone) ¢ (ppm): 172.4 (CO), 171.3 (CO),
162.4 (CO), 161.9 (CO), 150.4 (C2), 150.3 (C2), 149.1 (C6),
148.6 (C6), 147.2 (C4), 145.0 (C4), 135.2, 134.4, 133.2,
133.1, 132.4, 132.2, 130.5, 130.4, 130.3, 130.2, 130.1, 130.0,
129.6, 129.5, 129.4, 128.4 (C3), 127.7 (C3), 125.1, 125.0,
124.6, 124.5, 124.3, 124.0, 123.8, 123.5, 122.1 (C5), 119.6
(C5), 51.4 (OCH3), 51.3 (OCH3), 49.6 (CH), 49.4 (CH),
22.1, 21.9, 17.0, 15.5 (CH3), 15.1(CH3).

SIP-NMR: (202 MHz, [Dg]-acetone) ¢ (ppm): -12.7 (d, 2Jpp = 30 Hz,
4P), -13.7 (d, 2Jpp = 30 Hz, 4P), Jpyiesp = 3057 Hz.

File Name(s): 41x4b006.07 and 44m5m001.07.

MS (ESI): m/z = 1611.0 Da [M-30T{]>* and 2490.5 Da [M-20T{]**.
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CSla

Ph™ "M " Ph
CF3S05 03SCFs

[a] M = Pd
Acetone,
+ ——

RT, quant.

cStaM=Pd * 8 CF3S05

Mol. Weight:  4112.4g/mol (C,;5H,45F2,NgO,,PPd,Sy).

'H-NMR: (400 MHz, [Dgl-acetone) 6 (ppm): 8.83 (s, 8H, Hpy(out)),
8.43 (s, 8H, Hpy(n), 7.60 (m, SOH, Haypp), 3.33 (br, 16H,
Happp), 241 (br, 8H, Hyppp), 149 (s, 24H, Hepsionr) ), 1.22
(s, 24H, Hepg(in))-

SIP-NMR: (162 MHz, [Dgl-acetone) ¢ (ppm): 9.65 (s, 8P).

File Name(s): 37x4a028.07 and 37x4a042.07 for [D7|-dimethylformamide.

MS (ESI): m/z = 1223.2 Da [M-30TE**.
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CS1b

Ph:,..m..nPh
Ph™ M ~Ph
CF3S05 03SCF;

[a] M = Pt
Acetone,
+ —

RT, quant.

CSIbM=Pt * 8 CF3SO5

Mol. Weight:  4468.6 g/mol (Cy75H;45F2,NgOy, PePt,Sq).

'H-NMR: (400 MHz, [Dgl-acetone) ¢ (ppm): 8.46 (s, 8H, Hpy(out)),
8.36 (s, SH, Hpyqu), 7.28 (m, SOH, Hyppp), 2.81 (br, 16H,
Happp): 1.97 (br, SH, Happp), 1.42 (s, 24H, Heprsiour) ), 0.95
(s, 24H, Hemsm).

SIP-NMR: (162 MHz, [Dg]-acetone) & (ppm): -12.26 (s, 8P); "Jpiios.p
= 3050 Hz.

MS (ESI): m/z = 1341.3 Da [M-30TH]**,



226

CS2a
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Phu m ~Ph - > \

ph= P m-P~ph (dppp)M-N_ >~ N-M(dppp)
CF3S05 O3SCF; N . N
R R
[a]M =Pd
Acetone, R 8® R
+ B <R R s
.. RT, quant. ' ’
_ — R R
N\ / / N N — / N\ N
L) (dppp)M-N_ = __ N-M(dppp)
R R
- )
55 R = CO-NH-C12Hos CS2a R = CO-NH-C,Hp5 8 CF3S03

Mol. Weight:  5689.8 g/mol (CysgHarnFoyN;5O04,PgPd,Sg).
'"H-NMR: (400 MHz, [Dg]-acetone) § (ppm): 8.00 (m, 104H, Hy,

Hamide and Happp), 3.20 (m, 32H, Hyu_cH2-crimes and
Hdppp)a 1.20 (m, 216H, Hens, Hyp—cr2—ciimzs and Hdppp)-

SIP-NMR: (162 MHz, [Dg]-acetone) § (ppm): 10.61 (d, 2Jpp = 33.6 Hz,

2P), 10.17 (d, 2Jpp = 32.0 Hz, 2P), 8.73 (d, 2Jpp = 31.3 Hz,
2P), 8.02 (d, 2Jpp = 33.6 Hz, 2P).

