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Abstract

This thesis explores two main topics: the computational study of strain in
heteroleptic coordination cages and the incorporation of squaramide functionalities
into coordination cages to investigate their host-guest properties.

The computational study aimed at expanding the understanding of the thermo-
dynamic driving forces behind the non-statistical self-assembly of cis-[PdaLaL))]
and trans-[PdsLoL}] nanocages. Previous studies on Pd"-based homo- and
heteroleptic cages composed of a carbazole ligand with either an elongated
or non-elongated phenanthrene ligand were analyzed using NMR spectroscopy,
ESI-MS and single-crystal X-ray analysis. The findings of these studies raised
the question of whether differences in ring strain could be reproduced through
gas-phase electronic energy comparisons via DFT geometry optimization. To
address this, cage-to-cage transformations were examined, and ligands excised
from heteroleptic cages were compared with their fully relaxed counterparts to
assess strain in self-assembled coordination cages. This work extends these studies
to acridone- and inverted carbazole-based ligands paired with the respective
phenanthrene ligands. The calculations revealed that acridone- and inverted
carbazole-based ligands preferentially form heteroleptic coordination cages with
elongated phenanthrene ligands rather than with the shorter phenanthrene ligands.
Additionally, the incorporation of diketopyrrolopyrrole-based ligands in trans-
[PdaLoLb] cages featuring self-penetrated motifs was examined. Computational
studies demonstrated that the release of strain upon transformation of a self-
penetrated homoleptic diketopyrrolopyrrole cage to a heteroleptic cage plays a

significant role in driving the preferential formation of the heteroleptic structures.

Hydrogen bonding is a key noncovalent interaction that influences molecular
recognition and catalytic processes. Squaramides are well-known hydrogen bond
receptors and catalysts, possessing both hydrogen bond donor and acceptor groups.
The second focus of this thesis is the heteroleptic cage formation of squaramide-
based ligands with square-planar Pd(II) cations. Poorly soluble squaramide-based
ligands assembled into a distinct assembly in DMSO-dg. To enhance the likelihood
of observing the effects of hydrogen bonding on host-guest interactions, derivatives
of squaramide-based ligands were synthesized and formed analogous heteroleptic
cis-[PdaLaLb] cages in CD5Cly. The resulting assemblies were analyzed using
NMR spectroscopy, ESI-MS and single-crystal X-ray crystallography. When two
squaramide ligands were combined, the formation of a heteroleptic cage was
observed. X-ray analysis revealed that the hydrogen bond donor functionalities
of one squaramide is oriented outward, with intramolecular hydrogen bonding
occurring within the cage. This raised the question of whether such intramolecular
hydrogen bonding contributes to a cooperative effect in guest binding. To
investigate this, a reference cage was designed by pairing a squaramide-based ligand

with a benzothiadiazole-based ligand, forming a distinct heteroleptic cage with
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the same topology. Computational studies suggested that the cooperative effect
of intramolecular hydrogen bonding is more pronounced when two squaramide
units are involved in intramolecular hydrogen bonding. To validate this, binding
constants for neutral guest molecules were determined via 'H NMR titration
experiments and compared across the two different cage systems. The results
confirmed a cooperative effect in guest binding, particularly for caffeine and f(3-
nitrostyrene. Additionally, the host-guest properties of the assembled coordination
cages were examined with chloride, disulfonate and phosphate anions. However,
attempts to determine binding constants for anions to the solely squaramide-based
heteroleptic cage in CDyCl, revealed broadening in the 'H NMR spectra, suggesting
aggregation, likely due to ion pairing effects. Nevertheless, binding constants for
two disulfonates with the benzothiadiazole-based cage were successfully obtained,
demonstrating a binding constant that is an order of magnitude stronger than for
other palladium-based cages. In addition, the incorporation of 1,3-squaramides
with a piperazine linker into coordination cages with Pd™ was investigated. The
self-assembled structures and their host-guest complexes were analyzed using
NMR spectroscopy, ESI-MS and single-crystal X-ray crystallography. A ring-
like topology with the molecular formula [Pd;Lg]®" was characterized. Binding
constants for Allura Red and ferrocene-1,1’-disulfonate were determined via 'H
NMR titration experiments. Cyclic voltammetry experiments showed that the
redox event of Pdslg is electrochemically reversible, whereas the free ligand

exhibits no reversibility.



Abstract (Deutsche Version)

Diese Arbeit lasst sich in zwei Hauptthemen gliedern: die Computer-gestiitzten
Berechnung von Spannungen in heteroleptischen Koordinationskéfigen und die
Integrierung von Quadratsdureamid-Funktionalitaten in Koordinationskéafige zur
Untersuchung ihrer Wirt-Gast-Eigenschaften.

Die computergestiitzte Studie erweitert das Verstédndnis der thermodynamis-
chen Triebkrafte hinter der nicht-statistischen Selbstassemblierung von cis-
[PdaLoLb]- und trans-[Pdslaly]-Nanokifigen. Vorangehende Untersuchungen
an Pd-basierten homo- und heteroleptischen Kafigen, die aus einem Carbazol-
Liganden und einem entweder verlangertem oder nicht verlangertem Phenanthren-
Liganden bestehen, wurden mittels NMR-Spektroskopie, ESI-MS und Einkristall-
Rontgenanalyse durchgefithrt. Diese Studien warfen die Frage auf, ob Unterschiede
in der Ringspannung durch elektronische Energievergleiche in der Gasphase mittels
DFT-Geometrieoptimierung reproduziert werden kénnen. Zur Klarung dieser
Frage wurden dort einerseits die Kéfig-zu-Kafig-Transformationen untersucht
und andererseits die jeweiligen Liganden aus heteroleptischen Kéfigen heraus-
geschnitten und mit ihren geometrie-optimierten Liganden verglichen, um die
Spannungen in selbst-assemblierten Koordinationskéfigen zu quantifizieren.
Diese Arbeit erweitert diese Untersuchungen auf Acridon- und invertierte
Carbazol-basierte Liganden in Kombination mit den entsprechenden Phenanthren-
basierten Liganden. Die Berechnungen zeigten, dass Acridon- und invertierte
Carbazol-Liganden bevorzugt heteroleptische Koordinationskafige mit verlangerten
Phenanthren-Liganden bilden, anstatt mit kiirzeren Phenanthren-Liganden.
Dariiber hinaus warfen Diketopyrrolopyrrol-Liganden in trans-[PdsoLoL)]-Kéfigen
mit selbstpenetrierenden Motiven die Frage auf, ob Ringspannungen eine Rolle
bei der Bildung dieser heteroleptischer Kéfige spielen. Computergestiitzte
Studien zeigten, dass die Reduktion von Spannung des selbstpenetrierenden
homoleptischen Diketopyrrolopyrrol-Kéfigs zugunsten eines heteroleptischen
Kéfigs einen entscheidenden Faktor in der heteroleptischen Kéfigformation
darstellt.

Der zweite Schwerpunkt dieser Arbeit liegt in der Implementierung von Quadrat-
sdureamiden in Koordinationskafige. Quadratsaureamide sind bekannte Wasser-
stoffbriickenrezeptoren und Katalysatoren, die sowohl Wasserstoftbriicken-Donor-
als auch Akzeptorgruppen aufweisen. Ziel dieser Arbeit ist die Bildung
heteroleptischer Kéfige aus Quadratsaureamid-basierten Liganden und quadratisch-
planaren Pd"-Kationen sowie die Untersuchung ihrer Wirt-Gast-Chemie. In
DMSO-dg zeigten Quadratsidureamid-basierte Liganden eine Selbstassemblierung
zu heteroleptischen Kafigen. Um die Auswirkungen von Wasserstoffbriicken-
bindungen auf Wirt-Gast-Wechselwirkungen gezielt zu untersuchen, wurden
Quadratsdureamid-Derivate synthetisiert, die in CDyCl, analoge heteroleptische
cis-[PdaLoLb]- Kifige bildeten. Die resultierenden Assemblierungen wurden
mithilfe von NMR-Spektroskopie, ESI-MS und Einkristall-Rontgenanalyse
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charakterisiert. Die Kristallstruktur eines heteroleptischen Kiéfigs, der aus vier
Quadratsaureamid-Liganden aufgebaut war, zeigte, dass die Wasserstoffbriicken-
Donorfunktionalitdten von zwei Quadratsdureamiden nach auflen gerichtet
waren und intramolekulare Wasserstoffbriicken innerhalb des Kéafigs gebildet
wurden. Dies warf die Frage auf, ob diese intramolekularen Wechselwirkungen
zu einem kooperativen Effekt bei der Gastbindung fithren. Zur Untersuchung
dieses Effekts wurde ein Referenzkafig mit identischer Topologie entworfen,
indem ein Quadratsdureamid-basierter Ligand mit einem Benzothiadiazol-
basierten Liganden kombiniert wurde. Berechnungen legten nahe, dass der
kooperative Effekt der intramolekularen Wasserstoffbriickenbindung bei zwei
Quadratsaureamid-Liganden stéirker ausgepragt ist. Um dies experimentell
zu zeigen, wurden die Bindungskonstanten fiir neutrale Gastmolekiile mittels
"H-NMR-Titrationen bestimmt und zwischen den Kéfigsystemen verglichen. Die
Ergebnisse zeigten einen deutlichen kooperativen Effekt bei der Gastbindung,
insbesondere fiir Koffein und 3-Nitrostyrol. Dariiber hinaus wurden die Wirt-
Gast-Eigenschaften der Koordinationskafige mit Chlorid-, Disulfonat- und
Phosphatanionen untersucht. Die Titration von diesen Anionen in CD4Cl, fiithrte
jedoch zu verbreiterten Signalen in den 'H-NMR-Spektren, was auf Aggregations-
und lonenpaarungseffekte hindeutet. Dennoch konnten fiir zwei Disulfonate
Bindungskonstanten mit dem Benzothiadiazol-basierten Kéfig bestimmt werden,
die im Vergleich zu anderen Palladium-basierten Koordinationskéfigen eine
signifikant starkere Bindung zeigten. Dariiber hinaus wurde die Integrierung von
1,3-Quadratsdureamiden mit Piperazin-Linker in Pd!-Koordinationskéifige unter-
sucht. Die Selbstassemblierungen und ihre Wirt-Gast-Komplexe wurden mittels
NMR-Spektroskopie, ESI-MS und Einkristall-Rontgenanalyse analysiert. Eine
ringférmige Topologie mit der Molekularformel [Pd3L6]6‘L wurde charakterisiert.
Die Bindungskonstanten fiir Allura Red und Disulfonat-Ferrocen wurden durch
I'H-NMR-Titrationsexperimente bestimmt. Cyclovoltammetrie-Experimente
zeigten, dass das Redoxevent elektrochemisch reversibel ist, wahrend der freie

Ligand keine Reversibilitat aufweist.
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1 Introduction

1.1 Historical background of Hydrogen Bonding

Hydrogen bonding (HB), which can occur both within a molecule (intramolecu-
lar) and between molecules (intermolecular), is an interaction that plays a crucial
role in various chemical and biological processes. [1] The concept of hydrogen
bonding emerged in the early 20th century and its understanding has deepened
over time through advancements in both theoretical and experimental chemistry.
2]

In 1920, Latimer and Rodebush recognized the consistent pattern in HB, noting
its directional and linear nature, where hydrogen atoms interact with lone pairs on
electronegative atoms. [3] This discovery facilitated the development of principles
for designing hydrogen bonds, enhancing the understanding and visualization of
structures and functions in various hydrogen bonding systems. [3]

This breakthrough was strongly influenced by two recent findings at the time.
One of those key findings is the work of G. N. Lewis on theory of valence and
chemical structures. Lewis introduced the concept of electron-pair sharing and
stated that hydrogen atoms with their relatively weak electron density could form
attractive interactions with more electronegative atoms. [4][5] Therefore, Lewis
provided the fundamental concept of HB, which served as a foundation for further
development of this idea.

d*t 8-
X—HrnY

donor D acceptorA

Figure 1.1. lllustration of a hydrogen bond between a donor D and acceptor A
shown. The corresponding partial charges 0 are shown.

The other significant contribution to the hydrogen bond research was the
discovery of X-Ray diffraction analysis in year 1895. With the X-ray analysis it
was possible to observe hydrogen bonds between proton-sharing atoms, which
were in close proximity. [6]

This led to the realization that HBs could impact the three-dimensional arrange-
ment of molecules and molecular fragments. [|7] As a result, competition arose
among various research groups to unravel key structural features of biomolecules.
Notable discoveries included the structure of DNA’s double helix (1953, Watson and
Crick), the a-helix structure (1951, Pauling, Corey and Branson) and the (3-sheet
structure (1950, Pauling and Corey) of proteins (see figure[l.2)). [§][9][10] These
discoveries further led to increased investigations and developments regarding HB
patterns in organic crystals. [11] The elucidation of the secondary structure of

DNA occurred during the peak of the initial applications of crystallography in
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chemistry and provided the groundwork for the discovery of numerous principles

for designing hydrogen bonds.

Guanine Cytosine

=/
N N
0 o
Adenine R=H Uracil (RNA) doublehelix

R=CH; Thymine (DNA)

Figure 1.2. lllustration of: a) a Watson-Crick base pair with the respective
nucleobases and their base pairs. b) two strands consisting of DNA
are twisted and are forming a double helix.

These principles have since been widely applied in areas such as molec-
ular recognition, catalysis, organic synthesis, and supramolecular chemistry.
[12]{13][14] [15][16]

Within the broader field of catalysis, asymmetric catalysis has emerged as
a particularly important subfield. Asymmetric catalysis focuses on facilitating
chemical reactions that produce chiral molecules with high enantioselectivity, which
is essential in pharmaceuticals. [17] Over the past decades, HB has played a pivotal
role in advancing this area by enabling precise control over reaction pathways.
[13] Notable HB donors include squaramides and thioureas (see figure[L.3)).

@) O S
LA N R
R-N N~
H H H H
Squaramide Thiourea

Figure 1.3. lllustration of thiourea and squaramide functionalities with an organyl
group R.

The synthesis of squaramides will be discussed first, followed by a comparison

with their well-known competitor, thiourea.



1 INTRODUCTION

1.1.1 Synthesis of Squaramides

Squaramides are derivatives of the conformationally rigid cyclobutene ring
consisting of two carbonyl hydrogen-bond acceptors and two amide nitrogen
hydrogen-bond donors. This compact molecular framework possesses distinctive
physical and chemical properties, making it an exceptionally valuable as a tool in
a wide range of areas including bioconjugation, molecular recognition, catalysis
and self-assembly. [18]19][20][21][22]

Originally synthesized by Cohen et al. in 1959 through the hydrolysis of
dichlorotetrafluorocyclobutene, squaric acid (diketocyclobutenediol) serves as the
precursor for squaramides. [23]. Over time, alkyl esters have become valuable tools
for bioconjugation and serve as crucial starting materials for synthesizing mono-
and di-substituted squaramides, squaraine dyes and more recently, thiosquaramides.
[24]25]]26] In 1963, West et al. attributed the stability and aromaticity of the
dianionic diketocyclobutene to cyclic delocalization of 7t-electrons within the four-
membered ring. [27] While much theoretical work has focused on understanding
the aromaticity of C,O2~ systems, the easy synthesis of alkyl squarates has made
squaramide synthesis more accessible today. [28]]29][30]

One particularly handy trait is their capability for sequential substitution by
amines. The initial substitution reaction increases aromatic stabilization compared
to the parent alkyl squarate, making the mono-substituted intermediate less reac-
tive and enabling easy access to unsymmetrical squaramides. [28] Unsymmetrical
aliphatic squaramides can be synthesized by aliphatic amine condensation starting
from dialkoxysquarate. Additionally, unsymmetrical squaramides can be obtained
by aromatic amine condensation, however, longer reaction times in comparison to
aliphatic amine condensation were observed due to the reduced nucleophilicity of

aromatic amines (0.3h-2h in comparison to 50h, see figure[l.4)). [31]

Aliphatic amine condensation:

o_ 0

o o HZNHOH TEA,

. NHAC

—
o Me0;00 HL
G ogt 03-2h, 2 va\coozl\ﬂe e \(H\‘tH N1 J30H
84% > NHAc
78% 1

Aromatic amine condensation:
/

2 53; W @
90%

Figure 1.4. Reaction conditions: in EtOH and at rt. 2 was developed by the
Schering—Plough Research Institute and utilized in the treatment of
various inflammatory diseases. [32][33]



1.1 HISTORICAL BACKGROUND OF HYDROGEN BONDING

It has been previously reported that reactions with aromatic amines can yield
two products: 1,3-squaraine and 1,2-squaramide (see 5 and 6 in ﬁgure. [31]
The proposed reaction mechanism shows that the squaric ester 3 can react as
an electrophile either in a direct 1,2-addition to the carbonyl or via a conjugate
1,4-addition, which depends on choice of nucleophile and reaction conditions. [31]
Predicting the exact process of the initial step from converting squaric ester 3 to
mono-squaramide 4 is challenging. Both a 1,2-addition followed by loss of ROH
(e.g. R= Me) and a direct 1,4-displacement of ROH could result in the same
intermediate 4. However, in the subsequent step where the second ROH is leaving
the squarate functionality, two different products can be obtained depending on
the regiochemistry of the amine addition. A 1,4-addition leads to the formation
of bis-squaramide 6, while a 1,2-addition results in the corresponding squaraine 5.
34]
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Figure 1.5. Proposed reaction mechanism of a squaric ester 3 with an aryl amine
Ar-NHaz. [31] Chosen colors are only for a clearer illustration of the
proposed reaction mechanism.

Notably, the Taylor group explored methods to optimize aromatic-substituted
squaramide synthesis by minimizing undesired by-products. They demonstrated
that Lewis acids can catalyze the addition of anilines and 2-pyridylamines to di-
ethylsquarate, allowing for milder reaction conditions and preventing the formation
of squaraine by-products. Diethylsquarate reacted successfully with electron-poor
bis-trifluoromethyl aniline in the presence of zinc(II) trifluoromethanesulfonate
(Zn(OTY)y), yielding squaramide with a high yield of 80% and without observing
monoester or squaraine isomer (see figure[l.6). [24]
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Figure 1.6. Lewis acid catalyzed squaramide synthesis reported by Taylor et al.. [24]

Following the brief discussion of squaramide synthesis, their structural features
and properties will now be examined in comparison to thiourea, a well-established

hydrogen bond donor. [35]

1.1.2 Squaramides Under Closer Inspection

Thioureas and squaramides share a common feature in their amide nitrogen.
In both functionalities, one of the nitrogen lone pairs can delocalize through the

carbon-oxygen double bond, which restricts the rotation of the C-N bond (see I
and IT in a) in figure[L.7).
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Figure 1.7. Difference of (thio)urea and squaramide: a) comparison of zwitterionic
forms of (thio)urea and squaramide structure, b) comparison of
Hydrogen bond spacing distances in IV, N’-dimethylthiourea and N, N'-
dimethylsquaramide (calculated at the 6-31G*basis set level), c)
comparison of arrangements of the hydrogen bonds in thioureas and
squaramides. [30]

A distinctive property of squaramides, however, is their ability to further
delocalize a nitrogen lone pair into the cyclobutenedione ring system. This
delocalization imparts aromatic character to the four-membered ring, consistent
with Hiickel’s rule ([4n + 2] 7t electrons, n = 0). Analysis using computational
methods, like the nucleus-independent chemical-shift (NICS) method confirmed
that squaramides exhibit partial aromatic character. [37] This leads to increased
conformational restriction, making the carbonyl and amine groups in squaramides
align in the same plane. [28] In addition, a crystallographic study supported this
fact by showing that nitrate binds to the squaramide through strong hydrogen
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bonds formed with the two oxygen atoms, which are nearly coplanar (see a) in
figure[L.g). [3§]

Furthermore, NICS analysis showed that HB with squaramides can enhance
the aromaticity of their four-membered ring, arising from electron delocalization
induced by hydrogen bond formation. [39] This effect provides advantageous
thermodynamic stability, which is particularly beneficial for self-assembly and
molecular recognition processes. [40][41] Moreover, squaramides have the capability
to interact with negatively charged species, like carboxylates and nitrates, forming
robust associations in polar solvents. [42][43] Moreover squamides show superiority
over thiourea in halide binding. [44]

Another notable difference between thioureas and squaramides is the spacing be-
tween their N-H groups, which was shown by the Takemoto and Rawal groups that
the distance between the N-H groups in N, N’-dimethylthiourea is approximately
2.13 A, while in N, N’-dimethylsquaramide it is around 2.72 A (see IIT and IV in b)
in figure[1.7). [45][20] Additionally, the structure of the cyclobutenedione ring also
causes a convergent orientation of the N-H groups, tilting each by approximately 6°
(see V and VI in ¢) in figure[L.7). This unique property observed in the squaramide
recognition unit may lead to greater linearity in HB for some substrates and offer
different binding properties in the transition states compared to urea/thiourea,
which leads to a better enantiocontrol in asymmetric catalysis. [20][36]

Moreover, the primary distinction between squaramides and their urea/thiourea
is their dual capability for both ionic- and hydrogen-bonding. While ureas and
thioureas show binding affinity to anions, their ability to recognize cations is
restricted. In comparison, the squaramide functionality shows duality and readily
engages in ditopic binding (see a) in figure[L.§] ). [39][46]
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Figure 1.8. lllustration of ditopic- and hydrogen-bonding sites of squaramides. a)
duality binding and b) anti/anti- and anti/syn-conformations. The
three different HB sites of squaramide over the HBD functionality, HBA
functionality or HBA/D functionality are shown in b). [36]



1 INTRODUCTION

In bid to support the ditopic binding abillity of squaramides, theoretical
explanations suggest that the heightened recognition of cations arises from the
increased aromaticity of the four-membered ring during complexation. [39] In
addition to their ditopic binding capabilities, squaramides exhibit various binding
modes that can lead to different conformers, such as anti/anti and anti/syn. These
conformers can potentially enable diverse supramolecular self-assembly motifs
through HB. The different conformations of bis-secondary squaramides have been
studied by NMR, revealing that in solution, bis-secondary squaramides generally
adopt an anti/anti conformation, where both NH groups are positioned in an
anti-orientation relative to the carbonyl oxygen. [37] However, in specific cases, a
anti/syn conformation has been observed, facilitated by intramolecular HB (see
chapter[1.2] for further information). [47] Furthermore, syn/syn conformation is
theoretically possible, but experimentally not observed due to steric hindrance
from amine substituents. [48] X-ray crystallography studies have provided insights
into the solid-state conformations of squaramides. These studies consistently show
that squaramides prefer the anti/anti conformation and support the results of
the NMR studies. [49].

As discussed in chapter[l.1] hydrogen bond donors play a crucial role in
asymmetric catalysis, with significant potential applications in the pharmaceutical
industry. |17] The following chapter explores the application of thioureas and

squaramides, particularly as asymmetric catalysts.

1.1.3 Hydrogen Bond Donors in one Glance: Thiourea and

Squaramides

Several hydrogen-bond donor catalysts are reported to date, but most of
them are based on thiourea building blocks, which established a strong presence
in asymmetric catalysis. [35] The numerous reactions catalyzed by thioureas
underscore their importance as motif (e.g. Strecker reaction, Micheal addition,
Morita-Baylis-Hillmann reaction, Friedel-Crafts reaction, Petasis reaction, Pictet-
Spengler cyclization and Diels-Alder reaction). [50][45][51][52][53][54][55] While
chiral thioureas have been found to be a valuable resource for discovering catalysts,
other motifs with Hydrogen bond (H-bond) donor properties have received much
less attention (diols, dipeptides, cinchona alkaloid derivatives, phosphoric acids,
guanidinium ions and amidinium ions). [56][57][58][59]]|60][61]

Drawing parallels with anion-receptor studies, it’s notable that the adoption of
squaramide functionality as a significant player in asymmetric catalysis happened
almost a decade after their urea/thiourea competitor. [13][20] The realization of
their potential and diverse applications of squaramide organocatalysts as a "game-
changer" made a significant presence with the groundbreaking research by the

Rawal et al. in 2008 on the development of cinchona-squaramide-based organocat-



1.1 HISTORICAL BACKGROUND OF HYDROGEN BONDING

alysts. [20] Since then, squaramides and thioureas have found applications in both
anion recognition and catalysis (see figure[1.9)). [44][62][63][64][65] [66]

R~ N-R
molecular H
Squaramide

recognition

Figure 1.9. Thiourea and squaramide functionality with an organic residue R. [36]

Notably, squaramides have demonstrated their superiority over thioureas as a
hydrogen-bond donor asymmetric catalysts, showcasing a broader substrate scope,
higher yield and better enantioselectivity, while also being reported to exhibit
superiority in terms of catalyst loading, faster turnover and shorter reaction times
compared to thioureas. [20][65][67]

In catalysis, turnover frequency TOF is an important parameter, which can
be correlated with catalyst acidity and is defined as the ability of a catalyst to
donate protons (Brensted acidity) or accept electron pairs (Lewis acidity) during
a chemical reaction. [6§] In some cases catalytic activity increases with acidity of
the hydrogen bond donor catalyst. [68] Therefore the acid strength of the catalyst
can be a crucial parameter for catalytic activity. [69] As mentioned above chiral
squaramide catalysis showed excellent catalytic performance rather than their
competitor thiourea.

One of factor for the superiority of the squaramides was claimed to be their
higher acidity. For a long time there were no quantitative studies of pK, values
of squaramides. In 2014, Xiang et al. determined by UV spectrophotometric
titrations pK, values for catalytic active squaramides and compared those with
corresponding thioureas in DMSO. [69] Squaramides were reported to have
lower pK, values compared to their thiourea analogues, possibly explaining why
squaramide catalysts can achieve higher activity levels in a variety of asymmetric
transformations, even with lower loadings. [70]

Therefore, after being underreported in the field of organocatalysis, squaramides
have significantly gained research interest across diverse areas of chemical and
biological sciences. [34][71][72]

In summary, compared to thiourea, the squaramide functionality exhibits

significant differences in pKj,, rigidity, hydrogen bond spacing, hydrogen bond



1 INTRODUCTION

angle and duality. [69][20] These characteristics, along with their synthetic
versatility, conformational rigidity and relative stability, have spurred considerable
research in recent years to explore the potential of this highly valuable framework.
Squaramides, in particular, have garnered attention as organocatalysts due to
these attributes, as well as their ability to activate a variety of substrates such as
carbonyl, nitro, nitrile, and imino compounds by HB (see ﬁgure. [73]
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Figure 1.10. Substrates activated by squaramide-based organocatalysts. [74]

uy)

However, squaramides have not yet fully been explored in the context of self-
assembled supramolecular structures such as coordination cages, which is a subfield
of supramolecular chemistry. This work deals with filling this void (see chapter[2]

for more details).
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1.2 General Information: Supramolecular Chemistry

Supramolecular chemistry focuses on highly complex and functional molecular
systems formed through the assembly of individual components. [75] These
supramolecular structures are stabilized by intermolecular non-covalent inter-
actions, including hydrogen bonds, 7-stacking interactions, electrostatic forces,
hydrophobic effects and mechanical bonds. [76]

A pivotal moment in the history of supramolecular chemistry was the discovery
of crown ethers, which catalyzed the rapid growth of this field. In 1987, Jean-Marie
Lehn, Charles J. Pedersen, and Donald J. Cram were jointly awarded the Nobel
Prize in Chemistry for their groundbreaking work in developing and utilizing
molecules capable of highly selective structure-specific interactions.

The origins of this achievement date back to 1967, when Charles J. Pedersen
reported that a cyclic molecule he had synthesized significantly increased the solu-
bility of potassium salts in nonpolar solvents. [77] This molecule was later named
"crown ether'. Two years later, Jean-Marie Lehn discovered cryptands, which
exhibit an even higher affinity for metal cations due to their three-dimensional
structure. [78] Further advancements came in 1979 with Donald J. Cram’s
publication on spherands, a new class of macrocycles. [79] Spherands consist of
six phenylene units connected via their meta-positions, offering unique structural
and functional properties (see ﬁgure.

a) b)
S)
SCN (\o
O\\ I(a’/o (\O/_\O/\\
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o 1+ 0 O O
K/CI) -/
[18]crown-6 [2.2.2]cryptand
d) e)

MCU MCTU MCSsQ

Figure 1.11. lllustration of the macrocyclic molecules a)-c) which led to the award
of the Noble Prize in chemistry in 1987. a) crown ether obtained by
Pedersen, b) cryptand investigated by Lehn, c) spherand-6 investigated
by Cram. [78][79]. d)-f) show different macrocycles with HB
functionalities.
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The six phenylene units of spherand-6 are functionalized with methoxy groups,
whose oxygen atoms are oriented toward the center of the macrocycle. Due to this
preorganization of oxygen atoms, spherands exhibit significantly higher binding
affinities to Li™ and Na™ compared to crown ethers or cryptands. Building
upon the principles of selective binding observed in cation binding receptors,
researchers have turned their attention to exploring macrocyclic compounds with
HB functionalities, which offer promising avenues for anion recognition. [82]

Inspired by the previous mentioned pioneering works on macrocycles, molecular
structures featuring HB functionalities, such as urea- and squaramide-based macro-
cycles, have been explored for their ability to bind anionic molecules.
Recently, Shimizu et al. compared the crystal structures of a squaramide-based
macrocycle MCSQ and its (thio)urea analogs MCU and MCTU (see d)-f) in
ﬁgure. Their analysis revealed that all squaramide functionalities in the
crystal structures adopt a trans-trans conformation. Moreover, in the solid state,
MCSQ forms a "head-to-tail" hydrogen-bonding assembly. Specifically, only one
carbonyl oxygen of the squaramide engages in hydrogen bonding with the NH
functionality of an adjacent squaramide molecule (see a) in figure[l.12).

head-to-tail hydrogen-bonding Squaramide-based tripodal receptor

Figure 1.12. lllustration of X-ray structure of squaramide-based macrocycle MCSQ,
which shows intermolecular HB. b) shows a squaramide-based
tripodal, which binds SO42_ by HB. X-ray structures are shown. For
clarity, one of two disordered 5042_, two TBA cations and the second
tripodal molecule are omitted.

Another interesting molecular class besides the macrocycles are tripodal
molecules. In particular, squaramide-based tripodal receptors are versatile
compounds in supramolecular chemistry, offering significant potential for selective
anion recognition and extraction. Their design leverages the strong
H-bond-donating ability of squaramide moieties, with a tripodal configuration
providing preorganization and multiple binding sites for enhanced selectivity
and affinity. These receptors demonstrate high binding strength, particularly
for sulfate and phosphate anions, through the formation of multiple H-bonds.
Wang et al. reported a squaramide-based tripod, which binds selectively

12
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SO427 (see b) in ﬁgure. Recent advancements, such as integrating crown
ether units have enhanced their versatility by enabling simultaneous cation and
anion binding and tunable selectivity based on its counter ion.

Noteworthy developments in supramolecular chemistry were not confined to
host-guest chemistry. One particularly fascinating area is molecular machinery,
which has garnered significant attention from chemists, especially in the last two
decades. The foundation for molecular machines was laid by Jean-Pierre Sauvage
in 1983, with the introduction of a novel approach for the synthesis of catenane
structures consisting of two or more mechanically interlocked rings. In earlier
work, Edel Wasserman successfully synthesized catenanes. However, the process
was laborious and required numerous synthesis steps. Sauvage revolutionized
the field by significantly improving the yield and accessibility of catenanes through
the use of metal ions such as copper(I) as templates (see a) in figure[l.13).
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Figure 1.13. a) Conceptual drawing of synthesis of a catenane by using copper(l) as
a template. Adapted from . © Johan Jarnestad/The Royal Swedish
Academy of Sciences. b) Depiction of hopf link (catenane), the solomon
links, the borromean rings and trefoil knot. c) Conceptual drawing
of shuttle-rotaxane consisting of a electron-poor ring and a electron-
rich structure. Adapted from . © Johan Jarnestad/The Royal
Swedish Academy of Sciences. d) Visual representation of pH-switchable
molecular elevator. Adapted from [92]. © Johan Jarnestad/The Royal
Swedish Academy of Sciences.

\6’

!

In the first step, the cyclic molecule coordinates to a copper ion (i)). Subse-
quently, the copper ion facilitates the gathering of a second molecule (ii)), followed
by a third molecule linking to the crescent-shaped structure (iii)). Finally, the
catenane is obtained through demetallation in the presence of KCN (iv)) (see
a) in ﬁgure. This strategy enabled the synthesis of new intertwined
structures, including links and knots. Notable examples include solomon links,
borromean rings and the trefoil knot (see b) in figure[l.13)). Catenanes

can be described as hopf links, as their two rings are interlocked exactly once.
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Another intriguing class of supramolecular structures are rotaxanes. [9§]
Rotaxanes consist of a dumbbell-shaped molecule threaded through a macrocycle.
In 1991, J. Fraser Stoddart reported a shuttle-rotaxane based on an electron-
deficient ring and electron-rich regions of a linear molecule. This molecule is
equipped with sterically bulky groups at its ends, serving as stoppers (see ¢) in
ﬁgure. [99] The ring can move back and forth along the molecular axle
in response to temperature variations. In subsequent years, J. Fraser Stoddart
introduced more complex systems, such as the molecular muscle and the molecular
elevator (see d) in figure[L.13)). [100][101]

Another fascinating category of molecular machines is molecular motors. In
1999, Ben L. Feringa reported the first molecular motor, which is made of two
unidirectional paddle-like rotating molecules. [102] These molecules are connected
by a double bond with steric hindrance from the methyl groups ensuring that the

rotors rotate in only one direction. Upon irradiation, distinct helical conformations
are observed (see a) in figure|1.14)).
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Figure 1.14. lllustration of: a) the principle of a rotating molecular motor, featuring
paddle-like components connected by a double bond, with steric
hindrance directing unidirectional rotation under irradiation. b) a
molecular nanocar equipped with four molecular motors acting as
wheels, all connected to a central molecular chassis. Adapted from [92].
© Johan Jarnestad/The Royal Swedish Academy of Sciences.

Moreover, in 2011, Ben L. Feringa reported the development of a molecular
nanocar consisting of four molecular motors connected to a central molecular
chassis (see b) in ﬁgure. Scanning tunneling microscopy revealed that the
nanocar was capable of unidirectional motion on a Cu(111) surface. To trigger
the molecular motors to perform a full 360° rotation, both UV-light irradiation
and temperature changes were required. [102]

Over the years, this field progressed rapidly, leading up to in 2016, when Bernard
L. Feringa, Jean-Pierre Sauvage, and J. Fraser Stoddart were jointly awarded the

Nobel Prize in Chemistry "for the design and synthesis of molecular machines".
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In the previous chapters, the crucial role of HB in our surroundings and in
science has been briefly discussed. The properties of the key-player in HB thiourea
and squaramide have been compared and the superiority of squaramide over the
as long known as golden-standard in organocatalysis thiourea has been explained.
A brief introduction to supramolecular chemistry and some exciting work has been
presented. The next chapter will explore how the unique properties of squaramides
contribute to the formation of supramolecular structures stabilized by non-covalent

interactions.
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Squaramides under the Scope of Supramolecular Chemists

As previous mentioned squaramides raised the attention of scientist from
different fields due their unique properties and modular synthetic accessibil-
ity. Therefore, it is not surprising that squaramides have sparked the
curiosity of supramolecular chemists, leading to their exploration in the context
of supramolecular assemblies. Notably, the work of Prohens et al. based on an
unsymmetrical squaramide 6a (see a) in ﬁgure.
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Figure 1.15. a) lllustration of clock and anticlockwise rotation of the two different
helices in the racemic crystal of 6a. Adapted from (© 2013
American Chemical Society). lllustration of intermolecular aggregation
controlled by varying ability of HB and 7-stacking by b) ethylenediamine
to form a H-bonded duplex and c) with N,N’-dimethylethane-1,2-
diamine (DMEDA) to form a 7-stacked foldamer. X-ray structures are
shown. [104]

They were able to show intramolecular HB in a "head-to-tail" interaction.
Thereby, they observed a racemic mixture of alternating clock/anticlockwise
rotating helices in solid state, which are formed through an unprecedented
combination of strong squaramide-squaramide (NH-O interaction) and amine-
phenol (N-HO interaction) interactions. The authors also observe CH-7t interaction
between the methylamino group and the aromatic ring. This work shows
the potential of squaramides as interesting framework for self-assembly structures.

Eight years later, Patwari et al. demonstrated intermolecular aggregation
controlled by the varying HB and 7-stacking abilities of a bis-squaramide. The
bridging length between the two squaramide units was adjusted using methyl

or ethyl groups, while primary and secondary diamine linkers were employed to
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further modulate HB capability. They found out that ethylenediamine-based
bis-squaramide is interacting by NH-O hydrogen bonds leading to unfolded duplex-
like structures. In contrast, for DMEDA-based bis-squaramides, the absence of
NH groups reduces NH-O bonding, allowing m-stacking to take precedence and
resulting in folded structures (see b) and ¢) in figure[1.15)). [104]

The squaramide-based assemblies mentioned earlier rely on intermolecular HB
and are held together through head-to-tail interactions, enabled by the dual
hydrogen bond donor and acceptor properties of squaramides. These assemblies
can extend into head-to-tail chains with enhanced average bond strength, a
phenomenon known as "hydrogen bond cooperativity". [105][106][107][108] This
effect arises from the polarization of squaramides, when interacting with strong
dipoles, which further promotes HB. [109] Such cooperativity is a key feature
in supramolecular systems, underlying behaviors such as the high polarity of
alcohols as solvents and the characteristic nucleation-elongation pattern observed
in polymerization processes. [110][|111][112]

Furthermore, cooperativity has been observed in intramolecular HB networks.
For instance, cooperative polarization between multiple aligned urea and thiourea
units has been shown to enhance the catalytic activity of terminal NH groups.
[113][114]|115] Recent studies by Cockroft and Hunter et al. have quantitatively
measured cooperativity in OH-based H-bonded chains and amide interactions
with donors or acceptors. [116][117][118]|119] Successive intramolecular H-bonds
cooperatively polarize terminal H-bond donors or acceptors, enhancing their
interactions with complementary molecules. This polarization increases with the
number of HB groups and therefore promotes stronger intermolecular interactions
and self-aggregation, which are influenced by the length of the intramolecular
H-bonded arrays.

Webb et al. investigated cooperative intra- and intermolecular HB in scaffolded
squaramide arrays, examining how molecular design and structure influence these

interactions. [120]
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Figure 1.16. lllustration of some of squaramide-based arrays. 10 was found to be in
antiparallel conformation. [120]
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Their study focused on squaramide arrays linked to oligo-(phenylene-ethynylene)
backbones of varying lengths and capping groups (see ﬁgure; R= CgHy7).
By comparing binding constants obtained from "H-NMR titrations with DMSO,
they demonstrated that longer squaramide arrays exhibited stronger cooperative
polarization of terminal HB groups due to successive intramolecular HB. X-ray
analysis further revealed that enhanced polarization extends to intermolecular
interactions, thereby strengthening self-aggregation. The self-aggregation was also
analyzed through dilution experiments using "H-NMR spectroscopy. Additionally,
they examined the effect of capping groups, showing that capping squaramide
arrays with strong H-bond donors or acceptors show reduced intermolecular
interactions and consequently decreased aggregation. [120]

Various squaramide-based assemblies utilizing inter- and intramolecular inter-
actions were explored, showcasing the versatility and tunability of squaramides
in creating diverse supramolecular architectures and enhancing cooperativity
through intramolecular HB. While squaramides are promising building blocks
for supramolecular assemblies, relying solely on HB to form organic cages is less
viable for future host-guest chemistry. Such cages are prone to decomposition
depending on the solvent or competitive guest. This may explain why only a few
well-defined supramolecular cages formed through HB have been reported.

