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Abstract

Abstract

This work describes the rational design of a family of endohedrally functionalized
heteroleptic coordination cages of the type Pd>A:B>. These were assembled out of a
modular toolbox of banana shaped ligands A based on carbazole and shape
complementary ligands B with different aromatic backbones and lengths. The obtained
structures were characterized by NMR spectroscopy and ESI mass spectrometry as well
as for some examples with X-ray diffraction in the solid state. With installing different
functional groups to the free secondary amine at the carbazole moiety, namely amides
and methyl substituents a variety of coordination cages with unique properties inside the
cavities were formed. The coordination cages were investigated in their ability to bind
hydrogen bond acceptors. For this, alkyl- and aryl phosphate ester salts were used as guest
molecules. Binding constants were obtained via *H NMR titration experiments and it was
shown that the binding event was mainly driven by the formation of hydrogen bonds.
Here, the modular system was used to group the heteroleptic coordination cages and the
different phosphate guests in regard of their binding strengths. By blocking the hydrogen
bond donor site, the binding constants dropped significantly, however binding was still
observed, due to ionic interactions as well as n—n stacking with the aromatic backbones
of ligands B with the aromatic phosphate ester salts. This was also supported by MD
simulations as well as ion-mobility mass spectrometry. Using the latter, inside-binding of
the guest was proven since the obtained molecular structures of a few host-guest

complexes showed that the guest was located outside the cavity in the solid state.

Another goal of this work was the NMR spectroscopic investigation of coordination
assemblies. With the help of tailor-made NMR experiments new cage compounds were
characterized. The main focus was laid on DOSY NMR experiments. With this technique,
the size of interpenetrated cage dimers was determined, and it was proposed to calculate
unique shape factors for the normally non-spherical cage compounds. Furthermore, the
effect of different exohedral side chains attached to the ligand backbones on the spatial
extend of the so-called double cages was investigated. It was shown that these alkyl
substituents fold back to the ligand backbones and, most likely, exhibit non-polar

interactions in solution. Additionally, the DOSY experiment itself was illuminated in a




more detailed way, since the effect of convection inside an NMR tube has a huge effect

on the diffusion measurement and could lead to wrong radii of the analytes.

Zusammenfassung

Diese Arbeit beschreibt den rationalen Entwurf einer Familie von endohedral
funktionalisierten heteroleptischen Koordinationskafigen des Typs Pd2A2B.. Diese
wurden aus einer modularen Bibliothek von bananenférmigen Liganden A, basierend auf
Carbazol und dazu formkomplementéren Liganden B mit verschiedenen aromatischen
Ruckgraten und L&ngen zusammengesetzt. Die erhaltenen Strukturen wurden mittels
NMR-Spektroskopie und ESI-Massenspektrometrie charakterisiert sowie fur einige
Beispiele mittels Einkristallrontgenstrukturanalyse im Festkorper. Indem verschiedene
funktionelle Gruppen wie Amide oder Methylsubstituenten am freien sekundaren Amin
der Carbazoleinheit installiert wurden, entstanden eine Vielfalt von Koordinationskéafigen
mit einzigartigen Eigenschaften innerhalb deren Kavitdten. Die Koordinationskéfige
wurden in ihrer Fahigkeit hin untersucht, Wasserstoffbriickenakzeptoren zu binden. Dazu
wurden Alkyl- und Arylphosphatestersalze als Gastmolekiile genutzt. Mittels *H-NMR-
Titrationsexperimenten wurden Bindungskonstanten bestimmt und es wurde gezeigt, dass
die Bildung von  Wasserstoffbriickenbindungen  hauptsachlich  zu  den
Bindungsereignissen gefuhrt hat. Die Modularitat des Systems wurde dazu genutzt, die
heteroleptischen Koordinationskéfige entsprechend ihrer Fahigkeit die verschiedenen
Phosphatester zu binden in Gruppen einzuteilen. Durch die Blockierung der
Wasserstoffbriickendonorstelle sank die Bindungskonstante signifikant ab, jedoch fand
trotzdem eine Bindung statt, was an ionischen Interaktionen sowie der Bildung von n—=n
Wechselwirkungen zwischen den aromatischen Phosphatestern mit den Rlickgraten der
Liganden B lag. Diese Beobachtungen wurden sowohl durch MD-Simulationen als auch
durch lonenmobilitdtsmassenspektrometrie bestatigt. Mit letztgenannter Methode wurde
auch die Bindung des Gastes innerhalb der Kavitdt bewiesen, nachdem bei
Einkristallrontgenstrukturanalysen von einigen Wirt-Gast-Komplexen sich der Gast im

Festkdrper aulRerhalb der Kavitat befand.

Ein weiteres Ziel dieser Arbeit war die NMR-spektroskopische Untersuchung von

Koordinationsverbindungen. Mit Hilfe maRgeschneiderter NMR-Experimente wurden



Zusammenfassung

neuartige Kafigverbindungen charakterisiert. Der Schwerpunkt lag hierbei auf DOSY
NMR-Experimenten. Mit dieser Methode wurden die Grofen von interpenetrierten
Kafigdimeren bestimmt und es wurde geplant einzigartige Formfaktoren fir die, im
Normalfall nicht kugelférmigen Kéfigverbindungen zu berechnen. Dariiber hinaus wurde
der Effekt von verschiedenen exohedralen Seitenketten, die an das Ligandenriickgrat
angebracht wurden, in Hinblick auf die rdumliche Ausdehnung der sog. Doppelkafige
untersucht. Hierbei wurde gezeigt, dass die Alkylsubstituenten zum Ligandenriickgrat
falten und dort, hochstwahrscheinlich, nicht-polare Wechselwirkungen mit diesen in
Losung eingehen. Zuséatzlich wurde das DOSY -Experiment selbst detailliert beleuchtet,
da der Effekt der Konvektion in einem NMR-R&hrchen die Diffusionsmessung massiv

beeinflussen und zu falsch berechneten Radien der Analyten fiihren kann.
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Introduction

1 Introduction

1.1 Supramolecular Coordination Cages

Supramolecular chemistry is widely regarded as a subfield in chemistry, that deals with
non-covalent interactions like hydrogen bonds, VAN DER WAALS or electrostatic
interactions as well as coordination bonding. While the initial concept is commonly found
in nature, for example in the formation of the three-dimensional structures of proteins and
DNA, chemists have been using this concept in the last decades to mimic these structures
and make use of the given functionalities to access complex synthetic supramolecules.!*!
Pioneering work on synthetic host molecules has been done by LEHN (cryptands),
PEDERSEN (crown ethers) and CRAM (spherands) who described cation receptors
selectively binding Na* and K*.[281 While these studies where based on single molecule
hosts with a certain repetitive unit, the use of coordination bonding came into focus in the
last decades highlighted by e.g. FuaTA.B The host molecule is no longer one fully
covalent structure, but a self-assembled architecture consisting of different smaller
subunits. This strategy saves time and resources by using very simple, yet diverse building
blocks. By choosing the correct ligand and suitable metal ions numerous different
structures such as links, knots, spheres, grids, helicates, boxes, rings, polyhedrons and
cages has evolved in a very controlled way.¢18361 Both, ligand geometry and metal
coordination environment contribute to the structure of the final assembly. Metal
coordination chemistry ranges from linear coordinated metal ions like Ag(l) or Au(l),
octahedral coordinated Fe(ll) or Ni(ll), tetrahedral coordination as found in Zn(ll)

complexes to square planar coordination in Pd(11) and Pt(1l) assemblies.[837-40

From the vast variety of metallo-supramolecular structures utilizing the diverse array of
coordination geometries, self-assembled coordination cages with a defined cavity were
studied extensively in the last decades.’**3 In our group we are using naked, square-
planar Pd(Il) cations and concave or so-called banana-shaped ligands to build up very
predictable homoleptic lantern-shaped coordination cages of the type Pd2L4 that are able

to bind small guest molecules (Figure 1.1).144
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Figure 1.1: Example of a metal-mediated, self-assembled coordination cage with a concave carbazole-
based ligand L and square planar palladium(ll) cations and guest uptake inside the cavity.

These structures feature a confined cavity that is accessible for guest molecules like small
anions (e.g. BF4 or CI"), or, with the right ligand design, even larger guests like
fullerenes.[*>*1 Figure 1.1 shows a concave ligand with a carbazole backbone, alkinyl
linkers and pyridyl donor groups serving as the organic part and naked Pd(Il) cations as
the inorganic component. The self-assembly is carried out in organic solvents such as
DMSO or acetonitrile and is nearly quantitative. The cavities of coordination cages are of
special interest in regard to the investigation of guest encapsulation, recognition and

sensing applications.®”

While chemists are spoilt for choice regarding the ligands backbone which yielded a
diverse array of different cages there are two ways to further increase complexity in Pd(11)
coordination compounds. The first one is using ligands with reduced symmetry as shown
by LEwIs and CROWLEY.1%2] The second option to access more complex structures is
using multiple types of ligands in one cage to form a heteroleptic coordination cage as it

is shown in Figure 1.2,

Tuning
Donorangles .
(Pduin)
5 )
e

Complexity

Figure 1.2: Increasing the complexity: From homoleptic Pd,L, coordination cages to heteroleptic
structures.
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1.1.1 Heteroleptic Pd2A2B, Coordination Cages

To access architectures that are structurally more diverse than highly symmetric lantern
shaped Pd>L4 cages, two different types of ligands could be used for the self-assembly.
However, if we were to use two different colored LEGO™ bricks there are three different

outcomes if we combine them in a 1:1 manner and stack them in pairs of four (Figure
1.3).

Narcissistic Statistical Integrative

Figure 1.3: lllustration of the three different types of self-sorting when mixing two types of ligands
(depicted as bricks): a) narcissistic, b) statistical and c¢) integrative behavior.

The same goes for ligands in the aforementioned ratio if they were combined with Pd(I1)
cations. First, the corresponding homoleptic species form exclusively, this is called
narcissistic self-sorting (Figure 1.3a). A second, non-desired outcome is shown in Figure
1.3b) and is called statistical self-sorting. Here, a mixture of all possible species forms in
a completely statistical fashion. By rational design of the ligands the third outcome,
integrative self-sorting (Figure 1.3c), occurs and the desired heteroleptic structures with
1:1 ligand ratio form exclusively. It is noted however, that a Pd2A2B> system can yield

either cis or trans isomer depending on the used ligands.

To still get a controlled, non-statistical heteroleptic cage formation, multiple strategies

were shown in the past.’®54 These however require a more sophisticated ligand design.
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Continuing the LEGO™ analogy, we have to move on from using simple 2x2-bricks to

more complex brick structures as depicted in Figure 1.4.

Coordination
Sphere
Engineering

Guest Endohedral Shape
Templation Functionalization = Complementarity

Figure 1.4: Illlustration of different strategies to form heteroleptic coordination cages.

With guest templation a central brick is needed to form the final structure, occupying the
central space. The same happens with endohedral functionalization, which uses a special
space demanding brick, whose special form enables the formation of a heteroleptic
structure but blocks the central space while doing so. Another strategy would be
coordination sphere engineering (CSE) using bricks that connect in defined way, with
steric bulk around the connection area preventing the formation of homoleptic assemblies.
The last strategy is shape complementarity which uses bricks with a certain shape that fit
exactly to their counterpart. Switching from LEGO™ to chemistry now, Figure 1.5 shows

examples for the aforementioned strategies.
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Figure 1.5: Strategies to form heteroleptic coordination cages. Figures used with permission from!055-571,
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In the early 2000s FuJITA showed that the formation of homo- and heteroleptic cages
based on cis-protected palladium and tritopic ligands is depending on the templating guest
molecule added to the self-assembly process.*® Moreover, the group of YosHIZAWA used
a fullerene Ceso molecule to template the formation of a heteroleptic Pd2A2B. coordination
cage out of a mixture of the two corresponding previously formed homoleptic
structures.® However, in the case of guest templation the cavity of the coordination cage
is no longer accessible for other guests, since the cage often breaks apart and the ligands
would reassemble to the homoleptic coordination cages if the template is removed.
Another strategy to form heteroleptic coordination cages was shown by the group of
HooLEY.B8 They used different endohedral functionalized ligands to use their steric
effects in the controlled formation of Pd>AB3 assemblies. However, the cavity is already
occupied by the steric bulk and therefore only accessible for very much smaller guest

molecules.

Strategies that will not directly involve the cavities of the heteroleptic cage structures are
the CSE (Coordination Sphere Engineering) and the SCA (Shape-Complementary
Assembly) approach that have been studied by our group, among others, extensively in
the last years.>4 Installing steric bulk around the coordination environment of the ligands
leads to strain in the homoleptic assemblies or them not forming at all anymore, thus self-
assembly to the corresponding heteroleptic coordination cages is favored. Our group
demonstrated this approach with a series of heteroleptic Pd2A2B. coordination cages
based on concave picolyl ligands as well as bowl-type Pd2Az with one vacant coordination
site occupied by a solvent molecule at the Pd-center and ring-type Pd2>A: structures, based
on ligands with naphthyridine or acridine donor sites.[*”*" In 2016 the group of CROWLEY
showed the clean formation of heteroleptic cis-Pd2A2B> coordination cages by installing
NH groups next to the coordination sphere to interact via hydrogen bonds with the

counter ligand.!

The SCA approach uses ligands that are geometrically matching to each other in respect
to their binding vectors to form a distinct species and avoiding statistical mixtures. Often
homoleptic assemblies of these ligands are disfavored due to a certain strain. In 2014 the
group of FUJITA reported a large heteroleptic Pd12A12B12 coordination polyhedron based
on banana-shaped ligands of different sizes.l*% In 2021 the group of SEVERIN reported the
formation of heteroleptic PdsAsBs barrel-shaped cages based on either simple bis-pyridy!l

ligands but also with bulky, iron-containing clathrochelate ligands.[®® The first example
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of heteroleptic coordination cages by using the SCA in our group was published by
BLOCH in 2016. Here, a set of three banana-shaped ligands based on phenanthrene,
acridone and carbazole that are geometrically matching to each other were used to form
either cis- or trans-Pd2A2B> assemblies. All of these coordination cages were also formed
when the corresponding homoleptic assemblies were mixed in a 1:1 manner.[65361]
Extending this system with a larger array of banana-shaped ligands, EBBERT could show
the formation of a mixture of ten different heteroleptic coordination cages of the type
Pd2A2B: but also Pd>A;BC and even Pd,ABCD, with two sets of ligands of which two
each were shape complementary, limiting the number of possible outcomes to ten,
including one cis/trans isomer. Interestingly, all of these structures could be identified by
using ion-mobility mass spectrometry.®?l Besides using the beforehand mentioned
strategies, TESSAROLO reported a series of tetrahedral and octahedral coordination cages
that were able to form heteroleptic structures using the effect of steric hindrance at the

ligand backbones.%

1.1.2 Functional Coordination Cages

In the past the focus moved from accessing fancy new structures to obtain functional
coordination cages. Our group reported a series of different functions in assemblies like
light-switchable cages that alter their cavity size upon irradiation,%3¢4 interpenetrated
double cages that were able to bind neutral guests after a chemical trigger and generating
singlet oxygen for a cycloaddition reaction of cyclopentadiene, %81 chromophore-based
cages that interact with chiral molecules,® donor-acceptor systems for light-powered
charge separationt”™ as well as heteroleptic coordination cages that bind guest molecules
selectively based on their shapel®®! and exohedral functionalized ones that act as
amphiphiles that were able to form vesicles enabling the use of coordination cages in

material science.['!]
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Figure 1.6: Overview on functional coordination cages. Figures used with permission fromt7274-76],

Especially the potential to perform chemical reactions inside coordination cages, thus
using them as nano-reaction chambers, have been in the interest of plenty of groups. In
2006 the group of FUJITA presented an octahedral PdsL4 cage that promotes the DIELS-
ALDER reaction of anthracene derivatives with N-cyclohexyl phthalimide at the normally
unfavored 1,4-position. Without the coordination cage the reaction took place at the
central ring of the anthracene system.[’?l RAYMOND and BERGMAN reported a series of
tetrahedral Ga(lll) based coordination cages that were used for the binding of neutral
guests.[”®1 One of these anionic GasLs cage acts as catalyst for the NAZAROV cyclization
of pentadienoles.’ In 2018 Cui and co-workers reported chiral coordination cages based
on Mo(salen) complexes (M =Cr, Mn, Fe) that act as catalysts for asymmetric
epoxidation/ring-opening tandem reactions where ee-values up to 93% were obtained.[
The use of hydrogen bonds to bind guests and substrates in coordination assemblies has
been reported in recent years.’”:"® The group of MUKHERJEE used a molecular prism
equipped with urea-based hydrogen bond donors to preorganize substrates that then could
perform MICHAEL additions and DIELS-ALDER reactions in water effectively enabling

catalysis inside a coordination cage.l’®
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1.2 Nuclear Magnetic Resonance Spectroscopy

Spectroscopy is, most generally speaking, the detection of the interaction between any
matter with electromagnetic radiation. To analyze supramolecular coordination cages
numerous of spectroscopic and spectrometric methods have been established.[’®1 As
outstanding methods especially mass spectrometry, X-ray structure analysis and nuclear
magnetic resonance (NMR) spectroscopy have been and are used in this field of
chemistry. Since the first two methods indeed have their benefits, the latter is the most
powerful one as it analyzes the molecules of interest in solution state and is not an invasive

method. However, NMR spectroscopy is a comparable slow analytical method.

NMR spectroscopy!®# is based on the interactions of nuclei with radio wave frequencies
in a strong magnetic field. Only nuclei that have a spin | >0 (e.g. 'H, 2H, SLi, B, 3C,
BN, 19F, 29j, 3tp, 1195n, 195pt) can be detected with radio waves because they have a

magnetic moment x and an angular momentum P in the direction of the spin axis.

P=JIU+Dn (1.1)

with reduced PLANCK constant . P and u are related through the gyromagnetic ratio y

that is characteristic for each nucleus:

p=1y-P (1.2)

= u =y /10 + Dh (1.3)

Nuclei having a large y are more sensitive and nuclei with a small y are less sensitive to

an NMR experiment.
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Figure 1.7: Quantization of direction of P in a magnetic field B, for a) a nucleus with | =%z and b) a nucleus
with | = 1 and c) double precession cone for a nucleus with | = %%.

Figure 1.7a describes the orientation of P in a magnetic field Bo for a nucleus that has a
spin of | =% (e.g. *H) that can have two magnetic quantum states m = +% or m = —%. If
a nucleus has a spin of 1 =1, m can attain three values (+1, 0, —1, Figure 1.7b). These
spins precess around the direction of the magnetic field (z-axis in a cartesian coordinate
system) with a particular frequency that is unique for every nucleus and proportional to
Bo, the so-called LARMOR frequency vi (Figure 1.7c). This is described by the resonance

condition:

w, = 5| By (1.4)

Without an external magnetic field, the quantum states m are degenerated but applying a
magnetic field leads to energy differences what is called ZEEMAN effect and shown in

Figure 1.8. Furthermore, the energy differences are proportional to Bo.
E=-m-y-h-B, (1.5)

=>AE =y h-B, (1.6)
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Figure 1.8: Energy differences of two states a. and p depending on the magnetic field.

The problem here is that these differences are really small, normally around thousandth

of per mil, due to BOLTZMANN statistic:

N —AE ‘h-B
B ( ) ~1-L 27 (1.7)

Ne CP\kg-T kg T
with N, the number of nuclei in the energetically lower state, Ng the number of nucleus
in the energetically higher state, temperature T and BOLTZMANN constant ks. That implies

that the intensity of an NMR signal gets higher with a stronger magnetic field:

=« By (18)
with the signal to noise ratio S/N. To obtain a spectrum, one can vary the magnetic field
Bo and keep the frequency v1 constant or the other way around. This is called continuous
wave (CW) method and was used until the early 70s and was replaced by the pulse fourier
transform (PFT) method that is until now the state of the art in NMR spectroscopy. All
spins of the nucleus of interest are irradiated at the same time with the PFT method. By
using the correct pulse length, the magnetization of the excited spins will be brought
perpendicular to the Bo field followed by an oscillation back to the transversal plane. This
is displayed by a free induction decay (FID) and can be transformed to a usual NMR

spectrum by applying the FOURIER transform.

The described relaxation process after the irradiation of a spin system after an applied
pulse is called longitudinal or spin-lattice relaxation time Ti. It is absolutely important to
know the relaxation time T1 of the investigated spin system, since this defines the delay
between two pulses. The obtained signal intensity would decrease if not all spins are

relaxed back to their initial state and a pulse is already applied. This delay should not be

10
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shorter than 5 - T1. A second relaxation process that can be observed is the transversal or
spin-spin relaxation time T that is normally shorter than Ti. T defines the spectral
resolution in an NMR experiment since this is proportional to T, 2. It also means that the
line broadening gets larger if T2 is short. As it was mentioned before, the PFT method is
repeated after the delay defined by T: to accumulate the FID. That is because the signal

intensity gets larger with a higher number of scans (NS):

%oc VNS (1.9)

The obtained resonances of the spins in a molecule are dependent by each other. This

effect is called shielding and can be described by equation 1.10:

Besr = (1—0)B, (1.10)

with the effective magnetic field Bett and the shielding constant o. o is only dependent by
the electronic and magnetic environment of a spin in a molecule but not by Bo. Combining

equation 1.10 with the resonance condition leads to:

by = |2y—n| (1 - 0)B, (1.11)

with the resonance frequency vi. From this it follows that nuclei that are chemically
inequivalent will resonate at different frequencies because of their unique shielding. To
make spectra that were recorded at different magnetic fields comparable the
nondimensional chemical shift 6 (given in parts per million, ppm) to a standard
(tetramethylsilane, TMS with 6 = 0 ppm) was introduced:

Uy — Uref

6= — 1.12
Uref ( )

with the measured frequency vi and the reference frequency vret.

However, not every spin resonates as a singlet. Normally, a fine splitting structure is
observed. This is due to the interactions of neighbouring magnetic dipoles that lead to an
indirect coupling to other spins in the investigated system. Depending on the quantity and

the spin of the so-called J-coupling nuclei the signal splits with the following multiplicity:

M=2-N-1+1 (1.13)

with multiplicity M, number of coupling nuclei N and spin I.

11
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Beside the observed splitting, J-coupling can also be visualized by two-dimensional NMR
experiments, e.g. by correlation spectroscopy (COSY). Here, two frequency axes of the
same nucleus are measured and crosspeaks appears for coupling signals. However,
coupling over bonds is not the only observable with 2D NMR experiments. For example,
contacts through space can be measured by nuclear overhauser enhancement
spectroscopy (NOESY). To measure the NOE, the nuclear spin polarization will be
transferred from one nucleus to another. This will be visualized by the change of the
intensity of one signal that happens if another one gets saturated by the irradiation with a
frequency pulse. In particular for large, three-dimensional chemical structures (e.g.
coordination cages) the NOESY experiment is indispensable for the structural
assignment. With equation 1.14 the distance between two spins can be calculated if a
NOE contact can be measured:

1
INog & 3 (1.14)

With the intensity of the NOE crosspeak Inoe and the distance between the dipolar-

coupled nuclei r.

1.2.1 DOSY and Diffusion

Another powerful NMR experiment to characterize in particular supramolecular
structures is diffusion ordered spectroscopy (DOSY) NMR.[®2 This is because one could
obtain information about the size, the shape or the aggregation state of compounds with
this method (e.g. two-dimensional ring vs. three-dimensional cage or monomeric vs.
dimeric species) as well as providing reliable information about association constants
(e.g. inside or outside binding of a guest, slow or fast exchange). The first example where
DOSY NMR was used in supramolecular chemistry was shown by COHEN and MAYZEL
who determined association constants ammonium salts in crown ethers.®! In this pseudo-
2D NMR experiment the frequency will be measured against the diffusion coefficient of
the substance.®! This technique is mainly used for the analysis of mixtures, since every
NMR resonance could be assigned to a diffusion coefficient und if this is the same, the
signals belong to the same substance. By using the STOKES-EINSTEIN-equation 1.15 the

hydrodynamic radius of a substance can be calculated:[4

12
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_ kB - T
~6:mm-D
with the hydrodynamic radius ru, BOLTZMANN constant ks, temperature T, viscosity of

- (1.15)

the analyte #®! and diffusion coefficient D. In diluted systems the viscosity of the analyte
is assumed to be the same as the solvent. However, equation 1.15 is only valid for
spherical molecules. To also calculate the radius of molecules with different shapes, a

shape factor f has to be introduced to the equation:

_ kg T f
= 6-m-n-D
For the most common shapes like stick, prolate or plate values for f can be found in the

(1.16)

literature.’®-8% Often supramolecular structures could not be described by these common
shapes in an adequate way. This problem will be described in a more detailed way in
chapter 3.5.2.

(Self-)Diffusion is a natural physical process which describes the movement of particles
(e.g. atoms or molecules) in a medium or solvent without external actions. This leads to
a consistent distribution of the particles and an enhancement of the entropy of the
system.[®® Besides other physical methods, diffusion can be detected by NMR by using
pulsed-field-gradients (PFG).®Y The first approach to measure DOSY NMR was done by
a HAHN-Spin-Echo experiment.[*?l In the last decades numerous pulse sequences for
diffusion measurements were published.®®>-%! PFGs create an inhomogeneous magnetic
field for a short time (~ms) and are normally applied in the direction of the By field. By
applying the gradient, the position of a nuclear spin can be followed in the sample tube

during the diffusion time. This is illustrated in Figure 1.9.

13
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Figure 1.9: a) Frequency channel F1 with 90° pulse and FID, b) gradient channel G with encoding and
decoding gradients and c) illustration of an ensemble of spins in an NMR tube with the volume that is
irradiated in dark grey and their behavior after the applied 90° pulse (left), the encoding gradient (middle)
and the decoding gradient (right). Figure reproduced from®,

The change on the signal intensity depending on the gradient parameters (length and

power) is described by the STEJSKAL-TANNER-equation:

o)
I=Io-exp<—y2-g2-62-D(A—§>) (1.17)

with the observed signal intensity I, the reference signal intensity lo, the gyromagnetic
ratio y, the gradient power g, the gradient length 6, diffusion coefficient D and the
diffusion time 4. From this equation it follows that nuclei with a larger gyromagnetic ratio
are more sensitive for the measurement of diffusion than nuclei with a small y. The
maximum gradient power g is given by the spectrometer hardware. The parameters ¢ and
A have to be tuned for every measurement since their values are depending on the sample
(solvent and size of the molecule). To avoid homonuclear J-coupling during the diffusion
time, o should be short, preferably. Typical values are 4 = 0.08 s for the diffusion time
and 6 = 1500 ps for the gradient length in the case of the supramolecular structures
investigated in this work. In an ideal case, less than 5% observed signal intensity is left

when the gradient is at the highest power (e.g. 98%) compared to the reference signal

14
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intensity where only 3-5% of the gradient power is applied. The decrease of the signal

intensity should be sigmoidal if plotted against the gradient power.
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Figure 1.10: Plot of gradient strengths g against the relative signal intensity | with a to low value of ¢ (left),
an ideal value of o (middle) and a to high value of ¢ (right).

One of the most common ways to measure DOSY NMR is using a led-based pulse
sequence (ledbpgp2s, Figure 1.11a).°"1 However, this is not covering one of the major
problems during diffusion measurement, the compensation of convection. Convection is
a thermal induced movement of particles in solution.[® If this effect is not compensated,
wrong diffusion data could be obtained. Movement due to convection can be especially
observed in low viscous solvents (e.g. chloroform) and in tubes with a larger diameter.
To compensate convection by a technical way, JERSCHOW and MULLER published pulse

sequences that contains additional gradients for convection compensation (Figure

1.11b).899)
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Figure 1.11: 'H DOSY NMR pulse sequences: a) ledbpgp2s and b) dstebpgp3s with diffusion times 4 and
gradient lengths o.

Beside the compensation of convection via gradient pulses, it is also possible to use NMR
tube with a smaller diameter or solvents with a higher viscosity. In this thesis, the effect
of convection was investigated for several NMR spectrometer with different probes as

well as for many commonly used deuterated solvents.
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2 Scope of the Thesis

Rational design of novel coordination cage structures is one of the major goals in the
Clever-Lab. In the past, numerous heteroleptic coordination assemblies have been
described. To utilize the unique properties of these structures the focus shifted from
purely structural analysis to the implementation of functionalities into the cage systems.
The scope of this thesis is the proposal of a modular heteroleptic coordination cage system
by using endohedral functionalized ligands with hydrogen bond donor sites pointing into

the formed cavities to investigate hydrogen-bond driven guest binding.

The characterization of the structures and the investigation of e.g. guest binding or guest
exchange is mainly carried out by one- and two-dimensional NMR spectroscopy. One
outstanding method hereby is the DOSY NMR experiment. In this thesis, the technique
was illuminated in close detail with special regard to the optimization of the measurement

for our cage systems.

In particular, the following points were investigated during the doctoral research:

e Design and synthesis of endohedral functionalized ligands with hydrogen bond
donor sites

e Self-assembly and characterization of novel heteroleptic coordination cages using
the SCA

e Guest binding studies of organophosphates inside the coordination cages via
NMR, ESI-MS and X-ray diffraction as well as MD-simulations

e Development and optimization of tailor-made NMR experiments for coordination
cages

e Determination of hydrodynamic radii for non-spherical molecules

e Investigation and compensation of convection effects during the DOSY

measurement

17
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3 Results and Discussion

Contents of this chapter were published in: Endohedrally Functionalized Heteroleptic
Coordination Cages for Phosphate Ester Binding (A. Platzek, S. Juber, C. Yurtseven, S.
Hasegawa, L. Schneider, C. Drechsler, K. E. Ebbert, R. Rudolf, Q.-Q. Yan, J. J. Holstein,
L. V. Schafer, G. H. Clever, Angew. Chem. Int. Ed., 2022, 61, €202209305.) (Hot
Paper)[

3.1 Design of Ligands for a Modular Host System

9H-Carbazole is a heterocyclic aromatic molecule that is naturally available in fossil oil
as well as in coal tar, from which it was firstly isolated and characterized by GRAEBE and
GLASER in the end of the 19" century.[*°" The molecule contains a secondary amine that
can be easily functionalized with aliphatic and aromatic compounds.[*%2-111 |t is quite
reactive at the 3,6-position due to the +M effect of the nitrogen atom, so it is possible to
introduce bromine or iodine atoms to obtain precursors for bis-monodentate ligands that
were already used in the group of CLEVER for coordination cages.[6%621121 The
disadvantage is that the amine is pointing out of the cavity of these cage structures. To
obtain ligands that are based on carbazole but having the secondary amine pointing into
the cavity, the donor sites have to be attached to the 2,7-positions. To obtain better fitting
donor angles, isoquinoline donor groups were attached instead of the classically used

pyridine moieties.
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Figure 3.1: Design of a modular system of a) heteroleptic coordination cages based on shape
complementary ligands b).

Ligand L! was synthesized via SONOGASHIRA cross coupling reaction of commercially
available 2,7-dibromo-9H-carbazole (2,7-DBC) with 8-ethinylisoquinoline 1 in a 1:1
mixture of DMF and DIPEA at 115 °C for 48 h. However, the yield was quite poor since
it was not possible to purify the crude product via column chromatography due to the very
low solubility of L in common organic solvents. It was figured out, that L is only decent
enough soluble in either DMSO or DMF, so the purification was done via gel permeation
chromatography (GPC) of the crude reaction mixture in DMF with a lot of cycles to obtain
the pure ligand in yields up to 24%. Compared to classic column chromatography, the
separation of compounds via GPC is done by the size of the molecules, smaller ones
interact with the column material and therefore eluate slower than larger ones. To get a
proper separation, the analytes are passing the column multiple times through a loop. To
optimize the overall yield, a tert-butyloxycarbonyl (Boc) protection group was introduced
to the secondary amine to increase the solubility (chapter 4.2.15). The following cross
coupling reaction lead to the formation of Boc-L! which could not be isolated as a single
compound, since the protection group dissociated during the workup procedure via
column chromatography with chloroform/MeOH (9:1) as the eluent. After the following
GPC cycles with DMF as the eluent L could be obtained in slightly better yields up to
35%.