File Name(s): 35x4al116.07.
MS (ESI): m/z = 2699.0 Da [M-20TH]>*
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CS2b
Phn,.mmPh =\ /1
Ph™ "M~ “Ph (dppp)M=N. 7= N-M(dppp)
CF3S05 O3SCF; N . N
R R
[b] M = Pt
Acetone, R 8® R
+ —_— “R R =
3 RT, quant. ' ’
_ — R R
N\ / / N N — / N\ N
) (dppp)M-N_ »— __ N-M(dppp)
R R
. ©
55 R = CO-NH-C15Ha5 CS2b R = CO-NH-Cy,Hps 8 CF3S03

Mol. Weight:  6046.0 g/mol (CyggHyrnFoyNi5O04,PPt,Sg).

'H-NMR: (400 MHz, [Dg]-acetone) § (ppm): 8.00 (m, 104H, Hy,
Hamige and Happp), 3.20 (m, 32H, Hypn—cho—c1ines and
Happp)s 1.20 (m, 216H, Heps, Hyp—cna—ciimes and Happp ).

SIP-NMR: (162 MHz, [Dgl-acetone) & (ppm): -12.26 (d, *Jpp =
31.3Hz, 4P), -14.01 (d, *Jpp = 30.5Hz, 2P), -14.87 (d,
2Jpp = 31.3Hz, 2P), 'Jpiiosp = ca. 3050 Hz, in all three
cases.

File Name(s): 35x4al18.07.

MS (ESI): m/z = 2876.2 Da [M-20Tf]**.
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Phll..m..\\Ph - / \
Ph™ M “Ph (dppp)M=N{ 7= N-M(dppp)
CF3S05 03SCF; N N

CS3a

R R
[a] M = Pd
Acetone, R 8® R
+ —— R R
3 RT, quant. ’ ’
pre— 7 \ R R‘
N\ / / N ’}l — / N '}l

D (dppp)M-N_ = __ N-M(dppp)

R R
. ©

58 R = CHy-CO-NH-C15Ho5 CS3a R = CHy-CO-NH-C1oHos 8 CF3S05

Mol. Weight:  5801.9 g/mol (CyrgHse5FoyN1504,PsPd,Sg).

'"H-NMR: (400 MHz, [D7]-dimethylformamide) ¢ (ppm): 8.62 (br, 8H,
H-2 and H-2’or H-6 and H-6), 8.33 (br, 8H, H-2 and H-
2'or H-6 and H-6"), 7.78 (br, 32H, Hgppp), 7.49 (br, 16H,
Happp), 7-41 (br, 32H, Happp), 3.18 (br, 48 H, Hepa , Hop
and Hyppp), 2.19 (br, SH, Happp), 1.56 (br, 24H; Heys), 1.14
(br, 160H, Hcrayro), 0.76 (t, 3JHH = 7 Hz, 24H, Hops).

SIP-NMR: (162 MHz, [D7|-dimethylformamide) ¢ (ppm): 16.81 (br,
4P), 10.05 (br, 4P).

File Name(s): 35x4b034.07.

MS (ESI): m/z = 1787.1 Da [M-30Tf]>*.
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CS3b

Phu m «Ph - > \

ph= P m-P~ph (dppp)M-N_ >~ N-M(dppp)
CF3SO5 O3SCFs N o N
[b] M = Pt
Acetone, R 8® R
+ —_— <R R s
. RT, quant. ’ R R
N\ / / N N — 7 N
L) (dppp)M-N_ = __ N-M(dppp)
R R
- )
58 R = CH,-CO-NH-C1Hps CS3b R = CHy-CO-NH-C1oHp5 8 CF3SO3

Mol. Weight:  6158.2g/mol (CyrgHyesFoyN15O04. PP, Sg).
'H-NMR: (400 MHz, [D7]-dimethylformamide) 6 (ppm): 8.60 (br,

16H, H-2, H-2", H-6 and H-6"), 7.51 (br, 80H, Hgppp), 3.10
(br, 48 H, Hepa , Heme and Happp), 2.12 (br, 8H, Happyp),
1.29 (br, 24H; Heps), 113 (br, 160H, Hcgayo), 0.76 (br,
24H, Hopgs).

S P-NMR: (162 MHz, [D7]-dimethylformamide) 6 (ppm): -9.36 (br,

2P), -11.70 (br, 6P), 'Jpi1o5p ca. 3100 Hz, in both cases.