Examples include a few capsules formed via multiple ring threading and a
limited number of H-bonded cages, such as those formed by calix[4]resorcinarenes,
tris(guanidinium)nitrate clusters and PO, anions. [121][122][123][124][125][126]

Figure 1.17. lllustration of dimer formation of calix[4]arenes, which is functionalized
with urea. It is stabilized by 16 hydrogen-bonds between NH and C=0
groups in apolar solvents without external H-bond acceptors. X-ray
structure is shown. [127]

The cooperativity of intramolecular HB offers significant potential for host-guest
chemistry within supramolecular cages. Coordination cages, composed of organic
ligands and metal ions forming a cavity, exhibit unique properties and represent

a promising class of supramolecular assemblies. Despite their potential, the role
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of intramolecular HB in such systems remains unexplored. This thesis focuses
on the formation and study of a squaramide-based coordination cage utilizing
intramolecular HB with an emphasis on investigating its host-guest chemistry. In

chapter[L.3] the supramolecular coordination cages are introduced.
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1.3 Supramolecular Coordination Cages

Supramolecular coordination cages are discrete, three-dimensional structures
formed through the self-assembly of metal ions and organic ligands via coordination
bonds, often designed to encapsulate guest molecules and facilitate applications
in areas such as catalysis, molecular recognition and drug delivery.[128]][129][130]

Supramolecular coordination cages are particularly fascinating, because the use
of metal cations enables the formation of geometric topologies in supramolecular
assemblies that would be exceedingly tedious to achieve through conventional
organic synthesis alone. [131]]|132][128][133] In addition, the open cavity of these
three-dimensional coordination structures imparts unique properties, resulting
in novel functions and characteristics. Many coordination cages are positively
charged due to their construction from neutral ligands coordinated to positively
charged metal ions, which often enables the encapsulation of anions. [133][134]
Furthermore, neutral or reactive guest molecules can be stabilized within these
cages and unreactive molecules can be activated for further reactions. [135][136]
The versatility of supramolecular coordination cages extends to applications such
as molecule separation from mixtures, gas separation, and catalytic activity, which
will be explained in detail in chapter[L.6] [137][138][139][140][141] These attributes
underscore the immense significance of coordination cages in host-guest chemistry.
[142]

One of the key features that enable these diverse applications is the wide array
of distinct geometric topologies achievable in supramolecular structures. The
topology of these assemblies can be influenced by factors such as the choice of
metal ion or the shape of the ligands (see ﬁgure-
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Figure 1.18. a) lllustration of the various coordination geometries. b) schematic
illustration of different ligand geometries as building block c) graphical
representation of functionalized ligands, which include substitution in i)
exterior or ii) endohedral positions, iii) the placement of hydrogen-bond
donors inside the cavity, iv) the introduction of steric bulk around the
ligand backbone, v) redox activity and vi) ligand backbones, which
are photo-switchable. Adapted from [143]. © The Royal Society of
Chemistry 2014.
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1.3 SUPRAMOLECULAR COORDINATION CAGES

A thorough understanding of the geometric properties of both metal ions and
ligands is essential to creating a variety of structures. Different metal ions can
adopt specific coordination geometries, including linear (e.g. silver(I)), tetrahedral
(e.g. Cu(I)), square planar (e.g. palladium(II)) or octahedral (e.g. iron(II)) (see a)
in ﬁgure. [144] In addition, the geometry of the ligand plays a crucial role in
the assembly of coordination complexes. Ligands can feature donor atoms such as
oxygen or nitrogen and can be categorized as bis-, tris-, or tetrakis-dentate building
blocks. The ligand’s structure, including its shape and bite angle, introduces
further variability (see b) in figure[l.18).

By carefully selecting appropriate building blocks and metal cations, the
predictability of the resulting supramolecular assembly increases significantly. One
particularly intriguing ligand geometry is the bis-monodentate concave banana-
shaped ligand. This type of ligand allows for diverse functionalization (see ¢) in
ﬁgure. Moreover, the banana-shaped ligand proves to be a reliable choice,
as it provides accessible cavities due to its symmetrical and spatial arrangement
around the coordination center. [145] This feature, combined with its utility in
host-guest chemistry, underscores the potential of such ligands in the design of
coordination cages. The coordination cages formed by banana-shaped ligands are
introduced in chapter([L.4]
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1.4 Coordination Cages Formed by Banana-Shaped
Ligands

One common class of ligands in supramolecular chemistry are the banana-shaped
ligands, which are distinguished by their concave shape and terminal donor groups
(see previous chapter. Additionally, they are typically symmetric and often
possess a rigid aromatic backbone. The backbone and the terminal donor group
are typically connected by linkers such as alkyne units, phenyl units, amide units
or single bonds. These ligands are capable of forming self-assembled cages
with square planar metal centers such as palladium(II). By considering the ligands’
bite angle, a M,L, stoichiometry can be achieved, where the donor atoms and the

metal centers align collinearly. However, various other self-assembled structures

are possible (see a) in figure(l.19)).

a) b)

11

[Pd 11,1

Figure 1.19. a) Schematic illustration of various coordination cages, which are
obtained with banana-shaped ligands and palladium(Il) with square-
planar coordination geometries. Schematic depicting of [Pd,Lan] (n =
2-4) cages including i) simple [PdaLy] cage, ii) [PdsLg] and iii) [Pd4Ls]
rings, iv) a double-trefoil knot with intertwined ligands [PdsLg], and v)
interpenetrated [Pd4Lg] cage. Adapted from [143]. © 2014 The Royal
Society of Chemistry. b) illustration of X-ray structure of coordination

cage [Pdy114]*". [147]

The monomeric [MyL,] coordination cage is the most commonly observed
structure. In this assembly, all available metal coordination sites are occupied by
four ligands, which bridge the two metal cations. The resulting coordination cage
contains a cavity due to the concave nature of the ligands. This cavity is spherical
in shape and the assembly-structure is often referred to as a lantern-shaped
coordination cage.

In figure[l.19 b), an example of a [M,L,] coordination cage with a piperazine
backbone and an amide linker, synthesized by Chand et al., is presented.
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1.4 COORDINATION CAGES FORMED BY BANANA-SHAPED LIGANDS

This coordination cage with the molecular formula [Pda114]** is formed through
the square-planar arrangement of four ligands 11 with two Pd(II), resulting in a
coordination cage containing a cavity. Chand et al. reported that ligand 11 adopts
both syn and anti conformations in solution, but in the case of the coordination
cage [Pda114)**, only the anti conformation was observed through X-ray analysis.
[147]

As shown in a) in figure[l.19] banana-shaped ligands can also form MsLg rings
(ii), MyLg rings (iii), double-trefoil knots (iv) and interpenetrated double cages
MyLg (v). [148] However, most of these cages are constructed using a single type
of ligand, which often limits their functionality. Functionality can be enhanced,
for example by employing multiple ligand types in the assembly process. In
chapter[L.5] heteroleptic coordination cages, consisting of at least two different
types of ligands, will be introduced. The use of multiple ligand types allows for the
incorporation of additional functionalities into the coordination cages, presenting

exciting possibilities for future applications.
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1.5 Hetereoleptic Coordination Cages

In nature, enzymes catalyze reactions by binding smaller molecules in a regio-
and enantioselective manner. These macromolecular hosts are characterized by
their low symmetry and the presence of multiple functional groups. Inspired by

nature, supramolecular scientists have increasingly focused on creating structures

with diverse functionalities and low symmetry. [149][150][151]|152] Several ap-

proaches can be employed to design structures with multiple functionalities. One
method is organic covalent synthesis, which often involves multi-step procedures
followed by laborious purification processes. Alternatively, multicomponent
reactions or dynamic covalent self-assembly offer promising routes to achieve
functional diversity.

In recent years, metal-mediated self-assembly has garnered significant attention.
However, the formation of distinct heteroleptic cages through this method
is particularly challenging due to its entropic disfavor. Despite this difficulty,
advances in controlling self-sorting behaviors such as narcissistic, integrative, and
statistical self-sorting have enabled the formation of well-defined coordination

cages. These behaviors are illustrated in a) in figure(l.20
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Figure 1.20. a) Three different self-sorting behaviors in coordination-cage formation.
Reproduced from [155]. © 2017 The Royal Society of Chemistry. b)
different approaches for coordination-driven heteroleptic self-assemblies.
Reproduced from [155]. © 2017 The Royal Society of Chemistry. c)
self-assembly by using 77 stacking between the ligands. Mixing of
A, B, 2-formylpyridine and Zn(NTf,), in a ratio of 2:1:6:2 provided
ZnsLA4LBy. Only two ligands are shown for clarity. M= Fe!', Co'' and
Zn"". Reproduced from . © 2015 American Chemical Society.

In narcissistic self-sorting, ligands form only homoleptic cages during coordination-
driven self-assembly (see i) in a) in figure[1.20). In contrast, statistical self-
sorting results in the formation of all possible cage assemblies as a statistical
mixture, predominantly comprising heteroleptic cages (see iii) in a) in figure[L.20)).

Integrative self-sorting, however, produces a single heteroleptic cage. This process
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1.5 HETEREOLEPTIC COORDINATION CAGES

is entropically unfavorable, which requires that the enthalpic stabilization of the
heteroleptic cage compensates for the associated entropic penalty. To overcome
this entropic penalty, various strategies have been reported. These approaches
can be broadly categorized into coordination-based and assembly-based methods
(see b) in ﬁgure. One effective strategy involves the incorporation of a guest
template, which selectively stabilizes a specific structure. For instance, in 1999,
Albrecht et al. studied the self-sorting of alkyl-bridged catechol ligands in Til!
helicates. They demonstrated that the multiple catechol oxygen atoms facilitated
the binding of alkali cations, enabling the regulation of self-sorting outcomes.
The addition of Li™ to a narcissistic mixture induced the formation of a system
containing a heteroleptic species along with both homoleptic species. |157]

In 2015, Yoshizawa et al. demonstrated integrative self-sorting using an
anthracene-based ligand and fullerene as a templating guest. Initially, the
anthracene-based ligand 12 and its elongated version 13 were independently
formed homoleptic coordination cages. However, when the homoleptic cages
were mixed without the guest template, a statistical mixture of coordination
cages spontaneously formed. The introduction of Cgy to this mixture induced

guest encapsulation and a distinct reorganization into a specific heteroleptic cage

product. [158)(159)

without [Pd2(1 2)n(1 3)47]1]44.
@ (n=0-4)

[Pd,(12)J%  +

12 13

Figure 1.21. lllustration of two anthracene-based ligands 12 and 13. [158][159].
Adapted from [155] © The Royal Society of Chemistry.

Another approach for achieving distinct heteroleptic cages via integrative self-
sorting relies on interactions between adjacent ligands during heteroleptic cage
assembly. These interactions such as w-stacking between ligands, play a critical
role. In 2015, Nitschke et al. reported a heteroleptic self-assembly process
that utilized 7-7 stacking interactions between electron-rich and electron-poor
subunits in the presence of divalent metal cations (e.g., Fe!l and Co!). This
approach successfully facilitated the formation of heteroleptic cages (see ¢) in
ﬁgure. The use of steric hindrance and 7-7 stacking interactions, both
between the guest and ligand as well as among ligands themselves, provides a

highly effective tool for the self-assembly of heteroleptic cages. However, these
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approaches can also hinder guest binding due to the occupied cavity of the self-
assembled structure. Consequently, alternative strategies are required to enable
host-guest interactions within the cavity of heteroleptic cages. One particularly
promising approach for achieving integrative self-sorting in heteroleptic assemblies

is shape complementarity, which is discussed in detail in chapter|l.5.1}

1.5.1 Heteroleptic Cage Formation using

Shape-Complementarity

In 2014, Fujita et al. studied the heteroleptic self-assembly of two bis-
monodentate pyridyl ligands with different lengths, but similar bite angles of

approximately 120° (see 14 and 15 in b) in figure|1.22)). |160]

a)

[PdZLAZLPZ]M- [pdzLPch2]4+

[Pd_LA L€ ]4+ [Pd_LA L€ ]4+

27272 27272

Figure 1.22. a) lllustration of bis-monodentate banana-shaped ligands LA, LS and
LP. Their heteroleptic cage formation due to shape-complementarity
approach is schematic shown. R= hexyl substituent. Adapted
from [161]. © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
b) illustration of integrative self-sorting of 14 and 15 provided two
geometrical isomers of the heteroleptic structure [Pd1214121515]%4.
Adapted from[160]. © 2014 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. c) illustration of X-ray crystal structure of trans-
[Pda(anti-LA)oLC5]*F: i) shows the occupied cavity and ii) shows the
side view. Reproduced from [161]. © 2017 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim.

Fujita and colleagues reported the Pd!-mediated heteroleptic cuboctahedral
self-assembly of [Pd1214121512]24+, which exhibited a clean NMR spectrum, when
the ligands 14 and 15 were mixed with Pd" in a 1:1:1 ratio. Diffusion-ordered
spectroscopy (DOSY) confirmed the presence of a single species in solution and
CSI-TOF-MS analysis revealed no homoleptic species. Analytical data suggested
the formation of a heteroleptic self-assembled complex [Pdi214191512)** with T
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1.5 HETEREOLEPTIC COORDINATION CAGES

symmetry. However, X-ray analysis revealed a slightly different isomeric structure
with C3, molecular symmetry. The authors attributed this to the coexistence of
geometrical isomers of the heteroleptic self-assembly structures in solution.

Another research group that makes use of shape complementarity to form
heteroleptic cages is the Clever group, focusing on controlling geometric parameters
such as the bite angles of banana-shaped ligands in their assembly. In 2016, Clever
et al. reported the self-assembly of the shape-complementary acridone-based
ligand LA and phenanthrene-based ligand LP, which formed both homoleptic and
heteroleptic coordination cages mediated by Pd!l. These ligands have bite angles of
60° and 120°, respectively (see a) in figure[l.22). [145] They demonstrated that the
heteroleptic cage could be formed through multiple self-assembly routes, including
direct combination of the ligands with Pd! (1:1:1), cage-to-cage transformations
and cage rearrangement induced by ligand addition. The latter was observed
only when LP was added to the strained homoleptic cage of LA. Additionally,
the accessible cavity of the heteroleptic cage [PdQLAQLP2]4+ exhibited a strong
binding affinity for concave-shaped disulfonate guests. [145]

In 2017, Bloch et al. expanded on the shape-complementarity concept by
discovering a novel heteroleptic coordination cage (with a "doubly bridged figure-
eight" topology. Trans-[Pds(anti-LA)oLC5]4t was formed through Pd"-mediated
assembly of the carbazole-based ligand L€ and LA (see a) in ﬁgure. The
carbazole-based ligand LC formed a homoleptic cage, when mixed with Pd!l
cations in a 1:2 ratio. However, mixing LA and LC, which both exhibit a bend
angle of 75° in a 1:1:1 ratio with Pd! yielded the trans-[Pds(anti-LA)oLC5)*
coordination cage (see a) in figure[l.22)). NOESY experiments indicated that one
isoquinoline moiety of each LA ligand was twisted. X-ray analysis revealed that
the cavity of trans-[Pds(anti-L*)sLC]** was occupied by the backbones of two
LA molecules, which exhibited 7-stacking interactions. These interactions forced
BF, counterions to leave the cavity (see ¢) in ﬁgure. Moreover, Bloch et
al. reported the heteroleptic cage [PdQLP2L02]4+, consisting of ligands L? and L€
(see a) in ﬁgure. Several years later Regeni et al. used a diketopyrrolopyrrole-
based ligand with isoquinoline as a donor group to form a heterolepic cage with a
"doubly bridged figure-eight" topology. [150][162]

Worth to mention that Bloch et al. further showed that Pd(II)-based heteroleptic
coordination cages demonstrate a shape-specific guest-binding ability due to their
unique structure of their cavity and the metal centers, which act as anchors for
charged anionic molecules. This property is exemplified by the differential binding
of two naphthalene disulfonate isomers, which are the linear 2,7-naphthalene
disulfonate and the bent 2,6-naphthalene disulfonate. The cage’s cavity structure
enables selective recognition and binding based on the distinct shapes of these guest
molecules, highlighting the significant influence of cavity geometry on host-guest

interactions. [145]
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In chapter[I.5] various approaches for achieving control over integrative self-
sorting to form self-sorted heteroleptic cages with banana-shaped ligands were
discussed. Shape-complementarity appears promising for maintaining the cavity
necessary for potential host-guest chemistry. However, the study of supramolecular
self-assemblies is often time-consuming and challenging due to the complex ligand
synthesis and optimization of self-assembly conditions.

To streamline the planning of promising self-assemblies and support experimental
data, computational calculations have proven valuable. In recent years, advances
in microprocessor technology and the widespread availability of sophisticated
electronic structure programs have led to a significant increase in the use of
theoretical calculations to complement experimental research. Moreover, the
previously tedious and error-prone process of editing input files for electronic
structure programs, which often required expertise in computational chemistry,
is now being replaced by software with user-friendly graphical interfaces. These
advancements make theoretical calculations increasingly accessible to researchers
with limited experience in computational chemistry. [163] As previously mentioned,
strain plays a significant role in coordination cage formation. To quantify this
driving force and gain a deeper understanding of self-assemblies, examining
strain is highly beneficial. In chapter[d], the fundamentals of electronic structure
calculations and the concept of strain and its calculation in coordination cages

will be introduced.

Coordination cages have a cavity, which allows host-guest chemistry and make
different applications possible such as molecular recognition, stabilization of
reactive species or catalysis. [164][165][166][167] In following chapter[L.6| catalysis

in coordination cages will be introduced.
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1.6 Catalysis in Coordination Cages

In nature, enzymes exhibit remarkable efficiency in catalyzing diverse processes
while maintaining high selectivity. Catalysis operates on the principle of the
catalyst interacting with the transition state and stabilizing it, thereby reducing
the energy required for the substrate to transition from the ground state to the
transition state. This reduction in energy facilitates an increase in the reaction
rate. Importantly, the catalyst itself remains chemically unchanged throughout
the process. A catalyst influences the kinetics of a reaction without affecting its
thermodynamics. [168§]

Various examples of supramolecular catalysis involving both unimolecular
and bimolecular reactions demonstrated the utility of coordination cages as
catalysts. Examples include cage-catalyzed aza-Cope rearrangements and Nazarov
cyclization for unimolecular reactions, as well as Diels-Alder reactions, hydrolysis
of orthoformates, Michael addition, Knoevenagel condensation and asymmetric
hydroformylation for bimolecular reactions. [169][170][171]]172][173]

Thereby, supramolecular catalysis presents three distinct approaches, each
utilizing a coordination cage as a "reaction vessel":

Firstly, in the "cavity-directed" approach, catalysis occurs solely within the cavity
without additional catalytically active functionalization. The cavity facilitates
substrate pre-orientation, leading to faster reaction rates and high regioselectivity.
Additionally, the cavity can stabilize intermediates, accelerate reactions, and
enable novel reaction pathways. For bimolecular reactions, the host increases
the local concentration of reaction partners by preferentially encapsulating them

within its nanometer-sized cavity, driven by a solvophobic effect.
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Figure 1.23. a) lllustration of coordination cages 16 and 17 from Fujita group. b)
And c) Diels-Alder reaction of 18 and 19. Reproduced from [169]. ©
2006 American Association for the Advancement of Science.

In 2006, Fujita et al. reported an octahedral [PdgL,]*" coordination cage in
water that could catalyze the Diels-Alder reaction of 9-hydroxymethylanthracene
(18) and N-phenylmaleimides (19) at the less favored 1,4-position (see a) and c)
in ﬁgure. To confirm that the reaction outcome was influenced by the cavity

of [Pd6L4]4+, Fujita’s group conducted a control experiment in the absence of the
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enclosed cavity (see 17 in a) and b) in figure[l.23). This experiment demonstrated
that without the enclosed cavity of 16, the typical product the 9,10-adduct was
formed. Thus, the regioselectivity observed in the presence of 16 can be described
as a so-called "cage effect”. [169]

Another noteworthy work was reported in 2010 by Raymond et al., describing
the catalytic conversion of 1,4-pentadien-3-ol to cyclopentadiene within an anionic
coordination cage formed by Ga(III) and bis-catechol ligands. This Nazarov
cyclization exhibited an astonishing acceleration in an aqueous medium by a
factor of 2.1 x 105, a feat typically achievable only in enzyme systems. This
enhancement was attributed to several factors, including guest uptake facilitated
by the hydrophobic effect, substrate pre-organization, stabilization of the transition
state owing to the negative charge of the cage and an increase in the alcohol

function’s basicity. [174]
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Figure 1.24. a) lllustration of supramolecular tetrahedral assembly of the Raymond
cage and b) the catalyzed Nazarov cyclization. Reproduced from [174].
© 2010 American Chemical Society. c) lllustration of the supramolecular
tetrahedral assembly encapsulated a rhodium complex and were found
to be catalytically active for the isomerization of allylic alcohols.
Reproduced from [175]. © 2007 American Chemical Society.

Secondly, a separate molecule is introduced into the cavity as a catalyst,
enhancing reactivity within the specialized environment. This catalyst may
be bound covalently or non-covalently within the cavity. The catalysis occurs on
the catalyst itself, while the cavity controls substrate interactions, regioselectivity,
and stereoselectivity. Ideally, the coordination cage efficiently ejects the product,
mitigating catalyst deactivation due to "product inhibition".

In 2007, Raymond et al. used the previously mentioned gallium-based cage
and reported the selective encapsulation of a rhodium complex, which performed
as a catalyst within the coordination cage. After comparing the performance of

the encapsulated catalyst with its free counterpart in a series of reactions, they
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observed that the encapsulated catalyst not only facilitated the reactions with
high efficiency, but also displayed remarkable selectivity for substrates based on
their size and shape (see c) in figure[l.24).

Thirdly, a catalytically active functionality is either attached to the ligands
or provided by a free coordination site at the metal center. This setup allows
the catalyst to activate the substrate while preventing catalyst aggregation and
increasing its local concentration. In the following, the implementation of H-bond-

based coordination cages with catalytic activity will be introduced.

Catalysis by Hydrogen bonding in Coordination Cages

In nature, enzymes play a central role as catalysts due to their efficiency and
selectivity. HB plays a crucial role in numerous biological processes. [177]

In 2018, the Lusby working group showed that a relatively simple cationic
Pd(II) coordination cage can catalyze a reaction via hydrogen bonds by stabilizing
the transition state. This [PdyL,]*" cage showed high activity, regioselectivity,

chemoselectivity, and low product inhibition when catalyzing the Diels-Alder

reaction of benzoquinone and a diene (see a) in figure|1.25)). [178][179][180]
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Figure 1.25. a) lllustration of the lantern-shaped coordination cage [Pd,L,]** from
Lusby group. Reproduced from [179]. © 2018 American Chemical
Society. b) Assumed catalytic cycle for the Michael addition reactions
in the presence of prism-shaped coordination cage P. Reproduced
from [181]. © 2016 American Chemical Society.

In recent years, organic catalysts based on HB have shown that they can be a
alternative to enzyme catalysts and as previously mentioned, urea in particular
stands out among the various HB catalysts due to its non-toxicity and thermal
stability:. One problem with urea functions is their intermolecular interaction,
which significantly reduces the catalytic efficiency (self-quenching).
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The Mukherjee group was able to overcome this problem with a prism-shaped
coordination cage. This discrete structure is functionalized with urea and can
bind guests via hydrogen bonds and act as a catalyst. [181] The catalyst could
be recovered by filtration and reused without showing any loss of catalytic
activity for several recycling cycles. Due to the H-bonds between the urea
function and nitroolefins (guest), the substrate molecules could be activated by
the prism P (host). This host-guest system is the first heterogeneous catalyst
that enables the urea-promoted Michael addition of water-soluble nitroolefins
with dimethylbarbituric acid in an aqueous medium. Furthermore, the prism as a
catalyst in the Diels-Alder reaction. This coordination cage is the first of its kind
and shows that supramolecular coordination cages are promising candidates to
study the behavior of biologically active cavities as they occur in nature (e.g. in

enzymes).

The previously mentioned examples rely on HB interactions between the neutral
guest and the coordination cage for substrate activation. An example, while not
catalytic, that demonstrates molecular recognition and host-guest chemistry based
on HB within a palladium-based coordination cage is reported by the Clever
group.

The Clever group designed a modular family of heteroleptic coordination
cages [PdQLAQLB2]4+. Thereby, those coordination cages were assembled from
carbazole-based banana-shaped ligands (L) and aromatic ligands (LB) with
diverse backbones and lengths. The cages were characterized by NMR spectroscopy,
ESI mass spectrometry and X-ray diffraction. The secondary amine of the
carbazole moiety was functionalized with amides or methyl groups and then
tested for their ability to bind hydrogen bond acceptors such as alkyl- and
aryl phosphate ester salts. The binding constants were determined by '"H-NMR
titrations, which suggested that binding was primarily driven by H-bond formation
with additional contributions from ionic interactions and 77t stacking, supported
by MD simulations and ion-mobility mass spectrometry. [183]

Binding anionic guest into a cationic coordination cage is not astonishing.
However, coordination cages are often formed in H-bond competitive solvents
such as DMSO or DMF and it is known that the solvent plays a crucial role
in modulating HB interactions. [184] Future research on HB-based host-guest
chemistry in coordination cages should focus on enhancing their solubility in less
competitive solvents. This advancement could facilitate the binding of neutral
molecules and unlock their potential for enabling various organocatalytic reactions.
Achieving this goal is challenging, as the self-assembly of coordination cages is

often influenced by their counterions and the choice of solvent. [185][186][187]
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The limited works of H-bond-based palladium coordination cages and the
squaramide as a promising building block were briefly introduced. In the future,
squaramide-based coordination cages could be an important step at developing
H-Bond functionalized coordination cages in molecular recognition and catalysis.

The next chapter[2] will highlight the scope of this thesis.
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2 Scope of this Thesis

One of the primary goals of the Clever group is to develop novel frameworks for
coordination cages and increase their complexity by forming heteroleptic cages.

As previously mentioned, HB has been well-known for decades, with squaramides,
in particular, gaining significant attention in various research fields since 2008.
Squaramides have especially risen in prominence as organocatalysts. However,
squaramides have not yet explored in context of coordination cages. This work
deals with filling this void by synthesizing squaramide-based bis-monodentate
banana-shaped ligands. The limited works of H-bond-based palladium coordina-
tion cages were briefly introduced and triggers curiosity to explore squaramide-
based coordination cages, which could have potential to show also their presence
in coordination cages as HB functionality.

The scope of this thesis is to design and synthesize a squaramide-based het-
eroleptic coordination cage and investigate its host-guest properties, focusing
on HB interactions. Initial studies will explore interactions with anionic guests,
with a long-term goal of extending these investigations to neutral guests. To
achieve stronger binding constants, using cooperativity appears to be a promising
approach. Therefore, two squaramide-based ligands were proposed to form a
coordination cage. Given the close proximity of the ligands within the cage,
intramolecular interactions and cooperative effects are anticipated.

The characterization of the structures is mainly examined by one- and two-
dimensional NMR spectroscopy. Furthermore, ESI mass spectrometry, 'H-DOSY
NMR experiments and X-ray analysis were used to characterize the coordination
cages and their host-guest complexes.

Especially the following points were examined during the squaramide part of

this doctoral research:

o Design, synthesis, self-assembly, and characterization of squaramide-based
ligands and their heteroleptic coordination cage using NMR, ESI-MS, and
X-ray diffraction

o Guest-binding studies of various organic disulfonate and phosphate ester
salts via NMR and ESI-MS

o Synthesizing derivatives of squaramide-based ligands to increase their solu-
bility and, analogous to the previous points, studying the binding of neutral

molecules with and without cooperativity effect

e Design and synthesis of ligands, which are based on squaraine dyes and

1,3-squaramides

» Expanding of strain calculations of [PdyLyL '2]4+ coordination cages
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3 Results and Discussion

3.1 Squaramide-based Coordination Cages

In previous chapters[l], squaramides were introduced as a potential hydrogen-
bonding functionality in coordination cages. As previously mentioned, the
unique properties and synthetic accessibility of diverse squaramide derivatives
make them highly attractive for various applications, including self-assembly,
organocatalysis, molecular recognition, medicinal chemistry and bioconjugation.
[44][19][188][22] These qualities underline their utility, versatility and future
potential. [189][190][191]

In chapter[l.2] the enhancement of cooperativity through intramolecular HB
in squaramide-based structures was introduced. In a simple [Pd2L2L'2]4Jr co-
ordination cage, two ligands can come into close proximity. To increase the
probability of intramolecular HB within the coordination cage, the structure can
be composed entirely of squaramide-based ligands. Calculations of the electrostatic
potential maps of an isolated squaramide-based ligand and its dimer show that
intramolecular HB enhances the polarization of terminal hydrogen-bonding groups
(see figure[d.167] in chapter[.3.8).

To study the cooperative effects of squaramide functionality within coordination

cages, two easily accessible squaramide-based ligands were synthesized. The

| N 7 '\
Br = =
B\
(@]
NH
) 1
NH
Y

synthetic routes are depicted in figure[3.1]
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Figure 3.1. Reaction conditions: a) Zn(CF3503),, 12h, 100 °C, toluene/DMF (5:1),
b) Pd(PPhs),, KsPO,, 12h, 100°C, DMF/H,0 (3:1).
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3 RESULTS AND DISCUSSION

Starting from diethyl squarate and appropriately substituting with respective
aromatic amines, the squaramide-based ligands 3,4-bis(pyridin-3-ylamino)cyclobut-
3-ene-1,2-dione (L?) and 3,4-bis((3-(pyridin-3-yl)phenyl)amino)cyclobut-3-ene-1,2-
dione (L) were successfully synthesized. For detailed synthetic procedures and
characterization data see the experimental section in chapter[4.2.4]

The first synthetic step, common to both ligands, involves the addition of an
aromatic amine to diethyl squarate with Zn(OTf)y. This method, previously

developed by Taylor et al., is based on an "addition-elimination" mechanism (see

ﬁgure in chapter.

Homoleptic Coordination Cage Formation of L! and L2

The experiments on homoleptic coordination cage formation with L' and L2
revealed differing behaviors. While L! did not form a distinct species (see figure[4.98
in chapter with 'H-NMR spectrum of reaction mixture), L? successfully
formed a [PdyL2,)*" coordination cage according to NMR and ESI-MS data (see
chapter for experimental data suggesting the structure). The homoleptic
coordination cage [PdyL%]*" shows a clean 'HNMR spectrum in DMSO-dg. No
splitting of ligand signals in "HNMR spectrum of cage was observed, which
indicates an assembly of a highly symmetric molecule (see b) in ﬁgure.
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e
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Figure 3.2. a) Coordination cage formation of [Pd,L2,]*". Calculated on PM6 level.
b) *H-NMR spectra (500 MHz, 298 K, DMSO-dg) of L2 and [Pd,L2,]*".

All proton signals, except for ¢’ and e’, exhibit a downfield shift during
complexation. Notably, protons a” and b” undergo significant downfield shifts,

which can be attributed to their close proximity to the coordination center. This
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3.1 SQUARAMIDE-BASED COORDINATION CAGES

effect arises because electron density from the nitrogen is relocated towards
the coordination bond, leading to deshielding and, consequently, a pronounced
downfield shift.

However, this [Pd,L%,]*" cage should feature a relatively small cavity, likely
encapsulating its counterion to compensate the positive charge from the two Pd(II)
cations.

Future plans focus on enhancing solubility of the coordination cage in nonpolar
solvents, such as dichloromethane, to strengthen HB interactions. This will be
achieved by introducing solubilizing groups onto the ligand structure. However,
this approach may crowd the surroundings of the cage, hindering the formation
of distinct coordination cages. Therefore, the initial focus shifted to heteroleptic
coordination cage studies. Heteroleptic cages incorporating L!, which feature a
phenyl spacer between the pyridine and squaramide group, should increase the

spatial separation between the two different ligands within the coordination cage.
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3 RESULTS AND DISCUSSION

3.1.1 Heteroleptic Coordination Cage Formation of
[Pd2L12L22]4+

Then the heterolepic coordination cage formation of L' and L? has been
examined (see figure[3.3).
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Figure 3.3. a) Coordination cage formation of [Pd,LL,L2,)** illustrated with the
internal HB highlighted by dashes in X-ray structure. b) 'H-NMR spectra
(500 MHz, 298 K, DMSO-dg) of L!, L2 and [Pd,L1,L%,]*".

The heteroleptic cage experiment involving L! and L? yielded a distinct set
of signals in the '"H-NMR spectrum in DMSO-dg. Signals a, b, d, a’, b, and
d” in the aromatic region were downfield-shifted due to complexation. Notably,
protons a, b, a’, and b” experienced intense downfield shifts, caused by their close
proximity to the coordination center. Furthermore, ESI-MS analysis suggested
the formation of a [PdyLYL2(BF,),]*™F (n = 0-2) species (sce a) in ﬁgure.
Additionally, the 'THDOSY NMR spectrum confirms that all assigned proton
signals of [Pd2L12L22]4+ belong to the same molecule with a similar diffusion

coefficient (see b) in figure[3.4).
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3.1 SQUARAMIDE-BASED COORDINATION CAGES
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Figure 3.4. a) ESI-MS of [Pd,L},L%]*". b) 'H DOSY NMR spectrum (500 MHz,
298K, DMSO-ds) of [Pd,LLLZ4 . D([PdLLLZ4) = 1.02 -
10710, ru([PdoLLL2]4 ) = 9.75A. « could be not assigned to
a specific species.

The determined diffusion coefficient D of [PdyL L% is equal to 1.02-10~10 mTZ,
and further with the Stokes-Einstein equation (see equation the hydrodynamic
radius riy = 9.75 A was determined. [192]

kgT
p—_"B

= 3.1
6mnrg (3-1)

With T as the temperature, kg the Boltzmann constant (1.3806488-10~BJK ™),
1 the dynamic viscosity of the solvent and 7y as the hydrodynamic radius of the
diffusible molecules (npmso = 0.219mPa-s at 25°C). [193][194] The determined
ryg of [Pd2L12L22]4+ is 9.75 A, which is larger than that of previously reported
heteroleptic cages [PdyLC, LY o]*" with 9.1 A (see ﬁgure in chapter. [161]
That suggests that a cage of the type [PdyLy]*" was formed.

The lantern-shaped structure of [Pd2L12L22]44r was confirmed by single crystal
analysis (see a) ﬁgure. The X-ray structure of [PdyL',L%)]* suggests that
the NH functionalities of L? are pointing inside of the cavity and forming an
intramolecular H-bond to the carbonyl oxygen of the backbone of L! (see a)
ﬁgure. At the same time, the NH functionalities of L! are pointing outside of
the cavity, which was confirmed by NOESY spectrum since proton signal i shows
a NOESY signal contact to g (see a) in ﬁgure. However, NH of L? with the
proton signal assignment e’ shows NOESY signals contact to a” and d”. This
occurs because the pyridine group of L2 is a bit rotated in comparison to the
squaramide backbone of L2 (see b) n ﬁgure. As expected, NOESY analysis
shows that proton signal a correlates with a” and b with b‘, due to the close
proximity at the Pd(II) centers. Moreover, NOESY analysis confirms that proton
a is inside pointing inside of the cavity since it shows a NOESY contact to proton
h.
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Figure 3.5. a) 'H-'H NOESY spectrum (600 MHz, 298K, DMSO-dg) of
[Pd, LY, L2, )4 b) Top view of the X-ray structure of [Pd L1 L2 )4
with the NH-O distance shown.

3.1.2 Host-guest Chemistry of [Pd,L;L%,]**

The host-guest chemistry of [PdoL',L%)*" with anionic guests was studied due
to its cationic nature. Various disulfonates, which are typical anionic guests for

palladium-based coordination cages, have been examined. [145][195][196]]197]
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Figure 3.6. lllustration of screened organic disulfonate guests and TBACI to
[Pd,LLL2]** in DMSO-ds. With TBA as a counterion except for
BINSO with K™.

Some guests lead to a broadening of signals upon titration or resulted in

overlapping of signals (see from figure[.105| until 4.108| in chapter[.3.3| for 'H-
NMR spectra).

One particularly noteworthy guest is C1, as Cl" is a fundamental anion in various
biological systems, making it an interesting target for anion receptor studies. [198]

Its relatively small size and high charge density facilitate strong electrostatic
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3.1 SQUARAMIDE-BASED COORDINATION CAGES

interactions and HB with receptors. [199][200] However, encapsulating Cl into
coordination cages is not so trivial since it typically leads to the decomposition of
coordination cages. In the literature, squaramide-based organic receptors have
been shown to bind Cl” via HB and to exhibit superior affinity for CI" compared
to ureas. [44]|201][202] Therefore Cl was chosen as a potential guest. The
NMR titration of Cl to [Pd2L12L22]4+ showed decomposition from 1 eq. since
new signals were rising and the intensity of the [Pd,L',L%]*" was significantly
decreasing upon titration (see ﬁgure in chapter for '"H-NMR spectra).

The anionic guest that showed interaction with [Pd2L12L22]4+ without decom-
posing it during the 'H-NMR titration and allowed the determination of a binding
constant was (R)-1,1’-binaphthalene-2,2’-disulfonate BINSO. The binding constant
was determined by Bindfit. [203] With the 1:1 fitter a binding constant of (13870
+ 3745) M~! was determined (the shown error represents the goodness of fit). 1.
Regeni reported a family of coal-tar dyes-based coordination cages, which interact
with BINSO, but due to broadening of the signals in the "H-NMR spectra during
titration no binding constant was obtained. [195] Similarly, K. Ebbert observed a
comparable phenomenon in a family of diketopyrrolopyrrole-based heteroleptic
cages featuring fluorenone- and carbazole-based ligands. [196] To the best of
my knowledge, no binding constants for BINSO to heteroleptic palladium-based
coordination cages have ever been reported. So this work could represent the
first determination of a binding constant by "H-NMR titration for BINSO to a
heteroleptic palladium-based coordination cage in DMSO-dg. However, ESI-MS
did not provide information about the host-guest complex. BINSO carries an
axial chirality. In the literature, it is known that a guest can transform their
chirality to the coordination cage. [204] In the CD spectra of the host-guest
complex of BINSO and [Pd2L12L22]4+, a new absorption maximum of around
332 nm is observed, suggesting a chirality transfer from the guest to the host (see

figure|d.114)in chapterl4.3.3| for 'H-NMR spectra).

Two additional disulfonates that demonstrated interactions with [Pd2L12L22]4+
in the 'H-NMR titration and provided a binding constant are naphthalene-2,7-
disulfonate NDS and benzene-1,4-disulfonate PDS (see figure[3.7).

The 1:1 fitter was used to determine the binding constant of both host-guest
complexes, and both titration curves show a saturation after 1 eq. (see figureld.124]
in chapter[4.3.3). In a previous work, W. Bloch showed that NDS binds to the
hetroleptic cage ([PdyLoL5]*) consisting of an acridone- and phenanthrene-based
ligand with a binding constant of 5200 M~'. [145] In the case of [Pd,L*L2]*" a
binding constant of (31021 & 4653) M~! was obtained, which is more than 5 folds
larger than the previous mentioned example.

In the case of PDS a binding constant of (12620 + 1010) M~! was obtained.
In the work of A. Walther, a binding constant for PDS to a palladium-based

coordination cage ([PdyL,]*") is reported. He could determine a binding constant
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3 RESULTS AND DISCUSSION

by UV-Vis titration to a elongated azulene-based coordination cage of (65574
262) ML, Although those are two different methods to determine the
binding constant, it can be qualitatively interpreted that [Pd2L12L22]4+ seems
to bind PDS stronger. For both cases, a binding constant of NDS and PDS to
[Pd2L1 L2 ]4+ was determined and showed higher affinity in comparison to the
previously mentioned coordination cages. This may be attributed to
the more favorable distance between the cationic Pd(II) centers in [PdyL*5L2%) 4,

which likely facilitates stronger interactions with the anionic sulfonates.
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Figure 3.7. 'H-NMR (500 MHz, 298 K, DMSO-dp) titration of NDS and PDS to
0.63mM [Pd,LL,L%,]*". TBA as counter ions for NDS and PDS. For

ESI-MS see figure|d.119|in chapter(4.3.3]

As mentioned in chapter[L.6] the Clever group showed that phosphate esters
such as diphenyl phosphate DPP, dibenzyl phosphate DBnP, dibutyl phosphate
DBuP and diethyl phosphate DEP can bind to a series of heteroleptic cages with
a secondary NH function (see ﬁgure for the mentioned phosphate esters). [183]

The strongest binding constant of (2062 + 31) M~! was observed for DPP in
DMSO-dg. MD simulations emphasized that m-interactions play a important role

O
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J) Q \/© ™
/O - O
L) o OVO%: (T~
o "o o)

in the guest binding.

DEP DBuP DBnP DPP
Figure 3.8. lllustration of screened phosphate esters to [Pd,L1,L2,]*". TBA as a
counterion.

Analogous to that work, different phosphate esters have been screened by 'H-
NMR titration (see ﬁgure and for "H-NMR spectra see figures}4.176| [4.177 and
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3.1 SQUARAMIDE-BASED COORDINATION CAGES

4.178/in chapter. But only for DPP, a significant chemical shifting in the 'H-
NMR titration was observed and provided a binding constant (see a) in figure|3.9)).
The determined binding constant for DPP is (64 + 2)M~! (see ﬁgure
in chapter. ESI-MS indicates the presence of host-guest complexes of
[Pd2L1 L? ]4+, consisting of either one or two DPP guests (see ﬁgure in
Chapter. This observation aligns with a similar trend previously noted, where
DPP was also identified as the strongest binding guest among the tested phosphate
esters. |183] In that work, this trend can be explained by the combined significant
contribution of HB and 7t-interactions between the guest and the ligands of the
coordination cage. It is worth emphasizing that the binding site of [PdyL! L%
is most likely oriented outwards due to intramolecular interactions. As a result,
the chance for m-interactions is likely reduced or more challenging compared to
cases where the NH functionalities point inward towards the cavity, and therefore
the guest binding occurs inside the cavity. So it is likely that with the lack of
m-interactions and in DMSO as a competitive hydrogen bond acceptor, the binding
constant of DPP to [Pd,LY%L2%)4" is very weak.
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Figure 3.9. 'H-NMR (500 MHz, 298 K, DMSO-dg) titration of DPP and CAF to
0.63mM [Pd,LL,L%,]*". TBA as counter ion for DPP. For ESI-MS see

figure[d.123]in chapter[4.3.3]

Next a neutral guest was studied. Caffeine, containing two carbonyl oxygens

that could theoretically enhance its binding affinity to NH functionalities, exhibited
gradual signal shifts during titration in DMSO-dg. However, this did not result in
a measurable binding constant (see b) in ﬁgure. The observed shifts could
potentially be attributed to a dilution effect or to a very weak interaction. This is
further supported by the binding curve, which does not exhibit saturation in the
'H-NMR spectra. When an attempt was made to fit the data, the resulting fit
resembled a flat curve rather than having enough curvature to be reliably plotted,

which indicates the absence of significant binding (see figure[4.124in chapter|.3.3)).
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The heteroleptic cage incorporating ligands L' and L?, which feature squaramide
moieties, was successfully synthesized and tested for guest binding. While it
exhibits superior binding affinity for certain disulfonate guests compared to
previously reported palladium-based coordination cages, it performs poorly in
binding phosphate esters and neutral guests. Therefore, structural modifications
were pursued to enhance its performance.

