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Abstract

Abstract

This work describes the rational design of a family of endohedrally functionalized
heteroleptic coordination cages of the typeA28.. Thesewere assembled out of a
modular toolbox of banana shaped ligands based on carbazole and shape
complementary ligandB with different aromatic backbones and lengthke obtained
structures were characterized by NMR spectroscopy and ESI mass spectrometry as well
as for some examples with-pay diffraction in the solid state. With installing different
functional groups to the free secondary amine at the carbazoléymuaenely amides

and methyl substituents a variety of coordination cages with uniquerpespaside the
cavities were formed. The coordination cages were investigated in their ability to bind
hydrogen bond acceptors. For this, allaid aryl phosphate ester salts were used as guest
molecules. Binding constants were obtainedMi&lMR 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 thaidimg strengths By blocking the hydrogen

bond donor site, the binding constants dropped significantly, however binding was still
observed, due to ionic interactions as well
of ligandsB with the aromatic phosphate ester salts. This was also supported by MD
simulations as well as iamobility mass spectrometridsingthe latter, insidéinding of

the guestwas proven since the obtained molecular structures of a fewghest

complexes showed that the guest was locateddeutise cavity in the solid state.

Another goal of this work was the NMR spectroscopic investigation of coordination
assemblies. With the help of talorade NMR experiments new cage compounds were
characterized. The main focus was laid on DOSY NMR experiments. With this technique,
the sizeof interpenetrated cage dimers was determined, and it was proposed to calculate
unique shape factors for the normally repherical cage compounds. Furthermore, the
effect of different exohedral side chains attached to the ligand backboties spatial
extend of the sgalled double cages was investigated. It was shown that these alkyl
substituents fold back to the ligand backbones and, most likelyipit norrpolar

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 Koordinationskéafigen des Typg\:Bd Diese
wurden aus einer modularen Bibliothek von bananenformigen Ligahdeasierend auf
Carbazol und dazu formkomplementéren LiganBemit verschiedenen aromatischen
Ruckgraten und Langen zusammengesetzt. Die erhaltenen Strukturen wurden mittels
NMR-Spektroskopie und ESWassenspektrometrie charakterisiert sowie fir einige
Beispiele mittels Einkristallrégenstrukturanalyse im Festkorper. Indem verschiedene
funktionelle Gruppen wie Amide oder Methylsubstituenten am freien sekundéaren Amin
der Carbazoleinheit installiert wurden, entstanden eine Vielfalt von Koordinationskafigen
mit einzigartigen Eigenschafteimnerhalb deren Kavitaten. Die Koordinationskafige
wurden in ihrer Fahigkeit hin untersucht, Wasserstoffbriickenakzeptoren zu binden. Dazu
wurden Alkyt und Arylphosphatestersalze als Gastmolekiile genutzt. MitieMR-
Titrationsexperimenten wurden Binalgskonstanten bestimmt und es wurde gezadgs

die Bildung von  Wasserstoffbrickenbindungen  hauptsachlich zu den
Bindungsereignissen gefuhrt hat. Die Modularitdt des Systems wurde dazu genutzt, die
heteroeptischen 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 Bindungtatt, was an ionischen Interaktionen sowieRi&tung von'1”
Wechselwirkungen zwischen den aromatischen Phosphatestern mit den Ruckgraten der
LigandenB lag. Diese Beobachtungen wurden sowohl durch-84ulationen als auch
durch lonenmobilitatsmassenspektrometrie bestatigt. Mit letztgenannter Methode wurde
auch die Bindung des Gastes innerhalb der Kavitdt bewiesen, nachdem bei
Einkristallrontgenstrukturaalysen von einigen WiGastKomplexen sich der Gast im

Festkorper au3erhalb der Kavitat befand.

Ein weiteres Ziel dieser Arbeit war die NMpektroskopische Untersuchung von

Koordinationsverbindungen. Mit Hilfe mal3geschneiderter NEX¥Rerimente wurden



Zusammenfassung

neuartige Kafigverbindungen charakterisiert. Der Schwerpunkt lag hierbei auf DOSY
NMR-Experimenten. Mit dieser Methode wurden die Grof3en von interpenetrierten
Kafigdimeren bestimmt und es wurde geplant einzigartige Formfaktoren fur die, im
Normalfall nichtkugelférmigen Kafigverbindungen zu berechnen. Dariiber hinaus wurde
der Effekt von verschiedenen exohedralen Seitenketten, die an das Ligandenrickgrat
angebracht wurden, in Hinblick auf die rAumliche Ausdehnung der sog. Doppelkafige
untersucht. Hierbei wde gezeigt, dass die Alkylsubstituenten zum Ligandenrickgrat
falten und dort, héchstwahrscheinlich, niglalare Wechselwirkungen mit diesen in
Losung eingehen. Zusatzlich wurde das DESperiment selbst detailliert beleuchtet,

da der Effekt der Konvektioin einem NMRROhrchen 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 chemistig widely regarded as a subfield in chemistry, thedls with
non-covalent interactiondike hydrogen bonsl VAN DER WAALS or electrostatic
interactionsas well as coordination bondingyhile the initial concept is commonly found

in naturefor examplan the formation of the thredimensional structures pfoteins and
DNA, chemists have been using this concept in the last detcahésic these structures
andmakeuse of the given functionalitiée access complex synthetic supramolectiles
Pioneering work on synthetic host molecules has been doneeby (cryptands),
PEDERSEN (crown ethers) andCRAM (spherands) who described cation receptors
selectively binding Naand K".[?8 while these studies where based on single molecule
hosts with a certain repetitive urtihe use of coordination bonding came into faouse

last decades highlighted l&yg. FUJITA.P'Y"l The host molecule is no longer one fully
covalent structure, but a selfsembled architecture consisting of different smaller
subunits. This strategy saves time and resources by using very simple, yet diverse building
blocks. By choosing the correct ligh and suitable metal ions numerous different
structures such as links, knots, spheres, grids, helidadess, ringspolyhedronsand
cages has evolved in a very controlled Wéy®3¢! Both, ligand geometry and metal
coordination environment otribute to the structure of the final assembly. Metal
coordinationchemistryranges from linear coordinated metal ions like Ag(l) or Au(l),
octahedral coordinated Fe(lhr Ni(ll), tetrahedral coordination as found in Zn(ll)

complexes to square planar coordination in Pd(ll) and Pt(ll) asseribfiés’]

From the vast variety ahetallosupramolecular structuresilizing the diverse array of
coordination geometrieself-assembleaoordinationcages with a defined cavityere
studied extensively in the last decal&$®l In our group we are usingaked,square
planarPd(ll) cations and ancave or sa@alled bananahaped ligands to build up very
predictable homoleptic lanteshaped coordination cages of the typelRdhat are able

to bind small guest moleculeBigure1.1).[44]
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Figure 1.1: Example of a metahediated, selassembled coordination cage with a concave carbazole
based ligand. and square planar palladium(ll) caticarel guest uptake inside the cavity

These structures feat confined cavity that is accessible for guest molecules like small
anions (e.g. BE or CI'), or, with the right ligand desigreven larger guests like
fullerened®4% Figure 1.1 showsa concave ligand with a carbazole backbone, alkinyl
linkers and pyridyl donor groups sarg as the organic paend naked Pd(ll) cations as
the inorganic componenThe selfassemblyis carried outin organic solvents such as
DMSO oracetonitrileand is nearly quantitative. The cavities of coordination cagesf are
special interesin regardto the investigaion of guest encapsulation, recognition and

sensing applicatior’s?

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(ll)
coordination compounds. The first one is using ligands with reduced symmsltrgvars

by LEwis and CROWLEY.P1%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 inFigurel.2.

Tuning
Donorangles
Pd(ll
N @)
e

Complexity

Figure 1.2: Increasing the complexity: From homoleptic ;P4 coordination cages to heteroleptic
structures.
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1.1.1Heteroleptic Pd2A2B2 Coordination Cages

To accesarchitectureshat are structurally more diverse than highly symmetric lantern
shaped P4l 4 cagestwo differenttypes of ligands could be used for the ssgembly.
However, if we were to use two different colored LE&®ricks there are three different

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

E
Og

Narcissistic Statistical Integrative

Figure 1.3: lllustration of the three different types of setirting 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(ll)
cations. First, the corresponding homoleptic species form exclusively, this is called
narcissistic selsorting Figurel.3a). A second, nedesired outcome is shownkigure

1.3b) and is called statistical sedbrting. Here, a mixture of all possible species forms in

a completely statistical fashion. By rational design of the ligands the third outcome,
integrative seksorting Figurel1.3c), occurs and the desired heteroleptic structures with
1:1 ligand ratio form exclusively. It is noted however, that sAPB, system can yield

eithercis or transisomer depending on the used ligands.

To still get a controlled, noestatistical heteroleptic cage formation, multiple strategies

were shown in the paBe:> These however require a more sophisticated ligand design.
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Continuing the LEG@ analogy, we have to move on from using simple-Bigks to

more complex brick structures as depicte&igurel.4.

Coordination
Sphere
Engineering

Guest Endohedral Shape
Templation Functionalization = Complementarity

Figure 1.4: lllustration of different gsategies 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 pdierole
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 agssembl
The last strategy is shape complementarity which uses bricks with a certain shape that fit
exactly to their counterpart. Switching from LEGQo chemistry nowFigurel.5 shows

examples for the aforementioned strategies.

