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0. Summary / Zusammenfassung

0. Summary / Zusammenfassung

0.1 Summary

In the first part of this thesis, the principlesmétallo-supramolecular self-assembly and
self-sorting were studied. Depending on the progef the building blocks used, many
different metallo-supramolecular complexes wereami®d and their properties were
investigated using a combination of several analytethods.

In order to get functionalized complexes which g@aract with guest molecules, several
bispyridyl-urea ligands have been synthesized a®dl dor self-assembly. Due to their
ability to act as hydrogen-bond donor and acceptat their dipole moment in the urea
groups, these ligands are promising candidatemfecular recognition. Unfortunately,
the solubility of the complexes was very low whishmpers their use for molecular
recognition.

In many systems equilibria between two complexeewbéserved, which are based on a
sensitive balance between enthalpy and entropyctiratoe influenced by the properties
of their building blocks as well as by their envinobent. In principle, the larger
complexes were favored at low temperatures and highcentrations, while the
corresponding smaller complexes were favored vemsa: A drastic solvent effect was
observed for the self-assembly of flexible divalegands with (en)Pd(Ng), in water.
The formation of ML, complexes in equilibrium with their correspondifgal,
catenanes was discovered, while the entropicallyenf@vorable ML3; complexes were
not observed. This can be assigned to hydrophdfectavhich favors the formation of
catenanes.

Interestingly, 1:1:1 mixtures of 4,4"-bis(pyridideylethynyl)-2,2"-bipyridin with the
metal centers (dppp)M(OTEfland (dppe)M(OTH (M = Pd*, PE*) showed self-sorting
behavior. While (dppp)M(OT}) preferred coordination at the pyridine bindingesiof
the ligand, (dppe)M(OT$)showed no preference. This was used for the edifg of
homo- and heterometallic )M, complexes and nicely shows the influence an autditi
CHz-group can have on self-assembly processes.

Kinetic studies of the formation of several Pt@hd Pd(Il) complexes revealed that the

coordination of the ligands to the metal centerdast, whereas the error correction
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0. Summary / Zusammenfassung

process is slower than that. Thus, some kineticaliyned complexes were observed
which convert into the thermodynamically favoredangdexes over time. Mixed-flow on-
line mass spectrometry was successfully used tatardast self-assembly processes and
identify intermediates of the self-assembly proeessicluding the initial coordination.
For the self-assembly reactions many differentrmegliates were observed and thus the
process is rather unspecific, whereas self-sompirmgesses were found to be pathway-
selective.

Comparing the assemblies of isomeric ligands wattheother shows that the constitution
of the ligand has a drastic effect on the resultiesgemblies. The complexes formed can
be isomeric to each other or totally differentwis discovered, that the behavior of
isomeric complexes depends highly on their corsgtitu For example, tandem MS
experiments showed that isomeric complexes canrgadieagmentation using totally
different pathways.

The second part of the thesis deals with the aisabfsismuth-oxido clusters using ESI
MS. Several bismuth-oxido clusters bearing differelnster cores as well as different
ligands have been analyzed successfully. Tandem eM&riments confirmed their
structure and enabled to investigate their stgbiESI MS has been shown to be a

suitable analytical method to examine bismuth-oxilisters.
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0. Summary / Zusammenfassung

0.2  Zusammenfassung (German)

Im ersten Teil dieser Arbeit wurden die Grundlageetallo-supramolekularer Selbst-
Assemblierung und Selbst-Sortierung untersucht. Biembination verschiedener
Baueinheiten fuhrte zur Ausbildung einer Vielzalitarschiedlicher Komplexe, deren
Eigenschaften durch die Kombination mehrerer arsglyer Methoden untersucht
wurden.

Um funktionalisierte Komplexe zu erhalten, welcheder Lage sind Gast-Molekule zu
erkennen, wurden mehrere Bispyridylharnstoff-Ligamdhergestellt. Harnstoffe besitzen
ein relativ hohes Dipolmoment und kénnen bei destiNdung von Wasserstoff-Briicken
sowohl als Donor als auch als Akzeptor fungiereas wie zur molekularen Erkennung
pradestiniert. Leider verhindert die geringe Ldsheit der resultierenden Komplexe
ausfuhrliche Studien.

In vielen Systemen wurden Gleichgewichte zwischerenschiedlichen Komplexen
gefunden, die auf einem empfindlichen Zusammensypiel Enthalpie und Entropie
beruhen, das sowohl durch die Eigenschaften deekien Baueinheiten als auch durch
die Umgebung beeinflusst wird. Generell sind grél3étomplexe bei niedrigen
Temperaturen und hohen Konzentrationen bevorzugihrend sich die kleineren
Komplexe entgegengesetzt verhalten. Ein drastiscbsungsmittel-Effekt wird fur die
Selbst-Assemblierung flexibler divalenter Ligandenit (en)Pd(NQ), in Wasser
beobachtet. Hier werden Gleichgewichte zwischeib MKomplexen und ihren WLg-
Catenanen beobachtet, wahrend die entropisch heyterz ML;-Komplexe nicht
auftreten. Dies kann mit Hilfe des hydrophoben E#eerklart werden, welcher die
Ausbildung der Catenane bevorzugt.

Wenn 4,4 -Bis(pyridin-4-ylethynyl)-2,2"-bipyridinni einem 1:1:1-Verhéaltnis mit den
Metallzentren (dppp)M(OT$) und (dppe)M(OTH (M = Pd*, PE") kombiniert wird,
werden Selbst-Sortierungs-Prozesse beobachtep)dpPTf), koordiniert bevorzugt an
die Pyridine des Liganden, wahrend (dppe)M(Q@kgine Préferenz zeigt. Dies konnte
fur die Darstellung von homo- und heterometallisciMyL,-Komplexen tber Selbst-

Sortierungs-Prozesse genutzt werden.

13



0. Summary / Zusammenfassung

Durch zeitabhéngige Untersuchungen der Bildung cheeslener Pt(ll)- und Pd(ll)-

Komplexe konnte gezeigt werden, dass die Koordnatder Liganden an die

Metallzentren sehr schnell erfolgt, wahrend die chhel3ende Fehler-Korrektur

langsamer verlauft. Auf Grundlage dessen konntersciedene kinetisch gebildete
Komplexe identifiziert werden, welche sich mit d&eit in die thermodynamisch

bevorzugten Strukturen umwandelten. Schnelle Sélssémblierungs-Prozesse wurden
erfolgreich mit Hilfe der ,Mixed-Flow online Massspektrometrie* untersucht, wodurch
neben verschiedenen Intermediaten selbst die sgtmelle Koordination beobachtet
werden konnte. Wahrend sich bei Selbst-Assemblgsdirozessen eine Vielzahl an
Intermediaten ausbildete und die Prozesse daher wispezifisch sind, scheint die
Bildung von Komplexen in Selbst-Sortierungs-Proeasspezifisch zu sein.

Vergleicht man die Selbst-Assemblierungs-Prozeseeeérer Liganden mit denselben
Metallzentren miteinander, so zeigt sich, dass<diestitution der Liganden die Bildung

der resultierenden Komplexe teils drastische bkeigf. Hierbei kénnen diese Komplexe
sowohl isomer zueinander sein als auch vollig Jreestene Strukturen besitzen. Die
Eigenschaften isomerer Komplexe unterscheiden kosieh ebenfalls, so konnte zum
Beispiel Uber MS/MS-Experimente gezeigt werden,sdaomere Komplexe vollig

unterschiedliche Zerfallsmechanismen besitzen kénne

Der zweite Teil dieser Arbeit beschaftigt sich ndiéer Analyse von Bismut-Oxido-

Clustern mittels ESI-MS. Die untersuchten Clustatetschieden sich dabei in ihrem
Cluster-Kern und in der Art ihrer Liganden. Tand@&a$-Experimente ermdglichten

sowohl die Strukturaufklarung der Cluster als alttersuchungen bezlglich deren
Stabilitat. Es wurde gezeigt, dass ESI-MS eine guniytische Methode ist, um solche

Cluster zu untersuchen.
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1. Introduction to Supramolecular Chemistry

1. Introduction to Supramolecular Chemistry

Supramolecular chemistry is a fast emerging fidiccloemical research.? Due to its
diversity, it is quite difficult to find a definibin for “supramolecular chemistry” which
fits to all of its different aspects. Lehdescribed it aschemistry beyond the molecyle
because it deals with intermolecular interactiohsnore precise definition is given by
the International Union of Pure and Applied Chemis{ty PAC): “A field of chemistry
related to species of greater complexity than mdeés; that are held together and
organized by means of intermolecular interactioitie objects of supramolecular
chemistry are supermolecules and other polymolecalaities that result from the
spontaneous association of a large number of commsninto a specific phase
(membranes, vesicles, micelles, solid state strestetc.).

The roots of supramolecular chemistry can be trdozexk to the last decade of the 19th
century. Alfred Werner published hiordination theoryin 1893 (see chapter 3.1),
directly followed by Emil Fischer introducing hisck-and-key conceph 1894 which
postulated a specificity in the binding of substsato enzyme$The enzymes and the
substrates have complementary geometric shapes vihiexactly into each other and
thereby produce certain specificity in their intd@n. These were the first considerations
of molecular recognitionwhich became a very important part of (bio-) cheahi
pharmaceutical and medical researctOne reason for the evoking interesniolecular
recognition and intermolecular interactions was the discoweiryPaul Ehrlich, that a
molecule can only have an effect on the human hibéysomehow interacts with ftThe
concepts of supramolecular chemistry were revigedl adjusted when more data and
knowledge of chemistry became available. Howevapramolecular chemistry really
began evolving as an independent field of reseimrthe 1960ies. This can be explained
by the lack of appropriate analytic methods to ab#arize and describe supramolecular
systems before the 1960ies. Also, a paradigm siufturred. Before the 1960ies,
chemical research was focused on the intrinsic gotegs of a molecular system and
intermolecular interactions have somehow been otgle It changed when the number
of examples increased, whose properties could motexplained with the intrinsic

properties of the molecules alone. Based on thradigm shift, the interest in non-
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1. Introduction to Supramolecular Chemistry

covalent interactions increased immediately andbtagis of supramolecular chemistry
was formed: #°In 1987, Cram, Lehn and Pedersen were awardeddabke mprize for
their work in supramolecular chemistry. This unohe$ the importance of intermolecular

interactions for chemistry.

Table 1.1: Several interactions and their typical bond enesgire shown’

interaction bond energy in kJ / mol
covalent CC bond 160-500
coordinative bond 40-340
hydrogen bond 4-65
ion-ion interaction 40-370
ion-dipole interaction 40-210
dipole-dipole interaction 4-40
cationqt interaction 4-80
©- interaction 4-20
van-der-Waalsnteraction <4-20

Intermolecular forces are relatively weak interaesi® (Table 1.1) and thus normally
allow the bonds between two or more molecules tanfeeversibly. In many different

areas of (supramolecular) chemistry, biology or itiad, the reversibility of an

intermolecular bond is mandatory or at least helgiar example, molecular recognition,
molecular machines, self-organization, templatetlssgis and even life itself were not
possible without weak interactions between molexul€hus, the understanding of
intermolecular forces and their influences on nscapic systems is a fundamental
requirement to understand macroscopic systemshaidgroperties. Until now, the vast
variety of possibilities emerging from supramoleculnteractions for chemistry and
other sciences is just partly reflected by the marogjects performed in supramolecular

chemistry* 2
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2. Aim of this Study

2. Aim of this Study

This thesis iglivided into two parts that are connected throdghtopic of coordination
chemistry: The self-assembly of metallo-supramdbecaomplexes and the analysis of
bismuth-oxido clusters using ESI mass spectrometry.

Self-assembly offers an interesting way to form ptax structures from rather simple
building blocks. This synthetic strategy is used faorm metallo-supramolecular
complexes with interesting properties and behavior®rder to generate different types
of structures, several differently programmed bogdblocks have to be synthesized and
mixed with each other in an appropriate way. Thseulteng metallo-supramolecular
architectures are then analyzed by several analytreethods like nuclear magnetic
resonance spectroscopy (NMR) or electrospray idimizanass spectrometry (ESI MS).
The properties of these metallo-supramolecular esyst such as their kinetic and
thermodynamic behavior, possible equilibria betwégo or more complexes, ligand-
exchange reactions or even self-sorting are pawiegvay for new insights into metallo-
supramolecular chemistry. Furthermore, the selémfdy processes of metallo-
supramolecular complexes themselves should be zethlyFor slow self-assembly
processes, common NMR spectroscopic and mass epettic techniques are sufficient
enough, but for fast processes, other analyticalstbave to be found. On-line mass
spectrometry, for example, uses a micro-reactorodieds the ability to monitor fast self-
assembly processes down to a time-scale of 0.2ndsc@ltogether, these aspects of
metallo-supramolecular self-assembly result in @ieresting and challenging field of
chemical research that will be dealt with in theselies.

The second part of this thesis deals with the nspEstrometric characterization of
bismuth-oxido clusters, which are of interest foatemials science as well as medical
applications. However, the analysis of heavy biswaxido clusters that can have
molecular masses up to 15.000 Da with ESI MS is hallenging task. The
characterization of these clusters will be the $dar further experiments. In order to
obtain information about their stability, tandem M$periments of several different BiO

clusters should be performed as well as ligand-@xgh reactions between two different
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2. Aim of this Study

clusters. The information about these clustersthed stability will help to understand

their formation as well as their interesting prdiss.
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3. Theoretical Background

3. Theoretical Background

3.1  Coordination Chemistry

In 1893 Alfred Werner published heoordination theorywhich allocates an oxidation
number and a coordination numb@n) to every central atom in a complex and thereby
to various elements of the periodic tablEBhe CN of a central particle (very often a metal
ion) reveals the number of its coordination siteg by this also the maximum number of
its coordination partners. Due to the specific cosmon of the coordination sites of the
central particle and it€N, different coordination geometries can be achieusthg
different metal ions and ligand$Based on this concept, coordination chemistrydigpi
developed into an independent field of chemicataesh. All of those early coordination
compounds hadCNs of 2-6. In 1964/1965 the conceivable valencesewerttended
beyond six:* When Hoard and co-workers reported the crystaicaires of complexes
containing 2,2°,2°",2"""-(ethane-1,2-diyldinitriltgtraacetic acid (EDTA) coordinated to
large cations revealinGNs of seven and téfi.In general, th&€N is increasing with: (i)
increasing size of the metal(-ion); (ii) decreasisige of the coordinating ligands.
Transition metals have coordination numbers of 248l|e lanthanides and actinides even
haveCNs up to 123

According to thefrontier molecular orbital theory* today’s knowledge defines a
coordinative bond between a ligand and a metal(-ms an exchange of electronic
density between the coordination partners. Electiensity is transferred from the
highest occupied molecular orbitdHOMO) of the ligand into théowest unoccupied
molecular orbital (LUMO) of the metal(-ion). On the one hansl,bonds or electron
deficient bonds are formed, if main group metaks @ordinated by several ligands. On
the other hand, transition metals can farrandz bonds in order to coordinate ligands.
The early transition metal ions have usually higlidation states and are therefore
electron poor. They normally formbonds with the ligands transferring electron dignsi
from the ligand to the metal ion (donor-acceptondjo Nevertheless, in most cases such
donor bonds have a parti@albonding as well (Figure 3.1). Those andz-donor bonds
between ligands and metal centers are commondf ligands like alkoxy ligands, amido

ligands, aryloxy ligands, imido ligands and/or digands are usetf.
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3. Theoretical Background

0G0

LM CONR
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Figure 3.1: Simplified scheme of the frontier molecular orlsit@f an imido-metal

bond*!

The late transition metals are electron rich. Woeordinating to ligandsy-donor bonds
and n-donor bonds and-acceptor bondsrfdonor backbonds) are formed (Figure 3.2).
Theo-donor bonds transfer electrons from the ligantheoometal center (see above). The
n-donor bonds donate electrons from the filkeorbital or lone electron pair orbital of the
ligand into an empty orbital of the metal centehisTprocess cooperates with a back
donation of electrons from a d-orbital of the metéb the emptyr*-antibonding orbital

of the ligand. To achieve this kind of backbonditigg d-orbital of the metal has to have

certaint symmetry with respect to the metal-ligand axis #mal orbitals have to fit in

sizel®
0
OMAOO»c=o0 QMO g g QMD 9—0
a0 o (| O (O o0
M(c) <«—— CO(c) M(n) <€«—— CO(n) M(r) — CO(xn")
o donor - n donor N 7 acceptor

Figure 3.2: Schematic drawing of thedonor bond, ther-donor bond (can normally be

ignored) and ther-acceptor bond illustrated for transition metal ®®nding™*

Two other interesting effects have to be taken iatoount, if the binding situation
between metal ions and ligands is discussed. theemodynamic trans-effectalled

trans-influencg and thekinetic trans-effec{also calledrans-effect have certain effects
on the metal-ligand bonds in metal-ligand complexBisey are well examined for

20



3. Theoretical Background

complexes containing square-planar and octahedegdlmenters® The thermodynamic
trans-effectoccurs, if two ligands with different-acceptor strength are coordinating
trans to each other. Due to its strongeacceptor bond, the betteracceptor ligand is
bound more strongly to the metal center than thenld in therans position. This yields
in a weakening of the bond between the metal cemédatter ligand. Based on this, the
thermodynamic trans-effeatias defined as ‘the tendency of a ligand to selelgt
weaken the bonttans to itself' .}’ According to therontier molecular orbital theorghe
two ligandstransto each other try to form a ligand-metal bond gdime same orbital of
the metal center. Therefore they weaken the ligaetkl bondtrans to their own,
respectively! 18

Thekinetic trans-effechas been defined as ‘the effect of a coordinatedmon the rate
of substitution reactions of ligandsans to itself'* In a ligand-exchange experiment in
ligand-metal complexes, the incoming ligand alwagerdinates most quickly at the
positiontrans of the ligand with the biggestans-influence This does not always result
in the thermodynamically favored complex. It wasirfd that goodt-acceptor ligands
result in strongkinetic trans-effectavhereas hards-donor ligands bear weakinetic
trans-effects An exception of this is the hydride ion, whicldéed is a strong-donor
ligand but as well shows a strokipetic trans-effectHowever, the previously discussed
rivalry of the ligands binding to the orbitals bktmetal center holds for thkenetic trans-
effectas well, if it is extended te-bonds!* 2°

If a ligand has more than one coordination sitecaih bind to metal centers in two
different ways. First, the binding sites of thealigls can coordinate to different metal
centers leading to the formation of multi-nucleamplexes. Therefore, each metal-
ligand interaction can be described like that fanedentate ligands coordinating to a
metal center (see above). Second, a ligand cardicade to a metal center using more
than one of its binding sites. This is callgtelationand ‘the molecular entity in which
there is chelation (and the corresponding chemagsgcies) is called chelaté.?! One
chelating ligand bounds stronger to a metal cahtam one monodentate ligand. A reason
for the stability of chelate complexes is the fdbgt chelating ligands are bound to the
metal ions by more than one coordinative bond.né or example wants to replace a

divalent chelating ligand A with another divalertetating ligand B, it has to be
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3. Theoretical Background

considered, that two bonds have to be broken thange the ligands. After the first bond
between ligand A and the metal center is broken,ttings can happen: (i) ligand B can
coordinate to the empty coordination site of thdaheenter or (ii) ligand A can again
coordinate to it. The same two choices can be miédgand B is coordinated to the
metal center in the first placé.In contrast, monodentate ligands form only one
coordinative bond to a metal center and can thexdfe exchanged more easily.

The resulting complex is build by fewer buildingptks when chelating ligands are used
instead of analogous monodentate ligands. The metsl have a sphere of solvent
molecules around them, which interact with the inetas in solution. These interactions
are normally not very strong and can be overcomgiedsby ligand-metal coordination.
Nevertheless, they have an influence on the emrbalance during the complexation.
Whereas monodentate ligands normally can only ceplane coordinating solvent
molecule, one multidentate ligand can replace niwae that. This leads to entropically
favored chelate complexes. Interestingly, one ¢bdigand with n donor atoms binds
less strongly than n monodentate ligands contaitiiegsame donor atoms. This is due to
a higher strain in the chelate ligands coordinatmgietal centers when compared to the
coordination of analogous monodentate ligandseécstme metal centets.

The use of bidentate, tridentate or even multiderligands created the field of what is

nowadays callechetallo-supramolecular chemist(gee Chapter 3.3)2

3.2 Self-Processes

3.2.1 Self-Assembly and Self-Organization

Self-assembfy andself-organizatiof* are two general, differing concepts which at first
sight seem to be very similar to each other andetbee they are often mixed up in
literature™ # 2 However, they are not similar to each other andcdee two rather
different processes. Iself-assemblymolecular units organize themselves spontaneously
into ordered structures using reversible intermakacinteractions (see Table 1.1). The
system does this without any active help from algge.g. from a designer or scientist).
Thus, in a self-assembled system the resultingtsirel is formed by itself. Nevertheless,

the units of a self-assembled system can be prageghprior and thus the outcome of a
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3. Theoretical Background

self-assembly process can be influenced by prentriya its building blocks. As far as
Self-assemblis a process leading to a system in the thermadimeaquilibrium, some of
the self-assembled structures possible are themawmadigally preferred compared to
others. Nevertheless, also structures can be daxsewhich are kinetically but not
thermodynamically preferred. Due to the reverdipibif the structures formed, kinetically
originated species can transform into the thermadyoally preferred ones. This error
correction process enables self-assembled systerosritect errors as well as to react
directly at changes in their environment (e.g. terapure, solvent).Self-assembly
processes require mobility; otherwise error coroectould not proceed.

In contrast toself-assemblyself-organizationis a process which does not reflect the
thermodynamic equilibrium. The ternself-organization describes systems which
spontaneously order far away from the thermodynamintmum. The organization of the
particles is a property of the whole system whigpears without any guidance from
outer sourcesSelf-organizatiorcan only happen in open systems with a constasrggn
flow through it. The organization in self-organizegstems breaks down as soon as the
energy flow stopsSelf-organizationprocesses are present in living organisms and in
their social organizations (e.g. fish schools, @ionies, and bee hiveS)In contrast to
this, self-assemblyprocesses also can be observed in closed systethdaanot need
constant energy flows.

In self-organized systems, every change of thermzg#ion directly leads to new changes
in system, because all the building blocks of &#@ejanized system interact with each
other. The system reacts on every influence fromside the system as well as on internal
influences. All changes of the system can in pplecibe the starting point for a new
change of the system. Hence, the behavior of aosgénized system is always tracing
back to the system itself. This feedback is verganant for all self-organized systems,
because it enables the system to react on chamgés brganized structure. These
feedback loops seem to be familiar to the erroremtion proceeding iself-assembly
processes, but, in contrastself-assemblycomplex self-organized systems do not have a
desired status. Therefore the terms error and eowection cannot be defined feelf-

organizationprocesses. However, a self-organized system idimmare stable against
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influences from outside, when it exhibits many eliéint (and complex) ways of feedback.
Based on all these arguments, a self-organizedmyistdefined by itseff*

Most self-ordering processes in chemistry aedf-assemblyprocesses, because the
organization of these systems reflects the sitnaifcheir thermodynamic mininta® %
Supramolecular chemists use the phenomena of s&dfvably processes as an alternative
synthetic route to obtain complex chemical struestir™ 2’ Self-assembly is widely used
to receive rather complicated supramolecular strestand architectures from a defined
number of small relatively simple building block§he synthesis of such complex
structures would require multi-step organic syngisestherwise. Self-assembly reduces
the synthetic effort for rather complex structusggnificantly. In order to influence the
resulting self-assembled structures, the buildifacks can be pre-organized by their
geometric and electronic properties. This can fleienced during the synthesis of the
building blocks (e.g. shape, number and positiorbiafling sites). The synthesis of a
supramolecule based on self-assembly has to benddgnamically controlled, as
otherwise no error correction can take place. Ef/éinetic products are formed in the
beginning and error correction is very slow at ra@mperature, self-assembly is always
a thermodynamic proce$S.

Intermolecular interactions play an important roleself-assembly. They are relatively
weak and reversible (see Table 1.1). For examptrogen bonds (binding energy = 4 -
65 kJ/mol) are directional which enables scientistslesign self-assembled structures
easily. Therefore, they are often used in selfasbed system&’ For example, benzene-
1,3,5-tricarboxylic acid (trimesic acid]l forms crystals which contain large two-
dimensional honeycomb-like networks (Figure 3%3Jhese networks are folded and the
free space in each of those contains units of beighg networks, when pure trimesic
acid 1 is used In contrast to this, open two-dimensional netwaaks obtained, when
trimesic acidl is crystallized in the presence of alkafies.

Self-assembly is the main synthetic route to foratatio-supramolecular complexes (see
chapter 3.3}:%3*3*These complexes are formed by the coordinatidigands to metal
centers. Based on the properties of these builbiogks, different complex metallo-
supramolecular structures can be achieved. Depgnoin the building blocks used,

metallo-supramolecular assemblies can be very estad robust. Thus, metallo-
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supramolecular self-assembly is a highly potentraditive to multi-step organic

synthesis.
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Figure 3.3: Self-assembly of benzene-1,3,5-tricarboxylic atithto two-dimensional

honeycomb-like networRS.

If different binding sites with different bindingrength are used in the self-assembly
process, “multi-step” self-assembly can occur. Hase cases, the stronger interactions
between the building blocks lead to an initial engation. After that, the weaker
interactions can participate in the organizatiolwcpss. This phenomenon is called
hierarchical self-assemhl§?' 3’ The self-assembly of helical dinuclear titanium(IV
complex 4 reported by Albrecht and co-workers is a nice edamfor metallo-
supramolecular hierarchical self-assembly (Figu4).% The interaction between the
catechol units of ligan@ and the titanium(lV) ions is the strongest in thystem. The
carbonyl groups could in principle interact withethitanium ions as well, but their
interactions not that strong. Thus, the catechdtsuand not the carbonyl groups
coordinate to the titanium ions. Finally, also ratgions between the lithium ions and the
catechol groups and/or the carbonyl groups arerebdebut both are also weaker. First,

the monomeric structur& containing one titanium(lV) ion, three catecholiégands and

25



3. Theoretical Background

two lithium ions each is formed. In a second steplithium ions start to interact with the

carbonyl groups of the monomeric comp8&X hus, the dimeric complekis formed.

OH TiO(acac), ONO\ /O
LI2003 Y [| I Ti
—Li (AN
P S \
OH O/O 6}
first self-
assembly process
(0) (0] O
2 - 3 -

second self-
assembly process

Figure 3.4: The hierarchical self-assembly of the helical diear titanium(IV) complex
4.38

Besides artificial self-assembled systems, (hidnaat) self-assembly plays an important
role in nature as well (e.g. membrane formatioratemnary protein structure®)One
famous example for self-assembly in nature is thiéding of the tobacco mosaic virus
wherein protein units are arranged around a RNAnstf’® The RNA strand has the
function of a template for the arrangement of th&tgins. These protein building blocks
have to arrange themselves into the correct tgratmucture before they can assemble
around the RNA strand and form a protective shedluad it. When all different
hierarchical levels of self-assembly are organieedectly, the tobacco mosaic virus is

built by 2131 building blocks, which interact oridy relatively weak non-covalent forces.
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3.2.2 Self-Sorting

The phenomenon o$elf-sorting was defined and described in several ways. In the
beginning, Wu and lIsaacs gave the narcissistic rigggien of self-sorting as the
differentiation between “self” and “not selfdrcissistic self-sorting** On the contrary,
also social self-sortingexists, wherein the members of a mixture recogradeer
members and aggregate with théfh.Two types of social self-sorting can be
differentiated: (i) When two different hosts (A aBiiare mixed with two different guests
(C and D), host A can selectively recognize guesih@reas host B recognizes guest D
selectively. (ii) In a similar mixture, both hogksand B can have a high affinity to guest
C and a low affinity to guest D. If the affinity dbst A to guest C is significantly higher
than that of host B, guest C will selectively biiodhost A. C binds only to host B, when
host A is consumed completely — otherwise host IBbind to guest D.

This was refined by Bohmer, who extended the dibimiof self-sorting and included the
self-sorting of complementary systeffiSelf-sorting is the sorting of a system by itself
without any external stimulation. If many similandacomplementary compounds which
can interact with each other are mixed and just auteof many possible assemblies is
realized by the system, this is called completés®ting. Non-complete self-sorting is
observed, when more than one supramolecular asgesniormed out of a big library of
possible assemblies, but still many possibilities mot realized* This includes the
definition given by Wu and Isaacs as one speciake caf self-sorting. Self-sorting
phenomena meanwhile have been observed for selifeaknt artificial supramolecular
systems like molecular clip®, cucurbiturils*® tetraurea calixaren&s %’ and crown
ether/ammonium ion pseudo-rotaxafies.

In metallo-supramolecular chemistry, self-sortiregs tbeen shown to be an interesting
tool to form exclusively only one complex or justveral complexes out of a big

molecular library of possible metallo-supramolecamplexe$?

+*0Stanget al. studied

the influence of several parameters (e.g. temperasiolvent, polarity and geometry of
the ligands) on the results of several self-sorpnocessed: They for example reported
the exclusive formation of a heteroleptic comp&which looks like a bow tie (Figure

3.5)>% The combination of the tetravalent ligaBdvith four equivalents of the divalent
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ligand6 and six equivalents of the linear dinuclear megaiter7 results in the formation
of metallo-supramolecular comple8 quantitatively. Other possible homo- and

heteroleptic complexes or metal-organic framewaevkse not observed.
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Figure 3.5: A metallo-supramolecular bow tie formed by thesliplay of self-assembly

and self-sorting®

Another excellent example for metallo-supramolecsklf-sorting is the selective self-
assembly of the metallo-supramolecular trapezZbddreported by Schmittel and co-
workers (Figure 3.6}" An equimolar mixture of the divalent chelate ligar® and 10

with two equivalents of the divalent chelate ligadd and two equivalents of
tetrakis(acetonitrile)-copper(l) hexafluorophosghd®? and zinc(ll) trifluoromethane-

sulfate13 results in the formation of the trapezdid The exclusive formation df4 can
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be explained by steric effects, electrostatic adt@ons,z-n interactions and the different
coordination spheres of Cand ZA* ions. Schmittel and co-workers also reported the

self-sorting of heterometallic metallo-supramolecutiangles’
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Figure 3.6: Selective self-sorting of a heteroleptic bimetalnetallo-supramolecular

trapezoid14.**

3.3 Metallo-Supramolecular Self-Assembly: A Briefédview

3.3.1 Introduction into Metallo-Supramolecular S&fsembly

Metallo-supramolecular self-assembly is a mixture coordination chemistry and
supramolecular chemistry. It deals with metal centnd ligands which self-assemble
and form complex metallo-supramolecular architexgurin order to influence the
structure of the resulting metallo-supramoleculamplexes, the building blocks used
have to be well-designed. The self-assembly/sg&oization process itself cannot be
influenced easily. However, three different routese been established to form metallo-
supramolecular complexés.

The most common strategic route to obtain metallramolecular complexes is the
thermodynamically controlledDirectional-Bonding Stratedy which is also called
Molecular-Library Strategy* It enables the formation of many different metallo
supramolecular structures containing one or moréalmeenters. Using this strategy,

relatively small dinuclear metallo-supramoleculaamocycles can be obtained as well as
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rather big three-dimensional architectures. In Dieectional-Bonding Strategythe
directionality of the pre-organized building blocksed is mandatory for the resulting
complexes. In order to achieve this directionalibe building blocks need to be more or
less rigid, because increasing flexibility of thailding blocks results in decreasing
directionality. In theDirectional-Bonding Strategythe metal centers as well as the
ligands have a defined number of coordination sites$ defined angles between them. In
order to get appropriate angles at the metal cgnéxiliary ligands are used to block
some coordination sites of the metal centers. Tmebination of rigid bidentate ligands
with metal centers containing two binding sitesisimple example to gain a molecular
library of metallo-supramolecular complexes (Figuser)** ** For example, the
combination of a metal center with a ligand whictibhave a bite angle of 90° results in
a dinuclear square-like complex, whereas the coation of a metal center with the
same bite angle (90°) with a linear ligand whicls habite angle of 180° self-assembles
into a tetranuclear metallo-supramolecular squaréiis metallo-supramolecular square,
the corners are represented by the metal centersh@nligands form the sides of the
square. A similar tetranuclear metallo-supramokacslguare can be achieved, when a
divalent metal center with a bite angle of 180€asnbined with a bidentate ligand which
has a bite angle of 90°. In here, the ligands ssprethe corners of the square whereas
the metal centers are located at the sides of anyMother two- and three-dimensional
metallo-supramolecular structures are availableguieDirectional-Bonding Strategy
The number of defined binding sites and bite angfdggands and metal centers as well
as their geometry allows a chemist to predict andnf metallo-supramolecular
architectures by choosing appropriate ligands aethhtenters. Nevertheless, the self-
assembly of these ligands and metal centers clirestult in metallo-supramolecular
structures which contradict the initial prediction.

This strategy has many of advantages, but alsddiions. The most important limitation
is the need of relatively rigid building blockseKlbility is important for many functional
supramolecular systems like molecular shuttles, emgar switches or molecular
machines, as flexible movement is necessary faetllevices to work. Due to the lack of
flexibility, the use of the Directional-Bonding Strategyfor the formation of

supramolecular devices requiring flexibility is lbed.
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Figure 3.7. The schematic drawing of a molecular library oftalle-supramolecular
macrocycles which can be obtained by the combinatfodivalent building blocks with
different bite angled!

The Symmetry-Interaction Strategis a second strategic route to obtain metallo-
supramolecular assembli€$.In contrast to theDirectional-Bonding Strategy no
auxiliary ligands are used to block potential camation sites at the metal centers.
Within this strategy, highly symmetric coordinatictusters are formed by a template
effect® of the transition metals used. The ligands oftenchelate ligands with two or
more binding sites. They do not have to be ridgid In theDirectional-Bonding Strategy
Due to the chelate effect, relatively stable com@éewith high formation constants are
formed. Similarly to theDirectional-Bonding Strategyin the Symmetry-Interaction
Strategythe symmetry, the geometry, the number of bindsitgs and the relative
position of the binding sites of metal centers dgdnds define the structure of the
resulting metallo-supramolecular complexes. Theadioation geometry of the metal ion
interacts with the symmetry of the chelate liganded which yields complexes of high
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symmetry (Figure 3.8). The coordination of the tfiigand to the metal center pre-
organizes the resulting intermediate complex fothier coordination by other ligands to

the same metal center.

c)

ﬂ VO\ O::ZE
Wikl
I P B e

Figure 3.8: a) The coordination vector shows from the coortingaatoms of the ligand

into the direction of the metal center. b) Comptegentaining chelate ligands have a
“chelate plain” which is orthogonal to the main &xof rotation. c) The formation of a
triple-stranded helicate is shown. d) A slight chann the ligand geometry (compared to

Figure 3.8c) results is a4symmetric tetrahedrori?
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The coordination of a ligand to a metal center lsardescribed by a coordination vector
(Figure 3.8). If a monodentate ligand is used, ¢berdination vector points from the
coordinating atom of the ligand to the metal cenfeor chelate ligands like 2,2"-
bipyridine or 1,2-dihydroxybenzene the coordinati@ctors are located in the “chelate
plain” which is perpendicular to the main axis gfrgnetry of the metal fragment. Based
on this concept, every symmetrical polyhedron cauldscribed by the chelate plains and
their relationship to each other. In order to gateernew metallo-supramolecular
polyhedra via th&ymmetry-Interaction Strateggppropriate buildings blocks have to be
well-chosen, because symmetry has a much highevaiete in this strategic route than
in the others (Figure 3.8). This strategy is thedymamically controlled. Therefore
always the thermodynamically favored metallo-supigeular complex is formed. The
Symmetry-Interaction Strategygn be used for the formation of many differentatie-

supramolecular structures like helicategetrahedra; grids’® and cage-like complexés.

A third strategic route to get self-assembled ni@tsipramolecular complexes is the
Weak-Link Strategyhat does not need auxiliary ligands at the metakers, similar to
the Symmetry-Interaction Stratedy °°In this strategy, flexible hemilabile ligands are
used which coordinate to transition metal centéiguie 3.9). The hemilabile ligands
normally have two or more chelate binding sitesemin the coordinating atoms of these
chelate binding sites may be of the same kind @r Tibese ligands coordinate to the
metal centers used and often quantitatively forenfivored dinuclear M., complexes.
The preference of these dinuclear complexes cordpdce often also possible
mononuclear complexes can be explained by the highg strain in the mononuclear
M;L; complexes. Also, the formation of five- and sixfmeered chelate rings in case of
the MpL, complexesA is preferred energetically. In respect to therddmused, alse-n
interactions between the bridging spacers conngdtie chelate binding sites of the
hemilabile ligands can stabilize the dinuclear ctax@sA. However, the coordination of
four coordinating atoms of the hemilabile ligandghe metal center decreases the bond
strength of each of the four coordinative bonde (Geapter 3.1). The weakening of the
coordinative bonds between the chelate ligandstla@dnetal centers is used as a weak

link to generate more stable metallo-supramolecstiarctures. If a ligantd which binds
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stronger to the metal center than the coordinasittgns of the hemilabile ligands in
complexA is added, the metallo-supramolecular comgeis formed. In many cases

complexB is formed in quantitative yield.

a) L
+4L
2Q +2 N x>
A
L
O = metal center L = Ligand B

/\ — /~ \ = hemilabile ligand

Figure 3.9: The Weak-Link Strategy: a) Schematic drawing oMiemk-Link Strategy’.
b) The formation of a water-soluble dinuclear Cu@@mplex using the Weak-Link
Strategy’*
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The use of weakly coordinating hemilabile ligandfers an interesting way to gain two-
and three-dimensional metallo-supramolecular strest In contrast to the other two
strategies, kinetically controlled complexes ar¢amied which have a certain thermal
lability. Anyway, the energetic barriers betweere thinetic and the thermodynamic
metallo-supramolecular products are often very higterefore, no transformation of the
kinetic into the thermodynamic products is obsefi7ed

In comparison, every strategic route has positiveé @egative aspects. They have to be
taken into account when a new metallo-supramole@ampound is synthesized. A large
library of metallo-supramolecular complexes is &l@e and can be realized, if these

three strategies are used separately or in coniamaith each other.

3.3.2 Structural Insights into Metallo-Supramolecul Assemblies: From Small

Dinuclear Macrocycles to Large Three-DimensionattAtectures

Dinuclear macrocycles of the type;M (M = metal center, L = ligand) are some of the
smallest metallo-supramolecular complexes. One hef first examples of a self-
assembled dinuclear metallo-supramolecular mactecyas published in 1984 by
Maverick and co-worker§® This ML, complex 18 was made via théSymmetry-
Interaction Strategyand contained copper(ll) as metal centers pswddketone based
ligands (Figure 3.10a). It was used as a hostwiaat binding to several different guest
molecules like for example 1,4-diazabicyclo[2.2@Qme (DABCO). In the beginning of
the 1990ies, Fujita and co-workers used (ethyleiaenideN,N")palladium(ll) nitrate
((en)Pd(NQ).) 19 as metal center to form dinuclear,IlM complexes like22 (Figure
3.10b).%* Complexes like this are designed by the principiethe Directional-Bonding
Strategy Metal centerl9 shows a very good solubility in water and laterb@zame one
of the most used metal centers in metallo-supracntde chemistry. Due to the
hydrophobic effect, the dinuclear metallo-supraroolar ML, macrocyles often exist in
concentration-dependent equilibria with their cepending ML, catenanes (Figure
3.10b), when water is used as the solVémh a catenane, the holes of the metallo-

supramolecular macrocycles are filled by anothercrowcle. Thus, the interphase
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between the hydrophobic ligands and water is miréchi Due to the kinetically inert Pt-
N bond in the complexéd the conversion of the catenanes into their comesing ML
complexes is relatively slow. Thus, the Pt-contagncatenanes were also observed after
the reaction mixture was diluted to low concentnas®™ In a mixture of two different
ligands with (en)M(N@), two homoleptic and one heterolepticlM macrocycles can be
formed as well as the equivalent catenanes of thiegerestingly, the comparably
selective formation of a specific heteroleptic rietaupramolecular catenane was
observed which can be explained by an optimizedffa ligand of one of the metallo-

supramolecular macrocycles into the hole of theotime andice vers&’

a) by /[ \
HoN_ _NH,
/M\ / \
03N NOs HZN\M/NHZ
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Figure 3.10: a) A copper-based metallo-supramoleculagLMcomplex18 as a host for
DABCO. The complex was formed via the Symmetryalttion Strategy” b) The self-
assembly of [2]catenanes based on the hydrophdfscté®

Later on, Fuijita® Hosseini®® Hong’® and Stand' published similar ML, complexes

using the same or similar metal centers. In contas$-ujita, Stang used metal centers
which were soluble in organic solvents. Based entwo different types of metal centers,
metallo-supramolecular macrocycles could be studiieavater as well as in organic
solvents. Due to solvent effects, the results df-assembly reactions can differ

significantly from each other. For example, no fation of catenanes was observed for
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complexes formed in organic solvefitsHowever, many other homometallic dinuclear
M,L, complexes containingis-blocked square-planar metal cenftéi$* other metal
centerd® as well as heterometallic orfshave been reported. Also some equilibria
between ML, and their corresponding #4; complexes were observ&H’% 7’

When more rigid linear ligands are combined wilis-blocked square-planar metal
centers, metallo-supramolecular triangles and sguean be achieved easily. Thus, the
first metallo-supramolecular squares were repdrtéde 1990ies by Fujifdand Stang®
Both used rigid linear ligands like 4,4 -bipyridig6 andcis-blocked square-planar metal
centers with a coordination angle of 90° to formitar metallo-supramolecular squares.
Fujita used the relatively small (en)M(II)(NJ2 (M = Pd* 19 or P£* 20) and Stang used
the bigger (dppp)M(I)(OTH (M = Pd* 27 or PE* 28) as metal centers (Figure 3.11).
Due to the different metal centers and the diffecerunter anions, Fujitas complexes are
highly soluble in water, whereas Stangs complekesvsa very good solubility in most
organic solvents. Complexes using one of theseifgspesetal centers are also called
Fujita-type or Stang-type complex€$>M L, squares of these types are some of the best
characterized and analyzed species in metallo-supezular chemistry. For example,
their nanometer-sized structures were visualizadguscanning tunneling microscopy
after the complexes were adsorbed to metal surf4d88ased on these first examples,
many different metallo-supramolecular squares usiséplocked square-planar metal
centers have been reportgt®®°*
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Figure 3.11: Metallo-supramolecular squares from Fujit29 and Stané9 30.
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Besidescis-blocked square-planar metal centers, also othéalroenters like rheniurf®

or molybdenum-based metal centers were used to form homometallic soplecular
squares. Lees and co-workers reported the formatibra heterometallic square
containing palladium and rhenium metal centér§hey used 4,4’-diazobipyridine as
ligand which can be switched between dis and trans conformation, when it is
irradiated with light of a suitable wavelength. Bdson this conformational switching,
the square can be transferred into the analogdaesdneetallic ML, complex which can
be returned into the square when it is heated. Mewdesides the complexes described
in here, also some metallo-supramolecular squaszse published that have their metal
centers at the sides and the ligands at the cothers

When less rigid linear ligands are used, the foionabdf triangles occurs following the
same principles described for metallo-supramolecstaare$® °°*®In order to achieve
an appropriate angle to form metallo-supramolectiangles, many triangular Ms
structures have been reported which contain thalrenters at their sides instead of the

corners (Figure 3.12§1%2

a%e

Pt

EtsP.

PEt, Et;P

Sg¥igwaNsa®

PEt, PEt,
Figure 3.12: A metallo-supramolecular M3 triangle 31 with ligands at the corners and

metal centers at its sid€§?

Often metallo-supramolecular triangles and squapast in thermodynamic equilibria

}03

with each other.” Due to many different examples, the equilibriansegn triangles and

squares of the Fujita- and Stang-type are amongtst extensively studied equilibria in
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metallo-supramolecular chemistry. Like most equidibetween metallo-supramolecular
complexes, the equilibria between the triangles smuaares are generally based on a
sensitive balance between enthalpy and entropyhmsianfluenced by many different
parameters® These balances are influenced by the charactéreofetal centers (kind
of metal, coordination number, coordination geomeauxiliary ligands, counter ions),
the ligands (shape, number of binding sites, fldiki and other parameters (solvent,
temperature, concentratiotff*°°In general, entropy favors smaller complexes bseau
more of them can be formed of the same number itdibg blocks. In most cases, the
smaller complexes have a higher strain than thgefaones, which favors the formation
of the larger complexes enthalpicalff. Thus, the triangles are entropically favored,
while the analogue squares are enthalpically fal.ofée ring strain can be compensated
by the ligands which can bend or by metal centetis avrelatively flexible coordination
sphere. When longer and/or more flexible lineamat#iat ligands are used, the resulting
metallo-supramolecular triangles are favored, waerghort and rigid ligands favor the
formation of square®’ Some reports exist, wherein the smaller compleaes
entropically disfavored against the correspondirgédr complexe¥’ '®For example,
von Zelewsky and co-workers observed an equilibribetween a hexanuclear silver
complex and its tetranuclear analogue. The hexeauctomplex was entropically
favored whereas the tetranuclear complex was eitladlly favored at low
temperature$”’

Interestingly, Fujita and co-workers reported systevhich contained equilibria between
three different metallo-supramolecular speciesuf@d.13):°° The self-assembly of the
divalent ligands 1,4-bis(3-pyridyl)benze®2 and 4,4"-bis(3-pyridyl)bipheny3 with the
divalent metal center (en)Pd(N@19 (en = ethylene diamine) results in the formation of
dinuclear ML, 34 / 35 trinuclear ML3 36 / 37 and tetranuclear M, complexes38 / 39
These equilibria are highly influenced by solvemnid aconcentration effects. At low
concentrations the formation of.M, complexes is favored while at high concentrations
the ML, and at medium concentrations theLlVicomplexes are favoreéd’
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Figure 3.13: Systems containing equilibria between three dfier metallo-

supramlecular macrocycles reported by Fujita anenarkers®®

The structure of metallo-supramolecular complexas aso be influenced by molecules
or assemblies that act as templates for the confplexed. For example, Lehn and co-
workers published a metallo-supramolecular pent@@omhich was formed from iron(ll)
chloride41 and trisbipyridyl ligand€i2.**° When iron(ll) sulfate43 was used instead of
iron(ll) chloride 41, analogue metallo-supramolecular hexagddswere observed:
These results can be explained by a template effietite counter anion. The smaller
chloride anions favor the formation of the pentag@nwhile the bigger sulfate anions
favor the larger hexagonal complé4.

However, many other examples of large two-dimeraiometallo-supramolecular
complexe$t and their equilibrid® were published. Enhancing the concepts discussed t
extended 2D and 3D structures, metallo-supramadecgtids® and metal-organic
frameworks (MOFs}** are available. They play an important role on thay to
functional materials since their various properttes be easily altered. Grids are two-
dimensional metallo-supramolecular complexes wiaigh normally formed from linear
chelate ligands and tetrahedral or octahedral mieted®® Metal-organic frameworks
(MOFs) can be one-, two- and three-dimensional wéipg on the ligands and metal

centers usett*
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+ Pd(NO3),

MsLg 47 MyLg 48

Figure 3.14: An equilibrium between metallo-supramolecularsLb 47 and MLs

complexed8 which can be switched by the solvents ds&d.

The structural concepts and their variations tlaaehbeen discussed for two-dimensional
metallo-supramolecular complexes are in princighe same for three-dimensional
complexes®3> °n order to gain three-dimensional metallo-supr@maar architec-
tures, the metal centers and/or the ligands havwetearied in an appropriate way. For
example, the combination of square-planar Pd(Ilnasal center with a rigid, linear and
divalent ligand will form a two-dimensional metaiganic framework. Instead, when a
bended divalent ligand like 1,2-bis[2-(pyridin-Asthynyl]benzend5 is combined with
palladium(ll) nitrate46, small metallo-supramolecular boxes like theL 47 and MLg
48 complexes are formed (Figure 3.14§.When the building blocks were dissolved in
DMSO, the exclusive formation of the,Ms complex48 is observed. In contrast to this,
the smaller MLg complex47 is exclusively formed, when acetonitrile is usestéad of
DMSO. In mixtures of both solvents, both complexas in equilibrium. Thus, the
equilibrium can be shifted to one side or the othewrarying the amount of acetonitrile
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in the solvent mixturé® In general, the equilibria observed for three-disienal
metallo-supramolecular architectures are basedhensame balance of enthalpy and
entropy discussed for two-dimensional complexes.

However, the influence of the building blocks ussdthe structure and size of the
resulting complexes can be explained nicely folL complexes containing square-
planar metal centers with four coordination sit@en relatively rigid, non-linear and
divalent ligands are used in the self-assembly gg®cthe coordination angles of those
ligands as well as their flexibility have a dir@aluence on the structure of the resulting
three-dimensional complex. Ligands with a relavehrrow coordination angle and/or a
high flexibility form small complexes while rigidgands containing a relatively large
coordination angle form large spherical complex@ased on these principles, many
small MLs, MsLg and MiLg boxes® **®have been realized as well as large.M
octahedra®® ***M,L,, cuboctahedrg® *?*(Figure 3.15) and ML spheres? The
latter ones are the largest discrete metallo-suplesular architectures realized up to

now.

Figure 3.15: Crystal structure of a metallo-supramolecular catathedron by Fujita and
co-workers'** The atoms are marked with different colors (greRed; red: O; blue: N;
grey: C and white: H). The counter anions and sailveolecules are not shown.
Reproduced from reference 121 with kind permissfaiohn Wiley & Sons, © 2004.

42



3. Theoretical Background

d)

a)

ML, ML, MGL4 ML,

Figure 3.16: The four possible ways to form a metallo-supracudbe tetrahedron: a)
MaLe, b) MuLs, €) MsLs and d) another M., complex?®

In order to gain esthetical metallo-supramoleciwdachitectures, symmetry plays an
important role, which is indicated by the compledesussed above. Certainly, metallo-
supramolecular tetrahedra, octahedra and cubesoare of the most esthetical structures
achieved by supramolecular chemi€fsin principle, metallo-supramolecular polyhedra
like tetrahedra can be formed in four different wayhich are similar to those discussed
for two-dimensional complexes (Figure 3.16),L?"**?and MyL,*** tetrahedra contain
their metal centers at the corners which are bddgelinear ligands at the edges)

or by trigonal ligands at the sides {IM) of the tetrahedra (Figure 3.16a and b). On the
contrary, two types of b, tetrahedra exist, wherein the metal centers aadd in the
middle of the edges of the tetrahedra connectedway different types of ligands.
Depending on the ligands used, the resulting.Metrahedron is truncated and bears

*1390r has a relatively closed structure (Figure 3164

large holes (Figure 3.16E
Many of these tetrahedra have been realized withrge variety of different metal
centers?®

In contrast to metallo-supramolecular tetrahedctaleedra with a real octahedral shape
are relatively rare. Shionoya and co-workers desigien metallo-supramoleculargh
octahedra50a-j combining a triangular disk-like ligand9 with ten different metal
centers (Figure 3.17df! The cationic octahedra were able to include anianiest
molecules. However, several other metallo-supraocutde octahedral .1, complexes
and others have been published, but they ofterptibave a nice octahedral shape’?°
Thomas and co-workers reported the formation ofesatto-supramolecular pll;, cube

53 from a combination of 4,4 -bipyridin@6 and tris(acetonitrilo)(1,4,7-trithiacyclo-
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nonanex*Sruthenium(ll) chloride51 and silver(l) trifluoromethanesulfonaf® (Figure
3.17b)**? Several other cubes have been repdtavhich for example contain cyanide

ions"** or tetradentate molecules as ligafitls.

b)

Y

g

S, 1.Cl I\ J \ AgOTf 52
8 LC Ru + N N

S CI:I DMSO 4 weeks

51

-Q =

Figure 3.17: a) Metallo-supramolecular octahedr&0a-j by Shionoya and co-workéf$

26
53

©
16 OTf

and b) a metallo-supramolecular cub® by Thomas and co-workel¥.
Besides the structures discussed in here, many wibtllo-supramolecular architectures

like cuboctahedrd?® dodecahedrd?’ isocahedr&”® or capsules based on ligands like

resorcinarenel; cycloveratrylenes® or pyrogallerenéds® have been reported.
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3.3.3 Functionalized Metallo-Supramolecular Systems

The properties of metallo-supramolecular assemiglas be influenced by the building
blocks used. Thus, functionalization of those hogdblocks can be used to tune the
properties of the resulting assemblies. Nevertlseldse properties of the complexes
formed can be totally different to those implemenby the (functionalized) building
blocks. However, often the functionalities introdddoy the building blocks maintain in
the final complexes and can be used for furthetistu

Metallo-supramolecular building blocks can be fimmalized in different way$>> 1>3At
first, the function is implemented in the basiasture of the building blocks and can
influence their bite angles as well as their cawation behavior. Thus, the
funtionalization directly influences the self-asédynprocess and the structure of the
complexes formed. Another way to functionalize retaupramolecular assemblies is
the substitution of the building blocks with furartal groups. Here, the substituents used
should not directly influence the bite angles oe tboordination behavior of the
functionalized building blocks. Two different waggist to substitute a building block in
the latter way. First, the functional group of aldéhng block is positioned in a way that it
IS pointing into the inner space of the resultingtalo-supramolecular assembly. This is
called endaefunctionalization. Second, the functional groupaobuilding block can also
be performed at a position pointing outwards of tesulting metallo-supramolecular
assembly. In these cases, the functional groums sidlsw into the outer sphere of the
final assembly which is calleskofunctionalizatior->% >3

Many metallo-supramolecular assemblies have beguortel which implement
functional groups in the structure of their builgliblocks®® In principle, both, metal
centers and ligands can be functionalized with tional moieties (e.g. crown ethers;
Figure 3.18)"*' 1°° Nevertheless, the amount of metallo-supramolecaksemblies
having functional moieties in their ligands is muahger compared to those containing
functionalized metal centers. The variety of pdssilanctionalizations in combination
with a reasonable synthetic effort is higher fore tigands. Additionally, the
functionlization of the metal centers decreases thenber of coordination sites and thus
limit the amount of complexes to that formed by Eieectional-Bonding Strategy®
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Figure 3.18: The self-assembly of complexes containing crowmeretmoieties

implemented in their ligand¥ (a) and metal centet® (b).

When ligands bear different coordinative moietteese can be used for the coordination
of additional metal centers. Thus, different horaod heterometallic structures can be
formed using this kind of ligands®**°For example, Stang and co-workers reported the
formation of a metallo-supramolecular rectandgd@ which was formed by the
combination of a dinuclear platinum(ll) metal cer®® with linear dipyridyl ligand60
wherein the two pyridine units were bridged by aménthroline moiety (Figure 3.18)
The pyridine units of the ligand® coordinated to the platinum metal cente®svhereas
the phenanthroline moieties were used to coorditmatather metal ions like Kfi, Cd*

and Cr* (62a-9. Due to its optical properties, compleédd could be used as a
chemosensor for different metal ions in solutith.

Wirthner and co-workers published several large ahoesupramolecular squares
containing rigid perylene bisimide liganffsThe squares showed interesting photo- and
electrochemical properties which can be influenogdhe substitution of the ligands and
thus their properties can be modified. When thagntbs are substituted with fluorescent
dyes like pyrenes or aminonaphthalimides, the nwetalpramolecular squares show
light-harvesting behavior. These squares are @difimodels for the cyclic light-

harvesting complexes in purple bacteria and coeldded to gain advanced materidis.
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Figure 3.19: The self-assembly of a metallo-supramolecular mgia 61 with
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phenanthroline moieties that can be used to coatéimdditional metal ion§?*

Recently, Fujita and co-workers formeddafunctionalized M,L»4 cuboctahedr&4a-c
containing glucose units as functional substituarteh point into the inner space of the
spherical complexes (Figure 3.268)The inner space of the compleXé@aand64ccan
be used to synthesize monodisperse silicon oxidepaticles with a size of 2-4 nm.
Variation of the functionalized ligands yields ifDShanoparticles of different sizes. The
cuboctahedra&4a and 64c are acting as concave templates for the formabio®iO
nanoparticles. This example shows just one of n@hgr applications possible, which
the inner cavity oendoefunctionalized complexes can be used for. Thugersé other
endoefunctionalized metallo-supramolecular complexesitaming different functional
groups have been report&d.

On the contrary to the latter complexes describeove, exafunctionalized metallo-
supramolecular complexes can be tuned in a wanteyact with other particles using
their functionalized outer sphere. For example,aafio-supramolecular macrocyd®
which bears crown ether moieties in its outer splvan be used to bind protonated guest

molecules §7) and form pseudorotaxanes (comp&S Figure 3.20b°! In general, the
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outer sphere of a metallo-supramolecular complexiush larger than its inner sphere.
Thus, a large variety of functionalizations is #afaie and manyexofunctionalized

complexes containing different functionalities haezn reportetf: % 122 123. 162

Si(OCH,),

(o)
HO HO
63a R - Mowo-é— OH

63b:R=H,C—3- 63c

EtsR oty
Pt

‘ PEt,
O PEts

Pt.
Et,p OTf

Iy A

54

®
ov0
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67
() () =
]

6 OTf

Figure 3.20: Examples for a) endo- and b) exo-functionalizedatttesupramolecular
complexes® *®*Part a) was adapted from reference 160 by permisfiom Macmillan
Publishers Ltd, © 2010.
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Since chirality plays an important role in naturkemists tried to form chiral complexes
on the basis of the knowledge described abi¥eSimilar to the functionalization
described above, chirality can be introduced in&taito-supramolecular complexes by
modifying the building blocks used. For examplgahds containing chiral moieties like
BINOL derivates:®® Trogers bas& or amino acids® as well as axially chiral ligands
have been examined in respect to their influendbeatormation of the resulting metallo-
supramolecular complexes. According to the prefermmordination behavior, the
complexes formed can be chifdlor achiral*®® However, using theymmetry-interaction
strategy chiral complexes can also be formed of achirallding blocks. Based on the
coordination geometry of the metal centers anchligaused, helical chiral complexes can
be formed (Figure 3.2F}: °® %% *The ligands used contain chelate binding sites lik
cathecholate and/or 2,2 -bipyridyl units that camrdinate to metal centers and form
helicates. When these chelate ligands are combutbdetrahedral metal centers, double
stranded helicates are formed (Figure 3.21a). @planded helicates are formed, when
octahedral metal centers are used (Figure 3.21H. SElf-assembly of helicates using

chiral ligands has been intensively studi&ti®°

OH
= Ti
OH Tit*
M,CO;

OH M=Li, Na, K
Ti

Iw\/

OH

Figure 3.21: Examples of the formation of double (a) and trifls¢ stranded metallo-
supramolecular helicates using chelate ligands aettahedral or octahedral metal

centers >0 167
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3.3.4 Metallo-Supramolecular Complexes Acting asribliReactors

Metallo-supramolecular complexes can act as hasiptaExes and bind several different
guest moleculeg®® 131 134 14117270 £ eyample, Raymond and coworkers published a
water-soluble MLg tetrahedron which selectively included small absatiken-pentane
whereas bigger alkanes likedecane were not incorporatéd This is a nice example for
the size-selective inclusion of guest molecules imietallo-supramolecular hosts. The
inclusion of the guests was driven by the hydrophelfect and wealkCH-z interactions.
The hydrophobic effect is a powerful tool for timelusion of guests into the inner space
of (metallo-supramolecular) hosts (see also chapt#d) and has been widely used. In
combination with the hydrophobic effect, large aabim guest molecules can template
the formation of heteroleptic §La)2(Lg)s host complexes. These heteroleptic complexes
contain cis-blocked square-planar metal centers combined twiglonal and tridentate
ligands (A) and bidentate and linear ligand {B)The shape of the hydrophobic aromatic
molecule enables the selective formation of therdodtptic host complexes around the
guest molecule¥® **Interestingly, metallo-supramolecular host compiegan also be
used as molecular containers, which protect theluded guests against the environment.
For example, oxygen-sensitive white phosphorus stesvn to be air-stable as well as
water-soluble, when it was included into the inoawrity of a metallo-supramolecular
tetrahedron:’® This is an interesting example, wherein the hamhmex does not
stabilize the guest by totally separation from tlwer space, because the host complex
has rather big holes. The transition state fordaetion of oxygen with As too large for
the inner space of the host comptéx.

Metallo-supramolecular complexes are also ableftaance reactions. They can be used
to catalyze reactions as well as to influence thena way which leads to different
products. In most cases, the reactions take ptatieei inner space of cage-like metallo-
supramolecular complexes — like already discussedhe size-selective formation of
silica nanoparticles inside a cuboctahed@rThe metallo-supramolecular complexes
used act as molecular micro-reactors and thus d@ineyan interesting tool for synthetic

chemistry'’®
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The ML tetrahedra established by Raymond and co-worken® wable to catalyze
several organic reactions! For example, the Mg tetrahedron74 catalyzes the
hydrolysis ofortho-esters of formic acid and accelerates the reacatpmno 3900 times
(Figure 3.22)}"® Due to the hydrophobic effect, tioetho-ester is included into the Mg
tetrahedron/4. Then hydrolysis of thertho-ester is catalyzed by4. Charge repulsion
favors the exclusion of the negatively charged pobdut of the negatively charged
tetrahedral complex4. Based on this, product inhibition does not takece and the
complex can undergo the next catalytic cycle. Todusion of guests into the host is
size-selective. The hydrolysis of smalitho-esters is catalyzed whereas no catalytic
reaction is observed for pentyl or phenyl esterfoahic acid. The catalytic behavior of

74 can be stopped by addition of a strong bindingsglike E4N™ to the reaction mixture.

a) OH

OH

(@] NH
+4 Ga?* O
s (I
base

©) NH

Y

OH

OH

73

b)
RO
74 o]

(@]
H 1 mol%
RO"
OR o /“\OR "'OHe o /“\oe

+H,0 pH =11 +2 ROH - H0 +3 ROH

hydrolysed by 74: R = Me, Et, Pr, i-Pr, Bu, i-Bu
not hydrolysed by 74: R = Ph, n-CsHq;

Figure 3.22: a) The self-assembly of the metallo-supramoledularss tetrahedron/4. b)
The hydrolysis of ortho-esters of formic acid candatalyzed by the Mg tetrahedron
74178
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Figure 3.23: a) The self-assembly of the metallo-supramoleduldr, complexe83 and
84.1% b+c) Examples of reactions inside of metallo-supotecular cage83: b) [2+2]
cross-photodimerization of acenaphthyl@feand 5-ethoxynaphthoquino®é'’® and c)
Diels-Alder reaction of 1,4-naphthoquino8@ with 1,3-cyclohexadier$9.*®°

Fujita and co-workers published interesting pseodiahedral metallo-supramolecular
MeL4 boxes 83 and84) which contain the trigonal 2,4,6-tris(4-pyridyll)3,5-triazine82

as ligand and (en)M(N§ (M = Pd* 19 or P£* 20) as metal centers (Figure 3.23a). The
complexes have a very good solubility in water &edér a hydrophobic inner cavity
which enables them to incorporate molecular gugst§**Based on this, the §4 box

83 was used to influence several organic reactioig(€ 3.23b and ¢)’°

The inclusion of reactants into the compkXis based on the hydrophobic effect. The
guest molecules can enter and leave the host cantipleugh its relatively big holes.
Nevertheless, the host compl88 shows a certain size-selectivity for the inclusmin
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guests. However, when two reactants react in adwaplex like83, two different types
of reactions can take place. On the one hand,tamdifferent guests favorably enter the
host which is called “AND-recognition”. On the otheand, two different guests as well
as two identical guests can enter the host compleixh is called “OR-recognition”.
Complex 83 shows a relative preference for “AND-recognitidfi* For example, in a
mixture ofcis-decaline and perylene only both molecules araidedd at the same time in
complex 83, but no inclusion of twocis-decaline or two perylene molecules is
observed® This selectivity has been used for a selectiv@]photodimerization of two
molecules like acenaphthyle88 and 5-ethoxynaphthoquino®é resulting in the cross-
dimers (hereB7) which otherwise would not be available in higlelgts (Figure 3.23b).
Another example for “AND-recognition” is the Dieldder reaction of 1,4-
naphthoquinone88 with 1,3-cyclohexadiene89 in a metallo-supramolecular 4,
complex (Figure 3.235F° The reaction was accelerated by 113 times angrtsguct90
could be extracted from the host complex using migaolvents. Due to their high
solubility in water and their hydrophobic inner tgvthe MsL4 complexes established by
Fujita and co-workers can also be used for thelysasaof phase-transfer reactions like
Wacker-type oxidation§™ *¥They could clearly show, that both, metal cerit®rand
ligand 82, are necessary to gain a catalytic effect anddhetion takes place in the inner
cavity of complex83.

However, besides the examples shown in here, dewdrar metallo-supramolecular
complexe¥® ¥*have been tested as reaction vessels and asststfly many different

reactions.’® 18°
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4., Mass Spectrometry

4.1 Mass Spectrometry in Supramolecular Chemigtryzation and Detection

Mass spectrometry (MS) can help chemists in mariierént ways to analyze their
molecules, complexes or clusters. The most commay i to simply determine the
mass over charge ration( of a compound, because every different elemental
composition results in a differing mass. Anotheseass the isotopic pattern of an ion. It
also reflects the elemental composition which thgrean be derived from the mass
spectrum. Tandem mass spectrometry and gas-phasgiregnts offer several other
analytical methods which can help to analyze chalhdompounds and their behaviour
(see below}®®

However, mass spectrometry is an invasive analytizethod. In order to examine a
(supra-) molecular assembly by mass spectromethgs to be ionized. Many different
ionization methods have been established, but wiogtem are not suitable to analyze

supramolecular ensembl&g?’

» Electron ionization (El), chemical ionization (CBfmospheric pressure
chemical ionization (APCI), fast atom bombardm&tARB), secondary ion
mass spectrometry (SIMS) and field desorption (RBxdly or not at all
useful to analyze supramolecules. They use highhgerseto ionize the
substances or need other parameters which hameeexdmination of
supramolecules. High ionization energies would idi@ely destroy
weakly aggregated supramolecules and thus thesklwoti be detected.
Nevertheless, some examples exist in which FAB Drwas used to
analyze supramolecular assembfis.

* In matrix-assisted laser desorption/ionization (MH).the sample is co-
crystallized with a matrix which afterwards is oated by a laser.
lonization occurs by the attachment of bF alkali metal ions. In many
instances, MALDI is an adequate technique to amakzpramolecules.
Nevertheless, sometimes the choice of less commampolar matrices
together with special ion-labeling stratedi®sis required to keep the

complexes intact.
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» Electrospray ionization (ESI) and coldspray ionmat(CSI) are soft
ionization methods which are useful and often usetiniques to analyze
supramolecules (see the following chapters).

» Laser-induced liquid beam ionization/desorptiorL@lD) and resonance-
enhanced multiphoton ionization (REMPI) are rekgtyvsoft ionization
techniques. These techniques are relatively newtlheid availability is
limited. Nevertheless, first results on supramadl@csystems using these

ionization techniques are promisit: **°

The mass analyzer is another integral part of eweags spectromet&t’ %9t separates
the ions by theim/zvalue (m = mass, z = charge) utilizing electrid amagnetic fields.
Many different mass analyzers have been establidhedg the last decades. They differ
in their mass detection limits, their resolutiorddheir mass accuracy. Many of them are
capable of tandem MS experiments. The most commsed analyzers in supramolecular

chemistry aré®’

* Quadrupoles (Q) and ion traps (IT) are low-costyaeas with relatively
low resolution and low mass accuracy. They havert@am use to analyze
supramolecules but are limited by their properties.traps can be used to
store and manipulate ions. Thus, tandem MS expetsnean be
performed with IT.

* Time-of-flight (TOF) mass analyzers have the large& range (modern
linear TOFs have am/zrange of up to 40.000), the mass accuracy and the
resolution of modern instruments are good as weé&hndem MS
experiments can be performed using TOF/TOF instnisaneDue to their
high mass detection range, TOF analyzers are aftenbined with
MALDI.

* lon-cyclotron resonance (ICR) analyzers have a gegd mass accuracy
and the highest possible resolution. In principihey are special versions
of ion traps (IT). Them/zrange of FTICR-MS instruments normally is
somewhat limited (2000-8000 Da). ICR instruments aery expensive

and therefore often not available. ICR analyzers lsa used to store and
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manipulate (M8 ions and are ideal to examine supramoleculesr(sge
chapters).

* Orbitrap mass analyzers are suitable for the cheniaation of
supramolecules as well. They have a high mass acgwand resolution,
but similar to ICR cells, the m/z range is limited< 6000 Da. Tandem

MS experiments are available, when the orbitragpigoled to an ion trap.

4.2 ESI-FTICR Mass Spectrometry

Due to its soft ionization conditions, ESI masscsmenetry is the most common used
technique to examine supramolecular systEth<ften, it is coupled with TOF,
guadrupole, ion trap or ICR mass analyzers of wthehICR offers the largest variety of
possible gas phase experiments. Most of the mastremetric experiments within this
thesis were performed on an ESI-FTICR mass speetemnThus, the principles of
electrospray ionization (ESI) and the ion cyclotresonance analyzer are explained here.
The principles of electrospray ionization (ESIpallthe direct transfer of molecules from
solution into the gas phas¥ '*?The solutions have to be diluted to an appropriate
concentration (normally 1-300 pmol/L). Within thasirumental setup of the mass
spectrometer used within this thesis, the solutomjected into the ESI source using
accurate syringes and a syringe pump. The injestddtion is sprayed into the ESI
source using an electric field (Figure 4.1). Dueht® high electric potential at the end of
the spray needle, a Taylor cone is formed. Depgnaimthe electric field used, cations or
anions are formed which are attracted by the cowhetrode at the entrance of the mass
spectrometer which has the opposite polarity of dtieacted ions. Small positively or
negatively charged droplets, respectively, aretegerom the Taylor cone. The droplets
repulse each other and thus spread (Coulomb repllsDue to desolvation, often
assisted by a heated gas flow, the droplets slamakthe charged particles in one droplet
get closer to each other. When the Coulomb repulsia droplet is too high, the droplet
splits in two or more parts, which occurs at thg/IRgh limit (equation 4.1). Thus, the

limiting diameterd of a charged droplet is directly related to itargfeq, the permittivity
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&o Of the environment around the droplet and theasertension of the liquid (equation
4.2).
g = Brleyyd? 4.1)

2
d = 3’ 1 (4.2)
\ 8mle,y

ESI capillary

PN

Taylor cone

Coulomb explosion
(CRM)

®
ion emission g( &

(EM) 66 ) -

sample cone
(inlet into the high vacuum area
of the mass spectrometer)

Figure 4.1: The principles of the ESI process. The two mogbitant electrospray
ionization models are shown: the ion-evaporationdelo(IEM, on the left) and the
Coulomb- explosion model (CRM, on the rigfif).
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Among others, two models exist to describe the &iom of completely desolvated ions

that enter the mass spectrométef’ 1

* The ion evaporation model (IEM) supposes that glsiion can “evaporate” from
the surface of a droplet when the Coulomb repulgaiwo high (Figure 4.1, left
side)*

* The charge residue model (CRM) supposes that titérgpof the droplets goes
on until the resulting droplets contain just sinigles and some solvent molecules.
The last solvent molecules can be easily evaporatetithe “naked” ions are
formed (Figure 4.1, right sidéj *%°

detection plate excitation plates detection plates

IRMPD laser
and/or ECD
electron beam

entrance
of the ions

trapping trapping
plate outer ring inner ring outer ring plate

magnetic field

>

B
Figure 4.2: Schematic overview of an ICR cell and its thrdéedint opposing sets of
electrode plates: trapping plates (green), excttatiplates (blue) and detection plates

(g rey) .187, 193

When the ions enter the mass spectrometer, thegotiexted and sent into the ICR cell
(Figure 4.2) as ion packages. The technical badittse ion cyclotron resonance analyzer
can be traced back to the work of Lawrence anchigision in 1932 Besides some first
examples?’ Marshall and co-workers successfully introducesl ItBR technique to mass
spectrometry”® In a FTICR mass spectrometer, the cylindrical &R is placed in the

magnetic field of a superconducting magnet. The ioeive a chargg and a velocity ,
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when they enter the ICR cell in z direction of thagnetic field8 . The magnetic field is
perpendicular to the direction of the moving iote high magnetic field is used to
bring the ions on a small orbit which is definedthg kinetic energy of the ions. During
its circular movement, an ion is influenced by tt@rentz forceF_ which equals its
corresponding centrifugal foré&: (equation 4.3mis the mass of the ion, is the radius

of the orbit an ion has in the ICR cell)).

F =q/B= = F, (4.3)

Due to the strength of the Lorentz force, the istag/ at their orbits and do not escape
from the cell in x and y directions. In order toekethe ions in the ICR analyzer and
prevent their escape in z direction, the trappilaggs are charged with the same potential

as the ions under study and thus coulomb repulsitaters the ions to escape.

The orbit of an ion perpendicular to the vectottied magnetic fieldB is depending on

the massn of the ion and its numberof elemental charges(equation 4.4).

r =Y - (4.4)
gB zeB
Whenv is substituted withw., the angular frequenay. becomes:
m

Equation 4.5 shows that the angular frequengys a function of the constant magnetic
field, the massn and the charge of the ion, but does not depend on the velocityhef
ions. Thus, the angular frequency correlates dyeath the m/zvalue of the ions under
study and can be used to detect the ions.

The excitation plates can be used to manipulateidhs via radio frequency pulses.

During the excitation with a transverse alternatingh-frequency electrical field, the
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ions accelerate and thus the radigsof their orbit in the ICR cell increases, but the
angular frequencyy. is not affected. The ions are shifted to largesiterclose to the
detection plates. When the excitation ends, all patkages are moving on their
characteristic cyclotron orbits that have certangwdar frequencieso.. Due to the
circular motion of the charged ions, image currarts induced at the detection plates.
These image currents are detected and enhancedrehking image current is the
product of many superimposing frequencies. Thiseturdecreases over time, because
the ions can collide with residual gas. Additiopathe coalescence of ion packages with
similar m/zratios plays an important role. Thus, the ion pges become incoherent. The
resulting signal is called Free-Induction-DecayO(Fand is transformed into a frequency
spectrum by means of Fourier-Transformation (FT)e Trequencies correlate ta/z
values and the amplitude of the signal providesrmation about the abundance of the
ions.

Due to the extremely precise measurement of thguénecies as well as the continuous
induction of image currents, very high resolutiamsl mass accuracies are available with
FTICR instruments. The excitation of ions can bedu® kick ions out of their orbits and
neutralize them at the walls of the ICR cell. Talslity enables a mass spectrometrist to

isolate ions that are interesting for tandem M§as phase experiments.

4.3 Manipulation of lons in the Gas Phase: Tandems3dVEpectrometry and Gas-

Phase Chemistry

In order to perform experiments that can manipuiates in the gas phase, one should
think of the situation of the ions in the gas phéisg. The transition of an ion from
solution into the gas-phase represents a changbeoenvironment. In solution, the
intermolecular interactions between molecules campeth interactions between those
molecules and the solvent, while the ions are isdlan the gas phase and no competition

with solvent molecules exists anymore.
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Binding enthalpies of non-covalent complexes ugugtrease upon transition into the
gas phase: Electrostatic interactions are not @dted anymore by the dielectricity
constant of the solvent (vacuunt = 1, benzenes = 2.3, acetonee = 20.7, watere =
78.4). For example, the binding energy of two ojiebscharged particles at a distance
of 200 pm is 694 kJ/mol in vacuum, while it amouatdy to 8.9 kJ/mol in water. The
mere absence of competing solvent molecules alrsadpgthens hydrogen bonding in
the gas-phase. A particularly strong effect is haavdound for proton- or cation-bridged
complexes. Charged hydrogen bonds such as thiaeiproton-bridged acetone dimer or
in the phenol-phenolate hydrogen bond have bindingrgies up to 130 kJ/mbi?
Solvophobic forces such as the hydrophobic effechat exist in the gas-phase because
of the absence of solvent. Entropic effects mayntanbalance the increase in binding
enthalpy to some extent. For example, the bindiogket of the host molecule is not
empty in solution. Upon release of the guest, thekpt can be filled by one or even more
solvent molecules so that the entropy remains eohsir sometimes even decreases
when the complex dissociates. In the gas phasepleandissociation always leads to an
entropically favorable increase in particle numtyér.