Moreover, the X-ray structure of this squaramide-based heterolpetic coordination
cage reveals intramolecular interactions between the squaramide functionalities.
These interactions are theoretically expected to enhance the HB donor ability of
the outer squaramide groups through cooperativity. However, the solubility of
squaramide-based ligands is generally poor in most apolar solvents. Additionally,
the solvent selected for examining hydrogen bonding between the host and guest
should not be highly competitive. Thus, the next step was to improve the solubility
of these ligands in low-polarity solvents, such as dichloromethane (DCM), by
attaching solubilizing groups like polyethylene glycol (PEG) chains. PEG chains
are known to enhance solubility not only in polar solvents such as water but
also in nonpolar solvents like chloroform. [205] The straightforward synthetic
accessibility of PEG chains makes them ideal candidates as solubilizing groups. It
is anticipated that incorporating a more soluble ligand will facilitate the formation

of the coordination cage in a less competitive solvent, such as DCM.
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3.1.3 Ligand Synthesis of L!P°& and L2Pee

The synthesis route for PEG-modified L? is illustrated in ﬁgure. To prevent
excessive steric hindrance around the coordination center and at the squaramide
functionality, the meta position of pyridine-3-amine was chosen for substitution.
Consequently, 5-aminopyridin-3-ol was selected as the starting material. Following

a series of reactions, the PEG-modified ligand L?P®8 was successfully synthesized.

OH
X

| 1.a)

HoN 0

N A i, 2.b) W \/\Ot\/o\

" 57% 7
O\
/@/\S\\{O\/\Oh\/o\ /
0
50%
o 0~

sy
$a s b
(sl

L2peg

Figure 3.10. lllustration of synthesis of ligand L?P®8. Reaction conditions: a)
NaOtBu, 30min, rt, THF b) 12h, 70°C, c) diethyl squarate, NEt;,
12 h, 84°C, toluene.

Notably, the reaction of PEG-modified aminopyridin-3-ol with diethyl squarate
and Zn(OTf), resulted in low yield of the target product and series of unidentified
side products, which were not further investigated in this study. However, this
issue was resolved by using NEt5 in toluene, yielding L2P®8 with good efficiency
(50%). [31] Detailed synthetic procedures and characterization data for L2P®8 can
be found in the experimental section in chapter[d.2.3

It is worth noting that achieving a sufficient total yield during ligand synthesis
is an important factor. Synthesis planning, reaction monitoring, workup and
purification are time-intensive processes. Additionally, optimizing conditions for
coordination cage formation, guest screening and conducting control experiments
require substantial amounts of ligand material, which is typically not recoverable
from the coordination cage. Consequently, good yields and effective purification
methods for ligands are essential and can significantly impact ligand design and

coordination cage research.
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The synthesis route for PEG-modified derivatives of L'P& is presented in
figure(3.11}
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Figure 3.11. lllustration of synthesis of ligand L!P®&. Reaction conditions: a)
NaOtBu, 30min, rt, THF b) 12h, 70°C, c) SnCl,, 3h, rt —
reflux, EtOAc, d) diethyl squarate, NEt;, 12h, 82°C, toluene, e)
3-pyridineboronic acid pinacol ester Pd(PPhj3),, KsPO,4, 12h, 100°C,
THF/H,0 (3:1).

Starting with 3-bromo-5-nitrophenol, the hydroxyl group was substituted with
a PEG moiety, followed by the reduction of the nitro group to an amine using
SnCly, yielding excellent results in both steps. Through subsequent reactions, the
PEG-modified ligand L'P®8 was successfully synthesized with an impressive overall
yield of 71% across four synthetic steps. The final step in the synthesis of L!P¢&
involved a Pd(II)-catalyzed cross-coupling reaction. Future studies could focus on
optimizing this step by adjusting reaction parameters such as temperature, solvent,

and palladium precursors. Additionally, screening alternative phosphine ligands
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could improve the yield. Detailed synthetic procedures and characterization data
are provided in the experimental section in chapter[d.2.6]

After both PEG-modified squaramide based ligands L**®& and L'P®8 were
synthesized, the coordination cage formation was examined.

Homoleptic coordination cage experiments revealed that neither L2P®8 nor L!Pe8
formed distinct coordination cages in DMSO-dg and CD3CN (see Chapters and
. This result aligns with previous findings indicating that L' does not form a
distinct coordination cage, making the lack of homoleptic cage formation by L1P¢s
unsurprising. However, it was previously demonstrated that L? forms a distinct
homoleptic coordination cage in DMSO-dg. A plausible explanation for this
discrepancy could be the steric hindrance introduced by the bulky PEG groups,
which may interfere with the formation of the relatively compact homoleptic
coordination cage.

Then the heterolepic coordination cage formation with L?P8 and L'P®8 was

examined.
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3.1.4 Formation of Coordination Cage of [Pd,L!Pe8,L?rPe8,]4+

As mentioned in chapter(3.1.1] selecting a less competitive HB solvent is favorable
for observing HB interactions between a squaramide-based coordination cage and
a neutral guest. For this reason, CD,Cl, was chosen as the solvent, similar to
its use in reported studies on squaramide-based organocatalysts.
Figure illustrates the heteroleptic cage formation of L?& and L'P& in CD,Cl,.
For clarity, the PEG chains are omitted and marked by curved hyphens in the

subsequent figures.
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Figure 3.12. a) Heteroleptic coordination cage formation of [Pd2L1peg2L2peg2]4+.
PEG chains omitted for clarity and calculated on PM6 level. b)
'"H-NMR spectra (700 MHz, 298K, CD,Cl,) of L1Pe8 L2Peg and
[Pd,L1Pee, | 2Peg |4+

Direct attempts to form [Pd,L'P8,L2P%8,]*" in CD,Cl, probably result in the
cage aggregation that is supported by the signal bordering in the 'H-NMR
spectrum (for 'H-NMR spectra see ﬁgure in Chapter. Consequently,
the heteroleptic cage of L?P®® and L'P®8 was initially assembled in CD4CN (for
"H-NMR spectra see ﬁgure in chapter{d.3.8). After solvent removal, CDyCl,
was added (details are provided in chapter[d.3.8).

As anticipated, proton signals a, b, a’, and b” exhibited significant downfield

shifts, attributed to their proximity to the coordination center, as previously
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explained. NOESY analysis confirmed correlations between proton signals b and
b, as well as a and a’, reflecting their spatial proximity at the coordination
center. Contacts between signals a and g, and d and e in the NOESY spectrum
further support the proposed structure shown in figure[3.12l Furthermore, NOESY
analysis suggests that the conformation of the squaramides in [Pd,L'P8,L,2P¢8,)4+
is identical to that in [Pd2L12L22]4+. This conclusion is supported by the correlation
between NH proton signal h and proton signal f (see figure ?? in chapter[4.3.8)).
Additionally, the NH proton signal d” correlates with a” in the NOESY spectrum.
These observations strongly indicate consistency with the conformation observed in
[PdoLY,L2%5)* T, suggesting that an intramolecular H-bond between the squaramides
is highly likely in CDyCl, solution.

The ESI-MS spectrum displayed peaks corresponding to [Pd,L'P8,L2Pe8, |4+
and contamination by Cl (see a) in ﬁgure. Additionally, the 'H DOSY NMR
spectrum confirmed that all assigned proton signals of [Pd2L12L22]4Jr belong to

the same molecule, as evidenced by their similar diffusion coefficients (see b) in
figure|3.13]).
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Figure 3.13. a) ESI-MS of [Pd,LlPe8,2Pee |4+ b) 'H DOSY NMR
spectrum (500 MHz, 298K, CD,Cl,) of [Pd,LlPe&,L2Pe8 |4+
D([Pd,L'Pe8,L 28 14+) — 4 85.10710 ™2 1 ([Pd,L1Pe8,L2P%8,]4+) —
10.46 A.

The Stokes-Einstein relation was used to determine rg of [Pd,L'Pe8,L2P¢8,) 1+
with the viscosity of CDyCly with n = 4.3-103Pa-s at 293K. [207] The
calculated rg for [Pd,L'™P®8,L2Pe8 4" is 10.46 A, which is larger than the ry
of [PdyLYL%]* (9.75A). This observation suggests that the PEG-modified
squaramide coordination cage was successfully obtained, as the PEG chains are
expected to increase the hydrodynamic radius of the coordination cage.

In the literature it is reported that low polarity solvents such as dichloromethane
(DCM) can promote ion pairing, a phenomenon in which oppositely charged ions
associate in solution to form distinct complexes. [208] This interaction is driven
by electrostatic attractions between cations and anions. [208§]

Lusby et al. investigated the influence of counterions on a lantern-shaped

palladium-based coordination cage in various solvents such as CD3CN, CD30D,
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3 RESULTS AND DISCUSSION

CD3NO4 and CDyCly, and found that guest binding, which occurs inside the cavity
by HB, constantly significantly increases when large, non-coordinating counterions
are used. One of the reasons for this enhancement is because a bulky counterion
cannot fit inside the cavity and therefore significantly decreases the competition
with the guest for binding or blocking the binding site in the cavity. |[178] In their
study, Lusby et al. screened various neutral guests such as quinones compounds
featuring two carbonyl oxygens capable of interacting with the C-H groups of the
coordination cage through HB. The highest binding constants were observed in
CDyCl,, when tetrakis[3,5-bis(trifluormethyl)phenyl]borate BArF~ was used as
the counterion. BArF ™ is a weakly coordinating anion featuring four fluorinated
aryl groups arranged tetrahedrally around a central boron atom.

That is why the cage formation of [Pd,L'P®8,L2P%,]*" with various counte-
rions such as OTf, PFg, and BArF were examined. However, no distinct
cage formation was observed (see ﬁgure and ﬁgure in chapter.
Consequently, the subsequent host-guest chemistry studies were conducted using
the well-characterized [Pd,L'P®8,L*%,)4" with BF, as the counterion.

Chapter deals with the host-guest chemistry of [Pd,L'P®&,L?Pe8, 4+,

52



3.1 SQUARAMIDE-BASED COORDINATION CAGES

3.1.5 Host-guest Chemistry of [Pd,L1Peg,L2Pe8,]4+
Anionic Guests

First, host-guest chemistry of [Pd,L'P®8,L2P%€,]4" with anions was examined.
NMR titration of Cl" showed no significant shift in the proton signals, and after the
addition of 1 equivalent, new signals began to emerge, indicating the decomposition

of the coordination cage (see figure|d.147|in chapter(d.3.8)).
Previously, binding constants for PDS and NDS were successfully determined for

[Pd, L', L2 *" in DMSO-dg. However, for [Pd,L'P®8,L2P¢8,|" in CDyCl,, titration
with these guests led to broadening of the proton signals (for PDS, see a) in
figure . This result suggests that PDS and NDS may induce aggregation of
[Pd,L'Pe&,L2Pe8 4T Jikely due to enhanced ion pairing in CDyCl,.
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Figure 3.14. IH-NMR spectra (500 MHz, 298K, CD,Cl,) of NMR titration of

a) PDS to 0.24 mM [Pd,L1P%&,L2P%8,]** and b) DPP to 0.24 mM
[Pd Llpeg L2peg ]4+
2 2 2 :

The phosphate guests DEP, DBuP, DBnP and DPP showed a common trend
in 'H-NMR spectra: the NH signal h shifted until 0.5 equivalents (or 0.4 eq.)
and then overlapped with another signal (for DPP see b) in ﬁgure and the
other mentioned guests can be found in chapter. After the addition of
1 equivalent, the intensity of the signals of [Pd,L'P*8,L*%,)4" decreased and
broadened. These observations suggest interactions between the phosphate guests
and the coordination cage, but also may suggest the presence of aggregation.
Control experiments involving the titration of phosphate guests into solutions
of LP8 and L2P& in CD,Cl, revealed intense shifts up to 2.95 ppm of the NH
signals upon titration (see from figurel4.154] until [4.161] in chapter|4.3.§| for 'H-

NMR spectra). Proton signals in the aromatic region also intensely shift. The

presence of cationic Pd(II) eliminates the significant signal shifts and shows a
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3 RESULTS AND DISCUSSION

broadening in the 'H-NMR spectra, therefore this finding supports the hypothesis
that aggregation likely occurs due to intermolecular ion pairing between phosphates
and Pd(II) coordination cages.

Another reason for the increased aggregation behavior of [Pd,L'P¢8,L2Pe8 |1+
compared to [Pd2L12L22]4+ could be the cooperative effect of intramolecular HB
enhanced by guest binding. Intramolecular HB is known to promote aggregation,
as discussed in chapter[l.2] [120] It is worth emphasizing that the squaramide
functionality possesses both hydrogen-acceptor and hydrogen-donor sites, and
each of these functionalities points outward in [Pd,L'P®8,L?P°€,]*"  When an
anionic guest binds to the cationic coordination cage, it reduces the overall charge,
thereby decreasing Coulomb repulsion between aggregates. This reduction in

repulsion may favor aggregation by HB between host-guest complexes.

Neutral Guests

Following the binding of an anionic guest, neutral guests carrying two carbonyl
oxygens, which could theoretically enhance their binding affinity to the NH func-
tionalities, were screened (see ﬁgure. A guest lacking carbonyl functionality
but containing a nitro group, namely [(F)-2-nitroethen-1-yl]benzene (NVB) was
included in the study. NVB has been reported in the literature to be activated by
H-bond-based organocatalysts or, as previously noted, by urea-based coordination
cages. [209][181]

;p b8 “ ~~ 1

CAF 3,4-HD GLY
O O O
)J\/U\ ~ -
)VY oo
Br
MAL 2,4-PD 2,5-HD DMBM

Figure 3.15. lllustration of screened neutral molecules to 0.3mM
[Pd,LIPe,L2Pe8, 14+ iy CD,Cl,.

For the "H-NMR spectra of the screening see ﬁgure in chapter Guests
that showed significant shifts compared to others during the screening include
CAF, NVB, 2,5-HD, and DMBM. These guests were subsequently used in NMR
titration experiments with [Pd,L'P°8&,L?P8,]4* to determine binding constants.

Interestingly, the screening results suggest that the two carbonyl groups in a

guest must be separated by at least one atom to effectively interact with the
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3.1 SQUARAMIDE-BASED COORDINATION CAGES

squaramide moieties of the coordination cage. The guest BAR likely interacts too
weakly with the squaramide due to the distinct orientation of its carbonyl oxygens
compared to CAF. Furthermore, CAF could benefit from additional noncovalent
interactions between its methyl group at the alpha position and the carbonyl
oxygen group from the squaramide ligand. Differences in the electron
properties arising from structural variations also likely contribute to the differing
binding affinities of BAR and CAF.

In figure[3.16] the NMR titration results for CAF and NVB are presented.
The shifts observed for proton signals a, a” and h are highlighted using vertical

reference lines relative to the proton signal of [PdyL'Pe8,L,2P%8, |4+
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Figure 3.16. lllustration of 'H-NMR (500 MHz, 298 K, CD,Cl,) titration of NVB and
CAF to 0.3mM [Pd,L1Pe8,12P8 14+ For Bindfit plots see figure4.165

in chapter[4.3.8]

The NH proton signal d’, which points inward toward the cavity, shows no
significant shift, likely because it is engaged in intramolecular hydrogen bonding.
This suggests that guest binding occurs externally.

Both titration experiments were repeated three times, yielding average binding
constants of (5194 4 312) M~! for NVB and (6185 M =+ 433) M~! for CAF with
[Pd,LP°&,L2P%8, )" (see table in chapter. During titration, the proton
signal of CAF in the aromatic region is shifting. A control experiment involving
the titration of the same volume of solvent (CDyCly) to CAF showed no shifts,
suggesting that the shifts are indeed due to interactions with [PdyL'Pe8,L2P8 ]+
(see ﬁgure in Chapter. However, NOESY signals between CAF and
[Pd,L'Pe8,1,2P%8 14 were not observed.

Then the binding constants for 2,5-HD and DMBM with [Pd,L'P?8,L,2Pe8 |4+
were determined by NMR titration. These experiments were repeated twice,
yielding average binding constants of (8722 & 1308) M~ for 2,5-HD and (4390 +
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3 RESULTS AND DISCUSSION

615) M~! for DMBM (sce table in chapter4.3.8). These findings suggest that
greater spacing between carbonyl groups enhances the binding affinity toward
[Pd Llpeg L2peg ]4—|—

2 2 2l -

The introduction of PEG chains successfully led to the formation of the
heteroleptic coordination cage [PdyL'P®8,L2P%8,]*" a5 confirmed by NMR and
ESI-MS analysis. However, its host-guest behavior in CD,Cl, was influenced
by ion pairing effects and aggregation, particularly in the presence of anionic
guests. While neutral guests with carbonyl functionalities exhibited promising
interactions. Moreover, NMR titration analysis showed that the externally pointing
NH proton signal shifted significantly, whereas the internally pointing NH proton
signal exhibited no significant shifting. This raises the question of whether the
intramolecular hydrogen bond, observed in the X-ray structure of [Pd2L12L22]4+,
plays a role in guest binding.

To investigate the cooperativity effect of the squaramides in [Pd,L'P¢8,L,2P8 )1+
it would be desirable to have a reference cage that lacks intramolecular interactions.
This reference cage served as a comparison for the binding constants of neutral
molecules. For the reference coordination cage, bis(3-pyridyl)benzothiadiazole
(LBPT) was selected as a shape-complementary ligand. The formation and

photophysical properties of LBPT

LBDT

are well-documented in the literature. [212]
As a photosensitizer, was expected to impart fluorescence to the cage.
[213] Combining multiple functionalities within a single cage through shape-
complementarity is a promising approach. However, due to non-radiative relaxation

pathways of Pd(II), no fluorescence was observed for the coordination cage in

chapter|3.1.6l [214]
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3.1 SQUARAMIDE-BASED COORDINATION CAGES

3.1.6 Formation of Coordination Cage of [Pd,L!P8,LBDT,]4+

In ﬁgure the heteroleptic cage formation of LP® and LBPT in CD,Cl, is

shown.
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Figure 3.17. a) Coordination cage formation of LP®& and LBPT to
[Pd,L1Pe8, L BDT 14+ X ray structure of [Pd,L!P&,LBPT |4+ s
shown. b) "H-NMR spectra (700 MHz, 298 K, CD,Cl,) of L1peg LBDT
and [Pd,L1Pe8, BDT 14+

Analogous to the coordination cage formation of [Pd,L'P®8,L2P%€,)1T first the
heteroleptic cage of LP8 and LBPT was formed in CD4CN (for "H-NMR spectra
see figure[l.174)in chapter[4.3.9). Following the removal of CD3CN, CDyCl, was
added to the mixture (for details see chapter. As expected, proton signals
a, b, a” and b’ show an intense downfield shifting due to close proximity of the
coordination center.

ESI-MS analysis suggested the formation of [Pd,L**8,LBPT,(BF,) |4 ™+ (n
= 0-2) species with a [PdyL,L 54" stoichiometry (see a) in ﬁgure. Fur-
thermore, 'THDOSY NMR spectrum confirms that all assigned proton signals of

o7



3 RESULTS AND DISCUSSION

[Pd,L'8,LBPT |4+ belong to same molecule with a similar diffusion coefficient
(see b) in figure[3.18)). The Stokes-Einstein relation was used to determine ry
of [Pd L8, LBPT 4% with a viscosity of CDyCly of n=4.3 - 1073 Pa - s at 293K
and Diffusion coefficients of D= 5.28~10_10mT2. 207] The determined rg of
[Pd, L8, LBPT 14+ is 9.61 A, which is slightly smaller than that of [Pd,L,L2,)**
(9.75A).
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Figure 3.18. a) ESI-MS of [Pd,L'P®&,LBPT ]**  b) 1H DOSY NMR spectrum
(500 MHz, 298 K, CD,Cl,) of [Pd,L1Pe&,L BT |4+

To further investigate the conformation, a NOESY analysis was conducted. The
analysis suggests that the thiadiazole group points outward from the cavity, as
evidenced by the observed NOESY contact signal between e” and a (see ﬁgure.
The conformation of the squaramides in [Pd,LP®8,LBPT 4+ remains consistent
with that in [Pd2L12L22]4+, as indicated by the correlation between the NH proton
signal h and proton signal f. In addition to that, the NOESY analysis confirmed
the correlation of proton signal b to b” and a to a” due to the proximity at the

coordination center.
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[Pd2L1 pegzLBDT2]4+

Figure 3.19. a) 'H-'H NOESY spectrum (600MHz, 298K, CD,Cl,) of
[Pd2L1peg2LBDT2]4+. b) top view of the preliminary X-ray structure of
[Pd,L1Pe8 LBPT 14+ \yith the NH-O distance shown.

The X-ray structures show that the distance between the CH group from the
phenyl backbone and the carbonyl oxygen is between 2.296-2.364 A. Therefore,
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3.1 SQUARAMIDE-BASED COORDINATION CAGES

the intramolecular HB distance within [PdQLlpegQleTz]4Jr is greater than that in
[Pd,L'Pe8,12Pe8 141 (2.044-2.078 A).

3.1.7 Host-guest Chemistry of [Pd,L!Pe8,LBDT,]4+

Anionic Guests

Since [Pd,L'%,LBPT 4T carries a positive charge due to the palladium (IT)
cations, it is anticipated to interact preferentially with anionic guests. To enable
direct comparison with previous studies, the same set of anions were screened
through NMR titration.

In the titration of Cl™ no significant shifts were observed and upon titration
decomposing was observed. By the end of the titration, signal broadening was
evident and only free LBPT remained in the 'H-NMR spectrum probably due
to broadening of signals of L'® in the 'H-NMR spectra (see ﬁgure in
chapter(4.3.9).

'H-NMR spectra of the NMR titration of NDS and PDS to [Pd,L'P®8,LBPT 4+
are shown in figure[3.20]
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Figure 3.20. '"H-NMR (500 MHz, 298 K, CD,Cl,) titration of NDS and PDS to
0.3mM [Pd,LPe&,LBPT 14+ TBA as counter ions for NDS and PDS.

Plotting the NMR titration data for both titrations resulted in sigmoidal curves
with identifiable inflection points. The 1:1 binding model failed to fit the data,
while the 2:1 binding model produced negative values, indicating an error in the
fitting process. Therefore, the 1:2 fitter (host:guest) was used to fit the titrations
and provided a binding constant for NDS of K17 equals to (191649 + 105407) M~!
and K19 with (110343 + 37517) M~!. Furthermore, the binding constant for PDS
of K11 equals to (352498 4 49350) M~! and K1s with 58254 + 4660) M~! was

obtained (see figure[4.182 in chapter(4.3.9)).
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3 RESULTS AND DISCUSSION

The host-guest complexes of PDS and NDS with [Pd,L'P®8,LBPT )4+ was
observed in ESI-MS (see ﬁgure and ﬁgure in chapter.

Analogous to the previous chapter, phosphates esters have been screened. In the
NMR titrations of phosphate esters with [Pd,L'P®,LBPT 4+ 4 consistent broad-
ening and shifting of the NH signal was observed during titration. Additionally,
at the end of the titration (after 3 equivalents), an unidentified species appeared.
However, attempts to determine reliable binding constants using sharp, shifting
signals such as a, a’, e, and g up to 3 equivalents were unsuccessful because the
titration plots did not reach saturation (see figures{d.176| |4.177, [4.178| and [4.179|
in chapter. Moreover, ESI-MS experiments did not reveal information about

host-guest complexes in these cases.

Neutral Guests

Analogous to the previous chapter, neutral molecules with two carbonyl groups,
as well as NVB, were screened (see figure[3.21; for 'H-NMR spectra, see fig-
ures|4.185( and |4.186|in chapter4.3.9)).

;5@ XL “ T

CAF 3,4-HD GLY
O (0] (0]
M - P
M oo
Br
MAL 2,4-PD 2,5-HD DMBM

Figure 3.21. lllustration of screened neutral molecules to 0.3mM
[Pd,LIPee, L BDPT 14+ in CD,Cl,.
CAF and NVB showed a significant shifting and that is why a NMR titration
to [Pd,LP8,LBPT 4 was conducted (see ﬁgure.
The NMR titration of CAF and NVB was repeated twice. The average binding
constant of CAF to [Pd,L*™%8,LBPT 4" is (4009 + 361) M~! while the for NVB

it is equal to (4037 & 565) M~! (see table[d.4] and figure[d.18§|in chapter[4.3.9).
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Figure 3.22. '"H-NMR (500 MHz, 298K, CD,Cl,) titration of NVB and CAF to
0.3mM [Pd,LtPe8, BDT 4+

Influence of Cooperativity on Guest Binding by Intramolecular HB

The obtained binding constants for the respective coordination cages were
compared to evaluate the extent of a cooperativity effect (see table|3.1)).

Table 3.1: Obtained average binding constants K, from the NMR titration of CAF
and NVB to [Pd,L1P8,12P€ |4+ and [Pd,L1Pe8,LBPT |4+ in CD,CL,.

[PdQLlpeg2L2peg2]4+ [Pd2Llpeg2LBDT2]4+

K,(CAF) K.(NVB)
(6185 £ 433)M~1 (5194 + 312)M !

K.(CAF) K.(NVB)
(4009 £ 361) M1

The comparison of K, values between the two coordination cages and their

4t are

respective guests reveals that the binding constants for [Pd,L'P°8,L?P%,)]
higher, which could indicate a stronger effect of cooperativity. As previously
mentioned, titration of the solvent alone with CAF did not result in any shift. In
contrast, NMR titrations of CAF with both coordination cages showed a shift
in the proton signal of CAF in the aromatic region, suggesting an interaction
with the coordination cage. However, the host-guest complex was not detected in
ESI-MS analysis and no NOESY signals between the respective guests and hosts
were observed.

To study the cooperative effect of intramolecular H-bonds in [Pd,L'P®8,1,2P%8 |4+
and [Pd,L'P%8,LBPT )4+ on the HB ability of the squaramide moicties, a theoretical
investigation was performed using the X-ray geometries of [Pd,L'L%)*" and
[Pd,L'P8,LBPT )4+ (with PEG moieties omitted). In the case of [PdyL L2 4,
only the positions of hydrogen atoms were optimized using the wB97XD /def2SVP
level of theory to ensure their correct placement. For the [PdyLPe8,LBPT 4F cage,
the bond lengths and angles of the squaramide unit were additionally optimized

due to the lower quality of the X-ray structure.
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3 RESULTS AND DISCUSSION

To confirm the presence of intramolecular HB and estimate their energies,
an Atoms-In-Molecules (AIM) analysis was performed. The cooperative
effect of intramolecular hydrogen bonds was assessed through electrostatic surface
potential distribution calculations. The AIM method confirmed the presence of
intramolecular hydrogen bonds in both cages by locating appropriate bond critical
points (BCPs): for all four possible intramolecular hydrogen bonds between
the squareamide moieties in [PdoL'5L%]*" and between the squaramide and
BDT moieties in [Pd,LP8,LBPT )4+ (see ﬁgure in chapterid.3.8). The
estimation of hydrogen bond energy was conducted using the electron density
at the BCP, following the method proposed by S. Emamian and T. Lu (see
table in chapter. The obtained results indicate that the total
intramolecular hydrogen bond strength in [Pd,L',L%)" is almost three times
higher than in [PdyLP°&,LBPT,**  This should lead to stronger polarization of the
squaramide moiety within the cages, which correlates with the higher maximum
electrostatic surface potential of the squaramide in [Pd2L12L22]4+ compared to
[Pd,LPe8,LBPT 14+ (gee ﬁgure. The latter also implies the higher hydrogen
bond donating ability of [Pd,L',L%)*" cage.

Figure 3.23. Electrostatic potential distribution for the X-ray geometries of cages
a) [PdoLL,L2,)*" and b) [Pd,L1Pe8,LBPT %+ Calculated on wBI7X-
D/def2-SVP level by A. S. Mikherdov.

The higher binding affinity of [Pd,L'P°&,L?P%8, |4 than [Pd,L'Pe8,LBPT 4T a5
shown in table[3.]] can be explained by the greater cooperativity effect of the

stronger intramolecular HB of [Pd,L'P®&,L?Pe8 4+

3.1.8 Conclusion and Outlook

Ligands based on 1,2-squaramide functionalities were successfully synthesized
and incorporated as ligands in Pd(II)-based supramolecular assemblies. No-
tably, interesting structural features were observed when combining two different
squaramide-based ligands into a distinct heteroleptic assembly, as intramolecular
HB was observed in the X-ray structure. A benzothiadiazole-based ligand was

identified as a shape-complementary partner, forming a distinct structure in com-
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3.1 SQUARAMIDE-BASED COORDINATION CAGES

bination with a squaramide-based ligand, which showed also intramolecular HB in
the X-ray structure. However, calculations supported that the intramolecular HB
of two squramides leads to a stronger polarization. Derivatives of 1,2-squaramide
bearing solubilizing PEG chains were successfully synthesized and integrated into
Pd(II)-based supramolecular assemblies, significantly enhancing their solubility in
DCM. It was observed that 1,2-squaramide-based ligands without a phenyl spacer
do not form a homoleptic coordination cage after introducing the bulky PEG
groups, probably due to steric hindrance. The squaramide-based supramolecular
assemblies were characterized using spectroscopic, spectrometric and diffraction
techniques to evaluate their structures, particularly their conformations. Due to
the cationic nature of the Pd(II)-based coordination cages, different disulfonates
were screened and showed a significant higher binding affinity than previously
reported Pd(II)-based coordination cages. In addition to that, phosphate esters
were screened, but showed a low binding affinity in DMSO-dg and signal broadening
in CDyCly in NMR experiments. Signal broadening in 'H-NMR spectra of host-
guest experiments in CDyCly could be caused by ion pairing and aggregation,
which seem to be possible limitations of this system in CD,Cl,. To get use
of the squaramide functionality in the coordination cage in CDyCl,, neutral
molecules especially containing two carbonyl oxygens and a nitroalkene were
screened for binding affinity studies. To investigate the cooperativity effect of
this intramolecular interaction, NMR titrations were conducted, and the binding
constants of neutral molecules were compared among squaramide-based cages
with varying strengths of intramolecular interactions. These binding studies and
theoretical calculations revealed that the stronger intramolecular interactions in
the fully squaramide-based coordination cage may contribute to its higher binding
affinities for both guests.

Based on these studies, the next step could be to expand the investigation of
neutral molecules containing two carbonyl oxygens by systematically analyzing
the distance between the carbonyl oxygens and their electronic properties. Fur-
thermore, exploring caffeine derivatives in greater detail could provide deeper
insights into their interactions and potential applications.

Attempts to obtain water-soluble heteroleptic coordination cages incorporating
PEG-modified 1,2-squaramide-based ligands were unsuccessful. Future studies
should focus on evaluating the water solubility of PEG-modified ligand systems and
their potential to form distinct coordination cages in aqueous environments. This
would enable the use of the well-established hydrophobic effect for encapsulating

neutral molecules and, in the long term, facilitate their use in chemical reactions.
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3 RESULTS AND DISCUSSION

3.2 Towards 1,3-Squaramide-based Coordination
Cages

Incorporating stimuli-responsive components into self-assembled cages to create
dynamic self-assembly structures capable of reversible electronic or structural
changes has recently gained attention, as it allows greater control over chemical
processes. This could mean changing their properties in response
to an external stimulus, such as pH, light or electrochemically. Therefore,
redox-active ligands have been implemented into coordination cages and studied
in a broad range of applications due to their catalytic activity and electrochemical
properties. A redox-active coordination cage can serve as an
electron mediator, transferring electrons to specific substrates within its cavity
and accelerating various organic transformations. [224][225][226][227]]228][229)

Furthermore, one interesting feature is that they can reversibly encapsulate and

release guest molecules in response to a redox-stimulus. [230][231]]232][233]

For example, Goeb et al. showed that m-extended tetrathiafulvalene-based
(TTF) ligand LT8G can form a polycationic coordination cage [Pd,LTFC,8*
which disassembles upon oxidation and reassembles upon reduction through
drastic conformational changes. The self-assembly of that coordination cage is
performed with cis-Pd(dppf)(OTf)s (dppf = bis-(diphenylphosphino) ferrocene)

(see a) in figure|3.24)).

[Pd4(LTEG)Z]8+

Figure 3.24. a) illustration of LTEG and X-ray structure of [Pd,LTES,]®F. [233]. b)
illustration of Pd,L, host and encapsulated guest pentacenequinone.
X-ray structure taken from [178].
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3.2 TOWARDS 1,3-SQUARAMIDE-BASED COORDINATION CAGES

This reversible process makes it possible to control the binding and release of
anionic guests. Hereby the dramatic geometrical change of the m-extended TTF
ligand from a butterfly shaped neutral state to a planar di-cationic structure plays
a key role. [233][234] Furthermore, as examined by CV studies, LTF¢ can also

L™®C,] | which is more stable

form a charge neutral Pt-based coordination cage [Pty
than [Pd4LTEG2] and releases a neutral guest during the oxidation process without
disassembling the coordination cage. [230]

In 2020, the Lusby group demonstrated that binding commercially available
quinones within a simple palladium-based lantern-shaped coordination cage in
CDyC(l, creates catalytic activity that neither the quinones nor the cage possess
independently (see b) in ﬁgure. They proposed that encapsulating the
quinone inside the cage would raise its redox potential, enabling electron transfer
from a free substrate and creating radical-cation reactivity. This approach allows a
wider range of reactants and avoids product inhibition, although it loses substrate
and product selectivity due to lack of confinement. Notably, the cage anodically
shifts the quinone’s redox potential by 1V, supported by chemical oxidation
and cyclic voltammetry, and protects the reduced semiquinone from protonation,
transforming quinones into catalytic single-electron acceptors. This highlights
the potential of coordination cages for stabilizing highly reactive species and
catalyzing complex transformations. [235]

Recently, the Shi Group introduced a phenothiazine-based stable polyradical
cationic palladium coordination cage, which was obtained by a post-synthetic
oxidation process and characterized by NMR and EPR. [236] Besides [Pd;LPT )4,
the polyradical cage [PdQLPT4}4'Jr was isolable and characterized by single-crystal
X-ray diffraction analysis. Also worth mentioning is that the chemical oxidation
of [PA;LPT )4 to [P LPT 4 F by AgSbFy is reversible.

"Pd;
I N ‘/ N
AgSbF
— = O
-
NEt
NP SN
(0]
b \ o}
ll}Pd»-\lll / Pd
0\ y
/ N N\ / N
[szLPT2]4+ [szLPT2]4'+

Figure 3.25. Chemical oxidation of [Pd,LPT,]*" to [Pd,LPT,]*T by AgSbFs and
reversal by NEtz. [230]

Clever et al. formed a double cage based on a statistical mixture of phenothiazine-

and anthraquinone-based ligands. The double cage were chemically oxidized by

65
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Fe(III). Furthermore, the double cage could be recovered by reduction with Zn
powder, which has been confirmed with the observation of the specific double
cage signals in the 'H-NMR spectrum. [237] Clever et al. previously reported
interpenetrated double-cage with eight phenothiazine donors and four Pd(II)
centers, which remained stable during 8-fold oxidation by Cu(II) and by Fe(III).
This work showed that the creation of a more positively charged species in a
palladium-based coordination cage does not necessarly lead to Coulomb-driven
decomposition. [238]

In the examples mentioned above, the organic ligands (or guest) in these
assemblies undergo oxidation or reduction, generating reactive ionic radicals
that are challenging to isolate yet essential for studying electron transfer and
radical-driven reactions. [236]]228][225][229] This has ignited interest among
supramolecular chemists in incorporating such ligands into cages. Additionally,
the natural curiosity of supramolecular chemists continues to drive the exploration
of new architectures and the integration of novel molecules into coordination cages

to investigate their effects on cage formation and host-guest chemistry.

Coordination Cage Formation of 1,3-Squaramide-based Ligands

In 1968, Ziegenbein et al. showed the condensation reaction of squaric acids and
secondary amines, and others followed after a short time. [239][240][241]. Then,
in 1977 Hiinig et al. reported the redox properties of squaramides. [242] After a
long gap in studies on squaramides for energy storage, Hansmann et al. examined
squaramides, focusing on isolating and stabilizing radical cations. They system-
atically optimized the squaramide structure, achieving remarkable stability and
high redox potentials in squaric acid quinoxalines. [243] Shortly afterward, Toste
group highlighted squaric acid quinoxalines as effective multielectron catholytes
for use in redox flow batteries. [244]

Inspired by the work of the Hansmann group on 1,3-Squaramides (1,3-SQA) and
their electrochemical properties, this chapter is dealing with the implementation
of 1,3-SQA ligands into palladium-based redox-active coordination cages. In the
future this could allow controlled host-guest chemistry through a redox-stimulus.
This chapter focuses firstly on finding a suitable ligand to form a coordination
cage, then on its host-guest chemistry and finally on CV studies.

Synthesis of methyl-phenyl substituted 1,3-SQA is reported in the literature.
[245] As a starting point, this easily accessible building block was chosen and
intuitively a terminal meta-pyridine substituent was synthesized. Therefore, L3

was synthesized by Marcel E. Baumert, and then its coordination cage formation

was studied (see figure|3.26)).
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Figure 3.26. a) Homoleptic cage formation experiment of L3, b) H-NMR spectrum
(500 MHz, 298 K, CD35CN) of the homoleptic cage of L3 and c) 'H
DOSY NMR spectrum (500 MHz, 298 K, CD3CN) of the coordination

cage formation experiment of L3. D =9.39.10710 m—z, rH=6.96A.

S

In the '"H-NMR spectrum, a downfield shift, especially for signals a, b, and d,
is observed due to deshielding of these protons by the coordination of nitrogen
to PA(II). In the ESI-MS, a mononuclear complex, [PAL3,)?", was detected (see
figure in chapter . "H-DOSY NMR spectrum shows that the signals
belong to one species but the obtained 7y = 6.96 A suggests that a mononuclear
assembly was obtained by chelation.

Subsequently, another 1,3-SQA was tested, selected for its straightforward
synthetic accessibility. Piperazine was chosen as a flexible linker to create concave
binding vectors, though it is unlikely to form a chelate complex (for the 1,3-SQA

ligand featuring a piperazine linker between the backbone and the donor group,
namely L4, see a) in figure[3.27)). [195]
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Figure 3.27. a) Synthesis of L%, b) X-ray crystal structure of [Pd3L%]%" ¢) "H-NMR
spectrum (500 MHz, 298 K, DMF-dy) of L* and [PdsL%]°*.

The coordination cage comsisting of the ligand L* shows a clean 'HNMR
spectrum in DMF-d;. After adding [Pd(CH3CN),J(BF,), solution to the ligand
solution, the 4 signals of NMR signals in the aromatic area are downfield shifted
due to the complexation, but especially proton a and b show an intense downfield
shit because of their close proximity to the coordination center. Due to that,
electron density of the nitrogen is being relocated to the coordination bond and is
therefore deshielded, and an intense downfield shift is observed.

In ESI-MS [PdsL4(BF,), ] ™F (n=0-4) was observed (see a) in ﬁgure.
Therefore, a ring topology was suggested and then confirmed by single crystal
analysis. Furthermore, "H DOSY NMR spectrum is shown in b) in ﬁgure and
confirms that all assigned proton signals of the homoleptic species of L* belong to

same molecule with a similar diffusion coefficient.
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Figure 3.28. a) ESI-MS of [Pd;L%]°". b) 'H DOSY NMR spectrum (500 MHz,
208 K, DMF-d;) of the homoleptic cage of L% D([PdsL%]%") =
1.91-10710m2 1 ([Pd;L%]%+) = 13.47A.

Apart from this, the self-assembly of the coordination cage was also examined
in DMSO-dg and CD3CN, but no single set of signals corresponding to a well-
defined species in 'HNMR spectra was confirmed (see ﬁgures in chapter
4.3.11]). However, the self-assembly in DMSO-dg was found to be miscible with
D0 and provided a clean 'H NMR spectrum of the coordination cage, for which
ESI-MS suggested the same chemical formula [Pd3L46]6+ as the coordination cage
formation of L* in DMF-dy (see figures[4.197| and |4.198| in chapter .