Templated Assembly Ligand Interaction

[Pd,7,8, I*
(n=0-4) PdNOy,
N \

cis-{Cy,@Pd,7,8,]" 3x3 1x5 [Pd,3,5]" (Pd,3)

273

Chem. Eur. J. 2015, 21, 4200. Inorg. Chem. 2011, 50, 4671.
Coordination Sphere Engineering CSE Shape Complementarity Approach SCA
\
’\Pd/Q Pd , \Pd/ | )
. ®
Pd(ll)
| he O
N A
Le=out L'=in [Pd,Lo L1 } [Pd,,12,,13 ]
Chem. Eur. J. 2018, 24, 12976. Angew. Chem. Int. Ed. 2014, 24, 13510.

Figure 1.5: Strategies to form heteroleptic coordination cages. Figiges with permissiofrom!10-957],
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In the early 2000&UJITA showed that the formation of homand heteroleptic cages
based owris-protected palladium and tritopic ligands is depending on the templating guest
molecule added to the selsembly proces¥! Moreover, the group of 0SHIZAWA used

a fullerene G molecule to template the formation of a heteroleptiARB.> coordination

cage out of a mixture of the two corresponding previously formed homoleptic
structured®® 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 lgyrdbp of
HooLEY.P®l They used different endohedral functionalized ligands to use their steric
effects in the controlled formation of #AB3 assembliesHowever, the cawtis already
occupiedby the steric bulk and therefore only accessibleviny much smalleguest

molecules.

Strategies that will not directly involve the cavities of the heteroleptic cage structures are
the CSE (Coordination Sphere Engineering) and the SCA (Sbamglementary
Assembly) approach thaiave beerstudied by our group, among others, extensively in
the last year84 Installing steric bulk around the coordination environment of the ligands
leadsto strain in the homoleptic assemblarghem not forming at all anymaqrhusself-
assembly to the corresponding heteroleptic coordination dadgasored. Our group
demonstrated this approach with a series of heterolepti&Bg coordination cages
based on concave picolyl ligands as well as byp#PbAs with one vacant coordination

site occupied by a solvent molecule at thecBdter anding-typePdA: structures, based

on ligandwith naphhyridine or acridine donor sitéé”>"1In 2016thegroup ofCROWLEY
showed the clean formation of heterolegigP®A2B2 coordination cages by installing
NH2 groups next to the coordination sphere to interact via hydrogen bonds with the

counter ligand®

The SCA approachsedigands that argeometrically matching to each otherespect

to their binding vectorto form a distinct species and avoiding statistical mixtures. Often
homoleptic assemblies of these ligands are disfavored dueettain strainin 2014 the
group ofFuJITA reported a large heteroleptic 24:2B12 coordination polyhedron based
on bananahaped ligands of different sizé%.In 2021 the group dBEVERIN reported the
formation of heteroleptic RAsBes barretshaped cages based on either simplppiglyl

ligands but also with bulky, irenontaining clathrochelateggandsi®® 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 banast@aped ligands based on phenanthrene,
acridone and carbazole that are geometrically matching to each other were used to form
eithercis- or transPdbA2B, assemblies. All of these coordination cages were also formed
when the corresponding homoleptic assemblies were niixed 1:1 mannef®-5361]
Extending this system withlargerarray ofbanansshapedigands,EBBERT could show

the formation ofa mixture often different heteroleptic coordination cages of the type
PaA2B: but also PdA>BC and even PAABCD, with two sets of ligands of which two

each were shape complementary, limiting the number of possible outcomes to ten,
including onecig/transisomer.Interestingly all of these structures could be identified by
using iormobility mass spectrometf?! Besides using the beforehand mentioned
strategiesTESSAROLOreported 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”

1.1.2Functional Coordination Cages

In the past the focus moved froaccessing fancy newstructures tabtain functional
coordination cage®ur group reported a series of differentdiions in assembliekske
light-switchable cages that alter their cavity size upon irradi&iéfl,interpenetrated

double cages that were able to bind neutral guests after a chemical trigger and generating
singlet oxygen for a cycloaddition reaction of cyclopentadi®fé! chromophorebased

cages that interact with chiral molecy®% donoracceptor systems fdight-powered

charge separati@f as well asheteroleptic coordination cages that bind guest molecules
selectively based on their sh&feand exohedral functi@ized ones that act as
amphiphiles that were able to form vesici®mbling the use of coordination cages in

material scienc€l
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Unusual Regioselectivity in Diels Alder Reaction

A Catalyst for the Nazarov-Cyclization
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J. Am. Chem. Soc. 2018, 140, 2251.

J. Am. Chem. Soc. 2016, 138, 1668.

Figure 1.6: Overview on functional coordination cages. Figures used with permissiof4tbr.

Especially the potential to perform chemical reactions inside coordination cages, thus
using them as naAeaction chambers, have been in the interest of plenty of groups. In
2006 the group oFUJITA presented an octahedralsPd cage that promotes tH&ELS-

ALDER reaction of anthracene derivatives witkcyclohexyl phthalimidet the normally
unfavored 1,4osition. Without the coordination cage the reaction took place at the
central ring of the anthracene systéfhRAYMOND andBERGMAN reported a series of
tetrahedral Ga(lll) based coordination cages that were used for the binding of neutral
guests’® One of these anionic Gas cage acts as catalyst for tNezAarRov cyclization

of pentadienole€ In 2018Cui and ceworkers reported chiral coordination cages based
on M(salen) complexes (MCr, Mn, Fe) that act as catalysts for asymmetric
epoxidation/ringopening tandem reactions wheevalues up to 93% were obtainéd.

The use of hydrogen bonds to bind guests and substrates in coordination assemblies
been reported in recent ye#rs’® The group ofMUKHERJEE useda molecular prism
equipped with uredased hydrogen bond donors to preorganize substrates that then could
perform MICHAEL additions andDIELS-ALDER reactionsin water effectively enabling

catalysis inside a coordination cadfe
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1.2 Nuclear Magnetic Resonance Spectroscopy

Spectroscopy is, most generally speakiig detection of thenteraction between any
matter with electromagnetic radiatioho analyze supramolecular coordination cages
numerous of spectroscopic and spectrometric methods have been est&8lighed.
outstanding methods especially mass spectrométrgy structure analysis and nuclear
magnetic resonance (NMR) spectroscopy have lmewh areused 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 soktt@and is not an invasive
method. However, NMR spectroscopy is a comparable slow analytical method.

NMR spectroscop§P®is based on the interactions of nuclei with radio wave frequencies
in a strong magnetic fiel®nly nuclei that have a spir> 0 (e.g.*H, 2H, °Li, 1B, 1°C,
N, 19F, 295, 31p, 1195, 19%pt) can be detected with radio waves because they have a

magnetic momerd and an angular momentumin the direction of the spin axis.

0 "00 p o (1.1

with reducedPLANCK constant . P ande are related through the gyromagnetic ratio

that is characteristic for each nucleus:

Cor (1.2)

t [ 'O0 po (1.3)

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

an NMR experiment.
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a) b) 9
BOA
BOA m=+1/2(a)
7 m=+1/2
x m=-1/2
m=-1/2 (B)

Figure 1.7: Quantizatiorof direction ofP in a magnetic field, for a) a nucleus with= %2 and b) a nucleus
with | = 1 and c¢) double precession cone for a nucleuslwittt.

Figure1.7a describestie orientation oP in a magnetic fieldo for a nucleus that has a
spin ofl =% (e.g.!H) that can haveato magnetic quantum statas= +¥%2 orm=1%. If
a nucleus has a spin b& 1, m can attain three values (+1,101, Figure 1.7b). These
spins precess around the direction of the magnetic fieddi&in a cartesian coordinate
system) with a particular frequency that is unique for every nucleus and proportional to
Bo, the secalledLARMOR frequencys. (Figurel.7c). This is described by the resonance
condition

r

— 0 14
T - 0 (1.4)

Without an external magnetield, the quantum statesh are degenerated but applying a
magnetic field leads to energy differences what is calleeMAaN effect and shown in

Figurel1.8. Furthermore, the energy differences are proportionad.to

0O 43D (1.5)

t 30 [ DB (1.6)
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Figure 1.8: Energy differences of two statgandb depending on the magnetic field.

The problem here is that these differenaesreally smajlnormally around thousandth

of permil, due toBOLTZMANN statistic:

F 2
Q JY
with Ngthe number ofiucleiin the energetically lower statl, the number of nucleus

6— A@BE 1.7
0 ooy P (1.7)

in the energetically higher state, temperafuamdBOLTZMANN constanks. That implies
that the intensity ofraNMR signal gets higher with a stronger magnetic field
"y )

—8 0
v

with the signal to noise rati®N. To obtain a spectrum, one can vary the magnetic field

(1.8)

Bo and keep the frequenagy constant or the other way around. Tisigalled 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 sameewith the PFT methodBy

usng the correcpulselength the magnetization of the excited spiwill be brought
perpendicular to thBo 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 tHeouRrIER transform.