These differences between the gas-phase and thdemsed phase may have drastic
effects. A recent gas-phase sttitfyshowed unspecific binding of a carbohydrate to a
protein to be even stronger than specific bindmthe native binding site. Consequently,
these effects have to be taken into account in eleituation and interpretation of mass
spectrometric results. Often, control experimenishsas a test of the concentration
dependence of complex formation are helpful toimtstish unspecific and specific
binding.

It also has to be considered, that the temperat@irisolated particles is ill-defined,
because it is a macroscopic property of an enseaoflparticles. Furthermore, no energy
exchange can take place between the ions in thenebf collision partners. The ions
thus are prone to have a non-Boltzmann distributibmternal energies. However, the
internal energy distributions determine how mangsidragment and thus are directly
connected to the appearance of a mass speéffulmns only change their internal
energies, if one of the following processes occir€ollisions with gases, ii) IR photon

exchange with the instrument waif§,and iii) fragmentation which distributes the ion’s
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internal energy over the two fragments relativetheir masses. Some of the excess
internal energy is converted into the kinetic egyergquired to separate the two
fragments>>*

All of these considerations have to be taken intzoant, when (tandem) mass
spectrometric experiments are performed. Now amajbhestion arises: What is tandem
MS and how can ions be manipulated in the gas phase

Tandem MS, MS/MS and MSare expressions referring to gas-phase experiments
involving one (MS/MS or M§ or more (MS) mass-selection steps that are followed by
a gas-phase experiment and either the next masdieal of one of the new fragments or
a product ion scan. With tandem MS-capable instnigjanass spectrometry provides a
whole laboratory to conduct ion chemistry in thes gdnase. Once an ion is generated,
many experiments are available which allow exangrtimese ions under environment-
free conditions. Before all these experiments capdrformed, the ion of interest has to
be mass-selected by removing all undesired ion® filee ion beam or ion cloud. Soft
ionization methods, in particular ESI, usually gate ions with a relatively low internal
energy; therefore it is necessary to activatedhs under study in order to fragment them
in a particular tandem-MS experiméfit?°°Fragmentation reactions of the isolated ions
can be induced by several different methods. Imlhsmn-induced dissociation (CID)
experiment, the ions are accelerated and thendedllwith an inert gas. lon excitation
can also be accomplished in an infrared multi-phatssociation experiment (IRMPD)
by irradiating them with an IR laser (10.6 um). d&&ten-capture dissociation (ECD) and
electron-transfer dissociation (ETD) are relativegw methods to induce fragmentation
reactions. Single electrons derived from an eleetmitting cathode (ECD) or from a
separately generated anion-radical (ETD) react wahltiply charged cations. The
electrons are transferred to the ion and not osdijuce the charge state by one, but also
induce radical-mediated fragmentation reactionssids fragmentation reactions,
bimolecular reactions like H/D exchan§¥can be carried out in ion trap or FTICR

instrumentg?®’
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4.4  The Use of a Micro-Reactor - Online Mass Spacatry

In many cases, common analytical methods are hadgdey the fact that they cannot
monitor fast processes in an appropriate way kitsaas well a certain time to prepare a
sample as to put the sample into the analyticafungent. For fast reactions, these times
maybe already too long to get sufficient informatiabout them. However, mass
spectrometry offers a way to observe intermediafeshemical reactions on-lirf8%2%°
This mass spectrometric method uses a mixed-flogvameactor, which is coupled to an
ESI FTICR mass spectrometer (Figure 4.3). The agéstare separately dissolved in the
same or different solvent(s). These solutions dexedl in different syringes and
transferred into the micro-reactor with a defindolf rate. The reactants mix in the
micro-reactor and the mixed solution is transpottedugh a capillary to the ESI source
of a mass spectrometer. The use of defined floesrand capillaries of defined length
and diameter enables the investigation of reactionthe mixed sample solutions at
defined reaction times. This is essential to idgndifferent mechanistic steps and
intermediates. Changing the flow rate or the leragtdiameter of the laminar flow tube

influences the reaction tiné’

micro-reactor

O

— —

reactant 2

from syringe 2

reactant 1

from syringe 1

laminar flow tube of

variable length and —_
variable diameter reaction

mixture

l

to ESl ion source

Figure4.3: A micro-reactor for mass spectrometric experimefits

63



4. Mass Spectrometry

4.5 ESI MS as a Tool in Metallo-Supramolecular Crstiy

Mass spectrometry and especially ESI MS (and CS) M#S been shown to be a very
helpful analytical tool in (metallo-)supramoleculahemistry’ *®" For example, the
structures of interlocked molecules like catenases rotaxanes can be derived from a
comparison of MS/MS spectra of the interlocked rooles with those of the
corresponding non-interlocked aggregated strucfifeBesides many other interesting
application areas like ion recognitiét,the characterization of dendrim&rsor H/D
exchanges in the gas ph&8eESI FTICR mass spectrometry has even been suatigssf
used to characterize self-sorted supramoleculdemslike pseudo-rotaxan®s.

However, in metallo-supramolecular chemistry lig@x¢hange processes play an
important role and mass spectrometry is the amalytool of choice when differently
composed ligands are used®’ Recently, Stang and co-workers reported aboutrdina
ligand-exchange processes of platinum-based metaficamolecular complexes (Figure
4.4)#3 They designed a metallo-supramolecular rectamyleaatriangle containing 4,4 -
bipyridines26 or deuteratet 4,4 -bipyridiné€d as ligands. Both rectangle32@ and92b)
and both triangles9@a and93b) were mixed and an exchange of liga2ésand91 was
observed (Figure 4.4a and b). The ligand-exchamgeepses were monitored and after
several days, a statistical distribution of the edixcomplexes appeared when the
thermodynamic equilibrium was reached. In anothepeament, rectangle92a
containing ligand26 was mixed with triangl@®3b containing ligand1 (Figure 4.4c).
After several days, the thermodynamic equilibriunaswreached and all possible
rectangles and triangles were observed in the nsg&strum. Astonishingly, no
complexes containing both metal centeésd énd59) were detectedf-* However, these
experiments nicely show that metallo-supramolecslgtems are based on relatively
weak intermolecular interactions that allow thelemge of building blocks although the
complexes have already formed. Due to the simylafitigands26 and91, the intensities
of the peaks in the mass spectra can be used tpugatitative information of the ligand-

exchange processes.
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Figure 4.4: Ligand-exchange experiments monitored by ESI rapsstrometry. Three
different mixed systems are shown (&€)The Figure was adapted from Reference 213
with the kind permission of the American Chemicali&y, © 2009.
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Another interesting aspect of metallo-supramoleaccdemplexes is their behaviour in the
gas phase when they are excited using IRMPD, CIDE@D to perform M$S
experiments: **” The fragmentation pattern of metallo-supramolecsfecies in the gas
phase gives more evidence of the structures ofetlszecies. Interestingly, some
examples of metallo-supramolecular polyg8ns** and cages® exist wherein an
intramolecular nucleophilic substitution in the gabase takes place. Due to a
supramolecular neighbour-group effect, in the dassp metallo-supramolecular squares
can be transformed into the corresponding triangidaced by IR irradiation using an
IRMPD laser'® ?** Similar processes take place in an IRMPD tandemeMSeriment
performed on ions of a metallo-supramoleculat_Mcage. This cage undergoes a double

cage contraction and ends up as a small,\age**

These are just some examples of
the interesting possibilities mass spectrometryersfffor (metallo-) supramolecular

chemistry'®’
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5. Self-Assembly of Metallo-Supramolecular Architetures

5.1  Synthesis of Stang-Type Metal Centers

The Stang-typecis-blocked square-planar palladium(ll) and platindinthetal centers

containing 1,2-bis(diphenylphosphino)etha® (dppe) or 1,3-bis(diphenylphosphino)-
propane95 (dppp) as auxiliary ligands, are some of the nfesquently used metal

centers in metallo-supramolecular chemistr§. >3 Due to their precisely defined
ligand-metal-ligand angle of 90° and their highugdlity in organic solvents, these metal
centers are interesting for the formation of maiffeent two- and three-dimensional
metallo-supramolecular architectures. Furthermtine, pre-organization of the metals
using the auxiliary ligands supports the formatioi discrete instead of polymeric

structures®®83

thP\/\ CHCI;3 / \
MCl, + PPh, > PhyP( PPh;
04 3h, reflux M
7N
96 (M = Pd?*) Cl Cl

97 (M = Pt?*)

98 (M = Pd?*, 80 %)
99 (M = Pt?*, 79 %)

100 (M = Pd?*, 77 %)
101 (M = Pt?*, 75 %)

PhoP(  PPhy + AgOTf ‘
10" NoTi  CHCly, 72h, rt.

Figure 5.1: Syntheses of the dppeM(QTif)etal centerd00 (M = Pd**) and 101 (M
Pt2+).215

The two-step syntheses of the dppeM(Q@Tfletal centerd00 (M = Pd™*) and101 (M
P£*) start from palladium(ll) chloridé6 or platinum(il) chlorided7, respectively (Figure
5.1). Within the first step, palladium(ll) chlorid@ or platinum(ll) chloride97 were
mixed with equimolar amounts of 1,2-bis(diphenylgploino)ethan®4 and the mixtures
were dissolved in dry chloroform. After refluxingetse mixtures for three hours, the
products were isolated and purified. (1,2-bis(dphghosphino)ethane)palladium(ll)
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chloride 98 and (1,2-bis(diphenylphosphino)ethane)platinum@hioride 99 could be
obtained in good chemical yields of 80 % and 73&spectively.

In the second step of the synthesis, the metalidel®98 and99 were mixed with eight
equivalents of silver(l) trifluoromethanesulfonated suspended in dry dichloromethane.
These mixtures were put into darkness and stiroed72 hours at room temperature.
After isolation and purification steps, (1,2-big{denylphosphino)ethane)-palladium(ll)
trifluoromethanesulfonate 100 and (1,2-bis(diphenylphosphino)ethane)-platinum(ll)
trifluoromethanesulfonat#01 were isolated in good chemical yields of 77 % @&Bd%,

respectively.

Mch + PP T ppn s e PR _PPh
2 2 o 2 3h, reflux Vi
/ '\
96 (M = Pd?") cl” ¢l
97 (M = Pt?*) 102 (M = Pd?*, 73 %)

103 (M = Pt?*, 72 %)

27 (M = Pd?*, 84%)
28 (M = Pt?*, 78 %)

Ve -

TfO/ \OTf CHzclz, 72h, r.t.
Figure 5.2: Syntheses of the dpppM(QiTfhetal center27 (M = Pd**) and 28 (M =

P12+).215

The syntheses of the dpppM(OFfnetal centers (M = B§) and27 (M = Pt*) 28 is
analogous to that of dppeM(OZ%ffFigure 5.2). At first, (1,3-bis(diphenylphosph)no
propane)palladium(ll) chlorid&02 and (1,3-bis(diphenylphosphino)propane)platinum(ll)
chloride 103 were obtained in yields of 73 % and 72 %, resgebti In the second
synthetic step, (1,3-bis(diphenylphosphino)proppakgdium(ll) trifluoromethane-
sulfonate 27 and (1,3-bis(diphenylphosphino)propane)platinum(iifluoromethane-
sulfonate28 were obtained in yields of 84 % or 78 %, respetyiv
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5.2  Self-Assembly as a Tool to Form Metallo-Suprbaoalar Complexes
5.2.1 The Self-Assembly of Metallo-SupramolecularnLM Complexes and Their

Corresponding ML, Catenanes

The environment has a strong influence at the foomaof metallo-supramolecular
complexes. When cis-blocked square-planar metalecerare combined with flexible
divalent ligands in organic solvents, normally foemation of metallo-supramolecular
M,L, macrocycles is preferred. On the contrary, thenfdion of catenanes can be
observed, when the self-assembly occurs in watbis Tan be explained by the
hydrophobic effect (see chapter 3.32)’ In order to study the influence of the solvent
at the formation of metallo-supramolecular macréeycseveral different divalent bis-
pyridyl ligands (04-113 were combined with the (en)Pd(N@19 and (dppp)Pd(OT%)
27, respectively. While complexes containing metahtee27 are soluble in organic
solvents and rather insoluble in water, the behagi@ompletely opposite to that, when
metal centerl9 is used>’’ The project was performed in cooperation with Nigeir
Taszarek form the group of Professor H.-U. Refffg.

In separate experiments, the ligarid®-111were mixed with equimolar amounts of
(en)Pd(NQ)2 19 or (dppp)Pd(OTH 27, respectively (Figure 5.3). When ligant34-111
were combined with (dppp)Pd(O%f)27 and dissolved in DMSO or DMSG@);
respectively, the exclusive formation of;M complexesl12-119was observed. The
situation is more complex, when the ligands areliosd with (en)Pd(Ng), 19 in water
or deuterated water, respectively. The self-assgwiligands104-107with metal center
19 forms ML, complexes 120-123 as well, while equilibira between J\4, complexes
and their corresponding M, catenanes 1@Q4a/b-127a/h are observed for the
combination of metal centet9 with ligands 108-111 However, the mixtures were
sonicated for 30 minutes at room temperature, idemorto guarantee that the
thermodynamic equilibria are monitored. This tinge adequate, because normally
palladium(ll) complexes are kinetically labile antherefore the thermodynamic
equilibrium is reached on a minute time-scaleThe solutions used for NMR
experiments had a building block concentrationaofecmM. For ESI mass spectrometry,

the solutions were diluted with acetonitrile (sys$e112-119 or a 1:1 mixture of
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acetonitrile and water (systerh80-127a/l) to achieve a building block concentration of
100 puM. The self-assembled complexdd2-127a/b were analyzed by NMR
spectroscopy and mass spectrometry. All trials ricstallize one of these complexes
failed and thus the structure assignment cannstipported by crystal structure data.

| ] ligand complex | ligand complex
N N 104 120 106 122

105 121 107 123
e @ |0 —
O. HoN _NH;
104  AONN7 ;P o
—N “N=
H,N_  _NH
105 \ o 2 N\ Y/
< z ~
-0 o- 0sN” “NOj;
19 o
m —— > [] 4nos
water
thP\ PPh2 106
—N N—,
o . N /N 7/ \
P ZP\ _PPh,
\ / \ / N, AN
107 N N “Pd_
( \ HN” “NH,
DMSO
O ‘ M\
ligand G
O. O
pth pph2 108 AUNNUN
109 /O\></O\
ligand complex | ligand complex 110 | |
-N N<
104 112 | 108 116 STINN T
105 113 109 117 \ //\
106 114 110 118 K 111 —N N_‘\\
107 115 111 119

ligand complexes
108 124alb
109 125a/b
110 126a/b
111 127alb

a = M,L,; b = catenane

Figure 5.3: Self-assembly of M, complexed12-123 and the equilibira between A4
complexed24a-127a and their corresponding M, catenaned424b-127b.
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Figure 5.4: a) The'H NMR and®'P NMR spectra of the M, complex112 in DMSO-¢
at room temperature. The signal marked with anras{g) can be assigned to traces of
DCM. b-d) Partly'H NMR spectra of the M, complexi20 (b), the equilibrium between
ML, complex124a and ML, catenanel24b (c) and the isomers of M, complex121

(d). The spectra shown in b-d were performed i@ @t room temperature.

The analysis of the assemblies By NMR spectroscopy clearly shows that the
coordination of the ligands04-111to the metal center9 and27 was successful. For all
assemblies containing the Stang-type metal cén¢t12-119 as well as for complexes
120, 122and 123 which bear the Fujita-type metal cent& only one set of signals was
observed, respectively. THel NMR spectra of the M., complexesl12 and 120 are
shown exemplarily (Figure 5.4a and b). For compiefd2-119 also *)P NMR
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spectroscopy was performed. Due to the signifibagit-field shifts A6 =~ 8 ppm) of the
31p signals in coordination complexes= 8-11 ppm) compared to (dppp)Pd(QT2Y,
the®P NMR spectra of the complexes are highly sensitidécators for coordinating or
non-coordinating (dppp)Pd(ll) metal centess=(18 ppm)'®® Thus, the’’P NMR spectra
of the complexesl12-119 prove successful coordination and indicate theluske
formation of one species in solution.

This situation has to be discussed in more dataillfe assemblies containing ligah@b.
The chirality of ligandL05 has an influence at the complexes formed. A racenmture

of the ligand was used in the self-assembly prases$heoretically three different
stereoisomers (two enantiomers (A and B) and oneonfmm (C)) of ligandLO5 exist.
When just the two enantiomers )5 are present, two homoleptic (AA and BB) and one
heteroleptic (AB) metallo-supramolecularnlM complexes should be observed. The two
homoleptic complexes should be enantiomers andhéteroleptic meso-complex is a
diastereomer of the homoleptic ones. Thus, twodetggnals should appear in the NMR
spectra of the corresponding metallo-supramolecaimtems113 and 121 Due to
statistical distribution, the sets of signals skdoappear in a 1:1 ratio ({AA & BB}:{2
AB}). If also the meso-form of ligand 05 would be present, the number of possible
complexes would increase (AA, BB, CC, AB, AC, B@dahus the corresponding NMR
spectra would be more complex.

However, the pyridine signals in tHel NMR spectrum of systeril3 are broad and
cannot be assigned to specific complexes. *fReNMR spectrum o113 shows only one
single peak. Based on that, the isomeric complegesnot be identified. Temperature-
dependent NMR spectroscopy could help to solve grsblem, because exchange
processes between the isomeric complexes will diown at low temperatures.
Interestingly, two sets of signals appear in aorafi 10:3 when the chiral liganth5 is
combined with (en)Pd(N£)» 19 (Figure 5.4d). Concentration-depend&#tNMR spectra
of systeml21 showed no changes in the ratio of the sets ofasgifrigure 5.5b). Thus, a
possible equilibrium between a,M complex and a M.z complex can be excluded as
well as the presence of aj;M catenane. This gives evidence that these two afets
signals belong to at least two different isomersyatem121 The ratio of 10:3 differs
significantly from the expected ratio of 1:1, wheath enantiomers of liganti05 are
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present and the corresponding complexes are formadtatistical distribution. In order
to get an appropriate characterization of the cexgs in the systenikl3 and121, the
results have to be compared in future experiments @mplexes which only contain
one of the possible isomers of ligab@b.
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Figure 5.5: Concentration-dependeni NMR spectra of a) complexdg4a/b and b)
systeml21. The spectra show that the formation of catendikesl24b is concentration-
dependent while the ratio of isomers in systéh is not affected by changes of the

concentration.

In contrast to most of the metallo-supramoleculeteams described before, two sets of
signals were observed for the combination of ligah@8-111 with (en)Pd(NQ). 19
(Figure 5.4c). The signals were assigned tglLMcomplexesl24a-127aand their
corresponding ML, catenanesl24b-127b Due to the interlocked structure of the
catenaned.24b-127h the chemical environment of the ligand-hydrogésme pointing
inside the catenane is different from that of igand-hydrogen atoms pointing outwards.
For example, the hydrogen atomsartho position to the pyridine-nitrogen atoms in
systeml124a/124bshow one sharp peak in case of thg Mcomplex124g because all
those hydrogen atoms have the same chemical envnain On the contrary, each
pyridine unit of the catenart24b contains one hydrogen atomontho position to the
pyridine-nitrogen atom pointing inside the catenatracture while the other one points
into the outer sphere. Thus, they have a diffestrgmical environment and theiH
NMR signal splits into two for catenard4b (Figure 5.4b). However, the presence of
M,L, complexes 124a-127a and their corresponding catenan&24b-127b were
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supported by concentration-depend&itNMR experiments (Figure 5.5a) and, H
COSY NMR spectroscopy (Figure 5.6).
m-Py

m-Py M_L
m-P
(Catenane)\ ML) (catenayne)

0-Py
o-Py fm.L)
(catenane)f| 2 2

8.5 8.0 75 7.0 6.5 ppm
Figure 5.6: The 'H,'"H COSY NMR spectrum shows the relevant part ofsjrstem

124a/b. The correlations between the peaks are showrablgat! lines.

The equilibrium between the M, complexes and their correspondingLilcatenanes is
easily influenced by the concentration of the buoddblocks. At low concentration (5
mM), the smaller ML, complexesl27a-130aare preferred while with increasing
building block concentration the larger catenab2gb-130bare favored (Figure 5.5a).
This can simply be explained by the different numtfebuilding blocks needed for the
two types of complexes and their availability fangplex formation. However, also the
hydrophobic effect plays an important role in thesgilibria. Starting from the B,
complexes, at higher concentrations,yl catenanes are formed instead of the
entropically more reasonablesM complexes. This can be ascribed to the hydrophobic
effect, because in a catenane, the rings of twh,Momplexes are filled. Thus the
contact surfaces of the complexes with water asged compared to two U,
complexes or a possiblesis complex. The hydrophobic effect directs the sefeambly
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process into the formation of catenanes and asdémee time inhibits the formation of

M3l 3 complexes.
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Figure 5.7: The ESI mass spectra of a) theLivfcomplex112, b) the ML, complex121

and c) systemi24a/b. The systems were measured with a building blookentration of

100 pmol/L.

In order to identify the species under study, EBICR mass spectrometry was used. In

the ESI mass spectra, the following nomenclaturasisd: fn:l:c]* (m stands for the
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number of metal corners$,for the number of ligands; for the number of counterions,
and g for the number of charges). For all systemsl. Mcomplexes 112-1273 were
observed in the mass spectra (Figure 5.7). For pbearthe ESI mass spectrum obIM
complex112shows some peaks, which can be assigned directigmplex112 (m/z540
([2:2:1]*) andm/z883 ([2:2:2f"); Figure 5.7a). Due to partial fragmentation dgrthe
ionization process, other peaks refer to fragmehtsomplex112 (m/z 475 ([1:2:0f"),
m/z 667 ([1:0:1]) and m/z 883 ([1:1:1])). Similar results were observed for all other
systems 112-127a/h. In many cases, also peaks were observed thagspond to
oligomers of the ML, complexes. Interestingly, these peaks were mabkerved for
systems containing Fujita-type metal centek80¢127a/lh Figure 5.7b and c). These
oligomeric structures can be explained by the aggren of two or more M.,

complexes or fragments of them, which is knownE& MS®’

The presence of those
peaks corresponding to oligomeric aggregates oMjie, complexes is no evidence for
the formation of catenanes.

In conclusion, the coordination-driven self-assembf relatively flexible divalent
ligands (04-112 with (dppp)Pd(OTH 27 in DMSO results in the formation of small
metallo-supramolecular M, complexesl12-119 When (en)Pd(Ng), 19 is used and
the complexes are dissolved in water, the hydroghefiect enables the formation of
catenanes from M, complexesX24a/b-127a/h. The catenanes are in equilibrium with
their corresponding dinuclear complexes and naittear complexes were observed. If
the formation of catenanes in water is favored hwy hydrophobic effect, it has to be
considered, why no catenane formation was obsemreh ligandsl04-107were used.
The only reasonable explanation for this observaisothat the inner cavities of these
ML, complexes are not large enough to support thedtom of catenanes. Additionally,
the metallo-supramolecular systenisl and 121) containing chiral ligands offered
interesting results which can be used for furthedigs. In order to get a better insight at
the influence of chirality on the self-assemblynoétallo-supramolecular complexes, it
will be necessary to use the pure isomers of ligedtginstead of a racemic mixture.
However, this study offered an interesting viewoinmnetallo-supramolecular self-
assembly and the way the formation of the complesas be influenced by their

environment.
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5.2.2 Equilibria between Metallo-Supramolecula@ngles and Squares

The equilibria between metallo-supramolecular tyles and squares are probably the
best understood equilibria in metallo-supramolecwhemistry. The ratio between
triangles and squares is determined by a senditilance between enthalpy and entropy.
While entropy favors the formation of trianglespcg a larger number of particles are
formed from the same number of building blocks,halgy favors the formation of
squares because ring strain is then minimi2&#° However, the characterization of
these equilibria often raises analytical problemmsrespect to the complexity of the
equilibria between two or more metallo-supramolacutomplexes, all common
analytical methods are somehow limited. Thus, jbst interplay of different analytic
methods allows an appropriate characterizatiohase equilibrid®

In cooperation with Dr. Torsten Weilandt, Dr. Heflxell and Professor Kari Rissanen,
the equilibria between several metallo-supramobecuMsLs triangles and their
corresponding ML, squares were examined (Figure 5.8). The resudtsepted in here
have been published inorganic Chemistryn 2008

All assemblies have been made by mixing stoichiomemounts of the edge ligands
128 129 130, or 131 and the corner complexes (dppp)Pd(Q2fj or (dppp)Pt(OTH 28

in DMSO or DMF (Figure 5.8). These two solvents tadbe used for solubility reasons,
when the edge ligands contained either urea or ergups. Furthermore, a wide
temperature range is accessible for variable-teatper NMR experiments in DMF. The
mixtures were thus stirred for a couple of hoursoaim temperature before analysis in
order to make sure that the equilibrium situatisnmonitored. For NMR experiments,
solutions with a building block concentration of &M were used. The solutions for
mass spectrometric analysis were prepared by diagolthe complexes in DMSO

followed by dilution with acetone to a concentratimf ca. 30QuM.
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Figure 5.8: The self-assembly of several Stang-type metaflcasuolecular triangles
(132a-139a) and squaresi32b-139b).

The complexation of the pyridine nitrogens to thetathcenters can be deduced from the
complexation-induced signal shifts to higher figygically observed in thé'P NMR
spectra. A particularly reliable indicator of cormaplformation is the®Pt-P coupling
constant of the pyridine complexeSg.p = 3022-3045 Hz), which significantly differs
from that of precurso28 (*Jp.p = 3657 Hz). Clearly, two species exist in solutfon
136a/b and 140a/b (Figure 5.9) as indicated by ti& NMR spectra. A comparison of
the'H NMR signals of the building blocks with thosetbé complexes reveals that small
but significant chemical shift changes occur. Aseloinspection of thtH NMR spectra
also reveals two different sets of signals, somehith are superimposed. TH¢ NMR
signals of the platinum complexes are sharper amréemperature than those of the
palladium analogues (Figure 5.9). This can be matized by dynamic ligand-exchange
processes whose rates depend on the metal centetisealigands used (see below).

78



5. Self-Assembly of Metallo-Supramolecular Architees

*P-NMR
195, . 195 . T
Pt Isatelllte Pt satellite
| Ll |
0 -4 -8 12 -16 -20
ppm
NH (T) o-Py (T)
NH (S) o-Py (S)
ppm
b) - N
e | “P-NMR

S T
K
26 22 18 14 10 6 2 -2 -6

ppm
o-Py (T)
NH (T)
NH (S) o-Py (S)
9.6 9.0 8.4 7.8 7.2
ppm

Figure 5.9: 'H NMR and® P NMR spectra of a)37a/b and b)133a/b (S = square, T =

To prove the simultaneous existence of squarestraanthles in solution, Pulsed Field-

Gradient SpirEcho NMR (PGSE) experiments were performed. By mn@&ag the

diffusion coefficients, it is possible to determitine sizes of supramolecular compounds

experimentally. The diffusion coefficients corr@awvith the size and the shape of the

compounds. As a rough approximation, the differespecies under study were

approximated as spheres, assuming that the fadtoroof the “discoidal” compounds on

average leads to a sphere. With this approximattmn size of the different species can

be calculated from the measured diffusion coeffitseby the Stokes-Einstein equation
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(equation 5.1), wher@ is the absolute temperature, the Boltzmann constant, the

hydrodynamic radius, angithe solvent viscosity at temperataré'’
D = ke T/6mr (5.1)

As representative examples, only the results ofthBOSY NMR spectra of33a/band
137a/b will be discussed in detail. In all mixtures undgudy, the NH ana-pyridine
protons are sufficiently separated from other digjisa that they can easily be used for
the DOSY measurements. Large structures have sndifiesion coefficients than small
ones. If squares and triangles coexist, two differgets of signals should thus be
observed in the DOSY NMR spectra. Figure 5.10a shite DOSY spectrum df33a/b

at room temperature in DMS@:- In the'H and**P NMR spectra, two sets of signals are
clearly visible — a smaller one, which is tentdftyvassigned to the square, and a more
intense one for the triangle. However, both setsighals appear in the DOSY NMR
spectrum with the same diffusion coefficient. Thigling can be traced back to the three
different time scales in th&H, 3P, and DOSY NMR experiments. While the ligand
exchange is slow on thél and*'P NMR experiments, it is fast on the DOSY time scal
which works with a diffusion delay in its pulse segce. At 273 K in DMK, the
exchange becomes significantly slower so that twierént diffusion coefficients for
square and triangle can be determined 1@&3a/b (Figure 5.10b). The diffusion
coefficients calculated from the latter spectrumfom the assignment of the square to
the less intense signal and identifies the moensg signal with the triangle.

For the analogous platinum complexi&/a/ly two different diffusion coefficients were
already observed in DMSG@y at room temperature (Figure 5.10c). Clearly, thehange
between137a and 137b is slow even on the DOSY NMR time scale under these
conditions. This confirms the triangle-square exgeato be faster for the Pd than for the
Pt compounds. Again, the less intense signal qooress to the square. Qualitatively, the
other complexes under study yield similar resiltse experimental data of thid DOSY
NMR measurements df32a/bto 139a/bare summarized in Table 5.1.
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Figure 5.10: The 2D DOSY NMR spectra of EH)3a/b recorded at 298 K in DMSOsd
(fast exchange), )33a/b recorded at 273 K in DMR; (slow exchange), and &¢B7a/b
recorded at 298 K in DMSOsd

For a comparison with the experimental radii ol#dinfrom the DOSY NMR
experiments, the geometries of triangles and squesere optimized with the MM2
forcefield implemented in the Cache progré.Different conformers have been

explicitly considered in the calculations, althougfrey have similar energies and

81



5. Self-Assembly of Metallo-Supramolecular Archttees

geometry parameters (defined in Figure 5.111f88a/h). Consequently, we chose only
the smallest conformer as a representative forméteng the calculated geometry data
summarized in Table 5.1. Ligari®9 is slightly bent because of the central urea unit.
Nevertheless, triangles and squares form rather h# , complexes because the two
pyridines at each metal corner prefer to adoptaangtry perpendicular to the M-M-M-M
plane. The ligand bending thus does not help tagedtrain inL33a/band137a/h

a) b)

133a
Figure 5.11: MM2 force-field-optimized structures ofl33a/b in space-filling

133b

representation. Only the largest of the differemformers is shown.

In good agreement with the X-ray crystal structdega of trianglel32b below, the
calculated N-M-N angles of triangle83b are between 86.4° to 88.7° and thus are close
to the expected value of 90°. This shows most ettiangle strain to be compensated by
ligand bending (also see crystallography part beldhe rigidity of the ligand plays thus
an important role for the triangle-square equilibri In both structures in Figure 5.1,

7 interactions between each pyridine ring and on®tdppp phenyl rings are visible
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Table 5.1: Diffusion coefficients D experimentally determinédm DOSY NMR
experiments, radii gy calculated from them based on the Stokes-Einstgiration, and
geometry parametersac, du-m, and | (Figure 5.11) obtained from molecular maadg|
calculations with the augmented MM2 force field.

T D I ex I calc s VO |
Compound| 11 (ws)  fom] | fm] [ [om
132a 298 2.42¢10°  1.036 1.64 1.34 2.71
132b 298 2.42¢10°  1.036 1.40 1.32 2.79
132a 273 1.36¢10'°  1.252 1.64 1.34 2.71
132b 273 1.41+10"°  1.209 1.40 1.32 2.79
132a 243 4.19¢10"  2.044 1.64 1.34 2.71
132b 243 47310 1.809 1.40 1.32 2.79
133a 298" 2.06¢10°  1.328 1.63 1.43 2.66
133b 298" 2.17410°  1.267 1.36 1.41 2.67
133a 273 1.30-10"°  1.303 1.63 1.43 2.66
133b 273 1.41.10°  1.203 1.36 1.41 2.67
134a 273 9.32¢10"  1.861 2.08 1.96 3.36
134b 273 9.68.10"  1.791 1.68 1.93 3.37
134a 243 5.07.10"  1.774 2.08 1.96 3.36
134b 243 5.64¢10"  1.595 1.68 1.93 3.37
135a 273 1.21¢10°  1.455 2.08 1.96 3.34
135b 273 1.23+10'°  1.427 1.71 1.93 3.43
135a 243 5.86¢10"  1.766 2.08 1.96 3.34
135b 243 6.51+10"  1.590 1.71 1.93 3.43
136a 298 1.79410°  1.535 1.66 1.35 2.71
136b 298 2.03+10°°  1.350 1.40 1.33 2.79
137a 298 7.18410"  1.524 1.64 1.44 2.66
137b 298 8.34¢10"  1.311 1.36 1.42 2.70
138a 298 1.60410"°  1.709 2.10 1.96 3.43
138b 298 1.91.10'°  1.439 1.70 1.93 3.37
139a 298 1.54¢10"°  1.779 2.09 1.97 3.35
139b 298 1.85¢10"°  1.478 1.72 1.94 3.43

2 Experiment performed in DMBy (57243 k= 1.979 g Ms?, 5275«= 1.154 g rils™, 57,95 k= 0.811 g rits™).
The viscosity for 243 K is extrapolated from litena date
P DMSO-dg with 77265 k= 1.996 g rits*
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Three conclusions can be drawn from a comparisamefexperimental and calculated
radii. (i) The two species present in solution #&mangles and squares. Even if the
absolute, but approximate, experimental radii do merfectly fit the calculation, the
calculated radii of other possible species suclpeagameric or hexameric complexes
give a much worse agreement with the experimerd#d.dii) Except for the lowest
temperature (243 K), the experimentally determireadli are always somewhat smaller
than the calculated ones. This can be attributedhéo approximation of the rather
discoidal complexes as spherical ones and theycawvihe complex, which reduces the
effective diffusion coefficient additionally. At 24K, the experimental radii are larger
than the calculated ones, likely because the vilgcosthe solvent had to be extrapolated
to this temperature. (iii) Irrespective of the sy, the temperature, or the metal used, the
squares always give smaller diffusion coefficieantsl therefore larger experimental radii
than the corresponding squares.

Because of the weak coordinative bonds of the sopliecular assemblies, ESI is used as
a soft ionization method. The compounds under sialy be ionized in the ESI ion
source by stripping off some counterions, thus geimeg complexes in different charge
states. Figure 5.12a shows the electrospray ioaizdtourier transform ion-cyclotron
resonance (ESI-FTICR) mass spectrumi®8a/h In addition to smaller peaks resulting
from fragmentation of larger complexes, two majeaks are observed: (i) Signals for a
singly charged [2:2:3] fragment are superimposed with signals for doutiarged
[4:4:6]* (squares) and triply charged [6:6°9[dimer of triangles) complex ions at’z
1911 (in our M:l:c]*-nomenclaturem stands for the number afietal corners| for the
number ofligands,c for the number otounterions, andj for the number of charges).
The [4:4:6f" signals are quite weak indicating a small fractidrsquares to be present.
(i) The other main peak at/z 1396 corresponds to the superposition of quite dauoi
[3:3:4]* complexes (triangle) and less abundant [6%:@mplexes (dimer of triangles).
Unspecific aggregation, which is the reason for @& complexes, is very typical for
ESI-MS experiments of salts, and it is found fomsaimilar specie$® One can think
of these ions as anion-bridged dimers of cationi@ngles mainly held together by
electrostatic forces. In good qualitative agreemwith the NMR spectra, the mass

spectrum thus clearly exhibits more intense sigfmlfriangles than for squares.
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Figure5.12: The ESI mass spectra of E8a/b and b)137a/b.

A similar mass spectrum (Figure 5.12b) is obsefeedhe analogous Pt compounds. The
peak atvz 1344 corresponds to a [4:4°5kquare, which is not superimposed by other
signals. Again, the signals for the trianglesn&t 1530 ([3:3:4") andnvz 3210 ([3:3:5])

are more intense than those for the squares aratisygpsed by unspecific dimer ions.
Fragmentation, however, is less pronounced foiPtheomplexes as compared to the Pd

complexes.
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Figure 5.13: Aromatic regions of the variable-temperatdt NMR spectra of a}33a/b
and b)137a/b in DMF-d;.

Equilibria can be influenced significantly by chargy temperature, concentration, or
solvent. Similarly, the kinetics of the exchangeqgasses may be altered by both
parameters. Therefore, an examination of thesectsffess important to get a more
complete picture of the complexes under study.

At 353 K, only one set of sharp, well resolved sigris observed in the NMR spectra of
133a/b(Figure 5.13a), while two sets of signals appe&@7&t K. The NH ana-pyridine
protons are well separated, while most other sgyreak superimposed. Above the
coalescence temperature Tis =~ 325 K (500 MHz), the equilibration of squares and
triangles is fast on the NMR time scale for theddthplexes. In the spectrum at 243 K,
the signals are broader than those at higher teatyses. This can be traced back to the
existence of different conformers which interconwgtowly at this temperature. Different
conformers exist because of the chair-chair interecsion of the diphosphametalla-
cyclohexane rings at each corner. At the same tiheedppp phenyl groups that stack
with the pyridines hamper ligand rotation along iheM axis. Both processes likely are

slow on the NMR time scale now.
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For the analogous platinum compleX&¥a/b (Figure 5.13b) no coalescence is observed
even at 353 K. Consequently, the triangle-squatglibration is significantly faster for
the Pd complexes in agreement with common knowletigé Pt(ll) complexes are
kinetically more stable than the Pd(ll) analoguasanalogy tol33a/h broader signals
are observed fat37a/bat 243 K, which we again attribute to slow conforraquilibria.
Similar behavior was detected for the other metahlexes generated by self-assembly
with ligands128 130, and13Ll In all cases, the triangle-square equilibrat®faster for
the Pd complexes as indicated by the coalescenddMiR signals into one set at
temperature clearly below 350 K. For the Pt comgdero coalescence up to 353 K is
observed.

Because the-pyridine protons appear separately for triangled squares, quantitative
data on the triangle-square equilibrium can bevedrifrom their integration ratios and
the initial concentration of the building blockseds Because three squares can be
converted into four triangles without changing thenber of building blocks, equation
5.2 describes the equilibrium constant, from whibke free enthalpiedGe, for the
equilibrium can be calculated. As this can easdydone at different temperatures, the
enthalpic and entropic contributions can be obthiinem a van’t Hoff plot of InK over

1/T (Figure 5.14, equation 5.3).

[triangle] *
K=tL—+= -+
[squarg® (®-2)
K = DG OH. A4S, (5.3)

RT RT R

This thermodynamic analysis was performedlf8®a/b(Table 5.2) because the available
temperature range was too small for the other iqal At lower temperatures, the
rather long equilibration times limit the experimierfor the Pd complexes, the
temperature range is limited at the upper end tiltrdbe coalescence discussed above. In
the accessible temperature range, the trianglessqndres were allowed to equilibrate
until no integral changes were observed anymoree dhta for139a/b is clearly
consistent with the above discussion of enthalpit entropic factors: The enthalpy for

the conversion of three squarE39ainto four trianglesl39bis positive AHeq = 35.1 kJ
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mol-1) reflecting the strain in the triangle sturel The entropic contribution is quite
large and positive AS;q = 113 J mol-1 K-1) and thus at elevated tempeestur
overcompensates the reaction enthalpy throughge lAS;q term. The positive entropy

indicates that the reaction profits from the largember of particles, when triangles are

formed from squares.
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Figure 5.14: a) Van't Hoff plot of In K over 1/T for the eqbiiium of 139a/b. b) Plot of
free enthalpy!Geq over temperature T.

Table 5.2: Thermodynamic data for thE39a/b equilibrium (experimental errors cat
20%).

T [K] c(triangle) c(square) K AGgc
[mmol '] [mmol ] [mol 1] [kJ morY]
298 15.5 4.5 0.62 1.5
318 16.0 4.0 1.06 -0.7
333 16.8 3.2 2.56 2.4
353 17.3 2.7 4.42 -4.7
373 17.9 2.1 10.33 -6.9

AHec = 35.1 kJ mot; 4S.. = 113 I mot K?
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The square/triangle ratio is also influenced by khélding block concentration. For
133a/band137a/h *H NMR spectra were recorded for solution conceiunat between
2.5 mM and 20 mM. These two values limit the asddaconcentration range because the
signal-to-noise ratio decreases too much belownZ\b and the solubility of the urea
squares prohibits examining solutions more conaggdr than 20 mM. In this
concentration range, a small but clearly visibléftsbf the square/triangle ratio is
observed. Foll33a/h it is <2:98 at 2.5 mM and 14:86 at 20 mM; &87a/h we obtain
6:94 at 2.5 mM and 17:83 at 20 mM concentratiogFe 5.15). The triangle is thus

dominating the spectra over the whole concentratoge.
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Figure 5.15: Square/triangle ratios at different concentratiooistained for133a/b (a)
and137a/b (b).

Besides the temperature and concentration, theesblis an important factor which
influences the thermodynamics of the triangle-squaquilibrium. For the NMR
experiments reported so far, dipolar aprotic DFer DMSOds has been used as the
NMR solvent. If more non-polar solvents such ast#tloroethane, (TCE) are added,
the equilibrium shifts toward the triangles. Figusel6 shows this for thd32ab
equilibrium. Again, theo-pyridine protons provide the clearest picture. Mstepwise
increase of the TCE fraction, the signal assigmeth¢ square decreases in favor of the

89



5. Self-Assembly of Metallo-Supramolecular Architees

triangle signal. A similar effect has been obserf@dthe corresponding Pt complexes
136a/h The solvent mixture changes also the kinetic ehan that the exchange
processes proceed at lower rates with increasing €@htent of the sample. This is
confirmed by coalescence temperatures increasitiy WCE/DMF ratio. We attribute
this finding to DMF molecules which support meighd bond cleavages through their

ability to donate an electron-pair into the empiyomination site formed in the
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Figure 5.16: Partial '"H NMR spectra (o-pyridine proton signals) 182a/b in various
mixtures of DMF-¢ and tetrachloroethane,dat 298 K. The same 20 mmot |

concentration was kept constant.

Finally, X-ray analysis provides direct informatiabout the structure of particles in the
solid phase. Thus, it is a helpful tool for theusture assignment of metallo-
supramolecular complexes.

Colorless, highly solvent-dependent single crystwig#table for X-ray analysis were
grown by slowly diffusing benzene into an acetal@tsolution of a 1:1 mixture of the
cis-coordinated platinum(ll) cornei28 with trans-bis(4-pyridyl)ethenel28 The X-ray
crystal structure confirmed the formation of Pamgles132b (Figure 5.17). It should be
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noted that NMR spectroscopy confirms both the gies and squares to be present in

acetonitrile as well (Figure 5.18).

Figure 5.17: Oak Ridge Thermal Ellipsoid Plot (ORTEP; 50%-prbitity) of triangle
132b. Anions and solvent molecules are omitted foritlar

............................................................................................
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Figure 5.18: For comparison:3P NMR spectra ofl32a/b (a) and 136a/b (b) in

acetonitrile. Both spectra clearly show two differepecies existing in solution.

The lattice of the crystal structure B82b includes five acetonitrile molecules for each
triangle in addition to the triangle itself and thi& triflate counterions. In the structure
analysis, some electron density remained unassigpeeduse of high disorder. The
packing of the triangles is shown in Figure 5.1Be Tationic triangles form sheets that
are further stacked on each other so that theaksed triflate anions are in between the
cationic layers. Interestingly, the acetonitrile lewnles are ordered to form a solvent
cluster that runs through two stacked trianglesngihg to upper and lower triangle
sheets (Figure 5.19e).

The PtN bonds are at-0.21 nm long, and each-Rt-N bond angle falls in the range of
83-85°. The bidentate phosphine bite angle92-93°. The angles around the Pt ion do
not differ much from the ideal 9@hd, as predicted by molecular modeling (see above)
the ring strain of the triangle is mostly neutratizby bending the bis-pyridyl ethene
ligands. Two planes defined by the two pyridinggsirof each one of the ligands appear
in the crystal structure with angles of 166%.57%nd thus deviate significantly from the
expected, unstrained 180°. TheFRtdistances are 1.34 nm. The conformation and
distances are similar to the previously reportathgle by Schweiger et &° which bears
trimethylphosphine platinum(ll) corners. Schweiget al. described that squares
crystallized when the crystals were grown in thespnce of small triflate counterions
and that triangles were observed in the crystalnnthe mixture was crystallized in the
presence of larger cobalticarborane anions. UrSikleweiger et al., we never got crystals
of the squares with our corne?3 and 28 that are definitively present in the solution
equilibria. We attribute this to packing effectatttare dominated by the nature of the
corners. In addition to the crystal structurel86hb, an analogous isomorphic structure of
132bwas obtained.
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Figure 5.19: (a) Space-filling representation of a single trig@ sheet in the crystal
structure of 136b. Each triangle is surrounded by six others by ipldt 7z/7ir -
interactions. The packing of the triangles is samiin the structure ofl32b. (b) The
sheets pack on top of each other so that a casifprimed by four triangles where the
walls of the cavity are defined by two trianglaglit grey) and it is further closed by the
corners of upper and lower triangles (dark grey)) A picture about how the cavity
forming triangles are stacked on each other (lightl dark). (d) The cavity (light grey) is
closed by the corners of the upper and lower triaadgdark grey). (e) The cavity is filled

by a cluster of ten acetonitrile molecules. Thedisred anions are omitted for clarity.

Three important conclusions can be drawn from dselts presented here. (i) A thorough
analytical characterization of metallo-supramolacutomplexes which can quickly
interconvert requires the application of a numberdidferent methods. From simple

NMR experiments, we can only conclude that twoedéht, highly symmetrical species
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are present but it remains unclear which ones. Mpsstrometry adds some information
here but because of the formation of unspecificregafes and fragments may lead to
misinterpretations. Only the addition of DOSY NM&sults on the diffusion coefficients
and approximate radii of the complexes under sprdyides coherence herat best, in
combination with molecular modeling. On the badisrgstallography, one would arrive
at the conclusion that triangles are formed exeklgj even forl32a/band137a/y for
which the amount of squares in solution is sigaific Crystallization may prefer one
component; the equilibrium readjusts the solutionaentrations.

(i) In this study, we presented bis-pyridyl ligandf different lengths and flexibility.
Molecular modeling and crystallography agree thgandd bending is the major
contribution to accommodate the strain. Consequenthe size of metallo-
supramolecular squares cannot be increased easijysb extending the length of the
ligands connecting the metal corners. When thentighecomes long enough and
therefore sufficiently flexible, triangles are earcally favored. The generation of larger
squares thus would require a different strategyt thles into account the rigidity
requirements that would prevent triangle formati8mple squares formed according to
Stang’s self-assembly approach are thus limiteligeonds not significantly longer than
4,4’ - bipyridine itself.

(i) The thermodynamic and kinetic behavior of tltemplexes discussed here is
interesting in several respects. The equilibriurafiscted by temperature in that entropy-
favored triangles become more prominent at higleenperatures. It is also affected
significantly by solvent polarity. Increasing ameaiof nonpolar solvents result in an
increased preference for triangle formation. Fdhpbthe Pd and Pt complexes, exchange
reactions are observed which interconvert squartestriangles and vice versa. These
processes depend on the nature of the metal. Pdlenes exchange more quickly than
the Pt analogues. They also depend on solventifyol&tore polar solvents promote the
exchange processes so that lower coalescence tenmesr are observed in the

temperature-dependent NMR spectra.
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5.2.3 The Influence of Small Constitutional Changesthe Formation of Metallo-

Supramolecular Boxes

The combination of divalent ligands with divalens-blocked square-planar metal
centers results in the formation of various two-glsional metallo-supramolecular
macrocycles (see abové).n order to achieve three-dimensional cage-liketatie
supramolecular complexes, the valency of at least building block has to be
increased®>®> Thus, the combination of bent divalent ligands hwisquare-planar
palladium(ll) salts has been used to form a largeety of three-dimensional metallo-
supramolecular structures, which includes smalL Mcages as well as large metallo-
supramolecular spheré¥: 1®1%The constitution of a ligand plays an importarie rior
the structure of the resulting metallo-supramolacwdomplex. For example, the self-
assembly of 4-(4-(pyridin-4-yl)phenyl)pyridine witien)Pd(NQ), 19 results in an
equilibrium of metallo-supramolecular triangles asduares®* On the contrary,
equilibria between metallo-supramoleculaslly] MsL; and ML, complexes have been
observed, when 3-(4-(pyridin-3-yl)phenyl)pyridiB2 was combined with (en)Pd(N}
19.1%° Both ligands used differ only in the position béir pyridine-nitrogen atoms.

In order to study the direct influence of such dnmnstitutional changes on the
formation of three-dimensional metallo-supramolacuomplexes, the self-assembly of
ligands145-148with [Pd(MeCN)(BF,),] 149was studied. This project was performed in
cooperation with Dr. Boris Brusilowskij and Egor Dzyuba.

The ligands used within this study were synthesiaedording to literature-known
procedures. Ligand445 and 146 were achieved in a two-step synthesis including a
Bestmann-Ohira reaction and a subsequent Sonogasttiss coupling reactidn’ *>°
However, ligand447 and148 have been synthesized in two steps as well (FigL2@).

At first, nicotinic acid140or isonicotinic acidl42, respectively, were mixed with thionyl
chloride and catalytic amounts of DMF and were wefld for one hour. The
corresponding acid chlorided41 and 143 formed and were isolated in very good
chemical yields of 95 % or 96 %, respectively. e second step, an amide-formation
was performed. In the presence of triethylaminenteltis diamine (1,1-bis(4-amino-3,5-

dimethylphenyl)cyclohexane)44 reacted with three equivalents of nicotinoyl cider
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141 or isonicotinoyl chloridel43 respectively’” The ligandsN,N’-(4,4’-(cyclohexane-
1,1-diyl)-bis-(2,6-dimethyl-4,1-phenylene)) dinicmide 145 and N,N-(4,4-

(cyclohexane-1,1-diyl)-bis-(2,6-dimethyl-4,1-phesy€)) diisonicotinamidel46 were
obtained in acceptable chemical yields of 72 %®m% respectively.

O -OH O C! O Cl O. .OH
socCl, SOCl,
—> -
| N, DMF (cat). | N | N DMF (cat.), | N
_N 1h, reflux ~.N N/ 1 h, reflux N/
140 141 (95 %) 143 (96 %) 142

NH, H,N

[

0 0 0

N H :
147 (72 %) /Y \ 148 (70 %) (Y
N= N N

Figure5.20: The Syntheses of the long divalent ligai¥is and148.%"

For self-assembly reactions, the metal ced#® was mixed with two equivalents of
ligands 145-148 respectively. In order to obtain a good solupiliall systems were

dissolved in DMSO or DMF. The samples were stirfed four hours at room

temperature, to ensure that the thermodynamic ibgailwere analyzed. The NMR
experiments were performed in DMSf9-or DMF-d; using ligand-concentrations of 15
mM. For ESI mass spectrometry, the solutions wéuted with acetonitrile to result in a
ligand-concentration of ca. 100 pM. According te tonstitution of the ligands used,

different metallo-supramolecular systems have laebieved (Figure 5.21).
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[PA(MeCN)4(BFy)2]
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Figure 5.21: The self-assembly of different metallo-supramdéeceages: a) MLs
complex150, b) an equilibrium between A, complexi5la and MsLs complex151b, c)
ML, complex152 and d) the octahedral 1;, complexi53.
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At first, the self-assembly reactions of the isoimégands145and146with metal center
149 will be discussed. A comparison of thé NMR spectra of ligand$45 and146 with
their corresponding metallo-supramolecular systd®@ and 151a/b reveals that the
coordination of the ligands at the metal cerli#® was successful (Figure 5.22 a-d). For
the self-assembly of ligant¥5 with metal centel49 only one set of signals is observed,
indicating that only one metallo-supramolecularcege (L50) is present in solution. On
the contrary, two sets of signals are observednwhetal centefi49 is combined with
ligand 146. The presence of two metallo-supramolecular corgdein solution is
supported by H,H-COSY NMR spectroscopy (Figure &)2Pue to a precise assignment
of the two sets of signals appearing in tHeNMR spectra of systerh51a/h additional
experiments likéH-DOSY NMR spectroscopy have to be performed.
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Hy <:§ \; /:N and y- ar\
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! |
/ o-ar [3 ar 'Y} ™ E
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b) M X [ ] M [ XY E

Hg
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Figure 5.22: The'H NMR spectra of a) ligani45, b) the metallo-supramolecular s\
complex150, c) ligand146 and d) the equilibrium between metallo-supramdizciv,L 4
complex15la and metallo-supramolecular s complex151b. The shifting of the
pyridine hydrogens is marked by red lines. The BBISY ofl51a/b supports shows two

species to be present (e).
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ESI mass spectrometry was performed to identifyntle¢allo-supramolecular complexes
under study (Figure 5.23). The ESI mass spectrurth@fmixture of ligandl45 with
metal centel49 shows only two peaks at/z906 ([1:2:1] and [3:6:3}") andm/z 1402
([3:6:4]*) which can be assigned to a metallo-supramoleduldrs complex 150 and
fragments of it (Figure 5.23a). Thus, the comboratf ligand145 with metal centet49
exclusively leads to the formation ofs\Ms complex150.

For the self-assembly reaction of metal ced#9 with ligand146, the situation is more
complex. The ESI mass spectrum of systéstha/bshows many different peaks (Figure
5.23b). Some of the observed peaks can be assignednetallo-supramolecular A,
complex151a(m/z410 ([2:4:0f"), m/z575 ([2:4:1}"), m/z906 ([2:4:2f") andm/z 1899
([2:4:3]")) while other peaks can be associated to the gporeling MLs complex151b
(m/z410 ([3:6:0f"), m/z509 ([3:6:1]"), m/z658 ([3:6:2f"), m/z906 ([3:6:3f") andm/z
1402 ([3:6:4F"). These results clearly identify the two compkxabserved by NMR
spectroscopy as M, complexl5laand MsLs complex151h.

903 905 907 m/z

[1:2:1]" and [3:6:3]*"

m/z 906 1398 1402 1406 m/z
[3:6:4]%"
m/z 1402
. i
900 1000 1100 1200 1300 1400 1500 m/z
b)
[2:4:01*" and [3:6:0®"
m/z 410
[3:6:11°
m/z 509
[2:4:17%* 922 906 . m/z 18951900  m/z
m/z 575 [2:4:2]"" and [3:6:3] [2:4:3]+
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Figure 5.23: ESI mass spectra of a)sM complex150 and b) the equilibrium of L4
complexi5la and MsLg complexi51b.
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Figure 5.24: IRMPD tandem-MS spectra of the peak at m/z 14®6:4]*")
corresponding to M.g complex150. The spectra were performed using a 25W IR-laser
with different irradiation times.

In order to confirm the structures observed, im&d-multi-photon dissociation (IRMPD)
tandem mass spectrometry of the different metalfmamolecular complexes under
study was performed using a 25W IR laser at differieradiation times. For Mg
complex 150, the peak am/z 1402 ([3:6:4]") was isolated and fragmented afterwards
(Figure 5.24). At an irradiation time of 50 ms, gwbsequent loss of two BFagments

was observed which are formed of the;B&hions. Additionally to the loss of Blnits,
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at larger irradiation times also the subsequerd @ddigands is observed (exy/z 1156
([(3:5:4) — 2 BR]*")). After the loss of one or two ligands, the remirag fragments lose
one metal center (e.qn/z838 ([(2:4:2) — 2 BE*") andm/z1406 ([(2:5:3) — 2 B§"). At
increasing irradiation times, these fragments deuusa by the subsequental loss of
ligands. Interestingly, at irradiation times of D5@s the subsequent loss of neutral HF

units was observed. However, the tandem-MS expetsrgupport the structure ofsl

complex150.
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Figure 5.25: IRMPD tandem-MS spectra of a),M complexi5la (m/z 575 ([2:4:1}"))
and b) MLg complex151b (m/z 658 ([3:6:2")). The spectra were performed using a
25W IR-laser with different irradiation times.
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For systeml5la/h the peaks am/z575 ([2:4:1F) andm/z 658 ([3:6:2f") have been
chosen for IRMPD tandem mass spectrometry (FiguzB)5For both complexed%la
and151b) the loss of BEunits was observed as well. After the loss of BRgfragment,
the corresponding fragment of ,M; complex 151a (m/z 552 ([(2:4:1) — BE*")
decomposes into [1:23] (m/z 410) and [(1:2:1) — BF' (m/z 837) (Figure 5.25a). At
larger irradiation times additional peaks are obsgr which can just be explained by a
reduction of their parent ionm(z462 ([1:1:0]) andm/z650 ([(2:4:1) — BE*)).

However, the fragmentation pattern ofsl\ complex 151b (m/z 658 ([3:6:2f")) is
similar to that of its corresponding.iM complex15l1a(Figure 5.25b). After the loss of
one BR unit, the quadruply charged ion at/'z 641 ([(3:6:2) — BE*") exclusively
decomposes into [(1:2:1) — BF (m/z837) and [2:4:1] (m/z575). These ions undergo
further fragmentation similar to that observed KbsL, complex151a This shows that
even in the gas phase thelM complex15l1acan be formed from its corresponding
MsLg complex 151b by fragmentation which can be explained by thepsupof an
intramolecular “neighbor-group effect® 13

A comparison of the fragmentation pathways of thg dMcomplexesl150 and 151b
exhibits that the fragmentation of both complexescompletely different. While the
fragmentation of complext50 shows the subsequent loss of building blocks, the
fragmentation of compled51b leads exclusively to the formation of complésla
Thus, the two isomeric complex&80 and151b can be distinguished by tandem mass
spectrometry. Nevertheless, it has to be mentiotied the charge of the ions chosen for
the tandem-MS experiments differs from each otbee to charge repulsion, the charge
of the parent ion plays an important role for regimentation pathway. However, the ions
used in the tandem-MS experiments have been clthgeto appropriate intensities and
lack of superposition with other ions.

Inspired by these first remarkable results, theasdembly reactions of metal ceni&i9

with the isomeric ligand$47 and148 have been examined. In both cases, a comparison
of the’H NMR spectra of the ligandb47 and 149 with their corresponding assemblies
152 and 153 showed a chemical shifting of the peaks (Figurgéph. Thus, the

coordination of the ligands to metal centb49 was successful. Furthermore, both
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metallo-supramolecular systentb@ and153) show only one set of signals, indicating

the exclusive formation of one metallo-supramolacabmplex, respectively.
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Figure 5.26: The aromatic region of tht#H NMR spectra of a) ligand47, b) ML,
complex152, c) ligand 148 and d) MLi» complex153. The chemical shifting of the

aromatic hydrogens is marked by red lines.

ESI mass spectrometry was performed to identifyntle¢allo-supramolecular complexes
formed. The mass spectrum of the mixture of ligadd with metal cented49 showed
three prominent peaks which can be assigned tolgotriply and quadruply charged
ions of MiLs complex 152 (m/z 586 ([2:4:0f"), m/z 810 ([2:4:1F") and m/z 1259
([2:4:2F"); Figure 5.27a). Other peaks observed in the nEmsctrum represent
aggregates of one of the ionsl&2 and one extra ligand. However, the structure gf M
complex was confirmed by IRMPD tandem-MS experiragrdrformed with the peak at
m/z586 ([2:4:0f") (Figure 5.27b). At irradiation times of 150 mise[2:4:0f* ion loses
one protonated ligandn(z 533 ([ligand + HJ)) and thus, fragment [(2:3:0) — H](m/z
603) is observed. After the loss of another pratethdigand, fragment [(2:2:0) — 2 H]
(m/z603) is formed which decomposes into two singlgrged [(1:1:0) — H] (m/z603)
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fragments. The protons attached to the ligandsgigboriginate from the amide NH
hydrogen atoms of other ligands. The loss of prateh ligands is favored by charge

repulsion.
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Figure 5.27: a) ESI mass spectrum of,M complex152 and b) the IRMPD mass
spectrum of the [2:4:d] ion (m/z 586). The tandem mass spectrum was peetbusing
an IR-laser at a laser power of 25W and an irraghattime of 150 ms.

The ESI mass spectrum of the mixture of ligatB with metal centerl49 shows a
different situation (Figure 2.28a). In here, difetly charged ions of jlLi, complex153
(m/z 923 ([6:12:4%"), m/z 1066 ([6:12:5]") andm/z 1258 ([6:12:6]")) are observed as
well as fragments of thesen(z533 ([ligand + HJ), m/z585 ([1:2:0f"), m/z787 ([(2:4:0)
— BR]*) andm/z 852 ([1:3:0f")). The structure of the metallo-supramoleculaM
complex153 was confirmed by IRMPD tandem mass spectrometrthefpeak atm/z
1066 ([6:12:5]"). At short irradiation times, the loss of onesBit was observed as

well as the loss of protonated ligands. Intere$gintpe fragments corresponding to the
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loss of protonated ligands could not be observethimithe tandem mass spectra.
However, with increasing irradiation times, smatigments like [1:2:6] (m/z 585),
[1:3:01*" (m/z 852) and [(2:3:0) — 2 K] (m/z 904) appear in the mass spectra. Their
corresponding counter-fragments have not been wbdén the mass spectra as well. The
lack of these counter-fragments indicates that tiese a short life-time and undergo fast
fragmentation themselves. Additionally, the inciegsntensity of peak for [ligand + H]
indicates, that further fragmentation of all otiers observed in the IRMPD experiments
takes place. However, the structure ofl¥4 complex153 could be confirmed by ESI
MS and IRMPD tandem mass spectrometry.

Two conclusions can be drawn from the results pteskewithin this chapter. First, the
constitution of the ligands used in self-assemlbcpsses is mandatory for the resulting
metallo-supramolecular complexes. While the contimnaof metal centerl49 with
ligand 145 exclusively forms ML complex 150, an equilibrium between an A,
complex 151a and its corresponding {Ms complex 151b is observed, wherl49 is
combined with ligand46. The influence of the position of the pyridineragen atoms is
even more drastically when the self-assembly psEesfl49 with ligands147and148
respectively, are compared. On the one hand, thadl $ihL, complex152 is formed
while on the other hand the largelM, 153 complex is observed.

Second, IRMPD tandem mass spectrometry has beemsioobe an interesting tool to
examine metallo-supramolecular complexes. Even esmmmetallo-supramolecular
complexes likel50 and 151b can be distinguished by their different fragmentat

patterns.
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Figure 5.28: a) ESI mass spectrum ofgM, complex153 and b) the IRMPD mass
spectra of the [6:12:5] ions (m/z 1066). The tandem mass spectra wererpestl

using an IR-laser at a laser power of 25W and iasieg irradiation times.

106



5. Self-Assembly of Metallo-Supramolecular Architees

5.3  The Self-Assembly of Urea-Functionalized M&lupramolecular Complexes

5.3.1 Bispyridyl-Urea Ligands — Synthesis and Strie

Many pyridine-based ligands bear additional funwiogroups, which enable them to
interact with each other, with guest molecules @hwheir environment. Most of these
groups have just one interesting function (e.g.cted@ donor, electron acceptor,
hydrogen donor, hydrogen acceptor). Neverthelessiesfunctional groups like ureas
also have more than just a single functiondtifyAn urea group can for example act as a
hydrogen donor and acceptor at the same time. ®tieeir dipole moment, urea groups
can also interact with other dipoles. All of itsoperties are very interesting for the
studies of intermolecular interactions and thuss of interest to implement urea groups
into ligands for metallo-supramolecular self-assgmim order to use the properties of
urea groups to gain functionalized metallo-supracalar complexes which can be used
for molecular recognition, the bispyridyl-urea g 162-168have been synthesized.
Substituted urea compounds are often synthesiz&ty usocyanates, phosgene or
phosgene analogues as starting mateffals?*Thus, the phosgene analogiiN™-
carbonyl diimidazolel61 was used to synthesize the bispyridyl-urea ligab@®-168
from the amino-pyridinesl54-158 or aminomethyl pyridinesl59 and 160'° The
dipyridylurea ligandsl62-168were obtained in acceptable chemical yields (38%;
Figure 5.29).

The solubility of the urea ligands is rather paomost organic solvents. On the one hand,
this is an advantage during the syntheses of tandis 162-168. The bispyridyl-urea
ligands precipitate in toluene, while the startingterials as well as the side products are
soluble in toluene. On the other hand, the analysisspyridyl-urea ligands is limited to
the use of highly polar aprotic solvents such asSGMand DMF. For example, 1,3-bis(6-
methylpyridin-3-yl)ureal66was only soluble in DMSO or DMF atJ60 °C.
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Figure5.29: Syntheses of the different bispyridyl-urea ligah6® 168.*%°

For the ability of the final assemblies to recogniguests or to be influenced by
templates, it will be of great importance to cohtiee orientation of the urea groups
as well as that of the pyridines. Since for ligadé2-166the C-H bondsrtho and
para to the pyridine nitrogen atom are the most pokdipositions, they are able to
form intramolecular C-HeesO contacts with the camgb oxygen. These contacts
flatten the molecule, considerably affect the andgdined by the two lines through
the pyridine nitrogens and thgara-carbon atoms, and may even be important to
establish a certain orientation of the urea unaanecting the two pyridine rings.

Replacing one of these hydrogens by methyl groupg be expected to change this
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behaviour significantly. These changes would likalgo affect the formation of
coordination complexes with the dipyridylurea liganincorporated in this study. In
total, three different planar structures can bewdravhich consider these aspects
(Figure 5.30). In asyn-synconformarion both pyridine nitrogen atoms showoitite
same direction as the carbonyl oxygen atom. Theosipp of this would be aanti-
anti conformation wherein both pyridine nitrogen atosisow into the opposite

direction of the carbonyl oxygen atom. A mixed isnof these is calledyn-anti

isomer.
G NJI\N X G N)I\N N N~ N)I\N N
H H H H H H

syn-syn syn-anti anti-anti
Figure 5.30: The three different orientations of the bispyridyga ligands are shown for
ligand 162.

In order to get some experimental evidence, thendations of the ligands in solution
were established by 1D NOESY experiments which ey information about those
aromatic and methyl C-H atoms which are close &outea NH protons (Figure 5.31).
For ligand162the NOE experiments in DM8; show a slight preference of thati-
anti isomer. Due to the increased steric hinderancedniced by the methyl group in
ortho-position of the pyridine-nitrogen atomss, ligah@3 strongly prefers thanti-
anti conformation. No NOE between the NH and tpyridine CH is observed.
Based on the same steric effects, ligdwd clearly exhibits asyn-synconformation.
In contrast tol63 and 164, no conformation seems to be clearly preferredr dkie
other by ligand165 Due to its very low solubility in any solvent appropriate
temperatures, no comparable NOESY spectra couldbb@ned for ligandl66, but
one may consider an analogous behaviour as obsdovelb2 and 165. Similar to
ligand 162 rotation of the pyridines is not sterically himdd for ligandsl65 and166
and thus, they can easily switch between the diffeconformations. The equilibrium

between these three different possible conformatienknown to be highly solvent
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dependent and thus, it may change for ligab®® 165 and 166, if other solvents are
used®** For ligands163 and 164 every solvent effect should be overcompensated by

the steric effect of their methyl groups.

T

S T
o-Py _ -P
‘ p-Py P-FY o
AH \ NH/ T water| pMF |Me
o-Py[ \lDmMF  m-Py m-Py
| ] e l
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Figure 5.31: The 1D*H NOESY NMR spectra of ligands H2, b) 163, c) 164 and d)
165. All spectra were recorded in DMF-at 298 K. Due to its low solubility; no NOESY

NMR spectra of ligand66 could be recorded at 298 K.
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The analysis of the crystal structures of ligadé2-166can support the information
on the orientation of the gained from NOESY NMR exments. The crystal
structure of ligand162 is known?* #*but none of those of the corresponding
dimethyl analogues. Crystals of ligand62-165 could be obtained by diffsion of
diethylether into a solution of these ligands in BMn contrast to this, ligan@l66
was crystallized by slow cooling of a hot DMSO daa of 166. Interestingly,
crystals of164 were only obtained when it was crystallized in gresence of minor
impurities of imidazole.

Some X-ray structures of ligarftb2 show thesyn-synisomer while others show the
anti-antiisomer — depending on solvent and crystallizagtfects. The molecules are
essentially planar due to the C-HeeeO=C interactiomwhich locks their overall
conformation, and the pyridine rings are twistedlyalightly with respect to the urea
moiety. The values of the dihedral angles betwden urea moiety non-hydrogen
atoms and the pyridine rings are between 11.27é18) 11.56(1F) However, the
different orientations of ligandl62 in its crystal structures support the results
observed by NOESY NMR spectroscopy.

Figure 5.32: The solid-state structure df63 containing the atom-numbering scheme.
The displacement ellipsoids for non-hydrogen atamesdrawn at the 50 % probability

level. The intramolecular hydrogen bonds are showalashed lines.

Ligand 163 (Figure 5.32) is structurally very similar to then-methylated analogue
162 However, introducing the methyl groups at the o2ipon of pyridine rings
causes deviation from planarity. The two pyridinegs, N1-C6 (Py) and N1'-C6'
(Py"), form an angle of 26.95(7)and the angles between the Py and Py' ringsland t
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N7/C8/O8/N7' urea moiety atoms are 44.86(8) an@@@®), respectively. Although

this ligand is slightly bent, and the rings arest®d relatively to the urea moiety, its
conformation still allows C-HeeeO intramolecular dnpgen-bond formation (Figure
5.32; Table 5.3). Because of steric reasarss, a repulsion between the carbonyl

oxygen atom and the methyl groups, the molecul@adoeanti-anti conformation.

Figure 5.33: CPK plot of the packing 0163, showing hydrogen-bonded molecules

running in opposite directions.

Figure5.34: A part of the crystal structure df63, showing thea—network and the
double chains formed by-M---O and GH---N hydrogen bonds. The hydrogen bonds are

indicated by dashed lines.

112



5. Self-Assembly of Metallo-Supramolecular Architees

In the crystal, adjacent molecules are held togeblyetwo N-HeeeO hydrogen bonds
involving both urea nitrogen atoms and the carbomwygen atom, so forming-
network (Table 5.3). The hydrogen-bonded chainsltbof bifurcated N-HeeeO
hydrogen bonds run in opposite directions (Figuri@3h Two C-HeeeTt interactions
participate also in chain formation as methyl hygne atoms point to the pyridine
rings of neighbouring molecules (Table 5.4). Fipathese chains are mutually linked
by C-HeeeN hydrogen bonds forming double chains dndirogen-bonded sheets
(Figures 5.34 and 5.35).

Figure 5.35: A crystal packing diagram 0163, viewed down the b axis, showing

hydrogen-bonded sheets. Hydrogen bonds are indidatelashed lines
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Table 5.3: Hydrogen-bonding geometry fb63-166.

D—HeseA D(/;\;" H&)A D('A')A D_?OS"A Symmetry codes
163 C4~H4eee0O8 0.95 2.58 2.9409(18) 103

C4-H4'see08 095 264  2.9452(18) 99

N7-H79+ee0O8 0.88 2.08 2.8638(16) 148 X, -1+y, z

N7'-H7'eeeO8 0.88 2.11 2.8793(17) 145 X, -1+y, z

C6-H6'+sN1" 095 261  3.556(2) 178 2-x, 1/2+y, 1/2-2
164 C2-H2e+:08 095 227  2.845(4) 118

C2=H2'ees0O8 0.95 2.22 2.834(4) 122

N7-H7+eeN10 0.88 2.18 3.011(4) 157

N7'—H7'eeeN10 0.88 2.18 3.010(4) 158

N12-H12eee0O15 0.88 1.96 2.802(4) 159

O15-H15A=N1' 0.96(2) 1.84(2) 2.784(3)  169(4)  x, -1+y,z

O15-H15BesN1 0.95(3) 1.99(3) 2.898(4)  158(3)  1+x, -1/2-y, 1/2+7

C14-H14e-08 0.95 2.53 3.376(4) 149 X, -y, 1-z
165 C2-H2e08 0.95 2.26 2.890(5) 123

C4=H4'ee«0O8 0.95 2.39 2.948(5) 117

N7—H7eeeN1 0.88 2.09 2.936(5) 162 1-x,y, 1/2+z

N7'-H7'eeeN1 0.88 2.23 3.044(5) 154 1-x,y, 1/2+z

C6-H6e++O8 0.95 2.47 3.318(5) 149 1-x,-1/2+y,1-z
166 C4~H4eee0O8 0.95 2.30 2.864(3) 117

C4-H4'ee08 095 228  2.87203) 120

N7—-H7eeeN1' 0.88 2.19 2.965(3) 147 1-x, -1/2+y, 1/2-z

N7'-H7'seeN1 0.88 2.17 2.944(3) 146 -X, 1/2+y, 1/2-z

C2-H2'eeN1 095 257  3.342(4) 139 -x, 1/2+y, 1/2-2
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Table 5.4: The geometry of @Heee 7interactions forl63-166.

—Heee D-H H...Cg D“'Cg D—Hoong
D~HewCg (R) (A) ) © Symmetry codes

163 CO-HOCePy  0.98 273  3.4593(16) 132 x, -1+, z
CO-H9lessPy’ 098 271  3.5799(18) 148 x, -1+, z

164 C13-H13eePy 095  2.80 3.554(4) 137 X, -1/2-y, 1/2+z

165 C9'-H92ssPy  0.98  2.80 3.683(5) 150  -1+x, 1/2+y, 3/2-z

166 CO9-HOCessPy’ 098  2.82 3.582(3) 135  -1+4x, -1+y, Z
C9-HO3eesPy  0.98  2.82 3.552(3) 132 1+4x, 1+y, z

4 Py denotes the N1/C2/C3/C4/C5/C6 ring, and PyNhéC2'/C3'/C4'/C5'/C6" pyridine ring

Figure 5.36: Solid-state structure af64, with the atom-numbering scheme. The water
and imidazole molecules have been omitted for tglafihe displacement ellipsoids for
non-hydrogen atoms are drawn at the 50 % probablétvel. Intramolecular hydrogen

bonds are shown dashed.

In the crystal structure of ligantb4 (Figure 5.36), the nitrogen atoms have the same
orientation with respect to the carbonyl oxygennat@yn-syn. Although the methyl
groups are in the same position with respect tautie@a moiety as id63, i.e. they are
close to the hydrogen atoms of the N7 and N7 atdhesmolecule is more flattened.
The values of the dihedral angles between the mn@iaty and two pyridine rings are
significantly smaller (21.9(2)for Py and 16.2(2)for Py’) and the angle between the
pyridine rings is only 12.9(2) This more planar orientation of the pyridine Snand

the urea carbonyl group compared with ligd® enables significantly shorter HeeeO
contacts (Table 5.3) and is probably caused bynméecular interactions.
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Figure 5.37: CPK plot of packing 0164, showing the hydrogen-bonded circle made
of ligands, water and imidazole molecules.