Also, the possibility of the formation of a lantern shaped cage by using

isoquinoline instead of the pyridine donor group was examined, hypothesizing that
the ligands could twist to achieve this. But a clean coordination cage formation
could not be established, probably due to steric hinderance. (see ﬁgures and
in chapter [4.3.12)). [195]

After [Pd3L46]6+ was well-characterized in DMF-d7, the following work focused
on its host-guest chemistry in this solvent. [Pd3L46]6Jr features a ring topology
with two openings at the top and bottom, enabling it to encapsulate and interact
with large guest molecules. Moreover, its positive charge, attributed to the
palladium(IT) cations, makes it particularly suited for screening with various large
anionic guests.

In ﬁgure the 'H-NMR titration for the host-guest complexes of the anionic
guests ferrocene-1,1-disulfonate (FCS) and Allura Red (AR) to [Pd;L*]%" are
shown. Beside AR, other azo-dyes such as trypan blue, chromotrope, amaranth
and naphthol blue black have been screened as well, which also carry multiple
negative charges due to sulfonate groups, but they lead to precipitation (see
figures[4.200} [4.201] and [4.202] in chapter [£.3.11)).

Figurem shows that the HG complexes of [Pd;L%]%", with FCS and AR
respectively show the most significant shifting for signal of proton a, which is
pointing inside of the cavity. The NMR titration of FCS to [Pd3L*]%" shows a
saturation of the signal shifts after addition of 1.7eq. guest, while the addition
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of AR leads to a broadening of signal of proton a (for close-up spectrum see

figure{4.203| in chapter [4.3.11)).

Then, the association constant was determined by Bindfit. [203] For [PdsL4]%"
with FCS, the protons d, ¢, b, and a have been plotted with 1:1 bind model, which
provided an association constant of (5474 + 383) M~L.
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Figure 3.29. '"H-NMR (500 MHz, 298 K, DMF-dy) titration of allura red (AR) and
ferrocene-1,1'-disulfonate (FCS) to 0,63mM [Pd;L%]®". TBA as
counter ions for FCS.

In the work of K. Ebbert, a fluorenone-based ligand LA and a phenyl-based
ligand LB was used to form a heteroleptic ring [Pd3LA3LB3]6+. The host-guest
complex of [Pd;LA5LB,)%" with azo-dyes was examined by NMR and UV-Vis
analysis, but in that work the addition of AR to the coordination assembly led to
a broadening and overlapping of signals, and therefore no binding constant could
be determined. Despite that, CSI-MS analysis suggested a 2:1 ratio of host to guest.
[196] In this work, the signal of proton a is also broadening during the titration,
but it was possible to obtain a binding constant. For the host-guest complex
of [Pd3L46]6+ with AR, association constants were determined by analyzing the
chemical shift of the signal of the inside-pointing proton a. Using a 2:1 binding
model and a sigmoidal plot, K1; was calculated as (9410 + 1223) M~! and Ko
as (796 + 111) M~1. The difference between K77 and Ko exceeds one order of
magnitude, reflecting a significantly stronger affinity for the first binding event
compared to the second (see ﬁgure in chapter for Bindfit analysis of
the titrations).

Various attempts to obtain the ESI-MS spectra of the host-guest complex of
[Pd3L%)%" with AR failed. Then, crystals of HG complex were grown to examine
the interaction in solid state, which can give information about the binding
motive of the guest to the host. Single crystals could be grown by slow vapor
crystallization by diffusion of Ety0 into DMF [Pd3L*]®". Surprisingly, [Pd L*]5"
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was observed with AR in a 1:2 ratio (see ﬁgure. The different nuclearity
could be a solid state effect, which is a result of highly dense packing of molecules.
A transformation of [PdsL4]%" to [Pd,L*|®" during the titration of AR is not
expected since the two sets of signals should be distinguishable by NMR.

Figure 3.30. lllustration of X-Ray structures of the HG complex consisting of AR
and [Pd4L48]6+ obtained by slow vapor crystallization by diffusion of
Et,O into DMF. a) guest outside binding and b) HG complex with a
lower symmetry space group P-1 with two AR.

The binding constant of AR to [Pd3L%)®", determined through 'H-NMR
analysis, is substantial enough to warrant further investigation of the binding
interactions using UV-Vis spectroscopy. Additionally, if charge-transfer
contributes to the host-guest interaction, it should be detectable through UV-Vis

analysis.
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UV-Vis Studies

The host-guest complex of AR and [PdsL%]®" was examined by UV-Vis
spectroscopy. For that, a titration was performed after the stability of [Pd3L46]6+

was shown at UV-Vis concentration (see figure{d.206|in chapter(4.3.11]). However,
isosbestic points could not be determined from the titration of AR to [Pd;L%]%T,
but isosbestic points were observed by the titration of [Pd3L*]%" to AR (see

figure|3.31] and figurel4.207|in chapter 4.3.11]).
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Figure 3.31. UV-Vis absorption spectra of reverse titration of [Pd;L%]%" to AR,
Concentration of [PdsL%]%" 35 M, DMF-d; and with a cuvette of
0.2 cm optical path.

The addition of [Pd3L46]6Jr to AR led to no color change, which is also shown
in the constant absorption maximum of the dye at A= 512 nm upon titration.
The titration shows two isosbestic points, one at A= 471 nm and the second at
A= 577nm. While the HG-complex is forming, the absorption band is decreasing,
which could indicate the interaction between [PdsL*]°" and AR. But fitting the
UV-Vis titration data using Bindfit did not provide satisfying results since the

errors of the plot were too high (see figure{d.208| in chapter [4.3.11)).
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CV Studies

First, [Pd3L46]6ur was examined under CV conditions with an excess of elec-
trolyte solution by 'H-NMR analysis to be sure that the cage is stable under
those conditions (see a) in figure in chapter [4.3.11)). Then CV studies of
[Pd;L4]%" and the free ligand L* were examined (details about C'V in chapterm
all CVs in this chapter were performed by Marcel E. Baumert). The cyclic
voltammogram of [Pd3L46]6jL is electrochemically reversible, while ligand L* is not
(see a) in ﬁgure. This suggests that the oxidation state is stabilized by the
palladium(II).
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Figure 3.32. a) CV of [PdsL%]°" and L?, b) CV of [PdsL%]°" dependent on scan
rate. 0.63mM [Pd;L%]°" in DMF (0.1mM n—Bu,NPFy).

Then, different scan rates were applied to show that the voltammogram of
[Pd3L46]6+ is electrochemical reversible since the applied potential (E) correlates
with response, which is the resulting current (I) (see b) in figure[3.32). So forming a
coordination cage with L* enables that the CV is reversible, which is probably due
to the change of electronic properties of the ligand by coordinating to the palladium-
center. The host-guest (HG) complexes comprising [Pd;L*]®" with AR and
Benzoquinone (BQ) were studied separately using cyclic voltammetry (CV). Initial
CV measurements of the guests alone revealed that AR exhibits electrochemical
irreversibility, whereas BQ demonstrates electrochemical reversibility.

The HG complex consisting of [Pd3L46]6Jr and AR showed an electrochemical
irreversible cyclic voltammogram, while the HG complex of BQ is electrochemical
reversible. In the case of the latter one, the spectra indicate an oxidation event

at the [Pd3L46]6+, which is most likely to occur at the coordinated ligand of
[Pd;3L4]% (see b) figure[3.33).
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Figure 3.33. CV of 0.63mM [Pd3L%]°" in DMF (0.1mM n-Bu,NPFg). a) CV of
[PdsL%]°" and AR. b) CV of [PdsL%]°" and BQ. HG complexes
respectively formed with 2eq. AR and 4eq. BQ.

Comparing the redox event of BQ and BQ with [Pd;L*)%" (referenced to
FcO/+) shows potential shift of 0.05 V at CV (see figure in chapter .
This indicates an electrochemical change in BQ when combined with [Pd3L%%"
during CV. However, as no interaction between BQ and [Pd3L46]6jL is observed in
solution by 'H-NMR (see figure in chapter , the CV change is not
significant. A stronger interaction between BQ and [Pd3L46]6Jr in solution would
likely result in a more substantial shift in the electron potential of BQ. Interactions
involving a neutral molecule, such as benzoquinone, could occur via HB in
nonpolar solvents, which can be confirmed by "H-NMR analysis. Additionally,
the influence of counterions must be considered, as they can significantly affect

cationic coordination cages in nonpolar solvents. [17§]

3.2.1 Conclusion and Outlook

In conclusion, the 1,3-SQA-based coordination cage with piperazine-linker
[Pd3L46]6Jr was formed and characterized in solution by 'H-NMR, in gas phase
by ESI-MS, and in solid state by single crystal analysis. The HG chemistry of
[Pd;L%]%" with big anionic guests such as azo-dyes has been examined. Then a
binding stoichiometry of 2:1 (H:G) and the binding constants of AR to [Pd3L*|%"
were determined. In addition to that, binding stoichiometry of 1:1 and the binding
constant of FCS to [Pd;L%]%" was determined. Crystallization of the HG complex
of AR and [Pd;L%]%" led to a HG complex of AR and [Pd,L%)". The CV
studies showed that the ligand L* is chemically irreversible, while [Pdg,L46]6Jr is
chemically reversible. Different HG complexes were examined by CV, but only
the HG complex of [Pd;L%]%" and BQ seems to be electrochemically reversible.

In the future, a heteroleptic cage based on L* and a ligand with hydrogen-
bonding functionality or a ligand with a big 7m-surface should be aimed for, because

then encapsulating of a neutral guest should be much more promising.
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In addition to that, a new coordination cage which is based on squaric acid
quinoxaline ligands should be examined (see figure ??). The ligand LPI1 features
the same base geometry as as LBPT and therefore could be used to form heteroleptic
cages with squaramide-based ligand L'P®8 as shown in chapter. Using the
squaramide ligand L'P®8 to bind a guest by HB should be considered. Furthermore,
the redox properties of the coordination cage with LPI! should be examined, since
the redox properties of squaric acid quinoxaline-based structures were studied.
[243][244] Combining two distinct properties by using ligands with different
functionalities could be a fruitful approach, exemplifying how the heteroleptic

cage strategy can combine multiple functionalities into a single cage structure.

3.3 Catalysis in Gallium-Cages

As mentioned in chapter[L.6] the use of coordination cages in catalysis represents
an exciting application. Utilizing the hydrophobic effect as a driving force to
encapsulate guests and increase local concentration in a bimolecular reaction
is a well established approach in this field. [247]]248][167][249][250] The work
presented in this chapter was carried out during a research stay at UC' Berkeley
from January 8th to March 25th, 2024, within the Toste Group. The primary
objectives of this research stay were to learn the synthesis and cage formation
procedures for a catechol-based ligand and a gallium(IIT) coordination cage, as
well as to investigate catalysis using these coordination cages.

Besides the synthesis, the cage formation differs dramatically from cage forma-
tion with pyridine-based ligands, since the pyridine donor group is not sensitive
to oxidation in comparison to the catechol donor group.

Extensive research on catechol chemistry has focused on its oxidation, underscor-
ing the well-studied nature and significance of catechol oxidation processes across
various applications, particularly as wet adhesive material. [251]]252]]253][254][255]
In particular, the oxidation of catechol to quinone is well studied. [256]]257]

The first part of this work focused on the synthesis of the catechol-based ligands
(see synthesis route a) in figure[3.34). [258]

To prevent the oxidation of catechol groups, the coordination cage was assembled
under an inert atmosphere and the solvents were degassed (see b) in figure[3.34)).

Ligand L® was synthesized and the coordination cage [GayL’'*" formed
according to the literature (for 'H-NMR spectrum see ﬁgure and ﬁgure

in chapter(4.3.13)). [258]
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a) HO
o o 1) SOCL,, DMF
2) NEt, HO
0 1,5-DAN N
_ 1)rt,3h
o 2) DCM O 78 °c >rt OO
-78°C->rt, 12h 12 h
75% HN . 80% N
S s o
b) -
0 0

\©)J\ Ga(acac), NH O
" MeOH Q

Q=Ga(In)
LS [Ga4L56]12‘

mix of AAAA and AAAA

Figure 3.34. lllustration of a) synthesis of catechol-based ligand L5 and b)
coordination cage formation of [Ga,L%])'%". [258]

After L® and [Ga4L56]127 were successfully reproduced the main goal was to

study catalysis within coordination cages, which is described in section[3.3.1]
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3.3 CATALYSIS IN GALLIUM-CAGES

3.3.1 Synthesis of a enantiopure Ligand and its Formation of

an Enantiopure MyLg Supramolecular Host

In 2022, Toste group reported a series of anionic enantiopure gallium(III)-based
coordination cages, which could catalyze aza-Darzens reaction up to 99% ee. [259]
Based on this work, the chiral ligand was synthesized to form an enantiopure
coordination cage and then to investigate enantioselective catalysis. The synthesis
route, according to the reported procedure, is shown in ﬁgure [259] First,
the synthesis of the reported ligand was studied, and hereafter the enantiopure

coordination cage was formed.

MeO.__O
MeOH,
OH 1,50, (cat) Mel, Cs,CO5 OMe
reflux, 2 d DMF, OMe
rt, 12 h
0% “OMe 07 ~OMe
MeOH:H,0,| .
tod |HOH
1) SOCl,,
O OMe DMF (Cat.) Meo O
2) t-Bu
MeO B OMe
NaOH H,N " Me, EtzN
OMe  peoH, MeO 1)1, 12h OMe
n,1h HNT X0 2) DCM, 0~ OLi
' )\ rt, 2.5 h
M "tBu -Bu Me
1) THF,
rt, 1h | 1) HATU, NEt; Me t-Bu
2) THF,| 2) 1,5-DAN NH
i, 14 h
O OMe
HN OM: BBrs
9@ S
: DCM
O Me rt 24 h O
o« _NH 2) reflux,
g 24h
1L11NH
L6

Figure 3.35. lllustration of the synthesis route of ligand L®. [259]

After the chiral ligand L was synthesized, the enantiopure coordination cage

[Ga L%

7

was assembled under an inert Ny-atmosphere using degassed solvents.



3 RESULTS AND DISCUSSION

@) NH
OH
Ga(acac)s,
OH KOH
EtOH,
0" NH  73-¢ 2n

LS [Ga4L66]12-

Figure 3.36. Coordination cage formation of enantiopure coordination cage
[Ga L%, [259)

After [Ga4L66]127 was formed, tetraethylphosphonium (PET) was introduced
as a positively charged guest to block the cavity. This was confirmed by the
characteristic 'H-NMR signal shifts of the encapsulated PET at -1.3 ppm and
-1.63 ppm, consistent with previously reported literature (see ﬁgure in
chapter[t.3.13)). [259]

In the following chapter[3.3.2] the previous work of enantioselective reduction
with [Ga4L66]127 will be briefly described. Hereafter, my research topic, the
reduction of 2-(hydroxymethyl)indole with [Ga,L%]' ", will be discussed.
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3.3 CATALYSIS IN GALLIUM-CAGES

3.3.2 Indole Reduction Catalyzed by an Enantiopure MyLg

Supramolecular Host

The reduction of oximes to hydroxylamines is of significant interest, as hydrox-
ylamines are prevalent in pharmaceuticals and agrochemicals. [260] However, this
process presents synthetic challenges, due to the low reactivity of the oxime C=N
bond and the potential cleavage of the relatively weak N-O bond. [261]

Chiral boranes have been shown to produce mixtures of hydroxylamines and
their over-reduction products. [261](262][263] In 2020, Cramer et al. introduced
the first transition-metal-catalyzed asymmetric reduction of oximes, which was
later followed by Ir- or Ni-catalyzed methods. [264][265]]266]|267] The limited
number of reports on this topic has motivated the Toste group to investigate the

reduction of oximes using an enantiopure coordination cage.
Previous Work

@

_OH i .

N RN A Hn-OH
| BH 1

8 AAAA

©)\ DQO, rt, 24 h

This Work

up to 99% ee

()
»
H ! ¥
N OH__ BHy AAAA @EN)_/OH
@1/)_/ D50, rt, 24 h
Figure 3.37. Shown oxime reduction to hydroxylamines and indole reduction to

indolines by a enantiopure coordination cage with pyridine borane as
reductant. [268]

Heafner et al. from the Toste group expanded the scope of substrates to
include aliphatic oximes and N-containing heterocyclic oximes, achieving excellent
enantioselectivities of up to 99% ee (see previous work in figure[3.37). Subsequently,
the Toste group sought a new substrate class: the reduction of indoles to indolines.
This reduction reaction is well-studied due to the use of indolines in pharmaceutical
products. [269] Although existing methods achieve good diastereoselectivity or
enantioselectivity, the Toste group hypothesized that an enantiopure host could me-
diate both enantioselective and diastereoselective reductions of indoles. [270][271]
Preliminary results, however, showed that the enantiopure coordination cage
provided diastereoselectivity but lacked enantioselectivity in the reduction of 2,3-
methyl-indole. Consequently, my work focuses on enhancing the enantioselectivity
of the reduction of indoles to indolines (see figure[3.37). [268]
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3 RESULTS AND DISCUSSION

In chapter|3.3.3| the indole reduction mediated by a supramolecular host and

pyridine borane as reductant is described.
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3.3 CATALYSIS IN GALLIUM-CAGES

3.3.3 Substrate Synthesis for Enantioselective Reduction

As mentioned earlier, the previous study on the reduction of oximes to hy-
droxylamines, the starting material contained an OH functionality. Heafner et al.
hypothesized that this group could act as a directing group for enantioselectivity.
Consequently, an indole with an OH functionality in proximity to the chiral
center, similar to the substrates used in the earlier oxime studies, was selected
for further investigation (see a) in ﬁgure. Due to this, the synthesis of
2-(hydroxymethyl)indole was chosen as the starting point.

After 2-(hydroxymethyl)indole (22) was synthesized according to the procedure
described in the literature, the racemic mixture product of the reduction of 22 to
the respective indoline 23 was carried out (see b) in figure[3.38). Subsequently, the
chiral HPLC analysis conditions have been optimized for a clear peak seperation
within the chiral HPLC chromatogram (obtained chiral HPLC chromatogram

shown in figure{.229|in chapteri.3.13)).

a)
% L|AIH 0 oH
T %
0°C,3.5h
22
b) N
»
H N H
N OH BH; N OH
- -0
EtOH/ 10% HCI,
22 0°C->rt 23
c) NaBH,,
NaHCO,  BHs
| N\ HZO | N\
—>
(e =
rt, 24 h
24

Figure 3.38. a) Synthesis of 22, b) racemic reduction to 23 and c) synthesis of
pyridine borane 24. 'H-NMR spectra in agreement with the literature.
[272][273][274]. See figures(4.227| [4.228] and [4.230| in chapter|4.3.13)).

Lastly, pyridine borane 24 was synthesized (see ¢) in figure3.38)). After the
chiral HPLC conditions were optimized, the enantioselective reduction of 22,

mediated by an enantiopure supramolecular coordination cage, was examined in

chapter[3.3.4]
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3 RESULTS AND DISCUSSION

3.3.4 Enantioselective Reduction of 2-(hydroxymethyl)indole

The enantioselective reduction of 22 was studied using [Ga4L66]127 and pyridine

borane as a stoichiometric reductant under aqueous and mild conditions (see a)

figure|3.39)).

a)
X
| —
N
H BH, AAAA H
N OH 3eq.  5mol% N  OH
% D,0, rt, 24 h
40%
b) 22 31% ee 25
,s  CHCL
T T T T T T T T T T T T T
7.5 6.5 5.5 4.5 35 2.5 1.5

&(ppm)

Figure 3.39. a) Enantioselective catalysis of reduction 22 to 25 mediated by
[GasL%]**™ with pyridine borane. b) 'H-NMR (500 MHz, 298K,
CDCl3).

After 24 h, the reaction was quenched by adding PET, and the reaction mixture
was extracted with CDCly. A 40% conversion was determined by 'H-NMR
spectroscopy using 1,3,5-trimethoxybenzene (TMB) as an internal standard. The
reaction mixture was then purified by column chromatography (prep TLC; 3%
MeOH/97% DCM) to isolate 25 (see b) figure[3.39).

In the literature, both metal-free and acid-mediated deuterium insertion into
indoles have been reported; however, the acid-mediated process typically requires
high temperatures of around 80 °C. [275]]276] In contrast, the Toste group observed
deuterium insertion into various indole derivatives at temperatures as low as rt and
45°C using [GaL’s]*?" or [Ga,L%]'? in buffered DO, as suggested by 'H-NMR
analysis. [277][268] The Toste group suggests that deuterium insertion into indoles
is part of the approximate reduction cycle (see ﬁgure in chapter.

Deuterium insertion was also observed for 25 and a 31% enantiomeric excess
(ee) was determined by chiral HPLC analysis (see figure[t.231]in chapter[4.3.13).
A control experiment using a blocked cavity of [Ga,L%]'® with PET showed
no conversion of indole (!H-NMR analysis), demonstrating that the observed
enantiomeric excess is a result of the cage effect. This finding highlights the

potential of using enantiopure hosts for enantioselective catalysis.
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3.3 CATALYSIS IN GALLIUM-CAGES

Outlook

Further investigation should focus on increasing the enantioselectivity with the
use of pyridine boranes, as their interaction with indole within the host is likely to
be influenced by their steric and electronic properties. For further investigations,

pyridine boranes were synthesized (see figure[3.40, For 'H-NMR spectra see
figures|d.232| 4.233] and [4.234] in chapter({4.3.13)).

H
H.! H
HaN N A H B*
L o s
S
“EY i 12h |
47%

% 26

analogous: N X

B 5

HoN” N HoN”N” NH,

BH3 BH3

72% 63%

27 28

Figure 3.40. Synthesis of 26, 27 and 28. The respective yield is shown. The
synthesis procedure has been modified from previous literature. [278]

Due to time constraints, the derivatives of pyridine borane were synthesized,

but not screened for the enantioselective reduction of 2-(hydroxymethyl)indole.
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4 Experimental Section

4.1 General Information

4.1.1 Theory for Binding Studies

This chapter gives a brief introduction to binding studies. Detailed information
can be found in the literature. [246][280][281]

An essential question in supramolecular systems is determining stoichiometry,
which can be a complex task. Historically, the Job plot has been a widely
used method for determining the stoichiometry of complexes. [282] However,
recent studies by researchers such as Jurczak and Thordarson have highlighted
potential inaccuracies and misleading results associated with the Job plot. Both
researchers recommend using residual distribution analysis to achieve more reliable
stoichiometric determinations. [283]]284]

In the past, experimental data were often plotted manually, leading to reliance on
linear equations or expressions. Modern computational tools, however, have revo-
lutionized this process by enabling automated calculations through corresponding
algorithms. Thordarson and co-workers emphasize the value of freely accessible
web portals for facilitating such analyses. One notable example is the OpenDataFit
platform, developed by Thordarson and hosted on the website supramolecular.org,
which includes the tool BindFit. [203] With BindFit, users can fit titration data
using various host-guest binding models and employ the effective Nelder-Mead
algorithm for optimization. [285] Additionally, Thordarson et al. advise fitting
data across multiple models and comparing residuals to identify the most accurate
binding model.

The benefits of free-access web portals are evident: they offer fast and convenient
tools for analyzing data, saving significant time when data are pre-processed. These
platforms also allow users to test and compare multiple binding models, enabling
them to select the most appropriate approach for their specific systems.

NMR titration has notable advantages, including the ability to directly observe
changes in host-guest interactions through NMR spectra. This method provides
reliable and accurate results for binding studies. However, it does have limitations.
NMR titration cannot directly provide thermodynamic parameters, which must
instead be approximated using the Van’t Hoff method. Additionally, NMR
titration is limited to binding constants (K,) up to approximately 105 M~1. [246]
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4 EXP. SECTION

Association constant of a 1:1 equilibria

The equilibrium of a host-guest system HG with one guest G with one host H
is described in equationfd.1]

K
H+ G = HG (4.1)

Using the law of mass action, the association constant K, can be determined with
the respective concentrations (see equation/4.2))
[HG]
Ky = ——= (4.2)
[H][G]
With the equation for the initial concentration for the host concentration [H]y and
initial guest concentration [G]y, the association constant can be further described

as in equationfd.5

[H]o = [H] + [HG] (4.3)
[Glo = [G] + [HG] (4.4)
K, = [HG) (4.5)

—~

[H]y — [HG]) - ([Gp — [HG])

In an NMR titration with fast exchange system as examined in this work, the
chemical shift § of HG appears as the weighted average of the chemical shift of
free host and free HG complex. [HG]| can be calculated with the observed chemical

shift §, initial chemical shift of host dg and chemical shift of host-guest complex
ouc (see equationfd.g)).

6 = 0u(1—x)+0Hc - X (4.6)
— [H]y- (6 —0n) = [HG] - (6ug — 0n) (4.7)
o - 0= o

Hereby x describes the ratio of complexed host at the equilibrium over the total
host. In this work, the investigated host-guest systems are all in a fast exchange
compared to the 'H-NMR timescale. the binding constant or so-called association
constant K, was obtained obtained by plotting the A of the chemical shifts of the
coordination cage proton signals against the guest concentration and the data was
fitted by using the software Bindfit. |203][246] More detailed information and the
determination of the association constant of a 1:2 or 2:1 host-guest equilibrium is
described in the literature. [246]
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4.1 GEN. INFORMATION

4.1.2 Measuring instruments

INuclear Magnetic Resonance Spectroscopy (NMR)|

The [NMR] spectroscopic data was measured on the spectrometers Bruker AV
500 Avance NEO, AV 500 Avance III HD, AV 600 Avance III HD and AV 700
Avance III HD. The chemical shifts were calibrated on deuterated solvents as
internal standard (CD3CN 1.94 ppm, CDCl; 7.26 ppm, DMSO-dg 2.50 ppm). For
the 13C NMR spectra the signals of the solvents were used as the internal standard
(CD3CN: 1.32, 118.26 ppm, CDCls: 77.00 ppm, DMSO—dg: 39.52ppm). The
chemical shift ¢ is given in ppm, the coupling constants J in Hz. All spectra were

recorded at 25°C, if not mentioned otherwise. [286]

|[Electron Spray lonisation Mass Spectrometry (ESI-MS)|

The Mass Spectrometry (MS)| measurements were on a Bruker ESI-TOF MS
spectrometer including [ESI-MS| (positive / negative mode). The timsTOF consist

of a time-of-flight analyser with upstream trapped ion mobility spectrometry. An

Agilent ESI low concentration tuning mix has been used for calibration of tims
and TOF units. Mass spectrometry data is given as mass/charge ratio (m/z) as
well as the relative intensity with regard to the base peak (I = 100). [287][288]

Trapped lon Mobility ESI Mass Spectrometry

Ion 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.

After the generation of ions by electrospray ionization (ESI, analyte concen-
tration: 0.07mM, solvent: MeCN, capillary voltage: 2500V, end plate offset
voltage: 500V, nebulizer gas pressure: 0.3bar, dry gas flow rate: 3.01/min,
dry temperature: 200 °C) the desired ions were orthogonally deflected into the
TIMS cell consisting of an entrance funnel, the TIMS analyzer (carrier gas: No,
temperature: 305K, entrance pressure: 2,55 mbar, exit pressure: 0,89 mbar, IMS
imeX ramp end: 1.61/K0, IMS imeX ramp start: 0.41/K0). As a result, the
ions are stationary trapped. After accumulation (accumulation time: 80.0 ms), a
stepwise reduction of the electric field strength leads to a release of ion packages
separated by their mobility. After a subsequent focusing, the separated ions are
transferred to the TOF-analyzer. [289][290][291]

UV-Vis

Standard UV-Vis measurment data was obtained from Agilent 8453 DAD UV-
Visible Spectrophotometer, using standard quartz glass cuvettes suitable for the

ultra-violet and visible light spectra. Thermal denaturation experiments and
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4 EXP. SECTION

thermal difference spectra were measured with the JASCO V-650 and JASCO
V-750 UV-Vis Spectrophotometer, both equipped with the PAC-743 Automatic
6/8-position Peltier Cell Changer.

Cyclic Voltammetry

The CVs were measured with a Gamry Instruments Reference 600+ and
integrated iR compensation using the positive feedback method. Samples were
measured under inert atmosphere in a nitrogen glovebox at room temperature in
dry solution of the respective solvent containing n—BuyNPFg (0.1 M). Electrochem-
ical grade nBuyNPFg was molten under vacuum prior to use. The setup consisted
of a three- neck flask with a three-electrode setup containing a glassy carbon
working electrode (GC: CH Instruments, ALS Japan; A = 7.1 mm?), a platinum
wire as a counter electrode, and an Ag/AgNQOj reference electrode (0.01 M AgNOq
in 0.1 M n—BuyNPFg in MeCN). The reference electrode was freshly prepared
by using a fritted sample holder (Vycor glass), which was activated by storing
it in a DMF solution for one night, followed by diluted HCI (1 M) for one night,
dried and stored in DMF for at least one additional night. To the fritted sample
holder was added a freshly prepared 0.01 M AgNO3/0.1 M n—BuyNPF solution
in MeCN and a silver wire. The working electrode was cleaned before measuring
a new compound by standard methods: washed with water, polished with an
alox-slurry (0.05 um), washed with millipore water, sonicated in HPLC grade
EtOH for 3 minutes, rinsed with millipore water and HPLC grade EtOH, and
dried. Initially a blank sample only containing electrolyte in the respective solvent
(0.1 M) was measured and the potential cycled for 3-5 scans until a stable and clean
potential was reached. Then the 3-neck cell was emptied and a specific amount
of a compound was dissolved in 3mL THF added and the CV measured. The
system was furthermore (doubly) referenced internally by addition of ferrocene.

All CV in this thesis have been measured at rt (scanned towards anodic
potentials) and with 200mV /s (iR compensation = 259 Ohm) and referenced

internally against ferrocene (Fc).

Circular Dichroism

Circular dichroism spectra were recorded on an Applied Photophysis qCD

Chirascan CD spectrometer.

GPC

Recycling gel permeation chromatography was carried out using Japan Analyti-
cal Industry NEXT and LaboACE instruments equipped with JAIGEL 1-HH and

2-HH columns (20mm x 600 mm) at a flow rate of 7mL/min.
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X-ray Analysis

Crystal preparation, measurement and refinement was performed by Dr. J. J.

Holstein.

Bruker D8 venture (in-house) Single crystal X-ray diffraction data was
collected on a Bruker D8 venture equipped with an Incoatec microfocus source
(Tus 3.0) using CuKy or MoK radiation on a four axis k-goniometer, equipped
with an Ozford Cryostream 800 and a Photon II detector.

P11 DESY (synchrotron) Single crystal X-ray diffraction data was collected
at macromolecular beamline P11, Petra III, DESY, Germany. Samples were
mounted using the Stdubli TX60L robotic arm. A wavelength of A = 0.6889
A was chosen using a liquid Ny cooled double crystal monochromator. Single
crystal X-ray diffraction data was collected at 80(2) K on a single axis goniometer,
equipped with an Ozford Cryostream 800 a Pilatus 6M fast.
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4 EXP. SECTION

4.2 General Synthesis

Squaramide-based Ligands

4.2.1 Synthesis of Ligand L2

Synthesis of L2

~N
%

O P NH, o 0

)\_:_f (CF3S03)2Zn Y j\;ﬁ d_=x b
2 \

0 O Toluene:DMF /
(5:1) NS NN

100 °C, 12 h 2

Figure 4.1. Synthesis of L2.

3,4-diethoxycyclobut-3-ene-1,2-dione (500.00 mg, 434.78 uL, 2.94 mmol, 1.0eq.)
was added to pyridin-3-amine (594.58 mg, 6.32mmol, 2.2eq.), (CF3503)5Zn
(213.62mg, 0.59 mmol, 0.2eq.) and then dissolved in toluene:DMF (5:1). The
mixture was stirred and heated at 100 °C for 12h. The suspension was filtered,
washed with toluene and CH3CN and then the residual solvent was removed in
vacuo. The crude product was purified by gel permeation chromatography (DMF).
The product L2 (112.0mg, 0.42mmol, 14 %) was obtained as a yellow solid.
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4.2 GEN. SYNTHESIS

1H-NMR (600 MHz, 298 K, DMSO—dg): § (ppm)= 10.08 (s, 1H, e), 8.62 (d,
J=2.7Hz, 1H, a), 8.31 (dd, J = 4.7, 1.4Hz, 1H, b), 7.93 (ddd, J = 8.3, 2.8, 1.4 Hz,
1H, d), 7.42 (dd, J = 8.3, 4.7Hz, 1H, c).

L

0 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
ppm

Figure 4.2. 'H-NMR Spectrum (600 MHz, 298 K, DMSO—dg) of L2.

o
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:
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1.02=
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BC-NMR (151 MHz, 298K, DMSO—dg): § (ppm)= 182.31, 165.99, 144.35,
140.39, 135.16, 125.89, 123.98.

182.31

165.99
—144.35
—140.39
—135.16
—125.89
—123.98
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ppm

Figure 4.3. 13C-NMR Spectrum (151 MHz, 298 K, DMSO—dg) of L2.
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Synthesis of L2

N
Z

0 Y NH, o) 0

NEt d_°©

S e 9
)O Toluene N N NN\

) 84°C, 12 h H g' a

L2
Figure 4.4. Synthesis of L2.

3,4-diethoxycyclobut-3-ene-1,2-dione (1.00 g, 869.57 uL, 5.88 mmol, 1.0eq.) was
added to pyridin-3-amine (1.27 g, 13.52mmol, 2.3eq.), NEt3 (3.01 mL, 23.51 mmol,
4.0eq.) and then dissolved in toluene. The mixture was stirred and heated at
84°C for 12h. The suspension was filtered and washed with acetone then the
residual solvent was removed in vacuo. The product L% (1.32g, 4.95mmol, 84,3 %)

was obtained as a yellow solid.
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4.2 GEN. SYNTHESIS

IH-NMR (600 MHz, 2908 K, DMSO—dy): § (ppm)= 10.07 (s, 1H, e), 8.62 (dd,
J=2.7,0.THz, 1H, a), 8.31 (dd, J = 4.7, 1.4Hz, 1H, b), 7.92 (ddd, J = 8.3, 2.8,
1.4Hz, 1H, ¢), 7.42 (ddd, J = 8.3, 4.7, 0.8 Hz, 1H, d).

)l l_J__’\_l L_AJL "

s (S I

D oo - —

] ceeQ <
— ; P T T ; ; ; ; ; ; ; ; ; ; ; ; ; ;
105 10.0 95 9.0 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0

ppm

Figure 4.5. 'H-NMR Spectrum (600 MHz, 298 K, DMSO—dg) of L2

BC-NMR (151 MHz, 298K, DMSO—dg): § (ppm)= 182.34, 166.01, 144.38,
140.42, 135.17, 125.91, 124.00.

182.34
166.01
~140.42
13517
12591
~124.00

14438

L HIH

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
ppm

Figure 4.6. 13C-NMR Spectrum (151 MHz, 298 K, DMSO—dg) of L2
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4.2.2 Synthesis of derivatives of Ligand L2

i CF3SO3 22“ jif
Toluene DMF @\ /O

100 C 12h

Synthesis of L2Ph

L2ph

Figure 4.7. Synthesis of L2Ph.

3,4-diethoxycyclobut-3-ene-1,2-dione (1.00 g, 869.57 uL, 5.88 mmol, 1.0eq.) was
added to aniline (1.18 g, 12.63 mmol, 2.15eq.), (CF3S03)5Zn (363.51 mg, 1.18 mmol,
0.2eq.) and then dissolved in toluene:DMF (5:1). The mixture was stirred and
heated at 100 °C for 12h. The suspension was filtered and washed with toluene
and CH3CN and then the residual solvent was removed in vacuo. The product
L2Ph (667.0 mg, 2.52mmol, 43 %) was obtained as a yellow solid.
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4.2 GEN. SYNTHESIS

IH-NMR (600 MHz, 298K, DMSO—d;): § (ppm)= 9.88 (s, 1H, d), 7.50 (dt,
J=7.7Hz, 1.1Hz, 2H, a), 7.39 (dd, J= 8.6, 7.3Hz, 2H, b), 7.11 - 7.08 (m, 1H, c).

) I

iy PR, K

o T g+ N

S SS9

R~ . =
100 95 90 85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0

ppm

Figure 4.8. 'H-NMR Spectrum (600 MHz, 298 K, DMSO—dg) of L2Ph.

BBC-NMR (151 MHz, 298K, DMSO—dg): § (ppm)= 181.61, 165.66, 138.54,
129.43, 123.34, 118.49.

181.61
165.66
138.54
—129.43
—12334
—118.49

léO 1‘70 160 léO 1210 130 liO 1i0 160 9‘0 Bb 7‘0 éO Sb 40 3‘0 Zb 1‘0 6
ppm

Figure 4.9. 13C-NMR Spectrum (151 MHz, 298 K, DMSO—dg) of ligand L2Ph.
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4 EXP. SECTION

Synthesis of L%

N NH:
| =
CFs
ojj(o (CF3S03)2Zn FsG 0O O CFs
> c
Toluene:DMF 7\ ﬁ = P
O )0 (5:1) N=""N NN
) 100°C, 12 h ooty

Figure 4.10. Synthesis of L.

3,4-diethoxycyclobut-3-ene-1,2-dione (1.00g, 869.57 uL. 5.88 mmol, 1.0eq.)
was added to 5-(trifluoromethyl)pyridin-3-amine (2.00g, 12.34 mmol, 2.1eq.),
(CF3S03)9Zn (427.24mg, 1.18 mmol, 0.2eq.) and then dissolved in toluene:DMF
(5:1). The mixture was stirred and heated at 100 °C for 12h. The suspension was
filtered and washed with toluene and CH3CN and then the residual solvent was
removed in vacuo. The product L¥ (164.44 mg,0.41 mmol, 7%) was obtained as a

yellow solid.
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4.2 GEN. SYNTHESIS

1H-NMR (600 MHz, 298K, DMSO—dg): § (ppm)= 10.46 (s, 1H, d), 8.79 (d,
J=2.5Hz, 1H, a), 8.68 — 8.65 (m, 1H, b), 8.29 (t, J = 2.3Hz, 1H, c).
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11.0 10.5 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0

ppm

Figure 4.11. 'H-NMR Spectrum (600 MHz, 298 K, DMSO—dg) of L%.

BBC-NMR (151 MHz, 298K, DMSO—dg): § (ppm)= 183.33, 166.05, 144.23,
140.26, 135.37, 125.52, 124.33, 122.52.

183.33

166.05
N-144.23
~140.26
13537
_-125.52
12433
12252

| ‘ M il

210 200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 O -10
ppm

Figure 4.12. 13C-NMR Spectrum (151 MHz, 298 K, DMSO—dg) of L.
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4 EXP. SECTION

Synthesis of L2t

0. .0 2 NP
j\;/( s (CF4805),zn
+ - > N N
O O DMF:Toluene g H
) K (1:10) \ TN\
NH, 110°C,12h  Nx N
L2L

Figure 4.13. Synthesis of L2L.

3,4-diethoxycyclobut-3-ene-1,2-dione (100.00 mg, 0.59 mmol, 1.0eq.) was added
to 3-(pyridin-4-yl)aniline (210.06 mg, 1.23 mmol, 2.1eq.), (CF3503)9Zn (21.36 mg,
0.06 mmol, 0.1eq.) and then dissolved in toluene:DMF (10:1). The mixture was
stirred and heated at 110°C for 12h. The suspension was filtered and washed
with toluene and CH3CN and then the residual solvent was removed in vacuo.

The product was not obtained.

4.2.3 Synthesis of Ligand L?P¢8

Synthesis of P0

0
Vet
o (o]
NEt,
\ b
HO\/\O/\/O\/\O/\/O\ — a
PCM 0=5=0
0°C->rt ]
12h O™ OO

PO
Figure 4.14. Synthesis of PO.

2,5,8,11-tetraoxatridecan-13-ol (5.00g, 24.01 mmol, 1.0eq.) was mixed with
NEts (7.29¢g, 726.00 uL, 72.03mmol, 3.0eq.) in DCM at rt. Then DMAP
(293.32mg, 2.40mmol, 0.1eq.) and 4-methylbenzenesulfonyl chloride (2.75g,
14.51 mmol, 0.6 eq.) were added dropwise to the solution at 0°C. After warming
to 1, the resulting reaction mixture was stirred for 12h. The solution was washed
with 1M HCI and H,O. After drying over MgSQO,, filtration and removing the
solvent in vacuo, the product PO (6.60g, 18.21 mmol, 76 %) was obtained as a

colorless viscous liquid.
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4.2 GEN. SYNTHESIS

TH-NMR (500 MHz, 298K, CD4CN): § (ppm)= 7.81 — 7.76 (m, 2H, a), 7.46 —
7.42 (m, 21, b), 4.13 — 4.09 (m, 2H), 3.61 — 3.59 (m, 2H), 3.54 - 3.50 (m, 6H),
3.48 (s, 4H), 3.47 — 3.44 (m, 2H), 3.28 (s, 3H), 2.44 (s, 3H, c).