L! was characterized by NMR spectroscopy as well as ESI mass spectrometry. A *H NMR
spectrum of L! in DMSO-ds shows nine signals in the aromatic region which could be

unambiguously assigned to the structure with the help of homo- and hetero-correlation
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NMR experiments as well as one prominent singlet at 11.7 ppm which could be assigned

to the resonance of the secondary amine proton.
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Figure 3.2: Partial *H NMR (500 MHz, DMSO-ds) spectra of a) 2,7-DBC and b) L*.

As it was mentioned in chapter 2, one reason 2,7-carbazole was chosen as a ligand
backbone is that it is modifiable at the secondary amine with ease. The following Scheme

3.1 shows the different approaches of modification, namely methylation, implementing

amide functionalities and amination of L.
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Scheme 3.1: Possible functionalization routes of L.

These approaches lead to a series of proposed ligands with different functionalities for
unique guest binding properties and catalysis applications. The ligands were synthesized
via cross coupling reactions of the substituted 2,7-DBC backbone with isoquinoline donor
groups. The methylated backbone 2 was obtained by the reaction of the unmodified
backbone with iodomethane. The followed cross coupling reaction lead to ligand L? in
slightly better yields compared to L, due to better solubility and therefor easier workup
and purification steps. A *H NMR spectrum of L2 in DMSO-ds shows nine signals in the
aromatic regions and a singlet resonance at around 4.0 ppm which could be assigned to
the introduced methyl-group that is shifted downfield compared to the precursor

molecule.
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Figure 3.3: Partial *H NMR (600 MHz, DMSO-ds) spectra of a) N-methyl substituted 2,7-DBC and b) L2,

For forming the amide bond in ligands L3 and L* two different pathways where used:
Backbone 3 was synthesized by a nucleophilic substitution reaction of 2,7-DBC with
ethyl-N-methyl carbamate and backbone 4 via a nucleophilic substitution reaction of
2,7-DBC with ethyl isocyanate, respectively. Both ligands were obtained by following
cross coupling reaction of the respective backbones with isoquinoline donor groups in
poor yields of 6 to 12%. Further optimization of the reactions was not realized. *H NMR
spectra of ligands L* and L* showing both nine signals in the aromatic regions as well as
a quartet resonance at 8.5 ppm (L) and a triplet resonance at 8.6 ppm (L*) which could
be assigned to the amide proton in both cases. Compared to 3 and 4, respectively, the

signals of the NH protons are slightly downfield shifted.

22



Results and Discussion

H"{)= (0] H
o] Et 1

=)'
s — c
C i ¢} a
2N "\ /h df e b
@]
i HN h H F
b) ~ Me

2 rL a X

N © H

a) Me N
7

— —
10.0 95 9.0 8.5 8.0 5 [ppm]

Figure 3.4: Partial ‘H NMR (DMSO-ds) spectra of a) precursor 3, b) L3, ¢) L* and d) precursor 4.

The proposed ligand containing a hydrazine functionality could not be realized. The
corresponding backbone was synthesized (chapter 4.2.13 and 4.2.14), however, the
hydrazine functional group was not stable under the cross coupling reaction condition and

therefore only ligand L* was isolated.

Based on the studies of shape-complementary ligands by BLocH and EBBERT, ligands
LAP where used for cage formation studies (Figure 3.1b).52621 Both could show that a
ligand with carbazole backbone that was substituted with alkinyl-para-pyridine linkers in
3,6-position is able to form exclusively heteroleptic coordination cages with the
phenanthrene based ligands L” and LB. The illustration in Figure 3.5 shows that if the
carbazole backbone is mirrored and will be substituted with donor sites in the 2,7-position
it will have similar donor angles and therefore, most likely, will form heteroleptic

coordination cages with L” and L2 as well.
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Figure 3.5: Comparison of ligand L! (top) with 3,6-substituted carbazole-based ligand (bottom) and both
phenanthrene-based ligands L (right) and LB (left) as well as proposed (top) and reported (bottom)
heteroleptic coordination cages.

3.2 Synthesis of Coordination Cages

Adding 0.55 eq of a [Pd"(CH3CN)4](BF.). solution in the respective solvent (just named
“Pd(l1) cations™) to a solution of L' in DMSO-ds or DMF-d; at room temperature or
heating to 70 °C did not lead to a clear formation of a homoleptic Pd.L!4 cage structure

(Figure 3.6) but to a not further analyzed mixture of different species.
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Figure 3.6: Partial ‘H NMR (500 MHz, DMSO-ds) spectra of a) ligand L* and b) adding 0.55 eq Pd(ll) to
LY, 24hatrt.
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Figure 3.6b showing new signals in the aromatic region of the *H NMR spectrum as well
as new signals at about 12 ppm which likely correspond to the resonance of the NH proton
of the newly formed species. However, no signals of the free ligand were observed.
Heating the sample to 70 °C over time also did not lead to a single species formation
(chapter 4.3).

In the ESI-MS spectrum (Figure 3.7) peaks at m/z = 522.5886 for [Pd2L4]**, 725.7852
for [PdzLYs + BF4]®" and 1132.1787 for [Pd.Ls + 2 BF4]** were observed as well as a
peak at m/z = 845.5755 which could be assigned to the bowl-type structure [Pd2L*3Cl2]?*.
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Figure 3.7: ESI-MS spectrum of Pd,L Y.

However, mixing L! in a 1:1 fashion with one of the ligands L*"® in DMSO-ds or DMF-
d7 followed by the addition of 0.55 eq Pd(ll) cations lead to a quantitative formation of
heteroleptic coordination cages of the type Pd,L'LAP, after a few minutes at room
temperature. Additionally, mixing ligands L?* with LAP under the same conditions stated
above lead to in total 16 novel heteroleptic cage structures as well. All of these
architectures were characterized by NMR spectroscopy in solution state and ESI-MS in

gas phase.

3.2.1 Heteroleptic Coordination Cages with L*

In a *H NMR spectrum (Figure 3.8c) of the heteroleptic cage Pd.L1:L*; a singlet at
11.8 ppm is observed which could be assigned to the NH proton, so the signal was shifted
downfield compared to the free ligand. Also, the signals of the protons around the
coordination sphere (h, i, €’) undergo a downfield shift, indicating the formation of a
coordinative bond between the nitrogen and the palladium atom. Overall, the observed

signals in the aromatic regions are shifted compared to the ones of the free ligands. Signals
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of the protons pointing inside the cavity are shifted downfield, the signals of proton b and
b’ are shifted upfield.
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Figure 3.8: Partial 'H NMR (DMSO-dg) spectra of a) ligand L*, b) *H DOSY trace of Pd,L%L", with
diffusion coefficient D and hydrodynamic radius ru, c) heteroleptic coordination cage Pd,L%L"; and d)
ligand L.

From a *H DOSY NMR spectrum (Figure 3.8b) of Pd2LY;L*; it is clear, that only one
single species is present in solution state, with a hydrodynamic radius of ry = 11.97 A.
This is in good accordance to the radii of previously reported heteroleptic coordination
cages.*"81 Furthermore, the heteroleptic cage formation was observed in the gas-phase
by ESI mass spectrometry (Figure 4.54). Peaks for different charged species of the title
compound, namely the most prominent ones for [Pd2L1:LA]%, [Pd2L:LA, + BF4]®,

[Pd2L1LA; + 2 BF4]%* were observed.

Fortunately, single crystals of Pd2L;L*, that were suitable for X-ray diffraction were
obtained from slow vapor diffusion of toluene into a solution of the cage in DMF-d-. In
the crystal structure (Figure 3.9) the arrangement of the two different ligands L* and LA
in cis-configuration to each other is confirmed. The two palladium centres have a distance
of 14.403(5) A to each other and the N—N distance of the, almost parallel to each other,
carbazole backbone moieties of ligand L' amounts to 6.727(7) A. Since the ligands L*
are such close to each other, the cavity is wide open from the other side where ligands L”
are placed and this makes it easily accessible for potential guests from this direction. The
coordination cage contains two distinct BF4~ anions inside the cavity, both in a very close
proximity to the NH functions of ligand L*. The closest H-F distance (2.109 A) found is
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inside the range of hydrogen bonds. !l Moreover, two DMF solvent molecules that are
encapsulated as well could be found in the molecular structure, each of them pointing
towards the Pd centre with their oxygen atoms and in between the narrow channel that is

formed by the two ligands L.

Figure 3.9: Molecular structure of Pd,L%,L*; in the solid state, determined by X-ray diffraction, a) side, b)
top, c) front and d) side view and selected distances in A.

Mixing ligands L and LB with Pd under the conditions described above lead to the
formation of heteroleptic cage Pd,L;L5,. In a *H NMR spectrum (Figure 3.10b) of this
species comparable shifts of the signals are observed. Most prominent are again the
downfield shift of the signal of the secondary amine proton as well as the downfield shifts
of the signals of the inner protons i and e’. In contrast to cage Pd2L1;L*;, the signal of
proton ¢’ is shifted upfield, indicating a larger shielding effect and therefore a smaller

cavity size.
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Figure 3.10: Partial *H NMR (DMSO-ds) spectra of a) ligand LB, b) heteroleptic coordination cage
Pd,L%L"®; and c) ligand L.

Additionally, the self-assembly was confirmed by ES-MS (Figure 4.60), peaks for
different  charged  species, namely  [Pd2L%:L%]*,  [Pd2LLLB; + BF4]*,
[Pd2L1LB; + 2 BF4]?* were observed.

Very recently, single crystals of Pd,L';L®, were obtained via slow vapor diffusion of
toluene into the cage solution in DMF. Preliminary analysis of X-ray diffraction data
revealed, that the cage structure looks pretty much like the one obtained with the

combination of L* and LA.

Figure 3.11b shows a *H NMR spectrum of the heteroleptic coordination cage PdzL LS,
in which again a strong downfield shift of the signal of the secondary amine proton of
ligand L! could be observed. Downfield shifts of the signals of the protons in proximity
to the coordination sphere confirming the formation of a dative nitrogen palladium bond.
Similar to cage Pd2L',LB,, a upfield shift and therefor a larger shielding effect of the
signal of proton ¢’ is observed, indicating the smaller cavity compared to coordination

cage PdaLYLA,.
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Furthermore, the cage formation was confirmed by ESI-MS (Figure 4.66), peaks of
different  charged  species, namely  [PdoL%:LC:]*,  [Pd2LLLS; + BF4]®Y,
[Pd2L1LC; + 2 BF4]?* were observed.

Also in this case, single crystals of Pd,L1LC, were obtained via slow vapor diffusion of
toluene into the cage solution in DMF. The preliminary analysis of the X-ray diffraction
data revealed, that the structure of the assembly looks similar to the one obtained with the

combination of L* and LA.

Addition of Pd(Il) cations to a 1:1 mixture of L! and LP also lead to formation of a
heteroleptic coordination cage, a *H NMR spectrum is shown in Figure 3.12. The

observed shifts of the signals are again comparable to the previous examples.
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Figure 3.12: Partial *H NMR (DMSO-ds) spectra of a) ligand LP, b) heteroleptic coordination cage
Pd,L%LP; and c) ligand L.

In an ESI-MS spectrum peaks for species [Pd2L1,L°; + BF4]3* and [Pd,L1,L°; + 2 BF4]?*
were found (Figure 4.72).

The described decrease of the cavity size going from Pd.L2L*, over Pd2L%LB; to
Pd.L%LP; is shown by the overlay of the geometry optimized cage structures in the

following figure.

Figure 3.13: Overlay of PM6 optimized structures of Pd,L%L*, (orange), Pd.L%LB, (yellow) and
Pd,L%LP; (turquoise).
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The average distances between the two different ligands through the cavity decreases
from 8.4 A (measured from the NH atom of L' to hydrogen atom ¢’ of L*) to 6.2 A
(measured from the NH atom of L! to hydrogen atom ¢’ of LB) and 5.5 A (measured from
the NH atom of L! to hydrogen atom ¢’ of LP). This already allows the presumption that
larger guest molecules most likely bind to Pd,L%L*; rather than to the smaller cage

derivatives.

3.2.2 Heteroleptic Coordination Cages with L2

Next, the capability of heteroleptic cage formation of the methylated ligand L? with LAP
was tested. The ligands were as well mixed in a 1:1 fashion and 0.55 eq Pd(11) cations in
DMSO-ds to obtain the corresponding self-assembled cages at room temperature within
minutes. For example, a *H NMR spectrum (Figure 3.14b) of Pd2L%L"; showing a
downfield shift of the signals in close proximity to the coordination sphere and the inner
protons, respectively. However, the shift for the signal of proton ¢’ is not at as strong as
it was observed for Pd2L*,L",, because of the sterically more demanding methyl-groups

inside the cavity.
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Figure 3.14: Partial *"H NMR (DMSO-ds) spectra of a) ligand L”, b) heteroleptic coordination cage
Pd,L%L*; and c) ligand L2

The coordination cage formation was also shown by ESI-MS, most prominent peaks were

found for [szLzzLAz]4+, [szLzzLAz + BF4]3+, [szLzzLAz +2 B|:4]2+ (Figure 4.78).

The *H NMR spectra (Figure 3.15, Figure 3.16 and Figure 3.17) of the assemblies of L2
with the shorter ligands LB are comparable with the ones from Pd2L,L8P,. The signals

of the protons in proximity to the coordination spheres are shifted downfield compared to
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the free ligands and the signals of the inward pointing protons, especially proton c’, are

shifted upfield as they are more shielded due to the smaller cavity.
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Figure 3.15: Partial *H NMR (DMSO-ds) spectra of a) ligand LB, b) heteroleptic coordination cage
Pd,L%LB; and c) ligand L2,
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Figure 3.16: Partial ‘"H NMR (DMSO-ds) spectra of a) ligand LS, b) heteroleptic coordination cage
Pd,L%LS; and c) ligand L2
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Figure 3.17: Partial *H NMR (DMSO-ds) spectra of a) ligand L°, b) heteroleptic coordination cage
Pd,L%LP; and c) ligand L2

All of these assemblies were analyzed by ESI-MS as well (Figure 4.84, Figure 4.90 and
Figure 4.96). Peaks of different charged species of the cage structure were observed,
namely the 4* species without BF,~ anions as well as the 3* and 2* species with one and

two BF4 anions, respectively.

3.2.3 Heteroleptic Coordination Cages with L3

Formation of the heteroleptic coordination cage Pd.L3L"; was also observed via *H
NMR spectroscopy. The signals of the protons around the coordination sphere (h, i, €”)
are shifted downfield compared to the free ligands due to the formation of the dative
N—-Pd bond. However, the signal of the inward pointing proton ¢’ is shifted upfield
strongly, indicating a stronger shielding. This can be explained by the sterically more
demanding endohedral substituents. Therefore, the signal of the NH proton as well as the

signal of the methyl group are also shifted upfield compared to the free ligand.
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Figure 3.18: Partial *H NMR (DMSO-ds) spectra of a) ligand L”, b) heteroleptic coordination cage
Pd,L%L*; and c) ligand L3,

The coordination cage formation was also shown by ESI-MS, most prominent peaks were
found for [PdaL3:LA5]*, [Pd2L3 LA, + BF4]%*, [Pd2L3,LA, + 2 BF4]?* (Figure 4.102).

Next, the cage formation of ligand L2 with the other shape complementary ligands L8P
was tested. However, in all three cases a mixture of species was observed in the
corresponding *H NMR spectra. Some prominent signals could be assigned to the protons
around the coordination sphere as well as to the amide proton. A possible reason why L3
is not forming distinct heteroleptic species with those ligands cannot be given at this point
since these results are still under investigation. Steric hindrance of the bulky endohedral
moiety can be disregarded because clean cage formation with the even bulkier ligand L*
was observed with all of the ligands LA® (see chapter 3.2.4). Nevertheless, a peak of
species [Pd2L3,L.%;]** could be observed in the ESI-MS spectrum (Figure 4.107).
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Figure 3.19: Partial *H NMR (DMSO-ds) spectra of a) ligand LB, b) heteroleptic coordination cage
Pd,L%L"B; and c) ligand L3
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Figure 3.20: Partial 'H NMR (DMSO-ds) spectra of a) ligand LS, b) heteroleptic coordination cage
Pd,L3%L%; and c) ligand L3,
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Figure 3.21: Partial *H NMR (DMSO-ds) spectra of a) ligand LP, b) heteroleptic coordination cage
Pd,L%L"P, and c) ligand L3,

3.2.4 Heteroleptic Coordination Cages with L*

While combining ligand L* with large ligand L* a heteroleptic coordination cage was
obtained and characterized by *H NMR spectroscopy (Figure 3.22). The spectrum is again
comparable to the systems above, downfield shifts of the signals of the protons around
the coordination sphere (h, i, €’) are observed. The signal of the amide proton is also

slightly shifted downfield and the signal of inward pointing proton ¢’ shifts upfield.
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Figure 3.22: Partial *H NMR (DMSO-ds) spectra of a) ligand L”, b) heteroleptic coordination cage
Pd,L%L*; and c) ligand L*.
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The formation of the coordination cage was also confirmed by ESI mass spectrometry,
namely the different charged species [PdoL%LA]%, [PdoL%LA; + BF4]*,
[Pd2L%LA; + 2 BF4]?* were found (Figure 4.115).

Surprisingly, clean NMR spectra (Figure 3.23, Figure 3.24 and Figure 3.25) were
obtained while mixing L* with L®P, considering the even more sterically demanding
endohedral substituent at L* compared to the results with L in the chapter above. In all
three cases, downfield shifts of the signals of the protons around the coordination spheres
(h, 1, €’) are observed as well as the upfield shift of the signal of the amide proton due to
the already discussed shielding effect of the smaller cavity. The same effect is also shown

by the upfield shifts of the signal of proton ¢’ that points into the corresponding cavity.
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Figure 3.23: Partial *"H NMR (DMSO-ds) spectra of a) ligand LB, b) heteroleptic coordination cage
Pd,L%L5; and c) ligand L*.
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Figure 3.24: Partial 'H NMR (DMSO-ds) spectra of a) ligand L, b) heteroleptic coordination cage
Pd,L*%L%; and c) ligand L*.
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Figure 3.25: Partial *H NMR (DMSO-ds) spectra of a) ligand L°, b) heteroleptic coordination cage
Pd,L%LP; and c) ligand L*.

All of these three heteroleptic cages were also observed in their ESI mass spectra (Figure
4,121, Figure 4.127 and Figure 4.133). Peaks of the species [Pd.L*LBP,]* and
[Pd2L*LC; + BF4]** could be found.

In summary, 16 novel heteroleptic coordination cages of the type PdoLY*LAP, were
synthesized out of a modular toolbox of shape complementary ligands with on the one
hand different endohedral functionalities (L) and on the other hand different sizes and
backbones (L) to obtain cages with unique environments inside their cavities. All of
these assemblies were characterized by NMR spectroscopy and ESI mass spectrometry

as well as X-ray crystallography in the case of Pd,L1,L*;, respectively.

38



Results and Discussion

3.3 Phosphate Binding

3.3.1 Principles of Host-Guest Chemistry

Guest interactions in supramolecular coordination cages have been studied extensively in
the last decades.!>*877:114-1171 |n our group we mainly focus on the binding of anions inside
our cationic cages.[36:6569.112118-1201 |n narticular, strong binding of aromatic and aliphatic
bis-sulfonates could be shown. For example, BLocH could show in his work on
heteroleptic Pd2A2B> coordination cages, that bent bis-sulfonate guest molecules have a
higher binding affinity to the asymmetric hosts than linear ones. ¢!

One powerful technique to characterize host-guest interactions in solution is NMR
spectroscopy. 82961211221 |n principle, two different outcomes could be observed: slow
(ms to s) and fast (ns to ps) guest exchange compared to the NMR timescale.t”®2%1 While
in the fashion of slow guest exchange, two sets of signals, one for the free host H and one
for the host-guest-complex HG, could be observed, only one averaged signal for the
complex is visible in a fast exchange process. This signal is gradually shifted compared

to the free host if more guest G is added to the solution.

a) HG b) HG
t |

eq.G | | —

[ppm] 6, & &

Figure 3.26: Comparison of NMR spectra of a supramolecular host-guest system in a) slow and b) fast
exchange compared to the NMR timescale. With host H, guest G, host-guest complex HG, observed
chemical shift ¢, initial chemical shift of the host dn, chemical shift of the host-guest complex dne and the
ratio of the complexed host at the equilibrium over the total host y.

To characterize the binding affinity in a simple 1:1 system, the so-called binding or

association constant K of the equilibrium equation can be determined:

K

H+G HG

Scheme 3.2: Equilibrium reaction of host H with guest G to host-guest complex HG with binding
constant K.
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Herein, K can be calculated by the equations (3.1-3.4)

_ [HG)

K= Mgl G
[H], = [H] + [HG] (3.2)
[G]o = [G] + [HG] (3.3)

[HG]

=>K=

([H]o — [HGD) * ([G], — [HG]) (3.4)

with concentration of the free host [H], concentration of the free guest [G], concentration
of the host-guest complex [HG], initial host concentration [H]o and initial guest
concentration [G]o.

In a fast exchange system, that is illustrated in Figure 3.26b, the chemical shift 6 of HG
appears at the weighted average of the chemical shift of the free host and the host-guest
complex. To calculate [HG] equations (3.5) to (3.7) are used

§=06u(1—x) +6uc-x (3.5)

= [H]o - (6 — 6y) = [HG] - (Ong — ) (3.6)
_ [H]o(6 — y)

& [HG] = W (3-7)

with observed chemical shift o, initial chemical shift of the host Jn, chemical shift of the
host-guest complex dxe and the ratio of the complexed host at the equilibrium over the
total host y. The herein investigated host-guest systems are all in a fast exchange
compared to the *H NMR timescale. K was obtained by plotting the A of the chemical
shifts of the cage signals against the guest concentration and the data was fitted by using

the software Bindfit,[122124:125]

Besides calculating the binding constant to describe guest affinity and selectivity to a
supramolecule, obtaining the thermodynamic parameters (free GIBBS energy AG,
enthalpy AH and entropy AS) is another criterium to investigate host-guest complexes. K

is related to AG trough the temperature T:
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AG = —RTInK (3.8)

with molar gas constant R. Using the GIBBS-HELMHOLTZ equation (3.9) and the VAN’T

HoOFF equation (3.10) the enthalpy and entropy of the binding process can be calculated:

AG = AH — TAS (3.9
AH AS

-3 3.10

InK RT + R ( )

Here, equation 3.10 is of the type y = mx+Db so it describes a straight line if In K is plotted
against T~ where the offset is determined by the entropic term and the slope by the
enthalpic one. With this technique one could easily get access to these parameters only

by measuring the association constant at variable temperature.

3.3.2 Phosphate Esters and Phosphate Recognition

Phosphates are salts or esters of phosphoric acid and consisting of four oxygen atoms and
a phosphorus atom in the oxidation state +V. Phosphate ester molecules can be produced
by the reaction of the acid with alcohols and depending on the stoichiometry mono-, di-
and triesters could be obtained. Organophosphates can be found in a numerous amount in
nature, for example in biomolecules like nucleic acids, lipids, proteins and sugars as well

as in form of hydroxyapatite in biominerals.[*26:127]
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Scheme 3.3: Chemical structures of naturally available and synthetic organophosphates.

ATP (adenosine triphosphate, a) is a nucleotide that is responsible for energy transfer and

regulation in cells. Phosphorylated sugars like D-Glucose-6-phosphate b) are common
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metabolites in cellular processes like the glycolysis of glucose. Phosphoserine c) is an
example of a phosphorylated amino acid that is found in several proteins. DOPC d) is a
representative of phospholipids that are forming cell membranes and lipid bilayers due to
its amphiphilic character. As a last example for naturally available phosphates guanitoxin
e) is shown, that is produced by cyanobacteria.[!?®l Besides the natural occurrence,
phosphate esters are broadly common in synthetic and industrial products like pesticides,
fertilizers, flame retardants and nerve agents.*?*1*1 pPolyphosphate f) is broadly used as
a flame retardant due to its high melting point, dichlorvos g) is a widely used and highly
potent insecticide and organophosphonate sarin h) is a nerve agent that was used as a

chemical weapon in World War 1l and acts as an acetylcholinesterase inhibitor.

In the last decades, scores of synthetic receptors for the recognition of phosphate esters
have been described.[*®5-41 Environmental pollution, e.g. water contamination by
fertilizers and therefore an increase of algae growth caused by phosphates zoomed up a
lot in the past decades, phosphate receptors are already broadly used by industry.4?1 The
receptor molecules can be distinguished by their recognition mode of the phosphates, for
example charge-charge interactions, hydrogen-bonding, macrocyclic interactions or the
coordination by several metals are described in the literature. Besides these synthetic

receptors, phosphates can also be recognized by specific proteins in nature,[143-14%]

The first described organic receptors for phosphates were polyammonium cations. These
molecules were especially used to bind nucleotides AMP, ADP and ATP in aqueous

solutions. [146-14°]

Another extensively studied compound class of phosphate receptors are amide- and urea-

based systems that are able to form hydrogen bonds to the anion. 24?1
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Scheme 3.4: Chemical structures of receptor molecules R-R?.

Receptor R was reported by the group of JURCZAK in 2004 and featuring beside the
amide functionalities a carbazole moiety to act as hydrogen bond donors.[*>% It was shown
that this molecule was able to bind H.PO, selectively with a 5000-fold higher binding
constant over chloride in a DMSO/H2O mixture. This was reasoned by the size of the

groove of the receptor that is too wide for the chloride anion.

In 2009 the group of GALE reported a series of receptor molecules based on a urea
moiety.[*> R? is additionally equipped with two carbazole moieties attached to the urea
backbone and acts as a sensor for different anions, including dihydrogen phosphate. It

was shown that the fluorescence of R? decreased upon addition of H,PO4 ™.

Receptor R? also consisting of a carbazole moiety was published by the group of BEER in
2004 as part of a series of indolocarbazole sensors.[*5? With NMR titration experiments
in acetone it was shown that H,PO4~ was recognized with an association constant of

log K = 5.3 M* stronger than fluoride, chloride or hydrogen sulfate. A derivative of R®
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(methyl groups instead of the bromine atoms) also acts as a fluorescent sensor with

H2PO4~ enhancing the emission.

Another interesting class of receptors are composed of square amide motifs and were
reported by the group of COSTA in 2004.15%1 In a 9:1 mixture of ethanol and water an
association constant of K = 2.2 - 10* M for HPO,> @R* was determined, however the

receptor was found to be more selective for sulfate anions.

One of the first amide-based receptors for phosphates are the triangular molecules R>?
and R%® reported by the group of RAPOsO in 1995.1'% They could show that the
association of propylphosphonate to R%? is quite weak in CDClz. However, using R that
has additional hydrogen bond donor site lead to an increase of the association constants
for propyl- and phenylphosphonate. Changing the solvent to more polar DMSO or
methanol yields again in an increase of K. Additionally, the recognition of PO4®™ by R
was followed by NMR titration in DMSO and gave the in this work highest reported
association constant of K> 10°M™. This was explained by the high charge and the

additional hydrogen bond acceptor sites.

SESSLER et al. reported a series of macrocyclic anion receptors in the last years with R®
as an example that comprises of carbazole and pyrrole units.™>% It was shown that this
receptor was able to form emissive 1:1 complexes with a numerous amount of anions,
including dihydrogen phosphate and hydrogen pyrophosphate, respectively. Binding
constants in the range of K =7 - 10* M were reported for the phosphates, however the

receptor showed the highest affinity for carboxylates.

The amidopyridyl receptors R’ and R® were reported by the group of HAMILTON in
1992.1561 They investigated the binding of different mono- and diphosphate esters to the
receptor molecules with NMR and UV/Vis titration experiments. It was shown, that
bis-(4-nitrophenyl)-phosphate was forming a 1:1 complex with R” and a 2:1 with R®,
Titration of the monoester dodecylphosphate to R’ led to a binding constant of
K =2.8-10* Mt in chloroform.

Beside these examples of fully organic and quite flexible phosphate receptors, a large
number of metal-containing receptor molecules were reported, a selection is shown in
Scheme 3.5.
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Scheme 3.5: Chemical structures of receptor molecules R® and R,

In the 2000s the group of VILAR reported dinuclear palladium and platinum compounds
bridged by sulfides yielding receptor molecules R® with urea motifs as hydrogen bond
donor sites.'51591 With NMR titration experiments in DMSO-ds it was shown that R®
with M =Pd shows a selectivity for the recognition of dihydrogen phosphate and
phenylphosphate over anions like bromide or hydrogen sulfate with a binding constant of
log K=3.4 M for the organophosphate. Since it was observed that the palladium
complexes were not stable for long, the more stable platinum containing receptors were
synthesized. The binding affinity for the investigated phosphates did not change

significantly.

The group of HAMACHI showed that zinc(Il) dipicolylamine (Zn(Dpa), R*%) could be
used as a phosphate receptor, in particular for oligopeptides containing phosphorylated
amino acids.%1%71 On the other hand, also the selective recognition of inorganic
phosphate and methylphosphate in water over anions like carbonate and acetate was
shown for receptor R, Furthermore, an association constant of K = 2.2 - 10° M was
obtained via 3P NMR titration experiments for ATP@R%, which binds stronger than
ADP or AMP due to its higher charge. Similar results and association constants were
observed for receptor R*®. However, with receptor R lower association constants (1-2
magnitudes) were obtained since this molecule features only one Zn(Dpa) binding motif.
Additionally, HAMACHI et al. could show that R*®® and R were able to recognize
peptide sequences that consists out of 8-9 amino acids with one of these was

phosphorylated. No association was found for non-phosphorylated peptides.
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While organic receptor molecules for organophosphates are extensively studied, only a
few examples for coordination cages that incorporate phosphates as guest molecules were
shown in the past. For example, WARD et al. reported a highly charged cubic [CosL1,]*%*
coordination cage that acts as a host for several alkylphosphonates as simulants for nerve
agents like sarin.[*®8 However, the reported binding constants in acetonitrile or water
obtained by NMR and luminescence titrations were quite low in the range of K ~ 10 to
400 M. The group also reported binding studies of organophosphates that are used as
insecticides in their cubic coordination cage.*®® They further investigated the hydrolysis
of dichlorvos that is one order of magnitude higher if the guest is bound to the

coordination cage.

Additionally, in 2013 the group of NITSCHKE presented a water-soluble FesLe tetrahedral
coordination cage that was able to bind neutral guest molecules, including dichlorvos.*"%
Further, the hydrolysis of this guest was demonstrated to be more effective if the host was

present.

In 2020 LusBY et al. reported a Pd»L4 coordination cage that was able to incorporate
benzoquinone as a guest in the cages’ cavity.}’! However, they could show that the
association of Ph3P(O) at the metal centres outside the coordination cage modulates the
binding affinity of the guest molecule as well as the catalytic properties of the host-guest-

system.

One advantage to use coordination cages for anion recognition and binding instead of
(fully) organic receptors is the rigidity of the system. The size and shape of the binding
site is more predictable inside a cage structure and therefor the selectivity for a
particularly shaped anion is much higher. Another benefit for using coordination cages is
that the synthetic effort is mostly lower and ligands can be easily functionalized and
replaced according to the necessities. Therefore, the modular system of heteroleptic
coordination cages presented and described in the previous chapters was proposed to act

as a suitable host of organophosphate esters.
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Figure 3.27: a) Formation of heteroleptic coordination cages and uptake of phosphate esters, b) modular
ligand toolbox, ¢) MD-simulated structure of G3@Pd,L*,L*; and d) investigated phosphate guests G1*.

In the following chapters the modularity of the system will be used to investigate the
effects of H-bond donors and cavity size to the binding affinity of phosphate ester G2
(Figure 3.27). Furthermore, the effect of different residue moieties attached to the

phosphate (aliphatic and aromatic groups) on the binding strength was evaluated.