File Name(s): 35x4a120.07.
MS (ESI): m/z = 1905.4 Da [M-30Tf]**.
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8.6 Data of Crystal Structures

The following single-crystal X-ray diffraction studies were carried out by Dr. Mar-
tin Nieger on Nonius Kappa-CCD diffractometers at 123 K using Mok, radiation
(o= 0.71073A). Direct methods (SHELXS-97%%) were used for structure solution;
full-matrix least squares on F? (SHELXL-97?%!) for refinement. No absorption
corrections were applied, and H atoms were refined using a riding model. Com-
pounds 22, 24, 27, and 30 were measured in Bonn, whereas 41, 42, and AS1b

were measured in Helsinki.

8.6.1 3,3’-Diethyl-[4,4’]-bipyridine 22

Figure 8.1: 3,3’-Diethyl-[4,4’]-bipyridine 22
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Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Diffractometer

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 25.03
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

231

cas011

CraHy6N,

212.29

123(2) K

0.71073A

Triclinic, P-1 (No.2)

a = 7.4320(3)A alpha = 99.171(2) deg.
b = 9.3120(4)A beta = 109.708(2) deg.
¢ = 10.4064(5)A gamma = 112.462(2) deg.
591.18(4) A®

2, 1.193 Mg/m?

0.071 mm™!

228

0.50 x 0.40 x 0.10 mm

Nonius KappaCCD

3.06 to 25.03 deg.

-7<h<8, -11<k<11, -12<1<10

4729 / 2081 [R(int) = 0.0278]

99.5 %

None

Full-matrix least-squares on F?

2081 / 0 / 145

1.000

R1 = 0.0369, wR2 = 0.0910

R1 = 0.0494, wR2 = 0.0965

0.137 and -0.184 e. A=3

Table 8.1: Crystal data and structure refinement for 3,3’-diethyl-[4,4’]-bipyridine

22.
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U(eq)
28(1)
26(1)
22(1)
20(1)
21(1)
24(1)
28(1)
38(1)
26(1)
23(1)
20(1)
19(1)
23(1)
25(1)
26(1)
34(1)

3578(1)
2387(1)
2187(1)
3331(1)
4585(1)
4665(1)
791(1)

4463(1)
4088(1)
4973(1)
6403(1)
6803(1)
5816(1)
4334(1)
2885(2)
9550(1)

7218(2)
5454(2)
4294(2)
5069(2)
6890(2)
7888(2)
2286(2)
368(2)

N(1)

C(2)

C(3)

C(4)

C(3)

C(6)

C(7)

746(2)

C(8)

3129(1)
3144(1)
3170(1)
3231(1)
3220(1)
3155(1)
3052(1)
1506(2)

2033(2)
3983(2)
5050(2)
4022(2)
1990(2)
1066(2)
7159(2)
6821(2)

N(1)

10035(1)
9087(1)
7501(1)
6983(1)
8019(1)
9757(1)
9067(2)

C(2)

C(3)

C4)

C(5)

C(6")

C(7)

C(®)

Table 8.2: Atomic coordinates ( x 10%) and equivalent isotropic displacement
parameters (A2 x 10%) for 3,3’-diethyl-[4,4"]-bipyridine 22. U(eq) is defined as one

third of the trace of the orthogonalized Uij tensor.

x+1 -y+2 -z+1

41

Table 8.3: Symmetry transformations used to generate equivalent atoms.
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8.6.2 3,5,3’,5’-Tetramethyl-[4,4’]-bipyridine 24

/

\

A\

/

Figure 8.2: 3,5,3,5-Tetramethyl-[4,4’]-bipyridine 24
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Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

7, Calculated density
Absorption coefficient
F(000)

Crystal size

Diffractometer

Theta range for data collection

Limiting indices

Reflections collected / unique

Completeness to theta = 25.03

Absorption correction

Refinement method

Data / restraints / parameters

Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

CHAPTER 8. EXPERIMENTAL PART

cas005

CiHi6Ny

212.29

123(2) K

0.71073A

Monoclinic, C2/c (No.15)

a = 28.3010(5)A alpha = 90 deg.
b = 11.4661(2)A beta = 99.471(2) deg.
¢ = 14.8096(3)A gamma = 90 deg.
4740.24(15) A3

16, 1.190 Mg/m?

0.071 mm™!

1824

0.25 x 0.20 x 0.10 mm

Nonius KappaCCD

2.92 to 25.03 deg.

