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Abstract

Synthetic molecular containers are fascinating supramolecular structures which resemble natural
complexes. Comparable to enzymes or viruses, they possess the ability to recognize, store and transport
guest molecules or ions or act as catalysts for chemical reactions within a confined space. Integral research
questions not only focus on their generation, but also on the analysis of their structure and reactivity.
Electrospray ionization mass spectrometry (ESI-MS) and ion mobility mass spectrometry (IMS) are well-

suited analytical tools which offer insights into these two aspects.

In this dissertation, gas-phase techniques were employed to investigate the structure and reactivity of
selected synthetic molecular containers — halogen-bonded supramolecular capsules, antimonato polyoxo-

vanadate cages and an amide-ammonium cryptand-host molecule.

A variety of supramolecular capsules assembled from different resorcinarene-based cavitands and
supported by neutral or coordinative halogen bonds were analyzed by ESI-MS. The coordinative
[N---1*---N]-type capsules proved to be especially stable and allowed a detailed structural investigation in
the gas phase. IMS and theoretical calculations revealed the well-defined gas-phase structures of the dimeric
and hexameric capsules: a face-to-face and an octahedral arrangement of the cavitands connected by linear
[N---1*---N] halogen bonds. The capsules form host-guest complexes with tosylate counterions for which
the different binding modes were elucidated. Tandem MS experiments revealed aspects of their intrinsic
reactivity and the general reactivity of coordinative halogen bonds. Investigation of the complexes™ solution
reactivity showed that the large halogen-bonded hexameric capsule is in a solvent-dependent equilibrium
with a pentameric [N---1*---N] halogen-bonded capsule. This novel structure was revealed to possess an

unusual trigonal bipyramidal geometry with the combination of ESI-MS, IMS and theoretical calculations.

The first water-soluble antimonato polyoxovanadate cages were investigated in solution and gas phase by
mass spectrometry. The {V15Sbe} cluster was demonstrated to be present in solution as two distinct species,
which both possess an intact, closed cage-like structure: a water-encapsulating and a water-free cluster core.
Its chemical behavior is greatly dependent on the encapsulated water molecule, since a transduction of
inner-phase reactivity of the guest results in changes in the outer-phase reactivity of the cluster cage.
Moreover, the surrounding cationic metal-complexes and the ligand environment, as well as additives
influence the reactivity of the {V1sSbe} cluster. In this regard, a {SbsV15} — {SbgV14} cluster transition was
discovered by ESI-MS. This reaction enables in combination with a change in the ligand sphere the
formation of an unusual, meta-stable a1*-{\V14Shg} isomer which forms dimeric superstructures. These were

observed in solution and in the gas phase by mass spectrometry.

The guest binding in an amide-ammonium cryptand receptor was investigated in a side project. ESI-MS

demonstrated the formation of 1:1 host-guest complexes upon binding of a series of dicarboxylates.
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Kurzzusammenfassung

Synthetische molekulare Container sind faszinierende supramolekulare Strukturen. Sie ahneln nattrlichen
Komplexen wie Enzymen oder Viren in ihrer Fahigkeit Gastmolekiile oder -ionen zu erkennen, zu speichern
und zu transportieren oder chemische Reaktionen in begrenzten Rdumen zu katalysieren. Ihre Erforschung
richtet sich nicht nur auf ihre Bildung, sondern auch auf die Analyse ihrer Struktur und Reaktivitat.
Elektrosprayionisations-Massenspektrometrie (ESI-MS) und lonenmobilitéts-Massenspektrometrie (IMS)

sind geeignete analytische Werkzeuge, um Einblicke in diese beiden Aspekte zu erhalten.

In dieser Dissertation wurden Gasphasentechniken genutzt, um die Struktur und Reaktivitdt von
ausgewahlten synthetischen molekularen Containern zu erforschen. Im Detail wurden Halogen-gebundene
supramolekulare Kapseln, Antimonatopolyoxovanadat-Kéfige und ein Amid-Ammonium Kryptanden-
Wirtsmolekil untersucht. Eine Vielzahl von supramolekularen Kapseln zusammengesetzt aus
unterschiedlichen Resorcinaren-basierten Cavitanden und neutralen oder koordinativen Halogenbindungen
wurde mittels ESI-MS untersucht. Die koordinativen [N---1*---N]-Typ Kapseln erwiesen sich als stabiler
und konnten in der Gasphase detailliert auf ihrer Struktur hin untersucht werden. IMS und theoretische
Rechnungen zeigten die wohldefinierte Struktur der dimeren und hexameren Kapseln: eine Face-to-Face
und eine oktaedrische Anordnung der Cavitanden, verbrickt durch lineare [N---1*---N]-Halogenbindungen.
Die Kapseln bilden Wirt-Gast-Komplexe mit Tosylat-Gegenionen und deren unterschiedliche
Bindungsmodi wurden aufgedeckt. Tandem MS Experimente offenbarten Aspekte ihrer intrinsischen
Reaktivitat, als auch die der koordinativen Halogenbindung. Die Untersuchung der Losungsreaktivitét der
Komplexe zeigte, dass sich die groRe hexamere Halogen-gebundene Kapsel in einem Losungsmittel-
abhéangigen Gleichgewicht mit einer pentameren [N---1*---N] Halogen-gebundenen Kapsel befindet. Die
Kombination aus ESI-MS, IMS und theoretischen Rechnungen konnte dieser neuen Struktur eine

ungewohnliche trigonal-bipyramidale Geometrie zuweisen.

Die ersten wasserldslichen Antimonatopolyoxovanadat-Kéfige wurden in Lésung und in der Gasphase
mittel Massenspektrometrie untersucht. Der {V1sSbe} Cluster liegt in Losung als zwei unterscheidbare
Spezies vor, die beide eine intakte, geschlossene und Kafig-artige Struktur besitzen: ein Wasser-
verkapselnder und ein Wasser-freier Clusterkern. Sein chemisches Verhalten ist stark abhangig vom
eingeschlossenen Wassermolekiil, da eine Ubertragung der inneren Reaktivitit des Gastes in einer
Anderung der 4uReren Reaktivitat des Clusters resultiert. Zusétzlich haben die umgebenden kationischen
Metallkomplexe und die Ligandenumgebung, sowie Additive Einfluss auf die Reaktivitit des {V1sShe}
Clusters. In diesem Zusammenhang wurde eine {ShsV1s}— {SbgV14} Clusterumlagerung mittels ESI-MS
entdeckt. Diese Reaktion ermdglichte in der Kombination mit einer Anderung der Ligandensphére die
Bildung eines auBergewdhnlichen meta-stablilen a1*-{V14Sbg} Isomers, welches dimere Superstrukturen

bildet. Diese wurden sowohl in Lésung, als auch in der Gasphase mittels Massenspektrometrie beobachtet.

Die Gasteinlagerung in einen Amid-Ammonium Kryptanden wurde in einem Nebenprojekt untersucht. ESI-

MS zeigte dabei die Bildung von 1:1 Wirt-Gast-Komplexen mit einer Reihe von Dicarboxylaten.
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Introduction

1. Introduction

The analysis of newly synthesized chemical structures is an integral part of chemical research. The
understanding of the structure and reactivity of compounds is necessary for the development of new
synthetic methods and further applications. The fast advancements of both fields — generation and
characterization of novel species — over the last decades have greatly influenced each other and contributed
to the overall progress in chemistry. On the one hand, the synthesis of larger and more complicated
molecules created the need for improved analytical methods, while, on the other hand, their development
then inspired chemists to aim for ever more sophisticated structures. Mass spectrometry in combination
with soft-ionization methods, such as electrospray ionization, can be named as one of these great scientific
breakthroughs in this field. It enabled scientists to investigate a multitude of analytes under less drastic
conditions than before, yielding ions from intact, large complexes and directly from solution. This opened

the gate for the investigation of intriguing assemblies of increasing complexity, both natural and synthetic.

In the work presented here, electrospray ionization mass spectrometry was employed to study synthetic
molecular containers. The questions, what molecular containers are and why they might be an interesting

research topic worth pursuing, can be addressed by regarding natural phenomena as an example.

Compartmentalization presents one of the key features of living systems. GANTI described this as one of
the requirements for life itself in his theory on the “Principle of Life” with the chemoton model.[*! It states
that a system can be considered ‘alive’ if it possesses a metabolism, is able to self-replicate and is enclosed
within a chemical boundary. The requirement for a container — a compartmentalization — originates from
the need to separate the system from the surrounding, while still allowing the exchange of matter and
energy.[? Cells, as the smallest living units, are certainly the most prominent example of
compartmentalization in nature. A lipid bilayer forms the cell membrane, a natural molecular container
which is specific in its function of protection, transport and reactivity-controlled metabolism. But it can, for
one type of cell, vary in size and exact composition with a variable number of building blocks embedded in
the structure. A second intriguing example for natural molecular containers are viruses. They are not alive
by GANTI's definition, but rather infectious agents that are dependent on the metabolism of living cells of
other organisms. However, they fulfil the requirement of compartmentalization, as their DNA is
encapsulated in an outer shell called capsid. In contrast to cell membranes, the capsid is of a discrete size
and contains a specific number of aggregated protein monomers. It most often exhibits a rod-like or
spherical morphology with an expansion of up to ca. 100 nm.E! Spherical capsids are usually composed of
multiples of 60 proteins which corresponds to the symmetry of the different icosahedral structures that can
be formed (Figure 1a, b). The formation mechanism involves a stepwise self-assembly of protein subunits,
first into smaller oligomers called capsomeres, then into a regular polyhedron (Figure 1c). The capsid
protects the genetic material of the virus and delivers it to host cells for replication. It forms the interface
between the virus and the host, making it crucial for the infection pathway, as it needs to be able to adapt

its structure accordingly for successful cell invasion. [
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Figure 1: Virus capsids as natural molecular containers. a) Structure of the pariacoto virus with a truncated icosahedron;
b) structure of the cow-pea chlorotic virus with a rhombicosidodecahedron. Reprinted with permission from
Anderssonl®l, (© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). c) Hierarchical self-assembly of a
capsid. Reprinted with permission from Matsuurual (© 2013, Royal Society of Chemistry).

With nature as a potent role model, it is no surprise that chemists have set out to create synthetic molecular
containers. They should likewise or at least similarly be able to recognize, store and transport guest
molecules or ions or to act as catalysts for chemical reactions within a confined space. This challenge is one
of the integral questions with which supramolecular chemistry is concerned. This field of research focusses
in general on the formation of complex molecular assemblies on the basis of noncovalent interactions, in
order to achieve functionality similar to natural processes or beyond them. The aim for functionality implies
the need to selectively generate and understand structures that are capable of a certain reactivity. In the field
of molecular containers, the last few decades of research have put forth several different approaches to this
endeavor, making use of biological or synthetic organic, hybrid organic/inorganic or purely inorganic
systems and a variety of different noncovalent interactions. Significant progress has already been made;

yet, the results on functionality are still scarce and rather rudimentary compared to nature’s sophistication.

When again considering nature as the role model, it becomes obvious that structural diversity leads to the
highly specialized functionality of biological assemblies which, for instance, can sustain a whole living
organism. Consequently, the development of novel synthetic molecular containers with the long-term goal
of creating functional systems should take advantage of all chemical means available. If a great pool of
diverse structures existed by using well-understood interactions and by extending the knowledge of rather
unexplored binding motifs, tailor-made solutions might be applicable to chemical problems. Or
alternatively, an unsolved challenge or a still unasked question could be found for which novel molecular
assemblies might provide a solution.

In addition to diversity, a second requirement is the detailed understanding of the structure of new molecular
containers, as it determines their chemical and physical properties, as well as their reactivity. In this context,
reactivity can be understood in a very broad meaning, referring to the interaction of a complex with other
molecules or ions in a greater system or to its intrinsic behavior in isolation. Thirdly, comprehensive insights

into the reactivity of molecular containers might open the way to discover possible functionality.
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Additionally, this might even create a feedback loop that offers a greater understanding of the original

natural role models.!”]

The three aspects just outlined — chemical diversity, knowledge of structure and reactivity — were taken as
a guideline throughout the thesis presented herein to contribute to the field of synthetic molecular
containers. This could assist to pave a way to the long-term goal of their application in functional systems.
To meet these objectives, research topics have been selected which cover a broad spectrum of different
chemical architectures.

Molecular containers have been investigated that are of hybrid organic/inorganic, purely inorganic and
purely organic nature, namely halogen-bonded supramolecular capsules, antimonato polyoxovanadates
cages and an amide-ammonium cryptand-host molecule in a side project. These complexes exhibit
significant structural differences, starting with the prevailing interaction that leads to their formation —
halogen bonding, metal coordination in form of metal-oxo complexes or covalent bonds. The specific
research questions consequently differ for each project; however, the focus was in all cases set on the
investigation of their structure and reactivity.

Mass spectrometry was used as the analytical method of choice for the research presented, posing a second
unifying aspect for all three projects. This powerful and versatile tool can serve the purpose of this research
to a great extent. State-of-the-art techniques including electrospray ionization mass spectrometry (ESI-MS)
and tandem mass spectrometric experiments as well as the fast-emerging ion mobility mass spectrometry
(IMS) were utilized to elucidate the structure of new architectures and their reactivity in gas phase and
solution.

Specific objectives were defined for the three main topics:

o Halogen-bonded supramolecular capsules are a new subclass of supramolecular containers which
make use of the only recently ‘rediscovered’ halogen bond. At the beginning of this thesis in 2014,
very little was known about these complexes or their reactivity in solution and they have not been
analyzed in the gas phase at all. This lack in mass spectrometric measurements is likely due to the
challenge of transferring these noncovalent complexes into the gas phase. Therefore, the research
objectives were the following:

» finding efficient ways to transfer novel halogen-bonded capsules intact into the gas-phase

> analysis of their structure in the gas-phase using ESI-MS and IMS

> investigation of their intrinsic gas-phase reactivity with tandem MS

> exploring the reactivity of large capsules in solution, investigating the resulting reaction products

and determining their structure

e Prior to this thesis in 2014, antimonato polyoxovanadates cages have only been accessible under
drastic solvothermal conditions. Due to the absence of a well-soluble precursor, the discovery process
relayed solely on serendipity, rather than rational synthesis. The solution and gas-phase chemistry of

antimonato polyoxovanadate cages was virtually unexplored, which left fundamental questions
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concerning their formation mechanisms, stability and host-guest chemistry unanswered. This lack of
knowledge could to some extent account for the relatively slow progress to generate more complex,
functional assemblies from polyoxovanadates, as compared to the other members of the
polyoxometalate class. With the emergence of the first water-soluble antimonato polyoxovanadate
compounds, the scientific questions posed in this thesis were the following:

» characterization of novel compounds in solution by ESI-MS

» investigation of their solution reactivity with isotope exchange experiments and aging studies

» investigation of their gas-phase reactivity by tandem MS experiments

» elucidation of the reaction mechanism for the observed reactivity

e The guest binding in a novel amide-ammonium cryptand receptor was covered in a side project.
Complementary to solution and solid-state characterization, the complex structure of the host-guest

complexes upon binding of dicarboxylates were investigated in the gas phase.

The work presented in this thesis is primarily analytical; yet, relies greatly on the synthesis of novel
molecular containers or at least of their building blocks. Therefore, all three topics have been investigated
in teams together with researchers who synthesized the samples of interest and/or who extended the

analytical investigations with complementary methods.

The following chapters will cover the theoretical background relevant to this work.



Theoretical Background

2. Theoretical Background

2.1. Introduction to Supramolecular Chemistry

2.1.1. Noncovalent Interactions

While single molecules are constructed from covalent bonds between different atoms, biomolecules and
biological structures are governed by noncovalent interactions between different molecules and ions. They
have progressed to an outstanding complexity and are able to provide a magnitude of different functions,
sustaining highly evolved living creatures. For proteins and protein complexes as an example, only the
primary, still unfolded structure is formed by the covalent bonds between the amino acids. The formation
of the secondary, tertiary and quaternary structure, that involve the folding of the peptide chain into local
and global structures, as well as the co-assembly of several folded proteins into a protein complex, is driven
by the formation of numerous noncovalent or in some cases reversible covalent bonds. Supramolecular
chemistry is based on the objective to construct complex and functional synthetic systems and takes natural
architectures very often as the role model or at least as an inspiration. This results in a “chemistry beyond
the molecule”, as expressed by LEHN.E! During the last 50 years, this field has steadily grown and is

nowadays one of the pillars of chemical research.

A series of different noncovalent interactions was identified during the last decades, which are also present
in natural complexes. Both, their detailed investigation concerning energetics and structural motifs to
answer fundamental questions, as well as their application to form interesting architectures is an integral
part of supramolecular chemistry. Numerous applications of noncovalent interactions and the resulting
supramolecular architectures are available for sensing and separation, for catalysis and biomedical
technologies or for nanotechnology like molecular machines.® The different types of interactions cover a
wide range of binding energies and can in some cases even compete with covalent bonds (Table 1). The
strongest are electrostatic interactions between two charged species (ion-ion interaction) and coordinative
bonds between a metal center and a ligand. Electrostatic interactions between a charged species and a dipole
or two dipoles are significantly weaker due to the decreased Coulomb attraction. Hydrogen bonds and
halogen bonds are both directional interactions of an electron deficient atom (or ion) with a Lewis base.
Their strength depends strongly on the binding partners and for both cases, charged hydrogen bonds and
halogen bonds are significantly stronger than bonds between two neutral components. The interactions of
n-systems are manifold and can range from an attractive bond with cations over neutral molecules, such as
other aryl systems, to anions, depending on the electronic properties of the aromatic system involved.
Electron-rich aromatics bind electron-poor species, such as cations, and vice versa. The weakest
noncovalent interactions are van der Waals forces between unpolar molecules like alkanes that result from
the dispersion interaction between two induced dipoles.[*** The binding energies for each interaction span
a wide range and reflect the high dependency of noncovalent interactions on subtle structural or electronic

variations of the binding partners or of the medium.
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Table 1: Overview of different interactions with typical binding energies.[®11]

Interaction Binding energy / kJ-mol* Example

covalent bonds (c-bonds)  up to 450 (570 for HF) HsC-CHs

ion-ion 100 - 350 Na*---CI

ion-dipole 50 - 200 Na*---O=CMe,
dipole-dipole 5-50 O=CMe,:--O=CMe;
coordinative bonds 100 - 350 [Fe(CN)¢]*

hydrogen bonds 2-120 NH---0O=C

halogen bonds 1-40 FsCe-1---CI

cation-n 5-80 Na* ---benzene
anion-nt 1-7 CI---perfluorobenzene
-7 2-50 benzene---perfluorobenzene
van der Waals <5 alkyl---alkyl

For the work presented in this thesis, directional noncovalent interactions were important to construct
organic and inorganic molecular containers and to bind different guests within their cavities. Halogen
bonding (XB) and metal coordination, and to some extend also hydrogen bonding (HB) have been employed
(Figure 2). The directionality of hydrogen bonds stems in general from the polarization of the R-H hydrogen
(R=C, N, O and F) that is maximal on the opposite end of the R-H bond. The optimal bond angle for strong
HB is 180°, yet smaller angles down to ca. 110° were also observed for weaker HB interactions. Halogen
bonding is one of the less common, but fast emerging interactions investigated in different fields of
supramolecular chemistry and will be covered in greater detail in chapter 2.2. The geometry and
directionality of metal-ligand-coordination complexes depends on the metal center, its oxidation and spin
state, as well as the electronic and steric properties of the ligand. In the case of metal-oxo complexes, which
have been investigated as part of this thesis, different binding modes can be found for the combination of
oxo ligands (O%) and early transition metals: L,M=0, L,M=0 and p? to u*bridged, dinuclear, trinuclear or

even tetranuclear complexes.

Hydrogen bonding Halogen bonding Metal coordination
Metal-oxo complexes
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Figure 2: Selected examples for complexes formed by directional noncovalent interactions.

Transition metals usually form aqua complexes in aqueous solution which can be deprotonated due to the
increased acidity of the aqua ligand upon binding to the electron-deficient metal center. This results in the
formation of hydroxy (OH) or oxo (O%*) complexes. Oxo ligands are strong o- and n-donors; they can

contribute up to four electron pairs to one or more metal centers which may lead to a high degree of bridging
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within the complex. The M-O bond length is usually between 1.6 and 1.7 A. Different binding modes for
metal-oxo complexes are depicted in Figure 3.[*2131 If the oxo ligand participates in one or more n-bonds, it
becomes increasingly electron-deficient which does not promote reprotonation, but rather the attack of
nucleophiles. Tetragonal LsMO complexes with w-bonds are only known for the transition metals from
group 1 to 8. This complex type requires a low number of d-electrons on the metal and, hence, would need
a very high oxidation state for late transition metals. However, the corresponding complexes of cobalt,

rhodium, iridium and so on are unstable and eliminate H,O, or O,.[13!
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Figure 3: Examples for possible binding modes of metal-oxo complexes.

