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Summary

Chapter 1 enters into the field of research in which this thesis is placed. It summarises relevant
concepts and introduces the chemical systems studied in this thesis.

Chapter 2 describes the ligand synthesis steps to the 2,20:60,200:600,2000,6000,20000-quinquepyridine
(qnpy) derivatives, and includes their characterisation as wellas the characterisation of the interme-
diate substances.

Chapter 3 describes the synthetic steps of linking two identicalqnpy moieties together into one new
ligand. The linked ligands are characterised.

Chapter 4 describes the metal directed assembly of mono- and double-helicates of new (qnpy) and
linked ligands. Complexations with copper(II), cobalt(II) and nickel(II) are described, and the species
formed are characterised. Two NMR-titrations with D2O are discussed briefly and two are discussed in
detail.

Chapter 5 describes the synthetic pathway to a new terminally substituted 2,20:60,200:600,2000-quater-
pyridine (qtpy) derivative, and includes characterisation of this ligand, as well as the new intermediate
products.

Chapter 6 summarises the achievements and conclusions, and offers a perspective of future work on
these or similar systems.

Chapter 7 contains the experimental details on the syntheses, characterisations and general experi-
mental data.
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5.3 A possible Kröhnke cyclisation mechanism to the unsymmetrical bipy derivative with
and without a substituent in the 6 position. . . . . . . . . . . . . . .. . . . . . . . . . 128

7.1 Diethyl 2,6-dipicolinat . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . 131

7.2 2,6-Diacetylpyridine . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . 132

7.3 2-Acetyl-6-[3-(4-hydroxyphenyl)-1-oxoprop-2-enyl]pyridine . . . . . . . . . . . . . . 132



7.4 2-[3-(4-tert-Butylphenyl)-1-oxoprop-2-enyl]-6-[3-(4-hydroxyphenyl)-1-oxoprop-2-
enyl]pyridine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 133

7.5 2,6-Bis[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine . . . . . . . . . . . . . . . . 133

7.6 N -[1-Oxo-1-(2-pyridyl)-eth-2-yl]pyridinium iodide (PPI) . . . . . . . . . . . . . . . . 134

7.7 40-(4-tert-butylphenyl)-4000-(4-hydroxyphenyl)-2,20:60,200:600,2000:6000,20000-quinquepyridine 135

7.8 Hexaethyleneglycol ditosylate . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . 136

7.9 1,17-Bis(4-(40-(4-tert-butylphenyl)-2,20:60,200:600,2000:6000,20000-quinquepyridyl)phen-
oxy)-3,6,9,12,15-pentaoxaheptadecane . . . . . . . . . . . . . . .. . . . . . . . . . . 136

7.10 2-Acetyl-6-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine. . . . . . . . . . . . . . 139

7.11 2,6-Bis[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine . . . . . . . . . . . . . . . . 140

7.12 2-[3-(4-Methoxyphenyl)-1-oxoprop-2-enyl]-6-[3-(4-hydroxyphenyl)-1-oxoprop-2-
enyl]pyridine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 141

7.13 40-(4-Methoxyphenyl)-4000-(4-hydroxyphenyl)-2,20:60,200:600,2000:6000,20000-quinquepyridine 142

7.14 1,17-Bis(4-(40-[4-methoxyphenyl]-2,20:60,200:600,2000:6000,20000- quinquepyridyl)phenoxy)-
3,6,9,12,15-pentaoxaheptadecane . . . . . . . . . . . . . . . . . . . .. . . . . . . . . 145

7.15 2-[3-(4-Hydroxy)-1-oxoprop-2-enyl]-6-[3-phenyl-1-oxoprop-2-enyl]pyridine . . . . . 147

7.16 40-(4-Hydroxyphenyl)-4000-phenyl-2,20:60,200:600,2000:6000,20000- quinquepyridine . . . . . 148

7.17 1,17-Bis-4-(40-(4000-phenyl-2,20:60,200:600,2000:6000,20000-quinquepyridyl)phenoxy)-3,6,9,
12,15-pentaoxaheptadecane . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . 149

7.18 5-(4-Methoxyphenyl)-2,20:60,200:600,2000-quaterpyridine . . . . . . . . . . . . . . . . . 151

7.19 3-N ,N -Dimethylamino-1-oxo-1-(2-pyridyl)-2-propene . . . . . . .. . . . . . . . . . 151

7.20 2-Acetyl-6-bromopyridine . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . 152

7.21 2-Bromo-6-(30-dimethylammonio-10-oxopropyl)pyridine chloride . . . . . . . . . . . 152

7.22 2-Ethylthiopyridine . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . 153

7.23 2-Bromo-6-(2-methyl-1,3-dioxolan-2-yl)pyridine .. . . . . . . . . . . . . . . . . . . 153

7.24 6-Bromo-2,20:60,200-terpyridine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

7.25 6-2,20:60,200-Terpyridylboronic acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

7.26 6-(n-Butyl)-2,20:60,200-terpyridine . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

7.27 2-Pyridylboronic acid . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . 155

7.28 4-Methoxyphenylboronic acid . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . 156

7.29 Dimethoxyl-4-methoxyphenyl boronate . . . . . . . . . . . . .. . . . . . . . . . . . 157

7.30 Diisopropyl-4-methoxyphenyl borate . . . . . . . . . . . . . .. . . . . . . . . . . . . 157

7.31 2-Bromo-5-pyridylboronic acid . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . 158

7.32 2-Bromo-5-(4-methoxyphenyl)pyridin . . . . . . . . . . . . .. . . . . . . . . . . . . 159

7.33 5,50-Di-(4-methoxyphenyl)-2,20-bipyridine . . . . . . . . . . . . . . . . . . . . . . . 159

7.34 6,60-Di-(4-methoxyphenyl)-3,30-bipyridine (dmp) . . . . . . . . . . . . . . . . . . . . 160

7.35 5-Bromo-2-(4-methoxyphenyl)pyridine . . . . . . . . . . . .. . . . . . . . . . . . . 161

7.36 2,5-Di-(4-methoxyphenyl)pyridine . . . . . . . . . . . . . . .. . . . . . . . . . . . . 161

7.37 Diisopropyl-2-(4-methoxyphenyl)-5-pyridyl borate. . . . . . . . . . . . . . . . . . . 162

7.38 6,60-Dibromo-2,20-bipyridine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

7.39 6-Bromo-2,20-bipyridine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

7.40 6-Pyridyl-1,3,2-dioxaborolane . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . 164



7.41 6-n-Butyl-2,20-bipyridine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

7.42 6-Tributylstannyl-2,20-bipyridine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

7.43 3-(40-Methoxyphenyl)-1-oxo-2-butenoic acid . . . . . . . . . . . . . . .. . . . . . . 166

7.44 N -[1-Oxo-1-(6-bromo-2-pyridyl)eth-2-yl]pyridinium iodide (Br-PPI) . . . . . . . . . 166

7.45 60-Bromo-4-(4-methoxyphenyl)-2,20-bipyridine-6-carboxylic acid . . . . . . . . . . . 167

7.46 6-Bromo-40-(4-methoxyphenyl)-2,20-bipyridine . . . . . . . . . . . . . . . . . . . . . 168

7.47 4-(4-Methoxyphenyl)-2,20:60,200:600,2000-quaterpyridine . . . . . . . . . . . . . . . . . 169

7.48 4-Methoxycinnamaldehyde . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . 170

7.49 1-(1,3-Dioxolan-2-yl)-2-(4-methoxyphenyl)ethene. . . . . . . . . . . . . . . . . . . 170

7.50 (2,20-Bipyrid-6-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane . . . . . . . . . . . . . . . 171

A.1 Crystal structure of the complex cation in [Cu2(mp)2][PF6]3 � 1.5 acetone. . . . . . . . 175

A.2 Crystal structure of one of the ligand strands in [Cu2(mp)2][PF6]3 � 1.5 acetone. . . . . 175

A.3 Crystal structure of the other of the ligand strands in [Cu2(mp)2][PF6]3 � 1.5 acetone. . 176

A.4 Crystal structure of the complex cation of [Cu2pcp][PF6]3 � 2.5 acetone. . . . . . . . . 186

A.5 Crystal structure of the two ligand strands of [Cu2pcp][PF6]3 � 2.5 acetone. . . . . . . 196

B.1 Crystal structure of 4MeOphqtpy. . . . . . . . . . . . . . . . . . . .. . . . . . . . . 197

C.1 Crystal structure of 2-acetyl-6-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine. . . . 201

C.2 Crystal structure of 6-bromo-40-(4-methoxyphenyl)-2,20-bipyridine. . . . . . . . . . . 204

C.3 Crystal structure of 5-bromo-2-(4-methoxyphenyl)pyridine. . . . . . . . . . . . . . . . 207

C.4 Crystal structure of 60-bromo-6-carboxyl-4-(4-methoxyphenyl)-2,20-bipyridine. . . . . 209

C.5 Crystal structure of 4-methoxyphenylboronic acid. . . .. . . . . . . . . . . . . . . . 211

D.1 Pluto plot of 2,6-di-[3-tert-butylphenyl)-1-oxoprop-2-enyl]pyridine. . . . . . . . . . . 213

D.2 Crystal structure of dibenzo-18-crown-6. . . . . . . . . . . .. . . . . . . . . . . . . . 214



Abbreviations

abs. / (abs) absolute, dry
approx. approximately
asym. asymmetrical
bipy 2,20-bipyridine

bis-chalcone
term used in this thesis as a short general name for any symmetrically and un-
symmetrically substituted 2,6-bis(phenyl-1-oxoprop-2-enyl)pyridine compounds

bromo-phenyl-bipy 6-bromo-40-(4-methylphenyl)-2,20-bipyridine
Br-PPI N -[1-Oxo-1-(6-bromo-2-pyridyl)eth-2-yl]pyridinium iodide
BuLi n-butyllithium
c concentration
CA Chemical Abstracts

chalcone4,5 / mono-chalcone
benzal-acetetophenone, or benzylidene-acetophenone, used in this thesis as a
short general name for the 2-acetyl-6-phenyl)-1-oxoprop-2-enyl]pyridine com-
pounds (with any substituent on the phenyl)

COSY
Correlated spectroscopy, term used in this thesis for two-dimensional H,H-
spectra
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Chapter 1

Introduction

1.1 Supramolecular chemistry

1.1.1 Definition

In the last centuries, chemical scientists have learned howto describe salts, minerals and molecules,
and the ionic and covalent bonds that hold them together. Today it is possible to synthesise large and
complicated molecules from simple starting materials. Thelast century brought new knowledge about
biological systems and advances in biochemistry that showed that molecules are not only able to in-
terconvert, but are also able to interact and communicate with each other. For example, lipids only
form cell membranes and thus make life possible6 because they organise themselves into double lay-
ers, while retaining their identity as molecules. The causes and mechanisms of self-organisation and
self-organising systems are the subject of interest and study in supramolecular chemistry.

Inorganic chemistry started to imitate nature using synthetic systems. Maybe the first of those experi-
ments was the formation of crown-ether coordination compounds by Pedersen in the beginning of the
sixties. His experiments showed that, depending on the sizeof the crown-ether, it specifically bound
different alkali metal ions. 18-Crown-6 for instance, bound K+ selectively in presence of Na+ and Li+.
In spite of this high selectivity, the interaction between metal ion and crown-ether is not a predomi-
nantly covalent bond. Pedersen, Lehn and Cram received the Nobel prize for chemistry in 1987 for the
development of molecules that undergo this kind of interaction. In his Nobel address, Lehn formulated
an accepted definition of the term supramolecular chemistry7, 8 as “... the chemistry of the intermolec-
ular bond, concerning the structure and functions of the entities formed by the association of two or
more chemical species”.9 This was when Supramolecular Chemistry was born as an individual disci-
pline. Supramolecular chemistry relates to organised complex entities, held together by interactions like
hydrogen bonding, electrostatic interactions (ion pairing), steric complementary forms (where van-der-
Waals interactions are optimised), hydrophilic and hydrophobic interactions, so called�-�-stacking,
and donor-acceptor interactions. These interactions are used in synthetic systems, but exactly the same
interactions are vital in biology.

An important requirement for specific supramolecular assemblies to form, ismolecular recognition. The
term means that molecules or ions taking part in a supramolecular assembly are able to mutually recog-
nise each other, by e.g. their size and shape, positions of hydrogen bonding partners, specifically placed
charges, etc. In an ideal supramolecular system, even from amixture of many partners, the supramolec-
ular assembly forms spontaneously and specifically by the mutual recognition of the partners. For the
recognition to be successful, of course the shapes, hydrogen bonding partners and specifically placed
charges must be placedcomplementaryin the partners.

The complementary placed recognition features of the components partaking in the assembly, is the
foundation forself-organisationof the components. The matching of the complementary features makes
the system reach a thermodynamic minimum when the components organise into, and build up the
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supramolecular assembly. This makes the process spontaneous. With mixtures of (many) components,
often several arrangements and supramolecular assembliesgive local thermodynamic minima, and often
these minima are similar in energy. It is a condition of strict self-assembly, that the process must be fully
reversible1 and that the final product lies in a thermodynamic minimum. Then mixtures in solution exist
in dynamic equilibrium, and structures may crystallise from them, that were not foretold. In order to be
able to control which supramolecular assembly will be favoured, just one way in which the partners can
assemble should be most favoured. Or the desired assembly may form in a mixture from which it can
be extracted by tools, such as a template, that drive the reaction towards the desired outcome.

1.1.2 Placing supramolecular chemistry

The crucial point about the intermolecular bonds that assemble the supramolecular structures, is the fact
that they are weak. This makes them important, for example, in biology. Weak bonds may be broken
easily, and this allows change. A system may react upon interference from outside, like temperature rise
and fall, changing of pH, or others, because the thermodynamic minimum may differ, depending on the
conditions. Absolutely closed systems, that allow no exchange of matter or energy, will strive to reach
the overall thermodynamic minimum (and a maximum in entropy). Our supramolecular assemblies, and
biological systems however consist of components with specific sites that may interact with partners of
complementary features at complementary sites, and they are receiving free enthalpy from the outside,
in form of matter and energy.10

An example from molecular biology, that illustrates how important this new research area is, are the
proteins. When solely considering covalent bonds, they arejust long molecule strands. They are act-
ing specifically, for example as enzymes, only when they are folded correctly, and their folding is a
supramolecular process. Recent headlines were made about aspecial protein, the prion that causes
BSE. The reason for it being toxic, lies in a wrong folding. Ifit were folded correctly, it would be
perfectly harmless.11–13

A fascinating experiment about self-organisation was conducted by Breivik.14 He built a macroscopic
model for self-replication that should show how genetic information may have arisen spontaneously.
The model consisted of ferromagnetic objects that self-organised into polymers due to environmental
fluctuations in temperature. The polymers that formed then template-replicated themselves. The sys-
tem was reminiscent of DNA, except for employing just two kind of subunits instead of four different
nucleotides. The units were macroscopic close-to rectangular plastic bits of two kinds with comple-
mentary recognition and binding features, floating freely in liquid. They could partner each other via
the short side in the strong bond (permanent magnets) or via the long side in a weak bond (temporary
magnets with Curie temperature near the ambient temperature). The stronger magnets corresponded to
the phosphate bridge for the nucleotides, and the weaker ones to the base pairs. The experiment was
performed with constant liquid turbulence and cyclic variation of the temperature between 60

Æ
C and

15
Æ
C.

The building blocks started to bond together via the strong magnet when the temperature was high, and
the units of the thread began to pair up with the complementary units when the temperature was low.
Then the paired complementary units were encouraged into binding with each other, in the arrangement
in which they had paired up with the firstly growed strand, to form a complimentary strand. Upon re-
turning to high temperature, the paired polymer split up again, giving now two complementary chains
which in turn, upon cooling, paired with new unbound complementary units, and so on. The units built
up a polymer and replicated, simply by having the correct features at the correct sites for weak and
stronger binding. The evolving polymers carried information, not only about their line of related struc-
tures, but also about the environment that allowed them to propagate by the sequential information. The
latter was not programmed into the design of the system, but self-organised from chaotic interactions
exclusively driven by fluctuations in heat and turbulence.

This experiment certainly mimics the functionality of biology, and a macroscopic model like this is a
step into merging the disciplines of physics, biology and chemistry. The weaker magnets, that were

1There are some other examples of supramolecular assemblies, like interlocked rings, where a chemical bond would have to
break in order for the rings to be able to detach from each other. These are special cases, and not discussed here.
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turned off by the increase in temperature, and thus correspond to a weak bond or interaction between
molecules or ions and thus modeled supramolecular chemistry.

Presently, physical,- material- and nano-scientists are working on miniaturisation of machines (com-
puters, telephones, cameras, etc.), and the smallest imaginable would consist of single molecules as
functional components. Instead of ‘engineering down’ to smaller and smaller pieces, the supramolec-
ular approach of the chemical scientists is ‘engineering up’, by building supramolecular assemblies
with functions of a machine,15, 16 like e.g. molecular wires,17–21 switches,22–24 energy converters25 or
sensors.26 The result may be miniaturisationpar excellencewhen machines are ‘engineered-up’ by
supramolecular construction.

So supramolecular chemistry may be placed between chemistry, biology, physics, material- and nano-
science. It is an important new research field, that promisesbetter understanding and control of dy-
namic biological processes, but also materials with new properties, that form spontaneously by self-
assembly/disassembly or exchange.27, 28

1.2 Metallosupramolecular chemistry

1.2.1 Definition

One of the newest trends, and rapidly developing subdiscipline of supramolecular chemistry, is the use
of transition metal centres to control formation of new supramolecular structures.29 The key tools for
assembly in metallosupramolecular chemistry are donor-acceptor interactions between transition metal
atoms or ions, and molecules. This interaction is called thecoordinative bond, and atoms, ions and
molecules that bind this way are called central atom(s) (ion(s)) and ligands.

As well as displaying a rich chemistry, the metal ions have properties important for coordination chem-
istry. In particular, the different preferred coordination geometries and number, but also different sizes,
oxidation states and charges, electrochemical, magnetic and optical properties. There is a range of dif-
ferent binding forms and strengths, and the coordinative bond may be labile or inert depending on the
combination of metal ion and ligand. The metal ions are the structural motif, and are able to direct
suitable ligands into a three-dimensional metallosupramolecular aggregate. The spatial arrangement of
the ligands around this motif determines the overall three-dimensional architecture obtained.30

The ligands’ ability to differentiate between various metal ions (depending on donor atom type, number
and spatial distribution) will determine the number and position of metals to be bound. Therefore, the
matching of ligand and the preferred coordinaion requirements of the metal, directs the system into the
spatial distribution. The reactive species are said to bearcomplementary sets of information. This is
often referred to as the ‘intrinsic information’.30 To control, which coordination compound is formed, it
is therefore important to match the intrinsic information of central atom and ligand, in a way that only
the desired assembly may form, or a mixture of assemblies with similar thermodynamic minima, from
which the desired assembly can be extracted by e.g. a template.

1.2.2 The coordinate bond

The words ‘complex’ and ‘coordination compound’ originatefrom before electronic structures were
known and described compounds in which not only atoms or ions, but also molecules could bind in
various ratios. Historically most important were ammin complexes of cobalt and platinum ions.31

Alfred Werner32 is generally considered to be the founder of modern coordination chemistry since he
first postulated the idea of a metal ion having both a primary and a secondary valence. In modern
terminology the primary valence is called oxidation numberand the secondary valence coordination
number. A coordination compound is formed when a number of ions or molecules (ligands) combine
with a central atom or atoms to form an entity. The number of atoms attached to the central atom(s) is
independent of the oxidations state of that atom(s). The coordination number of the central atom or ion,
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is the maximum number of ligands which may arrange in regularorder around it. It is a number from 1
to 12, and 6 is the most common.4, 33

Over time, models have been evolved and improved in order to explain the nature of the bonding between
ligand and central atom. In the first theory for bonding in a coordination compound, it was assumed,
that ligand molecules donated an electron pair for the bond with the central atom/ion. It considered the
ligand as a Lewis base (electron pair donor), and the centralatoms as a Lewis acid (electron acceptor).

A further development was the valence bond theory that assumed unoccupied hybrid orbitals for the
central atom/ion (e.g. sixd2sp3 hybrid orbitals for an octahedral complex). More modern theories for
bonding in a coordination compound are derived from the crystal field theory. There the donor atom/ion
from the ligand, and the central atom/ion were considered aspoint charges. There is a repulsion between
the negative charged electron clouds of the donor atoms and an electron in a d-orbital of the metal. In an
isolated metal atom/ion, the d-orbitals are degenerate in energy, but in the presence of ligands they are
split. The splitting depends on the orientation of the ligands around the metal (octahedral, tetrahedral,...),
see Figures 1.1 and 1.4. The crystal field was extended to the ligand field theory by taking into account
the mutual repulsion of bonding electrons with the additional d-electrons. But most extensive is the
molecular orbital theory. It describes bonding in a first approximation as covalent and only secondly as
polar, with ‘bonding’-, ‘non-bonding’ and ‘anti-bonding’molecular orbitals for different types of bonds,
including also coordinative bonds with some covalent character.

Octahedral complexes According to molecular orbital theory, in an octahedral complex symmetry
adjusted combinations of�-ligand orbitals overlap with the metal 4s-, the three 4p- and the 3dx�y- and
3dz2-orbitals. 3dxy-, 3dxz- and 3dyz-orbitals do not take part in any�-molecular orbital (�-bond). But
they may take part in a�-bond, see Shriver34 pages 228-229.

Figure1.1 shows the molecular orbital diagram of an octahedral complex with just� bonding and no�-bonding.34

In the octahedral complex, the six bonding orbitals are occupied completely by the six electron pairs of
the ligand donor atoms. The valence electrons of the centralatom occupy the non bonding t2g orbitals
and the antibonding eg orbitals. The energy difference between the two orbital groups is�o. For each
metal ion, different ligands give a different value for�o, and the spin-pairing energy P is typically
around 200kJ/mol but the exact value depends on the metal. Electron transitions between these two
metal centred orbitals may be seen in the visible region of the UV-Vis absorption spectra. Of the metal
ions Cu(II) d9, Cu(I) d10, Co(II) d7 and Ni(II) d8, that were used in this thesis, only Co(II) has the choice
between high and low spin. In the spectrochemical series formetals, Co(II) gives a rather small�o,
while oligopyridine stands on the side of the spectrochemical series for ligands that give rather big�0.
In such cases, it is not clear in advance of the experiment whether a high- or a low-spin configuration
will be adopted.

Figure 1.2 show qualitatively the effect of� bonding with a�-donor ligand and Figure 1.3 shows
qualitatively the effect of�-bonding with a�-acceptor ligand, see Shriver34 pages 228-229.

Tetrahedral complexes In a tetrahedral complex, the e orbitalsdz2 anddx2�y2 are lower than the t2
orbitals dxy, dxz anddyz. The magnitude in splitting�t is only just below half of the splitting between
the t2 and e orbitals in the octahedron, and the energy barrier for the electrons to pair up becomes bigger
than�t. The molecular orbital diagram is given in Figure 1.4, see Shriver34 page 237. This explains
why only high spin tetrahedral complexes are known. The onlytetrahedrally coordinated metal ion used
in this thesis is Cu(I), and with its d10 configuration all the electrons are paired.

The principal interaction between a metal and a coordinatedpyridine residue is the sigma-bond which
results from a vacant orbital on the metal interacting with the HOMO orbital of the pyridine ring, see
Figure 1.5. The other two orbitals that are best accessible in energy, are the LUMO and the HOMO-1
orbital, both of which have an appropriate symmetry for�-bonding at the nitrogen donor atom, forming
a�-acceptor bond by accepting d-electrons from the metal intothe LUMO, or forming a�-donor bond
by donating electrons from the HOMO-1 into the vacant metal d-orbitals. Thus, the oligopyridines
should be able to stabilise low oxidation states on a metal, by interaction of filled metal d-orbitals, with
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E

Figure 1.1: Molecular orbital diagram for a first row transition metal octahedral complex with a�-donor
ligand, see Shriver34 pages 228-229.

their vacant LUMO orbital, and high oxidation states on a metal by interaction of empty metal orbitals
with the filled HOMO-1, see Figure 1.5. In practice, oligopyridines tend to stabilise lower oxidation
states more readily than higher ones,35–43 and this may be because the LUMO is energetically closer
to the d-orbital energies, and therefore a resulting molecular binding orbital would be stabilised much
better.

The bond strength of a coordinative bond is in between the covalent bond and van-der-Waals bonds,
and varies strongly. Many coordination compounds, for example of Co(II), are very labile, and ligand
exchange is rapid. Returning to the definition of a supramolecule given earlier, we can see that a coor-
dination compound is indeed a supramolecule, as it can be broken down into its constituent ligands and
central atom/ion without breaking covalent bonds.

1.3 The helical motif

Definition

A helix is the figure generated by the trace of a point moving ata constant distance around and along
an axis (the helical axis). The linear movement along the helical axis needed for a 360

Æ
turn (projected

on a perpendicular plane to it), defines the helical pitch as the height along the helical axis.44, 45 In the
discussion of the crystallographic analysis on page 55, ‘the pitch’ was used as a synonym for the length
of the double helical complexes, even though they did not reach a 360

Æ
turn. A helix is always chiral,

because it may either turn clockwise or anticlockwise aboutthe helical axis. When viewing along this
axis and moving away from the observer along the helix strand, the clockwise motion corresponds to a
plus (P or�), and the anti-clockwise motion to a minus (M or�) helix.
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Figure 1.2: Molecular orbital diagram
for a first row transition metal octahedral
complex with a�- and�-donor ligand.34
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Figure 1.3: Molecular orbital diagram
for a first row transition metal octahedral
complex with a�-donor and�-acceptor
ligand.34

Natural helices

Linus Pauling received the Nobel Prize in chemistry in 1954 for his work on mesomerism and on the
structure of proteins. The secondary structure of proteinsis in some cases�-helical.46, 47 In nails (and
horns), the� helix of keratin is held together by intramolecular hydrogen bonds. In hair, three protein
helices, containing cysteine, are intertwined and held together by disulfide bridges between the cysteine
amino acids, see Hart48 on pages 389–394.�-amylose, the non-branched form of starch also forms an�
helix. It consists of 50-300 maltose units, that are bound via a 1-4-�-bonds. About six units form a total
turn of a helix. In solution it may incorporate small molecules (like iodine), in its hydrophobic interior,
see Hart48 pages 357–388.

Since the publication of Watson and Crick’s ground-breaking papers49, 50 in 1953, the term “double
helix” instantly brings to mind the structure of DNA – the molecule responsible for the encryption of
genetic information in cells. Each molecule of DNA is comprised of two right handed polynucleotide
chains formed by deoxyribose and a purine or pyridimidine base and bound through a phosphate. They
are coiled around a common axis to form a double helix. The purine and pyridimidine bases are on the
inside of the helix, whereas the phosphate and deoxyribose units are on the outside. The diameter of the
helix is 20Å and a full turn is completed every 10 bases, equivalent to 34Å along the helical axis. The
two strands are held together in their helical conformationby the hydrogen bonding interactions of the
purine – pyridimidine base pairing .48, 51

Yet another example for a helix is the tobacco mosaic virus (TMV). The TMV particle consists of 2130
protein subunits wrapped in a helical ribbon around a singlestrand of RNA 6390 nucleotides long.
Rather than adding one protein subunit at a time, aggregatesof subunits are added. The formation of the
protein subunits into discs through weak, though numerous,non-covalent (e.g. salt bridges) interactions,
is a dynamic self-assembly process. If the assembly processgoes wrong, it is easily broken down into
the units and then repaired.51–53 With all these examples of natural occuring helices, the structures are
controlled by (numerous) non-covalent bonds, and thus can be described as supramolecules.
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Figure 1.4: Molecular orbital diagram for a first row transition metal tetrahedral complex with a�-donor
ligand, see Shriver34 page 237.

1.3.1 Helicates

Helicate is a generally accepted term defined by Lehn54 as helices, which form by coordination of
molecular threads to metal centres. The molecular threads (or strands) that form helicates are called
helicands, and are multidentate bridging ligands; or in other words extended molecules which contain
at least two separate domains that can coordinate to different metal centres.

Helicate self-assembly represents the first example of designed metallosupramolecular chemistry,30, 55

and an example of which the crystal structure was solved, is presented in Figure 1.6.

That the supramolecular assemblies that form are helicates, depends on the flexibility of the ligand
strands, the number and arrangement of their donor atoms inside them, and also on the geometrical
preference of the metal ions that are used. In this example, the quaterpyridine ligand was substituted
strategically with methyl groups, to preorganise the ligands sterically, and so forcing the helical structure
to adopt, rather than a planar conformation. In order to obtain a double-helicate with copper(I), this
preorganisation of the quaterpyridine ligand by substitution is not really necessary, but that was not
discovered until later. The substituents did not enhance double helicate formation, but rather influenced
the helical pitch and metal–metal distance in the helicate.38

When a ligand coordinates to more than one metal ion at the same time, its donor atoms may be viewed
as split into sets. The donor sets may consist of different numbers of donor atoms, but they must
match the coordination number preference, and to some degree the geometry preference of the metal.
In order to obtain a helical arrangement of ligands, betweenthe donor-sets, they must by flexible by
rotation at least. Otherwise side-to-side structures, grids or ladders are expected, where the ligand
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Figure 1.5: Energetically best available orbitals, with which pyridine may interact.

strands must be rigid.56, 57 But even when the ligand design is correct for helicate formation, other
structures sometimes form, with double helicates as subunits, or double helical ring systems, side-by-
side structures, catenates2 and other.56–61

As all helices, helicates exist in two isomer forms and may beleft-handed or right-handed, see Fig-
ure 1.7.

Classification of helicates prepared in this thesis:30, 62 In this thesis, helicates were synthesised that
contained one or two metal ions. Those containing one metal ion are termed ‘mononuclear’, and those
containing two are termed ‘dinuclear’ helicates. The helicates contained one or two ligand strand, and
the corresponding names are mono-helicate and double-helicate. The helicates synthesised here that
are mononuclear are also mono-helicates, and the dinuclearones are double-helicates. But this is not a
general rule, as the number of ligands and the number of central atoms do not have to be the same. The
coordination preference of the central atom may be saturated in many different ways.

Helicates may contain more than one kind of central metal atom, and then it is called heterometallic as
opposed to homometallic. It is also possible for the metal ions to be the same, but of different oxidation
state. Such helicates are called ‘mixed oxidation state’ or‘mixed valence’ helicates.

A helicate may consist of repetitive binding units along theligand strand, and this is called homotopic.
When the binding units along the ligand strand are different, it is a heterotopic helicate. For instance is
a double helicate of qtpy with two tetrahedral metal centres, a homotopic helicate, as each ligand strand
consists of two “bipy” binding units, and a double helicate of qnpy with an octahedral and a tetrahedral
metal centre a heterotopic helicate, as each ligand strand consists of a “bipy” and a “terpy” binding unit,
see Figures 1.8, 1.6 and 1.7.

Helicates may also form with different ligand strands in onecomplex. These complexes are called
heterostranded (or heteroleptic, if there also are no otheradditional ligand molecules or ions). Ho-
mostranded helicates are favoured, if they match the metal preference, and may form even from mixtures
of ligands.63 All complexes synthesised in this thesis are homostranded.

2Catenates are supramolecular knots by coordination bond ofthe ligands with a transition metal ion.
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Figure 1.6: The first designed dinuclear double helicate, formed by preorganised qtpy derivatives. The
structure was confirmed by X-ray diffraction analysis.55

1.4 Going asymmetric

When the ligand strands are asymmetric, the mono helicates will still only exist as the two enantiomers
P and M. The double helicates however, will have the possibility of having additional head-to-head
(HH) and head-to-tail (HT) isomerism, depending on whetherthe ligand strands are oriented parallel or
anti-parallel along the helical axis, for example, when unsymmetrically substituted qtpy ligands form
a double helicate with two Ag+ or two Cu+ ions. But if the metal ions in a dinuclear complex are
different, e.g. two different metal ions in a complex with unsymmetrical qtpy, then two different HH
isomers are possible, in addition to the HT isomer. This is true with the qnpy complexes made in this
thesis. Although, the metal ions are the same, in some cases the oxidation states are mixed, and in every
case, they are coordinated in a different fashion by the qnpyligands. In the double helicates of the qnpy
ligands, one metal ion in the dinuclear complex is coordinated by two “terpy”-units and the other by two
“bipy”-units of the two qnpy, see Figure 1.7 and 1.9. It wouldbe interesting to see, if the asymmetric
substituents may make one of the HH isomers favoured over theother, in the way that the most electron-
withdrawing side predominantly coordinates to the metal ion of lower oxidation state. The study of
asymmetric ligands gives more possible outcomes of supramolecular assemblies, and allows therefore a
more detailed study of the self-assembly outcomes. Redox processes and electron transitions should be
finely-tuned by the different substituents.

1.5 The projects in this thesis

As the title suggests, the aim of the work described here, wasto make and study unsymmetrical helicates.
Oligopyridines and their derivatives had already proven tobe versatile ligands for various transition
metal ions, and 2,6-linearly linked quaterpyridine (qtpy), quinquepyridine (qnpy) and their derivatives
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Figure 1.8: Formula of 2,20:60,200:600,2000-quaterpyridine (qtpy) and 2,20:60,200:600,2000:6000,20000-quinque-
pyridine (qnpy). qtpy consists of four, qnpy of five pyridinerings.

had been shown by crystal structure, to form dinuclear double helicates with AgI and CuI for qtpy,36, 38

and Cu(II), Cu(II)/(I), Ag(I), Co(II), Ni(II) and Pd(II) for qnpy.37, 40–43, 64–70The qtpy ligand is then split
up into two bipy units, and the qnpy ligand into a bipy and a terpy unit.

Both qtpy and qnpy also coordinate as close to planar tetra- and pentadentate ligands, with Ni(II),
Co(II), Mn(II), Fe(II), Fe(III) and some second and third row transition metal ions for qtpy,36, 71–77and
with Cd(II) but also with Co(II) for qnpy.64, 66, 78With zinc(II), qnpy may coordinate differently.79

Substituent effects in the symmetrically substituted ligands had only significant effects on the helicate
formation when in the 6,60000-positions, and would act sterically hindering in a mononuclear monohe-
licate.69, 79 Other substituents did not seem to prevent double helicate formation. The synthesis, char-
acterisation and study of new asymmetrical double helicates was the aim of this work, and quater- and
quinquepyridine were target ligands. Substitution at the 6- and 60000-position of the qnpy, and 6, and
6000-position of the qtpy ligands was omitted, to rule out additional steric effects.

The helicands

40,4000-substituted qnpy derivatives The helicands of the first project were unsymmetrically substi-
tuted qnpy derivatives, with a 4-tert-butylphenyl, a 4-methoxyphenyl and a phenyl group at the 40
position on the qnpy backbone, and a 4-hydroxyphenyl group at the 4000-position on the qnpy backbone,
see Figures 1.8, and 1.10. The substituents on the 40-position are only slightly different, as the phenyl
ring, closest to the qnpy backbone is always slightly electron withdrawing. Thetert-butyl group has an
inductive electron pushing effect, while the methoxy grouphas an inductive withdrawing effect, but an
electron pushing mesomeric effect that is stronger than theinductive effect.

Linked helicands The 4-hydroxyphenyl group of the 40,4000-substituted qnpy derivatives was used to
link two together by a flexible linker, that would still allowthe two qnpy units to coordinate to the same
two metal ions.
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double helicate, showed on the example of a Cu(II)/Cu(I) complex of unsymmetrical qnpy. The blue
spheres each represent a pyridine ring. If the ‘A’-ends of the two ligand strands forming one dinuclear
complex both coordinate to the same copper ion, and the ‘E’-ends to the other copper ion, a so-called
head-to-head isomer is formed. If however one ligand strandcoordinates the opposite way, a head-to-tail
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N
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NN

R1 R2

R1 = phenyl-t-butyl
R1 = phenyl-OMe
R1 = phenyl-H

R2 = phenyl-OH
R2 = phenyl-linker (to a second identical ligand)

Figure 1.10: A qnpy with different substituents in two positions. A linker is introduced in the 4000-
position. All six ligands have been fully characterised.

4-substituted qtpy or qnpy derivatives It was the aim to link two helicands together at the terminal
pyridine ring, in the 4- or 5- position, rather than the next to terminal ring, see Figure 1.11.

Transition-metal ion directed self-assembly

Metal ions that had proven to direct double helicates with oligopyridines were chosen as the most
promising for getting this arrangement also with the new qnpy-ligands. Copper(II), and mixed valence
copper(II/I) double helicates had been studied extensively with symmetrically substituted qnpy’s, and
new results would be comparable. The ambiguity of Co(II) helicates, and the good possibility of dis-
tinguishing between mononuclear monohelicate and dinuclear double helicate, by the shifted protons in
the1H-NMR spectroscopy, encouraged us to study the coordination compounds of the qnpy derivatives
with Co(II) as well.
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Figure 1.11: qtpy and qnpy with a substituent in any positionon one of the terminal pyridine rings. A
linker introduced at this substituent position is strategically placed for forming hair-pin helicates. The
4-(4-methoxyphenyl)qtpy has been fully characterised, see page 122.

The helicates

All double helicates would be expected to form as racemates.As a heterotopic ligand, the qnpy-
derivatives would coordinate to two octahedral metal ions with a “terpy” unit each. The remaining
“bipy” units would not saturate the coordination sphere of asecond octahedral metal ion, so an auxiliary
ligand coordinates alongside the two “bipy” units. This is the case with some of the Cu(II), Ni(II) and
Co(II) complexes synthesised in this thesis. In the mixed valence helicates with a Cu(II) and a Cu(I),
the Cu(I) with its full d-shell, has no real preferences for coordination, and two remaining “bipy” units
that are left when the “terpy” units have coordinated to the Cu(II), may bind to Cu(I) in a tetrahedral
orientation. Then no additional ligands are needed.

The unsymmetrically substituted qnpy ligands, two HH and one HT isomer are possible, but the slightly
different electronic properties of the substituents, may lead to preferred formation of one of the HH
isomers, especially in the mixed valence coordination compounds. Helicate formation with the linked
qnpy’s, may be directed by the different linker conformation for head-to-head and head-to-tail isomers,
and one or both of the HH isomers, or the HT isomer might be favoured. When the linker is attached
to the next to terminal ring, it would have to stretch out in the HH isomer, while it may be folded up in
the HT isomer, see Figure 1.12. When the linker is attached tothe terminal ring of the qnpy’ ligands
however, the linker may fold in both the HH and in the HT isomer, and an influence or control by the
linker on which isomer is formed, becomes less likely.

The quaterpyridine derivatives would coordinate to copper(I) and silver(I) by splitting into two “bipy”
domains and forming a double helicate. With two equal metal ions in the double helix (homometallic),
only one HH and one HT isomer may form. A linker was planned to connect the terminal rings, and
would be folded in the HH isomer, but stretched out in the HT isomer. The HH isomer would then
resemble a hairpin, with the linker folded up in the direction of the metal-metal axis, see Figure 1.13.

12



A

A'

B

B'

C C'

D'

D

E'

E

CuII

CuI

σ−plane

A

A'

B

B'

C C'

D'

D

E'

E

CuII

CuI

ri
g

h
th

an
d

ed
h

el
ic

at
e

le
ft

h
an

d
ed

h
el

ic
at

e

Figure 1.12: Schematic picture of the HT enantiomers of [Cu2pcp]3+. The structure was solved by
X-ray diffraction and is discussed in detail in the chapter of the coordination compounds on page 55.
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Chapter 2

Unsymmetrically substituted
quinquepyridine ligands

2.1 Overview

2.1.1 Different approaches and mechanisms of the 2,6-oligopyridine synthesis

2,20:60,200-Terpyridines and higher oligopyridines were first synthesised in 1938 by Burstall using the
Ullmann reaction in which aromatic halides are coupled uponreaction with metallic copper.80, 81 This
reaction type has been further developed by lithiating the aromatic halides and using metal salts in ether
suspension. It is very efficient in making symmetrical 2,6-oligopyridines,55, 82–84and was applied in this
thesis to make 6,60-dibromo-2,20-bipyridine (see page 163 in the experimental part).

However, most of the 2,6-oligopyridine target ligands described in this thesis are unsymmetrical, and
with this reaction, any approaches would result in mixtures. It is therefore much more convenient to do
specific reactions giving one asymmetric main product.

Already in 1882, Hantzsch published a pyridine ring synthesis by condensation of a�-ketoester, fol-
lowed by an oxidation, see Name Reactions85 on page 168–172. Kröhnke in 1976 published a much
improved synthesis by introducing the pyridinium salt PPI.As pyridine is latent as a good leaving group,
incorporated as pyridinium in PPI, the oxidation step of theHantzsch’s synthesis becomes superfluous
and enhances the overall yields.

Instead of a�-ketoester, Kröhnke used�,�-unsaturated ketones or alternatively,�-keto mannich bases.
The latter undergo cleavage of the dimethylamino group as dimethylamine (in alkaline to weakly acidic
solutions) and may react just as�,�-unsaturated ketones.86–88 Using a pyridinium rest was not entirely
new, as it was already mentioned in the synthesis of nicotellin by Thesing in 1956.88 But Kröhnke
was the first to employ it systematically, by introducing this group already via the starting material PPI.
Figure 2.1 show the difference between the Kröhnke and Hantzsch intermediate ring, before oxida-
tion/dehydrogenation.

Pottset al. found a novel way of synthesising 2,6-disubstituted 4-(methylthio)-pyridines (an thus 2,6-
oligopyridines), with a 1,5-enedione, that performs ring closure with ammonium acetate analogous to
the Kröhnke method. The synthetic equivalent to the�,�-unsaturated ketones or mannich-base, is the�-oxoketene dithioacetal reagent.89

2.1.2 The synthetic pathway to the qnpy derivatives qp, mp and pp

Since qp had already been synthesised by Whall,51 and similar qnpy derivatives by Whall and
Walker,90, 91 the same synthetic pathway that was successful then was followed. In general, this was
the way described by Kröhnke.92 Figure 2.2 shows the way to qp, mp and pp. The�,�-unsaturated
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ketones were obtained by aldol reaction in varying yields, followed by ring closure with PPI and elimi-
nation of the built in oxidant pyridinium as pyridine.
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2.2 2,6-Diacetylpyridine

2.2.1 Synthesis and characterisation

Although this compound is commercially available, it is cheaper to synthesise in the lab. The procedure
of Smith was followed,93 see Figure 2.2 on page 17. The reaction comprises three steps, starting with
making the ethyl ester of the 2,6-pyridinedicarboxylic acid with thionyl chloride followed by ethanol.
(The reaction conditions for this step were improved in 2001by a Chinese group.94) In a second step,
the enolate of ethyl acetate replaces the alcohol part of theester by nucleophilic attack. Finally, in
acidic conditions, the new ester is hydrolysed, and CO2 is eliminated. The 2,6-diacetylpyridine could
be extracted with ether. Purification by recrystalisation from hexane gave pure product in an overall
yield of 41%. It was characterised by1H-NMR. (Another synthetic pathway was patented in 2003.95)

2.3 Mono- and bis-chalcones

2.3.1 General synthesis

Under the conditions of the weak base diethylamine in 1-propanol, an aldol reaction takes place between
the 2,6-diacetylpyridine and the appropriately substituted benzaldehyde when heated. When using a
one to one ratio, the product is the mono-chalcone. If however the ratio of 2,6-diacetylpyridine to
benzaldehyde is 1 : 2, the symmetrical bischalcone is made.51 One such symmetrical bischalcone was
obtained as a side product, see Figure 7.5 on page 133 and 7.11on page 140. In order to make the
unsymmetrical bischalcone, the monochalcone was put through the same kind of reaction, this time
with a different benzaldehyde derivative (see overview in Figure 2.2 on page 17. The yields of these
reactions varied between 20–41%.

2.3.2 Differences and crucial points

No differences in the yield could be observed whether the diethylamine was added quickly in the be-
ginning or added slowly under reflux. But, when the diethylamine was in contact with the aldehyde too
long before reaction, a yellow precipitate formed, that wasinsoluble in common solvents. It happened
most with 2-Acetyl-6-[3-(4-hydroxyphenyl)-1-oxoprop-2-enyl]pyridine and 4-methoxybenzaldehyde,
and the latter was employed in large excess. Because the amount of precipitate that formed, and because
its melting point(231-236

Æ
C ) is much higher than that of benzoic acid (185

Æ
C ) or 2,6-diacetylpyridine

(79-82
Æ
C ), it is assumed, that it may be an salt of benzoic acid (oxidised benzaldehyde) and protonated

diethylamine. The reaction times were varied between 3 and 18 h without affecting the efficiency of the
reaction. The main reason for the varying yield lay in the difficulties of purifying the crude by column
chromatography, because of poor solubility in the eluent. In all eluents used, the bands were partly
overlapping. The following mixtures in different ratios were tried as eluents:� DCM : MeOH (50 : 1), (40 : 1), (30 : 1), (20 : 1) and (3 : 1)� DCM : MeOH : Et2NH (40 : 1 : 1), (20 : 1 : 1), (20 : 1 : 0.1)� DCM : t-butyl methylether (1 : 2)� ethyl acetate : petrol ether (1 : 1)� hexane : ethyl acetate : diethylamine (5 : 1 : 0.1)� toluene : ethyl acetate : diethylamine (5 : 1 : 0.1)

Partly pure fractions from the column could be obtained pureby recrystallisation from methanol, except
when the impurity was another mono- or bis-chalcone.

18



2.3.3 Characterisation

The chalcones used on the way to qp as well as the symmetrical 2,6-di-[3-tert-Butylphenyl)-1-oxoprop-
2-enyl]pyridine, that had been obtained here as a side product, had already been fully characterised by
Whall.51 The micro analyses of the new proposed mono- and bischalcones (unsymmetrical as well as
symmetrical) all fitted the formula. With the exception of 2-[3-(4-hydroxy)-1-oxoprop-2-enyl]-6-[3-
phenyl-1-oxoprop-2-enyl]pyridine, water was present in the samples, see the pages 139, 140, 141 and
147 in the experimental chapter.

Mass spectrometry

All the new chalcones, plus the 2,6-di-[3-tert-Butylphenyl)-1-oxoprop-2-enyl]pyridine that had already
been characterised by Whall,51 were measured with the EI-mass spectrometer. Every sample showed the
M+ signal plus typical fragments like e.g. (M-OCH3)+, (M-C(CH3)3)+ or M-(M-hydroxyphenyl)+.

NMR example and table for all1H-NMR assignment of 2-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]-6- [3-(4-hydroxyphenyl)-1-
oxoprop-2-enyl]pyridine in CDCl3 Æ: In the COSY, cross peaks are seen as expected between H4
and H3/H5, between a and b, between a0 and b0, between o and m and between o0 and m0. See Fig-
ures 7.3, 7.10, 7.12, 7.15 for labeling. The ROESY showed a cross peak between the methoxy and the
m-proton. It also shows the signals belonging to the a, b and o, m systems separate from the a0, b0 and
o0, m0 systems. Proton 3 and 5 show ROESY contact to 4 and also to a, a0, but not to b, b0.13C-NMR assignment of 2-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]-6- [3-(4-hydroxyphenyl)-1-
oxoprop-2-enyl]pyridine in CDCl3 Æ: With HMQC, the protonated carbon atoms could be assigned.
HMBC then showed cross peaks for� CH3O and Co with Cp� Ho0 with Cp0� Ho with Co, Cb and Cp� Hm/m0 with Cm/m0 on the other side of the phenyl ring, and with Cv and Cv0 at 128� Hb/Hb0 with Co and Co0 andC =O� H4 with C2/C6� Ha and Ha0 with Cv and Cv0� H3/H5 with C5/C3

Only 1H-NMR were recorded of the other mono- and bis-chalcones, and the1H-chemical shifts of these
synthesised compounds are listed in Table 2.1.

IR table and discussion

TheC =O frequencies of the mono- and bis-chalcones synthesised in this thesis are very characteristi-
cally shifted to lower wavenumbers for the carbonyl stretchwhere enone groups were attached to the
pyridine ring, compared to the carbonyl stretch of methylketone (see table 2.2). TheC =O in the 2,6-
diacetylpyridine is directly attached to pyridine, and theshift of -15�5cm�1 from 1715 is very charac-
teristic forC =Ogroups in vicinity to an aromatic ring. Substitution leading to�; �-unsaturated systems
lowers the wavenumber of this absorption for about 38�6cm�1 according to standard books,96, 97 and
this is illustrated again by these compounds.
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chemical shiftÆ

OH H3 H5 Ha Ha0 H4 Hb Hb0 Ho Ho0 Hm Hm0 Hp CH3 HSubstituent

N

O O

OH
3

4
5

a

b

o
m

8.23 8.37 8.23 - 8.03 7.96 - 7.65 - 6.92 - - 2.88 -

N

MeO

O O

5
4

3o
m

a

b
- 8.22 8.36 8.23 - 8.018 7.98 - 7.68 - 6.97 - - 2.87 CH3O 3.87

N

MeO

O O

OH
m

o 3
4

5

a

b

a'

b'

o'
m'

9.54 8.36 8.324 8.319 8.07 8.00 7.99 7.72 7.68 6.98 6.92 - - CH3O 3.89

N

MeO

O O

OMe
m

o 3
4

5
a

b

a

b

o
m

- 8.37 8.33 8.07 8.00 7.73 - CH3O 3.89

N

O O

OH
m

o 3
4

5
a

b

a'

b'

o'
m'

p

8.53-8.29 8.11-7.96 7.81-7.73 7.69 7.49-7.45 6.91 7.49-7.45 - -

N

O O

OH
m

o o'
m'

3
4

5
a

b

a'

b'
8.45-8.30 8.11-8.00 7.73-7.68 7.48 6.91 - - t-Bu 1.38

N

O O

m
o 3

4
5

a

b

a

b

o
m

2 6

p

v v

p

- 8.38 8.48 8.08 8.03 7.74 7.50 - - t-Bu 1.38

Table 2.1:1H-NMR: chemical shiftsÆ of the protons in mono- and bis-chalcones
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compound pyridine(C =O)CH3 pyridine(C =O)CH =CH-

N

OO 1697

N

O O

OH

1705 1659

N

MeO

O O 1697 1666

N

MeO

O O

OH

1651

N

MeO

O O

OMe

1658

N

O O

OH

1659

N

O O

OH

1650

N

O O 1666

Table 2.2: Wave numbers forC =Oof the chalcones and 2,6-diacetylpyridine.

In the region between 1600 and 1400, ofC =CandC =Npyridine ring stretching, there are small dif-
ferences in the absorption patterns of the strong absorption bands. The wavenumbers at which the
absorptions occur are listed in Table 2.3. The mono-chalcones can not be distinguished from the bis-
chalcones by these absorptions, and there is no visible trend of slight change in wavenumber that would
point to the different substituents.

The substitution mode of the phenyl substituent is visible at the low wave numbers. At 802-810cm�1
the strong band for 1,4-disubstituted phenyl is seen as expected (theoretical range of 840-800cm�1),
and for the compound with the pure phenyl substituent, two additional bands show. One is in the
expected region97 of 770-735 and the other slightly outside 710-685. The patterns in the region of 2000-
1600cm�1 do also match the phenyl ring substitution pattern (para- and mono-). In the species with an
OH group, this is showing clearly in the expected region, confirming the structure, see Table 2.4.

For comparison, all spectra used in the tables 2.2, 2.3, and 2.4 were measured as solids only (no KBr),
in equal resolution (16). The sample of 2,6-Diacetylpyridine was provided by a colleague (Dr. Diane R.
Smith).

X-ray

2-Acetyl-6-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine This mono-chalcone was obtained as
slightly yellowish crystals from a fraction that was eluated off a silica column with hexane : ethyl acetate
: diethylamine in a 50 : 10 : 1 ratio, see appendix C on page 201.

2,6-di-[3-(tert-Butylphenyl)-1-oxoprop-2-enyl]pyridine This bis-chalcone was obtained as colour-
less crystals as a byproduct in the synthesis of 2-[3-(4-tert-butylphenyl)-1-oxoprop-2-enyl]-6-[3-
(4-hydroxyphenyl)-1-oxoprop-2-enyl]pyridine. The crystals were grown by recrystallisation from
methanol, see appendix D on page 213.
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compound pyridine/phenyl combined�C =C /N symmetry

monosubstituted benzene (vapour)98 1610-1600 1590-1580 1520-1470 1460-1440

pyridine (vapour)98 1580 1572 1482 1439

N

OO 1581m 1412m sym.

N

O O

OH

1589sh 1558vs 1512s 1434s asym.

N

MeO

O O 1589s 1566s 1512vs 1458w, 1442w, 1420m asym.

N

MeO

O O

OH

1589s 1558vs 1504vs 1458m asym.

N

MeO

O O

OMe

1596s 1566vs 1512s 1466w, 1442w, 1420m sym.

N

O O

OH

1597s 1558vs 1504s 1443m asym.

N

O O

OH

1597vs 1551s 1504s 1453sh, 1412w asym.

N

O O 1604vs 1566sh 1512m 1465m, 1411m sym.

Table 2.3: Wave numbers for the pyridine- and phenyl-ring stretching modes of the chalcones and 2,6-diacetylpyridine.
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compound OH-band 1,4-
disubstituted
phenyl

mono substi-
tuted phenyl

N

OO

(741m)

N

O O

OH

3364b, (3320sh)
810s (748m)

N

MeO

O O

810s (748m)

N

MeO

O O

OH

3225b
810s

(741w and
694w)

N

MeO

O O

OMe

802s (740w)

N

O O

OH

3356b
810s

741m and
679m

N

O O

OH

(3310sh), 3178b
810s

(741w and
710w)

N

O O

810s (748m)

Table 2.4: OH-band and substitution pattern of the phenyl substituents in the of the chalcones and
2,6-diacetylpyridine.
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2.4 qnpy derivative ligands: qp, mp and pp

2.4.1 Synthesis

See overview 2.2 on page 17 and Figure 2.3 for labeling. The bis-chalcones described above were the
starting material for these syntheses. They already contain pyridine ring C, and the phenyl substituent
rings b and d of the target qnpy ligands qp, mp and pp. In the Kr¨ohnke type reaction,92 rings B and D
are formed, and rings A and E come from the PPI auxiliary reagent. The synthesis of qp was already
described in Whall’s thesis.51 The reactants listed in Table 2.5 were added together and refluxed for�17h. In each case, the products precipitated as a beige solidfrom a brown solution. After separation
and washing with cold methanol, they needed no further purification. In Table 2.5 the different ratios
of ingredients for the syntheses of the three qnpy derivatives are listed. Taking an overview over the
reactions and their yield, they seem to confirm that a molar ratio of 5 : 1 ammonium acetate : PPI, and
a minimum amount of solvent are important. The differing yields also suggest that water disturbs the
synthesis, as the driest methanol was used for the qp synthesis, and the least dry methanol for the mp
synthesis. The acetic acid was freshly distilled in all cases.
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N N

R OH

6
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Figure 2.3: General labels of the qnpy derivatives and ligands, R =tert-butyl, methoxy and H for qp,
mp and pp respectively. For NMR assignment, the H and C were named with the letter of the pyridine
or phenyl ring, followed by the number or letter indicating the atom of the ring, e.g. B3 or do can be the
proton HB3 or Hdo in the1H-NMR or the carbon CB3 or Cdo in the13C-NMR.

qp mp pp

Bis-chalcone/mmol 3.468 3.764 7.398

NH4OAc/mmol 30.4 130 77.6

PPI/mmol 7.070 7.993 14.82

Solvent: methanol/ml 10 10-15 40

Acidic acid/drops 7 4-5 10

yield/% 93.2 48.6 88.6

Table 2.5: Starting materials for the Kröhnke cyclisationreaction to the qnpy derivatives qp, mp and pp.

2.4.2 Characterisation

Since the qp ligand had already been fully characterised by Whall,51 here this ligand was not char-
acterised again by micro analysis, but the other two were, and fitted well with additional water, see
experimental chapter on pages 142, and 148.
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Mass spectrometry

With all three qnpy ligands, the mass spectrometric data showed a signal for the molecule M+, as well
as the mass of the molecule plus water and/or one alkali metalion of sodium of potassium.

Infrared spectroscopy

The infrared spectrum was recorded of all three of them (qp, mp and pp). The spectra are typical for
(oligo)pyridine compounds, with strong signals for heteroaromaticC =NandC =Cstretch in the region
of 1625-1575cm�1, and strong absorption in the area 1525-1475 typical forC–C in heteroaromatic
systems (qp: 1512cm�1, mp: 1574cm�1 and 1512cm�1, pp: 1520cm�1). The typical absorption for
para-substituted phenyl rings in the area of 860-780cm�1 is fulfilled by all the three ligands, with signals
at 818cm�1, but the pattern of combinatory vibrations in the area of 2000-1600cm�1 is not observed.96

UV-Vis spectroscopy

UV-Vis spectra were recorded mainly to emphasize the markedchange that occured when these ligands
are complexed e.g with copper(II/I). These ligands in themselves absorb strongly in the UV region
because of the seven aromatic rings per molecule. But as theyare almost white in colour, their absorption
decreases drastically towards the visible region. For a better view, the results are listed in Table 2.6. The
spectrum of pp shows two maxima at 257 and 279nm, while mp and qp only have the one at 280 and
284nm respectively, see Figure 2.4.

qp mp pp

wavelength
/nm

extinction
coeffi-
cient /
M�1cm�1 wavelength

/nm

extinction
coeffi-
cient /
M�1cm�1 wavelength

/nm

extinction
coeffi-
cient /
M�1cm�1

259(sh) 46’100 261(sh) 52’147 257 62’807

280 50’274 284 66’896 279 58’333

308(sh) 24’246 308(sh) 36’147 308(sh) 33’958

318(sh) 18’538 318(sh) 25’734 318(sh) 26’964

Table 2.6: UV-Vis data for the qnpy derivatives qp, mp and pp.1H- and 13C-NMR study

The NMR spectra of all the qnpy derivatives were recorded on a600 MHz spectrometer. qp had already
been characterised by1H-NMR by Whall,51 with help of a 250 or 300 MHz spectrometer. There are sig-
nals in multiplets however, that could be further resolved in the 600 MHz spectrum, and the assignment
is described in detail below. Then the other two ligand characterisations follow in the same way. As an
example for the1H-NMR of these ligands, the spectrum of mp is shown in Figure 2.5. The1H-NMR
chemical shifts of qp, mp and pp are listed in Table 2.10 on page 31.

All the 13C-NMR spectra are new. Because of limited solubility, the carbon spectra had unsatisfactory
signal to noise ratio, but the chemical shifts for most carbon atoms could be assigned with HSQC and
HMBC. They are listed in Table 2.11 on page 32.1H-NMR of qp Æ For labeling, compare with Figure 7.7 on page 135. Comparison with Whall’s
assigment of this ligand51 gave the chemical shifts of the protons B5, D3, C4, bo, do, bm,dm andtert-butyl. It also gave A6, E6, B3, C3, C5, D5, A3 and E3 in one multiplet, one multiplet for A4 and

25



0

10000

20000

30000

40000

50000

60000

70000

80000

234 254 274 294 314 334

qp

mp

pp

ex
tin

ct
io

n
co

ef
fic

ie
nt

/M
�1 cm�1

wavelength / nm

Figure 2.4: The UV absorption spectra of the three qnpy derivatives qp, mp and pp.

E4 and finally the multiplet for A5 and E5. With the 600 MHz, themultiplets split up into three: A6, E6
and B3, C3, C5 and D5, A3, E3. COSY, ROESY and HSQC measurementconfirmed this assignment,
and when taking into account the trend in up- and downfield shifts within the qnpy ligand, the exact
chemical shifts of every proton in qp (except for A5 and E5) could be deduced.

The COSY helped to single out A6/E6, B3, C3/C5, D5 and A3/E3, with the some of the cross peaks
listed below. It also showed a diagonal trace in the cross peaks between A5/E5 with A6/E6, A3/E3 and
A4/E4 that means, that what is shifted low-field, in the 5 position, is low-field as well in the positions 3,4
and 6. This finding fits well with the trend between the B/b and D/d rings derived from the values listed
in Table 2.7, where B and b are shifted low-field, with respectto D and d. Because of this general trend,
A6 and E6 can be separated and assigned, and so can A4 and E4. For C3 and C5 two separate chemical
shifts can be seen, but they could not be assigned separately. The cross peaks seen in the COSY also
show which of the protons belong to the same ring.� B5 and B3� D3 with D5� A6/E6 with A3/E3, A4/E4 and A5/E5� C3/C5 with C4� bo with bm� do with dm

The ROESY showed a cross peak of� bm with CH3 and with bo.� bo with B5, B3 and bm� do with D3, D5 and dm� A5/E5 with A4/E4 and A6/E6, and a weak one with A3/E3
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� A3/E3 show a strong cross peak to A4� C4 with C3 and C5� D3 with D5, as these protons come close in an all-trans conformation of the pyridine rings

With the help of HSQC some signals inside the multiplets could be singled out and assigned:� B3 at 8.73 and D5 at 8.68. The C3 and C5 have the two signals at 8.70 and 8.72.� Because of a general trend, where the B side of the ligand is low-field shifted compared to the
shifted compared to the D side (see table 2.7), A3 may be at 8.68 and E3 at 8.67Æ on t-Bu side Æ on hydroxy side 4B�D

B5 9.01 D3 8.95 0.06
B3 8.73 D5 8.68 0.05
bo 7.97 do 7.89 0.08
bm 7.64 dm 6.99 0.65

Table 2.7: Unsymmetrical chemical shifts in the proton-NMRof qp (for labeling see fig. 7.7 on
page 135).13C-NMR of qp Æ For labeling, compare with Figure 7.7 on page 135. The samplewas too dilute
to get a nice carbon spectrum. However, with help of the HSQC,the following assignments could be
made: 149.3 (A6,E6), 139.0 (C4), 137.6 (A4, E4), 128.2 (do),126.8 (bo), 126.2 (bm), 124.4 (A5, E5),
118.3 (B5), 117.8 (B3, C3 and/or C5), 117.4 (D3), 117.1 (A3, E3 and/or D5), 116.1 (dm).

The HMBC then gave the missing: 34.5 (C(CH3)3) and 31.0 (CH3). Further cross peaks occured:� bm gives a cross peak with C(CH3)3, but also with two more carbon environments giving signals
at 126.5 (bo) and 135.0 (bv).� dm shows a cross peaks with do and with two other carbons at 159.3 and 116.1 Comparison
with a ChemDraw Ultra simulation suggests them to be dp and dmon the other side of the ring
respectively� tert-butyl shows a cross peak to 152.3, which could then be bp� do gives a cross peak with 159.3 (dp), 149.7 and 128.6� bo shows a cross peak with 127.0 (bo on the other side of the ring), 149.7 and 152.3 (bp)� a cross peak is seen between C4 and 155.0� A4/E4 show cross peaks with 149.7 and 155.3� A6 and E6 give a cross peak at 155.3� B3 gives cross peaks at 118.6 and 135.0� the multiplet containing C3 and C5 give cross peaks at 121.4 and 135.0� the multiplet containing A3, E3 and D5 give cross peaks at 118.0, 124.8, 128.3 155.4� D3 gives cross peaks at 117.4, 128.2 and 155.0� B5 gives cross peaks at 118.3 and 135.0

The assignment of the quarternary carbon atoms A2, B2, B4, B6, C2, C6, D2. D4, D6, E2, bv and dv are
ambiguous and so left out in Table 2.11. In the experimental chapter, all the chemical shifts are listed.
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1H-NMR of mp Æ For labeling, compare with Figure 7.7, and the spectrum is shown as an example in
Figure 2.5. The assignment of the proton signals in mp is consistent with qp, except for the visible OH
group at 9.94. The same low-field shift of the B side compared to the D side in the molecule is visible
(see table 2.8) and allows the separate assignment of A4 and E4.

The COSY singles out the individual signals in the multiplets at 8.72-8.69 and 8.69-8.66: C3 or C5 are
at 8.708, B3 and C3 or C5 are at 8.705, A3 and E3 are at 8.682 and 8.675 and D5 is at 8.680. Because
of the trend shown in table 2.8 A3 is at 8.682 and E3 at 8.675.

In the ROESY a cross peak is seen between OH and dm, and one between OMe and bm. This assigns
the b to the B and d to the D ring.Æ on the methoxy side Æ on hydroxy side 4B�D

B5 8.97 D3 8.95 0.02
B3 8.705 D5 8.680 0.025
bo 8.00 do 7.89 0.11
bm 7.17 dm 7.01 0.16

Table 2.8: Unsymmetrical chemical shifts in the proton-NMRof mp (for different see fig. 7.13).

(ppm)

8.658.708.75

(ppm)

3.86

(ppm)

7.07.27.47.67.88.08.28.48.68.89.09.29.49.69.8

(ppm)

8.04
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Figure 2.5: 600 MHz1H-NMR spectrum of mp.13C-NMR of mp Æ For labeling, compare with Figure 7.13. The sample was too dilute to get a nice
carbon spectrum. However, with help of the HSQC the carbon atoms adjacent to a proton could be
assigned as follows: 149.3 (A6, E6), 138.2 (C4), 137.3 (A4, E4), 128.2 (bo, do), 124.5 (A5, E5), 121.5
(B3, C3 and/or C5), 121.0 (A3, E3 and/or D5), 118.3 (B5), 118.0 (D3), 117.8 (B3, C3 and/or C5), 117.4
(A3, E3 and/ or D5), 116.2 (dm), 114.9 (bm).
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The HMBC gave the coupling of OCH3 with bm, and the coupling of OH with dm. This distinguished
the b and d rings once more, and gave the chemical shifts for OCH3 and bp of 56.0 and 161.0 respec-
tively, and of dp at 159.1.