-33<h<28, -11<k<13, -17<1<17
11694 / 4187 [R(int) = 0.0287]
99.7 %

None

Full-matrix least-squares on F?
4187 / 0 / 297

0.961

R1 = 0.0381, wR2 = 0.0917

R1 = 0.0584, wR2 = 0.0984
0.157 and -0.185 e.A—3

Table 8.4: Crystal data and structure refinement for 3,5,3’ 5-tetramethyl-[4,4’]-

bipyridine 24.
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Table 8.5: To be continued on next page.
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U(eq)
35(1)
59(1)
49(1)
34(1)
43(1)
29(1)
37(1)
50(1)
51(1)

A774(1)
7052(1)
6196(1)
5721(1)
4758(1)
6173(1)
7077(1)
7617(1)
7464(1)

1441(1)
2482(1)
2865(2)
2871(1)
3326(2)
2453(1)
2060(1)
1639(2)
2094(2)

4773(1)
3048(1)
3029(1)
3414(1)
3353(1)
3854(1)
3889(1)
4353(1)
3474(1)

C(6A)
N(1B)
C(2B)
C(3B)

C(31B)
C(4B)
C(5B)

C(51B)
C(6B)

Table 8.6: Atomic coordinates ( x 10%) and equivalent isotropic displacement pa-
rameters (A% x 10%) for 3,5,3",5-tetramethyl-[4,4’]-bipyridine 24. U(eq) is defined

as one third of the trace of the orthogonalized Uij tensor.
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8.6.3 2,6,2’,6’-Tetramethyl-[4,4’]-bipyridine 27

Figure 8.3: 3,5,3’,5-Tetramethyl-[4,4’]-bipyridine 24
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Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

7, Calculated density
Absorption coefficient

F(000)

Crystal size

Diffractometer

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 25.03
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

CHAPTER 8. EXPERIMENTAL PART

cas(012

CiHi6Ny

212.29

123(2) K

0.71073A

Tetragonal, 14(1)/a (No.88)

a = 21.8717(7)A alpha = 90 deg.
b = 21.8717(7)A beta = 90 deg.
¢ = 9.9277(3)A gamma = 90 deg.
4749.1(3) A3

16, 1.188 Mg/m?

0.071 mm™!

1824

0.40 x 0.20 x 0.20 mm

Nonius KappaCCD

2.92 to 25.03 deg.

-26<h<17, -25<k<26, -11<1<8
9821 / 2092 [R(int) = 0.0296]
99.7 %

None

Full-matrix least-squares on F?
2092 / 0 / 149

1.067

R1 = 0.0411, wR2 = 0.1132

R1 = 0.0508, wR2 = 0.1180
0.261 and -0.206 e.A—3

Table 8.7: Crystal data and structure refinement for 2,6,2’,6’-tetramethyl-[4,4’]-

bipyridine 27.
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Ufeq)

22(1)
20(1)
17(1)
18(1)
21(1)
23(1)
33(1)
29(1)
20(1)
20(1)
19(1)
17(1)
18(1)
19(1)
24(1)
30(1)

4212(1)
5280(1)
5678(1)
4953(1)
3844(2)
3512(2)
2360(2)
6050(2)
6025(1)
5234(1)
4903(1)
5342(1)
6140(1)
6487(1)
7434(2)
4710(2)

3719(1)
3809(1)
3385(1)
2846(1)
2758(1)
3195(1)
3099(1)
4390(1)
1496(1)
1357(1)
1778(1)
2382(1)
2526(1)
2074(1)
2205(1)
713(1)

3693(1)

3327(1)

N(1)

C(2)

2890(1)
2811(1)
3191(1)
3628(1)
4061(1)

C(3)

C(4)

C(5)

C(6)

C(7)

3427(1)
1466(1)
1950(1)
2398(1)
2346(1)
1842(1)
1423(1)
903(1)

C(8)

N(1)

C(2)

C(3)

C(4)

c(5)

C(6”)

C(7)

1973(1)

C(8)

Table 8.8: Atomic coordinates ( x 10*) and equivalent isotropic displacement pa-
rameters (A% x 10%) for 2,6,2,6™-tetramethyl-[4,4]-bipyridine 27. U(eq) is defined

as one third of the trace of the orthogonalized Uij tensor.

x4+1/2 -y+1/2 -243/2

#1

Table 8.9: Symmetry transformations used to generate equivalent atoms.
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8.6.4 5,6-Dihydro-[3,8]phenanthroline 30

N/ \ _N

Figure 8.4: 5,6-Dihydro-[3,8]phenanthroline 30
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Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

Crystal size

Diffractometer

Theta range for data collection

Limiting indices

Reflections collected / unique
Completeness to theta = 27.45

Absorption correction

Refinement method

Data / restraints / parameters

Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

cas002

CoHNy

182.22

123(2) K

0.71073A

Monoclinic, C2/c (No.15)

a = 13.1952(3)A alpha = 90 deg.
b = 7.5665(2)A beta = 117.392(1) deg.
¢ = 9.8732(3)A gamma = 90 deg.
875.23(4) A3

4, 1.383 Mg/m?

