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Abstract

Supramolecular chemistry is the science of non-covalent interactions between at least
two chemical units (e.g. ligands, metal complexes). Over the past decades, coordination
driven self-assembly of organic ligands with metal cations led to a high number of
discrete supramolecular nanostructures. [MiL2n] type coordination cages based on
square planar metal ions (e.g. Pd(ll), Pt(ll)) and so called banana-shaped ligands are
one example with a high research activity over the last years. High symmetric
supramolecular coordination structures with one type of ligand were already able to show

potentials for applications in medicine, sensing or catalysis.

The combination of more than one kind of ligands to form a defined heteroleptic assembly
is a relatively new subfield of supramolecular chemistry. Heteroleptic assemblies enable
implementation of more than one function into a cage structure. However, simply mixing
of two different bis-monodentate ligands in the presence of square planar metal cations
is not trivial and can lead to narcissistic self-sorting or statistical mixtures of heteroleptic
cages. To prevent this, rational design of the ligands leads to discrete heteroleptic
assemblies. The Clever group introduced a method based on geometric shape-
complementarity of the ligands to form a [Pd.L”;LP;]-cage. Herein, this work uses this
approach for the introduction of a novel and highly modifiable basic motif. Based on the
archetype quinoline-based LA ligand, ligands L°M¢ and L°H are introduced. As first cages,
[Pd2L°Me,] and [Pd.L°",] with a similar strain and helical structure like the before reported
[Pd2LA4] cages are formed. It is necessary to achieve these homoleptic cages, to
transform them into heteroleptic structures with reduced strains in a novel [Pd2L*,LY>]-
composition. Afterwards, pyridyl-based ligands LS¢* and LSB are used to form
heteroleptic assemblies. After these initial cage formations, a series of endohedrally
modified [Pd.L°Me,LY,]-cages based on one topology are introduced. Additionally, a
[PdoLOMe,LXL?]-cage is synthesised as a derivate of the experiences made with
[PdoLOMe,LY,]-cages. A further modification, an elongated ligand L-°M¢ is synthesized and
a [Pd,L-°Me,]-cage is formed. Finally, in this work introduced cages of the [PdoLOMe,LX,]-
type are used to investigate the influence of different endohedral modifications on guest

uptake.



Zusammenfassung

Supramolekulare Chemie ist die Wissenschaft der nicht kovalenten Interaktionen
zwischen mindestens zwei verschiedenen chemischen Einheiten (z.B. Liganden,
Metallkomplexe). Uber die letzten Jahrzehnte fiihrte die Selbstassemblierung von
organischen Liganden mit Metallkationen zu einer hohen Anzahl diskreter
supramolekularer Nanostrukturen. [MiLz2,] Typ Koordinationskafige welche auf
quadratisch-planaren Metallionen (z.B. Pd(ll), Pt(ll)) und bananenférmigen Liganden
basieren sind eine Variation dieser Strukturen mit einer hohen Forschungsaktivitat in den
letzten  Jahren. Darauf  basierende = hochsymmetrische  supramolekulare
Koordinationsstrukturen mit einem Typ Ligand zeigten schon potenzielle Anwendungen

in der Medizin, Sensorik oder in der Katalyse.

Die Kombination von mehr als einer Art Ligand, um eine definierte heteroleptische
Assemblierung zu erzielen, ist ein neueres Feld der Chemie. Die Verwendung von
verschiedenen Liganden in einer Kafigspezies ermdglicht die Implementierung von
mehreren Funktionalitaten. Ein einfaches Mischen von zwei verschiedenen doppelt-
einzahnigen Liganden, in der Gegenwart von quadratisch-planaren Kationen, kann zur
narzisstische Selbstsortierung oder zu statistischen Mischungen von heteroleptischen
Kafigen fihren. Ein rationales Design der Liganden fihrt jedoch zu diskreten
heteroleptischen Assemblierungen. Die Clever-Gruppe flhrte eine Methode basierend
auf geometrischer Formkomplementaritat ein um einen [Pd.LA.,LP,] Kafig zu formen. Die
vorliegende Arbeit nutzt die eingefiihrte formkomplementare Vorgehensweise zur
EinfUhrung einer neuartigen und modifizierbaren grundlegenden Struktur. Basierend auf
dem archetypischen und auf Chinolin basierenden L* Liganden, wurden L°Me und L°"
eingefiihrt. Als erstes wurden [Pd2L°Me,] und [Pd2L°",] mit einer dhnlichen strukturellen
Spannung und helikalen Struktur wie der schon berichtete [Pd.L*4] Kéfig synthetisiert.
Es ist wichtig diese Kafige zu erhalten, um heteroleptische Strukturen mit einer
vorteilhafteren reduzierten Spannung in einer neuartigen [Pd.L*,LY2] Zusammensetzung
zu erreichen. AnschlieRend wurden Pyridinyl basierte LS4 und LSB Liganden genutzt,
um neue heteroleptische Kafige zu formen. Nach diesen Kafigsynthesen wurde eine
Serie von endohedral modifizierten [Pd.LMe,LY,] K&figen, basierend auf diesen
Topologien, eingefiihrt. Zuséatzlich wurde ein [Pd.L°e,LXL?] Ké&fig aus den gemachten
Erfahrungen mit den [Pd,L°Me,LY,] Kafigen synthetisiert. Eine weitere Modifizierung, ein
verlangerter L'°M¢ wurde synthetisiert und ein [Pd.L"°Me,] Kéfig gebildet. Final wurden

die eingefiihrten [Pd.LOMe,LX,] K&fige auf inre Wirt-Gast-Chemie untersucht.






TABLE OF CONTENT

N @ =3 - [ |
ZUSAMMENTASSUNG ......uiiiiiiiiiicieccsss s e e e e rrness s s s s s e s s s rnnsssssas s e e e e s s nnnssssssssserrnsnnnnnsssnnsennns |
SN 11411 o T 11 T2 T o SN 1
1.1 History of Supramolecular Chemistry...........coocciiiiiiiiii e 1
1.2 Coordination-driven Self-assembly .............cooiiiiiiiiiiii e 6
2 Creating a modifiable Heteroleptic System ........cccouuceiiiiimiicccccerreeee, 10
21 INEFOAUCTION ... e e e e e e e e e s e e e e e e e e 10
2.2 o OSSR 19
2.3 Ligands and corresponding homoleptic Cages with Quinoline Donor Functions........ 21
24 Anew [PdalAolBa] SYSEM ....cveiiiiieiiee e 33
25 Implementation of different endohedral Modifications...............cccooiiiiiiiiii s 46
2.6 Heteroleptic [Pd2LOMeol SBLSNOZ]-Cage........ccueeecviieiiiieiiie et 75
2.7 Elongated Quinoline-based Ligand ..........c..ccueiiiiiiiiiiiiiiee e 81
2.8 HOSt-GUESE TIratioNS.......coiiiiiiii it e e 84
29 Conclusions and OUHIOOK ..........couiiuiiiiiiiiiiie e s e e e 91
3 Experimental Section ... e 94
3.1 Ligand SYNTNESIS ....ccoiiiiiiiieie e 96
3.2 Formation of supramolecular Structures ... 123
3.3 "H NMR Spectroscopy Tirations...........cceeoiiiiiiiiiiec e 147
4 List Of FIQUIES.....uueeeeeeeeeeeeeeeeeeeennnnnnneennnn s snnnnnn 164
C I & =Y (= (= Lo =Y 3N 179



Creating a modifiable Heteroleptic System

1 Introduction

1.1 History of Supramolecular Chemistry

‘Chemistry beyond molecules.” Many reports, theses and articles explaining
supramolecular chemistry begin with this (here shortened) quote of 1987 Nobel prize
laureate Jean-Marie Lehn.[" These three words cannot better describe the fundamental

interests and the topic of this emerging research field.

The above statement is justified by the historic long-time interest of chemistry as a
science to investigate interactions between covalently connected atoms and effects on
an intramolecular base. After a long period in which the focus was set on “single-
molecule” chemistry, the research on molecule-molecule interactions was historically
and thematically new as it started to be an own research topic. The more detailed and
correct definition of supramolecular chemistry is the research on assemblies which are
hold together by non-covalent interactions.?? These non-covalent interactions include
van-der-Waals forces, - stacking, hydrophobic effects, electrostatic interactions,
hydrogen bonding, mechanical bonds and possible combinations of all these to form
supramolecular species.?®! While covalent bonds can have a bond energy up to
1072 kJ-mol™!, non-covalent bond energies are much less strong and can be easily
broken, making them reversible to allow dynamic behaviours for the supramolecular
species (e.g. electrostatic interactions with 50-240 kJ-mol™' as the strongest and van-

der-Waals forces with less than 7 kJ-mol™").4

Nature evolved a plethora of examples in billions of years of evolution, which humankind
just discovered over the last decades. Life as we known it is based on DNA
(deoxyribonucleic acid), composed of the four nucleobases, which are connected by a
2-deoxyribose-phosphate backbone to form a double helix, carrying the blueprint of
proteins.”' Hydrogen bonds between the complementary nucleobases and -7 stacking
interactions between neighbouring nucleobases stabilize the secondary structure.®
Proteins combine hydrophobic effects, metal coordination and electrostatic forces to form
three-dimensional structures.®® Enzymes are globular proteins that include a specific
binding site, the enzyme pocket, for substrate molecules with specific shapes.!' This
encapsulation is called the lock-key principle, based on non-covalent binding of

complementary guests. This concept initially described by Herman Emil Fischer (1894)

1
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was expanded by the induced fit model by Daniel E. Koshland Jr. (1958), where the
receptor undergoes conformational changes upon binding the substrate and ending up
with a reaction and a subsequent release of the transformed product molecule. There
are countless examples in nature showing the importance of supramolecular research to
explore such processes and giving the inspiration for many research groups all over the

world.

With an increase of available analytic methods for chemists, also the research on
supramolecular chemistry increased the number of discoveries and inventions. Starting
in the 1960s, the research of Charles Pedersen, Jean-Marie Lehn, and Donald J. Cram
were a breakthrough in supramolecular science, affording them to be awarded with the
1987 Nobel prize in chemistry “for their development and use of molecules with structure-
specific interactions of high selectivity." Pedersen synthesised the first crown ether in
1967 and Lehn the first cryptand in 1969, respectively (figure 1.1).'"12 These
compounds have a strong binding affinity for alkaline earth metals thanks to the lone

pairs of the oxygen or nitrogen atoms which are oriented to the central pocket of the

molecule.
P ok
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Figure 1.1 a) dibenzo-[18]crown-6 by Pederson and b) [2.2.2]cryptand by Lehn forming the
respective potassium complexes.!'!12

In 1979, Cram developed spherands, a class of molecules with an even stronger cation
binding ability than crown ethers or cryptands due to the even more preorganized binding

sites inside the molecules pocket.!"!

Figure 1.2 Spherand-6 by Cram.!"!
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Being awarded with the Nobel prize in 1987, these scientists brought extensive
advancement in the field of supramolecular chemistry, especially for the Host-Guest
chemistry part, to become an independent and also cross-discipline of research with an

increasing number and complexity of sub-areas.'¥]

{-1~§/ﬁ @

| -
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Figure 1.3 Metal template-mediated synthesis of a [2]catenane by Sauvage. Williamson
ether macrocyclization of the tetrahedral coordination complex formed by coordination of
a diphenol ligand and an already formed macrocycle.l'! © (2015) Wiley - VCH Verlag GmbH
& Co. KGaA, Weinheim. Reprinted with permission.

Only a few years before the first Nobel prize for supramolecular chemistry, Jean-Pierre
Sauvage introduced another breakthrough method and easy way to synthesise
catenanes (the first synthesis was actually reported by Wassermann in 1960 but with a
more statistical approach and much smaller yield).l'-'8 A catenane is a supramolecular
structure consisting of at least two macrocycles which are interlocked within each other
in a way that they cannot be separated without breaking a chemical bond. Sauvage used
metal ions like copper as a template to bring in closer proximity the substrates, as shown

in figure 1.3.115.19.20]

With this novel strategy and further developments based on the same principle, it is now
also possible to form higher ordered interlocked macrocyclic structures like Borromean
rings?!, Tre- and Pentafoil knots/?? and the Solomon links®?324 as shown in figure 1.4,
with a high number of variants.?! The ability of catenanes to rotate around each other,
which can be detected by NMR (nuclear magnetic resonance) spectroscopy, gives the

fundamental basis for building artificial molecular machines.[26:2"]
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Figure 1.4 Schematic representation of possible three-dimensional interlocked ring
structures a) Hopf link, b) Solomon links, c) Borromean rings, d) Trefoil knots. Adapted
from ref.[?%! with permission from The Royal Society of Chemistry.

Based on the catenane work, another class of supramolecular structures was developed,
namely rotaxanes. These structures consist of at least one linear molecular unit which is
enclosed by at least one macrocycle.?® While the first example was reported by Harrison
in 1967,% higher yields of rotaxanes could be achieved with the same synthetic strategy
that led to higher yields for catenanes, using non-covalent interactions or metal
coordination as passive or active templates, hydrogen bonds or hydrophobic effects.%
In 1991, J. Stoddard showed the controlled motion of the macrocycle along the linear
molecule by addition of bulky stopper functions at both end to prevent the macrocycle to
leave (figure 1.5).B132 This so-called ‘molecular shuttle’ is seen as one prototype of

molecular machines and switches.
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Figure 1.5 A [2]rotaxane, the ‘molecular shuttle’ introduced by Stoddard in 1991. The
positive macrocyclic ring moves back and forth along the electron-rich linear molecular
axis and between the hydroquinone recognition sites (1000 times/sec in acetone at room

temperature).l*21 © (2015) Wiley - VCH Verlag GmbH & Co. KGaA, Weinheim. Reprinted with
permission.

In 2004, with the increasing knowledge and possibilities of analytic and synthetic

methods, Stoddard introduced a ‘molecular elevator’ consisting of one molecular

4
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platform with three macrocyclic rings attached and one unit consisting of three linear
molecules connected to each other on one side and stoppers on the other ends. Variation
of the pH value leads to a movement of this platform along the linear axis up and down,

induced by crown ether functions switching between the cationic recognition sites.334
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Figure 1.6 a) Simplified scheme of the movement cycle of the molecular elevator induced
by acid/base addition. Adapted with permission from reference* (2006) American
Chemical Society; b) Photochemical and thermal isomerization processes leading to a
motion of Feringas ‘molecular motor’. Adapted with permission from referencel®*s! ©
Springer Nature, American Chemistry Society. c) Structure of the molecular car with a
detailed view of a single ‘motor’ and an illustration of the moving car. Adapted with
permission from referencel®® © Springer Nature, American Chemistry Society.

The group of Bernard Lucas Feringa introduced a light-driven molecular motor in 1999.3%
This system consists of two paddle-like molecular units connected by an alkene moiety.
The rotation of these paddles occurs by light irradiation and thermal isomerization.
Further improvements of this principle led to the ‘world’s smallest car’ of 1 nm length

made from molecular machines which can move on a copper-surface (figure 1.6).
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Due to their distinguished work on molecular machines Sauvage, Stoddard and Feringa
were awarded with the Nobel prize in chemistry for the design and synthesis of the
reported supramolecular structures in 2016. This indicates once again the high impact
of supramolecular chemistry and highlights the work of all groups on different sub-areas
of supramolecular chemistry and connections to biochemistry, materials sciences,

medicine, and computational science showing the interdisciplinarity.7-38

1.2 Coordination-driven Self-assembly

A large number of artificial supramolecular structures is built by the coordination-driven
self-assembly approach (also called metal-mediated self-assembly), based on highly
reversible interactions.®**! Two different types of building blocks are needed for this
kind of self-assembly.“243 First mentioned are transition metal complexes or ‘naked’
metal cations, which are brought into the self-assembly reaction with labile ligands. The
second class of building blocks needed are electron pair donating organic ligands. As
already mentioned in the previous chapter, the high reversibility of non-covalent and
coordinative bonds often leads to dynamic supramolecular systems. In this case, the
kinetically labile and relative weak metal-ligand coordination enables a so-called self-
healing of different connected intermediates to reach an equilibrium with the
thermodynamically favoured products.?*44! The enthalpic contribution AH is mainly given
by the formation of metal-ligand coordination bonds. The major entropic contribution AS
is often given by the increase in entropy by released solvent molecules from the single
components and the fewer needed solvent molecules for the solvation of a higher
ordered species. These overall entropic and enthalpic contributions are usually the main

driving forces behind coordination-driven self-assembly.
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Figure 1.7 Possible coordination spheres of metal-ligand complexes.

Due to the modularity of available building blocks, a high diversity of geometrical
structures can be obtained by metal cations (figure 1.7) with different coordination
geometries and ligands distinctive in denticity, length, angle and sort of the coordinative
groups of the ligand.“® Possible structures are ringst*®4’, knots and links84°]

helicates!®53, polyhedral®*55! or spheres!56-69],
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Figure 1.8 Some examples of coordination driven self-assemblies: a) Palladium-based
ring-like structure of Fujital*l; b) helicate reported by Setsune,!®'! figure reprinted with
permission from referencel®2 © Springer Nature, American Chemistry Society; c)
Schematic synthesis of a sphere synthesized by Robson,8! figure reprinted with
permission from referencel®3, Copyright © 2012 John Wiley & Sons, Ltd.

Most research groups focus on certain metal and ligand geometries, giving a basic
geometrical shape for purposeful comparative studies on these confined spaces.
[MqL2n] type coordination cages based on square planar metal ions (e.g. Pd(ll), Pt(ll) or
Cu(l1))+-%€l and the so called banana-shaped ligands are one example with a high
research activity a with a high research interest over the last years.®¢¢"l These symmetric
banana-shaped ligands mostly consist of rigid and aromatic backbones which are
connected to two terminal donor group functions. The length or property of such
connections can be modified and different linkers can be used, such as single bonds,
alkyne groups or flexible sp® subunits.®® It is most important that the bonding vectors of
both donor atoms can point in a common direction, leading to a possible formation of
one coordination species instead of polymers, grids or mixtures of different species.
Figure 1.9 explains the significance of the bend angle of the ligand to predict the resulting
coordination cage geometry. The resulting species are mostly charged and therefore

polar solvents like acetonitrile are preferably used.
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Figure 1.9 Schematic representation of donor group vectors of banana-shaped ligands
leading to different classes of coordination species by combination with square planar
metal ions.B39

One class of the mentioned coordination species with a high interest by many research
groups are coordination cages of the [MzL4]-type with two cations (M = square planar d®
Pd(Il) or Pt(Il) cations) bridged by four ligands (L = banana shaped ligands, including bis-
monodentate ligands), occupying all coordination sites. Since the first reported [MzL4]-
type cage in 19989, the development of these structures made a great progress and a
high number of different cages with some beautiful supramolecular peculiarities was
reported (figure 1.10). The archetype supramolecular [Pd.L']** cage of Steel was
prepared by the reaction of a simple bis-monodentate pyridyl ligand L' with
[PdIx(pyridine).] as a metal source in the presence of Ag(l) cations, catching the iodide
ligands of the precursor and delivering hexafluorophosphate counter ions from AgPFs for
the positive charged cage. In the same vyear, Steel and Atwood reported a
[CuzLl24(H20)4]** cage, where two octahedral Cu(ll) ions are connected by four L2
bis(amidomethyl)pyridyl ligands and additional four water molecules saturate the Cu(ll)
axial coordination positions.’” As an insight in interpenetrated cage structures, figure
1.10 shows the double-cage [PdsL3s]®* reported by Clever and co-workers in 2015.7" In
2018, Litzen reported a rotaxane-like hexanuclear cage-in-ring structure
{[Pd2L*]@PdsL4s]}(BF 4)12.[2
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Pd(ll)

= [pd4L38]8+

Figure 1.10 Examples for the development of [M,L2n]-type cages over time. a) First reported
[MnL2n]-type cage of [Pd:L's]**-composition from Steel in 1998; b) Same year,
[Cu2L24(H20)4]** cage reported by Atwood ; c) By Clever reported interpenetrated double
cage [Pd:L3]%*, 2015. a), b) and c) are adapted from referencel*® and reprinted with
permission. © 2018 Elsevier B.V. All rights reserved.; d) Rotaxane-like cage-in-ring
structure by Liitzen {[Pd.L*]@Pd4L*s]}(BF4)12, 2018. Adapted from referencel’? © (2018)
Wiley - VCH Verlag GmbH & Co. KGaA, Weinheim. Reprinted with permission.

As notable from the last two structures, besides the bend angle and donor group vectors,
other factors like counter ions, solvents or 11-1r stackings have an influence of the [M2L4]-
type cage formation, leading to different species than a basic [MzL4]-cage. Surprises of

the resulting structure against the expected one are always possible.

High symmetric supramolecular coordination structures were already able to show
potential for applications in medicine,’*’"1 sensing and separation,/’®88 catalysis

enhancer,®*°"1 and as stabilizators for reactive species.[*¢-1%0
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2 Creating a modifiable

Heteroleptic System

2.1 Introduction

a)

integrative self-sorting

e f

) .> ) 9 \

- S L7

Figure 2.1 Overview of a) saturated metallo-macrocycles with additional ligands; b)
metallo-cycles with bridging ligands at open coordination sites; ¢) charge separation by
donor-site engineering; d) bulky substituents close to coordination sites; e) host-guest
stabilisation by stabilizing effects; f) bulky steric endohedral modification of one ligand to

force a heteroleptic assembly with ‘space’ giving ligand to form heteroleptic assemblies;
g) shape complementary design to give heteroleptic structures.

Numerous homoleptic cages from the small [M:Ls]-cage to the [Pdasles]-Goldberg
polyhedral of Fujita were reported over the last decades.['*-1%%1 The combination of more
than one kind of ligand to form a defined heteroleptic assembly is a relatively new field
in comparison with homoleptic formations. Heteroleptic assemblies can lead to a
possible implementation of more than one function based on the different ligands. This
makes this kind of supramolecular assemblies an interesting research topic. Mixing two
different bis-monodentate ligands in the presence of Pd(Il) or Pt(ll) cations would either
lead to narcissistic self-sorting of two different homoleptic cages in one solution or to a
statistical mixtures of heteroleptic cages. The achievement of one defined heteroleptic
species by further highly demanding separation and purifications steps, would represent

a non-elegant approach in the scientific field of supramolecular chemistry. To prevent

10
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this, a rational designs of the ligand can lead directly to the desired heteroleptic assembly
by integrative self-sorting methods (figure 2.1).¢" In the following sub-chapters,

examples of defined self-sorted heteroleptic structures are shown.

2.1.1 Hierarchical assemblies

By using preformed hexa-aza macrocyclic Pd(ll) complex A coordinated by the
carboxylates donors of a tetra-anionic porphyrin ligand B, Costas and Ribas were able
to form a A4B: tetragonal prismatic nanocage by a hierarchical assembly driven by
charge separation and provided open coordination sides.[' The macrocycles containing
Pd(Il) or Zn(ll) as central atoms, make it possible to encapsulate anionic guests.
Following up, Costas and Ribas elongated the hexa-aza macrocyclic Pd(ll) complex, and
the Zn(ll)-centered porphyrin enables the uptake of ligands with further open
coordination sites, making it possible to bind additional Zn, Cu or Fe.l'® An
enantioselective hydroformylation by a Rh-Catalyst coordinated to a ligand encapsulated
inside the same Zn(ll) porphyrin based cage was shown in a work together with Reek.['%!
The resulting supramolecular assembly showed high catalytic performance in the

hydroformylation of styrene (figure 2.2).

s O\f

_,Q

5,10,15,20- tetrakis(4-carboxyphenyl)-porphyrin Zn(II) —
(Zn-2)

Pd-1b 4-(BArF),

Figure 2.2 Supramolecular cage by hierarchical assembly of Costas and Ribas (left): tetra-
anionic porphyrin ligand and a hexa-aza macrocyclic Pd(ll) complex.l' A work together
with Reek leads to the catalytic active supramolecular species constating of the cage
hosting an organic ligand coordinating to a Rhodium catalyst.['%! Adapted with permission
from referencel'%®! Copyright © (2015) American Chemical Society.

2.1.2 Coordination-dependent Approaches

Cis-protected metal centres can be used for the assembly of heteroleptic cages. By

charge separation between carboxylate and pyridine donors, Stang and co-workers were
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able to introduce a series of heteroleptic supramolecular species.['""1% The use of cis-
protected Pt(PEts)(OTf), metal building blocks (coordination-sphere engineering) in
combination with tri- or tetradentate pyridine ligands and terephthalates led to the desired
structures exploiting the preference to combine negatively charged carboxylates with one
pyridine donor at each metal centre due to the favourable charge compensation (figure
2.3).

PEt,
i PEt
'l’Eh Homo!ept.lc ey \ E‘lp_gt_o
2 Et,p—Pt—OTH Coordination Et:.P—FitéN L | b_@
1 —| el + ogo0 ¢
+ ~
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5] ; PEty FI'Et,
O 0 }C'Iete;tlllep_tlc Et3P_T_ & : EtgP—PI1— 5
2 oordination b_@
" CTF: @ng ¢
® Uy
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F:l—o o—Pt
PEL, )—@—6 PEts
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12
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o 120TF ey
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Figure 2.3 Selective self-assembly of cis-Pt(PEt;)2(OTf), with carboxylates and pyridyl
donor functions due to lower energy of the heteroleptic systems (above). Schematic
example of the formation of a heteroleptic trigonal prism from a charged homoleptic
tetrahedron combined with a neutral supramolecular triangle. Adapted with permission
from referencel'%”1 © (2015) American Chemical Society.

Bulky substituents near the coordination site can also lead to the formation of heteroleptic
assemblies. Sterically demanding methyl groups in proximity to the coordination site by
one ligand can lead to the desired structures, as showed by Fujita and co-workers (figure
2.4)."I' The Clever group introduced a similar approach, combining sterically demanding
methyl groups in proximity to the coordination site with inside (L") and outward (LA°) the

cavity pointing methyl groups of a [Pd,LA°,LP;]-cage.['""!
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Figure 2.4 Bulky substituents close to coordination sites forcing the ligands to form
heteroleptic coordination species. a) Example of Fujita and co-workers.l'! adapted from
reference and reprinted with permission. © 2005 Elsevier B.V. All rights reserved; b)
example of the Clever group.l''% Adapted with permission from referencel''” © 2018 John
Wiley & Sons, Ltd.

2.1.3 Assembly-dependent Approaches

Besides the hierarchical assembly and modifications of coordination sites, assembly
dependent approaches are another method to form selective heteroleptic cages. Guest
molecules can template the heteroleptic cage formation, making the homoleptic cages
less energetically favourable. Again, Fujita used cis-protected palladium (Il) and
combined it with two different tridendate pyridyl ligands.''" This led to a mixture of
homoleptic and heteroleptic cages. By the addition of different guests, this equilibrium
could be triggered to form different ratios of homo- or heteroleptic cages. The
combination of cis-protected Pt(ll) with tris(pyridine)triazine and pyrazine led to a guest
templated heteroleptic cage when large planar and aromatic guests are used.[''?
Yoshizawa reported the synthesis of a heteroleptic cage by guest templation with
fullerenes.l'" Two different ligands based on anthracene panels with phenylene or
naphthalene backbones were prepared. The homoleptic Pd(ll) cage (naphthalene

backbone) with the bigger cavity was able to host C7o as well as diethyl malonate-
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derivatized Cgo fullerenes while the smaller cage (phenylene based ligands) was not able
to be host these guests. Mixing both cages led to a static mixture of heteroleptic cages,

but addition of Ceo led to a reorganisation into heteroleptic cis-[Pd.L"',L%] cage.

. complex
| MoL'y | mixture

Figure 2.5 Reorganisation of two homoleptic Pd(ll) cages to form a heteroleptic cage due
to Ceo guest templating. Adapted with permission from referencel''3 © 2015 John Wiley &
Sons, Ltd.

Another method to form defined heteroleptic species is the modification of the inward
pointing side of a ligand with a bulky and sterically demanding functionality. This
endohedral modification of ligands forces a heteroleptic assembly with less sterically
demanding ligands to form heteroleptic assemblies. Hooley and co-workers reported the
formation of heteroleptic cages including three different ligands with an increasing size
of endohedral functions.""" While the less sterically demanding ligands (L%
unfunctionalized and L3 with an -NH. group) formed a statistical mixture of heteroleptic
cages, the combination of the more steric demanding ligand (L% with trifluoroacetate
function) led to the formation of [Pd.L8,L%,]-cage together with homoleptic [Pd2L8%]-

and no observed [Pd.L8%;]-cage (figure 2.6figure 1.1).

