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Summary

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

Chapter 2 describes the ligand synthesis steps to the:@,2":6”,2",6",2""-quinquepyridine
(gnpy) derivatives, and includes their characterisation as aglthe characterisation of the interme-
diate substances.

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

Chapter 4 describes the metal directed assembly of mono- and douieates of newdnpy) and
linked ligands. Complexations with copper(ll), cobal@hd nickel(ll) are described, and the species
formed are characterised. Two NMR-titrations with@are discussed briefly and two are discussed in
detail.

Chapter 5 describes the synthetic pathway to a new terminally sulstit2,2:6',2":6",2"'-quater-
pyridine (@tpy) derivative, and includes characterisation of this ligaagiwell as the new intermediate
products.

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

Chapter 7 contains the experimental details on the syntheses, deaisations and general experi-
mental data.
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Chapter 1

Introduction

1.1 Supramolecular chemistry

1.1.1 Definition

In the last centuries, chemical scientists have learnedtbasescribe salts, minerals and molecules,
and the ionic and covalent bonds that hold them togetherayfitds possible to synthesise large and
complicated molecules from simple starting materials. [Esecentury brought new knowledge about
biological systems and advances in biochemistry that stidivat molecules are not only able to in-
terconvert, but are also able to interact and communicate @ich other. For example, lipids only
form cell membranes and thus make life pos$itiiecause they organise themselves into double lay-
ers, while retaining their identity as molecules. The cawmed mechanisms of self-organisation and
self-organising systems are the subject of interest ardy stusupramolecular chemistry.

Inorganic chemistry started to imitate nature using sytittsystems. Maybe the first of those experi-
ments was the formation of crown-ether coordination conmgislby Pedersen in the beginning of the
sixties. His experiments showed that, depending on theddilee crown-ether, it specifically bound
different alkali metal ions. 18-Crown-6 for instance, bdugi~ selectively in presence of Naand Li*.

In spite of this high selectivity, the interaction betweeptal ion and crown-ether is not a predomi-
nantly covalent bond. Pedersen, Lehn and Cram receiveddbellgrize for chemistry in 1987 for the
development of molecules that undergo this kind of intéoactin his Nobel address, Lehn formulated
an accepted definition of the term supramolecular chemistigs “... the chemistry of the intermolec-
ular bond, concerning the structure and functions of thédiestformed by the association of two or
more chemical specie$”.This was when Supramolecular Chemistry was born as an theividisci-
pline. Supramolecular chemistry relates to organised ¢exgntities, held together by interactions like
hydrogen bonding, electrostatic interactions (ion pagiiisteric complementary forms (where van-der-
Waals interactions are optimised), hydrophilic and hythayic interactions, so called-r-stacking,
and donor-acceptor interactions. These interactionsseé in synthetic systems, but exactly the same
interactions are vital in biology.

An important requirement for specific supramolecular asdiesito form, isnolecular recognitionThe
term means that molecules or ions taking part in a supramialeassembly are able to mutually recog-
nise each other, by e.g. their size and shape, positionsdobggn bonding partners, specifically placed
charges, etc. In an ideal supramolecular system, even froitare of many partners, the supramolec-
ular assembly forms spontaneously and specifically by theiahwecognition of the partners. For the
recognition to be successful, of course the shapes, hydrogeding partners and specifically placed
charges must be placedmplementarin the partners.

The complementary placed recognition features of the corapis partaking in the assembly, is the
foundation forself-organisatiorof the components. The matching of the complementary featmakes
the system reach a thermodynamic minimum when the compsmeganise into, and build up the
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supramolecular assembly. This makes the process spontanéith mixtures of (many) components,
often several arrangements and supramolecular assemibkdscal thermodynamic minima, and often
these minima are similar in energy. Itis a condition of $s&lf-assembly, that the process must be fully
reversible' and that the final product lies in a thermodynamic minimumemixtures in solution exist
in dynamic equilibrium, and structures may crystalliseriritnem, that were not foretold. In order to be
able to control which supramolecular assembly will be faeoyjust one way in which the partners can
assemble should be most favoured. Or the desired assemplformain a mixture from which it can
be extracted by tools, such as a template, that drive théoeaowards the desired outcome.

1.1.2 Placing supramolecular chemistry

The crucial point about the intermolecular bonds that aéethe supramolecular structures, is the fact
that they are weak. This makes them important, for examplbidlogy. Weak bonds may be broken
easily, and this allows change. A system may react uporf@rgarce from outside, like temperature rise
and fall, changing of pH, or others, because the thermodim@amnimum may differ, depending on the
conditions. Absolutely closed systems, that allow no erglesof matter or energy, will strive to reach
the overall thermodynamic minimum (and a maximum in entjo@ur supramolecular assemblies, and
biological systems however consist of components withifipesites that may interact with partners of
complementary features at complementary sites, and tleeseaeiving free enthalpy from the outside,
in form of matter and energ}.

An example from molecular biology, that illustrates how wrfant this new research area is, are the
proteins. When solely considering covalent bonds, theyuamtong molecule strands. They are act-
ing specifically, for example as enzymes, only when they aldefl correctly, and their folding is a
supramolecular process. Recent headlines were made alspeicil protein, the prion that causes
BSE. The reason for it being toxic, lies in a wrong folding.itlfvere folded correctly, it would be
perfectly harmles$—3

A fascinating experiment about self-organisation was cotetl by Breivik!* He built a macroscopic
model for self-replication that should show how genetioiniation may have arisen spontaneously.
The model consisted of ferromagnetic objects that seléoisged into polymers due to environmental
fluctuations in temperature. The polymers that formed teemptate-replicated themselves. The sys-
tem was reminiscent of DNA, except for employing just twodkif subunits instead of four different
nucleotides. The units were macroscopic close-to rectanglastic bits of two kinds with comple-
mentary recognition and binding features, floating frealjiquid. They could partner each other via
the short side in the strong bond (permanent magnets) ohgitohg side in a weak bond (temporary
magnets with Curie temperature near the ambient tempejatline stronger magnets corresponded to
the phosphate bridge for the nucleotides, and the weakey tonte base pairs. The experiment was
performed with constant liquid turbulence and cyclic véoia of the temperature between ‘€Dand
15°C.

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

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

IThere are some other examples of supramolecular asseniisiemterlocked rings, where a chemical bond would have to
break in order for the rings to be able to detach from eachrofffeese are special cases, and not discussed here.
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turned off by the increase in temperature, and thus correspma weak bond or interaction between
molecules or ions and thus modeled supramolecular chgmistr

Presently, physical,- material- and nano-scientists argkiwwg on miniaturisation of machines (com-
puters, telephones, cameras, etc.), and the smallestriat@giwould consist of single molecules as
functional components. Instead of ‘engineering down’ t@ben and smaller pieces, the supramolec-
ular approach of the chemical scientists is ‘engineering oy building supramolecular assemblies
with functions of a machin& ¢ like e.g. molecular wire$/~2! switches’>~24 energy convertefs or
sensorg® The result may be miniaturisatiqmar excellencavhen machines are ‘engineered-up’ by
supramolecular construction.

So supramolecular chemistry may be placed between chgnbgitogy, physics, material- and nano-
science. It is an important new research field, that pronistéter understanding and control of dy-
namic biological processes, but also materials with nevp@rties, that form spontaneously by self-
assembly/disassembly or excharigé®

1.2 Metallosupramolecular chemistry

1.2.1 Definition

One of the newest trends, and rapidly developing subdigeigf supramolecular chemistry, is the use
of transition metal centres to control formation of new supolecular structure®. The key tools for
assembly in metallosupramolecular chemistry are donoejfator interactions between transition metal
atoms or ions, and molecules. This interaction is calledctterdinative bond, and atoms, ions and
molecules that bind this way are called central atom(s)X§prand ligands.

As well as displaying a rich chemistry, the metal ions hawapprties important for coordination chem-
istry. In particular, the different preferred coordinatigeometries and number, but also different sizes,
oxidation states and charges, electrochemical, magnadioptical properties. There is a range of dif-
ferent binding forms and strengths, and the coordinativelbroay be labile or inert depending on the
combination of metal ion and ligand. The metal ions are thectdral motif, and are able to direct
suitable ligands into a three-dimensional metallosuptamuar aggregate. The spatial arrangement of
the ligands around this motif determines the overall thdimeensional architecture obtaingd.

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

1.2.2 The coordinate bond

The words ‘complex’ and ‘coordination compound’ origindtem before electronic structures were
known and described compounds in which not only atoms or, ibnsalso molecules could bind in
various ratios. Historically most important were ammin gdexes of cobalt and platinum ior.

Alfred Wernef? is generally considered to be the founder of modern cootidimahemistry since he
first postulated the idea of a metal ion having both a primaxy a secondary valence. In modern
terminology the primary valence is called oxidation numaed the secondary valence coordination
number. A coordination compound is formed when a numbermd @ molecules (ligands) combine
with a central atom or atoms to form an entity. The number offret attached to the central atom(s) is
independent of the oxidations state of that atom(s). Thedination number of the central atom or ion,
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is the maximum number of ligands which may arrange in reguider around it. It is a number from 1
to 12, and 6 is the most commd&r#?

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

A further development was the valence bond theory that asdumoccupied hybrid orbitals for the
central atom/ion (e.g. sid?sp> hybrid orbitals for an octahedral complex). More moderroties for
bonding in a coordination compound are derived from thetaty®ld theory. There the donor atom/ion
from the ligand, and the central atom/ion were considergaag charges. There is a repulsion between
the negative charged electron clouds of the donor atomsraatbetron in a d-orbital of the metal. In an
isolated metal atom/ion, the d-orbitals are degenerataéngy, but in the presence of ligands they are
split. The splitting depends on the orientation of the liggaround the metal (octahedral, tetrahedral,...),
see Figures 1.1 and 1.4. The crystal field was extended tagy#ed field theory by taking into account
the mutual repulsion of bonding electrons with the addalaghelectrons. But most extensive is the
molecular orbital theory. It describes bonding in a firstragmation as covalent and only secondly as
polar, with ‘bonding’-, ‘non-bonding’ and ‘anti-bondingiolecular orbitals for different types of bonds,
including also coordinative bonds with some covalent ctiara

Octahedral complexes According to molecular orbital theory, in an octahedral pter symmetry
adjusted combinations of-ligand orbitals overlap with the metal 4s-, the three 4@ te 3d._,- and
3d.2-orbitals. 3/,,-, 3d, .- and 3,.-orbitals do not take part in armolecular orbital §-bond). But
they may take part in a-bond, see Shrivét pages 228-229.

Figurel.1 shows the molecular orbital diagram of an octedlemmplex with jusic bonding and no
w-bonding*

In the octahedral complex, the six bonding orbitals are pemlicompletely by the six electron pairs of
the ligand donor atoms. The valence electrons of the ceativat occupy the non bondingtorbitals
and the antibonding,eorbitals. The energy difference between the two orbitaligeoisA,. For each
metal ion, different ligands give a different value fdr,, and the spin-pairing energy P is typically
around 200kJ/mol but the exact value depends on the metattr&h transitions between these two
metal centred orbitals may be seen in the visible region@ftk-Vis absorption spectra. Of the metal
ions Cu(ll) &, Cu(l) d'?, Co(ll) d” and Ni(ll) &®, that were used in this thesis, only Co(ll) has the choice
between high and low spin. In the spectrochemical seriemfgtals, Co(ll) gives a rather small,,
while oligopyridine stands on the side of the spectrochahsieries for ligands that give rather hig.

In such cases, it is not clear in advance of the experimentheha high- or a low-spin configuration
will be adopted.

Figure 1.2 show qualitatively the effect af bonding with ar-donor ligand and Figure 1.3 shows
qualitatively the effect ofr-bonding with ar-acceptor ligand, see Shrivépages 228-229.

Tetrahedral complexes In a tetrahedral complex, the e orbitals andd,-_,» are lower than thet
orbitals d,, d,. andd, .. The magnitude in splitting\; is only just below half of the splitting between
the t and e orbitals in the octahedron, and the energy barriehéoelectrons to pair up becomes bigger
thanA,;. The molecular orbital diagram is given in Figure 1.4, seev@r** page 237. This explains
why only high spin tetrahedral complexes are known. The tethahedrally coordinated metal ion used
in this thesis is Cu(l), and with its'fl configuration all the electrons are paired.

The principal interaction between a metal and a coordingyeidine residue is the sigma-bond which
results from a vacant orbital on the metal interacting with HOMO orbital of the pyridine ring, see
Figure 1.5. The other two orbitals that are best accessibdmergy, are the LUMO and the HOMO-1
orbital, both of which have an appropriate symmetryfdsonding at the nitrogen donor atom, forming
am-acceptor bond by accepting d-electrons from the metaltd_-UMO, or forming ar-donor bond
by donating electrons from the HOMO-1 into the vacant metallatals. Thus, the oligopyridines
should be able to stabilise low oxidation states on a meyahteraction of filled metal d-orbitals, with
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metal complex ligan

Figure 1.1: Molecular orbital diagram for a first row trafitmetal octahedral complex withvadonor
ligand, see Shrivéf pages 228-229.

their vacant LUMO orbital, and high oxidation states on aahby interaction of empty metal orbitals
with the filled HOMO-1, see Figure 1.5. In practice, oligojymes tend to stabilise lower oxidation
states more readily than higher orfés® and this may be because the LUMO is energetically closer
to the d-orbital energies, and therefore a resulting mdéedinding orbital would be stabilised much
better.

The bond strength of a coordinative bond is in between thaleav bond and van-der-Waals bonds,
and varies strongly. Many coordination compounds, for gdarof Co(ll), are very labile, and ligand
exchange is rapid. Returning to the definition of a supramaéegiven earlier, we can see that a coor-
dination compound is indeed a supramolecule, as it can besbrown 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 ebnstant distance around and along
an axis (the helical axis). The linear movement along thie&kdxis needed for a 360turn (projected
on a perpendicular plane to it), defines the helical pitcthasheight along the helical axi$.® In the
discussion of the crystallographic analysis on page 58,pitch’ was used as a synonym for the length
of the double helical complexes, even though they did nattrea360 turn. A helix is always chiral,
because it may either turn clockwise or anticlockwise allo@thelical axis. When viewing along this
axis and moving away from the observer along the helix strarelclockwise motion corresponds to a
plus (P orA), and the anti-clockwise motion to a minus (M &) helix.
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tag M MLg Lg(T-acceptor)
M MLg Lg(Tedonor)
Figure 1.3: Molecular orbital diagram
Figure 1.2: Molecular orbital diagram for a first row transition metal octahedral
for a first row transition metal octahedral complex with as-donor andr-acceptor
complex with ar- andz-donor ligand®* ligand3*

Natural helices

Linus Pauling received the Nobel Prize in chemistry in 1984his work on mesomerism and on the
structure of proteins. The secondary structure of protsiits some cases-helical#® 4’ In nails (and
horns), thex helix of keratin is held together by intramolecular hydrodpnds. In hair, three protein
helices, containing cysteine, are intertwined and heldttogy by disulfide bridges between the cysteine
amino acids, see H&fton pages 389—-394-amylose, the non-branched form of starch also forms an
helix. It consists of 50-300 maltose units, that are bouadwl-4a-bonds. About six units form a total
turn of a helix. In solution it may incorporate small molessi{like iodine), in its hydrophobic interior,
see Hart® pages 357-388.

Since the publication of Watson and Crick’s ground-bregkiaper® 50 in 1953, the term “double
helix” instantly brings to mind the structure of DNA — the raoule responsible for the encryption of
genetic information in cells. Each molecule of DNA is consed of two right handed polynucleotide
chains formed by deoxyribose and a purine or pyridimidirgetend bound through a phosphate. They
are coiled around a common axis to form a double helix. Thenpuand pyridimidine bases are on the
inside of the helix, whereas the phosphate and deoxyribmisgare on the outside. The diameter of the
helix is 208 and a full turn is completed every 10 bases, equivalentfb afbng the helical axis. The
two strands are held together in their helical conformaltipthe hydrogen bonding interactions of the
purine — pyridimidine base pairingf.>!

Yet another example for a helix is the tobacco mosaic virdd\(J. The TMV patrticle consists of 2130
protein subunits wrapped in a helical ribbon around a sistiend of RNA 6390 nucleotides long.
Rather than adding one protein subunit at a time, aggregbsebunits are added. The formation of the
protein subunits into discs through weak, though numermars,covalent (e.g. salt bridges) interactions,
is a dynamic self-assembly process. If the assembly pragesswrong, it is easily broken down into
the units and then repairé4:>® With all these examples of natural occuring helices, thecstires are
controlled by (numerous) non-covalent bonds, and thus eatebcribed as supramolecules.
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metal complex ligand:

Figure 1.4: Molecular orbital diagram for a first row trafmitmetal tetrahedral complex withvadonor
ligand, see Shrivéf page 237.

1.3.1 Helicates

Helicate is a generally accepted term defined by Pétas helices, which form by coordination of
molecular threads to metal centres. The molecular thremdstiands) that form helicates are called
helicands, and are multidentate bridging ligands; or ireothiords extended molecules which contain
at least two separate domains that can coordinate to ditferetal centres.

Helicate self-assembly represents the first example ofydesi metallosupramolecular chemisty?®
and an example of which the crystal structure was solvedgisemted in Figure 1.6.

That the supramolecular assemblies that form are helicdagsends on the flexibility of the ligand
strands, the number and arrangement of their donor atorigdeittsem, and also on the geometrical
preference of the metal ions that are used. In this exampegaaterpyridine ligand was substituted
strategically with methyl groups, to preorganise the ldgsterically, and so forcing the helical structure
to adopt, rather than a planar conformation. In order toinkdadouble-helicate with copper(l), this
preorganisation of the quaterpyridine ligand by substituis not really necessary, but that was not
discovered until later. The substituents did not enhancblkédelicate formation, but rather influenced
the helical pitch and metal-metal distance in the helié¢te.

When a ligand coordinates to more than one metal ion at the siam, its donor atoms may be viewed
as split into sets. The donor sets may consist of differemibrers of donor atoms, but they must
match the coordination number preference, and to some eldgeegeometry preference of the metal.
In order to obtain a helical arrangement of ligands, betwbendonor-sets, they must by flexible by
rotation at least. Otherwise side-to-side structuregjsgor ladders are expected, where the ligand
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Figure 1.5: Energetically best available orbitals, withiethpyridine may interact.

strands must be rigief:>’ But even when the ligand design is correct for helicate fdiona other
structures sometimes form, with double helicates as stdumi double helical ring systems, side-by-
side structures, catenateand otheP?-5?

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

Classification of helicates prepared in this thesi$® 2 In this thesis, helicates were synthesised that
contained one or two metal ions. Those containing one matahie termed ‘mononuclear’, and those

containing two are termed ‘dinuclear’ helicates. The ls#s contained one or two ligand strand, and
the corresponding hames are mono-helicate and doubleateli The helicates synthesised here that
are mononuclear are also mono-helicates, and the dinumhesrare double-helicates. But this is not a
general rule, as the number of ligands and the number ofalextbrms do not have to be the same. The
coordination preference of the central atom may be satimtmany different ways.

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

A helicate may consist of repetitive binding units along ligand strand, and this is called homotopic.
When the binding units along the ligand strand are differiéig a heterotopic helicate. For instance is
a double helicate of gtpy with two tetrahedral metal centmdsomotopic helicate, as each ligand strand
consists of two “bipy” binding units, and a double helicateppy with an octahedral and a tetrahedral
metal centre a heterotopic helicate, as each ligand sti@mmgists 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 @eenplex. These complexes are called
heterostranded (or heteroleptic, if there also are no atdditional ligand molecules or ions). Ho-
mostranded helicates are favoured, if they match the megédience, and may form even from mixtures
of ligands®® All complexes synthesised in this thesis are homostranded.

2Catenates are supramolecular knots by coordination botfadigands with a transition metal ion.
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sterical hindrance

Cu(ClOy),

/ methanol

Figure 1.6: The first designed dinuclear double helicatenéal by preorganised qtpy derivatives. The
structure was confirmed by X-ray diffraction analysis.

1.4 Going asymmetric

When the ligand strands are asymmetric, the mono helicdliestionly exist as the two enantiomers
P and M. The double helicates however, will have the podtituf having additional head-to-head
(HH) and head-to-tail (HT) isomerism, depending on whetheidigand strands are oriented parallel or
anti-parallel along the helical axis, for example, whenywmsetrically 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 withsymmetrical qtpy, then two different HH
isomers are possible, in addition to the HT isomer. Thisue tvith the gqnpy complexes made in this
thesis. Although, the metal ions are the same, in some dasesxidation states are mixed, and in every
case, they are coordinated in a different fashion by the tigppds. In the double helicates of the gnpy
ligands, one metal ion in the dinuclear complex is coordidéty two “terpy”-units and the other by two
“bipy”-units of the two gnpy, see Figure 1.7 and 1.9. It wobklinteresting to see, if the asymmetric
substituents may make one of the HH isomers favoured overthiez, in the way that the most electron-
withdrawing side predominantly coordinates to the metal @b lower oxidation state. The study of
asymmetric ligands gives more possible outcomes of sugesmmlar assemblies, and allows therefore a
more detailed study of the self-assembly outcomes. Redmegses 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 heretowaske and study unsymmetrical helicates.
Oligopyridines and their derivatives had already provemeoversatile ligands for various transition
metal ions, and 2,6-linearly linked quaterpyridine (gtpydinquepyridine (qnpy) and their derivatives
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two helicands dinuclear double helicates

Figure 1.7: Schematic picture of the two helical enantianshown in the example of a dinuclear
double helicate.

qtpy anpy

Figure 1.8: Formula of 2,%',2":6",2"-quaterpyridine (qtpy) and 2,%',2":6",2"":6"',2""""-quinque-
pyridine (gnpy). gtpy consists of four, gnpy of five pyridinegs.

had been shown by crystal structure, to form dinuclear dohblicates with Agl and Cul for qtp?, 38
and Cu(Il), Cu(11)/(1), Ag(l), Co(ll), Ni(ll) and Pd(ll) fo qnpy37:40-43.64-"CThe gtpy ligand is then split
up into two bipy units, and the gnpy ligand into a bipy and gyarmnit.

Both qtpy and gnpy also coordinate as close to planar tetrd-p@ntadentate ligands, with Ni(ll),
Co(ll), Mn(ll), Fe(ll), Fe(lll) and some second and thirdardransition metal ions for qtp3f “*~"and
with Cd(l1) but also with Co(ll) for gnpy* 68 8with zinc(l1), gnpy may coordinate differentkp.

Substituent effects in the symmetrically substitutedrigmhad only significant effects on the helicate
formation when in the 6,8'-positions, and would act sterically hindering in a mondaacmonohe-
licate % 7 Other substituents did not seem to prevent double helicatadtion. The synthesis, char-
acterisation and study of new asymmetrical double helicates the aim of this work, and quater- and
quinquepyridine were target ligands. Substitution at ther& 8"’-position of the gnpy, and 6, and
6"'-position of the gtpy ligands was omitted, to rule out aduitl steric effects.

The helicands

4' 4" -substituted qnpy derivatives The helicands of the first project were unsymmetrically situbs
tuted qnpy derivatives, with a #rt-butylphenyl, a 4-methoxyphenyl and a phenyl group at the 4
position on the gnpy backbone, and a 4-hydroxyphenyl grotipead’’ -position on the qnpy backbone,
see Figures 1.8, and 1.10. The substituents on'tpedition are only slightly different, as the phenyl
ring, closest to the gnpy backbone is always slightly etecwithdrawing. Theert-butyl group has an
inductive electron pushing effect, while the methoxy grbag an inductive withdrawing effect, but an
electron pushing mesomeric effect that is stronger thainthective effect.

Linked helicands The 4-hydroxyphenyl group of the,4"'-substituted gnpy derivatives was used to
link two together by a flexible linker, that would still allote two gnpy units to coordinate to the same
two metal ions.
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two unsym. gnpy derivatives head-to-head isomer head-to-tail isomer

Figure 1.9: Schematic picture of the different possiblenscs with unsymmetrically substituted quin-
guepyridine type ligands and two non-equivalent metal {@esahedral and tetrahedral) in a dinuclear
double helicate, showed on the example of a Cu(ll)/Cu(l) glem of unsymmetrical gnpy. The blue
spheres each represent a pyridine ring. If the ‘A-ends eftito ligand strands forming one dinuclear
complex both coordinate to the same copper ion, and theriEseo the other copper ion, a so-called
head-to-head isomer is formed. If however one ligand stcaoddinates the opposite way, a head-to-tail
complex is formed. A crystal structure of such a complex sedssed on page 55.

R! = phenyl¢-butyl R? = phenyl-OH
R! = phenyl-OMe R? = phenyl-linker (to a second identical ligand)
R! = phenyl-H

Figure 1.10: A gnpy with different substituents in two p@sis. A linker is introduced in the'4-
position. All six ligands have been fully characterised.

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

Transition-metal ion directed self-assembly

Metal ions that had proven to direct double helicates wiiaglyridines were chosen as the most
promising for getting this arrangement also with the newygligands. Copper(ll), and mixed valence

copper(ll/) double helicates had been studied extensimgh symmetrically substituted gnpy’s, and

new results would be comparable. The ambiguity of Co(ll)daés, and the good possibility of dis-

tinguishing between mononuclear monohelicate and diandeuble helicate, by the shifted protonsin
the ' H-NMR spectroscopy, encouraged us to study the coordimatmpounds of the gnpy derivatives
with Co(ll) as well.
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1. stepsR = phenyl-OMe
2. step:R = phenyl-OH
3. step:R = phenyl-linker (to a second identical ligand)

Figure 1.11: gtpy and gnpy with a substituent in any positarone of the terminal pyridine rings. A
linker introduced at this substituent position is stratally placed for forming hair-pin helicates. The
4-(4-methoxyphenyl)gtpy has been fully characterised peege 122.

The helicates

All double helicates would be expected to form as racemates.a heterotopic ligand, the gnpy-
derivatives would coordinate to two octahedral metal iorith & “terpy” unit each. The remaining
“bipy” units would not saturate the coordination sphere séaond octahedral metal ion, so an auxiliary
ligand coordinates alongside the two “bipy” units. Thishe tase with some of the Cu(ll), Ni(ll) and
Co(ll) complexes synthesised in this thesis. In the mixddnae helicates with a Cu(ll) and a Cu(l),
the Cu(l) with its full d-shell, has no real preferences fooination, and two remaining “bipy” units
that are left when the “terpy” units have coordinated to thgl}, may bind to Cu(l) in a tetrahedral
orientation. Then no additional ligands are needed.

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

The quaterpyridine derivatives would coordinate to cofipand silver(l) by splitting into two “bipy”

domains and forming a double helicate. With two equal meiad in the double helix (homometallic),
only one HH and one HT isomer may form. A linker was planneddonect the terminal rings, and
would be folded in the HH isomer, but stretched out in the Hirisr. The HH isomer would then
resemble a hairpin, with the linker folded up in the directid the metal-metal axis, see Figure 1.13.
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left handed helicate

o-plane

right handed helicate

Figure 1.12: Schematic picture of the HT enantiomers of,[@pP+. The structure was solved by
X-ray diffraction and is discussed in detail in the chaptethe coordination compounds on page 55.

linker

Figure 1.13: Schematic picture of a HH- and a HT-dinucleartad® helicate isomer with a terminally
linked gtpy derivative ligand. The HH isomer resembles agiaj with the linker folded in the direction
of the metal-metal axis.
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Chapter 2

Unsymmetrically substituted
guinquepyridine ligands

2.1 Overview

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

2,2:6',2"-Terpyridines and higher oligopyridines were first synitbed in 1938 by Burstall using the
Ullmann reaction in which aromatic halides are coupled umattion with metallic coppé¥. 8 This
reaction type has been further developed by lithiating tbenatic halides and using metal salts in ether
suspension. Itis very efficient in making symmetrical 2ligapyridines®® 8224and was applied in this
thesis to make 6/6dibromo-2,2-bipyridine (see page 163 in the experimental part).

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

Already in 1882, Hantzsch published a pyridine ring synithby condensation of &-ketoester, fol-
lowed by an oxidation, see Name ReactfSrsn page 168-172. Krohnke in 1976 published a much
improved synthesis by introducing the pyridinium salt % pyridine is latent as a good leaving group,
incorporated as pyridinium in PPI, the oxidation step ofltantzsch’s synthesis becomes superfluous
and enhances the overall yields.

Instead of a3-ketoester, Krohnke used-unsaturated ketones or alternativelyketo mannich bases.
The latter undergo cleavage of the dimethylamino groupm@ettiylamine (in alkaline to weakly acidic
solutions) and may react just ag3-unsaturated ketoné$:88 Using a pyridinium rest was not entirely
new, as it was already mentioned in the synthesis of nidotbif Thesing in 1956° But Krohnke
was the first to employ it systematically, by introducingstbroup already via the starting material PPI.
Figure 2.1 show the difference between the Krohnke and 2dahtintermediate ring, before oxida-
tion/dehydrogenation.

Pottset al. found a novel way of synthesising 2,6-disubstituted 4-fyktio)-pyridines (an thus 2,6-
oligopyridines), with a 1,5-enedione, that performs rit@sare with ammonium acetate analogous to
the Krohnke method. The synthetic equivalent to 4hé-unsaturated ketones or mannich-base, is the
a-oxoketene dithioacetal reagéfit.

2.1.2 The synthetic pathway to the gnpy derivatives qp, mp ath pp
Since gp had already been synthesised by WMHadlind similar gnpy derivatives by Whall and

Walker?®:°1 the same synthetic pathway that was successful then wasveadl In general, this was
the way described by Krohnké. Figure 2.2 shows the way to qp, mp and pp. Thé-unsaturated
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Last step of the Hantzsch pyridine synthesis
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Figure 2.1: Last step in the Hantzsch pyridine synthesisugscompletion of the Krohnke cyclisation

ketones were obtained by aldol reaction in varying yieldpfved by ring closure with PPI and elimi-
nation of the built in oxidant pyridinium as pyridine.
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Figure 2.2: Overview of the synthesis of the gnpy derivataed ligands qp, mp and pp, Rert-butyl,
methoxy and H for gp, mp and pp respectively. The reactiodgaoducts discussed below are drawn
in blue colour.
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2.2 2,6-Diacetylpyridine

2.2.1 Synthesis and characterisation

Although this compound is commercially available, it is aper to synthesise in the lab. The procedure
of Smith was followe®® see Figure 2.2 on page 17. The reaction comprises threg staping with
making the ethyl ester of the 2,6-pyridinedicarboxylicdhgiith thionyl chloride followed by ethanol.
(The reaction conditions for this step were improved in 209k Chinese grouff) In a second step,
the enolate of ethyl acetate replaces the alcohol part oéster by nucleophilic attack. Finally, in
acidic conditions, the new ester is hydrolysed, and, @Celiminated. The 2,6-diacetylpyridine could
be extracted with ether. Purification by recrystalisaticonf hexane gave pure product in an overall
yield of 41%. It was characterised biA-NMR. (Another synthetic pathway was patented in 269)3.

2.3 Mono- and bis-chalcones

2.3.1 General synthesis

Under the conditions of the weak base diethylamine in 1-pnof an aldol reaction takes place between
the 2,6-diacetylpyridine and the appropriately subsidubenzaldehyde when heated. When using a
one to one ratio, the product is the mono-chalcone. If howdwe ratio of 2,6-diacetylpyridine to
benzaldehyde is 1 : 2, the symmetrical bischalcone is ma@mne such symmetrical bischalcone was
obtained as a side product, see Figure 7.5 on page 133 ana.fdge 140. In order to make the
unsymmetrical bischalcone, the monochalcone was put girdloe same kind of reaction, this time
with a different benzaldehyde derivative (see overviewiguFe 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 ththgiamine was added quickly in the be-
ginning or added slowly under reflux. But, when the diethyileawas in contact with the aldehyde too
long before reaction, a yellow precipitate formed, that wasluble in common solvents. It happened
most with 2-Acetyl-6-[3-(4-hydroxyphenyl)-1-oxopropehyl]pyridine and 4-methoxybenzaldehyde,
and the latter was employed in large excess. Because thenhofqrecipitate that formed, and because
its melting point(231-23& ) is much higher than that of benzoic acid (185 or 2,6-diacetylpyridine
(79-82'C), itis assumed, that it may be an salt of benzoic acid (seitlbenzaldehyde) and protonated
diethylamine. The reaction times were varied between 3 &tdwithout affecting the efficiency of the
reaction. The main reason for the varying yield lay in théiclifties of purifying the crude by column
chromatography, because of poor solubility in the eluentall eluents used, the bands were partly
overlapping. The following mixtures in different ratios kedried as eluents:

e DCM: MeOH (50: 1), (40:1),(30:1),(20:1)and (3:1)
¢ DCM:MeOH:EELNH (40:1:1),(20:1:1),(20:1:0.2)
e 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 fmyreecrystallisation from methanol, except
when the impurity was another mono- or bis-chalcone.
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2.3.3 Characterisation

The chalcones used on the way to gp as well as the symmetyécdi-23-tert-Butylphenyl)-1-oxoprop-
2-enyl]pyridine, that had been obtained here as a side ptphad already been fully characterised by
Whall>* The micro analyses of the new proposed mono- and bischaldonsymmetrical as well as
symmetrical) all fitted the formula. With the exception of2{4-hydroxy)-1-oxoprop-2-enyl]-6-[3-
phenyl-1-oxoprop-2-enyl]pyridine, water was presenti@ $amples, see the pages 139, 140, 141 and
147 in the experimental chapter.

Mass spectrometry

All the new chalcones, plus the 2,6-di-{8t-Butylphenyl)-1-oxoprop-2-enyl]pyridine that had aldya
been characterised by Whatwere measured with the El-mass spectrometer. Every saimplessl the
M+ signal plus typical fragments like e.g. (M-OGH, (M-C(CHs)3)™ or M-(M-hydroxyphenyly .

NMR example and table for all

'H-NMR assignment of 2-[3-(4-methoxyphenyl)-1-oxoprop-2nyl]-6- [3-(4-hydroxyphenyl)-1-
oxoprop-2-enyl]pyridine in CDCl3 é: In the COSY, cross peaks are seen as expected between H4
and H3/H5, between a and b, betweéraad b, between o and m and betweehamd m. See Fig-

ures 7.3, 7.10, 7.12, 7.15 for labeling. The ROESY showedssgpeak between the methoxy and the
m-proton. It also shows the signals belonging to the a, b amd &ystems separate from the lal and

o', m’ systems. Proton 3 and 5 show ROESY contact to 4 and also tpbatanot to b, b

I3C-NMR assignment of 2-[3-(4-methoxyphenyl)-1-oxoprop-2nyl]-6- [3-(4-hydroxyphenyl)-1-
oxoprop-2-enyl]pyridine in CDCl3 §:  With HMQC, the protonated carbon atoms could be assigned.
HMBC then showed cross peaks for

e CH30 and Co with Cp

e Ho' with Cp/

e Ho with Co, Cb and Cp

e Hm/m' with Cm/m on the other side of the phenyl ring, and with Cv and &v128
e Hb/HE with Co and CbandC =0

e H4 with C2/C6

¢ Ha and Hawith Cv and Cv

e H3/H5 with C5/C3

Only 'H-NMR were recorded of the other mono- and bis-chalconesttaa’ H-chemical shifts of these
synthesised compounds are listed in Table 2.1.

IR table and discussion

The C = Ofrequencies of the mono- and bis-chalcones synthesisdusithesis are very characteristi-
cally shifted to lower wavenumbers for the carbonyl stretd¢tere enone groups were attached to the
pyridine ring, compared to the carbonyl stretch of methidke (see table 2.2). THe =0in the 2,6-
diacetylpyridine is directly attached to pyridine, and #éft of -15+5cm~! from 1715 is very charac-
teristic forC = O groups in vicinity to an aromatic ring. Substitution leaglio «, 5-unsaturated systems
lowers the wavenumber of this absorption for about-88m~' according to standard booR&?” and
this is illustrated again by these compounds.
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chemical shifty

OH H3 H5 Ha Ha H4 Hb HK Ho Ho' Hm Hm' Hp CHs | Hsubstituent
o ‘5 o A OH
Sy \b
o) ) 8.23 | 8.37| 8.23 - 8.03 | 7.96 - 7.65 - 6.92 - - 2.88 -
Meo o 5/4 3
P Sy ‘
° 0 - 8.22 | 8.36 | 8.23 - 8.018 | 7.98 - 7.68 - 6.97 - - 2.87 | CHs03.87
Meo T, 3 Als o T __oH
I T
. 6 ° 9.54 8.36 8.324| 8.319| 8.07 | 8.00| 7.99 7.72 7.68 6.98 6.92 - - CH30 3.89
e o R ’:@i é 0 OMe
ANy “«
* o 6’ - 8.37 8.33 8.07 8.00 7.73 - CH30 3.89
m 4 m
p o 3 A5 ) o OH
S ‘ a\
o 6 ° 8.53-8.29 8.11-7.96 7.81-7.73| 7.69 | 7.49-7.45| 6.91 | 7.49-7.45 - -
o 3/4 5 u/m‘ OH
PSSy
b 6 ° 8.45-8.30 8.11-8.00 7.73-7.68 7.48 6.91 - - t-Bu 1.38
po 3 A s o p
v /a z\N s a\ v
- o ° - 8.38 8.48 8.08 8.03 7.74 7.50 - - t-Bu 1.38

Table 2.1:'H-NMR: chemical shifts) of the protons in mono- and bis-chalcones
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compound pyridine(C =0)CH3; pyridineC =0)CH =CH-

v
o
° o 1697
Z OH
SN g}
o o 1705 1659
MeO. F
= X, ‘

! ! 1697 1666
I 1651

MEOmWOME
Il 1658

o o 1659

T 1650
O
Il 1666

Table 2.2: Wave numbers f6f = O of the chalcones and 2,6-diacetylpyridine.

In the region between 1600 and 1400,(bf CandC =N pyridine ring stretching, there are small dif-

ferences in the absorption patterns of the strong absorpi@mds. The wavenumbers at which the
absorptions occur are listed in Table 2.3. The mono-chasa@an not be distinguished from the bis-
chalcones by these absorptions, and there is no visibld teslight change in wavenumber that would
point to the different substituents.

The substitution mode of the phenyl substituent is visilblha low wave numbers. At 802-810crh
the strong band for 1,4-disubstituted phenyl is seen asotagétheoretical range of 840-800ch),
and for the compound with the pure phenyl substituent, twiitexhal bands show. One is in the
expected regiot of 770-735 and the other slightly outside 710-685. The pastin the region of 2000-
1600cm ! do also match the phenyl ring substitution pattern (pare-raano-). In the species with an
OH group, this is showing clearly in the expected regionficoring the structure, see Table 2.4.

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

X-ray

2-Acetyl-6-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyidine  This mono-chalcone was obtained as
slightly yellowish crystals from a fraction that was eluhtdf 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-[8e4-butylphenyl)-1-oxoprop-2-enyl]-6-[3-
(4-hydroxyphenyl)-1-oxoprop-2-enyl]pyridine. The cigis were grown by recrystallisation from
methanol, see appendix D on page 213.
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compound pyridine/phenyl combinedC =C/N symmetry
monosubstituted benzene (vapdr) 1610-1600| 1590-1580| 1520-1470| 1460-1440
pyridine (vapour$® 1580 1572 1482 1439
ﬁH\jY 1581m 1412m sym.
\N N
o 0 1589sh 1558vs 1512s 1434s asym.
MeO.
T
N
o o 1589s 1566s 1512vs 1458w, 1442w, 1420m  asym.
\Q\A \N‘ \/©/
o ) 1589s 1558vs 1504vs 1458m asym.
Meom f ‘ (\/O/OME
I 1596s 1566vs 1512s 1466w, 1442w, 1420m  sym.
- OH
/ Sy ‘ \/O/
o o 1597s 1558vs 1504s 1443m asym.
O O
Il 1597vs | 1551s 1504s 1453sh, 1412w asym.
s s 1604vs 1566sh 1512m 1465m, 1411m sym.

Table 2.3: Wave numbers for the pyridine- and phenyl-ringtshing modes of the chalcones and 2,6-diacetylpyridine.
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compound OH-band 14- )
disubstituted tmu?endo ff:r?sltl
phenyl pheny
v
e
(741m)
= OH
\N‘ \/©/
° © 3364b, (3320sh
810s (748m)
MeO. e
/ \N‘
810s (748m)
228 810s (741w and
694w)
LI
802s (740w)
= OH
% \N‘ S
o o 33560 810s 741m and
679m
%% f I - OH
. (3310sh), 3178h
810s (741w and
710w)
oL A
810s (748m)

Table 2.4: OH-band and substitution pattern of the phengksiuents in the of the chalcones and
2,6-diacetylpyridine.
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2.4 gnpy derivative ligands: gp, mp and pp

2.4.1 Synthesis

See overview 2.2 on page 17 and Figure 2.3 for labeling. Teelhdlcones described above were the
starting material for these syntheses. They already aoptaidine ring C, and the phenyl substituent
rings b and d of the target qnpy ligands gp, mp and pp. In trehKké type reactiof? rings B and D
are formed, and rings A and E come from the PPI auxiliary reagéhe synthesis of gp was already
described in Whall's thes®. The reactants listed in Table 2.5 were added together andeeffifor
~17h. In each case, the products precipitated as a beigefemiida brown solution. After separation
and washing with cold methanol, they needed no further patifin. In Table 2.5 the different ratios
of ingredients for the syntheses of the three gnpy derigatare listed. Taking an overview over the
reactions and their yield, they seem to confirm that a molés cd 5 : 1 ammonium acetate : PPI, and
a minimum amount of solvent are important. The differingggealso suggest that water disturbs the
synthesis, as the driest methanol was used for the qp sysithes the least dry methanol for the mp
synthesis. The acetic acid was freshly distilled in all sase

Figure 2.3: General labels of the gnpy derivatives and ligaR =tert-butyl, methoxy and H for gp,
mp and pp respectively. For NMR assignment, the H and C weareedawvith the letter of the pyridine
or phenyl ring, followed by the number or letter indicatihg tatom of the ring, e.g. B3 or do can be the
proton Hgs or Hy, in the ' H-NMR or the carbon G5 or Cy, in the'>C-NMR.

ap 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/m| 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 Krohnke cyclisatieaction to the gnpy derivatives gp, mp and pp.

2.4.2 Characterisation
Since the gp ligand had already been fully characterised hpl\#* here this ligand was not char-

acterised again by micro analysis, but the other two werd,fated well with additional water, see
experimental chapter on pages 142, and 148.
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Mass spectrometry

With all three gnpy ligands, the mass spectrometric datawsta signal for the molecule M as well
as the mass of the molecule plus water and/or one alkali noetalf sodium of potassium.

Infrared spectroscopy

The infrared spectrum was recorded of all three of them (gpand pp). The spectra are typical for
(oligo)pyridine compounds, with strong signals for hetammaticC = NandC = Cstretch in the region
of 1625-1575cm!, and strong absorption in the area 1525-1475 typicakfe€ in heteroaromatic
systems (gp: 1512cm, mp: 1574cnt! and 1512cm!, pp: 1520cnT!). The typical absorption for
para-substituted phenyl rings in the area of 860-780timfulfilled by all the three ligands, with signals
at 818cnT!, but the pattern of combinatory vibrations in the area of®@600cnT! is not observed®

UV-Vis spectroscopy

UV-Vis spectra were recorded mainly to emphasize the mackadge that occured when these ligands
are complexed e.g with copper(ll/l). These ligands in thelwes absorb strongly in the UV region
because of the seven aromatic rings per molecule. But asath@most white in colour, their absorption
decreases drastically towards the visible region. Fori@beiew, the results are listed in Table 2.6. The
spectrum of pp shows two maxima at 257 and 279nm, while mp anzhty have the one at 280 and
284nm respectively, see Figure 2.4.

ap mp pp

extinction extinction extinction
wavelength coeffi- wavelength coeffi- wavelength coeffi-
/nm cient /| Inm cient /| Inm cient /

M~lecm™! M~lecm™! M~lem!
259(sh) 46’100 261(sh) 52’147 257 62’807
280 50274 284 66’896 279 58’333
308(sh) 24’246 308(sh) 36’147 308(sh) 33’958
318(sh) 18'538 318(sh) 25734 318(sh) 26’964

Table 2.6: UV-Vis data for the gnpy derivatives qp, mp and pp.

'H- and '*C-NMR study

The NMR spectra of all the gnpy derivatives were recorded 8MHz spectrometer. qp had already
been characterised BiA-NMR by Whall>* with help of a 250 or 300 MHz spectrometer. There are sig-
nals in multiplets however, that could be further resolvethe 600 MHz spectrum, and the assignment
is described in detail below. Then the other two ligand cttarésations follow in the same way. As an
example for the H-NMR of these ligands, the spectrum of mp is shown in Figufe Zhe'H-NMR
chemical shifts of qp, mp and pp are listed in Table 2.10 orefsg

All the '*C-NMR spectra are new. Because of limited solubility, theboa spectra had unsatisfactory
signal to noise ratio, but the chemical shifts for most caratoms could be assigned with HSQC and
HMBC. They are listed in Table 2.11 on page 32.

'H-NMR of gp § For labeling, compare with Figure 7.7 on page 135. Compangith Whall's
assigment of this ligandé! gave the chemical shifts of the protons B5, D3, C4, bo, do, dim,and
tert-butyl. It also gave A6, E6, B3, C3, C5, D5, A3 and E3 in one iiplét, one multiplet for A4 and
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Figure 2.4: The UV absorption spectra of the three gnpy dévies qp, mp and pp.

E4 and finally the multiplet for A5 and E5. With the 600 MHz, tinaltiplets split up into three: A6, E6
and B3, C3, C5 and D5, A3, E3. COSY, ROESY and HSQC measurernafitmed this assignment,
and when taking into account the trend in up- and downfielétsshiithin the gnpy ligand, the exact
chemical shifts of every proton in gp (except for A5 and ES)lddoe deduced.

The COSY helped to single out A6/E6, B3, C3/C5, D5 and A3/Ei®) the some of the cross peaks
listed below. It also showed a diagonal trace in the croskpkatween A5/E5 with A6/E6, A3/E3 and
A4/E4 that means, that what is shifted low-field, in the 5 posj is low-field as well in the positions 3,4
and 6. This finding fits well with the trend between the B/b arid ihgs derived from the values listed
in Table 2.7, where B and b are shifted low-field, with resped and d. Because of this general trend,
A6 and E6 can be separated and assigned, and so can A4 andri2B &od C5 two separate chemical
shifts can be seen, but they could not be assigned separatedycross peaks seen in the COSY also
show which of the protons belong to the same ring.

e B5and B3
D3 with D5

AB6/E6 with A3/E3, A4/E4 and A5/E5
C3/C5 with C4

e bo with bm

e do with dm
The ROESY showed a cross peak of

¢ bm with CH; and with bo.
e bo with B5, B3 and bm
e do with D3, D5 and dm

e A5/E5 with A4/E4 and A6/E6, and a weak one with A3/E3
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e A3/E3 show a strong cross peak to A4
e C4 with C3 and C5

e D3 with D5, as these protons come close in an all-trans cardtion of the pyridine rings
With the help of HSQC some signals inside the multiplets ddnd singled out and assigned:

e B3 at8.73 and D5 at 8.68. The C3 and C5 have the two signal3@sdd 8.72.

e Because of a general trend, where the B side of the ligandnifitdd shifted compared to the
shifted compared to the D side (see table 2.7), A3 may be 8t#hé E3 at 8.67

0 ont-Bu side 0 on hydroxy side Ap_p
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-NMRqgp (for labeling see fig. 7.7 on
page 135).

I3C-NMR of gp § For labeling, compare with Figure 7.7 on page 135. The sampketoo dilute
to get a nice carbon spectrum. However, with help of the HSQ€Efollowing assignments could be
made: 149.3 (A6,E6), 139.0 (C4), 137.6 (A4, E4), 128.2 (d85.8 (bo), 126.2 (bm), 124.4 (A5, E5),
118.3 (B5), 117.8 (B3, C3 and/or C5), 117.4 (D3), 117.1 (A3 aRd/or D5), 116.1 (dm).

The HMBC then gave the missing: 34.5 (C(§k) and 31.0 (CH). Further cross peaks occured:

e bm gives a cross peak with C(GH, but also with two more carbon environments giving signals
at 126.5 (bo) and 135.0 (bv).

e dm shows a cross peaks with do and with two other carbons aB @l 116.1 Comparison
with a ChemDraw Ultra simulation suggests them to be dp ananitihe other side of the ring
respectively

e 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

e bo shows a cross peak with 127.0 (bo on the other side of tgg AA49.7 and 152.3 (bp)
e across peak is seen between C4 and 155.0

e A4/E4 show cross peaks with 149.7 and 155.3

e A6 and EG6 give a cross peak at 155.3

e B3 gives cross peaks at 118.6 and 135.0

e the multiplet containing C3 and C5 give cross peaks at 121d4185.0

e the multiplet containing A3, E3 and D5 give cross peaks at@,184.8, 128.3 155.4
e D3 gives cross peaks at 117.4,128.2 and 155.0

e B5 gives cross peaks at 118.3 and 135.0

The assignment of the quarternary carbon atoms A2, B2, BACBGSC6, D2. D4, D6, E2, bv and dv are
ambiguous and so left out in Table 2.11. In the experimethtapter, all the chemical shifts are listed.

27



'H-NMR of mp § For labeling, compare with Figure 7.7, and the spectrumasvaias an example in
Figure 2.5. The assignment of the proton signals in mp isisterg with qp, except for the visible OH
group at 9.94. The same low-field shift of the B side companeti¢ D side in the molecule is visible
(see table 2.8) and allows the separate assignment of Ad&nd E

The COSY singles out the individual signals in the multiplat 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 8.682.68 &nd 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 onedme®Me and bm. This assigns
the b to the B and d to the D ring.

¢ on the methoxy side ¢ on hydroxy side AB_p
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-NbfRnp (for different see fig. 7.13).

M

T L R B B B B B B B 8.04 7.50

8.75 8.70 8.65 T I T[T T]

oom) (Ppm) (Ppm) 3.86

(Ppm)
A WAL TV L.
N s s B s B L s s e s By B B B B B By B B B B
98 96 94 92 90 88 86 84 82 80 78 76 74 72 70

(ppm)

Figure 2.5: 600 MHZ H-NMR spectrum of mp.

I3C-NMR of mp § For labeling, compare with Figure 7.13. The sample was thdedto get a nice
carbon spectrum. However, with help of the HSQC the carbomsatadjacent to a proton could be
assigned as follows: 149.3 (A6, E6), 138.2 (C4), 137.3 (M), E28.2 (bo, do), 124.5 (A5, E5), 121.5
(B3, C3 and/or C5), 121.0 (A3, E3 and/or D5), 118.3 (B5), 0183), 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 OGHwith bm, and the coupling of OH with dm. This distinguished
the b and d rings once more, and gave the chemical shifts fét;CGd bp of 56.0 and 161.0 respec-
tively, and of dp at 159.1.

Further cross coupling occured:
e dm show cross peaks with 116.2 (dm on the other side of th¢, r28.2 (do) and 159.1 (dp)
e bm shows cross peaks with 114.9 (bm on the other side of ty§, 1129.8 and 161.0 (bp)
e A5, E5 show one cross peak at 120.9
e do show cross peaks at 128.2 (do on the other side of the id§)4 and 159.1 (dp)
e bo show cross peaks at 128.2 (bo on the other side of the id§)0 and 161.0 (bp)
e A4, E4 show cross peaks at 194.4 and 155.1
e C4 shows a cross peak at 154.9

e the multiplet containing D5, A3 and E3 gives cross peaks a@t9,1124.5 (A5, E5), 128.0 and
155.1

e the multiplet containing B3, C3 and C5 gives cross peaks &21121.5, 124.5 (A5, E5), 130.0
and 155.1

¢ the multiplet containing A6 and E6 gives cross peaks at 1@¥65E5), 137.9 and 155.1
e D3 gives cross peaks at 117.5,128.0 and 149.0
e 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, B20B, E2, bv and dv are ambiguous
and so left out in Table 2.11

'H-NMR of pp § For labeling, compare with Figure 7.16. The assignment efsignals in pp is
consistent with the assignment of gp and mp. The same lod/stéft of the B side compared to the D
side in the molecule is visible (see table 2.9) but the sejoaraf A4 versus E4, A5 versus E5 and A6
versus EB6 is not possible directly from the proton-NMR, sitfeey are all multiplets.

