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Kurzfassung

Die Forschung an Chemosensoren und Schaltern zur Detektion von Metallionen und Anionen
erlangte in den letzten Jahren groRe Aufmerksamkeit, da die Konzentration
unterschiedlichster Metallionen im menschlichen Organismus eine sehr groRRe Rolle in einer
Vielzahl biologischer Prozesse spielt. Aktive Zentren essentieller Enzyme enthalten oft
Metallionen, deren Konzentrationsschwankungen dazu flihren, dass diese Enzyme in ihrer
Funktion beeintrachtigt werden, wodurch Krankheiten und Behinderungen ausgeldst werden
kénnen. Aus diesem Grund ist die Erforschung von Sensoren mit hoher Sensitivitdt und
Selektivitat von grolRer Bedeutung. Eine Technik, die auf der Messung von Fluoreszenz beruht,
ist hierbei hoch interessant, da im Vergleich zu herkémmlichen Analysemethoden, sehr

niedrige Konzentrationen erfasst werden kénnen.

Zink-lonen zadhlen zu den ,stillen” Metallionen, da sie weder eine Farbe haben, noch
magnetisch oder redox-aktiv sind. Aus diesem Grund erkannte man erst relativ spat, wie
wichtig es fiir den menschlichen Organismus ist und welche Rolle es darin spielt. Liganden-
Systeme sind bereits bekannt, die grundsatzlich keine lumineszierenden Eigenschaften haben,
jedoch entwickeln, sobald ein Ubergangsmetall wie Zink koordiniert. Auf diese Weise kann

eine sehr sensitive Methode zum Nachweis von Metallionen entwickelt werden.

Im Zuge dieser Arbeit wurden neue ONNO-Schiff Basen synthetisiert, die in ihrer Fahigkeit
analysiert wurden, mit Zink, Cadmium und Vanadium Koordinationsverbindungen zu bilden.
Die Struktur der Liganden selbst wurden moglichst so gestalten, dass sie kaum bewegliche
Teile enthalt und Gber ein moglichst grofRes konjugiertes aromatisches System verfligt. Auf
diese Weise konnen Intensititen der Fluoreszenzeigenschaften der finalen
Koordinationsverbindungen erzielt werden, wodurch ein Einsatz der Liganden im Bereich von
sensitiven Chemosensoren ermoglicht wird. Die Strukturen der gebildeten Komplexe mit den
untersuchten Metallionen sind relativ unterschiedlich: Zn-Komplexe, die mit diesen Liganden
gebildet werden, weisen quadratisch planare Geometrien auf, wahrend Cd-Verbindungen
zweikernig sind und die Metallzentren sich in quadratisch pyramidalen Umgebungen
befinden. Unter Verwendung eines Oxovanadium-Prakursors bilden sich quadratisch
pyramidale Komplexe aus. Alle Koordinationsverbindungen wurden insbesondere auf ihre

Fluoreszenzeigenschaften untersucht und erzielten einzigartige Ergebnisse.
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Abstract

The research on chemical sensors and switches for metal ions and anions has received great
attention in recent years. The concentration of various metal ions in the human body plays a
very important role in many biological processes, since they are often part of the active
centres of enzymes. Their absence or overload can cause a wide range of diseases and
disorders, which is why powerful sensors with high selectivity and sensitivity are of great
importance. Techniques based on fluorescence are quite interesting in these terms, due to
the fact that compared to usual analytical methods, very low concentrations can be

recognized.

In general, zinc-ions are silent metal ions. They do not have a colour and are redox inactive
and magnetically silent. This is one reason why its importance in the human organism was not
realized, until analytical methods improved. To make them visible, ligand systems were
developed, which do not exhibit fluorescence in their pure form, but become fluorescent,
when transition metals like Zn?* are included in their structures. In this way, powerful tools for

a sensitive and selective detection of metal ions can be developed.

In the course of this thesis, new ONNO-Schiff bases were synthesized to be used as ligands,
which were tested upon binding to zinc, cadmium and vanadium. By introducing rigid building
blocks, which contain a huge aromatic system, into the ligand-structures, high fluorescence
guantum vyields could be achieved, which bear the possibility of a usage as highly sensitive
chemo sensors. The structures of the synthesized coordination compounds were quite
diverse: Zinc was found to form square planar complexes with this class of ligands, while
cadmium developed two-nuclear complexes, with the metal centres in square pyramidal
geometries. By using an oxo-vanadium metal precursor, square pyramidal complexes were
formed, with the oxo-ligand remaining in the final coordination compound’s structures. All
coordination compounds were fully analysed, especially in terms of their fluorescence

behaviour and revealed remarkable results.

Furthermore, a six dentate pyridyl-ligand was synthesized. This ligand plays a very important
role in the coordination chemistry of lanthanides. In fact, this kind of complexes show, among
other important characteristics, a very interesting luminescence behaviour, which bears the

possibility of a usage in screens and other devices.
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1 Introduction

Luminescent material plays a very important role in our daily life, in screens, as safety features
of certain documents, and light-emitting diodes. It can hence no longer be set aside in the
scientific world, as many analytical methods and reaction processes are based on this
phenomenon. Even in nature, it isn’t an unknown event, when we think about fluorescent

rocks or fireflies.

In terms of analysis, the usage of chemo sensors, molecular switches and their applications in
selective logic gate systems is gaining great attention. This will especially be the case, if it can
be used in single molecule-systems. [1-3] Single analyte chemo sensors based on fluorescence
signalling, which can be applied on the detection of transition metals, are very powerful tools
in terms of analytical chemistry. In many biological systems, certain metal ions are essential
for the activity of enzymes as part of their active centres. Since their concentration in the
material is very low, their detection by conventional analytical methods is quite difficult. [4,

5]

The average concentration of zinc ions in the human body is 2 g per 70 kg body weight. It is,
after iron, the second most common 3d-transition metal in the human organism. [6] This
metal is part of many indispensable enzymes in our organism, and its detection is of vital
importance, due to the fact that its absence can lead to a variety of disorders and diseases.

[7] Therefore, powerful systems should be discovered for their analysis and detection.

One well-known system uses ONNO Schiff bases as tetradentate ligands for the detection of
Zn?*- and AIP*-ions. The ligand itself is not luminescent, but becomes fluorescent after binding
to certain metal ions, which enables their detection at very low concentrations. [8] By a
modification of this ligands, the usage of rigid building blocks with big aromatic residues,
fluorescence intensities can be increased, which leads to a more sensitive system for the

detection of the respective analytes.

In the course of this thesis, new ligand systems were developed, and coordination compounds
of zinc, cadmium, vanadium and europium were synthesized and analysed, in particular with
regards to their fluorescence behaviour, which indicates the possibility of their applicability in

luminescent materials and as chemo sensors.
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General Remarks

Description of Compounds in the Text

Organic compounds, which were mentioned before in the chemical literature are designated
with Arabic numerals. In this work synthesized compounds, which were not mentioned in the

chemical literature before, are introduced with Roman numerals.

Coordination compounds are named with the number of their ligand and a letter (a=2Zn, b =

Cd,c=V, d=Eu).

References to the Literature

Within the text, references are marked with Arabic numerals in angular brackets.

Nomenclature

The nomenclature of compounds, which have not yet been mentioned in the chemical
literature, uses the IUPAC-based rules of Chemical Abstracts. Already known chemicals and

reagents are partly designated by their trivial names.

In the experimental part, the empirical formula and the molar mass in [g/mol] are written

below the structures.

Example:
|
H—|C—H
H chemical structure
CHg4 sum formula

16.04 molar mass [g/mol]
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2 Formula Schemes

2.1 Schiff-Base Ligands

R OH R 0 R R N\
. N , WNHZ
T T ™y
0 o] 0 \
R =tBu: 4 R =Ph: 1 R =Ph: 2
R =tBu: 5 R =1tBu: 6

R=Ph:l R=Ph:3
R =tBu: ll R=tBu:7

Figure 1: Synthesis of the Schiff-base Ligands I and Il

|
NH oH N OH
@ ’ \O @
NH N OH

Figure 2: Synthesis of the simple Schiff-base Ligand 8
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(@) O
NS
|
OH OH /N OH
7 — 0 7 — R
\
0”0 0”0 M OH
9 =
(@) O

1] v 10

Figure 3: Synthesis of the Schiff-base Ligands I, IV and 10

2.2 Hexadentate N-Containing Ligand

Figure 4: Hexadentate N-containing Ligand

2.3 Coordination Compounds
(@) o] (@)
QJ %J@ %J@
L0 0 N O N
N\ \
©: :n/\ \N\Z\n\ N\Z\n\O ©: jZn< [ /Zn<
N o 0 \ N o N O
| TSN Y NLO !
o " posipes
\ \
(6] (6] (0] (0]
8a la lla llla 10a

Figure 5: Coordination Compounds of Zn
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V.

) _z\ /z
SN
as

8

o]
N N,
N\/ | /Cd\///Cd\ | N
; 9 S ]
Ib

Figure 6: Coordination Compounds of Cd

lic

Figure 7: Coordination Compounds of V
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Figure 8: Coordination Compound of Eu
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3 General Aspects

3.1 Luminescence

3.1.1 Historical Introduction

People have been aware of the phenomenon of “luminescence” (lat.: lumen = light) for a very
long time. In the era of Greek antiquity, the properties of luminescent material were already
well-known. Theophrastus, a student of Aristotle, reported on stones, which were heated up

in the sun and would glow afterwards in the dark [9].

3.1.2 Importance of Luminescence

We meet luminescence in our daily life without our active recognition. When we turn on the
light, the television or even just the screen of our computer at work, luminescence is present.
Many documents like bank notes and passports contain luminescent material, to distinguish

the original from a fake, which can be seen in the following Figure 9 and Figure 10.

Figure 9: Under UV-light the 20 euro note exhibits luminescence of Eu-oxides [10]
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Figure 10: The Austrian passport exhibits luminescence of Ln-compounds under UV-light [10]

Even in nature, luminescence is a well-known phenomenon, if we think about fireflies, which
have fluorescent minerals. Luminescence techniques even play a very important role

concerning analytical techniques.

Luminescence describes the emission of electromagnetic radiation in the UV/VIS- and IR-
region as a result of the input of energy, which does not end up in the heating of the material.
It is ascribed to a transition from an excited state to the ground state. Light, which is emitted
by luminescent material, is mostly located in the visible region of the spectrum and appears
as cold glowing [11-13]. In Figure 11 the electromagnetic spectrum can be seen. The visible

region of light is a quite small part, compared to the whole spectrum. [14]

1018 1014 1010 10 102 102
+ : } t ‘ —rt { : } } Wavelength (m)
cosmic y-rays .\'-;ays /% \-‘:‘r Micro  Radio
rays Bl \waves waves
r — < t Frequency (sec’)

T T T T T T T
10% 1(»‘/ 1018 101 1010\106

Visible spectrum
400 nm 500 nm 600 nm 700 nm

Figure 11: the electromagnetic spectrum [14]
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3.1.3 Types of Luminescence

Different substances and materials can be excited by different forms of energy, whereby they
are able to again release parts of this energy in the form of light. In this way, different types

of luminescence can be differentiated by the way of their excitation:

e Photoluminescence:
Photoluminescence is the most well-known type. Here energy is transferred by means
of the photons of light (often UV-light).

e Chemiluminescence:
Energy is here released as a result of a chemical reaction, for example the oxidation of
phosphorus or the effect of chemical radicals. [15]

e Bioluminescence:
Here the source for the transfer of energy is a biological and thus associated with a
chemical reason.

e Radioluminescence:
The material is excited by X-ray or nuclear particles (for example a- and B-particles or
y-radiation).

e Electroluminescence:
In the case of electroluminescence, the effect of an electric field on the substance leads
to an uptake of energy and thus, to its excitation.

e lonoluminescence:
lonoluminescence occurs by the activity of ions, which are at a high energy level and
able to transfer energy.

e Thermoluminescence:
In compounds which release thermoluminescence, an activator is present, which can
spend enough energy to lift the molecules of a certain substance to an excited energy
level. In this case, it cannot be equated with thermic radiation, since this phenomenon

happens at far lower temperature than glowing occurs.

All these types of luminescence lead to the same action — the release of energy in form of light
after the excitation process. They only differ in the way of the uptake of energy to be lifted to

the upper energy level. [9]
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3.1.4 Photochemical Pathways

In fact, the excitation in a photochemical way is very different from a thermal one. A thermal
excitation at 500 °C, for example, is not possible, if 400 °C were not reached before. In a
photochemical way, everything is much more precise. Every molecule can be excited with a

prior calculated energy [16]:

5 h-c
A
Formula 1: Relation between energy and wavelength [16]

This can be summarized in the words of Porterfield: “It is thus possible to have a hot molecule

without ever having had a warm molecule”. [17]

In the following, various operations, which can be related to luminescence, are discussed in

detail. Therefore, the Jablonski-diagram is illustrated in Figure 12. [18]

]T

T2
— Y —
=dC 14 ISC. ——— =
= 5 T IS¢ =
E:_| Absorption || Fluorescence || Phosphorescence _:tE
Y —
A 4 4
So %_SO

Absorption Fluorescence Phosphorescence

Figure 12: Perrin-Jablonski diagram [18]
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Absorption: (10 s)

Absorption (lat.: absorptio = drink, beverage, swallowing) is the uptake of energy and thus the
transition from the ground state (So) to an excited level (S1 or S) or a vibrational level of one
of them, which usually happens very fast compared to the other processes. [18] In general,
the absorption happens to start from the vibrational level of So with the lowest energy, since

most molecules are located in this level at RT according to Boltzmann law. [19]

Vibrational relaxation: (1012-101% s)

In general, vibrational levels are always associated with an electronic state, regardless of
whether it is a singlet or triplet state. In the case of a vibrational relaxation, the energy is
released non-radiational after the excitation, for example in the form of heat, which can be

collisions with solvent molecules. [20]

Internal conversion: IC (1011-107 s)

An internal conversion is a transition which proceeds without an irradiation of light between
two electronic levels with the same spin multiplicity (for example S; to Si). If this happens in
solution, a vibrational relaxation will happen next until the lowest level of the final electronic

state is reached. [18]

Fluorescence: (101°9-107 s)

Fluorescence is the relaxation from the Si-singulet state to So. Despite some exceptions, the
emission of fluorescence occurs from the Si-level and therefore does not depend on the
wavelength of the excitation. [18] Stokes rule says that the wavelength of the fluorescence-
emission is always higher than its absorption wavelength. This is due to an energy loss, which

can be related to vibrational relaxation processes. [21]
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Intersystem crossing: ISC (101°-108 s)

An intersystem crossing is a transition process from a singulet-state to a triplet-state, for
example from S; to T1. It happens without any release of radiation between two isoelectronic
vibrational levels. This process is always followed by other actions like vibrational relaxation
or phosphorescence. In general, the transition between two levels of different multiplicity is
forbidden, but it can be made possible, if spin-orbit coupling is big enough. Also, if heavy atoms
(Pb, Pt, Br) are included in the luminescent material, spin-orbit coupling increases and thus,

ISC can be favoured. [18]

Phosphorescence: (10°-10 s)

Phosphorescence is the transition from the Ti-triplet state to the ground state So. In fact, there
is always a competition between phosphorescence and nonradiative relaxation, since this
transition is actually a spin forbidden one. Because this process is very slow, many collisions
of the material in the excited state with for example solvent molecules can happen, thus
favouring an energy loss without irradiation of light. Only at very low temperatures and in
solid media is phosphorescence favoured to occur, since under these conditions the lifetime

of the triplet state can last longer. [22]

3.2 Metals — a general Survey

In this thesis, new coordination compounds of zinc, cadmium and vanadium were synthesized.
In Figure 13 the periodic table of the elements is given, where the position of the before-

mentioned metals can be seen.

Vanadium and zinc are first row transition metals. Cadmium is positioned just under zinc,

which explains their chemical relation.

The occurrence of zinc and cadmium in the Earth’s crust is 76 ppm and 0.16 ppm, respectively.
These metals are amongst the group of the chalkophiles (from xaAkog (chalkos, greek) = ore,
metal, in particular copper). During the solidifying phase of the Earth’s crust, these metals
precipitated in a reductive atmosphere as sulphides, that is why this form is also the most

important occurrence of these metals. In the course of the effects of weathering, zinc and
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cadmium were washed out of the rocks, after which carbonates, silicates and phosphates
were formed. The coordination chemistry of these metals has not yet been extensively
studied, compared to the other transition metals, but though there has been quite significant

research on these as well. [6, 23, 24]
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Figure 13: periodic table of the elements [25]

Compared to zinc and cadmium, vanadium is with 136 ppm quite abundant in the Earth’s
crust, which is actually the 19% highest among all elements. Although this metal is quite
widespread, its concentration in its natural mineral deposits is often low. In general, it occurs
in the form of oxygen containing ore, although many important natural deposits include

polysulfide (VS4) as a vanadium-source. [6]

The rare earth metals include scandium, yttrium and the lanthanides. These metals have very
similar characteristics, which makes purification processes difficult and expensive. Mineral
deposits with the highest economic importance include the minerals monazite, which contains

La-, Th- and Ln-phosphates, and bastnaesite, which is a family of carbonate-fluoride minerals.

(6]

3.2.1 Zinc

Zinc is a d%-transition metal, which occurs only in one oxidation state, namely zinc(ll). [6]
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3.2.1.1 Zinc and its Biochemical Importance

With a concentration of 2 g per 70 kg body weight, zinc is the second most common 3d-metal
in the human organism after iron. It is extremely noticeable that, from a biological point of
view, zinc is a very important metal, on which many forms of life are dependent, since it is
included in many enzymes and thus, controls their activity. Cadmium, on the other hand, does

not have any biological function, moreover, it is one of the elements with the highest toxicity.

(6]

With its completed d-orbital, zinc(ll) is diamagnetic and almost always colourless in
coordination compounds. As a result, the detection of zinc-containing proteins was not
possible, until analytical methods improved. So far, more than 300 enzymes are known.
Amongst these are many essential ones, which catalyse the synthesis (synthetase,
polymerase, ligase or transferase) and degradation (hydrolase) of proteins, nucleic acids, lipid-
molecules and other bioorganic compounds. [26] A deficiency of zinc can lead to anorexia,
blunting of taste, tendency to inflammation and impairment of the immune system, which are

symptoms similar to AIDS. [7]

There are many ways in which metals can be involved in biochemical pathways and systems.
In general, metals like zinc, which do not change their oxidation states easily, may function as
structural elements in enzymes, such as superoxide dismutase and zinc fingers, or as triggers
for the activity of proteins. In these functions, zinc(ll) can have coordination numbers of 4 or

5 in tetrahedral or square pyramidal geometries, respectively. [27, 28]

3.2.2 Cadmium

Cadmium is, just as zinc, a d°-transition metal, which almost exclusively occurs in the

oxidation state +2. [6]

Due to its high toxicity, the exposure of human beings to cadmium can cause serious health
problems. Many diseases and dysfunctions are related to a contact with this toxic element.
Even certain forms of cancer can have their origin in a cadmium contamination of the humans

environment and food. [29]

Since cadmium can cause a variety of problems, analytical methods have to be found to detect

it, especially in very low concentrations.
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3.2.3 Vanadium

Since vanadium has 5 valence electrons, its maximum oxidation state is +5. It can exist in its
d°, d?, d? and d3-configurations and thus, various oxidation states. In this thesis, the focus was
on V-coordination compounds in their d'-configuration, where complexes with the metal in
its oxidation state +4 were synthesized. Under these circumstances, vanadium-complexes
have coordination numbers of 5, at which almost exclusively square pyramidal geometries are
formed. [6, 30] As starting material for the here synthesized V-complexes, VO(acac), was used.
In the final coordination compounds, the oxygen remained, while the acetylacetonate-
moieties were replaced by a tetradentate ligand. This was accompanied by a colour-change

from turquoise to green.

3.2.4 Rare Earth Metals

The lanthanides are the first metals where the 4f-orbitals are filled with electrons. All of them
occur in the oxidation state of +3. Since the ionic radii (Figure 14) of the Ln3*s are quite similar
to Sc3* and Y3+, there is quite a relationship between these metals and they are thus combined

into a group — the rare earth metals. [30]
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Figure 14: lonic radii of the lanthanides [30]

One of the most important aperiodic characteristics of the rare earth metals is the lanthanide
contraction, which is the decrease of the Ln3*-ionic radius with increasing atomic number. In

fact, this happens due to the rising charge of the atomic nucleus, which therefore exerts a
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growing force of attraction on the atomic shell. The fourteen elements after lanthanum

feature the electronic configuration 6s25d'4f" with n = 1-14. [30]

In general, the rare earth metals are very electropositive and reactive metals. Their
coordination chemistry is quite different, compared to that of the d-transition metals. The
coordination numbers are always quite high, and the complexes are noticeably labile, which
is why mostly multidentate ligands are used in this research area. Only when the ligands are
extremely bulky a coordination number of six and below can be achieved. Since d-electrons
are not available for a m-back-bonding and the f-orbitals are quite indifferent, carbonyl
complexes are extremely labile and thus could only be obtained at low temperatures and Ar-

atmosphere. [6]

3.3 Ligand Architecture and Coordination Compounds

3.3.1 Schiff Bases

The structure of Schiff bases, used as ligands in coordination chemistry can differ a lot. In
general, they include N- and O-donor atoms, but there are even known ligands including just
N-atoms or N- and S-donor atoms for coordination reactions. As a result, this kind of ligands
can be mono-, bi-, or even tetra-functional. Their denticity can be very diverse, many ligands
even have six or more donor-atoms, by which even polymeric coordination compounds can
be formed.[31-37] In the following, tetradentate (N,N,0,0)-ligands are going to be discussed,

since this group of ligands is one of the key issues, about which this thesis is about.