Further cross coupling occured:� dm show cross peaks with 116.2 (dm on the other side of the ring), 128.2 (do) and 159.1 (dp)� bm shows cross peaks with 114.9 (bm on the other side of the ring), 129.8 and 161.0 (bp)� A5, E5 show one cross peak at 120.9� do show cross peaks at 128.2 (do on the other side of the ring),149.4 and 159.1 (dp)� bo show cross peaks at 128.2 (bo on the other side of the ring),149.0 and 161.0 (bp)� A4, E4 show cross peaks at 194.4 and 155.1� C4 shows a cross peak at 154.9� the multiplet containing D5, A3 and E3 gives cross peaks at 117.9, 124.5 (A5, E5), 128.0 and
155.1� the multiplet containing B3, C3 and C5 gives cross peaks at 118.2, 121.5, 124.5 (A5, E5), 130.0
and 155.1� the multiplet containing A6 and E6 gives cross peaks at 124.5(A5, E5), 137.9 and 155.1� D3 gives cross peaks at 117.5, 128.0 and 149.0� B5 gives cross peaks at 117.8 (B3, C3 and/or C5) and 130.0

The assignment of the carbon atoms A2, B2, B4, B6, C2, C6, D2. D4, D6, E2, bv and dv are ambiguous
and so left out in Table 2.111H-NMR of pp Æ For labeling, compare with Figure 7.16. The assignment of the signals in pp is
consistent with the assignment of qp and mp. The same low-field shift of the B side compared to the D
side in the molecule is visible (see table 2.9) but the separation of A4 versus E4, A5 versus E5 and A6
versus E6 is not possible directly from the proton-NMR, since they are all multiplets.

Like in mp, the OH group is visible at 9.93, and there is the additional bp proton at 7.59.

In the COSY� B3 gives a cross peak to B5 and can be placed at 8.77, while D5 can be placed at 8.69.� The cross peaks of A3, A6, E3, E6 give four equal cross peak signals with A4/E4 and with
A5/E5. Since A3 and E3 should give strong interaction with A4/E4 and weaker with A5/E5,
this is interpreted to mean that there are only two cross peaks instead of four, but with some
uncompensated coupling. The same is true for A6 an E6 the other way round, with stronger
interaction with A5/E5 than A4/E4. Since the intensity of the cross peaks are equal with both,
and a general trend of low-field shifted B side compared to D side of the molecule, A3 and A6
may possibly be at 8.76 while E3 and E6 may be at 8.70.� The multiplet with A4, E4 and bo, give cross peaks among otherwith bm and with A3, A6, E3,
E6. They show that A4 and E4 are at 8.04 and bo at 8.02.

In the ROESY, there is� an exchange peak of the phenol group with water as well as a relayed ROE signal

29



Æ on the methoxy side Æ on the hydroxy side 4B�D
B5 9.04 D3 8.98 0.06
B3 8.77 D5 8.69 0.08
bo 8.02 do 7.89 0.13
bm 7.64 dm 7.00 0.64

Table 2.9: Unsymmetrical chemical shifts in the proton-NMRof pp (for different see Figure 7.16).� interaction between B5 and D3, as these protons come close inan all-trans conformation of the
pyridine rings� a possible cross peaks between A3 with C3, and E3 with C5, thatare both drowned in the multiplet
where all these signals lay close together.13C-NMR of pp Æ: The solubility of pp was so poor, that no HSQC or HMBC were measured. At

the time, I hadn’t yet realised that the pp in the sample was still protonated in the presence of sodium
carbonate. These ligands need to be treated thoroughly withsodium hydroxide solution in order to
become neutral. NMR probes of the linked ligands described in the next chapter could be obtained in
higher concentrations after such treatment.
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1H-NMR chemical shifts of the qnpy ligands in DMSO-d6
qp mp pp

OH 9.94 OH 9.93

B5 9.01 B5 8.97 B5 9.04

D3 8.95 D3 8.95 D3 8.98

A6 8.78 A6, E6 8.78-8.76 A6, E6, A3, E3 8.78-8.67

E6 8.77 C3/C5 8.708 C3, C5 8.75, 8.72

B3 8.73 B3, C3/C5 8.705 B3 8.77

C3, C5 8.72, 8.70 A3 8.682 A6, A3 8.76

D5 8.68 D5 8.680 E6, E3 8.70

A3 8.68 E3 8.675

E3 8.67 D5 8.69

C4 8.25 C4 8.24 C4 8.27

A4 8.06 A4 8.05 A4, E4 8.04

E4 8.04 E4 8.04

bo 7.97 bo 8.00 bo 8.02

do 7.89 do 7.89 do 7.89

bm 7.64 A5, E5 7.55-7.51 bm 7.64

A5, E5 7.55-7.52 bm 7.17 bp 7.59

dm 6.99 dm 7.01 A5, E5 7.56-7.52t-butyl 1.38 MeO 3.89 dm 7.00

Table 2.10:1H-NMR data for the qnpy derivatives qp, mp and pp.
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13C-NMR chemical shifts of the qnpy ligands qp and mp in DMSO-d6
qp mp

dp 159.3 bp 161.0

bp 152.3 dp 159.1

A6,E6 149.3 A6,E6 149.3

C4 139.0 C4 138.2

A4,E4 137.6 A4,E4 137.3

do 128.2 do, bo 128.2

bo 126.8

bm 126.2

A5,E5 124.4 A5,E5 124.5

B5 118.3 B3, C3 and/or C5 121.5

B3,C3 or C5 117.8 A3, E3 and/or D5 121.1

D3 117.4 B5 118.3

D5,A3 or E3 117.1 D3 118.0

B3, C3 and/or C5 117.8

A3, E3 and/or D5 117.4

dm 116.1 dm 116.2

bm 114.9

C(CH3)3 34.5 MeO 56.0

CH3 31.0

Table 2.11:13C-NMR data for the qnpy derivatives qp and mp.
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Chapter 3

Unsymmetrically linked
quinquepyridine ligands

3.1 Overview

3.1.1 Expected features of the linked ligands comprising two qnpy domains

The ligand qcq had been originally designed to form a hairpin-like supramolecular structure, similar
to the linked tris-bipy strands connected by a chiral template,62, 99 see Figure 3.1. The compound qcq
had already been synthesised by Whall,51 but no complexes had been fully characterised. In this thesis
the ligands qcq, mcm and pcp were synthesised in an approach to make unsymmetrical double helical
complexes of qnpy derivatives with appropriate transitionmetal ions, where the two qnpy domains of
the dinuclear complex are linked together, and if possible get the first ever crystal structure of one of
these intriguing structures.

N N N N N N
OO O

N N N N N N
O

X
O O

X = or

O

O

Figure 3.1: Tris-bipy with chiral template

The longest commercially available pure oligo ethyleneglycol (hexaethylene glycol) was chosen as a
linking group, because of its flexibility and well understood chemistry, and because it should not in-
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terfere with the helicate formation.51 Because of the hard donor properties of the oxygen atom known
from crown ethers (binding hard Li+, Na+, K+ etc.), the oxygen atoms of the linker were not expected
to compete with the nitrogen-transition metal coordination.

The ligand names are derived from qcq. As Whall made only thisone linked qnpy derivative, she called
it after the first letters in quinquepyridine-chain-quinqepyridine).51 The mcm ligand then got the name
because of the methoxyphenyl substituent, and the pcp ligands because of the plain phenyl substituent.
The ligand names qp, mp and pp for the qnpy units were derived from these names.

3.1.2 Synthetic route to the qnpy derivatives qcq, mcm and pcp

Since qcq had already been synthesised by Whall51 using literature methods,100–103the same synthetic
pathway, that was successful then, was followed for qcq as well as for the new ligands mcm and pcp.
Figure 3.2 shows the reaction pathway that was followed in order to obtain qcq, mcm and pcp.

The first step was the tosylation of hexaethylene glycol. A test reaction on the cheaper tetraethylene
glycol was successful, and so hexaethylene glycol was tosylated under the same conditions, following
the literature method100 on a scale of130 of that reported. An aqueous solution of sodium hydroxide was
cooled in an ice-water bath, and a solution of hexaethylene glycol in THF was added. A THF solution
of tosyl chloride was added dropwise, while the temperatureof the reaction mixture was kept at 2-4

Æ
C.

Then the product was extracted with DCM, and obtained in goodquality in a yield of 95%.

For the formation of the ether bond between the linker, an inorganic base should be present. As Cs2CO3
proved superior to other inorganic bases, first in macrocylering closures with ester bonds,104 and later
in the reaction of tosylated ethylene glycol derivatives with phenol derivatives, to form crown-ether like
compounds,101, 102this was assigned to a template effect that was termed the ‘cesium effect’. Cs2CO3
also outstripped K2CO3 and other inorganic bases, in assisting the reaction of tosylated ethylene glycol
compounds with 2,3-naphthalene diol to form linear molecules (as opposed to cycles),103 giving around
80% yield instead of 5%, it seemed clear that this was the baseof choice for the etherification.

The tosylate being such a good leaving group, the coupling ofthe tosylated linker with the OH group
of the qnpy derivatives, in the presence of Cs2CO3, was quite successful. This way two qp units were
linked together to form qcq, two mp units to form mcm, and two pp moieties to form pcp.

N
N N

N N

R OH
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N N

N N

R O
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NN
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Figure 3.2: Overview of the synthesis of the linked qnpy derivatives and ligands qcq, mcm and pcp, R
= tert-butyl, methoxy and H for qcq, mcm and pcp respectively.
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Figure 3.3: General labels of the qnpy derivatives and ligands, R =tert-occur, methoxy and H for qcq,
mcm and pcp respectively. For NMR assignment, the H and C werenamed with the letter of the pyridine
or phenyl ring, followed by the number or letter indicating the atom of the ring, e.g. B3 of do can be the
proton HB3 or Hdo in the1H-NMR or the carbon CB3 or Cdo in the13C-NMR.

qcq mcm pcp

qnpy derivative/�mol 163 603 574

tos2heg/�mol 84.6 291 286

Cs2CO3/�mol 90 307 328

Solvent: DMF/ml 12 13 12

yield/% 49 53 50

Table 3.1: Starting materials for the reaction of the qnpy derivatives qp, mp and pp to qcq, mcm and
pcp.

3.2 Linked qnpy ligands: qcq, mcm and pcp

3.2.1 Synthesis

The procedures of Whall and Weber was followed.51, 101–103The qnpy derivative, Cs2CO3 and tos2heg
were dried and heated in dry DMF at 80-110

Æ
C for at least 17h. After cooling to room temperature, the

crude product was filtered off and driedin vacuo. Then it was purified from monosubstituted byproduct
by column chromatography, using alox and varying eluents: chloroform : diethylamine (25 : 1) for qcq,
DCM : MeOH : Et2NH (200 : 10 : 0.1) for mcm and chloroform : Et2NH(42 : 1) for pcp. The reaction
to pcp was conducted with just a CaCl2 tube, instead of an argon atmosphere to protect against water.
This did not affect the yield, see Table 3.1.

3.2.2 Crucial point

Drying the productin vacuoover P2O5 resulted in protonated ligand and markedly reduced solubility,
that prevented e.g. NMR characterisation. Treatment with dilute sodium hydroxide solution, by sonicat-
ing the ligand in suspension for 15min, followed by extraction with chloroform, gave the neutral ligand
and stopped the solubility problem.
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3.2.3 Characterisation

Micro analysis

The three linked ligands qcq, mcm and pcp were successfully characterised by micro analysis, each
sample containing some water.

Mass spectrometry

Although qcq had been characterised before by Whall,51 all three of them were characterised by Maldi-
Tof methods: qcq and pcp gave signals for M+ and M plus assortments of Na+, K+ and/or water; mcm
gave no M+ signal, only for (M+K+H2O)+ and (M+Na)+.

Infrared spectroscopy

The infrared spectra were recorded of the three ligands. In comparison with the unlinked ligands, the
linker is visible with pronounced C-H stretch signals at 2955-2862cm�1 and C-O-C stretch signals
around 1041cm�1.
UV-Vis spectroscopy

UV-Vis spectra were recorded mainly to emphasize the markedchanges that occur when these ligands
are complexed e.g with copper(II/I). These ligands in themselves absorb strongly in the UV region
because of the fourteen aromatic rings per molecule. But as they are almost white in colour, their
absorption decreases drastically towards the visible region. The spectra of ligand solutions in chloroform
showed absorptions that are not lower in magnitude than the corresponding copper complex in the UV
region (compare with page 83. For a better view, the results are listed in Table??. The spectrum of pcp
shows two maxima, while mcm and qcq only have one, and the other listed absorptions are shoulders to
this maxium (see Table 3.2 and Figure 3.4). The high absorption of mcm at 284nm, may originate from
the fact, that both substituents (at 40 and 4000 on the qnpy backbone), are electronically almost identical.
The absorptions from both sides of the molecule add up at thiswavelength and this results in a more
intense absorption.

qcq mcm pcp

wavelength
/nm

extinction
coeffi-
cient /
M�1cm�1 wavelength

/nm

extinction
coeffi-
cient /
M�1cm�1 wavelength

/nm

extinction
coeffi-
cient /
M�1cm�1

260(sh) 78’773 260(sh) 99’874 257 101’501

281 87’070 284 133’405 280(sh) 97’618

307(sh) 43’562 310(sh) 67’034 307(sh) 57’538

318(sh) 31’917 320(sh) 45’501 316(sh) 46’282

Table 3.2: UV-Vis data for the linked qnpy derivatives qcq, mcm and pcp.

X-ray

Samples of all ligand molecules were set up for crystallisation. But the crystals were of poor quality,
and no crystal structure could be solved. From a solution of mcm in a mixture of chloroform acetone,
after standing for seven months, a square crystal had grown.It did not diffract well enough, but a tiny
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Figure 3.4: The UV absorption spectra of the three linked qnpy derivatives qcq, mcm and pcp.

crystal in the same sample diffracted well enough to give theconnectivity of the molecule, that built the
structure. It was dibenzo-18-crown-6, see appendix D on page 214, and may be an impurity, a side- or
degradation-product.

NMR study of the linked qnpys qcq, mcm and pcp

All the linked qnpy type ligands qcq, mcm and pcp were recorded on a 600 MHz spectrometer. qcq
had already been characterised by1H-NMR by Whall,51 with help of a 250 or 300 MHz spectrometer.
There are signals in multiplets however, that could be further resolved in the 600 MHz spectrum, and
the assignment is described in detail below. Then the characterisations of mcm and pcp follow in the
same way. As an example for the1H-NMR spectra of these ligands, that of qcq is shown in Figure3.5.
The1H-NMR chemical shifts of qp, mp and pp are listed in Table 2.10on page 31.

All the 13C-NMR spectra are new. Because of some limited solubility, the carbon spectra had unsatis-
factory signal to noise ratio in mcm and pcp , but the chemicalshifts of most carbon atoms could be
assigned with HSQC and HMBC. They are listed in Table 2.11 on page 32.1H-NMR of qcq Æ: Comparison with the spectrum of qp gives B5 at 8.92 and D3 at 8.87, a multiplet
(8.72-8.61) for B3, A3, E3, C3, C5, D5, A6 and E6, C4 at 7.99, a multiplet (7.88-7.81) for A4, E4, bo
and do, bm at 7.52, A5 and E5 at 7.33 and at 7.31, dm at 7.03, f at 4.18, e at 3.89, a multiplet (3.77-3.74)
for d, a multiplet (3.72-3.69) for c, a and b together at 3.68 and finally tert-butyl at 1.39. See Figure 2.3
for therefore and Figure 3.5.

In the ROESY:� thet-butyl protons show a cross peak with the bm protons� and the f-protons from the linker show a cross peak with the dm-protons
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Æ on t-Bu side Æ on the linker side 4B�D
B5 8.92 D3 8.87 0.05
B3 8.71 D5 8.65 0.06

bo
low field of
7.88-7.81

do
high field of
7.88-7.81

positive value

bm 7.52 dm 7.03 0.49

Table 3.3: Unsymmetrical chemical shifts in the proton-NMRof qcq (for therefore see fig. 7.9)� a weak cross peak is seen between B5 and D3, as these protons come close in an all-trans confor-
mation of the pyridine rings

Because A3, E3, C3 and C5 are very close together in chemical shift,the ROESY contacts of A3-C3 and
C5-E3 are not seen. Any cross-couplings are drowned in the diagonal trace.

In the COSY:� the neighbouring protons of the glycol bridge f and e, and d and c are seen coupling together,
localising d at 3.75 and c at 3.70� the dm protons, assigned by ROESY, couple with do at 7.82� the bm protons, assigned by ROESY, couple with bo at 7.83� B5 couples with B3 and localises it at 8.71� D3 couples with D5 and localises it at 8.65� A5/E5 cross-couples strongly into the multiplet (8.71-8.61) at 8.70, that localises A6/E6� A4/E4 inside 7.88-7.81 couple with A3/E3 and thus localise A3/E3 at 8.64, and themselves at
7.85� C4 couples with C3 and C5 on the high field side of the multiplet8.72-8.61, and localises C3/C5
at 8.63

Because of the general trend showing rings on the B side more electron rich than the rings on the D
side (see table 3.3), it is assumed, that A3, A4, A5 and A6 are slightly shifted towards low field in
comparison to E3, E4, E5 and E6. In consequence, the ddd of A5 is at 7.33 and the ddd of E5 is at 7.31.

The HSQC:� takes the A6/E6 apart into 8.70 and 8.68. Because of the general trend shown in Table 3.3, A6 is
expected to be 8.70, and A6 to be 8.6813C-NMR of qcq Æ: With help from the HSQC, theC —Hresonances could be assigned as follows:

149.27 (A6), 149.21 (E6), 137.81 (C4), 137.01 (A4, E4), 128.60 (do), 127.17 (bo), 126.11 (bm), 123.92
(A5 or E5), 123.90 (A5 or E5), 121.56, 121.54, 121.41 and 121.39 (C3 or C5 or A3 or E3), 119.11 (B5),
118.84 (B3), 118.55 (D3), 118.36 (D5), 115.17 (dm), 71.08 (d), 70.86 (a or c), 70.85 (a or c), 70.81 (b),
69.91 (e), 67.7 (f), 34.92 (C(CH33), 31.55(CH3). See Figure 2.3 for therefore.� The signals 121.56, 121.54, 121.41, 121.39 belong to C3, C5,A3, E3. Since the other A and E

signals in the carbon spectrum coincide, it is assumed that A3 and E3 belong either to 121.56,
121.54 or to 121.41, 121.39.� A5 and E5 give two signals close to each other at 123.92 and 123.90.� A4 and E4 coincide.
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In the HMBC:� there is a cross peak for CH3 to C(CH3)3 and from bm to C(CH3)3 as well.� A cross peak is further seen between f and e, e and d, d and c. Theremaining assignment for the
bridging hexaethyleneglycol carbons is exchange: c at 70.86 or 70.85. Because of the alternating
trend with the f, e, d, ‘rest’, it is assumed, that a is close toc and the chemical shift is either 70.86
or 70.85, while b is at 70.81.� A5, E5 show a cross peak with A3, E3 and a “weaker” one with A6, E6.� Further cross coupling is seen between B5 and B3, C3 and C5, D3and D5.

The HMBC also shows to which ring the quarternary carbons belong:� 159.89 shows a strong cross peak with the multiplet containing A4, E4, bo and bm, and a weaker
one with dm and one to f. It is therefore dp� 156.52 shows a cross peak into both sides of the multiplet where on the low field side there are
A6, E6 and B3, and on the high field side there is D5, A3, E3, C3 and C5� 156.49 shows a cross peak to the far low field end of the multiplet containing B3, A6 and E6� 156.10 and 156.09 both couple into the high field side of the multiplet containing D5, C3, C5, A3
and E3� 155.94 and 155.89 for some reason show no cross peaks in the HMBC.� 155.58 shows a cross peak to D3, and stronger one to C4. It may be C6� 155.53 shows a cross peak with B5, and a stronger one to C4. It may be C2� 152.38 shows a cross peak with CH3 and the multiplet containing bo and A4. It is therefore bp� 149.96 shows a cross peak with A4/E4� 149.52 shows a cross peak with the multiplet on the side of bo and do and a cross peak to one to
B5 or D3� 135.92 shows a cross peak to B5, the multiplet containing B3,A6 and E6, and a strong one with
bm. It is probably Cbv or CB4� 131.20 shows a cross peak with D3, with the multiplet containing D5, C3, C5, A3 and E3 and a
very strong one with dm. It is probably Cdv or CD415N-NMR of qcq Æ: In the1N-15H HMBC: five different nitrogen resonances are seen. -14.46 cou-

ples, among other with D3 and is therefore assigned as ND , -13.91 couples among other with B5 and
is therefore assigned to NB , -9.57 couples, among other with E5 and is therefore assigned to NE , -9.35
couples, among other with A5 and is therefore assigned as NA, and -11.75 is the one left and is assigned
to NC , although the only coupling seen is with a signal from the multiplet containing D5, A3, E3, C3,
and C5. See the spectrum in Figure 3.6, and Figure 2.3 for labelling.
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Æ on the methoxy side Æ on the linker side 4B�D
B5 8.853/8.848 D3 8.853/8.848 unknown
B3 8.65/8.62 D5 8.65/8.62 unknown
bo 7.84 do 7.82 0.02
bm 7.00 dm 7.01 -0.01

Table 3.4: Unsymmetrical chemical shifts in the proton-NMRof mcm (for labelling see fig. 7.14)1H-NMR of mcm Æ: assignment with Comparison with mp and qcq gave the following assignments.
Notable is the much smaller difference in the chemical shifts in the B and D side of this molecule
compared to qcq.

A multiplet for B5 and D3 at 8.86-8.84, a multiplet for some ofthe B3, A6, E6 or D5, C3, C5, A3, E3
protons at 8.72-8.68, a multiplet for some of the same protons at 8.67-8.62, C4 at 7.98, and a multiplet
for A4, E4, bo and do at 7.87-7.80, 7.32 and 7.31 for A5 and E5, either bm and dm at 7.01 or 7.00, f
at 4.18, e at 3.92-3.89, OCH3 at 3.88, d at 3.78-3.75, c at 3.73-3.70 and finally a and b at 3.69. See
Figure 2.3 for labelling.

In the ROESY:� OCH3 shows cross peaks with the bm protons, which assign bm as the signal at 7.00� the f protons shows a cross peak with the dm protons, which assigns dm as the signal at 7.01� bm shows a cross peak with bo and localises bo at 7.84� dm shows a cross peak with do and localises do at 7.82� B5 and D3 shows cross peaks into the multiplet containing B3 and D5, localising B5 and D3 at
8.853 and 8.848, and B3 and D5 at 8.65 and 8.62� C4 shows a cross peak with C3/C5 and localises them at 8.64 and8.63� A5/E5 shows cross peaks with A4/E4 and A6/E6 and localises these signals at 7.32 and 7.31 for
A5/E5, 8.71 and 8.69 for A6/E6, 8.65 and 8.63 for A3/E3 and 7.85 and 7.83 for A4/E4

The COSY gives no additional information.

In Table 3.4 there is shown that there is no trend in differentchemical shift in the A and E side of the
qnpy parts. Therefore A3, A4, A5 and E6 can not be distinguished from E3, E4, E5 and E6, and neither
can C3 from C5.

The HSQC helped to single out the e, d and c protons of the linker.13C-NMR of mcm Æ: With help from the HSQC, theC —Hresonances could be assigned as follows:
149.30 for A6,E6, 138.00 for C4, 137.10 and 128.70 are A4/E4 or bo/do, 121.50 contains some of B3,
D5, A3, E3, C3, C5, 118.70 are B5 and D3, 118.40 contains the other part of the B3/D5/A3/E3/C3/C5,
115.10 and 114.50 are bm and dm, 71.30 is d, 71.10 is c, 71.00 isa,b, 70.0 is e, 67.9 is f and finally 55.8
is MeO. See Figure 2.3 for labelling.

In the HMBC:� 161 shows cross peaks to the protons of MeO, bm, and the multiplet containing A4, E4, bo and
do, it may therefore be bp� 160 shows cross peaks with dm, and the multiplet containing A4, E4, bo and do, and may therefore
be dp� 157 shows cross peaks with the multiplet containing A4, E4, bo and do, and the multiplet con-
taining B3, D5, A3, E3, C3 and C5
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� 156.2 shows a cross peak with the multiplet containing B3, D5, A3, E3, C3 and C5� 155.7 shows a cross peak with B5/D3 and C4� 149.3 shows a cross peak with the multiplet containing A4, E4, bo and do� 131.2 shows cross peaks with bm/dm, the multiplet containing B3, D5, A3, E3, C3 and C5 and
B5/D3, it may therefore be bv and dv� 129 shows a cross peak with the multiplet A4, E4, bo and do� 124.0 shows cross peaks with the multiplet containing B3, D5, A3, E3, C3, and weakly with
A6/E6� 122 shows a cross peak with A6/E6� 121 shows a cross peak with the multiplet containing B3, D5, A3, E3, C3� 118.7 shows cross peaks with the multiplet containing B3, D5, A3, E3, C3, with A6/E6 and with
B5/D3� 115 shows a cross peak with bm/dm� 71.5 shows a cross peak with proton a/b1H-NMR of pcp Æ: assignment with Comparison with the spectrum of pp gives B5 at 8.92, D3 at

8.87, a multiplet containing B3, C3, C5, D5, A3, E3, A6 and E6 at 8.73-8.62, C4 at 8.00, a multiplet
containing A4, E4, bo and do at 7.91-7.81, a multiplet containing bm and bp at 7.53-7.46, A5 and E5 at
7.34 and 7.31, dm at 7.01, f at 4.19, e at 3.91 d at 3.78-3.75, c at 3.74-3.71 and finally a and b at 3.69.
See Figure 2.3 for labelling.

In the ROESY:� the f-protons show cross peaks with dm� B5 shows cross peaks with D3 and into the multiplet containing bo, do, A4 and E4, singling out
the position for bo at 7.89� D3 shows cross peaks with B5 and into the multiplet containing bo, do, A4 and E4, singling out
the position for do at 7.84� C4 shows cross peaks with C3/C5 in the multiplet at 8.73-8.62, and singles out C3 and C5 at 8.67
and 8.65� A5/E5 shows cross peaks with A6/E6 in the 8.73-8.62 multiplet and A4/E4 in the multiplet 7.91-
7.81, localising A6/E6 at 8.72 and 8.70, and A4/E4 at 7.87 and7.85� A4/E4 shows cross peaks with A5/E5 and A3/E3, localising thelatter at 8.67 and 8.64� bo shows cross peaks with B5, B3 and bm/bp and localises B3 at 8.71 and bm/bp at 7.50 and 7.48� do shows cross peaks with D3, D5 and dm, localising D5 at 8.63

The COSY gives no new information after the analysis of the ROESY, but it confirms the assignments.

The HSQC then localises d at 3.77 and c at 3.72.

Because of the general trend showing rings on the B side more electron rich than the rings on the D
side (see table 3.5), it is assumed, that A3, A4, A5 and A6 are slightly shifted towards low field in
comparison to E3, E4, E5 and E6. In consequence, the A6 is at 8.72 and E6 at 8.70, A3 at 8.67 and E3
at 8.64, A4 at 7.87 and E4 at 7.85 and finally A5 at 7.34 and E5 at 7.31.
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Æ on the phenyl side Æ on the linker side 4B�D
B5 8.92 D3 8.87 0.05
B3 8.71 D5 8.63 0.08
bo 7.89 do 7.84 0.05
bm 7.50 or 7.48 dm 7.01 0.49 or 0.47

Table 3.5: Unsymmetrical chemical shifts in the proton-NMRof pcp (for labelling see fig. 7.17)13C-NMR of mcm Æ: With help from the HSQC, theC —Hresonances could be assigned as follows:
149.4 (A6, E6), 138.1 (C4), 137.2 (A4, E4), 129.3 (bm, bp), 128.7 (do), 127.4 (bo), 124.0 (A5, E5)
121.6 (C3, C5, A3 and E3), 119.3 (B5), 119.1 (B3), aa8.7 (D3),118.4 (D5), 115.0 (dm), 71.2 (d), 70.9
(a, b and c), 69.9 (e), 67.7 (f). See Figure 2.3 for labelling.

The HMBC shows the same couplings as in the other two samples,but this is was a very dilute sample
and it is only possible to assign dp at 160.0.
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1H-NMR chemical shifts of the linked qnpy ligands in CDCl3
qcq mcm pcp

B5 8.92 B5,D3 8.853 B5 8.92

D3 8.87 B5,D3 8.848 D3 8.87

B3 8.71 A6/E6 8.71 A6 8.72

A6 8.70 A6/E6 8.69 E6 8.70

E6 8.68 A3/E3 8.65 B3 8.71

D5 8.65 A3/E3 8.63 C3/C5 8.67

A3, E3 8.64 B3/D5 8.65 C3/C5 8.65

C3, C5 8.63 B3/D5 8.62 A3 8.67

C3/C5 8.64 E3 8.64

C3/C5 8.63 D5 8.63

C4 7.99 C4 7.98 C4 8.00

A4, E4 7.85 A4, E4 7.85 A4 7.87

bo 7.83 bo 7.84 E4 7.85

do 7.82 A4, E4 7.83 bo 7.89

bm 7.52 do 7.82 do 7.84

A5 7.33 A5/E5 7.32 bm/bp 7.50

E5 7.31 A5/E5 7.31 bm/bp 7.48

dm 7.03 dm 7.01 A5 7.34

bm 7.00 A5 7.31

f 4.18 f 4.18 dm 7.01

e 3.89 e 3.91 f 4.19

d 3.75 OMe 3.88 e 3.91

c 3.70 d 3.77 d 3.77

a,b 3.68 c 3.71 c 3.72t-butyl 1.39 a, b 3.69 a, b 3.69

Table 3.6:1H-NMR data for the linked qnpy derivatives qcq, mcm and pcp.
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13C-NMR chemical shifts of the linked qnpy ligands in CDCl3
qcq mcm pcp

dp 159.89 bp 161.0 dp 160.0

bp 152.38 dp 160.0

A6 149.27 A6, E6 149.3 A6, E6 149.4

E6 149.21

C4 137.81 C4 138.0 C4 138.1

A4/E4 137.01 A4/E4/bo/do 137.1 A4, E4 137.2

bv or B4 135.92 A4/E4/bo/do 128.7 bm, bp 129.3

dv or D4 131.20 do 128.7

do 128.60 bo 127.4

bo 127.17

bm 126.11

A5 or E5 123.92 A5, E5 124.0 A5, E5 124.0

A5 or E5 123.90

C3 or C5 or A3 or E3 121.56 B3/D5/A3/E3/C3/C5 121.0 C3, C5, A3, E3 121.6

C3 or C5 or A3 or E3 121.54 B5,D3 118.7 B5 119.3

C3 or C5 or A3 or E3 121.41 B3/D5/A3/E3/C3/C5 118.4 B3 119.1

C3 or C5 or A3 or E3 121.39 D3 118.7

B5 119.11 D5 118.4

B3 118.84

D3 118.55

D5 118.36

dm 115.17 bm/dm 115.1

d 71.08 bm/dm 114.5 dm 115.0

a, b or c 70.86 d 71.3 d 71.2

a, b or c 70.85 c 71.1 a, b and c 70.9

a, b or c 70.81 a,b 71.0

E6 69.91 e 70.0 e 69.9

f 67.70 f 67.9 f 67.7

C(CH3)3 34.92 MeO 55.8

CH3 31.55

Table 3.7:1H-NMR data for the linked qnpy derivatives qcq, mcm and pcp.
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Figure 3.5: 600 MHz1H-NMR spectrum of qcq.
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Figure 3.6:1H15N-HMBC NMR spectrum of the unsymmetrically linked qnpy derivative qcq. The chemical shifts of the proton resonances aregiven in the x-axis,
and the chemical shifts of the nitrogen resonances are givenin the y-axis.
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Chapter 4

Complexes of unsymmetrically
substituted quinquepyridine and
linked quinquepyridine type ligands
with copper(II), copper(I), cobalt(II)
and nickel(II)

4.1 Tools for the characterisation of the coordination compounds

For the structure in the solid, crystal structure analysis and infrared spectroscopy were applied. Crystal
structures give evidence of the connectivity in the crystallised compound and serve as proof for the
existence of the compound. Infrared spectroscopy was applied in the region 4000-400cm�1, the N —
Cu and N — Co coordination bonds are outside this window, but strong P — F absorptions from the
counterions, as well as the ligand vibrations are observable. Solution structures were examined mainly
by 1H-NMR spectroscopy, and in the case of the copper complexes,with UV-Vis measurements.1H-
NMR spectroscopy is a very common tool in chemistry. When applied to paramagnetic compounds
however, parameters had to be changed to accommodate the much increased chemical shift range. There
are also other aspects that change, as explained below. WithUV-Vis, standard measurements showed
the absorption bands of interest. Ligand centred absorptions showed in the UV region, while MLCT
bands could be observed in the visible. The metal centred d-dtransitions (compare with orbitals of
eg and t2g symmetry, at different energy levels, in Figure 1.1), wouldalso be in the visible region.
Mass spectrometry was used to gain information about molecular mass and compound compositions. A
Maldi-TOF instrument was used for most of the compounds described.

4.1.1 1H-NMR method for paramagnetic compounds

NMR stands for nuclear magnetic resonance, and this method gives information about the structure in
solution. In an applied magnetic field, the different spin states of the nucleus divide up into states of
different energies. This is called the nuclear Zeeman effect. In the thermal equilibrium the different
states are occupied according to the Boltzmann distribution. By adding energy to the system in the form
of radio waves, all spin states of different energy become occupied equally. This energy has to match
the energy difference of the states in order to gain resonance, and it is the resonance frequency that is
characteristic for the kind of nucleus and for the chemical environment of it.

The stronger the magnetic field is, the bigger is the difference between the energy levels of the states of
different spin. The following equation illustrates this dependency.
 is the magnetogyric factor. This is
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a constant value and characteristic for the nucleus type andcontrols the size in energetic splitting for the
spin states. B0 is the applied, homogeneous and static magnetic field at the measured nucleus:h� = �E = 
 h2� � B0
As it is technically easier to control a variation of the magnetic field at a constant frequency than control
the variation of the frequency at a constant magnetic field, this is how the experiment is done.

The NMR spectrum is plotted as the absorption at the ‘chemical shift’ Æ or ‘parts per million’ ppm. The
reference is TMS andÆ of TMS is zero.Æ = �substan
e � �referen
e�referen
e � 106
After an absorption, the system needs time to relax back to the Boltzmann distribution. This is called
the relaxation time T, and it consists of T1 and T2. T1 is called the longitudinal relaxation time as it
affects the relaxation in the direction of the field. It is dependent on the spin-lattice coupling in a system,
and it is for example affected by paramagnetism. T2 is called the transverse relaxation time, as it affects
the relaxation in the direction perpendicular to the field, and it depends on spin-spin coupling. It is
influenced, for example, by the viscosity of the measured solution.

In the beginning of the NMR method only magnetic fields as highas 1.4 T and radiowaves of�=5m
corresponding 60 MHz were used. Now ten times stronger magnets are in common use: 14T and 600
MHz. In Æ the�� is devided by the frequency used for the measurement (e.g. 600 MHz), theÆ values
stay the same for measurements conducted on instruments with different magnetic fields andÆ stays
characteristic for the measured substance for all magneticfields. There is another source of information
thanÆ in the NMR-spectrum. It is the coupling constant J, measuredin Hz. It has its origin in the
dependency of the effect of spin states chosen by neighbouring nuclei. These spin states are either
parallel or antiparallel to the applied magnetic field and thus add or lessen the local magnetic field at
the measured nucleus. With e.g. one neighbour nucleus, bothspin levels that the measured nucleus may
adopt are split up and more transitions become possible. Themagnitude of splitting in Hz between the
resonance frequencies is characteristic of the nucleus type, and it is independent of the applied magnetic
field. It is an advantage to use a strong magnetic field, because the energetic splitting of the spin states
and the shifts in��/Hz become larger, while the splitting J/Hz of the signal stays the same. As long as��/J> 10, the spectrum is first order. Otherwise it becomes of higher order, and that is hard to interpret.
With stronger magnets, signals close to each other, that would give spectra of higher order with weak
magnets, give spectra of first order.97, 105 (In general is a spectrum first order, when two magnetically
equivalent nuclei A and X with spin IA and IX in a spin system of n A nuclei and m X nuclei (AnXm),
are in such different chemical environment, that the absolute value of the difference in chemical shifts
is at least 10 times bigger than the splitting of either. Whenthis is the case, the multiplicity of a signal
(the number of lines one signal is split into) for A is (m� 2 � IX + 1) and for X is (n� 2 � IA + 1). The
average in chemical shift of split signals is where the non-split signal would be and the intensity of the
split signals follow strict rules.) For the1H nuclei measured of the copper, cobalt and nickel complexes
in this chapter, IH = 12 , and the multiplicity of each signal would in a first order spectrum be the number
of neighbour (1H + 1), and the relative intensities of split signals follow the Pascal triangle.

Diamagnetic compounds are repelled by a magnetic field, and paramagnetic compounds are drawn into
the magnetic field to where the flux is strongest. Diamagnetism is effected by paired electrons in a
compound, and paramagnetism by unpaired electrons. Although the complexes discussed here have
more paired than unpaired electrons, they are overall paramagnetic, as the paramagnetic contribution
to the magnetic properties of a compound is much stronger than all the diamagnetic contributions by
the paired electrons. Paramagnetic substances give very different NMR spectra than pure diamagnetic
substances, because for instance they cause bigger spin-orbit coupling for the activated proton nucleus
close to the paramagnetic metal centre, and this decreases the relaxation time T1. The result for the
measurement is a line broadening that limits the possibility for interpretations of the spectrum as it
overrules the splitting.
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As the relaxation becomes faster, the lifetime�m/s and relaxation rate1�m of the exited state grows
smaller. The Heisenberg uncertainty principle says that either the energy E/J or the time can be certain,
but not both with accuracy at the same time.ÆE � �m � ~
While the uncertainty about the time grows smaller, the uncertainty about the measured energy (fre-
quency) grows bigger. In the experiment, this is observed asbroader signals. Possible coupling is not
resolved, and thus the information in these spectra become poorer.

The broadest signals are those that are shifted furthest to low field (higher ppm). These belong to the
nuclei closest to, and most affected by the paramagnetic ion. Because the signals become so broad,
integration does not give the correct number of protons, andit is only possible to count the number of
resolved signals.

Another effect of a paramagnetic environment on the measured nuclei, is the bigger range of chemical
shifts. It is caused by a large variation of the actual magnetic field Beff experienced by the measured
nuclei. In this work, the largest effect is seen in the1H-NMR spectra of ‘octahedral’ high spin d7 Co(II)
found in the dinuclear complexes of qnpy-type ligands, withchemical shifts of 0-270ppm, see page 97.
But it is also apparent in seven coordinate Co(II) mononuclear complexes of the same ligands with
chemical shifts of 0-140ppm, see page 93. Octahedral d8 Ni(II) found in the dinuclear complexes of
qnpy-type ligands, still give chemical shifts from 0-80ppm, see page 117, and to a certain extent also
the proton signals of the ligands coordinated to Cu(II) d9. They are shifted 0-25ppm, see page 51.

4.2 Copper complexes

4.2.1 Synthesis

General The general approach of Whall was followed,51 see Figure 4.1: An equimolar amount of the
qnpy-type ligand (qp, mp, pp) and copper(II) acetate monohydrate were suspended in methanol. First a
blue solution over a beige precipitate formed, which was methanolic copper(II) acetate and undissolved
ligand. By sonicating and heating the mixture, the complex formed in solution. With qp and mp, first
the solution was green. This suggests all copper ions to be inoxidation state II.35 After standing, both
solutions turned brown. With pp a brown solution was obtained directly. The brown colour is typical
for mixed oxidation state (Cu(II)Cu(I) species and of Cu(I)complexes,35 see also the UV-Vis spectra
on page 83. For the linked ligands (qcq, mcm and pcp), a two to one ratio of metal to ligand was
used. All three complex solutions gave green colours first and turned brown upon standing. To all six
brown complex solutions, an excess of ammonium hexafluorophosphate in methanol was added, and a
precipitate formed instantly. It was green for qp, pp and pcp, brown for mp, and somewhere in between
for mcm and pcp. When the precipitates were separated and dried in vacuo, they all turned into brown
powders.

Differences and crucial points The yields varied from 31% to 74%: qp 31%, mp 34%, mcm 54%,
qcq 60%, pp 74%, pcp 74%. Different amounts of solvent were used, so these percentages are not
entirely reliable, but the best yields were obtained with the complexes of which the ligands (pp and pcp)
do not bear any group that enhances solubility. We know that the green colour in the complex comes
from the complexed Cu(II) ion. We also know that the brown colour comes from the complexed Cu(I)
ion, and that the brown colour will override the green as overall colour seen by the eye, as the eye makes
brown from red + green. So when e.g. half the compound is the mixed oxidation state (Cu(II)Cu(I))
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and half in the oxidised state (2Cu(II)), the green Cu(II) cannot be seen anymore. As the metal salt used
as starting material contains only Cu(II), obviously, the redox process of at least one copper ion in the
dinuclear complex, that is formed, is at a potential accessible when standing under air.
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Figure 4.1: Formation of dinuclear complexes with an unsymmetrical qnpy derivative and with an un-
symmetrically linked qnpy derivative. With the former, twohead-to-head (HH) and one head-to-tail
(HT) isomer are possible. With the latter, probably only theHT isomer exists. Other possibilities for
oxidation states exist (Cu(II)/(II) for complexes of non-linked and Cu(II)/(I) for complexes of linked
ligands), but have not been characterised in this work.

Characterisation

Micro analysis Whall51 has reported and fully characterised a complex of qp, formulated as
[Cu2(qp)2][PF6]4. The microanalysis for this compound is also compatible with the mixed oxidation
state formula [Cu2(qp)2][PF6]3 � 7H2O. The complex of mp fitted a formula [Cu2(mp)2][PF6]3 � 6H2O,
and the complex of pp also fitted a formula with 6 water molecules per complex [Cu2(pp)2][PF6]3 � 6H2O.
The complex of qcq fitted a formula that suggests that some of the complex contains two Cu(II) centres
so it needed 3.3 PF6� counter ions instead of three. The complex of mcm fitted a formula with two
Cu(II), as it had 4 PF6� counter ions. The sample was brown, and the colour may come from a minor
amount of Cu(II)Cu(I) compound in the sample. The complex ofpcp contained more of the complex
with two Cu(II) than mixed oxidation state Cu(II)Cu(I), because the sample fitted a formula with 3.7
PF6� counter ions. The second Cu(II) centre may complete its coordinations sphere with two water
molecules. Only the non-linked ligands formed pure Cu(II)Cu(I) mixed oxidation state complexes.

Mass spectrometry Maldi-TOF, and in the case of [Cu2(mp)2][PF6]3 electrospray MS, suggested a 2
: 2 composition of metal ion : ligand for the complexes of non-linked ligands and a ratio of 2 : 1 for the
complexes with linked ligands. For the complex with qp this composition was supported by the mass
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signal fitting (M-2PF6+K)+. For the complex of mp, it was (M+3PF6)3+/3, and for the complex with
pp, it was (M-3PF6)+. Mass spectrometry for the qcq complex gave (M-2PF6)+ and (M-3PF6)+, the
mcm complex gave (M-2PF6)+ and (M-3PF6) and the pcp complex gave (M-2PF6)+ and (M-3PF6)+.
For all samples, mass spectrometry supported the proposal that the complexes are all dinuclear.

Infrared spectroscopy The infrared spectra of the copper complexes of mp and pp showthe OH
group at 2641 and 3518cm�1, and the complex of qp at 3634 and 3510cm�1. All three show absorptions
assigned to the aromatic C — H stretch at 3091cm�1 and the qp complex has additional aliphatic C — H
stretch at 2962cm�1. They all show strong absorptions at 1596 or 1589cm�1 for aromatic C — C and
aromatic C — N. Then there are two signals at 1242cm�1 and 1180cm�1 for all three of them, which
is typical for C — O stretch vibrations of e.g. aromatic C — OH.The most prominent absorption arises
from the counterion PF6� at 818cm�1. An absorption due to�(Cu — N) would be expected in the far
infrared region� 300 – 200cm�1 for copper(II) and� 200 – 100cm�1 for copper(I).106–108

The infrared spectra of the copper complexes of pcp, mcm and qcq differ from the complexes of non-
linked ligands by the hexaethylene glycol chain, that showsana absorption assigned to the C — H stretch
at 2870cm�1. The C — O stretch are still show as two signals, but less pronounced, with absorptions at
1242 and 1188cm�1.1H-NMR spectroscopy The 1H-NMR spectrum of [Cu2(mp)2][PF6]3 in deuterated acetonitrile is
presented in Figure 4.2, and the part of the spectra with the most pyridine and the phenyl signals of
[Cu2(pp)2][PF6]3, [Cu2(mp)2][PF6]3 and [Cu2(qp)2][PF6]3 is given in Figure 4.3. In the region of 6-
7ppm there are two doublets for the pp and qp complexes and in the mp complex these doublets are
much closer together. They are also those signals, togetherwith the substituents CH3O- andtert-butyl,
that are least shifted. It is therefore assumed, that these are phenyl signals.

When integrating the spectrum of [Cu2(mp)2][PF6]3, the CH3O- signals were set to 6H. The phenyl
signals at 6.45ppm are not significantly broadened, and the integral of 8H suggests them only to be the
phenyl protons in the meta positions (compare with the spectrum of the free ligand). Thus in the rest
of the spectrum, which is shifted considerably low field, 38 protons should be found. Unfortunately the
multiplets around 7.8 and 9.1ppm, together with the broad signals at 13, 17 and 25ppm, of which the
signals at 13 and 17 are barely visible, the integral only adds up to 14H. The explanation for this must
be the extreme broadening of some signals, which make them poorly resolved. The CH3O signals show
two distinct chemical shifts.

There can be various explanations for this. The crystal structure (compare with the crystallographic
section starting on page 55) shows that in the solid, there are two distinct environments for the CH3O,
due to different oxidation state of the copper ion (I or II), that the pyridine ring, bearing the substitued
phenyl, coordinates to, and because the methoxyphenyl may sit on a “Cu(bipy)2” or a “Cu(terpy)2” unit
of the qnpy ligand. Both effects lead to a total of four environments for the CH3O protons. As there
are only two signals distiguishable in the spectrum, eithernot all possible arrangements are adopted
in solution, or two possibilities give the same chemical shift. But the NMR method is for monitoring
solution structures, and they may be different in solid. It is possible that there is one main structure
in solution, but there may be several. Also fluctuations within the double helicate would be plausible,
and there is no evidence for the absence of other types of structures like e.g. mononuclear ones. The
fluctuation theory is not supported by the crystal structure. At least in solid, the difference in distance
from the middle pyridine rings to the two copper ions are the same for both the [Cu2(mp)2]3+ (0.7 and
0.9Å) and [[Cu2pcp]3+ (0.7-0.9̊A).

All the 1H-NMR spectra of the six copper complexes are similar to eachother. Two main differences
are seen between the spectra of the complexes with non-linked ligands qp, mp and pp, and the spectra of
the complexes with linked ligands qcq, mcm and pcp. The signals in the former rare split into doublets,
where they are only singlets in the latter. Additionally signals for the linker protons are of course only
seen in the linked species (at 4.1 – 3.5ppm). The spectra of the mp- and mcm-complex are also different
from the other. Signals at 7.0 and 6.4ppm, probably originating from the phenyl substituents, have
merged for the mp- to a dd at 6.5ppm, and for the mcm-complex toa broad signal also at 6.5ppm.
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Figure 4.2: 600 MHz1H-NMR spectrum of [Cu2(mp)2][PF6]3 acetonitrile-d3 solution.

The most interesting part of the [Cu2(pp)2][PF6]3 spectrum is plotted topmost in Figure 4.3. If the
doublets at 6.3 and 6.9ppm are indeed the meta phenyl protons(bm and dm) (compare with the chemical
shifts of the free ligand listed in Table 2.10 on page 31 and Figure 2.3 or 7.16 for labelling), they may
be set to 8H. The protons remaining are the 30 pyridine, 8 ortho-phenyl (bo and do)and 2 para phenyl
protons (bp). Instead of 40, the multiplets around 8 and 9 ppmtogether with the broad signals at 10.5,
13, 17 and 25ppm add only up to 19H, which is almost half of whatis needed. Again this may be
explained by such a strong broadening of some signals, that they are not detectedable any more.

The most interesting part of the [Cu2(qp)2][PF6]3 spectrum is plotted in the bottom of Figure 4.3. Again
it is assumed that the signals at 7.0 and 6.4ppm are the meta phenyl signals (because of the comparison
with the spectra of the copper(II) complexes with pp and mp, and because the chemical shifts are so
similar to the ones in the spectra of the free ligand). The integrals are therefore set to 8H for the two
of them together. The integral over thet-Bu protons at 1.2ppm is 17H (� 18H) and therefore fits well.
Again the residual peaks add only up to 13H instead of the required 38H, and the explanation that can
be offered is still a strong broadening of most pyridine proton signals.

The spectra of the copper(II) complexes of the linked ligands pcp, mcm and qcq, where recorded and
processed under the same conditions and using the same parameters as the spectra of the copper(II)
complexes of qnpy ligands discussed above. The signals of the complexes with linked ligands are all
broader than the signals above. The most interesting part ofthe spectra are plottet in Figure 4.4. Apart
from this, what is different to Figure 4.3, are the signals ofthe proton from the linking hexaethylene gly-
col around 3.6ppm. Assuming again that the signal at 6.5 and 7.0ppm for [Cu2pcp]3+ and [Cu2qcq]3+,
and at 6.5ppm for [Cu2mcm]3+, are the meta phenyl protons, gives 24-25H for the linker protons with
the pcp and qcq complex and 34H, which is pretty close to the expected 30H for the linker protons
plus the methoxy protons in the mcm complex. For thetert-butyl group the integral is far too big, 27H
instead of 18H. The electronic effects of the methoxy group and thetert-butyl group are different (the
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Figure 4.3: A cut of the 600 MHz1H-NMR spectra of [Cu2(pp)2][PF6]3, [Cu2(mp)2][PF6]3 and
[Cu2(qp)2][PF6]3 acetonitrile-d3 solution.

not tert-butyl acting only inductive), and possibly this is why the integral exceeds the expected integral
value even more than the methoxy protons did. The pyridine and ortho-phenyl protons in the mcm and
qcq complexes give only values of 11-12H instead of the required 38, and in the pcp complex the inte-
gral over the pyridine, ortho- and para-phenyl signals give18H instead of the required 40. (In this last
example, the integral was set over the whole area from 7.5ppmdown field to 33 ppm. This is why the
integral points to 18H rather than the lower values of 10-15Hfound when the integrals were only set
over the visible signals.) It confirms the theory, that more protons are present, but give too broad signals
for being detected as such.
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4.2.2 Crystallographic analysis

Crystals were obtained of quality that allowed an X-ray diffraction study. Studies of the mixed oxidation
state helical complexes of copper(II/I) with two strands ofmp and pcp respectively, were made using
crystals obtained by slow diffusion of diethyl ether vapourinto solutions of the complex in acetone.

[Cu2(mp)2][PF6]3 was obtained as small brown crystals by diffusion of diethylether vapour into an
acetone solution of the complex. The crystal structure was solved in the triclinic space group P�1 with
two enantiomeric complex cations per unit cell: C76H54N10O4Cu2P3F18 � 1.5 C3H6O,M=1820.43, see
also appendix A on page 175.

[Cu2pcp][PF6]3 was also obtained as small brown crystals by diffusion of diethyl ether vapour into
an acetone solution of the complex. The crystal structure was solved in the triclinic space group P�1
with two enantiomeric complex cations (see Figure 1.12) perunit cell: C86H72N10O7Cu2P3F18 � 2.5
C3H6O,M=2064.76, see also appendix A on page 186.

General description of the complex cation structures Two views of the complex cation of
[Cu2(mp)2][PF6]3 are given in Figures 4.5 and 4.6, and of the cation of [Cu2pcp][PF6]3 in Figures 4.7
and 4.8. In both cases the crystal structure shows a 2 : 2 system with two metal ions and two ligand
strands forming a dinuclear complex, as already indicated by mass spectrometry (see pages 143 and
150). The sideways views in Figures 4.5 and 4.7 show best thatone copper centre is coordinated by six,
and the other with four nitrogen donor atoms. As the ligand and the lattice-acetone are neutral, counting
the counter ions PF6�, gives the charge of the of the two complex cations. As the overall charge is three,
the copper ions are of different oxidation states. The preferred coordination number of CuII with these
kind of oligopyridine ligands is six, and that of CuI is four, so the oxidation states are assigned in these
complexes accordingly.

The quinquepyridine ligand strands are separated into a “terpy” and a “bipy” domain, by the coordina-
tion behaviour. Three nitrogen atoms from one end of the strand coordinate to the copper(II) ion, and
the remaining two coordinate to the copper(I). This is shownin Figures 4.9 and 4.10 for the complexed
mp ligands and in Figures 4.11 and 4.12 for the complexed pcp ligands.

Between each of the planes formed by a pyridine ring, there isa torsion angle. The planes turn in the
same direction throughout the ligand strand, thus forming ahelix. In the complex cation, both ligand
strands twist in the same direction. Two twisted ligand strands form a double helix. With the metal ion
holding the ligand strands together, this is a metallo-supramolecular assembly and is called a double
helicate.54 The helical axis is defined by the metal ions. As there are two possible directions for this
twist in the ligand strands, and two enantioners are possible. The�, P or right handed helicate forms,
when both ligand strands turn right when looked at along the axis and progressing from the near to the
far end. The�, M or left handed helicate forms, when both ligand strands turn left when looked at along
the axis progressing from the near to the far end, see Figure 1.12 on page 13. In the crystal structures,
both forms are present in a 1 : 1 ratio.

As the two ligand strands are unsymmetrical, more isomeric structures are possible (see Figure 1.9 on
page 11, and also Kulke30 and Whall51). The labelling of the pyridine rings of the ligands displayed
in Figures 2.3 and 3.3 on pages 24 and 35 is maintained during the discussion of the crystallographic
analysis, but as these homoleptic complex cations contain two ligand strands, I will distinguish between
them, using the ‘prime’ sign, and so the ligand strands are called ‘ligand strand’ and ‘ligand strand0’. In
both crystal structures, the complex cations consist of head-to-tail arranged ligand strands. Randomly,
the pyridine rings coordinating in an octahedral fashion were named A, B and C of ligand strand, and
C0, D0 and E0 of ligand strand0. (I could just as well have picked A0, B0 and C0 of ligand strand0 and C,
D and E of ligand strand.) One ligand strand thus coordinateswith a “terpy”-unit with Ring B carrying
substituent b, while the other ligand strand coordinates with a “terpy” unit Ring D carrying substituent
d, on the same copper(II) ion.
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Figure 4.5: Crystal structure of the cation in [Cu2(mp)2][PF6]3 � 1.5 acetone: sideways view. Atom numbering is given in Figures 4.9 and 4.10.
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Figure 4.6: Crystal structure of the cation in [Cu2(mp)2][PF6]3 � 1.5 acetone: view along the Cu-Cu axis. Atom numbering is given in Figures 4.9 and 4.10.
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Figure 4.7: Crystal structure of the cation in [Cu2pcp][PF6]3 �2.5 acetone: sideways view. Atom numbering is given in Figures 4.11 and 4.12.
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Figure 4.8: Crystal structure of the cation in [Cu2pcp][PF6]3 �2.5 acetone: view along the Cu-Cu axis. Atom numbering is given in Figures 4.11 and 4.12.
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Ligand geometry

Ligand conformation in the complex: The ligand strands in the complex cations form a double
helicate and this is evident in the twist of each separate ligand strand. The torsion angles between each
pyridine ring, progressing through the ligand strands, turn in the same direction. The biggest torsion
angle in both ligand strands in both complex cations occur between the second and third ring. For
[Cu2(mp)2]3+ it is 48.9

Æ
and 53.4

Æ
respectively for each ligand strand and for [Cu2pcp]3+ it is 57.2

Æ
and

51.7
Æ
. This main twist divides the quinquepyridine ligand strand, like the coordination behaviour, into

a “terpy” and a “bipy” unit. There is also a substantial torsion between the third and the fourth ring,
18.6

Æ
/ 23.9

Æ
in [Cu2(mp)2]3+, and 13.0

Æ
/ 19.6

Æ
in [Cu2pcp]3+ (see Table 4.1). The torsion angles in

the two ligand strands forming one complex cation are not equivalent, but the torsion angles of C5-C6,
C10-C11, C15-C16, C20-C21 in ligand strand, and C105-C106,C110-C111, C115-C116, C120-C121
and C60-C61, C65-C66, C70-C71, C75-C76 respectively in ligand strand0, add up to control the pitch of
the double helix (see Figures 4.9 to 4.12. In [Cu2(mp)2]3+, the torsion angles inside one ligand strand
are distributed more evenly than in the other. This other ligand strand0 has a more pronounced planar
“bipy”- and (close to) planar “terpy”-unit with a bigger twist between these units, and a bigger overall
twist. The same difference between the ligand strands can also be seen in [Cu2pcp]3+, with a planar
“bipy” and “terpy” unit and a bigger dihedral angle between the units in one ligand strand than in the
other ligand strand0. Both species are head to tail complexes, so ring B of one ligand strand coordinates
trans to ring D0 of the other ligand strand0 (to the same octahedral copper centre). Ring B0 of the ligand
strand0 is coordinated to the tetrahedral copper centre along with ring D of the other ligand strand.
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Figure 4.9: Crystal structure: one coordinated ligand strand of [Cu2mp2][PF6]3, emphasizing the terpy
and bipy domains.
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[Cu2(mp)2][PF6]3 [Cu2pcp][PF6]3
rings ligand: torsion/degree ligand0: torsion/degree rings ring ligand: torsion/degree ligand0: torsion/degree rings

A–B 9.0 5.75 E0–D0 A–B 9.6 7.4 E0–D0
B–C 18.6 23.8 D0–C0 B–C 13.0 19.6 D0–C0
C–D 48.9 53.4 C0–B0 C–D 57.2 51.7 C0–B0
D–E 10.1 6.3 B0–A0 D–E 6.85 12.4 B0–A0

sum 86.5 89.2 sum0 sum 86.5 91.1 sum0

Cu-Cu-distance 3.944 4.002 Cu-Cu-distance

Table 4.1: Torsion angles of the ligand strands in [Cu2mp2][PF6]3 � 1.5 acetone and [Cu2pcp][PF6]3 � 2.5 acetone. Esd values for angles in both structures were given
invariable as (3) for the first space after comma. Depending on the torsion angle, the esd for it will varyup to (6). This means that the overall torsion angles of the
ligands strands in [Cu2(mp)2]3+ may be identical, but the ligand strands in [Cu2pcp]3+ are not.
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Figure 4.11: Crystal structure: one coordinated ligand strand of [Cu2pcp][PF6]3, emphasizing the terpy
and bipy domains.
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Figure 4.12: Crystal structure: one coordinated ligand strand0 of [Cu2pcp][PF6]3, emphasizing the terpy
and bipy domains.

Bond lengths and angles within the ligand strands In [Cu2(mp)2]3+, the bond distances connecting
adjacent pyridine rings like C5-C6, C10-C11 etc. are all about identical, depending on the quality of
the crystal, bond lengts vary between a minimum of 1.455Å and 1.509̊A (4=0.054̊A) when taking the
esd into account. In [Cu2pcp]3+, these bonds vary between 1.460Å and 1.504̊A (4=0.044̊A), compare
with Table 4.2.

In [Cu2(mp)2]3+, the C-C-N angles like N1-C5-C6 and C5-C6-N2 etc. are not allthe same. They vary
between 113.2(3)

Æ
and 117.9(3)

Æ
. The smallest angle is found in ligand strand0 between the middle ring

of the “terpy” unit leading to the terminal pyridine ring (113
Æ
). The biggest angle (118

Æ
) is found be-

tween the “terpy” and “bipy” unit, on the “terpy” side. All other C-C-N angles vary between 114(3)
Æ
and

117(3)
Æ

. In [Cu2pcp]3+, the C-C-N angles vary only between 114.2(3)
Æ
and 117.5(3)

Æ
. While all these

angles are somewhere between 114(2)
Æ
and 115.6(3)

Æ
, one of the angles between the “terpy” and the

“bipy” unit is slightly bigger (117.5(3)
Æ
) see Table 4.3.

Dividing the structures into a Cu(“terpy”)2 and a Cu(“bipy”)2 unit, comparison with complexes of terpy-
type ligands becomes possible. The interannular bond lengths in the Cu(“terpy”)2-unit of Cu2(mp)23+
is an average of 1.480(3)Å and in Cu2pcp3+ it is in average 1.482(3)Å see Table 4.2. This is very sim-
ilar to the copper(II) complexes of 40-(2,2-biphen-4-yl)-2,20:60,200-terpyridine109 (1.488̊A) and 40-(3,4-
dimethoxyphenyl)-terpyidine (1.489Å).110 In the free terpy ligand the interannular bonds are 1.490Å,
but they are 1.445̊A in Cu(terpy)22+! Concluding from the difference between terpy type complexes,
the phenyl substituents at the 40-position cause an elongated interannular bond in the coordinated ligand
on Cu(II). This effect is preserved in both [Cu2(mp)2]3+ and [Cu2pcp]3+.
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[Cu2(mp2]3+ [Cu2pcp]3+
“terpy” unit

C5-C6 1.479(5)̊A C5-C6 1.475(5)̊A

C10-C11 1.484(5)̊A C10-C11 1.480(5)̊A

C105-C106 1.476(6)̊A C60-C61 1.483(5)̊A

C110-C111 1.482(5)̊A C65-C66 1.490(5)̊A

average 1.480(3)̊A�0.004̊A 1.482(3)�0.006

between the units
C15-C16 1.473(6)̊A C15-C16 1.490(5)̊A

C115-C116 1.494(5)̊A C70-C71 1.492(4)̊A

average 1.484(4)̊A�0.015̊A 1.491(3)�0.001̊A

“bipy” unit

C20-C21 1.478(6)̊A C20-C21 1.486(5)̊A

C120-C121 1.482(6)̊A C75-C76 1.487(6)̊A

average 1.480(4)�0.003 1.487(4)�0.001

Table 4.2: Interannular bonds between the pyridine rings inthe ligand strands of [Cu2(mp2]3+ and
[Cu2pcp]3+.

The C-C-N angles of the free terpy ligand are 116
Æ
and those for the Cu(II) complex are 115

Æ
.111 This

decrease of the C-C-N angles is accompanied by an increase inthe dihedral angles between the pyridine
rings.112 The C-C-N average also 115

Æ
in the complexed 40-(3,4-dimethoxyphenyl)-terpyidine110 and

114
Æ

in the complexed 40-(2,2-biphen-4-yl)-2,20:60,200-terpyridine.109 The phenyl substituents seem not
to have an effect on the C-C-N angles. In the Cu(“terpy”)2 unit of both the new structures, these angles
average 115

Æ
.

The Cu(“bipy”)2 unit of the new complex cations, have an interannular bond of1.480(4)̊A for
[Cu2(mp)2]3+ and 1.487(4) for [Cu2pcp]3+. But the interannular bond in plain bipy is 1.491Å,113 while
it is only 1.440̊A in the Cu(I) complex.114 No structures of 4-phenyl substituted bipy ligands could be
found, so it is not possible to say anything about a possible substituent effect on the interannular bond
length. But in the new structures these bonds stay long upon complexation of the ligands.

The C-C-N angles are 116
Æ

in the free ligand bipy and the angles do not change upon complexation
with Cu(I). In the Cu(“bipy”)2-unit of both the two new structures, the C-C-N angles average 115

Æ
. As

with the interannular bonds, no crystal structures of complexed phenyl-substituted bipy is known, and
thus it is not possible to know if the substituents play a rolehere, but judging from terpy, these 4-phenyl
substituents do not affect C-C-N angles.

After having discussed the conditions inside the units, where “terpy”- and “bipy”-units are close to pla-
nar, the conditions between these units must also be considered. While the interannular bonds between
the units are not so different from the other, they average: 1.489Å in Cu2(mp)23+ and 1.481̊A in
Cu2pcp3+, the C-C-N angles between the units average 116

Æ
in both complex cations. The extreme

C-C-N angles in the complexed ligand strands are found at this place.�-stacking inside the complex cations In [Cu2(mp)2]3+, �-stacking distances occur between the
co-planar rings B and B0 at distances of 3.236-3.476Å and between rings D and D0 at distances of
3.250-3.549̊A. The slightly tilted rings C and A0 with a distance of 3.141-3.953Å and rings E to C0 with
a distance of 2.900-3.623Å have also close enough contact. The other terminal pyridine ring to central
pyridine ring interactions are at a bigger angle, and only the side of the nitrogen show close enough
contact for some orbital overlap (see Figure 4.5). Ring b andb0 are co-planar and have a distance
between the planes of 3.426-3.494Å. The d and d0 rings are disordered. While C33 and C36 of the
ligand strand and C133 and C136 of the ligand strand0 have full occupancy at the position shown in
Figures 4.9 and 4.10, the other members of ring d and ring d0 have only half occupancy. The closest
distance found between these two rings is 2.759Å.
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[Cu2(mp)2]3+ [Cu2pcp]3+
lig

an
d

st
ra

n
d

N1C5C6 114.5(3) N1C5C6 114.6(3)

“t
er

py
”

C5C6N2 115.5(3) C5C6N2 114.2(3)

N2C10C11 116.1(3) N2C10C11 114.2(3)

C10C11N3 115.5(3) C10C11N3 115.2(3)

N3C15C16 117.9(3) N3C15C16 117.5(3)

C15C16N4 115.2(3) C15C16N4 115.0(3)

N4C20C21 114.1(3) N4C20C21 114.7(3)

“b
ip

y”

C20C21N5 116.4(3) C20C21N5 115.3(3)

lig
an

d
st

ra
n

d0 N6C105C106 114.7(3) N6C60C61 115.1(3)

“t
er

py
”

C105C106N7 113.1(3) C60C61N7 115.5(3)

N7C110C111 114.0(3) N7C65C66 114.8(3)

C110C111N8 114.0(3) C65C66N8 115.5(3)

N8C115C116 116.6(3) N8C70C71 115.3(3)

C115C116N9 113.2(3) C70C71N9 114.9(3)

N9C120C121 114.5(3) N9C75C76 114.6(3)

“b
ip

y”

C120C121N10 114.8(3) N75C76N10 115.6(3)

Table 4.3: C-C-N angles in the cations [Cu2(mp)2]3+ and [Cu2pcp]3+.