The described relaxation process after the irradiation of a spin system after an applied
pulse is called longitudinal or splattice relaxation timd. It is absolutely important to

know the relaxation tim@: of the investigated spin system, since tleéinesthe 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 AT;. A second relaxation process that can be observed is the transversal or
spinspin relaxation timel, that is normally shorter thaf:. T> defines thespectral
resolution in an NMR experiment since this is proportiondhté. It also means that the
line broadening gets largerT$ is short. As it was mentioned before, the PFT method is
repeated after the delay definedTayto accumulate the FID. That because the signal
intensity gets larger with a higher numloéiscangNS):

v

—8 P 3 (1.9)
V)

The obtained resonances of the spins in a molecule are dependent by eachhather.

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

0 p ., 0 (1.10)

with the effective magnetic fielBer and the shielding constait(l is only dependent by
the electronic and magnetic environment of a spin in a molecule but Bat@gmbining
equation 1.10 with the resonance condition leads to:

r

+ 8 1.11
T P 0 (1.11)

with the resonance frequengy. From this it follows that nuclei that are chemically
inequivalent will resonate at different frequencies because of their unique shidlding.
make spectra that were recorded at different magnetic fields comparable the
nondimensional chemical shifi (given in parts per million, ppm) to a standard

(tetramethylsilane, TMS witthi = 0 ppm) was introduced:

T 7
1

with the measured frequengyand the reference frequengy:.

g (1.12)

However, not every spin resonates as a singlet. Normally, a fine splitting structure is
observed. This is due to the interactions of neighbouring magnetic dipatdsad to an
indirectcoupling to other spins in the investigated systeapending on thguantityand

the spin of theo-calledJ-coupling nuclei the signal splits with the following multiplicity:

0 ¢ IJ0 p (1.13)

with multiplicity M, number of coupling nuclél and spinl.

11
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Beside the observed splittingycoupling can also basualized by twedimensional 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 20R\Nexperiments. For example,
contacts through space can be measured by nuclear overhaus@ncesmen
spectroscopy (NOESY)To measure the NOE, the nuclear spin polarization will be
transferred from one nucleus to another. This will be visualized by #@egehof the
intensity of one signal that happens if anotee gets saturated by the irradiation with a
frequency pulse. In particular for largéhreedimensional chemicastructures(e.g.
coordination cages)the NOESY experiment is indispensable for the structural
assignment. With equation 1.14 the distance betwwenspins can be calculated if a

NOE contactan bemeasured:

0 o2 (1.14)
l

With the intensity of the NOE crosspeéloe and the distance between the dipeolar

coupled nucler.

1.2.1DOSY and Diffusion

Another powerful NMR experiment to characterize in particular supramolecular
structures is diffusion ordered spectroscopy (DOSY) N#Rhis is because one could
obtain information about the size, the shape or the aggregation state of compounds with
this method (e.g. twdimensional ring vs. thregimensional cage or monomeric vs.
dimeric species) as well as providing reliable informatout association constants
(e.g. inside or outside binding of a guest, slow or fast exchange). The first examepée
DOSY NMR was used in supramolecular chemistry was show@apy¥EN andMAYZEL

who determined association constants ammonium salts in crown@tHerthis pseudeo

2D NMR experiment the frequency will be measured against the diffusion coefficient of
the substanc&! This techniqués 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 usin@ithges-EINSTEIN-equation 1.15 the

hydrodynamic radius of a substance can be calcufdted

12
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. Q JY
' oo (1.15)

with the hydrodynamic radiusy, BOLTZMANN constantks, temperaturd, viscosity of
the analytef® and diffusion coefficienD. In diluted systems the viscosity of the analyte
is assumed to be the sarasthe solvent. However, equation %.i1s only valid for
spherical moleculesto also calculate the radius of molecules with different shapes, a
shape factof has to be introduced to the equation

Q JIYIQ

l 435D (1.16)

For the most common shapes like stick, prolate or plate valuésdorbe found in the
literature!®® 8% Oftensupramolecular structures could not be described by these common
shapes in an adequate wayis problem will bedescribed in a more detailed way in
chapter3.5.2

(Self-)Diffusion is a natural physical procegdich 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 othephysicalmethods diffusion can be detected BYMR by using
pulsal-field-gradients (PFG¥ The first approach to measure DOSY NMR was done by

a HAHN-Spin-Echo experimen®? In the last decades numerous pulse sequences for
diffusion measurements were publish&tP®! PFGs create an inhomogeneous magnetic
field for a short time (~ms) and are normally applied in the direction dddffield. By
applying the gradient, the position @mnuclear spin can be followed in the sample tube

during the diffusion timeThis is illustrated irFigure1.9.

13
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Figure 1.9: a) Frequency channel F1 with 90° pulse and FIDgraglient channeG with encoding and
decoding gradients and dlustration of an ensemble of spins in an NMR tube with the volume that is
irradiated in dark grey and their behavior after the ap@@ggpulse (left), the encoding gradient (middle)
and the decoding gradient (righigure reproduced frof..

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

power) is described by tH&rEJSKAL-TANNER-equation:

0 ORAZH 009 D w 78 (1.17)
with the observed signal intensitythe reference signal intensity, the gyromagnetic
ratio o, the gradient poweg, the gradient lengthi, diffusion coefficientD and the
diffusion timegp From this equation it follows that nuclei with a larger gyromagnetic ratio
are more sensitive for the measurement of diffusion than nuclei with a snTdie
maximumgradient poweg is given by the spectrometer hardwarke parametengand
ghave to be tuned for every measurement dineie values ardependingpnthe sample
(solvent and size of the molecul&p avoid homonuclealFcoupling during the diffusion
time, U should be short, preferablyypical values arep= 0.08s for the diffusion time
and0=1500e s f or t he Iigtha chseeohthe slipeamalecutar structures
investigated in this workn 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



Introduction

intensity where only 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 gradienstrengthgy against the relative signal intensityith a to low value ofi (left),
an ideal value ofi (middle) and a to high value Gf{right).

One of the most common ways to measure DOSY NMR is using-bakst pulse
sequencéledbpgp2sFigure 1.11a).°71 However, thisis not covering one of the major
problems during diffusion measurement, the compensation of convectomection is

a thermal induced movement of particles in soluli@nif 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 wagscHowandMULLER published pulse
sequences that contains additional gradients for convection compen§aitoine
1.11b).198.9]
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Figure 1.11: *H DOSY NMR pulse sequences: a) ledbpgp2s and b) dstebpgp3s with diffusionotimes
gradient lengths.

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 viscdsitthis thesis, the effect
of convection was investigated for several NMR spectrometer with different probes as

well as formanycommonly used deuterated solvents.
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2 Scope ofthe Thesis

Rational design of novel coordination cage structures is one of the major goals in the
CleverLab. In the past numerous heteroleptic coordination assembhase been
described. Tautilize the unique properties of these structures the fetifsed from
purely structural analysi® the implementation of functionaliti@sto the cage systems.

The scope of thisiesiss the proposal ad modular heteroleptic coordination cage system

by using endohedral functionalized ligands with hydrogen bond donor sites pointing into

theformedcavitiesto investigate hydrogebond driven guest binding

The characterization of the structures and the investigatiergajuest binding oguest
exchange is mainly carried out by ersnd twedimensional NMR spectroscopy. One
outstanding method hereby is the DOSY NMR experiment. In this thlesigchnique
was illuminatedn close detail with speciaégard taheoptimization ofthe measurement

for our cage systems.

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

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

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

1 Guest binding studies of organophosphatesde the coordination cagegia
NMR, ESFMS and Xray diffraction as well as MBimulations

1 Development and optimization t&ilor-madeNMR experiments for coordination
cages
Determination of hydrodynamic radii for n@pherical molecules
Investigation and compensation of convection effects during the DOSY

measurement

17






Results and Discussion

3 Results and Disdssion

Contents of this chapter were published Emdohedrally Funtonalized Heteroleptic
Coordination Cages for Phosphate Ester BindjAgPlatzek, S. Juber, C. Yurtseven, S.
Hasegawa, L. Schneider, C. Drechsler, K. E. Ebbert, R. Rude®, ®an, J. J. Holstein,
L. V. Schafer, G. H. CleverAngew. Chem. Int. Ed2022 61, 202209305 (Hot
Paper}o®

3.1 Design ofLigands fora M odular Host System

9H-Carbazole is heterocyclic @matic molecule that is naturally available in fossil oil
as well as in coal tar, from whictwas firstly isolated and characterized®yAEBE and
GLASER in the end of the d" century!’® The molecule contains a secondary amine that
can be easily functionalized with aliphatic and aromatic compdifdd! It is quite
reactive at the 3;positiondue to the +M effect of the nitrogen atpso it is possible to
introduce bromine or iodine atoms to obtain precursors fambisodentate ligands that
were already used in the group GLEVER for coordination cage8'®2112 The
disadvantage is thalhe amine igointing out of the cavity of these cage structures. To
obtain ligands that are based on carbazole but having the secondaryaiming into

the cavity, the donor sites have to be attached to theadjions. To obtain better fitting
donor angles, isoquinoline donor groupsre attached instead of the classically used

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

Ligand L! was synthesized VISONOGASHIRA cross coupling reaction of commercially
available 2,7dibromo9H-carbazole(2,7-DBC) with 8-ethinylisoquinolinel in a 1:1
mixture of DMF and DIPEA at 11%C for 48h. 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, thiss onlydecent
enoughsoluble in eitheDMSO 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%ompared 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 passing the column multiple times through a Iobp.
optimize the ovall yield, atert-butyloxycarbonyl (Boc) protection group was introduced

to the secondary amine to increase the solubidihapter4.2.15. The following cross
coupling reaction lead to the formationBdc-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 eludnt could be obtained in slightly better yields up to
35%.