2.1.2. Self-assembly

As WHITESIDES stated it, “molecular self-assembly is the spontaneous association of molecules under
equilibrium conditions into stable, structurally well-defined aggregates joined by noncovalent bonds”. It is
one of the main formation strategies for complex natural structures and most likely the only way to reach
the size and complexity of biological nanoscale systems with synthetic molecular chemistry as opposed to
purely covalent chemistry.[*l The formation of noncovalent and also reversible covalent bonds, such as
imines or disulfides, are the key tool for self-assembly, but these interactions have mostly inherently smaller
binding energies and are more labile than covalent bonds. Hence, the contribution of entropy is more
significant to the overall system, as this term is in the majority of the cases unfavorable for complex
formation. The assembly of thermodynamically stable complexes is therefore dependent on the interplay
between enthalpy and entropy. It is usually supported by the formation of several weak noncovalent
interactions which cooperate in their formation.[**! An important aspect is that the single components of a
self-assembled complex need to contain all information necessary for a correct assembly. This includes the
complementarity of size and shape of the single components to each other, as well as the complementary
of their binding sites for the different shape-dependent interactions, e.g. van der Waals interaction or

solvophobic effects, or directed interactions, such as hydrogen bonds, coordinative bonds or halogen
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bonds.[*®! Preorganization of the subcomponents is normally beneficial to the formation of entropically
unfavored complexes; however a certain degree of flexibility has also been found to be of advantage.[*®!
Self-assembly always leads to the energetically favored minimum structure in a closed system, driven only
by the Brownian motion of the molecules and without the influence of an external energy source. This
requires the pathways to be fully reversible and dynamic to allow for error correction of mismatched
components or the disassembly of kinetic products. A well-known example from nature of a self-assembled
structure is the DNA double helix. It forms from two strands into a stable and robust complex by the
hydrogen-bonding pattern between complementary oligonucleotides (Figure 4a). Nucleation, which is the
assembly of the first four base pairs, is still endergonic, while the subsequent propagation of the double
strand is exergonic.[® Numerous examples of synthetic self-assembled complexes will be explained in the

following chapters.

Hierarchical self-assembly is an extension to this concept that involves the assembly of several components
bearing binding sites for noncovalent interactions of different strength. In equilibrium, the strongest
interactions will determine the organization of substructures, while weaker interactions then drive the

assembly further to a higher degree of order (Figure 4b).
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Figure 4: a) Self-assembled DNA double helix (Credit: U.S. National Library of Medicine)*’l. b) Hierarchical self-
assembly enables formation of an interlocked helicate from three components; reprinted and adapted with permission
from Nakamura et al.['81 (© 2016 American Chemical Society). ¢) Schematic representation of the different types of
self-sorting; reprinted and adapted with permission from Safont-Sempere et al.l’¥] (© 2011 American Chemical
Society).

A mixture of several self-assembled complexes or their components can either lead to a statistical mixture
of their components in newly formed complexes or to a so-called self-sorted system of higher order.
SCHALLEY and coworkers give the following definition in their related review: “The term self-sorting
describes the ability of mixtures of different molecules to recognize their mutual counterparts selectively
so that specific pairs are formed rather than a library of all possible noncovalent complexes of the
compounds present in the mixture.”? These processes of recognition and self-recognition between
molecules or ions within complex mixtures can lead to an affinity for the components for themselves or for

others (narcissistic vs. social self-sorting) and is most often under thermodynamic control (Figure 4c).1*!
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2.2. Halogen Bonding

2.2.1. History and Definition

At first glance, halogen atoms in organic molecules will likely be considered sites of high electron density
due to the number of free electron pairs located at the halogen atoms and their considerably high
electronegativity. They range from 4.0 to 2.7 when going from fluorine to iodine, as compared to 2.6 for
carbon. Consequently, they would be expected to take part in noncovalent interactions primarily as electron-
donor sites, e.g. as hydrogen-bonding (HB) acceptors. However, it was found as early as 1814 that their
chemistry is more diverse and involves attractive interactions with other electron donors. These first reports
showed that iodine forms complexes with ammonia, amylose? or iodidel? and that it forms solutions of
different colors from brown over red to violet, greatly depending on the nature of the solvent.?®l At this
time, the understanding of these phenomena was poor and only later, it was rationalized with the concept
of halogen bonding. The electron density of a halogen atom was found to be anisotropic exhibiting a region
of higher and a region of lower electron density. This results in the formation of a o-hole which can form
attractive interactions with electron donors in the direction of the elongated covalent R-X bond.?*% Opp
HAsSEL received the Nobel prize in chemistry in 1969 for the discovery that, among over things, halogens
can act as electrophiles to assemble with electron donors to highly structured, crystalline charge-transfer
complexes (Figure 5).12°1 This seminal work was the basis for a greater understanding of the interactions

driving the formation of such complexes.?”]

Figure 5: First X-ray crystallography study done by HASsEL in 1954 presented halogen bonding that led to the chain-
like n:n complex of 1,4-dioxane and bromine.[26]

However only in the early 1990s, computational studies could provide a detailed rationale for halogen
bonding including its striking stereo-electronic properties. A unifying IUPAC project settled in 2013 on the
term “halogen bonding” (XB) and provided an official definition for this noncovalent interaction. It states
that “a halogen bond occurs when there is evidence of a net attractive interaction between an electrophilic
region associated with a halogen atom in a molecular entity and a nucleophilic region in another, or the

same, molecular entity” (Figure 6).12%]

R—l + Yl:{>R—l Y

Y=N,0O,S, Se,...
X=1,Br,CLF I, Br ,CI",F, ...

Figure 6: Schematic presentation of the halogen bond; reprinted with permission from Cavallo et al.l?!l (© 2016
American Chemical Society).

Halogen bonding is the frontrunner for a set of attractive interactions, which are currently drawing
increasing scientific interest, involving elements of groups XIV—XVI and nucleophiles to form so-called

chalcogen bonds, pnicogen bonds or tetrel bonds. A corresponding IUPAC initiative has also been
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announced to account for the anisotropic charge distribution and amphoteric behavior as a common property

for many elements. 2]

2.2.2. Classical Halogen Bonds

Classical halogen bonds were used as the connective motifs for the assembly of neutral supramolecular
capsules in this thesis. Halogen bonds are often compared to hydrogen bonds and these two noncovalent
interactions are indeed similar to some extent. Their binding energies lie in a similar range, with free
energies of XB between neutral donors and acceptors spanning from ~0 to ca. 40 kJ mol* in solution.[*!
Among them, inorganic donors such as ICI, I1Br and I, form the strongest XB. Charged XB complexes like
Is~ exhibt generally stronger binding, this complex was shown to have a binding energy of 126 kJ mol™ in
the gas phase.l* The foremost characteristic of halogen bonds is their strong directionality with a bonding
angle R—X---Y of close to 180°, especially for short and strong XBs.[! This characteristic is much more

pronounced than for HB.
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Figure 7: Examples of halogen-bonded complexes showing different geometries depending on the nature of the XB
acceptor (C in gray, N in violet, O in red, H in blue, I in purple, Br in light brown, Cl in green, F in light yellow, S in
dark yellow). Reprinted and adapted with permission from Cavallo et al.[?1 (© 2016 American Chemical Society) and
from Gilday et al.[?%34 (© 2015 American Chemical Society).
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Depending on the nature of the XB acceptor, complex geometries can differ. Generally, the bond forms
along the direction of the donating free electron pair (n) or along the symmetry axis of the t-bonding orbital.
In the presence of an acceptor with both, a free electron pair and aromatic n-bonds, the n-pair is usually
preferred (Figure 7).3334 An interesting example is the XB-donor-acceptor trimer triiodomesitylene in

which the covalently bound halogen atoms act both as the XB acceptor and donor. [
Bonding situation

The nature of the bonding situation in XB as an attractive noncovalent interaction has been subject of
numerous theoretical studies. Several different bonding components have been identified to contribute to
the strength and directionality of XBs, namely electrostatic, charge-transfer and polarization interactions as

well as dispersion and a repulsive component which results from the Pauli exclusion principle.

The most frequently described model involves electrostatics; that is, the region of positive electrostatic
potential along the C—X covalent bond on the opposing part of the halogen surface, which POLITZER et al.
described as a “c-hole”.[*81 The halogen atom is furthermore surrounded by a belt of negative electrostatic
potential. This combination makes covalently bound halogens amphoteric and rationalizes well the
observed binding pattern of linear interactions with nucleophiles and lateral interactions with electrophiles
(Figure 8).21 Furthermore, several theoretical and experimental studies showed a good linear correlation
between the interaction energy AE of the halogen-bonded adduct and the most positive electrostatic
potential Vs max of the o-hole.?>37]

Electrophilic end
&* €«——i.e., halogen-bond
donor site

F,CLBr,I,C N, .
I,Br,Cl,F

R=
X =
Figure 8: Anisotropic distribution of the electron density around a covalently bound halogen atom and resulting pattern
for the interactions with electrophils and nucleophils. Reprinted with permission from Cavallo et al.?l (© 2016
American Chemical Society).

A different approach classifies halogen bonds as charge-transfer complexes where electron density is
donated from the XB acceptor into the antibonding o*-orbital of the R-X bond. This is well in line with a
Lewis acid-base interaction.l?”:®! The resulting n—o* or m—oc* interactions account for the high XB
directionality. Several experimental and theoretical studies are supporting this model. For UV/Vis studies
in solution, ROSOKHA et al. used the same XB donor with different XB acceptors and found a linear

correlation between the absorption energies and the oxidation potential of XB acceptor.l!

X-ray analysis of several halogen-bonded structures revealed the elongation of the R-X bond as in

1,4-Diiodotetrafluorobenzene or in different aliphatic bromocarbons that are in agreement with
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charge-transfer interactions.*%* A substantial HOMO and LUMO overlap that is an indicator for a
significant covalent component of the XB due to a charge transfer, as well as a good linear correlation

between charge-transfer energies and total interaction energies were shown by theoretical studies.®?

As an additional minor contribution to the halogen bond, two atoms with high polarizability and in closer
contact than the sum of their van der Waals radii will likely be involved in dispersion and polarization. In
this context, chloromethane was predicted to be a XB donor in a theoretical complex CH3Cl---O=CH,, even
though it exhibits a completely negative electrostatic surface around the chlorine atom. The electron density
of both components of the complex are polarized by the electric field of the other, which results in a positive

o-hole on the chlorine and an attractive interaction between chloromethane and formaldehyde. 3
Factors influencing the XB bond

The strength of halogen bonds can be tuned over a wide energy range by a series of possible adjustments.
The XB donor ability increases with higher polarizability and decreased electronegativity of the halogen
atom. The positive character of corresponding o-holes grows from fluorine to iodine, as shown in Figure
9a for CFsX complexes. Fluorine is generally the poorest XB donor and in CF,4 without a positive electron
density. Nevertheless, it can still exhibit a positive o-hole when in its elemental composition or when
substituted with very strongly electron-withdrawing groups, such as -SO,OCOF (Figure 9b).[3844 For
organohalides, the bonding strength depends greatly on the hybridization of the carbon atom directly
connected to the halogen, as a greater s component in an sp*-hybridized carbon results in a greater electron-
withdrawing ability. Hence, the order to arrive at the stronger XB donor is C(sp)-X > C(sp?)—X >
C(sp®)—X.** Further possible adjustments involve other compositional or structural modifications that
affect the electron-withdrawing ability of the whole donor molecule, e.g. a high fluorination grade of an
aryl moiety, the presence of haloheteroarenes or the introduction of a positive charge close to the halogen

atom. [l

o]
0=8-CF3 == XB-donor
F\n/(l)
‘ ‘ O
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F
2 CF3S0,0COF

CF3Br CFal

Figure 9: Molecular electrostatic potential at the isodensity surface with 0.001 au for a) CFsX molecules; red is greater
than 27 kcal mol, yellow is between 20 and 14 kcal mol, green is between 12 and 6 kcal mol-, blue is negative;
reprinted and adapted with permission from Clark et al.[381 (© 2006, Springer Nature). b) F2 as well as CF3SO20COF;
red is greater than 20 kcal mol, yellow is between 20 and 9 kcal mol, green is between 9 and 0 kcal mol, blue is
negative; reprinted and adapted with permission from Metrangolo et al.l*4l (© 2011, Royal Society of Chemistry).

The group of RESNATI recently published an XB donor ability ranking obtained by a combination of IR
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spectroscopy and structural characterization data from X-ray crystallographic, as well as computational
studies. The strongest XB donors in their study were (lodoethynyl)-4-iodobenzene and 1,4-

diiodotetrafluorobenzene with very similar -hole magnitudes Vs max (Figure 10).[47]

172.4 147.1
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168.9 139.6 107.7 81.9
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Figure 10: Chemical structures of different XB donors ranked by their XB donor ability in the solid state. Vs max values
in kJ-mol* are written next to the corresponding halogen atom.*"]

In contrast to hydrogen bonds, halogens as well as halogen bonds are hydrophobic residues; a fact which
offers some useful and complementary applications. Halogen bonds were found to have an increased
lipophilicity and their ability to pass through cell membranes for the purpose of drug delivery was presented
by MATILE and coworkers (see chapter 2.2.4).[%849 A further characteristic is the bulkiness of halogen
bonds which makes them more sensitive to steric hindrance than HBs. This become obvious when
comparing the van der Waals radii of the different donor atoms with 1.47, 1.75, 1.85, and 1.98 A for F, Cl,
Brand I and 1.20 A for hydrogen.*%!

A great variety of different XB acceptors has found application in the assembly of halogen-bonded
complexes. Thereby, compounds with free electron pairs are most commonly employed due to their high
directionality and their high XB acceptor strength. The bicyclic amine quinuclidine has been presented by

several studies as the strongest XB acceptor.[5:-5

TAYLOR and coworkers performed studies on the solvent dependence of the XB complex triethylamine-
iodoperfluorooctane which showed that the interaction is relatively insensitive towards solvent polarity,
however significantly weakened in solvents which can serve as hydrogen bond donors and compete for the
available acceptor.’ |t was furthermore demonstrated that the influence of Lewis-basic solvents is
destabilizing, however, the effect is less pronounced than would be predicted by a simple electrostatic

model, underlining that additional charge-transfer contributions are significant.l
XB in the gas phase

Only a limited number of studies on XB in the gas phase has been published so far. LEGON and coworkers
employed microwave spectroscopy and gas-phase rotational spectroscopy to investigate XB
complexes.B4% They studied the interaction of dihalogen molecules, e.g. Cll, and simple halogen-
containing molecules such as CFsl with simple Lewis bases in the gas phase and found that geometries and
charge distributions are very similar to the same complexes in condensed phase. Among other
characteristics, the great tendency to linearity of the R—X---Y bond angle is retained. Lattice and solvent
effects had only minor influence on basic XB features of the complexes under study. Recently, also mass

spectrometry studies to investigate XB in the gas phase have been presented.®™ GILLIs et al. investigated
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the binding trends and energies of anion-receptor complexes of mono-, bi-, and tridentate donors with a
variety of anions using blackbody infrared radiative dissociation (BIRD) and theoretical approaches.®®! For
the most parts, their results agreed with corresponding solution studies and resulted in the trend of
interaction energies following the XB acceptor order CI- > Br~ > H,PO,~ > NO37, I" > HSO47, TsO™. In
many cases, the limiting factor for further investigations of XB complexes in the gas phase is the positive
Gibbs energy AG often associated with their formation in the gas phase where solvent stabilization is
absent.[?d The entropic penalty upon fixation of the complex is usually large due to the reduction of
translational and rotational degrees of freedom. Then, only strong c-hole interactions of charged XB donors
or acceptors exhibit enthalpies high enough to compensate for that and can then form stable complexes in

the gas phase.[30:5657]

2.2.3. Coordinative Halogen Bonds

A special case of XB donors are monocationic halonium ions which were also used as a connective motif
for the assembly of supramolecular capsules in this thesis. Hence, a more detailed introduction on this topic

will be included here.

Halonium ions were first employed in the assembly and systematic investigation of halogen-bonded
complexes in combination with two pyridines or divalent pyridine derivatives in 2012 (Figure 11).08
ERDELYI and coworkers have greatly contributed to this research topic. They have shown that the complexes
are symmetric in dichloromethane solution by NMR studies, Raman and IR spectroscopy as well as DFT
calculations. That is, the two [N---X*] halogen bonds are of equal distance and strength, characterized by a
single-well energy potential.®® Consequently, they are denoted as [N---X*---N] halogen bonds. The
synthesis of these complexes is straightforward and proceeds by reaction of the pyridine component with
Br, or I, in the presence of silver triflate. This offers a very convenient way for the installation of halogen
bonds for the assembly of more complex assemblies, as classical XB donors often need significantly more

synthetic effort.

Figure 11: Complexes with coordinative halogen bonds as investigated by ERDELYI and coworkers (X = I, Br) and
DFT structure optimization showing static, symmetric [N---Br---N]* XB complex; reprinted with permission from
Carlsson et al.l%1 (© 2012, American Chemical Society).

These halogen bonds are 3-center-4-electron bonds and exceptionally strong in solution. DFT calculations
predicted binding energies of up to 123 kJ-mol™in dichloromethane.[%® This is significantly higher than the
binding energy of the corresponding HB complexes. It was shown that acetonitrile, as a potentially

competing Lewis-basic solvent, does neither affect the bond length nor the linear, symmetric arrangement
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of the 3-center halogen bond, nor its charge distribution. It merely modulates the energy of the interaction
slightly due to its higher polarity.[® A study on the effect of counter ions demonstrated that none of the
weakly, moderately or strongly coordinating anions tested showed any influence on the intrinsically
preferred linear, centrosymmetric geometry of the [N---X*---N] complexes in solution or in the solid state.
The reported bond length dn_s are on average 2.26 A.[1 The similarity concerning structure and electron
density of the XB complexes to the corresponding metal-coordinated [Donor---Ag---Donor]* complexes are
often emphasized. In this context, the XB bond is described as a coordinative bond since the iodonium ion
is a very strong XB donor.[4 Nevertheless, a comparison of different halogen-bonded and silver-
coordinated complexes illustrates significant differences. ERDELYI and coworkers showed that
[N---Ag*---N] complexes only formed monomeric and symmetrical structures in combination with weakly
coordinating counterions. With moderately or strongly coordinating anions, they formed distorted pseudo-
tetracoordinated, dimeric arrangements. In contrast, [N---1---N]* complexes were found to be monomeric

and symmetrical, independent of the counter anion (Figure 12).[61

OTH OTs-

Ag*

Figure 12: Comparison of X-ray crystal structures of [bis(pyridine)silver] triflate and [bis(pyridine)silver] tosylate (top
row) with [bis(pyridine)iodine] triflate and [bis(pyridine)iodine] tosylate (bottom row). In the presence of moderately
coordinating counterions, silver(l) complexes form pseudo-tetracoordinated dimers, whereas those of iodine(l) form
linear, bis-coordinated [N---I*---N] complexes. Reprinted and adopted with permission from Bedin et al.l®¥ (Royal
Society of Chemistry).

Studies by GEORGIOU et al. demonstrated the reversible formation of the noncovalent interaction by ligand-
exchange experiments when employing stronger Lewis-basic XB acceptors.[1 Furthermore, the
substitution effect on the [N---1---N]* XB was evaluated by introducing electron withdrawing and donating
functionalities to the pyridine in the [bis(pyridine)iodine]* and [1,2-bis((pyridine-2-ylethynyl)benzene)
iodine]* complexes.l® As can be expected for charge-transfer complexes, the bond is stabilized by an
increased electron density and destabilized by electron deficiency. Yet, the bond length and geometry are

virtually unaffected by changes of the electron density, neither in solution nor in the solid state.
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2.2.4. Halogen Bonding for the Assembly of Supramolecular Systems
XB Assemblies in the solid state

With the rediscovery of halogen bonding within the last two decades, it has gained increasing influence as
a tool for the construction of supramolecular systems.[®2 As of yet most investigated is their application in
crystal engineering in order to harness the unique characteristics of XB in terms of strength, selectivity and
interaction geometry for the development of new functional materials. Numerous examples of solid state
structures of one-, two- and three-dimensional architectures have been published to date which make use
of this binding motif.**] XB is generally in the same order of strength as HB. Therefore, they can either
compete or cooperate in crystal structures. This opens the way for extensive fine tuning of the resulting
structures.®2

One-dimensional chain-like structures are especially interesting for materials with conducting and magnetic
properties.2l METRANGOLO and RESNATI showed the formation of helices by crystallization of N-methyl
dibromopyridinium iodide.®® The helical structure is stabilized by [C-Br-I7 XB bonds
(Figure 13a, b). SAMAI and BIRADHA presented sheet-like structures comprised of bis((4-halophenyl)-
amido)alkanes which feature a combination of XB and HB interactions. MuNIAPPAN et al. produced
chiral, layered architectures by employing XB bonds of asymmetrically functionalized tetraaryl-
porphyrins.[¥71 The porphyrins feature one single pyridyl function and three diverging iodophenyl groups
which can take part in [C-I'"N] and [C-I--x] XB bonds (Figure 13a, c). This results in flat supramolecular
layers of porphyrin units all aligned in the same direction in the crystal structure, imparting chirality upon
the entire assembly. An interesting three-dimensional structure was reported by RISSANEN and coworkers
who aimed for the construction of novel porous materials without the use of metals. Cocrystallization of
hexamethylenetetramine and N-iodosuccinimide gave a flexible network structure stabilized by [N-I---N]
XB bonds. It can accommodate different solvent guests in nanosized channels via an induced-fit mechanism

due to the “breathing” nature of the framework (Figure 13a, d).[®!

