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SUMMARY

Chirality is an ubiquitous phenomenon in nature and fundamental for the principle of life

we know.

One part of this thesis explores the self-assembly and the host-guest chemistry of novel
chiral coordination compounds based on chiral organic bispyridyl ligands and Pd(ll)
metal centers. The structure and the properties of the assemblies are the result of a
combination of variables like the temperature, the counter ions, the solvent, the shape
and the flexibility of the ligand. The cavity provided by these structures is of high interest,
as it can provide a chiral environment for guests to mimic chiral biological systems. The
chiral environment can be used as enantioselective sensor or for enantioselective catal-
ysis. Therefore, the preparation of chiral ligands and assemblies is described. The struc-
tures are characterized by NMR, ESI-MS, UV-Vis, CD and X-ray techniques. The variety
of the formed three-dimensional structures includes monomeric cages, interpenetrated
double cages, rings and catenanes. The conditions for the selective formation have been
studied and even the enantiomeric excess of the used ligand was shown to have a tre-
mendous effect on the structure and the properties of the assembly. Host guest experi-
ments showed the potential of the provided chiral cavity as sensor, as a chiral helicene-
based cage showed different binding affinities towards enantiomeric guests that could

be monitored via NMR.

Another part of this thesis explores chiral cyclometalated Pt(Il) complexes. Cyclomet-
alated Pt(ll) complexes are heavily studied for their interesting photophysical properties
and their use in OLEDSs. In contrast to luminescent octahedral complexes, the number of
reported chiral Pt(Il) complexes is comparable low. In octahedral complexes, where chi-
rality is often the result of the assembly, the square planar coordination sphere needs a
special design of achiral ligands for the formation of a chiral complex. A new kind of
ligand motif for luminescent Pt(ll) complexes is reported in this thesis. The synthesis of
the achiral trans-chelating ligand and the formation of several chiral Pt(ll) complexes is
shown. The complexes are characterized by NMR, ESI-MS, UV-Vis, CD and X-ray tech-
nigues and the photoluminescent properties are reported, which showed circularly polar-

ized luminescence for this new kind of binding motif.
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1 Introduction

1 INTRODUCTION

Chirality is an ubiquitous phenomenon. The fact that chiral objects and their mirror images are
not congruent is a fundamental principle and affects our daily live in every moment.[!! Even so
a chiral object has in principle the same properties as its mirror image, this changes dramati-
cally in the moment of interaction with other chiral objects.

The left hand fits only in the glove for the left hand, the left foot fits only in the left shoe and
screws fit only in their corresponding screw thread with the same handedness. The examples
might seem trivial, but this fundamental principle is the same for interaction of chiral chemical
compounds on the molecular level and crucial for the biochemistry of live.[Y Enantiomers often
have a different odor, as they fit in different receptors that are chiral as well.’ Because of fitting
into different receptors, the enantiomers of the drug thalidomide became tragically famous.
The (S) enantiomer of thalidomide leads to a malformation of limbs if woman take it during
their pregnancy, where the (R) enantiomer does not lead to a malformation and works only as
desired as sedative.®! Until today, several theories exist to explain why the biological systems
on earth often use only one of two possible enantiomers of every chiral compound that exists

exclusively. Nevertheless, the origin of homochirality in nature is still unknown.

Whatever the origin is, the need of chiral compounds is definite. Therefore tools that work for
example as chiral sensors to distinguish between enantiomers or catalysts for enantioselective
reactions are of high interest and are therefore heavily studied.i! The control over the chirality
of compounds made big improvements and led to a Nobel Prize in the field of asymmetric
catalysis awarded to Noyori, Knowles and Sharpless.®l Nevertheless, the way that chemists
control the stereochemistry of compounds differs significantly from biological systems and the
efficiency of artificial systems is still far behind the efficiency of biological systems. Supramo-
lecular chemistry has a great potential to improve catalytic reactions by giving a specially de-
signed microenvironment, for example via the selective recognition of a particular catalytic in-

termediate.b!

One part of this work concentrated on the development of new chiral supramolecular hosts
and their interaction with chiral compounds to mimic the biological principle in enantioselective
guest recognition. The other part of this work was to develop a new binding motif for cyclomet-

alated chiral square planar complexes.



1.1 Historic Development

1.1 Historic Development

"If I have seen further it is by standing on the shoulders of Giants."® These words in a letter to
Robert Hooke in the year 1675 are from Isaac Newton and some of the biggest “shoulders” in

the field of chirality and supramolecular chemistry are depicted in the next chapters.

1.1.1 Development of the Concept of Chirality

In 1904 Lord Kelvin defined chirality based on the Greek word “cheir” for “hand” and that “any
geometrical figure, or group of points,” is chiral “if its image in a plane mirror, ideally realized,
cannot be brought to coincide with itself”.[’l But it was a long way to this definition and it started
with a fight: In the 1820s Wohler and Liebig reported silver salts with the same elemental
composition, but very different characteristics. Liebig accused Wohler of false results, but after
receiving a sample of Wohler, he was able to verify Wdhler’s results. Both results were correct,
but the compounds were not the same, even when the elemental composition was the same.
On the one hand Wohler discovered the silver fulminate, on the other hand Liebig discovered
the silver cyanate which are composed of the elements in the same ratio, but with a different
constitution (Figure 1.1 a), but the concept of constitution did not exist until that date.® A few
years later their results led, together with a series of similar findings of compounds with same
elemental compositions, but different characteristics, to the concept of isomerism developed
by Berzelius in 1831.1 It marks a fundamental change in the scientific society, that the way of

the connectivity, the constitution, effects the properties of compounds.

o® o o b Ho,_cooH
C=N-0 N=C-0 \[
HO" ~COOH HO

a HO COOH

I

fulminate cyanate (L-(+)-tartaric acid) (D-(-)-tartaric acid)

28,3S-tartaric acid 2R 3R-tartaric acid

COOH

Figure 1.1 a: Silver fulminate discovered by Woéhler and silver cyanate discovered by Liebig led to the concept of
constituion; b: the first stereoisomers discovered by Pasteur.!

In 1848 Pasteur extended the understanding of isomers by a very important one, the stereoi-
somers.l"l Pasteur studied tartaric acid. Solutions of tartaric acid, when isolated out of living
things, rotated the plane of polarization of polarized light. In contrast, solutions of tartaric acid
synthesized by chemical synthesis did not show rotation of the plane of polarized light. Pasteur
crystallized chemically synthesized tartaric acid and found crystals with two different shapes,
which showed opposite rotation of polarized light in solution. The stereoisomers of tartaric acid
are like mirror images of each other and cannot be turned into each other by rotation (Figure
1.1 b). Without knowing, Pasteur was the first one to observe the seldom phenomena of spon-

taneous resolution that allowed him his findings. The term spontaneous resolution describes
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the phenomenon, that a solution with a mixture of both enantiomers present in same propor-

tions can crystalize in a way, where each crystal contains only one of the two enantiomers.%

It took 51 years to extend the concept of sterecisomers to metal complexes, which can be
chiral even without the use of chiral organic ligands. Pioneer on this subject was Alfred Werner,
who received a Nobel Prize for his works in 1913.2Y Werner predicted in 1899 the existence
of chirality for octahedral complexes with chelating ligands like ethylenediamine (en) cis-
[M(en)2XY] which he reported 12 years later in the form of [Co(en)2(NH3)X]Xz (X = Cl, Br)]
(Figure 1.2 a).'2 A related chiral octahedral complex, which is heavily studied in literature is
the tris(bipyridine)ruthenium(lil)cation [Ru(bpy)s]** and its numerous derivatives that are stud-
ied for their interesting photochemistry (Figure 1.2 b).!*?!

(\N H H N/E

H2N/,,’ I \f\NHZ H2N/,112| \\\NH2
o Co.
HZN/ ILH\X H,N
\/ 2 2 \)

Figure 1.2 a: The enantiomers of the first reported chiral octahedral complex by Werner [Co(en)2(NH3)X]X; (X = Cl, Br)];
b: the enantiomers of the metal complex [Ru(bpy)s]?.

In contrast to the awareness of chirality for octahedral and tetrahedral complexes without the
use of a chiral ligands, for complexes with a square planar coordination sphere, the chirality is
often overlooked to this date.l**! Ironically the square planar coordination sphere of Pt(ll) has
been proven in 1935 with an achiral ligand that led to chirality of the complex (Figure 1.3).1%]
In absence of X-ray structures, the design of the ligands (mesol,2-diphenylethane-1,2-diamine
(dpen) and 2-methylpropane-1,2-diamine (mpn)) was chosen in a certain way, that only the
square planar coordination sphere would lead to enantiomers. The enantiomers were proven

by the optical activity and therefore the square planar coordination sphere was verified.

a - Mos _ .
Me H, Hp H  Hy  Me |
Ns,_ N N,, N square planar
chiral Me 4Pt‘ Ph Ph ¢Pt» Me
N N N N verified
H2 H2 Ph PH H2 H2
b [ e e 12 [ Me  me 12+
~—NH HoN—
2\| & Ha'2, /g tetrahedral
. N N7,
achiral VAN PN
Hy MM Fh Ph NHz2 H, discarded
L Ph | L Ph ]

Figure 1.3 The intelligent design of the ligands was used to prove the square planar coordination sphere of Pt(ll). Only
in case of the square planar coordination sphere the complex is chiral and can show optical activity after separation of
the isomers.1*®

3
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1.1.2 Development of supramolecular chemistry

Since the early discoveries supramolecular chemistry is intensively studied with around 20,000
corresponding publications per year covering applications in the field of sensing, separation,

catalysis, biomedical technologies and more.*¢l

The first artificial host has been produced accidently.*”! Pedersen used 1-butanol bis(2-chlo-
roethyl)ether and the sodium salt of 2-(o-hydroxyphenoxy)tetrahydropyran in the synthesis of
bis[2-(o-hydroxyphenoxy)ethyl] where he found a very small amount of a white, fibrous, crys-
talline byproduct, the first crown ether (Figure 1.4).'® The byproduct was caused by a little
contamination with catechol and led to the discovery of the crown ethers and their outstanding
binding properties, for which Pedersen shared the Nobel Prize with Jean-Marie Lehn and Don-
ald Cram in 1987.019

C

O o St o
) (o (o

Accidently formed
crown ether

Contamination C

Figure 1.4 The first crown ether, that was accidently synthesized by Pedersen.l*"

The cyclic hexaether increased the solubility of potassium permanganate in organic solvents
and the solubility of the crown ether in methanol was increased after addition of a sodium
salt.' The high binding affinity of crown ethers can be explained with a cavity created by the
cyclic host and was thoroughly studied for a series of systems. The structures of 12-crown-4,
15-crown-5, 18-crown-6 and 21-crown-7 and their size depending selectivity towards some
cations are depicted in Figure 1.5. To name a crown ether, the total number of atoms in the
cycle is written before “crown” and the number of oxygen atoms is written after “crown”. Due
to their high electronegativity, the oxygen atoms act as binding site for the cations through
dipole-ion interactions. Therefore, the number of oxygen atoms effects the binding affinity, but
the matching size of the host and the guest are critical for the binding efficiency and the selec-

tivity, which makes 18-crown-6 the host with the highest binding affinity for K*.
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12-Crown-4 15-Crown-5 18-Crown-6 21-Crown-7
0.12-0.15nm 0.15-0.22 nm 0.26-0.32 nm 0.34-0.43 nm

Binding Constants in Methanol (Log Ka)

Li* -0.57 1.21 0.00 -
(0.136 nm)

Na* 1.67 3.32 4.28 2.12
(0.194 nm)

K* 1.60 3.5 5.67 4.3
(0.266 nm)

Cs* 1.63 2.74 4.5 5.01
(0.334 nm)

Figure 1.5 Structures of 12-Crown-4, 15-Crown-5, 18-Crown-6 and 21-Crown-7, their inner diameter and selectivity to-
wards Li*, Na*, K*, Cs*.

Further advance of the concept of crown ethers led to cryptands, developed by Jean-Marie
Lehn, and spherands, developed by Donald Cram.’??% The fundamental principles that make
this systems to such strong binding hosts can be understood by comparing their binding prop-
erties. Four hosts with the same number and equal binding sites but different level of preor-
ganization are compared in Figure 1.6. Pentaethylenglycoldimethylether (EG5) is an open
chain molecule and represents the class of podands. It has the lowest binding constant for the
potassium cation of all four. The cyclic 18-crown-6 represents the class of corands and shows
a much higher binding constant, beaten by the three-dimensional bicyclic [2.2.2]cryptand which
is only beaten by the spherand-6, which cannot bind K* due to the small inner diameter and is

compared with Li*.

Increasing preoganization

o o o,
C C J e
(o} O~Me (o) Q
o/ o/ —
EG5 18-Crown-6 [2.2.2]cryptand spherand-6
log K(K*) .
MaOH, 25 °C 23 6.08 10.0 16 (for Li*)

Figure 1.6 Four different hosts with the same number of binding sites but different binding constants due to the level of
preorganization of the host.

The increased stability of the host guest complexes compared to the open chains is called the

macrocyclic effect and has entropic and enthalpic reasons. Macrocyclic hosts are frequently
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less strongly solvated compared to the open chain molecules. Decreasing the number of sol-
vent-ligand bonds to break is an enthalpic driving force. The lower flexibility of the more orga-
nized cyclic structures leads to a decreased loss of freedom upon complexation and is an

entropic reason for the higher binding.22%

In 2016 Fraser Stoddart, Bernard Feringa and Jean-Pierre Sauvage received the Nobel Prize
for their work on mechanical bounding and nanomachines.?l Sauvage et al. developed cate-
nanes, molecular interlocked rings which marked a new way to bind molecules (Figure
1.7 a).[2222 Transition metals like Cu(l) were used to template the catenanes allowing the syn-
thesis in high yields. Before catenanes were synthesized in a statistical approach in very low
yields of less than 1 %.[223

The concept was extended with a big variety of binding motifs to template the supramolecular
assemblies allowing the formation of a vast number of topologies like a [3]catenane, a [5]cat-
enane? called olympiadane due to its similarity to the Olympic rings, a [2]rotaxane!?®, a chiral
molecular trefoil knot!?®! and many more (Figure 1.7 b).12"

a Q- 000D

[2] catenane [3] catenane [5] cat / olympi
[2] rotaxane trefoil knot

Figure 1.7: a: [2]catenane reported by Sauvage, the Cu(l) is used as template before the ring closure leading to high
yields for the formation; b: simplified schematic overview of reported catenanes, a rotaxane and the chiral trefoil knot.[??

Stoddart et al. saw the potential of Sauvage’s work for molecular machines and developed
molecular shuttles.?®! A rotaxane is a molecular cycle around a linear molecule, the axle (Fig-
ure 1.7). The molecular cycle can be moved to certain positions on the axle and is hindered
from leaving the axle by stoppers. A variety of methods have been developed to control the
position on the axle for example via light irradiation, change in pH or temperature. Extending
of this concept Stoddart et al. made molecular “lifts”, which can move itself up above a surface,

and molecular muscles, that can bend and stretch.28.2°]

Feringa et al. reported more than 50 molecular motors that allow an unidirectional turning.??®
Their first synthetic molecular motor published in 1999, marked a turning point in the field. The
motor was made out of a single molecule, that contained two chiral “paddle” units connected
through a double bond and the turning could be controlled via thermal isomerization and pho-
toisomerization (Figure 1.8).% Depending on the wavelength, the paddles can rotate in two
directions after breaking of the double bond via light irradiation for the cis-trans isomerization,
but the thermal isomerization occurs only in one direction and therefore the full 360° rotation

is only possible in the clockwise sense. The chirality of the paddles is necessary to dictate the

6
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direction of thermal isomerization to the energetically favored (P,P) isomers with the methyl

groups in axial position.

(P,P)-trans

(M,M)-trans (P,P)-cis

Figure 1.8 The combination of photoisomerization and thermal isomerization leads to a clockwise monodirectional rota-
tion of the first reported molecular motor.[

1.2 Chiral supramolecular assemblies

Supramolecular chemistry is often defined as the “chemistry beyond the molecule”, and the
definition was initially restricted to noncovalent interactions and host guest chemistry.?31 As
the scope developed over time and the definitions were extended, noncovalent interactions
still play a major role in the host guest chemistry, which is an important aspect in this chapter.
As discussed in the introduction, the interaction of two chiral compounds can differ strongly
depending on the combination of sterecisomers. Even so enantiomers have mainly the same
properties, the combination of two stereoisomers leads to diastereomers which differ in their
properties and are only enantiomers to the opposite combination (Figure 1.9).1 Based on this
principle chiral hosts can differentiate between enantiomers or catalyze the formation of one
stereoisomer preferably making chiral supramolecular assemblies an interesting class to

study.™

R.R < » SR

enantiomer

diastereomer

RS <« » S,S

Figure 1.9 The four combinations of stereoisomers in the case of two chiral centers and their relationship to each other
as enantiomers and diastereomers.™

7



1.2 Chiral supramolecular assemblies

Self-assembly is a very important concept in supramolecular chemistry and describes the for-
mation of ideally one defined structure from an unorganized system with different com-
pounds.?3 The process is spontaneous and leads normally to the thermodynamic product.
To reach the thermodynamic product, the formation has to be under reversible conditions to
allow corrections in the building process. For an efficient self-assembly, the geometry of the
interacting components should match well with all binding sites involved.? Metal cations are
often used to template the assemblies and have been especially successful in the formation
of highly complex supramolecular architectures.!®? Therefore, this chapter will focus according
to this thesis on metal templated chiral supramolecular assemblies.

The formation of chiral coordination complexes and assemblies can be categorized into two
main approaches “hard” and “soft”.% In the “soft” approach none of the building blocks is chiral
itself but chirality is a result of the conformation of the assembly. Examples are the spatial
arrangement of the structure or an induced twisting of the ligands that can cause the chirality
of the assembly (Figure 1.10). An advantage of this approach is the easily available access to
achiral ligands. A disadvantage is the difficulty to control of the chirality, as the assembly leads
to a racemic mixture. The racemic mixture needs further separation steps to isolate the enan-

tiopure assemblies and the enantiopure assemblies may racemize again.

Spatial Arrangement soft Twisting of Ligands

Figure 1.10 The “soft” approach: All parts are achiral but the assembly is chiral as result of the spatial arrangement or
a twisting of the ligands.[®

In the “hard” approach one of the building blocks is chiral, for example a chiral ligand that
connects the metal centers with each other or a chiral auxiliary that is attached to the metal
center which does not link between metal centers. Advantages of this approach are the pre-
determined chirality and the lower possibility of racemization. A disadvantage can be the need

of enantiopure organic molecules, that may have to be separated.
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Chiral Auxiliaries hard Chiral Ligands

Figure 1.11 The “hard” approach: One component of the assembly is chiral leading to chirality of the whole assembly,
that can be aligand attached to the metal center, that does not link to another metal center or aligand that connects two
(or more) metal centers.[®

1.2.1 Chiral assemblies with achiral components

Upon coordination, an achiral ligand can be twisted into a chiral conformation. Also, a twisting
of the ligand that occurs in solution without dominance for one enantiomer, can be fixated upon
assembly.® If the chirality is a result from the spatial arrangement, the most prominent as-
semblies have C, symmetric pseudo-tetrahedral structures with A or A stereochemistry or have

Cs symmetric pseudo-octahedral structures with fac or mer stereochemistry.4

Tetrahedral clusters with either AAAA or AAAA stereochemistry have been reported by Ray-
mond et al..’>% The four gallium metal ions are positioned in the corners and are linked with
naphthalene-based bis-catechol ligands leading to a highly charged anionic complex. Through
interaction with chiral guest ions, the racemic mixture of the assembly could be resolved into
the enantiomers and the enantiomers were even stable towards racemization, when up to three
ligands were replaced by phenyl-derivates.®>371 A variety of studies for the catalytic activity
were shown for this system, either by encapsulation of a catalytic system or the catalytic activity
of the host itself. Selective C-H bond activation of aldehydes could be shown after encapsula-
tion of a cationic half-sandwich Ir complex [Cp*(PMes)Ir(Me)CzHa]*, where the size and shape
of the guest affected the reactivity.*®3° The 3-aza-Cope rearrangement of enammonium cati-
ons to unsaturated aldehydes have been reported for the same host (Figure 1.12).53%4% Addi-
tion of [NEt4]™ as strong binding guest molecule inhibited the catalytic activity and supported
the proposed mechanism inside the cavity. The scope of catalyzed reactions for this assembly
has been extended including Nazarov cyclisation,“! hydrolysis,“? isomeration of allylic alco-

hols and intramolecular hydroalkoxylation.®3!
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Figure 1.12 left: Tetrahedral cluster with Ga" ions in the corners; right: proposed catalytic cycle of 3-aza Cope rear-
rangement inside the assembly. © American Chemical Society, Wiley-VCH Verlag GmbH & Co[3%40

A trigonal antiprism based on calixarene ligands has been reported by Shinkai et al. (Figure
1.13).44 [Pd(PPhs),]?* was used to link the two bowl shaped homooxacalix[3]-aryl esters line-
arly. The twist of the triply bridged helical structure causes the chirality, that can be controlled
with chiral guests. The normally racemic mixture of (P) and (M) enantiomers can contain pre-
dominantly one enantiomer up to 70 % by uptake of enantiopure chiral R*NHs* guests. The

chiral induction upon guest uptake resulted in significant CD bands for the assembly.