The supramolecular architecture @64 is completely different since water and
imidazole molecules play a significant role in nmlkar packing (Table 5.3). Both
nitrogen atoms of the urea moiety are linked toriegghbouring imidazole molecule,
which are further linked to the water molecule. IBdtydrogen atoms of the water
molecule form hydrogen bonds with the Py nitrogeone closing a hydrogen-
bonded circle and forming a two-dimensional netw(@figure 5.37). One €Hee<O
hydrogen bond participates also in the network ftron. Finally, the hydrogen atom
of the imidazole molecule is directed towards pyredring of neighbouring network,
and thus, one €Heeert interaction (Table 5.4) completes the three-dinmrd
network (Figure 5.38).

116



5. Self-Assembly of Metallo-Supramolecular Architees

Figure 5.38: Left) A crystal packing diagram @64 viewed down the c axis, showing the
two-dimensional network formed by-N---N, NH---O and GH---N hydrogen bonds.
The hydrogen bonds are indicated by dashed linghtRA part of the crystal structure
of 164, showing the two-dimensional network and hydrogeémms of the imidazole
molecules pointing to the pyridine rings of theghdioring molecules. The hydrogen
bonds are indicated by dashed lines and the hydragems which not involved in

intermolecular interactions have been omitted flarity.

As there is no steric hindrance of the ring metndups with the urea moiety atoms,
165is almost planar (Figure 5.39). The pyridine rily) forms a dihedral angle of
only 4.3(2f with respect to the urea moiety {8-C-O angle), while the dihedral
angle between this moiety and Py' ring is slightigger 14.8(2). The pyridine
nitrogen atoms in65 have two different orientations with respect to debonyl

oxygen atom defined as syn-anti-molecular conforomat Consequently, two
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different pyridyl carbon atoms, C2 and C4', areantolecular hydrogen-bond donors
(Table 5.3). The dihedral angle between the risgs4i.3(25.

Figure 5.39: Solid-state structure ofl65, with the atom-numbering scheme. The
displacement ellipsoids for non-hydrogen atomsdaeavn at the 50 % probability level.

Intramolecular hydrogen bonds are shown dashed.

As in 163 the main hydrogen-bonded motif 165is ana-network, but the molecules
are disposed in a zig-zag manner (Figure 5.40)aacldain is formed by two NHeeeN
hydrogen bonds (Table 5.3). One-l»+«O hydrogen bond links the neighbouring
chains into a two-dimensional network (Figure 5.kEt). One C-HeeeTt interaction
and two teeeTt interactions (Table 5.4; Figure 5.41, right) papate also in the

supramolecular assembly and thus generate a thmesadional network.

Figure 5.40: CPK plot of packing of ligand65, showing the zigzag chains of the

molecules.
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Figure 5.41: Left) A crystal packing diagram a65 viewed down the b axis, showing a
two-dimensional network formed by-MN---N and CH---O hydrogen bonds. The
hydrogen bonds are indicated by dashed lines. Righdrystal packing diagram df65

viewed down the a axis, showing the stacking ofrtbkecules andr- srinteractions.

Figure 5.42: Solid-state structure ofl66, with the atom-numbering scheme. The
displacement ellipsoids for non-hydrogen atomsdaeavn at the 50 % probability level.

Intramolecular hydrogen bonds are shown dashed.

The molecule of compounil66 is also planar, with similar values of the dihddra
angles as 165 (Figure5.42). The angle between the pyridyl rings is 182, and
the angles between the urea moiety and the ringspproximately equal (8.26(f4)
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for Py; 11.19(14)for Py'). The molecule shows an anti-orientationtlod pyridine
nitrogens and the carbonyl oxygen, and its confaionais locked by C4eeeO8 and
C4’++«08 hydrogen bonds (Table 5.3).

Figure 5.43: CPK plot of packing 0166, showing two NHeesN hydrogen bonds and the

molecules disposed in the herringbone fashion.

The molecules ofl66 are linked by two NHeeeN hydrogen bonds between the
nitrogen atoms of the urea moiety and the pyridings. Compared t&@65, two N-H
bonds are directed to pyridine rings of two differenolecules (Figure 5.43). One
C—HeesN hydrogen bond connects the molecules dispasdte herringbone fashion
and form a two-dimensional network (Figure 5.44hisTnetwork is extended to a
three-dimensional network by two—BeeeTtinteractions (Table 5.4). It should be also
added that the arrangement of the molecules doegrowide pyridine rings' stacking
andreeeTtinteractions (Table 5.5).

The information about the conformation of the liganderived from the crystal
structure data analysis supports the results ofdaity NOESY NMR spectroscopy.

Table 5.5: The geometry ofsee r7interactions for ligandL66.

ee CgeeCg a CgleesPerp  Slippage
Cgee=Cg A) ) A) A) Symmetry codes

117 PyeesPy®  3.795(2) 5.3(2) 3.5084(17) ca 1.45 X, -1/2+y, 3/2-z

Py’seePy 3.795(2) 5.3(2) 3.5061(17) ca 1.45 x, 1/2+y, 3/2-z
%Py denotes the N1/C2/C3/C4/C5/C6 ring, and PyNhéC2'/C3'/C4'/C5'/C6' pyridine ring
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Figure 5.44: A crystal packing diagram d66 viewed down the a axis, showing the two-
dimensional network formed by-N---N and CGH---N hydrogen bonds. The hydrogen

bonds are indicated by dashed lines.

Figure 5.45: A crystal packing diagram o0f66 viewed down the c axis, showing the
hydrogen-bonded molecules disposed in herringbaskidn. The hydrogen bonds are

indicated by dashed lines.
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5.3.2 The Self-Assembly of Bispyridyl-Urea based,LM Complexes and their

Equilibria with the corresponding #s; Complexes

It is well known, that the self-assembly of linglralent ligands witltis-blocked square-
planar metal centers results in the formation ofafte supramolecular M., squares and
their corresponding BLs triangles (see chapter 5.278Y* When non-linear and/or
flexible divalent ligands are used instead, smallgk, complexes can be achieved (see
chapter 5.2.1%?Astonishingly, not many examples of equilibria beém ML, and ML
complexes have been reported up to AW 7" 1%In general, the equilibrium between
two metallo-supramolecular assemblies likgLMand ML3 complexes is based on a
sensitive balance between enthalpy and entropyhwmisianfluenced by many different
parameters (see chapter 3.3%)!°° However, when functionalized non-linear divalent
ligandsare combined witltis-blocked square-planar metal centers, the functigraips

of the resulting complexes can interact with othmiecules and thus these complexes
could be used for molecular recognition. Furtheendhe guest molecules used might
also act as templates which influence equilibriaveen different metallo-supramolecular
complexes one way or the other.

In order to obtain small functionalized metallo-sarpolecular macrocycles, the self-
assembly of bispyridyl-urea ligand$2-168together with metal cented®, 27 and 28
has been studied. The study was performed in catperwith Dr. Torsten Weilandt,
Rainer Hovorka, Dr. Mario Cetina, Dr. Martin Niegé&rof. Dr. Kari Rissanen and Prof.
Dr. Dieter Lentz.

The metallo-supramolecular assemblies under stualye hbeen formed from the
bispyridyl-urea ligand462-168 by mixing stoichiometric amounts of the ligandsiwit
metal centers (en)Pd(NR 19, (dppp)Pd(OTH) 27 or (dppp)Pt(OTH) 28 in water or

in polar aprotic DMSO or DMF (Figure 5.46). If thaijita-type metal centet9 was
used, ML, complexes were observed. Instead of this, equalibetween ML, and
MsL3 complexes were observed, if the Stang-type metaters27 and28 were used.
Unfortunately, no defined assemblies likell could be observed using liganti63
and166.
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The equilibria of the self-assembled complexes @saally reached within several
minutes. Nevertheless, the mixtures were stirresbfi@ hour at room temperature before
analysis in order to make sure that the equilibria monitored. For NMR experiments,
1:1 mixtures of metal centerk9, 27 or 28, respectively, and ligand$62-168 were
dissolved in 0.5 ml of deuterated water, DMSO or Pk prepare a solution with a
building block concentration of 20 mM. Due to sality reasons, DMSO and DMF had
to be used, furthermore in the case of DMF, a wimlaperature range for variable
temperature NMR experiments is accessible. Howexather of them is well-suited as a
spray solvent for electrospray mass spectromekperments due to their high boiling
points and low vapour pressures. The solutionsniass spectrometric analysis were
therefore prepared by mixing metal center and tiganDMSO followed by dilution with
acetone to a concentration of ca. 200.

If the ligands coordinate to the metal centers ot, kan easily be observed by the
chemical shifts of the protons fitH NMR spectroscopy. Especially the protons of the
ligand-pyridines undergo significant chemical shifo lower field, when a successful
coordination occurred. However, a comparison ofekeerimentalH NMR data of the
ligands with their corresponding metallo-supramolac assemblies revealed successful
coordination. On the one hand, only one set of afgns observed for all systems
containing19 as metal center. On the other hand, two differsets of signals are
observed for the system§4a/b-177a/band179a/b-182a/bcontaining metal centes/

or 28 (Figure 5.47). Unlike Ballester and co-workerst joise set of signals was observed
for the metallo-supramolecular systems containiggnd 168 (systems178 and 183).
The use of Stang-type metal centetg, £8) discloses™ P NMR spectroscopy as a well
known and very sensitive analytical method for dammtion complexes. Instead of
systems178 and 183 all systems with metal cente¥ and 28 show two>*'P NMR
signals, which is perfectly in line with the resuftom*H NMR spectroscopy of these
systems. In these cases two species are pressoluiion. Another reliable indicator of
complex formation is thé®Pt-P coupling constant of the pyridine complex&ls.6 =
3000-3036 Hz), which is significantly different frothat of the metal cent@7 (*Jp.p =
3657 Hz). If ligandsl63 and 166 are combined with metal centet9, 27 or 28, no
complexation could be observed.
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Figure 5.47: NMR spectra of the systems with ligahP: a) *H NMR spectrum of
systeml69 (298 K, DMSO-g); b) *H and®'P NMR spectra of systeh74a/b (303 K,
DMF-d;) and c¢)*H and *'P NMR spectra of systetv9a/b (298 K, DMF-@). The

different complexes in b) and c) are assigned &i{M,L,) and b (MLaj).

Single crystals were successfully obtained of fauetallo-supramolecular M
assemblies. Three of those contain (dppp)Pd@d7)as metal center and the fourth
contained (en)Pd(N£) 19. The single crystals of the M, complexesl74g 175aand
178 were obtained via diffusion of diethylether inte@ution of the complexes in DMF,
respectively. In contrast, complé&x1 crystallized from a solution in water.
Complex174a(Figure 5.48) crystallized with two independentiaraic M,L, complexes

and correspondingly eight triflate anions in theynasietric unit, while the crystal
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structure of complex75a (Figure 5.49) besides the M cationic complex and four
triflate counter-anions also includes three molesubf N,N-dimethylformamide, one

diethyl ether molecule and one crystal lattice wate

Figure 5.48: Solid-state structure of the independent catiamumplex174a containing
the atom-numbering scheme. The displacement allipdor non-hydrogen atoms are
drawn at the 20 % probability level. The hydroge¢anas have been omitted for clarity.
Selected bond lengths (A) and angl®s Pd1-N11 = 2.106(7), Pd#N12 = 2.100(7),
Pd1-P1 = 2.275(2), PdP2 = 2.281(2), Pd2N11' = 2.078(9), Pd2N12' = 2.113(9),
Pd2-P3 = 2.274(3), Pd2P4 = 2.262(3), Pd3N13 = 2.106(8), Pd3aN14 = 2.102(7),
Pd3-P5 = 2.263(3), Pd3P6 = 2.277(3), Pd4N13' = 2.088(10), Pd4N14' = 2.119(9),
Pd4-P7 = 2.269(4), Pd4P8 = 2.273(3); N12Pd1-N11 = 85.7(3), P¥Pd1-P2 =
90.54(9), N11*Pd2-N12' = 86.3(4), P4Pd2-P3 = 89.97(12), N14Pd3-N13 = 85.7(3),
P5-Pd3-P6 = 90.49(9), N13'Pd4-N14' = 86.2(4), PFPd4-P8 = 89.62(13).

The palladium atoms have a distorted square pge@metry in both complexes. Tws
positions of the Pd(Il) atoms are occupied by twogphorous atoms of the dppp ligand
while the remaining binding sites are coordinatgdweo pyridyl nitrogens atoms from
1,3-bis(3-pyridyl)uredl62 The N-Pd-N angles in two independent cationic complexes
of 174aare narrowed and fall in the range of 85.7(3)-85°3 The deviation from ideal
square planar geometry is probably caused by stesgons. Iri75athe N1EFPd1-N12
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bond angle of 86.22(18)s in the same range as if4abut the N1F*Pd2-N12' angle
value of 88.59(17)is closer to the value for an ideal square plaggometry. The
bidentate phosphine bite angles range from 89.6H0%4(9Y in complex174a and
amount 89.36(5) and 92.28{5h complex175awhile the distances between the Pd(ll)
atoms are 8.81 A in both cations Bf4aand 8.83 A inl75a Side view on a cation of
174areveals that both ligands, dppp ab6l, are almost perfectly overlapped (Figure
5.48). The bispyridylurea moiety is slightly bemidathe dihedral angles between pyridyl
rings are in the very short range, from 13.4(3) T2 (5.

Figure 5.49: Solid-state structure of the cation of compl&®%a containing the atom-
numbering scheme. The displacement ellipsoidsdorhydrogen atoms are drawn at the
20 % probability level. The hydrogen atoms havenbmaitted for clarity. Selected bond
lengths (A) and angles’)( Pd1-N11 = 2.100(4), PdN12 = 2.107(4), Pd#P1 =
2.2745(14), Pd1P2 = 2.2787(14), Pd2N11' = 2.095(5), Pd2N12' = 2.106(4), Pd2P3

= 2.2818(14), Pd2P4 = 2.2714(15); N1#Pd1-N12 = 86.22(16), P#Pd1-P2 =
89.36(5), N11*:Pd2-N12' = 88.59(17), P4Pd2-P3 = 92.28(5).

Although the molecular structure ©¥5ais very similar to that o174g the ligands are
not so well overlapped (Figure 5.49). One bispyidga moiety is almost flattened, with
a dihedral angle between the pyridyl rings of 78 11-C61/N11~C61'), and the
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second one is highly bent with the correspondingglean of 28.3(3)
(N12-C62/N12-C62"). This deviation is probably a consequencetha&f geometric
arrangement of the ligands during complex formatiBrobably, it is not caused by
repulsion between the methyl groups attached todtpesition of the pyridine rings in
ligand164 and the neighbouring phenyl rings of the dpppridya

Figure 5.50: The solid-state structure of the cation of com@dlé& containing the atom-
numbering scheme. The displacement ellipsoidsdofhydrogen atoms are drawn at the
20 % probability level. The hydrogen atoms havenbmmitted for clarity. Selected bond
lengths (A) and angles’)( Pd1-N11 = 2.087(6), PdiN12 = 2.099(6), PdP2
2.275(2), PAHP1 = 2.275(2), Pd2N11' = 2.087(7), Pd2N12' = 2.103(6), Pd2P4
2.273(2), Pd2P3 = 2.281(2); N1HPd1-N12 = 86.0(2), P2Pd1-P1 = 90.36(8),
N11'-Pd2-N12' = 85.8(3), P4Pd2-P3 = 90.55(8).

In complex 178 1,3-bis(4-pyridylmethyl)ured 68 was used for complex preparation
(Figure 5.50). A survey of the Cambridge Structubatabasé® revealed that the
structure of this compound is already publishexhd that the compound crystallizes in
the orthorhombic space group 2:2;2;. However, we obtained a monoclini 2;/n
polymorph of this compound, which includes alsoeéhrdichloromethane and water

molecules in the asymetric unit. The methylene sgathat link the pyridyl units with
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the urea moiety result in a higher flexibility dfet ligands. Thus, a C-shape of the cation
is observed (Figure 5.50). Methylene group incampion resulted in much a longer
distance between the Pd atoms of 10.20 A. TREANN angles are 86.0(2) and 85.8(3)
and the PPd-P angles are 90.36(8) and 90.55(8o defining the same, a distorted
square planar geometry of the palladium atoms iseted. This is similar to the
structures found for complexé34aand175a

In all three structures discussed above, one ofrifi@e counter-anions is located in the
center of the cation, but in completely differensjions. Thus, i174a(Figure 5.51) and
175athe triflate is situated at the edge of the cati©on the contrary, the longer ligand
168in complex178 enables encapsulation of one of the triflatesdmshe cavity of the
cation (Figure 5.51). Two other triflates in thesanplexes are displaced at the sides of
the metallo-macrocycles, each of them interactinity wne palladium center. However,
in 178 one Pd atom interacts with a water oxygen atonteaus of triflate, with the
PdZ.-O3W distance of 3.035(7) A.

Figure 5.51: Spacefilling model of compléx4a (a) and compled78 (b), showing the
position of one triflate counter-anion, which iscéted in the center of cation. Other
triflate counter-anions inl74a and 178, as well as solvent molecules in compl&8
have been omitted for clarity. Only the major comgrat of the disordered triflate atoms
in 178 is shown.

129



5. Self-Assembly of Metallo-Supramolecular Architees

The crystallization of ligandl65 with the (en)Pd(Ng). 19 resulted in a dinuclear
complex with a completely different overall georgetMetal centerl9 is much less

sterically demanding as (dppp)Pd(G:I2). Thus, compleXl71 does not have a similar
cavity as in the (dppp)Pd(OTEftomplexes174a 175aand178 and does not show any

inclusion of anions or solvent molecules (Figuré25and 5.53).

Figure 5.52: Solid-state structure of the cation of complEi containing the atom-
numbering scheme. The displacement ellipsoidsdorhydrogen atoms are drawn at the
30 % probability level. The hydrogen atoms havenbmmitted for clarity. Selected bond
lengths (A) and angles’)( Pd1-N11 = 2.038(7), PdiN12 = 2.036(7), PdiN1
2.030(6), PAEN2 = 2.042(7), Pd2N11' = 2.051(7), Pd2N12' = 2.044(7), Pd2N3
2.028(7), Pd2N4 = 2.025(7); N1#Pd1-N12 = 90.8(2), NHPd1-N2 = 84.5(3),
N11'-Pd2-N12' = 91.4(3), N3Pd2-N4 = 84.4(3).
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Figure 5.53: Spacefilling model of the cation of compleX, showing space between
two bispyridylurea ligands which are too small faounter-anion encapsulation.

Counter-anions and solvent molecules have beeneamhfir clarity.

In order to examine the simultaneously existenceMelL, and MLz complexes in
solution, Pulsed Field-Gradient Spin-Echo NMIRGSE) experiments were performed.
The diffusion coefficients of the complexes cortelaith their size and shape. Due to
this, the sizes of the compounds can be assignpdriexentally from the diffusion
coefficients of these complexes. As a rough appnakion, the different species under
study were approximated as spheres, assuming hbatast rotation of the “discoidal”
compounds on average leads to a sphere. Basedsoapifroximation, the size of the
species can be calculated from the measured affumefficients by the Stokes-Einstein
equation (equation 5.1).

As representative examples, only the results ofthBOSY NMR spectra of 74a/band
179a/bwill be discussed. Large structures have smalféusion coefficients than small
ones. If ML, and MsLz complexes coexist, two different sets of signdisusd be
observed in the DOSY NMR spectra. Indeed two sétsignals are observed in the
spectra ofl174a/b and 179a/b (Figure 5.54). In these systems two different sgsec
coexist in solution, which supports the resultsyfdH and®P NMR spectroscopy. The
DOSY NMR spectra of the Stang-type compledgd<a/b-177a/band 179a/b-182a/b
show two species to exist in solution as well. fharsystem478and183only one set of
DOSY signals is observed.
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Figure 5.54: DOSY NMR spectra of d)74a/b recorded at 243K in DMF-dand c)
179a/b recorded at 298 K in DMF-d

For a comparison with the experimental radii ol#dinfrom the DOSY NMR
experiments, the geometries of thelMand ML; complexes were optimized with the
MM2 force-field implemented in the Cache prograhDifferent conformers have been
explicitly considered in the calculations. i) Thgands can have syn-syn asyn-antior

an anti-anti conformation, which can also be possible in thenglexes. In all cases,
those complexes were energetically favored, wheminligands have asyn-syn
conformation. Based on this and the results deriveoh the crystal structures of the
complexes (see above), it can be assumed thdighied conformation is favored in the
complexes as well. i) In case of the Stang-typeglexesl74a/b-183 the dppp-phenyl
groups of the metal centers can point into thetgasf the MoL, and MsL; complexes
(small conformers) or they can point away fromatde conformers). These conformers
differ a lot in their size, but not too much in ithealculated energies. Thus, the small
conformer can easily convert into the bigger oneabgonversion of the six-membered
ring of dppp. Probably, both conformers (small dadye) exist in solution, but the
conversion into each other should be fast enoughbserve average experimental radii
for those complexes. iii) Other conformers thansthaiscussed before are neglected,

because they do not affect the size of the complaréder study.
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Table 5.6: The experimental data of tHel NMR DOSY experiments compared to the
calculated radii of the complexes under study. fidwi were obtained from calculated

structures which were geometry-optimized usingM2 force field method?’

Compound | solvent T D I exp. I cal.
[K] [m?s™] [nm] [nm]
169 DMSO 298 1.41.1®° 0.778 0.879
170 DMSO 298 1.30-18° 0.840 0.905
171 DMSO 298 1.32+18° 0.829 0.992
172 DMSO 298 1.21+18° 0.907 0.967
173 DMSO 298 1.32.18° 0.831 1.045
174a DMF 243 1.19.18° 0.759 1.048
174b DMF 243 8.43.13' 1.188 1.098
175a DMF 273 2.10.13° 0.826 1.066
175b DMF 273 1.84.13° 0942 1.093
176a DMF 243 8.88.13' 1.013 1.065
176b DMF 243 8.43.13' 1.066 1.100
177a DMF 233 7.03.13' 1.002 1.190
177b DMF 233 6.691d' 1.053 1.307
178 DMF 243 7.83.13' 1.149 1.271
179a DMF 298 2.93.16° 0.918 1.052
179b DMF 298 2.64.13° 1.019 1.102
180a DMF 298 2.71.13° 0992 1.075
180b DMF 298 2.54.13° 1.060 1.097
181a DMF 298 2.81.13° 0958 1.068
181b DMF 298 2.59.13° 1.038 1.104
182a DMF 298 2.92.13° 0921 1.193
182b DMF 298 2.47.13° 1.089 1.317
183 DMF 298 2.65.13° 1.014 1.276

Viscosity coefficients used for DMF at differentriperaturestss k= 2.420 g ms® npus k= 1.979 g rifs?,
Norak= 1.154 g mis?, nes k= 0.811 g rits™. The viscosities for 233 K and 243 K were extraped from
literature dat&?® The viscosity coefficient for DMSO at 298 K igios k= 1.996 g rits*

133



5. Self-Assembly of Metallo-Supramolecular Architees

Comparing the experimental and the calculated raflihe complexed69-183 four
different conclusions can be drawn: i) The speabserved in solution are metallo-
supramolecular M., and MLs complexes. The experimental radii do not perfectly
reflect the calculated ones, but the calculatedi rafl all other possible metallo-
supramolecular species would fit even worse. il)ekperimental radii are smaller as the
calculated ones. This can be ascribed to the appation that the complexes under
study are spherical instead of cylindrical or didab Additionally, the ML, and MsL3
complexes bear small cavities which influence tliuslon of the complexes. iii) The
experimental radius of a metallo-supramoleculagt. Mcomplex is always smaller than
that of its corresponding M3 complex. iv) The size of the complexes dependshen
metal centers used. A metallo-supramoleculaiMcomplex with (en)Pd(Ng). is
always smaller than an analogous complex contaifdpgp)Pt(OTf) or (dppp)Pd(OTH.
Additionally, a ML, or MsL3 complex bearing (dppp)Pd(O%fs always smaller than its
analogue with (dppp)Pt(OTf)

In order to verify the results from NMR spectrosg@md crystal structure data analysis,
electrospray ionization mass spectrometric (ESI E¥)eriments of the complexes were
performed. The complexes under study can be ionizéde ESI ion source by stripping
off some counterions, thus generating complexedifferent charge states. In here we
will discuss the electrospray ionization ESI-FTI@Rss spectrum of systehii4a/bas a
representative example (Figure 5.55). Four maj@akpeare observed in fdr74a/la i)
The first peak aim/z 882 can be explained by a superposition of a dochhrged
[2:2:2]** complex (ML) and a singly charged [1:1*1fragment. ii) A second peak
shows a singly charged [1:2*1]fragment am/z 1095. iii) The triply charged [4:4:%]
complex aim/z1226 can be explained by unspecific aggregatiawofM,L, complexes.
Unspecific aggregation is very typical for ESI-M$periments of salts, and it is found
for many similar species. iv) The fourth peak rafz 1913 can be assigned to a
superposition of a singly charged [2:2:8pmplex (ML,) and a doubly charged [4:4%6]
aggregate, which can as well be explained by unigpaggregation. It is remarkable that
no MsLs complex is observed in the ESI mass spectrum.|&imegsults are observed for
the other Stang-type complexds/%a/b-183 as well. For the corresponding Fujita-type
complexesl69-173the formation of ML, complexes was confirmed by ESI MS.
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Figure 5.55: The ESI-FTICR mass spectrumlafla/b.

Changing the temperature can significantly inflienihe equilibria of metallo-
supramolecular complexes. Similarly, the kineti€sh®e exchange processes may be
altered by all of these parameters. The effecthe$e parameters on the equilibria of
the complexes under study were examined to get i@ raomplete picture of those
complexes. The experiments to examine the equalilrere performed exemplarily
with the systemd74a/h

The temperature-dependeit and*P NMR spectra of systeh75a/b are shown in
Figure 5.56. At 293 K two sharp sets of signals @early visible in theH and3'P
NMR spectra. Both species ¢M, and ML3) exist more or less in a 1:1 ratio. Starting
from 233 K, three effects are observed with incieggemperature: i) A conversion
of the MsL3 complex (74b) into the ML, complex (748 is observed. On the one
hand, ML; is the favored complex at lower temperatures. & ¢ther hand, at
higher temperatures the signals ofbU¥ complex (7438 are increasing. ii) The
ligand-exchange between the two species becomts fagh increasing temperature.
Between 333 K and 353 K it is too fast to sepathtwo species vidH and3'P
NMR spectroscopy and coalescence appears at a tatape of T, = 343 K. iii) The
NMR spectra at 233 K contain broader signals ttese at higher temperatures. This
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can be explained by the existence of different oonkers (see above) which

interconvert slowly at this temperature.
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Figure 5.56: Temperature-dependertH and 3P NMR spectra of systermi74a/b
(monitored in DMF-g)).

The two signals in thé’P NMR spectra of systemi74al/b are suitable to get
guantitative data on the equilibrium of,M and MsL3;. The data can be calculated
from the ratios of the integrals of both signalg @&he initial concentration of the
building blocks used. Equation 5.4 describes thalidgium constant, from which
the free enthalpieaGeq for the equilibrium can be calculated. The badighis is
formed by the possible conversion of three,LM complexes into two M3
complexes, which happens without changing the numbéuilding blocks involved.

This calculation can easily be done at differemgeratures, thus the enthalpic and
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entropic contributions can be obtained from a vaiotf plot of InK over 1T (Figure

5.57a, Equation 5.3 — repeated from chapter 5.2.2).

K :—[['I\\/'AZ'LZ}Z (5.4)

AG AH AS
InK =- 9= - a4 =4 (53)
RT RT R

a)

In K

0,003 0,0035 0,004 0,0045
1UT

210 2‘35 260 255 31‘0 335
TK)
Figure 5.57: a) Van't Hoff plot of In K over 1/T for the eguitium of174a/b and b) plot

of free enthalpy!Geq Over temperature T.

The temperature range of systedir4a/b was well suited to perform this
thermodynamic analysis (Table 5.7). In the accéssitemperature range, the
complexes were allowed to equilibrate until no grd changes were observed

anymore.
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Table 5.7: Thermodynamic data for the equilibrium Df5a/b (experimental errors:
ca. 20 %).

TIK c(MaLo) c(Msls) K AGeq
[mmol 1] [mmol 1] [mmol 1] [kJ mol™]

233 5.1 41.6 0.075 18.08
253 11.2 35.6 1.099 14.60
273 19.8 27.6 9.231 11.12
293 26.2 20.5 43.129 7.64
303 29.2 17.5 81.089 5.90
313 33.2 13.5 200.777 4.16

AHeq = 58.6 kJ mot; ASq=174.0 J mot K™

The positve enthalpyAHeq = 58.6 kJ mof) for the conversion of two Bls
complexesl74b into three ML, complexesl74acan be assigned to three different
factors: i) The ML, complex has a higher strain compared to th&Momplex. ii)

In a ML, complex, both bispyridyl-urea ligands necessarilgve the same
orientation including the orientation of the dipoh®ments of their urea groups. Thus,
a disfavorable repulsion between both dipoles argpelue to their larger inner
cavity, this repulsion is less important irsM complexes. iii) In the complexes under
study, the metal cations are shielded by bispyridga ligands and the dppp auxiliary
ligand. Nevertheless, the ;s complexes are more open compared to theit M
analogues. Thus, the interaction between the noatiabns and their counter anions
should be better for the largersis complexes.

The quite large entropic terndl§;q = 174.0 J mot K1) is positive as well, reflecting
the conversion of two B3 complexes into three M, complexes. Due to the
entropic term, at higher temperatures the equilioris shifted towards the formation
of MsLz complexes.

The solvent is also known to influence metallo-supolecular equilibria'H NMR
and *’P NMR spectroscopy of systefiv4a/bin different mixtures of DMFd; and

acetoneds at room temperature reveal a drastic influencethaf solvents on the
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equlibrium between M., complexesl74aand MsL; complexesl74b (Figure 5.58).
While both complexes appear in more or less eqoaduats in pure DMR;, ML,
complex174ais clearly preferred in the presence of acetore Jignals assigned to
MsL3 complex174bnearly vanish when the amount of acetolgés increased. Due to

the low solubility ofl74a/k the situation in pure acetowg-could not be monitored.

o-py
(M,L,) ML, L
o-py
(M,L,) | DMF:acetone || | ~

M.
Mmm .
b .

10 9 7 ppm 8 ppm
Figure 5.58: '"H NMR and®*'P NMR spectra ot74a/b in different solvent mixtures of
DMF-d; and acetonel

The low solubility of the complexes under study appropriate non-polar aprotic
solvents like dichloromethane or chloroform hamptys chances of the complexes
169-183to use the capabilities of their urea groups fadirected interaction with
other molecules. Thus, the,M» and MsL3 complexes cannot act as host complexes
for guest inclusion, because the competition withvent molecules is too high in
polar solvents. Nevertheless, acids can affect iloesapramolecular complexés.

In a titration experiment, increasing equivaleritaged on the concentration of ligand
162 of N(Bu);H,PO, 184 were added systettiv4a/b (Figure 5.59). The titration was
performed in DMSQds and monitored byH NMR and*'P NMR spectroscopy. With
increasing amount of N(By)i,PO, 184, a broadening of thtH NMR signals occurs.
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At the same time, the peaks assigned to the coraplieddaandl174bdecrease, while
a new set of signals appears. When four equivalgii84 have been added to system
174al/b the signals belonging to the complexXié&®taand174b vanish. Only one set
of signals remains which gets sharper with incrgsamounts ofL84. These results
are supported by'P NMR spectroscopy. The twdP NMR signals observed for A4,
complex 174a and MLz complex 174b decrease with increasing amount of
N(Bu)sH,PO, 184, while a new’P NMR signal appears. When one equivalent &4
has been added only the new signal was observéte P NMR spectrum. At higher
amounts ofL84, the latter signal vanishes as well and two neakpeat 13.8 ppm and
1.7 ppm appear which can be assigned to non-coatetinmetal cente27 and PQ¥,

respectively.
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Figure 5.59: *H and®P NMR spectra of systeti74a/b monitored during the titration
with increasing amounts of N(Bi).PO, 184. The equivalents df84 were calculated

according to the concentration of ligaldé2 ([ligand] = 10 mM).

These results can be explained by the formatiothefpreferential formation of one
species as well as by a sequential protonatiorf diepyridine nitrogen atoms. Thus,

the signals observed for the compleXg%la/b vanish and new signals are observed.
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In order to identify the processes happening dutirggtitration, the discussion will be
parted in two parts. At first, the results obtaifedadding less than one equivalent of
N(Bu)sH,PO, 184 will be discussed. With increasing amount1@4 a new species
appears, which is the only species left when 106484 was added. Due to its signal
in the P NMR spectra, the new species has to be symmigyricall
unsymmetrically species produced by partly protmmabf the ligands pyridine units
can be excluded. The only symmetric protonated isgewould contain one metal
center coordinating to two mono-protonated ligafé#ligand+H),]**) which can be
excluded as well. The partly protonation would fesa non-coordinating metal
centers which are not observed in the NMR specwaitored below an amount of 1
eq. of 184 Therefore, the new peaks can only be explainethbyinteraction of the
H.PO, ions with the ML, and MsL; complexes in solution. i) An anion exchange is
observed and PO, replaces the triflate counter anions. Thus, tlymalis observed
for the complexes should undergo some chemicatisif Nevertheless, it does not
explain the formation of only one new signal in e NMR spectra. ii) The #PO,
anion can bind to the urea groups at the ligaffdsihereby the anions act as
templates and the M, complex is formed preferrably. This induces a cloamnshift

in the®'P NMR spectra and thus can explain the resultsrabde

However, the situation changed, when more thanesugvalent of N(BuH.PO, 184
were added. Due to sequential protonation, the adsgmelating to the complexes
decrease and signals for the non-coordinated noetater (13.8 ppm) and RO (1.7
ppm) can be observed in tf# NMR spectra. Similar results have been reported b
Ballester and co-worker<.

It has been shown that bispyridyl-urea ligand62-168 can form metallo-
supramolacular M., and MsL3 complexes 169-183, when they are combined with
cis-blocked square-planar metal centers like (eNPd), 19, (dppp)Pd(OTH) 27 or
(dppp)Pt(OTf) 28. Due to sterical hindrence, no complex-formatioas hbeen
observed for ligand463 and 165 While just ML, complexes 169-173 have been
observed with metal centet9, equilibria between M., and MLz complexes
(174a/b-177a/band 179a/b-182a/h occur when metal cente®7 or 28 are used.
When ligand168 was combined with metal cente2g and28, only the formation of
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M,L, complexes178and183) was observed.

The complexes and their equilibria were characeégriby the interplay of different
analytical methods likéH and*'P NMR spectroscopy, DOSY NMR spectroscopy,
ESI mass spectrometry and crystal data analysis.ifftuence of the environment on
the equilibria has nicely been shown by changirggtdmperature, the solvent and the
pH value of the systems under study.

Unfortunately, the low solubility of the complexbmder their abilities to act as host
complexes for molecular recognition. Nevertheldsspyridyl-urea ligands and their
metallo-supramolecular complexes remain interestocandidates for molecular

recognition, when their solubility is increased.
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5.3.3 The Self-Assembly of Small Functionalyzed MietSupramolecular Cages

Metallo-supramolecular cages can be used as haspleres to encapsulate guest
molecules and influence reactions performed intéé inner cavity.’® However, most
of these systems use the hydrophobic effect foagsdation of guests. Nevertheless, it
would be interesting to influence reactions in oigasolvents as well. Thus,
functionalized building blocks are important to bleainteractions between the host
complexes and the guest molecules. These intengchiave to be strong enough to bind
the guest molecules which can be achieved by tteepilay of more interactions at the
same time.

Inspired by the metallo-supramolecular macrocyd@8-183containing bispyridyl-urea
ligands 162-168 described in the last chapter, several metalloasuplecular cages
(185a/b-189 were obtained combining of (MeCNPd(BF). 149 with ligands162-169
(Figure 5.60). The properties of these complexesewstudied in cooperation with
Johannes Poppenberg and Prof. Kari Riss&tfén.

The structure of the smaller bispyridyl-urea ligadé2-166can in principle have three
different orientations syn-syn syn-anti and anti-anti; see chapter 5.3.1). The self-
assembly of ligand$62-166with cis-blocked square-planar metal centers rededhat
the syn-synconformation of the ligands seems to be favorethéresulting complexes
(see chapter 5.3.2). Nevertheless, #mi-anti conformations cannot be ruled out,
whereas theyn-anticonformations do not play a role in the final askkes. Thus, the
orientation of the urea groups in the complexedixed to two different isomeric
structures. Due to the structure of the complexeistiae orientation of the ligands therein,
all oxygen atoms or all NH groups of the bispyridyea ligands point into the inner
cavity of the complexes formed. Based on the piylax the urea groups, the polarity of
the inner cavity of a resulting complex differsrfrdhat of its outer sphere. Even more
important, many hydrogen-bond acceptors or donaginating from the urea groups
turn into the inner cavity of the complexes andstlsan interplay with each other and
strengthen the interactions between the host compleand guest molecules. For
complexes containing the more flexible ligaldé& and168 this effect is probably not as

strong as for the rigid ligand$2-166
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Figure 5.60: Self-assembly of metallo-supramoleculaiLiMand MsLs cagesl85a/b-189
(a = Myl4 and b = |V!;L6)

Metal center (MeCNPd(BF), 149 was mixed with two equivalents of ligantl62-169
respectively (Figure 5.60). The mixture was disedlin DMSO or DMF and stirred for
one hour at room temperature in order to ensuredauation to be completed. DMSO
and DMF had to be used as solvents due to the dtwbisity of the complexes. For NMR
experiments, samples with a ligand concentratiohSomM were analyzed in DMSGy

or DMF-d;. Due to get an appropriate ligand concentratiodGff uM for the ESI mass
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spectrometric experiments, the systems under stigdg dissolved in DMSO and diluted
with acetonitrile.

A successful coordination of the ligand62 164, 165 167 and 168 was proven by
comparing the'H NMR spectra of the ligands with those of theirresponding
assemblies (Figure 5.61). Due to coordination, ¢banshifting of the'H NMR signals
for the ligands was observed. While th& NMR spectra of the systeni85a/b-188a/b
two sets of signals, only one set of signals iseoled for systemi89. Unfortunately, no
coordination was observed, when ligad@é8 and166 were used. This can be assigned to
the steric hindrance of the methyl group in ortlesipon to the pyridine-nitrogen atoms
in ligands163and166.

NH o-py
oPY | p-py m-py
2 U L
m-py and p-py

(M2L4 and M3L6)

10 9 8 ppm
Figure 5.61: *H NMR spectra of a) ligand62 and b) the equilibrium between metallo-

supramolecular ML, complex185a and MsLs complexi85hb.

The final prove for the coexistence of two spediesystemsl85a/b-188a/bcan be
derived from DOSY NMR spectroscopy. The size arapshof the complexes is directly
correlated to their diffusion coefficients and thieir size can be calculated from the
diffusion coefficients monitored. Due to fast radatin solution, the different cylindrical
ML, and discoidal ML complexesl85a/b-189were approximated to be spherical. This
rough approximation enables the calculation offtip@rodynamic radii of the individual

species using the Stokes-Einstein equation (equétib).
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The DOSY spectrum of systet@5a/bis exemplarily shown in Figure 5.62. It clearly
shows two different metallo-supramolecular species be present in solution.
Additionally some excess of ligant2 can be observed in the DOSY spectrum of
185a/h The DOSY spectrum explicitly shows that the difn coefficients of the
metallo-supramolecular complexé&85a/b are larger than that of the non-coordinated
ligand 162 This supports a successful coordination. Howetleg, DOSY spectra of
186a/b-188a/balso contain two differently sized species whilattfor 189 only shows
one set of signals.
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Figure5.62: The DOSY NMR spectra of syst&sba/b.

In order to identify the metallo-supramolecular @ps observed in solution, the
experimentally calculated radii of complexiE5a/b-189were compared with calculated
ones (Table 5.8). The calculations were performsdguthe MM2 force field method for
geometry-optimization of the M, and MLg complexes under study. Complexes
containing both reasonable isomers of ligah@2-166(syn-synandanti-anti) have been

considered and thus, the average radii were usembfoparison.
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For complexes185a/b-187a/b the experimental radii reflect their correspoigdin
calculated radii very well. Thus, these speciesataarly be identified as pll, and MsLe
complexesl185a/b-187a/b The experimental radii of systeni88a/b and 189 differ
significantly from the calculated ones. This canelplained by three reasons: i) Due to
the flexibility of the ligands, the calculation géometry-optimized structures is difficult
and can easily result in misleading calculatio)sThe approximated spherical structure
of the complexes is reflecting the real situatidnthe rather discoidal complexes. iii)
Based on the flexibility of the ligands, the intettan of the complexes with the counter
anions as well as with solvent molecules increasedpared to that of the complexes
bearing less flexible ligands. Nevertheless, thecss observed for the systems
containing ligandsl67 or 168 can still be identified as pl, and ML complexes,
because the calculated radii of all other possiblaplexes would fit worse.

Table 5.8: The experimental data of tiel NMR DOSY experiments compared with the
calculated radii of complexe$85a/b-189. The calculated radii were obtained from
geometry-optimized structures using the MM2 foiele inethod?’

Compound solvent T D Il exp. I cal.
185a DMSO 298 1.2218° 0.896 0.872
185b DMSO 298 9.86¢10" 1.140 1.025
186a DMF 298 1.8410° 0.947 0.925
186b DMF 298 1.37-10° 1.134 1.112
187a DMF 298 1.9210° 0.921 0.932
187b DMF 298 1.38-10° 1.132 1.186
188a DMF 298 1.5310° 1.758 0.954
188b DMF 298 1.2110° 2.228 1.099
189 DMF 298 1.9510° 1.385 0.954

ESI mass spectrometry supported the existencemtp&cies in systeni885a/b-188a/b
The mass spectrum of systd®5a/bwill be discussed as representative example (Bigur
6.63a). Two peaks were observed which could didulassigned to ions of the metallo-
supramolecular M., complex 185a and MLe complex 185b (m/z 622 ([1:2:1] and
[2:4:2F" and [3:6:3") and m/z 976 ([3:6:4"). Additionally, also fragments of both
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complexes have been observed as well as unspagficegates. However, the loss of
HBF, is a prominent fragmentation observed for sysié@fa/h It has been proven by
deuteration experiments that the proton in EIBFstripped off from one of the urea-NH
groups implemented in the ligantf§? No other metallo-supramolecular complexes like
MyLg have been observed in the mass spectrum. Siragatts have been observed in the
mass spectra of systerh86a/b-188a/b
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Figure 5.63: ESI mass spectra of a) the equilibrium betweeralloesupramolecular
ML, complex185a and MLs complex185b, and b) the metallo-supramolecularsg

complex189.
On the contrary, the mass spectrum of the comloinaif metal centet49 with ligand

168 bears just peaks which can directly be relateidns of MsLs complex189 (Figure
5.63b). Besides one fragment ian/¢ 678 [1:2:1]), only doubly (n/z1060 ([3:6:41"),
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triply (m/z 678 ([3:6:3f"), quadruply tn/z 487 ([3:6:21") and quintuply i/z 372
([3:6:11°") charged ions of complek89 were observed in ESI mass spectrometry. The
results obtained by mass spectrometry suppormnfieemiation gained fromH NMR and
DOSY NMR spectroscopy.

+—!<4—Ie—|e -nHBF,

T e

At 723

i m/z97o
i' | I ' 25W, 400ms

[(3:5:4) - 3 HBF ] R

m/z 736 Lo

[(3:4:4) - 2 HBF ** o - L . . .

m/z 673 % Looron

[ligand + H]* A T

m/z 215 4_ -L Lo

AI - L _I | I

< oo
ol l JJ L. 1 N ‘ - 25W, 800ms

[(3:4:4) - 4 HBF **
[(3:3:4)- 3HBF,** /7 585
m/z 523
[(1:1:1) - HBF4]+
m/z 318

I | T LA 1, R . 25W, 1400ms
| T T T T T T T T T | T T T T T T T ' T T T T T T T T T | T T T T T T T T T I T T T T T T T T T |
400 600 800 1000 m/z

Figure 5.64: IRMPD tandem mass spectra oglld complex185b. The peak at m/z 976
([3:6:4]?") was irradiated with an IR-laser with a laser pawef 25 W at different

irradiation times.

Tandem mass spectrometry was performed to getter hetderstanding of the stability
and the fragmentation of the complexes under stlildg.fragmentation of M. complex
185b is discussed in detail (Figure 5.64); similar fesuvere observed for all other

complexes under study. The peakreiz 976 ([3:6:4f") was mass-selected and irradiated
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with an IR-laser (25 W) at different irradiatiormis. At short irradiation times, the
sequential loss of neutral HBRmolecules was observed. At longer irradiation spaso
the loss of ligands was observed. All peaks appgan the tandem mass spectra of
complex185b can be explained by a sequential loss of HBIBlecules and ligands. In
the end, the resulting fragments (e.g. [(3:3:4) HBF,]** (m/z 523)) decompose into
fragments like [(1:1:1) - HBF (m/z 318). However, with increasing irradiatiomés
also a prominent peak for the protonated ligandeapp Due to the lack of counter-
fragments, the peak can probably be assigned tsitheltaneous loss of [L+H]and
BF,. The results obtained from the tandem MS experimeaupport the structural

assignment of the complexes under study.
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Figure5.65: Time-dependertH NMR spectra of systei®5a/b.?4%?

The stability of the complexes was studied usintetidependentd NMR spectroscopy
(Figures 5.65 and 5.66). For systd®ba/b a slow decrease of the signals attributed to
the MsLg complex185b was observed. In the beginning, the peaks fordahger MsLg
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complex185b are more prominent, while the smalleplM complex185ais the minor
compound. With increasing time, compl&&5abecomes the major compound. This can
be explained by a slow conversion ofll complex185binto M,L, complex185a Thus,
complex185bis a kinetic product, whil@85ais thermodynamically favored. However,
after several days another set of signals appa#isawery low intensity which could not

be assigned. This may as well have an effect omnattie of My, and MsLe complexes in

solution.
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Figure5.66: Time-dependerfH NMR spectra of systei@6a/b.?4%?

A similar situation was observed for systelB86a/h In the beginning, the major
compound observed is M, complex 186a and MsLs complex 186b coexists as the
minor complex. With increasing time, compl&86b converts into the smaller complex
186aand the peaks related to complE6b vanish after 40 hours. Thus86b can be

clearly identified as Kkinetic product whereds36a is the thermodynamic one.
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Interestingly, the conversion of the largeilld complex186b into the smaller L4
complex186aappears to be much faster than that of comp&5b into 185a This can
be assigned to the methyl group para-position to the pyridine-nitrogen atoms
implemented in ligand64 'H NOESY NMR experiments and X-ray analysis revealed
that ligand 164 prefers thesyn-synorientation, while ligandl62 does not show a
significant preference (see chapter 5.3.1). Adddlty, a methyl-group is more space-
demanding than a hydrogen atom and thus, the mgtbybp has a direct influence on the
flexibility of ligand 164. Ligand162 is flexible enough to form L complexes as well
as ML, complexes. Due to the methyl-group para-position to its pyridine-nitrogen
atoms and their steric interference with the NHugpsy ligand164 is less flexible and
thus the strain of M. complexes containin§64 increases compared to that containing
ligand 162 Therefore the formation of Mg complex 186b is thermodynamically
disfavored.

However, this clearly shows that small change$éstructure of one building block can
have a significant effect on the properties of tlesulting metallo-supramolecular
complexes.

Ligand-exchange experiments were performed, inrameheck whether the size of the
ligands plays a role in the self-assembly processab. Ligand162 was mixed with
equimolar amounts of metal cente49 and ligandsl65, 167 or 168 respectively. The
mixtures were dissolved in DMSO and stirred for &yl to ensure that the mixing
process was completed. Due to this long periodmoé,t no mixing experiments were
performed with ligand.64, because no Mg complexes would be present anymore. After
dilution with acetonitrile to a concentration of @M, ESI mass spectrometry of the
mixed systems was performed (Figure 5.67). Thentigaxchange will be discussed for
the resulting MLg complexes, because the peaks observed for thespomding ML,
complexes were superimposed by other peaks.

First, the mixture of metal centd49 with ligands 162 and 165 shows a statistical
distribution which would be expected for a complétmand-exchange. Every ligand-
position of ligand162 in the homoleptic MLg complex185b can be exchanged by a
ligand 164 (Figure 5.67a). So the methyl-groups in ligatéb do not influence the
exchange process.
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Figure 5.67: Mixing-experiments monitored by ESI mass spectigma) mixing of
metal centerl49 with ligands162 and 165, b) mixing of149 with ligands162 and 167

and c) mixture 0149 with ligands162 and168.

On the contrary, the mixture df49 with ligands 162 and 165 shows no statistical
distribution (Figure 5.67b). Besides both homolepisLs complexesl85b (m/z 978)
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and 188b (m/z 1060), only two mixed species can be observechénnhass spectrum.
These peaks can be assigned to the heteroleptipleres 149-162-167:]%" (m/z1032)
and [149:-162167]** (m/z1046). The latter one has a very low intensityijlevthe peak
at m/z1032 is the major peak observed. Obviously, sagtomplex bearing four small
and rigid ligands162 and two large and flexible ligands67 is the most favored
heteroleptic species, while all other possible tod¢ptic species are far less favorable.
This can be explained by the differences in sizkfixibility of ligands162and167:

i) Due to the different sizes of ligand62 and167, the introduction of a large ligarid7
into a ligand-position which bridges two metal @atl49 wherein the other bridging
ligand-position is blocked by a short ligah@2 results in a relatively high strain. When
two ligands are exchanged, the situation is differ&@hese ligands can bridge different
metal centers or they can both bridge the samel wextéers. Due to less strain, the latter
one should be preferred. Therefore, the exchangenaddd number of ligands is less
favored and would cause much more strain than xochagge of an even number of
ligands. This reflects the lack of intense peakated to exchanges of an odd number of
ligands.

i) Ligand 167 is flexible and thus two ligand62 can be implemented in a heteroleptic
metallo-supramolecular Mg complex. On the contrary, no complex containingrfo
ligands 162 and two ligandsl67 is observed. Ligand462 and 167 are not flexible
enough to form such a complex.

Interestingly, the 1:1:1 mixture of metal cenfegl9 and the ligand462 and 168 again
showed a completely different situation. In the B®iss spectrum of this mixture, all
possible homo- and heteroleptiIM species were observed, but their distribution was
not statistically (Figure 5.67c). The intensitytbé peak assigned to the homoleptigLM
complex185bis very low, while the peak related to the hombiteplsLs complex189is
one of the major peaks. This can be explained loyreasons: i) The low intensity of the
peak forl85bis due to improper ionization during the ESI pixcei) Ligand162 can
easily be implemented into heteroleptiglld complexes, while the introduction of the
larger ligand<l68is less favorable.

The intensities for the peaks an/z 991 ([14%-162-168%) and m/z 1004
([149-162-168]") are very high. Therefore, the exchange of onetamdligands162
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by ligands168is easily accessible. On the contrary, the exaharfighree or four ligands
162by 168seems to be less favorable, because their relptiakgs have lower intensities.
The MsLg complex containing five ligandss8 and one ligand62is again prominent.

This situation is complex and has to be discussedetail: i) The system — especially
ligand 168 — is flexible enough to compensate the size-diffee of the ligands and thus,
all possible homo- and heteroleptigl complexes can be observed. ii) The heteroleptic
complexes 149-162-168]*" (m/z 1018) and 149-162-168]*" (m/z 1032) are less
favored compared to other heteroleptic complexesbBth complexes, the strain caused
by the different sizes of the ligands cannot be memsated very well. iii) The system is
flexible enough to compensate the introduction pé digand162 into complex189
resulting in 149%-1625-168%*. Nevertheless, this species is less favored thampkex189
itself. iv) The introduction of one and two ligand68 into complex185b seems to
reduce the strain in the system.

Taking everything into account, it can be claimbdttstarting from comple89 the
successive exchange of ligaridd8 by 162 causes more strain in the resulting system and
therefore the probability to form such complexesrdases in the same manner. This
drastically changes for complexes4p;-162-168] and [149-162-168 which can be
explained by a strain-compensation of the introduggands168 The strain in the latter
complexes seems to be even less than in conlj8g

In conclusion, the self-assembly of functionalizedtallo-supramolecular cag&85a/b-
189 revealed the formation of kinetically formeds;lM complexes which convert over
time into thermodynamically favored A, complexes. The structure of the complexes
and their properties were characterized by the e@djpn of several analytical methods.
Ligand-exchange experiments revealed a size-sebectormation of heteroleptic
complexes which partly can be compensated by éxhility of the ligands used. Due to
the low solubility in appropriate solvents, the teyss could not be used as host

complexes to bind molecular guests.
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5.4  Thermodynamically Controlled Self-Sorting of rdo- and Hetero-Bimetallic

Metallo-Supramolecular Macrocycles

The project described within this chapter was penéxl in cooperation with Dr. Boris

Brusilowskij and Egor V. Dzyuba. The results haveemn published inChemical

Communicationgn 2011°8
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Figure 5.68: Tetradentate ligand90, metal center27 (red), 28 (blue), 100 (green) and

101 (gray) and the four self-sorted hetero-bimetallimetallo-supramolecular
macrocycled90-194.
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5. Self-Assembly of Metallo-Supramolecular Architees

The "complex-as-a-ligand" concept has been widehpleyed to construct hetero-
bimetallic complexe&® 2% |t roots in the formation of a kinetically inert atal
complex bearing ligands that carry suitable bindsitgs to assemble in a subsequent
step with a different metal complex into larger ailet-supramolecular complexé¥.
Assemblies, however, in whicdhoth metals are incorporated non-statistically under
thermodynamic control rely on self-sorting phenomand are still quite raf@é: >3 23

233 as well as geometri&#

Hetero-bimetallic coordination has been based articigy
and electronic discriminatioff’

In the present study, the self-sorting capabilitg@mplexes based on the tetradentate
ligand 190 (Figure 5.68) and (dppp)M(Il) and/or (dppe)M(Itjflates’*®27, 28, 100
and 140 (M = Pd, Pt; dppp = bis-1,3-(diphenylphosphanylpqmne, dppe = bis-1,2-
(diphenylphosphanyl)-ethane) was explored. Thehsgis of the ligand, which bears
a bidentate 2,2'-bipyridine core and two terminainmdentate pyridine coordination
sites, has recently been reported together withfehmation of homometallic M.,
complexes®’ Interestingly, the addition of only one equivaleft27 resulted in a
strongly preferred binding of the metal to the dyme sites: In marked contrast to a
previously reported quaterpyridyl ligand lackingettethinylene spacerS! ML,
metallo-macrocycles form in a 1:1 mixture§0and27.%%®

The metal complexe&7, 28, 100 and 101 bear two 8square planar metal centers
(Pd(I) and Pt(Il)) at which two coordination sit@se blocked by dppp and dppe
ancillary ligands. These ligands differ by one Lgroup, which causes slightly
different angles between the phenyl groups attadbethe diphosphametallacycle.
Based on these steric differences, self-sorting owyr and provide the basis for the
formation of hetero-bimetallic macrocycles.

Since the interpretation of tH&l NMR spectra (Figure 5.69) is less straightforward
due to signal overlap, the much more clear€& NMR spectra of the complexes
under study are shown in Figure 5.41. In order al@ate the preference of metal
centers27, 28, 100 and 101 for either the pyridine or the bipyridine sitel90 was
assembled separately with each of the four metahptexes in CRCIl, at room
temperature. After an equilibration period of tweelvours, the results were monitored
by *'P NMR spectroscopy (Figure 5.70A). Clearly, the fdppp)M(Il) complexe27
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5. Self-Assembly of Metallo-Supramolecular Architees

and 28 bind exclusively to the pyridine site. The pogigo of the signals
corresponding to coordination to the bipyridineesitcan easily be determined by
addition of a second equivalent of the metal compté They are indicated in Figure
5.70A by the brackets on top and are absent insgeztrum of the 1:1 mixture. In
contrast to this marked selectivity @7 and 28 for the pyridine sites, the dppe
complexesl00 and101 do not show a strong preference for either onthefbinding
sites. Consequently, two signals are observedeéncthresponding'® NMR spectra.
Thus, the first conclusion is that only the (dpp@liMcomplexes can mediate self-

sorting, while the (dppe)M(II) triflates do not pide support for such a process.
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Figure 5.69: Room-temperaturtH NMR spectra in CBCl,: A) separate 1:1 mixtures
of 190 and 27, 28, 100 or 101, respectively. B) 1:1 mixture dB0 and 28 (top), to
which 1 eq. oR7 is added (recorded after 30 min and 12 h (centeaid 190 added
to a 1:1 mixture o7 and 28 directly. C) mixtures o190 with pairwise mixtures of
27, 28, 100 and 101 (1:1:1 each) showing the self-sorting based on d@hehillary
ligands. D) Heterobimetallic self-sorting of metabrners between two preformed

homometallic ML, macrocycles.
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5. Self-Assembly of Metallo-Supramolecular Architees
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Figure 5.70: Room-temperature’’P NMR spectra in CECly: A) separate 1:1
mixtures of190 and 27, 28, 100 or 101, respectively. B) 1:1 mixture dB0 and 28
(top), to which 1 eq. d17 is added (recorded after 30 min and 12 h (centemd 190
added to a 1:1 mixture o027 and 28 directly. C) mixtures ofl90 with pairwise
mixtures of27, 28, 100 or 101 (1:1:1 each) showing the self-sorting based on the
anchillary ligands. D) Heterobimetallic self-sorgnof metal corners between two

preformed homometallic M, metallo-macrocycles.

Figure 5.70B shows an experiment, in which g_Mmetallocycle incorporatind90
and 28 was preformed. After equilibration, 1 eq. ¥ was added to occupy the
bipyridine binding sites. A'P NMR spectrum recorded 30 min after the additibn o
27 already showed an exchange of the metal compléxesccur. Two additional
signals for the coordination of the two metal coexgs to the bipyridine sites grow
over time. Since the Pt-N bond is kinetically matable than the Pd-N bond, the
exchange is slow The spectrum obtained after 12 hours resembleg rerch a
spectrum which was obtained after addihg0 to a 1:1 mixture of27 and 28.
Consequently, a mixture of all possible coordinatieomers is obtained finally.

ESI mass spectrometry confirmed this result. Exdepthe [PdL,-nOTf]™" ions, all
[PokPty4Lo-nOTf]™ complexes (x = 0 - 4) appear in their 42X 2) and +31f = 3)
charge states (Figure 5.7Ihe second conclusion is therefore that two diffiere
metal ions with the same dppp ancillary ligand dat mduce any sorting. This
experiment is important as a control which showat the major differences between
the Pd and the Pt complexes are kinetic in natiihe equilibrium is thus reached

quite slowly, but the differences in bipyridine ysyridine bond dissociation energy
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5. Self-Assembly of Metallo-Supramolecular Architees

differences of the two metal ionAABDE = ABDEyy.(Pd) - ABDEppy.p(Pd)) are

small and do not significantly affect thermodynasniic
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Figure 5.71: ESI mass spectrum of the mixture of ligat®d after combination with
metal center®27 and 28 and stirring for 12 h. In this mixture, the two @pM(l) (M =
Pd, Pt) complexes compete with each other for batding sites. Since both bear the
same ancillary ligand, no self-sorting can occur this case, a distribution of both metal
centers over both binding sites is observed implyiimat stoichiometries other than
Mppy:Mpy:L = 2:2:2 can form. The ESI mass spectra showneheicely confirm this
conjecture. The different complexes are observabeam +2 (right) and +3 (left) charge
states. The lower abundance of Pd-rich complexeg mesult either from different ESI

response factors or from a faster fragmentatiothefkinetically less inert Pd complexes.

The following NMR experiments (Figure 5.70C) aimetl probing whether the
additional methylene group in the dppp complexesildide capable of inducing a
self-sorting process - even though the dppe conggledo not contribute to it. All four
possible combinations of liganti90 with one dppp and one dppe complex were
prepared and equilibrated for three days to engwatequilibrium is reached. All four
3p NMR spectra exhibit only two signals, which casity be assigned as labeled in
Figure 5.69C. Very clearly, a high-fidelity selfriog occurs. Two self-sorted hetero-
bimetallic and two homometalfi®® metallo-macrocycles 101-194 Figure 5.68)
result. Consequently, the difference of merely omethylene group incorporated in
the ancillary ligands suffices to induce high-fithelself-sorting. In all four product
complexes, the (dppp)M(Il) complex coordinateshe pyridines. The (dppe)M(ll) is
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5. Self-Assembly of Metallo-Supramolecular Architees

displaced from the pyridine and binds exclusivety the bipyridine sites when

thermodynamic equilibrium is achieved.
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Figure 5.72: ESI-FTICR and IRMPD tandem mass spectra. Top: rddiametallic
metallo-macrocycld92. Bottom: Pd homometallic macrocyd®4 bearing (dppp)Pd(ll)
at the pyridines and (dppe)Pd(ll) at the bipyridine

The last set of experiments is again a control. Winwo ML, complexes are
preformed separately (Figure 5.70D) and then mixatw would expect to initially
observe all four signals in tHeP NMR spectra. Over time, the mixture would self-
sort finally reaching the same equilibrium situatias the mixture in which all three
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5. Self-Assembly of Metallo-Supramolecular Architees

components are just mixed simultaneously. This msleed the case. After
equilibrating the mixture of the two preformed miktanacrocycles for three hours,
all four **P NMR signals are observed. After three days, tpe)Pt(Il) complex has
almost completely occupied all pyridine units, vehihe (dppe)Pd(ll) center is bound
to the bipyridines. These experiments confirm thmplete self-sorting observed here
to occur under thermodynamic control.

Electrospray  ionization Fourier-transform ion-cytcbm-resonance mass
spectrometric experiments fully support the conidns drawn from the’P NMR
spectra. Figure 5.72 shows the ESI mass spectrainglot for hetero-bimetallic
complex192 and Pd homometallic compled®4 in which both ancillary ligands are
present. All ESI mass spectra are similar in that metallo-macrocycles are ionized
by stripping away two or three counterions. In &iddi, some ions corresponding to
dimers192 or 194 are observed in their +4 and +5 charge statesh 8imers have
been observed before for other metallo-supramotecalssemblies and can be
attributed to "unspecific" complexation common iSlEnass spectrometry> 1%

The fact that only 2:2:2 complexes (¥ypy:L), but no assemblies with other
stoichiometries such as 1:3:2 or 3:1:2 are obseisealready a first indication for
self-sorting (see Figure 5.71 for a non-sorted orixt of 190, 27 and 28).
Nevertheless, tandem MS experiments have been rpetb in order to induce
fragmentation. The fragmentation patterns oftenvig® structural information and
one may be able to deduce the positions to whiehdipp and dppe complexes are
bound in the assemblies under study. The triplyrgdad complex ions were thus
mass-selected by removing all other ions from théCR analyzer cell. Subsequently,
a CQ laser (10.6 um) was employed in an infrared mpittdton dissociation
(IRMPD) experiment to increase the ions' internakrgy until they fragment. The
initial fragmentation reaction is similar in botases: The triply charged ions undergo
a fragmentation reaction driven by charge sepamatosingly charged My:L = 1:1
complex is formed concomitand with a doubly chardyg:Mppy:L = 2:1:1 fragment.

If both metal complexes were randomly distributectrothe two binding sites, one
would expect to find both possibleypfL = 1:1 complexes. This is, however, not the

case. The only 1:1 fragment formed is that bearihg dppe metal complex.
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5. Self-Assembly of Metallo-Supramolecular Architees

Consequently, ESI mass spectrometry together watgnientation experiments nicely

confirm the conclusions drawn from tf¥ NMR experiments described above.
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Figure 5.73: ESI-FTICR mass spectrum (top) and the IRMPD taniliSrexperiments at
different irradiation times (middle and bottom)rogtallo-macrocycld91. The MypyL =
1:1 fragment ion at m/z = 1100 unambiguously canéirthe position of the metal ions
and supports the conclusions drawn fromfeNMR experiments.

The heterobimetallic metallo-macrocyd®2 (Figure 5.72) bears the kinetically more
inert Pt centers at the pyridine coordination sit&gus one might expect the
preferential loss of a (dppe)Pd(ll) ion from theyridine sites. The chelate effect,
however, compensates for that and structure-indieatragments are formed as
described above. The second heterobimetallic neetalicrocycle191 fragments
differently (Figure 5.73). It bears the kineticaftyore labile Pd centers at the pyridine
sites so that both effects, the more inert Pt-N d@md the chelate effect now
cooperate to keep the (dppe)Pt(ll) fragment athiipgridine sites. Consequently, the
loss of a singly charged (dppp)Pd(ll) fragment Esithe doubly charged gy:Mpy:L

= 2:1:2 fragment atm/z 1509 which is not structure indicative. Howevehe t

subsequent fragmentation at longer irradiation siffleigure 5.73, bottom spectrum)
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5. Self-Assembly of Metallo-Supramolecular Architees

yields only one 1:1 fragment. A random distributioihmetal centers should result in
the formation of two different 1:1 fragments. Asisthis not the case, the mass
spectrometric experiments provide evidence for essful self-sorting forl91 as
well. The ESI mass spectrum of the remaining hontathe macrocyclel93 as well

as the results of the tandem MS experiments peddr(figure 5.74) are analogue to
those of the homometallic complé&®4. Thus, the self-sorting of the metal centers is

also confirmed for complex93
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Figure 5.74: ESI-FTICR mass spectrum (top) and the IRMPD tant#Bnexperiment
(bottom) of metallo-macrocycl#93. The MypyL = 1:1 fragment ion at m/z = 1100
unambiguously confirms the position of the metalsi@nd supports the conclusions

drawn from thé’P NMR experiments.

In conclusion, convincing evidence was obtainedddhermodynamically controlled
self-sorting process leading to hetero-bimetallicetalio-macrocycles - merely
because of one additional €group in one of the ancillary ligands. It is imfaort to
note that the preference of the dppp complexestlier pyridine rather than the
bipyridine binding site overrides the lack of pmefiece of the dppe complexes in a
high-fidelity self-sorting process. Consequentlgeaan expect that this effect would
also direct other metal complexes to the bipyridieerdination site - as long as the
other metal complex is a square-planar (dppp)M{dinplex. This is to be confirmed

in future studies.
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5. Self-Assembly of Metallo-Supramolecular Architees

5.5 Investigation into the Mechanisms of Self-AsbgnmReactions
5.5.1 Kinetic and Structural Investigation of theslfSAssembly of Metallo-

Supramolecular Pt(Il) Complexes

Similar to the project presented in the last chaptieis project was performed in
cooperation with Dr. Boris Brusilowskij and Egor Mzyuba as well. The results of this
study have been accepted for publicatioBaiton Transactionsn 2011*%°

Usually, self-assembly involves quickly reversiBbechange processes, which guarantee
error correction and thus the formation of one Bmeassembly out of much simpler,
suitably programmed building blocks (see chaptef*3) However, a number of
examples exist, in which one ligand/metal pair addes into two or more discrete
assemblies that coexist in thermodynamic equilibtdt /> 7" %% %hose equilibria
reflect a sensitive balance of enthalpic and emtreffects originating from different
features of the ligands (shape, number and orientatf binding sites, flexibility), the
metal centers (metal, coordination number, coottinageometry, auxiliary ligands,
counter ions) and others (solvent, temperaturegeumation)-°+1°

Recently, the self-assembly of (dppp)Pd(QT8®7 with tetradentate ligands which
contained two pyridines and one 2,2 -bipyridinetkes binding sites was examin&d.
Due to the steric demand of the dppp-phenyl grotiespyridine sites were coordinated
first to yield an ML, polygon. Only when all pyridine binding sites werecupied, the
chelating bipyridine site coordinates to an adddio metal center. Based on this
preference of the dppp metal complex for the pgedites, the heterobimetallic metallo-
supramolecular assembli@91-194 self-sorted under thermodynamic control mediated
by the auxiliary ligands ring size (see chapte}.5%

In here, the self-assembly of (dppp)Pt(QTHB8 with ligands 190, 190-192 is
discussed (Figure 5.75). Since Pt(Il) complexes larewn to be kinetically much
more stable than the corresponding Pd compl&xé&' 1% 23%%he error correction in
the self-assembly processes of these complexésvis $his allows us to examine the
kinetic behaviour qualitatively withH and®'P NMR spectroscopy and electrospray
ionization mass spectrometry (ESI-MS). Also, asd@ésbthat are formed under

kinetic control, but which are not present in thedynamic equilibrium can be
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5. Self-Assembly of Metallo-Supramolecular Architees

identified as intermediates of the self-assembbcpss. Furthermore, the four ligands
190, 190-192 are selected with the aim to study the constihaioeffects of the
pyridine N-atom positionnjetavs. para with respect to the ethynyl substituent on the
pyridine ring). The comparison of ligands with bgstyl and bipyridin cores allows us
also to explore conformational aspects on the asgeprocess. While the biphenyl is
folded along the aryl-aryl bond, the free bipyrigiaxists in a transoid conformation.
Metal coordination to the bipyridine will enforce @soid presentation of the two

pyridylethynyl substituents.
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Figure 5.75: The self-assembly of ligandd5, 146, 190 and 195 with (dppp)Pt(OTH

28 results in four pairs of constitutional isomersmétallo-supramolecular polygons:
196 and 197, 198 and 199, 200 and 201, and finally202 and203.

Ligands 145, 146, 190 and 195 were synthesized according to established liteeatu

procedures from the corresponding bipyridine dibidke or biphenyl dialdehyde,
respectively®” **°Self-assembly was achieved by mixing metal ceB8uwith either
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5. Self-Assembly of Metallo-Supramolecular Architees

0.5 190 and 199 or 1.0 equivalentl(45 and146) of the ligands in CBCI, at room
temperature. The samples were analyzed by NMR spsaxipy without isolating and
purifying the assembly products in order to be ableexamine the species formed
without any bias. For mass spectrometric analytsis, NMR samples were diluted
with CH,Cl,/acetone (1:1, v/v). The acetone is necessary taimkreliable and
constant spray conditions in the electrospray ionrse. Since the measurement was
done directly after diluting and since the exchanmecesses are slow, when
(dppp)Pt(ll) is used as the metal, it can be saBdgumed that no major changes

occur during the MS experiment.
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Figure 5.76: Time-dependent'P NMR spectra of the mixture of ligari®0 with
metal center28 ([28] = 4.9 mM, left). Right: Partial'H,'H COSY NMR spectra
showing three, two and one cross peak ofi,pgnd py;z protons indicating the

presence of three, two and finally only one prodadhe mixture.

While the initial coordination of the ligands to the nletenters is fast for

(dppp)Pd(Il) as well as (dppp)Pt(ll), there is agka rate difference for the ligand
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5. Self-Assembly of Metallo-Supramolecular Architees

exchange processes which finally correct any assemtermediates that are formed
under kinetic controf® ?*'but that are not present when the equilibriumdsieved.
The slow ligand exchanges at the (dppp)Pt(ll) centean be explained by the
kinetical inert behaviour of Pt(ll) complexXéswhich has been shown in many
substitution experiments at Pt(ll) complex&.Recently, Stang and co-workers
showed that ligand exchange processes in metafijtaswlecular Pt(ll) complexes
can tlast several days until the thermodynamic légriim is reached®® These slow
ligand exchanges therefore allow to follow the eromrrection processes and to
identify kinetic intermediates along the assemldyhpvay.

Time-dependent'P NMR spectra of the mixture @B and 190 clearly show the kinetic
behavior of this system (Figure 5.76, left). Thgnsils for coordination of (dppp)Pt(O%f)
to the bipyridine binding site are observed at -&a.ppm, while the signals for the
coordination to the pyridine appear in at around ppm. This is in line to analogous
complexes studied before (see chapter 8%4Jen minutes after mixing, three different
signals can be observed for both coordination stites of which overlap for the pyridine
site. The intensities of two of the three differeets of signals decrease with increasing
time, while the intensity of the third one is inaseng. After three hours, the first set of
signals almost vanishes within the noise and dfter hours only two sharp sets of
signals are observed. The second set of signalshwhas initially the most prominent
one vanishes more slowly, but is not present angnmothe spectrum obtained after 24
hours. The thermodynamic minimum is characterizedrly one sharp set of signals is
left. It should be noted that each of the threeigseinitially observed is characterized by
only two signals, one for the pyridine-coordinatd@pp)Pt(ll) center, one for that at the
bipyridine. This points to a quite high symmetryeaich of the species with both P atoms
at each metal being identical all metal centersdoh of the two coordination sites also
being equivalent. This rules out the presence sifaificant amount of linear oligomers,
which would be expected to exhibit lower symmetry.

The time-dependeriH NMR spectra of this system are difficult to etk because
their signals are strongly superimposed (Figure’)s.However, theH NMR spectra
become clear with increasing time and after 5 hoesH NMR spectrum shows two

discrete metallo-supramolecular assemblies to bsept in solution in agreement with

168



5. Self-Assembly of Metallo-Supramolecular Architees

the interpretation of thé'P NMR spectra. These results are also supportetHB
COSY NMR spectra (Figure 5.76, right). After oneuh@f mixing time, three cross-
peaks for the coupling between theyppnd the pyp protons are observed, while after
five hours only two of them are left. In the themlgnamic minimum after 24 hours, only

one cross peak remains visible.
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Figure 5.77: 'H NMR spectra of the aromatic region for the sepanaixtures of ligand
A) 190, B) ligand195, C) ligand 145 or D) ligand 146 with Pt metal cente@8 ([28] =
4.9 mM) after 10 min, 5 h and 24 h stirring at rotemperature.

To determine the stoichiometry of the species mtesedifferent times, ESI mass spectra
were recorded (Figure 5.78). The ionization ocdbrsugh stripping away some of the
triflate counterions so that the charge state miéiE how many triflate ions are lost

during ionization. The ESI mass spectrum recordganinutes after mixing exhibits a
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number of peaks, which can be assigned to sevestdllimsupramolecular complexes
some of which may be formed by fragmentation dutitvegESI process. The peaksrdk
1297 ([L96*) andm/z2020 ([L96]*") correspond to the M, complex196 The peaks at
m/z1478 (R00*") andm/z2020 (R0G*") can clearly be assigned to;M complex200.
Both complexes are also observed in the mass specwcorded after 5 hours, so that
these two complexes,96 and 200 can unambiguously be identified as the last two
remaining species. The third component observetthenearly NMR spectra, however,
remains somewhat unclear. AnglM macrocycle would be in line with the high
symmetry indicated by the NMR data. It also agmwéh the signal atn/z 1586 in the
ESI mass spectra, which is not present anymorkenater spectra and thus likely does
not correspond to an unspecific dimetJ6),]>*. After 24 hours, only peaks for the,M
complex196 are found so that we can conclude the smaller megcle 196 to be the

thermodynamic product, whi200is an intermediate formed under kinetic control.

ESI-MS [196]%*
28 + 190 m/z1297  [200]** MLLT*
m/z 1478 [196]2+ [200]3"' (M,L,]

[MLT" | [MaL, 12 m/z 2768 24
.. / m/z 1586 m/z 3105
10 min | - [ \

A1 l g e A

iy [20073*

5 h l IIIIIIIIIIIIIIIIIIIIII

119612 =~
o o MMWMM
L

24 h

L .
1250 1500 1750 2000 2250 2500 2750 3000 m/z

Figure 5.78: ESI mass spectra of the mixturel®D and 28 after 10 min, 5 h und 24 h.
Isotope pattern analysis indicates a significantteitution of [200]** still to be present
after 5 h reaction time, while it has vanished afté h. The dimer196,]** is a typical

unspecific complex formed during electrospray iahan.
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Figure 5.79: )P NMR and ESI mass spectra of the mixture28of 195, 28 + 145, and
28 + 146 recorded 24 h after mixing. The spectra do notngganymore at longer
reaction times. They indicate the exclusive foraratf the smaller metallo-macrocycle
from ligands with 4-ethynyl-substituted pyridineding sites. In contrast,97 and 201
or 199 and 203, respectively, co-exist in equilibrium with eadher when the pyridine

rings are substituted at C(3).