Several applications for solid-state halogen-bonded structures have been described, e.g. the chiral resolution
of racemic halogen-functionalized perfluorocarbon species by cocrystallization*yl or the solid-phase
extraction of perfluorinated iodoalkanes.[® A valuable method for synthetic organic chemistry could be the
use of XB as a means to introduce heavy atoms into the structure of a chiral molecule via cocrystallization
to allow for determining the absolute configuration of an enantiomer.l’™ Furthermore, great progress to
establish XB for the design and formation of supramolecular gels, dendrimers, liquid crystals, polymers and

other functional materials has been made.[*

16



Theoretical Background

a) XB donor/acceptor moieties b) 1D helical chain structure
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Figure 13: Selected examples for solid state structures stabilized by halogen bonds. a) Molecular structures of XB
donor/acceptor moieties which form the presented 1D, 2D or 3D solid state structures; b) 1D helical chain structure
stabilized by [C-Br--I] XB bonds from different persectives; reprinted with permission from Logothetis et al.[®%]
(© 2004, Royal Society of Chemistry). c¢) Chiral 2D sheet structure stabilized by [C-I“N] and [C-I--x] XB bonds;
reprinted with permission from Muniappan et al.[1 (© 2008, Royal Society of Chemistry). d) Flexible 3D network

structure stabilized by [N-I---N] XB bonds; reprinted with permission from Gilday et al.*2 (© 2015 American Chemical
Society).

XB Assemblies in solution

In comparison to solid state structures, the use of halogen bonding for the formation of discrete
supramolecular assemblies in solution is still less advanced.*%7 In this context, the design of receptors
which employ XB as the key interaction for the noncovalent binding of anions has attracted most attention
so far.’2l. BEER and coworkers have greatly contributed to this field with their extensive work on
mechanically-bonded hosts for enhanced anion recognition and sensing®>7%l and for the development of
molecular machines.l” For the synthesis of rotaxanes and catenanes, an anion-templation methodology
using XB is very commonly used. They presented a pseudorotaxane consisting of a 2-bromoimidazolium
chloride axle and an isophthalamide-donor macrocycle which forms due to a cooperative XB/HB-mediated
chloride binding.[’™ Using the same approach, the first XB-interlocked structure could be accessed by the

bromide anion-templated formation of an iodotriazolium-functionalized rotaxane. So far, BEER and
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coworkers have published a number of catenanes,”® rotaxanes!’” and simpler, non-interlocked structurest’
that exhibit high affinities for different anion classes by XB or a combination of HB and XB. In general,
these systems are superior to the corresponding assemblies which offer only HB binding sites. The group
was able to obtain a rotaxane which selectively binds and senses halides over oxoanions by XB in aqueous
solvent mixtures of up to 1:1 H,O/MeCN.["® The rotaxane consists of a photoactive rhenium(l)-bipyridyl-
bis(iodotriazole) macrocycle and a bis(iodotriazolium)-functionalized carbazole axle and offers four XB-
donor sites which point into the preorganized binding pocket (Figure 14a). Binding affinities increase from
chloride over bromide to iodide (K, = 5.1 x 102 5.8 x 103, 2.4 x 10* M, 295 K, 1:1 H,O/MeCN). An
inverted trend was obtained with a XB catenane that selectively binds chloride and bromide (K, = 3.7 x 108
and 1.5 x 10° M™%, 295 K, MeCN) over oxoanions in acetonitrile.® The preorganized cavity created
between the two bromoimidazolium XB-donor units of the interlocked macrocycles can host the halide and
the resulting emission from the integrated naphthalene motifs can then be measured by fluorescence

spectroscopy (Figure 14b).
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Figure 14: Interlocked systems for anion recognition and sensing using XB by BEer and coworkers: a) Rotaxane for
selective sensing of halides in aqueous media; b) catenane for selective sensing of halides in acetonitrile. Reprinted and
adapted with permission from Gilday et al.[3? (© 2015, American Chemical Society).

A very recent example by BEER and coworkers features the chiral discrimination of enantiomeric guests by
chiral XB-donor rotaxanes.[®!] The most crucial influence for efficient enantiodiscrimination was found to
be the rotaxane's chiral interlocked cavity installed by the use of a BINOL-derived macrocycle and
furthermore the preorganization of four XB-donor iodotriazole motifs around the cavity (Figure 15). These
geometric constrains result in enantioselective anion binding of different chiral carboxylates with varying
preference for the (R)- or (S)-enantiomer. The highest selectivities were observed for N-Boc-(R)-leucine in
combination with rotaxane 2 resulting in an ee of 55% and for N-Boc-(S)-proline with rotaxane 1 giving an
ee of 51%.
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Figure 15: Structures of the chiral XB [2]rotaxanes and anions investigated by BEER and coworkers; reprinted with
permission from Lim et al.[8% (© 2017, American Chemical Society).

A system with biological relevance for the application of halogen bonding was introduced by MATILE and
coworkers who published a series of synthetic anion transporters to cross lipid bilayer membranes.[8:49.82
As a first concept, a calix[4]arene-derived anion transporter was synthesized that can bind cations within
the calix[4]arene scaffold and the anion by XB interaction with four iodobenzene substituents
(Figure 16a).182 However, the relatively high anion-binding strength of the cyclic, tetravalent array resulted
in a low transporter ability. Their next approach therefore aimed at reducing the anion binding strength and
made use of small monovalent, aromatic and aliphatic XB donors which significantly increased the
transporter activity (Figure 16b).[*1 Furthermore, linear XB donor arrays consisting of p-oligophenyl
scaffolds proved to be suitable by facilitating transmembrane anion hopping (Figure 16¢).8! With these
studies, XB was shown to be ideal for anion transport in a membrane. The advantage lies in its comparably
high binding strength. Additionally, it is in comparison to HBs also hydrophobic enough that no large

lipophilic domain is needed to compensate for a hydrophilic anion binding site.
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Figure 16: Systems employing XB for anion transport across lipid bilayer membranes by MATILE and coworkers.
Reprinted and adapted with permission from Gilday et al.[?%:3a (© 2015 American Chemical Society).

JIANG and coworkers recently presented a single-stranded supramolecular helix whose formation is driven
by intermolecular XB.[! An alanine-based bilateral N-amidothiourea substituted with two iodobenzene
rings forms two p-turn structures by intramolecular HB. It serves as the monomeric helical fragment

(Figure 17a). “Head-to-tail” intermolecular [C—I---x] XB interactions induce helix formation which was
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demonstrated to occur in solution beyond a critical aggregation concentration of ca. 6 pM and resulted in

the obtained X-ray crystal structure (Figure 17b-d).

(d)

Figure 17: JIANG and coworkers™ single-stranded supramolecular helix: a) X-ray crystal structure of monomeric helix
fragment with S-turn at each side; b) intermolecular [C—I---x] XB interaction between two monomers; c) assembly of
monomeric helix fragments to helix structure; d) single-stranded left-handed helix in the crystal packing. Reprinted and
adapted with permission from Cao et al.[83 (© 2017, American Chemical Society).

The self-assembly of supramolecular capsules is an important field for the application of XB and integral
to the presented work. Key contributions over the last couple years have come from the groups of RISSANEN,

RESNATI and DIEDERICH. Details and relevant examples will be discussed in chapter 2.3.2.
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2.3. Molecular Containers

2.3.1. Host-Guest Chemistry

Initiated by the achievements of DONALD CRAM, JEAN-MARIE LEHN and CHARLES J. PEDERSEN who
received the Nobel prize in chemistry in 1987 for their pioneering work on host-guest chemistry, this field
of supramolecular chemistry has greatly developed over the last four decades.®#1 A host-guest complex
forms by the spontaneous self-assembly of a ring-, bowl- or cage-shaped host molecule and a guest molecule
or ion by a reversible, noncovalent interaction. This takes place due to the molecular recognition of the two
parts. That is, they are complementary to each other with respect to their binding site with its intrinsic steric
and electronic properties, as well as their size and shape, given that the guest is bound within the cavity of
the host. The binding event can be described by a simple chemical equilibrium between the host-guest
complex H-G and the unbound species H and G. In this context, the equilibrium constant is referred to as
the binding constant K which is directly related to the Gibbs energy for complex formation AG°

(equation 1).18%

H+GSsH-G
_[HG) A6
T ¢ @)

The formation of a complex is most often enthalpically favored as new intermolecular interactions are
formed, however the desolvation energy of host and guest need to be considered. The entropic contribution
is less unambiguous, and several effects need to be taken into account. Complex formation as an isolated
event can be assumed to be negative in entropy due to the decrease in particle number from two to one and
the decrease in degrees of freedom of the single components as compared to the more rigid arrangement in
the new complex. To truly rationalize guest binding in solution, the solvent needs to be considered as an
integral part of the system. A number of well-ordered solvent molecules is released from the solvated single
components into the bulk, resulting in an increase in degrees of freedom. In particular, solvophobic effects

play a crucial role in the guest-binding behavior of some of the macrocyclic hosts. %!
Host molecules

Figure 18 depicts some of the most commonly used types of host molecules which show an affinity for a
great variety of different guests. Crown ethers and oxygen-based cryptands can bind cationic guests like
metal ions by ion-dipole interactions or ammonium ions by hydrogen bonding and ion-dipole interactions.
When regarding the binding of alkali-metal ions within crown ethers, the size complementarity of guest and
host becomes evident: [15]Crown-5 binds selectively sodium ions, while [18]crown-6 forms host-guest
complexes preferentially with potassium cations. Tetralactam macrocycles bear amide groups which point
into the cavity and can act as HB donor to HB-acceptor guests, such as carbonyl compounds or anions.
Cyclodextrines and cucurbit[n]urils have the common feature of a hydrophobic cavity interior and a polar,
hydrophilic cavity rim which makes them soluble in water. They can bind unpolar molecules within their

cavity, even though the contribution of the newly formed noncovalent interaction, mainly van der Waals
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interactions, is usually not very high. However, water is released into the bulk solution upon guest binding,
which was originally only very weakly bound within the cavity and to the unpolar guest for solvation. The
gain in enthalpy and entropy for the respective water molecules causes the strong hydrophobic effect which
greatly enhances the binding strength of the host-guest complex in water.[®>8 Additionally, cucurbit[n]urils
bind cationic guest by ion-dipole interactions in combination with the hydrophobic effect. Resorcinarenes,
pillar[n]arenes and calix[4]arenes all exhibit an electron-rich cavity with aromatic walls and can bind
electron-poor neutral species or cations by cation-n, hydrogen bonding or n-n interactions. They differ in
their general shape: While pillar[n]arenes are symmetric and tube-shaped, resorcinarenes and calix[n]arenes
are bowl-shaped. The hydroxyl groups sit on the upper, wider rim in case of the resorcinarenes and on the
lower, narrower rim for the calix[4]arenes and stabilize the respective concave conformation to some

extent.[85-88l
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Figure 18: Selection of macrocycles commonly used as hosts in supramolecular chemistry.

The described macrocycles are archetypical and frequently used as such for a variety of different
applications, including the formation of interlocked structures like rotaxanes or catenanes, sensing of guests
or supramolecular catalysis. Moreover, they can be functionalized to further modulate the host structure
regarding its size, steric and electronic features to tailor the desired guest-binding selectivity or reactivity.
Resorcinarenes can in general be functionalized in three different positions: at the hydroxyl groups (Y) or
the 2-position (X) of the aryl rings at the upper rim or the substituent at the lower rim (R). While mostly the
lower-rim substituent R is preserved as an alkyl group from the synthesis, X and Y can vary greatly, as
broadly explored by REBEK and coworkers.[® The connection of the hydroxyl groups by an alkyl or aryl
group fixes the concave conformation of the resorcinarene and results in so-called cavitands which have a
diameter of approximately 1 nm at the wider rim (Figure 19).1°! Furthermore, the introduction of aromatic
groups and additional functional groups at the upper rim creates walls which greatly enhance the size and
influence electronic properties of the cavity, making them versatile for a variety of different

applications.[1929394 Resorcinarene-based cavitands were used for several projects presented in this thesis.
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Figure 19: a) Functionalization of resorcinarenes to cavitands; b) selection of resorcinarene-based cavitands; reprinted
and adapted with permission from Kobayashi et al.l’tl (© 2014, Royal Society of Chemistry).

After deprotonation of four hydroxyl groups, simple resorcinarenes bind small metal ions and simple
ammonium ions such as tetramethylammonium in water by electrostatic and cation-r interactions.[*”:%l
Functionalized cavitands can selectively bind a variety of different guests depending on their properties,

ranging from cations over neutral molecules to anions and ion pairs.[?2]
Applications for cavitands

DIeDERICH and coworkers reported a so-called “molecular gripper” when they prepared a resorcinarene-
based cavitand which is redox-switchable between a quinone and a hydroquinone form.*” The latter can
form a network of hydrogen bonds around the walls of the cavitand by interaction between the alcohol and
the amide substituents. This changes the conformation of the cavitand from the preferentially open kite
form in the oxidized state to a fixed and closed vase form in the reduced state (Figure 20, top). The cavitand
is furthermore equipped with two triptycene moieties which close off the cavitand at the top when it is in
its vase conformation. This thereby causes the sterically enhanced encapsulation of guests such as
cycloalkanes and 1,4-cylohexandione with very slow guest-exchange rates in mesitylene, which cannot act
as a guest due to steric hindrance. These characteristics resulted in a system which can be switched between
a state of weak guest binding with fast release and uptake and a state of enhanced binding with very slow

release and update rates (Figure 20, bottom).
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Figure 20: DIEDERICH'S redox-switchable cavitand provides a state for strong guest binding with slow release rates and
a state for weak binding with fast exchange rates for cycloalkanes and cyclohexane-1,4-dione as guests in mesitylene.
Reprinted and adapted with permission from Pochorovski et al.[®l (© 2014 American Chemical Society).

Foremost, REBEK and coworkers initially demonstrated the ability of their cavitands to act as
supramolecular catalysts in series of different reactions.[®® They can take the role of an organocatalyst
which provides a confined space for the reaction to occur, resembling one of the characteristic of enzyme
catalysis. This can be favorable, e.g. for bimolecular reactions when both substrates are bound inside the
cavity in the optimal 1:1 stoichiometry at a greatly enhanced local concentration than in bulk solution. This
preorganization can also lead to unusual selectivities. The stereoelectronic properties of the cavity can
increase the stability of reaction intermediates and transition states, making the reaction more likely to
occur.[*8 Furthermore, examples have been presented where the cavitands are substituted with phosphine,
carbene or nitrogen-containing ligands which can bind catalytically active transition metals. In these
examples, the cavitand provides a confinement for the metal which then increases the substrate selectivity
or the reaction rate by additional noncovalent interactions.[®® IwasawA and coworkers recently
demonstrated cross-coupling reactions of terminal alkynes using different cavitand catalysts (Figure 21).1°
The best yields with the highest selectivity were obtained with the cavitand bearing two quinoxaline walls.
The authors rationalize this result with the more confined reaction space of the quinoxaline cavitand which
limits the number of accessible transition states. They further argue that the more expanded =n-system as
compared to the pyrazine cavitand interacts more strongly with the two alkynes during the reaction,

providing additional stabilization.
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Figure 21: a) Resorcinarene-based cavitands bearing catalytically active gold centers; b) catalytic cross-coupling
reactions of terminal alkynes using different cavitand catalysts, best results in both cases showed the quinoxaline
cavitand 1. Reprinted and adapted with permission from Natarajan et al.[®8 (© 2017 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim).

This concept of supramolecular catalysis with molecular containers was then further explored with

supramolecular capsules and cages, as they provide a larger space within their cavities for reactions to occur.

2.3.2. Supramolecular Capsules and Cages

The ability of cavitands and other concave hosts to encapsulate specific guest molecules or ions encourages
more sophisticated applications. However, these compounds are intrinsically restricted to a relatively small
size and an extension of the cavity volume by means of covalent bond formation becomes a synthetic
challenge. The generation of larger assemblies, so-called supramolecular coordination cages or capsules,
can be achieved in a modular fashion from relatively simple building blocks. Meanwhile, this approach is
widely agreed on as the more promising for the synthesis of large and elaborate complexes with discrete
inner cavities. It offers the opportunity to use these molecular containers in similar fashion as nature uses

confined spaces — for recognition, storage and transport of guest molecules, as well as catalysis.[100-10%.102]

REBEK and coworkers published the first so-called “tennis ball” capsule in 1993 (Figure 22a).12%% This
capsule is comprised of two glycoluril-containing building blocks which form a stable dimer in solution by

the formation of eight hydrogen bonds. Since then, numerous examples were introduced which make use
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of diverse binding motifs. They include hydrogen bonding,[* metal coordination,[%>-1%7 jon pairing,[°®!
the hydrophobic effect,l*%! and recently also halogen bonding (Figure 22b, ¢, d). The self-assembled
containers are usually comprised of either rigid or semi-rigid, planar molecules or concave cavitands as
building blocks. They need to be equipped with functional groups compatible with the intended noncovalent
interaction. The early examples of capsules and cages shown in Figure 22 demonstrate the principles used
to obtain these in a rational, predetermined fashion. The combination of preorganized, complementary
building blocks and directional, noncovalent bonding yields discrete molecular containers. These principles

have been employed in numerous examples and especially hydrogen bonding and metal coordination could

already prove to be very versatile in this regard.[**%!

Figure 22: Early examples of dimeric capsules and cages. a) REBEK's HB “‘softball”; reprinted with permission from
Palmer et al.['%2 (© 2004, Royal Society of Chemistry). b) REBEK's HB cylindrical resorcinarene-based capsule;
reprinted and adapted with permission from Kobayashi et al.®l (© 2014, Royal Society of Chemistry). ¢) FUlTA’s first
metal-coordinated cage; reprinted with permission from Fujita et al.[’%! (© 1995, American Chemical Society).
d) VERBOOM's ion-interaction capsule; reprinted and adapted with permission from Oshovsky et al.l'%¢! (© 2006,
American Chemical Society).

Halogen-bonded capsules

Only a few examples of discrete molecular capsules supported by halogen bonds have been presented until
2015, when the presented research work was started. The first halogen-bonded capsule was introduced by
RESNATI and coworkers in 2012, who could show the solid state structure of the discrete 1:1 assembly of a
calix[4]arene-based XB-donor and a resorcinarene-based XB-acceptor cavitand (Figure 23a). In 2015,
Ri1ssANEN and coworkers published the solid-state structure of a functionalized resorcinarene which forms
a dimeric capsule stabilized by a combination of halogen bonds between chloride ions and molecular iodine

as well as hydrogen bonds between the ammonium and the chloride ions (Figure 23b).[12
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Figure 23: Halogen-bonded dimeric capsules observed solely in the solid state with molecular structures and
corresponding X-ray crystal structures. a) RESNATI's heterodimeric capsule held together by [C-I---N] halogen bonds;
reprinted and adapted with permission from Aakerdy et al.[''1 (© 2012, Royal Society of Chemistry). b) RISSANEN'S
homodimeric capsule held together by [I-1---CI-] halogen bonds and [N-H*---CI-] hydrogen bonds; reprinted and
adapted with permission from Beyeh et al.l'1? (© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

Shortly afterwards, the same group presented a similar system that resulted in a capsular assembly stable in
both, solid state and solution (Figure 24a).131 As compared to the first example, the XB donor was changed
from iodine to 1,3-diiodo-perfluoropropan and the acceptor moiety for the halogen and the hydrogen bond
was a bromide ion in this system. Also in 2015, DIEDERICH and coworkers succeeded in the design and
synthesis of a heterodimeric capsule stabilized by four neutral halogen bonds between two differently
substituted cavitands.[**l This assembly was the first example of a solely halogen-bonded capsule stable in
solution as shown by extended NMR studies and a DFT-calculated molecular model (Figure 24b). The
group demonstrated the guest binding of small heterocycles inside the capsule. Furthermore, they performed
thermodynamic studies in solution which revealed that the formation of overall four halogen bonds between
the two multidentate, preorganized cavitands compensates for the unfavorable entropic term associated with
the formation of a single XB. The enthalpic contribution thereby enables the formation of the stable capsule.
The group of GRIMME subsequently presented more refined theoretical calculations on DIEDERICH’S
heterodimeric capsule which were performed with dispersion-corrected density functional theory and with
their lower-cost composite method PBEh-3c developed for supramolecular complexes.t51  Their
calculations could further affirm the proposed structure of this only-halogen-bonded, face-to-face assembly.
Additionally, they gave more insight into the thermodynamics of its formation and provided suggestions
for synthetic alteration of the cavitands to obtain thermodynamically more stable structures (Figure 24c, see

also chapter 3.1.1).