Et F! Et

Left-handed Right-handed
(M) P

Figure 1.13 The trigonal antiprism based on calixarene ligands is able to switch between the enantiomers (L’ = PPhs).
Copyright © American Chemical Society*

Tetrahedral nano-cages with the tetrazole based ligands LT1 and LT2 have been reported by
Mukherjee et al. with cis-blocked Pd(ll) metal corners (Figure 1.14).15 With LT1 the edge
directed tetrahedron T1 was formed with a ligand to Pd ratio of 1:1. With LT2 the face directed
tetrahedron T2 was formed with a ligand to Pd ratio of 2:3. The achiral ligands can have either

10
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A or A configuration in the assembly leading to the chirality of the system. A mixture of both
ligands with the cis-blocked Pd(ll) led to the formation of both assemblies showing a clean self-
sorting ability of the water-soluble system. Hydrophobic aromatic nitro-olefins have been en-
capsulated into T1 and the catalytic activity for Michael reactions of T1 for the nitro-olefins with
1,3-dimethybarbituric acid could be shown. T2 showed no catalytic activity due to the absence

of large open windows, which did not allow encapsulation of the guests.

i Mirror
a
7
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Figure 1.14 a: Coordination modes of LT1 and LT2; b: Enantiomers of the edge directed tetrahedron T1 based on LT1
and enantiomers of the face directed tetranedron T2 based on LT2. © Royal Society of Chemistry[43

1.2.2 Chiral assemblies with chiral auxiliaries

The use of achiral trans- and cis-blocked square planar metals for chiral supramolecular as-
semblies has been shown in the chapter before but led only to racemic mixtures of the assem-
blies. To control the stereochemistry of the assembly, an enantiopure auxiliary ligand can be

used.

Stang et al. reported a variety of tetranuclear assemblies in form of molecular squares (Figure
1.15).14¢1 (R)-BINAP as chiral auxiliary was attached as the cis-block for a metal with square
planar coordination sphere, either Pd(ll) or Pt(ll), and linear coordinating ligands like 2,6-di-
azaanthracene were used to link between the metal corners. Experiments with a racemic mix-

ture of the auxiliary led to all six possible isomers.

11
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Figure 1.15 A tetranuclear assembly forming a molecular square with the use of a cis-blocked metal center. © American
Chemical Society!*d

In 2004 Fuijita et al. reported an achiral octahedral M¢L4 cage with a triazine based ligand and
a strong binding ability due to hydrophobic forces, where two different guests could be selec-
tively recognized by the host in aqueous solution.*”! Further studies showed the ability to cat-
alyze unusual [2+4] and [2+2] cycloaddition of arenes.®! The system contained cis-blocked
Pd or cis-blocked Pt metal centers, whose blocking ligands could be easily replaced with an
chiral auxiliary ligand, leading to a variety of chiral cages which can act as enantioselective
catalysts (Figure 1.16).[4%:50

JP“:‘ _l 12+

\/
Pd 12:NOy”
L 94 H\ /E' H\ ’Me H\ /H
) . N\ N\ N N\
a:Pd= E ,Pd b: Pd= s /F’d c:Pd= /Pd d: Pd = ,Pd
w
N N N
i I\ I\ I\
H Et H Me HH

Figure 1.16 top: a: The achiral cage; b-d: the chiral auxiliary ligands leading to the chiral cage ; bottom: [2 + 2] Photoad-
dition reaction of N- cyclohexylmaleimide with fluoranthene(-derivative, R = H/Me) inside the cage. © American Chemical
Society [59
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Fujita et al. could show, that the chiral auxiliary influences the central cavity and leads to con-
trolled asymmetric [2+2] olefin cross photoaddition inside the host. The influence of the central
cavity is strongly related to the steric bulk of the auxiliary ligand. Therefore the auxiliary ligand
with the biggest steric bulk, the trans-N,N’-diethyl-cyclohexanediamine led to the strongest CD
bands and the highest ee of 50 % for the [2+2] photoadditon at 33 % overall yield.[%

1.2.3 Chiral assemblies with chiral organic bridging units

Lutzen et al. reported a variety of BINOL-based bis(pyridine) ligands to form dinuclear coordi-
nation compounds. The formed helicates showed a different isomerization depending on the
metal cation. Where the addition of Zn(ll) ions did not lead to a specific complex formation,
Ag(l) and Cu(l) led to D2-symmetric dinuclear double-stranded helicates (Figure 1.17), where
Fe(ll) led to Dz-symmetric dinuclear triple-stranded helicates.®Y Remarkably the formation with
Ag(l) and Cu(l) occurred highly diastereoselective. As product the (M)-(4,A) complex could be
ruled out, because the *H NMR spectra should be more complicated. With experimental and
calculated CD-spectra the selective formation of the enantiopure (M)-(4,4) complex was
proven (Figure 1.17 a).

R =H/Ph/n-heptyl A A A

Figure 1.17 RI-BLYP/SVP (TZVP for copper) optimized structures of the three possible diastereomeric doublestranded
helicates (a, b, c), but the (M)-enantiomers of the ligands selectively induce the (A,A)-helicate (a). © American Chemical
Society™!

Litzen et al. reported also a variety of homochiral supramolecular structures with related
bis(pyridine) ligands based on BINOL, that nicely showed a strong dependence on the linker
length and angle on the resulting supramolecular assembly as reported for achiral systems
before (Figure 1.18).52 The meta substituted pyridine led to assemblies in form of [PdsLs], with
two BF4~ counter ions encapsulated inside the cavity. The BF4~ counter ions work as templates
and were crucial for the formation of the structure.®® The structure revealed by X-ray structure
determination shows the high flexibility of the ligands. The ligands can adopt a suitable angle,
leading to four ligands in the short edges with a dihedral angle of the binaphthyl group higher
than 90 °, where the other four ligands have dihedral angles significantly smaller than 90 °.

The para substituted pyridine led to much bigger [PdesL12] assemblies with a much bigger cavity,

13
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where the BF4~ counter anions were not crucial for the structure. Another modification with a
para substituted pyridine attached at another position of the BINOL core led to even bigger
assemblies in form of [PdizL24], which could not be characterized via ESI-MS because of the
instability under that conditions and could not be characterized via X-ray structure determina-
tion due to the very large voids with disordered anions and solvent molecules. Therefore, a
combination of different and complimentary analytical techniques such as NMR, dynamic light
scattering (DLS), transmission electron microscopy (TEM), electron energy loss spectroscopy
(EELS) and CD was needed to prove the structure.

Pd(ll)
_>

Pd(Il)
_>

Pd(Il)
_>

Figure 1.18 The chiral ligands and their resulting supramolecular structures [2BF,;+4CHsCN@Pd,Lg]® (X-ray structure)®,
[PdelL1]*2*(DFT-optimized structure) and [Pdi;L »]%** (DFT-optimized structure) upon addition of Pd(ll). Petrol: Pd, red: O,
blue: N, gray C. © Wiley-VCH Verlag GmbH & Co!®2%!

Chiral tetragonal and hexagonal prisms have been reported by Stang et al. (Figure 1.19).54
They used an approach with two different ligands and different binding sites. The enantiopure
dicarboxylate BINOL based ligand led in combination with flat tetrapyridyl or hexapyridyl lig-
ands and [Pt(PEts)2(OTf),] to the self-sorting supramolecular assemblies that have been char-
acterized via *'P{*H} NMR, ESI-MS, CD, and optical rotation analyses. The self-assembly of

simple chiral squares and chiral rhomboids was shown with the same approach.®*
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Figure 1.19 Chiral tetragonal and hexagonal prisms. © American Chemical Society!54

A supramolecular assembly based on enantiopure helicene ligands has been reported by
Autschbach, Crassous, Lescop and Réau et al.’® A multitopic 2,6-bis(aza[6]heli-
cenephosphole]-pyridine was synthesized as ligand with enantiopure helicenes, which were
resolved by chiral HPLC. The coordination of two ligands with four Cu(l) metal cations could
be shown and is depicted for the (P)-helicene based ligand (Figure 1.20).5% The C, symmetric
ligands with five binding sites (N,P,N,P,N) coordinate in an unsymmetrical fashion with three
binding sites (N,u-P,N) to one Cu(l)-dimer and with two binding sites to another Cu(l)-dimer.
The photophysical properties were studied and showed very strong circular dichroism of up to
-514 mol™*cm™ at 266 nm.

Figure 1.20 Two (P)-helicene-capped helicands closely assembled around four Cu(l) metal centers upon addition of the
Cu* cations. ©The Royal Society of Chemistry®®
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Results of this chapter are published in: "Chiral-at-Metal Phosphorescent Square-Planar Pt(ll)-
Complexes from an Achiral Organometallic Ligand”, T. R. Schulte, J. J. Holstein, L. Krause, R.
Michel, D. Stalke, E. Sakuda, K. Umakoshi, G. Longhi, S. Abbate, G. H. Clever, J. Am. Chem.
Soc. 2017, 139, 6863.57
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2.1 Introduction

2.1.1CPL

Chiral luminescent compounds show circularly polarized luminescence (CPL), which is studied
for a variety of applications like optical probes and sensors,™ data storage® and (3D)-OLED
devices®, The so called g value provides information about the degree of circularly polariza-
tion.® With I, and Ir as the intensities of the circularly polarized emission, the dissymmetric
factor g is defined as:
2x (I, —1Ig)
B (I +1r)

Equation 1 Definition of the dissymmetric factor g with 1. and Ir as the intensities of the circularly polarized emissions.

For completely left-handed emission g is 2, for unpolarized emission g is 0 and for completely

right-handed emission g is —2 with values in between for partly circularly polarized light.®

Circularly polarized light emitting OLEDs have the potential to increase the efficiency of dis-
plays with anti-glare technique.®*®2 To reduce reflections of external light sources on displays,
anti-glare filters are used. A often used kind of anti-glare filter makes use of circular polarizers
which removes the reflections but leads to a loss of 50 % of the emitted light by the display.[6%:62]
To remove the reflections, the unpolarized light of the external light source passes the first
linearly polarizer, where approximately 50 % of the light is absorbed (Figure 2.1 a). The line-
arly polarized light passes a quarter-wave plate where it is turned into circularly polarized light.
The circularly polarized light is reflected and changes to the opposite sign, in this example from
left to right circularly polarized light. The right polarized light passes the quarter-wave plate as
before, but because of the opposite handedness the linear polarized light is orthogonal to the

light passing the linear polarizer in the beginning and is absorbed by it.

a b

\
=~ —
7%%( left handed 50 % loss e

quarter-
L i
\

unpolarized light

linear
polarizer

wave plate
mirror 0% loss

right handed CPLOLED

quarter-
wave plate

no light quarter-

~ wave plate linear

linear polarizer
polarizer

Figure 2.1 a: principle of anti-glare filtes, b: effect of anti-glare filter on “normal” OLED, c: effect of anti-glare filter on
CPL OLED.[®
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This is a very efficient way to remove the reflections, but the linear polarizer filters also 50 %
of the emitted light, if the light source emits unpolarized light (Figure 2.1 b). A circularly polar-
ized light emitting OLED could emit light, that is not filtered out by the linear polarizer after the
quarter-wave plate, because the orientation would fit exactly to the linear polarizer, and there-
fore overcome the 50 % loss and would therefore allow much more efficient non-reflective

displays (Figure 2.1 c).

One example for the use of CPL as chiral probe has been reported in form of a dynamically
racemic europium complex (Figure 2.2) with potential use in human serum monitoring.®® The
europium complex can undergo a change of the constitution induced by addition of the acute
phase protein a;-acid glycoprotein (AGP), which occurs during inflammation. The addition of
the protein to the europium complex leads to a drastic change of the emission spectra (light
blue/red line) and an induced CPL signal (orange line) which are explained with the protein
binding to the metal complex under replacement of the coordinated water and one of the

azaxanthone moieties showing the potential as chiral probe.
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Figure 2.2 CPL used as a chiral probe. The coordination of the protein leads to an induced CPL (dark blue: no CPL
before coordination; orange: CPL because of the coordinated protein). © The Royal Society of Chemistry 58

Y. Zhao et al. reported the potential use of CPL as reversible optical storage.®® The polymer
contains an azo unit, that undergoes a trans-cis photoisomerization upon irradiation with a
laser at 532 nm and a thermal cis-trans isomerization. The irradiation with a linear polarized
laser causes a trans-cis-trans isomerization where the azo molecule is reoriented as long as
its component of its electric dipole moment lies in the direction of the polarization of the light.
The reorientation ends, when the azo molecules are perpendicular to the polarization of the
laser, leading to a photoinduced birefringence of the polymer. In this manner information can
be written into the polymer and can be read with a 633 nm laser as the probing light without

changing the information. The signal intensity of the probing laser is measured with |, as the
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intensity of the transmitted light behind two crossed polarizers and with o as the total transmit-
ted laser intensity. The stored information can be erased by irradiation with circularly polarized
light to randomize the orientation of the azobenzene groups and the polymer can be rewritten

again.
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Figure 2.3 a: irradiation with polarized light with the writing laser, b: writing laser is turned off, c: irradiation with circularly
polarized light to erase the information saved in the polymer.

2.1.2 OLEDs

Light emitting diodes (LEDs) showed a remarkable improvement in the quality of the color and
efficiency over the last decades and mostly replaced all other kinds of light sources in most
applications. In a lot of applications organic light emitting diodes (OLED) have the potential to
replace LEDs. One advantage is, that white OLEDs (WOLED) have an increased power effi-
ciency compared to other light sources (Table 2.1) which makes them interesting as light
source for the future.[® Even so the light efficiency is only about 10 % higher than for LEDs,
the possibility to graft OLEDs on flexible materials is outstanding for this technigque as the

OLEDs can be used as pixels even on flexible displays.[64-5¢l

Type np (Im /W) | Power consumption (W) | CCT (K) | CRI | Lifetime (h)
Incandescent 15 60 2,854 100 1,500
CFL 60 15 2,940 82 10,000
LED 90 8 3,000 80 60,000
WOLED 102 - 3,900 70 -

Table 2.1 Power efficiency n,, power consumption at brightness of 800 Im, chromaticity coordinates CCT, color rendering
index CRI and lifetime compared for light sources.

The increased efficiency of OLEDs compared to other light sources has the potential to be
even bigger, when it comes to displays.[%6-¢ Displays with CFL or LED backlight use TFT
panels with linear polarizers, which absorb around 50 % of the light emitted by the light source,
even when a white screen is shown. OLED displays do not need a LCD TFT and the light does

not have to pass a polarizer and therefore no emitted light is absorbed.6°58l
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Another example for the advantage of the OLED technology in displays is the individual ad-
dressability of the pixels. When a LCD TFT monitor with a CFL or LED backlight shows a black
screen, the backlight is still turned on but only the light is absorbed by the orientation of the
polarizers in the screen. In contrast OLED screens that shows a black screen, does not emit

light at all leading to an increased contrast ratio and power efficiency. 68l

Phosphorescent organic light-emitting compounds for OLEDs are of special interest, because
of their potentially higher efficiency compared to fluorescent OLEDs.®® To understand the
guantum physics behind the main photoprocesses of a molecule, the modified Jablonski dia-
gram is discussed (Figure 2.4).1% Starting from the ground S, state, excitation of the molecule
by light absorption leads to one of the excited singlet S, states. The thermal relaxation of higher
singlet states to the lowest excited state S; is fast via non-radiative relaxation pathways and is
called internal conversion (IC). Further non-radiative relaxation can be hindered through a
large energy gap. Radiative relaxation from S; to Sy leads to emission of a photon with the
energy hvs. Intersystem crossing (ISC) from the S; to T, state is a “forbidden” spin transition
and therefore rare for organic molecules, but can become high likely due to spin-orbit coupling
(SOC) of heavy elements like Ir or Pt. The radiative relaxation from T; to So under emission of
a photon is called phosphorescence and is as well spin-forbidden, leading to characteristic

higher lifetimes of the T; state compared to the S; state.

w""‘""‘""

IC

VvC

Figure 2.4 The modified Jabtonski diagram.

In an OLED device, bias is applied to inject electrons and holes, which migrate through the
polymer.[! Excitons are a bound state of an electron and a hole and they are formed upon
close contact between each other. The spins of the electrons and holes are random on injection
and independent from each other. As consequence upon recombination, for the T state three
spin-sublevels exist where the S consists of one state. Due to the number of sublevels, the

statistical chance is 25 % for a singlet state S and a 75 % for the triplet state T.[655% |n case of
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an organic chromophore the emission from the T state has very low rates and cannot compete
with non-radiative relaxation pathways end as consequence the efficiency is limited to the 25 %
emission from the S state. Chromophores with a strong SOC can emit in high rates from the
triplet state and therefore organometallic dyes with heavy metals like Ir or Pt are incorporated

into OLED devices to harvest up to 100 % of the injected electrons and holes.®®!

2.1.3 Chiral Phosphorescent Platinum(ll) complexes

For a long time the literature reported Pt(ll) complexes suffered in the application for OLEDs
under the fact that most of them were only emissive at low temperatures in rigid media.[”® Pt(ll)
complexes overcame this draw back and showed luminescence at room temperature in solu-
tion, especially complexes reported by Zelewsky et al. in the late 1980s (Figure 2.5
a+b).["071721 Since then, the photoluminescence gained extensive attention, especially for their
photoluminescent properties with emission from the triplet state.[”® Until today Pt(ll) complexes
with 2-phenylpyridine-type ligands are extensively studied.["

— — S —
AN AN AN
Pt Pt Pt N
N~ _N N
a b c

Figure 2.5 Structures of the first cyclometalated Pt(ll) complexes reported by Zelewsky (a + b) and a recently further
developed complex (c) with very high luminescence quantum efficiency.

From the enormous variety of structurally related compounds, Fukagawa et al. reported in
2012 an amine-bridged complex with outstanding high photoluminescence quantum yields ®p,
of 58 % and an emission peak maximum at 621 nm." Such a high ®p. value is very rare for
Pt(Il) complexes and can be explained with the rigid structure caused by the bridging amine
(Figure 2.5 c¢), which suppresses the vibration and rotation around the metal center causing
the effective phosphorescence from the metal-to-ligand charge-transfer (MLCT) state. This al-
lowed the production of OLEDs with an external quantum efficiency nex of 20 %, 25.5 Im/W

and long lifetimes of the device in the range of 10* h.

To predetermine the chirality of square-planar complexes Stoeckli-Evans et al. used sterically
demanding derivatives of thienylpyridine ligands (Figure 2.6).[>-78. The cis-arrangement is
caused by the strong trans-influence of the C-donor and results in combination with the steric
interactions in the stereoselective formation of the A configuration. The square planar coordi-
nation sphere is significantly distorted into a helical arrangement as quantified by the angles
N1-Pt-C3' = 79.0° and N21-Pt-C23’ = 78.9°.
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Figure 2.6 Structures of the chiral thienylpyridine based ligands for Pt(ll) complexes and the ORTEP plot of the X-ray
structure for the Pt(Il) complex formed with c. © 1996 American Chemical Society

Chiral Pt(Il) complexes have been reported based on achiral ligands by Zelewsky et al. (Figure
2.7).'678791 The steric demanding ligands cause a distortion upon coordination to the metal
leading to a helical chirality of the luminescent complexes. The racemic mixtures were not
separated but the enantiomers could be proven to be stable towards racemization on the NMR
timescale using Pirkle’s reagent. The X-ray structure determination of cis-bis(2,6-diphenylpyr-

idinato-N,C?)platinum(ll) shows the helical distortion of the ligands upon coordination (Figure

2.7).[7980)
Pt Pt
\N | \N/ \N S | \N/ \N \
! = = ! = = I =
SRe® ®
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Figure 2.7 Structures of chiral Pt(I)complexes synthesized with achiral ligands and the X-ray structure showing the
helical chirality of one formed complex. © 1997 American Chemical Society!77879

a

For their very interesting photophysical properties helicenes are studied broadly and are dis-
cussed in detail in chapter 3.1 (page 43). Many examples of helicene-based transition metal
complexes have been reported in form of helicenic metallocenes, organometallic alkynyl- and
vinyl-helicenes and cyclometalated helicenes.®® A variety of cyclometalated structures has
been reported by Autschbach, Crassous, Lescop, Réau et al. (Figure 2.8),8I which are
structurally related to the first complexes synthesized by Zelewesky et al. The complexes are
chiral due to the inherent chirality of the helicene backbone and show a very strong circular

dichroism known for helicenes.
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a b/c d e
Figure 2.8 Structures of cyclometalated helicene based Pt(ll) complexes.

A CPL emitting OLED has been reported by Fuchter et al. based on the reported Pt(Il) complex
containing a cyclometalated heterohelicene (Figure 2.8 a) and its properties are compared
with other recent approaches (Table 2.2).% The reported OLED by Fuchter et al. shows a
great potential, as the luminescence contains the phosphorescent pathway, which allows
higher efficiencies in theory. A drawback of chiral polymers, oligomers and helicene dopants
is the luminescence limited to fluorescence, even so these approaches allow high g values.
The Iridium based complexes have opposite dis-/advantages, they show phosphorescence but
the g values are low."% Europium complex dopants show a high g value and phosphorescence
but their maximal luminescence is very low, a problem that the cyclometalated heterohelicene

Pt(Il) complex does not have.

Table 2.2 Overview over different approaches for CPL emitting OLEDs.”!

Material Phosphores- g Luminous
cence Efficacy (Im/w)

PFO with chiral

sidechain No 0.35 nfa

1@
CI XD | iinvoenatcane No . >
L1 °

S PVK/OXD-7 Yes 0.79 0.0067

F@\/'O,' < E/ mCP Yes 0.0026 n/a
~ ‘ N
2

e
e O‘ PVK/OXD-7 Yes 0.38 0.25
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2.2 Project target

The idea was to create a new binding motif, that has not been reported before for luminescent
Pt(Il) complexes. The project combines the cyclometalated complexes reported in the chapter
before with a trans chelating bis(pyridine) ligand, that has been reported by Bosch et al. to
coordinate a variety of metal ions, leading to achiral complexes.® The coordination of the
trans chelating ligand LN with two different Pd(ll) salts and the X-ray structure are shown in
Figure 2.9.