One of the most well-known tetradentate Schiff base ligands is sal.en (Figure 15). This ligand
is a bifunctional (N,N,0,0)-ligand. In fact, m-acceptor properties can be exhibited by the imine
nitrogen, having an influence on its coordination chemistry. These kind of tetradentate ligands
are in general synthesized by a nucleophilic addition, were a hemiaminal is formed. The imine
itself, is finally built by a dehydration-reaction. In general, a coordination to a metal occurs via
the two oxygen-atoms of the hydroxyl-groups after their deprotonations and the two

nitrogen-atoms of the imine-groups. [38]
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Figure 15: Synthesis of Bis(salicylaldehyde)ethylenediamine (salzen)

The structural features of this system can be changed easily and thus, a big variety of ligands
can be synthesized by just exchanging simple building blocks, namely the used diamines and
aldehydes. The diamine for example can be aliphatic, aromatic, or even chiral, bearing the
possibility of introducing new characteristics to the final complexes. Thus, the structural
features of the used aldehydes contribute a lot to the properties of the final compounds. Also,
the used aldehydes can be aliphatic or aromatic, if two different aldehydes are used, even

asymmetrical ligand systems can be formed.

3.3.1.1 Usage as Switches

Molecular switches are — simply said — molecules, which can be switched between two stable
or meta-stable states in a reversible fashion by means of an outside stimulus, just as the ON-
or OFF-button of a bulb. One of the oldest molecular switches are pH-indicator systems, which
are compounds that change their colour after a protonation or deprotonation and thus, give

information about the pH of the system. [4, 39]

Another interesting example from the field of biochemistry is the protein rhodopsin (Figure
16 left). It is a transmembrane protein, which is part of the human’s eye, where it is essential
in the rod cells for the photonic vision. Humans, who lack this protein, are night-blind. In fact,
rhodopsin includes the aldehyde retinal (Figure 16 right), which is the molecular switch in this
system. When light reaches the human’s eye, it is absorbed by this molecule, which
immediately undergoes an isomerization reaction, leading to a conformational change of

rhodopsin and consequently to a visual photo transduction. [40]
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Figure 16: LEFT: Rhodopsin [40], RIGHT: Retinal in its cis- and trans-conformation

In the world of today, a tendency evolved to make every kind of technology smaller and thus
more convenient. A similar characteristic can be observed in the scientific world, where
chemists try to create a technology, which depends on just one single molecule. During the
last years, a variety of new molecular systems was created, which reminds on technology in
the macroscopic world. Systems, which act like machines [41], motors [42], gears [43],
batteries, where coordination compounds of V with salophen-ligands come into play [44], and
plugs[45] were developed already. Even more extraordinary systems were found, where

single molecules act as logic gates, based on fluorescent signals [1-3].

Another practical and interesting application of fluorescent switches is the usage as single-
analyte chemo sensors. Small molecules, such as simple cations (for example transition
metals) or anions can be detected by means of a chemo sensor — a synthetic system. This kind
of systems are developed for the selective binding of an analyte to a sensor, which includes a
chromophore in its structure. The optical signal of the chemo sensor itself should be modified

in a sufficient fashion after the analyte is included into its structure. [4, 5]

A well-known chemo sensor for cadmium is azacryptand. This is a ligand system, which does
not show any fluorescence behaviour. Just, when cadmium-ions are included into its structure,
high fluorescence can be measured. The quantum yield of this ligand in combination with
cadmium is many times higher, compared to other metals, which accounts for its selectivity
(Figure 17). In fact, there is another interesting feature of this system. A reversible ON/OFF
situation can be caused, when anions (Cl', N3, SCN"), which are able to form a coordinative

bond with cadmium, are present. In this case, the metal is released again from azacryptand,
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which results again in a loss of the fluorescence of this system. In this way, also anions can be

detected. [46, 47]
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Figure 17: Fluorescence behaviour of the azacryptand system with different metal ions - selectivity [47]

3.3.1.2 Requirements

In fact, there are certain requirements, which should be fulfilled, to receive efficient signalling.
One of the key-features of this kind of systems is that molecules, which are little- or non-
fluorescent (OFF-mode), can easily and reversibly be converted into highly fluorescent
molecules (ON-mode). If the enhancement of the fluorescence abilities of the molecule in the
ON-mode is extremely high, there is even the possibility to detect in single molecule domains.
Another important property is the formation of a rigid and planar systems, which bears the
possibility to hold the active parts of the molecule in a fixed pre-oriented conformation and
thus gain higher quantum yields of the fluorescent active mode of the molecule and reduce
its possibility to be quenched without any irradiation of light. It was found that systems, which
include a pyrazoline-derivative (Figure 18), achieve higher quantum vyields, due to this facts.

[48, 49]

Figure 18: pyrazoline-derivative [48]
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Moreover, transition metals are, regarding their properties, very powerful tools concerning
their usage as molecular switches. Most transition metals can easily change between a variety
of oxidation states. Just a simple redox reaction can result in a change of the transition metal’s
properties and thus its fluorescence behaviour. Just by an uptake or a release of one electron,
the metal’s characteristics can change drastically. It may have different magnetism properties,
can differ in its electron-transfer tendencies, or even have different affinities in binding to a
certain ligand. [39] In some cases, transition metals are not likely to change their oxidation
states. It is then possible to adjust other parameters of the system to receive the desired
action, by a change of the pH-value for example. If a ligand exists in both, a protonated and
non-protonated form, according to the pH of the solution, the translocation of a metal may

be possible more easily. [50]

3.3.1.3 Logic Gate Systems

Binuclear Zn?*/Ln3*-coordination compounds with the N,N’-bis(3-ethoxy-2-hydroxybenzyl)-
substituted cyclohexane-1,2-diamine Schiff base were synthesized by Gloe and co-workers. It
was found by applying X-ray single crystal analysis that zinc coordinates to the deprotonated
ligand by its central N2O>-donor atoms and to one oxygen of an acetate-ion, which forms the
bridge to Ln3*. In this way, Zn?* is surrounded by a distorted trigonal bipyramidal environment.
[51] A logic gate system is known with a salen-ligand, which acts as a chemo sensor in the
presence of Zn?*- and Al**-ions (Figure 19). When Zn coordinates to the ligand in a tetradentate
fashion, an AND logic-gate is formed, which is observed by an enhancement of the
fluorescence at 450 nm. When Al3* is present in the system too, high fluorescence can be
observed at 500 nm, which leads to the formation of a second AND logic gate. The result is a

three inputs AND logic gate system. [8]
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Figure 19: Logic gate system based on salen-ligand
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It was further proved that even the pH-value had a major influence on this system. At very low
pH, the fluorescence was very low, which led the system to be set to the OFF-mode. With
increasing pH, the deprotonation of the salen-ligand is favoured and thus also fluorescence
increases, which results the system to be switched to the ON-mode again. Since fluorescence
is quenched with increasing temperature, higher fluorescence activity could be observed at

lower temperatures. [8, 49, 52]

In order, to be useful as selective chemo sensor, the ability of the ligand to show the same
fluorescence behaviour in the presence of other metals must be proved. It is possible to see
in Figure 20 (left) that the fluorescence of the salen-system is many times higher in the
presence of Zn-ions compared to other metal-ions. In a similar way it can be observed that the
couple Zn-Al results in @ much higher fluorescence compared to other metal couples (Figure

20 right). [8]
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Figure 20: Selectivity of the salen-system in the presence of Zn?*-ions (LEFT) and Zn?*- and AP*-ions (RIGHT)

(8l

3.3.2 Pyridine-type Ligands

In fact, pyridine-type ligands show a much stronger ability to form coordination compounds

compared to amine type ligands.

This is due to their capability of forming strong interactions between their w-conjugated

system with the metal’s orbitals. In Figure 21, a general survey of well-studied pyridine-type
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ligands is given. This kind of ligands include two or more N-atoms in their structures, by which

a coordinative bond to a metal can be formed. [53]
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Figure 21: Pyridine-type ligands [53]

3.3.2.1 Usage in Luminescent Material

Luminescence is always a huge topic when it comes to coordination compounds of
lanthanides. In general, this class of coordination compounds exhibit a very interesting
luminescence behaviour, which is based on transitions of the metal’s f-orbitals. Since these
transitions are forbidden, the exhibited luminescence is quite weak. Higher quantum yields
can be achieved by the usage of organic compounds with a huge conjugated n-system, which
bears the possibility to act as a so-called photo antenna (Figure 22) by donating the via UV-
light absorbed energy to the metal centre. The metal ion is held by the ligand in a quite fixed
position by high coordination numbers (sometimes even 8 or 9), which reduces the probability
of the metal in the excited state to be quenched in form of a non-radiative relaxation and thus

enhances the intensity of the luminescence. [48, 53, 54]
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Figure 22: Energy-transfer in coordination compounds of pyridyl-like ligands [54]

In Figure 23 a simple energy diagram is portrayed, which gives an idea about how the energy
can be transferred between the organic ligand system and the lanthanide metal centre in
coordination compounds. After the absorption of UV-light of the ligand (photo antenna), the
energy is transferred via an ISC beyond a triplet state or directly over an IC directly to the
metal ion, to form the excited state. In the following, luminescence can be observed with a

sufficient quantum yield by a relaxation of the metal to its ground state. [54]
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Figure 23: Transitions of luminescent lanthanide complexes in the energy diagram [54]

Due to a big variety of applications of highly luminescent lanthanide complexes, which is their
usage in OLEDs [55-62], in systems for solar cells [63, 64] and as chemo sensors [65-68], they

attracted many researcher’s attention in the last years.

Ln-complexes with the metals Nd, Eu, Gd, Tb and Ho were prepared with a hexadentate
pyridine-type ligand (Figure 24, left). The ligand consists of two bipyridine moieties, which are
linked via an ethylenediamine-unit. The crystal structure of the Eu-complex of this ligand
(Figure 24, right) reveals that the ligand forms a helical structure around the metal centre.

Each bipyridine-part is positioned in one certain plane, whereby an angle is included between
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these planes. Depending on the metal, this angle can differ between 28.04° and 32.84°. It was
found that this kind of ligands are good energy donors to enhance the luminescence

properties of lanthanides and thus, gain high quantum yields. [69]

Figure 24: Structure of Ln-complexes with a hexadentate ligand (LEFT) and crystal structure of Eu-
coordination compound (RIGHT) [69]

The prior discussed coordination compounds can easily be transformed into MOFs (metal-
organic framework) or PCPs (porous coordination polymers) by the addition of benzene-1,4-
dicarboxylate, or similar dicarboxylic acids to the Ln-complex (Figure 25). [70] Due to the
structure of this class of polymers, which is easily tuneable, they are of great interest because
of their potential applicability as functional materials with extremely interesting fluorescence

behaviours. [71-76]
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Figure 25: Molecular structure of a polymeric lanthanide-coordination compound [70]
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3.3.3 Ligands, including a Coumarin Building Block

In fact, coumarins (Figure 26) can have special photochemical properties, which were found
to show a fluorescence in the blue or green region of light. These compounds, in general,
exhibit large stokes shifts and high quantum yields, concerning their fluorescence behaviour.
[77] This facts lead to their easy applicability as laser dyes, fluorescent colours and sensitizers

in phototherapy. [78, 79]

L
o O
Figure 26: Coumarin building block

Coumarins, which are equipped with certain functional groups, are capable of being used in
coordination chemistry as ligands and thus, metal complexes in various binding modes can be
synthesized, which are used as therapeutically agents. With aldehyde-functionalities in the
coumarin building block, it is possible to form ligands in form of Schiff base derivatives by
simple condensation reactions with diamines, and thus, bearing the possibility of forming
complexes of higher coordination numbers and stabilities. [80-82] Many of these compounds
even show interesting biological and optical activities. [83] Coordination compounds of
coumarin-derived ligands with various transition metals and lanthanides as for example zinc

and europium were synthesized and analysed already. [84]
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4 Synthesis and Characterization of new Compounds

4.1 Synthesis of Ligands and Coordination Compounds

In the course of this thesis, the synthesis and characterization of new di- tetra- and
hexadentate ligands was carried out and coordination compounds thereof were formed for

being utilized in fluorescent material, chemo sensors and switches.

4.1.1 Bidentate Ligand

A bidentate ligand, carrying a coumarin building block in its structure, was synthesized by a

acetylation reaction of 4-hydroxy-coumarin according to [85] with a yield of 79 %.
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Figure 27: Synthetic pathway of 9 and its Eu-complex 9d

The synthesis was carried out, using acetic acid as an acetylation agent (Figure 27). In this way,
a carboxyl-functionality was introduced into its structure. The two oxygen-atoms, marked red
in Figure 27, are responsible for the formation of coordination compounds. By addition of Eu3*,
a complexation occurs, whereby three ligand-molecules bind to the metal centre, thus,
forming an octahedral coordination compound. In fact, this complex was found to exhibit

characteristic red luminescence upon excitation with UV light.
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4.1.2 Tetradentate Ligands

Using the bidentate ligand 9, new tetradentate ligands could be synthesized by condensation
reactions of the carboxyl-group marked blue in Figure 28 with 1,2-phenylenediamine, 1,2-
cyclohexane and ethylenediamine, forming the ligands Ill, IV and 10, respectively. [86] The
results are ONNO-ligands, bearing two imine-groups and two hydroxyl-groups in their
structures for binding to a transition metal. These two functional groups are capable of
undergoing keto enol tautomerism, which results in the hydroxyl-group’s proton being
attributed to the imine-nitrogen and the formation of a ketone. It is worth to mention that
this fact does not influence the behaviour of this ligands towards transition metals, since these

protons were removed by a base prior the coordination reactions were carried out.
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Figure 28: Approach of the synthesis of tetradentate Schiff bases, based on 9

A second group of tetradentate Schiff bases was synthesized in 5 steps in course of this work,
the approach is given in Figure 29. In a first step, an esterification was carried out in methanol
under reflux conditions with the addition of sulfuric acid, whereby methyl-esters were formed.
[87] Furthermore, the respective nitriles were formed by condensation reactions with
acetonitrile, which was prior deprotonated with NaH in DMSO. [88] By a further reaction with
methylhydrazine in MeOH, 5-membered rings (1H-pyrazol), which have one amine-group,

could be synthesized. [89] In the next step, a second amine-group was introduced into the
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structures of the ligand’s precursors by first forming a nitro group by the addition of NaNO,
which could then be reduced by the addition of SnCl; - 2 H,0O in diluted HCI. In this way,
diamines could be formed, which are not symmetrically. [90] The final ligands | and Il could
finally be received by simple condensation reactions of salicylaldehyde with both amine-
groups of the prior synthesized diamines with overall yields of 12.4 % and 13.2 %, respectively,

over all five steps. [86]
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Figure 29: Approach of the synthesis of a tetradentate Schiff bases | (R = Ph) and Il (R = tBu)

It is worth to mention, that these ligands carry a pyrazol-building blocks in their structures.
With the rigidity of this moiety, a better fluorescence behaviour can be achieved, whereby a
non-radiative relaxation of the highly fluorescent excited states of the coordination
compounds can be prevented, by holding the transition metal in a certain position and hinder

it from moving. [48]

For the synthesis of the coordination compounds, in general, the ligands need to be
deprotonated to be able to act as tetradentate ligand. To facilitate this deprotonation
reaction, a base was added to the ligand’s solution prior the addition of the transition metla,
which improved the yield manifold. Also, the used metal precursor had a great impact on the

formation of the coordination compounds. Thus, trials were carried out with ligand 8 and zinc,
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to check, which conditions lead to the best results. In Table 1 the conditions are summarized

with the achieved yields.

Table 1: Tested conditions for the synthesis of 8a

metal precursor base yield (%)

- <5%

EtsN <5%

Zn(Ac0O); - 2 H,0 tBUOK <59
Meli <5%

- 7%

EtsN 71 %

Zncl; tBUOK  65%

Meli 63 %

- 6 %

EtsN 72 %

Zn(N03)z -6 H,O tBUOK 70 %
Meli 67 %

4.1.2.1 Used Metal Precursors

As metal precursors in general zinc nitrate, -chloride and -acetate were tested. It is worth to
mention that for Zn(AcO): - 2 H20 under any conditions less than 5 % yield were achieved. This
might be due to a quite strong bond between the acetate-oxygen and zinc. Quite good results
were obtained by the usage of ZnCl, and Zn(NOs); - 6 H,0, where yields between 60 % and 72

% were reached, whereupon with the nitrate slightly greater yields were gained.

4.1.2.2 Effect of the Base
For the performed trials, no yield higher than 7 % could be achieved without addition of a

base.

As a result, EtsN, tBuOK and Meli were tested, to obtain greater yields. The best performance
for the tested system was obtained by the usage of EtsN, which resulted in yields of 71 % and
72 % for zinc chloride and -nitrate, respectively, which were the best results. For these two
metal precursors in combination with tBuOK and Meli also quite good results could be

received, with yields between 60 % and 70 %.
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4.1.2.3 Structure and Geometry of the Synthesized Coordination Compounds

Coordination compounds of the herein synthesized tetradentate ligands have quite different
structures concerning the used metals (Figure 30). Zinc complexes form square planar
geometries, while cadmium results in binuclear complexes, where cadmium-ions end up in
square pyramidal environments with one hydroxyl-oxygen of each ligand bridging between
the two metal centres. Since vanadium carries a oxo-ligand, it forms square-pyramidal

complexes with the tetradentate Schiff bases.

la Ib Ic

Figure 30: Coordination compounds of tetradentate Schiff base | as an example

The in Figure 30 demonstrated structures of the coordination compounds are proved by X-ray

analysis of single crystals.

4.1.3 Hexadentate Ligand

The hexadentate ligand V was synthesized in three steps, the detailed approach is given in
Figure 31. In a first step, a methyl group was introduced into the structure of 1,10-
phenanthroline by the addition of MelLi. [91] Furthermore, an oxidation of this methyl-group
was done by refluxing 11 with SeO; in dioxane. In this step, it was essential to check the
progress of the reaction by TLC. If the experiment was not stopped at the right moment, the
oxidation would keep going to form the carboxylic acid, which is not preferable. [92] The final
ligand V could be achieved by a condensation of 12 and ethylenediamine with an overall yield

of 41.7 % over all three steps. [93]
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Figure 31: Approach of the synthesis of the hexadentate ligand V

This ligand is very useful for the synthesis of complexes of rare earth metals, forming
coordination compounds with very interesting fluorescence behaviour. A coordination occurs
via all six nitrogen atoms in the ligand’s structure, thus building coordination compounds with

high coordination numbers.

When the newly synthesized ligand V is compared with the one in Figure 24, where
ethylenediamine bridges to bipyridine moieties, one can see that the structure of V, where
the bipyridines are replaced by phenanthrolines, is much more rigid. This rigidity has a positive
influence on the fluorescence behaviour of its lanthanide coordination compounds.
Moreover, the m-aromatic system is expanded in the new ligand, thus bearing the possibility
of achieving higher fluorescence quantum yields through a better uptake of the energy of the

absorbed light.

4.2 Characterization

4.2.1 Remarkable Features of Recorded NMR-Spectra

'H and '3C NMR-spectra were recorded of all organic compounds and intermediates, Zn- and
Cd-complexes. An overview of remarkable features of the recorded NMR-spectra is given in
this section. For coordination compounds of Zn and Cd, it was even possible to demonstrate
that a coordination of the metals to the respective ligands occurred by *H NMR-experiments.
This assumption was further proved by the determination of the complexes’ structures by X-

ray crystallography of single crystals (Results are given in the respective section.).
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In following Figure 32 two spectra of ligand | are compared. The first spectrum was recorded
in CDCls (inred) and the other spectrum after the addition of D,0 to the solution (in turquoise).
There is no shift observable in both spectra for any signal. It is conspicuous that two brought
signals in the region between 12 and 13 ppm are absent after the addition of D,0. These
signals are ascribed to the OH-hydrogens of the ligand, which are acidic ones. Due to their
acidity, these peaks appear broader compared to the other signals. When D,0 is added to the
solution before the measurement of the second NMR, an exchange occurs between hydrogen

and deuterium and thus, the signals are not visible anymore in the NMR and disappear.
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Figure 32: Comparison of the 'H NMR-spectra of | in CDCls (red) and after addition of D20 (turquoise)

In Figure 33 below, the proton NMR-spectrum of the Zinc-complex la is compared with the
spectrum of its free ligand I. Both spectra were measured in DMSO. At 3.33 ppm, a water-peak
can be seenin both spectra, which has its origin in the hygroscopicity of the deuterated solvent

itself. IR-measurements were carried out, to guarantee the dryness of the samples.
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Figure 33: Comparison of the *H NMR-spectra of | (red) and la (blue) in DMSO

It is clear that nearly all signals underlie a significant shift, when the spectra are compared. All
peaks in the aromatic region are shifted to the right, while it can be perceived easily that
signals in the aliphatic region are shifted to the left. Due to the metal’s influence, all peaks in
the complexes’ spectrum are broader, when it is compared with the one of the free ligand,
where nearly all signals are quite sharp. In the range between 11.0 and 12.5 ppm, the
spectrum of the ligand displays two signals, which are quite broad due to the acidic character
of these protons. In fact, they are attributed to the hydroxyl-groups, which are included in the
ligand’s structure. When the coordination reaction is carried out, the addition of a base
removes these protons, whereby a doubly negatively charged ligand is generated. By its
coordination to Zn?*, a neutral complex la is formed, which does not include this signal in its

'H NMR spectrum.