0.084 mm~!

384

0.30 x 0.25 x 0.20 mm

Nonius KappaCCD

3.21 to 27.45 deg.

-17<h<17, -9<k<9, -12<1<12
8549 / 987 [R(int) = 0.0360]
98.7%

None

Full-matrix least-squares on F?
987 /0 / 64

1.096

R1 = 0.0406, wR2 = 0.1125

R1 = 0.0440, wR2 = 0.1149
0.259 and -0.178 e. A3

Table 8.10: Crystal data and structure refinement for 5,6-dihydro-[3,8]phenan-

throline 30.
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X y zZ U(eq)
C(1A) 4568(1) 5727(1) 6686(1) 19(1)
C(1)  4006(1) 4207(1) 5912(1) 24(1)
C(2) 3221(1) 4316(1) 4379(1) 26(1)
N(3)  2939(1) 5834(1) 3589(1) 25(1)
C(4) 3470(1) 7294(2) 4355(1) 23(1)
C(4A) 4293(1) 7324(1) 5880(1) 20(1)
C(5)  4893(1) 8997(1) 6668(1) 25(1)

Table 8.11: Atomic coordinates ( x 10%) and equivalent isotropic displacement
parameters (A2 x 10%) for 5,6-dihydro-[3,8]phenanthroline 30. U(eq) is defined as

one third of the trace of the orthogonalized Uij tensor.

f1 x+1 y -z+3/2

Table 8.12: Symmetry transformations used to generate equivalent atoms.
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8.6.5 N,N’,N”,5-Tetramethyl-[4,4’]-bipyridine

-3,3’,5-tricarboxamide

oM

<M

N
| X
HsCHNOC = CONHCH;
_ CONHCH,
o
N

Figure 8.5: 3,5,3",5-Tetramethyl-[4,4’]-bipyridine 24
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Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

7, Calculated density
Absorption coefficient
F(000)

Crystal size

Diffractometer

Theta range for data collection

Limiting indices

Reflections collected / unique

Completeness to theta = 25.03

Absorption correction

Refinement method

Data / restraints / parameters

Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

CHAPTER 8. EXPERIMENTAL PART

cas008c

Cy;H1gN;O4 - 0.5 MeOH

357.39

123(2) K

0.71073A

Monoclinic, P2(1)/c (No.14)

a = 16.1602(4)A alpha = 90 deg.
b = 14.6920(3)A beta = 107.408(1) deg.
¢ = 16.1009(3)A gamma = 90 deg.
3647.68(14) A3

8, 1.302 Mg/m?

0.093 mm™!

1512

0.30 x 0.20 x 0.10 mm

Nonius KappaCCD

2.93 to 25.03 deg.

-17<h<19, -15<k<17, -18<1<19
23215 / 6431 [R(int) = 0.0393]
99.8 %

None

Full-matrix least-squares on F?
6431 / 7 / 499

0.990

R1 = 0.0404, wR2 = 0.1003

R1 = 0.0656, wR2 = 0.1087
0.297 and -0.248 e. A3

Table 8.13: Crystal data and structure refinement for N, N’ N” 5-tetramethyl-

[4,4’]-bipyridine-3,3’ 5-tricarboxamide.
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Table 8.14: To be continued on next page.
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Table 8.15: To be continued on next page.
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X y z Uleq)
C(6D) 2231(1) 4218(1) 5094(1) 31(1)
O(IM) 3896(1)  10153(1) 8099(1)  46(1)
H(IM) 3611(14) 9736(14) 7738(13) 70
C(IM) 4488(1)  9697(1)  8807(1)  47(1)

Table 8.16: Atomic coordinates ( x 10%) and equivalent isotropic displacement
parameters (AQ x 10%) for NN’ N” 5’-tetramethyl-[4,4’]-bipyridine-3,3’,5-tricarb-
oxamide. U(eq) is defined as one third of the trace of the orthogonalized Uij

tensor.