Pd(CH4CN),Cl,

Pd(CH3CN)4(BF ),
L > = 32

Figure 2.9 left: Structure of the Ligand LMY right: ORTEP drawing of the cation [PdL"Y;]?*. © 2002 American Chemical
Society!®

The first report of a chiral bis(pyridine)ligand trans coordinating to a square planar metal center
has been published by Lutzen et al. in 2014 (Figure 2.10).18 Both ligand enantiomers were
synthesized with enantiopure starting materials in a Sonogashira cross coupling reaction and
H NMR spectra showed, that the enantiopure complex was formed with the use of a racemic
ligand mixture, showing a chiral-selfsorting with narcissistic self-recognition upon coordination

to the metal center.

[Pdy(dba)s], dppf
Cul, THF, TEA,
24 h, r.t.

94 %

Figure 2.10 Synthesis of the trans chelating ligand enantiomer (S) and the X-ray structure of (R) enantiomers coordinated
to Pd(Il). © Wiley-VCH Verlag GmbH & Co!®

The target of this project was the synthesis and characterization of a chiral square planar metal
complex with an achiral ligand to form both enantiomers trans-2(Ra) and trans-2(Sa) (Figure
2.11). This structure motif was never reported before and would probably own the interesting

photophysical properties of the structural related cyclometalated Pt(Il) complexes.
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trans-2(R,) trans-2(S,)

Figure 2.11 The target structure: the trans cyclometalated Pt(ll) complex.

2.3 Ligand Synthesis

Due to the asymmetric nature of the ligand, the synthetic effort is increased, compared to the
symmetric ligand (Figure 2.9). In the retrosynthetic analysis of the ligand L°N-Br only one path
leads to a synthetic approach, where all synthesis steps are selective using commercially avail-
able starting materials (Figure 2.12). Sonogashira cross coupling reactions are used for the
C-C bond formation of arylhalogenides with alkynes. The reaction rate of aryl halogenides
differs strongly in the order Cl << Br < |, and therefore a C-C bond can be formed selectively
at the Ar-1 position.®®! In the first step of the retrosynthetic approach, four paths are possible.
Pathway 1), 2) and 3) contain sooner or later starting materials, that would not allow a selective
bond formation or the formed reaction product during a Sonogashira reaction could react with
itself leading to unwanted side products. Pathway 4) allows a selective synthesis in all steps
and was therefore chosen for the synthesis of the ligand LN-Br. The first step (Figure 2.12 a)
yielded the [(2-bromophenyl)ethynyl]trimethylsilane in 96 % yield and the product was formed
selectively at 23 °C. For the formation of 2-((2-((trimethylsilyl)ethynyl)phenyl)ethynyl)pyridine,
the more reactive catalytic system(®88% Pd(CH3CN).Cl, with [t-Bu)]sPH]BF, had to be used,
because of a competing Glaser-coupling reaction of the 2-ethynylpyridine (Figure 2.12 b).[°%
Deprotection of the alkyne yielded the 2-((2-Ethynylphenyl)ethynyl)pyridine (Figure 2.12 c) in
84 % vyield, which could be transformed into the target structure with another Sonogashira
cross coupling reaction to the 2-((2-((2-Bromophenyl)ethynyl)phenyl)ethynyl)pyridine L°N-Br in
49 % yield (Figure 2.12 d).
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Figure 2.12 Retrosynthetic analysis for ligand LN-Br.



2.4 Complex Synthesis

2.4 Complex Synthesis

2.4.1 PtLCN(SEL,)CI

Figure 2.13 synthesis of 1.

The synthesis of the complex followed the procedures reported for the structural related cis-
chelating phenylpyridine complexes.[”>7891 The ligand LN-Br was lithiated at — 78 °C in THF
and PtCl>(SEtz), was added to the reaction mixture, which then warmed up to room tempera-
ture overnight. THF was chosen due to the low solubility of the ligand L°N-Br in diethyl ether.
The first attempts led only to the formation of product 1, which could be characterized in the
master thesis. In complex 1 only one ligand is attached to the Pt metal center and 1 could be
characterized by *H NMR spectroscopy, mass spectrometry and X-ray diffraction. In the *H
NMR, the signal assigned to the proton H, next to the nitrogen shows a strong downfield shift
compared to the ligand upon coordination to the platinum (Figure 2.14). Interestingly, the for-
mation of a complex with only one attached ligand could not be shown for the cis-chelated
ligands following a similar procedure.Yl Product 1 is chiral and the separated enantiomers can

racemize in solution.

g/f]
kIJ CH
e
d f . H 3
? c hI J“k CH,CH, 3
9 8 7 6 5 4 3 2 1
ppm

Figure 2.14 'H NMR of 1 (600 MHz, CDCl5).
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[PtLC”(SEt )CH CN]* calculated C,H, N, SPt*

o 6041
[PLEM]* [PLLEM(SEL ). ]* | |,
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300 400 500 600 700 800 900 1000 1100 1200 m/z
Figure 2.15 ESI-MS of 1.

Signals for the mono-cationic fragments [PtL°N]*, [PtLEN(SEt,)CH3CN]* and [PtLN(SEt)2]*
were identified in the ESI mass spectrum. Acetonitrile, as used for the measurement of the
spectra, was found to coordinate to the complex after the cleavage of the chloride ion. The
found species [PtLN(SEt,),]" is explained with the cleavage of one coordinating chloride anion
and in situ reaction with a further molecule of 1, as otherwise a different integral ratio in the *H
NMR would be expected compared to 1 for the CH2 and CHs; groups.
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Figure 2.16: X-Ray structure of compound 1, solvent omitted for clarity.

Suitable crystals for X-ray structure determination were obtained of compound 1 under slow
evaporation of the solvent in a mixture of hexane and chloroform. [PtLNCI(SEt,)] 1 crystallized
in the monoclinic space group P2:/n. Compound 1 is chiral and both enantiomers are present
in the crystal structure, but only one enantiomer is present in the asymmetric unit, containing
one chloroform molecule (Figure 2.16). A slight disorder (5 %) of the Pt atom in the equilibrium

position between the C and N donor atom and a disorder of the thioether could be found.

The Pt1-N1 (2.1392(15) A) distance is slightly larger than the Pt1-C1 (1.9909(17) A) bond,
which is reported for literature known phenylpyridine complexes.®? The C1-Pt1-N1 angle of
179.65(6)° is close to the ideal 180° angle for square planar geometry. A slight distortion from
the ideal 90° angle was observed for CI1-Pt1-N1 (88.19(4)°) and CI1-Pt1-C1 (91.46(5)°). A
bigger distortion, because of the bent away diethyl sulfide ligand; could be observed for
S1-Pt1-CI1 = 85.77(5)° and S1-Pt1-N = 94.58(4)°.

29



2.4 Complex Synthesis

2.4.1.1 Separation of the enantiomers of 1

To separate the enantiomers, chiral high performance liquid chromatography was performed
on an Agilent Technologies 1260 infinity HPLC system equipped with Daicel CHIRALPAK IC
columns (analytic = 250 x 4.6 mm, 1 mL/min, r.t.) (semiprep = 250 x 10 mm, 5 mL/min, r.t.)
with a dichloromethane/methanol (99.5% / 0.5%) mixture as eluent. The chromatograms on
the semipreparative column before and on the analytic column after the separation are shown
in Figure 2.17 and show the perfect separation of the enantiomers. The separation of the
enantiomers is remarkable, as the enantiomers differ only at the binding positions of nitrogen

and carbon at the metal center, where the outer sphere is the same for both enantiomers.
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Figure 2.17 Chromatograms of 1 (dichloromethane/methanol (99.5%/0.5%) mixture as eluent, Abs. 300 nm). Both enanti-
omers could be isolated as base-line separated peaks (c =5 mg/mL, inject. V =400uL). They are named “fraction 1”
(eluted first) and “fraction 2” (eluted second).

The circular dichroism (CD) spectra were recorded for both enantiomers of 1 (Figure 2.18 a).
The first fraction shows a strong positive cotton effect with a broad band from 393to 367 nm
and further strong bands at 338, 329, 312, 273, 250 nm. The second fraction of 1 shows the
opposite bands, as expected for enantiomers. These results confirm the separation of the en-

antiomers.

The configurational stability of 1 has been studied toward racemization. Complex 1 could be
racemized in acetonitrile at various temperatures. Time resolved CD spectra were recorded at
different temperatures (Figure 2.18 b). The time resolved CD spectra showed at 40 °C a sig-
nificant racemization after 60 min. After 60 min at 60 °C the CD band is reduced to one third

of the original intensity, indicating that one third of complex 1 racemized resulting in a solution
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with two third of fraction one and one third of fraction two. After 60 min at 70 °C the CD bands

are close to the baseline and complex 1 is nearly completely racemized.
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Figure 2.18 a) CD spectra of 1 fraction 1 and 1 fraction 2 in dichloromethane; b) CD spectra after 60 min heating at 40, 60
and 70 °C that show the racemization of 1 fraction 1 in acetonitrile.

For a better understanding of the racemization mechanism, solutions of enantiopure 1 (HPLC
fraction 1) in acetonitrile have been heated at 60 °C for different time periods, cooled to 0 °C
and as fast as possible injected at 20 °C into the chiral HPLC system (Figure 2.19). Based on
the CD results, the racemization at r.t. is neglectable for the time period of one injection, which
takes about 20 min. The integrals of the peaks allowed the exact determination of the enanti-
omer ratio and therefore the determination of the enantiomeric excess (ee). The natural loga-
rithm of the ee versus the time was plotted (Figure 2.19) and the linear slope indicates a first

order kinetic mechanism.®3!
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Figure 2.19 Chromatograms of enantiopure 1 (dichloromethane/methanol (99.5%/0.5%) (Abs. 300 nm) and after racemi-
zation for 2 h at 60 °C and the linear plot of In(ee) for a series of injections vs time period at 60 °C indicating the first
order kinetics.
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2.4.2 Synthesis of trans PtL®N,

trans-2(R,) trans-2(S,)
Figure 2.20 Reaction scheme with the two formed sterecisomers of trans-2.

The desired complex with two trans chelating ligands was obtained after modification of the
reaction conditions. An increase in the yield of product 1 was obtained, by addition of the
PtCl,(SEt,). before the lithiation of the ligand. With the change to this approach, the target
structure trans-2 could be isolated in low yields of around 1 % either by column chromatog-
raphy or by washing of the crude reaction mixture with a small amount of chloroform. The
change from THF as the only solvent used for the lithiation to a THF/Et2O (1/4) mixture in-
creased the yield to 16 %, furthermore the formation of a new side product was observed. The
complex trans-2 could be fully characterized via *H NMR spectroscopy, mass spectrometry
and X-ray diffraction. Compared to the ligand L°N-Br and the complex 1, complex trans-2
shows a stronger downfield shift of the signal assigned to the proton next to the nitrogen Ha,
which is very characteristic for the complex formation and allows the identification of 2 in an
'H NMR measurement of a crude reaction mixture (Figure 2.21). The signals assigned to the

protons Hi and H;, show a strong upfield shift upon coordination.
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Figure 2.21 'H NMR of trans-2, 1 and the ligand before the lithiation L°N,
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Figure 2.22 FD(+) MS of trans-2.

To avoid fragmentation a field desorption (FD) mass spectrum was measured and allowed the
detection of the one-electron-oxidized monocationic species [PtLN,]* (Figure 2.22). The sim-
ulation of the isotopic pattern is in perfect agreement with the measured spectra confirming the

coordination of both ligands to the metal.
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Figure 2.23 ORTEP drawings (50 % probability) of trans-2. C black; N blue; Pt red, H omitted for clarity.
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To confirm the proposed structure, crystals suitable for X-ray structure determination of a ra-
cemic mixture of trans-2 were grown by slow evaporation of a solution of trans-2 in dichloro-
methane (Figure 2.23). Trans-2 crystallized in the monoclinic P2;/c space group with both
enantiomers in ascending order, but with only one enantiomer present in the asymmetric unit.
No solvent molecule is present in the structure. The Pt1-N (2.1075(11)-2.1095(11) A) and
Pt1-C (1.9900(13)-1.9895(12) A) bonds are of similar lengths compared to 1. The angles
N1-Pt1-C1 (178.92(4)°) and C22-Pt1-N2 (179.09(5)°) are close to the ideal square-planar
coordination geometry and show the perfect fit of the Pt(ll) cation inside the chelating ligand
environment. The intermolecular distance for the closest Pt-Pt contact is 8.998(2) A, much
longer than for many other reported solid state structures of related square-planar systems
due to the steric hindrance of the ligands that surround the Pt(ll) center in trans-2.%4 Therefore,
close metal-metal interactions are not possible for this system, which would require much
smaller distances between the Pt centers.

2.4.2.1 Separation of the enantiomers

The separation of the enantiomers of trans-2 was crucial for the project, as only isolated en-
antiomers of trans-2 could be capable of circularly polarized luminescence. Even so both en-
antiomers of trans-2 differ only in the inside environment of the molecule, the separation of
the enantiomers could be performed successfully (Figure 2.24).
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Figure 2.24 Chromatograms of trans-2 (Abs. 300 nm, flow rate 5 mL/min); dichloromethane/hexane/propan-2-
01(40.0%/59.5%/0.5%) mixture as eluent for the separation of trans-2. Both enantiomers were solved in DCM and could
be isolated as base-line separated peaks (c =1 mg/mL, inject. V =90uL). They are named “fraction 1” (eluted first) and
“fraction 2” (eluted second) in the discussion of the CD and CPL data and the absolute configuration.

To determine the absolute configuration of the chiral compound trans-2(S.), crystals of the
first fraction from the HPLC separation, suitable for X-ray structure determination were grown
by slow evaporation of a dichloromethane solution. Trans-2 crystalized in the space group P2,

with only one enantiomer present in the X-ray structure (Figure 2.25). Even with the small
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electronic difference, as the enantiomers differ only in the exchange of one carbon atom with
one nitrogen atom, the absolute structure of the first fraction of the HPLC could be determined
as the S, enantiomer. The enantiomer distinguishing parameters have been calculated with
the methods of Flack [x = 0.164(8)], Hooft [y = 0.138(7)] and Parsons [z = 0.166(8)].[%-%8
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Figure 2.25 left: assignment of the axial chirality; right: ORTEP drawing of the asymmetric unit with two molecules of
trans-2(S,); C: black, N: blue; Pt: red; H: grey.

2.4.3 Yield Optimization

To increase the yield of trans-2, the reaction conditions were varied and crude NMR meas-
urements were performed to monitor the formation of trans-2. Due to the low solubility of trans-
2 and side products, the integral ratios in the *H NMR of the crude reaction mixture do not
represent the yields of the complex formation, but allow the conclusion, if the desired complex
trans-2 was formed or not. The variations contain exchange of n-BuLi by t-BulLi, the use of
different solvents and solvent mixtures, time variations, change in the order of the addition and
different temperatures for the quenching of the reaction. To verify, that the lithiation of the
ligand is not the problem, t-BuLi was used for the lithiation instead of n-BulLi, as t-BuLi is a
stronger lithiation reagent. Previous attempts showed a high variety of yields and formed prod-
ucts under the same reaction conditions, all reaction have been carried out several times for a
representative result. The *H NMR spectra of two representative reactions with t-BuLi are
shown in Figure 2.26. With THF as solvent and a lithiation at —78 °C, the use of t-BuLi lead to
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the formation of 1, but no significant amount of trans-2 was formed. Therefore, the use of t-

BuLi was not further investigated.
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Figure 2.26 *H NMR of trans-2 (CD,Cl,), 1 (CDCls), LN (CDCls), crude reaction mixtures after addition of t-BulLi.

The possibility of a coordination of the pyridines to Pt(Il) metal center before the lithiation was
studied. Based on the reported mechanism,®? coordination to the nitrogen could be the first
step and the coordination of the carbon after lithiation would be expected to be more success-
ful, due to the chelate effect. The Pt precursor and the ligand were heated in THF, CDsCN and
CDCls, but showed no signals indicating a significant coordination of the ligand to the Pt(Il)
metal center (Figure 2.27). Prolonging the heating from 1h to 16h did not show any significant
increase, therefore a coordination before the lithiation was not further investigated.
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Figure 2.27 *H NMR spectra of: a) trans-2 (CD,Cl,), b) 1 (CDClIs), ¢) LN (CDCls), d-g) crude reaction mixtures after heating,
that showed no significant signal indicating a coordination of the ligand LN without lithiation.
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Figure 2.28 *H NMR spectra of: a) trans-2 (CD.Cl>), b) 1 (CDCl3), c) LN (CDCl3), d+e) crude reaction mixtures which show,
that the replacement of THF by Et,O did not result in significant formation of complex 1 or trans-2.

The chosen solvent can have a tremendous effect on the lithiation reaction.®® The use of pure
Et.O was tested, but did not lead to significant formation of trans-2. In one case (Figure
2.28 d) a total disappearing of the signal assigned to the proton next to the nitrogen could be
observed, probably due to a replacement with the hexyl group of the n-BuLi.'*® The missing
of the characteristic upfield shifts of the signals assigned to the protons Hx and H; indicates no
coordination to the metal. A variety of solvent mixture of THF/Et,O were tested and increased
the yield of trans-2, compared to the use of pure THF, but resulted in the formation of a new
species, a cis chelating complex, that could not be isolated from trans-2 via column chroma-
tography or HPLC. The characterization of the new species is elaborated in the next chapter

and allowed a breakthrough in the yield and work up process of trans-2.

2.4.4 cis PtL®N,
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Figure 2.29 The cis chelating stereocisomers formed as kinetic product.

During the attempts to optimize the yield of trans-2, with the change of the solvent from THF
to THF/Et,O solvent mixtures in different ratios up to 1/10, a new product was formed but it
could not be isolated from trans-2 via column chromatography or HPLC. A workup procedure
of the reaction mixture, by washing with a minimal amount of ether and chloroform allowed the
isolation of cis-2. This finally allowed the full characterization. In contrast to trans-2, two lig-

ands are attached to the metal center in a cis chelating and not in a trans chelating motif. The
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existence of this compound was not expected, especially after the X-ray structure determina-
tions of 1 and trans-2, which showed the perfect fit of the Pt(Il) cation into the trans chelating
ligand. In the ESI-MS, only the monocationic species of cis-2 with one attached ligand could
be found. In the 'H NMR spectrum, the signal assigned to the proton Ha is between the signals
found in 1 and trans-2. Very characteristic for the formation of the cis chelated complex is the
contact in the NOESY spectra between the protons H, and H, (Figure 2.31). In the trans-che-
lating complex trans-2 the protons are too far away and therefore this contact can only be
seen for the cis-2 complex.
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Figure 2.30: *H NMR of cis-2 (CD,Cl,), trans-2 (CD,Cl,), 1 (CDCIl3) and LN (CDCly).
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Figure 2.31. NOESY NMR spectrum of cis-2 (600 MHz, CD,Cl,).

Crystals of cis-2 suitable for X-ray structure determination were grown by slow evaporation of
the solvent DCM (Figure 2.32). Cis-2 crystallized in the triclinic space group P1. In contrast to
trans-2, the ligand is distorted upon coordination to the metal. The angles N18_1-Pt1-C2_2
(177.4(1)°) and C2_1-Pt1-N18_2 (175.7(1)°) show a significant difference from the ideal 180°
angle of a square planar geometry and the values that were found for trans-2. The twist of the
aromatic groups leads to close H-H (2.553-2.903 A) distance for the protons Ha and H, ex-
plaining the contact seen in the NOESY spectrum.
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Figure 2.32: X-ray structure of cis-2 from three different angles.

The isolated cis-2 complex is stable as solid, but *H NMR spectra showed a slow transfor-
mation to trans-2 in DCM at r.t. (~50 % 7 d), which could be performed quantitatively at 40 °C
in CDCls within 9 h (Figure 2.33) resulting in an increased yield for trans-2 from 16 % to 25 %
and solved the problem of the separation of trans-2. This result allowed insights into the mech-
anism of the reaction and showed that cis-2 is the kinetic product formed in the reaction,

whereas trans-2 is the thermodynamic product.
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Figure 2.33 'H NMR spectra of the transformation of cis-2 to trans-2 within 9 h (500 MHz, CDCl3, 40 °C).

2.5 Photophysical properties of trans-2
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Figure 2.34 Combined UV-vis and emission spectra (excitation wavelength = 350 nm).

The UV-vis spectrum of trans-2 shows two strong absorption maxima at 276 and 298 nm
(Figure 2.34). To investigate the nature of the transitions, the electronic spectra have been
calculated in cooperation with Prof. G. Longhi from university of Brescia, Italy."! After a 30 nm
shift of the DFT-calculated spectrum to lower wavelenghts, the calculated absorbtion matches
well with the measured spectra and allow to give insights into the transition. The absorption
band at 412 nm is a combination of metal-to-ligand charge-transfer (MLCT) and ligand-cen-
tered (LC) transitions, where a LC transition dominates the absorption band at 370 nm. This
result is in agreement with similar shaped bands in literature reported complexes with C*N
chelating ligands. The emission spectrum was recorded in dichloromethane with an excitation
wavelength of 350 nm at room temperature (Figure 2.34). Trans-2 shows emission in the
range from 480 to 700 nm, with maxima at 519, 553 and 580 nm.

To differentiate between fluorescence and phosphorescence, the lifetime of the emission was
investigated in cooperation with Prof. K. Umakoshi and Prof. E. Sakuda from Nagasaki Uni-

versity, Japan (Figure 2.35). The lifetime measurements in dichloromethane solution showed
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Organometallic Ligand

a significant shorter lifetime under air atmosphere compared to the inert gas argon atmos-
phere. The faster decay under air atmosphere can be explained with the interaction of the
excited complex with oxygen in the triplet ground state.® According to the selection rules of
the transitions of quantum states, transitions with different quantum states are “spin-forbidden”
and have a decreased rate. The faster interaction with the triplet state oxygen indicates there-
fore a triplet state of the excited metal complex, which indicates phosphorescence as the main
radiative relaxation pathway. In addition, the linear slope for the emission under argon atmos-
phere on the logarithmic scale indicates the phosphorescence as the dominating radiative
pathway. The found phosphorescence lifetime of trans-2 at 298 K in dichloromethane
(T208 = 10.9 ps) and the quantum yield (®p. = 0.07) are comparable with literature reported
Pt(ll) complexes with a C*N ligand.l?