L1 was characterized by NMR spectroscopy as well as ESI mass spectrontetiyMR
spectrum ofL! in DMSO-ds showsnine signals in the aromatic region which could be

unambiguously assigned to the structure with the help of hamb heterecorrelation
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NMR experiments as well as one prominent singlet at gn7 which could be assigned

to theresonance of theacondary amineroton
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Figure 3.2: Partial*H NMR (500MHz, DMSO-ds) spectra of a) 2;DBC and b)L™.

As it was mentioned in chapter 2, one reasoncarbazole was chosen as a ligand
backbone is that it is modifiable at the secondary amine with ease. The fol®eliage

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

amide functionalities and aminatiof L.
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Scheme3.1: Possible functionalization routeslof.

These approaches lead to a serieproposedigands with different functionalities for
unique guest binding properties and catalysis applicatidresligands were synthesized
via cross coupling reactions of the substituted2BIC backbone with isoquinoline donor
groups. The methylated backboBewnas obtained by the reaction of the unmodified
backbone with iodomethane. The followed cross coupling reaction lead to ligand
slightly better yields compared kd, due to better solubility and therefor easier workup
and purificatiorsteps A *H NMR spectrum ofL 2 in DMSO-ds shows nine signals in the
aromatic regions and a singlet resonance at aroungpfnOnhich could be assigned to
the introduced methygroup that is shifted downfield compared to the precursor

molecule.
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Figure 3.3: Partial'H NMR (600MHz, DMSO-d) spectra of a) Nnethyl substituted 2;DBC and b)L2.

For forming the amide bond in ligands andL* two different pathways where used:
Backbone3 was synthesized by a nucleophilic substitutreactionof 2,7-DBC with
ethykN-methyl carbamate and backbo#desia 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 redlizé&¢MR
spectra of ligandk® andL* showing both nine signals in the aromatic regions as well as
a quartet resonance at §pm (%) and a triplet resonance at §pm (*) which could

be assigned to the amide proton in both caSesipared t®B and 4, respectivel, the

signals of the NH protons are slightly downfield shifted.
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Figure 3.4: Partial'H NMR (DMSO-ds) spectra of a) precurs8y b) L3, ¢) L* and d) precursot.

The proposed ligand containing a hydrazine functionality could not be realized. The
corresponding backbone was synthesized (chap®i3and 4.2.19, however, the
hydrazine functional group was not stable under the cross cougéintioncondition and

therefoe only ligandL* was isolated.

Based on the studies of shagmmplementary ligands bLocH and EBBERT, ligands

LA where used for cage formation studiEgyure 3.1b).62:621 Both could show thaa
ligand with carbazole backbone that was substituted with atkiagpyridine linkers in
3,6-position is able to form exclusively heteroleptic coordination cages with the
phenanthrene based ligand$ andLB. The illustration inFigure 3.5 shows that if the
carbazole backbone is mirrored and will be substituted with donor sites in{hesitjén

it will have similar donor angles and therefore, most likely, will form heteroleptic

coordination cages with” andL® as well.
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Figure 3.5 Comparison of ligandl! (top) with 3,6-substituted carbazoleased ligand (bottom) and both

phenanthrendased ligands.” (right) andL® (left) as well as proposed (top) and reported (bottom)

heteroleptic coordination cages.

3.2 Synthesis ofCoordination Cages

Adding 0.55eq of a [PU(CH3CN)4](BF4). solution in the respective solvenigt named
fAPd(ll) cation®) to a solution ofL! in DMSO-ds or DMF-d7 at room temperature or
heating to 70C did not lead to a clear formation of a homoleptigLPgicage structure

(Figure3.6) but to a nofurther analged mixture of different species.
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Figure 3.6: Partial'H NMR (500MHz, DMSO-ds) spectra of a) ligant* and b) adding 65 eq Pd(ll) to
LY, 24 hatrt.
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Figure3.6b showing nevsignals in the aromatic region of thé NMR spectrum as well

as new signals at about p@m 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 7€ over time also did not lead to a single spetesation
(chapterd.3).

In the ESIMS spectrum Kigure 3.7) peaks am/z=522.5886 for [Pgl14]**, 725.7852
for [PdbL %4 + BF4®" and 1132.1787 for [PH%4 + 2 BF4]** were observed as well as a
peakatm/z= 845.5755 which could be assigned to the biype structure [Pd. 13Cl]%".

measured
PdL 1

522.5886 ,Ill l llll-

calc. for [Pd {(C,,H N 1™

|lll ,,HJ‘L,.‘,

—
521 522 523 524 525

[Pd,L", + BF J*
725.7852

[PdL", + 2 BF -
1132.1787

Pd,L,ClT
l 845.5755
P —a B} VY . 'y . . A

T T T
400 500 600 700 800 900 1000 1100 1200 mz

Figure 3.7: ESFMS spectrum of Pdl %,

However, nixing L1 in a 1:1 fashion with one of the ligand$™® in DMSO-ds or DMF-

d- followed by the addition 00.55eqPd(ll) cations lead to a quantitative formation of
heteroleptic coordination cages of the typelPs AP, after a few minutes at room
temperatureAdditionally, mixing ligandd_2* with LA"P under the same conditions stated
above lead ton total 16 novelheteroleptic cagestructuresas well. All of these
architectures were characterized by NMR spectroscopy in solutiorashieSIMS in

gas phase

3.2.1Heteroleptic Coordination Cages with Lt

In a*H NMR spectrum Figure 3.8c) of the heteroleptic cage Rd.L*; a singlet at

11.8ppmis observeavhich 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, e d) undergo a d
coordinative bod between the nitrogen and the palladium atom. Overallphlerved

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 sighpfotonb and
b 6 shifted upfield.
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Figure 3.8: Partial'H NMR (DMSO-ds) spectra of a) ligandl”®, b) *H DOSY trace of Pd L%, with
diffusion coefficientD and hydrodynamic radius;, ¢) heteroleptic coordination cage,P%L", and d)
ligandL?.

From a'H DOSY NMR spectrumKigure 3.8b) of PabL LA, it is clear, that only one
single species is present in solution state, with a hydrodynamic radius=dfl.97A.

This is in good accordance to the radii of previously reported heteroleptic coordination
cages?” 51 Furthermore, the heteroleptic cage formation was observed in tEhgss

by ESI mass spectromet(ifigure4.54). Peakdor different charged species of the title
compound, namelyhe most prominent ones fPdLLL A4, [PcbLiLA; + BF4)®,

[PdL LA + 2 BF4]?* were observed.

Fortunately, single crystals &fcbL:L*; that were suitable for Xay diffraction were
obtained from slow vapor diffusion of toluene itgolutionof the cagen DMF-ds. In

the crystal structuréFigure3.9) the arrangement of the two different ligandsandL*

in cis-configuration to each other is confirmed. The two palladium centres have a distance
of 14.403(5)A to each other and tiéT N d i s t aaintost pacafiel td eaah other,
carbazole backbone moieties of ligantamounts t66.727(7)A. Sincethe ligandsL*

are such close to each other, the cavity is wide open from the other side wherellfyands
are placed and this makes it easily accessible for potential guests from this direction. The

coordination cage contains two distinct-BEnions inside the cavity, both in a very close

proximity to the NH functions of ligand>. The c| os e 109N Toldidi st anc e
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inside the range of hydrogen bortdé! 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?.

Figure 3.9: Molecular structure of BH*L*; in the solid state, determined byrly diffraction, a) side, b)
top, c) front and d) side view and selected distancés in

Mixing ligandsL! and LB with Pd under the conditions described above lead to the
formation of heteroleptic cagedL %L 5. In alH NMR spectrum Figure3.10b) of this

species comparable shifts of the signals are obseiedt prominent are again the

downfield shift of thesignal of the secondary amine proton as well as the downfield shifts

of the signals of the i nnerlLbphthesignadofi and
proton ¢c6 is shifted wupfield, i ragmatleat i ng a

cavity size.
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Figure 3.10. Partial'H NMR (DMSO-ds) spectra of a) ligand.®, b) heteroleptic coordination cage
PcbL L B, andc) ligandL .

Additionally, the seHassembly was confirmed by BS (Figure 4.60), peaks for
different  charged  species, namely [PbLLLB]%,  [PabLLLE; + BF4)®Y,
[PdbL %L B, + 2 BF4)%* were observed.

Very recently, single crystals of Bd';L B, were obtainedsia slow vapor diffusion of
toluene into the cage solution in DMF. Preliminary analysis @y diffraction data
revealed, that the cage structure looks pretty much like the one obtained with the

combination oL andL”.

Figure3.11b shows &H NMR spectrum ofhe heterolepticoordination cag@L 1L,
in which again a strong downfield shift of the signal of the secondary amine proton of
ligand L! could be observed. Downfield shifbf the signalof the protonsn proximity
to the coordination sphere confirming the formation of a dative nitrogen palladium bond.