Mass spectrometry could not be applied successfully for the analysis of any of the aforementioned halogen-
bonded capsules. This method would not only provide the means to confirm complex stoichiometries, but

could also give detailed insight into their structure and reactivity. This lack in mass spectrometric
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measurements is likely due to the challenge of transferring these noncovalent complexes into the gas phase

(see also chapter 2.4.2).

R=Cy;H;;

Figure 24: Halogen-bonded dimeric capsules observed in solution. a) RiISSANEN"s homodimeric capsule held together
by [C-1---CI] halogen bonds and [N-H*---CI] hydrogen bonds, molecular structures of components and X-ray crystal
structure; reprinted and adapted with permission from Pan et al.l'®l (© 2015, American Chemical Society).
b) DiepericH's heterodimeric capsule held together by [C-I---N] halogen bonds, molecular structure of cavitands;
reprinted and adapted with permission from Dumele et al.l'* (© 2015 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim) and c) corresponding DFT-calculated structure by GRIMME; reprinted with permission from Sure
et al.l%1 (© 2016, Royal Society of Chemistry).

Large supramolecular capsules

The major focus in the field of supramolecular capsules and cages nowadays lies on the design and selective
synthesis of very big molecular containers. Some examples are capable of encapsulating complex
molecules, such as proteins or DNA fragments, or performing elaborate “tasks” like supramolecular
catalysis.[**61171 Alike the synthesis of smaller molecular containers, different general approaches to this
problem have been followed. Among others, the group of FUJITA excels in the generation of very large
coordination cages by the self-assembly of transition metals with finely tuned bridging ligands (see also
chapter 2.4.2).1107.118.1191 Some examples could also demonstrate the value of concave, preorganized building
blocks. The first such exemplar was the hydrogen-bonded resorcinarene hexamer, published now two
decades ago by ATwoobD and MACGILLIVRAY who were able to obtain a crystal structure of the assembly
(Figure 25a).1*21 The complex is robust and readily forms in apolar solvent from the monomer, once traces
of water are present which are necessary to close the network of 60 hydrogen bonds. It can encapsulate a
variety of different cationic guests by cation-n and ion-dipole interactions.l!?l  Similarly,
tetrahydroxyresorcinarene (pyrogallarene) forms a hexameric capsule as evidenced by MATTAY and
coworkers who presented its crystal structure (Figure 25b).1*22 The self-assembly proceeds without the need
for additional water, however, the complex was reported to be less stable than the resorcinarene hexamer

and an initial attempt to analyze it by mass spectrometry failed. SCHALLEY and coworkers then published
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an ESI mass spectrometry study on the two aforementioned hexameric capsules, demonstrating that both
complexes can be transferred into the gas phase without fragmentation.[*2%! In their work, charge-tagging of
the complexes by different cationic guests ensured an undisturbed HB framework (see also chapter 2.4.2).
It became evident that the right size, shape and symmetry of the guest was integral to the assembly of the

capsules in solution, as different guests could template the formation of the capsule which matched their

size (dimer or hexamer).

Figure 25: Hexameric macrocycle- or cavitand-based capsules. a) ATwooD's resorcinarene capsule held together by
hydrogen bonds upon addition of water; b) MATTEY's pyrogallarene capsule stabilized by hydrogen bonds; reprinted
and adapted with permission from Avram et al.[!?®] (© 2011, Royal Society of Chemistry). ¢) ATwooD's pyrogallarene
capsule (2" generation) held together by coordinative bonds upon addition of gallium; reprinted and adapted with
permission from McKinlay et al. (© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim). d) MATTAY's
resorcinarene-based capsule held together by coordinative bonds upon addition of palladium ions; reprinted and adapted
with permission from Schréder et al.[*26] (© 2008 Elsevier Ltd. All rights reserved.) ) HOLMAN's resorcinarene-based
capsule held together by coordinative bonds upon addition of zinc ions; reprinted and adapted with permission from
Ugono et al.[*?1 (© 2008, Royal Society of Chemistry).

In this regard, REBEK established in the late 1990s the so-called 55%-rule, stating that the packing

coefficient of a complex is ideally in the range of 55%, provided that the overall shape of a guest is
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complementary to the host.[*?*! Here, the packing coefficient means the ratio between the volume of a guest
species and the cavity volume of a molecular container based on their van der Waals radii. This value
reflects the space filling in typical organic solvents and can be higher or smaller in polar solvents or if

particular favorable noncovalent interactions are involved.*?4

A different synthetic strategy was employed by ATwooD and coworkers to assemble their hexameric metal-
coordinated pyrogallarene capsule for which they could obtain an X-ray crystal structure.l'?®! The
preassembled hydrogen-bonded pyrogallarene capsule served as the template and after a subsequent
insertion of copper ions, the resulting octahedral complex was stabilized by an array of three coordinative
bonds on each face of the octahedron. The generality of this method was demonstrated by the synthesis of
several other metal-coordinated hexameric capsules bearing different metals (Figure 25¢).'?%1 The groups
of MATTAY and HOLMAN presented the assemblies of two hexameric metal-coordinated capsules based on
resorcinarene cavitands which are functionalized with suitable ligands at the 2-position of the aromatic
rings.[*26:1271 The first capsule was characterized by NMR and small-angle X-ray scattering (SAXS) and is
stabilized by the formation of twelve [Pd(tripy).]?* complexes which sit on the edges of the octahedron
(Figure 25d).11%61 The latter capsule could be characterized by X-ray crystal-structure analysis upon
complexation of the cavitand with zinc ions and exhibits eight dinuclear p-OH-linked [Zn,(ArCOQ)s]*

complexes which are located on the faces of the octahedron (Figure 25e).0127]
Reactivity of supramolecular capsules and cages

Supramolecular containers have been shown to undergo a variety of structural transformations due to the
dynamic nature of noncovalent bonds. Changes can be induced by different external stimuli, such as
solvents, concentration, counter ions, guests, change in component fractions or chemical compositions, light
or post-modification reactions. These transformations result in new structures with often significantly
different properties and thereby increase the diversity of supramolecular architectures. This allows the
probing of structure-dependent properties and can give valuable insight into making functional, stimuli-
responsive materials.[*9%13] SevERIN and coworkers published the solvent-induced structural rearrangement
from a dimeric RusL. cage to a slightly distorted monomeric RusL complex upon change of the solvent
from chloroform to dichloromethane which were observed by NMR and X-ray crystal analysis
(Figure 26).113U They rationalize this observation with the different thermodynamic stabilities of the two
complexes in chloroform and dichloromethane. These seem to originate from the combination of the
metallacrown units and a flexible ligand structure, which allow the generation of solvent-specific binding
pockets, as observed in the solid state. The analysis of large supramolecular containers in general and their
dynamic structural changes, in particular, can be very challenging as self-assembly and self-sorting
processes can be very fast and often lead to complex product mixtures, short-lived intermediates or products

of low concentration. This problem will be discussed in greater detail in chapter 2.4.
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Figure 26: SEVERIN'S solvent-responsive coordination cage. a) Solvent-induced rearrangement of the RusL2 cage to a
RusL complex; reprinted with permission from Wang et al.l['3% (© 2016, Royal Society of Chemistry). b, ¢) X-ray
crystal structures of the RusL2 and RusL complexes; reprinted with permission from Kilbas et al.'3l (© 2011, Royal
Society of Chemistry).

Supramolecular catalysis is a fast-growing field within supramolecular chemistry and employs the ability
of molecular containers to specifically encapsulate guest molecules or ions inside their cavities to promote
reactions. Thereby, intermolecular interactions are exploited as an alternative basis for the control over
chemical reactivity.[*3? The role models from nature are certainly enzymes which can activate substrates in
their highly specialized, hydrophobic cavities by the combined influence of noncovalent interactions.
Hence, supramolecular catalysis strives to emulate enzymatic active sites to achieve reactivity different
from or superior to synthesis in bulk solution.[**:1321 Within the last decade, numerous examples have been
presented of self-assembled supramolecular containers which are able to act as catalysts on their own or in
combination with transition metal complexes, organocatalysts or enzymes in a variety of different
reactions.[**l Capsules and cages were shown to influence the outcome of chemical reactions e.g. by the
shifting of chemical equilibria to the thermodynamically less favorable product,**4 by stabilizing reactive
speciest*®] or by promoting unfavorable conformations of guest species or transition state geometries within
their cavity. Bimolecular reactions might profit from rate enhancements due to an increase in local
concentration within the confined space and cascade reactions were shown to proceed smoothly which were
normally not feasible in bulk solution. Furthermore, introducing stereochemical information in the host
results in a lower symmetry of an achiral guest by which the outcome of an asymmetric reactions can be

influenced.[3¢]

RAYMOND and coworkers presented the enantioselective aza-Cope rearrangement of an enammonium
substrate by an enantiopure GaglLs'>~ coordination cage (Figure 27a).1*3"1 Here, the cage stabilizes the cyclic
transition state by its constrained environment and the change of the charge state from the strongly binding

substrate to the product ensures catalytic turnover without product inhibition.

TIEFERBACHER and coworkers recently published an example of supramolecular catalysis using the

resorcinarene hexamer in combination with iminium catalysis.[**®! An 1,4-reduction of the investigated
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a,p-unsaturated aldehydes yielded the products with an increased or even inverted enantioselectivity, as

compared to the reaction in bulk solution employing only iminium catalysis (Figure 27b).
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Figure 27: Supramolecular catalysis. a) RAYMOND's GasLs cage with molecular structure and X-ray crystal structure
and enantioselective aza-Cope rearrangement of an enammonium substrate catalyzed by the cage; reprinted with
permission of Brown et al.l'%] (© 2015, American Chemical Society). b) TIEFENBACHER'S enantioselective 1,4-
reduction of a,f-unsaturated aldehydes inside the resorcinarene hexamer in combination with iminium catalysis;
iminium intermediate binds to the inner walls of the capsule from the less hindered side favoring the attack of the
nucleophile from the top (Si)-face; reprinted and adapted with permission of Brauer et al.['®®! (© 2017, American
Chemical Society).

2.3.3. Polyoxometalate Cages'

The earlier described concepts of self-assembly, host-guest chemistry and the formation of molecular
containers are not exclusive for organic or metal-organic systems, but can be applied to inorganic systems,
as well. In particular, polyoxometalates (POMSs) have been intensively studied in this regard over the last
couple decades. This class of compounds consists of the polyoxoanions of the early transition metal
elements, especially vanadium, molybdenum, tungsten as well as niob and includes a waste number of
structurally interesting complexes.["*3 In contrast to other metals, these elements can form M=0 double
bonds. This structural motif yields discrete, often concave or even cage-like structures, since the double
bonds are outwards directed and virtually seal off the complex from further aggregation.l”! Consequently,
POMs can be distinguished from other metal oxides by the formation of molecular species, rather than

infinite bulk materials. The early transition metals in groups 5 and 6 can exist in high oxidation states of +4

T Parts of this chapter have been published in the minireview “Soluble Hetero-Polyoxovanadates and Their Solution
Chemistry Analyzed by Electrospray Ionization Mass Spectrometry” and are reproduced and adapted here with the kind
permission of U. Warzok, L. Mahnke, W. Bensch, Chem. Eur. J. 2018, Accepted Author Manuscript,
https://doi.org/10.1002/chem.201803291 (Copyright © 2018, John Wiley and Sons).
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to +6. Furthermore, they exhibit the appropriate charge density and charge-to-ionic-radius ratio to form the
structurally determining M=O double bonds with strongly n-donating oxo ligands.[**-141 The resulting
coordination polyhedra range from tetrahedral (coordination number 4) to pentagonal bipyramidal

(coordination number 7) which enables a great structural variety.

POMs cover a broad spectrum of interesting properties related to their size and shape, their redox behavior,
magnetic and photochemical characteristics. Applications range from catalysis, molecular electronics,
material science and medicine to the use as molecular magnets, nanosensors and nanoreactors, for the

molecular uptake and storage, as well as for battery research and artificial cell models.["141142
POM structures

The formation of POMs proceeds most often in acidic aqueous solution with the self-assembly of small and
reactive oxometalate precursors in a combination of hydrolysis and condensation reactions.[**°] The earliest
POMs resulting from molybdenum were reported by BERZELIUS in the 19" century;[**3l yet, only the
development of X-ray diffraction methods in the early 20" century allowed the unambiguous analysis of
these compounds. The first such example came from KEGGIN in 1933 who presented the classical
{PM12040} cluster.} Its formation starts with the expansion of tetrahedral hydroxide metal complexes to
octahedral hydroxide/oxo complexes which then condense to an edge-linked trigonal {M3O13} unit. Four
of these so-called triads self-assemble around a templating phosphate ion by corner connection and form
the {PM12040} Keggin anion (Figure 28).[139140]
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Figure 28: Self-assembly of a a-[PM012040]% Keggin anion; reprinted and adapted with permission from Streb[*4°]
(© 2017, Springer Nature).

POMs in general include a vast number of possible structures and can incorporate different heteroatom
templates, additional heterometallic centers, organic cations or ligands. This makes their classification for
many parts only possible in broad categories.[** Heteropolyanions include heteroanions such as sulfate or
phosphate which are crucial to their formation as they are likely to act as templates. This group forms often
very stable compounds and is the most widely explored subset of POM clusters. It includes the important
archetypal Lindgvist [MsO19]"/{Ms}, Anderson-Evans [XMgO2]"/{XMs}, the already-mentioned Keggin
[XM12040]"{XM12} and Wells-Dawson [X>2M1062]"/{X2M1s} clusters (Figure 29).

In terms of denotation for POMs, the formula given in curly brackets does not match the complete
stoichiometry or charge state of the compound which is usually written in square brackets. It rather

emphasizes the important structural features including nuclearity, types of metal centers, as well as
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encapsulated heteroions. This notation in curly brackets is somewhat flexible depending on the purpose of
the description.

A second subclass of POMs form isopolyanions which do not contain an internal heteroanion or molecule
and are usually more reactive than the corresponding heteropolyanions. Even more extended structures can
self-assemble by simple one-pot procedures to form huge molybdenum blue or molybdenum brown-type
clusters. These large wheel or sphere-shaped architectures are formed under highly reducing conditions
from simple metal precursors and a variety of additional ligands.[:3%14%]

a)  Anionic Classical POMs Neutral [MO], b) molybdenum blue
guest cages
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Figure 29: Structures of the classical polyoxometelates. a) M= Mo, W or V in black, O in red, X= B, P, Si, Ge and
other heteroatoms in green, {MOs} as gray polyhedra, {XOs} and {XO4} as green polyhedra; reprinted with permission
from Kondinski et al.[**¢! (© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim) b) Mo in blue, O in grey,
heteroatoms in yellow; reprinted and adapted with permission of Miras et al.'! (© 2014, Royal Society of Chemistry).

Synthesis of POM architectures

The synthesis of POM is generally performed by the pH-dependent speciation of small metal precursors,
often hydroxide complexes, in acidic aqueous or non-aqueous media. However, the design principles are
still rather empirical, as different interconnected self-assembly steps can be involved. The variation of
reaction parameters, such as the concentration and the type of metal-oxide anion, the pH of the solution as
well as reaction temperature and pressure is usually performed to tune the structure and properties of new
compounds.[***1411 Moreover, the nature and amount of reducing agent, the type and concentration of
heteroatoms and the presence of templating anions or ligands can have major effects. Several general types
of POM syntheses have been developed, such as rational hydrolytic assembly, hydrothermal or
solvothermal methods, post-functionalization or partial decomposition of a parent cluster. Rational

hydrolytic assembly works by dosing small amounts of water to the precursor in non-aqueous media for a
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controlled stepwise hydrolysis. Hydrothermal or solvothermal methods allow the assembly of POMs from
soluble precursors other than oxides under increased temperature and pressure. Another valuable synthetic
method involves the surface reactivity of preassembled cluster compounds which leads to new compounds
by post-functionalization.™”1 This way, larger building blocks can be connected to more extended
assemblies. Furthermore, the partial decomposition of a parent clusters, e.g. by careful hydrolysis under
basic conditions, leads to so-called lacunary structures which exhibit some vacant positions in their cluster
shell. These can be filled by additional cations and are suitable connecting points to crosslink POM clusters
to more extended architectures.[*3*4 This is particularly useful for the generation of large supramolecular
POM assemblies. Here, the building blocks should possess a certain degree of preorganization to obtain

architectures with well-defined geometries and the desired chemical properties.[4%1

A very recent example for an impressive supramolecular architecture containing several POMs was
presented by WANG and coworkers in 2017. They demonstrate the formation of the host-guest complex
{As,Cuis}@{Nb7}4 (Figure 30).14%1 A one-pot reaction starting from the Lindqvist-type {Nbg} cluster, as
well as homonuclear copper and arsenic precursors in basic aqueous media led to the stepwise self-assembly
of the complex as evidenced by X-ray crystal structure analysis. The initial extension of the {Nbe} to a
{Nb-} cluster core is crucial for the formation of the tetrahedral, concave {Nbz}4 host framework and for
the encapsulation of the guest as it enables the formation of oxo bridges between host and guest. The formed
tetrameric {AssCuie} guest cluster features an interesting high-nuclearity magnetic core which is stabilized
within the {Nb7}4 framework. ESI-MS experiments showed that the compound is stable in basic agueous

solution over a wide pH range.
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Figure 30: a) Self-assembly of a host-guest complex of an {AssCuis} cluster within a tetrameric {Nb} host; NbOs as
red octahedra, Cu in yellow, As in green, O in red; b) ball-and-stick depiction of the complex; {Nb7} in red, {AssCuie}
in green. Reprinted and adapted with permission from Li et al.}4? (© 2017 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim).

An even larger and highly ordered architecture from a total of 13 substructures was presented by LUBAN
and coworkers. They applied the combination of a supramolecular templating effect and a Kinetic
competition approach to selectively generate the complex {MnsoW224} polyanionic architecture which was
characterized by X-ray crystallography (Figure 31a).[**%1 From the complex structure and the knowledge of
the synthetic procedure, they proposed an assembly mechanism: The initial {P.Wis} Dawson-type
precursor transforms in solution to both, a {PsWag} macrocycle and, in combination with a manganese
building block, to Mn-containing {P2W1sMn.} and {P,W1sMns} Dawson-type clusters. These reactions
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proceed via a common {P2W12} intermediate. The {PsWas} macrocycle then templates the formation of the
superstructure by the formation of Mn-O=W bridges between the subunits (Figure 31b). The final assembly

contains four identical trimeric Dawson-type clusters which encapsulate the central {PgWas} ring.
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Figure 31: a) Structure of the {MnoW?224} complex consisting of an encapsulated {PsWas} macrocycle (yellow) and
12 corner-sharing Dawson-type clusters (green and blue) with stabilizing Mn-O=W bonds (violet, lower picture); b)
proposed self-assembly mechanism shows formation of the Dan-symmetric {PsWais} macrocycle from the {P2Wi2}
precursor, the incorporation of Mn3* ions into new {P2W14Mn4} and {P2W1sMns} Dawson-type intermediates and their
condensation onto the templating {PsWas} ring by the formation of Mn-O=W bonds. Reprinted and adapted with
permission from Fang et al.[*>%! (Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

Polyoxovanadates

Polyoxovanadates (POVSs) are a subclass of POMs and research object of this thesis. POVs have found
application in the fields of catalysis, sol-gel chemistry, gas sensing, geochemistry, sorption and intercalated
layered material, surface and nano sciences, as well as secondary electrode materials for advanced lithium
ion batteries and vanadium redox-flow batteries.'511521 They are also in the focus of scientific research as

possible single-molecular magnets since they can be magnetically functionalized.*54

The compound class differs from Mo- and W-containing POM compounds especially in their structural
diversity. {MoOy} and {WO,} form predominantly octahedral coordination polyhedra, whereas POVs
feature homo- or heterovalent VV atoms in square-pyramidal, octahedral or tetrahedral coordination
geometries in oxidation states +1V, +V, mixed +1V/+V or even +I11.[:51 As the charge state is usually lower
than those of Mo and W in POMs, POVs often have a slightly higher metal-to-oxygen ratio than the
archetypal cluster types (Figure 29). This way, the overall charge of the cluster core is somewhat reduced
and can still be compensated by the surrounding counter cations.*4%25 This results in cluster cores such as
the fully-oxidized [PVV1404]* that contains a Keggin [PVV12040]** polyoxoanion capped by two VO3*

moieties. Syntheses under acidic conditions, as common for the other POM elements, yield almost
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exclusively the thermodynamically very stable [VV1002g]% cluster. Hence, structural variation for POVs
need to be achieved by different methods. They are most often synthesized from basic media under reducing
conditions, in marked contrast to Mo- or W-containing POMs.[*%1 A resulting classical compound is the
fully reduced, archetypical [V'V15042]** cluster cage which exhibits edge-sharing {O=VO.} square
pyramids, as compared to the octahedral {VOs} units in {V10}.140154 It was first introduced by JOHNSON
and SCHLEMPER in 1978.11%81 This cluster core is at least formally derived from the fully-oxidized a-Keggin
anion [VV12036]** by the introduction of two {VO} units giving the experimentally observed Keggin-like
[VV14035]® and by four additional {VO} units to the hypothetical [VV15042]%* structure, which gives the

fully-reduced species after a complete reduction of all Vv to V'V (Figure 32).
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Figure 32: Archetypical {V18042} cluster. a) Fully-reduced [V'V18042]*> POV structure is formally derived from the
fully-oxidized o-Keggin-anion [V12036]*?; O in red, V'VOs as blue polyhedral, VVOs as orange polyhedral;
b) schematic decomposition of {V1s042} into {Vis} and {O24} (for bridging oxygen sites) skeleton. Reprinted and
adapted from Monakhov et al.'>4 (Published by The Royal Society of Chemistry).