3x L
|| +% Pd(NO,), “ @

Figure 2.6 Schematic representation of the heteroleptic assembly induced by the
combination of three ‘space giving’ ligands with one ligand functionalized with a bulky
endohedral modification. Adapted with permission from referencel''¥ © (2011) American
Chemical Society.
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Nevertheless, when a guest molecule or bulky endohedral modification is needed to form
heteroleptic cages, the cavity is already occupied and host-guest chemistry is limited,
except the achieved host-guest complex is already useful in a certain way. An elegant
method to achieve heteroleptic assemblies without the use of cavity space is to exploit
the shape complementarity of the ligands. In 2014, Fujita and co-workers demonstrated
the formation of a heteroleptic sphere using significant size differences of the ligands
used.['"® The synthesised bis(pyridyl) benzene and extended bis-(pyridylethynylphenyl)
benzene forms clean homoleptic cuboctahedral [Pdi2L24]-type spheres. By mixing the
ligands in a 1:1:1 ratio with Pd(ll), the desired [Pdi2L12L’12]-sphere resulted in two

isomers (figure 2.71).

(Ta) (Cs)

Figure 2.7 Schematic formation of the two isomers of the heteroleptic [Pd12L12L’12]-sphere
formed by shape complementary ligands.[''5! © (2014) Wiley - VCH Verlag GmbH & Co.
KGaA, Weinheim. Reprinted with permission.
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Figure 2.8 Schematic formation of homoleptic cages a) [Pd.L*s]** and b) [Pd.L*4]** from
respective ligands; ¢c) Combination of both ligands leads directly to [Pd.L".L",]**; i) Mixing
homoleptic assemblies [Pd.L”4]** and [Pd.L”4]** leads to the formation of [Pd.L”,LP,]**.
Adapted with permission from referencel''%! © (2016) American Chemical Society.

The Clever group introduced a method based on geometric complementarity of the
ligands to form heteroleptic assemblies.[''®! A banana-shaped acridone-based ligand LA
with inward bent isoquinoline donors and a bend angle of 6 = -120° was mixed with a
banana-shaped phenanthrene-based ligand L? with outward-bent pyridyl donor functions
(6 =60°) and Pd(ll) in a 1:1:1 ratio. This combination resulted in the formation of a clean
[Pd.LA,LP,]-cage in cis-conformation (figure 2.8). Also, mixing of the homoleptic species
of LA and LP results in rearrangement to the single and stable heteroleptic products,
making it the favourable thermodynamic minimum out of all possible ligand
combinations. The geometric complementarity is characterized by the adoption of two
rings inside a [MzL4]-type cage, consisting of two ligands different in size and bend angle
giving in coordinated form a planar donor groups to metal centre axis (directional bonding
approach).'-19 The formation of a heteroleptic [Pd.L*;LP,;]-cage instead of the
narcissistic self-sorting to homoleptic [Pd2LA4]** and [PdsLPs]®*, would lead to an entropy
increase as the number of supramolecular species would be higher. In addition, the
homoleptic [Pd.LAs]-cage with its quinoline functions indicated a twisting to a helical
species and a strain for the ligands, making it the driving force to form structures reducing
the ligand strain, like the heteroleptic [Pd.LA.LP;]-cage. A further study expanded the

systematic investigation of these heteroleptic assemblies.['? A carbazole-based ligand
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L® with a bend angle of 8 = -30° was mixed with both ligands LA and LP, respectively.
This led to the formation of two new heteroleptic cages in each case (figure 2.9). While
L€ and LP gave a cis conformation of [Pd.L°,LP,], the combination of L® with LA led to a
novel topology of trans-[Pd,L*,LP,]** with both L” ligands in a cavity-penetrating anti-

conformation.

[Pd . LC4]4+

[szLAszz]tH [Pd_LS LP.]%,

i 1 2

[PdALPa]ﬁl +

Figure 2.9 Schematic formation of possible combinations of ligands L?, L¢ and L? and the
respective homoleptic cages to form heteroleptic species upon mixing with each other.['20
© (2017) Wiley - VCH Verlag GmbH & Co. KGaA, Weinheim. Reprinted with permission.

2.1.4 Host-Guest Chemistry

Most of the herein discussed supramolecular coordination species have a cavity allowing
the molecule to be the host (H) for a smaller guest molecule (G) and forming a HG-
complex. The host molecule cavity provides convergent binding sites (e.g. Lewis basic
donor atoms or hydrogen bond donors) whereas the guest molecule provides divergent
binding sites (e.g. Lewis acidic metal cations or hydrogen-bond acceptors).l'?" Examples
for host molecules are enzymes or the reported supramolecular coordination structures.
A guest can in principle be every molecule small enough to fit into the cavity and to form
weak non-covalent interactions. Importantly, the cavity needs to provide a defined space
for non-covalent interactions of specific hosts and guests leading to reversible guest
uptakes and releases. The HG-binding is characterized by the equilibrium between the

free host and guest inside a solution with a HG-complex, defined in (1).
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HG] K

=G~ K ()

-1

Ka, the binding constant, expresses the thermodynamic stability of a specific HG-
complex. A high binding constant correlates to a high concentration of the HG-complex
in equilibrium. The binding constant can also be expressed by the ratio between the rate
constant of the complexation and decomplexation, namely k1 and k.4, respectively. NMR,
ITC or UV/VIS spectroscopy or many other methods giving quantitative analytics for the

concentrations of involved molecules can be used to determine K,.'?

[Pd:L4]-type cages are known for the encapsulation of anionic guests inside their
cavity.l6°€8.123.1241 The archetype [Pd.L”.LP;]-cage, which is the template of this work
reported [Pd.LOMe,LSX,]-type cages, was the first [Pd.L4]-cage with a bent structure.[''®
With the Pd(Il) metal centres that can serve as anchors for charged anionic molecules
this cage gave a shape-specific guest binding ability. By using a straight 2,7-naphtalene
disulfate and a bent 2,6-naphtalene disulfate as guest molecules, the cage as a host was

able to show a shape recognition on the level of host-guest binding (figure 2.10).
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Figure 2.10 a) 1H NMR titration plot of the [Pd.L*;L";]-cage with 2,7-naphtalene disulfate
and 2,6-naphtalene disulfate. DFT calculations shows the energy minimized structures of
the HG-complex with b) 2,7-naphtalene disulfate@[Pd.L*,L.]** and c) 2,6-naphtalene
disulfate@[Pd.L".L".]?*. Adapted with permission from referencel''®! © (2016) American
Chemical Society.
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LA X=-OMe = LOMe LLsc4 LsB
-OH = LOH

Figure 2.11 Starting point for the introduction of the new heteroleptic coordination cage
with the archetype L* ligand and modifiable new ligands L°® and L°". In addition the
possible pyridyl ligands as counter-ligands inside a heteroleptic system, L5¢* and LSE.

The ability to form pre-designed heteroleptic structures by the mentioned method of
integrative self-sorting, gives the possibility to enlarge the availability of supramolecular
structures for sensing and separation, catalysis, medical purposes, and stabilisation of
reactive species. This is made possible by the implementation of multiple functions by
different ligands of one supramolecular system. By having a highly modifiable basic motif
forming a heteroleptic supramolecular coordination cage, comparative studies would be
simplified, and the synthetic effort could be reduced. Herein, this work uses shape-
complementary approach for the introduction of a highly modifiable basic motif. The
before reported ligand L? with its quinoline inward pointing donor function as the basic
unit is replaced by ligands with highly changeable subunit, leading to the use of
substituted phenyl-based backbones L9V (figure 2.11). It will be first investigated if the
new ligands will form a homoleptic [Pd.L°Me,] cage with a similar strain and helical
structure like before reported [Pd.L*4]**, giving the main driving force to form heteroleptic
structures with reduced strain in a [Pd,L°M¢,LX,]-composition. Afterwards, pyridyl-based
ligands LS¢4 and LSB are used to form the desired heteroleptic assemblies. After these
initial findings, a series of endohedral modified cages with the same topology are
introduced and possible influences of the modifications for the heteroleptic cage
formation are investigated and lead to further supramolecular cages like a
[PdoLOMe,LXLY]-type cage and an elongated [Pd.L'°Me,](BF.)s system. Finally, in this
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work introduced cages of the [Pd.L°Me,LX;]-type are used to investigate the influence of

different endohedral modifications on the guest uptake.
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2.3 Ligands and corresponding homoleptic
Cages with Quinoline Donor Functions

Ligand LOMe (LO™e = Ligand Methoxy (-OMe); 8,8'-((5'-hexyl-2'-methoxy-[1,1":3',1"-
terphenyl]-4,4"-diyl)bis(ethyne-2,1-diyl))diisoquinoline) was prepared in overall 7 steps,
starting with 4-hexylphenol to yield the ligand backbone in 2 steps (figure 2.12) and 8-
bromoisoquinoline as the donor group for the “ligand arms” in 4 steps (figure 2.13). In

the last synthetic step, L°M¢ was accessed via a Suzuki-Miyaura Cross-Coupling.

Br Br
CGH13@OH ;))’ C5H13QOH + H3C'| L)" CGH-ISQOMe
Br Br
1 2 3

Figure 2.12 Synthesis of the ligand backbone. i) BTMA*Brz, DCM/MeOH = 5:2, rt, 1 h; ii)
K2CO3, acetone, reflux, 3 h.

4-hexylphenol (1) was brominated with BMTA*Brs (benzyltrimethylammonium-tribromid)
to give 2,6-dibromo-4-hexylphenol (2) as a colourless oil in 99 % yield. Methylation with
lodomethane gave 1,3-dibromo-5-hexyl-2-methoxybenzene (3) as the backbone building
block (97 % vyield, highly viscous colourless oil). 8-bromoisoquinoline (4) was
transformed to 8-((trimethylsilyl)ethynyl)isoquinoline (5) in a Sonogashira cross-coupling
with ethynyltrimethylsilane to give a yield of 92 %. After deprotection (6, 99 %), the
second Sonogashira cross-coupling with 1-bromo-4-iodobenzene gave 8-((4-
bromophenyl)ethynyl)isoquinoline (8, 68 %). The reaction of 8 with bis(pinacol)diborane
produced the pinacol ester 8-((4-(4,4,55-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)ethynyl)isoquinoline (9) in 85 % yield. After preparing 3 and 9, the final Suzuki-
Miyaura cross-coupling (figure 2.14) took place to give L°Me (50 %). The ligand was
further purified by GPC to give L° (For '"H NMR of the ligand, see figure 2.15, further

characterization of L°M¢ see experimental section).
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Figure 2.13 Synthesis of the ligand arm. i) Pd(PPh3).Cl, Cul, Et:N, THF, 65 °C, overnight;
ii) K2CO3, MeOH, rt, 4 h; iii) Pd(PPh;).Cl;, Cul, Et:N, THF, rt, overnight; iv) Pd(dppf)Cl,
KOAc, DMF, 155 °C, 75 min.

Figure 2.14 Suzuki-Miyaura cross-coupling of compound 8 and 3 to form ligand L°Ve, j)
Pd(PPh3)s, K2PO4, 1,4-dioxane/H.0 = 3:1, 100 °C, overnight.

After successful synthesis of L°M¢ it was used to prepare a [Pd.L4]-type supramolecular

coordination cage.
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Figure 2.15 Schematic formation of the homoleptic [Pd.L°M¢,](BF,)s cage and partial 'H
NMR spectra (500 MHz, 298 K, DMSO-d¢ and CD3;CN) of the free ligand L°M compared with
the associated homoleptic cages.

In the following the standard preparation protocol for cage solutions inside an NMR tube
is described!'"®. The ligand was dissolved in deuterated acetonitrile or dimethyl sulfoxide
(each 7 mM), respectively. 240 pl (1 eq,1.68 umol) of the ligand stock solution was
placed in an NMR tube together with 240 ul pure solvent. Afterwards, 60 ul (0.5 eq,
0.8 ymol) of a 15 mM tetrakis(acetonitrile)palladium(ll) tetrafluoroborate stock solution in
the respective solvent was added and the tube was sealed. After thorough mixing, the
sample was heated for 2 h at 70 °C to give a 0.7 mM [Pd.L°Me,](BF.)s cage solution. To
prove the formation of the expected cage, several analytic methods were used, starting
with simple '"H NMR (figure 2.15). L°™¢ shows in CD;CN and DMSO-ds nine aromatic
signals with a total count of 34 protons by signal integration. After addition of
[PA(CH3CN)4](BF4)2, all aromatic signals are shifted with constant signal integration,
indicating a reaction with Pd?* in a Pd?*/L° ratio of 1:2 leading to one symmetric
molecule for both solvents. The upfield shift of several protons suggests a shielding by
m-systems of neighboured ligands. This indicates the desired twisting of the
[Pd2LOMe,](BF4)4 to a helical structure like seen before for the [Pd2LA4]-cage and induce

a strain to the system which can be the driving force for building heteroleptic assemblies.
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Figure 2.16 ESI mass spectrum of [Pd,L°"¢,](BF4)4 (DMSO-ds sample).

After the '"H NMR spectrum indicated a well-defined ligand/palladium coordination, the
sample was analysed by ESI-MS. Both CD3sCN and DMSO-ds samples show a clean
mass spectrum with the main peaks at m/z = 700.00, 962.34 and 1487.00 corresponding
to [PdaLOMe,**, [Pd.LOMe+BF4** and [Pd.LoMe,+2BF4]?* as it is confirmed from the

calculated isotope patterns (figure 2.16).

Additionally, a "H DOSY NMR spectrum in CDsCN was measured to prove the formation
of a one species. The measured spectrum (figure 2.17) shows a defined single species
with a diffusion coefficient of D = 5.217 - 10" m?-s™". To calculate the hydrodynamic
radius, the Stokes-Einstein equation is used (Equation 2) with k, = Boltzmann constant,
T for temperature, n the dynamic viscosity of the respective solvent and ry as the
hydrodynamic radius.['?>'2¢1 The low concentration of the samples lead to the use of the
dynamic viscosity for pure solvents, due to the negligible difference. In estimation a

perfect spherical structure is assumed to avoid the need of a shape factor.

_ kpT
- 6TINTY

(2)

From this a hydrodynamic radius for [Pd2L°Me,](BF4)s in CDsCN of ry = 12.13 A is
calculated, being in the same range as for similar reported structures like the [PdzLA4]-

cage.!'"®
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Figure 2.17 'H DOSY NMR (500 MHz, 298 K, CD:;CN) spectrum of homoleptic
[Pd.L°Me,](BF4)s cage. One species with a diffusion coefficient of D =5.217 - 10" m?-s™.

Single crystal X-ray analysis further confirms the twisted ligand structure of [PdoLOMe,)4*
(figure 2.18). The crystals, grown with slow vapor diffusion of ethyl acetate to a 0.7 mM
[PdoLOMe,]** cage solution in CDsCN at 7 °C, were measured on a Bruker D8 venture
diffractometer. Analysis of the solid-state structure shows a mixture of (P)- and (M)-
[Pd,L%e,]4* conformers in one crystal, induced by the quinoline units orientating in one
defined way for each isomer. The Pds++Pd distance of 18.1 A and a distance of the most
distal protons of 24.2 A is in a good agreement with the hydrodynamic radius by 'H DOSY
NMR measurement of ry = 12.13 A. The -MeO-++*OMe- distances for neighboured
oxygens are in a range of 3.5 A up to 5.1 A and 6.3 A across the cavity. In general, the
Methoxy groups are not sorted inside the cavity in a particular way. As seen from one
single ligand inside the cage structure, the quinoline units pointing to different directions
and all ligands units are distorted along the ligand axis to respond a strain induced by

the cage formation.
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Figure 2.18 X-ray structures of two [Pd.L°"¢,]** conformers inside the same crystal. a) side
view of (P)-[Pd.L%V¢,]**; b) top view of (P)-[Pd.L°Me,]**; c) side view of (M)-[Pd.L°Me,]**; b)
top view of (M)-[Pd.L°¢,]**. Solvent molecules and BFs counterions were omitted for
clarity. Colour scheme: C = dark grey, H = light grey, O =red, N = blue, Pd = orange.

While signal Ha, Hb, He and Hi of [Pd2L°M¢4](BF.)4 in CD3sCN are assignable with the signal
integration, shape and shift on the ppm scale, the other signals are identified by 2D NMR.
To assign the '"H NMR signals of the formed cage, 'H-'H COSY and 'H-'H NOESY NMR
experiments were performed for [Pd2LOMe,)(BF4)s in CD3CN and DMSO-ds. The pre-
identified signal Hy, shows a cross-peak with the adjacent proton H. ("H-"H COSY NMR
spectrum, figure 2.19) and He with Hr (bigger deshielding/downfield shift of hragainst Hy,
due to alkyne group). The same cross-peaks are shown by 'H-'H NOESY NMR (figure
2.20). More interesting on this spectrum re the Ha-Hg and Hn-Hi cross-peaks to distinguish

proton Hy and Hs.
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Figure 2.19 Partial 'H-'"H COSY NMR (700 MHz, 298 K, CD3;CN) spectrum of homoleptic
[Pd.L%Me,](BF,)s cage. Cross-peaks between L°Me ligand protons are marked dark blue.
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Figure 2.20 Partial '"H-'"H NOESY NMR (700 MHz, 298 K, CD3CN) spectrum of homoleptic
[Pd.L%M¢,](BF4)s cage. Cross-peaks between L°Y¢ ligand proton are marked dark blue;
important H.-Hg and Hi-Hi, cross-peaks are marked with red.
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Figure 2.21 Partial "H-'"H COSY NMR (700 MHz, 298 K, DMSO-ds) spectrum of homoleptic
[Pd.L%Me,](BF,)s cage. Cross-peaks between L°Me ligand protons are marked dark blue.

For the 'TH NMR spectrum of [Pd.L°e,](BF4)s in DMSO-ds, it is also possible to assign
protons Ha, Hp, and H; accounting for the signal shape and shift on ppm scale. 'H-"H
COSY NMR spectrum (figure 2.21) indicates cross-peaks of Hy,-Hc and Hc with the
overlapping signals of Hges. Cross-peaks Ha-Hg and Hi-H; in the 'H-'H NOESY NMR

spectrum (labelled red, figure 2.22) indicates protons Hg and Hh.
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Figure 2.22 Partial "H-'H NOESY NMR (700 MHz, 298 K, DMSO-d¢) spectrum of homoleptic
[Pd.L%¢,](BF4)s cage. Cross-peaks between L°M¢ ligand protons are marked dark blue;
important Hi-H,, cross-peaks marked with red.

The ligand L9 (L°" = Ligand Hydroxy (-OH); 5'-hexyl-4,4"-bis(isoquinolin-8-ylethynyl)-
[1,1:3",1"-terphenyl]-2'-0l) was prepared in 8 steps. The synthesis followed the
procedure for L°Me with an additional deprotection of the methoxy group using BBr; (46 %
Yield, figure 2.23). The ligand was further purified by GPC to give L% as a slightly yellow
solid (for 'TH NMR spectrum, see figure 2.24, further characterization of L°" see

experimental section).

Figure 2.23 Deprotection of L°M¢ to form L°!. i) BBr;, DCM, 0 °C, 2 d.
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Cage solutions with L°" were prepared at 0.7 mM [Pd2L°"](BF4)s in CD;CN and DMSO-
ds using the same procedure as for [Pd2L°Me,](BF4)s. While the '"H NMR analysis for
CDsCN shows the formation of a well-defined species (figure 2.24), in DMSO-ds
broadened and low resolved 'H signals were observed, which was not further
investigated. The signal integration is not changing after cage formation, indicating a
reaction with Pd?* in a Pd?*/L°Me ratio of 1:2 to a symmetric molecule. The upfield shift of
several protons can be again explained by helical twist along the Pd-Pd axis, resulting in

a strained structure with shielding -systems from the neighbouring ligand.
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Figure 2.24 Schematic formation of the homoleptic [Pd.L°";](BF4)s cage and partial 'H NMR
spectra (500 MHz, 298 K, CD;CN) of the free ligand L°" compared with the associated
homoleptic Cage.

For ESI-MS measurements with a Bruker ESI-timsTOF mass spectrometer, cage
samples were diluted 1:10, leading to a slow decomposing. This caused a not clean
mass spectrum of [Pd,L%H4](BF)4 (figure 2.25). To circumvent this, samples were diluted
and immediately injected into the ESI-MS device, now showing the prominent peaks
[PdoLOH4]** with m/z = 685.7, [Pd,LOM4+BF4]** with m/z = 943.3 and [Pd,L",+2BF4]?* with

m/z = 1459.5 with matching calculated isotope patterns.
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Figure 2.25 ESI mass spectrum of [Pd.L°",](BF4)s (CDsCN sample).
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Figure 2.26 '"H DOSY NMR (500 MHz, 298 K, CD;CN) spectrum of homoleptic [Pd2L°",](BF4)4
cage.

To further confirm the existence of a single supramolecular coordination cage
[Pd2LO",](BF4)s, @ "H DOSY NMR spectrum was measured (figure 2.26) ), showing a
diffusion coefficient of D = 5.3844 « 10-'° m?-s™. From this a hydrodynamic radius of ry =
11.9 A is calculated, being in the same range as [Pd,L°M¢4](BF4)s in CD3CN with ry =
1213 A.

The "H NMR signals of [Pd2L°"4](BF4)4 are assigned by 'H-'H COSY and 'H-'H NOESY
NMR. Signals Ha, Hy, He and H; are determined by shift, shape, and signal integration
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and retroactive approved by 2D NMR techniques. The 'H-'H COSY NMR spectrum
(figure 2.27) shows a cross-peak of Hc-Hp and He-Hr, with Hr instead over Hq chosen
because of the more deshielding/downfield shift of the H: neighbouring alkyne group.
Exclusion leads to the assignment of proton Hg, while 'H-'H NOESY NMR enables the
assignment of Hg and Hi due to the cross-peaks to proton Ha and H;, respectively (labels
red, figure 2.28).
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Figure 2.27 Partial 'H-'"H COSY NMR (600 MHz, 298 K, CD3CN) spectrum of homoleptic
[Pd.L°",](BFJ)s cage. Cross-peaks between L% protons are marked light blue.
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Figure 2.28 Partial '"H-'"H NOESY NMR (600 MHz, 298 K, CD3;CN) spectrum of homoleptic
[Pd.L°",](BF1)s cage. Cross-peaks between L°" protons are marked light blue; important
Ha-Hg and Hi-Hi cross-peaks are marked with red.

2.4 A new [Pd;LA;LB;] System

After successful synthesis of L°Me and L°" (The following results are focused on L°Me as
it was better synthetically accessible) and the respective homoleptic cages
[Pd2LOMe4](BF4)s and [Pd2LO"4](BF4)4, the aim was to design heteroleptic cages based on
shape complementarity. In a first attempt to synthesise a [Pd.L°Me,L%;](BF4)s cage LS¢4
(LSC= Ligand Short Carbazole with 4 for the position of the nitrogen at the pyridine unit)
was used. LS was chosen in accordance to the shape complementarity approach and
because of the already reported synthesis of the brominated precursor before coupling
reaction (figure 2.29, Yield = 33 %) and a promising size and angle according to

archetype systems by the Clever group.['16.127.128]
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Figure 2.29 Suzuki-Miyaura cross-coupling to form LS. i) Pd(PPh;)s, Na,CO3;, DMF/water =
3:1, 100 °C, overnight.

For a 0.7 mM [Pd.L°Me,LS¢4,](BF.)4 solution, 7 mM stock solutions of L°M¢ and LS¢4 in
CD3;CN or DMSO-ds were used, respectively. 120 pl of LM and 120 ul of LS were
transferred inside an NMR tube. 240 ul solvent and 60 pl of a 15 mM [Pd(CH3CN)4(BF4)2]
were added and after mixing, the sealed NMR tubes were heated at 70 °C overnight.
While the CD3CN sample gave a cloudy suspension, the DMSO-ds remained clear and
was further investigated by "H NMR spectroscopy (figure 2.30).
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Figure 2.30 Schematic formation of the heteroleptic [Pd.L°™e,LSC,](BF4)s cage and
comparison of the partial '"H NMR spectra (500 MHz, 298 K, DMSO-d¢) of [Pd.L°¢,](BF4)s,
LOMe | SC4 and the resulting spectrum of the [Pd.L°Me,LSC,](BF4)4 formation.

The spectrum shows clearly signals of the homoleptic [Pd.L°Me,](BF4)s cage but in

addition new and defined signals appeared. For further insights an ESI-MS spectrum

was recorded (figure 2.31).

34



Creating a modifiable Heteroleptic System

measured
[Pd2L0Me4]4+
700.0 11 l 1 L.
Lsca [Pd,LOMe L5C J* calc. for
579.2 [Pd LoMe LSC“ +BF [C_.H_.N OPd ]4+
406‘2 1507 130 1077 2
&\» 8013 @; N l l 1.
LOMe [Pd LOMe +BF ]3+ Pd LOMe LSC4 +2 BF 2+
6479 962 3 1245 4 [Pd,LOMe +2 BF ]**
l | L % @ 14847.00 &48
S| " L
400 600 800 1 000 1 200 1400

m/z
Figure 2.31 ESI mass spectrum of a [Pd,L°"e,L S¢4,](BF,)4 sample.

The mass spectrum shows a mixture of the already assigned and specific peaks of
[Pd2L°Me,](BF4)s and additional ones of the desired [Pd,L°Me,LSC4,](BF4)s peaks with m/z
= 579.2, 801.3, 1487.0 for [Pd,LOMe,LSC4,)4  [Pd,LOMe,LSC4,+BF,** and
[Pd2LOMe,LSC4,+2BF,J?* including fitting measured and calculated isotope patterns,
respectively. Further experiments with extended heating time, additional equivalents of
LS4 or a different solvent unfortunately do not lead to the formation of one heteroleptic

species.

Figure 2.32 shows a DFT-based geometric optimisation of the [Pd,LOMe,LS¢4,]** structure
with a PdeesPd distance of 14.6 A and a distance between the most distal hydrogen
atoms of 26.0 A (BP86-D4/def2-SVP (def2-TZVP for Pd) as for all DFT calculations in
this work). Calculation of trans-isomers were not performed during this work because of
the previous results of the Clever group showing cis-isomers being the energetically

favoured species.!'"l
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Figure 2.32 DFT (BP86-D4/def2-SVP (def2-TZVP for Pd)) geometric optimized structure of
[Pd2LOMe,L5¢4,14* in DMSO with a) top view and b) side view. Sidechains are scaled down to
a methyl group to simplify the calculation. Colour scheme: C = dark grey, H = light grey,
O =red, N = blue, Pd = orange.

While the combination of LS4 with L°Me did not lead to a clean formation of a single
[Pd,LOMe,| SC4,](BF4)s cage, LSB (LSB = Ligand Short Benzene; 1,3-di(pyridin-4-
yl)benzene) shows improved results. LSB was already reported by Fujita and co-workers
as a ligand and was used to form [Pd.LSBy] supramolecular spheres.['?%30 The
synthetic procedure is different to the reported. Starting from commercially available
compounds, a Suzuki-Miyaura cross-coupling (figure 2.33) led to the ligand LSB (77 %

yield) which was further purified by GPC before used for cage formations.

LSB

Figure 2.33 Synthesis of LSB. i) Pd(PPhs)s, Na>.COs3, 1,4-Dioxane, 100 °C, overnight.

14

The homoleptic [Pd12LSB,4](BF4)24 coordination sphere in DMSO-ds was synthesised first
(sphere synthesis, see experimental section). The '"H NMR spectrum is in accordance

with the reported spectrum from Fujita and co-workers (figure 2.34).
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Figure 2.34 Schematic formation of the homoleptic [Pd12L58,4](BF4)24 sphere and partial 'H
NMR spectra (500 MHz, 298 K, DMSO-ds) of the free ligand LSE with the associated sphere.
Formation of the sphere leads to broadening of the 'H signals.

Furthermore, an 'H DOSY NMR spectrum (figure 2.35) experiment shows a single
species with a diffusion coefficient of D = 4.743 - 10" m2s™' and a calculated
hydrodynamic radius of ry = 23.13 A. These values are slightly bigger than reported and
could be explained with different temperatures during the '"H DOSY NMR measurements.
Nevertheless, it indicates a single supramolecular species with double the size of the
[Pd,LO"e,)(BF4)s and [Pd.L°"4](BF4)s cages.
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Figure 2.35 '"H DOSY NMR (500 MHz, 298 K, DMSO-ds) spectrum of the [Pd1,L5824](BF1)24
sphere,

After synthesis of LSB and the correspondent homoleptic [Pd1,LSB,4](BF4)24 sphere, the
heteroleptic [Pd.LMe,LSB,](BF4)s cage was formed. For a 0.7 mM cage solution, 120 pl
of a 7 mM L°Me and 120 ul of a 7 mM LSB solution were mixed inside an NMR tube (with
CDsCN or DMSO-ds as solvent). 300 ul pure solvent and 60 ul of a 15 mM
[Pd(CH3CN)4(BF4)2] stock solution were added and the sealed NMR tube was carefully

shaken and heated at 70 °C for 10 min to give a slightly yellow solution.