£l x -y+3/2 z+1/2
12 x y-1 z
13 x -y+1/2  z+1/2

14 x y-1/2  -z+1/2
15 -x -y+1 -z+1

86 -x+1 y+1/2  -z+3/2
17 x y+1 z

18 x y+3/2 21/2

Table 8.17: Symmetry transformations used to generate equivalent atoms.
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8.6.6 S,5)-2-[3’-(1-methoxycarbonyl-ethylcarba-
moyl)-[4,4’]-bipyridinyl-[4]-3-carbonyl]-

amino-propionic acid methyl ester 41

0_0 _N
:[ \l O
NH
o | \HNJ/\/
N~ O 0
(S,S,aS)-41

Figure 8.6: (5,5)-2-[3’-(1-Methoxycarbonyl-ethylcarbamoyl)-[4,4’]-bipyridinyl-[4]-

3-carbonyl]-amino-propionic acid methyl ester 41
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Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 27.48
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

249

cas015hy

CaoHyuN, O

414.42

123(2) K

0.71073A

Orthorhombic, P2(1)2(1)2(1) (No.19)
a = 8.732(1)A alpha = 90 deg.

b = 11.123(1)A beta = 90 deg.

¢ = 21.076(2)A gamma = 90 deg.
2047.0(4) A®

4, 1.345 Mg/m?

0.101 mm™*

872

0.35 x 0.25 x 0.20 mm

5.02 to 27.48 deg.

-11<h<11, -14<k<14, -27<1<27
29007 / 4671 [R(int) = 0.0674]
99.1 %

None

Full-matrix least-squares on F?
4671 / 2/ 279

1.088

R1 = 0.0414, wR2 = 0.0944

R1 = 0.0507, wR2 = 0.0991
-0.7(9), cannot be determined reliabl.
0.254 and -0.243 e. A3

Table 8.18: Crystal data and structure refinement for 41.
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Table 8.19: To be continued on next page.
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X y z Uleq)
C(24°) 3628(2) 8012(2) 3423(1) 21(1)
O(247)  2499(2) 8574(1) 3549(1) 34(1)
O(25") 5040(2) 8297(1) 3606(1) 33(1)
C(25") 5160(3) 9398(2) 3972(1) 40(1)

Table 8.20: Atomic coordinates ( x 10%) and equivalent isotropic displacement,
parameters (A2 x 10%) for 41. U(eq) is defined as one third of the trace of the

orthogonalized Uij tensor.

D-H...A d(D-H)  d(H..A) d(D..A) < (DHA)
N(21)-H(21)...0(21))41  0.871(15) 2.030(16) 2.8956(19) 173(2)
N(21')-H(21))...0(21)  0.884(15) 1.977(16) 2.8454(19) 167.0(19)
C(5)-H(5)...0(21)#2  0.95 2.47 3.392(2)  163.3
C(6)-H(6)...N(4)£3 0.95 2.49 3.230(2)  135.0
C(6))-H(6')..N(4)84  0.95 2.57 3.366(3)  141.2
C(23)-H(23A)...0(24)85  0.98 2.52 3.147(2)  121.8

Table 8.21: Hydrogen bonds for 41 [Aand deg.].

i1 x+1 y z

82 x+1/2 -y+3/2 -z+1
83 x-1/2  -y+3/2 -z+1
4 x+1/2 -y+1/2 -z+1
5 ox+2  y1/2 z+1/2

Table 8.22: Symmetry transformations used to generate equivalent atoms.
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8.6.7 R,R)-2-[3’-(1-methoxycarbonyl-ethylcarba-
moyl)-[4,4’]-bipyridinyl-[4]-3-carbonyl]-

amino-propionic acid methyl ester 42

0/|I

\N O (I)
(R,R,aR)-42

Figure 8.7: (R,R)-2-[3’-(1-Methoxycarbonyl-ethylcarbamoyl)-[4,4’]-bipyridinyl-

[4]-3-carbonyl]-amino-propionic acid methyl ester 42
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Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 27.47
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

Table 8.23: Crystal data and structure refinement for 41.

cas014hy

CQOH22N406

414.42

123(2) K

0.71073A

Orthorhombic, P 212121

a = 8.709(1)A alpha = 90 deg.
b = 11.104(1)A beta = 90 deg.

¢ = 21.032(3)A gamma = 90 deg.

2033.9(4) A?

4, 1.353 Mg/m?

0.102 mm™*

872

0.50 x 0.30 x 0.15 mm

5.03 to 27.47 deg.

-11<h<11, -14<k<14, -27<1<27
33705 / 4640 [R(int) = 0.0449]
98.8 %

None

Full-matrix least-squares on F?
4640 / 2 / 279

1.053

R1 = 0.0298, wR2 = 0.0731
R1 = 0.0325, wR2 = 0.0752

-0.1(7), cannot be determined reliabl.