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

e B3 gives a cross peak to B5 and can be placed at 8.77, while Dbeplaced at 8.69.

e The cross peaks of A3, A6, E3, E6 give four equal cross peakatgwith A4/E4 and with
A5/E5. Since A3 and E3 should give strong interaction withE and weaker with A5/E5,
this is interpreted to mean that there are only two cross péaitead of four, but with some
uncompensated coupling. The same is true for A6 an E6 the ethg round, with stronger
interaction with A5/E5 than A4/E4. Since the intensity of ttross peaks are equal with both,
and a general trend of low-field shifted B side compared tode sif the molecule, A3 and A6
may possibly be at 8.76 while E3 and E6 may be at 8.70.

e The multiplet with A4, E4 and bo, give cross peaks among otfiter 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 aggpa@lROE signal
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0 on the methoxy side § on the hydroxy sidg Ag_p
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-Nbfp (for different see Figure 7.16).

¢ interaction between B5 and D3, as these protons come clase afi-trans conformation of the
pyridine rings

e apossible cross peaks between A3 with C3, and E3 with Chathdtoth drowned in the multiplet
where all these signals lay close together.

I3C-NMR of pp 6:  The solubility of pp was so poor, that no HSQC or HMBC were roeas. At
the time, | hadn'’t yet realised that the pp in the sample wiigpsbtonated in the presence of sodium
carbonate. These ligands need to be treated thoroughlysedium hydroxide solution in order to

become neutral. NMR probes of the linked ligands describgtié next chapter could be obtained in
higher concentrations after such treatment.
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'H-NMR chemical shifts of the gnpy ligands in DMSQ-d

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
Ad 8.06 Ad 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 7.56-7.52
t-butyl 1.38 MeO 3.89 dm 7.00

Table 2.10:'H-NMR data for the gnpy derivatives gp, mp and pp.
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13C-NMR chemical shifts of the gnpy ligands gp and mp in DMS4]

ap 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 0r 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(CH;3)s 34.5 MeO 56.0
CH; 31.0

Table 2.11:!3C-NMR data for the gnpy derivatives gp and mp.
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Chapter 3

Unsymmetrically linked
guinquepyridine ligands

3.1 Overview

3.1.1 Expected features of the linked ligands comprising tavqnpy domains

The ligand gcq had been originally designed to form a hailigie supramolecular structure, similar
to the linked tris-bipy strands connected by a chiral tetef#a®® see Figure 3.1. The compound gcq
had already been synthesised by WRalut no complexes had been fully characterised. In this shesi
the ligands gcg, mecm and pcp were synthesised in an approanhke unsymmetrical double helical
complexes of gnpy derivatives with appropriate transitiogtal ions, where the two gnpy domains of
the dinuclear complex are linked together, and if possileletige first ever crystal structure of one of
these intriguing structures.

78\ _ 78\ o 78\ T
O O O\
X
o) ) )

—N N —N N —N N

ye

Figure 3.1: Tris-bipy with chiral template

The longest commercially available pure oligo ethyleneglyhexaethylene glycol) was chosen as a
linking group, because of its flexibility and well understiochemistry, and because it should not in-
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terfere with the helicate formatiot. Because of the hard donor properties of the oxygen atom known
from crown ethers (binding hard £j Na", K™ etc.), the oxygen atoms of the linker were not expected
to compete with the nitrogen-transition metal coordinatio

The ligand names are derived from gqcq. As Whall made onlyahéslinked gnpy derivative, she called
it after the first letters in ginquepyridine-bain-quingepyridine®* The mem ligand then got the name
because of the athoxyphenyl substituent, and the pcp ligands becauseqgdlttin henyl substituent.
The ligand names gp, mp and pp for the gnpy units were derized these names.

3.1.2 Synthetic route to the gnpy derivatives gcq, mcm and ge

Since qcq had already been synthesised by Whadling literature method$€%-1%3the same synthetic
pathway, that was successful then, was followed for qcq dlsasdor the new ligands mem and pcp.
Figure 3.2 shows the reaction pathway that was followeddeoto obtain gcgq, mcm and pcp.

The first step was the tosylation of hexaethylene glycol. gt teaction on the cheaper tetraethylene
glycol was successful, and so hexaethylene glycol wasdtesylunder the same conditions, following
the literature methdd®on a scale of;—0 of that reported. An aqueous solution of sodium hydroxide wa
cooled in an ice-water bath, and a solution of hexaethylé&ymbin THF was added. A THF solution
of tosyl chloride was added dropwise, while the temperatfithe reaction mixture was kept at 2
Then the product was extracted with DCM, and obtained in gpadity in a yield of 95%.

For the formation of the ether bond between the linker, argaoic base should be present. As C6s
proved superior to other inorganic bases, first in macroggteclosures with ester bond%: and later
in the reaction of tosylated ethylene glycol derivativedwghenol derivatives, to form crown-ether like
compoundg?1%?this was assigned to a template effect that was termed tsautoeeffect’. CsCO;
also outstripped KCOs and other inorganic bases, in assisting the reaction ofatezyethylene glycol
compounds with 2,3-naphthalene diol to form linear molesias opposed to cycle'$§,giving around
80% yield instead of 5%, it seemed clear that this was the dlagigoice for the etherification.

The tosylate being such a good leaving group, the couplingefosylated linker with the OH group
of the gnpy derivatives, in the presence 0£,C8s, was quite successful. This way two gp units were
linked together to form gcq, two mp units to form mcm, and typonpoieties to form pcp.

HO/\</O\>/\OH

5

TSOA</O%/\OTS
5

~

Figure 3.2: Overview of the synthesis of the linked gnpyd#ives and ligands gcg, mcm and pcp, R
= tert-butyl, methoxy and H for gcgq, mcm and pcp respectively.
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Figure 3.3: General labels of the gnpy derivatives and ligaR =tert-occur, methoxy and H for gcq,
mcm and pcp respectively. For NMR assignment, the H and C maared with the letter of the pyridine
or phenylring, followed by the number or letter indicatihg tatom of the ring, e.g. B3 of do can be the
proton Hgz or Hy, in the'H-NMR or the carbon @3 or Cy, in the!*C-NMR.

qcq mcm pcp
anpy derivativesmol | 163 603 574
tos;hegpumol 84.6 291 286
CsCOs/pumol 90 307 328
Solvent: DMF/ml | 12 13 12
yield/% 49 53 50

Table 3.1: Starting materials for the reaction of the gnpyvdéves qp, mp and pp to gcq, mem and
pcp.

3.2 Linked gnpy ligands: gcq, mcm and pcp

3.2.1 Synthesis

The procedures of Whall and Weber was followéd? 193 The qgnpy derivative, GEO; and tosheg
were dried and heated in dry DMF at 80-I@0for at least 17h. After cooling to room temperature, the
crude product was filtered off and driedvacua Then it was purified from monosubstituted byproduct
by column chromatography, using alox and varying eluertkroform : diethylamine (25 : 1) for gcq,
DCM : MeOH : Et,NH (200 : 10: 0.1) for mcm and chloroform : B{ H(42 : 1) for pcp. The reaction

to pcp was conducted with just a CaQube, instead of an argon atmosphere to protect against.wate
This did not affect the yield, see Table 3.1.

3.2.2 Crucial point

Drying the productn vacuoover BOs resulted in protonated ligand and markedly reduced satypbil
that prevented e.g. NMR characterisation. Treatment witiiedsodium hydroxide solution, by sonicat-
ing the ligand in suspension for 15min, followed by extractwith chloroform, gave the neutral ligand
and stopped the solubility problem.
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3.2.3 Characterisation
Micro analysis

The three linked ligands gqcg, mecm and pcp were successfhllyacterised by micro analysis, each
sample containing some water.

Mass spectrometry

Although gcq had been characterised before by Wiiall| three of them were characterised by Maldi-
Tof methods: gcq and pcp gave signals for Mnd M plus assortments of NaK* and/or water; mcm
gave no M signal, only for (M+K+HO)* and (M+NaJ".

Infrared spectroscopy

The infrared spectra were recorded of the three ligandsommparison with the unlinked ligands, the
linker is visible with pronounced C-H stretch signals at 2862cm ' and C-O-C stretch signals
around 1041cm!.

UV-Vis spectroscopy

UV-Vis spectra were recorded mainly to emphasize the matkadges that occur when these ligands
are complexed e.g with copper(ll/l). These ligands in thelwes absorb strongly in the UV region
because of the fourteen aromatic rings per molecule. Buheg @re almost white in colour, their
absorption decreases drastically towards the visibl@redihe spectra of ligand solutions in chloroform
showed absorptions that are not lower in magnitude thandhesponding copper complex in the UV
region (compare with page 83. For a better view, the restdtfisied in Table€??. The spectrum of pcp
shows two maxima, while mem and gcq only have one, and the bighed absorptions are shoulders to
this maxium (see Table 3.2 and Figure 3.4). The high absorpti mcm at 284nm, may originate from
the fact, that both substituents (atahhd 4" on the gnpy backbone), are electronically almost identical
The absorptions from both sides of the molecule add up atthiglength and this results in a more
intense absorption.

gcq mcm pcp
extinction extinction extinction
wavelength coeffi- wavelength coeffi- wavelength coeffi-
/nm cient /| Inm cient /| Inm cient /
M~lecm™! M~lecm™! M~lem!
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 gnpy derivatives gcagymmand pcp.

X-ray
Samples of all ligand molecules were set up for crystaigatBut the crystals were of poor quality,

and no crystal structure could be solved. From a solutionafirim a mixture of chloroform acetone,
after standing for seven months, a square crystal had grtiwdid not diffract well enough, but a tiny
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Figure 3.4: The UV absorption spectra of the three linkedyagigrivatives qcq, mcm and pcp.

crystal in the same sample diffracted well enough to giveethectivity of the molecule, that built the
structure. It was dibenzo-18-crown-6, see appendix D om 24¢, and may be an impurity, a side- or
degradation-product.

NMR study of the linked gnpys qcq, mcm and pcp

All the linked gnpy type ligands gcg, mecm and pcp were recdroie a 600 MHz spectrometer. qcq
had already been characterised'b{-NMR by Whall>* with help of a 250 or 300 MHz spectrometer.
There are signals in multiplets however, that could be &rrtiesolved in the 600 MHz spectrum, and
the assignment is described in detail below. Then the ctexisations of mcm and pcp follow in the
same way. As an example for thel-NMR spectra of these ligands, that of qcq is shown in Figu$e
The'H-NMR chemical shifts of gp, mp and pp are listed in Table 2fh(age 31.

All the '3C-NMR spectra are new. Because of some limited solubility,darbon spectra had unsatis-
factory signal to noise ratio in mecm and pcp , but the chensbits of most carbon atoms could be
assigned with HSQC and HMBC. They are listed in Table 2.11aye82.

'H-NMR of qcq §: Comparison with the spectrum of gp gives B5 at 8.92 and D383, & multiplet
(8.72-8.61) for B3, A3, E3, C3, C5, D5, A6 and E6, C4 at 7.99,dtiplet (7.88-7.81) for A4, E4, bo
and do, bmat 7.52, A5and E5 at 7.33 and at 7.31, dm at 7.03,1&td at 3.89, a multiplet (3.77-3.74)

for d, a multiplet (3.72-3.69) for ¢, a and b together at 3.68 finally tert-butyl at 1.39. See Figure 2.3
for therefore and Figure 3.5.

In the ROESY:

e thet-butyl protons show a cross peak with the bm protons

¢ and the f-protons from the linker show a cross peak with thepdotons
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6 ont-Bu side 6 on the linker side AB_p

B5 8.92 D3 8.87 0.05

B3 8.71 D5 8.65 0.06

bo low field of do high field of positive value
7.88-7.81 7.88-7.81

bm 7.52 dm 7.03 0.49

Table 3.3: Unsymmetrical chemical shifts in the proton-NbfRjcq (for therefore see fig. 7.9)

e aweak cross peak is seen between B5 and D3, as these protesiose in an all-trans confor-
mation of the pyridine rings

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

In the COSY:

¢ the neighbouring protons of the glycol bridge f and e, and dl @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

e the bm protons, assigned by ROESY, couple with bo at 7.83

e B5 couples with B3 and localises it at 8.71

¢ D3 couples with D5 and localises it at 8.65

e A5/E5 cross-couples strongly into the multiplet (8.7148.&t 8.70, that localises A6/E6

e A4/E4 inside 7.88-7.81 couple with A3/E3 and thus localis®’E8 at 8.64, and themselves at
7.85

e C4 couples with C3 and C5 on the high field side of the multiglé2-8.61, and localises C3/C5
at 8.63

Because of the general trend showing rings on the B side mlectr@n rich than the rings on the D
side (see table 3.3), it is assumed, that A3, A4, A5 and A6 kghbtly shifted towards low field in
comparison to E3, E4, E5 and E6. In consequence, the ddd of &5/1.33 and the ddd of E5 is at 7.31.

The HSQC:

e takes the AG/E6 apartinto 8.70 and 8.68. Because of the glenend shown in Table 3.3, A6 is
expected to be 8.70, and A6 to be 8.68

I3C-NMR of gqcq 6:  With help from the HSQC, th€ — Hresonances could be assigned as follows:
149.27 (A6), 149.21 (E6), 137.81 (C4), 137.01 (A4, E4), 62§do), 127.17 (bo), 126.11 (bm), 123.92
(A5 or E5), 123.90 (A5 or E5), 121.56, 121.54,121.41 and32{C3 or C5 or A3 or E3), 119.11 (B5),
118.84 (B3), 118.55 (D3), 118.36 (D5), 115.17 (dm), 71.0870.86 (a or c), 70.85 (a or c), 70.81 (b),
69.91 (e), 67.7 (f), 34.92 (C(CH), 31.55(CH). See Figure 2.3 for therefore.

¢ The signals 121.56, 121.54, 121.41, 121.39 belong to C3AG5E3. Since the other A and E
signals in the carbon spectrum coincide, it is assumed tBaafd E3 belong either to 121.56,
121.54 orto 121.41,121.39.

e A5 and E5 give two signals close to each other at 123.92 an®023
¢ A4 and E4 coincide.
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In the HMBC:

¢ there is a cross peak for GHo C(CH;)3 and from bm to C(CHl); as well.

e A cross peak is further seen between f and e, e and d, d and eeiffaning assignment for the
bridging hexaethyleneglycol carbons is exchange: ¢ at6/@.80.85. Because of the alternating
trend with the f, e, d, ‘rest’, it is assumed, that a is close émd the chemical shift is either 70.86
or 70.85, while b is at 70.81.

e A5, E5 show a cross peak with A3, E3 and a “weaker” one with A&, E

e Further cross coupling is seen between B5 and B3, C3 and CanB®5.
The HMBC also shows to which ring the quarternary carbonsrizgl

e 159.89 shows a strong cross peak with the multiplet contgiA#, E4, bo and bm, and a weaker
one with dm and one to f. It is therefore dp

e 156.52 shows a cross peak into both sides of the multipletevbe the low field side there are
A6, E6 and B3, and on the high field side there is D5, A3, E3, GBGhH

¢ 156.49 shows a cross peak to the far low field end of the mattintaining B3, A6 and E6

e 156.10 and 156.09 both couple into the high field side of thiiptet containing D5, C3, C5, A3
and E3

e 155.94 and 155.89 for some reason show no cross peaks in tBCHM

e 155.58 shows a cross peak to D3, and stronger one to C4. It m@pb

e 155.53 shows a cross peak with B5, and a stronger one to C4ylbe C2

e 152.38 shows a cross peak with €aihd the multiplet containing bo and A4. It is therefore bp
e 149.96 shows a cross peak with A4/E4

e 149.52 shows a cross peak with the multiplet on the side ofldoda and a cross peak to one to
B5 or D3

e 135.92 shows a cross peak to B5, the multiplet containingd83and E6, and a strong one with
bm. Itis probably &, or Cpy

e 131.20 shows a cross peak with D3, with the multiplet comaiib5, C3, C5, A3 and E3 and a
very strong one with dm. It is probably;Cor Cpy

I5N-NMR of gqcq 6:  In the'N-1°H HMBC: five different nitrogen resonances are seen. -14046 ¢
ples, among other with D3 and is therefore assignedas N.3.91 couples among other with B5 and
is therefore assigned tog\ -9.57 couples, among other with E5 and is therefore asgitmBlg, -9.35
couples, among other with A5 and is therefore assignedq®hd -11.75 is the one left and is assigned
to N¢, although the only coupling seen is with a signal from thetiplgt containing D5, A3, E3, C3,
and C5. See the spectrum in Figure 3.6, and Figure 2.3 folliladpe
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& on the methoxy side ¢ on the linker side AB_p
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-NBfRncm (for labelling see fig. 7.14)

'H-NMR of mcm 4: assignment with  Comparison with mp and qgcq gave the following assignments.
Notable is the much smaller difference in the chemical shiiftthe B and D side of this molecule
compared to qcq.

A multiplet for B5 and D3 at 8.86-8.84, a multiplet for sometioé B3, A6, E6 or D5, C3, C5, A3, E3
protons at 8.72-8.68, a multiplet for some of the same pw&dt8.67-8.62, 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 iEbeebm and dm at 7.01 or 7.00, f
at 4.18, e at 3.92-3.89, OGHat 3.88, d at 3.78-3.75, c at 3.73-3.70 and finally a and b &.33e
Figure 2.3 for labelling.

In the ROESY:

¢ OCHs; shows cross peaks with the bm protons, which assign bm agtie at 7.00

the f protons shows a cross peak with the dm protons, whiggrasdm 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 BBIa5, localising B5S 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 8.68.68d

A5/E5 shows cross peaks with A4/E4 and A6/E6 and localisesetisignals 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'aBd 7.83 for A4/E4

The COSY gives no additional information.

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

The HSQC helped to single out the e, d and c protons of therlinke

13C-NMR of mcm §:  With help from the HSQC, thé — Hresonances could be assigned as follows:
149.30 for A6,E6, 138.00 for C4, 137.10 and 128.70 are Ad/Bdoédo, 121.50 contains some of B3,
D5, A3, E3, C3, C5, 118.70 are B5 and D3, 118.40 contains therqart of the B3/D5/A3/E3/C3/C5,
115.10 and 114.50 are bm and dm, 71.30is d, 71.10is ¢, 71&08,i0.0 is e, 67.9 is f and finally 55.8
is MeO. See Figure 2.3 for labelling.

In the HMBC:

e 161 shows cross peaks to the protons of MeO, bm, and the tetitipntaining A4, E4, bo and
do, it may therefore be bp

e 160 shows cross peaks with dm, and the multiplet containkhd=4, bo and do, and may therefore
be dp

e 157 shows cross peaks with the multiplet containing A4, B4abd do, and the multiplet con-
taining B3, D5, A3, E3, C3 and C5
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e 156.2 shows a cross peak with the multiplet containing B3,A% E3, C3 and C5
e 155.7 shows a cross peak with B5/D3 and C4
e 149.3 shows a cross peak with the multiplet containing A4 li&4and do

e 131.2 shows cross peaks with bm/dm, the multiplet contgi&®, D5, A3, E3, C3 and C5 and
B5/D3, it may therefore be bv and dv

e 129 shows a cross peak with the multiplet A4, E4, bo and do

e 124.0 shows cross peaks with the multiplet containing B3, B8, E3, C3, and weakly with
AG6/E6

e 122 shows a cross peak with A6/E6
e 121 shows a cross peak with the multiplet containing B3, D&,3, C3

e 118.7 shows cross peaks with the multiplet containing B3,A% E3, C3, with A6/E6 and with
B5/D3

e 115 shows a cross peak with bm/dm

e 71.5 shows a cross peak with proton a/b

'H-NMR of pcp 4: 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 E®8.&3-8.62, C4 at 8.00, a multiplet
containing A4, E4, bo and do at 7.91-7.81, a multiplet camitej bm and bp at 7.53-7.46, A5 and E5 at
7.34and 7.31,dm at 7.01, fat 4.19, e at 3.91 d at 3.78-3.753F4-3.71 and finally a and b at 3.69.
See Figure 2.3 for labelling.

In the ROESY:
e the f-protons show cross peaks with dm

¢ B5 shows cross peaks with D3 and into the multiplet contaimio, do, A4 and E4, singling out
the position for bo at 7.89

¢ D3 shows cross peaks with B5 and into the multiplet contaimio, do, A4 and E4, singling out
the position for do at 7.84

e C4 shows cross peaks with C3/C5 in the multiplet at 8.73-&6& singles out C3 and C5 at 8.67
and 8.65

e A5/E5 shows cross peaks with AG/E6 in the 8.73-8.62 multighel A4/E4 in the multiplet 7.91-
7.81, localising A6/E6 at 8.72 and 8.70, and A4/E4 at 7.877/aB8

e A4/E4 shows cross peaks with A5/E5 and A3/E3, localisinddlter at 8.67 and 8.64
e bo shows cross peaks with B5, B3 and bm/bp and localises B3 &#id bm/bp at 7.50 and 7.48
e do shows cross peaks with D3, D5 and dm, localising D5 at 8.63

The COSY gives no new information after the analysis of th&RBY, 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 mlectr@n rich than the rings on the D
side (see table 3.5), it is assumed, that A3, A4, A5 and A6 kghbtly shifted towards low field in
comparison to E3, E4, E5 and E6. In consequence, the A6 iF2t8d 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 E53t. 7
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0 on the phenyl side 6 on the linker side AB_p
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 7.500r 7.48 dm 7.01| 0.490r0.47

Table 3.5: Unsymmetrical chemical shifts in the proton-Nbfpcp (for labelling see fig. 7.17)

13C-NMR of mecm 6:  With help from the HSQC, th€ — Hresonances could be assigned as follows:
149.4 (A6, E6), 138.1 (C4), 137.2 (A4, E4), 129.3 (bm, bp)3.72do), 127.4 (bo), 124.0 (A5, E5)
121.6 (C3, C5, A3 and E3), 119.3 (B5), 119.1 (B3), aa8.7 (233.4 (D5), 115.0 (dm), 71.2 (d), 70.9

(a, bandc), 69.9 (e), 67.7 (f). See Figure 2.3 for labelling.

The HMBC shows the same couplings as in the other two sanipliéshis is was a very dilute sample

and it is only possible to assign dp at 160.0.
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'H-NMR chemical shifts of the linked gnpy ligands in CRCI

gcq 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 ABG/E6 8.71 A6 8.72
A6 8.70 ABG/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 Ad 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
ES 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 3.72
t-butyl 1.39 a,b 3.69 a, b 3.69

Table 3.6:'H-NMR data for the linked gnpy derivatives gcg, mcm and pcp.

43




I3C-NMR chemical shifts of the linked gnpy ligands in CQCI

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 orE5 123.92 A5, E5 124.0 A5, E5 124.0
A5 or E5 123.90
C3orC5o0rA3orE3| 121.56| B3/D5/A3/E3/C3/C5| 121.0| C3, C5, A3, E3| 121.6
C3orC50rA3orE3| 121.54 B5,D3 118.7 B5 119.3
C3orC50rA3orE3| 121.41| B3/D5/A3/E3/C3/C5| 118.4 B3 119.1
C3orC50rA3orE3| 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 1151
d 71.08 bm/dm 114.5 dm 115.0
a,borc 70.86 d 71.3 d 71.2
a,borc 70.85 c 71.1 a,bandc 70.9
a,borc 70.81 a,b 71.0
E6 69.91 e 70.0 e 69.9
f 67.70 f 67.9 67.7
C(CHj3)3 34.92 MeO 55.8
CH3 31.55

Table 3.7:'H-NMR data for the linked qnpy derivatives gcg, mcm and pcp.
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Figure 3.5: 600 MHZ H-NMR spectrum of gcq.
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Chapter 4

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

4.1 Tools for the characterisation of the coordination compunds

For the structure in the solid, crystal structure analysisiafrared spectroscopy were applied. Crystal
structures give evidence of the connectivity in the crjised compound and serve as proof for the
existence of the compound. Infrared spectroscopy wasexpplithe region 4000-400cm, the N —
Cu and N—Co coordination bonds are outside this window, trahg P—F absorptions from the
counterions, as well as the ligand vibrations are obseeva@blution structures were examined mainly
by 'H-NMR spectroscopy, and in the case of the copper comple¥iesUV-Vis measurements.H-
NMR spectroscopy is a very common tool in chemistry. Whenliaggo paramagnetic compounds
however, parameters had to be changed to accommodate thdémteased chemical shift range. There
are also other aspects that change, as explained below. UNittis, standard measurements showed
the absorption bands of interest. Ligand centred absarpsbowed in the UV region, while MLCT
bands could be observed in the visible. The metal centredrdrgitions (compare with orbitals of
g, and b, symmetry, at different energy levels, in Figure 1.1), woalso be in the visible region.
Mass spectrometry was used to gain information about mi@lemass and compound compositions. A
Maldi-TOF instrument was used for most of the compoundsritesd.

4.1.1 'H-NMR method for paramagnetic compounds

NMR stands for nuclear magnetic resonance, and this metived jpformation about the structure in
solution. In an applied magnetic field, the different spistes$ of the nucleus divide up into states of
different energies. This is called the nuclear Zeeman effecthe thermal equilibrium the different
states are occupied according to the Boltzmann distribuy adding energy to the system in the form
of radio waves, all spin states of different energy beconmipied equally. This energy has to match
the energy difference of the states in order to gain resanard it is the resonance frequency that is
characteristic for the kind of nucleus and for the chemicairenment of it.

The stronger the magnetic field is, the bigger is the diffeedretween the energy levels of the states of
different spin. The following equation illustrates thisp@@dency:y is the magnetogyric factor. This is
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a constant value and characteristic for the nucleus typeamitols the size in energetic splitting for the
spin states. Bis the applied, homogeneous and static magnetic field at #asuned nucleus:

h
hv=AE =~v— - By
27
As it is technically easier to control a variation of the matinfield at a constant frequency than control
the variation of the frequency at a constant magnetic fibid,is how the experiment is done.

The NMR spectrum is plotted as the absorption at the ‘chdraig#i’ § or ‘parts per million’ ppm. The
reference is TMS andl of TMS is zero.

Vsubstance - 1/7’6 erence
5 = ! - 108

Vreference

After an absorption, the system needs time to relax backed®titzmann distribution. This is called
the relaxation time T, and it consists of &nd T,. T; is called the longitudinal relaxation time as it
affects the relaxation in the direction of the field. It is dagent on the spin-lattice coupling in a system,
and it is for example affected by paramagnetismisicalled the transverse relaxation time, as it affects
the relaxation in the direction perpendicular to the fieldd & depends on spin-spin coupling. It is
influenced, for example, by the viscosity of the measuredtisui.

In the beginning of the NMR method only magnetic fields as laghL.4 T and radiowaves af5m
corresponding 60 MHz were used. Now ten times stronger niagme in common use: 14T and 600
MHz. In § the Av is devided by the frequency used for the measurement (e@Mé), thed values
stay the same for measurements conducted on instrumettgliffrent magnetic fields and stays
characteristic for the measured substance for all magfieltis. There is another source of information
thané in the NMR-spectrum. It is the coupling constant J, measimadz. It has its origin in the
dependency of the effect of spin states chosen by neightpuriclei. These spin states are either
parallel or antiparallel to the applied magnetic field andastldd or lessen the local magnetic field at
the measured nucleus. With e.g. one neighbour nucleusspottevels that the measured nucleus may
adopt are split up and more transitions become possible mEgmitude of splitting in Hz between the
resonance frequencies is characteristic of the nuclees &yl it is independent of the applied magnetic
field. It is an advantage to use a strong magnetic field, beddasenergetic splitting of the spin states
and the shifts im\v/Hz become larger, while the splitting J/Hz of the signaystdne same. As long as
AvlJ> 10, the spectrum is first order. Otherwise it becomes of ligtaer, and that is hard to interpret.
With stronger magnets, signals close to each other, thatldagve spectra of higher order with weak
magnets, give spectra of first ord€ri® (In general is a spectrum first order, when two magnetically
equivalent nuclei A and X with spinyland Ix in a spin system of n A nuclei and m X nuclei(X,,),

are in such different chemical environment, that the alisotalue of the difference in chemical shifts
is at least 10 times bigger than the splitting of either. Wit is the case, the multiplicity of a signal
(the number of lines one signal is split into) for Ais (- 1x + 1) and for Xis (n- 2-14 + 1). The
average in chemical shift of split signals is where the nplit-signal would be and the intensity of the
split signals follow strict rules.) For th'eH nuclei measured of the copper, cobalt and nickel complexes
in this chapter, # = 1, and the multiplicity of each signal would in a first order sprem be the number
of neighbour {H + 1), and the relative intensities of split signals folldvetPascal triangle.

Diamagnetic compounds are repelled by a magnetic field, arehpagnetic compounds are drawn into
the magnetic field to where the flux is strongest. Diamagmetiseffected by paired electrons in a
compound, and paramagnetism by unpaired electrons. Ajththe complexes discussed here have
more paired than unpaired electrons, they are overall pagastic, as the paramagnetic contribution
to the magnetic properties of a compound is much strongerdhahe diamagnetic contributions by
the paired electrons. Paramagnetic substances give \éeyedit NMR spectra than pure diamagnetic
substances, because for instance they cause bigger $pircanpling for the activated proton nucleus
close to the paramagnetic metal centre, and this decreaseslaxation time T. The result for the
measurement is a line broadening that limits the possikidit interpretations of the spectrum as it
overrules the splitting.
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As the relaxation becomes faster, the lifetimg/s and relaxation rate— of the exited state grows
smaller. The Heisenberg uncertainty principle says thheethe energy / £/ or the time can be certain,
but not both with accuracy at the same time.

OFE « iy > h

While the uncertainty about the time grows smaller, the taggty about the measured energy (fre-
guency) grows bigger. In the experiment, this is observeataader signals. Possible coupling is not
resolved, and thus the information in these spectra becaomep

The broadest signals are those that are shifted furthesttdi¢ld (higher ppm). These belong to the
nuclei closest to, and most affected by the paramagnetic Batause the signals become so broad,
integration does not give the correct number of protons,itisdonly possible to count the number of
resolved signals.

Another effect of a paramagnetic environment on the medsuuelei, is the bigger range of chemical
shifts. It is caused by a large variation of the actual méagriietdd B, experienced by the measured
nuclei. In this work, the largest effect is seen in tiie NMR spectra of ‘octahedral’ high spirf €o(ll)
found in the dinuclear complexes of gnpy-type ligands, whkmical shifts of 0-270ppm, see page 97.
But it is also apparent in seven coordinate Co(ll) monorarctmmplexes of the same ligands with
chemical shifts of 0-140ppm, see page 93. Octahedralifll) found in the dinuclear complexes of
gnpy-type ligands, still give chemical shifts from 0-80pmre page 117, and to a certain extent also
the proton signals of the ligands coordinated to Cu(il)They are shifted 0-25ppm, see page 51.

4.2 Copper complexes

4.2.1 Synthesis

General The general approach of Whall was follow&dsee Figure 4.1: An equimolar amount of the
gnpy-type ligand (qp, mp, pp) and copper(ll) acetate modaddig were suspended in methanol. First a
blue solution over a beige precipitate formed, which washaxeslic copper(ll) acetate and undissolved
ligand. By sonicating and heating the mixture, the compéeried in solution. With gp and mp, first
the solution was green. This suggests all copper ions to bgidation state IF° After standing, both
solutions turned brown. With pp a brown solution was obtdidi&ectly. The brown colour is typical
for mixed oxidation state (Cu(ll)Cu(l) species and of Cu@mplexes?® see also the UV-Vis spectra
on page 83. For the linked ligands (gcq, mcm and pcp), a twantratio of metal to ligand was
used. All three complex solutions gave green colours firdttamed brown upon standing. To all six
brown complex solutions, an excess of ammonium hexafluaggate in methanol was added, and a
precipitate formed instantly. It was green for gp, pp and, pcpwn for mp, and somewhere in between
for mcm and pcp. When the precipitates were separated aedidivacuq they all turned into brown
powders.

Differences and crucial points The yields varied from 31% to 74%: gp 31%, mp 34%, mcm 54%,
gcq 60%, pp 74%, pcp 74%. Different amounts of solvent wesgluso these percentages are not
entirely reliable, but the best yields were obtained with¢bmplexes of which the ligands (pp and pcp)
do not bear any group that enhances solubility. We know tieagteen colour in the complex comes
from the complexed Cu(ll) ion. We also know that the browrocolcomes from the complexed Cu(l)
ion, and that the brown colour will override the green as alleolour seen by the eye, as the eye makes
brown from red + green. So when e.g. half the compound is thxedndxidation state (Cu(ll)Cu(l))
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and half in the oxidised state (2Cu(ll)), the green Cu(Ihmat be seen anymore. As the metal salt used
as starting material contains only Cu(ll), obviously, tedax process of at least one copper ion in the
dinuclear complex, that is formed, is at a potential actéssvhen standing under air.

(o —(cv)—{ )
y 2,

& ol
G /MeOH

HH!
o o
e e cu'!
e —
° e I MeOH
2 linker Ww&;%
E E
ligands metal salt dinuclear complexes

Figure 4.1: Formation of dinuclear complexes with an unswtnival gnpy derivative and with an un-
symmetrically linked gnpy derivative. With the former, thead-to-head (HH) and one head-to-tail
(HT) isomer are possible. With the latter, probably only HiEisomer exists. Other possibilities for
oxidation states exist (Cu(ll)/(1l) for complexes of nanKed and Cu(ll)/(l) for complexes of linked
ligands), but have not been characterised in this work.

Characterisation

Micro analysis WhalP! has reported and fully characterised a complex of qp, foated as
[Cuz(gp)2][PKs]4. The microanalysis for this compound is also compatiblénhie mixed oxidation
state formula [Cu(qp)k][PFs]s - 7H20O. The complex of mp fitted a formula [@(mp)][PFs]s - 6H20,
and the complex of pp also fitted a formula with 6 water molespler complex [Ci(pp)][PFs]3 - 6H2O.
The complex of qcq fitted a formula that suggests that somiesoédmplex contains two Cu(ll) centres
so it needed 3.3 RF counter ions instead of three. The complex of mcm fitted a fdamvith two
Cu(ll), as it had 4 PE~ counter ions. The sample was brown, and the colour may coone érminor
amount of Cu(Il)Cu(l) compound in the sample. The complep@ contained more of the complex
with two Cu(ll) than mixed oxidation state Cu(Il)Cu(l), aese the sample fitted a formula with 3.7
PR~ counter ions. The second Cu(ll) centre may complete itsdinations sphere with two water
molecules. Only the non-linked ligands formed pure Cu(Ijitmixed oxidation state complexes.

Mass spectrometry Maldi-TOF, and in the case of [G(mp)][PFs]s electrospray MS, suggested a 2
: 2 composition of metal ion : ligand for the complexes of rimked ligands and a ratio of 2 : 1 for the
complexes with linked ligands. For the complex with gp thesnposition was supported by the mass
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signal fitting (M-2PRK+K)*. For the complex of mp, it was (M+3RJ?*/3, and for the complex with
pp, it was (M-3PE)*. Mass spectrometry for the qcg complex gave (M-@PFand (M-3Pk)™, the
mcm complex gave (M-2RH and (M-3PF) and the pcp complex gave (M-2pPF and (M-3Pk)™.
For all samples, mass spectrometry supported the progagahe complexes are all dinuclear.

Infrared spectroscopy The infrared spectra of the copper complexes of mp and pp shevOH
group at 2641 and 3518cm, and the complex of qp at 3634 and 3510¢mAll three show absorptions
assigned to the aromatic C — H stretch at 3091&mnd the gp complex has additional aliphatic C—H
stretch at 2962cmt. They all show strong absorptions at 1596 or 1589¢rior aromatic C—C and
aromatic C—N. Then there are two signals at 1242tmnd 1180cm! for all three of them, which
is typical for C— O stretch vibrations of e.g. aromatic C — GHhe most prominent absorption arises
from the counterion PF at 818cnT!. An absorption due to(Cu— N) would be expected in the far
infrared regiore 300 — 200cmt! for copper(ll) andx 200 — 100crm! for copper(1)106-108

The infrared spectra of the copper complexes of pcp, mcm agdiifer from the complexes of non-
linked ligands by the hexaethylene glycol chain, that shamesabsorption assigned to the C—H stretch
at 2870cm!. The C— O stretch are still show as two signals, but less proced, with absorptions at
1242 and 1188cm'.

'H-NMR spectroscopy The 'H-NMR spectrum of [Cu(mp)][PFs]s in deuterated acetonitrile is
presented in Figure 4.2, and the part of the spectra with th&t pyridine and the phenyl signals of
[Cuz(ppklIPFs]s, [Cus(Mmp)][PFs]s and [Cu(qpk][PFs]s is given in Figure 4.3. In the region of 6-
7ppm there are two doublets for the pp and gp complexes artteimp complex these doublets are
much closer together. They are also those signals, togettiethe substituents CHD- andtert-butyl,
that are least shifted. It is therefore assumed, that thresgheenyl signals.

When integrating the spectrum of [glmp)][PFs]s, the CHO- signals were set to 6H. The phenyl
signals at 6.45ppm are not significantly broadened, andhtiegiial of 8H suggests them only to be the
phenyl protons in the meta positions (compare with the specbf the free ligand). Thus in the rest
of the spectrum, which is shifted considerably low field, 38tpns should be found. Unfortunately the
multiplets around 7.8 and 9.1ppm, together with the brogdads at 13, 17 and 25ppm, of which the
signals at 13 and 17 are barely visible, the integral onlysaduto 14H. The explanation for this must
be the extreme broadening of some signals, which make themypesolved. The CEO signals show
two distinct chemical shifts.

There can be various explanations for this. The crystatgire (compare with the crystallographic
section starting on page 55) shows that in the solid, theréves distinct environments for the GB,
due to different oxidation state of the copper ion (I or IRat the pyridine ring, bearing the substitued
phenyl, coordinates to, and because the methoxyphenylitnay a “Cu(bipy)” or a “Cu(terpy}” unit

of the gnpy ligand. Both effects lead to a total of four enmirents for the CklO protons. As there
are only two signals distiguishable in the spectrum, eitiarall possible arrangements are adopted
in solution, or two possibilities give the same chemicaftstBut the NMR method is for monitoring
solution structures, and they may be different in solid.slpossible that there is one main structure
in solution, but there may be several. Also fluctuations inithe double helicate would be plausible,
and there is no evidence for the absence of other types aftgtas like e.g. mononuclear ones. The
fluctuation theory is not supported by the crystal structételeast in solid, the difference in distance
from the middle pyridine rings to the two copper ions are s for both the [Cy(mp),]*?* (0.7 and
0.93) and [[Cu,pcpF+ (0.7-0.9)).

All the 'H-NMR spectra of the six copper complexes are similar to esbbr. Two main differences
are seen between the spectra of the complexes with nordliigends qp, mp and pp, and the spectra of
the complexes with linked ligands qcq, mecm and pcp. The sgnahe former rare split into doublets,
where they are only singlets in the latter. Additionallyres for the linker protons are of course only
seen in the linked species (at 4.1 — 3.5ppm). The spectr&ahti and mcm-complex are also different
from the other. Signals at 7.0 and 6.4ppm, probably origigafrom the phenyl substituents, have
merged for the mp- to a dd at 6.5ppm, and for the mcm-complexaimad signal also at 6.5ppm.
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Figure 4.2: 600 MHZ H-NMR spectrum of [Cu(mp)][PFs]s acetonitrile-g solution.

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

The most interesting part of the [@lgp)][PFs]s 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 metglmignals (because of the comparison
with the spectra of the copper(ll) complexes with pp and nmgl because the chemical shifts are so
similar to the ones in the spectra of the free ligand). Thegrdls are therefore set to 8H for the two
of them together. The integral over thdu protons at 1.2ppm is 17H«(18H) and therefore fits well.
Again the residual peaks add only up to 13H instead of theired|38H, and the explanation that can
be offered is still a strong broadening of most pyridine progignals.

The spectra of the copper(ll) complexes of the linked ligapdp, mcm and qcq, where recorded and
processed under the same conditions and using the sameqtararas the spectra of the copper(ll)
complexes of gnpy ligands discussed above. The signalseafdhmplexes with linked ligands are all
broader than the signals above. The most interesting p#necfpectra are plottet in Figure 4.4. Apart
from this, what is different to Figure 4.3, are the signalthefproton from the linking hexaethylene gly-
col around 3.6ppm. Assuming again that the signal at 6.5 &yp for [CypcpFP* and [CuwqcqPT,
and at 6.5ppm for [CumcmP, are the meta phenyl protons, gives 24-25H for the linketqure with
the pcp and gcq complex and 34H, which is pretty close to thpeebed 30H for the linker protons
plus the methoxy protons in the mcm complex. For#he-butyl group the integral is far too big, 27H
instead of 18H. The electronic effects of the methoxy graugp thetert-butyl group are different (the
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[Cua(pp)][PFsls M JMM

13.5 12.0 10.5

[Cus(mp)][PFe]3

13.5 12.0 10.5 9.0 7.5 6.0 4.5 3.0 1.5 0.0

[Cuz(ap)][PFsls

13.5 12.0 10.5 9.0 7.5 6.0 4.5 3.0 1.5 0.0

(Ppm)

Figure 4.3: A cut of the 600 MHZH-NMR spectra of [Cu(ppk][PFsls, [Cux(mp)][PFs]s and
[Cus(gp)][PFg]3 acetonitrile-g solution.

nottert-butyl acting only inductive), and possibly this is why timdgral exceeds the expected integral

value even more than the methoxy protons did. The pyridigecatho-phenyl protons in the mcm and

gcq complexes give only values of 11-12H instead of the regu88, and in the pcp complex the inte-
gral over the pyridine, ortho- and para-phenyl signals @8H instead of the required 40. (In this last

example, the integral was set over the whole area from 7.5ppunm field to 33 ppm. This is why the

integral points to 18H rather than the lower values of 10-I8lthd when the integrals were only set
over the visible signals.) It confirms the theory, that ma@@ns are present, but give too broad signals

for being detected as such.
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[Cuz(pcp)][PFsls

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0

[Cuz(mem)][PFe]s

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0

[Cuz(qcar][PFs]s

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
(Ppm)

Figure 4.4: A cut of the 600 MHZH-NMR spectra of [Cupcp][PR]z, [Cu:mcm][PR]; and
[Cusqcq][PFs]3 acetonitrile-¢ solution.
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4.2.2 Crystallographic analysis

Crystals were obtained of quality that allowed an X-rayrdiftion study. Studies of the mixed oxidation
state helical complexes of copper(ll/l) with two strandsrgd and pcp respectively, were made using
crystals obtained by slow diffusion of diethyl ether vapoo solutions of the complex in acetone.

[Cuz(mp):][PFs]s was obtained as small brown crystals by diffusion of diegtiler vapour into an
acetone solution of the complex. The crystal structure whsed in the triclinic space group Pwith
two enantiomeric complex cations per unit celkg854N1oO4sCu PsFi5 - 1.5 GHgO, M=1820.43, see
also appendix A on page 175.

[Cuspcp][PFs]s  was also obtained as small brown crystals by diffusion othgileether vapour into
an acetone solution of the complex. The crystal structure sedved in the triclinic space groug P
with two enantiomeric complex cations (see Figure 1.12)ymétr cell: GgH7oN1gO7;ClPsFig - 2.5
C3HgO, M=2064.76, see also appendix A on page 186.

General description of the complex cation structures Two views of the complex cation of
[Cus(mp)][PFs]3 are given in Figures 4.5 and 4.6, and of the cation objiep][PF]3 in Figures 4.7
and 4.8. In both cases the crystal structure shows a 2 : 2nsysiil two metal ions and two ligand
strands forming a dinuclear complex, as already indicatethbss spectrometry (see pages 143 and
150). The sideways views in Figures 4.5 and 4.7 show besbtteatopper centre is coordinated by six,
and the other with four nitrogen donor atoms. As the ligardithe lattice-acetone are neutral, counting
the counter ions PF, gives the charge of the of the two complex cations. As theadMeharge is three,
the copper ions are of different oxidation states. The prefecoordination number of Cuwith these
kind of oligopyridine ligands is six, and that of €is four, so the oxidation states are assigned in these
complexes accordingly.

The quinquepyridine ligand strands are separated intorpy't@nd a “bipy” domain, by the coordina-
tion behaviour. Three nitrogen atoms from one end of thendtordinate to the copper(ll) ion, and
the remaining two coordinate to the copper(l). This is shawiigures 4.9 and 4.10 for the complexed
mp ligands and in Figures 4.11 and 4.12 for the complexedigapdis.

Between each of the planes formed by a pyridine ring, theaetigsion angle. The planes turn in the
same direction throughout the ligand strand, thus formihgl&. In the complex cation, both ligand
strands twist in the same direction. Two twisted ligandretesform a double helix. With the metal ion
holding the ligand strands together, this is a metallo-aoqmiecular assembly and is called a double
helicate®* The helical axis is defined by the metal ions. As there are togsible directions for this
twist in the ligand strands, and two enantioners are passitheA, P or right handed helicate forms,
when both ligand strands turn right when looked at along i @nd progressing from the near to the
farend. The\, M or left handed helicate forms, when both ligand strands left when looked at along
the axis progressing from the near to the far end, see Figi®edh page 13. In the crystal structures,
both forms are presentina 1 : 1 ratio.

As the two ligand strands are unsymmetrical, more isomémnictires are possible (see Figure 1.9 on
page 11, and also KulkR&and Whalt'). The labelling of the pyridine rings of the ligands dispeay
in Figures 2.3 and 3.3 on pages 24 and 35 is maintained durndiscussion of the crystallographic
analysis, but as these homoleptic complex cations contaitiggand strands, | will distinguish between
them, using the ‘prime’ sign, and so the ligand strands diedcdigand strand’ and ‘ligand strarid In
both crystal structures, the complex cations consist oflfegail arranged ligand strands. Randomly,
the pyridine rings coordinating in an octahedral fashiomengamed A, B and C of ligand strand, and
C', D’ and E of ligand strandl (I could just as well have picked’AB’ and C of ligand stranand C,

D and E of ligand strand.) One ligand strand thus coordinaitisa “terpy”-unit with Ring B carrying
substituent b, while the other ligand strand coordinatéls wi‘terpy” unit Ring D carrying substituent
d, on the same copper(ll) ion.
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Figure 4.5: Crystal structure of the cation in [Qop)][PFs]s - 1.5 acetone: sideways view. Atom numbering is given in Figut.9 and 4.10.
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Figure 4.6: Crystal structure of the cation in [Gup)][PFs]s - 1.5 acetone: view along the Cu-Cu axis. Atom numbering ismgin Figures 4.9 and 4.10.



y -—
4 o — v 4 N
\A\ E’
\b> '\‘ \—/ 4
—y

e S S i,
‘Bl — ’~ —\
- Y —\ 4 g 4%
1 IDI—\—
T N, —
S Y
77N
S

Figure 4.7: Crystal structure of the cation in [Qep][PFK]s -2.5 acetone: sideways view. Atom numbering is given in Fegut.11 and 4.12.
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Figure 4.8: Crystal structure of the cation in [Pup][PF]s -2.5 acetone: view along the Cu-Cu axis. Atom numbering ismyin Figures 4.11 and 4.12.



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 separatmbigstrand. The torsion angles between each
pyridine ring, progressing through the ligand strands farthe same direction. The biggest torsion
angle in both ligand strands in both complex cations occtwéen the second and third ring. For
[Cu,(mp),]?t itis 48.9°and 53.4respectively for each ligand strand and for j@apP+ itis 57.2and
51.7. This main twist divides the quinquepyridine ligand stralilie the coordination behaviour, into

a “terpy” and a “bipy” unit. There is also a substantial torsbetween the third and the fourth ring,
18.67 23.9'in [Cux(mp)]?t, and 13.6/ 19.6'in [Cu,pcpPt (see Table 4.1). The torsion angles in
the two ligand strands forming one complex cation are noivadgnt, but the torsion angles of C5-C6,
C10-C11, C15-C16, C20-C21 in ligand strand, and C105-CCAa60-C111, C115-C116, C120-C121
and C60-C61, C65-C66, C70-C71, C75-C76 respectively anlistrant add up to control the pitch of
the double helix (see Figures 4.9 to 4.12. In {@up),]>*, the torsion angles inside one ligand strand
are distributed more evenly than in the other. This otherl@jstrantihas a more pronounced planar
“bipy”- and (close to) planar “terpy”-unit with a bigger tetibetween these units, and a bigger overall
twist. The same difference between the ligand strands canted seen in [GupcpP*, with a planar
“bipy” and “terpy” unit and a bigger dihedral angle betwe&e units in one ligand strand than in the
other ligand strar'd Both species are head to tail complexes, so ring B of onadigérand coordinates
trans to ring D of the other ligand straridto the same octahedral copper centre). RihgBhe ligand
strand is coordinated to the tetrahedral copper centre along withD of the other ligand strand.
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Figure 4.9: Crystal structure: one coordinated ligandnstraf [Cu,mp,][PFs]3, emphasizing the terpy
and bipy domains.
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Figure 4.10: Crystal structure: one coordinated ligandrgtrof [Cusmp;][PFs]3, emphasizing the
terpy and bipy domains.
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[Cux(Mp)][PFe]s [Cuzpcp][PFs]3
rings ligand: torsion/degree ligand: torsion/degree| rings ring | ligand: torsion/degreg ligand: torsion/degree rings
A-B 9.0 5.75 E-D' || A-B 9.6 7.4 E-D
B-C 18.6 23.8 D'-C || B-C 13.0 19.6 D'-C
Cc-D 48.9 53.4 c-B || C-D 57.2 51.7 Cc'-B
D-E 10.1 6.3 B'-A’ || D-E 6.85 12.4 B'-A’
sum 86.5 89.2 suni sum 86.5 91.1 suni
Cu-Cu-distance 3.944 4.002 Cu-Cu-distance

Table 4.1: Torsion angles of the ligand strands inJi@p:][PFs]s - 1.5 acetone and [Gpcp][PFs]s - 2.5 acetone. Esd values for angles in both structures weea gi
invariable as (3) for the first space after comma. Dependinthe torsion angle, the esd for it will varyup to (6). This meahat the overall torsion angles of the

ligands strands in [Gifmp),]>* may be identical, but the ligand strands in [@apP+ are not.
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Figure 4.11: Crystal structure: one coordinated liganarstrof [Cuypcp][PRK]s, emphasizing the terpy
and bipy domains.
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Figure 4.12: Crystal structure: one coordinated ligararstrof [Cu,pcp][PF;]s, emphasizing the terpy
and bipy domains.

Bond lengths and angles within the ligand strands In [Cux(mp)]®*, the bond distances connecting
adjacent pyridine rings like C5-C6, C10-C11 etc. are alliabdentical, depending on the quality of
the crystal, bond lengts vary between a minimum of 1415md 1.50% (A:0.0547\) when taking the
esd into account. In [GwcpP, these bonds vary between 1.46@nd 1.504 (A=0.0443), compare
with Table 4.2.