Figure 5.79 shows the®P NMR and ESI mass spectra recorded after 24 hours
equilibration time for the mixture®8 + 195 28 + 145 and28 + 146. In all three cases,
the equilibrium is reached and no further changebe spectra are observed. Comparing
the mixture of28 and190with that 0of28 and195yields to quite different results. For the

latter self-assembly reaction, two species are rebdein the NMR and mass spectra
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which equilibrate with each other (see also Figug®). ESI mass spectrometry helps to
identify these species as thelM complex197, which appears in charge states +2 and +3
at m/z1297 (197)*"), andm/z 2020 (197)*") and the ML3 complex201 at m/z 1478
([201*", m/z2020 (RO1*"), andm/z 3105 (R01]?"). The ROL* ion is only visible as
small shoulders in the isotope patternmaz 2020 that appear between the signals of
[197]?* and its unspecific dimedp7]*".

A) 28 + 195 ph + pypp B) 28 + 146 ph + Py
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Figure 5.80: 'H,'H COSY NMR spectra of the aromatic region for tlepasate
mixtures of ligand AY95 and B) ligand146 with Pt metal cente28 ([28] = 4.9 mM)

after 24 h stirring at room temperature.

Very similar results are obtained for the seconid placonstitutionally different ligands.
Ligand 145 assembles witl28 into only one product which is identified by mass
spectrometry to bd98 In marked contras28 and 146 form again two equilibrating
assemblies which can be identified B39 (the major product) an@03 (the minor
product). Consequently, the position of the pyrdiiatom has a clearly visible effect on
the assemblies that are present in the thermodyneapiilibrium.

The fact thatl96 and 198 are the only thermodynamic products, when thehsret-
substituted ligandsl90 and 145 are reacted with28, while 197/201 and 199/203
equilibrate with each other, when 3-ethynyl-subgtidl ligands195 and 146 are used,
indicates197 and199to be more strained thd®6 and198 due to the altered pyridine N
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atom position. This strain obviously disfavors #imealler polygons and shifts the delicate

equilibrium to the larger macrocycles.

3P NMR
28 + 195

25 5.0 75 100 125 1560  -175  ppm
5P NMR °'P NMR
28 + 145 28 + 146

-13.0 -14.0 -15.0 -16.0 -17.0 ppm -13.0 -14.0 -15.0 -16.0 -17.0

Figure 5.81: *'P NMR spectra of the mixture&8 + 195, 28 + 145 and 28 + 146
recorded 10 minutes mixing. The corresponding spettof 28 + 190 is shown in

Figure 5.76 (top row).

It is also interesting to compare ti# NMR spectra of the four mixtures that are
obtained 10 minutes after mixing each of the fagamds with28 (Figure 5.76, top
row, and Figure 5.81). Again, the two ligands cargythe ethynyl group at the
pyridine C(4)-atom have in common that only fewsset sharp signals are visible.
The two mixture28 + 190 and28 + 145 are thus already quite well defined after 10
minutes. In marked contrast, /8 + 195 and 28 + 146 mixtures yield*'P NMR
spectra with broad signals that appear to be stradtto some extent. These spectra
indicate the formation of many more assemblieshéf ethynyl-substituent is located
at the pyridine C(3)-atom. A comparison of the B$dss spectra performed after a
reaction time of 10 minutes with those after 24 hsosupports these observations
(Figures 5.78, 5.79 and 5.82). Although all assgméactions finally converge into a
rather simple product distribution, the assemblyhpays quite significantly differ
depending on the position of the pyridine N-atorheTeason for these differences is
likely the higher conformational freedom of the tByenyl pyridines. Rotation of the
pyridine rings allows the ligand to adjust to madifferent orientations just as
required for the formation of any of the assembpiessent in the mixture. In contrast,
the 4-ethynyl pyridine bears the pyridine N-atomtbe axis defined by the ethynyl
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group. Irrespective of any pyridine rotation, theedtion of the coordinative bond is
thus fixed. Thereforel95 and 146 are able to form a much greater variety of
assemblies witl28, while the selection of possible assemblies igtédh for 190 and
145

ESI-MS
28 + 195
(a7 o7y’ (197),1°" o,
m/z 1297 [(197),] m/z 2744 [201]
A) 10 min\I m/z 2020 | 23105
I \ l . |
3 5 97]2+4+ 3+
+
[197] 201 [(197),] [(197),] 201"
/2 1478
[ I I I I
1000 1500 2000 m/z 2500 3000
ESI-MS X
C) 28 + 145 198),1°" +
(19877 mz1533 4742 [(198),]
mzi2 /- l m/z 2373
1/ | 1 | N
D) 28 + 146
) [(199),1°*
(og2+ ™2 1933 203" (101" |
l/ l yd | m/z 2373
N i 1
[ I I I I
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Figure 5.53: ESI mass spectra of the mixture of ligal® with Pt metal centeP8
after A) 10 min and B) 24 h stirring at room temgieire. Furthermore, the ESI mass
spectra of the mixtures of C) ligardd5 and D) ligand146 with Pt metal cente8
after stirring at room temperature for 10 min isosim.

The *'P NMR spectra of th@8 + 190 and 28 + 145 mixtures recorded after 10
minutes exhibit yet another difference. The mosinpinent product initially formed
from 28 + 190is 200, while the thermodynamic produt®6is a minor component. In
addition, a larger ML, macrocycle is generated. The major signal in ¥ NMR
spectrum of th@8 + 145 mixture, however, is the smaller macrocytB8, while 201
is the minor product and no largenlM macrocycle is observed.
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This difference can be explained by the higher aonétional flexibility of systen28 +
145 According to molecular modelling/ ligand 145 with its biphenyl core is not planar
and can exist in two conformations with dihedrajlas along the central aryl-aryl bond
of either 40 or 139. Since the barrier between both is presumably Isithase ligands
can adjust quite easily to the requirement of assembly formed. Consequently, the
smaller macrocycl&é98 forms quite easily from a linear 4, precursor. The situation is,
however, very different for ligand90 with its bipyridine core. The uncoordinated
bipyridine prefers a coplanaransoid conformation with the two pyridyl sites pointing
away from each othéf3 The correspondingisoid conformation is less stable by 23.8
kJ/mol.?** with (dppp)M(ll) (M = Pd, Pt), it was observed ththe bipyridine
coordination site is occupied only after the pyralisites have coordinated to the first
equivalent of the metal complex&&.*" This is important here, because this means that
190 forms macrocycles with its pyridine sites firsdahus reacts initially in its transoid
conformation. This explains why larger macrocyces preferred for this ligand. After
that, the bipyridine sites are occupied and therfelvged into thecisoid form. The
macrocycles then refold into another conformationtaining only cisoid bipyridines.
Consequently, not only ligand constitution, butoaligand conformation has a notable
effect on the self-assembly pathways. Although d¢beformational differences do not
affect the thermodynamic product distribution, thgyange the kinetic intermediates
formed on the way to the final equilibrium.

Above, it was hypothesized tha®7 and 199 would be more strained thd®6 and 198
due to the position of the pyridine N-atom. Witlistargument, it was rationalized that
the equilibrium shifted more towards the larger magcles201 and 203 Of course,
another possible explanation would be tB@i and 203 are more favorable in energy
than200and202 In order to be able to provide more convincinglerce for our strain
hypothesis, macrocycleb6-199were investigated by tandem mass spectrometrgr Aft
mass-selection of the desired ions, the parentwane irradiated with a CQaser at 10.6
pum wavelength which is tunable between 0 and 25a®érl power. In this infrared
multiphoton dissociation (IRMPD) experiment, thegrd ions absorb IR photons until

they fragment.
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Figure 5.83: IRMPD mass spectra of mass-selectt@b[** (a), [197]*" (b), [198]** (d),

and [199]%* (e) and fragmentation mechanisms shown represeahatfor [196]°* (c)

and [198] %" (f). Mass-selected parent ions are assigned inl.bigbtope pattern analysis
confirms the symmetrical cleavage @98]°" and [199]?" giving rise to singly charged
product ions (arrows) with the same mass-to-chaeg® as the doubly charged parent
ions. The unsymmetrical cleavage @9§]°* and [197]®*" can be attributed to the +3
charge state, which requires an uneven distributtdncharges over the two primary

product ions.

Figure 5.83 shows the MS/MS spectra obtained tegethith the fragmentation
pathways. Primary product ions and consecutivenfigfs can be distinguished by
repeating the IRMPD experiment with different ir@ibn intervals. The
fragmentation mechanisms can thus be determineely depend on the charge state.
A triply charged ion such asl96®*" or [197°*" undergoes an unsymmetric charge-
separating cleavage leaving two charges on asL.]JM fragment and one charge on
the remaining [ML] ion. Doubly charged ions such a9B*" or [199%*" undergo a
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clean charge-separating fragmentation into two tidah halves. Consecutive
fragmentations involve losses of [(dppp)@Tf)]". Interestingly, 196/*" and [L97>"
fragment qualitatively through the same pathwaysl@§198%" and [L992". In both
cases, however, the fragmentation is significanttyre efficient, when the complexes
contain 3-ethynyl pyridine subunits. The9[7]*" and [L99%" parent ions vanish more
quickly than 196** and [L9§°", respectively, under exactly the same experimental
conditions. This behaviour nicely agrees with thgdthesis thatl97 and 199 are

more strained thah96 and198 due to the pyridine constitution.

IRMPD [201]*
500 ms, 10 W m/z 1478
[M,LT* | M, L,
m/z 935 im/z 2020
LML | MgL,I*" :
m/z 1114; im/z 1599 :
' M,LI] ' ML
m/z 1297; 5 im/z 2020
: L ML T ML '
[M]+ : m/z 1:3885 ;r;n/z 1568
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. | |
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Figure 5.84: IRMPD tandem mass spectrum of mass-selec26d]{* cations. The
tetracation undergoes very unspecific charge-sepaga dissociation into four
competing fragmentation pathways each one of whighds two complementary

fragment ions.

Tandem mass spectrometric experiments can be osiewdstigate the unimolecular
fragmentation processes of supramolec@fed contrast to solution studies, a very
important difference of these gas-phase experimeritsat no exchange processes are
possible, since the ions of interest are isolapeeties without any environment. Such
experiments have provided insight into mechanidgtails of the fragmentation of

metallo-supramolecular squares which undergo a cograction from a square to a
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triangle during fragmenatatiofi’ *°*> 2*Similarly, cage contraction reactions have
been observed for 3D metallo-supramolecular congsgX Both processes proceed
through a "backside-attack” mechanism. After opgrime first Pt-N bond, the free
pyridine nitrogen can attack a different metal eentAn intramolecular ligand
exchange which proceeds through a trigonal bipydaiteiads to the contracted
macrocycle or cage and releases a fragment byiogawother Pt-N bond.

Since the ligand exchanges at the (dppp)Pt(I)exsrdre slow, all four M3 and MsL3
metallo-macrocycle200-203can be subjected to tandem mass spectrometryn-vetven
they are only kinetic intermediates. B@&00and201 tend to be ionized in higher charge
states thar202 and203 due to the additional metal centers bound to thegridine sites.
Figure 5.84 shows the IRMPD mass spectrum26f][** as a representative example for
the laser-induced decomposition. Four pairs of dempntary fragments are observed
which can clearly be assigned to charge-separétaggnentation reactions. The charges
are distributed over the two fragments in each shbmore or less according to the sizes
of the two fragments and thus, decompositions #itand +3 ions are equally possible
as the formation of two +2 daughter ions of alnexgial size. The fragmentation pattern
is thus quite unspecific and best compatible whith following scenario: The first step is
ring cleavage resulting in the formation of lineapordination oligomers. These
oligomers then fragment at any of the Pt-N bonds@lthe chain. Mass-selecte2D[]**
ions behave similarly (Figure 5.85), but the numtdfettifferent, competing fragmentation
channels is somewhat reduced. Nevertheless, thenénatation is not specific for one
channel alone. In view of the high charge statis, ltehaviour may not seem surprising,
but earlier, a highly specific fragmentation of ataillo-supramolecular square even in its
+5 charge state was reportédwhich exclusively decomposed into a +4 triangid a
singly charged 1:1 complex of (dppp)Pt(OTHnd 4,4-bipyridine through the above-

mentioned backside-attack mechanism.
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Figure 5.85: Tandem ESI mass experiments of tB80[*" and [201]*" ions with
different IRMPD laser intensities for 500 ms (* #tefact due to stray radiation).

A look at the IRMPD mass spectra of mass-selec26d]i" (Figure 5.86) and203*
(Figure 5.87) reveals these two ions to fragmerauth the same pathways, but in a
much more specific way thar2qd** and [L9§*". Only one primary fragmentation
channel is observed, which gives rise to a 1:1 [Mahd a [ML,]" fragment. No
fragmentation in, e.g. [Mi]" and [MeL]" is observed, which would be an alternative
route. As in the earlier reports discussed abdvs,duite specific fragmentation can be
explained by a backside-attack mechanism (Figus@)5After ring cleavage at the first
Pt-N bond, the free pyridine N-atom can form a bawith the second rather than the
most distant metal center. Cleavage of a Pt-N baich connects the 1:1 piece to the
rest of the complex then leads to the fragmentafidms process is energetically more
favourable, because the new bond is formed whgeold one is broken. The backside-
attack mechanism is therefore more or less therotoade Other fragmentation reactions,
which do not involve the formation of the smalleracrocycles, are more energy
demanding, because the bond dissociation energyreegfor the second bond cleavage

is not compensated for.
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Figure 5.86: IRMPD tandem mass spectra of mass-selec]f* cations with
different laser flux densities. Only one chargeseping primary fragmentation
channel is populated which can be interpreted asg contraction of the parent ion
to yield the smaller 2:2 macrocyclégs]* (mechanism shown below). At higher laser

flux densities, consecutive ligand losses are oleskr

To explain the significantly different fragmentatibehaviour of 200** and p01]**

on one hand an®p2** and P03** on the other, one might of course invoke charge
repulsion. The higher charge state then would fraigimless specifically. In addition,
however, the conformational flexibility of the biphyl core in 202" and p03*
might also be favourable, while the bipyridyl casdixed in a cisoid conformation by

the coordinating metal. Both effects together nfaystcause the observed differences.
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Figure 5.87: Tandem mass spectra of th208]** ion with different IRMPD laser
intensities for 500 ms.

Two pairs of pyridine-based ligands, one pair withyridine core {90 and 195), one
with biphenyl core 145 and146) have been examined with respect to their seliraby
behaviour with ((dppp)Pt(OT{) Insight has been gained into the thermodynamic
assembly products: Only one product - i.e. afLMcomplex from190 and an ML,
complex from145 - is obtained, when the pyridine rings are ethysupstituted at C(4).
Two equilibrating macrocycles of different sizespnesent the thermodynamic
equilibrium, when the ethynyl-substituent is loch&t C(3).

The kinetics of the ligand exchange at the (dpgH)Rtenters is slow enough to monitor
the error correction by NMR spectroscopy and masectsometry. The intermediate
MeL3 and MsL3 macrocycles, which form under kinetic control igands190 and145
can thus be examined without any problems. For @l@nandem MS experiments
demonstrate an interesting fragmentation mechamssiwccur for doubly charged ions
[201]?* and R03*, which does not operate for quadruply charged i@®]** and
[207**. The present study furthermore shows the sigmifichanges to the assembly
behaviour of the four ligands with (dppp)Pt(O:linduced by subtle differences in the
constitution and conformation of the ligands.
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5.5.2 Online Mass Spectrometry: The Use of a MRea&ctor to Examine Fast Metallo-

Supramolecular Self-Assembly Processes

The following project was performed in cooperatiith Johannes Poppenberg and
Sebastian Richter, who helped to develop the nmeagtor technique for metallo-
supramolecular systeri®

Self-assembly of metallo-supramolecular complesea very well known concept to
achieve highly complex structures from simple bim¢dblocks®® Several studies on
the thermodynamics, kinetics and mechanisms of gbH-assemly of metallo-
supramolecular complexes exfSt. >*® Within the last chapters, several different
details of self-assembled metallo-supramoleculatesys have been discussed. For
example, the self-assembly of the (dppp)Pt(ll) eomhg complexes193-200
revealed that error correction can be monitored rigdatively slow self-assembly
processe$>® Nevertheless, it is challenging to get informatiabout fast self-

assembly processes like Pd(ll)-based self-assermehlstions.

micro-reactor

e

— —

reactant 1 reactant 2

from syringe 1 from syringe 2

laminar flow tube of

variable length and —_
variable diameter reaction

mixture

!

to ESI ion source

Figure 5.88: The mixed-flow technique using a micro-reactorpted to an ESI-FTICR

mass spectrometé?’

Mass spectrometry offers an interesting tool toeobes intermediates of (fast) chemical
reactions on-liné?® 2% This mass spectrometry method uses a micro-reasttich is
coupled to an ESI FT-ICR mass spectrometer (Figu88; see also chapter 4.4). The
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building blocks of the self-assembly reactions separately dissolved in appropriate
solvents and these solutions are transferred deparato the micro-reactor with a
defined flow rate. The building blocks mix in thecno-reactor. The reaction mixture is
then transferred through a laminar flow tube i@ ESI source of the mass spectrometer.
Using defined flow rates of the solvents and capélk of defined length and diameter
enables the investigation of the reactions at defireaction times. This is essential to
identify different mechanistic steps and intermezia The reaction time can be
influenced by changing the flow rate of the solgeat the length or diameter of the
laminar flow tube.

Within these studies, three different metallo-supokecular systems were examined

using a micro-reactor to investigate self-assenalslyvell as self-sorting phenomena on-

line.
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Figure 5.89: Self-assembly of small dinuclearIM complexes. In solution, alsosM
complexes are observed, when metal ce2ifas used. However, these are not observed
in ESI mass spectrometry.

First, the self-assembly process of small metalloramolecular ML, complexes was
studied. The self-assembly of equimolar amount$,&di(pyridin-3-yl)ureal62 or 1,3-
bis(5-methylpyridin-3-yl)uredl65 and the metal cente&7 ((dppp)Pd(OTH); (1,3-bis-
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(diphenylphosphino)-propane)palladium(ll) trifluonethanesulfonate) or 19
((en)Pd(NQ),, (ethylenediamin®,N’)-palladium(ll) nitrate) in DMSO result in the
formation of the ML, complexes (Figure 5.89). If metal cent&r is used, also the
analogous ML3; complexes are observed by NMR spectroscopy, bey there not
observed in the corresponding mass spectra. Thi®mbly due to dilution. However, as
far as the ML3; complexes were not observed in ESI MS, just then&ion of ML,
complexes can be described.

Equimolar amounts of all building blocks were sepaly dissolved in DMSO and then
diluted with acetonitrile to a building-block comteation of 150 pmol/L. The solutions

were used for the mass spectrometric experimerdessibed above.
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[27,162,]*" [27,165,]**
174a m/z 896 176a
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Figure5.90: Time-dependent Mass spectra of a mixturé/dd and176a (1:1).

In order to prove the abilities of the mixed-floachnique, the ligand exchange between
complexesl74aandl76awas examined (Figure 5.90). The reaction time egarolled

by the use of mixing capillaries of different lehgthile the other parameters (diameter,
flow rate) were fix. Surprisingly, already at a ¢tan time of 0.49 s three different
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species are observed by ESI MS. On the one haediwb preformed homodimeric
complexesl74a and 176a are observed. On the other hand, already a heétesod
complex R7,-162165 is observed as a minor species. This provesitfamd-exchange
process to be very fast for the systems under sttih increasing reaction time, the
intensities of the peaks for the homodimé&i&la and 176a are decreasing while the
intensities of the peaks for the heterodim2v,{162:165 is increasing. The ligand-
exchange process ends in an equilibrium betweerspkies, wherein a statistical
mixture (1:2:1) is observed for the complexes is #ystem (Figure 5.90).
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DMSO]*
m/z 745 Ny
.0-47F [4:5:6]
rr[71/éoé1es]7 [3:4:41" m/z 2020
AN

m/z 1505 /

Y .I 4 24s
f |

[2:2:17% ‘
m/z 538
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Aot |

S

m/z 959 1
I

I. J LLk l l J.. dotsadhn , 250s
: AT exp. : :
eji[ljh_ [a1n(11 [12]:2:2]2+ exfm |

l
I
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I
I
I

.|I|||||11.. .MMI‘M .JMU»_ i En:g:a;ﬁ]”

[1:21]*
882 m/z m/z 1095 12253!17/2 1910 m/z|| m/z 1913
[4:4:5] -
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7600 800 1000 1200 1400 1600 1800 2000  m/z
Figure 5.91: The time-dependent mass spectra of sydf@a. The arrows indicate the
intensity increase or decrease of the peaks withessing time.
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Since it was proven that the mixed-flow micro-reactechnique is a suitable tool to
investigate in fast metallo-supramolecular selieassly reaction, the self-assembly of
M,L, complex174awas examined (Figure 5.91). The reaction time e@drolled by
using capillaries of different length with a fixeéhmeter and a constant flow rate of 40
pML/min in the laminar flow tube.

The time-dependent spectra show that the self-ddgeai 174ais very fast. Peaks
related tol74a(m/z881 ([2:2:2f") andm/z1913 [2:2:3])) could already be observed at
a reaction time of 2.4 s (Figure 5.91). The inteesiof these peaks rose with increasing
reaction times. Some other species like the [1*2dl] atm/z1095 and the [1:1:1Jion at
m/z 881 can clearly be identified as intermediateshim self-assembly process of the
ML, complex174a The relative intensities of these peaks decreastdincreasing
reaction time. Besides those, also some peaksbaerved which can be assigned to the
metal center27 (m/z 667 ([1:0:1]) and m/z 745 ([(1:0:1)DMSOQY)). In here, DMSO
coordinates to27 indicating that the solvent influences the seffessbly process.
Interestingly, several peaks were observed whiah loa assigned to ions bearing a
systematic structure (e.q/z1095 ([1:2:1]), m/z1505 ([3:4:41"), m/z2020 ([4:5:61")).

All of them contain exactly one ligand more thantahecenters (MLx+1) and their
intensities decrease with increasing reaction tiffiteey are intermediates in the self-
assembly process. The structure of thglLi, species has to be open, because metal
center27 and ligandl62 have two coordination sites each. Assuming theahoenters in
the MxLx+1 species to be completely coordinated, no ringedosiacrocycle structures
can exist for these intermediates. Interestingbyspecies are observed containing more
metal centers than ligands — instead of the peak&7 alone (M:L = 1:0). However,
during the fast self-assembly process no largeciepecontaining a ring-like structure
(e.g. MsL3) were observed. The presence of [4:4] ions indbeilibrated system can
probably be explained by aggregation of twalLMspecies which is known for ESI MS
of salts!®" 1%

For comparison of the self-assembly processes pp(Pd(OTf) 27 containing
Stang-type complexes with Fujita-type complexestaming (en)Pd(N@), 19, the
self-assembly of ligand62 and metal centet9 was studied (Figure 8.92). In here,

the reaction time was again controlled by usingilapes of different lenghts with
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5. Self-Assembly of Metallo-Supramolecular Architees

the same diameter and a constant flow rate of 12énjn in the laminar tube. This
higher flow rate was chosen to achieve even shagaction times as for system
174a

[(2:2:0)(DMSO) ]** [2:2:3]" and [4:4:6]2*
5
m/z 288 m/z 948
[(2:2:1)(DMSO),I** / [2:3:3]
m/z 353 m/z 1162
[3:4:41% w6
m/z 802 9. a2
m/z 1055 | [5:6:8]°"
m/z 1306
l 0.33s

[(1:1:0)(DMSO),J** and [(2:2:0)(DMSO)J**

m/z 308
' [1:1:1]" and [2:2:2]%* [5:5:8]%*
m/z 442 m/z 1200

' ', !,/i

I—.»

[(2:2:3) - HNO,]" and
[(4:4:6) - 2 HN03]2+

m/z 884
‘J. . 8.68 s
exp. exp.
ll“ |||I..
calc. calc.
l ll [(2:2:3)
S -2HNO,"
267 269 m/z|  m/z 829 942 948 m/z
[(2:2:0)(DMSO)4]4+ [2:2:3]" and [4:4:6]*
m/z 268 m/z 948
2d
(equilibrium)

400 600 800 1000 1200 1400  m/z
Figure 5.92: The time-dependent mass spectra of sydgdnThe arrows indicate the

intensity increase or decrease of the peaks witressing reaction time.
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Intermediates of the self-assembly process@® were already observed at a very
short reaction time of 0.33 s. Even signals of Mg, complex169 were observed
after 0.33 sr/z442 ([2:2:2f) andm/z 948 ([2:2:3])). The intensities of these two
peaks increase at longer reaction times. Anothereasing peak was identified as
[(2:2:2)-H]" (m/z 885). The loss of an Hwas already observed for other complexes
with metal center19.}®* All other peaks decrease in their intensities withger
reaction times. Similar key intermediates like tbe self-assembly process bf4a
were found for the self-assembly d89 ((m/z 288 ([(1:1:0)(DMS0)]*") andm/z 308
([(1:1:0)(DMSO}CH5CN]*")). Additionally to these, the peak at m/z 442 dam
assigned tyo a superposition of a [(1:1:&hd a [2:2: A" species. It increases first
and decreases at longer reaction times, which eaexplained by the formation of
the ML, species in the beginning which at longer times eotsvinto 169 or other
species. Several other peaks can be assighed sdmaring a MLx+1 Structure (e.g.
m/z 802 ([3:4:4F"), m/z 1055 ([4:5:61"), m/z 1162 ([2:3:3])). Analogous to the
MyxLx+1 species found fot74a these should also have an open structure. The gtea
m/z 353 can be assigned to &lM species aggregated with three DMSO molecules
([(2:2:1)(DMSO}]*"). This species can be a ring-closed or an opeineHaM,L,
complex. The DMSO molecules are somehow coordigatinthe metal centers or the
urea groups of the ligand which indicates an opeaireed structure. However, the
intensity of this peak is decreasing with incregsreaction time. Again, no bigger
ring-closed structures like ad\; species could be detected.

Based on the results of these mass spectrometperiexents, some mechanisms of
the self-assembly processes 16f4a and 169 can be drawn (Figure 5.93). Starting
from the building blocks, a [1:1] species (M:L) siid be the first complex formed.
The [1:1] complex itself can react with anotheralgl or another metal center and
result in a [1:2] or a [2:1] complex, respectiveWhen this is repeated several times,
one can assume every possible complex to be forikedthis. Due to entropic
reasons, not every possible species forms.
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Figure 5.93: A first mechanistic insight into the self-assembfyM,L, complexes
derived from the data of complex#89 and 174a. The assignment of the species is
shown in a [M:L] nomenclature. Some key intermesBadre highlighted within grey
frames, while the species shown in red color werteotserved in the mass spectra of

169 and 174 or can be explained by unspecific aggregation.

The [1:1] and the [1:2] complex seem to be the mgiortat intermediates in the
self-assembly of [2:2] complexes. Both of them damctly react with other building
blocks to form a [2:2] complex. Another possibleykatermediate would be a [2:1]
species, which is not observed in the ESI MS expents. Probably, this can be
explained by charge repulsion between two cati¢dppp)Pd(ll) metal centers which
is not compensated by their simultaneously cootthnao only one ligand. However,
some larger species than the [2:2] complexes asergbd as well. All of these have
the structure MLx+; and due to this, they should be open-chained. &hes
intermediates can be formed by consecutive additibometal centers or ligands as
well. Additionally, the smaller intermediates cagact with the building blocks or
other small species to result in larger intermexliaiin respect to the experimental

data, all of these bigger intermediates have toeugm some kind of conversion into
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[2:2] complexes (ML2). This conversion can be explained by nucleophilic
substitution at the Pd(Il) metal centers suppoligc supramolecular neighbor-group
effect!®® 139 2%The MiLyx., complexes rearrange themselves in a way that spby
into a [2:2] complex and a fragment which itselfagain an intermediate in the self-
assembly process. It is also possible, that a [gjpékies plays a role in this process. A
[4:4] species could convert into two [2:2] complexa once. Nevertheless, the minor
peaks according to a [4:4] species can also betondpe aggregation of two [2:2]
complexes.

These first mechanistic insights into fast selfessbly reactions at Pd(ll) metal
centers clearly show, that error correction plagsiraportant role in self-assembly
processes. All building blocks in the self-assemtiiythe ML, complexes are equal
and the coordination of the ligands to the metaltees is a very fast process. Thus,
many kinetically favored intermediates are form&udithout any error correction
steps, all of these species would “survive” and ordy the observed ML, complexes
would be present in the thermodynamic equilibridthowever, error correction exists
and only the ML, complexes are observed in the mass spectra dhédremodynamic
equilibrium situation.

Inspired by these results, the self-sorting / ssembly process of ligark®0 with
(dppp)Pd(OTf) 27 and (dppe)Pd(OT4$)100 forming the homometallic complek94
was examined (Figure 5.94). In here, the metal aasrit7 and 100 are competing
about the two different coordination sites of ligal®0.

Equimolar amounts of metal cente¥ and 100 were mixed and dissolved in
dichloromethane and diluted to a building block @amtration of 150 uM. An
equimolar amount of ligandl90 was dissolved in dichloromethane with a
concentration of 150 uM as well. These solutionsenseparately injected into the
micro-reactor and the self-sorting of the buildibtpcks was monitored by ESI
FTICR mass spectrometry. Analogue to the experimdigcussed above, the length
of the laminar flow tube was varied and the floweraf the solutions (20 pL/min in

the laminar flow tube) was kept constant.
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tetradentate
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+190 O

®) 194 )
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Figure 5.94. Self-assembly / self-sorting of the homometalletatho-supramolecular
MaL, complex194.

The ESI mass spectrum recorded at a reaction tinie8s obtains peaks for the non-
coordinated metal centeran{z 653 ([L00") and m/z 667 (R7]")) as well as
intermediate [1:1] complexesmn(z 1011 ([L00-190%) and m/z 1025 (R7-190%)).
Interestingly, the intensity of the peakratz 1011 (L00190") is much higher than
that of the corresponding peak containing metaltexe®7. This reflects the result
observed before (see chapter 5.4), wherein (dpgfd)Ruaefers to bind to the pyridine
binding sites and not to the bipyridine bindingesitvhile (dppe)Pd(Il) shows no
preferences. Thus, one (dppe)Pd(ll) has three plespositions to bind to liganti9Q,
whereas (dppp)Pd(ll) has just two. Statisticallye tintensities of the peaks at/z
1011 andm/z 1025 should have a ratio of 3:2. Nevertheless,ntensity of the peak
at m/z 1011 ([L.00190]") is much higher then expected from the statistical
distribution. Due to the chelate effect, the copnation of the metal center is stronger
to the bipyridine binding site compared to the geidine binding site. Thus, the
relatively high intensity of the peak am/z 1011 (L0019Q") reflects that the
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(dppe)Pd(Il) metal center is mainly coordinatedhe bipyridine binding site. This is
a first hint on the self-sorting process within thelf-assembly reaction of complex
194. Additionally, a first peak relating to the finabsemblyl94 is observed at 1.8 s
(m/z1170 (R7,:100,:190:]").

[100]*

m/z 653

and [27-190]"

[27 m/z1025  [27,"100,°190,]*

m/z 667 / / m/z 1170
’: i 4 18 s
' [100-190]* ‘

m/z 1011

[27-100,-190,°
m/z 1165

l * \, 16.0s

l x, 1 26.0s

[27-100-190,)*
. . 2+
27,100, 1902]3
[(27-100-190).]

[100-190]* 1168 1172 m/z m/z 1829
m/z 1011 34
[272' 1 002'1902]
m/z 1170
800 1000 1200 1400 1600 1800 m/z

Figure 5.95: Time-dependent mass spectra of the self-sortingoafplex194. The
arrows indicate the time-dependent increase or dase of the peaks observed. For
clarity, the counteranions of the observed speeies not shown in the assignment.
The peaks marked with an asterix (*) can be asgigiesalt clusters which do not

belong to the self-assembly process.

With increasing reaction time, the peaks relatimghte non-coordinated metal centers
27 and 100 decrease. At the same time, the intermediate [@obhplex containing
(dppp)Pd(ll) vanishes. On the contrary, the [1lxfiermediate bearing (dppe)Pd(Il)
increases with increasing reaction time which isthar hint for a stronger binding of
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(dppe)Pd(ll) to ligand190 compared to (dppp)Pd(ll). When the reaction tirse i
elongated further, the intermediates are consumedli assemblyl94 is formed.
However, also a peak relating t87}1005-190,]* can be observed an/z 1165. In
here, an error occured during the formatiori®4. Due to the error correction process
in self-assembly processes, the peak vanishes andot observed in the
thermodynamic equilibrium situation.

The self-sorting process of complé®4 has been monitored by time-dependent ESI
mass spectrometry. The [1:1] speci#83190" is the key intermediate for this self-
sorting / self-assembly process. When the resuitaioed for the formation of system
194 are compared to those gained from the self-assemdzctions of the M.,
complexesl69 and 1743 the lack of many different intermediates for floemation

of 194 is peculiar. In the self-assembly of the,lM complexesl169 and 1744 all
binding sites of the building blocks are equal dahds, the fast coordination of the
ligands to the metal centers results in many dffiérintermediates. On the contrary,
ligand 190 has different binding sites — two pyridine bindisites and one bipyridine
binding site. Due to the chelate effect, the bigdsites are not equal anymore. The
same conclusion can be drawn for the metal ce22end100. Due to their different
sterical properties, they show a different prefeeein coordinating to the binding
sites of ligand194. The building blocks are not equal anymore. Thiadls to the
selective formation of the key intermediatd@p-190") which can undergo further
coordination to other building blocks and this figaresults in the formation of
complex194. Thus, complexX94is formed on a selective pathway.

In order to validate the information obtained fbetfast self-assembly processes of
palladium-based metallo-supramolecular macrocydesthe formation process of
metallo-supramolecular cages, the self-assembih@imetallo-supramolecular cages
185aand185bwas studied (Figure 5.96).

Metal centerl49 and two equivalents of liganti62 were separately dissolved in
DMSO and diluted with acetonitrile to a concenwatilO0 uM (metal centei49) and
200 uM (ligand162), respectively. Both solutions were separatelgdtgd into the
micro-reactor with a constant flow rate of 20 pLAmn the laminar flow tube. The

length of the laminar flow tube was varied to agki¢ime-dependent data.
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Figure 5.96. Self-assembly of the metallo-supramolecular corgdd85a (M,L,)
and 185b (MsLe).

Similar to the systems described above, a fastassémbly process was observed
(Figure 5.97). Even at short reaction times of 28onds, a peak according to the
ML, complex 185a aggregating to two DMSO molecules was observadz 669
[(2:4:2)(DMSO)Y]*"). The aggregation of solvent molecules to the idmsvery
prominent for this system (Figure 5.97). This isedw coordination of the solvent
molecules to the Pd(ll) metals as well as to theaugroups of the ligands. Thus, the
aggregation of the DMSO molecules can be a hiatt, tiis ML, sSpecies is not a cage
and has an open structure. Several other peaksrv@osecould be assigned to
intermediates (e.gm/z 547 ([3:2:4F"), m/z 592 ([(2:3:2)(DMS0O)**) and m/z 654
([3:3:41"). In here, also intermediates containing more imeéamters than ligands
were observed (e.g. m/z 547 ([3:23]and m/z 806 ([(4:3:4)(MeCN)(DMSGY").
Unfortunately, no peak corresponding to thelblcomplex185b was observed in the
time-dependent mass spectra. Neverthel@&88b is present in the thermodynamic
equilibrium. MsLs complex185b probably forms during the error correction process
which due to the instrumental setup could not baiteoed completely. According to
the experimental data, the complex&85a/b are formed in a stepwise formation
process similar to that observed for the metallpramolecular macrocycles69 and
174a With increasing reaction time, the intermediateslergo a conversion into the

metallo-supramolecular cag&85aand185h.
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Figure 5.97: Time-dependent mass spectra of the self-assenfildproplexes202a
and 202b. The arrows indicate the time-dependent increasdexrease of the peaks

observed.
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Taking all results into account, the mass specttamenixed-flow technique using a
micro-reactor is a good tool to investigate sedeambly processes. Some important
intermediates of the self-assembly ohIM, M,L, and MsLg complexes could be
found and based on this, first mechanistical insghto the self-assembly processes
of metallo-supramolecular complexes could be drawn.the beginning many
different complexes formed and with increasing timest of them converted into
their most favored corresponding complexes. Thesady shows the error-correction
process based on the reversibility of these syst®us to their possible coordination
to the metal centers and/or ligands, solvent madéscaan influence the self-assembly
process and the complexes which are built in there.

Additionally, the self-sorting of the metallo-supralecular complex194 was
successfully examined by the mixed-flow techniguaterestingly, not many
intermediates were observed which can be relatedhéo pathway-selective self-

sorting within this system.
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6. ESI Mass Spectrometry of Bismuth-Oxido Clusters

Since the 18 century, bismuth compounds are known to have soedical use. They
were used as agents for the treatment of diarestric and duodenal ulc&f These
bismuth compounds are suggested to cover the stomacosa and thereby protectft.
However, bismuth containing compounds have a loxicity. Hence, these compounds
are interesting for medical and materials scienté>?

In cooperation with the groups of Professor MicHdehring from the TU Chemnitz and
Professor Dirk Zahn from the University of Erlangeiirnberg, several bismuth
oxidoclusters and their properties were studiede Thvestigations by ESI mass
spectrometry were performed in our working grétifarts of the results presented in
here have been published@hemistry — A European Journial 20112

Within this project, the formation of solid-statésimuth oxide starting from simple
bismuth compounds like Bi(N§} is examined. Bismuth-oxido clusters probably are
representative compounds to identify intermediafethat nucleation process. Therefore,
several bismuth-oxido clusters containing differeatlear sizes as well as coordinating
ligands have been synthesiZ8iThese clusters were analyzed by the combination of
suitable techniques like X-ray crystal structuralgsis and ESI mass spectrometry.

Due to the monoisotopic bismuth, mass spectromaftrigismuth oxide compounds is
challenging. It is very difficult to assign the peaappearing in ESI MS without an
isotopic pattern and any information about the gbaof the observed ions. Therefore,
mass spectrometry was seldom used to examine kisgeuth oxide compounds®
Nevertheless, ESI mass spectrometry was succgsefdl to analyze other metal oxide
clusters®®’ However, when the bismuth oxide clusters bearranitigands which can be
stripped off during the ESI process, also largembih-oxido clusters should be

detectable using ESI mass spectrometry.
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Figure 6.1: a) ESI mass spectrum of BgD45(NO3)20(DMSO)g](NO3)4(DMSO), 204

(for the assignment of all peaks see experimerda) @nd b) MS/MS fragmentation
pattern of m/z = 3545 ([BiOs(NOs)19(DMSO) g **) using an IRMPD laser at a laser
power of 2.5 W and different irradiation times.

First, the bismuth-oxido cluster [£045(NOs3)20(DMSOQO),g](NO3)4(DMSO), 204 was
examined. The structure @04 was revealed by X-ray crystal structure analyBise to
the bad solubility of bismuth-oxido clusters in gead, it was suspended into DMSO and
heated for five minutes at 70 °C. Afterwards, thsutting solution was allowed to cool
down to room temperature and it was diluted withtawitrile to a concentration of ca.
100 pM.
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The ESI MS analysis of clust@04 revealed that its core structure is stable intswiu
and in the gas phase (Figure 6.1). The peaks obrniajensity observed in the mass
spectrum can be assigned to threefoldz3450-3800) and fourfold chargenh/fz 2650-
2850) ions of204 (Figure 6.1a). The assignments of all peaks obdemethe mass
spectrum of204 are reported in Table 8.2. These peaks indicaethservation of the
bismuth oxido core {BiO4s} and the cleavage of mainly three and four nitigieups as
well as DMSO molecules frorA04. IRMPD experiments were performed to get some
information about the behavior 804 in the gas phase. The prominent peak&at3545
([Bi 3046(NO3)1s(DMSO)¢)*") was isolated and fragmented using an IR lasér aviaser
power of 2.5 W at different irradiation times (Fig6.1b). A stepwise cleavage of all ten
DMSO molecules can be observed with increasinglistan times. At longer irradiation
times also the dissociation ohb,® as well as the simultaneously loss gy and HO

are observed. The loss 0of@® molecules can be explained by the reaction ofrtitrates

to N,Os and G which remains at the bismuth oxide cluster andefioee the ions do not
change their charge. Due to the lack of other hyeinecontaining units, the loss of water
molecules can just be explained by partial depition of the remaining DMSO
molecules. The experiment has shown that all coataig DMSO molecules can be
removed from [BigOs(NO3)1s(DMSO) ] to get [BigOss(NO3)1g**. Depending on the
irradiation period and intensity of the laser, éems to be possible to generate a bare
bismuth oxido core in the gas phase.

Depending on the crystallization method, differenéped crystals were obtained?6#.
Unfortunately, not all of these crystals were sulgafor crystal data analysis. Thus, ESI
mass spectrometry of all fractiorZdd@a-9 was performed and compared with the results
of 204. The three compoundd4a-cwere dissolved in DMSO at 70 °C and diluted with
acetonitrile to an approximated concentration di i®. The ESI mass spectraii4a-c
clearly show that all three fractions contain thene clusters (see tables 8.3-8.5). Hence,
the different shapes of the crystals are due tetalyzation effects and do not reflect the
presence of different clusters.
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6. ESI Mass Spectrometry of Bismuth-Oxido Clusters

; 4 : 4
[Bizg0,45(pTsO)4(NO,),,(DMSO), ] * [BizgO,45(pTs0)4(NO,),,(DMSO),] *
m/z 2807 || m/z 2842

[BiggO,45(pTsO)4(NO,),, (DMSO)13]5+
m/z 228{)

[Bi pTs0)g(NO,),,(DMSO),**

m/z 3732

38046(

b) | [Bi,O4(NO)J* _ . IRMPD
m/z 1444 [BizgO46(pTsO)g(NO3)42]
m/z 2612

[Bi3,039(0Ts0)(NO3)g >
[BigOg(pTsO)J* m/z 2964

m/z 1553
/ ' J/ 20%, 1000ms
. Lot L J | ~” e N N

[BizgO31(pTsO)5(NO3)el**

[BizgO46(OH)»(pTsO)g(NO3),1** m/z 3671
: “NOs 1 [BiggO34(pTsO)4(NO3) ol**
m/z 2585 " C m/z 3617

\’ : \ 40%, 400ms
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< - BIO(NO,)

40%, 600ms
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Figure 6.2: a) ESI mass spectrum of FgD45(OH)(pTSO}(NOs)12(DMSO)4(NO3).-
(DMSO)(H20) 205 (for the assignment of all peaks see Table 8.6) Bh MS/MS
fragmentation pattern of m/z 2807 (§BDs(pTSO}NOs)12(DMSO)*") using an
IRMPD laser (25 W) at different laser powers anchdiation times. The spectra shown
in here begin with a laser power of 5 W and andiedion time of 1s, which shows the
fragmentation after all 10 DMSO molecules were athe stripped of the cluster. The loss

of DMSO molecules is shown in Figure 6.3.
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6. ESI Mass Spectrometry of Bismuth-Oxido Clusters

When [BO4(OH)4(NO3)s-H,O as starting material was treated wilara-toluene
sulfonic acid (pTsOH), [BgO4s5(OH)2(pTSO}(NO3)12(DMSO),4](NO3)2(DMSO)(H20),
205 crystallized.205 contains two anionic ligands and thus it is intérg to analyze its
behavior in the gas phase. For ESI mass spectrpngesolution of compound05 in
DMSO/acetonitrile (100 pmolt) was prepared similarly to that 804 The resulting
mass spectrum o205 shows peaks that can be assigned to triptyz 3600-3900),
quadruply tn/z2700-2950) and quintuply chargaed/£2150-2400) species (Figure 6.2a).
It perfectly confirms the presence ofzBoxido clusters in solutiorHowever,due to the
elimination of water, an additional oxygen atomiriserted at the bismuth-oxido core
which results in a core structure of §8D46}. The assignments of all peaks are reported
in Table 8.6. Similar ta204, IRMPD-MS/MS experiments have been performed of
[Bi3g046(pPTSOR(NO3)12(DMSO)** (m/z 2807) demonstrating the fragmentation
mechanism of this prominent species (Figures 6:ah &3). Analogous t@04, the
stepwise loss of all DMSO molecules andOy was observed (Figure 6.3). After
cleavage of ten DMSO molecules and ongdNmolecule, cluster peaks assigned to
[BisOs(NO3)]" and [BEOs(OTs)[', respectively, occur. As a result a peakrdt 2964
([Bi3:0s9(pTSOX(NO3)e]®)  appears. However, a peak assigned to
[Bi32039(pTSOK(NO3)19]** (m/z 2929) was not observed — probably due to its low
intensity in the mass spectrum. An additional céemv of both, [BOg(NOs)]" and
[BigOg(pTsO)], from the {Bk:Oss} clusters induce the formation of
[Bi 26031(pPTSO}(NOs)e] > (M/z3671) and [BieOs1(pTSOX(NOs)1d** (M/z3617). In a last
fragmentation step, the loss of neutral BiOgN@om [BixOs1(pTSOX(NO3)e]?* (m/z
3671) and a peak am/z 3528 ([BbsOso(pTsOX(NOs)s]?") occurs. However, no further
fragmentation is observed.

The fragmentation pattern @805 shows the destruction of its core structure, wineitee
prominent loss of [BOg(X)]" (X = NO; or pTsO) indicates that this structure is a
relatively stable part of the original cluster cdrégerestingly, the synthesis 205 started
from a Bi-cluster ([BsOs(OH)4(NO3)s-H,0O). As far as a {BigO45(OH),} core cannot
simply be formed by the aggregation of severalsuoft{BisO4(OH)s}, a comparison of

the fragmentation with the formation process caty drappen when the formation
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6. ESI Mass Spectrometry of Bismuth-Oxido Clusters

process of Bi-clusters from Bj-clusters is analyzed properly. This will be aremesting

task for future experiments.

m/z
. 4+
[Bigg046(PTs0)g(NO3)12(DMSO)1 0] 2807
m/z 2807

Isolation

PR 7 T T A
Q. o ol b
N N N ' ' ' [ ' [
zZ oz Z
I R
oy v o b v v 11 1000ms
vt " | ..“L Ao H LN ol 1 "
o T A A
O XA I S S A A A
N ] ] H i ' N [l ] ' '
z oo
S
N I A A L

2600 2650 2700 2750 2800 m/z

Figure 6.3: IRMPD MS/MS experiments 205 performed at different irradiation times
using an IR laser with laser powers of 2.5 to 10 W.
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3) [Bizg0,5(C,H Soa)e [Bi;40,5(C,H,S0,),(NO,), ,(DMSO), **
(NO,),,(DMSO), 1** m/z 2798
m/z 2780 /
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(NO,), (DMSO) I / m/z 3698
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m/z 2902
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Figure 6.4: ESI mass spectra of a) H3Das5(CisH7;SO)(NGs),(DMSO)] 206, b)
[BI38045(C6H13SQ3)X(NO3)y(DMSO}] 207 and C) B|3go45(CgH17SQ3)X(NO3)y(DMSO}]
208 (x + y = 24).The assignments of all peaks are reported in Tahlés3.9.



6. ESI Mass Spectrometry of Bismuth-Oxido Clusters

The successful implementation of different ligaatist bismuth-oxido cluster inspired us
to perform ligand-exchange  experiments  with  otherigarids.  Thus,
[Bi3g045(CaH7SO5)x(NO3)y(DMSO),] 206, [Bi 35045(CeH13S O5)x(NO3),(DMSO),] 207 and
BizgO045(CgH17SOs5)x(NOs)y(DMSO),] 208 (x + y = 24) were synthesized similar 205
using differently substituted sulfonate ligandstfoe ligand exchange. In order to analyze
the resulting cluster206-208 they were dissolved in DMSO at 70 °C and diluieth
acetonitrile to a concentration of approximately 10M.

For all three clusters, triply chargeah/g 3640 - 3960 Z06), m/z3790 - 3960207 and
m/z 3880 - 4080Z408)) and quadruply charged ionsiz 2700 - 2820 Z06), m/z 2800 -
2970 Q07 and m/z 2950 - 4080 Z08) were observed in the ESI mass spectra,
respectively (Figure 6.4). Additionally, also quipty charged ions were observed for
clusters 206 and 207 (m/z 2200 - 2300 Z06) and m/z 2290 - 2370 Z07)). The
assignments of all peaks are reported in Table8.8.7ESI MS confirms the successful
ligand-exchange for bismuth-oxido clust@®6-208 Due to superimposed peaks in the
mass spectra of these clusters, no suitable taifemxperiments could be performed.
Besides sulfonates, also amino acids and saliagid have been implemented as ligands
during the formation of bismuth-oxido clusters. Tiomization and detection of the
clusters containing BOC-protected amino acids s¢Bis(BOC-Val)(OH),] 209 and
[Bi3g045(BOC-Phe),(OH),] 210) was somehow problematic and thus the peaks afderv
in the mass spectra were of low intensities andveldaa bad resolution. Nevertheless, the
clusters209 and 210 could be identified, but no tandem MS experimertsid be
performed (Tables 8.10 and 8.11). Thus, no infoimnaabout the stability and the
fragmentation process of those clusters was olgtaine

On the contrary, the clusters containing anioniicgate ligands ([BiO2s(HSal)4] 211,
[Bi34040(HSal);] 212 and [BigOass(HSalh(OH),] 213) could be clearly identified by ESI
mass spectrometry. Interestingly, the ESI MS amgalyt[Bi»,0.6(HSal)4] 211 revealed
two species to be present in solution. The masstrgpe of 211 shows doublyn(z3490

- 3740), triply M/z2290 - 2640) and quadruply charged peak& (820 - 1960) which
can be assigned to ions of jBD.s(HSal)4 211 Additionally, quadruply charged peaks
were observed in the range a@f/z 2690 - 2910 which could be assigned to
[Biz4O40(HSal)y,] 212 (Figure 6.5 and Table 8.12). This is the firstdithat a {B$4040}
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6. ESI Mass Spectrometry of Bismuth-Oxido Clusters

cluster has been observed. Due to superimposimglsignd low intensities, no tandem
MS experiments could be performed to confirm threcstire of [BgsOs(HSal),] 212
and analyze its fragmentation pathway. Neverthelbgspresence &12is astonishing,
because the sample originally just contained fBis(HSal)4 211 Thus, the formation
of 212 had occurred after the preparation2dfl and is probably an intermediate in the
formation process of larger bismuth-oxido clustés {Bi 35046} clusters. However, this

has to be evaluated in further experiments.

[Bi,,0,,(HSal)., [Bi,,O 4(HSal),, (DMSO)S(MeCN)4(H20)]3+

(DMSO).(MeCN),(HO)* | m/z 2417

miz 2417 / [Bi34040(HSaI)1S(DMSO)G(MeCN)G]4+
m/z 2732

[Bi,,0,,(HSal), ,(DMSO).(MeCN),(H,0)]*"

[Bi,,0,5(HSal),, m/z 2756
(DMSO),(MeCN),(H,0)]**
m/z 2379 /
. + . 2+
[Bi,,0,(HSal), (DMSO),(MeCN). ]* [Bi,,0,,(HSal), (DMSO),(MeCN),]
m/z 1865 and m/z 3608
[Bi,,0,4(HSal), (DMSO),(MeCN), .]** [Bi,,0,(HSal) (DMSO) [
m/z 1866 m/z 3524
/ J
nl. L..Jl " .I.lilh

I T 1 1 L) 1 1 1 1 1 I T 1 1 1 1 1 1 T L) I 1 T 1 1 ) T 1 1 T I 1 T T 1 1 T L] 1 T I 1 1 T T 1 1 T L) 1 I
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Figure 6.5: ESI mass spectrum of [BD,,(HSal), (211) containing a new bismuth
oxide species [BiOs(HSal), (212). In order to give an overview of the species

observed, some of the major peaks in the spectrarassigned to their fragments.

On the contrary to the clusters discussed abolegjuwely few peaks are observed in the
ESI mass spectrum of [BOss(HSalk(OH)(DMSO)69 213 (Figure 6.6 and Table
8.13). Only triply charged peaks were observecherrhass spectrunm(z 2540 - 3720,
Figure 6.6a). Interestingly, all peaks observedralated to fragments @13 which lost
one molecule of water and several neutral molecolesalicylic acid (HSal). The
structure of the fragments observed was confirmelRMPD tandem mass spectrometry

using an IR laser at a laser power of 25 W at diffeirradiation times (Figure 6.6b). At
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6. ESI Mass Spectrometry of Bismuth-Oxido Clusters

first, the fragment at m/z 3576 ([BD4(HSal)o(DMSO), - H,0, - 5 HSalf") loses both
DMSO molecules. At longer irradiation times the essive loss of three water
molecules is observed followed by an additionas loEH,Sal. The loss of water can be
explained by the condensation of two salicylat®asi(2 HSal— (Sal-O-Saff’ + H,0).
However, no further fragmentation was observed.exi&eless, the composition of the

peaks observed in the ESI mass spectrum was catfiby the tandem MS experiments.

a) [Bi,0,(HSal), {(DMSO),| [Bi

a80s(HSl) o(DMSO),
-H,0,-5H_Sal]**||-H,0,-4H,Sal]

m/z 3576||m/z 3622

[Bi38046(HSaI)19(DM822 [Bi38046(HSaI)31+9(DMSO)2
- - ~ - -
HZO, 5H28al] Y HZO, 3H28al]

m/z 3550 m/z 3668

1500 2000 2500 3000 3500 4000 4500 5000 m/z

b) [Bi,;0,,(HSal), ;(DMSO), m/z 3576
3+
-H,0,-5H,Sal]
(m/z 3576) 9 3
= =
Q Q
Isolation 1.4_ «—
Ao PUPRPURT Y ¥ o A A PR ¥
o
N
I
©
IRMPD <+
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-HZSaI _
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Figure 6.6: ESI mass spectrum of H3Dss(HSalk(OH),] 213 (a) and IRMPD tandem
MS spectra of m/z 3576 ([BD.s(HSal)o(DMSO) - H,0, - 5 HSal*") (b). For the
tandem MS experiments, an IR laser with a lasergpa 25 W was used at different

irradiation times.
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6. ESI Mass Spectrometry of Bismuth-Oxido Clusters

Three different conclusions can be drawn: i) ES$smepectrometry is a useful method to
analyze the structure of bismuth-oxido clustefs.Tandem mass spectrometry can be
used to gain information about the stability of thesters in the gas phase. It has been
shown that “naked” cluster cores can be producedtbygping off ligands and solvent
molecules. The fragmentation of the cluster cowas leelp to identify stable structures
like Big-species which are known to be intermediates infoh@ation process of these
clusters. iii) Reactions of the clusters like ligaexchanges can be analyzed by mass
spectrometry as well as new intermediates in thimdtion process of bismuth-oxido
clusters. In further experiments, using the masectspmetric mixed-flow technique
described above can help to get insights into tieeation process of these clusters and

their reactions.
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7. Outlook

Many different aspects of metallo-supramoleculdf-agsembly have been examined
within this thesis. Similar to the work of Schmittand co-workeré® °* future
experiments could focus on the use of self-sorfaingcesses to form heterometallic
heteroleptic metallo-supramolecular architecturebiciv otherwise would just be
available in mixtures with other metallo-supramalac complexes. In order to achieve
those complexes, ligands bearing different bindiitgs have to be used as well as metal
centers with different coordination geometries. Erample, when a ligand containing
two sterically hindered 2,2 -bipyridine units like and a ligand containing a 2,2"-
bipyridine and two pyridine units lik&90 or 214 are combined with (dppp)M(OTAH(M

= Pd™* 27 or P£* 28) and Cu(OTfR215 metallo-supramolecular complexes &6 could

be achieved (Figure 7.1). The building blocks usedhose self-sorting processes can be
functionalized in a way that different functionabgps show into the inner cavity or the
outer sphere of the resulting complexes. Thus,bearly of metallo-supramolecular
complexes functionalized with a combination of eliéint functional groups is accessible

which can be used for molecular recognition studfedifferent guest molecules.

M = Pd?* 27
Pt?* 28

Cu(OTf) 215 = O

’ M .
TO  OTf

Figure 7.1: A possible self-sorting reaction of a metallo-saumpblecular complef16.

Ligands similar to214 could be used to form axially chiral building bkscwith free

coordination sites. When ligandsl7 or 218 would be combined with metal centers
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7. Outlook

bearing octahedral coordination geometry like rottv (I1), the axially chiral
complexes219 and 220 would form (Figure 7.2). Similar to analogous coéexes
containing phenyl groups instead of pyridine grqupsse complexes should be able to
recognize anions>® However, these complexes could also be used fotheu
coordination with other metal centers bearing dedéht number of free coordination
sites. Due to the chirality and photochemical proee of the ruthenium containing
building blocks 219 and 220, the resulting complexes or metal-organic framdwor
should have interesting properties as well. Theeetbe final metallo-supramolecular
architectures could be interesting materials folarsoenergy conversiof™® or

photocatalysig®

Y N
NZ\ N2s
O _NH OxNH
N l N
I 2N Ru?* ~N<,
217 (N; = N; N, = CH) » “Ru2* | 219 (N1 = N; Np = CH)
218 (N; =CH; N, =N) | Z N Z N 220 (N; = CH; N, = N)
I S I
0~ "NH O™ 'NH
B >
N, Z N,. =~
1~N2 1N2 3

Figure 7.2: The Self-assembly of the axial chiral metallo-supolecular ruthenium(ll)

complexe®19 and 220.
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8 Experimental Part

8.1  General Technigues and Materials

Molecular Modeling

The theoretically calculated structures shown ia thesis were calculated on the MM2
force field level to achieve an optimized geomelilyese calculations were done with the
CaChe 5.0 program package for Windows systems giedvby Fujitsu Ltd. from Krakow

/ Poland in 2001.

Melting Points
The melting points were measured with a Blchi 5Htikg Point apparatus and are not
corrected. Due to the properties of the siliconusiéd in this apparatus, only melting

points up to 250°C could be measured.

NMR Spectroscopy

'H NMR, *C NMR, *P NMR, *H-'H COSY NMR,'H-'"H NOESY NMR,'H 2D DOSY
NMR and time- and temperature-dependent NMR speetne recorded on Joel ECX
400 MHz, Joel ECP 500 MHz, Bruker AC 250 MHz, Bruké& 500 MHz, Bruker DMX
500 MHz and Bruker DRX 500 MHz NMR spectrometerfie Tchemical shifts are
reported in ppm. IfH and**C NMR spectra, the residual solvents were usedtasnal
standards. Foi'P NMR spectra 85% phosphoric acid was used asrettstandard. The
3¢ and®'P NMR spectra were measured with decoupled broatifeariH. The coupling
constantsJ) are given in Hz. The abbreviations used for igaa multiplicities are: s =
singlet; d = doublet; t = triplet; m = multipletdubr for broad signals.

Mass Spectrometry

The El mass spectra were measured with a MAT 71lhd&ds spectrometer from Varian
MAT in Bremen (Germany) or with a HP 5989 A EI masgectrometer from
HEWLETT-PACKARD in Palo Alto (CA, USA). Standardnation energies of 80 eV

or 70 eV were used.
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The ESI TOF mass spectra were recorded using aterAgb210 ESI TOF mass
spectrometer from Agilent Technologies in Santar&I&CA, USA). The flow rate was
set to 4 pL/min and the spray voltage was adjusteldkV. The desolvation gas was used
with a pressure of 15 psi (1 bar). All other parterwere optimized to get the maximal
abundance for the respective [M+H]

Most mass spectrometric experiments were perforatexh lonspec QFT-7 ESI FTICR
mass spectrometer from Agilent Technologies (forwemian Inc.) in Walnut Creek (CA,
USA). The ESI FTICR mass spectrometer was equippéd a 7 T superconducting
magnet and a Micromass Z-spray ESI source from i&/&e. in Saint-Quentin (France)
which had a stainless steel capillary with an indexrmeter of 0.65 mm. In regular
experiments, the solvent flow rate of the integtaggringe pump was set to 4 pL/min
and the spray voltage was 3.8 kV. All other pararsetwere optimized to get the
maximum abundance of the peaks of the systems whaldy. Both, the temperatures of
the ESI source and the steel needle, were set tdC4INo nebulizer gas was used
throughout the experiments.

IRMPD MS/MS experiments were performed at the EBIOR mass spectrometer using
a 25 W CQ IR-laser (10.6 um wavelength). After isolationtbé ions in the ICR cell,
the laser was used for fragmentation. In ordereibagpropriate data, the laser intensity
as well as the irradiation times of the laser wased.

For the on-line mass spectrometric experiments, iardiStatic Mixing Tee from
Upchurch Scientific in Oak Harbor (WA, USA) was dsé&his micro reactor contains a
mixing frit and has an inner volume of 0.95 pL. Fbese experiments, the flow rates
were varied between 4 and 40 pL/min. Mixing cap#sa with various lengths were used

to obtain the different reaction times. For furtidormation see chapter 10.7.
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Chemicals, Reagents and Solvents

The reagents, chemicals and solvents used werehboiigm ABCR, ACROS,
ALDRICH, ALFA AESAR, FLUKA, GRUSSING, LANCASTER, MRCK, STREM,
TCIl and WAKO. The reagents were used without furfheification. The solvents were

dried and purified using appropriate procedurese @auterated solvents for the NMR

spectroscopic experiments were bought from DEUTE&®@ used without further

purification.

8.2 List of Abbreviations

BOC tert-butoxycarbonyle group
br broad (NMR)

d doublet (NMR)

dd doublet of doublets (NMR)
dppp 1,3-bis(diphenylphopshino)propane
dx order of deuteration in deuterated solvents
calc. calculated (data)

CID Collision Induced Decay
CN Coordination Number

CSlI Coldspray lonization

c.y. chemical yield

Da Dalton

DMF N,N"-dimethylformamide
DMSO dimethylsulfoxide

El Electron lonization

en 1,2-diaminoethane

ESI Electrospray lonization
edg. equivalent(s)

EtN triethylamine

EtOH ethanol

exp. experimental (data)
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FAB
FT

Hz

ICR
IRMPD
IUPAC

£ L3 3«

MALDI
MeCN
min
MeOH
MHz
m.p.
MS
m/z
NMR

ppm
Ph

Phe
Py
pTsO

Fast Atom Bombardment
Fourier-Transformation

hour(s)

Hertz

lon Cyclotron Resonance

Infra-Red Multi-Photon Dissociation
International Union of Pure and Applied Chstry
coupling constant (NMR)

ligand (in a complex)

multiplet (NMR)

meta

metal center (in a complex)
molecular radical cation
Matrix Assisted Laser Desorption lonization
acetonitrile

minute(s)

methanol

megahertz

melting point

Mass Spectrometry

mass per charge

Nuclear Magnetic Resonance

ortho

para

parts per million

phenyl

phenylalanine

pyridine

para-toluene sulfonic acid

quartet (NMR)

radius
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r.t. room temperature
t time

t triplet (NMR)

T temperature

THF tetrahydrofurane
S singlet (NMR)

Sal salicylate

% velocity

Vv volume

Val valine
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8.3  Syntheses of Organic Ligands

Syntheses of dipyridylurea liganii9and162-168

ji\
POy
H,N R® J \§ RS N N RS
INF N e N X z
| - | |
NS toluene s o N
R! N R4 R* N R1 R! N R4
3.5h 80<T,
then 15h rt
Rl RZ R® R* Rl R RO R* %
154 H H H H 162 H H H H 85
155 Me H H H 163 Me H H H 60
156 H Me H H 164 H Me H H 62
157 H H Me H 165 H H Me H 75
158 H H H Me 166 H H H Me 93
JOI\
H,N z 161 X rij rij z
—_——
A toluene > H H A
N 3.5h 80T, N N
159 167 (90%)
then 15h rt
ji\
L g Iy B (A
—_—
N toluene N~ H H N
3.5h 80T,
160 168 (55%)
then 15h rt
T
H,N N N
=z | 161 | A \"/ Z |
—_—
N toluene N _Z o) N
214 3.5h 80T, 129 (62%)
then 15h rt
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General Synthetic Roufé:; 1%

500 mg of the aminopyridine or (aminomethyl)pyrgliand 0.6 equivalents ®,N"-
carbonyldiimidazole were dissolved in 80 mL dryuerhe. The solution was heated to
80 °C for 3.5 h. Now a second portion 0.1 equivaeiN, N -carbonyl-diimidazole was
added to the hot solution. After 30 more minutesheéting, the mixture was cooled
down and stirred for 15 hours at room temperatdiee resulting precipitate was

collected by filtration and washed with toluene anethyl ether.

1,3-di(pyridin-4-yluredl 29

Starting materials:

500.00 mg (5.31 mmol) 4-aminopyridié4

474.00mg  (2.92 mmol, 0.55 eq.) N, N -carbonyldiimidazolel61 (1. dose)
86.00 mg (2.59 mmol, 0.1 eq.) N, N -carbonyl-diimidazolel61 (2. dose)

Using the general synthesis route, 398.92 mg (hB8®l, 62 % c.y.) of 1,3-di(pyridin-3-

yhureal29were obtained as white powder.

C]_]_HloN4O 214.22 g/mol

'H NMR (300 MHz, DMSOdg) & = 9.39 (s, 2 H, NH); 8.39 (dd, 4 Fiuy = 4.91
Hz, *Jun = 1.42 Hz, H-2) 7,45 (dd, 4 By = 4.81 Hz,*Juny = 1.51 Hz, H-
3) ppm.

CNMR  (75.5 MHz, DMSOdg) § = 152.22 (CO); 150.56 (C-2); 146.50 (C-4);
122.93 (C-3) ppm.

EI-MS (EI', 70 eV) m/z (%) = 214.1 ([M], 100); 121.1 (M — PyNH], 30);
120.1 (M — PyNH]", 18); 94.1 ([PyNH|", 44); 78.1 ([Py — HJ, 10);
67.1 ([GHsN] ™, 12).

m.p. > 250 °C
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1,3-di(pyridin-3-yl)ureal 62

Starting materials:

500.00 mg (5.31 mmol) 3-aminopyridihe4

474.00mg  (2.92 mmol, 0.55 eq.) N, N -carbonyldiimidazolel61 (1. dose)
86.00 mg (2.59 mmol, 0.1 eq.) N, N -carbonyl-diimidazolel61 (2. dose)

Using the general synthesis route, 546.93 mg (&\bl, 85 % c.y.) of 1,3-di(pyridin-3-

ylureal62were obtained as white powder.
C]_]_HloN4O 214.22 g/mol

'H NMR (400 MHz, DMSOdg, 298 K):5 = 8.77 (s, 2 H, NH), 8.55 (d, 2 Pllyy =
2.39 Hz, H-2), 8.14 (dd, 2 H)uy = 4.66 Hz,*Jyy = 1.51 Hz, H-6), 7.93
(ddd, 2 H,3Juy = 8.31 Hz*Juy = 2.64 Hz*Juy = 1.51 Hz, H-4), 7.20 (dd,
2 H, 3% = 8.31 Hz )y = 4.66 Hz, H-5) ppm.

¥CNMR (100 MHz, DMSOds, 298 K):8 = 151.72 (CO), 142.05 (C-2), 39.28 (C-6),
135.25 (C-4), 124.36 (C-3), 122.39 (C-5) ppm.

EI-MS (EI', 70 eV): m/z (%) = 214.1 ([M], 100), 121.1 ([M — PyNH], 25),
120.1 ([M — PyNH]", 14), 94.1 ([PyNH", 78), 78.1 ([Py — H], 14),
67.1 ([GHsN]™, 15).

m.p. > 250 °C

1,3-bis(2-methylpyridin-3-yl)ure&63

Starting materials:

500.00 mg (4.62 mmol) 3-amino-2-methylpyriditEb
413.00mg  (2.92 mmol, 0.55 eq.) N, N -carbonyldiimidazolel61 (1. dose)
75.00 mg (2.59 mmol, 0.1 eq.) N, N'-carbonyl-diimidazolel61 (2. dose)
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Using the general synthesis route, 336.06 mg (1®%ol, 60 % c.y.) of 1,3-bis(2-
methylpyridin-3-yl)uredl63 could be obtained as white powder.

C]_3H 14N4O 242.28 g/mol

H NMR (250 MHz, DMSO#ds, 303 K):8 = 8.59 (s, 2 H, NH), 8.18 (d, 2 Bllu
8.25 Hz, H-6), 8.13 (d, 2 HJuy = 4.73 Hz, H-4), 7.23 (dd, 2 Flu
8.25 Hz andJun = 4.72 Hz, H-5), 2.50 (s, 6 H, GHppm.

¥CNMR (63 MHz, DMSO#dg, 303 K):8 = 152.95 (CO), 148.22 (C-2), 142.81 (C-6),
133.60 (C-3), 127.93 (C-4) 121.35 (C-5), 21.18 {Oppm.

EI-MS (EI*, 80 eV): m/z (%) = 241.9 ([M], 40), 134.7 (M + H — gHgN,] ", 16),
133.7 ([M — GHgNJ]", 22), 108.0 ([GHsN2]*, 100), 92.2 ([GHsN]™, 8),
80.2 ([Py + H[’, 20).

m.p. > 250 °C

1,3-bis(4-methylpyridin-3-yl)ure&64

Starting materials:

500.00 mg (4.62 mmol) 3-amino-4-methylpyridits
413.00mg  (2.92 mmol, 0.55 eq.) N, N"-carbonyldiimidazolel61 (1. dose)
75.00 mg (2.59 mmol, 0.1 eq.) N, N -carbonyl-diimidazolel61 (2. dose)

Using the general synthesis route, 347.18 mg (bw3ol, 62 % c.y.) of 1,3-bis(4-
methylpyridin-3-yl)uredl64 could be obtained as white powder.

C]_3H14N4O 242.28 g/mol
'H-NMR (300 MHz, DMSO¢s, 298 K):6 = 8.88 (s, 2 H, NH), 8.45 (s, 2 H, H-2),

8.15 (d, 2 H3un = 4.91 Hz, H-6), 7.23 (d, 2 HJun = 4.72 Hz, H-5),
2.28 (s, 6 H, CK) ppm.
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¥C-.NMR  (75.5 MHz, DMSO#ds, 298 K):8 = 152.79 (CO), 143.99 (C-2), 143.45 (C-
6), 137.42 (C-3), 134.35 (C4) 125.14 (C-5), 7.281{Cppm.

EI-MS (EI', 70 eV): m/z (%) = 243.1 (M + H] 8), 242.1 ([M], 48), 135.1 (M
+H — GHsN2]", 30), 134.1 (M — GHgN2] ", 26), 108.1 ([GHgN2]*, 100),
92.1 ([GHsN]™, 7), 80.1 ([Py + HJ, 12).

m.p. > 250 °C

1,3-bis(5-methylpyridin-3-yl)ure&65

Starting materials:

500.00 mg (4.62 mmol) 3-amino-5-methylpyridite/
413.00mg  (2.92 mmol, 0.55 eq.) N, N -carbonyldiimidazolel61 (1. dose)
75.00 mg (2.59 mmol, 0.1 eq.) N, N -carbonyl-diimidazolel61 (2. dose)

Using the general synthesis route, 419.84 mg (tan3ol, 75 % c.y.) of 1,3-bis(5-
methylpyridin-3-yl)uredl65were obtained as white powder.

C]_3H 14N4O 242.28 g/mol

'H-NMR (250 MHz, DMSOds, 303 K):3 = 8.91 (s, 2 H, NH), 8.41 (s, 2 H, H-2),
8.05 (s, 2 H, H-6), 7.79 (s, 2 H, H-4), 2.28 ($§,6CHs) ppm.

3C-NMR (63 MHz, DMSOdg, 303 K):5 = 152.59 (CO), 143.39 (C-2), 137.38 (C-6),
135.77 (C-3), 132.84 (C4) 125.68 (C-5), 17.88 {Oppm.

EI-MS (EI', 80 eV): m/z (%) = 241.9 ([M], 16), 134.9 (M + H — gHgN,] ", 14),
133.8 ([M — GHgN2] ™, 61), 108.0 ([GHsN2]™, 100), 92.2 ([@HeN]™, 5),
80.2 ([Py + H[, 27).

m.p. > 250 °C
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1,3-bis(6-methylpyridin-3-yl)ure&66

Starting materials:

500.00 mg (4.62 mmol) 3-amino-5-methylpyridits
413.00mg  (2.92 mmol, 0.55 eq.) N, N -carbonyldiimidazolel61 (1. dose)
75.00 mg (2.59 mmol, 0.1 eq.) N, N -carbonyl-diimidazolel61 (2. dose)

Using the general synthesis route, 520.43 mg (2nb%ol, 93 % c.y.) of 1,3-bis(6-
methylpyridin-3-yl)uredl66 were obtained as white powder.

C]_3H 14N4O 242.28 g/mol

'H-NMR (500 MHz, DMSOds, 303 K):6 = 8.61 (s, 2 H, NH), 8.47 (d, 2 Py =
2.50 Hz, H-2), 7.78 (dd, 2 H)uy = 8.35 Hz andJyy = 2.69 Hz, H-4),
7.15 (d, 2 H3Juy = 8.44 Hz, H-5), 2.41 (s, 6 H, GHppm.

3C-NMR (126 MHz, DMSO#ds, 303 K):8 = 152.49 (CO), 150.87 (C-2), 139.43 (C-
6), 133.29 (C-3), 126.00 (C4) 122.16 (C-5), 22.@6l{) ppm.

EI-MS (EI*, 80 eV): m/z (%) = 242.1([M], 17), 134.9 (IM + H — gHgN] ", 13),
133.8 (M — GHgN]*, 76), 108.0 ([GHsN,]", 100), 92.2 ([GHsN]™, 4),
80.2 ([Py + H[', 38).

m.p. > 250 °C

1,3-bis((pyridin-3-yl)methy\ured 67

Starting materials:

500.00 mg (4.62 mmol) 3-aminomethylpyridit&o

413.00mg  (2.92 mmol, 0.55 eq.) N, N"-carbonyldiimidazolel61 (1. dose)
75.00 mg (2.59 mmol, 0.1 eq.) N, N"-carbonyl-diimidazolel61 (2. dose)
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Using the general synthesis route, 503.64 mg (@06®I, 90 % c.y.) of 1,3-bis((pyridin-
3-yl)methyl)ureal67 were obtained as white powder.

C]_3H 14N4O 242.28 g/mol

'H-NMR (400 MHz, DMSO#ds, 298 K):8 = 8.47 (s, 2 H, H-2), 8.42 (d, 2 Blluy
= 4.78, H-6), 7.63 (d, 2 HJun = 7.68 Hz, H-4), 7.32 (dd, 2 H)un =
7.55 Hz*Jun = 4.78 Hz, H-5), 6.63 (t, 2 HJuy = 5.85 Hz, NH), 4.24
(d, 4 H,3Jun = 6.04 Hz, CH) ppm.

3C.NMR (100 MHz, DMSOdg, 298 K): 8 = 158.11 (CO), 148.60 (C-2), 147.88
(C-6), 136.31 (C-3), 134.89 (C-4), 123.42 (C-5),780(CH) ppm.