Host-guest chemistry of POVs

The formation of concave POV structures with central voids is often templated by different small molecules,
anions or cations which results in a great variety of host-guest complexes.!**! The shape and symmetry of
the templating anion can thereby determine the overall cluster architecture.*% In the examples presented
in Figure 33, the spherical chloride induces an overall spherical shape and the azide ion an ellipsoidal shape,
whereas nitrate and chlorate anion templates result in a flat and a tetrahedral shape, respectively.[*4%154 This
approach offers a valuable means to predetermine to resulting cluster shape. A significantly more advanced
example introduced by SCHMITT and coworkers in 2011 features the self-assembly of a large {V24Ass}
cluster cage around a total of six chlorides anions.[*>! They are arranged in an octahedral geometry with a
distance dg.-.ci- of ca. 4 A (Figure 33b). Each chloride interacts with four V centers and templates the
formation of a square {V.} “cap” on the cluster surface. These {V4} building blocks possess an electrophilic

inner-surface and nucleophilic outer one, as the group has shown by theoretical calculations. This assists
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the formation of the Cl-@{V.} host-guest complexes and the hierarchical self-assembly of the whole

complex against the Coulomb repulsion of six anions within the cavity.

ClOs @ {V22}

K\\ subunit /,>

6-CF @ {AssVas}

Figure 33: Selected examples for anion-templated POV cages. a) The symmetry of the template anions determines the
cluster structures; b) 6ClI-@{AssV24} cluster, its formation is templated by six chloride ions arranged in an octahedral
fashion, each chloride templates a tetranuclear {V4} ring. V in teal, O in red, As in magenta, C in gray, Cl in green, N
in blue; reprinted and adapted with permission from Streb['4%l (© 2017, Springer Nature).

In general, the nature of the guest can have significant impact on the chemical, magnetic and
electrochemical properties of the host cage.[*% This was evidenced, inter alia, by STREB and coworkers for
the photooxidation of an organic dye by two isostructural POV complexes.!** The two {X@BiV"V12033}
cages only differed in their encapsulated halide template (X = CI-, Br™), but they gave significantly different
oxidation rates. This implies a strong influence of the anionic guest inside the cavity on the overall cluster

reactivity.

ScHMITT and coworkers achieved the assembly of molecular capsules by connecting two open {Vs} bowls
by ditopic phosphate ligands (Figure 34).['71 By varying the linker length, the capsule size could be tuned
in the nanometer region which make these capsules interesting for selective guest binding. 40!
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Figure 34: Hybrid organic-inorganic capsules self-assemble from open {Vs} caps with aromatic diphosphonate linkers;
reprinted with permission from Streb[*9 (© 2017, Springer Nature).

Antimonato polyoxovanadates

POVs can be functionalized by the introduction of different heteroelements (heteroPOVs) into the cluster
structure, such as Si, Ge, As or Sh. The kind and number of heteroatoms modulate the electronic and
magnetic properties of the clusters by influencing their redox potentials as well as by altering the steric and
electronic environment around the terminal V=0 groups. Especially the heteroPOV chemistry of As and
Sh is well developed and mainly characterized by the lone electron pairs at As and Sb. They present a steric
hindrance around the heteroatom and the terminal oxygen atoms and can, furthermore, act as bonding
mediators which generally makes the formation of larger assemblies possible.*>3 The solution and gas-
phase chemistry of antimonato polyoxovanadates (Sb-POV) has been investigated during the course of this

work, therefore some structural features will be described in more detail in the following.

Several Sh-POV compounds have been presented which feature the fully-reduced {V14}, {Vis}, {Vis} or
{V2a0} cluster cores and which are formally derived from the {V1s04,} archetype (Figure 35, see also Figure
32).1151.158] £\/Os} groups are stepwise replaced by handle-like {Sh,Os} groups with the Sh ions in trigonal
pyramidal {SbOs} coordination geometry and a formal oxidation state of +3. The Sh—O bonds are about as
long as V—O bonds, but longer than V=0 bonds (ds» 0 = 1.90-2.04 A). Depending on the arrangement of
the vanadium skeleton, different structural isomers have been shown to exist and numerous more are

imaginable.[*54

At the begin of the work presented here, Sb-POVs were only accessible under hydrothermal or solvothermal
conditions starting frequently from V.0s or NH4V O3, less often from NaVOs, VOSO, or vanadium halides.
As no soluble precursor of higher nuclearity was available for post-functionalization, the synthesis of new
compounds has so far been highly serendipitous.*>1 Moreover, the solution chemistry and gas-phase
chemistry of Sb-POVs in particular and heteroPOVs in general was virtually unexplored, which left
fundamental questions concerning their formation mechanisms, stability and host-guest chemistry
unanswered. This lack of knowledge can to some extend be held accountable for the slow progress to

generate more complex, functional assemblies from POVs, as compared to the other classes of POMs.[151
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Figure 35: Experimentally observed fully-reduced Sh-POVs with V skeletons on top and polyhedral representation on

the bottom. a) Different isomers of {V14Sbhs} clusters; b) {V1sShe} cluster; c) different isomers of {V1sSha} clusters
with encapsulated water molecule. V in light blue, O in red, Sb in green, V'VOx as blue polyhedral. Reprinted and

adapted from Monakhov et al.[*>11 (Published by The Royal Society of Chemistry).
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2.4. Mass Spectrometry for the Analysis of Molecular Containers®

24.1. General Aspects

Electrospray ionization mass spectrometry (ESI-MS) was extensively used in the course of this work to
elucidate the structure and reactivity of supramolecular containers, namely supramolecular capsules and
polyoxometalate cages. Hence, relevant aspects and techniques involving this analytical method will be

discussed in the following chapter.

Mass spectrometry is an analytical technique employed to obtain the mass and charge of an ion. The basic
principle involves the generation of gas-phase ions from inorganic or organic compounds by a suitable
method, followed by their separation according to their mass-to-charge ratio (m/z) and the subsequent
detection of the ion signal. A multitude of different techniques has been developed, the most important
technical aspect relevant for this thesis will be explained in the following chapters. Besides the simple
analytical characterization of a complex by determining the exact mass and charge state of an ion to obtain
the stoichiometry, mass spectrometry offers a variety of experiments to elucidate more complex structural
aspects, reactivity and thermochemistry. When ions are transferred into a region of high vacuum, they lose
their solvation shell and do not interact with each other due to charge repulsion. This enables the study of
isolated ions and their intrinsic properties without the influence of the surrounding system. Mass
spectrometry thereby functions complementary to methods such as NMR spectroscopy or X-ray crystal
structure analysis.*>% The advantages of the method lie furthermore in the three “S” - specificity, sensitivity
and speed - as expressed by MCLAFFERTY.[10161 Modern mass spectrometers often provide high resolution
as the standard setting, instruments with ultra-high resolution even enable the distinction of the isotope-fine
structure. The monitoring of reactions, for example, is possible on the time scale of milliseconds to seconds
and can result in the detection of reactive species in the low micromolar to nanomolar concentration
regime.[% Due to the development of ion mobility instruments, a fourth “S”, which relates to “separation”,

could likely be added to this list. Details will be discussed in chapters 2.4.5 and 2.4.6.

Organic and inorganic molecular containers grow steadily in size and complexity, making their analysis
ever more challenging. A variety of suitable methods to study these assemblies has come forth over the last
couple of decades.[**? In the field of mass spectrometry, the development of soft ionization techniques
which enable the transfer of large, intact assemblies into the gas phase has been an essential methodological
progress. The development of matrix-assisted laser-absorption ionization (MALDI) and electrospray
ionization (ESI) was in the beginning mostly powered by the aspiration in the life sciences for a better
understanding of large biomolecules, e.g. protein complexes and enzymes. [l Additionally, this offers the
valuable opportunity to investigate large synthetic assemblies in the gas phase to elucidate their structure

and conformation, to solve stereochemical questions or to compare properties in solution to those of isolated

T Parts of this chapter have been published in the minireview “Soluble Hetero-Polyoxovanadates and Their Solution
Chemistry Analyzed by Electrospray lonization Mass Spectrometry” and are reproduced and adapted here with the kind
permission of U. Warzok, L. Mahnke, W. Bensch, Chem. Eur. J. 2018, Accepted Author Manuscript,
https://doi.org/10.1002/chem.201803291 (Copyright © 2018, John Wiley and Sons).
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gas-phase species. When fast building block or guest exchanges are most commonly observed in solution,
the reactivity in the gas phase will rather reveal intramolecular rearrangements.}%%! The effect of the
environment onto supramolecular assemblies in solution is significant since the strengths of individual
noncovalent interactions lies commonly in the same range as interaction with the solvent molecules.
Therefore, the ionization and transition of supramolecular complexes from solution to environment-free
conditions in the gas phase denotes a crucial change. Attributes like binding energy, directionality and
geometry of noncovalent complexes may be altered upon ionization, resulting in changes in binding
selectivity or stability of a large assembly. Interactions are in general strengthened upon solvent evaporation
if they compete with the solvent in solution, like HB or electrostatic interactions in polar solvents. On the
contrary, interactions like salt bridges and the hydrophobic effect will be diminished in the gas phase, as

the stabilization or the excluding effect of the polar solvent is absent, [10:159.164]

2.4.2. Electrospray lonization
Technical details

Electrospray ionization (ESI) as a soft ionization technique has been employed for all projects discussed in
this thesis. JOHN B. FENN was awarded the Nobel prize in 2002 for its development which enables at
atmospheric pressure the transfer of ions generated from sample molecules or complexes in solution into
the gas phase.[*®® ESI can be coupled to liquid chromatography, mixed-flow devices and microfluidic
systems or samples can be injected directly via a syringe pump.[**3 In any case, the solution is pumped
through a steel capillary which is attached to a strong electric field of up to ca. 5 kV inducing charge
separation. The so-called Taylor cone forms at the end of the capillary and Coulomb repulsion then causes
the formation of charged droplets (Figure 36). Ongoing desolvation from the charged droplets and their
further shrinkage result in Coulomb explosions leading ultimately to ever smaller droplets in a fine spray.
The evaporation of the volatile solvent is facilitated by the usage of a stream of nebulizer gas surrounding
the Taylor cone. Fully desolvated ions can be formed following either the charge-residue model or the ion-

evaporation model and are then transferred into the high vacuum region of the mass spectrometer.[10166.167]
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Figure 36: Schematic depiction of an ESI source operated in positive ion mode; reprinted with permission from
Konermann et al.[*¢¢1 (© 2013, American Chemical Society).

Depending on the ionization mode, ESI induces the protonation or deprotonations of sufficiently basic or

acidic molecules to give often multiply charged [M+nH]™ or [M-nH]™ ions. With Lewis basic or acidic
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molecules, it can result in the formation of cation or anion adducts, e.g. [M+nNa]™ or [M+nCI]™, whereas
intrinsically charged complexes usually lose counter ions. This often leads to a broad charge distribution of
multiply-charged ions for larger analytes. lonization of noncovalent complexes can be very challenging if,
for instance, protonation or deprotonation is either impossible or hampers the binding motif of the complex
and subsequently leads to its fragmentation. A number of so-called charge-tagging approaches, in which
charges are either introduced by covalent connections, by oxidation or reduction of the complex prior or
during the ionization or by complex formation with e.g. charged guests, has been introduced to overcome
this problem.[10168.169 The choice of the spray solvent or a suitable solvent mixture is crucial to obtain a
stable ESI spray. While polar solvents like methanol might often compete with interactions like HB or XB,
unpolar solvents are for the most parts less suitable since their ability to stabilize charges is not as good.
Moreover, the electric field at the ESI capillary can more easily penetrate the solution in case of solvents
with high dielectric constants and permittivity. Additionally, the concentration used for mass spectrometric
measurements is a critical key parameter, since low concentrations result automatically in the dissociation
of noncovalent complexes in solution. However, high concentrations above a certain limit usually lead to
unspecific binding or clustering, greatly diminishing the meaningfulness of the obtained results, in addition

to the negative impact of highly concentrated solutions on the mass spectrometer device.

Nano-ESI (nESI) and coldspray ionization (CSI) are closely related to ESI and can in some cases ensure
more reliable ionization without fragmentation of unstable compounds. Also, heating of ions that may lead
to structural rearrangement during or after the ionization process can be suppressed to some extent. Nano-
ESI is often used as a so-called offline source with the sample being injected into a metal coated glass
capillary and directly ionized from it. The opening of the needle is narrower, the initial droplets smaller and
both, the flow rates and the applied high voltage lower than for ESI.[*671 A CSI source is cooled and uses
cool drying gas to stabilize weakly bound ions. However, this often results in incomplete

desolvatization.[*7
Applications

During the last two decades, ESI-MS has become one of the standard methods for the analysis of
supramolecular complexes and numerous impressive assemblies could be detected and investigated.[*!
Most relevant results are summarized in a number of instructive reviews by SCHALLEY and coworkers,
which not only cover the ionization of supramolecular complexes by ESI, but also their investigation in the
gas phase and in solution (see also chapters 2.4.3 to 2.4.6).[10159.161.164172] | the following, more recent

examples on the topic of mass spectrometric investigations on molecular container will be discussed.

FuJITA and coworkers presented the formation of a MasoLgo cage in 2016.14%€1 CSI-MS results enabled them
to discover that the self-assembly of their first-generation thiophene-based ligand with palladium ions
yielded a smaller MasLsg cage as the kinetic product and only over time resulted in the thermodynamic
mixture of the MasLag and the MsoLgo assemblies (Figure 37a, b). Based on these results, small adjustments
to the ligand structure were made. The second-generation ligand gave selectively the Msolgo assembly
which is the largest supramolecular cage reported to date. It was analyzed by a combination of X-ray

crystallography, NMR techniques and CSI-MS (Figure 37c).
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In the field of large inorganic assemblies, the group of CRONIN has shown a variety of impressive
architectures which were routinely analyzed with ESI-MS.[173-1751 Recently, they presented the assembly of
several POM cluster-of-clusters architectures based on an inorganic {MoaFe12} macrocycle that forms
around a templating anion (Figure 38a, b).['’® In the case of {M01,035(HPO3),} as the template cluster

anion, the intact host-guest complex of macrocycle and template could be detected by ESI-MS (Figure 38c).
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Figure 37: FulTA's MaoLeo cage. a) Initial ligand resulted in a mixture of M2sLssand MsoLeo cage. b) Reaction products
in solution where observed by CSI-MS. c) Second-generation ligand resulted in formation of first stable MasoLeo cage
(X-ray crystal structure). Reprinted and adapted with permission from Fujita et al.[!8] (© 2016 Elsevier Inc.).
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Figure 38: CroNIN's cluster-of-clusters architectures. a) Schematic representation of the dynamic assembly of the
anion-templated macrocycle, followed by cluster-of-clusters assembly; b) X-ray crystal structure of the host-guest
complex of macrocycle and template cluster {M012036(HPO3)2}; ) deconvoluted neutral ESI mass spectrum showing
host-guest complex in water. Reprinted and adapted from Xuan et al.'7® (© 2016 The Authors. Published by Wiley-
VCH Verlag GmbH & Co. KGaA.).
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2.4.3. Mass Analyzers

Many different mass analyzers have been developed over time which make use of various physical
principles to achieve the separation of ions according to their m/z. Mass spectrometers used for the
experiments in the present thesis exhibit a time-of-flight analyzer and quadrupole which are therefore

presented herein.

Time-of-flight (TOF) analyzers are frequently used in combination with ESI sources and use the
acceleration of ions along an electric field to separate them by their m/z. In detail, ions with different masses
m and charges ze are divided into ion packages and accelerated by a voltage U in an electric field. All ions
then have the same kinetic energy Exin, but travel with different velocity v depending on their m/z. When
measuring the time t that an ion needs to cover a constant distance s, its m/z can be calculated by applying

equation 2, which can be rearranged to give equation 3.0"7]

mUZ m52
EKin =zelU = 2 = 2? (2)
m 2eUt?
z s? (3)

Different techniques are available to increase resolution. They ensure that the exact starting time for all ions
in one package is known and that the time frame of ions entering the flight tube is as short as possible.
Moreover, reflectron TOF analyzers are available which feature higher mass accuracy and resolution by
using electrostatic potentials to reflect ions back into the flight tube. This not only virtually doubles the
flight path, but also refocuses the ions according to their kinetic energy. TOF analyzers can cover a very

high m/z range at high resolution and sensitivity.[*"”]

Quadrupole-mass analyzers can separate ions based on the stability of their trajectories in oscillating electric
fields. The quadrupole is composed of four parallel, round-shaped metal rods. To each of these rods, an
oscillating voltage is attached that consists of a constant and an alternating potential. At a given electric
field, the ions travel in between the metal rods in a wave-like trajectory depending on their m/z. Stable
trajectories lead the ions further on to the detector; ions on unstable trajectories either fly out of the
quadrupole or are neutralized when getting in contact with metal rods and do not proceed further (Figure
39). By varying the voltage applied to the rods, a wide range of m/z can be scanned and hence detected.
Quadrupoles are often used for mass selection of ions prior to tandem MS experiments. For this, the voltage

is set to allow only the ions with the desired m/z to pass through the quadrupole.[:177]
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Figure 39: Schematic representation of a quadrupole with stable and unstable ion trajectories; Reprinted with
permission from Weimann et al.l'! (© 2012 Wiley-VCH Verlag GmbH & Co. KGaA)
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2.4.4, Solution Reactivity

An integral aspect in the field of research concerned with the assembly of molecular containers, both
supramolecular organic and inorganic type, is the investigation of their reactivity in solution. This comprises
the tasks to unravel the formation mechanism of a complex structure or to investigate its kinetic and
thermodynamic stability in solution, as well as the elucidation of possible stimuli-induced reactions. Some
studies on large complexes employing solution methods like NMR or fluorescence resonance energy
transfer (FRET) spectroscopy have been presented for the investigation of supramolecular assemblies, but
they often suffer from the incapacity to explore complex mixtures.*”®! However, NMR spectroscopy is not
possible for most inorganic POM cages. The commonly incorporated metals are usually not well-suited for

NMR experiments, due to their paramagnetism, low receptivity or qua

drupolar nuclei. Moreover, the cost of YO- enriched water usually limits the synthesis of isotopically
labelled POMs. Hence, ESI-MS is certainly the most suitable and straightforward technique for the solution
investigations for these types of molecular containers.[*61.1741791 Especially when the formation of different
isomers, short-lived reaction intermediates or products of low abundance complicate the analysis.