Similar to cage P4l ,LB,, a upfield shift and therefor a larger shielding effect of the

signal of proton c¢cd6 is observed, indicat.

cage Pd_ LA,
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Figure 3.11 Partial '"H NMR (DMSO-ds) spectra of a) ligand.©, b) heteroleptic coordination cage
PaL %L, andc) ligandL ™.

Furthermore, the cage formation was confirmed by-HESI (Figure 4.66), peaks of
different  charged  species, namely [PcbL%LC]%,  [PbLLC, + BF4)®,

[PcbL 1L, + 2 BF4)?* were observed.

Also in this case, singlerystals of Pgl%,L ¢, were obtainedia slow vapor diffusion of
toluene into the cage solution in DMFe peliminary analysis othe X-ray diffraction
data revealed, that the structofehe assembliookssimilar tothe one obtained with the

combination oL andL”.

Addition of Pd(Il) cations to a 1:1 mixture &f* andLP also lead to formation of a
heteroleptic coordination cage, sl NMR spectrum is shown ifrigure 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.®, b) heteroleptic coordination cage
PaL L P, andc) ligandL™.

In an ESIMS spectrum peaks for spec[@sbL 1,1 P2 + BF4)** and [PdL %L P, + 2 BF4)?*
were found Figure4.72).

The described decrease of the cavity size going fRabh'2L"> over PdL%LE; to
PaL L P, is shown by the overlay of the geometry optimizedjestructuresin the

following figure.

Figure 3.13: Overlay of PM6 optimized structures &fbL%LA, (orange), PaL%LE, (yellow) and
PaL %L P, (turquoise).
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The averagedistances between the two different ligands through the cavity decreases

from 8.4A (measured from the NH atombft o hydrogeb?)ta62m co6 of
(measured from thdH atomof L't 0 hy dr o g &/ and 5.5\ (measdred érém

the NHatomoL!t o hy dr o g eLR). Thig atready alidws ¢the presumption that

larger guest molecules most likely bind to.lPdL*; rather than to themaller cage

derivatives.

3.2.2Heteroleptic Coordination Cages with L2

Next, the capability of heteroleptic cage formation of the methylated ligandth LAP

was tested. The ligands were as well mixed in a 1:1 fashion aneé@B&(Il) cations in

DMSO-ds to obtain the corresponding sesembled cages at room temperature within
minutes. For example, 1 NMR spectrum(Figure 3.14b) of PaL2%L", showing a

downfield shift of the signals in close proximity to the coordination sphere and the inner
protons, respectivefHowever, the shift for the signal
it was observed for Bd,L*,, because of the sterically more demanding meghylips

inside the cavity.
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Figure 3.14: Partial'H NMR (DMSO-ds) spectra of a) ligandl”, b) heteroleptic coordination cage
PabL%LA; andc) ligandL2

The coordination cage formation was also shown byMES] most prominent peaks were
found for[PcbL 2L A2]%, [PcbL%LA2 + BF4]3*, [PbL?LA; + 2 BF4]?* (Figure4.78).

The'H NMR spectraFigure3.15, Figure3.16 andFigure3.17) of the assemblies &f?
with the shorter ligandsB® are comparable with the ones fromPHL 8P,. The signals

of the protons in proximity to the coordination spheres are shifted downfield compared to
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the free |igands and the signals of t

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.®, b) heteroleptic coordination cage
PcbL %L B, andc) ligandL2.
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Figure 3.16; Partial'H NMR (DMSO-ds) spectra of a) ligand.®, b) heteroleptic coordination cage
PabL %L and c) ligand_2
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Figure 3.17: Partial'H NMR (DMSO-ds) spectra of a) ligand.®, b) heteroleptic coordination cage
PaL %L P; and c) ligand_2

All of these assemblies were analyzed by-MS as well Figure4.84, Figure4.90 and
Figure 4.96). Peaks of different charged species of the cage structureolvseeved
namelythe 4 species without BF anions as well as the and 2 species with one and

two BF4' anions, respectively.

3.2.3Heteroleptic Coordination Cages with L®

Formation of the heteroleptic coordination caml L", was also observed vidd

NMR spectroscopy. The signals of the protort
are shifted downfieldcompared to the free ligandie to the formation of the dative

NiPd bond. However, the signal of the i1 nwa
strongly, indicating a stronger shieldinbhis 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) ligandl®, b) heteroleptic coordination cage
PcbL %L A, andc) ligandL 2.

The coordination cage formation was also shown byMES] most prominent peaks were
found for[PcbL 3L A5]*", [PabL 3L A, + BF4]%*, [PbL LA, + 2 BF4]?* (Figure4.102).

Next, the cage formation of ligaidf with the other shape complementary ligahd®

was tested. However, in all three cases a mixture of species was observed in the
correspondingH NMR spectra. Some prominent signals could be assigned to the protons
around the coordination sphere as well as to the amide proton. A possible reasch why

is not forming distinct heteroleptic species with those ligands cannot be given at this point
since these results are still under investigat®irric hindrance of the thy endohedral
moiety can be disregarded because clean cage formation with the even bulkiek figand
was observed with all of the ligantl$® (see chapteB.2.4. Nevertheless, a peak of
specie§PdL %L ©5]** could be observed in the EBIS spectrumFigure4.107).
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Figure 3.19 Partial'H NMR (DMSO-ds) spectra of a) ligand.®, b) heteroleptic coordination cage
PaL 3L B, and c) ligand_3.
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Figure 3.20: Partial 'H NMR (DMSO-ds) spectra of a) ligand.¢, b) heteroleptic coordination cage
PaL 3L, and c) ligand_>.
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Figure 3.21: Partial'H NMR (DMSO-ds) spectra of a) ligand.®, b) heteroleptic coordination cage
PaL 3L P, and c) ligand_>.

3.2.4Heteroleptic Coordination Cages with L*

While combining ligand_* with large ligandL” a heteroleptic coordination cage was

obtained and characterized % NMR spectroscopgFigure3.22). The spectrum is again

comparable to the systems above, downfield shifts of the signals of the protons around

the coordination sphere (h, i, ed) are obs

slightly shifted downfield and the signal of inwardpoimg pr ot on c¢6 shifts
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Figure 3.22 Partial '*H NMR (DMSO-ds) spectra of a) ligand.”, b) heteroleptic coordination cage
PaL*L*; and c) ligand_“.
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The formation of the coordination cage was also confirmed by ESI mass spectrometry,
namely the different charged specie§PdL%LA;]%, [PabL%LA, + BF4*,
[PdL%L A, + 2 BF4?* were foundFigure4.115).

Surprisingly, clean NMR spectréFigure 3.23, Figure 3.24 and Figure 3.25) were

obtained while mixing.* with L®P, considering the even more sterically demanding
endohedral substituent af compared to the results witl? in the chapter above. In all

three cases, downfield shifts of the signals of the protons around the coordination spheres

( h, i, e06) are observed as well as the upfi
the already discussed shielding effefdih@ smaller cavity. The same effect is also shown

by the upfield shifts of the siguoaaty. of prot
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Figure 3.23 Partial'H NMR (DMSO-ds) spectra of a) ligand.B, b) heteroleptic coordination cage
PaL LB, and c) ligand_“.
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Figure 3.24 Partial '"H NMR (DMSO-ds) spectra of a) ligand.©, b) heteroleptic coordination cage
PaL“L%; and c) ligand_*.
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Figure 3.25 Partial 'H NMR (DMSO-ds) spectra of a) ligand.®, b) heteroleptic coordination cage
PaL“LP; and c) ligand_*.

All of thesethree heterolepticagesvere also observed in their ESI mass speéligufe
4.121, Figure 4.127 and Figure 4.133. Peaks of the specid®dL 4L B5P;]*" and
[PdbL %L <, + BF4]** could be found.

In summary, 16 noveheteroleptic coordination cages of the typelPd,L*P, were
synthesized out of a modular toolbox of shape complementary ligands with on the one
hand different endohedral functionalitigs'#) and on the other hartifferent sizes and
backbonesl(*P) 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 Xray crystallography in the case of:P&L",, respectively.
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3.3 Phosphate Binding

3.3.1Principles of HostGuestChemistry

Guest interactions in supramoleculapadination cages have been studied extensively in
the last decadés!®7:1#117|n our group we mainly focus on the binding of anions inside
our cationic cage$%6569112.118.201 |n particular, strong binding of aromatic and aliphatic
bis-sulfonates could be shown. For exampBeocCH could showin his work on
heteroleptid®bA2B> coordination cages, that bent{sisifonate guest molecules have a

higher binding affinity to the asymmetric hosts than linear &fes.

One powerful technique to characterize kmpsest interactionsn solution is NMR
spectroscopif2°6:121122lIn principle, two different outcomes could be observed: slow
(ms to s)and fasins to ps)guest exchangeompared to the NMR timescdl&*2¥IWhile

in the fashion of slow guest exchange, two sets of signals, one for the frékdrasbne

for the hostguestcomplexHG, could be observed, only one averaged signal for the
complex is visible in a fast exchange procdsss signal isgraduallyshifted compared

to the free host if more gueStis added to the solution.

a) HG b) HG
t |

eq.G |

[ppm] 6, & &

Figure 3.26. Comparison of NMR spectra of a supramolecular-gostst system in a) slow and b) fast
exchange compared to the NMR timescaléth hostH, guestG, hostguest compleXdG, observed
chemical shiftl, initial chemical shift of the hosii, chemical shift of the hogtuest complexine and the
ratio of the complexed host at the equilibrium over the totaldost

To characterize the bindindfiaity in a simple 1:1 ssem, the so-called binding or

associatiorconstanK of the equilibrium equatiocanbe determined

K

H+G HG

Scheme3.2: Equilibrium reaction of hodtl with guestG to hostguest compleXiG with binding
constank.
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Herdn, K can be calculated ihe equatiors (3.1-3.4)

X
i 31
v T : (3.1)
5B B& (32)
& & Bd (33)
L £ ¢ 34
U Ttz o f:t (34)

with concentration of the free host], concentration of the free gue&][ concentration
of the hostguest complex HG], initial host concentrationH]o and initial guest
concentration]o.