In [Cuy(mp)]**, the C-C-N angles like N1-C5-C6 and C5-C6-N2 etc. are nahallsame. They vary
between 113.2(8and 117.9(3) The smallest angle is found in ligand strabdtween the middle ring
of the “terpy” unit leading to the terminal pyridine ring (3. The biggest angle (11Bis found be-
tween the “terpy” and “bipy” unit, on the “terpy” side. All ber C-C-N angles vary between 114@)d
117(3) . In [Cu,pcpPt, the C-C-N angles vary only between 114.2¢8)d 117.5(3). While all these
angles are somewhere between 11@) 115.6(3), one of the angles between the “terpy” and the
“bipy” unit is slightly bigger (117.5(3)) see Table 4.3.

Dividing the structures into a Cu(“terpys, and a Cu(“bipy”} unit, comparison with complexes of terpy-
type ligands becomes possible. The interannular bondherigtthe Cu(“terpy”)-unit of Cuy(mp)>+

is an average of 1.480(,°€)and in Cupcp*t itis in average 1.482(:5) see Table 4.2. This is very sim-
ilar to the copper(ll) complexes of 42,2-biphen-4-y1)-2,26',2"-terpyridine® (1. 488\) and 4-(3, 4-
dimethoxyphenyl)-terpyidine (1. 489.119 | the free terpy ligand the interannular bonds are 14490
but they are 1. 445 in Cu(terpy)>*! Concluding from the difference between terpy type comesex
the phenyl substituents at thedosition cause an elongated interannular bond in the awatet ligand
on Cu(ll). This effect is preserved in both [(mp),]>*+ and [CwpcpFT.
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[Cuy(mpy]** [CuypcpFt
C5-C6 1.479(5A C5-C6 1.475(5A
“terpy” unit C10-C11 1.484(5A C10-C11 1.480(5A
C105-C106 1.476(6 A C60-C61 1.483(5A
C110-C111 1.482(5A C65-C66 1.490(5A
average 1.480(3A+0.004A 1.482(3):0.006
between the Units C15-C16 1.473(6):-\ C15-C16 1.490(5)?
C115-C116 1.494(5R C70-C71 1.492(4R
average 1.484(4)&i0.015& 1.491(3)i:0.001°A
C20-C21 1.478(6A C20-C21 1.486(5A
“bipy” unit C120-C121 1.482(6Q C75-C76 1.487(6Q
average 1.480(4):0.003 1.487(4)-0.001

Table 4.2: Interannular bonds between the pyridine ringghénligand strands of [Ggmp,]** and
[CuzpcpF .

The C-C-N angles of the free terpy ligand are a6 those for the Cu(ll) complex are £18! This
decrease of the C-C-N angles is accompanied by an increttsedihedral angles between the pyridine
rings112 The C-C-N average also 11 the complexed '4(3,4-dimethoxyphenyl)-terpyididé& and
114’ in the complexed'4(2,2-biphen-4-yl)-2,26', 2" -terpyridine'® The phenyl substituents seem not
to have an effect on the C-C-N angles. In the Cu(“terpyiiit of both the new structures, these angles
average 115

The Cu(“bipy”), unit of the new complex cations, have an interannular bond.480(4A for
[Cus(mp)]3+ and 1.487(4) for [CepcpF+. But the interannular bond in plain bipy is 1.4933 while

it is only 1.44@ in the Cu(l) complext’4 No structures of 4-phenyl substituted bipy ligands could be
found, so it is not possible to say anything about a possilibstéuent effect on the interannular bond
length. But in the new structures these bonds stay long upoptexation of the ligands.

The C-C-N angles are 116in the free ligand bipy and the angles do not change upon @mpibn
with Cu(l). In the Cu(“bipy”)-unit of both the two new structures, the C-C-N angles avefad. As
with the interannular bonds, no crystal structures of caxgdl phenyl-substituted bipy is known, and
thus it is not possible to know if the substituents play a redee, but judging from terpy, these 4-phenyl
substituents do not affect C-C-N angles.

After having discussed the conditions inside the units,r@t@rpy”- and “bipy”-units are close to pla-
nar, the conditions between these units must also be cardidé/hile the interannular bonds between
the units are not so different from the other, they averagé89§ in Cuy(mp)?*+ and 1.48A in
Cwpcp'™, the C-C-N angles between the units average 1it6both complex cations. The extreme
C-C-N angles in the complexed ligand strands are found siptlice.

n-stacking inside the complex cations In [Cuy(mp),]*, 7-stacking distances occur between the
co-planar rings B and ‘Bat distances of 3.236-3.446 and between rings D and’[at distances of
3.250-3.54%. The slightly tilted rings C and Awith a distance of 3.141-3.983and rings E to Cwith

a distance of 2.900-3.623have also close enough contact. The other terminal pyiding to central
pyridine ring interactions are at a bigger angle, and ondygtae of the nitrogen show close enough
contact for some orbital overlap (see Figure 4.5). Ring b blndre co-planar and have a distance
between the planes of 3.426-3.494The d and d rings are disordered. While C33 and C36 of the
ligand strand and C133 and C136 of the ligand strdrabe full occupancy at the position shown in
Figures 4.9 and 4.10, the other members of ring d and rirftade only half occupancy. The closest
distance found between these two rings is 2859
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[Cuy(mp)]®* [CuzpcpPt
N1C5C6 114.5(3)| N1C5C6 | 114.6(3)
C5C6N2 115.5(3)| C5C6N2 | 114.2(3)

N2C10C11 116.1(3)| N2C10C11 | 114.2(3)
C10C11N3 | 115.5(3)| C10C11IN3 | 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)
C20C21N5 | 116.4(3)| C20C21N5 | 115.3(3)
N6C105C106 | 114.7(3)| N6C60C61 | 115.1(3)
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)
C120C121N10l 114.8(3)| N75C76N10| 115.6(3)

nterpyn

ligand strand

ubipyn

nterpyn

ligand strand

ubipyn

Table 4.3: C-C-N angles in the cations [Gop)]>t and [CypcpPt.

In [Cu2pcp]3+ w-stacking distances occur between the co-planar rings BBaatidistances of 3.307-
3.82A and rings D and Dat distances of 3.196-3.514 the sllghtly tilted rings C and Awith a
distance of 3.232-3.841 and rings E to Ct a distance of 3.072-3. 826 The other terminal pyridine
ring to central pyridine ring interactions are at a biggeglanand only the side of the nitrogen show
close enough contact(see Figure 4.7). The b amigs are at an angle of 830 each other, the closest
distance is 3.51A. The d and drings are not distorted in this case. They are co-planar atartte of
3.177 to 3.54A (see table 4.4).

Hydrogen bonds Potential sites where hydrogen bonds may occur in the navetates is at the
phenol group of the mp ligand in [Gmp;][PFs]s 1.5 acetone. However, no hydrogen bond can be
seen between the ligand strands inside the complex catiomaiween adjacent cations. The distance
between the phenol-oxygen atoms inside one cation is é.ogariously, the methoxy groups of the
ligand strands, at the other side of the complex are clogpther, the distance between the oxygen
atoms is 4.198. The only hydrogen bond was found between the phenol grdujng d and an
acetone oxygen atom. In the crystal formed by {@up][PF]s -2.5 acetone there are no sites where
hydrogen bonds could occur.
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[Cusmp:][PFg]3 -1.5 acetone [Cuspcp][PR]s -2.5 acetone
ring | ring’ | distanceA | angle between the rings distanceA | angle between the rings
A C' | 2.563-4.387 46° 2.243-4.168 49’
B B’ | 3.236-3.476 5° 3.307-3.823 11°
C A’ | 3.141-3.953 18’ 3.232-3.841 11°
C E | 2.341-4.443 59 2.478-4.609 57°
D D' | 3.250-3.549 6° 3.196-3.514 7°
E C' | 2.900-3.623 17 3.072-3.835 17
b b | 3.426-3.980 2° 3.515-5.969 65
d d disordered 3.177-3.541 g8’

Table 4.4:7-stacking interaction distances in [@uap,][PFg]s -1.5 acetone and [Gpcp][PK]s -2.5 acetone.



Coordination geometry

Head to head versus head to tail Since the two metal ions in these two complex cations arefin di
ferent oxidation states, it could be expected, that thegotlio a head-to-head complex, where pyridine
rings with the same substituent prefere the same metal ioodrdination. Actually the head-to-tail
complex is formed in both crystal structures. In the casédeflinked ligand pcp, the linker would be
strained in a head-to-head isomer, so this may explain wayh#&ad-to-tail complex is formed. Here
the linker is relaxed and folds similarly to a hair-pin. Itiewever difficult to understand, why also the
non-linked double helical complex of mp with copper(ll/lygs the head-to-tail complex. Possibly the
packing in the crystal is more favorable for this complexrigo, while in solution both head-to-head
and head-to-tail exist.

Metal induced distortion The Jahn-Teller distortion of copper(ll) with six equival@onor atoms
would lead one to expect an elongated Cu(ll) sphere, wherertargy of d-_, - is higher than ¢, (or
more seldomly a squashed sphere, where the energy a$ tigher than of g-_,»). In these two new
structures, the donor atoms are not equal, nor can theybditgrevenly around the metal, so the ligand
already dictates a lower symmetry, and it becomes hardltmtehich degree the geometry preferences
of the metal ion affect the actual symmetry adopted by theptexn

The preferred coordination geometry of copper(l), whick &éull d-shell, with four equal donor atoms
is tetrahedral for a maximum distance between the electouds from the donor atoms. No distortion
of the tetrahedron is expected.

Ligand induced distortion The Ng-Cu and N»/-Cu bond lengths involving the middle pyridine rings
in the “terpy”-subunits that coordinate octahedrally &reghortest bonds of all in both complex cations
(see values for ‘B/Dor D/B” verus the values for ‘A/Eor E/A” and ‘C/C” in Table 4.10). It would
have to elongate the interannular bonds or the C-N bondsegbyhidine rings and reduce the C-C-N
angles in order to give a 90angle around the Cu(ll). In the tetrahedron around Cu(l);@NN angle

of 109°'would be the ideal geometry. Since this angle is bigger thardin the octahedron, an even
stronger deformation of the ligand would be necesseary ligothis geometry: A stonger elongation
of the interannular bond and a more reduced C-C-N angle wibelibe expected. This is however not
what happens, see page 62.

N;-Cu-N; bite angles The discussed interannular bonds, CCN angles, Cu-N borghisrand tor-
sion angles together with the C-N bond lengths in the ligandininate in the N-Cu-N bite angles.
They are listed in Table 4.12. As copper is a heavier atom tlaabon and nitrogen, the esd values
of the angles are smaller. For [@mp)]3* they are (in the “Cu(terpy) unit) 4N 4/ CuNg/ pr

= 78.3(1), £Np/p'CuNg v = 76.3(1fand (in the “Cu(bipy)” unit £Np,p CuNg, 4 = 81.1(1).
For [CwpcpP™ they are (in the “Cu(terpy) unit) 4Ny p'CUNg,pr = 78.8(17, 4ANp,pCUNg /o =
76.1(1yand (in the “Cu(bipy)” unit 4Np,p'CUNg 4 = 81.6(1). 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 calmgdat confidence interval at a 99% level, the
interval for the Cu(ll)—N bonds is completely separatechfrthe interval for the Cu(l)—N bonds.
This means that, with an error probability of less than 1%,tthe average of a bond length of Cul —

N differs from the true average of Cu2—N. (A student’s t-fiedfed however, because only the bond
lengths could be taken as input values. These are not enatghalgive narrow enough intervals.)
Curiously enough, as can be viewed in tables 4.5 and 4.6ctidedral Cu(ll), has a longer bond to the
nitrogen than the tetrahedral Cu(l). Comparing the shobsds in the “Cu(terpy) and “Cu(bipy)”

unit, it becomes clear that Cu(ll) must be the smaller iorheftivo after all. The reason for the other
two long bonds in the “Cu(terpy) unit is caused by the limited flexibility of 2,6'2erpy and higher
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oligopyridines to wrap around such small metal ions. Theseldengths 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)tsusfi [Cu,(mp)]>T is 1.948(2i\and the
average for those of [Gacqf+ is 1.962, see Table 4.7. This is a significent difference. The nigrog
atoms concerned are at180 angles to each other via the copper centre, and carryindexefit sub-
stituent in the 4and 4" position respectively. This may be the arrangement thawvalthe substituents
to show their differing effect most pronouncedly. It would imteresting to know the actual electron
distribution within the complex.

Symmetry inside the “Cu(terpy),”- and “Cu(bipy) »”-units of the double helicate Both complex
cations are slightly more open at the tetrahedral-end th#éime octahedral end. This can be viewed as
N — N distances between the two stands, across the doubje fibk difference in the distance of the
terminal nitrogen atoms of both ends of the double helidste {— Ng - Ng — N4/)is 0.30A for
Cu(mp)3*, and 0.34 for Cuypcp’t (see Table 4.7). Neglecting the N-N distances in the interfio
the complexes, they may approximately be considered hatiage similar to a cone.

Dividing the complexes again into a “Cu(terpy)and a “Cu(bipy}” unit, in the “Cu(terpy)” unit
of both new species, the bond lengths of Cu(ll) to the terimyaidine rings (ring A and B are
shorter than to the other relatively long bonds from the G @hrings to Cu(ll). It is a difference of
D (CumNpmiaare) —(Ctim Newrminon) =0-1588 in [Cus(mp)]?+, and 0.138 in [CuspepF+. This fits well
with the beforementioned conical form.

In the “Cu(bipy)” unit the bond lengths of the Cu(l) to the terminal pyridiiegs A" and E are shorter
than to the neighbouring rings-Band D-rings (see Tables 4.7 and 4.10). But this is a smaifference
thanin the “Cu(terpyy’ unit, Acy—n OU,NMW.MZFO.OZG& in [Cux(mp)]3*, and 0.028
in [CuspcpP.

Comparing again with the other two similar complexes, thmesds seen for [Cuqnpy)]>*:
DA (CuNoiamie) (O Nrorminar)=0-143 in the “Cu(terpy)”, and 0.10R in the “Cu(bipy).”. For
[Cus(Ms,gnpy)]3T itis 0.144A in the “Cu(terpy)” and 0.032 in the “Cu(bipy),” part.

Because of ligand induced distortion, in the “Cu(tepfylinit only the angles from central ni-
trogen (Ng) to copper centre to central nitrogen fNare approximately 180 with £ N4CuN¢
= 153#180°, £ NpCuNp =177~180and £ Ng CuN-=155%180for [Cuy(mp)]**, and £
N4CuN: = 156 #180°, £ NgCuNp =176 2180 and £ Ng CuN¢=154#180 for [Cu,pcpF+.

In Figure 4.13 , the angles of the Cu-N bonds around the ‘ectedi’ Cu(ll) in the “Cu(terpyy” unit
of Cu,(mp)>®t are shown without the ligand backbone. With the anglesdistieove, and with the
differing bond lengths (Cu-N/Cu-Ng: > Cu-N4/Cu-Ng: > Cu-Ng/ Cu-Np:, the symmetry of the
geometric arrangement of the nitrogen atoms and the coppés reduced t@',. The ligand backbone
being unsymmetrical finally removes even thg-axis.

seco'ndlast) - (

In Figure 4.13, the angles of the Cu-N bonds around the hetteal’ Cu(l) in the “Cu(bipy)” unit are
shown. The bond lengths CumqNand Cu-N; are shorter than Cu-}N and Cu-N,. This reduces the
symmetry fromD,, to Cs,,, but the angle between the planes formed hy GUNp and Ny CuCg are
far from 90, and so ther, are removed. When taking the backbone of the ligand intowatcas well,
the remaining’; axis is also gone, and the symmetry is again removed conhplete

The situation for [CupcpF+ is practically identical to the one discussed for §Gup),]>*. The angles
of the Cu-N bonds around the ‘octahedral’ Cu(ll) in the “@ufly),” unit are shown in Figure 4.14 and
those in the “Cu(bipyy’ unit are shown in Figure 4.14).

Despite the lack of symmetry discussed in this section, thahecentres are centred well in their ‘octahe-
dral’ and ‘tetrahedral’ environment. In order to make thisible, in Figures 4.15 and 4.16, the nitrogen
atoms across the helix and diagonally across each cooialingpphere were connected by turquoise
lines. The fact, that the copper ions lie where these linesscmay give an idea of how centred the
copper centres are.
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[Cux(mp)][PFels

six-coordinate

four-coordinate

ring | bonds of Cu2| length /A | ring | bonds of Cul| length /A
A Cu2 N1 2.186(3) | E Cul N5 1.986(3)
B Cu2 N2 1.963(3) | D Cul N4 2.037(3)
C Cu2 N3 2.356(3) | A’ Cul N10 2.011(3)
E Cu2 N6 2.104(3) | B Cul N9 2.011(3)
D’ Cu2 N7 1.933(3)
Cc Cu2 N8 2.243(3)
standard deviation,, 0.009 0.009
averager 2.1308 2.0113
standard deviation of the averagge 0.0037 0.0045
confidence interval, level 99% &l 2.121-2.140 2.000-2.023

Table 4.5: Bond lengths of the coordinative bonds inJil@p, ][PFs]s.
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[Cuzpcp][PFs]s

six-coordinate

four-coordinate

ring | bonds of Cul| length /A | ring | bonds of Cu2| length /A
A CulN1 2.117(3) E Cu2 N5 2.006(3)
B Cul N2 1.950(3) | D Cu2 N4 2.027(3)
C Cul N3 2.240(3) | A’ Cu2 N10 2.001(3)
E Cul N6 2.201(3) | B Cu2 N9 2.035(3)
D' Cul N7 1.973(3)
c Cul N8 2.354(3)
standard deviation,, 0.009 0.009
averager 2.1392 2.0173
standard deviation of the averagg 0.0037 0.0045
confidence interval, level 99% &l 2.124-2.155 2.010-2.025

Table 4.6: Bond lengths of the coordinative bonds inJ@ap][PF]s.)




llterpyﬂ llbipyll
outer middle inner inner outer
NA_ NE” NB_ ND’ NC— NC' ND— NB’ NE— NAI
i distances across the inngr
oo side of the double helix]| 3.391 3.894 3.533 3.725 3.688
o Ni—N; /A
E J
- -N length
5 g“_ bond length averagel » 145(2) 1.948(2) 2.300(2) 2.024(2) 1.999(2)
@) I R
£ N;CuN,; 104 177 100° 134 135
N distances across the inngr
0 side of the double helix]| 3.393 3.917 3.343 3.682 3.729
o o
8 N;,— N]' /A
N -
3 ;{Nc,tj?%‘?lgtggtﬂjaverage 2.159(2) 1.962(2) 2.297(2) 2.031(2) 2.004(2)
= CuNitCu- Ny
£ N;CuN,; 104 174 102° 130° 137

Table 4.7: Symmetry in the“Cu(terpy)and “Cu(bipy),” units. By forming the average over two bond lengths, thgiogdl esd values of (3) were reduced to (2) by
the formula=-..
V2
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Figure 4.13: N-Cu-N angles of the octahedrally coordin&edll) and the tetrahedrally coordinated
Cu(l) in Cly(mp)>+.

C

Figure 4.14: N-Cu-N angles of the octahedrally coordina@edll) and the tetrahedrally cordinated
Cu(l) in Cuypcp’™.
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Figure 4.15: Well centred copper(ll) and copper(l) in thenptex [Cw,(mp),]>*. Coordination poly-
hedra are drawn as turquoise lines, connecting the nitraggens of each coordination sphere.
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Figure 4.16: Well centred copper(ll) and copper(l) in thenptex [CwpcpF*. Coordination polyhedra
are drawn as turquoise lines, connecting the nitrogen atdmach coordination sphere.
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4.2.3 Comparison with other substituted quinquepyridine @mplexes

In Tables 4.11, 4.10 and 4.9 the two new structures are cadpaith similar, already published
structures retrieved from the Cambridge Datalids@:41:43 64These structures are all symmetrical, as
opposed to the new structures, which means that there isatbtioehead / head-to-tail isomerism.

Ligand geometry

Ligand conformation in the complex: In all of the copper complexes of gnpy type lig-
ands®7.40.41.43,64he torsion along the strands are similar. Direct comparisakes most sense with
the mixed oxidation state complex of the unsubstituted digayd*! and the symmetrically substituted
ms,gqnpy?’ that have no substituents that could sterically interfeit ¥he formation of the helicate.
In the case of Ca(qnpy)3*, the torsion between the “bipy” and “terpy” unit (&thd 48) is very
similar to the new complexes, but the planarity of the uditmselves is lower, and the torsion angles
per ligand strand add up to %hd 95respectively, which is more than in the new complexes. In
Cw,(Mms,-qnpy),3+, the situation is the other way round, the torsion betweenuihits (63and 70)
being stronger, and the planarity within the units beingerdistinct. Total torsion of the ligand strands
in Cuy(mp)>* is 89", and of Cupcp*t, Cw(gnpy)3™ is 90°'and Cu(ms,qnpy)>* it is 90°(see
Table 4.9).

Bond lengths and angles within the ligand strands As mentioned before, in the Cu(ll) complex of
terpy [Cu(terpy)][PFs]-,1!! the bonds connecting adjacent pyridine rings are shorté48) than in
the free ligand (1.49&)).115 If A'is defined as the interannular bond in the complex minus tieesinnu-
lar bonds in the ligand, theA for terpy becomeg\ = 1.445A —1.490A = —0.045A. In the complex
Cu(l) complex of bipy [Cu(bipy][CIO4], the bonds connection adjacent pyridine rings are alsaaho
(1.4408)11 than in the free ligand (1.4%0,13 and A becomesA = —0.051A. In the copper(ll)
complex of 4-substituted terpy [Cu(4(3,4-dimethoxyphenyl)-terpy)>*, the interannular bonds aver-
age 1.488 and in [Cu(4-(4-biphenyl)-2,26',2"-terpy)]2*, they average 1.488 Both these values
(1.489& and 1.488f’\) are closer to the interannular bonds of the free terpy?((]&}than the complexed
terpy (1.4455’\). Complexation may have a shortening effect, while thetets withdrawing phenyl sub-
stituents in the 4 positions may have the effect of elongating these bondsveder, if the esd values
for the interannular bonds in these structures are as high th®se for the interannular bonds in the
new structures, these differences are not significant.

When gtpy is complexed with copper(l) in [@gtpy)k][PFs], not only new coordinative bonds are
formed, but also a metallo-supramolecular double helixhis double helicate, the interannular bonds
average 1.508, while they are 1.48A in the free ligand®® This gives a postive difference between
the interannular bond in the complex minus the interannodard in the ligandA = 0.016A. So it
seems that though complexation with Cu(ll) as well as C#dk to a shorter interannular bond in
the mononuclear complex, helication leads to elongategannular bonds (in case the differences are
significant).

There is no known structure of the neutral gnpy ligand, buérvlssuming that the interannular bonds
average somewhere between 1.484 and 1.491 like in the lo@esligopyridines, then Gifgnpy)>+
resembles the mononuclear complexes as the interannutaskaverage 1.424 which give A =
—0.064A. The arrangement of the pyridine rings is very differewinfrthe previously discussed com-
plexes, a®2z5 pyridine rings (two gnpy) arrange themselves around anhechal and a tetrahedral
copper ion, than whe2w:4 pyridine rings (two qtpy) arrange themselves around twaketdral copper
ions. Also interactions liker-stacking may play a role. The interannular bond lengtheécomplexes
[Cus(Ms,qnpy)]®T, [Cus(mp)3+ and Cypcp't are 1.484, 1.480(4A and 1.486(4h respectively.

In the copper(ll/l) complex of the basic ligand gnpy the rateular bond lengths vary over a wider
range (1.309-1.6(?8 A=O.299&), while the corresponding bond lengths in the coppej(@dmplex of
the 4,4"-substituted gnpy type ligands vary less:»Qus,-qnpy)3+ (1.466A to 1.504 , Cu,(mp)>+:
1.473(6A to 1.494(5A and Cupcp** (1.475(5A to 1.492(4A . At least for the last two complexes,
of which esd values are known, the differences are not sigmifi
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A-C' | B-B' | C-A' | C-E | D-D' | E-C | b-b/ | d-d
Cu(gnpy) " 48° | 10" | 20° | 49" | 10° | 19
Cu(ms,gnpy}t | 60° 5 3 | 75 12
Cu(mpp* 46° ° | 18 | 59 Sl | 2°
Cu,pcptt 49° | 11° | 11° | 57 ° 117 |65 | &

Table 4.8:7-stacking angles in mixed oxidation state copper(ll/l) pbemes of gnpy-type ligands.

For the C-C-N angles of'4henyl type terpy, no substituent effect could be seerhesetangles vary
even less on complexation than the interannular bonds. @ingpC-C-N angles in [Ci(qtpy)]**
(112°-119°, A=7") with those of the free ligand qtpy (116-1172=1"), upon complexation and helicate
formation, the C-C-N angles just seem to vary more strorigtg C-C-N angles in [Ci(gnpy)]>* vary
also very strongly (104123°, A=19"). In one ligand strand, the smallest angle is at the terning|

in the “bipy”-unit (107), and the biggest angle in the joint between the “bipy” are ‘tierpy” unit,

on the “bipy” side (123). In the other strand the smallest angle is in the joint betwie “bipy” and
the “terpy” unit, also on the side of the “bipy” (104, and the biggest angle towards the terminal ring
in the “terpy” unit (124 ). The remaining angles vary between i46d 120. This unregularity is in
contrast to the structures of [@mp)]3* and [CupcpPt which only varyA=5" and A=3". Also

in the complex [Cu(ms,qnpy),]>* the C-C-N angles vary only between £a8d 117(A=4") (see
table 4.9. Substitution in the 4nd 4"’ -position of the gnpy ligand seem to even out the C-C-N angles
It might be an effect of the-r-stacking interactions of the phenyl substituents in the cempounds
an a van-der-Waals interaction between the sulfur atomseo$aibstitutens in mgnpy (see below).

m-stacking The differences in the torsion and the interannular bongdtleneffects ther-stacking in
the complex cation. As the gnpy-type ligand strands haveséimee length, difference in total torsion
gives the difference in the helical pitch and thus also tliferdince in the distances betweestacking
pyridine ring planes. In both the new structures, the stusiis add additional-stacking interactions
of the b-, B- and d-, d-ring compared to the previously known stuctures. The emlity between the
“bipy” unit of one ligand strand with the “terpy” unit of thafwer is distinct. The terminal pyridine rings
in the “terpy” unit stick out at an angle of over §®ut all the other rings have-stacking partners of the
other ligand strand. Table 4.8 shows the angles ofrtséacking planes, keeping the numbering from
the asymmetric head-to-tail complexes for the symmetdoak as well.

This is in contrast to the unsubstituted Qgnpy)>* complex, where the pyridine rings are less co-
planar than in the Cu(ll/l) complexes of mp, pcp and.qry. Another difference exists between the
ms,gnpy complex and the other ones. While one terminal pyridimgesticks out of the complex cation
of ms,qnpy at an angle of 6@nd above, in the complex cation of gnpy, all four terminaigipe rings
are integrated in the-stacking, and so the C- and-@ngs, are sandwiched between two other. In the
new structures, the angles of the terminal pyridine ringsrabetween the previously known structures
(compare also with Table 4.4).

As the torsion angles, interannular bond lengths and C-@dles are more even in all three substituted
gnpy Cu(ll/1) double helicates than in plain ggnpy)>t, it is assumed that-stacking of the phenyl
substituents and the van der Waals interaction with swiflfiur distances of 3.942 and 3.998in
[Cu:(Mms:gqnpy)]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 comgdaxith copper
ions containing gnpy-type ligands do also have a three- awd-alentate domain. Theg]NCu and Ny -

Cu bond lengths involving the middle pyridine rings in therfiy”-subunits that coordinate octahedrally
are the shortest bonds of all in all complex cations (seeegdfor ‘B/D' or D/B’ versus the values for
‘A/E’ or E/A”” and ‘C/C" in Table 4.10). As mentioned above, this is because a Agbpyridine cannot
bend the C-C-N angle nor stretch the bond connecting adjggeidine rings far enough to oblige the
preferred coordination sphere of the copper(ll) ion. In ¢doenplex with terpyt!! the “terpy” units
are positioned symmetrical around the central pyriding,rthe Cu-N bonds to the outer rings being
2.179 and to the middle ring 1.978 these bond lengths are found with only small variationliriee
gnpy derived, double helical copper complexes.

Symmetry inside the “Cu(terpy).”- and “Cu(bipy) »"-units of the double helicate All gnpy type
complexes [Cu(gnpy)]>T, [Cu:(ms:gnpy)]®* and the new ones, are more open in the “Cu(kipy)
end than in the “Cu(terpy) end. The Ng-N 4/ distance is longer than thegN-N 4 distance. In the
non substituted copper complex gnpy complex, this diffeeein N-N distance between one end and
the other is 0.48, and in the symmetrically substituted copper complex ofgngy it is 0.3¢% and as
already stated it is 0.30 for [Cuz(mp)]®t and 0.34 for [CusgcqPt, see also Table 4.7.

It has to do with the narrower bite angles at the six cooreii@i(ll) and the bigger bite angles at the
four coordinate Cu(l). Consequently, the symmetrical @fif) complex of sixpy [Cd(ms;sixpy)]*+

has almost the same N-N distance in both ends (3.450 and@.é(BXle.OOéﬁ)). But surprisingly,
the Cu(l) complex of gtpy [Ci(qtpy)]>t forms a double helicate, that is slightly narrower in one end
than the other (3.87 and 3.792 A=0.0823), despite for that both copper ions are approximately
tetrahedral and have the same oxidation state.

The same asymmetry in the “Cu(terp})and “Cu(bipy),"-units, where the N-Cu bonds to the terminal
rings are shorter than to the inner ones is seen in earlidisheld structures listed in table 4.10. The
one exception is of the ligand strands in p0&,6""'-dimethyl-4,4"'-diphenyl-gnpy)]**, where the
N¢:-Cu(2) bond is shorter than the;NCu(2) bond (2.3082.331), but in this special case, there is
a sterically hindering methyl group positioned at the 6- &fi¢-position, apart from the peripheral
substituents in the’4 and 4"-positions. This influences the overall structure stelycaBut when
comparing the average of the,N,. -Cu with the average of the N . -Cu bond length in this structure,
the bond length of Cu to N4/ (2.2853) and Ny (2.290R) are about the same.

N;-Cu-N; bite angles The bite angles of the new complexes were identicaj (@), ]* T /[CusqcqP T
78.3(1)/78.8(1) and 76.3(1)/76.1(L) for the “Cu(terpy)” unit and 81.1(1)/81.6(f) for the
“Cu(bipy):” unit. Comparing with mononuclear copper(ll) complex afptg and copper(l) complex of
bipy shows that in [Cu(terpy)>t these angles are 76.thside the ligand strand, and in [Cu(bipy}
they are 81.5 which gives 79.2in average. These are identical angles as in the new conmplexe
An overview including Cu(gnpy)>®* and Cu(msgnpy)3* is given in Table 4.12. Also these have
the same bite angles: 77,978.7 and 81.1 for [Cu,(qnpy)]** and 77.8, 75.4 and 80.3 for
[Cu:(Mms:gnpy)]T. And so the new complexes have quite ordinary bite angles.

Cu-Cu distances As the discussion so far suggests, the copper-copper degamthe new complexes
do not differ much from the similar, already published staues of gnpy type ligands (see Table 4.11).
The Cu-Cu distance in Gnpy)+ is 3.95A and in Cu(qnpy)3* it is 4.250. Arranging the
ligands after the copper-copper distance in the mixed dxidatate complexes, gives the order of the
ligands: mp (3.94) < gnpy (3.98%) < pcp (4.0R) < ms,qnpy (4.23\). The latter has a longer Cu-Cu
distance than the other. It is a special complex becauseecdutur substituents. The neighbouring
sulfur atoms are at a distance (3.942 and 3§998ose to the sum of the van-der-Waal radii of 4380
and this interaction may be causing the long pitch and aleddhg copper—copper distance of the
complex.
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Inter-ligand interactions:’4and 4" -substituents

Cu(gnpy)* Cu(mp)* Cux(pep* Cue(ms:qnpy)*
b-tf m-stacking weak sulfur-sulfur
none (and d-d dis- | b-d and d-d-w- | van der Waals inter- substituent effect
parameters torted w-stacking?| stacking action (3.998 B-
distance:3.4A) B’ and at D-D

torsion,¢.; of the pyridine o o o o
ring plar]:els by 88 87 87 92 the helical pitch of the two

] o ligand strands in the cation
tgrsmri(,m, of the pyridine 91° 89’ or° 8g° become more equal
ring plane$
Avorsion (ligand-ligand) 3° 3 5 3°
£ C-C-N 107°-123° 1147-118 1147-118 1137117

o o o o the C-C-N angles vary lesg
Dmaz—min 16 4 3 4 within each of the ligand
£C-C-N 104°-124° 1137117 115-116° 114115 strands
A oo min 20° 4 1° 1°
interannular bondsA 1.407-1.567 1.473(6)-1.484(6) | 1.475(5)-1.490(5) | 1.471-1.482
o the inter annular bonds

Ahighest—towest | A 0.160 0.011 0.015 0.011 become more equal in botl
interannular bondg A 1.309-1.608 1.476(6)-1.494(5) | 1.483(5)-1.492(4) | 1.466-1.504 ligand strands
Apighest! —lowest! /A 0.299 0.018 0.009 0.038

Table 4.9: Inter-ligand strand interactions of the substits at the ‘4 and 4" -position.)



octahedral Cu-N bond/ tetrahedral Cu-N bond/
AJE B/D' cic D/B’ E/A
[Cus(Mp)][PFsls | 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)
[Cuspepl[PR]s | 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)
[Cus(qnpyR][PFs]s 2.168/2.179 1.971/1.968 2.325/2.308 2.156/2.099 2.043/2.011
[Cux (4,4 -di-methylthio-gqnpy)} ][PFe] s 2.145/2.170 1.975/1.974 2.296/2.307 2.031/2.064 2.021/2.010
[Cux(6,6™"-dimethyl-4’,4" -diphenyl-gnpy) ][OAc] 5 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(gnpy) (OAC)][PFe]s 2.162/2.160 ‘ 2.018/1.964 ‘ 2.319/2.378 2.214/2.078 ‘ 1.994/1.996
octahedral six coordinate
[Cuz(4',4" -di-methylthio-gnpy) (OAC)][PFs]3 2.170 ‘ 1.949 ‘ 2.349 2.145 ‘ 1.981
octahedral nickel ion tetrahedral
[Cu™) NI D (& 4" -di-methylthio-qnpy} J[PFe] s 2133) | o) | (2 2005 | 1.998

Table 4.10: Octahedral and tetrahedral coordinated cappsr comparing bond lengths (labelling according to theR¢Mbelling, see Figures 7.13, and 7.17).
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6.

Table 4.11: Octahedral and tetrahedral coordinated cdpper comparing bond lengths. Forming the average overuegaleduces the esd values by the formula

esd _

=

octahedral tetrahedral Cu-Cu distancé

average for [Cu(mp)][PFs]s (intervabge,) | 2.131(2) (2.12%+2.140)| 2.011(2) (2.006-2.023) 3.944

average for [Cupcp][PK]s (intervabgyy,) | 2.139(2) (2.124-2.155) | 2.017(2) (2.016-2.025) 4.002

average for [Ce(qnpy)][PFs]3 2.153 2.077 3.957

average for [Cu(msgnpy):][PFs]s 2.145 2.032 4.250

average for [Cw(6,6™"-dimethyl-4',4"-diphenyl-gnpy}][OACc] 3 2.177 2.039 3.953
octahedral five coordinate Cu-Cu distance(

average for [Cu(qnpy)(OAC)][PFs]s 2.167 2.071 4.504

octahedral ()

six coordinate (NO,)

Cu-Cu distanceé

average for [Cu(ms:qnpy)(OAC)][PFs]s 2.156 2.063 4.438
octahedral nickel ion tetrahedral Ni-Cu distanceh
average for [CUD ,NiU'T) (4’ 4" -di-methylthio-qnpy)][PFe]s (2.122) 2.002 (4.701)

3
i for the octahedral, and‘ﬁ for the tetrahedral).




[Cuy(mp)]** [Cu;pcpPt [Cux(qnpy)]®* | [Cux(ms,gnpy)]®*
bite angle strand strand strand strand | strand| strand | strand| strand

N4CuNg / N CuCp | 77.94(12)| 78.66(13)| 79.28(11)| 78.30(10)| 75.65| 80.23 | 78.03| 77.65
NgCuN: / N CuCer | 75.65(12)| 76.89(11)| 77.07(11)| 75.20(10)| 81.50 | 74.83 | 75.48| 75.28
“bipy” unit NpCuNg / Ng:CuCy | 81.37(13)| 80.74(13)| 81.43(12)| 81.86(13)| 77.23 | 85.00 | 80.27 | 80.37

“terpy” unit

Table 4.12:4N;CuN; bite angles in the gnpy-type ligands strands of the mixedation state Cu complexes. Taking the esd values into atcgdidy CuNg and
4ANpg:CuNp: are identical for all these complexes, as &g CuN- and£N p. CuNg: and4NpCuNg and4Npg: CuN4:.
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4.2.4 Electrochemistry

The electrochemical behaviour of the two species chaiiaetéby X-ray diffraction ([Cu(mp)][PFs]s
and [Cupcp][PF]3) was studied under conditions described on page 173.

The exact potentials were obtained by differential pulsikanometry. In both complexes the values
for the Cu(ll/l) processes are are 0.14V and -0.43V versundene. The cyclovoltammograms of
both complexes were recorded between -1.250V and +1.256kdw metal and ligand oxidations and
reductions. Ligand reductions could not be resolved wall[Qu, (Mp)][PFs]s, there is a decrease in
the current intensity from the first to the second scan of fr@ogoltammogram. But the third scan
is identical to the second. In [Gpcp][PFs]s3, there is a decrease in the current intensity from the
first to the second and from the second to the third scan. Tirerdumaxima are not resolved well,
and peak splitting\E, at the scan rate of 0.1V/s can only be estimated. They arecab@mV and
this suggests non-reversibility of the redox process imtbécules at this scan rate, or uncompensated
solution resistance and/or non-ideal cell geomé&tfyEor [Cu, (mp)][PFs]3, E=0.14V has an estimated
AE, ~360mV, and theAE, for E=-0.43V cannot be estimated. For §pep][PF]s, E=0.14V has an
AE, ~350mV, and E=-0.43V has afAE,, ~210mV. These peak splittings are much larger than that
of ferroceneAE, ~110mV (ideally, when diffusion controlled =90.6mv). But Bturn waves are
seen for both substances, their redox processes may bd qalsi-reversible. In Table 4.13, some
redox potentials of related complexes’ 40.41.51.67.9%re |isted, ordered after increasing first reduction
potential.

For comparison of the new complexes with asymmetric ligaitdgould have been interesting if the
complex of hpgnpy, would have been measured. This has not been succgssfplerhaps because
of deprotonation of the phenol grodp.So only the complexes without the phenol group, like of the
new asymmetric ligand pcp and of the known asymmetric lighpdpgnpy, can be compared directly
with the complexes of the symmetric parent ligands: in paghlsubstituents are most similar to 4-
methoxyphenyl. Indeed, as shown in Table 4.13, each of ttenfials for dinuclear copper complexes
differ only by 30mV from the parent complex, which is not diggant. The complex of tbpcpgnpy
can best be compared with the complexes of symmetricallgtduted gnpy with 4-chlorophenyl and 4-
tert-butylphenyl. Both potentials of the dinuclear copper cerpf tbpcpgnpy are close to theagmpy
complex, and far from the thpnpy complex. In fact, both potentials are influenced malythe 4-
chlorophenyl. This may mean that the complex of tbpcpgnpgé&d-to-tail, like the new complexes, and
so the 4-chlorophenyl substituent is relatively close tthiod the metals. Or if it is head-to-head, there
must be strong communication through the complex in ordekptain the influence of 4-chlorophenyl
also on the second metal based reduction.

An example of a complex with electron donating substituéntihe dinuclear copper complex with
ms,qnpy. Three redox potentials have been reported by Bb#ts’” There are two potentials at 0.32V,
and -0.24V (converted vs ferrocene). Comparing these twenpials with the average of the two po-
tentials in the table, a shift of +0.14V is seen for the firsdl &9.18V for the second process, so this
complex is reduced more easily than the complexes of 4-Raplsebstituted gnpy ligands. The differ-
ence between the two potentials 0.29V and -0.24V is 0.53¥this value fits in well with the ones in
the right hand column of Table 4.13.
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Cw(4-R',4"-R2-gnpy)

first metal based re1 second metal based _.
L . . Difference between
1 9 duction in Volt ver- | reduction in \olt -
R R the two reduction
sus ferrocene £ | versus ferrocenef otentials
20mvV) 20mvV) P
a%/ $j 0.11 -0.45 0.56
5 q? 0.12 -0.40 0.52
(> %)
4 4 0.12 -0.43 0.55
ié KE 0.14 -0.43 0.57
O,\/O\/\Or o
Sy O
/4 % T 0.14 -0.43 0.57
f !
4" 4" 0.15 -0.37 0.52
@ 9? 0.15 -0.40 0.55
ié Q 0.16 -0.45 0.61
/
Eé ié 0.17 -0.40 0.57
ié Ké 0.18 -0.41 0.59
e ﬁf?w\
PSS
‘\TJ “TA 0.19 -0.40 0.59
i% Ké‘ - - -
ié Ké 0.29 -0.24 0.53

Table 4.13: Reduction potentials (versus ferrocene) aficdear copper complexes of gnpy-type lig-

and§5, 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 pe@eown.
The colour is assumed to be coming from the complexed C I &) complexes of oligopyridines
are typically brown, due to the Cu(l)-Ligand{() charge transfer band where the electron is transferred
via an-type overlap of the d orbital from the copper with the ligarfd_UMO.3>

The highest values in the visible region are 2.50 — 6.440° M~!'cm~! at 467 — 473nm, while there
is a shoulder with values of 1.02 — 2.2410° M~'cm~! at 572 — 585nm, see Table 4.14. The former
is an absorption of blue light and it makes the species appeage, while the latter is an absorption
of yellow light and makes the species look blue. This geheraadkes the eye see a brown colour. The
absorption of red light at 690nm (seen as a maximum in thg éxidised complex [Ce(gnpy)]** %)
which makes the species look green, have in the case for thpleres studied here, only weakalues

of 3.09 — 4.64 10° M—'cm~!. So the magnitude in the molar absorption coefficient areti#thm,
579nm and 690nm are in the ratioof20 : 10 : 1.

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

Concentrations of the complex solutions in acetonitrile:
[Cu2(pp)2][PF€]3: C1=1.O4'1O_4M, C2=9.32'1O_6M
[CUQ(mp)Q][PFﬁ]g: C1=1.14'1O_4M, C2=1.14'1O_5M
[Cuy(gpk][PFe]3:  €=1.19-107*M, ¢3=1.19-107°M
[Cuspepl[PR]s: €;=1.22-10~*M, ¢,=1.22-10"°M
[Cuymcm][PR]s:  ¢;=1.05-10"*M, ¢;=1.05-10"°M
[Cuyqcq][PRs]s: ¢;=1.15-10~*M, ¢,=1.15-10"°M

The solvent acetonitrile, leaves a window for measuremieova wavelength 210nm. Therefore, the
shoulder at 222-226nm is already relevant. Then there isd@muan at 288-292nm, that is most proba-
bly an intraligandr-7* transition, as in the Gqgtpy)>* complex3”1” Going to higher wavelengths,
the absorption in all complexes except [Qup)|PFs]; stays relatively high (see figrue 4.17). There is
another shoulder at 316-320nm, most distinct in the congglet mp, mcm and qcq, and another one
at 347-351nm. The maximum at 467-473nm and the shouldeoahdr572-585nm (see figure 4.18)
are much weaker. They are attributed to MLCT transition$,dad transitons would also be expected
around 600nni’117-118The maxima and shoulders in the UV-Vis spectra are listechini€r4.14.

Figure 4.19 illustrates the change that takes place, whapytgpe ligand complexes into a double heli-
cate. Here the UV-spectra of qp, mp and pp and their coppigdduble helical complex are shown. For
comarison, the y-axis is the extinction coefficient rathantthe measured absorption. In the complex,
the double amount of aromatic rings are present per mol, aoaato the pure ligands. The maximum
absorption is shifted towards lower energy, and it is noticed as quickly, when going towards bigger
wavelength either. This finding suggests that by complerapart of the original chromophoric system
is expanded. Figure 4.20 shows the same kind of changes limiieel qnpy type ligands qcq, mcm and
pcp and their complexes with copper(ll/1).

All spectra of the six coordination compounds exhibit samébsorption pattern. The molar extinction
coefficients at~280nm, are higher for the complexes of linked ligand tharctireesponding non-linked
ligand.e,cq > €4p ande,e, > €, the mp-complex and mem-complex show extinction coefficiemty
close to each other, but also hetg,.,, > €,,. The decrease in absorption towards higher wavelength
is most distinct with the pp-complex.

The molar extinction coefficients for the absorption maximat~470nm, have the opposite intensities.
€ap > €geqr Emp > E€mem ANAey, > €5, The difference of are 1600M 'cm~! for the gp/qcq pair,
1770M 'cm~! for the mc/mem pair and 1650Mcm~! for the pp/pcp pair and thus all similar. This
is an effect of the different ratios of mixed valence (Cugui)l) helicates and Cu(ll)Cu(ll) helicates in
the samples. The helicates of non-linked ligands occur kethivalence, and the helicates of the linked
ligands mainly as Cu(Il)Cu(ll) valence. As the complexedITis responsible for the absorption at this
wavelength, the amount of Cu(l) present in the helicateswamis for the intensity of the absorption.
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Figure 4.17: UV spectra of the gnpy-type copper complexéisdmegion 200nm-450nm in acetonitrile.

It would be interesting to compare the intensity and positid the maxima and shoulders in the
visible spectra of these compounds with those of [Cu(kipy,) [Cu(terpy}]>*, [Cux(gtpy)]>T and
[Cuy(gnpy):]®T. The only published data found, however, was on [Cu(teldy)*'® and trinuclear
copper(l) double helicate of two tris-bipy ligarid$(see Figure 4.21). The former is a green compound,
formed in water, and the green colour is due to a weak absorptiaxiumum at-640nm and a mo-
lar extinction coefficient of 77M'cm~1!. It shows a d-d absorption typical for d-block complexes} an
would be easily overruled by the intensity of an MLCT absmmband from a Cu(l) complex described
above or in the literature example below.

The latter was a red compound wih, ., at 500nm and an extinction coefficiendf 26000Mtcm™!.
The maximum is red-shifted compared to the new species and traich higher absorption coefficient.
The higher absorption is partly due to three copper(l) metaltres per complex cation. But as the
absorption at around 470crh in the new compounds times three: 3x6500Mdm~' do not reach
26000M'cm~!, the profound difference of the ligands, and the way theymere, also must play a
role. It is plausible, as the absorption band 500nm (26008ivh~ ') is assigned to a metal-to-ligand
charge transfer (MLCT).
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Figure 4.18: Vis spectra of the gnpy-type copper complexdise region 450nm-800nm in acetonitrile
(change of the lamp at 650nm).

[Cu2(pp)2][PFsls [Cuz(mp)a][PFe]s [Cu2(gp)2][PFsls
Alnm | e/M7tem™ | X/nm | e/M~tem™ | A/nm | e/M~tem™!
222 8.50-10" 226 9.36.10" 224 8.99.10"
288 7.24-10" 292 7.20-10" 292 7.70-10"
319 4.99.-10 317 6.63-10" 318 6.36-10"
351 3.24.10" 351 5.12-10" 348 4.21-10
467 4.15-10° 467 6.44-10° 470 6.05-10°
572 1.60-10° 581 2.14-10° 577 2.24.10°
[Cu2pcp][PFs]s [Cuamcm][PFs]3 [Cu2qcq][PFels
Alnm | e/M7tem™ | X/nm | e/M~tem™ | A/nm | e/M~tem™!
224 9.16-10" 225 9.25.10" 224 9.68.10"
289 7.89-10" 292 6.84.10' 291 8.39.10'
316 6.38-10' 320 6.55.10" 316 7.30-10'
351 3.97-10' 348 5.43.10' 347 4.98.10"
473 2.50-10° 468 4.67-10° 473 4.45.10°
574 1.02-10° 576 1.63-10° 585 1.60-10°

Table 4.14: UV-Vis wavelengths and extinction coefficiefotamaxima and shoulders of the acetonitrile
solutions of the complexes. Measured on two separate spfitor the UV-region and the Vis-region.
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Figure 4.19: The UV absorption spectra of the three gnpydtvies qp, mp and pp in chloroform and
their copper(l1/1) helicate complexes in acetonitrilelg@ns.
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Figure 4.20: The UV absorption spectra of the three linkegyagaherivatives gcq, mcm and pcp in
chloroform and their copper(ll/l) helicate complexes iri@mitrile solutions.
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Figure 4.21: A copper(l) trinuclear tris-bipy double helie, synthesised and characterised by Lethn
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The spectroelectrochemistry was conducted in absolute acetonitrile. The absorptiohénvisible
region was measured as it changed over time, while a constéantial was applied. The aquisition
range was from 190 nm to 1100 nm and the cycle time was 15 s. eloxfdative scan, the mixed
valence compound would oxidise: Cu(l)Cu)Cu(ll)Cu(ll), and in the reductive scan, it would be
reduced: Cu(Il)Cu(h>Cu(l)Cu(l). The absorption at this wavelength was assigoeah MLCT band
of coordinated Cu(l). Thus the absorption was expectedrtonish upon oxidation, and increase upon
reduction.

For [Cw(mp)][PFs]3, at a constant potential of +800mV the typical absorptior-480nm and the
shoulder at~ 570nm vanishes completely over time, see Figure 4.22. Atgbiential the Cu(l) is
oxidised to Cu(ll). When a potential of -400mV is appliedgsk absorptions grow over time, see Fig-
ure 4.23. The increase and decrease were measured at 480moudeh be plotted as saturation curves.
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Figure 4.22: Spectroelectrochemistry of [Qup)]([PFs]s in acetonitrile, applied potential of
+800mV: the absorption decreases with time.

For [Cwpcp][PFR]s at a constant potential of +1100mV the typical absorption-d80nm and the
shoulder atv 570nm of the complexed Cu(l) vanishes completely over tmoedee Figure 4.24. At this
potential the Cu(l) is oxidised to Cu(ll). And when a potahtf -100mV is applied, these absorptions
grow over time, see Figure 4.25. The increase and decreasemeasured at 480nm and could be
plotted as saturation curves.

4.2.6 Summary and conclusions

The ligands gp, mp, pp, gcg, mcm and pcp were complexed wighergll) acetate. Mass spectrometry
confirmed a ratio of 2 : 2 metal to ligand, and crystallograstiidies of [Cu(mp),]®>* and [CypcpP+
show a dinuclear, double helical structure, with mixed aioh states Cu(Il)Cu(l). Cu(ll) is coordinated
by two “terpy” domains of two ligand strands, and Cu(l) by tiipy” domains of the same two ligand
strand. In both structures, the ligand strands are arraimgadead-to-tail (HT) fashion based on the
metal-metal axis, which makes the identical substituentsecclose enough for-7-stacking.

Micro analysis suggests mixed oxidation state complexés thie ligands gp, mp and pp, and mainly
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Figure 4.23: Spectroelectrochemistry of [Qup)]([PFs]3 in acetonitrile, applied potential of -400mV:
the absorption increases with time.