0.261 and -0.185 e.A—3
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Table 8.24: To be continued on next page.
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X y zZ Uleq)
C(24’) 6371(2) 1984(1) 1576(1) 23(1)
O(247) 7498(1) 1421(1) 1452(1) 35(1)
O(25") 4960(1) 1699(1) 1394(1) 34(1)
C(25") 4838(2) 601(1) 1028(1) 41(1)

Table 8.25: Atomic coordinates ( x 10%) and equivalent isotropic displacement,

parameters (A2 x 10%) for (R,R)-2-

[3’-(1-methoxycarbonyl-ethylcarbamoyl)-[4,4’]-

bipyridinyl-[4]-3-carbonyl]-amino-propionic acid methyl ester 42. U(eq) is defined

as one third of the trace of the orthogonalized Uij tensor.

D-H...A d(D-H)  d(H..A) d(D..A) < (DHA)
N(21)-H(21)...0(21)51  0.860(13) 2.034(14) 2.8882(14) 171.7(15)
N(21°)-H(21))...0(21)  0.858(13) 1.990(13) 2.8376(14) 169.5(15)
C(5)-H(5)...0(21)42  0.95 2.46 3.3806(15) 163.4
C(6)-H(6)...N(4)#3 0.95 2.48 3.2222(17) 135.2
C(6))-H(6)..N(4)4  0.95 2.57 3.3632(18) 140.6
C(23)-H(23A)...0(24)85  0.98 2.51 3.1434(18) 121.8

Table 8.26: Hydrogen bonds for (R,R)-2-
[4,4’)-bipyridinyl-[4]-3-carbonyl]-amino-propionic acid methyl ester 42 [Aand

deg.].

#1
12
13
14
its

x-1 y z
x-1/2  -y+1/2 -z
x+1/2 -y+1/2 -z
x-1/2  -y+3/2 -z
-X y+1/2  -z+1/2

[3’-(1-methoxycarbonyl-ethylcarbamoyl)-

Table 8.27: Symmetry transformations used to generate equivalent atoms.
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8.6.8 Supramolecular Square AS1b

Figure 8.8: AS1b



8.6. DATA OF CRYSTAL STRUCTURES

Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 25.03
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

Table 8.28: Crystal data and structure refinement for AS1b.

cas013hy
Co17Ha34F94N16055 P Pty Sy
5686.80

123K

0.71073 A

Monoclinic, P2(1) (No.4)
a = 14.955(1) Ao = 90°.
b = 27.472(1) Ap = 100.57°.
¢ = 31.536(3) Ay = 90°.
12736.5 A3

2, 1.483 Mg/m?

2.398 mm-1

5728

0.60 x 0.50 x 0.40 mm
5.02 to 25.03 deg.

257

-17<=h<=17, -32<=k<=32, -36<=1<=37

113953 / 42874 [R(int) = 0.0273]
98.5%

Semi-empirical from equivalents
0.4305 and 0.3258

Full-matrix least-squares on F?
42874 / 3078 / 1433

1.070

R1 = 0.0758, wR2 = 0.1915

R1 = 0.0900, wR2 = 0.2047
0.062(8)

2.811 and -1.549 e. A~3
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Table 8.29: To be continued on next page.
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Table 8.30: To be continued on next page.
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X y z U(eq)
C(71L) 6510(19) 5009(11) 7640(7)  174(12)
C(72L) 5550(20) 4841(15) 7552(16) 196(12)
C(73L) 7230(30) 4632(12) 7663(17) 208(12)

Table 8.41: Atomic coordinates ( x 10%) and equivalent isotropic displacement
parameters (A? x 10%) for AS1b. U(eq) is defined as one third of the trace of the

orthogonalized Uij tensor.

D-H...A d(D-H) d(H..A) d(D..A) < (DHA)
N(113)-H(113)...0(11) 088  2.16 3.011(17) 161.3
N(218)-H(218)...0(51) 0.88  2.05 2.895(16) 161.4
N(313)-H(313)...0(51) 0.88  2.11 2.971(18) 166.2
N(413)-H(413)...0(41) 0.88 2,57 3.289(19) 139.9
N(418)-H(418)...0(11) 0.88 221 3.042(17) 158.3

Table 8.42: Atomic coordinates ( x 10%) and equivalent isotropic displacement,
parameters (A? x 10%) for AS1b. U(eq) is defined as one third of the trace of the

orthogonalized Uij tensor.
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0/4 1/3 2/2 3/1 4/0 aR/aS
o/ |1 1 2 1 1
17 |1 4 6 4 1
2/6 6 16 26 16 6
3/5 7 28 42 28 7
4/4 | 12 36 56 36 12
5/3 | 7 28 42 28 7
6/2 6 16 26 16 6
7/1 1 4 6 4 1
8/0 | 1 1
Out/In = 560

Table 8.43: Number of isomers for the combination of the two types of isomerism: Rows:
ligands’ absolute configuration; Columns: Amount of substituents pointing inside or outside the
cavity. As the table is symmetrical only the 15 highlighted entries have to be considered. The

number of isomers sums up to 560.