In [Cu2pcp]3+, �-stacking distances occur between the co-planar rings B andB0 at distances of 3.307-
3.823Å and rings D and D0 at distances of 3.196-3.514̊A, the slightly tilted rings C and A0 with a
distance of 3.232-3.841̊A and rings E to C0 t a distance of 3.072-3.835Å. The other terminal pyridine
ring to central pyridine ring interactions are at a bigger angle, and only the side of the nitrogen show
close enough contact(see Figure 4.7). The b and b0 rings are at an angle of 65

Æ
to each other, the closest

distance is 3.515̊A. The d and d0 rings are not distorted in this case. They are co-planar at a distance of
3.177 to 3.541̊A (see table 4.4).

Hydrogen bonds Potential sites where hydrogen bonds may occur in the new structures is at the
phenol group of the mp ligand in [Cu2mp2][PF6]3 �1.5 acetone. However, no hydrogen bond can be
seen between the ligand strands inside the complex cation, nor between adjacent cations. The distance
between the phenol-oxygen atoms inside one cation is 6.093Å. Curiously, the methoxy groups of the
ligand strands, at the other side of the complex are closer together, the distance between the oxygen
atoms is 4.198̊A. The only hydrogen bond was found between the phenol group of ring d0 and an
acetone oxygen atom. In the crystal formed by [Cu2pcp][PF6]3 �2.5 acetone there are no sites where
hydrogen bonds could occur.
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[Cu2mp2][PF6]3 �1.5 acetone [Cu2pcp][PF6]3 �2.5 acetone

ring ring0 distance /̊A angle between the rings distance /̊A angle between the rings

A C0 2.563-4.387 46

Æ

2.243-4.168 49

Æ
B B0 3.236-3.476 5

Æ

3.307-3.823 11
Æ

C A0 3.141-3.953 18

Æ

3.232-3.841 11
Æ

C E0 2.341-4.443 59

Æ
2.478-4.609 57

Æ
D D0 3.250-3.549 6

Æ
3.196-3.514 7

Æ
E C0 2.900-3.623 17

Æ
3.072-3.835 17

Æ
b b0 3.426-3.980 2

Æ
3.515-5.969 65

Æ
d d0 disordered 3.177-3.541 8

Æ
Table 4.4:�-stacking interaction distances in [Cu2mp2][PF6]3 �1.5 acetone and [Cu2pcp][PF6]3 �2.5 acetone.
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Coordination geometry

Head to head versus head to tail Since the two metal ions in these two complex cations are in dif-
ferent oxidation states, it could be expected, that they direct to a head-to-head complex, where pyridine
rings with the same substituent prefere the same metal ion for coordination. Actually the head-to-tail
complex is formed in both crystal structures. In the case of the linked ligand pcp, the linker would be
strained in a head-to-head isomer, so this may explain why the head-to-tail complex is formed. Here
the linker is relaxed and folds similarly to a hair-pin. It ishowever difficult to understand, why also the
non-linked double helical complex of mp with copper(II/I) gives the head-to-tail complex. Possibly the
packing in the crystal is more favorable for this complex isomer, while in solution both head-to-head
and head-to-tail exist.

Metal induced distortion The Jahn-Teller distortion of copper(II) with six equivalent donor atoms
would lead one to expect an elongated Cu(II) sphere, where the energy of dx2�y2 is higher than dz2 , (or
more seldomly a squashed sphere, where the energy of dz2 is higher than of dx2�y2). In these two new
structures, the donor atoms are not equal, nor can they distribute evenly around the metal, so the ligand
already dictates a lower symmetry, and it becomes hard to tell to which degree the geometry preferences
of the metal ion affect the actual symmetry adopted by the complex.

The preferred coordination geometry of copper(I), which has a full d-shell, with four equal donor atoms
is tetrahedral for a maximum distance between the electron clouds from the donor atoms. No distortion
of the tetrahedron is expected.

Ligand induced distortion The NB-Cu and ND0 -Cu bond lengths involving the middle pyridine rings
in the “terpy”-subunits that coordinate octahedrally are the shortest bonds of all in both complex cations
(see values for ‘B/D0 or D/B0’ verus the values for ‘A/E0 or E/A0’ and ‘C/C0’ in Table 4.10). It would
have to elongate the interannular bonds or the C-N bonds of the pyridine rings and reduce the C-C-N
angles in order to give a 90

Æ
angle around the Cu(II). In the tetrahedron around Cu(I), a N-Cu-N angle

of 109
Æ
would be the ideal geometry. Since this angle is bigger than the 90

Æ
in the octahedron, an even

stronger deformation of the ligand would be necesseary to oblige this geometry: A stonger elongation
of the interannular bond and a more reduced C-C-N angle wouldthen be expected. This is however not
what happens, see page 62.

Ni-Cu-Nj bite angles The discussed interannular bonds, CCN angles, Cu-N bond lenghts and tor-
sion angles together with the C-N bond lengths in the ligand,culminate in the N-Cu-N bite angles.
They are listed in Table 4.12. As copper is a heavier atom thancarbon and nitrogen, the esd values
of the angles are smaller. For [Cu2(mp)2]3+ they are (in the “Cu(terpy)2” unit) ℄NA=E0CuNB=D0
= 78.3(1)

Æ
, ℄NB=D0CuNC=C0 = 76.3(1)

Æ
and (in the “Cu(bipy)2” unit ℄ND=B0CuNE=A0 = 81.1(1)

Æ
.

For [Cu2pcp]3+ they are (in the “Cu(terpy)2” unit) ℄NA=E0CuNB=D0 = 78.8(1)
Æ
, ℄NB=D0CuNC=C0 =

76.1(1)
Æ
and (in the “Cu(bipy)2” unit ℄ND=B0CuNE=A0 = 81.6(1)

Æ
. The bite angles are thus identical

for both new complexes.

Relative size of the two copper centres When treating the measured bond lengths between copper
and nitrogen of both new species statistically and calculating a confidence interval at a 99% level, the
interval for the Cu(II) — N bonds is completely separated from the interval for the Cu(I) — N bonds.
This means that, with an error probability of less than 1%, the true average of a bond length of Cu1 —
N differs from the true average of Cu2 — N. (A student’s t-testfailed however, because only the bond
lengths could be taken as input values. These are not enough data to give narrow enough intervals.)
Curiously enough, as can be viewed in tables 4.5 and 4.6, the octahedral Cu(II), has a longer bond to the
nitrogen than the tetrahedral Cu(I). Comparing the shortest bonds in the “Cu(terpy)2” and “Cu(bipy)2”
unit, it becomes clear that Cu(II) must be the smaller ion of the two after all. The reason for the other
two long bonds in the “Cu(terpy)2” unit is caused by the limited flexibility of 2,6:20-terpy and higher
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oligopyridines to wrap around such small metal ions. These bond lengths may therefore not be used to
determine the relative size of the copper ions.

The average of the shortest Cu-N bonds in the “Cu(terpy)” units of [Cu2(mp)2]3+ is 1.948(2)̊Aand the
average for those of [Cu2qcq]3+ is 1.962̊A, see Table 4.7. This is a significent difference. The nitrogen
atoms concerned are at�180

Æ
angles to each other via the copper centre, and carrying a different sub-

stituent in the 40 and 4000 position respectively. This may be the arrangement that allows the substituents
to show their differing effect most pronouncedly. It would be interesting to know the actual electron
distribution within the complex.

Symmetry inside the “Cu(terpy)2”- and “Cu(bipy) 2”-units of the double helicate Both complex
cations are slightly more open at the tetrahedral-end than in the octahedral end. This can be viewed as
N — N distances between the two stands, across the double helix. The difference in the distance of the
terminal nitrogen atoms of both ends of the double helicate (NA — NE0 - NE — NA0 ) is 0.30Å for
Cu2(mp)23+, and 0.34̊A for Cu2pcp3+ (see Table 4.7). Neglecting the N-N distances in the interior of
the complexes, they may approximately be considered havingshape similar to a cone.

Dividing the complexes again into a “Cu(terpy)2” and a “Cu(bipy)2” unit, in the “Cu(terpy)2” unit
of both new species, the bond lengths of Cu(II) to the terminal pyridine rings (ring A and E0) are
shorter than to the other relatively long bonds from the C- and C0-rings to Cu(II). It is a difference of4(Cu�Nmiddle)�(Cu�Nterminal)=0.155̊A in [Cu2(mp)2]3+, and 0.138̊A in [Cu2pcp]3+. This fits well
with the beforementioned conical form.

In the “Cu(bipy)2” unit the bond lengths of the Cu(I) to the terminal pyridine rings A0 and E are shorter
than to the neighbouring rings B0- and D-rings (see Tables 4.7 and 4.10). But this is a smaller difference
than in the “Cu(terpy)2” unit,4(Cu�Nse
ondlast) � (Cu�Nterminal)=0.026̊A in [Cu2(mp)2]3+, and 0.028
in [Cu2pcp]3+.

Comparing again with the other two similar complexes, the same is seen for [Cu2(qnpy)2]3+:4(Cu�Nmiddle)�(Cu�Nterminal)=0.143̊A in the “Cu(terpy)2”, and 0.101̊A in the “Cu(bipy)2”. For
[Cu2(ms2qnpy)2]3+ it is 0.144Å in the “Cu(terpy)2” and 0.032̊A in the “Cu(bipy)2” part.

Because of ligand induced distortion, in the “Cu(terpy)2” unit only the angles from central ni-
trogen (NB) to copper centre to central nitrogen (ND0 are approximately 180

Æ
, with ℄ NACuNC

= 153
Æ6=180

Æ
, ℄ NBCuND0=177

Æ�180
Æ
and ℄ NE0CuNC0=155

Æ6=180
Æ
for [Cu2(mp)2]3+, and ℄

NACuNC = 156
Æ6=180

Æ
, ℄ NBCuND0=176

Æ�180
Æ

and ℄ NE0CuNC0=154
Æ6=180

Æ
for [Cu2pcp]3+.

In Figure 4.13 , the angles of the Cu-N bonds around the ‘octahedral’ Cu(II) in the “Cu(terpy)2” unit
of Cu2(mp)23+ are shown without the ligand backbone. With the angles listed above, and with the
differing bond lengths (Cu-NC /Cu-NC0 > Cu-NA/Cu-NE0 > Cu-NB / Cu-ND0 , the symmetry of the
geometric arrangement of the nitrogen atoms and the copper ion is reduced toC2. The ligand backbone
being unsymmetrical finally removes even theC2-axis.

In Figure 4.13, the angles of the Cu-N bonds around the ‘tetrahedral’ Cu(I) in the “Cu(bipy)2” unit are
shown. The bond lengths Cu-NA0 and Cu-NE are shorter than Cu-NB0 and Cu-ND. This reduces the
symmetry fromD2d to C2v , but the angle between the planes formed by NB0CuND and NA0CuCE are
far from 90

Æ
, and so the�v are removed. When taking the backbone of the ligand into account as well,

the remainingC2 axis is also gone, and the symmetry is again removed completely.

The situation for [Cu2pcp]3+ is practically identical to the one discussed for [Cu2(mp)2]3+. The angles
of the Cu-N bonds around the ‘octahedral’ Cu(II) in the “Cu(terpy)2” unit are shown in Figure 4.14 and
those in the “Cu(bipy)2” unit are shown in Figure 4.14).

Despite the lack of symmetry discussed in this section, the metal centres are centred well in their ‘octahe-
dral’ and ‘tetrahedral’ environment. In order to make this visible, in Figures 4.15 and 4.16, the nitrogen
atoms across the helix and diagonally across each coordination sphere were connected by turquoise
lines. The fact, that the copper ions lie where these lines cross may give an idea of how centred the
copper centres are.
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[Cu2(mp)2][PF6]3

six-coordinate four-coordinate

ring bonds of Cu2 length /Å ring bonds of Cu1 length /Å

A Cu2 N1 2.186(3) E Cu1 N5 1.986(3)

B Cu2 N2 1.963(3) D Cu1 N4 2.037(3)

C Cu2 N3 2.356(3) A0 Cu1 N10 2.011(3)

E0 Cu2 N6 2.104(3) B0 Cu1 N9 2.011(3)

D0 Cu2 N7 1.933(3)

C0 Cu2 N8 2.243(3)

standard deviation�x 0.009 0.009

average�x 2.1308 2.0113

standard deviation of the average��x 0.0037 0.0045

confidence interval, level 99% CI99 2.121�2.140 2.000�2.023

Table 4.5: Bond lengths of the coordinative bonds in [Cu2mp2][PF6]3.
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[Cu2pcp][PF6]3

six-coordinate four-coordinate

ring bonds of Cu1 length /Å ring bonds of Cu2 length /Å

A Cu1 N1 2.117(3) E Cu2 N5 2.006(3)

B Cu1 N2 1.950(3) D Cu2 N4 2.027(3)

C Cu1 N3 2.240(3) A0 Cu2 N10 2.001(3)

E0 Cu1 N6 2.201(3) B0 Cu2 N9 2.035(3)

D0 Cu1 N7 1.973(3)

C0 Cu1 N8 2.354(3)

standard deviation�x 0.009 0.009

average�x 2.1392 2.0173

standard deviation of the average��x 0.0037 0.0045

confidence interval, level 99% CI99 2.124�2.155 2.010�2.025

Table 4.6: Bond lengths of the coordinative bonds in [Cu2pcp][PF6]3.)
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“terpy” “bipy”

outer middle inner inner outer

NA– NE0 NB– ND0 NC– NC0 ND– NB0 NE– NA0

C
u 2(mp)3+ 2 distances across the inner

side of the double helix:
Ni– Nj / Å

3.391 3.894 3.533 3.725 3.688

Cu-N bond length average:�x = Cu�Ni+Cu�Nj2 2.145(2) 1.948(2) 2.300(2) 2.024(2) 1.999(2)℄ NiCuNj 104

Æ
177

Æ
100

Æ

134

Æ

135

Æ

C
u 2pcp3+ distances across the inner

side of the double helix:
Ni– Nj / Å

3.393 3.917 3.343 3.682 3.729

Cu-N bond length average:�x = Cu�Ni+Cu�Nj2 2.159(2) 1.962(2) 2.297(2) 2.031(2) 2.004(2)℄ NiCuNj 104

Æ
174

Æ
102

Æ
130

Æ

137

Æ

Table 4.7: Symmetry in the“Cu(terpy)2” and “Cu(bipy)2” units. By forming the average over two bond lengths, the original esd values of (3) were reduced to (2) by
the formula 3p2 .
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Figure 4.13: N-Cu-N angles of the octahedrally coordinatedCu(II) and the tetrahedrally coordinated
Cu(I) in Cu2(mp)23+.
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Figure 4.14: N-Cu-N angles of the octahedrally coordinatedCu(II) and the tetrahedrally cordinated
Cu(I) in Cu2pcp3+.
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Figure 4.15: Well centred copper(II) and copper(I) in the complex [Cu2(mp)2]3+. Coordination poly-
hedra are drawn as turquoise lines, connecting the nitrogenatoms of each coordination sphere.
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Figure 4.16: Well centred copper(II) and copper(I) in the complex [Cu2pcp]3+. Coordination polyhedra
are drawn as turquoise lines, connecting the nitrogen atomsof each coordination sphere.
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4.2.3 Comparison with other substituted quinquepyridine complexes

In Tables 4.11, 4.10 and 4.9 the two new structures are compared with similar, already published
structures retrieved from the Cambridge Database.37, 40, 41, 43, 64These structures are all symmetrical, as
opposed to the new structures, which means that there is no head-to-head / head-to-tail isomerism.

Ligand geometry

Ligand conformation in the complex: In all of the copper complexes of qnpy type lig-
ands,37, 40, 41, 43, 64the torsion along the strands are similar. Direct comparison makes most sense with
the mixed oxidation state complex of the unsubstituted qnpyligand41 and the symmetrically substituted
ms2qnpy37 that have no substituents that could sterically interfere with the formation of the helicate.
In the case of Cu2(qnpy)23+, the torsion between the “bipy” and “terpy” unit (49

Æ
and 48

Æ
) is very

similar to the new complexes, but the planarity of the units themselves is lower, and the torsion angles
per ligand strand add up to 92

Æ
and 95

Æ
respectively, which is more than in the new complexes. In

Cu2(ms2-qnpy)23+, the situation is the other way round, the torsion between the units (63
Æ
and 70

Æ
)

being stronger, and the planarity within the units being more distinct. Total torsion of the ligand strands
in Cu2(mp)23+ is 89

Æ
, and of Cu2pcp3+, Cu2(qnpy)23+ is 90

Æ
and Cu2(ms2qnpy)23+ it is 90

Æ
(see

Table 4.9).

Bond lengths and angles within the ligand strands As mentioned before, in the Cu(II) complex of
terpy [Cu(terpy)2][PF6]2,111 the bonds connecting adjacent pyridine rings are shorter (1.445Å) than in
the free ligand (1.490̊A).115 If 4 is defined as the interannular bond in the complex minus the interannu-
lar bonds in the ligand, then4 for terpy becomes4 = 1:445Å �1:490Å = �0:045Å. In the complex
Cu(I) complex of bipy [Cu(bipy)2][ClO4], the bonds connection adjacent pyridine rings are also shorter
(1.440Å)114 than in the free ligand (1.491Å),113 and4 becomes4 = �0:051Å. In the copper(II)
complex of 40-substituted terpy [Cu(40-(3,4-dimethoxyphenyl)-terpy)2]2+, the interannular bonds aver-
age 1.489̊A and in [Cu(40-(4-biphenyl)-2,20:60,200-terpy)2]2+, they average 1.488̊A. Both these values
(1.489Å and 1.488̊A) are closer to the interannular bonds of the free terpy (1.490Å) than the complexed
terpy (1.445̊A). Complexation may have a shortening effect, while the electron withdrawing phenyl sub-
stituents in the 40- positions may have the effect of elongating these bonds. However, if the esd values
for the interannular bonds in these structures are as high asin those for the interannular bonds in the
new structures, these differences are not significant.

When qtpy is complexed with copper(I) in [Cu2(qtpy)2][PF6], not only new coordinative bonds are
formed, but also a metallo-supramolecular double helix. Inthis double helicate, the interannular bonds
average 1.500̊A, while they are 1.484̊A in the free ligand.83 This gives a postive difference between
the interannular bond in the complex minus the interannularbond in the ligand4 = 0:016Å. So it
seems that though complexation with Cu(II) as well as Cu(I) leads to a shorter interannular bond in
the mononuclear complex, helication leads to elongated interannular bonds (in case the differences are
significant).

There is no known structure of the neutral qnpy ligand, but when assuming that the interannular bonds
average somewhere between 1.484 and 1.491 like in the lower 2,6-oligopyridines, then Cu2(qnpy)23+
resembles the mononuclear complexes as the interannular bonds average 1.424Å, which give4 =�0:064Å. The arrangement of the pyridine rings is very different from the previously discussed com-
plexes, as2x5 pyridine rings (two qnpy) arrange themselves around an octahedral and a tetrahedral
copper ion, than when2x4 pyridine rings (two qtpy) arrange themselves around two tetrahedral copper
ions. Also interactions like�-stacking may play a role. The interannular bond lengths in the complexes
[Cu2(ms2qnpy)2]3+, [Cu2(mp)23+ and Cu2pcp3+ are 1.484̊A, 1.480(4)̊A and 1.486(4)̊A respectively.

In the copper(II/I) complex of the basic ligand qnpy the interannular bond lengths vary over a wider
range (1.309-1.608̊A 4=0.299̊A), while the corresponding bond lengths in the copper(II/I) complex of
the 40,4000-substituted qnpy type ligands vary less: Cu2(ms2-qnpy)23+ (1.466Å to 1.504Å , Cu2(mp)23+:
1.473(6)̊A to 1.494(5)̊A and Cu2pcp3+ (1.475(5)̊A to 1.492(4)̊A . At least for the last two complexes,
of which esd values are known, the differences are not significant.
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A-C0 B-B0 C-A0 C-E0 D-D0 E-C0 b-b0 d-d0
Cu2(qnpy)3+2 48

Æ
10

Æ
20

Æ
49

Æ
10

Æ
19

Æ
Cu2(ms2qnpy)3+2 60

Æ
6
Æ

3
Æ

75
Æ

2
Æ

12
Æ

Cu2(mp)3+2 46
Æ

5
Æ

18
Æ

59
Æ

6
Æ

17
Æ

2
Æ

Cu2pcp3+ 49
Æ

11
Æ

11
Æ

57
Æ

7
Æ

17
Æ

65
Æ

8
Æ

Table 4.8:�-stacking angles in mixed oxidation state copper(II/I) complexes of qnpy-type ligands.

For the C-C-N angles of 40-phenyl type terpy, no substituent effect could be seen, as these angles vary
even less on complexation than the interannular bonds. Comparing C-C-N angles in [Cu2(qtpy)2]2+
(112

Æ
-119

Æ
,4=7

Æ
) with those of the free ligand qtpy (116-117

Æ
,4=1

Æ
), upon complexation and helicate

formation, the C-C-N angles just seem to vary more strongly.The C-C-N angles in [Cu2(qnpy)2]3+ vary
also very strongly (104

Æ
-123

Æ
, 4=19

Æ
). In one ligand strand, the smallest angle is at the terminalring

in the “bipy”-unit (107
Æ
), and the biggest angle in the joint between the “bipy” and the “terpy” unit,

on the “bipy” side (123
Æ
). In the other strand the smallest angle is in the joint between the “bipy” and

the “terpy” unit, also on the side of the “bipy” (104
Æ

), and the biggest angle towards the terminal ring
in the “terpy” unit (124

Æ
). The remaining angles vary between 110

Æ
and 120

Æ
. This unregularity is in

contrast to the structures of [Cu2(mp)2]3+ and [Cu2pcp]3+ which only vary4=5
Æ

and4=3
Æ
. Also

in the complex [Cu2(ms2qnpy)2]3+ the C-C-N angles vary only between 113
Æ
and 117

Æ
(4=4

Æ
) (see

table 4.9. Substitution in the 40 and 4000-position of the qnpy ligand seem to even out the C-C-N angles.
It might be an effect of the�-�-stacking interactions of the phenyl substituents in the new compounds
an a van-der-Waals interaction between the sulfur atoms of the substitutens in ms2qnpy (see below).�-stacking The differences in the torsion and the interannular bond lengths effects the�-stacking in
the complex cation. As the qnpy-type ligand strands have thesame length, difference in total torsion
gives the difference in the helical pitch and thus also the difference in the distances between�-stacking
pyridine ring planes. In both the new structures, the substituents add additional�-stacking interactions
of the b-, b0- and d-, d0-ring compared to the previously known stuctures. The co-planarity between the
“bipy” unit of one ligand strand with the “terpy” unit of the other is distinct. The terminal pyridine rings
in the “terpy” unit stick out at an angle of over 60

Æ
, but all the other rings have�-stacking partners of the

other ligand strand. Table 4.8 shows the angles of the�-stacking planes, keeping the numbering from
the asymmetric head-to-tail complexes for the symmetricalones as well.

This is in contrast to the unsubstituted Cu2(qnpy)23+ complex, where the pyridine rings are less co-
planar than in the Cu(II/I) complexes of mp, pcp and ms2qnpy. Another difference exists between the
ms2qnpy complex and the other ones. While one terminal pyridinering sticks out of the complex cation
of ms2qnpy at an angle of 60

Æ
and above, in the complex cation of qnpy, all four terminal pyridine rings

are integrated in the�-stacking, and so the C- and C0-rings, are sandwiched between two other. In the
new structures, the angles of the terminal pyridine rings are in between the previously known structures
(compare also with Table 4.4).

As the torsion angles, interannular bond lengths and C-C-N angles are more even in all three substituted
qnpy Cu(II/I) double helicates than in plain Cu2(qnpy)23+, it is assumed that�-stacking of the phenyl
substituents and the van der Waals interaction with sulfur-sulfur distances of 3.942 and 3.998Å in
[Cu2(ms2qnpy)2]3+ have the effect of evening out the double helicate.
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Coordination geometry

Ligand induced distortion Previously published structures of double helical complexes with copper
ions containing qnpy-type ligands do also have a three- and atwo-dentate domain. The NB-Cu and ND0 -
Cu bond lengths involving the middle pyridine rings in the “terpy”-subunits that coordinate octahedrally
are the shortest bonds of all in all complex cations (see values for ‘B/D0 or D/B0’ versus the values for
‘A/E 0 or E/A0’ and ‘C/C0’ in Table 4.10). As mentioned above, this is because a 2,6-oligopyridine cannot
bend the C-C-N angle nor stretch the bond connecting adjacent pyridine rings far enough to oblige the
preferred coordination sphere of the copper(II) ion. In thecomplex with terpy,111 the “terpy” units
are positioned symmetrical around the central pyridine ring, the Cu-N bonds to the outer rings being
2.179Å and to the middle ring 1.978̊A, these bond lengths are found with only small variation in all the
qnpy derived, double helical copper complexes.

Symmetry inside the “Cu(terpy)2”- and “Cu(bipy) 2”-units of the double helicate All qnpy type
complexes [Cu2(qnpy)2]3+, [Cu2(ms2qnpy)2]3+ and the new ones, are more open in the “Cu(bipy)2”
end than in the “Cu(terpy)2” end. The NE-NA0 distance is longer than the NE0 -NA distance. In the
non substituted copper complex qnpy complex, this difference in N-N distance between one end and
the other is 0.43̊A, and in the symmetrically substituted copper complex of ms2qnpy it is 0.36̊A and as
already stated it is 0.30̊A for [Cu2(mp)2]3+ and 0.34̊A for [Cu2qcq]3+, see also Table 4.7.

It has to do with the narrower bite angles at the six coordinate Cu(II) and the bigger bite angles at the
four coordinate Cu(I). Consequently, the symmetrical copper(II) complex of sixpy [Cu2(ms2sixpy)2]4+
has almost the same N-N distance in both ends (3.450 and 3.454Å (4=0.004̊A)). But surprisingly,
the Cu(I) complex of qtpy [Cu2(qtpy)2]2+ forms a double helicate, that is slightly narrower in one end
than the other (3.874̊A and 3.792̊A 4=0.082̊A), despite for that both copper ions are approximately
tetrahedral and have the same oxidation state.

The same asymmetry in the “Cu(terpy)2”- and “Cu(bipy)2”-units, where the N-Cu bonds to the terminal
rings are shorter than to the inner ones is seen in earlier published structures listed in table 4.10. The
one exception is of the ligand strands in [Cu2(6,600000-dimethyl-40,4000-diphenyl-qnpy)2]3+, where the
NC0-Cu(2) bond is shorter than the N0E-Cu(2) bond (2.308<2.331), but in this special case, there is
a sterically hindering methyl group positioned at the 6- and60000-position, apart from the peripheral
substituents in the 40- and 4000-positions. This influences the overall structure sterically. But when
comparing the average of the NA=A0 -Cu with the average of the NC=C0-Cu bond length in this structure,
the bond length of Cu to NA=A0 (2.285̊A) and NC=C0 (2.290Å) are about the same.

Ni-Cu-Nj bite angles The bite angles of the new complexes were identical [Cu2(mp)2]3+/[Cu2qcq]3+:
78.3(1)/78.8(1)

Æ
and 76.3(1)/76.1(1)

Æ
for the “Cu(terpy)2” unit and 81.1(1)/81.6(1)

Æ
for the

“Cu(bipy)2” unit. Comparing with mononuclear copper(II) complex of terpy and copper(I) complex of
bipy shows that in [Cu(terpy)2]2+ these angles are 76.9

Æ
inside the ligand strand, and in [Cu(bipy)2]+

they are 81.5
Æ
, which gives 79.2

Æ
in average. These are identical angles as in the new complexes.

An overview including Cu2(qnpy)23+ and Cu2(ms2qnpy)23+ is given in Table 4.12. Also these have
the same bite angles: 77.9

Æ
, 78.2

Æ
and 81.1

Æ
for [Cu2(qnpy)2]3+ and 77.8

Æ
, 75.4

Æ
and 80.3

Æ
for

[Cu2(ms2qnpy)2]3+. And so the new complexes have quite ordinary bite angles.

Cu-Cu distances As the discussion so far suggests, the copper-copper distances in the new complexes
do not differ much from the similar, already published structures of qnpy type ligands (see Table 4.11).
The Cu-Cu distance in Cu2(qnpy)23+ is 3.957̊A and in Cu2(qnpy)23+ it is 4.250Å. Arranging the
ligands after the copper-copper distance in the mixed oxidation state complexes, gives the order of the
ligands: mp (3.94̊A) < qnpy (3.96̊A) < pcp (4.00̊A) < ms2qnpy (4.25̊A). The latter has a longer Cu-Cu
distance than the other. It is a special complex because of the sulfur substituents. The neighbouring
sulfur atoms are at a distance (3.942 and 3.998Å) close to the sum of the van-der-Waal radii of 4.80Å,
and this interaction may be causing the long pitch and also the long copper–copper distance of the
complex.
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Inter-ligand interactions: 40- and 4000-substituents

Cu2(qnpy)3+2 Cu2(mp)3+2 Cu2(pcp)3+2 Cu2(ms2qnpy)3+2
parameters

none

b-b0 �-stacking
(and d-d0 dis-
torted �-stacking?
distance>3.4Å)

b-b0 and d-d0-�-
stacking

weak sulfur-sulfur
van der Waals inter-
action (3.998̊A B-
B0 and at D-D0 substituent effect

torsiontotal of the pyridine
ring planes

88

Æ

87

Æ

87

Æ

92

Æ
the helical pitch of the two
ligand strands in the cation
become more equaltorsion0total of the pyridine

ring planes0 91

Æ

89

Æ

91

Æ
89

Æ4torsion (ligand-ligand0) 3

Æ

3

Æ

5

Æ
3

Æ℄ C-C-N 107

Æ

-123

Æ

114

Æ

-118

Æ

114

Æ
-118

Æ
113

Æ
-117

Æ
the C-C-N angles vary less
within each of the ligand
strands

4max�min 16

Æ

4

Æ

3

Æ
4

Æ℄ C0-C0-N0 104

Æ

-124

Æ

113

Æ
-117

Æ
115

Æ
-116

Æ
114

Æ
-115

Æ40max�min 20

Æ

4

Æ
1

Æ
1

Æ
interannular bonds /̊A 1.407-1.567 1.473(6)-1.484(6) 1.475(5)-1.490(5) 1.471-1.482

the inter annular bonds
become more equal in both
ligand strands

4highest�lowest / Å 0.160 0.011 0.015 0.011

interannular bonds0 / Å 1.309-1.608 1.476(6)-1.494(5) 1.483(5)-1.492(4) 1.466-1.5044highest0�lowest0 / Å 0.299 0.018 0.009 0.038

Table 4.9: Inter-ligand strand interactions of the substituents at the 40- and 4000-position.)
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octahedral Cu-N bond/Å tetrahedral Cu-N bond/Å

A/E0 B/D0 C/C0 D/B0 E/A0

[Cu2(mp)2][PF6]3 2.186(3)/2.104(3) 1.963(3)/1.933(3) 2.356(3)/2.243(3) 2.037(3)/2.011(3) 1.986(3)/2.011(3)

[Cu2pcp][PF6]3 2.117(3)/2.201(3) 1.950(3)/1.973(3) 2.240(3)/2.354(3) 2.027(3)/2.035(3) 2.006(3)/2.001(3)

[Cu2(qnpy)2][PF6]3 2.168/2.179 1.971/1.968 2.325/2.308 2.156/2.099 2.043/2.011

[Cu2(40,4000-di-methylthio-qnpy)2 ][PF6]3 2.145/2.170 1.975/1.974 2.296/2.307 2.031/2.064 2.021/2.010

[Cu2(6,6””’-dimethyl-40,4000-diphenyl-qnpy)2 ][OAc]3 2.238/2.331 1.950/1.966 2.271/2.308 2.055/2.061 2.029/2.011

octahedral Cu-N bond five coordinate Cu-N bond

[Cu2(qnpy)2(OAc)][PF6]3 2.162/2.160 2.018/1.964 2.319/2.378 2.214/2.078 1.994/1.996

octahedral six coordinate

[Cu2(40,4000-di-methylthio-qnpy)2(OAc)][PF6]3 2.170 1.949 2.349 2.145 1.981

octahedral nickel ion tetrahedral

[Cu(I),Ni(II)(40,4000-di-methylthio-qnpy)2 ][PF6]3 (2.133) (2.011) (2.222) 2.005 1.998

Table 4.10: Octahedral and tetrahedral coordinated copperions: comparing bond lengths (labelling according to the NMR-labelling, see Figures 7.13, and 7.17).
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octahedral tetrahedral Cu-Cu distance/̊A

average for [Cu2(mp)2][PF6]3 (interval99%) 2.131(2) (2.121�2.140) 2.011(2) (2.000�2.023) 3.944

average for [Cu2pcp][PF6]3 (interval99%) 2.139(2) (2.124�2.155) 2.017(2) (2.010�2.025) 4.002

average for [Cu2(qnpy)2][PF6]3 2.153 2.077 3.957

average for [Cu2(ms2qnpy)2][PF6]3 2.145 2.032 4.250

average for [Cu2(6,6””’-dimethyl-40,4000-diphenyl-qnpy)2][OAc]3 2.177 2.039 3.953

octahedral five coordinate Cu-Cu distance/̊A

average for [Cu2(qnpy)2(OAc)][PF6]3 2.167 2.071 4.504

octahedral (N6) six coordinate (N4O2) Cu-Cu distance/̊A

average for [Cu2(ms2qnpy)2(OAc)][PF6]3 2.156 2.063 4.438

octahedral nickel ion tetrahedral Ni-Cu distance/̊A

average for [Cu(I),Ni(II)(40,4000-di-methylthio-qnpy)2][PF6]3 (2.122) 2.002 (4.701)

Table 4.11: Octahedral and tetrahedral coordinated copperions: comparing bond lengths. Forming the average over n values reduces the esd values by the formulaesdpn = 3p3 for the octahedral, and3p2 for the tetrahedral).
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[Cu2(mp)2]3+ [Cu2pcp]3+ [Cu2(qnpy)2]3+ [Cu2(ms2qnpy)2]3+

bite angle strand strand0 strand strand0 strand strand0 strand strand0

“terpy” unit
NACuNB / NE0CuCD0 77.94(12) 78.66(13) 79.28(11) 78.30(10) 75.65 80.23 78.03 77.65

NBCuNC / ND0CuCC0 75.65(12) 76.89(11) 77.07(11) 75.20(10) 81.50 74.83 75.48 75.28

“bipy” unit NDCuNE / NB0CuCA0 81.37(13) 80.74(13) 81.43(12) 81.86(13) 77.23 85.00 80.27 80.37

Table 4.12:℄NiCuNj bite angles in the qnpy-type ligands strands of the mixed oxidation state Cu complexes. Taking the esd values into account, ℄NACuNB and℄NE0CuND0 are identical for all these complexes, as are℄NBCuNC and℄ND0CuNC0 and℄NDCuNE and℄NB0CuNA0 . 8
0



4.2.4 Electrochemistry

The electrochemical behaviour of the two species characterised by X-ray diffraction ([Cu2(mp)2][PF6]3
and [Cu2pcp][PF6]3) was studied under conditions described on page 173.

The exact potentials were obtained by differential pulse voltammetry. In both complexes the values
for the Cu(II/I) processes are are 0.14V and -0.43V versus ferrocene. The cyclovoltammograms of
both complexes were recorded between -1.250V and +1.250V toshow metal and ligand oxidations and
reductions. Ligand reductions could not be resolved well. In [Cu2(mp)2][PF6]3, there is a decrease in
the current intensity from the first to the second scan of the cyclovoltammogram. But the third scan
is identical to the second. In [Cu2pcp][PF6]3, there is a decrease in the current intensity from the
first to the second and from the second to the third scan. The current maxima are not resolved well,
and peak splitting4Ep at the scan rate of 0.1V/s can only be estimated. They are above 59mV and
this suggests non-reversibility of the redox process in themolecules at this scan rate, or uncompensated
solution resistance and/or non-ideal cell geometry.116 For [Cu2(mp)2][PF6]3, E=0.14V has an estimated4Ep '360mV, and the4Ep for E=-0.43V cannot be estimated. For [Cu2pcp][PF6]3, E=0.14V has an4Ep '350mV, and E=-0.43V has an4Ep '210mV. These peak splittings are much larger than that
of ferrocene4Ep '110mV (ideally, when diffusion controlled =90.6mv). But asreturn waves are
seen for both substances, their redox processes may be called quasi-reversible. In Table 4.13, some
redox potentials of related complexes35, 37, 40, 41, 51,67, 91are listed, ordered after increasing first reduction
potential.

For comparison of the new complexes with asymmetric ligands, it would have been interesting if the
complex of hp2qnpy, would have been measured. This has not been successfulyet, perhaps because
of deprotonation of the phenol group.51 So only the complexes without the phenol group, like of the
new asymmetric ligand pcp and of the known asymmetric ligandtbpcpqnpy, can be compared directly
with the complexes of the symmetric parent ligands: in pcp, both substituents are most similar to 4-
methoxyphenyl. Indeed, as shown in Table 4.13, each of the potentials for dinuclear copper complexes
differ only by 30mV from the parent complex, which is not significant. The complex of tbpcpqnpy
can best be compared with the complexes of symmetrically substituted qnpy with 4-chlorophenyl and 4-tert-butylphenyl. Both potentials of the dinuclear copper complex of tbpcpqnpy are close to the cp2qnpy
complex, and far from the tbp2qnpy complex. In fact, both potentials are influenced mainlyby the 4-
chlorophenyl. This may mean that the complex of tbpcpqnpy ishead-to-tail, like the new complexes, and
so the 4-chlorophenyl substituent is relatively close to both of the metals. Or if it is head-to-head, there
must be strong communication through the complex in order toexplain the influence of 4-chlorophenyl
also on the second metal based reduction.

An example of a complex with electron donating substituentsis the dinuclear copper complex with
ms2qnpy. Three redox potentials have been reported by Pottset al.37 There are two potentials at 0.32V,
and -0.24V (converted vs ferrocene). Comparing these two potentials with the average of the two po-
tentials in the table, a shift of +0.14V is seen for the first and +0.18V for the second process, so this
complex is reduced more easily than the complexes of 4-R-phenyl substituted qnpy ligands. The differ-
ence between the two potentials 0.29V and -0.24V is 0.53V, and this value fits in well with the ones in
the right hand column of Table 4.13.
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Cu2(40-R1,4000-R2-qnpy)2
R1 R2 first metal based re-

duction in Volt ver-
sus ferrocene (�
20mV)

second metal based
reduction in Volt
versus ferrocene (�
20mV)

Difference between
the two reduction
potentials

4' 4'''
0.11 -0.45 0.56

OH

4' 4'''
0.12 -0.40 0.52

4' 4''' 0.12 -0.43 0.55

4' 4'''

OMe OH

0.14 -0.43 0.57

4' 4'''

O
O

O
O

2
0.14 -0.43 0.57

4'''

H H

4''' 0.15 -0.37 0.52

4' 4''' 0.15 -0.40 0.55

4' 4'''

OMe OMe

0.16 -0.45 0.61

Cl

4' 4'''
0.17 -0.40 0.57

4' 4'''

Cl Cl

0.18 -0.41 0.59

4' 4'''

O O

0.19 -0.40 0.59

4' 4'''

OH OH

- - -

S S

4' 4'''
0.29 -0.24 0.53

Table 4.13: Reduction potentials (versus ferrocene) of dinuclear copper complexes of qnpy-type lig-
ands35, 37, 40, 41, 51, 67, 91.
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4.2.5 UV-Vis spectra and spectroelectrochemistry

UV-Vis spectroscopy All copper complexes obtained of qp, mp, pp, qcq, mcm and pcp are brown.
The colour is assumed to be coming from the complexed Cu(I), as Cu(I) complexes of oligopyridines
are typically brown, due to the Cu(I)-Ligand(��) charge transfer band where the electron is transferred
via a�-type overlap of the d orbital from the copper with the ligand�� LUMO.35

The highest� values in the visible region are 2.50 – 6.44� 103 M�1cm�1 at 467 – 473nm, while there
is a shoulder with� values of 1.02 – 2.24� 103 M�1cm�1 at 572 – 585nm, see Table 4.14. The former
is an absorption of blue light and it makes the species appearorange, while the latter is an absorption
of yellow light and makes the species look blue. This generally makes the eye see a brown colour. The
absorption of red light at 690nm (seen as a maximum in the fully oxidised complex [Cu2(qnpy)2]4+ 35)
which makes the species look green, have in the case for the complexes studied here, only weak� values
of 3.09 – 4.64� 103 M�1cm�1. So the magnitude in the molar absorption coefficient around470nm,
579nm and 690nm are in the ratio of� 20 : 10 : 1.

Of each compound, two acetonitrile solutions of different concentrations where made. The weak absorp-
tions in the Vis region where measured with the more concentrated solutions, and the strong absorption
in the UV-region where measured with the diluted solutions.

Concentrations of the complex solutions in acetonitrile:
[Cu2(pp)2][PF6]3: c1=1.04�10�4M, c2=9.32�10�6M
[Cu2(mp)2][PF6]3: c1=1.14�10�4M, c2=1.14�10�5M
[Cu2(qp)2][PF6]3: c1=1.19�10�4M, c2=1.19�10�5M
[Cu2pcp][PF6]3: c1=1.22�10�4M, c2=1.22�10�5M
[Cu2mcm][PF6]3: c1=1.05�10�4M, c2=1.05�10�5M
[Cu2qcq][PF6]3: c1=1.15�10�4M, c2=1.15�10�5M

The solvent acetonitrile, leaves a window for measurement above wavelength 210nm. Therefore, the
shoulder at 222-226nm is already relevant. Then there is a maximum at 288-292nm, that is most proba-
bly an intraligand�-�� transition, as in the Cu2(qtpy)22+ complex.37, 117 Going to higher wavelengths,
the absorption in all complexes except [Cu2(mp)2]PF6]3 stays relatively high (see figrue 4.17). There is
another shoulder at 316-320nm, most distinct in the complexes of mp, mcm and qcq, and another one
at 347-351nm. The maximum at 467-473nm and the shoulder at around 572-585nm (see figure 4.18)
are much weaker. They are attributed to MLCT transitions, but d-d transitons would also be expected
around 600nm.37, 117, 118The maxima and shoulders in the UV-Vis spectra are listed in Table 4.14.

Figure 4.19 illustrates the change that takes place, when a qnpy type ligand complexes into a double heli-
cate. Here the UV-spectra of qp, mp and pp and their copper(II/I) double helical complex are shown. For
comarison, the y-axis is the extinction coefficient rather than the measured absorption. In the complex,
the double amount of aromatic rings are present per mol, compared to the pure ligands. The maximum
absorption is shifted towards lower energy, and it is not reduced as quickly, when going towards bigger
wavelength either. This finding suggests that by complexation, part of the original chromophoric system
is expanded. Figure 4.20 shows the same kind of changes in thelinked qnpy type ligands qcq, mcm and
pcp and their complexes with copper(II/I).

All spectra of the six coordination compounds exhibit similar absorption pattern. The molar extinction
coefficients at�280nm, are higher for the complexes of linked ligand than thecorresponding non-linked
ligand.�q
q > �qp and�p
p > �pp the mp-complex and mcm-complex show extinction coefficients very
close to each other, but also here,�m
m > �mp. The decrease in absorption towards higher wavelength
is most distinct with the pp-complex.

The molar extinction coefficients for the absorption maximum at�470nm, have the opposite intensities.�qp > �q
q, �mp > �m
m and�pp > �p
p. The difference of� are 1600M�1cm�1 for the qp/qcq pair,
1770M�1cm�1 for the mc/mcm pair and 1650M�1cm�1 for the pp/pcp pair and thus all similar. This
is an effect of the different ratios of mixed valence (Cu(II)Cu(I) helicates and Cu(II)Cu(II) helicates in
the samples. The helicates of non-linked ligands occur in mixed valence, and the helicates of the linked
ligands mainly as Cu(II)Cu(II) valence. As the complexed Cu(I) is responsible for the absorption at this
wavelength, the amount of Cu(I) present in the helicates accounts for the intensity of the absorption.
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Figure 4.17: UV spectra of the qnpy-type copper complexes inthe region 200nm-450nm in acetonitrile.

It would be interesting to compare the intensity and position of the maxima and shoulders in the
visible spectra of these compounds with those of [Cu(bipy)2]+, [Cu(terpy)2]2+, [Cu2(qtpy)2]2+ and
[Cu2(qnpy)2]3+. The only published data found, however, was on [Cu(terpy)2]2+,119 and trinuclear
copper(I) double helicate of two tris-bipy ligands120 (see Figure 4.21). The former is a green compound,
formed in water, and the green colour is due to a weak absorption maxiumum at�640nm and a mo-
lar extinction coefficient of 77M�1cm�1. It shows a d-d absorption typical for d-block complexes, and
would be easily overruled by the intensity of an MLCT absorption band from a Cu(I) complex described
above or in the literature example below.

The latter was a red compound with�max at 500nm and an extinction coefficient� of 26000M�1cm�1.
The maximum is red-shifted compared to the new species and has a much higher absorption coefficient.
The higher absorption is partly due to three copper(I) metalcentres per complex cation. But as the
absorption at around 470cm�1 in the new compounds times three: 3x6500M�1cm�1 do not reach
26000M�1cm�1, the profound difference of the ligands, and the way they complexe, also must play a
role. It is plausible, as the absorption band 500nm (26000M�1cm�1) is assigned to a metal-to-ligand
charge transfer (MLCT).
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Figure 4.18: Vis spectra of the qnpy-type copper complexes in the region 450nm-800nm in acetonitrile
(change of the lamp at� 650nm).

[Cu2(pp)2][PF6]3 [Cu2(mp)2][PF6]3 [Cu2(qp)2][PF6]3� / nm � / M�1cm�1 � / nm � / M�1cm�1 � / nm � / M�1cm�1
222 8.50�104 226 9.36�104 224 8.99�104
288 7.24�104 292 7.20�104 292 7.70�104
319 4.99�104 317 6.63�104 318 6.36�104
351 3.24�104 351 5.12�104 348 4.21�104
467 4.15�103 467 6.44�103 470 6.05�103
572 1.60�103 581 2.14�103 577 2.24�103

[Cu2pcp][PF6]3 [Cu2mcm][PF6]3 [Cu2qcq][PF6]3� / nm � / M�1cm�1 � / nm � / M�1cm�1 � / nm � / M�1cm�1
224 9.16�104 225 9.25�104 224 9.68�104
289 7.89�104 292 6.84�104 291 8.39�104
316 6.38�104 320 6.55�104 316 7.30�104
351 3.97�104 348 5.43�104 347 4.98�104
473 2.50�103 468 4.67�103 473 4.45�103
574 1.02�103 576 1.63�103 585 1.60�103

Table 4.14: UV-Vis wavelengths and extinction coefficientsfor maxima and shoulders of the acetonitrile
solutions of the complexes. Measured on two separate solutions for the UV-region and the Vis-region.
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their copper(II/I) helicate complexes in acetonitrile solutions.
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Figure 4.20: The UV absorption spectra of the three linked qnpy derivatives qcq, mcm and pcp in
chloroform and their copper(II/I) helicate complexes in acetonitrile solutions.

N N N N N N

N N N N N N

EtO2C CO2Et EtO2C CO2Et EtO2C CO2Et

EtO2C CO2Et EtO2C CO2Et EtO2C CO2Et

O

O

O

O
CuI CuICuI

Figure 4.21: A copper(I) trinuclear tris-bipy double helicate, synthesised and characterised by Lehnet
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The spectroelectrochemistry was conducted in absolute acetonitrile. The absorption in the visible
region was measured as it changed over time, while a constantpotential was applied. The aquisition
range was from 190 nm to 1100 nm and the cycle time was 15 s. In the oxidative scan, the mixed
valence compound would oxidise: Cu(II)Cu(I)!Cu(II)Cu(II), and in the reductive scan, it would be
reduced: Cu(II)Cu(I)!Cu(I)Cu(I). The absorption at this wavelength was assignedto an MLCT band
of coordinated Cu(I). Thus the absorption was expected to diminish upon oxidation, and increase upon
reduction.

For [Cu2(mp)2][PF6]3, at a constant potential of +800mV the typical absorption at�480nm and the
shoulder at� 570nm vanishes completely over time, see Figure 4.22. At this potential the Cu(I) is
oxidised to Cu(II). When a potential of -400mV is applied, these absorptions grow over time, see Fig-
ure 4.23. The increase and decrease were measured at 480nm and could be plotted as saturation curves.
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Figure 4.22: Spectroelectrochemistry of [Cu2(mp)2]([PF6]3 in acetonitrile, applied potential of
+800mV: the absorption decreases with time.

For [Cu2pcp][PF6]3 at a constant potential of +1100mV the typical absorption at�480nm and the
shoulder at� 570nm of the complexed Cu(I) vanishes completely over time too, see Figure 4.24. At this
potential the Cu(I) is oxidised to Cu(II). And when a potential of -100mV is applied, these absorptions
grow over time, see Figure 4.25. The increase and decrease were measured at 480nm and could be
plotted as saturation curves.

4.2.6 Summary and conclusions

The ligands qp, mp, pp, qcq, mcm and pcp were complexed with copper(II) acetate. Mass spectrometry
confirmed a ratio of 2 : 2 metal to ligand, and crystallographic studies of [Cu2(mp)2]3+ and [Cu2pcp]3+
show a dinuclear, double helical structure, with mixed oxidation states Cu(II)Cu(I). Cu(II) is coordinated
by two “terpy” domains of two ligand strands, and Cu(I) by two“bipy” domains of the same two ligand
strand. In both structures, the ligand strands are arrangedin a head-to-tail (HT) fashion based on the
metal-metal axis, which makes the identical substituents come close enough for�-�-stacking.

Micro analysis suggests mixed oxidation state complexes with the ligands qp, mp and pp, and mainly
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Figure 4.23: Spectroelectrochemistry of [Cu2(mp)2]([PF6]3 in acetonitrile, applied potential of -400mV:
the absorption increases with time.

Cu(II)Cu(II) complexes with the ligands qcq, mcm and pcp, which is in contrast to the crystal structure
of [Cu2pcp]3+. Often when the complexes were synthesised they were green at first, which is typical
for the Cu(II)Cu(II) species, but turned brown upon standing and upon dryingin vacuo. Differential
pulse voltammetry showed metal centred reductions at 0.14Vand -0.43V vs ferrocene, of which the
first potential is accessible for the copper centres when thesamples are standing unprotected from air.Cu(II)Cu(II)!Cu(II)Cu(I)!Cu(I)Cu(I)
The UV spectra of all six ligands were recorded. Upon complexation with copper(II), the absorption
maxima were red-shifted, and the absorption stayed high to 80nm higher wavelength, instead of decreas-
ing rapidly over the range of the next higher 40nm. This indicates an extended chromophore system.
When comparing the spectra of the complexes with each other,an interesting effect was seen at the
absorption maximum of�470nm. This absorption was assigned the CuI(bipy)2g chromophore. The
molar extinction coefficient of the complexes with non-linked ligands were always smaller by 1600-
1800M�1cm�1. This reflected the amount of reduced copper (Cu(I)), that ispresent in the helicates.

With spectroelectrochemical measurements, the increase and decrease of the absorption in the vis-
ible region was observed. By applying a constant potential of +800mV and then of -400mV for
[Cu2(mp)2][PF6]3, and +1100mV and -100mV for [Cu2pcp][PF6]3, full oxidation and full reduction of
the mixed valence compounds were reached: Cu(II)Cu(I)!Cu(II)Cu(II), and Cu(II)Cu(I)!Cu(I)Cu(I).
The loss of absorption when oxidising, and the gain in absorption when reducing the compounds con-
firmed the assignment to complexed Cu(I), and it also confirmed the state of mixed oxidation that the
complexes of the non-linked ligands adopted in ambient conditions, and in absence of any applied elec-
trical field.

The 1H-NMR spectra suggest very similar solution structures forall six complexes, but they are sim-
pler for the complexes of linked ligands. These results may be interpreted as follows: Because of the
result of the crystal structures and the spectroelectrochemistry, one may assume that the mixed valence
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Figure 4.24: Spectroelectrochemistry of [Cu2pcp]([PF6]3 in acetonitrile, applied potential of +1100mV:
the absorption decreases with time.

dinuclear helical structure is preserved in solution. Fromthe crystal structures it is clear, that the coor-
dinative bond of the middle pyridine ring (C and C0) to the octahedral copper(II) centre are the longest,
and thus weakest. These nitrogen donor atoms NC and N0 are not extremely far from to the tetrahedrally
bound copper(I), the distance to the tetrahedral centre being 3.132/2.973̊A, and to the octahedral centre
2.243(3)/2.356(3)̊Ain the solid for [Cu2(mp)2]3+. For [Cu2pcp]3+ the distances for the central pyridine
nitrogen to the tetrahedral metal centre are 3.150/3.101Å, and to the octahedral 2.240(3)/3.101(3)Å.
In solution, maybe the middle nitrogen donor atoms of [Cu2pcp]31 fluctuate between bonding the two
copper centres, or switch the metal they coordinate to, in the time scale of vibration in the molecule.
This would reinstate the symmetry of the complex by making the metal centres equal, at least on NMR
timescale, and it would reduce the number of signals in the1H-NMR spectra. However it is not clear
why this should only happen in the complex of the linked ligand. A second explanation suggests that
the number of isomers in solution is limited by the steric requirements of the linker. In a head-to-head
(HH) arrangement of a dinuclear double helicate, the linkerwould be stretched, and unflexible, while
in the head-to-tail (HT) isomer, the linker would be much more free. It is thus possible, that in solu-
tion, complexes of thenon-linkedligands occur as a mixture of HH1, HH2 and HT (see Figure 1.9) of
dinuclear double-helical isomers, while complexes of thelinked ligands occur predominantly as the HT
dinuclear double-helical isomer. Both alternative explanations would fit with the experimental findings.

The crystal structures of [Cu2(mp)2]3+ and [Cu2pcp]3+ were considered a great success, because the
structure of a double helicate, in which the oligopyridine ligand strands are inter-connected, is unique,
and the crystal structure proves their existence in a proposed dinuclear, double helical arrangement.
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Figure 4.25: Spectroelectrochemistry of [Cu2pcp][PF6]3 in acetonitrile, applied potential of -100mV:
the absorption increases with time.
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4.3 Cobalt complexes

4.3.1 Synthesis and characterisation of mononuclear complexes
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Figure 4.26: Formation of mononuclear complexes with an unsymmetrical qnpy derivative and with an
unsymmetrically linked qnpy derivative.

[Co(mp)(OH2)2][PF6]2
The procedure of Whall51 was followed. Cobalt(II) acetate tetrahydrate and ligand (mp) were mixed
in methanol, metal to ligand were in a ratio of 1 : 1, to give an orange solution. Ammonium hexa-
fluorophosphate was added in excess as a solution in methanol, and a golden precipitate formed. It was
filtered off, washed with ice-cold methanol and driedin vacuoto give an orange powder, contaminated
with ammonium hexafluorophosphate.1H-NMR and electrospray MS were measured. The1H-NMR
spectrum was very characteristic for mononuclear qnpy cobalt(II) complexes (see Figure 4.27, 4.28 and
the discussion in the next section). The mass spectrum showed signals for (M+Na)+,(M-PF6-2H2O)+,
(M-2PF6)+ and (M-H2O-2PF6)+. Infrared spectroscopy gave a spectrum that was very similar to the
spectrum of the dinuclear compound. The main absorptions were located at equal wavenumbers. A
microanalysis confirmed excess nitrogen. In order to purifythe sample, it was washed with methanol,
but this only diminished the yield to 1.7mg.

[Co2(qcq)(OH2)2(MeOH)2][PF6]4
The procedure of Whall51 was followed. Cobalt(II) acetate tetrahydrate and linked ligand (qcq) were
mixed in methanol, metal to ligand were in a ratio of 2 : 1, to give an orange-brown solution. Am-
monium hexafluorophosphate was added in excess as a solutionin methanol, and a golden precipitate
formed. It was filtered off, washed with ice-cold methanol and driedin vacuoto give an orange powder
in 69% yield. Micro analysis,1H-NMR and Electrospray MS were measured. The microanalysisfitted
a formula: [Co2(qcq)(OH2)2(MeOH)2][OAc][PF6]3 � H2O � 14PF6 and the1H-NMR spectrum was very
characteristic for mononuclear qnpy cobalt(II) complexes(see Figure 4.29 and the discussion in the
next section). The mass spectrum showed signals for (Co2(qcq)+K+PF6)+, (Co2qcq(MeOH)2+2PF6)+,
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Figure 4.27: 600 MHz1H-NMR spectrum of [Co(mp)(OH2)2][PF6]2 in acetonitrile-d3, the region of
least shifted protons.

(M-3PF6+H2O)2+/2, 710 (Co2qcq(MeOH)+2Na+3PF6)3+/3. Infrared spectroscopy gave the typical
spectrum for the ligand qcq ( C-H bands at 2955-2870cm�1) and the mononuclear mp-complex (ab-
sorptions between 1099 and 1362, the two bands at 1202 and 1013cm�1, plus a very intense absorption
band for the P — F bond of the counter ion at 827cm�1. But there is also a medium strong, relatively
broad band at 1115cm�1 typical for C-N and C-O stretch bonds, only present in this spectrum.1H-NMR chemical shifts of mononuclear complexes Pottset al. displayed the region 0-140ppm
for illustration of the spectrum of the mononuclear species[Co(ps2qnpy)X2][PF6]2.68 The same pattern
is seen for the mononuclear complexes of cp2qnpy, tbp2qnpy, and similar ones for the unsymmetrical
qp51 and qcq and new ligand mp, see Figures 4.27, 4.28, 4.29 and Table 4.15. A 1H-NMR study
of [Co(qnpy)X2][PF6]2, [Co(cp2qnpy)X2][PF6]2, [Co(ph2qnpy)X2][PF6]2 and [Co(ps2qnpy)X2[PF6]2
(X is Cl� or a solvent molecule) show the characteristic pattern witha broad signal shifted low field to�133ppm, and a group of four signals atÆ 81.3, 77.9, 75.6 and 69.9. Then there is one signal at 22-25
ppm, the 400 signal at�20ppm and the substituent signals. In the case of Co(qnpy) there is the 40-H
signal at�21ppm as well.66, 68, 121

Whall compared1H-NMR spectra of a series of mononuclear cobalt(II) complexes of qnpy ligands with
planar cobalt(II) complexes of qtpy.51, 72, 73, 122As a result of this, it was possible to distinguish between
the signals originating from pyridine and from phenyl in thecomplexes and tentative assignments could
be made to which pyridine ring the resonances belonged, for the complexes with the symmetrically sub-
stituted qnpy ligands tbp2qnpy, cp2qnpy and hp2qnpy as well as with the unsymmetrically substituted
qnpy ligands tbpcpqnpy and qp. HC4 could be assigned on the basis of it being only half the intensity
of the other pyridine signals.

The spectra for the complexes with the unsymmetrically substituted showed a splitting of the signals for
B3/B5 and D3/D5 centred at 75ppm and 73ppm. In the mononuclear complexes of mp and qcq, this
splitting is also seen. But the overall pattern is identicalfor all the measured complexes, see Figures 4.27,
4.28 and 4.29, and Table 4.15.
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Figure 4.28: 600 MHz1H-NMR spectrum of [Co(mp)(OH2)2][PF6]2 in acetonitrile-d3, the farthest
low-field shifted signal still detectable is at�140ppm.
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Figure 4.29: 250 MHz1H-NMR spectrum of [Co2(qcq)(OH2)2][PF6]4 in acetonitrile-d3, the farthest
low-field shifted signal still detectable is at�140ppm.
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Ligand Pyridine ring protons, 7 x 2H / 4H intensity for qnpy / linked qnpy 1H / 2H Phenyl protons 8H/16H Substituent / HB4;D4
qnpy 135 80.8 76.6 75.0 69.6 49.9 21.5 19.0 - - 20.1

cp2qnpy 134 80.5 74.1 72.5 69.4 49.4 20.8 18.7 13.1 8.5 -

tbp2qnpy 134 80.8 75.4 73.6 69.9 49.9 21.0 18.8 13.1 8.6 2.1

hp2qnpy 133 81 76 74 69 50 21 19 14 8 -

tbpcpqnpy 134 81.3 75.6 74.7 73.8 72.9 70.0 50.1 21.1 18.9 13.1 8.5 1.8

qp 133 81.4 75.8 75.5 73.8 73.5 69.6 49.9 21.0 18.9 13.2 8.5 7.9 2.1

qcq 135 82.1 76.3 74.4 70.7 50.4 47.5 21.2 18.9 13.4 13.2 8.5 8.1 7.5-0.8 (m)

dop2qnpy 133 81.4 75.7 73.7 69.9 49.9 21.0 18.9 13.2 8.1 9.2-0.9 (m)

mp 134 81.8 76.1 76.0 74.0 73.9 70.2 50.1 21.0 18.9 13.3 13.2 8.1 7.9 4.5

Assignment A/E ring A/C/E ring B/D ring A/C/E ring A/E ring A/E ring C4 phenyl ortho phenyl meta Substituent / HB4;D4

Table 4.15: Seven coordinate cobalt(II) complexes with pentadentate qnpy ligands, and two water or solvent molecules coordinated in axial positions.51, 67
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4.3.2 Synthesis and characterisation of dinuclear complexes
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Figure 4.30: Formation of dinuclear complexes with an unsymmetrical qnpy derivative and with an
unsymmetrically linked qnpy derivative. With the former, two head-to-head (HH) and one head-to-tail
(HT) isomer are possible. With the latter, probably only theHT isomer exists.

[Co2(qcq)(OAc)][PF6]3
Complex formation was attempted under anhydrous conditions in dry methanol, following Wards51 pro-
cedure. As it was not yet known how very sensitive the complexformation react on water, the complex
of qcq was made with pink tetrahydrate metal salt. Co(II) acetate� 4H2O and ligand were mixed in dry
methanol in a ratio of 2 : 1. A brown-orange solution formed. Excess ammonium hexafluorophosphate
was added, and a brown precipitate formed. It could be filtered off, washed with methanol and driedin
vacuoto give 66% product. It was characterised with1H-NMR spectroscopy. The spectrum was typical
for dinuclear cobalt(II) complexes of qnpy, but showed thatalso the mononuclear species, that was dis-
cussed above, was present, see Figure 4.31 and the discussion in the next section). Instead of adding am-
monium hexafluorophosphate,once sodium tetraphenylborate was added instead, in the hope of growing
crystals for X-ray diffraction measurements. This gave also a brown powder, and it was characterised
by 1H-NMR and Maldi-TOF mass spectrometry. It showed the core of‘Co2qcq(OAc)]’ with different
additional molecules and ions: (Co2qcq(OAc)2+MeOH)+, (Co2qcq(OAc)+(H2O))+, (Co2qcq(OAc))+.