EI-MS (EI', 70 eV): miz (%) = 243.2 (M + H] 16), 242.1 (IM], 100),
150.1 (M — GHeN] ", 10), 135.0 ([M + H — €HsN,] ", 13), 134.0 (M
— GsHgN2]™, 7), 107.0 ([GH7N2]™, 59), 93.0 ([GH/N]™, 24), 92.0
(ICeHeN]™, 27), 80.0 ([Py + HJ, 16), 79.0 ([Py], 9), 65.0 ([GHs]"",
11).

m.p. > 250 °C

1,3-bis((pyridin-4-yl)methyured 68

Starting materials:

500.00 mg (4.62 mmol) 4-aminomethylpyridib@0

413.00mg  (2.92 mmol, 0.55 eq.) N, N"-carbonyldiimidazolel61 (1. dose)
75.00 mg (2.59 mmol, 0.1 eq.) N, N"-carbonyl-diimidazolel61 (2. dose)

Using the general synthesis route, 307.52 mg (th@&ibl, 55 % c.y.) of 1,3-bis((pyridin-

4-yl)methyl)ureal68 were obtained as white powder.

C13H14N4O 242.28 g/mol
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'H-NMR (300 MHz, DMSOdg, 298 K): & = 8.49 (d, 4 H3J4y = 6.04 Hz, H-2
and H-6), 7.24 (d, 4 HJuy = 5.66 Hz, H-3 und H-5), 6.73 (t, 2 Biluy
= 6.04 Hz, NH), 4.26 (d, 4 H)uy = 6.23 Hz, CH) ppm.

3C-NMR  (75.5 MHz, DMSOsdg, 298 K):8 = 158.09 (CO), 150.04 (C-4), 149.39
(C-2 and C-6), 121.89 (C-3 and C-5), 42.05 ¢Cpbm.

EI-MS (EI', 70 eV): miz (%) = 243.2 (M + H] 16), 242.1 (IM], 100),
150.1 (M — GHgN]™, 3), 135.0 (M + H — @HgN,] ™, 12), 134.0 ([M —
CeHsN3] ™, 12), 107.0 ([@H/N2]™, 35), 93.0 ([GH/N]*, 13), 92.0
(ICeHeN]™, 15), 80.0 ([Py + HJ, 15), 79.0 ([Py], 12), 65.0 ([GHs] ",
6).

m.p. > 250 °C

Syntheses of “Hunter-ligand447 and148>’
nicotinoyl chloride hydrochloridé41

— O0  soch — 0
—
\ DMF (cat.), \ HCl
N OH 1 h, reflux N Cl
140 141

500.00 mg (3.53 mmol) nicotinic acidtO were suspended in 5 ml (6.89 mmol) thionyl
chloride. After adding 0.1 ml of DMF, the reactiomnxture was refluxed and stirred for
one hour. The excess of thionyl chloride was rerdaserefully using a water aspirator
pump. The resulting white powder was suspended 20tenL of dry diethyl ether and
filtered using a glass filter. After washing withaher 20 mL of dry diethyl ether, the
product was dried under vacuum and 573.15 mg (&btol, 95 % c.y.) of a white

powder (41) were obtained.

CsHsCI,NO  178.02 g/mol

The nicotinoyl chloride hydrochlorid#41 was used without further characterization. It
was indirectly characterized by the results ofréfections it was used in.
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N,N’-(4,4’-(cyclohexane-1,1-diyl)-bis-(2,6-dimethyl-4phenylene)) dinicotinamid&47

CH,CI,
—_—
EtzN — )
H 3
2 12 h, r.t. \ 7 /N
N 147 N=

The reaction was performed in an argon atmospi®@.mg (0.31 mmol) of 1,1-bis(4-

amino-3,5-dimethylphenyl)cyclohexane (Hunter’'s disah144 was dissolved in 50 mL
of dry dichloromethane and mixed with 0.13 mL (3,€094 mmol) triethylamine.
Within one hour, 133 mg (3 eqg., 0.94 mmol) nicoyinehloride 141 were added
stepwise. The reaction mixture was stirred for @drk at room temperature. Afterwards,
the mixture was transferred into an extraction lrand washed two times with 50 mL
ammonia water and three times with 100 mL of destilvater. The organic phase was
dried with anhydrous magnesium sulfate which afeeds was removed by filtration.
The dichloromethane was removed in the vacuum.rébelue was isolated by column
chromatography (silica) using GEI,/MeOH (22:1) as the eluent {(R= 0.46). The
product was dried in vacuum and 120.00 mg (0.25 miA®%) of147 were obtained as

white powder.

CasH3N4O>, 532.68 g/mol

'H-NMR (400 MHz, DMSOdg, 293 K):8 = 9.84 (s, 2 H, NH); 9.14 (d, 2 FJun
= 1.88 Hz, Hpyriding); 8.76 (dd, 2 H2Jun = 4.78 Hz,"Jun = 1.58 Hz,
Ho-pyriding); 8.30 (dd, 2 H2Juw = 8.22 Hz,"Juy = 1.97 Hz, Hpyriding);
7.56 (dd, 2 HJuy = 6.38 Hz,2Jun = 6.38 Hz, bhpyriding; 7.11 (S, 4 H,
Hoheny); 2.28 (br, 4 H, CCH); 2.16 (s, 12 H, Ck); 1.53-1.45 (m, 6 H,
CCH,CH, and CCHCH,CH,) ppm.

13C-NMR (100 MHz, DMSOds, 293 K): & = 163.54; 152.13; 148.51; 146.80;
135.23; 135.04; 132.13; 129.96; 126.17; 123.668@436.13; 25.79;
22.63; 18.47 ppm.
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ESI-MS (ESI, MeOH): m/z = 533.29 ([M+H]); 555.27 ([M+Na]): 571.25
(IM+K]"). HRMS (ESI): found: m/z 533.2905 ([M+H]), calc.:
533.2911.

m.p. 184 °C

isonicotinoyl chloride hydrochlorid&43

— O  SocCh — 0
N N HCI
OH 1 n, reflux Cl
142 143

500.00 mg (3.53207 mmol) isonicotinic adid2 were suspended in 5 ml (6.89249 mmol)
thionyl chloride. After adding 0.1 ml of DMF, theaction mixture was refluxed and
stirred for one hour. The excess of thionyl chlendas removed carefully using a water
aspirator pump. The resulting white powder was sndpd into 20 mL of dry diethyl
ether and filtered using a glass filter. After wiaghwith another 20 mL of dry diethyl
ether, the product was dried under vacuum and 96Md (3.21958 mmol, 96 % c.y.) of

a white powderX43) were obtained.

CsHsCI,NO  178.02 g/mol

The isonicotinoyl chloride hydrochloride43 was used without further characterization.

It was indirectly characterized by the resultshaf teactions it was used in.
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N,N’-(4,4’-(cyclohexane-1,1-diyDbis-(2,6-dimethyl-4phenylene))  diisonicotinamide
148

O _Cl o
CH,Cl,
2 | N+ Et;N —
Z 12 h, r.t. \
N 143 N—7 148 =N

The reaction was performed in an argon atmospi&@.mg (0.31 mmol) of 1,1-bis(4-
amino-3,5-dimethylphenyl)cyclohexane (Hunter’'s drsan144 was dissolved in 50 mL
of dry dichloromethane and mixed with 0.13 mL (3,e094 mmol) triethylamine.
Within one hour, 133 mg (3 eq., 0.94 mmol) isonmoyl chloride 143 were added
stepwise. The reaction mixture was stirred for @@rk at room temperature. Afterwards,
the mixture was transferred into an extraction girand washed two times with 50 mL
ammonia water and three times with 100 mL of destilvater. The organic phase was
dried with anhydrous magnesium sulfate which afeeds was removed by filtration.
The dichloromethane was removed in the vacuum.rébelue was isolated by column
chromatography (silica) using GEI,/MeOH (9:1) as the eluent {R 0.55). The product
was dried in vacuum and 116.43 mg (0.24 mmol, 70#d48 were obtained as white

powder.
C3sH3eN4O, 532.68 g/mol

'H-NMR (400 MHz, DMSO-d, 295 K):6 = 9.92 (s, 2 H, NH); 8.78 (ddJuy =
4.40 Hz,”Jun = 1.68 Hz, Hpyriding); 7.86 (dd, 4 H3Juw = 4.41 Hz, Jnw
= 1.66 Hz, Hhpyriding); 7-11 (S, 4 H, kheny); 2.29 (br, 4 H, CCh); 2.15
(s, 12 H, CH); 1.48 (br, 6 H, CChCH, and CCHCH,CH,) ppm.
¥C-NMR (100 MHz, DMSOds, 295 K):8 = 163.46; 150.38; 146.90; 141.36; 134.96;
131.89; 126.18; 121.40; 44.80; 36.09; 22.61; 21183040 ppm.
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ESI-MS (ESI, MeOH): m/z = 533.29 ([M+H]); 555.27 ([M+Na]): 571.25
(IM+K]"). HRMS (ESI): found: m/z 533.2905 ([M+H]), calc.:
533.2911.

m.p. 185 °C

8.4  Syntheses of Metal Centers

The metal centers synthesized within this thesidiarature-knowri*® Thus, justH and

%P NMR data is reported to characterize them.

(1,2-bis(diphenylphosphino)ethane)palladium(lazkde 98

PPh, CHCI / \
3 Ph,P PPh
PdCl, + /—/ > ? \Pd/ ?
3h, reflux
96 Ph,P 94 CI/ \CI

98

This Synthesis was performed in an argon atmospl84@.00 mg (1.69176 mmol)

palladium(ll) chloride 96 and 741.44 mg (1.86094 mmol, 1.1 eq.) 1,2-
bis(diphenylphosphino)ethar@® were suspended in 100 mL of dry chloroform. The

suspension was refluxed and stirred for three hditer this, 280 mL oh-hexane were
added to the hot solution and the resulting préatipiwas immediately filtered using a
glass filter. The solid was washed with 100 mLrefiexane. In order to isolate the

product from palladium(ll) chlorid@6 which did not react, the solid mixture in the glas

filter was washed with 180 mL of dichloromethand&eTdichloromethane was removed

and the product was dried under vacuum. 779.20 2841 mmol, 80 % c.y.) of a

yellowish powder $8) were obtained.

CzeH24C|2P2Pd 575.74 g/mol
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'H NMR (400 MHz, DMSO#dg, 294 K):8 = 7.87 (M, 8 H, labpp-pheny); 7.62
(M, 4 H, Hippp-pheny); 7.56 (M, 8 H, Kopp-pheny); 2.69 (d,2Jpy =
24.38 Hz, 4 H, PCE) ppm.

3p NMR (162 MHz, DMSO#és, 294 K):5 = 67.28 (S, Rypp PPM.

(1,2-bis(diphenylphosphino)ethane)palladium(ljluoromethanesulfonat&00

PhoP_PPh; cHOl, PhoP__PPh;
/Pd\ + 2 AgOTH »> /Pd\
3d, r.t., darkne
cl” gg Cl foh QATKNESS 10" 199 OTF

This Synthesis was performed in an argon atmosplt3@ mg (0.52107 mmol) (1,2-
bis(diphenylphosphino)ethane)palladium(ll) chlorig® were mixed with 1071.10 mg
(4.16855 mmol, 8 eq.) silver(l) trifluoromethandsuhte. The mixture was suspended in
30 mL of dry dichloromethane and stirred in darlenas room temperature for 72 h.
Afterwards, the suspension was filtered with agfdter and the filtrate was reduced to a
volume of 5 mL. 30 mL of diethyl ether were mixedthe filtrate and the suspension
was cooled in the fridge for four hours. The préaie was isolated by filtration with a
glass filter, washed with 30 mL of diethyl ethedatihe product was dried in vacuum.
330.55 mg (0.41165 mmol, 79 % c.y.) of a light gellpowder {00) were obtained.

CagH24Fs06PPdS, 802.97 g/mol

'H NMR (400 MHz, DMSOds, 294 K):5 = 7.89 (dd, 8 H3Jyy = 7.18 Hz,
3Jpn = 12.89 Hz, Hpneny); 7.78 (dd, 4 H2Juy = 8.33 Hz,3duy =
6.46 Hz, Hpheny); 7.67 (M, 8 H, Fhoneny); 2.95 (d, 4 HJpy =
24.23 Hz, PChH) ppm.

3p NMR (162 MHz, DMSO¢ds, 294 K):3 = 72.27 (s, Bypp PPM.
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(1,2-bis(diphenylphosphino)ethane)platinum(ll) cfde 99

PPh; CHCI / \
3 Ph,P. PPh
PtCl, " /—/ — \Pt/ ?
3h, reflux
97 Ph,P 94 I/ \ I
cl” g9 C

This Synthesis was performed in an argon atmospi84@.00 mg (1.12790 mmol)
platinum(ll) chloride 97 and 494.30 mg (1.24069 mmol, 1.1 eq.) 1,2-
bis(diphenylphosphino)ethar@} were suspended in 100 mL of dry chloroform. The
suspension was refluxed and stirred for three hditer this, 280 mL oh-hexane were
added to the hot solution and the resulting préatipiwas immediately filtered using a
glass filter. The solid was washed with 100 mLrefiexane. In order to isolate the
product from palladium(ll) chlorid®7 which did not react, the solid mixture in the glas
filter was washed with 180 mL of dichloromethan&éeTdichloromethane was removed
and the product was dried under vacuum. 577.14 085849 mmol, 77 % c.y.) of a

white powder 99) were obtained.

CzeH24C|2P2Pt 664.40 g/mol

'H NMR (400 MHz, DMSO#és, 294 K):8 = 7.84 (M, 8 H, lhpp-pheny); 7.57
(M, 12 H, Hippp-pheny); 2.55 (d,Jpn = 19.39 Hz, 4 H, PCH ppm.

3p NMR (162 MHz, DMSO#ds, 294 K):5 = 43.22 (siJp.p= 3609.79 Hz,
Papps) PPM.

(1,2-bis(diphenylphosphino)ethane)platinum(lDltridfromethanesulfonat&)1

thP\ /PPh2 CH,Cl, thP\ /PPh2
Pt + 2 AgOTf Pt
/ \ 3d, r.t., darkness / \
Cl" g9 ClI TfO 191 OTf
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This Synthesis was performed in an argon atmosplt3®@ mg (0.45154 mmol) (1,2-
bis(diphenylphosphino)ethane)platinum(ll) chlori@® were mixed with 928.14 mg
(3.61228 mmol, 8 eq.) silver(l) trifluoromethandsunhte. The mixture was suspended in
20 mL of dry dichloromethane and stirred in darlenas room temperature for 72 h.
Afterwards, the suspension was filtered with agfdter and the filtrate was reduced to a
volume of 5 mL. 30 mL of diethyl ether were mixedthe filtrate and the suspension
was cooled in the fridge for four hours. The préaie was isolated by filtration with a
glass filter, washed with 30 mL of diethyl ethedatihe product was dried in vacuum.
301.90 mg (0.533865 mmol, 75 % c.y.) of a white gem(01) were obtained.

CogH24FsO6P2PtS,  891.63 g/mol
'H NMR (400 MHz, DMSO#d, 295 K):8 = 7.82 (dd, 8 H3Ju = 7.24 Hz,
33pn = 12.75 Hz, Boheny); 7.76 (d, 4 H2Juw = 7.04 Hz, Honeny);

7.67 (M, 8 H, Bipheny); 2.75 (d, 4 H3Jpw = 18.91 Hz, CH) ppm.
P NMR (162 MHz, DMSO#és, 295 K):8 = 37.61 (S, Rypp PPM.

(1,3-bis(diphenylphosphino)propane)palladium(lijocide 102

SN CHCls
PdCl + pp,p PPh, P PhpP

96 94 3h, reflux

PPh
~N 2
Pd

Cl” 102 ClI

This Synthesis was performed in an argon atmospl#@.00 mg (2.81960 mmol)
palladium(ll) chloride 96 and 1280.00 mg (3.10348 mmol, 1.1 eq.) 1,3-
bis(diphenylphosphino)propar# were suspended in 140 mL of dry chloroform. The
suspension was refluxed and stirred for three hd\itsr this, 280 mL oh-hexane were
added to the hot solution and the resulting préatipiwas immediately filtered using a
glass filter. The solid was washed with 100 mLrefiexane. In order to isolate the
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product from palladium(ll) chlorid®6 which did not react, the solid mixture in the glas
filter was washed with 180 mL of dichloromethanéeTdichloromethane was removed
and the product was dried under vacuum. 1213.922115829 mmol, 73 % c.y.) of a
yellow powder 102) were obtained.

C27H26C|2P2Pd 589.77 g/mol
'H NMR (400 MHz, chloroformd,) 6 = 7.79 (m, 8 H, Chlpheny); 7.47 (M, 4
H, C'_k)_phenyb, 7.40 (m, 8 H, C'ﬁl.phenyb, 2.39 (m, 4 H, PQB, 2.05

(m, 2 H, PCHCH,CH,P) ppm.
3p NMR (162 MHz, chloroform-d;) § = 11.85 ppm.

(1,3-bis(diphenylphosphino)propane)palladium(lifiunromethanesulfonate?

CH,Cl,
Ph,P PPh, + 2 AgOTf > Ph,P PPh,
\pd/ 72 h, r.t. \pd/
/ \ darkness \
Cl" 1092 CI TfO 927 OTf

This Synthesis was performed in an argon atmospta®@ mg (0.84779 mmol) (1,3-
bis(diphenylphosphino)propane)palladium(ll) chleriD2 were mixed with 1742.65 mg
(6.78232 mmol, 8 eq.) silver(l) trifluoromethandsunhte. The mixture was suspended in
20 mL of dry dichloromethane and stirred in darlenas room temperature for 72 h.
Afterwards, the suspension was filtered with agfdter and the filtrate was reduced to a
volume of 5 mL. 30 mL of diethyl ether were mixedthe filtrate and the suspension
was cooled in the fridge for four hours. The préaie was isolated by filtration with a
glass filter, washed with 30 mL of diethyl ethedatihe product was dried in vacuum.
581.82 mg (0.71214 mmol, 84 % c.y.) of a light gellpowder 27) were obtained.
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CaoH26Fs06P-.PdS, 817.00 g/mol

H NMR (400 MHz, DMSO#ds, 295 K):5 = 7.72 (m, 8 H, Hoheny); 7.62 (M,
4 H, Hypheny); 7.53 (M, 8 H, Fhpheny); 2.83 (M, 4 H, PCh); 1.87
(m, 2 H,%Jp1 = 24.05 Hz, PCBCH,) ppm.

3p NMR (162 MHz, DMSO¢ds, 295 K):5 = 17.84 (s, Byppy Ppm.

(1,3-bis(diphenylphosphino)propane)platinum(lNaride 103

CHCl,

Pacl, + F’th/\/\Pth B PhP _PPh
Pd

97 94 3h, reflux

Cl" 103 CI

This Synthesis was performed in an argon atmosph#@.00 mg (1.87984 mmol)
platinum(ll) chloride 97 and 775.00 mg (1.87984 mmol, 1.1 eq.) 1,3-
bis(diphenylphosphino)proparg were suspended in 140 mL of dry chloroform. The
suspension was refluxed and stirred for three hd\itsr this, 280 mL oh-hexane were
added to the hot solution and the resulting préatipiwas immediately filtered using a
glass filter. The solid was washed with 100 mLrefiexane. In order to isolate the
product from palladium(ll) chlorid®7 which did not react, the solid mixture in the glas
filter was washed with 180 mL of dichloromethanéeTdichloromethane was removed
and the product was dried under vacuum. 916.94 higp{56 mmol, 72 % c.y.) of a

white powder {03) were obtained.

C27H26C|2P2Pt 678.43 g/mol
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'H NMR (400 MHz, DMSO#d) 3 = 7.78 (m, 8 H, Chlpneny); 7.49 (M, 12 H,
CHyp phenyi@nd Chhpheny); 2.78 (M, 4 H, PCH; 1.74 (m, 2 H3Jkp4
=22.98 Hz, PCKCH,CH,P) ppm.

3p NMR (162 MHz, DMSOdg, 293 K): & = -3.42 (s,"Jpr.p = 3405.76 Hz,

Pappp) PPM.

(1,3-bis(diphenylphosphino)propane)platinum(lifitnromethanesulfonaté3

CH,Cl,
Ph,P PPh, + 2 AgOTf » Ph,P PPh,
\pd/ 72 h, r.t. \pd/
\ darkness
Cl" 103 ClI TfO og OTf

This Synthesis was performed in an argon atmospta®@ mg (0.73700 mmol) (1,3-
bis(diphenylphosphino)propane)platinum(ll) chlorit@3 were mixed with 1514.92 mg
(5.89600 mmol, 8 eq.) silver(l) trifluoromethandsunkte. The mixture was suspended in
20 mL of dry dichloromethane and stirred in darlenas room temperature for 72 h.
Afterwards, the suspension was filtered with agfdter and the filtrate was reduced to a
volume of 5 mL. 30 mL of diethyl ether were mixedthe filtrate and the suspension
was cooled in the fridge for four hours. The préaie was isolated by filtration with a
glass filter, washed with 30 mL of diethyl ethedatihe product was dried in vacuum.
520.63 mg (0.57486 mmol, 78 % c.y.) of a white pexM@8) were obtained.

CogH26Fs06P2PtS,  905.66 g/mol

'H NMR (400 MHz, DMSO#dg, 293 K):8 = 7.75 (M, 8 H, khpp-pheny); 7.61
(M, 4 H, Hppppheny); 7.54 (M, 8 H, kopppheny; 2.94 (M, 4 H,
PCH,); 1.81 (m, 2 H3Jp.4 = 24.74 Hz, PCBCH,) ppm.

3p NMR (162 MHz, DMSOdg, 293 K): 8 = -9.07 (s,"Jpr.p = 3678.10 Hz,
Pappp) PPM.
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8.5  Self-Assembly of Metallo-Supramolecular Competex
8.5.1 Self-Assembly of M., Complexes and their Catenanes

7 ] ligand complex | ligand complex
N A N 104 120 106 122
105 121 107 123

r ligand Q

104 On"g”

Ph,P{ _ _PPh,

\ 7/
\ / Pd \ /
TfO oTf 107 /N N\

27
40Tfe B E———
DMSO
A
LY gt D

108 O~ On

ligand complex | ligand complex 110 | |
N N.
104 112 108 116 AN T
105 113 109 117 v\
111 “—N  N—,
106 114 110 118 \ \
107 115 111 119

ligand complexes
108 124a/b
109 125a/b
110 126a/b
111 127a/b

a = MyL,; b = catenane
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ML, complexes with (dppp)Pd(OFPf112-119

General Self-Assembly Procedure:

3 mg (0.00367 mmol) of (dppp)Pd(OTf27 were mixed with an equimolar amount of
ligands104-111 These mixtures were dissolved in DMSO or DM&Cand stirred for
one day at room temperature. The solutions werne wised to examine the systems under

study.

ML, complex [((dppp)Pdf104),](OTf),112

Building blocks:

3.00 mg (0.00367 mmol) (1,3-bis(diphenylphosphinopane)palladium(ll)
trifluoro-methanesulfonat27

0.80 mg (0.00367 mmol) 1,2-bis(pyridin-4-yloxy)etied 04

CsoH 76F12N4016P4Pd284 2066.47 g/mol

'H NMR (DMSO-ds, 250 MHz, 303 K)3 = 8.35 (d, 8 H3Jun = 5.83 Hz, Hopyriding);
7.70-7.30 (M, 40 H, kpp-pheny); 6.66 (d, 8 H iy = 4.93 Hz, Hhpyriding);
4.18 (s, 8 H, OChligand; 3.09 (br., 8 H, PCH; 2.00 (m,*Jp.y = 24.18 Hz
4 H, PCHCH,) ppm.

3p NMR (DMSO-ds, 202 MHz, 303 K)5 = 9.05 (S, Bypp PPM.

ESI MS (ESI, DMSO/MeCN): m/z = 367 ([1:1:0f); 475 ([1:2:0f"); 540
([2:2:1]"); 667 ([1:0:1]); 776 ([2:1:2F"); 883 ([2:2:2f" and [1:1:1]);
1917 ([2:2:3]).
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ML, complex [((dppp)Pdf105,](OTf),113

Building blocks:
3.00 mg (0.00367 mmol) (1,3-bis(diphenylphosphinopane)palladium(ll)
trifluoro-methanesulfonat27

0.99 mg (0.00367 mmol) trans1,2-di(pyridine-4-yloxy)cyclohexan®05
CgoH38F12N4016P4Pd284 2174659/mo|

'H NMR (400 MHz, DMSOds, 293 K): & = 8.28 (br, Hpyiding; 7.60-7.30 (m,
Hdppp-pheny; 6.90 (br, Hapyriding; 6.33 (br, Hapyriding; 4.46 (M, Py-
OCHCH,); 3.09 (m, PCh); 1.98 (m,*Jpy = 26.44 Hz, PCHCH,); 1.83 (m,
Py-OCHCH); 1.71 (m, Py-OCHCH); 1.32 (m, Py-OCHCLLCH,) ppm.

P NMR (162 MHz, DMSO#ds, 293 K):5 = 9.21 (S, Byppy PPM.

ESI MS (ESI, DMSO/MeCN)m/z= 529 ([1:2:0f"); 576 ([2:2:0"); 667 ([1:0:1);
937 ([1:1:1] and [2:2:2]"); 2025 ([2:2:3] and [4:4:6]").

ML, complex [((dppp)Pdj106),](0Tf), 114

Building blocks:

3.00 mg (0.00367 mmol) (1,3-bis(diphenylphosphinopane)palladium(ll)
trifluoro-methanesulfonat27

1.17 mg (0.00367 mmol) N,N’-(1,2-phenylene-bis-(methylene))kis(
methylpyridine-4-amine)06

CogHoeF12NgO12P4Pd:S, 2270.83 g/mol

'H NMR (DMSO-ds, 250 MHz, 303 K): = 7.98 (d,%Ju = 4.57 Hz, H-pyridine);
7.90'7.20 (m, hbpp_phenﬁ, 6.97 (br, l_rlhenyb, 6.50 (br, l_rlhenyb, 6.31 (d,3\]HH
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= 6.28 Hz, Hhpyriding; 4.38 (br, CH); 4.21 (br, CH); 3.07 (m, PCH); 2.89
(s, CH); 2.61 (s, CH); 1.94 (m,2Jpy = 25.75 Hz, PCLCH,) ppm.

3p NMR (DMSO-ds, 202 MHz, 303 K)5 = 8.93 (S, Bypp PPM.

ESIMS (ESI, DMSO/MeCN): m/z = 419 ([1:1:0f"); 577 ([1:2:0f"); 607
([2:2:1%9; 986 ([1:1:1] and [2:2:2]"); 2121 ([2:2:3]).

ML, complex [((dppp)Pdf107),](OTf), 115

Building blocks:

3.00 mg (0.00367 mmol) (1,3-bis(diphenylphosphinopane)palladium(ll)
trifluoro-methanesulfonat27

1.17 mg (0.00367 mmol) N,N’-(1,4-phenylene-bis(methylene))-bis(methyl-
pyridine-4-amine)L07

ngH 96F12N8012P4Pd284 2270.83 g/mol

'H NMR (DMSO-ds, 250 MHz, 303 K)5 = 7.98 (d,’Jun = 4.58 Hz, Hopyriding); 7.58
(M, Happp-phenyl; 7.50-7.20 (M, labpp-phenyl; 6.97 (S, Hheny); 6.03 (br, Hh
pyriding); 4.44 (br, NCH); 3.03 (m, PCh); 2.84 (br, CH); 2.76 (br, CH);
1.93 (m,*Jpn = 24.96 Hz, PCBCH,) ppm.

3p NMR (DMSO-ds, 202 MHz, 303 K)5 = 9.89 (s, Bypp PPM.

ESI MS (ESI", DMSO/MeCN):m/z= 418 ([1:1:0f"); 607 ([2:2:1F"); 985 ([1:1:1]
and [2:2:27).

ML, complex [((dppp)Pdf108),](0Tf), 116

Building blocks:

3.00 mg (0.00367 mmol) (1,3-bis(diphenylphosphinopane)palladium(ll)
trifluoro-methanesulfonat27

0.85 mg (0.00367 mmol) 4-(3-(pyridine-4-yloxy)progydpyridine 105
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CssH 80F12N4016P4Pd284 2094.53 g/mol

H NMR

3P NMR
ESI MS

(DMSO-ds, 250 MHz, 303 K)5 = 8.36 (d, 8 H3Juy = 6.15 Hz, Hpyriding);
7.70-7.30 (M, 40 H, lpp-pheny); 6.64 (d, 8 H iy = 6.65 Hz, Hhpyriding);
3.83 (br., 8 H, OCHljgand; 3.09 (br., 8 H, PCh; 2.2-1.8 (m, 8 H,
OCH,CHy jigand and PCHCHy) ppm.

(DMSO-ds, 202 MHz, 303 K)5 = 9.21 (S, Bypp) PPM.

(ESI*, DMSO/MeCN):m/z= 489 ([1:2:01"); 667 ([1:0:1]); 897 ([2:2:2f"
and [1:1:1]).

ML, complex [((dppp)Pdi109),](OT,117

Building blocks:
3.00 mg (0.00367 mmol) (1,3-bis(diphenylphosphinopane)palladium(ll)

trifluoro-methanesulfonat27

0.95 mg (0.00367 mmol) 1,3-di(pyridine-4-yloxy)-Zjkmethyl)propend. 17

ngH 38F12N40]_6P4Pd284 2150.63 g/mol

'H NMR

3P NMR
ESI MS

(400 MHz, DMSO#dg, 293 K):5 = 8.34 (d, 8 H3J = 6.00 Hz, H.pyridind);

7.57 (M, 16 H, khpp-pheny); 7-46 (M, 8 H, bhpp-pheny); 7.36 (M, 16 H, khpp-
oheny); 6.64 (d, 8 HJun = 5.89 Hz, Hhpyridind; 3.52 (s, 8 H, Py-OCH;

3.08 (M, 8 H, PCH); (M, 4 H,%Jpn = 24.61 Hz, PCbCH,); 0.96 (s, 12 H,
CHz) ppm.

(162 MHz, DMSOés, 293 K):5 = 9.23 (S, Bypp PPM.

(ESI, DMSO/MeCN): m/z = 388 ([1:1:0f"); 517 ([1:2:0}"); 568
([2:2:1]*"); 667 ([1:0:1]); 925 ([1:1:1] and [2:2:2}"); 2001 ([2:2:2]).
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ML, complex [((dppp)Pdf110),](OTf),118

Building blocks:

3.00 mg (0.00367 mmol) (1,3-bis(diphenylphosphinopane)palladium(ll)
trifluoro-methanesulfonat27

0.94 mg (0.00367 mmol) N,N-dimethyl-N,N -di(pyridine-4-yl)propane-1,3-diamine
110

C88H 92F12N8012P4Pd284 2146.69 g/mol

'H NMR (DMSO-ds, 250 MHz, 303 K)3 = 7.94 (d, 8 H3Jun = 5.67 Hz, Hopyriding);
7.70-7.30 (M, 40 H, kpp-pheny); 6.24 (br., 8 H, Khoyiaing; 3.07 (br., 8 H,
PCH,); 2.76 (s, 12 H, CHJ; 1.95 (t,°Jp.4 = 22.67 Hz 4 H, PCKCH,) ppm.

P NMR  (DMSO-ds, 202 MHz, 303 K)5 = 9.00 (S, Byppy PPM.

ESIMS (ESI, DMSO/MeCN):m/z= 515 ([1:2:01"); 566 ([2:2:1*); 924 ([1:1:1]
and [2:2:2F"); 1997 ([2:2:3] and [4:4:6]").

ML, complex [((dppp)Pdj111),](OTf),119

Building blocks:

3.00 mg (0.00367 mmol) (1,3-bis(diphenylphosphinopane)palladium(ll)
trifluoro-methanesulfonat27

0.98 mg (0.00367 mmol) 1,4-bis(pyridine-4-yimetipyberazinel11

C90H92F12N8012P4Pd284 2170.72 g/mol
'H NMR (DMSO-ds, 400 MHz, 293 K):8 = 8.53 (br, H.pyrigind; 7.60-7.30 (m,

2.01 (m, N CHCH,N and PCHCH,) ppm.
3p NMR (DMSO-ds, 162 MHz, 303 K)5 = 8.88 (S, Bypp PPM.
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ESI MS (ESI, DMSO/MeCN): m/z = 394 ([1:1:0f); 574 ([2:2:1"); 667
([1:0:17"); 935 ([1:1:1] and [2:2:21).

M,L, Complexes with (en)Pd(N{ and the correspondingJ\, Catenanes

General Self-Assembly Procedure:

2.00 mg (0.00344 mmol) of (en)Pd(N@19 were mixed with an equimolar amount of
ligands104-111 These mixtures were dissolved in water or detgdravater and stirred
for one day at room temperature. The solutions wleee used to examine the systems
under study.

Mng complex [((en)PnglOZDQ](NOgM 120

Building blocks:
2.00 mg (0.00688 mmol) (ethylenediamine)palladiuyn(itrate 19
1.49 mg (0.00688 mmol) 1,2-bis(pyridin-4-yloxy)atie104

C28H40N12016Pd2 1013.53 g/mol

'H NMR (400 MHz, DO, 293 K):3 = 8.41 (d, 8 HJun = 7.04 Hz, Hpyriding); 7.01
(d, 8 H,3Juy = 7.08 Hz, Khpyriging; 4.51 (s, 4 H, OCH); 2.83 (s, 4 H,
NH>CH,) ppm.

ESI MS (ESI', water/acetone)n/z= 444 ([1:1:1]); 597 ([(2:1:3) — HNQ@"); 736
([2:1:3]"); 844 ([4:3:6F"); 952 ([2:2:3] and [4:4:61"); 1097 ([5:4:8]");
1218 ([8:7:13]"); 1289 ([8:8:131").
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ML, complex [((en)Pdf1109,](NO3),121

Building blocks:
2.00 mg (0.00688 mmol) (ethylenediamine)palladiuyn(itrate 19
1.86 mg (0.00688 mmol) trans-1,2-di(pyridine-4-yloxy)cyclohexan&05

036H52N12016Pd2 1121.71 g/mol

Without further experiments, the peaks in tHeNMR spectrum of systerb05 cannot be
assigned to the different isomeric species in gmufThus the peaks are just assigned to

their corresponding hydrogen atoms of the builditogks.

'H NMR (400 MHz, DO, 293 K):8 = 8.28 (d,*Jun = 7.12 Hz, Hpyrigind); 8.14 (d,
33nn = 7.12 Hz, Hopyriing); 7.00 (d,3Jhn = 7.19 Hz, Fhpyriding); 6.90 (d,
3Jnn = 7.20 Hz, Fhpyriding); ca. 4.80 (OCIEH,, superimposed by the
solvent peak); 2.84 (s, N8H>); 2.81 (s, NHCH,); 2.18 (M, Hyciohexy);
1.81 (M, Hyciohexy); 1.60 (M, Hycionexy); 1.42 (M, Hyciohexy) PPM.

ESI MS (ESI, water/MeCN):m/z= 498 ([1:1:1]); 790 ([2:1:3]); 924 ([4:3:6]");
1060 ([2:2:3] and [4:4:6F" and [6:6:91").

ML, complex [((en)Pd)106),](NO3)s 122

Building blocks:

2.00 mg (0.00688 mmol) (ethylenediamine)palladidym(itrate 19

2.19 mg (0.00688 mmol) N,N’-(1,2-phenylene-bis-(methylene))is(
methylpyridine-4-amine)06

C44H60N15012Pd2 1217.89 g/mol

240



8. Experimental Part

'H NMR (400 MHz, DO, 295 K):5 = 7.98 (d, 8 H3Jyy = 6.84 Hz, Hpyriding); 7.26
(dd, 4 H,*3us = 5.54 Hz,"Jun = 3.38 Hz, Hheny); 7.04 (dd, 4 H3Jyy =
5.24 Hz,"Jun = 3.64 Hz, Hheny); 6.63 (d, 8 H3Jun = 6.52 HZ, Fhpyriding);
4.47 (s, 8 H, Ch); 2.96 (s, 12 H, NC}J; 2.71 (s, 8 H, NEHCH,) ppm.

ESI MS (ESI, water/MeCN):m/z = 485 ((1:1:1) — HN@]"); 546 ([1:1:1] and
[2:2:21%); 851 ([3:3:4]): 864 ([1:2:1]); 1156 ([2:2:3] and [4:4:6]).

ML, complex [((en)Pdf107),](NO3)4 123

Building blocks:

2.00 mg (0.00688 mmol) (ethylenediamine)palladiuyn(itrate 19

2.19 mg (0.00688 mmol) N,N-(1,4-phenylene-bis(methylene))-bisMmethyl-
pyridine-4-amine)Ll23

C44H60N16012Pd2 1217.89 g/mol

'H NMR (400 MHz, DO, 295 K):5 = 7.93 (d, 8 H3Jyy = 6.44 Hz, Hpyriding; 7.16
(s, 8 H, Hheny); 6.69 (d, 8 H Juy = 6.72 Hz, Hhpyriding; 4.62 (S, 8 H,
CHy); 3.05 (s, 12 H, NChJ; 2.71 (s, 8 H, NKCH,) ppm.

ESI MS (ESI, water/MeCN):m/z = 485 ((1:1:1) — HN@]"); 546 ([1:1:1] and
[2:2:2]"); 1156 ([2:2:3] and [4:4:61").

ML, complex [((en)Pdf108),](NOs)4 124aand catenane [((en)R@08,](NO3)s 124b
Building blocks:
2.00 mg (0.00688 mmol) (ethylenediamine)palladiuyn(itrate 19

1.58 mg (0.00334 mmol) 1,3-bis(pyridin-4-yloxy)pemel08

C29H42N12016Pd2 1027.55 g/mol (MLz)
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CsgHgaN24032Pd,  2055.11 g/mol (catenane)

H NMR

ESI MS

(400 MHz, DO, 293 K):8 = 8.55 (d,°Ju = 6.72 Hz, Hpyridine (Mala
catenane)); 8.48 (dJun = 6.76 Hz, Hpyridine (MaL4 catenane)); 8.24 (d,
33un = 6.72 Hz, H.pyridine (M2L2)); 6.89 (M, Hhypyridine (MsLa catenane));
6.84 (d,%Jun = 6.96 Hz, hpyridine (M2L2)); 5.75 (d,%Juy = 6.64 Hz, H,
oyridine (MaL4 catenane)); 4.09 (Juy = 5.23 Hz, OCH (ML5)); 3.93 (t,
334n = 5.02 Hz, OCH (M4L4 catenane)); 2.75 (m, OGKM,L4 catenane));
2.69 (s, NHCHy); 2.12 (m, OCHCH, (M4L4 catenane) and OGBH,
(Mzl2)) ppm.

(ESI, water/acetone)n/z= 460 ([1:1:1]); 750 ([2:1:3]); 865 ([4:3:6]");
980 ([2:2:3] and [4:4:61"); 1174 ([8:6:13]"); 1250 ([8:7:13"); 1328
([8:8:13F"); 1501 ([12:12:201).

ML, complex [((en)Pd)109),](NOs)s 125aand catenane [((en)R¢09,](NO3)s 125b

Building blocks:
2.00 mg (0.00688 mmol) (ethylenediamine)palladiuyn(itrate 19
1.78 mg (0.00688 mmol) 1,3-di(pyridine-4-yloxy)-ZjEmethyl)propend.09

C34H52N12016Pd2 1097.69 g/mol (MLZ)
CegH104N2403Pd,  2195.37 g/mol (catenane)

'H NMR

242

(400 MHz, DO, 293 K):5 = 8.64 (d,%Juy = 6.44 Hz, Hpyridine (MaLs
catenane)); 8.56 (br, dgyridine (MaL4 catenane)); 8.35 (dJ = 6.84 Hz,
Ho-pyridine (M2L2)); 6.96 (d,°Jnn = 6.92 Hz, Fhpyridine (M2L2)); 6.92 (br, Hh
oyridine (MaL4 catenane)); 5.55 (br, dbyridine (MaLs catenane)); 3.94 (s,
OCH, (M3Ly)); 3.78 (s, OCH (MyL,4 catenane)); 2.87 (s, NBH, (M4L4
catenane)); 2.81 (s, NBH, (M2L>)); 1.08 (s, CH (M2L5)); 1.00 (s, CH,
(M4L4 catenane)); 0.96 (s, GHM4L4 catenane)) ppm.
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ESIMS (ESI', water/acetone)n/z= 425 ((1:1:1) — HN@]"); 488 ([1:1:1]); 1036
([2:2:3]" and [4:4:61).

ML, complex [((en)Pdf110),](NO3)s 126aand catenane [((en)R@10)4)(NO3)s 126b

Building blocks:

2.00 mg (0.00688 mmol) (ethylenediamine)palladiuyn(itrate 19

1.76 mg (0.00688 mmol) N,N-dimethylN,N -di(pyridine-4-yl)propane-1,3-diamine
110

Cg4H56N16012Pd2 1093.75 g/mol (MLz)
CGSH 112N32024Pd4 2187.50 g/mol (Catenane)

'H NMR (400 MHz, DO, 293 K):8 = 8.02 (d,*Jun = 6.72 Hz, Hpyridine (MalLa
catenane)); 7.98 (dJun = 6.49 Hz, Hpyridine (MaL4 catenane)); 7.94 (d,
3Jun = 6.37 Hz, Hpyidine (M2L2)); 6.48 (d,*Jun = 6.37 Hz, Hhpyridine
(MsL>)); 6.38 (d,%3n = 6.14 Hz, Hhpyridine (MaLs catenane)); 3.26 (m,
NCH,CH, (M2L2)); 3.09 (m, NCHCH, (M4L4 catenane)); 2.85-2.58 (m,
CHs (M4L4 catenane) and GHM.L,) and PANCH (M4L4 catenane) and
PANCH, (M2L5)); 1.68 (m, NCHCH, (MsL>)); 1.47 (m, NCHCH, (ML,
catenane)) ppm.

ESI MS (ESI, water/MeCN):m/z = 423 ([(1:1:1) — HN@"); 484 ([1:1:1] and
[2:2:2F); 713 ([(2:1:3) — HNQ@™"); 757 ([3:3:4);1032 ([2:2:3] and
[4:4:6]" and [6:6:97).
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ML, complex [((en)Pdf111),](NO3)s 127aand catenane [((en)RM11),)(NO3)s 127b

Building blocks:
2.00 mg (0.00688 mmol) (ethylenediamine)palladiuyn(itrate 19
1.85 mg (0.00688 mmol) 1,4-bis(pyridine-4-yimetipyberazinel 11

0346|‘|56N16012Pd2 1117.77 g/mol (MLz)
C/oH 112N32024Pd4 2235.54 g/mol (Catenane)

'H NMR (400 MHz, DO, 293 K):8 = 8.75 (d,%Ju = 6.40 Hz, Hpyridine (Mala
catenane)); 8.59 (dJun = 6.60 Hz, Hpyridine (MaL4 catenane)); 8.53 (d,
3Jun = 6.60 Hz, Hpyridine (M2L2)); 7.43 (d,*Jun = 6.73 Hz, Hhpyridine
(M4L4 catenane)); 7.36 (dJun = 6.60 Hz, Hpyridine (MaL4 catenane) and
Hopyridine (MoL2)); 4.11 (s, Py-CbN (M4lLs catenane)); 3.75 (m,
NCH,CH;N (MyL4 catenane)); 3.51 (s, Py-GN (M4L4 catenane)); 3.49
(s, Py-CHN (MaL,); 2.71 (s, NHCH,); 2.70-1.90 (br, m, NCHCH,N
(M4L4 catenane) and NGEH,N (M,Ly) ppm.

ESI MS (ESI, water/acetone): m/z = 435 ((1:1:1) — HNQ; 498 ([1:1:1]); 787
([2:1:3]"); 921 ([4:3:6f"); 1055 ([2:2:3] and [4:4:6]").
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8.5.2 Self-Assembly Metallo-Supramolecular Triasg@d Squares

X
'\Il N o | NoL = PhaPs .PPh; PhyP. PPh,
P . Pd Pt
N” N TfO OTf  TO OTf
H H 27 28
129

/@N‘[M]q\@\ [M] O/ \GN[M]
HNT N Z SNH </\ /> Q
HN’ko O)\NH o - "
fﬁ 6 OTIO fﬁ + HN>=O 8 OTr® 0=<NH
[M], [M] <\ o > < \/>
O\ /O [M] W]
133a/b ([M] = 27) O\ /O

137a/b ([M] = 28)

Self-Assembly Procedut®
5.00 mg (0.047 mmol) 1,3-di(pyridin-4yl)ured29 were combined with equimolar

amounts of (dppp)Pd(OTfpr (dppp)Pt(OTH, respectively. The mixtures were dissolved
in DMSO, DMSO-d, DMF or DMF-d,, respectively, and stirred fo 24 hours at room
temperature. Afterwards the samples were used MIRNspectroscopic and mass

spectrometric analyses.

triangle [((dppp)Pd)1293](OTf)s 133aand Square [((dppp)PA129),](OTf)g 133b

Building blocks:
5.00 mg (0.047 mmol) 1,3-di(pyridin-4yl)uréa9
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38.11 mg (0.047 mmol) (1,3-bis(diphenylphosphimopane)palladium(ll)

trifluoromethanesulfonat27

C120H108F18N12021PsSsPd;  3093.7 gmo’f (triangle)
Cis0H144F24N16026PsSgPds  4004.8 ngi' (square)

'H NMR (500 MHz, DMF4, 298 K):5 = 9.67 (br, NH (square)); 9.41 (br, NH
(triangle); 8.59 (s, Ky (square)); 8.54 (s, &y (triangle)); 7.79 (m,
Happp-phenyl; 7.51 (M, Hppp-pheny); 7-44 (M, Hppp-phenyl; 7.23 (M, Kh
py); 3.29 (M, PCH); 2.21 (m, PCHCH,CH,P) ppm.

3p NMR (202 MHz, DMF4y, 298 K):5 = 9.50 (s, Rypp (square)); 9.82 (S,dkp
(triangle)) ppm.
ESI MS (ESI, acetone)m/z = 2944 ([3:3:5]); 1913 ([4:4:61"); 1398

([3:3:41"); 822 ([3:3:37".

triangle [((dppp)PE(129)3](OTf)s 137aand square [((dppp)R€129.](OTf)s 137b

5.00 mg (0.047 mmol) 1,3-di(pyridin-4yl)uréag
42.27 mg (0.047 mmol) (1,3-bis(diphenylphosphimopane)platin(il)

trifluoromethanesulfonat28

Ci20H108F18N12021PsSsPt; 3359.6 gmo’f (triangle)
Cis0H144724N160,6PsSsPts 4359.4 ngi' (Square)

H-NMR (500 MHz, DMSOds, 298 K):5 = 9.66 (s, NH (square)): 9.53 (s, NH
(triangle)); 8.35 (dJun = 5.65 Hz, Hyy (square)); 8.32 (diduy =
6.26 Hz, H.py (triangle)); 7.64 (M, Ehpp-pheny); 7.46 (M, Hppp-pheny);
7.38 (M, Hppp-pheny; 7.09 (M, kKhpy); 3.20 (m, PCH); 1.98 (m,
PCH,CH,CH,P) ppm.
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31p NMR

ESI MS

(202 MHz, DMSO#dg, 298 K):8 = - 12.04 (s3Jptp = 3030 Hz, Bypp
(square)); - 11.81 (&Jp.p= 3030 Hz, By (triangle)) ppm.

(ESI, acetone)n/z= 3210 ([3:3:5] and [6:6:101"); 2090 ([2:2:3],
[4:4:6F" and [6:6:9]"); 1530 ([3:3:4}" and [6:6:81"); 1344
([4:4:5F"); 971 ([3:3:37".
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8.5.3 Self-Assembly of Small Metallo-Supramleculages

DMSO

[Pd(MeCN)4(BFy).]
149

DMSO

[Pd(MeCN)4(BF4)2]
149

S}
151b  6BF,

©)

DMSO
(o) '
[PA(MeCN)4(BF,),] D
— 149
(@]
v,
\ N

d)

DMSO

[Pd(MeCN)4(BFy).]
149
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General Self-Assembly Procedure:
2.00 mg (0.0045 mmol) tetrakis(acetonitrilo)pallad(ll) tetrafluoroboratel49 was

mixed with two equivalents of the ligand€5-148and dissolved in 0.6 mL of DMF,
DMSO, DMFd; or DMSO4y, respectively. These solutions were stirred fomiih at
room temperature and afterwards characterized NNR spectroscopy and ESI mass

spectrometry.

MgLé Complex [Pd(l45)4-|(BFé)_4 150

Building blocks:
2.00 mg (0.00450 mmol) tetrakis(acetonitrilo)pditan(ll) tetrafluoroboratd.49
4.80 mg (0.00900 mmol) 3,3’-bis(pyridin-4-ylethyjtyibhenyl145

C1s6HoeBsF24N12Pd3 2978.6 g/mol (MLG)
'H NMR (500 MHz, DMFd7, 298 K):3 = 9.17 BA XX, *Jun = 6.68 Hz, H.pyriding);
8.10 (S, Hiary); 7.98 (M,* Iy = 6.68 Hz, Huiary); 7.95 AA XX, 3Jy =

6.76 HZ, |'|*n—pyridine); 7.61 (m, bl’., |'Blbiaryl and |'4—biary|) ppm.
ESIMS (ESI*, DMSO/MeCN):m/z= 906 ([1:2:1] and [3:6:3"); 1402 ([3:6:2]").

ML, complex [Pe(146)4](BF4)s 151aand MiLe complex [Pg(146))(BF4)s 151b

Building blocks:
2.00 mg (0.00450 mmol) tetrakis(acetonitrilo)pditan(ll) tetrafluoroboratd.49
4.80 mg (0.00900 mmol) 3,3’-bis(pyridin-3-ylethyjtyibhenyl146

C]_04H64B4F16N3Pd2 1985.73 g/mol (M_4)
C156ngBeF24N12Pd3 2978.6 g/mol (MLG)
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'H NMR

ESI MS

(400 MHz,DMSOds, 298 K):& = 9.61 (S, Hpyridine (MaLe)); 9.59 (s, H
oyridine (M2L4)); 9.27 (d,%Jun = 4.06 Hz, Hpyridine (MsLe)); 9.18 (d 23y =
6.13 Hz, H.pyridine (M2L4)); 8.27 (d,%Juy = 7.66 Hz, Hpyridine (M2L4 and
Msle)); 7.94 (s, Hupiaryi(MsLe)); 7.86-7.78 (M, R pyridine (M2L4 and MsLe)
and Hpiary (M2L4) and Hepiaryt (M3Le)); 7.68 (d,’Iun = 7.63 Hz, Hoiayi
(M2L4)); 7.65 (d,23un = 7.42 Hz, Hpiaryi (MsLe)); 7.58 (d,2Jun = 7.35 Hz,
H,-biaryi (M2L4)); 7.49 (t,%Jan = 7.84 Hz, Huiary (MaLe)); 7.21 (t,%Iun =
7.66 Hz, Hupiary (M2L4)) ppm.

(ESI', DMSO/MeCN): m/z = 410 ([2:4:0f" and [3:6:01); 422
([(3:6:0DMSOF"); 428 ([(2:4:0)DMSOf"); 509 ([3:6:1}"); 575
([2:4:1%"); 601 ([(2:4:1)DMSOTY; 658 ([3:6:21"); 883 ([(3:6:3) — BE*";
906 ([2:4:2F" and [3:6:31"); 1402 ([3:6:21"); 1899 ([2:4:3]).

MgLé Complex [Pd(l47)4-|(BFé)_4 152

Building blocks:
2.00 mg (0.00450 mmol) tetrakis(acetonitrilo)pditan(ll) tetrafluoroboratd.49
4.80 mg (0.00900 mmol) N,N’-(4,4’-(cyclohexane-1,1-diyl)-bis-(2,6-dimethyl-4,1

phenylene)) diisonicotinamide47

C136H144BaF16N160Pd> 8072.28 g/mol (ML)

H NMR

ESI MS

250

(400 MHz, DMSO#és, 294 K):8 = 10.03 (d,"Jun = 1.39 Hz, Hopyriding);
9.94 (s, NH); 9.52 (d®Juy = 5.68 Hz, Hpyriging); 8.59 (d,*Jun = 8.00 Hz,
Ho pyriding; 7.90 (dd,*Jun = 7.80 Hz,*Ju = 5.91 Hz, hpyriding; 7-14 (S,
Hoheny); 2.24 (m, CCH); 2.07 (s, CH); 1.43 (m, CCHCH, and
CCH,CH,CH,) ppm.

(ESI, DMSO/MeCN): m/z = 586 ([2:4:0f); 719 ([2:5:0f"); 810
([2:4:1]%"); 988 ([2:5:1F"); 1258 ([2:4:21").
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M@LI_Z complex [Pd(l48)12-|(BFi1)12 153

Building blocks:

2.00 mg (0.00450 mmol) tetrakis(acetonitrilo)pditan(ll) tetrafluoroboratd.49

4.80 mg (0.00900 mmol) N,N’-(4,4’-(cyclohexane-1,1-diyl)-bis-(2,6-dimethyl-4,1
phenylene)) dinicotinamid&48

C403H432812F48N43024Pd6 8072.28 g/mol (M—lZ)

'H NMR (400 MHz, DMSO#dg, 294 K): 8 = 10.00 (br, NH); 9.414A"-XX’, 3Jun =
4.87 Hz, Hpyriding; 8.13 AA-XX, 3Juy = 4.76 Hz, Hhpyrigind; 7-09 (br,
Hpheny); 2.25 (m, CCH); 2.02 (s, CH); 1.48 (m, CCHCH, and
CCH,CH,CH,) ppm.

ESI-MS (ESI, DMSO/MeCN): m/z = 533 ([(0:1:0)+H]) 585 ([1:2:0f"); 851
([1:3:0P%); 922 ([6:12:41"); 989 ([6:13:4]"): 1066 ([6:12:5]"); 1143
([6:13:5]'"); 1258 ([6:12:6{").
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8.5.4 Self-Assembly of M., and MsL; Complexes Based on Urea Ligands

R" R? R® R“

162 H H H [\ A
163 Me H H N HoN_  NH; thP\M/Pth
164 H Me H Pd( 0" NoTt
165 H H Me H N O3N  NOj;

166 H H H Me 19 27 (M = Pd?*)
28 (M = Pt?*)

[M] =19, 27 or 28
DMSO, DMF or water
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ML, complexed 69-173with (en)Pd(NQ),

General Self-Assembly Procedure:

2 mg of the ligand462-168were mixed with an equimolar amount of (en)Pd{NQO9.
These mixtures were dissolved in®] D,O, DMSO or DMSOds and stirred for one day

at room temperature. The solutions were then useddmine the systems under study.

No discrete complexes were observed using ligdiiand 166 and an appropriate

characterization of these mixtures was not possible

ML, complex [((en)Pd)162),](NO3), 169

Building blocks:
2.71 mg (0.00934 mmol) (ethylenediamine)palladillinmjtrate 19
2.00 mg (0.00934 mmol) 1,3-di(pyridin-3-yl)uré?

C26H36N15014Pd2 1008.07 g/mol (M_z)
'HNMR:  (DMSO-ds, 400 MHz, 298 K): = 9.82 (s, 4 H, Bloyridind; 9.61 (s, 4 H,
NHureg; 8.61 (dd 2Juy = 4.76 Hz,"Jun = 1.76 Hz, 4 H, Boyiding; 7.58 (M,

8 H, Hn_pyridineand l_!)_pyndme), 5.59 (S, 8 H, NlZD, 2.69 (S, 8 H, Cb') ppm.
ESI MS: (ESI*, DMSO/acetonitrile)m/z= 948 ([2:2:3]); 443 ([2:2:2]).

ML, complex [((en)Pd)164),](NO3)4 170

Building blocks:
2.40 mg (0.00825 mmol) (ethylenediamine)palladillinmitrate 19
2.00 mg (0.00825 mmol) 1,3-bis(4-methylpyridin{3}dyeal64
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C30H44N15014Pd2 1064.13 g/mol (M_z)

H NMR: (DMSO-ds, 400 MHz, 298 K):3 = 9.58 (s, Hpyriding; 8.92 (S, NHhed);
8.48 (d,*Jun = 5.70 Hz, Hopyriding); 7. (d,°Inn = 5.83 Hz, Hhpyriding); 5.57
(s, NH); 2.89 (s, CH); 2.33 (s, CH) ppm.

ESI MS: (ESI, DMSO/acetonitrile):m/z = 1004 ([2:2:3] and [4:4:6]"); 972
([(4:4:6) — HNQ]?); 472 ([2:2:2f).

ML, complex [((en)Pd)165,](NO3)4 171

Building blocks:
2.40 mg (0.00825 mmol) (ethylenediamine)palladillinmitrate 19
2.00 mg (0.00825 mmol) 1,3-bis(5-methylpyridin{3uyeal 65

CgoH44N16014Pd2 1064.13 g/mol (M_z)

'HNMR:  (DMSO-ds, 250 MHz, 303 K)5 = 9.65 (d,"Jun = 2.03 Hz, Hpyriding); 9.53
(s, NHureg; 8.49 (d,"Jun = 1.03 Hz, Hpyriding; 7-36 (M, Hpyriging); 5.55 (br,
NH>); 2.68 (br, CH); 2.31 (s, CH) ppm.

ESI MS: (ESI", DMSO/acetonitrile):m/z = 1004 ([2:2:3] and [4:4:6]"); 972
([(4:4:6) — HNQJ*"); 941 ([(4:4:6) — 2 HNG?"); 648 ([4:4:5]"); 472
([1:1:1]" and [2:2:2).

ML, complex [((en)Pd)167),](NO3)4 172

Building blocks:
2.40 mg (0.00825 mmol) (ethylenediamine)palladillinmitrate 19
2.00 mg (0.00825 mmol) 1,3-bis((pyridin-3-yl)melfuyeal67
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C30H44N15014Pd2 1064.13 g/mol (M_z)

H NMR: (DMSO-d;, 500 MHz, 298 K)5 = 8.65 (d, Juu = 5.35 Hz, H.pyridind; 8.56
(S, Ho-pyridind; 7-86 (d,°Jun = 7.70 Hz, H.pyriding; 7.86 (dd,*Jun = 7.80 Hz,
3Jhn = 5.60 Hz, Hhpyrigind; (t, *Ju = 6.05 Hz, NHred); 5.58 (S, NH); 4.19
(d, 33un = 5.75 Hz, (CH)ured; 2.67 (S, NHCH,) ppm.

ESI MS: (ESI", DMSO/acetonitrile):m/z = 1004 ([2:2:3]); 761 ([2:1:3]); 472
([1:1:1]" and [2:2:2).

Mng complex [((en)P@1168)2-|(NO§)4 173

Building blocks:
2.40 mg (0.00825 mmol) (ethylenediamine)palladillinmitrate 19
2.00 mg (0.00825 mmol) 1,3-bis((pyridin-4-yl)metfuyeal68

C30H44N15014Pd2 1064.13 g/mol (M_z)

H NMR: (DMSO-d;, 500 MHz, 298 K)5 = 8.77 (d, Juu = 6.10 Hz, H.pyriding; 7.42
(d, *Jun = 5.99 HZz, Bhpyriding; 6.90 (t,°Jun = 5.97 Hz, NHep; 5.56 (s,
NH,); 4.29 (d,*J4n = 5.36 Hz, (CH)ured; 2.67 (S, NHCH,) ppm.

ESI MS: (ESI, DMSO/acetonitrile):m/z = 1004 ([2:2:3] and [4:4:6]"); 882
([4:3:6]"); 761 ([2:1:3]); 472 ([1:1:1] and [2:2:21").

ML, and ML scomplexesl 74a/b-183with (dppp)Pd(OTH and (dppp)Pt(OT))

General Self-Assembly Procedure:

2 mg of the ligand462-168were mixed with an equimolar amount of the meéalters
or (dppp)Pd(OTH (27) or (dppp)Pt(OTH (28), respectively. These mixtures were
dissolved in DMSO, DMS@k, DMF or DMFd; and stirred for one day at room

temperature. The solutions were then used to exathasystems under study.
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No discrete complexes were observed using ligdiiand 166 and an appropriate

characterization of these mixtures was not possible

ML, [((dppp)Pd)(162),](OTf), and MsLs complex [((dppp)Pdf162)3](OTf)e 174a/b

Building blocks:

7.63 mg (0.00934 mmol) (1,3-bis(diphenylphosphimopane)palladium(ll)
trifluoro-methanesulfonat27

2.00 mg (0.00934 mmol) 1,3-bis(pyridin-3-yl)ura2

CgoH72F12NgO14P4Pd,>S, 2062.45 g/mol (M_z)
Ci20H108F18N12021PsPd3Ss - 3093.67 g/mol (MLy)

'HNMR:  (DMF-dy, 500 MHz, 273 K):8 = 9.81 (S, Hpyridine MaL2); 9.43 (s, H
oyridine MaLa); 9.17 (s, NH, ML2); 9.11 (d,*Juy = 4.68 Hz, Hpyridine
M;L5); 9.07 (d,23nn = 4.61 Hz, Hpyridine MsLs); 8.68 (s, NH, ML3); 8.53
(b, Hmpyridine MoL2); 8.22 (M, Hypyridine (M3Ls) and Hpyridgine (M2L2));
7.15-8.26 (M, Hpyridine (M3L3) and Hippp-pheny MoL2 and MsLs); 3.28 (br.,
PCH,); 1.72 (m, PCHCHy) ppm.

P NMR:  (DMF-d7, 202 MHz, 303 K)5 = 9.77 (S, Bypp MsL3); 9.32 (S, Bypp MaL2)
ppm.

ESI MS: (ESI, DMSO/acetonitrile):m/z = 1913 ([2:2:3] and [4:4:61"); 1226
([4:4:5]*); 1095 ([1:2:1]); 882 ([1:1:1] and [2:2:2]).

ML [((dppp)Pd)(164),](OTf), and MLz complex [((dppp)Pdj164)3](OTf)e 175a/b

Building blocks:
6.74 mg (0.00825 mmol) (1,3-bis(diphenylphosphimopane)palladium(ll)
trifluoro-methanesulfonat27
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2.00 mg (0.00825 mmol) 1,3-bis(4-methylpyridin{}dyeal64

CgaHgoF12NgO14P4Pd2S, 2116.62 g/mol (ML)
C126Hg4F18N1,0,1PsPd3Ss 3141.55 g/mol (MLg)

'H NMR: (DMF-d7, 500 MHz, 298 K):d = 9.70 (S, Hpyridine M2L2); 9.17 (S, H-
pyridine M3L3); 8.96 (s, NH, MLy); 8.81 (br, Hpyridine (M2L2) and NH
(M3L3)); 8.63 (s H.pyridine MaLa); 8.41(br, Hppp-pheny MaL2); 7.93 (br,
Happp-pheny M3L3); 7.84-7.27 (M, Hlpyridine (MsLs) and Hippp-pheny M2L2
and MsL3); 7.03 (S, H-pyridine M2L2); 3.32 (br., PCH); 2.29 (m, PCHCHy);
2.17 (s, CH) ppm.

P NMR:  (DMF-d;, 202 MHz, 298 K):5 = 10.07 (S, Bypp MsL3); 9.67 (S, Bopp
M2L2) ppm

ESI MS: (ESI", DMSO/acetonitrile):m/z = 1968 ([2:2:3]); 910 ([1:1:1] and
[2:2:2]).

ML, [((dppp)Pd)(165,](OTf), and MsLs complex [((dppp)Pdf1693](OTf)e 176a/b

Building blocks:

6.74 mg (0.00825 mmol) (1,3-bis(diphenylphosphimopane)palladium(ll)
trifluoro-methanesulfonat27

2.00 mg (0.00825 mmol) 1,3-bis(5-methylpyridind3dyeal65

C84H80F12N8014P4Pd284 2116.62 g/mol (M_z)
C126H84F18N12021P6Pd386 3141.55 g/mol (ML:;)

H NMR: (DMF-d7, 500 MHz, 298 K):3 = 9.70 (S, Hpyridine M2L2); 9.17 (s, H.

pyridine MSLS); 8.97 (S, |'(!—pyridines MZLZ); 8.81 (m, NH (MLZ) and |'!)—pyridine
(M3L3)); 8.63 (S, Hpyidine Mal3); 8.41 (br., NH, MLs); 8.00-7.30 (m,
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Happp-pheny); 7-03 (S, Hpyridine Ma2l2); 3.40-3.20 (m, PCH ML, and
MsL3); 2.42-1.92 (m, Chland PCHCH,, ML, and MsL3) ppm.

P NMR:  (DMF-d;, 202 MHz, 298 K):5 = 10.07 (S, Bypp MsL3); 9.67 (S, Bopp
Mal2) ppm.

ESI MS: (ESI", DMSO/acetonitrile): m/z = 910 ([1:1:1] and [2:2:2f"); 667
([1:0:1]"); 557 ([2:2:1F"); 501 ([1:2:0F").

ML [((dppp)Pd)(167),](OTf), and MLz complex [((dppp)Pdj167)3](OTf)e 177alb

Building blocks:

6.74 mg (0.00825 mmol) (1,3-bis(diphenylphosphimopane)palladium(ll)
trifluoro-methanesulfonat27

2.00 mg (0.00825 mmol) 1,3-bis((pyridin-3-yl)meljuyeal67

CgaHgoF12NgO14P4Pd2S, 2116.62 g/mol (ML)
C126Hg4F18N120,1PsPd3Ss 3141.55 g/mol (MLg)

'HNMR:  (DMF-d;, 500 MHz, 273K):5 = 9.09 (br., Hpyidgingd; 8-53 (S, Hpyridind);
8.33 (br., Hppp-pheny; 8.00-7.15 (br., m, khpp-phenyi@and NH); 6.78 (br., K
oyriding); 4.12 (br,NCH); 3.76 (br., NCH); 3.36 (PCH); 1.79 (PCHCH))
ppm.

P NMR:  (DMF-d;, 202 MHz, 233 K):5 = 10.71 (S, Bpp MaLs); 10.52 (S, Rupp
MaL2) ppm.

ESI MS: (ESI, DMSO/acetonitrile):m/z = 910 ([1:1:1] and [2:2:2}); 667
([1:0:1]"); 557 ([2:2:1F"); 501 ([1:2:0F"; 380 ([1:1:0F").
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ML, [((dppp)Pd)(168),](OTf)4 178

Building blocks:

6.74 mg (0.00825 mmol) (1,3-bis(diphenylphosphimopane)palladium(ll)
trifluoro-methanesulfonat27

2.00 mg (0.00825 mmol) 1,3-bis((pyridin-4-yl)meljuyeal68

Cg4H 30F12N8014P4Pd284 2116.62 g/mol (M_z)

'HNMR:  (DMF-d;, 500 MHz, 303 K)3 = 8.81 (d,Jun = 4.85 Hz, H.pyridgind; 7.77
(M, Happp-pheny); 7-60 (M, Hppp-pheny); 7.50 (M, Hppp-pheny; 7.07 (d,* Iy =
4.85 Hz, Hypyriding; 6.88 (M, NH); 4.18 (£3un = 5.50 Hz, CH); 3.37 (br.,
PCH); 1.72 (m, PCHCH,) ppm.

3P NMR:  (DMF-d7; 202 MHz; 303 K)5 = 9.16 (S, Bypp PPM.

ESI MS: (ESI, DMSO/acetonitrile): m/z = 910 ([1:1:1] and [2:2:2}); 667
([1:0:1]%); 557 ([2:2:1F"); 501 ([1:2:0f"); 380 ([1:1:07").

ML, [((dppp)Pt)(162),])(OTf)4 and ML s complex [((dppp)P{162)3](OTf)e 179a/b

Building blocks:

8.46 mg (0.00934 mmol) (1,3-bis(diphenylphosphimopane)platinum(ll) trifluoro-
methanesulfonat28

2.00 mg (0.00934 mmol) 1,3-bis(pyridin-3-yura2

CsoH72F15NgO14P4P1:S, 2239.76 g/mol (M_z)
Ci20H108F18N12021PsPt:Ss - 3359.65 g/mol (ML3)

'H NMR: (DMF-d7, 500 MHz, 298 K)3 = 9.71 (br, NH, ML>); 9.38 (s, H-pyridine

MSLS); 9.18 (S, I'ci—pyridine, MZLZ); 9.13 (dFJHH =4.89 HZ, |'cl—pyridine, M2|—2);
9.07 (d,*Jun = 4.89 Hz, H.pyridine M3L3); 8.72 (br, NH, MLs); 8.54 (m,
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Hdppp-pheny MaL2); 8.20 (M, Hppp-pheny MaLs); 7.76-7.26 (M, lghpp-phenyi
and Hnpyridine and Hypyridine MaoL2 andMsls); 3.71 (m, PCH); 3.37 (m,
PCH); 2.95 (m, PCHCH,) ppm.

3P NMR:  (DMF-d;, 202 MHz, 298K)3 = -15.81 (S, Bypp “Jrtp= 3000 Hz, MLs); -
16.13 (S, Bopp “Jprp= 3000 Hz, MLs) ppm.

ESI MS: (ESI, DMSO/acetonitrile):m/z = 2146 ([2:2:3]); 1381 ([4:4:5"); 999

([2:2:2%).

ML, [((dppp)Pt)(164),](OTf)4 and ML complex [((dppp)P§164)3](OTf)e 180a/b

Building blocks:

7.48 mg (0.00825 mmol) (1,3-bis(diphenylphosphimopane)platinum(ll) trifluoro-
methanesulfonat23

2.00 mg (0.00825 mmol) 1,3-bis(4-methylpyridin{3uyeal64

CsaHgoF12NgO14P4P1:S, 2295.87 g/mol (M_z)
C12dHg4F18N12021PsP13Ss 3407.52 g/mol (ML:;)

H NMR: (DMF-d;, 500 MHz, 298 K)5 = 9.58 (S, Hpyridine M2L2); 9.07 (d,*Juy =
5.86 Hz, Hpyrigine Mal3); 9.02 (d,2Jnn = 4.65 Hz, Hpyridine M2Ly); 8.56
(s,NH, MsL3); 8.49 (MHgppp-pheny MaLo); 8.41 (br, NH, MLy); 8.24 (m,
Happp-pheny MaL3); 8.22 (br, H.pyridine MalL3); 7.76-7.12 (M, lahpp-phenyiand
Himpyridine M2L2 andMsLs); 3.27 (m, PCH); 2.62 (m, PCHCH,); 2.29 (s,
CHgs, M3L3); 2.08 (s, CH, ML) ppm.

3P NMR  (DMF-d7, 121 MHz, 298K)3 = -12.57 (S, Rpp “Jptp= 3021 Hz, ML,); -
12.63 (S, Bopp Jptp= 3021 Hz, ML,) ppm.

ESIMS:  (ESF, DMSO/acetone)m/z = 2146 ([2:2:3]); 1381 ([4:4:5]"); 999
([2:2:2F); 616 ([2:2:17).
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ML, [((dppp)Pt)(165),](OTf)4 and ML complex [((dppp)P§1653](OTf)s 181a/b

Building blocks:

7.48 mg (0.00825 mmol) (1,3-bis(diphenylphosphmopane)platinum(ll) trifluoro-
methanesulfonat23

2.00 mg (0.00825 mmol) 1,3-bis(5-methylpyridin{uyeal 65

Cg4H30F12N8014P4Pt254 2295.87 g/mol (M_z)
C12dHg4F18N12021PsP13Ss 3407.52 g/mol (ML:;)

'HNMR:  (DMF-d, 500 MHz, 298K):56 = 9.56 (S, Hpyridine M2L2); 9.27 (s, H
pyridine MaL3); 9.05 (S, H-pyridine M2L2); 8.90 (SNH, MaL>); 8.80 (SNH,
Msls); 8.66 (S, Hpyridine Mals); 8.50 (M, Hppppheny MaL2); 7.94 (m,
Hdppp-pheny MaL3); 7.77-7.33 (M, labpp-phenyi(M2L2 andMsls) and Hypyridine
MsL3); 7.07 (S, Hpyridine M2L2); 3.71 (m, PCH); 2.16 (s, CH); 2.08 (m,
PCHCH,) ppm.

3P NMR:  (DMF-d7, 202 MHz, 298 K)3 = -11.84 (S, Bypp “Jpee = 3020 Hz, ML3);
-11.99 (S, Bopp “Jprp= 3020 Hz, MLy) ppm.

ESI MS: (ESI, DMSO/acetonitrile)m/z= 546 ([1:2:0F"); 566 ([(2:2:1) — HOT{;
616 ([2:2:1F"; 998 ([1:1:1] and [2:2:2f); 1120 ([2:3:2f"); 1381
([4:4:5F.

ML, [((dppp)Pt)(167),)(OTf)4 and ML s complex [((dppp)P{167)3](OTf)e 182a/b

Building blocks:

7.48 mg (0.00825 mmol) (1,3-bis(diphenylphosphimopane)platinum(ll) trifluoro-
methanesulfonat28

2.00 mg (0.00825 mmol) 1,3-bis((pyridin-3-yl)metfuyeal 67

CgaHgoF12NgO14P4P1:S, 2295.87 g/mol (M_z)
C126H84F18N12021PePt3Ss 3407.52 g/mol (MLg)
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'H NMR:

3p NMR:

ESI MS:

(DMF-d7, 500 MHz, 273K):8 = 9.09 (S, Hpyridine M2L2); 8.84 (s, H.
oyridine, MaLa); 8.51 (S, Hpyridine MaL2); 8.00-7.15 (m, NH (MLs) and
Hdppp-phenyt @Nd Hypyridine and By pyridine M2L2 and MiLa); 6.67 (t, NH,
M,L,); 4.13 (br.,NCH); 3.77 (br., NCH); 3.41 (br., PCh); 1.77 (m,
PCH,CH;) ppm.

(DMF-d7, 202 MHz, 298K): -14.57 (S,dRp “Jpee = 3025 Hz, MLs); -
15.10 (S, Bopp “Jptp= 3025 Hz, ML3) ppm.

(ESI, DMSO/acetonitrile):m/z = 546 ([1:2:0f"); 616 ([2:2:1}"): 696
([2:3:11%); 998 ([1:1:1] and [2:2:2]).

M;L, [((dppp)Pt)(168),](OTf), 183

Building blocks:
7.48 mg (0.00825 mmol) (1,3-bis(diphenylphosphmopane)platinum(ll) trifluoro-

methanesulfonat28

2.00 mg (0.00825 mmol) 1,3-bis((pyridin-4-yl)meluyeal68

Cg4H 30F12N8014P4Pt254 2295.87 g/mol (M_z)

'H NMR:

31p NMR:
ESI MS:

262

(DMF-d7, 500 MHz, 303 K)3 = 8.81 (d,*Jun = 4.90 Hz, Hpyriding; 7.80
(M, Happp-phenyl; 7.61 (M, Hppp-pheny; 7.51 (M, Hppp-pheny; 7.09 (d,3JHH =
6.00 HZ, Hh-pyriding; 6.95 (t,°Jun = 5.72 Hz, NH); 4.19 (FJun = 5.67 Hz,
CH,); 3.46 (br., PCH): 1.72 (m2Jp.4 = 24.20 Hz, PCBCH,) ppm.
(DMF-dy, 202 MHz, 298K): -15.47 (S,4fp “Jrtp= 3036 Hz) ppm.

(ESI", DMSO/acetonitrile):m/z = 546 ([1:2:0f"); 616 ([2:2:1F"); 696
([2:3:11"); 998 ([1:1:1] and [2:2:21).
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8.5.5 Self-Assembly of Bispyridyl-Urea BasedlM and MsLg Complexes
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General Self-Assembly Procedure:

2.07 mg (0.0046 mmol) tetrakis(acetonitrilo)pallad(ll) tetrafluoroboratel49 was
mixed with two equivalents of the 1,3-bis(pyridiBed)urea ligands162-119 and
dissolved in 1 mL of DMF, DMSO, DMHE; or DMSO4;, respectively. These solutions
were stirred for 15 min at room temperature anérafirds characterized with NMR

spectroscopy and ESI mass spectrometry.
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For the mixtures with ligand$63 and 117, no formation of discrete complexes was

observed.