3.3.3 Cavity Size Variation

While titrating G* into a solution of PdoL*L"; in DMSO-ds continuous shifts of the

signals in the *H NMR spectrum were observed (Figure 3.28). Most prominent downfield
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shift was observed for the signal of the NH proton as well as a broadening, indicating the
formation of a hydrogen bond to the guest molecule, most likely to one of the phosphate
oxygen atoms. Another strong evidence for inside guest binding is given by the shifts of
the signals of inward pointing protons by guest addition, e.g. protons c, i, ¢’ and ¢’.
Furthermore, crosspeaks between the phenyl proton signals of G® and the signals of
proton ¢’ and d’ could be found in a tH-*H-NOESY NMR spectrum (Figure 4.160). This
also shows that the phosphate is most likely orientated with its phenyl backbones to the
phenanthrene ligand L”. forming z-z-interactions. As it was mentioned above, the guest
binds in a fast exchange fashion to the host compared to the NMR timescale. From the
analysis of Ao against the guest concentration with the software Bindfit a binding constant
of K = 2062 + 31 M ! was obtained. Since DMSO-ds is known to be a strong competitor
in regards of hydrogen bonding the titration was also performed in DMF-d7 which led to
a similar binding constant of K = 1734 + 97 M (Figure 4.185).
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Figure 3.28: a) Stacked partial *H NMR spectra (500 MHz, DMSO-ds) of the titration of G2 to Pd,L1,L*,
and b) plot of 46 of selected proton signals against guest concentration.

In addition, single crystals suitable for X-ray diffraction of G*@Pd,L1:L*, were obtained
from slow vapor diffusion of Et.O into the solution of the host-guest complex in DMF.
Surprisingly, the phosphate ester guest molecule was not found inside the cavity, but two
guest molecules are closely stacked each on top of the Pd—Pd axis of the cage interacting
with the Pd atoms from the outside. Inside the cavity, two BF4~ anions are located, exactly
at the same position as for the structure of Pd,L*,L"; forming hydrogen bonds with the

NH protons. In addition, two DMF molecules could be found again in the same position
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like for the empty cage structure, pointing to the palladium atoms with their oxygen

atoms.

Figure 3.29: Molecular structure of G*@Pd,L%,L4; in the solid state, determined by X-ray diffraction, a)
front and b) side view.

The guest uptake was also confirmed by ESI mass spectrometry (Figure 3.30a). Peaks for
the host-guest complex, namely [Pd2LL:LA; + G313, [PdL%:LA; + BF4 + G®?* and
[Pd2L%LA, + 2 G3]?* could be assigned. To confirm that the guest is located inside the
cages” cavity, ion mobility spectra of the empty host and the host-guest complex were
recorded (in collaboration with L. SCHNEIDER and C. DRECHSLER) (Figure 3.30b). For the
empty cage an experimental collisional cross section (eCCS) of 595.1 A% was obtained
whereas the eCCS value for the host-guest complex slightly increased to 603.7 A2. A
comparison with the theoretically obtained collisional cross sections (tCCS) revealed the
same trend (Table 4.3). Furthermore, the simulation of the complex where the phosphate
guest was placed outside the cavity gave a tCCS of 688.8 A2 to show that the guest

binding is most likely inside the cavity.
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Figure 3.30: a) ESI-MS spectrum of [G’@Pd,L%L*;], b) experimental ion mobilities of
[BF:@Pd,L"L*,]** (solid red line) and [G3*@Pd,L',L",]** (solid blue line) and theoretically determined
mobilities of [BFs@Pd,L*L",]3* (dashed red line) and [G3@Pd,L*,LA,]** (dashed blue line) compared to
the mobility of complex where G2 is placed outside of [Pd,L',L*,]*" (dashed black line). The theoretical
values were scaled by a factor of 0.934.

To study the effect of the cavity size on the guest binding, the *H NMR titration
experiment of G2 to Pd,L%LB, was performed. Like for the first titration experiment,
shifts of the signals of the inward pointing cage protons could be observed. For example,
the signal of the NH proton shifts downfield gradually upon guest addition, but the A¢ of
about 0.2 ppm is much lower compared to G3@Pd;L*:L",. This could be already an
indication for a lower binding affinity. Also, the observed shifts of the other signals of
interest are way lower. Here, the signal of proton ¢’ is shifting downfield. A possible
reason could be the more shielding effect due to the smaller cavity. From the fit of the

binding isotherms with Bindfit a binding constant of K = 98 + 1 M~* was obtained.
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Figure 3.31: a) Stacked partial *H NMR spectra (500 MHz, DMSO-ds) of the titration of G® to Pd,L',L %,
and b) plot of 46 of selected proton signals against guest concentration.

The formation of the host-guest complex was also confirmed by ESI mass spectrometry
(Figure 4.173). Most prominent peaks were obtained for following charged species of the
host-guest complex: [Pd.LLLE, + G3J*, [Pd2L%B; + BF4 + G3?* and
[Pd2L%:L8, + 2 G®)?*. lon mobility studies showed an eCCS of 545.6 A? for the empty
host and an eCCS of 549.2 A? for the host-guest complex, showing the comparable slight

increase of the ion size and therefor showing the inside binding of G* (Figure 4.189).

Next, the *H NMR titration experiment of G* to Pd,L%;L.©, was performed. Slight shifting
of the signals of the inward pointing protons was observed, as well as a slight downfield
shift of the signal of the NH proton of Ad=0.1ppm upon 5 eq addition of G3. This
indicates an even lower binding affinity of G3@Pd;L1,L , compared to G2 @Pd,L%LE,.
Fitting of the binding isotherms lead to a binding constant of K = 33 + 1 M1, The addition

of 5 eq guest lead also to a partial disassembly of the coordination cage.
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Figure 3.32: a) Stacked partial *H NMR spectra (500 MHz, DMSO-ds) of the titration of G* to Pd,L%,L°;
and b) plot of 40 of selected proton signals against guest concentration.

The formation of the host-guest complex was also confirmed by ESI mass spectrometry
(Figure 4.175). Most prominent peaks were obtained for following charged species of the
host-guest complex: [PdoLLLS, + G3*, [Pd2L%C; + BF4 + G3?* and
[Pd2L%LC; + 2 G%?*. lon mobility studies showed an eCCS of 555.1 A2 for the empty
host and an eCCS of 562.7 A? for the host-guest complex, showing the comparable slight

increase of the ion size and therefor showing the inside binding of G* (Figure 4.190).

In a last experiment of this series, G® was titrated to Pd2L*,LP; followed by *H NMR
spectroscopy. The observed slight shift of the signal of the NH proton (Ad = 0.2 ppm)
indicates again a lower binding constant compared to G*@Pd.L%;L",. Slight downfield
shifting of the signals of the inward pointing protons and the protons around the
coordination sphere, respectively, was also observed. Interestingly, the signal of proton i

does not shift at all as it was observed for the other host-guest titration experiments.
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Figure 3.33: a) Stacked partial *H NMR spectra (500 MHz, DMSO-ds) of the titration of G® to Pd,L%;LP,
and b) plot of 46 of selected proton signals against guest concentration.

The formation of the host-guest complex was also confirmed by ESI mass spectrometry
(Figure 4.177). Most prominent peaks were obtained for following charged species of the
host-guest complex: [Pd2L%LP; + G3P, [Pd2L%P; + BF4 + G3J?* and
[Pd2L%LP°; + 2 G%?*. lon mobility studies showed an eCCS of 555.1 A2 for the empty
host and an eCCS of 562.7 A? for the host-guest complex, showing the comparable slight

increase of the ion size and therefor showing the inside binding of G* (Figure 4.191).

Table 3.1: Overview of binding constants K for encapsulation of G2,

G'@ Pd,LL,LA, Pd,L1,LB, Pd,L1LL S, Pd,LL,L°,
KM 2062 + 31 98+ 1 33+1 149+ 1

In summary, it can be stated that the decrease of the cavity size has a substantial impact
on the binding affinity of the phosphate guest G2 to the hosts. The binding constants
decrease by a factor of about 20 when L” is substituted by LB and even by a factor of
about 60 when L” is substituted by LS. In all four cases the downfield shift and the
broadening of the NH signal observed in the *H NMR titration experiments revealed that
the binding of G2 is mainly driven by the formation of hydrogen bonds. lon mobility

studies could show that the guest is most likely located inside the cavities of the hosts.

3.3.4 Donor Site Variation

In a next series of experiments, the influence of the NH donor site on the binding strength
of G® was investigated. Initially, the *H NMR titration of G® to the methylated
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coordination cage Pd2L2%L"; was performed. Most prominent downfield shift of the
signals of the inward pointing protons i and h was observed as well as an upfield shift of
the signal of proton ¢’. Additionally, the signal of the methyl group undergoes a upfield
shift as well compared to the empty host. Upon addition of 5 eq G, the coordination cage
starts to partially disassemble. From the signal shifts inside binding of the phosphate guest
is assumed. A binding constant of K = 77 + 3 M~! was obtained, so the binding affinity is
about 25 times lower than for G* inside the coordination cage Pd,L1L*; that has the
hydrogen bond donor functionalities installed. However, binding of G was still expected
since the coordination cage is a positively charged species.
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Figure 3.34: a) Stacked partial *H NMR spectra (500 MHz, DMSO-ds) of the titration of G2 to Pd,L%L",
and b) plot of 46 of selected proton signals against guest concentration.

The same trend of decreasing the binding affinity compared to the coordination cage
Pd.L%LA, with the free amine functionality installed was observed when changing the
solvent to DMF-d; (Figure 4.186). Here, a binding constant of K =199 +6 M was

obtained.

The formation of the host-guest complex was also observed via ESI mass spectrometry
(Figure 4.179). Most prominent peaks were obtained for following charged species of the
host-guest complex: [Pd2L2%LA; + G33, [Pd2L2A; + BF4 + G3?* and
[Pd2L%LA; + 2 G3J*. To proof inside binding, ion mobility studies showed an eCCS of
597.0 A2 for the empty host and a slightly increased eCCS of 600.3 A? for the host-guest
complex (Figure 4.192).

Next, the binding of G inside the urea-type cage Pd2L3,L"; was investigated. However,

this coordination cage contains sterically more demanding endohedral moieties but
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compared to the methylated derivative a hydrogen bond donor is again present in this
case. In the TH NMR titration experiment slight downfield shifts of the signals of the
inward pointing protons was observed, as well as a downfield shift and broadening of the
signal of the NH proton. Fitting of the binding isotherm led to a low binding constant of
K =46 + 2 M. There are two possible explanations for this low binding affinity, one is
the sterically overcrowded host that prevents the guest molecule to stay inside the host in
an energetically favorable manner. On the other hand, the hydrogen bond donor functions
ate not pointing directly to the center of the cavity like in the unmodified coordination
cage PdaL1L",.
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Figure 3.35: a) Stacked partial *H NMR spectra (500 MHz, DMSO-ds) of the titration of G2 to Pd,L3,L*,
and b) plot of 46 of selected proton signals against guest concentration.

The guest uptake was also confirmed by ESI mass spectrometry (Figure 4.182). Most
prominent peaks were obtained for following charged species of the host-guest complex:
[Pd2L3,LA; + G313, [Pd2L3"; + BF4 + G%?* and [Pd2L3,LA; + 2 G*]?*. To proof inside
binding, ion mobility studies showed an eCCS of 590.5 A? for the empty host and a
slightly increased eCCS of 592.7 A? for the host-guest complex (Figure 4.193).

In a last experiment, the binding of G3 to the coordination cage Pd.L*L"; was
investigated. In the *H NMR titration experiment downfield shifts of the signals of the
inward pointing proton was observed, comparable to the previous host-guest system.
Furthermore, a downfield shift and broadening of the signal of the NH proton was
observed, indicating the formation of hydrogen bonds. The obtained binding constant

K =128 +3 M is in the same low range as for the previous described examples. The
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hydrogen bonding here is again not strong enough to compensate the less space due to

the endohedral overcrowding functionalities inside the host.
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Figure 3.36: a) Stacked partial *H NMR spectra (500 MHz, DMSO-ds) of the titration of G® to Pd,L%L*,
and b) plot of 40 of selected proton signals against guest concentration.

Again, guest uptake was confirmed by ESI mass spectrometry (Figure 4.184). Most
prominent peaks were obtained for following charged species of the host-guest complex:
[Pd2L%LA; + G313, [PdaL*™; + BF4 + G3J?* and [Pd2L%L"; + 2 G®]%*. To proof inside
binding, ion mobility studies showed an eCCS of 592.3 A? for the empty host and a
slightly increased eCCS of 597.0 A? for the host-guest complex (Figure 4.194).

Table 3.2: Overview of binding constants K for encapsulation of G2.

G'@ Pd,L1L,LA, Pd,L2,LA, Pd,L3,LA, Pd,L4 LA,
KM 2062 + 31 77 +3 46 + 2 128 +3

In conclusion, it was shown that the main driving force for binding the organophosphate
G3 is the formation of hydrogen bonds, since the binding constant drops significantly
when the NH donor of ligand L? is blocked by the methyl group in the case of L2. A weak
binding process is still happening since the coordination cage is a cationic species. The
binding of G2 is still much weaker compared to cage Pd,L%L*, when exchanging ligand
L! with L3 or L* respectively. Admittedly, both containing hydrogen bond donor
functions, but these are not pointing inside the center of the cavity. Furthermore, the

cavity space is much more limited with these more sterically demanding moieties.
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3.3.5 Guest Variation

In the previous chapters it was described that the binding event of the phosphate ester G*
is the best if the hydrogen bond donor functionality is given by L and the cavity is large
like it is the case for the long phenanthrene based ligand L”. This coordination cage
Pd.L%LA; was then used for the binding studies of the other phosphate ester guests G-
G° (see Figure 3.27d).

The titration with the aliphatic guest molecules containing ethyl (G*) and butyl (G?)
sidechains, respectively, did not lead to a clear formation of a host-guest complex (Figure
4.154 and Figure 4.162). However, shifts of the signals in the H NMR titration
experiments were observed for e.g. the NH proton and the inward pointing protons as
well. After the addition of more than two equivalents of the guests, the signals broadened
a lot and new, not further analyzed, species appeared. Due to the signal broadening, it was
not possible to determine the chemical shifts and therefore no binding constants for the
titration of G* and G* to Pd,L*,L*, were obtained. But from the shift and the comparison
with the other obtained titration data it could be assumed that the aliphatic ester G* and

G* also weakly bind to the host most likely.

However, ESI-MS analysis of the two experiments showed formation of the respective
host-guest complexes in the gas phase (Figure 4.156 and Figure 4.164). Namely, peaks
were obtained for following charged species of the host-guest complexes:
[PdoLL LA, + G13, [Pd.L1*; + BFs + G, [PdoLLLA; + G and
[Pd2L1"; + BF4 + G*1%. lon mobility measurements revealed that in both cases the guest
is likely bound inside the cavity, since eCCS values of 604.2 A? (G') and 601.1 A? (G%
were obtained (in comparison empty cage had an eCCS of 595.1 A?) (Figure 3.42).

The *H NMR titration of Pd2L1;L*, with the benzyl substituted phosphate G2 gave similar
results to the titration with the aliphatic guests (Figure 4.157). Shifting of the signals of
the NH proton as well as the inward pointing protons were observed, and the signals starts
to broaden a lot after the addition of more than two equivalents of guest. Like described
above, a new, not further analyzed species appeared after two equivalents of G2. Due to
the signal broadening, it was not possible to determine a binding constant for the titration,
however, binding of G2 can be assumed as well. In the ESI-MS spectrum the host-guest

complex, namely the charged species [Pd2LY:LA; + G?J*, [Pd2LY*; + BF4 + G?]** and
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[Pd2LLA; + 2 G?J** were observed (Figure 4.158). To proof inside binding, the ion
mobility of the complex was measured to obtain an eCCS of 605.4 A? (Figure 3.42).

A possible explanation why the binding event of the aliphatic guests G* and G* is not so
clear from the obtained NMR data could be the missing n—n-interactions with ligand L”
like it was observed for G*@Pd,L*,L",. This could increase the movement of the guest
inside the cavity and lead to the observed signal broadening. Furthermore, the flexibility
of the benzyl group also leads to an increased movement of G? inside the cavity and
therefore to the observed signal broadening. In the case of the aliphatic guests, it could
also be possible, that two guests are bound by the host and would therefore lead to a signal
broadening and new signals arising in the NMR spectra. However, a 2:1 complex was not
observed in the ESI mass spectra. To proof, that the binding of the diethyl ester is less
strong than the binding of the diphenyl ester in the host Pd2L:L",, a competition

experiment was performed (see chapter 3.3.6).

In the *H NMR titration experiment of toluyl ester G° to Pd,L%L",, a strong downfield
shift and signal broadening of the NH proton was again observed after guest addition
(Figure 3.37). Furthermore, the signals of the inward pointing protons (i, €’, ¢’) are
shifted, comparable to the observed shifts of the complex G*@Pd2L%:L*,. From the
binding isotherm a binding constant of K = 1432 + 117 M! was obtained. Compared to
G3@Pd;L1;L*; the binding affinity decreases and could be explained by the larger size

of the guest molecule.
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Figure 3.37: a) Stacked partial *H NMR spectra (500 MHz, DMSO-ds) of the titration of G° to Pd,L%L*,
and b) plot of 46 of selected proton signals against guest concentration.
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The guest uptake was also confirmed by ESI mass spectrometry (Figure 4.166). Most
prominent peaks were obtained for following charged species of the host-guest complex:
[Pd2LbLA; + GO¥, [PdoL?; + BF4 + G°1%* and [Pd.LY%:LA; + 2 G°]%*. To proof inside
binding, ion mobility studies showed an eCCS of 595.1 A? for the empty host and a
slightly increased eCCS of 601.7 A? for the host-guest complex (Figure 3.42).

a)

Figure 3.38: Molecular structure of G*@Pd,L',L*; in the solid state, determined by X-ray diffraction, a)
front and b) side view.

In addition, single crystals suitable for X-ray diffraction of G°@Pd,L*,L."; were obtained
from slow vapor diffusion of Et.O into the solution of the host-guest complex in DMF.
The obtained molecular structure is, beside of the toluyl groups attached to the phosphate
backbone, the same as in the case for G3@Pd,L%:L",. The guest molecules are again
placed outside the cavity and interacting with the palladium atoms of the coordination
cage. Inside the cavity, two BF4 anions are found as well as the two templating DMF

molecules that were described for the previous structures.
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a) b) c)

Figure 3.39: Superimpositions of the molecular structures in the solid state of Pd,L%L*, (orange),
G@Pd,L%,LA; (green) and G°@Pd2L%, LA, (purple) from a) the front, b) side and c) top.

In Figure 3.39 the three obtained molecular structures were superimposed to illustrate the
described similarity of these.

The last investigated guest molecule was the chiral BINOL derivative G®. Interestingly,
also this comparable large guest binds to the coordination cage Pd2LY;LA,. In the *H NMR
titration experiment a downfield shift and broadening of the signal of the NH proton was
observed (Figure 3.40). The signals of the inward pointing protons (i, ¢’, €’) are also
shifted upon guest addition, however the shift is not as large as it was observed for
G3@Pd;L1;:LA,. A binding constant of K =513+ 17 M! was obtained, so about one

quarter less strong then the binding of G2
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Figure 3.40: a) Stacked partial *H NMR spectra (500 MHz, DMSO-ds) of the titration of G® to Pd,L,L*,
and b) plot of 46 of selected proton signals against guest concentration.
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Furthermore, all signals split into a set of two during the addition of G®, except the signal
of the NH proton. This could be explained by the chirality of the guest molecule. The
upper and the lower part of the coordination cage (plain through the coordination cage
from the NH groups to the central phenyl rings of L”) are not chemically equivalent
anymore, since one of the naphthyl moieties is pointing up whereas the other naphthyl
moiety is pointing down (see PM6 optimized structure in Figure 3.41). NOE data of the
host-guest complex could not provide information of the orientation of the guest.

a) b)

Figure 3.41: PM6 optimized structure of G @Pd,L*,L*, from a) side and b) top to illustrate the hydrogen
bond formation (dashed lines) and the orientation of the naphthyl moieties.

Very recently, single crystals of G®@Pd,L*,L*, were obtained by slow vapor diffusion
of toluene into the cage solution in DMF. Preliminary analysis of the X-ray diffraction
data showed the similarity of the host-guest complex with the other obtained structures,

with the guest molecules outside the cavity.

The guest uptake was also confirmed by ESI mass spectrometry (Figure 4.168). Most
prominent peaks were obtained for following charged species of the host-guest complex:
[Pd2L1LA; + GO3*, [Pd2LY”, + BF4 + G812 and [Pd2LLA; + 2 G®]?*. To proof inside
binding, ion mobility studies showed an eCCS of 595.1 A? for the empty host and a
slightly increased eCCS of 599.0 A? for the host-guest complex (Figure 3.42).
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Figure 3.42: Overlay of the normalized ion-mobility spectra of [Pd.L'L*,+ BFs** and
[szleLAz + Gl*6]3+l

Additionally, the photophysical properties of the host-guest complex Gé@Pd,L%,LA,
were investigated (Figure 3.43). In the UV/Vis spectrum a broad local absorption
maximum at around 400 nm of the coordination cage and the host-guest complex is found.
Local absorption maxima at around 300 nm of the cage and the host-guest complex are
overlaid by the absorption of the free guest G®. In the CD spectrum a small signal in the
absorption range of the host-guest complex at around 420 nm was observed, indicating a

weak chirality transfer from the guest to the achiral host.
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Figure 3.43: Overlay of UV/Vis (solid lines) and CD (dashed line) spectra of Pd.L'L*, (green,
¢ =0.07 mM), G*@Pd,L*,L*; (1 eq red, ¢ = 0.07 mM) and G° (black, ¢ = 0.7 mM).

In conclusion, it was shown that beside the investigated binding of G2 inside the
coordination cage Pd,L*L*; this supramolecule can also acts as a host for a variety of
organophosphate ester. Aliphatic and therefore more flexible guests (G* and G*) show
weaker binding than to G2, however, binding constants could not be obtained due to
intense signal broadening. Same was observed for the benzyl ester G2, The larger toluyl
ester G° shows binding to the host but with a lower binding constant than G3@ PdzL1,LA,.
Interestingly, the largest evaluated guest G® binds to the cage as well and moreover

transferring its chiral information to the host.

Table 3.3: Overview of binding constants K for guest encapsulation.

G*@Pd,L LA, G°@Pd,LLLA, G@Pd,LLLA,

KM 2062 + 31 1432 + 117 513 £ 17

3.3.6 Guest Competition Experiments

As it was discussed in the previous chapter, binding constants for the aliphatic phosphate
ester molecules could not be obtained. However, from the NMR titration data it was
assumed that the binding affinity should be much lower compared to G2, To proof this

assumption, guest competition experiments were performed in which G* was added to a
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solution of G*@ Pd.L%,L"; and G* to a solution of G*@ Pd:L%:L*,, respectively, to

compare the relative binding affinities of the guest molecules.
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Figure 3.44: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-ds) of guest competition titration
experiments.

While adding one equivalent of the aliphatic guest G* to the coordination cage solution
the signal of the NH proton is shifted slightly downfield in the *H NMR spectrum, like it
was described in the previous chapter (Figure 3.44). After measuring, aromatic phosphate
G? was added to the solution of G*@Pd2L;L",. In the *H NMR spectrum measured
immediately and after 24 h shifting of the signals was observed, especially a large
downfield shift for the NH proton signal. The signals of the inward pointing protons (i,
¢’, e’) shifting downfield as well. All in all, the observed shifts are comparable to the 'H
NMR spectrum of G*@Pd,L*;L*; (Figure 3.44e), leading to the assumption that G* is
replaced by G2 inside the host. The additional downfield shift of the NH proton signal
could be explained by the overall larger concentration of phosphates in the solution. In a
control experiment where G* was added to G*@Pd;L*,L"; the same result was shown,
the *H NMR spectrum is not changing after addition of the aliphatic guest (Figure 4.188).
This indicates that the binding affinity of the diethyl phosphate ester is way less
pronounced than binding of G2. This can be explained by the lack of z—z-interactions of

the guest with LA
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3.3.7 Molecular Dynamics Simulations

To get amore detailed look into the binding process also from a theoretical point of view,
all-atom molecular dynamics (MD) simulations in an explicit solvent (DMSO) were
performed in collaboration with the group of SCHAFER at the Ruhr-University Bochum.
In the simulations the contribution of the different cages’ parts to the binding of G* was
evaluated in the case of Pd,L1:L*; (Figure 3.45b) containing the hydrogen bond donor

function and its methylated version Pd2L%L", (Figure 3.45a).

b)

Figure 3.45: lllustration of the host-guest contacts during the MD simulation of a) G3@PdzL?%L"; and b)
G@PdzL"2L"; with the possibility of the different cage compounds contributing to the formation of bonds
to the guest given in percentage.

The analysis showed that the free binding energy decreases from —6.6 + 0.2 kJ - mol™* for
Pd2L%LA; to —13.3 + 1.4 kJ - mol™* for Pd;L%,L", making it more favourable for G* to
bind inside the coordination cage with the hydrogen bond donor function installed. This
is in good accordance with the experimentally obtained values for K described before.
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Since the difference in the obtained energies is quite low, a contact analysis was
performed describing the possibilities of molecular interactions between the guest, in
particular the phosphate group and the phenyl moieties and the different parts of the host
molecule highlighted in Figure 3.45. In the case of Pd,L%:L"; it was shown that the
binding of G? is driven by the H-bond formation as well as non-polar contacts between
the guest’s phenyl moieties and the backbone of L”. The lack of the H-bond donor in the
methylated cage led to an increase of the non-polar contacts, in particular with L*, during
the binding events.

Furthermore, MD simulations of the binding of the aliphatic guest G* inside Pd,L%L";
were performed to confirm the binding selectivity of the cage that was shown in the guest
competition experiments (chapter 3.3.6). MD simulations of the binding of G* to
Pd,L1,LA; were not possible to perform, since there was a large kinetic barrier for the
guest release and therefore no statistically reliable data was obtained. However, the
binding affinity for G*@Pd.L2L*, was much lower with a value for the binding energy
of AG =—1+ 1 kJ - mol™.. This increase of AG is most likely due to the lack of n-surfaces

of the guest that could interact with ligand LA.

In summary it was shown that the binding of G* is more favourable if hydrogen bonds
are formed. However, it is also quite important for the guest to form n-n-interactions with
ligand L for a higher binding affinity. All these theoretical results support the

experimentally obtained ones in a decent manner.

3.3.8 Additional Guest Titration Experiments

In addition to the guests G*-G® that showed binding to Pd2L%L*; the molecule G and
the biologically relevant phosphates G® and G° were also tested in regard of their binding
affinities to the heteroleptic coordination cage (Figure 3.46a and b). These differ from the
former guests in their overall charge, since G’ and G8 are dianions and G° even equipped

with three negative charges.
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Figure 3.46: a) Formation of coordination cage Pd,L,L*,, illustration of guest uptake, b) investigated
guest molecules G’ and c) stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-ds) of the titration
of GS to szleLAz.

However, the titration of theses guest to the latter cage did not show binding. In the
corresponding *H NMR spectra (Figure 4.169 - Figure 4.171) the signals of the amine
proton were found to be broadened intensively in all three cases upon addition of 1 eq of
the guest molecules. After the addition of more guest solution the host starts to
disassemble and after 2 eq of guest only unidentifiable signals were observed in the *H
NMR spectra. As an example, the titration of mannose phosphate (G®) is shown in Figure
3.46¢. While the signal of the NH proton is strongly broadened the signals of the inward
pointing protons are only weakly shifted compared to the previous titrations. Furthermore,
new signals arise after addition of one equivalent guest. After two equivalents of guest,

the titration was aborted since no host signals were identified anymore as well as the
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signals for free ligand appeared. These results could be explained by the increased
basicity of the divalent phosphates that could interact with the Pd(ll) cations.
Furthermore, the guest molecules carrying a lot of functional groups that are known to
interact with Pd(ll) cations in a preferred manner, like the hydroxy and amine

functionalities.

3.4 Conclusion and Outlook

In summary, 16 novel heteroleptic coordination cages of the type Pd,L**LAP, were
synthesized out of a modular toolbox of endohedral functionalized ligands L and shape-
complementary ligands L. All assemblies were characterized by NMR spectroscopy
as well as ESI mass spectrometry as well as X-ray diffraction for distinct cages and host-
guest complexes, respectively. To get use of the endohedral hydrogen bond donor sites in
the cavities, organophosphate ester molecules carrying aromatic and aliphatic residues
were evaluated in regard of their binding affinities to the coordination cages via NMR
titration experiments and ion-mobility mass spectrometry. It was shown that the
formation of hydrogen bonds plays a major role for the binding event. If the free amine
donor site was blocked by a methyl group or substituted by amides where the hydrogen
bond donor site is not pointing to the centre of the cavity anymore, the binding constants
decreases significantly. The binding still took place because of a) the electrostatic
interactions between the cationic host and the anionic guest and b) because of n-n
interactions between the aromatic organophosphates and the backbones of ligands LAP.
In the case of aliphatic guest molecules, a clear formation of host-guest complexes could
not be observed by NMR spectroscopy, however guest competition experiments were

performed to estimate the binding affinity qualitively compared to G3.

Based on these systematic studies, a next possible step could be the investigation of

transesterification reactions inside the cavity.
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Figure 3.47: Proposed transesterification reactions of bound G* inside Pd,L,L*, with different phenols.

First results could show the formation of new, yet not identified species via time-
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Figure 3.48: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-d¢) of a) G*@Pd,L%L*, and b)
the addition of 2 eq p-bromophenol to G*@Pd,L%,L*; after ¢) 5 h and d) 24 h. New signals are visible in
the red marked area.

Another way to explore the usage of hydrogen bonding in catalysis is the proposed
coordination cage shown in figure that was done in collaboration with K. EBBERT. Here,
L! was combined with a fluorenone-based ligand L™™ that contains two secondary amine
groups in proximity to the coordination sphere. This highly functionalized coordination
cage contains six hydrogen bond donor sites and would be a perfect candidate for

MICHAEL addition reactions inside the cavity.['72
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Figure 3.49: a) Formation of Pd,LL™™, and b) stacked partial "H NMR spectra (500 MHz, 298 K,
DMSO-ds) of Pd,L*,L™™, with addition of 5 eq isopropyl aldehyde and 1 eq B-nitrostyrene, after 21 h, 2
d at 50 °C, addition of 45 eq isopropyl aldehyde and 5 eq B-nitrostyrene and heating at 50 °C for one day
and after heating at 50 °C for additional 4 days.

It was shown that the cage stayed intact after the addition of 5 eq isopropyl aldehyde
and 1 eq trans-B-nitrostyrene. After heating the sample at 50 °C for two days new
signals appeared, indicating that a new species was formed. These signals enlarged after
the addition of more reactants to the cage solution. However, the process is still under

investigation.
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3.5 Interpenetrated Coordination Cages

Another class of coordination cages, that have been studied in our group are
interpenetrated coordination cages.[*”®! Here, two monomeric PdzL4 coordination cages
dimerize into a single PdsLs species in which the two monomers are catenated or
mechanically interlocked to each other. The cavities of these molecules were investigated
extensively by our group, as for example, halide binding and exchange was observed.[®®!
In acridone-based interpenetrated coordination cages the binding of neutral guest
molecules was shown after the central cavity was activated by the addition of chloride
into the outer pockets.[%®71 That lead to an overall shrinking of the system on the Pd-Pd
axis and therefore an enlargement of the central cavity that was then available for small
neutral guests like benzene, cyclohexane or heterocycles.
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Figure 3.50: Formation of an interpenetrated coordination cage 3BF,@PdsL"“R%, the uptake of chloride
ions in the outer pocket and the exchange of BF4~ by a neutral guest molecule NG.

Most of the interpenetrated structures described by our group contain alkyl chains
attached to the ligand backbones to increase solubility, however it is not well understood
how these behave in solution. In this work, the behaviour of these sidechains attached to
an acridone backbone was investigated by DOSY NMR spectroscopy. This project is a
continuation and extension of previous work from my master thesis.l The results will

be recapped shortly for better understanding.