2.05= —=—

2.00=
n2.02=

.0 7

01
01
7 3.04—=

o
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3. 2.0 15 1.0 0.5 0.0

Figure 4.15. 'H-NMR Spectrum (500 MHz, 298 K, CD;CN) of PO.

BC-NMR (151 MHz, 298K, CD5CN): § (ppm)= 144.60, 131.99, 129.22, 126.98,
70.77, 69.35, 69.34, 69.28, 69.17, 69.15, 67.37, 57.07, 19.83.

mmmmmmmm
N0 o
ﬁﬁﬁﬁﬁﬁﬁﬁ
NNNNNNNN

146.42
_-133.81
—131.04
~-128.80

21.65

| .‘ H iNi | ]
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
ppm
Figure 4.16. 13C-NMR Spectrum (151 MHz, 298 K, CD5CN) of PO.
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4 EXP. SECTION

Synthesis of P1

1. NaOtBu

0=8=0

é\{/\O/\/Ot }

OH c o o
X PO N \L/\O/\/ +2
| > |
N~ NH THF a N b
2 1. rt, 30 min
2.70°C,12h P1

Figure 4.17. Synthesis of P1.

5-aminopyridin-3-ol (200.00mg, 1.82mmol, 1.0eq.) was dissolved in THF
and stirred with NaOtBu (349.10 mg, 3.63mmol, 2.0eq.) at rt for 30 min. PO
(987.42mg, 2.72mmol, 1.5eq.) was added to the suspension and stirred at 70 °C for
12h. The suspension was filtered and then the solvent was removed in vacuo and
the residue was purified by means of column chromatography (SiO,, MeOH:DCM
1:99 — 13:87). The product P1 (310.00 mg, 1.03 mmol, 57 %) was obtained as a

viscous liquid.
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4.2 GEN. SYNTHESIS

'H-NMR (500 MHz, 298K, CD4CN): § (ppm)= 7.54 (d, J= 2.1Hz, 1H, b),
7.45 (d, J=2.5Hz, 1H, a), 6.49 (t, J = 2.4Hz, 1H, c), 5.29 (s, 2H, d), 4.05 - 4.01
(m, 2H), 3.73 — 3.70 (m, 2H), 3.59 — 3.56 (m, 2H), 3.54 — 3.49 (m, 8H), 3.43 - 3.41
(m, 2H), 3.23 (s, 3H).
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Figure 4.18. "H-NMR Spectrum (500 MHz, 298 K, CD3CN) of P1.

BBC-NMR (151 MHz, 298K, CD5CN): § (ppm)= 155.29, 145.76, 129.32, 124.96,
105.22, 71.28, 69.93, 69.83, 69.80, 69.78, 69.58, 68.88, 67.04, 58.05.
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4 EXP. SECTION

155.29
145.76
—129.32
—124.96
105.22

71.

69.

69.

69.

69.

69.

68.

67.
—58.05

I HlL
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ppm

Figure 4.19. 3C-NMR Spectrum (151 MHz, 298 K, DMSO—dg) of ligand P1.
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4.2 GEN. SYNTHESIS

Synthesis of L2Peg

s o NEts
) B, Toluene
84°C,12h

Figure 4.20. Synthesis of L2Peg.

o

\ 0 //\o
J AN
¢ -

@)
C =\ b
74 \ : )
H
d a
LL2peg

3,4-diethoxycyclobut-3-ene-1,2-dione (72.17 uL, 0.49 mmol, 1.0eq.) was added
to P1 (306.66 mg, 1.02mmol, 2.1eq.), (NEt3 (3.5 mL, 27.31 mmol, 56.0eq.) and

then dissolved in toluene. The mixture was stirred and heated at 84 °C for 12h.

The residue was purified by means of column chromatography (SiO9, MeOH:DCM
5:95 — 20:80). The product L?*®& (166.00 mg, 0.24 mmol, 50 %) was obtained as

a brown viscous liquid.
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4 EXP. SECTION

TH-NMR (500 MHz, 298K, CD5CN): 6 (ppm) = 10.41 (s, 1H, d), 8.28 (d, J =
2.2 Hz, 1H, a), 7.99 (d, J= 2.5 Hz, 1H, b), 7.81 (t, J= 2.3 Hz, 1H, c), 4.24 — 4.16
(m, 2H), 3.84 — 3.81 (m, 2H), 3.67 — 3.64 (m, 2H), 3.61 — 3.58 (m, 2H), 3.56 — 3.54
(m, 6H), 3.47 — 3.45 (m, 2H), 3.27 (s, 3H).

[
r [ 1] LN
.__/)L L | J\L.)‘J LL_‘LLA_,JU | J[ A .
— Wy L
< [ E=N=] MO LW —~=WYWOLWwn
) Qo oo —~1oQoQ
o o~ NANNNONM
80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 0.5 0.0

1.0 105 10.0 95 9.0 &5
ppm

Figure 4.21. 'H-NMR Spectrum (500 MHz, 298 K, CD;CN) of L2Peg

IBC-NMR. (151 MHz, 298K, DMSO—dg): § (ppm) = 181.79, 166.23, 155.08,
136.17, 132.28, 132.11, 110.94, 71.29, 69.94, 69.84, 69.80, 69.78, 69.59, 68.68, 67.69,

28.06.
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4.2 GEN. SYNTHESIS

181.79
166.23
155.08

1

132.28
132.11

L)

13617

i

110.94

aTIgeaRag
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Sggggasne
REEBBBELER
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180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

ppm

0

Figure 4.22. 13C-NMR Spectrum (151 MHz, 298 K, DMSO—dj) of L2Peg
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4 EXP. SECTION

4.2.4 Synthesis of Ligand L!

Synthesis of P2

Br\©/ NH,
@) O
(CF3SO3)QZn d C
> b
O 0 Tquen_e.DMF N N
P (5:1) H H
e

100 °C, 12 h Br

Figure 4.23. Synthesis of P2.

3,4-diethoxycyclobut-3-ene-1,2-dione (500.00 mg, 2.94 mmol, 1.0eq.) was added
to 3-bromoaniline (1.06 g, 6.17 mmol, 2.1eq.), (CF3503)9Zn (213.62 mg, 0.59 mmol,
0.2eq.) and then dissolved in toluene:DMF (5:1). The mixture was stirred at
100°C for 12h. The suspension was filtered and washed with toluene and CH3CN

and then the residual solvent was removed in vacuo. The product P2 (1.11g,

2.63 mmol, 90 %) was obtained as a grey solid.
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4.2 GEN. SYNTHESIS

'H-NMR (600 MHz, 298 K, DMSO—dg): ¢ (ppm) = 11.62 (s, 1H, e), 8.09 (t,
J=1.9Hz, 1H, b), 7.76 (m, 1H, a), 7.38 -~ 7.29 (m, 2H, c, d).

|

|

[ [ ]
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12.011.511.0 10.510.0 9.5 9.0 85 80 7.5 7.0 65 6.0 55 50 45 4.0 3.5 3.0 2.5 20 1.5 1.0 0.5 0.0
ppm

Figure 4.24. 'H-NMR Spectrum (600 MHz, 298 K, DMSO—d,) of P2.

IBC-NMR (151 MHz, 298K, DMSO—d;): & (ppm) = 177.93, 139.98, 131.63,
127.52, 122.90, 122.88, 122.47, 119.22.

177.93
139.98
—131.63
—127.52
122,90
122.88
122,47
\119.22

£

IS—
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180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
ppm

Figure 4.25. 13C-NMR Spectrum (151 MHz, 298 K, DMSO—dg) of P2.
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4 EXP. SECTION

Synthesis of P2

Br NH,
O O \©/ 0 0
NEt d_2
3 > b
o) e} Toluene N N
) H H
e

) 84°C,12h g

Figure 4.26. Synthesis of P2.

3,4-diethoxycyclobut-3-ene-1,2-dione (1.00 g, 869.57 uL, 5.88 mmol, 1.0eq.) was
added to 3-bromoaniline (2.33 g, 13.52 mmol, 2.3 eq.), (NEt3 (3.01 mL, 23.51 mmol,
4.0eq.) and then dissolved in toluene. The mixture was stirred and heated at
84°C for 12h. The suspension was filtered and washed with acetone then the

residual solvent was removed in vacuo. The product P2 (521.0 mg, 4.95mmol,

21 %) was obtained as a grey solid.
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4.2 GEN. SYNTHESIS

1H-NMR (600 MHz, 298 K, DMSO—d): § (ppm) = 10.01 (s, 1H, e), 7.79 (t,
J=1.9Hz, 1H, a), 7.37 - 7.30 (m, 2H, ¢, d), 7.26 (dt, J= 7.3, 1.7Hz, 1H, b).
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Figure 4.27. 'H-NMR Spectrum (600 MHz, 298 K, DMSO—dg) of P2.

BC.NMR (151 MHz, 298K, DMSO—d): & (ppm) = 182.14, 165.61, 140.02,
131.29, 125.93, 122.20, 121.23, 117.55.

SaoN

182.28

165.75

140.17
1.

T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
ppm

Figure 4.28. 3C-NMR Spectrum (151 MHz, 298 K, DMSO—dg) of P2.
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4 EXP. SECTION

Synthesis of L!

SN
O P P Pd(PPhs)s o
Qe e,
— = "7
B .
N N o B0 DMF:H,0
Br H H Br >l—‘< (3:1) o NH
100°C, 12 h
[N
—
P2 L1

Figure 4.29. Synthesis of L1.

3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (1.21g, 5.92mmol,
2.5eq.) was added to P2 (1.0g, 2.37mmol, 1.0eq.), Pd(PPhs), (273.79 mg,
0.24 mmol, 0.1eq.) and K3PO, (2.01 g, 9.48 mmol, 4.0eq.) and then dissolved in
DMF/H,0 (3:1) and degassed. The mixture was stirred and heated at 100 °C for
12h in a pressure flask. The solvent was removed in vacuo and the residue was
purified by means of column chromatography (SiO,, DCM:DMF 95:5 — 60:40).
After adding toluene to the product fraction with residue of DMF the product
was filtered. The product L! (110.0 mg, 0.26 mmol, 11 %) was obtained as a yellow
solid.
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4.2 GEN. SYNTHESIS

'H-NMR. (600 MHz, 298 K, DMSO—dg): & (ppm) = 10.25 (s, 1H, i), 8.96 (dd,
J=24,08Hz, 1H, a), 8.62 (dd, J = 4.8, 1.6Hz, 1H, b), 8.14 (d, J = 8.0 Hz, 1H,
d), 7.96 (t, J= 2.0Hz, 1H, e), 7.59 — 7.44 (m, 4H, c, f, g, h).

L

\L.. A

0.97=

O i i
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ppm

Figure 4.30. 'H-NMR Spectrum (600 MHz, 298 K, DMSO—dg) of L!.

BC-NMR (151 MHz, 298K, DMSO—dg): § (ppm) = 182.05, 165.79, 148.81,
147.61, 139.16, 138.18, 135.16, 134.12, 130.23, 123.99, 121.79, 118.23, 117.15.

mmmmmmmmm
pebsleboda! aR N
mmmmmmmmm

182.05
165.79
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190 180 170 160 150 140 130 120 110 100 %0 80 70 60 50 40 30 20 10 0
ppm

Figure 4.31. 13C-NMR Spectrum (151 MHz, 298 K, DMSO—dg) of L.
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4 EXP. SECTION

4.2.5 Synthesis of derivatives of Ligand L!

Synthesis of P2f

O O CFs FsC o) o) CFs
j\;/( (CFySOgZn j\:/( .

o) o) Toluene Q\N N/@b

) _J 100°C, 12h H H

Figure 4.32. Synthesis of P2f.

3,4-diethoxycyclobut-3-ene-1,2-dione (1.00g, 869.57 uL, 5.88 mmol, 1.0eq.)
was added to 3-bromo-5-(trifluoromethyl)aniline (2.96g, 12.34 mmol, 2.1eq.),
(CF3505)9Zn (427.24mg, 1.18 mmol, 0.2eq.) and then dissolved in toluene. The

mixture was stirred and heated at 100 °C for 12h. The suspension was filtered

and washed with toluene and CH3CN and then the residual solvent was removed

in vacuo. The product P2f (2.22¢g, 3.98 mmol, 68 %) was obtained as a yellow

solid.
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4.2 GEN. SYNTHESIS

IH-NMR (600 MHz, 298K, CD3CN): 6 (ppm)= 8.50 (s, 1H, d), 7.85 — 7.82 (m,
1H, ¢), 7.69 — 7.67 (m, 1H, b), 7.61 — 7.58 (m, 1H, a).
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Figure 4.33. 'H-NMR Spectrum (600 MHz, 298 K, CD;CN) of P2f.

N
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9.5 9.0 85 8.0

BC.NMR (151 MHz, 298K, DMSO—d): & (ppm)= 191.35, 190.76, 184.21,
166.23, 141.37, 125.68, 123.23, 122.50, 115.10.
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Figure 4.34. 13C-NMR Spectrum (151 MHz, 298 K, DMSO—dg) of P2f.
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4 EXP. SECTION

Synthesis of L1f

FsC o) o) CF4 | N
Q = Oy - L
+
Br H H Br \/O O\/

P2f

Figure 4.35. Synthesis of L1f.

Pd(PPhs),
KsPO,
DMF:H,0
(3:1) O NH
110°C, 12 h
F4C
N
—

L1f

3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (459.31 mg, 2.24 mmol,
2.5¢eq.) was added to P2f (500.00 mg, 0.90 mmol, 1.0eq.), Pd(PPhs), (103.53 mg,
0.09 mmol, 0.1eq.) and K3PO, (570.53 mg, 2.69 mmol, 4.0eq.) and then dissolved
in DMF/H50 (3:1) and degassed. The mixture was stirred and heated at 100°C
for 12h in a pressure flask. The solvent was removed in vacuo then the residue
was washed with EtOH and CH3CN. The product L (108.0 mg, 0.19 mmol, 22 %)

was obtained as a yellow solid.
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4.2 GEN. SYNTHESIS

'H-NMR (600 MHz, 298 K, DMSO—d;): 6 (ppm)= 10.42 (s, 1H h), 8.96 (d,
J =25 Hz, 1H, a), 8.64 (dd, J= 4.8, 1.5 Hz, 1H, b), 8.15 (dt, J= 8.1, 1.9 Hz,
1H, d), 7.98 (s, 1H, f), 7.73 (s, 2H, g, e), 7.53 (ddd, J = 8.0, 4.8, 0.9 Hz, 1H, d).
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ppm

Figure 4.36. 'H-NMR Spectrum (600 MHz, 298 K, DMSO—dg) of L.

IBC.NMR (151 MHz, 298K, DMSO—dy): § (ppm)= 183.83, 166.46, 149.97,

148.26, 139.83, 134.92, 134.21, 131.40, 125.14, 124.47, 123.34, 121.45, 118.38,
115.31.



4 EXP. SECTION

183.83
166.46
—149.97
—148.26
—139.83
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Figure 4.37. 13C-NMR Spectrum (151 MHz, 298 K, DMSO—dg) of L!f.
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4.2 GEN. SYNTHESIS

Synthesis of L12

O

HHNQ+\

P2

Br

Figure 4.38. Synthesis of L12.

Ethynyltrimethylsilane (101.80 L, 0.89mmol, 2.5eq.)

%

N
N
Pd(PPhs),Cl, HN
Cul M
DMF:TEA
(10:1) HN
88°C, 12h
A4
N —
\_
L1a

was added to P2

(105.00mg 0.36 mmol, 1.0eq.), Pd(PPh3),Cly) (24.94 mg, 0.04 mmol, 0.1eq.) and
Cul (13.54mg, 0.71 mmol, 0.2eq.) and then dissolved in DMF/NEt; (10:1) and
degassed. The mixture was stirred and heated at 88 °C for 12h under reflux. The
solvent was removed in vacuo and the residue was purified by means of column
chromatography (SiOy, DMF:DCM 1:20 — 75:25). The solvent was removed in

vacuo. The product L' could not be obtained.

Table 4.1: Screening of different reaction conditions.

entry
1

2
3
4
)
6
7
8

117

pd source
Pd(PPhy),Cl,)
Pd(PPhg),Cls,)
Pd(PPh;),Cl,)
Pd(PPhs),
Pd(PPhg),Cly)
Pd(PPhy),
Pd(PPhy),Cl,)
Pd(PPhs),

T /°C
88
105
120
88
88
105
88
105

base
TEA
TEA
TEA
TEA
CsyCO;4
CsyCO;4
DIPEA
DIPEA

solvent
DMF
DMF
DMF
DMF
DMF
DMF
DMF
DMF



4 EXP. SECTION

Synthesis of Ligand L!P

Pd(PPhg),
Q /@ DMF H20 B ;j(
- o
H 100 C 12 h O

P2 Lp

Figure 4.39. Synthesis of LIP.

4-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl) pyridine (459.64 mg,
1.63mmol, 2.3eq.) was added to P2 (300.0mg, 0.71 mmol, 1.0eq.), Pd(PPhs),
(82.14mg, 0.07 mmol, 0.1eq.) and K3PO, (603.49 mg, 2.84 mmol, 4.0eq.) and then
dissolved in DMF/H50 (3:1) and degassed. The mixture was stirred and heated
at 100°C for 12h in a pressure flask. The solvent was removed in vacuo and the
residue was purified by means of column chromatography (SiOy, DCM:MeOH 99:1
— 90:10). The product L' (40.0 mg, 0.07 mmol, 10 %) was obtained as a grey
solid.
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4.2 GEN. SYNTHESIS

TH-NMR (600 MHz, 298 K, DMSO—dg): § (ppm)= 10.71 (s, 1L, i), 8.78 (d,
J=54Hz, 2H, a), 8.18 (t, J= 1.9 Hz, 1H, j), 8.11 (t, J = 2.0 Hz, 1H, k), 8.05 —
8.00 (m, 2H, b), 7.88 (ddt, J = 15.6, 7.8, 1.3 Hz, 2H, £, h), 7.69 (t, J= 7.7 Hz,
1H, g), 7.55 — 7.47 (m, 3H, ¢, d, e).
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Figure 4.40. 'H-NMR Spectrum (600 MHz, 298 K, DMSO—dg) of L!P.

— NN
11.0 10.5 10.0 9.5 9.0 85 8.0 7.

I3C-NMR. (151 MHz, 298K, DMSO—dg): § (ppm)= 182.23, 166.37, 149.81,
148.57, 141.31, 141.16, 139.75, 137.64, 130.56, 130.50, 128.63, 127.05, 126.00,
122.63, 122.26, 118.24, 117.64.
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4 EXP. SECTION

182.23
166.37

| ’ L 'HH\

0 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 0
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Figure 4.41. 13C-NMR Spectrum (151 MHz, 298 K, DMSO—dg) of L!P.
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4.2 GEN. SYNTHESIS

4.2.6 Synthesis of Ligand L!Pee

Synthesis of P3

1. NaOtBu

0=S=0

|
I 2 + b

0
Il
N* B N
N Q | iy > QOVONOJE
>
THF c a

OH 1. rt, 30min Br
2.70°C, 12h

P3
Figure 4.42. Synthesis of P3.

3-bromo-5-nitrophenol (2.00g, 9.17mmol, 1.0eq.) was dissolved in THF and
stirred with NaOtBu (1.76 g, 18.35 mmol, 2.0eq.) at rt for 30 min. 325 (4.32g,
11.93 mmol, 1.3 eq.) was added to the suspension and stirred at 70 °C for 12h. The
suspension was filtered and then the solvent was removed in vacuo and the residue
was purified by means of column chromatography (SiO4, ETOAc:n-Pentane 30:70
— 99:1). The product P3 (3.57¢g, 8.74mmol, 95%) was obtained as a brown

viscous liquid.
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4 EXP. SECTION

1H-NMR (500 MHz, 298 K, CD3CN): § (ppm)= 7.95 (t, J = 1.8 Hz, 1H, b), 7.73
(t, J= 2.2 Hz, 1H, a), 7.53 (dd, J = 2.4, 1.6Hz, 1H, c), 4.23 - 4.20 (m, 2H), 3.81
—3.78 (m, 2H), 3.63 — 3.61 (m, 2H), 3.57 — 3.55 (m, 2H), 3.54 — 3.52 (m, 6H), 3.46

—3.44 (m, 2H), 3.28 (s, 3H).
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Figure 4.43. 'H-NMR Spectrum (500 MHz, 298 K, CD;CN) of P3.

0.0

BC.NMR (151 MHz, 298K, CD3CN): 6 (ppm)= 161.10, 150.71, 125.18, 123.52,

119.62, 110.02, 72.60, 71.42, 71.21, 71.14, 70.99, 69.96, 69.91, 58.88.
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4.2 GEN. SYNTHESIS
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Figure 4.44. 13C-NMR Spectrum (151 MHz, 298 K, CD5CN) of P3.
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4 EXP. SECTION

Synthesis of P4

o) d b
HoN
o N* O~ ~O~ _ SnCh 2 OO
— e
\Q e EtOH:HCI c a o
(3:1)
Br 80°C, 3h Br
P3 P4

Figure 4.45. Synthesis of P4.

P3 (1.00g, 2.45mmol, 1.0eq.) was dissolved in EtOH:HCI(30 %)(3:1) and
stirred with SnCly (2.32g, 12.25mmol, 5.0eq.) at 80°C for 3h. The reaction
was carefully quenched with a saturated solution of NaOH. The suspension was
filtered, washed with water and extracted with DCM. After drying over MgSO,,
the solvent was removed in vacuo. The product P4 (888.00 mg, 2.35 mmol, 96 %)

was obtained as a brown viscous liquid.

Alternative Synthesis Route

Reduction with Pd/C and Hy did not provide the desired product.
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4.2 GEN. SYNTHESIS

1H-NMR (500 MHz, 298 K, CD3CN): § (ppm)= 6.44 (t, J = 1.8 Hz, 1H, b), 6.40
(t, J= 2.0Hz, 1H, a), 6.19 (t, J= 2.1Hz, 1H, ), 4.33 (s, 2H, d), 4.06 — 4.02 (m,
2H), 3.76 — 3.74 (m, 2H), 3.64 — 3.62 (m, 2H), 3.60 — 3.55 (m, 8H), 3.50 — 3.47 (m,
oH).
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Figure 4.46. "H-NMR Spectrum (500 MHz, 298 K, CD3CN) of P4.

BBC-NMR (176 MHz, 298K, CD5CN): § (ppm)= 161.22, 151.18, 123.24, 110.54,
106.94, 100.00, 72.20, 70.92, 70.79, 70.74, 70.73, 70.58, 69.74, 68.06, 58.46.
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4 EXP. SECTION

mmmmmmm
NNNNNNNNN

161.22
151.18
123.24
—110.54
—106.94
—100.00
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Figure 4.47. 3C-NMR Spectrum (176 MHz, 298 K, CD;CN) of P4.
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4.2 GEN. SYNTHESIS

Synthesis of P5

. :
0] O 2 O\ o///
g 0

HoN O\/\O/\/O\/\O ) )
_ NE

O
Br l
Toluene
82°C,12h

P4 P5
Figure 4.48. Synthesis of P5.

3,4-diethoxycyclobut-3-ene-1,2-dione (86.96 L, 0.59 mmol, 1.0eq.) was added
to P4 (489.05mg, 1.29 mmol, 2.2eq.), NEt5 (3.5mL, 27.33 mmol, 46.5eq.) and
then dissolved in toluene. The mixture was stirred and heated at 82 °C for 12 h.
The residue was purified by means of column chromatography (SiOy, MeOH:DCM
1:99 — 5:95) The product P5 (365.00mg, 0.52mmol, 72 %) was obtained as a

brown viscous liquid.
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4 EXP. SECTION

TH-NMR (500 MHz, 298 K, CD3CN): § (ppm) = 8.51 (s, 1H, d), 7.17 (t, J =
1.8Hz, 1H, ¢), 7.06 (t, J = 2.2Hz, 1H, b), 6.82 (t, J= 1.9Hz, 1H, a), 4.11 — 4.09
(m, 2H), 3.78 — 3.76 (m, 2H), 3.65 — 3.62 (m, 2H), 3.60 — 3.58 (m, 2H), 3.56 — 3.53
(m, 6H), 3.45 — 3.43 (m, 2H), 3.26 (s, 3H).
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Figure 4.49. 'H-NMR Spectrum (500 MHz, 298 K, CD;CN) of P5.

13C-NMR (151 MHz, 298 K, CD3CN): § (ppm) = 183.15, 166.86, 161.35, 141.85,
123.73, 123.71, 115.00, 113.83, 105.29, 105.27, 72.54, 71.32, 71.17, 71.13, 71.06,
70.95, 70.06, 70.03, 69.02, 58.92.
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4.2 GEN. SYNTHESIS
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Figure 4.50. 3C-NMR Spectrum (151 MHz, 298 K, CD5CN) of P5.
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4 EXP. SECTION

Synthesis of L1Peg

O B
O ////7 00
( e 2
o) l Pd(PPhy),
j (O K3PO,
—_— >
THF:H,0
O o 0 © (34)
jt/( 100°C, 12h
N N =
B T e w

P5

Figure 4.51. Synthesis of L1Peg.

4-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl) pyridine (551.02 mg,
2.69 mmol, 2.5eq.) was added to P5 (897.0mg, 1.07mmol, 1.0eq.), Pd(PPhs),
(62.10 mg, 0.05 mmol, 0.05eq.) and K3PO, (912.59 mg, 4.30 mmol, 4.0eq.) and
then dissolved in THF/H50O (3:1) and degassed. The mixture was stirred and
heated at 100 °C for 12h in a pressure flask. The solvent was removed in vacuo and
the residue was purified by means of column chromatography (SiO,, DCM:MeOH
99:1 — 90:10). The product L'P®& (169.0mg, 0.20 mmol, 19 %) was obtained as a

brown viscous liquid.
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4.2 GEN. SYNTHESIS

'H-NMR (500 MHz, 298 K, DMSO—dg): ¢ (ppm) = 10.04 (s, 1H, h), 8.92 (dd,
J=2.4,0.9Hz, 1H, a), 8.59 (dd, J= 4.7, 1.6 Hz, 1H, b), 8.09 (ddd, J = 8.0, 2.4,
1.6 Hz, 1H, d), 7.50 (ddd, J = 7.9, 4.8, 0.8 Hz, 1H, ¢), 7.35 (t, J= 1.7Hz, 1H, g),
7.4 (t, J= 2.1Hz, 1H, f), 7.03 (dd, J = 2.3, 1.4Hz, 1H, ¢), 4.24 — 4.17 (m, 2H),
3.81 ~ 3.77 (m, 2H), 3.63 — 3.60 (m, 2H), 3.57 - 3.54 (m, 2H), 3.52 — 3.48 (m, 6H),
3.41 - 3.39 (m, 2H), 3.21 (s, 3H).
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Figure 4.52. 'H-NMR Spectrum (600 MHz, 298 K, DMSO—dj) of LIPeg.
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4 EXP. SECTION

13C-NMR (151 MHz, 208K, DMSO—d;): & (ppm) = 182.10, 165.80, 159.95,
148.96, 147.69, 140.21, 139.29, 135.00, 134.19, 123.92, 109.62, 108.17, 104.50, 71.27,
69.96, 69.83, 69.81, 69.79, 69.58, 68.87, 67.47, 58.04.
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Figure 4.53. 13C-NMR Spectrum (151 MHz, 298 K, DMSO—dj) of L!Pes.

132



4.2 GEN. SYNTHESIS

4.2.7 1,3-Squaramide-based Ligands

4.2.8 Synthesis of Ligand L*

Synthesis of L*

Z N
\+
= O R N
- N
% } =
Toluene (\N O
106 °C, 12 h NJ

L4
Figure 4.54. Synthesis of L.

(E)-2-(methyl(phenyl)amino)-4-(methyl(phenyl)iminio)-3-oxocyclobut-1-en-1-
olate (200.00mg, 0.68 mmol, 1.0eq.) was added to 1-(pyridin-3-yl)piperazinel-
(pyridin-3-yl)piperazine (893.34 mg, 5.47 mmol, 8.0eq.) and then dissolved in
toluene. The mixture was stirred and heated at 106 °C for 12h. The suspension
was filtered and washed with cold CH3CN. After centrifugation with DMF,
followed by acetone, the residual solvent was removed in vacuo. The product L*

(174.0mg, 0.43 mmol, 63 %) was obtained as a bright yellow solid.
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4 EXP. SECTION

IH-NMR (500 MHz, 298K, CD3CN): § (ppm) = 8.30 (d, J = 3.0Hz, 1H, a),
8.07 (dd, J = 4.6, 1.4Hz, 1H, b), 7.31 (ddd, J = 8.5, 3.0, 1.4 Hz, 1H, d), 7.23 (ddd,
J=8.4,4.6,0.7Hz, 1H, c), 4.01 - 3.98 (m, 4H), 3.36 — 3.34 (m, 4H).
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Figure 4.55. 'H-NMR Spectrum (600 MHz, 298 K, CD5CN) of L%,

BC-NMR (151 MHz, 298 K, CD3CN): & (ppm)= 175.15, 169.23, 147.31, 141.48,
139.38, 124.22, 123.72, 49.20, 46.38.
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Figure 4.56. 3C-NMR Spectrum (151 MHz, 298 K, CD5CN) of L%,
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4.2 GEN. SYNTHESIS

4.2.9 Synthesis of Ligand L*"

Synthesis of P6

Pdgdbas, N
H XPhos, N
X —
N NaOtBu
O
N Toluene
Br H 108 °C, 12h
N
H
P6

Figure 4.57. Synthesis of P6 as reported. [195]

8-bromoisoquinoline (2.00 g, 9.61 mmol, 1.0eq.) was added to piperazine (2,07 g,
24.03 mmol, 2.5eq.), Pdydbag (769.02mg, 0.77 mmol, 0.08 eq.), XPhos (687.40 mg,
1.44mmol, 0.15eq.) and NaOtBu (2.07 g, 13.46 mmol, 2,5eq) and then dissolved in
toluene. The mixture was stirred and heated at 108 °C for 12h under reflux. The
reaction mixture was cooled down and then was washed with HyO and extracted
with CHoCl, (2 x 50 mL). The solvent was removed in vacuo and the residue was
purified by means of column chromatography (SiO,, DCM/MeOH/EtOAc 85:10:5
— 70:20:10). The product P6 (1.0g, 4.69 mmol, 49 %) was obtained as a brown

viscous liquid.
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4 EXP. SECTION
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Synthesis of L*"
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Figure 4.58. Synthesis of L%".

(E)-2-(methyl(phenyl)amino)-4-(methyl(phenyl)iminio)-3-oxocyclobut-1-en-1-
olate (200.00 mg, 0.68 mmol, 1.0eq.) was added to P6 (583.66 mg, 2.74 mmol,
4.0eq.) and then dissolved in toluene. The mixture was stirred and heated at
106 °C for 12h under reflux. The suspension was filtered and washed with CH3CN
and then the residual solvent was removed in vacuo. The product L4 (23.0 mg,

45.58 mmol, 7%) was obtained as a brownish solid.
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4.2 GEN. SYNTHESIS

IH-NMR (600 MHz, 298K, CD3CN): § (ppm) = 9.54 (s, 1H, a), 8.51 (d, J =
5.7Hz, 1H, b), 7.72 (dd, J = 5.7, 1.0Hz, 1H, ¢), 7.71 - 7.62 (m, 2H, f, d), 7.29
(dd, J= 7.3, 1.2Hz, 1H, e), 3.48 - 3.46 (m, 4H), 3.43 (t, J = 5.1 Hz, 4H).
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Figure 4.59. 'H-NMR Spectrum (600 MHz, 298 K, CD5CN) of L4,

BC-NMR (151 MHz, 298K, CD5CN): § (ppm)= 150.16, 149.35, 144.22, 138.29,
131.76, 124.32, 123.72, 121.60, 50.69, 47.06, 45.00, 30.36.
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Figure 4.60. 3C-NMR Spectrum (151 MHz, 298 K, CD5CN) of L*".
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4 EXP. SECTION

4.2.10 Squaraine Dyes-based Ligands

Synthesis of P7

CH3CN =~
100 °C, 12h N\

P7

Figure 4.61. Synthesis of P7.

4-(Bromomethyl)pyridine (2.70g, 10.68 mmol, 1.7eq.) was added to 2,3,3-
Trimethylindolenine (1.0g, 6.28 mmol, 1.0eq.) then dissolved in CH3CN. The
mixture was stirred and refluxed at 100 °C for 12h. After cooling down diethylether
was added and the precipitate was filtered and washed with cold diethylether.
The product could not be obtained.

Synthesis of P8

N+ -
/) \©\/B > r
N r Cl |3CN

100 °C, 12h

P8
Figure 4.62. Synthesis of P8.

1-(bromomethyl)-4-iodobenzene (1.12 g, 3.77 mmol, 1.2eq.) was added to 2,3,3-
Trimethylindolenine (500.00 mg, 3.14 mmol, 1.0eq.) then dissolved in CH3CN. The
mixture was stirred and refluxed at 100 °C under argon atmosphere for 12h. The
solvent was removed in vacuo. The residue was dissolved in DCM and diethylether
was added. The precipitate was filtered and washed with cold diethylether. The

product could not be obtained.
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4.2 GEN. SYNTHESIS

Synthesis of P9

N/
Br ™ | Br Br
/ > 4
N CH4CN N+ _
80°C, 12h Br
N_/
P9

Figure 4.63. Synthesis of P9.

4-(Bromomethyl)pyridine (108.36 mg, 0.63 mmol, 1.5eq.) was added to 5-bromo-
2,3,3-trimethyl-3H-indole (100.0 mg, 0.42mmol, 1.0eq.) then dissolved in CH3CN.
The mixture was stirred and refluxed at 80 °C for 12h. After cooling to rt, the
precipitate was filtered and washed with cold diethylether. The product could

not be obtained.

Synthesis of P10

[ Br< \/: X</
Brw \©\/Br N/+ _
N/ W Q) Br
80°C,12h
I

P10
Figure 4.64. Synthesis of P10.

1-(bromomethyl)-4-iodobenzene (187.34 mg, 0.63 mmol, 1.5eq.) was added to
5-bromo-2,3,3-trimethyl-3H-indole (100.0 mg, 0.42mmol, 1.0eq.) then dissolved
in CH3CN. The mixture was stirred and refluxed at 80 °C for 12h. After cooling
to rt, the precipitate was filtered and washed with cold diethylether. The product

could not be obtained.
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4 EXP. SECTION

Synthesis of P11

Figure 4.65. Synthesis of P11.

4-(Bromomethyl)pyridine (123.29 mg, 0.71 mmol, 1.5eq.) was added to 1,1,2-
trimethyl-1H-benzole]indole (100.0mg, 0.48 mmol, 1.0eq.) then dissolved in
CH3CN. The mixture was stirred and refluxed at 80°C for 12h. After cooling to
rt, the precipitate was filtered and washed with cold diethylether. The product

could not be obtained.
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4.2 GEN. SYNTHESIS

4.2.11 Synthesis of Ligand L%

Synthesis of P12

Figure 4.66. Synthesis of P12.

P12

1-(bromomethyl)-3-iodobenzene (2.13 g, 7.17mmol, 1.5eq.) was added to 1,1,2-
trimethyl-1H-benzo[e]indole (1.00 g, 4.78 mmol, 1.0eq.) then dissolved in CH3CN.
The mixture was stirred and refluxed at 80 °C for 12h. After cooling to rt, the
precipitate was filtered and washed with cold diethylether. The product P12
(112,1 mg, 0.22 mmol, 46 %) was obtained as a bright green solid.
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4 EXP. SECTION

'H-NMR (600 MHz, 298 K, CD3CN): 6 (ppm) = 8.31 (dt, J = 8.6, 1.0 Hz, 1H),
8.13 (dt, J = 9.2, 1.1 Hz, 2H), 7.84 (m, J = 1.8 Hz, 1H), 7.82 — 7.71 (m, 4H), 7.28
(ddd, J = 7.9, 1.9, 1.0Hz, 1H), 7.17 (t, J = 7.9Hz, 1H), 5.79 (s, 2H), 2.94 (s, 3H),

1.85 (s, 6H).
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Figure 4.67. 'H-NMR Spectrum (600 MHz, 298 K, CD5CN) of P12.

IBC.NMR (151 MHz, 298K, CD5CN): § (ppm)= 199.42, 139.56, 139.19, 138.56,
137.21, 134.67, 134.61, 132.24, 132.20, 130.90, 129.64, 128.79, 128.66, 127.37,

124.40, 114.01, 95.52, 57.38, 51.74, 22.47, 15.39.
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4.2 GEN. SYNTHESIS
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Figure 4.68. 13C-NMR Spectrum (151 MHz, 298 K, CD5CN) of P12.
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4 EXP. SECTION

Synthesis of P13

Butan-1-ol:Toluene
(1:1)
130 °'C, 12 h

P12 P13

Figure 4.69. Synthesis of P13.

In a Dean-Stark apparatus P12 (1.10g, 2.17mmol, 2.2eq.), squaric acid
(112,65 mg, 0.99 mmol), toluene (75mL), 1-butanol (75 mL) were combined and
heated to reflux for 12h. The reaction mixture readily turns deep green. Then the
reaction mixture was concentrated in vacuo. The residue was purified by means
of column chromatography (SiOy, DCM/MeOH 99:1 — 14:1). The product P13
(515.9mg, 0.56 mmol, 56 %) was obtained as a glittering green solid.

Comment: Removing BuOH by distillation or lyophilization!
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4.2 GEN. SYNTHESIS

TH-NMR (600 MHz, 298 K, DMSO—dg): & (ppm) = 8.27 — 8.25 (m, 2H), 8.02 —
7.98 (m, 4H), 7.70 (m, 2H), 7.67 — 7.63 (m, 6H), 7.47 (ddd, J = 8.0, 6.8, 1.1 Hz,
2H), 7.16 — 7.15 (m, 4H), 5.84 (s, 2H), 5.54 (s, 4H), 2.00 (s, 12H).
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Figure 4.70. *H-NMR Spectrum (600 MHz, 298 K, CD;CN) of P13.

IBC-NMR. (151 MHz, 298K, DMSO—dg): § (ppm)= 170.86, 139.83, 137.99,
136.32, 135.08, 131.19, 131.02, 130.02, 129.79, 127.97, 127.61, 125.21, 124.40,

122.31, 111.21, 95.37, 50.74, 45.36, 40.06, 39.92, 26.39.
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4 EXP. SECTION
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Figure 4.71. *3C-NMR Spectrum (151 MHz, 298 K, DMSO—dj) of P13.
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4.2 GEN. SYNTHESIS

Synthesis of Lsd!

N
B 7N
I = N/

&

HO™ "OH

Pd(PPhs),
KsPO,
THF:H,O
(3:1)
100 °C, 24 h

P13 Lsd1
Figure 4.72. Synthesis of 552.

Pyridin-4-ylboronic acid (43.68 mg, 0.71 mmol, 2.2eq.) was added to P13
(150.00 mg, 0.32mmol, 1.0eq.), Pd(PPhs), (18.67mg, 0.02mmol, 0.05eq.) and
K3POy (274.29 g, 1.29mmol, 4.0eq.) and then dissolved in THF:H50O (3:1) and
degassed. The mixture was stirred and heated at 100 °C for 24 h in a pressure
flask. The solvent was removed in vacuo and the residue was purified by means
of column chromatography (SiO,, MeOH/DCM 1:99 — 1:10). Recrystallization
from n-BuOH provided the product L84 (37 mg, 0.45 mmol, 28 %) as a blue solid.
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4 EXP. SECTION

TH-NMR (600 MHz, 298 K, DMSO—dp): & (ppm) = 8.72 — 8.69 (m, 2H), 8.27
(d, J = 8.4Hz, 1H), 8.02 — 7.99 (m, 2H), 7.85 (d, J = 1.9Hz, 1H), 7.79 (dd, J =
16.2, 6.5 Hz, 3H), 7.73 (d, J = 8.9 Hz, 1H), 7.64 (ddd, J = 8.4, 6.8, 1.4Hz, 1H),
7.52 (t, J = 7.8 Hz, 1H), 7.47 (ddd, J = 8.0, 6.8, 1.0Hz, 1H), 7.25 (d, J = 7.8 Hz,
1H), 5.93 (s, 1H), 5.64 (s, 2H), 2.01 (s, 6H).
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Figure 4.73. 'H-NMR Spectrum (600 MHz, 298 K, CD5CN) of ligand L541.

o N =M~ - —
90 85 80 75 7.0 65 6.0

I3C-NMR. (151 MHz, 298K, DMSO—dg): § (ppm)= 193.75, 178.48, 170.85,
148.92, 139.93, 137.28, 136.57, 133.02, 131.01, 130.11, 130.00, 129.78, 127.99,
127.58, 127.04, 126.47, 125.58, 124.37, 122.32, 121.74, 121.74, 111.28, 86.87, 50.73,
46.17, 26.40.

148
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Figure 4.74. 13C-NMR Spectrum (151 MHz, 298 K, DMSO—dg) of ligand Ls4!.
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4 EXP. SECTION

4.2.12 Synthesis of Ligand L%

4.2.13 Synthesis of P14

| (
\O\/Br O Y

—_——— > N* B_r
CH5CN
80°C, 12h
I

P14

Figure 4.75. Synthesis of P14.