[Co2(mp)2(OAc)][PF6]3
When the dinuclear cobalt(II) complex with mp was synthesised, it had become clear how very sensitive
the complex formation was to the presence of water, and not only the methanol and ligand were dried
prior to reaction, also the crystal water from the metal saltwas removed. It was dried during three hours
at 60

Æ
C in vacuo, the colour changed from pink to blue, and the IR spectrum confirmed that it was water
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Figure 4.31: 250 MHz1H-NMR spectrum of the dinuclear double helicate [Co2(qcq)(OAc)][PF6]3
in acetonitrile-d3, the farthest low-field shifted signal still detectable is at �270ppm. Additionally,
mononuclear compound is present in this sample.

free. The metal salt and ligand were mixed in the dry methanolin a ratio of 1 : 1 under inert atmosphere.
A brown solution formed, and dry ammonium hexafluorophosphate was added in excess. A brown
precipitate formed and could be filtered off and driedin vacuoto give the product as a brown powder
in 61% yield. It was characterised by1H-NMR, IR spectroscopy, cyclovoltammetry and differential
pulse voltammetry. The1H-NMR spectrum was typical for dinuclear cobalt(II) qnpy complex, see
Figure 4.32 and the discussion in the next section). When thesolution in the plastic capped NMR
tube was measured again two days later, the signals in the regions of 142-132 and 67-82 ppm showed
mononuclear compound in similar intensity to original dinuclear compound. In the IR, the acetato
auxiliary ligand would show by the�asym at 1597cm�1, but coincides with 4-substituted pyridine ring
signals,98 and PF6� shows at 825cm�1, see Nakamoto,123 volume B, chapter III-8 on pages 60 and 271.
The electrochemical measurements gave similar results to those of dinuclear cobalt(II) double helicate
of ms2qnpy (see discussion of electrochemical measurements on page 113).1H-NMR chemical shifts of dinuclear complexes: A plot of the spectrum of the [Co2(ph2qnpy)2(Solv)2]
[PF6]4 with a trace of the mononuclear complex was reported by Walker.91 The chemical shifts of this
compound is listed in Table 4.16. The resonance shifted furthest to low field at 262ppm is very broad.
The lower symmetry of the dinuclear helicate compared with the mononuclear, gives rise to double the
number of proton signals that are expected for the mononuclear species. Whall compared the double
helical complexes of the symmetric ligands cp2qnpy, tbp2qnpy and and unsymmetric ligand tbpcpqnpy.
Some signals from the symmetrical ligands are split up in thecomplexes of the unsymmetrical. The
same is happening with the dinuclear cobalt(II) complex of the new qnpy ligand mp:� The two complexes of symmetrical ligands tbp2qnpy and cp2qnpy gave only one signal at 268.5

and 263.0ppm respectively. In the complex of the unsymmetrically substituted ligand tbpcpqnpy,
it is split into four signals at 275.3, 268.7, 264.8 and 259.0ppm. In the complex of the new
unsymmetrically subtituted ligand mp, they are also split into four signals: 266, 162, 261 and
256ppm.
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Figure 4.32: 600 MHz1H-NMR spectrum of [Co2(mp)2(OAc)][PF6]3 in acetonitrile-d3, the farthest
low-field shifted signal still detectable is at�270ppm.� The complexes of the symmetrically substituted ligands gave give only one signal at 141.0 and

138.6ppm respectively. In the complex of the unsymmetrically substituted ligand tbcpqnpy, it is
split up into three signals at 140.0, 139.1 and 137.9ppm witha 1:1:2 ratio of intensities. In the
complex of the new unsymmetrically subtituted ligand mp, they are split into four signals at 141,
140, 139 and 138ppm with similar intensities.� The signals at: 117.1 and 117.4ppm are split into 121.9, 116.1, 115.7 and 111.1ppm in the com-
plex of tbpcpqnpy, and 117, 114, 113 and 110ppm for the new complex of mp.� The signals at 80.8 and 90.8 for the complex of the symmetrically substituted ligands becomes a
multiplet for both complexes of unsymmetrically substituted ligands tbpcpqnpy and mp.� Then there are two signals, that only occur in the complexes of symmetrically substituted ligands:
78.1 and 76.1ppm for tbp2qnpy and 83.7 and 74.1ppm for cp2qnpy.� The signals at 71.3 and 51.5ppm respectively give a signal at69.9 for the complex of tbpcpqnpy
and a signal at 70.2 for the complex of mp. item The signals at 53.5 and 52.8ppm respectively
give a multiplet for both complexes of unsymmetrically substituted ligands.� Then there is a signal again, which is unique for the complexes of symmetrically substituted
ligands at 52.1 and 51.7 ppm respectively.� The signals at 30.1 and 27.7ppm are split up for the complex oftbpcpqnpy into the four signals
32.2, 30.7, 28.2, 27.1ppm. The spectrum of the mp-complex however shows only one small,
broad signal at 34.4.

In the region to high field of 27ppm signals for phenyl and pyridine protons are found, and some are
overlapping:� The two complexes of the symmetrically substituted ligandstbp2qnpy/cp2qnpy show pyridine

signals at: 25.9/20.8, 13.7/18.7, 7.7/7.3, -1.7/-2.7 and -8.5/-9.5ppm. Corresponding to this, the
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complex of tbpcpqnpy show signals centred at similar chemical shifts, but split up: 25.9, 25.5,
25.2ppm (in a ratio of 1H : 1H : 2H), 14.4, 14.1ppm (in a ratio of2x2H), 7.1, 6.9, 6.6, 6.4ppm (in
a ratio of 4x1H), 1.3, 1.1, 1.0ppm (in a ratio of 1H : 2H : 1H), and -7.4, -8.1, -8.4, -9.5ppm (in a
ratio of 4x1H). The complex of mp show only a signal at 34.4ppm, and it may contain pyridine
and also phenyl protons, two signals 14.8 and 12.5ppm, that may correspond to the two pyridine
signals of the tbpcpqnpy complex of 2H intensity each centred at 14ppm. Then there is only a
multiplet from 11.1 to 0.0ppm.� Of the complexes of tbp2qnpy, cp2qnyp and tbpcpqnpy, phenyl signals were assigned: For the
complexes of the symmetrical ligands they were at 24.9/24.7, 15.8/15.7, 6.7/7.3, 5.9/5.3ppm and
for tbp2qnpy thetert-butyl group gave signals at 5.9 and 1.2ppm (with 9H intensity each). The
complex of the asymmetrically substituted ligand tbpcpqnpy gave again signals that were split up:
24.3, 24.0 and 23.7 (in a ratio of 2H : 4H : 2H), 15.8, 15.5 and 15.1 (in a ratio of 2H : 2H : 4H),
8.5 and 8.4 (in a ratio of 4H : 4H), 5.9 and 5.8 (in a ratio of 4H : 4H), and finally 2.1ppm for the
substituent.

Also in the complexes with cobalt(II), at least two alternatives explain the splitting in the mononuclear,
that dissapears for the dinuclear. It may be that fluctuationoccurs, or it may be the different number
of isomers. The distance from the nirogen donor atom of the central rings in [Co2(qnp)2(OAc)]3+,42 is
1.3Å, but this distance may of course be less in the acetonitrilesolutions of the complexes with linked
ligand qcq, that was measured.

In the case of HH isomers, the arrangement of the two ligands in the complex ion is symmetrical, and the
protons are in equal environment. In the case of double helical HT complexes however, each proton is
in a unique environment. Cobalt(II) double helicates of the40,4000-disubstituted qnpy ligands compared
with each other by Whall51 gave 30 (HT) and 15 (HH) pyridine signals, respectively. The1H-NMR
of [Co2(tbpcpqnpy)2(Solv)2][PF6]4 in acetonitrile solution contained 60 pyridine protons which were
present in 34 separate environments, 32 phenyl protons in 10separate environments, and 36 substituent
protons as a singlet. A maximum for one pure HT isomer would be30 separate pyridine protons, 16
phenyl protons and 18 protons from thet-Bu substituent. It was concluded that a statistical 1:1:2 mixture
of double helical HH1:HH2:HT isomers of [Co2(tbpcpqnpy)2(Solv)2]4+ was present in the measured
acetonitrile solution. Four distinct ligand environmentsin these isomers gave rise to four sets of signals,
one each for the HH isomers and two for the HT isomer. The same conclusion that HH1 : HH2 : HH are
present in a statistical mixture, giving the ratio 1 : 1 : 2, can then be made for the new complex cation
[Co2(mp)2(OAc)]4+.

Comparing the two spectra of complexes with unsymmetrically substituted ligands tbpcpqnpy and mp
with the spectrum of the complex of the unsymmetrically linked ligand qcq ([Co2(qcq)(OAc)]3+, it is
apparent that in the complex of the linked ligand, the signals split up differently, see Figure 4.31 and
Table 4.16.� Where there were four signals for the complexes of tbpcpqnpy/mp centred at 266/262ppm there

are only two at 269 and 264ppm.� Where there were four signals centred at 139/140ppm there are only two at 140 and 139ppm.� Where there were four signals centred at 116/114ppm, there are only two at 116 and 114ppm.� The multiplet in the complexes of tbpcpqnpy/mp centred at 78/78ppm is split up into into four
individual signals at 77.2, 76.4, 74.9 and 74.5ppm.� The signals at 69.9/70.2ppm is missing in the complex of qcq� The multiplet centred at 54/53ppm is split up into three signals 52.8, 50.9 and 49.8ppm with
intensities of (2H : 1H : 1H).� Like in the complex of mp (34.4ppm) there is only one signal at30.5ppm, opposed to four signals
in the complex of tbpcpqnpy.
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� The resolution is not so high in the spectra of the new complexes with mp and qcq, but by com-
parison with the complex of tbpcpqnpy and mp, the signals of the qcq-complex at 23.9, 23.4 and
22.7 may be assigned as phenyl proton resonances and 14.2, 13.3 and 12.4 as pyridine proton res-
onances. But of course, with all the protons of the linker, there is a multiplet from 10.0-(-5.0)ppm.� Like in the complex of tbpcpqnpy, the spectrum of the qcq-complex show resonances in the neg-
ative ppm area. Two signals of equal intensity at -8.6 and -11.0ppm.

As the signals, although with different splitting, are centred at the same chemical shifts for all the
discussed dinuclear complexes, they are most likely all double helical like the complex of the parent
ligand qnpy. Some of the split up signals are reduced again from four to two in the linked ligand
complex compared to the non linked, unsymmetrical ligand complexs (see the first three points discussed
above). There are two possible explanations for this. Either there exists a mixture of the HH1 and HH2
isomers in the solution, or there is only the HT isomer present. Both possibilities would explain the
resolution of the multiplets discussed in points 4, 6 and 8. When drawing a three-dimensional model
of the double helical complex, the head-to-tail isomer has more possibilities to arrange the linker in a
relaxed conformation, while the linker becomes stretched in the head-to-head isomers. It is therefore
likely, that the latter explanation is more realistic, and that complex cation [Co2(qcq)(OAc)]3+ exists
solely as the HT isomer.

The four signals at lowest field (around 270ppm) in the beforementioned complexes are similar to shift
to those observed in cobalt(II) complexes of sexipyridine ligands. It may therefore be assumed, that
these signals from the qnpy derivative complexes belong to the “Co(terpy)2” end of the double helicates
.51, 124 It is also likely that they belong to the A6/E6-position of the rings, due to the juxtaposition
with the paramagnetic Co centre. The four signals at 266, 262, 261 and 256ppm in the spectrum of
[Co2(mp)2(OAc)2][PF6]3 thus may represent the protons A6, A60 of HH1, E6, E60 of HH2 and A6, E60
of the HT isomer. The two signals at 269 and 264ppm in the spectrum of [Co2(qcq)(OAc)2][PF6]3 may
represent the protons A6 and E60 or the HT isomer, see ligand diagrams for labelling in Figure2.3 and
3.3 and Table of chemical shifts 4.16.

Conclusion The1H-NMR spectra of the mononuclear and dinuclear complexes are very different and
significant for the different solution structures. Comparison of the spectra ofmononuclear complexes
with varying substituents in the 40,4000- position, including the new ligand mp and the linked ligandqcq,
show almost no differences. The signals are not split up for complexes of unsymmetrically substituted
ligands compared to symmetrically substituted ligands.

The1H-NMR spectra ofdinuclear complexeswith varying substituents in the 40,4000- position, including
the new ligand mp, are also very similar to each other. But thespectra of the complexes that are unsym-
metrically substituted give rise to splitting of the signals possible, depending on the number of isomers
present in solution. In the spectra of complexes with non-linked ligands, a statistical mixture is present,
while the spectrum of the complex of the linked ligand qcq show that there may be fluctuation going on
or that the number of isomers is reduced to the HT (or possiblyto two HH) isomer.
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[Co2qcq(OAc)][PF6]3 [Co2(mp)2(OAc)][PF6]3 [Co2(tbpcpqnpy)2(OAc)][PF6]3
pyridine pyridine intensity

60 H

269, 264 266, 162, 261, 256 275, 269, 265, 259 4 x 1H

140, 139 141, 140, 139, 138 140, 139, 138 1H 1H 2H

116, 114 117, 114, 113, 110 122, 116.1, 115.7, 111 4 x 1H

77.2, 76.4, 74.9, 74.5 80.6-74.0 (m) 83.0-72.7 (m) 12H

70.2 69.9 4H

52.8, 50.9, 49.8 56.1-50.0 (m) 55.3-52.6 (m) 8H

30.5 34.4 32.2, 30.7, 28.2, 27.1 4 x 1H

mixed pyridine and phenyl signals

23.9, 23.4, 22.7 24.5 (phenyl) 25.9, 25.5, 25.2 1H 1H 2H

14.2, 13.3, 12.4 14.8, 12.5 (pyridine) 14.4, 14.1 2 x 2H

10-(-5) (m) 11.1-0.0 (m) 7.1, 6.9, 6.6, 6.4 4 x 1H

1.3, 1.1, 1.0 1H 2H 1H

-8.6, -11.0 -7.4, -8.1, -8.4, -9.5 4 x 1H

phenyl

32 H

24.3, 24.0, 23.7 2H 4H 2H

15.8, 15.5, 15.1 2H 2H 4H

8.5, 8.4 4H 4H

5.9, 5.8 4H 4H

substituent

2.1 36H 36H

Table 4.16: Pattern of the chemical shift in the1H-NMR spectra of dinuclear cobalt(II) complexes with
unsymmetrical qnpy ligands. The pattern consists of well resolved peaks between 270ppm and 30pp: In
this region the pattern for the complex with qcq is simpler than the pattern of the complex with mp and
with tbpcpqnpy. Between 30ppm and 0ppm there is overlap of the pyridine ring signals with the phenyl
ring signals. The spectra of the qcq- and tbpcpqnpy-complexes were recorded well below 0, and there
are only two signals for the qcq complex whereas there are four signals for the tbpcpqnpy complex.
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Interconversion between the di- and mononuclear complexes

The difference in synthesis of mononuclear and dinuclear cobalt(II) complexes discussed above, shows
that the presence or absence of water is crucial to which of the complexes is formed.

Whall already did two experiments to show interconversion from the dinuclear complex Co2(tbp2qnpy)2
(OAc)3+ to the mononuclear complex Co(tbp2qnpy)X22+. In the first experiment, she synthesised the
dinuclear complex, but before precipitating it, she doubled the solution volume with water. After that
she precipitated and characterised what turned out to be exclusively the mononuclear complex. In a
second experiment she observed and recorded by1H-NMR spectroscopy, the change that occured in the
structure of the same dinuclear complex, by adding a drop of D2O to a solution in acetonitrile-d3, and
recording spectra at regular intervals.51

When one drop of D2O was added to a solution of the dinuclear complex Co(tbp2qnpy)2X22+ in
acetonitrile-d3 the solution composition changed from an initial ratio of 4:1 dinuclear : mononuclear
complex to a ratio of 1:4 dinuclear : mononuclear species over a period of an hour. Additionally a new
double helical species seemed to form, because a change in chemical shift for the signals originating
from the dinuclear complex was observed. Most of the signalsshifted downfield, but the signal at 269
was shifted upfield to 266 ppm and the signals at 53.5 and 52.1 ppm were shifted upfield too, to 50.2
and 46.9 ppm. Possibly the new dinuclear complex had replaced the bidentate auxiliary acetato ligand
with acetonitrile-d3 or water molecules. This new dinuclear species may act as an intermediate in the
pathway from the original double helical dinuclear form to the mononuclear form, but it also appeared
to be an independently stable solution species.

The result of this NMR experiment demonstrated that water need not be present in huge excess to effect
the transition from dinuclear to mononuclear forms. This explained why the dinuclear form is often
hard to obtain without at least traces of the mononuclear species. When Whall recorded the1H-NMR
spectrum of the cobalt(II) complexes of tbpcpqnpy and tbphpqnpy, the dinuclear form was even harder
to obtain, and the purest dinuclear form she got with tbpcpqnpy was a 6 : 1 mixture of dinuclear :
mononuclear, and for tbphpqnpy a 1 : 1 mixture of the dinuclear : mononuclear complex.

When the dinuclear complex changes into two mononuclear complexes, for the individual ligand strands
two things change. Judging by the crystal structure of the double helicate65 and monohelicate67 complex
of cp2qnpy (and the other published crystal structures of cobalt(II) qnpy type helicates), inside one
enantiomer, the torsion angles in any dinuclear double helicates and mononuclear helicates of qnpy
derivatives most probably all turn in the same direction. But in the latter structural type the overall
torsion is less, and the helical pitch of each ligand is reduced upon the transformation from dinuclear
double helicate to mononuclear (and slightly helical). Theother change is the coordination number of
the metal centre from six to seven. A possible mechanism for the transformation from dinuclear double
helicate to two mononuclear complexes is the exchange of theacetato ligand with two water molecules
and possibly the coordination of one water molecule to the other cobalt centre, followed by separation
of the ligand strands, ‘relaxation’ of the helical twist by reduction of the pitch, while the according
nitrogen donor atoms switch the metal they are binding to (see Figure 4.33).

Based on these findings, the new dinuclear complexes of mp [Co2(mp)2(OAc)]3+ and qcq
[Co2(qcq)(OAc)]3+ where also tested in a1H-NMR titration with D2O. 1-4mg of complex were
used and 3�L to 50�L D2O. In molar ratio, this means 6� 10�7 – 2 � 10�6mol of complex were treated
with 1.6 � 10�4 – 2.8� 10�3mol D2O. After addition, the structure of the dinuclear starting compound
adjusted rapidly. The main change had taken place before thefirst measurement could be made, that
was started about half a minute after addition and going on for about 2 minutes. Both complexes
were obtained once as pure double helical complexes and several times as mixtures with mononuclear
complexes, because of the water sensitivity. The titrationof both complexes (with mp and qcq), were
carried out twice. In each case once with the pure dinuclear complex and once with adding D2O to the
mixed dinuclear/mononuclear complex.

In order to estimate the ratio of dinuclear : mononuclear compound, the integral was taken over the
four signals centred at 139ppm for the dinuclear compound and divided by four (for 4H), and the broad
signal at 134ppm for the mononuclear compound and divided bytwo (for 2H, as they probably belong
to the A6 and E6 protons).
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Figure 4.33: A possible mechanism for the transition from dinuclear double helicate to mononuclear
helicate.

Experiment 1: NMR-titration of mixed dinuclear/mononuclear complex [Co2(mp)2(OAc)][PF6]3 /
[Co(mp)(OH2)2][PF6]2 with D2O: A sample of the dinuclear [Co2(mp)2(OAc)][PF6]3 (�1mg, also
containing some mononuclear complex) was dissolved in dry acetonitrile-d3 in an NMR tube. After
running the spectrum, one drop of D2O (3�L) was added, and the spectrum between 0 and 150ppm
recorded at regular intervals. Now this means that the molarratio of complex to water was approximately
250:1, although not all complex dissolved. Because of the wide spread signals, the spectra were divided
up in four Figures to display four regions of the spectra, seeFigures 4.34, 4.35, 4.36 and 4.37. All
of these Figures contain the same four spectra. The farthestdown-field shifted region displayed in
Figure 4.34 are discussed first, followed by the other. The chemical shifts of the original dinuclear
species, new (dinuclear) species and mononuclear species are listed in Table 4.17 on page 109.

The first spectrum shown in the Figures was taken before addition of D2O, and it shows that quite
an amount of mononuclear complex is present (signal at 134ppm) along with the dinuclear complex
that was to be studied. The second spectrum was recorded 4 minafter D2O addition, and it showed
a profound broadening and a down-field shift of the protons corresponding to the dinuclear species in
the 150-110ppm region. The four signals around 140ppm were so broad they even merged into a broad
doublet. The signals of the mononuclear species at 133ppm seemed undisturbed. The broadness of the
peaks may origin from the changing of structure taking placein the same time scale.

After 7 minutes, the signals became sharper and the broad doublet at 143ppm divided again into four
signals, but grouped into pairs. The conversion was nearly complete after this, as indicated by the
spectrum taken one day after D2O addition, where no further changes were visible. See Figure 4.34.

Figure 4.35 shows the changes that occur within the spectralwindow of the second region of 90-45ppm
in the 1H-NMR spectrum on addition of D2O. In the first recorded spectrum, the signals from 82 to
70ppm originate from dinuclear and mononuclear complex, the signals from 56 to 51ppm originate
from dinuclear complex and the signal at 50ppm from mononuclear compound. 4min after the addition,
a new set of signals emerged from 93 to 86ppm. The signals wereextremely broad, even after 7 min-
utes, but they became sharper during the 4-5 hours after the addition. After 1 day they had sharpened
considerably, and no further change was evident even after several more days. They had been shifted
from under the overlapping signals at 82 to 70 ppm, as integral comparison with the purely mononu-
clear signal at 70ppm showed. The signals, originally from 82 to 70ppm originated now mainly from the
mononuclear species. They had shifted slightly up-field to 81-69ppm, and so had the signal at 49, that
had been at 50ppm before. The signals originating from the dinuclear complex at 56 to 51ppm shifted
up-field to 54-50ppm. They were poorly resolved after 4 minutes, but became better resolved over time.
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Figure 4.34: 600 MHz1H-NMR titration of [Co2(mp)2(OAc)][PF6]3 in acetonitrile-d3 with D2O, the
area of most shifted protons.

Figure 4.36 shows the region from 27.5 to 14.5ppm. The first spectrum shows a group of signals from
26 to 23ppm that originate from the dinuclear species. They moved down-field upon D2O addition to
27-24ppm and broadened notably. After 1 day, these signals were still as broad. The signals at 21.0ppm
and 18.9ppm origin both from the mononuclear species, and only the latter is shifted slightly up-field to
18.6. The split signal centred originally at 14.9ppm belonged to the dinuclear species and experienced
a downfield shift to 18.8ppm and broadening.

Figure 4.37 shows the region from 13.5 to 1.5ppm. The signal at 13.3ppm originating from the mononu-
clear species was almost unaffected and shifted to 13.4ppm.A multiplet that was originally centred at
8.6ppm and originated from the dinuclear complex broadenedand shifted down-field to 9.1ppm. The
two mononuclear signals at 8.1 and 7.9ppm shifted slightly down-field to 8.2 and 8.0ppm. The signal
at 4.5ppm seemed unaffected, as did the signal at 3.5ppm. As expected, the intensity of the D2O signal
became large after the addition, compared to the signal of acetonitrile-d3.
In this experiment the ratio of mononuclear to dinuclear compound was constant during the first day
it stayed 3 : 1. 12 days later, the spectrum was measured again, and the ratio had turned to 4 : 1.
But then the conversion from dinuclear to the mononuclear complex did not, as shown by Whall with
[Co2(tbp2qnpy)2(Solv)2]4+/ [Co(tbp2qnpy)(Solv)2]2+, proceed to completion in acetonitrile solution
either, but ended at 4 : 1 18h after D2O addition. Depending on the amount of water added, the stability
of the dinuclear form over the mononuclear or vice versa may also depend somewhat on the solvent. Af-
ter all, the mononuclear complex was always obtained from the synthesis is moist methanol, as opposed
to acetonitrile-d3, in which the titration was carried out.

In order to see which difference the amount of added water makes, at a later date, 50�L of D2O was
added to this probe, and recorded further with only one scan at 6 min after addition, then with more
scans 20min, 30min and 2h 45min later. The ratio of added D2O to original dinuclear complex was now
in the range of 5000 : 1. The main change in the spectrum had occurred immediately after addition, and
no further change could be made out upon standing. The initial ratio (before the addition of 50�L D2O)
of mononuclear to dinuclear complex changed from 6 : 1 changed to 8 : 1, and thus there was still some
dinuclear compound left.
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Figure 4.35: 600 MHz1H-NMR titration of [Co2(mp)2(OAc)][PF6]3 in acetonitrile-d3 with D2O, the
area of next most shifted protons.

Experiment 2: NMR-titration of the dinuclear complex [Co 2(mp)2(OAc)][PF6]3 with D2O: The
NMR sample of pure dinuclear compound [Co2(mp)2(OAc)][PF6]3 was obtained by transferring the
sample, prepared according to the description in the experimental chapter on page 144, to the NMR-tube
inside the glove box, using acetonitrile-d3 (abs) from an ampulle. The1H-NMR spectrum is showed
in Figure 4.32 on page 98. After standing with just the plastic cap to protect from moisture for five
weeks, mononuclear compound had formed in the sample. The ratio was then approximately 2 : 1 for
mononuclear to dinuclear complex. At a later date, the ratiohad changed further to 5 : 1, and after
addition of 50�L D2O, the ratio changed at once to 6 : 1, but then stayed stable.
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Figure 4.36: 600 MHz1H-NMR titration of [Co2(mp)2(OAc)][PF6]3 in acetonitrile-d3 with D2O, the
area of next least shifted protons.
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Figure 4.37: 600 MHz1H-NMR titration of [Co2(mp)2(OAc)][PF6]3 in acetonitrile-d3 with D2O, the
area of least shifted protons.
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Experiment 3: NMR-titration of the dinuclear complex [Co 2(qcq)(OAc)][PF6]3 with D2O: A
sample of the dinuclear [Co2(qcq)(OAc)][PF6]3 (4.2mg) in acetonitrile-d3 (predried over moleculare
sieves (3̊A) was prepared in an NMR tube. The probe was very dark, and it was hard to see if any
precipitate formed. Solely the dinuclear complex was present. After running the probe, D2O (64�L)
was added and the spectrum recorded again. The signals had shifted slightly, but no mononuclear
compound seemed to have formed. More D2O was added, so the total amount was 164, 264, 314, 441
and 514�L. The ratio of added D2O to original dinuclear complex was 14’000 : 1 in the end. There
were shifting of signals, but no evidence of any mononuclearspecies. Between the last two spectra, no
further changes were visible.

Experiment 4: NMR-titration of mixed dinuclear/mononuclear complex [Co2(qcq) (OAc)][PF6]3 /
[Co2(qcq)(OH2)2(MeOH)2][PF6]2 with D2O: The titration of a mixed dinuclear/mononuclear sam-
ple was then carried out (see Figures 4.38, 4.39 and 4.40. Thechemical shifts before and after the
addition are listed in Table 4.17. A sample of the dinuclear [Co2(qcq)(OAc)][PF6]3 (5mg) in dry
acetonitrile-d3 was prepared in an NMR tube. Not everything dissolved. Afterrunning the probe, 1
drop of D2O (50�L, excess) was added, and the spectrum between 0 and 150ppm recorded 2, 12 and
22min after addition. The ratio of added D2O to complex was approximately 2000 : 1.

Because of the wide spread signals, the spectra were dividedup again, this time only into three regions,
as only multiplets were seen in the region from 8.5 – 1.5ppm after the addition of D2O.

The first spectrum shown in the Figures was taken before addition of D2O, and it showed that quite an
amount of mononuclear complex was present (e.g. signal at 134ppm) along with the dinuclear complex
that was to be studied. The second spectrum was recorded 2 minafter the addition of D2O. It showed
only extremely broad peaks, which may origin from the change, that was taking place. The signal to
noise ratio had become much smaller.

The signals for the dinuclear species from 141 to 139ppm became one broad bulk, the signal from the
mononuclear did not shift, and the signals between 118 and 111ppm that originated from the dinuclear
complex had become one broad bulk too. After 10 more minutes the next spectrum was recorded. The
signals were sharper now. (But the last two spectra in these Figures were recorded with 512 scans instead
of 32.) Otherwise no changes were observed to the previous spectrum. 22 minutes after addition, the
region at lowest field showed no signals of any dinuclear formanymore.

Figure 4.39 shows the region from 90 to 30ppm. Neither in thisexperiment nor in the one above, did
any new signals emerge in the 82 – 70ppm region (that had been observed for the dinuclear cobalt(II)
complex of mp). But the signals at 78 and 52, originating bothfrom a dinuclear form and the mononu-
clear form had lost the contribution of the dinuclear ones. The signals at 56 – 51ppm, originating from
dinuclear compound had already vanished completely 2min after addition. The signal at 49.5 from the
mononuclear form was unperturbed. The spectrum recorded 12min after addition was indistiguishable
form the former, but 22min after addition, the signals of themononuclear, that were the only ones left,
had all shifted up-field for 0.5 – 0.7ppm.

Finally Figure 4.40 shows the region from 30 to 0ppm. In the first spectrum, a dinuclear and a mononu-
clear species were visible. 2min after the D2O addition, the signals of the dinuclear species had broad-
ened and seemed much smaller. No new dinuclear species appeared like it did with the former probe or
the mp analogue, but some other new signals appeared. Apart from the worse signal to noise ratio, the
resonances originating from the mononuclear species seemed unperturbed.

After 10 more minutes the next spectrum was recorded. The signals were sharper now. (But as already
mentioned, the last two spectra in these Figures were recorded with 512 scans instead of 32.) Otherwise
no changes were observed compared to the former spectrum. 22minutes after addition, this region
at lowest field showed only very weak traces of a dinuclear form. A control measurement was made
after one day. It is shown in Figure 4.41 and, although not pure, the sample now contained mainly
mononuclear complex.
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Figure 4.38: 600 MHz1H-NMR titration of [Co2qcq(OAc)][PF6]3 in acetonitrile-d3 with D2O, the area
of the most shifted protons. The spectra were processed withthe same line broadening, in order to make
them directly comparable. The first and second spectrum wererecorded with 32 scans. Because of the
decreased signal to noise ratio, the proceeding spectra were recorded with 512 scans.

Table 4.17: Overview of the proton signals in the NMR-titrations of
[Co2(mp)2(OAc)][PF6]3 and [Co2(qcq)2(OAc)][PF6]3 with D2O.

Titration of [Co2(mp)2(OAc)][PF6]3 with D2O Titration of [Co2(qcq)2(OAc)][PF6]3 with D2O

original
new after
12 days

original
new after
12 days

original original
new after 1
day

new after
1 day

dinuclear dinuclear mononuclear mononuclear dinuclear mononuclear mononuclear unknown
141.2 143.9 141.2 147.2
140.3 143.4 140.3 142.6
139.5 142.3 139.4 141.2
138.7 141.8 138.7

133.7 133.4 133.7 133.6
127.3

117.9 121.5 117.9
114.6 118.1 114.6
113.7 117.0 113.7
110.6 113.8 110.6

92.45 95.1
92.13 92.3
91.42
91.18
90.47
88.60
86.52 81.71 81.05 81.7 81.1

76.01 75.53 76.0 75.3
79.93 79.39 73.89 73.50 79.9 73.9 73.4
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Table 4.17: Overview of the proton signals in the NMR-titrations of
[Co2(mp)2(OAc)][PF6]3 and [Co2(qcq)2(OAc)][PF6]3 with D2O.

Titration of [Co2(mp)2(OAc)][PF6]3 with D2O Titration of [Co2(qcq)2(OAc)][PF6]3 with D2O

original
new after
12 days

original
new after
12 days

original original
new after 1
day

new after
1 day

dinuclear dinuclear mononuclear mononuclear dinuclear mononuclear mononuclear unknown
78.07 77.20 70.14 69.69 78.1 70.1 69.8 66.9

76.99
74.82

55.7 53.42 55.7
54.00 51.59 54.0
53.69 51.07 53.7
52.81 50.75 52.8
52.51 50.19 52.5
52.38 52.4
52.10 52.1 51.4
51.96 50.07 49.31 52.0 50.1 49.5

42.5
25.07 26.48 25.9 37.1
24.73 25.93 25.1 27.4
24.44 25.42 21.00 24.7 26.9

18.87 24.5 26.2
23.3 25.1

24.5
23.9

20.95 21.0 21.0
18.56 18.9 18.6

17.1
16.6
16.5
16.3
15.9

14.95 15.78 15 15.4
14.85 15.71 14.9 14.8

14.6
13.4 14.1

13.30 13.36 12.10 13.3 13.2
13.1

10.4
8.61 9.12 8.61 9.42
8.53 8.12 8.15 8.53 8.13 8.16 9.02
7.18 7.54 7.92 7.19 7.93 8.00 8.54
6.87 7.16 7.99 6.88 7.92

7.47
6.75-5.00 6.97-3.37

4.97
4.89

4.49 4.50 4.49 4.50 4.50
3.48
3.36 3.26
2.11 2.11 2.09
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Figure 4.39: 600 MHz1H-NMR titration of [Co2qcq(OAc)][PF6]3 in acetonitrile-d3 with D2O, the area
of the medium shifted protons. The spectra were processed with the same line broadening, in order to
make them directly comparable. The first and second spectrumwere recorded with 32 scans. Because
of the decreased signal to noise ratio, the proceeding spectra were recorded with 512 scans.

Summary and discussion The only sample of pure dinuclear complex that was treated with an ex-
cess of water after dissolution in acetonitrile-d3 was the first of the experiments with the qcq-complex
[Co2(qcq)(OAc)][PF6]3. D2O was added in portions, and it caused a shift of the signals originating
from the dinuclear species, but there was no evidence for themononuclear complex to form, even with
a large excess D2O present. It was the first of these experiments (described as‘experiment 3’), and
it was considered, if the dinuclear complex was more stable than the mononuclear complex in an ace-
tonitrile solution as opposed to methanol, in which it had been synthesised. The sample, with mixed
dinuclear/mononuclearspecies, ‘experiment 4’ showed a change to mononuclear that was very fast. This
finding seems to contradict the findings of the ‘experiment 3’. Possibly the mononuclear species some-
how catalysed its own formation. It was also considered, whether methanol could have an influence,
possibly there was some present in the mixed sample, as a remnant form synthesis.

‘Experiment 1’ was done with the complexes of non linked ligand mp. The sample contained a mixture
of dinuclear and mononclear compound. First D2O was added in a molar ratio of D2O to complex 250 :
1 ( if all complex cations were dinuclear). A shifting of the signals originating from the dinuclear species
were observed. Adding more D2O (ratio 5000 : 1) then did change the ratio of the complexes infavour
of the mononuclear. Possibly the signals for the dinuclear were so small because of interconversion of
several similar dinuclear species, broadening the signalsso they appeared smaller. The signals of the
dinuclear complex were in fact only seen in the regions of 144ppm and 270ppm, after the last addition.
A possible effect of methanol was checked on the sample with mp-complex. After completion of this
experiment, 0.5mg of methanol-d4 was added to see if this had any effect on the complex ratio. But the
addition did not show any effect on the1H-NMR signals.

In ‘experiment 2’, a sample of pure dinuclear mp-complex, was left standing without protection from
moisture. The ratio of the dinuclear to mononuclear specieschanged, but water did not show in the1H-
NMR beside acetonitrile, as the signals were very broad here(also when the spectrum was processed
without line extra broadening).

Not all the dinuclear compound of the mp-complexes vanished, and the signals in the spectrum of the
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Figure 4.40: 600 MHz1H-NMR titration of [Co2qcq(OAc)][PF6]3 in acetonitrile-d3 with D2O, the area
of the least shifted protons. The spectra were processed with the same line broadening, in order to make
them directly comparable. The first and second spectrum wererecorded with 32 scans. Because of the
decreased signal to noise ratio, the proceeding spectra were recorded with 512 scans.

dinuclear cobalt(II)-qcq complex became very broad after addition, and stayed so broad that only some
of them were still detectable. Also new, hitherto un-assignable signals occured. It may be speculated
that there is an equilibrium present in both systems, but that the linker has the effect to slow down
conversion rates. There was unfortunately a solubility problem with the complex(es) of mp, and also to
some extent with the complex(es) of qcq, which made the determination of the ratio D2O : dissolved
complex difficult. It may be concluded that D2O addition in both species caused the dinuclear species
to unravel. If there was no mononuclear complex present at the start, the reaction was very slow and
seemed inhibited. Further titrations, conducted under equal conditions would be necessairy to make
any conclusions, about possible substituent and linker effects on the rate of conversion and of the ratio
reached when excess D2O is present.
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Figure 4.41: 600 MHz1H-NMR of [Co2qcq(H2O)2][PF6]4 in acetonitrile-d3 after 2 days, area from
145 to 0ppm.
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4.3.3 Electrochemistry

The cobalt(II) complex of mp [Co2(mp)2(OAc)][PF6]3 was studied. The sample showed only the di-
nuclear double helicate when it was measured with proton-NMR as an acetonitrile-d3 solution. The
electrochemical behaviour was studied by two kinds of measurements: differential pulse voltammetry
and cyclovoltammetry (see Figures 4.42 and 4.43). The former gives the potentials accurately, while the
latter gives information about the reproducibility. In both methods, the potential is varied linearly over
time. The measurements were conducted in absolute acetonitrile. In order to see if the electrolyte (3mg
dry tetrabutylammonuium hexafluorophosphate into 0.7ml NMR probe) had any effect on the solution
structure, a1H-NMR was recorded before and after addition. There was no effect on the signals. In the
cyclovoltammogram, recorded at a scan rate of 200mV/s, three rather broad reduction peaks are seen,
but only two large return waves so the process does not seem tobe electrochemically reversible. The
differential pulse voltametry was recorded with ferrocen as reference. It showed a first reduction poten-
tial at -1.04V, then a weak one at -1.50V, one at -1.72V, and three subsequent ligand reductions at>2V.
The oxidative scan of Co2(mp)22+ show no signal at a higher potential (except for the [ferrocenium]+
+ e
 ferrocene), and this means there is no Co+III species up to a potential of 0.83V vs ferrocene, that
is up to 1.23V vs standard hydrogen.
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Figure 4.42: Redox potentials of [Co2(mp)2(OAc)][PF6]3 versus ferrocene: differential pulse voltam-
metry in acetonitrile (abs), with tetrabutylammonium hexafluorophosphate (0.1M) as electrolyte.

A double helical qnpy complex may be sectioned into a “Co(terpy)22+”- and a “Co(bipy)22+”-
unit and the electrochemical potentials compared with the redox potentials of [Co(terpy)2]2+ and
[Co(bipy)2]2+.125 The potentials taken from the literature were the 3+/2+ and 2+/1+ reduction po-
tentials and they were converted from vs SCE to vs ferrocene with the help of the electrochemical
series, see Handbook126 page D-151. For the Co(terpy)2n+, these potentials are -0.176V and -1.199V
vs ferrocene. The second one would correspond to the Co(II)-Co(I) reduction in the new complex with
mp. It does not tally well with it however, but then the Co(II)complex of terpy is low spin, as opposed
to the [Co2(mp)2(OAc)]23+. For the Co(bipy)2n+ the potentials are -0.170V and -1.420V vs ferrocene.
Again it is the second value that corresponds to the Co(II)-Co(I) reduction. But the comparison is not
so simple, since two “bipy” units in the mp ligand coordinatealongside an acetate ion or two solvent
molecules. And indeed also this potential is remote from anypotential measured for the new complex.

Data for comparison with the parent complex of qnpy, the symmetrically and aliphatically substituted
ms2qnpy, and the symmetrically and aromatically substituted mop2qnpy and tbp2qpy, and finally for
the unsymmetrically substitued tbpcpqnpy are presented intable 4.18. To complete the picture, the
mononuclear complex of Co(II) with cp2qnpy, confirmed by the crystal structure, and the mononuclear
complex of qnpy are included in the table as well.35, 66–68, 91, 127
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Figure 4.43: Cyclovoltammogram of [Co2(mp)2(OAc)][PF6]3 in acetonitrile with tetrabutylammonium
hexafluorophosphate (0.1M) as electrolyte. The cycle, started at 1.4V, and the scan rate was 0.20Vs�1.
Both values associated with the metal based Co(II)-Co(I) reductions in the new dinuclear mp complex,
-1.04V and -1.72V, tally well with those found for [Co2(ms2qnpy)2(OAc)][PF6]3.91 Although the struc-
ture of the two ligands mp and mop2qnpy, and in consequence their dinuclear complexes would bemore
closely related, only the first reduction potentials are actually close to each other. The values found for
the complex of mop2qnpy along with most of the literature values assigned for dinuclear complexes,
fit better to the values of recently measured mononuclear complexes, listed on the right hand side in
Table 4.18). At the time the electrochemistry of these complexes was recorded, nothing about the water
sensitivity of the dinuclear cobalt(II) complex of qnpy derivatives was known yet. This was only recog-
nised a few years ago.51 It is therefore assumed that in all the samples made and measured previously,
at least some mononuclear compound was present, even thoughthis was neither known nor stated at the
time.

4.3.4 Summary

Mononuclear, seven coordinate cobalt(II) complexes and dinuclear double helical cobalt(II) complexes
were synthesised of the unsymmetrically subtituted non-linked ligand mp, and of the unsymmetrically
linked ligand qcq. Mass spectrometry confirmed the mononuclear structures. For the double helicate of
qcq, an envelope of peak corresponding to the mass of the dinuclear core could be seen in the Maldi-
TOF spectrum, but it was not considered very reliable and thedinuclear mp-complex was not measured,
as it would require putting solution on a gold plate, and1H-NMR studies had shown the structure to
be unstable in moist conditions. Infrared spectroscopy wasdone on the dinuclear mp-complex, but
the only indication for the complex was the very strong absorption band at 825cm�1. The acetato
vibrations were obscured by the aromatic ones present also in the copper(II/I) helicates of qp, mp and
pp. A spectrum of the qcq-complex, was not measured, as it wasconsidered not to include any more
information. The spectra of mononuclear cobalt(II) complex of mp and qcq gave very similar spectra to
the one for dinuclear copper and nickel complex (see below),and did not help to distinguish between
mono and dinuclear complexes. The coordinative bond, absorbing outside the range measurable by the
available instrument.

The redox-potentials of the dinuclear complexes could not be fitted with other qnpy-derivative com-
plexes of cobalt. Because the instability of these compounds was only recognised recently, many po-
tentials from the literature, thought to belong to dinuclear compounds, belonged to mononuclear com-
pounds, or for all that is is known, to even a different solution structure.1H-NMR spectroscopy gives
the most information about different solution structures,as the spectra could be compared with those of
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complex
potentials
in Volt

mother
complex

complexes of sym. subst. ligands complexes of unsym. subst. ligands mononuclear complexes

[Co2(qnpy)2-
(OAc)][PF6]3 [Co2(ms2qnpy)2-

(OAc)][PF6]3 [Co2(mop2qnpy)2-
(OAc)][PF6]3 [Co2(tbp2qnpy)2-

(OAc)][PF6]3 [Co2(tbpcpqnpy)2-
(OAc)][PF6]3 [Co2(mp)2-

(OAc)][PF6]3 [Co(cp2qnpy)-
(Solv)][PF6]2 [Co(qnpy)-

(Solv)][PF6]2
oxidative
scan

0.74 0.9

0.53 0.5

0.32 0.3

reductive
scan

-1.10 -1.02 -1.00 -0.97 -0.95 -1.04 -0.89 -0.76

-1.19 -1.11 -1.14 -1.06

-1.37 -1.31 -1.32 -1.31 -1.29 -1.36

-1.50
(weak)

-1.60 -1.55

-1.71 -1.68 -1.60 -1.65 -1.66 -1.72

-1.93 1.94 -1.89 -1.98 -1.89 -1.89

-2.11 -2.13 -2.06 -2.03 -2.00

-2.30 -2.24

-2.43

-2.74

Table 4.18: Comparing redox potentials of dinuclear quinquepyridine type complexes of Co(II) in Volt. The experimentswere conducted in acetonitrile, against
ferrocene.35, 66, 67, 91 Pottset al. also measured dinuclear cobalt(II) ms2qnpy complexes once in acetonitrile, once in DMF vs SSCE. Converted vs ferrocene the
potentials were -0.82, -1.13, -1.44, -1.86 and -2.10V in acetonitrile, and -1.06, -1.29, -1.47, 1.72V, and -1.95V in DMF. The difference in the first potential being
biggest, and because it was the first reduction potential, itwas assigned to the Co(II)!Co(I) reduction of the cobalt centre with an acetato / acetonitrile ligand(s).68, 127
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substructures in samples containing mixtures of differentstructures, of which some had been solved by
X-ray, like for example the mononuclear [Co(cp2qnpy)(OH2)2][PF6]2, and other mixtures of dinuclear
and mononuclear complexes. NMR-titration in acetonitrile-d3 of dinuclear species with D2O give the
impression that at least two dinuclear species and a mononuclear species may interconvert with each
other, and that the mononuclear species is favoured more, the more D2O is present.
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4.4 Nickel complexes

4.4.1 Synthesis and characterisation

The nickel(II) complex of mp was synthesised according to Whall,51 using a 1 : 1 ratio of metal salt
to ligand. The turquoise nickel acetate� tetrahydrate and beige ligand were dissolved in a minimum
amount of hot methanol to give a brown solution. A precipitate formed upon cooling and could be sep-
arated. The microanalysis fit a formulation of the dinuclearcomplex with one auxiliary acetate ligand
[Ni2(mp)2(OAc)][PF6]3 � 3.5H2O. The mass spectrum confirm a 2 : 2 ratio of metal to ligand by the
signals at 1637 and 450 which correspond to (M-PF6)+ and (M-3PF6)3+ respectively. Infrared spec-
troscopy was practically indistinguishable from the dinuclear spectra of copper and cobalt complexes.

Because the compound is paramagnetic, broad signals were expected in the1H-NMR spectrum. It was
recorded on a 600 MHz spectrometer, and the signals were resolved from zero downfield to 160ppm,
see Figure 4.44. In published nickel complexes of cp2qnpy and ms2qnpy,67 the ortho-phenyl protons
give signals at lower field than the meta phenyl protons. The shifts are very similar to the shifts in the
cobalt complexes, and therefore one may assume, that the shift at�13ppm belongs to the ortho-phenyl
proton, and the signal at�8ppm belongs to the meta phenyl proton.
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Figure 4.44: 600 MHz1H-NMR of [Ni2(mp)2(OAc)][PF6]3 in acetonitrile-d3 at ambient temperature.

Assuming the three signals at 3.9ppm to belong to the CH3O- group, the integral of 6H suggests that the
8H signal at 6.8ppm are the phenyl protons. All the other signals must thus come from pyridine protons
or acetate, if not replaced by solvent molecules. There are 15 environments up to 80ppm plus the two
very broad signals at 159 and 139ppm. 15 signals of 2H intensity would be expected of a head-to-head
isomer. However, because the two metal ions are not coordinated to equivalently, two head-to-head
isomers and one head-to-tail isomer are possible. In the case of head-to-tail, all pyridine protons would
be in unique environments and 30 signals of 1H intensity might be expected. But the chemical shift
would not differ much for the different isomers, as the main structural feature is the double helical
arrangement. With signals for pyridine and acetate protonsat 17 different shifts and varying intensity
(see experimental part, page 143), it is hard to assign the different signals. What is definite, however,
is that more than just one head-to-head isomer is present in solution. It can not be ruled out, that
additionally a completely different structure is present,e.g. a mononuclear form, like in the cobalt(II)
complexes discussed above.
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Chapter 5

Synthesis of a quaterpyridine to be
linked at the 4-position of the terminal
ring

5.1 Overview

Led by the desire to make a real hair-pin complex, where the linker lies in the direction of the metal-
metal axis of the complex, an attempt was made to prepare a 2,6-quater- or quinquepyridine ligand,
with a substituent on a terminal ring. These ligands would beable to form dinuclear complexes. The
substituent would have to be chosen so that it would be able toreact with a linker molecule, to form a
linked ligand similar to qcq, mcm or pcp, with the linker attached to the last ring, instead of the second
last. The phenol group had proven convenient for attaching alinker, and a synthesis was planned that
would result in a 4-methoxyphenyl substituent. During the synthesis of the quaterpyridine ligand, a
methoxy group would protect the hydroxy group, and prevent it from disturbing early reaction steps.
The protection group would then be eliminated in the very last step.

Previously, a route to unsymmetrically substituted quaterpyridines had been published.130 This route
involved Mannich bases, and as I had found out during my Diploma thesis, some of these are not easy
to make.131 Therefore, a new synthetic route for asymmetrically substituted quaterpyridine ligands
was designed, where two asymmetrically substituted bipy units would be coupled in order to get the
quaterpyridine type ligand. If successful with the quaterpyridine, the same reaction route would be
applied on an unsymmetrically substituted bipy and terpy derivative in order to obtain a quinquepyridine
type ligand.

A few test reactions were tried in order to make a 5-substituted qtpy or qnpy, but they were not promis-
ing. An overview of the planned pathway is given in Figure 5.2, and the reactions tried, are marked with
blue arrows and described in the experimental chapter.

In this thesis, it was possible to find a reaction pathway to a 4-substituted qtpy ligand: 4-(4-
methoxyphenyl)-2,20:60,200:600,2000-quaterpyridine. This quaterpyridine derivative was fully charac-
terised. In the overview over all the tried syntheses given in Figure 5.1, the reaction steps of the reaction
pathway that gave better overall yield, are marked with bluearrows. The reaction steps of an alternative
route, that was more demanding, and also gave a lower overallyield, are marked with pink arrows).
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5.2 Reaction steps to 4-(4-methoxyphenyl)-2,20:60,200:600, 2000-
quaterpyridine (4MeOphqtpy)

The two unsymmetrically substituted bipy units that were toform the new ligand 4-(4-methoxyphenyl)-
2,20:60,200:600,2000-quaterpyridine in a Stille coupling,132, 133were 6-tributylstannyl-2,20-bipyridine and 6-
Bromo-40-(4-methoxyphenyl)-2,20-bipyridine. The former had already been synthesised by Hanan,134

though only the last step of his synthesis was identical to the synthesis described here. The latter
compound was synthesised by a Kröhnke cyclisation, with anauxiliary carboxylate group, that was
essential in order to obtain a reasonable yield.

The individual steps to 6-tributylstannyl-2,20-bipyridine are described first, followed by the steps leading
to 6-Bromo-40-(4-methoxyphenyl)-2,20-bipyridine. Finally the Stille cross coupling reaction giving the
usymmetrically substituted quaterpyridine derivative isdescribed on page 122.

5.2.1 6,60-Bromo-2,20-bipyridine

The synthesis was consistent with the literature procedure.82 Dry 2,6-dibromopyridine was suspended
in dry diethyl ether and cooled in an acetone/dryice bath to under argon. An-BuLi solution in hexane
was added slowly. Additional cooling with liquid nitrogen helped to keep the temperature below -
75

Æ
C . After the addition was complete, the temperature was raised to -50

Æ
C, and then kept between

-50 and -60
Æ
C until everything had dissolved. The yellow solution was cooled to�-75

Æ
C, and dry

copper(II) chloride was added as a solid. It is an efficient coupling agent for lithiopyridine reagents.
The suspension was stirred at that temperature for 40min, and then the dipyridylcuprate was oxidised
to the product by bubbling dry air through the mixture. The colour changed from brown to greenish
brown, and HCl (6.0M, 50ml) was added to quench the reaction.The mixture was stirred until it reached
ambient temperature. The beige precipitate was filtered offand washed with HCl (2.0M) and driedin
vacuoover P2O5 to give pure product in 57.5% yield. It was characterised by1H-NMR spectroscopy
and melting point (220.3-220.9

Æ
C, Literature: 226-227

Æ
C82 and 220-222

Æ
C135).

5.2.2 6-Bromo-2,20-bipyridine

The literature procedure135was modified, because using the exact temperature given there, gave only the
starting material back (in good yield), but no product. Rising the reaction temperature above -80

Æ
C for

the right amount and time, was found to make the reaction workto produce the desired product in
reasonable yield: 2,6-Dibromopyridine was suspended in dry THF in an argon-flushed reaction flask.
The resulting orange suspension was cooled to -90

Æ
C and a phenyllithium solution was added drop wise,

while the temperature was allowed to rise to -80
Æ
C. After the addition was complete, the temperature

was kept between -95
Æ
C and -80

Æ
C for 15 min., and then between -75

Æ
C and -65

Æ
C for 45 min. It was

crucial to maintain this temperature range very carefully,until the reaction mixture turned into an ink
black solution. The time varied considerably for this colour change to occur. The reaction was carried
out several times, and the time it took for the reaction mixture to turn into an ink black solution, varied
between 20 min and one hour. After the colour change had takenplace, the reaction temperature was
kept in the range of -75

Æ
C to -65

Æ
C for about half an hour to ensure complete reaction. The solution was

cooled back to -90
Æ
C, and then let warm slowly to -70

Æ
C. This procedure was repeated, and then, when

-70
Æ
C were reached the second time, the reaction was quenched by adding methanol, and after two to

three minutes, water. After reducing the amount of solventin vacuothe crude product could be obtained
by filtration. It was purified by column chromatography to give the pure product as a white solid in 63%
yield. It was characterised by1H-NMR spectroscopy.

5.2.3 6-Tributylstannyl-2,20-bipyridine

The procedure of Hanan134 was followed. Best results were obtained when the amount of BuLi, that
was added, was equivalent to the amount of 6-bromo-2,20-bipyridine. The BuLi-solution was there-
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fore titrated against HCl (0.20M) before use, see ‘Organikum’136 on pages 746–747: 6-Bromo-2,20-
bipyridine was suspended in diethyl ether and cooled to -100

Æ
C under argon, and lithiated by BuLi

while the temperature was kept below -100
Æ
C. During 40 minutes, the temperature was raised to -80

Æ
C.

The black suspension turned slowly into a reddish-brown solution. After cooling back to -100
Æ
C, trib-

utyltin chloride was added and the solution turned black. The temperature was raised over 4h to -30
Æ
C to

give an orange solution with white precipitate. The solventwas removedin vacuoand the product was
obtained as a yellow oil. It was characterised by1H-NMR spectroscopy, which showed the relatively
pure desired compound. The exact yield was not determined, as the compound was used directly for the
next step.

5.2.4 3-(40-Methoxyphenyl)-1-oxo-2-butenoic acid

O

O
O

OH

The literature procedure for the preparation of 4-bromo-cinnamaldehyde
was applied,1 except for a different ratio of ethanol/water. It was changed
in favour of ethanol so that all starting material could be dissolved:
Sodium pyruvate was dissolved in water, and 4-methoxy-cinnamaldehyde
was added. Ethanol was added in order to obtain a solution. The colourless
solution was cooled in an ice-water bath to 4

Æ
C, and a 10 per cent potassium

hydroxide solution was added slowly, while the temperaturewas kept at 4� 1
Æ
C. After the first few drops, the solution turned yellow, and later, a pre-

cipitate formed. Towards the end of the addition, the quantity of precipitate
prevented magnetic stirring, so the suspension was swirledevery few minutes. The reaction mixture
was acidified to pH 4 with hydrochloric acid, still in the cooling bath, and the colour became more
intensely yellow. It was then filtered, and the product was obtained as a yellow solid that was washed
with water followed by diethylether and driedin vacuoto yield 58.9%. It was characterised by1H-NMR
spectroscopy.

5.2.5 N -[1-Oxo-1-(6-bromo-2-pyridyl)eth-2-yl]pyridinium iod ide (Br-PPI)

Br N

O

N I
_+

The synthesis was consistent with the literature procedureof Newkomeet
al.137 This approach gave a better yield than the analogue reactioncon-
ditions to the PPI synthesis. An equivalent amount of pyridine was used,
instead of an excess, and the product was recrystallised from water. It
was characterised by infrared spectroscopy, and this confirmed the iden-
tity.

5.2.6 60-Bromo-6-carboxylate-4-(4-methoxyphenyl)-2,20-bipyridine

N
N

Br

OMe

O

OH

The literature procedure for the synthesis of 60-bromo-4-(4-bromophenyl)-
6-carboxylate-2,20-bipyridine and 60-bromo-4-(4-methylphenyl)-6-carboxy-
late-2,20-bipyridine 1 was slightly altered for this synthesis, by the use of
ethanol in addition to water. It is a Kröhnke cyclisation reaction:92 3-
(40-Methoxyphenyl)-1-oxo-2-butenoic acid, Br-PPI and NH4OAc were sus-
pended in water and heated in the to 80

Æ
C. A minimum of ethanol was added

in order to dissolve everything. The mixture was then heatedto 100
Æ
C and

left to reflux for 16h. After cooling to room temperature, a cream beige pre-
cipitate could be filtered off. It was washed with water and dried in vacuoto
yield the product as an off-white powder in 96% yield.

As this is a new compound, it was fully characterised: The micro analysis fitted the formula. The1H-
and13C-NMR spectra were recorded on a 250 MHz spectrometer and thesignals of the1H-NMR could
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be assigned. All chemical shifts are listed in the experimental chapter on page 167. The carboxylic-acid
group showed a broad signal for COO — H at 2523cm�1 and for C = O at 1682cm�1. The C — O asym.
stretch of the methoxy group showed at 1258cm�1. EI mass spectrometry showed the molecule peak
(M+), a fragment without the carboxylate group, and fitting isotope patterns for both. Crystals in good
quality were obtained from chloroform-d1, and X-ray analysis confirmed the structure, see appendix C
on page 209.

5.2.7 6-Bromo-40-(4-methoxyphenyl)-2,20-bipyridine

N
N

Br

OMe

The synthesis by decarboxylation of the 60-Bromo-6-carboxylate-4-(4-
methoxyphenyl)-2,20-bipyridine was new. After several attempts by re-
fluxing in various solvents, in the oilbath as well as in the micro wave oven,
the approach of Hammarström, Toftlund andÅkermark was used.138 Small
portions of 60-bromo-4-(4-methoxyphenyl)-6-carboxylate-2,20-bipyridine
(10-20mg) were heated with a heat gun in a round bottomed flask(10 ml).
As soon as the compound melted, it spontaneously decomposedwith loss
of CO2. The brown liquid obtained, was cooled to room temperature,it still
contained some carboxylated material and was purified by recrystallisation
from hot THF. The carboxylated starting material did not dissolve in this, and was filtered off. Adding
some charcoal to the filtrate and renewed filtration gave the product as a brown powder in 51% yield.
Micro analysis fitted the formula. It was further characterised by1H-NMR- and infrared-spectroscopy.
Mass-spectrometry gave signals for the molecule ion and thefragment without brom, with fitting isotope
patterns. Crystals in good quality were obtained from THF, and X-ray analysis confirmed the structure,
see appendix C on page 204.

5.2.8 4-(4-Methoxyphenyl)-2,20:60,200:600,2000-quaterpyridine

N
NN

N

OMe
The procedure of a Stille coupling was followed as describedby
Hanan134 for a similar synthesis. Dry DMF was degassed for 50 min, and
the catalyst Pd(OAc)2 was added. This gave an orange-brown solution.
Triphenylphosphine was added and the solution then turned lemon yel-
low. This catalyst solution was kept under argon while a degassed solu-
tion of 40-(4-methoxyphenyl)-6-bromo-2,20-bipyridine in dry DMF was
prepared and added to the catalyst solution via cannula. Thecolour of
the solution turned orange-brown again. The 6-(2,20-bipyridyl)tributyltin
was then added as a degassed solution in dry DMF. This mixturewas
refluxed for 25 hours and then cooled to room temperature. In the hope of removing the tin as an in-
organic salt, a saturated aqueous solution of sodium fluoride was added, and the mixture was stirred at
60

Æ
C overnight. The suspension was allowed to cool to room temperature, and some additional water

was added. The white precipitate was filtered off and washed with a small amount of DMF-water mix-
ture followed by diethyl ether. The solvent of the filtrate was removedin vacuoto give the crude product
as a brown powder.

The compound was run over an alox column as a first purificationstep. This way the product could be
freed of starting material, but not from the tin, as the butylgroups could still be observed in the1H-
NMR spectrum. The following eluents were used for the column: DCM : MeOH : Et2NH (200:10:1) or
(200:50:1). Recrystallisation from ethanol gave an enrichment of product in the solid, but not the pure
compound. In a second step, the compound was run over a silicacolumn. Now the tin could be removed
from the product, (but 6-brom-40-(4-methoxyphenyl)-2,20-bipyridine did not separate from the product
very well, if it had not been removed in by alox column first). The following eluents were tried: EtOAc:
hexane : Et2NH (8:20:1), (40:100:1) and CHCl3 : MeOH, Et2NH (20:2:1). The latter gave a solubility
problem. A chromatotron with silica and EtOAc : hexane : Et2NH (8:20:1) gave slightly better results
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to the column. Very small amounts of crude product could be purified in one just one step. But for
bigger quantities, two purification steps were necessairy,one column with alox, and a second one with
silica. Although the synthesis seemed to give an acceptableresult judging by the1H-NMR spectrum, it
was hard to extract the product from the columns.

This new unsymmetrically substituted quaterpyridine derivative was fully characterised: The micro
analysis fitted the formula,1H- and 13C-NMR spectra were recorded and the signals assigned with
help from COSY, NOESY, HMQC and HMBC hetcor spectra (see on page 169 in the experimental
chapter). The intrared spectrum showed the C — H of the aromatic rings at 3055 and 3016cm�1, of the
methoxy group at 2931-2839cm�1, and the strong signals of the asym. stretch of C — O at 1242cm�1.
The aromatic C — C and C — N stretch gave signals at 1566cm�1, and the strong signal at 820cm�1
is typical for para substituted phenyl groups. The EI mass spectrum showed the protonated molecular
signal (M-H)+, (M)2+/2 and the fragments (M-CH3)+ and (M-OCH3), and the FAB-MS showed the
(M+H)+. A crystal structure of the compound could be solved, with a crystal that had grown from a
fraction off a silica column: The eluent had been EtOAc: hexane : Et2NH (8:20:1), see appendix B on
page197.

5.3 Alternative reaction steps to 4MeOphqtpy

4-Methoxycinnamaldehyde

MeO

CHO

The general procedure for Wittig reaction described in the literature139

was followed, but the work up conditions were altered in order to avoid
Ph3P =O impurity in the product. Predried 1,3-dioxolan-2-ylmethyl
triphenyl phosphoniumbromide and a solution of MeOLi in methanol
were degassed in three pump-freeze cycles and heated to 90

Æ
C, before

a solution of freshly distilled 4-methoxybenzaldehyde in dry DMF was
added slowly. The mixture was refluxed overnight, cooled to room tem-
perature, and quenched with water, upon which the clear solution turned
into a white suspension. After extraction with hexane, a slightly yel-
lowish oil was obtained.1H-NMR spectroscopy showed it to contain the desired protected product
1-(1,3-dioxolan-2-yl)-2-(4-methoxyphenyl)ethen and some already deprotected product. For deprotec-
tion, the oil was dissolved in a mixture of approximately 1 : 1THF : HCL (10%) and stirred under argon
for 2.5h at ambient temperature, upon which the colour became more intensely yellow. The mixture was
extracted with hexane, and washed with a sodium hydrogencarbonate solution and brine. The solvent
was removedin vacuoand the residue dried to give 95% pure product. It was characterised by1H-NMR
spectroscopy.

6-Bromo-40-(4-methoxyphenyl)-2,20-bipyridine via 4-methoxycinnamaldehyde

N
N

Br

OMe

The Method of Kröhnke92 was followed. Dry 4-methoxycinnamaldehyde,
dry Br-PPI and dry ammonium acetate were suspended in aceticacid un-
der argon and heated to 100

Æ
to form a solution. The temperature was

raised to 120
Æ
C, and the reddish black solution was refluxed at that tem-

perature for 4.5h. The reaction was quenched by addition of dilute HCl
solution. A precipitate formed and was filtered off, washed with HCl
(2M) and driedin vacuoto give the product in 23% yield. It was char-
acterised by1H-NMR spectroscopy. This reaction did not work every
time.

When cyclising the analogue with a carboxylate group in the 60-position (that had to be removed in a
second step) the yield was improved and the reaction reproducable. The carboxylate group possibly
helps to favour the first reaction step of the cyclisation, the Michael addition, see Figure 5.3.
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5.3.1 (2,20-6-bipyridyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolan

N
N B

O

O

From the literature, the lithiation procedure with PhLi135, 141and the reac-
tion procedure of lithiated bipyridine with boronic esters142–150was fol-
lowed. 6-Bromo-2,20-bipyridine was suspended in dry THF and cooled
under argon until the internal thermometer showed -85

Æ
C. A solution of

PhLi in a mixture of cyclohexane and ether was added slowly, and the re-
action mixture turned into a black solution. Slowly the temperature was
allowed to rise to -60

Æ
C. After cooling to -80

Æ
C, 2-isopropoxy-4,4,5,5-

tetramethyl-1,3,2-dioxaborolan was added dropwise, while the tempera-
ture was kept below -70

Æ
C. The solution was stirred in the cooling bath

for another 2h. After yet another 45 minutes, the colour became lighter and the reaction was quenched
at -70

Æ
C with HCl (2M). The internal temperature raised immediatlyto 0

Æ
C, and the colour changed to

orange. Saturated sodium carbonate was added to neutralisethe mixture, that was extracted with diethyl
ether. Removing the solventin vacuogave a yellow oil that slowly turned brown. Characterisation
by 1H-NMR spectroscopy showed both product and starting material. A flash column with alox, and
toluene with traces of Et2NH as eluent, seemed to cause decomposition. The compound was synthesised
a second time, and used for the next step (Suzuki coupling, see below) without purification.

5.3.2 4-(4-Methoxyphenyl)-2,20:60,200:600,2000- quaterpyridine

N
NN

N

OMe
For the Suzuki coupling,142, 143, 147, 151the procedure from the literature147

was followed. A solution of (2,20-bipyrid-6-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolan in dioxane was degassed in three pump-freeze cy-
cles, and 6-bromo-40-(4-methoxyphenyl)-2,20-bipyridine and potassium
carbonate were added give a yellow suspension. The freeze-pump cy-
cle was repeated three more times. The catalyst: Pd(Ph3P)4 was washed
with ethanol and diethyl ether and then added. After refluxing under in-
ert atmosphere for 48h, the colour changed to brown. Water was added
to quench the reaction. Extractions with ethyl acetate and removal of
the solventin vacuogave a brown oil. The1H-NMR spectrum showed traces of product, but mainly
starting material. The MS showed among other signals one matching the product and also one match-
ing 6-bromo-40-(4-methoxyphenyl)-2,20-bipyridine. For full characterisation of the pure product, see
page 169, and for the crystal structure, see page 197.

5.4 Conclusions about the syntheses

In a first attempt, it was tried whether the step via the 6-carboxylated 60-Bromo-4-(4-methoxyphenyl)-
2,20-bipyridine could be omitted. The cyclisation step withoutthe carboxylate group proved to give low
yields, and a second disadvantage of the direct route was that it required 4-methoxycinnamaldehyde as
starting material. Although the yield was high, this reaction needed oxygen and moisture free conditions,
whereas the starting material to make the carboxylated 60-bromo-4-(4-methoxy)-bipy were conducted
in an ethanol-water mixture. This made the reaction pathway, that was described first (page 120- 123),
easier and more reliable.