——trans-2 Argon —DCM
3 —solid 77K
10} —solid rt

=5
O_
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Figure 2.35 Emission lifetime measurement under argon atmosphere of trans-2 (left), normalized emission spectra for
solution and solid state samples at 77 and 293 K (right).

Additionally, the emission was investigated in the solid state at different temperatures and ex-
citation wavelengths of 350 and 400 nm. In the solid state at 77 K, the emission bands are
similar to the solution at room temperature, but with a red shift of ~ 20 nm leading to maxima
at 536, 572 and 602 nm. In the solid state at room temperature, the emission bands are indis-

tinguishable broadened to one maxima at 533 nm.

The key experiments were the investigation of the different behavior of the enantiomers. The
separated enantiomers were therefore tested for their differential absorption in CD experiments
(Figure 2.36). The Sa enantiomer is the first fraction of the HPLC separation and shows a
positive Cotton effect at 412 nm and further strong bands at 259, 319, and 380 nm with a
maximal Agzig of 71 cm™M™. The CD spectrum of the R, enantiomer, the second fraction of
the HPLC separation, is exactly opposite to the S, enantiomer. The assignment of the enanti-
omers was based on the X-ray structure determination, but the measured CD spectra allowed
a comparison with calculated CD spectra to prove the made assignment. The TD-DFT calcu-

lations are in agreement with the proposed assignment. To validate the principle suitability of

41



2.6 Conclusion

trans-2 for a chiral OLED device, the emission of circularly polarized light (CPL) in dichloro-
methane has been investigated in cooperation with Prof. G. Longhi and and Prof. A. Sergio
from university of Brescia, Italy. (Figure 2.36) with a home-built apparatus.[t91102.103 The
gained dissymmetry factor g = 102 is in the magnitude of g values reported for octahedral Ir

complexes (Table 2.2).16%
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Figure 2.36: CD (left) and CPL spectra (right) of the enantiomers of trans-2.

2.6 Conclusion

A new kind of chiral cyclometalated Pt(ll) complexes has been developed and characterized
via NMR, ESI-MS, CD and X-ray techniques and the photoluminescent properties have been
investigated for the trans-chelated complex. The complexes are chiral without the use a chiral
ligand, but because of the asymmetric out of plane ligand design and the resulting three-di-
mensional structure. The mono chelated complex racemizes in solution but the trans-chelated
complex with two attached ligands is conformationally stable. The ligand is flexible to coordi-
nate in cis and a trans manner to the Pt(Il) metal center and the transformation from the kinetic
cis to the thermodynamic trans complex was shown. The enantiomers of the trans-complex
have been separated and the circularly polarized emission shows the potential for 3D OLED
devices, which is currently investigated in cooperation with Prof. M. J. Fuchterat the Imperial
College London. Modifications of the ligand should allow tuning of the photophysical properties

like reported for the related complexes.
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3 Chiral Cages based on a Helicene Backbone

3 CHIRAL CAGES BASED ON A HELICENE

BACKBONE

3.1 Introduction

Helicenes are a class of chiral organic molecules with superior chiroptical properties, which
have their origin in the distorted 1T-systems. Helicenes are composed of ortho-fused aromatics,
which spiral up because of the great steric hindrance causing axial chirality which can be clock
or counterclockwise.®!l Helicenes with right-handed helix and a clockwise turn are called the
plus (P) enantiomer, left-handed with an anticlockwise turn are called the minus (M) enantio-
mer and the number of fused aromatic rings is given in brackets or out-written before the term
helicene.® The (P)-[6]-helicene and the (M)-[6]-helicene are depicted in Figure 3.1.

(M)-[6]-helicene (P)-[6]-helicene
Figure 3.1 (P)-[6]-helicene and (M)-[6]-helicene.

The helical topology of the distorted delocalized 11-systems results in high optical rotation, high
circular dichroism and enhanced physical-organic properties which makes helicenes more

than 100 years after their discovery still a highly studied compound.*%!
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Figure 3.2 Statistics of the literature published from 1969 to 2017, found via Scifinder for the keyword “helicene”, re-
trieved on May 29", 2018.
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3.1 Introduction

3.1.1 Synthesis of helicenes

The first helicenes have been synthesized in 1903 in form of heterohelicenes (Figure 3.3a).[%
Heterohelicenes have in contrast to carbohelicenes at least one heteroatom incorporated (e.g.
N, S).11% The first carbohelicene has been reported in form of the [4]-helicene (Figure 3.3) in

1912 by Weitzenbdck and Lieb synthesized from 2-naphtylacetic acid and 2-nitrobenzalde-

HN 0
O o YO

Figure 3.3 the first reported (hetero-)helicenes.

Six years later a [5]-helicene was reported and continuous research until today gave rise to
numerous carbohelicenes up to the 3,34-bis(triisopropylsilyloxy)[16]helicene, which was re-
ported in 2015 with a 7 % vyield for the last step and is the longest [n]helicene that has been

reported to date (Figure 3.4).[2081

Figure 3.4 Last step of the synthesis (left) and X-ray structure (right) of [16]helicene, R =triisopropylsilyl.

The main synthesis strategies for helicenes are oxidative photocyclizations, Diels-Alder and
Friedel-Crafts and metal-mediated reactions,*® of which the oxidative photocyclization is the
most popular strategy for the synthesis of helicenes, since their first reports in 1967.[110111i112]
This approach is based on the photocyclodehydrogenation of stilbene into phenanthrene (Fig-
ure 3.5). Irradiated with UV light, the stilbene undergoes a rapid interconversion of the Z- and
E-isomers, but only the Z-isomer can undergo a conrotatory cyclization into the trans-4a,4b-
dihydrophenanthrene (DHP). The backreaction of DHP to the starting material will occur either
by thermal or photochemical ring opening reaction. Therefore, an oxidizing agent such as io-
dine is added to the reaction mixture to dehydrogenate the DHP to phenanthrene. The mech-
anism was carefully studied by Laarhoven et al..'%! Even so oxidative photocyclizations al-

lowed the selective formation of helicenes even with functional groups, a drawback was the
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3 Chiral Cages based on a Helicene Backbone

low yield of the reactions, which was significantly improved by Katz et al. by the addition of

oxdizing

= Q)
—

(e.g.1y) O

For the synthesis of larger helicenes, the selectivity of the photoreaction is substantial. In the

propylene oxide.[**3

::

Figure 3.5 photocyclodehydrogenation of stilbene into phenanthrene.

described [16]-helicene six alkyne bonds undergo cyclisation reactions that have to occur se-
lectively to the formation of the helicene. Possible isomers and the selectivity are explained for
the simpler case of a [6]-helicene synthesis, in which one half is already cyclized (Figure 3.6).
The electron distribution in the excited diarylethylene is causing the selectivity, which can be

estimated by the sum of the free valence numbers of the atoms r and s involved via Y E’s, with

F. =+3 — Y B .94 The photocyclization occurs only for ¥, s < 1.0 and in case of sev-
eral options, the cyclisation is selective if the sum difference is bigger than 0.1 and the options
do not differ in planarity, as planar products are preferred over non planar products.

L s (I

¥ F'=1.12

.
&

Figure 3.6 The selectivity caused by the electron distribution can lead to the selective synthesis of helicenes, if the
starting material is well planned.[20%114

W

Since the breakthrough in the optimization of the yield, the oxidative photocyclization is an
efficient strategy and has been widely used also for heterohelicenes, but a drawback is the
need of highly diluted solutions (ca. 10 M) to prevent intermolecular cycloadditions. To im-
prove the scale of the oxidative photocyclization the continuous flow strategy has been

used.[61:115]

Another way to synthesize helicenes are Friedel-Crafts-type reactions that can be performed

in the most cases in less than 5 steps with moderate-to-good yields, but the substrates have
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3.1 Introduction

to be well designed to controll the regioslectivity.® For large-scale preparations Diels-Alder
reactions are practial methods for the possibilty of symmetric helicenes and helicene
derivatives as helicene gionones. A drawback is the limited amount of dienes and dienophiles
that are suitable for the helicene synthesis. In the last years, metal-mediated reactions played
an increasing role in the helicene synthesis and became a powerful strategy. The synthesis is
performed in moderate to high yields, often under construction of several rings in one step,

with high functional group tolerance.4

3.1.2 The helical pitch of helicenes and its consequences

As discussed in the introduction of this chapter, helicenes are chiral because of the distortion
from the planar geometry due to steric hindrance. An enormous amount of studies investigated
the properties of the enantiomers and their stability towards racemization:

Spontaneous resolution has been reported for the [7]helicene, where a crystal of the enanti-
opure (P)-[7]helicene could be separated out of the racemic mixture in benzene.*! A solution
with a racemic mixture with both enantiomers present in same proportions can crystalize under
spontaneous resolution, where each crystal contains only one of the two enantiomers.™% Also
[6]-,[8]- and [9]- helicenes could be separated via spontaneous resolution out of chloroform or
1,2-dichloroethane solutions, where CS; solutions led to racemic crystals.**”! The optical prop-
erties could be determined for the separated enantiomers and all helicenes showed a remark-
able similarity between the absorption bands of the same enantiomer. The distortion of the 11-
system disturbs the conjugation compared to planar polycyclic aromatic hydrocarbons (PAHSs)
resulting in similar wavelength of the absorption from [4]- to [16]-helicene and a yellow or yel-
lowish color for all of them.[8¥ This is in contrast to the general trend of conjugated systems,

where the wavelength of the absorption increases with the number of double bonds.*#!

If the absolute configuration of a helicene enantiomer cannot be determined from the crystal
structure, the optical rotation or the circular dichroism can be used in compare with literature
reported systems.t) The empirical rule for the optical rotation is that levorotatory helicenes
with negative specific rotation values are the (M)-helicenes, where dextrorotatory helicenes
with positive specific rotation values are the (P)-helicenes.Y The enantiomers of helicenes
have very high specific rotation values of —3640 ° for the (M)-[6]-helicene to —9620 ° for the
[13]-helicene.['**119 The experimental CD spectra for several (P)-helicenes are depicted to
show the above-mentioned behavior and show the strong circular dichroism of around
250 Mt cm™ for the positive Cotton effect (Figure 3.7).122%
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Figure 3.7 Experimental CD spectra for the (P) enantiomers of [5]-,[6]-,[7]-,[8]- and [9]-helicenes. © American Chemical
Society 120

The racemization of helicenes has been studied and the results for a series of carbohelicenes
in naphtalene are depicted in Table 3.1.1*2%1221 The [5]helicene has due to the fact, that the
helicene does not cover the 360° degree of the helical pitch, by far the lowest energie barrier
for the racemization and shows a significant racemization already at 57 °C (t12 = 62.7 min). In
the [6]helicene two carbons overlap and therefore the structural deformation is hindered and
the racemization needs a significantly higher temperature with 221 °C (ti2 = 13.4 min). In
general the barrier (Ea) is higher, the longer the helicene is, but the difference between the
helicenes longer than 7 are neglictible. It is importand to conclude, that carbohelicenes with

six or more rings are conformational stable at room temperature.

Helicene Ea(kcal/mol) T (K) t12 (Min)
[5]helicene 24.6 293 62.7 (57 °C)
[6]helicene 36.2 300 13.4 (221 °C)
[7]helicene 41.7 542 13.4 (295 °C)
[8]helicene 42.4 543 3.1(293.2 °C)
[9]helicene 43.5 543 12.3 (293.5 °C)

Table 3.1 The stability of helicenes towards racemization.[*21122]

Computational studies for the racemization of carbohelicenes have been reported recently for
[n]helicenes up to n = 24 following a conformational pathway."*?% Based on the DFT calculated
mechanism study, for [n]-helicenes up to n = 7, a concerted mechanism, and for longer
helicenes a multistep mechanism is involved in the racemization. The authors propose a

nonplanar transition states for the racemization of [n]helicene (n > 4), which is in case of the
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[5] helicene in contrast to a peviously reported mechanism via a planar transition state (Figure
3.8).1241
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Figure 3.8 The transition states for the racemization of [4], [5], and [6]-helicenes.!!Z!

3.1.3 Helicene based assemblies

Marinetti et al. reported a ortho metallated (R)-1-(naphthyl)ethylamine Pd(ll) complex with a
[7]-helicene derivative in acetone atr.t. (Figure 3.9).['%1 The use of the enantiopure ethylamine
led to the formation of two diastereomers which could be separated via column chromatog-
raphy. After separation of the diastereomers the helicene could be removed from the complex
by addition of bis(diphenylphosphino)ethane yielding the enantiopure helicene derivatives

without the need of a chiral HPLC system. %]

Q\Pd s)/ Ph,P QQ acetoge Q\ Q
& NH QQ N, Ph e Q

S
S
N

(R) rac (R,P)/ (R,M)
Figure 3.9 A [7]-helicene derivative reported by Marinetti et al. to form diastereomers with a chiral Pd complex.[*?®

[5]- and [6]-helicene crown ethers and their ability of chiral recognition toward racemic amine
salts have been reported by Nakazaki et al. (Figure 3.10).1*?¢1 The synthesis of the helicene
followed the photocyclization approach and the enantiomers were separated via chiral HPLC.
To investigate the selectivity the differential transport through a bulk liquid membrane has been
investigated. Therefore, the racemic guests have been solved in water and their uptake into
the enantiopure host through an organic phase, which separated the aqueous host solution
from the aqueous guest solution has been monitored. The results showed opposite selectivity
for the [5]-helicene and [6]-helicene with a higher selectivity for the [5]-helicene with optical

purities up to 77 %.
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Figure 3.10 Helicene based crown ethers with the ability of chiral recognition.[*?d

Autschbach, Crassous, Réau et al. reported a big variety of complexes containing helicene
derivatives.[2831271 The luminescent helicene complex that was used to build a CPL emitting
OLED device are discussed in chapter 2.1.3 (Table 2.2) .

An application of helicene containing complexes as responsive switch has been reported by
Crassous et al. (Figure 3.11).%! The Os complex can be switched between its two configura-
tions by addition of acid and base. Under Addition of HCI, chloride coordinates to the metal
center and the vinyl-Os(Il) complex changes to a carbene-Os(IV)-complex. IR, CD and UV-Vis
spectra proofed the reversible switching under addition of NEts. The stretching band of CO
shows the changed properties of the complex upon the coordination of the chloride from
Vco = 1895 cm™to vco = 1932 cm™.

o=
2000 1980 1960 1940 1920 1900 1880 1860 1840 1820 1800

v/em’

Figure 3.11 The responsive switch based on an Os complex, that can be switched by the addition of acid and base
leading to a strong shift of the IR band. © Royal Society of Chemistry 1?8

Recently two organic cages with helicene backbones have been published. A triple helicene
cage with six [5]-helicene units was synthesized with the Yamamoto coupling reaction and
could be characterized via X-ray diffraction analysis and *H NMR spectra by Soichiro et al.(Fig-
ure 3.31).12% The enantiomers (P)-THC-1 and (M)-THC-1 could be separated via chiral HPLC
and the CD spectra for both enantiomers have been recorded showing opposite bands for the

enantiomers. The neutral cage has a low solubility in the most common organic solvents and
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is only moderately soluble in carbon disulfide. The cavity of the cage is very small and even
the solvent N,N-dimethylformamide, which was used for the synthesis, is too big for the cavity

provided by the cage and therefore no guest uptake could be studied.

(P)-THC1 (M)-THC-1
Figure 3.12 A triple helicene cage.[*?

A bigger organic cage with a triple-stranded helical structure containing three [6]helicenes was
reported recently by Qiu et al. in 2018 (Figure 3.13).1%% Photocyclisation led to the 4,13-di-
ethynyl[6] helicene, which was separated into the enantiomers via chiral HPLC and further
functionalized to contain two aldehydes, which allowed the cage formation via imine conden-
sation with tris(2-aminoethyl)amine in a 3:2 ratio. The cage could be characterized via X-ray
structure determination, NMR and CD spectra. The cage with the (P)-helicenes shows strong
CD bands with a maximal A¢ = =708 L-mol™-cm™ at 242 nm. Interestingly, the CD bands of
the cage are significantly more intense than the bands of the ligand multiplied by the factor of
three. The large cavity provides enough space for a variety of guests and therefore chiral ad-
sorption experiments have been made. A racemic mixture of 1-phenylethanole dissolved in
isopropanol was added to the suspension of the enantiopure cage with the (P)-helicene. The
free guests were separated from the host-guest system and the encapsulated guest was ex-
tracted from the guest and analyzed via chiral HPLC showing an enantiomeric excess of 67 %

for the (R)1-phenylethanol.

MMM or P,P,P MMM

Figure 3.13 Organic cage containing three [6]helicenes.© American Chemical Society*)
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3 Chiral Cages based on a Helicene Backbone

Due the mentioned interesting properties of helicenes, the idea was to develop a cage con-
taining bispyridyl ligands with a helicene backbone, that can coordinate to a Pd(ll) metal center.

The design of the ligand is depicted in the next chapter.

3.2 Ligand synthesis

@
Br,
O PPh3 1) LIHMDS O Br
O DMF Cl 7 r0m
~99 %
Br Phs
rac
O H
~50 % Sonogashira cross coupling
7\
7\ <N

Figure 3.14 Overview over the synthesis of the 3 ligands developed for the synthesis of helicene cages.

The synthesis of the 2,15-dibromo[6]helicene was reported in literature.*26:131:1321 Starting ma-
terial was the commercial available 2,7-bis(bromomethyl)naphthalene which could be quanti-
tatively transformed with triphenylphosphine in DMF into the 2,7-Bis(triphenylphosphoniome-
thyl)naphthalene dibromide (Figure 3.14). The addition of LIHMDS leads to the phosphonium
ylide which reacts with parabromoacetaldehyde in a Wittig reaction under the formation of dou-
ble bonds to 2,7-Bis[2-(4-bromophenyl)ethynyllnaphthalene. The Wittig reaction is not very
selective and the product consists of a mixture of Z- and E-alkene isomers. Aseparation of the
isomers is not necessary, as the stereo information is lost in the next synthesis step. The next
step in the synthesis is the irradiation under UV-light, where the E-alkenes are transformed

into the Z-alkenes, which than undergo a pericyclic reaction on both alkene positions of the
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3.2 Ligand synthesis

molecule. The formed intermediate is oxidized by the iodine to obtain the 2,15-dibromo[6]heli-
cene.l'*¥ The epoxybutane is added to consume the reactive hydrogen iodide.*'33 The ring
closure is not stereoselective and both enantiomers of the helicene, the (P) and the (M) heli-
cene are formed leading to a racemic mixture. The separation of the 2,15-dibromo[6]helicene
into the enantiomers was reported and investigated, but the very low solubility made the sep-
aration impracticable. Three different ligands have been synthesized to obtain a variety of
cages based on a helicene backbone, as the size of the cavity is known to be crucial for the
guest uptake in host guest complexes. The alkyne for the shortest ligand, L?, is commercially
available, where the alkynes for L2 and L® have been synthesized with Sonogashira and Suzuki
cross coupling reactions.® ! and L? could be successfully resolved into the enantiomers via
chiral HPLC with Daicel CHIRALPAK IC columns using a dichloromethane/hexane/metha-
nol/propan-2-ol (5.0%/80.0%/5.0%/10.0%) mixture as eluent for the separation of L and a
dichloromethane/hexane/methanol/propan-2-ol (16.0%/69.0%/5.0%/10.0%) mixture as eluent
for the separation of L? (Figure 3.15). For a better solubility and higher load of the column the
samples were solved in a DCM/MeOH mixture (100/1) (L*: ¢ = 26 mg/1.0 mL, Vijection = 50 L,
L2: ¢ =20 mg/1.0 mL, Visecion = 200 WL.). No conditions for the separation of the enantiomers

of L2 could be found.
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Figure 3.15. Chromatograms of L and L? before and after the separation of the enantiomers (Abs. 250 nm, flow rate
1 mL/min for the analytic column, flow rate 5 ml/min for the semipreparative column).

Crystals suitable for X-ray structure determination could be grown of enantiopure L? from
HPLC fraction 2 in DMSO at room temperature (Figure 3.16). Twelve enantiopure molecules
of ligands L? are present in the asymmetric unit, of which nine are partially disordered, and the
presence of DMSO in the crystal structure allowed the determination of the absolute structure.
The absolute configuration was unambiguously determined as the (P) enantiomer using the
method of Parsons® as implemented in SHELXL,**4 yielding an enantiopure distinguishing
parameter of x = 0.079(8). Furthermore, the high number of molecules gave insights to the
conformational flexibility of the ligand and its helicene backbone. The helical pitch can be quan-

tified with the distances between the helicene carbons that are bond to the alkyne. The X-ray
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3 Chiral Cages based on a Helicene Backbone

data shows an intramolecular distance of 3.86 A, for the shortest and a 16 % bigger distance

of 4.49 A for the biggest distance between the carbons in 2,15 position.

Figure 3.16 X-ray structures of L?". left: one ligand, carbon red, nitrogen blue; right: asymmetric unit with 12 molecules,
spacefilling view, carbon grey, nitrogen blue, hydrogen light grey.

3.3 Cage formation

3.3.1 Short helicene cage C1

— d (l%" c1 meso

C1 PIM

Figure 3.17 Simplified scheme of the cage formations for C1.