Cu(IhCu(ll) complexes with the ligands gcg, mcm and pcpiahhis in contrast to the crystal structure
of [CuspcpPt. Often when the complexes were synthesised they were gtdstawhich is typical
for the Cu(Il)Cu(ll) species, but turned brown upon stagdimd upon dryingn vacua Differential
pulse voltammetry showed metal centred reductions at 0day/-0.43V vs ferrocene, of which the
first potential is accessible for the copper centres whesdhgples 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 comatiex with copper(ll), the absorption
maxima were red-shifted, and the absorption stayed highrnathigher wavelength, instead of decreas-
ing rapidly over the range of the next higher 40nm. This iaths an extended chromophore system.
When comparing the spectra of the complexes with each odineinteresting effect was seen at the
absorption maximum of470nm. This absorption was assigned thé(Bipy),} chromophore. The
molar extinction coefficient of the complexes with non-kkligands were always smaller by 1600-
1800M~'cm™'. This reflected the amount of reduced copper (Cu(l)), thatésent in the helicates.

With spectroelectrochemical measurements, the increadedacrease of the absorption in the vis-
ible region was observed. By applying a constant potenfiat8)0mV and then of -400mV for
[Cus(Mp)][PFs]s, and +1100mV and -100mV for [Gpcp][PK]s, full oxidation and full reduction of
the mixed valence compounds were reached: Cu(Il)€uQu(I1)Cu(ll), and Cu(Il)Cu(l}=Cu(l)Cu(l).
The loss of absorption when oxidising, and the gain in aligmrpvhen reducing the compounds con-
firmed the assignment to complexed Cu(l), and it also confirthe state of mixed oxidation that the
complexes of the non-linked ligands adopted in ambient itimmd, and in absence of any applied elec-
trical field.

The 'H-NMR spectra suggest very similar solution structuresalbsix complexes, but they are sim-
pler for the complexes of linked ligands. These results majnkerpreted as follows: Because of the
result of the crystal structures and the spectroelectra@tey, one may assume that the mixed valence
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Figure 4.24: Spectroelectrochemistry of [ap]([PF]s in acetonitrile, applied potential of +1100mV:
the absorption decreases with time.

dinuclear helical structure is preserved in solution. Fthencrystal structures it is clear, that the coor-
dinative bond of the middle pyridine ring (C and)@ the octahedral copper(ll) centre are the longest,
and thus weakest. These nitrogen donor atonshd N are not extremely far from to the tetrahedrally
bound copper(l), the distance to the tetrahedral centmgl&il32/2.97é, and to the octahedral centre
2.243(3)/2.356(§§in the solid for [Cu(mp)]?>*. For [CwpcpPt the distances for the central pyridine
nitrogen to the tetrahedral metal centre are 3.150/3\1@hd to the octahedral 2.240(3)/3.10]2(3)

In solution, maybe the middle nitrogen donor atoms of@pP! fluctuate between bonding the two
copper centres, or switch the metal they coordinate to, értithe scale of vibration in the molecule.
This would reinstate the symmetry of the complex by makirgyrttetal centres equal, at least on NMR
timescale, and it would reduce the number of signals in'Hie&NMR spectra. However it is not clear
why this should only happen in the complex of the linked lidaA second explanation suggests that
the number of isomers in solution is limited by the stericuiegments of the linker. In a head-to-head
(HH) arrangement of a dinuclear double helicate, the linkeuld be stretched, and unflexible, while
in the head-to-tail (HT) isomer, the linker would be much méee. It is thus possible, that in solu-
tion, complexes of theon-linkedligands occur as a mixture of HHHH? and HT (see Figure 1.9) of
dinuclear double-helical isomers, while complexes oflitieed ligands occur predominantly as the HT
dinuclear double-helical isomer. Both alternative exptioms would fit with the experimental findings.

The crystal structures of [Gimp)]3* and [CupcpFT were considered a great success, because the
structure of a double helicate, in which the oligopyridiigahd strands are inter-connected, is unique,
and the crystal structure proves their existence in a pegpdsuclear, double helical arrangement.
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Figure 4.25: Spectroelectrochemistry of [ap][PF]s 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 comgtes
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Figure 4.26: Formation of mononuclear complexes with aryomsetrical gnpy derivative and with an
unsymmetrically linked gnpy derivative.

[Co(mp)(OH»):][PF¢]2

The procedure of Whatt was followed. Cobalt(ll) acetate tetrahydrate and ligamg) were mixed

in methanol, metal to ligand were in a ratio of 1 : 1, to give aange solution. Ammonium hexa-
fluorophosphate was added in excess as a solution in meflaautioh golden precipitate formed. It was
filtered off, washed with ice-cold methanol and driedvacuoto give an orange powder, contaminated
with ammonium hexafluorophosphated-NMR and electrospray MS were measured. THeNMR
spectrum was very characteristic for mononuclear gnpylogh@omplexes (see Figure 4.27, 4.28 and
the discussion in the next section). The mass spectrum shsigrals for (M+Na},(M-PF;-2H,O) ™,
(M-2PR;)*™ and (M-H,0-2PFR)*. Infrared spectroscopy gave a spectrum that was very sitoiltne
spectrum of the dinuclear compound. The main absorptioms Weeated at equal wavenumbers. A
microanalysis confirmed excess nitrogen. In order to puhié/sample, it was washed with methanol,
but this only diminished the yield to 1.7mg.

[Co2(qcq)(OH2)2(MeOH),][PF¢]4

The procedure of Whaft was followed. Cobalt(ll) acetate tetrahydrate and linkgdrd (qcq) were
mixed in methanol, metal to ligand were in a ratio of 2 : 1, teegan orange-brown solution. Am-
monium hexafluorophosphate was added in excess as a sdlutieethanol, and a golden precipitate
formed. It was filtered off, washed with ice-cold methanad aiiedin vacuoto give an orange powder
in 69% yield. Micro analysis'H-NMR and Electrospray MS were measured. The microanaliysis

a formula: [Ca(qcq)(OH:)2(MeOH)][OAC][PFq]s - HoO - PR and the' H-NMR spectrum was very
characteristic for mononuclear gnpy cobalt(ll) complegg=e Figure 4.29 and the discussion in the
next section). The mass spectrum showed signals fof((€q)+K+PF) ™, (Co,qcq(MeOH}+2PFR;) ™,
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Figure 4.27: 600 MHZ H-NMR spectrum of [Co(mp)(Ok)»][PFs]2 in acetonitrile-d, the region of
least shifted protons.

(M-3PFs+H,0)?*/2, 710 (Cegcq(MeOH)+2Na+3Pg3*/3. Infrared spectroscopy gave the typical
spectrum for the ligand gcq ( C-H bands at 2955-28708nand the mononuclear mp-complex (ab-
sorptions between 1099 and 1362, the two bands at 1202 aldrh01, plus a very intense absorption
band for the P—F bond of the counter ion at 827¢mBut there is also a medium strong, relatively
broad band at 1115cm typical for C-N and C-O stretch bonds, only present in thiscspm.

'H-NMR chemical shifts of mononuclear complexes Pottset al. displayed the region 0-140ppm
for illustration of the spectrum of the mononuclear spef@ps qnpy)X:][PFs]2.68 The same pattern

is seen for the mononuclear complexes ofgmpy, tbpgnpy, and similar ones for the unsymmetrical
gp°! and gcq and new ligand mp, see Figures 4.27, 4.28, 4.29 arld Fal5. A'H-NMR study

of [Co(anpy)Xe][PFe]2, [Co(cpanpy)X:][PFs]2, [Co(phanpy)X:][PFs]. and [Co(psanpy)Xe[PFs]>

(X'is CI~ or a solvent molecule) show the characteristic pattern avitnoad signal shifted low field to
~133ppm, and a group of four signalséa81.3, 77.9, 75.6 and 69.9. Then there is one signal at 22-25
ppm, the 4 signal at~20ppm and the substituent signals. In the case of Co(gnpyg tis the 4H
signal at~21ppm as welf 68 121

Whall comparedH-NMR spectra of a series of mononuclear cobalt(ll) cometeof gnpy ligands with
planar cobalt(ll) complexes of qtpy: "> 73 1?As a result of this, it was possible to distinguish between
the signals originating from pyridine and from phenyl in tteenplexes and tentative assignments could
be made to which pyridine ring the resonances belongedyécamplexes with the symmetrically sub-
stituted gnpy ligands tygnpy, cpgnpy and hpgnpy as well as with the unsymmetrically substituted
gnpy ligands tbpcpgnpy and gp.c4 could be assigned on the basis of it being only half the intiens
of the other pyridine signals.

The spectra for the complexes with the unsymmetrically tulbsd showed a splitting of the signals for
B3/B5 and D3/D5 centred at 75ppm and 73ppm. In the mononuctaaplexes of mp and qcq, this
splitting is also seen. But the overall pattern is identiorhll the measured complexes, see Figures 4.27,
4.28 and 4.29, and Table 4.15.
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Figure 4.28: 600 MHZH-NMR spectrum of [Co(mp)(OK):][PFs]- in acetonitrile-d, the farthest
low-field shifted signal still detectable is atl40ppm.
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low-field shifted signal still detectable is atl40ppm.
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G6

Ligand Pyridine ring protons, 7 x 2H / 4H intensity for qnpy / linkedpy 1H/2H Phenyl protons 8H/16H | Substituent /b4, p4
gnpy 135 80.8 76.6 75.0 69.6 49.9 21.5 19.0 - - 20.1
cp:gnpy 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 21
hp:qnpy 133 81 76 74 69 50 21 19 14 8 -
tbpcpgnpy 134 81.3 75.6 74.7| 73.8 729 70.0 50.1 21.1 18.9 13.1 8.5 1.8
ap 133 81.4 758 75.5| 73.8 735 69.6 49.9 21.0 18.9 13.2 85 7.9 2.1
gcq 135 82.1 76.3 74.4 70.7 50.4 475| 21.2 18.9 134 132| 85 8.1 7.5-0.8 (M)
dop:qnpy 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| 740 73.9 70.2 50.1 21.0 18.9 133 132|181 7.9 45
Assignment| A/Ering | A/C/Ering B/D ring A/C/E ring A/E ring A/E ring C4 phenyl ortho | phenyl meta| Substituent/ H4, na

Table 4.15: Seven coordinate cobalt(ll) complexes witht@eéentate gnpy ligands, and two water or solvent molecuesdinated in axial positiors- 67




4.3.2 Synthesis and characterisation of dinuclear comples
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Figure 4.30: Formation of dinuclear complexes with an unstrical gnpy derivative and with an
unsymmetrically linked gnpy derivative. With the formewa head-to-head (HH) and one head-to-tail
(HT) isomer are possible. With the latter, probably only ifieisomer exists.

[Co2(qca)(OAC)][PFe]s

Complex formation was attempted under anhydrous condifiodry methanol, following Ward$ pro-
cedure. As it was not yet known how very sensitive the comfdaxation react on water, the complex
of qcq was made with pink tetrahydrate metal salt. Co(lltaiee 4H,O and ligand were mixed in dry
methanol in a ratio of 2 : 1. A brown-orange solution formegcé&ss ammonium hexafluorophosphate
was added, and a brown precipitate formed. It could be fdtef§ washed with methanol and driad
vacuoto give 66% product. It was characterised with-NMR spectroscopy. The spectrum was typical
for dinuclear cobalt(ll) complexes of gnpy, but showed thlab the mononuclear species, that was dis-
cussed above, was present, see Figure 4.31 and the distimstsie next section). Instead of adding am-
monium hexafluorophosphate, once sodium tetraphenytaea added instead, in the hope of growing
crystals for X-ray diffraction measurements. This gave adrown powder, and it was characterised
by 'H-NMR and Maldi-TOF mass spectrometry. It showed the cor€ofgcq(OAc)] with different
additional molecules and ions: (€qcq(OAc)y+MeOH)t, (Co,qcg(OAc)+(HO))H, (Co,qcq(OAC)).

[Co2(mp)2(OAC)][PFe]3

When the dinuclear cobalt(ll) complex with mp was synthesist had become clear how very sensitive
the complex formation was to the presence of water, and Hgttbe methanol and ligand were dried
prior to reaction, also the crystal water from the metalwals removed. It was dried during three hours
at 60°C in vacuq the colour changed from pink to blue, and the IR spectrunficogd that it was water
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Figure 4.31: 250 MHZ H-NMR spectrum of the dinuclear double helicate §@rq)(OAC)][PR]s
in acetonitrile-g, the farthest low-field shifted signal still detectable ts~&270ppm. Additionally,
mononuclear compound is present in this sample.

free. The metal salt and ligand were mixed in the dry methimetatio of 1 : 1 under inert atmosphere.
A brown solution formed, and dry ammonium hexafluorophosphas added in excess. A brown
precipitate formed and could be filtered off and drirdracuoto give the product as a brown powder
in 61% yield. It was characterised B¥-NMR, IR spectroscopy, cyclovoltammetry and differentia
pulse voltammetry. ThéH-NMR spectrum was typical for dinuclear cobalt(ll) gnpynoplex, see
Figure 4.32 and the discussion in the next section). Whersdhdtion in the plastic capped NMR
tube was measured again two days later, the signals in tienegf 142-132 and 67-82 ppm showed
mononuclear compound in similar intensity to original ditear compound. In the IR, the acetato
auxiliary ligand would show by the,,, at 1597cnt!, but coincides with 4-substituted pyridine ring
signals?® and Pk~ shows at 825cm!, see Nakamoté?3 volume B, chapter 111-8 on pages 60 and 271.
The electrochemical measurements gave similar resulteotetof dinuclear cobalt(ll) double helicate
of msgnpy (see discussion of electrochemical measurementsgmlds).

"H-NMR chemical shifts of dinuclear complexes: A plot of the spectrum of the [Ggphagqnpy):(Solv)]
[PFs]4 with a trace of the mononuclear complex was reported by Wak&he chemical shifts of this
compound is listed in Table 4.16. The resonance shiftetidgttto low field at 262ppm is very broad.
The lower symmetry of the dinuclear helicate compared withrhononuclear, gives rise to double the
number of proton signals that are expected for the monoausfgecies. Whall compared the double
helical complexes of the symmetric ligands.gppy, tbopgnpy and and unsymmetric ligand tbpcpgnpy.
Some signals from the symmetrical ligands are split up incttraplexes of the unsymmetrical. The
same is happening with the dinuclear cobalt(ll) complexhefriew gnpy ligand mp:

e The two complexes of symmetrical ligands tlgppy and cpgnpy gave only one signal at 268.5
and 263.0ppm respectively. In the complex of the unsymugedtyi substituted ligand tbpcpgnpy,
it is split into four signals at 275.3, 268.7, 264.8 and 2p9@. In the complex of the new
unsymmetrically subtituted ligand mp, they are also spilit ifour signals: 266, 162, 261 and
256ppm.
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Figure 4.32: 600 MHZ H-NMR spectrum of [Ce(mp)(OAC)][PFs]s in acetonitrile-d, the farthest
low-field shifted signal still detectable is a270ppm.

e The complexes of the symmetrically substituted ligandseggive only one signal at 141.0 and
138.6ppm respectively. In the complex of the unsymmetsicalbstituted ligand tbcpgnpy, it is
split up into three signals at 140.0, 139.1 and 137.9ppm &vithl:2 ratio of intensities. In the
complex of the new unsymmetrically subtituted ligand mpythre split into four signals at 141,
140, 139 and 138ppm with similar intensities.

e The signals at: 117.1 and 117.4ppm are split into 121.9,11185.7 and 111.1ppm in the com-
plex of tbpcpgnpy, and 117, 114, 113 and 110ppm for the newptenof mp.

e The signals at 80.8 and 90.8 for the complex of the symmdiirisabstituted ligands becomes a
multiplet for both complexes of unsymmetrically subseaitigands tbpcpgnpy and mp.

e Then there are two signals, that only occur in the compleksgrametrically substituted ligands:
78.1 and 76.1ppm for thpnpy and 83.7 and 74.1ppm forampy.

e The signals at 71.3 and 51.5ppm respectively give a sigréd.&tfor the complex of tbpcpgnpy
and a signal at 70.2 for the complex of mp. item The signals3sd &nd 52.8ppm respectively
give a multiplet for both complexes of unsymmetrically ithsed ligands.

e Then there is a signal again, which is unique for the comgl@fesymmetrically substituted
ligands at 52.1 and 51.7 ppm respectively.

e The signals at 30.1 and 27.7ppm are split up for the complélpafpgnpy into the four signals
32.2, 30.7, 28.2, 27.1ppm. The spectrum of the mp-complexelier shows only one small,
broad signal at 34.4.

In the region to high field of 27ppm signals for phenyl and giyré protons are found, and some are
overlapping:

e The two complexes of the symmetrically substituted ligatigsgnpy/cpgnpy show pyridine
signals at: 25.9/20.8, 13.7/18.7, 7.7/7.3, -1.7/-2.7 &h8/-9.5ppm. Corresponding to this, the
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complex of tbpcpgnpy show signals centred at similar chahshifts, but split up: 25.9, 25.5,

25.2ppm (in aratio of 1H : 1H : 2H), 14.4, 14.1ppm (in a rati®gPH), 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)dai7.4, -8.1, -8.4, -9.5ppm (in a
ratio of 4x1H). The complex of mp show only a signal at 34.4ppnd it may contain pyridine

and also phenyl protons, two signals 14.8 and 12.5ppm, thgtaorrespond to the two pyridine
signals of the tbpcpgnpy complex of 2H intensity each cehétel4ppm. Then there is only a
multiplet from 11.1 to 0.0ppm.

e Of the complexes of tbymnpy, cpgnyp and tbpcpgnpy, phenyl signals were assigned: For the
complexes of the symmetrical ligands they were at 24.9/248/15.7, 6.7/7.3, 5.9/5.3ppm and
for tbpgnpy thetert-butyl group gave signals at 5.9 and 1.2ppm (with 9H intenséich). The
complex of the asymmetrically substituted ligand tbpcpoggve 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 1 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 4HH)4and finally 2.1ppm for the
substituent.

Also in the complexes with cobalt(ll), at least two alteimas$ explain the splitting in the mononuclear,
that dissapears for the dinuclear. It may be that fluctuatimeurs, or it may be the different number
of isomers. The distance from the nirogen donor atom of tiérakrings in [Ca (qnp)(OAC)*+,4? is
1.3A, but this distance may of course be less in the acetongaletions of the complexes with linked
ligand gcq, that was measured.

In the case of HH isomers, the arrangement of the two liganthe& complex ion is symmetrical, and the
protons are in equal environment. In the case of doubledleéfi@ complexes however, each proton is
in a unigue environment. Cobalt(ll) double helicates of4hd’"’-disubstituted gnpy ligands compared
with each other by Whalt gave 30 (HT) and 15 (HH) pyridine signals, respectively. THeNMR

of [Coy(tbpcpgnpy)(Solvk][PFs]4 in acetonitrile solution contained 60 pyridine protons evhivere
present in 34 separate environments, 32 phenyl protons$effrate environments, and 36 substituent
protons as a singlet. A maximum for one pure HT isomer woul@®aseparate pyridine protons, 16
phenyl protons and 18 protons from thBu substituent. It was concluded that a statistical 1:lix2ume

of double helical HH:HH?:HT isomers of [Ce(tbpcpanpy)(Solv),]4* was present in the measured
acetonitrile solution. Four distinct ligand environmeintthese isomers gave rise to four sets of signals,
one each for the HH isomers and two for the HT isomer. The samelgsion that HH : HH? : HH are
present in a statistical mixture, giving the ratio 1 : 1 : 2n tlaen be made for the new complex cation
[Cox(mp)(OAC)]*+.

Comparing the two spectra of complexes with unsymmetsicalbstituted ligands tbpcpgnpy and mp
with the spectrum of the complex of the unsymmetrically éidkigand gcq ([Ce(qcq)(OAC)FT, it is
apparent that in the complex of the linked ligand, the sigsalit up differently, see Figure 4.31 and
Table 4.16.

e Where there were four signals for the complexes of tbpcpompygentred at 266/262ppm there
are only two at 269 and 264ppm.

¢ Where there were four signals centred at 139/140ppm thererdy two at 140 and 139ppm.
e Where there were four signals centred at 116/114ppm, thererdy two at 116 and 114ppm.

¢ The multiplet in the complexes of tbpcpgnpy/mp centred &78Bpm is split up into into four
individual signals at 77.2, 76.4, 74.9 and 74.5ppm.

e The signals at 69.9/70.2ppm is missing in the complex of qcq

e The multiplet centred at 54/53ppm is split up into three algrb2.8, 50.9 and 49.8ppm with
intensities of (2H : 1H : 1H).

e Like in the complex of mp (34.4ppm) there is only one sign@@6ppm, opposed to four signals
in the complex of tbpcpgnpy.
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e The resolution is not so high in the spectra of the new congdevth mp and qcq, but by com-
parison with the complex of tbpcpgnpy and mp, the signaldeffcq-complex at 23.9, 23.4 and
22.7 may be assigned as phenyl proton resonances and 182nti312.4 as pyridine proton res-
onances. But of course, with all the protons of the linkegrétis a multiplet from 10.0-(-5.0)ppm.

¢ Like in the complex of tbpcpgnpy, the spectrum of the gcg-plaxshow resonances in the neg-
ative ppm area. Two signals of equal intensity at -8.6 anddddm.

As the signals, although with different splitting, are cedtat the same chemical shifts for all the
discussed dinuclear complexes, they are most likely albtiohelical like the complex of the parent
ligand gnpy. Some of the split up signals are reduced agaim fiour to two in the linked ligand
complex compared to the non linked, unsymmetrical ligandglexs (see the first three points discussed
above). There are two possible explanations for this. Eithere exists a mixture of the HHand HH
isomers in the solution, or there is only the HT isomer pres&oth possibilities would explain the
resolution of the multiplets discussed in points 4, 6 and $eWdrawing a three-dimensional model
of the double helical complex, the head-to-tail isomer hasenpossibilities to arrange the linker in a
relaxed conformation, while the linker becomes stretcimethé head-to-head isomers. It is therefore
likely, that the latter explanation is more realistic, ahdttcomplex cation [Cggcq)(OAC)P+ exists
solely as the HT isomer.

The four signals at lowest field (around 270ppm) in the befanetioned complexes are similar to shift
to those observed in cobalt(ll) complexes of sexipyridigands. It may therefore be assumed, that
these signals from the gnpy derivative complexes belonigad€o(terpy)” end of the double helicates
51124 1t is also likely that they belong to the A6/E6-position okthings, due to the juxtaposition
with the paramagnetic Co centre. The four signals at 266, 262 and 256ppm in the spectrum of
[Co.(Mmp)(OAC):][PFs]3 thus may represent the protons A6,'A8HH!, E6, E6 of HH? and A6, E6

of the HT isomer. The two signals at 269 and 264ppm in the sp@odf [Co, (qcq)(OACk][PFs]s may
represent the protons A6 and’E&8 the HT isomer, see ligand diagrams for labelling in Figu®and
3.3 and Table of chemical shifts 4.16.

Conclusion The!'H-NMR spectra of the mononuclear and dinuclear complexeseny different and
significant for the different solution structures. Compan of the spectra ahononuclear complexes
with varying substituents in the 4"~ position, including the new ligand mp and the linked ligayudj,
show almost no differences. The signals are not split updarmexes of unsymmetrically substituted
ligands compared to symmetrically substituted ligands.

The!'H-NMR spectra oflinuclear complexesith varying substituents in the 4"’ - position, including
the new ligand mp, are also very similar to each other. Busfieetra of the complexes that are unsym-
metrically substituted give rise to splitting of the signpbssible, depending on the number of isomers
present in solution. In the spectra of complexes with nakdd ligands, a statistical mixture is present,
while the spectrum of the complex of the linked ligand gcoveltitat there may be fluctuation going on
or that the number of isomers is reduced to the HT (or possibiywo HH) isomer.
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[Co2qcq(OAC)][PFe]s | [Coz(mp)2(OAC)][PFe]s [Coz (tbpcpgnpy) (OAC)][PFe]s
pyridine pyridine intensity
269, 264 266, 162, 261, 256 275, 269, 265, 259 4x1H
140, 139 141, 140, 139, 138 140, 139, 138 1H 1H 2H
116,114 117,114, 113,110 122,116.1, 115.7,111 4x1H
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 60 H
30.5 34.4 32.2,30.7,28.2,27.1] 4x1H
mixed pyridine and phenyl signals
23.9,23.4,22.7 24.5 (phenyl) 25.9,255,25.2 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 4x1H
1.3,11,10 1H 2H 1H
-8.6,-11.0 -7.4,-8.1,-8.4,-9.5 4x1H
phenyl
24.3,24.0, 23.7 2H 4H 2H
15.8,15.5,15.1 | 2H2H4H | 32H
8.5,84 4H 4H
5.9,5.8 4H 4H
substituent
2.1 36H 36H

Table 4.16: Pattern of the chemical shift in thé-NMR spectra of dinuclear cobalt(ll) complexes with
unsymmetrical gnpy ligands. The pattern consists of wsbheed peaks between 270ppm and 30pp: In
this region the pattern for the complex with gcq is simplenrthhe pattern of the complex with mp and
with tbpcpgnpy. Between 30ppm and Oppm there is overlapeopfidine ring signals with the phenyl
ring signals. The spectra of the qcg- and tbpcpgnpy-coneglesere recorded well below 0, and there
are only two signals for the gcq complex whereas there anmesignals for the tbpcpgnpy complex.
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Interconversion between the di- and mononuclear complexes

The difference in synthesis of mononuclear and dinuclebalt@l) complexes discussed above, shows
that the presence or absence of water is crucial to whicheofdimplexes is formed.

Whall already did two experiments to show interconversionfthe dinuclear complex G@bp,qnpy),
(OAc)** to the mononuclear complex Co(tzmpy)X:2t. In the first experiment, she synthesised the
dinuclear complex, but before precipitating it, she dodhile solution volume with water. After that
she precipitated and characterised what turned out to Hasixely the mononuclear complex. In a
second experiment she observed and recordétib)MR spectroscopy, the change that occured in the
structure of the same dinuclear complex, by adding a drop,&@f @ a solution in acetonitrilesg and
recording spectra at regular intervats.

When one drop of PO was added to a solution of the dinuclear complex Cabpy):X22t in
acetonitrile-g the solution composition changed from an initial ratio of dlinuclear : mononuclear
complex to a ratio of 1:4 dinuclear : mononuclear species ayeeriod of an hour. Additionally a new
double helical species seemed to form, because a changenmiadi shift for the signals originating
from the dinuclear complex was observed. Most of the sigstaiféed downfield, but the signal at 269
was shifted upfield to 266 ppm and the signals at 53.5 and Siriwere shifted upfield too, to 50.2
and 46.9 ppm. Possibly the new dinuclear complex had repldieebidentate auxiliary acetato ligand
with acetonitrile-g or water molecules. This new dinuclear species may act astamiediate in the
pathway from the original double helical dinuclear formhe tmononuclear form, but it also appeared
to be an independently stable solution species.

The result of this NMR experiment demonstrated that watedmmt be present in huge excess to effect
the transition from dinuclear to mononuclear forms. Thiplaied why the dinuclear form is often
hard to obtain without at least traces of the mononucleatispe When Whall recorded tHéi-NMR
spectrum of the cobalt(ll) complexes of tbpcpgnpy and tlgpipy, the dinuclear form was even harder
to obtain, and the purest dinuclear form she got with tbppgamas a 6 : 1 mixture of dinuclear :
mononuclear, and for tbphpgnpy a 1 : 1 mixture of the dinucleaononuclear complex.

When the dinuclear complex changes into two mononucleapt®ras, for the individual ligand strands
two things change. Judging by the crystal structure of theébtiohelicat€ and monohelicafé complex

of cpxgnpy (and the other published crystal structures of cabatibpy type helicates), inside one
enantiomer, the torsion angles in any dinuclear doublechiss and mononuclear helicates of gnpy
derivatives most probably all turn in the same direction.t Buthe latter structural type the overall
torsion is less, and the helical pitch of each ligand is redugpon the transformation from dinuclear
double helicate to mononuclear (and slightly helical). Btiger change is the coordination number of
the metal centre from six to seven. A possible mechanisnhfotransformation from dinuclear double
helicate to two mononuclear complexes is the exchange afdbatato ligand with two water molecules
and possibly the coordination of one water molecule to themtobalt centre, followed by separation
of the ligand strands, ‘relaxation’ of the helical twist bgduction of the pitch, while the according
nitrogen donor atoms switch the metal they are binding te tsgure 4.33).

Based on these findings, the new dinuclear complexes of mp(fiGo:(OAC)]*T and qcq
[Co:(gcq)(OAC)P+ where also tested in &H-NMR titration with D,O. 1-4mg of complex were
used and BL to 50uL D,0. In molar ratio, this means-6L0~7 — 2- 10-%mol of complex were treated
with 1.6- 10~* — 2.8- 10~2mol D, 0. After addition, the structure of the dinuclear startimgnpound
adjusted rapidly. The main change had taken place beforérgteneasurement could be made, that
was started about half a minute after addition and going erabmut 2 minutes. Both complexes
were obtained once as pure double helical complexes andaséimees as mixtures with mononuclear
complexes, because of the water sensitivity. The titratibbboth complexes (with mp and qcq), were
carried out twice. In each case once with the pure dinuclerptex and once with adding, to the
mixed dinuclear/mononuclear complex.

In order to estimate the ratio of dinuclear : mononuclear poumd, the integral was taken over the
four signals centred at 139ppm for the dinuclear compoundianded by four (for 4H), and the broad
signal at 134ppm for the mononuclear compound and dividesvby(for 2H, as they probably belong
to the A6 and EG6 protons).
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Figure 4.33: A possible mechanism for the transition fromudiear double helicate to mononuclear
helicate.

Experiment 1: NMR-titration of mixed dinuclear/mononucle ar complex [Co, (mp)2(OAC)][PFs]s /
[Co(mp)(OH,)s][PF¢]. with D,O: A sample of the dinuclear [Gdmp)(OAC)][PFs]s (~1mg, also
containing some mononuclear complex) was dissolved in deyaaitrile-g in an NMR tube. After
running the spectrum, one drop otO (3uL) was added, and the spectrum between 0 and 150ppm
recorded at regular intervals. Now this means that the nnater of complex to water was approximately
250:1, although not all complex dissolved. Because of tliewpread signals, the spectra were divided
up in four Figures to display four regions of the spectra, Sigeires 4.34, 4.35, 4.36 and 4.37. All

of these Figures contain the same four spectra. The farttoesn-field shifted region displayed in
Figure 4.34 are discussed first, followed by the other. Thardbal shifts of the original dinuclear
species, new (dinuclear) species and mononuclear speeiistad in Table 4.17 on page 109.

The first spectrum shown in the Figures was taken beforeiaddif D,O, and it shows that quite
an amount of mononuclear complex is present (signal at 18¥@afong with the dinuclear complex
that was to be studied. The second spectrum was recorded afteinD,O addition, and it showed

a profound broadening and a down-field shift of the protonsasponding to the dinuclear species in
the 150-110ppm region. The four signals around 140ppm webeaad they even merged into a broad
doublet. The signals of the mononuclear species at 133ppmesttundisturbed. The broadness of the
peaks may origin from the changing of structure taking pladbe same time scale.

After 7 minutes, the signals became sharper and the broauletat 143ppm divided again into four
signals, but grouped into pairs. The conversion was neamgptete after this, as indicated by the
spectrum taken one day afteg © addition, where no further changes were visible. See EigL84.

Figure 4.35 shows the changes that occur within the speeindiow of the second region of 90-45ppm
in the 'H-NMR spectrum on addition of fID. In the first recorded spectrum, the signals from 82 to
70ppm originate from dinuclear and mononuclear comple,dignals from 56 to 51ppm originate
from dinuclear complex and the signal at 50ppm from monagaratompound. 4min after the addition,
a new set of signals emerged from 93 to 86ppm. The signals exremely broad, even after 7 min-
utes, but they became sharper during the 4-5 hours afterdiigdan. After 1 day they had sharpened
considerably, and no further change was evident even afteral more days. They had been shifted
from under the overlapping signals at 82 to 70 ppm, as integraparison with the purely mononu-
clear signal at 70ppm showed. The signals, originally fr@td870ppm originated now mainly from the
mononuclear species. They had shifted slightly up-fieldit&68ppm, and so had the signal at 49, that
had been at 50ppm before. The signals originating from thealiéar complex at 56 to 51ppm shifted
up-field to 54-50ppm. They were poorly resolved after 4 mesubut became better resolved over time.
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Figure 4.34: 600 MHZ H-NMR titration of [Co,(mp)(OAC)][PFs]s in acetonitrile-g with D, O, the
area of most shifted protons.

Figure 4.36 shows the region from 27.5 to 14.5ppm. The firstspm shows a group of signals from
26 to 23ppm that originate from the dinuclear species. Theyad down-field upon BO addition to
27-24ppm and broadened notably. After 1 day, these sigrexis siill as broad. The signals at 21.0ppm
and 18.9ppm origin both from the mononuclear species, alydloa latter is shifted slightly up-field to
18.6. The split signal centred originally at 14.9ppm beleth¢p 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 sigr3 8ppm originating from the mononu-
clear species was almost unaffected and shifted to 13.4ppmultiplet that was originally centred at
8.6ppm and originated from the dinuclear complex broademetshifted down-field to 9.1ppm. The
two mononuclear signals at 8.1 and 7.9ppm shifted slightlyrdfield to 8.2 and 8.0ppm. The signal
at 4.5ppm seemed unaffected, as did the signal at 3.5ppmxpested, the intensity of theJ® signal
became large after the addition, compared to the signaleibadtrile-d;.

In this experiment the ratio of mononuclear to dinuclear poond was constant during the first day
it stayed 3 : 1. 12 days later, the spectrum was measured,againthe ratio had turned to 4 : 1.
But then the conversion from dinuclear to the mononuclearmex did not, as shown by Whall with
[Co,(tbpgnpy)(Solv),]4t/ [Co(tbpgnpy)(Solv}]?**, proceed to completion in acetonitrile solution
either, but ended at 4 : 1 18h aftes © addition. Depending on the amount of water added, thelyabi
of the dinuclear form over the mononuclear or vice versa nsydepend somewhat on the solvent. Af-
ter all, the mononuclear complex was always obtained framsyimthesis is moist methanol, as opposed
to acetonitrile-g, in which the titration was carried out.

In order to see which difference the amount of added wateres)at a later date, pQ of D,O was
added to this probe, and recorded further with only one st#&nain after addition, then with more
scans 20min, 30min and 2h 45min later. The ratio of addgd  original dinuclear complex was now
in the range of 5000 : 1. The main change in the spectrum had@etimmediately after addition, and
no further change could be made out upon standing. Theliratia (before the addition of 5d. D,0)

of mononuclear to dinuclear complex changed from 6 : 1 chaut@8 : 1, and thus there was still some
dinuclear compound left.
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Figure 4.35: 600 MHZ H-NMR titration of [Co,(mp)(OAC)][PFs]s in acetonitrile-g with D, O, the
area of next most shifted protons.

Experiment 2: NMR-titration of the dinuclear complex [Co 2(mp)2(OAC)][PF¢]s with D,O: The
NMR sample of pure dinuclear compound fQmp)(OACc)][PFs]s was obtained by transferring the
sample, prepared according to the description in the exygerial chapter on page 144, to the NMR-tube
inside the glove box, using acetonitrilg-¢abs) from an ampulle. ThEH-NMR spectrum is showed
in Figure 4.32 on page 98. After standing with just the ptastip to protect from moisture for five
weeks, mononuclear compound had formed in the sample. Tieenas then approximately 2 : 1 for
mononuclear to dinuclear complex. At a later date, the Ha#id changed further to 5 : 1, and after
addition of 5QuL D»O, the ratio changed at once to 6 : 1, but then stayed stable.
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Figure 4.36: 600 MHZ H-NMR titration of [Co,(mp)(OAC)][PFs]s in acetonitrile-g with D, 0, the
area of next least shifted protons.

H,O solvent
/

\
Before adding O

13.0 120 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0

e

13.0 120 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0

After 7 minutes

13.0 12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0

w

13.0 12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0

After 4 minutes

(ppm)

Figure 4.37: 600 MHZ H-NMR titration of [Co,(mp)(OAC)][PFs]s in acetonitrile-g with D, O, the
area of least shifted protons.
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Experiment 3: NMR-titration of the dinuclear complex [Co »(qcq)(OAc)][PFs]s with D,O: A
sample of the dinuclear [G{qcq)(OAC)][PK]s (4.2mg) in acetonitrile-¢ (predried over moleculare
sieves (33\) was prepared in an NMR tube. The probe was very dark, andd kard to see if any
precipitate formed. Solely the dinuclear complex was presAfter running the probe, 8D (64uL)

was added and the spectrum recorded again. The signals Htal shightly, but no mononuclear
compound seemed to have formed. MorgDwas added, so the total amount was 164, 264, 314, 441
and 514L. The ratio of added PO to original dinuclear complex was 14’000 : 1 in the end. Eher
were shifting of signals, but no evidence of any mononudeacies. Between the last two spectra, no
further changes were visible.

Experiment 4: NMR-titration of mixed dinuclear/mononucle ar complex [Co,(qcq) (OAC)][PFs]s /
[Co2(qcq)(OHs5)2(MeOH),][PFg]2 with D,O:  The titration of a mixed dinuclear/mononuclear sam-
ple was then carried out (see Figures 4.38, 4.39 and 4.40.chiémical shifts before and after the
addition are listed in Table 4.17. A sample of the dinuclgan,[qcq)(OAC)][PK]s (5mg) in dry
acetonitrile-g was prepared in an NMR tube. Not everything dissolved. Afteming the probe, 1
drop of D,O (50uL, excess) was added, and the spectrum between 0 and 150pprded 2, 12 and
22min after addition. The ratio of added O to complex was approximately 2000 : 1.

Because of the wide spread signals, the spectra were diujgladain, this time only into three regions,
as only multiplets were seen in the region from 8.5 — 1.5pper dfie addition of RO.

The first spectrum shown in the Figures was taken beforeiaddif D, O, and it showed that quite an
amount of mononuclear complex was present (e.g. signalgifdfl) along with the dinuclear complex
that was to be studied. The second spectrum was recorded &feirthe addition of BO. It showed
only extremely broad peaks, which may origin from the chanigat was taking place. The signal to
noise ratio had become much smaller.

The signals for the dinuclear species from 141 to 139ppmrheaane broad bulk, the signal from the
mononuclear did not shift, and the signals between 118 afddrh that originated from the dinuclear
complex had become one broad bulk too. After 10 more minhies¢xt spectrum was recorded. The
signals were sharper now. (But the last two spectrain thiggeds were recorded with 512 scans instead
of 32.) Otherwise no changes were observed to the previeadgrsin. 22 minutes after addition, the
region at lowest field showed no signals of any dinuclear fanymore.

Figure 4.39 shows the region from 90 to 30ppm. Neither in éijseriment nor in the one above, did
any new signals emerge in the 82 — 70ppm region (that had bdesemaed for the dinuclear cobalt(Il)

complex of mp). But the signals at 78 and 52, originating Baim a dinuclear form and the mononu-
clear form had lost the contribution of the dinuclear ondse $ignals at 56 — 51ppm, originating from
dinuclear compound had already vanished completely 2ném aéidition. The signal at 49.5 from the
mononuclear form was unperturbed. The spectrum recordexihl®fter addition was indistiguishable

form the former, but 22min after addition, the signals of thenonuclear, 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 Oppm. In th& pectrum, a dinuclear and a mononu-
clear species were visible. 2min after the@addition, the signals of the dinuclear species had broad-
ened and seemed much smaller. No new dinuclear speciesragi&a it did with the former probe or
the mp analogue, but some other new signals appeared. Apartfie worse signal to noise ratio, the
resonances originating from the mononuclear species seanpgerturbed.

After 10 more minutes the next spectrum was recorded. Thakigvere sharper now. (But as already
mentioned, the last two spectra in these Figures were redavith 512 scans instead of 32.) Otherwise
no changes were observed compared to the former spectrummir@es after addition, this region
at lowest field showed only very weak traces of a dinucleanfoA control measurement was made
after one day. It is shown in Figure 4.41 and, although noeptire sample now contained mainly
mononuclear complex.
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Figure 4.38: 600 MHZ2H-NMR titration of [Co,qcq(OAC)][PF]s in acetonitrile-g with D, O, the area
of the most shifted protons. The spectra were processedhgtsame line broadening, in order to make
them directly comparable. The first and second spectrum mwemded with 32 scans. Because of the
decreased signal to noise ratio, the proceeding specter@eorded with 512 scans.

Table 4.17: Overview of the proton signals in the NMR-timas of
[Coz(mp)2 (OAC)][PFs]s and [Ca(gcq) (OAC)][PFs]s with D2O.

Titration of [Co, (mp). (OAC)][PFs]s with DO Titration of [Co (qcq) (OAC)][PFs]s with DO
original new after original new after original original new after 1| new after
12 days 12 days day 1 day
dinuclear | dinuclear | mononuclear mononuclea)f 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:

[Co2(mp):(OAC)][PFs]2 and [Ca (qca)(OAC)][PFs] s with D, O.

Overview of the proton signals in the NMR-tiwas of

Titration of [Co,(mp). (OAC)][PFs]s with D.O Titration of [Co:(qcq). (OAC)][PFs]s with D,O
original new after original new after original original new after 1| new after
12 days 12 days day 1 day
dinuclear | dinuclear | mononuclear mononucleall 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 50.1 495
425
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 MHZH-NMR titration of [Co,qcq(OAC)][PF]s in acetonitrile-g with D, O, the area

of the medium shifted protons. The spectra were processidid same line broadening, in order to
make them directly comparable. The first and second speatremna recorded with 32 scans. Because
of the decreased signal to noise ratio, the proceedingrspeete recorded with 512 scans.

Summary and discussion The only sample of pure dinuclear complex that was treateld &an ex-
cess of water after dissolution in acetonitrilgwlas the first of the experiments with the gcq-complex
[Coz(gcq)(OAC)][PR]s. D2O was added in portions, and it caused a shift of the sign&dgnating
from the dinuclear species, but there was no evidence fantiveonuclear complex to form, even with
a large excess D present. It was the first of these experiments (describéexageriment 3'), and

it was considered, if the dinuclear complex was more stdida the mononuclear complex in an ace-
tonitrile solution as opposed to methanol, in which it hadrbsynthesised. The sample, with mixed
dinuclear/mononuclear species, ‘experiment 4’ showedaghto mononuclear that was very fast. This
finding seems to contradict the findings of the ‘experimentgissibly the mononuclear species some-
how catalysed its own formation. It was also considered,tidremethanol could have an influence,
possibly there was some present in the mixed sample, as angfionm synthesis.

‘Experiment 1’ was done with the complexes of non linkedtidanp. The sample contained a mixture
of dinuclear and mononclear compound. Firstlwas added in a molar ratio of,D to complex 250 :

1 (if all complex cations were dinuclear). A shifting of thigrsals originating from the dinuclear species
were observed. Adding more;,D (ratio 5000 : 1) then did change the ratio of the complexdaviaur

of the mononuclear. Possibly the signals for the dinuclezneveo small because of interconversion of
several similar dinuclear species, broadening the siggaatbey appeared smaller. The signals of the
dinuclear complex were in fact only seen in the regions ofpptd and 270ppm, after the last addition.
A possible effect of methanol was checked on the sample witkcamplex. After completion of this
experiment, 0.5mg of methanol-as added to see if this had any effect on the complex ratibthgu
addition did not show any effect on thel-NMR signals.

In ‘experiment 2’, a sample of pure dinuclear mp-complexs Vet standing without protection from
moisture. The ratio of the dinuclear to mononuclear spediesiged, but water did not show in the-
NMR beside acetonitrile, as the signals were very broad {@se when the spectrum was processed
without line extra broadening).

Not all the dinuclear compound of the mp-complexes vanishad the signals in the spectrum of the
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solvent
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Figure 4.40: 600 MHZH-NMR titration of [Co,qcq(OAC)][PF]s in acetonitrile-g with D, O, the area
of the least shifted protons. The spectra were processédhégtsame line broadening, in order to make
them directly comparable. The first and second spectrum weemded with 32 scans. Because of the

decreased signal to noise ratio, the proceeding spectern@eorded with 512 scans.

dinuclear cobalt(ll)-gcg complex became very broad aftielitton, and stayed so broad that only some
of them were still detectable. Also new, hitherto un-asaige signals occured. It may be speculated
that there is an equilibrium present in both systems, butttia linker has the effect to slow down
conversion rates. There was unfortunately a solubilityofmm with the complex(es) of mp, and also to
some extent with the complex(es) of gcqg, which made the aétation of the ratio RO : dissolved
complex difficult. It may be concluded thatD addition in both species caused the dinuclear species
to unravel. If there was no mononuclear complex presenteastrt, the reaction was very slow and
seemed inhibited. Further titrations, conducted undeakgonditions would be necessairy to make
any conclusions, about possible substituent and linkectsfon the rate of conversion and of the ratio

reached when excess O is present.
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Figure 4.41: 600 MHZH-NMR of [Co,qcq(H:0):][PFs]4 in acetonitrile-d after 2 days, area from
145 to Oppm.
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4.3.3 Electrochemistry

The cobalt(ll) complex of mp [CAmMp)(OACc)][PFs]s was studied. The sample showed only the di-
nuclear double helicate when it was measured with protorRN#d an acetonitrilesdsolution. The
electrochemical behaviour was studied by two kinds of mesmsants: differential pulse voltammetry
and cyclovoltammetry (see Figures 4.42 and 4.43). The fogines the potentials accurately, while the
latter gives information about the reproducibility. In bahethods, the potential is varied linearly over
time. The measurements were conducted in absolute acd®riit order to see if the electrolyte (3mg
dry tetrabutylammonuium hexafluorophosphate into 0.7mIRNjMobe) had any effect on the solution
structure, @ H-NMR was recorded before and after addition. There was fecedn the signals. In the
cyclovoltammogram, recorded at a scan rate of 200mV/setrather broad reduction peaks are seen,
but only two large return waves so the process does not sebm étectrochemically reversible. The
differential pulse voltametry was recorded with ferroceneference. It showed a first reduction poten-
tial at -1.04V, then a weak one at -1.50V, one at -1.72V, angtsubsequent ligand reductions-&V.
The oxidative scan of Ggmp),2+ show no signal at a higher potential (except for the [fernioe]™

+ e = ferrocene), and this means there is na"€bspecies up to a potential of 0.83V vs ferrocene, that
is up to 1.23V vs standard hydrogen.

10.0 4
0.0 A

-10.0 A

-30.0 4

current / mA

-40.0

-50.0

-60.0

-3 25 -2 -15 -1 -0.5 0 0.5 1

potential / V

Figure 4.42: Redox potentials of [g@np)(OAC)][PFs]; versus ferrocene: differential pulse voltam-
metry in acetonitrile (abs), with tetrabutylammonium hiéxarophosphate (0.1M) as electrolyte.

A double helical gnpy complex may be sectioned into a “CpftpPt”- and a “Co(bipy)2*-
unit and the electrochemical potentials compared with trabox potentials of [Co(terpy)*t and
[Co(bipy)k]?>t.1?> The potentials taken from the literature were the 3+/2+ aftl® reduction po-
tentials and they were converted from vs SCE to vs ferroceitte tve help of the electrochemical
series, see HandbobtR page D-151. For the Co(terpy)", these potentials are -0.176V and -1.199V
vs ferrocene. The second one would correspond to the GB@()) reduction in the new complex with
mp. It does not tally well with it however, but then the Co@hmplex of terpy is low spin, as opposed
to the [Ca (mp)(OAC)]»3*. For the Co(bipyy”t the potentials are -0.170V and -1.420V vs ferrocene.
Again it is the second value that corresponds to the Co(@ljBGeduction. But the comparison is not
so simple, since two “bipy” units in the mp ligand coordinatengside an acetate ion or two solvent
molecules. And indeed also this potential is remote fromgotential measured for the new complex.

Data for comparison with the parent complex of gnpy, the sytnically and aliphatically substituted
ms;gnpy, and the symmetrically and aromatically substitutegbygnpy and tbpgpy, and finally for
the unsymmetrically substitued tbpcpgnpy are presentadhile 4.18. To complete the picture, the
mononuclear complex of Co(ll) with egnpy, confirmed by the crystal structure, and the mononuclea
complex of gnpy are included in the table as weiP6-68.91,127
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Figure 4.43: Cyclovoltammogram of [gmp)(OAC)][PFs]s in acetonitrile with tetrabutylammonium
hexafluorophosphate (0.1M) as electrolyte. The cycletestat 1.4V, and the scan rate was 0.20Vs

Both values associated with the metal based Co(ll)-Co@icdons in the new dinuclear mp complex,
-1.04V and -1.72V, tally well with those found for [Gams, gnpy)(OAC)][PFs]5.%* Although the struc-
ture of the two ligands mp and mggnpy, and in consequence their dinuclear complexes wouthddre
closely related, only the first reduction potentials areialty close to each other. The values found for
the complex of moggnpy along with most of the literature values assigned faudiear complexes,
fit better to the values of recently measured mononucleapé®res, listed on the right hand side in
Table 4.18). At the time the electrochemistry of these cexgd was recorded, nothing about the water
sensitivity of the dinuclear cobalt(ll) complex of gnpy tkatives was known yet. This was only recog-
nised a few years agd. It is therefore assumed that in all the samples made and meghgreviously,

at least some mononuclear compound was present, even tlosg¥as neither known nor stated at the
time.

4.3.4 Summary

Mononuclear, seven coordinate cobalt(ll) complexes andaéear double helical cobalt(ll) complexes
were synthesised of the unsymmetrically subtituted nokeld ligand mp, and of the unsymmetrically
linked ligand qcq. Mass spectrometry confirmed the mona@ardtructures. For the double helicate of
gcq, an envelope of peak corresponding to the mass of theldarucore could be seen in the Maldi-
TOF spectrum, but it was not considered very reliable anditteclear mp-complex was not measured,
as it would require putting solution on a gold plate, ahtNMR studies had shown the structure to
be unstable in moist conditions. Infrared spectroscopy eéage on the dinuclear mp-complex, but
the only indication for the complex was the very strong apson band at 825cm'. The acetato
vibrations were obscured by the aromatic ones presentmalgwicopper(ll/l) helicates of gp, mp and
pp. A spectrum of the gcg-complex, was not measured, as itaasidered not to include any more
information. The spectra of mononuclear cobalt(ll) compmemp and gcqg gave very similar spectra to
the one for dinuclear copper and nickel complex (see beland,did not help to distinguish between
mono and dinuclear complexes. The coordinative bond, Abgpoutside the range measurable by the
available instrument.

The redox-potentials of the dinuclear complexes could rofitbed with other gnpy-derivative com-
plexes of cobalt. Because the instability of these compsuveaks only recognised recently, many po-
tentials from the literature, thought to belong to dinucleampounds, belonged to mononuclear com-
pounds, or for all that is is known, to even a different salotstructure.! H-NMR spectroscopy gives
the most information about different solution structugesthe spectra could be compared with those of
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GTT

mother complexes of sym. subst. ligands complexes of unsym. subst. ligands mononuclear complexes
complex complex
potentials | [Cox(qnpyk+ [Coz(Ms:anpy).fCo2(Mmop: qnpy€o: (tbp anpy):ECos (tbpcpanpy€o2(mp)-- [Co(cp:anpy)-[Co(anpy)-
in Volt (OAC)][PFs]d (OAC)I[PFs]s | (OAC)][PFs]s | (OAC)I[PFs]s | (OAC)[PFs]s | (OAC)IPFsls (Solv)][PRs]4 (Solv)][PFRs]4
oxidative 0.7 09
scan 0.53 0.5
0.32 0.3
-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
reductive (\}v.sgk) -1.60 155
sean 171 -1.68 -1.60 -1.65 -1.66 172
-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 quapyidine type complexes of Co(ll) in Volt. The experimentsre conducted in acetonitrile, against
ferrocene® %6.67.91 pottset al. also measured dinuclear cobalt(ll) sqepy complexes once in acetonitrile, once in DMF vs SSCE.v€ded vs ferrocene the

potentials were -0.82, -1.13, -1.44, -1.86 and -2.10V in@utile, and -1.06, -1.29, -1.47, 1.72V, and -1.95V in DMe difference in the first potential being
biggest, and because it was the first reduction potentiagstassigned to the Co(H) Co(l) reduction of the cobalt centre with an acetato / adaitenligand(s)%8 127



substructures in samples containing mixtures of diffesémictures, of which some had been solved by
X-ray, like for example the mononuclear [Co¢gmpy)(OH:)2][PFs]2, and other mixtures of dinuclear
and mononuclear complexes. NMR-titration in acetonitieof dinuclear species with fiD give the
impression that at least two dinuclear species and a motearngpecies may interconvert with each
other, and that the mononuclear species is favoured maendne DO is present.
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4.4 Nickel complexes

4.4.1 Synthesis and characterisation

The nickel(Il) complex of mp was synthesised according toalt using a 1 : 1 ratio of metal salt
to ligand. The turquoise nickel acetatéetrahydrate and beige ligand were dissolved in a minimum
amount of hot methanol to give a brown solution. A precigifarmed upon cooling and could be sep-
arated. The microanalysis fit a formulation of the dinucle@amnplex with one auxiliary acetate ligand
[Nia(mp)(OAC)][PFs]3 - 3.5H,0. The mass spectrum confirm a 2 : 2 ratio of metal to ligand by th
signals at 1637 and 450 which correspond to (M)PFand (M-3PF)3* respectively. Infrared spec-
troscopy was practically indistinguishable from the dileac spectra of copper and cobalt complexes.