The synthesis of the (2,20-bipyrid-6-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolan, that was the starting
material for the Suzuki coupling, was not really successful, and/or this compound not very stable. It
may be therefore, that the following Suzuki coupling only worked very poorly. Even though the Stille
coupling, described before (page 122) had worked better, the purification was not yet working satisfac-
torily. Like with the qnpy derivatives, described in chapter 2 and 3, it might be better to sonicate the
crude ligand with dilute sodium hydoxide, before extracting with chloroform and adding it to a column.
This procedure would deprotonate the ligand and preventingit from adsorbing too strongly on the alox
or silica.
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5.5 Summary and outlook

Two new asymmetrically substituted bipyridine derivatives and one new asymmetric ligand 4-(4-
methoxyphenyl)-2,20:60,200:600,2000-quaterpyridine were successfully synthesised and characterised. Al-
though the method for purifying the ligand must still be improved, this opens up a second reaction
pathway for other unsymmetrically substituted qtpy ligands. Study of helicate formation with copper(I)
and silver(I) would be interesting, especially the investigation into possible effects of the unsymmetri-
cal ligand substitution on head-to-head and head-to-tail isomerism in Ag(I)Cu(I) mixed metal helicates.
Also self-assembly studies of this ligand with mixtures of metal ions that direct close-to-planar tetraden-
tate, and metal ions that direct tetrahedral coordination would be of interest.

Then a next step would be to deprotect the hydroxy group and link two qtpy units together. In this
new bridged ligand, the linker would connect the terminal rings of the qtpy, and a head-to-head helicate
would resemble a hairpin. In a head-to-tail helicate, the linker would not be in the direction of the
metal-metal axis, but on the side. The effect of the linker onthe helicate self-assembly could easily be
different from the effect of a linker positioned on the second last ring, compare Figures 1.13 on page 13
and 4.1 on page 50. By the techniques, used for the qnpy derivative helicates described in the previous
chapter, these effects could be studied on the new qtpy-helicates.
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Figure 5.1: Overview over the synthesis of 4-(4-methoxyphenyl)-2,20:60,200:600,2000-quaterpyridine. The
reaction steps of the better route are marked with blue arrows, and those of a route with low yields in
the Kröhnke cyclisation are marked with pink arrows.
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Chapter 6

Conclusions and perspectives

This thesis is placed in the area of helicate self-assembly.Previous work had already established,
that linear oligopyridines strands, like 2,20:60,200:600,2000-quaterpyridine (qtpy) and higher, are directed
into dinuclear double helicates by certain transition metal ions, see for instance Lehn,54, 55, 152 Con-
stable,41, 42, 121, 130, 153Potts.37 Unless prevented, helical structures form as two enantiomers. With
unsymmetrical ligand strands, further possible isomer forms are accessible. Derivatives of linear
quaterpyridine and quinquepyridine were chosen, as they may form dinuclear double helicates and
are small enough to be quite soluble. All ligands synthesised in this thesis were unsymmetrically
substituted, and this opened the possibility for the ligandstrands inside a helicate to arrange in equal
orientation (head-to-head) or in contrary orientation (head-to-tail).
Building on Ward’s , Walker’s and Whall’s work,35, 51, 91unsymmetrically substituted 2,20:60,200:600,2000:
6000,20000-quinquepyridine (qnpy) ligand strands were synthesised. In a second step, the ligand strands
were linked together via their second pyridine ring, as pairs of identical, moieties. The linker was long
and flexible, so that it would not prevent the two interlinkedligand strands forming a single helicate. In
total, threeqnpy derivatives and three interlinkedqnpy derivatives were synthesised. Helicate forma-
tion of both non-linked and linked ligands was studied.

The metal ions used to direct double helicate formation withthe qnpy derivatives were cobalt(II),
nickel(II), copper(II), and in situ formed copper(I). The three first named all prefer octahedral environ-
ments, and thus in a (two stranded) double helicate claim three donor atoms per ligand. The copper(I)
in the double helicate claims two donor atoms of each ligand strand. This was illustrated by two crystal
structures of mixed valence copper(II/I) complexes of one double helicate comprised of two non-linked
ligands, and one double helicate comprised of two interlinked ligands. Both helicates are arranged
as the ‘head-to-tail’ isomer, with contrary oriented ligand strands. The likeness between helicates of
linked and non-linked ligands in the crystal, did not extendto the general structure in solid nor to solu-
tion structures. Microanalysis,1H-NMR and UV-Vis measurements showed a difference between the
copper-helicates of the non-linked and of the corresponding linked ligands. The helicates of which the
crystal structure could be solved, were also measured electrochemically. The two metal based reduction
potentials for Cu(II)!Cu(I) were identical for both the helicate with non-linked and with linked ligand
strands. It suggests that the structure adapted in solution, although slightly different, is of the same type
for the complex with non-linked and with linked ligands.

Double helicates of cobalt(II) andqnpy derivatives proved to be very sensitive to moisture. Never-
theless, a double helicate of non-linked and one of linked ligands could be obtained. In the1H-NMR
spectra of these double helicates, there was seen the same kind of difference between helicates of linked
and of non-linked ligands, as in the spectra of copper-double helicates: a double set of signals in the
well resolved regions. This suggests that the linker affects the structure of the double helicate.

The structure adapted by the cobalt(II)-qnpy derivative system in moist conditions, was a mononu-
clear, almost planar monohelicate. The monohelicate and double helicate were easily distinguishable
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in the 1H-NMR. The structures were assigned by comparison with previously published crystal struc-
tures42, 65–67and1H-NMR spectra51, 68, 91of mono- and double helicates of the parentqnpy and similar
qnpy derivatives. Also interconversion from the double helicalto the monohelical structures were stud-
ied.

One complex of nickel(II) was synthesised and characterised. 1H-NMR spectroscopy was not as conclu-
sive as with cobalt(II) helicates, and the UV-Vis measurements were not expected to be as informative
as in the partially mixed valence copper(II)/(I) helicates.

In a second project, one new unsymmetrically substitutedqtpy derivative was synthesised in eight
steps. It is considered an interesting ligand for the study of helicate formation directed by copper(I) and
silver(I) metal centres. The substituent on the ligand was placed on the terminal pyridine ring, and it
was chosen so that two entities could be linked together. Theligand was fully characterised.

Two newqnpy derivatives were synthesised. They were linked together toform two symmetrical lig-
ands, each comprising two identical unsymmetrical moieties. One known non-linked and one known
linked ligand were synthesised additionaly. Of all six ligands, complexes with copper(II) were formed
and characterised. For one double helicate with a newqnpy derivative, and with a new linkedqnpy
derivative, crystal structures were solved. They showed a double helical arrangement. Mass spectrom-
etry, pointed to a 2 : 2 metal : ligand ratio for all six species, and all the1H-NMR spectra were very
similar. This suggests that double helicates were obtainedwith all six qnpy ligands.

Cobalt(II) complexes of one of the non-linked and one of the linkedqnpy derivative were synthesised.
Depending on the conditions, two types of complexes formed with each ligand type.1H-NMR study
suggested strongly a double helical array for the complexesformed in absolute environment, and a
monohelical array for those formed in moist environment. Also interconversion in the direction from
dinuclear double helicate to mononuclear monohelicate, triggered by the addition of water, was moni-
tored.

Finally a new reaction pathway was developed for unsymmetrically substitutedqtpy derivatives. It was
used to synthesise a new unsymmetricalqtpy ligand. It was characterised by microanalysis,1H- and13C-NMR, mass spectrometry, infrared spectroscopy, and the crystal structure was determined.

Further study on the copper-helicates ofqnpy derivatives would include to establish whether helical
isomers may be separated with e.g. HPLC, or if they are in a dynamic equilibrium.

In carefully controlled dry conditions, also the cobalt double helicates of the other fourqnpy derivative
helicands could be formed, and NMR-spectroscopy would reveal if the difference between helicates with
non-linked and linked ligands strands seen in the two compounds, studied so far, is extended to the other.
NMR-spectroscopy could further be used to monitor interconversion from these other cobalt(II)-double
helicates to monohelicates.

Theqtpy helicand could be complexed with silver(I) and copper(I), and the formation of double helical
isomers studied with the same methods.
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Chapter 7

Experimental Details

7.1 The synthesis of 40-(tert-butylphenyl)-4000-(4-hydroxyphenyl)-
2,20:60,200:600,2000:6000, 20000-quinquepyridine (qp) and complexes

7.1.1 Diethyl 2,6-dipicolinate
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3
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5
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Figure 7.1: Diethyl 2,6-dipicolinat

The procedure of Smith was followed.93 In a literature procedure from 1976, this synthesis step wasalso
described.154 2,6-Dipicolinic acid (30.25g, 181.0mmol) and thionyl chloride (150ml, 245.7g, 2.065mol)
were kept at reflux for 15h while the white suspension turned into a brown solution. Excess thionyl
chloride was removed by distillation and after cooling to room temperature, toluene (abs., 100ml) was
added and the mixture cooled to�0

Æ
C. Ethanol (abs., 63ml) was added dropwise over a period of 1.5h,

and then the reaction mixture was refluxed for 17h. After cooling, sodium carbonate solution (20%,
300ml) was added, and the mixture was stirred for 20 minutes before the phases were separated. The
aqueous phase was extracted witht-butyl methyl ether, the combined organic layers dried oversodium
sulfate and filtered. After removing the solventin vacuo, a brown solid was obtained (37.9g, 94%).1H-NMR, 250 MHz, CDCl3 Æ: 8.26 (d, H3 and H5, J=7.8Hz, 2H), 7.98 (t, H4, J=7.8Hz, 1H), 4.46
(q, CH2, J=7.2Hz, 4H), 1.43 (t, CH3, J=7.1Hz, 6H).

7.1.2 2,6-Diacetylpyridine

The procedure of Smith was followed.93 (The reaction conditions for this step have been improved in
2001 by a chinese group,94 using toxic CrO3. Another synthetic pathway has been patented in 2003.95)
Under an argon atmosphere, ethanol (abs., 120ml) was added dropwise to sodium (9.74g) at room
temperature and the mixture heated at reflux until all sodiumhad dissolved. Ethyl acetate (40ml, 36g,
0.41mol) was added dropwise under vigorous stirring, followed by diethyl 2,6-dipicolinate (20.79g,
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Figure 7.2: 2,6-Diacetylpyridine

93.14mmol) in xylene (60ml). The dropping funnel was then rinsed with more xylene (10ml). The
reaction mixture was refluxed under argon for 15h and a colourchange from dark brown to light brown
occurred with a small amount of precipitate being formed. After cooling to room temperature, HCl
(25%, 260ml) was added slowly and the colour changed to yellow. A white precipitate also formed. The
two phases were separated, and the aqueous phase extracted twice with xylene. The organic layers were
combined and the solvent removedin vacuoto give a brown oil (26.00g). It was stored overnight in the
dark. The brown oil, and the aqueous phase containing the precipitate were combined and refluxed for
4h. The precipitate dissolved to give a brown solution. After cooling to room temperature, the solution
was cooled in ice and neutralised carefully with sodium carbonate, before extracting twice withtert-
butyl methyl ether. The combined organic layers were dried over sodium sulfate, filtered and the solvent
removedin vacuoto give the crude product (11.35g).

Recrystallisation from hot hexane : pentane (9 : 1) gave slightly yellowish needles (6.63g, 44%).1H-NMR, 250 MHz, CDCl3 Æ: 8.17 (d, H3, H5, J=8.3Hz, 2H), 7.96 (t, H4, J=7.8Hz, 1H), 2.75(s,
CH3, 6H).

EI-MS, 70eV, 350
Æ
C: m/z= 163 M+, 121 (M – CH3CO + H)+, 106 (M – CH3CO – CH3 + H)+, 93

(pyridine + O)+.

7.1.3 2-Acetyl-6-[3-(4-hydroxyphenyl)-1-oxoprop-2-enyl]pyridine
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Figure 7.3: 2-Acetyl-6-[3-(4-hydroxyphenyl)-1-oxoprop-2-enyl]pyridine

The synthesis was consistent with that reported by Whall51 and the product was obtained in 34% yield.1H-NMR, 250 MHz, CDCl3 Æ: 8.37 (dd, H5, JH5�H4;H5�H3=7.70Hz and 1.2Hz, 1H), 8.23
(dd, H3, JH3�H4;H3�H5=7.9Hz and 1.2Hz, 1H), 8.23 (d, Ha, JHa�Hb= 16Hz, 1H) 8.03 (t, H4,
JH4�H3=H5=7.7Hz, 1H), 7.96 (d, Hb, JHb�Ha=16Hz, 1H), 7.65 (d, Ho, JHo�Hm=8.5Hz, 2H), 6.92
(d, Hm, JHm�Ho=8.5Hz, 2H), 2.88 (s, CH3, 3H).

IR KBr ( ~� / cm�1): 3364m,�3320sh, 3070w, 3009w, 2021w, 1960w, 1890w, 1705s, 1659s, 1589s,
1558vs, 1512s, 1435s, 1350s, 1303m, 1265s, 1211s, 1164s, 1103w, 1041s, 980vs, 957m, 879w, 810vs,
748s.
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7.1.4 2-[3-(4-tert-Butylphenyl)-1-oxoprop-2-enyl]-6-[3-(4-hydroxyphenyl)-1-
oxoprop-2-enyl]pyridine

The procedure of Whall51 was used, and a modification of this procedure was equally successful:

N
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Figure 7.4: 2-[3-(4-tert-Butylphenyl)-1-oxoprop-2-enyl]-6-[3-(4-hydroxyphenyl)-1-oxoprop-2-enyl]-
pyridine

2,6-Diacetylpyridine (1.597g, 9.787mmol), 1-propanol (45ml) and diethylamine (3ml) were heated,
using an oil bath at 120

Æ
C; this gave a temperature of 95

Æ
C within the flask. A mixture of 4-hydroxy-

benzaldehyde (1.071g, 8.770mmol) in 1-propanol (15ml) wasadded over 30 minutes and then the re-
action mixture was heated under reflux for 6.5 hours. A mixture of 4-tert-butylbenzaldehyde (1.539g,
9.486mmol) in 1-propanol (15ml) was then added to the boiling solution over a period of 10 minutes
followed by more diethylamine (5ml). After a further 18 hours, another 2ml of diethylamine was added;
and after a further four hours, the reaction mixture was allowed to cool to room temperature. It was
a reddish brown, dark solution. The solvent was removed invacuoto give an oily residue which was
shown to contain a mixture of the two precursor aldehydes andthe desired product.

The residue was suspended in dichloromethane to afford a yellow solid, which was filtered off and
washed with a small amount dichloromethane.

Proton NMR analysis showed that this was the title compound.Yield 0.748mg (21%).1H-NMR, 250 MHz, CDCl3 Æ: 8.45-8.30 m (m, H3, H5, Ha, Ha0, 4H), 8.11-8.00 (m, H4,Hb, Hb0,
3H), 7.73-7.68 (m, Ho, Ho0, 4H), 7.48 (d, Hm, Jm�o=8.3Hz, 2H), 6.91 (d, Hm0, Jm0�o0=8.3Hz, 2H),
1.38 (s, Ht, 9H).

IR KBr ( ~� / cm�1): �3310sh, 3178m, 3078w, 3032w, 2962m, 2901w, 2872w, 1982w, 1898w, 1782w,
1650s, 1597s, 1550vs, 1504vs, 1412w, 1350s, 1273m, 1234vs,1211s, 1165s, 1111w, 1034vs, 980vs,
872w, 833sh, 810vs, 741s, 710m, 663m.

7.1.5 Side product of the synthesis above: 2,6-di-[3-tert-butylphenyl)-1-oxoprop-
2-enyl]pyridine
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Figure 7.5: 2,6-Bis[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine

2,6-di[3-tert-Butylphenyl)-1-oxoprop-2-enyl]pyridine was obtained as a side product in 14% yield from
the synthesis of 2-acetyl-6-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine, see page 133 when re-
crystallising the crude product from methanol.
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1H-NMR, 250 MHz, CDCl3 Æ: 8.48 (d, Ha, J=16.1Hz, 2H), 8.38 (d, H3 and H5, J=7.8Hz, 2H), 8.08
(t, H4, J=7.8Hz, 1H), 8.03 (d,Hb, J=16.1Hz, 2H), 7.74 (d, Ho,J=8.3Hz, 4H), 7.50 (d, Hm, J=8.8Hz,
4H), 1.38 (s,t-Bu).

EI-MS, 70eV,�450
Æ
C: m/z= 451 M+, 436 (M - CH3)+, 422 (M – 2CH3)+, 408 (M – 3CH3)+, 394

(M – C(CH3)3)+, 318 (M – phenyl-C(CH3)3)+, 263 ((M – phenyl-C(CH3)3 – C(CH3)3)+, 211, 129,
57.

IR diamond (~� / cm�1): 3333w, 3078b, 3032w, 2962s, 2901sh, 2870m, 1666s, 1605vs, 1566sh,
1512m, 1465m 1412m, 1335vs, 1273m, 1211m, 1150w, 1103m, 1026vs, 987vs, 810vs, 748m, 640m.

Melting point 154
Æ
C.

7.1.6 N -[1-Oxo-1-(2-pyridyl)-eth-2-yl]pyridinium iodide (PPI )

N

O

N I
_+

Figure 7.6:N -[1-Oxo-1-(2-pyridyl)-eth-2-yl]pyridinium iodide (PPI)

The literature procedure was followed.92, 155–157Iodine (12.75g, 50.22mmol) and pyridine (60ml) were
heated at 60

Æ
C. 2-Acetylpyridine (5.60ml, 6.05g, 49.9mmol) was added and the temperature raised to

125
Æ
C. A black precipitate formed. After 90 minutes the mixture was cooled to room temperature and

filtered. The solid was redissolved in a minimum amount of hotethanol. Charcoal was added and the
mixture was stirred under reflux for 15 min. The charcoal was filtered off, and the hot solution cooled to
room temperature. Greenish-yellow crystals formed and were filtered off (2.297g). After concentrating
the filtratein vacuo, more precipitate was obtained (0.348g). The solids were washed with ethanol and
diethyl ether and driedin vacuo. Infrared spectroscopy showed both samples to be pure product, so the
yield was 2.645g, 16.2%.

IR KBr ( ~� / cm�1): 3313(w), 3126(w), 3082(m), 3051(s), 3008(m), 2877(s), 2807(m), 1735(w),
1710(vs), 1630(vs), 1583(s), 1483(vs), 1459(m), 1437(s),1413(s), 1356(m), 1333(vs), 1292(m),
1264(m), 1227(vs), 1212(vs), 1194(s), 1146(m), 1087(m), 1027(m), 998(vs), 952(m), 849(m), 786(vs),
760(m), 691(vs),668(vs), 619(m), 569(vs).

7.1.7 40-(4-tert-Butylphenyl)-4000-(4-hydroxyphenyl)-2,20:60,200:600,2000:6000,20000-quin-
quepyridine (qp)

The synthesis was consistent with that of Whall,51 and the product was isolated in 93% yield.1H-NMR, 600 MHz, DMSO-d6 Æ: 9.01 (d, B5, JB5�B3=1.6Hz, 1H), 8.95 (d, D3, JD3�D5=1.7Hz,
1H), 8.78 (ddd, A6, J=4.7Hz, 1.8Hz and 0.9Hz, 1H), 8.77 (ddd,E6, J=4.7Hz, 1.7Hz and 1.0Hz, 1H),
8.76-8.72 (m, B3, C3, C5,�3H) where B3 is at 8.73 and C3, C5 have the signals at 8.72 and 8.70,
8.72-8.69 (m, D5, A3, E3,�3H) where D5 is at 8.68 and A3 at 8.68 and E3 at 8.67, 8.25 (t, C4,
JC4�H3;C4�H5=7.8Hz, 1H), 8.06 (td, A4, J=7.5Hz and 1.7Hz, 1H), 8.04 (td, E4, J=7.5Hz and 1.7Hz,
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Figure 7.7: 40-(4-tert-butylphenyl)-4000-(4-hydroxyphenyl)-2,20:60,200:600,2000:6000,20000-quinquepyridine

1H), 7.97 (d, bo, Jbo�bm=8.5Hz, 2H), 7.89 (d, do, Jdo�dm=8.6Hz, 7.64 (d, bm, Jbm�bo=8.7Hz, 2H),
7.55-7.52 (m, A5, E5, 2H), 6.99 (d, dm, Jdm�do=8.7, 2H), 1.38 (s,tertBu, 9H).13C-NMR, 150 MHz, DMSO-d6 Æ: 159.3 (dp), 155.5, 155.3, 155.1, 152.3 (bp), 149.6, 149.3 (A6,
E6 and B4 or bv and D4 or dv), 139.0 (C4), 137.6 (A4, E4), 135.0 (B4 or bv and D4 or dv), 128.2 (do),
126.8 (bo), 126.2 (bm), 124.4 (A5, E5), 121.4 (C3, C5, A3 or E3), 120.9 (C3, C5, A3 or E3), 118.63
(B5), 118.1 (B3), 117.8 (D3), 117.1 (D5), 116.1 (dm), 34.5 (tertBuquarternary), 31.0 (tertBuprimary).

Maldi-TOF MS m/z: 1293, 857, 816, 669 (M + K + H2O + H)+, 668 (M + H2O)+, 629, 612 (M +
H)+, 572, 552, 492, 479 (M –tert-butylphenyl + H), 430, 404.

IR diamond (~� / cm�1): 3055w, 2965m, 2901w, 2870w, 1975w, 1790w, 1666w, 1605s, 1574vs,
1512vs, 1466s, 1443sh, 1381vs, 1273vs, 1227s, 1173m, 1111m, 1018vs, 949m, 895m, 818vs, 787vs,
733vs, 663vs.

UV-Vis / chloroform, c=22.9�M, wavelength/nm (extinction coefficient/cm�1M�1): 259 (46,100),
280 (50,300), 308 (24,200), 318 (18,500).

7.1.8 [Cu2(40-(4-tert-Butylphenyl)-4000-(4-hydroxyphenyl)- 2,20:60,200:600,2000:6000,20000-
quinquepyridine)2][PF6]3, [Cu2(qp)2][PF6]3

The synthesis of Whall was used,51 and the product was isolated as a brown powder in 31% yield.1H-NMR, 600 MHz, acetonitrile-d3 Æ: 33.1 (vb), 24.9 (vb), 12.8 (vb), 9.51 (b), 9,13 (b), 8.76 (b),
8.10 (b), 7.77, 7.73, 7.10 (b), 6.93 (d, J=33.5Hz), 6.41, 6.35, 6.27, 1.22 ((CH3)3C).

Maldi-TOF MS (matrix: �-Cyano-4-hydroxycinnamic acid) m/z: 1536 (M – 2PF6 + K + 4H)+,
885, 676 (qp + Cu + H)+, 637, 613 (qp + 2H)+.

IR diamond (~� / cm�1): 3657w, 3634w, 3572w, 3510w, 3186sh, 3094b, 2962w, 2870w, 2284w,
2230w, 2168w, 2021w, 1983w, 1705w, 1589s, 1543m, 1528w, 1481m, 1458m, 1420w, 1358m, 1273sh,
1242m, 1180m, 1119w, 1080m, 1026m, 818vs, 787sh, 741s, 694s, 671m, 648m, 617m.
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UV-Vis / acetonitrile, c1=11.9�M and c2=119�M, wavelength/nm (extinction coefficient/cm�1M�1):
224 (89,900)sh, 292 (77,000), 318 (63,600)sh, 348 (42,100)sh, 470 (6,050), 577 (2,240)sh.

7.2 The synthesis of 1,17-di(4-(40-(4-tert-Butylphenyl)-2,20:60,200:600,
2000:6000,20000-quinquepyridyl)-phenoxy)-3,6,9,12,15-pentaoxa-
heptadecane (qcq) and complexes

7.2.1 Hexaethylene glycol ditosylate (Tos2Heg)
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Figure 7.8: Hexaethyleneglycol ditosylate

This compound was synthesised according to the method of Ouichi and Inoue100 on a scale of130 of
that reported. An aqueous solution of sodium hydroxide (3.15g, 78.8mmol in 15ml H2O) was cooled
in an ice-water bath, and a solution of hexaethylene glycol (6.00ml, 6.76g, 23.9mmol) in THF (15ml)
was added. A THF solution of tosyl chloride (8.35g, 43.7mmolin 15ml) was added dropwise, while
the temperature of the reaction mixture was kept at 2-4

Æ
C. The colourless solution became white and

opalescent, and it was left standing in the fridge for one week. After addition of 40ml of ice-cold water,
the product was extracted three times with DCM. The combinedextracts were dried over magnesium
sulfate, and the solvent removedin vacuoto give 12.3g of a colourless oil (yield 95%).1H-NMR
showed the identity, and a TLC-test did not reveal any impurities.1H-NMR, 250 MHz, CDCl3 Æ: 7.79 (d, Ho, JHo�Hm=8.2Hz, 4H), 7.34 (d, Hm, JHm�Ho=7.9Hz,
4H), 4.17-4.13 (m, Hf, 4H), 3.70-3.58 (m, Ha,b,c,d,e 20H), 2.44 (s, CH3, 6H).

7.2.2 1,17-di(4-(40-(4-tert-Butylphenyl)-2,20:60,200:600,2000:6000,20000-quinquepyridyl)phen-
oxy)-3,6,9,12,15-pentaoxaheptadecane (qcq)
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Figure 7.9: 1,17-Bis(4-(40-(4-tert-butylphenyl)-2,20:60,200:600,2000:6000,20000-quinquepyridyl)phenoxy)-3,
6,9,12,15-pentaoxaheptadecane
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The synthesis was consistent with that used by Whall,51 except for the purification; qcq was purified
by column chromatography on Alox 90 (Merck), eluting with chloroform : diethylamine (25 : 1), and
collected as the first yellow band in 49% yield.

Microanalysis: found (calculated: C94H88N10O7 � 112 H2O) % C: 75.32 (75.43), % H: 6.04 (6.13),
% N: 9.29 (9.36).1H-NMR, 600 MHz, CDCl3 Æ: 8.92 (d, B5, J=1.6Hz, 2H), 8.87 (d, D3, J=1.6Hz, 2H), 8.71-8.61 (m,
A3, E3, B3, C3, C5, D5, A6 and E6, 16H) where B3 comes at 8.71, A6at 8.70, E6 at 8.68, D5 at 8.65,
A3 and E3 at 8.64 and C3 and C5 at 8.63, 7.99 (t, C4, JC4�C3=C5=7.7Hz, 2H), 7.88-7.82 (m, A4, E4,
bo and do, 12H) where A4 and E4 are at 7.85, bo at 7.83 and do at 7.82, 7.52 (d, bm, Jbm�bo=8.2Hz,
4H), 7.33 (ddd, A5, J=0.8Hz, 7,4Hz and 7.4Hz, 2H), 7.31 (ddd,E5, J=0.7Hz, 7.2Hz and 7.3Hz, 2H),
7.03 (d, dm, Jdm�do=8.6Hz, 4H), 4.18 (t, f, Jf�e=4.7Hz, 4H), 3.89 (t, e, Je�f=4.8Hz, 4H), 3.75 (m, d,
4H), 3.70 (m, c, 4H), 3.68 (s, a and b, 8H), 1.39 (s,tBu, 18H).13C-NMR, 150 MHz, CDCl3 Æ: 159.89 (dp), 156.52, 156.49, 156.10, 156.09, 155.94, 155.89, 155.58,
155.53, 152.38 (bp), 149.96, 149.52, 149.27 (A6), 149.21 (E6), 137.81 (C4), 137.01 (A4, E4), 135.92
(bv or B4), 131.20 (dv or D4), 131.10, 128.60 (do), 127.17 (bo), 126.11 (bm), 123.92 (A5 or E5), 123.90
(A5 or E5), 121.56 (C3 or C5 or A3 or E3), 121.54 (C3 or C5 or A3 orE3), 121.41 (C3 or C5 or A3 or
E3), 121.39 (C3 or C5 or A3 or E3), 119.11 (B5), 118.84 (B3), 118.55 (D3), 118.36 (D5), 115.17 (dm),
71.08 (d), 70.86 (a or c), 70.85 (a or c), 70.81 (b), 69.91 (e),67.70 (f), 34.92 (C(CH33), 31.55(CH3).15N-NMR, 60.81 MHz, CDCl3 Æ: -14.46 couples (ND), -13.91 (NB), -9.57 (NE), -9.35 (NA), -11.75
(NC).

Maldi-TOF MS (matrix: �-Cyano-4-hydroxycinnamic acid) m/z: 1533 (M + K + Na + 3H)+,
1527 (M + K + H2O + 2H)+, 1492 (M + Na + H)+, 1470 (M + 2H)+, 919, 818, 652 (qp + K)+, 479,
423

IR diamond (~� / cm�1): 3526(w), 3070(w), 2955(m), 2924(m), 2862(m), 2322(w), 2291(w),
2167(w), 1983(w), 1967(w), 1913(w), 1790(w), 1720(m), 1605(m), 1582(vs), 1543(s), 1512(vs),
1474(m), 1450(m), 1420(m), 1389(vs), 1250(vs), 1180(m), 1111(vs), 1065(s), 1041(s), 987(m), 941(w),
894(m), 818(vs), 787(vs), 733(vs), 663(s), 640(m), 617(s).

UV-Vis / chloroform, c=8.16�M, wavelength/nm (extinction coefficient/cm�1M�1): 260 (78,800),
281 (87,100), 307 (43,600)sh, 318 (31,900)sh.

7.2.3 [Cu2(1,17-di-(4-(40-(4-tert-Butylphenyl)-2,20:60,200:600,2000:6000,20000-quinque-
pyridyl)-phenoxy)-3,6,9,12,15-pentaoxaheptadecane)][PF6]3, [Cu2qcq]PF6]3

Methanol (�3ml) was added to the solid qcq ligand (20.4mg, 13.9�mol) and Cu(OAc)2 � H2O (5.8mg,
29.1�mol). In the sonicating bath, a green-brown solution was obtained. This solution was filtered,
and a solution of NH4PF6 (56mg, 344�mol) in methanol (1ml) was added. The brown precipitate was
filtered off and washed with a little ice cold methanol, water, more ice cold methanol and ether, and
driedin vacuoto yield a brown powder (17mg, 60%).

Microanalysis: found (calculated: C94H88N10O7Cu23.3(PF6) % C: 52.75 (52.93), % H: 4.16
(4.16), % N: 6.32 (6.57).

137



1H-NMR, 250 MHz, CDCl3 Æ: 24.9 (vb), 17,5(vb), 12.7 (d, J=104Hz), 9.13 (b), 8.23-7.30(m), 7.01,
6.49, 6.35, 3.94, 3.88, 3.78, 3.63, 3.62, 3.60, 3.56, 3.54 (3.94-3.54 linker -CH2O- protons), 1.22 (s,
(CH3)3C).

Maldi-TOF MS (matrix: �-Cyano-4-hydroxycinnamic acid) m/z: 1740 (M – 2PF6 + H)+, 1596
(M – 3PF6 + 2H)+, 1546, 1533 (M – 3PF6 – Cu + 2H)+, 1470 (qcq + 2H)+, 980, 715.

IR diamond (~� / cm�1): 3657w, 3587w, 3086b, 2947m, 2870m, 2168w, 1597s, 1573m, 1543m,
1520m, 1481m, 1450m, 1427w, 1358w, 1304sh, 1242s, 1188s, 1111m, 1080m, 1026m, 949w, 818vs,
787s, 741s, 694m, 648m, 617m.

UV-Vis / acetonitrile, c1=11.5�M and c2=115�M, wavelength/nm (extinction coefficient/cm�1M�1:
224 (96,800)sh, 291 (83,900), 316 (73,000)sh, 347 (49,800)sh, 473 (4,450), 585 (1,600)sh.

7.2.4 [[Co2(1,17-di-(4-(40-(4-tert-butylphenyl)-2,20:60,200:600,2000:6000,20000-quinque-
pyridyl)-phenoxy)-3,6,9,12,15-pentaoxaheptadecane)(OAc)][PF6]3,
[Co2(qcq)(OAc)][PF6]3

The qcq-ligand (30mg, 20�mol) and Co(OAc)2 � 4H2O (10mg, 41�mol) were suspended in dry
methanol (6.0ml) under nitrogen and heated to 85

Æ
C. This temperature was kept for 75 minutes, and

a brown-orange solution was obtained. NH4PF6 (11mg, 67�mol) was added, and it dissolved immedi-
ately. After two minutes of stirring, the solution was allowed to cool to room temperature. After cooling
with ice, a white precipitate was filtered off, using an inverse sinter with nitrogen atmosphere, and celite.
The solvent was evaporatedin vacuo, to give a brown powder (28mg, 66%).1H-NMR, 250 MHz, acetonitrile-d3 Æ: 269 (b), 264 (b), 142, 140, 119, 113, 79.5, 78.8, 75.8, 74.9,
64.3 (b), 55.5, 54.4, 52.6, 50.3, 35.0 (b), 28.8 (b), 26.2, 25.6, 24.5, 23.8, 15.8, 14.8, 13.0, 12.3, 9.67,
9.34, 7.06, 6.73, 5.92, 5.44, 4.94, 4.54, 4.42-3.51 (m), -0.50 (b), -6.36, -10.2.

Maldi-TOF MS m/z: 1738 (Co2qcq(OAc)+ + OAc + MeOH + 2H)+, 1661 (Co2qcq(OAc) + (H2O)
– 2H)+, 1583 (Co2qcq(OAc) – 3H)+, 1516 (qcq + 2Na + 2H)+.

7.2.5 [Co2(1,17-bis(4-(40-(4-tert-Butyl phenyl)-2,20:60,200:600,2000:6000,20000- quinque-
pyridyl)phenoxy)-3,6,9,12,15-pentaoxaheptadecane)(H2O)2(MeOH)2][OAc]
[PF6]3, [Co2(qcq)(OH2)2(MeOH)2][PF6]4

For the synthesis, the procedure of Whall51 to make the cobalt complex of qp was followed. Ligand
qcq (24mg, 16�mol) and cobalt(II) acetate�4H2O were suspended in methanol (5ml). The orange
suspension was heated to reflux to give an orange-brown solution. A solution of ammonium hexafluoro-
phosphate (9.0mg, 55�mol) in methanol (1.2ml) was added and upon cooling to room temperature, a
golden precipitate formed. It was filtered off, washed with ice-cold methanol and driedin vacuoto give
an orange powder (25mg, 69%).

Microanalysis: found (calculated: C98H103N10O13Co2P3F18 � 14 HPF6)�H2O) % C: 52.44
(52.64), % H: 4.36 (4.74), % N: 6.26 (6.26).1H-NMR, 250 MHz, acetonitrile-d3 Æ: 138 (b), 135 (b), 82.1, 76.3, 74.4, 70.67, 50.4, 47.5, 21.2,
18.9, 13.4, 13.2, 8.53, 8.12, 7.47, 7.31, 6.33, 5.56, 2.43, 2.26, 2.10. 1.53, 1.29, 0.88.
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Maldi-TOF MS m/z: 1770 (Co2qcq + K + PF6)+, 1531 (qcq + K + MeOH)+, 952 (M – 2PF6 -
Co + O2H – 5H)2+/2 or (Co2qcq(MeOH)2 + 2PF6 – 4H)+, 912 (M – 3PF6 + H2O + H)2+/2, 710
(Co2qcq(MeOH)2 + 2Na + 3PF6)3+/3, 670 (qp + Co)+.

IR diamond (~� / cm�1): 3655w, 3084w, 2955m, 2870m, 2164w, 2039w, 1983w, 1599vs, 1574s,
1545s, 1520s, 1479s, 1452s, 1427m, 1402m, 1391sh, 1362w, 1302w, 1242s, 1188s, 1115s, 1080s,
1059sh, 1022s, 1012s, 937w, 876sh, 827vs, 820vs, 790vs, 746sh, 739vs, 692s, 658s.

7.3 The synthesis of the 40-(methoxyphenyl)-4000-(4-hydroxy-
phenyl)-2,20:60,200:600,2000:6000,20000-quinquepyridine (mp) and
complexes

7.3.1 2-Acetyl-6-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine
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Figure 7.10: 2-Acetyl-6-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine (see also crystal structure:
figure C.1 on page 201)

2,6-Diacetylpyridine (4.771g, 29.24mmol) and 4-methoxybenzaldehyde(3.55ml, 3.98g, 29.2mmol)were
dissolved in 1-propanol (50ml) and heated in the oilbath to 120

Æ
C. Diethylamine (2ml) were added and

the orange solution was refluxed. During the next 4h, two portions of diethylamine, each of 2ml, were
added dropwise, and overnight another 10ml of diethylaminewere added dropwise to the hot mixture.
This resulted in a beige suspension. After cooling to room temperature, the yellow solid was filtered
from the orange solution.1H-NMR spectroscopy showed the solid (4.057g) contained a mix of product
and 2,6-bis[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine. The filtrate was collected and the solvent
removedin vacuo. 4.170g of solid was obtained, containing mainly starting material.

Recrystallisation from hot methanol with a small amount of toluene gave 2,6-bis[3-(4-methoxyphenyl)-
1-oxoprop-2-enyl]pyridine. The solvent of the filtrate wasremovedin vacuoand the filtrate redissolved
in DCM and toluene. To the hot brown solution, hexane was added slowly and then the mixture was left
to cool to room temperature. The desired compound formed a yellow precipitate. It was filtered off and
driedin vacuoto give 2.063g (25%) of 2-acetyl-6-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine.

Alternatively, a silica column with hexane : EtOAc : Et2NH (50:10:1) as eluent was used for purifying
the compound.

Microanalysis: found (calculated: C17H15N1O3 � 0.2 H2O) % C: 71.69 (71.67), % H: 5.57 (5.45),
% N: 4.95 (4.92).1H-NMR, 250 MHz, CDCl3 Æ: 8.36 (dd, H5, J=7.6Hz and 1.01Hz, 1H), 8.23 (d, Ha, J=16.2Hz,1H),
8.22 (dd, H3, J=7.6Hz and 1.01Hz 1H), 8.018 (t, H4, J=7.6Hz, 1H), 7.98 (d, Hb, J=16.2Hz, 1H), 7.68
(“dt”, H(ortho), Jom=9.1Hz, Jom0= �2Hz, Joo0= �1Hz, 2H), 6.97 (“dt”, H(meta), Jmo=9.1Hz, Jmo0=�2Hz, Jmm0= �1Hz, 2H), 3.87 (s, methoxy, 3H), 2.87 (s, acetyl, 3H).
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EI-MS, 70eV,�250
Æ
C: m/z= 281 M+, 252 (M – OCH)+, 161 (M – (1-(4-methoxyphenyl)-1-ethen-

2-yl) + 2H)+, 133 ((2,6-diacetylpyridine) – 2H)+, 121 (2-acetylpyridine)+.

IR diamond (~� cm�1): 3001w, 2970w, 2901w, 2885w, 2839w, 2361w, 2322w, 2191w, 2160w, 2044w,
1983w, 1944w, 1890w, 1697s, 1666s, 1589s, 1566s, 1512s, 1458m, 1442m, 1420m, 1342m, 1304m,
1250s, 1219m, 1204m, 1180s, 1150m, 1103m, 1034vs, 987vs, 949m, 879w, 833w, 810vs, 787s, 748m,
725m, 648m.

7.3.2 Side product of the synthesis above: 2,6-bis[3-(4-methoxyphenyl)-1-oxo-
prop-2-enyl]pyridine
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Figure 7.11: 2,6-Bis[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine

2,6-Bis[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine was obtained as a side product from the syn-
thesis of 2-acetyl-6-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine, see page 139.

Microanalysis: found (calculated: C25H21N1O4 � 14 H2O) % C: 74.45 (74.33), % H: 5.33 (5.36),
% N: 3.71 (3.47).1H-NMR, 250 MHz, CDCl3 Æ: 8.37 (d, H3 and H5, J=7.7Hz, 2H), 8. 33 (d, Ha, 16.05Hz, 1H),
8.07 (“t”, H4, J=7.5Hz, 1H), 8.00 (d, Hb, J= 15.7Hz, 1H), 7.73(“dt”, H(ortho), Jom = 8:7Hz, Jom0=�2Hz, Joo0= �1Hz, 2H), 6.98 (“dt”, H(meta), Jom = 8:7Hz, Jmo0= �2Hz, Jmm0= �1Hz, 2H), 3.89 (s,
H(MeO), 5-6H)

EI-MS, 70eV, 350
Æ
C: m/z= 399 M+, 370, 342, 292, 237, 210, 161, 133, 90.

IR diamond (~� / cm�1): 3063w, 2970w, 2924w, 2839w, 2037w, 1982w, 1890w, 1697w, 1659s,
1597vs, 1566vs, 1512vs, 1465w, 1443w, 1420s, 1343s, 1304s,1258vs, 1204w, 1180vs, 1111w, 1026vs,
987vs, 926sh, 872w, 833w, 802vs, 740w 640w.

7.3.3 2-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]-6-[3-(4-hydroxyphenyl)-1-oxo-
prop-2-enyl]pyridine

Route via 2-acetyl-6-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine The procedure of Whall51

(to make 2-[3-(4-tert-butylphenyl)-1-oxoprop-2-enyl]-6- [3-(4-hydroxyphenyl)-1-oxoprop-2-enyl]pyri-
dine) was adjusted. 2-Acetyl-6-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine (2.047g, 7.277mmol)
was dissolved and heated in 1-propanol (40ml) and Et2NH (4ml) to 120

Æ
Cthen let cool to 70

Æ
C. At

this temperature a solution of 4-hydroxybenzaldehyde (0.964, 7.89mmol) in 1-propanol (25ml) was
added dropwise by syringe, over a period of an hour. When halfof the solution containing the aldehyde
was added, more Et2NH (1ml) was added to the hot reaction mixture, before addingthe second half
of the aldehyde solution. The reaction mixture was refluxed at 120

Æ
C for 4.5 h, then cooled to room

temperature. The solvent was removedin vacuoand a greenish brown solid was obtained (3.28g).
Proton-NMR showed a mixture of product and both starting materials in the ratio of about 1:1:1.
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Figure 7.12: 2-[3-(4-Methoxyphenyl)-1-oxoprop-2-enyl]-6-[3-(4-hydroxyphenyl)-1-oxoprop-2-
enyl]pyridine

Route via 2-acetyl-6-[3-(4-hydroxyphenyl)-1-oxoprop-2-enyl]pyridine Again, the procedure of
Whall51 was adjusted to this synthesis. 2-Acetyl-6-[3-(4-hydroxyphenyl)-1-oxoprop-2-enyl]pyridine
(6.90g, 25.8mmol) and 4-methoxybenzaldehyde (30.0ml, 33.6g, 0.247mol) were heated in 1-propanol
(100ml) and Et2NH (6ml) to 80

Æ
C. After a few minutes, everything dissolved, and the mixture was

then refluxed at 120
Æ
C for one hour, before more Et2NH (4ml) was added. After half an hour more,

Et2NH (4ml) was added and the reaction mixture refluxed for 45 more minutes, before cooling to room
temperature. The solvent was removedin vacuoto give a brown oil. Proton-NMR showed product and
4-methoxybenzaldehyde.

The oil was added to a silica column and eluted with DCM:MeOH:Et2NH(20:1:0.1). The third band
contained the product. It was obtained as an orange powder (3.6g, 36%).

Microanalysis: found (calculated: C24H19N1O4 � H2O) % C: 71.31 (71.45), % H: 5.22 (5.25), %
N: 3.53 (3.47).1H-NMR, 400 MHz, CDCl3 Æ: 9.54 (b, OH), 8.36 (d, H3, H5, JH3=H5�H4=7.8Hz, 2H), 8.324 (d,
Ha, JHa�Hb=15.9Hz, 1H), 8.319 (d, Ha0, JHa0�Hb0=15.9Hz, 1H), 8.07 (t, H4, JH4�H3=H5=7,8Hz, 1H),
8.00 (d, Hb, JHb�Ha=15.9Hz, 1H), 7.99 (d, Hb0, JHb0�Ha0=16.2Hz, 1H), 7.72 (d, Ho, JHo�Hm=8.8Hz,
2H), 7.68 (d, Ho0, JHo0�Hm0=8.8Hz, 2H), 6.98 (d, Hm, JHm�Ho=8.8Hz, 2H), 6.92 (d, Hm0,
JHm0�Ho0=8,8Hz, 2H), 3.89 (s, methoxy, 3H).13C-NMR, 150 MHz, CDCl3 Æ: �189 (C =O), �162 (Cp),� 159 (Cp0), 154 (C2 and C6), 145.66
(Cb, Cb0), �138 (C4), 131.41 (Co0), 131.22(Co),�128 (Cv and Cv0), 126.34 (C3 and C5),�118 (Ca,
Ca0), 116.82 (Cm0), 115.19 (Cm),�57 (MeO).

EI-MS, 70eV,�450
Æ
C: m/z= 385 M+, 292 (M – hydroxyphenyl)+, 278 (M – methoxyphenyl)+, 161

(2,6-diacetyl pyridine – 2H)+, 133 (1-oxo-1-(2-pyridyl)-prop-2-en)+.

IR diamond (~� cm�1): 3225w, 2962m, 2824m, 2754m, 2476m, 2384w, 2044w, 1983w, 1875w,
1651s, 1589vs, 1558vs, 1504vs, 1458s, 1389m, 1342s, 1281sh, 1250vs, 1165vs, 1111sh, 1034vs, 987s,
810vs, 740m, 694m, 663m.

7.3.4 40-(4-Methoxyphenyl)-4000-(4-hydroxyphenyl)-2,20:60,200:600,2000:6000,20000-quin-
quepyridine (mp)

The synthesis procedure from Whall’s thesis51 was applied. 2-[3-(4-methoxyphenyl)-1-oxoprop-
2-enyl]-6- [3-(4-hydroxyphenyl)-1-oxoprop-2-enyl]pyridine (1.451g, 3.764mmol), PPI (2.607g,
7.993mmol) and dry ammonium acetate (10g, 1.3�10�1mol) were heated to 90

Æ
C in methanol (�12ml)

under argon. Almost all dissolved, and 4 drops freshly distilled acetic acid was added. The mixture
was refluxed overnight. A beige precipitate had formed. After cooling in the fridge, the precipitate was
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Figure 7.13: 40-(4-Methoxyphenyl)-4000-(4-hydroxyphenyl)-2,20:60,200:600,2000:6000,20000-quinquepyridine

filtered off from the brown solution, washed three times withice cold methanol and driedin vacuoto
yield 1.072g (49%) of product.

Microanalysis: found (calculated: C38H27N5O2 � H2O) % C: 75.40 (75.61), % H: 4.89 (4.84), %
N: 11.67 (11.60).1H-NMR, 600 MHz, DMSO-d6 Æ: 9.94 (s, OH, 1H), 8.97 (d, B5, JB5�B3=1.8Hz, 1H), 8.95 (d, D3,
JD3�D5=1.7Hz, 1H), 8.78-8.76 (m, A6, E6), 8.72-8.69 (m, B3, C3, C5,�3H) where C3 or C5 is at
8.708 and B3 and C3 or C5 are at 8.705, 8.69-8.66 (m, D5, A3, E3,�3H)) where A3 is at 8.682, D5
at 8.680 and E3 at 8.675, 8.24 (t, C4, JC4�C3;C4�C5=7.7Hz, 1H), 8.05 (ddd, A4, J=7.6Hz, 3.0Hz and
1.9Hz, 1H), 8.04 (ddd, E4, J=7.7Hz, 3.0Hz and 1.8Hz, 1H), 8.00 (d, bo, Jbo�bm=8.7Hz, 2H), 7.89 (d,
do, Jdo�dm=8.6Hz, 2H), 7.55-7.51 (m, A5, E5, 2H), 7.17 (d, bm, Jbm�bo=8.8Hz, 2H), 7.01 (d, dm,
Jdm�do=8.5Hz, 2H), 3.89 (s, MeO, 3H).13C-NMR, 150 MHz, DMSO-d6 Æ: 161.0 (bp), 159.1 (dp), 155.4, 154.9, 149.3 (A6, E6), 149.1,
138.2 (C4), 137.3 (A4, E4),130.0 (B4 or bv), 128.2(bo, do), 128.0 (D4 or dv), 124.5 (A5, E5), 121.5
(C3, C5), 121.1 (A3, E3), 118.3 (B5), 118.0 (D3), 117.8 (B3),117.4 (D5), 116.2 (dm), 114.9 (bm), 56.0
(MeO).

Maldi-TOF MS (matrix: �-Cyano-4-hydroxycinnamic acid) m/z: 664 (M + H + 2K)+, 609 (M +
Na + H+), 587 (M + 2H)+, 573, 546, 250.

IR diamond (~� cm�1): 3330b, 3135w, 3055w, 3009w, 2939w, 2901w, 2831w, 2592w, 2492w, 2446w,
2353w, 2291w, 2168w, 2021w, 1983w, 1882w, 1790w, 1659w, 1605sh, 1574s, 1551sh, 1512vs, 1466m,
1450m, 1381s, 1258vs, 1173s, 1103m, 1072m, 1034m, 987m, 887m, 818vs, 787vs, 733vs, 687w, 663m.

UV-Vis / chloroform, c=17.1�M, wavelength/nm (extinction coefficient/cm�1M�1): 261
(52,200)sh, 284 (66,900), 308 (36,100)sh, 318 (25,700)sh.

7.3.5 [Cu2(40-(4-methoxyphenyl)-4000-(4-hydroxyphenyl)- 2,20:60,200:600,2000:6000,20000-
quinquepyridine)2][PF6]3, [Cu2(mp)2][PF6]3

40-(4-Methoxyphenyl)-4000-(4-hydroxyphenyl)-2,20:60,200:600,2000:6000,20000-quinquepyridine (19mg,
32.4�mol) and Cu(OAc)2 � H2O (8.2mg, 4.1� 10�5mol) were dissolved in methanol (�3ml). The
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brown solution was filtered. A solution ofNH4PF6 in methanol (1ml) was filtered and added. The
brown precipitate was filtered off and washed with ice cold methanol, water, ice cold methanol again,
and ether to yield a brown powder (19 mg, 34%).

Microanalysis: found (calculated: C76H54N10O4Cu2P3F18�6H2O) % C: 49.38 (49.57), % H: 3.29
(3.61), % N: 7.54 (7.61).1H-NMR, 600 MHz, acetonitrile-d3 Æ: 24.2 (vb), 17.2 (vb, weak), 13.2 (b), 9.24 (b), 7.97 (b), 7.67
(b), 7.55, 7.52, 6.50 (d, J=44.2Hz), 6.40 (d, J=48.4Hz), 3.69 (CH3O), 3.65 (CH3O).

Electrospray MS / acetonitrile, m/z: 649 (mp + Cu)+, 433 (M – 3PF6)3+/3.

IR diamond (~� / cm�1): 3641w, 3518w, 3094b, 2839w, 2168w, 2037w, 1983w, 1589s, 1574sh,
1543m, 1520m, 1481m, 1458m, 1420m, 1358m, 1242s, 1180s, 1126w, 1018m, 818vs, 787sh, 741m,
648m, 617m.

UV-Vis / acetonitrile, c1=114�M and c2=11.4�M, wavelength/nm (extinction coefficient/cm�1M�1:
226 (93,600)sh), 292 (72,000), 317 (66,300), 351 (51,100)sh, 467 (6,440), 581 (2,140)sh.

X-ray see appendix A.1 page 175.

7.3.6 [Nickel2(40-(4-methoxyphenyl)-4000-(4-hydroxyphenyl)-2,20:60, 200:600,2000:6000,
20000-quinquepyridine)2(OAc)][PF6]3, [Ni2(mp)2(OAc)][PF6]3

Turquoise Ni(OAc)2 � 4H2O (9.8mg, 39�mol) and beige ligand (21.8mg, 37.2�mol) were alternatively
sonicated and heated in relatively dry methanol (1ml) to give an intense brown solution. A solution
of NH4PF6 (96mg, 59�10�4mol) in dry methanol (2ml) was added. First a light coloured precipitate
formed. When the reaction flask was heated, the precipitate turned dark brown under an orange solution.
Some more methanol (2ml) were added, and after heating for 5 min., the mixture was left standing at
room temperature overnight. The precipitate was still brown, and the orange solution had turned lighter.
After cooling down in the fridge, the precipitate was filtered off, washed with dry methanol (3ml) and
driedin vacuoto yield 23mg 70%.

Microanalysis: found (calculated: C78H57N10O6Ni2P3F18 � 3,5 H2O) % C: 50.85 (50.76), % H:
3.52 (3.50), % N: 7.62 (7.59).1H-NMR, 600 MHz, acetonitrile-d3 Æ: 159 (vb), 139 (vb), 75.4 (b, 2H), 66.1 (b, 2H), 62.9 (b, 2H),
59.8 (b, 4H), 51.4 (b, 1H), 50.0 (b, 2H), 46.7 (sh, 2H), 45.8 (b, 2H), 45.0 (b, 2H), 40.9 (b, 2H), 14.86 (b,
2H), 13.63 (b, 2H), 11.01 (b, 4H), 9.69 (b, 3H), 8.09 (vb, 3H),6.92-6.60 (m, phenyl, 8H), (3.91, 3.88
and 3.86) (m, CH3CO, 6H).

Electrospray MS / acetonitrile, m/z: 1637 (M – PF6 + 2H)+, 748, 725 (Ni(mp)(H2O)(MeOH)2)+,
705 (Ni2(mp) + 4H)+, 678, 662 (Ni(mp)(H2O))+, 634, 615 (Ni(mp)2 + 2H)2+/2, 450 (M-3PF6 +
3H)3+/3, 368 (Ni(mp)(OAc)(MeOH) + 2H)2+/2, 322 (Ni(mp) + 2H)2+/2.

IR diamond (~� / cm�1): 3641w, 3510w, 3190sh, 3078w, 2839w, 2168w, 1983w, 1597s, 1520m,
1482m, 1450m, 1420m, 1358m, 1242s, 1180s, 1126sh, 1080w, 1018m, 825vs, 787sh, 741s, 679sh,
648m.
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7.3.7 Drying cobalt(II) acetate

In order to make the dinuclear, dihelical cobalt complex of mp, all water had to be removed from
Co(OAc)2� 4H2O. In order to accomplish this, the procedure described in the abstract CA 65, 18490g
of a japanese article of Kubo and Manabe158 was followed. Cobalt(II) acetate� 4H2O was dried for 5h
at 60

Æ
C in vacuo(0.05mbar). The colour changed hereby from pink to marine blue.

IR diamond (~� / cm�1): 3001w, 2932w, 1543vs, 1389vs, 1335vs, 1049m, 1026s.

IR nujol ( ~� / cm�1): 2368w, 2199w, 2052w, 1574vs, 1558sh, 1543sh, 1528sh, 1420vs, 1342m,
1049m, 1018m.

7.3.8 [Cobalt2(40-(4-methoxyphenyl)-4000-(4-hydroxyphenyl)-2,20:60,200:600,2000:6000,
20000-quinquepyridine)2(OH2)(OH)][PF 6]3, [Co2(mp)2(OH2)(OH)][PF 6]3

Co(OAc)2 � 4H2O was dried at 60
Æ
C in vacuountil the pink colour had changed to blue completely

(�3h). The IR spectrum was recorded, which confirmed that it waswater free. Co(OAc)2 (7.1mg,
40�mol) and predried ligand (20.6mg, 35.2�mol) were then dried together again at 60

Æ
C in vacuofor

three hours and let cool under argon to ambient temperature.Addition of dry methanol (3ml) (dis-
tilled twice from magnesium) and slight heating gave a dark brown solution. Dry NH4PF6 (96mg,
5.9�10�4mol) was added as a solid, and after heating slightly and swirling, the mixture was left standing
under argon at room temperature until all solvent had evaporated and only a brown solid was left. This
was put in a predried sinter and washed with dry methanol. After drying in vacuo, 19mg of a brown
powder was obained (61% yield). The proton-NMR showed double helicate only.

Microanalysis: found (calculated: C76H57N10O6Co2P3F18�3H2O) % C: 50.67 (50.34), % H: 3.52
(3.50), % N: 7.75 (7.73).1H-NMR, 600 MHz, acetonitrile-d3 measured immediately upon solvationÆ: 266, 263, 261, 256,
141, 140, 139, 138, 117, 114, 113, 110, 80.6-74.0 (m), 70.2, 56.1-50.0 (m), 41.0 (weak), 34.4, 27.6
(weak), 24.5, 23.0 (weak),21.0 (weak), 18.8 (weak), 14.8, 13.2 (weak), 12.5 (weak), 11.1 (weak), 9.7
(weak), 8.53, 6.78, 4.48, -0.6 (weak).

IR diamond (~� / cm�1): 3634w, 3572w, 3495w, 3086w, 2978w, 2893w, 2839w, 2168w, 2014w,
1983w, 1767w, 1651sh, 1597s, 1520m, 1482m, 1450m, 1420m, 1358w, 1242s, 1180s, 1111sh, 1080w,
1018m, 825vs, 779sh, 740s, 702sh.

Differential pulse voltametry. Reduction potentials/V vsFc+/Fc: -1.04, -1.50 (weak), -1.72, -2.24,
-2.43, -2.74.

7.3.9 [Cobalt(40-(4-methoxyphenyl)-4000-(4-hydroxyphenyl)-2,20:60,200:600,2000:6000,
20000-quinquepyridine)(H 2O)2][PF6]2, [Co(mp)(OH2)2][PF6]2

The procedure from Whall51 was followed but no water added before precipitating. The ligand (19.8mg,
33.8�mol) was suspended in methanol (12ml). Cobalt(II) acetate tetrahydrate was added to the suspen-
sion. It turned into an orange-brown solution. A solution ofammonium hexaflurorophosphate (370mg,
2.27mmol) in methanol (3ml) was added and a golden precipitate formed after some of the solvent
had been taken offin vacuo. It was filtered off, washed with water and ice-cold methanoland diethyl
ether and driedin vacuoto give 160mg of a greenish-yellow solid. It contained excess ammonium
hexafluorophosphate.
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1H-NMR, 600 MHz, acetonitrile-d3 Æ: 134 (b), 81.8, 76.1,67.0, 74.0, 73.9, 70.2, 50.1, 21.0, 18.1,
13.3, 13.2, 8.32, 7.95, 4.46.

Electrospray MS / methanol, m/z: 995 (M + Na + 2H)+, 789 (M – PF6 – 2H2O)+, 679 (M – 2PF6
– H)+, 663(M – H2O – 2PF6 + H)+
IR diamond (~� / cm�1): 3655w, 3067w, 2843w, 2162w, 2031w, 1601vs, 1574s, 1551m, 1520s,
1481s, 1454s, 1421m, 1389w, 1362w, 1304sh, 1283sh, 1242s, 1182s, 1118w, 1078m, 1014s, 970w,
829vs, 818vs, 789vs, 741s, 733s, 702s, 673w, 652m.

7.4 The synthesis of 1,17-Bis(4-(40-(4-methoxyphenyl)-2,20:60,200:600,
2000:6000,20000-quinquepyridyl)phenoxy)-3,6,9,12,15-pentaoxahepta-
decane (mcm) and complexes

7.4.1 1,17-Bis(4-(40-(4-methoxyphenyl)-2,20:60,200:600,2000:6000,20000-quinquepyridyl)-
phenoxy)-3,6,9,12,15-pentaoxaheptadecane (mcm)
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Figure 7.14: 1,17-Bis(4-(40-[4-methoxyphenyl]-2,20:60,200:600,2000:6000,20000- quinquepyridyl)phenoxy)-3,
6,9,12,15-pentaoxaheptadecane

All ingredients except DMF were dried in vacuo, over P2O5 for 3h. Then they were weighed and added
to the predried reaction flask and kept under argon: 40-(4-hydroxyphenyl)-4000-(4-methoxyphenyl)-
2,20:60,200:600,2000:6000,20000-quinquepyridine (mp) (353mg, 0.603mmol), Cs2CO3 (100mg, 0.307mmol)
and tos2heg (172mg, 0.291mmol). DMF (abs., 13ml) was added, and the mixture heated to 110

Æ
C (oil

bath-temperature). The mixture became a dark brown solution and the flask containing the mixture was
left at that temperature overnight, attached with a reflux cooler. The TLC then showed that all starting
mp was consumed, and the mixture was cooled to room temperature. A brown precipitate formed and
could be filtered off. It was washed with methanol followed bydiethyl ether and driedin vacuoto give
221mg crude product.

The crude product was purified by column chromatography, using Alox 90 (Merck) and DCM : MeOH :
Et2NH in a ratio of 200 : 10 : 0.1 as eluent. A solution of clean product was collected in the first yellow
fraction, and after removing the solventin vacuo, 213mg (53%) pure product was obtained.

Microanalysis: found (calculated): C88H76N10O9�2.5H2O % C: 72.20 (72.26), % H: 5.45 (5.58),
% N: 9.22 (9.58).
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1H-NMR, 600 MHz, CDCl3 Æ: 8.853 and 8.848 (two d, B5 and D3, J=1.5Hz, 4H), 8.71 (ddd, A6 or
E6, J=4.7Hz, 1.8Hz and 0.9Hz, 2H), 8.69 (ddd, E6 or A6, J=4.4Hz, 1.7Hz and 0.9Hz, 2H), 8.67-8.62
(m, C3, B3, C5, D5, A3 and E3, 12H) with A3 and E3 at 8.65 and 8.63, B3 and D5 at 8.65 and 8.62
and C3 and C5 at 8.64 and 8.63 , 7.98 (t, C4, JC4�C3=C5=7.7Hz, 2H), 7.87-7.80 (m, A4, E4, bo and do,
12H) with A4 and E4 at 7.85 and 7.83, bo at 7.84 and do at 7.82, 7.32 (ddd, A5 or E5, J=1.2Hz, 7.4Hz
and 7.4Hz, 2H), 7.31 (ddd, E5 or A5, J=1.2Hz, 7.4Hz and 7.3Hz,2H), 7.01 (d, dm, J=8.7Hz, 4H), 7.00
(d, bm, J=8.7Hz, 4H), 4.18 (t, f, Jf�e=4.9Hz, 4H), 3.91 (t, e, Je�f=4.8Hz, 4H), 3.88 (s, MeO, 6H), 3.77
(m, d, 4H), 3.71 (m, c, 4H), 3.69 (s, a and b, 8H).13C-NMR, 150 MHz, CDCl3 Æ: 161.0 (bp), 160.0 (dp), 157.0, 156.2, 155.7, 149.3 (A6, E6),138.0
(C4), 137.1 (4, E4, bo or do), 131.2, 128.7 (A4, E4, bo or do), 124.0 (A5, E5), 122.0, 121.0 (B3, D5,
A3, E3, C3 or C5), 118.7 (B5, D3), 118.4 (B3, D5, A3, E3, C3 or C5), 115.1 (bm or dm), 114.5 (bm or
dm), 71.3 (d), 71.1 (c), 71.0 (a, b), 70.0 (e), 67.9 (f), 55.8 (CH3).

Maldi-TOF MS (matrix: �-Cyano-4-hydroxycinnamic acid) m/z: 1560, 1475 (M + K + H2O +
2H)+, 1439 (M + Na)+, 949 (M – mp + 2K + 2H2O)+, 889 (M – mp + K + H2O)+, 657, 643, 551.

IR diamond (~� / cm�1): 3533(w), 3063(w), 2924 (m), 2854(m), 2322(w), 2291(w), 2168(w),
2044(w), 1983(w), 1720(m), 1690(w), 1605(m), 1582(s), 1566(sh), 1543(s), 1512(vs), 1474(s), 1458(s),
1420(s), 1389(vs), 1296(sh), 1258(vs), 1180(s), 1111(vs), 1072(vs), 1041(vs), 987(m), 949(w), 887(m),
818(vs), 787(vs), 733(s), 694(w), 679(w), 663(m), 640(w),617(m).

UV-Vis / chloroform, c=5.64�M, wavelength/nm (extinction coefficient/cm�1M�1): 260
(99,900)sh, 284 (133,000), 310 (67,000)sh, 320 (45,500)sh.

7.4.2 [Cu2(1,17-Bis(4-(40-[4-methoxyphenyl]-2,20:60,200:600,2000:6000,20000-quinque-
pyridyl)phenoxy)-3,6,9,12,15-pentaoxaheptadecane)][PF6]4,
[Cu2mcm][PF6]3

1,17-Bis(4-(40-[4-methoxyphenyl]-2,20:60,200:600,2000:6000,20000-quinque pyridyl)phenoxy)-3,6,9,12,15-
pentaoxaheptadecane (21.1g, 14.9�mol) and copper(II) acetate� monohydrate (10.4mg, 52.1�mol)
were sonicated in methanol (�3ml) to yield a green solution. After filtration, a filtered solution of
ammonium hexafluorophosphate (56mg, 344�mol) in methanol (1ml) was added. A greenish brown
solid was filtered from the turquoise solution. The solid waswashed with ice cold methanol, and water
(and at this point the colour of the solid turned brown), thenice cold methanol again, and finally diethyl
ether. Dryingin vacuogave a brown powder (16mg, 54%).

Microanalysis: found (calculated: C88H76N10O9Cu2P4F24 % C: 49.38 (49.75), % H: 3.89 (3.61),
% N: 6.40 (6.59).1H-NMR, 250 MHz, CDCl3 Æ: 24.8 (vb), 17.5 (weak, vb), 12.8, 12.2, 9.14, 8.00 (b), 7.71,6.49 (b),
4.10, 3.95, 3.91, 3.79, 3.77, 3.65, 3.63, 3.59, 3.58, 3.55, 3.54 (4.10-3.54 linker -CH2O- and CH3O
protons).