1-(bromomethyl)-4-iodobenzene (2.13 g, 7.17mmol, 1.5eq.) was added to 1,1,2-
trimethyl-1H-benzo[e]indole (1.00g, 4.78 mmol, 1.0eq.) then dissolved in CH3CN.
The mixture was stirred and refluxed at 80 °C for 12h. After cooling to rt, the
precipitate was filtered and washed with cold diethylether. The product P14
(2.03 g, 4.01 mmol, 84 %) was obtained as a bright green solid.

150



4.2 GEN. SYNTHESIS

'H-NMR (700 MHz, 298K, CD5CN): 6 (ppm) = 8.30 (dt, J = 8.5, 1.0 Hz, 1H),
8.14 — 8.11 (m, 2H), 7.81 — 7.76 (m, 4H), 7.72 (ddt, J = 8.1, 6.9, 1.1 Hz, 1H), 7.18
~7.14 (m, 2H), 5.82 — 5.74 (m, 2H), 2.95 - 2.91 (m, 3H), 1.84 (s, 6H).

ACC-EY-685-Full-acn_2024-12-03_06-26-17_AV700.1.fid

1.00—=
2.09—=
4,06~
1,05~
2.02= =
2074 —

6.00—=

o |311=

95 90 85 80 75 70 65 60 55 50 45 40
ppm

Figure 4.76. 'H-NMR Spectrum (600 MHz, 298 K, CD;CN) of P14.

35 3 25 20 15 1.0

I3C-NMR (151 MHz, 298K, CD3CN): § (ppm)= 99.23, 139.58, 139.43, 139.43,

138.54, 134.64, 132.25, 132.13, 130.88, 130.27, 129.61, 128.75, 128.63, 124.38,
114.07, 95.28, 57.33, 52.14, 22.43, 22.43, 15.41.
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4 EXP. SECTION

ACC-EY-685-Full-acn_2024-12-03_06-26-17_AV700.2.fid
g TREREREREEEERT % il o
I
‘\‘H ! | ‘ ) :
o il | n || | | -
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O

Figure 4.77. 3C-NMR Spectrum (151 MHz, 298 K, CD5CN) of P14.
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4.2 GEN. SYNTHESIS

Synthesis of P15

Butan-1-ol:Toluene

(1:1)
130 °C, 12 h

P14 P15

Figure 4.78. Synthesis of P15.

In a Dean-Stark apparatus 14 (0.62mg, 1.22mmol, 2.2eq.), squaric acid
(63,19 mg, 0.55 mmol), toluene (75mL), 1-butanol (75mL) were combined and
heated to reflux for 12h. Reaction mixture readily turns deep green. Then the
reaction mixture was concentrated in vacuo. The residue was purified by means
of column chromatography (SiOy, DCM/MeOH 99:1 — 14:1). The product P15
(126.9mg, 0.14 mmol, 24 %) was obtained as a glittering green solid.

Comment: Removing BuOH by distillation or lyophilization!
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4 EXP. SECTION

1H-NMR (600 MHz, 298 K, DMSO—dp): ¢ (ppm) = 8.02 — 7.97 (m, 2H), 7.75
—7.72 (m, 2H), 7.66 — 7.62 (m, 2H), 7.47 (ddd, J = 8.0, 6.8, 1.1Hz, 1H), 7.09 —

7.05 (m, 2H), 5.83 (s, 1H), 5.49 (s, 2H), 1.99 (s, 6H).

ACC-EY-694-nk2-Full_2024-12-03_06-16-33_NEO0600.10.fid
H1

-
S
—

i
6.20=

ooooo
NNNNN

30 25 20 15 10 05 0.0

65 60 55 50 45 40 35
ppm

Figure 4.79. IH-NMR Spectrum (600 MHz, 298K, CD3CN) of P15.

BC-NMR (151 MHz, 298K, DMSO—dg): 6 (ppm)= 170.80, 139.90, 137.74,
135.29, 131.02, 129.98, 129.78, 128.63, 127.99, 127.60, 124.38, 122.29, 111.23, 93.60,

54.92, 50.73, 45.83, 26.37.
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4.2 GEN. SYNTHESIS

ACC-EY-694-nk2-Full_2024-12-03_06-16-33_NEO600.14.fid
C13 with power gated H1 decoupling

170.80
—111.23
93.60
\-54.92
~50.73
4583
26.37

200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 O
ppm

Figure 4.80. 3C-NMR Spectrum (151 MHz, 298 K, DMSO—dg) of P15.
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4 EXP. SECTION

Ligand L5942

| 100 °C, 12h

P15 Lsd2
Figure 4.81. Synthesis of L592.

4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (29.15mg, 0.14 mmol,
2.2eq.) was added to P15 (60.00 mg, 0.06 mmol, 1.0eq.), Pd(PPhs), (3.73 mg,
0.01 mmol, 0.05eq.) and K3PO, (54.86 mg, 0.26 mmol, 4.0eq.) and then dissolved
in THF:H50 (3:1) and degassed. The mixture was stirred and heated at 100°C
for 12h in a pressure flask. The solvent was removed in vacuo and the residue
was purified by means of column chromatography (SiOy, MeOH/DCM 1:99 —
1:10) provided the product L8 (13 mg, 0.02 mmol, 24 %) as a blue solid.

'H-NMR. (600 MHz, 298 K, DMSO—d): § (ppm) = 8.67 (d, J = 5.4Hz, 2H),
8.28 - 8.24 (m, 1H), 8.02 — 7.99 (m, 2H), 7.86 (d, J = 8.2 Hz, 2H), 7.83 — 7.77
(m, 2H), 7.69 — 7.63 (m, 2H), 7.47 (ddd, J = 8.0, 6.8, 1.1Hz, 1H), 7.41 (d, J =
8.4Hz, 2H), 5.89 (s, 1H), 5.63 (s, 1H), 2.02 (s, 6H).
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4.2 GEN. SYNTHESIS
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Figure 4.82. 'H-NMR Spectrum (600 MHz, 298 K, DMSO—d;) of L5942,

4.5

80 75 70 65 60 55 50
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Additional Synthesis

Synthesis of LF

Br
O Pd(PPhg)
N 3)4
O P KsPO, -
o . N Toluene:EOH:H,0 g
o Bo (2:2:1)
> - 100 °C, 12 h
Br

Figure 4.83. Synthesis of LF.

2,7-dibromo-9H-fluoren-9-one (1.0g, 2.96 mmol, 1.0eq.) was added to 3-
methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (2.09 g, 8.88 mmol,
3.0eq.), Pd(PPhy), (239.32mg, 0.21 mmol, 0.07eq.) and K3PO, (1.88 g, 8.88 mmol,
3.0eq.) and then dissolved in Toluene:EtOH:H5O (2:2:1) and degassed. The
mixture was stirred and heated at 100 °C for 12h in a pressure flask. The mixture
cooled down to rt then filtered and washed with cold CH3CN and EtOH. The
residual solvent was removed in vacuo. The product L¥ (213.0 mg, 0.54 mmol,

18 %) was obtained as an orange solid.

158



4.2 GEN. SYNTHESIS

TH-NMR (400 MHz, 298 K, DMSO—dg): § (ppm) = 8.59 (d, J = 1.9 Hz, 11, a),
8.33 (d, J= 2.7 Hz, 1H, b), 8.08 — 8.01 (m, 3H, d, e, f), 7.77 (dd, J = 2.8, 1.9 Hz,
1H, ¢), 3.94 (s, 3H).

)

35 30 25 20 15 10 05 00
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Figure 4.84. 'H-NMR Spectrum (500 MHz, 298 K, DMSO—dg) of ligand LF.

BC-NMR (151 MHz, 298K, DMSO—dg): § (ppm)= 192.99, 156.15, 143.70,
140.10, 138.81, 137.80, 135.72, 134.96, 134.67, 123.19, 122.65, 118.55, 56.21.

—192.99
156.
3.
0.
8.
7.
5.
4,
4,
123.19
—118.55
56.21

W

T T T T T T T T T T T T T T T T T T T T
10 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
ppm

Figure 4.85. 13C-NMR Spectrum (151 MHz, 298 K, CD5CN) of ligand LF.
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4 EXP. SECTION

4.2.14 Synthesis of an urea-based backbone

Synthesis of P16

Y %2 Yo am " ) Q /@

DCM
23°C,2h

P16
Figure 4.86. Synthesis of P16.

3-bromoaniline (316.46 pL, 2.91 mmol, 1.0eq.) was added to di-tert-butyl
dicarbonate (317.18 mg, 1.45 mmol, 0.5 eq.), DABCO (32.60 mg, 0.29 mmol, 0.1 eq.)
then dissolved in DCM. The mixture was stirred at rt for 2h. The reaction mixture
was cooled to 0°C, n—hexane was then added, the resulting white solid was
collected and then washed with cold water and Et,0. The product P16 (438.64 mg,

1.19mmol, 41 %) was obtained as a colorless solid.
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4.2 GEN. SYNTHESIS

IH-NMR (600 MHz, 298 K, DMSO—dg): § (ppm) = 8.93 (s, 1H), 7.84 (t, J =
2.0Hz, 1H), 7.31 (ddd, J= 8.2, 2.1, 1.0Hz, 1H), 7.24 (t, J= 8.0Hz, 1H), 7.16
(ddd, J=J= 7.9, 2.0, 1.0Hz, 1H).
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Figure 4.87. 'H-NMR Spectrum (600 MHz, 298 K, DMSO—d,) of P16.
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BBC-NMR (151 MHz, 298K, DMSO—dg): § (ppm)= 150.08, 148.93, 135.28,
134.32, 124.84.
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Figure 4.88. 13C-NMR Spectrum (151 MHz, 298 K, DMSO—dg) of P16.
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4.3 Cage Formations

4.3.1 Homoleptic Coordination Cage Formation of Ligand L?

o
‘N// “
a
N\ "
e'H O (Pd(NO,), x (H,0),
T
DMSO-dp,
HN i, 1 h

@

—

L2 [Pd,L2J*

Figure 4.89. Homoleptic cage formation of L2 in DMSO-dg. Calculated on PM6
level.

At room temperature 540 uL of L? ( 1.51 mmol, 2.8 mM) in DMSO-dg was
prepared with 15 mM [Pd(CH3CN),](BF,)y (1.13mmol, 75 uL). The change in
chemical shift of the 'H-NMR signals suggest that a homoleptic species has
been formed. '"HDOSY NMR confirmed that one species was obtained. Mass
spectrometry also suggests that the homoleptic species is formed. In Addition to
that, rg of [Pd,L%?,)1" is 8, 8 A s0 it can be assumed that it is a [PdyL,)*" species.

e' a'
J ]‘ d' j
10,0 " 95 ‘ 90 g5 80 7'5
6 (ppm)
100 90 80 70 60 50 40 30 20 10 oo

& (ppm)

Figure 4.90. 'H-NMR spectrum (500 MHz, 298 K) of the homoleptic cage of L2 in
DMSO-dg. The aromatic region is shown zoomed in.
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Figure 4.91. 'H-'H COSY spectrum (700 MHz, 298 K, DMSO-dg ) of spectrum of
the cage formation of L2.
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Figure 4.92. 'H-'H NOESY spectrum (700 MHz, 298 K, DMSO-dg ) of spectrum of
the cage formation of L2,
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Figure 4.93. 'H-13C HSQC spectrum (700 MHz, 298 K, DMSO-dg ) of spectrum of
the cage formation of L2.
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Figure 4.94. 'H-'3C HMBC spectrum (700 MHz, 298 K, DMSO-dg ) of spectrum of
the cage formation of L2.
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calculated [Pd,!’,+NO,]**

34+ N | l I | N
[Pd2 4+NO3] measured
\ L | L,
446 448 mjz
[sz 4+2NO3]2+
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Figure 4.95. lllustration of ESI-MS of L2 in DMSO-ds.
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Figure 4.96. "HDOSY NMR spectrum of the homoleptic species of L2 in DMSO-d.
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4.3.2 Homoleptic Coordination Cage Formation with Ligand L!

7

N
© N [Pd(CH,CN),](BF4)

3 4. 2 . . .

;j( ovsoq >  coordination assemblies
0 NH 70°C

J N

L1

Figure 4.97. Homoleptic cage formation of L1 in DMSO-dj.

540 uL of L' (1.52mmol, 2.8 mM in DMSO has been prepared with 15 mM
[Pd(CH3CN),4](BF,)5 (0.90 mmol, 60 uL) heated at 70 °C for 2h. The coordination

cage formation experiment was submitted to ESI-MS measurement but it did not

provide any informations about coordination assembly.

e UL

11.0 10.5 10.0 9.5 9.0 85 80 7.5 70 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0
ppm

Figure 4.98. '"H-NMR spectrum (500 MHz, 298K, DMSO) of L1 with
[Pd(CH3CN),](BF,), heated at 70°C for 2h.
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4.3 CAGE FORMATIONS

4.3.3 Heteroleptic Coordination Cage hetl Formation with
Ligand L! and L?

[Pd(CH,CN),](BF,),

DMSO-d,
rt, 1 h

L1 L2 [Pd,L1LZ*

Figure 4.99. Heteroleptic coordination cage formation of L2 and L! in DMSO-ds.
Single-crystal X-ray structure of [Pd,L1,L2,]** with BF; as the counter
anion. Single-crystal obtained by slow vapour diffusion of Et,O into a
solution DMF-d; of [Pd,L1,L2,]**

At room temperature 270 uL of L' (0.76 mmol, 2.8 mM) and 270 uL of L2
(0.76 mmol, 2.8 mM) in DMSO-dg has been prepared with 15 mM [Pd(CH3CN),J(BF,),
(1.13mmol, 75 uL). The chemical shifting of the "H-NMR signals suggest that a
coordination species has been formed. 'HDOSY NMR confirmed that one species
was obtained. Mass spectrometry also suggests that the coordination cage is
formed. In Addition to that, rg of [PdyLiL%)* is 9,8 A so it can be assumed
that it is a [PdyLoL 5] species.

10,0 95 9.0 85 8.0 7.5 7.0

& (ppm)
10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
& (ppm)

Figure 4.100. "H-NMR spectrum (500 MHz, 298 K, DMSO-dg) of [Pd,L1,L2,]**.
The aromatic region is shown zoomed in.
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'H-TH NOESY spectrum (600 MHz, 298 K, DMSO-dg ) of spectrum
of [Pd,LL,L2]*.
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Figure 4.103. 'H-'3C NOAH (HSQC, HMBC) spectrum (600 MHz, 298 K, DMSO-
dg) of spectrum of [Pd,L1,L2]*".
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Figure 4.104. Screeened organic disulfonate guests and TBACI to [Pd2L12L22]4Jr
in DMSO—d.
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Figure 4.105. 'H-NMR spectrum (500 MHz, 298 K, DMSO—d) of titration of CS
to [Pd,LL,L2,)*.

TR ALY N S
o N M A ML./MM
- . JULMM
e
R WIS VN
= .

11.8 114 11.0 106 10.2 9.8 9.4 9.0 8.6 8.2 7.8 7.4 7.0 6.6 6.2
ppm

Figure 4.106. 'H-NMR spectrum (500 MHz, 298 K, DMSO—dg) of titration of MDS
to [Pd,LL,L2,]*.
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Figure 4.107. '"H-NMR spectrum (500 MHz, 298 K, DMSO—dj) of titration of EDS
to [Pd,LL,L2,]*.
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Figure 4.108. '"H-NMR spectrum (500 MHz, 298 K, DMSO—dg) of titration of
PROPDS to [Pd,LL,L2]*".
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Figure 4.109. '"H-NMR spectrum (500 MHz, 298 K, DMSO—dg) of titration of
TBACI to [Pd,LL,L2]*.
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Figure 4.110. '"H-NMR spectrum (500 MHz, 298 K, DMSO—dg) of titration of
BINSO to [Pd,LLL2%]*". K* as counter ions for BINSO.
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Figure 4.111. lllustration of binding analysis result obtained by BindFit (Fitter: 1:1)
titration of BINSO to [Pd,L1,L2%,]**. K* as counter ions for BINSO.
Proton signals a” have been plotted
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Figure 4.112. lllustration of UV-Vis titration of BINSO to [Pd,LL,L%]*" in

DMSO—dg. Concentration of [Pd2L12L22]4+ is 25 uM and with a
cuvette of 0.2.cm optical path.
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Figure 4.113. lllustration of normed UV-Vis spectra of BINSO to [Pd,L1,L2]**
in DMSO—dg. Concentration of [Pd,L},L%]*" is 25 uM and with a
cuvette of 0.2cm optical path.
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Figure 4.114. lllustration of CD spectra of BINSO to [Pd2L12L22]4+ in DMSO—d.

Concentration of [Pd,L1,L2,]*" is 25 uM and with a cuvette of 0.2 cm
optical path.
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Flgure 4.115. lllustration of screened phosphate esters to [Pd2L12L22]4+.
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Figure 4.116. 'H-NMR spectrum (500 MHz, 298 K, DMSO—dj) of titration of DEP
to [Pd,LL,L2%,)* .
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Figure 4.117. '"H-NMR spectrum (500 MHz, 298 K, DMSO—dg) of titration of
DBuP to [Pd,LL,L2]*.
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Figure 4.118. '"H-NMR spectrum (500 MHz, 298 K, DMSO—dg) of titration of
DBnP to [Pd,LL,L2]*.
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Figure 4.119. lllustration of ESI-MS of [Pd,L1,L%,]*" and PDS.
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Figure 4.120. 'H-NMR spectrum (500 MHz, 298 K, DMSO—dg) of titration of NDS
to [Pd,LL,L2,]*". TBA as counter ions for NDS.
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Figure 4.121. 'H-NMR spectrum (500 MHz, 298 K, DMSO—dg) of titration of PDS
to [Pd,L1,L2%,]*". TBA as counter ions for PDS.
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Figure 4.122. lllustration of binding analysis result obtained by BindFit (Fitter: 1:1)
titration of NDS and PDS to [Pd,L1,L2%,]**. TBA as counter ions
for NDS and PDS. a) Proton signals i, ¢, a’ and h have been
plotted. b) Proton signals i, e”, a, a” and h have been plotted.
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Figure 4.123. lllustration of ESI-MS of [Pd,L1,L%,]*" and DPP.
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Figure 4.124. lllustration of binding analysis result obtained by BindFit (Fitter: 1:1)
titration of DPP and CAF to [Pd,L1,L2,]*". TBA as counter ion
for DPP.
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Figure 4.125. IH-NMR spectrum (500 MHz, 298 K, DMSO—dj) of titration of CAF
to [Pd,LL,L2,)*.
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Figure 4.126. "H-NMR spectrum (500 MHz, 298 K, DMSO—dg) of [Pd,LL,L2,]**
formed with PdNO3 - (H,0)y
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Figure 4.127. 'H-NMR spectrum (500 MHz, 298 K, D,0) of [Pd,L1,L2,]** formed
with PdANO3; x H,0
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4.3.4 Homoleptic Coordination Cage Formation with LP¢8
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Figure 4.128. Heteroleptic coordination cage formation of L1Peg,

540 uL of LP®& (1.52mmol, 2.8 mM in respective solvent (DMSO, CD3CN) has
been prepared with 15mM [Pd(CH3CN),](BF4)s (0.90 mmol, 60 uL) for 2h at
room temperature and afterwards heated to 70 °C for 2h. At each step no clear
homoleptic coordination species was observed. Each coordination cage formation
experiment was submitted to ESI-MS measurement but it did not provide any

informations about coordination assembly structures.

P2+ + LipeE, 70 °C
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ppm
Figure 4.129. '"H-NMR spectrum (500 MHz, 298K, DMSO) of Llregs ,nd
respectively with [Pd(CH3CN),](BF,4), at rt and 70°C.
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For the cage formation in CD3CN, the procedure was carried out analogously.

- M |

Pd2* + L1PeE, rt

R | Y | AT

LLpeg

S Ju L

16.0 915 910 8‘.5 810 715 710 6‘.5 610 515 510 4‘.5 410 315 310 215 210 115 110 015 010
ppm
Figure 4.130. '"H-NMR spectrum (500 MHz, 298K, CD;CN) of L!Pe& and
respectively with [Pd(CH3CN),4](BF,4), at rt and 70°C.
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4.3.5 Homoleptic Coordination Cage Formation with L2P¢e
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Figure 4.131. Homoleptic coordination cage formation of L2Peg.

540 uL of L2P8 (1.52mmol, 2.8 mM in DMSO has been prepared with 15 mM
[PA(CH3CN),](BF )5 (0.90 mmol, 60 uL) for 2h at room temperature and after-
wards heated to 70°C for 2h. The NH-signal of L2P®8 is shifting but the aromatic
signals of L2P®8 are shifting only slightly which suggests that the counterion is
interacting with the NH group. That is why 4 eq. of BF, was added to a solution
of the free ligand. Only a slight shift of the NH signal was observed.

Each coordination cage formation experiment was submitted to ESI-MS mea-
surement but it did not provide any informations about coordination assembly

structure.
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Figure 4.132. '"H-NMR spectrum (500 MHz, 298K, DMSO—dg) L2P°8 and
respectively with [Pd(CH3CN),](BF,4), at rt and 70°C.

L2peg

_J UJ LMJ\

\‘. J!\HL A .J

184



4.3 CAGE FORMATIONS

Other counterions such as PFy, NO;, OTf have been screened but the 'H-NMR
could not be distinguished or did not show a clear formation of one coordination

assembly:.

Pd2* + L2peg, 70 °C

P2* + L2PcE, rt

V
UL B |

L2peg

i Y

0.0 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
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Figure 4.133. 'H-NMR spectrum (500 MHz, 298 K, CD3CN) L2P®& and respectively
with [Pd(CH3CN),4](BF,4), at rt and 70°C.

4.3.6 Heteroleptic Coordination Cage Formation with L2P°& and
L2

rt, 30 min

M M Pdgo 210 o coordination assembly
oIvent

@ ©\

N

L2 |_2reg
Figure 4.134. Heteroleptic coordination cage formation of L2P& and L2.

Cage formation was done analogously to a heteroleptic cage formation in
chapter{d.3.3
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L2res + Pd(ll), 70 °C
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Figure 4.135. 'H-NMR spectra (500 MHz,

298 K,

coordination cage formation of L2Peg,

L2pee + L2+ PA(ll), rt
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Figure 4.136. 'H-NMR spectra (500 MHz, 298 K, DMSO—dg) of coordination cage

formation of L2P®8 and L2 at rt.
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4.3.7 Heteroleptic Coordination Cage Formation with L?P®® and

Ll
7\
N
N=\_0o
o NH AN 0 much o era
j : . K [d(;MgcC;);K )2> coordination assembly
" NH HN" "o e
7 \ )
N/ ~0™
/N
L1 L2peg

Figure 4.137. Heteroleptic coordination cage formation of L2P®& and L.

The procedure was carried out analogously to the heteroleptic coordination

cage formation.

L2Pee + L+ Pd(11), 70 °C
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Figure 4.138. '"H-NMR spectrum (500 MHz, 298 K, DMSO—dg) of coordination
cage formation of L2P& and L! at rt and 70°C .

ESI-MS measurement did not provide any informations about coordination

assembly structure.
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4.3.8 Heteroleptic Coordination Cage hetlpeg Formation with
Ligand LP°8 and L2Pe8

a)
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Figure 4.139. Heteroleptic coordination cage formation of L1P& and L2P¢8 in CD,Cl,.
PM6 Level. Peg chain omitted for the calculation and illustration.

A mixture of 270 uL of L8 (0.76 mmol, 2.8mM) and 270 uL. of L2P¢®
(0.76 mmol, 2.8 mM) in CD5CN has been prepared with 15 mM [Pd(CH3CN),](BF,),
(0.90 mmol, 60 uL) and heated for 30 min at 70 °C. Then the solvent was removed
in vacuo followed by addition of CD,Cl, and heating at 45°C for 30 min. The
chemical shifting of the 'H-NMR signals suggest that a coordination species has
been formed. 'THDOSY NMR confirmed that one species was obtained. Mass
spectrometry also suggests that the coordination cage is formed. In Addition
to that, rg of [Pd,LP®8,L2P%8, % is 10,5 A so it can be assumed that it is a
[PdyLoL o] 4T species.
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Figure 4.140. *H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of [Pd,L1Pe8, L 2Pe8 |4+
The aromatic region is shown zoomed in.
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Figure 4.141. 'H-'H COSY spectrum (600 MHz, 298 K, CD,Cl,) of spectrum of the
cage formation of L2Pe8 and L1Pes,
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Figure 4.142. 'H-NMR spectra (500 MHz, 298 K, CD,Cl,) of coordination cage
formation experiment of L2P®8 and L1P®8 with [Pd,(CH3CN),](BF,),
in CD2CI2

189



4 EXP. SECTION

[ Pd 2|_1pegzl_2pegz] 4+

L
L [

LZpeg

Llpeg

Ll N |

10.5 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05
ppm

Figure 4.143. 'H-NMR spectra (500 MHz, 298 K, CD5CN) of coordination cage
formation of [Pd,L!Pe8,L2Pe8 |4+
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Figure 4.144. YF-NMR spectrum (400 MHz, 298 K, CD;CN) of BArF with Ag™ as

a counter ion.
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Figure 4.145. 'H-NMR spectra (500 MHz, 298K, CD3CN) of cage formation
experiment of a) L1P®& and LBPT with [Pd(CH;CN),](BArF),.
LIpPeg and L2Pe8 with [Pd(CH;CN),](BArF),

Other counterions such as PFg or OTf have been screened for the cage formation

of L'P®8 and L?° in CD5CN, but the 'H-NMR. could be only distinguished for

the experiment with BF, .

PA(PFe), + L1pes + L2pes, 70 °C

PA(OTF), + Lipeg + L2pes, 70 °C

Pd(BFs), + L1pes + L2peg, 70 °C
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Figure 4.146. 'H-NMR spectra (500 MHz, 298 K, CD5CN) of coordination cage
formation of L2Pe8 and L1Pe& at 70°C with various counter ions.
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Figure 4.147. '"H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of TBACI
to [Pd,L'Pe8,L2Pe8 )4+,
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Figure 4.148. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of PDS to
[szLlpeg2L2peg2]4+.
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Figure 4.149. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of NDS to
[Pd Llpeg L2peg ]4+
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Figure 4.150. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of DEP to
[PdQLlpegzLZpeg2]4+.
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Figure 4.151. '"H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of DBuP
to [Pd,L1Pe8, L 2Pe8 14+,
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Figure 4.152. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of DBnP
to [Pd,L1Pe8, | 2Pes, |4+

194



4.3 CAGE FORMATIONS

MM“MM
MWWMMWWW
MMWW
ﬁwwmm
:;MMWM
MMMM

0eq.

98 96 94 92 90 88 86 84 82 80 78 76 74 72 70 68 6.6

ppm
Figure 4.153. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of DPP to
[szLlpegzLZpeg2]4+.
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Figure 4.154. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of DBn to
L1pes.

195



4 EXP. SECTION

15.0 eq.
‘ -

|
10.0 eq. f i ‘“\‘
I ‘\

L N

BN

-
L

|
|

5.0 eq.

H
-

3.0 eq. {
1.0 eq. J'\
]
0 eq.
A U
126 122 118 114 110 106 102 98 94 90 86 82 78 74 70 66 62
ppm
Figure 4.155. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of DBuP

to L1lpes
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Figure 4.156. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of DPP to
Llpeg,
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Figure 4.157. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of DEP to
Llpee,

k 10.0 eq.

5.0 eq. ‘ H |

3.0 eq. J
o~ "
1.0 eq. J JL
0 eq. i
AN

122 118 114 110 106 10.2 9.8 9.4 9.0 8.6 8.2 7.8 7.4 7.0 6.6
ppm

Figure 4.158. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of DBnP
to L2Peg,
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Figure 4.159. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of DBu to
L2peg,
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Figure 4.160. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of DPP to
L2peg,

6.(
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Figure 4.161. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of DEP to
L2pee,
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[Pd,L'P%8,L2P%8, 1T was formed with Pd(NO3)xH,0 in CD3CN then the solvent

was removed and D,O was added. The signals could be not distinguished (see

figure{d.162)).
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Figure 4.162. 'H-NMR spectrum (500 MHz, 298K, D,0) of coordination cage
formation of L2P®8 and L1Pe8 with Pd(NO3), at 70°C.
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Figure 4.163. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) screening of neutral
molecules to [Pd,L1Pe8,L2Pe8,]** by excess addition.

Pd,[LIPeE,L2Pe5, |4+ + 3,4-HD

I “”‘ | | L I f‘ /1‘
W WU\\“ v J‘ ij\\ A " M‘J “MW\W‘MMMF) bl \’WJULWMMWWW \ MWWMWWWW/ \\wmw “m

Pd 2 [ |_1peg2 LZpegZ] 4+

ISV Y S

379.69.59.4939.2919.0898887868584838281807.97.87.77.67.57.4737.27.17.069 6.8
ppm
Figure 4.164. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) screening of 3,4-HD
to [Pd,L1Pe8,12Pe8 |4+ by excess addition.
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Figure 4.165. lllustration of binding analysis result obtained by BindFit (Fitter: 1:1)
titration of NVB and CAF to [Pd,L!Pe8,L2Pe8 |4+

Table 4.2: Obtained binding constants K, for [Pd,L!P%8,L2P®& 4+ in CD,Cl,. The
concentration of each coordination cage was determined by 'H-NMR
spectroscopy using TMB as an internal standard.

K, (CAF) K, (NVB) K, (DMBM) K, (2,5-HD)
6712M~1 + 9% 5486 M1 + 5% 4394 M~ 4+ 10% 9083 M1 + 7%
6218 M1 + 6% 5072M~1 + 7% 4386 M~1 4+ 18% 8360 M1 + 22%
5625 M~ + 7% 5023 M~ + 7%
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Figure 4.166. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) the titration of CD,Cl,
to CAF was adjusted to match the volume of the solvent added during
the titrations.

Table 4.3: Values of distances (dyg), normalized contact distance ratio (Rng), angles
(Ang), density of all electrons (pgcp) at the bond critical points (BCP)
and calculated energies corresponding to hydrogen bonding interactions
involving squaramide moieties in the X-ray structures of cages. With
Rug = dpg/>vdWr (XvdWr(O+H) = 2.7A) and Eyg (kJ/mol)= (-
223.08pgcp—+0.7423)4.184. [292][216] Calculated by A. S. Mikherdov.

Cage dyp(H-0) / A | Ryp | Ang(X-H-O) /° | ppcp / a.u. | Egp / kJ/mol
1.89 0.70 152.6 0.030 24.4
PALLLEM 1.93 0.71 149.0 0.027 22.5
1.95 0.72 154.4 0.026 21.2
1.88 0.70 152.9 0.030 25.1
Total 93.2
2.26 0.84 156.9 0.014 10.2
2.31 0.86 154.2 0.013 9.0
[Pd;L 5L 2.41 0.89 162.2 0.011 6.9
2.30 0.85 149.0 0.013 9.2
Total 35.4
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a)

Figure 4.167. Comparison of electrostatic potential maps of a isolated squaramide-
based ligand and its dimer. Electrostatic potential maps calculated by
G. H. Clever.

Electron Localization Function (ELF)

00 20 40 60 A

Figure 4.168. Counter map visualization of the electron localization function (ELF),
and QTAIM critical points and bond paths for hydrogen bonding
interactions involving squaramide fragment in the X-ray structures of
cages: a) [Pd,LL,L2]* and b) [Pd,LIPe8,LBPT |4+ Calculated by
A. S. Mikherdov.
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4.3.9 Heteroleptic Coordination Cage Formation with Ligand

LPe8 and LBOT

d C
%—O e - ) b
f N\ N
g a
h HN 0
[Pd(CH.CN) 1(BF))
+ 3 4 4 2>
1.CD,CN
HN O 70°C, 2h
2.CD.CI
=N 272
5 \ p 45 °C, 30 min
$°0
L1peg LBDT [Pd2L1pegzLBDT2]4+

Figure 4.169. Heteroleptic coordination cage formation of L1P& and LBPT in
CD,Cl,.

A mixture of 270 uL. of L8 (0.76mmol, 2.8 mM) and 270 uL of LBPT
(0.76 mmol, 2.8 mM) in CD3CN has been prepared with 15 mM [Pd(CH3CN),](BF ),
(0.90 mmol, 60 xL) and heated for 2h at 70°C. Then, the solvent was removed
in vacuo followed by addition of CD,Cl, and heating at 45°C for 30 min. The
chemical shifting of the 'H-NMR signals suggest that a coordination species has
been formed. 'THDOSY NMR confirmed that one species was obtained. Mass
spectrometry also suggests that the coordination cage is formed. In Addition
to that, rg of [PdyLP8,LBPT 4 is 9,61 A so it can be assumed that it is a
[PdyLoL o4 species.

CH,Cl,

11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0
& (ppm)
LI MM U

110105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
8 (ppm)

Figure 4.170. *H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of [Pd,L!Pe&,LBPT |4+
The aromatic region is shown zoomed in.
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Figure 4.171. 'H-'H COSY spectrum (600 MHz, 298K, CDyCly) of
[Pd Llpeg LBDT ]4+
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Figure 4.172. 'H-'H NOESY spectrum (600 MHz, 298K, CDyCly) of
[PdQLlpeg2LBDT2]4+-
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Figure 4.173. 'H-'3C  HSQC spectrum (600MHz, 298K, CDyCly) of
[Pd2L1peg2LBDT2]4+.
[Pd,L1pe8,LBOT |4+
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Figure 4.174. *H-NMR spectra (500 MHz, 298 K, CD5CN) of coordination cage
formation of [Pd,L1Pe8,L BDT 4+
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Figure 4.175. I'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of TBACI
to [Pd,L1Pe8, BDT |4+

CC

5.0eq
WWWMMMMWW\MM
3.0eq
N MWWMWJWWWW
2.0eq
A NN P N ST V. W S
175 A MWWMM NI\
1o N0 S VU WIS ¥ W |
125 . N N Y S . S W A
) R T TR |
0.
7oed A N O S VA N AT U AJ
5% 0 U VDN WU ¥ SRS W |
0288 ) J N T Y R
oo L S N WYY U ¥ NN |
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0
ppm
Figure 4.176. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of DEP to

[PdQLlpeg2LBDT2]4+-
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Figure 4.177. '"H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of DBuP
to [Pd,L1Pe8,L BPT 14+,

" 110 106 102 98 94 90 86 82 78 74 70 66
ppm

Figure 4.178. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of DBnP
tO [Pd2L1peg2LBDT2]4+-
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Figure 4.179. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) of titration of DPP to
[szLlpeg2LBDT2]4+‘

[Pd,L1Peg,L 2peg, 14+
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Figure 4.180. '"F-NMR  spectrum (400 MHz, 298K,  CD,Cl,)  of
[Pd,L P8, L2P%8, |4+ [Pd,L1Pe8,LEPT,[*+ and [Pd(CH3CN),](BF,),.
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[Pd,L1Peg L 2peg, 4+
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Figure 4.181. Zoomed in '"F-NMR spectrum (400 MHz, 298K, CD,Cl,) of
[Pd,L P8, L2P%8,|*+ [Pd,L1Pe8,LEPT,[* and [Pd(CH3CN),](BF,),.

Figure 4.182. lllustration of binding analysis result obtained by BindFit (Fitter: 1:2)
titration of NDS and PDS to [Pd,L1P®8,LBPT 4+ TBA as counter
ions for NDS and PDS.
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Figure 4.183. lllustration ESI-MS of [Pd,L1Pe&,LBPT 14+ 3nd NDS.
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Figure 4.184. lllustration ESI-MS of [Pd,L1Pe8,LBPT 14+ 5nd NDS.
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Figure 4.185. 'H-NMR spectrum (500 MHz, 298 K, CD,Cl,) screening of neutral
molecules to [Pd,LPe&,LBPT 1%+ by excess addition.
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Figure 4.186. '"H-NMR spectrum (500 MHz, 298 K, CD,Cl,) screening of neutral
molecules to [Pd,LPe&,LBPT 1%+ by excess addition.
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Figure 4.187. '"H-NMR spectrum (500 MHz, 298 K, CD,Cl,) screening of neutral
molecules to [Pd,LPe8,LBPT 14+ by excess addition.
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Figure 4.188. lllustration of binding analysis result obtained by BindFit (Fitter: 1:1)
titration of NVB and CAF to [Pd,L!Pe&,LBDT |4+

Table 4.4: Obtained binding constants K, for 0.3mM [Pd,LPe&,LBPT |4+ iy
CD,Cls.

K. (CAF) K, (NVB)
3157 + 9% 3646 M~ 13%
4861 M~ 9% 4428 M1 14%
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Figure 4.189. '"H-NMR spectrum (500 MHz, 298 K, CD,Cl,) adding of CD,Cl, to

[szLlpeg2LBDT2]4+-
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Structure Tables
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Figure 4.190. Crystal data and structure refinement for L2, [Pd2L12L22]4Jr and
[Pd2Llpeg2LBDT2]4+-
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4.3.10 Homoleptic Coordination Cage Formation of Ligand L83
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Figure 4.191. a) Homoleptic cage formation of L283 b) ESI-MS of cage formation
experiment of L283 and c) 'H-NMR spectrum (500 MHz, 298K,
CD3CN ) spectrum of the cage formation of L83 at rt after 2h.

The homoleptic cage formation with [Pd(CH3CN),](BF,)s was performed
analogous to the previous homoleptic cages.

Then ESI-MS was meassured which showed suggests that a mononuclear
assembly [PALZ83,]%" was observed.
The main signals in the ESI-MS could be not determined. Due to the palladium
pattern of the signals it is possible to assume that it is a mononuclear assembly of

decomposed L283.
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4.3.11 Homoleptic Coordination Cage Formation of Ligand L*

c b
\
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fC.N)

N

/
%jM‘ [PA(CH,CN),J(BF4),
DMF-d,,

(‘.N) 70°C, 2h

L [Pd,L* ]

Figure 4.192. Homoleptic cage formation ofL* in DMF—d;. Primarily crystal
structure.

540 uL of L* (1.51 mmol, 2.8 mM) in DMF-d; has been prepared with 15 mM
[Pd(CH3CN),](BF,), (0.98 mmol, 65 uL) heated at 70°C for 2h. The chemical
shifting of the "H-NMR signals suggest that a homoleptic species has been formed.
THDOSY NMR confirmed that one species was obtained. Mass spectrometry
also suggests that the homoleptic species is formed. In addition to that, ry of
[Pd3L4]%" is 13,5 A so it can be assumed that it is a [Pd3Lg)%" species.
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Figure 4.193. 'H-NMR spectrum (500 MHz, 298 K, DMF-dy) of [PdsL%]%.
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Figure 4.194. 'H-'H COSY spectrum (600 MHz, 298 K, DMF-d7) of spectrum of
[Pd3L%]°".
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Figure 4.195. 'H-"H NOESY spectrum (600 MHz, 298 K, DMF-dy;) of [Pd;L%]%".
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Figure 4.196. 'H-'3C HSQC spectrum (600 MHz, 298 K, DMF-dy) of [PdsL%]°".
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ppm
Figure 4.197. 'H-NMR spectra (500 MHz, 298 K) of [Pd3Lg]®" in DMSO-dg and
D,0:DMSO-dg (1:1) mixture stacked with the spectrum of L% in
DMSO-dg.
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calculated [Pd,L* +BF ]>*

[pdl_42]2+
[Pd.L4 ]6+ C L I ‘ | Ll
. 3- 6 measured [ l l l ]
L - o Lo,
[Pd,Ls+BF I '~ 5655 5665  567.5 |
T e ' ' ' miz
L Ll/ [ﬁd3L46+3BF4]3+
i .Ih. i ; : . ik if : ; r , r
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Figure 4.198. lllustration of ESI-MS of cage formation experiment ofL?* in
DMSO—dg:D,0 (1:1) mixture.

L% + [Pd(CH3CN),](BF4)2

|
Ll MJ i .

L4

|

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
ppm
Figure 4.199. 'H-NMR spectrum (500 MHz, 298 K, CD5CN) of the cage formation
experiment ofL4. Cage formation ofL* in CD3CN was not observed
by ESI-MS.
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HG Complex Studies

NaO ONa

OH NH,
NH, OH
2 O \/‘/‘/\ Trypan blue
ONa
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Chromotrope
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1] /,N
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//O O\\ //O
.S S S

HO

0" Na NaO™ "y, & “ONa
Amaranth Naphthol Blue Black

Figure 4.200. |llustration of different azo-dyes, which were screened by 'H-NMR
titration to [PdsL%]°".

a) b)
DMF
3 eq. NBB DME 3eq.TB L)\AN
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3 a b [Pd3L46]6+ d c
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) =~ 8(ppm) : : &(ppm) : :

Figure 4.201. lllustration of 'H-NMR spectrum (500 MHz, 298 K, DMF-d7) titration
of a) naphthol blue black and b) trypan blue to [Pd;L%]°".
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a) DME b) DMF

7eq.AM 7 eq.CT

N

e
ww MW

a b d ¢ d ¢
[Pd, L% ] [Pd, L2 ]+ j\}k
. M

T T T T T T T

T
9.0 8.5 8.0 7.5 10. X . 7.
8(ppm) 0.0 90 5(ppm) 89 0

Figure 4.202. lllustration of 'H-NMR spectrum (500 MHz, 298 K, DMF-d7) titration
of a) amaranth and b) chromotrope to [Pd;L%]°".