The ligands LACR346 were synthesized and the interpenetrated coordination cages were
formed in acetonitrile. From the obtained diffusion coefficients of the *H DOSY
experiments the hydrodynamic radii were calculated, using in the one hand the
unmodified Stokes-Einstein equation (1.15) and on the other hand using equation (3.12)
with a shape factor for a prolate particle. Here it was shown that the values for ry calculate
with the mentioned shape factor suits the dimensions of the coordination cage obtained

by X-ray analysis.
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Especially for LACRL34 the differences in the obtained radii were extremely small. This
indicates that the side chains will not contribute to the spatial extent of the coordination
cages. The obtained radius for LA°R® was about 1 A larger than the beforehand
mentioned, most likely due to an interaction of the long carbon chain with itself. Distance
analyses of the geometry optimized structures (PM6-level) confirmed the experimentally
obtained trend. Most likely, the sidechains fold back to the coordination cage and forming
dispersive interactions with the acridone backbone. In the case of the C1. chain additional
backfolding to the chain itself promotes a larger radius.

In the case for PdsL"°R%; the two, in chapter 1.2.1 mentioned pulse sequences were used
for the 'H DOSY measurement on the AV NEO 500 equipped with BBFOsmart probe.
Furthermore, the measurements were performed at a temperature ramp from —80 to 70 °C.
Especially at high and low temperatures a huge deviation in the obtained diffusion
coefficients was found due to convection. Surprisingly, also at room temperature a

significant difference in the values for D was measured.

3.5.1 Side Chain Interactions

In this work, firstly, alkyl sidechains of different lengths were attached to the ligand (Czn
with n=1-6) backbone and the interpenetrated coordination cages of the type
PdsLACRY6 were formed in acetone-ds and acetonitrile-ds according the reported self-

assembly.[®® It is noted that the ligand LARS containing a decyl side chain has not been

synthesized by the end of this doctoral research.

Figure 3.51: Illustration of possible folded and unfolded positions of the sidechains attached to the
interpenetrated coordination cage.

'H DOSY NMR spectra were measured, and the hydrodynamic radii of the structures

were calculated using the obtained diffusion coefficients. It was shown that the diffusion
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coefficients and therefore the hydrodynamic radii were in a similar range independent
from the different chain length (Figure 3.52). This is most likely based to a backfolding
of the sidechains to the ligand backbone forming dispersive interactions with each other,

therefore no significant increase of the spatial extent could be observed.
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Figure 3.52: Number of carbon atoms in the side chains against the obtained diffusion coefficients D in
107° m? - s of the corresponding coordination cages Pd4L AR,

For PdsLACRlg  and  PdsLAR%  the largest diffusion coefficients of
D=4.593+0.008-10m?-s? and D=4.779+0.011-10"m?-s?, respectively,
were obtained. Since the value for the coordination cage with the C4 chain is larger than
for the shorter C. chain indicates that the dispersive interaction between carbon chain and
ligand backbone is stronger and therefore the spatial extent of the molecule is smaller.
The differences between a hexyl-substituted coordination cage and an octyl-substituted
one is close to zero, indicating the same interaction strength between the side chain and
the ligand backbone. Still these obtained values are with D = 4.278 +0.007 - 1029 m? - s1
and D = 4.382 +0.006 - 1071 m? - st smaller, and therefore the spatial extent larger than
the beforehand mentioned. For PdsLA“R®s a diffusion coefficient of
D =4.031 +0.003 - 101 m? - s* was obtained, which results in a hydrodynamic radius
about 1 A larger than the other assemblies. These data are in good accordance to the

already obtained values during my master thesis.

Similar behaviour was observed in studies by DRECHSLER who used DOSY NMR and
ion-mobility mass spectrometry, respectively, to investigate the effect of sidechains

attached to coordination cages.[*”! In this work, lantern-shaped, carbazole-based PdaL4
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and 3Br@PdsLg coordination cages with different side chains were evaluated. Guest

addition to the monomeric cage triggered the dimerization.
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Figure 3.53: Increase of b) the hydrodynamic radii compared to the ethyl functionalized coordination cage
and a) the increase of the collisional cross section compared to the ethyl functionalized coordination cage,
in both cases with (red) and without (blue) guest molecule.

In this work it was shown that the hydrodynamic radius increased if longer side chains
are installed. However, like the results obtained for the acridone based interpenetrated
cages, the value dropped for the cage with hexyl sidechain. If the side chain length
increases from octyl to dodecyl the hydrodynamic radius still increases but only by a few
percentages compared to the ethyl functionalized cage. For the PdzL4 cages, the CCS
values also increased with longer chain length from ethyl to octyl but decreases for decyl
and dodecyl. However, in the case of the interpenetrated PdsLs cage the CCS value

increases from ethyl to hexyl and stays nearly constant with longer chain length. This
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could be explained by dispersion interactions between the chains and the ligand

backbones.

3.5.2 Hydrodynamic Radius and Shape

As described in chapter 1.2.1 it is common to calculate a hydrodynamic radius ry from
the obtained diffusion coefficient via STOKES-EINSTEIN equation. Aforementioned, this
equation applies only to spherical molecules and is therefore not useful for a quantitative
comparison of sizes of coordination cages, especially interpenetrated dimers or
heteroleptic coordination cages whose form resembles an elongated ellipsoid more.
However, most sizes of supramolecular structures reported in the literature were
calculated by using the unmodified Stokes-Einstein equation and therefore prone to a

certain error.[17¢!

A good way to describe the shape of a Pd2L4 cage is to assume the particle to be a prolate
ellipsoid, albeit drawbacks will appear. Most of the time, the surfaces of the cages are not
“flat” as they are carrying functional groups or aliphatic sidechains to increase the
solubility. To calculate the hydrodynamic radius of a prolate ellipsoid a modified STOKES-
EINSTEIN equation 3.11 is proposed as follows:

™= 6k.Bn-. 7;7fD (3.11)
with a shape factor f:

m(%+ (%)2— )

f= (3.12)

with the major semi axis a und the minor semi axis b of the ellipsoid.
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Figure 3.54: Illlustration of the semi-axes a and b of an ellipsoid.

In case of the interpenetrated acridone-based coordination cage the values for ry were
calculated using the unmodified STOKES-EINSTEIN equation as well as equation 3.11 to
compare the obtained results. The shape factor f = 0.837 was determined from distance
measurement inside the molecular structure obtained by X-ray diffraction of
PdsLACR3g [174] However, this method did first not take the side chains into consideration

and second the structure in the solid state is more static compared to the liquid state.

Table 3.4: Diffusion coefficients D in 107° m? - s in and calculated hydrodynamic radii ry in A for both
spherical (Eg. 1.15) and prolate (Eq. 3.11) shape and difference between the two radii for the coordination
cages.

D107 m? s

ru (Eq. 1.15) [A]  ru (Eq. 3.11) [A] A ra[A]

PdsLARY; | 4,593 +0.008 15.39 + 0.02 12.88 +0.02 2.51
PdsLACRZ; | 4779 +0.011 14.79 + 0.03 12.38 +0.03 2.41
PdsLACR3; | 4.278 + 0.007 16.52 + 0.03 13.83 +0.03 2.69
PdsLACR4 | 4.382 +0.006 16.13 £ 0.02 13.50 + 0.02 2.63
PdsLACRe; | 4,031 +0.003 17.54 +0.01 14.68 + 0.01 2.86

The obtained differences for the hydrodynamic radii calculated with the two equations
are with 2.4 to 2.9 A in a similar range to the one obtained in the studies before." Here,
the values for the size of the coordination cages are more precise respectively more similar
to the dimension of the molecular structure in the solid state when using the modified

Stokes-Einstein equation for an ellipsoid.

One disadvantage of using the proposed shape factor is that the side chains will not be
taken into consideration when calculating the hydrodynamic radius. Another drawback is
that the values of the semi axes of the ellipsoid have to be either taken from a molecular

structure in the solid state or from geometry optimized, calculated structures. Due to this,
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it was contrived to develop a tailor-made shape factor for the calculation of the
hydrodynamic radius of these interpenetrated coordination cage in collaboration with the
NMR department at TU Dortmund University, Prof. W. HILLER. It was planned to fit the
obtained diffusion coefficient from a temperature-dependent *H DOSY measurement.
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Figure 3.55: Obtained diffusion coefficients D in 1072°- m? - s7* of Pd;L"“R%; in acetone-ds against the
temperature T in K.

As an example, the values for D at different temperatures are shown in Figure 3.55 for
Pd4LACR3;. However, this work has not yet finished until the end of this doctoral thesis
and is still under investigation. First results showed that the cage seems to shrink along

the Pd-Pd axis and lead to a sphere-shape, which would give a shape factor of one.

3.5.3 Convection Compensation

As previously mentioned in the introduction one major problem while measuring
diffusion by NMR spectroscopy is convection inside the analyte. To evaluate how the
obtained diffusion coefficients of small molecules in various common solvents differ we
evaluate a) two different pulse sequences for the *H DOSY experiments and b) used
different NMR spectrometers that vary in magnetic field strength as well as being
equipped with different probes. Especially NMR spectrometers that are equipped with
nitrogen (N2) or helium (He) chilled cryo-probes are prone to convection due to the huge
temperature gradient between the coils and the sample. The molecules that were analyzed
are p-toluene sulfonic acid (dissolved in D20, CD3CN, acetone-ds, DMF-d7, DMSO-de,
CDsOD, c=1mg-mL™) and 2-phenoxyethanol (dissolved in CD:Cl,, CDCls,

¢ =1 mg - mL™). These molecules were chosen because of their broad solubility in polar

77



Results and Discussion

and non-polar solvents with diverse viscosities and because they show *H NMR signals
in both the aromatic and aliphatic region. The investigated spectrometers and probes are
the following: Bruker AVANCE 11l HD 400 MHz equipped with BBFO probe (A),
AVANCE NEO 500 MHz equipped with BBFOsmart probe (B), AVANCE |1l HD 500
MHz equipped with prodigy cryo-probe (N2 chilled) (C), AVANCE IIl HD 600 MHz
equipped with BBFO cryo-probe (He chilled) (D), AVANCE Il HD 700 MHz equipped
with QCI cryo-probe (He chilled) (E) and Agilent DD2 500 MHz equipped with H(F,X)
triple resonance probe (F). All samples were measured with (Dcc) and without (D)

convection compensation with the pulse sequences mentioned above.

Table 3.5: Obtained diffusion coefficients Dcc and D in 10720 - m? - s7* for the *H DOSY NMR
measurements of the samples in DO and CD.Cl, measured on spectrometers A-F.

D20 A B C D E F

Dcc 6.688 +0.005 6.738+0.004 6.857 +£0.003 6.486+0.004 6.646 +0.007 7.490 + 0.002
D 6.693+0.005 6.799+0.001 6.778+0.002 6.303+0.003 6.792+0.001 7.370+0.001
CDCl; A B C D E F

Dcc 21.19+0.04 21.07+£0.09 2273+0.11 21.46+0.07 20.75+0.10 22.10+0.10
D 25.87+0.04 24.42+0.01 6147+005 56.81+0.06 73.75+0.07 22.50+0.02

If comparing the obtained diffusion coefficients for the measurements in the quite viscous
solvent D>O (Figure 3.56a) that the deviation if changing the spectrometer is low. This
applies for both the measurement with and without the convection compensating
gradients. However, changing the solvent to a less viscous one like CD,Cl; the deviation
for D especially measured without convection compensation between the spectrometers
is quite high (Figure 3.56b). The largest effect can be seen for the cryo-probes (C, D and
E), what could be explained by the huge temperature gradient between the sample and

the coils.
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Figure 3.56: Obtained diffusion coefficients D¢ (blue) in 1072° - m? - st and D (red) in 107 - m? - s7* for
the samples in D,O and CD-Cl, measured on spectrometers A-F.

The same trends could be observed if the solvents were grouped according to their
viscosity: high viscous one like DMSO-ds, DMF-d7 and CDsOD showed similar behavior
like D2O. The deviation between the obtained diffusion coefficients of the samples in
CDsCN and acetone-ds using the different pulse sequences is low when spectrometers

with room temperature probes are used but high for the ones equipped with cryo probes.
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Comparatively high deviations were obtained for the measurements in less viscous

CDClg, both for the spectrometers equipped with room temperature and cryo probes.

JUUUIUUUUTUTUUUUIE

D50=0 D50 =D51 refocussing delay
D51=0

Figure 3.57: Plot of the signal intensity (700 MHz, T = 298 K, D,0) of proton blah against the refocusing
delays D50 and D51.

To proof if the signal intensity decrease is due to convection during the *H DOSY
measurement, the refocusing delays were varied and the signal was plotted. If there are
no significantly differences in the signal intensities visible, no convection would take
place. This is the case for the measurement in DO, shown in Figure 3.57. In the case of
convection, the highest signal intensity would be observed when the two delay times are
the same, if one of the delays is shortened until 0 ms, the signal would have the lowest
intensity. This is the case for the measurement in a less viscous solvent, for example

CD.Cly. This situation is shown in Figure 3.58.
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Figure 3.58: Plot of the signal intensity (700 MHz, T =298 K, CD.Cl,) of proton blah against the
refocusing delays D50 and D51.

As a conclusion, it is really important to understand the difference between diffusion and
convection. It is absolutely necessary to use the correct pulse sequences for the
measurements of DOSY NMR spectra. The obtained deviation in the diffusion

coefficients is enormous if the contribution of convection is not compensated.

3.6 Conclusion and Outlook

Since the cavity of acridone-based interpenetrated coordination cages has been
investigated extensively in former work of the group it was time to scrutinize the outer
part of the cages: what is the behavior of the side chains attached to the ligand backbone?
It was shown with *H DOSY NMR analysis, that the side chains most likely fold back in
solution and forming dispersive interactions to the ligand backbone. If the chain length
increases, the hydrodynamic radius of the system decreases as an indication of stronger
interactions. The longest attached Ci» chain also showed an interaction with itself as the
increase of ry of about 1 A compared to the other ones depicts. Here, comparisons with

ion-mobility mass spectrometry measurements could be helpful.

One disadvantage of using DOSY NMR for size calculation of coordination cages are the

assumption of the shape that has to be made. The Stokes-Einstein equation is only valid
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for spherical molecules. For shapes like ellipsoids, sticks or plates modified equations
could be found in the literature. In this work and in continuing studies a tailor-made shape
factor for coordination cages was proposed based on VT DOSY NMR experiments.

The last part of this chapter dealt with the influence of convection during DOSY
measurements and showed ways to compensate it via PFG methods. The highest deviation
in the diffusion coefficients between the investigated pulse sequences were obtained with
less viscous solvents and spectrometers that were equipped with nitrogen or helium
chilled probes.

3.7 Further NMR Experiments

Apart from the own research described in the previous chapters, |1 was involved in
miscellaneous projects of the group with advanced NMR spectroscopic methods.
Literally hundreds of DOSY NMR spectra were recorded and processed. Among others,
VT NMR experiments, variable pressure experiments, solvent suppression (presat,
excitation sculpting), selective 1D NOESY, EXSY, X-nuclei (1D, 2D, DOSY),
T1 relaxation measurements and kinetics were performed to support the research in the
group. Furthermore, NMR measurements for external collaborations were
performed."7178 Qutstanding examples, were advanced NMR spectroscopy helped to

reveal structural information are the following.

3.7.1 'H{*H} Homodecoupling

In the work of TESSAROLO it was unclear from *H NMR data as well from the 2D analysis
if a coordination assembly consists of an interlocked octahedron or if a triple catenated
species is present in solution.'”®! By using PSYCHE NMR,[8%-181 the overlapping
signals could be distinguished because of the loss of multiplicity and therefore it was
shown, that the interlocked species with a split into five signals with a ratio of 1:1:2:1:1

exists in solution (Figure 3.59).
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Figure 3.59: Partially stacked *H NMR spectra (500 MHz, CDsCN, 298 K) with coupled *H NMR (bottom)
and *H{*H} PSYCHE spectra of the octahedral assemblies (top).

3.7.2 Conformational Analysis by NOESY NMR

In the work of EBBERT it was unclear how the ligands are oriented to one another in
different heteroleptic PdsA4B4 assemblies.[*#3 With the help of *H-'H NOESY NMR
spectroscopy it was shown that in one example all of ligands A are pointing up making
the so-called UFO-type structure (Figure 3.60 left). In this case, the intensity of the NOE
crosspeak between the signal of proton 1 and a dominates the spectrum, however nearly
no crosspeak between the signal of proton 1 and 2 could be identified. For the so-called
saddle-type structure (Figure 3.60 right), the intensity of the NOE contact between the

signals of protons 1 and 2 increases significantly.
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Figure 3.60: Conformational analysis of an UFO-type PdsA4B4 structure (left) and a saddle type PdsAsBs
structure (right) by the corresponding 1H-1H NOESY NMR spectra (500 MHz, DMSO-ds, 298 K). The
intensities of the NOE crosspeaks of the signals 1 to a and 1 to 2, respectively, are shown within a 3D plot.
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4 Experimental Section |

4.1 General Information

4.1.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectroscopic data was measured on the spectrometers Bruker AV 500 Avance
NEO, Bruker AV 400 Avance |1l HD NanoBay, AV 500 Avance I11 HD, AV 600 Avance
[11 HD, AV 700 Avance 111 HD and Agilent Technologies DD2 500 MHz. For H and 3C
NMR spectra, chemical shifts were calibrated to the solvent lock signal.[*8* For 3'P NMR
spectra, 85% H3POs in H,0 (3P, 0 ppm) was used as external standard. Chemical shifts
o are given in ppm, coupling constants J in Hz. All spectra were recorded in standard
5mm NMR tubes at 25 °C, if not mentioned otherwise. *C{*H} NMR spectra were
processed using automatic BLP (backwards linear prediction, “cryoproc1d”) to optimize
the baseline. Due to overlapping signals and low signal-to-noise ratio in the aromatic
regions not every 3C signal of the carbon atoms of the coordination cages could be
observed. *H-'H NOESY NMR spectra were recorded with a mixing time D8 of 0.5 s.
!H DOSY NMR spectra were recorded with a dstebpgp3s pulse sequence with diffusion
delays D20 of 0.08 s and gradient durations P30 of 2500 to 3000 ps.[*%° T1 analyses of
the corresponding signals in the 1D spectra were performed to obtain the diffusion
coefficients D using the STEJSKAL-TANNER-Equation.*®%18] Hydrodynamic radii ru were

calculated using the STOKES-EINSTEIN-Equation. 4

4.1.2 Electrospray lonisation Mass Spectrometry (ESI-MS)

Mass spectrometry and trapped ion mobility data were measured on Bruker ESI-timsTOF
(electrospray ionization-trapped ion mobility-time of flight) and Bruker compact high-
resolution LC mass spectrometers (positive/negative mode). For calibration of the TIMS
and TOF devices, Agilent ESI-Low Concentration Tuning Mix was used. All measured

and calculated values are given in m/z.
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4.1.3 Gaschromatography Electron lonization Mass Spectrometry
(GC/EIMS)

GC/EI-MS analysis was obtained using an Agilent 7890B GC system (column: Agilent

HP-5MS, 30 m, 0.25 mm, 0.25 um) with an Agilent 5977A Mass Selective Detector.

4.1.4 X-Ray Single Crystal Structure Determination

Synchrotron beamline P11@DESY: Single crystal X-ray diffraction data was collected
at macromolecular beamline P11, Petra Ill, DESY (a member of the Helmholtz
Association, HGF), Hamburg, Germany. Samples were mounted using the Staubli TX60L
robotic arm. A wavelength of | = 0.6889 A was chosen using a liquid N2 cooled double
crystal monochromator. Single crystal X-ray diffraction data was collected at 100(2) K
on a single axis goniometer, equipped with an Oxford Cryostream 800 device and an
Eiger 2 12M detector.

4.1.5 GPC

Recycling gel permeation chromatography was performed on Japan Analytical Industry
NEXT and LaboACE instruments using JAIGEL 1-HH and 2-HH columns, 20 mm X

600 mm, flowrate 7 mL/min.

4.1.6 UV/Vis Spectroscopy

UV vis spectra were recorded on a DAD HP-8453 UV-Vis spectrometer.

4.1.7 CD Spectroscopy

Circular dichroism spectra were recorded on an Applied Photophysis gCD Chirascan CD

spectrometer with a temperature-controlled cuvette holder.

4.2 Experimental Procedures

Where necessary, experiments were performed under argon atmosphere using standard
Schlenk techniques. Chemicals and standard solvents were purchased from Sigma
Aldrich, Acros Organics, Carl Roth, TCI Europe, VWR, ABCR or other suppliers and
used as received, if not mentioned differently. Dry solvents were purchased or purified

and dried over absorbent-filled columns on a GS-Systems solvent purification system
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(SPS). Reactions were monitored with thin layer chromatography (TLC) using silica
coated aluminum plates (Merck, silica 60, fluorescence indicator F254, thickness 0.25
mm). For column chromatography, silica (Merck, silica 60, 0.02—0.063 mesh ASTM) was
used as the stationary phase, if not mentioned otherwise. The syntheses of the compounds

LA and LB were reported in previous studies.*¢6%

4.2.1 Synthesis of 8-ethinylisoquinoline 1

1. :—SiMe3
Cul
Pd,(PPhs),Cl, c d
@ THF/Et,N (1:1), 65 °C, 24 h  ° X e
_N - _N
Br MeOH, rt, 4 h I

Scheme 4.1: Synthesis of 8-ethinylisoquinoline 1.

To a degassed mixture of THF and EtsN (1:1, 40 mL) 8-bromoisoquinoline (2.00 g,
9.61 mmol, 1 eq), ethinyltrimethylsilane (1.23 g, 12.50 mmol, 1.3 eq), copper(l)-iodide
(0.37 g, 1.92 mmol, 0.2 eq) and dichloridobis(triphenylphosphine) palladium(Il) (0.67 g,
0.96 mmol, 0.1 eq) were added under argon and heated to 65 °C for 24 h. The reaction
mixture was cooled to rt and the solvent was removed. The crude product was purified
via column chromatography (pentane/diethyl ether 1:1) to obtain 8-
((trimethylsilyl)ethinyl)isoquinoline 1 as an orange oil. The obtained oil was dissolved in
MeOH (100 mL) and K>COs as an excess was added. The reaction mixture was stirred at
rt for 4 h. The reaction mixture was dissolved in CHCI3 and carefully washed with water
and brine and dried over MgSOa.. The solvent was removed in vacuo to obtain 8-

ethinylisoquinoline 1 as a dark brown solid (1.39 g, 9.05 mmol, 95%).

'H NMR (700 MHz, 298 K, CDCls): 6§ =9.73 (s, 1H, f), 8.60 (d, J = 5.7, 1H, €), 7.82
(m, 2H, a, ¢), 7.64 (m, 2H, b, d), 3.55 (s, 1H, g).

‘Ill N

15 10 5 0

Figure 4.1: 'H NMR (700 MHz, 298 K, CDCls) of 1.
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4.2.2 Synthesis of 2,7-bis(isoquinolin-8-ylethinyl)-9H-carbazole L!

Br 1

Cul

Pd(PPh3),Cl,
DMF/DIPEA (1:1)

NH
115 °C, 48 h

gV

Br

Scheme 4.2: Synthesis of L.

To a degassed mixture of DMF and DIPEA (1:1, 15 mL) 2,7-dibromo-9H-carbazole
(200.00 mg, 0.31 mmol, 1.0 eq), 8-ethinylisoquinoline 1 (141.40 mg, 0.93 mmol, 3.0 eq),
copper(l)-iodide (11.27 mg, 0.06 mmol, 0.2 eq) and
dichloridobis(triphenylphosphine)palladium(ll) (21.60 mg, 0.03 mmol, 0.1eq) were
added under argon in a pressure flask and heated to 115 °C for 48 h. The reaction mixture
was allowed to cool down to rt, dissolved in ethyl acetate and was washed with water and
brine and dried over MgSOas. The solvent was removed in vacuo. The crude product was
dissolved in DMF and purified via GPC to obtain L! as a yellowish-brown solid
(35.00 mg, 0.07 mmol, 24%).

IH NMR (500 MHz, 298 K, DMSO-de): = 11.67 (s, 1H, NH), 9.80 (s, 2H, i), 8.65 (d,
3J =55, 2H, h), 8.31 (d, 3] = 8.0, 2H, a), 8.06 (d, 3J = 8.2, 2H, d), 8.01 (d, 3J = 6.5, 2H,
f), 7.95 (d, 3 = 5.4, 2H, g), 7.94 (s, 2H, c), 7.86 (t, 3] = 7.4, 2H, €), 7.58 (dd, 3] = 8.1, “J
= 1.2, 2H, b).
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Figure 4.2: *'H NMR (500 MHz, 298 K, DMSO-dg) of L*.
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Figure 4.3: Partial *H NMR (500 MHz, 298 K, DMSO-ds) of L.
BC{'H} NMR (151 MHz, 298 K, DMSO-ds): & = 162.32, 150.14, 143.86, 140.22,
135.45, 131.75, 130.39, 127.48, 127.13, 122.76, 121.21, 120.81, 120.43, 119.10, 114.56,
97.05, 85.36.
— | b " N—— o le "
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Figure 4.4: BC{*H} NMR (151 MHz, 298 K, DMSO-d¢) of L.

HR-ESI-MS (positive mode): measured for: [CasH19Nz+H]™: 411.1623

calculated: 411.1598
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4.2.3 Synthesis of 2,7-dibromo-9-methyl-9H-carbazole 2

a b
Br 1. KOtBu, 90 min, rt Br
O 2. Mel, 18 h, 65 °C O
= (o}
Br N THF Br N
Me
2

Scheme 4.3: Synthesis of 2,7-dibromo-9-methyl-9H-carbazole.

To a suspension of 2,7-dibromo-9H-carbazole (500.00 mg, 1.54 mmol, 1.0 eq)) in dry
THF (10 mL) KOtBu (345.27 mg, 3.08 mmol, 2.0 eq) was slowly added and the reaction
mixture was stirred at rt for 90 min. Then a solution of Mel (240.20 mg, 1.69 mmol,
1.1eq) in dry THF (3 mL) was added and the reaction mixture was stirred at 65 °C for
18 h. After cooling to rt, the reaction mixture was dissolved in DCM and washed with
water and brine and dried over MgSQOa. The solvent was removed in vacuo. The crude
product was purified via column chromatography (pentane/ethyl acetate 9:1) to obtain the

desired product as a white solid (140 mg, 0.4 mmol, 27%).

IH NMR (700 MHz, 298 K, CDCls): 5 = 7.89 (d, 3J = 8.2, 2H, a), 7.55 (d, 4J = 1.6, 2H,
c), 7.35 (dd, 3] = 8.2, 43 = 1.6, 2H, b), 3.80 (s, 3H, NCHs).

| 1] .

. . . . . . , . . . . . , , . . , ,
15 10 5 0 [ppm]

Figure 4.5: 'H NMR (700 MHz, 298 K, CDCl;) of 2.

13C NMR (176 MHz, 298 K, CDCls): ¢ = 140.92, 121.63, 120.42, 120.23, 118.75,
110.89, 28.30.
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Figure 4.6: *C{*H} NMR (176 MHz, 298 K, CDCls) of 2.

GC-EI-MS: [80 °C (1 min) — 270 °C (5.5 min), heat rate 40 °C min™'] (70 eV, retention
time: 7.58 min): m/z (%) = 339 (100) [M]", 324 (3) [M — Me]*, 258 (13) [M — Br]*, 179
(44) [M — 2 Br]*, 164 (47) [M — Me — 2 Br]".

4.2.4 Synthesis of 2,7-bis(isoquinolin-8-ylethinyl)-9-methyl-9H-
carbazole L2

Br 1
Cul
O Pd(PPhs),Cl,
DMF/DIPEA (1:1)
N—Me
O 115 °C, 24 h
Br
2 L2

Scheme 4.4: Synthesis of L2

To a degassed mixture of DMF and DIPEA (1:1, 15 mL) 2,7-dibromo-9-methyl-9H-
carbazole 2 (100.00 mg, 0.29 mmol, 1.0 eq), 8-ethinylisoquinoline 1 (135.55 mg,
0.87 mmol, 3.0eq), copper(l)-iodide (11.24mg, 0.06 mmol, 0.2eq) and
dichloridobis(triphenylphosphine)palladium(ll) (20.70 mg, 0.03 mmol, 0.1eq) were
added under argon in a pressure flask and the reaction was heated to 115 °C for 24 h. The

reaction mixture was allowed to cool down to rt, dissolved in CHCI3 and was washed
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with water and brine and dried over MgSOa. The solvent was removed in vacuo. The
crude product was dissolved in DMF and purified via GPC to obtain L2 as a yellowish
solid (55.00 mg, 0.11 mmol, 39%).

IH NMR (600 MHz, 298 K, DMSO-de): & = 9.48 (s, 2H, i), 8.66 (d, 3] = 5.6, 2H, h), 8.34
(d, 3 = 8.0, 2H, a), 8.15 (s (br), 2H, d), 8.07 (d, J = 8.3, 2H, f), 8.00 (dd, 3J = 7.1, 5] =
0.9, 2H, g), 7.96 (d, %J = 5.6, 2H, c), 7.86 (dt, 3 = 7.2, 2H, ¢), 7.62 (dd, 3) = 8.0, ) = 1.3,
2H, b), 4.05 (5, 3H, NCHa).
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Figure 4.7: *H NMR (600 MHz, 298 K, DMSO-ds) of L?.

l” L Lk 1

T T T T T T T T T T T T T T
10.0 9.5 9.0 8.5

—
[ppm]

Figure 4.8: Partial *H NMR (600 MHz, 298 K, DMSO-ds) of L2
BC{*H} NMR (151 MHz, 298 K, DMSO-ds): ¢ = 150.22, 143.90, 141.20, 135.46,
131.73, 130.39, 127.52, 127.12, 122.85, 122.29, 121.18, 120.79, 120.41, 119.30, 113.08,
97.07, 85.51, 29.38.
T T T T T T T T T T T T T T T T T T T T T T
200 150 100 50 0 [ppm]

Figure 4.9: BC{*H} NMR (151 MHz, 298 K, DMSO-ds) of L2

HR-ESI-MS (positive mode): measured for: [CasH21Ns+H]™: 484.1763

calculated: 484.1808
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4.2.5 Synthesis of 2,7-dibromo-N-methyl-9H-carbazole-9-
carboxamide 3
a b
Q O Br
O Br /\O)J\N’Me O
> Br )<
B N POCI; o
r H 85°C, 24 h HN
Me
3

Scheme 4.5: Synthesis of 2,7-dibromo-N-methyl-9H-carbazole-9-carboxamide 3.

2,7-dibromo-9H-carbazole (1.00 g, 3.08 mmol, 1.0 eq) and ethyl-N-methylcarbamate
(1.27 g, 12.31 mmol, 4.0 eq) were dissolved in freshly distilled phosphoryl trichloride
(20 mL) and heated to 85 °C for 24 h. The reaction mixture was cooled to rt and diluted
with ice-cold water. Saturated NaHCO3 solution was added until the mixture was pH-
neutral. The reaction mixture was extracted with DCM and the combined organic layers
were washed with water and brine and dried over MgSOa4. The solvent was removed in
vacuo and the crude product was purified via column chromatography (pentane/ethyl
acetate 9:1) to obtain 3 as a white solid (0.29 g, 0.75 mmol, 24%).

IH NMR (600 MHz, 298 K, DMSO-ds): § = 8.38 (q, 3J = 4.2, 1H, NH), 8.18 (d, 31 = 8.3,
2H, a), 8.08 (d, 3 = 1.6, 2H, c), 7.53 (dd, 31 = 8.3, 43 = 1.7, 2H, b), 2.94 (d, 3J = 4.2, 3H,
CHs).
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Figure 4.10: 'H NMR (500 MHz, 298 K, DMSO-ds) of 3.

BC{*H} NMR (126 MHz, 298 K, DMSO-ds): 6= 151.9, 138.7, 124.9, 122.3, 122.2,
119.7, 116.4, 28.9.
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Figure 4.11: 3C{*H} NMR (126 MHz, 298 K, DMSO-ds) of 3. Reagent residues are marked with a star *.