Maldi-TOF MS (matrix: �-Cyano-4-hydroxycinnamic acid) m/z: 1688 (M – 2PF6 + H)+, 1546,
1543 (M – 3PF6)+, 1496, 1479 (M – 3PF6 – Cu)+, 955, 939, 930, 662

IR diamond (~� / cm�1): 3657w, 3581w, 3086b, 2870b, 2168w, 2029w, 1983w, 1597s, 1574m,
1543w, 1520m, 1481w, 1450m, 1427m, 1411sh, 1358m, 1304w, 1242s, 1188s, 1119b, 1080m, 1018m,
818vs, 787vs, 741s, 694sh, 648m, 617m.
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UV-Vis / acetonitrile, c1=105�M and c2=10.5�M, wavelength/nm (extinction coefficient/cm�1M�1:
225 ( 92,500)sh, 292 (68,400), 320 (65,500)sh, 348 (54,300)sh, 468 (4,670), 576 (1,630)sh.

7.5 The Synthesis of 40-(4-hydroxyphenyl)-4000-phenyl-2,20:60,200:600,
2000:6000,20000-quinquepyridine (pp) and complexes

7.5.1 2-[3-(4-Hydroxy)-1-oxoprop-2-enyl]-6-[3-phenyl-1-oxoprop-2-enyl]pyri-
dine
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Figure 7.15: 2-[3-(4-Hydroxy)-1-oxoprop-2-enyl]-6-[3-phenyl-1-oxoprop-2-enyl]pyridine

2-Acetyl-6-[3-(4-hydroxyphenyl)-1-oxoprop-2-enyl]pyridine (6.771g, 25.33mmol) was suspended in 1-
propanol (100ml). Addition of Et2NH (30ml) caused a colour change to ruby red. The suspension was
heated to 80

Æ
C and a solution of benzaldehyde (10.0ml, 10.5g, 98.9mmol) in 1-propanol (80ml) was

added during�10 min. In the heat, the suspension turned into a solution, that was refluxed at 135
Æ
C.

Over night it turned brown. After cooling slightly, the solvent was removedin vacuoto give a brown
oil.

The oil was added to a silica column and eluated with DCM : MeOH: Et2NH (20:1:0.1). The product
was collected as the second band and obtained as a yellow powder (3.35g, 37%).

Microanalysis found (calculated: C23H17N1O3 % C: 77.44 (77.73), % H: 5.10 (4.82), % N: 3.86
(3.94).1H-NMR, 250 MHz, CDCl3 Æ: 8.53-8.29 (m, H3, H5, Ha, Ha0, 4H), 8.11-7.96 (m, H4, Hb, Hb0, 3H),
7.81-7.73 (m, Ho,�2H), 7.69 (d, Ho0, JHo0�Hm0=8.7Hz, 2H), 7.49-7.45 (m, Hm, Hp,�3H), 6.91 (d,
Hm0, JHm0�Ho0=8.5Hz, 2H).

EI-MS, 70eV,�250
Æ
C: m/z= 355 M+, 278 (M – phenyl)+, 147, 103.

IR diamond (~� / cm�1): 3356b, 3063w, 3024w, 1983w, 1882w, 1659s, 1597s, 1558vs, 1504s, 1443m,
1381w, 1335s, 1281m, 1234s, 1204s, 1165s, 1034vs, 980vs,�929sh, 810vs, 764m, 741s, 702w, 679m.

7.5.2 40-(4-Hydroxyphenyl)-4000-phenyl-2,20:60,200:600,2000:6000,20000-quinquepyridine
(pp)

The synthesis procededure from Whall’s thesis51 was applied. 2-[3-(4-Hydroxy)-1-oxoprop-2-enyl]-6-
[3-phenyl-1-oxoprop-2-enyl]pyridine (2.629g, 7.398mmol), PPI (4.834g, 14.82mmol) andNH4OAc
(5.98g, 77.6mmol) were dissolved in dry methanol (40ml) andheated to 100

Æ
C under argon. A brown

solution formed, and was refluxed for 17h to give a beige precipitate. After cooling to room temperature,
the precipitate was filtered off, washed with ice cold methanol and driedin vacuoto yield 3.64g (89%).
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Figure 7.16: 40-(4-Hydroxyphenyl)-4000-phenyl-2,20:60,200:600,2000:6000,20000- quinquepyridine

Microanalysis: found (calculated): C37H25N5O) � 0,5H2O % C: 78.82 (78.70), % H: 4.62 (4.64),
% N: 12.52 (12.40).1H-NMR, 600 MHz DMSO-d6 Æ: 9.93 (s, OH, 1H), 9.04 (d, B5, JB5�B3=1.7Hz, 1H), 8.98 (d, D3,
JD3�D5=1.9Hz, 1H), 8.78-8.67 (m, B3, C3, C5, A3, A6, D5, E3, E6, 8H) where B3 is at 8.77, C3
and C5 at 8.75 and 8.72 and D5 at 8.69, 8.27 (t, C4, JC4�C3;C4�C5=7.7Hz, 1H), 8.06-7.98 (m, A4,
E4, bo, 4H) where A4 and E4 come at 8.04 and bo at 8.02, 7.89 (d, do, Jdo�dm=8.9Hz, 2H), 7.64
(t, bm, Jbm�bo=7.4Hz, 2H), 7.59 (t, bp, Jbp�bm=7,4Hz, 1H), 7.56-7.52 (m, A5, E5, 2H), 7.00 (d, dm,
Jdm�do=8.8Hz, 2H)

Maldi-TOF MS (no matrix) m/z: 616 (M + 4H + K + H2O)+, 614 (M + 2H + K + H2O)+, 579 (M
+ H + Na)+, 557 (M + 2H)+.

IR diamond (~� / cm�1): 3549w, 3186b, 3055m, 2291w, 1983w, 1967w, 1952w, 1798w, 1666m,
1605m, 1566s, 1543vs, 1520s, 1474s, 1434m, 1389vs, 1273s, 1219m 1173m, 1126w, 1103m, 1072m,
1041m, 995m, 957sh, 887m, 833m, 818s, 787vs and 764vs, 733s,694m, 678m, 656m, 640m, 617s.

UV-Vis / chloroform, c=20.16�M, wavelength/nm, (extinction coefficient/cm�1M�1): 257
(62,800), 279 (58,300), 308 (34,000)sh, 318 (27,000)sh.

7.5.3 [Cu2(40-(4-hydroxyphenyl)-4000-phenyl-2,20:60,200:600,2000:6000,20000-quinque-
pyridine)] 2[PF6]3, [Cu2(pp)2][PF6]3

40-(4-Hydroxyphenyl)-4000-phenyl-2,20:60,200:600,2000:6000,20000-quinquepyridine (25.0mg, 45�mol) and
Cu(OAc)2�H2O (9.3mg, 46.6�mol where dissolved in methanol (20ml) to yield a dark brown solution.
A solution of NH4PF6 (100mg, 613�mol) in methanol (2ml) was filtered through cotton wool and added
to the solution. First there was a light coloured precipitate, but after part of the solvent was removed, a
green precipitate formed. This green precipitate was redissolved, by heating. The solution was brown,
but again the precipitate formed was green. It was filtered off, washed once with cold methanol, three
times with water, twice with cold methanol and three times with ether. Upon dryingin vacuo, the solid
turned brown (28mg, 74%).

Microanalysis: found (calculated): C74H50N10O2Cu2P3F18 � 6H2O % C: 50.02 (49.90), % H:
3.20 (3.51), % N: 7.87 (7.86).
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1H-NMR, 600 MHz, acetonitrile-d3 Æ: 24.9 (vb), 13.7 (vb), 10.4 (b), 9.29, 9.12, 8.92, 8.01-7.51 (m),
6.98 (d, J=49.9Hz), 6.38 (d, J=46.3Hz).

Maldi-TOF MS (no matrix) m/z: 1234 (M – 2H – 3PF6)+, 1172 (M – H – Cu – 3PF6)+, 1153 (2pp
+ Na + 2H + H2O)+, 724, 618 (pp + Cu)+, 613 (pp + K + H + H2O)+, 602, 600, 589, 524.

IR diamond (~� / cm�1): 3641w and 3518w , 3094b , 1983w, 1597vs , 1573s, 1543s, 1520m,1481m,
1458m, 1443m, 1358m, 1281sh, 1242s and 1180s , 1111w, 1080m,1011m, 818vs and 787sh , 764s,
741s, 694m, 648m, 617m.

UV-Vis / acetonitrile, c1=104�M and c2=9.32�M, wavelength/nm (extinction coefficient/cm�1M�1:
222 (85,000)sh, 288 (72,400), 319 (49,900)sh, 351 (32,400)sh, 467 (4,150), 572 (1,700)sh.

7.6 The synthesis of 1,17-Bis-4-(40-(4000-phenyl-2,20:60,200:600,2000:6000,
20000-quinquepyridyl)phenoxy)-3,6,9,12,15-pentaoxaheptadecane
(pcp) and complexes

7.6.1 1,17-Bis-4-(40-(4000-phenyl-2,20:60,200:600,2000:6000,20000- quinquepyridyl)phenoxy)-
3, 6,9,12,15-pentaoxaheptadecane (pcp)
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Figure 7.17: 1,17-Bis-4-(40-(4000-phenyl-2,20:60,200:600,2000:6000,20000-quinquepyridyl)phenoxy)-3,6,9,
12,15-pentaoxaheptadecane

Dry 40-(4-hydroxyphenyl)-4000-phenyl-2,20:60,200:600,2000:6000,20000-quinquepyridine (319mg, 0.574mmol)
and dry Cs2CO3 (107mg, 0.328mmol) were suspended in DMF (7ml) and heated inan oilbath at
100

Æ
C under argon. To the brown solution, a solution of tos2heg (169mg, 0.286mmol) in DMF (1ml)

was added dropwise over a period of 5 min. The flask with the tos2heg solution was rinsed with 3ml and
the 1 ml of DMF, so there where 12 ml DMF in the reaction flask. The oilbath was cooled to 80

Æ
C and

after 20h of reaction some white precipitate was formed. A CaCl2 drying tube was put on top of the
reflux cooler. After 90h under reflux, under Argon, more precipitate had formed. The mixture was
cooled to room temperature. The precipitate was filtered off, washed with DMF, water, methanol and
diethyl ether, and driedin vacuoto yield 237mg (61%) of product.

The solid was sonicated in dilute NaOH(aq) for half an hour at pH=11 and then extracted with chloro-
form. After reducing the amount of solventin vacuo, the solution was added to an Alox 90 (Merck)
column, and eluated with chloroform : Et2NH (42 : 1). The crude product was collected as the first
yellow band (202mg).
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Microanalysis: found (calculated): C86H720N10O7 � 0.5 H2O % C: 74.93 (75.09), % H: 5.33
(5.42), % N: 10.06 (10.18).1H-NMR, 600 MHz, CDCl3 Æ: 8.92 (d, B5, J=1.7Hz, 2H), 8.87 (d, D3, J=1.6Hz, 2H), 8.73-8.62 (m,
B3, C3, C5, D5, A3, E3, A6, E6, 16H) with A6 at 8.72, B3 at 8.71, E6 at 8.70, C3 and C5 at 8.67 and
8.65, A3 at 8.67, E3 at 8.64 and D5 at 8.63, 8.00 (t, C4, JC4�C3=C5=7.7Hz, 2H), 7.91-7.81 (m, bo,
A4, E4 and do, 12H) with bo at 7.89, A4 at 7.87, E4 at 7.85 and do at 7.84, 7.53-7.46 (m, bm and bp,
6H) with bm and bp at 7.50 and 7.48, 7.34 (ddd, A5, J=7.4Hz, 4.8Hz and 1.1Hz, 4H), 7.31 (ddd, E5,
J=7.4Hz, 4.7Hz and 1.1Hz, 4H), 7.01 (d, dm, Jdm�do=8.6Hz, 4H), 4.19 (t, f, Jf�e=4.8Hz,4H), 3.91 (t,
e, Je�f=4.8Hz, 4H), 3.77 (m, d, 4H), 3.72 (m, c, 4H), 3.69 (s, a and b, 8H).13C-NMR, 150 MHz, CDCl3 Æ: 160.0 (dp), 149.4 (A6, E6), 138.1 (C4), 137.2 (A4, E4), 129.3(bm,
bp), 128.7 (do), 127.4 (bo), 124.0 (A5, E5), 121.6 (C3, C5, A3and E3), 119.3 (B5), 119.1 (B3), 118.7
(D3), 118.4 (D5), 115.0 (dm), 71.2 (d), 70.9 (a, b, and c), 69.9 (e), 67.7 (f). The sample was too dilute
to see quarternary carbon resonances.

Maldi-TOF MS (matrix: �-Cyano-4-hydroxycinnamic acid) m/z: 1629, 1566, 1421 (M + Na + K
+ 2H)+, 1414 (M + K + H2O + H)+, 1358 (M + 2H)+, 801, 618 (pp + K + Na)+, 613 (pp + K + H2O +
H)+, 556 (pp + H)+, 441, 379.

IR diamond (~� / cm�1): 3549w, 3055m, 2870m, 1983w, 1967w, 1952w, 1798w, 1720w, 1605s,
1582vs, 1566sh, 1543vs, 1512vs, 1474s, 1443m, 1420m, 1389vs, 1358sh, 1296m, 1250vs, 1180m,
1111vs, 1072vs, 1041vs, 987s, 941m, 887s, 817vs, 794vs, 764vs, 733vs, 694vs, 663s, 640m, 617vs.

UV-Vis / chloroform, c=7.366�M, wavelength/nm (extinction coefficient/cm�1M�1: 257
(102,000), 280 (97,600), 307 (57,500) sh, 316 (46,300) sh.

7.6.2 [Cu2(1,17-di-40(4000-phenyl-2,20:60,200:600,2000:6000,20000-quinquepyridyl)phen-
oxy)-3,6,9,12,15-pentaoxaheptadecane)][PF6]3, [Cu2pcp][PF6]3

pcp ligand (21mg, 15.6�mol) and Cu(OAc)2 � H2O (7.6mg, 38.1�mol) were dissolved in methanol
(approx. 3ml) in the sonicating bath to yield a green solution. To the filtered solution, a filtered solution
of NH4PF6 (56mg, 34.4�mol) in methanol (1ml) was added. A green precipitate was filtered from the
slightly greenish solution. It was washed with ice cold methanol, water, more ice cold methanol, diethyl
ether and driedin vacuoto give a brown powder (22mg, 74%).

Microanalysis: found (calculated): C86H72N10O7Cu23.7 PF6 % C: 51.28 (51.11), % H: 3.62
(3.59), % N: 6.75 (6.93).1H-NMR, 250 MHz, CDCl3 Æ: 25.0 (vb), 17.5 (weak, vb), 13.2 (weak, vb), 9.15 (b), 8.10-7.51 (m),
6.96, 6.50, 3.94, 3.79, 3.64, 3.63, 3.59, 3.56 (3.94-3.564 linker -CH2O- protons).

Maldi-TOF MS (matrix: �-cyano-4-hydroxycinnamic acid) m/z: 1629 (M – 2PF6 + 2H)+, 1484
(M - 3PF6 + 2H)+, 1433, 1419 (M – 3PF6 – Cu)+, 1359, 624, 568.

IR diamond (~� / cm�1): 3657w, 3063b, 2870m, 1597s, 1574m, 1543m, 1520m, 1481m, 1450m,
1412m, 1381w, 1358w, 1304w, 1242s, 1188s, 1111b, 1080m, 1011m, 879sh, 833vs, 795s, 764s, 741s,
694m, 648m, 617m.
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UV-Vis / acetonitrile, c1=122.4�M and c2=12.24�M, wavelength/nm (extinction coefficient/cm�1M�1:
224 (91,600) sh, 289 (78,900), 316 (63,800) sh, 351 (39,700)sh, 472 (250), 574 (102) sh.

X-ray see appendix A.2 page 186.

7.7 On the way to 5-(4-methoxyphenyl)-2,20:60,200:600,2000-quaterpyridine
(5qtpy)

N
NN

N

MeO

Figure 7.18: 5-(4-Methoxyphenyl)-2,20:60,200:600,2000-quaterpyridine

7.7.1 3-N ,N -Dimethylamino-1-oxo-1-(2-pyridyl)-2-propene
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Figure 7.19: 3-N ,N -Dimethylamino-1-oxo-1-(2-pyridyl)-2-propene

The literature procedure2, 3 was followed.N ,N -Dimethylformamide dimethyl acetale (13.2ml,11.8g,
99.3mmol) and 2-acetyl pyridine (10.0ml, 10.8g, 88.6mmol)were dissolved in toluene (17ml) in a
distillation apparatus and heated to 110

Æ
C. After 22h, the reaction mixture had turned black and the

methanol formed by the reaction was separated off. To complete the reaction, the temperature was
raised to 130

Æ
C for 1.5h and then cyclohexane (21ml) was added to the hot, black solution. From a

red-brown solution, a yellow precipitate formed while cooling to room temperature. The precipitate
was filtered off, washed twice with cyclohexane : toluene (2 :1) and driedin vacuoto give neon-yellow
needles (13.49g, 86%).1H-NMR, 250 MHz, CDCl3 Æ: 8.64 (d, H6, J=4.7Hz, 1H), 8.16 (d, H3, J=7.9Hz, 1H), 7.92 (d,Ha or
Hb, J=13Hz, 1H), 7.82 (t, H4, J=7.7Hz, 1H), 7.37 (dd, H5, J=7.4 Hz and 4.8Hz, 1H), 6.46 (d, Hb or Ha,
J=13Hz, 1H), 3.18 (s, CH3, 3H), 3.01 (s, CH3, 3H).

7.7.2 2-Acetyl-6-bromopyridine

The synthesis was consistent with the literature procedure.82, 159–163
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Figure 7.20: 2-Acetyl-6-bromopyridine1H-NMR, 250 MHz, CDCl3 Æ: 8.10-7.96 (m, 1H), 7.75-7.62 (m, 2H), 2.71 (s, 3H).1H-NMR, 250 MHz, MeOD Æ: 8.01-7.96 (m, 1H), 7.88-7.76 (m, 2H), 2.64 (m,�3H).

IR diamond (~� / cm�1): 3371w, 3062w, 3047w, 1662w, 2530w, 2322w, 2006w, 1921w, 1836w,
1759w, 1697vs, 1574m, 1551vs, 1427s, 1396m, 1358vs, 1303vs, 1288sh, 1234vs, 1180sh, 1157s,
1126vs, 1095m, 1072s, 1026m, 987m, 957s, 802vs, 725m, 656m

7.7.3 2-Bromo-6-(30-dimethylammonio-10-oxopropyl)pyridine chloride
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Figure 7.21: 2-Bromo-6-(30-dimethylammonio-10-oxopropyl)pyridine chloride

First, the procedure from my diploma work page 23131 was followed after the general method de-
veloped by Kröhnke,92 using DMF. But like Newkome137 described the synthesis, ethanol proved to
be the better solvent. 2-Acetyl-6-brompyridine (503mg, 2.52mmol) and paraformaldehyde (90mg,
3.0mmol) were mixed with a solution of HCl (37%,�30mg) in ethanol (16.0ml). The hygroscopicN ,N -dimethylammonium chloride was added last, and the mixturestirred and heated for 40 minutes at
60-66

Æ
Cwhile everything dissolved. The oilbath was removed, and the yellow solution was cooled in

the fridge. Nothing precipitated. Addition of water (5ml) made a white solid fall out of solution. After
renewed cooling in the fridge, the precipitate was filtered off, washed with ethanol : water (2 : 1) and
dried in vacuo(72mg, 10%). The proton-NMR spectrum showed decomposition, the infrared spectrum
showed a strong similarity to 2-acetyl-6-bromopyridine inthe fingerprint region.

IR KBr ( ~� / cm�1): 3854m, 3423b,�2000b, 1699vs, 1655m, 1571m, 1551vs, 1430vs, 1397m,
1361vs, 1305vs, 1283sh, 1238vs, 1160s, 1126vs, 1100s, 1073vs, 987m, 959m 806s, 793m, 593vs

7.7.4 2-Ethylthiopyridine

The literature procedure164 and the procedure described in my diploma thesis131 was followed. 2-
Mercaptopyridine (11.14g, 0.100mmol), aqueous NaOH (1.0M, 105ml) and ethyl iodide (8.40ml, 16.2g,
0.104mol) were mixed to give a yellow solution. It was stirred under argon at room temperature over
night. For protection from light, the reaction flask was wrapped in aluminium foil. The reaction mixture
was then extracted four times with ether (4� 60ml). The combined organic layers were washed three
times with aqueous NaOH (2M). This caused a decolorisation.Then they were washed with water, dried
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Figure 7.22: 2-Ethylthiopyridine

over magnesium sulfate and filtrated. The solvent was removed in vacuoand a yellow oil was obtained
(12.02g, 86%).1H-NMR, 250 MHz, CDCl3 Æ: 8.43 (d, H6 J=4.3Hz, 1H), 7.47 (td, H4, J=7.7Hz and 2.1Hz, 1H),
7.16 (dt, H3, J=8.1Hz and 0.85Hz, 1H), 6.97 (ddd, H5, J=7.3Hz, 4.9Hz and 1.1Hz, 1H), 3.17 (q, CH2,
J=7.3Hz,>2H), 1.37 (t, CH3, J=7.3Hz,>3H).

7.7.5 2-Bromo-6-(2-methyl-1,3-dioxolan-2-yl)pyridine

Br N

3

4

5

O O

Figure 7.23: 2-Bromo-6-(2-methyl-1,3-dioxolan-2-yl)pyridine

The classical method131, 165, 166 was applied. 2-Acetyl-6-bromopyridine (2.287g, 11.43mmol),
ethyleneglycol (4.79ml, 5.33g, 85.9mmol) and p-toluenesulfonic acid (0.72g, 3.3mmol) were dissolved
in toluene (100ml). The mixture was refluxed using a water extractor and water was removed repeatedly
over a period of 64h. The residue was washed with aqueous NaOH(1M, 20ml) and extracted back with
DCM. The combined organic phases were dried over magnesium sulfate and filtered. Removing the
solventin vacuogave a dark brown oil (2.550g).

The crude product can be purified by distillation.131

7.7.6 6-Bromo-2,20:60,200-terpyridine
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Figure 7.24: 6-Bromo-2,20:60,200-terpyridine

153



Route 1: The literature procedure92, 124, 137 was followed. 2-Bromo-6-(30-dimethylammonio-10-
oxopropyl)pyridine chloride (69mg, 0.24mmol), PPI (78mg,0.24mmol) and ammonium acetate
(200mg, 2.6mmol) were heated in methanol (p.a., 1.0ml) to give a yellow solution. The reaction mixture
was refluxed for three hours. After cooling, water (1ml) was added and a white precipitate formed. It
was filtered off (30mg).1H-NMR showed some product but mainly decomposition.

Route 2: The literature procedure2, 3 to make terpy was followed. 2-Acetyl-6-bromopyridine (1.10g,
5.50mmol) and KtBuO (2.157g, 19.22mmol) were dissolved in THF (abs., 40ml) and stirred at room
temperature under argon. After 3.5h, a very small amount of white precipitate had formed in the reddish-
beige solution. 3-N ,N -Dimethylamino-1-oxo-1-(2-pyridyl)-2-propene (1.46g,8.29mmol) was added
and this caused an immediate colour change from brown to intense deep red and all precipitate dis-
solved again. The solution was stirred under argon for 41h whithout changing colour. After cooling in
a ice-water bath, a mixture of ammonium acetate (6.2g, 80mmol) in acetic acid (99-100%, 21ml) was
added. During a few minutes of stirring, the colour changed to brown. Methanol (4.1ml) was added,
and the remaining THF removed by distillation, followed by methanol. The oilbath temperature reached
115

Æ
C towards the end of the distillation. After 7.5h, the residual black oil was cooled to room tem-

perature. It was poured into water (40ml) and neutralised with sodium carbonate (the pH reached 8).
A black tarry material was obtained. It was mixed with celite(�20g) and heated to 80

Æ
C in toluene

(30ml). After two hours at that temperature, the mixture wascooled and filtered. The filtrate consisted
of two phases. They were separated and the reddish-brown aqueous phase was extracted three times
with toluene (20ml). Alox (I, neutral, 3.8g) were added to the combined orange organic phases, and
after stirring for half an hour, this mixture was filtered. Removing the solvent from the filtratein vacuo
gave a black oily solid.

The black material was dissolved in DCM (10ml) and alox(III,neutral) was added. The solvent was
removed on the rotavap to give a black powder. It was added to an alox (III, neutral) column and eluated
with cyclohexane : ethyl acetate (20 : 1). Removing the solvent in vacuoof the first yellow fraction,
yielded the product (0.368g, 21%).1H-NMR, 400 MHz, CDCl3 Æ: 8.73 (d, H600, J=3.8Hz, 1H), 8.62-8.44 (m, H3, H30, H50 and H300,
4H), 7.97 (t, H40, J=7.84Hz, 1H), 7.89 (t, H400, J=7.8Hz, 1H), 7,71 (t, H4, J=7.8Hz, 1H), 7.52 (d, H5,
J=7.8Hz, 1H), 7.34 (ddd, H5, J=7.4Hz, 4.6Hz and 1.5Hz, 1H)

7.7.7 6-(n-Butyl)-2,20:60,200-terpyridine

N
N N B

OH

OH

Figure 7.25: 6-2,20:60,200-Terpyridylboronic acid

A suspension of 6-bromo-2,20:60,200-terpyridine (90mg, 0.29mmol) in diethyl ether (abs., 20ml) was
cooled to -80

Æ
C under argon.n-BuLi (1,6M/hexane, 0.22ml, 0.35mmol) was added slowly, while the

reaction mixture became a very dark, blue solution. The temperature was raised to -50
Æ
C and after

stirring at that temperature for 15 minutes, it was lowered to -100
Æ
C. Triisopropyl borate (predried over

molecular sieves of 4̊A, 0.146ml, 0.121g, 0.641mmol) was added, and the reaction mixture was slowly
rising in temperature. The colour stayed dark blue. At -20

Æ
Cwater (100ml) was added. The phases

were separated, and the brown aqueous phase (pH=7-8) was extracted three times with toluene, once
with diethyl ether, once withtert-butylmethyl ether and once with THF. The combined organic layers
were washed with brine, dried over sodium sulfate and filtered. Removing the solventin vacuoleft
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Figure 7.26: 6-(n-Butyl)-2,20:60,200-terpyridine

164mg residue. Mass spectroscopy showed that to some extent, then-butyl group had been added to
the terpy instead of the boron group. No bromo-terpy was left, which supports that in the lithiation
step had worked, but then-butyl group had been added instead of the the lithium. Although the proton-
NMR is rather messy in the aliphatic region, there are signals of the required multiplicity for Ha,Hc and
Hd, when compared withn-butyl-6-(2,20:60,200-terpyridine in a ChemDraw Ultra167 simulation. Hb is
covered by other signals. No 6-terpy-boronic acid was isolated undere these reaction conditions.1H-NMR, 400 MHz, CDCl3 + methanol-d4 Æ: 8.48 (d, H600, J=4.0Hz, 1H), 8.42 (d, J=7.8Hz, 1H),
8.25 (dd, J=8.0Hz and J=2.1Hz, 1H), 8.18 (dd, J= 7.8Hz and J=3.0Hz 1H), 8.14 (d, J=7.8Hz, 1H), 7.82
(t, J=7.8Hz, 1H), 7.75 (td, J=7.7Hz and J=1.6Hz, 1H), 7.62 (t, J=7.6Hz, 1H),�7.25Hz (under CDCl3-
signal), 7.06 (dd, H5, J=7.5Hz and J=2.9Hz, 1H), 2.71 (t, Ha,J=7.8Hz, 2H), 1.73-1.58 (m, containing
Hb,>2H), 1.27 (q, Hc, J=7.4Hz, 2H), 0.80 (t, Hd, J=7.3Hz,>3H).

FAB-MS (NBA and KCl): 506 (terpy-B-O-B-terpy – H)+, 402 (diisopropoxy-6-terpyridyl borate +
K + 2H)+, 352 (6-hydroxy terpy + 3H)+, 306 (isopropoxy-6-terpyridyl borate + 4H)+, 290 (n-butyl-6-
terpy – H)+ (100%).

7.7.8 Test boronation reaction of 2-bromopyridine: comparing the effects ofn-
BuLi and PhLi
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Figure 7.27: 2-Pyridylboronic acid

A general procedure for boronation149 of aromatic rings was followed. THF was used instead of di-
ethyleter as a solvent son-BuLi and PhLi should not form tetramers and react better.141 In two separate
dry reaction flasks, 2-bromopyridine (1.00ml, 1.66g, 10.4mmol) was dissolved in THF (abs., 20ml) and
cooled to -78

Æ
C under argon. To the first reaction flask,n-BuLi (1.6M, 7.00ml, 11mmol) was added

dropwise, keeping the temperature below -70
Æ
C. At the same time PhLi (2.2M, 7.00ml, 15.4mmol) was

added dropwise to the second reaction flask, also keeping thetemperature below -70
Æ
C. Both mixtures

turned brown. They were stirred at -76 to -78
Æ
C for 15 minutes before trimethoxyborate (3.00ml, 2.80g,

26.9mmol) was added to each. The solution in the reaction flask with then-BuLi turned red-brown,
while the one with the PhLi turned almost colourless, but slightly brown. After stirring another 40
minutes at that temperature, the colour of the first solutionwas red, and the colour of the second was
slightly orange. The reactions were quenched by addition ofHClaq (2.0M, 20ml). The first reaction
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became an orange, the second a yellow suspension. They were warmed slowly to room temperature
and extracted three times with diethyl ether each. The organic phases were dried over sodium sulfate
and filtered. The solvent was removedin vacuo. The residue from the reaction withn-BuLi weighed
175mg. 1H-NMR showed decomposition. The residue from the reaction with PhLi was a solid and
weighed 335mg (10.3% anhydride).1H-NMR was nicely structured.1H-NMR, 250 MHz, CDCl3 Æ: 7.53-7.47 (m (=‘td’), 2H), 7.34-7.19 (m, ‘quintett� d’), �2H (coin-
cides with the solvent signal).

EI-MS, 70eV,�200
Æ
C: m/z= 388, 312 (3M – 3H2O – 3H)+ (100%), 235 (3M – 3H2O – pyridine)+,

208 (3M – 3H2O – pyridine – B-OH)+, 164, 104 (M – OH – 2H)+
IR KBr ( ~� / cm�1): 3854w, 3650w, 3448b, 2345w, 1736w, 1508w, 1441s, 1366vs, 1351vs,�1698sh,
1024m, 699vs, 578m.

7.7.9 4-Methoxyphenylboronic acid
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Figure 7.28: 4-Methoxyphenylboronic acid

The procedure via a Grignard compound from the literature was followed.149 Under a nitrogen atmo-
sphere, magnesium (54.9mg, 2.26mmol) and one pellet of iodine were mixed in the reaction apparatus
and heated until violet vapour was visible, to activate the magnesium. THF (abs., 10ml) was added,
followed by 4-bromoanisole. Refluxing for 30 minutes gave a white suspension. It was cooled to room
temperature before it was added dropwise during 20 minutes to a solution of triisopropyl borate (1.04ml,
850mg, 4.51mmol) in THF (abs., 2ml) under nitrogen at -76

Æ
C to -70

Æ
C. After stirring for 10 more min-

utes at this temperature, it was warmed to room temperature overnight. The white suspension was
treated with HClaq (10%, 10ml). It was stirred for 70 minutes, and during that time, the colour changed
to yellow and then to orange. The orange solution was extracted three times withtert-butylmethyl ether.
The combined organic layers were washed with water, dried over magnesium sulfate and filtered. The
solvent was removedin vacuoto give a brown solid (419mg). The proton-NMR showed approximatily
product : 4-bromoanisole (2.5 :1).

The crude compound was recrystallised from hot water to givea white solid (84mg, 22%). A crystal
structure was obtained.1H-NMR, 250 MHz, CDCl3 Æ: 8.16 (d, J=7,8Hz, 2H), 7.01 (d, 8.7Hz, 2H), 3.89 (s, 3H).

IR diamond (~� / cm�1): 3005w, 2956m, 2935m, 2839m, 2048w, 2037w, 1597vs, 1566s, 1512s,
1512s, 1450m, 1412s, 1335vs, 1304vs, 1242vs, 1165vs, 1103s, 1080sh, 1022vs, 906s, 833vs, 806s,
744vs, 733vs, 683vs, 648s.

Melting point: 211
Æ
C.

X-ray see appendix C page 211.
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7.7.10 Dimethoxyl-4-methoxyphenyl boroate
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Figure 7.29: Dimethoxyl-4-methoxyphenyl boronate

The literature procedure149 was followed, but for the hydrolysis. THF (abs., 80ml), magnesium (284mg,
11.7mmol) and a iodine pellet were mixed under an argon atmosphere. To this brown mixture, 4-
bromoanisole (1.28ml, 10.3mmol) was added, and after refluxing for 3h after replacing the argon flux
with a calcium chloride drying tube. The white suspension was cooled in a ice - ammonium chloride
bath. It was added slowly to a colourless solution of trimethyl borate (2.3ml. 3.1mg, 20mmol) in THF
(abs., 50ml) under argon at a temperature of<-70

Æ
C. After the addition was complete, the solution

was warmed to room temperature overnight. A white suspension had formed. Water (�100ml) and a
sodium carbonate (5%,�20ml) was added. The latter caused a slight colour change to reddish. Finally
the addition of brine (�20ml) caused the phases to separate. The aqueous phase was extracted twice
with tert-butyl methyl ether and twice with ethyl acetate. Both layers were clear now, but opalescent.
The combined organic layers were washed with brine, dried over magnesium sulfate and filtered. The
solvent was removedin vacuoand left a yellowish grey oily substance. Proton-NMR lookedunpure.1H-NMR, 250 MHz, CDCl3 Æ: 7.85-7.63 (m, 2.0H), 7.50-7.28 (m, 2.1H), 4.40-4.00 (m, 6.4H)

It was redissolved in DCM and washed twice with water, dried over sodium sulfate and filtered. Remov-
ing the solventin vacuogave a yellow oily substance (824mg, 44%) The proton-NMR looked worse.1H-NMR, 250 MHz, CDCl3 Æ: 7.58-7.28 (m, 2H), 7.00-6.63 (m, 9H), 3.86-3.65 (m, 22H).

7.7.11 Diisopropyl-4-methoxyphenyl borate
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Figure 7.30: Diisopropyl-4-methoxyphenyl borate

Magnesium (1.139g, 46.86mmol) and one iodine pellet were suspended in THF (abs., 70ml) under
argon. 4-bromoanisole (5.3ml, 7.9g, 42mmol) was added and stirred for 2h, before heating to reflux at
80

Æ
C for 1.5h. The white suspension was cooled in an ice-NaCl bath, before it was added in portions

of 5ml during 1.5h to a solution of triisopropyl borate (19.6ml, 16.1g, 85.4mmol) in THF (30ml) at
70�3

Æ
C. The resulting greyish white suspension was warmed to roomtemperature overnight. Brine

(50ml) was added and stirred for 45 minutes. The phases were separated and the aqueous phase extracted
twice with ethyl acetate. The combined opalescent white organic phases were dried over magnesium
sulfate which caused a colour change to yellow. The solvent was removedin vacuoto give a yellow oily
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substance (8.103g, 82%). Proton-NMR suggests that although hydrolysis had been mildly, the ether had
at least partly hydrolysed to the corresponding boronic acid.1H-NMR, 250 MHz, CDCl3 Æ: 8.21 (m, 1.6H), 7.77 (d, J=8.9Hz, 1.0H), 7.06-6.74 (m, 4.8H), 3.93-
3.68 (m, 8.2H).

Recrystallisation from hot diethyl ether gave a white powder (1.459g) of 4-methoxypenylboronic acid
or anhydride.1H-NMR, 250 MHz, CDCl3 Æ: 8.17 (d, J=8.17Hz, 2.0H), 7.02 J=8.6Hz, 2.0H), 3.92-3.69 (m, 4.8H).

7.7.12 Test on which side of the 2,5-dibromopyridine the lithiation occurs

The literature finding168 that the 5 position is lithiated was confirmed. 2,5-Dibromopyridine (2.37g,
10.0mmol) was dissolved in THF (abs., 120ml) and cooled to -100

Æ
C to give a yellow solution.n-BuLi

(1.6M/hexane, 6.8ml, 11mol) was added slowly, keeping the temperature of the between -100
Æ
C and

-90
Æ
C. Three probes of each 10ml were taken and hydrolised each separately with HClaq (10%, 50ml).

There three probes were combined to ‘probe 1’. Half an hour later, the rest of the reaction flask was
distributed over 12 Erlenmeyer flasks with HClaq (10%, 50ml) and then combined to ‘probe 2’. The
probes were extracted twice with diethyl ether before and after adjusting the pH to 12-14 by addition
of aqueous KOH (50%). The organic phases of each probe were combined, dried over magnesium
sulfate and filtered. A small amount of methanol was added to both probes and then all solvent removed
in vacuoat 40

Æ
C. ‘Probe 1’ yielded 471mg and ‘probe 2’ 967mg yellow oil. Proton-NMR showed

exclusively 2-bromopyridine (91%).1H-NMR, 250 MHz, CDCl3 Æ: 8.38 (ddd, H6, J=4.7Hz, 1.3Hz and 0.9Hz, 1H), 7.60-7.46 (m, H3 and
H4, 2H), 7.27 (ddd, H5, J=8.1Hz, 4.7Hz and 1.5Hz,�1H).

7.7.13 2-Bromo-5-pyridylboronic acid
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Figure 7.31: 2-Bromo-5-pyridylboronic acid

A general procedure for boronation149 was followed. 2,5-Dibromopyridine (575mg, 2.22mmol) was
dissolved in diethyl ether (abs., 40ml) under an argon atmosphere. Cooling to -90

Æ
C caused the 2,5-

dibromopyridine to fall out of solution again.n-BuLi (1.6M/hexane, 1.53ml, 2.45mmol) was added, and
the mixture cooled immediately to -100

Æ
C before warming slowly to -60

Æ
C. The yellowish suspension

turned slowly into a dull, deep red mixture. It was cooled to -80
Æ
C before adding trimethyl borate and

stirred at that temperature for 1.5h. The mixture was warmedslowly, and turned yellow at -25
Æ
C. At this

point, HCLaq (10%, 50ml) was added to give two phases. They were separated. The aqueous phase was
red and the organic phase was colourless. Adjusting the pH ofthe aqueous phase with aqueous KOH
(50%) and aqueous NaCO3 (5%) to 8 caused a colour change to yellow. Extracting twice with tert-
butyl methyl ether gave a yellow organic phase and an almost colourless aqueous phase. The combined
organic phases were dried over sodium sulfate and filtered. The solvent was removedin vacuoto give a
red solid (242g, 54%).
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1H-NMR, 250 MHz, DMSO Æ: 8.64 (d, H6, J=2.0Hz, 1H), 8.50 (s, OH, 2.7H), 8.00 (dd, H4, J=7.9Hz
and 2.0Hz, 1H), 7.62 (d, H3, J=7.9Hz, 1H)

EI-MS, 70eV, 450
Æ
C: m/z= 551 (3M – 3H2O)+, 472 (3M – 3H2O – Br)+, 157 (bromopyridine)+, 78

(pyridine – H)+.

FAB-MS (NBA): 474 (3M – 3H2O – Br + 2H)+, 154, 136.

IR KBr ( ~� / cm�1): 3343b, 3271sh, 3252sh, 3238sh, 1584vs, 1554s, 1461m, 1446m, 1414s, 1381m,
1343vs, 1296m, 1178m, 1088s,�1052 1028s, 802m, 739w, 644m.

Melting point: 187-189
Æ
C.

7.7.14 Two approaches to 2-bromo-5-(4-methoxyphenyl)pyridine
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Figure 7.32: 2-Bromo-5-(4-methoxyphenyl)pyridin
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Figure 7.33: 5,50-Di-(4-methoxyphenyl)-2,20-bipyridine

Route 1 2,5-Dibromopyridine (102mg, 0.428mmol) was suspended in ether (abs., 4ml) and cooled
to -75

Æ
C under nitrogen.n-BuLi (1.6M/hexane, 0.29ml, 0.46mmol) was added while the temperature

stayed below -70
Æ
C. The colour changed to dark orange. A suspension of 4-methoxyboronic acid in

diethyl ether (abs., 2ml) was added. The flask with the 4-methoxyboronic acid solution was rinsed
twice with diethyl ether (abs., 1ml) and this was added to thereaction flask too. After stirring for 10
minutes below-70

Æ
Can orange-white suspension had formed. It was warmed to 0

Æ
C and hydrolysed

with saturated aqueous NH4Cl and extracted twice with ethyl acetate. The combined organic layers
were washed with brine, dried over sodium sulfate and filtered. The solvent was removedin vacuoand
a yellow oil was obtained. Proton-NMR showed apart from starting material, a new subsprectrum that
might possibly belong to 5,50-di-(methoxyphenyl)-2,20-bipyridine. Very possibly what is seen here is a
mixture of several minor side products.
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Figure 7.34: 6,60-Di-(4-methoxyphenyl)-3,30-bipyridine (dmp)1H-NMR, 300 MHz, CDCl3 Æ: 8.98 (d, 1H), 8.79 (s, 1H), 8.39 (d, 1H), 8.16 (d, 1H), 8.10-7.98 (m,>2H), 7.62-7.52 (m,>2H), 6.90 (dd,> m4H), 4.10 (q,> m4H), 3.92-3.70 (m,> m4H).

The oil was suspended in toluene : petrolether (1 : 1), filtered, put on a silica column and eluated with
the same solvent mixture. A second side product could be collected in the second band. MS-analysis
suggests that it is 6,60-di-(4-methoxyphenyl)-3,30-bipyridine (M). The proton-NMR shifts would support
this, but for the integral values.1H-NMR, 500 MHz, CDCl3 Æ: 8.45 (dd, H6, J=2.5Hz and 0.5Hz, 3.7H), 7.67 (dd, Ho, J=8.4Hzand
2.6Hz, 4.0H), 7.48 (dt, H4, J=8.9Hz and 2.6Hz, 3.0H), 7.39 (dd, H3, J=8.4Hz and 0.6Hz, 4.4H), 6.96
(dt, Hm, J=5.9Hz and 2.6Hz, 2.9H), 3.85 (s, CH3, 5.8H).

Maldi-TOF MS m/z: 368 (dmp)+, 291 (dmp-pyridine)+.

EI-MS, 70eV,�300
Æ
C: m/z= 366(dmp – 2H)+, 290 (dmp – pyridine – H)+, 275 (dmp – pyridine –

CH4)+
Route 2 The general procedure of149 was used. To a mixture of degassed benzene (65ml) and de-
gassed aqueous Na2CO3 (2M, 50ml), 4-bromoanisol (0.10ml (0.15g, 0.80mmol) was added. The cata-
lyst Pd(Ph3P)4 (24.5mg, 21�mol) was added. It was yellow but not lemon yellow. The organic phase
became yellow, the aqueous phase stayed colourless. The mixture was heated to 90

Æ
Cwhile a degassed

solution of 2-bromo-5-pyridylboronicacid (55mg, 0.27mmol) was added slowly. This resulted in yellow
solution with white solid. After 1.5h, TLC showed that all C had been consumed. The reaction mixture
was cooled to room temperature before adding H2O2 (30%, 1ml) and stirring for 1h. No change was
visible. After filtering, the phases were separated. The solid (1mg) was insoluble in chloroform. The
organic phase was washed with water. Some of the solvent was removed from the filtrate and new pre-
cipitate formed. It was filtered off and washed with water to give a yellow solid (18mg). This substance
could not be dissolved in DCM, methanol nor DMSO. All of the solvent was now removed from the
filtrate, despite of the TLC proton-NMR showed was starting material.

Route 3 Like route 2, but with Pd(OAc)2 as catalyst and potassium carbonate instead of sodium
carbonate, and the reaction mixture was only heated to 60-62

Æ
C. 4-bromanisol was regained.

7.7.15 5-Bromo-2-(4-methoxyphenyl) pyridine

The reaction conditions169 and work up procedure170 from the literature were followed. 2,5-
Dibromopyridine (313mg, 1.32mmol) and the catalyst Pd(Ph3P)4 (35mg, 30�mol, lemon yellow) were
dissolved in degassed toluene (4.5ml) to give a light yellowsolution. Degassed aqueous Na2CO3 (2M,
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Figure 7.35: Main product: 5-bromo-2-(4-methoxyphenyl)pyridine
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Figure 7.36: Side product: 2,5-di-(4-methoxyphenyl)pyridine

4.5ml) was added and this phase was colourless. A degassed solution of 4-methoxyphenylboronic acid
(203mg, 1.52mmol (if trimer)) in methanol (5ml) was added last. The reaction mixture was heated
in the oil bath at 90

Æ
C for 24h. After cooling for 3 minutes, saturated aqueous NaHCO3 (50ml) was

added. The phases were separated and the aqueous phase was extracted three times with ethyl acetate.
A solid formed. It was filtered off and washed with ethyl acetate to give a yellow solid (side product
22mg.) The combined organic phases were washed with brine, dried over sodium sulfate and filtered.
The solvent was removed in vacuo to give a yellow solid (303mg, 87%) see also the crystal structure
in appendix C.3 on page 207. The crystal used for x-ray diffraction, crystallised from a solution in
deuterated chloroform. The microanalysis however did not fit satisfactorily, even after recrystallising
from methanol.

Main product:

Microanalysis: found (calculated): C12H10NOBr % C: 56.33 (54.57), % H: 4.22 (3.82), % N: 5.25
(5.30).1H-NMR, 250 MHz, CDCl3 Æ: 8.71 (d, H6, J=2.4Hz, 1H), 7.94 (d, Ho, J=8.9Hz, 2H), 7.87 (dd, H4,
J=8.6Hz and 2.4Hz, 1H), 7.59 (d, H3, J=8.5Hz, 1H), 7.00 (d, Hm, J=8.9Hz, 2H), 3.87 (s, CH3, 3H).

EI-MS, 70eV,�2300
Æ
C: m/z= 263/265 M+, 248/250 (M – CH3)+, 220/222, 141.

Side product: 2,5-di-(4-methoxyphenyl)pyridine1H-NMR, 250 MHz, CDCl3 Æ: 8.87 (d, H6, J=2.4Hz, 1H), 8.00 (d, Ho, J=8.9Hz, 2H), 7.91 (dd, H4,
J=8.3Hz and 2.5Hz, 1H), 7.73 (d, H3, J=8.4Hz, 1H), 7.57 (d, Ho0, J=8.7Hz, 2H), 7.02 (dd, Hm and Hm0,
J=8.9Hz and 1.5Hz, 4H), 3.88 (d, CH3, J=1.7Hz, 6H).

EI-MS, 70eV,�250
Æ
C: m/z= 291 M+, 276 (M – CH3)+, 248 (M – 2CH3 – O).
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7.7.16 Diisopropyl-2-(4-methoxyphenyl)-5-pyridyl borate
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Figure 7.37: Diisopropyl-2-(4-methoxyphenyl)-5-pyridyl borate

The literature procedure for boronation149, 168 was followed. 5-Bromo-2-(4-methoxyphenyl)pyridine
(107mg, 4.5�mol) was suspended in diethyl ether (abs., 50ml) and cooled to -73

Æ
C under argon.n-

BuLi (1.6M / hexane, 0.30ml, 0.49mmol) was added and the yellow mixture warmed to -50
Æ
C. This

temperature was kept for 0.5h while all solid dissolved and the colour changed to red. This solution
was cooled back to -65

Æ
C before triisopropyl borate (abs., 0.47ml, 0.76g, 4.05mmol) was added. The

mixture was stirred at -65
Æ
C for 0.5h more, before warming to 0

Æ
C. During the warming, the colour

changed to yellow. Saturated aqueous NH4Cl (20ml) was added, and after mixing for several minutes,
the phases were separated and the aqueous phase extracted three times with diethyl ether. The combined
organic layers were washed with brine, dried over sodium sulfate and filtered. The solvent was removed
in vacuoto give a yellow oil (177mg).1H-NMR, 250 MHz, CDCl3 and methanol-d4 Æ: 7.91 (d, H6, J=2.4Hz, 1H), 7.49 (d, Ho, J=8.9Hz,
2H), 7.31 (d, H3, J=8.7Hz, 1H), 7.04 (dd, H4, J= 8.6Hz and 2.9Hz, 1H), 6.75 (d, Hm, J=8.9Hz, 2H),
3.63 (s, CH3O, 3H), 3.75 (m, -CH-,�2H), 0.93 (d, CH/3-C, J=6.2Hz, 6H).
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7.8 The synthesis of 4-(4-methoxyphenyl)-2,20:60,200:600,2000-quater-
pyridine (4MeOphqtpy)

7.8.1 6,60-Dibromo-2,20-bipyridine

The synthesis was consistent with the literature procedure.82 Dry 2,6-dibromopyridine (13.00g,
54.9mmol) was suspended in diethyl ether (freshly distilled from sodium, 100ml) and cooled in an
acetone/dryice bath to�-75

Æ
C under argon.n-BuLi (1.6M in hexane, 38.4ml) was added slowly. Ad-

ditional cooling with liquid nitrogen helped to keep the temperature below -75
Æ
C. After the addition was

complete, the temperature was raised to -50
Æ
Cand then kept between -50 and -60

Æ
C until everything

dissolved, and the mixture became a yellow solution; this took about 30 min. The solution was cooled
back to�-75

Æ
Cand dry, brown CuCl2 (3.73g, 27.7mmol) was added as a solid. The suspension was

stirred at that temperature for 40min, and then dry air was bubbled through for 3h. The flask was left
open to warm to room temperature, still protected from waterby a P2O5 chamber and a gas wash flask
filled with H2SO4. Again the mixture was cooled to -65

Æ
Cand dry air was bubbled through for 20 min.

The colour changed from brown to greenish brown, and HCl (6.0M, 50ml) was added to quench the
reaction. The mixture was stirred until it reached ambient temperature. A beige precipitate had formed,
and it was filtered off, washed with HCl (2.0M) and driedin vacuoover P2O5 to give 4.81g pure product
in 57.5% yield.
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Figure 7.38: 6,60-Dibromo-2,20-bipyridine1H-NMR, 250 MHz, CDCl3 Æ: 8.38 (d, H3 7.7Hz, 2H), 7.67 (t, H4, J=7.78Hz, 2H), 7.51 (d, H5,
7.85Hz, 2H).

Melting point 220.3-220.9
Æ
C.

7.8.2 6-Bromo-2,20-bipyridine
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Figure 7.39: 6-Bromo-2,20-bipyridine
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A modified version of the literature procedure for the reaction from 6,6-dibromo-2,2-bipyridine was
used.135 While using the exact temperature given in the literature135 only gave the starting material
back (in good yield), a different reaction temperature was found to make this reaction work to produce
a reasonable yield of the desired product. 2,6-Dibromopyridine (0.526g, 1.675mmol) and dry THF
(50 ml, freshly distilled from sodium) were added to an argon-flushed reaction flask. The resulting
orange suspension was cooled to -90

Æ
C. Phenyllithium solution (2.0 ml, 2.5 M, 5.0 mmol) was added

dropwise, while the temperature was allowed to rise to -80
Æ
C. After the addition was complete, the

temperature was kept between -95
Æ
C and -80

Æ
C for 15 min., and then between -75

Æ
C and -65

Æ
C for 45

min. The solution was cooled back to -90
Æ
C again and then let warm slowly to -70

Æ
C. This procedure

was repeated, and then, when -70
Æ
C was reached the second time, the reaction was quenched by adding

methanol (40 ml), and after two to three minutes, water (20 ml). THF and methanol were removedin
vacuofrom the clear orange solution. The residual suspension wascooled to room temperature, filtered,
and the brown oily solid dried in a dessicator over P2O5 (345mg).

The solid was suspended in a small amount of DCM, filtered, andthe filtrate added to a column of silica
gel (0.04 - 0.06 mm). Elution with DCM : methanol : diethylamine (20:1:0.01) gave the compound as a
white solid (333mg, 63%)1H-NMR, 250 MHz, CDCl3 Æ: 8.67 (ddd, H60, J=4.9Hz, 1.8Hz and 0.9Hz, 1H), 8.44-8.35 (m, H3
and H30, 2H), 7.82 (td, H40, J=7.7Hz and 1.8Hz, 1H), 7.67 (t, H4, J=7.8Hz, 1H), 7.49 (dd,H5, J=7.8Hz
and 0.93Hz, 1H), 7.33 (ddd, H50, J=7.5Hz, 4.9Hz and 1.2Hz

7.8.3 6-n-Butyl-2,20-bipyridine

N B

3

4

5

6

O

O

Figure 7.40: 6-Pyridyl-1,3,2-dioxaborolane
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Figure 7.41: 6-n-Butyl-2,20-bipyridine

The general procedures from the literature were followed.144, 146, 148, 149 2-Bromopyridine (1.715g,
10.85mmol) was dissolved in diethyl ether (abs.,�100ml) and cooled to -75

Æ
C under argon.n-BuLi

(1.6M/hexane, 8.52ml, 13.6mmol) was added while keeping the temperature below -70
Æ
C. After the

addition was complete, the temperature was raised slowly to-50
Æ
Cand upon arriving at that tempera-

ture, the reaction mixture was cooled back to-75
Æ
C immediatly. Addition of tributyl borate (3.66ml,

13.6mmol) gave a red solution, which was warmed overnight toroom temperature. Predried pinacol
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(1.733g, 14.66mmol) was added under stirring, follwed 10 minutes later by acetic acid (100%, 0.64ml,
11.2mmol). The neutralisation caused a colour change to yellow and a small amount of precipitate
formed. The mixture was filtered through celite, and the ether in the filtrate removedin vacuo. The
pH of the residue was adjusted to 8 with sodium carbonate and extracted three times with DCM. The
solvent of the combined DCM layers was removedin vacuoto give a brown oil that was dried further
in vacuo. NMR- and MS-analysis proved this to be a side product (137mg, 27%). No 6-pyridyl-1,3,2-
dioxaborolane was isolated under these reaction conditions.1H-NMR, 600 MHz, CDCl3 Æ: 8.67 (ddd, H60 J=4.9Hz, 1.8Hz and 0.93Hz, 1H), 8.44 (td, H30,
J=8.0Hz and 1.0Hz, 1H), 8.17 (dd, H3, J=7.9Hz and 0.84Hz, 1H), 7.80 (td, H40, J=7.5Hz and 1.8Hz,
1H), 7.71 (t, H4, J=7.7Hz, 1H), 7.28 (ddd, H50, J=7.5Hz, 4.9Hz and 1.3Hz, 1H), 7.16 (dd, H5, J=7.7Hz
and 1.0Hz, 1H), 2.87 (t, Ha, J=7.8Hz, 2H), 1.79 (quintett, Hb, J=7.6Hz, 2H), 1.43 (sextett, Hc, J=7.5Hz,�2H), 0.966 (t, Hd, J=7.3Hz,�3H).13C-NMR, 150 MHz, CDCl3 Æ: 162.7 (C6), 157.4 (C20), 156.1 (C2), 149.7 (C60), 137.7 (C4), 137.5
(C40), 124.1 (C50), 123.4 (C5), 121.9 (C30), 118.8 (C3), 38.82 (Ca), 32.58 (Cb), 23.19 (Cc), 14.71 (Cd).

EI-MS, 70eV, �100
Æ
C: m/z= 226, 211 (6-(n-butyl)-2,20-bipyridine – H)+, 197 (6-(n-butyl)-

2,20-bipyridine – CH3)+, 183 (6-(n-butyl)-2,20-bipyridine – C2H5)+, 170 (100%), 6-methyl-2,20-
bipyridine)+, 155 (2,20-bipyridine – H)+.

IR KBr ( ~� / cm�1): 3855w, 3677w, 3421b, 2957vs, 2926vs, 2870s, 1664b, 1582s, 1563sh, 1459s,
1430s, 1379m, 1260w, 1081b, 776m.

7.8.4 6-Tributylstannyl-2,20-bipyridine
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Figure 7.42: 6-Tributylstannyl-2,20-bipyridine

The procedure of Hanan134 was followed. Best results were obtained when the amount of BuLi added,
was equivalent to the amount of 6-bromo-2,20-bipyridine. The BuLi-solution was therefore titrated
against HCl (0.20M) before use. 6-Bromo-2,20-bipyridine (651mg, 2.77mmol) was suspended in di-
ethyl ether and cooled to -100

Æ
C under argon. BuLi-solution (1.80ml, 1.69M, 3.05mmol) wasadded

dropwise, while the temperature was kept below -100
Æ
C. During 40 minutes, the temperature was raised

to -80
Æ
C. The black suspension, that followed the addition, turnedslowly into a reddish-brown solu-

tion. After cooling back to -100
Æ
Ctributyltin chloride (0.826ml, 0.992g 3.05mmol) was added and the

solution turned black. The temperature was raised over 4h to-30
Æ
C to give an orange solution and with

white precipitate. The contents of the reaction flask were transferred into a round bottomed flask, and
the solvent removedin vacuoat 50

Æ
C to give a yellow oil.
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1H-NMR, 250 MHz, CDCl3 Æ: 8.65 (ddd, H60, J=4.9Hz, 1.8Hz and 0.83Hz, 1H), 8.53 (td, H30,
J=8.0Hz and 1.0Hz, 1H), 8.24 (dd, H3, J=8.03Hz and 1.2Hz, 1H), 7.80 (td, H40, J=7.53Hz and 1.9Hz,
1H), 7.62 (t, H4, J=7.27Hz, 1H), 7.40 (dd, H5, J=7.4Hz and 1.4Hz, 1H), 7.28 (ddd, H50, J=8.70Hz,
4.9Hz and 1.2Hz, 1H), 1.68-1.55 (m, Ha;bor
, 6H), 1.45-1.25 (m, Ha;bor
, >6H), 1.22-1.10 (m, Ha;bor
,
6H), 0.89 (t, Hd, J=7.2Hz,>9H).

7.8.5 3-(40-Methoxyphenyl)-1-oxo-2-butenoic acid
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Figure 7.43: 3-(40-Methoxyphenyl)-1-oxo-2-butenoic acid

The synthesis was analogous to the literature preparation of 4-bromocinnamaldehyde,1 except a different
ratio of ethanol/water was used in the reaction.

Sodium pyruvate (12.4 g, 113 mmol) was dissolved in water (100 ml), and 4-methoxycinnamaldehyde
(12 ml, g, mmol) was added. Ethanol (100 ml) was added in portions of 50ml, and an opalescent
mixture formed first, then became a colourless solution. It was cooled in an ice-water bath to 4

Æ
Cand

a potassium hydroxide solution (10%, 100ml) was added slowly, while the temperature was kept at 4� 1
Æ
C. After the first few drops of potassium hydroxide solution,the reaction mixture turned yellow,

and later, a precipitate formed. Towards the end of the addition, the quantity of precipitate prevented
magnetic stirring, so the suspension was swirled every few minutes. The reaction mixture was acidified
to pH 4 with hydrochloric acid, still in the cooling bath, andthe colour became more intensely yellow.
The mixture was filtered, and the yellow solid washed with water followed by diethyl ether, and dried
over phosphorus pentoxide. Yield: 11.98g ( 58.9%).1H-NMR, 250 MHz, methanol-d4 Æ: 7.90 (s, 1H, COOH,), 7.74 (d, 1H, alkene CH, J=16.2Hz), 7.65
(d, 2H, aromatic, J=1.01Hz), 7.01 (d, 1H, alkene CH, J=16.0Hz), 7.01 (d, 2H, aromatic, J=8.7Hz) and
3.88 (s, 3H, methoxy).

7.8.6 N -[1-Oxo-1-(6-bromo-2-pyridyl)eth-2-yl]pyridinium iod ide (Br-PPI)
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Figure 7.44:N -[1-Oxo-1-(6-bromo-2-pyridyl)eth-2-yl]pyridinium iodide (Br-PPI)

The synthesis was consistent with the literature procedure.137 2-Acetyl-6-bromo-pyridine (7.82g,
39.1mmol), iodine (10.6g, 41.7mmol) were mixed with pyridine (12.0ml, 11.8g, 149mmol) and heated
in the oil bath to 60

Æ
C while stirring. After�30min the mixture turned solid and dark. Pyridine (1.5ml)

was added , followed by water (35ml). Then the temperature ofthe oil-bath was raised to 100
Æ
C. The

mixture was stirred until all precipitate dissolved (�30min), and filtered hot. The filtrate was cooled in
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the fridge, and a brown precipitate formed that was filtered off, washed with water and driedin vacuo
to give a brown powder (12.6g), in 79.3% yield.

IR KBr ( ~� / cm�1): 3402w,�3125w, 3084m, 3033s, 2965s, 2884m, 2511w, 2366w,�2060w,�2028,�1930w, 1712vs, 1633vs, 1577sh, 1570m, 1554s, 1493s, 1484vs, 1430vs, 1408s, 1400sh, 1362m,
1342s, 1297m, 1282m, 1268sh, 1232m, 1218s. 1195m, 1189m, 1158vs, 1148m, 1121s, 1077m, 1028m,
1008vs, 1003vs, 987s, 853m, 806s, 775s, 727w, 718s, 678vs, 642m, 569s, 461m.

7.8.7 60-Bromo-4-(4-methoxyphenyl)-2,20-bipyridine-6-carboxylic acid
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Figure 7.45: 60-Bromo-4-(4-methoxyphenyl)-2,20-bipyridine-6-carboxylic acid

For the synthesis of 60-bromo-4-(4-methoxyphenyl)-2,20-bipyridine-6-carboxylic acid, the literature
procedure for the synthesis of 60-bromo-4-(4-bromophenyl)-2,20-bipyridine-6-carboxylic acid1 was
slightly altered. It is a Kröhnke cyclisation.92

3-(40-Methoxyphenyl)-1-oxo-2-butenoic acid (5.043g, 24.94mmol), Br-PPI (10.130g, 25.01mmol) andNH4OAc (14.5g, 188mmol) were suspended in water (166ml) and heated in the oilbath to 80
Æ
C.

Ethanol (�3ml) was added and almost everything dissolved. The mixturewas then heated to 100
Æ
C and

after addition of more ethanol (�4ml), the reaction mixture was left to reflux for 16h. After cooling to
room temperature, the cream beige precipitate was filtered off, washed with water and driedin vacuoto
yield an off-white powder (9.25g, 96%).

Microanalysis: found calculated: C18H13N2O3Br % C: 56.32 (56.12), % H: 3.45 (3.40), % N: 7.22
(7.27).1H-NMR, 250 MHz, CDCl3Æ: 8.87 (d, H30, JH30�H50=1.85Hz, 1H), 8.49 (d, H50, JH50�H30=1.68Hz,
1H), 8.35 (dd, H3, JH3�H5=0.93Hz, JH3�H4=7.78Hz, 1H), 7.82 (d, Ho, JHo�Hm=9.03Hz, 2H), (7.76
(t, H4, JH4�H3=H5=7.78Hz, 1H), 7.60 (dd, H5, JH5�H3= 0.84Hz, JH5�H4=7.86Hz, 1H), 7.07 (d, Hm,
JHm�Ho=9.05Hz, 2H), 3.90 (s, H(MeO), 3H).13C-NMR, 62.5 MHz, DMSO-d6 Æ: 166.8 (1C), 161.6 (1C), 156.8 (1C), 155.1 (1C), 150.3 (1C),
150.1 (1C), 141.9 (1C), 141.6 (1-2C), 129.8 (1C), 129.3 (2C), 122.7 (1C), 121.5 (1C), 120.8 (1C),
115.8 (2C), 56.2 (MeO, 1C).

IR diamond (~� / cm�1): 2831w, 2646sh, 2592sh, 2523m, 2037w, 1821w, 1681vs, 1605s,1574s,
1551s, 1512s, 1458s, 1427s, 1389s, 1350s, 1258vs, 1157s, 1126s, 1095w, 1065m, 1034s, 987m, 933m,
895s, 833s, 787vs, 733m, 694s.
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EI-MS, 70eV, 500
Æ
C: m/z= 386/384 M+, 342/340 (M – CO2)+, 130.

X-ray see Appendix C on page 209.

7.8.8 6-Bromo-40-(4-methoxyphenyl)-2,20-bipyridine
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Figure 7.46: 6-Bromo-40-(4-methoxyphenyl)-2,20-bipyridine

After several approaches to decarboxylate 60-Bromo-4-(4-methoxyphenyl)-2,20-bipyridine-6-carboxylic
acid in solution, the approach of Hammarström, Toftlund and Åkermark was used.138 Small portions
of 60-Bromo-4-(4-methoxyphenyl)-2,20-bipyridine-6-carboxylic acid (10-20mg) were heated withthe
heat gun in a round bottomed flask (10 ml). When the compound melted, a brown liquid formed and it
degassed spontaneously. When cooled to room temperature, it became a brown glass that still contained
some carboxylated material.

When recrystallised from hot THF, the carboxylated starting material could be filtered off and heated up
again. The product crystallised upon cooling to give a brownpowder (yield 51%).

Microanalysis: found (calculated): C17H13N2OBr % C: 59.71 (59.84), % H: 3.89 (3.84), % N:
8.04 (8.21).1H-NMR, 250 MHz, CDCl3Æ: 8.68 (dd, H60, JH60�H50=5.0Hz, JH60�H30=0.75Hz, 1H), 8.63 (d,
H30, JH30�H50=1.5Hz, 1H), 8.49 (d (slightly broad), H3, JH3�H4=7.8Hz (coupling to the H5 is not
resolved),1H), 7.74 (d, Ho, JHo�Hm=9.0Hz, 2H), 7.70 (t, H4, JH4�H3=H5=7.9Hz, 1H), 7.56 (dd, H50,
JH50�H60=5.0Hz, JH50�H30=2.0Hz, 1H), 7.52 (dd, H5, JH5�H4=7.6Hz, HH5�H3=0.9Hz, 1H), 7.04 (d,
Hm, JHM�Ho=9.2Hz, 2H), 3.89 (s, H(MeO), 3H).

EI-MS, 70eV, 350
Æ
C: m/z= 342/340 M+, 261 (M – Br)+, 218.