The 'H NMR spectrum of the DMSO-ds sample shows a well-defined spectrum without
the existence of [Pd2LOMe4](BF.)s or [Pd12LSB24](BF4)24 (figure 2.36). Signal integration
and signals form comparison lead to the conclusion that a symmetric heteroleptic
coordination cage with a Pd/L°¢/LSB ratio of 1:1:1 is formed. Several signals like the
singlet corresponding to proton Ha shows a downfield shift which is in contrast with the
other signals for the [Pd2L°Me,4](BF4)s and [Pd.L°H4](BF4)s cages which shows an upfield
shift instead. While as already discussed, the upfield shifts can indicate a twisting of the
homoleptic cage structures which is proved by X-ray analysis. The downfield shift of the
same ligands inside this new species could indicate a non-twisting of the L°Me ligand
inside the supramolecular coordination cage. This is a possible additional indication of
the formation of [Pd.LOMe,LSB,](BF4)4, due to the driving force of building a [Pd.L*;LY2]-

cage over a homoleptic assembly by reducing strains for the ligands.
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Figure 2.36 Schematic formation of the heteroleptic [Pd.L°"e,LSB,](BF,)s cage and
comparison of the partial '"H NMR spectra (500 MHz, 298 K, DMSO-dg) of LOMe LSB
[Pd.L°%"¢,](BF4)s and the respective heteroleptic cage.

The CD3;CN sample shows a mixture of [Pd.L°Me,](BF4)s and a supposed heteroleptic
[Pd,LOMe,L SB,)(BF.)s cage (figure 2.37). Longer heating, addition of more LSB or fine
tuning of the ligand-to-ligand ratio by '"H NMR measurement did not lead to the formation
of one clean heteroleptic coordination cage. It was therefore proceeded with analysis of
the DMSO-ds sample, justified with the existence of one new heteroleptic coordination
species. However, the choice of the used solvent has a great impact of the formation of

the desired [Pd.L*.LY]-type cages in this work.
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Figure 2.37 Partial "H NMR spectra (500 MHz, 298 K, CD;CN) of [Pd.L°"¢,](BF4)s and mixed
Pd/LOMe/LSB in a 1:1:1 ratio to give a supposed [Pd.L°e,L SB,](BF4)s cage with homoleptic
[Pd,LOMe,](BF4)a.
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The ESI-MS spectrum for the DMSO-ds sample in figure 2.38 confirms the formation of
the desired [Pd.LOMe,LSB,](BF4)s cage with m/z = 492.65 for [Pd.LOMe,LSB,)* m/z =
658.87 for [Pd,LOMe,LSB,+BF,** and m/z = 1072.31 for the [Pd.L°Me,LSB,+2BF,]?*
species. The existence of homoleptic [Pd.L°Me,4](BF4)s cage with m/z = 700.00 for
[PdoLOMe,1** and m/z = 962.34 for [Pd.LMe,+BF4]** can be explained with the dilution of
the DMSO-ds sample in CDsCN (1:10) before measuring at Bruker ESI-timsTOF mass
spectrometer, resulting in the partial decomposition of the heteroleptic cage to a mixture

with homoleptic species like for a pure CD3sCN sample reported before.

[Pd |LOMe | sB ]4+ calc.for
2 2= 2 i
49265 @> [C,,6H,oNO,Pd J*
Y A A A H A h |‘| i A
measured J
A A k A J J J l ’l A A
oMa LSB +BF ]3+ 491.5 492.0 492.5 493.0 493.5 494.0 4945
[Pd2L 6528 827 4 [PdZLOMeZLSBZ+ZBF4]2+
@) ’ @) 1072.31
4 [PdZL"ME“]4+ [Pd,LOMe 1 BF ]+ )
1 " 70000 962.34\ \
i\ . Y 5 i
500 600 700 800 900 1000

m/z
Figure 2.38 ESI mass spectrum of [Pd,L°Me,LSB,](BF,)a.

Further confirmation for a single supramolecular coordination cage is given by 'H DOSY
NMR spectrum in figure 2.39 with a diffusion coefficient of D = 8.9421 « 10" m?-s™
leading to a hydrodynamic radius of ry = 12.37 A. This is in the same range as
[PdoLOMe,](BF4)s with 12.13 A and [Pd2LO"4](BF4)s with 12.13 A,
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Figure 2.39 'H DOSY NMR (500 MHz, 298 K, DMSO-d¢) spectrum of the [Pd2LOMe,LS8,](BF )
cage.

To address the 'H signals of [Pd.L°Me,LSB,](BF,)s and of the following supramolecular
species, 2D NMR experiments were measured at 25 °C or 70 °C: This can course

sharpening and better separation of 'H signals.
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Figure 2.40 '"H NMR spectra (500 MHz, DMSO-d¢) of [Pd.L°e,LSB,](BF4)s at 298 K (25 °C,
green) and 343 K (70 °C, red).

Proton resonances of H, and H; of ligand L°M and Hs and Hs for ligand LSB could be
assigned from the 'H NMR by signal integration, shape and shift and were further
confirmed by 2D NMR experiments. In the 2D spectra, ligand cross-peaks of LM proton
signals are coloured dark blue and for LSB dark green, while red marks interligand cross-
peaks between L°Me and LSB protons. 'H-'H COSY NMR in figure 2.41 shows a cross-
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peak between Hi-H, and Hs-Hs for signals dedicated to LSB. 'H-'H NOESY NMR

spectrum in figure 2.42 confirm this, additionally with cross-peaks of Ho-H1 and Hs-Hs.

f/d h g i
] g cl t 3
K e 5 4
T
| @
=IC)
I o B
I o &O
S)
1 @ o &
= i (@) oo
———————————————— =) &2
(&) =
L
€
&) g
-3
-5
a_J @ —%
T T T T T T
100 95 9.0 85 8.0 75

[ppm]

Figure 2.41 Partial 'H-'H COSY NMR (600 MHz, 343 K, DMSO-ds) spectrum of the
[Pd2L°Me,LSB,](BF4)s cage. Cross-peaks between L°M protons are marked dark blue; cross-
peaks between LSB protons are marked dark green.
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Figure 2.42 Partial 'H-'H NOESY NMR (700 MHz, 298 K, DMSO-ds) spectrum of the

[Pd,LOMe,LSB,](BF4)4 cage. Cross-peaks between L°Me protons are marked dark blue; cross-
peaks between LSB protons are marked dark green; interligand cross-peaks with red.
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LOMe proton assigment starts with cross-peaks of H.-Hg and Hi-Hi. Shape and signal
integration lead to a possible assigment of He and Har, due to an additional 'H-'H NOESY
NMR cross-peaks of these signals. Also, a weak 'H-'H COSY NMR cross-peak is visible.
The remaining protons Hy, and H¢ are confirmed by 'H-'H COSY/NOESY NMR cross-

peaks. Interligand cross-peak of Ha with Hi completes the proton assignment.

As the crystallization of [Pd2L°Me,LSB,](BF4)4 was not successful, a DFT-based geometric
optimisation was performed, giving an three-dimensional visual impression of the

structure in figure 2.43.

o overall distance

Figure 2.43 DFT (BP86-D4/def2-SVP (def2-TZVP for Pd)) calculated structure of
[Pd2LOMe,LSB,]4* in DMSO with a) top view and b) side view. Sidechains are scaled down to
a methyl group to simplify the calculation. Colour scheme: C = dark grey, H = light grey,
O =red, N = blue, Pd = orange.

The PdesPd distance is calculated with 12.4 A and the distance of the most distal
hydrogen atoms is given with 24.9 A. This is comparable in size with the hydrodynamic
radius calculated from the '"H DOSY NMR experiment with of ry = 12.37 A. Both ligands
undergo a distortion of a possible planar conformation, leading to a twist along the ligand

axis inside the cage.
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Figure 2.44 DFT (BP86-D4/def2-SVP (def2-TZVP for Pd)) optimized geometric structures for
a) [Pd2LOMe,]** b) [Pd.LOMe,LSC4]*and c¢) [Pd.L°Me,LSB,]* zoomed on an alkyne groups to
show the respective bending apart from the ideal 180° angle. Colour scheme: C = dark
grey, H = light grey, O =red, N = blue, Pd = orange.

Beside the influence of the solvent, which will be addressed in further studies, the given
strain of the homoleptic assembly is reduced by the formation of a heteroleptic
[Pd,LOMe,| SB,]-cage instead of a [Pd.L°Me,LS%4;]-cage. Measured alkyne angles for the
DFT models of [Pd.LOMeJ* with ©175° (figure 3.16, experimental section),
[PdoLOMe,LSB, )4 with §176° and @177° for [Pd.LOMe,LSC4,]** (figure 2.32) show for all
species a difference to the ideal 180° of linear alkynes. With a less strained angle for
[PdoLOMe,LSB,14* it is more favourable to form the heteroleptic assembly than the
homoleptic [Pd.L°Me,]-cage. Figure 2.45 compares the bend angle of 8 = -120° for LMe
with the bending angles of LS%* with 8 = 90° and LSB with 8 = 120°. Besides the bend
angle, also the shorter NessN distance of LSB could influence the better [Pd,LoMe,LSB,]-
cage formation. PM6 calculation of LS8 and LS¢4 leads to Ne++N distances of 9.9 A and
12.1 A, respectively. The bend angle of 8 = 90° combined with the N++«N distances and
the rigid carbazole backbone could give the [Pd,L°Me,LSC4,]-cage further strain compared
to the strain of the [Pd,L°Me,]-cage, leading to an equilibrium of energetically close
structures where none is favourable over the other. Combination of L°Me and LS® leads
to a system perfect in shape complementarity due to bend angles, Ne+s*N distances and
the ability of both ligands to distort along the ligand axis as seen in the DFT based
geometric optimisation of [Pd,L°Me,LSB,]* to overcome unfavourable conformeric

conditions.
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Figure 2.45 Structures of the used ligands with the respective bend angles.
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2.5 Implementation of different endohedral
Modifications
After successful introduction of the [PdoLMe,L5B,](BF4)s system, the system is further
modified in order to show the variability of this basic shape. While the synthesis of LOMe

takes more effort with 7 synthesis steps, LSB is a one-step synthesis starting from the

commercially available starting materials.

LSOMe

Figure 2.46 Synthesis and representing coloured figures of LSN"2 (brown), LS°Me (green)
LSOH (turquoise), LSP (violet) and LSN°? (yellow). Synthesis steps: i) Pd(PPh;)s, Na2COs3, 1,4-
dioxane/water = 4:1, 100 °C, overnight; ii) 6 eq iodomethane, K;COs3, reflux, 5 h; iii)
Pd(PPhs)s, K3PO4, DMF/water = 3:1, 100 °C, overnight; iv) Pd(PPhs)s, Na.CO3, 1,4-dioxane,
100 °C, overnight.

Due to less synthetic effort, this ligand is modified instead of L°™¢ to show the robustness
and limits of the heteroleptic system in forming different cages based on the same

topologic motif. The benzene backbone is substituted by aniline, methoxybenzene,
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phenol, additional pyridyl, and nitrobenzene to give the in figure 2.46 mentioned ligands,
synthesised under slightly different conditions such as solvent or salt for the Suzuki-

Miyaura cross-coupling.

LSNH2 (] SNH2 = | igand Short with -NH2 group, 2,6-di(pyridin-4-yl)aniline) was synthesised
by coupling of 2,6-dibromoaniline with 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)pyridine with a yield of 90 %. Starting with 2,6-dibromophenol, the hydroxy group was
reacted with iodomethane to give 1,3-dibromo-2-methoxybenzene (37 % yield), which
was finally coupled with 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) pyridine to give
LOMe (LSOMe = | jgand Short with Methoxy group; 4,4'-(2-methoxy-1,3-phenylene)
dipyridine) with a yield of 53 %. 2,6-dibromophenol, 2,6-dibromopyridine and 1,3-
dibromo-2-nitrobenzene were coupled with the already mentioned boronic pinacol ester
to give LSOH LSP LSNOZ with 36 %, 63 %, 56 % yield, respectively (LS°H = Ligand Short
with -OH group (2,6-di(pyridin-4-yl) phenol); LSP Ligand Short with additional Pyridine
group (4,2":6',4"-terpyridine); LSN°2 = Ligand Short with -NO, group (4,4'-(2-nitro-1,3-

phenylene)dipyridine). Before further use, all materials were purified by GPC.

LSNH2 was already reported and used to form heteroleptic platinum metallacycles,!'3"
LSOH was prepared as an intermediate with a final structure leading to a [Pdi2L24]-
sphere,['*? LSP was used to form heteroleptic platinum rhomboids, triangles, triangular
bipyramid!'®! and a [PdsL1s]-complex.['*3 In this work, all ligands are used to form
homoleptic species in DMSO-ds like it is already done for LSB, which gives the described
[Pd12LSB24](BF4)24 sphere. Since no [Pdizl24] spheres for LSNH2 | SOMe | SOH g | SNO2
were reported, comparison with before measured 'H NMR spectra are not possible.
Nevertheless, '"H DOSY NMR measurements lead to the formation of a single species
for LSNH2 or LSOH when reacted with 0.5 eq Pd(Il), with a D = 4.2330 - 10" m?-s™ and D
=4.6387 - 10" m?-s™" leading to hydrodynamic radii of ry = 25.91 Aand ry = 23.65 A. As
already introduced in the precious section, the hydrodynamic radius measured for
[Pd12LSBy4](BF4)2s is ry = 23.13 A. By similarity, this indicates the formation of
[Pd12LSNH2,4](BF4)24 and [Pd12LS%H24](BF4)24, respectively. LSOMe plus 0.5 eq Pd(Il) shows
the formation of two species by '"H DOSY NMR experiment with D = 4.2330 - 10" m?-s-
"and D = 4.6387 - 10" m2-s™'. For the first mentioned diffusion coefficient ry = 24.85 A
is calculated, an indication for a possible [Pd,LS°Mey,](BF4)22 sphere. The second
included species with a ry =7.41 Aand D = 1.4795 - 10" m?-s™" is even smaller than the
reported [PdzL4] or [Pd2LOMe,LY,] cages. A possible ring-like structure or a fragment of
the bigger species could be an explanation. LSP with 0.5 eq Pd(ll) forms a species with
D = 5.3795- 10" m?s™ leading to a ry = of 20.39 A, smaller than the suggested

[Pd12L24]-spheres. The bend angle of LSP is smaller due to the pyridyl backbone instead
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of a substituted benzene ring as a basic structure element. This suggests literature
reported smaller complexes like [PdsLSP4¢]- or [PdoLSPig]-type in one mixture.
Interestingly, in this work only one species could be indicated by '"H DOSY NMR. This
difference of the homoleptic structure needs to be reminded when it comes to the
discussion of the [Pd.L°Me,LSP,](BF4) cage. To this additionally, LSN°2 + 0.5 eq Pd(ll)
forms a mixture of two species with D =8.6560 - 10" m?s™'and D =1.2513 - 10" m?-s

', giving a mixture of ry = 12.67 A and ry = 8.77 A, respectively.

The formation of the heteroleptic cages is similar to [Pd.L°Me,LS8,](BF4)s and is taking
place in DMSO-ds. 120 pl of a 7 mM stock solution of LM was mixed with 120 pl of a
7 mM stock solution of LSNH2 | OMe | SOH 1| SP | SNO2 ‘ragpectively. After addition of 60
of a 15 mM [Pd(CH3CN)4(BF4)2] stock solution, 300 pl pure solvent was added and the
combined solutions were heated in an NMR tube at 70 °C for 10 min to give slightly
yellow 0.7 mM solutions. Formation of [Pd,LOMe,LSNH2,1(BF,), and [PdoLOMe,LSP,](BF4)s
were additionally carried out in CDsCN and analysed by 'H NMR, resulting in a mixture
of different species including [Pd2L°Me,)(BF4)s as seen for [PdoL°Me,LSB,](BF4)4 in CDsCN.
Again, longer heating, adding more LS8 or fine tuning of the ligand-to-ligand ratio by 'H
NMR did not lead to clean single species in CD3CN. This led to the focus on DMSO-ds

as the only used solvent.

A well-defined "H NMR spectrum of [Pd2L°Me,LSNH2,](BF,), in DMSO-ds is shown in figure
2.47 without the existence on any homoleptic species. A comparison of the signal
integration of the free ligands with the new species indicate a symmetric heteroleptic

coordination molecule with a Pd to ligand ratio of 1:2, including a 1:1 ratio of L°Me to
LSNHZ.
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Figure 2.47 Schematic formation of the heteroleptic [Pd,L°Me,LSNH2,](BF,4)s cage and
comparison of the partial 'TH NMR spectra (500 MHz, 298 K, DMSO-ds) of the free ligands
LOMe and LSNH2 with the respective heteroleptic cage.

Again, several signals like Ha show a downfield shift instead of a upfield shift like seen in
[Pd2LOMe,](BF4)s and [Pd2LCH4](BF4)s. This indicates a less strained structure with larger

distances between the L°Me 11 systems in contrast to the helical homoleptic cage.
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Figure 2.48 ESI mass spectrum of a [Pd.L°Ve,LSNH2,](BF4), sample.

The existence of [Pd,LMe,LSNH2,|(BF,), is additionally proven by ESI-MS. The spectra in
figure 2.48 displays [Pd,LOMe,LSNH2,]4* with m/z = 500.16, [PdoLOMe,LSNH2,+BF,]3* with
m/z = 695.87 and [Pd2LOMe,LSNH2,+2BF4]2* with m/z = 1087.32. No additional species can

be identified, showing the [Pd,L°Me,LSNH2,](BF,4)4 cage is longer stable against dilution in
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acetonitrile then [Pd.L°Me,LSB,](BF4)s in @ comparable experiment time at Bruker ESI-
timsTOF.

'H DOSY NMR spectrum (figure 2.49) further confirm [Pd.LOMe,LSNH2,)(BF,), with a
diffusion coefficient of D = 8.9785 10" m?-s™, leading by a calculation with the Stokes-
Einstein equation to a hydrodynamic radius of ry = 12.21 A. This is in the same
magnitude like [PdoLOMe,LSB,)(BF4)s with ry = 12.37 A.

j AN MUJ A

04

T T
-10.2

-10.0

TN | iMf-

T
-9.8

—9{6
llog(D}

-94

-9.0

[ppm]

Figure 2.49 'H DOSY NMR (500 MHz, 298 K, DMSO-ds) spectrum of the
[szLomezLSNszl(BF4)4 cage.

As already mentioned, the total count of signal protons in the '"H NMR spectrum is fitting
to the [Pd.LOMe,LSNH2,|(BF,), cage. Interestingly, the signal integration does not fit, with
two additional signals than expected for a [Pd.LOMe,LSNH2,].cage. First assigned signals
and by 2D NMR techniques retrospectively confirmed proton signals are H,, He and H;
for L°Me and H, for LSNH2 because of shape, shift and signal integration. Starting with "H-
"H COSY NMR spectrum in figure 2.51, cross-peak of He with Hr is indicated by assuming
a higher downfield shift for Hr over Hqy, reasoned on a stronger deshielding of the
neighboured alkyne group. Overlayed signal attributed to Hcq with cross-peak to H, and
He complete the feasible signal attribution by 'H-'H COSY NMR for L°Me for this cage.
LSNH2 proton signal Ha shows a cross-peak to Hs. With attributed the most signals of LOMe,

only distinction of is Hg/Hn missing, signals at 9.22 ppm and 9.06 ppm were attributed to
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H+1, showing cross-peaks to protons of Hz. The total signal integration of signals labelled

H1 (8) and signals labelled H (8) fits to this assignment.
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Figure 2.50 Partial 'H-'H COSY NMR (600 MHz, 298 K, DMSO-ds) spectrum of the
[Pd,LOMe, SNH2,1(BF,), cage. Cross-peaks between L°™¢ protons are marked dark blue;
cross-peaks between LSNH2 protons are marked brown.

'H-'H NOESY NMR experiment (figure 2.51) further reveals the vicinity of Hi-Hz. In
addition, the position of Hz is confirmed by a cross-peak to Hs. The 'H-'H NOESY NMR
confirms all addressed L°Me with additional Hg/Hn proton distinction by cross-peaks of Hg-
Ha. and Hn-Hi. Interligand cross-peaks between H-Ha, and Hi-Hy agreed with the proton
assignment. The -NH: group (5) at 3.62 ppm shows consistently cross-peaks with the H,

protons in figure 2.52.

51



Creating a modifiable Heteroleptic System

[ppm]

AR

T 1 T T T T T
100 95 90 85 80 75 70

(ppm]

Figure 2.51 Partial 'H-'H NOESY NMR (700 MHz, 298 K, DMSO-ds) spectrum of the
[Pd,LOMe, SNH2,1(BF,), cage. Cross-peaks between L°™¢ protons are marked dark blue;
cross-peaks between LSNH2 protons are marked brown; interligand cross-peaks with red.
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Figure 2.52 Partial 'H-'H NOESY NMR (700 MHz, 298 K, DMSO-ds) spectrum of the

[Pd,LOMe, SNH2,1(BF,), cage focused on the aromatic amine group of LSNH2, Cross-peaks
between LSNH2 protons are marked brown.

After addressing all signals by 2D NMR, the question was, why the H{ and H; protons

shows a strong splitting, while this is not observed for the other protons of LSNH2, A
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possible explanation is a restricted rotation of the pyridyl-phenyl-axis due to a steric
hindrance from the -NH; group, causing the splitting. To prove this, the temperature was

elevated to 70 °C to allow a rotation of the pyridyl moiety (figure 2.53).
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Figure 2.53 'TH NMR spectra (500 MHz, DMSO-ds) of [Pd,L°Me,LSNH2,](BF,), at 298 K (25 °C,
green) and 343 K (70 °C, red).

As expected, at 70 °C signals of Hy merged to one broad signal, while signals of H-
disappeared due to a strong broadening. Increase of the base of signals H, and H;i point
on the possible position of the 'H signals of H,. 'H-'H NOESY NMR at 70 °C further
proved the identity of H1, showing a cross-peak to Ha. Although strongly broadened, in
the 'H-'H NOESY NMR cross-peaks between Hi and H; still show a splitting of the H>
protons. This shows that the heating of the sample does not overcome the steric
hindrance, making the H1 and Ha protons magnetically non-equivalent and the signal H1

at 70 °C is an overlapped signal of two signals.
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Figure 2.54 DFT (BP86-D4/def2-SVP (def2-TZVP for Pd)) calculated structure of
[PdoLOMe,LSNH2,14+ in DMSO with a) top view and b) side view and c) closer view on the
amine groups with marked 2.9 A distance between one free electron pair of one LSNH2
ligand and 2 hydrogens of the other LSN"2 ligand. Sidechains are scaled down to a methyl
group to simplify the calculation. Colour scheme: C = dark grey, H = light grey, O = red,
N = blue, Pd = orange.

A DFT calculation gives an impression of the structural properties in the gas phase (figure
2.54), showing a Pds+<Pd distance with 12.8 A (equating DFT model of [Pd,LOMe,LSB,]**
with 12.4 A) and a distance of the most distal hydrogen atoms with 25.1 A (fits with the
from '"H DOSY NMR spectrum calculated hydrodynamic radius of ry = 12.21 A written
before). The -NH2+esNH2- distance is with 2.9 A in the range of hydrogen bonding.!"3¥
This bonding inside the cavity prevents a fast moving between possible orientations of
the backbones (relative to the NMR time scale). The formed hydrogen bond fixes the
orientation of the -NH- in a way which makes them block the free rotation of the pyridyl

groups.

54



Creating a modifiable Heteroleptic System

This hindered free rotation along the pyridyl-phenyl-axis leads finally to fixed positions of
the pyridyls, leading to a magnetically inequivalent protons for 'H NMR measurements.
An additional indication of the existence and importance of hydrogen bonding inside
[Pd,LOMe,LSNH2,1(BF,), is the comparison with [Pd2LOMe,LSOMe,|(BF,), including bulky but
free rotatable -OMe groups, showing no splitting of the pyridyl protons (figure 2.56).
Stabilizing hydrogen bonds within the cage could explain the higher stability of this
heteroleptic cage upon dilution in acetonitrile prior to ESI-MS experiments compared to
[PdoLOMe,LSB,|(BF4)a.

< hydrogen bonds >

Figure 2.55 Graphic to illustrate the described effect of conformer stabilizing hydrogen
bond between both -NH. groups to stop the free rotation of the pyridyls in
[PdoLOMe,LSNH2,1(BF,),.
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Figure 2.56 Schematic formation of the heteroleptic [Pd.L°Ve,LSOMe,](BF,)4 cage and
comparison of the partial 'TH NMR spectra (500 MHz, 298 K, DMSO-ds) of the free ligands
LOMe and LSOMe with the respective heteroleptic cage.

For the [Pd.L°Me,L SOMe,|(BF,), the entire signal integration leads to a Pd/ligand ratio of
1:2 and a ratio for L°Me:LSB of 1:1. Again a downfield shift compared to [Pd2L°Me,4](BF4)4
is observed, dedicated to a lower twisting of the L°™ ligands and a larger distance of the

m-systems of the L°Me ligands.

Figure 2.57 shows the ESI-MS spectrum of [Pd,LOMe,LSOMe,|(BF,)4, with m/z = 507.66 for
[Pd,LOMe, | SOMe, 14+ ' m/z = 705.87 for [PdoLOMe,LSOMe,+BF,]3* and m/z = 1102.32 for the
[Pd,LOMe,LSOMe,12BF,]?*. A peak at m/z = 683.21 is attributed to [PdaLOMe,LSOMe,+F]3+,
showing a contamination of fluoride. This contamination is commonly observed when
heating samples containing BF4. This makes the placement of the counterion inside the
cavity plausible with a repulsion of two guest including one F-, visible in the nonexistence
of a [PdoLOMe,L SOMe,+F+BF4]?* species. Nevertheless, these are effects only visible in the

gas phase and could be different in solution.
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Figure 2.57 ESI mass spectrum of a [Pd,L°"e,L SOMe,](BF4)4 sample.

From 'H DOSY NMR measurement (figure 2.58) a single species is confirmed. A
hydrodynamic radius of ry = 11.9 A is calculated with the Stokes-Einstein equation from
a diffusion coefficient of D = 9.2053 - 10" m?s™ in agreement with the previously
measured radii of [Pd2L°Me,LSB,](BF4)s and [Pd,LOMe,LSNH2,](BF,), with ry = 12.37 A and
rq=12.21 A, respectively.
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Figure 258 'H DOSY NMR (500 MHz, 298 K, DMSO-ds) spectrum of the
[szLomestomezl(BF4)4 cage.

'H-"H COSY NMR experiment (figure 2.60) indicates the proximity of the first by size,

shape, and signal integration estimated proton Hs with Hs (light green). Estimated signal
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H1 does not show a cross-peak to presumably proton H., due to the broadening of this
signal. Unfortunately, it is also not possible to sharpen the signal shape by measuring at
higher temperatures, an overlapping of signal Hz with H is visible due to the broadening

of the base of signal Hy, including a “shoulder” (figure 2.59).
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Figure 2.59 'H NMR spectra (500 MHz, DMSO-ds) of [Pd2LOVe,L SOVe,|(BF,), at 298 K (25 °C,
green) and 343 K (70 °C, red). Signal 2 of ligand LS°M¢ broadened signal at 25 °C and
Highfield shifted at 70 °C, underlaying signal h of LMe,

Ha and H; of L™ inside [Pd,L°Me,LS°Me,|(BF4), are initially assigned according to size,
shift and signal integration for Ha and H;, while Hy and Hy are not distinguishable from
each other. The remaining protons of L°Me could not be assigned by 'H-'H COSY NMR,

due to a strong overlap.
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Figure 2.60 Partial 'H-'H COSY NMR (600 MHz, 298 K, DMSO-ds) spectrum of the
[Pd,LOMe,| SOMe,1(BF,), cage. Cross-peaks between L°Me protons are marked dark blue;
cross-peaks between LS°Me protons are marked light green.
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Figure 2.61 Partial 'H-'H NOESY NMR (700 MHz, 298 K, DMSO-ds) spectrum of the
[Pd;LOMe,LSOMe,1(BF,)s cage. Cross-peaks between L°M¢ protons are marked dark blue;
cross-peaks between LS°M¢ protons are marked light green; interligand cross-peaks with
red.

From 'H-'H NOESY NMR (figure 2.61) experiments, cross-peaks of Hg and Hy with Ha
and H;, (dark blue) are identified, respectively. Hy is estimated from an inter-ligand cross-
peak with H1 (red lines). Determination of He by a cross-peak with a combined Hye signal
is estimated by signal integration and an additional cross-peak to Hgas. This is only
plausible by this combination of overlaying signals for the respective protons including a
perfect count of proton number for Hgqt. In addition, Hy shows a cross-peak to H, and to

a broadened H..