Because the compound is paramagnetic, broad signals weeetexl in thé H-NMR spectrum. It was
recorded on a 600 MHz spectrometer, and the signals werbreglsfsom zero downfield to 160ppm,
see Figure 4.44. In published nickel complexes ofogpy and msqnpy®’ the ortho-phenyl protons
give signals at lower field than the meta phenyl protons. Hiféssare very similar to the shifts in the
cobalt complexes, and therefore one may assume, that thatshil3ppm belongs to the ortho-phenyl
proton, and the signal at8ppm belongs to the meta phenyl proton.
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1 T 1 T [ T [ T [ T [ T [ T [ T 1 T 1 T [ T [ T [ T [ T [ T 1 T T T [ T [ T [ T T 71T
78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38
H,O /solvent

17 15 13 11 9 7 5 3 1 -1 -3
(Ppm)

Figure 4.44: 600 MHZ H-NMR of [Niy(mpk(OAc)][PFs]; in acetonitrile-g at ambient temperature.

Assuming the three signals at 3.9ppm to belong to the@Hyjroup, the integral of 6H suggests that the
8H signal at 6.8ppm are the phenyl protons. All the otheragmust thus come from pyridine protons
or acetate, if not replaced by solvent molecules. There Arentironments up to 80ppm plus the two
very broad signals at 159 and 139ppm. 15 signals of 2H iniemsiuld be expected of a head-to-head
isomer. However, because the two metal ions are not codsdirta equivalently, two head-to-head
isomers and one head-to-tail isomer are possible. In treadsead-to-tail, all pyridine protons would
be in unique environments and 30 signals of 1H intensity iiighexpected. But the chemical shift
would not differ much for the different isomers, as the méaimcural feature is the double helical
arrangement. With signals for pyridine and acetate protri¥ different shifts and varying intensity
(see experimental part, page 143), it is hard to assign fferelit signals. What is definite, however,
is that more than just one head-to-head isomer is preserdlitian. It can not be ruled out, that
additionally a completely different structure is preseng. a mononuclear form, like in the cobalt(Il)
complexes discussed above.
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Chapter 5

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

5.1 Overview

Led by the desire to make a real hair-pin complex, where tiieefilies in the direction of the metal-
metal axis of the complex, an attempt was made to prepare-quagr- or quinquepyridine ligand,
with a substituent on a terminal ring. These ligands woulclble to form dinuclear complexes. The
substituent would have to be chosen so that it would be abileact with a linker molecule, to form a
linked ligand similar to gcq, mcm or pcp, with the linker afted to the last ring, instead of the second
last. The phenol group had proven convenient for attachilgkar, and a synthesis was planned that
would result in a 4-methoxyphenyl substituent. During thietkBesis of the quaterpyridine ligand, a
methoxy group would protect the hydroxy group, and prevefibm disturbing early reaction steps.
The protection group would then be eliminated in the verydtep.

Previously, a route to unsymmetrically substituted qumtedines had been publishé# This route
involved Mannich bases, and as | had found out during my Dilohesis, some of these are not easy
to make!3! Therefore, a new synthetic route for asymmetrically stilnstil quaterpyridine ligands
was designed, where two asymmetrically substituted biptswmould be coupled in order to get the
quaterpyridine type ligand. If successful with the quageigine, the same reaction route would be
applied on an unsymmetrically substituted bipy and terpivel@ve in order to obtain a quinquepyridine
type ligand.

A few test reactions were tried in order to make a 5-substitgtpy or gnpy, but they were not promis-
ing. An overview of the planned pathway is given in Figure ar2d 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-suldstituted qtpy ligand: 4-(4-
methoxyphenyl)-2,26',2":6",2"""-quaterpyridine. This quaterpyridine derivative was yfutlharac-
terised. In the overview over all the tried syntheses gingfigure 5.1, the reaction steps of the reaction
pathway that gave better overall yield, are marked with blwews. The reaction steps of an alternative
route, that was more demanding, and also gave a lower oyéhd| are marked with pink arrows).
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5.2 Reaction steps to 4-(4-methoxyphenyl)-2;8',2":6", 2"-
guaterpyridine (4MeOphqtpy)

The two unsymmetrically substituted bipy units that weréoton the new ligand 4-(4-methoxyphenyl)-
2,2:6',2":6" 2" -quaterpyridine in a Stille couplintf? 133were 6-tributylstannyl-2 2bipyridine and 6-
Bromo-4-(4-methoxyphenyl)-2/2bipyridine. The former had already been synthesised byaHAtt
though only the last step of his synthesis was identical ®ynthesis described here. The latter
compound was synthesised by a Krohnke cyclisation, wittaaxiliary carboxylate group, that was
essential in order to obtain a reasonable yield.

The individual steps to 6-tributylstannyl-2-Bipyridine are described first, followed by the steps lagdi
to 6-Bromo-4-(4-methoxyphenyl)-2,/2bipyridine. Finally the Stille cross coupling reactiowvigig the
usymmetrically substituted quaterpyridine derivativdéscribed on page 122.

5.2.1 6,6-Bromo-2,2-bipyridine

The synthesis was consistent with the literature procetfubry 2,6-dibromopyridine was suspended
in dry diethyl ether and cooled in an acetone/dryice bathiden argon. An-BulLi solution in hexane
was added slowly. Additional cooling with liquid nitrogemlped to keep the temperature below -
75°C . After the addition was complete, the temperature wa®dais -56C, and then kept between
-50 and -60C until everything had dissolved. The yellow solution wasled to<-75°C, and dry
copper(ll) chloride was added as a solid. It is an efficientptimg agent for lithiopyridine reagents.
The suspension was stirred at that temperature for 40méhtteen the dipyridylcuprate was oxidised
to the product by bubbling dry air through the mixture. Théoao changed from brown to greenish
brown, and HCI (6.0M, 50ml) was added to quench the reactibe.mixture was stirred until it reached
ambient temperature. The beige precipitate was filteredrudfwashed with HCI (2.0M) and dried
vacuoover ROs to give pure product in 57.5% yield. It was characterised HYNMR spectroscopy
and melting point (220.3-220°G, Literature: 226-227C8 and 220-222C139).

5.2.2 6-Bromo-2,2bipyridine

The literature procedut®®was modified, because using the exact temperature gives tigre only the
starting material back (in good yield), but no product. Risihe reaction temperature above 80 for

the right amount and time, was found to make the reaction worroduce the desired product in
reasonable yield: 2,6-Dibromopyridine was suspendedynlthF in an argon-flushed reaction flask.
The resulting orange suspension was cooled tdG%hd a phenyllithium solution was added drop wise,
while the temperature was allowed to rise to “80After the addition was complete, the temperature
was kept between -98 and -8GC for 15 min., and then between -Tand -65C for 45 min. It was
crucial to maintain this temperature range very carefuihyjl the reaction mixture turned into an ink
black solution. The time varied considerably for this colobange to occur. The reaction was carried
out several times, and the time it took for the reaction mixto turn into an ink black solution, varied
between 20 min and one hour. After the colour change had talke&e, the reaction temperature was
kept in the range of - 7% to -65'C for about half an hour to ensure complete reaction. Theisolwas
cooled back to -9@C, and then let warm slowly to -7@. This procedure was repeated, and then, when
-70°C were reached the second time, the reaction was quenchettiyganethanol, and after two to
three minutes, water. After reducing the amount of soliemticuothe crude product could be obtained
by filtration. It was purified by column chromatography togthe pure product as a white solid in 63%
yield. It was characterised ByH-NMR spectroscopy.

5.2.3 6-Tributylstannyl-2,2-bipyridine

The procedure of Hana# was followed. Best results were obtained when the amountubi,Bhat
was added, was equivalent to the amount of 6-brom6#ridine. The BuLi-solution was there-
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fore titrated against HCI (0.20M) before use, see ‘Orgamkd® on pages 746-747: 6-Bromo-2,2
bipyridine was suspended in diethyl ether and cooled to “@Qénder argon, and lithiated by BuLi
while the temperature was kept below -1G0During 40 minutes, the temperature was raised tdG80
The black suspension turned slowly into a reddish-brownt&m. After cooling back to -10(, trib-
utyltin chloride was added and the solution turned blacle fBmperature was raised over 4h to’G@o
give an orange solution with white precipitate. The solweas removedh vacuoand the product was
obtained as a yellow oil. It was characterised'b{*NMR spectroscopy, which showed the relatively
pure desired compound. The exact yield was not determisgtieecompound was used directly for the
next step.

5.2.4 3-(4-Methoxyphenyl)-1-oxo-2-butenoic acid

The literature procedure for the preparation of 4-brommramaldehyde

was applied, except for a different ratio of ethanol/water. It was chahge

in favour of ethanol so that all starting material could besdived:

Sodium pyruvate was dissolved in water, and 4-methoxyarimidehyde ° o

was added. Ethanol was added in order to obtain a solutioa colourless ~ on
solution was cooled in an ice-water bath f€4and a 10 per cent potassium °
hydroxide solution was added slowly, while the temperatuas kept at 4

+ 1°C. After the first few drops, the solution turned yellow, aatél, a pre-

cipitate formed. Towards the end of the addition, the qiyaofi precipitate

prevented magnetic stirring, so the suspension was swastedy few minutes. The reaction mixture
was acidified to pH 4 with hydrochloric acid, still in the cow bath, and the colour became more
intensely yellow. It was then filtered, and the product watainied as a yellow solid that was washed
with water followed by diethylether and driéulvacuoto yield 58.9%. It was characterised biy-NMR
spectroscopy.

5.2.5 N-[1-Oxo0-1-(6-bromo-2-pyridyl)eth-2-yl]pyridinium iod ide (Br-PPI)

The synthesis was consistent with the literature procedfilfdewkomeet

al.'3” This approach gave a better yield than the analogue reaction o

ditions to the PPI synthesis. An equivalent amount of pyedwas used, ):jY
instead of an excess, and the product was recrystallised fwater. It * * @ .
was characterised by infrared spectroscopy, and this coadirthe iden- ° ~

tity.

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

The literature procedure for the synthesis 6b6omo-4-(4-bromophenyl)-
6-carboxylate-2,2bipyridine and 6-bromo-4-(4-methylphenyl)-6-carboxy-
late-2,2-bipyridine ! was slightly altered for this synthesis, by the use of.
ethanol in addition to water. It is a Krohnke cyclisatioracdon®? 3-
(4'-Methoxyphenyl)-1-oxo-2-butenoic acid, Br-PPI and NbRAc were sus-
pended in water and heated in the to80A minimum of ethanol was added

in order to dissolve everything. The mixture was then hetielD0'C and

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

As this is a new compound, it was fully characterised: Theronamalysis fitted the formula. THed-
and'?*C-NMR spectra were recorded on a 250 MHz spectrometer arsighals of the H-NMR could

121



be assigned. All chemical shifts are listed in the experii@erhapter on page 167. The carboxylic-acid
group showed a broad signal for COO — H at 2523¢rand for C=0 at 1682cm'. The C— O asym.
stretch of the methoxy group showed at 1258¢mEI mass spectrometry showed the molecule peak
(MT), a fragment without the carboxylate group, and fittingaget patterns for both. Crystals in good
quality were obtained from chloroformrdand X-ray analysis confirmed the structure, see appendix C
on page 209.

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

The synthesis by decarboxylation of thé-Bfomo-6-carboxylate-4-(4-
methoxyphenyl)-2,2bipyridine was new. After several attempts by re-
fluxing in various solvents, in the oilbath as well as in themiwave oven,
the approach of Hammarstrom, Toftlund akkermark was used® Small
portions of 6-bromo-4-(4-methoxyphenyl)-6-carboxylate-2h@pyridine
(10-20mg) were heated with a heat gun in a round bottomed ft&knl).
As soon as the compound melted, it spontaneously decompaetbss

of CO,. The brown liquid obtained, was cooled to room temperaitissil
contained some carboxylated material and was purified bystalisation
from hot THF. The carboxylated starting material did nosdise in this, and was filtered off. Adding
some charcoal to the filtrate and renewed filtration gave thdyct as a brown powder in 51% vyield.
Micro analysis fitted the formula. It was further characted by' H-NMR- and infrared-spectroscopy.
Mass-spectrometry gave signals for the molecule ion anfifalgenent without brom, with fitting isotope
patterns. Crystals in good quality were obtained from THhiig, &-ray analysis confirmed the structure,
see appendix C on page 204.

5.2.8 4-(4-Methoxyphenyl)-2,26',2":6",2"-quaterpyridine

The procedure of a Stille coupling was followed as describgd
Hanar®*for a similar synthesis. Dry DMF was degassed for 50 min, and
the catalyst Pd(OAg)was added. This gave an orange-brown solutio
Triphenylphosphine was added and the solution then tureredh yel-
low. This catalyst solution was kept under argon while a degd solu-
tion of 4'-(4-methoxyphenyl)-6-bromo-2;bipyridine in dry DMF was
prepared and added to the catalyst solution via cannula.coloeir of
the solution turned orange-brown again. The 6-(Bjpyridyl)tributyltin
was then added as a degassed solution in dry DMF. This mixtaese
refluxed for 25 hours and then cooled to room temperaturehdrhbpe of removing the tin as an in-
organic salt, a saturated agueous solution of sodium flaavs added, and the mixture was stirred at
60°C overnight. The suspension was allowed to cool to room teatpes, and some additional water
was added. The white precipitate was filtered off and wash#darxsmall amount of DMF-water mix-
ture followed by diethyl ether. The solvent of the filtrateswamovedn vacuoto give the crude product
as a brown powder.

OMe

The compound was run over an alox column as a first purificatiep. This way the product could be
freed of starting material, but not from the tin, as the bgydups could still be observed in thél-
NMR spectrum. The following eluents were used for the coluB@M : MeOH : ELNH (200:10:1) or
(200:50:1). Recrystallisation from ethanol gave an emieht of product in the solid, but not the pure
compound. In a second step, the compound was run over aciligann. Now the tin could be removed
from the product, (but 6-brom~4-methoxyphenyl)-2/2bipyridine did not separate from the product
very well, if it had not been removed in by alox column firsthelfollowing eluents were tried: EtOAc:
hexane : EINH (8:20:1), (40:100:1) and CHEt MeOH, EtNH (20:2:1). The latter gave a solubility
problem. A chromatotron with silica and EtOAc : hexane s NBtl (8:20:1) gave slightly better results
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to the column. Very small amounts of crude product could bedfipd in one just one step. But for
bigger quantities, two purification steps were necessairg,column with alox, and a second one with
silica. Although the synthesis seemed to give an acceptablisdt judging by thé H-NMR spectrum, it
was hard to extract the product from the columns.

This new unsymmetrically substituted quaterpyridine \aive was fully characterised: The micro
analysis fitted the formula,H- and '*C-NMR spectra were recorded and the signals assigned with
help from COSY, NOESY, HMQC and HMBC hetcor spectra (see ayepk69 in the experimental
chapter). The intrared spectrum showed the C —H of the aiomiags at 3055 and 3016cm, of the
methoxy group at 2931-2839crh, and the strong signals of the asym. stretch of C— O at 1242cm
The aromatic C—C and C—N stretch gave signals at 1566¢mand the strong signal at 820cth

is typical for para substituted phenyl groups. The El magstspm showed the protonated molecular
signal (M-H)*, (M)2+/2 and the fragments (M-Gt* and (M-OCH), and the FAB-MS showed the
(M+H)*. A crystal structure of the compound could be solved, witlyastal that had grown from a
fraction off a silica column: The eluent had been EtOAc: mexaEtNH (8:20:1), see appendix B on
pagel97.

5.3 Alternative reaction steps to 4MeOphqtpy

4-Methoxycinnamaldehyde

The general procedure for Wittig reaction described in itezdturé3®

was followed, but the work up conditions were altered in otdeavoid

PhsP =Oimpurity in the product. Predried 1,3-dioxolan-2-ylmdthy

triphenyl phosphoniumbromide and a solution of MeOLi in haetol / e
were degassed in three pump-freeze cycles and heated @ Béfore Me°4©_/7

a solution of freshly distilled 4-methoxybenzaldehyde ig BMF was

added slowly. The mixture was refluxed overnight, cooledtmm tem-

perature, and quenched with water, upon which the cleatisolturned

into a white suspension. After extraction with hexane, ghsly yel-

lowish oil was obtained.!H-NMR spectroscopy showed it to contain the desired pretegroduct
1-(1,3-dioxolan-2-yl)-2-(4-methoxyphenyl)ethen andngoalready deprotected product. For deprotec-
tion, the oil was dissolved in a mixture of approximately 1THF : HCL (10%) and stirred under argon
for 2.5h at ambient temperature, upon which the colour becaore intensely yellow. The mixture was
extracted with hexane, and washed with a sodium hydrogbanate solution and brine. The solvent
was removedh vacuoand the residue dried to give 95% pure product. It was cheriget by H-NMR
spectroscopy.

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

The Method of Krohnk& was followed. Dry 4-methoxycinnamaldehyde,

dry Br-PPI and dry ammonium acetate were suspended in amdicin-

der argon and heated to 1@ form a solution. The temperature was  ®
raised to 120C, and the reddish black solution was refluxed at that tem-
perature for 4.5h. The reaction was quenched by additiorlutedHCI
solution. A precipitate formed and was filtered off, washathwACl

(2M) and driedin vacuoto give the product in 23% yield. It was char-
acterised by H-NMR spectroscopy. This reaction did not work every
time.

OMe

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

From the literature, the lithiation procedure with PRPil4'and the reac-
tion procedure of lithiated bipyridine with boronic estét§**°was fol-
lowed. 6-Bromo-2,2bipyridine was suspended in dry THF and cooled
under argon until the internal thermometer showed @83 solution of
PhLiin a mixture of cyclohexane and ether was added slowlythe re-
action mixture turned into a black solution. Slowly the tesrgiure was
allowed to rise to -60C. After cooling to -80C, 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolan was added dropwise,enthié tempera-
ture was kept below -7@. The solution was stirred in the cooling bath
for another 2h. After yet another 45 minutes, the colour bexhghter and the reaction was quenched
at -70'C with HCI (2M). The internal temperature raised immediatlp’C, and the colour changed to
orange. Saturated sodium carbonate was added to neuthaisexture, that was extracted with diethyl
ether. Removing the solveirt vacuogave a yellow oil that slowly turned brown. Characterisatio
by 'H-NMR spectroscopy showed both product and starting nadtefi flash column with alox, and
toluene with traces of ENH as eluent, seemed to cause decomposition. The compowslwiesised

a second time, and used for the next step (Suzuki coupliedyasl®w) without purification.

5.3.2 4-(4-Methoxyphenyl)-2,26',2":6",2"- quaterpyridine

For the Suzuki coupling?? 143 147. 15the procedure from the literatudfé
was followed. A solution of (2,2bipyrid-6-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolan in dioxane was degassed in three puegzé cy-
cles, and 6-bromo‘44-methoxyphenyl)-2/2bipyridine and potassium
carbonate were added give a yellow suspension. The fraang-py-
cle was repeated three more times. The catalyst: R&(iPlwas washed
with ethanol and diethyl ether and then added. After refigxinder in-
ert atmosphere for 48h, the colour changed to brown. Wateradded
to quench the reaction. Extractions with ethyl acetate @mdoral of
the solvenin vacuogave a brown oil. ThéH-NMR spectrum showed traces of product, but mainly
starting material. The MS showed among other signals onehimaf the product and also one match-
ing 6-bromo-4-(4-methoxyphenyl)-2,2bipyridine. For full characterisation of the pure prodwsee
page 169, and for the crystal structure, see page 197.

OMe

5.4 Conclusions about the syntheses

In a first attempt, it was tried whether the step via the 6-@aylated 6-Bromo-4-(4-methoxyphenyl)-
2,2-bipyridine could be omitted. The cyclisation step withth& carboxylate group proved to give low
yields, and a second disadvantage of the direct route wag tieguired 4-methoxycinnamaldehyde as
starting material. Although the yield was high, this reactheeded oxygen and moisture free conditions,
whereas the starting material to make the carboxylatdztd@no-4-(4-methoxy)-bipy were conducted
in an ethanol-water mixture. This made the reaction pathttay was described first (page 120- 123),
easier and more reliable.

The synthesis of the (2;bipyrid-6-yl)-4,4,5,5-tetramethyl-1,3,2-dioxabaomal, that was the starting

material for the Suzuki coupling, was not really successind/or this compound not very stable. It
may be therefore, that the following Suzuki coupling onlyrkexl very poorly. Even though the Stille

coupling, described before (page 122) had worked betteptiification was not yet working satisfac-
torily. Like with the gnpy derivatives, described in chap?eand 3, it might be better to sonicate the
crude ligand with dilute sodium hydoxide, before extragtivith chloroform and adding it to a column.

This procedure would deprotonate the ligand and preveittingm adsorbing too strongly on the alox

or silica.
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5.5 Summary and outlook

Two new asymmetrically substituted bipyridine derivasivend one new asymmetric ligand 4-(4-
methoxyphenyl)-2,26',2"":6" ,2""'-quaterpyridine were successfully synthesised and ctaised. Al-
though the method for purifying the ligand must still be imped, this opens up a second reaction
pathway for other unsymmetrically substituted gtpy ligan8tudy of helicate formation with copper(l)
and silver(l) would be interesting, especially the invgstion into possible effects of the unsymmetri-
cal ligand substitution on head-to-head and head-tostiherism in Ag(l)Cu(l) mixed metal helicates.
Also self-assembly studies of this ligand with mixtures @ted ions that direct close-to-planar tetraden-
tate, and metal ions that direct tetrahedral coordinationld/be of interest.

Then a next step would be to deprotect the hydroxy group arkdtivo qtpy units together. In this
new bridged ligand, the linker would connect the terminads of the gtpy, and a head-to-head helicate
would resemble a hairpin. In a head-to-tail helicate, th&dr would not be in the direction of the
metal-metal axis, but on the side. The effect of the linkettanhelicate self-assembly could easily be
different from the effect of a linker positioned on the setttast ring, compare Figures 1.13 on page 13
and 4.1 on page 50. By the techniques, used for the gnpy tieeeelicates described in the previous
chapter, these effects could be studied on the new gtpgéies.
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Figure 5.1: Overview over the synthesis of 4-(4-methoxypt)e2,2:6',2":6",2""'-quaterpyridine. The
reaction steps of the better route are marked with blue asreanwd those of a route with low yields in
the Krohnke cyclisation are marked with pink arrows.
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Figure 5.2: Two partially alternative reaction pathway$t¢1-methoxyphenyl)-2/%',2":6";2"'-quaterpyridine. The target molecule is highlighted withedlow
background, and the reactions tried are marked in blue arrde 2-bromo-5-(4-methoxyphenyl)pyridine (with pinkckground) was to be obtained as the second
last step in both pathways, and it could unfortunately natyog#hesised in these attempts.



R=H or COO

Figure 5.3: A possible Krohnke cyclisation mecharisi#f to the unsymmetrical bipy derivative with
and without a substituent in the 6 position. Another varistgiven by Jie Jack L% but also with a
Michael addition as the first reaction step by the enolagekttR = COO : 6'-bromo-6-carboxylate-4-
(4-methoxyphenyl)-2/2bipyridine, and R = H: 6bromo-4-(4-methoxyphenyl)-2;bipyridine.

128



Chapter 6

Conclusions and perspectives

This thesis is placed in the area of helicate self-assemBhgvious work had already established,
that linear oligopyridines strands, like 2@,2":6",2"'-quaterpyridine dtpy) and higher, are directed
into dinuclear double helicates by certain transition igtias, see for instance Lel,>>152Con-
stable?! 42,121,130, 153p0tt537  Unless prevented, helical structures form as two enantismaVith
unsymmetrical ligand strands, further possible isomemfoiare accessible. Derivatives of linear
guaterpyridine and quinquepyridine were chosen, as they foran dinuclear double helicates and
are small enough to be quite soluble. All ligands synthesigethis thesis were unsymmetrically
substituted, and this opened the possibility for the ligaindnds inside a helicate to arrange in equal
orientation (head-to-head) or in contrary orientatioragfo-tail).

Building on Ward’s , Walker's and Whall's wor¥; 5% 9tunsymmetrically substituted 2;8',2":6",2'"':
6",2""-quinquepyridine gnpy) ligand strands were synthesised. In a second step, thadligiaands
were linked together via their second pyridine ring, asgpafridentical, moieties. The linker was long
and flexible, so that it would not prevent the two interlinkigéind strands forming a single helicate. In
total, threegnpy derivatives and three interlinkeghpy derivatives were synthesised. Helicate forma-
tion of both non-linked and linked ligands was studied.

The metal ions used to direct double helicate formation whilnqnpy derivatives were cobalt(ll),
nickel(Il), copper(ll), and in situ formed copper(l). THa¢e first named all prefer octahedral environ-
ments, and thus in a (two stranded) double helicate claieetdonor atoms per ligand. The copper(l)
in the double helicate claims two donor atoms of each ligarsehd. This was illustrated by two crystal
structures of mixed valence copper(ll/l) complexes of coelde helicate comprised of two non-linked
ligands, and one double helicate comprised of two integthkgands. Both helicates are arranged
as the ‘head-to-tail’ isomer, with contrary oriented ligastrands. The likeness between helicates of
linked and non-linked ligands in the crystal, did not extémthe general structure in solid nor to solu-
tion structures. Microanalysi$H-NMR and UV-Vis measurements showed a difference betwien t
copper-helicates of the non-linked and of the correspanlititked ligands. The helicates of which the
crystal structure could be solved, were also measuredetdmically. The two metal based reduction
potentials for Cu(ll}»Cu(l) were identical for both the helicate with non-linketawith linked ligand
strands. It suggests that the structure adapted in sojaittrough slightly different, is of the same type
for the complex with non-linked and with linked ligands.

Double helicates of cobalt(ll) angnpy derivatives proved to be very sensitive to moisture. Never-
theless, a double helicate of non-linked and one of linkgards could be obtained. In thel-NMR
spectra of these double helicates, there was seen the sadhefkiifference between helicates of linked
and of non-linked ligands, as in the spectra of copper-dohblicates: a double set of signals in the
well resolved regions. This suggests that the linker adfdut structure of the double helicate.

The structure adapted by the cobalt(ll)-qnpy derivativstesyn in moist conditions, was a mononu-
clear, almost planar monohelicate. The monohelicate anthlddelicate were easily distinguishable
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in the 'H-NMR. The structures were assigned by comparison withipusly published crystal struc-
ture$? 65-67and' H-NMR spectra® ¢ 9of mono- and double helicates of the pargnpy and similar
gnpy derivatives. Also interconversion from the double helicahe monohelical structures were stud-
ied.

One complex of nickel(ll) was synthesised and charactaride-NMR spectroscopy was not as conclu-
sive as with cobalt(ll) helicates, and the UV-Vis measunetsi@ere not expected to be as informative
as in the partially mixed valence copper(ll)/(l) helicates

In a second project, one new unsymmetrically substitufgyy derivative was synthesised in eight
steps. Itis considered an interesting ligand for the stddhebcate formation directed by copper(l) and
silver(l) metal centres. The substituent on the ligand wasequ on the terminal pyridine ring, and it
was chosen so that two entities could be linked togetherlighad was fully characterised.

Two newqnpy derivatives were synthesised. They were linked togethéro two symmetrical lig-
ands, each comprising two identical unsymmetrical maeti@ne known non-linked and one known
linked ligand were synthesised additionaly. Of all six tiga, complexes with copper(ll) were formed
and characterised. For one double helicate with a gepy derivative, and with a new linkednpy
derivative, crystal structures were solved. They showedublé helical arrangement. Mass spectrom-
etry, pointed to a 2 : 2 metal : ligand ratio for all six speciasd all the' H-NMR spectra were very
similar. This suggests that double helicates were obtaiitall six gnpy ligands.

Cobalt(Il) complexes of one of the non-linked and one of thiedd gnpy derivative were synthesised.
Depending on the conditions, two types of complexes formigh @ach ligand type!H-NMR study
suggested strongly a double helical array for the compléxened in absolute environment, and a
monohelical array for those formed in moist environmentscAinterconversion in the direction from
dinuclear double helicate to mononuclear monohelicatggéred by the addition of water, was moni-
tored.

Finally a new reaction pathway was developed for unsymigadlyi substitutedjtpy derivatives. It was
used to synthesise a new unsymmetrigtaly ligand. It was characterised by microanalysid; and
13C-NMR, mass spectrometry, infrared spectroscopy, andrifstat structure was determined.

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

In carefully controlled dry conditions, also the cobalt Bihelicates of the other fognpy derivative
helicands could be formed, and NMR-spectroscopy wouldaléfthe difference between helicates with
non-linked and linked ligands strands seen in the two comgsistudied so far, is extended to the other.
NMR-spectroscopy could further be used to monitor intevession from these other cobalt(l)-double
helicates to monohelicates.

Theqtpy helicand could be complexed with silver(l) and copper(hyd ¢he formation of double helical
isomers studied with the same methods.
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Chapter 7

Experimental Details

7.1 The synthesis of 4(tert-butylphenyl)-4"'-(4-hydroxyphenyl)-
2,2:6',2":6",2".6", 2""-quinquepyridine (qp) and complexes

7.1.1 Diethyl 2,6-dipicolinate

4
3 / 5
\/O\’ \N O\/
b a
(0]

Figure 7.1: Diethyl 2,6-dipicolinat

The procedure of Smith was followé@In a literature procedure from 1976, this synthesis stepalsis
described>* 2,6-Dipicolinic acid (30.25g, 181.0mmol) and thiony! ctitte (150ml, 245.7g, 2.065mol)
were kept at reflux for 15h while the white suspension turmed & brown solution. Excess thionyl
chloride was removed by distillation and after cooling tomotemperature, toluene (abs., 100ml) was
added and the mixture cooled4d’C. Ethanol (abs., 63ml) was added dropwise over a periodsof 1.
and then the reaction mixture was refluxed for 17h. After icmplsodium carbonate solution (20%,
300ml) was added, and the mixture was stirred for 20 minuéésrb the phases were separated. The
agueous phase was extracted witbutyl methyl ether, the combined organic layers dried @oslium
sulfate and filtered. After removing the solvémtvacuq a brown solid was obtained (37.9g, 94%).

'H-NMR, 250 MHz, CDCl; §: 8.26 (d, H3 and H5, J=7.8Hz, 2H), 7.98 (t, H4, J=7.8Hz, 1H}p4.
(g, CHy, J=7.2Hz, 4H), 1.43 (t, CH J=7.1Hz, 6H).

7.1.2 2,6-Diacetylpyridine

The procedure of Smith was followé&d.(The reaction conditions for this step have been improved in
2001 by a chinese grol,using toxic CrQ. Another synthetic pathway has been patented in 2803.
Under an argon atmosphere, ethanol (abs., 120ml) was addewide to sodium (9.74g) at room
temperature and the mixture heated at reflux until all sodiach dissolved. Ethyl acetate (40ml, 364,
0.41mol) was added dropwise under vigorous stirring, fedd 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 thersed with more xylene (10ml). The
reaction mixture was refluxed under argon for 15h and a cabange from dark brown to light brown
occurred with a small amount of precipitate being formedteAtooling to room temperature, HCI
(25%, 260ml) was added slowly and the colour changed towekowhite precipitate also formed. The
two phases were separated, and the aqueous phase extraceedith xylene. The organic layers were
combined and the solvent removiedsacuoto give a brown oil (26.00g). It was stored overnightin the
dark. The brown oil, and the aqueous phase containing treiiae were combined and refluxed for
4h. The precipitate dissolved to give a brown solution. Afeoling to room temperature, the solution
was cooled in ice and neutralised carefully with sodium oaste, before extracting twice witlart-
butyl methyl ether. The combined organic layers were drigat sodium sulfate, filtered and the solvent
removedn vacuoto give the crude product (11.35g).

Recrystallisation from hot hexane : pentane (9 : 1) gavé&tliyellowish needles (6.63g, 44%).

'H-NMR, 250 MHz, CDCl; §: 8.17 (d, H3, H5, J=8.3Hz, 2H), 7.96 (t, H4, J=7.8Hz, 1H), A35
CHs, 6H).

EI-MS, 70eV, 350C: m/z= 163 M+, 121 (M- CHCO + H)", 106 (M — CHCO - CH + H)*, 93
(pyridine + O).

7.1.3 2-Acetyl-6-[3-(4-hydroxyphenyl)-1-oxoprop-2-eyi]pyridine

Figure 7.3: 2-Acetyl-6-[3-(4-hydroxyphenyl)-1-oxopr@penyl]pyridine
The synthesis was consistent with that reported by Whaiid the product was obtained in 34% yield.

'H-NMR, 250 MHz, CDCl; 6: 8.37 (dd, H5, #s_m4 ms—m3=7.70Hz and 1.2Hz, 1H), 8.23
(dd, H3, W3_pm4,m3—m5=7.9Hz and 1.2Hz, 1H), 8.23 (d, HagJ_my= 16Hz, 1H) 8.03 (t, H4,
Jra—ms/ms=7.7Hz, 1H), 7.96 (d, Hb, B r,=16Hz, 1H), 7.65 (d, Ho, J,  H/»=8.5Hz, 2H), 6.92
(d, Hm, ¥.,.— r,=8.5Hz, 2H), 2.88 (s, CH 3H).

IRKBr(#/cm™!): 3364m,~3320sh, 3070w, 3009w, 2021w, 1960w, 1890w, 1705s, 165%9s15
1558vs, 1512s, 1435s, 1350s, 1303m, 1265s, 1211s, 11@B3y11041s, 980vs, 957m, 879w, 810vs,
748s.
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7.1.4 2-[3-(4tert-Butylphenyl)-1-oxoprop-2-enyl]-6-[3-(4-hydroxypheryl)-1-
oxoprop-2-enyl]pyridine

The procedure of Whatt was used, and a modification of this procedure was equallyesséul:

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

2,6-Diacetylpyridine (1.597g, 9.787mmol), 1-propandbifdl) and diethylamine (3ml) were heated,
using an oil bath at 12@; this gave a temperature of @within the flask. A mixture of 4-hydroxy-
benzaldehyde (1.071g, 8.770mmol) in 1-propanol (15ml) added over 30 minutes and then the re-
action mixture was heated under reflux for 6.5 hours. A mixwir4+tert-butylbenzaldehyde (1.539g,
9.486mmol) in 1-propanol (15ml) was then added to the bgiinlution over a period of 10 minutes
followed by more diethylamine (5ml). After a further 18 hepanother 2ml of diethylamine was added;
and after a further four hours, the reaction mixture waswadld to cool to room temperature. It was
a reddish brown, dark solution. The solvent was removedatuoto give an oily residue which was
shown to contain a mixture of the two precursor aldehydeslamdesired product.

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

Proton NMR analysis showed that this was the title compoifield 0.748mg (21%).

'H-NMR, 250 MHz, CDCl; &: 8.45-8.30 m (m, H3, H5, Ha, HadH), 8.11-8.00 (m, H4,Hb, Hb
3H), 7.73-7.68 (m, Ho, Ho 4H), 7.48 (d, Hm, ,}_,=8.3Hz, 2H), 6.91 (d, H J,._,~=8.3Hz, 2H),
1.38 (s, Ht, 9H).

IRKBr(#/cm™1): ~3310sh,3178m, 3078w, 3032w, 2962m, 2901w, 2872w, 19829881 782w,
1650s, 1597s, 1550vs, 1504vs, 1412w, 1350s, 1273m, 123294s, 1165s, 1111w, 1034vs, 980vs,
872w, 833sh, 810vs, 741s, 710m, 663m.

7.1.5 Side product of the synthesis above: 2,6-di-[&¥t-butylphenyl)-1-oxoprop-
2-enyl]pyridine

Figure 7.5: 2,6-Bis[3-(4-methoxyphenyl)-1-oxoprop+&¢8pyridine

2,6-di[3+tert-Butylphenyl)-1-oxoprop-2-enyl]pyridine was obtainedaaside product in 14% yield from
the synthesis of 2-acetyl-6-[3-(4-methoxyphenyl)-1josap-2-enyl]pyridine, see page 133 when re-
crystallising the crude product from methanol.
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'H-NMR, 250 MHz, CDCl; §: 8.48 (d, Ha, J=16.1Hz, 2H), 8.38 (d, H3 and H5, J=7.8Hz, 2H0)38
(t, H4, J=7.8Hz, 1H), 8.03 (d,Hb, J=16.1Hz, 2H), 7.74 (d, Be8.3Hz, 4H), 7.50 (d, Hm, J=8.8Hz,
4H), 1.38 (s¢-Bu).

EI-MS, 706V, ~450°C: m/z= 451 M*, 436 (M - CH;)*, 422 (M — 2CH)*, 408 (M — 3CH)*, 394
(M — C(CHs)3)*, 318 (M — phenyl-C(CH)s)*, 263 ((M — phenyl-C(CHi); — C(CH))*, 211, 129,
57.

IR diamond (# / cm~1): 3333w, 3078b, 3032w, 2962s, 2901sh, 2870m, 1666s, 1605&&sh,
1512m, 1465m 1412m, 1335vs, 1273m, 1211m, 1150w, 1103n6yvE0287vs, 810vs, 748m, 640m.

Melting point  154°C.

7.1.6 N-[1-Oxo0-1-(2-pyridyl)-eth-2-yl]pyridinium iodide (PPI)

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

The literature procedure was follow&d°>-15"lodine (12.75g, 50.22mmol) and pyridine (60ml) were
heated at 60C. 2-Acetylpyridine (5.60ml, 6.05g, 49.9mmol) was added #re temperature raised to
125°C. A black precipitate formed. After 90 minutes the mixturasicooled to room temperature and
filtered. The solid was redissolved in a minimum amount ofétbainol. Charcoal was added and the
mixture was stirred under reflux for 15 min. The charcoal wigsréd off, and the hot solution cooled to
room temperature. Greenish-yellow crystals formed anckviitered off (2.2979). After concentrating
the filtratein vacug more precipitate was obtained (0.348g). The solids weshaé with ethanol and
diethyl ether and drieth vacua Infrared spectroscopy showed both samples to be pure grastuthe
yield was 2.645g, 16.2%.

IR KBr (#/cm™1): 3313(w), 3126(w), 3082(m), 3051(s), 3008(m), 2877(s), 7480, 1735(w),
1710(vs), 1630(vs), 1583(s), 1483(vs), 1459(m), 14371413(s), 1356(m), 1333(vs), 1292(m),
1264(m), 1227(vs), 1212(vs), 1194(s), 1146(m), 1087 (iB2,7{m), 998(vs), 952(m), 849(m), 786(vs),
760(m), 691(vs),668(vs), 619(m), 569(vs).

7.1.7 4-(4-tert-Butylphenyl)-4"'-(4-hydroxyphenyl)-2,2:6’,2".6",2":6" ,2""-quin-
guepyridine (gp)

The synthesis was consistent with that of WRaknd the product was isolated in 93% yield.

'H-NMR, 600 MHz, DMSO-d¢ 6: 9.01 (d, B5, 5 g3=1.6Hz, 1H), 8.95 (d, D3,5k ps=1.7Hz,
1H), 8.78 (ddd, A6, J=4.7Hz, 1.8Hz and 0.9Hz, 1H), 8.77 (d&®l, 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 aitj 8.
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,
Joa—ps,ca—nm5=7.8Hz, 1H), 8.06 (id, A4, J=7.5Hz and 1.7Hz, 1H), 8.04 (td, &7.5Hz and 1.7Hz,
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Figure 7.7: 4(4-tert-butylphenyl)-4"-(4-hydroxyphenyl)-2,26',2"":6" ,2'"":6""",2"""'-quinquepyridine

1H), 7.97 (d, bo, §}_;m=8.5Hz, 2H), 7.89 (d, dO,4]_4m=8.6Hz, 7.64 (d, bm, },_s,=8.7Hz, 2H),
7.55-7.52 (m, A5, E5, 2H), 6.99 (d, dmy-_4,=8.7, 2H), 1.38 (sle"*Bu, 9H).

13C-NMR, 150 MHz, DMSO-ds 6: 159.3 (dp), 155.5, 155.3, 155.1, 152.3 (bp), 149.6, 1496 (A
E6 and B4 or bv and D4 or dv), 139.0 (C4), 137.6 (A4, E4), 13BOd¢r bv and D4 or dv), 128.2 (4,
126.8 (), 126.2 (bm), 124.4 (A5, E5), 121.4 (C3, C5, A3 or E3), 12@8,(C5, A3 or E3), 118.63
(B5), 118.1 (B3), 117.8 (D3), 117.1 (D5), 116.1 (dm), 345 BUyuarternary)s 31.0 "' BUprimary)-

Maldi-TOF MS m/z: 1293, 857, 816, 669 (M + K + kD + H)*, 668 (M + H,0)*, 629, 612 (M +
H)*+, 572, 552, 492, 479 (M tert-butylphenyl + H), 430, 404.

IR diamond (# / cm™'): 3055w, 2965m, 2901w, 2870w, 1975w, 1790w, 1666w, 1605s44&7
1512vs, 1466s, 1443sh, 1381vs, 1273vs, 1227s, 1173m, 11108Bvs, 949m, 895m, 818vs, 787vs,
733vs, 663vs.

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

7.1.8 [Cw/(4'-(4-tert-Butylphenyl)-4"'-(4-hydroxyphenyl)- 2,2:6',2":6",2":.6" ,2""-
quinquepyridine),][PFs]s, [Cu,(ap).][PF4]s

The synthesis of Whall was usétiand the product was isolated as a brown powder in 31% yield.

'H-NMR, 600 MHz, acetonitrile-d; 6: 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), 6.4156637, 1.22 ((CHKl);C).

Maldi-TOF MS (matrix: «a-Cyano-4-hydroxycinnamic acid) m/z: 1536 (M — 2Pk + K + 4H)™,
885, 676 (qp + Cu + H), 637, 613 (qp + 2H).

IR diamond (7 / cm™'): 3657w, 3634w, 3572w, 3510w, 3186sh, 3094b, 2962w, 2870842
2230w, 2168w, 2021w, 1983w, 1705w, 1589s, 1543m, 1528w].1148458m, 1420w, 1358m, 1273sh,
1242m, 1180m, 1119w, 1080m, 1026m, 818vs, 787sh, 741s, 694m, 648m, 617m.
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UV-Vis/ acetonitrile, c;=11.9:M and ¢c;=119M, wavelength/nm (extinction coefficient/cnm M ~1):
224 (89,900)sh, 292 (77,000), 318 (63,600)sh, 348 (42st0@)’0 (6,050), 577 (2,240)sh.

7.2 The synthesis of 1,17-di(4-(44-tert-Butylphenyl)-2,2":6',2":6",
26" ,2""-quinquepyridyl)-phenoxy)-3,6,9,12,15-pentaoxa-
heptadecane (qcq) and complexes

7.2.1 Hexaethylene glycol ditosylate (Tesleq)

o f c b o/©/
\mO\// \

o O//S\O/\/O\/\O/\/O\/\O/\/O\/\O/S\\O

e d a

Figure 7.8: Hexaethyleneglycol ditosylate

This compound was synthesised according to the method afh®and Inoué® on a scale of31—0 of
that reported. An aqueous solution of sodium hydroxide5@,78.8mmol in 15ml KO) was cooled

in an ice-water bath, and a solution of hexaethylene gly@&Qqml, 6.76g, 23.9mmol) in THF (15ml)
was added. A THF solution of tosyl chloride (8.35g, 43.7minal5ml) was added dropwise, while
the temperature of the reaction mixture was kept at@-4he colourless solution became white and
opalescent, and it was left standing in the fridge for onekwédter addition of 40ml of ice-cold water,
the product was extracted three times with DCM. The comb@ethcts were dried over magnesium
sulfate, and the solvent removédvacuoto give 12.3g of a colourless oil (yield 95%).H-NMR
showed the identity, and a TLC-test did not reveal any int@asi

'H-NMR, 250 MHz, CDCI3 §: 7.79 (d, Ho, Jo_ m=8.2Hz, 4H), 7.34 (d, HM, @ 11,=7.9Hz,
4H), 4.17-4.13 (m, Hf, 4H), 3.70-3.58 (m, Ha,b,c,d,e 20H34Xs, CH, 6H).

7.2.2 1,17-di(4-(4(4-tert-Butylphenyl)-2,2':6',2":6",2":6",2""-quinquepyridyl)phen-
oxy)-3,6,9,12,15-pentaoxaheptadecane (qcq)

2

Figure 7.9: 1,17-Bis(4-(4(4-tert-butylphenyl)-2,26',2":6",2"":6"",2""-quinquepyridyl)phenoxy)-3,
6,9,12,15-pentaoxaheptadecane
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The synthesis was consistent with that used by Whadixcept for the purification; qcq was purified
by column chromatography on Alox 90 (Merck), eluting witHaitoform : diethylamine (25 : 1), and
collected as the first yellow band in 49% vyield.

Microanalysis: found (calculated: Cy4HggN1¢O7 - 1% H.0) % C:75.32(75.43), % H: 6.04 (6.13),
% N: 9.29 (9.36).

'H-NMR, 600 MHz, CDCI3 §: 8.92(d, B5, J=1.6Hz, 2H), 8.87 (d, D3, J=1.6Hz, 2H), 8.7a18m,
A3, E3, B3, C3, C5, D5, A6 and E6, 16H) where B3 comes at 8.71at"& 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, €4, d3/05=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 d8&t7.52 (d, bm, 4}, _4,=8.2Hz,
4H), 7.33 (ddd, A5, J=0.8Hz, 7,4Hz and 7.4Hz, 2H), 7.31 (dgl, J=0.7Hz, 7.2Hz and 7.3Hz, 2H),
7.03 (d, dm, J,—4,=8.6Hz, 4H), 4.18 (t, f, J_.=4.7Hz, 4H), 3.89 (t, e,.J y=4.8Hz, 4H), 3.75 (m, d,
4H), 3.70 (m, c, 4H), 3.68 (s, a and b, 8H), 1.39 @), 18H).

13C-NMR, 150 MHz, CDCl; §: 159.89 (dp), 156.52, 156.49, 156.10, 156.09, 155.94, 553%5.58,
155.53, 152.38 (bp), 149.96, 149.52, 149.27 (A6), 149.4),(E37.81 (C4), 137.01 (A4, E4), 135.92
(bvorB4), 131.20 (dv or D4), 131.10, 128.60 (do), 127.17(@6.11 (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 AES), 121.41 (C3 or C5 or A3 or
E3), 121.39 (C3 or C5 or A3 or E3), 119.11 (B5), 118.84 (B38.55 (D3), 118.36 (D5), 115.17 (dm),
71.08 (d), 70.86 (a or c), 70.85 (a or c), 70.81 (b), 69.916@)70 (f), 34.92 (C(Chk), 31.55(CH).

15N-NMR, 60.81 MHz, CDCl; §:  -14.46 couples (), -13.91 (Ns), -9.57 (Ng), -9.35 (N4), -11.75
(Ne).

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

IR diamond (7 / cm™!): 3526(w), 3070(w), 2955(m), 2924(m), 2862(m), 2322(w), D@9,
2167(w), 1983(w), 1967(w), 1913(w), 1790(w), 1720(m), 568), 1582(vs), 1543(s), 1512(vs),
1474(m), 1450(m), 1420(m), 1389(vs), 1250(vs), 1180(rh)},1Kvs), 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=8.16uM, wavelength/nm (extinction coefficient/cnT'M~'): 260 (78,800),
281 (87,100), 307 (43,600)sh, 318 (31,900)sh.

7.2.3 [Cw(1,17-di-(4-(4-(4-tert-Butylphenyl)-2,2':6',2":6",2":6",2""-quinque-
pyridyl)-phenoxy)-3,6,9,12,15-pentaoxaheptadecanéFs]s, [Cu.qcq]PFs];

Methanol ¢~3ml) was added to the solid qcq ligand (20.4mg, L81®l) and Cu(OAc) - H,O (5.8mg,
29.1umol). In the sonicating bath, a green-brown solution wasioled. This solution was filtered,
and a solution of NHPF; (56mg, 344:mol) in methanol (1ml) was added. The brown precipitate was
filtered off and washed with a little ice cold methanol, wataore ice cold methanol and ether, and
driedin vacuoto yield a brown powder (17mg, 60%).

Microanalysis: found (calculated: CyyHgsN19O7Cu»3.3(PR;) % C: 52.75 (52.93), % H: 4.16
(4.16), % N: 6.32 (6.57).
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IH-NMR, 250 MHz, CDCI3 §:  24.9 (vb), 17,5(vb), 12.7 (d, J=104Hz), 9.13 (b), 8.23-Tr8] 7.01,
6.49, 6.35, 3.94, 3.88, 3.78, 3.63, 3.62, 3.60, 3.56, 3.324(3.54 linker -CHO- protons), 1.22 (s,
(CH3)3C).

Maldi-TOF MS (matrix: «a-Cyano-4-hydroxycinnamic acid) m/z: 1740 (M — 2Pk + H)*, 1596
(M = 3PFK; + 2H)*, 1546, 1533 (M — 3PF— Cu + 2H)", 1470 (qcq + 2HY, 980, 715.

IR diamond (7 / cm~!): 3657w, 3587w, 3086b, 2947m, 2870m, 2168w, 1597s, 1573m3rh54
1520m, 1481m, 1450m, 1427w, 1358w, 1304sh, 1242s, 11884,11,11080m, 1026m, 949w, 818vs,
787s, 741s, 694m, 648m, 617m.

UV-Vis/ acetonitrile, ¢c; =11.5:M and c,=115:M, wavelength/nm (extinction coefficient/cnt'M ~!:
224 (96,800)sh, 291 (83,900), 316 (73,000)sh, 347 (49s80@)73 (4,450), 585 (1,600)sh.

7.2.4 [[Co(1,17-di-(4-(4-(4-tert-butylphenyl)-2,2:6',2":6",2".6",2""-quinque-
pyridyl)-phenoxy)-3,6,9,12,15-pentaoxaheptadecan©Ac)][PFs]s,
[Co,(qca)(OAC)][PFs]s

The qcg-ligand (30mg, 2@mol) and Co(OAc) - 4H,O (10mg, 4kmol) were suspended in dry
methanol (6.0ml) under nitrogen and heated td@5T his temperature was kept for 75 minutes, and
a brown-orange solution was obtained. N (11mg, 64:mol) was added, and it dissolved immedi-
ately. After two minutes of stirring, the solution was allesito cool to room temperature. After cooling
with ice, a white precipitate was filtered off, using an irsesinter with nitrogen atmosphere, and celite.
The solvent was evaporatedvacugq to give a brown powder (28mg, 66%).