Similar shifts of the signals can also be observed by the comparison of the 13C NMR-spectra of

the complexes and the corresponding ligands.
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The above discussed spectroscopic characteristics of complex la and its ligand | are similar for

all coordination compounds of Zinc and Cadmium and their respective ligands.

Other interesting spectroscopic features are revealed by the comparison of the spectra of two
complexes — la and Ib. These coordination compounds include the same ligand I, but vary in

their metal centre, which is Zinc and Cadmium, respectively (Figure 34).
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Figure 34: Comparison of the *H NMR spectra of la (red) and b (blue) in DMSO

Because Cd is positioned in the periodic table just under Zn, these two metals act very similar,
when it comes to their coordination features. The bigger size of Cd leads to a diffuser shape
of its orbitals, which can be observed in their proton NMR spectra. Each peak in the spectrum
of Cd is broader, compared to the ones in the spectrum of Zn. On top of that, a remarkable

shift of each signal to the right can be noticed just by a quick glance at the plot.

Analogical spectroscopic behaviour is noticed for all Zn- and Cd- complexes. Also, 3C-NMR

experiments reveal similar shifts of the signals.
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4.2.2 Results of IR-Measurements

IR-measurements were recorded of all final ligands and their coordination compounds. It is
worth to mention that especially the C-O- and C=N-bonds of the ligands underlie a quite big

shift in the spectra after their coordination to a metal.

In Table 2 the IR-bands of the C=N-, C-O-, M-O-, M-N- and V-O-bonds are summarised. [94]

Table 2: Comparison of the IR-bands of the C=N-, C-O-, M-0-, M-N- and V-O-bonds in cm!

VWC=N) vC-0) v(M-0) v(M-N) v(V-0)
/ 1599 1571 1405 - - -
la 1602 1526 1395 556 490 -
Ib 1595 1532 1397 554 495 -
Ic 1598 1533 1390 567 501 982
1 1600 1570 1380 - - -
lla 1602 1548 1365 550 478 -
I1b 1601 1538 1362 554 465 -
lic 1603 1560 1361 561 484 995
1 1605 1574 1420 - = =
Illa 1604 1561 1389 532 496 -
IIb 1601 1568 1387 530 497 -
Ilic 1602 1563 1388 534 498 932
8 1560 1275 - - -
8a 1528 1244 532 490 -
8b 1538 1249 525 476 -
8c 1534 1257 540 484 983
10 1606 1569 1245 - - -
10a 1594 1561 1232 570 496 -
10b 1597 1563 1231 568 495 -
v 1687 1571 1272 - - -
Ve 1696 1567 1268 549 486 931

4.2.3 UV/VIS

UV/VIS spectra were recorded for each complex and the corresponding ligand to investigate
their luminescence behaviour and find out, which wavelength is absorbed best by the
synthesized organic and inorganic compounds. In this way, it is possible to find out, which
structural features can have an influence on the absorption of light and in the following change

their fluorescence behaviour.

For the ligands I, Il and 8 and their coordination compounds of Zn, Cd and V, UV/VIS-

measurements were carried out in DMSO at four different concentrations in the range of 250-
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800 nm. For each maximum, the molar attenuation coefficient € was calculated according to

the following formula:
I
A = logl— =eDcd
0

Formula 2: Lambert-Beer law [9]
The approach of this calculations is shown exemplarily for the Cd-complex Ib, for all other
compounds related to ligands I, Il and 8 all calculations were carried out in the same way. For
Ib, UV/VIS spectra were recorded of DMSO-solutions with the concentrations 3.7E-05 mol/I,
2.96E-5, 2.22E-05 and 1.48E-05. The resulting spectra are plotted in Figure 35 (left). Values of
¢ were then determined at each maximum for all concentrations. The average values of
€ could then be calculated for each maximum. In this way, more accurate values could be
obtained. Also, regression lines, derived from this data, were formed for each maximum
(Figure 35 right). Because the coefficients of determination were 0.99-1 for each line, the

quality of the regressions can be indicated as very good.

To have an overview of the results of the compounds related to the ligands I, Il and 8, all
maxima and the average values of € are summarized in Table 3-Table 5 and are discussed

subsequently. In section 7.1, the data and all spectra for each analysed complex are given in

detail.
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Figure 35: LEFT: UV/VIS-spectra of Ib, recorded with different concentrations (3.70E-05 / violet, 2.96E-05 /
blue, 2.22E-05 / grey, 1.48E-05 / red); RIGHT: linear regression of the maxima at 262 nm (black), 298 nm
(red), 344 nm (green), 400 nm (violet) and 450 nm (turquoise)
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For ligand Ill and its coordination compounds of Zn and Cd, measurements were carried out
in acetone, since the stability of the complexes was not sufficient in DMSO. Measurements of
Zn- and Cd-complexes of 10 were done in DMSO. Results related to coordination compounds

of ligands lll and 10 are summarized in Table 6
In the following, special features of the spectra are discussed in detail:

There can be done general assignments for the transitions, observed in the UV/VIS spectra.
The transitions around 260-270 nm can be ascribed to the n—n*-transitions of the aromatic
units in the ligand’s structure, while the bands around 330-345 nm can be attributed to the
n—m*-transition of the electrons in the non-bonding orbitals of the -CH=N-moieties of the
respective Schiff bases. [95] Also, the bands around 220-230 nm can be ascribed to the n—m*-
transitions of the aromatic system and the azomethine groups. Brought bands with a low
intensity appear around 400-410 nm. These transitions are forbidden and can be related to
n—m*-transition of the imine moieties. [96] Since d%ions do not have any d-d-transitions,
there are none of them in these spectra. It is interesting to mention that absorption bands,
which appear in the spectrum of the ligands | and Il, are shifted about 10 nm to lower

wavelengths in the spectra of the corresponding complexes.

In Table 3 the maxima of the electronic spectra with the molar attenuation coefficients ¢ of

ligand I and its coordination compounds are summarized.

Table 3: Maxima of the UV/VIS spectra of ligand | and its coordination compounds of Zn (la), Cd (Ib) and V (Ic)

Ao &)
[nm] [m?/mol]
/ 272 2.63E+06
334 1.93E+06
la 261 2.54E+06
299 2.47E+06
326 2.25E+06
343 2.32E+06
400 2.80E+06
451 1.69E+06
Ib 262 2.67E+06
298 1.96E+06
344 1.63E+06
400 2.31E+06
450 1.28E+06
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lc| 260  3.39E+05
329 2.48E+05
348 2.51E+05

| 406 2.41E+05

In Figure 36 the spectra of the Zn-complex la (black) and its ligand I (red) are plotted. Both
measurements were carried out at the same concentration (3E-5 mol/l). In fact, the inorganic
Zn-compound starts to absorb light already in the region of 515 nm, while its ligand does not
until 450 nm. In the spectrum of the ligand, two maxima are present, while the one of the
complex indicates five. Another interesting singularity of this plot is that at 299 nm, the Zn-

complex exhibits a maximum, while its ligand has a minimum.
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Figure 36: Plotted UV/VIS spectra of the Zn-complex la (black) and its ligand | (red), measured of DMSO-
solutions with same concentrations (3E-5 mol/Il)

It is also of great interest to compare the spectra of complexes la and Ib, which include the
same ligand, but different metals — Zn (black) and Cd (blue), respectively (Figure 37). Their
spectra are quite similar, with a very slight difference. Even their maxima are nearly at same
wavelengths. Also, the intensities of the absorbed light is almost the same. This issue is not

very astonishing since Cd lies just under Zn in the periodic
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Figure 37: Plotted UV/VIS spectra of la (black) and Ib (blue) measured of DMSO-solutions with same
concentrations (3E-5 mol/l)

In Table 4, the maxima of the electronic spectra with the molar attenuation coefficients € of

ligand Il and its coordination compounds are summarized.

Table 4: Maxima of the UV/VIS spectra of ligand Il and its coordination compounds of Zn (l1a), Cd (llb) and V
(lic)

Amax e)

[nm] [m?/mol]
1l 271 2.82E+06
341 2.32E+06
lla 260 1.25E+06
295 1.24E+06
342 1.23E+06
393 1.38E+06
451 9.10E+05
1Ib 261 1.41E+06
346 1.01E+06
386 1.15E+06
llc 266 7.86E+05
306 7.98E+05

In Figure 38, the UV/VIS-spectra of the two Zn-complexes la (black) and lla (green) are plotted.
In this case, just the ligands are different, the concentrations, at which the spectra were
recorded, are the same (3E-5 mol/l). The first feature, which arises from these spectra is that
both compounds interact quite similar with the light — the maxima are almost at the same
wavelengths. It is just quite remarkable that the intensity of the absorbed light differs a lot.

The complex, which includes ligand Il, absorbs far less light — almost half of it — compared to
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the coordination compound with 1. This can be explained by the structure of ligand I, which is

consisting of a much bigger aromatic system compared to ligand Il, and thus affects the uptake

of the light.
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Figure 38: Plotted UV/VIS spectra of la (black) and lla (green) measured of DMSO-solutions with same
concentrations (3E-5 mol/l)

In Table 5, the maxima of the electronic spectra with the molar attenuation coefficients ¢ of

ligand 8 and its coordination compounds are summarized.

Table 5: Maxima of the UV/VIS spectra of ligand 8 and its coordination compounds of Zn (8a), Cd (8b) and V

(8c)
Armox £(1)
[nm] [m?/mol]
8 334 1,52E+06
272 1,98E+06
8a 402 2,25E+06
297 2,51E+06
260 1,93E+06
8b 400 2,50E+06
294 2,74E+06
260 2,89E+06
8c 406 1,73E+06
312 2,09E+06
261 2,36E+06

In the following Figure 39, the spectra of two Zn-complexes, namely la and 8a, are plotted.

Both spectra were recorded of DMSO-solutions with same concentration (3E-5 mol/l). In fact,
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the spectrum of 8a includes just three maxima compared to la. The maxima in these spectra

occur due to charge transfer interactions from ligand to metal.
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Figure 39: Plotted UV/VIS spectra of la (black) and 8a (violet) measured of DMSO-solutions with same
concentrations (3E-5 mol/l)

In Table 6, the maxima of the electronic spectra with the molar attenuation coefficients € of

ligands Il and 10 and their coordination compounds are summarized.

Table 6: Maxima of the UV/VIS spectra of the ligands Ill and 10 and their coordination compounds of Zn and
cd

Amax )
[nm]  [m?/mol]
1 441 2.08E+04
lla 337 2.45E+06
Iib 340 1.20E+06
10 337 1.89E+06
10a 325 6.54E+05
10b 322 2.02E+06

Due to the fact, that the stability of the coordination compounds of ligand lll is not sufficient
in DMSO, these complexes were analysed in an acetone solution. The spectra were recorded
with concentrations of 3.1E-05, 2.5E-05 and 3.9E-05 mol/| for the compounds Ill, llla and llib,

respectively. The spectra are plotted in Figure 40.
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In this plot one can see, that the spectra of this group of compounds just include one
maximum. Compared to the spectra discussed previously, this is quite less. The ligand absorbs
light of a higher wavelength, in contrast to its coordination compounds, which absorb light of

a slightly higher energy.
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Figure 40: Plotted UV/VIS spectra of Il (red), llla (grey) and llib (blue) measured of acetone-solutions with
the concentrations 3.1E-05, 2.5E-05 and 3.9E-05 mol/I, respectively

4.2.4 Fluorescence Analysis

Fluorescence analysis was carried out of coordination compounds to gain information
concerning their luminescence behaviour and estimate their applicability for the usage in

fluorescent material and as chemo sensors.

4.2.4.1 Fluorescence Analysis of Solid Samples

Coordination compounds la and lla exhibit moderate luminescence in the solid state upon
excitation of light in the visible region of light. The quantum yield for luminescence of complex
la is with 4.95 % higher than for complex lla with 1.62 %, which may be due to the presence
of a further phenyl ring in the structure of la, promoting greater luminescence efficiency. In
the spectra of lla, the emission spectrum exhibits a maximum at A = 561 nm, while the
excitation was carried out at A=420 nm. When these values are compared to the ones of
complex la (Figure 41), it can be seen that the wavelengths are shifted to higher energies. In
fact, the maximum of the emission for lla is shifted to the red region of the light in comparison
to complex la, which may be due to various electronic effects of the different substituents of

their ligands. It is noteworthy that the most effective emission occurs with excitation of light
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in the visible range, which is especially important for applications of luminescence in biological

systems.
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Figure 41: Emission (black, 528 nm) and excitation (red, 475 nm) spectra for the solid sample la. (Quantum
yield = 4.95 %)

4.2.4.2 Fluorescence Analysis in Solution

Emission spectra of DMSO-solutions with a concentration of 10™ mol/l were recorded at 298
K, upon ultraviolet and visible excitation. Excitation wavelengths were determined from
excitation spectra, monitored at the maximum of the emission. The spectra can be seen in

Figure 42-Figure 46, the received data is summarized in Table 7.

Most zinc- and cadmium-complexes demonstrate fluorescence in the yellow-orange region.
Only 10a and 10b demonstrate emissions in the blue region, probably due to a smaller =-

aromatic system and thus a reduced delocalization effect.

Table 7: Summarized data of the fluorescence measurements of all zinc and cadmium complexes in DMSO-
solutions with a concentration of 10~ mol/I at 298 K, upon ultraviolet and visible excitation

Amax Q T Amax Q T
Compomy) D my my P om) D () )
8a | 521 6.8 10° 2.1 4.3 8b 525 4.4 10° 1.5 4.6
la ‘ 560 5.4 10° 1.8 2.9 b 561 3.4 10° 1.1 3.0
Ila | 556 8.6 10° 0.3 2.2 1Ib 612 4.5 10° 1.7 4.2
10a ‘ 408 7.510° 2.2 3.1 10b 475 11.5 10° 2.4 2.8
Illa | 600 3.410° 0.5 2.7 1lIb 600 1.6 10° 0.9 2.9
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For the pairs of similar complexes llla-lllb, la-lb and 8a-8b the exchange of the metal from zinc
to cadmium did not result in a shifting of the emission, only the emission intensity changed,
which indicates the emission site in the relevant molecules. In the complex couples lla-llb and
10a-10b, a red-shift of the fluorescence can be observed when the metal is exchanged from

zinc to cadmium.

It is of interest, to compare the luminescence parameters of complexes with similar structural
features. The comparison of the complexes, carrying a pyrazole-moiety in their structures,
reveals that the exchange of a substituent from a phenyl- to a t-butyl-group, leads to a
bathochromic shift of the luminescence maximum, but only for cadmium-complexes. For the
zinc-analogues, the luminescence bands are not displaced, when the substituents change. This
may be due to the difference in the type of molecular orbitals between which an electronic

transition occurs in course of the emission.

The comparison of complexes llla-lllb and 8a-8b exhibits a bathochromic shift, when the
salicylic aldehyde in ligand 8 is replaced by a coumarin-derivative in ligand lll. This shift is

obviously associated with a significant delocalization of the electron density in the complexes.

Despite the overall strong emission, the quantum efficiencies of the complexes are quite low
(0.3-2.4 %), which indicates a great loss of excitation energy by non-radiative relaxation.

Lifetime of all complexes are in the nanosecond region, which typical for fast-fluorescence.
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Figure 42: Emission spectra for 10> M DMSO-solutions of lla (black) and IIb (red)
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Figure 43: Emission spectra for 10> M DMSO-solutions of 10a (black) and 10b (red)
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Figure 44: Emission spectra for 10> M DMSO-solutions of lllb (black) and llla (red)
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Figure 45: Emission spectra for 10> M DMSO-solutions of Ib (black) and la (red)
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Figure 46: Emission spectra for 10~> M DMSO-solutions of 8a (black) and 8b (red)

Complexes exhibit solvatochromic properties that manifest themselves in the shift of the
emission maximum by changing the solvent from a low polar THF to polar MeOH. Like the
solid samples of la and lla, solutions show luminescence in the yellow-orange region, while
luminescence of llla is shifted to the blue region of the light. The spectra are given in (Figure

47-Figure 49)
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Figure 47: LEFT: Emission (A = 550 nm) and excitation (A = 490 nm) spectra for a MeOH solution of la;
RIGHT: Emission (A = 563 nm) and excitation (A = 496 nm) spectra for a THF solution of la.
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Figure 48: LEFT: Emission (A = 550 nm) and excitation (A = 490 nm) spectra for a MeOH solution of lla;
RIGHT: Emission (A = 560 nm) and excitation (A = 500 nm) spectra for a THF solution of lla.
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Figure 49: LEFT: Emission (A = 396 nm) and excitation (A = 350 nm) spectra for a MeOH solution of llla;
RIGHT: Emission (A = 413 and 440 nm) and excitation (A = 365 nm) spectra for a THF solution of llla.

Also, the luminescence of europium in the presence of ligand 9 was studied. The highest
luminescence-intensity was achieved with a ratio of europium : ligand of 1:3 at a pH of 7.5.
Upon excitation with UV-light, the europium complex 9d emits characteristic red
luminescence with a line-like spectrum in the range of 575-730 nm, which can be attributed
to the metal’s °Do = Fi-transition (J = 0-4) (Figure 50). The emission spectra of this compound
are independent from the excitation wavelength. The excitation spectrum corresponds to the
ligand’s absorption transitions, thus, confirming the energy transfer from the ligand to the
europium-metal centre. At 463 nm and 528 nm in the absorption-spectrum, transitions with
low intensity can be observed, which can be assigned to the transitions °D3 = ’F4 and °D1 >
’F,, respectively, determined from Dieke’s diagram. The intensity of the luminescence is

comparable with stronger sensitizing ligands (diketones and azoles).
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Figure 50: Emission (A = 614 nm) and excitation (A = 371 nm) spectra for complex 9d

4.2.5 X-Ray Analysis of Single Crystals

Analysis of single crystals was carried out to clarify the bonding behaviour of the ligands to the

respective metals.

It was possible to obtain suitable single crystals for X-ray analysis of la by a slow evaporation
of the solvents pyridine and DMSO, forming la pyridine and la DMSO, respectively. In the
course of the analysis, it was found out that the solvent-molecules coordinate to zinc, forming
coordination compounds with square pyramidal geometries in triclinic and monoclinic crystal
systems for pyridine and DMO, respectively. The molecular formulae are given in Figure 51

with information of selected bond lengths and angles in the figure caption.

It was found by Escudero-Adan and coworkers that there is a strong but also dynamic
interaction between zinc and various N-heterocycles. This bears the possibility of an
applicability of this system to be used as recognition sites for more functional molecules,
which are important in biochemical systems, such as purines or imidazoles. This feature, in
combination with an efficient fluorescent behaviour of the coordination compounds, enables
the usage as specific sensor material. [97] The bond length of the Zn-(salphen)-complex, linked
to a N-heterocycle is reported by Escudero-Adan and co-workers to be 2.065 A, which is
shorter than the bond length between zinc and its pyridyl-ligand of compound la, which was

found, to be 2.114 A.
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Figure 51: LEFT: Molecular structure of la Pyridine (H-atoms are omitted for clarity). Selected bond-lengths
(in A) and bond angles (in deg): Zn01-0003 1.973, Zn01-N2 2.126, Zn01-N007 2.124, Zn01-0004 1.963, Zn01-
N009 2.114, 0003-Zn01-0004 95.11, 0004-Zn01-N007 89.28, N0O07-Zn01-N2 80.29, N2-Zn01-0003 87.15;
RIGHT: Molecular structure of la DMSO (H-atoms are omitted for clarity). Selected bond-lengths (in A) and
bond angles (in deg): Zn1-01 1.968, Zn1-N3 2.159, Zn1-N2 2.108, Zn1-02 1.965, Zn1-03 2.061, 01-Zn1-N3
86.86, N3-Z1-N2 79.38, N2-Zn1-02 90.00, 02-Zn1-01 95.59

A suitable single crystal for X-ray analysis of lla could be obtained upon slow evaporation of a
saturated solution of the complex in DMSO. It was found that for lla, similar to complex la
DMSO, also one solvent molecule coordinates to the metal centre. Thus, a square pyramidal
geometry can be found for this complex in a monoclinic crystal system. The molecular formula

is given in Figure 52 with information of selected bond lengths and angles in the figure caption.

Figure 52: Molecular structure of Ila DMSO (H-atoms are omitted for clarity). Selected bond-lengths (in A)
and bond angles (in deg): Zn1-01 1.970, Zn1-N1 2.118, Zn1-N2 2.132, Zn1-02 1.979, Zn1-03 2.082, 01-Zn1-N1
88.98, N1-Zn1-N2 80.14, N2-Zn1-02 89.34, 02-Zn1-01 94.90
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For complex 8b a suitable single crystal could be obtained upon slow evaporation of a
saturated solution of the coordination compound in DMSO. It is interesting to mention that
the tetradentate Schiff base ligand 8 formed binuclear complexes with cadmium, while this is
not the case for the analogue zinc-compound 8a. Similar to zinc, DMSO also coordinates to
the metal centre via its oxygen atom in the cadmium-coordination compound and stays in the
structure of the solid complex. In 8b DMSO, cadmium is surrounded in an octahedral way by
its ligands. One oxygen of each Schiff base (0003) is forming a bridge between the cadmium-
atoms, no direct bond between the metals is present. 8b DMSO forms a monoclinic crystal
system. The molecular formula is given in Figure 53 with information of selected bond lengths

and angles in the figure caption.