Once it is established that ionization of the desired intact complexes can be achieved by electrospray
ionization, it furthermore needs to be secured that the observed signal intensities are directly corresponding

to the concentration of the investigated species in solution. This is not necessarily the case, as the so-called

ESI response factor can be very different. That is, the factor of how efficiently different complexes or
molecules in the same solution are ionized and desolvated is usually not the same.[*® Nonetheless, for
structurally similar complexes of the same charge state, similar ESI response factors can usually be assumed
or established by suitable titration experiments.[*8.181 This enables the quantitative to semi-quantitative
interpretation of the results obtained from ESI-MS experiments.

In addition to the straightforward monitoring of a reaction mixture over time or to applying different
reaction conditions to study the formation mechanism and the dynamics of capsules and cages in
solution, 1181821 the exchange of building blocks is often investigated. This process can be detected by ESI-
MS, if building blocks are isotopically labeled!® or if they exhibit minor structural differences that do not
affect the properties of the system. FUJITA and coworkers presented an CSI-MS study on the kinetics of a
multicomponent self-assembly of a Myl cage.['®] Monitoring the exchange of two rigid, divalent
pyridine ligands over time, that only differ in a pendant alkyl chain, demonstrated an assembly mechanism
in three stages on different time scales. Regarding the investigation of inorganic POM clusters, exchange
experiments are commonly performed in the form of isotopic labeling studies.[*8 Dosing of small amounts
of a suitable labeling reagent, often H2'®0, or dissolution of the cluster in the reagent makes it possible to
observe the exchange of oxygen atoms in an oxo cluster by the shift and broadening of its isotopic pattern.

Information on the structural features and the kinetic stability of different positions can be deduced from
this. [184.185]

Numerous stimuli-responsive supramolecular systems investigated by ESI-MS that exhibit a complex

solution reactivity have been reported.[t0.161.1641861 NTscHKE and coworkers studied the self-sorting
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behavior of two homoleptic Zn4Ls cages containing naphthalene diimide (Ng) or porphyrin (Ps) ligands that
form a dynamic-covalent library (DCL) upon mixing (Figure 40).1871 Applying ESI-MS, the adaptation of
the DCL to two different chemical stimuli was monitored which induced either the formation of host-guest
complexes or of catenated structures. It was shown that the addition of C+o leads to the self-sorting of ligands
into their homoleptic cages to form the host-guest complex C70@Ps. Addition of the crown ether C leads to
the preferred formation of heteroleptic cages, with a maximum number of interactions between the
naphthalene diimide ligands and the crown ether, given that the incorporation of more than two macrocycles

is not possible for steric reasons.
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Figure 40: NITSCHKE's stimuli-responsive ZnsLs cages. a) Homoleptic ZnsLs cages; b) different templating effects
observed in the DCL formed upon mixing of Ne and Ps. Reprinted and adapted from Black et al.[*871 (Published by The
Royal Society of Chemistry).

The synthesis of new POMSs often occurs by template-induced post-functionalization or rearrangement
processes of a substrate cluster into another one. To rationalize and explore these processes, ESI-MS is
commonly applied.[149.174.175.179.188.1891 CRoNIN and coworkers presented the oscillatory guest-exchange

process driven by competing redox processes in a POM capsule system (Figure 41).12%
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Figure 41: a) Redox-driven guest-exchange reaction interconverting {P2Moas} into {VsMoi7} by dissociation of
{P2M1s} capsules into two {PMo} halves. b) Amounts of the {P2Mo1s} and {V3Mo17} capsules in the reaction mixture
over time as observed by ESI-MS and EPR indicate oscillation of the reactive system. Reprinted and adapted with
permission from Miras et al.'*% (© 2012, American Chemical Society).
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Using ESI-MS, EPR und UV/Vis spectroscopy, they could demonstrate that the addition of ammonium
vanadate and triethanolamine (TEA) to their system resulted in six complete oscillations. The Dawson-type
{P2Mo1s} capsule bearing two encapsulated phosphate guests converts into the {VVsMo17} capsule with two
vanadate guests and one vanadium incorporated into the cluster shell. They postulated a reaction mechanism
that involves the opening and closing of the cluster capsules and that is driven by a competition between

reductive and oxidative processes.

2.4.5, Gas-Phase Reactivity
Technical details

Tandem mass spectrometry, also called MS/MS, is a technique to probe the structure and intrinsic reactivity
of a complex without the influence of a solvent in the gas phase. Such an experiment involves in general
the mass selection of the ion of interest, its activation and the resulting gas-phase reaction, followed by
mass analysis and detection of the resulting product ions. A variety of tandem mass spectrometers is
available to conduct these experiments, e.g. triple quadrupoles, hybrid quadrupole/TOF instruments, ion-
trap instruments, Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometers or TOF/TOF
instruments. The mass-selection step in a quadrupole (Figure 42, top), as it was used for all studies presented
in this thesis, is described in chapter 2.4.3. Depending on the instrument used and the ion abundance
observed after the first gas-phase reaction step, a reselection of product ions followed by multiple gas-phase

reactions (MS") is possible.["]
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Figure 42: General setup for a tandem MS experiment resulting in the fragmentation of the ions under investigation;
reprinted and adapted from Qi et al.'61 (Published by The Royal Society of Chemistry).

The activation of the ion inducing the following gas-phase reaction can generally lead to a decrease or an
increase in ion mass, depending on the type of experiment. Fragmentation reactions that result in a mass
loss can either be triggered by an increase of the ion’s internal energy, by introduction of radicals or a
combination of both that lead to homolytic and heterolytic bond cleavages.['¢"] The available fragmentation
methods, such as collision-induced dissociation (CID), infrared-multiphoton dissociation (IRMPD),
electron-capture dissociation (ECD) or blackbody-infrared dissociation (BIRD), vary in the physical

principle applied (Figure 42, bottom).['67] This results in different modes of activation with an inherent
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amount of energy transferred. Furthermore, the various activation modes proceed on different timescales.
This is a crucial parameter to the question, whether the imparted energy is distributed over all vibrational
degrees of freedom of the ion, prior to the first bond cleavage, or if it is not. This ergodic or, respectively,
nonergodic behavior greatly influences the fragmentation mechanism. Hence, the application of different

fragmentation methods can provide complementary information.67

CID is the most commonly used method for ion activation and involves the collision of ions with inert gas
molecules like helium, nitrogen and argon or even heavier gases, e.g. xenon. In a CID experiment, ions are
accelerated in an electric field and upon their collision with the stationary gas, their kinetic energy is
converted into internal energy. If the collision energy applied is high enough, this rovibrational excitation,
meaning transitions that involve changes in both vibrational and rotational states, induces bonds to break
or rearrangements with possible subsequent fragmentations. CID experiments can be classified by their
energy regime. For high-energy collisions over ca. 100 eV, rearrangement reactions are often suppressed in
favor of direct bond cleavages.[*8”] This predominantly provides information on the connectivity of the
analyte. Low-energy collisions of less than 100 eV can induce rearrangement reactions which yield
information on the spatial arrangement. Reactions that involve noncovalent bonds usually proceed in this
lower energy window and can provide information about the arrangement of the subunits in the complex
relative to each other.[162.168.172191 The reactivity of ionized supramolecular complexes is commonly closely

related to its structural and energetic features.[*%?

The collision activation generally results in a broad energy distribution over different vibrational modes
within an ion population. This enables competing fragmentation pathways with different activation barriers.
The obtained fragmentation patterns can be related to the relative energy demand of competing reactions
which in turn elucidates structural details of the investigated complexes.[*%4 In some cases, noncovalent
bonds were found to be more stable upon collision activation than covalent bonds, allowing for valuable
insights into the energetics of the noncovalent interaction.[*64 Furthermore, the stability of a series of similar
complex ions and the ranking of their binding energies in the gas phase can be accomplished by determining
the so-called CID threshold energy.[**3 These CID threshold energies need to be corrected for the charge

state and the mass difference between the investigated ions to allow a comparison of the complexes.
Applications

KaprpES and coworkers recently published a study on a series of supramolecular “nanoprism” cages as
originally introduced by FUuJITA and coworkers.['%1%] The host-guest complexes are comprised of a
prismatic coordination complex which encapsulates different azaporphyrins (Figure 43a). The aim of this
research was to study the influence of the different azaporphyrins guests on the energetics of these host-
guest complexes by a combination of ESI-MS, CID tandem MS and analytical ultracentrifugation. The
tandem MS experiments demonstrated different fragmentation patterns for the host-guest complexes and
the empty nanoprism which indicates the stabilization of the cage by the azaporphyrins guest (Figure 43b).
This was further confirmed by the comparison of their gas-phase stabilities which showed a significantly

lower CID threshold energy for the fragmentation of the empty cage (Figure 43c, d).
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CID tandem MS is also frequently used in the analysis of POMs, often in combination with isotopic labeling
of the analyte prior to the experiment.[7417%.18%1 The fragmentation of the parent cluster can in some cases
lead to fragments with the same or similar stoichiometries as observed for solution-phase species and can
thereby give information about formation mechanisms in solution.[*%! However, this approach cannot be
applied to all systems as the sequence of bond cleavages starting typically with the weakest bonds does not
necessarily resemble the order of assembly. Rather, reactions in the gas phase can provide valuable
information on the intrinsic properties of the analyte, if reactions are observed which do not occur in
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Figure 43: a) Structure of “nanoprism” cage (example); b) CID fragmentation pattern observed for all host-guest
complexes and for the empty cage; c) CID threshold energies of different complexes; d) order of relative gas-phase
stability as obtained from CID experiment. Reprinted and adapted from Weis et al.[**] (Published by The Royal Society
of Chemistry).

A second major type of tandem MS experiments are bimolecular gas-phase reactions between an ion and a
neutral molecule, e.g. in gas-phase isotope-exchange reactions. Volatile reagents like methanol-ds, DO or
H,*0 can be introduced into an ion trap, such as a hexapole, an FT-ICR cell or an orbitrap and react with

ions which are kept in it over the course of the experiment (Figure 44).[16%.164]
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Figure 44: General setup for a H/D exchange in the gas phase; reprinted and adapted from Qi et al.[*%1 (Published by
The Royal Society of Chemistry).
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In the context of molecular containers, H/D exchange experiments have been applied by SCHALLEY and
coworkers to hydrogen-bonded supramolecular capsules. They were able to elucidate structural questions,
e.g. if a closed or an open hydrogen-bonded capsule is present in the gas-phase, and mechanistic aspects
concerning the intramolecular dynamics in the complexes.[** 10/80 exchange experiments in the gas
phase are less common,*8] but could provide mechanistic details on the activation of water by a {Mn4O4}
cluster in the gas phase as shown by LANDMAN and coworkers.'® In another study, ROESCH et al.
demonstrated with a set of 50/'80 isotope-exchange experiments the stark contrast between the solution

and the gas-phase reactivity of a siloxanediol.[83

2.4.6. lon Mobility

lon mobility mass spectrometry (IMS) is a gas-phase technique which separates ions based on their m/z as
well as their size and shape. It can be regarded as an analog to electrophoresis in the condensed phase. The
physical property related to size and shape relevant for these experiments is the collision-cross section
(CCS). That is, the effective area quantifying the likelihood that an ion collides with a gas atom or molecule.
In time-based IMS methods, this results in a faster travel of compact structures through the gas than of more

extended ions due to fewer interactions with the so-called drift gas (Figure 45).[161:200]
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Figure 45: a) Collision-cross section (CCS) of an ion relates to the average area when tumbling through a gas; provided
by Waters Corporation.l?°] b) General setup for an ion mobility experiment; reprinted and adapted from Qi et al.[161
(Published by The Royal Society of Chemistry).

The characteristic CCS of an ion offers structural information and can be compared to values based on
theoretical calculation, NMR experiments or X-ray crystallography. However, compared to the other
methods, significantly smaller quantities of the substance of a much lower purity are needed. It can be used
for the differential separation of ions in a complex mixture prior to their mass-analysis and is very valuable
as it does not only provide ensemble-averaged information, but rather for each single species.?®! The
differences in ion mobility relate to the CCS of the analyte and can give information about their
connectivity, configuration, conformational dynamics and their topology. IMS has so far primarily been
used for the analysis of large biomolecules,?°? but presents a valuable extension to mass spectrometric
methods also relevant for the analysis of molecular containers. Two instruments with different general IMS

techniques were used over the course of this thesis and will be presented in the following section.
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Drift tube ion mobility mass spectrometry

In a drift tube ion mobility spectrometry (DT-IMS) experiment, ions are subjected into a drift tube which
is filled with an inert gas, most often helium, and to which a static uniform electric field (usually 5-100 V)
is applied (Figure 46a).12°°l Under the influence of the electric field, the ions pass through the drift tube and
undergo low-energy collisions with the drift-gas molecules. As stated above, small and compact ions will
undergo fewer collisions than larger ions and arrive, therefore, faster at the detector. As the electric field is
constant, the measured drift time of one specific ion can be directly related to its CCS value Q. The velocity
v of an ion is equal to the product of its mobility K and the strength of the electric field E; it can be
determined by measuring the time tp the ion needs to traverse a drift tube of a known length d (equation 4).
The reduced mobility Ko of the ion, which is independent of temperature T and pressure p inside the drift
tube, can be calculated from this relationship (equation 5). The Mason-Schamp equation (6) connects the
reduced mobility Ko with the CCS value Q of the ion by taking into account known experimental parameters
(charge state of the ion z, number density of the drift gas N, reduced mass of ion-neutral pair y, gas
temperature T) and natural constants (elemental charge e, Boltzmann constant kg).[?%%l The equation is valid
if the ‘low-field limit” is small (below 2-10" V.cm?). That is, the ratio between the electric field strength

E and the buffer gas density N, as it ensures that the mobility of an ion is still independent of the drift
field.[203204]
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For determining experimental CCS values of the halogen-bonded capsules investigated in this thesis, an
inhouse-constructed DT-IMS instrument called iMab at the Fritz-Haber Institute Berlin was used.[% At
this instrument, ions are generated by nano-ESI and then travel through a drift tube filled with helium to a
quadrupole for mass selection and analysis (Figure 46b). To calculate reliable CCS values from measured
drift times, several measurements are performed applying different electric fields to the drift tube and the
resulting data is fitted to the Mason-Schamp equation (6).
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Figure 46: a) Schematic depiction of a DT-IMS cell; reprinted and adapted with permission from Lanucara et al.[2%0
(© 2014, Springer Nature). b) In-house constructed DT-IMS instrument used in this thesis for measurements for CCS
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values; reprinted with permission from Warnke et al.[2%1 (© 2015, American Chemical Society).
Traveling-wave ion mobility mass spectrometry

A second method commonly used for IMS is travelling-wave ion mobility mass spectrometry (TW-IMS).
The IMS cell consists of several ring electrodes stacked to a ring-ion guide (Figure 47a). These are charged
with alternating phases of a radio-frequency voltage and a superimposing traveling voltage wave. lons are
then pushed by the potential and ‘surf” on these waves to the end of the IMS cell. The drift gas flows in the
opposite direction and causes an opposing force by which the separation of ions is possible. More extended
ions with lower mobility roll over the crest of the waves and thereby traverse the IMS cell more slowly,
while more compact ions tend to ‘surf” fast on the potential waves.?®! Velocity and height of the traveling
voltage wave influence the drift time of the ions and are hence adjusted to achieve an optimal separation.
Due to the constantly changing electric field in a TW-IMS cell, measured drift time and CCS value cannot
directly be correlated to each other. Therefore, CCS values need to be calculated based on the drift times of
a suitable calibrant with known CCS measured under identical conditions. To obtain meaningful values,
this calibrant needs to possess similar physical and chemical features as the investigated analyte.[?] For
container molecules like capsules, this would need to be a calibrant with a concave structure also including
voids, which is, however, not available. Instead, measured arrival-time distributions (ATD) of different ions

can be evaluated and compared to each other, to obtain qualitative results on their gas-phase structure.

The great majority of ESI-MS and IMS experiments performed for the work presented in this thesis was
conducted using the commercial TW-IMS instrument SYNAPT G2-Si (Waters, Manchester). lons are
generated by ESI, then transferred into the high vacuum regime of the instrument and focused by a
stepwave-ion guide and mass-selected in the adjacent quadrupole (Figure 47b). In the following three cells
(trapping/collision cell, ion mobility cell, transfer/collision cell), a variety of different gas-phase
experiments can be performed. This arrangement enables to conduct combined tandem MS-IMS

experiments and even MS® measurements. Finally, the ions are then subjected to the TOF analyzer.

a) ) RFIM = i b) INTELLTSTART

ANALYTE SPRAY LOCKMASS SPRAY

(=3 sTEP[WAVE TRIWAVE QuanTOF

HICH FELD
TRAP ot iate ,‘mn‘smu MRROR SYSTEM

— RF()

—
TWIMS e
=
-
—

Figure 47: a) Schematic depiction of a TW-IMS cell (RF for radio-frequency voltage); reprinted and adapted with
permission from Lanucara et al.[?l (© 2014, Springer Nature). b) Commercial TW-IMS instrument from Waters.
SYNAPT G2-Si was used for the majority of ESI-MS and IMS experiments presented in this thesis. Provided by Waters
Corporation.
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Obtaining CCS values

Even though helium is most commonly used as the drift gas for IMS, other inert gases also find application.
It was shown that higher resolution can be achieved by switching between drift gases of different polarity
or by adding volatile dopants to the gas, as this can favor the interaction between analyte and drift gas. 2%
CCS values are usually compared to data derived from other experimental methods or to data generated by
theoretical calculations, including structure optimization and molecular dynamic simulations. Different
computational algorithms are available to obtain theoretical CCS from structures derived from calculation
or X-ray crystal-structure analysis. The projection approximation method is computationally inexpensive
as it assumes the CCS as the average of all geometric projection areas that result from all possible ion
orientations. It does not include long-range interactions or the scattering between the ions and the drift gas.
Therefore, this method is predominantly applied to small molecules. The exact hard-sphere scattering
method accounts for the scattering and the collisions of the ions with the drift gas, but does not include
long-range interactions. It is often used for large systems as it presents a compromise between computation
cost and accuracy. The trajectory method is seen as the most accurate of these common approaches, since
it includes long-range interactions and the effect of collisions between drift gas and analyte. It is often

applied to complex systems, even though the computing time is relatively high. 2%
Applications

The scientific interest in harnessing IMS for the investigation of complex supramolecular organic and
inorganic systems is steadily growing, as it provides the opportunity to observe and monitor e.g. self-
assembly and self-sorting processes, the formation of host-guest complexes or gas-phase
reactions, [161:164.209.210.211.212] |MS is frequently used to separate and analyze complex product mixtures after
covalent synthesis or self-assembly processes.762122131 A growing number of examples has been
introduced were IMS was utilized as a supporting analytical method next to X-ray crystal structure analysis
and NMR spectroscopy to confirm the formation of molecular containers.?** Some groups have employed
IMS even for the major part of the analysis of their supramolecular complexes.[186:209.211.2151 CroNIN and
coworkers have published studies on the structural elucidation by IMS of inorganic cages in solution, for
which no X-ray crystal structures could be obtained.?'8] For example, they presented a combined ESI-MS
and IMS study in which the hierarchical self-assembly of an icosahedral nanoscale Keplerate cluster is
shown.?*I Twelve pentagonal {MoYMo'Vs} building blocks are connected by thirty Fe'" centers and form
an overall {Mo7,Fe3002s,} shell around an encapsulated Keggin-type {SiMo1,040} cluster (Figure 48a).[28]
In addition to the intact Keplerate nanocluster, higher order supramolecular structures were observed in the
gas phase for the first time. The different oligomers could be resolved by IMS. The group proposed similar
structures as were observed earlier for these so-called Keplerate ‘blackberries’ in solution and in the solid
state (Figure 48b).
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Figure 48: CRONIN's supramolecular assembly of Keplerate clusters. a) Schematic representation of Keplerate cluster
structure and of building blocks; b) 2D-IMS plot resolves intact cluster ions (black circles) and oligomeric assemblies
(red, blue and yellow circles). Reprinted with permission from Robbins et al.[?27] (© 2013, Royal Society of Chemistry).
KALENIUS and coworkers presented in 2017 the formation of a pyridine[4]arene capsule and its guest
binding behavior using a combination of ESI-MS, IMS, DFT calculations, X-ray crystallography and NMR
spectroscopy.'®l They found the simultaneous endo complexation of solvent molecules like acetone and
dichloromethane within the capsule and exo complexation of PFs~ anions between the alkyl chains in all
three physical states (Figure 49a, b). Such ternary complexes are rarely observed in the gas phase, but could
be evidenced by their gas-phase study. A CID tandem MS experiment indicated the weak exo complexation
of PFs, as the anion was eliminated first from the complex (Figure 49c). Furthermore,
DT-IMS showed two different complex types with the PFs~ complexes exhibiting larger CCS values than

the deprotonated dimers. These results agree with their proposed complex structure.
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Figure 49: KaLENIUS's pyridine[4]arene dimer. a) X-ray crystal structure of dimeric capsule with endo-complexed
CHCIs and exo-complexed PFs~; b) chemical structure of pyridine[4]arene; ¢) DT-IMS and CID tandem MS
experiments show ternary capsule complex in the gas phase. Reprinted with permission from Kiesila et al.['*11 (© 2017,
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).