'H-NMR, 250 MHz, acetonitrile-ds 3: 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), 26.26284.5, 23.8, 15.8, 14.8, 13.0, 12.3, 9.67,
9.34,7.06, 6.73,5.92, 5.44, 4.94, 454, 4.42-3.51 (m30-(b), -6.36, -10.2.

Maldi-TOF MS m/z: 1738 (Caqcq(OAc)" + OAc + MeOH + 2H)", 1661 (Caqcq(OAc) + (H0O)
— 2H)*, 1583 (Caqcq(OAc) — 3HY, 1516 (qcq + 2Na + 2H).

7.25 [Co(1,17-bis(4-(4-(4-tert-Butyl phenyl)-2,2':6',2":6",2":6",2""- quinque-
pyridyl)phenoxy)-3,6,9,12,15-pentaoxaheptadecane){B®).(MeOH),][OAc]
[PF¢]3, [Co2(gcq)(OHy)2(MeOH),][PFs]4

For the synthesis, the procedure of Whatb make the cobalt complex of gp was followed. Ligand
gcq (24mg, 1emol) and cobalt(ll) acetatetH,O were suspended in methanol (5ml). The orange
suspension was heated to reflux to give an orange-brown@eld solution of ammonium hexafluoro-
phosphate (9.0mg, 58nol) in methanol (1.2ml) was added and upon cooling to roampgrature, a
golden precipitate formed. It was filtered off, washed with-told methanol and dried vacuoto give

an orange powder (25mg, 69%).

Microanalysis: found (calculated: CygH1g3N19O13C0sP5F;5 - % HPFg)-H.O) % C: 52.44
(52.64), % H: 4.36 (4.74), % N: 6.26 (6.26).

'H-NMR, 250 MHz, acetonitrile-d; 6: 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.£8,2.10. 1.53, 1.29, 0.88.
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Maldi-TOF MS m/z: 1770 (Caqcq + K + PR)™, 1531 (qcq + K + MeOHY, 952 (M — 2Pk -
Co + O;H — 5HY*/2 or (Cgqcq(MeOH) + 2PR;, — 4H)*, 912 (M — 3Pk + H,O + H)**/2, 710
(Coxqcq(MeOH) + 2Na + 3Pk)3*/3, 670 (gp + Co¥.

IR diamond (# / cm~1): 3655w, 3084w, 2955m, 2870m, 2164w, 2039w, 1983w, 1599vE445
1545s, 1520s, 1479s, 1452s, 1427m, 1402m, 1391sh, 1362&@w]13242s, 1188s, 1115s, 1080s,
1059sh, 1022s, 1012s, 937w, 876sh, 827vs, 820vs, 790vsh 7A489vs, 692s, 658s.

7.3 The synthesis of the '4(methoxyphenyl)-4"-(4-hydroxy-
phenyl)-2,2:6',2":6",2".6",2""-quinquepyridine  (mp) and
complexes

7.3.1 2-Acetyl-6-[3-(4-methoxyphenyl)-1-oxoprop-2-smjpyridine

MeO

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

2,6-Diacetylpyridine (4.771g, 29.24mmol) and 4-methctybaldehyde (3.55ml, 3.98g, 29.2mmol)were
dissolved in 1-propanol (50ml) and heated in the oilbath@ €. Diethylamine (2ml) were added and
the orange solution was refluxed. During the next 4h, twoipestof diethylamine, each of 2ml, were
added dropwise, and overnight another 10ml of diethylamieee added dropwise to the hot mixture.
This resulted in a beige suspension. After cooling to roomperature, the yellow solid was filtered
from the orange solutiotH-NMR spectroscopy showed the solid (4.057g) containedxaofiproduct
and 2,6-bis[3-(4-methoxyphenyl)-1-oxoprop-2-enyljgyme. The filtrate was collected and the solvent
removedn vacua 4.170g of solid was obtained, containing mainly startiregenal.

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

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

Microanalysis: found (calculated: C;;H5N;O3 - 0.2 H,O) % C: 71.69 (71.67), % H: 5.57 (5.45),
% N: 4.95 (4.92).

'H-NMR, 250 MHz, CDCI3 §: 8.36 (dd, H5, J=7.6Hz and 1.01Hz, 1H), 8.23 (d, Ha, J=16.2HJ,
8.22 (dd, H3, J=7.6Hz and 1.01Hz 1H), 8.018 (t, H4, J=7.6H), .98 (d, Hb, J=16.2Hz, 1H), 7.68
(“dt”, H(ortho), J,,,=9.1Hz, J,,,= ~2Hz, J,= ~1Hz, 2H), 6.97 (“dt", H(meta), 4,=9.1Hz, J,, =
~2Hz, 3, = ~1Hz, 2H), 3.87 (s, methoxy, 3H), 2.87 (s, acetyl, 3H).
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EI-MS, 70eV, ~250'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 (7 cm~1): 3001w, 2970w, 2901w, 2885w, 2839w, 2361w, 2322w, 2191WQ21 8044w,
1983w, 1944w, 1890w, 1697s, 1666s, 1589s, 1566s, 15128n1,46442m, 1420m, 1342m, 1304m,
1250s, 1219m, 1204m, 1180s, 1150m, 1103m, 1034vs, 98798),B¥ 9w, 833w, 810vs, 787s, 748m,
725m, 648m.

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

MeO

Figure 7.11: 2,6-Bis[3-(4-methoxyphenyl)-1-oxopromiyl]pyridine

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

Microanalysis: found (calculated: Cy5sH21 N1 Oy - % H.0O) % C: 74.45 (74.33), % H: 5.33 (5.36),
% N: 3.71 (3.47).

'H-NMR, 250 MHz, CDCl; &: 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(78t", H(ortho), J,,, = 8.7THz, dmw=
~2Hz, 3= ~1Hz, 2H), 6.98 (“dt’, H(meta), o}, = 8.7HZ, Jno= ~2Hz, Jnm'= ~1Hz, 2H), 3.89 (s,
H(MeO), 5-6H)

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

IR diamond (7 / cm™!): 3063w, 2970w, 2924w, 2839w, 2037w, 1982w, 1890w, 1697w,9%65
1597vs, 1566vs, 1512vs, 1465w, 1443w, 1420s, 1343s, 13288ys, 1204w, 1180vs, 1111w, 1026vs,
987vs, 926sh, 872w, 833w, 802vs, 740w 640w.

7.3.3 2-[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]-6-[84-hydroxyphenyl)-1-oxo-
prop-2-enyl]pyridine

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

(to make 2-[3-(4tert-butylphenyl)-1-oxoprop-2-enyl]-6- [3-(4-hydroxyphg)r1-oxoprop-2-enyl]pyri-
dine) was adjusted. 2-Acetyl-6-[3-(4-methoxyphenyipioprop-2-enyl]pyridine (2.047g, 7.277mmol)
was dissolved and heated in 1-propanol (40ml) andNBt (4ml) to 120Cthen let cool to 70C. At
this temperature a solution of 4-hydroxybenzaldehyde6@.9.89mmol) in 1-propanol (25ml) was
added dropwise by syringe, over a period of an hour. Whendfi#itfe solution containing the aldehyde
was added, more EtH (1ml) was added to the hot reaction mixture, before addiregsecond half
of the aldehyde solution. The reaction mixture was refluxet8 C for 4.5 h, then cooled to room
temperature. The solvent was removedvacuoand a greenish brown solid was obtained (3.289).
Proton-NMR showed a mixture of product and both startingemals in the ratio of about 1:1:1.
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Figure 7.12: 2-[3-(4-Methoxyphenyl)-1-oxoprop-2-enrgH3-(4-hydroxyphenyl)-1-oxoprop-2-
enyl]pyridine

Route via 2-acetyl-6-[3-(4-hydroxyphenyl)-1-oxoprop-Z2nyl]pyridine Again, the procedure of
WhallP! was adjusted to this synthesis. 2-Acetyl-6-[3-(4-hydhxgnyl)-1-oxoprop-2-enyl]pyridine
(6.90g, 25.8mmol) and 4-methoxybenzaldehyde (30.0mEg3.247mol) were heated in 1-propanol
(100ml) and EfNH (6ml) to 80°C. After a few minutes, everything dissolved, and the mitwas
then refluxed at 12 for one hour, before more B{H (4ml) was added. After half an hour more,
Et,NH (4ml) was added and the reaction mixture refluxed for 45emoinutes, before cooling to room
temperature. The solvent was remouedacuoto give a brown oil. Proton-NMR showed product and
4-methoxybenzaldehyde.

The oil was added to a silica column and eluted with DCM:MeBt:N H(20:1:0.1). The third band
contained the product. It was obtained as an orange powdsy, (36%).

Microanalysis: found (calculated: C;4H19N;O4 - H2O) % C: 71.31 (71.45), % H: 5.22 (5.25), %
N: 3.53 (3.47).

'H-NMR, 400 MHz, CDCl; §: 9.54 (b, OH), 8.36 (d, H3, H5, ) 15— ma=7.8Hz, 2H), 8.324 (d,
Ha, J7.—m3=15.9Hz, 1H), 8.319 (d, HaJma — myy=15.9Hz, 1H), 8.07 (t, H4,5s_ p3/m5=7,8Hz, 1H),

8.00 (d, Hb, Jry 1,=15.9Hz, 1H), 7.99 (d, Hb Iy _ o =16.2Hz, 1H), 7.72 (d, HO &), ~ 1. =8.8Hz,

2H), 7.68 (d, H6, Jyo_ pgm=8.8Hz, 2H), 6.98 (d, HmM, &, H,=8.8Hz, 2H), 6.92 (d, HiM

Jam' — o =8,8Hz, 2H), 3.89 (s, methoxy, 3H).

13C-NMR, 150 MHz, CDCl; §: ~189 (C =0), ~162 (Cp),~ 159 (Cp), 154 (C2 and C6), 145.66
(Cb, CH), ~138 (C4), 131.41 (C9, 131.22(C0)~128 (Cv and C{), 126.34 (C3 and C5);-118 (Ca,
Cd), 116.82 (Crt), 115.19 (Cm)~57 (MeO).

EI-MS, 70eV,~450°'C: m/z= 385 M", 292 (M — hydroxyphenyt), 278 (M — methoxyphenyf), 161
(2,6-diacetyl pyridine — 2H), 133 (1-0x0-1-(2-pyridyl)-prop-2-em)

IR diamond (7 cm™!): 3225w, 2962m, 2824m, 2754m, 2476m, 2384w, 2044w, 1983wsu87
1651s, 1589vs, 1558vs, 1504vs, 1458s, 1389m, 1342s, 12BA50vs, 1165vs, 1111sh, 1034vs, 987s,
810vs, 740m, 694m, 663m.

7.3.4 4-(4-Methoxyphenyl)-4"-(4-hydroxyphenyl)-2,2:6’,2".6",2":6" ,2""-quin-
guepyridine (mp)

The synthesis procedure from Whall's théSisvas applied. 2-[3-(4-methoxyphenyl)-1-oxoprop-
2-enyl]-6- [3-(4-hydroxyphenyl)-1-oxoprop-2-enyl]pgine (1.451g, 3.764mmol), PPl (2.607g,
7.993mmol) and dry ammonium acetate (10g;103'mol) were heated to S€ in methanol £12ml)

under argon. Almost all dissolved, and 4 drops freshly itkstiacetic acid was added. The mixture
was refluxed overnight. A beige precipitate had formed. Adteling in the fridge, the precipitate was
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Figure 7.13: 4(4-Methoxyphenyl)-4'-(4-hydroxyphenyl)-2,26',2":6",2"":6""" ,.2"""'-quinquepyridine

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

Microanalysis: found (calculated: C3gH27N5Os - HoO) % C: 75.40 (75.61), % H: 4.89 (4.84), %
N: 11.67 (11.60).

'"H-NMR, 600 MHz, DMSO-dg 6: 9.94 (s, OH, 1H), 8.97 (d, B553_53=1.8Hz, 1H), 8.95 (d, D3,
Jps—_ps=1.7Hz, 1H), 8.78-8.76 (m, A6, E6), 8.72-8.69 (m, B3, C3, cBH) 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~B8])) where A3 is at 8.682, D5
at 8.680 and E3 at 8.675, 8.24 (t, C4uJlcs,ca—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)0&d bo, J,—»,»=8.7Hz, 2H), 7.89 (d,
do, Jio—am=8.6Hz, 2H), 7.55-7.51 (m, A5, E5, 2H), 7.17 (d, bmg,,J;,=8.8Hz, 2H), 7.01 (d, dm,
Jim—d0,=8.5Hz, 2H), 3.89 (s, MeO, 3H).

13C-NMR, 150 MHz, DMSO-ds &: 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, d@3.D (D4 or dv), 124.5 (A5, E5), 121.5
(C3,C5),121.1 (A3, E3), 118.3 (B5), 118.0 (D3), 117.8 (B3)7.4 (D5), 116.2 (dm), 114.9 (bm), 56.0
(MeO).

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

IR diamond (7 cm~1):  3330b, 3135w, 3055w, 3009w, 2939w, 2901w, 2831w, 2592W2249446w,
2353w, 2291w, 2168w, 2021w, 1983w, 1882w, 1790w, 1659w53601574s, 1551sh, 1512vs, 1466m,
1450m, 1381s, 1258vs, 1173s, 1103m, 1072m, 1034m, 987m),88Bvs, 787vs, 733vs, 687w, 663m.

UV-Vis / chloroform, ¢=17.1uM, wavelength/nm (extinction coefficient/cnm*M~1): 261
(52,200)sh, 284 (66,900), 308 (36,100)sh, 318 (25,700)sh.

7.3.5 [Cw(4'-(4-methoxyphenyl)-4"-(4-hydroxyphenyl)- 2,2:6',2":6",2".6"",2"'-
quinquepyridine),][PFe]s, [Cua(mp).][PFe]3

4'-(4-Methoxyphenyl)-4'-(4-hydroxyphenyl)-2,26',2":6",2"":6""" ,2""""-quinquepyridine  (19mg,
32.4umol) and Cu(OAg) - H,O (8.2mg, 4.1- 10 °mol) were dissolved in methanok@ml). The
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brown solution was filtered. A solution 6f H,PF; in methanol (1ml) was filtered and added. The
brown precipitate was filtered off and washed with ice coldhagaol, water, ice cold methanol again,
and ether to yield a brown powder (19 mg, 34%).

Microanalysis: found (calculated: C;gH54N;10O4CusP3F15-6H,0) % C: 49.38 (49.57), % H: 3.29
(3.61), % N: 7.54 (7.61).

'H-NMR, 600 MHz, acetonitrile-ds §: 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=48.4HzQ @;0), 3.65 (CHO).

Electrospray MS / acetonitrile, m/z: 649 (mp + Cu}, 433 (M — 3PE)>*/3.

IR diamond (7 / cm~1): 3641w, 3518w, 3094b, 2839w, 2168w, 2037w, 1983w, 1589s441%7
1543m, 1520m, 1481m, 1458m, 1420m, 1358m, 1242s, 11806 11»18m, 818vs, 787sh, 741m,
648m, 617m.

UV-Vis/ acetonitrile, c; =114uM and c,=11.4uM, wavelength/nm (extinction coefficient/cm M ~1:
226 (93,600)sh), 292 (72,000), 317 (66,300), 351 (51,10@&87 (6,440), 581 (2,140)sh.

X-ray see appendix A.1 page 175.

7.3.6 [Nickeh(4'-(4-methoxyphenyl)-4’-(4-hydroxyphenyl)-2,2:6’, 2":6",2".6",
2""-quinquepyridine), (OAC)][PFs]s, [Ni2(mp)2(OAC)][PFe]s

Turquoise Ni(OAc) - 4H,O (9.8mg, 3@mol) and beige ligand (21.8mg, 37.&ol) were alternatively
sonicated and heated in relatively dry methanol (1ml) tee@n intense brown solution. A solution
of NH4PF; (96mg, 5910 *mol) in dry methanol (2ml) was added. First a light colouredgipitate
formed. When the reaction flask was heated, the precipiated dark brown under an orange solution.
Some more methanol (2ml) were added, and after heating fan5 the mixture was left standing at
room temperature overnight. The precipitate was still broand the orange solution had turned lighter.
After cooling down in the fridge, the precipitate was filtéreff, washed with dry methanol (3ml) and
driedin vacuoto yield 23mg 70%.

Microanalysis: found (calculated: C;sH57N1gOgNioPsF5 - 3,5 HoO) % C: 50.85 (50.76), % H:
3.52(3.50), % N: 7.62 (7.59).

'H-NMR, 600 MHz, acetonitrile-d; §: 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(4), 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, 36192-6.60 (m, phenyl, 8H), (3.91, 3.88
and 3.86) (m, CHICO, 6H).

Electrospray MS / acetonitrile, m/z: 1637 (M — PF6 + 2HY, 748, 725 (Ni(mp)(HO)(MeOH))*,
705 (Ni(mp) + 4H)*, 678, 662 (Ni(mp)(HO))*, 634, 615 (Ni(mp) + 2H)**/2, 450 (M-3PF +
3H)*+/3, 368 (Ni(mp)(OAC)(MeOH) + 2H)/2, 322 (Ni(mp) + 2HJ+/2.

IR diamond (# / cm™'): 3641w, 3510w, 3190sh, 3078w, 2839w, 2168w, 1983w, 159780m5
1482m, 1450m, 1420m, 1358m, 1242s, 1180s, 1126sh, 1088n1,0825vs, 787sh, 741s, 679sh,
648m.
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7.3.7 Drying cobalt(ll) acetate

In order to make the dinuclear, dihelical cobalt complex qf, rall water had to be removed from
Co(OAC)2 4H,0. In order to accomplish this, the procedure describederathstract CA 65, 18490g
of a japanese article of Kubo and Man&tfavas followed. Cobalt(ll) acetatdH,O was dried for 5h
at 60°C in vacuo(0.05mbar). The colour changed hereby from pink to marine bl

IR diamond (7 /cm~1!): 3001w, 2932w, 1543vs, 1389vs, 1335vs, 1049m, 1026s.

IR nujol (7 / cm™1): 2368w, 2199w, 2052w, 1574vs, 1558sh, 1543sh, 1528sh, $42ABA2m,
1049m, 1018m.

7.3.8 [Cobalt(4'-(4-methoxyphenyl)-4"-(4-hydroxyphenyl)-2,2:6',2":6",2":6",
2" -quinquepyridine), (OH,)(OH)][PF]s, [Co(Mmp)2(OH,)(OH)][PF];

Co(OAc), - 4H,0 was dried at 60C in vacuountil the pink colour had changed to blue completely
(~3h). The IR spectrum was recorded, which confirmed that it water free. Co(OAg) (7.1mg,
40pmol) and predried ligand (20.6mg, 3amol) were then dried together again at' 60n vacuofor
three hours and let cool under argon to ambient temperatidelition of dry methanol (3ml) (dis-
tilled twice from magnesium) and slight heating gave a daxwm solution. Dry NHPF; (96mg,
5.910 *mol) was added as a solid, and after heating slightly andisgjithe mixture was left standing
under argon at room temperature until all solvent had exapdrand only a brown solid was left. This
was put in a predried sinter and washed with dry methanolerAftyingin vacug 19mg of a brown
powder was obained (61% yield). The proton-NMR showed d®hblicate only.

Microanalysis: found (calculated: C;gH57N1gOgC0P3F15-3H,0) % C: 50.67 (50.34), % H: 3.52
(3.50), % N: 7.75 (7.73).

'"H-NMR, 600 MHz, acetonitrile-d; measured immediately upon solvatiord: 266, 263, 261, 256,
141, 140, 139, 138, 117, 114, 113, 110, 80.6-74.0 (m), 7G2,-50.0 (m), 41.0 (weak), 34.4, 27.6
(weak), 24.5, 23.0 (weak),21.0 (weak), 18.8 (weak), 14382 {weak), 12.5 (weak), 11.1 (weak), 9.7
(weak), 8.53, 6.78, 4.48, -0.6 (weak).

IR diamond (# / cm~'): 3634w, 3572w, 3495w, 3086w, 2978w, 2893w, 2839w, 2168w4201
1983w, 1767w, 1651sh, 1597s, 1520m, 1482m, 1450m, 142068w1,3242s, 1180s, 1111sh, 1080w,
1018m, 825vs, 779sh, 740s, 702sh.

Differential pulse voltametry. Reduction potentials/V vsFct/Fc:  -1.04, -1.50 (weak), -1.72, -2.24,
-2.43,-2.74.

7.3.9 [Cobalt(4-(4-methoxyphenyl)-4"-(4-hydroxyphenyl)-2,2:6',2":6",2".6",
2""-quinquepyridine)(H  0),][PF¢]2, [Co(mp)(OH,).][PFs]s

The procedure from Wha&ft was followed but no water added before precipitating. Tharid (19.8mg,
33.8:mol) was suspended in methanol (12ml). Cobalt(ll) acetttahydrate was added to the suspen-
sion. It turned into an orange-brown solution. A solutioraafmonium hexaflurorophosphate (370mg,
2.27mmol) in methanol (3ml) was added and a golden pretipftamed after some of the solvent
had been taken offi vacua It was filtered off, washed with water and ice-cold methaarad diethyl
ether and driedn vacuoto give 160mg of a greenish-yellow solid. It contained escasimonium
hexafluorophosphate.
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'H-NMR, 600 MHz, acetonitrile-d; §: 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 — PR — 2H,O)*, 679 (M — 2Pk
—H)*, 663(M — H,O — 2Pk + H)T

IR diamond (7 / cm~1!): 3655w, 3067w, 2843w, 2162w, 2031w, 1601vs, 1574s, 15512045
1481s, 1454s, 1421m, 1389w, 1362w, 1304sh, 1283sh, 12488s11118w, 1078m, 1014s, 970w,
829vs, 818vs, 789vs, 741s, 733s, 702s, 673w, 652m.

7.4 The synthesis of 1,17-Bis(4-{(44-methoxyphenyl)-2,2.6',2".6",
2".6",2""-quinquepyridyl)phenoxy)-3,6,9,12,15-pentaoxahepta-
decane (mcm) and complexes

7.4.1 1,17-Bis(4-(4(4-methoxyphenyl)-2,2:6',2":6",2":6"',2""-quinquepyridyl)-
phenoxy)-3,6,9,12,15-pentaoxaheptadecane (mcm)

2

Figure 7.14: 1,17-Bis(4-(44-methoxyphenyl]-2,26',2":6",2"":6"',2"""- quinquepyridyl)phenoxy)-3,
6,9,12,15-pentaoxaheptadecane

All ingredients except DMF were dried in vacuo, ovel® for 3h. Then they were weighed and added
to the predried reaction flask and kept under argof{4sydroxyphenyl)-4'-(4-methoxyphenyl)-
2,2:6',2".6",2":6",2""-quinquepyridine (mp) (353mg, 0.603mmol), €5 (100mg, 0.307mmol)
and tosheg (172mg, 0.291mmol). DMF (abs., 13ml) was added, and tkiira heated to 11 (oil
bath-temperature). The mixture became a dark brown saolata the flask containing the mixture was
left at that temperature overnight, attached with a refliod@o The TLC then showed that all starting
mp was consumed, and the mixture was cooled to room temperaibrown precipitate formed and
could be filtered off. It was washed with methanol followeddigthyl ether and drieth vacuoto give
221mg crude product.

The crude product was purified by column chromatographgguslox 90 (Merck) and DCM : MeOH :
Et;NH in aratio of 200 : 10 : 0.1 as eluent. A solution of clean pratdvas collected in the first yellow
fraction, and after removing the solvaéntvacug 213mg (53%) pure product was obtained.

Microanalysis: found (calculated): CggH7N19O9:2.5H, O % C: 72.20 (72.26), % H: 5.45 (5.58),
% N: 9.22 (9.58).
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'H-NMR, 600 MHz, CDCl; 6: 8.853 and 8.848 (two d, B5 and D3, J=1.5Hz, 4H), 8.71 (ddd, A6 o
E6, J=4.7Hz, 1.8Hz and 0.9Hz, 2H), 8.69 (ddd, E6 or A6, J=24,4I7/Hz 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 8B&8and D5 at 8.65 and 8.62
and C3 and C5 at 8.64 and 8.63, 7.98 (t, G4,.b3,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, (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 7.2}, 7.01 (d, dm, J=8.7Hz, 4H), 7.00
(d, bm, J=8.7Hz, 4H), 4.18 (t, f;1.=4.9Hz, 4H), 3.91 (t, e,.J y=4.8Hz, 4H), 3.88 (s, MeO, 6H), 3.77
(m, d, 4H), 3.71 (m, c, 4H), 3.69 (s, aand b, 8H).

13C-NMR, 150 MHz, CDCl; §: 161.0 (bp), 160.0 (dp), 157.0, 156.2, 155.7, 149.3 (A6, EBR.0
(C4), 137.1 (4, E4, bo or do), 131.2, 128.7 (A4, E4, bo or d@}.Q (A5, E5), 122.0, 121.0 (B3, D5,
A3, E3, C3 or C5), 118.7 (B5, D3), 118.4 (B3, D5, A3, E3, C3 0),a8.5.1 (bm or dm), 114.5 (bm or
dm), 71.3 (d), 71.1 (c), 71.0 (a, b), 70.0 (), 67.9 (), SE8I{).

Maldi-TOF MS (matrix: «a-Cyano-4-hydroxycinnamic acid) m/z: 1560, 1475 (M + K + HO +
2H)*, 1439 (M + Na), 949 (M —mp + 2K + 2HO)*, 889 (M —mp + K+ HO)*, 657, 643, 551.

IR diamond (# / cm~1): 3533(w), 3063(w), 2924 (m), 2854(m), 2322(w), 2291(w), 16),
2044(w), 1983(w), 1720(m), 1690(w), 1605(m), 1582(s),d8(S56), 1543(s), 1512(vs), 1474(s), 1458(s),
1420(s), 1389(vs), 1296(sh), 1258(vs), 1180(s), 111115)2(vs), 1041(vs), 987(m), 949(w), 887(m),
818(vs), 787(vs), 733(s), 694(w), 679(w), 663(m), 640@D7(M).

UV-Vis / chloroform, c¢=5.64uM, wavelength/nm (extinction coefficient/cnt'M~—1): 260
(99,900)sh, 284 (133,000), 310 (67,000)sh, 320 (45,500)sh

7.4.2 [Cw(1,17-Bis(4-(4-[4-methoxyphenyl]-2,2:6',2":6",2":6",2""-quinque-
pyridyl)phenoxy)-3,6,9,12,15-pentaoxaheptadecanefiFs].,
[Cusmcem][PFs];

1,17-Bis(4-(4-[4-methoxyphenyl]-2,26',2":6",2"":6"",2""-quinque  pyridyl)phenoxy)-3,6,9,12,15-
pentaoxaheptadecane (21.1g, 14®l) and copper(ll) acetate monohydrate (10.4mg, 52utnol)
were sonicated in methanot8ml) to yield a green solution. After filtration, a filteredlgtion of
ammonium hexafluorophosphate (56mg, @dwl) in methanol (1ml) was added. A greenish brown
solid was filtered from the turquoise solution. The solid washed with ice cold methanol, and water
(and at this point the colour of the solid turned brown), tieencold methanol again, and finally diethyl
ether. Dryingin vacuogave a brown powder (16mg, 549%).

Microanalysis: found (calculated: CggsH76N19OgCusP4Foy % C: 49.38 (49.75), % H: 3.89 (3.61),
% N: 6.40 (6.59).

'H-NMR, 250 MHz, CDCl3 §: 24.8 (vb), 17.5 (weak, vb), 12.8, 12.2, 9.14, 8.00 (b), 76749 (b),
4.10, 3.95, 3.91, 3.79, 3.77, 3.65, 3.63, 3.59, 3.58, 3.9} #.10-3.54 linker -CKO- and CHO
protons).

Maldi-TOF MS (matrix: a-Cyano-4-hydroxycinnamic acid) m/z: 1688 (M — 2Pk + H)™, 1546,
1543 (M — 3PE)*, 1496, 1479 (M — 3PF— Cu)*, 955, 939, 930, 662

IR diamond (# / cm~!): 3657w, 3581w, 3086b, 2870b, 2168w, 2029w, 1983w, 1597s41h57
1543w, 1520m, 1481w, 1450m, 1427m, 1411sh, 1358m, 130442s12188s, 1119b, 1080m, 1018m,
818vs, 787vs, 741s, 694sh, 648m, 617m.
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UV-Vis/ acetonitrile, c; =105:M and c,=10.5:M, wavelength/nm (extinction coefficient/cn M ~1:
225 (192,500)sh, 292 (68,400), 320 (65,500)sh, 348 (54s80@p8 (4,670), 576 (1,630)sh.

7.5 The Synthesis of 4(4-hydroxyphenyl)-4”-phenyl-2,2:6’,2".6",
2"".6",2""-quinquepyridine (pp) and complexes

7.5.1 2-[3-(4-Hydroxy)-1-oxoprop-2-enyl]-6-[3-phenyll-oxoprop-2-enyl]pyri-
dine

Figure 7.15: 2-[3-(4-Hydroxy)-1-oxoprop-2-enyl]-6-[8ienyl-1-oxoprop-2-enyl]pyridine

2-Acetyl-6-[3-(4-hydroxyphenyl)-1-oxoprop-2-enyljpgline (6.771g, 25.33mmol) was suspended in 1-
propanol (100ml). Addition of ENH (30ml) caused a colour change to ruby red. The suspensisn w
heated to 80C and a solution of benzaldehyde (10.0ml, 10.5g, 98.9mmal)-propanol (80ml) was
added during~10 min. In the heat, the suspension turned into a solutia,was refluxed at 138.
Over night it turned brown. After cooling slightly, the selt was removeah vacuoto give a brown
oil.

The oil was added to a silica column and eluated with DCM : Me@th,NH (20:1:0.1). The product
was collected as the second band and obtained as a yellonep@@v@5g, 37%).

Microanalysis found (calculated: C,3H17N1O3 % C: 77.44 (77.73), % H: 5.10 (4.82), % N: 3.86
(3.94).

'H-NMR, 250 MHz, CDCl3 6:  8.53-8.29 (m, H3, H5, Ha, HadH), 8.11-7.96 (m, H4, Hb, Hb3H),
7.81-7.73 (M, How~2H), 7.69 (d, HO, Jizo —r1m: =8.7Hz, 2H), 7.49-7.45 (m, Hm, Hpy3H), 6.91 (d,
Hm’, Jgm' —Ho=8.5HZ, ZH)

EI-MS, 70eV, ~250°C: m/iz= 355 M*, 278 (M — phenylf, 147, 103.

IR diamond (7/cm~!): 3356b, 3063w, 3024w, 1983w, 1882w, 1659s, 1597s, 15580¢s13443m,
1381w, 1335s, 1281m, 1234s, 1204s, 1165s, 1034vs, 98@29sh, 810vs, 764m, 741s, 702w, 679m.

7.5.2 4-(4-Hydroxyphenyl)-4"-phenyl-2,2:6',2":6",2":6",2""-quinquepyridine
(PP)

The synthesis procededure from Whall’'s the'sigas applied. 2-[3-(4-Hydroxy)-1-oxoprop-2-enyl]-6-
[3-phenyl-1-oxoprop-2-enyl]pyridine (2.629¢g, 7.398nmm&PI (4.8349, 14.82mmol) andH 4,0 Ac
(5.98g, 77.6mmol) were dissolved in dry methanol (40ml) hedted to 100C under argon. A brown
solution formed, and was refluxed for 17h to give a beige pr&de. After cooling to room temperature,
the precipitate was filtered off, washed with ice cold metiamd driedn vacuoto yield 3.64g (89%).
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Figure 7.16: 4(4-Hydroxyphenyl)-4’-phenyl-2,2:6',2":6",2"":6"",2"""- quinquepyridine

Microanalysis: found (calculated): C37H25N50) - 0,5H,O0 % C: 78.82 (78.70), % H: 4.62 (4.64),
% N: 12.52 (12.40).

'H-NMR, 600 MHz DMSO-dg 6: 9.93 (s, OH, 1H), 9.04 (d, B5,53_53=1.7Hz, 1H), 8.98 (d, D3,
Jps—ps=1.9Hz, 1H), 8.78-8.67 (m, B3, C3, C5, A3, A6, D5, E3, E6, 8H)ere B3 is at 8.77, C3
and C5 at 8.75 and 8.72 and D5 at 8.69, 8.27 (t, €4,.-d3,ca—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%0(d}g4,=8.9Hz, 2H), 7.64
(t, bm, 3, _po=7.4Hz, 2H), 7.59 (t, bp,s)—_sm=7,4Hz, 1H), 7.56-7.52 (m, A5, E5, 2H), 7.00 (d, dm,
Jim—40=8.8Hz, 2H)

Maldi-TOF MS (no matrix) m/z: 616 (M + 4H + K + H,0)*, 614 (M + 2H + K + H,O)*, 579 (M
+H + Na)*, 557 (M + 2H)".

IR diamond (# / cm~'): 3549w, 3186b, 3055m, 2291w, 1983w, 1967w, 1952w, 1798wHN656
1605m, 1566s, 1543vs, 1520s, 1474s, 1434m, 1389vs, 12783n11173m, 1126w, 1103m, 1072m,
1041m, 995m, 957sh, 887m, 833m, 818s, 787vs and 764vs, d38%, 678m, 656m, 640m, 617s.

UV-Vis / chloroform, c¢=20.16:M, wavelength/nm, (extinction coefficient/cmm!M—1): 257
(62,800), 279 (58,300), 308 (34,000)sh, 318 (27,000)sh.

7.5.3 [Cw(4'-(4-hydroxyphenyl)-4"-phenyl-2,2:6’,2":6",2":6",2""-quinque-
pyridine)] 2[PFe]s, [Cuz(pp)21[PF¢]s

4'-(4-Hydroxyphenyl)-4"-phenyl-2,2:6',2":6",2"":6"' ,2"""-quinquepyridine (25.0mg, 48nol) and
Cu(OAc)-H>0 (9.3mg, 46.amol where dissolved in methanol (20ml) to yield a dark browluson.

A solution of NH;PF; (100mg, 613mol) in methanol (2ml) was filtered through cotton wool anded

to the solution. First there was a light coloured precipitéut after part of the solvent was removed, a
green precipitate formed. This green precipitate was setlisd, by heating. The solution was brown,
but again the precipitate formed was green. It was filterédwashed once with cold methanol, three
times with water, twice with cold methanol and three timethwither. Upon dryingn vacuq the solid
turned brown (28mg, 74%).

Microanalysis: found (calculated): C;4H5oN1qO>CusP3F5 - 6H,O 9% C: 50.02 (49.90), % H:
3.20(3.51), % N: 7.87 (7.86).
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'H-NMR, 600 MHz, acetonitrile-d; §:  24.9 (vb), 13.7 (vb), 10.4 (b), 9.29, 9.12, 8.92, 8.01-7r8}, (
6.98 (d, J=49.9Hz), 6.38 (d, J=46.3Hz).

Maldi-TOF MS (no matrix) m/z: 1234 (M -2H-3PF)™, 1172 (M- H - Cu - 3P§™, 1153 (2pp
+Na+ 2H + BO)*, 724, 618 (pp + Cu), 613 (pp + K+ H + BO)™, 602, 600, 589, 524.

IR diamond (7 /cm~1!): 3641w and 3518w, 3094b , 1983w, 1597vs, 1573s, 1543s, 15P084m,
1458m, 1443m, 1358m, 1281sh, 1242s and 1180s, 1111w, 1080khm, 818vs and 787sh , 764s,
741s, 694m, 648m, 617m.

UV-Vis/ acetonitrile, c; =104:M and ¢c,=9.32uM, wavelength/nm (extinction coefficient/cnt M —1:
222 (85,000)sh, 288 (72,400), 319 (49,900)sh, 351 (32s40@B7 (4,150), 572 (1,700)sh.

7.6 The synthesis of 1,17-Bis-4-(44"-phenyl-2,2:6',2":6",2":6",
2""-quinquepyridyl)phenoxy)-3,6,9,12,15-pentaoxaheptatane
(pcp) and complexes

7.6.1 1,17-Bis-4-(4(4"-phenyl-2,2:6',2":6",2":6",2""- quinquepyridyl)phenoxy)-
3, 6,9,12,15-pentaoxaheptadecane (pcp)

f e d C b a

2

Figure 7.17:  1,17-Bis-4-(44'"-phenyl-2,2.6',2":6",2"":6"",2"""-quinquepyridyl)phenoxy)-3,6,9,
12,15-pentaoxaheptadecane

Dry 4'-(4-hydroxyphenyl)-4'-phenyl-2,2:6',2"":6",2'":6'"" ,2""""-quinquepyridine (319mg, 0.574mmol)
and dry CsCO; (107mg, 0.328mmol) were suspended in DMF (7ml) and heateghimilbath at
100°C under argon. To the brown solution, a solution oftwsy (169mg, 0.286mmol) in DMF (1ml)
was added dropwise over a period of 5 min. The flask with thghig solution was rinsed with 3ml and
the 1 ml of DMF, so there where 12 ml DMF in the reaction flaske Bibath was cooled to 8C and
after 20h of reaction some white precipitate was formed. £lgarying tube was put on top of the
reflux cooler. After 90h under reflux, under Argon, more poéeate had formed. The mixture was
cooled to room temperature. The precipitate was filteregvadhed with DMF, water, methanol and
diethyl ether, and drieih vacuoto yield 237mg (61%) of product.

The solid was sonicated in dilute NaQ}j for half an hour at pH=11 and then extracted with chloro-
form. After reducing the amount of solveimt vacuq the solution was added to an Alox 90 (Merck)
column, and eluated with chloroform : #8H (42 : 1). The crude product was collected as the first
yellow band (202mg).
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Microanalysis: found (calculated): CggH790N10O7 - 0.5H,0 % C: 74.93 (75.09), % H: 5.33
(5.42), % N: 10.06 (10.18).

'H-NMR, 600 MHz, CDCl3 §: 8.92 (d, B5, J=1.7Hz, 2H), 8.87 (d, D3, J=1.6Hz, 2H), 8.7@&8m,
B3, C3, C5, D5, A3, E3, A6, E6, 16H) with A6 at 8.72, B3 at 8.76,& 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, G4,-d:3/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 andtdo8d, 7.53-7.46 (m, bm and bp,
6H) with bm and bp at 7.50 and 7.48, 7.34 (ddd, A5, J=7.4H#14.8nd 1.1Hz, 4H), 7.31 (ddd, ES5,
J=7.4Hz, 4.7Hz and 1.1Hz, 4H), 7.01 (d, dm,14,=8.6Hz, 4H), 4.19 (t, f, J_.=4.8Hz,4H), 3.91 (t,
e, l_;=4.8Hz, 4H), 3.77 (m, d, 4H), 3.72 (m, c, 4H), 3.69 (s, a andH), 8

13C-NMR, 150 MHz, CDCls §: 160.0 (dp), 149.4 (A6, E6), 138.1 (C4), 137.2 (A4, E4), 12918,
bp), 128.7 (do), 127.4 (bo), 124.0 (A5, E5), 121.6 (C3, C5,ah8 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)94®), 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)T, 1414 (M + K + H,O + H)*, 1358 (M + 2H)", 801, 618 (pp + K+ Naj, 613 (pp+ K+ BO +
H)*, 556 (pp + HY, 441, 379.

IR diamond (7 / cm™!): 3549w, 3055m, 2870m, 1983w, 1967w, 1952w, 1798w, 1720w5460
1582vs, 1566sh, 1543vs, 1512vs, 1474s, 1443m, 1420m, $383%8sh, 1296m, 1250vs, 1180m,
1111vs, 1072vs, 1041vs, 987s, 941m, 887s, 817vs, 794ves/Ba3vs, 694vs, 663s, 640m, 617vs.

UV-Vis / chloroform, c¢=7.366uM, wavelength/nm (extinction coefficient/cntT'M~!: 257
(102,000), 280 (97,600), 307 (57,500) sh, 316 (46,300) sh.

7.6.2 [Cw(1,17-di-4(4"-phenyl-2,2:6',2":6",2":6",2""-quinquepyridyl)phen-
oxy)-3,6,9,12,15-pentaoxaheptadecane)][Fk, [Cu,pcp][PFs]s

pcp ligand (21mg, 15/8mol) and Cu(OAc) - H,O (7.6mg, 38.Lkmol) were dissolved in methanol
(approx. 3ml) in the sonicating bath to yield a green sohutifo the filtered solution, a filtered solution
of NH,PF; (56mg, 34.4mol) in methanol (1ml) was added. A green precipitate waarél from the
slightly greenish solution. It was washed with ice cold nagithl, water, more ice cold methanol, diethyl
ether and driedth vacuoto give a brown powder (22mg, 74%).

Microanalysis: found (calculated): CsgH72N1qO7Cu23.7 PR % C: 51.28 (51.11), % H: 3.62
(3.59), % N: 6.75 (6.93).

'H-NMR, 250 MHz, CDCl; §: 25.0 (vb), 17.5 (weak, vb), 13.2 (weak, vb), 9.15 (b), 8.182qm),
6.96, 6.50, 3.94, 3.79, 3.64, 3.63, 3.59, 3.56 (3.94-3.B6ét -CH,O- protons).

Maldi-TOF MS (matrix: a-cyano-4-hydroxycinnamic acid) m/z: 1629 (M — 2Pk + 2H)*, 1484
(M- 3PR; +2H)T, 1433, 1419 (M — 3PF- Cu)*, 1359, 624, 568.

IR diamond (# / cm~1!): 3657w, 3063b, 2870m, 1597s, 1574m, 1543m, 1520m, 1481nQmM45
1412m, 1381w, 1358w, 1304w, 1242s, 1188s, 1111b, 1080m,m0879sh, 833vs, 795s, 764s, 741s,
694m, 648m, 617m.
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UV-Vis/ acetonitrile, c;=122.4uM and c,=12.24uM, wavelength/nm (extinction coefficient/cn M —1:
224 (91,600) sh, 289 (78,900), 316 (63,800) sh, 351 (39,3100 72 (250), 574 (102) sh.

X-ray see appendix A.2 page 186.

7.7 Onthe way to 5-(4-methoxyphenyl)-2/26',2":6”,2"-quaterpyridine
(5qtpy)

MeO

Figure 7.18: 5-(4-Methoxyphenyl)-2;&',2":6",2"""-quaterpyridine

7.7.1 3N,N-Dimethylamino-1-oxo-1-(2-pyridyl)-2-propene

Figure 7.19: 3N,N-Dimethylamino-1-oxo-1-(2-pyridyl)-2-propene

The literature procedufe was followed. N,N-Dimethylformamide dimethyl acetale (13.2ml,11.8g,
99.3mmol) and 2-acetyl pyridine (10.0ml, 10.8g, 88.6mmwadre dissolved in toluene (17ml) in a
distillation apparatus and heated to 1€C0 After 22h, the reaction mixture had turned black and the
methanol formed by the reaction was separated off. To campihe reaction, the temperature was
raised to 130C for 1.5h and then cyclohexane (21ml) was added to the hatkidolution. From a
red-brown solution, a yellow precipitate formed while doglto room temperature. The precipitate
was filtered off, washed twice with cyclohexane : toluene12and driedn vacuoto give neon-yellow
needles (13.49¢, 86%).

'H-NMR, 250 MHz, CDCl; §:  8.64 (d, H6, J=4.7Hz, 1H), 8.16 (d, H3, J=7.9Hz, 1H), 7.9Hd or
Hb, J=13Hz, 1H), 7.82 (t, H4, J=7.7Hz, 1H), 7.37 (dd, H5, 347z and 4.8Hz, 1H), 6.46 (d, Hb or Ha,
J=13Hz, 1H), 3.18 (s, CH 3H), 3.01 (s, CH, 3H).

7.7.2 2-Acetyl-6-bromopyridine

The synthesis was consistent with the literature procetfute?-162
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Figure 7.20: 2-Acetyl-6-bromopyridine

'H-NMR, 250 MHz, CDCl; §: 8.10-7.96 (m, 1H), 7.75-7.62 (m, 2H), 2.71 (s, 3H).
'H-NMR, 250 MHz, MeOD §: 8.01-7.96 (m, 1H), 7.88-7.76 (m, 2H), 2.64 (m3H).

IR diamond (# / cm~!): 3371w, 3062w, 3047w, 1662w, 2530w, 2322w, 2006w, 1921w,6683
1759w, 1697vs, 1574m, 1551vs, 1427s, 1396m, 1358vs, 1302&8sh, 1234vs, 1180sh, 1157s,
1126vs, 1095m, 1072s, 1026m, 987m, 957s, 802vs, 725m, 656m

7.7.3 2-Bromo-6-(3-dimethylammonio-1'-oxopropyl)pyridine chloride

cl -

Figure 7.21: 2-Bromo-6-(3dimethylammonio-toxopropyl)pyridine chloride

First, the procedure from my diploma work page'¥3was followed after the general method de-
veloped by Krohnké? using DMF. But like Newkom¥’ described the synthesis, ethanol proved to
be the better solvent. 2-Acetyl-6-brompyridine (503md22amol) and paraformaldehyde (90mg,
3.0mmol) were mixed with a solution of HCI (37%,30mg) in ethanol (16.0ml). The hygroscopic
N,N-dimethylammonium chloride was added last, and the mixitireed and heated for 40 minutes at
60-66 Cwhile everything dissolved. The oilbath was removed, dredyiellow solution was cooled in
the fridge. Nothing precipitated. Addition of water (5mlpade a white solid fall out of solution. After
renewed cooling in the fridge, the precipitate was filteréfdwashed with ethanol : water (2 : 1) and
driedin vacuo(72mg, 10%). The proton-NMR spectrum showed decompositieinfrared spectrum
showed a strong similarity to 2-acetyl-6-bromopyridinétie fingerprint region.

IR KBr (# / cm~!): 3854m, 3423b~2000b, 1699vs, 1655m, 1571m, 1551vs, 1430vs, 1397m,
1361vs, 1305vs, 1283sh, 1238vs, 1160s, 1126vs, 1100sy40F&7m, 959m 806s, 793m, 593vs

7.7.4 2-Ethylthiopyridine

The literature procedut® and the procedure described in my diploma thésiwas followed. 2-
Mercaptopyridine (11.14g, 0.100mmol), aqueous NaOH (1 D0&ml) and ethyliodide (8.40ml, 16.2g,
0.104mol) were mixed to give a yellow solution. It was stifrender argon at room temperature over
night. For protection from light, the reaction flask was wrag in aluminium foil. The reaction mixture
was then extracted four times with ether-(80ml). The combined organic layers were washed three
times with agueous NaOH (2M). This caused a decolorisaliben they were washed with water, dried
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Figure 7.22: 2-Ethylthiopyridine

over magnesium sulfate and filtrated. The solvent was rethioveacuoand a yellow oil was obtained
(12.02g, 86%).

'H-NMR, 250 MHz, CDCl; §: 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=7,3H2Hz and 1.1Hz, 1H), 3.17 (g, GH
J=7.3Hz,>2H), 1.37 (t, CH, J=7.3Hz,>3H).

7.7.5 2-Bromo-6-(2-methyl-1,3-dioxolan-2-yl)pyridine

4
5/ 3

(6] o

\J/

Figure 7.23: 2-Bromo-6-(2-methyl-1,3-dioxolan-2-ylymine

X

Br N

The classical methdd-16%166 was applied.  2-Acetyl-6-bromopyridine (2.287g, 11.43njmo
ethyleneglycol (4.79ml, 5.33g, 85.9mmol) and p-toluetfesic acid (0.72g, 3.3mmol) were dissolved
in toluene (100ml). The mixture was refluxed using a wateraetor and water was removed repeatedly
over a period of 64h. The residue was washed with aqueous NaRH0ml) and extracted back with
DCM. The combined organic phases were dried over magnegdilfatesand filtered. Removing the
solventin vacuogave a dark brown oil (2.550g).

The crude product can be purified by distillatiti.

7.7.6 6-Bromo-2,26',2"-terpyridine

Figure 7.24: 6-Bromo-2,%',2"'-terpyridine
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Route 1: The literature procedufé!?4137was followed. 2-Bromo-6-(3dimethylammonio-
oxopropyl)pyridine chloride (69mg, 0.24mmol), PPI (78m@24mmol) and ammonium acetate
(200mg, 2.6mmol) were heated in methanol (p.a., 1.0ml)¢e giyellow solution. The reaction mixture
was refluxed for three hours. After cooling, water (1ml) wedded and a white precipitate formed. It
was filtered off (30mg)! H-NMR showed some product but mainly decomposition.

Route 2: The literature procedufé to make terpy was followed. 2-Acetyl-6-bromopyridine @gl
5.50mmol) and KBuO (2.157g, 19.22mmol) were dissolved in THF (abs., 40md) stirred at room
temperature under argon. After 3.5h, a very small amountiteyprecipitate had formed in the reddish-
beige solution. 3¥,N-Dimethylamino-1-oxo-1-(2-pyridyl)-2-propene (1.48)29mmol) was added
and this caused an immediate colour change from brown toseteleep red and all precipitate dis-
solved again. The solution was stirred under argon for 4lithoht changing colour. After cooling in

a ice-water bath, a mixture of ammonium acetate (6.2g, 80nmacetic acid (99-100%, 21ml) was
added. During a few minutes of stirring, the colour changeldrown. Methanol (4.1ml) was added,
and the remaining THF removed by distillation, followed bgthlanol. The oilbath temperature reached
115°C towards the end of the distillation. After 7.5h, the residblack oil was cooled to room tem-
perature. It was poured into water (40ml) and neutralisgtl eodium carbonate (the pH reached 8).
A black tarry material was obtained. It was mixed with ce(te20g) and heated to 8Q in toluene
(30ml). After two hours at that temperature, the mixture wasled and filtered. The filtrate consisted
of two phases. They were separated and the reddish-broveoagyphase was extracted three times
with toluene (20ml). Alox (I, neutral, 3.8g) were added te tombined orange organic phases, and
after stirring for half an hour, this mixture was filtered.riRaving the solvent from the filtrate vacuo
gave a black oily solid.

The black material was dissolved in DCM (10ml) and alox(hiéutral) was added. The solvent was
removed on the rotavap to give a black powder. It was added &do (l11, neutral) column and eluated
with cyclohexane : ethyl acetate (20 : 1). Removing the sulirevacuoof the first yellow fraction,
yielded the product (0.368g, 21%).

'H-NMR, 400 MHz, CDCl; §: 8.73 (d, H8, J=3.8Hz, 1H), 8.62-8.44 (m, H3, HH5 and HZ,
4H), 7.97 (t, H4, J=7.84Hz, 1H), 7.89 (t, H4 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-@-Butyl)-2,2":6',2"-terpyridine

Figure 7.25: 6-2,26',2""-Terpyridylboronic acid

A suspension of 6-bromo-2;8',2"-terpyridine (90mg, 0.29mmol) in diethyl ether (abs., 2Pmés
cooled to -80C under argonn-BulLi (1,6M/hexane, 0.22ml, 0.35mmol) was added slowlyjlevthe
reaction mixture became a very dark, blue solution. The &ratpre was raised to -50 and after
stirring at that temperature for 15 minutes, it was loweredl00'C. Triisopropyl borate (predried over
molecular sieves of&, 0.146ml, 0.121g, 0.641mmol) was added, and the reactigtune was slowly
rising in temperature. The colour stayed dark blue. Af @@ater (100ml) was added. The phases
were separated, and the brown aqueous phase (pH=7-8) wastestthree times with toluene, once
with diethyl ether, once withert-butylmethyl ether and once with THF. The combined orgaayets
were washed with brine, dried over sodium sulfate and fitterBemoving the solverih vacuoleft
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Figure 7.26: 64¢-Butyl)-2,2:6',2"-terpyridine

164mg residue. Mass spectroscopy showed that to some gtktentbutyl group had been added to
the terpy instead of the boron group. No bromo-terpy was \efftich supports that in the lithiation
step had worked, but the-butyl group had been added instead of the the lithium. Aigfothe proton-
NMR is rather messy in the aliphatic region, there are sgofthe required multiplicity for Ha,Hc and
Hd, when compared with-butyl-6-(2,2:6',2"-terpyridine in a ChemDraw UItt&” simulation. Hb is
covered by other signals. No 6-terpy-boronic acid was tedlandere these reaction conditions.