In Figure 53, the bond lengths between the hetero-atoms, which bind directly to the centres

are summarized.

Table 8: Summarized bond lengths of the central metal of compounds la, lla and 8b in A

Compound DMSO0-0/ox0-0 Schiff base-N Schiff base-0O
la DMSO 2.061 2.159 2.108 1.965 1.968
lla DMSO 2.082 2.132 2.118 1.970 1.979
8b DMSO 2.391 2.310 2.272 2.171 2.278
Ic 1.590 2.103 2.088 1.919 1.921

The bond lengths within the complexes la DMSO and lla DMSO are quite similar and differ just
about 0,02 A. It is remarkable, that the bond length between the metal centres and the DMSO-
O is quite long, compared to the other metal-oxygen distances, which shows that these bonds
may be quite loosely. Cadmium exhibits much larger bond lengths compared to the zinc
compounds, which can be attributed to the bigger size of the metal itself. The oxovanadium-
complex Ic features the shortest bond lengths of the herein compared complexes, with the

bond of vanadium to its oxo-ligand being only 1.590 A.
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Figure 53: Molecular structure of 8b DMSO (H-atoms are omitted for clarity). Selected bond-lengths (in A)
and bond angles (in deg): Cd01-0003 2.278, Cd01-N1 2.310, Cd01-N008 2.272, Cd01-0004 2.171, Cd01-0006
2.391, 0003-Cd01-N1 78.78, N1-Cd01-N008 72.64, N008-Cd01-0004 86.17, 0004-Cd01-0003 122.71

A suitable single crystal for X-ray analysis of Ic could be grown by slow diffusion of abs. n-
pentane into a saturated solution of the complexin abs. THF. In this case, no solvent molecules
are coordinated to the metal centre in the solid state. The coordination compound crystallizes
in a square pyramidal geometry with a monoclinic crystal system. The molecular formula is
given in Figure 54 with information of selected bond lengths and angles in the figure caption.
The distance between vanadium and its oxo-ligand is with 1.590 A quite short, which displays
a very strong interaction and affinity of the metal centre to oxygen. When this bond length is
compared to the one of the starting material VO(acac),, which was found to be 1.586 A [98],

it can be seen that there is quite a huge structural similarity between these two compounds.

Gloe and co-workers, and Constable and co-workers reported on copper-coordination
compounds with tetradentate ONNO-Schiff bases. The determination of the crystal structures
of these compounds revealed that the coordination occurs, like the here presented
complexes, via the ligand’s central N2O,-donor atoms. In addition, in the solid state even

helical structures are formed. [99, 100]
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Figure 54: Molecular structure of Ic (H-atoms are omitted for clarity). Selected bond-lengths (in A) and bond
angles (in deg): V1-01 1.919, V1-N2 2.103, V1-N2 2.088, V1-02 1.912, V1-03 1.590, 01-V1-N2 86.94, N2-V1-
N1 80.33, N1-V1-02 86.83, 02-V1-01 87.67

For ligand I, a suitable single crystal for X-ray analysis could be obtained upon slow diffusion
of abs. n-pentane into a saturated solution of the ligand in abs. THF. The molecular formula is

given in Figure 55 with information of selected bond lengths and angles in the figure caption.

The ligand crystallizes in a triclinic crystal system.

Figure 55: Molecular structure of I. Selected bond-lengths (in A) and bond angles (in deg): 0001-N004 2.623,
N004-N005 3.211, N0O05-0002 2.680, 0001-COOH 1.357, 0002-CO0A 1.356, N005-CO0C 1.294, N005-C009
1.408, N004-COOE 1.299, N004-CO0D 1.383, COOE-N004-CO0D 122.14, CO0C-N005-C009 118.64
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A suitable single crystal for X-ray analysis of Il could be grown by slow evaporation of a
saturated solution of the ligand in abs. THF. The molecular formula is given in Figure 56 with
information of selected bond lengths and angles in the figure caption. Compound Il crystallizes

in an orthorhombic crystal system.

Itis interesting to mention that the crystal structures of the two ligands I and Il are very similar,
apart from the phenyl-group in compound I, which is exchanged by a tert-butyl group in the
structure of ligand Il. Furthermore, the OH-groups, which were found to be involved in the
formation of coordination compounds after their deprotonation, are not present in the
conformation, in which they occur in all coordination compounds, since one hydroxyl-group is
positioned at the far side and thus, points out of the final coordination plane. As a result, these

ligands must undergo a conformational change prior a coordination reaction can occur.

Figure 56: Molecular structure of Il. Selected bond-lengths (in A) and bond angles (in deg): 01-C13 1.345, 02-
€10 1.350, N1-C8 1.287, N1-C7 1.393, N2-C5 1.280, N2-C6 1.404, O1-N2 2.589, N1-N2 3.066, N1-02 2.642, C7-
N2-C8 121.30, C5-N2-C6 120.32

For ligand lll, a suitable single crystal for X-ray analysis could be obtained upon slow
evaporation of a saturated solution of the ligand in abs. THF. The molecular formula is given
in Figure 57 with information of selected bond lengths and angles in the figure caption. It was
found that ligand Ill crystallizes in a monoclinic crystal system. In the solid state, ligand Ill

behaves quite different to its analogues | and Il. It is interesting to mention, that all atoms,
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which are crucial for the occurrence of the coordination to a metal, are already oriented in
the way it is needed, so no conformational change is required prior a coordination. A reason
for this is the presence of the coumarin-moiety’s hetero-atoms, which underlie a huge
repulsion and thus, occur in the conformation with the maximum distance to each other. Since
this kind of compounds can underlie keto-enol tautomerism, ligand Ill is present in its keto-

form in the solid state, while compounds I and Il are in an enol-tautomeric form.

Figure 57: Molecular structure of Ill. Selected bond-lengths (in A) and bond angles (in deg): 01-C10 1.243, O2-
C21 1.244, N1-C1 1.420, N1-C7 1.326, N2-C2 1.423, N2-C18 1.329, O1-N1 2.562, N1-N2 2.722, N2-02 2.544,
C1-N1-C7 125.07, C2-N2-C18 128.83

4.2.6 DFT-Calculations

DFT-calculations were carried out of selected complexes la, 8b and Ic to determine their
metric parameters. A comparison of calculated and experimentally determined parameters

was done, the compared values can be seen in Table 9-Table 11.

For the complexes la and Ic, the calculated and determined values are quite similar, thus,

confirming that the used method for the calculations is suitable.
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Table 9: Comparison of calculated and experimentally determined metrical parameters of complex la (closed

shell (S =0)

Parameter A / ° Exp Calc
Zn1-03 2.061 2.126
Zn1-N2 2.108 2111
Zn1-N3 2.159 2.175
Zn1-01 1.968 1.997
Zn1-02 1.965 1.996

01-Zn1-02 95.59 94.161
N2-Zn1-01 153.87 159.27
N2-Zn1-03 98.75 97.03

In the following Figure 58, the calculated HOMO- and LUMO-orbitals of complex la are
displayed. Since zinc is a d'%transition metal, in the UV/VIS-spectra of all Zn-complexes, just
ligand to ligand charge-transfer bands could be observed. This fact is further confirmed by the

calculated HOMO- and LUMO-orbitals.

=

Lo
‘

Figure 58: LEFT: HOMO of la, RIGHT: LUMO of la
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Table 10: Comparison of calculated and experimentally determined metrical parameters of complex Ic

Parameter A / ° Exp Calc
V1-03 1.590 1.593
V1-N1 2.088 2.095
V1-N2 2.103 2.120
V1-01 1.919 1.944
V1-02 1.912 1.930

01-V1-02 87.67 86.37
N2-V1-01 86.94 86.06
N2-V1-03 103.95 104.47

In Figure 59, a spin density plot of complex Ic can be seen. It shows the place of the unpaired
electron of this compound, which was found to be just between the bonds of the vanadium-
centre to the hetero-atoms of the ligand, together with the surrounding of the oxygen-atoms

in this compound.

Figure 59: Spin density plot of Ic, iso-surface value 0.02

The calculated and the experimental values of compound 8b are not as similar, as they are for
la and Ic. Since the structure of 8b is more complex compared to la and Ic — 8b is a binuclear

complex — the comparison of the values underlies a bigger deviation.
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Table 11: Comparison of calculated and experimentally determined metrical parameters of complex 8b
(closed shell (S = 0)

Parameter A / ° Exp Calc
Cd01-03 2.245 2.304
Cd01-N1 2.310 2.348

Cd01-N008 2.272 2.333
Cd01-0004 2.171 2.230
Cd01-Cdo1’ 3.523 3.691
Cd01-0006 2.391 2411
Cd01-0003-Cd01 102.32 105.66
N008-Cd01-0004 86.17 82.98
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5 Experimental

5.1 General remarks

All reagents, which were purchased from commercial suppliers, were used without prior

purification.

All solvents were distilled before use. Absolute solvents were purified using the PURESOLV-

system from it-innovative-technology-inc.

To perform experiments under an inert atmosphere of Ar, Schlenk techniques or a MBraun

inert-gas glovebox was used.

The commercially available lithiation reagent MelLi was used without additional quantitative

analysis, using the declared value.

TLC was performed by using TLC aluminum foil (Merck. Silica gel 60 F2sa).

5.2 Analytical Methods

5.2.1 NMR-spectroscopy

NMR spectra were recorded on Bruker AVANCE-200, AVANCE-250 and AVANCE-400-

spectrometers. Data for 'H-NMR is reported as follows: chemical shift in parts per million from
TMS with the residual solvent signal as an internal reference [101], multiplicity (s = singlet. d
= doublet. t = triplet and m = multiplet), coupling constant in Hz and integration. BCc NMR
spectra are reported in ppm from TMS as internal standard, using the central peak of the

solvent as reference [102].

Deuterated solvents were purchased from Aldrich. To CDCls basic Al,O3 was added and filtered

prior all NMR-experiments.

5.2.2 IR-spectroscopy

IR-spectra were recorded using a Perkin ElImer UATR Two spectrometer in the ATR mode.

Spectra were recorded of solid samples at RT.
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5.2.3 UV/VIS Spectroscopy

UV-VIS spectra were recorded on a Perkin Elmer Lambda 900 (UV/VIS/NIR spectrometer). The
spectra were measured from 250 to 800 nm at room temperature, using quartz glass cuvettes

with a diameter of 1 cm. To record the spectra, solutions were prepared in DMSO or acetone.

5.2.4 Luminescence Spectra

The registration of the excitation and luminescence spectra was carried out on a FluoroMax-
3 Spectro fluorimeter, for solutions of THF and MeOH and for solid samples. All measurements
were done at RT. Quantum yields were determined on the same instrument by an absolute

method with a Quanta-¢ integrating sphere.

Luminescence spectra of DMSO solutions were recorded on a FluoroMax-4
spectrofluorometer. Quantum yields were determined at 298 K by the optical dilution method
of Demas and Crosby against quinine sulphate as a standard (®r = 0.546) [103]. Absolute
values were calculated using the standard reference sample, which has a fixed and known

value of fluorescence quantum yield, according to the following equation:
0=0 1 0D, n?
" [.0D n?
Formula 3: Determination of the quantum yields
In Formula 3, Q is the quantum vyield, | the measured integrated emission intensity, n the
refractive index, and OD is the optical density. The subscript r refers to the reference
fluorophore with a known quantum yield. In order to minimize reabsorption effects,

absorbances in the 10-mm fluorescence cuvette were kept below 0.05 at the excitation

wavelength.

Lifetime studies were performed on a Panorama spectrofluorometer, using a photon-counting
system with a pulse lamp as the excitation source. The emission decays were analysed by

exponential functions. The decay curve is well fitted into a double exponential function:
I(t) = Ae-¥D

Formula 4: Lifetime-studies



60 Experimental

In Formula 4, | is the luminescence intensity, and 1 is the lifetime for the exponential

component.

5.2.5 Elemental Analysis

Elemental analyses of C, H, and N was performed on a Perkin—Elmer 240 C analyser.

5.2.6 X-Ray Structure Determination

The X-ray diffraction data was collected at T=100 K in a dry stream of nitrogen with a Bruker
Kappa APEX Il diffractometer system with graphite-monochromated Mo-K, radiation (A =
0.71073 A) and fine-sliced ¢ and w scans. The data was reduced to intensity values with SAINT.
An absorption correction was applied with the multiscan approach implemented in SADABS
or TWINABS [104]. The structures were solved by direct methods implemented in SHELXS
[105], or charge flipping implemented in SUPERFLIP [106]. Non-hydrogen atoms were refined
anisotropically. The H atoms connected to C atoms were placed in calculated positions and
thereafter refined as riding on the parent atom. Molecular graphics were generated with the
program MERCURY [107]. The crystal data and experimental details are given in Table 24-Table
31

5.2.7 DFT-Calculations

All calculations were performed using density functional theory (DFT) as implemented in the
Gaussian 09 [108] on the Vienna Scientific Cluster (VSC3). Geometry optimization was carried
out with Gaussian 09 using the BP86 approach to DFT without any symmetry constraints. The
relativistic Stuttgart-Dresden ECP was used to describe the metal centres (Zn, V, Cd) and the
6-31G(d,p) basis set for the remaining ligands (C, N, H, O, S). Frequency calculations where

performed to confirm the nature of the stationary points yielding no imaginary frequencies.
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5.3 Synthesis of Organic Ligands

5.3.1 Synthesis of Benzoyl Acetonitrile

AN
o) o) N

1
CgH,NO
145.16 g/mol

Figure 60: Synthesis of benzoyl acetonitrile

Synthesis according to: [88]

NaH (55-60 % dispension in minera oil) (14.42 g, 330.1 mmol) was washed twice with absolute
THF before use under an Ar-atmosphere. 10 ml dry DMSO and dry acetonitrile (18.09 ml, 343.2
mmol) were mixed and cooled to 0°C. At this temperature washed NaH was added slowly in
little portions to the solution under inert conditions. After 30 min methyl benzoate (28 ml,
220.1 mmol) was added to the suspension. The reaction mixture could warm up to RT. After
22 h the reaction was completed according to TLC (Rt = 0.5, PE:EE = 5:2), the mixture was
cooled again to 0 °C and hydrolysed with dest. H,0. The clear and yellowish solution was then
acidified with conc. HCl until pH = 1, whereby the solid product was formed. It was then
filtered off, washed several times with dest. H,O until pH = 7 and then three times with Et,0.

The product was finally dried under reduced pressure.
21.84 g (68 %) white solid

1H NMR (CDCls, 200 MHz, 20 °C) § = 7.95 (d, J = 7.3, 2H, PhH), 7.71 (t, ) = 7.4, 1H, PhH), 7.57 (t,
J=7.4,2H, PhH), 4.76 (s, 2H, CH.)

13C NMR (DMSO, 200 MHz, 20 °C) & = 189.71 (s), 134.62 (s), 134.30 (s), 128.91 (s), 128.41 (s),
115.90 (s), 30.03 (s)
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5.3.2 Synthesis of 1-Methyl-3-Phenyl-1H-Pyrazol-5-Amine

— 1 NH—NH2
o \
1 2
C1oH41N3
173.22 g/mol

Figure 61: Synthesis of 1-methyl-3-phenyl-1H-pyrazol-5-amine

Synthesis according to: [89]

1(44.47 g, 306.0 mmol) was dissolved in 1000 ml abs. MeOH. Methylhydrazine (48 ml, 919.2
mmol) was added to the solution under an Ar-atmosphere and refluxed for 19 h. After that
time, the reaction was completed according to TLC (R = 0.63, PE:EE = 1:1), so the solvent was
removed and the residue was resolved in 300 ml EE. The solution was then extracted once
with brine and once with H,0. The combined organic layers were dried with Na;SO4 and the
solution was reduced to 20 ml, whereby white crystals were formed. The solid was filtered off
under Ar-atmosphere, washed three times with PE:EE = 1:1 and finally dried under reduced

pressure.
30.63 g (58 %) white crystalline solid

1H NMR (DMSO, 200 MHz, 20 °C) & = 7.66 (d, J = 7.5 Hz, 2H, PhH), 7.33 (t, J = 7.4 Hz, 2H, PhH),
7.21 (t,J = 6.9 Hz, 1H, PhH), 5.70 (s, 1H, CH), 5.27 (s, 2H, NH2), 3.58 (s, 3H, CHs)

13C NMR (DMSO, 200 MHz, 20 °C) & = 148.11 (s), 147.77 (s), 134.34 (s), 128.36 (s), 126.79 (s),
124.60 (s), 85.24 (s), 34.28 (s)
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5.3.3 Synthesis of 1-Methyl-3-Phenyl-1H-Pyrazole-4,5-Diamine

NH,
T S—NH2 | N—NH2
N-N N-N
\ \
2 3
C1oH12N4
188.23 g/mol

Figure 62: Synthesis of 1-methyl-3-phenyl-1H-pyrazole-4,5-diamine

Synthesis according to: [90]

In this step, water was degassed with Ar-gas befor use. Under inert conditions, 2 (1g, 5.77
mmol) was dissolved in 75 ml 0.8 M HCl and cooled to 0 °C. NaNO; (398.1 mg, 5.77 mmol) was
dissolved in 4 ml dest. H,0 and added to the reaction mixture, whereby the solution turned
red immediately. After 30 min SnCl; - 2H,0 (5.2105 g, 23.09 mmol) was dissolved in 30 ml
conc. HCl and added to the solution. The reaction mixture could warm up to RT. After 3 h the
reaction mixture turned yellow and the experiment was completed according to TLC (Rf=0.26,
100 % EE). Therefore, NaOH was added until pH = 7 at 0 °C. Voluminous yellow solid was
formed, which was filtered off. The clear and colourless filtrate was extracted 3 times with EE.
The combined organic layers were dried with Na;S04 and the solution was reduced to 5 ml. At
-30 °C crystals were formed, which were filtered off, washed 3 times with PE:EE = 1:1 and dried

under reduced pressure.
483.9 mg (45 %) white solid

1H NMR (DMSO, 200 MHz, 20 °C) & = 7.84 (d, J = 7.1 Hz, 2H, PhH), 7.32 (t, J = 7.4 Hz, 2H, PhH),
7.17 (t,J = 7.2 Hz, 1H, PhH), 4.64 (s, 2H, NH2), 3.53 (s, 3H, CHs), 3.27 (s, 2H, NH,)
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5.3.4 Synthesis of  4.5-[Di(phenylimino)methyl]-1-Methyl-3-phenyl-1H-

Pyrazole

NH OH
N
T N—NH2 — N
N-N HO
\ SN
N~-N
\
3 |
C24H20N407
396.45 g/mol

Figure 63: Synthesis of 4.5-[di(phenylimino)methyl]-1-methyl-3-phenyl-1H-pyrazole

Synthesis according to: [86]

3 (4.43 g, 23.59 mmol) was dissolved in 220 ml abs. MeOH under inert conditions.
Salicylaldehyde (7.7 ml, 70.76 mmol) was added to the solution. The reaction mixture was
refluxed for 22 h, after which time the reaction was completed according to TLC (R¢ = 0.16,
100 % EE). The reaction mixture was then cooled to -30 °C, whereby yellow crystals were
formed, which were filtered off and washed several times with Et20. The product was finally

dried under reduced pressure.
6.54 g (70 %) yellow crystalline solid

1H NMR (DMSO, 400 MHz, 20 °C) & = 12.15 (s, 1H, OH), 11.32 (s, 1H, OH), 9.16 (s, 1H), 8.69 (s,
1H), 7.77 (dd, J = 8.1, 1.5 Hz, 1H, PhH), 7.67 — 7.59 (m, 2H, PhH), 7.43 (ddd, J = 7.6, 6.8, 3.0 Hz,
4H, PhH), 7.39 — 7.32 (m, 2H, PhH), 6.98 (t, J = 7.3 Hz, 2H, PhH), 6.90 (td, J = 8.6, 1.5 Hz, 2H,
PhH), 3.89 (s, 3H, CHs)

13C NMR (DMSO, 400 MHz, 20 °C) & = 163.60 (s), 163.02 (s), 159.54 (s), 159.45 (s), 141.04 (s),
139.79 (s), 134.13 (s), 132.92 (s), 132.65 (s), 130.89 (s), 130.19 (s), 128.72 (s), 127.78 (s), 127.21
(s), 120.53 (s), 119.97 (s), 119.93 (s), 119.64 (s), 119.35 (s), 116.75 (s), 116.55 (s), 35.94 (s)

IR (ATR, cm%): 1599 (vean), 1571 (vean), 1405 (ve.o)
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UV/VIS (nm (e2[m2/mol]): 277 (2.63E+06), 334 (1.93E+06)

5.3.5 Synthesis of Methyl Pivalate

Ao o

) 0]

4
CeH1202
116.16 g/mol

Figure 64: Synthesis of methyl pivalate

Synthesis according to: [87]

Pivalic acid (50 g, 489.6 mmol) was dissolved in 500 ml MeOH. 3 ml H,SO4 were added to the
solution, which was then refluxed for 10 h. After the reaction mixture was cooled to RT, 500
ml sat. NaHCOs solution were added. The solution was extracted 3 times with DCM. The
combined organic layers were dried with Na;SO4 and the solvent was removed. The product

was purified by distillation (bp = 101 °C).
38.11 g (67 %) oily colourless liquid
14 NMR (DMSO, 200 MHz, 20 °C) & = (s, 3H, CHs), 1.14 (s, 9H, tBu)

13C NMR (DMSO, 200 MHz, 20 °C) & = 177.82 (s), 51.53 (s), 38.09 (s), 26.86 (s)

5.3.6 Synthesis of 4,4-Dimethyl-3-Oxo-Pentanenitrile

/g/o\ - /ﬁ/\\\
0 o} N
4 5

C;H44NO
125.17 g/mol

Figure 65: Synthesis of 4,4-dimethyl-3-oxo-pentanenitrile
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Synthesis according to: [88]

The synthesis was carried out according to 1, using 4 (33 g, 284.1 mmol), acetonitrile (30 ml,

568.2 mmol) and NaH (55-60 % dispension in minera oil) (18.59, 426.2 mmol).