ML 4 complex [Pe(162),](BF,), and ML complex [Pd(162¢](BF4)s_185a/b

Building blocks:
2.07 mg (0.00467 mmol) tetrakis(acetonitrilo)pditan(ll) tetrafluoroboratd.49
2.00 mg (0.00934 mmol) 1,3-bis(pyridin-3-yl)urkd2

C44H4oB4F16N1504Pd2 1416.95 g/mol (M_4)
CesHgoBsF24N2406Pd3 2125.43 g/mol (MLG)

'H NMR (400 MHz, DMSO6s) 8 = 10.67 (d,"Jun = 1.01 Hz, Hpyridine (M2La));
9,67 (d,"Jun = 2.01 Hz, Hpyridine (M3Le)); 9.64 (s, NH (MLa)); 9.40 (s,
NH (MsLe)); 9.12 (d,*Jun = 5.41 Hz, Hpyridine (MaLe)); 8.67 (dd,2Ju =
4.59 Hz,"Jun = 2.08 Hz, Hpyidine (M2La)); 7,62 (M, Khpyridine and Hs
pyridine (M2L4 and MsLg)) ppm.

ESI MS (ESI, DMSO/acetone)m/z = 533 ([(2:4:2) — 2 HBE?"); 578 ([(2:4:2) —
HBF,?); 622 ([1:2:1] and [2:4:2}" and [3:6:3}"); 679 ([(5:9:6) — 3
HBF,*); 701 ([(5:9:6) — 2 HBR*"); 857 ([4:8:5]"); 932 ([(3:6:4) —
HBF4]%"); 935 ([(5:9:7) — 3 HBR*"); 964 ([(5:9:7) — 2 HBR*"); 976
([3:6:4F"); 1330 ([4:8:61".

ML, complex [Pe(164).](BF4)s and MiLs complex [Pg(164)6](BF4)s_186a/b

Building blocks:
2.07 mg (0.00467 mmol) tetrakis(acetonitrilo)pditan(1l) tetrafluoroboratd.49
2.26 mg (0.00934 mmol) 1,3-bis(4-methylpyridin{3}dyeal64

052H5GB4F16N1604Pd2 1529.16 g/mol (M_4)
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C78H84BGF24N2405Pd3 2293.75 g/mol (MLG)

'H NMR (500 MHz, DMF4d;, 298 K): 6 = 10.84 (d,4JHH = 2.00 Hz, H.pyridine
(M2Ly)); 9.85 (d,4JHH = 2.00 Hz, Hpyridine (M3Le)); 9.84 (s, NH (MLJ));
9.81 (s, NH (MLe)); 9.11 (s, Hpyridine (M3Le)); 8.74 (s, Hpyridine (M2L4));
7.56 (M, Hhpyridine (M2L4) and Hpyridine (M3Le)); 2.35 (s, CH (MsLe));
2.32 (s, CH (MyLy)) ppm.

ESI-MS (ESI", DMSO/acetone):m/z = 1442 ([2:4:2]); 1060 ([3:6:41"); 678
([2:4:2]%).

ML 4 complex [Pe(1654](BF4)s and MiLs complex [Pg(165¢](BF4)s_187a/b

Building blocks:
2.07 mg (0.00467 mmol) tetrakis(acetonitrilo)pditan(ll) tetrafluoroboratd.49
2.26 mg (0.00934 mmol) 1,3-bis(5-methylpyridin{3uyeal 65

052H5GB4F16N1604Pd2 1529.16 g/mol (M_4)
C78H84BGF24N2406Pd3 2293.75 g/mol (MLG)

'H NMR (500 MHz, DMF4;, 298 K): 5 = 10.84 (d,"Jus = 2.00 Hz, Hpyridine
(M2L4)); 9.85 (d,*Jun = 2.00 Hz, Hpyridine (M3Le)); 9.84 (s, NH (MLa));
9.81 (s, NH (MLg)); 9.11 (S, H.pyridine (MaLg)); 8.74 (S, Hpyridine (M2La));
7.56 (M, Bhpyridine (M2La) @and Hpyridine (MaLe)); 2.35 (s, CH (MsLg));
2.32 (s, CH (MyLy)) ppm.

ESI-MS (ESI", DMSOJ/acetone):m/z = 487 ([3:6:21"); 506; 525 ([(3:7:2) —
HBF,]*):538 ([(3:5:3) — 2 HBE>"); 590 ([(2:4:2) — 2 HBH*"); 619
([(3:6:3) — 2 HBR]*"); 634 ([(2:4:2) — HBE*"); 648 ([(3:6:3) — HBR*"):
678 ([1:2:1] and [2:4:2]" and [3:6:3]"); 1016 ([(3:6:4) — HBR*"); 1059
([3:6:41).
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ML, complex [Pe(167)4](BF4)s and MiLs complex [Pg(167)6](BF4)s_188a/b

Building blocks:
2.07 mg (0.00467 mmol) tetrakis(acetonitrilo)pditan(ll) tetrafluoroboratd.49
2.26 mg (0.00934 mmol) 1,3-bis((pyridin-3-yl)melfuyeal67

C52H5GB4F16N1504Pd2 1529.16 g/mol (M_4)
C78H84BGF24N2405Pd3 2293.75 g/mol (MLG)

'H NMR (500 MHz, DMFdy, 298 K): 8 = 9.79 (s, Hpyridine (M2L4)); 9.55 (s, H.
oyridine (M2L4)); 9.42 (S, Hpyridine (MaLe)); 9.29 (m, (S, NH (MLs)); 9.17
(M, Ho-pyridine (M3Le)); 8.96 (d,*Jun = 5.60 Hz, Hopyridine (M2L4)); 7.98 (m,
Hp-pyridine (M3Lg)); 7.65 (M, Hhpyridine (M3sLe)); 7.51 (M, Khpyridine (M2L4));
7.04 (m, NH (MLg)); 4.46 (m, NHCH (M.L,4) and (MsLg)) ppm.

ESI MS (ESI", DMSO/acetone)m/z = 487 ([3:6:21"); 538 ([(3:5:3) — 2 HBE*");
590 ([(2:4:2) — 2 HBR*"); 619 ([(3:6:3) — 2 HBR*"); 634 ([(2:4:2) —
HBF,?); 648 ([(3:6:3) — HBR®*"); 678 ([1:2:1] and [2:4:2}" and
[3:6:3]); 972 ([(3:6:4) — 2 HBE?"); 1016([(3:6:4) — HBE?"); 1059
([3:6:41).

M3l s complex [Pe(168)s](BF4)s_189

Building blocks:
2.07 mg (0.00467 mmol) tetrakis(acetonitrilo)pditan(ll) tetrafluoroboratd.49
2.26 mg (0.00934 mmol) 1,3-bis((pyridin-4-yl)metjuyeal68

C78H84BGF24N2406Pd3 2293.75 g/mol (MLG)

'H NMR (500 MHz, DMFd, 298 K):5 = 9.28 (br., Hpyriding); 7-67 (br., Fhpyriding);
7.08 (br., NH); 4.44 (br., NHCH ppm.

ESIMS (ESI, DMSO/MeCN) m/z = 487 ([3:6:21); 547 ([3:7:21); 678
([3:6:3]*"); 758 ([3:7:31"); 1059 ([3:6:41").
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8.5.6 Self-Assembly and Self-Sorting of Homo- aretddometallic ML, complexes

tetradentate
ligand

190 transoid-190 cisoid-190

/ N\ /N
PhoP, (P2 PP PPhy thP\Pd PPhy PR R PPh,

s N AN N
TfO 27 OTf TfO 28 OTf TfO1°00 f TfO1Q1 OTf

Q Q Q Q

corners with different metal ions and ancillary ligands

|

thermodynamic self-sorting of heterobimetallic macrocycles
27 +101 (1:1:1) 28 +100 (1:1:1)

S |5

and self-sorting of homometallic macrocycles
28 + 101 (1:1:1) 27 + 100 (1:1:1)

S| o

General Self-Assembly Procedure for the 1:1 (M:lixtMres*>®

In separate glass vials, ligagd80 (0.88 mg, 2.4Gumol) was mixed in CBCl, (0.25 ml)
with metal centers Pd(dppp)Q127 (2 mg, 2.46umol), Pt(dppp)OTS 28 (2.22 mg, 2.46
umol), Pd(dppe)OTf 100 (1.98 mg, 2.46umol) or Pt(dppe)OTf 101 (2.18 mg, 2.46

umol) which were suspended in 0.25 ml LI} each before mixing. The mixtures were

stirred at r.t. for 12 h. The solutions were theansferred into NMR tubes for analysis
and subsequently investigated with FTICR mass spaetry.

267



8. Experimental Part

General Self-Assembly Procedure for the 2:1 (M:LixtMres:

In separate glass vials, ligad80 (0.44 mg, 1.23imol) was mixed in CBCl, (0.25 ml)
with two different metal centers Pd(dppp)@P27 (2 mg, 2.46umol), Pt(dppp)OTS 28
(2.22 mg, 2.46umol), Pd(dppe)OTf 100 (1.98 mg, 2.46umol) or Pt(dppe)OTLf 101
(2.18 mg, 2.4qumol) in CDCl, (0.25 ml) which were suspended in 0.25 ml,CD each

before mixing. The mixtures were stirred at r.tr f® d to reach thermodynamic

equilibrium. The solutions were transferred into RMtubes for analysis and
subsequently investigated with FTICR mass spectiigme

ML, complex [((dppp)Pdi(dppe)Pt) (190,(OTfg] 191

Building blocks:

2.00 mg (0.00246 mmol) (1,3-bis(diphenylphosphinopane)palladium(ll)
trifluoromethanesulfonat27

2.18 mg (0.00246 mmol) (1,3-bis(diphenylphosphitirgae)platinum(ll)
triluoromethanesulfonat201

0.44 mg (0.00123 mmol) 4,4’-bis(pyridine-4-ylethyng,2’-bipyridin 190

C162H 128F24Ng024PgP AP, Sg 4143.06 g/mol (M_z)

'H NMR (400 MHz, CDCl,, 293 K):8 = 8.94 (br, Hpyriding); 8.62 (br, Hupipyriding);
8.04 (M, Rheny); 7.95-7.50 (M, Ihenyiand H.bipyridine); 7.26 (br, Khpyriding);
7.19 (br, Hobipyriding); 3.21 (M, PChgppp; 2.59 (d,*Jpr = 22.92 Hz, PCH
dppd; 2.31 (M, PCHCH,-gppp PPM.

P NMR (400 MHz, CDCly, 293 K):8 = 43.32 (S, Rype-bipyricind; 7-39 (S, Bopp-pyricing
ppm.

ESIMS (ESI', CH,Cl,): m/z= 922 ([dppeP$(190)(0Tf);]**); 1100 ([dppePtk90)
(OTAI); 1229 ([(dpppPdidppePt(1902(0THs]*"); 1253 ([(dpppPd)
(dppePt(190,(0Tfs]*"); 1918 ([(dpppPdfdppePt)(190:(OTf)e*" and
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[(dpppPd)(dppePt(1904(0TM12]*); 1955 ([(dpppPd)(dppeR(L90),
(OTf)e)*" and [(dpppP A dppePR(1904(0TH]*).

ML, complex [((dppp)Pt(dppe)Pd) (190)2(OTf)g] 192

Building blocks:

2.22 mg (0.00246 mmol) (1,3-bis(diphenylphosphinopane)platinum(ll)
trifluoromethanesulfonat28

1.98 mg (0.00246 mmol) (1,3-bis(diphenylphosphittrgae)palladium(Il)
trifluoromethanesulfonat200

0.44 mg (0.00123 mmol) 4,4’-Bis(pyridine-4-ylethy)g,2’-bipyridin 190

CieH 128F24N8024P8szpt288 4143.06 g/mol (M_z)

'H NMR (400 MHz, CDQCly, 293 K):8 = 8.98 (br, H.pyridine); 8.47 (br, Hubipyridine);
8.03 (M, Hheny); 7.85-7.50 (M, Ighenyi @Nd Hepipyriding); 7-40 (M, Hheny);
7.28 (br, Hupyriging; 7-16 (d,2Ju = 5.72 Hz, Hipyriging; 3.31 (M, PCh
dpp); 2.76 (d,°Jp = 24.14 Hz, PChlgppd; 2.32 (M,*Jpy = 23.84 Hz,
PCH.CHa.q4ppp Ppm.

P NMR (400 MHz, CDCly, 293 K):8 = 70.22 (S, Rypebipyriding; -14.77 (S, Bopp-
pyridineg) PPM.

ESI MS (ESI*, CH,Cl,): m/z = 1229 ([(dpppPtldppePd)190),(OTf)s]*"); 1501
([(dpppPty(dppePd)(1904(OT11]>"); 1917 ([(dpppPdidppePty(190),
(OTf)e)*" and [(dpppPd)dppePt)(190)4(OTf12]*).
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MgyL, complex [((dppp)PHl(dppe)Pt) (190)x(OTf)g] 193

Building blocks:

2.22 mg (0.00246 mmol) (1,3-bis(diphenylphosphinopane)platinum(Il)
trifluoromethanesulfonat28

2.18 mg (0.00246 mmol) (1,3-bis(diphenylphosphitirgae)platinum(ll)
trifluoromethanesulfonat201

0.44 mg (0.00123 mmol) 4,4’-Bis(pyridine-4-ylethy)g,2’-bipyridin 190

C1eH126F24Ng024PgP14Sg 4311.37 g/mol (MLZ)

'H NMR (400 MHz, CDRCly, 293 K):8 = 8.98 (d,*Jun = 4.84 Hz, Hpyridind; 8.54
(br, Hs-bipyriding; 8.06 (M, Hheny); 7.85-7.60 (M, Iheny and Hepipyridine);
7.40 (M, Hheny); 7-28 (d,3Jnn = 6.14 HZ, Bhpyriging; 7.21 (dd2Jup = 5.96
Hz, *Jun = 1.63 Hz, Hbipyriding); 3.32 (M, PCllgppy; 2.59 (d,%Jpw = 20.14

HZ, PC"&-dppg, 229 (mys'JPH = 2435 HZ! PCbCﬂZ-dpPP) ppm

P NMR (400 MHz, CDCly, 293 K): 8 = 43.28 (S, Rpe-vipyricind; ~14.77 (S, Bopp-

pyridine) ppm.

ESI MS (ESI', CH,Cl,): m/z= 1100 ([dppePti90)(OTH]"); 1114 ([dpppPti90)
(OTH]"); 1288 ([(dpppPt(dppePt(190(0THs]*); 1575 ([(dpppPL)
(dppePt(1904(0Tf)11]>"); 2006 ([(dpppPEdppePt)(1902(0OTfs*" and

[(dpppPty(dppePY(1904(OTf)12 ).
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MyL, complex [((dppp)Pdf(dppe)Pd) (190),(OTf)g] 194

Building blocks:

2.00 mg (0.00246 mmol) (1,3-bis(diphenylphosphinopane)palladium(ll)
trifluoromethanesulfonat27

1.98 mg (0.00246 mmol) (1,3-bis(diphenylphosphittrgae)palladium(Il)
trifluoromethanesulfonat200

0.44 mg (0.00123 mmol) 4,4’-Bis(pyridine-4-ylethy)g,2’-bipyridin 190

CieH 128F24N8024P8Pd488 3956.74 g/mol (MLZ)

'HNMR (400 MHz, CDCly, 293 K):8 = 8.95 (d2Jun = 5.73 Hz, HLpyriding); 8.37 (S,
Hs-bipyriding); 8.04 (M, Hheny); 7.80-7.60 (M, kheny @nd Hepipyridineg); 7.40
(M, Hoheny); 7.21 (d,2Jnn = 6.23 Hz, khpyriding; 7.15 (dd Iy = 5.72 Hz,
*Jnn = 1.55 Hz, Hlpipyriding; 3-23 (M, PChlappp; 2.75 (d,°Jpn = 24.12 Hz,
PCHo-dppd; 2.29 (M, Jp = 24.08 Hz, PCECHo.qppp) PPM.

3P NMR (400 MHz, CBCly, 293 K):8 = 70.08 (S, Rype-bipyridind; 7-37 (S, Bopp-pyricing
ppm.

ESIMS (ESI*, CH,Cly): m/z= 1169 ([(dpppPdfdppePd)190),(0OTfHs]*"); 1829
([(dpppPd)(dppePd)(190)2(0Tf)e]*").
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8.5.7 Self-Assembly of Platinum-Containing MetaBapramolecular Macrocycles

PhoP. PPh2

0~ OTf

28

190 (X =N,’X =NX =CH) 145 (X =CH,X =N2X = CH)
195 (X=N,X =CH>X =N) 146 (X=CH,'X =CHX =N)

lo_zs ozzs lozzs lozzs
Q Q
:|:;9§:|:o oj::[: Eiggsj 199
" Q
p
Q Q

OJ O& o/ﬂ_\o o' Q Q Q
Cond o 0 %
o o Q0 o Q o o

isomeric metallo-polygons

General Self-Assembly Procedure:

Ligand 190 (0.40 mg, 0.0011 mmol), ligant94 (0.40 mg, 0.0011 mmol), liganth5
(0.79 mg, 0.0022 mmol) or ligarfh6 (0.79 mg, 0.0022 mmol), separately dissolved in
CD,Cl, (0.25 ml), were added to separate suspensiong(dppgp)OTH 28 (2.00 mg,

0.0022 mmol) in CBCl, (0.25 ml) in glass vials. The mixtures were stri@ room

temperature and then transferred into NMR tubesafalysis. A sample for ESI-MS
analysis was obtained from the NMR samples by iddutwith a CHCI, / acetone

mixture.
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ML, complex [((dppp)Pi{190),(0OTf)s] 196

Building blocks:

2.00 mg (0.00221 mmol) (1,3-bis(diphenylphosphinopane)platinum(Il)
trifluoromethanesulfonat28

0.40 mg (0.00110 mmol) 4,4 -Bis(pyridine-4-ylethy)g,2’-bipyridin 190

C16aH13F24Ng024PsP1,Ss 4339.43 g/mol (ML>)

'H NMR (400 MHz, CDC}, 293 K): 8 = 8.92 (d,2Jun = 4.1 Hz, pyH); 8.44 (br,
bipyHs); 8.07 (M, Hppp-pheny); 7.87 (M, bipyH); 7.75-7.20 (M, lghpp-phenyl
and pyH); 7.06 (d,%Jus = 6.2 Hz, bipyH); 3.32 (m, PCH); 2.58 (m,
PCHCH,); 2.29 (m, PCHCHy) ppm.

3P NMR (202 MHz, CDC}, 293 K): 8 = -3.76 (S, Ruppbipyridind; -14.78 (S, Bopp-
pyridine PPM.

ESIMS (ESI, CH,Cl,): m/z = 1114 ([1:1:1]), 1297 ([4:2:51), 2020 ([4:2:61"
and [8:4:121).

Equilibrium of My, and MLs complexes [((dppp)Pi195]),(OTf)g] 197 and
[((dppp)Pt} ([195])3(OTf);,] 201

Building blocks:

2.00 mg (0.00221 mmol) (1,3-bis(diphenylphosphinopane)platinum(Il)
trifluoromethanesulfonat28

0.40 mg (0.00110 mmol) 4,4 -Bis(pyridine-3-ylethy)g,2’-bipyridin 195

C1eaH13F24NgO24PgP14Sg 4339.43 g/mol (MLz)
Caa6H 108F36N12036P12P16S12 6509.14 g/mol (ML3)
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H NMR

31p NMR

ESI MS

(400 MHz, CDC}, 293 K): 6 = 9.53 (d,3Jun = 1.5 Hz, pyH); 9.18 (s,
pyHa); 9.15 (d,°Jww = 1.6 Hz, pyH); 8.88 (s, pyH); 8.61 (s, bipyh);
8.59 (s, bipyh); 8.32-7.22 (m, pyhi pyH, bipyHy and Hippp-pheny); 6.97
(d, 3Juy = 2.2 Hz, bipyH); 3.36 (M, Hppp-alky); 2.53 (M, Hppp-aiy); 2.31
(M, Happp-aiky) PPM.

(202 MHz, CDCly, 293 K): 3 = -4.58 (S, Bopp-vipy; -14.81 (S, Bopp-py; -
15.07 (s, Bopp-py PPM.

(ESI, CH,Cl,): m/z= 1297 ([4:2:51"), 1478 ([6:3:8]"), 1586 ([8:4:117"),
2020 ([4:2:6f" and [6:3:9f" and [8:4:12]"), 2744 ([8:4:13]"), 3105
([6:3:10F).

ML, complex [((dppp)P1145),(OTf),] 198

Building blocks:
2.00 mg (0.00221 mmol) (1,3-bis(diphenylphosphinopane)platinum(ll)

triffluoromethanesulfonat28

0.79 mg (0.00221 mmol) 3,3’-bis(pyridin-4-ylethyjtyibhenyl145

C110|‘|84F12N40]_2P4Pt284 2524.16 g/mol (MLZ)

'H NMR

31p NMR
ESI MS
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(400 MHz, CDC}, 293 K): 6 = 8.91 (d,3Ju = 6.3 Hz, pyH); 7.80-7.30
(M, Happp-phenyiand Hiary)); 7.15 (d,3JHH = 6.7 Hz, pyH); 3.32 (m, Hppp-
alky); 2.26 (M, Hppp-aky) PPM.

(202 MHz, CDCly, 293 K):6 = -14.71 (s, Bypp PPM.

(ESI, CH,Cl,): miz = 1112 ([2:2:21"), 1533 ([4:4:5]), 2373 ([2:2:3]
and [4:4:67").
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Equilibrium of ML, and MLs complexes [((dppp)Pi)146),(OTf), 199 and
[((dppp)Pt} (146)5(OTf)e] 203

Building blocks:

2.00 mg (0.00221 mmol) (1,3-bis(diphenylphosphinopane)platinum(Il)
trifluoromethanesulfonat28

0.79 mg (0.00221 mmol) 3,3’-bis(pyridin-3-ylethyjtyibhenyl146

C110|‘|84F12N40]_2P4Pt284 2524.16 g/mol (MLZ)
C1e3H126F18N6018PsP13Ss 3786.23 g/mol (ML:;)

'H NMR (400 MHz, CDC}4, 293 K): & = 9.43 (d,Jy = 1.6 Hz, pyH); 9.39 (br,
pyHq); 8.76 (br, pyH); 8.59 (s, pyH); 8.23-7.34 (M, lahpp-pheny Hbiary
and pyh); 3.27 (M, Hppp-aiky); 2.33 (M, Hppp-aiy) PPM.

¥PNMR (202 MHz, CDCl,, 293 K):8 = -14.99 (S, Rypp-py; -15.51 (S, Bopp-py PPM.

ESIMS (ESI, CHyCly): miz= 1112 ([2:2:2]"), 1533 ([4:4:51"), 1742 ([3:3:4]",
2373 ([2:2:3] and [4:4:61).
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8.6  Capillary Parameter for the Online Mass Spewgitoic Experiments Using a

Micro-reactor

The reaction time of the starting materials within the micro-reactan be calculated
using equation 9.1 whereiW is the total volume of the micro-reactor, the mi
capillary and the ESI spray needle apdepresents the velocity of the reaction mixture

in the mixing capillary.
t=Vhy (9.2)
Table 9.1: Reaction times of the self-assembly systems fatafit length of the mixing

capillaries and at different flow-rates of the saits in the mixing capillary. The total

volumes of the mixing capillaries are given, indhgdthe ESI spray needle.

capillary nr. length volume time time
of the capillaries (40 uL/min) (120 pL/min)
inm in n? ins ins
spray capillary 3.27E-09 0.49 0.16
1 0.06 5.97E-09 0.90 0.30
2 0.09 7.59E-09 1.14 0.38
3 0.15 1.06E-08 1.59 0.53
4 0.20 1.32E-08 1.99 0.66
5 0.26 1.59E-08 2.39 0.80
6 0.31 1.84E-08 2.76 0.92
7 0.37 2.13E-08 3.20 1.07
8 0.43 2.42E-08 3.63 1.21
9 0.48 2.69E-08 4.03 1.34
10 0.61 3.33E-08 5.00 1.67
11 0.75 4.00E-08 6.01 2.00
12 0.89 4.71E-08 7.07 2.36
13 1.02 5.33E-08 8.00 2.67
14 1.16 6.04E-08 9.06 3.02
15 1.31 6.76E-08 10.14 3.38
16 1.43 7.33E-08 10.99 3.66
17 1.56 7.96E-08 11.94 3.98
18 1.70 8.68E-08 13.02 4.34
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8.7 Mass Spectrometry of Bismuth-Oxido Clusters

The ESI mass spectra of the bismuth-oxido clugtrdied were measured with similar
parameters. Therefore, a general set of parangitemns which was slightly varied for the

individual measurements in order to get the begtadiintensities:

ion guide frequency: 962 kHz; amplitude: 160-175njth: 106 ms
arbitrary waveform amplitude: 60-200 V; width: 388 ms; DAC rate: 2-4
MHz

collection time (Q3 exit) 50-10000 ms (highly @eging on the sample)

sample cone DC 35-55V

extractor cone DC 7-10 V

desolvation gas 0-3V

spray voltage (probe HV) 3.5-4.2 kV

number of scans 1-100 scans (highly dependinh@sample)
ion source temperature T=40"°C

spray capillary temperature T =40 °C

flow rate 2-10 pL/min (usually 4 pL/min)

In order to isolate ions for MS/MS experiments, Hrbitrary waveform was modified
with an ion isolation function. The IRMPD MS/MS etpments were performed with a
25 W IR laser (C@ wavelength: 10.6 um) using different laser powasswell as

different irradiation times.

[Bi3g045(NO3)2o(DMSO)g](NO3)4(DMSO), 204

3.00 mg (0.23717 mmol) [BdOs5(NO3)20(DMSO),g](NO3)4(DMSO), 204 were
suspended in 0.3 ml DMSO and heated for 5 min at(Z0The resulting solution was
cooled to room temperature and diluted with 1.7 aoétonitrile which yielded in a
solution 0of204 with a concentration of 120 pmol/L. This solutimas used for the ESI
MS experiments.

CeaH192014dN24S3Bi3g 12649.2 g/mol
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Table 8.2: ESI-MS data of [BiO4s(NO3)20(DMSO}g (NO3)4(DMSO), 204.

m/z Fragment m/z Fragment
2695 [Bizg0as(NO3)ao(DMSO)s(H;0)] " 3493 [Bi304(NO3)1o(DMSO)]*"
2702 [Bizg04e(NO3)1(DMSO) 3 ** 3509  [Bi3g0se(NOs)2o(DMSO),(MeCN)Ng **

2712 [BisgOse(NO3)1s(DMSO)(MeCN)]*" | 3519 [BiseOuse(NOz)1o(DMSO)]**
2714 [BizgOus(NO3)ao(DMSO)o(H0)]** 3536  [BizgOse(NOs)2o(DMSO)(MeCN)Ng>*

2721 [BigOsg(NO3)1o(DMSO), ] ** 3556  [Bi3gOss(NO3)21(DMSO)]**
2729 [Bl 38045(N03)20(DMSO)13] a 3545 [B| 38046(NO3)19(DMSO)10] 3
2741 [BigOsg(NO3)1o(DMSO)g ** 3571  [Bi3gOus(NO2)1o(DMSO);1]**
2760 [BigOsg(NO3)1o(DMSO) ¢ ** 3581  [Bi3gOus(NOs)2(DMSO); g **
2768 [Bi38045(NOS)ZO(DMSO)E]4+ 3596 [Bi38()46(|\K)3)19(D|\/|SO)lZ]3Jr
2778 [Bi38045(NOs)zo(D'V|SO)15('V|9C'\|)]4+ 3605 [Bi38045(Nos)21(|:)M30)11]3Jr
2787  [Bi3gOus(NO3)2o(DMSO) ¢ ** 3621  [Bi3g0us(NO3)2(DMSO)(MeCN)**

2791 [BisdOse(NO3)1s(DMSO)AMeCN)|*" | 3625  [BisgOue(NO3)1o(DMSO)MeCN)]**
2797 [Bi38045(NOs)zo(D'V|SO)16('V|9C'\|)]4+ 3633 [Bi38045(Nos)21(|:)M30)12]3Jr
2801  [Bi3g045(NO3)2o(DMSO) ] ** 3647  [Bi3gOus(NO3)2(DMSO)(MeCN)**
2807  [Bi3gOss(NO3)1s(DMSO)AMeCN)]** | 3649  [BizgOs(NO3)1o(DMSO)4**
2817  [Bi3gOus(NO3)2o(DMSO)AMeCN)** | 3651  [Bizs0s(NOs)1o(DMSO)(MeCN),]**
2819  [Bi3g0s6(NO3)1(DMSO) gl *" 3673 [Bi3gOus(NO3)2(DMSO)5(MeCN)**
3675  [BizgOss(NO3)1o(DMSO)g >
3702 [BizgOse(NO3)1o(DMSO)g >

Different Crystals of [BigOs(NO3)20(DMSO)g](NO3)4,(DMSO) 204a-c

3.00 mg (0.23717 mmol) of the different crystals of
[Bi38045(NO3)20(DMSO),g](NO3)4(DMSO), 204a-cwere suspended in 0.3 ml DMSO and
heated for 5 min at 70 °C. The resulting solutiomsveooled to room temperature and
diluted with 1.7 ml acetonitrile which yielded insalution 0f204 with a concentration of
120 pmol/L. This solution was used for the ESI MPeriments.

C54H 1920149N248328i38 12649.2 g/mol
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Table 8.3: ESI-MS data of the needle-like crystals of 3§Big(NOs)20(DMSO)gl-
(NG3)4(DMSOQO), 204a - crystallized by diffusion of THF into a DMSO wwabn of204.

m/z  Fragment m/z  Fragment
2173 [BisgOss(NO3)1o(DMSO)(MeCN)g]** 2736  [BizgOus(NO3)2o(DMSO);(MeCN)(H,0)]**
2195  [BigOss(NO3)1(DMSO)(MeCN)J** 2737 [BbgOas(NO3)2o(DMSO)1o(MeCN)s(H,0)]**
2205  [BisgOss(NO3)1o(DMSO)(MeCN)g]** 2740 [BisgOss(NO3)(DMSO)(MeCN)s]**
2208 [BisgOss(NO3)1o(DMSO)(MeCN),(H;0)I** | 2748  [BigOss(NO3)2o(DMSO)**
2211  [BigOss(NO3):1o(DMSO)(MeCN)]>* 2752 [BigOas(NO3)2(DMSO)y(MeCN)g] **
2224 [BisgOss(NO3)1o(DMSO)(MeCN)s(Hz0)*" | 2753 [BisgOas(NO3)oo( DMSO)u(Hz0)] ™
2227  [BisgOss(NO3)1o(DMSO)5(MeCN);]** 2756  [BizgOus(NO3)2o(DMSO);(MeCN)(H,0)]**
2242 [BigO4s(NO3):1o(DMSO)(MeCN)]>* 2760  [BigO4s(NO3)2(DMSO)s(MeCN)s]**
2779 [BigOss(NO3)2o(DMSO)14(MeCN)] **
2583  [BigOus(NO3)20(DMSO)X(MeCN)[*
2602  [BigOus(NO3)20(DMSO)(MeCN)[** 3544  [BigOus(NO3),i(DMSO),(MeCN)]**
2622  [BigOss(NO3),o(DMSO)(MeCN)I** 3564  [BigOas(NOs),1(DMSO)(MeCN),(H,0)]**
2623  [BigOus(NO3)20(DMSO)(MeCN),]** 3569  [BigOuss(NO3)21(DMSO)(MeCN)F*
2641  [BisgOss(NO3)2o(DMSO)(MeCN)[*™* 3581  [BikgOss(NO3)2y(DMSO)q**
2642  [BigOss(NO3),o(DMSO),(MeCN);** 3586  [BigOuas(NO3)2(DMSO)(MeCN)g)**
2662  [BigOas(NO3),o(DMSO)(MeCN)I* 3590  [BgOas(NOs),1(DMSO)(MeCN),(H,0)1**
2674  [BisgOss(NO3)2o(DMSO)(MeCN)] ** 3595  [BisgOss(NO3)21(DMSO)o(MeCN)J**
2693  [BigOss(NOs3),(DMSO)(MeCN)s] ** 3607  [BbgOas(NO3),(DMSO),**
2694  [BigOss(NOs3),(DMSO),(MeCN)g] ** 3613  [BigOas(NO3),(DMSO)1(H,0)]**
2697  [BikgOss(NO3)2o(DMSO)(MeCN)(H,0)]*" | 3616  [BiaOss(NO3)21(DMSO)(MeCN)y(H,0)]**
2703  [BisgOss(NO3)2o(DMSO)(MeCN),]** 3621  [BigOss(NO3)zu(DMSO)y(MeCN)J*
2710  [BigOus(NO3),o(DMSO), ] ** 3634  [BigOss(NO3),(DMSO), >
2713 [B'b8045(N03)20(DMSO)Q(MeCN)G]4+ 3637 [BESO4S(N03)21(DMSO)9(MeCN)6]3"
2714 [BigOus(NO3)o(DMSO)(MeCN)g] ** 3642  [BigOss(NO3)2y(DMSO)(MeCN)(H,0)]**
2717  [BigOas(NO3)2o(DMSO)(MeCN)s(H,0)]** | 3647  [BbgOas(NO3)21(DMSO)(MeCN)F**
2720  [BigOas(NOs3),(DMSO)(MeCN)]** 3660  [BbgOss(NO3)21(DMSO)(MeCN),]**
2721  [BisgOus(NO3),(DMSO)(MeCN)s] ** 3669  [BigOss(NO3)2y(DMSO)(MeCN)(H,0)]**
2729  [BigOus(NO3)o(DMSO); 3 ** 3678  [BigOas(NOs),(DMSO)(MeCN),]**
2733 [BgOas(NO3),(DMSO)5(H,0)]** 3684  [BigOas(NO3),(DMSO),(MeCN),(H,0)]**
2734 [BigOus(NOs),o(DMSO)(MeCN)g] ** 3695  [BigOss(NO3)2y(DMSO)((MeCN)(H,0)]**
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Table 8.4a: First part of the ESI-MS data of the hexagonal psth crystals of
[Bi38045(NO3)20(DMSO)g] (NO3)4(DMSO), 204b - crystallized by diffusion of THF into a
DMSO solution 0204.

m/z  Fragment m/z  Fragment
1814  [BigOus(NO3)14(DMSO)(MeCN)]** 2182  [BisgOss(NO3)1o(DMSO)(MeCN),]**
1827  [BigOss(NO3)1(DMSO)(MeCN)]** 2177  [BisgOas(NO3)1o(DMSO)(MeCN)g(H,0)]>*
2183 [BigOuss(NO3)1(DMSO)1(MeCN)(H,0)]>"
2049  [BigOss(NO3)1(DMSO)(H,0)** 2185  [BisgOas(NO3)1(DMSO)o(MeCN)1(H,0)**
2065  [BigOss(NO3)1(DMSO)(H,0)** 2166  [BisgOas(NO3)1(DMSO)(MeCN),]**
2075  [BisgOss(NO3)1o(DMSO)(MeCN)(H0)I>* | 2168  [BigOus(NO3):(DMSO)o(MeCN)s(H-0)*
2080  [BigOus(NO3)1(DMSO),(H,0)** 2169  [BigOus(NOs3)1o(DMSO)(MeCN),(H,0)]>"
2085  [BigOuss(NO3)1(DMSO),(MeCN)** 2171  [BisgOas(NO3)1(DMSO)q**
2096  [BigOss(NO3)1(DMSO)(H,0)I** 2173  [BizgOus(NO3)1(DMSO)(MeCN)**
2101 [BigOss(NO3)1(DMSO)(MeCN)I** 2174  [BigOus(NO3)1(DMSO),5(H,0)]>*
2112 [BigOss(NO3)1(DMSO)(H,0)I** 2177  [BisgOas(NO3)1(DMSO)(MeCN)(H,0)]°*
2116  [BigOss(NO3)1o(DMSO)(MeCN)>* 2180  [BigOss(NO3)1o(DMSO) 1 (MeCN)]>*
2122 [BisgOss(NO3)1o(DMSO)(MeCN)s(H.0)I>" | 2182  [BisgOus(NO3)1o(DMSO)o(MeCN)]>*
2124  [BigOus(NO3)1o(DMSO) " 2183  [BigOus(NO3)1o(DMSO)(MeCN)(H,0)]%*
2127  [BisgOss(NO3)1o(DMSO)o(H0)]>" 2185  [BigOss(NO3)1o(DMSO)o(MeCN),](H,0)]**
2130  [BigOss(NO3)1(DMSO)(MeCNU(H0)** | 2186  [BisgOas(NO3)1o(DMSO), %
2133 [BigOss(NO3)1(DMSO)o(MeCN)[** 2187 [BigOus(NO3)1(DMSO)5(MeCN),]**
2138  [BizgOss(NO3)1o(DMSO)(MeCN)s(H-0)I°" | 2189  [BizgOus(NO3)1o(DMSO)o(MeCN)g]**
2140  [BigOus(NOz)1o(DMSO); ] 2191  [BigOas(NO3)1o(DMSO)MeCN)(H,0)]**
2143 [BisgOs5(NO3)1o(DMSO)1(H0)]>* 2193  [BigOss(NO3)16(DMSO)o(MeCN)g(H,0)]**
2145  [BigOus(NO2)1o(DMSO)(MeCN)s(H;0)*" | 2196  [BieOas(NO3)1o(DMSO)(MeCN)]**
2149  [BgOss(NO3)1o(DMSO)o(MeCN)g** 2198  [BieOas(NO3)1o(DMSO)(MeCN)(H,0)]>"
2150  [BgOus(NO3)1o(DMSO)s(MeCN);]** 2200  [BigOas(NO3)1o(DMSO)y(MeCN),(H0)]**
2153 [BigOus(NO2)1o(DMSO)(MeCN)s(H,0)]>" | 2202  [BisOas(NO3)1o(DMSO),e]**
2156  [BhgOus(NO3)1o(DMSO)(MeCN),]* 2205  [BgOas(NO3)1o(DMSO);(MeCN)g|**
2158  [BigOus(NOs)1o(DMSO)s(MeCN)g]** 2206  [BieOas(NO3)1o(DMSO)5(H,0)]>*
2159 [BikgOus(NO3)1o(DMSO);(H,0)]>* 2208  [BigOas(NO3)1o(DMSO)(MeCN)s(H20)**
2161  [BgOus(NO2)1o(DMSO)(MeCN)s(H0)*" | 2211  [BieOas(NO3)1o(DMSO)4(MeCN)]**
2164  [BhgOus(NO3)1o(DMSO)(MeCN)g** 2214 [BigOss(NO3)1o(DMSO)4(MeCN)(H,0)**
2166 [BigOss(NO3)1o(DMSO)(MeCN),]*
2168  [BgOus(NO3)1o(DMSO)o(MeCN)(H,0)]°" | 2616  [BiseOas(NOs)2o(DMSO)(H,0)]**
2169  [BgOus(NOz)1o(DMSO)(MeCN)(H0)*" | 2629  [BikaOas(NO3)2o(DMSO)(MeCN)(H,0)]**
2171  [BikgOus(NO3)1o(DMSO)4** 2631  [BkgOas(NO3)2o(DMSO) **
2173 [BigOus(NO3)1o(DMSO)io(MeCN)]>* 2635  [BigOss(NO3)2o(DMSO)g(H,0)]**
2174 [BgOus(NO3)1o(DMSO);o(H,0)]>* 2645  [BigO4s(NO3)2o(DMSO)(MeCN);]**
2180  [BigOus(NO3)1o(DMSO)(MeCN)]* 2648  [BigOss(NO3)2o(DMSO)(MeCN)(H,0)]**
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Table 8.4b: Second part of the ESI-MS data of the hexagonapesh crystals of
[Bi38045(NO3)20(DMSO)g] (NO3)4(DMSO), 204b - crystallized by diffusion of THF into a
DMSO solution 0204.

m/z  Fragment m/z  Fragment

2651  [BisgOus(NO3)(DMSO)] 2693  [BigO4s(NO3)2o(DMSO)(MeCN)g] **
2655  [BikgOus(NO3)2o(DMSO)(MeCN)g** 2695  [BigOss(NOs)2o(DMSO)4(H,0)]*
2658  [BisgOss(NO3)2o(DMSO)(MeCN)s(H,0)]* | 2697  [BikaOuss(NO3)2o(DMSO)s(MeCN)s(H,0)]**
2664  [BigOus(NO3)2o(DMSO)s(MeCN);]** 2701  [BigOus(NOs)2o(DMSO)o(MeCN)] **
2667  [BhgOus(NO3)2o(DMSO)(MeCN)s(H0)]** | 2704  [BhgOus(NOz)2o(DMSO)5(MeCN)(H0)]**
2669  [BizgOss(NO3)2o(DMSO)(MeCN),(H0)]* | 2708 [BikaOuss(NO3)2o( DMSO)s(MeCN),(H,0)]**
2672 [BigOus(NO3)2o(DMSO)(MeCN)]* 2710  [BhgOus(NOs)2o(DMSO)z **

2673 [BigOus(NO3)2o(DMSO),(MeCN)g] * 2714 [BbgOus(NOz)2o(DMSO);(H,0)]**
2675 [BigOus(NOs3),o(DMSO)(MeCN)g ** 2717  [BigOus(NO3)2o(DMSO)(MeCN)(H,0)]*
2678  [BigOus(NO3)2o(DMSO)(MeCN)s(Hz0)]** | 2721 [BbgOus(NOz)2o(DMSO)y5(MeCN)]**
2682  [BigOus(NO3)2o(DMSO)(MeCN)g]** 2725  [BigOus(NOz)2o(DMSO)5(MeCN)(H,0)]**
2684  [BisgOus(NO3)2o(DMSO)(MeCN)* 2729  [BikgOss(NOs)2o(DMSO) 4"

2688  [BigOuss(NO3)2o(DMSO)(MeCNY,(H,0)]* | 2734  [BigOss(NOs3),o(DMSO)(MeCN)g]**
2690  [BhgOus(NO3)2o(DMSO) 1] ** 2740 [BigOus(NOs)2o(DMSO)(MeCN)]**

Table 8.5a: First part of the ESI-MS data
[Bi38045(NO;3)20(DMSO)g] (NO3)4(DMSO), 204c - crystallized by diffusion of acetone
into a DMSO solution c04.

of the hexagonal pgth crystals of

m/z  Fragment m/z  Fragment

1202  [BisgOus(NO3)15(DMSO)s(MeCN)(H,0)]”" | 1395  [BieOas(NOs)16(DMSO)s(MeCN)(Hz0)]*

1203 [BikgOus(NO3)15(DMSO)(MeCN)(H0)]" | 1399  [BhgOas(NO3)1(DMSO)o(MeCN)(H,0)]**

1209  [BigOus(NO3)1s(DMSO)s(MeCN)]** 1409 [BigOus(NO3)16(DMSO)o(MeCN)(H0)]**

1211 [BigOus(NO3)15(DMSO)s(MeCN)(H0)]**

1218  [BigOus(NO3)15(DMSO)o(MeCN);] ** 1796  [BigOus(NO3)1(DMSO)(MeCN)(Hz0)]*

1220  [BisgOus(NO3)15(DMSO)(MeCN)(H,0)]" | 1805  [BhgOas(NO3)1(DMSO)(MeCN)(H,0)]**

1223 [BigOus(NO3)15(DMSO)s(MeCN)] ** 1809  [BigOus(NO3)15(DMSO)o(MeCN)(H,0)]>"

1227  [BigOus(NO3)15(DMSO)1o(MeCN)g] ** 1815  [BigOus(NO3)16(DMSO)5(MeCN)(H;0)]*

1230  [BigOus(NO3)15(DMSO)s(MeCN)(H,0)]°" | 1820  [BizgOus(NO3)15(DMSO)1o(MeCN)]**

1232 [BigOus(NO3)15(DMSO)s(MeCN)] ** 1822 [BigOus(NO3)15(DMSO)s(MeCN)(H,0)]>*

1241  [BigOus(NO3)15(DMSO)e(MECN)] ** 1823  [BigOus(NO3)15(DMSO)o(MeCN)(H,0)]>*
1825  [BibgOus(NO3)16(DMSO)e**

1366  [BhgOus(NO3)16(DMSO)s(MECN)(H,0)]*" | 1827  [BizgOus(NO3)15(DMSO)(MeCN)e**

1376  [BhgOus(NO3)16(DMSO)e(MECN)(H,0)]*" | 1828  [BizgOus(NO3)15(DMSO)s(H,0)]**

1385  [BhgOus(NO3)16(DMSO)o(MeCN)(H,0)]*" | 1833 [BizgOus(NO3)15(DMSO)15(MeCN)]**
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8. Experimental Part

Table 8.5b: Second part of the ESI-MS data of the hexagonapesh crystals of
[Bi38045(NO3)20(DMSO)g] (NO3)4(DMSO), 204c - crystallized by diffusion of acetone
into a DMSO solution c204.

m/z  Fragment m/z  Fragment
1835  [BisgOus(NO3)1s(DMSO)s(MeCN)(H,0)°" | 2770  [BkgOas(NOz)2o(DMSO)4(MeCN),]**
1836  [BikaOss(NO3)1s(DMSO)(MeCN)(H,0)]*" | 2778  [BheOas(NO3)oo( DMSO)s(MeCN)]*
1838  [BigOus(NO3)1g(DMSO);q** 2782  [BigOus(NOs),o(DMSO),5(MeCN)(H,0)]*
1840  [BhgOus(NO3)15(DMSO)e(H,0)]** 2784 [BisgOss(NO3)oo(DMSO)15(MeCN)s(H,0)]**
1845  [BigOus(NO3)1(DMSO)o(MeCN)™* 2787  [BisgOss(NO3)2o(DMSO)q]**
1846  [BigOus(NO3)1(DMSO)14(MeCN)]** 2789  [BigOss(NO;)2(DMSO)s(MeCN)]**
1849  [BhgOus(NO3)15(DMSO)s(MeCN)(H,0)]°" | 2790  [BizgOus(NO3)2o(DMSO)5(MeCN)] **
1851  [BigOus(NO3)1(DMSO)e(MECN),]** 2793 [BisgOss(NO3)2o( DMSO)s(MeCN)(H,0)]**
1854 [BikgOss(NO3)1s(DMSO)(MeCN)(H,0)]" | 2798  [BhgOas(NO3)2( DMSO)o(MeCN)]*
1867  [BikaOss(NO3)1s(DMSO)AMeCN)(H,0)]*" | 2802  [BigOus(NO3)2o(DMSO)e(MeCN)(H,0)]**
2229 [BgOss(NO3)1o(DMSO)g(MeCN)(H,0)]** | 2807  [BisgOus(NOz)2o(DMSO)7]**
2245  [BgOss(NO3)1o(DMSO)AMeCN)(H,0)]** | 2809  [BizgOus(NO3)2o(DMSO)e(MeCN),|**
2261  [BigOss(NO3)1o(DMSO)5(MeCN)(H0)I*" | 2811  [BkdOss(NO3)oo( DMSO)A(H20)]*
2268  [BigOss(NO3):1(DMSO),(MeCN)** 2814 [BisgOss(NO3)2o(DMSO)s(MeCN)y(H,0)]**
2278  [BeOas(NO3)1o(DMSO)f(MeCN)(H0)]>* | 2818  [BizgOus(NO3)2o(DMSO)o(MeCN)I**
2284 [BigOus(NO3)1o(DMSO)o(H,0)]** 2831  [BigOus(NO3)2o(DMSO)5(H20)]*
2300  [BigOss(NO3)1(DMSO)(Hz0)]** 2834 [BisgOss(NO3)2o( DMSO)s(MeCN)y(H,0)] ™
2838  [BgOas(NO;):(DMSO)o(MeCN)]*
2590  [BikeOas(NO3)2o(DMSO)(MeCN)(H0)]"* | 2858  [BizgOus(NO3)2o(DMSO)o(MeCN)I**
2610  [BigOss(NO3)2o(DMSO)(MeCN)(H,0)]**
2630  [BigOus(NO3),o(DMSO)X(MeCN)s(H,0)** | 3599  [BigOas(NO3),1(DMSO),(MeCN),]**
2650  [BieOas(NO3)2o(DMSO)(MeCN)(H0)]"* | 3616  [BizgOus(NO3)21(DMSO)(MeCN)y(H,0)]**
2670  [BigOss(NO3)2o( DMSO)(MeCN)(H,0)]** | 3619  [BisgOss(NO3)o1(DMSO),(MeCN)(H,0)]**
2677  [BksOuss(NO3),o(DMSO)(MeCN)(H,0)** | 3625  [BigOas(NO3),1(DMSO)(MeCN),]**
2691  [BigOss(NO3)20(DMSO)o(MeCN)]** 3638  [BigOus(NO3)2(DMSO)(MeCN)g]**
2697  [BkeOss(NO3)ao(DMSO)(MeCN)(H;0)]*" | 3643  [BigOus(NO3)21(DMSO)o(MeCN)y(H,0)]*"
2703 [BigOss(NO3)2o( DMSO)(MeCN),]** 3647  [BisgOss(NO3)a1(DMSO)(MeCN)**
2711  [BigOus(NO3),o(DMSO),(MeCN),]** 3651  [BigOus(NOs3),i(DMSO)(MeCN)]**
2724 [BsgOss(NO3)2o(DMSO)(MeCN)(H,0)]** | 3664  [BizgOus(NO3)21(DMSO)(MeCN)]**
2730 [BigOss(NO;),(DMSO)(MeCN)]** 3668  [BisOss(NO3)21(DMSO)1(MeCN)y(H,0)]**
2744 [BigOss(NO3)2o(DMSO)1o(MeCN)(H,0)]* | 3670  [BisgOas(NO3)o1(DMSO)(MeCN)(H0)]**
2746 [BieOss(NO3)2o(DMSO)o(MeCN)(H,0)]** | 3673 [BisgOus(NO3)21(DMSO)s(MeCN)**
2750  [BigOss(NO3)2(DMSO)(MeCN)]** 3677  [BgOss(NO;)2(DMSO)(MeCN)]**
2759 [BigOss(NO;),(DMSO)(MeCN)]** 3679  [BisOss(NO3)21(DMSO)5(MeCN)(H,0)]**
2763 [BeOss(NO3)oo(DMSO)((MeCN)(H0)]*" | 3683  [BigOus(NO3z)21(DMSO)o(MeCN),(H,0)]*"
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8. Experimental Part

Table 85c: Third part of the ESI-MS data of the hexagonal pdth crystals of
[Bi38045(NO3)20(DMSO)g (NO3)4(DMSO), 204c - crystallized by diffusion of acetone
into a DMSO solution at04.

m/z  Fragment m/z  Fragment

3689  [BigOus(NO3)2(DMSO);(MeCN)g]** 3711  [BigOus(NO3)o,(DMSO)e ™

3691  [BigOus(NO3)21(DMSO)o(MeCN)]** 3716  [BbgOus(NO3)21(DMSO)4(MeCN)]**
3695  [BigOus(NO3)2(DMSO)(MeCN)s(H.0)]** | 3726  [BgOus(NO3)21(DMSO)4(MeCN)s]**
3699  [BigOus(NO3)2(DMSO);4(MeCN)** 3728  [BbgOus(NO3),(DMSO) (MeCN)y**
3701  [BigOus(NO3),(DMSO) (MeCN);** 3734  [BigOus(NO3)2(DMSO)15(MeCN)s(H0)]**
3703 [BigOus(NO3)21(DMSO)4(MeCN),]** 3738  [BigOss(NO3)2(DMSO)d**

3706  [BigOus(NO3)2(DMSO)5(MeCN)(H,0)]*" | 3743 [BigOus(NO3)21(DMSO);(H,0)I**

3709  [BigOus(NO3)2(DMSO)5(MeCN)](Hz0)** | 3770  [BigOus(NO3)21(DMSO)g(MeCN)(Hz0)I**

[Bize04s5(OH)(PTSOR(NO3)15(DMSQO)4(NO3)2(DMSOu(H-0), 205

3.00 mg (0.22804 mmol) [BdO45(OH)2(pTSOR(NO3)12(DMSO)4] (NO3)2
(DMSO)(H20), 205 were suspended in 0.3 ml DMSO and heated for 5anin0 °C.
The resulting solution was cooled to room tempeeatand diluted with 1.7 ml
acetonitrile which yielded in a solution 805 with a concentration of 115 pumol/L. This

solution was used for the ESI MS experiments.

C112H2300143N14S36Bi 38 13155.4 g/mol
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8. Experimental Part

Table 8.6a: First part of the ESI-MS data of [B045(OH)(pTSO}(NO3)12(DMSO),|

(NO3)2(DMSO)(H20), 205.

m/z Fragment m/z Fragment

2180  [BeOsg(pPTSOK(NOs)1o(DMSO)]™ | 2308  [BisgOus(PTSO}(NOs)o(DMSO); >
2187  [BikgOus(PTSOK(NO3)11(DMSO)]** | 2312 [BigOse(pTSOB(NO3)11(DMSO)e]**
2193 [BigOss(PTSOY(NO3)1o(DMSO)]> | 2315  [BbgOue(PTSOWNO3)15(DMSO)g]**
2196  [BigOss(PTSOX(NOs)12(DMSO)]> | 2318  [BhgOue(PTSO}(NO3)1o(DMSO)**
2202 [BisgOus(PTSOK(NO3)11(DMSO)]** | 2321 [BigOse(PTSOK(NO5)12(DMSO)q**
2208  [BigOuss(PTSOY(NO3)1o(DMSO)]>" | 2324  [BigOue(PTSOR(NO3)o(DMSO); 3>
2212 [BikgOue(pTSOK(NO3)1ADMSO)>* | 2327  [BisgOus(PTSOB(NOs)11(DMSO)y¢]**
2215  [BikgOus(PTSOK(NO3)o(DMSO)]** | 2330  [BigOse(PTSO(NO3)15(DMSO)q]**
2218  [BigOus(PTSOK(NO3)11(DMSO)]** | 2333 [BigOse(PTSO}(NO3)1o(DMSO)e]**
2221  [BigOss(PTSON(NO3)15(DMSO)>* | 2337  [BheOue(PTSOB(NO3)12(DMSO)7]**
2224 [BigOss(PTSOY(NO3)1o(DMSO)]>" | 2340  [BigOue(PTSOR(NO3)o(DMSO)]**
2227  [BikgOus(PTSOK(NO3)12(DMSO) > | 2343 [BhgOse(pTSOB(NO3)11(DMSO)7]>*
2230 [BieOsg(PTSOR(NOs)o(DMSO)]*" | 2346  [BigOus(PTSOK(NO2)1(DMSO)q**
2234 [BigOug(PTSOK(NO3)11(DMSO)q*"

2237  [BisgOus(PTSOK(NO3)13(DMSO)3>" | 2702 [BigOse(pTSOK(NO5)15(DMSO)]**
2240  [BisgOus(PTSO}(NO3)1o(DMSO)]** | 2706  [BigOse(pTSOR(NO5)1o(DMSO)]**
2243 [BisgOss(pTSOR(NO3)1DMSO),*" | 2710  [BieOae(pTSOXNO3)1(DMSO)]**
2246  [BikgOus(PTSOK(NO3)o(DMSO)]> | 2714  [BigOse(pTSOUNO)14(DMSO)]**
2249 [BikgOus(PTSOK(NO3)11(DMSO) > | 2717  [BigOae(pTSO}(NO5)1(DMSO)]**
2252 [BisdOss(PTSONNO3):1(DMSO)4*" | 2721  [BieOae(pTSOX(NO3);(DMSO)]*
2255  [BisgOss(PTSOY(NO3)1o(DMSO)*" | 2725  [BieOag(pTSOR(NO)1o(DMSO)]**
2258  [BikgOus(PTSOK(NO3)12(DMSO)e™ | 2729 [BigOse(pTSOB(NO5)12(DMSO)]**
2261  [BikgOus(PTSOK(NO3)o(DMSO)]** | 2733 [BigOse(pTSOUNO)14(DMSO)]**
2265  [BigOss(PTSOX(NO2)1(DMSO)*" | 2737  [BkeOue(PTSO}(NO3)11(DMSO)]**
2268  [BikgOus(PTSOK(NO3)1(DMSO)e® | 2741  [BigOse(pTSOK(NO5)15(DMSO)]**
2271 [BisgOus(PTSO}(NO3)1o(DMSO) > | 2745  [BigOse(pTSOR(NOz)1o(DMSO)]**
2274 [BikgOue(pTSOK(NO2)1(DMSO)>* | 2749  [BisgOus(pTSO(NOs3);(DMSO),]**
2277 [BisgOue(pTSON(NO3)g(DMSO), (" 2753 [BigOae(pPTSON(NO3)14(DMSO)d**
2280  [BikgOus(PTSOK(NO3)11(DMSO)e> | 2756  [BigOae(pTSO}(NO5)1(DMSO)]**
2283  [BikgOu(PTSOK(NO3)1(DMSO)d> | 2760  [BigOae(pTSOK(NO5)15(DMSO)]**
2287  [BigOuss(PTSOY(NO3)1o(DMSO)>* | 2764  [BieOue(PTSOR(NO3)1o(DMSO)]**
2290  [BisgOus(PTSOK(NO3)12(DMSO)e> | 2768  [BigOse(pTSOB(NO5)12(DMSO)]**
2293 [BikgOus(PTSOK(NO3)o(DMSO)|** | 2772 [BigOse(PTSOKNO3)14(DMSO)1]**
2296  [BikgOu(pTSOK(NO2)1(DMSO)>* | 2776  [BisgOus(pTSO)(NOs3)11(DMSO),]**
2299  [BikgOus(PTSOK(NO3)1(DMSO)7]>" | 2780  [BigOae(pTSOK(NO5)15(DMSO)]**
2302 [BikgOus(PTSO}(NO3)1o(DMSO)e>" | 2784  [BigOse(pTSOR(NO5)1o(DMSO)]**
2305  [BikgOus(pTSOK(NO3)1(DMSO)el** | 2788  [BisgOus(pTSOR(NO3)1(DMSO)g] **
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8. Experimental Part

Table 8.6b: Second part of the ESI-MS data ofsg8l45(OH),(pTsO}(NO3)12(DMSO}),]

(NO3)2(DMSO)(H20), 205.

m/z Fragment m/z Fragment

2792 [BiaOse(pTSOUNO3)14DMSO)]** | 3659  [BheOse(PTSOX(NOz)1(DMSO)g**

2796  [BhgOss(PTSO}(NO3)12(DMSO)]*" | 3663  [BisOus(PTSOB(NO3)14(DMSO)(MeCN)J**
2799 [BiaOse(pTSOXNO)1(DMSO)]** | 3670  [BheOse(PTSO}(NOz)1o(DMSO)e]**

2803 [BisOue(PTSOR(NO3)1o(DMSO)]*" | 3675  [BheOag(pPTSOK(NOs)14(DMSO)] **

2807  [BheOas(PTSOR(NO3)1o(DMSO)** | 3679 [BieOae(pTSOK(NO3)15(DMSO)(MeCN)]**
2811  [BikaOse(pTSON(NO3)14DMSO)q** | 3685  [BhsOse(PTSOX(NOs)1(DMSO)]**

2815  [BieOue(PTSON(NOg)11(DMSO)]*" | 3691  [BheOag(pPTSOK(NO2)15(DMSO)q**

2819  [BigOss(PTSOX(NO3)1(DMSO);;]*" | 3696  [BhsOus(PTSOY(NO2)1o(DMSO)]**

2823  [BigOss(PTSOR(NO3)1o(DMSO)]*" | 3701  [BigOus(PTSOHNO2)14DMSO)]**

2827  [BikaOse(pTSOMNO3)12(DMSO)]** | 3706  [BheOse(PTSOR(NOz)11(DMSO)]**

2831  [BiaOse(pTSOUNO3)14DMSO)]*" | 3712 [BheOse(pTSOK(NOz)1(DMSO)e]**

2835  [BheOue(PTSON(NO3)11(DMSO)** | 3715  [BieOae(pTSOK(NO3)14DMSO)(MeCN)]**
2839 [BikaOse(pTSOXNO)1(DMSO)g*" | 3722 [BheOue(PTSO}(NOs)1o(DMSO)]**

2842 [BikgOse(pTSOR(NO3)1o(DMSO)R]*" | 2725  [BheOae(pTSOK(NO)1(DMSO),(MeCN)J**
2846  [BigOss(PTSOK(NO3)1(DMSO);]*" | 3732 [BhgOus(PTSOH(NO)11(DMSO)]**

2850  [BigOue(PTSONNO3)14(DMSO)g** | 3737  [BieOse(pTSOK(NO3)15(DMSO)]*

2854 [BikgOse(pTSOY(NO3)1s(DMSO)|** | 3743 [BieOue(pTSON(NOs)15(DMSO);5**

2858  [BhgOss(PTSOX(NO3)1(DMSO)*" | 3748  [BigOus(PTSOY(NO2)1o(DMSO)] "

2862  [BheOas(PTSOR(NOg)1o(DMSO)** | 3751  [BieOae(pTSOK(NO3)1(DMSO)(MeCN)]**
2866  [BhsOus(PTSOR(NO3)1o(DMSO) 4" | 3757  [BheOag(pTSOU(NOs)15(DMSO),(MeCN)F**
2870  [BigOus(PTSOUNO3)14DMSO)d*" | 3762 [BheOag(pPTSO}(NOs)12(DMSO)(MeCN)[**
2874 [BigOss(PTSO}(NO3)12(DMSO)]** | 3767  [BigOue(pPTSOB(NO3)14DMSO)y(MeCN)F*
2878 [BieOae(PTSOR(NO3)15(DMSO)g** | 3772 [BieOae(pTSOR(NO3)11(DMSO)(MeCN)J**
2881  [BhsOue(PTSOR(NOg)1o(DMSO) " | 3777 [BheOag(pTSOK(NO3)1(DMSO)(MeCN)F**
2885  [BheOu(PTSOR(NO3)1o(DMSO)*" | 3783 [BieOag(pTSOK(NO3)15(DMSO),(MeCN)F**
2889 [BheOus(PTSOUNO3)14DMSO)]*" | 3788 [BieOse(pTSO}(NO3)12(DMSO)(MeCN)J**
2893 [BhgOue(PTSON(NO3)11(DMSO)4*" | 3793 [BheOag(pTSOK(NO3)14(DMSO)(MeCN)F**
2897  [BigOus(PTSOK(NO3)15(DMSO)d*" | 3798 [BheOag(pPTSOK(NOs)11(DMSO)(MeCN)[**
2901  [BigOss(PTSOK(NO3)1o(DMSO)]*" | 3803 [BhgOue(PTSOR(NO3)1(DMSO)y(MeCN)F*
2905  [BigOue(PTSOR(NO3)1o(DMSO)g** | 3809 [BheOag(pTSOU(NOs)15(DMSO)(MeCN)F**
2909 [BigOue(PTSOUNO3)14DMSO)g*" | 3814  [BheOag(pTSO}(NO3)1(DMSO)(MeCN)F**
2913 [BkgOue(PTSON(NO3)11(DMSO)** | 3819 [BkeOag(pTSOK(NO3)14(DMSO)(MeCN)F**
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8. Experimental Part

[Bi38045(CaH7SO3)(NO3),(DMSQ),] 206 (X +y = 24)

This BizgO4s-Cluster contains an unknown composition of coumteions and DMSO
molecules. The amounts used were calculated fomi2dte ions (x = 24; y = 0). The
number of DMSO molecules was set to 24 (z =24).eBasn these settings, 3.00 mg
(0.24952 mmol) [BigOas(C4H7SOs)x(NO3)y(DMSO),] 206 were suspended in 0.3 ml
DMSO and heated for 5 min at 70 °C. After cooliomgrobom temperature, the solution
was diluted with 1.7 ml acetonitrile which yieldad a solution of 206 with a

concentration of 125 pmol/L. This solution was utadhe ESI MS experiments.

C48H1440141N24SQ4Bi38 12023.1 g/mol (X = 24; y= 0;z :24)
C144H31201418488i38 13779.6 g/mol (X = 0; y= 24, Z :24)

Table 8.7: ESI-MS data of [BiOus(CsH7SQ)(NO3),(DMSO)] 206 (x +y = 24).

m/z Fragment m/z Fragment

2220  [BisgOus(CsH7S0:)14(NO3)s(DMSO)]™ | 2771  [BigOas(CsH7S05)13(NO3)7(DMSO)]**
2221 [BikgOas(CsH7S0:)14(NOg)g(DMSO)]*" | 2773 [BiseOus(CaH7S05)12(NO5)s(DMSO),]**
2235 [BgOas(CaH7S0:)14(NOg)s(DMSO)]*" | 2778  [BiseOus(CaH7SO5)a(NO3)1(DMSO)] **
2236  [BisgOus(CsH7S0:)13(NO3)s(DMSOX]™ | 2779 [BisgOas(CsH7S05)7(NO3)1(DMSO)]
2237 [BigOus(CsH7S05)12(NO3)(DMSO)]** | 2780  [BigOss(CaH7S05)e(NO3)14(DMSO)y ] **
2242 [BisgOus(CsHS0:)7(NO5)1o(DMSO)]*" | 2781 [BisgOss(CsH7S0s)5(NO3)15(DMSO), ]+
2243 [BisgOus(CsH7S0:)6(NO3)15(DMSO)*" | 2791 [BisgOas(CsH7S05)13(NO3)7(DMSO)]
2252 [BisgOus(CsH7S0:)13(NO3)s(DMSO)]™ | 2791 [BisgOas(CsH7S05)12(NO3)g(DMSO)e] **
2253 [BkgOas(CaH7S0:)1NOg)(DMSO)]*" | 2797 [BiseOus(CaH7SO5)(NO3)1(DMSO)] **
2256 [BhgOus(CaH7S03)o(NO3)1o(DMSO)>* | 2799 [BigOas(CaH7SOs)7(NO3)15(DMSO), **
2257  [BisgOus(CsH7S0:)s(NO2)1(DMSO)|** | 2816 [BisgOas(CaH7S05)o(NO3)11(DMSO)] **
2258  [BisgOus(CaH7S0:)7(NO5)1o(DMSO)]** | 2817  [BisgOss(CsH7S0s)a(NO3)12(DMSO); **
2259 [BigOus(CaH7SOs)6(NO3)1(DMSO)**
2271 [BisgOus(CsH7S0:)e(NO2)1o(DMSO)|** | 3648  [BisgOas(CsH7S05)7(NO3)14(DMSO)e]**
2272 [BisgOus(CsH7S0:)s(NO2)1(DMSO)]** | 3650  [BisgOas(CaH7S05)6(NO3)15(DMSO),]**
3651  [BigOas(CaH7SOs)s(NOs3)1(DMSO)g**
2734 [BisgOus(CsH7S0:)12(NO3)s(DMSO)]*" | 3658  [BisgOas(CsH7SO5)(NO3)2o(DMSO)**
2735  [BisgOus(CsH7S0:)11(NO3)o(DMSO)]*" | 3664  [BisgOas(CsH7S05)13(NO3)g(DMSO)I**
2750 [BieOas(CaH7S0:)14(NOg)s(DMSO)*" | 3672 [BiseOus(CaH7SO5)a(NO3)1(DMSO)]**
2752 [BigOas(CaH7S0:)14(NOg)(DMSOY]*" | 3674 [BiseOus(CaH7S05)7(NO3)14(DMSO)]**
2753 [BisgOus(CsH7S0:)12(NO3)s(DMSO)]** | 3675  [BisgOas(CaH7S05)6(NO3)15(DMSO)e]**
2760  [BieOas(CsH7S0:)7(NO2)1(DMSOY]*" | 3697  [BiseOus(CaH7SO5)o(NO3)1(DMSO)]**
2761 [BieOas(CaH7S0:)s(NO2)14{DMSO)]** | 3698  [BiseOus(CaH7SO5)a(NO3)1(DMSO),]**
2770 [BisgOus(CsH7S0:)14(NO3)s(DMSO)Y]** | 3700  [BisgOas(CsH7S05)7(NO3)14(DMSO)e]**
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[Bi38045(CeH13S Os)x(NO3)y(DMSQ),] 207 (x + y = 24)

For this BigO4s-cluster which contains an unknown composition afirder anions and
DMSO molecules, the amounts used were calculateB4fanitrate ions as counter anions
(x = 24; y = 0). The number of DMSO molecules weste 24 (z =24). Based on these
settings, 3.00 mg (0.24952 mmol) §BD4s5(CeH13SO5)x(NO3)y(DMSQO),] 207 were
suspended in 0.3 ml DMSO and heated for 5 min at(Z0OThe resulting solution was
cooled to room temperature and diluted with 1.7 aoétonitrile which yielded in a
solution of[B4] with a concentration of 125 pumol/L. This solutimas used for the ESI

MS experiments.

C48H1440141N24SQ4Bi38 12023.1 g/mol (X = 24, y= O; Z :24)
C]_92H45601418438i38 14500.8 g/mol (X = O; y= 24; A :24)

Table 8.8a: First part of the ESI-MS data of bismuth-oxido tdng07.

m/z Fragment m/z Fragment
2298 [BigOus(CeH13505)15(NOg)s(DMSO)]> | 2856  [BigOus(CeH13S0s)14(NO3)s(DMSO)™
2298  [BigOus(CeH13505)16(NO3)3]>* 2862  [BhgOas(CeH1350s)15(NO3)s) **

2304  [BigOus(CeH13S50s)14(NO3)s(DMSO)g]>* 2865  [BigO4s(CeH13505)6(NO3)14(DMSO);] **
2309  [BigOus(CeH13505)15(NO3)4(DMSO)]*" | 2869  [BigOss(CeH15505)13(NO3)(DMSO)] **
2314 [BigOus(CeH1350s)15(NO3)s(DMSOX]™ | 2871 [BbgOus(CeH15505)7(NO3)13(DMSO)y ] **
2314 [BigOss(CeH1350s)16(NO3)s(DMSO)* | 2876 [BbgOus(CoH15505)14(NO3)s(DMSO)]**
2319 [BigOus(CeH1350s)17(NO3),]** 2878  [BigOus(CeH13S0s)s(NO3)15(DMSO), ] **
2324 [BisgOus(CeH13505)15(NO3)s(DMSO)]** | 2882 [BigOus(CoH15505)15(NO3)s(DMSO)I*
2329 [BigOus(CeH1350s)16(NO3)s(DMSO)]>" | 2884  [BigOus(CeH15505)3(NO3)1(DMSO)]**
2330  [BigOus(CeH13503)1(NO3)o(DMSO)y > | 2888  [BisgOus(CeH13S0s)16(NO3)

2336  [BhgOus(CeH1350)11(NO3)s(DMSO)]™ | 2890  [BgOus(CeH15505)7(NO3)13(DMSO),]**
2341 [BisgOus(CeH13505)12(NO3)7(DMSO)]** | 2895  [BigOss(CoH15505)14(NO3)6(DMSO)] **
2346  [BigOuss(CeH1350s)15(NO3)s(DMSO)]* 2897  [BigO4s(CeH13505)5(NO3)15(DMSO)y5] **
2351 [BigOus(CeH1350s)11(NO3)g(DMSO) > | 2902  [BisgOus(CoH13505)12(NO3)g(DMSO)e] **
2357 [BigOus(CoH13503)g(NO3)1o(DMSO)g>* | 2904  [BigOus(CeH1350s)3(NO3)1(DMSO) e **
2362  [BhgOss(CeH1350s)10(NO3)o(DMSO)>* | 2908  [BhgOus(CeH15505)13(NO3)7(DMSO)]**
2366  [BhgOss(CeH1350)11(NO3)s(DMSO) > | 2915 [BbegOus(CoH15505)11(NO3)o(DMSO)]**
2916  [BigOus(CeH1350s)g(NO3)1o(DMSO), ] **
2830  [BigOus(CeH13505)13(NO3)7(DMSO)*" | 2922 [BigOs5(CeH15505)12(NO3)s(DMSO),] **
2837  [BigOus(CsH13505)14(NO3)e] ** 2924 [BigO4s(CeH13505)3(NO3);(DMSO)y ] **
2843 [BigOss(CeH1350s)12(NO3)s(DMSO)]*" | 2928  [BbgOus(CeH15505)13(NO3)7(DMSO)]**
2850  [BigOus(CeH13505)13(NO3)7(DMSO)]** | 2934 [BigOs5(CeH1550:)14(NO3)6(DMSO)] **
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Table 8.8b: Second part of the ESI-MS data of bismuth-oxidsteh207.

m/z Fragment m/z Fragment

2941  [BisgOus(CeH13505)12(NO3)s(DMSO)] ™ | 3846 [BigOs5(CeH1550:)13(NO3)s(DMSO)]**
2947  [BigOus(CeH13S50s)15(NO3)(DMSO) ] ** 3849  [BigO4s(CeH15505)4(NO3);(DMSO)y5]**
2949  [BigOus(CoH1350s)7(NO3)1(DMSO)g** | 3855  [BigOus(CeH13505)11(NO3)1o(DMSO)]**
2953  [BigOus(CeH1350)14(NO3)s(DMSO)]*" | 3857  [BgOus(CeH15505)5(NO3)16(DMSO)4**
2960  [BigOus(CeH13505)15(NO3)s(DMSO)]** | 3864  [BigOss(CoH15505)12(NO3)o(DMSO)]**
2966  [BhgOss(CoH1350s)16(NO3)4(DMSO)]*" | 3865  [BbgOus(CoH15S0:)o(NO3)1(DMSO)]*
3872 [BigOus(CeH13505)13(NO3)s(DMSO)*
3797  [BigOus(CeH13505)4(NO3)1(DMSO)a]** | 3881  [BigOss(CoH1550:)14(NO3)7(DMSO)]**
3805  [BhgOss(CeH13S0s)s(NO3)16(DMSO)** | 3890  [BhgOus(CoH15505)12(NO3)o(DMSO)]**
3812  [BhgOss(CeH1350s)12(NO3)o(DMSO)]*" | 3898  [BhgOus(CoH15505)13(NO3)g(DMSO)]**
3814  [BigOus(CoH13505)3(NO3)16(DMSO)s** | 3900  [BigOus(CeH1350s)7(NO3)14(DMSO) %
3821  [BhgOss(CeH1350s)16(NO3)1s(DMSO)]** | 3907  [BbgOus(CoH15505)11(NO3)1(DMSO)e] **
3824  [BigOus(CoH1350s)a(NO2)1/(DMSO)4** | 3916  [BisgOus(CoH1350s)12(NO3)o(DMSO),]**
3830  [BigOus(CeH13505)11(NO3)1o(DMSOX]*" | 3924 [BigOs5(CeH15505)13(NO3)s(DMSO)]**
3832  [BigOus(CeH13505)5(NO3)16(DMSO)al*" | 3943 [BigOss(CoH15505)12(NO3)o(DMSO)]**
3838  [BhgOss(CoH1350s)12(NO3)o(DMSO)]*" | 3950  [BhgOus(CoH15505)13(NO3)g(DMSO)]*
3840  [BigOss(CeH1350s)6(NO3)1s(DMSO)** | 3958 [BhgOus(CoH15505)14(NO3)7(DMSO)]**

[BI3_39@(C§H1_78Q_3)5(NO3)y(DMSO)Z] 208(x +y =24)

For this BgOss-cluster which contains an unknown composition afirder anions and
DMSO molecules, the amounts used were calculate@4fanitrate ions as counter anions
(x = 24; y = 0). The number of DMSO molecules weste 24 (z =24). Based on these
settings, 3.00 mg (0.24952 mmol) §BD4s5(CgH17SO5)x(NO3)y(DMSQO),] 208 were
suspended in 0.3 ml DMSO and heated for 5 min at(Z0The resulting solution was
cooled to room temperature and diluted with 1.7 aoétonitrile which yielded in a
solution of208 with a concentration of 125 umol/L. This solutimas used for the ESI
MS experiments.