In afast exchange systerthat is illustrated irFigure 3.26b, the chemical shifi of HG
appears at theveighted average of the chemical shift of the free host and thghest
complex.To calculate HG] equations 8.5) to (3.7) are used

1 1: P ... Tpat.. (3.5)
t £t 1% EEt1:: 1: (3:6)
g g S 1 1e (3.7)

Tee T:
with observed chemical shifif initial chemical shift of the hoski, chemical shift of the
hostguest complexXinc andthe ratio of the complexed host at the equilibrium over the
total hostc. The herein investigated hegtiest systems are all in a fast exchange
compared to théH NMR timescaleKwas obtained by plotting t
shifts of the cage signals against the guest concentration and the data was fitted by using
the software Bindfit22:124.125]

Besides calculating the binding constant to describe guest affinity and selectivity to a
supramolecule, obtaining the thermodynamic parameters @&BeBs e ner Gy (04]
ent hadlamyd o nS is angher caterium to investigate hagtest complexeX

i s r el Gtiowglhlthetteonpegatuie
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i

30 YYD (3.8
with molar gas constarR. Using theGIBBS-HELMHOLTZ equation 8.9) and thevANGr
HoFFequation 8.10) the enthalpy and entropy of the binding process can be calculated:

30 30 "%Y (3.9
. 30 3Y

-2 3.10
I b VY (3.10)

Here, equation 3.10 is of thgpe y= mx+b so it describes a straight line ifdns 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.

3.3.2PhosphateEstersand PhosphateRecognition

Phosphates are salts or estergtaisphoric 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, rdsno

and triesters could be @ined.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 biominer&i&:2"]

0
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Scheme3.3: Chemical structures ofaturally available and syntheticganophosphas.

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

regulation in cellsPhosphorylated sugars likeGlucose6-phosphateh) arecommon
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metabolitesn cellular processes like the glycolysis of glucd3eosphoserine) is an
example of a phosphorylated amino acid thébisd in several protein@OPCd) is a
representative of phospholipids that are forming cell membranes and lipid bilayers due to
its amphiphilic characteAs a last example for naturally available phosphgtsnitoxin

€) is shown, that is produced by cyanobactéffa Besides the natural occurrence,
phosphate esters are broadly common in synthetic and industrial gsrbki@@esticides,
fertilizers, flame retardants and nerve agé&dtst34 Polyphosphaté) is broadly used as

a flame retardant due to its high melting point, dichloryois a widely used and highly
potent insecticidend organophosphonatgarinh) is a nerve agent that was used as a

chemical weapon in World War éind acts as an acetylcholinesterase inhibitor.

In the last decadesc@res of syntheticeceptors for the recognition of phosphate esters
have been describéd® 4! Environmental pdution, 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 ritligigy.
receptor molecules can be distinguished by their recognition mode of the phosphates, for
example chargeharge interactions, hydrog&onding, macrocyclic intactions or the
coordination by several metals are described in the literadB@®des these synthetic

receptors, phosphates can also be recognized by specific proteins irf'féttite.

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

solutiong{1461149]

Another extensively studied compound class of phosphate receptors areaardidea

basedsystemshat are able to form hydrogen boridghe aniort!4?!
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Scheme3.4: Chemical structures of receptor molecuRésR®,

ReceptorR! was reported by the group dfiRczak in 2004 and featuring beside the
amide functionalities a carbazole moiety to adtyasogen bond donaf>® It was shown
that this molecule was able to bindRQ,' selectivelywith a 50006fold higher binding
constantover chloridein a DMSQH20 mixture. This was reasoned by the size of the

groove of the receptor that isotwide for the chloride anion.

In 2009 the group ofGALE reported a series of receptor molecules based on a urea
moiety*5! 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 fluorescenceR3fdecreased upon addition oDy’ .

ReceptoiR® also consisting of a carbazole moiety was published by the grd@geafin
2004 as part of a series of indolocarbazole sen$e#dnNith NMR titration experiments
in acetoneit was shown thaH,PQy' was recognizedwith an association constant of

log K =5.3M"? stronger than fluoride, chloride or hydrogen sulfate. A derivativie®of

43



Results and Discussion

(methyl groups instead of the bromine atoms) also acts as a fluorescent sensor with

H.PQ/' enhaning the emission.

Another interesting class of recept@i® composed of square amide motisdwere
reported by the group @osTA in 20041253 In a 9:1 mixture of ethanol and water an
association constant of £2.2A10* M for HPO? @R* was determined, however the

receptor was found to be more selective for sulfate anions.

One of the first amidéased receptors for phosphates are the triangular moldRiles

and R reported by the group dRAPOsO in 199504 They could show that the
association of propylphosphonateR# is quite weak in CDGl However, usindrR®® that

has additional hydrogen bond donor site lead to an increase of the association constants
for propyt and phenylphosphonat€hanging the solvent to more polar DMSO or
methanol yields again in an increase of K. Additionally, the recognition gf P@R5"

was followed by NMR titration in DMSO and gave the in this work highest reported
association constant of X10° M'%. This was explained by the high charge and the

additional hydrogen bond acceptor sites.

SEssLERet al. reported a series of macrocyclic anion receptors in the last yeaR®with

as an example that comprises of carbazole and pyrroledits was showrthat 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 K7 AL0* M' ! were reported for the phosphates, however the

receptor showed the highest affinity for carboxylates.

The amidopyridyl receptorR’ and R® were reported by the group &fAMILTON in
199256 They investigated the binding of different memmd 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 wRh and a 2:1 withR®,
Titration of the monoester dodecylphosphateRb6 led to a binding constant of

K =2.8A10* Mt in chloroform.

Beside these examples of fully orgamied quite flexiblephosphate receptors, a large
number of metatontaining receptor molecules were reported, a selection is shown in
Schemed.5.
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Scheme3.5: Chemical structures of receptor molecuRsand R10%¢,

In the 2000ghe group ofVILAR reporteddinuclearpalladium and platinunasompounds

bridged by sulfideyielding receptor moleculeR® with urea motifs as hydrogen bond
donor sites!®”15% With NMR titration experimentin DMSO-ds it was shown thaR®

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 =3.4M"! for the organophosphate. Since it was observed that the palladium

complexes were not stalfier long, the more stable platinum containing receptors were

synthesized. The binding affinity for the investigated phosphates did not change

significantly.

The group oHAMACHI showed that zinc(Il) dipicolylamine (Zn(Dpa'°*°) could be

used as a phosphate receptor, in particular for oligopeptides containing phosphorylated

amino acids$t®?7l On the other hand, also the selective recognition of inorganic

phosphate and methylphosphatewater over anions like carbonate and acetate was

shown for receptoR!°2 Furthermore, an association constant of K2AL0° M'! was

obtained via®'P NMR titration experiments for ATPR#®, which binds stronger than

ADP or AMP due to its higher charge. Similar results and association constants were

observed for recept@®'°®. However, with receptdR°¢lower association constants21

magnitudesyvere obtained since this molecule feagonly one Zn(Dpa) binding motif.

Additionally, HAMACHI et al. could show thaR'® and R were able to recognize

peptide sequences that consists out e &mino acids with one of these was

phosphorylated. No association was found for-pbasphorylated peptides.
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While organic receptor molecules forganophosphates are extensively studied, only a
few examples for coordination cages that incorporate phosphates as guest molecules were
shown in the pastFor exampleWARD et al. reported highly chargedatubic[Cosl 12]*¢*
coordination cage that acts as a host for several alkylphosphonatesiEstsor nerve

agents like sarift®® However, the reported binding constairtsacetonitrile or water
obtained by NMR and luminescence titratiamsre quite low in the range of &10 to

400M™. The group also reported binding studies of organophosphates that are used as
insecticides in their cubic coordination catfé They further investigated the hydrolysis

of dichlorvos tlat is one order of magnitude higher if the guest is bound to the

coordination cage.

Additionally, in 2013 the group d¥ITSCHKE presented a wateoluble Fele tetrahedral
coordination cage that was able to bind neutral guest molecules, including dicHit¥vos.
Further, the hydrolysis of thguest was demonstrated to be more effective if the host was

present.

In 2020LuUsBY et al.reported a Pdl4 coordination cage that was able to incorporate
benzoquinone as a geHsweved, they tonlé shawatltpetlsed c a v i
association of P (O) at the metal centres outside the coordination cage modulates the
binding affinity of the guest molecule as well as the catalytic properties of thgumexst

system.