After the reaction mixture was acidified with conc. HCI, the product didn’t precipitate, as it
was the case for 1. Therefore, the solution was extracted 3 times with Et,0. The combined
organic layers were dried with Na,SO4 and the solvent was removed until dryness. The residue
was an oily colourless liquid, a crystallization could be initiated by scratching with a glass stick

on the flask’s surface.
22.00 g (60 %) white crystalline solid
14 NMR (DMSO, 200 MHz, 20 °C) & = 4.24 (s, 2H, CH), 1.09 (s, 9H, tBu)

13C NMR (DMSO, 200 MHz, 20 °C) & = 205.17 (s), 116.03 (s), 43.75 (s), 28.25 (s), 25.61 (s)

5.3.7 Synthesis of 3-(1,1-Dimethylethyl)-1-Methyl-1H-Pyrazol-5-Amine

CgH15N3
153.23 g/mol

Figure 66: Synthesis of 3-(1,1-dimethylethyl)-1-methyl-1H-pyrazol-5-amine

Synthesis according to: [89]

The synthesis was carried out according to 2, using 5 (23 g, 183.8 mmol) and methylhydrazine

(29 ml, 551.3 mmol).
24.27 g (86 %) crystalline white solid

1H NMR (CDCls, 200 MHz, 20 °C) & = 5.12 (s, 1H, CH), 4.95 (s, 2H, NH2), 3.43 (s, 3H, CHs), 1.14
(s, 9H, tBu)
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13C NMR (DMSO, 200 MHz, 20 °C) & = 158.29 (s), 146.77 (s), 84.62 (s), 33.75 (s), 31.60 (s), 30.43
()

5.3.8 Synthesis of 3-(1,1-Dimethylethyl)-1-Methyl-1H-Pyrazole-4,5-Diamine

\ \
6 7
CgH1gNy
168.24 g/mol

Figure 67: Synthesis of 3-(1,1-dimethylethyl)-1-methyl-1H-pyrazole-4,5-diamine

Synthesis according to: [90]

The synthesis was carried out according to 3, using 6 (1 g, 6.526 mmol), NaNO; (448.4 mg,
6.526 mmol) and SnCl; - 2H,0 (5.8892 g, 26.10 mmol).

646.7 mg (59 %)

14 NMR (DMSO, 200 MHz, 20 °C) & = 4.38 (s, 2H, NH3), 3.39 (s, 3H, CH3), 2.77 (s, 2H, NH,), 1.22
(s, 9H, tBu)

13C NMR (DMSO, 200 MHz, 20 °C) & = 148.83 (s), 138.04 (s), 108.24 (s), 34.17 (s), 32.16 (s),
29.14 (s)
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5.3.9 Synthesis of 3-(1.1-Dimethylethyl)-4.5-[Di(phenylimino)methyl]-1-
Methyl-1H-Pyrazole

C2oH24N4O5
376.46 g/mol

Figure 68: Synthesis of 3-(1.1-dimethylethyl)-4.5-[di(phenylimino)methyl]-1-methyl-1H-Pyrazole

Synthesis according to: [86]

The synthesis was carried out according to I, using 7 (3 g, 17.83 mmol) and salicylaldehyde (5.8
ml, 53.50 mmol).

4.32 g (65 %)

'H NMR (DMSO, 400 MHz, 20 °C) & = 12.79 (s, 1H, OH), 11.44 (s, 1H, OH), 8.96 (s, 1H, CH), 8.72
(s, 1H, CH), 7.72 (dd, J = 8.1, 1.5 Hz, 1H, PhH), 7.48 — 7.24 (m, 3H, PhH), 7.08 — 6.77 (m, 4H,
PhH), 3.75 (s, 3H, CHs), 1.34 (s, 9H, tBu)

13C NMR (DMSO, 400 MHz, 20 °C) & = 164.04 (s), 162.99 (s), 159.68 (s), 159.58 (s), 151.34 (s),
138.22 (s), 134.07 (s), 132.71 (s), 131.43 (s), 130.54 (s), 120.24 (s), 119.76 (s), 119.70 (s), 119.56
(s), 119.26 (s), 116.74 (s), 116.47 (s), 36.06 (s), 32.80 (s), 29.42 (s)

IR (ATR, cm%): 1600 (vea), 1570 (ve=n), 1380 (ve.o)

UV/VIS (nm (e2[m2/mol]): 271 (2.82E+06), 341 (2.32E+06)
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5.3.10 Synthesis of 1,2-Bis[[(2-Hydroxyphenyl)Methylene]Amino]Benzene

CooH1eN207
316.36 g/mol

Figure 69: Synthesis of 1,2-Bis[[(2-hydroxyphenyl)methylene]lamino]benzene

Synthesis according to: [93]

1,2-Phenylenediamine (5 g, 46.24 mmol) was dissolved in 160 ml iPrOH. After salicylaldehyde
(11.6 ml, 110.97 mmol) was added to the solution, it was refluxed for 30 min, whereby it
turned orange. After the reaction mixture was cooled to -30 °C, orange crystals were formed,

which were filtered off, washed three times with Et,0 and dried under reduced pressure.

9.24 g (63 %) orange crystalline solid

1H NMR (DMSO, 250 MHz, 20 °C) & = 12.94 (s, 2H, OH), 8.94 (s, 2H, CH), 7.67 (d, J = 8.0 Hz, 2H,
PhH), 7.44 (q, ) = 9.3 Hz, 6H, PhH), 6.98 (t, J = 7.2 Hz, 4H, PhH)

13C NMR (DMSO, 250 MHz, 20 °C) & = 164.04 (s), 160.37 (s), 142.26 (s), 133.43 (s), 132.44 (s),
127.80 (s), 119.75 (s), 119.48 (s), 119.07 (s), 116.66 (s)

IR (ATR, cm1): 1560 (ven), 1275 (ve.o)

UV/VIS (hm (ex[m?/mol]): 272 (1.98E+06), 334 (1.52E+06)
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5.3.11 Synthesis of 3-Acetyl-4-Hydroxychromen-2-One

OH OH
o} O o~ O
9
C11HgO4
204.18 g/mol

Figure 70: Synthesis of 3-acetyl-4-hydroxychromen-2-one:

Synthesis according to: [85]

4-Hydroxycoumarin (28.02 g, 172.8 mmol) was dissolved in 170 ml acetic acid. After the
addition of POCls (42 ml, 460.2 mmol) the reaction mixture was refluxed for 2 h. At RT crystals
were formed, which were collected by filtration, washed with several portions of dest. H,0

and Et,0 and finally dried under reduced pressure.
19.96 g (79 %) white/beige crystalline solid

'H NMR (DMSO, 250 MHz, 20 °C) § = 17.63 (s, 1H, OH), 7.95 (d, J = 7.7 Hz, 1H, PhH), 7.88 — 7.70
(m, 1H, PhH), 7.55 — 7.19 (m, 2H, PhH), 2.64 (s, 3H, CH3)

13C NMR (DMSO, 250 MHz, 20 °C) & = 205.50 (s), 177.85 (s), 154.13 (s), 136.67 (s), 125.14 (s),
124.74 (s), 116.81 (s), 114.67 (s), 101.35 (s), 29.56 (s)



Experimental 71

5.3.12 Synthesis of [1,2-Phenylbis(iIminoethylidyne)]Bis[2H-1-Benzopyran-
2,4(3H)-Dione]

0] 0]
NS
OH
NH, N OH
oAy —

NH N OH
2 0“0 O
=

e} @]

9 1}
C28H20N206
480.48 g/mol

Figure 71: Synthesis of [1,2-Phenylbis(iminoethylidyne)]bis[2H-1-benzopyran-2,4(3H)-dione]

Synthesis according to: [86]

The synthesis was carried out according to I, using 1,2-phenylenediamine (1.50 g, 13.87 mmol)

and 9 (6.80 g, 33.29 mmol).
3.00 g (45 %) light yellow crystalline solid

IH NMR (DMSO, 250 MHz, 20 °C) § = 15.33 (s, 2H, OH), 7.79 (d, J = 7.8 Hz, 2H, PhH), 7.74 - 7.53
(m, 6H, PhH), 7.33 — 7.06 (m, 4H, PhH), 2.58 (s, 6H, CH3)

13C NMR (DMSO, 400 MHz, 20 °C) & = 176.57 (s), 166.98 (s), 153.17 (s), 143.78 (s), 134.72 (s),
132.22 (s), 129.35 (s), 128.00 (s), 125.68 (s), 123.91 (s), 116.41 (s), 97.84 (s), 91.00 (s), 20.69
()

IR (ATR, cm1): 1605 (vean), 1574 (ven), 1420 (veo)

UV/VIS (nm (ex[m?/mol]): 441 (2.08E+04)
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5.3.13 Synthesis of (3E,3'E)-3,3'-[1,2-Ethanediylbis (Iminoethylidyne)] Bis
[2H-1-Benzopyran-2,4(3H)-Dione]

[NHz N OH

NH; N OH

C24H20N206
432.43 g/mol

Figure 72: Synthesis of (3E,3'E)-3,3'-[1,2-Ethanediylbis(iminoethylidyne)]bis[2H-1-benzopyran-2,4(3H)-dione]

Synthesis according to: [93]

The synthesis was carried out according to 8, using 1,2-ethylenediamine (128.0 mg, 2.129

mmol) and 9 (1 g, 4.898 mmol).
766.1 mg (83 %) white solid

14 NMR (DMSO, 2504 MHz, 20 °C) & = 13.79 (s, 2H, OH), 7.93 (dd, J = 7.8, 1.5 Hz, 2H, PhH),
7.78 = 7.47 (m, 2H, PhH), 7.38 — 7.13 (m, 4H, PhH), 4.08 — 3.93 (m, 4H, CH,), 2.71 (s, 6H, CH3)

IR (ATR, cm%): 1606 (ven), 1569 (ve), 1245 (ve.o)

UV/VIS (nm (ex[m?/mol]): 337 (1.89E+06)
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5.3.14 Synthesis of [1,2-Cyclohexylbis(Iminoethylidyne)]Bis[2H-1-
Benzopyran-2,4(3H)-Dione]

@) 0]
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486.52 g/mol

Figure 73: Synthesis of [1,2-Cyclohexylbis(iminoethylidyne)]bis[2H-1-benzopyran-2,4(3H)-dione]

Synthesis according to: [86]

The synthesis was carried out according to |, using 1,2-cyclohexanediamine (1.2 ml, 9.795

mmol) and 9 (4 g, 19.591 mmol).
4.39 g (90 %) white solid

1H NMR (DMSO, 400 MHz, 20 °C) & = 14.03 (d, J = 5.3 Hz, 2H, OH), 7.91 (dd, J = 7.9, 1.6 Hz, 2H,
PhH), 7.61 (ddd, J = 8.4, 7.3, 1.7 Hz, 2H, PhH), 7.31 — 7.24 (m, 2H, PhH), 7.23 — 7.18 (m, 2H,
PhH), 4.42 (t, J = 8.4 Hz, 2H, CH), 2.62 (s, 6H, CH3), 2.06 (d, J = 11.1 Hz, 2H, CH3), 1.75 (s, 4H,
CH2), 1.52 (d, J = 10.1 Hz, 2H, CH>)

13C NMR (DMSO, 400 MHz, 20 °C) & = 179.95 (s), 176.05 (s), 161.59 (s), 153.04 (s), 134.27 (s),
125.61 (s), 123.76 (s), 119.90 (s), 116.28 (s), 96.21 (s), 56.44 (s), 30.82 (s), 23.13 (s), 18.43 (s)

IR (ATR, cmY): 1687 (ven), 1571 (ven), 1272 (ve.o)
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5.3.15 Synthesis of 2-Methyl-1,10-Phenanthroline

AN X
~ —
| § | "
_N N
11
Cy3H1oN2
194.24 g/mol

Figure 74: Synthesis of 2-Methyl-1,10-phenanthroline

Synthesis according to: [91]

Under an argon atmosphere MelLi (17.4 ml 1.6 M solution in Et,0, 27.74 mmol) was dissolved
in 75 ml abs. THF. The solution was then cooled to -10°C. A suspension of 1,10-Phenanthroline
(5.00 g, 27.74 mmol) in 50 ml abs. THF was prepared in a glovebox and added slowly to the
prior prepared Meli-solution. By doing so, the reaction mixture turned dark. It could then

warm up to RT and was stirred for 20 h under an argon atmosphere.

To quench the reaction, it was cooled to 0 °C. Afterwards, 15 ml of brine were added drop-
wise, by which it turned yellow. The received solution was then extracted with 20 ml of brine.

The organic layer was then collected and the solvent was evaporated completely.

The so obtained oily residue was dissolved in 200 ml diethyl ether. Mn0O; (31.2 g, 358.9 mmol)
was added in small portions. The reaction mixture was stirred for 3 h at RT, then MgS04 was
added, after which it was stirred for 30 more min. The reaction mixture was then filtered
through celith, by which a colourless filtrate could be obtained. The filter cake was washed
with diethyl ether. The filtrate was evaporated completely, whereby a yellowish oily residue
could be obtained. The residue was dissolved in the least amount of ethyl acetate and covered
with n-hexane. After it was kept in the freezer overnight, a white solid was formed, which was

collected by filtration. It was washed three times with small portions of n-hexane and dried.

3.36 g (62 %) white solid
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1H NMR (DMSO, 400 MHz, 20 °C) & = 9.08 (dd, J = 4.3, 1.8 Hz, 1H, PhH), 8.44 (dd, ) = 8.1, 1.8
Hz, 1H, PhH), 8.35 (d, J = 8.2 Hz, 1H, PhH), 7.91 (q, ) = 8.8 Hz, 1H, PhH), 7.73 (dd, J = 8.1, 4.3
Hz, 1H, PhH), 7.63 (d, J = 8.2 Hz, 1H, PhH), 2.78 (s, 1H, CH3)

13C NMR (DMSO, 400 MHz, 20 °C) & = 158.43 (s), 149.65 (s), 145.30 (s), 144.97 (s), 136.34 (s),
136.07 (s), 128.50 (s), 126.47 (s), 126.44 (s), 125.58 (s), 123.51 (s), 123.02 (s), 24.99 (s)

5.3.16 Synthesis of 1,10-Phenanthroline-2-Carbaldehyde

\
\

N

1" 12
C43HgN,O
208.22 g/mol

Figure 75: Synthesis of 1,10-Phenanthroline-2-carbaldehyde

Synthesis according to: [92]

In a first step 11 (500 mg, 2.574 mmol) and Se0; (571.3 mg, 5.148 mmol) were dissolved in 10
ml 1,4-dioxane. The reaction mixture was refluxed for 25 min, after which it was finished
according to TLC (EE:MeOH = 9:1 + 3 drops NHs). The reaction was stopped by a filtration

trough celith. The filter cake was washed with EE and the solvent was evaporated completely.
517.9 mg (96 %) beige solid

'H NMR (DMSO, 400 MHz, 20 °C) & = 10.31 (d, J = 0.8 Hz, 1H, CH), 9.19 (dd, J = 4.3, 1.8 Hz, 1H,
PhH), 8.71 (dd, J = 8.3, 0.6 Hz, 1H, PhH), 8.56 (dd, J = 8.1, 1.8 Hz, 1H, PhH), 8.23 (d, J = 8.2 Hz,
1H, PhH), 8.13 (dd, J = 26.6, 8.9 Hz, 2H, PhH), 7.85 (dd, J = 8.1, 4.3 Hz, 1H, PhH)

13C NMR (DMSO, 400 MHz, 20 °C) & = 193.95 (s), 151.80 (s), 150.56 (s), 145.37 (d, J = 9.3 Hz),
137.99 (s), 136.52 (s), 130.93 (s), 129.65 (s), 128.92 (s), 126.35 (s), 123.97 (s), 119.42 (s)
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5.3.17 Synthesis of N,N'-(Ethane-1,2-Diyl)-Bis(1,10-Phenanthroline-2-
Yl)Methanimin

X
N/
|
| _N (0]
12 V
CogH2oNs
440.51 g/mol

Figure 76: Synthesis of N,N'-(Ethane-1,2-diyl)-bis(1,10-phenanthroline-2-yl)methanimin

Synthesis according to: [93]

The synthesis was carried out according to 8, using 1,2-ethylenediamine (36.6 mg, 0.6091
mmol) and 12 (279.0 mg, 1.3400 mmol).

188.0 mg (70 %) light brown solid

14 NMR (CDCls, 400 MHz, 20 °C) & = 9.20 (dd, J = 4.3, 1.5 Hz, 2H, PhH), 8.98 (s, 2H, CH), 8.41
(d, ) = 8.4 Hz, 2H, PhH), 8.22 (dd, J = 12.1, 4.9 Hz, 4H, PhH), 7.77 (s, 4H, PhH), 7.61 (dd, J = 8.0,
4.4 Hz, 2H, PhH), 4.20 (s, 4H, CH,)

13C NMR (CDCl3, 400 MHz, 20 °C) & = 164.68 (s), 154.76 (s), 150.66 (s), 146.20 (s), 145.73 (s),
136.73 (s), 136.25 (s), 129.52 (s), 128.95 (s), 127.43 (s), 126.55 (s), 123.17 (s), 120.60 (s), 61.67
()

5.4 Synthesis of coordination Compounds

All coordination compounds were synthesized under inert conditions. To facilitate the ligand’s
deprotonation, a base, such as EtsN, tBuOK or MelLi, was added to the ligand’s solution. This
base was added before the coordination reaction was carried out, in order to facilitate the

coordination to the respective metal.
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5.4.1 Coordination Compounds of Zn

A general procedure for the synthesis of the coordination compounds of Zn is given here:

Zn(NO3); - 6H,0 (1 eq.) was dissolved in 5 ml of abs. THF (colourless solution). The respective
ligand (1.2 eq.) was dissolved in 5 ml abs. THF (yellow solution) and deprotonated with a base
(2.4-3 eq.). The solutions were combined. By doing so, a slight colour change could be
observed already into a much darker yellow/orange. It was only in the case of 10a that all
solutions were colourless at every time. The reaction mixture was stirred for 24 hours at RT.
After that time, the product precipitated, was filtered off, washed three times with small

amounts of abs. DCM and dried under reduced pressure.

5.4.1.1 Synthesis of 8a

8a
020H14N2022n
379.72 g/mol

Figure 77: Synthesis of 8a

8a was synthesized, using Zn(NOs), - 6H,0 (117.5 mg, 0.4741 mmol) as metal precursor, 8 (150
mg, 0.4741 mmol) as ligand and EtsN (0.13 ml, 0.9483 mmol) as deprotonating agent.

107.3 mg (72 %) yellow powder

1H NMR (DMSO, 400 MHz, 20 °C) & = 9.02 (s, 2H, CH), 7.95 — 7.86 (m, 2H, PhH), 7.42 (dd, J =
7.9, 1.8 Hz, 2H, PhH), 7.39 (dd, J = 6.1, 3.4 Hz, 2H, PhH), 7.25 (ddd, J = 8.7, 6.8, 1.9 Hz, 2H, PhH),
6.71 (dd, J = 8.5, 0.8 Hz, 2H, PhH), 6.52 (ddd, J = 7.9, 6.9, 1.1 Hz, 2H, PhH)

13C NMR (DMSO, 400 MHz, 20 °C) & = 172.27 (s), 162.83 (s), 139.37 (s), 136.24 (s), 134.33 (s),
127.26 (s), 123.09 (s), 119.44 (s), 116.48 (s), 112.97 (s)
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EA (found (calculated), %): C: 63.02 (63.26), H: 4.64 (3.72), N: 7.11 (7.38)
IR (ATR, cm™): 1528 (vc=n), 1244 (vc-0), 532 (vzn-0), 490 (vznN)
UV/VIS (nm (g2[m2/mol]): 402 (2.25E+06), 297 (2.51E+06), 260 (1.93E+06)

5.4.1.2 Synthesis of la

C24H1gN402Zn
458.07 g/mol

Figure 78: Synthesis of la

la was synthesized, using Zn(NO3z), - 6H20 (93.8 mg, 0.3153 mmol) as metal precursor, | (150
mg, 0.3784 mmol) as ligand and EtsN (0.10 ml, 0.7567 mmol) as deprotonating agent.