Figure 2.62 shows the geometric optimization (DFT calculation) of [PdoLOMe,LSOMe, 4+
with a Pdes+Pd distance of 12.6 A and a distance 25.5 A between the two most distal
protons, being in an agreement with 'H DOSY NMR measurement showing a

hydrodynamic radius of ry = 11.9 A.
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Figure 2.62 DFT (BP86-D4/def2-SVP (def2-TZVP for Pd)) calculated structure of
[Pd,LOMe,LSOMe, 14+ jn DMSO with a) top view, b) side view and c) closer view on the methoxy
groups. Sidechains are scaled down to a methyl group to simplify the calculation. Colour
scheme: C = dark grey, H = light grey, O =red, N = blue, Pd = orange.

The free rotatable -OMe groups seems to be in different position with only one group
pointing inside the cavity, opposite to what is observed in the crystal structure for
[Pd2LOMe,](BF4)s, Wwhere all -OMe groups are pointing inside. Nevertheless, due to the
freely rotatable nature of the -OMe groups, both groups could switch their position,
changing back and forth the orientation of the phenyl group. This ends up in a fast
movement, not notable on the NMR time scale. Otherwise, the magnetic characteristics
of each LS°Me ligand would be different, ending up in a splitting of 'H signals like seen
before in [Pd,LOMe,LSNH2,](BF,)s, where the -NH2 act like an blocker and orientate each

LSNH2 Jigand in one (for the NMR time scale) fixed conformation inside the cage structure.
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Figure 2.63 Schematic formation of the heteroleptic [Pd.L°e,LS%H,](BF4)s cage and
comparison of the partial '"H NMR spectra (500 MHz, 298 K, DMSO-d;) of the free ligands
LOMe and LSCH with the homoleptic [Pd.L°"¢,](BF.)s cage and additional comparison of the
heteroleptic cage at 343 K (70 °C).

The 'H NMR (figure 2.12) is well resolved and signal integration is matching to the
formation of [Pd,L°Me,LSOH,](BF,)s with a Pd/ligand ratio of 1:2 and a ratio of LOMe/LSOH
of 1:1. Ass mentioned previously, in [Pd.L°M](BF.)s signals of L°M are downfield
shifted, indicating less twisting of the quinoline-based ligands in the heteroleptic cage. A
small amount of [Pd,L°Me,](BF4)s was found in every sample with ~3 % proportion
according to "H NMR signal integration. Extended heating times, additional equivalents
of LSO or fixing the ligand-to-ligand ratio 1:1 by '"H NMR titration of ligand against ligand,
showed no improvement, indicating an equilibrium induced by lone pair repulsions of the

LSO ligands.

With the first impression of the 'H NMR analysis, an ESI-MS measurement was
performed (figure 2.64). As expected, [Pd.LOMe,LSOH,]4* with m/z = 500.65 and
[Pd,LOMe,LSOH,+2BF,]?* with m/z = 500.65 and respective isotopic pattern are existent
besides a small peak for [Pd.L°Me,J** at m/z = 700.00. A peak of [Pd,LOMe,LSOH,+BF,]3*

with a calculated m/z = 696.54 is completely missing.
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Figure 2.64 ESI mass spectrum of a [Pd.L°Me,L SOH,](BF4)4 sample.

Interestingly the species [PdLOMe,L SOH SOH-H3 (| SOHH a5 an abbreviation for the
deprotonated LS°" ligand) with m/z = 667.20 shows the highest intensity, indicating a
deprotonation of one phenol. This behaviour was not observed for the free ligand LSO
or for L°" and [Pd2L°H4](BF4)4, respectively.
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Figure 2.65 UV-VIS spectra of [Pd.LoMe,LSOH,](BF,)s in DMSO-de¢ with increasing
temperature and pictures of NMR tubes with the sample at room temperature and 70 °C.

Additionally, a colour change of the cage solution from yellow to orange can be observed
by heating from room temperature to 70 °C, respectively (figure 2.65). Figure 2.63 proves

an intact cage species at higher temperature. As all other cages does not show this
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behaviour, it is exclusively for [Pd,L°Me,LSOH,](BF4)s and should be in relation with the
LSOH |igand. Heating a pure LS°H solution of the same ligand concentration does not lead
to a colour change. UV-VIS spectra at different temperatures show an isosbestic point
at 404 nm. This indicates the existence of a reaction but not exactly what happen. Further

studies need to be done to may indicate a deprotonation of the phenol-based ligands.

'H DOSY NMR measurement proves the presence of only one main species (figure
2.66). The measured values are in the same magnitude as the before reported

heteroleptic cages with D = 9.0274 - 10" m?-s' and a calculated ry = 12.15 A.
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Figure 2.66 'H DOSY NMR (500 MHz, 298 K, DMSO-ds) spectrum of the [PdzLOMe,LSOH,](BF )4
cage.

To assign the 'H signals, 2D NMR experiments were measured at 25 °C and 70 °C.
Unfortunately, the signals Hp,Hc,Hg,He,Hs of L°Me are strongly overlapping. For the
remaining signals, it is possible to assign them by shape, shift and signal integration. 'H-
"H COSY NMR experiments at 70 °C (figure 2.67) shows H+-H, and Hs-Hs4 cross-peaks,
although H; can only be observed at 70 °C. 'H-'H NOESY NMR at 25 °C (figure 2.68)
and 70 °C (figure 2.69) reveal the proximity of H.-Hs and confirms additionally to 'H-'H
COSY NMR Hi-Hz and Hs-Hs4. The distinction of Hg and Hy is enabled with Hg-Ha and Hi-

Hi cross-peaks. An interligand cross-peaks is visible for Ha-Hs.
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Figure 2.67 Partial '"H-'H COSY NMR (600 MHz, 343 K, DMSO-ds) spectrum of the
[Pd2LOMe,LSOH,](BF4)4 cage. Cross-peaks between LS°H protons are marked turquoise.
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Figure 2.68 Partial 'H-'H NOESY NMR (600 MHz, 298 K, DMSO-ds) spectrum of the

[Pd,LOMe,L SOH,](BF,4)4 cage. Cross-peaks between L°Me protons are marked dark blue;
cross-peaks between LS°H protons are marked turquoise; interligand cross-peaks with red.
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Figure 2.69 Partial 'H-'H NOESY NMR (400 MHz, 343 K, DMSO-ds) spectrum of the
[Pd;LOMe,LSOH,](BF4)s cage. Cross-peaks between L°Me protons are marked dark blue;
cross-peaks between LS°H protons are marked turquoise; interligand cross-peaks with red.

Figure 2.70 shows a Pds++Pd distance of 12.6 A and a distance of 25.5 A for the most
distal protons of the DFT calculated optimized structure, similar to reported values for
similar cages of the [Pd.L°Me,L*;](BF4)s type. A comparison with the '"H DOSY NMR
given ry = 12.15 A proves the size range of the calculation. The distance for -OHes*OH-
is calculated with 3.8 A and thus larger than the -NH2eseNH2- distance for
[Pd,LOMe,| SNH2,1(BF,), with 2.9 A. In agreement to these calculated distances, the
hydrogen bonding for [Pd.LoMe,LSOM,|(BF4)s would be weaker than for
[PdoLOMe,LSNHZ,1(BF,),.3% The 'H NMR spectrum, [Pd,LOMe,LSOH,(BF,4)s shows no
splitting of the 'H pyridyl signals, showing a freely rotatable pyridyl-phenyl-axis axis. This
is different to the postulated non rotatable pyridyl-phenyl-axis inside the
[Pd,LOMe,LSNH2,1(BF,), cage, induced by hydrogen bonds of the -NH; functions which
stabilize two conformers of the LSNH2 ligands inside the cage structure by hindering a free

pyridyl rotation (relative on NMR time scale).
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Figure 2.70 DFT (BP86-D4/def2-SVP (def2-TZVP for Pd)) optimized structure of
[Pd,LOMe,SOH,14+ in DMSO with a) top view, b) side view and, c) closer view on the --OH
groups. Sidechains are scaled down to a methyl group to simplify the calculation. Colour
scheme: C = dark grey, H = light grey, O =red, N = blue, Pd = orange.
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Figure 2.71 Schematic formation of the heteroleptic [Pd.L°Me,LSP,](BF4)s cage and
comparison of the partial '"H NMR spectra (500 MHz, 298 K, DMSO-d;) of the free ligands
LOMe and LSP with the respective heteroleptic cage.

Synthesis of [Pd,LoMe,LSP,](BF4) (figure 2.71) shows the typical pattern for LM ligand
observed for all reported [Pd.L°Me,LX,]-type cages. Moreover, multiple overlapped
signals between the area 8.10 ppm-8.40 ppm and 8.68 ppm-8.77 ppm are observed.
The overall signal integration does not fit perfectly for the overlapped areas. A reason for
this could be the coexistence of the homoleptic cages [Pd;L°Me,;(BF4)s (~8 % by
integration). The amount of such species could not be decreased by addition of more
LSP, longer heating or ligand to ligand ratio tuning by 'H NMR titration. '"H NMR
measurement at higher temperature was tried to achieve a better signal separation but

could not achieve a better distinction (figure 2.72).
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Figure 2.72 'H NMR spectra (500 MHz, DMSO-ds) of [Pd.L°Me,LSP,](BF4)s at 298 K (25 °C,
green) and 343 K (70 °C, red).

67



Creating a modifiable Heteroleptic System

[Pd_LOMe | 5P ]+ calc.for
) = 2 -
493,15 @) [C124H198N1002Pd2]4
A A A “ n ,l A a
measured
A l A l ' * A A

4850 485.5 4860 486.5 487.0 4875 488.0

[PdZLOMe2LSP2_§_BF4]3+
[Pd,LOMe LS +F]+ 686.53@‘) et 5 N
@)66387 \ [pdlLoMea+BFa]3+ [szL 2I- 2+ZBF4]
: __(pdLone e 96234 &)3 1073.31
X Y W Y A ’
500 600 700 800 900 1000

m/z

Figure 2.73 ESI mass spectrum of a [Pd,L°Me,LSP,](BF4)s sample.

ESI-MS spectrum reported in figure 2.73 displays m/z = 493.15 for [Pd,LOMe,LSP,]**, m/z
= 686.53 for [Pd.LOMe,LSP,+BF 4%, m/z = 663.87 for [Pd2LOMe,LSPo+F** and m/z =
1073.31 for the [Pd.L°Me,LSP,+2BF4]?* charged species with fitting isotopic patterns. As

already visible inside the "H NMR spectrum, minor species of [Pd;L°Me,] is detected.
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Figure 2.74 'TH DOSY NMR (500 MHz, 298 K, DMSO-ds) spectrum of the [Pd.L°Me,LSP,](BF4)4
cage.

'H DOSY NMR measurement shows a [Pd,LMe,LSP,)(BF4)4 with a hydrodynamic radius

of ry = 12.16 A calculated from a diffusion coefficient of D = 9.024 - 10" m?-s™" in figure
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2.12. Again, this shows a similar size to the before reported cages of the [Pd2LOMe,LX,]-

type.

Since the 'H NMR signals in the overlapping regions could not be separated by
increasing the temperature, the areas of multiple overlapped signals corresponding to
the major species [Pd,LoMe,LSP,](BF4)s and minor species [Pd.LOMe,](BF4)s are marked
as x/ly respectively. Signal Ha, Hhn, Hg and H; are determined due to shape, signal
integration and due to similarity to the before reported cages. First notable is the already
know downfield shift of a couple of L°Me indicated 'H signals inside this heteroleptic cage
against the upfield shift of the same proton signals for [Pd.L°M¢,](BF4)s, showing a
supposed less twisted L 'H-'TH COSY NMR (figure 2.75) measured at 70 °C shows
clearer separated signals and cross-peaks for Hi-H., with a splitting of the named signals
as seen for [Pd,LOMe,LSNH2,|(BF,), before. This behaviour seems to support a
magnetically difference of the Hi and H. protons of the pyridyl groups inside the cage,
not seen for the free ligand LSP. 'H-"H NOESY NMR in figure 2.76 confirms the positions

of Hy and Hz and additionally the distinction between Hg and Hs.
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Figure 2.75 Partial 'H-'H COSY NMR (600 MHz, 343 K, DMSO-ds) spectrum of the
[Pd,LOMe,| SOMe,1(BF,), cage. Cross-peaks between LSP protons are marked purple.
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Figure 2.76 Partial 'H-'H NOESY NMR (700 MHz, 343 K, DMSO-ds) spectrum of the
[Pd2LOMe,LSP,](BF4)s cage. Cross-peaks between L°Me protons are marked dark blue; cross-
peaks between LSP protons are marked purple; interligand cross-peaks with red.
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Figure 2.77 DFT (BP86-D4/def2-SVP (def2-TZVP for Pd)) optimized structure of
[Pd2LOMe,LSP,1** in DMSO with a) top view and b) side view. Sidechains are scaled down to
a methyl group to simplify the calculation. Colour scheme: C = dark grey, H = light grey,
O =red, N = blue, Pd = orange.
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The DFT calculated Pdes+Pd distance of 12.0 A and 24.9 A distance for the most distal
protons are comparable to structurally related cages (figure 2.77). The calculated ry =
12.16 A from the 'H DOSY NMR is in the same magnitude as the calculated size. The
different bite angles LSP with 8 =112° against the 8 = 120° angles of other pyridyl ligands
(resulting from the heterocyclic pyridine backbone of LSP against the phenyl-based
backbones of the other used LS* ligands) seems not to interfere with the formation of
heteroleptic cages. However, the smaller angle of LSP could be a reason for a more
strained heteroleptic cage with free lone pairs of the pyridine backbone pointing at each
other without a chance of turning apart like for other substituent groups (-OMe / -NH>).
This could conclude a hindered free rotation along the pyridyl-phenyl axis (leading to split
"H NMR signals for Hy and Hy).
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Figure 2.78 Schematic formation of the heteroleptic [Pd.L°e,LSP,](BF4), cage and
comparison of the partial '"H NMR spectra (500 MHz, 298 K, DMSO-d;) of the free ligands
LOMe and LSNO2 with resulted mixture of supramolecular structures after adding Pd?*.

As the last modification LSN°2 was synthesized and investigated for the formation of
[PdoLOMe,LSNO2,1(BF,)s. The 'H NMR spectrum is shown in figure 2.78, presenting an
incomplete formation. Adding more LSN°2, [onger heating and an exact ligand titration for
an 1:1 ratio before Pd(ll) addition did not lead to a clean species without [PdL°M¢,]-cage.
However, new signals like the L°M signals in the related heteroleptic cages can be

identified, leading to already many times mentioned less twisting of L°M¢ inside the cage.

ESI-MS measurements in figure 2.79 clearly shows the formation of [PdoLOMe,LSN02,]
cage with m/z = 51514 for [PdLOMe,LSNO%,1* and m/z = 1117.29 for
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[Pd,LOMe,LSNO2,+2BF,]?*. In addition, prominent peaks at m/z = 700.00, 962.34 and
1487.00 corresponding to [Pd.LOMe,J**, [Pd.LOMe,+BF4** and [Pd.L°Me,+2BF,** are
observed.
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Figure 2.79 ESI mass spectrum of a [Pd,L°Me,LSNO2,](BF,4), sample.
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Figure 2.80 Partial '"H-'"H COSY NMR (600 MHz, 298 K, DMSO-ds) spectrum of the resulted
mixture of supramolecular structures after adding Pd?*. Cross-peaks between LSN©2
protons are marked purple.

'H-'H COSY and 'H-'"H NOESY NMR experiments (figure 2.80 and figure 2.81) are
hindered by strong signal overlaps. The most important recognition is given by the "H-"H
NOESY NMR with H4-Hz2 and H+-Ha / Hi-Hg interligand cross-peaks.
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Figure 2.81 Partial "H-'H NOESY NMR (700 MHz, 343 K, DMSO-d¢) spectrum of the resulted
mixture of supramolecular structures after adding Pd?*. Cross-peaks between LSNO2
protons are marked purple; interligand cross-peaks with red.

The DFT calculation shown in figure 2.81 gives a visualization of the geometric optimized
structure. The Pde++Pd distance of 12.5 A, with a distance of 24.4 A for the most distal
protons, is comparable with the calculated values for the related heteroleptic cages. Most
interestingly, the -NO2 groups of the LSN°2 |igand are pointing to each other, leading to a
‘turn away movement’ of the ligands induced by the repulsion of the numerous lone
electron pairs. This structural feature could be responsible for the worst [PdLOMe,LSX,]-
type cage formation by the combination of LMe with LSN92 seen in this work. This is
indicating the steric limitations for the modification of a geometric mostly identic but
chemical different system. Nevertheless, the [Pd.L°Me,LSN%2,]-cage can be formed and
is found to be in equilibrium between the correspondent homoleptic species similar to

what was observed for the [Pd,L°Me,LS¢4,]-cage.
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Figure 2.82 DFT (BP86-D4/def2-SVP (def2-TZVP for Pd)) calculated geometry optimization
of [Pd,LOMe,LSNO2,14* jn DMSO with a) top view, b) side view and, c) closer view on the nitro
groups. Sidechains are scaled down to a methyl group to simplify the calculation. Colour
scheme: C = dark grey, H = light grey, O =red, N = blue, Pd = orange.

Additionally, ion mobility was measured for all [Pd,L°Me,LSX,]-type cages and their similar
size and structural properties was shown. To obtain comparable data, for all cages the
peak corresponding to the 3+ charged species was analysed and the dynamic behaviour

of the cage assemblies in the gas phase could be highlighted.

Table 1 Calculated collisional cross sections tCCS with standard deviation o and
measrued eCCS in A2,

Measured species tCCS (A?) o (A?) eCCS (A?
[Pd2LOMe,| SBy+BF4]3* 581 10 605.1,617.1
[PloLOMeL SNH2+ BF 3+ 584 11 6137
[Pd2LOMe,| SOMe,+BF 43+ 588 1 593.6, 604.0,611.1
[Pd2LOMe,| SOH,+BF4]3* 587 8 606.5, 615.7
[PdoLOMe | SP,+BF ]+ 584 9 613.9
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2.6 Heteroleptic [Pd.L°Me,LSBLSNO2]-Cage

Until now it was discussed how structural modifications of the chosen substituents effect
the cages properties. From all the reported observations came the idea of combining two
differently substituted pyridyl ligands in trans position to two L°Me ligands in the same
heteroleptic assembly to combine the approach of shape complementarity and
endohedral modifications. Indeed, [Pd.L°Me,LSXLSY]-type cage could be achieved. In this

chapter, the most successful attempt will be discussed.

The used ligands, besides L°Me, are LSN°2 and LSB. This combination was chosen
because of the described effect of lone pair repulsion between two LSN? inside
[Pd.LOMe,LSB,|(BF,4)4, leading to the least favourable formation of heteroleptic species
reported in this work. However, the -NO> group is also the most sterically demanding
moiety in the cage environment and LSB is the best counterpart since it only has a
hydrogen atom pointing inside the cavity and can give to the -NO2 group in close

proximity enough space inside the cavity.

LOMe LSB

[Pd,LO L% ](BF,),
d

[szxLOMGZLSBLSNOZ] (B F‘)4

d aY

X A A J;:
[szLOM?2 LSNOZ]] (B F")4
i 1A A

10.0 9.8 9.6 94 9.2 9.0 8.8 86 8.4 8.2 8.0 7.8 7.6 74 7.2 70 6.8
[ppm]

Figure 2.83 Schematic formation of the heteroleptic [Pd,L°Me,LSBLSNO?](BF,), cage and
comparison of the partial '"H NMR spectra (500 MHz, 298 K, DMSO-ds) of [Pd,L°Ve,L SB
LSNO2|(BF,)4 with [Pd2LoMe,LSB,](BF,)s and the mixture of supramolecular species resulting
after trying to synthesise [Pd,LMe,LSNO,](BF4)s.

The cage preparation was carried out similarly to the ones reported for [PdLOMe,LSX,]-
type cages, but in a 1:0.5:0.5:1 ratio of LOMe:LSB: LSNO2: [Pd(CH;CN)4(BF4):] to give
solutions in the aimed 0.7 mM concentration of [Pd,L°Me,LSBLSNO2|(BF,),. After heating

for 10 min, the 'H NMR spectrum was measured. It shows nicely defined new signals
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differing from the respective [Pd.LOMe,LSX,]-type cages, in figure 2.83. Nevertheless,
small signals of [Pd.L°Me,LSB,](BF.), are visible but no specific 'H signals for
[Pd2LOMe,LSNO2,|(BF4)4 or [Pd2LOMe,4](BF4)4, showing the more favourable combination of
[Pd,LOMe,LSBLSNO2|(BF,), over [Pd.L°Me,LSNO2,](BF,)s due to the predicted less steric
hinderance. Like for other cages, it was tried to reduce the proportion of
[Pd2LOMe,LSB,|(BF,4)4 to zero or at least to a minimum by longer heating or fine tuning of
the ligand to ligand ratio. Unfortunately and like for other reported cases, this does not
lead to a cleaner species, giving constant 8 % by 'H signal integration of

[PdoLOMe,LSB,](BF4)4 inside every sample as an equilibrium.

To make sure that the new 'H signals belong to one new species and in best case to the
desired [Pd,LOMe,LSBLSNO?|(BF,),; cage, an ESI-MS measurement was carried out,
leading to a promising clean spectrum shown in figure 2.84. The analysis ultimately
indicates the [Pd,L°Me,LSBLSN?] grrangement as [Pd,LOMe,LSBLSNO2)4* with m/z = 503.89,
[PdoLOMe,L SBLSNO2+F 3+ with m/z = 678.19, [Pd,LOMe,LSBLSNO2+BF,]3* with m/z = 700.86
and [Pd,LOMe,L SBL SNO24+2BF,]>* with m/z = 1094.79. Fluoride counterions are detected
as already seen before for [Pd,L°Me,LSOMe,+2BF,]%*, due to decomposition of BF4

anions. Only a small mass peak for [Pd,L°Me,LSB,]** with m/z = 492.65 as a minor species

is visible.
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Figure 2.84 ESI mass spectrum of a [Pd,L°Me,L SBLSNO?)(BF,), sample.
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Figure 2.85 'H DOSY NMR (500 MHz, 298 K, DMSO-ds) spectrum of the
[szLOM‘*zLSBLSNOZ](BF4)4_

'H DOSY NMR measurement was performed to obtain better insight into the present
cage solution. The spectra in figure 2.85 shows a nice defined main species with a
diffusion coefficient of D = 8.9312 - 10" m?-s™ giving a hydrodynamic radius of ry =

12.28 A, indicating the same size as measured for the [Pd,LMe,LS%,]-type cages.

With the proof of the formation for the [Pd,LoMe,LSBLSNO2].cage, the demanding 'H signal
assignment needs to be done. Not only two different pyridyl based ligands with a
respective 'H signal set are included in this cage. Additionally, the chemical environment
of each LOMe js different, leading to 'H signal series of two distinguishable L°Me ligands.
In total, signals of four magnetic different ligands need to be assigned. Fortunately, the
before made experiences are helping. Similarities of the spectra are helping through this

process, with estimated shift and the shape of specific proton signals.
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Figure 2.86 Partial 'H-'H COSY NMR (700 MHz, 298 K, DMSO-ds) spectrum of the
[Pd,LOMe,| SBLSNO2|(BF,), cage. *-marked signals indicate [Pd.L°"e,LSB,](BF4)s as a minor
species. L°M¢ ligands are distinguished with superscript x and y; LSN9? yellow with
superscript x; LS8 with superscript y.

The assignment starts with the 'H-'H COSY NMR experiment presented in figure 2.86.
LOVMe igands are marked with a superscript x or y, both in the same dark blue colour. As
before, LSNO? s labelled in yellow with superscript x for writing the analysis down and LSB
in dark green with superscript y in the same way to distinguish both ligands inside the
spectra and written text. Cross-peaks for Hg«-Hnx and Hgy-Hyy are visible, with Hg and Hy
determinate by shape, signal integration, shift and experience from before analysed
heteroleptic structures in this work. Nevertheless, these signals are only distinguishable
by 'H-"H NOESY NMR. The division to x or y will lead to distinguishable L°MeX and LOMeY
ligands. 'H-"H COSY NMR cross-peaks are given two times for split Hix-Hxx signals of
LSNO2 - within the assumption of a hindered pyridyl-phenyl axis due to the steric
hinderance of the -NO: and later completed assignment of the 'H system of the LSB
ligand, where Hix-Hax is not a part of. Hiy-Hzy and Hsy-Hasy cross-peaks are retrospective
assigned by 'H-'H NOESY NMR cross-peaks (figure 2.87) of these signals with
additional Ha-Hs, cross-peak to address all LSB protons inside the 'H spectra (figure
2.87). The Hy-Hs, cross-peak could be easily seen as a crow-peak of Hazy with Hhy.
However, Hay signal shows a small shoulder and a signal integration of 5 instead of 4 Hoy
protons for L°MeX, Only this little hint makes it possible to assign as many protons as

possible. Clear determination of Hy and Hg for the LOMeX and LOMeY systems are given by
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Hnx-Hix / Hry-Hiy and Hgx-Hax / Hgy-Hay. By 'H-"H COSY NMR LSN°2 assigned signals are
verified by 'H-'H NOESY NMR. Due to multiple overlapping, it is not possible to address
the signals between 8.10-8.30 ppm. Finally, interligand cross-peaks of Hix-Hay indicates

the direct neighbouring of LSN°2 to L°MeY and Hi,-Hax of LSB to LOMeX,
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Figure 2.87 Partial 'H-'H NOESY NMR (700 MHz, 289 K, DMSO-ds) spectrum of the
[Pd,LOMe,| SBLSNO2|(BF,), cage. *-marked signals indicate [Pd.L°"e,LSB,](BF4)s as a minor
species. L°Me ligands are distinguished with superscript x and y; LSN9? yellow with
superscript x; LS8 with superscript y. Interligand cross-peaks are marked in red and pink.

Due to the lack of an X-ray structure determination of [Pd.L°Me,LSBLSNO2|(BF,), cage, a
DFT model was calculated to estimate the structural arrangement of the cage and is
reported in figure 2.88. The Pde-++Pd distance of 12.6 A and a distance of the most distal
hydrogen atoms of 25.2 A is in the same order of magnitude as for [Pd2LMe,L5X,]-cages
as expected. Most interestingly, the arrangement of the LSN°2 |ooks nice aligned with an
inner pointing -NO2 group, showing enough cavity space thanks to the phenyl substituent
as part of the backbone of LSB. The arrangement of the cage corresponds to the
arrangements of the [PdoLOMe,LSB,]- [Pd,LOMe,LSNH2,l. and [Pd,LOMe,LSOMe,|_cages,
indicating a less strained system due to the ability of the ligands to distort along the ligand

axis as seen in the DFT calculations.
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0

N overall distance

Figure 2.88 DFT (BP86-D4/def2-SVP (def2-TZVP for Pd)) calculated structure of
[Pd,LOMe,LSBL SNO2J4+ jn DMSO with a) top view, b) side view and, c) closer view on the nitro
group. Sidechains are scaled down to a methyl group to simplify the calculation. Colour
scheme: C = dark grey, H = light grey, O =red, N = blue, Pd = orange.
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2.7 Elongated Quinoline-based Ligand

O CgH
e

Elongation of the ligand arm

[Pd,LO ](BF,), [Pd,L'oM 1(BF,),

Figure 2.89 Schematic description of the elongation of the L°V¢ ligand to form L'°M¢ and
the respective homoleptic cage.

As discussed, the small distance between the inner pointing ligands substituents can
have a great influence on the overall cage structure and cage formation. Moreover, the
choice of the solvent plays an important role to determine the outcome structure. By
increasing the length of linker between the backbone and donor groups of a ligand, a
proof of the relative importance of the ligand-ligand interaction over the solvent influence
could be addressed. As a first step, an elongated L°"¢ ligand is introduced by adding
one additional alkynyl bridge on each side of the backbone to give L-°M¢(Ligand Longer

with -OMe group; figure 2.89).

The synthesis of L'Me (figure 2.90) started with compound 7 (8-((4-
ethynylphenyl)ethynyl) isoquinoline) which was already introduced as a part of the LMe
synthesis. Sonogashira coupling with  ethynyltrimethylsilane gave  8-((4-
((trimethylsilyl)ethynyl)phenyl) ethynyl)isoquinoline in a 89 % yield and a deprotection
with 86 % vyield gave 8-((4-ethynylphenyl)ethynyl)isoquinoline. The final Sonogashira
coupling was carried out with N,N-Diisopropylethylamine (DIPEA) and DMF at 120 °C
overnight, to give L'°Me¢ in a 18 % yield. The ligand was purified by GPC before further

usage.
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LLOMe

Figure 2.90 Synthesis of L'°M¢ beginning with already for L°M® synthesised compound
7Pd(PPh3)2Cl2, Cul, EtsN, THF, 65 °C, overnight; ii) K2COs, MeOH, rt, 4 h; iii) Pd(PPh3)2Cl.,
Cul, DIPEA, DMF, 120 °C, overnight.