Very recently, DE PAuw and coworkers published an impressive study on the folding and unfolding
mechanism of an oligorotaxane in the gas phase using ESI-MS, IMS, tandem MS and molecular dynamics

calculations.[?*] The rotaxane features two different noncovalent interactions which are decisive for its
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conformation; namely, the intramolecular n—7 interactions between naphthalene and viologen moieties, as
well as Coulombic interactions between the viologens and the PFg counterions (Figure 50a, b). They could
demonstrate that the ionized complex at low charge states exhibits a folded, compact structure which is
dominated by m—= stacking. At higher charge states, the complex is fully stretched due to Coulomb
repulsions between the viologens (Figure 50c). These gas-phase conformations were then modulated via
tandem MS experiments. First, low charge-state ions were unfolded to the elongated structure by low-
energy CID activation. Furthermore, higher charge-state ions were reduced in the gas phase using an
electron-transfer by a radical anion, which was reacted with the rotaxane complex before it entered the IMS
cell. This led to the folding of the elongated structure into the compact conformation. Here, mass
spectrometry techniques in combination with theoretical methods could elucidate the interplay between the

existing m—= interactions and Coulomb interactions which determine the foldamer conformation.
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Figure 50: De Pauw's folding cascade of an oligorotaxane. a) Chemical structure of the investigated donor—acceptor

oligorotaxane; b) noncovalent interactions decisive for gas-phase conformation; c) stimuli-induced folding and

unfolding of the oligorotaxane as observed by IMS. Reprinted with permission from Hanozin et al.?*?! (© 2017,

American Chemical Society).
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3. Results

3.1. Halogen-Bonded Supramolecular Capsules

3.1.1. Halogen-Bonded Supramolecular Capsules in the Solid State, in Solution, and in the Gas
Phase

Oliver Dumele, Benedikt Schreib, Ulrike Warzok, Nils Trapp, Christoph A. Schalley, and Francois
Diederich

Angew. Chem. Int. Ed. 2017, 56, 1152-1157; Angew. Chem. 2017, 128, 1172-1177.

Submitted on November 7, 2016, first published on January 13, 2017 in Angewandte Chemie International
Edition and Angewandte Chemie in German language. For copyright reasons, the article (Appendix 6.3.1)

is not included in the online version of this thesis.

An electronic version of the article is available (https://doi.org/10.1002/anie.201610884,
https://doi.org/10.1002/ange.201610884).

Figure 51: X-ray crystal structure of XB capsule 1cs---2ce (ORTEP ellipsoids shown at 40% probability at 100 K)
confirming fourfold XB geometry between donor and acceptor hemisphere. Each cavitands encapsulates one benzene
molecule (green) and is rigidified by four MeOH molecules. Color code: Chost in grey, N in blue, O in red, I in purple,
F in yellow, Cguest in green. Reprinted with permission from Dumele et al.[?2% (© 2017, Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim).

Project summary

The basis for this first project on supramolecular halogen-bonded capsules is the previous work of DUMELE
et al. which covers the formation of the first dimeric XB capsule 1---2 based on functionalized
resorcinarenes, as well as its association and guest binding properties in solution (see also chapter 2.3.2).1114]
In the present work, different structural variations of the established XB donor and acceptor motifs were
introduced and their effects on the capsule formation were studied in the solid state, in solution and in the
gas phase. The first X-ray crystal structure of a neutral halogen-bonded capsule was obtained from 1s--- 26,
an analogue of 1---2 with shorter side chains. It shows a highly ordered 12-components assembly which

confirms the fourfold XB geometry between the two capsule hemispheres (Figure 51).
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The structural variation on the donor and acceptor moieties revealed large solvent effects on the capsule
formation. Strengthening of the XB acceptor from a lutidyl to a quinuclidyl cavitand (2 — 3) resulted only
in a modest increase of the capsule association constant for 1---3 as determined by NMR experiments in a
benzene/acetone/methanol solvent system (70:30:1), and a slow exchange rate on the °F NMR time scale
(Figure 52a). Van't Hoff analysis demonstrated that its formation is enthalpy-driven; however, only with
an unexpectedly low binding enthalpy and virtually no entropy contribution. This behavior was rationalized
with the strong solvation of the quinuclidyl residues in the free cavitand 3 by methanol, as was observed in
the solid state. A certain methanol content is necessary for all cavitands to maintain a stable vase
conformation in solution by forming a ring of hydrogen bonds between the benzimidazole walls and the
methanol. Nevertheless, the desolvation of the acceptor cavitand prior to the halogen-bond formation

hampers the capsule association.

Employing the stronger XB donor motif tetra(iodoethynyl) of cavitand 4, as compared to the tetrafluoro-4-
iodophenyl moiety in donor 1, made a significant impact on the association strength. The capsule 2---4
exhibits the highest association constant with K, = 2.11-10°%m at fast exchange rates. It was hereby shown
that the tuning of the XB donor cavitand has a significantly stronger influence on the capsule association in
XB-competitive solvents than structural variations on the XB acceptor. Furthermore, an additional third
guest-binding site for 1,4-dithianes was found within the elongated iodoethynyl capsule 2---4 as compared

to the original 1---2 capsule (Figure 52b).
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Figure 52: a) Structural tuning of XB hemispheres of capsule 1---2 to tetraquinuclidyl cavitand 3 and to
tetra(iodoethynyl) cavitand 4 results in capsules 1---3 and 4---2 with corresponding binding constants Ka; b) elongated
capsule 2:--4 hosts one additional 1,4-dithiane guest compared to 1---2 or 1---3; ¢) ESI-MS spectra of host-guest
complexes of XB capsules 2---4, 1---3 and 1---2 with N-methylpyridinium G. Reprinted and adapted with permission
from Dumele et al.??% (© 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).
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Using ESI-MS to obtain mass spectra from the inherently neutral XB capsules remained unsuccessful in
both ionization modes. Likely, protonation blocks the XB acceptor for XB formation and deprotonation
causes a destabilization of the cavitand conformation. The halogen-bonded capsules were therefore charge-
tagged by encapsulating an N-methylpyridinium guest. This approach enabled the ionization of these
noncovalent complexes and the resulting ESI-MS spectra confirm the presence and stability of all three
capsules in the gas phase (Figure 52c). Even though the mass spectra display a number of other ions, the
absence of homodimeric complexes indicates that the heterodimeric XB capsules are indeed formed due to

specific XB interactions of the different cavitand hemispheres in the gas phase.

This work demonstrates the versatility of neutral halogen bonds to serve as the sole noncovalent interaction
to assemble supramolecular capsules. The presented complexes are the first of their kind to be stable in all
three physical states — solid state, solution and gas phase. A more detailed investigation on their gas-phase
structure and reactivity using tandem MS or IMS would have been very interesting. Comparing the impact
of the different adjustments on the XB acceptor and donor structures in solution and gas phase might have
provided valuable insight into the nature of halogen bonding. However, the rather challenging ionization of
these inherently neutral capsules and the resulting low ion intensities made these studies unfortunately

unfeasible.
Author contributions

Precursor compounds and the cavitands were synthesized by Oliver Dumele and Benedrikt Schreib. Oliver
Dumele conducted and evaluated NMR studies on the formation of dimeric capsules and their guest-binding
behavior. He furthermore obtained a crystal of the halogen-bonded capsule suitable for X-ray crystal-
structure analysis, which was performed and analyzed by Nils Trapp. | synthesized the charged guest
employed to sufficiently ionize the capsule complexes by ESI, performed all ESI-MS measurements and
performed the data analysis and interpretation. Oliver Dumele wrote the manuscript with contributions from

my side for the part on mass spectrometry. All authors contributed to the final version of the manuscript.
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3.1.2. [N---1*---N] Halogen-Bonded Dimeric Capsules from Tetrakis(3-pyridyl)ethylene-

cavitands

Lotta Turunen, Ulrike Warzok, Rakesh Puttreddy, Ngong Kodiah Beyeh, Christoph A.Schalley, Kari

Rissanen
Angew. Chem. Int. Ed. 2016, 55, 14033-14036; Angew. Chem. 2016, 128, 14239-14242.

Submitted on August 10, 20186, first published on October 28, 2016 in Angewandte Chemie International
Edition and Angewandte Chemie. For copyright reasons, the article (Appendix 6.3.2) is not included in the

online version of this thesis.

An electronic version of the article is available (https://doi.org/10.1002/anie.201607789,
https://doi.org/10.1002/ange.201607789).

Figure 53: Graphical abstract showing assembly of the silver-coordinated and halogen-bonded dimeric capsules with
modelled structure of the iodonium capsule. Reprinted with permission from Turunen et al.l??! (© 2016 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim).

Project summary

This project focused on the assembly and analysis of novel dimeric halogen-bonded capsules in solution
and in the gas phase (Figure 53). In contrast to the preceding project 3.1, coordinative [N---17---N] halogen
bonds were employed to achieve capsule formation with the tetrakis(3-pyridyl)ethylene cavitand Cp.! The
synthesis followed a two-step procedure of reacting the cavitand first with silver(l) p-toluenesulfonate and
subsequently with molecular iodine to induce an [N---Ag*---N] — [N---1*---N] exchange reaction
(Scheme 1).

The structure of the silver-coordinated precursor capsule Ag-Dim was confirmed by X-ray crystal structure
analysis which evidenced two structurally different assemblies (CH2Cl,).@[2Cpo+4Ag+2-H,0+4-0OTs] and
(CH2Cly).@[2Cp+4Ag+4-H,0+4-0Ts] (Figure 54d). In both cases, the capsule contains two encapsulated
dichloromethane molecules, while the tosylate anions are located on the exterior. The anions interact
directly with the silver cations which exhibit distorted trigonal or tetragonal coordination geometries. As
demonstrated by *H NMR, the complex 1-Dim forms symmetrical assemblies with [N---I1*---N] halogen
bonds in solution. Diffusion-ordered NMR experiments yielded a hydrodynamic diameter of 2.22 nm,
which is in good agreement with the molecular model of I-Dim, optimized on a molecular-mechanics level
(Figure 54d).

! The cavitand was available with two different side chains (i-butyl, n-hexyl). As formation of the capsules did not
depend on this substituent, only the results for the i-butyl cavitand will be discussed in this chapter.
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Scheme 1: Syntheses of the Ag*- and I*-bridged capsules. Reprinted and adapted with permission from Turunen
et al.[2211 (© 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).

ESI-MS experiments evidenced the selective formation of the silver-coordinated precursor capsule Ag-
Dim, as well as of the halogen-bonded capsule I-Dim. For the latter, the maximum and furthermore optimal
number of four bound I* ions strongly suggests a closed capsular structure with four well-defined
[N---1*---N] binding motifs (Figure 54a). CID tandem MS experiments demonstrated significant differences
in the gas-phase reactivity of the two complex types. lons derived from the Ag*-bridged capsule Ag-Dim
showed a charge-separating, symmetric fragmentation into monomers. In contrast, ions derived from the
I*-bridged capsule 1-Dim underwent a stepwise elimination of two neutral I-OTs ion pairs. This indicates a
higher gas-phase stability of the halogen-bonded capsule than of the corresponding metal-coordinated
capsules, as two [N---1*---N] interactions are apparently sufficient to maintain an intact capsule in the gas

phase.

TW-IMS studies indicated well-defined and very similar gas-phase structures for both, the halogen-bonded
complexes and their silver-coordinated precursors. This is apparent from the symmetric and narrow arrival-
time distributions of the single ions and furthermore from the linear trends of the dimer signals in the m/z
versus drift-time plots (Figure 54c). ldentical absolute drift times of the most abundant complex ions
derived from I-Dim and Ag-Dim capsules give evidence that they possess the same desired capsular
structures, as was also supported by the X-ray structure of Ag-Dim_A/B and molecular modelling of I-Dim
(Figure 54b, d).

This proof-of-principle study nicely illustrates the potential of coordinative halogen bonds for the selective
assembly of stable and well-defined supramolecular capsules. The advantage lies in the robustness of the
[N---1*---N] binding motif. As the resulting capsular complexes are ionic, ESI mass spectrometry and
especially ion mobility have proven to be highly versatile tools for the analysis of the structure and
conformation of these complexes, especially when information from X-ray crystal structure analysis are
absent. Moreover, the approach yields symmetric assemblies by employing relatively simple building
blocks equipped with an XB acceptor in combination with the very easily accessible iodonium ion as the
XB donor. This greatly encourages the application of this method for the assembly of more complex

architectures.
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Figure 54: a) ESI-MS spectrum of halogen-bonded capsule 1-Dim; b) arrival-time distributions of most abundant ions
derived from silver-coordinated capsule Ag-Dim (blue) and halogen-bonded capsule 1-Dim (red); ¢) TW-IMS m/z
versus drift time plot of capsules capsule Ag-Dim (blue) and I-Dim (red); d) crystal structures of the capsules Ag-
Dim_A and Ag-Dim_B and the modeled structure of the halogen-bonded capsule I-Dim. Reprinted and adapted with
permission from Turunen et al.[??11 (© 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).

Author contributions

Kari Rissanen developed the approach for the assembly of the halogen-bonded capsules by a [N---Ag*---N]
— [N---1*---N] exchange reaction. Precursor compounds and the cavitands were synthesized by Lotta
Turunen. Lotta Turunen conducted and evaluated NMR, as well as DOSY NMR experiments on the dimeric
capsules. She obtained a crystal of the silver-coordinated precursor capsule suitable for X-ray crystal
structure analysis which was performed and analyzed by Rakesh Puttreddy. Kari Rissanen worked on the
molecular modelling of the dimeric XB capsule. | performed all ESI-MS, tandem MS experiments and IMS
measurements on the dimeric capsules. Data analysis and interpretation were performed by myself. Lotta
Turunen and | discussed all results and worked on the general concept of the manuscript together. Lotta
Turunen and | wrote the manuscript with equal contributions. All authors contributed to the final version of

the manuscript.
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3.1.3. Nano-sized li2Ls Molecular Capsules based on the [N--I*--N] Halogen Bond
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Figure 55: Graphical abstract showing assembly of the silver-coordinated and halogen-bonded hexameric capsule, both
depicted as modeled structures. Reprinted with permission from Turunen et al.[?221 (© 2017, Elsevier Inc.).

Project summary

Based on the successful establishment of the coordinative halogen bond as a suitable binding motif for the
assembly of supramolecular capsules (chapter 3.1.2), this project aimed to show the generality of the
[N---Ag*---N] — [N---1*---N] exchange reaction to generate large supramolecular complexes (Figure 55).
It presents the formation and analysis of a hexameric halogen-bonded capsule in solution and in the gas

phase.

In comparison to the tetrakis(3-pyridyl)ethylene cavitand Cp, which yielded selectively dimeric halogen-
bonded capsules, the geometry of the cavitand needed to be adjusted in order to achieve the formation of
the desired octahedral hexameric complex. Molecular modeling showed that the corresponding tetrakis(4-
pyridyl)ethylene cavitand Cx possesses the necessary spatial requirements. The positioning of the para-
pyridine-N atoms and the flexibility of the ethylene bridges results in an angle between the opposing rings

of close to 90° (Figure 56, molecular model, planes 1 and 2). Hence, complexation of cavitand Cn with
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silver(l) p-toluenesulfonate and subsequent [N---Ag*---N] — [N---I1*---N] exchange reaction gave the

hexameric halogen-bonded capsule 1-Hex (Figure 56, top).

IH NMR experiments confirmed the formation of highly symmetric and discrete complexes by the
appearance of only one set of signals and with the indicative chemical shifts corresponding to Ag*-N and
I*-N coordination bonds for the complexes Ag-Hex and I-Hex, respectively. A H,"*N-HMBC experiment
shows one single, significantly upfield shifted >N NMR signal which belongs to the [N--I*---N] motif as
compared to the free cavitand. *H DOSY NMR measurements gave hydrodynamic diameters of ca.
d = 4.0 nm for the silver-coordinated precursor capsule Ag-Hex and the halogen-bonded capsule I-Hex,

which are in good agreement with diameters predicted from the molecular models of the two complexes.
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Figure 56: Synthesis of silver-coordinated and halogen-bonded hexameric capsules (hexyl-side chains reduced to
methyl groups and counter ions omitted for clatrity) and molecular structure modeled at MM-level of ethylene-bridged
cavitand. Reprinted and adapted with permission from Turunen et al.[??2 (© 2017, Elsevier Inc.).

Analysis of the capsules Ag-Hex and I-Hex by ESI mass spectrometry revealed that both complex types
are stable in the gas phase and confirmed the selective formation of the desired [N--I*-:-N] bonded
hexameric capsule (Figure 57). The high abundancy of peaks that belong to ions with a formal [6Ch+121]*%*
core and a varying number of stabilizing anions gives a strong indication for a closed octahedral

arrangement for capsule I-Hex with twelve well-defined [N---I*---N] bonds along the edges.

These results demonstrate that a carefully chosen, however synthetically simple variation of the cavitand
structure and geometry results in the selective formation of a large hexameric supramolecular capsule.
Furthermore, this finding emphasizes the general applicability of the [N---I*---N] bond-forming procedure
and especially of the [N---Ag*---N] — [N---1*---N] exchange reaction which proceeds smoothly and

efficiently for this large assembly.

The presented l12L¢ capsule has a cavity volume of 6,850 A3 and a diameter of ca. 4 nm, as calculated from
a molecular model, and is the only example of a halogen-bonded hexameric capsule reported to date. The
combination of synthetic ease to obtain the structure and its robustness might pave the way for the

development of halonium-ion-based nanotechnology.
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Figure 57: ESI-MS spectra of silver-coordinated capsule Ag-Hex (top) and halogen-bonded capsule I-Hex (bottom).
Reprinted and adapted with permission from Turunen et al.[2?? (© 2017 Elsevier Inc.).

For this purpose, it would be highly advantageous to gain a more detailed understanding of the structure

and reactivity of this newly developed, outstanding class of supramolecular containers.

Author contributions

Kari Rissanen conceived and designed the project, performed the ligand design, as well as molecular

modeling. Synthesis of the cavitand was done by Lotta Turunen. Furthermore, she conducted and evaluated

NMR, as well as DOSY NMR experiments on the hexameric capsules. | performed ESI-MS measurements

of the hexameric capsules as well as the following data analysis and interpretation. Lotta Turunen and |

discussed the results and worked on the general concept for the manuscript together. Lotta Turunen wrote

the manuscript in collaboration with me. All authors contributed to the final version of the manuscript.
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Hexamer Pentamer

Figure 58: Graphical abstract showing ion-mobility mass spectrometry and DFT calculations to reveal the surprisingly
solvent-dependent formation of large pentameric halogen-bonded capsules. Reproduced from Warzok et al.[?%
(Published by The Royal Society of Chemistry).

Project summary

This project focused on the detailed structural analysis of the dimeric and hexameric halogen-bonded
capsules presented in chapters 3.1.2 and 3.1.3 by IMS, as well as the solution and gas-phase reactivity of
the hexameric complex. The formation and structure of a novel pentameric capsule was elucidated (Figure
58).

The CCS values of the dimeric [N---1*---N] halogen-bonded capsule were determined by DT-IMS and
found to be virtually identical with around 558 A? for dimeric complexes of different charge states,
independent of the number of bound tosylate anions (Figure 59a). This indicated that both anions present
are bound inside the capsule cavity. Theoretical structure optimization was performed with a hybrid
approach for all XB capsules: DFT level calculations for the [pyridine---1*---pyridine] motif and the tosylate
ions to properly assess the noncovalent interactions and a semi-empirical method for the cavitand scaffold.
These calculations supported the proposed structure of the dimeric complex with a face-to-face arrangement
of the two cavitands and linear [N---1*---N] halogen bonds (Figure 59b). They also proposed the binding of
up to two tosylates within the capsule in an antiparallel arrangement and stabilized by van der Waals and
[Caryi-H--O7] interactions, instead of a direct interaction with the cationic halonium ion. The CCS values

predicted from this structure agreed well with the experimental data.