HR-ESI-MS (positive mode): measured for: [C14H10BraN>O+Na]": 404.9023

calculated: 404.9032

4.2.6 Synthesis of 2,7-bis(isoquinolin-8-ylethinyl)-N-methyl|-9H-
carbazole-9-carboxamide L3

Br 1
Cul
O Pd(PPh3),Cl,
O THF/Et3N (1:1)
N
O HN—-Me 90 °C, 48 h
Br
3 L3

Scheme 4.6: Synthesis of 2,7-bis(isoquinolin-8-ylethinyl)-N-methyl-9H-carbazole-9-carboxamide L3,

To a degassed mixture of dry THF and EtsN (1:1, 20 mL) 3 (250.00 mg, 0.65 mmol,
1.0eq), 1 (250.59 mg, 1.64 mmol, 2.5eq), copper(l)-iodide (24.92 mg, 0.13 mmol,
0.2eq) and dichloridobis(triphenylphosphine)palladium(Il) (45.93 mg, 0.07 mmol,
0.1 eq) were added under argon in a pressure flask and heated to 90 °C for 48 h. The
reaction mixture was allowed to cool down to rt, dissolved in EtOAc and washed with
water and brine and dried over MgSQOa. The solvent was removed in vacuo. The crude
product was purified via column chromatography (EtOAc 100%) and GPC (CHCI5) to

obtain L3 as an orange solid (20 mg, 0.04 mmol, 6%).
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'H NMR (600 MHz, 298 K, DMSO-dg): 6 = 9.81 (s (br), 2H, i), 8.67 (s (br), 2H, h), 8.49
(q,%) = 4.4, 1H, NH), 8.39 (d, 3J = 8.0, 2H, a), 8.30 (d, *J = 0.5, 2H, c), 8.08 (d, 3J = 8.3,
2H, d), 8.03 (dd, 3J = 7.1, 43 = 0.9 Hz, 2H, ), 7.96 (d, 3J = 5.3 Hz, 2H, g), 7.86 (m, 2H,
e), 7.78 (dd, 3J = 8.0 Hz, *J = 1.3 Hz, 2H, b), 3.04 (d, 3J = 4.4 Hz, 3H, CHj).

i
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Figure 4.12: *H NMR (600 MHz, 298 K, DMSO-ds) of L®.
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Figure 4.13: Partial *H NMR (600 MHz, 298 K, DMSO-ds) of L3,

BC{*H} NMR (151 MHz, 298 K, DMSO-ds): ¢ = 152.62, 150.58, 144.38, 138.80,
135.90, 132.43, 130.85, 129.14, 128.19, 126.11, 124.49, 121.78, 120.71, 120.62, 117.37,
96.92, 86.48, 79.65, 27.90.

T e e ;
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Figure 4.14: BC{*H} NMR (151 MHz, 298 K, DMSO-ds) of L>.

HR-ESI-MS (positive mode): measured for: [C3sH22N4O+H]™:  527.1859

calculated: 527.1866
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4.2.7 Synthesis of 2,7-dibromo-N-ethyl-9H-carbazole-9-carboxamide 4

b

a
.0
e O
O+ a0
- Br '}t
N DCM, rt, 48 h o
Br H HN
\\
4

Scheme 4.7: Synthesis of 2,7-dibromo-N-ethyl-9H-carbazole-9-carboxamide 4.

2,7-dibromo-9H-carbazole (250.00 mg, 0.77 mmol, 1.0 eq) was dissolved in dry DCM
(20 mL). Ethyl isocyanate (82.01 mg, 1.15mmol, 1.5eq) and EtsN (116.76 mg,
1.15 mmol, 1.5 eq) were added and the reaction mixture was stirred at rt for 48 h. The
reaction mixture was diluted with water (30 mL) and extracted with DCM. The combined
organic phases were washed with water and brine and dried over MgSQOa. The solvent
was removed in vacuo. The crude product was purified via column chromatography
(pentane/EtOAc, 9:1) and GPC (CHCIs) to obtain 4 as a white solid (94.00 mg,
0.24 mmol, 31%).

IH NMR (500 MHz, 298 K, DMSO-de): 6 = 8.51 (t, 3] = 5.3, 1H, NH), 8.18 (d, 3] = 8.3,
2H, a), 8.06 (d, J = 1.6, 2H, ¢), 7.53 (dd, 3J = 8.3, “J = 1.6, 2H, b), 3.41 (m, 2H, CHy),
1.25 (t, 3] = 7.2, 3H, CHs).

e
14 12 10 8 6 4 2 0 lppm]

Figure 4.15: 'H NMR (500 MHz, 298 K, DMSO-ds) of 4.

BC{*H} NMR (126 MHz, 298 K, DMSO-ds): 6=151.1, 138.8, 124.9, 122.3, 122.2,
119.7, 116.4, 35.4, 14.6.
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Figure 4.16: ®C{*H} NMR (126 MHz, 298 K, DMSO-ds) of 4.
HR-ESI-MS (positive mode): measured for: [C1sH12BraN>O+Na]": 418.9186
calculated: 418.9189

4.2.8 Synthesis of 2,7-bis(isoquinolin-8-ylethinyl)-N-ethyl-9H-
carbazole-9-carboxamide L*

Br 1
Cul

O PA(PPhy),Cl,
O THF/Et3N (1:1)
O HN—\ 90 °C, 48 h

4 L3

Scheme 4.8: Synthesis of 2,7-bis(isoquinolin-8-ylethinyl)-N-ethyl-9H-carbazole-9-carboxamide L*.

To a degassed mixture of THF and EtsN (1:1, 10 mL) 4 (94.00 mg, 0.24 mmol, 1.0 eq), 1
(90.89 mg, 0.59 mmol, 2.5eq), copper(l)-iodide (13.6 mg, 0.07 mmol, 0.3 eq) and
dichloridobis(triphenylphosphine)palladium(ll) (25.03 mg, 0.04 mmol, 0.15eq) were
added under argon in a pressure flask and heated to 90 °C for 48 h. The reaction mixture
was allowed to cool down to rt, dissolved in CHCIs and washed with water and brine and
dried over MgSOas. The solvent was removed in vacuo. The crude product was purified
via column chromatography (CHCls/MeOH, 10:1) and GPC (CHClIs) to obtain L3 as an
orange solid (15.00 mg, 0.03 mmol, 12%).
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'H NMR (600 MHz, 298 K, DMSO-ds): = 9.80 (s, 2H, i), 8.66 (d, J = 5.6, 2H, h), 8.63
(t, 33 =5.4, 1H, NH), 8.40 (d, J = 8.0, 2H, a), 8.28 (d, “J = 0.5, 2H, c), 8.08 (d, 3J = 8.3,
2H, f), 8.03 (dd, 3J = 7.1, %3 = 0.9, 2H, d), 7.96 (dd, 3J = 5.6, “J = 0.5, 2H, g), 7.86 (m,
2H, e), 7.78 (dd, 2J = 8.1, ) = 1.7, 2H, b), 3.51 (m, 2H, CH>), 1.34 (t, 3J = 7.2, 3H, CH3).

v,

N

5 0 [ppm]

15

Figure 4.17: *H NMR (600 MHz, 298 K, DMSO-ds) of L*.
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Figure 4.18: Partial *H NMR (600 MHz, 298 K, DMSO-ds) of L*.
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BC{*H} NMR (151 MHz, 298 K, DMSO-ds, Ib = 2 Hz): 6 = 151.4, 150.1, 143.9, 138.4,
135.4, 131.9, 130.4, 127.7, 127.1, 125.6, 124.0, 121.3, 120.8, 120.2, 120.1, 116.9, 96.5,
86.0, 35.5, 14.8.
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Figure 4.19: BC{*H} NMR (151 MHz, 298 K, DMSO-ds, Ib = 2 Hz) of L*.

HR-ESI-MS (positive mode): measured for: [C37H24N4O+H]":  541.2018

calculated: 541.2023
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4.2.9 Synthesis of 2,7-bis(pyridine-3-yl)- 9H-carbazole L>

N O
/
Br & B,
— 0]
O Pd(PPhjz),
Na,CO
NH 2LU3
1,4-Dioxane/H50 (3:1)
100 °C, 12 h

Br

Scheme 4.9: Synthesis of L°.

To a degassed mixture of 1,4-dioxane and water (20 mL, 3:1) 2,7-dibromo-9H-carbazole
(500.00 mg, 1.54 mmol, 1.0 eq), 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine
(946.44 mg, 4.62 mmol, 3.0 eq), tetrakis(triphenylphosphine)palladium(0) (53.33 mg,
0.05 mmol, 0.03 eq) and sodium carbonate (489.17 mg, 4.62 mmol, 3.0 eq) were added
under argon and heated to 100 °C for 12 h. After the reaction mixture was cooled to rt
DCM was added and washed with water and brine and dried over MgSOa. The solvent
was removed in vacuo and the crude product was purified via column chromatography
(CHCI3/MeOH, 9:1) and GPC (CHClIs) to obtain L° as a slightly yellow solid (454.88 mg,
1.42 mmol, 92%).

IH NMR (500 MHz, 298 K, DMSO-ds): 6 = 11.54 (s, 1H, NH), 9.00 (d, 5] = 2.2, 2H, g),
8.59 (dd, 3] = 4.7, % = 1.4, 2H, ), 8.28 (d, 3J = 8.1, 2H, a), 8.17 (dt, 31 = 7.9, I = 1.8,
2H, €), 7.82 (d, 43 = 1.2, 2H, ¢), 7.53 (m, 4H, b, d).

1 !IIIIH _ .
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15 10 5 0

Figure 4.20: 'H NMR (500 MHz, 298 K, DMSO-ds) of L®.
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Figure 4.21: Partial *H NMR (500 MHz, 298 K, DMSO-dg) of L°.

BC{*H} NMR (126 MHz, 298 K, DMSO-ds): 6 = 148.2, 147.9, 140.9, 136.5, 134.9,
134.4,123.9, 122.0, 121.1, 118.1, 109.3.

| I L
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Figure 4.22: BC{*H} NMR (126 MHz, 298 K, DMSO-ds) of L°.

HR-ESI-MS (positive mode): measured for: [C22H1sNz+H]™: 321.1261

calculated: 321.1266

4.2.10 Synthesis of 9-methyl-2,7-bis(pyridine-3-yl)- 9H-carbazole L°

O Pd(PPh3),
N32C03

N—Me

1,4-Dioxane/H,0 (3:1)
100 °C, 12 h

Br

Scheme 4.10: Synthesis of L.

To a degassed mixture of 1,4-dioxane and water (12 mL, 3:1) 2 (120.00 mg, 0.35 mmol,
1.0 eq), 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (217.75 mg, 1.06 mmol,
3.0 eq), tetrakis(triphenylphosphine)palladium(0) (16.36 mg, 0.01 mmol, 0.04 eq) and
sodium carbonate (112.54 mg, 1.06 mmol, 3.0 eq) were added under argon in a pressure
flask and heated to 105 °C for 24 h. After the reaction mixture was cooled to rt DCM was

added and washed with water and brine and dried over MgSOa. The solvent was removed
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in vacuo and the crude product was purified via GPC (CHCIs) to obtain L® as a yellow
solid (117.53 mg, 0.35 mmol, 99%).

IH NMR (600 MHz, 298 K, DMSO-ds): 6 = 9.09 (s, 2H, g), 8.60 (d, J = 4.2, 2H, f), 8.31
(d, 33 =8.1, 2H, a), 8.25 (dt, 3] = 8.5, 5] = 1.9, 2H, €), 8.01 (d, J = 1.1, 2H, c), 7.60 (dd,
33=8.1,4)=1.1, 2H, b), 7.54 (dd, 3J = 7.9, 4 = 4.7, 2H, d), 4.04 (s, 3H, NCHa).

2

15 10 5 0 [ppm]

Figure 4.23: *H NMR (600 MHz, 298 K, DMSO-ds) of L°.
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Figure 4.24: Partial 'H NMR (600 MHz, 298 K, DMSO-ds) of L°.

BC{*H} NMR (151 MHz, 298 K, DMSO-ds): 6 = 148.2, 148.1, 141.9, 136.4, 135.0,
134.4,123.9, 121.5, 121.2, 118.1, 107.7, 29.2.
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Figure 4.25: BC{*H} NMR (151 MHz, 298 K, DMSO-ds) of L.

HR-ESI-MS (positive mode): measured for: [CasH17Ns+H]™: 336.1509

calculated: 336.1501
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4.2.11 Synthesis of 9-phenyl-2,7-dibromo-9H-carbazole 5

N
H

1,
</ ; 2 \>
— =

Cul
K5CO3

b
2. a
O L)

! ®
c
Br N

DMF, 160°C, 24 h d
e

Scheme 4.11: Synthesis of 9-phenyl-2,7-dibromo-9H-carbazole 5.

To a suspension of 2,7-dibromo-9H-carbazole (250.00 mg, 0.77 mmol, 1.0 eq), 1,10-
phenanthroline (27.72 mg, 0.15 mmol, 0.2 eq), copper(l) iodide (29.30 mg, 0.15 mmol,
0.2 eq) and potassium carbonate (318.93 mg, 2.31 mmol, 3.0eq) in 20 mL DMF
iodobenzene (103.13 pL, 0.92 mmol, 1.2 eq) was added dropwise under argon and heated
to 160 °C for 24 h. After the reaction mixture was cooled to rt DCM was added and
washed with water and brine. The solvent was removed in vacuo. The crude product was

purified via column chromatography (pentane/DCM, 1:1) to obtain 5 as a yellowish solid

(61.50 mg, 0.15 mmol, 20%).

IH NMR (500 MHz, 298 K, DMSO-de): 6 = 8.25 (d, 3J = 8.3, 2H, a), 7.71 (m, 2H, d),
7.64 (m, 2H, €), 7.60 (m, 1H, ), 7.47 (dd, 3] = 8.4, %3 = 1.6, 2H, b), 7.42 (d, *J = 1.6, 2H,

c).

15 10

Figure 4.26: 'H NMR (500 MHz, 298 K, DMSO-ds) of 5.
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Figure 4.27: Partial *H NMR (500 MHz, 298 K, DMSO-ds) of 5.
13C{lH} NMR (126 MHz, 298 K, DMSO-dg): ¢ = 141.3, 135.6, 130.5, 128.6, 126.9,
123.4,122.6,121.3, 119.5, 112.4.
Lol
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Figure 4.28: BC{*H} NMR (126 MHz, 298 K, DMSO-ds) of 5.

HR-ESI-MS (positive mode): measured for: [C1gH11BraN+H]*:  402.1098

calculated: 402.1090

4.2.12 Synthesis of 9-phenyl-2,7-bis(pyridine-3-yl)- 9H-carbazole L’

N O
/
— O
O Pd(PPhs),
N@ NazCO3 -
1,4-Dioxane/H,0 (3:1)
100 °C, 12 h

Scheme 4.12: Synthesis of L.

To a degassed mixture of 1,4-dioxane and water (20 mL, 3:1) 5 (250.00 mg, 0.62 mmol,
1.0 eq), 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (383.43 mg, 1.86 mmol,
3.0 eq), tetrakis(triphenylphosphine)palladium(0) (21.61 mg, 0.02 mmol, 0.03eq) and

sodium carbonate (914.68 mg, 1.86 mmol, 3.0 eq) were added under argon in a pressure
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flask and heated to 100 °C for 24 h. After the reaction mixture was cooled to rt DCM was
added and washed with water and brine and dried over MgSOas. The solvent was removed
in vacuo and the crude product was purified via GPC (CHCIs) to obtain L’ as a yellow
solid (241.51 mg, 0.61 mmol, 98%).

'H NMR (600 MHz, 298 K, DMSO-ds): 5 = 8.94 (s (br), 2H, j), 8.58 (d, 3J = 3.3, 2H, i),
8.44 (d, 3J = 8.0, 2H, a), 8.12 (dt, 3J = 7.9, “J = 1.8, 2H, h), 7.80 (dd, 3J = 8.5, 41 = 1.2,
2H, d), 7.72 (dt, 3 = 7.6,%) = 2.1, 2H, €), 7.68 (dd, 3J = 8.1, *J = 1.5, 2H, b), 7.63 (d, *J
=1.5,2H,¢), 7.58 (dt, 33 = 7.5, = 1.2, 1H, f), 7.49 (dd, 3J = 7.8, “J = 4.7, 2H, q).

15 10 5 0 [ppm]

Figure 4.29: *H NMR (600 MHz, 298 K, DMSO-dg) of L".
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Figure 4.30: Partial 'H NMR (600 MHz, 298 K, DMSO-ds) of L'.

BC{*H} NMR (151 MHz, 298 K, DMSO-ds): 6= 148.4, 148.0, 141.3, 136.4, 136.3,
135.7, 134.6, 130.4, 127.9, 126.9, 123.9, 122.3, 121.6, 119.7, 108.1.
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Figure 4.31: BC{*H} NMR (151 MHz, 298 K, DMSO-ds) of L".

HR-ESI-MS (positive mode): measured for: [C2sH19Ns+H]™: 397.1588

calculated: 397.1579
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4.2.13 Synthesis of 2,7-dibromo-9-nitroso-9H-carbazole 6

a b
Br

1. NaNO, O

e bas Oy
Br N\
Br N DCM, rt, 24 h ¢ N

H (0]

6

Scheme 4.13: Synthesis of 2,7-dibromo-9-nitroso-9H-carbazole 6.

To a solution of 2,7-dibromo-9H-carbazole (1.00 g, 3.08 mmol, 1.0 eq) in DCM (50 mL)
sodium nitrite (636.87 mg, 9.23 mmol, 3.0 eq) was added at rt under extreme stirring.
After a few minutes, acetic anhydride (0.87 mL, 9.23 mmol, 3.0 eq) was added dropwise
and mixture was allowed to stir at rt for 24 h. The reaction mixture was filtrated, washed
with DCM and the solvent was removed in vacuo. The crude product was purified via
column chromatography (pentane/EtOAc, 9:1) to obtain 6 as a bright yellow solid (1.06 g,
2.99 mmol, 97%).

IH NMR (500 MHz, 298 K, DMSO-ds): d = 8.57 (s, 1H, c/c”), 8.44 (s, 1H, c/c’), 8.21 (d,
3J=8.3, 2H, a), 7.80 (s (br), 2H, b).

LLJ.._L VW "
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Figure 4.32: 'H NMR (500 MHz, 298 K, DMSO-ds) of 6.
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Figure 4.33: Partial *H NMR (500 MHz, 298 K, DMSO-ds) of 6.

HR-ESI-MS (positive mode): measured for: [C12HsBroN.O+H]*: 355.0102

calculated: 355.0090
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4.2.14 Synthesis of 2,7-dibromo-9H-carbazole-9-amine 7

a
O Br  Zn, NH,CI Br
O THF/H,0 (2:1) O
N > c
Br ! 0°Ctort, 18 h Br N
O’/N NH2
6 7

Scheme 4.14: Synthesis of 2,7-dibromo-9H-carbazole-9-amine 7.

A suspension of zinc powder (1.85g, 28.25mmol, 20eg) and NHsCl (1.51g,
28.25 mmol, 20 eq) in a 2:1 mixture of THF and water (20 mL) was cooled to 0 °C under
argon. A solution of 6 (0.50 g, 1.41 mmol, 1 eq) in 20 mL THF was added dropwise and
the mixture was stirred vigorously for 18 h. The mixture was diluted with EtOAc and
filtered over celite and the solvent was removed in vacuo. The crude product was purified
via GPC to yield 7 as a white solid (86.45 mg, 0.25 mmol, 18%).

IH NMR (600 MHz, 298 K, DMSO-de): J = 8.10 (d, 3] = 8.3, 2H a), 7.76 (d, “J = 1.6,
2H, ¢), 7.35 (dd, 33 = 8.3, 43 = 1.7, 2H, b), 5.95 (s, 2H, NH5).

I
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Figure 4.34: 'H NMR (600 MHz, 298 K, DMSO-ds) of 7.
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Figure 4.35: Partial *H NMR (600 MHz, 298 K, DMSO-ds) of 7.

HR-ESI-MS (positive mode): measured for: [C12HsBroNo+H]*:  338.9141

calculated: 338.9132
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4.2.15 Synthesis of t-butyl 2,7-dibromo-9H-carbazole-9-carboxylate 8

a b
Boc.O O Br
0Co
O me O
— B r}Q
N THF, rt, 12 h
Br H jvO
8

Scheme 4.15: Synthesis of t-butyl 2,7-dibromo-9H-carbazole-9-carboxylate 8.

A suspension of 2,7-dibromo-9H-carbazole (1.00 g, 3.08 mmol, 1.0 eq), di-tert-butyl
dicarbonate (Boc20) (1.34 g, 6.15 mmol, 2.0 eq) and 4-dimethylaminopyridine (DMAP)
(0.38 g, 3.08 mmol, 1.0 eq) in 50 mL THF was stirred at rt for 12 h. The solvent was
removed and the crude mixture was dissolved in 300 mL water and extracted with EtOAc
(3x 250 mL). The combined organic layers were washed with 200 mL HCI (1 M in H0)
and brine (300 mL) and dried with MgSOa. The solvent was removed in vacuo to yield 8
as a white solid (1.28 g, 3.00 mmol, 98%).

IH NMR (500 MHz, 298 K, DMSO-ds): § = 8.37 (s, 2H, c), 8.16 (d, 3J = 8.2, 2H, a), 7.60
(d, 33 =7.94, 2H, b), 1.72 (s (br), 9H, C(CHs)s).
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Figure 4.36: 'H NMR (500 MHz, 298 K, DMSO-ds) of 8.
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Figure 4.37: Partial *H NMR (500 MHz, 298 K, DMSO-ds) of 8.

107

—
[ppm]



Experimental Section |

BC{*H} NMR (126 MHz, 298 K, DMSO-ds): 6 = 149.6, 138.5, 126.4, 123.5, 122.1,
120.3, 118.6, 85.4, 27.6.
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Figure 4.38: BC{*H} NMR (126 MHz, 298 K, DMSO-ds) of 8.

HR-ESI-MS (positive mode): measured for: [C17H15BraNO2+H]*: 426.1295

calculated: 426.1280

4.2.16 Synthesis of 3,6-dibromo-9-hexyl-9H-carbazole 9

1. KOtBu, 90 min, rt

Br
Br O O 2. Hex-Br, 18 h, 60 °C
N
H

THF

Scheme 4.16: Synthesis of 3,6-dibromo-hexyl-9H-carbazole 9.

3,6-dibromo-9H-carbazole (1.00 g, 3.08 mmol, 1.0 eq) and KOtBu (0.38 g, 3.38 mmol,
1.1 eq) were suspended in dry THF (50 mL) and stirred at rt for 90 min. After adding 1-
bromo hexane (1.02 g, 6.15 mmol, 2.0 eq) dropwise to the reaction mixture, it was heated
to 60 °C for 18 h. The reaction mixture was cooled to rt, filtered over celite and washed
with EtOAc. The solvent was removed in vacuo. The crude product was purified via
column chromatography (pentane/EtOAc, 20:1) to obtain 9 as a yellow solid (1.04 g,
2.53 mmol, 82%).

IH NMR (500 MHz, 298 K, CDCls): 5 = 8.13 (s, 2H, ¢), 7.54 (dd, 3J = 8.8, “J = 1.7, 2H,
b), 7.26 (d, 3] = 8.8, 2H, a), 4.23 (1, 3J = 7.2, 2H, NCHy), 1.81 (quint, 3] = 7.2, 2H,
NCH2CHy), 1.30 (m, 6H), 0.85 (t, %J = 6.9, 3H, CHs).
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Figure 4.39: 'TH NMR (500 MHz, 298 K, CDClIs) of 9.
BC{*H} NMR (126 MHz, 298 K, CDCls): 6 = 139.5, 129.1, 123.6, 123.4, 112.1, 110.5,
43.5, 31.6, 29.0, 27.0, 22.6, 14.1.
T T T T T T T T T T T T T T T 1 T T T T T T T
200 150 100 50 0 [ppm]

Figure 4.40: BC{*H} NMR (126 MHz, 298 K, CDCls) of 9.

HR-ESI-MS (positive mode): measured for: [C1gH19BraN2+K]™: 447.9480

calculated: 447.9496
4.2.17 Synthesis of 9-hexyl-3,6-di(pyridine-4-yl)-9H-carbazole L°
Br — \O
O Pd(PPhg),
K3POy4
O DMF/H,0 (3:1), 100 °C, 3 d

Br

Hex—N

Scheme 4.17: Synthesis of LC.

To a degassed mixture of DMF and water (3:1, 30 mL) 9 (100.00 mg, 0.24 mmol, 1.0 eq),
4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (300.71 mg, 1.47 mmol, 6.0 eq),
tetrakis(triphenylphosphine)palladium(0) (28.24 mg, 0.02 mmol, 0.1 eq) and potassium
phosphate (155.63 mg, 0.73 mmol, 3.0 eq) were added under argon in a pressure flask

and heated to 100 °C for 3 d. After the reaction mixture was cooled down to rt, CHCI3

109



Experimental Section |

(90 mL) was added. The mixture was consecutively washed with water, brine and
saturated ammonium chloride solution and dried over MgSOg. The solvent was removed
in vacuo. The crude product was purified via column chromatography (pentane/acetone,
1:1) and GPC (CHClIs) to yield L as a yellow solid (60.00 mg, 0.15 mmol, 61%).

IH NMR (500 MHz, 298 K, CDCls): § = 8.75 (s (br), 4H, €), 8.46 (d, J = 1.3, 2H, c),
7.81 (dd, 3 = 8.5, 41 = 1.6, 2H, b), 7.70 (s (br), 4H, d), 7.54 (d, 3] = 8.5, 2H, a), 4.37 (¢,
3J=7.2, 2H, NCH>), 1.93 (quint., 3] = 7.2, 2H, NCH2CH>), 1.41 (m, 2H, NCH.CH2CH>),
1.32 (m, 4H), 0.88 (t, 3J = 7.1, 3H, CHs).

i

T T T T T T T T T T T T T T T T T T
15 10 5 0 [ppm]

Figure 4.41: *H NMR (500 MHz, 298 K, CDCls) of L®.

— :
9.0 8.5 8.0 7.5 Ippml

Figure 4.42: Partial 'H NMR (500 MHz, 298 K, CDClIs) of L°.

13C NMR (126 MHz, 298 K, CDCls): § = 150.1, 149.2, 141.6, 129.5, 125.4, 123.7,122.1,
119.3, 109.8, 43.7, 31.7, 29.1, 27.1, 22.7, 14.1.

| i | | N

T T T T T T
200 150 100 50 Q [ppm]

Figure 4.43: BC{*H} NMR (126 MHz, 298 K, CDCl;) of L.
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HR-ESI-MS (positive mode): measured for: [CasH27Nz+H]™: 406.2293

calculated: 406.2278

4.2.18 Synthesis of 3,6-di(pyridine-4-yl)-9H-fluoren-9-one LP

0]
O
Br — (0]
O Pd(PPh3),
K,CO3

PhMe/EtOH/H,0 (2:1:2),
90°C,24h

()

Br

Scheme 4.18: Synthesis of LP.

To a degassed mixture of toluene, ethanol and water (2:1:2, 25 mL), 2,6-dibromo-9H-
fluoren-9-one  (200.00 mg, 0.59mmol, 1.0eq), 4-(4,4,55-tetramethyl-1,3,2-
dioxaborolan-2-yl)pyridine (485.36 mg, 2.37 mmol, 4.0 eq),
tetrakis(triphenylphosphine)palladium(0) (68.38 mg, 0.06 mmol, 0.1 eq) and potassium
carbonate (245.34 mg, 1.78 mmol, 3.0 eq) were added under argon in a pressure flask and
heated to 90 °C for 24 h. The reaction mixture was allowed to cool down to rt and
extracted with DCM. The combined organic layers were washed with water and brine and
dried over MgSOas. The solvent was removed in vacuo. The crude product was purified
via column chromatography (DCM/MeOH, 10:1) to obtain LP as a yellow solid
(401.00 mg, 1.20 mmol, 81%).

IH NMR (700 MHz, 298 K, DMSO-de): 6 = 8.75 (d, 3] = 4.54, 4H, €), 8.50 (s, 2H, c),
7.87 (m, 6H, b, d), 7.78 (d, 3] = 7.60, 2H, a).
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Figure 4.44: 'H NMR (700 MHz, 298 K, DMSO-ds) of L.
r—r T+ T [ v v Tr [ T T T [ T T T [ T T T [ T T T [ T T T [ T 1
9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 [Ppm]
Figure 4.45: Partial *H NMR (700 MHz, 298 K, DMSO—ds) of LP.
BC{'H} NMR (176 MHz, 298 K, DMSO-ds): §=192.0, 150.4, 145.8, 144.5, 143.9,
133.9, 128.3, 124.6, 121.4, 120.3.
. L LU |
Z{I]O ' I I I 1;0 I I I I 1(110 I I I I SID I I ' I (l) I [p;l)r‘n]

Figure 4.46: BC{*H} NMR (176 MHz, 298 K, DMSO-ds) of L°.

HR-ESI-MS (positive mode): measured for: [C23sH14N2O+H]*:  335.1199

calculated: 335.1184

4.3 Attempts of Homoleptic Cage Formation Pd2L 14

To a solution of L1 (540 uL, 2.8 mM, DMSO-dg) a solution of [Pd(MeCN)4](BFa4)2
(60 pL, 15.0 mM, 0.55 eq, DMSO-ds) was added in a NMR tube and shaken for 5 min at
rt. 1H NMR was measured after 2 h at rt, 4 h at rt and heating for 5 min at 70 °C, 48 h at
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rt and

18 h at 70 °C, respectively.

N h f9%e
'1 J_ 1 I'N duiJ. 1L
18 hat70°C
e N -
48 h at RT
__A;L _.M A ._J
4 hatRT + 5 min at 70 °C
___JLJ_ .M -~ J
2hatRT
i N _
T T T T T T T T T T T T T T T T T T T T
12 1 10 9 8 [ppm]

Figure 4.47: Stacked partial *"H NMR spectra (500 MHz, 298 K, DMSO-ds) of L* (top) and different
conditions after adding Pd(I1) to assemble Pd,L"s.

4.4 General Synthesis of Heteroleptic Coordination Cages

To a 1:1 mixture of the corresponding ligands (270 uL each, 2.8 mM, DMSO-ds) a
solution of [Pd(MeCN).](BF4)2 (60 pL, 15.0 mM, 0.55 eq, DMSO-ds) was added in a

NMR tube and shaken for 5 min at rt. The coordination cages were formed in a

quantitative yield within minutes. Cage formation was also observed when using ligands

and Pd-salt solution in DMF-d7 under the same conditions.

4.4.1 PdoL1LA,

Scheme 4.19: Ligand Assignment for Pd,L%LA,.
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'H NMR (500 MHz, 298 K, DMSO-ds): d = 11.76 (s, 2H, NH), 9.90 (s, 4H, i), 9.54 (d,
81=6.5,4H, h), 9.43 (d, %) = 6.7, 8H, ¢”), 9.24 (s, 4H, ¢”), 8.47 (d, 3] = 8.0, 4H, a), 8.41
(d, 33 = 6.5, 4H, g), 8.23 (d, 3J = 8.6, 4H, a°), 8.19 (d, °J = 8.3, 4H, d), 8.10 (m, 4H, 1),
8.06 (m, 8H, d’), 8.02 (m, 4H, ¢), 7.99 (s, 4H, ¢), 7.85 (dd, 3J =8.5,%1 = 1.0, 4H, b’), 7.47
(dd, 3 =7.9,%3=1.2, 4H, b), 4.01 (s, 12H, OCHs).