Cage formation was performed as already reported for the homoleptic cages in the
previous sections, mixing 240 ul of 7 mM L“°Me stock solution in CDsCN or DMSO-de
with 300 yl pure solvent and 60 ul 15 mM [Pd(CH3CN)4(BF.).] stock solution in
respective solvent. The mixtures were heated for 10 min to give a 0.7 mM cage solution

for both solvents.
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Figure 2.91 Schematic formation of the homoleptic [Pd.L-°V¢,](BF4)4 cage and partial 'H
NMR spectra (500 MHz, 298 K, CD;CN) of the free ligand L-CMe,

Figure 2.91 shows the 'H spectra of the pure ligand and the formed homoleptic cage in
CDsCN. The well-defined ligand spectra turns by Pd(ll) addition into a good defined

spectra, indicating the possible formation of one supramolecular species.

To prove the existence of a homoleptic [Pd.L"°M4](BF4)s cage, an ESI-MS spectrum was
measured. Figure 2.92 shows a nice mass spectrum of [Pd,L-°Me,]4* [Pd, L-OMe,+BF 43+
and [Pd, L-OMe,+2BF4]?* with peaks at m/z = 747.99, m/z = 1026.00 and m/z = 1582.49,

respectively. The isotopic pattern fits perfectly.

M. lc.f
[szLOM 4]4 calc.tor

747.99 % [C204H‘\52N802Pd2]4+

measured
[Pd,LOMe J*++BF J** ol A n A A A Lha, .

7465 7470 7475 7480 7485 7490 7495 7500
1026.00

% [Pd LM 1++2BF J**
1582.49

800 900 1000 1100 1200 1300 1400 1500 1600
m/z

Figure 2.92 ESI mass spectrum of a [Pd,L-°V¢,](BF4)4 sample.

To have an impression of the arrangement of the ligands inside the cage, a DFT

calculation for an optimized structure was carried out, leading to figure 2.93. The Pdes<Pd
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distance of 24.9 A and a distance the most distal hydrogen atoms of 32.0 A makes the
homoleptic cage slightly bigger than the [Pd.L°Me,]-cage with 19.4 A and 24.8 A,
respectively. More interestingly, the twisted helical structure and calculated alkyne angle
different to the ideal 180° (between 174° and 177°) induces a strain, making a
heteroleptic assembly favourable for the [Pd.L-°Me4](BF4)s. Unfortunately, it was not
possible to synthesize pyridyl-based ligands for a heteroleptic cage formation due to

running out research time.

a) Pd b)
g
c
=
Z
T
(]
3
0A 249A
Pd

Figure 2.93 DFT (BP86-D4/def2-SVP (def2-TZVP for Pd)) calculated structure of
[Pd2.L"O¢,]4* in DMSO with a) top view and b) side view. Sidechains are scaled down to a
methyl group to simplify the calculation. Colour scheme: C = dark grey, H = light grey, O =
red, N = blue, Pd = orange.

2.8 Host-Guest Titrations

With the formed series of topologic similar [Pd.L°Me,LSX;]-cages differing in their
endohedral environment, it is interesting to observe a possible difference in the guest-
uptake. As well-known guest molecules of the Clever lab, a selection of bis-sulfonate
guests as their TBA salts (tetrabutylammonium) was used for '"H NMR titrations (figure
2.94).
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Figure 2.94 Selected sulfonate guests for titration experiments of [Pd,L°Ve,L5%;]-cages.

Unfortunately, in case of propane-1,3-disulfonate and benzene-1,3-disulfonate
immediately resulted a precipitation of the sample already after addition of the first
0.2 eg-steps of guest molecules. Benzene-1,4-disulfate titrations (see experimental part)
showed first a better behaviour but ended with quick occurring precipitation. Due to the
even more bent character of [Pd,L°Me,LSX;] cages against the archetype [Pd,LA,LP,]
cage, a guest uptake of dianionic guests seems to be less favourable for all kinds of
modified [Pd.L°Me,LS%;] cages. The Pd(ll) metal centres cannot act as anchors for the

double charged anionic molecules with a shape specific binding ability.

An interesting new type of guests are mono anionic and double substituted
organophosphate guests (figure 2.95). Due to their single charge, linear structure and to
some extend present, flexibility, they resulted to be more suitable for the [Pd,LOMe,LSX,]-
cage cavities than the sulfonates. Furthermore, phosphate compounds are of a high

interest in biochemistry!'3>-1371 and therefore interesting study objects for host-guest

0 < >— 0o — )
11

/\/\o_lp_o/\/\ o_g_o
0' -

chemistry.

dibutyl phosphate dibenzyl phopshate
i 3.0
A 0-P-0"
E R 0-P-0
o] o
diethyl phopshate diphenyl phosphate

Figure 2.95 Selection of phosphate guests for titration experiments of [Pd.LOoMe,LS%;]-
cages.

The prepared phosphate guests were used for '"H NMR titrations with [Pd,LOMe,LSB,]-,
[PdoLOMe,LSNH2, 1. [P, OMe,| SOMe,|_ [Pd,L OMe,| SOH,]- and [Pd.L°e,LSP,]-cages and the
full titrations are listed up in the experimental part of this thesis. The described
observations that follow, are similar for all HG-systems and are exemplified on
[PdoLOMe,LSB,]- and [Pd,LOMe,LSOMe,-.cages with dibutyl phosphate (DButP)and dibenzyl
phosphate (DBenzP). Starting with DButP@[Pd.L°e,LSB;] (figure 2.96), the titration

85



Creating a modifiable Heteroleptic System

shows directly new signals after addition of 0.2 eq guest and decreasing intensity of the
single host signals starting from 1 eq with increase of the intensity of the new appeared
signals and visible number of new signals. The shift of the signals belong to the free
guest molecule is small but recognizable. A similar behaviour is observed for the
DBenzP@[Pd.L°Me,LSB,] titration, with new signals occuring at 0.3 eq guest addition but
with a notable intensity starting over 1.0 eq. As before, the transformation of the system
accelerates over 1.0 eq guest addition, leading to decreasing host signal intensities. In
this case, the guest signal shift differs more from the free guest in solution than for DButP.
Especially the aromatic benzyl-signals and -CHx-group indicate a difference in
DButP@[Pd.L°Me,LS8,] against free guest. '"H DOSY NMR experiments (figure 2.97)
show multiple species with the main one consisting of mostly new appeared signals for
each titration. The bad signal-to-noise ratio do not allow an analysis of the radius of the

species in a qualitative analytic way. However, a correlation of the new signals is given.
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Figure 2.96 a) Scheme of the formation and proton numbering of [Pd.L°"e,L SB,](BF4)4; b)
H titration (500 MHz, 298 K, DMSO-ds) DButP@[Pd,L°",LSB,]; ¢) 'H titration (500 MHz,
DMSO-ds, 298 K) DBenzP@[Pd,LOMe,L58,] titration.
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Figure 2.97 'H DOSY NMR (500 MHz, 298 K, DMSO-ds) experiments at the end of each
titration. a) DButP@[Pd.L°"¢,LSB,]; b) DBenzP@[Pd.L°Ve,L58,]; c) DButP@[Pd,LOMe,LSOMe, ]
d) DBenzP@[Pd,LOMe,| SOMe,],

Titration of DButP@[Pd.L°e,LSOMe,] and DBenzP@[Pd,LoMe,LSOMe,] (figure 2.98) show
a similar behaviour like the titrations for [PdLOMe,LSOMe,l.cage (and others not here
listened). For DButP@[Pd,L°Me,LS%Me,] new signals appear at 0.6 eq addition of guest
with an decreasing of free host signals over 1 eq. Signals of dibutyl phosphate, especially
at lower guest concentration, show a significant shift against free guest.
DBenzP@[Pd.L°Me,LSOMe,] titration shows new signals with the addition of 0.4 eq guest
and again a decreasing of free host signals over 1 eq. Dibenzyl phosphate signals are

clearly shifted against free guest.

For all titrations, Ha (quinoline singlet of L°M¢) and H; (methoxy-groups of L°Me) for both
cages and Hs for [Pd,LOMe,LSOMe,|(BF,4)s (methoxy-group of LSOMe) are clearly indicatable,
with no overlapping of other signals. All H; and Hs signals of the host molecule show a
decreasing (while guest addition) with an occurring adjacent and increasing new signal.
This could indicate a slow exchange of the guest. For Ha, two new signals appear in each
case while a decreasing of the host signal. An indication of a chemical different
environment for this part of the supramolecular assembly. Unfortunately, it was not
possible to measure HG-complexes with ESI-MS due to their instability upon a dilution
in acetonitrile. '"H DOSY NMR spectra (figure 2.97) shows multiply new species with one

main species.
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Figure 2.98 a) Scheme of the formation and proton numbering of [Pd.L°Me,LS0Me,](BF,),; b)
H titration (500 MHz, 298 K, DMSO-ds) DButP@[Pd.L°"e,L SOMe,]; ¢) 'H titration (500 MHz,
DMSO-ds, 298 K) DBenzP@[Pd,L°Me,LSOMe,] titration.
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In addition to the reported experiments, 'H-'H NOESY NMR measurements were
performed, but did not reveal cross-peaks between host and guest and low intensity for

other cross-peaks due to the bad signal-to-noise ratio.

A possible explanation for the discussed signal changes could be given by considering
the structure of the phosphate guest. With the phosphate part of the guest molecules
hosted in the middle of the cavity, the chemical proximity of the endohedral methoxy-
groups of the [Pd.LOMe,LSB,]- and [Pd.LOMe,LSOMe,]-hosts is the same and end up in a
slow exchange behaviour visible at the 'H signals. The organic chains of the phosphates
are flexible and could stick between the ligands not in a centred linear way, leading to
doubling for some of the ligand signals (figure 2.99). Also, an uptake of two guests in a
crossed position could be possible and would lead to the splitting of ligand signals inside
a HG-complex. Both would lead to a rotaxane like structures, making a further
investigation interesting and could lead to a novel supramolecular assembly. However,
more analytic needs to be done for a clear scientific addressing of the visible behaviour,

crystallizations for X-ray analysis are on the way.
o
~_ 01 R
0-P-0" = ¢—»
o

R

Figure 2.99 Schematic representation of possible arrangements of one or two phosphate
guests inside a [Pd.L°"e,LSB,]-cage.
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2.9 Conclusions and Outlook
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Figure 2.100 Reached goals and possible further modification possibilities.

The first aim of this thesis was to transfer the before reported ligand and homoleptic cage
LA/[Pd.LA4] from the previous work!'®127] of the Clever group into a system which is open
for possible endohedral modifications. This goal was reached by the synthesis of ligand
LOMe and the respective cage [Pd.L°,], which shows, similarly to the before reported
coordination cage, a twisted structure. The release of strain of the structure is thought to
be the driving force to form a more energetically favoured heteroleptic cages at the
expense of the homoleptic ones. By deprotection of the -OMe group, a phenol-based
ligand L°" was synthesised showing the same behaviour when reacted with Pd(ll)
cations to give the homoleptic [Pd.L°"4] cage structure. Nevertheless, due to better
accessibility of LM, the heteroleptic cage formation studies concentrate on L°Me. The
first attempt to introduce a clean [Pd.L°Me,LS¢4,] cage by shape complementarity failed
and led to a mixture of homo- and heteroleptic cages because of strain brought in by
LS¢ due to the rigid backbone, not perfect ligand bend angle and a slightly to long -
NeeeN- distance. Fortunately, the second attempt for heteroleptic cage formation with
ligand LSB showed a clean [Pd.L°e,LSB,] cage by a fitting bend angle, shorter -NeseN-
distance and the by DFT calculations shown ability of both L°Me |igands to distort along
the ligand axis to overcome unfavourable conformeric conditions. Based on the easier
synthesis because of less synthetic steps, the LSB ligand motif instead of the L°Me ligand
was further modified to give variations with LSNH2 (aniline-), LS°Me (methoxy-), LSOH
(phenol-), LSP (pyridine-) and LSN°2 (nitro-) based ligands. The aniline-based ligand LSNH2

showed a perfect formation of [Pd,LMe,LSNH2,](BF,), with a splitting effect of the pyridyl
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proton signals inside an '"H NMR spectrum. DFT calculations indicate a -H,NessNH--
distance in the range of hydrogen bonds and due to that, a stabilisation of two different
pyridyl positions of LSNH2 inside the cage with no free rotation visible on the NMR time
scale. Clean formation of [Pd,L°Me,LS%Me,|.cage with a second methoxy-functionalised
ligand did not show this behaviour due the impossibility of forming hydrogen bonds inside
the cavity. The formation of a [Pd.L°Me,LSO",]-cage also did not led to a splitting of the
pyridyl '"H NMR signals, the distance for -OHes*OH- is calculated with 3.8 A and thus
larger than the calculated -NH2essNH2- distance for [PdLOMe,LSNH2,](BF,), with 2.9 A and
therefore weaker. Additionally the formation of [Pd,L°Me,LS%H,](BF.)s was not perfectly
clean with a small amount of [Pd,L°e,]-cage. A possible explanation could be the
repulsion of the free lone pairs of the hydroxy group, leading to some sort of a
homoleptic/heteroleptic equilibrium. A similar equilibrium was observed for
[Pd,LOMe,L SP,](BF4)s with the [Pd.L°Me]-cage. In this case, the bend angle of LSP with
112° is smaller than 120° for the other pyridyl-based ligands, introducing a new strain in
the heteroleptic assembly. However, it was possible to introduce a series of differently
modified cages with the same topology and different influences of the endohedral
modifications were observed. The limit of relative clean heteroleptic cage assembilies is
the implementation of two neighbouring nitro-functions, leading to a
heteroleptic’lhomoleptic ratio of nearly 1:1. Nevertheless, this was used to additionally
implement (to the shape complementary formation of heteroleptic cages) an endohedral
effect, resulting in the [Pd.L°Me,LSBLSNO?|(BF,), cage in a not perfectly clean but
promising cage formation. As all [Pd2L°Me,LX,] cages could only be formed in DMSO-ds,
CD3CN only gave cage mixtures with higher amounts of [Pd2L°Me,4](BF4)4, a remarkable
influence of the chosen solvent seems to play an additional role and should be
investigated in further studies. Also, different counter ions like NO3s™ or PFs could be
chosen to investigated better conditions for perfectly clean cage formations. To reduce
the influence of the endohedral substituents on each other, an elongation of the system
and resulting bigger distances between the functionalities could be introduced, a
promising [Pd.L'°Me,] cage was already synthesised as a starting point. Further
modifications inside and outside the cavity are possible, they could lead to a water
soluble heteroleptic coordination cage by exchange of the hexyl chains of the L°M¢ ligand
with zwitterion-based side chains. Host-guest chemistry of the [Pd,L°Me,LX,]-cages does
not seem to be trivial like for other reported cages, due to the bent topology of the Pd(Il)-
centres in relation to the ligands. But the variability of the introduced motif is not at its
end and the foundation is given to use these first understandings to create a high number

of interesting supramolecular coordination-cages based on the same topology.
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overall distance

[§]
I

Figure 2.101 a)-c) Images of the DFT calculated structure of a possible elongated
heteroleptic cage based on the introduced topology, leading to bigger distances between
the endohedral functionalities in contrast to [Pd,L°Ve,L5B,]** distances in d).
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3 Experimental Section

General Information

Analytical Devices
Nuclear Magnetic Resonance Spectroscopy (NMR)

The NMR spectroscopic data was measured on the spectrometers Bruker AV 500
Avance NEO, Bruker AV 400 Avance Ill HD NanoBay, AV 500 Avance Ill HD, AV 600
Avance Il HD, AV 700 Avance Ill HD. The chemical shifts were calibrated on
tetramethylsilane ('H, 0 ppm), CFCl; ('°F, 0 ppm), 85 % phosphoric acid (*'P, 0 ppm).
For the '*C NMR spectra the signals of the solvents were used as the internally standard
(CD3CN: 1.32, 118.26 ppm, CeDs: 128.06 ppm, CD2Cl»: 54.00 ppm, CDCls: 77.00 ppm,
CDsOD: 49.00 ppm). The chemical shift 6 is given in ppm, the coupling constants J in
Hz. All spectra were recorded in standard 5 mm NMR tubes at 25 °C if not stated

otherwise.
Elektrospray lonisation Mass Spectrometry (ESI-MS)

Measurement of ESI mass spectrometry data has been performed at a Bruker ESI-
timsTOF, equipped with and electron spray ionization (ESI) source (positive/negative
mode). The timsTOF consists of a time-of-flight analyser with upstream trapped ion
mobility spectrometry. An Agilent ESI low concentration tuning mix has been used for
calibration of tims and TOF units. Mass spectrometry data is given as mass/charge ratio

(m/z) as well as the relative intensity regarding to the base peak (I = 100).
X-Ray Analysis
Bruker D8 venture (in-house)

The data were collected from a shock-cooled single crystal at 100(2) K on a Bruker D8
Venture CMOS with Photon 2 [No measurement device given] with an INCOATEC
microfocus sealed tube, lys 3.0 using multilayer optics as monochromator and a [No
detector type given] detector. The diffractometer was equipped with a low temperature
device and used CuK, radiation (A = 1.54178 A). All data were integrated with SAINT
and a multi-scan absorption correction using sadabs was applied. The structure was
solved by direct methods using SHELXT 2014/5 (Sheldrick, 2014) and refined by full-
matrix least-squares methods against /2 by SHELXL-2014/7 (Sheldrick, 2014). All non-
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hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen
atoms were refined isotropically on calculated positions using a riding model with their
Usso values constrained to 1.5 times the Ueq of their pivot atoms for terminal sp® carbon
atoms and 1.2 times for all other carbon atoms. Disordered moieties were refined using

bond lengths restraints and displacement parameter restraints.

The data collection and solving of crystal structures was performed by Dr. Julian Holstein

and Dr. Haeri Lee.
Computational studies

Models were constructed using Wavefunction SPARTAN V 14.0 or V 18.0. All structures
were optimized on PM6 by SPARTAN or DFT with BP86-D4/def2-SVP (def2-TZVP for
Pd) level of theory using ORCA V 4.2.1.1"38 Simulated structures for CCS calculations
were optimized by GFN2-xTB 6.3.2.'*! CCS calculations were performed by
Collidoscope V 1.4.[140
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3.1 Ligand Synthesis

All starting materials, salts, catalysts, and solvents were obtained from commercial
sources. All reaction performed in a Schlenk tube were carried out under Argon
atmosphere with standard Schlenk techniques. A GS GLOVEBOX Systemtechnik GmbH
Solvent Purifications System (SPS) were used to receive dry THF. Dry DMF was
purchased from Acros Organics. All reactions were monitored by thin layer
chromatography (TLC), with the use of silica coated aluminium plates (Merck, silica 60,
fluorescence indicator F254, thickness 0.25 mm). Silica 60, 0.02 — 0.063 mesh ASTM
from Merck KGaA (Darmstadt) was used as stationary phase for column
chromatography. Flash chromatography was performed on a Biotage Isolera One
fraction collector with Biotage SNAP Ultra columns. Further purifications by gel
permeation chromatography (GPC) were performed on Japan Analytical Industry NEXT
and LaboACE with attached JAIGEL 1-HH and 2-HH 20 mm x 600 mm columns with a

flowrate of 7 mL/min.

3.1.1 Synthesis of Ligand L°Me

8-((trimethylsilyl)ethynyl)isoquinoline

“
= N
I
~ N + /é Pd(PPhg)zClzy CUI»
™S EtzN, THF, 65°C, oN l
Br
™S

8-bromoisoquinoline (2.00 g, 9.61 mmol, 1eq,), ethynyltrimethylsilane (1.73 ml,
12.50 mmol, 1.3 eq) , Pd(PPh3).Cl, (377 mg, 0.48 mmol, 5 mol%) and Cul (366 mg,
1.92 mmol, 20 mol%) were placed into a dried 200 ml schlenk tube under inert
conditions. 20 ml TEA4y and 20 ml THFq4y were added and degassed immediately. The
schlenk flask was sealed and heated up to 65 °C under stirring overnight. The reaction
was controlled by TLC (Et2O/n-Pentane = 1:1). After finished reaction and cooling down
to rt, the organic solvents were removed via vacuo schlenk technique. The crude material
was taken up in 100 ml TCMupLc and washed with 100 ml brine and 100 ml deionized
water. Further purification was performed by column chromatography (SiO2, Et,O/n-

Pentane = 1:1) to give an orange-brown oil. Yield: 1.99 g (8.83 mmol, 92 %).

H NMR (500 MHz, CDCls) 5 9.73 (s, 1H), 8.58 (d, J = 5.8 Hz, 1H), 7.81 — 7.74 (m, 2H),
7.67 —7.59 (m, 2H), 0.34 (s, 9H).
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MS (ESI(+)): m/z measured = 226.1002 [M+H]*
m/z calculated = 226.1047 [M+H]*
8-ethynylisoquinoline

X X

_N _N
K,CO3

| | MeOH, rt, 4h | |
T™MS

8-((trimethylsilyl)ethynyl)isoquinoline (1.99 g, 8.83 mmol, 1 eq) was placed into a 250 ml
single-neck round-bottom flask and dissolved in 100 ml MeOHupic. 1.6 g KoCOs
(11.53 mmol, 1.3 eq) were added and stirred at rt for 4 h. Afterwards, the organic solvent
was removed via rotary evaporator. The occurring solid was taken up in 100 ml TCMupLc
and washed three times with 200 ml deionized water. After drying over MgSQsa, the
organic solvent was removed by rotary evaporator and the product was obtained as a
brown solid. Yield: 1.34 g (8.80 mmol, 99 %).

H NMR (500 MHz, CDCls) 5 9.75 (s, 1H), 8.60 (d, J = 5.7 Hz, 1H), 7.87 — 7.79 (m, 2H),
7.71 - 7.63 (m, 2H), 3.56 (s, 1H).

MS (ESI(+)): m/z measured = 154.0703 [M+H]*
m/z calculated = 154.0651 [M+H]*
8-((4-bromophenyl)ethynyl)isoquinoline

X
Br
N

Pd(PPh3)2Cla. Cul
NH (PPh3):Cly, - | |
TEA, THF, rt, oN

Br

8-Ethynylisoquinoline (800 mg, 5.22 mmol, 1eq), 1-bromo-4-iodobenzene (1.77 g,
6.27 mmol, 1.2 eq), Pd(PPhs).Cl, (293.3 mg, 0.42 mmol, 8 mol%) and Cul (198.92 mg,
1.04 mmol, 20 mol%) were placed in a dried 100 ml schlenk tube. Dry THF (20 ml) and
TEA4y (20 ml) were added to the solids and degassed immediately. The reaction mixture
was stirred at room temperature overnight and controlled via TLC (n-pentane/EtOAc =
1:1). The organic solvents were removed via vacuo schlenk technique. The occurred

solid was taken up in 100 ml TCMupc and washed with 100 ml brine and 100 ml
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deionized water before the organic phase was dried over MgSO.. After removing of the
organic solvents via rotary evaporator, the crude material was purified by column
chromatography (SiO., n-pentane/EtOAc = 1:1) to give a yellow-orange solid. Yield:
1.61 g (3.57 mmol, 68 %).

H NMR (500 MHz, 298 K, CDCl3) & 9.80 (s, 1H), 8.62 (d, 1H), 7.82 (d, J = 7.7 Hz, 2H),
7.68 (m, J = 7.6 Hz, 2H), 7.58 — 7.49 (dd, 4H).

MS (ESI(+)): m/z measured = 308.0071 [M+H]*
m/z calculated = 308.0069 [M+H]*

8-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2- yl)phenyl)ethynyl)isoquinoline
X
D6 -

~-N
Q O Pd(dppf)Cl, KOAc
|| . :B—Bi (dppf)Cl 3, -
g o DMF, 155°C, 75 min
/B\

Br

8-((4-bromophenyl)ethynyl)isoquinoline (800 mg, 2.60 mmol, 1 eq),
Bis(pinacolato)diboron (857 mg, 3.37 mmol, 1.3 eq), Pd(dppf)Cl> (76 mg, 0.1 mmol,
4 mol%) and KOAc (1.53 g, 15.58 mmol, 6 eq) were placed in a dried 100 ml schlenk
tube. 20 ml DMF4y was added via syringe and the suspension was immediately
degassed. Afterwards, the reaction mixture was heated at 155 °C for 75 min and cooled
down. The mixture was transferred in a 100 ml single-necked round-bottom flask and the
DMF was removed via rotary evaporator. The solid was taken up in 100 ml chloroform
and washed with 100 ml brine and 100 ml water. The over MgSQas dried solvent was
removed by rotary evaporator and the crude material was purified by column
chromatography (SiO2 neutralized with TEA, n-pentane/EtOAc = 1:1) to give a brown oil.
Yield: 785 mg (2.21 mmol, 85 %).

H NMR (500 MHz, 298 K, CDCls) 5 9.83 (s, 1H), 8.61 (d, 1H), 7.88 — 7.78 (m, 4H), 7.72
—7.63 (m, 2H), 7.41 (m, J = 5.2, 2.1 Hz, 2H), 1.27 (s, 12H).

MS (ESI(+)): m/z measured = 356.1856 [M+H]*

m/z calculated = 356.1820 [M+H]*
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2,6-dibromo-4-hexylphenol

Br

BTMA*Br5
CeH1s OH > CeHis OH
DCM/MeOH= 5:2, rt, 1h

Br

4-n-Hexylphenol (400 mg, 2.24 mmol, 1 eq) was placed in a 250 ml single-necked round-
bottom flask and solved in 50 ml DCM/MeOH = 5:2. BTMA*Brz (1.84 g, 4.71 mmol,
2.1 eq) was added and stirred at rt for 1 h. After complete consumption of 4n-hexylphenol
(controlled by TLC, n-pentane/EtOAc = 1:1) the solvents were removed by rotary
evaporator and the crude material was again solved in 50 ml TCMupLc and washed with
50 ml brine and 50 ml water. The organic phase was dried over MgSO4 and the crude
material was purified by column chromatography (SiO2, n-pentane/EtOAc = 1:1). A

colourless viscous oil was obtained as a product. Yield: 749 mg (2.23 mmol, 99 %).

H NMR (500 MHz, 298 K, DMSO-ds) & 9.61 (s, 1H), 7.35 (s, 2H), 2.46 (t, J = 7.8 Hz,
2H), 1.49 (m, J = 7.5 Hz, 2H), 1.25 (m, J = 6.1, 3.8 Hz, 6H), 0.88 — 0.82 (t, 3H).

MS (ESI(+)): m/z measured = 336.9689 [M+H]*
m/z calculated = 336.9621 [M+H]*

1,3-dibromo-5-hexyl-2-methoxybenzene

Br Br
CeHis OH + CHy KCOs o Cytis o
acetone, reflux, 5h
Br Br

In a 100 ml single-neck round-bottom flask 2,6-dibromo-4-hexylphenol (749 mg,
2.23 mmol, 1 eq) and potassium carbonate (1.85 g, 13.37 mmol, 6 eq) were added to
30 ml acetonenpic. Under stirring, iodomethane (833 ul, 13.37 mmol, 6 eq) was added
via syringe. The reaction was refluxed overnight. After cooling down, the solution was
quenched with 50 ml 10 % sodium thiosulfate. The aqueous solution was extracted three
times with 50 ml TCMupLc and the separated organic phase was dried over MgSO..
Chloroform was evaporated by a rotary evaporator and no further purification was

needed to give the product as a yellowish oil. Yield: 756 mg (2.16 mmol, 97 %).

1H NMR (500 MHz, 298 K, DMSO-ds) & 7.49 (s, 2H), 3.76 (s, 3H), 2.53 (t, J = 9.1 Hz,
2H), 1.52 (m, J = 7.7 Hz, 2H), 1.33 — 1.21 (m, 6H), 0.86 (t, J = 6.3 Hz, 3H).
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MS (ESI(+)): m/z measured = 350.9764 [M+H]*
m/z calculated = 350.9777 [M+H]*

Final Suzuki-Miyaura coupling to form L°%Ve

Pd(PPhs), K,PO,

+
1,4-Dioxane/H,0= 3/1,
Br Br O 100°C, oN
OMe

In @ 200 ml schlenk tube 1,3-dibromo-5-hexyl-2-methoxybenzene (50 mg, 143 pmol,
1eq), 8-((4-(4,4,5,5-tetramethyl-1,3,2- dioxaborolan-2-yl)phenyl)ethynyl)isoquinoline
(152 mg, 429 pmol, 3 eq) and KszPO4 (91 mg, 429 umol, 3 eq) were solved in 15 ml 1,4-
dioxane/water = 4:1 and carefully degassed. Tetrakis(triphenylphosphine)palladium(0)
(8.3 mg, 7.14umol, 5 mol%) was suspended in 10 ml dioxane/water = 4:1 and degassed
directly. Afterwards, the Pd(PPhs). suspension was taken up by a syringe and added to
first prepared schlenk tube. At 100 °C oil bath temperature, the reaction was stirred for
48 h with controlling of the reaction by TLC (n-pentane/EtOAc = 1:1). After cooling down,
the occurring suspension was transferred with 70 ml chloroform to a separation funnel
and washed with each time 80ml brine and deionized water. The dried organic phase
(MgSO4) was evaporated by rotary evaporator and the crude material was purified by
column chromatography (n-pentane/EtOAc = 1:1). Yield: 46 mg (71.12 pmol, 50 %). For

of cage synthesis, L°M was additional purified with GPC.