C48H1440141N24SQ4Bi38 12023.1 g/mol (X = 24; y= 0;z :24)
Cz4o|‘|55201418438i38 15174.5 g/mol (X =0; y= 24: 7 :24)
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Table 8.9: ESI-MS data of [BiOus(CsH17SQ)x(NOs),(DMSO})] 208 (X +y = 24).

m/z Fragment m/z Fragment

2954  [BisgOus(CeH17505)11(NO3)o(DMSO)** | 3898 [BigOss(CeH17S0:)12(NO3)e(DMSO)**
2960  [BigOss(CoH17S0s)15(NO3)o(DMSO)]*" | 3907  [BbgOus(CeH17S05)11(NO3)1(DMSO),]**
2967  [BigOss(CoH1750s)12(NO3)s(DMSOX]*" | 3916  [BkgOas(CeH17S05)13(NO3)s(DMSO)J**
2973 [BisgOus(CeH17505)14(NO3)s(DMSO)]** | 3925  [BigOss(CeH17S05)12(NO3)o(DMSO)]**
2979  [BisgOus(CeH17505)10(NO3)1o(DMSO)]*" | 3933 [BhgOus(CeH17S0:)14(NO3)7]**

2986  [BhsOas(CaH17505)12(NOs)s(DMSO)] ™" | 3942 [BigOus(CeH17505)15(NO3)g(DMSO),]**
2993 [BigOus(CeH17S0)14(NO3)s(DMSO)]*" | 3950  [BgOus(CeH17S05)12(NO3)o(DMSO)]*
3000  [BigOus(CaH17S05)16(NO3)a]** 3960  [BhgOus(CaH17505)14(NO3)7(DMSO)**
3006  [BigOss(CoH17S0s)12(NO3)s(DMSO)]*" | 3969  [BhgOus(CeH17S05)13(NO3)g(DMSO)]*
3013 [BigOss(CoH17S0)14(NO3)s(DMSO)]*" | 3976  [BigOus(CsH17S05)12(NO3)o(DMSO)]**
3019  [BigOus(CeH17S05)13(NO3)7(DMSO)]** | 3977  [BhgOus(CeH17S0:)15(NO3)e]**

3026  [BigOss(CoH17S0s)15(NO3)s(DMSO)]*" | 3986  [BbgOus(CsH17S05)14(NO3)7(DMSO)]**
3032 [BigOus(CsH17505)14(NO3)s(DMSO)s) * 3994  [BigOus(CsH17S05)15(NO3)g(DMSO),]**
3033 [BigOus(CaH17505)1/(NO3)3]** 4003 [BigOus(CaH17505)15(NO3)s(DMSO)J**
3039 [BigOus(CeH17505)13(NO3)o(DMSO)]** | 4012 [BigOss(CeH17S0:)14(NO3)7(DMSO)]**
3046  [BigOss(CoH17S0s)15(NO3)s(DMSO)]*" | 4020  [BgOus(CsH17S05)13(NO3)g(DMSO)]
3052 [BheOas(CaH17505)14(NOs)6(DMSO)] ™" | 4029 [BigOus(CeH17S05)15(NO3)6(DMSO),]**
3065  [BigOus(CeH17S0s)15(NO3)s(DMSOX]*" | 4038 [BgOus(CeH17S05)14(NO3)(DMSO)]*
4047  [BigOas(CeH17S0y)16(NO3)s(DMSO)**
3889  [BhsOas(CaH17505)10(NO2)11(DMSO)]** | 4056  [BigOus(CeH17S05)15(NO3)6(DMSO)]**
3890  [BigOus(CaH17505)1(NOs)g]** 4077 [BigOus(CaH17S0s)3(NO3)15(DMSO),4**

[Bi 36045(BOC-Val)(OH);] 209

3.00 mg (0.22300 mmol) [BdO45(BOC-Val)2(OH),] 209were dissolved in 2 ml ethanol
and sonicated for 5 min at room temperature. Thaltiag solution had a concentration
of 110 pmol/L209. This solution was used for the ESI MS experiments

C220H3060135N2Bisg 13452.8 g/mol
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Table 8.10: ESI-MS data of [BiOss(BOC-Valp(OH),] 209.

m/z classification

3082 | [BigOus(OH)o(Val)1s(BOC)s(ELOH)]™

3089 | [BiaOss(OH)o(Val)1s(BOC)s(EtOH), — H,0]*
3097 | [BieOas(OH)o(Val)1d(BOC) "

3099 | [BigOss(OH)(Val)1g(BOC)s(EtOH)(H,0)]*
3108 | [BigOus(OH)o(Val)1s(BOC) ((ELOH)]"

3115 | [BiaOss(OH)(Val)1s(BOC)H(EtOH), — H,0]*
3122 | [BikeOas(OH)o(Val)1d(BOC) A"

3136 | [BigOss(OH)(Val)1g(BOC)H(EtOH)(H,0)]*
3143 | [BiaOss(OH)(Val)1s(BOC)7 — H0]*

3158 | [BiaOss(OH)(Val)1s(BOC)s(EtOH)]*

3161 | [BigOss(OH)(Val)1g(BOC)KAELOH)(H,0)]*
3165 | [BiaOss(OH)o(Val)1s(BOC)s(EtOH), — H,0]*
3172 | [BikaOss(OH)(Val);o(BOC)g**

3193 | [BigOus(OH)y(Val)1s(BOC)H(EtOH)]*

3197 | [BigOss(OH)(Val)ie (BOC)g*

3204 | [BigOss(OH)(Val)1s(BOC)s(EtOH)]**

3222 | [BikgOas(Val)z (BOC)d*

3247 | [BigOss(Val)z (BOC)d*

4183 | [BikeOas(OH)x(Val)1o(BOC)6(EtOH)*"

4206 | [BhgOus(Val)2(BOC)s(EtOH)(H,0)*

4265 | [BigOus(OH)(Val)o(BOC)AEtOH),]**

4293 | [BikeOas(OH)x(Val)1o(BOCKH(EtOH), — H,0]**
4329 | [BigOss(OH)x(Val)1o(BOC)(EtOH),]*"

4401 | [BhgOus(Val)2(BOC)]*

4488 | [BigOug(Val)p1(BOC)y(EtOH)s — H,O]**

[Bisg045(BOC-Phe),(OH),] 210

3.00 mg (0.20676 mmol) [BiO45(BOC-Phe),(OH),] 210 were dissolved in 0.4 ml
DMSO and sonicated for 5 min at room temperatuhe fiesulting solution was diluted
with 1.6 ml acetonitrile which yielded in a soluti@f 210 with a concentration of 100

pmol/L. This solution was used for the ESI MS expents.

C308H39¢0135N22Bizs  14509.9 g/mol
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Table 8.11: ESI-MS data of [BiO4s(BOC-Phe),(OH),] 210.

m/z

classification

3360
3380

3385
3410
3436
3453
3461
3476
3481
3503
3507
3525
3531
3550
3554
3573
3578
3596
3604
3620
3626
3650
3668
3673
3674

4632
4665
4689
4702
4724
4733
4759
4765
4787
4798

[BsgO4s(OH)2(Phe)g(BOC)1((DMSO)]**
[BisgO4s(OH),(Phe)g(BOC)(DMSO)] **
[BikgO4s(OH),(Phe)g(BOC)s(DMSO)] **
[BbsOus(OH),(Phe)g(BOC);(DMSO)]**
[BbsOus(OH),(Phe)g(BOC)(DMSO)]**
[BieO4s(OH)(Phe)o(BOC)(DMSO)]**
[BbsOus(OH),(Phe)g(BOC);(DMSO)] **
[BigOus(OH),(Phe)g(BOC),g(DMSO)s — H,0]*
[BikgO4s(OH),(Phe)g(BOC)(DMSO)] **
[BieO4s(OH)(Phe)o(BOC)o(DMSO),]**
[BigOus(OH)(Phe)s(BOC)1o(DMSO),(H,0)]**
[BieO4s(OH)(Phe)o(BOC);(DMSO)]**
[BieO4s(OH)(Phe)o(BOC)(DMSO)]**
[BisOss(OH) (Phe)o(BOC), DMSO)]**
[BigOus(Phe}o(BOC)1s(DMSO)e]**
[BieOas(Phe)o(BOC)s(DMSO)]**
[BieOas(Phe)o(BOC)o(DMSO)]**
[BigOus(OH)(Phe)s(BOC)1o(DMSO) — H,0]**
[BieOas(Phe)o(BOC),o(DMSO)]**
[BieO4s(OH)(Phe)o(BOC);o(DMSO); ] **
[BisOas(Phe}o(BOC),(DMSO),(H,0)]**
[BigOus(OH)(Phe)o(BOC)1s(DMSO);5 — H01*
[BieO4s(OH)(Phe)o(BOC) (DMSO)g **
[BisOss(OH)(Phe)o(BOC),g(DMSO);4 **
[BigOus(OH)(Phe)o(BOC)1o(DMSO);5 — H01*

[BikeO4s(OH)(Phe)o(BOC)(DMSO); ] **
[BisOss(OH)(Phe)o(BOC),/(DMSO); ] **
[BigOus(OH),(Phe)o(BOC),g(DMSO)s — H,0]*
[BieO4s(OH)(Phe)o(BOC);o(DMSO)s]**
[BigOus(OH)(Phe)o(BOC)1(DMSO)s + H,01*
[BbsOus(OH)(Phe) oo BOC),o(DMSO)]**
[BeO4s(OH)(Phe) o BOC),o(DMSO),]**
[BigO4s(OH)(Phe)o(BOC)o(DMSO), + H,0]1**
[BigOus(OH),(Phe)o(BOC),(DMSO) + H,0]**
[BigOas(OH),(Phe)o(BOC);g(DMSO)y ] **

201
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[Bi 2,0,4(HSalyd 211 (and [BiOa(HSalp] 212)

2.00 mg (0.28849 mmol) [BiO,s(HSal)4] 211 were dissolved in 0.4 ml DMSO and
sonicated for 5 min at room temperature. The regulolution was diluted with 2.6 ml
acetonitrile which yielded in a solution 2.1 with a concentration of 96 umol/L. This

solution was used for the ESI MS experiments. Ssingly, also fragments of a

[Biz4040(HSal),] 212 cluster were observed in the ESI mass spectrum.

CogH70068Bi22
Ci54H110106Biz4

6932.8 g/mol
10761.79 g/mol

Table8.12a: 1. part of the MS data of [BO.¢(HSal)4 211 and [BizsOs0(HSalks 212.

m/z classification m/z classification

1826  [Bi0z6(HSalyo(DMSO)(MeCN) ] ** 1955  [BiyOz6(HSal)(DMSO)(MeCN)q**
1836  [BbyOns(HSal)o(DMSO)(MeCN),,]**

1845  [Biy0z6(HSaly(DMSO),(MeCN);]** 2299  [BbOs(HSal)(DMSO)(MeCN)(H,0)**
1847  [BbyOns(HSal)o(DMSO)(MeCN), 4+ 2339  [BbyOs(HSal)(DMSO),(MeCN),(H,0)*
1856  [BbyOns(HSal)o(DMSO),(MeCN),,]** 2351  [BbyOs(HSal)(DMSO)(MeCN)(H,0)*
1857  [Biy0z6(HSal)o(DMSO)(MeCN) ] ** 2364  [BbyOs(HSal)(DMSO)(MeCN),(H,0)**
1865  [Bi;0z6(HSal)o(DMSO)(MeCN) ;] ** 2379  [BbyOsx(HSal)(DMSO)(MeCN)(H,0)**
1866  [BbyOns(HSal)o(DMSO),(MeCN)4** 2391  [BbyOs(HSal)(DMSO)(MeCN)(H,0)*
1875  [BbyOss(HSal)o(DMSO)(MeCN),,]** 2404  [BbyOs(HSal)(DMSO)(MeCN)(H,0)**
1876  [Biy0z6(HSaly(DMSO),(MeCN)]** 2417  [BbyOs(HSal)(DMSO),(MeCN),(H,0)]**
1885  [BbyOns(HSal)o(DMSO)(MeCN),,]** 2429  [BbyOs(HSal)(DMSO)(MeCN)(H,0)*
1886  [BbyOns(HSal)o(DMSO)(MeCN),4** 2443  [BbyOs(HSal)(DMSO)(MeCN),(H,0)*
1895  [Bi;0z6(HSal)o(DMSO)(MeCN) ] ** 2456  [BbOs(HSal)(DMSO)(MeCN)(H,0)**
1896  [Bi;0z6(HSal)(DMSO)(MeCN) ] ** 2469  [BbyOs(HSal)(DMSO)(MeCN),(H,0)**
1905  [BbyOss(HSal)o(DMSO)(MeCN), 4+ 2484  [BbyOs(HSal)(DMSO)(MeCN)(H,0)*
1906  [Bi0z6(HSaly(DMSO)(MeCN) 5 ** 2495  [BhOs(HSal)y(DMSO) o(MeCN),(H,0)**
1915  [Biy0z6(HSaly(DMSO)o(MeCN),** 2502  [BhOs(HSalyy(DMSO)o(MeCN)]**
1916  [BbyOns(HSal)o(DMSO)(MeCN) ] 2509  [BbyOs(HSal)(DMSO),o(MeCN)(H,0)]*
1919  [BbyOns(HSal)o(DMSO)o(MeCN)o(H,0)]* | 2515  [Bb,Osg(HSalki(DMSO)(MeCN),**
1920  [Biy0z(HSal)(DMSO)(MeCN)4(H,0)** | 2521  [BiyOn(HSal)(DMSO),,(MeCN),(H,0)]*
1925  [Bi;0z(HSal)(DMSO)(MeCN),,]** 2527  [BhOs(HSalyy(DMSO)(MeCN);]**
1926  [BbyOns(HSal)o(DMSO)o(MeCN),g** 2533  [BbyOs(HSal)(DMSO),(MeCN)(H,0)]*
1934  [Biy0z6(HSal)(DMSO)(MeCN)5** 2541  [BhOs6(HSalyy(DMSO)(MeCN),]**
1935  [Biy0z(HSal)(DMSO)o(MeCN) 4 ** 2547  [BhOs6(HSalyy(DMSO) (MeCN),(H,0)**
1954  [BbyOns(HSal)o(DMSO)(MeCN),;]** 2554  [BbyOs(HSal)(DMSO)(MeCN)]**
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Table 8.12b: 2. part of the MS data of [BO.s(HSal)4 211 and [BiksO40(HSal),] 212.

m/z  classification m/z  classification
2561 [BlzzOze(Hsal)ll(DMSO)lz(MeCN)s(Hzo)]3+ 2830 [Bb4O40(HSal)lg(DMSO)ll(MeCN)B]4+
2567 [BiyOsg(HSal)(DMSO),5(MeCN),]** 2834  [BiOu(HSalng(DMSO),1(MeCN)s(H,0)]**
2673  [BiOsg(HSal)(DMSO),5(MeCN)(H,0)* | 2843  [BiOs(HSal)s(DMSO),(MeCN)(H,0)]*
2681 [BlzzOze(HSal)ll(DMSO)lg(MeCN)s]3+ 2844 [Bb4040(HSal)lg(DMSO)ll(MeCN»(Hzo)]AH
2687 [BlzzOze(Hsal)ll(DMSO)lg(MeCN)s(Hzo)]3+ 2849 [Bb4O40(HSal)lg(DMSO)lg(MeCN)B]4+
2594  [BiyO,g(HSal)(DMSO),5(MeCN)g** 2854  [BhOus(HSalng(DMSO),(MeCN)s(H,0)]**
2600 [BlzzOze(Hsal)ll(DMSO)lg(MeCN)G(Hzo)]3+ 2864 [Bb4O40(HSal)lg(DMSO)lz(MeCN»(Hzo)]AH
2607 [BlzzOze(HSal)ll(DMSO)l4(MeCN)5]3+ 2868 [Bb4040(HSal)lg(DMSO)13(MeCN)5]4+
2613  [BiyOsg(HSal)(DMSO)(MeCN)s(H,0)]*" | 2883  [BiOs(HSal)s(DMSO),5(MeCN),(H,0)]*
2619  [BiO.g(HSal)(DMSO),5(MeCN),]** 2903  [BiOu(HSalng(DMSO),(MeCN),(H,0)]**
2633 [BlzzOze(HSal)ll(DMSO)ls(MeCN)s]3+

3490 [BbyOns(HSal)(DMSO)(MeCN),J*
2693  [BksOso(HSalng(DMSO)(MeCN)g** 3524  [BiyO,g(HSal)(DMSO)]*
2712  [BisOso(HSalyg(DMSO)X(MeCN)g** 3550 [BiyO,e(HSal)(DMSO)(MeCN)]**
2732  [BisOus(HSalyg(DMSO)(MeCN)g** 3554  [Bi,O,¢(HSal)(DMSO)(MeCN)(H,0)]**
2736  [Bi4Ouso(HSalng(DMSO)(MeCN)(H,0)]** | 3563  [BbOs(HSal)(DMSO)?
2741  [Bk4Oso(HSalng(DMSO)(MeCN)]** 3568 [Bh,O,g(HSal)(DMSO)(MeCN),]**
2746  [BiOs(HSal)g(DMSO),(MeCN)(H,0)]** | 3570  [Bi,Oss(HSal)(DMSO)(MeCN)]**
2752  [Bk4Ouso(HSalng(DMSO)(MeCN)g** 3576  [BbyO,g(HSal)y(DMSO)(MeCN),(H,0)]**
2756  [Bi4Os(HSalng(DMSO)(MeCN)s(H,0)]*" | 3588 [Bb,Ons(HSal)(DMSO),(MeCN)]**
2761 [BisOus(HSalyg(DMSO)(MeCN),]** 3597 [BiyO,s(HSal)(DMSO),(MeCN)(H,0)]**
2766  [BiOs(HSal)g(DMSO),(MeCN),(H,0)]** | 3602 [BiOns(HSalk(DMSO),**
2770  [Bk4Oso(HSalng(DMSO)(MeCN),]** 3608 [BbyO,g(HSal)(DMSO)(MeCN)g**
2771  [BisOuso(HSalyg(DMSO)(MeCN)g** 3615 [BiyO.e(HSal)(DMSO)(MeCN),(H,0)]**
2775 [BkOso(HSal)g(DMSO)(MeCN)(H,0)* | 3617  [BiOss(HSal)(DMSO)(MeCN)s(H,0)]**
2776  [Bi4Ouso(HSalng(DMSO)(MeCN)(H,0)]** | 3623  [Bb,Oss(HSal)(DMSO),(MeCN)**
2780  [Bk4Oso(HSalng(DMSO)(MeCN)]** 3628 [Biyy0s(HSal)y(DMSO)X(MeCN)]*
2785 [BiOs(HSal)g(DMSO)(MeCN)(H,0)]* | 3636  [BiyOs5(HSal)(DMSO)X(MeCN)s(H,0)]*
2790  [Bi,Ou(HSalys(DMSO),o(MeCN),]** 3642 [Bi,O,¢(HSal)(DMSO)]**
2791  [Bk4Oso(HSalng(DMSO)(MeCN)** 3648 [BiyO,g(HSal)(DMSO)(MeCN)g**
2795  [BiOso(HSal)g(DMSO)(MeCN)s(H,0)]** | 3662  [BiOns(HSal(DMSO)(MeCN)**
2800 [Bi,Ou(HSalys(DMSO),o(MeCN)]** 3668 [Bi,O.¢(HSaly(DMSO)(MeCN),]**
2803  [Bi4Oso(HSalng(DMSO)1(MeCN)(H,0)]* | 3675  [BbOs(HSal)(DMSO)s(MeCN)(H,0)]**
2805 [Bk4Oso(HSalng(DMSO)o(MeCN)s(H,0)]* | 3695  [BbyOs(HSal)(DMSO)s(MeCN)(H,0)]**
2809  [Bi,Ou(HSalyg(DMSO),,(MeCN),]** 3707 [Bi,O,¢(HSal)(DMSO)(MeCN),]**
2810 [Bi,Ou(HSal)ys(DMSO),o(MeCN)** 3716 [Bi,O,¢(HSal)(DMSO)(MeCN),(H,0)]**
2815  [BisOus(HSalng(DMSO),o((MeCN)s(H,0)]** | 3722  [BbyOss(HSal)o(DMSO)(MeCN),]**
2819 [Blg,4O40(HSal)lg(DMSO)ll(MeCN)s]4+ 3740 [BbgOze(HSal)lg(DMSO)lo(MeCN)]2+
2824 [Blg,4O40(Hsa|)lg(DMSO)ll(MeCN)s(Hzo)]4+
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8. Experimental Part

[Bi 3s0a5(HSalp(OH),] 213

3.00 mg (0.23006 mmol) [BiO4s5(HSalk(OH),] 213 were dissolved in 0.4 ml DMSO
and sonicated for 5 min at room temperature. Theltiag solution was diluted with 1.6

ml acetonitrile which yielded in a solution 813 with a concentration of 115 pumol/L.

This solution was used for the ESI MS experiments.

C188H21401305:7/Bisg  13040.0 g/mol

Table8.13: ESI-MS data of [BkOas(HSalp(OH),] 213.

m/z

classification

3544
3550

3570
3576
3596
3602
3616
3622
3628
3642
3648
3668
3688
3694
3714
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[BigO4s(HSaly(DMSO) — 2 HO — 5 HSalf**
[BigO4s (HSal)o(DMSO) — HO — 5 HSalf*
[BigOus(HSalyo(DMSO), — 2 HO — 5 HSalf**
[BigOug(HSalyo(DMSO), — H,O — 5 HSalf*
[BigOug(HSalyo(DMSO); — 2 HO — 5 HSalf**
[BigOus(HSal)o(DMSO); — H,O — 5 HSalf*
[BigOug(HSalyo(DMSO), — 2 HO — 4 HSalf**
[BigO4s(HSal)y(DMSO), — H,0 — 4 HSalf**
[BigOus(HSalyo(DMSO), — 4 HSalf*
[BigOus(HSalyo(DMSO); — 2 HO — 4 HSalf**
[BigO4s(HSal)y(DMSO); — H,0 — 4 HSalf*
[BixgO4s(HSal)y(DMSO), — H,0 — 3 HSal**
[BigOus(HSal)o(DMSO); — 2 HO — 3 HSalf**
[BigO4s(HSal)y(DMSO); — H,0 — 3 HSalf**
[BigO4s(HSal)y(DMSO), — H,0 — 2 HSalf**



8. Experimental Part

8.8 Data of the Crystal Structures
8.8.1 1,3-bis(2-methylpyridin-3yl)urek63

Table 8.14: Data of the crystal structure of ligari®3.

Formula G3H1aN4O
Formula weight 242.28
Crystal system monoclinic

Space group P 2/c
alA 12.0896(2)
b/A 4.5931(1)
c/A 21.5276(5)
al® 90
B1° 96.920(1)
yl° 90
VIA® 1186.69(4)
Z 4
Deaic./ g cni® 1.356
4 Imm?* 0.091
frange P 3.40 - 25.00
Coll. Refl. no. 13848
Indept. refl. NOR. 2093/0.0459
Refl. No.I > 24(1) 1769
Data/Restr/Param 2093/0/165
S 1.058
R[lI > 24(1)] / R [all data] 0.0372/0.0467
WR[l > 25(1)] / wR[all data] 0.0954/0.1020
Res. el. dens./e’ A 0.187/-0.209
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8. Experimental Part

8.8.2 1,3-bis(4-methylpyridin-3yl)urekb4

Table 8.16: Data of the crystal structure of ligarié4 cocrystallized with imidazole.

Formula GeH20N6O2
Formula weight 328.38
Crystal system monoclinic

Space group P 2/c
alA 8.4693(4)
b/A 13.3280(6)
c/A 15.0145(8)
al® 90
Bl° 103.537(4)
yl° 90
VIA® 1647.7(1)
Z 4
Deaic./ g cni® 1.324
u Imm?* 0.092
frange P 2.47 - 24.99
Coll. Refl. no. 20238
Indept. refl. NORy:. 2890/0.1289
Refl. No.I > 24(1) 1850
Data/Restr/Param 2890/2/227
S 1.055
R[l > 25(1)] / R[all data] 0.0631/0.1132
WR[I > 26(1)] / wR[all data] 0.1380/0.1616
Res. el. dens./e A 0.269/-0.223
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8. Experimental Part

8.8.3 1,3-bis(5-methylpyridin-3yl)ure&65

Table 8.17: Data of the crystal structure of ligari@5.

Formula
Formula weight
Crystal system

Space group
alA
b/A
c/A

(o]

al
Bl°
yl°
VA
Z
Dealc./ g cmi®
u Imm?*
frange P
Coll. Refl. no.
Indept. refl. NOR.
Refl. No.I > 24(1)
Data/Restr/Param
S
R[l > 24(1)] / R[all data]
WR[I > 25(1)] / wR[all data]

Res. el. dens./e’ A

G3H14N4O
242.28
orthorhombic
Pc2b
8.3854(6)
11.5346(5)
12.4219(9)
90
90
90
1201.5(1)
4
1.34
0.090
2.93-25.00
7208
1113/0.0871
961
1113/1/165
1.025
0.0494/0.0618
0.1157/0.1234
0.185/-0.204
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8. Experimental Part

8.8.4 1,3-bis(6-methylpyridin-3yl)urek66

Table 8.18: Data of the crystal structure of ligari®6.

Formula GaH14N4O
Formula weight 242.28
Crystal system monoclinic

Space group P 2/c
alA 7.3328(3)
b/A 8.3915(3)
c/A 19.4357(6)
al® 90
B1° 91.223(2)
yl° 90
VA3 1195.7(1)

Z 4

Deare./ g cni® 1.346

u Imm?* 0.090

frange P 3.21-24.98

Coll. Refl. no. 14382

Indept. refl. NORy:. 2093/0.0731
Refl. No.l > 24(1) 1603
Data/Restr/Param 2093/0/165
S 1.043
R[l > 25(1)] / R[all data] 0.0563/0.0785
WR[I > 26(1)] / wR[all data] 0.1429/0.1578
Res. el. dens./e’A 0.215/-0.218
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8. Experimental Part

8.8.5 ML, complex [((en)Pd)165,](NO3), 171

Table 8.19: Data of the crystal structure of compl&xl.

Formula CsoHs0N16017
Formula weight 1119.66
Crystal system monoclinic

Space group P 2/c
alA 13.577(4)
b/A 15.891(5)
cl/A 20.526(6)
al® 90
B1° 91.995(7)
yl° 90
v/ A3 4426 (2)
Z 4
Deaic./ g cni® 1.680
4 mmit 0.900
drange P 1.65 - 25.00
Coll. Refl. no. 45167
Indept. refl. NOR:. 7747/0.032
Refl. No.I > 24(1) 7096
Data/Restr/Param 7747/608/42
S 1.09
R[l > 25(1)] / R[all data] 0.069/0.0739
WR[I > 25(1)] / wR[all data] 0.1857/0.1890
Res. el. dens./e’ A 4.419/-1.255
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8. Experimental Part

8.8.6 ML, complex [((dppp)Pd|162),](OTf), 174a

Table 8.20: Data of the crystal structure of complEzda.

Formula

Formula weight
Crystal system
Space group
alA
b/A
cl/A
al®
pl°
y1°
v/ A
Z
Dealc./ g cmi®
u Immt
frange P
Coll. Refl. no.
Indept. refl. NOR:.
Refl. No.I > 24(1)
Data/Restr/Param
S
R[l > 24(1)] / R[all data]
WR[I > 25(1)] / wR [all data]

Res. el. dens./e’ A
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CaoH72F12NgO14PsP Sy
2062.38
triclinic

P1
15.7089(3)
16.7004(3)
34.7739(6)
85.194(1)
82.836(1)
88.750(1)
9019.1(3)
4
1.519
0.651
0.59 - 25.00
75806
31694/0.0543
19752
31694/269/2233
1.175
0.1103/0.1532
0.3137/0.3438
4.215/-2.411



8. Experimental Part

8.8.7 ML, complex [((dppp)Pd}164),](OTf), 175a

Table 8.21: Data of the crystal structure of complE#sa.

Formula

Formula weight
Crystal system
Space group
alA
b/A
cl/A
al®
pl°
y1°
v/ A
Z
Dealc./ g cmi®
u Immt
frange P
Coll. Refl. no.
Indept. refl. NOR:.
Refl. No.I > 24(1)
Data/Restr/Param
S
R[l > 24(1)] / R[all data]
WR[I > 25(1)] / wR [all data]

Res. el. dens./e’ A

CosH108F12N11018 5PaP hS4
2392.84
triclinic

P1
16.3896(2)
18.3213(2)
21.5285(3)
87.680(1)
78.927(1)
71.110(1)
6000.9(1)
2
1.324
0.503
2.67 - 25.00
71355
21076/0.050
16013
21076/116/1347
0.965
0.0678/0.0896
0.2207/0.2417
1.242/-1.086
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8. Experimental Part

8.8.8 ML, complex [((dppp)Pd}168),](OTf), 178

Table 8.21: Data of the crystal structure of compl&z8.

Formula

Formula weight
Crystal system
Space group
alA
b/A
cl/A

(o]

al
Bl°
y1°
v/ A
Z
Dealc./ g cmi®
u Immt
Grange P
Coll. Refl. no.
Indept. refl. NOR:.
Refl. No.I > 24(1)
Data/Restr/Param
S
R[l > 24(1)] / R[all data]
WR[I > 25(1)] / wR[all data]

Res. el. dens./e’ A
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Cas.50H85Cl3F12NgO16PsP Sy
2279.89
monoclinic
P 2i/n
23.0442(5)
19.7734(4)
25.6540(5)
90
106.841(1)
90
11188.2(4)
4
1.354
0.603
1.94 - 25.00
778452
19696/0.058
13377
19696/1354/33
0.877
0.0916/0.1261
0.2551/0.2785
2.76/-1.26



9. References

9.

10
11

12

References

J.-M. LehnSupramolecular Chemistry: Concepts and Perspectiv€$l, Weinheim1995

(a) F. Vogtle Supramoleculare Chemi@eubner, Stuttgait992 (b) B. Dietrich, P. Viout, J.-M. Lehn,
Macrocyclic Chemistry: Aspects of Organic and Iremig Supramolecular ChemisiryWCH,
Weinheim1993 (c) Comprehensive Supramolecular ChemisttyM. Lehn, J. L. Atwood, J. E. D.
Davis, D. MacNicol, F. Vogtle (eds.), Pergamon, @&f1996 (d) H.-J. Schneider, A. Yatsimirski,
Principles and Methods in Supramolecular Chemjsityiley, New York 2000 (e) H. Dodziuk,
Introduction to Supramolecular ChemistrKluwer Academic Publishers, Dordrec2002 (f)
Encyclopedia of Supramolecular Chemistdy W. Steed, J. L. Atwood (eds.), Marcel DekKkéew
York 2004 (g) J. W. Steed, D. R. Turner, K. J. Walla€ere Concepts in Supramolecular Chemistry
and Nanochemistrywiley, Chicheste2007, (h) J. W. Steed, J. L. Atwoo&upramolecular Chemistry
Wiley, Chicheste2009

IUPAC,Pure Appl. Cheml1999 71, 1919-1981.

IUPAC, Compendium of Chemical Terminologdnd ed. (the "Gold Book"), compiled by A. D.
McNaught and A. Wilkinson, Blackwell Scientific Plidations, Oxford1997. XML on-line corrected
version: http://goldbook.iupac.or@@06) created by M. Nic, J. Jirat, B. Kosata; updatesipiled by
A. Jenkins. ISBN 0-9678550-9-8. doi:10.1351/goldhoo

A. WernerZ. Anorg. Cheml1893 3, 267-330.

E. FischerBer. Deutsch. Chem. Gel894 27, 2985-2993.

(a) Principles of Molecular RecognitiorA. D. Buckingham, A. C. Legon, S. M. Roberts (¢ds
Blackie Academic & Professional, Glasgo¥993 (b) Supramolecular Chemistry | — Directed
Synthesis and Molecular Recognitiodre. Weber (ed.),Top. Curr. Chem.1993 165 (c)
Supramolecular Chemistry Il — Directed Synthesid Molecular RecognitionE. Weber (ed.)Top.
Curr. Chem.1995 175, (d) Protein-Ligand Interactions — From Molecular Recdgm to Drug
Design H.-J. Béhm, G. Schneider (eds.), Wiley-VCH, Weiimh2003 (e) Molecular Recognition and
Polymers: Control of Polymer Structure and Selfefsbly V. Rotello, S. Thayumanavan (eds.),
Wiley, Hoboken2008

(a) P. EhrlichStudies on ImmunityViley, New York1908 see also: (b) F. Sorgel, C. Landersdorffer,
J. Bulitta, B. KepplerNachr. Chem201Q 52, 777-782.

Analytical Methods in Supramolecular Chemistty A. Schalley (ed.), Wiley-VCH, Weinheig007.

A. J. Goshe, J. D. Crowley, B. Bosnitfelv. Chim. Act&2001, 84, 2971-2985.

(a) L. H. Gade,Koordinationschemie Wiley-VCH, Weinheim 1996 (b) J. Ribas Gispert,
Coordination ChemistiyWiley-VCH, Weinheim2008

(a) S. Richards, B. Pedersen, J. V. Silverdoh, Hoard|norg. Chem1964 3, 27-33; (b) M. D. Lind,
M. J. Hamor, T. A. Hamor, J. L. Hoarthorg. Chem1964 3, 34-43; (c) G. H. Cohen, J. L. Hoad,

303



9. References

13

14
15

16
17
18

19
20
21
22

23

Am. Chem. S0d.964 86, 2749-2750; (d) M. D. Lind, B. Lee, J. L. Hoadd Am. Chem. So&965 87,
1611-1612; (d) J. L. Hoard, B. Lee, M. D. Lind,Am. Chem. So&965 87, 1612-1613.

R. Alsfasser, C. Janiak, T. M. Klapdtke, HM&yer, Moderne Anorganische Chemige. Riedel (ed.),
de Gruyter, Berlir2007.

I. FlemingGrenzorbitale und Reaktionen organischer VerbindamyCH, Weinheim1979

(a) J. Huheey, E. Keiter, R. Keitémorganische Chemie: Prinzipien von Struktur undkRieitat, de
Gruyter, Berlin1995 (b) A. F. Hollemann, E. Wiberg, N. Wibergehrbuch der Anorganischen
Chemie de Gruyter, Berlii995 (c) C. ElschenbroicitDrganometallchemieleubner, Stuttga003

B. J. Coe, S. J. Glenwrigi@pord. Chem. Re00Q 203, 5-80.

A. Pidcock, R. E. Richards, L. M. VenankiChem. Soc. 2966 1707-1710.

(a) D. Bright, J. A. Iberdnorg. Chem.1969 8, 709-716; (b) T. G. Appleton, H. C. Clark, L. E.
Manzer,Coord. Chem. Re\1973 10, 335-422; (c) R. G. Pearsdnprg. Chem1973 12, 712-714; (d)
E. M. Shustorovich, M. A. Porai-Koshits, Y. A. Basl,Coord. Chem. ReWl975 17, 1-98; (e) P. D.
Lyne, D. M. P. Mingos). Chem. Soc., Dalton Trank995 1635-1643.

F. Basolo, R.G. Pearsd®rog. Inorg. Chem1962 4, 381-453.

L. I. Elding, O. Groningnhorg. Chem1978 17, 1872-1880.

IUPAC,Pure Appl. Cheml994 66, 1077-1184.

(&) M. T. Rodgers, P. B. Armentroupt. J. Mass Spectroml1999 185-187 359-380; (b) R.
Amunugama, M. T. Rodgerbjt. J. Mass Spectron200Q 195/196 439-457; (c) M. T. Rodgers, P. B.
Armentrout,Mass Spectrom. Re200Q 19, 215-247; (d) H. Koizumi, P. B. Armentrout, Am. Soc.
Mass SpectronR001, 12, 480-489; (e) H. Koizumi, X.-G. Zhang, P. B. Arnerut, J. Phys. Chem. A
2001,105,2444-2452; (f) N. S. Rannulu, M. T. RodgetsPhys. Chem. 2007, 111, 3465-3479.

(a) A. Miller, Self-assemblyin: The development Biology of Plants and Anim@lsF. Graham, P. F.
Wareing (eds.), Blackwell Scientific Publicatiom@xford 1976 (b) A. B. Sendova-Franks, N. R.
Franks,Phil. Trans. R. Soc. B999 354, 1395-1405; (c) L. f. Lindoy, I. M. Atkinsorgelf-Assembly in
Supramolecular System3he Royal Society of Chemistry, Cambridg@0Q (d) C. Anderson, G.
Theraulaz, J.-L. Deneubouyrgnsect. Soc2002 49, 99-101; (e) G. M. Whitesides, B. Grzybowski,
Science2002 295, 2418-2421; (f) K. Ariga, J. P. Hill, M. V. Lee,. Ainu, R. Charvet, S. Achary&ci.
Technol. Adv. Mate2008 9, 014109.

24 (a) G. Nicaolis, 1. Prigogin&elf-Organization in Non-Equilibrium Systerigiley, New York1977 (b)

25

M. Eigen, P. Schustehe Hypercycle: A Principle of Natural Self-Orgaatipn, Springer, Berlin
1979 (c) W, Krohn, G. KippersSelbstorganisation: Aspekte einer wissenschaftficRevolution

Vieweg, Wiesbadet99Q (d) F. CramerChaos and Order, The Complex Structure of Livingt&Sys

VCH, Weinheim 1993 (e) S. Kauffman,Origins of Order: Self-Organization and Selectiom i
Evolution Oxford University Press, Oxford993 (f) M. L. Estep, Self-Organizing Natural
Intelligence: Issues of Knowing, Meaning and Comipye Springer, Berlir006

J. D. Halley, D. A. WinklerComplexity2008 14, 10-17.

304



9. References

26
27

28

29

30
31
32
33

T. Misteli,J. Cell Biol.2001, 155, 181-185.

(a) J. S. LindseyNew. J. Cheml99], 15, 153-180; (b) G. M. Whitesides, J. P. Mathias, TCSeto,
Sciencel991 254, 1312-1319; (c) D. Philp, J. F. Stoddatthgew. Chem1996 108 1242-1286;
Angew. Chem. Int. EA996 35, 1155-1196; (d) C. A. Schalley, A. Litzen, M. Adiecht,Chem. Eur. J.
2004 10, 1072-1080.

For example: (a) S. Tashiro, M. Tominaga, Tslkkawa, M. Kawano, S. Sakamoto, K. Yamaguchi, M.
Fujita, Angew. Chenm2003 115, 3389-3392Angew. Chem. Int. EQ003 42, 3267-3270; (b) A. Hori,

K. Yamaguchi, M. FujitaAngew. Chem2004 116, 5126-5129;Angew. Chem. Int. EQR004 43,
5016-5019.

Some examples for self-assembly via hydrogem&iof@) P. Gilli, V. Bertolasi, V. Feretti, G. GjlD.
Am. Chem. Sod994 116, 909-915; (b) D. Braga, A. Angeloni, F. GrepioBi, Tagliavini, Chem.
Communl1997 1447-1448; (c) D. Braga, L. Maini, F. Grepioni, BeCian, O. Felix, J. Fischer, M. W.
Hosseini,New J. Chem200Q 24, 547-553; (d) M. HosseinCoord. Chem. Rex2003 240, 157-166;
(e) T. Friscic, L. R. MacGillivrayCroat. Chim. Act&2006 79, 327-333.

M. J. ZaworotkoChem. Commur2001, 1-9.

D. J. Duchamp, R. E. Marghgta Crystallogr. BL969 25, 5-19.

F. H. Herbstein, M. Kapon, G. M. Reisngr|nclusion Phenon1987, 5, 211-214.

Reviews on metallo-supramolecular complexes,fee example: (a) M. AlbrechChem. Rev2001,
101, 3457-3498; (b) F. A. Cotton, C. Lin, C. A. MudllAcc. Chem. Re2001 34, 759-771; (c) S.-S.
Sun, A. J. LeesCoord. Chem. Rex2002 230, 170-191; (d) F. Wurthner, C.-C. You, C. R. Saha-
Moller, Chem. Soc. Re2004 33, 133-146; (e) H. Hofmeier, U. S. Schub&hem. Soc. Re2004 33,
373-399; (f) M. Fujita, M. Tominaga, A. Hori, B. €trien,Acc. Chem. Re2005 38, 369-378; (g) A.
Kaiser, P. Bauerle, F.op. Curr. Chem2005 249 127-201; (h) C.-C. You, R. Dobrawa, C. R. Saha-
Moller, F. Wirthner,Top. Curr. Chem2005 258 39-82; (i) J. R. Nitschkédcc. Chem. Re2007, 40,
103-112; (j) C. P. Pradeep, L. Cronfmnu. Rep. Prog. Chem., Sect2@07, 103 287-332; (k) I. G.
Georgiev, L. R. MacGillivrayChem. Soc. Re2007, 36, 1239-1248; (I) T. Gunnlaugsson, F. Stomeo,
Org. Biomol. Chem2007, 5, 1999-2009; (m) M. A. Pitt, D. W. Johnso@hem. Soc. ReR007, 36,
1441-1453; (n) J. Cookson, P. D. Bebglton Trans.2007, 1459-1472; (0) S. J. Lee, W. LiAcc.
Chem. Res2008 41, 521-537;(p) S. J. Dalgarno, N. P. Power, J. L. Atwodhord. Chem. Rev.
2008 252, 825-841; (q) E. C. Constablepord. Chem. Re2008 252, 842-855; (r) A. Kumara, S.-S.
Suna, A. J. LeeCoord. Chem. Rex008 252 922-939; (s)C. R. K. Glasson, L. F. Lindoy, G. V.
Meehan,Coord. Chem. Rex2008 252, 940-963; (t) G. Aromi, P. Gamez, J. Reed{igord. Chem.
Rev.2008 252, 964-989; (u) B. H. Northrop, H.-B. Yang, P. Jaigi, Chem. Commur2008 5896-
5908; (v) P. J. LusbyAnnu. Rep. Prog. Chem.2809 105 323-347; (w) B. H. Northrop, Y.-R. Zheng,
K.-W. Chi, P. J. Standicc. Chem. Re2009 42, 1554-1563; (X) Y.-F. Han, W.-G. Jia, W.-B. Yu,-G.
X. Jin, Chem. Soc. ReR009 38, 3419-3434; (y) S. De, K. Mahata, M. Schmitt€hem. Soc. Rev.
201Q 39, 1555-1575.

305



9. References

34
35

36

37

38

39

40

41
42

S. Leininger, B. Olenyuk, P. J. Stafigpem. Rev200Q 100, 853-908.

B. J. Holliday, C. A. MirkinAngew. Chem2001, 113 2076-2097Angew. Chem., Int. EQ001 40,
2022-2043.

Some examples for hierarchical self-assemialyi.(S. Choi, N. Bowden, G. M. Whitesidespgew.
Chem.1999 111, 3265-3268Angew. Chem. Int. EA999 38, 3078-3081; (b) L. A. Cuccia, E. Ruiz,
J.-M. Lehn, J.-C. Homo, M. SchmuZhem. Eur. J2002 8, 3448-3457; (c) H. Wu, V. R. Thalladi, S.
Whitesides, G. M. Whiteside§, Am. Chem. So2002 124, 14495-14502; (d) J. A. A. W. Elemans, A.
E. Rowan, R. J. M. Noltel. Mat. Chem2003 13, 2661-2670; (e) M. Ruben, U. Ziener, J.-M. Lehn, V
Ksenofontov, P. Giitlich, G. B. M. Vaughahem. Eur. J2005 11, 94-100; (f). M. lIkeda, T. Nobori,
M. Schmutz, J.-M. LehnChem. Eur. J2005 11, 662-668; (g) H. M. Keizer, R. P. Sijbesn@hem.
Soc. Rev2005 34, 226-234; (h) S.-l. Sakurai, K. Okoshi, J. Kumdki,YashimaAngew. Chen2006
118 1267-1270;Angew. Chem. Int. EQR00G 45, 1245-1248; (i) M. Albrecht, M. Baumert, J.
Klankermayer, M. Kogej, C. A. Schalley, R. Frohliddalton Trans.2006 4395-4400; (j) N. S. S.
Kumar, S. Varghese, G. Narayan, S. Dasgew. Chen006 118 6465-6469Angew. Chem. Int. Ed.
2006 45, 6317-6321; (k) Y. Yan, N. A. M. Besseling, A. Heizer, A. T. M. Marcelis, M. Drechsler,
M. A. Cohen StuarAngew. Chenm2007, 119, 1839-1841Angew. Chem. Int. E@007, 46, 1807-1809;
() H. Wei, B. Li, Y. Du, S. Dong, E. Wan@hem. Mater2007, 19, 2987-2993; (m) A. Langner, S. L.
Tait, N. Lin, R. Chandrasekar, M. Ruben, K. KeAngew. Chem2008 120, 8967-8970;Angew.
Chem. Int. Ed2008 47, 8835-8838; (n) M. Baumert, M. Albrecht, H. D.\Winkler, C. A. Schalley,
Synthesis201Q 953-958; (o) J. K. Clegg, S. S. Iremonger, M.Hayter, P. D. Southon, R. B.
Macquart, M. B. Duriska, P. Jensen, P. Turner, KJdliffe, C. J. Kepert, G. V. Meehan, L. F. Lingo
Angew. Chenm201Q 122 1093-1096 Angew. Chem. Int. EQ01Q 49, 1075-1078; (p)J. K.-H. Hui, P.
D. Frischmann, C.-H. Tso, C. A. Michal, M. J. Macbéan,Chem. Eur. J201Q 16, 2453-2460; (q) H.
Fenton, I. S. Tidmarsh M. D. WarBalton Trans.201Q 39, 3805-3815; (r) M. Albrecht, M. Baumert,
H. D. F. Winkler, C. A. Schalley, R. Frohlichbalton Trans201Q 39, 7220-7222.

(a) H. T. Baytekin, B. Baytekin, A. Schulz, £.Schalley,Small2009 5, 194-197; (b) H. T. Baytekin,
B. Baytekin, A. Schulz, A. Springer, T. Gross, Whdér, M. Artamonova, S. Schlecht, D. Lentz, C. A.
Schalley,Chem. Mater2009 21, 2980-2992.

M. Albrecht, S. Mirtschin, M. de Groot, I. JansJ. Runsink, G. Raabe, M. Kogej, C. A. Schallry,
Am. Chem. So2005 127, 10371-10387.

T. D. Hamilton, L. R. MacGillivray, Self-Asseilyb in Biochemistry, in: Ecyclopedia of
Supramolecular Chemistry. L. Atwood, J. W. Steed (eds.), Marcel Dekkéw York 2004

(a) A. Klug,Angew. Cheml983 95, 579-596;Angew. Chem. Int. EA983 22, 565-582; (b) A. Klug,
Phil. Trans. R. Soc. Lond. B399 354, 531-535; (c) P. J. ButleRhil. Trans. R. Soc. Lond. B399
354, 537-550.

A. X. Wu, L. Isaacs]. Am. Chem. So2003 125, 4831-4835.

P. Mukhopadhyay, A.-X. Wu, L. Isaads,Org. Chem2004 69, 6157-6164.

306



9. References

43

44

45

46

47

48

49

50

51

52

53

54

55

Y. Rudzevich, V. Rudzevich, F. Klautzsch, C. Zchalley, V. BohmerAngew. Chem2009 121,
3925-3929Angew. Chem. Int. EQ009 48, 3867-3871.

K. Mahata, M. Schmittell. Am. Chem. So2009 131, 16544-16554.

(a) A. X. Wu, A. Chakraborty, J. C. Fetting®:, A. Flowers, L. IsaacsAngew. Chem2002 114,
4200-4203:Angew. Chem. Int. EQ002 41, 4028-4031; (b) S. Gosh, A. X. Wu, J. C. FettingerY.
Zavalij, L. Isaacs). Org. Chem2008 73, 5915-5925.

(a) S. M. Liu, C. Ruspic, P. Mukhopadhyay, 8akrabarty, P. Y. Zavalij, L. Isaack, Am. Chem. Soc.
2005 127, 15959-15967; (b) P. Mukhopadhyay, P. Y. Zavdlijlsaacs,J. Am. Chem. So2006 128
14093-14112.

(a) D. Braekers, C. Peters, A. Bogdan, Y. Ruithe V. Bbhmer, J. F. Desreud, Org. Chem2008
73, 701-706; (b) Y. Rudzevich, Y. Cao, V. RudzevighBéhmer,Chem. Eur. J2008 14, 3346-3354.
(a) W. Jiang, H. D. F. Winkler, C. A. Schalldy,Am. Chem. So2008 130, 13852-13853; (b) W.
Jiang, C. A. SchalleyRroc. Natl. Acad. Sci. US2009 106, 10425-10429; (c) W. Jiang, P. C. Mohr,
A. Schéfer, C. A. Schalley. Am. Chem. So@01Q 132 2309-2320; (d) W. Jiang, C. A. Schallgy,
Mass Spectrom201Q 45, 788-798; (e) W. Jiang, Q. Wang, |. Linder, F. itlesch, C. A. Schalley,
Chem. Eur. J2011, 17, 2344-2348.

(a) S. Ulrich, J.-M. Lehnd. Am. Chem. So2009 131, 5546-5559; (b) S. Ulrich, J.-M. Leh@hem.
Eur. J.2009 15, 5640-5645.

(a) A. Rang, M. Engeser, N. M. Maier, M. Nieg&t. Lindner, C.A. SchalleyChem. Eur. J2008 14,
3855-3859; (b) A. Rang, M. Nieger, M. Engeser, Aitden, C. A. SchalleyChem. Commur2008
4789-4791.

(a) C. Addicott, N. Das, P. J. Staigprg. Chem2004 43, 5335-5338; (b) K.-W. Chi, C. Addicott, A.
M. Arif, P. J. StangJ. Am. Chem. So2004 126, 16569-16574; (c) L. Z. Zhao, B. H. Northrop, Y.-R
Zheng, H.-B. Yang, H. J. Lee, Y. M. Lee, J. Y. B#fkW. Chi, P. J. Stang). Org. Chem2008 73,
6580-6586; (d) B. H. Northrop, H.-B. Yang, P. Jar8},Inorg. Chem2008 47, 11257-11268; (e) Y .-
R. Zheng, H.-B. Yang, K. Ghosh, L. Zhao, P. J. §t&hem. Eur. J2009 15, 7203-7214.

J. Lee, K. Ghosh, P. J. StadgAm. Chem. So2009 131, 12028-12029.

(a) M. Schmittel, K. Mahatanorg. Chem.2009 48, 822-824; (b) M. Schmittel, K. Mahat&hem.
Commun201Q 4163-4165; (c) K. Mahata, M. Lal Saha, M. Schehitl. Am. Chem. So201Q 132,
15933-15935.

(a) M. AlbrechtChem. Soc. Rex1l998 27, 281-288; (b) D. Caulder, K. Raymonficc. Chem. Res.
1999 32, 975-982; (c) D. Caulder, K. RaymonH,Chem. Soc., Dalton Trank999 1185-1200; (d) M.
Albrecht J. Inclusion Phenom. Macrocyc. Che2f0Q 36, 127-151.

For an overview about templates seeT@hplated Organic Synthesks. Diederich, J. P. Stang (eds.),
Wiley-VCH, Weinheim200Q (b) Templates in Chemistry C. A. Schalley, F. Vogtle, K. H. D6tz
(eds.), Top. Curr. Chem2004 248 (c) Templates in Chemistry,IC. A. Schalley, F. Vogtle, K. H.

307



9. References

56

57

58

59

Dotz (eds.),Top. Curr. Chem2005 249 (d) Templates in Chemistry |IP. Broeckmann, K. H. D6tz,
C. A. Schalley (eds.)fop. Curr. Chem2009 287.

Some examples for metallo-supramolecular helictormed by th&ymmetry-Interaction Strategfa)

E. Enemark, T. StaclAngew. Chem1998 110 977-981;Angew. Chem. Int. EA.998 37, 932-935;
(b) M. Albrecht, M. Schneider, H. Rottelangew. Chem1999 111, 512-515;Angew. Chem. Int. Ed.
1999 38, 557-559; (c) M. Albrecht, O. Blau, J. ZaunEgr. J. Org. Chem1999 1999 3165-3169; (d)
C. R. Rice, S. Worl, J. C. Jeffery, R. L. Paul, M.Ward,Chem. Commur200Q 1529-1530; (e) N.
Yoshida, K. Ichikawa, M. ShiroJ. Chem. Soc., Perkin Trans.ZBD0Q 17-26; (f) S. L. James, E.
Lozano, M. NieuwenhuyzernChem. Commun200Q 617-618; (g) C. P. Iglesias, M. Elhabiri, M.
Hollenstein, J.-C. G. Bunzli, C. Pigudt, Chem. Soc., Dalton Tran800Q 2031-2043; (h) S. Rigault,
C. Piguet, J.-C. G. Biinzll. Chem. Soc., Dalton Trar&00Q 2045-2053; (i) J. Hamblin, L. J. Childs,
N. W. Alcock, M. J. Hannon]. Chem. Soc., Dalton Trar®001, 164-169; (j) P. E. Kruger, N. Martin,
M. Nieuwenhyzen,J. Chem. Soc., Dalton Tran2001, 1966-1970; (k) J. Hamblin, A. Jackson, N. W.
Alcock, M. J. HannonJ. Chem. Soc., Dalton Trarnd002 1636-1641; (I) A. Lavalette, J. Hamblin, A.
Marsh, D. M. Haddleton, M. J. Hanno@hem. Commur2002 3040-3041; (m) F. Tuna, M. R. Lees,
G. J. Clarkson, M. J. HannoBGhem. Eur. J2004 10, 5737-5750; (n) M. Vazquez, M. R. Bermejo, M.
Licchelli, A. M. Gonzélez-Noya, R. M. Pedrido, Car8egorio, L. Sorace, A. M. Garcia-Deibe, J.
SanmartinEur. J. Inorg. Chem2005 3479-3490; (o) L. Allouche, A. Marquis, J.-M. LehChem.
Eur. J.2006 12, 7520-7525; (p) J. Hamblin, F. Tuna, S. Bunce].IChilds, A. Jackson, W. Errington,
N. W. Alcock, H. Nierengarten, A. Van Drosselaer,Lleize-Wagner, M. J. Hanno&hem. Eur. J.
2007, 13, 9286-9296; (q) T. Haino, H. Shio, R. Takano, Yikk&zawa,Chem. Commur2009 2481-
2483; (r) Y. Morita, Y. Yakiyama, S. Nakazawa, TuMta, T. Ise, D. Hashizume, D. Shiomi, K. Sato,
M. Kitagawa, K. Nakasuji, T. Takui]J. Am. Chem. So201Q 132 6944-6946; (s) R. Pedrido, M.
Vazquez-Lopez, L. Sorace, A. M. Gonzéalez-Noya, MiKlinska, V. Suarez-Gomez, G. Zaragoza, M.
R. BermejoChem. Commur201Q 4797-4799.

Some examples for metallo-supramolecular tetiedh formed by th&ymmetry-Interaction Strategy
(a) T. Beissel, R. Powers, T. Parac, K. Raymahdim. Chem. So4999 121, 4200-4206; (b) T. N.
Parac, M. Scherer, K. N. Raymonéingew. Chem200Q 112, 1288-1291;Angew. Chem. Int. Ed.
2000 39, 1239-1242.

Reviews of metallo-supramolecular grids: (a)KL.Thompson,Coord. Chem. Rex2002 233-234
193-206; (b) M. Ruben, J. Rojo, F. J. Romero-Salguke. H. Uppadine, J.-M. LehrAngew. Chem.
2004 116, 3728-3747Angew. Chem. Int. EQ2004 43, 3644-3662; (c) L. K. ThompsogGanad. J.
Chem.2005 83, 77-92; (d) L. N. Dawe, K. V. Shuvaev, L. K. Thosgn,Chem. Soc. Re2009 38,
2334-2359; (e) A.-M. StadleEur. J. Inorg. Chem2009 4751-4770.

(&) M. Tominaga, K. Suzuki, M. Kawano, T. Kuaula, T. Ozeki, S. Sakamoto, K. Yamaguchi, M.
Fujita, Angew. Chen004 116, 5739-5743Angew. Chem. Int. EQ004 43, 5621-5625; (b) S. Sato,
J. lida, K. Suzuki, M. Kawano, T. Ozeki, M. Fujitacience2006 313, 1273-1276; (c) T. Murase, S.

308



9. References

60
61
62

63

64

65

66
67
68
69
70
71
72

Sato, M. FujitaAngew. Chen2007, 119, 1101-1103Angew. Chem. Int. EQ007, 46, 1083-1085; (d)
K. Suzuki, M. Kawano, M. FujiteAngew. Chen2007, 119, 2877-2880Angew. Chem. Int. EQ007,
46, 2819-2822; (e) K. Suzuki, J. lida, S. Sato, Mwiéao, M. Fujita Angew. Chen2008 120, 5864-
5866;Angew. Chem. Int. EQ008 47, 5780-5782.

N. Gianneschi, M. Masar, C. A. MirkiAcc. Chem. Re2005 38, 825-837.

M. J. Wiester, C. A. Mirkinjnorg. Chem2009 48, 8054-8056.

(a) J. R. Farrell, C. A. Mirkin, I. A. Guzei, M. Liable-Sands, A. L. Rheingold\ngew. Cheml1998
110 484-487;Angew. Chem. Int. EAL998 37, 465-467; (b) J. R. Farrell, A. H. Eisenberg, C. A
Mirkin, 1. A. Guzei, L. M. Liable-Sands, C. D. Incato, A. L. Rheingold, C. L. Stern,
Organometallics1 999 18, 4856-4868; (c) B. J. Holliday, J. R. Farrell, .Mirkin, K.-C. Lam, A. L.
Rheingold,J. Am. Chem. So&999 121, 6316-6317; (d) F. M. Dixon, A. H. Eisenberg, J.Rarrell,
C. A. Mirkin, L. M. Liable-Sands, A. L. Rheingoldnorg. Chem.200Q 39, 3432-3433; (e) A. H.
Eisenberg, F. M. Dixon, C. A. Mirkin, C. L. Ster@, D. Incarvito, A. L. RheingoldDrganometallics
2001, 20, 2052-2058; (f) X. Liu, A. H. Eisenberg, C. L. 8teC. A. Mirkin, Inorg. Chem2001, 40,
2940-2941; (g) A. H. Eisenberg, F. M. Dixon, C. Mirkin, C. L. Stern, C. D. Incarvito, A. L.
Rheingold,Organometallics2002 21, 4889-4889; (h) X. Liu, A. H. Eisenberg, C. L. 8teC. A.
Mirkin, J. Am. Chem. So2003 125 2836-2837.

(a) A. W. Maverick, F. F. Klavettemorg. Chem.1984 23, 4129-4130; b) A. W. Maverick, S. C.
Buckingham, Q. Yao, J. R. Bradbury, G. G. StanleyAm. Chem. So&986 108 7430-7431.

(a) M. Fujita, S. Nagao, M. lida, K. Ogata,®gura,J. Am. Chem. So&993 115, 1574-1576; (b) M.
Fujita, J. Yazaki, T. Kuramochi, K. Ogufaull. Chem. Soc. Jpi993 66, 1837-1839.

(a) M. Fuijita, F. Ibukuro, H. Hagihara, K. OguNature1994 367, 720-723; (b) M. Fuijita, F. Ibukuro,
H. Seki, O. Kamo, M. Imanari, K. Ogurd, Am. Chem. Sot996 118 899-900.

M. Fuijita, F. Ibukuro, K. Yamaguchi, K. Oguda,Am. Chem. So&995 117, 4175-4176.

M. Fujita, M. Aoyagi, F. Ibukuro, K. Ogura, KamaguchiJ. Am. Chem. Sot998 120, 611-612.

M. Fujita, M. Aoyagi, K. Ogurdnorg. Chim. Actal996 246, 53-57.

R. Schneider, M. W. Hosseini, J. M. PlaneixD&Cian, J. FischeGhem. CommurL998 1625-1626.
G. Ma, Y. S. Yung, D. S. Chung, J. |. Homgt. Lett.1999 40, 531-534.

M. Schmitz, S. Leininger, J. Fan, P. J. St@mganometallicsl999 18, 4817-4824.

Some examples for M, complexes witttis-blocked square-planar metal centers: (a) T. W.,Kvin
S. Lah, J.-I. HongChem. Commun200], 743-744; (b) D. K. Chand, M. Fujita, K. Biradhg,
Sakamoto, K. YamaguchDalton Trans.2003 2750-2756; (c) B. Chatterjee, J. C. Noveron, MEJ
Resendiz, J. Liu, T. Yamamoto, D. Parker, M. CinRe,V. Nguyen, A. M. Arif, P. J. Stand, Am.
Chem. So0c.2004 126, 10645-10656; (d) L.-C. Song, G.-X. Jin, W.-X. Zga Q.-M. Hu,
Organometallic2005,24,700-706; (e) Y. LiuTetrahedron Lett2007, 48, 3871-3874; (f) M. Cap0, J.
Benet-Buchholz, P. Ballestdnorg. Chem2008 47, 10190-10192; (g) G. Koshkakaryan, K. Parimal,
J. He, X. Zhang, Z. Abliz, A. H. Flood, Y. LiGhem. Eur. J2008 14, 10211-10218; (h) V. Blanco, D.

309



9. References

73

74

75

76

77

78

79

80

Abella, E. Pia, C. Platas-Iglesias, C. Peinaddv].Quintela,Inorg. Chem2009 48, 4098-4107; (i) P.
Teo, L. L. Koh, T. S. A. HorDalton Trans2009 5637-5646; (j) J. Lu, D. R. Turner, L. P. Hardihg
T. Byrne, M. V. Baker, S. R. Batted, Am. Chem. So2009 131, 10372-10373; (k) C. Peinador, E.
Pia, V. Blanco, M. D. Garcia, J. M. Quintefarg. Lett.201Q 12, 1380-1382.

(a) T. Weilandt, U. Kiehne, G. Schnakenburg,LAtzen,Chem. Commur2009 2320-2322; (b) T.
Weilandt, U. Kiehne, J. Bunzen, G. Schnakenburd,tAzen,Chem. Eur. J201Q 16, 2418-2426.

(a) P. J. Stang, B. Olenyuk, K. Ch&ynthesid 995 937-938; (b) P. J. Stang, K. Chdn,Am. Chem.
Soc.1995 117, 1667-1668; (c) P. J. Stang, K. Chen, A. M. AllifAm. Chem. S04995 117, 8793-
8797, (d) B. Olenyuk, J. A. Whiteford, P. J. StahgAm. Chem. Sot996 118 8221-8230.

Recent examples for M, complexes with other metal centers: (a) Y. Qi,Che, J. Zheng]. Mol.
Struct.2008 891, 98-102; (b) C.-L. Chen, Z.-Q. Yu, Q. Zhang, MnP&.-Y. Zhang, C.-Y. Zhao, C.-Y.
Su, Cryst. Growth Des2008 8, 897-905; (c) U. Kiehne, T. Weilandt, A. Lutzdaur. J. Org. Chem.
2008 12, 2056-2064; (d) G. B. Guseva, N. A. Dudina, E.Antina, A. I. V'yugin, A. S. Semeikin,
Russ. J. Coord. Cher2009 35, 65-73; (e) Y. Ma, A.-L. Cheng, C.-Y. Tian, H. fiakE.-Q. Gao,J.
Mol. Struct.2009 935, 129-135; (f) H.-K. Liu, Y. Cai, W. Luo, F. Ton@. You, S. L{, X. Huang, H.-
Y. Ye, F. Su, X. Wanglhorg. Chem. Commur2009 12, 457-460; (g) H.-Y. Deng, J.-R. He, M. Pan,
L. Lia, C.-Y. Su,Cryst. Eng. Comr2009 11, 909-917; (h) S. Zhang, Y. Tang, Y. Su, J. LanXk, J.
You, Inorg. Chim. Acta2009 362, 1511-1518; (i) L.-j. Liu, F. Wang, M. Shikur. J. Inorg. Chem.
2009 17231728 (j) J. Bunzen, T. Bruhn, G. Bringmann, A. LiutzénAm. Chem. So009 131,
3621-3630; (k) J. Bunzen, M. Hapke, A. Litz&wy. J. Org. Chem2009 3885-3894; (1) J. Bunzen, R.
Hovorka, A. Litzen,J. Org. Chem.2009 74, 5228-5236; (m) S. J. BullockC. E. Felton,R. V.
Fennessyl. P. Harding,M. Andrews, S. J. A. Pop&. R. Rice, T. Riis-Johannessddalton Trans.
2009 10570-10573; (n) N. Dalla Favera, U. Kiehne, anBen, S. Hytteballe, A. Litzen, C. Piguet,
Angew. Chen01Q 122 129-132,Angew. Chem. Int. EQ01Q 49, 125-128; (0) J.-A. Zhang, M. Pan,
R. Yang, Z.-G. She, W. Kaim, Z.-J. Fan, C.-Y. ®ulyhedron201Q 29, 581-591; (p) Q. Zhang, J.
Zhang, Q.-Y. Yu, M. Pan, C.-Y. S@ryst. Growth Des201Q 10,4076-4084.

R. V. Slone, D. I. Yoon, R. M. Calhoun, J. Tug,J. Am. Chem. So&995 117, 11813-11814.

P. Diaz, J. A. Tovilla, P. Ballester, J. BeBeichholz, R. VilarDalton Trans.2007 3516-3525.

(a) M. Fuijita, J. Yazaki, K. Ogurd, Am. Chem. S0499Q 112, 5645-5647; (b) M. Fujita, J. Yazaki,
K. Ogura,Chem. Lett1991, 20, 1031-1032; (c) M. Fujita, J. Yazaki, K. Ogufi@trahedron Lett199],
32, 5589-5592.

(a) P. J. Stang, V. V. Zhdankih,Am. Chem. So&993 115, 9808-9809; (b) P. J. Stang, D. H. Cao,
Am. Chem. S0d.994 116, 4981-4982.

(a) A. Rangparstellung funktionalisierter Quadrate fiir eineapsamolekularen Rezeptorbaukasten
diploma thesis, Universitat Bonr2003 (b) T. Weilandt, Hierarchische Selbstorganisation

funktionalisierter supramolekularer Quadratiploma thesis, Universitat Bor2®04

310



9. References

81

82

83

84

85
86

87

88
89

90
91

92

93

R. W. Troff, Supramolekulare Metall-Komplexe auf der Basis vdpybBdylharnstoffen diploma
thesis, Universitat BonR006G

A. Rang, Self-Assembled Supramolecular Squares from ChirgW’FBipyridines and Mass
Spectrometric Investigations of Oligothiophene-Bas€atenates and Catenane®hD thesis,
Universitat Bonr2008

T. WeilandtNeue Chemische Template: Funktionale Metallosuptekutare Rauten, Dreiecke und
Quadrate und Massenspektrometrische Untersuchungdetall- und Elementorganischer
VerbindungenPhD thesis, Universitat Bor2009Q

(a) C. Safarowsky, L. Merz, A. Rang, P. BroekmaB. A. Hermann, C. A. Schallepngew. Chem.
2004 116, 1311-1314Angew. Chem. Int. E@004,43, 1291-1294; (b) C. Safarowsky, A. Rang, C. A.
Schalley, K. Wandelt, P. Broekmartgctrochim. Act&2005 50, 4257-4268.

Q.-H. Yuan, L.-J. Wan, H. Jude, P. Stahgdm. Chem. So2005 127, 16279-16286.

(a) F. Warthner, A. Sautte&chem. Commur200Q 445-446; (b) F. Wirthner, A. Sautter, D. Schniid,
J. A. WeberChem. Eur. J200%, 7, 894-902; (c) F. Wirthner, A. Sautt€rg. Biomol. Chen2003 1,
240-243; (d) C.-C. You, F. Wirthne?, Am. Chem. So@003 125 9716-9725; (e) C.-C. You, C.
Hippius, M. Grine, F. Wirthne€hem. Eur. J2006 12, 7510-7519.

L. Zhao, B. H. Northrop, Y.-R. Zheng, H.-B. arH. J. Lee, Y. M. Lee, J. Y. Park, K.-W. Chi, P.
Stang,J. Org. Chem2008 73, 6580-6586.

S. Ghosh, D. R. Turner, S. R. Batten, P. S.hdtjke,Dalton Trans2007, 1869-1871.

some examples: (a) P. J. Stang, B. Olenfakgew. Cheml996 108 797-802Angew. Chem. Int. Ed.
1996 35, 732-736; (b) S.-S. Sun, A. Lednprg. Chem2001, 40, 3154-3160; (c) S. Lee, J. Kim, W.
Lin, Inorg. Chem2004 43, 6579-6588; (d) D. E. Janzen, K. N. Patel, D. @nBerveer, G. J. Grant,
Chem. Commur2006 3540-3542; (e) T. M. Fyles, C. C. Toriggew J. Chen2007, 31, 296-304; (f) T.
M. Fyles, C. C. TongNew J. Chem2007, 31, 655-661; (g) M. Mounir, J. Lorenzo, M. Ferrer, M.
Prieto, O. Rossell, F. X. Aviles, V. Morend, Inorg. Biochem2007, 101, 660-666; (h) R. Kieltyka, P.
Englebienne, J. Fakhoury, C. Autexier, N. Moitessi¢. F. Sleiman,J. Am. Chem. So2008 130,
10040-10041; (i) P. J. Lusby, P. Muller, S. J. Pike M. Z. Slawin,J. Am. Chem. So2009 131,
16398-16400; (j) J. Y. Balandier, M. Chas, S. Gokb,l. Dron, D. Rondeau, A. Belyasmine, N.
Gallego, M. SalléNew J. Chem201], 35, 165-168; (k) V. Vajpayee, H. Kim, A. Mishra, P. S
Mukherjee, P. J. Stang, M. H. Lee, H. K. Kim, K.-@hi, Dalton Trans2011, 40, 3112-3115.

H. T. Baytekin, M. Sahre, A. Rang, M. EngegerSchulz, C. A. Schalleysmall2008 4, 1823-1834.
(a) A. Khutia, P. J. Sanz Miguel, B. Lippattiem. Eur. J2011, 17, 4195-4204; (b) A. Khutia, P. J.
Sanz Miguel, B. LippertChem. Eur. J2011 17, 4205-4216.

(@) R. Slone, J. T. Hupp, C. Stern, T. Albresbhmitt, Inorg. Chem.1996 35, 4096-4097; (b) R.
Slone, J. T. Hupplhorg. Chem1997, 36, 5422-5423; (c) K. F. Czaplewski, J. T. Hupp, R.SDurr,
Adv. Mater.2001, 13, 1895-1897.

F. A. Cotton, C. Lin, C. A. Murilldnorg. Chem2001, 40, 478-484.

311



9. References

94
95

96

97

98

99

S.-S. Sun, J. Anspach, A. Lebsrg. Chem2002 41, 1862-1869.

(a) C. M. Drain, J.-M. Lehd,. Chem. Soc., Chem. Commii94 2313-2315; (b) K. F. Cheng, N. A.
Thai, L. C. Teague, K. Grohmann, C. M. Dra@them. Commur2005 4678-4680.

(a) R.-D. Schnebeck, L. Randaccio, E. ZangrafloLippert, Angew. Chem1998 110, 128-130;
Angew. Chem. Int. EA99§ 37, 119-121; (b) R.-D. Schnebeck, E. Freisinger, Bh&, B. Lippert,J.
Am. Chem. SoQ00Q 122 1381-1390; (c) R.-D. Schnebeck, E. Freisingerl.iBpert, Eur. J. Inorg.
Chem.2000 200Q 1193-1200.

(a) F. A. Cotton, L. Daniels, C. Lin, C. A. Milo, J. Am. Chem. S04999 121, 4538-4539; (b) F. A.
Cotton, C. Lin, C. A. Murillo,Acc. Chem. Re001, 34, 759-771; (c) J. Bera, P. Angaridis, F. A.
Cotton, M. Petrukhina, P. Fanwick, R. Waltah,Am. Chem. So@00], 123 1515-1516; (d) F. A.
Cotton, C. A. Murillo, X. Wang, R. Yulnorg. Chem.2004 43, 8394-8403; (e) F. A. Cotton, C. A.
Murillo, S.-E. Stiriba, X. Wang, R. Yunorg. Chem2005 44, 8223-8233; (f) F. A. Cotton, C. Y. Liu,
C. A. Murillo, X. Wang,Inorg. Chem2006 45, 2619-2626; (g) F. A. Cotton, C. A. Murillo, R. Yu
Dalton Trans.2006 3900-3905; (h) F. A. Cotton, C. A. Murillo, R. Ybnorg. Chim. Acta2006 359,
4811-4820; (i) F. A. Cotton, C. Y. Liu, C. A. Mudl Q. Zhao)norg. Chem2006 45, 9480-9486.
Some examples for metallo-supramolecular tiemgontaining metal centers at the corners: () .R.
Schnebeck, E. Freisinger, B. Lipp&hem. Commuril999 675-676; (b) S.-W. Lai, M. C.-W. Chan,
S.-M. Peng, C.-M. ChéAngew. Cheml999 111, 708-710;Angew. Chem. Int. EA.999 38, 669-671;
(c) T. Habereder, M. Warchhold, H. N6th, K. SeveAngew. Chem1999 111, 3422-3425Angew.
Chem. Int. Ed1999 38, 3225-3228; (d) S.-S. Sun, A. J. Lebmrg. Chem1999 38, 4181-4182; (e)
S.-S. Sun, A. J. Leed, Am. Chem. So200Q 122 8956-8967; (f) M. Schweiger, S. R. Seidel, A. M.
Arif, P. J. StangAngew. Chem2001, 113 3575-3577Angew. Chem. Int. ER001, 40, 3467-3469;
(9) S. J. Lee, A. Hu, W. Lin]. Am. Chem. So@002 124, 12948-12949; (h) J. Fornies, J. Gomez, E.
Lalinde, M. T. MorenoChem. Eur. J2004 10, 888-898; (i) J. K. Clegg, L. F. Lindoy, B. Moulai,

K. S. Murray, J. C. McMurtrieDalton Trans.2004 2417-2423; (j) S. Derossi, M. Casanova, E. lengo,
E. Zangrando, M. Stener, E. Alessloprg. Chem2007, 46, 11243-11253; (k) S. A. Willison, J. A.
Krause, W. B. Connicknorg. Chem2008 47, 1258-1260; (I) P. Teo, L. L. Koh, T. S. A. Honprg.
Chem.2008 47, 6464-6474; (m) B.-C. Tzeng, J.-H. Kuo, Y.-C. L&;H. Lee,Inorg. Chim. Acta
2008 361, 2515-2521.

(a) P. Mukherjee, N. Das, Y. Kryschenko, A.fAR. Stang,). Am. Chem. So2004 126, 2464-2473;
(b) G. Tarkanyi, H. Jude, G. Palinkas, P. Sta@gg. Lett. 2005 7, 4971-4973; (c) H. Jude, H.
Disteldorf, S. Fischer, T. Wedge, A. Hawkridge, &if, M. Hawthorne, D. Muddiman, P. Stand,,
Am. Chem. So@005 127, 12131-12139; (d) H. Jude, D. Sinclair, N. Das, Sherburn, P. Stand,
Org. Chem2006 71, 4155-4163; (e) B. H. Northrop, D. Chercka, PStang,Tetrahedron2008 64,
11495-11503.

100 U. Maran, D. Britt, C. B. Fox, J. M. Harris, K. Orendt, H. Conley, R. Davis, V. Hlady, P. fag),

Chem. Eur. J2009 15, 8566-8577.