IR diamond (~� / cm�1): 3348b, 3078w, 2932w, 2839w, 2577w, 2168w, 2037w, 1983w, 1628sh,
1597vs, 1574vs, 1504s, 1458m, 1427s, 1389m, 1312w, 1288w, 1250vs, 1165vs, 1119vs, 1080w,
1018vs, 987s, 903sh, 825vs, 795vs, 733w, 671m.

X-ray see Appendix C on page 204.
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Figure 7.47: 4-(4-Methoxyphenyl)-2,20:60,200:600,2000-quaterpyridine

7.8.9 4-(4-Methoxyphenyl)-2,20:60,200:600,2000-quaterpyridine

The procedure of Stille coupling was followed as described by Hanan.134 Dry DMF (10 ml) was de-
gassed in a two necked flask for 50 min and Pd(OAc)2 (6.0 mg, 26.7 mmol) was added. This gave
an orange-brown solution. Triphenylphosphine (33.2 mg, 1.27 mmol) was added and the solution
turned lemon yellow. This catalyst solution was kept under argon while a degassed solution of 40-
(4-methoxyphenyl)-6-bromo-2,20-bipyridine (0.112g, 0.328 mmol) in dry DMF (10 ml) was prepared.
This solution was added to the catalyst solution via cannula. The colour of the solution turned orange-
brown. A solution of 6-tributylstannyl-2,20-bipyridine (0.085g, 0.191 mmol) in dry DMF (6.0 ml) was
degassed for 40 min in the same flask already used to prepare the solution of the 40-(4-methoxyphenyl)-
6-bromo-2,20-bipyridine. This solution was added to the reaction flask, and the remainder rinsed out
with more dry, degassed DMF (3 times 2.5 ml). The mixture was then heated at 90

Æ
C for 25 hours. The

brown reaction mixture was then cooled to room temperature.A saturated aqueous solution of sodium
fluoride (20 ml) was added and the mixture was stirred at 60

Æ
C overnight. The suspension was allowed

to cool to room temperature, water (3–4 ml) was added and the white precipitate was filtered onto a
sinter (P4) and washed with a small amount of DMF-water (1 : 1)mixture, followed by diethyl ether.
The solvent of the filtrate was removedin vacuoto give the crude product as a brown powder (104 mg).

1. Step: chromatography on alox: eluents were used for a column: DCM : MeOH : Et2NH (200:10:1).
Product and tin salt were collected in the same fraction.

2. Step: chromatography on silica: eluent hexane : EtOAc : Et2NH (100 :40 : 1). Pure product was
collected in the third fraction. The yield of pure product was now reduced to 5.5%.

Microanalysis: found (calculated): C27H20N4O % C: 77.55 (77.87), % H: 4.95 (4.84), % N: 13.21
(13.45).1H-NMR, 500MHz, CDCl3Æ: 8.84 (dd, H3, J=3.5Hz and 0.75Hz, 1H), 8.72 (dd, H6000 or H6, J=5.0Hz
and 1.0 MHz,1H), 8.72 (dd, H6 or H6000 , J=5.25Hz and 0.75Hz, 1H), 8.69 and 8.68 (each a dd, H30 or
H50 and H500 , J=8.0Hz and 1.0Hz, 1H), 8.67 (dt,H3000 , J=7.5Hz and 1.0Hz, 1H), 8.51 and 8.49 (each
a dd,H30 or H50 and H300,or H J=7.5Hz and 1.0Hz, 1H), 8.02 (t, 40 and 400, J=7.5Hz, 2H) 7.88 (td,
H4000, J=7.75Hz and 1.83Hz, 1H), 7.77 (dt, Hortho), J=8.5Hz and 2.0Hz, 2H) 7.53 (dd, H5, J=5.0Hz
and 2.0Hz, 1H), 7.35 (ddd, H5000, J=7.5Hz and 4.75Hz and 1.25Hz, 1H), 7.08 (dt, Hmeta), J=9.0Hz and
2.25Hz,2H), 3.90 (s, H(methoxy), 3H).13C-NMR, 125 MHz, CDCl3Æ: 160.5 (quarternary, C(para)), 156.7 (quarternary, C60 or C00), 156.2
(quarternary, C2000 or C600), 155.5 (quarternary), 1554.0 (quarternary), 155.3 (quarternary), 149.5 (quar-

169



ternary), 149.1 (C6 and C6000), 148.8 (quarternary, C2 or C2000), 137.9 (C40 or C400), 137.8 (C40 or C400),
136.9 (C4000), 130.9 (quarternary, C4 or C(phenyl1)), 128.4 (C(ortho)), 123.8 (C5000), 121.3 and 121.2
and 121.1 and 121.0 (C30, C300, C3000, C5, C50, C500),118.6 (C3), 114.5 (C(meta)),55.4 (C(methoxy)).

EI-MS: 416 M+) (100.0%), 415 (M – H)+ (99.1%), 417.1, 402.1 (M – CH3)+, 385.1 (M – OCH3)+),
372.1 (M – 44)+, 208.1 M2+/2), 186.6 (M – 44)2+/2).

FAB-MS: 417 (100%) (M+H)+.

IR diamond (~� / cm�1): 3055w, 3016w, 2932m, 2839w, 2044w, 1983w, 1906w, 1728w, 1674w,
1605m, 1566vs, 1512s, 1466sh, 1443s, 1420s, 1396s, 1296m, 1242vs, 1180s, 1149w, 1110m, 1072w,
1041s, 987s, 941w, 910w, 810vs, 771s, 733s, 687w, 656m.

Crystal structure The crystal structure was measured on a crystal that had crystallised from one small
fraction off the silica column. The eluent had been EtOAc: hexane : Et2NH (8:20:1). For a picture and
further data on the structure see Figure B.1 on page 197 and the listed data below.

7.8.10 Alternative synthesis of 6-bromo-40-(4-methoxyphenyl)-2,20-bipyridine

4-Methoxycinnamaldehyde
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Figure 7.48: 4-Methoxycinnamaldehyde
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Figure 7.49: 1-(1,3-Dioxolan-2-yl)-2-(4-
methoxyphenyl)ethene

The general procedure for Wittig reactions described in theliterature139 was followed, but the work-
up conditions were altered in order to avoid Ph3P =O impurity in the product. 1,3-Dioxolan-2-
ylmethyltriphenylphosphonium bromide (10.055g, 22.422mmol) was predried in the reaction flask
at 80-90

Æ
C at 1.5� 10�1 mbar for 2.5h and left to cool to room temperature under argon. In a

two neck round bottomed flask MeOLi/methanol (15ml, 2.2M, 33mmol) and methanol (15ml) were
frozen three times and evacuated , then let warm to room temperature under argon atmosphere. 4-
Methoxybenzaldehyde was distilledin vacuoat�100

Æ
C and stored under argon.

DMF (15ml, abs.) was added to the reaction flask already containing the 1,3-dioxolan-2-
ylmethyltriphenylphosphonium bromide. Using a predried syringe from the dessicator, 4-
methoxybenzaldehyde (1.81ml, 14.9mmol) from above was added over a period of 3h, making sure the
reaction temperature stayed at 90

Æ
C always. The mixture was refluxed overnight. The clear solution

was cooled to room temperature, and water (100ml) was added.Upon addition, the clear solution turned
into a white suspension. Extraction with hexane gave a colourless organic phase and a yellow aqueous
phase. The organic phase was washed with water, dried over sodium sulfate and filtered. The solvent
was removedin vacuoto give a phosphine free, slightly yellowish oil (3.49g), containing the protected
product 1-(1,3-dioxolan-2-yl)-2-(4-methoxyphenyl)ethen and some already deprotected product.

Protected: 1H-NMR, 250 MHz, CDCl3 Æ: 9.65 (d, CHO, JCHO�Hb=7.7Hz, 1H), 7.53 (d, Ho,
JHo�Hm=8.5Hz, 2H), 7.43 (d, Ha, JHa�Hb=15.9Hz, 1H), 6.95 (d, Hm, JHm�Ho=8.9Hz, 2H), 6.61
(dd, Hb, JHb�Ha=15.9Hz, JHb�CHO=7.7Hz, 1H), 3.86 (s, MeO, 3H), 3.74 (s, Hc or Hd, 2H), 3.49 (s,
Hd or Hc, 2H).
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For deprotection, the oil was dissolved in THF (60ml) and HCL(100ml, 10%) was added. The mixture
was stirred under argon for 2.5h at room temperature. The colour was more yellow than before. The
mixture was extracted four times with hexane, together the organic layers were washed with a sodium
hydrogencarbonate solution, then with brine and dried oversodium sulfate and filtered. The solvent was
removedin vacuoand the residue dried in the decsicator to give clean product(2.307, 95%).

Deprotected: 1H-NMR, 250 MHz, CDCl3 Æ: 9.65 (d, CHO, JCHO�Hb=7.7Hz, 1H), 7.53 (d, Ho,
JHo�Hm=8.5Hz, 2H), 7.43 (d, Ha, JHa�Hb=15.9Hz, 1H), 6.95 (d, Hm, JHm�Ho=8.9Hz, 2H), 6.61 (dd,
Hb, JHb�Ha=15.8Hz, JHb�CHO=7.7Hz, 1H), 3.86 (s, MeO, 3H).

6-Bromo-40-(4-methoxyphenyl)-2,20-bipyridine via 4-methoxycinnamaldehyde

See Figure 7.46 page 168.

Method B page 10 of Kröhnke92 was followed. 4-Methoxycinnamaldehyde (1.937g, 11.94mmol) was
dried at 60

Æ
C at 0.2mbar. Br-PPI (4.867g, 12.02mmol) was added to the yellow oil and cooled to room

temperature at the same pressure. Ammonium acetate (4.80g,62.3mmol) was added to the reaction
flask, and the flask with the reflux cooler was evacuated and flushed with argon three times. The mixture
was heated to 100

Æ
C under argon while acetic acid (5.5ml) was added in portionsuntil everything

dissolved. The temperature was raised to 120
Æ
Cand the reddish black solution was refluxed at that

temperature for 4.5h. The reaction was quenched by the addition of HCl solution. At first, a brown oily
precipitate formed. Stirring further, while cooling to room temperature, a beige powdery precipitate
formed as well. The beige precipitate was filtered off, washed with HCl (2M) and driedin vacuo. The
brown amorphous residue stuck to the walls of the reaction flask, and was dissolved in a minimum
amount of DMF. Adding the same volume of HCL (2M) gave a beige precipitate. It was filtered off and
washed first with HCL (2M) : DMF (10:1), then three times with water to remove all acetic acid. Both
precipitates were product (913mg, 23%). For characterisation see 7.8.8 on page 168.

7.9 Alternative synthesis of 4-(4-methoxyphenyl)-2,20:60,200:600,2000-
quaterpyridine

7.9.1 (2,20-bipyrid-6-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
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Figure 7.50: (2,20-Bipyrid-6-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

From the literature, the lithiation procedure with PhLi135, 141 and the reaction procedure for lithiated
bipyridine with boronic esters142–146was followed. 6-Bromo-2,20-bipyridine (217mg, 0.923mmol) was
suspended in THF (abs., 20ml) and cooled under argon until the internal thermometer showed -85

Æ
C.

PhLi (2.0M / cyclohexane : ether (70 : 30)) was added slowly, and the reaction mixture turned black.
Slowly the temperature was allowed to rise to -60

Æ
C. After cooling back to -80

Æ
C2-isopropoxy-4,4,5,5-

tetramethyl-1,3,2-dioxaborolan (0.5ml, 2.45mmol) was added dropwise, while the temperature was kept
below -70

Æ
C. The solution was stirred in the cooling bath for another 2hand a test showed on TLC, that

the starting material had gone, and four new signals showed;45 min later, the colour was becoming
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lighter and TLC showed six signals. The reaction was quenched at -70
Æ
Cwhen HCl (2M, 20ml) was

added. The internal temperature raised immediately to 0
Æ
Cand the colour changed to orange. When

18
Æ
C was reached, the mixture was extracted with ether, but the colourless organic phase and yellow

aqueous phase suggested the bipyridine type product to be inthe aqueous phase, so water (25ml) was
added, without effect. The pH of the aqueous phase at this point was 6. Saturated sodium carbonate was
added and the pH raised to 7.5. Now the organic layer was a yellow solution and the aqueous layer a
white suspension. The aqueous phase was extracted with ether two more times, the combined organic
layers dried over sodium sulfate and filtered. After removing the solventin vacuo, the residue was a
yellow oil that slowly turned brown (277mg). After characterisation, the oil was left in air.1H-NMR, 250 MHz, CDCl3Æ: 8.69 (ddd, H60, J=4.7Hz, 1.8Hz and 0.85Hz, 1H), 8.40 (dt, H30,
J=8.0Hz and J=1.1Hz, 1H), 7.87-7.77 (m, H40 and H3,>2H), 7.44 (td, H4, J=6.6Hz and 2.0Hz,sim1H),
7.40-7.27 (m, H5 and H50, >2H), 1.34 (s, CH3, sim16H).

A flash column on alox, using toluene with traces of Et2NH was not successful.

7.9.2 4-(4-Methoxyphenyl)-2,20:60,200:600,2000- quaterpyridine

Figure, see 7.47 on page 169

The procedure from the literature147 was followed. (2,20-Bipyrid-6-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (384mg.�1.0mmol) and dioxane (�40ml) were added to a reaction flask and frozen
three times, evacuated (3.6� 10�1mbar) and flushed with argon. 6-Bromo-40-(4-methoxyphenyl)-2,20-
bipyridine (139mg, 0.408mmol) and potassium carbonate wasadded to the yellow solution. The freeze-
pump cycle was repeated three more times, and then the catalyst: Pd(Ph3P)4 (20mg, 17�mol) was added
to the yellow suspension. The reaction mixture was stirred at 90

Æ
C for 1h, then refluxed at 110

Æ
C for

24h. A test on TLC showed that no change had occured. The catalyst was washed with ethanol and
ether, and the same amount as before was added additionally.After 48h, the colour had changed to
brown and water (�40ml) was added to quench the reaction. Three extractions with ethyl acetate were
combined and washed with brine, dried over sodium sulfate and filtered. Solvent was removedin vacuo
to give a brown oil. The proton-NMR showed traces of product,some 6-bromo-40-(4-methoxyphenyl)-
2,20-bipyridine and also 6-bromo-2,20-bipyrdine. The MS showed among other signals one matching
the product and also one matching 6-bromo-40-(4-methoxyphenyl)-2,20-bipyridine.

EI-MS, 70eV, 400
Æ
C: m/z= 586, 521, 450, 415(M – H)+, 385 (M – MeO)+, 325, 309 (M –

MeOphenyl)+, 261 (M – Br – bipy)+.

EI-MS, 70eV, 250
Æ
C: m/z= 340 (bromophenyl bipy)+, 277, 261 (bromo-phenyl bipy – Br)+

For full characterisation see page 169.
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7.10 General Experimental

NMR Spectroscopy 1H-, 13C- and15N-NMR spectroscopy were recorded on Bruker 250, 400, 500
and 600 MHz Avance spectrometers at ambient temperature (295-298K).

Mass Spectroscopy� Fast-atom bombardment (FAB) spectra were recorded on a Finnigan MAT 312� Electron Impact (EI) mass spectra were recorded on a VG 70 SE� Electrospray mass spectroscopy was recorded on a Finnigan MAT LCQ� Matrix-assisted laser desorption and ionisation time-of-flight (Maldi TOF) were recorded using a
PerSeptive Biosystems Voyager-RP Biospectrometry or PerSeptive Biosystems Voyager-DETM
PRO Biospectrometry workstation

Infrared Spectrometers Infrared spectra were recorded on� Shimazu Fourier-Transformation 8400S spectrophotometerdirectly as the solids� Mattson Genesis Fourier-transform spectrophotometer with samples in compressed KBr disks

UV-Vis Spectroscopy UV-Vis spectra were recorded on a Varian Carry 5000 UV-Vis-NIR photospec-
trometer and processed with Microsoft Excel 97.

Micro Analysis Micro analysis was carried out at the ‘Mikrolabor’ at the Chemistry Department of
the University of Basel on a LECO CHN-900.

Electrochemical measurements The potentiostat/galvanostat ‘Autolab’ model ‘PGSTAT 30’was
used for differetial pulse voltamtery and cyclovoltammetry. In both methods, the potential is varied
linearly over time. The former method gives the potentials accurately, while the latter gives information
about the reproducibility. The voltammograms were recorded in absolute acetonitrile, using a conven-
tional three electrode configuration, comprising a glassy carbon disc as working electrode, a platinum
wire as counter electrode and a silver wire as pseudo reference. Tetrabutylammonium hexafluorophos-
phate was used as electrolyte in 0.1M concentration, and ferrocene was added as an internal standard,
after gaining a full set of voltammograms. All solutions were degassed with argon for at least 15 minutes
before measurement, and during the scans an inert atmosphere was maintained. The voltammograms
were processed with the software ‘GPES Manager’ and ‘Excel’97’.

Crystallography The crystal and molecular structures were viewed with the help of several computer
programs.128, 129, 171 Torsion angles of the pyridine ring planes were measured with three atoms per
ring forming a plane. Every second atom in a ring was used, onetime comparing the planes using the
nitrogen atoms and two carbon atoms from each ring, and a second time, using only carbon atoms, then
forming the average.
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Appendix A

Crystal Structures of Helicates

A.1 [Cu2(mp)2][PF6]3

Figure A.1: Crystal structure of the complex cation in [Cu2(mp)2][PF6]3 � 1.5 acetone, ellipsoids enclose
50% probability. Hydrogen atoms, counterions and solvent molecules have been omitted for clarity.
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Figure A.2: Crystal structure of one of the ligand strands in[Cu2(mp)2][PF6]3 � 1.5 acetone, ellipsoids
enclose 50% probability. Hydrogen atoms have been omitted for clarity.

C76H54N10O7Cu2P3F18 � 1.5C3H6O, M=1’820.43, triclinic, cell volume=3890.5̊A3, T=173K, space
group P̄1,Z=2, 85’712 reflections measured, 28’493 unique (Rint=0.21) from which 15’370 have been
used in the refinement (I>3�(I)). The final R was 0.062.

Unit cell lengths (̊A) a=11.7086(11) b=17.378(3) c=19.3791(9)
Unit cell angles (degree) �=92.837(7) �=92.355(6) 
=98.490(12)

175



C130

O101

C129

C131 C132

C128 C127

C126

C118

C117

C119
C120

N9
C116

C121

C122

C123 C124

N10

C125

Cu1

C115

N8

C114

C113
C112

C111
C110

C109

N7

C106

N6
Cu2

C101

C102 C103

C104

C105

C107

C108
C133

C134
C135

C136

C138
C137

O102

Figure A.3: Crystal structure of the other of the ligand strands in [Cu2(mp)2][PF6]3 � 1.5 acetone,
ellipsoids enclose 50% probability. Hydrogen atoms have been omitted for clarity.

Table A.1: Bond distances for the non-hydrogen atoms of
[Cu2(mp)2][PF6]3 � 1.5 acetone / (̊A)

Atom A Atom B Distance Atom A Atom B Distance Atom A Atom B Distance
Cu1 N4 2.037(3) Cu1 N5 1.986(3) Cu1 N9 2.011(3)
Cu1 N10 2.011(3) Cu2 N1 2.186(3) Cu2 N2 1.963(3)
Cu2 N3 2.357(3) Cu2 N6 2.104(3) Cu2 N7 1.932(3)
Cu2 N8 2.243(3) N1 C1 1.342(5) N1 C5 1.340(5)
N2 C6 1.337(5) N2 C10 1.339(5) N3 C11 1.327(5)
N3 C15 1.345(5) N4 C16 1.353(5) N4 C20 1.326(5)
N5 C21 1.339(5) N5 C25 1.324(5) N6 C101 1.339(5)
N6 C105 1.337(5) N7 C106 1.345(5) N7 C110 1.340(5)
N8 C111 1.341(5) N8 C115 1.342(5) N9 C116 1.342(5)
N9 C120 1.355(5) N10 C121 1.329(5) N10 C125 1.338(5)
P1 F1 1.573(4) P1 F2 1.529(4) P1 F3 1.600(4)
P1 F4 1.524(4) P1 F5 1.561(4) P1 F6 1.571(5)
P1 F11 1.504(7) P1 F12 1.596(6) P1 F13 1.537(7)
P1 F14 1.577(7) P1 F15 1.523(7) P1 F16 1.606(6)
P2 F21 1.533(4) P2 F22 1.558(4) P2 F23 1.596(5)
P2 F24 1.515(6) P2 F25 1.606(6) P2 F26 1.522(6)
P2 F33 1.498(6) P2 F34 1.614(6) P2 F35 1.563(5)
P2 F36 1.570(6) P3 F51 1.581(3) P3 F52 1.561(3)
P3 F53 1.577(3) P3 F54 1.540(3) P3 F55 1.555(4)
P3 F56 1.570(4) C1 C2 1.357(7) C2 C3 1.338(8)
C3 C4 1.386(7) C4 C5 1.379(6) C5 C6 1.479(5)
C6 C7 1.392(5) C7 C8 1.402(6) C8 C9 1.384(6)
C8 C26 1.474(5) C9 C10 1.365(5) C10 C11 1.484(5)
C11 C12 1.383(5) C12 C13 1.396(6) C13 C14 1.345(6)
C14 C15 1.392(6) C15 C16 1.473(6) C16 C17 1.378(6)
C17 C18 1.389(6) C18 C19 1.375(6) C18 C33 1.483(6)
C19 C20 1.371(6) C20 C21 1.478(6) C21 C22 1.406(6)
C22 C23 1.369(7) C23 C24 1.364(8) C24 C25 1.373(6)
C26 C27 1.391(8) C26 C32 1.366(7) C27 C28 1.378(8)
C28 C29 1.426(9) C29 O1 1.377(6) C29 C31 1.306(8)
O1 C30 1.503(8) C31 C32 1.361(7) C33 C34 1.382(9)
C33 C38 1.392(8) C33 C84 1.387(9) C33 C88 1.395(8)
O50 C50 1.240(9) O50 C500 1.247(8) C101 C102 1.380(7)
C102 C103 1.376(8) C103 C104 1.369(7) C104 C105 1.384(6)
C105 C106 1.476(6) C106 C107 1.374(6) C107 C108 1.384(6)
C108 C109 1.397(6) C108 C133 1.475(6) C109 C110 1.368(5)
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Table A.1: Bond distances for the non-hydrogen atoms of
[Cu2(mp)2][PF6]3 � 1.5 acetone / (̊A)

Atom A Atom B Distance Atom A Atom B Distance Atom A Atom B Distance
C110 C111 1.482(5) C111 C112 1.377(5) C112 C113 1.380(6)
C113 C114 1.378(6) C114 C115 1.380(5) C115 C116 1.494(5)
C116 C117 1.371(5) C117 C118 1.399(6) C118 C119 1.405(6)
C118 C126 1.469(6) C119 C120 1.376(6) C120 C121 1.482(6)
C121 C122 1.377(5) C122 C123 1.396(7) C123 C124 1.338(7)
C124 C125 1.388(6) C126 C127 1.384(7) C126 C132 1.416(8)
C127 C128 1.401(9) C128 C129 1.427(12) C129 O101 1.357(7)
C129 C131 1.318(11) O101 C130 1.531(9) O101 C180 1.46(1)
C131 C132 1.390(8) C133 C134 1.366(8) C133 C138 1.404(8)
C133 C184 1.410(8) C133 C188 1.392(7) C34 C35 1.380(9)
C34 C84 0.638(15) C34 C85 1.36(3) C35 C36 1.367(9)
C35 C84 1.56(2) C35 C85 0.38(3) C36 O2 1.387(7)
C36 C37 1.403(9) C36 C85 1.37(1) C36 C87 1.418(9)
C37 C38 1.410(9) C37 C87 1.294(19) C38 C88 1.142(17)
C84 C85 1.380(9) C87 C88 1.406(9) C134 C135 1.370(9)
C134 C184 0.766(16) C134 C185 1.623(17) C135 C136 1.367(9)
C135 C184 1.540(19) C135 C185 0.788(17) C136 O102 1.387(6)
C136 C137 1.425(9) C136 C185 1.393(8) C136 C187 1.354(8)
C137 C138 1.406(9) C137 C187 1.132(18) C137 C188 1.625(16)
C138 C188 1.027(15) C184 C185 1.388(9) C187 C188 1.392(9)
F23 F33 1.07(1) F23 F36 1.42(1) F24 F34 1.22(1)
F24 F35 1.07(1) F25 F33 1.23(1) F25 F35 1.305(9)
F26 F34 1.32(1) F26 F36 0.96(1) C50 C51 1.49(1)
C50 C52 1.48(1) C50 C500 0.531(12) C50 C510 1.164(14)
C51 C510 1.02(2) C52 C500 1.167(14) C52 C510 1.67(2)
C52 C520 1.07(2) C500 C510 1.49(1) C500 C520 1.50(1)
F1 F11 1.196(12) F1 F14 1.394(12) F2 F12 1.296(11)
F2 F13 1.103(11) F3 F13 1.310(12) F3 F15 1.476(13)
F4 F14 1.100(11) F4 F16 1.405(11) F5 F12 1.505(11)
F5 F15 0.961(12) F6 F11 1.280(11) F6 F16 1.209(11)
C40 O40 1.298(8) C40 C41 1.50(1) C40 C42 1.49(1)

Table A.2: Bond angles for the non-hydrogen atoms of
[Cu2(mp)2][PF6]3 � 1.5 acetone / (degrees)

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
N4 Cu1 N5 81.37(13) N4 Cu1 N9 133.91(12)
N5 Cu1 N9 123.64(13) N4 Cu1 N10 109.84(13)
N5 Cu1 N10 134.66(14) N9 Cu1 N10 80.74(13)
N1 Cu2 N2 77.94(12) N1 Cu2 N3 153.52(12)
N2 Cu2 N3 75.65(12) N1 Cu2 N6 104.42(12)
N2 Cu2 N6 101.95(13) N3 Cu2 N6 83.04(11)
N1 Cu2 N7 98.69(12) N2 Cu2 N7 176.63(13)
N3 Cu2 N7 107.72(12) N6 Cu2 N7 78.66(13)
N1 Cu2 N8 83.58(11) N2 Cu2 N8 102.70(11)
N3 Cu2 N8 100.3(1) N6 Cu2 N8 155.18(12)
N7 Cu2 N8 76.89(11) Cu2 N1 C1 129.4(3)
Cu2 N1 C5 111.6(2) C1 N1 C5 117.9(4)
Cu2 N2 C6 119.1(2) Cu2 N2 C10 121.5(3)
C6 N2 C10 119.3(3) Cu2 N3 C11 107.8(2)
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Table A.2: Bond angles for the non-hydrogen atoms of
[Cu2(mp)2][PF6]3 � 1.5 acetone / (degrees)

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
Cu2 N3 C15 129.2(2) C11 N3 C15 118.5(3)
Cu1 N4 C16 127.4(3) Cu1 N4 C20 113.0(3)
C16 N4 C20 117.7(3) Cu1 N5 C21 113.5(3)
Cu1 N5 C25 128.5(3) C21 N5 C25 118.0(4)
Cu2 N6 C101 127.8(3) Cu2 N6 C105 113.3(3)
C101 N6 C105 118.9(4) Cu2 N7 C106 119.8(3)
Cu2 N7 C110 121.0(2) C106 N7 C110 119.2(3)
Cu2 N8 C111 108.3(2) Cu2 N8 C115 128.0(2)
C111 N8 C115 117.8(3) Cu1 N9 C116 128.1(2)
Cu1 N9 C120 114.4(3) C116 N9 C120 117.2(3)
Cu1 N10 C121 115.3(3) Cu1 N10 C125 125.8(3)
C121 N10 C125 118.8(4) F1 P1 F2 175.3(4)
F1 P1 F3 87.8(3) F2 P1 F3 87.7(3)
F1 P1 F4 89.4(3) F2 P1 F4 95.2(3)
F3 P1 F4 177.1(3) F1 P1 F5 90.2(3)
F2 P1 F5 91.0(3) F3 P1 F5 87.6(3)
F4 P1 F5 93.0(3) F1 P1 F6 87.3(3)
F2 P1 F6 91.2(3) F3 P1 F6 88.0(3)
F4 P1 F6 91.2(3) F5 P1 F6 175.1(3)
F1 P1 F11 45.7(5) F2 P1 F11 130.8(5)
F3 P1 F11 66.5(5) F4 P1 F11 111.0(5)
F5 P1 F11 126.6(5) F1 P1 F12 134.9(5)
F2 P1 F12 48.9(4) F3 P1 F12 117.2(4)
F4 P1 F12 65.4(4) F5 P1 F12 56.9(4)
F1 P1 F13 133.1(5) F2 P1 F13 42.2(4)
F3 P1 F13 49.3(5) F4 P1 F13 133.1(5)
F5 P1 F13 103.7(5) F1 P1 F14 52.5(5)
F2 P1 F14 132.2(5) F3 P1 F14 136.1(5)
F4 P1 F14 41.5(4) F5 P1 F14 76.1(4)
F1 P1 F15 72.6(5) F2 P1 F15 105.8(5)
F3 P1 F15 56.4(5) F4 P1 F15 123.2(5)
F5 P1 F15 36.3(5) F1 P1 F16 107.7(4)
F2 P1 F16 74.1(4) F3 P1 F16 127.2(5)
F4 P1 F16 53.3(4) F5 P1 F16 140.2(5)
F6 P1 F11 49.1(5) F6 P1 F12 127.4(5)
F11 P1 F12 175.6(5) F6 P1 F13 75.1(5)
F11 P1 F13 93.5(5) F12 P1 F13 87.7(4)
F6 P1 F14 105.6(5) F11 P1 F14 91.1(5)
F12 P1 F14 87.4(5) F13 P1 F14 174.2(6)
F6 P1 F15 138.8(5) F11 P1 F15 93.9(5)
F12 P1 F15 90.2(5) F13 P1 F15 92.6(5)
F14 P1 F15 90.5(5) F6 P1 F16 44.7(4)
F11 P1 F16 88.8(4) F12 P1 F16 87.0(4)
F13 P1 F16 89.7(5) F14 P1 F16 87.0(4)
F15 P1 F16 176.3(6) F21 P2 F22 179.6(3)
F21 P2 F23 92.3(3) F22 P2 F23 87.6(3)
F21 P2 F24 89.0(3) F22 P2 F24 91.1(3)
F23 P2 F24 175.0(5) F21 P2 F25 93.5(3)
F22 P2 F25 86.2(3) F23 P2 F25 86.1(4)
F24 P2 F25 89.0(4) F21 P2 F26 89.9(3)
F22 P2 F26 90.4(3) F23 P2 F26 89.5(4)
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Table A.2: Bond angles for the non-hydrogen atoms of
[Cu2(mp)2][PF6]3 � 1.5 acetone / (degrees)

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
F24 P2 F26 95.3(4) F25 P2 F26 174.6(4)
F21 P2 F33 87.4(4) F22 P2 F33 92.2(4)
F23 P2 F33 40.3(4) F24 P2 F33 135.1(5)
F25 P2 F33 46.6(4) F21 P2 F34 92.8(3)
F22 P2 F34 87.6(3) F23 P2 F34 138.9(4)
F24 P2 F34 45.8(4) F25 P2 F34 134.2(4)
F21 P2 F35 88.9(3) F22 P2 F35 91.0(3)
F23 P2 F35 134.6(4) F24 P2 F35 40.6(4)
F25 P2 F35 48.6(4) F21 P2 F36 90.2(3)
F22 P2 F36 89.9(3) F23 P2 F36 53.4(4)
F24 P2 F36 131.4(5) F25 P2 F36 139.5(5)
F26 P2 F33 129.5(5) F26 P2 F34 49.7(4)
F33 P2 F34 179.1(5) F26 P2 F35 135.8(4)
F33 P2 F35 94.6(4) F34 P2 F35 86.2(4)
F26 P2 F36 36.2(4) F33 P2 F36 93.4(4)
F34 P2 F36 85.8(4) F35 P2 F36 171.9(5)
F51 P3 F52 179.5(2) F51 P3 F53 89.3(2)
F52 P3 F53 90.26(19) F51 P3 F54 88.9(2)
F52 P3 F54 91.6(2) F53 P3 F54 177.6(3)
F51 P3 F55 87.4(2) F52 P3 F55 92.8(2)
F53 P3 F55 89.1(3) F54 P3 F55 92.3(3)
F51 P3 F56 89.8(2) F52 P3 F56 90.0(2)
F53 P3 F56 88.2(2) F54 P3 F56 90.2(3)
F55 P3 F56 176.1(3) N1 C1 C2 122.4(4)
C1 C2 C3 120.1(4) C2 C3 C4 119.5(4)
C3 C4 C5 118.1(4) N1 C5 C4 122.1(4)
N1 C5 C6 114.5(3) C4 C5 C6 123.4(4)
N2 C6 C5 115.5(3) N2 C6 C7 121.6(3)
C5 C6 C7 122.9(4) C6 C7 C8 119.6(4)
C7 C8 C9 116.5(4) C7 C8 C26 121.6(4)
C9 C8 C26 121.9(4) C8 C9 C10 121.3(4)
N2 C10 C9 121.6(4) N2 C10 C11 116.1(3)
C9 C10 C11 122.3(3) N3 C11 C10 115.5(3)
N3 C11 C12 122.9(4) C10 C11 C12 121.6(3)
C11 C12 C13 117.6(4) C12 C13 C14 120.2(4)
C13 C14 C15 118.9(4) N3 C15 C14 121.9(4)
N3 C15 C16 117.9(3) C14 C15 C16 120.2(4)
N4 C16 C15 115.2(3) N4 C16 C17 121.9(4)
C15 C16 C17 122.9(4) C16 C17 C18 120.2(4)
C17 C18 C19 116.6(4) C17 C18 C33 122.4(4)
C19 C18 C33 121.0(4) C18 C19 C20 120.7(4)
N4 C20 C19 122.9(4) N4 C20 C21 114.1(3)
C19 C20 C21 123.0(4) N5 C21 C20 116.4(3)
N5 C21 C22 120.5(4) C20 C21 C22 123.1(4)
C21 C22 C23 119.5(5) C22 C23 C24 119.7(4)
C23 C24 C25 117.5(4) N5 C25 C24 124.8(4)
C8 C26 C27 121.5(4) C8 C26 C32 121.5(4)
C27 C26 C32 116.8(4) C26 C27 C28 120.7(6)
C27 C28 C29 119.1(6) C28 C29 O1 110.5(5)
C28 C29 C31 119.2(5) O1 C29 C31 130.1(5)
C29 O1 C30 109.2(1) C29 C31 C32 121.3(6)
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Table A.2: Bond angles for the non-hydrogen atoms of
[Cu2(mp)2][PF6]3 � 1.5 acetone / (degrees)

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
C26 C32 C31 122.9(5) C18 C33 C34 124.3(7)
C18 C33 C38 121.5(6) C34 C33 C38 113.0(8)
C18 C33 C84 118.4(7) C34 C33 C84 26.7(7)
C38 C33 C84 106.7(8) C18 C33 C88 118.2(6)
C34 C33 C88 105.8(8) C38 C33 C88 48.4(8)
C84 C33 C88 122.3(8) C50 O50 C500 24.6(5)
N6 C101 C102 121.8(5) C101 C102 C103 118.9(4)
C102 C103 C104 119.7(4) C103 C104 C105 118.5(5)
N6 C105 C104 122.2(4) N6 C105 C106 114.7(3)
C104 C105 C106 123.1(4) N7 C106 C105 113.1(3)
N7 C106 C107 121.2(4) C105 C106 C107 125.7(4)
C106 C107 C108 120.3(4) C107 C108 C109 117.3(4)
C107 C108 C133 121.9(4) C109 C108 C133 120.8(4)
C108 C109 C110 119.8(4) N7 C110 C109 121.8(3)
N7 C110 C111 114.0(3) C109 C110 C111 124.2(3)
N8 C111 C110 114.0(3) N8 C111 C112 123.3(3)
C110 C111 C112 122.7(3) C111 C112 C113 117.7(4)
C112 C113 C114 120.1(4) C113 C114 C115 118.2(4)
N8 C115 C114 122.6(3) N8 C115 C116 116.6(3)
C114 C115 C116 120.6(3) N9 C116 C115 113.2(3)
N9 C116 C117 124.4(3) C115 C116 C117 122.4(3)
C116 C117 C118 119.1(4) C117 C118 C119 116.6(4)
C117 C118 C126 122.6(4) C119 C118 C126 120.8(4)
C118 C119 C120 120.8(3) N9 C120 C119 121.9(4)
N9 C120 C121 114.5(3) C119 C120 C121 123.6(3)
N10 C121 C120 114.8(3) N10 C121 C122 122.3(4)
C120 C121 C122 122.9(4) C121 C122 C123 118.2(4)
C122 C123 C124 119.7(4) C123 C124 C125 119.3(4)
N10 C125 C124 121.8(4) C118 C126 C127 122.5(5)
C118 C126 C132 120.4(4) C127 C126 C132 117.0(5)
C126 C127 C128 119.5(7) C127 C128 C129 121.2(6)
C128 C129 O101 111.9(6) C128 C129 C131 119.2(6)
O101 C129 C131 128.9(6) C129 O101 C130 109.1(1)
C129 O101 C180 109.04(11)C130 O101 C180 140.4(5)
C129 C131 C132 120.4(8) C126 C132 C131 122.7(6)
C108 C133 C134 120.4(5) C108 C133 C138 118.1(5)
C134 C133 C138 121.5(7) C108 C133 C184 123.1(6)
C134 C133 C184 32.0(7) C138 C133 C184 108.9(7)
C108 C133 C188 123.2(5) C134 C133 C188 101.0(8)
C138 C133 C188 43.1(6) C184 C133 C188 112.7(7)
C33 C34 C35 129.6(12) C33 C34 C84 77.1(12)
C35 C34 C84 93.6(21) C33 C34 C85 120.4(12)
C35 C34 C85 16.1(14) C84 C34 C85 78.1(22)
C34 C35 C36 109.7(11) C34 C35 C84 24.2(7)
C36 C35 C84 109.6(9) C34 C35 C85 79.4(41)
C36 C35 C85 82.7(23) C84 C35 C85 56.3(35)
C35 C36 O2 114.2(8) C35 C36 C37 121.0(9)
O2 C36 C37 118.3(8) C35 C36 C85 16.1(14)
O2 C36 C85 118.9(9) C37 C36 C85 108.3(11)
C35 C36 C87 114.1(11) O2 C36 C87 122.0(9)
C37 C36 C87 54.6(9) C85 C36 C87 116.6(11)
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Table A.2: Bond angles for the non-hydrogen atoms of
[Cu2(mp)2][PF6]3 � 1.5 acetone / (degrees)

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
C36 C37 C38 116.2(9) C36 C37 C87 63.3(7)
C38 C37 C87 83.1(11) C33 C38 C37 121.1(9)
C33 C38 C88 65.9(7) C37 C38 C88 97.2(12)
C33 C84 C34 76.3(12) C33 C84 C35 116.2(9)
C34 C84 C35 62.2(16) C33 C84 C85 118.8(12)
C34 C84 C85 75.0(23) C35 C84 C85 13.4(15)
C34 C85 C35 84.5(46) C34 C85 C36 110.5(14)
C35 C85 C36 81.2(22) C34 C85 C84 26.9(7)
C35 C85 C84 110.3(46) C36 C85 C84 120.7(13)
C36 C87 C37 62.1(6) C36 C87 C88 121.3(10)
C37 C87 C88 90.7(10) C33 C88 C38 65.7(6)
C33 C88 C87 115.9(10) C38 C88 C87 89.0(11)
C133 C134 C135 121.7(9) C133 C134 C184 77.2(9)
C135 C134 C184 87.5(16) C133 C134 C185 112.3(8)
C135 C134 C185 29.0(8) C184 C134 C185 58.6(12)
C134 C135 C136 120.3(10) C134 C135 C184 29.8(7)
C136 C135 C184 106.7(9) C134 C135 C185 93.5(16)
C136 C135 C185 75.3(10) C184 C135 C185 63.9(13)
C135 C136 O102 121.4(7) C135 C136 C137 118.2(7)
O102 C136 C137 120.4(6) C135 C136 C185 33.2(7)
O102 C136 C185 117.4(6) C137 C136 C185 111.4(8)
C135 C136 C187 102.2(9) O102 C136 C187 116.6(6)
C137 C136 C187 48.0(8) C185 C136 C187 123.7(7)
C136 C137 C138 122.4(8) C136 C137 C187 62.7(7)
C138 C137 C187 96.1(11) C136 C137 C188 98.6(8)
C138 C137 C188 38.8(7) C187 C137 C188 57.4(8)
C133 C138 C137 115.8(8) C133 C138 C188 67.8(6)
C137 C138 C188 82.2(11) C133 C184 C134 70.9(10)
C133 C184 C135 108.1(10) C134 C184 C135 62.7(13)
C133 C184 C185 125.4(10) C134 C184 C185 93.3(16)
C135 C184 C185 30.7(7) C134 C185 C135 57.5(11)
C134 C185 C136 103.6(8) C135 C185 C136 71.6(9)
C134 C185 C184 28.1(7) C135 C185 C184 85.4(15)
C136 C185 C184 114.2(9) C136 C187 C137 69.3(7)
C136 C187 C188 115.0(8) C137 C187 C188 79.4(10)
C133 C188 C137 103.9(8) C133 C188 C138 69.1(7)
C137 C188 C138 59.0(8) C133 C188 C187 125.4(8)
C137 C188 C187 43.2(7) C138 C188 C187 102.2(11)
P2 F23 F33 64.9(4) P2 F23 F36 62.4(3)
F33 F23 F36 126.7(6) P2 F24 F34 71.4(4)
P2 F24 F35 72.1(5) F34 F24 F35 143.3(7)
P2 F25 F33 62.1(4) P2 F25 F35 64.0(4)
F33 F25 F35 125.0(6) P2 F26 F34 68.8(4)
P2 F26 F36 74.6(5) F34 F26 F36 143.1(7)
P2 F33 F23 74.8(5) P2 F33 F25 71.3(4)
F23 F33 F25 143.4(7) P2 F34 F24 62.9(4)
P2 F34 F26 61.5(3) F24 F34 F26 124.0(6)
P2 F35 F24 67.3(4) P2 F35 F25 67.4(4)
F24 F35 F25 134.4(6) P2 F36 F23 64.2(3)
P2 F36 F26 69.2(5) F23 F36 F26 133.4(7)
O50 C50 C51 119.9(1) O50 C50 C52 119.9(1)

181



Table A.2: Bond angles for the non-hydrogen atoms of
[Cu2(mp)2][PF6]3 � 1.5 acetone / (degrees)

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
C51 C50 C52 119.9(1) O50 C50 C500 78.5(13)
C51 C50 C500 158.9(18) C52 C50 C500 44.9(14)
O50 C50 C510 162.6(11) C51 C50 C510 42.8(10)
C52 C50 C510 77.3(10) C500 C50 C510 118.8(17)
C50 C51 C510 51.0(9) C50 C52 C500 18.7(7)
C50 C52 C510 42.8(5) C500 C52 C510 60.5(9)
C50 C52 C520 102.7(10) C500 C52 C520 84.0(13)
C510 C52 C520 141.0(17) O50 C500 C50 76.9(13)
O50 C500 C52 155.1(15) C50 C500 C52 116.3(20)
O50 C500 C510 119.9(1) C50 C500 C510 43.0(13)
C52 C500 C510 76.6(11) O50 C500 C520 119.9(1)
C50 C500 C520 161.6(15) C52 C500 C520 45.2(11)
C510 C500 C520 119.9(1) C50 C510 C51 86.2(12)
C50 C510 C52 59.9(9) C51 C510 C52 145.9(13)
C50 C510 C500 18.1(6) C51 C510 C500 103.8(9)
C52 C510 C500 42.9(6) C52 C520 C500 50.8(8)
P1 F1 F11 64.1(4) P1 F1 F14 63.9(3)
F11 F1 F14 116.1(7) P1 F2 F12 68.2(4)
P1 F2 F13 69.3(5) F12 F2 F13 129.5(8)
P1 F3 F13 62.9(3) P1 F3 F15 59.2(3)
F13 F3 F15 105.0(6) P1 F4 F14 71.8(5)
P1 F4 F16 66.3(4) F14 F4 F16 121.4(8)
P1 F5 F12 62.7(3) P1 F5 F15 69.7(5)
F12 F5 F15 125.8(8) P1 F6 F11 62.7(4)
P1 F6 F16 69.1(4) F11 F6 F16 121.9(8)
P1 F11 F1 70.2(4) P1 F11 F6 68.2(4)
F1 F11 F6 122.5(8) P1 F12 F2 62.8(3)
P1 F12 F5 60.4(3) F2 F12 F5 103.5(6)
P1 F13 F2 68.5(4) P1 F13 F3 67.8(4)
F2 F13 F3 127.7(8) P1 F14 F1 63.6(4)
P1 F14 F4 66.7(4) F1 F14 F4 121.3(7)
P1 F15 F3 64.4(4) P1 F15 F5 74.0(5)
F3 F15 F5 126.5(9) P1 F16 F4 60.4(3)
P1 F16 F6 66.1(4) F4 F16 F6 115.4(6)
O40 C40 C41 119.9(1) O40 C40 C42 119.9(1)
C41 C40 C42 119.8(1) C51 H511 C510 63.661
C52 H522 C520 83.189 C51 H5102 C510 70.261
C51 H5103 C510 58.395 C52 H5201 C520 63.345
C34 H341 C84 30.094 C35 H351 C85 19.174
C35 H851 C85 23.069

Table A.3: Atomic coordinates of the non-hydrogen atoms of
[Cu2(mp)2][PF6]3 � 1.5 acetone

Atom x/a y/b z/c U(equiv) occupancy
Atom x/a y/b z/c U(equiv) occupancy
CU1 -0.00650(4) 0.34185(3) 0.86981(3) 0.0376 1
CU2 0.07523(4) 0.42279(3) 0.68885(2) 0.0315 1
N1 0.2347(3) 0.49342(19) 0.66010(16) 0.0372 1
N2 0.0452(3) 0.52901(17) 0.71188(15) 0.0308 1
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Table A.3: Atomic coordinates of the non-hydrogen atoms of
[Cu2(mp)2][PF6]3 � 1.5 acetone

Atom x/a y/b z/c U(equiv) occupancy
N3 -0.1087(3) 0.40519(18) 0.73578(15) 0.0332 1
N4 -0.0555(3) 0.26359(17) 0.78840(16) 0.0338 1
N5 0.0969(3) 0.2645(2) 0.89160(17) 0.0401 1
N6 -0.0216(3) 0.3949(2) 0.59472(17) 0.0399 1
N7 0.1135(3) 0.32086(18) 0.66418(15) 0.0317 1
N8 0.1851(2) 0.39834(17) 0.78040(15) 0.0296 1
N9 0.0440(3) 0.45779(18) 0.87838(15) 0.0325 1
N10 -0.1471(3) 0.3745(2) 0.91212(17) 0.0412 1
P1 -0.23943(12) 0.64901(9) 0.56793(7) 0.0658 1
P2 -0.53040(14) 0.87754(12) 1.1837(1) 0.0855 1
P3 -0.41145(11) 0.64693(8) 0.87648(7) 0.0568 1
C1 0.3307(4) 0.4707(3) 0.6356(2) 0.046 1
C2 0.4317(4) 0.5201(3) 0.6342(3) 0.0592 1
C3 0.4383(4) 0.5942(3) 0.6581(3) 0.0692 1
C4 0.3405(4) 0.6206(3) 0.6824(3) 0.0552 1
C5 0.2398(3) 0.5682(2) 0.6822(2) 0.0372 1
C6 0.1297(3) 0.5889(2) 0.70670(19) 0.0353 1
C7 0.1137(4) 0.6653(2) 0.7231(2) 0.04 1
C8 0.0076(4) 0.6802(2) 0.7475(2) 0.0401 1
C9 -0.0765(3) 0.6162(2) 0.7530(2) 0.0378 1
C10 -0.0571(3) 0.5427(2) 0.73416(18) 0.0344 1
C11 -0.1470(3) 0.4734(2) 0.73743(18) 0.0336 1
C12 -0.2630(3) 0.4803(3) 0.7398(2) 0.0459 1
C13 -0.3420(3) 0.4116(3) 0.7390(3) 0.0527 1
C14 -0.3045(3) 0.3421(3) 0.7380(2) 0.0468 1
C15 -0.1862(3) 0.3399(2) 0.7369(2) 0.0377 1
C16 -0.1419(3) 0.2650(2) 0.7401(2) 0.0391 1
C17 -0.1856(4) 0.2004(3) 0.6978(2) 0.0459 1
C18 -0.1415(4) 0.1310(3) 0.7040(2) 0.0497 1
C19 -0.0539(4) 0.1312(2) 0.7536(2) 0.0456 1
C20 -0.0145(3) 0.1970(2) 0.7947(2) 0.0392 1
C21 0.0785(3) 0.2003(2) 0.8491(2) 0.0393 1
C22 0.1464(4) 0.1407(3) 0.8568(3) 0.0584 1
C23 0.2325(5) 0.1489(3) 0.9077(3) 0.0671 1
C24 0.2516(4) 0.2148(3) 0.9503(3) 0.0606 1
C25 0.1805(4) 0.2699(3) 0.9405(2) 0.0477 1
C26 -0.0120(4) 0.7599(2) 0.7680(2) 0.0476 1
C27 0.0786(6) 0.8217(3) 0.7755(3) 0.0782 1
C28 0.0597(7) 0.8947(3) 0.7990(4) 0.0874 1
C29 -0.0544(6) 0.9061(3) 0.8156(3) 0.0794 1
O1 -0.0551(4) 0.98159(19) 0.8407(2) 0.1033 1
C30 -0.1762(8) 0.9916(4) 0.8579(6) 0.144 1
C31 -0.1379(6) 0.8471(3) 0.8089(4) 0.0859 1
C32 -0.1187(5) 0.7754(3) 0.7849(3) 0.074 1
C33 -0.1863(4) 0.0596(3) 0.6604(3) 0.0615 1
O50 0.5470(5) 0.6903(5) 0.3625(3) 0.153 1
C101 -0.0854(4) 0.4398(3) 0.5603(2) 0.0518 1
C102 -0.1488(5) 0.4129(3) 0.5001(3) 0.0625 1
C103 -0.1454(5) 0.3379(3) 0.4746(3) 0.0653 1
C104 -0.0811(4) 0.2914(3) 0.5097(2) 0.0515 1
C105 -0.0181(3) 0.3224(3) 0.5692(2) 0.04 1
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Table A.3: Atomic coordinates of the non-hydrogen atoms of
[Cu2(mp)2][PF6]3 � 1.5 acetone

Atom x/a y/b z/c U(equiv) occupancy
C106 0.0593(3) 0.2791(2) 0.60883(19) 0.0369 1
C107 0.0784(4) 0.2043(3) 0.5928(2) 0.043 1
C108 0.1556(3) 0.1706(2) 0.6331(2) 0.0433 1
C109 0.2172(3) 0.2171(2) 0.6870(2) 0.038 1
C110 0.1926(3) 0.2906(2) 0.70184(18) 0.0318 1
C111 0.2468(3) 0.3426(2) 0.76086(18) 0.0316 1
C112 0.3520(3) 0.3347(2) 0.7919(2) 0.0409 1
C113 0.3978(3) 0.3895(3) 0.8435(2) 0.0475 1
C114 0.3352(4) 0.4466(3) 0.8654(2) 0.0458 1
C115 0.2272(3) 0.4471(2) 0.83432(19) 0.0329 1
C116 0.1467(3) 0.4977(2) 0.86413(18) 0.0339 1
C117 0.1782(3) 0.5763(2) 0.8776(2) 0.0373 1
C118 0.0994(4) 0.6195(2) 0.90763(19) 0.0409 1
C119 -0.0076(4) 0.5777(2) 0.9234(2) 0.0407 1
C120 -0.0324(3) 0.4985(2) 0.90874(18) 0.0347 1
C121 -0.1432(3) 0.4509(2) 0.92406(19) 0.0385 1
C122 -0.2361(4) 0.4829(3) 0.9477(2) 0.0474 1
C123 -0.3368(4) 0.4327(3) 0.9599(2) 0.0555 1
C124 -0.3408(4) 0.3558(3) 0.9483(2) 0.052 1
C125 -0.2446(4) 0.3273(3) 0.9236(2) 0.0486 1
C126 0.1266(5) 0.7037(3) 0.9243(2) 0.0523 1
C127 0.0439(6) 0.7482(3) 0.9448(3) 0.0754 1
C128 0.077(1) 0.8274(4) 0.9640(3) 0.1113 1
C129 0.1945(8) 0.8634(4) 0.9615(4) 0.1088 1
O101 0.2082(6) 0.9403(2) 0.9815(3) 0.1285 1
C131 0.2732(8) 0.8209(3) 0.9421(4) 0.1023 1
C132 0.2418(6) 0.7422(3) 0.9232(3) 0.0745 1
C133 0.1729(4) 0.0888(2) 0.6203(2) 0.0554 1
F51 -0.2775(2) 0.6515(2) 0.8941(2) 0.0941 1
F52 -0.5437(2) 0.6417(2) 0.8586(2) 0.1061 1
F53 -0.4174(3) 0.5580(2) 0.8536(2) 0.1103 1
F54 -0.4008(4) 0.7344(2) 0.8974(3) 0.1416 1
F55 -0.4312(4) 0.6237(3) 0.95203(19) 0.1266 1
F56 -0.3853(4) 0.6666(3) 0.79998(17) 0.1238 1
C34 -0.1649(11) -0.0143(5) 0.6746(7) 0.0674 0.5
C35 -0.1870(11) -0.0828(7) 0.6339(6) 0.0695 0.5
C36 -0.2661(9) -0.0756(4) 0.5816(5) 0.144 1
O2 -0.3033(11) -0.1440(4) 0.5419(6) 0.2682 1
C37 -0.2673(16) -0.0044(5) 0.5506(6) 0.0993 0.5
C38 -0.2333(12) 0.0635(6) 0.5937(5) 0.0762 0.5
C84 -0.1210(11) -0.0008(6) 0.6581(8) 0.0685 0.5
C85 -0.1665(16) -0.0701(9) 0.6225(11) 0.1118 0.5
C87 -0.341(1) -0.0209(7) 0.5974(9) 0.1056 0.5
C88 -0.3006(8) 0.0503(7) 0.6343(8) 0.0856 0.5
C134 0.2239(14) 0.0509(6) 0.6704(5) 0.0734 0.5
C135 0.2352(14) -0.0263(6) 0.6614(6) 0.0808 0.5
C136 0.2013(6) -0.0666(3) 0.5998(4) 0.1071 1
O102 0.2144(6) -0.1442(3) 0.5890(4) 0.1619 1
C137 0.1527(12) -0.0264(6) 0.5463(6) 0.0989 0.5
C138 0.1363(12) 0.0520(6) 0.5553(5) 0.0712 0.5
C184 0.272(1) 0.0593(6) 0.6449(7) 0.072 0.5
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Table A.3: Atomic coordinates of the non-hydrogen atoms of
[Cu2(mp)2][PF6]3 � 1.5 acetone

Atom x/a y/b z/c U(equiv) occupancy
C185 0.289(1) -0.0180(6) 0.6383(8) 0.0751 0.5
C187 0.0937(8) -0.0488(6) 0.5880(8) 0.0846 0.5
C188 0.0855(8) 0.0303(5) 0.5939(6) 0.0617 0.5
F21 -0.4027(3) 0.9132(4) 1.1942(2) 0.1728 1
F22 -0.6600(3) 0.8407(3) 1.1731(2) 0.1332 1
F23 -0.5263(7) 0.8314(4) 1.2528(3) 0.1159 0.5
F24 -0.5343(8) 0.9146(6) 1.1147(4) 0.1377 0.5
F25 -0.5022(6) 0.7995(4) 1.1444(4) 0.1186 0.5
F26 -0.5641(7) 0.9465(4) 1.2254(5) 0.1213 0.5
F33 -0.4965(7) 0.8032(4) 1.2081(6) 0.1543 0.5
F34 -0.5677(7) 0.9578(4) 1.1585(5) 0.1193 0.5
F35 -0.5095(6) 0.8584(5) 1.1060(3) 0.1023 0.5
F36 -0.5536(7) 0.9085(6) 1.2586(3) 0.1292 0.5
C50 0.502(1) 0.7325(7) 0.4033(6) 0.1548 0.5
C51 0.5281(17) 0.8191(8) 0.4012(11) 0.1647 0.5
C52 0.4116(16) 0.6972(13) 0.448(1) 0.1643 0.5
C500 0.491(1) 0.7049(6) 0.4138(6) 0.1332 0.5
C510 0.4735(16) 0.7867(9) 0.4317(9) 0.1437 0.5
C520 0.4313(13) 0.639(1) 0.4526(8) 0.1341 0.5
F1 -0.2589(5) 0.6693(4) 0.6461(2) 0.1091 0.7051
F2 -0.2126(5) 0.6255(4) 0.4940(2) 0.1179 0.7051
F3 -0.1179(3) 0.6252(3) 0.5924(2) 0.0834 0.7051
F4 -0.3569(4) 0.6718(4) 0.5485(3) 0.1231 0.7051
F5 -0.1747(4) 0.7333(2) 0.5610(3) 0.0978 0.7051
F6 -0.2965(5) 0.5634(3) 0.5799(4) 0.127 0.7051
F11 -0.245(1) 0.6037(7) 0.6322(5) 0.1111 0.2949
F12 -0.2437(9) 0.6941(7) 0.4983(5) 0.1006 0.2949
F13 -0.1623(9) 0.5968(6) 0.5316(6) 0.1032 0.2949
F14 -0.3247(9) 0.7031(6) 0.5978(6) 0.1024 0.2949
F15 -0.1361(8) 0.7076(7) 0.5957(6) 0.1172 0.2949
F16 -0.3521(7) 0.5919(6) 0.5367(5) 0.0895 0.2949

C130 0.337(1) 0.9741(5) 0.9815(7) 0.1325 0.7153
C180 0.0945(11) 0.9657(7) 0.9828(18) 0.1435 0.2847
C40 0.5472(7) 0.1683(6) 0.2695(6) 0.139 0.5
O40 0.6485(6) 0.1873(3) 0.3007(6) 0.1059 0.5
C41 0.442(1) 0.191(1) 0.303(1) 0.1576 0.5
C42 0.5370(13) 0.1329(9) 0.1975(8) 0.1568 0.5
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A.2 [Cu2pcp][PF6]3

Figure A.4: Crystal structure of the complex cation of [Cu2pcp][PF6]3 � 2.5 acetone, ellipsoids enclose
50% probability. Hydrogen atoms, counterions and solvent molecules have been omitted for clarity.

C86H72N10O7Cu2P3F18 � 2.5 C3H6O,M=2’064.76, triclinic, cell volume=4’659.0̊A3, T=173K, space
group P1̄ (no. 2),Z=2, 41’046 reflections measured, 21’247 unique (Rint=0.02) from which 12’623
have been used in the refinement (I>3 �(I)). The final R was 0.059.