15 10 5 0

[ppm]

Figure 4.48: *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L1,L4,.
A L
T e - - —
12 1 10 9 8 [ppm]

Figure 4.49: Partial *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L1,L",.
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Figure 4.50: Partial tH-*H COSY NMR (500 MHz, 298 K, DMSO-dg) of Pd,L LA,
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Figure 4.51: Partial tH-*H NOESY NMR (500 MHz, 298 K, DMSO-ds) of Pd,L1,LA,.
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Figure 4.52: *H DOSY NMR (500 MHz, 298 K, DMSO-ds) of Pd,L*,L";.

BC{*H} NMR (151 MHz, 298 K, DMSO-ds): §=171.6, 162.4, 153.8, 151.0, 144.8,
142.4,140.2, 136.2, 134.9, 133.9, 130.0, 129.0, 128.0, 127.2, 123.4, 123.0, 121.6, 121.1,

119.0, 118.1, 114.7, 99.4, 98.5, 86.3, 84.7, 79.2, 61.2.

T T T T
200 150 100 50

Figure 4.53: 3C{'H} NMR (151 MHz, 298 K, DMSO-ds) of Pd,L5,LA,.
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HR-ESI-MS (positive mode):

measured
[Pd,L"LA, + BF I+ I l I
1 L.
706.4740
calc. for [Pd,(C_H N).(C,H N O) +BFJ*
r | l .l I ; . ‘ lI I | -t
704 706 708 710 mz
[Pd,L' L* +2BF J*
1103.2126
[PdL' LA ]*
508.1043
_FM‘?—_—F—_—‘L - - A LI L . +
600 800 1000 1200 1400 mz

Figure 4.54: ESI-MS spectrum of [Pd,L%LA, + n BF4]“™* and inset of comparison of measured and
calculated mass.

4.4.2 Pd,L1,LB,

Scheme 4.20: Ligand Assignment for Pd,L2,L5,.

IH NMR (500 MHz, 298 K, DMSO-de): d = 11.89 (s, 2H, NH), 10.09 (s, 4H, i), 9.73 (d,
3)= 6.4, 8H, ¢’), 9.66 (d, °J = 6.6, 4H, h), 9.17 (s (br), 4H, ¢*), 8.45 (d, 3J = 6.5, 4H, g),
8.32 (m, 12H, d’,f), 8.20 (d, 3 = 8.3, 4H, d), 8.15 (d, 3J = 8.1, 4H, a), 8.08 (m, 8H, a’, b"),
8.01 (m, 4H, €), 7.96 (s, 4H, ¢), 7.42 (dd, 31 =7.9, 41 = 1.2 , 4H, b)
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Figure 4.55: *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L*,L"%,.

[ppm]

12 11

Figure 4.56: Partial *H NMR (500 MHz, 298 K, DMSO-dg) of Pd,L",L5,.
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Figure 4.57: Partial H-H COSY NMR (500 MHz, 298 K, DMSO-ds) of Pd;L%,L5,.
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Figure 4.58: Partial tH-*H NOESY NMR (500 MHz, 298 K, DMSO-ds) of Pd,L%,L5,.

BC{H} NMR (151 MHz, 298 K, DMSO-ds): §=171.5, 162.3, 151.5, 151.1, 144.2,
142.4, 140.0, 136.2, 133.0, 130.2, 128.2, 125.4, 123.1, 121.5, 121.2, 119.0, 118.1, 115.3,
98.5, 84.5, 61.2.
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Figure 4.59: BC{*H} NMR (151 MHz, 298 K, DMSO-ds) of Pd,L L.
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HR-ESI-MS (positive mode):

[szL‘zLaz]‘“
484.1099
400 500

Figure 4.60: ESI-MS spectrum of [Pd2L%LB, + n BF,]*™* and inset of comparison of measured and

calculated mass.

4.4.3 Pd,L1,LC,

600

[Pd,L" L®, + BF J**

674.4783

700

800

'H NMR (500 MHz, 298 K, DMSO-dg): 6 = 11.98 (s, 2H, NH), 10.14 (s, 4H, i), 9.45 (s
(br), 8H, ¢), 9.36 (d, 3J = 6.6, 4H, h), 8.44 (m, 8H, g, ¢’), 8.26 (d, 3J = 8.4, 4H, ), 8.10
(m, 4H, d), 8.05 (t, 3J = 8.0, 4H, e), 7.93 (m, 16H, ¢, b’, d°), 7.83 (d, 3J = 8.7, 4H, a’),
7.77 (d, 33 = 7.9, 4H, a), 7.23 (dd, 3] = 7.9, 4J = 1.0, 4H, b), 4.47 (s (br), 4H, NCH>),

measured

m

“ll_

cale. for [Pd,(C,,H N,),(C, H, N,O,) ]*
L } \ . . l |
483 484 485 486
[Pd,L7,L®, + 2 BF ]+
1055.2193
adie P —
L e ————————
900 1000 1100 1200 mvz

Scheme 4.21: Ligand Assignment for Pd,L%,L°,.

1.24-1.04 (m, 16H, CHy), 0.65 (t, %J = 7.3, 6H, CHs).
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Figure 4.61: *H NMR (500 MHz, 298 K, DMSO-dg) of Pd,L%,L%,.
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Figure 4.62: Partial *H NMR (500 MHz, 298 K, DMSO-dg) of Pd,L",L.
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Figure 4.63: Partial tH-*H COSY NMR (600 MHz, 298 K, DMSO-ds) of Pd,L%L°,.
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Figure 4.64: Partial ‘H-*H NOESY NMR (600 MHz, 298 K, DMSO-ds) of Pd,L1,L5,.

BC{H} NMR (151 MHz, 298 K, DMSO-ds): 6 =171.4, 162.3, 153.4, 151.9, 150.4,
142.7, 142.1, 140.3, 136.3, 133.9, 127.7, 125.8, 125.0, 124.2, 123.3, 123.1, 122.8, 121.5,
121.1, 119.1, 118.1, 114.0, 111.2, 98.2, 84.1, 30.7, 28.5, 25.8, 22.5, 21.9, 13.6.

A

T T T T T T T T T T T
200 150 100 50

Figure 4.65: BC{*H} NMR (151 MHz, 298 K, DMSO-dg) of Pd,L LS.
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HR-ESI-MS (positive mode):

[Pd L1 LC ]m

2T 2 7

490.6417

measured

[Pd L' L<, +BF J* Nl 1 l l l l L,

683.1893 calc. for [Pd,(C, H, N,),(C,.H, N,).1*

28" 2773

,“l,ll.,

T
490 492

[Pd,L"LC, + 2 BF J**
1068.2854

LJ A

T T T
600 800 1000 1200 1400 1600 mz

Figure 4.66: ESI-MS spectrum of [Pd,L%LC, + n BF4]“"* and inset of comparison of measured and
calculated mass.

4.4.4 Pd,L1,LP,

Scheme 4.22: Ligand Assignment for Pd,L,LP,.

'H NMR (500 MHz, 298 K, DMSO-dg): 6 = 12.00 (s, 2H, NH), 10.04 (s, 4H, i), 9.58 (d,
8)=6.3, 8H, ¢’), 9.33 (d, 3J = 6.5, 4H, h), 8.42 (d, J = 6.4, 4H, g), 8.25 (d, 3J = 8.3, 4H,
f), 8.09 (dd, 33 = 7.1, = 1.1, 4H, d), 8.05 (m, 4H, e), 7.98 (d, 3J = 8.1, 4H, a’), 7.94 (s,
4H, ¢’), 7.91 (s, 4H, c¢), 7.88 (d, 3J = 6.2, 8H, a, b"), 7.84 (s, 8H, d’), 7.23 (dd, 3 =7.9,*J
=1.1, 4H, b).

125



Experimental Section |
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Figure 4.67: 'H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L ;L ;.
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Figure 4.68: Partial *H NMR (500 MHz, 298 K, DMSO-dg) of Pd,L",L";.
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Figure 4.69: Partial tH-*H COSY NMR (600 MHz, 298 K, DMSO-ds) of Pd,L%LP,.
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Figure 4.70: Partial *H-*H NOESY NMR (600 MHz, 298 K, DMSO-ds) of Pd,L%,LP,.

BC{H} NMR (151 MHz, 298 K, DMSO-ds): 6=191.6, 171.4, 162.3, 153.4, 150.9,
150.1, 143.8, 142.6, 141.1, 140.3, 136.3, 134.8, 134.0, 133.7, 128.8, 127.8, 127.7, 125.2,
123.2,123.0, 121.4, 121.1, 119.0, 118.1, 114.1, 98.2, 83.8.

.l a .J J JJJ . lL.; L L
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Figure 4.71: BC{*H} NMR (151 MHz, 298 K, DMSO-dg) of Pd,L1,L°,.
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HR-ESI-MS (positive mode):

[Pd,L,LP, + BF J*

635.7827 measured

.,ll “11111

calc. for [Pd,(C, H,,N,)(C..H,,N,0), + BF J**

347719773 237 14 72

\ l l (Pd L' L° +2BF |
) lll I l L. 997.1758

T T
634 636 638

500 600 700 800 900 1000 1100 nvz

Figure 4.72: ESI-MS spectrum of [Pd,L%LP, + n BF4]“"* and inset of comparison of measured and
calculated mass.

4.4.5 Pd,L3%LA,

Scheme 4.23: Ligand Assignment for Pd,L2L",.

IH NMR (500 MHz, 298 K, DMSO-de): & = 9.84 (s, 4H, i), 9.50 (d, 3] = 6.7, 4H, h), 9.32
(d, 2 = 6.8, 8H, ¢’), 9.27 (s, 4H, ¢’), 8.59 (d, %J = 8.0, 4H, a), 8.41 (d, ] = 6.7, 4H, g),
8.24 (d, 3] = 8.6, 4H, ), 8. 21 (d, 3] = 8.4, 4H, ), 8.12 (m, 8H, ¢, d), 8.03 (m, 4H, e),
8.00 (d, 3] = 6.8, 8H, d), 7.87 (d, 3] = 8.5, 4H, b*), 7.51 (dd, 3] = 7.6, 4] = 1.1, 4H, b),
4.05 (s, 6H, NCHs), 4.01 (s, 12H, OCHs).
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Figure 4.73: *H NMR (500 MHz, 298 K, DMSO-dg) of Pd,L%,L",.
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Figure 4.74: Partial *H NMR (500 MHz, 298 K, DMSO-dg) of Pd,L2,L*,.
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Figure 4.75: Partial H-H COSY NMR (600 MHz, 298 K, DMSO-ds) of Pd;L%L",.
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Figure 4.76: Partial ‘H-*H NOESY NMR (600 MHz, 298 K, DMSO-ds) of Pd,L%,L",.

BC{H} NMR (151 MHz, 298 K, DMSO-ds): 6=171.5, 151.1, 144.7, 141.1, 136.2,
134.8, 133.8, 129.9, 129.5, 128.8, 128.6, 128.1, 127.8, 127.2, 123.0, 122.5, 121.5, 121.1,
119.0, 118.2, 118.1, 113.4, 99.4, 98.1, 86.2, 84.6, 61.2, 22.5.

——_————— "+
200 150 100 50 0 [ppm]

Figure 4.77: BC{*H} NMR (151 MHz, 298 K, DMSO-ds) 0f Pd,L%L*,.
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HR-ESI-MS (positive mode):

[Pd,L2 LA +BF J**

27272

715.8226

[PA,L? LA )+
515.1180

measured

1I|

“th,.

calc. for [Pd,(C,H

35
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Figure 4.78: ESI-MS spectrum of [PdL%L", + n BF4]“"* and inset of comparison of measured and

calculated mass.

4.4.6 Pd,L? LB,

714 716 718
[PA,LZLA, +2 BF )
1117.2375
900 1000 1100 1200 vz

Scheme 4.24: Ligand Assignment for Pd,L%L5,.

IH NMR (500 MHz, 298 K, DMSO-ds): ¢ = 10.21 (s, 4H, i), 9.79 (d, %J = 6.5, 4H, h),
9.75 (d, 3J = 6.2, 8H, ¢”), 9.20 (s (br), 4H, ¢’), 8.46 (d, 3J = 6.2, 12H, g, d’), 8.30 (m, 8H,
a, 2’), 8.17 (m, 8H, f, b’), 8.07 (d, 3] = 6.5, 4H, d), 8.01 (m, 8H, ¢, €), 7.50 (d, 3] = 8.7,

4H, b), 4.37 (s, 6H, NCHs), 4.00 (s, 12H, OCHs).
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Figure 4.79: *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L%L5,.
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Figure 4.80: Partial *H NMR (500 MHz, 298 K, DMSO-dg) of Pd,L?,L5,.
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Figure 4.81: Partial tH-*H COSY NMR (700 MHz, 298 K, DMSO-dg) of Pd,L%L5,.
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Figure 4.82: Partial tH-*H NOESY NMR (700 MHz, 298 K, DMSO-ds) of Pd,L%L5,.

BC{H} NMR (176 MHz, 298 K, DMSO-ds): 6 = 154.4, 151.4, 150.3, 144.3, 142.3,
140.9, 136.1, 133.7, 133.4, 132.6, 130.3, 128.1, 127.5, 125.0, 124.6, 122.4, 121.5, 121.3,
118.9, 118.1, 114.2, 98.4, 84.8, 61.1, 22.5.
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Figure 4.83: BC{*H} NMR (176 MHz, 298 K, DMSO-ds) of Pd,L%L5;.
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HR-ESI-MS (positive mode):

[Pd,L2L®, +BF ¥ measured

T il

683.8226
calc. for [Pd,(C,.H, N.),(C, H +BF **

ll‘ | “ll,..

682 684 686

20727272

[PdEinLBz]AI [szLzzLBz +2 BF‘;])'
491.1154 1069.2360
T .L.‘*. — — — — L —

T 1
500 600 700 800 900 1000 1100

Figure 4.84: ESI-MS spectrum of [Pd2L%L5, + n BF4]®"* and inset of comparison of measured and
calculated mass.

4.4.7 Pd,L3 LS,

Scheme 4.25: Ligand Assignment for Pd,L2%L°,.

IH NMR (500 MHz, 298 K, DMSO-ds): & = 10.23 (s, 4H, i), 9.51 (m, 12H, h, ¢’), 8.83 (s
(br), 4H, ¢), 8.45 (d, 3] = 6.5, 4H, g), 8.25 (d, °J = 8.4, 4H, ), 8.21 (d, 3] = 8.0, 4H, a),
8.16 (d, 3 = 6.2, 8H, d"), 8.12 (d, 3 = 6.9, 4H, d), 8.03 (t, J = 8.1, 4H, e), 7.94 (m, 8H,
c,a’), 7.78 (d, 3] = 8.7, 4H, b’), 7.49 (dd, 3 =8.0, 43 = 1.1, 4H, b), 4.42 (t (br), 4H, NCHy),
4.22 (s, 6H, NCH3), 1.73 (m, 4H, NCH2CHy), 1.22-1.08 (m, 12H, CHy), 0.68 (t, *J = 7.1,
6H, CHa).
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Figure 4.85: 'H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L%LC,.
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Figure 4.86: Partial *H NMR (500 MHz, 298 K, DMSO-dg) of Pd,L%,L%,.
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Figure 4.87: Partial 'H-'H COSY NMR (500 MHz, 298 K, DMSO-ds) of Pd,L%L,.
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Figure 4.88: Partial tH-*H NOESY NMR (500 MHz, 298 K, DMSO-ds) of Pd,L%L ;.

BC{*H} NMR (151 MHz, 298 K, DMSO-ds): 6 =171.5, 153.4, 151.5, 150.5, 142.7,
142.1, 136.3, 134.2, 133.9, 129.5, 127.7, 125.9, 125.0, 124.9, 124.1, 123.5, 123.1, 122.5,
121.4,121.1, 120.9, 119.2, 118.1, 112.5, 111.0, 98.2, 84.4, 30.8, 29.2, 28.6, 25.9, 22.5,
21.9,13.7.
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Figure 4.89: BC{*H} NMR (151 MHz, 298 K, DMSO-ds) of Pd,L %L ;.
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HR-ESI-MS (positive mode):

measured

calc. for [Pd,(C,;H,,N,),(C,.H, N.), + BF J**

21 7372728 273

J_AJ_LU_U_UJ_‘_J_L
IHHHHAA.

[Pd.L2 L I [Pd,L2,LS, + BF J**
497.6501 692.5351
T il hl Il T - lI 4 ll L' 1 — T T T A 1 o T
500 750 1000 1250

Figure 4.90: ESI-MS spectrum of [PdL%LC, + n BF4]“"* and inset of comparison of measured and
calculated mass.

4.4.8 Pd,L3LP,

Scheme 4.26: Ligand Assignment for Pd,L2LP,.

IH NMR (500 MHz, 298 K, DMSO-ds): J = 10.20 (s, 4H, i), 9.68 (d, 3] = 6.1, 8H, ¢”),
9.54 (d, 3J = 6.5, 4H, h), 8.44 (d, 3] = 6.5, 4H, g), 8.30 (s (br), 4H, ¢”), 8.27 (d, 3J = 8.0,
4H, a), 8.22 (m, 12H, f, d’), 8.11 (d, 3 = 7.3, 4H, d), 8.02 (t, 3J = 7.6, 4H, €), 7.97 (s, 4H,
c), 7.86 (dd, 33 =7.7,%1 = 1.1, 4H, b*), 7.80 (d, 3J = 7.7, 4H, a’), 7.49 (dd, %J = 8.0, 4J =
1.1, 4H, b), 4.28 (s, 6H, NCHs).
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Figure 4.91: *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L%LP,.
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Figure 4.92: Partial *H NMR (500 MHz, 298 K, DMSO-dg) of Pd,L2,L",.
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Figure 4.93: Partial tH-*H COSY NMR (600 MHz, 298 K, DMSO-ds) of Pd,L%LP;.
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Figure 4.94: Partial tH-*H NOESY NMR (600 MHz, 298 K, DMSO-ds) of Pd,L%LP,.

BC{*H} NMR (151 MHz, 298 K, DMSO-ds): 6=191.5, 1715, 153.6, 151.1, 149.5,
144.0, 142.5, 141.4, 141.0, 136.3, 134.7, 134.1, 133.9, 129.5, 128.6, 127.8, 127.6, 125.1,
125.0, 123.2, 122.5, 121.5, 121.2, 120.2, 119.2, 118.1, 113.1, 98.3, 84.5, 22.5.
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Figure 4.95: BC{*H} NMR (151 MHz, 298 K, DMSO-dg) of Pd,L%LP,.

HR-ESI-MS:
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measured
e l l l L 14
[Pd,L?L°, + BF J** calc. for [Pd,(C,H,,N,),(C,,H,,N,0), + BF I**
645.1281
L I l | l |-
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Figure 4.96: ESI-MS spectrum of [Pd2L%LP, + n BF,]“"* and inset of comparison of measured and
calculated mass.

4.4.9 Pda2L3,LA,

Scheme 4.27: Ligand Assignment for Pd,L3,L4,.

IH NMR (500 MHz, 298 K, DMSO-ds): 6 = 9.95 (s, 4H, i), 9.60 (m, 12H, h, ¢”), 9.01 (s,
4H, ¢*), 8.47 (m, 2H, NH), 8.43 (m, 8H, a, g), 8.37 (s, 4H, ¢), 8.24 (d, 3] = 8.6, 4H, a’)
8.21 (d, 3J = 8.3, 4H, ), 8.15 (d, 3 = 6.7, 8H, d’), 8.11 (d, 3J = 6.4, 4H, d), 8.02 (¢, 3] =
8.0, 4H, e), 7.83 (d, 3J = 9.7, 4H, b*), 7.69 (dd, 3] = 7.8, 4J = 1.0, 4H, b), 4.02 (s, 12H,
OCHs), 3.48 (d, 3J = 4.4, 6H, CHa).

T T T T T T T T T T T

15 10 5 I ‘ I I 0 I[ppm]
Figure 4.97: *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L%,L",.
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100 95 9.0 8.5 8.0 [ppm]

Figure 4.98: Partial 'H NMR (500 MHz, 298 K, DMSO-ds) of PdoL3,L4,.
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Figure 4.99: Partial tH-*H COSY NMR (600 MHz, 298 K, DMSO-ds) of Pd,L3L"4,.
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Figure 4.100: Partial *H-*H NOESY NMR (600 MHz, 298 K, DMSO-de) of Pd,L3L",.

BC{H} NMR (151 MHz, 298 K, DMSO-ds): 6 = 152.8, 151.0, 144.8, 142.3, 138.1,
136.1, 134.7, 134.2, 133.8, 131.7, 131.6, 129.8, 129.6, 129.5, 128.9, 128.7, 128.3, 127.7,
126.8, 126.2, 125.1, 124.3, 123.2, 121.6, 120.9, 120.1, 118.1, 117.4, 98.9, 97.6, 86.3,
85.1,61.2, 13.9.

———— 1
200 150 100 50 0 [ppm]

Figure 4.101: BC{*H} NMR (151 MHz, 298 K, DMSO-dg) 0f Pd,L%L*,.
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HR-ESI-MS (positive mode):

measured

[szleLAz]m
536.6185
A l l l l lJ l_l a
calc. for [Pd,(C, H, N, 0),(C, H,/N,O,).1*
(Pd.L? L+ BF J**
744.4913
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535 537 539
[Pd L? L*, + 2 BF J*
1160.2385

#MJ*‘!—L.*..|..|..|‘.|.“.|....||
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Figure 4.102: ESI-MS spectrum of [PdzL3%L*; + n BF4]*"* and inset of comparison of measured and
calculated mass.

4.4.10 Pd,L3L5,

Scheme 4.28: Ligand Assignment for Pd,L3,L5,.

Due to overlapping signals of different species (see discussion in chapter 3.2.3), the
assignment of the signals was only performed for a number of distinct signals. The
assignment is based on the comparison to the other heteroleptic cages as well as the

signals of the free ligands. ESI-MS data could not be obtained of this compound.

IH NMR (500 MHz, 298 K, DMSO-ds): 6 = 10.01 (s, 4H, i), 9.65 (m, 12H, h, "), 9.13
(s, 4H, ), 8.49 (m, 2H, NH), 7.61 (d, 3J = 7.8, 4H, b).
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15 10 5 0 [ppm]

Figure 4.103: *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L%,L%,.
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Figure 4.104: Partial *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L3,L%,.

4.4.11 PdoL3LS,

Hex
N/ \ ’

Scheme 4.29: Ligand Assignment for Pd,L3,L°,.

Due to overlapping signals of different species (see discussion in chapter 3.2.3), the
assignment of the signals was only performed for a number of distinct signals. The
assignment is based on the comparison to the other heteroleptic cages as well as the

signals of the free ligands.

IH NMR (500 MHz, 298 K, DMSO-ds): J = 10.13 (s, 4H, i), 9.45 (d, 3] = 6.1, 8H, ¢"),
9.42 (d, 3] = 6.7, 4H, h), 8.57 (m, 2H, NH), 7.48 (d, 3] = 8.2, 4H, b).
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Figure 4.105: *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L%,LC,.

1 ippr

Figure 4.106: Partial *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L3,L%,.

HR-ESI-MS: Only very weak intense mass peak of the species [Pd2L3,L%,]** could be

observed. However, the measured peak matches perfectly with the calculation.

l”LUJ“A..A.__

calc. for [Pd,(C, H, N,0),(C, . H N.)

36 22 4 28 27 32

| | 1 H l l L,l Ly

521

measured

Figure 4.107: Partial ESI-MS spectrum of [Pd,L3,L%,]** and comparison with calculated mass.
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4.4.12 Pd2L3%LP,;

Scheme 4.30: Ligand Assignment for Pd,L%LP,.

Due to overlapping signals of different species (see discussion in chapter 3.2.3), the
assignment of the signals was only performed for a number of distinct signals. The
assignment is based on the comparison to the other heteroleptic cages as well as the

signals of the free ligands. ESI-MS data could not be obtained of this compound.

'H NMR (500 MHz, 298 K, DMSO-dg): 6 = 10.02 (s, 4H, i), 9.61 (m, 4H, h), 9.56 (d, 3J
=6.3,8H, ¢’), 7.48 (d, 3J = 8.1, 4H, b).

15 10 5 0 [ppm]

Figure 4.108: *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L3,LP,.

1 10 9 8 [ppm]

Figure 4.109: Partial *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L3,LP,.
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4.4.13 Pd2L%LA,

Scheme 4.31: Ligand Assignment for PdL%L",.

'H NMR (500 MHz, 298 K, DMSO-ds): § = 9.97 (s, 4H, i), 9.62 (d, 3J = 6.5, 4H, h), 9.57
(d, %) = 6.6, 8H, ), 8.97 (s, 4H, ¢’), 8.70 (t, 3J = 5.1, 2H, NH), 8.42 (m, 12H, a, ¢, g),
8.24 (d, 3J = 8.6, 4H, a’), 8.20 (d, 3J = 8.4, 4H, f), 8.12 (m, 12H, d, d"), 8.02 (t, 3J = 8.0,
4H, e), 7.84 (d, ) = 8.5, 4H, b*), 7.70 (dd, 2J = 7.9, %3 = 1.2, 4H, b), 4.02 (s, 12H, OCHs),
3.83 (m, 4H, NCH>), 1.49 (t, 3J = 7.1, 6H, NCH2CHy).

.“ Il.mILIL — _M._JUJLLA

. : ' ' : : T : . : . : '
15 10 5 0 [ppm]

Figure 4.110: *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L%,L*,.
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Figure 4.111: Partial *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L*,L",.
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Figure 4.112: Partial ‘H-'H COSY NMR (600 MHz, 298 K, DMSO-ds) of Pd,L%,L*,.
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Figure 4.113: Partial *H-'H NOESY NMR (600 MHz, 298 K, DMSO-ds) of Pd,L*L",.

BC{H} NMR (151 MHz, 298 K, DMSO-ds): §=171.5, 153.7, 152.0, 151.0, 144.7,
142.4, 138.2, 136.1, 134.7, 134.4, 133.8, 132.1, 131.5, 131.4, 129.9, 129.7, 129.5, 128.9,
128.8, 128.7, 128.0, 127.7, 126.8, 126.2, 125.1, 124.3, 123.2, 121.7, 121.0, 120.1, 118.1,
117.5, 98.8, 97.6, 86.2, 85.3, 61.2, 22.5, 15.2.
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Figure 4.114: BC{*H} NMR (151 MHz, 298 K, DMSO-dg) 0f Pd,L%,L*,.
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HR-ESI-MS (positive mode):

measured
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Figure 4.115: ESI-MS spectrum of [Pd2L%L"; + n BF4]*"* and inset of comparison of measured and
calculated mass.

4.4.14 Pd,L%LB,

Scheme 4.32: Ligand Assignment for Pd,L%L5,.

IH NMR (500 MHz, 298 K, DMSO-ds): d = 10.03 (s, 4H, i), 9.67 (m, 12H, h, ¢’), 9.19 (s
(br), 4H, ¢*), 8.46 (d, 3] = 6.8, 4H, g), 8.37 (M, 14H, NH, a, d°), 8.31 (d, 4H, 3] = 8.7, 4H,
d), 8.23 (d, 3J = 8.3, 4H, f), 8.19 (s, 4H, c), 8.09 (d, 3J = 6.6, 4H, a’), 8.03 (m, 8H, ¢, b*),
7.67 (d, 33 = 7.7, 4H, b), 4.00 (s, 12H, OCHs), 1.22 (s (br), 6H, NCH,CHs).
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5 0 [ppm]
Figure 4.116: *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L*,L5,.
1IO Eli

Figure 4.117: Partial *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L*,L2,.

e O

15

9 [ppm]

154



Experimental Section |

iANMUUKJM

0 I
© O
0
o I
"J‘w @ o
- © )
I T 1 L T I T L] T L] I L] L T L I T T L] T I L T L L] I 1 L] T L] I T
10.0 9.5 9.0 8.5 8.0 F2 [ppm]

Figure 4.118: Partial ‘H-*H COSY NMR (600 MHz, 298 K, DMSO-ds) of Pd,L*,LB,.
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Figure 4.119: Partial ‘H-*H NOESY NMR (600 MHz, 298 K, DMSO-ds) of Pd,L*L5,.
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BC{*H} NMR (151 MHz, 298 K, DMSO-ds): 6 =171.5, 153.6, 151.5, 150.9, 144.2,
142.5, 138.4, 136.3, 133.8, 133.1, 131.6, 131.5, 130.2, 128.8, 128.7, 128.1, 128.0, 127.9,
127.0, 125.6, 125.1, 123.9, 123.5, 122.4, 121.8, 120.8, 120.1, 118.1, 116.8, 97.7, 85.1,

61.2, 22.5.
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Figure 4.120: BC{*H} NMR (151 MHz, 298 K, DMSO-ds) 0f Pd,L,L?,.
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HR-ESI-MS: Only very weak intense mass peak of the species [Pd2L%L5,]** could be

observed. However, the measured peak matches perfectly with the calculation.

measured

111Llillllnl.4

calc. for [Pd,(C,H,,N,0),(C,,H,,N.,O,) I*

37724 4772728 20

T T
519 520

.llJ Llllsml.m./z

Figure 4.121: Partial ESI-MS spectrum of [Pd,L*,L5,]** and comparison with calculated mass.

4.4.15 PdL%LS,

Hex
N/ \ ’

Scheme 4.33: Ligand Assignment for Pd,L*,L°,.

IH NMR (500 MHz, 298 K, DMSO-ds): 6 = 10.18 (s, 4H, i), 9.50 (m, 12H, h, ¢’), 8.53
(s, 4H, ¢’), 8.45 (d, 3] = 6.6, 4H, g), 8.36 (t, 3] = 5.3, 2H, NH), 8.27 (d, 3] = 8.4, 4H, ),
8.20 (m, 8H, a, c), 8.12 (m, 12H, d, d’), 8.04 (t, 3] = 8.0, 4H, €), 7.90 (dd, 3J = 8.7, 4] =
1.2, 4H, b*), 7.80 (d, 3] = 8.7, 4H, a°), 7.61 (d, 3] = 7.5, 4H, b), 4.45 (t (br), 4H, NCH>),
2.88 (s (br), 4H, C(O)NCH>), 1.73 (m, 4H, NCH2CHy), 1.22 — 1.03 (m, 12H, CH>), 0.65
(t, %J = 7.3, 6H, CHs), 0.33 (s (br), 6H, C(O)NCH,CHs).
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Figure 4.122: *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L*,L .
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Figure 4.123: Partial *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L*L ;.

A M
o
N-
. | (@)
Cj L
@] o o
: 0 ;
o
— O
1 |
I T ] T T I ] ] T ] I L] L T T I T T T ] I 1 T T ] ' L T 1 T l T -
10.0 9.0 8.0 F2 [ppm]

Figure 4.124: Partial *H-*H COSY NMR (600 MHz, 298 K, DMSO-ds) of Pd;L%LC,.
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10.0 9.0

Figure 4.125: Partial ‘H-*H NOESY NMR (600 MHz, 298 K, DMSO-d¢) of Pd,L*L%,.

BC{H} NMR (151 MHz, 298 K, DMSO-ds): 6 =171.4, 153.3, 152.1, 150.5, 142.7,
142.0, 138.5, 136.3, 134.3, 133.8, 132.0, 131.5, 131.4, 128.8, 128.7, 127.9, 127.7, 125.9,
125.8, 124.9, 124.2, 124.0, 122.7, 121.6, 120.8, 120.2, 118.1, 116.2, 111.1, 97.4, 84.8,
35.3,30.8, 28.5, 25.8, 22.5, 21.9, 13.6, 13.4.
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Figure 4.126: BC{*H} NMR (151 MHz, 298 K, DMSO-dg) of Pd,L%,LS,.
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HR-ESI-MS:
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Figure 4.127: ESI-MS spectrum of [Pd2L%LS, + n BF4]*"* and inset of comparison of measured and
calculated mass.

4.4.16 PdoL%LD;

Scheme 4.34: Ligand Assignment for Pd,L*,LP,.