The formation of cages was investigated for L. 2 eq. [Pd(CH3CN)4](BF4). were added to 4 eq.
of a racemic mixture of L! in acetonitrile, but in the *H NMR spectrum the signals assigned to
the ligand disappeared without the rising of new signals. Therefore, CDsCN was replaced as
solvent by DMSO and the addition of [Pd(CH3CN).](BF.). led to a splitting of the *H NMR sig-
nals into a set of two and a strong downfield shift of the signals assigned to the protons Ha and
Hp (Figure 3.18). A splitting of signals was reported before in our group for the formation of
interpenetrated double cages,™®® but further analytic data revealed the nature of a self
dischriminating chiral self sorting, where two (P)- and two (M)-enantiomers of the ligands are

sorted around the Pd(Il) metal in a cis manner resulting in the achiral meso cage (Figure 3.17).
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Figure 3.18 Stacked NMR spectra (DMSO-d6) for the cage formations with L.

High resolution ESI-MS spectra showed no peaks indicating an interpenetrated double cage,
but showed instead the tetracationic [Pd.L%4]*", tricationic [Pd:.L%+BF4*" and dicationic

[Pd2L14+2BF4]?* species which indicated the formation of a monomeric cage (Figure 3.19).
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Figure 3.19 ESImass of C1me°,

To understand the occurrence of the splitting, 2D NMR techniques have been used and al-
lowed the assignment of all signals. The COSY and NOESY spectra revealed that all *H NMR
signals rise from one ligand, which has a different surrounding for the upper and lower half.
The contact between the signals assigned to the proton Hx and Hy is the clear indication for
the difference in the surrounding of both helicene halfs. The NOESY contacts between the
signals assigned to H, and Hy and between the signals assigned to Ha and Ha confirm the
coordination to the Pd(Il) metal, as the intramolecular distances in the ligands are too big and
this contacts could not be found for the free ligand. These results indicate, that the upper and

the lower half have to be close together.
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Figure 3.20 *H-'H COSY and NOESY NMR spectra of C1™®° (600 MHz, DMSO-d6). The characteristic singlets of H, and He
as starting point allowed the assignment of all proton signals due to the COSY and NOESY contacts. The contact Hx —
Hw in the NOESY spectra is the bridge between the split signal sets and indicates, that the upper and lower half of the
helicene must have a different surrounding. In addition to this the contacts H,—~H. and Hy—Hy show the low intermolecular
distance, caused by the coordination to Pd, as the intramolecular distances are too long for this contacts.
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Figure 3.21 Simplified top view of the possible cage isomers to explain the splitting by symmetry operations. The cis
coordination leading to the achiral meso cage is the only possible solution to explain the splitting into an upper and a
lower half.

With the knowledge, that all signals rise from one ligand the symmetry operations have been
investigated for all possible cage isomers. The simplified top view of the Pd.L14 cage explains
the splitting of the proton signals in the *H NMR for the Pd.L%4 cage via symmetry operations
(Figure 3.21). The enantiopure cage (either 4 L*™ or 4 L*P) would not show a splitting, as the
upper and lower half can be converted into each other via C, axes and all ligands can be
converted into each other via the orthogonal C4 axis. A trans coordination would not lead to
splitting of the signals as the upper and lower half can be converted into each other via C; axes
and the neighboring ligands can be converted into each other via mirror planes. The cis coor-
dination explains the splitting into a set of two signals, as no symmetry operation allows to
convert the upper to the lower half of the helicene. As a result, the cis coordination leading to
the achiral meso cage is the only possible solution and shows an interesting example for the

self-sorting and chiral discrimination of the ligands.

In agreement with the discussion above, the addition of [Pd(CHsCN).](BF.)2to the enantiopure
ligand L?* did not lead to a splitting of the signals in the *H NMR, but only to a shifting upon
coordination to the metal (Figure 3.18). The ESI-MS spectrum of the enantiopure cage C1° is
practically the same as the one for C1™e° with the tetracationic [Pd.L4]*, tricationic
[Pd.L1+BF,]** and dicationic [Pd.L's+2BF4]*" species are present in the spectrum (Figure
3.22).
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3 Chiral Cages based on a Helicene Backbone
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Figure 3.22 ESImass spectrum of C1°M,

CD spectra have been recorded for both enantiomers of the ligands and the cages and allowed
the determination of the absolute configuration by comparing with literature reported heli-
cenes.5 The recorded highly intense CD bands of the cage show a slight blueshift compared
to the ligands. The intensity of the bands is higher for the cage compared to the ligand with
maximal Ags71 of 796 cm™ M at 371 nm, but less intense per ligand than the free ligand which
has a maximum Aes7; of 302 cm*M™. 100-fold dilution of the cage solutions resulted in the
bands found for the free ligand, therefore the samples have been measured from undiluted *H

NMR solutions (C = 0.6 mM) and very thin cuvettes with a path length of 0.1 mm, to measure

offfo v
— L
/

_C1P

the very intense bands without reaching the detector limit.

] |
A/nm
Figure 3.23 CD spectra of 1H NMR solutions of L™, L*?, C17, C1Min DMSO (0.6 mM). Cuvette path length 0.1 mm, wave-

length: 250 nm — 500 nm, step size: 1 nm, band width: 0.5 nm.
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3.3 Cage formation

3.3.2 Host-Guest Chemistry of C1
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To investigate the ability of chiral discrimination of the enantiopure cages C1P and C1M titration
experiments have been done with enantiopure camphor sulfonate anions G1R. Representative
'H NMR spectra of the titration are shown for the titration of C1P with G1R in (Figure 3.24).
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Figure 3.24 stacked *H NMR spectra (DMSO-d6) of the titration experiment with C1P.

The signal assigned to proton Ha, which is pointing inside the cavity, does not show a significant
shifting even with a large excess of the guest, which indicates, that the guest is not taken into
the cavity of the host complex. In agreement with that interpretation, the only significant shifting
can be observed for the signal assigned to the proton Hp, which is next to the nitrogen and
therefore close to the metal, but outside of the cavity. The titration of C1P with G15 showed the
same behavior and the 6A plot, in which the starting point is the ppm signal assigned to the
proton Hy, before the addition of the guests, shows no difference between both guest enantio-
mers (Figure 3.25). The anionic guest is close to the cationic metal ions due to the coulomb
force and causes the shift for the signal assigned to proton Hy, but as discussed before, only
at the outside of the cavity without a chiral environment therefore the same behavior for both
enantiomers is expected. Due to the fact, that G1 is a small guest molecule and based on the
results already too big for the cavity of C1, no other guests were investigated and instead
modifications of the ligand have been investigated for a larger application area of the guest

binding.
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3 Chiral Cages based on a Helicene Backbone
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Figure 3.25 8A plot of the titration experiments with C1° and G1~¥/G1S.

3.3.3 Long helicene Cage C2
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Figure 3.26 Simplified scheme of the cage formations with the ligand L2.

As the guest uptake C1 was not satisfactory and did not allow the chiral discrimination of cam-
phor sulfonate ions, the ligand was modified and L? consists of one additional phenyl group
next to each alkyne. The modeled structures (PM6) show an increase of the Pd-Pd distance
from 10.4 A to 20.1 A, which leads to a dramatic volume gain of the cavity of C2 and allows
the uptake of bigger guests compared to C1 (Figure 3.27). The cage formation of C2 was
investigated under the same conditions as for C1. Interestingly the addition of Pd(CHsCN)4BF4
to the racemic mixture of ligand L? did not only result in splitting of the *H NMR signals into a
set of two, but into an indeterminable high number (Figure 3.28) of signals. To understand the
nature of the splitting, a high resolution ESI-MS spectra has been recorded and showed the
tetracationic [Pd.L2]*" species as the dominant species and the tricationic [Pd.L%+CI]** as

minor species, which indicates the formation of the Pd,L?, cage motif (Figure 3.29).
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3.3 Cage formation

2F20.1A

Figure 3.27 PM6 modelled structures of C1M (left) and C2™ (right) which show the big difference in the Pd-Pd distance
and cavity size.

A contamination of the MS spectrum with chloride has been reported before and chloride was
not present in the *H NMR tube.*3 The splitting of the signals for C2™ is high likely due to
the fact, that C2™* consists of a statistical mixture of all possible isomers [PdL?M,] = [PdL?"4]
with a probability of 12.5 %, [PdL?M3L2°] = [PdL?ML2P;3] with a probability of 50 %, cis-
[PdAL2M,L2P,] with a probability of 25 % and trans-[PdL2™,L2P,] with a probability of 12.5 % (Fig-
ure 5.26). Not only are this four different isomers leading to a different set of signals, but the
cis- form is expected for a splitting into a set of two and [PdL2;L2")/ [PdL?"L?M;] are expected
for a splitting into four sets of signals. Because of the high number of overlapping signals the
assignment was not made for C2™*, The lack of chiral discrimination in contrast to the results
for C1™Me° can be explained with the much larger distance between the helicene backbones,
which can be quantified in the shortest inter-ligand hydrogen distance found in modeled struc-
tures, which is increased from 2.4 A for C1 to 6.20 A for C2. Further evidence for the statistical
mixture of cage isomers can be found in the results for the cage formation with the enantiopure
ligand:

The addition of [Pd(CHsCN)4](BF4)2to the enantiopure mixtures of ligand L? led to the formation
of the chiral cages C2” and C2M. In the *H NMR spectra of the signals assigned to the protons
Ha. and H, show the characteristic downfield shift with no signal splitting (Figure 3.28). All H
NMR signals of C2PM can be found in the spectra of C2™*, but most of them are overlapped

with the signals of other isomers due to the high number of signals with similar environment.
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Figure 3.28 stacked *H NMR spectra (DMSO-d6) of C2™*, L2 and enantiopure C2PM.
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Figure 3.29 ESI-MS of the racemic mixture of L2 that leads to C2™*,

The ESI-MS spectrum of the cage C2P (Figure 3.30) is practically the same as the spectra

found for C2™* with the tetracationic [Pd.L?4]** as main species (Figure 3.29), as the isomers.
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Figure 3.30 ESI-MS of C2PM,

3.3.4 Host Guest Chemistry of C2°M

The proof of the successful cage formation for C2 allowed the procedure of chiral discrimination

experiments. A solution of S-camphor sulfonate anion G1° has been added in several steps to
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3.3 Cage formation

a solution of C2” and the ratios have been determined via the integrals of the 'H NMR spectra
(Figure 3.31). In contrast to the titration experiments with C1P, the signal assigned to the pro-
ton inside the cavity shows a significant downfield shift upon addition of the guest, which is

clear evidence for the uptake into the cavity, where the signal assigned to proton Hy shows a
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Figure 3.31 stacked 'H NMR spectra (DMSO-d6) of the titration experiment with C2°,

The titration has been repeated for all combinations and are summed up in a A plot (Figure
3.32). The dA plot shows clearly, that the combination G1S@C2P has a different signal shifting
than the combination GIR@C2P. The chiral discrimination is confirmed by the results of the
opposite pair of enantiomers, which show the exact opposite behavior in the dA plot. The bind-
ing constants have been calculated with a value of 560 M™* for G1S@C2" and G1R@C2V,
where the oppositve pair of enantiomers has a binding constant of 1010 M for G1IR@C2" and
G15@C2M.This result is fundamental as it shows the proof of concept for chiral discrimination

of guests for this new class of cages.
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Figure 3.32 8A plot for G15@C2°, G1°@C2M, GIR@C2” and G1R@C2".

CD spectra have been recorded for C2°, C2M, LM and L?P in DMSO (Figure 3.33 a). L?" shows
a positive cotton effect with a maximum of 490 M~*cm™ at 375 nm and a further strong band
at 319 nm. C2" shows a positive cotton effect with a maximum of 1050 M~cm™™ at 374 nm and
further strong band at 596 nm. The spectra of the other fractions of the HPLC show the exact
opposite trend and confirm the separation of the enantiomers. The assignment of the enantio-
mers was based on literature reported CD spectra for helicenes and the absolute structure
determinations of the X-ray structures. Similar to the results for C1, the CD bands of the cage
C2PM are less intense than the quadruple of the bands for the ligands itself. A reason for the
weaker CD bands per ligand in the cage could be a weaker pitch in the helicene backbone

upon coordination to the metal, as the pitch is related to the intensity of the bands.[*?"!

Additional insights into that question came with further host guest experiments, in which the
strong circular dichroism of the helicenes was used for the discrimination of nonchiral guests,
and investigations for an induced circular dichroism to transfer chiral information into an achiral

guest.

The binding of 2,7-naphtalene disulfonate G2 and 4,4’-bipheny! disulfonate G3 into the cavity
and their effect on the CD spectra and size of the cage has been investigated (Figure 3.33 b).
G2 and G3 have been choosen for their different distance between the sulfonate groups with
otherwise similar structure and a little but existent difference in the molecular weight. The small
difference in weight is important for a distinguishing of the guests for a co-injection experiment
in the trapped ion mobility mass spectrum and a big difference could have an influence on the
results. The structural similarity between G2 and G3 is important to differ the influence on the
cage only in size and avoid other interactions, that could occur with different guests. The bind-
ing of both guests has been verified by the shift of the signals in the *H NMR spectra, that are

assigned to the proton Ha,, which is pointing inside the cavity.

CD spectra have been recorded for G2@C2" and G3@C2" and subtracted by the CD spectra
of C2P to yield difference CD spectra (Figure 3.33). Keeping in mind, that the guests themself

63



3.3 Cage formation

are not chiral, the differences in the spectra must have their origin in the change of the pitch of
the helicene backbone or an induced chirality to the guest. Interestingly, encapsulation of the
short guest G2 leads to a strong decrease of the CD bands around 360 nm, where in contrast

the long guest G3 shows an opposite effect and causes an increase of the same CD band.

a b » — G4 @C2”
———LZM 4 i _G4ci5@c2P
1000 O@ 1 150 1 G3 G4trans ---- G3@C2°
—C2r 100 _ g \ ---- G2@C2°
= 500- _CZM :|h\ J N
| E 50 4 hS 5
_E TU 0.
| 0 - I
s =
*-Gj w -50 T
<-500- S 1001
/ J
-1000 :@: 1501
300 400 300 400

A/nm A/nm

Figure 3.33 CD spectra of the L2 and C2 enantiomers in DMSO and ACD spectra of C2° after addition of guests.

To extend the scope and verify the result, CD spectra have also been recorded with a pho-
toswitchable guest in its cis and in its trans form G4°s and G4"a"s. G4%s and G4"2"S are not
chiral and show no circular dichroism (Figure 3.33). The switching of the guests has been
controlled via *H NMR spectra before the additions to the host. The CD spectra after addition
show the same size dependend trend as for G2 and G3. The difference CD spectra are more
complicated and could in parts show also an induced CD to guest, as G4 shows a significant

absorbance around 360 nm.

Due to the highly rigid conformation of guest G2, where an induced CD effect should be im-
possible, the influence of the helical pitch is assumed to be the only reason for the change of
the CD spectra with G2. DFT calculations have been performed for the ligand L?" to proof the
assumption and the results are in agreement with the CD spectra, as they show an increased
CD with increased pitch (Figure 3.34).

Figure 3.34. Calculated CD spectra for [6]helicene based on different C-C distances between position 2 and 15 showing
the correlation of the circular dichroism with the distance d, that is correlating with the pitch.

Further evidence came from trapped ion mobility mass spectrometry*’l measurements. The

measurements shows a lower mobility for G2@C2" than for G3@C2P, which indicates a higher
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3 Chiral Cages based on a Helicene Backbone

collisional cross section for G3@C2" and supports therefore an increased size for the cage
after uptake of the longer guest (Figure 3.35 a). The uptake of the guests can be clearly seen
with the dicationic species [G3@Pd,L2%,)?*" and [G2@Pd.L24)?*" as the dominant species (Figure
3.35 b+c).
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Figure 3.35 Trapped ion mobility mass spectrometry results that show the different size of cage C2 depending on the
guest.

3.3.5 Formation of the chiral interpenetrated double cage DCM2

DMSO was the standard solvent for the experiments for comparable results with C1 and the
much better solubility of the ligand and the cage. Enantiopure cages could also be formed in
CD3sCN with L*and L2. Heating of a C2 sample in CD3CN showed the slow rise of a new set of
down and upfield shifted signals (Figure 3.36). Long heating of up to two weeks allowed the
nearly quantitative transformation. All signals could be assigned with 2D NMR techniques and
indicated the formation of an interpenetrated double cage, where two cages are linked to each

other in a catenane fashion.[3®!
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Figure 3.36 stacked *H NMR spectra of C2™*, L2, enantiopure C2°™ in DMSO and the double cage formed in CDsCN.

High resolution ESI-MS showed [Pd4L?"s+3BF4]°* as the main species (Figure 3.37). The up-
take of three BF4~ into the three pockets of the double cage has been reported for achiral

double cages.**
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Figure 3.37 ESI-MS spectra of the double cage DC2M.

Crystals suitable for X-ray structure determination have been grown of
[2PFs@Pd4L?Mg] = DC2M from a monomeric cage solution at 7 °C in CDsCN with PFs™ as coun-
ter ion (Figure 3.38). Interestingly, the double cage formation could not be shown for PFs™ in
solution, even after long heating of the samples, but the X-ray structure fits perfectly to the
NMR and ESI-MS results found for BF4~ as counterion. The structure was solved in the chiral
space group 1222 with the point group D,. The first fraction of the chiral HPLC separation of
the ligand L? was used for the cage formation and the absolute configuration of the assembly
was undeniably determined with the method of Parsons,®® as implemented in SHELXL,*34
yielding an enantiopure distinguishing parameter of x = — 0.02(2). Two PFs” ions are present
in the outer cavities of the double cage. The Pd-Pd distance between the two outer Pd?* ions
is 27.640 A, the Pd—Pd distance of the monomeric cage units is 18.984 A which is close to the
proposed 20.1 A of the modeled C2 cage.
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3 Chiral Cages based on a Helicene Backbone

Figure 3.38 Different perspectives on the X-ray structure of DC2". Pd: grey, C: dark green/black, N: blue, P: orange, F:
light green.

3.4 Conclusion

A new family of [Pd2L4] and [PdsLg] coordination cages has been developed. The developed
cages are chiral as result of the used helicene backbone. With the racemic mixture of the short
version of the ligand a narcistic self-sorting was observed leading to an achiral meso cage.
Due to the limited space in the cavity of the enantiopure cages with the short ligand, no chiral
discrimination of guests could be shown. In contrast, the elongated ligand increased the cavity
and the cages showed chiral discrimination of guests, which shows the potential as sensor of
the chiral environment provided by the cage and could allow stereoselective catalysis in the
future. The intense circular dichroism of helicenes and their size and pitch depending absorp-
tion allowed to monitor the uptake of guests with different size. A big variety of interpenetrated
double cages has been reported,*® but best to our knowledge, the helicene based double
cage is the first chiral one.
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4 Chiral Structures based on natural product inspired ligands

4  CHIRAL STRUCTURES BASED ON NAT-

URAL PRODUCT INSPIRED LIGANDS

4.1 Introduction

Following the “hard” approach of supramolecular assemblies (chapter 1.2),1%¥ chiral lig-
ands containing pyridines for the coordination to a metal center based on two different
backbones have been synthesized in cooperation with Prof. Haberhauer, Prof. Wald-
mann and Dr. Antonchick. Synthesis of the chiral backbones was reported before and

they were modified to contain pyridine units that allow coordination to Pd(ll) metal
ions.[139-141]

The backbone synthesized by Prof. Haberhauer et al. and structural related compounds
are pseudo-peptides inspired by marine metabolites that are studied for their pharma-
ceutical potential and their Cu(ll) coordination chemistry.*4?l They can be used for a va-
riety of applications, like the chiral inductions of guest, enantiomeric recognition of pri-
mary ammonium salts or the catalyzed hydration of CO,.[**1142l The combination of sev-
eral backbones in a supramolecular assembly could give rise to new applications or en-

hanced properties in the host guest interaction.

The backbone synthesized by Prof. Waldmann, Dr. Antonchick et al. in a cascade reac-
tion contains eight stereocenters with a 5,5,5-tricyclic scaffold.**>14% This scaffold has

been found in more than 160 natural products of which some are depicted in Figure 4.1.
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Figure 4.1 Three natural compounds containing a 5,5,5-tricyclic scaffold (left) and the two nature inspired back-
bones used for the supramolecular assemblies in this work (right).
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4.2 Assemblies with LH and LH?

LH1 LH2

Figure 4.2 Structure of L™ and L"2,

Prof. Haberhauer et al. provided two modifications containing pyridine units which dif-
fered only in the existence of two additional CH groups linked to thy cyclic core giving
L"2 a higher conformational flexibility compared to L™ (Figure 4.2). The *H NMR spec-
trum of 4 eg. L" in CD3CN after the addition of 2 eq. [Pd(CHsCN)4](BFa4)2 show vanishing
of the signals (Figure 4.3), but a formation of precipitate was not observed. Replacement
of CD3sCN with DMSO as the solvent did not lead to a significant improvement and there-

fore this ligand was not further investigated upon the formation of supramolecular as-

semblies.
LM+ 2 eq. Pd
LHl N I
.___J\‘L—._._I\.‘-M-LJ An | 1
9 8 7 6 5 4 3 2 1 0

ppm
Figure 4.3 'H NMR spectra of L7 in CD3;CN before and after the addition of 2 eq. Pd(CH3CN)4(BF,)s.