80.5 mg (56 %) orange powder

1H NMR (DMSO, 400 MHz, 20 °C) & = 8.92 (s, 1H, CH), 8.49 (s, 1H, CH), 7.63 — 7.58 (m, 2H, PhH),
7.57 — 7.46 (m, 3H, PhH), 7.43 (dd, J = 8.0, 1.8 Hz, 1H, PhH), 7.27 (ddd, J = 8.7, 6.8, 1.9 Hz, 1H,
PhH), 7.16 (ddd, J = 8.7, 6.9, 1.9 Hz, 1H, PhH), 6.72 (dd, J = 8.6, 0.8 Hz, 1H, PhH), 6.71 — 6.65
(m, 2H, PhH), 6.54 (ddd, J = 7.9, 6.9, 1.1 Hz, 1H, PhH), 6.42 — 6.36 (m, 1H), 4.20 (s, 3H, CHs)

13C NMR (DMSO, 400 MHz, 20 °C) & = 172.35 (s), 171.36 (s), 161.87 (s), 158.77 (s), 139.12 (s),
138.87 (s), 136.31 (s), 134.63 (s), 134.49 (s), 133.36 (s), 132.93 (s), 128.89 (s), 128.58 (s), 128.15
(s), 123.48 (s), 122.98 (s), 120.27 (s), 119.56 (s), 118.98 (s), 113.22 (s), 112.97 (s)

EA (found (calculated), %): C: 62.54 (62.69), H: 4.61 (3.95), N: 11.94 (12.18)

IR (ATR, cm™): 1602 (vc=n), 1526 (vc=n), 1395 (vc-o), 556 (vzn-0), 490 (vzn-N)
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UV/VIS (nm (e2[m2/mol]): 261 (2.54E+06), 299 (2.47E+06), 326 (2.25E+06), 343 (2.32E+06),
400 (2.80E+06), 451 (1.69E+06)

5.4.1.3 Synthesis of lla

lla
C22H22N402Zn
439.82 g/mol

Figure 79: Synthesis of lla

lla was synthesized, using Zn(NOs3); - 6H,0 (98.8 mg, 0.3320 mmol) as metal precursor, Il (150
mg, 0.3984 mmol) as ligand and EtsN (0.11 ml, 0.7969 mmol) as deprotonating agent.

85.6 mg (59 %) orange powder

H NMR (DMSO, 400 MHz, 20 °C) & = 8.83 (s, 1H, CH), 8.64 (s, 1H, CH), 7.38 (dd, J = 7.9, 1.9 Hz,
1H, PhH), 7.29 — 7.16 (m, 3H, PhH), 6.69 (d, J = 8.6 Hz, 2H, PhH), 6.50 (tdd, J = 7.9, 2.3, 1.1 Hz,
2H, PhH), 4.08 (s, 3H, CHs), 1.42 (s, 9H, CCHs)

13C NMR (DMSO, 400 MHz, 20 °C) & = 172.39 (s), 170.64 (s), 161.96 (s), 161.49 (s), 147.36 (s),
139.48 (s), 136.22 (s), 134.89 (s), 134.60 (s), 133.18 (s), 123.34 (s), 122.79 (s), 120.65 (s), 119.43
(s), 119.33 (s), 113.05 (s), 112.99 (s), 45.76 (s), 32.39 (s), 29.24 (s)

EA (found (calculated), %): C: 60.01 (60.08), H: 5.27 (5.04), N: 12.56 (12.74)
IR (ATR, cm™): 1602 (vc=n), 1548 (vean), 1365 (vc.o), 550 (vzn-o), 478 (vznn)

UV/VIS (nm (e2[m2/mol]): 260 (1.25E+06), 295 (1.24E+06), 342 (2.23E+06), 393 (1.38E+06),
451 (9.10E+05)
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5.4.1.4 Synthesis of llla

llla
028H18N2062n
543.84 g/mol

Figure 80: Synthesis of llla

llla was synthesized, using Zn(NOs), - 6H,0 (51.6 mg, 0.1734 mmol) as metal precursor, 11l (100
mg, 0.2081 mmol) as ligand and EtsN (0.07 ml, 0.5202 mmol) as deprotonating agent.

45.0 mg (48 %) dark yellow powder

'H NMR (DMSO, 400 MHz, 20 °C) & = 8.61 (d, J = 7.2 Hz, 2H, PhH), 8.01 (t, J = 7.2 Hz, 2H, PhH),
7.70 (t,J = 7.0 Hz, 6H, PhH), 7.62 (d, J = 8.2 Hz, 2H, PhH), 3.12 (s, 6H, CHs)

13C NMR (DMSO, 400 MHz, 20 °C) & = 153.94 (s), 140.18 (s), 133.07 (s), 131.61 — 130.52 (m),
126.86 (s), 125.75 (s), 124.91 (s), 123.73 (s), 123.42 (s), 116.04 (s), 105.47 (s), 102.04 (s), 46.78

(s)
IR (ATR, cm™): 1604 (vc=n), 1561 (vc=n), 1389 (vc-o), 532 (vzn-0), 496 (vzn-N)

UV/VIS (nm (ex[m?/mol]): 337 (2.45E+06)
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5.4.1.5 Synthesis of 10a

10a
024H18N2062n
495.80 g/mol

Figure 81: Synthesis of 10a

10a was synthesized, using Zn(NOs)2 - 6H,0 (119.3 mg, 0.3854 mmol) as metal precursor, 10
(200 mg, 0.4625 mmol) as ligand and tBuOK (129.7 mg, 1.1563 mmol) as deprotonating agent.

85.6 mg (45 %) white powder

'H NMR (DMSO, 250 MHz, 20 °C) & = 8.07 (d, J = 7.9 Hz, 1H, PhH), 7.89 (d, J = 8.2 Hz, 1H, PhH),
7.64 —7.49 (m, 2H, PhH), 7.35 — 7.15 (m, 4H, PhH), 3.84 (s, 2H, CH.), 3.71 (s, 2H, CH,), 2.35 (s,
6H, CHs)

EA (found (calculated), %): C: 57.59 (58.14), H: 4.45 (3.66), N: 5.71 (5.65)
IR (ATR, cm™%): 1594 (vcan), 1561 (vean), 1232 (vc.o), 570 (vzn-0), 496 (vznn)

UV/VIS (nm (ex[m?/mol]): 325 (6.56E+05)

5.4.2 Coordination Compounds of Cd

A general procedure for the synthesis of the coordination compounds of Cd is given here:

Cd(NO3); - 4H,0 (1 eq.) was dissolved in 5 ml of abs. THF (colourless solution). The respective
ligand (1.2 eq.) was dissolved in 5 ml abs. THF (yellow solution) and deprotonated with a base
(2.4-3 eq.). The solutions were combined. By doing so, a slight colour change could be
observed already into a much darker yellow/orange. It was just in the case of 10b that all

solutions were colourless at every time. The reaction mixture was stirred for 24 hours at RT.
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After that time, the product precipitated, was filtered off, washed three times with little

amounts of abs. DCM and dried under reduced pressure.

5.4.2.1 Synthesis of 8b

8b
C40H28Cd2N4O4
853.51

Figure 82: Synthesis of 8b

8b was synthesized, using Cd(NO3z), - 4H,0 (121.9 mg, 0.4741 mmol) as metal precursor, 8 (150
mg, 0.4741 mmol) as ligand and EtsN (0.13 ml, 0.9483 mmol) as deprotonating agent.

135.3 mg (80 %) yellow powder

14 NMR (DMSO, 400 MHz, 20 °C) & = 8.69 — 8.60 (m, 4H, CH), 7.62 — 7.56 (m, 4H, PhH), 7.33
(ddd, J = 9.8, 7.7, 2.8 Hz, 8H, PhH), 7.15 (ddd, J = 8.6, 6.8, 1.9 Hz, 4H, PhH), 6.60 (dd, J = 8.5,
1.0 Hz, 4H, PhH), 6.41 (ddd, J = 7.9, 6.9, 1.1 Hz, 4H, PhH)

13C NMR (DMSO, 400 MHz, 20 °C) & = 173.33 (s), 164.75 (s), 141.07 (s), 137.20 (s), 133.32 (s),
126.80 (s), 124.01 (s), 120.68 (s), 117.65 (s), 111.96 (s)

EA (found (calculated), %): C: 55.93 (56.29), H: 3.48 (3.31), N: 6.41 (6.56)
IR (ATR, cm™!): 1538 (ve=n), 1249 (vc.0), 525 (vca-o), 476 (vea)

UV/VIS (nm (gx[m2/mol]): 260 (2.89E+06), 294 (2.74E+06), 400 (2.50E+06)
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5.4.2.2 Synthesis of Ib

C4gH36Cd2NgO4
1013.69

Figure 83: Synthesis of Ib

Ib was synthesized, using Cd(NOs), - 4H,0 (97.6 mg, 0.3153 mmol) as metal precursor, | (150
mg, 0.3784 mmol) as ligand and tBuOK (106.1 mg, 0.9459 mmol) as deprotonating agent.

78.6 mg (49 %) dark orange powder

1H NMR (DMSO, 400 MHz, 20 °C) & = 8.75 — 8.65 (m, 2H, CH), 8.30 —8.20 (m, 2H, CH), 7.56 (d,
J = 7.0 Hz, 4H, PhH), 7.49 (t, J = 7.3 Hz, 4H, PhH), 7.44 (d, J = 7.1 Hz, 2H, PhH), 7.31 (d, ] = 6.8
Hz, 2H, PhH), 7.21 — 7.14 (m, 2H, PhH), 7.05 (t, J = 6.9 Hz, 2H, PhH), 6.59 (d, J = 8.6 Hz, 2H,
PhH), 6.53 (t, ] = 8.0 Hz, 4H, PhH), 6.42 (t, ] = 7.2 Hz, 2H, PhH), 6.25 (t, J = 7.1 Hz, 2H, PhH), 4.08
(s, 6H, CHz)

13C NMR (DMSO, 400 MHz, 20 °C) & = 173.82 (s), 172.74 (s), 164.50 (s), 161.59 (s), 139.40 (s),
139.11 (s), 137.13 (s), 135.98 (s), 135.38 (s), 133.83 (s), 133.44 (s), 132.54 (s), 131.41 (s), 130.48
(s), 128.76 (s), 128.14 (s), 127.75 (s), 124.40 (s), 123.91 (s), 112.10 (s), 111.82 (s)

EA (found (calculated), %): C: 56.42 (56.87), H: 4.31 (3.58), N: 11.18 (11.05)
IR (ATR, cm™): 1595 (vc=n), 1532 (vc=n), 1397 (vco), 554 (vcd-0), 490 (vca-N)

UV/VIS (nm (gx[m2/mol]): 262 (2.67E+06), 298 (1.96E+06), 344 (1.63E+06), 400 (2.31E+06),
450 (1.28E+06)
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5.4.2.3 Synthesis of llb

%f; /
ﬁﬁi

C44H44Cd2N804
973.71

Figure 84: Synthesis of llb

llb was synthesized, using Cd(NOs); - 4H,0 (137.0 mg, 0.4427 mmol) as metal precursor, Il
(200 mg, 0.5313 mmol) as ligand and MelLi (0.72 ml, 1.6 M solution in Et;0, 1.1511 mmol) as

deprotonating agent.
111.6 mg (52 %) orange powder

'H NMR (DMSO, 250 MHz, 20 °C) & = 8.67 (s, 2H, CH), 8.56 (s, 2H, CH), 7.32 (d, ) = 6.3 Hz, 2H,
PhH), 7.18 (dd, J = 7.8, 2.0 Hz, 2H, PhH), 7.13 — 6.87 (m, 4H, PhH), 6.55 (d, J = 6.5 Hz, 2H, PhH),
6.46 (d, ) = 5.2 Hz, 2H, PhH), 6.32 (d, J = 8.5 Hz, 4H, PhH), 3.77 (s, 6H, CH3), 1.35 (s, 16H, CCHs)

EA (found (calculated), %): C: 54.17 (54.28), H: 4.95 (4.55), N: 11.24 (11.51)
IR (ATR, cm™): 1601 (vc=n), 1538 (vc=n), 1362 (vc-o), 554 (vcd-0), 465 (vcdN)

UV/VIS (nm (gx[m2/mol]): 261 (2.41E+06), 346 (1.01E+06), 386 (1.15E+06)
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5.4.2.4 Synthesis of lllb

b
Cs6H36CdoN4O 12
1181.74

Figure 85: Synthesis of lllb

lllb was synthesized, using Cd(NOs); - 4H,0 (53.7 mg, 0.1734 mmol) as metal precursor, I
(100 mg, 0.2081 mmol) as ligand and EtsN (0.07 ml, 0.5202 mmol) as deprotonating agent.

43.0 mg (42 %) dark yellow powder

H NMR (acetone dg, 400 MHz, 20 °C) & = 8.08 (d, J = 8.1 Hz, 2H. PhH), 7.89 (d, J = 5.8 Hz, 2H,
PhH), 7.75 — 7.62 (m. 2H. PhH), 7.54 — 7.39 (m, 6H, PhH), 7.26 (d, J = 7.4 Hz, 2H, PhH), 7.21 -
7.03 (m, 10H, PhH), 2.46 (s, 12H, CH3)

EA (found (calculated), %): C: 56.87 (56.92), H: 3.15 (3.07), N: 4.92 (4.74)
IR (ATR, cm™%): 1601 (vc=n), 1568 (vean), 1387 (vc-o), 530 (ved-o), 497 (vedn)

UV/VIS (nm (ex[m?/mol]): 340 (1.20E+06)
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5.4.2.5 Synthesis of 10b

"
2

10b
C4gH36CdN4O01
1085.65

Figure 86: Synthesis of 10b

10b was synthesized, using Cd(NOs) - 4H,0 (119.3 mg, 0.3854 mmol) as metal precursor, 10
(200 mg, 0.4625 mmol) as ligand and tBuOK (129.7 mg, 1.1563 mmol) as deprotonating agent.

98.3 mg (47 %) white powder

'H NMR (CDCls, 400 MHz, 20 °C) & = 8.01 (d, J = 47.4 Hz, 4H, PhH), 7.37 (d, J = 8.2 Hz, 4H, PhH),
7.21-6.90 (m, 8H, PhH), 3.68 (d, J = 41.1 Hz, 8H, CH,), 2.83 (s, 12H, CHs)

EA (found (calculated), %): C: 53.21 (53.10), H: 3.79 (3.34), N: 5.10 (5.16)
IR (ATR, cm™): 1597 (vc=n), 1563 (ve=n), 1231 (vc-o), 568 (vcd-0), 495 (vcaN)

UV/VIS (nm (e2[m2/mol]): 322 (2.02E+06)

5.4.3 Coordination Compounds of V

A general procedure for the synthesis of the coordination compounds of V is given here:

VO(acac); (1 eq.) was dissolved in 5 ml of abs. MeOH (colourless solution). The respective
ligand (1.1-1.2 eq.) was dissolved in 5 ml abs. THF (yellow solution) and deprotonated with a
base (2.2-3 eq.). The solutions were combined. By doing so, a slight colour change could be
observed already into a green. It was just in the case of IVc that all solutions were colourless

at every time. The reaction mixture was stirred for 24 hours at RT. After that time, the product
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precipitated, was filtered off, washed three times with little amounts of abs. DCM and dried

under reduced pressure.

5.4.3.1 Synthesis of 8c

8c
CooH14N203V
381.28 g/mol

Figure 87: Synthesis of 8c

8c was synthesized, using VO(acac), (228.6 mg, 0.0.8621 mmol) as metal precursor, 8 (300 mg,
0.0.9483 mmol) as ligand and tBuOK (212.8 mg, 1.8966 mmol) as deprotonating agent.

181.4 mg (55 %) green powder
EA (found (calculated), %): C: 62.43 (63.00), H: 4.03 (3.70), N: 7.17 (7.35)
IR (ATR, cm™): 1534 (vc=n), 1257 (vc-0), 983 (vv=0), 540 (vv-0), 484 (vv-N)

UV/VIS (nm (e2[m2/mol]): 261 (2.36E+06), 312 (2.09E+06), 406 (1.73E+06)
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5.4.3.2 Synthesis of Ic

Co4H1gN4O3V
461.37 g/mol

Figure 88: Synthesis of Ic

Ic was synthesized, using VO(acac); (100 mg, 0.3771 mmol) as metal precursor, | (164.5 mg,

0.4148 mmol) as ligand and no base as deprotonating agent.

61.6 mg (36 %) green powder

EA (found (calculated), %): C: 62.07 (62.48), H: 4.35 (3.93), N: 11.87 (12.14)

IR (ATR, cm™1): 1598 (vc=n), 1533 (ve=n), 1390 (vc-o), 982 (Vv=0), 567 (Vv-0), 501 (Vv.N)
UV/VIS (nm (ex[m%/mol]): 260 (3.39E+05), 329 (2.48E+05), 348 (2.51E+05), 406 (2.41E+05)

5.4.3.3 Synthesis of lic

CooH2oN4O3V
441.38 g/mol

Figure 89: Synthesis of lic
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llc was synthesized, using VO(acac); (64.0 mg, 0.2415 mmol) as metal precursor, 1l (100 mg,

0.2656 mmol) as ligand and EtsN (0.07 ml, 0.5313 mmol) as deprotonating agent.
38.4 mg (36 %) dark green powder

EA (found (calculated), %): C: 59.59 (59.87), H: 5.46 (5.02), N: 12.69 (12.69)

IR (ATR, cm™): 1603 (vc=n), 1560 (ve=n), 1361 (vc-o), 995 (vv=0), 561 (vv-0), 484 (Vv-N)

UV/VIS (nm (ex[m2/mol]): 266 (7.87E+05), 306 (2.98E+05)
0.0

L0

CC

N

o~ O

5.4.3.4 Synthesis of llic

N 7
<
o/g\o

=

¢

lllc
CagH1gN20O7V
545.40

Figure 90: Synthesis of llic

Ilic was synthesized, using VO(acac), (46.0 mg, 0.1734 mmol) as metal precursor, lll (100 mg,

0.2081 mmol) as ligand and EtsN (0.07 ml, 0.5202 mmol) as deprotonating agent.
29.3 mg (31 %) olive green powder
EA (found (calculated), %): C: 61.49 (61.66), H: 3.68 (3.33), N: 5.23 (5.11)

IR (ATR, cm™): 1602 (vc=n), 1563 (vc=n), 1388 (vc-0), 932 (Vv=0), 534 (Vv-0), 498 (Vv-N)
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5.4.3.5 Synthesis of IVc

P )
N/ o

~
/oO

N
Ly
N

)

®)

Ogii

Ve
CogH24NoO7V
551.45 g/mol

Figure 91: Synthesis of IVc

IVc was synthesized, using VO(acac); (99.1 mg, 0.3737 mmol) as metal precursor, IV (200 mg,
0.4111 mmol) as ligand and EtsN (0.11 ml, 0.8221 mmol) as deprotonating agent.

80.6 mg (39 %) light green powder
EA (found (calculated), %): C: 60.50 (60.99), H: 4.52 (4.39), N: 5.11 (5.08)

IR (ATR, cm™): 1696 (vc=n), 1567 (vc=n), 1268 (vc-o), 931 (vv=0), 549 (vv-0), 486 (Vv-N)
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6 Conclusion and Outlook

Over the course of this research, the researchers synthesized new tetradentate Schiff base
ligands, which carry rigid building blocks, such as pyrazoline-derivatives, in their structure. Due
to large aromatic building blocks and a higher rigidity of the ligand system, high fluorescence
intensities were achieved in the final coordination compounds, due to the fact that non-
radiative relaxation can be reduced, when motion within the molecules is inhibited. Since the
used ligands carry hydroxyl-groups in their structures, which are involved in the formation of
coordination compounds, the deprotonation thereof is a necessary step in the synthesis
approach. The absence of these protons could even be observed in the 'H NMR spectra of the
coordination compounds. As a result, different bases were tested with regard to their
deprotonation-abilities, and EtsN was found to provide the best results for the coordination
of most metals. Since zinc compounds of the tetradentate Schiff bases were found to show
the ability to form dynamic interactions to N-heterocycles, the possibility of an applicability of
this system to be used as recognition sites for more functional molecules, which are important
in biological systems (such as purines or imidazoles), is of great interest. This feature, in
combination with an efficient luminescent behaviour of the coordination compounds

themselves, enables its usage as specific sensor material.

Through the introduction of coumarin-building blocks into these tetradentate Schiff-bases,
special photochemical properties were achieved in the coordination compounds of zinc and
cadmium, leading to their easy applicability as laser dyes, fluorescent colours, and sensitizers
in phototherapy. Coumarins as ligands, especially for rare earth metals like europium,

exhibited very characteristic luminescence spectra with a line-like shape.