"H NMR (500 MHz, 298 K, CDsCN) & 9.82 (s, J = 1.0 Hz, 2H), 8.61 (d, J = 5.7 Hz, 2H),
7.96 (d, J=8.3 Hz, 2H), 7.92 (dd, J = 7.2, 1.1 Hz, 2H), 7.83 — 7.79 (m, 6H), 7.78 (t, J =
8.3, 7.2Hz, 2H), 7.74 - 7.71 (dd, 4H), 7.29 (s, 2H), 2.73 - 2.67 (q, 2H), 1.68 (p, J=7.6
Hz, 2H), 1.43 — 1.31 (m, 6H), 0.93 — 0.85 (m, 3H).
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13C NMR (151 MHz, 298 K, DMSO-ds) d 152.98, 150.54, 144.33, 139.52, 135.89, 134.44,
132.34, 132.16, 130.85, 130.82, 129.98, 128.16, 127.55, 121.26, 121.11, 120.62, 95.98,
86.48, 60.87, 35.03, 31.59, 31.54, 28.98, 22.55, 14.46.

MS (ESI(+)): m/z measured = 647.3086 [M+H]*

m/z calculated = 647.3057 [M+H]*
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Figure 3.1 Partial 'H-'H COSY NMR (500MHz/DMSO-ds) spectrum of ligand L%"e,
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Figure 3.2 Partial '"H-'H NOESY NMR (700 MHz/DMSO-ds) spectrum of ligand LVe,

3.1.2 Synthesis of Ligand L°H

Deprotection of L°M¢ with BBr; to give L°!

BBI'3
DCM, 0°C, 2d

In a dried 100 ml schlenk tube, L°™® (100 mg, 178 umol, 1 eq) was taken up in 30 ml
DCMyry and cooled to 0 °C. Fresh and good quality BBrs (1M DCM solution, 534 ul,

534 umol, 3 eq) was added dropwise via syringe over 20 min under stirring. Afterwards,
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the reaction was slowly warmed up and carried out for two days. The reaction was
quenched with ice and extracted three times with 50 ml TCMupLc. The solution was dried
over MgSO. and the solvents were removed by rotary evaporator. The deprotected
ligand was purified by column chromatography (SiO2, n-pentane/EtOAc = 1:1). Yield:
44 mg (71.11 ymol, 46 %). For of cage synthesis, L°" was additional purified with GPC.

H NMR (500 MHz, 298 K, DMSO-ds) & 9.75 (s, 2H), 8.65 (d, J = 5.7 Hz, 2H), 8.44 (s,
1H), 8.06 (d, J = 8.3 Hz, 2H), 7.96 (dd, J = 15.5, 6.3 Hz, 4H), 7.87 — 7.81 (m, 6H), 7.72
— 7.68 (m, 4H), 2.61 (t, J = 7.8 Hz, 2H), 1.62 (m, J = 7.5 Hz, 2H), 1.30 (m, J = 7.6, 3.5
Hz, 6H), 0.91 — 0.84 (t, 3H).

3C NMR (151 MHz, 298 K, CD3sCN) d 151.16, 148.57, 144.29, 139.95, 136.43, 136.08,
132.42, 132.33, 130.77, 130.72, 130.50, 129.56, 128.21, 128.00, 121.88, 121.59,
121.22, 86.39, 35.16, 32.02, 29.92, 29.29, 22.94, 13.97.

MS (ESI(+)): m/z measured = 632.2798 [M+H]*

m/z calculated = 632.2822 [M+H]*
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Figure 3.3 '"H-'"H COSY NMR (500MHz/DMSO-ds) spectrum of ligand L°H.
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Figure 3.4 Partial '"H-'H NOESY NMR (700 MHz/DMSO-d¢) spectrum of ligand L°H.

3.1.3 Synthesis of Ligand LP

3,6-dibromo-9,10-dimethoxyphenanthrene.

Br O 1. BusNBr, NaS,0, Br O |
O 2. (CH3),S04. NaOH,, ice o)
9 - 1
O O  14-Dioxane/H,0= 1:1, O 0
shake at rt |
Br

In a 25 ml separation funnel 3,6-dibromophenanthrene-9,10-dione (1.5 mg, 4.11 mmol,

Br

1 eq), tetra-n-butylammonium bromide (400 mg, 1.23 mmol, 0.3 eq) and sodium
dithionite (2.1 g, 11.92 mmol, 2.9 eq) were put into 40 ml 1,4-dioxane/water = 1:1. The
reaction was shaken for 5 min before dimethyl sulphate (2 ml, 20.55 mmol, 5 eq.), 15 g
ice and 5 ml of an aqueous 14 M NaOH solution were added. The mixture was shaken
for another 15 min before it was extracted with three times 30 ml ethyl acetate. The
combined organic phases were washed with three times 30 ml water, two times 30 ml
NH4OH solution and 30 ml brine. Afterwards, the organic phase was dried over MgSO,

and the solvent were removed by rotary evaporator in vacuo. The crude material was
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purified by column chromatography (SiO2, n-pentane/EtOAc = 10:1) to get a yellow
powder as a product. Yield: 345 mg (1.72 mmol, 21 %).

H NMR (500 MHz, 298 K, CDCls) 8.6 (d, J = 1.9 Hz, 2H), 8.12 (d, J = 8.7 Hz, 2H), 7.73
(dd, J = 8.7 Hz, J = 1.8 Hz, 2H), 4.07 (s, 3H).

MS (ESI(+)): m/z measured = 403.9732 [M+H]*
m/z calculated = 403.9727 [M+H]*

Final synthesis step of L”

Br | N\
O @) l 7 Pd(PPh3)s K3POy4

+ >
o _B. 1,4-Dioxane, 100°C, oN

In a 100 ml Schlenk tube 3,6-dibromo-9,10-dimethoxyphenanthrene (160 mg, 0.4 mmol,
1 eq), 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (250 mg, 1.2 mmol, 3 eq)
KsPOs4 (700 mg, 3.3 mmol, 8.3 eq) and Pd(PPhs)s (5 mg, 41 umol, 3 mol%) were
suspended in 25 ml 1,4-dioxane and degassed immediately. The reaction was heated to
100 °C overnight. After cooling down, 40 ml water were added, and the product was
extracted with three times 30 ml chloroform. The combined organic solvents were dried
over MgSO.4 and removed after filtration by rotary evaporator. The crude material was
purified by column chromatography (SiO2, CHCIs/MeOH = 10:1) and GPC to yield a
brown crystalline solid. Yield (before GPC): 75 mg, 0.19 mmol, 47 %).

H NMR (500 MHz, 298 K, CDCls) 8.92 (d, J = 1.7Hz, 2H), 8.76 (m, 4H), 8.39 (d, J= 8.5
Hz, 2H), 7.93 (dd, J= 8.5, 1.7 Hz, 2H), 7.78 - 7.63 (m, 4H), 4.16 (s, 6H).

13C NMR (151 MHz, 298 K, DMSO-dg) 6 150.59, 148.58, 144.55, 136.12, 130.04, 129.01,
126.14, 123.62, 122.21, 121.38, 61.26.

MS (ESI(+)): m/z measured = 393.1632 [M+H]*

m/z calculated = 393.1598 [M+H]*
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3.1.4 Synthesis of Ligand LSA¢4

10-hexylacridin-9(10H)-one

1-bromohexane, KOtBu

o} NH » O N—CgH13
THF, rt

In a 250 ml one-necked flask 9(10H)-acridone (5.0 g, 25.6 mmol, 1 eq) was dissolved in
80 ml THF. Potassium-tert-butanolat (3.2 g, 28.2 mmol, 1.1 eq) was added and the

reaction mixture was stirred at room temperature for 1.5 h. Afterwards, 1-Bromohexane

(8.5 g/ 7.6 ml, 51.2 mmol, 2 eq) were added dropwise over 20 min to the solution before
the reaction was refluxed for 10 h. After cooling down, the mixture was filtered over celite
and washed with EtOAc. The organic solvents were removed by rotary evaporator and
the crude product was purified by column chromatography (SiO2, CHCIs; (100 %) to
CHCIs/MeOH = 10:1) to give a solid bright yellow powder. Yield: 3.45 g, 25.61 mmol,
69 %).

H NMR (500 MHz, 298 K, CDCls) 8.60 (dd, J = 7.95 Hz, J = 1.45 Hz, 2H, a), 7.74 (m, J
= 8.65, 7.05 Hz, J = 1.65 Hz, 2H, c), 7.51 (d, J = 8.70 Hz, &), 7.30 (t, J = 7.44 Hz, 2H,
b), 4.37 (t, 2H), 1.98 (p, J = 7.7 Hz, 2H), 1.59 (p, J = 7.4 Hz, 2H), 1.50 (m, J = 26.2, 7.5
Hz, 4H), 0.95 (t, J = 7.1 Hz, 3H).

MS (ESI(+)): m/z measured = 195.0710 [M+H]*
m/z calculated = 195.0679 [M+H]*
2,7-dibromo-10-hexylacridin-9(10H)-one.

Br

NBS
0] N_CGH13 » 0O N—05H13

O DMF, 0°C-RT, oN O

Br
In a 250 ml one-necked flask, 10-hexylacridin-9(10H)-one (3.45 g, 25.61 mmol, 1 eq)

was dissolved in DMF and cooled down to 0 °C. N-Bromosuccinimide (12.8 g,

71.71 mmol, 2.8 eq) was added over 30 min followed by slowly warming up and stirring
at room temperature overnight. Afterwards, the reaction was quenched with 50 ml water

and filtered through a paper filter. The product was purified by column chromatography
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(Si02, CHCIs (100 %) to CHCI/MeOH = 20:1) to give a bright yellow powder. Yield:
5.01 g, 15.45 mmol, 74 %.

H NMR (500 MHz, 298 K, CDCls): & (ppm) = 8.65 (dd, J = 7.95 Hz, J = 1.45 Hz, 2H),
7.79 (m, J = 8.65, 7.05 Hz, J = 1.65 Hz, 2H) 7.37 (t, J = 7.44 Hz, 2H), 4.28 (t, 2H), 1.90
(p, J = 7.7 Hz, 2H), 1.53 (p, J = 7.4 Hz, 2H), 1.43-1.28 (m, J = 26.2, 7.5 Hz, 4H), 0.92 (t,
J=7.1Hz, 3H).

MS (ESI(+)): m/z measured = 352.8887 [M+H]*
m/z calculated = 352.8869 [M+H]*

Final synthesis step of LSA*

Pd(PPhs)s KyPO4

0" "0  DMF/H,0=3:1, 100°C, oN

A 250ml Schlenk tube is filled with 100 mg 2,7-dibromo-10-hexylacridin-9(10H)-one
(0.23 mmol, 1eq), 4-(4,4,55-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (141 mg,
0.69 mmol, 3 eq), potassium phosphate (146 mg, 0.69 mmol, 3 eq) and Pd(Phs)s (13 mg,
0.011 mmol, 11 ymol, 5 mol%). A mixture of 25 ml DMF/water = 3:1was added and
immediately degassed. Afterwards, the suspension was heated up to 100 °C and stirred
overnight. 20 ml water was added to the cooled down reaction and the product was
extracted with 3x 80 ml chloroform. The united organic phases were washed with
100 brine and 100 ml deionized water before they were dried over MgSOs. The organic
phase was removed by a rotary evaporator and the crude material was purified by
column chromatography (SiO2, CHCIs/MeOH = 10:1) and GPC to give a bright yellow
powder. Yield (before GPC): 78 mg, 0.18 mmol, 79 %.

H NMR (500 MHz, 298 K, DMSO-ds) & 8.96 (d, J = 2.4 Hz, 2H), 8.73 (d, J = 5.3 Hz, 4H),
8.10 (dd, J = 9.0, 2.5 Hz, 3H), 7.76 (d, J = 5.3 Hz, 4H), 7.69 (d, J = 9.1 Hz, 2H), 4.50 —
4.42 (t, 2H), 2.02 (p, J = 7.7 Hz, 2H), 1.63 (p, J = 7.4 Hz, 2H), 1.45 (m, J = 26.2, 7.5 Hz,
4H), 0.97 (t, J = 7.1 Hz, 3H).
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13C NMR (151 MHz, 298 K, DMSO-ds) 8 176.73, 150.80, 146.11, 142.21, 132.99, 130.48,
125.18, 122.37, 121.34, 117.84, 46.01, 31.52, 27.43, 26.12, 22.62, 14.39.

MS (ESI(+)): m/z measured = 349.1202 [M+H]*

m/z calculated = 349.1210 [M+H]*
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Figure 3.5 Partial '"H-'H COSY NMR (500MHz/DMSO-d;) spectrum of ligand LSA%4,
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Figure 3.6 Partial '"H-'H NOESY NMR (700 MHz/DMSO-d¢) spectrum of ligand LSA4,
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3.1.5 Synthesis of Ligand LS¢*

3,6-dibromo-9H-carbazole synthesis

H H
N N
NBS
—>
DCM, 0°C-rt
Br Br

9H-carbazole (59, 29,9 mmol, 1 eq) was placed in a 250 ml one-necked flask and
dissolved in 100 ml CH.Cl,. After cooling down to 0 °C, N-Bromosuccinimide (10.7 g,
59.8mmol, 2.1 eq) was added over 30 min followed by slowly warming up over hours
and stirring overnight at rt. Afterwards, 80 g ice were added to quench the reaction and
the mixture was washed with three times 80 ml chloroform. The combined organic
solvents were dried over MgSO4 and removed by rotary evaporator. The product was

purified by recrystallisation in ethanol. Yield: 3.6 g, 11.06 mmol, 36 %.

H NMR (500 MHz, 298 K, CDCls): & (ppm) = 8.13 (d, J = 1.9 Hz, 2H), 7.52 (dd, J = 8.6
Hz, J = 1.9 Hz, 2H), 7.31 (d, J = 8.6 Hz, 2H).

MS (ESI(+)): m/z measured = 352.9001 [M+H]*

m/z calculated = 352.8998 [M+H]*

3,6-dibromo-9-hexyl-9H-carbazole

CeH13

H
N N
1-bromohexane, KOH
»
DMF, rt, oN
Br Br

Br Br

In a 250 ml round-bottom flask with 80 ml DMF 3,6-dibromo-9H-carbazole (2 g,
6.2 mmol, 1 eq) and KOH (2 g, 11.1 mmol, 1.8 eq) were dissolved and stirred at rt for
1 h. Over 20 min, 1-Bromohexane was added dropwise via syringe and the mixture was
stirred overnight. The mixture was then poured into 300 g ice and after complete melting
of the ice extracted with three times 100 ml chloroform. The combined organic phases
were removed by rotary evaporator and the crude material was purified by column
chromatography (SiO», pentane/acetone = 2:1) to give a white crystalline powder. Yield:
2.21 g, 6.15 mmol, 88 %).
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H NMR (400 MHz, 298 K, CDCls): & (ppm) = 8.13 (d, J = 1.9 Hz, 2H), 7.55 (dd, J = 8.7,
J =2.0 Hz, 2H), 7.26 (d, sJ = 8.6 Hz, 2H), 4.22 (t, J = 7.2 Hz, 2H), 1.81 (p, J = 7.3 Hz,
2H), 1.29 (m, J = 10.0, 6.4, 3.5 Hz, 6H), 0.87 (t, J = 8.7, 1H).

MS (ESI(+)): m/z measured = 324.8899 [M+H]*
m/z calculated = 324.8920 [M+H]*

Final synthesis step of LS¢

N\
CeH13 |
N Z Pd(PPhs)s Na,COs3
+
of B\O DMF/water= 3:1
100°C, oN

3,6-dibromo-9-hexyl-9H-carbazole (80 mg, 0.2 mmol, 1 eq), 4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)pyridine (160.4 mg, 0.78 mmol, 4 eq) Na.COs; (62.2 mg,
0.59 mmol, 3 eq) and Pd(Phs)s (9 mg, 7.8 ymol, 4 mol%) were dissolved in 15 ml

DMF/water (3:1) and immediately degassed. The stirring reaction took place at 100 °C
overnight. After cooling down, 80 ml deionized water were added to the reaction vessel.
It was extracted three times with 80 ml chloroform and the united organic phases were
washed with 80 ml brine, 80 ml saturated aqueous NH.Cl solution and 80 ml deionized
water before drying over MgSOs. The organic solvents were removed by rotary
evaporator and the crude material was purified by column chromatography (SiOo,
acetone/n-pentane = 1:1) and GPC. Yield (before GPC): 26 mg, 0.06 mmol, 33 %).

H NMR (500 MHz, 298 K, DMSO-ds) 5 8.87 (d, J = 1.8 Hz, 2H), 8.66 (d, J = 5.2 Hz, 4H),
7.99 (dd, J = 8.6, 1.9 Hz, 2H), 7.87 (dd, 4H), 7.79 (d, J = 8.6 Hz, 2H), 4.50 (t, J = 7.1 Hz,
2H), 1.82 (p, J = 7.1 Hz, 2H), 1.38 — 1.19 (m, 6H), 0.82 (t, J = 7.1 Hz, 3H).

3C NMR (151 MHz, 298 K, CDCls) d 149.11, 147.91, 140.42, 128.38, 124.23, 122.48,
118.09, 108.65, 42.49, 30.53, 27.97, 25.94, 21.51, 12.98.

MS (ESI(+)): m/z measured = 406.2293 [M+H]*

m/z calculated = 406.2278 [M+H]*
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Figure 3.7 'H-'H COSY NMR (500MHz/DMSO-d;) NMR of ligand LS, * marks CHCIs,
broadening of signal a lead to no 'H-'H COSY NMR cross-peak to b.

3.1.6 Synthesis of Ligand LSBE

Br Q Pd(PPha)s, Na;COs

o O 1,4-Dioxane, 100°C, oN

In a 200 ml Schlenk tube, 1,3-dibromobenzene (500 mg, 2.21 mmol, 1 eq), 4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl) pyridine (1.3 g, 6.36 mmol, 3 eq), Na>.COs (674 mg,
6.36 mmol, 3 eq) and Pd(PPhs)4 (74 mg, 64 pmol, 3 mol%) were suspended in 25 ml 1,4-
dioxane and immediately degassed. Afterwards, the sealed vessel was heated up to
100 °C overnight and the reaction progress was controlled by TLC (pure acetone). The
cooled down mixture was transferred to a separation funnel and 100 ml deionized water
was added. The product was extracted three times with 80 ml chloroform and the united
organic phases were washed with 100 brine and 100 ml deionized water before drying
over MgSQO,. After removing the organic solvents with a rotary evaporator, the crude
material was purified by column chromatography (SiO2, pure acetone). GPC purification
was performed before the ligand was used for further synthesis. White powder, Yield
(before GPC): 381 mg (1.64 mmol, 77 %).
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H NMR (500 MHz, 298 K, DMSO-ds) 5 8.71 — 8.66 (dd, 4H), 8.20 (t, J = 1.9 Hz, 1H),
7.92 (dd, J= 7.7, 1.8 Hz, 2H), 7.88 — 7.85 (dd, 4H), 7.70 (t, J = 7.7 Hz, 1H).

13C NMR (176 MHz, 298 K, DMSO-ds) d 150.73, 147.08, 138.69, 130.60, 128.14, 125.89,
122.02.

MS (ESI(+)): m/z measured = 233.1065 [M+H]*

m/z calculated = 233.1073 [M+H]*

1 2

|

b
Ew
-

74

7.6

4-3

2= 0 0

;] 6 ”

7.8

8.4 8.2 8.0
[ppm]

86

T T T T T T T T T
9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4

[ppm]

Figure 3.8 Partial 'H-'H COSY NMR (500MHz/DMSO-ds) spectrum of ligand LSE.

3.1.7 Synthesis of Ligand LSP

=N

N
Q
Br N_. Br = 3
Pd(PPh Na,CO
U sl (PPh3)s, Nay;CO3 -4
= o o

1,4-Dioxane, 100°C, oN \

2,6-dibromopyridine (500 mg, 2.11mmol, 1eq), 4-(4,4,55tetramethyl-1,3,2-
dioxaborolan-2-yl) pyridine (1.3 g, 6.33 mmol, 3 eq), Na,COs3 (671 mg, 6.33 mmol, 3 eq)
and Pd(PPhs)s (73 mg, 63 pmol, 3 mol%) were added to a 200ml Schlenk tube. After
addition of 25 ml 1,4-dioxane the vessel was directly degassed. The reaction was stirred

overnight at 100 °C and controlled by TLC (pure acetone). After cooling down, the
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suspension was transferred to a separation funnel and 100 ml deionized water was
added. The suspension was extracted three times with 80 ml chloroform and the organic
phase was washed with brine and deionized water (100 ml each). The dried solvent (over
MgS0O,4) was removed by rotary evaporator and the crude material was purified by
column chromatography (SiO2, pure acetone) and GPC before the ligand was used for
further synthesis. White powder, Yield (before GPC): 312 mg (1.34 mmol, 63 %).

H NMR (500 MHz, 298 K, DMSO-ds) & 8.78 — 8.76 (dd, 4H), 8.25 (d, J = 1.1 Hz, 1H),
8.24 —8.21 (m, 5H), 8.16 (t, J = 8.6, 6.9 Hz, 1H).

13C NMR (176 MHz, 298 K, DMSO-de) 8 154.05, 150.94, 145.63, 139.69, 121.92, 121.36.
MS (ESI(+)): m/z measured = 234.0985 [M+H]*

m/z calculated = 234.1026 [M+H]"
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Figure 3.9 Partial '"H-'H COSY NMR (500MHz/DMSO-ds) spectrum of ligand LSP.

3.1.8 Synthesis of Ligand LSA

N

N
Q Pd(PPhs), NazCO3 4
o \O 1,4-Dioxane/water= 4: 1

100°C, oN
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A 200 ml Schlenk tube was filled with 2,6-dibromoaniline (400 mg, 1.59 mmol, 1 eq), 4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) pyridine (981 mg, 4.78 mmol, 3 eq),
Na2COs (507 mg, 4.78 mmol, 3 eq) and Pd(PPhs)s4 (48 mg, 48 pmol, 3 mol%) and 20ml
1,4-dioxane/water = 4:1 and immediately degassed. The reaction took place at 100 °C
overnight and was controlled by TLC (pure acetone). After cooling down, the suspension
was transferred to a separation funnel and 80 ml deionized water was added. It was
extracted three times with 70 ml chloroform and the united organic phases were washed
with 80 ml brine and 80 ml deionized water before drying over MgSOs. Purification was
performed by column chromatography (SiO,, pure acetone) and GPC before the
synthesised ligand was used for cage synthesis. Greyish powder, Yield (before GPC):
(1.43 mmol, 90 %).

H NMR (500 MHz, 298 K, CDCls) & 8.73 (s, 4H), 7.55 (s, 4H), 7.13 (d, J = 7.6 Hz, 2H),
6.85 (t, J = 7.6 Hz, 1H), 4.60 (s, 2H).

13C NMR (151 MHz, 298 K, DMSO-dg) d 150.57, 147.30, 141.82, 130.93, 125.19, 125.19,
118.08.

MS (ESI(+)): m/z measured = 248.1154 [M+H]*
m/z calculated = 248.1182 [M+H]*

Comment: Aniline-Group leads to extreme broadening of the aromatic signals of the
pyridyl groups. No 'H-'H-COSY NMR.

3.1.9 Synthesis of Ligand LSOMe
1,3-dibromo-2-methoxybenzene

Br Br

K,CO
OH + CHsl 2773 o)

acetone, reflux, 5h \
Br Br

2,6-dibromophenol (1 g, 3.97 mmol, 1 eq) and K,CO3 was weight in a 100 ml single-neck
round-bottom flask and solved in 50ml acetonenpc. lodomethane (3.38 g, 3.1 mi,
23.82 mmol, 6 eq) was added dropwise via syringe. The reaction was refluxed for 5
hours and after cooling down, the solution was quenched with 50 ml of 10 % sodium
thiosulfate. The suspension was extracted with chloroform (HPLC grade,3x50ml) and the
organic phase was dried over MgSO. before the solvent was removed by rotary
evaporator. The product was given as a colourless oil and was used for coupling reaction
without further purification. Yield: 386 mg (1.45 mmol, 37 %).
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H NMR (400 MHz, 298 K, DMSO-ds) 5 7.67 (d, J = 8.0 Hz, 2H), 7.04 (t, J = 8.0 Hz, 1H),

3.80 (s, 3H).
MS (ESI(+)): m/z measured = 266.8824 [M+H]*
m/z calculated = 266.8838 [M+H]*

Final synthesis step of LSOMe

N
OMe | ~

100°C, oN

Br Br Z Pd(PPhs), KsPO,
B DMF/water= 3:1 >4
%:@ water= o.1,

In a 200 ml Schlenk tube 1,3-dibromo-2-methoxybenzene (386 mg, 1.45 mmol, 1 eq), 4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (893 mg, 4.35 mmol, 3 eq), KsPO.4
(602 mg, 4.35 mmol, 3 eq) and Pd(PPhs)s (50 mg, 44 umol, 3 mol%) were placed and

dissolved in 20ml DMF/water = 3:1 before it was immediately degassed. The reaction

was stirred at 100 °C overnight and controlled by TLC. After cooling down, 80 mi

deionized water were added to the into a separation funnel transferred reaction mixture.

It was extracted three times with 80 chloroform and the united organic phases were

washed with 80 brine and 80 ml deionized water before drying over MgSO.. After

removing the organic solvents by rotary evaporator, the crude material was purified by

column chromatography (SiO2, pure acetone). For further use, it was also necessary to
purify the ligand by GPC to give a white powder. Yield (before GPC): 201 mg (0.77 mmol,

53 %).

H NMR (500 MHz, 298 K, CDCls) 5 8.71 — 8.68 (dd, 4H), 7.57 — 7.54 (dd, 4H), 7.43 (d,

J=7.6 Hz, 2H), 7.33 (t, J=8.2, 7.0 Hz, 1H), 3.19 (s, 3H).

13C NMR (151 MHz, 298 K, DMSO-de) d 155.24, 150.21, 145.79, 133.17, 131.87, 125.59,

124.32, 61.42.
MS (ESI(+)): m/z measured = 263.1158 [M+H]*

m/z calculated = 263.1179 [M+H]*
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Figure 3.10 Partial 'H-'"H COSY NMR (500MHz/DMSO-ds) spectrum of ligand LSOMe,

3.1.10 Synthesis of Ligands LSOH

N

Br Q Pd(PPhs),. K3PO4
DMF/water= 3:1,
% 100°C, oN

2,6-di(pyridin-4-yl)phenol (700 mg, 2.78 mmol, 1 eq), 4-(4,4,55-tetramethyl-1,3,2-
dioxaborolan-2-yl)pyridine (1.71 g, 8.34 mmol, 3 eq), KsPO4 (1.15 g, 8.34 mmol, 3 eq)
and Pd(PPhs)s (96 mg, 83 umol, 3 mol%) were placed in a 200 ml Schlenk tube and

20 ml DMF/water = 3:1 were added before the Schlenk tube was carefully degassed.

The reaction was carried out at 100 °C under stirring overnight and controlled by TLC.
After cooling down, the reaction mixture was transferred to a separation funnel and 80 ml
deionized water were added. The aqueous suspension was three times extracted with
80 ml chloroform which was washed with brine, saturated aqueous NH4Cl solution and
80 ml deionized water (each time 80 ml). After evaporating of the organic solvents, the
crude material was purified by column chromatography and GPC for further use. White
powder. Yield (before GPC): 251 mg (1.01 mmol, 36 %).
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H NMR (500 MHz, 298 K, CDCls) & 8.76 — 8.71 (dd, 4H), 7.55 — 7.50 (dd, 4H), 7.38 (d,
J=7.6Hz, 2H), 7.21 = 7.15 (t, 1H), 5.58 (s, 1H).

13C NMR (151 MHz, 298 K, DMSO-ds) d 151.39, 150.00, 146.47, 131.38, 129.27, 124.73,
121.74.