'H NMR (500 MHz, 298 K, DMSO-ds): 6 = 10.07 (s (br), 4H, i), 9.61 (d, 3J = 6.1, 8H,
e’), 9.44 (d (br), 33 =5.2, 4H, h), 8.45 (m, 6H, g, NH), 8.26 (d, 3J = 8.4, 4H, f), 8.19 (s,
4H, ¢’), 8.11 -8.02 (m, 20H, d, e, a’, d”), 8.00 (s (br), 4H, ¢), 7.82 (m, 12H, a, b, b”), 3.03
(s (br), 4H, C(O)NHCH2), 0.57 (s (br), 6H, C(O)NHCH2CH3).
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Figure 4.129: Partial *H NMR (500 MHz, 298 K, DMSO-ds) of Pd,L*L",.
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Figure 4.130: Partial *H-*H COSY NMR (600 MHz, 298 K, DMSO-ds) of Pd;L%,L°,.
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Figure 4.131: Partial 'H-*H NOESY NMR (600 MHz, 298 K, DMSO-de) of Pd,L*LP,.

BC{H} NMR (151 MHz, 298 K, DMSO-ds): 6 =191.4, 171.4, 153.4, 151.8, 151.0,
150.2, 143.6, 142.6, 141.3, 138.4, 136.3, 134.7, 134.1, 133.8, 131.5, 131.4, 128.8, 128.7,
127.9, 127.8, 125.6, 125.2, 124.0, 121.7, 121.2, 120.8, 120.2, 116.3, 97.4, 84.7, 22.5,
13.8.

| T T T T | T T T T | T T T T T T T T T
200 150 100 50 0 [ppm]

Figure 4.132: BC{*H} NMR (151 MHz, 298 K, DMSO-dg) 0f Pd,L%L?,.
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HR-ESI-MS: Only very weak intense mass peak of the species [Pd2L*LP,]** could be
observed. However, the measured peak matches perfectly with the calculation.

measured

..11” e

calc. for [Pd,(C,,H,,N,0),(C,.H, ,N.,O).]**

37 24 74 237714 72

| ll ] H | L

Figure 4.133: Partial ESI-MS spectrum of [Pd,L*,L",]** and comparison with calculated mass.

4.5 General synthesis of phosphate ester salts G!-G°

9 R
o- P oR n-BuyN(OH) R/O‘F."O
o Bu
R OH o /I\II:BU
Bu @ Bu

Scheme 4.35: General synthesis of phosphate ester salts.

100 mg of the commercially available organic phosphoric acids of the type P(O)(OR).OH
(R =Ph, Bn, Tol, Et, Bu, (S)-Binaphtyl) were dissolved in 50 mL HPLC-grade MeOH. A
solution of tetra-n-butyl ammonium hydroxide (10% ww in HPLC-grade MeOH) was
added dropwise until a neutral pH was reached. The solvent was removed in vacuo and
the salts were dried at high vacuum for 24 h. The correct ratio of phosphate to TBA was
checked via *H NMR spectroscopy. For titration experiments, stock solutions in DMSO-
ds (c =15 mM) were used. (D)-Mannose-6-phosphate sodium salt (G®) and guanosine
diphosphate sodium salt (G°) were commercially available and used as received. Due to

solubility stock solutions in D20 (c = 15 mM) were used.
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4.5.1 Dibutylphosphate G!

'H NMR (700 MHz, 298 K, DMSO-ds): 6 = 3.56 (q, 3J =7.42, 2H, d), 3.16 (m, 2H,
NCH>), 1.57 (m, 2H, NCH2CH,), 1.43 (m, 2H, ¢), 1.30 (m, 4H, b, NCH2CH>CH,), 0.93
(t,2)=7.31, 3H, CHs), 0.87 (t, 3 = 7.42, 3H, a).

o)
b N"Bu, d c I

T T T T T T T T T T T T T T T T T
8 6 4 2 [ppm]

Figure 4.134: *H NMR spectrum (700 MHz, 298 K, DMSO-ds) and structure assignment of G*.

BBC{!H} NMR (176 MHz, 298 K, DMSO-ds): 6 = 63.3, 57.5, 32.7, 23.1, 19.2, 18.7, 13.7,
13.5.

a 1”

, . ; . . ; . . . . . . . ;
150 100 50 [ppm]

Figure 4.135: 3C{*H} NMR spectrum (176 MHz, 298 K, DMSO-d¢) of G.

31P{IH} NMR (283 MHz, 298 K, DMSO-ds, Ib =5 Hz): § = —1.0.

s e o e R e e A A T b e

. . . . . . . . . . . . ' . . . . . . . .
150 100 0 -100 lppm]

Figure 4.136: 3'P{"H} NMR spectrum (283 MHz, 298 K, DMSO-ds, Ib = 5 Hz) of G.
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4.5.2 Dibenzylphosphate G?

'H NMR (700 MHz, 298 K, DMSO-dg): 6 = 7.30 (m, 4H, b, ¢), 7.22 (m, 1H, a), 4.7 (d,
2H, 2J=6.46, d), 3.16 (m, 2H, NCHz), 1.56 (m, 2H, NCH2CH,), 1.30 (m, 2H,
NCH2CH2CH), 0.93 (t, 31 =7.30, 3H, CHs).

R |l 18

T T T T T T T T T T T T T T

Figure 4.137: *H NMR spectrum (700 MHz, 298 K, DMSO-ds) and structure assignment of G2,

BC{*H} NMR (176 MHz, 298 K, DMSO-dg): 6 = 139.9, 128.0, 127.0, 126.8, 65.7, 57.5,
23.0,19.2, 13.5.

. ||

| ' ' : ' | : : : : T : ' : :
150 100 50 [ppm]

Figure 4.138: 3C{*H} NMR spectrum (176 MHz, 298 K, DMSO-d¢) of G2

31P{1H} NMR (283 MHz, 298 K, DMSO-ds, Ib =5 Hz): 5 =—0.8.

I r T r T T T r T r T T T T T T T T T T
150 100 0 -100 [ppm]

Figure 4.139: 3P{*H} NMR spectrum (283 MHz, 298 K, DMSO-ds, Ib = 5 Hz) of G2
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4.5.3 Diphenylphosphate G2

IH NMR (700 MHz, 298 K, DMSO-ds): 6 = 7.20 (m, 2H, b), 7.11 (m, 2H, c), 6.93 (t,
3J=7.30, 1H, a), 3.16 (M, 2H, NCH), 1.56 (m, 2H, NCH2CH?>), 1.31 (tq, %J = 7.31, 2H,

NCH2CH2CH), 0.93 (t, 3)=7.31, 3H, CHs).

Ul

(ppm]

10 8 6 4 2
Figure 4.140: *H NMR spectrum (700 MHz, 298 K, DMSO-ds) and structure assignment of G°.
13C{lH} NMR (176 MHz, 298 K, DMSO-ds): 6 = 154.1, 128.7, 121.6, 119.8, 57.5, 23.0,

19.2, 13.5.

| H | J
150 ' ' " 100 ' ' T 50 ‘ [ppm]

Figure 4.141: 8C{*H} NMR spectrum (176 MHz, 298 K, DMSO-ds) of G®.

31P{lH} NMR (283 MHz, 298 K, DMSO-ds, Ib =5 Hz): 6 =—-11.3.
; : —160 l[ppml]

T T T T T T T r T
150 100 0

Figure 4.142: 3P{*H} NMR spectrum (283 MHz, 298 K, DMSO-ds, Ib = 5 Hz) of G.
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4.5.4 Diethylphosphate G*

IH NMR (700 MHz, 298 K, DMSO-ds): d = 3.60 (m, 2H, b), 3.16 (m, 2H, NCH), 1.57
(m, 2H, NCH2CHy), 1.31 (m, 2H, NCH,CH,CH), 1.06 (t, 3J = 7.05, 3H, a), 0.93 (t,
8)=17.31, 3H, CHy).

, : ; ; , ; : ; - ; . ; , . ; .
8 6 4 2 [ppm]

Figure 4.143: *H NMR spectrum (700 MHz, 298 K, DMSO-ds) and structure assignment of G*.

BC{*H} NMR (176 MHz, 298 K, DMSO-ds): 5 =59.0, 57.5, 23.1, 19.2, 16.7, 13.5.

T T T T T T T T T T T T T T
150 100 50 [ppm]

Figure 4.144: BC{*H} NMR spectrum (176 MHz, 298 K, DMSO-ds) of G*, solvent residue signal (MeOH)
marked with a star *.

31P{IH} NMR (283 MHz, 298 K, DMSO-ds, Ib =5 Hz): § = —1.0.

100 0 -100 [ppm]

Figure 4.145: 3P{*H} NMR spectrum (283 MHz, 298 K, DMSO-ds, Ib = 5 Hz) of G*.
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4.5.5 Di-p-toluylphosphate G®

IH NMR (700 MHz, 298 K, DMSO-ds): § = 6.98 (5, 4H, b, ¢), 3.16 (m, 2H, NCHy), 2.20
(s, 3H, ), 1.56 (m, 2H, NCH2CHy), 1.31 (m, 2H, NCH,CH2CH), 0.93 (t, J = 7.31, 3H,

CHs).

O—#’—O
O,
¢ @ ®
b N"Buy I

T T T T T T T T
2 [ppm]

T T T T T T T T
6 4

Figure 4.146: *H NMR spectrum (700 MHz, 298 K, DMSO-ds) and structure assignment of G°.

13C{'H} NMR (176 MHz, 298 K, DMSO-ds): 6 = 151.9, 130.1, 129.0, 119.8, 57.5, 23.1,
20.2,19.2, 13.5.

: : s . : : ; , . : : . .
150 100 50 [ppml

Figure 4.147: BC{*H} NMR spectrum (176 MHz, 298 K, DMSO-d¢) of G°.

3Lp{IH} NMR (283 MHz, 298 K, DMSO-ds, Ib =5 Hz): 6 = —11.1.

T T T T T T T T T T T
150 100 0

-100 [ppm]

Figure 4.148: *'P{*H} NMR spectrum (283 MHz, 298 K, DMSO-ds, Ib = 5 Hz) of G°.

4.5.6 (S)-Binaphtylphosphate G®

IH NMR (700 MHz, 298 K, DMSO-ds): d = 8.01 (m, 4H, b, ¢), 7.42 (m, 2H, €), 7.38 (d,
3)=8.69, 2H, a), 7.28 (m, 2H, d), 7.20 (d, 3J = 8.50, 2H, f), 3.16 (M, 2H, NCH>), 1.56
(m, 2H, NCH2CH), 1.31 (m, 2H, NCH,CH2CH>), 0.93 (t, 3] = 7.31, 3H, CHa).
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Figure 4.149: *H NMR spectrum (700 MHz, 298 K, DMSO-ds) and structure assignment of G®, solvent
residue signal (acetone) marked with a star *.

BC{*H} NMR (176 MHz, 298 K, DMSO-ds): 6 = 150.3, 132.0, 130.2, 129.6, 128.4,
126.0, 125.9, 124.3, 122.8, 121.8, 57.5, 20.2, 19.2, 13.5.

- . ; , . . 1
150 100 50 [ppm]

A H[J |JJII | J

Figure 4.150: ®C{*H} NMR spectrum (176 MHz, 298 K, DMSO-ds) of G°, solvent residue signal
(acetone) marked with a star *.

3Lp{IH} NMR (283 MHz, 298 K, DMSO-ds, Ib =5 Hz): 6 = 5.2,

: T T T T T T T T T T T T T T T T T T T
150 100 0 -100 [ppm]

Figure 4.151: 3P{*H} NMR spectrum (283 MHz, 298 K, DMSO-ds, Ib = 5 Hz) of G°.

4.5.7 Monophenylphosphate G’

Bug
(I? 9 © B /N:Bu
O-P-OH 2 n-BuyN(OH) o-p-0 "M@=
OH o) Bu
Bu”@® Bu
a b

Scheme 4.36: Synthesis of G.

169



Experimental Section |

'H NMR (500 MHz, 298 K, DMSO-dg): § = 7.11 (m, 2H, b), 7.07 (m, 2H, c), 6.71 (t,
81=6.9, 1H, a), 3.17 (m, 4H, NCH), 1.56 (m, 4H, NCH.CH.), 1.31 (m, 4H,
NCH2CH,.CH,), 0.93 (t, 3J = 7.3, 6H, CHa).

y 1)

T T T T T : T : . : T T T T T T
15 10 5 0

Figure 4.152: *H NMR spectrum (500 MHz, 298 K, DMSO-dg) of G'.

SIP{IH} NMR (202 MHz, 298 K, DMSO-ds, Ib =5 Hz): § = —1.9.

[ppm]

s s e ettt
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100 50 0 -50 - 100

Figure 4.153: 3*P{*H} NMR spectrum (202 MHz, 298 K, DMSO-ds, Ib = 5 Hz) of G.

4.6 Guest Titration Experiments

'H NMR Titration experiments were carried out in the following way: The guest solution
(15 mM in DMSO-ds) was added to the host solution (0.7 mM in DMSO-ds) in steps of
0.2 eq (until reaching 2 eq in total, then 2.5, 3.0, 3.5, 4.0 and 5.0 eq, if not mentioned
otherwise). After adding, the sample was shaken briefly and measured directly. Owing to
clarity, only every second recorded spectrum is shown in the following figures. ESI MS

measurements were carried out after 1 eq guest was added to the host solution.
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4.6.1 Titration of G! to PdoLLLA,

5.0eq
Y W W
40eq Jhonnd M
25eq , ) -
1.8 eq N J| A
1.4 eq J i H
1.0eq J i ‘
0.6 eq A ﬂ F A
0.2eq l ‘
; e
; e
N h c a7 \ b
0.0eq H

Figure 4.154: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-d¢) of G'@Pd,L,LA,.
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Figure 4.155: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-dg) of G'@Pd,L%;L",. Guest
signals are indicated with a star *.

measured
[F’dZL‘ZL"‘2 +BF J**
706.4737
.la;.h.j] M l]liu.‘.‘ Ll
calc. for [Pd,(C_ H,N.),(C, H, N.O,), + CH, O PP
A I | | l ' [
744 746 748 750
[szleLAz]M
508.1042 (Pd,L'L* + G} [Pd,L",L#, +2 BF ]**
747.1705 1103.2124
[szl.‘zL"2 +BF, + G']**
1164.2580
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Figure 4.156: ESI-MS spectrum of [Pd,LL"; + m G + n BF4]*I™"D* and inset of comparison of
measured and calculated mass.
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4.6.2 Titration of G2 to PdoLLLA,

30eq ot AJM‘\./\J L
a
3.5eq
A A WLNM
25eq - A AAMMM
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0.6 eq d H J
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N h Il < a b b
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de
——Y Y T
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Figure 4.157: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-dg) of G?@Pd,L;L*,.
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11032118 oy 118 4 BF, 4 G0
1198.2405

[PdLLA + 2 GY*

227 2

1292.2095

T
500 600 700 800 900 1000 1100 1200 1300 mz

Figure 4.158: ESI-MS spectrum of [Pd,LL"; + m G? + n BF4]*I™D* and inset of comparison of
measured and calculated mass.
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4.6.3 Titration of G3 to PdoLLLA,
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Figure 4.159: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-dg) of G*@Pd,L,LA,.
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Figure 4.160: Partial *H-*H NOESY NMR (600 MHz, 298 K, DMSO-ds) of 1 eq G*@Pd,L;L*; with
cutout region to visualize NOE crosspeaks between phenyl proton signals of G* and proton signals ¢’ and
d.
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measured
[Pd,L' LA, + G*]*
760.4834
i l ] I l I
cale. for [Pd,(C, H N.),(C, H,N,O.), +C H OPP
[Pd2L12LAz+BF4]3+ l l 1 l l 1
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Figure 4.161: ESI-MS spectrum of [Pd,L%LA, + m G® + n BF]*I™D* and inset of comparison of
measured and calculated mass.

4.6.4 Titration of G* to PdoLLLA,
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Figure 4.162: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-ds) of G*@Pd,L%,LA,.
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Figure 4.163: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-dg) of G*@Pd,L;L",. Guest
signals are indicated with a star *.
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Figure 4.164: ESI-MS spectrum of [Pd,LL"; + m G* + n BF4]*I™"D* and inset of comparison of
measured and calculated mass.
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4.6.5 Titration of G® to PdoLLLA,
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Figure 4.165: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-dg) of G’ @Pd,L,LA,.
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Figure 4.166: ESI-MS spectrum of [Pd;LL"; + m G® + n BF4]*I™"D* and inset of comparison of
measured and calculated mass.
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4.6.6 Titration of G® to PdoLLLA,
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Figure 4.167: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-ds) of G @Pd,L1;L*,. Guest

signals are marked with a star *.
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Figure 4.168: ESI-MS spectrum of [Pd,L%L"; + m G® + n BF4]*I™"D* and inset of comparison of

measured and calculated mass.
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4.6.7 Titration of G” to PdoLLLA,
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Figure 4.169: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-dg) of G’@Pd,L,LA,.

4.6.8 Titration of G8 to PdoLLLA,
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Figure 4.170: Stacked partial 'H NMR spectra (500 MHz, 298 K, DMSO-ds) of G*@Pd,L%,LA,.
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4.6.9 Titration of G® to PdoLLLA,
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Figure 4.171: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-dg) of G’ @Pd,L;L*,.
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4.6.10 Titration of G2 to Pd,L1L,L5B;
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Figure 4.172: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-ds) of G*@Pd,L',LE,.
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Figure 4.173: ESI-MS spectrum of [Pd:L%:L%, + m G* + n BF,]J*ImD* and inset of comparison of

measured and calculated mass.
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4.6.11 Titration of G2 to Pd,L1,L%,
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Figure 4.174: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-d¢) of G*@Pd,L*,L ;.
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Figure 4.175: ESI-MS spectrum of [Pd;L%LS; + m G* + n BF,]*I™"D* and inset of comparison of

measured and calculated mass.
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4.6.12 Titration of G2 to Pd,L1,LP,
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Figure 4.176: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-d¢) of G*@Pd,L*,LP,.
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Figure 4.177: ESI-MS spectrum of [Pd;L%L°; + m G* + n BF4]*I™"D* and inset of comparison of
measured and calculated mass.
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4.6.13 Titration of G2 to Pd,L%LA,
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Figure 4.178: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-dg) of G*@Pd,L2L",.
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Figure 4.179: ESI-MS spectrum of [Pd;L%L"; + m G* + n BF4]*I™"D* and inset of comparison of
measured and calculated mass.
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4.6.14 Titration of G2 to Pd,L%L5B;
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Figure 4.180: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-ds) of G*@Pd,L?,LE,.
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4.6.15 Titration of G3 to Pd,L3,LA,
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Figure 4.181: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-dg) of G*@Pd,L3,L*,.
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Figure 4.182: ESI-MS spectrum of [Pd;L%L"; + m G + n BF]*I™"D* and inset of comparison of

measured and calculated mass.
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4.6.16 Titration of G2 to Pd,L%L",
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Figure 4.183: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-dg) of G*@Pd,L*L*,.
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Figure 4.184: ESI-MS spectrum of [Pd;L%L"; + m G + n BF4]*I™"D* and inset of comparison of
measured and calculated mass.
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4.6.17 Titration of G® to Pd.L1LA, in DMF-d
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Figure 4.185: Stacked partial *H NMR spectra (500 MHz, 298 K, DMF-d;) of G*@Pd,L%,LA,.
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4.6.18 Titration of G® to Pd,L2%L", in DMF-d

T N
L Y | A ]

25ea__ | W ]

SR B R 1YV NN W
15e | il e A_Mw
10eq | A L M
CENN JMMM
o | b kil

9 8 [ppm]

o

Figure 4.186: Stacked partial *H NMR spectra (500 MHz, 298 K, DMF-d;) of G*@Pd,L?,L*,.

Table 4.1: Overview of obtained binding constants K [M1].

DMSO-ds G? G® G*
PdoL1LA, 2062 + 31 1432 + 117 513 + 17
PdoLLLE, 98 +1

PdoL2 LA, 77+3

Pd2L2%LE, no binding

Pd2L32LA2 128 + 3

Pd2L42LA2 46 + 2

szlech 33+1

szleLDz 149+ 1

DMF-d; G?

PdoLbLA, 1734 + 97

szLzzLAz 199+ 6
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4.7 Guest Competition Experiments

Since it was not possible to determine binding constants for the aliphatic guest molecules,
we performed guest competition experiments to test for the relative binding affinity of
aliphatic G* compared to aromatic G, qualitatively. Therefore, first 1 eq of G* was added
to a solution of Pd.L1L";, followed by 1 eq of G3. NMR spectra were recorded
immediately and 24 and 48 h after addition of G*. As a result, compared to the spectrum
of pure G2@Pd,L%L";, the aliphatic guest was found to be fully replaced by the aromatic
one, indicating that G* has a higher affinity to the host than G*.

G*@Pd L' LA,

after48 h
" b M S

+1eq@G® l

4
+1qu A " J JLL——ML‘L‘JN*

Pd,L" LA A

Figure 4.187: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-ds) of guest competition titration.

Next, the order of guest addition was exchanged. First, 1 eq of G® was added, yielding
the host-guest complex G3@Pd,L%:L*;, followed by addition of 1 eq of G* leading to
only a slight further downfield shift of the inward pointing NH proton, expected for a
situation where G® is the stronger binding guest (the additional downfield shift is
explainable by the doubling of the phosphate guest concentration in this experiment,
regardless of substituent). Again, this experiment confirms that G2 is the stronger binding

guest.
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Figure 4.188: Stacked partial *H NMR spectra (500 MHz, 298 K, DMSO-ds) of guest competition titration.

4.8 Single-Crystal X-ray Structure Analysis

Crystal preparation, measurement and refinement was performed by Dr. S. Hasegawa and
Dr. J. J. Holstein. The structures of complexes [Pd.L%:L*;], [G*@Pd.L%L*;] and
[G*@Pd,L%L";] were studied using single-crystal X-ray crystallography. Due to very
thin plate-shaped crystals, the analysis was hampered by the limited scattering power of
the samples not allowing to reach the desired (sub-)atomic resolution using our modern
microfocussed X-ray in-house CuKa source. Gaining detailed structural insight required
cryogenic crystal handling and highly brilliant synchrotron radiation. Hence, diffraction
data of all three supramolecular assemblies was collected during two beamtime shifts at
macromolecular synchrotron beamline P11, PETRA Ill, DESY.!*¥ Counterion and
solvent flexibility required carefully adapted macromolecular refinement protocols
employing geometrical restraint dictionaries, similarity restraints and restraints for

anisotropic displacement parameters (ADPs).
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Table 4.2: Crystal data and structure refinement for cage assemblies [Pdz2LLA;], [G*@Pd;L%LA;] and

[G*@Pd,L1LA)]

Compound [Pd2Lt2LA] [GP@Pd2L12LA] [GS@Pd2L LA
CIFID apl36d ap214 ap217_sq
CCDC number 2180522 2180523 2180524

Empirical formula

C176H140B4aF16N1206Pd2

C170H142B2F8N12017P2Pd>

C324H240B4F16N24028P4Pd4

Formula weight

3079.03

3073.31

5814.11

Temperature [K] 100(2) 100(2) 100(2)

Crystal system triclinic monoclinic monoclinic

Space group (number) P1(2) C2/c(15) C2/c(15)

a[Al 17.287(4) 44.284(9) 44.281(9)

b [A] 20.596(4) 17.110(3) 16.740(3)

c[A] 22.355(5) 21.142(4) 21.175(4)

o [A] 78.53(3) 90 90

B[A] 76.99(3) 96.51(3) 96.36(3)

N 85.78(3) 90 90

Volume [A%] 7597(3) 15916(6) 15600(5)

Z 2 4 2

pealc [g/cm?] 1.346 1.283 1.238

« [mm7] 0.291 0.293 0.399

F(000) 3168 6344 5968

Crystal size [mm?] 0.060x0.020%0.010 0.300x0.300%0.001 0.100x0.100%0.005
Crystal colour colourless colourless colourless

Crystal shape plate plate plate

Radiation synchrotron (A=0.6888 A) | synchrotron (A=0.6888 A) | synchrotron (A=0.77491 A)
20 range [°] 1.84t055.38 (0.74 A) 1.79t0 55.66 (0.74 A) 2.02t0 55.88 (0.83 A)

Index ranges

20 < h < 20

26 < k <206

-29<1<29

53 < h < 53

20 < k < 19

-26<1<26

45 < h < 4

-19 < k < 20

-25<1<24

Reflections collected 93015 95335 66738
Independent reflections 25824 16159 10988
Rint = 0.0260 | Rint = 0.0285 | Rint = 0.0211
Rsigma = 0.0236 Rsigma = 0.0189 Rsigma = 0.0138
Completeness 84.5% 96.2 % 77.8%
Data/Restraints/Parameters 25824/4462/2336 16159/270/1023 10988/1384/912
Goodness-of-fit on F? 1.008 1.051 1.140

Final R indexes [I>20(1)]

R1=0.0794, wR2=0.2675

R1=0.06, wR2>=0.2012

R1=0.0720, wR2=0.2351

Final R indexes [all data]

R1=0.0844, wR2=0.2733

R1=0.071, wR2=0.2096

R1=0.078, wR2=0.2475

Largest peak/hole [eA3]

4.13/-0.98

1.56/-1.09

0.76/-1.06
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4.8.1 Data Collection and Refinement Details of [Pd2L*:L*;], ap136d

Single crystals were grown by slow diffusion of toluene into a solution of [PdzL1LA;] in
DMF. A single crystal of [Pd2L%;L*;] in mother liquor was pipetted onto a glass slide
containing NVH oil. To avoid cracking of the crystal, the crystal was quickly mounted
onto a 0.06 mm nylon loop and immediately flash cooled in liquid nitrogen. Crystals were
stored at cryogenic temperature in dry shippers, in which they were safely transported to
macromolecular beamline P11 at Petra 111, DESY, Germany. A wavelength of 1 = 0.6888
A was chosen using a liquid N, cooled double crystal monochromator. Single crystal X-
ray diffraction data was collected at 100(2) K on a single axis goniometer, equipped with
an Oxford Cryostream 800 open flow cooling device and an Eiger 2 12M detector.

3600 diffraction images were collected in a 360° ¢ sweep at a detector distance of 154
mm, 100% filter transmission, 0.1° step width and 50 ms exposure time per image. Data
integration and reduction were undertaken using XDS.[*81 The structure was solved by
intrinsic phasing/direct methods using SHELX T8 and refined with SHELX[®! using
22 cpu cores for full-matrix least-squares routines on F? and ShelXlel** as a graphical
user interface and the DSR program plugin was employed for modeling.*2:1%

The asymmetric unit contains a full cage. Two of the four co-crystallised tetrafluoroborate
was modelled with two discrete positions refining their occupancy factor to 78:22 using
a free variable. Four of the five co-crystallised toluene molecules as well as one of the
two co-crystallised DMF molecules were modelled disordered refining their occupancy
factor with a free variable for to 66%:34% for Toluene in residue 21-22 and 78%:22% for
Dimethylformamide in residue 11-12. An additional free variable was refined to
occupancy of 67%:53% for Toluene in residues 19-20, 24-25, 28-29 as well as
Tetrafluoroborate in residues 9-10, al of which are in closed proximity to each other.
Despite reaching 0.74 A resolution, disorder and poor crystal quality required
stereochemical restraints to be employed for ensuring a sensible geometry of the organic
part of the structure.

Stereochemical restraints for the ligands L (residue class ICZ) and L” (residue class
MPR) and co-crystallised Toluene (residue class TOL) and Dimethylformamide (residue
class DMF) solvent molecules were generated by the GRADE program using the GRADE
Web Server (http://grade.globalphasing.org) and applied in the refinement. A GRADE
dictionary for SHELXL contains target values and standard deviations for 1,2-distances

(DFIX) and 1,3-distances (DANG), as well as restraints for planar groups (FLAT). All
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displacements for non-hydrogen atoms were refined anisotropically. The refinement of
ADP's for carbon, nitrogen, oxygen, boron and fluorine atoms was enabled by a
combination of similarity restraints (SIMU) with lowered standard deviation of [0.02
0.04] and rigid bond restraints (RIGU).[**!! For disordered toluene molecules in residues

24-25 additional ISOR restraints were applied.

4.8.2 Data Collection and Refinement Details of [G*@Pd.L%LA;], ap214

Single crystals were grown by slow diffusion of diethylether into a solution of
[GC@Pd2L%LA;] in DMF. A single crystal of [G*@Pd2L,L";] in mother liquor was
pipetted onto a glass slide containing NVH oil. To avoid cracking of the crystal, the crystal
was quickly mounted onto a 0.3 mm nylon loop and immediately flash cooled in liquid
nitrogen. Crystals were stored at cryogenic temperature in dry shippers, in which they
were safely transported to macromolecular beamline P11 at Petra 111, DESY, Germany.
A wavelength of 1 = 0.6888 A was chosen using a liquid N2 cooled double crystal
monochromator. Single-crystal X-ray diffraction data was collected at 100(2) K on a
single axis goniometer, equipped with an Oxford Cryostream 800 open flow cooling
device and an Eiger 2 12M detector.

3600 diffraction images were collected in a 360° ¢ sweep at a detector distance of 154
mm, 100% filter transmission, 0.1° step width and 10 ms exposure time per image. Data
integration and reduction were undertaken using XDS.[ '8 The structure was solved by
intrinsic phasing/direct methods using SHELXT®! and refined with SHELXL using
22 cpu cores for full-matrix least-squares routines on F2 and ShelXlel*** as a graphical
user interface and the DSR program plugin was employed for modeling.92:1%

The asymmetric unit contains half a cage, one diphenylphosphate (residue class POB),
one tetrafluoroborate counter ion (residue class BF4), three diethylether as well as one
dimethylformamide solvent molecules. One of the three co-crystallised diethylether
solvent molecules is close to a special position (2-fold axis) and was therefore modelled
with negative PART and a fixed occupancy factor of 50%.

Despite reaching 0.74 A resolution, disorder and poor crystal quality required
stereochemical restraints to be employed for ensuring a sensible geometry of the solvent
part of the structure.

Stereochemical restraints for the co-crystallised diethyether (residue class ETO) and

dimethylformamide (residue class DMF) solvent molecules were generated by the
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GRADE program using the GRADE Web Server (http://grade.globalphasing.org) and
applied in the refinement. A GRADE dictionary for SHELXL contains target values and
standard deviations for 1,2-distances (DFIX) and 1,3-distances (DANG), as well as
restraints for planar groups (FLAT). All displacements for non-hydrogen atoms were
refined anisotropically. The refinement of ADP's for carbon, nitrogen, oxygen, boron and
fluorine atoms of dimethylformamide and diethylether in residues classes DMF and ETO
was enabled by a combination of similarity restraints (SIMU) and rigid bond restraints
(RIGU).[** Rigid bond restraints (RIGU) were also employed for the phosphonate guest
(G3) in residue class POB.

4.8.3 Data Collection and Refinement Details of [G*@Pd.L%LA],
ap217_sq

Single crystals were grown by slow diffusion of diethylether into a solution of
[G°@Pd,L%LA;] in DMF. A single crystal of [G?@PdzL:LA;] in mother liquor was
pipetted onto a glass slide containing NVH oil. To avoid cracking of the crystal, the crystal
was quickly mounted onto a 0.1 mm nylon loop and immediately flash cooled in liquid
nitrogen. Crystals were stored at cryogenic temperature in dry shippers, in which they
were safely transported to macromolecular beamline P11 at Petra 111, DESY, Germany.
A wavelength of 2 = 0.77491 A was chosen using a liquid N2 cooled double crystal
monochromator. Single crystal X-ray diffraction data was collected at 100(2) K on a
single axis goniometer, equipped with an Oxford Cryostream 800 open flow cooling
device and an Eiger 2 12M detector.

3600 diffraction images were collected in a 360° ¢ sweep at a detector distance of 154
mm, 100% filter transmission, 0.1° step width and 10 ms exposure time per image. Data
integration and reduction were undertaken using XDS.[*®8 The structure was solved by
intrinsic phasing/direct methods using SHELXT!8 and refined with SHELXL"* using
22 cpu cores for full-matrix least-squares routines on F? and ShelXlel** as a graphical
user interface and the DSR program plugin was employed for modeling.92:1%

The asymmetric unit contains half a cage, one ditoloylphosphate (residue class POT), one
tetrafluoroborate counter ion (residue class BF4) and a co-crystallised
dimethylformamide solvent molecule. Despite reaching 0.83 A resolution, poor crystal

quality required stereochemical restraints to be employed for ensuring a sensible
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geometry of the solvent part of the structure.