5.7 eq. AR
4.7 eq. AR
3.7 eq. AR
2.7 eq. AR
2.2 eq. AR
1.7 eq. AR
1.4 eq. AR
1.1eq. AR
0.9 eq. AR
0.7 eq. AR
0.5eq. AR
0.3eq. AR
0.2 eq. AR
0.1 eq. AR
[Pd3L1996]6+

I

T

a b

9.8 9.6 9.4 9.2 9.0 8.8 8.6 8.4 &(ppm)

Figure 4.203. lllustration of 'H-NMR titration of allura red (AR) to 0.63mM
[Pd3L%]®" in DMF-d;. Shift and broadening of proton a is shown
enlarged. Broad signals observed due to fast exchange of AR are
shown around 8.4 ppm.

222



4.3 CAGE FORMATIONS

a)

N ) b
A P o LoD
] Q Fe NaO -§ N
N L W
/ 505 o
.S7
FCS AR 9 Ona
L4

(bounds) Optimised  Error Initial

001
aa
0ppm
Ku (0— =) 941035  £134404  1000.00
M % M

0.01 ppm

Kz (0 ) 7961M™  £139841  100.00M™

%

0.02 ppm

Figure 4.204. lllustration of binding analysis result obtained by BindFit (Fitter: 1:1;

titration of allura red (AR) and ferrocene-1,1'-disulfonate (FCS) to
[PdsL%]%". TBA as counter ions for FCS.

The host-guest complex of [Pd;L%]|®" and BH leads to a precipitate which

dissolved over night but measuring the concentration before and after the addition

showed that the ¢ of the host in solution is decaying (see figurel4.205)).
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~N ° HB\///B\\\,BH
f(:) -
v Ve
/ HB //BH
H Ml
H
L* BH
leq BH, 24 h
Jl JL}[J\ A J ll A
gg |48 &
e o leqBH, 1 h -
_JL_.JLJ\L; oL '
58 88 R
(R — I
leq BH, 1 min |
ab TBA
ﬂ q°¢ [Pd3L46]6+ L
JLILL l M L._udu Ul A
g8 g8 3
— - —

90 80 70 60 50 40 30 20 10 00
&(ppm)

Figure 4.205. lllustration 'H-NMR spectrum (500 MHz, 298 K, DMF-d7) spectra of

[Pd3L%]%" and BH at different times after addition of BH, such as

1min, 1h and 24 h measured after adding of BH. TBA as counter
ions for BH.
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UV-Vis Studies

[PdsL%]%* + 5 eq. AR

o W
L e A L G T L ]

L4

—— et " o ~MLJU WJWMMWWM«
A R A AR AN Aol

102 100 98 96 94 92 90 88 86 84 82 80 78 76 74 72 70 6!
ppm

Figure 4.206. lllustration of 'H-NMR of L%, [Pd;L%]°" and HG complex consisting
of 35 uM [PdsL%]°" + 5eq. AR in DMF-dy.
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0.6 — AR
- [Pd3L46]6+
—[Pd,L%]*+0.2eq AR
—[Pd,L%]* +04eq AR
—[Pd,L%]* +0.6eq AR
0.4 [Pd,L% ] +08eq AR
[Pd,L* ] +1.0eq AR
—[Pd,L%]*+1.2eq AR
—[Pd,L%]* +1.4eq AR

Absorbance

0.2

0.04 e SR ———
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Figure 4.207. lllustration of UV-Vis titration of AR to [Pd;L%]®" in DMF-dy.

Concentration of 35 uM [PdsL%]®" | DMF-d; and with a cuvette of

0.2 cm optical path.

a) b)

Figure 4.208. lllustration of binding analysis result obtained by BindFit (Fitter: 1:1
failed, a) 2:1 fitter, b) 1:2 fitter. UV-Vis titration of [Pd3sL%]°" to
AR. In DMF-d; and adding of 35 uM [Pd3L%]%". 0.2 cm optical path.
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CV Studies
a) b)
DMF 9eq. BQ DMF BQ
[Pd,L%]*" + 84 eq. TBAPF, A -
i | T e | R LD WS S
' eaf
[Pd,L%° e J
b 2eq.BQ
b d c 4 J "
L4 T 1eq.BQ
a b d ¢ ab [Pd,Le]” 4 c
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Figure 4.209. lllustration of 'H-NMR spectrum (500 MHz, 298 K, DMF-dT) titrated
guests a) PF¢ and b) BQ to 0.63mM [Pd;L%]°".

0.2 7 Ereq=-0.902 V

0.1 Ereg= -0.907 V

———[Pd,L* ]* + BQ + Fc*
———BQ+ Fc

1 B 1 B 1 B 1 B 1 B 1 B 1 B 1 B 1
-25 -20 -15 -10 -05 0.0 0.5 1.0 1.5
E [V vs. Fc*]
Figure 4.210. lllustration of CV of BQ and [Pd3L%]%" with BQ. 0.63 mM [Pd;L%]%"
in DMF. 4eq. BQ. Measured at rt (scanned towards anodic potentials).

Measured at 200 mV/s (iR compensation = 259 Ohm) and referenced
internally against ferrocene (Fc).
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a) b)
0.012
0.034 0.010
0.008] |—[Pd(CH,CN)](BF,), + BQ|
0.02 0.006-
< < ]
.0, £-0004
- —-0.002-
-0.000+
0001 -0.002-
-0.004
OV ———
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E [V vs. Fc”*] E [V vs. Fc”*]

Figure 4.211. Respective control experiment of a) ligand and BQ and b)
[Pd(CH3CN),4](BF,4), and BQ in DMF. Both cyclic voltammograms
are electrochemically irreversible.
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Figure 4.212. Respective HG complexes of [Pd3L*]°" with respectively FCS and
BH are showing an electrochemical irreversible cyclic voltammogram.
0.63mM [Pd;L%]°" in DMF. 1eq BH and 2eq FCS. Scanned towards
anodic potentials. Measured at 200mV/s (iR compensation =
259 Ohm) and referenced internally against ferrocene (Fc).
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Crystal Data

Structure Tables

CCDC number
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Figure 4.213. Crystal data and structure refinement for [Pd3L%]®" and [Pd,L%3]®"
+ AR.
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4.3.12 Homoleptic Coordination Cage Formation of Ligand L*"

o_ N
jL:(_ [Pd(CH,CN),I(BF4), . .
(\N 0 Solvent » coordination assembly
N\) T, t
Y
-
L4n

Figure 4.214. Homoleptic cage formation of L4".

The homoleptic cage formation with [Pd(CH3CN),](BF,)s was performed
analogous to the previous homoleptic cages. No signals could be distinguished,
that would indicate the formation of a clean coordination cage.

The cage formation has been examined in DMSO—dg, CD3CN and DMF—d-,
but no distinct species has been observed. ESI-MS did not provide further

information about the cage formation.

L% + [Pd(CH3CN)4](BF,),, 70 °C

f
I T . Y W Uub“x * J

L% + [Pd(CH3CN)4](BFy),, rt

BN T A Jumuli

BT o

100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 10 05 00
ppm
Figure 4.215. 'H-NMR spectrum (500 MHz, 298K, DMSO—dg) of the cage
formation of L at rt after 2h and 70°C after 12 h.
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L% + [Pd(CH3CN)4](BF4),, 70 °C

- L |

%JMWLLL‘J& W~ h

L4 + [PA(CH3CN)4](BF4),, rt

A J L L JUMW

00 90 80 70 60 50 40 30 20 10 00
ppm
Figure 4.216. 'H-NMR spectrum (500 MHz, 298 K, CD3CN) of the cage formation
of L* at rt after 2 h and 70°C after 12h.

L9 + [Pd(CHCN)4](BF4)s, 70 °C H

Y N G JM A ¥ } Ak

L% + [Pd(CH3CN)4](BF4),, rt

L4n

N LLL Ll

" 110 100 90 80 70 60 50 40 30 20 10 00
ppm
Figure 4.217. IH.NMR spectrum (500 MHz, 298 K, DMF—d-) of the cage formation
of L* at rt after 2h and 70°C after 12h
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Figure 4.218. lllustration of ESI-MS of the cage formation of L*" in a) DMSO—d,,
b) CD3CN and c) DMF—dj.
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4.3.13 Coordination Cage Formation of Catechol-based Ligands
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Figure 4.219. 'H-NMR Spectrum (500 MHz, 298 K, DMSO—d) of ligand LS.
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Figure 4.220. 'H-NMR Spectrum (500 MHz, 298 K, CD3DO) of coordination cage
[GayL%]5 ™~

Toste group observed that the reduction of 3-methyl-indole with [Ga,L's]'*" in
buffered DyO shows deuterium insertion at 45°C observed by 'H-NMR analysis
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even though an acidic ethanol solution as a solvent, without the host did not lead
to this observation (see figure|d.221])).

Deuterium Incorporation

2.5 equiv 8 15 mol %
I Jd % H
H N S
N BH, i N H,
& - H
50 mM pD 7.5 DO buifer 2
CH;

45°C, 40h D HID
42% yield

Without host in
EtOH/HCI: Hz Hz CHs

I" | Hs

With host in D;0:

I

J“ l J;u _ i.‘ | ||| A

70 68 66 64 62 60 58 S5 54 52 SO 48 46 44 42 40 3B 36 34 32 30 26 26 24 22 20 L8 16 14 12 10
1 (spm)

Figure 4.221. *H-NMR Spectrum (500 MHz, 298 K, D,0) of racemic cage. Adapted
from E. Heather.

In this work the deuterium insertion into 2-methyl-indole was examined by
preparing the [Ga4L56]12* with 2-methyl-indole under inert conditions in a glove
box in deuterium. Additionally, a reference sample with the blocked cavity by

adding 1 eq. of PET to the cage was prepared, which is reported to be encapsulated

by [GaL’"* . [274]
()
iy A
H BH3 H
1 equiv w 0equiv.  15mol %_ ©/\/8,
. / -
D0,

rt, 24 h D

Figure 4.222. Study of deuterium insertion in 2-methyl-indole with racemic cage in
D,0.

Both experiments showed deuterium insertion into 2-methyl-indole, confirming
a solvent effect (see figured.224]). The deuterium insertion into indole is a part of
the approximated reduction cycles from Heather et al. (see figurefd.223)).
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U/<Z zZT
O]
w_
I
w

Figure 4.223. Aproximated catalysis cycle by Toste group. Picture adapted from E.
Heather. [268]
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w LL e J
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ppm
Figure 4.224. Stacked 'H-NMR spectra (500 MHz, 298 K, CDCl3) of blocked and
non-blocked racemic cage. The reaction was performed in D,O and
then worked up by extraction with CD3Cl3. Then the solvent was
removed in vacuo. To determine the conversion a fresh solution of
internal standard of 1,3,5-trimethoxybenzene in CD3Cl3 was used. The
difference in conversion can be explained by longer reaction time.
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Coordination Cage Formation of Chiral Catechol-based Ligand

1

NN k k MJ J
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Figure 4.225. 'H-NMR Spectrum (500 MHz, 298 K, DMSO—dg) of LO.
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Figure 4.226. 'H-NMR Spectrum (500 MHz, 298 K, CD;0D). Control experiment
for enantiopure cage 2.0 with PET. The cage signals in the aromatic
area are shifting after encapsulation and the signals of encapsulated
PET are shown at -1,3ppm and -1,63 ppm. [259]
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Figure 4.228. 'H-NMR Spectrum (500 MHz, 298K, CDCl3) of 23.
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mAu

Figure 4.229. lllustration of the chromagnggram of 23

Time: 30,0767 Minutes - Amplitude: 0,278 méu

2350

2000

1750

1500

1260

1000

780

500

250

SPD-M20A-242 nm
— EY-1-18
EY-1-18-r-ADH-94061P. dat
Retention Time
Area Percent
Name

fzas0

2000

F17s0

1500

fi2e0 2
E

1000

Frso

F-s00

fes0

.

z l [ 8

n 12 14 18 18

2 6 28 il 32 34 3 38

. Shimadzu Prominence HPLC

0 22

system was used. The column used is CHIRALPAK®OIA. Samples for
the chiral HPLC analysis were prepared in a solution of 95 % hexanes
and |PA.

5.0

5.5

T
4.5 4.0 3.5

ppm

Figure 4.230. 'H-NMR Spectrum (500 MHz, 298 K, CD30D) of pyridine borane 24.
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Figure 4.231. Shimadzu Prominence HPLC system was used. The column used is
CHIRALPAK®IA. Samples for the chiral HPLC analysis were prepared
in a solution of 95 % hexanes and IPA.
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Figure 4.232. 'H-NMR Spectrum (500 MHz, 298 K, CDCls) of ligand 26.
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Figure 4.233. 'H-NMR Spectrum (500 MHz, 298 K, CDCl5)of ligand 26.
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Figure 4.234. H-NMR Spectrum (500 MHz, 298 K, CDCl3) of ligand 28.

241



4 EXP. SECTION

4.4 Further Cage Formation Studies
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4.4 FURTHER CAGE FORMATION STUDIES

4.4.1 Heterolepic Coordination Cage Formation with LB

—

N\/ 0
g
N [Pd(CH,CN),|(BF4) o
s ,CN), X
jj[ > DMSO-dy, coordination assembly
O T.2h
L LTe

Figure 4.235. Heteroleptic coordination cage formation of L! and LT in DMSO-d.

The heteroletic cage formation with [Pd(CH3CN),4](BF,)y was performed analo-
gous to the previous heteroleptic cages. ESI-MS showed 4+, 3+ and 2+ species.

Pd2+ + LT + L1, 70 °C AJ
J‘L Wl .
P2+ +

@2+ + LT8 + L1, it M
MMMWM R D . “l

Pd2* + LT®

WUM,J i W ' L HLJU

L8

.
MMll\An N W 1 JL s T

-

L1

105 10.0 9.5 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
ppm

Figure 4.236. 'H-NMR spectrum (500 MHz, 298 K, DMSO-ds) of L and LTB.
Cage formation at rt for 2h and at 70°C for 12h
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calculated [Pd.L* L™ ]*

measured
l‘ﬁl l l‘ﬁ' “,7‘ -
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[PA,L'LTJ [P LT L™® +BF J*
[Pd2L12LTBZ\-I-ZBF4]2+
I 'M\ = T m/z
250 500 750 1000 1250 1500

Figure 4.237. lllustration of ESI-MS of [Pd,LL,LTB,]** in DMSO—d.
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4.4.2 Towards Squaraine Dyes-Based Coordination Cages

P12 P14

Lsd1 Lsd2

Figure 4.238. lllustration of indole-based squaraine dye ligands L4 and L%92. Details
about the synthesis can be found in chapter(4.2.11]

Lsdl

Then the homolpetic cage formation of was examined in DMSO—dj,

CD3CN and DMF—d; with different counterions. However, the cage formation
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could be not observed, but mostlikely a chelate was formed since ri = 9,24 A,

which is suportted by ESI-MS because a [PdLQ]2+ species was observed.

a) c) Q
o
LJJJL—M—_JLML S
kS
N N [Pd(CH,CN),I(BF4), _ coordination =
—>
= DMS0-d, complex 1o
t2h %I i it [ f S
I |
|
|
[e)}

8 6 4 2 ppm
b) d)
calculated [PdL** +H]*
T I I
measur{adl L4 1
sdl ' ' | | " |
o LR, 882 884 886 m/z
[Le*+H]* [PdL* +H]>"
AN
[Pd Lt +H]*
i__L__LJJMU{L‘L_—L_J\v l/ [Bd3LSd15+BF4+H]3+
90 80 7.0 60 5(ppm) 600 800 1000 1200 1400 1600 m/z

Figure 4.239. a) ESI-MS of cage formation of L9, b) 'H DOSY NMR spectrum
(500 MHz, 298 K) of the coordination cage formation experiment of

L4l D=1,08-10710m =9 244,
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Ls92 + P2+, 70 °C

e d

Ls92 + P2, 1t

Ao MAAL /J\,W,JJJJ\ |

o L U

100 95 90 85 80 75 7.0 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0
ppm
Figure 4.240. '"H-NMR spectra (500 MHz, 298 K, DMSO—dg ) cage formation
experiment of L5492 with Pd(NO3),. ESI-MS analysis did not suggest
any coordination cage formation.

4.4.3 Heteroleptic Coordination Cage Formation with LB

N —~
~NACTN OO Q [Pd(CH,CN),I(BF4), . .
0”0 * - » coordination assembly
o_ O DMSO-dg,
T O "
=
N
L® LC

Figure 4.241. Heteroleptic coordination cage formation of LB and LYF in DMSO-dg.

The heteroleptic cage formation with [Pd(CH3CN),|(BF,), was performed
analogous to the previous heteroleptic cages. No signals could distinguished to a

clear coordination cage formation.
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[Pd(CH,CN),I(BF4),
DMSO-dg,
Tt

» coordination assembly
[Pd,LF,LB ]

L® LF

Figure 4.242. Heteroleptic coordination cage formation of LB and LF in DMSO-d.

The heteroleptic cage formation with [Pd(CH3CN),](BF,), was performed
analogous to the previous heteroleptic cages. ESI-MS showed 84, 74, 6+, 5+ and
44 species.

Pd2* + LB + LF, 70 °C

_J\A‘,“,JMMM M TN 1l W
L ol - (N
| JL_A H J 1

LF

Pd?* + LB

I WD W SN . N

LB .
[ 1] A i J

105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.
ppm

Figure 4.243. 'H-NMR spectrum (500 MHz, 298 K, DMSO-dg) of LB and LF.
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[LB+H]* calculated [Pd,LF L8 J*
anIIIII IIIIIIII.A
AL | papreeserr TS L
/ 484.0 484.5 485.0
*
x [P L2, +2BF J
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M PA.L° L%, +38F, [PA.LF L® +4BF
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Figure 4.244. \llustration of ESI-MS of [Pd,LB,LF,]3" in DMSO—dj.
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Strain Calculation Studies on

Coordination Cages

251



This chapter consist of the previous work of my master thesis and build up on this.
[293] Furthermore, the results of Simon Kniiver from his "Wahlpflichtpraktikum'
are a part of this chapter.

First the general theory of calculation will be briefly introduced and then strain

calculation will be explained.
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5 Theoretical Methods

Computational simulations are used to study and predict the behavior of complex
systems and are widely applied in various fields, such as drug discovery, biotech-
nology, and toxicology. [294][295][296] They enable the simulation and analysis
of biological, chemical, and physical processes without the need for extensive
laboratory experiments. [295]|297] Such as computer-based methods are called in

silico models.

5.1 Molecular Geometry optimization

The geometry of an in silico molecular model must be optimized, because
the initial structure often deviates from the ideal geometry. [298] Additionally,
molecules can exist as different conformers. According to Boltzmann statistics,
the lower the energy E of a conformer, the higher its probability of occurrence in
an experiment. Consequently, minimizing the energy as a function of the nuclear

coordinates is essential to identify the most appropriate conformer. [299)

5.1.1 Gradient Descent

The Gradient Descent (GD) method is a widely used algorithm for determining
the local minimum of a molecule’s potential energy surface.

The simplest case is a diatomic molecule, where energy depends solely on bond
length. After selecting an initial bond length and computing its energy, the
bond length is adjusted incrementally in one direction. If the energy decreases,
adjustments continue in that direction. On the other hand, if the energy increases,
the bond length is adjusted in the opposite direction. Ultimately, three adjacent
points are identified, where the energy of the central point is lower than that of
the other two. These three non-collinear points can be described using a parabola,
whose minimum corresponds to the optimal bond length. By step-by-step refining
the bond length to either side of the parabolic minimum, the energy can be reduced
below a predefined threshold, signifying convergence. Higher-order polynomial
equations can also be used by incorporating additional points and adapting step
sizes based on previous data. [300]

In multi-dimensional cases, the parabolic minimum is found iteratively. For
example, in a triatomic molecule such as LiOH, the process begins with optimizing
the Li—O bond, followed by the O-H bond. The Li—-O-H bond angle is then
optimized while keeping the other two degrees of freedom fixed. This cycle
is repeated until convergence is achieved. [300] However, in multi-dimensional
systems, optimizing one coordinate at a time is inefficient. A more effective

approach involves moving in the direction of the steepest descent of the energy,
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5 THEORETICAL METHODS

which corresponds to the opposite direction of the gradient vector g. The gradient

vector is defined as:

e —— 5.1
Oq1 O0g2 0qg3 Oqn (5.1)

} <8E OE OF 8E>T
j=

where ¢; represents one coordinate of an atom and n is equal to 3N in a Cartesian
coordinate system (n = 3N-6 in an internal coordinate system). Here, N denotes
the number of atoms in the molecule. Depending on the chosen theoretical level,
the gradient vector can be calculated numerically or analytically. Subsequently,
all coordinates are adjusted in the direction opposite to the gradient vector by a
specified step size. The energy of the updated structure is compared with that
of the previous one, and the process is repeated until the energy difference falls
below a defined convergence criterion. [300](301] It is important to note that GD
identifies a local minimum rather than the global minimum. To locate multiple
local minima, simulations are performed where the molecule is allowed to move
freely within the boundaries of the chosen physical model. In such cases, the
search algorithm must incorporate calculations that account for energy increases

to overcome local energy barriers. [299]

5.2 Theoretical Models

In section[I.3], supramolecular coordination cages were introduced. These cages
present significant challenges for accurate quantum mechanical methods due to
their large size, which encompasses numerous degrees of freedom and, consequently,
a multitude of local minima. Additionally, the presence of heavy transition metals
further complicates the calculations, because relativistic effects must be taken into
account. Moreover, metal-mediated supramolecular coordination cages require
consideration of noncovalent interactions. To address the macromolecular effects

as well as the influence of transition metals, a suitable theoretical model is essential.

299

5.2.1 Molecular Mechanics

In classical mechanics, covalent bonds are modeled as springs with harmonic
potentials, offering the advantage of low computational cost. The stretching of a

bond as a harmonic oscillator is described by the function in equation[5.2}
k 2
V() = 5(1 —lp) (5.2)

Here, [ represents the internuclear distance, k is the force constant, [y is the
equilibrium bond length, and V(I) is the potential energy. Additionally, non-

covalent interactions can be calculated pairwise by employing potential functions
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that depend on distance. The combination of such parameters and functions
constitutes a force field. Depending on the specific force field, different levels of
specialization, accuracy, and computational cost can be achieved. However, a
key limitation of this method is its inability to account for phenomena such as
hyperconjugation and charge transfer. Therefore, molecular mechanics cannot
account for chemical reactions. For these reasons, models based on quantum

mechanical approaches are necessary.

5.2.2 Density Functional Theory

The quantum mechanical state of a non-relativistic system is described by the
Schrodinger equation (equation. [302] However, the Schrodinger equation
can only be solved exactly for systems with a single electron. Therefore, several
approximations are required to extend its applicability to quantum systems with
multiple electrons. The non-relativistic, time-independent Schrodinger equation is

expressed as follows:
HY = EW (5.3)

Here, H denotes the Hamiltonian operator, W represents the wave function and F
is the energy of the system. Another widely used approach is Density Functional
Theory (DFT). DFT is grounded in the first Hohenberg-Kohn theorem, which posits
that the ground-state energy of a system is a functional of the electron density
p. The second Hohenberg-Kohn theorem further asserts that the electron density
that minimizes the total energy corresponds to the exact ground-state density,
based on the variational principle. [303] Additionally, the Born-Oppenheimer
approximation simplifies calculations by assuming that electronic motion can be
treated independently of nuclear motion, as electrons move significantly faster
than nuclei.

In DFT, the electron density p is determined from several Kohn-Sham single-
electron orbitals ¢;. To properly account for the interactions between electrons,
the exchange-correlation energy Exc(p), is introduced as a functional of the
electron density. This term is particularly important, because electrons are
indistinguishable particles and interact with each other through Coulomb repulsion,
which influences their spatial distribution and probability density. Therefore,
selecting an appropriate approximation for Exc is crucial to obtaining accurate
and reliable results in DFT calculations.

An approximation for the orbitals ¢; can be made using a linear combination
of a set of known hydrogenic orbitals. The choice of the set determines the total
number of atomic orbitals in the linear combination, their extra features, such
as polarization and their overall influence on the calculation. The polarization

function accounts for electron density polarization. [300][301]
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For DFT calculations, both the exchange-correlation functional and the basis set
are required. The accuracy, specificity and computational cost of the calculation
depend on these choices. The primary computational demand arises from the
linear combinations and the associated coefficients for each Kohn-Sham orbital ¢;.

Although DFT methods often involve several parameters, they are generally
categorized as ab initio methods because they do not rely on empirical data.
In contrast, Hartree-Fock (HF) theory, another ab initio method, is entirely

parameter-free. [304]

5.2.3 Quantum Mechanical Methods
Parameterized Model 6

The semiempirical quantum mechanical (SQM) method achieves a balance
between the computational efficiency of force-field methods and the accuracy
of ab initio methods. SQM employs a minimal basis set and approximates
electron integrals while incorporating parameters derived from empirical data to
compensate for errors inherent in Hartree-Fock theory or DFT. [305]

Derived from Hartree-Fock theory, the Parameterized Model Number 6 (PM6)
includes parameterization for more than 80 elements. [306] Like DFT, Hartree-
Fock theory applies the Born-Oppenheimer approximation and the variational
principle. However, instead of focusing on electron density, Hartree-Fock theory
uses a single Slater determinant to describe the exchange interaction of electrons.
In this model, the Coulomb interaction between electrons is approximated as
the interaction between each electron and the average charge field of all other
electrons. Electron correlation effects, however, are not explicitly accounted for in
Hartree-Fock theory. [300][301][304]

In this work, preliminary geometry optimization of structures was performed
at the PMG6 level to reduce the computation time for geometry optimization at a

higher level.

wB97X-D

As highlighted in section[I.2] non-covalent interactions are critically important in
supramolecular chemistry. Therefore, a method that accurately accounts for these
interactions is essential. The wB97X-D functional of the DFT method incorporates
empirical atom-atom dispersion corrections and demonstrates moderately better
performance compared to well-established DFT-D functionals, such as B97-D,
B3LYP-D, BLYP-D and wB97. [307][308| This conclusion is based on evaluations
using independent test data sets, which include atomization energies, reaction

energies, non-covalent interaction energies, equilibrium geometries and charge-
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transfer excited states. Overall, the long-range corrected wB97X-D method
consistently outperforms its predecessors in general performance. [308]

Beside wB97 there is also wB97X. It is worth mentioning that wB97X is an
improved version of wB97, however, it still lacks explicit dispersion corrections.
Nonetheless, wB97X generally offers better accuracy than wB97 due to its enhanced
treatment of exchange interactions. [309]

A suitable method and basis set is chosen based on certain criteria such as
accuracy and computational effort. After that, different studies can be performed

based on strain. In section[(.3] the strain calculation will be introduced.

5.3 Strain Calculation

Strain is a measure of the internal stress due to deviations from ideal molecular
geometry, particularly in macrocyclic molecules. [310] Strain plays a crucial role
in bioorthogonal reactivity within chemical biology and in polymer chemistry
during ring-opening metathesis. [311][312]

One of the most prominent methods for calculating strain energy in macrocycles
involves comparing the heat of formation of a strained molecule with that of an
unstrained counterpart in a theoretical strain-releasing reaction. [313] Here, strain
energy represents the potential energy released upon breaking a macrocycle.
[314] Hypothetical homodesmic and isodesmic reactions are well-established
approaches for determining strain energy, owing to the straightforward accessibility
of molecular structures and energy calculations. [313] In an isodesmic reaction,
the number and types of bonds remain identical on both the reactant and product
sides. A subset of isodesmic reactions, homodesmic reactions, further require the
preservation of the number of carbon atoms in each hybridization state throughout
the reaction. [313]

Notably, Cowell et al. reported a new computational method for determining
strain energy in macrocycles, improving upon homodesmotic reactions by identify-
ing individual strain contributions, such as bond length, bond angle and dihedral
angle. [314] However, coordination systems are large and include a transition
metal, making the calculations more complex and increasing computational cost.

Therefore, an alternative approach to calculating strain in coordination cages is

desirable.

5.3.1 Approaches of Strain Calculations for Coordination Cages

As discussed in section[l.4], one well-known approach to forming coordination
cages involves using banana-shaped bis-monodentate ligands with transition metal
cations. A key factor influencing the self-assembly of coordination cages is strain,

which primarily occurs within the ligands. Consequently, studying strain in self-
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assembled coordination cages is essential. Furthermore, understanding the factors
that affect the formation of these self-assembled coordination cages is crucial for
designing new ones.

For instance, the Gibbs free energy is of significant importance to chemists, as
it enables the prediction of the spontaneity of a chemical reaction under constant
temperature and pressure. The relationship between the Gibbs free energy change
(AG), temperature (7)), entropy change (AS), and enthalpy change (AH) is
expressed in equation[5.4] Strain contributes directly to the enthalpy of formation.

AG = AH —TAS (5.4)

The electronic energy (E) is a component of the enthalpy (H) and can be
determined through the Zeropoint correction (H — E). Additionally, F can
be calculated computationally. In cases where the number and type of bonds and
atoms remain constant between reactants and products in a chemical reaction,
the energy difference is primarily attributed to differences in strain. By assuming
negligible entropy contributions and preserving the enthalpy contributions from
intramolecular forces, covalent bonds and ionic bonds between reactants and
products, the Zeropoint correction can also be disregarded in strain calculations.
The energy difference (AFE) is calculated as the difference between the sum of the

electronic energies of the products and reactants and is account for strain change

(see equation[5.5).
AFE = Z Eproduct - ZEeduct (5.5)

In chapter[5.4] the approaches to determine the strain in coordination cages will

be introduced.
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5.4 Strain Calculations in Coordination Cages

As mentioned at the beginning of chapter[5.3] strain has primarily been studied
in macrocyclic molecules. However, as previously noted, strain is also
expected to play an important role in coordination cage formation. In 2021,
during my master’s thesis, I began developing an approach to quantify strain and
investigate heteroleptic cage formation focusing on the shape-complementarity
approach. For this purpose, two methods were applied.

One method to calculate the strain in self-assembled coordination cages involves
comparing the electronic energy of a fully relaxed ligand with that of a ligand
extracted from the formed coordination cage. This can be applied to both
homoleptic and heteroleptic coordination cages. This approach enables a direct
comparison of the strain experienced by ligands in their respective homoleptic

cages and during heteroleptic cage formation (see a) in ﬁgure.

a) b)
Y/
+ 2
| P “ P15
4
Vs.
[Pd,LL" 1™
fully relaxed ligand cut out from the
(geometry optimized geometry-optimized
on same level as the ring/cage
ring/cage)

Figure 5.1. lllustration of approaches to determine strain at coordination cages: a)
calculation of strain in heteroleptic coordination cages by comparing
electronic energies of the fully relaxed ligand and the ligand, which
is cut out from the heteroleptic coordination cage. b) cage-to-cage
transformation of [Pd;L" g%+ and [PdaLC5]4* to [PdaL ol "9)4F. [293]

Another approach to studying strain in self-assembled coordination cages is
to determine the energy difference (AE) between reactants and products during
a cage-to-cage transformation. Figure[5.1] (b)) illustrates the cage-to-cage
transformation of the homoleptic cage [Pd4L"g]®t of 1" and the homoleptic cage
[PdoLC4)%F of LE into the heteroleptic cage [PdaLC,1"5]*+. The energy difference
primarily reflects the differences in strain and Coulomb repulsion between the
species. To accurately attribute this energy difference to strain in the cage-to-

cage transformation, Coulomb repulsion should be explicitly considered in the
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strain calculation. In the following chapter[6], the previous studies on strain in

coordination cages will be discussed.
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6 Previous Studies on Strain by

Calculations

6.1 Target and Motivation

In 2018, Kristina Ebbert demonstrated in her master’s thesis that the extended

LPL which incorporates an alkyne linker and L€ can form a heteroleptic

ligand
cage. This work parallels the findings of Dr. Witold Bloch, as described in
chapter[L.5.1] [315] In figure[6.1] a superposition of the crystal structures of the

heteroleptic cages [PdaLCoLP o) and [PdoLCLPLo]* is depicted.

Bending of the
alkyne of LPt
indicates strain

red cage= [Pd,LS,LP,]** green cage= [Pd,L%,LP4,]*

Figure 6.1. Superposition of the crystal structures of [PdQLCQLP2]4+ and
[PdoLC,LPLo]*+ (hydrogen atoms are omitted for clarity). Picture
adapted from [315].

Both systems form self-assembled heteroleptic cages, but the elongation of the

LPY raises the question of whether strain influences

phenanthrene-based ligand
the formation of heteroleptic cages. The superposition of the crystal structures
in ﬁgure suggests that LPT likely bends to accommodate the heteroleptic
coordination cage. This observation supports the hypothesis that LPY experiences

greater strain than LP in the heteroleptic coordination cage.

Figure 6.2. lllustration of the ligands LP, LPL and LC. R= hexyl, but for the
calculations it was substituted with a methyl group.
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Therefore, the ligands L, LPY, and L€, along with their respective coordination
cage systems, were examined in my master’s thesis and will be introduced in the

following sections.

6.1.1 Consideration of Coulomb Repulsion

Before calculating the cage-to-cage transformations from the respective homolep-
tic species to the heteroleptic cages [PdyLCLP5)* and [PdLELPY,)* | Coulomb
repulsion was considered. This consideration is necessary, because the calculations
were performed in the gas phase, where no solvent molecules and counter ions were
considered. In solution, solvents and counter ions would compensate Coulomb
repulsion. [316] To account for the Coulomb repulsion (Pd"-Pd! interactions) in

the coordination cages, their energy contributions were determined (see figure6.3)).

\/
\
p— Z/
\
\_Z/
\

Coulomb repulsion

+
1n coordination cage

d2+ d2+
\N/ ~ / ~

@Nﬁ
= _ _

Pd(py)4 arrangement

Y

Figure 6.3. lllustration of Coulomb repulsion between [Pd(py)4]?* of the coordination
cages. Py= pyridine.

All bridging parts of the wB97X-D/def2-SVP geometry-optimized rings and
cages were deleted, leaving only the [Pd(pyridine)s]?* units fixed in space.
Truncated connections were saturated with hydrogen substituents. Single-point
energies of these arrangements of [Pd(pyridine),]?" fragments were then calculated.
The sum of the single-point energies of all individual [Pd(pyridine)4]** units for
each ring or cage was subtracted from the total energy. The results aligned with
expectations: Coulomb repulsion is proportional to the magnitude of the charges
(see equation. Consequently, assemblies with higher nuclearity exhibited
greater Coulomb repulsion due to the increased number of Pd(II) cations. [317]
Another anticipated trend was the increase in Coulomb repulsion as Pd'-Pdl!

distances decreased in the heteroleptic cages. This is because Coulomb repulsion

262



6.1 TARGET AND MOTIVATION

is inversely proportional to the square of the distance between the charges, as
described by Coulomb’s law (see equation[6.1]). [317]

|Fp|= qu%\ (6.1)

With electric force F, Coulomb “s law constant k (with £ =9.0- 109Nc—n212), charges
q1 and g2 and the distance between the charges r.

The cage-to-cage transformation calculations, which included Coulomb repulsion,
revealed that its contribution is significant. Thus, the Coulomb repulsion cannot
be neglected, when calculating strain energy during cage-to-cage transformations
in gas phase and without considering the solvent and counter ions. After
incorporating the Coulomb repulsion, the energy difference in the cage-to-cage
transformation was determined. The estimated Coulomb repulsion of the assem-

bled coordination cages was integrated into the strain energy calculations (see

chapter|6.1.2]).

6.1.2 Cage-to-cage Transformations

The cage-to-cage transformation to the heteroleptic coordination cages from the
respective homoleptic cages [PdaLCy]*t, [Pd4LPg)3 and [Pd3LPLg]6* are shown

in figure[6.4]

[Pd4|-Pg]8+ [szl-c4]4+ [I:)dzl'czl")z]l‘+

(a) Cage-to-cage transformation of [Pd4LPg]8" and [PdoLC4)*t to [PdaLCoLPo]4 .

[Pd3LPL6]6+ [PdZLC4]4+ [PdZLCZLPLZ] 4+

(b) Cage-to-cage transformation of [Pd3zLPL4]6t and [PdaL€4]*t to [PdaLCoLPLo]4t.

Figure 6.4. Cage-to-cage transformation of geometry optimized structures at wB97X-
D/def2-SVP level (gas phase). Adapted from [293].
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Using the single-point energies of the geometry-optimized structures at the
wBI7X-D/def2-TZVP level (gas phase), the AE of the cage-to-cage transforma-
tion of [PdQLCQLP2]4+ (see figure ) was calculated as shown in equation.

Furthermore, the cage-to-cage transformation of [Pd,LC,LFL]** (see figure D
is calculated as shown in equation[6.3] (Coulomb repulsion considered).

AE([PdLOL ") = 2625.5 (4 [PdyLEGLP o — (2[PdoL*F + [PdLP*H))
— —552.4kJ /mol (6.2)

AE([PdoLCL o)) = 2625.5 (6 [Pd,LELPY) (3 [Pd,LE] + 2 [PA;LPY)0T))
= —266.5kJ /mol (6.3)

As demonstrated in equations and , [szLCQLP2]4+ is energetically more
favorable than [PdyL%LFL,)*. The difference in AE between [PdyLCLPL,)4F
and [Pd,LE,LP,)*" is 285.8kJ/mol, which likely accounts for the difference in
strain. This indicates that [PdQLCZLPL2]4+ suffers from greater strain compared
to [Pd2L02LP2]4+. One possible explanation is that the coordination angle of LPE
is less optimal, but the flexibility of the alkyne moiety allows for the formation of
the heteroleptic coordination cage. On the other hand, L? generally fits better
into the heteroleptic cage consisting of LC.

The cage-to-cage transformation offers a straightforward way to investigate

trends in coordination cage formation, which could aid in predicting and planning
future coordination cage designs. However, this approach does not consider the
solvent and counter ion, which can also influence the cage formation.
In 2024, Lewis et al. combined experimental and computational approaches
to investigate heteroleptic coordination cage formation. Two sets of ligands,
featuring converging and diverging coordination vectors, were systematically
evaluated for integrative self-assembly with Pd(II), utilizing the well-established
shape-complementarity approach.

The study focused on ligand size and coordination angle to successfully identify
shape-complementary ligands. Additionally, a conformational analysis was per-
formed, followed by single-point energy (SPE) calculations, which were used to
determine the energy differences between heteroleptic and homoleptic coordination
cages. This methodology was analogous to the cage-to-cage approach, but the
Coulomb repulsion was not considered. Lewis et al. demonstrated that some
heteroleptic coordination cage formations were supported by their calculations.
However, they also noted discrepancies between computational predictions and
experimental observations, attributing these inconsistencies to the omission of
factors such as entropy, solvent effects, counterions and conformational flexibility.
[318]
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To obtain more precise insights into the strain within a coordination cage,
further investigation is necessary. In 2021, in my master’s thesis, I also explored
strain by comparing the respective ligands to gain a clearer understanding of

where the strain is localized within the heteroleptic coordination cage.

6.1.3 Comparison of Respective Ligands

An alternative approach to studying strain in self-assembled coordination cages
is to examine the ligands individually. In this approach, the single-point energies
of the fully relaxed ligands and the ligands extracted from the optimized cages
(with atoms locked in space) were compared to assess the strain induced in the
ligands during cage assembly. The entropic contributions were neglected and the

electronic energies were calculated in the gas phase.

Table 6.1: Calculated single point energies at def2-TZVP level. The respective
cages were geometry optimized at wB97X-D/def2-SVP level. Adapted

from [293].

free ligand ligand cut out | strain per ligand / kJ/mol
(fully relaxed) from cage (Eligand cut out — Etree ligand)

[Pd,L° 4t 8.3

LC [Pd,LELP )4 7.8

[Pd, LY L4 7.2

[Pd L " 12.9

[Pd,LC,L" )4 8.7

[Pyl g)%" 13.0

[Pd,LC, 175 14.4

The carbazole-based ligand L® experiences more strain in the homoleptic cage
[PdyLC]4" than in the heteroleptic cages [PdoLLPY)* and [Pdo LY LP 4,
with strain per ligand decreasing from 8.3 kJ/mol to 7.8 kJ/mol and 7.2 kJ/mol,
respectively.