In contrast for the results with L™, under the same conditions, the addition of 2 eq. Pd(ll)
to 4 eq. L"2in CDsCN led to shifting of the proton signals in the *H NMR spectrum without
vanishing signals (Figure 4.4 d). The signals observed in the ESI-MS spectrum of the
assembly [Pd.L"%,] are in excellent agreement with the calculated mass for the ion
[BFs@Pd,L"24]%*, which was found as the main species. Switching to DMSO as solvent
showed as well a shifting of the signals. Based on the results the formation of a cage
was assumed, but the reproduction of the NMR spectrum was not possible in CD3CN
and resulted in a spectrum with multiple splitting of the signals (Figure 4.4 e). Also heat-
ing of samples and different counter ions like PFs~ and SbF¢~ did not allow the reproduc-

tion of the first experiments in CDsCN (Figure 4.4 e-i). Even the ligand NMR spectrum
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4 Chiral Structures based on natural product inspired ligands

differed in CDsCN (Figure 4.4 a,b,c), but the reason is still unclear and needs further
investigations. The long time period between the measurements, a contamination and

different batches of the ligand could be a reason.
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Figure 4.4 *H NMR spectra in CDsCN: a-c: L"? which spectra differed for unknown reasons; d: the first attempt
showed only a shifting of the signals; e-g: attempts to reproduce the spectrum of d resulted in very different
spectra every time; i-h: change to different counterions led also to multiple splitted signals with a strong shift.
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Figure 4.5 ESI-MS of [Pd,L"2,](BF4), showing [BF,@Pd,L"%]** as the main species.

70



4 Chiral Structures based on natural product inspired ligands

Figure 4.6 Preliminary X-ray structure of [BF,@Pd,L"?,]%, that consists of two [PdL"?,] units (a) that are interlocked
into each other (b and c). Each ligand in separate color for better clearance of the structural motive.

Crystals suitable for a preliminary X-ray structure determination could be grown by slow
diffusion of Et,O into a mixture of L"2 with 0.5 eq. Pd(CH3sCN)4(BF). in acetonitrile con-
taining the structure of a catenane with two [Pd.L"2%,]** (Figure 4.6 b,c). One BF4 ion is
present in the cavity between the two Pd(ll) metal ions. The Pd-Pd distance is around
8.1 A and the assembly crystallized in the space group P2; and the point group C,. One
of each pyridine groups of each ligands is centered under the ring of another ligand,
where-as the second pyridine group is positioned between two rings of two ligands. The
symmetry reduction should lead to splitting in the 'H NMR spectrum, therefore the H
spectrum that showed only a shifting of the ligand signals after addition of Pd(ll) is not
corresponding to the X-ray structure. With the actual data it is not possible to assign a
H spectrum to the found X-ray structure and more experiments need to be done. The
ESI-MS spectrum is in agreement with the X-ray structure (Figure 4.5) but further exper-
iments need to be done, as isomers like a [Pd2L"2%4]*" cage structure would lead to the
same ESI-MS spectrum. The results, especially the X-ray structure determination, high-
light the potential of the ligand for the formation of very interesting supramolecular as-

semblies and should be of further investigation.
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4.3 5,5,5-Tricyclic backbone for assemblies

4.3.1 LM

In principle, the backbone provided by Waldmann et al. could be modified via cross cou-
pling reactions to a variety of ligands. Due to the small amount of the backbone, only two
modifications have been synthesized. L"* was synthesized via a Sonogashira cross cou-
pling reaction with the meta substituted 3-ethynylpyridine. The addition of 0.5 eq.
Pd(CH3sCN)4(BF4)2 in CD3CN led to the formation of a trans or cis coordinated complex
PdLY,(Figure 4.7).

+ Pd(ll) '

PALW!_

Figure 4.7 Structure of LW* and the formed complex PdL"?,.

In the 'H NMR spectrum most signals are downfield shifted upon coordination to the
metal and all signals could be assigned using 2D NMR techniques (Figure 4.8). No split-
ting of the signals was observed. The signals observed in the ESI-MS spectra are in
perfect agreement with the calculated signals for the formation of a [PdiL'";]?* complex.
Only a minor signal indicates the formation of cage [Pd.L'"V14]**. The flexibility of the ligand
allows two possible coordination motifs, comparable to the results found for [PtLN;]
(chapters 2.4.2 and 2.4.4).

PdLW.
S
LW1\ \
\
10 8 6 4 2

ppm

Figure 4.8 *H NMR spectra (CDsCN) of the ligand and after addition of 0.5 eq. Pd(ll) leading to the formation of a
PdL;species.
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calc.for [C, H_,N,O, Pd,]**
2+
PaL) A
[ measured

[Pd1L2+(CD3CN)2]3+ | I l L

L+ 733.2 688 690 692

637\‘2 [Pd L, +BF J** [Pd L +BF ]™*

948.6 1465.4

,| b | i

600 800 1000 1200 1400 m/z

Figure 4.9 ESI-MS spectrum of [PdL",]** as the main species (left).

The modeled structures (PM®6) for the cis- and the trans- coordinated structures are de-

picted (Figure 4.10), but with the actual data none of the isomers can be excluded and

further experiments should be performed for an undoubted determination of the struc-

ture.

Figure 4.10 PM6 models of the two possible isomers for [PdL"!;]?*. Left: the trans coordinated complex right: the
cis coordinated complex.

As the modelled structures showed, a prolonging of the ligand would only prolong the

ligand but most likely not lead to another coordination motif. Consequently, a para sub-

stituted pyridine was synthesized and investigated for the formation of supramolecular

assemblies, as the formation of a PdL. complex should be impossible.
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4.3.2 W2

+Pd(ll)
e

Pd. L"?
3 6
Figure 4.11 Structure of the ligand L"? and the presumable structure of the assembly [PdsL"Z].

H NMR spectra have been recorded in CDsCN and DMSO before and after the addition
of 2 eq. Pd(CH3CN)4(BF4)2 to 4 eq. L"W? and caused a splitting of the signals into a set of
two in both solvents (Figure 4.12).

L¥2+ 2 eq. Pd (CD,CN)
N'| J M

L"2(CD,CN) \l/ uu
A

LW2+ 2 eq. Pd (dmso)
N

Lw2 (dvmso) N J M

—

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5

Figure 4.12 The 'H spectra of the ligand in CDsCN and DMSO before and after the addition of 2 eq Pd(Il) in DMSO
and CD3CN, that results in a splitting of the signals due to the formation of the Pds;Ls assembly.

The signals observed in the ESI-MS spectrum reveal [PdsL %] as the main speciesi***
with different numbers of BF,  anions as counter ions in form of [PdsL%"%]%,
[BFs@PdsL'"?6]°*, [2BF4PdsL'"V%])** and [3BF.@PdsL"2%]** (Figure 4.13). Only one weak
signal could be assigned to [BFs@Pd,L.4]** which is probably the result of a fragmentation
of the [PdsL"V?%] assembly.

calc.for[C, H,N,,0, Pd_BF]**

210" 192" "24 7 30

[Pd,L +BF J**
787.4 alllll,

measured l““
+ Pd.L ¢ y "
L [6431 6; P L +28F Jo i
589.2 | ’ 1006.0 785 787 789
\ |
[Pd.L_+3BF J**
[Pd,L+BF J** 13700 "
82|34.2 |
S S S v s h*-*‘al-.-.-‘- .......
600 800 1000 1200 1400 mvz

Figure 4.13 ESI-MS spectrum showing the formation of [PdsLe]®* and its related assemblies with BF, anions as
the main species.
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The splitting in the *H NMR spectrum can be explained via symmetry operations. There-
fore, the PM6 modeled structures are depicted from different perspectives in Figure
4.14. With C3 and C, symmetry axes all ligands can be turned into each other, but no
symmetry operation allows the transformation from the inside half of the ligands to the

outside half due to the chirality of the ligand.

. ?
.. ‘:.”3 - .“. @
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°, o®
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Figure 4.14 PM6 modelled structure of [PdsL"%]®" from different perspectives and as space filling model.

4.4 Conclusion

Two new chiral backbones based on nature inspired compounds have been developed
and their ability to form a variety of supramolecular assemblies could be shown. Further
studies should lead to a complete characterization and could show the chiral discrimina-
tion of guests due to the cavities provided by the enantiopure assemblies, as shown for
the helicene based cages in chapter 3.3.4. The high flexibility and the high number of
functional groups of the ligand L"? probably led to the formation of several assemblies,
but further research could find conditions for a selective formation or switching between
the different assemblies. The functional groups of the backbone have been reported for
catalyzed reactions and therefore the catalytic potential in the defined cavities of the

supramolecular assemblies should be investigated.

75






5 Experimental Section

5 EXPERIMENTAL SECTION

All experiments were, if needed, performed under nitrogen atmosphere using standard
Schlenk techniques. Commercially available reagents were used as received without
further purification. Diethyl ether and tetrahydrofurane were, if needed, freshly distilled
under argon from sodium. Recycling gel permeation chromatography was performed on
a JAI LC-9210 Il NEXT GPC system equipped with Jaigel 1H and 2H columns in series
using chloroform as the eluent.

Chiral high performance liquid chromatography was performed on an Agilent Technolo-
gies 1260 infinity HPLC system equipped with Daicel CHIRALPAK IC columns (250 x
46 mm and 250 x 10 mm) using a dichloromethane/hexane/propan-2-ol
(40.0%/59.5%/0.5%) mixture as eluent for the separation of trans-2 and a dichloro-
methane/methanol (99.5%/0.5%) mixture as eluent for the separation of 1, a dichloro-
methane/hexane/methanol/propan-2-ol (5.0%/80.0%/5.0%/10.0%) mixture as eluent for
the separation of L! and a dichloromethane/hexane/methanol/propan-2-ol
(16.0%/69.0%/5.0%/10.0%) mixture as eluent for the separation of L2.

NMR measurements were conducted on Avance 300 IIl, Avance 400 Il HD, Avance 500
Il HD, Avance 600 IIl HD instruments from Bruker. Mass spectrometric measurements
were performed on a maxXis ESI-TOF MS and an ESI-timsTOF machine from Bruker, a
LTQ Orbitrap from Thermo-Fisher and on an AccuTOF from JEOL (El, FD).

Dichloromethane (DCM) of spectroscopic-grade (Kanto Chemical Co., Inc.) was used for
absorption or emission measurements of trans-2, respectively, without further purifica-
tion. All of the measurements at room temperature were conducted at 25 + 2°C unless
otherwise stated. The absorption spectra of the trans-2 complexes were measured by
using a JASCO V-560 spectrophotometer. All of the samples were dissolved in DCM.
The absorption spectral band shapes of the studied complexes were independent of the
concentration in the concentration range studied. The corrected emission spectra of the
complexes at room temperature and 77 K were measured by using a JACSO F6500
fluorescence spectrometer (excitation wavelengths = 350 and 400 nm). The absolute
emission quantum yields (®em) of the complexes were measured by a Hamamatsu
C9920-02 system equipped with an integrating sphere and a PMA-12 multichannel pho-
todetector (excitation wavelength = 400 nm). Emission decay profiles were measured by

using a Hamamatsu C11200 streak camera as a photodetector by exciting at 355 nm
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using a nanosecond Q-switched Nd:YAG laser (Continum® MiniliteTM, fwhm = 10-12
ns, repetition rate = 10 Hz). For emission spectroscopy, the absorbance of a sample
solution was set <0.05 at the excitation wavelength, and sample solutions were deaer-

ated by purging an Ar-gas stream over 30 min.

Circular dichroism spectra were recorded in HPLC grade DCM and DMSO-ds with an
Applied Photophysics Chirascan qCD Spectrometer. The spectra were background cor-

rected and smoothed with a window size of 3.

CPL measurements in DCM solutions have been recorded with a home built appa-
ratus,01:193 excitation wavelength 370 nm, 90° geometry, incident beam polarized par-
allel to the direction of emission collection, 8 scans.

The irradiation for the helicene synthesis was performed with a 500 W Hg Arc lamp from
LOT-Quantum Design.

5.1 Chiral-at-Metal Phosphorescent Square-
Planar Pt(Il)- Complexes from an Achiral
Organometallic Ligand

5.1.1 Synthesis and characterization

5.1.1.1 [(2-Bromophenyl)ethynyl]trimethylsilane

™S
| Pd(Pgh?)zClz =
u
©i + =—TMS ——
Br NEts Br
23°C,21h

A suspension of 2-bromoiodobenzene (3.10 g, 10.6 mol, 1.0 eq.), trimethylsilylacetylene
(1.15g, 11.7 mmol, 1.10 eq.), Pd(PPh3).Cl; (112 mg, 0.159 mmol, 1.5 mol%) and Cul
(85 mg, 0.446 mmol, 4.2 mol%) was stirred under nitrogen atmosphere in NEtz (40 mL)
for 21 h at 23 °C. The solvent was removed under vacuum and the reaction mixture was
subjected to column chromatography (hexane) yielding the target product as yellow oll
(2.67 g, 10.5 mmol, 96 %).

IH NMR (300 MHz, CDCls): & (ppm) = 7.57 (dd, J = 8.0, 1.3 Hz, 1H, 6-H), 7.49 (dd,
J=7.6,1.8Hz, 1H, 3-H), 7.24 (td, J =7.6, 1.3 Hz, 1H, Ar-H), 7.15 (td, J =7.7, 1.8 Hz,
1H, Ar-H), 0.28 (s, 9H, -CHs).

13C NMR (75 MHz, CDCls): & (ppm) = 133.8, 132.5, 129.7, 127.0, 125.9, 125.4, 103.2,
99.8, 0.0.
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MS (EI): m/z (found) = 252.0 [M+H]*
m/z (calc.) = 252.0 [M+H]"

5.1.1.2 2-((2-((Trimethylsilyl)ethynyl)phenyl)ethynyl)pyridine

]
™S

= 7 Pd(CH3CN),Cl, y SN

| [(t-Bu)sPH]BF,

+ —_—

= "N
Br / CUI \

dioxane/NEt; N ™S

40°C, 24 h

A suspension of [(2-bromophenyl)ethynyl]trimethylsilane (2.38 g, 9.40 mol, 1.0 eq.),
2-ethynylpyridine (1.19 g, 11.5 mmol, 1.2 eq.), Pd(CHsCN)2Cl> (115 mg, 0.443 mmol,
4.7 mol%), [(t-Bu)sPH]BF4 (168 mg, 0.579 mmol, 6.2 mol%), Cul (22.8 mg, 0.120 mmaol,
1.3 mol%) in dioxane (30 mL) and NEt; (12 mL) was stirred for 24 h at 40 °C under a

nitrogen atmosphere.

The solvent was removed and the crude product was purified by column chromatography
(SiO2, ethyl acetate/hexane: 1:4). The desired product was obtained as a brown oil
(2.20 g, 7.99 mmol, 85 %).

IH NMR (300 MHz, CDCls): & (ppm) = 8.63 (ddd, J = 5.0, 1.7, 0.9 Hz, 1H), 7.68 (td,
J=7.7,1.8Hz, 1H), 7.62 — 7.48 (m, 3H), 7.36 — 7.25 (m, 2H), 7.30 — 7.19 (m, 1H), 0.26
(s, 9H, -CH).

13C NMR (75 MHz, CDCls): & (ppm) = 150.2, 143.7, 136.1, 132.4, 128.7, 128.4, 127.5,
126.2, 125.2, 122.9, 103.4, 99.1, 92.5, 88.1, 0.13.

HRMS (ESI(+)): m/z (found) = 276.1203 [M+H]*
m/z (calc.) = 276.1203 [M+H]*

5.1.1.3 2-((2-Ethynylphenyl)ethynyl)pyridine

\S NS
= K,CO, =
1h
A X
TMS H

A mixture of 2-((2-((trimethylsilyl)ethynyl)phenyl)ethynyl)pyridine (2.20 g, 7.99 mmol,

1.0 eq.) and potassium carbonate (2.20 g, 15.9 mmol, 2.0 eq.) was stirred for 1 h in
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methanol (9 mL) at room temperature. The solvent was removed under reduced pres-
sure, chloroform (15 mL) was added and the organic phase was washed with HCI solu-
tion (1 m, 10 mL) and a saturated NaCl sol. (10 mL) and dried over Na,SO,. The solvent
was removed under reduced pressure and the desired product could be obtained as a
dark oil that showed satisfactory analytical data despite its color and was used success-

fully in the subsequent step (1.37 g, 6.74 mmol, 84 %).

IH NMR (300 MHz, CDCls): & (ppm) = 8.63 (d, J = 5.0 Hz, 1H), 7.69 (td, J = 7.7, 1.8 Hz,
1H), 7.67 — 7.49 (m, 3H), 7.39 — 7.28 (m, 2H), 7.31 — 7.20 (m, 1H), 3.39 (s, 1H).

13C NMR (75 MHz, CDCls): & (ppm) = 150.1, 143.4, 136.4, 132.8, 132.5, 128.8, 128.7,
127.8, 125.4, 125.2, 123.1, 92.4, 87.9, 82.1, 81.7.

HRMS (EI(+)): m/z (found) = 203.0732 [M]*
m/z (calc.) = 203.0735 [M]*

5.1.1.4 2-((2-((2-Bromophenyl)ethynyl)phenyl)ethynyl)pyridine LEN-Br

N Pd(PPh;),Cl,

/
= ©:Br Cul

+ —_—
% | 40 °C,24 h

A suspension of 2-((2-ethynylphenyl)ethynyl)pyridine (1.37 g, 6.74 mmol, 1.0 eq.), 2-bro-
moiodobenzene (2.29 g, 8.09 mmol, 1.2 eq.), PdCl; (59.8 mg, 0.337 mmol, 5.0 mol%),
PPhs (195 mg, 0.741 mmol, 0.11 eq.) and Cul (64.2 mg, 0.337 mmol, 5.0 mol%) in de-
gased NEt; (20 mL) and dioxane (10 mL) was stirred under nitrogen atmosphere for 24 h
at 40 °C. The solvent was removed under reduced pressure and the crude product was
purified by column chromatography (SiO., ethyl acetate/hexane: 1:4). The desired prod-
uct could be obtained as brown solid. Recrystallization from hot acetonitrile yielded the

clean ligand L°N-Br as a colorless solid (1.19 g, 3.32 mmol, 49 %).

IH NMR (300 MHz, CDCls): & (ppm) = 8.64 (s, 1H), 7.70 — 7.61 (m, 4H), 7.61 — 7.52 (m,
2H), 7.40 — 7.33 (m, 2H), 7.31 — 7.22 (m, 2H), 7.22 — 7.11 (m, 1H).

13C NMR (75 MHz, CDCls): & (ppm) = 150.1, 143.6, 136.1, 133.8, 132.6, 132.5, 132.3,
129.7, 128.8, 128.5, 127.6, 127.1, 125.9, 125.6, 125.5, 124.9, 122.9, 92.7, 92.5, 92.3,
88.0.

HRMS (ESI(+)): m/z (found) = 358.0222 [M+H]"*

m/z (calc.) = 358.0226 [M+H]"
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5.1.1.5 [PtLCENCI(SEt2)] (1) and [PtLENz] (2)

cis-2

The reaction conditions have been variied to optimize the yield of trans-2 in respect of
order of the addition, temperature and solvent ratios. With the procedure as described
below, but in pure THF the formation of 1 was prefered over the formation of trans-2 and
the formation of cis-2 could not be observed. The use of a THF/ether mixture increased
the formation of trans-2, but trans-2 was very difficult to isolate from the now formed

cis-2 complex.

Synthesis of 1 and trans-2: L°N-Br (306 mg, 0.854 mmol, 2.1 eq.) and PtClx(SEty)2
(182 mg, 0.406 mmol, 1.0 eq.) were dissolved in dry THF (4 mL) and dry Et,O (16 mL).
A solution of n-BuLi (2.5 M, 0.342 mL, 0.854 mmol, 2.1 eq.) in hexane was added drop-
wise at —78 °C and the red solution warmed up to 23 °C overnight. The solvent was
removed under reduced pressure and the products 1 and 2 were isolated via column
chromatography (SiO», dichloromethane/hexane 50:50 — dichloromethane — metha-
nol/dichloromethane 3:100). Further purification of 1 was carried out via GPC yielding a
yellow solid (15.3 mg, 0.0255 mmol, 6 %). 2 was further purified by washing with DCM
(20 mL) yielding a yellow solid (47.5 mg, 0.0632 mmol, 16 %). 29.3 mg of a column frac-
tion with a cis-2/trans-2 mixture, that contained mainly cis-2, was transformed to trans-
2 in 100 mL chloroform at 50 °C over night, resulting in a total yield for trans-2 (76.8 mg,
0.0632 mmol, 25 %).

[PLLCNCI(SEL)] 1:

IH NMR (600 MHz, CDCls): & (ppm) = 8.79 (d, J = 5.5 Hz, 1H), 7.83 — 7.75 (m, 1H), 7.74
(d,J=7.3Hz, 1H), 7.67 (d, J = 7.6 Hz, 1H), 7.64 (d, J = 7.8 Hz, 1H), 7.47 (d, J = 7.7 Hz,
1H), 7.42 (t, J = 7.5 Hz, 1H), 7.42 — 7.35 (m, 2H), 7.32 (t, J = 7.6 Hz, 1H), 7.03 (t, J= 7.0
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Hz, 1H), 6.93 (t, J = 7.5 Hz, 1H), 2.72 — 2.53 (m, 2H), 2.38 — 2.18 (m, 2H), 1.46 — 1.35
(m, 3H), 1.22 — 1.13 (m, 3H).

13C NMR (151 MHz, CDCls): & (ppm) = 151.8, 144.6, 137.4, 137.1, 137.1, 132.9, 131.9,
131.6, 129.8, 129.6, 129.5, 128.6, 128.0, 126.9, 124.5, 123.6, 123.0, 100.8, 96.8, 90.2,
87.4,30.5, 28.9, 12.8, 12.7.

MS (ESI(+)): m/z (found) = 473.1 [M -SEt—CI)[*
miz (calc.) = 473.1 [M —SEt,-CI)]*

[PtL‘”(S1Et2)CH3CN]* calculated C ,H_.N,SPt*

[PLLEN]* 04'[PtLCN(SEt)r | | ..
47?"1 353.2 22 measured

602 603 604 605 606 607 608

300 400 500 600 700 800 900 1000 1100 1200 m/z

Figure 5.1. ESI-MS of 1.
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Figure 5.2. *H NMR of 1 (600 MHz, CDCls).
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Figure 5.3. 3C NMR of 1 (151 MHz, CDCl3).
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Figure 5.4. 'H-'H COSY NMR spectrum of 1 (600 MHz, CDCls).