Finally, a new hexadentate pyridine-type ligand was synthesized, carrying phenanthroline-
moieties in its structure. A higher rigidity of this structural part has a positive influence on the
fluorescence behaviour of its lanthanide coordination compounds. Moreover, the m-aromatic
system is expanded in the new ligand, which leads to higher fluorescence quantum vyields
through a better uptake of the energy of the absorbed light. Further research of coordination

compounds of this ligand with rare earth metals is already in progress.
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7 Appendix

7.1 UV/VIS spectra - detailed results

Table 12: Summarized data of the UV/VIS spectra of |

¢ [mol/1]
4.04E-05
3.23E-05
2.42E-05
1.61E-05
4.04E-05
3.23E-05
2.42E-05
1.61E-05

Absorbance

250 300 350

Amax [nm]

272

344

400 450

wavelgenth [nm]

500

A
1.02
0.88
0.64
0.43
0.73
0.64
0.47
0.32

Absorbance

1,2
1,0
0,8
0,6
0,4
0,2
0,0

€ [m2/mol]
2.52E+06
2.72E+06
2.63E+06
2.65E+06
1.82E+06
1.97E+06
1.94E+06
1.98E+06

@ & [m2/mol]

2.63E+06

1.93E+06

1,0E-05 2,0E-05 3,0E-05 4,0E-05 5,0E-05

Concentration [mol/I]

Figure 92: LEFT: UV/VIS-spectra of |, recorded with different concentrations (4.04E-05 / blue, 3.23E-05 / red,
2.42E-05 / grey, 1.61E-05 / violet); RIGHT: linear regression of the maxima at 272 nm (black) and 344 nm

(red)

Table 13: Summarized data of the UV/VIS spectra of la

¢ [mol/I]
2.62E-05
1.31E-05
3.27E-05
1.96E-05
2.62E-05
1.31E-05
3.27E-05
1.96E-05
2.62E-05
1.31E-05
3.27E-05
1.96E-05
2.62E-05
1.31E-05
3.27E-05
1.96E-05

A [nm]

261

299

326

343

A
0.65
0.35
0.79
0.51
0.64
0.33
0.79
0.50
0.59
0.30
0.71
0.45
0.61
0.31
0.72
0.47

€ [m2/mol]
2.48E+06
2.63E+06
2.41E+06
2.61E+06
2.45E+06
2.50E+06
2.41E+06
2.53E+06
2.26E+06
2.28E+06
2.16E+06
2.30E+06
2.33E+06
2.37E+06
2.19E+06
2.37E+06

@ € [m%/mol]

2.54E+06

2.47E+06

2.25E+06

2.32E+06
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2.62E-05 0.74 2.84E+06
1.31E-05 0.38 2.91E+06
3.27E-05 400 0.84 2.58E+06 2.80E+06
1.96E-05 0.56 2.87E+06
2.62E-05 0.45 1.71E+06
1.31E-05 0.22 1.71E+06
451 1.69E+06
3.27E-05 0.53 1.63E+06
1.96E-05 0.34 1.73E+06
1 1,0
v 08 v 08 e
(8) (S} .,,"' '''''
S 06 S 06 Tl T
= 2 gt"'.‘.'-'-""
o w o ettt
204 | 204 gttt
<02 < 0,2
0 0,0
250 350 450 550 1,E-05 2,E-05 2,E-05 3,E-05 3,E-05 4,E-05

wavelgenth [nm]

Concentration [mol/I]

Figure 93: LEFT: UV/VIS-spectra of la, recorded with different concentrations (3.27E-05 / grey, 2.62E-05 /
blue, 1.96E-05 / violet, 1.31E-05 / red); RIGHT: linear regression of the maxima at 261 nm (black), 299 nm
(red), 326 nm (green), 343 nm (violet), 400 nm (light blue) and 451 nm (orange)

Table 14: Summarized data of the UV/VIS spectra of Ib

¢ [mol/1]
2,96E-05
1,48E-05
2,22E-05
3,70E-05
2,96E-05
1,48E-05
2,22E-05
3,70E-05
2,96E-05
1,48E-05
2,22E-05
3,70E-05
2,96E-05
1,48E-05
2,22E-05
3,70E-05
2,96E-05
1,48E-05
2,22E-05
3,70E-05

A [nm]

262

298

344

400

450

A
0,78
0,42
0,58
0,97
0,58
0,30
0,42
0,72
0,46
0,26
0,36
0,58
0,67
0,36
0,50
0,83
0,38
0,19
0,27
0,48

€ [m%/mol] @ € [m%/mol]
2,64E+06
2,83E+06
2,61E+06
2,62E+06
1,96E+06
2,04E+06
1,90E+06
1,94E+06
1,54E+06
1,77E+06
1,63E+06
1,57E+06
2,26E+06
2,45E+06
2,27E+06
2,25E+06
1,30E+06
1,31E+06
1,22E+06
1,29E+06

2,67E+06

1,96E+06

1,63E+06

2,31E+06

1,28E+06

Table 15: Summarized data of the UV/VIS spectra of Ic

¢ [mol/1]
2,17E-04
1,73E-04
2,60E-04
1,30E-04

A [nm]

260

A
0,72
0,60
0,86
0,45

€ [m%/mol] @ & [m2/mol]
3,32E+05
3,44E+05
3 30E+05 3,39E+05
3,49E+05
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2,17E-04
1,73E-04
2,60E-04 329
1,30E-04
2,17E-04
1,73E-04
2,60E-04 348
1,30E-04
2,17E-04
1,73E-04
2,60E-04 4e0
1,30E-04
1
o 08
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G 06
2
Q04
el
< 0,2
0
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wavelgenth [nm]

0,53
0,43
0,65
0,32
0,54
0,44
0,65
0,33
0,52
0,42
0,62
0,31

550

Absorbance

0,9
0,8
0,7
0,6
0,5
0,4
0,3

1,E-04

2,46E+05
2,50E+05
2,48E+05
2,45E+05
2,48E+05
2,54E+05
2,49E+05
2,51E+05
2,38E+05
2,44E+05
2,40E+05
2,41E+05

o’

2,E-04

2,48E+05

2,51E+05

2,41E+05

l““v
(]

2,E-04  3,E-04

Concentration [mol/I]

3,E-04

Figure 94: LEFT: UV/VIS-spectra of Ic, recorded with different concentrations (2.60E-05 / grey, 2.17E-05 /
blue, 1.73E-05 / red, 1.30E-05 / violet); RIGHT: linear regression of the maxima at 260 nm (black), 329 nm
(red), 348 nm (green) and 406 nm (violet)

Table 16: Summarized data of the UV/VIS spectra of II

c [mol/1] A [nm]

2,92E-05
3,65E-05
1,46E-05
2,19E-05
2,92E-05
3,65E-05
1,46E-05
2,19E-05

P
N

Absorbance

o O o o

o N M O

250 300 350 400
wavelgenth [nm]

271

341

450

A
0,83
1,03
0,41
0,61
0,68
0,83
0,35
0,51

500

Absorbance

1,2
1,0
0,8
0,6
0,4
0,2
0,0

e[m?/mol] @

2,84E+06
2,83E+06
2,83E+06
2,79E+06
2,32E+06
2,26E+06
2,38E+06
2,32E+06

1,E-05

2,E-05

€ [m%/mol]

2,82E+06

2,32E+06

. .o
,,,,,
. .
. .
. .
. o

3,E-05

Concentration [mol/I]

4,E-05

Figure 95: LEFT: UV/VIS-spectra of Il, recorded with different concentrations (3.65E-05 / red, 2.92E-05 / blue,
2.19E-05 / violet, 1.46E-05 / grey); RIGHT: linear regression of the maxima at 271 nm (black) and 341 nm

(red)
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Table 17: Summarized data of the UV/VIS spectra of lla
¢ [mol/1] A [nm] A g[m2/mol] @ & [m%/mol]
4,32E-05 0,55 1,27E+06
1,73E-05 0,22 1,26E+06
6,91E-05 260 0,82 1,19E+06 1,25€+06
2,59E-05 0,33 1,27E+06
4,32E-05 0,55 1,27E+06
1,73E-05 0,21 1,22E+06
6,91E-05 295 0,85 1,23E+06 1,24E+06
2,59E-05 0,32 1,24E+06
4,32E-05 0,54 1,25E+06
1,73E-05 0,21 1,24E+06
6,91E-05 342 0,81 1,17E+06 1,23£+06
2,59E-05 0,33 1,26E+06
4,32E-05 0,60 1,39E+06
1,73E-05 0,25 1,43E+06
U ’ U 1 E
6,91E-05 393 0,89 1,29E406 38E+06
2,59E-05 0,37 1,42E+06
4,32E-05 0,40 9,16E+05
1,73E-05 0,16 9,31E+05
6,91E-05 451 0,61 8,76E+05 9,10E+05
2,59E-05 0,24 9,16E+05
1 1,0

o 0,8 o 0,8

[S) (&}

& 0,6 S 06

2 2

304 304

o) Q0

<02 <02

0 0,0
250 350 450 550 1,E-05 3,E-05 5,E-05 7,E-05 9,E-05

wavelgenth [nm]

Concentration [mol/I]

Figure 96: LEFT: UV/VIS-spectra of lla, recorded with different concentrations (6.91E-05 / grey, 4.32E-05 /
blue, 2.59E-05 / violet, 1.73E-05 / red); RIGHT: linear regression of the maxima at 260 nm (black), 295 nm
(red), 342 nm (green), 393 nm (violet) and 451 nm (turquois)

Table 18: Summarized data of the UV/VIS spectra of llb

¢ [mol/1]
2,26E-05
3,62E-05
4,52E-05
6,33E-05
2,26E-05
3,62E-05
4,52E-05
6,33E-05
2,26E-05
3,62E-05
4,52E-05
6,33E-05

A [nm]

261

346

386

A
0,32
0,51
0,65
0,88
0,24
0,36
0,45
0,61
0,27
0,41
0,52
0,70

€ [m%/mol]
1,40E+06
1,41E+06
1,43E+06
1,39E+06
1,05E+06
1,00E+06
1,01E+06
9,65E+05
1,18E+06
1,15E+06
1,16E+06
1,11E+06

@ € [m%/mol]

1,41E+06

1,01E+06

1,15E+06
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Figure 97: LEFT: UV/VIS-spectra of llb, recorded with different concentrations (6.33E-05 / violet, 4.52E-05 /
grey, 3.62E-05 / red, 2.26E-05 / blue); RIGHT: linear regression of the maxima at 261 nm (black), 346 nm (red)
and 386 nm (green)

Table 19: Summarized data of the UV/VIS spectra of lic

¢ [mol/1]
3,62E-05
5,44E-05
7,25E-05
9,06E-05
3,62E-05
5,44E-05
7,25E-05
9,06E-05
0,8
o 0,6
[S)
c
O
204
1<)
(%]
o)
< 0,2
o
250 350

A [nm]

266

306

450

wavelgenth [nm]

550

A
0,28
0,43
0,58
0,72
0,28
0,44
0,59
0,72

Absorbance

0,8
0,7
0,6
0,5
0,4
0,3
0,2

€ [m%/mol]
7,70E+05
7,90E+05
7,95E+05
7,91E+05
7,85E+05
8,03E+05
8,12E+05
7,92E+05

@ & [m%/mol]

7,87E+05

7,98E+05

3,0E-05 5,0E-05 7,0E-05 9,0E-05 1,1E-04

Concentration [mol/I]

Figure 98: LEFT: UV/VIS-spectra of lic, recorded with different concentrations (9.06E-05 / violet, 7.25E-05 /
grey, 5.44E-05 / red, 3.62E-05 / blue); RIGHT: linear regression of the maxima at 266 nm (black) and 306 nm

(red)

Table 20: Summarized data of the UV/VIS spectra of 8

¢ [mol/1]
2,21E-05
3,32E-05
6,64E-05
1,11E-05

A [nm]

334

A
0,35
0,55
0,74
0,19

€ [m%/mol]
1,59E+06
1,65E+06
1,12E+06
1,73E+06

@ € [m%/mol]

1,52E+06
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2,21E-05 0,45 2,05E+06
3,32E-05 0,71 2,14E+06
6,64E-05 335 0,98 1,47E+06 1,98E+06
1,11E-05 0,25 2,25E+06
1,2 1,2
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wavelgenth [nm]
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Figure 99: LEFT: UV/VIS-spectra of 8, recorded with different concentrations (6.64E-05 / grey, 3.32E-05 / red,
2.21E-05 / blue, 1.11E-05 / violet); RIGHT: linear regression of the maxima at 334 nm (black) and 272 nm

14
1,2

0,8
0,6
0,4
0,2

Absorbance

(red)

Table 21: Summarized data of the UV/VIS spectra of 8a

¢ [mol/1]
1,21E-05
2,42E-05
3,63E-05
4,85E-05
1,21E-05
2,42E-05
3,63E-05
4,85E-05
1,21E-05
2,42E-05
3,63E-05
4,85E-05

250 350

A [nm] A
0,26
0,48
0,65
0,88
0,29
0,56
0,77
1,04
0,32
0,62
0,85
1,21

260

402

403

Absorbance

450 550

wavelgenth [nm]

1,4
1,2
1,0
0,8
0,6
0,4
0,2
0,0

g€ [m2/mol] = @ & [m%/mol]
2,14E+06
1,98E+06
1,79E+06
1,81E+06
2,40E+06
2,32E+06
2,12E+06
2,14E+06
2,66E+06
2,54E+06
2,34E+06
2,49E+06

1,93E+06

2,25E+06

2,51E+06

oe .
. .o
.....
.o

.
.....
.
.o
.o

e%ee’
s%ee
PR
[

1,E-05 2,E-05 3,E-05 4,E-05 5,E-05

Concentration [mol/L]

Figure 100: LEFT: UV/VIS-spectra of 8a, recorded with different concentrations (4.85E-05 / violet, 3.63E-05 /
grey, 2.42E-05 / red, 1.21E-05 / blue); RIGHT: linear regression of the maxima at 260 nm (green, 402 nm
(black) and 297 nm (red)



98 Appendix

Table 22: Summarized data of the UV/VIS spectra of 8b

¢ [mol/1] A [nm] A g€ [m2/mol] @ & [m%/mol]
2,46E-05 0,74 2,99E+06
4,92E-05 1,31 2,65E+06
- 260 : - 2,89E+06
1,23E-05 0,36 2,96E+06
3,69E-05 1,09 2,96E+06
2,46E-05 0,60 2,45E+06
4,92E-05 1,12 2,27E+06
1,23E-05 400 0,34 2,78E+06 2,50E+06
3,69E-05 0,92 2,51E+06
2,46E-05 0,61 2,47E+06
4,92E-05 1,27 2,58E+06
+
1,23E-05 401 0,39 3,16E+06 2,74E+06
3,69E-05 1,01 2,74E+06
15 1,5
@
) ] R )
e 1 e 10 o
© © Rt
= 2 e
[e) [e) ....5'.-
305 305 A
<C <C @l.
0 0,0
250 350 450 550 0,E+00 2,E-05 4,E-05 6,E-05
wavelgenth [nm] Concentration [mol/I]

Figure 101: LEFT: UV/VIS-spectra of 8b, recorded with different concentrations (4.92E-05 / red, 3.69E-05 /
violet, 2.46E-05 / blue, 1.23E-05 / grey); RIGHT: linear regression of the maxima at 260 (green), 400 nm
(black) and 294 nm (red)

Table 23: Summarized data of the UV/VIS spectra of 8c

¢ [mol/I] A [nm] A € [m2/mol] @ & [m2/mol]
1,36E-05 0,34 2,48E+06
2,73E-05 0,64 2,33E+06
4,09E-05 261 0,93 2,27E+06 2,36E+06
3,41E-05 0,80 2,34E+06
1,36E-05 0,24 1,77E+06
2,73E-05 0,46 1,68E+06
: 406 - : 1,73E+06
4,09E-05 0,70 1,70E+06
3,41E-05 0,60 1,75E+06
1,36E-05 0,29 2,09E+06
2,73E-05 0,56 2,06E+06
4,09E-05 407 0,85 2,07E+06 2,09E+06

3,41E-05 0,72 2,12E+06
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Figure 102: LEFT: UV/VIS-spectra of 8c, recorded with different concentrations (4.09E-05 / grey, 3.41E-05 /
violet, 2.73E-05 / red, 1.36E-05 / blue); RIGHT: linear regression of the maxima at 261 nm (green), 406 nm
(black) and 312 nm (red)

7.2

X-ray — detailed results

7.2.1 la pyridine

Table 24: Crystal data and structure refinement for la pyridine

Ia pyridine
Empirical formula Cs2 H20 Ns 02 Zn
Formula weight 571.90
Temperature 101(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Absolute structure parapmeter
Extinction coefficient

Largest diff. peak and hole

a=9.6033(16) A, o= 98.938(5)°.
b =12.542(2) A, B=93.618(5)".
c=23.588(4) A, y=106.777(5)°.
2669.6(8) A3

4

1.423 Mg/m?

0.959 mm*

1172

0.550 x 0.490 x 0.200 mm?
0.880 to 30.614°.

-13<=h<=13, -17<=k<=17, -33<=I<=33
87009

16401 [R(int) = 0.0635]

100.0 %

Full-matrix least-squares on F?
16401/ 0/ 750

0.866

R1=0.0515, wR2 = 0.1278
R1=0.0858, wR2 = 0.1559

n/a
1.024 and -1.712 e.A3
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Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A2x 103) for la

pyridine. U(eq) is defined as one third of the trace of the orthogonalized U tensor:

X y z U(eq)
Zn(01) 13746(1) 9060(1) 9154(1) 15(1)
Zn(02) 3478(1) 3213(1) 5295(1) 30(1)
0(1) 1400(3) 3147(3) 5230(1) 66(1)
0(003) 14740(2) 8147(2) 9539(1) 18(1)
0(004) 15131(2) 9361(2) 8578(1) 23(1)
0(005) 3556(2) 2878(2) 4453(1) 35(1)
N(1) 11636(2) 10792(2) 10342(1) 16(1)
N(00A) 5728(2) 4188(2) 5372(1) 20(1)
N(00B) 11256(2) 11652(2) 10154(1) 18(1)
N(00C) 3706(2) 4122(2) 6143(1) 22(1)
N(00D) 7470(2) 5450(2) 6204(1) 26(1)
N(OOE) 7376(3) 5803(2) 6774(1) 27(1)
N(2) 12848(2) 9384(2) 9941(1) 15(1)
N(007) 13141(2) 10516(2) 9030(1) 16(1)
N(009) 11937(2) 7783(2) 8669(1) 18(1)
C(0OF) 12263(2) 10260(2) 9935(1) 15(1)
C(00G) 12603(3) 8690(2) 10307(1) 16(1)
c(oo1) 13235(3) 7793(2) 10315(1) 16(1)
c(00J) 14303(3) 7590(2) 9946(1) 15(1)
C(00K) 13618(3) 11146(2) 8657(1) 19(1)
c(ooL) 12327(2) 10816(2) 9466(1) 15(1)
C(oom) 5168(3) 4692(2) 6337(1) 19(1)
C(OON) 11657(3) 11674(2) 9621(1) 17(1)
C(000) 15363(3) 10124(2) 8247(1) 18(1)
C(00P) 11333(3) 12518(2) 9306(1) 21(1)
c(00Q) 12822(3) 7114(2) 10740(1) 21(1)
C(OOR) 14928(3) 6735(2) 10056(1) 18(1)
C(00S) 6157(3) 3459(2) 4410(1) 22(1)
C(00T) 6167(3) 4768(2) 5932(1) 21(1)
C(oou) 14628(3) 10961(2) 8255(1) 20(1)
c(oov) 10677(3) 7405(2) 8891(1) 22(1)
c(oow) 5898(3) 6576(2) 7789(1) 24(1)
C(00X) 16437(3) 10144(2) 7857(1) 23(1)
c(oay) 11549(3) 10680(2) 10944(1) 20(1)
C(002) 14505(3) 6103(2) 10476(1) 22(1)
C(01A) 4687(3) 2870(2) 4178(1) 25(1)
C(01B) 12009(3) 7362(2) 8115(1) 27(1)
c(01C) 7301(3) 3398(3) 4070(1) 32(1)
c(01D) 8877(3) 5854(3) 5988(1) 32(1)
C(01E) 5986(3) 5333(2) 6863(1) 21(1)
C(01F) 11493(3) 13610(2) 9603(1) 29(1)
C(01G) 9516(3) 6212(3) 8000(1) 33(1)
C(01H) 7055(3) 2772(3) 3524(1) 31(12)
c(o11) 4174(3) 4716(2) 8186(1) 27(1)
c(o1)) 14975(4) 11740(3) 7877(1) 32(1)
C(01K) 1124(3) 3722(3) 6232(1) 36(1)
c(o1L) 135(3) 3775(3) 6646(2) 39(1)
c(01Mm) 10821(4) 6576(3) 7772(1) 37(1)
C(01N) 3778(4) 1445(3) 6000(1) 38(1)
C(010) 5619(4) 2204(3) 3293(1) 37(1)
C(01P) 16007(4) 11732(3) 7502(1) 37(1)
Cc(01Q) 10492(4) 13045(3) 8438(2) 39(1)
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C(01R) 11171(4) 14410(3) 9315(2) 40(
C(01T) -1354(4) 3319(4) 6506(2) 49(
C(01U) 589(4) 3216(4) 5648(2) 54(
C(01V) 10680(4) 14127(3) 8733(2) 45(
C(01W) 3726(5) ) 6136(2) 50(
C(01X) 4479(4) 2250(4) 3606(1) 47(
C(012) -1882(4) 2834(5) 5943(2) 65(
Cc(3) 4225(9) -357(6) 5771(3) 46(
C(4) 4390(12) -115(6) 5237(4) 65(
c(7) 4164(10) 860(6) 5108(3) 48(
c2) 2658(9) -461(6) 5728(3) 48(
N(4) 3206(6) 1731(4) 5508(2) 22(
C(5) 1971(11) -253(6) 5247(4) 69(
C(6) 2279(9) 839(6) 5147(4) 53(
C(8) 9431(4) 9093(4) 6460(2) 56(
C(9) 10632(8) 9684(6) 7397(3) 105(
C(10) 11012(6) 10702(5) 7363(5) 119(
C(010) 5398(3) 6712(2) 8327(1) 25(
C(11) 10664(11) 11013(6) 6907(6) 143(
C(011) 9444(3) 6623(2) 8572(1) 28(
C(12) 9795(8) 10205(9) 6398(3) 118(
C(012) 4521(3) 5788(2) 8521(1) 24(
C(13) 6592(3) 4117(2) 4979(1) 27(
C(013) 13421(3) 6272(2) 10822(1) 24(
C(014) 5522(3) 5505(2) 7442(1) 21(
C(015) 2649(3) 4240(3) 6436(1) 26(
C(017) 4670(3) 4575(2) 7649(1) 24(
C(018) 10823(3) 12242(2) 8721(1) 25(
C(019) 16746(3) 10922(3) 7496(1) 29(
C(020) -963(4) 2797(5) 5522(2) 75(
C(021) 9833(6) 8842(4) 6963(2) 68(
N(5) 3800(5) 1602(4) 5493(2) 19(
7.2.2 la DMSO

Table 25: Crystal data and structure refinement for la DMSO

Ia DMSO
Empirical formula C24 Hig N2 02 So.25 Zn
Formula weight 467.81
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group Cc2

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

a=29.771(6) A, o= 90°.

b = 6.7978(14) A, B=115.210(4)".
c=13.175(3) A, y = 90°.
2412.5(9) A3

4

1.288 Mg/m3

1.065 mm™

960

0.570 x 0.500 x 0.220 mm?3

1.512 to 36.422°.