Unit cell lengths (̊A) a=15.6921(2) b=16.0207(2) 
=21.2804(3)
Unit cell angles (degree) �=103.9732(7) �=102.0324(8) 
=109.0858(7)

Table A.4: Bond distances for the non-hydrogen atoms of
[Cu2(pcp][PF6]3 � 2.5 C3H6O / (Å)

Atom A Atom B Distance Atom A Atom B Distance Atom A Atom B Distance
Cu1 N1 2.117(3) Cu1 N2 1.950(3) Cu1 N3 2.240(3)
Cu1 N6 2.202(3) Cu1 N7 1.973(3) Cu1 N8 2.354(3)
Cu2 N4 2.027(3) Cu2 N5 2.005(3) Cu2 N9 2.035(3)
Cu2 N10 2.001(3) P1 F1 1.604(5) P1 F2 1.566(5)
P1 F3 1.527(6) P1 F4 1.615(6) P1 F5 1.595(5)
P1 F6 1.535(5) P1 F11 1.576(5) P1 F12 1.598(6)
P1 F13 1.631(6) P1 F14 1.504(6) P1 F15 1.549(6)
P1 F16 1.596(6) P2 F21 1.579(3) P2 F22 1.588(3)
P2 F23 1.529(5) P2 F24 1.620(5) P2 F25 1.509(5)
P2 F26 1.647(5) P2 F33 1.638(5) P2 F34 1.512(5)
P2 F35 1.592(6) P2 F36 1.566(5) P3 F51 1.584(3)
P3 F51 1.584(3) P3 F53 1.590(3) P3 F53 1.590(3)
P3 F55 1.586(4) P3 F55 1.586(4) P4 F61 1.575(5)
P4 F61 1.575(5) P4 F63 1.579(6) P4 F63 1.579(6)
P4 F65 1.557(6) P4 F65 1.557(6) N1 C1 1.343(5)
N1 C5 1.349(4) N2 C6 1.347(5) N2 C10 1.348(4)
N3 C11 1.349(4) N3 C15 1.342(5) N4 C16 1.342(4)
N4 C20 1.354(4) N5 C21 1.343(5) N5 C25 1.346(5)
N6 C56 1.334(5) N6 C60 1.343(4) N7 C61 1.358(4)
N7 C65 1.348(4) N8 C66 1.344(4) N8 C70 1.344(4)
N9 C71 1.331(5) N9 C75 1.353(4) N10 C76 1.347(5)
N10 C80 1.343(5) O1 C35 1.360(5) O1 C38 1.415(5)
O2 C39 1.408(6) O2 C40 1.403(6) O3 C41 1.358(8)
O3 C42 1.408(7) O5 C45 1.425(6) O5 C46 1.385(7)
O6 C47 1.419(5) O6 C48 1.405(5) O7 C49 1.424(5)
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Table A.4: Bond distances for the non-hydrogen atoms of
[Cu2(pcp][PF6]3 � 2.5 C3H6O / (Å)

Atom A Atom B Distance Atom A Atom B Distance Atom A Atom B Distance
O7 C50 1.363(4) O8 C87 1.208(6) O9 C90 1.239(8)
O10 C93 1.212(9) C1 C2 1.363(6) C2 C3 1.387(6)
C3 C4 1.385(6) C4 C5 1.376(6) C5 C6 1.475(5)
C6 C7 1.391(5) C7 C8 1.393(5) C8 C9 1.402(6)
C8 C26 1.486(5) C9 C10 1.388(5) C10 C11 1.480(5)
C11 C12 1.390(5) C12 C13 1.380(6) C13 C14 1.391(5)
C14 C15 1.389(5) C15 C16 1.490(5) C16 C17 1.388(5)
C17 C18 1.406(5) C18 C19 1.396(5) C18 C32 1.473(5)
C19 C20 1.385(5) C20 C21 1.486(5) C21 C22 1.397(5)
C22 C23 1.391(6) C23 C24 1.368(7) C24 C25 1.383(6)
C26 C27 1.364(6) C26 C31 1.394(7) C27 C28 1.397(6)
C28 C29 1.361(8) C29 C30 1.363(8) C30 C31 1.402(6)
C32 C33 1.397(5) C32 C37 1.386(6) C33 C34 1.382(6)
C34 C35 1.383(6) C35 C36 1.387(6) C36 C37 1.394(6)
C38 C39 1.508(6) C40 C41 1.425(9) C42 C43 1.480(9)
C43 O4 1.410(8) C43 O40 1.443(8) C45 C44 1.423(9)
C45 C440 1.444(8) C46 C47 1.473(8) C48 C49 1.494(5)
C50 C51 1.391(6) C50 C55 1.378(5) C51 C52 1.376(5)
C52 C53 1.395(5) C53 C54 1.389(5) C53 C63 1.480(4)
C54 C55 1.383(5) C56 C57 1.379(6) C57 C58 1.373(6)
C58 C59 1.391(5) C59 C60 1.381(5) C60 C61 1.483(5)
C61 C62 1.384(4) C62 C63 1.392(5) C63 C64 1.399(5)
C64 C65 1.379(4) C65 C66 1.490(5) C66 C67 1.388(5)
C67 C68 1.388(5) C68 C69 1.378(5) C69 C70 1.393(5)
C70 C71 1.492(4) C71 C72 1.395(5) C72 C73 1.402(5)
C73 C74 1.381(6) C73 C81 1.480(6) C74 C75 1.390(5)
C75 C76 1.487(6) C76 C77 1.390(5) C77 C78 1.390(7)
C78 C79 1.370(7) C79 C80 1.387(6) C81 C82 1.411(7)
C81 C86 1.381(7) C82 C83 1.384(7) C83 C84 1.37(1)
C84 C85 1.35(1) C85 C86 1.401(8) C87 C88 1.448(7)
C87 C89 1.449(7) C90 C91 1.443(9) C90 C92 1.457(9)
C93 C94 1.42(1) C93 C95 1.46(1) F1 F11 0.775(9)
F1 F16 1.64(1) F2 F12 0.84(1) F2 F15 1.57(1)
F3 F13 0.79(1) F3 F15 1.632(12) F4 F14 0.630(12)
F5 F14 1.640(11) F5 F15 1.145(11) F6 F12 1.639(11)
F6 F16 0.87(1) F23 F33 1.197(9) F23 F36 1.122(9)
F24 F34 0.901(9) F24 F35 1.594(9) F25 F33 1.446(9)
F25 F35 0.841(9) F26 F34 1.36(1) F26 F36 1.234(9)
C44 O4 1.42(1) C44 C440 0.934(18) C44 O40 1.101(12)
O4 C440 1.253(13) O4 O40 0.752(13) C440 O40 1.439(8)

Table A.5: Bond angles for the non-hydrogen atoms of
[Cu2pcp][PF6]3 � 2.5 C3H6O / (degrees)

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
N1 Cu1 N2 79.28(11) N1 Cu1 N3 155.6(1)
N2 Cu1 N3 77.07(11) N1 Cu1 N6 103.55(11)
N2 Cu1 N6 95.96(11) N3 Cu1 N6 84.9(1)
N1 Cu1 N7 99.32(11) N2 Cu1 N7 173.66(11)
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Table A.5: Bond angles for the non-hydrogen atoms of
[Cu2pcp][PF6]3 � 2.5 C3H6O / (degrees)

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
N3 Cu1 N7 104.84(11) N6 Cu1 N7 78.3(1)
N1 Cu1 N8 80.69(11) N2 Cu1 N8 110.46(11)
N3 Cu1 N8 102.1(1) N6 Cu1 N8 153.5(1)
N7 Cu1 N8 75.2(1) N4 Cu2 N5 81.43(12)
N4 Cu2 N9 129.99(11) N5 Cu2 N9 114.14(13)
N4 Cu2 N10 119.75(12) N5 Cu2 N10 137.12(13)
N9 Cu2 N10 81.86(13) F1 P1 F2 175.1(4)
F1 P1 F3 91.6(4) F2 P1 F3 92.5(4)
F1 P1 F4 86.4(4) F2 P1 F4 89.4(4)
F3 P1 F4 177.4(4) F1 P1 F5 88.0(3)
F2 P1 F5 89.2(3) F3 P1 F5 91.7(4)
F4 P1 F5 86.6(4) F1 P1 F6 89.3(4)
F2 P1 F6 93.2(4) F3 P1 F6 93.4(4)
F4 P1 F6 88.2(4) F5 P1 F6 174.3(4)
F1 P1 F11 28.2(3) F2 P1 F11 151.9(4)
F3 P1 F11 73.9(5) F4 P1 F11 103.7(4)
F5 P1 F11 67.3(4) F1 P1 F12 150.8(4)
F2 P1 F12 30.6(4) F3 P1 F12 99.0(4)
F4 P1 F12 83.5(4) F5 P1 F12 118.6(4)
F1 P1 F13 92.3(4) F2 P1 F13 92.6(4)
F3 P1 F13 28.7(4) F4 P1 F13 152.9(4)
F5 P1 F13 120.4(4) F1 P1 F14 88.3(5)
F2 P1 F14 86.9(5) F3 P1 F14 155.5(5)
F4 P1 F14 23.0(5) F5 P1 F14 63.8(5)
F1 P1 F15 119.0(4) F2 P1 F15 60.7(4)
F3 P1 F15 64.1(5) F4 P1 F15 115.6(5)
F5 P1 F15 42.7(4) F1 P1 F16 61.9(4)
F2 P1 F16 119.2(4) F3 P1 F16 109.0(5)
F4 P1 F16 71.4(5) F5 P1 F16 142.9(4)
F6 P1 F11 111.7(4) F6 P1 F12 63.1(4)
F11 P1 F12 171.3(4) F6 P1 F13 64.8(4)
F11 P1 F13 86.8(3) F12 P1 F13 84.6(3)
F6 P1 F14 111.1(5) F11 P1 F14 95.6(4)
F12 P1 F14 92.9(4) F13 P1 F14 175.8(4)
F6 P1 F15 142.6(5) F11 P1 F15 91.2(4)
F12 P1 F15 90.0(4) F13 P1 F15 88.6(4)
F14 P1 F15 94.7(5) F6 P1 F16 32.1(4)
F11 P1 F16 88.7(4) F12 P1 F16 88.9(4)
F13 P1 F16 84.2(4) F14 P1 F16 92.4(4)
F15 P1 F16 172.8(5) F21 P2 F22 178.3(2)
F21 P2 F23 93.4(3) F22 P2 F23 88.0(3)
F21 P2 F24 89.9(2) F22 P2 F24 88.6(3)
F23 P2 F24 171.0(4) F21 P2 F25 93.6(3)
F22 P2 F25 87.2(3) F23 P2 F25 97.8(4)
F24 P2 F25 90.4(4) F21 P2 F26 89.6(3)
F22 P2 F26 89.5(3) F23 P2 F26 87.5(4)
F24 P2 F26 84.1(4) F25 P2 F26 173.6(4)
F21 P2 F33 87.3(3) F22 P2 F33 94.4(3)
F23 P2 F33 44.3(3) F24 P2 F33 144.5(4)
F25 P2 F33 54.5(4) F21 P2 F34 90.9(3)
F22 P2 F34 87.4(3) F23 P2 F34 138.2(5)
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Table A.5: Bond angles for the non-hydrogen atoms of
[Cu2pcp][PF6]3 � 2.5 C3H6O / (degrees)

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
F24 P2 F34 33.2(3) F25 P2 F34 123.4(5)
F21 P2 F35 88.4(3) F22 P2 F35 91.5(3)
F23 P2 F35 129.0(4) F24 P2 F35 59.5(4)
F25 P2 F35 31.3(4) F21 P2 F36 89.9(3)
F22 P2 F36 90.5(3) F23 P2 F36 42.5(4)
F24 P2 F36 129.2(4) F25 P2 F36 140.3(4)
F26 P2 F33 131.3(4) F26 P2 F34 50.9(4)
F33 P2 F34 177.2(4) F26 P2 F35 143.5(4)
F33 P2 F35 85.0(3) F34 P2 F35 92.7(4)
F26 P2 F36 45.1(4) F33 P2 F36 86.2(4)
F34 P2 F36 96.0(4) F35 P2 F36 171.2(4)
F51 P3 F51 179.993 F51 P3 F53 88.87(17)
F51 P3 F53 91.13(17) F51 P3 F53 91.13(17)
F51 P3 F53 88.87(17) F53 P3 F53 179.993
F51 P3 F55 90.0(2) F51 P3 F55 90.0(2)
F53 P3 F55 90.0(2) F53 P3 F55 90.0(2)
F51 P3 F55 90.0(2) F51 P3 F55 90.0(2)
F53 P3 F55 90.0(2) F53 P3 F55 90.0(2)
F55 P3 F55 179.993 F61 P4 F61 179.993
F61 P4 F63 90.0(3) F61 P4 F63 90.0(3)
F61 P4 F63 90.0(3) F61 P4 F63 90.0(3)
F63 P4 F63 179.993 F61 P4 F65 91.8(3)
F61 P4 F65 88.2(3) F63 P4 F65 88.8(4)
F63 P4 F65 91.2(4) F61 P4 F65 88.2(3)
F61 P4 F65 91.8(3) F63 P4 F65 91.2(4)
F63 P4 F65 88.8(4) F65 P4 F65 179.993
Cu1 N1 C1 127.9(2) Cu1 N1 C5 112.6(2)
C1 N1 C5 118.8(3) Cu1 N2 C6 118.6(2)
Cu1 N2 C10 120.5(2) C6 N2 C10 120.5(3)
Cu1 N3 C11 108.9(2) Cu1 N3 C15 129.0(2)
C11 N3 C15 118.5(3) Cu2 N4 C16 127.7(2)
Cu2 N4 C20 113.6(2) C16 N4 C20 118.2(3)
Cu2 N5 C21 114.5(2) Cu2 N5 C25 126.8(3)
C21 N5 C25 118.4(3) Cu1 N6 C56 128.9(2)
Cu1 N6 C60 111.4(2) C56 N6 C60 119.0(3)
Cu1 N7 C61 118.6(2) Cu1 N7 C65 122.7(2)
C61 N7 C65 118.7(3) Cu1 N8 C66 108.2(2)
Cu1 N8 C70 127.4(2) C66 N8 C70 118.7(3)
Cu2 N9 C71 127.6(2) Cu2 N9 C75 112.9(3)
C71 N9 C75 118.4(3) Cu2 N10 C76 113.9(3)
Cu2 N10 C80 127.1(3) C76 N10 C80 118.6(3)
C35 O1 C38 119.2(3) C39 O2 C40 110.3(4)
C41 O3 C42 115.7(5) C45 O5 C46 115.3(5)
C47 O6 C48 111.0(4) C49 O7 C50 118.6(3)
N1 C1 C2 122.2(3) C1 C2 C3 119.1(4)
C2 C3 C4 119.2(4) C3 C4 C5 118.5(4)
N1 C5 C4 122.0(3) N1 C5 C6 114.6(3)
C4 C5 C6 123.4(3) N2 C6 C5 114.2(3)
N2 C6 C7 120.8(3) C5 C6 C7 124.9(3)
C6 C7 C8 120.1(3) C7 C8 C9 117.9(3)
C7 C8 C26 120.4(4) C9 C8 C26 121.7(3)
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Table A.5: Bond angles for the non-hydrogen atoms of
[Cu2pcp][PF6]3 � 2.5 C3H6O / (degrees)

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
C8 C9 C10 119.8(3) N2 C10 C9 121.0(3)
N2 C10 C11 114.2(3) C9 C10 C11 124.8(3)
N3 C11 C10 115.2(3) N3 C11 C12 122.3(3)
C10 C11 C12 122.4(3) C11 C12 C13 118.8(3)
C12 C13 C14 119.2(3) C13 C14 C15 118.8(4)
N3 C15 C14 122.3(3) N3 C15 C16 117.5(3)
C14 C15 C16 120.1(3) N4 C16 C15 115.0(3)
N4 C16 C17 122.6(3) C15 C16 C17 122.3(3)
C16 C17 C18 120.1(3) C17 C18 C19 116.2(3)
C17 C18 C32 122.4(3) C19 C18 C32 121.4(3)
C18 C19 C20 121.0(3) N4 C20 C19 121.9(3)
N4 C20 C21 114.7(3) C19 C20 C21 123.3(3)
N5 C21 C20 115.3(3) N5 C21 C22 121.8(4)
C20 C21 C22 123.0(3) C21 C22 C23 118.8(4)
C22 C23 C24 119.3(4) C23 C24 C25 118.9(4)
N5 C25 C24 122.8(4) C8 C26 C27 121.4(4)
C8 C26 C31 120.4(4) C27 C26 C31 118.2(4)
C26 C27 C28 120.9(5) C27 C28 C29 120.5(5)
C28 C29 C30 119.8(4) C29 C30 C31 120.0(5)
C26 C31 C30 120.4(5) C18 C32 C33 120.6(3)
C18 C32 C37 121.9(3) C33 C32 C37 117.4(3)
C32 C33 C34 121.3(4) C33 C34 C35 120.3(4)
O1 C35 C34 115.8(4) O1 C35 C36 124.3(4)
C34 C35 C36 119.9(4) C35 C36 C37 119.1(4)
C32 C37 C36 122.1(4) O1 C38 C39 104.1(4)
O2 C39 C38 108.5(4) O2 C40 C41 115.1(5)
O3 C41 C40 118.1(6) O3 C42 C43 112.3(5)
C42 C43 O4 123.8(8) C42 C43 O40 101.1(6)
O4 C43 O40 30.5(5) O5 C45 C44 116.4(7)
O5 C45 C440 111.8(6) C44 C45 C440 38.0(7)
O5 C46 C47 110.7(4) O6 C47 C46 111.3(5)
O6 C48 C49 108.6(3) O7 C49 C48 105.8(3)
O7 C50 C51 115.2(3) O7 C50 C55 125.3(3)
C51 C50 C55 119.4(3) C50 C51 C52 120.1(3)
C51 C52 C53 121.3(3) C52 C53 C54 117.4(3)
C52 C53 C63 121.4(3) C54 C53 C63 121.1(3)
C53 C54 C55 121.7(3) C50 C55 C54 119.8(3)
N6 C56 C57 122.3(3) C56 C57 C58 118.8(3)
C57 C58 C59 119.4(4) C58 C59 C60 118.4(3)
N6 C60 C59 122.0(3) N6 C60 C61 115.1(3)
C59 C60 C61 122.9(3) N7 C61 C60 115.5(3)
N7 C61 C62 121.2(3) C60 C61 C62 123.3(3)
C61 C62 C63 121.1(3) C53 C63 C62 121.6(3)
C53 C63 C64 122.0(3) C62 C63 C64 116.4(3)
C63 C64 C65 120.7(3) N7 C65 C64 121.9(3)
N7 C65 C66 114.8(3) C64 C65 C66 123.3(3)
N8 C66 C65 115.5(3) N8 C66 C67 121.9(3)
C65 C66 C67 122.5(3) C66 C67 C68 119.3(3)
C67 C68 C69 118.9(3) C68 C69 C70 118.9(3)
N8 C70 C69 122.3(3) N8 C70 C71 115.3(3)
C69 C70 C71 122.3(3) N9 C71 C70 114.9(3)
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Table A.5: Bond angles for the non-hydrogen atoms of
[Cu2pcp][PF6]3 � 2.5 C3H6O / (degrees)

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
N9 C71 C72 123.4(3) C70 C71 C72 121.7(3)
C71 C72 C73 118.2(4) C72 C73 C74 118.2(4)
C72 C73 C81 121.9(4) C74 C73 C81 119.9(3)
C73 C74 C75 120.2(3) N9 C75 C74 121.6(4)
N9 C75 C76 114.6(3) C74 C75 C76 123.8(3)
N10 C76 C75 115.6(3) N10 C76 C77 122.0(4)
C75 C76 C77 122.4(4) C76 C77 C78 118.4(4)
C77 C78 C79 119.9(4) C78 C79 C80 118.6(4)
N10 C80 C79 122.5(4) C73 C81 C82 119.7(4)
C73 C81 C86 121.9(4) C82 C81 C86 118.4(4)
C81 C82 C83 120.9(5) C82 C83 C84 119.6(6)
C83 C84 C85 120.0(5) C84 C85 C86 122.0(6)
C84 C85 H851 119.002 C81 C86 C85 118.9(6)
O8 C87 C88 122.0(6) O8 C87 C89 120.2(6)
C88 C87 C89 117.8(6) O9 C90 C91 116.8(8)
O9 C90 C92 122.9(9) C91 C90 C92 119.8(7)
O10 C93 C94 107.7(10) O10 C93 C95 129.6(11)
C94 C93 C95 119.4(9) P1 F1 F11 73.9(6)
P1 F1 F16 58.8(3) F11 F1 F16 129.3(9)
P1 F2 F12 76.8(6) P1 F2 F15 59.1(3)
F12 F2 F15 132.6(8) P1 F3 F13 83.1(7)
P1 F3 F15 58.6(4) F13 F3 F15 130.0(9)
P1 F4 F14 68.6(8) P1 F5 F14 55.4(3)
P1 F5 F15 66.5(4) F14 F5 F15 106.2(6)
P1 F6 F12 60.3(3) P1 F6 F16 77.8(6)
F12 F6 F16 123.3(10) P1 F11 F1 78.0(6)
P1 F12 F2 72.6(6) P1 F12 F6 56.6(3)
F2 F12 F6 128.1(7) P1 F13 F3 68.3(6)
P1 F14 F4 88.4(10) P1 F14 F5 60.8(3)
F4 F14 F5 148.6(12) P1 F15 F2 60.2(3)
P1 F15 F3 57.3(3) F2 F15 F3 88.3(5)
P1 F15 F5 70.8(4) F2 F15 F5 108.4(7)
F3 F15 F5 106.3(6) P1 F16 F1 59.3(3)
P1 F16 F6 70.1(5) F1 F16 F6 119.6(8)
P2 F23 F33 72.7(4) P2 F23 F36 70.5(4)
F33 F23 F36 141.6(6) P2 F24 F34 66.8(5)
P2 F24 F35 59.4(3) F34 F24 F35 126.2(6)
P2 F25 F33 67.3(3) P2 F25 F35 79.8(6)
F33 F25 F35 144.0(8) P2 F26 F34 59.4(3)
P2 F26 F36 64.0(3) F34 F26 F36 123.4(5)
P2 F33 F23 63.1(3) P2 F33 F25 58.2(3)
F23 F33 F25 119.8(5) P2 F34 F24 80.0(5)
P2 F34 F26 69.7(4) F24 F34 F26 149.5(7)
P2 F35 F24 61.1(3) P2 F35 F25 68.9(5)
F24 F35 F25 129.0(7) P2 F36 F23 67.0(4)
P2 F36 F26 70.9(4) F23 F36 F26 137.7(6)
C45 C44 O4 110.3(9) C45 C44 C440 72.2(9)
O4 C44 C440 60.0(9) C45 C44 O40 135.1(11)
O4 C44 O40 31.5(6) C440 C44 O40 89.7(12)
C43 O4 C44 116.5(9) C43 O4 C440 127.0(9)
C44 O4 C440 40.2(8) C43 O4 O40 77.2(9)
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Table A.5: Bond angles for the non-hydrogen atoms of
[Cu2pcp][PF6]3 � 2.5 C3H6O / (degrees)

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
C44 O4 O40 49.8(9) C440 O4 O40 88.0(11)
C45 C440 C44 69.8(8) C45 C440 O4 120.0(9)
C44 C440 O4 79.8(10) C45 C440 O40 108.3(7)
C44 C440 O40 49.9(8) O4 C440 O40 31.5(6)
C43 O40 C44 142.3(12) C43 O40 O4 72.3(9)
C44 O40 O4 98.8(11) C43 O40 C440 111.6(6)
C44 O40 C440 40.4(9) O4 O40 C440 60.5(10)

Table A.6: Atomic coordinates of the non-hydrogen atoms of
[Cu2pcp][PF6]3 � 2.5 acetone

Atom x/a y/b z/c U(equiv) occupancy
Atom x/a y/b z/c U(equiv) occupancy
CU1 0.33693(3) 0.13084(3) 0.72256(2) 0.0348 1
CU2 0.37943(3) -0.04188(3) 0.82193(2) 0.044 1
P1 -0.22483(8) 0.04297(9) 0.61022(6) 0.0613 1
P2 0.55289(11) 0.43389(9) 1.13068(7) 0.0689 1
P3 0 -0.5 0.5 0.0616 1
P4 0 0 1 0.1153 1
N1 0.4176(2) 0.1775(2) 0.66020(14) 0.0386 1
N2 0.44578(19) 0.23761(19) 0.79066(14) 0.0375 1
N3 0.31142(19) 0.12245(19) 0.82101(14) 0.0366 1
N4 0.2410(2) -0.08064(19) 0.77009(14) 0.0378 1
N5 0.3541(2) -0.1703(2) 0.76137(16) 0.0453 1
N6 0.2387(2) 0.2024(2) 0.71837(14) 0.0395 1
N7 0.22162(18) 0.03300(19) 0.65102(13) 0.034 1
N8 0.37828(19) 0.00239(19) 0.68781(14) 0.037 1
N9 0.4978(2) 0.0611(2) 0.82269(14) 0.0391 1
N10 0.4291(2) 0.0297(2) 0.92202(15) 0.0454 1
O1 -0.3463(2) -0.3385(2) 0.55426(17) 0.064 1
O2 -0.5760(2) -0.3347(2) 0.52622(19) 0.0675 1
O3 -0.7363(3) -0.3118(3) 0.4474(2) 0.0889 1
O5 -0.7307(2) -0.5284(3) 0.2445(2) 0.0738 1
O6 -0.54225(19) -0.4867(2) 0.33006(16) 0.0607 1
O7 -0.28952(19) -0.39706(19) 0.37562(15) 0.0556 1
O8 0.2102(3) -0.1771(5) 0.9696(3) 0.1459 1
O9 -0.3657(5) -0.1715(7) 0.7546(4) 0.1988 1
O10 0.1056(7) -0.5099(9) 0.8195(7) 0.1405 0.5
C1 0.4002(3) 0.1368(3) 0.59320(19) 0.0478 1
C2 0.4659(3) 0.1638(4) 0.5612(2) 0.0643 1
C3 0.5525(3) 0.2378(4) 0.5983(2) 0.0744 1
C4 0.5701(3) 0.2822(3) 0.6670(2) 0.0611 1
C5 0.5021(2) 0.2489(3) 0.69663(18) 0.0424 1
C6 0.5145(2) 0.2880(2) 0.76978(17) 0.0409 1
C7 0.5890(3) 0.3698(3) 0.81530(19) 0.0466 1
C8 0.5929(3) 0.4010(3) 0.88328(18) 0.0453 1
C9 0.5200(3) 0.3476(3) 0.90342(18) 0.0442 1
C10 0.4472(2) 0.2665(2) 0.85597(17) 0.038 1
C11 0.3651(2) 0.2058(2) 0.87052(17) 0.037 1
C12 0.3445(3) 0.2330(3) 0.93076(18) 0.0474 1
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Table A.6: Atomic coordinates of the non-hydrogen atoms of
[Cu2pcp][PF6]3 � 2.5 acetone

Atom x/a y/b z/c U(equiv) occupancy
C13 0.2648(3) 0.1737(3) 0.9394(2) 0.0523 1
C14 0.2095(3) 0.0872(3) 0.8889(2) 0.0491 1
C15 0.2364(2) 0.0633(2) 0.83110(18) 0.0389 1
C16 0.1860(2) -0.0330(2) 0.78019(17) 0.0383 1
C17 0.0887(3) -0.0718(2) 0.74782(18) 0.0415 1
C18 0.0438(3) -0.1645(2) 0.70216(18) 0.0417 1
C19 0.1023(3) -0.2130(2) 0.69319(19) 0.0447 1
C20 0.1991(3) -0.1702(2) 0.72672(18) 0.0408 1
C21 0.2648(3) -0.2180(3) 0.71882(19) 0.0442 1
C22 0.2368(3) -0.3063(3) 0.6707(2) 0.058 1
C23 0.3033(4) -0.3458(3) 0.6675(3) 0.0676 1
C24 0.3948(3) -0.2961(3) 0.7098(2) 0.0623 1
C25 0.4181(3) -0.2082(3) 0.7555(2) 0.0519 1
C26 0.6728(3) 0.4879(3) 0.9324(2) 0.0522 1
C27 0.7038(3) 0.4991(3) 0.9999(2) 0.0672 1
C28 0.7814(4) 0.5794(4) 1.0451(3) 0.0828 1
C29 0.8266(4) 0.6489(4) 1.0227(3) 0.0791 1
C30 0.7938(4) 0.6420(3) 0.9562(3) 0.0721 1
C31 0.7164(3) 0.5614(3) 0.9105(2) 0.0634 1
C32 -0.0588(3) -0.2085(3) 0.66531(19) 0.0437 1
C33 -0.0983(3) -0.2951(3) 0.6131(2) 0.0538 1
C34 -0.1939(3) -0.3359(3) 0.5767(2) 0.0562 1
C35 -0.2531(3) -0.2919(3) 0.5921(2) 0.0506 1
C36 -0.2160(3) -0.2053(3) 0.6432(3) 0.065 1
C37 -0.1192(3) -0.1648(3) 0.6790(3) 0.0626 1
C38 -0.4107(3) -0.2960(3) 0.5647(3) 0.0608 1
C39 -0.5063(3) -0.3703(3) 0.5193(3) 0.0652 1
C40 -0.6671(4) -0.4058(4) 0.4924(5) 0.1126 1
C41 -0.7421(4) -0.3741(5) 0.4813(5) 0.1037 1
C42 -0.8233(4) -0.3205(5) 0.4055(3) 0.0877 1
C43 -0.8238(5) -0.3309(4) 0.3344(3) 0.0895 1
C45 -0.8282(4) -0.5432(4) 0.2215(3) 0.0932 1
C46 -0.7097(4) -0.5766(4) 0.2874(3) 0.0786 1
C47 -0.6147(3) -0.5772(3) 0.2932(3) 0.0739 1
C48 -0.4519(3) -0.4885(3) 0.3374(2) 0.0516 1
C49 -0.3789(3) -0.3903(3) 0.3698(2) 0.0557 1
C50 -0.2091(3) -0.3201(3) 0.41497(19) 0.0458 1
C51 -0.1249(3) -0.3333(3) 0.4205(2) 0.055 1
C52 -0.0400(3) -0.2624(3) 0.4630(2) 0.0521 1
C53 -0.0360(2) -0.1763(2) 0.50099(17) 0.038 1
C54 -0.1206(2) -0.1635(2) 0.49224(19) 0.0439 1
C55 -0.2061(3) -0.2339(3) 0.4490(2) 0.048 1
C56 0.2534(3) 0.2889(3) 0.75527(19) 0.0481 1
C57 0.1806(3) 0.3191(3) 0.7552(2) 0.0557 1
C58 0.0899(3) 0.2582(3) 0.7156(2) 0.0592 1
C59 0.0735(3) 0.1677(3) 0.6771(2) 0.0486 1
C60 0.1502(2) 0.1428(2) 0.67913(16) 0.0371 1
C61 0.1414(2) 0.0497(2) 0.63789(16) 0.0346 1
C62 0.0583(2) -0.0165(2) 0.58862(17) 0.0365 1
C63 0.0538(2) -0.1029(2) 0.55111(16) 0.0358 1
C64 0.1382(2) -0.1171(2) 0.56450(17) 0.037 1

193



Table A.6: Atomic coordinates of the non-hydrogen atoms of
[Cu2pcp][PF6]3 � 2.5 acetone

Atom x/a y/b z/c U(equiv) occupancy
C65 0.2198(2) -0.0489(2) 0.61362(16) 0.0348 1
C66 0.3127(2) -0.0581(2) 0.62848(16) 0.0365 1
C67 0.3324(3) -0.1217(3) 0.58292(18) 0.0453 1
C68 0.4226(3) -0.1221(3) 0.5983(2) 0.0527 1
C69 0.4907(3) -0.0584(3) 0.65817(19) 0.0481 1
C70 0.4656(2) 0.0018(2) 0.70257(17) 0.0399 1
C71 0.5323(2) 0.0669(3) 0.77111(18) 0.0429 1
C72 0.6234(3) 0.1289(3) 0.77929(19) 0.0463 1
C73 0.6805(3) 0.1903(3) 0.8451(2) 0.0498 1
C74 0.6446(3) 0.1838(3) 0.89853(19) 0.0475 1
C75 0.5535(3) 0.1191(2) 0.88636(18) 0.0422 1
C76 0.5096(3) 0.1068(3) 0.94081(18) 0.045 1
C77 0.5486(3) 0.1709(3) 1.0067(2) 0.0529 1
C78 0.5019(4) 0.1544(3) 1.0540(2) 0.0619 1
C79 0.4208(4) 0.0753(3) 1.0355(2) 0.0606 1
C80 0.3859(3) 0.0143(3) 0.9689(2) 0.0534 1
C81 0.7763(3) 0.2614(3) 0.8581(2) 0.061 1
C82 0.8082(3) 0.3505(4) 0.9079(2) 0.0676 1
C83 0.8981(4) 0.4176(4) 0.9220(3) 0.0844 1
C84 0.9583(4) 0.3964(5) 0.8887(3) 0.1039 1
C85 0.9275(5) 0.3126(6) 0.8392(4) 0.1123 1
C86 0.8364(4) 0.2434(5) 0.8227(3) 0.0859 1
F51 0.0982(2) -0.5090(2) 0.5240(2) 0.0985 1
F53 0.0568(2) -0.3908(2) 0.51658(19) 0.087 1
F55 -0.0051(3) -0.4805(3) 0.57551(18) 0.1111 1
F61 0.0943(3) -0.0174(4) 1.0099(3) 0.1465 1
F63 -0.0166(4) -0.0267(6) 0.9207(3) 0.1716 1
F65 -0.0603(4) -0.1045(5) 0.9884(5) 0.1968 1
C87 0.1253(4) -0.2059(6) 0.9437(4) 0.1117 1
C88 0.0843(6) -0.1942(7) 0.8804(4) 0.1234 1
C89 0.0611(5) -0.2553(7) 0.9750(5) 0.1306 1
C90 -0.2969(6) -0.1249(6) 0.8070(4) 0.1274 1
C91 -0.2740(7) -0.1738(7) 0.8524(5) 0.1475 1
C92 -0.2329(7) -0.0291(7) 0.8191(6) 0.1547 1
C93 0.1391(8) -0.4457(8) 0.7994(6) 0.0938 0.5
C94 0.1131(12) -0.4828(11) 0.7271(7) 0.1244 0.5
C95 0.2185(8) -0.3551(9) 0.8361(7) 0.1028 0.5
F1 -0.1446(5) 0.1429(4) 0.6215(4) 0.0901 0.5
F2 -0.3096(5) -0.0513(4) 0.5969(4) 0.0875 0.5
F3 -0.1655(6) 0.0343(6) 0.6731(4) 0.1155 0.5
F4 -0.2860(6) 0.0571(5) 0.5456(3) 0.0904 0.5
F5 -0.2723(5) 0.0976(4) 0.6549(4) 0.1008 0.5
F6 -0.1810(6) -0.0045(5) 0.5622(4) 0.128 0.5
F11 -0.1537(5) 0.1458(4) 0.6562(3) 0.0895 0.5
F12 -0.2841(6) -0.0659(4) 0.5675(4) 0.107 0.5
F13 -0.1467(5) 0.0082(5) 0.6463(4) 0.0889 0.5
F14 -0.2966(6) 0.0712(6) 0.5720(4) 0.1263 0.5
F15 -0.2720(6) 0.0315(7) 0.6664(4) 0.152 0.5
F16 -0.1673(6) 0.0498(6) 0.5567(4) 0.1363 0.5
F21 0.5196(2) 0.5000(2) 1.17850(14) 0.0887 1
F22 0.5840(3) 0.3671(2) 1.08070(18) 0.1032 1
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Table A.6: Atomic coordinates of the non-hydrogen atoms of
[Cu2pcp][PF6]3 � 2.5 acetone

Atom x/a y/b z/c U(equiv) occupancy
F23 0.5766(7) 0.3883(5) 1.1836(3) 0.0949 0.5
F24 0.5141(5) 0.4663(5) 1.0679(3) 0.0872 0.5
F25 0.6507(4) 0.5089(5) 1.1483(4) 0.1033 0.5
F26 0.4447(4) 0.3516(5) 1.1026(4) 0.1153 0.5
F33 0.6433(4) 0.4604(5) 1.1974(3) 0.0993 0.5
F34 0.4707(5) 0.4145(6) 1.0698(3) 0.1133 0.5
F35 0.6197(6) 0.5239(4) 1.1189(4) 0.099 0.5
F36 0.4994(6) 0.3505(4) 1.1530(4) 0.0959 0.5
C44 -0.8606(9) -0.4899(9) 0.2673(8) 0.1146 0.5
O4 -0.7944(7) -0.3947(7) 0.2961(6) 0.1098 0.5

C440 -0.8413(8) -0.4564(7) 0.2389(4) 0.0664 0.5
O40 -0.8266(6) -0.4244(5) 0.3111(4) 0.0611 0.5
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Appendix B

Crystal Structures of the qtpy-ligand:
4MeOphqtpy

B.1 4MeOphqtpy

C27 O1

C24 C23
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C21

C18

C19

C20 N4

C17

C16

C15

C14

N3
C11

C12

C13

C10 N2

C9

C8 C7

C6

C5

C4 C3

C2

C1N1

Figure B.1: Crystal structure of 4MeOphqtpy, ellipsoids enclose 50% probability. Hydrogen atoms have
been omitted for clarity.

Crystals of 4MeOphqtpy were obtained as colourless plates from a solvent mixture of EtOAc: hexane
: Et2NH (8:20:1) as C27H20N4O1, M=416.48, monoclinic, cell volume=2’067.8Å3, T=173K, space
group P 21/c,Z=4, 25’332 reflections measured, 4’726 unique (Rint=0.06) from which 2701 have been
used in the refinement(I>2�(I)). The final R was 0.044.

unit cell lengths (̊A) a=10.087(8) b=8.666(9) c=23.684(3)
unit cell angles (degree) �=90 �=92.789(8) 
=90

Table B.3: Atomic coordinates of the non-hydrogen atoms of
4MeOphqtpy

Atom x/a y/b z/c U(equiv) occupancy
O1 0.52871(12) -0.01273(18) 0.43556(5) 0.0328 1
N1 -0.22599(19) -1.0365(2) 0.15688(8) 0.0431 1
N2 -0.07376(15) -0.68241(18) 0.11827(6) 0.0252 1
N3 0.10238(14) -0.32289(18) 0.13187(6) 0.0229 1
N4 0.25341(17) 0.0325(2) 0.09411(7) 0.0355 1
C1 -0.3170(3) -1.1357(3) 0.13638(11) 0.0535 1
C2 -0.3721(2) -1.1299(3) 0.08208(11) 0.0491 1
C3 -0.3339(2) -1.0145(3) 0.0473(1) 0.0424 1
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Table B.3: Atomic coordinates of the non-hydrogen atoms of
4MeOphqtpy

Atom x/a y/b z/c U(equiv) occupancy
C4 -0.2404(2) -0.9092(2) 0.06760(9) 0.0348 1
C5 -0.18837(19) -0.9240(2) 0.12229(8) 0.029 1
C6 -0.08751(18) -0.8151(2) 0.14626(8) 0.0271 1
C7 -0.01471(19) -0.8487(2) 0.19591(9) 0.0327 1
C8 0.07331(19) -0.7410(2) 0.21780(9) 0.0344 1
C9 0.08663(19) -0.6027(2) 0.19005(8) 0.03 1
C10 0.01121(17) -0.5769(2) 0.14050(8) 0.0241 1
C11 0.01841(17) -0.4283(2) 0.10950(8) 0.0241 1
C12 -0.05666(19) -0.4026(2) 0.05960(8) 0.0305 1
C13 -0.0448(2) -0.2632(3) 0.03250(9) 0.0357 1
C14 0.04257(19) -0.1548(2) 0.05495(8) 0.031 1
C15 0.11495(18) -0.1892(2) 0.10451(8) 0.0249 1
C16 0.21411(18) -0.0786(2) 0.12888(8) 0.026 1
C17 0.26312(18) -0.0929(2) 0.18444(8) 0.0235 1
C18 0.35695(17) 0.0108(2) 0.20616(8) 0.0249 1
C19 0.3992(2) 0.1241(2) 0.16988(8) 0.0343 1
C20 0.3453(2) 0.1297(3) 0.11534(9) 0.04 1
C21 0.40728(17) 0.0036(2) 0.26580(7) 0.0246 1
C22 0.32624(17) -0.0503(2) 0.30747(8) 0.0264 1
C23 0.36911(18) -0.0543(2) 0.36313(8) 0.0268 1
C24 0.49617(18) -0.0046(2) 0.37910(8) 0.0246 1
C25 0.57884(18) 0.0487(2) 0.33857(8) 0.0269 1
C26 0.53380(18) 0.0518(2) 0.28273(8) 0.0279 1
C27 0.6569(2) 0.0399(3) 0.45466(9) 0.0468 1
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Table B.1: Bond distances for the non-hydrogen atoms of 4MeOphqtpy / (Å)

Atom A Atom B Distance Atom A Atom B Distance Atom A Atom B Distance
O1 C24 1.363(2) O1 C27 1.424(2) N1 C1 1.332(3)
N1 C5 1.340(2) N2 C6 1.338(2) N2 C10 1.343(2)
N3 C11 1.338(2) N3 C15 1.336(2) N4 C16 1.339(2)
N4 C20 1.333(3) C1 C2 1.377(3) C2 C3 1.364(3)
C3 C4 1.382(3) C4 C5 1.380(3) C5 C6 1.481(3)
C6 C7 1.387(3) C7 C8 1.372(3) C8 C9 1.377(3)
C9 C10 1.385(3) C10 C11 1.485(2) C11 C12 1.390(3)
C12 C13 1.376(3) C13 C14 1.377(3) C14 C15 1.384(3)
C15 C16 1.482(3) C16 C17 1.389(3) C17 C18 1.386(3)
C18 C19 1.385(3) C18 C21 1.479(2) C19 C20 1.378(3)
C21 C22 1.392(2) C21 C26 1.384(2) C22 C23 1.368(3)
C23 C24 1.387(2) C24 C25 1.382(3) C25 C26 1.378(3)

Table B.2: Bond angles for the non-hydrogen atoms of 4MeOphqtpy / (degrees)

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
C24 O1 C27 117.83(15) C1 N1 C5 117.2(2)
C6 N2 C10 118.06(17) C11 N3 C15 118.24(16)
C16 N4 C20 116.32(17) N1 C1 C2 123.9(2)
C1 C2 C3 118.6(2) C2 C3 C4 118.8(2)
C3 C4 C5 119.2(2) N1 C5 C4 122.38(19)
N1 C5 C6 116.05(18) C4 C5 C6 121.57(18)
N2 C6 C5 116.35(17) N2 C6 C7 122.51(18)
C5 C6 C7 121.12(18) C6 C7 C8 118.93(19)
C7 C8 C9 119.22(19) C8 C9 C10 118.85(18)
N2 C10 C9 122.41(18) N2 C10 C11 116.22(15)
C9 C10 C11 121.36(17) N3 C11 C10 116.20(15)
N3 C11 C12 122.37(18) C10 C11 C12 121.43(17)
C11 C12 C13 118.77(18) C12 C13 C14 119.17(19)
C13 C14 C15 118.80(19) N3 C15 C14 122.64(18)
N3 C15 C16 116.74(16) C14 C15 C16 120.60(17)
N4 C16 C15 116.08(16) N4 C16 C17 123.02(18)
C15 C16 C17 120.90(17) C16 C17 C18 119.93(18)
C17 C18 C19 117.03(17) C17 C18 C21 121.58(17)
C19 C18 C21 121.38(17) C18 C19 C20 119.17(19)
N4 C20 C19 124.5(2) C18 C21 C22 120.34(16)
C18 C21 C26 122.21(17) C22 C21 C26 117.45(17)
C21 C22 C23 121.51(17) C22 C23 C24 119.98(18)
O1 C24 C23 115.27(16) O1 C24 C25 125.04(16)
C23 C24 C25 119.69(17) C24 C25 C26 119.44(17)
C21 C26 C25 121.92(18)
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Appendix C

Crystal Structures of Helicand
precursors

C.1 2-Acetyl-6-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine

Figure C.1: Crystal structure of 2-acetyl-6-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine, ellipsoids
enclose 50% probability. Hydrogen atoms were omitted for chlarity.

Crystals of 2-Acetyl-6-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine were obtained as colourless
plates from a solvent mixture of hexane : EtOAc : Et2NH (50:10:1) as C17H15N1O3, M=281.31,
monoclinic, cell volume=1’444.3̊A3, T=293K, space group P 21/c, Z=4, 5’667 reflextions measured,
2’494 unique (Rint=0.14) from which 1’877 have been used in the refinement (I>1�(I)). The final R
was 0.073.

Unit cell lengths (̊A) a=12.394(7) b=4.032(4) c=28.900(16)
Unit cell angles (degree) �=90 �=90.73(4) 
=90

Table C.3: Atomic coordinates of the non-hydrogen atoms of 2-acetyl-6-
[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine

Atom x/a y/b z/c U(equiv)
O1 0.6830(2) -0.4135(7) 0.52155(7) 0.1126
C1 0.7284(3) -0.2450(9) 0.4933(1) 0.0826
C2 0.8464(3) -0.1803(12) 0.49621(13) 0.1209
C3 0.6671(2) -0.1034(7) 0.45362(8) 0.066
N1 0.72333(15) 0.0678(6) 0.42247(6) 0.0616

201



Table C.3: Atomic coordinates of the non-hydrogen atoms of 2-acetyl-6-
[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine

Atom x/a y/b z/c U(equiv)
C4 0.5569(2) -0.1489(8) 0.4498(1) 0.0748
C5 0.5030(2) -0.0162(8) 0.4128(1) 0.0784
C6 0.5595(2) 0.1605(8) 0.38059(9) 0.0717
C7 0.66977(19) 0.1952(7) 0.38622(8) 0.0594
C8 0.7333(2) 0.3845(8) 0.35164(8) 0.0637
O2 0.68696(14) 0.5176(6) 0.31924(6) 0.0845
C9 0.85063(19) 0.3980(7) 0.35781(8) 0.0631
C10 0.9118(2) 0.5705(7) 0.32937(8) 0.0607
C11 1.02854(19) 0.5961(7) 0.32991(7) 0.0575
C12 1.0937(2) 0.4735(7) 0.36541(8) 0.0685
C13 1.2035(2) 0.4898(8) 0.36315(8) 0.0733
C14 1.2520(2) 0.6281(7) 0.32497(8) 0.0624
C15 1.1904(2) 0.7547(7) 0.28967(8) 0.0632
C16 1.0795(2) 0.7409(7) 0.29294(8) 0.0618
O3 1.36202(14) 0.6215(6) 0.32529(6) 0.0799
C17 1.4150(2) 0.7652(9) 0.28687(9) 0.0825

202



Table C.1: Bond distances (Å) for the non-hydrogen atoms of 2-acetyl-6-[3-(4-methoxyphenyl)-1-
oxoprop-2-enyl]pyridine

Atom A Atom B Distance Atom A Atom B Distance
O1 C1 1.206(3) C1 C2 1.487(4)
C1 C3 1.483(4) C3 N1 1.337(3)
C3 C4 1.382(4) N1 C7 1.336(3)
C4 C5 1.363(4) C5 C6 1.372(4)
C6 C7 1.381(3) C7 C8 1.491(4)
C8 O2 1.217(3) C8 C9 1.464(3)
C9 C10 1.323(3) C10 C11 1.451(3)
C11 C12 1.389(3) C11 C16 1.378(3)
C12 C13 1.365(3) C13 C14 1.381(3)
C14 C15 1.366(3) C14 O3 1.363(3)
C15 C16 1.380(3) O3 C17 1.421(3)

Table C.2: Bond angles (degrees) for the non-hydrogen atomsof 2-acetyl-6-[3-(4-methoxyphenyl)-1-
oxoprop-2-enyl]pyridine

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
O1 C1 C2 121.9(3) O1 C1 C3 120.1(3)
C2 C1 C3 118.0(3) C1 C3 N1 117.0(2)
C1 C3 C4 120.4(3) N1 C3 C4 122.6(3)
C3 N1 C7 117.9(2) C3 C4 C5 118.9(3)
C4 C5 C6 119.2(3) C5 C6 C7 119.0(3)
N1 C7 C6 122.3(3) N1 C7 C8 117.5(2)
C6 C7 C8 120.2(2) C7 C8 O2 119.6(2)
C7 C8 C9 118.0(2) O2 C8 C9 122.4(2)
C8 C9 C10 121.3(2) C9 C10 C11 127.6(2)
C10 C11 C12 123.6(2) C10 C11 C16 119.3(2)
C12 C11 C16 117.1(2) C11 C12 C13 121.2(2)
C12 C13 C14 120.2(2) C13 C14 C15 120.2(2)
C13 C14 O3 115.6(2) C15 C14 O3 124.2(2)
C14 C15 C16 118.8(2) C11 C16 C15 122.5(2)
C14 O3 C17 117.3(2)
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C.2 6-Bromo-[40-(4-methoxyphenyl)]-2,20-bipyridine
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Figure C.2: Crystal structure of 6-bromo-40-(4-methoxyphenyl)-2,20-bipyridine, ellipsoids enclose 50%
probability. Two molecules of almost identical conformation occupy the unsymmetrical unit cell. For
clarity, only one of them is shown in the figure, and hydrogenswere omitted.

Crystals of 6-bromo-40-(4-methoxyphenyl)-2,20-bipyridine were obtained as yellow plates from THF as
two times C17H13BrN2O), M=682.41, triclinic, cell volume=1’432.5̊A3, T=173K, space group P̄1,Z=4, 53’476 reflections measured, 6’899 unique (Rint=0.07) from which 4’215 have been used in the
refinement (I>3�(I)). The final R was 0.028.

unit cell lengths (̊A) a=11.8229(3) b=12.1488(4) c=12.4098(3)
unit cell angles (degree) �=112.714(2) �=115.6871(19) 
=92.587(2)

Table C.4: Bond distances for the non-hydrogen atoms of 6-bromo-40-(4-methoxyphenyl)-2,20-
bipyridine (Å)

Atom A Atom B Distance Atom A Atom B Distance Atom A Atom B Distance
Br1 C1 1.901(2) N1 C1 1.311(3) N1 C5 1.348(3)
N2 C6 1.337(3) N2 C10 1.335(3) O1 C14 1.371(3)
O1 C17 1.425(3) C1 C2 1.379(3) C2 C3 1.378(4)
C3 C4 1.379(4) C4 C5 1.384(3) C5 C6 1.488(3)
C6 C7 1.382(3) C7 C8 1.391(3) C8 C9 1.396(3)
C8 C11 1.477(3) C9 C10 1.377(3) C11 C12 1.388(3)
C11 C16 1.395(3) C12 C13 1.373(3) C13 C14 1.386(3)
C14 C15 1.376(3) C15 C16 1.384(3) Br2 C21 1.895(2)
N3 C21 1.314(3) N3 C25 1.347(3) N4 C26 1.338(3)
N4 C30 1.331(3) O2 C34 1.364(3) O2 C37 1.427(3)
C21 C22 1.379(4) C22 C23 1.367(4) C23 C24 1.380(4)
C24 C25 1.380(3) C25 C26 1.486(3) C26 C27 1.384(3)
C27 C28 1.390(3) C28 C29 1.393(3) C28 C31 1.484(3)
C29 C30 1.383(3) C31 C32 1.389(3) C31 C36 1.391(3)
C32 C33 1.379(3) C33 C34 1.388(3) C34 C35 1.378(3)
C35 C36 1.383(3)

Table C.5: Bond angles for the non-hydrogen atoms of 6-bromo-40-(4-
methoxyphenyl)-2,20-bipyridine / degrees)

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
C1 N1 C5 116.8(2) C6 N2 C10 116.3(2)
C14 O1 C17 117.50(19) Br1 C1 N1 115.83(18)
Br1 C1 C2 118.40(19) N1 C1 C2 125.8(2)
C1 C2 C3 116.7(2) C2 C3 C4 119.6(2)
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Table C.5: Bond angles for the non-hydrogen atoms of 6-bromo-40-(4-
methoxyphenyl)-2,20-bipyridine / degrees)

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
C3 C4 C5 118.7(2) N1 C5 C4 122.4(2)
N1 C5 C6 116.3(2) C4 C5 C6 121.4(2)
N2 C6 C5 114.9(2) N2 C6 C7 123.7(2)
C5 C6 C7 121.5(2) C6 C7 C8 119.8(2)
C7 C8 C9 116.4(2) C7 C8 C11 122.1(2)
C9 C8 C11 121.5(2) C8 C9 C10 119.7(2)
N2 C10 C9 124.0(2) C8 C11 C12 122.5(2)
C8 C11 C16 120.1(2) C12 C11 C16 117.3(2)
C11 C12 C13 121.6(2) C12 C13 C14 119.9(2)
O1 C14 C13 115.5(2) O1 C14 C15 124.4(2)
C13 C14 C15 120.2(2) C14 C15 C16 119.3(2)
C11 C16 C15 121.8(2) C21 N3 C25 117.0(2)
C26 N4 C30 116.61(19) C34 O2 C37 116.69(19)
Br2 C21 N3 115.59(18) Br2 C21 C22 118.75(18)
N3 C21 C22 125.6(2) C21 C22 C23 116.7(2)
C22 C23 C24 119.8(2) C23 C24 C25 119.1(2)
N3 C25 C24 121.9(2) N3 C25 C26 116.5(2)
C24 C25 C26 121.7(2) N4 C26 C25 115.10(19)
N4 C26 C27 123.3(2) C25 C26 C27 121.6(2)
C26 C27 C28 119.8(2) C27 C28 C29 116.9(2)
C27 C28 C31 121.9(2) C29 C28 C31 121.19(19)
C28 C29 C30 119.1(2) N4 C30 C29 124.2(2)
C28 C31 C32 121.7(2) C28 C31 C36 120.5(2)
C32 C31 C36 117.9(2) C31 C32 C33 121.1(2)
C32 C33 C34 120.1(2) O2 C34 C33 116.1(2)
O2 C34 C35 124.2(2) C33 C34 C35 119.7(2)
C34 C35 C36 119.7(2) C31 C36 C35 121.5(2)

Table C.6: Atomic coordinates of the non-hydrogen atoms of 6-bromo-
40-(4-methoxyphenyl)-2,20-bipyridine

Atom x/a y/b z/c U(equiv)
BR1 0.09430(3) 0.53634(2) 0.23969(3) 0.0321
N1 0.28429(18) 0.41306(17) 0.25084(19) 0.0233
N2 0.5401(2) 0.26357(19) 0.2560(2) 0.0285
O1 0.49389(17) 0.21418(16) 0.89697(16) 0.0297
C1 0.2064(2) 0.4608(2) 0.1788(2) 0.0268
C2 0.1987(3) 0.4593(2) 0.0641(3) 0.0331
C3 0.2802(3) 0.4023(3) 0.0221(3) 0.036
C4 0.3656(2) 0.3528(2) 0.0961(3) 0.0312
C5 0.3651(2) 0.3596(2) 0.2098(2) 0.0241
C6 0.4560(2) 0.3094(2) 0.2948(2) 0.0238
C7 0.4503(2) 0.3092(2) 0.4037(2) 0.0227
C8 0.5348(2) 0.2588(2) 0.4789(2) 0.0219
C9 0.6254(2) 0.2150(2) 0.4411(2) 0.0276
C10 0.6241(2) 0.2192(2) 0.3313(3) 0.0309
C11 0.5273(2) 0.2487(2) 0.5906(2) 0.0218
C12 0.4751(2) 0.3263(2) 0.6616(2) 0.0266
C13 0.4666(2) 0.3138(2) 0.7634(2) 0.0279
C14 0.5093(2) 0.2209(2) 0.7961(2) 0.0247
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Table C.6: Atomic coordinates of the non-hydrogen atoms of 6-bromo-
40-(4-methoxyphenyl)-2,20-bipyridine

Atom x/a y/b z/c U(equiv)
C15 0.5617(2) 0.1423(2) 0.7281(2) 0.0274
C16 0.5705(2) 0.1567(2) 0.6264(2) 0.0261
C17 0.5360(3) 0.1198(3) 0.9338(3) 0.0352
BR2 -0.26691(3) -0.58574(3) 0.16665(3) 0.0478
N3 -0.09831(19) -0.35806(18) 0.3444(2) 0.0251
N4 0.12803(18) -0.06460(17) 0.59321(19) 0.024
O2 0.14720(17) -0.07494(16) -0.08305(16) 0.0322
C21 -0.1659(2) -0.4507(2) 0.3390(3) 0.0298
C22 -0.1705(3) -0.4558(2) 0.4462(3) 0.0357
C23 -0.0974(3) -0.3557(3) 0.5683(3) 0.0409
C24 -0.0235(3) -0.2568(2) 0.5791(3) 0.033
C25 -0.0259(2) -0.2606(2) 0.4655(2) 0.0228
C26 0.0524(2) -0.1575(2) 0.4707(2) 0.0212
C27 0.0479(2) -0.1604(2) 0.3563(2) 0.0204
C28 0.1273(2) -0.0651(2) 0.3662(2) 0.0201
C29 0.2064(2) 0.0316(2) 0.4938(2) 0.0227
C30 0.2012(2) 0.0282(2) 0.6017(2) 0.0255
C31 0.1302(2) -0.0664(2) 0.2474(2) 0.0212
C32 0.0946(2) -0.1759(2) 0.1333(2) 0.027
C33 0.1000(2) -0.1761(2) 0.0245(2) 0.0289
C34 0.1420(2) -0.0657(2) 0.0277(2) 0.025
C35 0.1776(2) 0.0440(2) 0.1398(2) 0.0268
C36 0.1716(2) 0.0432(2) 0.2484(2) 0.0251
C37 0.1996(3) 0.0367(3) -0.0771(3) 0.0367
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C.3 5-Bromo-2-(4-methoxyphenyl)pyridine
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Figure C.3: Crystal structure of 5-bromo-2-(4-methoxyphenyl)pyridine, ellipsoids enclose 50% proba-
bility. Hydrogen atoms were omitted for clarity

Crystals of 5-bromo-2-(4-methoxyphenyl)pyridine were obtained as yellow blocks from chloroform-d1
as C12H10Br1N1O1, M=264.12, orthorhombic, cell volume=1’086.1Å3, T=293K, space group P n a
21, Z=4, 7’349 reflections measured, 2’745 unique (Rint=0.03) from which 1’675 have been used in
the refinement (I>3�(I)). The final R was 0.036.

Unit cell lengths (̊A) a=6.2143(8) b=7.2729(4) c=24.032(2)
Unit cell angles (degree) �=90 �=90 
=90

Table C.7: Bond distances for the non-hydrogen atoms of 5-bromo-2-(4-methoxyphenyl)pyridine / (Å)

Atom A Atom B Distance Atom A Atom B Distance
Br1 C2 1.881(3) O1 C9 1.353(4)
O1 C12 1.408(4) N1 C1 1.330(5)
N1 C5 1.340(4) C1 C2 1.370(6)
C2 C3 1.357(6) C3 C4 1.365(5)
C4 C5 1.384(5) C5 C6 1.478(4)
C6 C7 1.395(4) C6 C11 1.390(5)
C7 C8 1.367(4) C8 C9 1.393(5)
C9 C10 1.382(5) C10 C11 1.371(4)

Table C.8: Bond angles for the non-hydrogen atoms of 5-bromo-2-(4-methoxyphenyl)pyridine / (de-
grees)

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
C9 O1 C12 118.5(3) C1 N1 C5 118.2(3)
N1 C1 C2 123.5(4) Br1 C2 C1 121.0(3)
Br1 C2 C3 120.7(3) C1 C2 C3 118.2(3)
C2 C3 C4 119.6(4) C3 C4 C5 119.7(3)
N1 C5 C4 120.8(3) N1 C5 C6 117.6(3)
C4 C5 C6 121.5(3) C5 C6 C7 122.0(3)
C5 C6 C11 121.1(3) C7 C6 C11 116.9(3)
C6 C7 C8 121.6(3) C7 C8 C9 120.2(3)
O1 C9 C8 115.1(3) O1 C9 C10 125.6(3)
C8 C9 C10 119.3(3) C9 C10 C11 119.6(3)
C6 C11 C10 122.4(3)
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Table C.9: Atomic coordinates of the non-hydrogen atoms of 5-bromo-
2-(4-methoxyphenyl)pyridin

Atom x/a y/b z/c U(equiv)
BR1 0.30726(8) -0.01327(6) -0.20913(4) 0.081
O1 0.9614(4) 0.0076(3) 0.1811(1) 0.0517
N1 0.7230(5) -0.0343(4) -0.07652(13) 0.0564
C1 0.6346(7) -0.0381(5) -0.12693(16) 0.0609
C2 0.4219(6) -0.0005(5) -0.13678(13) 0.0537
C3 0.2947(6) 0.0426(5) -0.09278(16) 0.0598
C4 0.3813(6) 0.0484(5) -0.04060(15) 0.0508
C5 0.5972(6) 0.0084(4) -0.03311(12) 0.0379
C6 0.6965(5) 0.0084(4) 0.02277(11) 0.0358
C7 0.5993(5) 0.0945(4) 0.06814(12) 0.0382
C8 0.6908(5) 0.0913(4) 0.11989(12) 0.0387
C9 0.8852(6) 0.0004(4) 0.12844(13) 0.0373
C10 0.9845(5) -0.0863(4) 0.08417(12) 0.0385
C11 0.8904(5) -0.0813(4) 0.03258(12) 0.0394
C12 1.1591(6) -0.0788(7) 0.19296(16) 0.0672
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C.4 60-Bromo-6-carboxyl-4-(4-methoxyphenyl)-2,20-bipyridine
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Figure C.4: Crystal structure of 60-bromo-6-carboxyl-4-(4-methoxyphenyl)-2,20-bipyridine, ellipsoids
enclose 50% probability. Hydrogen atoms were omtitted for clarity.

Crystals of 60-bromo-6-carboxyl-4-(4-methoxyphenyl)-2,20-bipyridine were obtained as colourless
plates from chloroform-d1 as C18H13Br1N2O3, M=385.22, triclinic, cell volume=761.4̊A3, T=173K,
space group P̄1,Z=2, 28’172 reflections measured, 4’778 unique (Rint=0.12) from which 2’979 have
been used in the refinement (I>3�(I)). The final R was 0.042.

Unit cell lengths (̊A) a=3.8887(14) b=10.473(3) c=18.993(6)
Unit cell angles (degree) �=93.80(3) �=93.60(2) 
=98.44(3)

Table C.10: Bond distances for the non-hydrogen atoms of 60-bromo-6-carboxyl-4-(4-methoxyphenyl)-
2,20-bipyridine / (Å)

Atom A Atom B Distance Atom A Atom B Distance
Br1 C1 1.900(2) N1 C1 1.316(3)
N1 C5 1.347(3) N2 C6 1.337(3)
N2 C10 1.338(3) O1 C11 1.283(3)
O2 C11 1.236(3) O3 C15 1.355(3)
O3 C18 1.422(4) C1 C2 1.378(4)
C2 C3 1.372(4) C3 C4 1.385(3)
C4 C5 1.383(4) C5 C6 1.484(3)
C6 C7 1.388(3) C7 C8 1.394(3)
C8 C9 1.393(3) C8 C12 1.474(3)
C9 C10 1.382(3) C10 C11 1.487(3)
C12 C13 1.400(3) C12 C17 1.384(3)
C13 C14 1.377(4) C14 C15 1.390(4)
C15 C16 1.390(4) C16 C17 1.386(3)
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Table C.11: Bond angles for the non-hydrogen atoms of 60-bromo-6-carboxyl-4-(4-methoxyphenyl)-
2,20-bipyridine / (degrees)

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
C1 N1 C5 116.3(2) C6 N2 C10 116.5(2)
C15 O3 C18 117.5(2) Br1 C1 N1 116.3(2)
Br1 C1 C2 117.64(18) N1 C1 C2 126.0(2)
C1 C2 C3 117.0(2) C2 C3 C4 119.2(3)
C3 C4 C5 119.0(2) N1 C5 C4 122.5(2)
N1 C5 C6 116.6(2) C4 C5 C6 121.0(2)
N2 C6 C5 115.6(2) N2 C6 C7 123.0(2)
C5 C6 C7 121.4(2) C6 C7 C8 120.0(2)
C7 C8 C9 117.0(2) C7 C8 C12 121.9(2)
C9 C8 C12 121.1(2) C8 C9 C10 118.7(2)
N2 C10 C9 124.7(2) N2 C10 C11 115.9(2)
C9 C10 C11 119.4(2) O1 C11 O2 123.7(2)
O1 C11 C10 116.5(2) O2 C11 C10 119.8(2)
C8 C12 C13 120.6(2) C8 C12 C17 121.2(2)
C13 C12 C17 118.1(2) C12 C13 C14 121.2(2)
C13 C14 C15 120.0(2) O3 C15 C14 115.9(2)
O3 C15 C16 124.5(2) C14 C15 C16 119.6(2)
C15 C16 C17 119.8(2) C12 C17 C16 121.3(2)

Table C.12: Atomic coordinates of the non-hydrogen atoms of60-bromo-
6-carboxyl-4-(4-methoxyphenyl)-2,20-bipyridine

Atom x/a y/b z/c U(equiv)
BR1 0.41973(8) 0.14678(3) 0.225874(17) 0.0314
N1 0.2453(6) 0.37190(19) 0.28677(12) 0.0217
N2 0.1009(6) 0.66925(19) 0.37659(11) 0.0209
O1 0.1490(7) 0.8540(2) 0.48042(11) 0.0357
O2 -0.1319(7) 0.97741(19) 0.41361(11) 0.0363
O3 -0.6887(6) 0.8007(2) -0.03182(11) 0.0317
C1 0.3615(7) 0.2649(2) 0.30300(14) 0.0233
C2 0.4503(8) 0.2326(2) 0.37020(16) 0.029
C3 0.4144(8) 0.3201(3) 0.42527(16) 0.0293
C4 0.2903(7) 0.4338(3) 0.41094(15) 0.0262
C5 0.2097(7) 0.4566(2) 0.34139(14) 0.0206
C6 0.0802(6) 0.5777(2) 0.32338(13) 0.0197
C7 -0.0537(7) 0.5929(2) 0.25551(13) 0.0209
C8 -0.1649(6) 0.7091(2) 0.23983(13) 0.0189
C9 -0.1414(7) 0.8050(2) 0.29512(13) 0.0215
C10 -0.0119(7) 0.7796(2) 0.36133(13) 0.0211
C11 0.0005(7) 0.8785(2) 0.42167(13) 0.0239
C12 -0.3055(6) 0.7299(2) 0.16833(13) 0.0202
C13 -0.2536(7) 0.8531(2) 0.14275(14) 0.0239
C14 -0.3823(8) 0.8736(2) 0.07594(15) 0.0269
C15 -0.5717(7) 0.7714(2) 0.03298(13) 0.0233
C16 -0.6257(7) 0.6484(2) 0.05750(13) 0.0233
C17 -0.4916(7) 0.6289(2) 0.12461(13) 0.0212
C18 -0.8974(8) 0.7000(3) -0.07604(15) 0.0315
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C.5 4-Methoxyphenylboronic acid

Figure C.5: Crystal structure of 4-methoxyphenylboronic acid, ellipsoids enclose 50% probability. Hy-
drogen atoms were omitted for chlarity.

Crystals of 4-methoxyphenylboronic acid were obtained as colourless blocks from a solvent mixture of
diethyl ether and EtOAc as C7H9B1O3,M=151.96, monoclinic, cell volume=721.4Å3, T=173K, space
group P 21/n,Z=2, 3’442 reflextions measured, 1’721 unique (Rint=0.01) from which 1’095 have been
used in the refinement (I>3�(I)). The final R was 0.034.

Unit cell lengths (̊A) a=11.0475(2) b=5.0442(1) c=13.8833(3)
Unit cell angles (degree) �=90 �=111.1818(11) 
=90

Table C.13: Bond distances (Å) for the non-hydrogen atoms of 4-methoxyphenylboronic acid

Atom A Atom B Distance Atom A Atom B Distance
O1 C1 1.4327(19) O1 C2 1.3715(15)
O2 B1 1.3722(18) O3 B1 1.3649(18)
O3 H3 0.897 C2 C3 1.390(2)
C2 C7 1.3951(19) C3 C4 1.3926(18)
C4 C5 1.3986(18) C5 C6 1.3986(18)
C5 B1 1.5592(19) C6 C7 1.3878(17)

Table C.14: Bond angles (degrees) for the non-hydrogen atoms of 4-methoxyphenylboronic acid

Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
C1 O1 C2 116.72(11) O1 C2 C3 124.36(12)
O1 C2 C7 115.45(12) C3 C2 C7 120.19(12)
C2 C3 C4 119.15(12) C3 C4 C5 122.19(13)
C4 C5 C6 117.00(11) C4 C5 B1 122.40(12)
C6 C5 B1 120.60(12) C5 C6 C7 122.02(12)
C2 C7 C6 119.44(12) O2 B1 O3 118.34(12)
O2 B1 C5 122.91(12) O3 B1 C5 118.74(12)
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Table C.15: Atomic coordinates of the non-hydrogen atoms of4-methoxyphenylboronic acid

Atom x/a y/b z/c U(equiv)
O1 0.0245(1) 0.5348(2) 0.14977(7) 0.0316
O2 0.2583(1) 0.6423(2) 0.65921(7) 0.0284
O3 0.1940(1) 0.19607(19) 0.63074(7) 0.029
C1 0.06811(17) 0.7489(3) 0.10270(11) 0.035
C2 0.07230(13) 0.5265(3) 0.25566(9) 0.0242
C3 0.16064(14) 0.7074(3) 0.3186(1) 0.0265
C4 0.20111(13) 0.6802(3) 0.4254(1) 0.0247
C5 0.15809(12) 0.4730(3) 0.47187(9) 0.022
C6 0.07034(12) 0.2933(3) 0.4060(1) 0.024
C7 0.02696(13) 0.3178(3) 0.2994(1) 0.0256
B1 0.20469(15) 0.4392(3) 0.59141(11) 0.0229
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Appendix D

Crystal structures of minor quality

D.1 2,6-di-[3-tert-butylphenyl)-1-oxoprop-2-enyl]pyridine

Figure D.1: Pluto plot (without hydrogen atoms) of 2,6-di-[3-tert-butylphenyl)-1-oxoprop-2-enyl]pyri-
dine.

Crystal of 2-[3-(4-tert-butylphenyl)-1-oxoprop-2-enyl]-6-[3-(4-hydroxyphenyl)-1-oxoprop-2-enyl]pyridine
were obtained as colourless crystals from methanol, as a byproduct in the synthesis of 2-[3-(4-tert-
butylphenyl)-1-oxoprop-2-enyl]-6-[3-(4-hydroxyphenyl)-1-oxoprop-2-enyl]pyridine, see page 133.
Unfortunately, the crystals were of poor quality and the dataset collected permitted only the confir-
mation of the connectivity in the molecule. Discussion of bond lengths and angles is pointless. The R
value varies between 13 and 27%, depending on the settings used to refine the structure. However, it
can be trusted that in solid form, the molecule actually bends in the U-form visible in Figure D.1.

The structure was solved in the space group P21. The asymmetric unit contains four independent
molecules in this space group. The attempt to refine in P21/c gave a considerably worse R value,
even if it is very probable that the correct space group is centrosymmetric. Another attempt to reduce
the number of parameters would have been to shorten one axis by 1/2 as the major part of the molecule
would nicely superimpose, but the peripherical phenyl rings do not overlap well enough to make this
attempt look promising. Therefore the structure stays in a state of preliminary refinement.

213



Figure D.2: Crystal structure of dibenzo-18-crown-6, ellipsoids enclose 50% probability.

D.2 Dibenzo-18-crown-6

This structure was obtained from a very small and thin crystal, that had grown in a sample of mcm
in a mixture of diethyl ether and acetone. The quality of the dataset is not optimal. Although the
connectivity of the dibenzo-18-crown-6 could be determined, the exact composition of the crystal, that
included further small chemical entities, could not be determined exactly. Refining, without trying to
interpret the residual electron density, gave the result presented in the plot.
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