The short phenanthrene ligand shows a significant decrease in strain, with a
reduction of 4.2 kJ/mol from the homoleptic cage [Pd,L" g|*" to the heteroleptic
cage [Pd,LE,L" )4

In contrast, the long phenanthrene ligand experiences an increase in strain
of 1.4 kJ/mol from the homoleptic cage [PdsL""¢]®" to the heteroleptic cage
[Pd2LC2 2]4+-

It appears that L® and prefer the heteroleptic cages over homoleptic cages
to minimize strain. Furthermore, table shows that the strain on increases
from the homoleptic cage to the heteroleptic cages. This supports the hypothesis

that must bend to fit into the heteroleptic cage, while fits more easily.
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Additionally, in [PdsL""¢)®" six ligands of experience strain, while in
[Pd2LCQ 2]4+ only two ligands are strained. Therefore, in total suffers
less strain in the heteroleptic cage than in the homoleptic coordination cage.

So far, two approaches have been introduced in my master’s thesis to assess
strain in coordination cages: in chapter[6.1.3] strain per ligand was calculated
directly (see table, while in Chapter7 strain was derived from the energy
difference between reactants and products in the cage-to-cage transformation,
based on the electronic energies of the respective coordination cages.

Furthermore, the two approaches were combined. This will be explained
in chapter/6.1.4, where the energy difference between reactants and products
in the cage-to-cage transformation is determined by calculating the respective

coordination cage using the summed strain per ligand from table[6.1]

6.1.4 Cage-to-cage Transformation with Balanced Ligands

After examining the ligands individually, the strain per ligand was balanced
for the cage-to-cage transformation of the homoleptic species to the heteroleptic
cages (see ﬁgure for the cage-to-cage transformation).

Equations|6.4] and show the calculations for the resulting cage-to-cage
transformation into the heteroleptic cages with balanced ligands. For this, the
strain per ligand energies in kJ/mol from table were used for the balancing.
Here, LY represents the carbazole-based ligand from [PdQLCQLP2]4+, and LC”

represents the carbazole-based ligand from [PdyL%LFE) 4,

AE([Pd,LELR ) = (42 BLY) + 2 B(LY)] - (2[4 E(LO)] + [8 E(LY))))
= (4[2-7.8+2-8.7) — (2[4-8.3] + [8-12.9]) ) kJ /mol
= —37.6kJ /mol (6.4)

AE([PdLOLP o)) = (6[2 B(L) + 2 E(L™)) - 3[4 E(LO)] +2[6 E(L™))))
= (6[2-7.2+2-14.4] - (3[4-8.3] +2[6 - 13.0]) ) kJ /mol
— 3.6kJ/mol (6.5)

This analysis showed that the cage-to-cage transformation from homoleptic to
heteroleptic cages is energetically more favorable for the resulting [Pd,LCLP5)**
than for [PdQLCQLPL2]4+. This is because L¥ reduces strain in the heteroleptic
cage compared to the homoleptic cage. This observation aligns with the results
obtained from previous approaches. However, the formation of [PdQLCQLPL2]4+ is
not strain-favorable, as it incurs strain of 3.6 kJ/mol. In this approach, Coulomb

repulsion was not considered in the cage-to-cage transformation, because the
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strain of the respective coordination cages were calculated by summing the strain
contributions of the individual ligands.

The combined approach supported the hypothesis that [PdQLCQLP2]4+ experi-
ences less strain than [PdQLCQLPL2]4+. It also demonstrated that strain plays a
significant role in the self-assembly of coordination cages.

In summary, my master thesis demonstrated that the cage-to-cage transfor-
mation approach revealed a substantial influence of Coulomb repulsion on the
process. Moreover, this approach indicated a preference for the formation of het-
eroleptic coordination cages [PdaLCsLPYo)4* and [PdoLCsLP o). These findings
support the hypothesis, derived from the superposition of the crystal structures
of [PdQLCQLP2]4+ and [PdQLCQLPL2]4+, that the heteroleptic coordination cage

LPL experiences greater strain compared to the

containing the elongated ligand
cage with the more shape-complementary ligand LP. Additionally, the ligand-
cutting approach confirmed this hypothesis by showing that L¥ alleviates strain in

LPL increases strain when paired with L€. Furthermore,

the heteroleptic cage, while
this method revealed that LC releases strain at the formation from homoleptic
to heteroleptic cages. Finally, a third approach was introduced, combining the
cage-to-cage transformation method with the ligand-specific strain calculations.
This combined method also confirmed that [PdQLCQLPL2]4+ experiences greater
strain than [PdaLCoLPo)4t.

This work contributes to the expanding study of strain in heteroleptic coordina-
tion cages and provides a foundation for investigating additional heteroleptic cage
systems with respect to strain. Gas-phase electronic energies will be calculated

and compared in a manner analogous to the methods used in this chapter.
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7 Results and Discussion

7.1 Strain Calculations

Strain is a crucial factor influencing the self-assembly of coordination cages,
primarily occurring within the ligands. To calculate strain, two approaches were
detailed in chapter[5.3] The electronic energies were determined in the gas phase
without considering counterions.

This chapter expands the study of strain in heteroleptic coordination cages by
replacing ligand L€ with an acridone-based ligand (L) and the inverted ligand of
L€ (LIC). For the strain calculations in self-assembled coordination cages, ligands
LP, LPL LIC and LA were used (see ﬁgure. The respective coordination cages
were reported by Clever et al.. [145][315][183] While the homoleptic cage of LA
was discussed in Chapter, no distinct homoleptic cage formation of LIC has
been reported. However, due to its structural similarity to LA, a [szLIC4]4+ cage

was assumed as the starting point for this study.

Figure 7.1. lllustration of the ligands LP, LPL, L'C and LA. R= hexyl, but for the
calculations it was substituted with a methyl group.

As highlighted in chapter[6.1] Coulomb repulsion must be considered when
calculating strain in self-assembled coordination cages via cage-to-cage transforma-
tions in the gas phase. Consistent with the methodology described in chapter[6.1]
Coulomb repulsion (Pd"-Pd™" interaction) was determined for each coordination
cage, with the results summarized in tables[7.I] and [7.2]

Table 7.1: Calculated single point energies at wB97X-D4/def2-TZVP level.
Calculated values in kJ/mol. Pdg;f is the difference of Pd(x)4 arrangement
and sum of isolated Pd(x)4 units. x is respective a pyridine or quinoline

group.
‘ [PdQLC4]4+ [Pd4LP8}8+ [PdgLPL6]6+ [PdQLCQLP2}4+ [PdQLCQLPLQ]4+
Pd(py)4 arrangement | -5888627.3 -11775026.1 -8832100.1 -5888493.4 -5884420.8
Sum of Pd(x)4 units | -5888994.6 -11777330.3 -8833243.1 -5888955.1 -5884841.7
Pdgig 367.3 2304.2 1143.0 461.7 422.9
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For geometry optimization, the theoretical level wB97X/def2-SVP was employed.
The inclusion of dispersion corrections led to unexpected 7-stacking interactions
between the backbones of LA and LPY within their respective coordination cages,
resulting in a deviation from the reported arrangement of ligands in the reported
heteroleptic cage. [315] Consequently, all energies for the previously studied
coordination cages were recalculated using this updated theoretical level (see
table Coulomb repulsion for the coordination cages of LA and LIC is provided
in table[Z.2l

Table 7.2: Calculated single point energies at wB97X-D4/def2-TZVP level.
Calculated values in kJ/mol. Respective coordination cage illustrated in

figure[7.2]

‘[PdQLIC4]4+ [szLICZLPZ]4+ [PdQLICZLPLZ]-Pr [PdZLA4]4+ [Pd2LA2LP2]4+ [P(12LA2LPL2]4+

Pd(x)4 arrangement | -9118582.2 -7503359.7 -7503564.9 -9118514.6 -7503508.4 -7503416.5
Sum of Pd(x)4 units | -9118874.0 -7503765.6 -7503929.3 -9118877.7 -7503923.3 -7503785.0
Pdaig 291.8 405.9 364.4 363.1 414.9 368.5

Tables[7.1] and confirm the trend observed in previous work: Coulomb
repulsion in coordination cages increases with higher nuclearity and shorter Pd-
Pd! distances. Thus, the Coulomb repulsion in [Pd4L¥g]®* and [Pd3LFYs)6+
is significantly higher than in the other assemblies. Furthermore, heteroleptic

LPL

coordination cages incorporating the elongated ligand exhibit lower Coulomb

repulsion than those with the shorter ligand LY. These results align with Coulomb’s
law, as discussed in chapter[6.1] [317]

Equation[7.]] presents the release of Coulomb repulsion during the cage-to-cage
transformation of [Pd,LELF )" .

4 [PdoLO L) — (2[Pd,LC ) + [PALP*H) = —1192.0kJ/mol (7.1

Release of Coulomb repulsion in the cage-to-cage transformation of [PdZLCQLPL2]4+

was also determined by using equation[7.2]

6 [PALCLPE 4T — (3[PdoLC 4T + 2 [Pd,LFEg]5F) = —850.3kJ /mol  (7.2)
Similarly, the release of Coulomb repulsion during the cage-to-cage transformations
involving L€ and LA was determined, with the values summarized in table.

Table 7.3: Calculated release of Coulomb repulsion (CR) per cage in kJ/mol with

Pdgir values (tables[7.1] and with equations and .

| [PdoLOLP o[ [PdyLOLPL, [ [PAoLIC,LP,[ Y [PdpLIC, Lo [PAyLAGLP o[ [PdyLA LR
Release of CR ‘ -298.0 -141.7 -316.1 -162.5 -342.7 -194.0

Table illustrates that, for cage-to-cage transformations involving L€, LA and
LIC  the heteroleptic cages with LP are energetically more favorable compared to
those with LPL,
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7 RESULTS AND DISCUSSION

After calculating Coulomb repulsion, the energy differences in the cage-to-cage
transformations were determined, incorporating the calculated Coulomb repulsion
of the coordination cages as detailed in chapter[7.1.1]

7.1.1 Cage-to-cage Transformations

The cage-to-cage transformation of [PdaLA4]** and [PdoLMC, |4+ with [Pd4LPg)3F

to the respective heteroleptic cage are shown in figure[7.2]

[Pd4LP8]8+ [szLA4]4+ [PdZLAZLP2]4+

(a) Cage-to-cage transformation of [PdsLPg]®+ and [PdaL?,]4t to [PdaLA5LP )4t

[Pd,LPs]%* [Pd,L'¢,]* [Pd, LIS LR, 1%
(b) Cage-to-cage transformation of [Pd4LPg]®" and [PdaoL'C4]** to [PdaL!C,LPo]4 .

Figure 7.2. Cage-to-cage transformation of geometry optimized structures at
wBI7X/def2-SVP level (gas phase).

The respective cage-to-cage transformation with [Pd3LPLg]%* is shown in
figure[7.§in chapter[7.1.5] The obtained single-point energies for the corresponding
coordination cages of the geometry-optimized structures at the wB97X/def2-SVP
level (gas phase) are presented in table in chapter. AE of the cage-
to-cage transformation of [PdyLCLE )4 (see ﬁgure is calculated as shown
in equation and of [Pd2LCQLPI‘2]4Jr (see figure|6.3) is calculated as shown in
equation[7.4] (Coulomb repulsion considered).

AE([PdLO L") = 2625.5 (4 [PAoLEGLP ) — (2[PdLC*F + [PAL7*T))
= —553.7kJ /mol (7.3)
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AE([PdLCLP o)) = 2625.5 (6 [Pd,LELPY) (3 [Pd,LE] + 2 [Pd; L))
= —263.9kJ /mol (7.4)

Equation and equation show that [PdQLCQLP2]4+ is energy-wise more favored
than [PdyLELYL]4 . In addition to that, the difference of AE which is calculated
with AE([PdyLCLEY 4 ) —AB([Pd,LELE 4T equates to 289.8kJ /mol, which
should account for the difference in strain. So the trend for the single point
energies of the coordination cages with and without dispersion correction at
geometry optimization is the same (see chapter[6.1.2)). Thereby the determined
strain difference between difference of AE is 4kJ/mol. So, calculating strain
without the dispersion correction shows no significant difference at the cage-to-
cage transformation of LC-based heteroleptic cages.

AE of the cage-to-cage transformation of the LA- and LIC-based heterolepic

coordination cages are shown in table|7.4

Table 7.4: Calculated cage-to-cage transformation energy of respective heteroleptic
cage. Single point energies calculated at wB97X-D4/def2-TZVP level
(gas phase).

AE([PdoLA5LPo4 ) AE([PdoLA,LPLoJ4 ) || AE([PdoLICLP o4 AE([PdoLIC, P4 )
-619.5kJ /mol -275.0kJ/mol || -565.4kJ/mol -270.8kJ /mol

Table[7.4] shows, that the cage-to-cage transformation of the shown heterolep-
tic cages are energy-wise favorable. Furthermore, the difference of AE for
[Pdo LY, L) is 294.7kJ /mol and for [PdyLA,LP )4 it is 344.5kJ /mol. These
results show that the heteroleptic cage formations are energy-wise favorable, which
confirms the shape-complementarity approach as a useful tool. However, one
factor for the difference between the difference of AE of the respective heteroleptic
coordination cages should account from the difference in strain of the respective
ligands. To examine the strain in the heteroleptic coordination cages more precisely,

another approach is necessary.

7.1.2 Comparison of Respective Ligands

An alternative approach to studying strain in self-assembled coordination cages
involves analyzing the ligands individually (see chapter[5.4). In this method, the
single-point energies of the fully relaxed ligand and the ligand extracted from
the optimized cage, with its atomic positions locked in space, are compared to
assess the strain imposed on the ligand during cage assembly. Notably, entropic
contributions are neglected, and the calculated electronic energies pertain to the
gas phase.

Table demonstrates similar trends for coordination cages composed of LE, 1.7
and when geometry optimization is performed without dispersion correction.
For a detailed discussion of these results see chapter[6.1]
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Table 7.5: Calculated single point energies at wB97X-D4/def2-TZVP level. The
respective cages were geometry optimized at wB97X/def2-SVP level.

free ligand ligand cut out | strain per ligand / kJ/mol
(fully relaxed) from gage (Eligand cut out — Eiree ligand)
[Pd, L% )4 8.3
LC [PdyLCLE )" 6.6
[Pd, LY LPL 4+ 6.3
[Pd,L %" 12.9
[PdoLC,L" )4 10.1
[Pd, LA, L") 9.0
[Pd,LC, 1" 4 10.4
[PdsL" 0T 12.4
[PdoLC,L" )4 13.5
[Pdo LA, L 4 7.8
[Pd,LC, 1 k4t 8.0
[PdyL” 4+ 18.6
LA [PdyL A, LP )4 17.9
[PdyL AL+ 16.9
[Pd,L'C )4 11.7
LIC [PdyL LR 4 16.4
[Pd,L'C,LPL, 4 F 11.7

In the case of L'C, an increase in strain from the homoleptic cage [PdyL'“ )4+
to the heteroleptic coordination cage [PdQLICQLPQ]4+ is observed, which must
be balanced by a significant strain release of L”. In [Pd,L"g]>" eight ligands

of L experience strain, while in [Pd,LIC,L" 4

each of two ligands release
strain of 2.5kJ/mol. Therefore, the total strain release of . could be the driven
force to form [PdQLICQLP2]4+. When forming the elongated heteroleptic cage
[Pd2LICQLPL2]4+ the strain stays constant for L', but very significant strain
release for of 4.4%kJ/mol is observed.

LA suffers more strain in the homoleptic cage [PdQLA4]4+ than in the heteroleptic
cages [PdoL L) and [Pd, L, LYY 4 because the strain decreases respectively
of 0.7kJ/mol and of 1.7kJ/mol. This shows that L* suffers also a less of strain
when combined with than with L' . The short phenanthrene ligand I.© shows a
significant decrease of strain of 3.9 kJ/mol from the homoleptic cage [Pd,L" g]*" to
the heteroleptic cage [PdoLA5L" 54", Meanwhile, the long phenanthrene ligand
exhibits a higher release strain of 4.6 kJ/mol from the homoleptic cage [PdgL" "]
to the heteroleptic cage [szLAQ 2]4+.

In the heteroleptic cages consisting of L* and L'C, the phenanthrene-based
ligands show different preferences compared to the heteroleptic cages involving
LC, as discussed in chapter. One reason for this is the different bite angle of

the ligands L'C and L* in comparison to LC. [161] For example, the bite angle of
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LC is 75°, while for L it is 60°. [161]1." is probably not a shape-complementarity
partner for L* and L'C. Since is a more flexible ligand due its alkyne linker
in comparison to L, it can better adjust to L* and L'C in the heteroleptic
coordination cage formation.

In chapter[6.1.4] the energy difference between reactants and products in cage-
to-cage transformations was determined by summing the strain contributions per
ligand. Similarly, the cage-to-cage transformations of the heteroleptic coordination
cages involving L'C and L* were calculated based on the individual strain values
of the ligands from table[7.5]

Cage-to-cage Transformation with Balanced Ligands

After analyzing the individual ligands, the strain per ligand was balanced for
the cage-to-cage transformation from homoleptic species to heteroleptic cages
(see ﬁgures, , and for the cage-to-cage transformation). Analogous to
equations[7.3] and [7.4] the calculations for the cage-to-cage transformation into
heteroleptic cages with balanced ligands were performed, and the results are
presented in table[7.6]

Table 7.6: Obtained strain of cage-to-cage transformation calculated with strain per

ligand.

heteroleptic cage | balanced strain per ligand / kJ/mol
[Pd,LE L4 -2.0
[Pd,LELP ) 9.3
[Pd,LA,LPL 4+ -12.8
[Pd,LA,LE 4 9.4
[Pd,LIC,LPL |+ 89
[Pd,LIC, LR 4F 4.2

Table[7.6|demonstrates that, even without applying dispersion corrections during
geometry optimization, the formation of [PdQLCQLPQ]4+ remains energetically favor-
able, consistent with the observed trend. This finding supports that [PdQchLPL2]4+
formation from homoleptic cages is favorable from an energetic perspective. In
chapter, the strain associated with [PdQLCQLPLQ]‘hL using balanced ligands was
calculated as 3.6 kJ/mol, suggesting an overall strain increase during heteroleptic
cage formation, making the process energetically unfavorable. Table[7.6] however,
confirms earlier interpretations, showing that the heteroleptic cage [PdQLCQLPQ]4Jr
is more favorable than [Pd2LCQLPL2]4+ because LP reduces strain in the heteroleptic
cage compared to its homoleptic counterpart.

Furthermore, table[7.6] indicates that the cage-to-cage transformation from
homoleptic to heteroleptic cages is generally energetically favorable, except in the
case of [PdQLICQLP2]4+. It is worth noting that solvent effects and counter ions,

which might influence cage formation, are not considered in this approach.
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The general trend observed is that [PdyLALYY* and [PdoLIC,LYY ) release
more strain than their respective shorter heteroleptic coordination cages with LP.
This confirms the previously stated interpretation that LA and LC prefer LPL as
a partner for heteroleptic cage formation over LP, due to the greater flexibility
and adjustability of LPV.

After completing the approaches to determine strain in various coordination
cages, non-phenanthrene-based heteroleptic coordination cages were analyzed. In
chapter ( heteroleptic cages with specific arrangements, referred to as figure-

eight topology (f8), are examined. The {8 topology was previously introduced in
chapter|1.5.1]

274



7.1 STRAIN CALCULATIONS

7.1.3 Further Heteroleptic Cage Formations: f8 under scope

In the previous chapters and , the cage-to-cage transformation and
ligand comparison approaches were successfully applied, supporting the experimen-
tally observed results. However, these studies focused exclusively on cis-arranged
cages. As the next step, trans-arranged cages featuring the so-called figure-eight
topology were examined, since strain is also expected to play a significant role in
the trans-arrangement during cage formation.

For this purpose, various ligands were used (see ﬁgure. The ligand L€ and

its homoleptic cage formation were studied in the previous chapter.

LFr LF LC LB LFDM

Figure 7.3. lllustration of the ligands LF*, LF, L€ LB and LFPM. R= hexyl, but for
the calculations it was substituted with a methyl group.

In 2023, 1. Regeni examined Pd(Il)-mediated self-assembly of diketopyrrolopy-
rrole (DPP) dyes. Several DPP-based ligands were reported to form
self-penetrated motifs with a figure-eight (f8) topology. In these systems, the
interlinked homoleptic cage of the DPP-based ligand LT features one coordination
site per Pd(IT) cation occupied by a solvent molecule due to geometrical constraints
(see a) in ﬁgure. Two of the L' ligands adopt an S-shaped conformation
in their trans-arrangement, enabling m-stacking with a third L ligand in the
homoleptic cage [PdoLF5(CH;CN),J* . [162]

[Pd,LF (CH,CN),J* [Pd L LC ]+

Figure 7.4. a) [Pd,LF"3(CH3CN),J*" and b) [Pd,LFF,LE,]*.
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In addition, heteroleptic cage formation was also investigated. L¥* was combined
with the carbazole-based ligand L€ to form the heteroleptic coordination cage
[Pd,LF,LC,)*". X-ray analysis confirmed the figure-eight topology of L¥ in
[P, LT, L4 along with m-stacking interaction of two L® ligands (see b) in
ﬁgure.

Building on this work, E. Benchimol expanded the series of heteroleptic
coordination cages based on L by combining it with various ligands, including
LF, LB and LFPM (see ﬁgure. The homoleptic assemblies of LF and LB

were reported to form lantern-shaped coordination cages [PdyLoL 54T (see a) in
figure[T5). 19 279)

a)

[Pd L7 1% [Pd,L® J** [Pd L LF J* [Pd,L¥ LB 1%

Figure 7.5. a) Homoleptic cages [Pd,LF,]*" and [Pd,LB,]**. b) shown heteroleptic
cages [Pd,LFLLE)*" and [Pd,LF, LB,

E. Benchimol further demonstrated that combining L¥ with LF, LB or L€ results
in heteroleptic cages with an f8 topology and a trans-arrangement of L (see b)
in figure[7.5)). [150] Another ligand examined for heteroleptic Pd(II)-mediated

assemblies with L* was LFPM_ The homoleptic assembly of LFPM resulted in
a mixture of a tetrahedron [PdLFPM®* and a ring [Pd;LFPM)%F (sce a) in

figure[7.6).

[Pd3LFDM6]6+ [Pd4LFDM8]8+ [PdZLFrZLFDM2]4+ [PdZLFrLFDMLBZ]4+

Figure 7.6. a) Homoleptic cages [PdsLFPM(]® and [Pd,LFPMg]®*. b) shown
heteroleptic cages cis-[Pd,LFHLF,]*" and trans-[Pd,LF'LFPMLE J*+

The combination of LF* with LFPM formed a heteroleptic coordination cage

with a cis-arrangement of the ligands, as confirmed by the X-ray structure of
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[PALT,LFPM )4 (see b) in ﬁgure. [150] Symmetry breaking of the ligands
in the assembly was observed via 'H-NMR analysis, which was attributed to the
twisting of L caused by steric hindrance. [150] Combining L¥*, LFPM and LB
with P(II) in a 1:1:2 ratio yielded the heteroleptic cage [PdoLI"LFPMLE |4+ with
LB positioned in the trans-configuration (see ¢) in ﬁgure.

A comprehensive series of heteroleptic coordination cages based on L has been
introduced. The 8 topology observed in heteroleptic cages such as [PdQLFrQLCQrH',
[P, L™ LF .4 and [Pd,LF,LB,)*" raises the question of whether strain plays a
critical role in the formation of these structures.

Furthermore, heteroleptic cage formation experiments revealed that L* com-
bined with LFPM resulted in a cis-arranged cage, [szLFrgLFQ]‘H, while the combi-
nation of LF, LFPM and LB produced a trans-arranged cage, [Pd2LFrLFDMLB2]4+.
This observation raises further questions about whether strain release is a key
factor driving the formation of cis- and trans-cages.

This work focuses on calculating the strain in L¥-based heteroleptic cages. To

achieve this, the cage-to-cage transformation and ligand comparison approaches,

analogous to those described in chapters[6.1] and [7.1], were applied.
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Calculation of Strain of L™-based Heteroleptic Coordination Cages

Before calculating the cage-to-cage transformation from [PdyL™5(CH;CN)o)*T

to a respective heteroleptic coordination cage with another homoleptic cage, it is
essential to consider that CH3CN coordinates to Pd(II) in the homoleptic cage
of L¥r. This coordination must be accounted for on the product side to ensure
stoichiometric balance. Without this consideration, the number of atoms and types
of bonds on both sides of the reaction equation would not match, and the resulting
energy differences between the heteroleptic and homoleptic coordination cages
would not primarily reflect strain. To address this, Pd(CH3CN), was included on
the product side to compensate for the CH3CN molecule and its coordination to
Pd(II) in the homoleptic cage. Figure[7.7 illustrates the reaction equations and

stoichiometric factors used for strain calculations.

a)
4 [Pd,LF'5(CH3CN)oJ**  + 3 [Pdoly]* == 6 [Pd.LFLLJ** + 2 Pd(CH5;CN),

L=LFLC LB

b)
10 [PdoLF'5(CH3CN),J* + 1 [PdLFPM 8+ 1 3 [Pd,LFPM 8+ 15 [Pd,LB,]**

[

30 [Pd,LFrLFPMLB, 14+ 5 Pd(CH;CN),

c)

10 [Pd,LFr3(CH3CN),J*+ + 1 [Pd;LFPM 18+ 1 3 [Pd,LFPM 8+

[

15 [Pd,LF,LFPM_ 14+ 4 5 Pd(CH5CN),

Figure 7.7. lllustration of the reaction schemes a)-c) to calculate the strain at the
respective coordination cage formation. b) As previous mentioned: the
homoleptic assembly of LFPM resulted in a mixture of a tetrahedron
[Pd,LFPM 8 and a ring [PdsLFPM(]®F.  [320] Therefore both

homoleptic cages were used to balance the reaction equation.

As in chapters[6.1] and [7.1] the structures were initially pre-optimized using the
PM6 method, followed by geometry optimization at the wB97X/def2-SVP level
(in the gas phase). Single-point energies (SPEs) were subsequently calculated at
the wB97X-D4/def2-TZVP level (in gas phase). These results are presented
in Chapter (table. Furthermore, Coulomb repulsion energies were
calculated for the respective assemblies, as shown in chapter (see table.
The Coulomb repulsion trend mirrors the results from previous systems, as it
depends on the number of charges within the assembly. Assemblies with the highest

nuclearity exhibit the highest Coulomb repulsion. Specifically, coordination cages
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containing three Pd(II) atoms show Coulomb repulsion values of approximately
1000 kJ/mol, while assemblies with four Pd(II) atoms reach nearly 2000 kJ/mol.
Cages with two Pd(II) atoms exhibit Coulomb repulsion values around 350 kJ/mol,
with variations primarily attributed to the Pd(II)-Pd(II) distance (see table[7.13]
in chapter. These results align with trends observed in prior systems. The
cage-to-cage transformation of heteroleptic cages of LF' were analyzed using

the calculated single-point energies, taking Coulomb repulsion into account (see

table[7.7).

Table 7.7: Calculated cage-to-cage transformation energy respective of the
heteroleptic cages. Single point energies (SPE) calculated at wB97X-
D4 /def2-TZVP level (gas phase).

heteroleptic cage ‘ SPE / kJ/mol
AE([Pd, L LFPMLB | 41) -269,3
AE([Pd,LF,LFPM, J41) -492.3
AE([Pd,LF,LC4) -120,1
AE([Pd,L™ LY )11 -126,3
AE([Pd,LF,LB, ) -146,2

All heteroleptic coordination cages were found to be energetically more favorable
than their homoleptic counterparts, consistent with experimental data. |162][150]
Among them, the heteroleptic cages [PdoL*,LFPM 14 and [Pd, LFFLFPMLE |4t are
over 100kJ/mol more stable than other heteroleptic cages. The energy difference
between these two assemblies is nearly a factor of two, potentially due to strain
release within the respective ligands. To examine this strain more precisely, a
ligand-centric analysis was employed by using the comparison of ligands approach.

Table[7.§ summarizes the strain per ligand for both homoleptic and heterolep-
tic assemblies. In the homoleptic cage [PdyL™3(CH3CN)oJ*", the ligands ex-
hibit two distinct topologies: the 8 topology and the coordination solvent’s
opposite side, which will be differentiated at the strain examination. Table
shows that the strain of L¥ on the side opposite to the coordinating sol-
vent in [PdyL™5(CH;CN),|* ", compared to the free L, is 9.5 kJ/mol, while
the strain energy for L' with the f8 topology is 43.3 kJ/mol. This f8 topol-
ogy in [PdyL™5(CH3CN),|* T facilitates m-stacking interactions with a third L™
ligand. [162] Thus, while Table suggests that L™ experiences strain in
[PdyL™5(CH3CON),)*F, the m-m-stacking interactions help stabilize the system,
enabling the formation of the homoleptic cage with L.

For LFPM 4 slight strain reduction of 1kJ /mol was observed from both the ring
and double-bridging (DB) ligands in the tetrahedral cage to the [Pd,LF,LFPM, 4+
while the single-bridging (SB) ligands showed no change in strain. In contrast,
the outer ligands of L™ in [PdyL™3(CH;CN),|*" exhibited a minor strain increase

of 1kJ/mol. However, the strain of L™ with the f8 topology in the same cage
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was 43.3kJ/mol, which reduced to 10.5kJ/mol in [PdyL™oLFPM,)4F representing
a strain release of approximately 33 kJ/mol per ligand. This significant strain
release serves as the primary driving force for the formation of [PdQLFrzLFDMQ]4+.

In [P LPLFPMLE 4 the strain in L decreased by up to 1.7kJ/mol, whereas
LFPM experienced an increase of up to 7.8kJ /mol compared to their respective
homoleptic cages. The outer L™ ligands showed a strain increase of 6kJ/mol.
However, the f8-topology L ligands released approximately 28 kJ /mol per ligand,
again providing the primary driving force for the formation of the heteroleptic
assembly [Pd,LLFPMLB |4+

Similarly, in [Pd,LF,L5,)**, the strain in LP decreased by 4kJ/mol, while the
outer L ligands showed a negligible strain increase of 1kJ/mol. The f8-topology
L™ ligands released 29kJ/mol of strain per ligand, driving the formation of
this heteroleptic cage. Comparable trends were observed for [PdQLHQLF2]4+ and
[P, LT, L4 where LF and L€ exhibited strain increases of 5 and 3kJ/mol,
respectively. The release of strain in L™ was again the driving force for these

transformations.

Table 7.8: Calculated single point energies at wB97X-D4/def2-TZVP level. The
respective cages were geometry optimized at wB97X/def2-SVP level.

free ligand ligand cut out strain per ligand / kJ/mol
(fuuy relaxed) from cage (Eligand cut out — Efree ligand)
[Pd,LP 4 18,6
LB [Pd,LFrLFOML B 4+ 16,9
[Pd L, LE, 4 14,4
[PdgL*PM 5T 8.7
[Pd,L*PM 3T (DB) 8,4
LFDM [Pd, LM 8T (SB) 7.8
[Pd LF L PMLB, 4+ 15,6
[Pd L, LFPM, |4+ 7.8
Lc [PdoLY 4" 8,6
[Pd, L, LC) 4 11,7
[PdZ 4]4+ 470
[P, L™y 5 9,0
[PdyL™ 3 (CH5CN),) T 9,5
[Pdo L™ 5(CH;CN)o) T (£8) 43,3
[Pd, LT LFPMLB, )4+ 15,6
L [Py L, LFPM, |4+ 10,5
[Pd, L, L) 15,0
[Pd, L, LB, 4+ 14,4
[Pdy L™, LF )4+ 15,0
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Finally, analogous to chapters[6.1] and [7.1] cage-to-cage transformations with
balanced ligands were calculated to assess the overall strain changes during
heteroleptic cage formation. Table[7.9 demonstrates that all heteroleptic
cages are energetically more favorable than their homoleptic counterparts.
Notably, [PdgLFrLFDML]“)’ﬂ44r emerged as the most stable assembly, followed by
[PdQLHQLFDM2]4+, which aligns with experimental observations where mixing
these ligands results in integrative self-sorting to form [Pd,L™LFPMLB 4T [150]

Table 7.9: Obtained strain from the cage-to-cage transformation calculated with
strain per ligand.

heteroleptic cage ‘ balanced strain per ligand / kJ/mol

[Pd L LFPMLB, 4+ -50,0
[Pd L, LFPM, |4+ -45,0
[Pd L, L, 27,7
[Pdo L, LF )4+ -19,3
[Pd, L, LB+ 24,1

After analyzing the heteroleptic cage formations, the questions posed at the
beginning of this chapter can now be addressed. The {8 topology observed in
heteroleptic cages, such as [PdoLF,LE)4 | [PALTLE )4 and [Pd, L, LB,
demonstrates a significant release of strain compared to the homoleptic cage of
L. This suggest that the strain release of L is the driven force to form the
heteroleptic coordination cages.

Similarly, both the cis-[PdL¥oL¥ )" and trans-[Pd,LFLFPMLB 4 cage ex-
hibit a significant release of strain for L. These findings, derived from the
comparison of the ligand-centered approach aligned with other approaches, clearly
indicate that strain is a crucial factor in the formation of L¥-based heteroleptic

cages.

7.1.4 Conclusion and Outlook

In the final part of this thesis, the strain calculations of self-assembled coor-
dination cages with banana-shaped ligands were introduced. Hereby, the strain
calculation approach was applied to two different heteroleptic systems to expand
the understanding and support experimental observations. The first heteroleptic
coordination system involved shape-complementary partners of phenanthrene
ligands LPY and LP such as LIC and LA,

The first approach involved calculating the energy difference in the cage-to-cage
transformations of the homoleptic cages of L€, LIC, and LA with the homoleptic
ring of LP¥ and LP to the respective heteroleptic cages. These calculations revealed

the necessity of accounting for Coulomb repulsion (Pd'-Pd! interactions) when
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calculating strain, as it significantly contributes to the electronic energies in gas
phase.

The second approach compared the electronic energies of fully relaxed ligands
with those of ligands extracted from the cage assemblies. The cage-to-cage
transformation calculations indicated that the heteroleptic cages [PdgLCQLP2]4+,
[Pd,LIC,LE, )4 and [Pd,LA,LY,J*" are energetically more favorable than their
elongated heteroleptic counterparts. However, a comparison of the fully relaxed
ligands and those extracted from the cages provided more precise insights into the
systems. For [PdyLELPE*T | the strain of LPY increases from the homoleptic to
the heteroleptic cage formation, while the strain of L decreases when forming the
respective heteroleptic cage with LC. In both cases, the strain of L decreases in
the heteroleptic cages. These results confirm the hypothesis that in the formation

LPL must bend to accommodate the cage structure, whereas

of heteroleptic cages,
LP fits more naturally into the heteroleptic cage.

The strain trends for heteroleptic cages based on L' and LA were reversed due
to the differing bite angles of these ligands. The flexibility of LPT allows it to
adjust to the respective heteroleptic coordination cage.

Analogous the second system of L¥-based heteroleptic cages were examined.
The £8 topology in heteroleptic cages such as in [PdyLTLE4T | [P LT, LE )4
and [Pd,LT, LB 4" were examined. Additionally, the cis-[PdoL*™L¥]** and trans-
[PdQLFrLFDMLBQ]4Jr cages were analyzed, revealing that the release of strain from
[PdyL™3(CH3CN),)* " plays a crucial role in the formation of these heteroleptic
coordination cages.

For future studies, strain calculations should be performed stepwise, first
incorporating counterions and subsequently solvents, to enhance the accuracy and
applicability of the findings.

It is worth mentioning that strain should also occur in the Pd(Py)4 arrangement,
which was not examined in previous studies and should be considered in future
research.

Moreover, the contributions of 7-7t-stacking and other non-covalent interactions
should be investigated, particularly in L¥-based coordination cages, where the f8
topology and pronounced m-stacking interactions between the backbones of LFr

are expected to play a significant role at coordination cage formation.
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7.1.5 Supplement

12
o

[Pd3LPL6]6+ [PdZLA4]4+ [PdZLAZLPLz] 4+

(a) Cage-to-cage transformation of [Pd3LPLg]6t and [PdoLA4]4t to [PdoLA5LPL,]4.

[pd3|_PL6]6+ [szL'C4]4+ [PdZLICZLPLZ] 4+

(b) Cage-to-cage transformation of [Pd3LPL4]5t and [Pd2L'C4]*F to [PdaL'CoLPL,]4,

Figure 7.8. Cage-to-cage transformation of geometry optimized structures at
wB97X/def2-SVP level (gas phase).

Table 7.10: Determined single point energies of the geometry-optimized structures
at wB97X/def2-TZVP level (gas phase) for the corresponding cage.
The single point energies (SPE) calculated at wB97X-D4/def2-TZVP

level (gas phase).

cage ‘ SPE / Hatree
Pd,LC,** -5071.990842
P L8 | -10619.719571

]

]
PdsLY]5" -8879.454891
A -6755.867561
[Pd,LYC )% | -6144.840729
[PdoLELP,* | -5191.022693
[Pd,LELPL ) | 25495 860243
[Pd,LALE )% | -6032.969098
[PdoLALPY 4 | -6337.782926
[Pd,LYC, LY )4 | -5727.445236
[Pd,LYC,LFL )4 | -6032.279889
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Table 7.11: Determined single point energies of the geometry-optimized structures
at wB97X/def2-SVP level (gas phase) for the corresponding cage. The
single point energies (SPE) calculated at wB97X-D4/def2-TZVP level

(gas phase).

cage ‘ SPE Hatree

[PdoLB )" -7271,141896
[Pd, L5 (CH;CN),) | -6024,769207
[Pd,LC,*F -5071,990842
[Pd,LF 4" -5146,505814

[P d3LFDM6]6+
[P d4LFDM8]8+
[PdZLFrLFDMLB2]4+
[P dZLFr2LFDM2]4+
[PdQLFr2LC2]4+
[PdQLFr2LF2]4+
[Pd L™, LB,

-6833,133805
-9110,625027
-6672,894543
~6074,644572
-6332,803792
-6370,15204
_7432,476262

Table 7.12: Calculated single point energies at wB97X-D4/def2-TZVP level.

Calculated values in kJ/mol.

Kifig | Pdgigr kJ/mol
[Pd LB+ 351,0
[Pdo L5 (CH;CN)o 4T 342,7
[Pd,LE, " 367.3
[Pd,LF )" 377.3
[Pd,LFPM )6+ 1065,7
[Pd,LFPM )8+ 1995,9
[Pd LFLFOMB, 4+ 354,1
[Pd L, LFPM, J4+ 356,3
[Pd,LF,LC,) 361,4
[Pdo L, LE )4 362,2
[Pd,LF, LB+ 345.,4
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Table 7.13: Determined Pd(Il)-Pd(ll) distance in the geometry-optimized structures
at wBI97X-D4/def2-TZVP level (gas phase) for the corresponding cage.

Kifig | PA(ID)-Pd(IT) distance / A
[Pd, LB+ 15.421
[PdoL™ 5 (CH;CN) o)+ 15.606
[Pd,LC 4" 13.988
[Pd,LF 4 13.510
[Pd,LFPM |6+ 15.298
[Pd,LFPM 8+ 17.088
[Pd L LFPMLB, 1+ 15.242
[Pd, LT, LFOM, 4+ 14.857
[PdoLF,LC,) 4 14.871
[Pd,LF,L¥, 4 14.822
[Pd,LF, LB, 15.478
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Abbreviations

8.1 Abbreviations

H-bond
THF
ESI-MS
DOSY
NMR

min

°C

NEts

rt

ppm

MS

GPC

g

PPhg
DIPEA
NTf,
CSI-TOF-MS
NOESY
P(t—Bu)s
cv

UV-Vis
DMSO
DMF
CH3CN, ACN
CHCl;
DCM

Et,0

ETOH
DABCO
TMS-
Pd,(dba),
XPhos
Pd(dppf)Cl,
Zn(OT1),,(CF3S03)9Zn
DMAP

IPA

hydrogen bond

tetrahydrofuran

electrospray ionisation mass spectrometry
diffusion ordered spectroscopy

nuclear magnetic resonance

minute

degree Celsius

triethylamine

room temperature

parts per million

mass spectrometry
Gel-Permeations-Chromatographie

gram

triphenylphosphine

N, N-diisopropylethylamine
trifluoromethylsulfonylimide

cold-spray ionization time-of-flight mass spectrometry
nuclear overhauser enhancement spectroscopy
tri-tert-butylphosphine

cyclic voltammetry

UV-Visible

dimethyl sulfoxide

dimethylformamide

acetonitrile

chloroform

dichloromethane

diethyl ether

ethanol

1,4-diazabicyclo[2.2.2]octane

trimethylsilyl group
tris(dibenzylideneacetone)dipalladium(0)
dicyclohexyl[2’,4’,6’-tris(propan-2-y1)[1,1’-biphenyl]-2-yl]phosp
[1,1’-bis-(diphenylphosphino)-ferrocen]-dichloro-palladium(IT)
zinc trifluoromethanesulfonate

N, N-dimethylpyridin-4-amin

propan-2-ol

ii



iii

TMB
prep TLC
ee

DIPA

Fe

acac
1,5-DAN
TBA

1,3,5-trimethoxybenzene

preparative thin layer chromatography
enantiomeric excess

diisopropylamine

ferrocene

acetylacetonate
1,5-Diaminonaphthalene

tetrabutylammonium
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