[PtLEN,] trans-2:

IH NMR (600 MHz, CD.Cl,): & (ppm) = 9.39 (dt, J = 5.6, 1.4 Hz, 1H), 7.85 (dd, J = 7.7,
1.4 Hz, 1H), 7.82 (td, J = 7.7, 0.7 Hz, 2H), 7.60 — 7.49 (m, 3H), 7.45 (td, J = 7.7, 1.3 Hz,
1H) 7.24 (dd, J = 7.3, 1.8 Hz, 1H), 7.09 (td, J = 6.1, 2.8 Hz, 1H), 6.68 (td, J = 7.3, 1.6 Hz,
1H), 6.64 (td, J = 7.3, 1.6 Hz, 1H).

13C NMR (151 MHz, CD:Cl,): & (ppm) = 153.3, 149.7, 143.8, 139.2, 135.8, 132.8, 131.7,
130.5, 129.5, 129.3, 129.1, 128.6, 126.8, 126.6, 124.1, 123.8, 121.0, 102.4, 94.3, 90.7,
84.2.

MS (FD(+)): m/z (found) = 751.1 [M]*
m/z (calc.) = 751.2 [M]*

EA: calc. for C42H24N2Pt - H2O:  C: 65.5, H: 3.4, N: 3.6
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found: C: 65.6, H: 3.6, N: 3.8

g/f
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W
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ppm

Figure 5.5. 'H NMR spectrum of trans-2 (600 MHz, CD,Cl,). The full spectrum reveals that the signals assigned to
CDHCI; and H,0 are relatively high due to the bad solubility of 2.
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Figure 5.6 *H-'H COSY NMR spectrum of trans-2 (600 MHz, CD,Cl,).

84



5 Experimental Section
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Figure 5.7. ®C NMR spectrum of trans-2 (151 MHz, CD,Cl,).
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Figure 5.8. HMBC NMR spectrum of trans-2 (600 MHz, CD,Cl).
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Figure 5.9. HSQC NMR spectrum of trans-2 (600 MHz, CD,Cly).
[PtLEN,)] cis-2:
IH NMR (600 MHz, CD>Cl,): & (ppm) = 9.09 (d, J = 5.6 Hz, 1H), 7.85 (dd, J = 7.7, 1.4 Hz,
1H), 7.70 (d, J = 7.7 Hz, 1H), 7.62 — 7.56 (m, 2H), 7.53 (td, J = 7.7, 1.3 Hz, 1H), 7.40 (td,

J=7.6, 1.3 Hz, 1H), 7.29 (d, J = 7.8 Hz, 1H), 7.13 (ddd, J = 7.6, 5.6, 1.4 Hz, 1H), 7.04
(dd, J = 7.5, 1.5 Hz, 1H), 6.83 (td, J = 7.5, 1.5 Hz, 1H), 6.63 (td, J = 7.4, 1.4 Hz, 1H).
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Figure 5.10. COSY NMR spectrum of cis-2 (600 MHz, CD,Cl,).

5.1.2 Single-crystal X-ray Crystallography

The crystals of 1 and racemic trans-2 were mounted on top of glass fiber using inert
perfluorinated polyether oil and placed in the 100(2) K cold gas stream of an Oxford
Cryostream low-temperature device on a Bruker D8 three circle diffractometer. The data
of 1 was collected using an Incoatec microsource (Ag Ka = 0.56086 A) and data for
racemic trans-2 was measured with a Bruker TXS rotating anode (Mo Ka = 0.71073 A),
both machines utilize Montel beam shaping optics. Data integration for all three struc-
tures was done with SAINT 8.30C. Data scaling and absorption correction were per-
formed with SADABS 2016/2. The space group was determined using XPREP. The
structure was solved by direct methods using SHELXT. % Full-matrix least squares re-
finement was done with SHELXL-2016/5 within the SHELXLe-GUI.[*3+146l The hydrogen
atoms were refined isotropically on calculated positions using a riding model with their
Uiso Values constrained to 1.5 Ueq Of their respective pivot atoms for terminal sp® carbon
atoms and 1.2 times for all other carbon atoms. All non-hydrogen atoms were refined

with anisotropic displacement parameters.

87



5 Experimental Section

5.1.2.1 X-ray dataof 1

Table 5.1. Crystal data and structure refinement for 1.

Identification code PtLCISEt2

CCDC no. 1507376

Empirical formula CaxsHzs ClasNPtS

Formula weight 718.40

Temperature 100(2) K

Wavelength 0.56086 A

Crystal system Monoclinic

Space group P2i/n

Unit cell dimensions a=17.566(2) A a=90°.
b =20.775(3) A B=92.01(2)°.
c=17.105(2) A y=90°,

Volume 2686.7(9) A3

Z 4

Density (calculated) 1.776 Mg/m3

Absorption coefficient 3.089 mm-!

F(000) 1392

Crystal size 0.419 x 0.176 x 0.150 mm3

Theta range for data collection 1.217 to 27.927°.

Index ranges -12<=h<=12, -34<=k<=34, -28<=I<=28

Reflections collected 147537

Independent reflections 13101 [R(int) = 0.0434]

Completeness to theta = 19.665° 100.0 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.6469 and 0.4303

Refinement method Full-matrix least-squares on F?

Data / restraints / parameters 13101/927 /424

Goodness-of-fit on F2 1.186

Final R indices [I>2sigma(l)] R1 =0.0253, wR2 = 0.0474

R indices (all data) R1 =0.0300, wR2 = 0.0487

Largest diff. peak and hole 1.480 and -2.735 e.A3
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5.1.2.2 X-ray data of racemic cis-2

Table 5.2. Crystal data and structure refinement for racemic cis-2:

Identification code cis-2

CCDC no. 1543318

Empirical formula Ca3 Hzs Cl2 N2 Pt

Formula weight 836.65

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P1

Unit cell dimensions a=19.4057(12) A o= 81.006(4)°.
b =11.9467(16) A B=88.203(4)°.
¢ =15.1002(19) A y = 79.304(4)°.

Volume 1646.8(4) A3

Z 2

Density (calculated) 1.687 Mg/m3

Absorption coefficient 4.458 mm-1

F(000) 820

Crystal size 0.378 x 0.321 x 0.084 mm?

Theta range for data collection 2.554 t0 26.370°.

Index ranges -11<=h<=11, -14<=k<=14, -15<=I<=18

Reflections collected 28776

Independent reflections 6701 [R(int) = 0.0394]

Completeness to theta = 25.242° 99.5%

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7465 and 0.5954

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 6701 /24 /442

Goodness-of-fit on F2 1.047

Final R indices [1>2sigma(l)] R1 =0.0274, wR2 = 0.0667

R indices (all data) R1 =0.0300, wR2 = 0.0684

Largest diff. peak and hole 2.432 and -2.497 e A3

5.1.2.3 X-ray data of racemic trans-2

Crystals of racemic trans-2 suitable for X-ray structure determination were obtained by
slow evaporation from a DCM/Hexane solution. Both enantiomers are present in the
crystal structure. The distance between the ligand planes is ~3.5 A.
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Figure 5.11. ORTEP drawing of racemic [PtLN;] trans-2. C: black/grey, N: blue, Pt: red. H atoms.
Table 5.3. Crystal data and structure refinement for racemic trans-2:
Identification code trans-2
CCDC no. 1507375
Empirical formula Ca2 Haa N2 Pt
Formula weight 751.72
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2i/c
Unit cell dimensions a=17.492(3) A a=90°.
b=9.249(2) A B=97.13(2)°.
c=18.881(2) A v =90°.
Volume 3031.0(9) A3
z 4
Density (calculated) 1.647 Mg/m3
Absorption coefficient 4.663 mm-1
F(000) 1472
Crystal size 0.122 x 0.115 x 0.104 mm3

Theta range for data collection
Index ranges
Reflections collected

Independent reflections

90

1.173 to 36.352°.

-29<=h<=29, -15<=k<=15, -31<=I<=31
114524

14542 [R(int) = 0.0240]



5 Experimental Section

Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

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

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

100.0 %

Semi-empirical from equivalents
0.7549 and 0.6612

Full-matrix least-squares on F2
14542 /0 / 406

1.054

R1=0.0176, wR2 = 0.0430

R indices (all data) R1 =0.0204, wR2 = 0.0441
Largest diff. peak and hole 1.953 and -0.723 e.A3

5.1.2.4 X-ray data of enantiopure trans-2(Sa)

Crystals of enantiopure trans-2 (Sa enantiomer) suitable for X-ray structure determina-
tion were obtained by slow evaporation from a DCM/Hexane solution. The crystal of en-
antiopure trans-2 (Sa) was mounted on a molecular dimensions micro mount using NVH
oil and placed in the 100(2) K cold gas stream of an Oxford Cryostream low-temperature
device on a Bruker D8 four circle diffractometer. The data was collected using an In-
coatec microsource 2.0 (Mo Ka = 0.71073 A) utilize Montel beam shaping optics. With
the purpose of determining the absolute configuration of the HPLC peak 1 an extensive
data collection was performed in which most Friedel pairs were measured in the same
frame. A resolution up to 0.67 A reached (100% complete up to 0.75 A) with an overall
multiplicity of 13. Nevertheless, the absolute structure determination remained challeng-
ing, as the chirality of the molecule and corresponding anomalous differences from res-
onant scattering originate only from the difference of one nitrogen atom compared to one
carbon atom, both sitting next to the platinum atom. The structure was solved in space
group P2; with two identical enantiomers in the asymmetric unit. In the CHECKCIF rou-
tine an additional (pseudo) symmetry element ¢ and corresponding space group change
to P24/c is suggested. This is however not suggested when the ADSYMM EXACT calcu-
lation in PLATON is performed. We therefore conclude that the space group P2, is cor-
rect. The enantiopure distinguishing parameters calculated with methods of Flack [x =
0.164(8)], Hooft [y = 0.138(7)] and Parsons [z = 0.166(8)] confirm that the absolute struc-
ture has been correctly assigned.®®°" 8848 Bivoet differences from the dataset have
been analyzed using Basian statistics in the PLATON program,#7 yielding a probability
[P(2) and P(3)] of 1.00 that the absolute structure assignment is correct. Although the
absolute value of x/y/z exceeds the usually applied tolerance criteria for a “strong indi-
cation” of enantiopurity (x < 0.10) the obtained results indicate, that HPLC fraction 1 is
the Saenantiomer. Hence, the CD and X-ray results for assigning the absolute configu-

ration are in accordance with each other. We conclude that the absolute structure of
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HPLC peak 1 of compound 2 has been successfully identified as Sa enantiomer using

Mo

radiation.
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Figure 5.12 Bivoet analysis output of enantiopure 2 (S,) from the PLATON program.[*47
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Table 5.4. Crystal data and structure refinement for enantiopure trans-2(S,).

Identification code enantiopure trans-2(Sa)

CCDC no. 1511719

Empirical formula C42 H24 N2 Pt

Formula weight 751.72

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2:

Unit cell dimensions a=17.5938(12) A a=90°.
b =9.2189(6) A B= 96.984(3)°.
c=18.8427(14) A y=90°,

Volume 3033.5(4) A3

4 4

Density (calculated) 1.646 Mg/m3

Absorption coefficient 4.660 mm-1

F(000) 1472

Crystal size 0.192 x 0.059 x 0.050 mm3

Theta range for data collection 2.451to 32.251°.

Index ranges -25<=h<=25, -13<=k<=13, -27<=I<=27

Reflections collected 152787

Independent reflections 19280 [R(int) = 0.0565]

Completeness to theta = 25.242° 99.8 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7464 and 0.6273

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 19280/649 /811

Goodness-of-fit on F2 1.035

Final R indices [I>2sigma(l)] R1 =0.0307, wR2 = 0.0445

R indices (all data) R1 = 0.0564, wR2 = 0.0487

Absolute structure parameter 0.142(9)

Largest diff. peak and hole 0.769 and -0.936 e. A3



5 Experimental Section

5.2 Helicene based Cages

5.2.1 Synthesis of the compounds L! and L?2

5.2.1.1 2,7-Bis(triphenylphosphoniomethyl)naphthalene Dibromide

PPhs ® ®
Br Br PhsP PPh,
Bre Bl'e
DMF

Commercial available 2,7-bis(bromomethyl)naphthalene (2.06 g, 6.56 mmol, 1.0 eq.)
and PPhs (4.11 g, 15.7 mmol, 2.4 eq.) were dissolved in DMF (20 mL) and stirred at r.t.
for 24 h. A white solid precipitated, toluene (30 ml) was added and the mixture was
stirred for additional 30 min. The product was filtered off, washed with toluene (50 mL)

and dried in vacuo yielding the clean product (5.49 g, 6.55 mol, 99 %).[108.131]

IH NMR (300 MHz, DMSO-d6) & = 5.35 (d, J = 15.8 Hz, 4H), 7.08 (d, J = 8.3 Hz, 2H),
7.17 = 7.27 (m, 2H), 7.79 — 7.61 (m, 26H), 7.86 — 7.97 (M, 6H).

13C NMR (75 MHz, DMSO-d6) & = 28.18 (d, J = 47.0 Hz), 117.70 (d, J = 85.6 Hz), 126.59
(d, J=9.1 Hz), 128.29, 128.73, 129.80 (d, J = 8.9 Hz), 130.10 (d, J = 12.6 Hz), 131.35,
132.02, 134.00 (d, J = 10.1 Hz), 135.14.

31p NMR (121 MHz, DMSO-d6) & = 23.09.
HRMS (ESI): m/z (found) = 677.2489 [M-2Br-H]*
m/z (calc.) = 677.2522 [M—-2Br-H]"*.

5.2.1.2 2,7-Bis[2-(4-bromophenyl)ethynyllnaphthalene
Br Br

1) LIHMDS @ @
® ®
PhsP OO PPhs | |
Br@ Br@ O
P T
H
To a suspension of 2,7-bis(triphenylphosphoniomethyl)naphthalene dibromide (2.00 g,

2.39 mmol, 1.0 eq.) in dry THF (30 mL) LiHMDS in THF/ethylbenzene (1.06 M, 5.2 ml,

5.5 mmol, 2.3 eq) was added at =78 °C over 2 min.. The mixture was warmed up to r.t.

over 30 min and the solution turned red. A solution of fresh sublimated p-bromobenzal-
dehyde (1.10 g, 6.43 mmol, 2.7 eq.) in dry THF (1.3 mL) was added and the color
changed from red to yellow/brown. The mixture was stirred for 24 h atr.t.. The precipitate
was filtered off and washed with cold methanol (30 mL) yielding the mixture of the iso-
mers (758 mg, 1.55 mmol, 65 %).1*32
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!H NMR (500 MHz, Chloroform-d) & = 6.60 (d, J = 11.9 Hz, 2H), 6.77 (d, J = 12.4 Hz,
2H), 7.15 (d, J = 8.0 Hz, 4H), 7.26 — 7.32 (m, 2H), 7.35 (d, J = 8.0 Hz, 4H), 7.56 — 7.66
(m, 4H).

13C NMR (126 MHz, Chloroform-d) & = 121.26, 127.07, 127.59, 128.15, 128.18, 129.52,
130.74, 130.94, 131.54, 131.56, 131.98, 134.89, 136.19.

HRMS (ESI(+)): m/z (found) = 489.9748

m/z (calc.) = 489.9757.

5.2.1.3 2,15-Dibromo[6]helicene

Br Br &/
C: C: hv

| | -

OO toluene

The reaction has been carried out several times, the optimised conditions are presented:

A suspension of 2,7-Bis[2-(4-bromophenyl)ethynyllnaphthalene (80.0 mg, 0.16 mmol,
1.0 eq.), 12(85.9 mg, 0.34 mmol, 2.1 eq.) in dry toluene (80.0 mg) was degassed with the
freeze pump-thaw-method. Epoxybutane (4 ml) expands upon freezing and therefore
was added to the degassed mixture. The mixture was irradiated for 6 h with a 500 W Hg
lamp, until the color faded from red to slightly yellow. The solvent of the organic phase
was removed in vacuum with an attached liquid nitrogen cooling trap and the residue
washed with a minimum amount of CHCIl; (2 x 0.4 ml) yielding the clean product
(57.4 mg, 0.12 mmol, 74 %).[126.132]

Figure 5.13. 'H NMR spectra in DMSO.
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IH NMR (500 MHz, DMSO-d6): & = 7.50 (dd, J = 8.5, 2.0 Hz, 2H), 7.58 (d, J = 1.9 Hz,
2H), 7.97 (d, J = 8.5 Hz, 2H), 8.12 (d, J = 8.6 Hz, 2H), 8.17 (d, J = 8.6 Hz, 2H), 8.21 (d,
J =8.2 Hz, 2H), 8.25 (d, J = 8.2 Hz, 2H).

IH NMR (300 MHz, CS2/CD,Cl, (6/1)): 7.33 — 7.43 (m, 2H), 7.67 (dd, J = 2.1 Hz, 0.8, 2H),
7.74 (d, J = 8.5 Hz, 2H), 7.87 — 8.10 (m, 8H).

13C NMR (75 MHz, CS,/CD.Cl, (6/1)): d = 120.36, 124.41, 127.01, 127.42, 128.25,
128.37, 128.40, 129.66, 129.92, 130.56, 131.11, 131.38, 132.58, 133.90.

MS (El(+)): m/z (found) = 485.9
m/z (calc.) = 485.9.

5.2.1.4 3-(4-bromophenyl)pyridine

N
SN | PdCl, | h
| =
= N82CO3
B + R —
o0 PPh;
v Br
Br

A mixture of 3-pyridineboronic acid 1,3-propanediol ester (370 mg, 2.27 mmol, 1.0 eq.),
1-bromo-4-iodobenzene (936 mg, 3.31 mmol, 1.5 eq.), PdCl, (20.6 mg, 0.117 mmol,
0.05 eq.), Na.CO3 (98.0 mg, 0.924 mmol, 0.4 eq.), PPhs (63.6 mg, 0.242 mmol,), tolu-
ene (6 ml), ethanol (6 ml) and water (3 ml) were stirred for 24 h at 70 °C. Toluene (30
ml) was added at r.t. and the organic phase was separated from the aqueous phase. The
agueous phase was extracted with ethyl acetate (10 ml). The solvent of the combined
organic phases was removed and hydrochloric acid (2M, 12 mL) was added. The aque-
ous phase was washed with ethyl acetate (10 ml). The aqueous phase was neutralised
with sodium hydroxide solution and extracted with ethyl acetate (30 ml). The organic
phase was separated and the solvent removed under reduced pressure yielding the tar-
get product (447 mg, 1.91 mmol, 84 %).

IH NMR (300 MHz, CDCls) & = 7.37 (ddd, J = 7.9, 4.8, 0.9 Hz, 1H), 7.41 — 7.47 (m, 2H),
7.54 — 7.65 (m, 2H), 7.83 (ddd, J = 7.9, 2.4, 1.6 Hz, 1H), 8.62 (dd, J = 4.8, 1.6 Hz, 1H),
8.82 (d, J = 1.8 Hz, 1H).

13C NMR (75 MHz, CDCls) d = 122.75, 123.89, 128.79, 132.36, 134.61, 135.79, 136.62,
147.69, 148.44.

MS (EI(+)): mi/z (found) = 232.9834
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m/z (calc.) = 232.9840.

5.2.1.5 3-(4-((trimethylsilyl)ethynyl)phenyl)pyridine

)
| Pd(CH3CN),Cl,
|‘| [(tBus)PH]BF,
+
TMS
Br | |
TMS

A suspension of 3-(4-bromophenyl)pyridine (393 mg, 1.68 mmol, 1.0 eq.), ethynyltrime-
thylsilane (220 mg, 2.24 mmol, 1.4 eq.), Pd(CHsCN)2Cl. (58 mg, 0.224 mmol, 6 mol%),
[(t-Bu)sPH]BF4 (85 mg, 0.293 mmol, 8 mol%), Cul (10 mg, 0.0525 mmol, 3 mol%) in di-
oxane (10 mL) and NEts (1 mL) was stirred for 24 h at 23 °C under a nitrogen atmos-

phere.

The solvent was removed and the crude product was purified by column chromatography
(SiO2, ethyl acetate/hexane: 1:2). The desired product was obtained as brown solid
(319 mg, 1.27 mmol, 76 %).

IH NMR (300 MHz, CDCls): & = 0.27 (s, 9H), 7.38 (s, 1H), 7.47 — 7.61 (m, 4H), 7.86 (d,
J=7.9 Hz, 1H), 8.64 (s, 1H), 8.87 (s, 1H).

13C NMR (75 MHz, CDCls) 6 = 0.07, 95.74, 104.61, 123.15, 126.99, 132.75, 134.15,
137.92, 147.78, 148.30.

MS (EI(+)): m/z (found) = 236.1[M—CHjs)]*

m/z (calc.) = 236.1[M—CHjs]*.

% ]

A suspension of 2,15-Dibromo[6]helicene (100 mg, 0.206 mmol, 1.0 eq.), 3-ethynylpyri-
dine (74.2 mg, 0.720 mmol, 3.5 eq.), Pd(PPh3)4 (11.9 mg, 0.0103 mmol, 5.0 mol%) and
Cul (1.96 mg, 0.0103 mmol, 5.0 mol%) in degased NEt; (1 mL) and DMF (15 mL) was
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stirred under nitrogen atmosphere for 24 h at 85 °C. The solvent was removed under
reduced pressure and the crude product was purified by column chromatography (SiO-,
methanol/dichloromethane: 1/100 — 1/10). Recrystallization from hot acetonitrile yielded
the clean ligand L! (56.3 mg, 0.106 mmol, 52 %).