One advantage to use coordination cages for anion recognitibbiading instead of

(fully) organic receptors is the rigidity of the systéhhe sizeand shap®ef the binding

site is more predictablenside a cage structure and therefor the selectivity for a
particularly shaped anion is much higher. Another benefit for using coordination cages is
that the syntheti@effort is mostly lower and ligands can be easily functionalized and
replaced according to the necessiti€aerefore the modular system of legbleptic
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, ¢) MBsimulated structure a*@PadL%,L", and d) investigated phosphate guests.

In the following chaptershe modularity of the systemvill be used to investigate the
effects of Hbond donors and cavity size to the binding affinity of phosphate Ester
(Figure 3.27). Furthermore, the effect of differemesidue moietiesattached to the

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

3.3.3Cavity Size Variation

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

signals in théH NMR spectrum were observeigure3.28). Most prominent downfield
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shift was observed for the signal of the NH prodsiwell as a broadenipmdicating the
formation of a hydrogen bond to the guest molecule, most likely to one of the phosphate
oxygen atomsAnother strong evidence for inside guest binding is given by the shifts of
the signals of inward pointing protons by guest addition, e.g. pra@ons amd e 0 .
Furthermore, crosspeaks between the phenyl proton sign&s ahd the signals of
proton c¢c6 and d¥EiHNOESYNMR specfrumBiguct4.160n This

also shows that the phosphatenisst likely orientated with its phenyl backbones to the
phenanthrene liganid”. forming “-" -interactionsAs it was mentioned above, the guest
binds in a fast exchange fashion to the host compared to the NMR timescale. From the
analysis ofpiagainst the guest concentration with the software Bindfit a binding constant
of K = 2062+ 31 M'! was obtainedSince DMSGds is known to be a strong competitor

in regards of hydrogen bonding the titration was also performed in-8&Wich led to

a similar binding costantof K = 1734+ 97 M'! (Figure4.185).

a) b)
5.0 eq | n 0,846
20 e osd
1.6 eq m J___l'lw‘__.ﬂl« 044
12eq L_LL_,_J‘;_JU. 0]
0.8 eq l __JJ__,JL___J L g0l
O4eq } i U
sos M T o
12 11 10 9 0 2 4
ppm eq (G

Figure 3.28 a) Stacked partidH NMR spectra (500AHz, DMSO-ds) of the titration ofG3to PaL LA,
and b) plot ofp lof selected proton signals against guest concentration.

In addition, single crystals suitable forrdy diffraction ofG@PaL 1.L*; were obtained

from slow vapor diffusion of EO into the solution of the heguest 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 ilfedPakis of the cage interacting

with the Pd atoms from the outside. Inside the cavity, tw Biions are located, exactly

at the same positioasfor the structure of Pt *.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 fhaladiumatoms with thg oxygen

atoms.

Figure 3.29 Molecular structure o&3@PaL *L*; in the solid state, determined byry diffraction, a)
front and b) side view.

The guest uptake was also confirmed by ESI mass spectrafifiginye3.30a). Peaks for

the hostguest complex, namely [Rd2LA;+ G3%Y, [PakLLLA; + BF: + G%?* and

[PcbL LA, + 2 G¥2* could be assigned. To confirm that the guest is located inside the
cages’ cavity, ion mobility spectra of the empty host and theguest complex were
recordedin collaboration with.. SCHNEIDERandC. DRECHSLER (Figure3.30b). For the
empty cage @ experimentatollisional cross section (eCCS) of 59431 was obtained
whereas the eCCS value for the hpsest complex slightly increased to 6087 A
comparison with the theoretically obtained collisional cross sections (tCCS) revealed the
same tren@Table4.3). Furthermore, the simulation of the complex where the phosphate
guest was placed outside the cavity gave a tCCS of #88t8 show that the guest

binding is most likely inside the cavity.
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Figure 3.30: a) ESIMS spectrum of [GC@PdL%LA;], b) experimental ion mobilities of
[BF4@PaL LLA;]%* (solid red line) andG*@PdL %L A,]%* (solid blue line) and theoretically determined
mobilities of BF:@PdL *:L*;]3* (dashed red line) an@Gf@PaL %L ",]3* (dashed blue line) compared to
the mobility of complex wher&? is placed outside oPabL *;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,*thé\MR titration
experiment ofG® to PdL%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 shiftewnfieldgraduallyupon guest addition, but tlgi of

about 0.2opm is much lower compared G2@PdL%:L",. This could be alreadgn
indication for a lower binding affinity. Also, the observed shift the other signals of
interest are way lowelere,t he s i g n a lis shiffing gowndieldo A possible
reason could be the more shieldieffect due to the smaller cavitfzrom the fit of the

binding isotherms with Bindfit a binding constantkof 98+ 1 M'! was obtained.
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Figure 3.31: a) Stacked partidH NMR spectra (500A1Hz, DMSO-ds) of the titration ofG® to PaL L5,
and b) plot ofp of selected proton signals against guest concentration.

The formation of the hogjuest complex was also confirmed by ESI mass spectrometry
(Figure4.173. Most prominent peaks were obtained for following charged species of the
hostguest complex:  [PdbLbLE; + GI3, [PdbL LB, + BFs + G3? and

[PLL LB, + 2 G%?*. lon mobility studies showechaCCS of 545.4\2 for the empty

host and aeCCS of 542 A? for the hostguest complex, showing the comparable slight

increase of the iosizeand therefor showing the inside binding®t (Figure4.189).

Next, thetH NMR titration experiment o3 to PdL 1.L ¢, was performedSlight shifting
of the signals of the inward pointing protons was obserasdavell as a slight downfield
shift of the signal of the NH proton @fii& 0.1ppm upon %q addition ofG3. This
indicates an even lower binding affinity GPF@P L .L €, compared t@3@PdL 1L B,.
Fitting of the binding isotherms lead to a binding constaktsB33+ 1 M' L. 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 partidH NMR spectra (500/Hz, DMSO-ds) of the titration ofG® to PgL %L,
and b) plot ofp of selected proton signals against guest concentration.

The formation of the hogjuest complex was also confirmed by ESI mass spectrometry
(Figure4.175. Most prominent peaks were obtained for following charged species of the
hostguest ~ complex:  [PdL%LC; + G, [PbLLC, + BF4 +G%?*  and

[PbL LS, + 2 G3]?*. lon mobility studies showed an eCCS of 554%1for the empty

host and an eCCS of 56287 for the hostguest complex, showing the comparable slight

increase of the ion size and therefor showing the inside bindiGg @Ffigure4.190).

In a last experiment of this serigd® was titrated to Pdl %L P, followed byH NMR
spectroscopy. The observed slight shift of signal of the NH protongi & 0.2 ppm)
indicates again a lower binding constant compare@3@PaL %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 otherdueess titration experiments.
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Figure 3.33 a) Stacked partidH NMR spectra (500AHz, DMSO-ds) of the titration ofG®to PaL L °,
and b) plot ofp lof selected proton signals against guest concentration.

The formation of the hogjuest complex was also confirmed by ESI mass spectrometry
(Figure4.177). Most prominent peaks were obtained for following charged species of the
hostguest complex:  [PdLLLP; + GI®, [PcbL %P, + BF4 + G%? and

[PbL L P, + 2 G3]?*. lon mobility studies showed a@CCS of 555.12 for the empty

host and an eCCS of 56287 for the hostguest complex, showing the comparable slight

increase of the ion size and therefor showing the inside bindiGg @Ffigure4.197).

Table 3.1: Overview of binding constants K for encapsulatioGéf

G'@ PabL LA, PabL LB, PabL LS, PcbL %L P,
KM | 2062+ 31 98+ 1 33+ 1 149+ 1

In summary, it can be stated that the decrease of the cavity sizehastantialmpact
on the binding affinity of the phosphate gu&stto the hosts. The binding constants
decrease by a factor of about 20 whéhis substituted by B and even by a factor of
about 60 wherL” is substituted by €. In all four cases the downfield shift and the
broadening of the NH signal observed in tHeNMR titration experiments revealed that
the binding ofG2 is mainly driven by the formation of hydrogen bonds. lorbitity

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

3.3.4Donor Site Variation

In a next series of experiments, the influence of the NH donor site on the binding strength

of G® was investigated. Initially, théH NMR titration of G2 to the methylated
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coordination cagePchL?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 ofprotonc AAdditionally, the signal of the methyl group undeega upfield

shift as wellcompared to the empty hobklpon addition of qG3, the coordination cage

starts to partially disassemble. From the signal shifts inside binding of the phosphate guest
is assumed. A binding constanttof 77 + 3 M'! was obtained, so the bindiaffinity is

abaut 25 times lower than fo&? inside the coordination cadedL,L*; that has the
hydrogen bond donor functionalities installethwever, binding o3 was still expected

since the coordination cage is a positively charged species.
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Figure 3.34: a) Stacked partidH NMR spectra (500AHz, DMSO-ds) of the titration ofG3to PaL%L",
and b) plot ofp tof selected proton signals against guest concentration.

The same trend of decreasing the binding affinity compared to the coordination cage
PaL 1LA; with the free amine functionality installed was observed when changing the
solvent to DMFd; (Figure 4.186). Here, a binding constant #f=199+6 M'! was

obtained.

The formationof the hostguest complex was also obserwed ES| mass speaimetry
(Figure4.179. Most prominent peaks were obtained for following charged species of the
hostguest complex: [PdLZ%LA; + GI*, [Pl %, + BFs + G312 and
[PcbLZLA; + 2 G%2*. To proof inside binding, ion mobility studies showed an eCCS of
597.0A2 for the empty host and a slightly increased eCCS of 689f8r the hostguest
complex Figure4.192).