Stereochemical restraints for the co-crystallised dimethylformamide (residue class DMF)
solvent molecule were generated by the GRADE program using the GRADE Web Server
(http://grade.globalphasing.org) and applied in the refinement. A GRADE dictionary for
SHELXL contains target values and standard deviations for 1,2-distances (DFIX) and 1,3-
distances (DANG), as well as restraints for planar groups (FLAT). All displacements for
non-hydrogen atoms were refined anisotropically. The refinement of ADP's for carbon,
nitrogen, oxygen, boron and fluorine atoms was enabled by a combination of similarity
restraints (SIMU) and rigid bond restraints (RIGU).[*1 The contribution of the electron
density from disordered solvent molecules, which could not be modeled with discrete
atomic positions were handled using the SQUEEZER®! routine in PLATON.%! The
solvent mask file (.fab) computed by PLATON were included in the SHELXL refinement

via the ABIN instruction leaving the measured intensities untouched.

4.9 lon Mobility Measurements

lon mobility measurements were performed on a Bruker timsTOF instrument combining
a trapped ion mobility (TIMS) with a time-of-flight (TOF) mass spectrometer in one

instrument.

In contrast to the conventional drift tube method to determine mobility data, where ions
are carried by an electric field through a stationary drift gas, the TIMS method is based
on an electric field ramp to hold ions in place against a carrier gas pushing them in the
direction of the analyzer. Consequently, larger sized ions that experience more carrier gas
impacts leave the TIMS units first and smaller ions elute later. This method offers a much

higher mobility resolution despite a smaller device size.

Measurement: After the generation of ions by electrospray ionisation (ESI, analyte
concentration: 0.07 mM, solvent: acetonitrile, capillary voltage: 3600 V, end plate offset
voltage: 500 V, nebulizer gas pressure: 0.3 bar, dry gas flow rate: 3.0 L - min?%, dry
temperature: 75 °C) the desired ions were orthogonally deflected into the TIMS cell
consisting of an entrance funnel, the TIMS analyser (carrier gas: N2, temperature: 305 K,
entrance pressure: 2.55 mbar, exit pressure: 0.89 mbar, IMS imeX ramp end: 1.92 Ko,
IMS imeX ramp start: 0.54 Ko 1) and an exit funnel. As a result, the ions are stationary

trapped. After accumulation (accumulation time: 10 ms), a stepwise reduction of the
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electric field strength leads to a release of ion packages separated by their mobility. After

a subsequent focussing, the separated ions are transferred to the TOF-analyser.

The ion mobility K was directly calculated from the trapping electric field strength E and
the velocity of the carrier gas stream vg via

K="9=_— 2 (1)

E Urelease—Uout

where A is a calibration constant (based on calibration standards), Urelease iS the voltage at
which the ions are released from the analyser and Uoy Is the voltage applied to the exit of
the tube. The ion mobility is corrected to standard gas density via

P 273 K

Ko = 1013hPa T (2)

to obtain the reduced mobility Ko, where P is the pressure and T is the temperature. By

using the MASON-SCHAMP equation, the collisional cross-section Q can be calculated:

1

ze [1]5 11 (3)

1
(kgT)z * Ko No

1
__(18m)2

16

)

where ze is the ion charge, ks is the BOLTZMANN constant, 1 is the reduced mass of analyte

and carrier gas and No is the number density of the neutral gas.[97-1%]

For calibration of both the TIMS and TOF analysers, commercially available Agilent ESI
tuning mix was used. The instrument was calibrated before each measurement, including

each change in the ion mobility resolution mode (“imeX” settings: survey, detect or ultra).
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Figure 4.189: lon-mobility mass spectra of [Pd2L',LB; + BF4]*" and [Pd,L%L5; + G*]**.
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Figure 4.190: lon-mobility mass spectra of [Pd2L%,L , + BF;]** and [PdLLLS, + G3J*.

199



Experimental Section |

— [Pd,L'L°, +BF J**
10 - — [PA,L'L° + G}

Normalized Intensity

084 086 088 090 092
Mobility, 1/K, [Vs/cm?]

Figure 4.191: lon-mobility mass spectra of [Pd2L%,L°;, + BF;]** and [Pd.LL%LP, + G3J**.
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Figure 4.192: lon-mobility mass spectra of [Pd2L%L"; + BF;]** and [Pd2L%LA, + G3J**.
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Figure 4.193: lon-mobility mass spectra of [Pd2L3L*; + BF;]** and [Pd2L%LA, + G3J**.
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Figure 4.194: lon-mobility mass spectra of [Pd2L%L*; + BF;]** and [PdL%LA, + G3J*.

Taking a close look at the measured ion mobility spectra we observe that the signals are
mostly gaussian-shaped or have slight shoulders. For some of the species with bound
guest we observe two prominent mobility signals, indicating different co-conformers of
the host-guest complexes in the gas phase, probably due to different positions of the guest
inside the cage. However, we were not able to differentiate between different conformers
by means of theoretical CCS calculations (compare below). In all cases, the measured

mobilities of the host-guest complexes are close to the mobilities of the hosts containing
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only a BF4~ anion, indicating encapsulation inside the cavity (with — depending on the
guest — slight protrusion of guest features, i.e. the phosphate’s alkyl or aryl substituents

outside the cage’s apertures).

4.10 Modeling and Theoretical Collisional Cross Sections
calculations (CCYS)

The host-guest systems were optimized using the quantum chemistry software package
ORCA (version 5.0.2),2%! by DFT methods on a PBE/def2-SVP level of theory. The
theoretical collisional cross sections ("°CCSnz) of the optimized models were then
calculated with Collidoscope (version 1.4).12° The number of energy states was set to 16
and the temperature to 303 K. The used CM5 point charges?°? were calculated using the

xtb software (version 6.4.1) and the semiempirical model GFN1-xTB.[2%I

Table 4.3: Measured and calculated collisional cross sections (CCS) of Host-Guest-Complexes.

Complex Measured CCS [A2] Calculated CCS [A?] A%
[Pd2Lt2LA; + BF4]®* 595.1 637.273 +7.1%
[Pd2L%2LA,3* + BF4 outside - 640.175 +7.6%
[Pd2Lt2LA, + GH3* 604.2 649.624 +7.5%
[PdzLt2LA, + G23* 605.4 652.593 +7.8%
[Pd2Lt2LA, + G33* 603.7 652.774 +8.1%
[Pd2L12LA]3* + G2 outside - 688.833 +14.1%
[Pd2LLLA, + G4 601.1 647.946 +7.8%
[Pd2LLLA; + G5 601.7 655.126 +8.9%
[Pd2LLLA, + GO 599.0 652.191 +8.9%
[Pd2L2LB; + BF4]** 545.6 585.424 +7.3%
[Pd2L 118, + G3J3* 549.2 594.947 +8.3%
[Pd2L1LS, + BF4J3* 555.1 620.360 +11.8%
[Pd2LLLS, + G33 562.7 626.520 +11.3%
[Pd2L*2LP; + BF4]** 516.6 573.185 +11.0%
[Pd2L2L P, + G3J3* 523.9 575.587 +9.9%
[Pd2L2LA; + BF4]** 597.0 -

[Pd2L2LA; + G33* 600.3 -

[Pd>L3,LA, + BF.J** 590.5 630.362 +8.3%
[PdaL32LA; + G3J3* 592.7 643.551 +8.6%
[Pd:L% LA, + BFJ** 592.3 644.968 +8.9%
[PdaL4LA, + G3J3* 597.0 642.655 +7.6%

For this system we observe a relatively large average deviation, around +7.5%, of the
theoretical value compared to the experimental data. This could be due to neglecting

dynamic cage motions in the CCS calculation technique and due to the funnel-like shape
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of the cage that may be problematic in the used trajectory method. The error is especially
large for the [PdoL%L , + X]3* species, which can be attributed to the two hexyl side
chains, which are considered straight in the DFT models but may adopt more folded
conformations in the gas phase. The slight increase of the CCS value by replacing a BF4~
anion with a guest, as observed experimentally, could be reproduced in the computations.
As discussed in the main text, considering a guest binding mode outside of the cage would
lead to very high deviations between measured and calculated CCS values, which is why
we assume the guest to be always inside the cage during the TIMS measurement.

4.11 UV/Vis and CD Spectroscopy

1.4 F’d2L12LA‘2
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Figure 4.195: UV/vis spectra of Pd,L%,L4, (green, ¢ = 0.07 mM), G*@Pd,L%,L*; (1 eq red, 2 eq blue, ¢ =
0.07 mM) and G® (black, ¢ = 0.07 mM).
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Figure 4.196: CD spectra of Pd,L',L*; (green, ¢ = 0.07 mM), G®@Pd,L%,L*; (1 eq red, 2 eq blue, ¢ = 0.07
mM) and G° (black, ¢ = 0.07 mM).

A CD signal in the absorption range of the host-guest complex was observed, indicating

a chirality transfer from the guest to the host.
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Figure 4.197: Overlay of UV/Vis (solid lines) and CD (dashed line) spectra of Pd,L%L*; (green, ¢ = 0.07
mM), G*@Pd,L;L*, (1 eq red, ¢ = 0.07 mM) and G°® (black, ¢ = 0.7 mM).
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5 Experimental Section |1

5.1 General Information

NMR spectroscopic data was measured on the spectrometers Bruker AV 400 Avance Il1
HD NanoBay (A), Bruker AV 500 Avance NEO (B), AV 500 Avance Il HD (C), AV
600 Avance |11 HD (D), AV 700 Avance Il HD (E) and Agilent Technologies DD2 500
MHz (F). For *H NMR spectra, chemical shifts were calibrated to the solvent lock
signal.*84, Chemical shifts ¢ are given in ppm, coupling constants J in Hz. All spectra
were recorded in standard 5 mm NMR tubes at 25 °C, if not mentioned otherwise.
'H DOSY NMR spectra were recorded with a dstebpgp3s (Dcc) pulse sequence or
ledbpgp2s (D) pulse sequence, respectively, with diffusion delays D20 of 0.08 to 0.09 s
and gradient durations P30 of 900 to 2300 us.[’”%%1 T1 analyses of the corresponding
signals in the 1D spectra were performed to obtain the diffusion coefficients D using the
STEISKAL-TANNER-Equation. 8181 Hydrodynamic radii ru were calculated using the
STOKES-EINSTEIN-Equation.[® Syntheses of the ligands LACRY6 were performed
according to the protocols described in the literature.[%¢174 p-toluene sulfonic acid (p-
TSA) and 2-phenoxyethanol (2-POE) were purchased from SigmaAldrich and used
without further purification. Deuterated solvents (99%+ D atom) were purchased from

Deutero or Eurisotop and used without further purification.

5.2 H DOSY NMR Measurements of p-TSA and 2-POE

To follow the decrease of the signal intensity during the 1D DOSY measurements of the
analytes in a precise way, the residual solvent signals were subtracted digitally before the

processing procedure.
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Figure 5.1: Stacked *H NMR spectra (400 MHz, 298 K, spectrometer A) of p-TSA and 2-POE in the
mentioned solvents.

cocl, | I

A (L

CD,0D [ |

DMSO-d,

DMF-d, |,

Acetone-
cetone-d, [

CD,CN [ |

| : : : : , : : : : , : : : : | : : :
15 10 5 0 (ppm]

Figure 5.2: Stacked *H NMR spectra (500 MHz, 298 K, spectrometer C) of p-TSA and 2-POE in the
mentioned solvents.
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Figure 5.3: Stacked 'H NMR spectra (600 MHz, 298 K, spectrometer D) of p-TSA and 2-POE in the
mentioned solvents.
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Figure 5.4: Stacked *H NMR spectra (700 MHz, 298 K, spectrometer E) of p-TSA and 2-POE in the
mentioned solvents.
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5.2.1 'H DOSY Measurements at Spectrometer A
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Figure 5.5: TH DOSY NMR (400 MHz, D,0, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.6: 'H DOSY NMR (400 MHz, D,0, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.7: 'H DOSY NMR (400 MHz, CDsCN, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.8: 'H DOSY NMR (400 MHz, CDsCN, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.9: 'H DOSY NMR (400 MHz, acetone-ds, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.10: *H DOSY NMR (400 MHz, acetone-ds, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.11: 'H DOSY NMR (400 MHz, DMSO-ds, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.12: 'H DOSY NMR (400 MHz, DMSO-ds, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.13:'H DOSY NMR (400 MHz, DMF-d7, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.14: 'H DOSY NMR (400 MHz, DMF-d;, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.15: 'H DOSY NMR (400 MHz, CD;0D, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.16: 'H DOSY NMR (400 MHz, CD;0D, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.17: 'H DOSY NMR (400 MHz, CD.Cl,, 298 K) of 2-POE with ledbpgp2s pulse sequence.
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Figure 5.18: 'H DOSY NMR (400 MHz, CD,Cl,, 298 K) of 2-POE with dstebpgp3s pulse sequence.
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Figure 5.19: 'H DOSY NMR (400 MHz, CDCls, 298 K) of 2-POE with ledbpgp2s pulse sequence.
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Figure 5.20: 'H DOSY NMR (400 MHz, CDCls, 298 K) of 2-POE with dstebpgp3s pulse sequence.
5.2.2 'H DOSY Measurements at Spectrometer B
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Figure 5.21: 'H DOSY NMR (500 MHz, D;0, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.22: 'H DOSY NMR (500 MHz, D,0, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.23: 'H DOSY NMR (500 MHz, CDs;CN, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.24: 'H DOSY NMR (500 MHz, CD3CN, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.25: IH DOSY NMR (500 MHz, acetone-ds, 298 K) of p-TSA with ledbpgp2s pulse sequence.

15 10

Figure 5.26: 'H DOSY NMR (500 MHz, acetone-ds, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.27: 'H DOSY NMR (500 MHz, DMSO-ds, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.28: 'H DOSY NMR (500 MHz, DMSO-ds, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.29:'H DOSY NMR (500 MHz, DMF-d7, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.30: 'H DOSY NMR (500 MHz, DMF-d7, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.31: 'H DOSY NMR (500 MHz, CD;0D, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.32: 'H DOSY NMR (500 MHz, CDs;OD, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.33: 'H DOSY NMR (500 MHz, CD,Cl,, 298 K) of 2-POE with ledbpgp2s pulse sequence.
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Figure 5.34: IH DOSY NMR (500 MHz, CD,Cl,, 298 K) of 2-POE with dstebpgp3s pulse sequence.
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Figure 5.35: 'H DOSY NMR (500 MHz, CDCls, 298 K) of 2-POE with ledbpgp2s pulse sequence.
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Figure 5.36: 'H DOSY NMR (500 MHz, CDCls, 298 K) of 2-POE with dstebpgp3s pulse sequence.
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Figure 5.37: TH DOSY NMR (500 MHz, D;0, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.38: TH DOSY NMR (500 MHz, D;0, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.39: 'H DOSY NMR (500 MHz, CDsCN, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.40: *H DOSY NMR (500 MHz, CDs;CN, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.41: 'H DOSY NMR (500 MHz, acetone-ds, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.42: 'H DOSY NMR (500 MHz, acetone-ds, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.43: IH DOSY NMR (500 MHz, DMSO-ds, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.44: TH DOSY NMR (500 MHz, DMSO-ds, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.45:'H DOSY NMR (500 MHz, DMF-d7, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.46: 'H DOSY NMR (500 MHz, DMF-d;, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.47: 'H DOSY NMR (500 MHz, CD30D, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.48: 'H DOSY NMR (500 MHz, CD;0D, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.49: IH DOSY NMR (500 MHz, CD,Cl;, 298 K) of 2-POE with ledbpgp2s pulse sequence.
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Figure 5.50: *H DOSY NMR (500 MHz, CD.Cl;, 298 K) of 2-POE with dstebpgp3s pulse sequence.
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Figure 5.51: 'H DOSY NMR (500 MHz, CDCl3, 298 K) of 2-POE with ledbpgp2s pulse sequence.
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Figure 5.52: 'H DOSY NMR (500 MHz, CDCls, 298 K) of 2-POE with dstebpgp3s pulse sequence.
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5.2.4 'H DOSY Measurements at Spectrometer D
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Figure 5.53: IH DOSY NMR (600 MHz, D,0, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.54: 'H DOSY NMR (600 MHz, D0, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.55: 'H DOSY NMR (600 MHz, CDsCN, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.56: 'H DOSY NMR (600 MHz, CDsCN, 298 K) of p-TSA with dstebpgp3s pulse sequence
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Figure 5.57: 'H DOSY NMR (600 MHz, acetone-ds, 298 K) of p-TSA with ledopgp2s pulse sequence.
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Figure 5.58: 'H DOSY NMR (600 MHz, acetone-ds, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.59: IH DOSY NMR (600 MHz, DMSO-ds, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.60: 'H DOSY NMR (600 MHz, DMSO-ds, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.61:'H DOSY NMR (600 MHz, DMF-d7, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.62: 'H DOSY NMR (600 MHz, DMF-d;, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.63: IH DOSY NMR (600 MHz, CD;0D, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.64: 'H DOSY NMR (600 MHz, CD;0D, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.65: 'H DOSY NMR (600 MHz, CDCl,, 298 K) of 2-POE with ledbpgp2s pulse sequence.
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Figure 5.66: *H DOSY NMR (600 MHz, CD,Cl,, 298 K) of 2-POE with dstebpgp3s pulse sequence.
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Figure 5.67: 'H DOSY NMR (600 MHz, CDCls, 298 K) of 2-POE with ledbpgp2s pulse sequence.
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Figure 5.68: IH DOSY NMR (600 MHz, CDCl3, 298 K) of 2-POE with dstebpgp3s pulse sequence.
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Figure 5.69: 'H DOSY NMR (700 MHz, D,0, 298 K) of p-TSA with ledbpgp2s pulse sequence.
e
g
oD
I 2
o F
T T T T T T T T T T T T T T T T T T T T T T o
10 8 6 4 2 0 F2[ppm]
Figure 5.70: 'H DOSY NMR (700 MHz, D;0, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.71: 'H DOSY NMR (700 MHz, CDsCN, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.72: 'H DOSY NMR (700 MHz, CD;CN, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.73: IH DOSY NMR (700 MHz, acetone-ds, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.74: 'H DOSY NMR (700 MHz, acetone-ds, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.75: 'H DOSY NMR (700 MHz, DMSO-ds, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.76: 'H DOSY NMR (700 MHz, DMSO-ds, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.77:'H DOSY NMR (700 MHz, DMF-d7, 298 K) of p-TSA with ledbpgp2s pulse sequence.

222



Experimental Section 11

F1 [log(m2/s)]

10 8 6 4 2 0 F2[ppm]

-85

Figure 5.78: IH DOSY NMR (700 MHz, DMF-d7, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.79: IH DOSY NMR (700 MHz, CD;0D, 298 K) of p-TSA with ledbpgp2s pulse sequence.
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Figure 5.80: 'H DOSY NMR (700 MHz, CDs;OD, 298 K) of p-TSA with dstebpgp3s pulse sequence.
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Figure 5.81: 'H DOSY NMR (700 MHz, CD.Cl,, 298 K) of 2-POE with ledbpgp2s pulse sequence.
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Figure 5.82: 'H DOSY NMR (700 MHz, CD,Cly, 298 K) of 2-POE with dstebpgp3s pulse sequence.
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Figure 5.83: IH DOSY NMR (700 MHz, CDCls, 298 K) of 2-POE with ledbpgp2s pulse sequence.
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Figure 5.84: IH DOSY NMR (700 MHz, CDCls, 298 K) of 2-POE with dstebpgp3s pulse sequence.

5.2.6 Overview on the Obtained Diffusion Coefficients from the H
DOSY Measurements

Table 5.1: Obtained diffusion coefficients Dec and D in 107 -m?-s? for the 'H DOSY NMR
measurements on spectrometers A-F.

D20 A B C D E F

Dcc 6.688+0.005 6.738+0.004 6.857+0.003 6.486+0.004 6.646+0.007 7.490 +0.002
D 6.693+0.005 6.799+0.001 6.778+0.002 6.303+0.003 6.792+0.001 7.370+0.001
CD:Cl> A B C D E F

Dcc 21.19+0.04 21.07+0.09 22.73+0.11 2146+0.07 20.75+0.10 22.10+0.10
D 25.87+0.04 24424001 61.47+0.05 56.81+0.06 73.75+0.07 22.50+0.02
CDsCN A B C D E F

Dcc 19.63+0.05 19.76+0.10 20.14+0.07 19.03+0.06 19.69+0.06  20.07 +0.06
D 19.04+0.01 21.12+0.11 26.83+0.02 27.33+0.03 28.43+0.01 20.10+0.02
acetone-ds | A B C D E F

Dcc 19.48+0.05 19.03+0.06 20.82+0.04 1951+0.06 19.74+0.03 21.10+0.05
D 21.70+0.01 23.67+0.06 48.62+0.03 49.39+0.04 4459+0.03 20.800.02
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DMSO-ds | A B C D E F
Decc 3.734+£0.005 3.748+0.003 3.843+0.007 3.741+0.002 3.766+0.006 4.06+0.008
D 3.741£0.008 3.627 £0.004 3.825+0.002 3.654+0.002 3.822+0.001 3.920+0.002
DMF-d; | A B C D E F
Dcc 8.171£0.004 8.082+0.005 8.679+0.003 8.197+0.006 8.224+0.004 8.930+0.003
D 8.508 £0.001 8.380+0.005 8.678+0.001 8.457+0.002 8.660+0.002 8.780 +0.007
CDsOD A B C D E F
Dcc 9.421£0.002 9.588+0.004 9.956+0.002 6.688+0.002 9.612+0.003 10.50+0.03
D 10.06 £0.01  9.895+0.003 10.77+0.02 9.101+0.002 11.02+0.08 10.20+0.09
CDCls A B C D E F
Dcc 16.31+£0.07 15.95+0.09 17.40+0.10 16.58+0.05 16.45+0.10 17.30+0.06
D 19.98+0.02 18.19+0.07 29.58+0.02 29.70+0.03 34.20+0.03 16.90+0.01
D107 m?-s7] DZO
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Figure 5.85: Plotted values for D (blue) and D (red) for measurements in D,O.
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Figure 5.86: Plotted values for D¢ (blue) and D (red) for measurements in CD3CN.
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Figure 5.87: Plotted values for D¢ (blue) and D (red) for measurements in acetone-ds.
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Figure 5.88: Plotted values for D (blue) and D (red) for measurements in DMSO-ds.
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Figure 5.89: Plotted values for D (blue) and D (red) for measurements in DMF-d;.
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Figure 5.90: Plotted values for D¢ (blue) and D (red) for measurements in CD30OD.
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Figure 5.91: Plotted values for D¢ (blue) and D (red) for measurements in CD,Cl..

228



Experimental Section 11

D10 ""m?-s7]
40.0

cDCl,

35.0

30.0

B:NEO500

C: AV500
(BBFO Smart) (Cryo BBFO)

E: AV700

(Cryo QCl)

A: AV400

D: AV600
(BBFO Smart) (Cryo BBFO)

il

F:DD2-500
H(F,X)

Figure 5.92: Plotted values for D¢ (blue) and D (red) for measurements in CDCls.

5.2.7 Convection Tests on Spectrometer E
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Figure 5.93: Plot of the signal intensity (700 MHz, T = 298 K, D,0) of proton 1 against the refocusing

delays D50 and D51.
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Figure 5.94: Plot of the signal intensity (700 MHz, T = 298 K, CD,Cl,) of proton 1 against the refocusing
delays D50 and D51.
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Figure 5.95: Plot of the signal intensity (700 MHz, T =298 K, CDs;CN) of proton 1 against the
refocusing delays D50 and D51.
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Figure 5.96: Plot of the signal intensity (700 MHz, T = 298 K, acetone-dg) of proton 1 against the
refocusing delays D50 and D51.
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Figure 5.97: Plot of the signal intensity (700 MHz, T = 298 K, DMF-dy) of proton 1 against the
refocusing delays D50 and D51.
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Figure 5.98: Plot of the signal intensity (700 MHz, T = 298 K, DMSO-dg) of proton 1 against the
refocusing delays D50 and D51.
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Figure 5.99: Plot of the signal intensity (700 MHz, T = 298 K, CDs;0D) of proton 1 against the
refocusing delays D50 and D51.

[rel]

12

10

232



Experimental Section 11

JURIRTRR R

D50=0 D50 =D51 refocussing delay
D51=0

Figure 5.100: Plot of the signal intensity (700 MHz, T = 298 K, CDCls) of proton 1 against the
refocusing delays D50 and D51.

53 VT !H DOSY NMR Measurements of 3BFs@Pd4LACR1-6g

Note: VT experiments were carried out for 3BFs@PdsLAR%, 3BF,@PdsL AR,
3BF4@PdsLAR4g and 3BF4@Pd4L"“R%. DOSY data for 3BF.@Pd4L"“R's was obtained
only at 25 °C and 3BF:@PdsL"“R>s has not been successfully synthesized by the end of
this doctoral work due to time reasons. All spectra were recorder in CD3CN. The sample

was equilibrated to the exact temperature for at least 10 min, prior measurement.
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Figure 5.101: Stack of VT *H DOSY NMR (500 MHz, CD3CN, dstebpgp3s) spectra of 3BF4@PdsL"R?%
measured at the mentioned temperatures.
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Figure 5.102: Stack of VT *H DOSY NMR (500 MHz, CDsCN, dstebpgp3s) spectra of 3BF,@PdsL" "%
measured at the mentioned temperatures.

360

340 e .

320 e

300 ...'_.. ......

280 —®

260 e ®

Temperature [K]

240 ®

220
1,000E-10 2,000E-10 3,000E-10 4,000E-10 5,000E-10 6,000E-10 7,000E-10 8,000E-10

D [m2%s1]

Figure 5.103: Plot of obtained values for D against temperature for 3BF,@Pd,LAR%,
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Figure 5.104: Stack of VT *H DOSY NMR (500 MHz, CDsCN, dstebpgp3s) spectra of 3BF,@Pd,L R
measured at the mentioned temperatures.
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Figure 5.105: Stack of VT *H DOSY NMR (500 MHz, CDsCN, dstebpgp3s) spectra of 3BF,@PdsL" "%

measured at the mentioned temperatures.
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Figure 5.106: Plot of obtained values for D against temperature for 3BF,@Pd,LAR%,
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Figure 5.107: Stack of VT *H DOSY NMR (500 MHz, CDsCN, dstebpgp3s) spectra of 3BF,@PdsL" "%
measured at the mentioned temperatures.
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Figure 5.108: Stack of VT *H DOSY NMR (500 MHz, CDsCN, dstebpgp3s) spectra of 3BF,@Pd,L R
measured at the mentioned temperatures.
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Figure 5.109: Plot of obtained values for D against temperature for 3BF,@Pd4L"R%
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Figure 5.110: Stack of VT *H DOSY NMR (500 MHz, CDsCN, dstebpgp3s) spectra of 3BF,@PdsL"“R

measured at the mentioned temperatures.
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Figure 5.111: Stack of VT *H DOSY NMR (500 MHz, CDsCN, dstebpgp3s) spectra of 3BF,@Pd,L"R%

measured at the mentioned temperatures.
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Figure 5.112: Plot of obtained values for D against temperature for 3BF,@Pd4L"“R%
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5.3.1 VT 'H DOSY NMR Measurement Parameters

Table 5.2: Values for gradient duration P30 and diffusion time D20 during the VT DOSY experiments.

3BF:@ Pd4LACRL, 3BF,@ Pd4LACRZg 3BF;@ Pd4LACR3g
T[°C] | D20[s] P30 [us] D20 [s] P30 [us] D20 [s] P30 [us]
-30 0.08 2200 0.09 2100
-20 0.08 1800 0.09 1700
-10 0.08 1700 0.09 1700
0 0.08 1400 0.09 1500
10 0.08 1300 0.09 1400
20 0.08 1200 0.08 1200
25 0.09 1200 0.08 1200 0.08 1200
30 0.08 1100 0.08 1200
40 0.08 1100 0.08 1200
50 0.08 1100 0.08 1100
60 0.08 1000 0.08 1000
70 0.08 1000 0.08 900

3BF,@Pd LA R4 3BF,@Pd,LAR8
T[°C] | D20[s] P30 [us] D20 [s] P30 [us]

-30 0.08 2300 0.08 2300
-20 0.08 200 0.08 2100
-10 0.08 1800 0.08 1900
0 0.08 1600 0.08 1700
10 0.08 1400 0.08 1600
20 0.08 1200 0.08 1500
25 0.08 1200 0.08 1400
30 0.08 1200 0.08 1400
40 0.08 1100 0.08 1300
50 0.08 1100 0.08 1200
60 0.08 1000 0.08 1100
70 0.08 900 0.08 1100
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5.3.2 'H DOSY NMR Measurements at Room Temperature
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Figure 5.113: *H DOSY NMR (500 MHz, 298 K CDsCN, dstebpgp3s) spectrum of 3BF,@Pd4L AR,
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Figure 5.114: 'H DOSY NMR (500 MHz, 298 K CDsCN, dstebpgp3s) spectrum of 3BF,@Pd4LAR%.
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Figure 5.115: *H DOSY NMR (500 MHz, 298 K CDsCN, dstebpgp3s) spectrum of 3BF,@PdsL R,
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Figure 5.116: *H DOSY NMR (500 MHz, 298 K CDsCN, dstebpgp3s) spectrum of 3BF,@Pd4LAR4.
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Figure 5.117:*H DOSY NMR (500 MHz, 298 K CD3CN, dstebpgp3s) spectrum of 3BF4@Pd,L"R%.
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6 Appendix

6.1 Abbreviations

2,7-DBC 2,7-dibromo carbazole

2-POE 2-Phenoxy ethanol

ADP Adenosine diphosphate

AMP Adenosine monophosphate

ATP Adenosine triphosphate

BINOL 1,1-Binaphthol

Boc tert-butyl oxycarbonyl

CD Circular dichroism

COSsYy Correlation spectroscopy

CSE Coordination sphere engineering
CSS Collisional cross section

Cw continuous wave

DCM Dichloromethane

DIPEA Diisopropylethylamine

DMAP 4-Dimethylaminopyridine

DMF Dimethylformamide

DMSO Dimethylsulfoxide

DNA Desoxyribonucleic acid

DOPC 1,2-Dipalmitoylphosphatidylcholine
DOSY Diffusion ordered spectroscopy
Dpa Dipicoylamine

eCCS experimental collisional cross section
eq Equivalents

ESI Electron spray ionization

Et Ethyl

Et.O Diethylether

EtOAcC Ethyl acetate

EtOH Ethanol

EXSY Exchange spectroscopy

FID Free induction decay

G Guest

GCIEI Gaschromatography electron ionization
GPC Gel permeation chromatography
H Host

HG Host-Guest Complex

HR High-Resolution

L Ligand
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M

MD

Me
MeOH
MS
NMR
NOESY
NS

p

PFG
PFT

Ph

PM6
PSYCHE
presat
p-TSA
R

rt

SCA
S/N

T1
T2
tCCS
THF
TIMS
TLC
TMS
TOF
UFOs
UV/Vis
VT

Metal

Molecular dynamics

Methyl

Methanol

Mass spectrometry

Nuclear magnetic resonance
Nuclear Overhauser enhancement spectroscopy
Number of scans

para

Pulsed field gradient

Pulse FOURIER transform

Phenyl

Parameterization method 6

Pure shift yielded by chirp excitation
Presaturation

para-toluene sulfonic acid
Receptor

room temperature

Shape complementary assembly
Signal-to-noise

tertiary

Longitudinal relaxation time
Transversal relaxation time
theoretical collisional cross section
Tetrahydrofuran

Trapped ion mobility mass spectrometry
Thin layer chromatography
Tetramethylsilane

Time of flight

Unique fluorescent open structure
Ultraviolet/visible

Variable temperature
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