8.5 8.0 7.5
ppm
[ VR || Y
8 7 6 5 4 3 2 1 0

ppm
Figure 5.14. *H NMR spectra of L' in DMSO.
IH NMR (300 MHz, DMSO-d6) & = 7.40 — 7.51 (m, 4H), 7.67 (d, J = 1.6 Hz, 2H), 7.75

(dt, J = 7.9, 1.9 Hz, 2H), 8.04 (d, J = 8.3 Hz, 2H), 8.13 — 8.34 (m, 8H), 8.52 (s, 2H), 8.58
(d, J = 3.7 Hz, 2H).

IH NMR (300 MHz, CDCls) & = 7.20 — 7.26 (m, 2H), 7.37 (dd, J = 8.3, 1.5 Hz, 2H), 7.52
—7.65 (M, 2H), 7.74 — 7.89 (m, 4H), 7.90 — 8.07 (m, 8Hr), 8.54 (d, J = 13.5 Hz, 4H).

IH NMR (400 MHz, CDsCN) & = 7.35 (ddd, J = 7.9, 4.9, 0.9 Hz, 2H), 7.39 (dd, J = 8.2,
1.6 Hz, 2H), 7.67 (ddd, J = 7.9, 2.2, 1.7 Hz, 2H), 7.69 — 7.73 (m, 2H), 7.93 (d, J = 8.2 Hz,
2H), 8.02 — 8.07 (m, 2H), 8.09 — 8.14 (m, 4H), 8.17 (d, J = 8.3 Hz, 2H), 8.51 (dd, J = 2.4,
0.9 Hz, 2H), 8.53 (dd, J = 5.0, 1.7 Hz, 2H).

13C NMR (75 MHz, CDCls): 6 = 85.33, 93.15, 118.76, 123.14, 124.01, 127.22, 127.50,
127.55, 127.66, 127.77, 127.81, 128.03, 129.21, 131.95, 132.01, 132.25, 133.50,
138.19, 148.35, 152.27.

HRMS (ESI(+)): m/z (found) = 531.1869

m/z (calc.) = 531.1856.
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Figure 5.15 *H-'H COSY and NOESY NMR spectra of L! (600 MHz, DMSO-d6). The characteristic signals assigned
to Ha and He as starting point allowed the assignment of all proton signals due to the COSY and NOESY contacts.
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5.21.7L?

A suspension of 2,15-Dibromo[6]helicene (100 mg, 0.206 mmol, 1.0 eq.), 3-(4-((trime-
thylsilyl)ethynyl)phenyl)pyridine (155 mg, 0.617 mmol, 3.0 eq.), Pd(PPhs). (11.9 mg,
0.0103 mmol, 5.0 mol%), Cul (1.96 mg, 0.0103 mmol, 5.0 mol%) and tetrabutylammo-
nium fluoride solution in THF (1.0 M, 0.72 mL, 0.72 mmol, 3.5 eq.) in degased NEt;
(1 mL) and DMF (15 mL) was stirred under nitrogen atmosphere for 21 h at 85 °C. The
solvent was removed under reduced pressure and the crude product was purified by
column chromatography (SiO2, methanol/dichloromethane: 1/100 — 1/10). Recrystalli-

zation from hot acetonitrile yielded the clean ligand L2 (100 mg, 0.147 mmol, 71 %).

9.0 8.5 8.0 7.5
ppm
__J(_L‘MULJ.LJ\ JJJL LI A
9 8 7 6 5 4 3 2 1

ppm

Figure 5.16 *H NMR spectra in DMSO.

IH NMR (500 MHz, DMSO-de): & = 7.46 (d, J = 8.3 Hz, 4H), 7.48 (dd, J = 8.3 Hz, 1.6,
2H), 7.49 — 7.56 (m, 2H), 7.69 (d, J = 1.5 Hz, 2H), 7.81 (d, J = 8.4 Hz, 4H), 8.04 (d,
J=8.2 Hz, 2H), 8.14 (dt, J = 8.0 Hz, 1.9, 2H), 8.17 — 8.21 (m, 4H), 8.23 (d, J = 8.0 Hz,
2H), 8.28 (d, J = 8.2 Hz, 2H), 8.60 (dd, J = 4.8 Hz, 1.6, 2H), 8.95 (d, J = 2.4 Hz, 2H).
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13C NMR (151 MHz, CDsCN): 6 = 89.23, 91.22, 120.09, 123.53, 124.43, 124.70, 127.66,
128.19, 128.48, 128.61, 128.65, 128.70, 129.11, 130.03, 132.29, 132.81, 132.87,
132.93, 134.49, 135.09, 136.28, 138.68, 148.91, 149.86.

HRMS (ESI(+)): m/z (found) = 683.2472 [M+H]*
m/z (calc.) = 683.2482 [M+H]*.
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Figure 5.17The *H-3C HMBC spectra(600 MHz, DMSO-d6) allows the assignment of He, H; and H, due to the contact
with the alkyne carbon atoms.
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Figure 5.18 'H-'H COSY and NOESY NMR spectra of L? (600 MHz, DMSO-d6). The characteristic singlets of H, and
He as starting point allowed the assignment of all proton signals due to the COSY and NOESY contacts.
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5.2.2 Cage synthesis

The cage compounds C1™es°, C1PM C2M* and C2”M were prepared in quantitative yields
by mixing of the ligands (1.38 umol, 1.8 eq.) in 550 yL DMSO with 50 pL of a 15 mM
DMSO solution of PA(CH3N)4(BF4)2 (0.72 umol, 1.0 eq.) atr.t..

C1mese was prepared with the racemic mixture of L. C1M was prepared with the first
HPLC fraction of L. C1P was prepared with the second HPLC fraction of L*. C2P was
prepared with the second HPLC fraction of L2 C2M was prepared with the first HPLC
fraction of L2.

The cage compound DC2™ was prepared by mixing of the first HPLC fraction of L2
(2.38 mol, 1.8 eqg.) in 550 uL CDsCN with 50 uL of a 15 mM CD3:CN solution of
Pd(CH3N)4(BF4)2 (0.72 mol, 1.0 eq.) at 75 °C for 2 weeks and filtering. The cage com-
pound DC2P were prepared by mixing of the second HPLC fraction of L2 (1.38 mol, 1.8
eg.) in 550 uyL CDsCN with 50 uL of a 15 mM CD3CN solution of Pd(CHsN)4(BFa)2
(0.72 mol, 1.0 eq.) at 75 °C for 2 weeks and filtering. For crystallization attempts, the
cage compound C2M was also prepared by mixing of the ligands (1.38 pmol, 1.8 eq.) in
550 pL CD3CN with 50 pL of a 15 mM CD3CN solution of Pd(CH3sN)4(PFe)2 (0.72 pmol,
1.0eq.) atr.t..

5.2.2.1 C1meso

IH NMR (400 MHz, DMSO-d6) & = 7.00 (d, J = 8.3 Hz, 4H), 7.39 (d, J = 8.6 Hz, 4H), 7.51
(d, J= 1.4 Hz, 4H), 7.57 (d, J = 8.2 Hz, 4H), 7.60 (d, J = 1.4 Hz, 4H), 7.66 (dd, J = 8.1,
1.5 Hz, 4H), 7.72 — 7.77 (m, 4H), 7.84 (d, J = 8.7 Hz, 4H), 7.94 (d, J = 8.0 Hz, 4H), 7.99
(d, J = 8.1 Hz, 4H), 8.04 — 8.08 (m, 12H), 8.17 (d, J = 8.2 Hz, 4H), 8.19 — 8.33 (m, 16H),
9.29 (d, J = 5.7 Hz, 4H), 9.38 (s, 4H), 9.53 (d, J = 1.9 Hz, 4H), 9.67 (t, J = 3.7 Hz, 4H).

5.2.2.2 C1PM

IH NMR (500 MHz, DMSO-d6): & = 7.53 (d, J = 8.2 Hz, 4H), 7.58 (s, 8H), 7.79 (d,
J=8.8Hz, 4H), 7.87 (t, J = 6.9 Hz, 4H), 8.06 (d, J = 8.7 Hz, 4H), 8.14 (d, J = 8.2 Hz,
8H), 8.23 (d, J = 8.3 Hz, 4H), 9.34 (d, J = 5.8 Hz, 4H), 9.37 (s, 4H).
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Figure 5.19 *H-'H COSY and NOESY NMR spectra of C1”™ (500 MHz, DMSO-d6) with CHCI; for better separation

of H, and Hy,.
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5.2.2.3 C2PM enantiopure DMSO

IH NMR (500 MHz, DMSO-d6): & = 7.54 (dd, J = 7.9, 1.6 Hz, 8H), 7.60 (s, 8H), 7.69 (d,
J=8.2 Hz, 16H), 7.81 (d, J = 8.2 Hz, 8H), 7.88 — 7.95 (m, 32H), 8.09 (d, J = 8.8 Hz, 8H),
8.14 (d, J=8.2 Hz, 8H), 8.20 (d, J = 8.4 Hz, 8H), 8.49 (d, J = 8.1 Hz, 8H), 9.43 (d,
J = 6.0 Hz, 8H), 9.82 (s, 8H).
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Figure 5.20'H-'H COSY and NOESY NMR spectra of C2°P™ (500 MHz, DMSO-d6).
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5.2.2.4 C2PMenantiopure CD3CN (PFe)

IH NMR (500 MHz, CDsCN): & = 1H NMR (600 MHz, CDsCN) & = 7.45 (dd, J = 8.0 Hz,
1.6, 8H), 7.63 (d, J = 8.1 Hz, 16H), 7.68 (s, 8H), 7.73 (dd, J = 7.9, 5.9 Hz, 8H), 7.76 (d,
J=8.1Hz, 16H), 7.78 (d, J = 8.0 Hz, 8H), 7.85 (d, J = 8.7 Hz, 8H), 8.01 (d, J = 8.7 Hz,
8H), 8.06 (d, J = 8.1 Hz, 8H), 8.12 (d, J = 8.2 Hz, 8H), 8.27 (d, J = 8.2 Hz, 8H), 9.09 (d,
J =5.2 Hz, 8H), 9.56 (s, 8H).
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Figure 5.21. The *H-*C HMBC NMR spectra of C2°M (500 MHz, CDsCN) allows the assignment of He, Hr and H, due

to the contacts with the alkyne carbon atoms and supports the assignment for H; and H; based on COSY and
NOESY spectra.
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Figure 5.22. *H-*H COSY and NOESY NMR spectra of C2P™ (500 MHz, CDsCN). All signals could be assigned.

5.2.2.5 DC2MP enantiopure CD3CN interpenetrated cage

IH NMR (600 MHz, CDsCN): & = 6.02 (d, J = 7.7 Hz, 8H), 6.62 (d, J = 7.4 Hz, 16H), 6.85
(d, J=7.8 Hz, 8H), 7.41 — 7.46 (m, 8H), 7.48 (d, J = 7.5 Hz, 16H), 7.61 (t, J = 8.1 Hz,
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16H), 7.66 (d, J = 7.7 Hz, 16H), 7.72 (s, 8H), 7.81 (s, 8H), 7.89 (d, J = 8.2 Hz, 24H), 7.99
(d, J = 7.9Hz, 16H), 8.03 — 8.13 (m, 24H), 8.16 (d, J = 8.2 Hz, 8H), 8.21 (d, J = 8.0 Hz,
8H), 8.29 (d, J = 8.2 Hz, 8H), 8.45 (d, J = 7.6 Hz, 16H), 9.26 (d, J = 6.0 Hz, 8H), 9.46 (d,
J =5.9 Hz, 8H), 9.81 (s, 8H), 9.86 (s, 8H).
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Figure 5.23. COSY of DC2°™ (black) (600 MHz, CDsCN) and C2°™ (red) (500 MHz, CDsCN) to allow clear assignment
of the proton contacts of DC2PM, as a few percent of monomeric cage remained in the sample of the double cage.
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Figure 5.24. Combined *H-*H COSY and NOESY NMR spectra of DC2PM (600 MHz, CDsCN) and the *H-*C HMBC
spectrum. All contacts could be assigned and are in agreement with the crystal structure of DC2M.
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5.2.3 DOSY of C1™°, C1" and C2"™
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Figure 5.25. Superimposed *H DOSY spectra of C1m°, C1” and C2°M,
The hydrodynamic radii were calculated using the Stokes-Einstein equation:
k-T

r=6-1r-n-D

With r = radius, k = Boltzmann const., T = Temp., n = dynamic viscosity of DMSO and

D = Diffusion values estimated by the DOSY experiment.
Cimese d =257 A
C1PM d=254A
C2°M d=28.1A

The results differ only slightly, even so C2 has a Pd-Pd distance that is around twice as
big, as the one for the C1 cage, but the distance between the helicene backbones oppo-

site to each other is only slightly affected.

5.2.4 Titration Experiments

The camphor sulfonate, 4,4’biphenyl bis-sulfonate, 2,7naphtalene bis-sulfonate and 4,4'-
azobenzene bis-sulfonate guests were prepared as reported in literature.*3614¢] The

host/guest ratio was controlled via *H NMR for every titration step.
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5.2.5 Pascal's triangle for the cage formation with a racemic lig-
and mixture
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Figure 5.26 Pascal's triangle for the cage formation with a racemic ligand mixture. The probability is the number
of combinations for one set, divided by the total number of combinations.
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5.2.6 Single-crystal X-ray Crystallography

5.2.6.1 X-ray data of L?P

Single crystals of L?” were obtained by slow evaporation of a DMSO solution. A single
crystal was mounted in NVH oil on a nylon loop. X-ray diffraction data were collected at
100(2) K on a Bruker D8 venture equipped with an Incoatec microfocus source (lus 2.0)
using Moka radiation and an Oxford Cryostream 800 at 100(2) K. Data integration and
reduction were undertaken with SAINT and XPREP. Multi-scan empirical absorption cor-
rection was applied to the data using SADABS. The structure was solved by direct meth-
ods using SHELXD!® and refined with SHELXL"** using 22 CPU cores for full-matrix
least-squares routines on F? and ShelXle!**®! as a graphical user interface. Hydrogen
atoms were included as invariants at geometrically estimated positions. There are twelve
independent helicene molecules in the asymmetric unit. Nine of which are partially dis-
ordered due to their conformational flexibility. All four DMSO solvent molecules are dis-
ordered. Techniques commonly applied for macromolecular structures were employed
to generate a molecular model and increase robustness of the refinement. Stereochem-
ical restraints for helicene ligands (TSP), and disordered DMSO solvent molecules of the
structure were generated by the GRADE program using the GRADE Web Server
(http://grade.globalphasing.org) and applied in the refinement. A GRADE dictionary for
SHELXL contains target values and standard deviations for 1.2-distances (DFIX) and
1.3-distances (DANG), as well as restraints for planar groups (FLAT). The refinement of
ADP's for non-hydrogen atoms was enabled by using the rigid bond restraint (RIGU)*50
in the SHELXL program. SIMU restraints were additionally employed The TABS keyword
behind the ACTA instruction was employed to generate the CIF. Similar distance re-
straints (SADI) were used additionally for 1.2 and 1.3 distances of DMSO solvent mole-
cules to ensure similarity of bonds and angles in between the 8 disordered DMSO com-
ponents. The absolute configuration was unambiguously determined using the method
of Parsons® as implemented in SHELXL, yielding an enantiopure distinguishing param-
eter of x = 0.079(8).

Figure 5.27 ORTEP drawing of one of the twelve ligands L%, which are present in the asymmetric unit.
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Table S1. Crystal data and structure refinement for L2° (CCDC 1558206).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission
Refinement method

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

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

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

tspl2

C632 H384 N24 04 54

8505.85

100(2) K

1.54178 A

Monoclinic

P21

a=18.2938(7) A a=90°.
b =39.7389(15) A
¢ =30.4852(11) A y=90°,
22153.3(14) A3

2

1.275 Mg/m3

0.743 mm-!

8880

0.248 x 0.120 x 0.064 mm3

2.224 t0 79.341°.

-23<=h<=22, -50<=k<=49, -24<=1<=36
410955

91631 [R(int) = 0.0712]

99.6 %

Semi-empirical from equivalents
0.7542 and 0.6931

Full-matrix least-squares on F2

91631/ 16769 / 6907

1.032

R1=0.0738, wR2 = 0.1878
R1=0.1282, wR2 = 0.2254

0.079(8)

n/a

0.748 and -0.482 e. A3

B=91.609(2)°.
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5.2.6.2 X-ray data of DC2M

Single crystals of [2PFs@Pd4L?Mg] (DC2Y) suitable for X-ray structure analysis were ob-
tained by slow diffusion of ether into an acetonitrile solution of the mono cage. The very
thin, needle shaped crystals are extremely volatile due to loss of solvent. Single crystals
were mounted in on a nylon loop using NVH oil and immediately flash cooled and stored
in liquid nitrogen to prevent subsequent solvent loss. Due to their tiny dimensions of 0.1
x 0.001 x 0.001 mm? crystals required synchrotron radiation in order to achieve a reso-
lution sufficient for structure solution using direct methods. Hence, X-ray data were col-
lected at 80(2) K at the DESY beamline P11 using a radiation wavelength of 0.6889 A.[15
A single 360° ¢ scan was collected in steps of 0.2° and 0.2 seconds exposure time per
frame at a detector distance of 156 mm and 100% transmission filter. Data integration
and reduction were undertaken using XDS.'%? Due to disorder in the solvent region a
higher resolution could not be achieved, with such small crystal dimensions (0.1 x 0.001
x 0.001 mm). The data was cut at 0.97 A, as the signal to noise ration has dropped below
I/o(l) < 2.0. The structure was solved by intrinsic phasing/direct methods using
SHELXT5! and refined with SHELXL using 22 CPU cores for full-matrix least-squares
routines on F? and ShelXle as a graphical user interface. Hydrogen atoms were included
as invariants at geometrically estimated positions.

Techniques commonly applied for macromolecular structures were employed to gener-
ate a molecular model and increase robustness of the refinement. Stereochemical re-
straints for the TSP ligands and ETO [(Et).O] solvent of the structure were generated by
the GRADE program using the GRADE Web Server (http://grade.globalphasing.org) and
applied in the refinement. A GRADE dictionary for SHELXL contains target values and
standard deviations for 1.2-distances (DFIX) and 1.3-distances (DANG), as well as re-
straints for planar groups (FLAT). The ETO solvent is disordered over a special position
(2 fold axis) and the GRADE restraint dictionary was manually adapted to match the
symmetry equivalent atoms. All non-hydrogen atoms, but the atoms of (Et).O solvent
were refined anisotropically. The refinement of ADP's for non-hydrogen atoms was ena-
bled by using the new rigid bond restraint (RIGU) in the SHELXL program. SIMU re-
straints were additionally employed. The contribution of the electron density associated
with disordered counterions and solvent molecules, which could not be modelled with
discrete atomic positions were handled using the SQUEEZE™* routine in PLATONI3,
Solvent masks (.fab files) generated by PLATON were included in the SHELXL refine-
ment via the ABIN instruction leaving the original structure factors untouched.

The absolute configuration was unambiguously determined using the method of Par-
sons® as implemented in SHELXL 4, yielding an enantiopure distinguishing parameter
of x = -0.02(2).
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Table S2. Crystal data and structure refinement for DC2M (CCDC 1581540).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 20.796°
Absorption correction
Refinement method

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

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

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

sI660c_sq

C420 H250 F30 N16 O P5 Pd4
6686.80

80(2) K

0.6888 A

Orthorhombic

1222

a=18.482(4) A a=90°.
b = 29.545(6) A B= 90°.
¢ =36.264(7) A y=90°,
19802(7) A3

2

1.121 Mg/m3

0.242 mm-1

6838

0.1 x 0.001 x 0.001 mm3

0.862 to 20.796°.

-19<=h<=19, -30<=k<=30, -37<=1<=37
75625

11362 [R(int) = 0.0833]

100.0 %

None

Full-matrix least-squares on F2

11362 /2381 /1109

0.993

R1 =0.0795, wR2 = 0.2151

R1 =0.1105, wR2 = 0.2430

-0.02(2)

n/a

1.324 and -0.452 e.A-3
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5.2.7 Conformational flexibility of the helicene backbone

The presence of twelve independent ligands in the L?" structure and two ligands in the
DC2M structure, allows us to better understand the flexibility of the helicene backbone.
The distance between the two terminal carbon atoms (C15 and C39) bound to the adja-
cent imine groups was chosen as representative value for this purpose. It was calculated
with standard uncertainty using SHELXL and varies in between: 3.8285 + 0.0063 A (res-
idue 6) and 4.4653 + 0.0071 A (residue 10) of L.

Table 5.5. d from the crystal structure of DC2M.

d residue between
4.0251 (0.0195) Cl15 2-C39 2
4.3275 (0.0211) C15 3-C39 3

Table 5.6. d from the crystal structure of L?":

d residue between
4.3073 (0.0077) C15 1-C39 1
4.2875 (0.0071) C15 2-C39 2
3.8622 (0.0062) C15_3-C39 3
3.8427 (0.0069) Cl15 4-C39 4
4.3608 (0.0068) Cl15 5-C39 5
3.8285 (0.0063) C15 6-C39 6
3.8870 (0.0059) Cl15 7-C39 7
4.4886 (0.0066) C15 8-C39 8
4.4506 (0.0067) C15 9-C39 9
4.4653 (0.0071) C15 10-C39 10
4.4224 (0.0073) C15 11-C39 11
4.4368 (0.0066) C15 12-C39 12
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5.3 Nature inspired backbones for supramo-

lecular assemblies

5.3.1 L"2in DMSO

TS-7_1
TS-7 ligand 0.8mg + 600microL DMSO + Pd solution (15mM) 29.9microL
22

TS-5_0
TS-5 ligand 0.8mg + 600microL DMSO
11

LA M\.nﬂ( i

T

10 9 8 7 6
ppm

Figure 5.28 'H NMR spectra (500 MHz) of L"? before and after the addition of Pd(CH3CN)4(BFy)a.
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