'H-NMR, 400 MHz, CDCl; + methanol-d, 6: 8.48 (d, H®', 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 andd#AB1H), 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), 7.6347.6Hz, 1H)~7.25Hz (under CDG}
signal), 7.06 (dd, H5, J=7.5Hz and J=2.9Hz, 1H), 2.71 (t, H&.8Hz, 2H), 1.73-1.58 (m, containing
Hb, >2H), 1.27 (g, Hc, J=7.4Hz, 2H), 0.80 (t, Hd, J=7.3H43H).

FAB-MS (NBA and KCI): 506 (terpy-B-O-B-terpy — HY), 402 (diisopropoxy-6-terpyridyl borate +
K + 2H)T, 352 (6-hydroxy terpy + 3H), 306 (isopropoxy-6-terpyridyl borate + 4H) 290 (-butyl-6-
terpy — H)" (100%).

7.7.8 Test boronation reaction of 2-bromopyridine: compamg the effects ofn-
BuLi and PhLi

Figure 7.27: 2-Pyridylboronic acid

A general procedure for boronatitffl of aromatic rings was followed. THF was used instead of di-
ethyleter as a solvent seBuLi and PhLi should not form tetramers and react béttetn two separate
dry reaction flasks, 2-bromopyridine (1.00ml, 1.66g, 10wbt) was dissolved in THF (abs., 20ml) and
cooled to -78C under argon. To the first reaction flaskBuLi (1.6M, 7.00ml, 11mmol) was added
dropwise, keeping the temperature below’@0At the same time PhLi (2.2M, 7.00ml, 15.4mmol) was
added dropwise to the second reaction flask, also keepirtgnigerature below -7C. Both mixtures
turned brown. They were stirred at -76 to <Z&or 15 minutes before trimethoxyborate (3.00ml, 2.80g,
26.9mmol) was added to each. The solution in the reactiok fidth the n-BuLi turned red-brown,
while the one with the PhLi turned almost colourless, bugtgly brown. After stirring another 40
minutes at that temperature, the colour of the first solutvas red, and the colour of the second was
slightly orange. The reactions were quenched by additiod©ff,, (2.0M, 20ml). The first reaction
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became an orange, the second a yellow suspension. They \aemged slowly to room temperature
and extracted three times with diethyl ether each. The acgarases were dried over sodium sulfate
and filtered. The solvent was removiedvacua The residue from the reaction withBuLi weighed
175mg. 'H-NMR showed decomposition. The residue from the reactigh ®hLi was a solid and
weighed 335mg (10.3% anhydridéH-NMR was nicely structured.

'H-NMR, 250 MHz, CDCl3 §: 7.53-7.47 (m (='td’), 2H), 7.34-7.19 (m, ‘quintet’), ~2H (coin-
cides with the solvent signal).

EI-MS, 70eV,~200°C: m/iz= 388, 312 (3M — 3HO — 3H)* (100%), 235 (3M — 3KO — pyridine)',
208 (3M — 3H,0 — pyridine — B-OHY, 164, 104 (M — OH — 2H)

IRKBr(#/cm~1): 3854w, 3650w, 3448b, 2345w, 1736w, 1508w, 1441s, 1366\E S~ 1698sh,
1024m, 699vs, 578m.

7.7.9 4-Methoxyphenylboronic acid

Figure 7.28: 4-Methoxyphenylboronic acid

The procedure via a Grignard compound from the literature followed® Under a nitrogen atmo-
sphere, magnesium (54.9mg, 2.26mmol) and one pellet afiéodiere mixed in the reaction apparatus
and heated until violet vapour was visible, to activate tregnesium. THF (abs., 10ml) was added,
followed by 4-bromoanisole. Refluxing for 30 minutes gavehitevsuspension. It was cooled to room
temperature before it was added dropwise during 20 minat@sblution of triisopropyl borate (1.04ml,
850mg, 4.51mmol) in THF (abs., 2ml) under nitrogen at @6 -70’'C. After stirring for 10 more min-
utes at this temperature, it was warmed to room temperatgmight. The white suspension was
treated with HCJ, (10%, 10ml). It was stirred for 70 minutes, and during thagj the colour changed
to yellow and then to orange. The orange solution was exabree times withert-butylmethyl ether.
The combined organic layers were washed with water, dried magnesium sulfate and filtered. The
solvent was removeith vacuoto give a brown solid (419mg). The proton-NMR showed appratily
product : 4-bromoanisole (2.5 :1).

The crude compound was recrystallised from hot water to giwite solid (84mg, 22%). A crystal
structure was obtained.

'H-NMR, 250 MHz, CDCl; §: 8.16 (d, J=7,8Hz, 2H), 7.01 (d, 8.7Hz, 2H), 3.89 (s, 3H).

IR diamond (# / cm~!): 3005w, 2956m, 2935m, 2839m, 2048w, 2037w, 1597vs, 15662515
1512s, 1450m, 1412s, 1335vs, 1304vs, 1242vs, 1165vs, 11088sh, 1022vs, 906s, 833vs, 806s,
744vs, 733vs, 683vs, 648s.

Melting point:  211°C.

X-ray see appendix C page 211.
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7.7.10 Dimethoxyl-4-methoxyphenyl boroate

o
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~

Figure 7.29: Dimethoxyl-4-methoxyphenyl boronate

The literature procedut®’ was followed, but for the hydrolysis. THF (abs., 80ml), masinm (284mg,
11.7mmol) and a iodine pellet were mixed under an argon gihrere. To this brown mixture, 4-
bromoanisole (1.28ml, 10.3mmol) was added, and after riefiufor 3h after replacing the argon flux
with a calcium chloride drying tube. The white suspensios waoled in a ice - ammonium chloride
bath. It was added slowly to a colourless solution of tringetHorate (2.3ml. 3.1mg, 20mmol) in THF
(abs., 50ml) under argon at a temperature<e?0°C. After the addition was complete, the solution
was warmed to room temperature overnight. A white suspartsial formed. Water~100ml) and a
sodium carbonate (5%-20ml) was added. The latter caused a slight colour changeittish. Finally
the addition of brine £20ml) caused the phases to separate. The aqueous phasetraatedxwice
with tert-butyl methyl ether and twice with ethyl acetate. Both layeere clear now, but opalescent.
The combined organic layers were washed with brine, driegt magnesium sulfate and filtered. The
solvent was removeith vacuoand left a yellowish grey oily substance. Proton-NMR lookegure.

'H-NMR, 250 MHz, CDCl; §:  7.85-7.63 (m, 2.0H), 7.50-7.28 (m, 2.1H), 4.40-4.00 (mH§.4

It was redissolved in DCM and washed twice with water, drieefsodium sulfate and filtered. Remov-
ing the solventn vacuogave a yellow oily substance (824mg, 44%) The proton-NMRéabworse.

'H-NMR, 250 MHz, CDCl; : 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

O
T
T

Figure 7.30: Diisopropyl-4-methoxyphenyl borate

Magnesium (1.139g, 46.86mmol) and one iodine pellet wespesaded in THF (abs., 70ml) under
argon. 4-bromoanisole (5.3ml, 7.9g, 42mmol) was added timddsfor 2h, before heating to reflux at
80°C for 1.5h. The white suspension was cooled in an ice-Nad, tmtfore it was added in portions
of 5ml during 1.5h to a solution of triisopropyl borate (186 16.1g, 85.4mmol) in THF (30ml) at
70+3°C. The resulting greyish white suspension was warmed to reonperature overnight. Brine
(50ml) was added and stirred for 45 minutes. The phases wpegated and the aqueous phase extracted
twice with ethyl acetate. The combined opalescent whitamigphases were dried over magnesium
sulfate which caused a colour change to yellow. The solvastiemovedh vacuoto give a yellow oily
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substance (8.103g, 82%). Proton-NMR suggests that althloydyolysis had been mildly, the ether had
at least partly hydrolysed to the corresponding boronid.aci

'H-NMR, 250 MHz, CDCl; §:  8.21 (m, 1.6H), 7.77 (d, J=8.9Hz, 1.0H), 7.06-6.74 (m, 4,8:93-
3.68 (M, 8.2H).

Recrystallisation from hot diethyl ether gave a white porde459g) of 4-methoxypenylboronic acid
or anhydride.

'H-NMR, 250 MHz, CDCl3 §: 8.17 (d, J=8.17Hz, 2.0H), 7.02 J=8.6Hz, 2.0H), 3.92-3.69418H).

7.7.12 Test on which side of the 2,5-dibromopyridine the litiation occurs

The literature findingf® that the 5 position is lithiated was confirmed. 2,5-Dibrowyrigine (2.37g,
10.0mmol) was dissolved in THF (abs., 120ml) and cooled 9" to give a yellow solutionn-BulLi
(1.6M/hexane, 6.8ml, 11mol) was added slowly, keeping émeperature of the between -f@and
-90°C. Three probes of each 10ml were taken and hydrolised epehately with HC}, (10%, 50ml).
There three probes were combined to ‘probe 1’. Half an haer,léhe rest of the reaction flask was
distributed over 12 Erlenmeyer flasks with HE£(10%, 50ml) and then combined to ‘probe 2'. The
probes were extracted twice with diethyl ether before amer @djusting the pH to 12-14 by addition
of aqueous KOH (50%). The organic phases of each probe wenbined, dried over magnesium
sulfate and filtered. A small amount of methanol was addedto probes and then all solvent removed
in vacuoat 40°C. ‘Probe 1’ yielded 471mg and ‘probe 2’ 967mg yellow oil. #m-NMR showed
exclusively 2-bromopyridine (91%).

'H-NMR, 250 MHz, CDCl3 §: 8.38 (ddd, H6, J=4.7Hz, 1.3Hz and 0.9Hz, 1H), 7.60-7.46 (Bakd
H4, 2H), 7.27 (ddd, H5, J=8.1Hz, 4.7Hz and 1.5H4H).

7.7.13 2-Bromo-5-pyridylboronic acid

Br N

Figure 7.31: 2-Bromo-5-pyridylboronic acid

A general procedure for boronatitfl was followed. 2,5-Dibromopyridine (575mg, 2.22mmol) was
dissolved in diethyl ether (abs., 40ml) under an argon apiese. Cooling to -9 caused the 2,5-
dibromopyridine to fall out of solution again-BuLi (1.6M/hexane, 1.53ml, 2.45mmol) was added, and
the mixture cooled immediately to -100 before warming slowly to -6. The yellowish suspension
turned slowly into a dull, deep red mixture. It was cooled86°C before adding trimethyl borate and
stirred at that temperature for 1.5h. The mixture was warshaaly, and turned yellow at -2&. At this
point, HCL,, (10%, 50ml) was added to give two phases. They were sepaiitediqueous phase was
red and the organic phase was colourless. Adjusting the gHeoAqueous phase with aqueous KOH
(50%) and aqueous NaG@5%) to 8 caused a colour change to yellow. Extracting twidth vert-
butyl methyl ether gave a yellow organic phase and an alnodstidess aqueous phase. The combined
organic phases were dried over sodium sulfate and filtered sdlvent was removed vacuoto give a
red solid (2429, 54%).
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'H-NMR, 250 MHz, DMSO §:  8.64 (d, H6, J=2.0Hz, 1H), 8.50 (s, OH, 2.7H), 8.00 (dd, H¥,.9&iz
and 2.0Hz, 1H), 7.62 (d, H3, J=7.9Hz, 1H)

EI-MS, 70eV, 450C: m/z= 551 (3M —3H0)*t, 472 (3M — 3HO — Br)*, 157 (bromopyridine), 78
(pyridine — H)F.

FAB-MS (NBA): 474 (3M — 3H0 — Br + 2H)*, 154, 136.

IRKBr(#/cm™'): 3343b, 3271sh, 3252sh, 3238sh, 1584vs, 1554s, 1461m, 144ads, 1381m,
1343vs, 1296m, 1178m, 1088s1052 1028s, 802m, 739w, 644m.

Melting point:  187-189C.

7.7.14 Two approaches to 2-bromo-5-(4-methoxyphenyl)pidine

o

Figure 7.33: 5,5Di-(4-methoxyphenyl)-2,2bipyridine

Route 1 2,5-Dibromopyridine (102mg, 0.428mmol) was suspendedhiereabs., 4ml) and cooled
to -75 C under nitrogenn-BuLi (1.6M/hexane, 0.29ml, 0.46mmol) was added while maperature
stayed below -78C. The colour changed to dark orange. A suspension of 4-mglowonic acid in
diethyl ether (abs., 2ml) was added. The flask with the 4-methoronic acid solution was rinsed
twice with diethyl ether (abs., 1ml) and this was added tordaetion flask too. After stirring for 10
minutes below-70Can orange-white suspension had formed. It was warmed@oa@d hydrolysed
with saturated aqueous NBI and extracted twice with ethyl acetate. The combined igyers
were washed with brine, dried over sodium sulfate and fiftefidhe solvent was removéa vacuoand

a yellow oil was obtained. Proton-NMR showed apart fromtstgmaterial, a new subsprectrum that
might possibly belong to 55li-(methoxyphenyl)-2,2bipyridine. Very possibly what is seen here is a
mixture of several minor side products.
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Figure 7.34: 6,6Di-(4-methoxyphenyl)-3,3bipyridine (dmp)

'H-NMR, 300 MHz, CDCl; &: 8.98 (d, 1H), 8.79 (s, 1H), 8.39 (d, 1H), 8.16 (d, 1H), 8.1987(m,
>2H), 7.62-7.52 (m>2H), 6.90 (dd;> m4H), 4.10 (q,> m4H), 3.92-3.70 (m3> m4H).

The oil was suspended in toluene : petrolether (1 : 1), filttepait on a silica column and eluated with

the same solvent mixture. A second side product could beatelll in the second band. MS-analysis
suggests that it is 6/4li-(4-methoxyphenyl)-3,/2ipyridine (M). The proton-NMR shifts would support

this, but for the integral values.

'H-NMR, 500 MHz, CDCl; 6: 8.45 (dd, H6, J=2.5Hz and 0.5Hz, 3.7H), 7.67 (dd, Ho, J=8.dht¥
2.6Hz, 4.0H), 7.48 (dt, H4, J=8.9Hz and 2.6Hz, 3.0H), 7.39, (d3, J=8.4Hz and 0.6Hz, 4.4H), 6.96
(dt, Hm, J=5.9Hz and 2.6Hz, 2.9H), 3.85 (s, £18.8H).

Maldi-TOF MS m/z: 368 (dmp), 291 (dmp-pyridine}.

EI-MS, 70eV, ~300°C: m/z= 366(dmp — 2HY, 290 (dmp — pyridine — H), 275 (dmp — pyridine —
CHy)*t

Route 2 The general procedure'df was used. To a mixture of degassed benzene (65ml) and de-
gassed aqueous NaO; (2M, 50ml), 4-bromoanisol (0.10ml (0.15g, 0.80mmol) waded. The cata-
lyst Pd(PRP), (24.5mg, 2Lmol) was added. It was yellow but not lemon yellow. The orgatiase
became yellow, the aqueous phase stayed colourless. Therenixas heated to Gwhile a degassed
solution of 2-bromo-5-pyridylboronic acid (55mg, 0.27mljneas added slowly. This resulted in yellow
solution with white solid. After 1.5h, TLC showed that all @hbeen consumed. The reaction mixture
was cooled to room temperature before addin®#(30%, 1ml) and stirring for 1h. No change was
visible. After filtering, the phases were separated. Thigl géimg) was insoluble in chloroform. The
organic phase was washed with water. Some of the solventemasved from the filtrate and new pre-
cipitate formed. It was filtered off and washed with water itee@ yellow solid (18mg). This substance
could not be dissolved in DCM, methanol nor DMSO. All of thdvemt was now removed from the
filtrate, despite of the TLC proton-NMR showed was startiragenial.

Route 3 Like route 2, but with Pd(OAg) as catalyst and potassium carbonate instead of sodium
carbonate, and the reaction mixture was only heated to 6G-62bromanisol was regained.

7.7.15 5-Bromo-2-(4-methoxyphenyl) pyridine
The reaction conditio’8® and work up proceduté’ from the literature were followed. 2,5-

Dibromopyridine (313mg, 1.32mmol) and the catalyst PdfBh(35mg, 3@&:mol, lemon yellow) were
dissolved in degassed toluene (4.5ml) to give a light yeBolation. Degassed aqueous,&; (2M,
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Figure 7.35: Main product: 5-bromo-2-(4-methoxyphenyt)gine
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Figure 7.36: Side product: 2,5-di-(4-methoxyphenyl)dire

4.5ml) was added and this phase was colourless. A degads¢idisof 4-methoxyphenylboronic acid
(203mg, 1.52mmol (if trimer)) in methanol (5ml) was addestlaThe reaction mixture was heated
in the oil bath at 90C for 24h. After cooling for 3 minutes, saturated aqueous 8@k (50ml) was
added. The phases were separated and the aqueous phasé¢racieeihree times with ethyl acetate.
A solid formed. It was filtered off and washed with ethyl atet® give a yellow solid (side product
22mg.) The combined organic phases were washed with brireg] dver sodium sulfate and filtered.
The solvent was removed in vacuo to give a yellow solid (30387§6) see also the crystal structure
in appendix C.3 on page 207. The crystal used for x-ray diffoa, crystallised from a solution in
deuterated chloroform. The microanalysis however did natdiisfactorily, even after recrystallising
from methanol.

Main product:

Microanalysis: found (calculated): C;oH;oNOBr % C: 56.33 (54.57), % H: 4.22 (3.82), % N: 5.25
(5.30).

'H-NMR, 250 MHz, CDCl; §: 8.71 (d, H6, J=2.4Hz, 1H), 7.94 (d, Ho, J=8.9Hz, 2H), 7.87, (44,
J=8.6Hz and 2.4Hz, 1H), 7.59 (d, H3, J=8.5Hz, 1H), 7.00 (d, Bm8.9Hz, 2H), 3.87 (s, CH 3H).

EI-MS, 70eV,~2300°C: m/z= 263/265 M, 248/250 (M — CH)*, 220/222, 141.
Side product: 2,5-di-(4-methoxyphenyl)pyridine

'H-NMR, 250 MHz, CDCl; 6: 8.87 (d, H6, J=2.4Hz, 1H), 8.00 (d, Ho, J=8.9Hz, 2H), 7.91, (dd],
J=8.3Hz and 2.5Hz, 1H), 7.73 (d, H3, J=8.4Hz, 1H), 7.57 (d, Ble8.7Hz, 2H), 7.02 (dd, Hm and Hm
J=8.9Hz and 1.5Hz, 4H), 3.88 (d, GHJ=1.7Hz, 6H).

EI-MS, 70eV, ~250°C: m/z= 291 M*, 276 (M — CH;)*, 248 (M — 2CH, — O).
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7.7.16 Diisopropyl-2-(4-methoxyphenyl)-5-pyridyl borae
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Figure 7.37: Diisopropyl-2-(4-methoxyphenyl)-5-pyridhprate

The literature procedure for boronatiéh 8 was followed. 5-Bromo-2-(4-methoxyphenyl)pyridine
(107mg, 4..amol) was suspended in diethyl ether (abs., 50ml) and coale@3’ C under argonn-
BuLi (1.6M / hexane, 0.30ml, 0.49mmol) was added and theoyethixture warmed to -50C. This
temperature was kept for 0.5h while all solid dissolved dreldolour changed to red. This solution
was cooled back to -6& before triisopropyl borate (abs., 0.47ml, 0.76g, 4.05Mmwes added. The
mixture was stirred at -6& for 0.5h more, before warming to' ©. During the warming, the colour
changed to yellow. Saturated aqueous J8H(20ml) was added, and after mixing for several minutes,
the phases were separated and the aqueous phase extreegdihbs with diethyl ether. The combined
organic layers were washed with brine, dried over sodiufiagiand filtered. The solvent was removed
in vacuoto give a yellow oil (177mg).

'H-NMR, 250 MHz, CDCl; and methanol-d; 6: 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 2,9HH), 6.75 (d, Hm, J=8.9Hz, 2H),
3.63 (s, CHO, 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;8',2":6"”,2"-quater-
pyridine (4MeOphqtpy)

7.8.1 6,6-Dibromo-2,2-bipyridine

The synthesis was consistent with the literature procetfuredry 2,6-dibromopyridine (13.00g,
54.9mmol) was suspended in diethyl ether (freshly digtifim sodium, 100ml) and cooled in an
acetone/dryice bath tg-75'C under argonu-BuLi (1.6M in hexane, 38.4ml) was added slowly. Ad-
ditional cooling with liquid nitrogen helped to keep the feenature below -7%. After the addition was
complete, the temperature was raised to &hd then kept between -50 and %60 until everything
dissolved, and the mixture became a yellow solution; thi&k tabout 30 min. The solution was cooled
back to<-75 Cand dry, brown CuGl(3.73g, 27.7mmol) was added as a solid. The suspension was
stirred at that temperature for 40min, and then dry air wdsblad through for 3h. The flask was left
open to warm to room temperature, still protected from wayea R O; chamber and a gas wash flask
filled with H,SO,. Again the mixture was cooled to -85and dry air was bubbled through for 20 min.
The colour changed from brown to greenish brown, and HCINMG®0ml) was added to quench the
reaction. The mixture was stirred until it reached ambientgerature. A beige precipitate had formed,
and it was filtered off, washed with HCI (2.0M) and driadracuocover B Os5 to give 4.81g pure product
in 57.5% vyield.

Figure 7.38: 6,6Dibromo-2,2-bipyridine

'H-NMR, 250 MHz, CDCl; §: 8.38 (d, H3 7.7Hz, 2H), 7.67 (t, H4, J=7.78Hz, 2H), 7.51 (d, H5
7.85Hz, 2H).

Melting point  220.3-220.6C.

7.8.2 6-Bromo-2,2-bipyridine

Figure 7.39: 6-Bromo-2.;2bipyridine
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A modified version of the literature procedure for the reattirom 6,6-dibromo-2,2-bipyridine was
used'3®> While using the exact temperature given in the literdtrenly gave the starting material
back (in good yield), a different reaction temperature veasfl to make this reaction work to produce
a reasonable yield of the desired product. 2,6-Dibromaiyei (0.526g, 1.675mmol) and dry THF
(50 ml, freshly distilled from sodium) were added to an arfloshed reaction flask. The resulting
orange suspension was cooled to “@0Phenyllithium solution (2.0 ml, 2.5 M, 5.0 mmol) was added
dropwise, while the temperature was allowed to rise to G3(After the addition was complete, the
temperature was kept between 2@sand -86C for 15 min., and then between -“T5and -65C for 45
min. The solution was cooled back to “@again and then let warm slowly to - 0. This procedure
was repeated, and then, when “Cvas reached the second time, the reaction was quenchedlimgad
methanol (40 ml), and after two to three minutes, water (20 MHF and methanol were removéd
vacuofrom the clear orange solution. The residual suspensiorce@gd to room temperature, filtered,
and the brown oily solid dried in a dessicator ove©R (345mg).

The solid was suspended in a small amount of DCM, filteredladiltrate added to a column of silica
gel (0.04 - 0.06 mm). Elution with DCM : methanol : diethylargi(20:1:0.01) gave the compound as a
white solid (333mg, 63%)

'H-NMR, 250 MHz, CDCI3 §: 8.67 (ddd, H6, J=4.9Hz, 1.8Hz and 0.9Hz, 1H), 8.44-8.35 (m, H3
and H3, 2H), 7.82 (td, H4 J=7.7Hz and 1.8Hz, 1H), 7.67 (t, H4, J=7.8Hz, 1H), 7.49 s, J=7.8Hz
and 0.93Hz, 1H), 7.33 (ddd, H5=7.5Hz, 4.9Hz and 1.2Hz

7.8.3 6n-Butyl-2,2'-bipyridine

4
5| \ 3
6 F (@)
N ?/
(@]

Figure 7.40: 6-Pyridyl-1,3,2-dioxaborolane

Figure 7.41: 6r-Butyl-2,2-bipyridine

The general procedures from the literature were followéd46 148149 2.Bromopyridine (1.715g,
10.85mmol) was dissolved in diethyl ether (abs1,00ml) and cooled to -7& under argonn-BulLi
(1.6M/hexane, 8.52ml, 13.6mmol) was added while keepirgtémperature below -7Q. After the
addition was complete, the temperature was raised slowigddaCand upon arriving at that tempera-
ture, the reaction mixture was cooled back to@Smmediatly. Addition of tributyl borate (3.66ml,
13.6mmol) gave a red solution, which was warmed overnighoton temperature. Predried pinacol
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(1.733g, 14.66mmol) was added under stirring, follwed 10utes later by acetic acid (100%, 0.64ml,
11.2mmol). The neutralisation caused a colour change toweind a small amount of precipitate
formed. The mixture was filtered through celite, and the retin¢he filtrate removedn vacua The
pH of the residue was adjusted to 8 with sodium carbonate amdated three times with DCM. The
solvent of the combined DCM layers was remowedacuoto give a brown oil that was dried further
in vacua NMR- and MS-analysis proved this to be a side product (13727ép6). No 6-pyridyl-1,3,2-
dioxaborolane was isolated under these reaction condition

'H-NMR, 600 MHz, CDCl; §: 8.67 (ddd, H6 J=4.9Hz, 1.8Hz and 0.93Hz, 1H), 8.44 (td, 'H3
J=8.0Hz and 1.0Hz, 1H), 8.17 (dd, H3, J=7.9Hz and 0.84Hz, THB0 (td, H4, J=7.5Hz and 1.8Hz,
1H), 7.71 (t, H4, J=7.7Hz, 1H), 7.28 (ddd, H5=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, 8#¥ .6Hz, 2H), 1.43 (sextett, Hc, J=7.5Hz,
~2H), 0.966 (t, Hd, J=7.3Hz-3H).

13C-NMR, 150 MHz, CDCl; §: 162.7 (C6), 157.4 (C}, 156.1 (C2), 149.7 (C§, 137.7 (C4), 137.5
(C4), 124.1 (C5), 123.4 (C5), 121.9 (C} 118.8 (C3), 38.82 (Ca), 32.58 (Ch), 23.19 (Cc), 14.71 (Cd)

EI-MS, 70eV, ~100C: m/z= 226, 211 (6-4-butyl)-2,2-bipyridine — H)", 197 (6-@-butyl)-
2,2-bipyridine — CH)*, 183 (6-f-butyl)-2,2-bipyridine — GH;)*, 170 (100%), 6-methyl-2!2
bipyridine)t, 155 (2,2-bipyridine — H)".

IR KBr (#/cm~1): 3855w, 3677w, 3421b, 2957vs, 2926vs, 2870s, 1664b, 15&B3sh, 1459s,
1430s, 1379m, 1260w, 1081b, 776m.

7.8.4 6-Tributylstannyl-2,2-bipyridine

Figure 7.42: 6-Tributylstannyl-2/ipyridine

The procedure of Hana#f was followed. Best results were obtained when the amountibf Bdded,
was equivalent to the amount of 6-bromo“Zyridine. The BuLi-solution was therefore titrated
against HCI (0.20M) before use. 6-Bromo-2tpyridine (651mg, 2.77mmol) was suspended in di-
ethyl ether and cooled to -100 under argon. BuLi-solution (1.80ml, 1.69M, 3.05mmol) vealed
dropwise, while the temperature was kept below ~T®uring 40 minutes, the temperature was raised
to -80°C. The black suspension, that followed the addition, tursled/ly into a reddish-brown solu-
tion. After cooling back to -10@tributyltin chloride (0.826ml, 0.992g 3.05mmol) was added the
solution turned black. The temperature was raised over 43€ to give an orange solution and with
white precipitate. The contents of the reaction flask weardferred into a round bottomed flask, and
the solvent removeith vacuoat 50°C to give a yellow oil.
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'H-NMR, 250 MHz, CDCl; &: 8.65 (ddd, H6, J=4.9Hz, 1.8Hz and 0.83Hz, 1H), 8.53 (td, 'H3
J=8.0Hz and 1.0Hz, 1H), 8.24 (dd, H3, J=8.03Hz and 1.2Hz, Tt (td, H4, J=7.53Hz and 1.9Hz,
1H), 7.62 (t, H4, J=7.27Hz, 1H), 7.40 (dd, H5, J=7.4Hz andHz,4LH), 7.28 (ddd, H5 J=8.70Hz,
4.9Hz and 1.2Hz, 1H), 1.68-1.55 (Mghye, 6H), 1.45-1.25 (M, Hyope, >6H), 1.22-1.10 (M, K jorc,
6H), 0.89 (t, H;, J=7.2Hz>9H).

7.8.5 3-(4-Methoxyphenyl)-1-oxo-2-butenoic acid

Figure 7.43: 3-(4Methoxyphenyl)-1-oxo-2-butenoic acid

The synthesis was analogous to the literature preparatibdbmomocinnamaldehydegxcept a different
ratio of ethanol/water was used in the reaction.

Sodium pyruvate (12.4 g, 113 mmol) was dissolved in watef (b0, and 4-methoxycinnamaldehyde
(22 ml, g, mmol) was added. Ethanol (100 ml) was added in gostiof 50ml, and an opalescent
mixture formed first, then became a colourless solution.al$ wooled in an ice-water bath to6@and

a potassium hydroxide solution (10%, 100ml) was added glomhile the temperature was kept at 4
+ 1°C. After the first few drops of potassium hydroxide solutitite reaction mixture turned yellow,

and later, a precipitate formed. Towards the end of the iafdithe quantity of precipitate prevented
magnetic stirring, so the suspension was swirled every fewatas. The reaction mixture was acidified
to pH 4 with hydrochloric acid, still in the cooling bath, atiee colour became more intensely yellow.
The mixture was filtered, and the yellow solid washed wither#bllowed by diethyl ether, and dried

over phosphorus pentoxide. Yield: 11.98g ( 58.9%).

'H-NMR, 250 MHz, methanol-d, §:  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=1&)QR.01 (d, 2H, aromatic, J=8.7Hz) and
3.88 (s, 3H, methoxy).

7.8.6 N-[1-Ox0-1-(6-bromo-2-pyridyl)eth-2-yl]pyridinium iod ide (Br-PPI)

~
Br\N ﬁ\l‘
s L

Figure 7.44:N-[1-Oxo0-1-(6-bromo-2-pyridyl)eth-2-yl]pyridinium iade (Br-PPI)

The synthesis was consistent with the literature procetiire2-Acetyl-6-bromo-pyridine (7.82g,
39.1mmol), iodine (10.6g, 41.7mmol) were mixed with pymigl{(12.0ml, 11.8g, 149mmol) and heated
in the oil bath to 60C while stirring. After~30min the mixture turned solid and dark. Pyridine (1.5ml)
was added , followed by water (35ml). Then the temperatute@bil-bath was raised to 100. The
mixture was stirred until all precipitate dissolved30min), and filtered hot. The filtrate was cooled in
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the fridge, and a brown precipitate formed that was filterfdwashed with water and drieid vacuo
to give a brown powder (12.6g), in 79.3% vyield.

IRKBr( #/cm1): 3402w,~3125w, 3084m, 3033s, 2965s, 2884m, 2511w, 23662060w,~2028,
~1930w, 1712vs, 1633vs, 1577sh, 1570m, 1554s, 1493s, 148489vs, 1408s, 1400sh, 1362m,
1342s,1297m, 1282m, 1268sh, 1232m, 1218s. 1195m, 118%8y411148m, 1121s, 1077m, 1028m,
1008vs, 1003vs, 987s, 853m, 806s, 775s, 727w, 718s, 678%28),669s, 461m.

7.8.7 6-Bromo-4-(4-methoxyphenyl)-2,2bipyridine-6-carboxylic acid

OMe

Figure 7.45: 6.Bromo-4-(4-methoxyphenyl)-2;bipyridine-6-carboxylic acid

For the synthesis of’@&romo-4-(4-methoxyphenyl)-2;bipyridine-6-carboxylic acid, the literature
procedure for the synthesis of-Bromo-4-(4-bromophenyl)-2:bipyridine-6-carboxylic acitl was
slightly altered. It is a Krohnke cyclisatioR.

3-(4-Methoxyphenyl)-1-oxo-2-butenoic acid (5.043g, 24.94ohyyBr-PPI (10.130g, 25.01mmol) and
NH,OAc (14.5g, 188mmol) were suspended in water (166ml) andedeiat the oilbath to 8(C.
Ethanol ¢-3ml) was added and almost everything dissolved. The mixtaethen heated to 100 and
after addition of more ethanoM4ml), the reaction mixture was left to reflux for 16h. Afterating to
room temperature, the cream beige precipitate was filtefedashed with water and dridd vacuoto
yield an off-white powder (9.25g, 96%).

Microanalysis: found calculated: C;gH13N>O3Br % C: 56.32 (56.12), % H: 3.45 (3.40), % N: 7.22
(7.27).

'H-NMR, 250 MHz, CDCl36:  8.87 (d, H3, Jy3 — ir5:=1.85Hz, 1H), 8.49 (d, H5Jys 73 =1.68Hz,

1H), 8.35 (dd, H3, #3_ r5=0.93Hz, J;5_ g4=7.78Hz, 1H), 7.82 (d, HO,#,_ r1,n=9.03Hz, 2H), (7.76
(t, H4, Jy4 pra/ms=7.78Hz, 1H), 7.60 (dd, H5,3_ rr3= 0.84Hz, Jrs_ ir4=7.86Hz, 1H), 7.07 (d, Hm,
Jtm - 1o=9.05Hz, 2H), 3.90 (s, H(MeO), 3H).

13C-NMR, 62.5 MHz, DMSO-d; §: 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 (22R.7 (1C), 121.5 (1C), 120.8 (1C),
115.8 (2C), 56.2 (MeO, 1C).

IR diamond (7 / cm~1!): 2831w, 2646sh, 2592sh, 2523m, 2037w, 1821w, 1681vs, 16@RK]s,
1551s, 1512s, 1458s, 1427s, 1389s, 1350s, 1258vs, 115&s,1D95w, 1065m, 1034s, 987m, 933m,
895s, 833s, 787vs, 733m, 694s.
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EI-MS, 70eV, 500C: m/z= 386/384 M-, 342/340 (M — CQ)*, 130.

X-ray see Appendix C on page 209.

7.8.8 6-Bromo-4-(4-methoxyphenyl)-2,2-bipyridine

OMe

Figure 7.46: 6-Bromo-“4(4-methoxyphenyl)-2,/2bipyridine

After several approaches to decarboxyldtBfomo-4-(4-methoxyphenyl)-2bipyridine-6-carboxylic
acid in solution, the approach of Hammarstrom, Toftlund Akermark was usedf® Small portions
of 6'-Bromo-4-(4-methoxyphenyl)-2:bipyridine-6-carboxylic acid (10-20mg) were heated wiitie
heat gun in a round bottomed flask (10 ml). When the compourtdie brown liquid formed and it
degassed spontaneously. When cooled to room temperatoeeame a brown glass that still contained
some carboxylated material.

When recrystallised from hot THF, the carboxylated startiraterial could be filtered off and heated up
again. The product crystallised upon cooling to give a brpawder (yield 51%).

Microanalysis: found (calculated): C;7H;3N;OBr % C: 59.71 (59.84), % H: 3.89 (3.84), % N:
8.04 (8.21).

'H-NMR, 250 MHz, CDCl36: 8.68 (dd, H6, Jge — is=5.0Hz, J;¢' g3=0.75Hz, 1H), 8.63 (d,
H3', Jgs _ g5 =1.5Hz, 1H), 8.49 (d (slightly broad), H3gd_ z4=7.8Hz (coupling to the H5 is not
resolved),1H), 7.74 (d, Ho s — rm=9.0Hz, 2H), 7.70 (t, H4, J4_ f3/55=7.9Hz, 1H), 7.56 (dd, HS
Jus —me=5.0Hz, Jy5' _pg3=2.0Hz, 1H), 7.52 (dd, H5,5% _ g4=7.6Hz, Hys_3=0.9Hz, 1H), 7.04 (d,
Hm, Iy 10=9.2Hz, 2H), 3.89 (s, H(MeO), 3H).

EI-MS, 70eV, 350C: m/z= 342/340 M, 261 (M — Br)+, 218.

IR diamond (7 / cm™'): 3348Db, 3078w, 2932w, 2839w, 2577w, 2168w, 2037w, 1983w8362
1597vs, 1574vs, 1504s, 1458m, 1427s, 1389m, 1312w, 128880)vs, 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;8',2":6",2""-quaterpyridine

7.8.9 4-(4-Methoxyphenyl)-2,26',2":6",2"-quaterpyridine

The procedure of Stille coupling was followed as describgdianant3* Dry DMF (10 ml) was de-
gassed in a two necked flask for 50 min and Pd(QA6)0 mg, 26.7 mmol) was added. This gave
an orange-brown solution. Triphenylphosphine (33.2 mg@y7 Inmol) was added and the solution
turned lemon yellow. This catalyst solution was kept undgon while a degassed solution of 4
(4-methoxyphenyl)-6-bromo-2;dipyridine (0.112g, 0.328 mmol) in dry DMF (10 ml) was prepa.
This solution was added to the catalyst solution via canrilifee colour of the solution turned orange-
brown. A solution of 6-tributylstannyl-2!ipyridine (0.085g, 0.191 mmol) in dry DMF (6.0 ml) was
degassed for 40 min in the same flask already used to presseltition of the 4(4-methoxyphenyl)-
6-bromo-2,2-bipyridine. This solution was added to the reaction flasid the remainder rinsed out
with more dry, degassed DMF (3 times 2.5 ml). The mixture wastheated at S for 25 hours. The
brown reaction mixture was then cooled to room temperatirgaturated aqueous solution of sodium
fluoride (20 ml) was added and the mixture was stirred a€&vernight. The suspension was allowed
to cool to room temperature, water (3—4 ml) was added and thte \precipitate was filtered onto a
sinter (P4) and washed with a small amount of DMF-water (1 mikture, followed by diethyl ether.
The solvent of the filtrate was removidvacuoto give the crude product as a brown powder (104 mg).

1. Step: chromatography on alox: eluents were used for agullDCM : MeOH : EtNH (200:10:1).
Product and tin salt were collected in the same fraction.

2. Step: chromatography on silica: eluent hexane : EtOAGNHt(100 :40 : 1). Pure product was
collected in the third fraction. The yield of pure productsseow reduced to 5.5%.

Microanalysis: found (calculated): C,7HooN4O % C: 77.55 (77.87), % H: 4.95 (4.84), % N: 13.21
(13.45).

'"H-NMR, 500MHz, CDCl36: 8.84 (dd, H3, J=3.5Hz and 0.75Hz, 1H), 8.72 (dd!"H& H6, J=5.0Hz
and 1.0 MHz,1H), 8.72 (dd, H6 or K6, J=5.25Hz and 0.75Hz, 1H), 8.69 and 8.68 (each a ddoH3
H5 and HY' , J=8.0Hz and 1.0Hz, 1H), 8.67 (dt,H3 J=7.5Hz and 1.0Hz, 1H), 8.51 and 8.49 (each
a dd,H3 or H5 and H¥,or H J=7.5Hz and 1.0Hz, 1H), 8.02 (t, 4nd 4', J=7.5Hz, 2H) 7.88 (id,
H4"', J=7.75Hz and 1.83Hz, 1H), 7.77 (dt,},), J=8.5Hz and 2.0Hz, 2H) 7.53 (dd, H5, J=5.0Hz
and 2.0Hz, 1H), 7.35 (ddd, M5 J=7.5Hz and 4.75Hz and 1.25Hz, 1H), 7.08 (dt,Jd,), J=9.0Hz and
2.25Hz,2H), 3.90 (s, H(methoxy), 3H).

13C-NMR, 125 MHz, CDCl34: 160.5 (quarternary, C(para)), 156.7 (quarternary, @6C"), 156.2
(quarternary, C2 or C6’), 155.5 (quarternary), 1554.0 (quarternary), 155.3 (gunary), 149.5 (quar-
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ternary), 149.1 (C6 and C§, 148.8 (quarternary, C2 or €3, 137.9 (C4or C4"), 137.8 (C4or C4"),
136.9 (C4"), 130.9 (quarternary, C4 or C(phenyll)), 128.4 (C(orth&®3.8 (C5%’), 121.3 and 121.2
and 121.1 and 121.0 (¢33’, C3”, C5, CB, C5"),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 — C)*+, 385.1 (M — OCH)*),
372.1 (M — 44Y, 208.1 M+/2), 186.6 (M — 443+/2).

FAB-MS: 417 (100%) (M+HY .

IR diamond (# / cm™'): 3055w, 3016w, 2932m, 2839w, 2044w, 1983w, 1906w, 1728wWAMG7
1605m, 1566vs, 1512s, 1466sh, 1443s, 1420s, 1396s, 122@r2yd, 1180s, 1149w, 1110m, 1072w,
1041s, 987s, 941w, 910w, 810vs, 771s, 733s, 687w, 656m.

Crystal structure  The crystal structure was measured on a crystal that hathtiiysd from one small
fraction off the silica column. The eluent had been EtOAxaree : EfNH (8:20:1). For a picture and
further data on the structure see Figure B.1 on page 197 arigtbd data below.

7.8.10 Alternative synthesis of 6-bromo-4(4-methoxyphenyl)-2,2-bipyridine

4-Methoxycinnamaldehyde

/ CHO MeO
MeO
a

Figure 7.49: 1-(1,3-Dioxolan-2-yl)-2-(4-
Figure 7.48: 4-Methoxycinnamaldehyde = methoxyphenyl)ethene

The general procedure for Wittig reactions described inliteeaturé3® was followed, but the work-
up conditions were altered in order to avoidsPh= Oimpurity in the product. 1,3-Dioxolan-2-
ylmethyltriphenylphosphonium bromide (10.055g, 22.42%w) was predried in the reaction flask
at 80-90C at 1.5 10! mbar for 2.5h and left to cool to room temperature under argém a
two neck round bottomed flask MeOLi/methanol (15ml, 2.2MmB3ol) and methanol (15ml) were
frozen three times and evacuated , then let warm to room texfyse under argon atmosphere. 4-
Methoxybenzaldehyde was distillénlvacuoat ~100°'C and stored under argon.

DMF (15ml, abs.) was added to the reaction flask already aunta the 1,3-dioxolan-2-
ylmethyltriphenylphosphonium bromide. Using a predriegrirge from the dessicator, 4-
methoxybenzaldehyde (1.81ml, 14.9mmol) from above wagddder a period of 3h, making sure the
reaction temperature stayed at @Jalways. The mixture was refluxed overnight. The clear smiut
was cooled to room temperature, and water (100ml) was aditfesh addition, the clear solution turned
into a white suspension. Extraction with hexane gave a cldssiorganic phase and a yellow agueous
phase. The organic phase was washed with water, dried ogemsaulfate and filtered. The solvent
was removedn vacuoto give a phosphine free, slightly yellowish oil (3.49g)ntaining the protected
product 1-(1,3-dioxolan-2-yl)-2-(4-methoxyphenyl)ethand some already deprotected product.

Protected: 'H-NMR, 250 MHz, CDCl; 6: 9.65 (d, CHO, dro_m,=7.7Hz, 1H), 7.53 (d, Ho,
Jio—am=8.5Hz, 2H), 7.43 (d, Ha, i,_ gy=15.9Hz, 1H), 6.95 (d, HM, &,,— H,=8.9Hz, 2H), 6.61
(dd, Hb, Jyy— g.=15.9Hz, J5y_cro=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 HCQOmI, 10%) was added. The mixture
was stirred under argon for 2.5h at room temperature. Theucelas more yellow than before. The
mixture was extracted four times with hexane, together tigaruic layers were washed with a sodium
hydrogencarbonate solution, then with brine and dried sedium sulfate and filtered. The solvent was
removedn vacuoand the residue dried in the decsicator to give clean prd@u@d7, 95%).

Deprotected: 'H-NMR, 250 MHz, CDCl; 6: 9.65 (d, CHO, dro—_my=7.7Hz, 1H), 7.53 (d, Ho,
JHo—Hm=8.5Hz, 2H), 7.43 (d, Ha,&, _ g»=15.9Hz, 1H), 6.95 (d, HM,&,, _ 5,=8.9Hz, 2H), 6.61 (dd,
Hb, Jyy g.=15.8Hz, J1p_cno=7.7Hz, 1H), 3.86 (s, MeO, 3H).

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

See Figure 7.46 page 168.

Method B page 10 of KrohnRé was followed. 4-Methoxycinnamaldehyde (1.937g, 11.94Mmas
dried at 60C at 0.2mbar. Br-PPI (4.867g, 12.02mmol) was added to tHewelil and cooled to room
temperature at the same pressure. Ammonium acetate (68@mmol) was added to the reaction
flask, and the flask with the reflux cooler was evacuated anldtugith argon three times. The mixture
was heated to 16€ under argon while acetic acid (5.5ml) was added in portiams everything
dissolved. The temperature was raised to ‘C2hd the reddish black solution was refluxed at that
temperature for 4.5h. The reaction was quenched by theiadadit HCI solution. At first, a brown oily
precipitate formed. Stirring further, while cooling to maemperature, a beige powdery precipitate
formed as well. The beige precipitate was filtered off, washéh HCI (2M) and driedn vacua The
brown amorphous residue stuck to the walls of the reactiak fland was dissolved in a minimum
amount of DMF. Adding the same volume of HCL (2M) gave a beigejpitate. It was filtered off and
washed first with HCL (2M) : DMF (10:1), then three times witlater to remove all acetic acid. Both
precipitates were product (913mg, 23%). For charactésisate 7.8.8 on page 168.

7.9 Alternative synthesis of 4-(4-methoxyphenyl)-2,%’,2":6"”,2"'-
quaterpyridine

7.9.1 (2,2-bipyrid-6-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaboroane

Figure 7.50: (2,2Bipyrid-6-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaboanie

From the literature, the lithiation procedure with PHEi'4*and the reaction procedure for lithiated
bipyridine with boronic ester¥?-14qvas followed. 6-Bromo-2/2bipyridine (217mg, 0.923mmol) was
suspended in THF (abs., 20ml) and cooled under argon uetintiernal thermometer showed -€5
PhLi (2.0M / cyclohexane : ether (70 : 30)) was added slowty the reaction mixture turned black.
Slowly the temperature was allowed to rise to “B0After cooling back to -80C2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolan (0.5ml, 2.45mmol) wadestldropwise, while the temperature was kept
below -70'C. The solution was stirred in the cooling bath for anotheagth a test showed on TLC, that
the starting material had gone, and four new signals shod&dnin later, the colour was becoming
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lighter and TLC showed six signals. The reaction was quethee7GCwhen HCI (2M, 20ml) was
added. The internal temperature raised immediately @afid the colour changed to orange. When
18°C was reached, the mixture was extracted with ether, butdtlmidess organic phase and yellow
aqueous phase suggested the bipyridine type product tothe #xqueous phase, so water (25ml) was
added, without effect. The pH of the aqueous phase at thig mais 6. Saturated sodium carbonate was
added and the pH raised to 7.5. Now the organic layer was awalblution and the aqueous layer a
white suspension. The aqueous phase was extracted withtethenore times, the combined organic
layers dried over sodium sulfate and filtered. After remguime solvenin vacuq the residue was a
yellow oil that slowly turned brown (277mg). After charagsation, the oil was left in air.

'H-NMR, 250 MHz, CDCI36: 8.69 (ddd, H6 J=4.7Hz, 1.8Hz and 0.85Hz, 1H), 8.40 (dt, 'H3
J=8.0Hz and J=1.1Hz, 1H), 7.87-7.77 (m,'ta4d H3,>2H), 7.44 (td, H4, J=6.6Hz and 2.0HZm1H),
7.40-7.27 (m, H5 and H5>2H), 1.34 (s, CH, sim16H).

A flash column on alox, using toluene with traces of Bt was not successful.

7.9.2 4-(4-Methoxyphenyl)-2,26',2":6",2"- quaterpyridine

Figure, see 7.47 on page 169

The procedure from the literatdfé was followed. (2,2Bipyrid-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 (380 'mbar) and flushed with argon. 6-Brom6<{4-methoxyphenyl)-2,2
bipyridine (139mg, 0.408mmol) and potassium carbonateaddgd to the yellow solution. The freeze-
pump cycle was repeated three more times, and then the satat(PHP), (20mg, 1:mol) was added

to the yellow suspension. The reaction mixture was stirte2DC for 1h, then refluxed at 11G for
24h. A test on TLC showed that no change had occured. Theysttahs washed with ethanol and
ether, and the same amount as before was added additioAdier. 48h, the colour had changed to
brown and water{40ml) was added to quench the reaction. Three extractiotmsethyl acetate were
combined and washed with brine, dried over sodium sulfadfitered. Solvent was removéa vacuo

to give a brown oil. The proton-NMR showed traces of prodseime 6-bromo-4(4-methoxyphenyl)-
2,2-bipyridine and also 6-bromo-2;Bipyrdine. The MS showed among other signals one matching
the product and also one matching 6-bronig4methoxyphenyl)-2,2bipyridine.

EI-MS, 70eV, 406C: m/z= 586, 521, 450, 415(M — H), 385 (M — MeO), 325, 309 (M —
MeOphenyl)y, 261 (M — Br — bipy)'.

EI-MS, 70eV, 250C: m/z= 340 (bromophenyl bipy), 277, 261 (bromo-phenyl bipy — Bf)

For full characterisation see page 169.
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7.10 General Experimental

NMR Spectroscopy 'H-, '*C- and'>N-NMR spectroscopy were recorded on Bruker 250, 400, 500
and 600 MHz Avance spectrometers at ambient temperatuteZ28K).

Mass Spectroscopy

¢ Fast-atom bombardment (FAB) spectra were recorded on agaimMAT 312
¢ Electron Impact (El) mass spectra were recorded on a VG 70 SE
¢ Electrospray mass spectroscopy was recorded on a Finnigar.k2Q

e Matrix-assisted laser desorption and ionisation timdlight (Maldi TOF) were recorded using a
PerSeptive Biosystems Voyager-RP Biospectrometry ordfei& Biosystems Voyager-DB/
PRO Biospectrometry workstation

Infrared Spectrometers Infrared spectra were recorded on

e Shimazu Fourier-Transformation 8400S spectrophotondétectly as the solids

e Mattson Genesis Fourier-transform spectrophotometérseitnples in compressed KBr disks

UV-Vis Spectroscopy UV-Vis spectra were recorded on a Varian Carry 5000 UV-VI&§hotospec-
trometer and processed with Microsoft Excel 97.

Micro Analysis Micro analysis was carried out at the ‘Mikrolabor’ at the @Gtistry Department of
the University of Basel on a LECO CHN-900.