Next, the binding o2 insidethe ureatype cagePdL 3L ", 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 théH 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 isotheled to a low binding constant of

K =46+2M'% There are two possibkxplanationgor this low binding affinity, one is

the sterically overcrowded host that prevents the guest moleculy toste 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
cagePdbL 1L A,
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Figure 3.35: a) Stacked partidH NMR spectra (500AHz, DMSO-ds) of the titration ofG3to PaL3,L",
and b) plot ofp tof selected proton signals against guest concentration.

The guest uptake was also confirmed by ESI mass spectrorfrediye4.182). Most
prominent peaks were obtained for following charged species of theunestt complex:
[PdL3LA: + G313, [PabL 3, + BF4 + G%?" and [PdL3.L"; + 2 G%?*. To proof inside
binding, ion mobility studies showed an eCCS of 5%%For the empty host and a
slightly increased eCCS of 59247 for the hostguest complexRigure4.193).

In a last experiment, the binding of G3 to the coordination cage*Rd, was
investigated. In théH NMR titration experiment downfield shifts of the signals of the
inward pointing proton was observed, comparable to the previousyhest system.
Furthermore, a downfield shift and broadening of the signal of the NH proton was
observed, indicating theofmation of hydrogen bonds. The obtained binding constant

K =128+ 3M'!is in the same low rangasfor the previous described exampl&$e

55



Results and Discussion

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 partidH NMR spectra (500MHz, DMSO-ds) of the titration 0iG® to PdL %L",
and b) plot ofp of selected proton signals against guest concentration.

Again, guest uptake was confirmed by ESI mass spectronieigyré 4.184). Most
prominent peaks were obtained for following charged species of thgunestt complex:
[PcbLLA, + G313, [PbL 4?2 + BF4 + G®]?* and [PdL%L"; + 2 G%?*. To proof inside
binding, ion mobility studies showed an eCCS o2.8R? for the empty host and a
slightly increased eCCS of 3® A2 for the hostguest complexRigure4.194).

Table 3.2: Overview of binding constants K for encapsulatioGéf

G'@ PcbL LA, PcbL%LA, PcbL3LA, PcbL%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 liganid* is blocked by the methyl group in the casé &fA weak

binding process is stilhappening sincéhe coordination cage is a cationic species. The

binding of G* is still much weaker compared to cagelPd_ ", when exchanging ligand

L with L® 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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3.3.5Guest Variation

In the previous chapters it was described that the bireiagtof the phosphate est&?

is the best if the hydrogen bond donor functionality is givehgnd the cavity is large
like it is the case for the long phenanthrene based ligdndrhis coordination cage
PaL %L A, was then used for the binding studies of the other phosphate esterGuests
G® (seeFigure3.27d).

The titration with the aliphatic guest molecules containing et®y) @nd butyl G%)
sidechais, respectively, did not lead to a clear formation of a-gasist complexFigure

4.154 and Figure 4.162). However, shifts of the signals in thié! NMR titration
experiments were observed for e.g. the NH proton and the inward pointing protons as
well. After the addition of more thawo equivalents oftheguess, the signals broadened

a lot and new, not further analyzed, species appeRregito the signdiroadeningit was

not possible to determine the chemical shifts #nadeforeno binding constants for the
titration of G andG*to PdL %L ", wereobtainedBut from the shift and the comparison

with the other obtained titration data it could be assumed that the aliphatiGé&sied

G* alsoweaklybind to the host most likely.

However, ESIMS analysis of the two experiments showed formation of the respective
hostguest complexes in the gas phasmre4.156 andFigure4.164). Namely, peaks
were obtained for following charged species of the -gasst complexes:
[PcbL LA, + G133, [PdLA, + BFs + GY, [PLLLA, + GH3* and

[PcbL 1A, + BF4 + G*%*. lon mobility measurements revealed thabath cases the guest

is likely bound inside the cavity, since eCCS values of 684 &%) and 601.142 (G%)

were obtained (in comparison empty cage had an eCCS of A95Higure3.42).

TheH NMR titration of PdL ',L*, with the benzyl substituted phosph@®&gave similar
results to the titration with the aliphatic gue@tgyure4.157). Shifting of the signals of

the NH proton as well as the inward pointing protons weservedand 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 equival@ht®at to

the signabroadeningit was not possible to determine a binding constant fatittiaéion,
however, binding o052 can be assumed as weil.the ESIMS spectrum the hosgfuest

complex, namely the charged species:[Pgl*; + G?3*, [PaL ", + BF4 + G??" and
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[PcbLLLA; + 2 G?? were observedFjgure 4.158). To proof inside binding, the ion
mobility of the complex was measured to obtain an eCCS of 05 Bigure3.42).

A possible explanation why the bindiegentof the aliphatic guests* andG* is not so

clear from the obtained NMR datauld be the missing T -interactions with ligand.*

like it was observed foB3@PdL ,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 iacreased movement @? inside the cavity and
therefore to the observed signal broadeninghe case of the aliphatguestsjt 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. Howevdr cardplex was not
observed in the ESI mass spectra. To proof, that the binding of the diethyl ester is less
strong than the binding of theiphenyl ester in the host Rd,L", a competition

experiment was performed (see chaftér6.

In theH NMR titration experiment of toluyl est&® to PdL L ",, a strong downfield

shift and signal broadening of the NH proton was again observed after guest addition
(Figure 3.37). Furthermor e, the signals of t he
shifted, comparable to the observed shifts of the comBR®PdLLLA,. From the
binding isotherm a binding constantkf 1432+ 117M'! was obtained. Compared to
G2@PdL.L*; the binding affinity decreases and could be explained by the larger size

of the guest molecule.

a) b)
Ab
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Figure 3.37: a) Stacked partidH NMR spectra (500/Hz, DMSO-ds) of the titration ofG® to PgL%L*,
and b) plot ofp lof selected proton signals against guest concentration.

58



Results and Discussion

The guest uptake was also confirmed by ESI mass spectrorfrediy€4.166). Most
prominent peaks were obtained for following charged species of thgunestcomplex:
[PdLLLA; + GO%, [PbL1A; + BF4 + G°)2* and [PdL LA, + 2 G°)?*. To proof inside
binding, ion mobility studies showed an eCCS of 59% For the empty host and a
slightly increased eCCS of 60147 for the hostguest complexRigure3.42).

a)

Figure 3.38 Molecular structure o8°@PdL*,L"; in the solid state, determined byrXy diffraction, a)
front and b) side view.

In addition, single crystals suitable forrdy diffraction ofG@PdL 1.L*; were obtained
from slow vapor diffusion of O into the solution of the heguest complex in DMF.
The obtained molecular structurebgside of the toluyl groups attached to the phosphate
backbone, the samasin the case foG3@PdL %L*,. The guest molecules are again
placed outside the cavity and interactinigh the palladium atoms of the coordination
cage. Inside the cavity, two BFanions 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 4f'P8, (orange)
G*@PdL LA, (green) andz®*@PdL LA, (purple) from a) the front, b) side and c) top.

In Figure3.39the three obtained molecular structures were superimposed to illustrate the
described similarity of these.

The last investigated guest molecule was the chiral BINOL deriv@fvénterestingly,

also this comparable large guest binds to the coordination cag&Pth. In the'H NMR

titration experiment a downfield shift and broadening of the signal of the NH proton was
observed(Figure3.40). The signals of the inward point.i
shifted upon guest addition, however the shift is not as large as it was observed for
G2@PdLL",. A binding constant oK =513+ 17M'! was obtainedso about one

quarter less strong then the bindingaot

a)

5.0eq ) L

20eq -t m
1.6eq L il
12eq |
0.8eq - Lol
0.4 eq N A JUJ
0.0eq NHJ ! e'ﬂ f‘i _alUJ

12 1 10 9
ppm

Figure 3.40: a) Stacked partidH NMR spectra (500AHz, DMSO-ds) of the titration ofG® to PaL L4,
and b) plot ofp tof selected proton signals against guest concentration.
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Furthermore, all signals split into a set of two during the additi@fpéxcept 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 cagair( through the coordination cage
from the NH group to the central phenyl rirsgof L”) are not chemically equivalent
anymore, since one of the naphthyl moieties is pointipgvhereas the other naphthyl

moiety is pointingdown (See PM6 optimized structure kigure3.41). NOE data of the

hostguest complex could not provide information of the orientation of the guest.

Figure 3.41: PM6 optimized structure @°@PdL L4, 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 G°@PdL ;L ", were obtainedy slow vapor diffusion
of toluene into the cage solution in DMF. Preliminary analysis of thayXdiffraction
datashowed the similarity athe hostguest complexvith the other obtained structures,

with the guest molecules outside the cavity.

The guest uptake was also confirmed by ESI mass spectrorfrégye4.168). Most
prominent peaks were obtained for following charged species of thgunestt complex:
[PdL LA, + GO3, [PabL A, + BF4 + G8)?" and [PdL LA, + 2 G®]?*. To proof inside
binding, ion mobility studies showed an eCCS of 59 for the empty host and a
slightly increased eCCS of 599G for the hostguest complexKigure3.42).
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