MS (ESI(+)): m/z measured = 252.8655 [M+H]*
m/z calculated = 252.8681 [M+H]*
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Figure 3.11 Partial 'H-'H COSY NMR (500MHz/DMSO-ds) spectrum of ligand LS°H. *-marked
signal = Chloroform.

3.1.11 Synthesis of Ligand LSN°2

N\
NO, |
Br Br " Pd(PPhs), KsPO,
+ . » 4
O/B\O DMF/water= 3:1,
100°C, oN

A 200 ml Schlenk tube with 2,6-di(pyridin-4-yl)phenol (700 mg, 2.49 mmol, 1 eq), 4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (1.53 g, 7.48 mmol, 3 eq), K3sPOa4
(1.03g, 7.48 mmol, 3eq) and Pd(PPhs)s (86 mg, 75 pumol, 3 mol%) and 20 ml

DMF/water = 3:1 inside was prepared and immediately degassed. After no further
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change of educts/product ratio occurred (TLC; pure acetone), the cooled down mixture
was transferred into a separation funnel and mixed with 80 ml deionized water. The
suspension was extracted three times with 80 ml chloroform. Brine and deionized water
(each 80 ml) were successive used to wash the organic solvents before drying over
MgSO4. With removed solvents (rotary evaporator), the crude material was purified by
column chromatography (SiO2, pure acetone). For further synthetic use, the ligand was
purified by GPC. Yellowish powder. Yield (before GPC): 385 mg (1.39 mmol, 56 %).

H NMR (500 MHz, 298 K, CDCls) & 8.74 — 8.68 (dd, 4H), 7.70 (t, J = 8.1, 7.5 Hz, 1H),
7.51(d, J = 7.7 Hz, 2H), 7.34 — 7.30 (dd, 4H).

3C NMR (151 MHz, 298 K, DMSO-de) d 150.68, 148.42, 143.93, 132.41, 132.12, 131.84,
123.22.

MS (ESI(+)): m/z measured = 278.0921 [M+H]*

m/z calculated = 278.0924 [M+H]*
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Figure 3.12 Partial 'H-'"H COSY NMR (500MHz/DMSO-ds) spectrum of ligand LSN°2,
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3.1.12 Synthesis of Ligand L-OMe
8-((4-bromophenyl)ethynyl)isoquinoline was prepared like in chapter 6.2.2.1. descripted.

8-((4-((trimethylsilyl)ethynyl)phenyl)ethynyl)isoquinoline

2\ |
= | XN
~ I

Il  _Pd(PPhy),Cl,, Cul
" ™Ms”~ TEA THF, 65°C,oN ( |
(] )
Br ||
™S

In a 200 ml Schlenk tube were given 8-((4-bromophenyl)ethynyl)isoquinoline (1.2 g,
3.89 mmol, 1 eq), ethynyltrimethylsilane (2.8 ml, 19.47 mmol, 5 eq), Pd(PPhs)iCl;
(137 mg, 195 ymol, 5 mol%) and Cul (148 mg, 779 pmol, 20 mol%). After adding 20 ml
TEA4y and 20 ml DMFqy and carefully degassing, the reaction was heated up to 65 °C
and stirred overnight. The reaction was controlled by TLC (n-pentane/EtOAc = 2:1) and
after finishing and cooling down, the organic solvents were removed via vacuo Schlenk
technique. The occurring solid was taken up in 100 ml TCMupLc and washed with 100 ml
brine and 100 ml deionized water. Afterwards, the combined organic phases were dried
over MgSQO4 and the solvent was removed via rotary evaporator. The crude material was
purified by flash chromatography (SiO, n-pentane/EtOAc = 2:1) to give a brown oil.
Yield: 1.1 g (3.46 mmol, 89 %).

H NMR (500 MHz, 298 K, DMSO-ds) 5 9.75 (s, 1H), 8.67 (d, 1H), 8.06 (d, J = 8.3 Hz,
1H), 7.96 (d, J = 7.2 Hz, 2H), 7.84 (t, J = 7.7 Hz, 1H), 7.75 (d, J = 8.0 Hz, 2H), 7.56 (d, J
= 7.9 Hz, 2H), 0.26 (s, 9H).

MS (ESI(+)): m/z measured = 326.1350 [M+H]*

m/z calculated = 326.1360 [M+H]*
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8-((4-ethynylphenyl)ethynyl)isoquinoline

N\
I N\
N I
XN
l I
K,CO5
% — >
(j MeOH, rt, 4h (j
XN |
™
l I
T™MS

8-((4-((trimethylsilyl)ethynyl)phenyl)ethynyl)isoquinoline (1.1 g, 3.46 mmol, 1 eq) was
placed in a 250 ml single-neck round-bottom flask and solved 100 ml MeOHp.c before
622 mg K>CO3 (4.50 mmol, 1.3 eq) was added. The reaction took place under stirring for
4 hours. Afterwards, the methanol was removed by rotary evaporator before 100 ml
TCMupLc was added and washed with three times 200 ml deionized water. After drying
over MgSOys, the organic solvent was removed by rotary evaporator and the product was
obtained as a yellow solid. Yield: 751 mg (2.96 mmol, 86 %).

H NMR (500 MHz, 298 K, DMSO-ds) 5 9.71 (s, 1H), 8.64 (d, J = 5.7 Hz, 1H), 8.07 (d, J
= 8.3 Hz, 1H), 7.97 (d, J = 7.2 Hz, 1H), 7.94 (d, J = 5.6 Hz, 1H), 7.84 (t, J = 7.7 Hz, 1H),
7.77 (d, J = 7.9 Hz, 2H), 7.59 (d, J = 8.0 Hz, 2H), 4.42 (s, 1H).

MS (ESI(+)): m/z measured = 254.0943 [M+H]*

m/z calculated = 254.0964 [M+H]*
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Final Sonogashira coupling to give L-°Me

74 |
XN
CeHi3
. | Pd(PPh;),Cl,, Cul
Br Br () ?ZIISEC')A\ &MF
OMe N
I

A 200 ml Schlenk tube was filled with 1,3-dibromo-5-hexyl-2-methoxybenzene (130 mg,
371 ymol, 1 eq), 8-((4-ethynylphenyl)ethynyl)isoquinoline (235 mg, 928 pymol, 2.5 eq),
Pd(PPh3)4Cl> (26 mg, 37 pmol, 10 mol%) and Cul (14 mg, 74 ymol, 20 mol%). The
solids were suspended in 20 ml DIPEA and 20 ml DMF and directly degassed. At 120 °C,
the reaction was stirred for two days and controlled by TLC (n-pentane/EtOAc = 1:1).
After removing of the solvents by vacuo Schlenk technique, the crude solid was taken
up in 100 chloroform and washed with 100 brine and 100 ml deionized water. The
organic solvent was dried over MgSOQO., removed by rotary evaporator and further
purification by column chromatography (SiO2, n-pentane/EtOAc = 1:1) and GPC took
place.

H NMR (500 MHz, 298 K, DMSO-ds) 5 9.75 (s, 2H), 8.66 (d, J = 5.6 Hz, 2H), 8.10 (d, J
= 8.3 Hz, 2H), 8.02 — 7.95 (m, 6H), 7.90 — 7.82 (m, 6H), 7.72 — 7.67 (d, 2H), 7.48 (s, 2H),
4.10 (s, 3H), 2.59 (t, 2H), 1.60 (t, 2H), 1.18 (m, 6H), 0.92 — 0.84 (t, 3H).

13C NMR (151 MHz, 298 K, DMSO-ds) d 159.99, 150.50, 144.33, 139.03, 135.89, 134.37,
132.60, 132.58, 132.19, 130.84, 128.44, 127.51, 123.40, 122.65, 121.30, 120.31,
116.63, 95.48, 93.47, 88.08, 61.82, 34.32, 31.55, 31.14, 28.72, 22.52, 14.46.

MS (ESI(+)): m/z measured = 695.3034 [M+H]*

m/z calculated = 695.3057 [M+H]*
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Figure 3.13 3.14 Partial '"H-'"H COSY NMR (500MHz/DMSO-ds) spectrum of ligand L-CMe,
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Figure 3.15 Partial "H-'H NOESY NMR (700 MHz/DMSO-d¢) spectrum of ligand L-OMe,
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3.2 Formation of supramolecular Structures

3.2.1 Formation of homoleptic quinoline-based Cages

[PA(CH3CN)a](BF 4)4

DMSO-dg, 70°C, 10 min

LQMe [szLOMe4]4+

Schematic formation of homoleptic [Pd,L°Me,](BF4)s. Exemplary for [Pd2L°Hs](BF4)s and
[szLLome4](BF4)4, too.

3.2.1.1 Synthesis of [Pd.L°M¢,](BF4)4

A 7 mM stock solution of ligand L°¢ (240 ul, 1.68 ymol, CD3CN or DMSO-ds) and a
15 mM stock solution of [Pd(CH3CN)4(BF4)2] (60 pl, 0.9 ymol, CD3CN or DMSO-ds) were
placed into an NMR-tube and 300 pyl CD3sCN/DMSO-ds were added. The sealed NMR-
Tube was placed into a heating block for 2 hours to give a 0.7 mM [Pd.LoMe,](BF4)s

slightly yellow cage solution.

H NMR (500 MHz, 298 K, CDsCN) 5 9.75 (s, J = 0.9 Hz, 8H), 8.62 (d, J = 6.7 Hz, 8H),
8.10 (d, J = 8.1 Hz, 8H), 8.06 (d, J = 6.5 Hz, 8H), 8.02 (dd, J = 7.3, 1.3 Hz, 8H), 8.00 —
7.96 (t, 8H), 7.39 — 7.32 (d, 16H), 7.26 (s, 8H), 7.20 — 7.14 (d, 16H), 2.77 (q, J = 8.0 Hz,
8H), 2.02 (s, 12H), 1.81 — 1.73 (p, 8H), 1.46 — 1.23 (m, 24H), 0.86 (t, J = 7.1 Hz, 12H).

H NMR (500 MHz, 298 K, DMSO-ds) & 9.49 (s, 8H), 8.71 (d, J = 6.6 Hz, 8H), 8.32 (d, J
= 6.8 Hz, 8H), 8.17 — 8.11 (m, 24H), 7.36 (d, J = 8.0 Hz, 16H), 7.29 (s, 8H), 6.82 (d, J =
7.9 Hz, 16H), 2.72 (q, J = 7.8 Hz, 8H), 2.07 (s, 12H), 1.69 (p, J = 7.5 Hz, 8H), 1.38 — 1.15
(m, 24H), 0.79 (t, J = 7.1 Hz, 12H).

13C NMR (176 MHz, 298 K, CD3sCN) d 173.18, 152.51, 144.39, 140.83, 140.37, 137.74,
135.02, 134.77, 131.56, 131.25, 130.55, 128.91, 128.50, 126.33, 121.91, 120.76, 97.05,
85.30, 60.49, 35.29, 32.08, 31.95, 29.18, 22.96, 14.00.

MS (ESI(+)): [C1ssH152NsO4Pd2]** m/z measured = 700.0001 [M+H]*

m/z calculated = 700.0016 [M+H]*
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overall
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Figure 3.16 DFT (BP86-D4/def2-SVP (def2-TZVP for Pd)) calculated structure of (M)-
[Pd.L%Me,]** in DMSO with a) top view and b) side view. Colour scheme: C = dark grey, H =
light grey, O = red, N = blue, Pd = orange.
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Figure 3.17 'H-'H COSY NMR (700 MHz, 298 K, CD3CN) spectrum of [Pd2L°"¢,](BFa)a.
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o

Figure 3.18 'H-'H NOESY (700 MHz, 298 K, CDs;CN) spectrum of homoleptic
[Pd2LOMe,](BF4)a.
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Figure 3.19 'H-'H COSY NMR (700 MHz, 298 K, DMSO-ds) spectrum of [Pd2L°Me,](BF)a.
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Figure 3.20 'H-'H NOESY NMR (700 MHz, 298 K, DMSO-ds) spectrum of [Pd.L°Me,](BF,)s.
X-ray analysis

Single crystals were grown out of 200 pl 0.7 mM cage solutions placed in a tube with a
diameter of 0.8 mm. This tube was closed with a cab in which a 1 mm wide hole was
made. Afterwards, the tube was placed in a 5 ml vial containing 2 ml pure ethyl acetate
of HPLC grade. The vial was closed and placed in a fridge at 4 °C for three weeks to get

the single crystals. The sample was measured as described at the general procedures.
Table 2 Crystallographic data of [Pd,L.°M¢,](BF4)4

CCDC number /

Identifications code rrd5c

Empirical formula C760He20B 16F64N36016Pds

Formula weight 12753.04
Temperature [K] 100(2)
Crystal system triclinic
Space group P71 (2)
(number)

a[Al 17.6831(11)

126



Experimental Section

b [A]

c [A]

a [A]

B IA]

v [A]

Volume [A?]
4

Peaic [g/cm’]

p [mm]
F(000)
Crystal size [mm?]
Crystal colour
Crystal shape
Radiation

20 range [°]

Index ranges

Reflections collected

Independent

reflections

Completeness to 6 =
41.647°

Data / Restraints /

Parameters
Goodness-of-fit on F?

Final R indexes
[I220(1)]

22.9969(14)
43.681(3)
93.753(2)
90.399(2)
99.232(2)
17492.9(19)

1

1.211

2.252

6584
0.05%0.05%0.05
yellow

block

CuKy (A =1.54178 A)

4.05 t0 83.29 (1.16 A)

-5 < h < 15
-19 < k = 19
-37=<1=<37

165382

23463

Rint = 0.0541
Rsigma = 00327

100.0 %
23463/8414/4118

1.995

R = 0.1272
WR2 = 0.4061
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Final R indexes R = 0.1445
[all data] wWR, = 0.4227

Largest  peak/hole 1.26/-0.82
[eA]

3.2.1.2 Synthesis of [Pd2L%"4](BF4)q

In an NMR tube, 240 ul of a 7 mM L° stock solution (1.68 ymol) were combined with a
15 mM stock solution of [Pd(CH3CN)4(BF4)2] (60 pl, 0.9 pymol, CD3CN) and 300 ul pure
CDsCN. After sealing of the tube, the mixture was heated for 18 h to give a yellow cage
solution of 0.7 mM [Pd2L°"4](BF4)a.

H NMR (500 MHz, 298 K, CDsCN) & 9.85 (s, 8H), 8.67 (d, J = 6.6 Hz, 8H), 8.09 (d, J =
8.2 Hz, 8H), 8.06 (d, J = 6.5 Hz, 8H), 8.02 (dd, J = 7.2, 1.3 Hz, 8H), 7.97 (dd, J = 8.1, 7.2
Hz, 8H), 7.42 — 7.38 (m, 16), 7.26 (d, J = 7.9 Hz, 16H), 7.17 (s, 8H),2.74 (q, J = 7.5 Hz,
8H), 1.77 (p, J = 11.2, 7.5, 3.7 Hz, 8H), 1.40 — 1.19 (m, 24H), 0.86 (t, J = 7.2 Hz, 12H).

13C NMR (151 MHz, 298 K, CD3sCN) d 153.78, 144.13, 137.76, 134.89, 134.49, 132.26,
132.23, 131.24, 130.62, 130.55, 130.42, 129.11, 128.81, 128.43, 126.28, 121.92, 97.39,
74.05, 35.03, 32.11, 32.05, 29.17, 22.98, 14.01.

MS (ES|(+))Z [C134H144N304Pd2]4+ m/z measured = 685.9890 [|\/|'|'H]+

m/z calculated = 685.9859 [M+H]*
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Figure 3.21 'H-'H COSY NMR (600 MHz, 298 K, CD3CN) spectrum of [PdzL"4](BFa)a.
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Figure 3.22 "H-'H NOESY NMR (600 MHz, 298 K, DMSO-ds) spectrum of [Pd2L°"4](BF4)a.

3.2.1.3 Synthesis of [Pd2L-°e](BF4)q
A 7 mM stock solution of L*°Me was prepared and 240 ul (1.68 pmol) of this solution
were combined with [Pd(CH3CN)4(BF4)2] (60 pl, 0.9 umol, CD3CN) and 300 ul pure
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CDsCN. After sealing, the NMR tube was placed in a 70 °C hot heating block for 2 h to

give a yellow [Pd.L"°Me4](BF4)4 cage solution of 0.7 mM.

"H NMR (500 MHz, 298 K, CDsCN) shows less clean separated signals.

JL: . N o ._M

10.0 9.8 9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2
[ppm]

Figure 3.23 Partial '"H NMR 500 MHz spectra at 298 K in CD;CN. Measuring at higher
temperatures lead to broadening of all signals. A clean signal assignment by 2D-NMR
techniques was not possible.

MS (ESI(+)): [C204H152NsO4Pd2]** m/z measured = 747.9998 [M+H]*

m/z calculated = 748.0017 [M+H]*

3.2.2 Synthesis of heteroleptic [Pd2L°Me,L*;](BF4)s cages.

\i
2x - | 0\
% = i
| Ol [Pd(CHaCN)4)(BF4)a
s P ¥ 2N T I T OMeCH, ;\‘:’I“:"OMD

DMSO-ds, 70°C, 10 Min

X-Y: 4\ i e
28 /> //N )—NHZ
4 wd f

|_SB |_SP |_SN H2

\J

;«}_OME N}—OH [szLOMezLSX2]4+
i g

SOMe SOH
L L

All heteroleptic Cages of the [Pd,L°Me,LSX,](BF4)s type are prepared as followed: In an
NMR tube, 120 pl of a 7 mM stock solution of L°™¢ (1.68 umol, DMSO-ds) were combined
with 120 pl of LSB LSP, |SNH2 | SOMe | SOH qop | SNO2 (7 mM, 1.68 umol, DMSO-ds),
respectively. To each different ligand mixture, 60 ul of a 15 mM [Pd(CH3sCN)4(BF4)2]
stock solution (0.9 ymol, DMSO-ds) and 300 ul pure DMSO-ds were added. The sealed
NMR tubes were heated for 10 min in a 70 °C warm heating block to give yellow but

different shaded 0.7 mM cage solutions.
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3.2.2.1 [PdoLOMe,L SB,](BF )

H NMR (700 MHz, 298 K, DMSO-ds) 5 10.02 (s, 8H), 8.74 (s, 8H), 8.32 (d, J = 6.4 Hz,
4H), 8.29 (dd, J = 6.3, 3.2 Hz, 4H), 8.19 (d, J = 6.5 Hz, 4H), 8.15—8.11 (m, 8H), 8.04 (s,
8H), 7.91 (d, J = 7.7 Hz, 4H), 7.85 (s, 2H), 7.69 (d, J = 7.9 Hz, 8H), 7.64 (t, J = 7.6 Hz,
2H), 7.58 (d, J = 7.9 Hz, 8H), 7.27 (s, 4H), 2.61 (t, J = 7.8 Hz, 4H), 2.18 (s, 6H), 1.60 (t,
J = 7.5 Hz, 4H), 1.35 — 1.26 (m, 12H), 0.87 — 0.83 (t, 6H).

13C NMR (151 MHz, 298 K, DMSO-de) d 169.81, 153.25, 150.51, 150.16, 142.60, 137.67,
137.62, 135.04, 132.52, 132.50, 131.73, 130.98, 129.95, 129.27, 128.73, 128.04,
127.74, 127.36, 126.43, 126.10, 123.27, 122.03, 119.48, 118.05, 116.44, 95.82, 83.68,
56.77, 29.42, 26.83, 20.85, 20.39, 12.32, -0.50.

MS (ESI(+)): [C126H100NsO2Pd2]** m/z measured = 492.6533 [M+H]*

m/z calculated = 492.6517 [M+H]"
C f/dh i J
1 be. 235 4‘

J A

[ppm]

(ppm]

Figure 3.24 'H-'H COSY NMR (700 MHz, 343 K, DMSO-ds) spectrum of [Pd2L°Me; LSB,](BF 4)a.
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Figure 3.25 'H-'H NOESY NMR (600 MHz, 298 K, DMSO-ds) spectrum of [Pd,LOVe,
LSB,](BF4)a.

3.2.2.2 [Pd2LOMe,L SP;](BF 4)4

Aromatic 1H signals not all clear to separate.

| . L
-y ol

102 100 98 9.6 9.4 9.2 9.0 8.8 8.6 8.4 82 8.0 78 76 74 7.2 7.0 6.8
[ppml

70°C

25°C

Figure 3.26 Aromatic signals of [Pd.L°"e,LSP,](BF4)s. Not all signals are separated either at
25°C or 70 °C.

13C NMR (176 MHz, 298 K, DMSO-ds) 5 165.82, 165.13, 163.61, 163.42, 161.67, 160.87,
157.84, 157.38, 155.79, 154.38, 149.93, 146.83, 143.97, 141.13, 140.26, 136.93,
133.26, 132.06, 131.39, 129.26, 127.28, 119.40, 117.82, 97.83, 89.55, 54.12, 34.24,
30.82, 28.23, 21.78, 13.71, 0.90.

MS (ESI(+)): [C124H98N1002Pd2]** m/z measured = 493.1505 [M+H]*

m/z calculated = 493.1493 [M+H]*
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[ppm]

Figure 3.28 'H-'H NOESY NMR (700 MHz, 343 K, DMSO-d¢) spectrum of [Pd;LOVe,
LSP,](BFa)a.
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3.2.2.3 [PdoLOMe,L SNH2,](BF )4

H NMR (700 MHz, 298 K, DMSO-ds) & 10.08 (s, 4H), 9.22 (d, J = 5.8 Hz, 4H), 9.06 (d,
J = 5.9 Hz, 4H), 8.28 (d, J = 8.1 Hz, 4H), 8.25 (d, J = 6.4 Hz, 4H), 8.19 — 8.15 (m, 8H),
8.12 (t, J= 7.7 Hz, 4H), 7.79 (d, J = 7.8 Hz, 8H), 7.67 (d, J = 7.9 Hz, 8H), 7.63 (d, J = 5.9
Hz, 4H), 7.31 (s, 4H), 7.29 — 7.24 (d, 4H), 7.14 (d, J = 7.5 Hz, 4H), 6.71 (t, J = 7.5 Hz,
2H), 3,63 (s, 4H), 2.66 (t, J = 7.8 Hz, 4H), 2.33 (s, 6H), 1.63 (t, J = 7.6 Hz, 4H), 1.37 —
1.25 (m, 12H), 0.89 — 0.85 (t, 6H).

13C NMR (151 MHz, 298 K, DMSO-dg) d 169.82, 152.76, 151.52, 150.36, 149.24, 149.08,
142.46, 139.26, 137.77, 134.97, 132.50, 131.98, 131.34, 129.99, 128.89, 127.89,
126.60, 126.17, 126.07, 125.46, 123.16, 122.38, 119.43, 118.17, 116.78, 116.44, 95.57,
83.56, 57.06, 29.44, 26.89, 20.85, 20.41, 12.34, -0.50.

MS (ESI(+)): [C126H102N1002Pd]** m/z measured = 500.1582 [M+H]*

m/z calculated = 500.1572 [M+H]*
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Figure 3.29 'H-'TH COSY NMR (700 MHz, 298 K, DMSO-ds) spectrum of [Pd,LOVe,
LSNH22](BF4)4.
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Figure 3.30 'H-'H NOESY NMR (700 MHz, 298 K, DMSO-ds) spectrum of [Pd,L%Me,
LSNH2,](BF)s.

3.2.2.4 [PdLOMe,L SOVe,|(BF,),

H NMR (700 MHz, 298 K, DMSO-de) 5 9.84 —9.81 (s, 8H), 8.85 (d, J = 5.4 Hz, 8H), 8.31
—8.28(d, 8H), 8.18 (d, J = 6.5 Hz, 4H), 8.16 —8.12 (m, 8H), 7.83 (s, 8H), 7.65 (d, J = 8.1
Hz, 8H), 7.59 (d, J = 7.5 Hz, 4H), 7.49 — 7.46 (m, 8H), 7.29 (t, J = 7.6 Hz, 3H), 7.26 (s,
4H), 2.62 (t, 4H), 2.31 (s, 6H), 1.63 — 1.57 (p, 4H), 1.34 — 1.25 (m, 12H), 0.87 — 0.83 (t,
6H).

13C NMR (151 MHz, 298 K, DMSO-dg) d 169.80, 152.93, 150.69, 147.71, 142.87, 137.50,
135.03, 132.51, 131.60, 131.25, 130.15, 129.81, 128.96, 128.70, 127.71, 127.16,
127.08, 126.25, 126.16, 123.85, 123.04, 119.43, 117.90, 116.44, 95.70, 83.37, 57.45,
29.41, 26.78, 20.85, 20.39, 12.30, -0.50.

MS (ESI(+)): [C128H104NsO4Pd2]** m/z measured = 507.6561 [M+H]*

m/z calculated = 507.6570 [M+H]*
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Figure 3.31 'H-'H COSY NMR (700 MHz, 298 K, DMSO-ds) spectrum of [Pd.L%Me,
Lsomez](BF4)4.
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Figure 3.32 'H-'H NOESY NMR (700 MHz, 298 K, DMSO-ds) spectrum of [Pd.L°Me,
LSNH22](BF4)4_

3.2.2.5 [Pd2LOMe,LSOM,1(BF4)4
H NMR (400 MHz, 343 K, DMSO-ds) & 10.03 (s, 4H), 8.96 (d, J = 6.2 Hz, 8H), 8.31 —
8.24 (m, 6H), 8.19 — 8.09 (m, 14H), 7.71 (d, J = 8.4 Hz, 8H), 7.64 (d, J = 8.3 Hz, 8H),
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7.58 (d, J = 5.8 Hz, 8H), 7.44 (d, J = 7.5 Hz, 4H), 7.27 (d, J = 2.3 Hz, 4H), 7.07 (t, J= 7.7
Hz, 2H), 2.67 (t, J = 3.8, 2.0 Hz, 4H), 2.33 (s, J = 3.8 Hz, 6H), 1.64 (p, J = 7.4 Hz, 4H),

1.42 —1.28 (m, 12H), 0.91 — 0.85 (t, 6H).

13C NMR (151 MHz, 298 K, DMSO-ds) d 169.80, 152.94, 152.92, 150.39, 147.98, 147.88,
142.48, 137.83, 137.70, 134.98, 132.48, 131.93, 131.19, 130.01, 128.90, 127.83,
126.32, 126.15, 125.98, 123.19, 119.79, 119.45, 118.15, 116.44, 95.65, 83.63, 56.78,

29.44, 26.88, 20.86, 20.41, 12.34, -0.50.

MS (ESI(+)): [C126H100NsO4Pd2]** m/z measured = 500.6488 [M+H]*

m/z calculated = 500.6492 [M+H]*
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Figure 3.33 'H-'H COSY NMR (400 MHz, 343 K, DMSO-ds) spectrum of [Pd;LOVe,

LSOH,](BF4)a.
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Figure 3.34 'H-'H NOESY NMR (600 MHz, 298 K, DMSO-ds) spectrum of [Pd,LOVe,
LSOH,](BF4)a.
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Figure 3.35 'H-'H NOESY NMR (400 MHz, 343 K, DMSO-des) spectrum of [Pd,LOVe,
LSOH,](BF4)a.
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3.2.3 Synthesis of the [Pd2LOMe,| SBLSNO2|(BF4)4.

[PdoLOMe,L SBLSNO2|(BF,), and similar were prepared as followed: In an NMR tube, 120 pl
of a 7 mM LO°Me stock solution (1.68 umol, DMSO-ds) was combined with 60 pl of LSB and
60 pl LSN92 (0.84 pmol, DMSO-ds). 60 ul (0.9 ymol) of a 15 mM stock solution of
[PA(CH3CN)4(BF4)2] in DMSO-ds and 300 pl pure DMSO-ds were added. The sealed
NMR tubes were heated for 10 min inside a heating block at 70 °C to give a slightly

yellow solution.

3.2.3.1 [Pd2LOMe,| SB SNO2|(BF,),

H NMR (700 MHz, 298 K, DMSO-ds) & 9.96 (s, 2H), 9.92 (s, 2H), 9.30 (d, J = 5.8 Hz,
2H), 9.23 (d, J = 5.9 Hz, 2H), 8.79 (d, J = 6.0 Hz, 4H), 8.28 (d, J = 7.9 Hz, 4H), 8.25 (t, J
= 6.1 Hz, 4H), 8.18 (d, J = 6.6 Hz, 2H), 8.16 (d, J = 6.8 Hz, 4H), 8.14 — 8.11 (m, 6H),
7.94 (d, J = 3.2 Hz, 4H), 7.87 (d, 4H), 7.80 (d, J = 7.6, 1.7 Hz, 2H), 7.75 (d, J = 8.1 Hz,
4H), 7.69 — 7.66 (m, 5H), 7.60 (d, J = 8.1 Hz, 4H), 7.59 — 7.57 (m, 2H), 7.53 (d, J = 8.1
Hz, 4H), 7.28 (s, 2H), 7.25 (s, 2H), 7.08 (dd, J = 5.9, 2.2 Hz, 2H), 2.63 (q, 4H), 2.47 (s,
3H), 2.19 (s, 3H), 1.61 (p, J = 7.1 Hz, 4H), 1.31 — 1.26 (m, 12H), 0.87 — 0.84 (m, 6H).