-48<=h<=49, -11<=k<=11, -22<=|<=22

24626
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Independent reflections 11728 [R(int) = 0.0527]
Completeness to theta = 25.242° | 99.9 %

Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 11728 /1/319
Goodness-of-fit on F2 1.028

Final R indices [[>2sigma(I)] R1=0.0424, wR2 = 0.1068

R indices (all data) R1=0.0482, wR2 =0.1100
Absolute structure parapmeter 0.275(5)

Extinction coefficient n/a

Largest diff. peak and hole 0.852 and -0.800 e.A

Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A2x 10%) for la

DMSO. U(eq) is defined as one third of the trace of the orthogonalized U tensor:

X y z U(eq)
Zn(1) 6477(1) 3756(1) 6506(1) 14(1)
s(1) 6238(1) 8524(1) 6381(1) 27(1)
0(1) 5787(1) 3233(3) 6255(1) 18(1)
C(1) 6669(1) 3397(3) 4481(2) 15(1)
0(2) 6350(1) 3588(4) 4917(1) 20(1)
N(2) 7224(1) 2968(3) 6978(2) 14(1)
C(2) 6507(1) 3752(4) 3318(2) 18(1)
N(3) 6690(1) 2847(3) 8219(2) 15(1)
0(3) 6571(1) 6739(3) 6801(2) 23(1)
c(3) 6818(1) 3505(3) 2796(2) 20(1)
N(4) 7522(1) 2651(3) 9853(2) 16(1)
C(4) 7312(1) 2898(4) 3397(2) 20(1)
C(5) 7484(1) 2589(3) 4532(2) 17(1)
N(5) 8000(1) 2650(3) 9992(2) 16(1)
C(6) 7178(1) 2839(3) 5098(2) 14(1)
c(7) 7422(1) 2605(3) 6297(2) 14(1)
C(8) 5589(1) 2856(3) 6947(2) 15(1)
C(9) 5064(1) 2895(4) 6535(2) 20(1)
c(oay) 6024(2) 8499(8) 4884(4) 72(2)
C(002) 5674(2) 7949(6) 6467(6) 71(2)
C(10) 4830(1) 2450(4) 7216(2) 24(1)
C(11) 5102(1) 1916(5) 8340(2) 27(1)
C(12) 5611(1) 1864(5) 8769(2) 24(1)
C(13) 5866(1) 2354(3) 8110(2) 17(1)
C(14) 6398(1) 2291(3) 8664(2) 17(1)
C(15) 7202(1) 2755(3) 8754(2) 14(1)
C(16) 7485(1) 2806(3) 8141(2) 14(1)
C(17) 7988(1) 2729(3) 8964(2) 15(1)
C(18) 8467(1) 2732(3) 8880(2) 16(1)
C(19) 8545(1) 3907(4) 8103(2) 19(1)
C(20) 9001(1) 3889(5) 8048(2) 25(1)
c(21) 9384(1) 2681(5) 8763(3) 30(1)
C(22) 9308(1) 1517(4) 9540(3) 27(1)
C(23) 8855(1) 1560(4) 9613(2) 21(1)
C(24) 7426(1) 2759(4) 10844(2) 18(1)
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7.2.3 lla DMSO

Table 26: Crystal data and structure refinement for lla DMSO

IIa DMSO
Empirical formula C24 H2e N2 O3S Zn
Formula weight 489.71
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P21/c

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?2

Final R indices [[>2sigma(I)]
Rindices (all data)

Extinction coefficient

Largest diff. peak and hole

a=7.245A, o=90°.

b =24.848 A, B=97.75°.
c=13.384 A, y=90".
2387.2 A3

4

1.363 Mg/m3

1.147 mm™

968

0.430 x 0.450 x 0.190 mm?
2.246 to 33.647°.
-9<=h<=11, -38<=k<=38, -20<=I<=20
31915

9387 [R(int) = 0.0825]
100.0 %

Full-matrix least-squares on F?
9387/0/304

0.768

R1=0.0493, wR2 = 0.1225
R1=0.0979, wR2 = 0.1611
n/a

0.728 and -0.761 e.A3

Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A2x 103) for lla

DMSO. U(eq) is defined as one third of the trace of the orthogonalized U' tensor:

Zn(1) 7260(1)
(1) 5862(3)
S(1) 4150(1)
0(1) 9009(3)
N(1) 6738(3)
0(2) 8144(3)
c(2) 5716(3)
N(2) 6505(3)
N(3) 5030(3)
0(3) 4800(3)
Cc(3) 4710(4)
N(4) 4326(3)
C(4) 4000(4)
C(9) 7219(3)
C(8) 4819(4)
Cc(7) 2597(5)

z U(eq)
4553(1) 13(1)
3122(2) 12(1)
5195(1) 19(1)
5710(1) 15(1)
4113(2) 13(1)
4655(1) 17(1)
2519(2) 12(1)
2970(2) 13(1)
2549(2) 14(1)
5142(2) 18(1)
1573(2) 14(1)
1612(2) 15(1)

606(2) 18(1)
4671(2) 14(1)
2768(2) 16(1)

-69(2) 26(1)
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C(6) 2986(4) 6493(1) 843(2) 24(1)
C(5) 5622(5) 6093(1) 8(2) 25(1)
C(10) 8227(3) 4989(1) 5673(2) 12(1)
C(11) 8444(4) 4493(1) 6201(2) 16(1)
C(12) 9409(4) 4454(1) 7163(2) 18(1)
C(13) 10226(4) 4922(1) 7626(2) 18(1)
C(14) 10081(4) 5406(1) 7129(2) 15(1)
C(15) 9077(3) 5466(1) 6135(2) 13(1)
C(16) 6945(4) 6722(1) 2468(2) 15(1)
C(17) 7682(4) 7223(1) 2900(2) 15(1)
C(18) 7883(4) 7646(1) 2201(2) 18(1)
C(19) 8455(4) 8157(1) 2517(2) 21(1)
C(20) 8835(4) 8258(1) 3560(2) 20(1)
c(21) 8693(4) 7852(1) 4258(2) 16(1)
C(22) 8152(3) 7321(1) 3961(2) 14(1)
C(23) 2345(4) 6909(1) 5983(2) 25(1)
C(24) 2761(5) 7060(2) 4002(3) 33(1)
7.2.4 8b DMSO

Table 27: Crystal data and structure refinement for 8b DMSO

8b DMSO
Empirical formula Caa Hao Cd2 N4 Og S
Formula weight 1009.72
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1
Unit cell dimensions a=9.0108(13) A, o= 71.395(5)°
b =10.2831(15) A, p=90°.
¢ =11.5105(16) A, y = 90°.
Volume 1010.8(3) A3
Z 1
Density (calculated) 1.659 Mg/m?®
Absorption coefficient 1.210 mm™?
F(000) 508
Crystal size 0.390 x 0.320 x 0.150 mm?
Theta range for data collection 1.867 to 41.028°.
Index ranges -16<=h<=16, -15<=k<=18, -20<=I<=21
Reflections collected 26047
Independent reflections 11017 [R(int) = 0.1110]
Completeness to theta = 25.242° | 63.4 %
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 11017/0/ 264
Goodness-of-fit on F? 0.595
Final R indices [I>2sigma(l)] R1 =0.0510, wR2 = 0.1055
R indices (all data) R1 =0.1482, wR2 = 0.1576
Extinction coefficient n/a
Largest diff. peak and hole 1.373 and -1.517 e. A3
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7.25 Ic
Table 28: Crystal data and structure refinement for Ic

lc

Empirical formula C2s His Na O3V

Formula weight 461.36

Temperature 100 K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2i/c

Unit cell dimensions a=12.233(4) A, a=90°.
b =17.377(6) A, b = 105.560(9)°.
c=9.676(3) A, g = 90°.

Volume 1981.5(11) A3

VA 4

Density (calculated) 1.547 Mg/m?3

Absorption coefficient 0.538 mm!

F(000) 948

Crystal size 0.12 x 0.08 x 0.05 mm?

Theta range for data collection 2.088 to 27.908".

Index ranges -16<=h<=16, -22<=k<=22, -12<=I<=12

Reflections collected 30537

Independent reflections 4715 [R(int) = 0.2385]

Completeness to theta = 25.242° 99.9 %

Absorption correction Semi-empirical from equivalents

Refinement method Full-matrix least-squares on F?

Data / restraints / parameters 4715/0/ 290

Goodness-of-fit on F2 1.005

Final R indices [I>2sigma(l)] R1=0.0819, wR2 =0.1247

R indices (all data) R1=0.1916, wR2 = 0.1547

Extinction coefficient n/a

Largest diff. peak and hole 0.441 and -0.592 e.A3

Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A2x 103) for Ic.

U(eq) is defined as one third of the trace of the orthogonalized Ul tensor:

X y z U(eq)
V(1) 4454(1) 5682(1) 6712(1) 15(1)
0(1) 6039(3) 5927(2) 7354(3) 20(1)
0(2) 4421(3) 6210(2) 4967(3) 22(1)
0(3) 3813(3) 6187(2) 7622(3) 19(1)
N(1) 3195(3) 4965(2) 5479(4) 12(1)
N(2) 4849(3) 4657(2) 7895(4) 14(1)
N(3) 2766(3) 3131(2) 7048(4) 16(1)
N(4) 3753(3) 3419(2) 7902(4) 15(1)
C(1) 3545(4) 6315(3) 3818(5) 17(1)
C(2) 2611(4) 5804(2) 3411(4) 13(1)
C(3) 1752(4) 5938(3) 2129(5) 16(1)
C(4) 1798(4) 6564(3) 1287(5) 16(1)
C(5) 2708(4) 7070(3) 1688(5) 19(1)
C(6) 3563(4) 6951(3) 2926(5) 18(1)
C(7) 2545(4) 5119(3) 4213(5) 15(1)
C(8) 6792(4) 5740(3) 8569(4) 15(1)
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c(9) 6660(4) 5089(3) 9412(5) 14(1)
C(10) 7534(4) 4913(3) 10638(5) 20(1)
c(11) 8488(4) 5349(3) 11071(5) 21(1)
C(12) 8596(4) 5988(3) 10258(5) 22(1)
C(13) 7772(4) 6184(3) 9035(5) 21(1)
C(14) 5732(4) 4562(3) 8995(5) 15(1)
C(15) 3981(4) 4120(2) 7419(5) 12(1)
C(16) 3116(4) 4276(3) 6207(4) 12(1)
C(17) 2372(4) 3643(2) 6016(5) 15(1)
C(18) 4359(4) 2964(3) 9136(5) 21(1)
C(19) 1280(4) 3513(3) 4905(4) 12(1)
C(20) 322(4) 3934(3) 4922(5) 23(1)
C(21) -693(4) 3819(3) 3895(5) 24(1)
C(22) -761(4) 3283(3) 2812(5) 20(1)
C(23) 195(4) 2859(3) 2790(5) 23(1)
C(24) 1206(4) 2970(3) 3841(5) 20(1)
7.2.61

Table 29: Crystal data and structure refinement for |

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

YA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

C20 H20 N4 O2 Zn

413.77

100(2) K

0.71073 A

Triclinic

P-1

a=7.2149(14) A, a = 88.47(3)".
b=11.313(2) A, b = 74.69(3)".
c=13.111(3) A, g = 72.77(3)".
984.3(4) A3

2

1.396 Mg/m?3

1.269 mm™

428

0.540 x 0.520 x 0.200 mm?
2.413 to 35.056°.
-11<=h<=11, -15<=k<=17, -21<=I<=21
11447

7066 [R(int) = 0.0277]

87.9%

Full-matrix least-squares on F?
7066/ 0/ 280

1.003

R1=0.0486, wR2 = 0.1389
R1=0.0722, wR2 = 0.1574
n/a

0.429 and -0.276 e.A’3
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Atomic coordinates (x 10) and equivalent isotropic displacement parameters (A2x 103) for I.

U(eq) is defined as one third of the trace of the orthogonalized U tensor:

X y z U(eq)
0(001) 7170(1) 573(1) 2906(1) 25(1)
0(002) 5719(1) 677(1) 8243(1) 24(1)
N(003) 3556(1) 3879(1) 4787(1) 15(1)
N(004) 5746(1) 1864(1) 4726(1) 14(1)
N(005) 4699(1) 2718(1) 7180(1) 14(1)
N(006) 2359(1) 4874(1) 5433(1) 15(1)
C(007) 5871(1) 2681(1) 8747(1) 14(1)
C(008) 7856(1) -236(1) 4542(1) 13(1)
C(009) 3992(1) 3394(1) 6370(1) 13(1)
C(00A) 6173(2) 1402(1) 8887(1) 17(1)
C(00B) 1286(1) 5476(1) 7303(1) 14(1)
c(00C) 5099(1) 3302(1) 7891(1) 14(1)
C(0ooD) 4546(1) 2949(1) 5309(1) 13(1)
C(OOE) 6706(2) 912(1) 5155(1) 14(1)
C(OOF) 338(2) 5051(1) 8259(1) 17(1)
C(00G) 2607(1) 4591(1) 6406(1) 14(1)
C(00H) 8057(2) -375(1) 3441(1) 16(1)
c(oo1) 9882(2) -2389(1) 4499(1) 18(1)
c(00J) 8787(2) -1270(1) 5052(1) 16(1)
C(00K) 806(2) 6751(1) 7169(1) 16(1)
c(ooL) 9185(2) -1502(1) 2881(1) 18(1)
c(oom) 10075(2) -2501(1) 3411(1) 18(1)
C(OON) 6961(2) 860(1) 9715(1) 21(1)
C(000) 3523(2) 3840(1) 3681(1) 19(1)
C(00P) 6396(2) 3381(1) 9439(1) 19(1)
c(00Q) -1088(2) 5898(1) 9044(1) 20(1)
C(OOR) 7445(2) 1570(1) 10392(1) 24(1)
C(00S) -621(2) 7594(1) 7955(1) 20(1)
C(00T) -1591(2) 7163(1) 8892(1) 22(1)
C(oou) 7181(2) 2832(1) 10256(1) 24(1)
7.2.7 11

Table 30: Crystal data and structure refinement for Il

Empirical formula C22 H24 N4 O2

Formula weight 376.45

Temperature 180(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P212124

Unit cell dimensions a=11.2965(4) A, a=90°.

b =11.9886(4) A, b = 90°.
c=15.4365(5) A, g = 90°.

Volume 2090.55(12) A3
YA 4

Density (calculated) 1.196 Mg/m3
Absorption coefficient 0.079 mm!

F(000) 800




Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.37
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

°

0.2x0.12 x 0.08 mm?
2.81t026.37°.

-14<=h<=14, -14<=k<=14, -18<=I<=19
40717

4264 [R(int) = 0.0267]

99.8 %

Semi-empirical from equivalents
0.957 and 0.898

Full-matrix least-squares on F?
4264 /0/259

1.068

R1=0.0298, wR2 = 0.0781
R1=0.032, wR2 =0.0798

0.149 and -0.176 e.A*

Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A2x 103) for II.

U(eq) is defined as one third of the trace of the orthogonalized Ul tensor:

X y z U(eq)
N(2) 542(1) 2871(1) 8982(1) 24(1)
N(1) 2851(1) 4086(1) 8537(1) 24(1)
0(1) -1454(1) 3429(1) 9683(1) 37(1)
0(2) 2829(1) 5851(1) 9561(1) 43(1)
N(4) 2554(1) 2996(1) 7207(1) 25(1)
N(3) 1772(1) 2246(1) 6880(1) 26(1)
C(1) -868(2) 3981(1) 11950(1) 42(1)
c(2) 320(2) 3720(1) 12018(1) 42(1)
C(3) 936(1) 3400(1) 11283(1) 34(1)
C(4) 369(1) 3312(1) 10483(1) 26(1)
C(5) 1047(1) 3010(1) 9717(1) 25(1)
C(6) 1223(1) 2747(1) 8228(1) 23(1)
C(7) 2261(1) 3307(1) 8026(1) 23(1)
c(8) 3986(1) 4074(1) 8611(1) 24(1)
C(9) 4613(1) 4889(1) 9133(1) 25(1)
C(10) 4020(1) 5749(1) 9576(1) 29(1)
C(11) 4667(1) 6528(1) 10045(1) 37(1)
C(12) 5886(1) 6459(1) 10072(1) 38(1)
C(13) -852(1) 3543(1) 10430(1) 30(1)
C(14) -1453(1) 3905(1) 11168(1) 38(1)
C(15) 6486(1) 5610(1) 9651(1) 37(1)
C(16) 5851(1) 4831(1) 9188(1) 30(1)
C(17) 963(1) 2088(1) 7496(1) 24(1)
C(18) -36(1) 1262(1) 7372(1) 32(1)
C(19) 66(1) 688(1) 6493(1) 38(1)
C(20) 19(2) 384(2) 8092(1) 65(1)
C(21) 3471(1) 3432(1) 6638(1) 34(1)
C(22) -1220(1) 1891(2) 7409(1) 53(1)
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7.2.8 1

Table 31: Crystal data and structure refinement for Il

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

YA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

C28 His N2 O¢

478.44

100(2) K

0.71073 A

Monoclinic

P2i/c

a=11.98(2) A, a=90°.

b = 14.01(3), A b= 107.13(4)°.
c=13.54(3), A g =90°
2171(8) A3

4

1.464 Mg/m?3

0.105 mm!

992

0.450 x 0.470 x 0.220 mm?3
1.779 to 28.837°.

-16<=h<=16, -18<=k<=18, -18<=I<=18

31831

5630 [R(int) = 0.0649]

99.7 %

Full-matrix least-squares on F?
5630/0/335

0.874

R1=0.0769, wR2 =0.2266
R1=0.1097, wR2 =0.2505
n/a

0.595 and -0.392 e.A

Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A2x 103) for III.

U(eq) is defined as one third of the trace of the orthogonalized Ul tensor:

X y z U(eq)
0(1) 8889(2) 6078(2) 7192(2) 23(1)
c(1) 8128(3) 3434(2) 7229(2) 18(1)
N(1) 8423(2) 4370(2) 7622(2) 18(1)
0(2) 6261(2) 5853(2) 6251(2) 20(1)
C(2) 7270(3) 3325(2) 6282(2) 17(1)
N(2) 6730(2) 4172(2) 5784(2) 19(1)
0(4) 5722(3) 5192(2) 2727(2) 33(1)
C(4) 7490(3) 1621(2) 6451(3) 22(1)
0(3) 8787(3) 5430(2) 10582(2) 32(1)
C(3) 6932(3) 2405(2) 5908(3) 21(1)
C(9) 8640(3) 5645(2) 8801(2) 19(1)
C(8) 7920(4) 4008(3) 9189(3) 29(1)
C(7) 8363(3) 4680(2) 8530(2) 20(1)
0o(6) 5778(2) 6667(2) 3260(2) 24(1)
C(6) 8706(3) 2640(3) 7753(3) 23(1)
0(5) 8921(2) 6895(2) 10088(2) 25(1)
C(5) 8387(3) 1732(2) 7361(3) 22(1)
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Abbreviations

111

8

abs
aliph
arom

bp

conc
DCM
dest

DMSO

EE
eq
Et,0
EtsN
EtOH

Ln

Abbreviations

absorbance
absolute

aliphatic

aromatic

boiling point
concentration [mol/I]
concentrated
dichloromethane
destillated
eimethyl sulfoxide
energy

ethyl acetate
equivalents
diethyl ether
triethylamine
ethanol

hour

Planck constant (h = 6.626 x 10734 Js) [109]

halide

intensity of the incident light [W/m?]

intensity of the transmitted light [W/m?]

internal conversion
isopropanol

infrared

intersystem crossing
joule

kelvin

litre

lanthanide



112 Abbreviations
M molar mass [g/mol]
Meli methyllithium
MeOH methanol
ml millilitre
MOF metal-organic framework
PCP porous coordination polymer
PE petrol ether
pH Lat.: “pondus hydrogenii”
ppm parts per million
Re-value retardation factor
RT room temperature
s seconds
sat saturated
tBuOK potassium tert-butoxide
TLC thin layer chromatography
TMS trimethyl silane
uv ultraviolet
VO(acac), vanadyl acetylacetonate
€ molar attenuation coefficient [m?2/mol]
A wavelength [nm]
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