8.7 Symmetry Considerations — 560 Isomers

The combination of two types of isomers (aR/aS isomerism and In/Out-isomerism )

lead to a multitude of different isomeric structures.

For example, only one isomer exists in which a) all substituents are pointing
inside the cavity and b) all ligands are aS. When the absolute configuration of
one ligand is changed to aR, another isomer is obtained. When the absolute
configuration of two ligands is changed to aR, two further isomers are obtained
(two adjacent or two opposite ligands). Analogously, only one isomer exists, in
which three out of four, and all four ligands are exchanged, respectively. These
results are summarized in the first row of Table 8.7. The same considerations
hold true for the last row, in which all substituents are pointing outside. Please
note one very important aspect: Due to the "symmetry” of the table, only the 15

highlighted entries need to be considered.

In the following, the entries of the first column are discussed. Again starting

from the very first isomer (all aS and all in), one substituent is turned outwards
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to obtain another isomer. If a second is turned outwards (see figure 8.9 a), seven
isomers (one of the eight positions is already occupied) can be obtained, on the first
glance. Two of them can be superimposed by rotation. Thus, only six individual
isomers are listed in table 8.7. Seven isomers are obtained for three X outside (see
figure 8.9 b), and twelve isomers for four X outside (see c¢). In a next step, the
second column is described in more detail: If the absolute configuration of one
of the four ligands is changed, four mathematical unequal isomers are obtained
(see figure 8.9 d). These four are chemically equal as long as all ligands are either
pointing inside or outside, respectively (see remarks for the first column of table
8.7). Analogously, six isomers exist if the absolute configuration of two ligands is
changed to aR (see figure 8.9 e). These two types of isomers are now combined
in a final step: Again, isomers, which can be super imposed by rotation, are
grayed out in the following two figures (8.10 and 8.11). The remaining isomers
are counted and listed in table 8.7. Three important aspects should be noted:
a) as non of the column-isomers of Figures 8.10 and 8.11 can be rotated into an
isomer of a different column, one only has to check for identical isomers in each
column independently, which makes the situation much more comfortable. b) The
substituents are either above or below the plane spanned by the four metal atoms.
To distinguish whether an X is above or below in all given isomers, the absolute
configuration of the ligand has to be taken into account. Or in other words, the
actual position of a substituent (above/below the square’s plane) is determined
by the absolute configuration (aR/aS) of the ligand. c¢) Off course, some of the
listed isomers are enantiomers for achiral X. As X may contain chiral information
(see below), these isomers are separated here. Mirroring of two isomers would
lead to superposition in some cases, too. However, aR-ligands would thereby be

transferred into aS-ligands as well.
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X X X X X X X X

b) 3X [ gl
X X X

X X

xl:'x I:X|X

X X X X X X X X X X X X X X X X X X
g % OF 00 O5 Ol O

X X X

XI:X|XX|:X|X XI:X|X

d)3asiMaR [ ] [] [] [

e)2as2aR [ | [ [] [ [] []

Figure 8.9: Number of isomers when a) two, b) three, or c) four substituents (X) are turned
outwards. Isomers, which can be superimposed by rotation into other isomers, are grayed out
(see arrow). The remaining Substituents, which are pointing inside the square’s cavity, are
omitted for clarity. Number of isomers when the absolute configuration of d) one or e) two

ligands is changed to aS.
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a) 6In/20ut & 3aS/1aR => 16 isomers b) 6In/20ut & 2aS/2aR => 26 isomers
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c) 5In/30ut & 3aS/1aR => 28 isomers d) 5In/30ut & 2aS/2aR => 42 isomers
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Figure 8.10: Combination of a) two X out and 3aS/1aR yielding 16 isomers, b) two X out
and 2aS/2aR: 26 isomers, ¢) three X out and 3aS/1aR yielding 28 isomers and d) three X out
and 2aS/2aR: 42 isomers.
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a) 4In/40ut & 3aS/1aR => 36 isomers b) 4In/40ut & 2aS/2aR => 56 isomers
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Figure 8.11: Combination of a) four X out and 3aS/1aR yielding 36 isomers and b) four X
out and 2aS/2aR: 56 isomers.
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