Electrochemical measurements The potentiostat/galvanostat ‘Autolab’ model ‘PGSTAT 3@as
used for differetial pulse voltamtery and cyclovoltammetm both methods, the potential is varied
linearly over time. The former method gives the potentiatsaately, while the latter gives information
about the reproducibility. The voltammograms were recdiideabsolute acetonitrile, using a conven-
tional three electrode configuration, comprising a glasapan disc as working electrode, a platinum
wire as counter electrode and a silver wire as pseudo referdretrabutylammonium hexafluorophos-
phate was used as electrolyte in 0.1M concentration, amddene was added as an internal standard,
after gaining a full set of voltammograms. All solutions welegassed with argon for at least 15 minutes
before measurement, and during the scans an inert atmesphsrmaintained. The voltammograms
were processed with the software ‘GPES Manager’ and ‘EQcél’

Crystallography The crystal and molecular structures were viewed with the deseveral computer
programst?8:129.171 Torsjon angles of the pyridine ring planes were measurelt thitee atoms per
ring forming a plane. Every second atom in a ring was usedtiomecomparing the planes using the
nitrogen atoms and two carbon atoms from each ring, and adeioe, using only carbon atoms, then
forming the average.
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Appendix A

Crystal Structures of Helicates

Al [Cuz(mp)s][PFe]s

Figure A.1: Crystal structure of the complex cation in {Qup)][PFs]s - 1.5 acetone, ellipsoids enclose
50% probability. Hydrogen atoms, counterions and solvesiegules have been omitted for clarity.
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Figure A.2: Crystal structure of one of the ligand strandgda, (mp)][PFs]s - 1.5 acetone, ellipsoids
enclose 50% probability. Hydrogen atoms have been omittedldrity.

Cr6H54N10O;CWwPsF5 - 1.5GHgO, M=1'820.43, triclinic, cell volume=3890/, T=173K, space
group R, Z=2, 85’712 reflections measured, 28’493 uniqug,(R0.21) from which 15’370 have been
used in the refinement¥l3o(1)). The final R was 0.062.

Unit cell lengths &) a=11.7086(11) b=17.378(3) ¢=19.3791(9)

Unit cell angles (degree) «=92.837(7) [(=92.355(6) ~=98.490(12)
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Figure A.3: Crystal structure of the other of the ligand stisin [Cw(mp)][PFs]s -
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ellipsoids enclose 50% probability. Hydrogen atoms hawnlmenitted for clarity.

Table A.1:

[Cus(Mp)][PFe]; - 1.5 acetone /&)

1.5 acetone,

Bond distances for the non-hydrogen atoms of

Atom A AtomB Distance| Atom A AtomB Distance| Atom A AtomB  Distance
Cul N4 2.037(3)| Cul N5 1.986(3)| Cul N9 2.011(3)
Cul 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 Cl1 1.327(5)
N3 C15 1.345(5)| N4 C16 1.353(5)| N4 Cc20 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 Cil21 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 Cc7 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 Cl4 1.345(6
Cl4 Ci15 1.392(6) C15 C16 1.473(6) C16 C17 1.378(6
C17 Cc18 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
Cc22 Cc23 1.369(7) C23 C24 1.364(8) C24 C25 1.373(6
C26 c27 1.391(8) C26 C32 1.366(7) C27 Cc28 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 c8s8 1.395(8
050 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 Cc107 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
[Cux(Mp)][PFe]; - 1.5 acetone /4)

Atom A AtomB  Distance| AtomA AtomB Distance| Atom A AtomB  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 Ci121 1.482(6
Ci121 C122 1.377(5) C122 C123 1.396(7) C123 Cil24 1.338(7
C124 C125 1.388(6) C126 Cc127 1.384(7) C126 C132 1.416(8
c127 c128 1.401(9) C128 C129 1.427(12) C129 0101 1.357(7
C129 C131 1.318(11) 0101 C130 1.531(9) 0101 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 Cc84 0.638(15) C34 C85 1.36(3) C35 C36 1.367(9
C35 Cc84 1.56(2) C35 C85 0.38(3) C36 02 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
cs4 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 0102 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 040 1.298(8) C40 C41 1.50(1) C40 C42 1.49(1)
Table A.2: Bond angles for the non-hydrogen atoms of
[Cus(mp)][PFe]s - 1.5 acetone / (degrees)

AtomA AtomB AtomC Angle| Atom A AtomB AtomC Angle

N4 Cul N5 81.37(13) N4 Cul N9 133.91(12

N5 Cul N9 123.64(13) N4 Cul N10 109.84(13

N5 Cul N10 134.66(14) N9 Cul 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 Ci1 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
[Cus(mp)][PFs]s - 1.5 acetone / (degrees)

the non-hydrogen atoms of

AtomA AtomB AtomC Angle| Atom A AtomB AtomC Angle
Cu2 N3 C15 129.2(2) C11 N3 Ci15 118.5(3
Cul N4 C16 127.4(3) Cul N4 C20 113.0(3
C16 N4 C20 117.7(3) Cul N5 Cc21 113.5(3
Cul 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 Ci111 108.3(2) Cu2 N8 C115 128.0(2
C111 N8 C115 117.8(3) Cul N9 C116 128.1(2
Cul N9 C120 114.4(3) C116 N9 C120 117.2(3
Cul N10 Ci121 115.3(3) Cul N10 C125 125.8(3
Cci121 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
[Cus(mp)][PFs]s - 1.5 acetone / (degrees)

AtomA AtomB AtomC Angle| Atom A AtomB AtomC 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 Cc2 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 Cc7 121.6(3)
C5 C6 C7 122.9(4) C6 C7 c8 119.6(4
C7 C8 Cc9 116.5(4) C7 cs8 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 Ci14 C15 118.9(4) N3 C15 C14 121.9(4
N3 C15 C16 117.9(3) C14 Ci15 Ci16 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 Ci18 C33 122.4(4
C19 C18 C33 121.0(4) C18 C19 C20 120.7(4
N4 C20 C19 122.9(4) N4 C20 Cc21 114.1(3
C19 C20 c21 123.0(4) N5 Cc21 C20 116.4(3
N5 c21 C22 120.5(4) C20 c21 C22 123.1(4
c21 Cc22 C23 119.5(5) C22 C23 C24 119.7(4
Cc23 C24 C25 117.5(4) N5 C25 C24 124.8(4
Cc8 C26 c27 121.5(4) C8 C26 C32 121.5(4
c27 C26 C32 116.8(4) C26 c27 C28 120.7(6
c27 Cc28 C29 119.1(6) C28 C29 o1 110.5(5
Cc28 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
[Cus(mp)][PFs]s - 1.5 acetone / (degrees)

the non-hydrogen atoms of

AtomA AtomB AtomC Angle| Atom A AtomB AtomC 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 cs84 118.4(7) C34 C33 cs84 26.7(7
C38 C33 cs84 106.7(8) C18 C33 Cs88 118.2(6
C34 C33 Cs88 105.8(8) C38 C33 Cs88 48.4(8
cs4 C33 Cs88 122.3(8) C50 050 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(H
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 Cc107 121.2(4) C105 C106 Cc107 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 Ci111 C112 123.3(3
C110 C111 C112 122.7(3) C111 C112 C113 117.7(4
C112 C113 Cl14 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 Ci21 114.5(3) C119 C120 Ci121 123.6(3
N10 C121 C120 114.8(3) N10 Ci121 C122 122.3(4
C120 Ci121 C122 122.9(4) C121 C122 C123 118.2(4
C122 Cc123 C124 119.7(4) C123 Ci124 C125 119.3(4
N10 C125 Ci124 121.8(4) C118 C126 c127 122.5(5
C118 C126 C132 120.4(4) C127 C126 C132 117.0(5
C126 Ci127 C128 119.5(7) C127 C128 C129 121.2(6
C128 C129 0101 111.9(6) C128 C129 C131 119.2(4
0101 C129 C131 128.9(g) C129 0101 C130 109.1(1
C129 0101 C180 109.04(11)C130 0101 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 cs84 77.1(12
C35 C34 cs84 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 cs84 24.2(7
C36 C35 cs4 109.6(9) C34 C35 C85 79.4(41
C36 C35 C85 82.7(23) C84 C35 C85 56.3(35
C35 C36 02 114.2(8) C35 C36 C37 121.0(9
02 C36 C37 118.3(8) C35 C36 C85 16.1(14
02 C36 C85 118.9(9) C37 C36 C85 108.3(11
C35 C36 cs87 114.1(11) 02 C36 cs87 122.0(9
C37 C36 cs87 54.6(9) C85 C36 cs87 116.6(11
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Table A.2: Bond angles for the non-hydrogen atoms of
[Cus(mp)][PFs]s - 1.5 acetone / (degrees)
AtomA AtomB AtomC Angle| Atom A AtomB AtomC Angle
C36 C37 C38 116.2(9) C36 C37 cs87 63.3(7
C38 C37 cs87 83.1(11) C33 C38 C37 121.1(9
C33 C38 Cs88 65.9(7) C37 C38 Cs88 97.2(12
C33 C84 C34 76.3(12) C33 cs84 C35 116.2(9
C34 C84 C35 62.2(16) C33 cs84 C85 118.8(12
C34 Cc84 C85 75.0(23) C35 cs84 C85 13.4(15
C34 C85 C35 84.5(46) C34 C85 C36 110.5(14
C35 C85 C36 81.2(22) C34 C85 cs84 26.9(7
C35 C85 cs84 110.3(46) C36 C85 cs84 120.7(13
C36 c87 C37 62.1(6) C36 cs87 Cs88 121.3(10
C37 c87 Cs88 90.7(10) C33 Cs88 C38 65.7(6
C33 C88 cs87 115.9(10) C38 Cs88 cs87 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(1Q) C184 C135 C185 63.9(13
C135 C136 0102 121.4(7) C135 C136 C137 118.2(7
0102 C136 C137 120.4(¢) C135 C136 C185 33.2(7
0102 C136 C185 117.4(q) C137 C136 C185 111.4(8
C135 C136 C187 102.2(9) 0102 C136 C187 116.6(4
C137 C136 C187 48.0(8) C185 C136 C187 123.7(7
C136 C137 C138 122.4(8) C136 C137 Cc187 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(4) C133 C138 C188 67.8(6
C137 C138 C188 82.2(11) C133 C184 C134 70.9(10
C133 C184 C135 108.1(1Q0)C134 C184 C135 62.7(13
C133 C184 C185 125.4(1Q0)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(10Q
C133 C188 C137 103.9(4) 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
050 C50 C51 119.9(1) O50 C50 C52 119.9(1

— ~— ~— —
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Table A.2:

Bond angles for

[Cus(mp)][PFs]s - 1.5 acetone / (degrees)

the non-hydrogen atoms of

AtomA AtomB AtomC Angle| Atom A AtomB AtomC 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
050 C50 C510 162.6(11) C51 C50 C510 42.8(10
C52 C50 C510 77.3(10) C500 C50 C510 118.8(17)
C50 Cs1 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
050 C500 C52 155.1(15) C50 C500 C52 116.3(20
050 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
040 C40 C41 119.9(1) 040 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 cs84 30.094 C35 H351 C85 19.174
C35 H851 C85 23.069

Table A.3: Atomic coordinates of the non-hydrogen atoms of

[Cus(mp)][PFs]s - 1.5 acetone

Atom x/a y/b zlc U(equiv) occupancy

Atom x/a y/b zlc U(equiv) occupancy

CUl -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:

[Cus(mp)][PFs]s - 1.5 acetone

Atomic coordinates of the non-hydrogen atoms of

Atom x/a y/lb zlc U(equiv) occupanc
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

Ci4 -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
01 -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

050 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
[Cux(Mp)][PFe]5 - 1.5 acetone

Atom x/a y/lb zlc U(equiv) occupancy

C106  0.0593(3)  0.2791(2) 0.60883(19) 0.0369
C107  0.0784(4)  0.2043(3)  0.5928(2)  0.043
C108  0.1556(3)  0.1706(2)  0.6331(2)  0.0433
C109  0.2172(3)  0.2171(2) 0.6870(2)  0.038
C110 0.1926(3)  0.2906(2) 0.70184(18) 0.0318
C111  0.2468(3)  0.3426(2) 0.76086(18) 0.0316
C112  0.3520(3)  0.3347(2)  0.7919(2)  0.0409
C113  0.3978(3)  0.3895(3)  0.8435(2)  0.0475
C114  0.3352(4)  0.4466(3)  0.8654(2)  0.0458
C115  0.2272(3)  0.4471(2) 0.83432(19) 0.0329
C116  0.1467(3)  0.4977(2) 0.86413(18) 0.0339
C117 0.1782(3)  0.5763(2)  0.8776(2)  0.0373
C118  0.0994(4)  0.6195(2) 0.90763(19) 0.0409
C119 -0.0076(4)  0.5777(2)  0.9234(2)  0.0407
C120 -0.0324(3)  0.4985(2) 0.90874(18) 0.0347
C121 -0.1432(3)  0.4509(2) 0.92406(19) 0.0385
C122 -0.2361(4)  0.4829(3)  0.9477(2)  0.0474
C123 -0.3368(4)  0.4327(3)  0.9599(2)  0.0555
C124 -0.3408(4)  0.3558(3)  0.9483(2)  0.052
C125 -0.2446(4)  0.3273(3)  0.9236(2)  0.0486
C126  0.1266(5)  0.7037(3)  0.9243(2)  0.0523
C127 0.0439(6)  0.7482(3)  0.9448(3)  0.0754
C128  0.077(1) 0.8274(4)  0.9640(3)  0.1113
C129 0.1945(8)  0.8634(4)  0.9615(4)  0.1088
0101  0.2082(6)  0.9403(2)  0.9815(3)  0.1285
C131 0.2732(8)  0.8209(3)  0.9421(4)  0.1023
C132  0.2418(6)  0.7422(3)  0.9232(3)  0.0745
C133  0.1729(4)  0.0888(2)  0.6203(2)  0.0554
F51  -0.2775(2)  0.6515(2)  0.8941(2)  0.0941
F52  -0.5437(2)  0.6417(2)  0.8586(2)  0.1061
F53  -0.4174(3) 0.5580(2)  0.8536(2)  0.1103
F54  -0.4008(4)  0.7344(2)  0.8974(3)  0.1416
F55  -0.4312(4)  0.6237(3) 0.95203(19) 0.1266
F56  -0.3853(4)  0.6666(3) 0.79998(17) 0.1238
C34 -0.1649(11) -0.0143(5) 0.6746(7)  0.0674
C35 -0.1870(11) -0.0828(7) 0.6339(6)  0.0695
C36  -0.2661(9) -0.0756(4) 0.5816(5)  0.144
02  -0.3033(11) -0.1440(4) 0.5419(6)  0.2682

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
Cs4  -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

0102  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:

[Cus(mp)][PFs]s - 1.5 acetone

Atomic coordinates of the non-hydrogen atoms of

Atom x/a y/lb zlc 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(2) 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(2) 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 0.7051L
F3 -0.1179(3) 0.6252(3) 0.5924(2) 0.0834 0.705(
F4 -0.3569(4) 0.6718(4) 0.5485(3) 0.1231 0.705(
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(2) 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
040 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 [Cuzpcp][PFsls
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Figure A.4: Crystal structure of the complex cation of §pop][PF]s - 2.5 acetone, ellipsoids enclose
50% probability. Hydrogen atoms, counterions and solvesiegules have been omitted for clarity.

C86H72N_1007CU»2P3F18 -25 Gg,HeO, M=2'064.76, triCliniC, cell VOlUme=4'659b3, T=173K, space
group P1 (no. 2),Z=2, 41'046 reflections measured, 21’247 unique,(R0.02) from which 12’623
have been used in the refinement8lo(1)). The final R was 0.059.

Unit cell lengths &) a=15.6921(2) 1=16.0207(2) ¢=21.2804(3)
Unit cell angles (degree) a=103.9732(7) (5=102.0324(8) +=109.0858(7)

Table A.4: Bond distances for the non-hydrogen atoms of
[Cux(pep][PRs]s - 2.5 GHO / (A)

Atom A AtomB Distance| Atom A Atom B Distance| Atom A Atom B Distance
Cul N1 2.117(3) Cul N2 1.950(3)| Cul N3 2.240(3)
Cul N6 2.202(3)| Cul N7 1.973(3)| Cul 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 Cc10 1.348(4)
N3 Cl1 1.349(4)| N3 C15 1.342(5)| N4 C16 1.342(4)
N4 C20 1.354(4)| N5 Cc21 1.343(5)| N5 C25 1.346(5)
N6 C56 1.334(5)| N6 C60 1.343(4)| N7 Cco61 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)
02 C39 1.408(6) O2 C40 1.403(6)| O3 C41 1.358(8)
03 C42 1.408(7) O5 C45 1.425(6) O5 C46 1.385(7)
06 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
[Cux(pep][PRs]s - 2.5 GHO / (A)

Atom A AtomB  Distance| AtomA AtomB Distance| Atom A AtomB  Distance
o7 C50 1.363(4) 08 cs7 1.208(6) 09 C90 1.239(8)
010 C93 1.212(9) C1 Cc2 1.363(6)| C2 C3 1.387(6)
C3 C4 1.385(6)| C4 C5 1.376(6)| C5 C6 1.475(5)
Cc6 Cc7 1.391(5) C7 Ccs8 1.393(5) C8 C9 1.402(6)
Cc8 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
Cc17 C18 1.406(5) C18 C19 1.396(5) C18 C32 1.473(5
C19 C20 1.385(5) C20 Cc21 1.486(5) C21 Cc22 1.397(5
Cc22 Cc23 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
Cc28 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 04 1.410(8) C43 040 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
Cc61 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 Cc72 1.395(5) C72 C73 1.402(5
C73 C74 1.381(6) C73 cs1 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
cs1 C86 1.381(7) C82 C83 1.384(7) C83 Cc84 1.37(1)
c84 C85 1.35(1) C85 C86 1.401(8) C87 css8 1.448(7
cs87 Cc89 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 04 1.42(1)| C44 C440 0.934(18) C44 040 1.101(12
04 C440 1.253(13) O4 040 0.752(13) C440 040 1.439(8
Table A.5: Bond angles for the non-hydrogen atoms of
[Cuspcpl[PR]s - 2.5 GHgO / (degrees)

Atom A AtomB AtomC Angle| Atom A AtomB AtomC Angle

AtomA AtomB AtomC Angle| Atom A AtomB AtomC Angle

N1 Cul N2 79.28(11) N1 Cul N3 155.6(1)

N2 Cul N3 77.07(11) N1 Cul N6 103.55(11

N2 Cul N6 95.96(11) N3 Cul N6 84.9(1)

N1 Cul N7 99.32(11) N2 Cul N7 173.66(11
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Table A.5:

Bond angles for

[Cuspepl[PR]s - 2.5 GHgO / (degrees)

the non-hydrogen atoms of

AtomA AtomB AtomC Angle| Atom A AtomB AtomC Angle
N3 Cul N7 104.84(11) N6 Cul N7 78.3(1)
N1 Cul N8 80.69(11) N2 Cul N8 110.46(11
N3 Cul N8 102.1(1) N6 Cul N8 153.5(1)
N7 Cul 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

[Cuspepl[PR]s - 2.5 GHgO / (degrees)

the non-hydrogen atoms of

AtomA AtomB AtomC Angle| Atom A AtomB AtomC 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
Cul N1 C1 127.9(2) Cul N1 C5 112.6(2
C1 N1 C5 118.8(3) Cul N2 C6 118.6(2
Cul N2 C10 120.5(2) C6 N2 C10 120.5(3
Cul N3 C11 108.9(2) Cul N3 C15 129.0(2
C11 N3 Ci15 118.5(3) Cu2 N4 C16 127.7(2
Cu2 N4 C20 113.6(2) C16 N4 C20 118.2(3
Cu2 N5 Cc21 114.5(2) Cu2 N5 C25 126.8(3
c21 N5 C25 118.4(3) Cul N6 C56 128.9(2
Cul N6 Cc60 111.4(2) C56 N6 C60 119.0(3
Cul N7 C61 118.6(2) Cul N7 C65 122.7(2
Cc61 N7 C65 118.7(3) Cul N8 C66 108.2(2
Cul 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 02 C40 110.3(4
C41 03 C42 115.7(5) C45 05 C46 115.3(5
C47 06 C48 111.0(4) C49 o7 C50 118.6(3
N1 C1 Cc2 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)
Cc4 C5 C6 123.4(3) N2 C6 C5 114.2(3)
N2 C6 Cc7 120.8(3) C5 C6 C7 124.9(3
C6 C7 Cc8 120.1(3) C7 Ccs8 C9 117.9(3
C7 Cs8 C26 120.4(4) C9 c8 C26 121.7(3

3

3

3
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Table A.5: Bond angles for the non-hydrogen atoms of
[Cuspcp][PR]5 - 2.5 GHgO / (degrees)

AtomA AtomB AtomC Angle| Atom A AtomB AtomC Angle
Ccs8 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 Cl11 C12 122.3(3
C10 C11 C12 122.4(3) C11 C12 C13 118.8(3
C12 C13 C14 119.2(3) C13 C14 Ci15 118.8(4
N3 C15 Ci14 122.3(3) N3 C15 C16 117.5(3
C14 C15 C16 120.1(3) N4 C16 C15 115.0(3
N4 Ci16 C17 122.6(3) C15 Ci16 C17 122.3(3
C16 C17 Ci8 120.1(3) C17 Ci18 C19 116.2(3
C17 C18 C32 122.4(3) C19 Ci18 C32 121.4(3
C18 C19 C20 121.0(3) N4 C20 C19 121.9(3
N4 C20 Cc21 114.7(3) C19 C20 c21 123.3(3
N5 Cc21 C20 115.3(3) N5 C21 C22 121.8(4
C20 Cc21 C22 123.0(3) C21 C22 C23 118.8(4
Cc22 Cc23 C24 119.3(4) C23 C24 C25 118.9(4
N5 C25 C24 122.8(4) C8 C26 c27 121.4(4
Ccs8 C26 C31 120.4(4) C27 C26 C31 118.2(4
C26 ca27 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
02 C39 C38 108.5(4) O2 C40 C41 115.1(5
03 C41 C40 118.1(6) O3 C42 C43 112.3(5
C42 C43 04 123.8(8) C42 C43 040 101.1(6
04 C43 040 30.5(5) O5 C45 C44 116.4(7
05 C45 C440 111.8(6) C44 C45 C440 38.0(7
05 C46 C47 110.7(4) O6 c4a7 C46 111.3(5
06 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
Cc61 C62 C63 121.1(3) C53 C63 C62 121.6(3
C53 C63 c64 122.0(3) C62 C63 Cc64 116.4(3
C63 Cc64 C65 120.7(3) N7 C65 ce64 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 Cc67 122.5(3) C66 Cc67 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 Cc71 C70 114.9(3
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Table A.5:

Bond angles for

[Cuspepl[PR]s - 2.5 GHgO / (degrees)

the non-hydrogen atoms of

AtomA AtomB AtomC Angle| Atom A AtomB AtomC 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
cr7 C78 C79 119.9(4) C78 C79 C80 118.6(4
N10 C80 C79 122.5(4) C73 c81 Cc82 119.7(4
C73 cs1 C86 121.9(4) C82 c81 C86 118.4(4
cs1 C82 Cs83 120.9(5) C82 Cs83 cs84 119.6(6
C83 Cc84 C85 120.0(5) C84 C85 C86 122.0(6
cs4 C85 H851 119.002 C81 C86 C85 118.9(6
08 c87 C88 122.0(6) O8 cs87 C89 120.2(6
C88 c87 C89 117.8(6) O9 C90 ca1 116.8(8
09 C90 C92 122.9(9) C91 C90 C92 119.8(7
010 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 04 110.3(9) C45 C44 C440 72.2(9
04 C44 C440 60.0(9) C45 C44 040 135.1(11
04 C44 040 31.5(6) C440 C44 040 89.7(12
C43 04 C44 116.5(9) C43 04 C440 127.0(9
C44 04 C440 40.2(8) C43 04 040 77.2(9
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Table A.5: Bond angles for the non-hydrogen atoms of
[Cuspepl[PR]s - 2.5 GHgO / (degrees)
AtomA AtomB AtomC Angle| Atom A AtomB AtomC Angle
C44 04 040 49.8(9) C440 04 040 88.0(11
C45 C440 C44 69.8(8) C45 C440 04 120.0(9
C44 C440 04 79.8(10) C45 C440 040 108.3(7
C44 C440 040 49.9(8) O4 C440 040 31.5(6
C43 040 C44 142.3(12) C43 040 04 72.3(9
C44 040 04 98.8(11) C43 040 C440 111.6(6
C44 040 C440 40.4(9) 04 040 C440 60.5(10
Table A.6: Atomic coordinates of the non-hydrogen atoms of
[Cuspcp][PR]s - 2.5 acetone
Atom x/a y/b zlc U(equiv) occupancy
Atom x/a y/b zlc U(equiv) occupancy
CUl  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
02 -0.5760(2) -0.3347(2) 0.52622(19) 0.0675 1
03 -0.7363(3) -0.3118(3) 0.4474(2) 0.0889 1
05 -0.7307(2) -0.5284(3) 0.2445(2) 0.0738 1
06  -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
08 0.2102(3) -0.1771(5) 0.9696(3) 0.1459 1
09 -0.3657(5) -0.1715(7) 0.7546(4) 0.1988 1
010 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
Cc4 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
Ci12 0.3445(3) 0.2330(3) 0.93076(18) 0.0474 1
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Table A.6:

[Cuspcp][PR]s - 2.5 acetone

Atomic coordinates of the non-hydrogen atoms of

Atom x/a y/b zlc U(equiv) occupanc
C13 0.2648(3) 0.1737(3) 0.9394(2) 0.0523 1
Ci14 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
Cc61 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
ce64 0.1382(2) -0.1171(2) 0.56450(17) 0.037 1
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Table A.6:

[Cuspcp][PR]s - 2.5 acetone

Atomic coordinates of the non-hydrogen atoms of

Atom x/a y/b zlc U(equiv) occupanc
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
Cc67 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
cs1 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
Cc84 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
Cca1 -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

194




Table A.6:

[Cuspcp][PR]s - 2.5 acetone

Atomic coordinates of the non-hydrogen atoms of

Atom x/a y/b zlc U(equiv) occupanc
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
04 -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
040 -0.8266(6) -0.4244(5) 0.3111(4) 0.0611 0.5
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Appendix B

Crystal Structures of the gtpy-ligand:
4MeOphqtpy

B.1 4MeOphqtpy

c27 o
c2 4\ <z c8_cr N1_Cl
/ \ e co/ N\es /N
c25\ et
‘,021 \_/ C5\_/02
26 c s\ c17 N3 /C10 N2 ca c3
18 ) =— p— C11
/ N\ee /N
c19 ci12
\ — / cis\ _ /
C20 N4 ci4 ci3

Figure B.1: Crystal structure of 4MeOphqtpy, ellipsoidslese 50% probability. Hydrogen atoms have
been omitted for clarity.

Crystals of 4MeOphqtpy were obtained as colourless plates & solvent mixture of EtOAc: hexane
: EbNH (8:20:1) as G;HyoN4O;, M=416.48, monoclinic, cell volume=2'067A8, T=173K, space
group P 2/c, Z=4, 25'332 reflections measured, 4’726 uniqug,(R0.06) from which 2701 have been
used in the refinementtl2o(1)). The final R was 0.044.

unit cell Iengths,é) a=10.087(8) b=8.666(9) €=23.684(3)

unit cell angles (degree) a=90 $=92.789(8) ~=90

Table B.3: Atomic coordinates of the non-hydrogen atoms of
4MeOphqtpy

Atom x/a y/b zlc U(equiv) occupancy
o1 0.52871(12) -0.01273(18) 0.43556(5) 0.0328
N1 -0.22599(19) -1.0365(2) 0.15688(8)  0.0431
N2 -0.07376(15) -0.68241(18) 0.11827(6) 0.0252
N3 0.10238(14) -0.32289(18) 0.13187(6) 0.0229
N4 0.25341(17) 0.0325(2) 0.09411(7)  0.0355
C1 -0.3170(3) -1.1357(3)  0.13638(11) 0.0535
C2 -0.3721(2) -1.1299(3) 0.08208(11) 0.0491
C3 -0.3339(2) -1.0145(3) 0.0473(1) 0.0424

PRrRPRRRRR R
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Table B.3: Atomic coordinates of the non-hydrogen atoms of

4MeOphqtpy
Atom x/a y/b zlc U(equiv) occupanc
Cc4 -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
Cl1l 0.01841(17) -0.4283(2) 0.10950(8)  0.0241 1
Cl2 -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
Cl4 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
Cl16 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 4ipMepy / (&)

Atom A Atom B Distance| Atom A AtomB 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 Cl1 1.338(2) N3 C15 1.336(2) N4 Cil6 1.339(2)
N4 Cc20 1.333(3) C1 C2 1.377(3) C2 C3 1.364(3)
C3 Cc4 1.382(3) C4 C5 1.380(3)| C5 C6 1.481(3)
C6 C7 1.387(3)| C7 C8 1.372(3)| C8 (01°] 1.377(3)
C9 c1o0 1.385(3) C10 Cl1 1.485(2) C11 C12 1.390(3
Ci12 C13 1.376(3) C13 Cl4 1.377(3) C14 Ci5 1.384(3
Ci15 Cil6 1.482(3) C16 C17 1.389(3) C17 Ci8 1.386(3
Ci8 C19 1.385(3) C18 c21 1.479(2) C19 C20 1.378(3
Cc21 Cc22 1.392(2) C21 C26 1.384(2) C22 c23 1.368(3
Cc23 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 4AMe@phi(degrees)

AtomA AtomB AtomC Angle| Atom A AtomB AtomC Angle
C24 01 c27 117.83(15) C1 N1 C5 117.2(2)
Cc6 N2 C10 118.06(17) C11 N3 C15 118.24(16
C16 N4 C20 116.32(17) N1 C1 Cc2 123.9(2)
C1 C2 C3 118.6(2) C2 C3 Cc4 118.8(2
C3 Cc4 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 Cs8 118.93(19
C7 Cc8 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 Ci14 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 Ci18 119.93(18
C17 C18 C19 117.03(17) C17 Ci18 Cc21 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 Cc22 C23 121.51(17) C22 C23 C24 119.98(18
01 C24 C23 115.27(16) O1 C24 C25 125.04(16
Cc23 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-enypyridine

01 c2
@m P
| C13 03
o i Nt ‘PN §j®\
: I o9 | | c17

Figure C.1: Crystal structure of 2-acetyl-6-[3-(4-methplenyl)-1-oxoprop-2-enyl]pyridine, ellipsoids
enclose 50% probability. Hydrogen atoms were omitted fdarity.

Crystals of 2-Acetyl-6-[3-(4-methoxyphenyl)-1-oxopr8penyl]pyridine were obtained as colourless
plates from a solvent mixture 9f hexane : EtOAc oM (50:10:1) as G;Hy5N;05, M=281.31,
monoclinic, cell volume=1'444 83, T=293K, space group P, &, Z=4, 5’667 reflextions measured,

2’494 unique (R,;=0.14) from which 1’877 have been used in the refinemenidi(l)). The final R
was 0.073.

Unit cell lengths &) a=12.394(7) b=4.032(4) ¢=28.900(16)
Unit cell angles (degree)  «=90 £=90.73(4) ~=90

Table C.3: Atomic coordinates of the non-hydrogen atomsatetyl-6-
[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine

Atom x/a y/b zlc U(equiv)
o1 0.6830(2) -0.4135(7) 0.52155(7) 0.112
C1 0.7284(3) -0.2450(9) 0.4933(1) 0.082
C2 0.8464(3) -0.1803(12) 0.49621(13) 0.12d
C3 0.6671(2) -0.1034(7)  0.45362(8) 0.066
N1  0.72333(15) 0.0678(6) 0.42247(6) 0.0616

© O O
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Table C.3: Atomic coordinates of the non-hydrogen atomsatetyl-6-
[3-(4-methoxyphenyl)-1-oxoprop-2-enyl]pyridine

Atom x/a y/b zlc U(equiv)
C4 0.5569(2) -0.1489(8)  0.4498(1) 0.0748
C5 0.5030(2) -0.0162(8)  0.4128(1) 0.078¢
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
02 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)  0.06(7
Cl1 1.02854(19) 0.5961(7) 0.32991(7) 0.0575
Ci12 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
03 1.36202(14) 0.6215(6) 0.32529(6) 0.0799
C17 1.4150(2) 0.7652(9) 0.28687(9) 0.0825
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Table C.1: Bond distancesf\x for the non-hydrogen atoms of 2-acetyl-6-[3-(4-methokgnyl)-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 Cc7 1.336(3)
C4 C5 1.363(4) C5 C6 1.372(4)
C6 C7 1.381(3)| C7 C8 1.491(4)
C8 02 1.217(3)| C8 (04°] 1.464(3)
C9 Cc1o0 1.323(3) C10 Cl1 1.451(3
Cl1 C12 1.389(3) C11 Cil6 1.378(3
C12 C13 1.365(3) C13 Cl14 1.381(3
Cil4 C15 1.366(3) C14 03 1.363(3)
Ci15 Cl6 1.380(3) O3 Cc17 1.421(3)

Table C.2: Bond angles (degrees) for the non-hydrogen atdrBsacetyl-6-[3-(4-methoxyphenyl)-1-
oxoprop-2-enyl]pyridine

Atom A AtomB AtomC Angle| Atom A AtomB AtomC Angle
o1 C1 Cc2 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 Cc7 117.9(2) C3 Cc4 C5 118.9(3
Cc4 C5 C6 119.2(3) C5 C6 C7 119.0(3
N1 C7 C6 122.3(3) N1 C7 Cs8 117.5(2)
C6 C7 C8 120.2(2) C7 c8 02 119.6(2
c7 C8 C9 118.0(2) O2 c8 C9 122.4(2
C8 Cc9 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 Ci15 120.2(2
C13 Ci4 03 115.6(2) C15 C14 03 124.2(2
Ci4 C15 C16 118.8(2) C11 Ci16 Ci15 122.5(2
Ci4 03 C17 117.3(2
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C.2 6-Bromo-[4-(4-methoxyphenyl)]-2,2-bipyridine
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Figure C.2: Crystal structure of 6-bromé-4-methoxyphenyl)-2/2bipyridine, ellipsoids enclose 50%
probability. Two molecules of almost identical conforneaitioccupy the unsymmetrical unit cell. For
clarity, only one of them is shown in the figure, and hydrogeese omitted.

Crystals of 6-bromo-4(4-methoxyphenyl)-2,2ipyridine were obtained as yellow plates from THF as
two times G7H;3BrN-QO), M=682.41, triclinic, cell vqume=1’432ﬁ§3, T=173K, space group B,
Z=4, 53'476 reflections measured, 6’899 unique,(R0.07) from which 4’215 have been used in the
refinement (1>30(1)). The final R was 0.028.

unit cell Iengths,é) a=11.8229(3) b=12.1488(4) ¢=12.4098(3)
unit cell angles (degree) a=112.714(2) [(5=115.6871(19) ~=92.587(2)

Table C.4:° Bond distances for the non-hydrogen atoms ofo@ibr4-(4-methoxyphenyl)-2,2
bipyridine A)

Atom A Atom B Distance| Atom A AtomB Distance| Atom A Atom B Distance
Brl C1 1.901(2)| N1 Ci 1.311(3)| N1 C5 1.348(3)
N2 C6 1.337(3)| N2 C10 1.335(3)| O1 Cil4 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 Cl1 1.477(3) C9 C10 1.377(3) C11 C12 1.388(3
Cl1 Cl6 1.395(3) C12 C13 1.373(3) C13 Cl4 1.386(3
Cl14 C15 1.376(3) C15 C16 1.384(3) Br2 Cc21 1.895(2)
N3 c21 1.314(3) N3 C25 1.347(3) N4 C26 1.338(3)
N4 C30 1.331(3)| 02 C34 1.364(3) 02 C37 1.427(3)
Cc21 C22 1.379(4) C22 C23 1.367(4) C23 C24 1.380(4
Cc24 C25 1.380(3) C25 C26 1.486(3) C26 c27 1.384(3
c27 Cc28 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-brdf¥(d-
methoxyphenyl)-2,2bipyridine / degrees)

Atom A AtomB AtomC Angle| Atom A AtomB AtomC Angle
C1 N1 C5 116.8(2) C6 N2 C10 116.3(2
Ci14 01 Cc17 117.50(19) Br1 C1 N1 115.83(18
Brl C1 Cc2 118.40(19) N1 C1 C2 125.8(2)
C1 Cc2 C3 116.7(2) C2 C3 Cc4 119.6(2
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Table C.5: Bond angles for the non-hydrogen atoms of 6-brdf¥(d-

methoxyphenyl)-2,2bipyridine / degrees)

AtomA AtomB AtomC Angle| Atom A AtomB AtomC Angle
C3 Cc4 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 Cc9 116.4(2) C7 c8 C11 122.1(2
C9 Cc8 Ci11 121.5(2) C8 Cc9 C10 119.7(2
N2 C10 C9 124.0(2) C8 C11 C12 122.5(2
Cc8 Ci11 C16 120.1(2) C12 C11 C16 117.3(2
C11 Ci12 C13 121.6(2) C12 C13 C14 119.9(2
o1 C14 C13 115.5(2) O1 Ci4 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 02 C37 116.69(19
Br2 Cc21 N3 115.59(18) Br2 c21 C22 118.75(18
N3 Cc21 C22 125.6(2) C21 C22 C23 116.7(2
Cc22 Cc23 C24 119.8(2) C23 C24 C25 119.1(2
N3 C25 C24 121.9(2) N3 C25 C26 116.5(2
Cc24 C25 C26 121.7(2) N4 C26 C25 115.10(19
N4 C26 c27 123.3(2) C25 C26 Cc27 121.6(2
C26 c27 Cc28 119.8(2) C27 Cc28 C29 116.9(2
c27 Cc28 C31 121.9(2) C29 Cc28 C31 121.19(19
Cc28 C29 C30 119.1(2) N4 C30 C29 124.2(2
Cc28 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) 02 C34 C33 116.1(2
02 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-bfd@no-
4'-(4-methoxyphenyl)-2/2bipyridine

Atom x/a y/b zlc 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) 0.031p
C5 0.3651(2) 0.3596(2) 0.2098(2) 0.0241
C6 0.4560(2) 0.3094(2) 0.2948(2) 0.0238
Cc7 0.4503(2) 0.3092(2) 0.4037(2) 0.022f7
C8 0.5348(2) 0.2588(2) 0.4789(2) 0.0219
C9 0.6254(2) 0.2150(2) 0.4411(2) 0.0276
Ci10 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) 0.024f7
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Table C.6: Atomic coordinates of the non-hydrogen atoms-bfd@no-
4'-(4-methoxyphenyl)-2/2bipyridine

Atom x/a y/b zlc U(equiv)
C15 0.5617(2) 0.1423(2) 0.7281(2) 0.027,
C16 0.5705(2) 0.1567(2) 0.6264(2) 0.026
C17 0.5360(3) 0.1198(3) 0.9338(3) 0.035
BR2 -0.26691(3) -0.58574(3) 0.16665(3) 0.047

N3  -0.09831(19) -0.35806(18)  0.3444(2) 0.025
N4  0.12803(18) -0.06460(17) 0.59321(19) 0.02
02  0.14720(17) -0.07494(16) -0.08305(16) 0.031
c21 -0.1659(2) -0.4507(2) 0.3390(3) 0.029
C22 -0.1705(3) -0.4558(2) 0.4462(3) 0.035
C23 -0.0974(3) -0.3557(3) 0.5683(3) 0.040
C24 -0.0235(3) -0.2568(2) 0.5791(3) 0.033
C25 -0.0259(2) -0.2606(2) 0.4655(2) 0.022
C26 0.0524(2) -0.1575(2) 0.4707(2) 0.021]
Cc27 0.0479(2) -0.1604(2) 0.3563(2) 0.020
C28 0.1273(2) -0.0651(2) 0.3662(2) 0.020
C29 0.2064(2) 0.0316(2) 0.4938(2) 0.022
C30 0.2012(2) 0.0282(2) 0.6017(2) 0.025
C31 0.1302(2) -0.0664(2) 0.2474(2) 0.021]
C32 0.0946(2) -0.1759(2) 0.1333(2) 0.021
C33 0.1000(2) -0.1761(2) 0.0245(2) 0.028
C34 0.1420(2) -0.0657(2) 0.0277(2) 0.024
C35 0.1776(2) 0.0440(2) 0.1398(2) 0.026
C36 0.1716(2) 0.0432(2) 0.2484(2) 0.025
C37 0.1996(3) 0.0367(3) -0.0771(3) 0.036
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C.3 5-Bromo-2-(4-methoxyphenyl)pyridine

c9/ \ce / - \ Br1
/ \ _/ ey _ /e -0

Figure C.3: Crystal structure of 5-bromo-2-(4-methoxypHpyridine, ellipsoids enclose 50% proba-
bility. Hydrogen atoms were omitted for clarity

Crystals of 5-bromo-2-(4-methoxyphenyl)pyridine weré¢aibed as yellow blocks from chloroform-d
as GoHoBriN;O,, M=264.12, orthorhombic, cell volume=1'08@\1, T=293K, space group P n a
2y, Z=4, 7'349 reflections measured, 2’745 uniqug,(R0.03) from which 1'675 have been used in
the refinement (+30(1)). The final R was 0.036.

Unit cell Iengthsé\) a=6.2143(8) b=7.2729(4) ¢=24.032(2)
Unit cell angles (degree)  «=90 £=90 ~v=90

Table C.7: Bond distances for the non-hydrogen atoms 0bﬁ-1br2-(4-methoxyphenyl)pyridineAQ

Atom A Atom B Distance| Atom A Atom B Distance
Brl Cc2 1.881(3)| O1 Cc9 1.353(4)
o1 C12 1.408(4) N1 C1 1.330(5)
N1 C5 1.340(4)| C1 C2 1.370(6)
Cc2 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 Cl1 1.390(5)
Cc7 C8 1.367(4) C8 C9 1.393(5)
C9 Cc1o0 1.382(5) C10 Cl1 1.371(4

Table C.8: Bond angles for the non-hydrogen atoms of 5-br@ni-methoxyphenyl)pyridine / (de-
grees)

Atom A AtomB AtomC Angle| Atom A AtomB AtomC Angle
C9 o1 C12 118.5(3) C1 N1 C5 118.2(3)
N1 C1 C2 123.5(4) Brl Cc2 C1 121.0(3)
Brl C2 C3 120.7(3) C1 C2 C3 118.2(3
Cc2 C3 C4 119.6(4) C3 Cc4 C5 119.7(3
N1 C5 Cc4 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 Cc8 121.6(3) C7 Ccs8 C9 120.2(3
o1 C9 Ccs8 115.1(3) O1 C9 C10 125.6(3
C8 Cc9 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-bfdno-
2-(4-methoxyphenyl)pyridin

Atom x/a y/b zlc U(equiv)
BR1 0.30726(8) -0.01327(6) -0.20913(4) 0.081
01 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
Cll1 0.8904(5) -0.0813(4) 0.03258(12) 0.0394
Cl2  1.1591(6) -0.0788(7) 0.19296(16) 0.0672
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C.4 6-Bromo-6-carboxyl-4-(4-methoxyphenyl)-2,2bipyridine
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Figure C.4: Crystal structure of ®romo-6-carboxyl-4-(4-methoxyphenyl)-2f@ipyridine, ellipsoids
enclose 50% probability. Hydrogen atoms were omtitted farity.

Crystals of 6-bromo-6-carboxyl-4-(4-methoxyphenyl)-2/2ipyridine were obtained as colourless
plates from chloroform-gdas GgHi3BriN2Os, M=385.22, triclinic, cell volume=761A8, T=173K,
space group B, Z=2, 28’172 reflections measured, 4’778 uniqueg,(R0.12) from which 2’979 have
been used in the refinement@o(1)). The final R was 0.042.

Unit cell lengths &) a=3.8887(14) b=10.473(3) ¢=18.993(6)
Unit cell angles (degree) a=93.80(3) [(=93.60(2) ~=98.44(3)

Table C.10: Bond distances for the non-hydrogen atoms&-bf@mo-6-carboxyl-4-(4-methoxyphenyl)-
2,2-bipyridine / A)

Atom A Atom B Distance| Atom A Atom B Distance
Brl 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 Cl1 1.283(3)
02 Cl1 1.236(3) 03 Ci5 1.355(3)
03 Ci8 1.422(4) C1 C2 1.378(4)
Cc2 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 Co 1.393(3) C8 C12 1.474(3)
C9 Cc1o0 1.382(3) C10 Cl1 1.487(3
Ci12 C13 1.400(3) C12 C17 1.384(3
C13 Cil4 1.377(4) C14 C15 1.390(4
C15 Cl6 1.390(4) C16 C17 1.386(3
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Table C.11: Bond angles for the non-hydrogen atoms'dfrémo-6-carboxyl-4-(4-methoxyphenyl)-
2,2-bipyridine / (degrees)

AtomA AtomB AtomC Angle| Atom A AtomB AtomC Angle
C1 N1 C5 116.3(2) C6 N2 C10 116.5(2
C15 03 C18 117.5(2) Brl C1 N1 116.3(2)
Brl 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 Cc6 116.6(2) C4 C5 C6 121.0(2
N2 C6 C5 115.6(2) N2 C6 Cc7 123.0(2)
C5 C6 c7 121.4(2) C6 C7 Cc8 120.0(2
C7 Ccs8 C9 117.0(2) C7 Ccs8 C12 121.9(2
C9 C8 Ci12 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 Ci11 02 123.7(2
o1 C11 Ci10 116.5(2) O2 Ci11 C10 119.8(2
Ccs8 C12 C13 120.6(2) C8 Ci12 C17 121.2(2
C13 C12 C17 118.1(2) C12 C13 C14 121.2(2
C13 Ci4 C15 120.0(2) 03 Ci15 Ci4 115.9(2
03 C15 Ci16 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 aton@-bfomo-
6-carboxyl-4-(4-methoxyphenyl)-2;Bipyridine

Atom x/a y/b zlc U(equiv)
BR1 0.41973(8) 0.14678(3) 0.225874(17) 0.03]
N1 0.2453(6) 0.37190(19) 0.28677(12) 0.021
N2 0.1009(6) 0.66925(19) 0.37659(11)  0.02d
o1 0.1490(7)  0.8540(2)  0.48042(11) 0.034§
02  -0.1319(7) 0.97741(19) 0.41361(11)  0.036
03 -0.6887(6) 0.8007(2) -0.03182(11) 0.031
C1 0.3615(7)  0.2649(2)  0.30300(14) 0.023
C2 0.4503(8)  0.2326(2)  0.37020(16) 0.024
C3 0.4144(8)  0.3201(3)  0.42527(16) 0.029
c4 0.2903(7)  0.4338(3)  0.41094(15) 0.02f
C5 0.2097(7)  0.4566(2)  0.34139(14) 0.02(Q
C6 0.0802(6) 0.5777(2)  0.32338(13) 0.019
C7  -0.0537(7) 0.5929(2) 0.25551(13) 0.020
C8  -0.1649(6) 0.7091(2) 0.23983(13) 0.018
C9  -0.1414(7) 0.8050(2) 0.29512(13) 0.021
C10 -0.0119(7) 0.7796(2) 0.36133(13) 0.021
Cl1  0.0005(7) 0.8785(2)  0.42167(13)  0.023
Cl2 -0.3055(6) 0.7299(2) 0.16833(13)  0.020
C13 -0.2536(7) 0.8531(2) 0.14275(14) 0.023
Cl4 -0.3823(8) 0.8736(2) 0.07594(15) 0.02§
Ci15 -0.5717(7) 0.7714(2) 0.03298(13) 0.023
Cl6 -0.6257(7) 0.6484(2) 0.05750(13)  0.023
C17 -0.4916(7) 0.6289(2) 0.12461(13) 0.021
C18 -0.8974(8) 0.7000(3) -0.07604(15) 0.031
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C.5 4-Methoxyphenylboronic acid
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Figure C.5: Crystal structure of 4-methoxyphenylboromidaellipsoids enclose 50% probability. Hy-
drogen atoms were omitted for chlarity.

Crystals of 4-methoxyphenylboronic acid were obtainedodeurless blocks from a solvent mixture of
diethyl ether and EtOAc as;ElyB; 03, M=151.96, monoclinic, cell volume=72144, T=173K, space
group P 2/n, Z=2, 3'442 reflextions measured, 1'721 unique{R0.01) from which 1'095 have been
used in the refinement¥i3s(1)). The final R was 0.034.

Unit cell lengths &) a=11.0475(2) b=5.0442(1) €=13.8833(3)
Unit cell angles (degree) a=90 £=111.1818(11) ~=90

Table C.13: Bond distanceéXfor the non-hydrogen atoms of 4-methoxyphenylboronidac

Atom A AtomB Distance| Atom A AtomB Distance
o1 C1 1.4327(19) O1 C2 1.3715(15
02 B1 1.3722(18) 03 B1 1.3649(18)
03 H3 0.897| C2 C3 1.390(2)
Cc2 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 Cc7 1.3878(17

Table C.14: Bond angles (degrees) for the non-hydrogensatdd-methoxyphenylboronic acid

AtomA AtomB AtomC Angle| Atom A AtomB AtomC Angle
C1 o1 Cc2 116.72(11) O1 C2 C3 124.36(12
o1 Cc2 Cc7 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) 02 B1 03 118.34(12
02 B1 C5 122.91(12) O3 B1 C5 118.74(12
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Table C.15: Atomic coordinates of the non-hydrogen atomwiethoxyphenylboronic acid

Atom x/a y/b zlc U(equiv)
01 0.0245(1) 0.5348(2) 0.14977(7)  0.031p6
02 0.2583(1) 0.6423(2) 0.65921(7)  0.0284
(OX] 0.1940(1) 0.19607(19) 0.63074(7) 0.029
Cl 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

7
D
1
6
9

C4 0.20111(13) 0.6802(3)  0.4254(1)  0.024
C5 0.15809(12) 0.4730(3) 0.47187(9)  0.02
C6 0.07034(12) 0.2933(3)  0.4060(1)  0.02
C7 0.02696(13) 0.3178(3)  0.2994(1)  0.025
Bl  0.20469(15) 0.4392(3) 0.59141(11) 0.022
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Appendix D

Crystal structures of minor quality

D.1 2,6-di-[31ert-butylphenyl)-1-oxoprop-2-enyl]pyridine

\ /7
"_\_>_\ P
\—
/ \
\\/
\_ sy =1
4N 4T O

Figure D.1: Pluto plot (without hydrogen atoms) of 2,6-8itgrt-butylphenyl)-1-oxoprop-2-enyl]pyri-
dine.

Crystal of 2-[3-(4tert-butylphenyl)-1-oxoprop-2-enyl]-6-[3-(4-hydroxyphdj 1-oxoprop-2-enyl]pyridine
were obtained as colourless crystals from methanol, as eotypt in the synthesis of 2-[3-(&+t-
butylphenyl)-1-oxoprop-2-enyl]-6-[3-(4-hydroxyphdjut-oxoprop-2-enyl]pyridine, see page 133.
Unfortunately, the crystals were of poor quality and theadat collected permitted only the confir-
mation of the connectivity in the molecule. Discussion ohtdengths and angles is pointless. The R
value varies between 13 and 27%, depending on the settirgktasefine the structure. However, it
can be trusted that in solid form, the molecule actually lsendhe U-form visible in Figure D.1.

The structure was solved in the space group.PZhe asymmetric unit contains four independent
molecules in this space group. The attempt to refine ip/d®8ave a considerably worse R value,
even if it is very probable that the correct space group isroespmmetric. Another attempt to reduce

the number of parameters would have been to shorten oneywgi? las the major part of the molecule

would nicely superimpose, but the peripherical phenylsidg not overlap well enough to make this

attempt look promising. Therefore the structure stays itage ©f preliminary refinement.
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Figure D.2: Crystal structure of dibenzo-18-crown-6 psltiids enclose 50% probability.

D.2 Dibenzo-18-crown-6

This structure was obtained from a very small and thin cty#tat had grown in a sample of mcm
in a mixture of diethyl ether and acetone. The quality of tla¢adet is not optimal. Although the
connectivity of the dibenzo-18-crown-6 could be deterrdirtbe exact composition of the crystal, that
included further small chemical entities, could not be dateed exactly. Refining, without trying to

interpret the residual electron density, gave the resekgmted in the plot.
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