MS (ES|(+))Z [C126H99N904Pd2]4Jr m/z measured = 503.8941 [|\/|'|'H]+

m/z calculated = 503.8980 [M+H]*

[ppm]

Figure 3.36 'H-'H COSY NMR (700 MHz, 343 K, DMSO-ds) spectrum of [Pd,LOMe,
LSOH,](BF4)a.
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[ppm]

Figure 3.37 'H-'H NOESY NMR (700 MHz, 298 K, DMSO-ds) spectrum
[szLOMeZLSBLSNOZ](BF4)4_

3.2.4 Formation of homoleptic Species with LSX Ligands

=
NS !
A
24x ol [PA(CHCN){I(BF 4)g SX 14+
Z Y AN [Pd1oL>"24]"" 2

DMSO-dg, 70°C, 10 min

& L L

X-y: N NH,

AR N
LSB |_SP LSN H2
o2 oL o

e OH NO
m% o %>/7 m>/7 ’

SOMe | SOH |SNO2
L L L

of

All supramolecular Spezies with LSX were tried to prepare as followed: A 7 mM stock
solution of ligand LS (LSB, LSP, LSNH2 | SOMe | SOH g | SNO2) (240 ul, 1.68 umol, DMSO-
ds) and a 15 mM stock solution of [Pd(CH3sCN)4(BF.)2] (60 pl, 0,9 ymol, DMSO-ds) were
placed into an NMR-tube and 300 ul DMSO-ds were added. The sealed NMR-Tube was

placed into a heating block for 2 hours to give the supramolecular species.
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3.2.4.1 [Pd12L5B24)(BF4)24

Extended broadening and overlaying of the 'H signals.

96 95 94 93 92 91 90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 74
[ppm]

Figure 3.38 'H spectrum with 700 MHz spectrometer frequency at 298 K of [Pd1,L5824](BF1)24
in DMSO-dg (aromatic area).
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o)

[log(D)]

[ppmlI
Figure 3.39 'H DOSY NMR (500 MHz, 298 K, DMSO-d¢) spectrum of [Pd2L5824](BF )24
3C NMR (176 MHz, 298 K, DMSO-ds) 8 169.80, 149.44, 147.59, 133.34, 128.95, 127.84,
122.55.

3.2.4.2 [Pd12L5P24](BF 4)24

Extended broadening and overlaying of the 'H signals.

98 97 96 95 94 93 92 91 90 89 88 87 86 85 84 83 82 8.1 8.0
(ppm]
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Figure 3.40 'H spectrum with 700 MHz spectrometer frequency at 298 K of [Pd12L5P24](BF1)24
in DMSO-ds (aromatic area).
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Figure 3.41 'H DOSY NMR (500 MHz, 298 K, DMSO-d¢) spectrum of [Pd12L524](BFa)24

13C NMR (176 MHz, 298 K, DMSO-ds) d 169.82, 150.01, 149.60, 148.36, 122.63, 121.90.

3.2.4.3 [Pd12L5N"2,4](BF 4)24

Extended broadening and overlaying of the 'H signals.

I

95 94 93 9.2 9.1 9.0 89 88 8.7 86 85 84 83 82 8.1 80 797877767574 7372717069 68 6.7 6.6
[ppm]

Figure 3.42 'H spectrum with 600 MHz spectrometer frequency at 298 K of
[Pd12LSNH2,,](BF )24 in DMSO-ds (aromatic area).
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Figure 3.43 '"H DOSY NMR (500 MHz, 298 K, DMSO-ds) spectrum of [Pd1,L3N"2,,](BF 4)24.

3C NMR (151 MHz, 298 K, DMSO-ds) d 169.79, 149.45, 149.26, 147.44, 129.87, 124.58,
121.15.

3.2.4.4 LS + [Pd(CH3CN)4(BF4)2]

Extended broadening and overlaying of the 'H signals.

96 95 94 93 92 91 90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72 7.1
lppm]

Figure 3.44 'H spectrum with 500 MHz spectrometer frequency at 298 K of LSOMe +
[Pd(CH3CN)4(BF4)2] in DMSO-de (aromatic area).
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[log(D)]

[ppm]

Figure 3.45 1H DOSY NMR (500 MHz, 298 K, DMSO-ds) spectrum of LSOMe +
[Pd(CH3CN)4(BF4).] indicating two species.

13C NMR (151 MHz, 298 K, DMSO-de) d 169.78, 149.32, 149.05, 146.81, 131.42, 130.40,
125.09, 59.60.

3.2.4.5 [Pd12L.5%H;4](BF 4)24

Extended broadening and overlaying of the 'H signals.

9.7 96 95 94 93 92 9.1 90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72 71 7.0
[ppm]

Figure 3.46 'H spectrum with 600 MHz spectrometer frequency at 298 K of
[Pd12LSOH24](BF4)24 in DMSO-ds (aromatic area).
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A N A

[log(D)]

(ppm]
Figure 3.47 'TH DOSY NMR (500 MHz, 298 K, DMSO-ds) spectrum of [Pd12L5%H,4](BF 4)2a.

13C NMR (151 MHz, 298 K, DMSO-dg) 5 169.80, 148.90, 148.00, 130.64, 129.80, 125.31,
120.09.

3.2.4.6 LSNO2 + [Pd(CH3CN)4(BF4)2]

Extended broadening and overlaying of the 'H signals.

I S A

97 96 95 94 93 92 9.1 90 89 88 87 86 85 8.4[ 8.3]8.2 81 80 79 78 77 76 75 74 73 72 71 7.0
ppm.

Figure 3.48 'H spectrum with 600 MHz spectrometer frequency at 298 K of LSNO?2 +
[Pd(CH3CN)4(BF4).] in DMSO-ds (aromatic area).
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Figure 3.49 'H DOSY NMR (500 MHz, 298 K, DMSO-ds) spectrum of LSNOZ2 +
[Pd(CH3CN)4(BF4).] indicating two species.

13C NMR (151 MHz, 298 K, DMSO-ds) d 169.79, 149.86, 148.38, 147.92, 130.54, 129.96,
121.49.
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3.3 'TH NMR Spectroscopy Titrations

3.3.1 Preparation of the Guest Salts

All guests were prepared as tetrabutylammonium salts and obtained by reported
procedures.['ZI41 Al starting materials were commercially available with the sulphonate
guest as a sodium salt and all phosphate guests as free acids. All used solvents were in
HPLC-grade.

o
SO;Na SOsH 0% TBAOH SOs
DOWEX®50WX8 in MeOH
MeOH, rt, oN until pH 7
SO;Na SO;H 883

Figure 3.50 Synthesis path for anionic for tetrabutylammonium beneze-1,1-disulfonate
(tetrabutylammonium counter cations missing for clarity).

Sodium benzene-1,4-disulfonate (300 mg, 1.06 mmol, 1 eq) was placed in a 50 ml one-
necked round bottom flask and solved in 25 ml methanol. DOWEX®50WX8 as an acidic
cation exchange agent was added and the mixture was stirred overnight. Afterwards, the
mixture was filtrated to remove the solid cation exchange agent and the solvent was
evaporated to obtain the free benzene-1,4-disulfonic acid (Yield: 99 %, 250 mg,
1.05 mmol). A certain amount of the free acid was placed in a 50 ml one-necked round
bottom flask and solved in 20 ml methanol. Under permanent stirring, a 10 %
tetrabutylammonium hydroxide solution in methanol was added slowly and dropwise until
pH 7 was adjusted. The solvents were removed by rotary evaporator and the solid white
powder was solved in chloroform and filtered to remove any solid impurity. After
evaporation of the chloroform, tetrabutylammonium benzene-1,4-disulfonate was
obtained and the purity was confirmed by '"H NMR spectroscopy by showing a correct

ratio of anion to cation by 1:2.
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Figure 3.51 Neutralisation of the free acids to anionic phosphates (tetrabutylammonium
counter cations missing for clarity).

100 mg of dialkyl phosphates as free acids were placed in a 50 ml one-necked round
bottom flask and solved in 20 ml methanol, respectively. Under stirring, 10 %
tetrabutylammonium hydroxide solution in methanol was added dropwise until pH 7 was
adjusted. The solvent was removed by rotary evaporator and the slimy pale materials
were solved in chloroform and filtered. After removing of the chloroform, the slimy
products need to dry for several days in vacuo (Schlenk line) to remove all residues of

organic solvents. The purities and the anion to cation ratios (1:1) were confirmed by 'H

NMR spectroscopy.
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Figure 3.52 Phosphates used as guest molecules in 'H NMR-titrations with
[Pd.LOMe,LX;](BF4)s-type cages. Abbreviations are shown, respectively.

3.3.2 Titration of anionic guests to [Pd2L°Me;L X;](BF4)s-type cages

To a solution of [Pd2L°Me,L*,](BF4)4 cages (500 ul, 0.7 mM, DMSO-ds) placed in an NMR
tube, a 15 mM DMSO-ds solution of the tetrabutylammonium salts of the respective
guests was titrated by a volume pipette. After careful shaking of the solution, the '"H NMR

spectra at 298 K were recorded immediately.

148



Experimental Section

3.3.2.1 Guest-Titrations of [Pd2L°Me,LSB,](BF4)4

Scheme 3.1 Simplified structure of [Pd.L°Me,LSB,](BF4)s to show the position of the
assigned protons.
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Figure 3.53 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.L°¢,L58;](BF4)s with
tetrabutylammonium benzene-1,4-disulfonate. During the titration, signal H, (L°"e- singlet
of quinoline part of the ligand, highlighted in blue) and H; (L°™e- Methoxy group of the
ligand, highlighted in red) were focused to identify the progress of the titration. For signal
Ha. and Hj, only a very small shift could be observed. By addition of 1.0 eq small new signal
were observed, but also a decreasing of the signal intensities with a recognizable turbidity
of the sample until at 6.0 eq guest addition precipitation occurred. This indicated an
agglomeration of the Host with the Guest.
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Figure 3.54 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.L°"e,LSB,](BF4)s with
tetrabutylammonium dibutyl phosphate as a guest. During the titration, signal H, (L°e-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°™¢- Methoxy group of
the ligand, highlighted in red) were focused to identify the progress of the titration. 5.1 eq

guest were used to form the new [DButP@Pd.L°"e,L%8,] species.
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Figure 3.55 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.L°"e,LSB,](BF4)s with
tetrabutylammonium dibenzyl phosphate as a guest. During the titration, signal H, (L°e-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°™¢- Methoxy group of
the ligand, highlighted in red) were focused to identify the progress of the titration. 15 eq

guest were used to form the new [DBenzP@Pd.L°"e,L%8,] species.
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Figure 3.56 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.L°"e,LSB,](BF4)s with
tetrabutylammonium diethyl phosphate as a guest. During the titration, signal H, (L°e-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°™¢- Methoxy group of
the ligand, highlighted in red) were focused to identify the progress of the titration. 5.2 eq

guest were used to form the new [DEthP@Pd,L°Ve,L SB,] species.
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Figure 3.57 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.L°"e,LSB,](BF4)s with
tetrabutylammonium diphenyl phosphate as a guest. During the titration, signal H, (L°Me-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°™¢- Methoxy group of
the ligand, highlighted in red) were focused to identify the progress of the titration. 26 eq

guest were used to form the new [DPhenP@Pd,L°"e,L SB,] species.
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3.3.2.2 Guest-Titrations of [Pd2L°Me,L SNH2,1(BF4)4

Scheme 3.2 Simplified structure of [Pd.L°e,LSNH2,](BF,)4 to show the position of the
assigned protons. Protons of the Aniline function 5 could not be determined.
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Figure 3.58 'H NMR titration (500 MHz, DMSO-d¢, 298 K) of [Pd.LOMe,LSNH2,](BF,), with
tetrabutylammonium benzene-1,4-disulfonate. During the titration, signal H. (L°M¢- singlet
of quinoline part of the ligand, highlighted in blue) and H; (L°™e- Methoxy group of the
ligand, highlighted in red) were focused to identify the progress of the titration. For signal
Ha. and Hj, only a very small shift could be observed. By addition of 2.0 eq small new signal
were observed. Until 5 eq guest addition, no turbidity occurred. After adding of 10 eq guest
the sample turned turbid and with 12 eq the solution precipitated. This indicated an
agglomeration of sample compounds.
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Figure 3.59 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.L°Me,LSNH2,]1(BF,)s with
tetrabutylammonium dibutyl phosphate as a guest. During the titration, signal H, (L°e-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°™¢- Methoxy group of
the ligand, highlighted in red) were focused to identify the progress of the titration. 4.3 eq
guest were used to form the new [DButP@Pd,L°e,LSNH2,] species.
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Figure 3.60 'TH NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.L°Me,LSNH2,1(BF,)s with
tetrabutylammonium dibenzyl phosphate as a guest. During the titration, signal H, (L°e-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°™¢- Methoxy group of
the ligand, highlighted in red) were focused to identify the progress of the titration. 11 eq
guest were used to form the new [DBenzP@Pd,L°e,LSNH2,] species.
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Figure 3.61 '"H NMR titration (500 MHz, DMSO-d¢, 298 K) of [Pd.LOMe,LSNH2,](BF,), with
tetrabutylammonium diethyl phosphate as a guest. During the titration, signal H, (L°e-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°™¢- Methoxy group of
the ligand, highlighted in red) were focused to identify the progress of the titration. 5.5 eq
guest were used to form the new [DEthP@Pd,L°Me,LSNH2,] species.
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Figure 3.62 '"H NMR titration (500 MHz, DMSO-d¢, 298 K) of [Pd.LOMe,LSNH2,](BF,), with
tetrabutylammonium diphenyl phosphate as a guest. During the titration, signal H, (L°Me-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°™¢- Methoxy group of
the ligand, highlighted in red) were focused to identify the progress of the titration. 30 eq
guest were used to form the new [DPhenP@Pd,L°"e,L SNH2,] species.
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3.3.2.3 Guest-Titrations of [Pd2L°Me,L SOMe,|(BF4)4

Scheme 3.3 Simplified structure of [Pd,L°Me,LSMe,|(BF,)s to show the position of the
assigned protons.
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Figure 3.63 '"H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.L°oMe,LSOMe,1(BF,), with
tetrabutylammonium benzene-1,4-disulfonate. During the titration, signal H, (L°"e- singlet
of quinoline part of the ligand, highlighted in blue) and H; (L°™e- Methoxy group of the
ligand, highlighted in red) and 5 (LS°Me- Methoxy group of the ligand, highlighted in yellow)
were focused to identify the progress of the titration. Only small shifts of the signals were
observed, no new signals with additional decreasing of the signal intensities. After 6.0 eq,
the sample precipitates.
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Figure 3.64 '"H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd,L°e,LSOMe,](BF4)s with
tetrabutylammonium dibutyl phosphate as a guest. During the titration, signal H, (L°e-
singlet of quinoline part of the ligand, highlighted in blue); H; (L°"¢- Methoxy group of the
ligand, highlighted in red) and Hs (LS°Me- Methoxy group of the ligand, highlighted in yellow)
were focused to identify the progress of the titration. 5 eq guest were used to form the new
[DButP@Pd,L°Me,LSOMe,] species.
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Figure 3.65 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd,L°e,LSOMe,(BF,)s with
tetrabutylammonium dibenzyl phosphate as a guest. During the titration, signal H, (L°e-
singlet of quinoline part of the ligand, highlighted in blue); H; (L°™¢- Methoxy group of the
ligand, highlighted in red) and Hs (LS°Me- Methoxy group of the ligand, highlighted in yellow)
were focused to identify the progress of the titration. 16 eq guest were used to form the
new [DBenP@Pd,LOMe, SOMe,] gpecies.

156



Experimental Section

+5.0eq

+4.5eq o L P l A ‘u.,
+4.0eq n l M Jld,,
+3.0eq ﬂ A JLA“ |

+20eq . l ,1 A * p‘ ‘l.l J '

+1.6eq L
+1.0eq :
+04eq s

+0.0eq L LJ._
2 blec/f h\d

-

CrC |

-

R
Ta

—
-

I L

15 110 105 100 95 90 85 80 75 70 65 40 35 30 25 2.0 1.5 1.0
[ppm]

Figure 3.66 Figure 3.67 'H NMR titration (500 MHz, DMSO-ds, 298 K) of
[Pd,LOMe, | SOMe,1(BF,), with tetrabutylammonium diethyl phosphate as a guest. During the
titration, signal H, (L°Me- singlet of quinoline part of the ligand, highlighted in blue); H;
(LOMe. Methoxy group of the ligand, highlighted in red) and Hs (LS°Me- Methoxy group of the
ligand, highlighted in yellow) were focused to identify the progress of the titration. 5 eq
guest were used to form the new [DEthP@Pd,L°Me,L SOMe,] species.
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Figure 3.68 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.L°oMe,LSOMe,1(BF,), with
tetrabutylammonium diphenyl phosphate as a guest. During the titration, signal H, (L°Me-
singlet of quinoline part of the ligand, highlighted in blue); H; (L°"¢- Methoxy group of the
ligand, highlighted in red) and Hs (LS°Me- Methoxy group of the ligand, highlighted in yellow)
were focused to identify the progress of the titration. 28 eq guest were used to form the
new [DPhenP@Pd,L°e,L SOMe,] species.
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3.3.2.4 Guest-Titrations of [Pd2L°Me,L SOH,](BF4)4

Scheme 3.4 Simplified structure of [Pd,L°Me,LSCH,](BF,)s to show the position of the
assigned protons. Phenol proton could not be determined at 298 K.
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Figure 3.69 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.L°Me,LSOH,;](BF4)s with
tetrabutylammonium benzene-1,4-disulfonate. During the titration, signal H. (L°M¢- singlet
of quinoline part of the ligand, highlighted in blue) and H; (L°™e- Methoxy group of the
ligand, highlighted in red) were focused to identify the progress of the titration. For signal
Ha and Hj, only a very small shift could be observed with new signals by addition of 1.0 eq
of guest. At 4.0 eq, the sample precipitated.
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Figure 3.70 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.L°OMe,LSOH,](BF,)s with
tetrabutylammonium dibutyl phosphate as a guest. During the titration, signal H, (L°e-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°™¢- Methoxy group of
the ligand, highlighted in red) were focused to identify the progress of the titration. 5.7 eq
guest were used to form the new [DButP@Pd.L°Me,L5%",] species. Starting at addition of
2 eq guest, free ligand L°Me js visible.
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Figure 3.71 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.L°oMe,LSOH,](BF,)s with
tetrabutylammonium dibenzyl phosphate as a guest. During the titration, signal H, (L°e-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°™¢- Methoxy group of
the ligand, highlighted in red) were focused to identify the progress of the titration. 12 eq
guest were used to form the new [DBenzP@Pd,L°Ve,LS%",] species. Starting at addition of
4 eq guest, free ligand L°M¢ is visible.

159



Experimental Section

/’\o_g_o’“\
&
e 1 .
Lo i i f:jn\cﬂ\ﬂlh [ I ;
+6.0eq n " A A
+50eq { A
+4.0eq " " A shoman A AA sk
+30eq . A ,ﬂ
+20eq ‘ﬁ A ,[
+15eq A Hl ‘i \ l "
+10eq i
+08eq N
+06eq
+04eq

bl

U
“
L
: ™
) U
J |
| N
A N
A
A
+02eq A
+00eq ] A
o 1 bdef 90 31 j
1 'II.O 1 (3.5 1 6.0 9i5 920 B‘.S 8“0 7i5 7f0 6.‘5 4‘.0 3f5 3j0 2j5 20 1.5 1.0

[ppm]

Figure 3.72 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.L°oMe,LSOH,](BF,)s with
tetrabutylammonium diethyl phosphate as a guest. During the titration, signal H, (L°e-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°™¢- Methoxy group of
the ligand, highlighted in red) were focused to identify the progress of the titration. 6 eq
guest were used to form the new [DEthP@Pd,L°Me,LSH,] species. Starting at addition of
2 eq guest, free ligand L°e is visible.
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Figure 3.73 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.LOMe,LSOH,](BF,)s with
tetrabutylammonium diphenyl phosphate as a guest. During the titration, signal H, (L°Me-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°™e- Methoxy group of
the ligand, highlighted in red) were focused to identify the progress of the titration. 20 eq
guest were used to form the new [DPhenP@Pd,L°M,L S°M,] species. Starting at addition of
10 eq guest, free ligand LM is visible.
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3.3.2.5 Guest-Titrations of [Pd2L°Me,LSP;](BFs)4

AR

Scheme 3.5 Simplified structure of [Pd.L°Ve,LSP,](BFs)s to show the position of the
assigned protons. Not all protons could be identified in the spectrum due to multiple
overlaying (via 2D NMR techniques, see results of structure determining).
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Figure 3.74 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd,L°Me,LSP;](BF4)s with
tetrabutylammonium benzene-1,4-disulfonate. During the titration, signal H. (L°M¢- singlet
of quinoline part of the ligand, highlighted in blue) and H; (L°™e- Methoxy group of the
ligand, highlighted in red) were focused to identify the progress of the titration. For signal
a and j, only a very small shift could be observed. By addition of 1.5 eq small new signal
were observed, but also a decreasing of the signal intensities with a recognizable turbidity
of the sample until at 6.0 eq guest addition precipitation occurred. This indicated an
agglomeration of the Host with the Guest.
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Figure 3.75 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.L°e,LSP;](BF4)s with
tetrabutylammonium dibutyl phosphate as a guest. During the titration, signal H, (L°e-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°™¢- Methoxy group of
the ligand, highlighted in red) were focused to identify the progress of the titration. 2.7 eq
guest were used to form the new [DButP@Pd.L°"e,L5P,] species.
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Figure 3.76 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.L°e,LSP;](BF4)s with
tetrabutylammonium dibenzyl phosphate as a guest. During the titration, signal H, (L°e-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°™¢- Methoxy group of
the ligand, highlighted in red) were focused to identify the progress of the titration. 6.0 eq
guest were used to form the new [DBenzP@Pd.L°"e,L5P,] species.
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Figure 3.77 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.L°e,LSP;](BF4)s with
tetrabutylammonium diethyl phosphate as a guest. During the titration, signal H, (L°e-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°™¢- Methoxy group of
the ligand, highlighted in red) were focused to identify the progress of the titration. 2.7 eq
guest were used to form the new [DEthylP@Pd,L°Me,LSP,] species.
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Figure 3.78 'H NMR titration (500 MHz, DMSO-ds, 298 K) of [Pd.L°e,LSP;](BF4)s with
tetrabutylammonium diphenyl phosphate as a guest. During the titration, signal H, (L°Me-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°™¢- Methoxy group of
the ligand, highlighted in red) were focused to identify the progress of the titration. 13 eq
guest were used to form the new [DPhenylP@Pd.L°"e,LSP,] species.
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Figure 3.59 "H NMR titration (500 MHz, DMSO-d¢, 298 K) of [PdLOMe,LSNH2,](BF4), with
tetrabutylammonium dibutyl phosphate as a guest. During the titration, signal H,
(LOVe. singlet of quinoline part of the ligand, highlighted in blue) and H; (L°Ve-
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Figure 3.60 "H NMR titration (500 MHz, DMSO-dg, 298 K) of [Pd2LoMe,L SNH2,](BF 4)4 with
tetrabutylammonium dibenzyl phosphate as a guest. During the titration, signal H,
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Figure 3.61 "H NMR titration (500 MHz, DMSO-d¢, 298 K) of [Pd2LoMe,L SNH2,](BF 4)4 with
tetrabutylammonium diethyl phosphate as a guest. During the titration, signal Ha
(LOVe. singlet of quinoline part of the ligand, highlighted in blue) and H; (L°Me-
Methoxy group of the ligand, highlighted in red) were focused to identify the
progress of the titration. 5.5 eq guest were used to form the new
[DEthP@Pd2LOMe,LSNHZ,] SP@CIES. .evurrreererreersersersserrrssessesssessessesssssssessessessnssssssesssssssesens 154
Figure 3.62 "H NMR titration (500 MHz, DMSO-d¢, 298 K) of [Pd.LOMe,LSNH2,](BF4), with
tetrabutylammonium diphenyl phosphate as a guest. During the titration, signal H,
(LOVe. singlet of quinoline part of the ligand, highlighted in blue) and H; (L°Me-
Methoxy group of the ligand, highlighted in red) were focused to identify the
progress of the titration. 30 eq guest were used to form the new
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Figure 3.63 "H NMR titration (500 MHz, DMSO-dg, 298 K) of [Pd,L°oVe,L SOMe,](BF,4), with
tetrabutylammonium benzene-1,4-disulfonate. During the titration, signal H, (L°Me-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°e- Methoxy
group of the ligand, highlighted in red) and 5 (LS°™e. Methoxy group of the ligand,
highlighted in yellow) were focused to identify the progress of the titration. Only
small shifts of the signals were observed, no new signals with additional decreasing
of the signal intensities. After 6.0 eq, the sample precipitates. ........cccccceiiiciiiinnnnnn. 155
Figure 3.64 "H NMR titration (500 MHz, DMSO-dg, 298 K) of [Pd,L°oVe,L SOMe,1(BF,4), with
tetrabutylammonium dibutyl phosphate as a guest. During the titration, signal H,
(LOVe. singlet of quinoline part of the ligand, highlighted in blue); H; (L°Me- Methoxy
group of the ligand, highlighted in red) and Hs (LS°Me- Methoxy group of the ligand,
highlighted in yellow) were focused to identify the progress of the titration. 5 eq
guest were used to form the new [DButP@Pd,LOMe,LSMe,] species. .....ccccvrerveruernene 156
Figure 3.65 "H NMR titration (500 MHz, DMSO-d¢, 298 K) of [Pd,LOMe,| SOMe,](BF4), with
tetrabutylammonium dibenzyl phosphate as a guest. During the titration, signal H,
(LOVe. singlet of quinoline part of the ligand, highlighted in blue); H; (L°Me- Methoxy
group of the ligand, highlighted in red) and Hs (LS°Me- Methoxy group of the ligand,
highlighted in yellow) were focused to identify the progress of the titration. 16 eq
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Figure 3.66 Figure 3.67 '"H NMR titration (500 MHz, DMSO-d¢, 298 K) of
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Figure 3.68 "H NMR titration (500 MHz, DMSO-dg, 298 K) of [Pd,L°oVe,L SOMe,1(BF,4), with
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highlighted in yellow) were focused to identify the progress of the titration. 28 eq
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Figure 3.69 "H NMR titration (500 MHz, DMSO-d¢, 298 K) of [Pd.L°Me,LSOH,](BF ), with
tetrabutylammonium benzene-1,4-disulfonate. During the titration, signal H, (L°Me-
singlet of quinoline part of the ligand, highlighted in blue) and H; (L°e- Methoxy
group of the ligand, highlighted in red) were focused to identify the progress of the
titration. For signal Ha and H;j, only a very small shift could be observed with new
signals by addition of 1.0 eq of guest. At 4.0 eq, the sample precipitated................ 158
Figure 3.70 'H NMR titration (500 MHz, DMSO-d¢, 298 K) of [Pd.L°Me,LSOH,](BF )4 with
tetrabutylammonium dibutyl phosphate as a guest. During the titration, signal Ha,
(LOVe. singlet of quinoline part of the ligand, highlighted in blue) and H; (L°Ve-
Methoxy group of the ligand, highlighted in red) were focused to identify the
progress of the titration. 5.7 eq guest were used to form the new
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Figure 3.71 'H NMR titration (500 MHz, DMSO-d¢, 298 K) of [Pd.L°Me,LSOH,](BF )4 with
tetrabutylammonium dibenzyl phosphate as a guest. During the titration, signal H,
(LOVe. singlet of quinoline part of the ligand, highlighted in blue) and H; (L°Ve-
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progress of the titration. 12 eq guest were used to form the new
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Figure 3.72 'H NMR titration (500 MHz, DMSO-d¢, 298 K) of [Pd2L°Me,LSOH,](BF )4 with
tetrabutylammonium diethyl phosphate as a guest. During the titration, signal Ha
(LOVe. singlet of quinoline part of the ligand, highlighted in blue) and H; (L°Me-
Methoxy group of the ligand, highlighted in red) were focused to identify the
progress of the titration. 6 eq guest were used to form the new
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(LOVe. singlet of quinoline part of the ligand, highlighted in blue) and H; (L°Me-
Methoxy group of the ligand, highlighted in red) were focused to identify the
progress of the titration. 2.7 eq guest were used to form the new
[DBUtP@Pd2LOMELSP)] SPECIES. ...uerereererreerserersaesrrssessessesssessesssssssessesssssnesssssesssesssesens 162
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