312



9. References

101 (a) F. M. Romero, R. Ziessel, A. Dupont-Geryais]. van Dorsselagd. Chem. Soc., Chem. Commun.
1996 551-553; (b) H. Dias, C. Gamage, J. Keltner, iabalanage, I. Omari, Y. Eyobo, N. Dias, N.
Roehr, L. McKinney, T. PothHnorg. Chem2007, 46, 2979-2987; (c) G.-H. Ning, T.-Z. Xie, Y.-J. Pan,
Y.-Z. Li, S.-Y. Yu,Dalton Trans.201Q 3203-3211.

102 T. Megyes, H. Jude, T. Grosz, |. Bako, T. R&d&. Tarkanyi, G. Palinkas, P. J. StalgAm. Chem.
Soc.2005 127, 10731-10738.

103 Some examples: (a) S. B. Lee, S. Hwang, @h8ng, H. Yun, J.-l. Hongletrahedron Lett1998 39,
873-876; (b) R.-D. Schnebeck, E. Freisinger, B pkig, Eur. J. Inorg. Chem200Q 1193-1200; (c) A.
Sautter, D. G. Schmid, G. Jung, F. WirthderAm. Chem. So2001, 123 5424-5430; (d) L. Zhang,
Y.-H. Niu, A. K.-Y. Jen, W. LinChem. Commur2005 1002-1004; (e) F. A. Cotton, C. A. Murillo, R.
Yu, Dalton Trans.2006 3900-3905; (f) K. Uehara, K. Kasai, N. Mizunmorg. Chem.2007, 46,
2563-2570.

104 (a) R.-D. Schnebeck, E. Freisinger, B. Lippeur. J. Inorg. Chem200Q 1193-1200; (b) A. Sautter,
D. G. Schmid, G. Jung, F. Wirthnek, Am. Chem. So2001 123 5424-5430; (c) M. Ferrer, M.
Mounir, O. Rossell, E. Ruiz, M. A. Maestrimorg. Chem2003 42, 5890-5899; (d) L. Zhang, Y.-H.
Niu, A. K.-Y. Jen, W. Lin Chem. Commur2005 1002-1004; (e) M. Ferrer, A. Gutierrez, M. Moynir
O. Rossel, E. Ruiz, A. Rang, M. Engeskrorg. Chem.2007, 46, 3395-3406; (f) S. Ghosh, P. S.
Mukherjee,Inorg. Chem.2009 48, 2605-2613; (g) K. Uehara, K. Kasai, N. Mizudoprg. Chem.
201Q 49, 2008-2015.

105 C. A. Schalley, T. Mdller, P. Linnartz, M. WiM. Schéfer, A. LutzerChem. Eur. J2002 8, 3538-
3551.

106 T. Weilandt, R. W. Troff, H. Saxell, K. Risgam C. A. Schalleyihorg. Chem2008 47, 7588-7598.

107 O. Mamula, F. J. Monlien, A. Porquet, G. Hopfigar, A. E. Merbach, A. von Zelewskg€hem. Eur. J.
2001 7, 533-539.

108 T. Bark, M. Duggeli, H. Stoeckli-Evans, A. va@elewsky, Angew. Chem2001, 113 2924-2927;
Angew. Chem. Int. E@001, 40, 2848-2851.

109 D. Chand, K. Biradha, M. Kawano, S. SakamKtoyamaguchi, M. FujitaChem. Asian 2006 1-2,
82-90.

110 B. Hasenknopf, J.-M. Lehn, B. O. Kneisel, @uB1, D. FenskeAngew. Chenil996 108 1987-1990;
Angew. Chem. Int. EA996 35, 1838-1840.

111 B. Hasenknopf, J.-M. Lehn, N. Boumediene, Aipbnt-Gervais, A. Van Dorsselaer, B. Kneisel, D.
Fenske,J. Am. Chem. So&997 119 10956-10962.

112 For example: (a) I. M. Miller, D. Mdller, K. Eker, Chem. Eur. J2005 11, 3318; (b) A. Hori, T.
Sawada, K.-i. Yamashita, M. Fujit&Angew. Chem2005 117, 4974-4977;Angew. Chem. Int. Ed.
2005 44 (31), 4896-4899; (c) H.-B. Yang, A. Hawkridge,Hiang, N. Das, S. Bunge, D. Muddiman,
P. Stang,J. Am. Chem. So@007, 129, 2120-2129; (d) R. John, M. Park, D. Moon, K. L8e Hong,
Y. Zou, C. Hong, M. LahJ. Am. Chem. So2007, 129, 14142-14143; (e) H.-B. Yang, K. Ghosh, B.

313



9. References

Northrop, Y.-R. Zheng, M. Lyndon, D. Muddiman, Ragg,J. Am. Chem. So2007, 129 14187-
14189; (f) H.-B. Yang, K. Ghosh, Y. Zhao, B. Nodpr M. Lyndon, D. Muddiman, H. White, P.
Stang,J. Am. Chem. So2008 130, 839-841; (g) W. Liu, K. Lee, M. Park, R. P. Jolin,Moon, Y.
Zou, X. Liu, H.-C. Ri, G. H. Kim, M. S. LahHnporg. Chem2008 47, 8807-8812; (h) L. Zhao, B. H.
Northop, P. J. Stand, Am. Chem. So2008 130, 11886-11888; (i) Y.-T. Chan, X. Li, M. Soler, L]..-
Wang, C. Wesdemiotis, G. R. Newconle Am. Chem. So2009 131, 16395-16397; (j) Y.-R. Zheng,
M. Wang, S. Kabayashi, P. J. Stang, Tetrahedron 2@11, 52, 2188-2191.

113 (a) N. Matsumoto, Y. Motoda, T. Matsuo, T. Hstkima, N. Re, F. Dahan, J. P. Tuchaglesg.
Chem.1999 38, 1165-1173; (b]. Yamamoto, A. Arif, P. Stang, Am. Chem. So2003 125 12309-
12317.

114 Some reviews of MOFs: (a) Y.-G. Huang, F.dang, M.-C. Hong,Coord. Chem. Re\2009 253
2814-2834; (b) R. Yu, X.-F. Kuang, X.-Y. Wu, C.424, J. P. Donahu&;oord. Chem. Re2009 253
2872-2890; (c)S. Qiu, G. ZhuCoord. Chem. Re\2009 253 2891-2911; (d) V. I. Isaeva, L. M.
Kustov, Petroleum Chemistr201Q 50, 167-180; (e) O. K. Farha, J. T. Hugjgc. Chem. Re201Q
43, 1166-1175; (f) M. Meilikhov, K. Yusenko, D. Eske®t. Turner, G. Van Tendeloo, R. A. Fischer,
Eur. J. Inorg. Chem201Q 3701-3714; (gy. Della Rocca, W. LinEur. J. Inorg. Chem201Q 3725-
3734; (h)A. Corma, H. Garcia, F. X. Llabrés i Xame@hem. Rev2010,110,4606-4655; (i) A. C.
McKinlay, R. E. Morris, P. Horcajada, G. Férey,&ef, P. Couvreur, C. SerrAngew. Chem201Q
122 6400-6406Angew. Chem. Int. EQ01Q 49, 6260-6266;

115 P. Jin, S. J. Dalgarno, J. L. Atwo@hord. Chem. Re01Q 254, 1760-1768.

116 K. Suzuki, M. Kawano, M. Fujit&dngew. Chen2007, 119, 2877-2880Angew. Chem. Int. EQ007,
46, 2819-2822.

117 G. H. Clever, S. Tashiro, M. ShionoyaAm. Chem. So201Q 132, 9973-9975.

118 Recent examples: (a) H.-K. Liu, Y. Cai, W. |.&o Tong, C. You, S. Lu, X. Huang, H.-Y. Ye, F.,Su
X. Wang,Inorg. Chem. Commun2009 12, 457-460; (b) J. D. Crowley, E. L. Gavdyalton Trans.
201Q 39, 4035-4037; (c) P. Liao, B. W. Langloss, A. M. dsbin, E. R. Knudsen, F. S. Tham, R. R.
Julian, R. J. HooleyChem. CommurR01Q 46, 4932-4934.

119 (a) M. Hong, Y. Zhao, W. Su, R. Cao, M. FyjfaZhou, A. S. C. Chad, Am. Chem. So200Q 122,
4819-4820; (b) H.-K. Liu, X. TongChem. Commurk002 1316-1317; (c) D. K. Chand, K. Biradha,
M. Fujita, S. Sakamoto, K. Yamaguclthem. Commun2002 2486-2487; (d) I. M. Mdller, S.
Spillmann, H. Franck, R. Pietschni@hem. Eur. J.2004 10, 2207-2213; (e) D. K. Chand, R.
Manivannan, H. S. Sahoo, K. Jeyakuntauy. J. Inorg. Chem2005 3346-3352; (f) R. M. McKinlay,
P. K. Thallapally, G. W. V. Cave, J. L. Atwoodngew. Chem2005 117, 5879-5882Angew. Chem.
Int. Ed.2005 44, 5733-5736; (g) R. M. McKinlay, G. W. V. Cave,L].Atwood, Proc. Natl. Acad. Sci.
U.S.A 2005 102 5944-5948; (h) Y. Liu, V. C. Kravtsov, D. A. Bezhamp, J. F. Eubank, M.
EddaoudiJ. Am. Chem. SoR2005 127, 7266-7267; (i) Y. Wang, P. Cheng, Y. Song, DL-i&o, S.-P.
Yan, Chem. Eur. J2007, 13, 8131-8138; (j) T. K. Ronson, J. Fisher, L. P. diag, M. J. Hardie,

314



9. References

Angew. ChenR007, 119, 9244-9246Angew. Chemint. Ed.2007, 46, 9086-9088; (k) O. Ugono, J. P.
Moran, K. T. HolmanChem. Commur2008 1404-1406.

120 K. Suzuki, M. Tominaga, M. Kawano, M. Fuji@hem. Commur2009 1638-1640.

121 M. Tominaga, K. Suzuki, M. Kawano, T. KusukawaQzeki, S. Sakamoto, K. Yamaguchi, M. Fujita,
Angew. Chenm2004 116, 5739-5743Angew. Chem. Int. EQ004 43, 5621-5625.

122 (a) M. Ikemi, T. Kikuchi, S. Matsumura, K. 8hj S. Sato, M. FujitaChem. Sci2010Q 1, 68-71; (b) T.
Kikuchi, S. Sato, M. Fujita]. Am. Chem. So201Q 132, 15930-15932.

123 L. Zhao, K. Ghosh, Y.-R. Zheng, P. J. Stan@@rg. Chem2009 74, 8516-8521.

124 Some examples: (a) M. Tominaga, K. SuzukiMirase, M. Fujitad. Am. Chem. So005 127,
11950-11951; (b) S. Sato, J. lida, K. Suzuki, Mwéao, T. Ozeki, M. FujitaScience2006 313
1273-1276; (c) T. Murase, S. Sato, M. Fujdagew. Chen2007, 119, 1101-1103Angew. Chem. Int.
Ed. 2007, 46, 1083-1085; (d) T. Murase, S. Sato, M. Fuji#mgew. Chem2007, 119, 5225-5228;
Angew. Chem. Int. EQ007, 46, 5133-5136; (e) N. Kamiya, M. Tominaga, S. Sato,Rdjita,J. Am.
Chem. Soc2007, 129 2816-3817; (f) K. Suzuki, M. Kawano, S. Sato, Myjita, J. Am. Chem. Soc.
2007, 129, 10652-10653; (g) T. Kikuchi, T. Murase, S. Sétb,Fujita, Supramol. Chen2008 20, 81-
94; (h) K. Suzuki, J. lida, S. Sato, M. Kawano, Mijita, Angew. Chen2008 120 5864-5866 Angew.
Chem. Int. EJ2008 47, 5780-5782; (i) N. K. Al-Rasbi, I. S. Tidmarsh, &. Argent, H. Adams, L. P.
Harding, M. D. Ward,). Am. Chem. So2008 130, 11641-11649; (j) S. Sato, Y. Ishido, M. Fujifa,
Am. Chem. So2009 131, 6064-6065.

125 Q.-F. Sun, J. lwasa, D. Ogawa, Y. Ishido,&0ST. Ozeki, Y. Sei, K. Yamaguchi, M. Fujitacience
2010 328 1144-1147.

126 A. C. Schulze, K. Focker, I. M. OppBlachr. Chem2009 57, 507-514.

127 R. W. Saalfrank, A. Stark, K. Peters, H. Ga 8chneringAngew. Cheml988 100, 878-880;Angew.
Chem. Int. Ed. Engll98§ 27, 851-853.

128 D. L. Caulder, R. E. Powers, T. N. Parac, K.Rdymond,Angew. Chem1998 110 1940-1943;
Angew. Chem. Int. EA998 37, 1840-1843.

129 (a) T. Beissel, R. E. Powers, K. N. Raymokigew. Chenl996 108 1166-1168Angew. Chem. Int.
Ed. Engl.1996 35, 1084-1086; (b) D. L. Caulder, K. N. Raymomglton Trans.1999 1185-1200; (c)
M. Scherer, D. L. Caulder, D. W. Johnson, K. N. Raynd, Angew. Chem1999 111, 1690-1694;
Angew. Chem. Int. EA999 38, 1588-1592; (d) T. Beissel, R. E. Powers, T. NaPaK. N. Raymond,
J. Am. Chem. So&999 121, 4200-4206; (e) A. J. Terpin, M. Ziegler, D. Whason, K. N. Raymond,
Angew. Chen2001, 113 161-164,Angew. Chem. Int. EQ001, 40, 157-160; (f) D. W: Johnson, K. N.
RaymondJnorg. Chem2001 40, 5157-5161; (g) A. V. Davis, R. M. Yeh, K. N. Ragmrd, Proc. Natl.
Acad. Sci. U.S.2002 99, 4793-4796; (h) S. M. Biros, R. M. Yeh, K. N. Raynd, Angew. Chem.
2008 120, 6151-6153Angew. Chem. Int. E@008 47, 6062-6064.

315



9. References

130 (a) D. H. Leung, R. G. Bergman, K. N. Raymahddm. Chem. So2007, 129, 2746-2747; (b) S. M.
Biros, R. G. Bergman, K. N. Raymon#l, Am. Chem. So2007, 129, 12094-12095; (c) M. D. Pluth, R.
G. Bergman, K. N. Raymond, Org. Chem2008 73, 7132-7136.

131 For example: (a) U. N. Andersen, G. SeebeFi&ller, K. N. Raymond, D. Lin, D. Harri, Am. Soc.
Mass. Spectron2006 17, 292-296; (b) M. D. Pluth, R. G. Bergman, K. N.yRend,J. Am. Chem.
S0c.2008 130, 6362-6366; (c) M. D. Pluth, D. W. Johnson, G.gé#y, A. V. Davis, S. J. Teat, A. G.
Oliver, R. G. Bergman, K. N. Raymonishorg. Chem2009 48, 111-120.

132 Some examples: (a) R. W. Saalfrank, B. DemdejtH. Glaser, H. Maid, S. Reihs, W. Bauer, M.
Maluenga, F. Hampel, M. Teichert, H. Krautsch&dr. J. Inorg. Chem2003 822-829; (b) Y. Bai, D.
Guo, C. Duan, D. Dang, K. Pang, Q. Me@hem. Commur2004 186-187; (c) J. K. Clegg, L. F.
Lindoy, B. Moubaraki, K. S. Murray, J. C. McMurtriBalton Trans2004 2415-2423; (d) I. S. Lee, J.
R. Long,Dalton Trans.2004 3434-3436; (e) P. Cai, M. Li, C. Duan, F. Lu, IQeng, Eur. J. Inorg.
Chem.2005 2581-2585; (f) S. P. Argent, T. Riis-Johannesgeg;,. Jeffery, L. P Harding, M. D. Ward,
Chem. CommurR005 4647-4649; (g) N. K. Al-Rasbi, C. Sabatini, F.rigalletti, M. D. Ward,Dalton
Trans.2006 4769-4772; (h) S. P. Argent, H. Adams, T. Riigalonessen, J. C. Jeffery, L. P Harding,
W. Clegg, R. W. Harrington, M. D. WarB®alton Trans.2006 4996-5013; (i) R. Frantz, C. S. Grange,
N. K. Al-Rasbi, M. D. Ward, J. LacouGhem. Commur2007, 1459-1461; (j) C. R. K. Glasson, G. V.
Meehan, J. K. Clegg, L. F. Lindoy, P. Turner, M.Muriska, R. Willis,Chem. Commur2008 1190-
1192; (k) I. S. Tidmarsh, B. F. Taylor, M. J. HadL. Russo, W. Clegg, M. D. WarNew. J. Chem.
2009 33, 366-375.

133 Some examples: (a) R. W. Saalfrank, H. GlaBeemleitner, F. Hampel, M. M. Chowdhry, V.
Schinemann, A. X. Trautwein, G. B. M. Vaughan, RhYA. V. Davis, K. N. Raymond;hem. Eur. J.
2002 8, 493-497; (b) M. Albrecht, I. Janser, S. Meyer\Wris, R. FrohlichChem. Commur2003
2854-2855; (c) M. Albrecht, I. Janser, J. RunsikRaabe, P. Weis, R. FrohlicAngew. Chen2004
116, 6832-6836Angew. Chem. Int. EQ004 43, 6662-6666; (d) M. Albrecht, I. Janser, R. Frohlic
Chem. Commur2005 157-165; (e) S. Hiraoka, K. Harano, M. Shiro, $hionoya,Angew. Chem.
2005 117, 2787-2791Angew. Chem. Int. E@005 44, 2727-2731; (f) R. M. Yeh, J. Xu, G. Seeber, K.
N. Raymond]norg. Chem2005 44, 6228-6239; (g) C. J. Sumby, M. J. Hardidngew. Chen005
117, 6553-6557;Angew. Chem. Int. EdR005 44, 6395-6399; (h) J. Zhang, P. W. Miller, M.
Nieuwenhuyzen, S. L. Jameé3hem. Eur. J2006 12, 2448-2453; (i) M. Albrecht, I. Janser, S. Burk, P
Weis, Dalton Trans.2006 2875-2880; (j) M. Albrecht, R. FréhliciBull. Chem. Soc. Jpr2007, 80,
797-808; (k) M. Albrecht, S. Burk, R. Stoffel, Alithow, R. Fréhlich, M. Kogej, C. A. Schallegur.
J. Inorg. Chem2007, 1361-1372; () J. Hamacek, G. Bernadinelli, Ylifehuk, Eur. J. Inorg. Chem.
2008 3419-3422.

134 M. Fujita, D. Oguro, M. Miyazawa, H. Oka, Kaiaguchi, K. Ogurajature1995 378 469-471.

135 H. Ito, T. Kusukawa, M. Fujit&hem. Lett2000Q 598-599.

316



9. References

136 (a) M. Yoshizawa, Y. Takeyama, T. Kusukawa, Mjita, Angew. Chem2002 114, 1403-1405;
Angew. Chem. Int. E@002 41, 1347-1349; (b) M. Yoshizawa, Y. Takeyama, T. Gkad. Fujita,J.
Am. Chem. So2003 125, 3243-3247.

137 (a) T. Kusukawa, M. Fujitshngew. Chem1998 110, 3327-3329Angew. Chem. Int. EA.998 37,
3142-3144; (b) T. Kusukawa, M. Fujith, Am. Chem. So2999 121, 1397-1398; (c) T. Kusukawa, M.
Yoshizawa, M. FujitaAngew. Chem2001, 113 1931-1936Angew. Chem. Int. ER001 40, 1879-
1884; (d) T. Kusukawa, M. Fujitd, Am. Chem. So2002 124, 13576-13582.

138 (a) T. Beissel, R. E. Powers, K. N. RaymoAdgew. Chem1996 108 1166-1168Angew. Chem.,
Int. Ed. Engl.1996 35, 1084-1086; (b) C. M. Hartshorne, P. J. St€&lem. Commurl997, 541-542;
(c) P. J. Stang, B. Olenyuk, D. C. Muddiman, R.Smith, Organometallics1997, 16, 3094-3096; (d)
M. Schweiger, T. Yamamoto, P. J. Stang, D. BlaReBoese,). Org. Chem2005 70, 4861-4864.

139 B. Brusilowskij, S. Neubacher, C. A. Schalléepem. Commur2009 785-787.

140 (a) I. M. Mdller, R. Robson, F. Separovidngew. Chen2001, 113 4519-4520Angew. Chem. Int.
Ed. 2001, 40, 4385-4386; (b) I. M. Muller, D. Mdller, C. A. Sahey, Angew. Chen005 117, 485-
488; Angew. Chem. Int. EQOQS5 44, 480-484; (c) I. M. Oppel, K. FéckeAngew. Chen008 120,
408-411;Angew. Chem. Int. E@00§ 47, 402-405.

141 (a) S. Hiraoka, K. Harano, M. Shiro, Y. OzaMa,Yasuda, K. Toriumi, M. Shionoy&ngew. Chem.
2006 118 6638-6641Angew. Chem. Int. EQR00G 45, 6488-6491, (b) S. Hiraoka, K. Harano, M.
Shiro, M. Shionoya). Am. Chem. So2008 130, 14368-14369.

142 S. Roche, C. Haslam, S. L. Heath, J. A. Tho@asm. CommurL998 1682-1683.

143 (a) J. L. Heinrich, P. A. Berseth, J. R. LoB8gem. Commurl998 1681-1682; (b) P. A. Berseth, J. J.
Sokol, M. P. Shores, J. L. Heinrich, J. R. LodigAm. Chem. So200Q 122 9655-9662; (c) Z. R. Bell,
L. P. Harding, M. D. WardChem. Commur2003 2432-2433; (d) S. C. N. Hsu, M. Ramesh, J. H.
Espenson, T. B. Rauchfusangew. Chem2003 115 2767-2770Angew. Chem. Int. EQR003 42,
2663-2666; (e) M. L. Kuhlman, T. B. Rauchfubsrg. Chem2004 43, 430-435; (f) M. L. Kuhlman,
H. Yao, T. B. Rauchfus€hem. Commur2004 1370-1371; (g) Y. Liu, V. Kravtsov, R. D. Waldh,
Poddar, H. Srikanth, M. Eddaoudfhem. Commun2004 2806-2807; (h) E. J. Schelter, A. V.
Prosvirin, K. R. Dunbar). Am. Chem. So2004 126, 15004-15005; (i) I.-W. Hwang, T. Kamada, T.
K. Ahn, D. M. Ko, T. Nakamura, A. Tsuda, A. Osula, Kim, J. Am. Chem. So2004 126, 16187-
16198; (j) S. P. Argent, H. Adams, L. P. Harding, M Ward,Dalton Trans.2006 542-544; (k) D. Li,
R. Clérac, O. Roubeau, E. Harté, C. Mathoniérel.&RBris, S. M. HolmesJ. Am. Chem. So2008
130, 252-258; (I) M. Nihei, M. Ui, N. Hoshino, H. Oshilnorg. Chem2008 47, 8126-8133; (m) M.-
L. Cao, H.-G. Hao, W.-X. Zhang, B.-H. Ykiorg. Chem2008 47, 8126-8133.

144 (a) K. K. Klausmeyer, T. B. Rauchfuss, S. RIs@h, Angew. Chem1998 110, 1808-1810Angew.
Chem. Int. EJ1998 37, 1694-1696; (b) K. K. Klausmeyer, S. R. Wilson, B.. RauchfussJ. Am.
Chem. Socl1999 121, 2705-2711; (c) J.-P. Lang, Q.-F. Xu, Z.-N. ChBnF. AbrahamsJ. Am. Chem.
S0c.2003 125, 12682-12683.

317



9. References

145 (a) S. C. Johannessen, R. G. Brisbois, Jisehér, P. A. Grieco, A. E. Counterman, D. E. Cleanra.
Am. Chem. So2001, 123 3818-3819; (b) R. Natarajan, G. Savitha, J. NoMtoy, Cryst. Growth Des.
2005 5, 69-72; (c) D. C. Caskey, T. Yamamoto, C. Addic&t K. Shoemaker, J. Vacek, A. M.
Hawkridge, D. C. Muddiman, G. S. Kottas, J. Midhl,J. Stang,.JAm. Chem. So2008 130, 7620-
7628.

146 (a) A. J. Amoroso, J. C. Jefferey, P. L. JodesA. McCleverty, P. Thornton, M. D. Wardngew.
Chem.1995 107, 1577-1580Angew. Chem. Int. Ed. Endl995 34, 1443-1446; (b) B. Olenyuk, J. A.
Whiteford, A. Fechtenkdtter, P. J. Staigture1999 398 796-799; (c) S. Aoki, M. Shiro, E. Kimura,
Chem. Eur. J2002 8, 929-939.

147 B. Olenyuk, M. D. Levin, J. A. Whiteford, J. Bhield, P. J. Stang. Am. Chem. S0d.999 121,
10434-10435.

148 T. Brasey, R. Scopelliti, K. Severdhem. Commur2006 3308-3310.

149 (a) O. D. Fox, J. F.-Y. Leung, J. M. Hunter K\ Dalley, R. G. Harrisorinorg. Chem200Q 39, 783-
790; (b) R. G. Harrison, O. D. Fox, M. O. Meng, WN.Dalley, L. J. Barbourinorg. Chem2002 41,
838-843.

150 (a) C. J. Sumby, M. J. Hardengew. Chem2005 117, 6553-6555Angew. Chem. Int. EQOO0S5 44,
6395-6399; (b) C. J. Sumby, M. J. Carr, A. Franker). Kennedy, C. A. Kilner, M. J. Hardidew J.
Chem.2006 30, 1390-1396.

151 For example: (a) R. M. McKinlay, P. K. ThalldpgaG. W. V. Cave, J. L. AtwoodAngew. Chem.
2005 116, 5879-5882;Angew. Chem. Int. EAR005 44, 5733-5736; (b) R. M. McKinlay, P. K.
Thallapally, J. L. AtwoodChem. Commur2006 2956-2958; (c) N. P. Power, S. J. Dalgarno, J. L.
Atwood, New J. Chem2007, 31, 17-20; (d) S. J. Dalgarno, N. P. Power, J. L. édd, Chem.
Commun.2007, 3447-3449; (e) S. J. Dalgarno, N. P. Power, JWarren, J. L. AtwoodChem.
Commun200§ 1539-1541.

152 B. Brusilowskij,Studien zur Entschliisselung von Komplexitat in Swptekularen Architekturen
PhD thesis, Freie Universitat Ber2910Q

153 B. H. Northrop, H.-B. Yang, P. J. Staiiem. Commur2008 5896-5908.

154 (a) K.-W. Chi, C. Addicott, P. J. Stardg,0Org. Chem2004 69, 2910-2912; (b) F. Huang, H.-B. Yang,
N, Das, U Maran, A. M. Arif, H. W. Gibson, P. JaBy,J. Org. Chem200§ 71, 6623-6625.

155P. J. Stang, D. H. Cao, K. Chen, G. M. Gray, DMOddiman, R. D. Smith]. Am. Chem. So&997,
119 5163-5168.

156 M. J. E. Resendiz, J. C. Noveron, H. Distdldsr Fischer, P. J. StanQrg. Lett.2004 6, 651-653.

157 B. Brusilowskij, C. A. Schallejur. J. Org. Chem2011, 469-477.

158 B. Brusilowskij, E. V. Dzyuba, R. W. Troff, @. Schalley,Chem. Commur2011, 47, 1830-1832.

159 B. Brusilowskij, E. V. Dzyuba, R. W. Troff, @. Schalley Dalton Trans2011, in press.

160 K. Suzuki, S. Sato, M. Fujithiature Chem201Q 2, 25-29.

318



9. References

161 K. Ghosh, H.-B. Yang, B. H. Northrop, M. M.iigon, Y.-R. Zheng, D. C. Muddiman, P. J. Stahg,
Am. Chem. So2008 130, 5320-5334.

162 Recent examples faxofunctionalized metallo-supramolecular complxesy ka-B. Yang, B. H.
Northrop, Y.-R. Zheng, K. Ghosh, M. M. Lyndon, D. Ruddiman, P. J. Stang, Org. Chem2009
74, 3524-3527; (b) K. Ghosh, J. Hu, H.-B. Yang, B. Mbrthrop, H. S. White, P. J. Stang, Org.
Chem.2009 74, 4828-4833; (c) H.-B. Yang, B. H. Northrop, Y.-Bheng, K. Ghosh, P. J. Stany,
Org. Chem2009 74, 7067-7074; (d) Y.-R. Zheng, K. Ghosh, H.-B. YaRg,J. Stanglnorg. Chem.
201Q 49, 4747-4749; (e) G.-Z. Thao, L.-J. Chen, C.-H. WangB. Yang, K. Ghosh, Y.-R. Zheng, M.
M.Lyndon, D. C. Muddiman, P.J. StanQrganometallics201Q 29, 6137-6140; (f) X.-D. Xu, H.-B.
Yang, Y.-R. Zheng, K. Ghosh, M. M. Lyndon, D. C. 8tliman, P. J. Stang, Org. Chem201Q 75,
7373-7380; (g) M. Wang, Y.-R. Zheng, T. R. Cook,PStanglnorg. Chem2011 50, 6107-6113.

163 A. von ZelewskyStereochemistry of Coordination Compounitshn Wiley & Sons, New York,996

164 K. S. Jeong, S. Y. Kim, U.-S. Shin, M. Kod¥j,T. M. Hai, P. Broekmann, N. Jeong, B. Kirchndr,
Reiher, C. A. Schalleyd. Am. Chem. So2005 127, 17672-17685.

165 T. W. Kim, M. S. Lah, J.-l. Hon@GGhem. Commur2001, 743-744.

166 (a) C. Piguet, G. Bernardinelli, G. Hopfgarinréhem. Rev1997 97, 2005-2062; (b) M. Albrecht,
Chem. Rev2001, 101, 3457-3498; (c) C. R. Glasson, G. Meehan, J. Cleggindoy, J. Smith, F. R.
Keene, C. MottiChem. Eur. J2008 14, 10535-10538; (d) J. Malina, M. Hannon, V. Brab&bem.
Eur. J.2008 14, 10408-10414.

167 P. N. W. Baxter, J.-M. Lehn, K. RissangdnChem. Soc., Chem. Commu897, 1323-1324.

168 (a) G. Baum, E. C. Constable, D. Fenske, Gdtisecroft, T. KulkeChem. Commuril999 195-196
(b) R. Annunziata, M. Benaglia, M. Cinquini, F. @@zC. Woods, J. SiegeEur. J. Org. Chen001,
2001, 173-180; (c) R. Prabaharan, N. C. Fletcher, MeuMienhuyzenJ. Chem. Soc., Dalton Trans.
2002 602-608; (d) O. Mamula, A. von Zelewsk@€oord. Chem. Rev2003 242 87-95; (e) M.
Albrecht, I. Janser, J. Fleischhauer, Y. Wang, @alfe¢, R. FréhlichMendeleev Commui2004 14,
250-253.

169 (a) A. Litzen, M. Hapke, J. Griep-Raming, xade, W. Saaldngew. Chen2002 114, 2190-2194;
Angew. Chem. Int. EQ002 41, 2086-2089; (b) U. Kiehne, T. Weilandt, A. Litz&rg. Lett.2007, 9,
1283-1286; (c) U. Kiehne, A. Litze®rg. Lett.2007, 9, 5333-5336; (d) U. Kiehne, A. LitzeBur. J.
Org. Chem2007, 2007, 5703-5711; (e) U. Kiehne, T. Weilandt, A. Lutz&ur. J. Org. Chem2008
2008 2056-2064.

170 For example: (a) D. Fiedler, D. Pagliero, turBaghim, R. G. Bergman, K. N. Raymotaorg. Chem.
2004 43, 846-848; (b) D. Fiedler, D. H. Leung, R. G. BeagmK. N. RaymondJ. Am. Chem. Soc.
2004 126, 3674-3675; (c) D. Fiedler, D. H. Leung, R. G. @®an, K. N. Raymondicc. Chem. Res.
2005 38, 349-358.

171 S. M. Biros, R. G. Bergman, K. N. Raymo&dAm. Chem. So2007, 129, 12094-12095.

319



9. References

172 K. Kumazawa, K. Biradha, T. Kusukawa, T. OkaMo Fujita, Angew. Chem2003 115, 4039-4043;
Angew. Chem. Int. E@003 42, 3909-3913.

173 Recent examples: (a) K. Ono, M. Yoshizawa,AMita, T. Kato, Y. Tsunobuchi, S.-i. Ohkoshi, M.
Fujita,J. Am. Chem. So2009 131, 2782-2783; (b) Y. Ozaki, M. Kawano, M. Fuji@hem. Commun.
2009 4245-4247; (c) Y. Yamauchi, M. Yoshizawa, M. AkitM. Fujita,Proct. Natl. Acad. Sci. USA
2009 106, 10435-10437; (d) K. Ono, J. K. Klosterman, M. ¥asawa, K. Sekiguchi, T. Tahara, M.
Fujita, J. Am. Chem. So009 131, 12526-12527; (e) Y. Yamaguchi, M. Yoshizawa, Mit4, M.
Fujita, J. Am. Chem. So201Q 132 960-966; (f) S. Sato, O. Morohara, D. Fujita, ¥amaguchi, K.
Kato, M. Fujita,J. Am. Chem. So201Q 132, 3670-3671; (g) T. Murase, K. Otsuka, M. FujdiaAm.
Chem. Soc201Q 132 7864-7865; (h) Y. Yamauchi, Y. Hanaoka, M. Yosiva, M. Akita, T.
Ichikawa, M. Yoshio, T. Kato, M. Fujital. Am. Chem. So201Q 132, 9555-9557; (i) M. Kiguchi, T.
Takahashi, Y. Takahashi, Y. Yamauchi, T. Murase,Rdjita, T. Tada, S. Watanab&ngew. Chem.
2011 123 5826-5829Angew. Chem. Int. E@011, 50, 5708-5711.

174 J. K. Klosterman, Y. Yamauchi, M. Fuji@hem. Soc. Re2009 38, 1714-1725.

175 P. Mal, B. Breiner, K. Rissanen, J. R. Nitsgl8cience2009 324, 1697-1699.

176 M. Yoshizawa, J.K. Klosterman, M. Fujitangew. Chem2009 121, 3470-3490Angew. Chem. Int.
Ed. 2009 48, 3418-3438.

177 (a) D. Fiedler, R. G. Bergman, K. N. RaymoAdgew. Chem2004 116, 6916-6919Angew.Chem.
Int. Ed. 2004 43, 6748-6751; (b) D. H. Leung, D. Fiedler, R. G. @aan, K. N. Raymondjngew.
Chem.2004 116, 981-984,Angew. Chem. Int. EQ004 43, 963-966; (c) D. H. Leung, R. G. Bergman,
K. N. Raymond, JAm. Chem. So2006 128 9781-9797; (d) A. V. Davis, D. Fiedler, G. Seeb&r
Zahl, R. van Eldik, K. N. Raymond]. Am. Chem. So2006 128 1324-1333; (e) D. Leung, R.
Bergman, K. Raymond]. Am. Chem. SoQ007, 129 2746-2747; (f) M. Pluth, R. Bergman, K.
Raymond,Angew. Chem2007, 119, 8741-8743 Angew.Chem. Int. Ed2007, 46, 8587-8589; (g) M.
D. Pluth, R. G. Bergman, K. N. Raymond,Am. Chem. So2008 130, 6362-6366; (h) M. D. Pluth,
R. G. Bergman, K. N. Raymond, Org. Chem2008 73, 7132-7136; (i) C. J. Hastings, D. Fiedler, R.
G. Bergman, K. N. Raymond, Am. Chem. So2008 130, 10977-10983.

178 (a) M. D. Pluth, R. G. Bergman, K. N. Raymo8dience2007, 316, 85-88; (b) M. Pluth, R. Bergman,
K. Raymond Angew. Chen007, 119 8741-8743Angew. Chem. Int. EQ00Q7, 46, 8587-8589.

179 M. Yoshizawa, Y. Takeyama, T. Okano, M. FujtaAm. Chem. So2003 125, 3243-3247.

180 T. Kusukawa, T. Nakai, Okano, M. Fuji@hem. Lett2003 32, 284-285.

181 M. Yoshizawa, M. Tamura, M. Fujith, Am. Chem. So2004 126, 6846-6847.

182 M.Yoshizawa, N. Sato, M. Fujit@hem. Lett2005 34, 1392-1393.

183 (a) M. Fujita, S.-Y. Yu, T. Kusukawa, H. Funhdk. Ogura, K. YamaguchiAngew. Chem1998 110,
2192-2196;Angew. Chem. Int. EA.998 37, 2082-2085; (b) S.-Y. Yu, T. Kusukawa, K. Biradi4,
Fujita, J. Am. Chem. So200Q 122 2665-2666.

320



9. References

184 (a) R. V. Slone, J. T. Hupimorg. Chem1997, 36, 5422-5423; (b) S. J. Lee, K. L. Mulfort, X. ZuA,
J. Goshe, P. J. Wesson, S. T. Nguyen, J. T. Hupp.Oiede,J. Am. Chem. So2008 130, 836-838.

185 Recent examples: (a) M. D. Pluth, R. G. Bemgrka N. RaymongJ. Org. Chem2009 74, 58-63; (b)
M. D. Pluth, R. G. Bergman, K. N. Raymgniicc. Chem. Re2009 42, 1650-1659; (c) Y. Furutani,
H. Kandori, M. Kawano, K. Nakabayashi, M. Yoshizaw& Fujita,J. Am. Chem. So2009 131,
4764-4768; (d) C. J. Brown, R. G. Bergman, K. NyRand,J. Am. Chem. So€009 131, 17530-
17531; (e) T. Kawamichi, Y. Inokuma, M. Kawano, Fujita, Angew. Chem201Q 122, 2425-2427;
Angew. Chem. Int. E@01Q 49, 2375-2377; (f) T. Murase, S. Horiuchi, M. Fujita,Am. Chem. Soc.
201Q 132 2866-2867; (g) S. Horiuchi, Y. Nishioka, T. MueadM. Fujita,Chem. CommurR201Q 46,
3460-3462; (h) K. Ohara, Y. Inokuma, M. Fujitmmgew. Chen01Q 122, 5639-5641Angew. Chem.
Int. Ed.201Q 49, 5507-55009; (i) K. Ikemoto, Y. Inokuma, M. Fujitangew. Chenm201Q 122, 5886-
5888;Angew. Chem. Int. EQ01Q 49, 5750-5752; (j) Y. Yamauchi, M. Fujit&hem. Commur201Q
46, 5897-5899; (k) C. J. Hastings, M. D. Pluth, R.B&rgman, K. N. Raymond,. Am. Chem. Soc.
2010 132, 6938-6940; (I) Z. J. Wang, C. J. Brown, R. G.@ean, K. N. Raymond, F. D. Toste,Am.
Chem. Soc201Q 132 7358-7360; (m) Y. Inokuma, S. Yoshioka, M. Fujiengew. Chen201Q 122,
9096-9098:Angew. Chem. Int. EQ01Q 49, 8912-8914; (n) T. Murase, S. Peschard, S. Horju¢th
Nishioka, M. Fujita,Supamol. ChenR011, 23, 199-208; (0) K. Suzuki, K. Takao, S. Sota, M.ifaj
Angew. Chen2011, 122, 4960-4963Angew. Chem. Int. EQ011, 50, 4858-4861; (p) S. Horiuchi, T.
Murase, M. FujitaChem. Asian. 2011, 6, 1839-1847.

186 J. H. Grosdylass Spectrometry - A Textbook, Springtgidelberg2004

187 C. A. Schalley, A. SpringenMass Spectrometry and Gas-Phase Chemistry of Noml©ot
ComplexesWiley, Hoboker2009

188 K. A. Jolliffe, M. C. Calama, R. Fokkens, N. ML. Nibbering, P. Timmerman, D. N. Reinhoudt,
Angew. Cheml99§ 110, 1294-1297Angew. Chem. Int. EA998 37, 1247-1251.

189 C. E. H. Dessent, K. Muller-Dethle@@hem. Rev200Q 100, 3999-4021.

190 (a) F. Sobott, A. Wattenberg, H. D. BarthBButschy,Int. J. Mass. Spectrom999 187, 271-279; (b)
A. Wattenberg, F. Sobott, H. D. Barth, B. Brutschy, J. Mass. Spectron200Q 203, 49-57; (c) N.
Morgner, T. Kleinschroth, H. D. Barth, B. Ludwig, Brutschy, JAm. Soc. Mass. Spectro?@07, 18,
1429-1438.

191 M. Dole, L. L. Mack, R. L. Hines, R. C. Mobldy, D. Ferguson, M. B. Alice]. Chem. Physl968§ 49,
2240-2249

192 (a) J. B. Fenn, M. Mann, C. K. Meng, S. F. \§08. M. WhitehouseSciencel989 246, 64-71; (b) J.
B. Fenn, M. Mann, C. K. Meng, S. F. Wong, C. M. YéhiouseMass Spectrom. Re¥99Q 9, 37-70;
(c) P. Kebarle, L. Tanddnal. Chem1993 65, A972-A986; (d) S. J. Gaskell, Mass Spectroml997,
32, 677-688; (e) J. B. Fenn, Angew. Che&2803 115 3999-4024,Angew. Chem. Int. EQ003 42,
3871-3894.

193 H. D. F. Winkler, Freie Universitat Berlin, published results.

321



9. References

194 (a) J. V. Iribarne, B. A: Thomsod, Chem. Physl976 64, 2287-2294; (b) B. A. Thomson, J. V.
Iribarne,J. Chem. Physl979 71, 4451-4463; (c) J. B. Fenn, J. Rosell, C. K. Mehgam. Soc. Mass
Spectrom1997, 8, 1147-1157.

195 P. Kebarle, G. Peschiémal. Chim. Act®200Q 406, 11-35.

196 E. O. Lawrence, M. S. Livingstonhys. Rev1932 40, 19-35.

197 (a) L. G. SmithRev. Sci. Instruml95], 22, 115-116; (b) H. Sommer, H. A. Thomas, J. A. Hgpl
Phys. Revl1951 82, 697-702; (c) J. D. Baldeschwiel&tiencel968 159, 263-273.

198 (a) M. B. Comisarow, A. G. Marshalthem. Phys. Letl.974 25, 282-283; (b) M. B. Comisarow, A.
G. Marshall J. Chem. Physl976 64, 110-119; (c¢) M. B. Comisarow, Chem. Physl978 69, 4097-
4104; (d) M. B. Comisarow, V. Grassi, G. Paris@hem. Phys. Lettl978 57, 413-416; (e) A. G.
Marshall, P. B. Grosshan&nal. Chem1991, 63, 215A-229A; (f) M. B. Comisarow, A. G. Marshall,
J. Mass Spectron1996 31, 581-585; (g) A. G. Marshalcc. Chem. Red.996 29, 307-316; (h) A.
G. Marshall, C. L. Hendrickson, G. S. Jacksblass Spectrom. Re%998 17, 1-35; (i) F. He, C. L.
Hendrickson, A. G. Marshalnal. Chem2001, 73, 647-650; (j) R. E. Bossio, A. G. Marshainal.
Chem.2002 74, 1674-1679; (k) A. G. Marshall, C. L. Hendricksomt, J. Mass Spectron2002 215
59-75.

199 J. W. Larson, T. B. McMahod, Am. Chem. So&982 104, 6255-6261.

200 C. Spickermann, T. Felder, C. A. Schalley, BcKner,Chem. Eur. J2008 14, 1216-1227.

201 H. Wang, E. N. Kitova, J. S. KlassdnAm. Chem. So2003 125, 13630-13631.

202 K. VékeyJ. Mass Spectromi996 31, 445-463.

203 R. C. Dunbatass Spectrom. Re¥992 11, 309-339.

204 J. Laskin, C. Lifshitz]. Mass Spectron2001, 36, 459-478.

205 L. Sleno, D. A. Volmer]. Mass Spectron2004 39, 1091-1112.

206 J. Laskin, J. H. FutreMassSpectrom. Rex005 24, 135-167.

207 (a) D. P. Weimann, H. D. F. Winkler, J. A.étaki, B. Koksch, C. A. Schalleature Chem2009 1
573-577; (b) H. D. F. Winkler, D. P. Weimann, A.rliger, C. A. SchalleyAngew. Chem2009 121,
7382-7386,Angew. Chem. Int. EQ009 48, 7246-7250; (c) H. D. F. Winkler, E. V. Dzyuba Al.W.
Sklorz, N. K. Beyeh, K. Rissanen, C. A. Schalléiem. Sci2011, 2, 615-624; (d) for a review see: H.
D. F. Winkler, E. V. Dzyuba, C. A. Schallehflew J. Chem2011, 35, 529-541.

208 For reviews see: (a) S. Meyer and J. O. MetzZgeal. Bioanal. Chen2003 377, 1108-1114. (b) L. S.
Santos, L. Knaak and J. O. Metzgat, J. Mass. Spectro®005 246, 84-104.

209 Some examples: (a) A. A. Sabino, A. H. L. MalthaC. R. D. Correia and M. N. EberliAngew.
Chem.2004 116, 2568—-2572Angew. Chem. Int. EQ004 43, 2514-2518. (b) S. Furmeier, J. Griep-
Raming, A. Hayen and J. O. Metzg&hem. Eur. J2005 11, 5545-5554. (c\W. Schrader, P. P.
Handayani, C. Burstein and F. GloritGhem. Commur2007, 716-718. (d) L. S. Santos and J. O.
Metzger,Rapid Commun. Mass Spectrd@08 22, 898-904.

322



9. References

210 (a) C. A. Schalley, J. Hoernschemeyer, X. LiS@va, P. Weis, Int]. Mass Spectron2003 228 373-
388; (b) C. A. Schalley, P. Ghosh, M. Engesat., J. Mass Spectror2004 232, 249-258.

211 (a) H. Mansikkamaki, C. A. Schalley, M. Nigsin K. Rissanelew J. Chem2005 29, 116-127; (b)
H. Mansikkamé&ki, C. A. Schalley, M. Nissinen, K.sBanenNew J. Chem2005 29, 116-127; (c) T.
Becherer, D. Meshcheryakov, A. Springer, V. BéhntrA. SchalleyJ. Mass Spectron2009 44
1338-1347, (d) K. Salorinne, D. P. Weimann, C. ah&ley, M. NissinenkEur. J. Org. Chem2009
6151-6159; (e) R. E. Dawson, A. Hennig, D. P. Weima. Emery, V. Ravikumar, J. Montenegro, T.
Takeuchi, S. Gabutti, M. Mayor, J. Mareda, C. Ah&8tey, S. MatileNature Chem201Q 2, 533-538.

212 (a) T. Felder, C. A. Schalley, H. Fakhrnab&yi,Lukin, Chem. Eur. J2005 11, 5625-5636; (b) B.
Baytekin, N. Werner, F. Luppertz, M. Engeser, Jidgfemann, S. Bitter, R. Henkel, T. Felder, C. A.
Schalley,Int. J. Mass Spectrori2006 249 138-148; (c) O. Lukin, V. Gramlich, R. KandreZhun, T.
Felder, C. A. Schalley, G. Dolgonak, Am. Chem. So2006 128 8964-8974; (d) C. A. Schalley, B.
Baytekin, H. T. Baytekin, M. Engeser, T. Felder,Rang,J. Phys. Org. Chen2006 19, 479-490; (e)
D. Schubert, M. Corda, O. Lukin, B. Brusilowskij, Eiskin, C. A. Schalleyizur. J. Org. Chem2008
4148-4156; (f) B. Baytekin, H. T. Baytekin, U. HaW. Reckien, B. Kirchner, C. A. Schalleghem.
Eur. J. 2009 15, 7139-7149; (g) M. Albrecht, M. Baumert, H. D. Winkler, C. A. Schalley, R.
Frohlich, Dalton Trans.201Q 39, 7220-7222; (h) Z. Qi, C. A. Schallegupramol. Chen201Qq 22,
672-682.

213 Y.-R. Zheng, P. J. Stany Am. Chem. So2009 131, 3487-3489.

214 M. Engeser, A. Rang, M. Ferrer, A. Gutiérrez,THBaytekin, C. A. Schalleynt. J. Mass Spectrom.
2006 255, 185-194.

215 (a) T. G. Apleton, M. A. Bennett, I. B. Tomgjd. Chem. Soc., Dalton Trank976 439-446; (b) P. J.
Stang, D. H. Cao, S. Saito, A. M. Arif, Am. Chem. Sot995 117, 6273-6283.

216 | want to thank Dipl.-Chem. Maurice Taszarek the ligands he offered me to use for metallo-
supramolecular self-assembly reactions. The syethed these ligands refer to: M. Taszarek,
unpublished results.

217 (a) Y. Cohen, L. Avram, L. Frishngew. Chem2005 117, 524-560;Angew. Chem., Int. E@005
44, 520-554; (b) Y. Cohen, L. Avram, T. Evan-Salem,Hrish, Diffusion NMR in Supramolecular
Chemistry, in:Analytical Methods in Supramolecular Chemist@. A. Schalley, Ed.; Wiley-VCH:
Weinheim2007 (c) A. Macchioni, G. Ciancaleoni, C. Zuccaccia,AlccacciaChem. Soc. Re2008
37, 479-489.

218 CACHE 5.0 for Windowsd~ujitsu Ltd.: Krakow, Poland001

219(a) P. K. Tikoo, R. D. SinghElectrochim. Actal981, 26, 1057-1063; (b) S. Taniewska-Osinska, A.
Piekarska, A. Kacperskd, Solution Chem1983 12, 717-727; (c) G. Chen, Y. Hou, H. Knapp,
Chem. Eng. Datd995 40, 1005-1010; (d) A. Ali, A. K. Nain, M. KamilThermochimica Act4996
274, 209-221; (e) Y. Zhao, J. Wang, X. Xuan, J. Lu].JChem. Eng. Datd00Q 45, 440-444; (f) M.
Cocchi, M. Manfredini, D. Manzini, A. Marchetti, Sighinolfi, L. Tassi; A. Ulrici, M. Vignali, P.

323



9. References

Zannini, J. Molecul. Liquids2003 102 309-345; (g) N. G. Tsierkezos, A. C. Filippali, Chem.
Thermodynamic2006 38, 952-961.

220 M. Schweiger, S. R. Seidel, A. M. Arif, PSlangJ. Inorg. Chem2002 41, 2556-2559.

221 M. Fujita, O. Sasaki, T. Mitsuhashi, T. Fujifa Yzaki, K. Yamaguchi, K. Ogur&hem. Commun.
1996 1535-1536.

222 (a) K. P. C. Vollhardt, N. E: Shot®rganische Chemje/olume 3, Wiley-VCH, Weinhein200Q (b)
E. Breitmaier, G. Jung)rganische Chemje/olume 4, Thieme, Stuttga?001

223 For example: (a) E. OhlssoGhem. Ber.1916 49, 1341-1344; (b) D. B. Grotjahn, C. Joubran,
Tetrahedron: Asymmeti4995 6, 745-752.

224 (a) L. S. Reddy, S. Basavoju, V. R. VangalaNangia,Cryst. Growth Des2006 6, 161-173; (b) R.
Custelcean, B. A. Moyer, V. S. Bryantsev, B. P. Hanyst. Growth Des2006 6, 555-563.

225 (a) D. K. Kumar, D. A. Jose, A. Das, P. Dasti@them. CommurR005 4059-4061; (b) N. N. Adarsh,
D. K. Kumar, P. Dastidail etrahedror2007, 63, 7386-7396.

226 F. H. AllenActa Crystallogr2002 B58 380-388.

227 CACHE 5.0 for Windows-ujitsu Ltd.: Krakow, Poland2001

228(a) P. K. Tikoo, R. D. SinghElectrochim. Actal98], 26, 1057-1063; (b) S. Taniewska-Osinska, A.
Piekarska, A. Kacperskd, Solution Chem1983 12, 717-727; (c) G. Chen, Y. Hou, H. Knapp,
Chem. Eng. Datd995 40, 1005-1010; (d) A. Ali, A. K. Nain, M. KamilThermochimica Actd996
274, 209-221; (e) Y. Zhao, J. Wang, X. Xuan, J. Lu).JChem. Eng. Data00Q 45, 440-444; (f) M.
Cocchi, M. Manfredini, D. Manzini, A. Marchetti, Sighinolfi, L. Tassi; A. Ulrici, M. Vignali, P.
Zannini, J. Molecul. Liquids2003 102 309-345; (g) N. G. Tsierkezos, A. C. Filippali, Chem.
Thermodynamic2006 38, 952-961.

229 C. A. HunterAngew. Chen004 116, 5424-5439Angew. Chem. Int. EQ004 43, 5310-5324.

230 (a) R. V. Slone, D. I. Yoon, R. M. Calhoun;TJ.Hupp,J. Am. Chem. So0d995 117, 11813-11814.
(b) S. Serroni, S. Campagna, F. Puntoriero, C.iBir® N. D. McClenaghan, F. Loiseabhem. Soc.
Rev.2001, 30, 367-375. (c) P. de Wolf, S. L. Heath, J. A. Than@hem.Commun2002 2540-2541.
(e) P. de Wolf, P. Waywell, M. Hanson, S. L. Heath,J. H. M. Meijer, S. J. Teat, J. A. Thomas,
Chem. Eur. J2006 12, 2188-2195; (f) Y.-Z. Zhang, Z.-M. Wang, S. Gaoorg. Chem.2006 45,
5447-5454; (g) F. N. Shi, L. Cunha-Silva, M. J. #iar T. Trindade, F. A. A. Paz, J. Roctagrg.
Chem.2007, 46, 6502-6515.

231 For examples, see: (a) D. L. Caulder, K. NyrRand, Angew. Cheml997, 109, 1508-1510;Angew.
Chem. Int. Ed1997, 36, 1439-1442; (b) M. Fujita, N. Fujita, K. Ogura, KataguchiNature 1999
400, 52-55; (c) G. F. Swiegers, T. J. Malefet€dem. Rev200Q 100, 3483-3537; (d) R. Pinalli, V.
Cristini, V. Sottili, S. Geremia, M. Campagnolo, 8aneschi, E. Dalcanalé, Am. Chem. So2004
126, 6516-6517; (e) T. Kamada, N. Aratani, T. Ikeda, $hibata, Y. Higuchi, A. Wakamiya, S.
Yamaguchi, K. S. Kim, Z. S. Yoon, D. Kim, A. Osukh,Am. Chem. So2006 128, 7670-7678; (f)
Y.-M. Legrand, A. Lee, M. Barboiulnorg. Chem.2007, 46, 9540-9547; (g) E. Zangrando, M.

324



9. References

Casanova, E. Alessi@hem. Rev2008 108,4979-5013; (h) A. K. Bar, R. Chakrabarty, K-W. C8i,
R. Batten, P. S. MukherjeBalton Trans2009 3222-3229.

232 (a) S. Hiraoka, T. Tanaka, M. ShionoyaAm. Chem. So2006 128 13038-13039; (b) S. Hiraoka,
M. Goda, M. Shionoya]. Am. Chem. So2009 131, 4592-4593; (c) M. Albrecht, Y. Liu, S. S. Zhu,
C. A. Schalley, R. FréhliclChem. Commur2009 1195-1197.

233 (a) V. C. M. Smith, J.-M. Lehi§hem. CommuriLl996 2733-2734; (b) C. Piguet, G. Hopfgartner, B.
Bocquet, O. Schaad, A. F. William3, Am. Chem. S0d.994 116, 9092-9102; (c) C. Piguet, G.
Bernardinelli, J.-C. G. Bunzli, S. Petoud, G. Haptger,J. Chem. Soc., Chem. Commuf95 2575-
2577; (d) C. Piguet, C. Edder, S. Rigault, G. Badimeelli, J.-C. G. Bunzli, G. Hopfgartned, Chem.
Soc., Dalton Tran200Q 3999-4006; (e) C. Edder, C. Piguet, J.-C. G. H{itz HopfgartnerChem.
Eur. J.2001 7, 3014-3024.

234 M. Albrecht, O. Ossetzka, R. Frohlich, J.-CBanzli, A. Aebischer, F. Gumy and J. Hamac&kAm.
Chem. Soc2007, 129, 14178-14179.

235 (a) M. Albrecht, R. Frohlicil. Am. Chem. So&997 119 1656-1661; (b) F. E. Hahn, M. Offermann,
C. Schulze-Isfort, T. Pape, R. Fréhlichngew. Chem2008 120, 6899-6902,Angew. Chem. Int. Ed.
2008 47, 6794-6797.

236 (a) G. P. C. M. Dekker, C. J. Elsevier, K.eze, P. W. N. M. van Leeuwen, C. F. Roobegk,
Organomet. Chem1992 430, 357-372; (b) F. Fochi, P. Jacopozzi, E. Wegelkis,Rissanen, P.
Cozzini, E. Marastoni, E. Fisicaro, P. Manini, Rkkens, E. Dalcanald, Am. Chem. So2001 123
7539-7552.

237 P. de Wolf, S. L. Heath, J. A. Thomasyrg. Chim. Acta2003 355, 280-285.

238 A similar observation has been made with gedifit Schiff-base ligand: E. Holl6-Sitkei, G. Saatiai,

I. Lois, A. Goméry, F. Pollreisz, L. Parkanyi, Hide, G. BesenyeChem. Eur. J2009 15, 10620-
10633.

239 (a) Z Qin, M. C. Jennings, R. J. PuddepHattyg Chem.2003 42, 1956-1965; (b) A. Kaiser, P.
Bauerle,Top. Curr. Chem2005 249, 127-201.

240 | want to thank my Dr. Boris Brusilowskij andpD-Chem. Egor V. Dzyuba for the syntheses of the
ligands used within this study.

241 For examples of kinetically controlled selfesbly, see: (a) N. Fatin-Rouge, S. Blanc, E. Leke,
Van Dorsselaer, P. Baret, J. L. Pierre, A. M. AtthteGary,Inorg. Chem200Q 39, 5771-5778; (b) N.
Fatin-Rouge, S. Blanc, A. Pfeil, A. Rigault. A. Mlbrecht-Gary,Helv. Chim. Acta2001, 84, 1694-
1711; (c) C. J. Kuehl, S. D. Huang, P. J. Stangym. Chem. So2001, 123 9634-9641.

242 For example: (a) U. Belluco, L. Cattalini,Basolo, R. G. Pearson, A. Turch,Am. Chem. So&965
87, 241-246; (b) L. Cattalini, A. Orio, M. L. Tobd, Am. Chem. So&967, 89, 3130-3134; (c) R. G.
Pearson, H. R. Sobel, J. SongsthdAm. Chem. So04968 90, 319-326; (d) G. Faraone, V. Ricevuto,
R. Romeo, M. Trozzilnorg. Chem197Q 9, 1525-1528; (e) S. C. Chan, S. B. Tohgyrg. Chim. Acta
1971 5, 634-636; (f) V. Ricevuto, R. Romeo, M. Trozdi, Chem. Soc., Dalton Tran¥972 1857-

325



9. References

1862; (g) L. Canovese, M. Cusumano, A. Giannett@zhem. Soc., Dalton Trank983 195-198; (h)
E. Rotondo, F. C. Prioldnorg. Chim. Actal984 85, 111-115; (i) R. Romeo, A. Grassi, L. Monsu
Scolaro,Inorg. Chem.1992 31, 4383-4390; (j) B. Pitteri, G. Marangoni, L. CéittaT. Bobbo, J.
Chem. Soc., Dalton Tran%994 169-174; (k) R. Romeo, G. Arena, L. Monsu Scaléo R. Plutino,
Inorg. Chim. Actal995 240, 81-92; (I) F. BasoloCoord. Chem. Rew996 154, 151-161; (m) L.
Canovese, F. Visentin, P. Uguagliata, F. Di Biankafontana, B. Crociani]. Organomet. Chem.
1996 525 43-48; (n) R. Romeo, N. Nastasi, L. Monsu Scqldvb R. Plutino, A. Albinati, A.
Macchioni,Inorg. Chem.1998 37, 5460-5466; (0) A. Hofmann, L. Dahlenburg, R. \Edik, Inorg.
Chem.2003 42, 1688-1700; (p) C. F. Weber, R. van Elddyr. J. Inorg. Chem2005 4755-4761; (q)
N. Summa, W. Schiessl, R. Puchta, N. van Eikema fdesy R. van Eldiklnorg. Chem.200§ 45,
2948-2959; () S. Jafar Hoseini, S. Masoud NabalghaS. Jamali, M. Rashidl, Organomet. Chem.
2007, 692, 1990-1996; (s) H. Ertuerk, R. Puchta, R. vanEldur. J. Inorg. Chem2009 1331-1338;
(t) J. Bogojeski, Z. D. Bugarcic, R. Puchta, R. #dik, Eur. J. Inorg. Chem201Q 5439-5445.

243 (a) M.-F. Ng, S. Yokojima, D. Zhou, G. Ché&hem. Phys. Let200Q 327, 374-380; (b) A. H. Goller,
U.-W. Grummt,Chem. Phys. LetR002 345, 233-242.

244 M. A. Balbo, C. Kaiser, A. Khan, S. Hechgp. Curr. Chem2005 245, 89-150.

245 (a) C. A. Schalleymass Spectrom. Re2001, 20, 253-309; (b) B. Baytekin, H. T. Baytekin, C. A.
Schalley,Org. Biomol. Chem2006 4, 2825-2841.

246 (a) J. Poppenbergntersuchung metallo-supramolekularer Komplexe efstETICR-Massenspektro-
metrie Bachelor thesis, Freie Universitat Berl2007 (b) S. Richter,Massenspektrometrie als
Methode zur Reaktivitatsuntersuchung von supramtdeén MetallkomplexerBachelor thesis, Freie
Universitat Berlin2007.

247 (a) J. Hamacek, M. Borkovec and C. PigDetfon Trans.2006 1473-1490. (b) Z. Chen, A. Lohr, C.
R. Saha-Mdller and F. WirthneZhem. Soc. Re2009 38, 564-584.

248 A. Y. Tsivadze, G. V. lonova, V. K. Mikhalkeé Y. N. KostrubovRuss. Chem. Re2007, 76, 213-
233.

249 S. Serefisirch. Dermatol. SypHl934 171, 1-98.

250 Y. M. Yukhin, T. V. Daminova, L. |. Afonina,.BB. Bokhonov, O. A. Logutenko, A. |. Aparnev, K. Y
Mikhailov, T. A. Udalova, V. |. Evseenk&hem. Sustain. Develop004 12, 395-401.

251 (a) C. Silvestru, H. J. Breunig, H. Altha@hem. Rev1999 99, 3277-3328; (b) N. Yang, H. Sun,
Coord. Chem. Re\2007, 251, 2354- 2366; (c) H. R. KricheldorChem. Rev2009 109, 5579-5594;
(d) M. A. Malik, M. Afzaal, P. O'BrienChem. Rev201Q 110, 4417-4446.

252 M. Mehring,Coord. Chem. ReR007, 251, 974-1006.

253 | want to thank Dipl.-Chem. Linda Miersch, DiEhem. Maik Schlesinger, Dr. Dirk Mansfeld and
Dipl.-Chem. Tony Béhle for providing me with theshiuth-oxido clusters which were studied within

my thesis.

326



9. References

254 L. Miersch, M. Schlesinger, R. W. Troff, C.8challey, T. Riffer, H. Lang, D. Zahn, M. Mehring,
Chem. Eur. J2011 17, 6985-6990.

255 For example: (a) M. Mehring, M. Schirma@hem. Commur2001, 2354-2355; (b) D. Mansfeld, M.
Mehring, M. Schirmanmngew. Chen005 117, 250-254 Angew. Chem. Int. EQ005 44, 245-249;
(c) M. Mehring, S. Paalasmaa, M. Schirmagur,. J. Inorg. Chem2005 4891-4901; (d) M. Mehring,
D. Mansfeld, S. Paalasmaa, M. Schirma@hem. Eur. J2006 12, 1767-1781; (e) A. Auer, D.
Mansfeld, C. Nolde, W. Schneider, M. Schirmain Mehring, Organometallic2009 28, 54055411,
(f) L. Miersch, T. Ruffer, H. Lang, S. Schulze, Mietschold, D. Zahn, M. Mehringsur. J. Inorg.
Chem.201Q 47634769.

256 (a) J. Opitz-Coutureau, A. Fielicke, B. KaidérRademannPhys. Chem. Chem. Phy§01, 3, 3034-
3041; (b) A. Fielicke, B. Kaiser, K. Rademam@hem. Phys. LetR002 359, 360-366 .

257 For example: (a) L. Vila-Nadal, A. Rodriguez-Fortéa Yan, E. F. Wilson, L. Cronin, J. M. Poblet,
Angew. Chem2009 121, 5560-5564;Angew. Chem. Int. E®009 48, 5452-5456; b) S. Kang, C.
Jolley, L. Liepold, M. Young, T. Douglag\ngew. Chen2009 121, 4866-4870Angew. Chem. Int. Ed.
2009 48, 4772-4776.

258 (a) P. D. Beer, C. A. P. Dickson, N. C. FletchA. J. Goulden, A. Grieve, J. Hodacova, T. Wear,
Chem. Commuril993 828-830; (b) P. D. Beer, N. C. Fletcher, T. Wé&alyhedron1996 15, 1339-
1347; (c) N. C. Baker, N. McGaughey, N. C. Fletchar V. Chernikov, P. N. Horton, M. B.
HursthouseDalton Trans2009 965-972.

259 See for example: (a) G. M. Meyémprg. Chem.2005 44, 6852-6864; (b) J. G. Vos, J. M. Kelly,
Dalton Trans2006 4869-4883; (c) M. RyarRlatinum Metals Rex2009 53, 216-218.

260 K. Szacilowski, M. Macyk, A. Drzewiecka-Matugz®1. Brindell, G. StochelChem. Rev2005 105,
2647-2694.

327



10. Acknowledgements

10.  Acknowledgements

| am deeply indebted to my PhD superviBoof. Dr. Christoph A. Schalleyho offered me
the opportunity to join his research group and gaeethe freedom to elaborate my own
scientific ideas resulting in my PhD thesis. | sgiated the long and fruitful discussions

which helped me to solve many problems emergingnduny PhD thesis.

| want to express my gratitude Rvof. Dr. Rainer Haadgor being my second supervisor and

spending his valuable time on reading and reviewnygP?hD thesis.

All former and current group members of the Sclyafjeoup are acknowledged for their help
and the fruitful discussions during my time in tigi®up. They made me feel welcome and
created a great atmosphere for scientific researbBy are (in a non specific orddby.
Thorsten Felder, Dr. Jens llligen, Dr. Michael K¢g®r. Alexander Rang, Dr. Torsten
Weilandt, Dr. Sascha Shuxia Zhu, Dr. Bilge Baytekin Tarik Baytekin, Dr. Domononkos
Fehér, Dr. Andreas Springer, Dr. Boris Brusilowskir. Wei Jiang, Dr. Henrik Winkler, Dr.
Rainer Brehme, Andrea Schulz, Dominik Weimann M.[8mminik Sattler M. Sc., Qi Wang
M. Sc., Dipl.-Chem. Egor Dzyuba, Marc Driessen M., Sohannes Poppenberg M. Sc.,
Sebastian Richter M. Sc., Lena Kaufmann M. Sc.plKidowosinski M. Sc., Zhenhui Qi M.
Sc., Christoph Traulsen M. Sc., Igor Linder M. $taria Tatzke M. Sc., Sophia Méhl M. Sc.,
Elisa Kanaki M. Sc., Lee Garret M. Sc., Dorian G®tM. Sc., Matthias Grabowski M. Sc.,
Daniel Wachs M. Sc., Ina Pumpe M. Sc., Dipl-ChehrisBan Timperand Michael Thiele

| want to express my gratitude fr. Andreas SpringerDr. Henrik Winkler Dipl.-Ing.
Fabian KlautschThomas Kolre@ndUrsula Ostwaldfor their advice and help in performing

mass spectrometric experiments.

| would like to thankDr. Andreas Schafer, Dr. Parveen Mohr, Anja Peuk&apriele Kahn,
Bettina Zeisig Claus Schmidtand Ulrike Weynandfor their scientific help in performing

NMR spectroscopic experiments.

| am grateful to my cooperation partners for thetful scientific cooperations which enabled
us to reveal many interesting aspects discoverdairviny thesis. They arBrof. Dr. Kari
Rissanen, Prof. Dr. Michael Mehring, Prof. Dr. Had#ich Reil3ig, Prof. Dr. Dieter Lenz,

32¢



10. Acknowledgements

Prof. Dr. Dirk Zahn, Prof. Dr. Iris Oppel, Dr. HeidSaxell, Dr. Martin Nieger, Dr. Dirk
Mansfeld, Dr. Kirsten Focker, Dr. Maurice TaszardBr. Torsten Weilandt, Dr. Boris
Brusilowskij, Dr. Tarik Baytekin, Dr. Bilge BaytekiDipl.-Chem. Egor Dzyuba, Dipl.-Chem.
Maik Schlesinger, Dipl.-Chem. Linda Miersch, Dighem. Tony Bohle, Dipl.-Chem. Rainer
Hovorka, Maria Tatzke M. Sc., Johannes Poppenber§déandSebastian Richter M. Sc.

| want to thank all students | supervised durirgjrthachelor’s theses or practical courses for
their scientific helpJohannes Poppenberg M. Sc., Sebastian Richter MMgec Driessen
M. Sc., Maria Tatzke M. Sc., David Nicolson B. Sissy Lorenz B. SandOmer Erdogan B.

Sc.are gratefully acknowledged.

| am grateful to the Freie Universitat Berlin, tBeutsche Forschungsgemeinschaft (DFG),
the Deutscher Akademischer Austausch Dienst (DAABJ the Center for Supramolecular

Interactions (CSlI) for funding during my PhD thesis
During my PhD thesis, | got to know many new pessehereof some became good friends. |
thank all my old and new friends from Berlin, Bordlyvaskyld, Leer and all over the world

for their friendship and the pleasant time.

| am deeply indebted to my family — most of all pgrentswilhelm TroffandMagret Troff—

who always believed in me and supported me to aehigy own goals.

Finally, | would like to thank the reader for reaglimy thesis.



11. Curriculum Vitae

11. Curriculum Vitae

Due to data protection, the curriculum vitae is stadwn in the online version.

Aus Datenschutzgrinden wird der Lebenslauf in ddim®-Version nicht veroffentlicht

33C



11. Curriculum Vitae

Due to data protection, the curriculum vitae is stadwn in the online version.

Aus Datenschutzgrinden wird der Lebenslauf in ddim®-Version nicht veroffentlicht

331



12. Publications and Presentations

12. Publications and Presentations

Publications

1. Metallo-Supramolecular Self-Assembly: the Caseri@ingle-Square Equilibria
T. Weilandt, R. W. Troff, H. Saxell, K. Rissanen, & Schalley,norg. Chem2008
47, 7588-7598. DOI: 10.1021/ic800334k

2. Thermodynamically controlled self-sorting of hetbimetallic  metallo-
supramolecular macrocycles: What a difference ahylehe group makes!
B. Brusilowskij, E. V. Dzyuba, R. W. Troff, C. A.c8alley,Chem. Commur011,
47, 1830-1832. DOI: 10.1039/C0CC04476H

3. Hydrolysis of a Basic Bismuth Nitrate - FormationdaStability of Novel Bismuth
Oxido Clusters
L. Miersch, M. Schlesinger, R. W. Troff, C. A. Stleg, T. Riffer, H. Lang, D. Zahn,
M. Mehring,Chem. Eur. J2011, 17, 6985-6990. DOI: 10.1002/chem.201100673

4. Effects of subtle differences in ligand constitatiand conformation in metallo-
supramolecular self-assembled polygons
B. Brusilowskij, E. V. Dzyuba, R. W. Troff, C. A.c8alley, Dalton Trans.2011,
Dalton Trans.2011 40, 12089-12096. DOI: 10.1039/C1DT10621J.

5. From {Bi»»Oz¢} to Chiral Ligand-Protected {BiO4s}-Based Bismuth Oxido Clusters

332

D. Mansfeld, L. Miersch, T. Ruffer, D. Schaarschinid. Lang, T. Bohle, R. W.
Troff, C. A. Schalley, J. Miller, M. Mehring;hem. Eur. J2011 17, 14805-14810.
DOI: 10.1002/chem.201102437



12. Publications and Presentations

Poster Presentations

1. Kinetically Controlled Self-Assemblies in a Dynam@ombinatorial Library of
Metallo-Supramolecular Cages
R. W. Troff, J. Poppenberg, S. Richter, C. A. Slelya Tag der ChemieBerlin
(Germany), 27. Jun2007.

2. Kinetically Controlled Self-Assemblies in a Dynantmmbinatorial Library of
Metallo-Supramolecular Cages
R. W. Troff, J. Poppenberg, S. Richter, C. A. Selya Nanoscience Days 2007
Jyvaskyla (Finland), 25.-26. Octoh2007.

3. Kinetically Controlled Self-Assemblies of Metall@pB&amolecular Cages
R. W. Troff, J. Poppenberg, K. Rissanen, C. A.a&ely, ORCHEM 2008 Weimar
(Germany), 01.-03. Septem2008

4. The Mass Spectrometric Double Syringe ExperimehtJseful Tool for Mechanistics
in Metallo-Supramolecular Self Assembly
R. W. Troff, J. Poppenberg, S. Richter, C. A. Slelya ORCHEM 2008 Weimar
(Germany), 01.-03. Septemi2008

5. Self-Assembly of Metallo-Supramolecular Cages Easy Way to Nanoscale Structures
R. W. Troff, B. Brusilowskij, Q. Wang, C. A. SchallejNanoscience Days 2008
Jyvaskyla (Finland), 23.-24. Octoli2008

6. Self-Assembly of Metallo-Supramolecular Complexes
R. W. Troff, Q. Wang, K. Rissanen, C. A. SchalléyDoctoral Students’ Workshop
DRS Molecular Scieng8erlin (Germany), 17. Februa®p09Q

7. Strukturaufklarung von Supramolekilen und Clustern

W. Jiang, R. W. Troff, A. Springer, C. A. Schalldyachgruppentreffen FTMS der
DGMS Muhlheim (Germany), 01.-03. SeptemBérQ

33<



12. Publications and Presentations

8. ESI MS and Tandem MS of Bismuth-Oxido Clusters
R. W. Troff, L. Miersch, D. Mansfeld, M. SchlesemgM. Mehring, C. A. Schalley,
Jahrestagung deDGMS 2011 Dortmund (Germany), 28. Februgé§11l

9. Behavior of supramolecules in the gas ghase: Frof®d lexchange to IRMPD
fragmentation reactions
E. V. Dzyuba, H. D. F. Winkler, B. Brusilowskij,. RV. Troff, C. A. Schalley, ®
International Symposium on Macrocyclic & Supramalac Chemistry (ISMSQ)
Brighton (United Kingdom), 03.-07. JuR011

Oral Presentations

1. Metallo-Supramolecular Cages
R. W. Troff, G4-Workshop 2007 (Albrecht/Engeser/Lutzen/SchalBg)lin 11.-14.
August2007.

2. Mechanisms in Metallo-Supramolecular Chemistry Mass Spectrometric Approach
R. W. Troff, G4-Workshop 2008 (Albrecht/Engeser/Litzen/Schalkkgghen 08.-10.
July 2008

3. A Mixed-Flow Technique for Mass Spectrometric Asialyof Self-Assembly
Mechanisms
R. W. Troff, SFB 765 SymposiyrRheinsberg 07.-09. Septem2€09

4. Diffusion NMR Spectroscopy — An interesting norasive analytical method to study

molecular and supramolecular particles
R. W. Troff, SFB 765 graduate school lecture seri#8. Februarp011

334



	Diss_RalfTroff_Part1.pdf
	Diss_RalfTroff_Part2