DT-IMS experiments on the hexameric capsule I-Hex indicated a well-defined structure for the complexes

in the gas phase with CCS values of around 1,500 A2. Again, ions in different charge states had very similar
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CCS values, suggesting that the counter ions occupy the space inside the capsule’s cavity (Figure 59¢). This
assumption was confirmed by theoretical calculations which predicted that tosylates bind above the upper
rim and inside a pocket of the cavitands by [Cayi-H---O7] interactions. Six spatially distributed binding
pockets at such positions can provide binding sites for six tosylates (Figure 59d). The calculated CCS values
agreed well with experimental results. This shows that the hexameric capsule remains intact in the gas
phase, possesses the proposed octahedral geometry with linear [N---1*---N] halogen bonds along the edges

and binds up to six anions in its cavity by [Caryi-H---O] hydrogen bonds.
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Figure 59: a) DT-IMS ATDs of ions derived from dimeric halogen-bonded capsule I-Dim with experimental and
theoretical CCS values. b) Calculated structures of dimeric halogen-bonded capsules 1-Dim without, with one and two
tosylate counterions inside the cavity. ¢) DT-IMS ATDs of ions derived from hexameric halogen-bonded capsule
I-Hex with experimental and theoretical CCS values. d) Calculated structure of hexameric halogen-bonded capsule
I-Hex with six tosylate anions with zoom into binding situation of a tosylate in the hexameric complex. For the
theoretical calculations, PBEO/def2-SVP was used for I*, pyridines, tosylates and AM1 for cavitand scaffold;
[Caryi-H-+O7] interactions are marked with dotted lines. For clarity, the n-hexyl side chains have been reduced to
hydrogens in the images, but were included in the calculations. Reproduced and adapted from Warzok et al.[?%3l
(Published by The Royal Society of Chemistry).
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The first investigation of the solution reactivity of the hexameric capsule by ESI-MS demonstrated a
solvent-dependent transition into a novel pentameric halogen-bonded capsule I-Pent, when chloroform as
the solvent was exchanged to dichloromethane. The selective formation of this trigonal bipyramidal
pentameric capsule was also achieved, when the [N---Ag*---N] — [N---1*---N] exchange reaction starting
from the silver-coordinated hexameric precursor capsule Ag-Hex was performed in dichloromethane
(Figure 60a, b).
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Figure 60: a) Selective formation of the novel pentameric halogen-bonded capsule I-Pent from the halogen-bonded or
silver-coordinated hexameric capsules upon usage of CH2Cl: as the reaction solvent. b) ESI-MS spectrum of pentameric
halogen-bonded capsule 1-Pent. c) Calculated structure of pentameric halogen-bonded capsule [5-Ch+91]%*;
PBEO/def2-SVP was used for the I+ ions and the pyridines, AM1 for the cavitand. Cavitands in apical positions,
unbound pyridines and tosylates are highlighted. For clarity, the n-hexyl side chains have been reduced to hydrogens
in the images, but were included in the calculations. d) DT-IMS ATD of ion derived from pentameric halogen-bonded
capsule 1-Pent with experimental and theoretical CCS values. Reproduced and adapted from Warzok et al.l?%
(Published by The Royal Society of Chemistry).

Theoretical calculations confirmed a stable structure for this highly unusual complex: Three cavitands in
equatorial positions participate with all four pyridine groups in linear [N---I*---N] bonds and two cavitands
in the apical positions adopt a distorted conformation and form three [N---I*---N] bonds each. The fourth
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pyridine moiety on each of these two cavitands remains unbound and is positioned between two [N---1*---N]
bonds (Figure 60c). DT-IMS experiments confirmed the presence of one well-defined species for I-Pent in
the gas phase with a measured CCS of 1286 A2, which is ca. 20% smaller than value of the hexameric
capsule. The optimized structure of the trigonal bipyramidal capsule with four tosylates within the cavity
yielded a calculated CCS value which is in excellent agreement with the experimental value (Figure 60d).

The combination of these three methods thus elucidated the structure of this novel complex type.

The gas-phase reactivity of the hexameric capsule I-Hex was examined with a CID tandem MS experiment.
The results showed that the hexameric, octahedral capsule does not yield pentameric product ions, but rather
smaller oligomeric fragments at higher collision energies. It shows that the observed hexamer-pentamer
transition does not occur in the gas phase. Consequently, the solution equilibrium relies on the reaction of
several complexes, most likely involving the monomer Cu, and is governed by solvent effects. Instead of a
hypothetical hexamer-pentamer transition in the gas phase, a complex fragmentation behavior involving

rearrangements was observed for both complex types. This will be further explored in the future.

Overall, this study highlights the value of mass spectrometry and ion mobility in combination with
theoretical calculations for the analysis of structure and reactivity of halogen-bonded capsules. The
evidence for the anion binding inside the investigated capsules and the involved binding mode gave a first
impression of their host-guest chemistry. The anions do not interact or interfere with the linear [N---1*---N]
XB bonds, which is in agreement with the earlier work of ERDELYI and coworkers on similar, yet smaller
systems (see chapter 2.2.3). Furthermore, the structural differences between the silver-coordinated
precursor capsules and the halogen-bonded complexes could be explored, as the former where found to
bind counterions on the exterior of the cavity and in direct interaction with the silver cations. Additionally,
a new type of large, well-behaved supramolecular complex solely based on [N---I*---N] halogen bonds was
found. It represents the first example of a pentameric supramolecular capsule not based on metal
coordination. This selective formation of a pentameric capsule illustrates the possible interplay of
preorganized, but inherently flexible cavitands and directional halogen-bonds being modulated by a third
factor — solvent effects. The more detailed investigation of the responsiveness of the halogen-bonded

capsules towards chemical stimuli could lead to the discovery of more complex chemical reactivity.
Author contributions

Lotta Turunen synthesized the cavitands, following a known procedure. | investigated the solvent-
dependent solution reactivity of the hexameric capsule by ESI-MS and optimized reaction conditions for
the selective formation of the pentameric capsule. | analyzed and interpreted the resulting data. DT-IMS
measurements on the dimeric, hexameric and pentameric capsules and the corresponding data analysis were
performed by Waldemar Hoffmann with my assistance. The interpretation of the results was done by
myself. Theoretical calculations on the halogen-bonded capsules were made by Mateusz Marianski with
whom | interpreted the results. CID tandem MS experiments on the hexameric and pentameric capsules
were measured by myself. | analyzed the data and interpreted the results. | developed the general concept
of the manuscript and wrote the manuscript with help from Mateusz Marianski on the parts concerning the

theoretical calculations. All authors contributed to the final version of the manuscript.
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3.2. Antimonato-Polyoxovanadate Cages

3.2.1. Catalysis of “outer-phase” oxygen atom exchange reactions by encapsulated “inner-phase”

water in {V1sSbe}-type polyoxovanadates

Michael Wendt*, Ulrike Warzok*, Christian Néather, Jan van Leusen, Paul Kégerler, Christoph A. Schalley,
and Wolfgang Bensch

* Authors contributed equally to this work.
Chem. Sci. 2016, 7, 2684-2694.

Submitted on November 27, 2015, first published on January 8, 2016 in Chemical Science. The article

(Appendix 6.3.5) is included in the online version of this thesis.

An electronic version of the article is available (https://doi.org/10.1039/C5SC04571A).

Figure 61: The graphical abstract shows the water-soluble {V1sShe} antimonato-polyoxovanadate cage with an
encapsulated water molecule that accelerates the oxygen-exchange reaction in the cluster periphery. Reproduced from
Wendt et al.[?4] (Published by The Royal Society of Chemistry).

Project summery

This first comprehensive study on the topic of antimonato polyoxovanadates (Sb-POVSs) presents the first
water-soluble compounds of this compound class and focusses on the investigation of the {V15Sbe} cluster

core in solution and gas phase by mass spectrometry (Figure 61).

Four novel complexes with the composition {M(en)s}s[V15SbeO42(H20)x]-nH20 (n ~ 15 or 28; x = 0, 1;
M = Ni", Co", Fe"; en = ethylenediamine) were obtained by solvothermal synthesis. The cobalt and iron
complexes crystallize in the non-centrosymmetric monoclinic space group C2. For the nickel complex, two
pseudopolymorphs exist in the monoclinic space group C2 and the trigonal space group P321, depending
on the reaction conditions. All four compounds consist of the known [V15ShsQO42(H20)x]® (x = 0, 1) cluster
(see chapter 2.3.3) and isolated, charge-compensating {M(en)s}?>* complexes (Figure 62). For all four
compounds under study, their magnetic properties can be described qualitatively by the additive
combination of the contributing, strongly antiferromagnetically coupled {V1sShe} cluster units and the three
high-spin {M(en)s}?* complexes. Between these two magnetically active groups, there is virtually no

exchange due to the relatively large metal-metal distances and the absence of bridging ligands.

All four complexes exhibit a relatively high water solubility which is the first reported case for Sb-POVs

70


https://doi.org/10.1039/C5SC04571A

Results

and also highly unusual for POVs, in general. This offered the opportunity to study their reactivity in greater
detail on the nickel compound {Ni(en)s}s[V15SbsO42(H20)x]-15H.0 (x = 0,1) (1) as a selected example.
Generally, their solution chemistry is as yet only poorly understood due to the lack of soluble species and
their preparation consequently restricted to the highly serendipitous method of solvothermal synthesis with

low-nuclearity precursors.

NH,VO, Solvothermal
Sb,0, Synthesis
NiCl,-H,0 H,0, 7 d

ethylendiamine 150 °C {
<

{Ni(en),};[V45Sbs0,,(H,0)1-15H,0 (1)

Figure 62: Solvothermal synthesis and X-ray crystal structure of compound I. Reprinted and adapted from Wendt
et al.[?24l (Published by The Royal Society of Chemistry).

ESI-MS studies on compound I demonstrated that the {V15Sbs} cluster stays indeed intact upon dissolution.
However, an Sh-richer {V14Shg} cluster is formed in solution over the course of days by a formal exchange
of a VO against an Shb—O-Sb unit. This rearrangement reveals an astonishing reactivity as all compounds
with a {V14ShgO.,} clusters known so far were prepared under solvothermal conditions. These results
demonstrate that compound | can be used to gain access to other cluster compounds by post-
functionalization. Mass spectrometry furthermore revealed the presence of an encapsulated water molecule
inside part of the cluster cages which could subsequently also be confirmed by the X-ray crystal structure
analysis. This inner-phase water molecule is protected inside the cavity of the cage against a fast
H/D exchange in aqueous solution. It could be deduced from this that the closed cage-like structure of the

cluster is maintained upon dissolution (Figure 63a, b, d).

Interestingly, CID tandem MS experiments exhibited the loss of the neutral water molecule from the cluster
cavity in the gas phase as the major fragmentation pathway. The fragmentation yielded a fully intact, but
empty cluster core (Figure 63c). It was rationalized that the guest can participate in the cluster’s reactivity
by opening an oxo-bridge upon attack of a vanadium ion from the inside of the cavity. After proton transfer
steps, the oxo-bridge is reformed with the water molecule as the leaving group on the outside of the cage.
This process is entropically favored in the gas phase due to the increase in particle number (Figure 63d, left
side).

The influence of the cluster’s inner-phase reactivity on the outer-phase reactivity became even more evident
when the %0/*80 isotope exchange in solution was regarded. Cluster cages with an encapsulated water
molecule exhibited a significantly faster oxygen-atom exchange in the cluster periphery than those with an

empty cavity (Figure 63e). First of all, this showed that the ions with and without encapsulated water are
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derived from two distinct solution species which are not in fast equilibrium with each other. The proposed
mechanism accounting for this effect of different exchange rates proceeds through similar initial steps as
the gas-phase fragmentation mechanism (Figure 63d, right side). The acceleration of the exchange is
achieved by the initial opening of an oxo-bridge by the inner-phase water which is not facilitated in case of
the empty clusters. The following exchange step and the closing of the oxo-bridge to reform the closed
cluster cage likely proceed at similar rates for both species. The loss of the encapsulated inner-water is in
solution neither favored by enthalpy nor by entropy as the cluster is surrounded by bulk water. Hence, the
retention of the guest inside the container sustains the catalysis of the oxygen exchange in the cluster’s
periphery.
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Figure 63: Solution and gas-phase reactivity of the {V1sShe} cage. a) Solution H/D exchange experiment shows fast
exchange for labile protons of en and slow exchange for encapsulated water. b) The space-filling representation shows
that the cluster is tightly closed thereby trapping the encapsulated water within the cage cavity. c) CID tandem MS
experiment exhibits water loss and electron loss as competing fragmentations. d) Mechanisms for solution and gas-
phase reactivity of the {V1sShe} cluster. e) Solution 160/*80 exchange experiment. Reprinted and adapted from Wendt
et al.l2?4 (Published by The Royal Society of Chemistry).

This reactivity study is the first reported example in polyoxovanadate chemistry for the transduction of
inner-phase reactivity of an encapsulated guest molecule into changes in the outer-phase reactivity of the
cluster cage. The insight gained hereby is highly valuable for the further development of Sb-POV chemistry.
It can serve as the rational basis for the preparation of new POVSs, given that the presented compound I has

been shown to serve as a suitable starting material for post-functionalization in solution.
Author contributions

Cluster syntheses and standard characterization were performed by Michael Wendt. X-ray crystallography

was performed by Christian N&ther and Michael Wendt. Magnetic characterization of the clusters was
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carried out by Paul Koégerler and Jan van Leusen. | performed all ESI-MS experiments and data analysis
including aging studies, H/D and 80/'80 exchange experiments, as well as tandem MS experiments.
I interpreted the data and detailed the reaction mechanisms. Michael Wendt and I discussed the results and
worked on the general concept of the manuscript together. We furthermore wrote the manuscript with equal

contributions. All authors contributed to the final version of the manuscript.
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3.2.2. Configurational Isomerism in Polyoxovanadates
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Schalley, Kirill Y. Monakhov, Paul Kbgerler, Wolfgang Bensch
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Figure 64: Graphical abstract shows the reaction of the water-soluble {V1sShe} Sh-POV cage to the novel
configurational oa*-isomer of {V14Shs} which forms dimeric assemblies in water by supramolecular interactions.
Reprinted from Mahnke et al.[??! (© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

Project summary

In this project, the transformation of the water-soluble {V1sShe} cluster cage | introduced in chapter 3.2.1
into dimers of the metastable o1* conformational isomer of the contracted {V14Shs} cluster was studied in

the solid state, in solution, in the gas phase and by theoretical calculations (Figure 64).

Reaction of precursor | with cyclen in aqueous solution vyielded the novel Sb-POV
{Ni(cyclen)(en)}:[V14ShsO42(H20)]-ca 10H,0 (1) after short reaction time as a result of ligand metathesis
and the {V15Sbe}—{V14Shs} cluster transformation which was first observed by ESI-MS (see chapter 3.2.1,
Figure 65a). The compound is the first example of an a;*-{V14Sbg} structure and furthermore the first
example of configurational isomerism in POV chemistry. The crystal structure of 11 shows the {V14Sbs}
core with an inverted orientation of one of the edge-sharing VOs pyramids toward the center of the cage.
The cluster cavity is sufficiently large to accommodate both, the inward-oriented oxygen atom and an
additional H>O guest that interact by strong hydrogen bonds (Figure 65b, c). Interestingly, the a1*-{V14Shg}
cages form unprecedented dimeric structures in the solid state by supramolecular Sb-O-:-V and Sbh-O---Sh

contacts (Figure 66a).

ESI-MS studies revealed the presence of intact cluster ions of the {V14Sbg} cage and of its dimers in solution
(Figure 66b), thereby demonstrating the specific noncovalent interaction between two cluster cores of the
o1*-{V14Shg} isomer even in water. The different ions with partially overlapping isotope patterns could be

unambiguously assigned by employing TW-IMS for their separation in the gas phase prior to detection.
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Furthermore, the formation of compound Il and its dimerization over time were studied by mass
spectrometry. It was found that both processes, the {V15Sbe}—{V14Shg} transformation and the formal o1*-
{V14Shg}— [a1*-{V14Sbe}]> dimerization have been completed after the initial heating period of the

reaction mixture. Product Il subsequently crystalizes from the mixture with its well-soluble precursor.

a) b)

{Ni(en);};[V,58b;0,,(H,0)]-15H,0 (I)

Ligand H,0, 4 h
metathesis

{Ni(cyclen)(en),},[V;48bg0,,(H,0)]-10H,0 (II)

Crystal structure
a,*-isomer of {V,,Sh,} core

e _4
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£ isomer oy
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L
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A

Figure 65: a) Synthesis of compound 11; b) crystal structure of a1*-{V14Shs} isomer, V7 and O42 of the inverted VOs
pyramid highlighted light green and blue, 50:50 disordered 043/043” of the H20 guest in blue; c) reported isomers of
{V14Shs}-type clusters. Reprinted and adapted from Mahnke et al.?? (© 2018 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim).

Complementing the analysis of the novel dimeric cluster complex in the gas phase, a CID tandem MS
experiment could demonstrate the remarkable binding energy connecting the two a1* monomers in the gas
phase (Figure 66¢). Two competing fragmentation pathways were observed: The very prominent dimer
cleavage into monomeric ions, which is clearly favored by the reduction of charge repulsion, and the loss
of neutral water and hydroxyl radicals from the dimer ions. The later process yielded still-intact dimeric

product ions.

Relativistic density functional theory (DFT) was employed to rationalize the formation, describe the
electronic structure of the a:*-{\VV14Sbg} cage and its stability relative to other (possible) {V1.Sbg} isomers.
It is less stable than the “conventional” a/y/f-isomers by a difference of 50, 33 and 12 kJ-mol?in their
relative bonding energies, respectively (see also chapter 2.3.3). Moreover, DFT calculations predicted
possible other a* and y* isomers which are similar in energy. The structural comparison between the
metastable a;*-{V14Sbs} and its {V1sShe} precursor disclosed a common {V;Sh4O2} fragment at which

the necessary inwards-inversion of one of the VOspyramids could take place.
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Concerning the magnetic properties of complex I, it exhibits strong antiferromagnetic couplings which are
due to a combination of two high-spin Ni?* centers and considerable contributions from
a1*- [V14SbsO42]*, suggesting a multiplet ground state. The latter was not observed so far for other {V14Shg}
isomers and is rationalized with the inward-orientation of the VOs pyramids and new exchange pathways

generated thereby.

Dimeric a;*-{V,48bg0,,}
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Figure 66: a) Two VOs octahedra (O=VO4---O-Sb-O in light green) join neighboring cluster anions into {V14Shg}>
dimers in the solid state. b) ESI-MS spectrum shows specific formation of {V14Sbhs}2 dimers in solution, N = V14SbgOa42.
c¢) CID tandem MS experiment shows elimination of neutral species from dimeric ion, indicating remarkable stability
of the a1*-dimer in the gas phase. Reprinted and adapted from Mahnke et al.[??®l (© 2018 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim).

This work emphasizes the value of the soluble precursor I and the knowledge about its solution reactivity
for the synthesis of complex new Sb-POV compounds. It also demonstrates that an array of small, yet
cooperative effects including the changes to the counter-cation-ligand environment and the intramolecular
noncovalent interaction between cluster-cage dimers can drive the formation of the high-energy

conformational a;1*-{V14Shs} isomer.
Author contributions

Cluster syntheses and standard characterization were done by Lisa K. Mahnke. She also obtained crystals
of cluster 11 suitable for X-ray crystal structure analysis which was performed and analyzed by Christian
Néther. | performed ESI-MS, TW-IMS and tandem MS experiments and the corresponding data analysis

and interpretation. DFT calculations on the formation, electronic structure and stability of the
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01*-{V14ShgO42} cage were conducted by Aleksandar Kondinski and Kirill Y. Monakhov. Magnetic
characterization of the cluster was carried out by Jan van Leusen and Paul Kdgerler. Lisa K. Mahnke,
Aleksandar Kondinski, Kirill Y. Monakhov, Jan van Leusen and myself wrote the parts of the manuscript

concerning their field of expertise. All authors contributed to the final version of the manuscript.
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3.2.3. The New  Water-Soluble  Cluster Compound  {Zn(en)s}3[V1sShsOa42(H20)]-
(ethylenediamine)s-10H20 as a Synthon for the Generation of two New Antimonato

Polyoxovanadates
Lisa K. Mahnke, Ulrike Warzok, Mengxi Lin, Christian N&ther, Christoph A. Schalley, Wolfgang Bensch
Chem. Eur. J. 2018, 24, 5522-5528.
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Journal. For copyright reasons, the article (Appendix 6.3.7) is not included in the online version of this

thesis.

An electronic version of the article is available (https://doi.org/10.1002/chem.201705732).

Figure 67: The graphical abstract shows the water-soluble precursor {Zn(en)s}s[V15SheO42(H20)]-3en-10H20 which
exhibits an increased stability in solution, resulting in post-functionalization products with intact {V1sShe} cores.
Reprinted from Mahnke et al.[??! (© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

Project summary

This publication presents a second new, water-soluble Sb-POV precursor {Zn(en)s}s[V15SbsO42(H20)]-
-3en-10H,0 (111) and mass spectrometric studies on its solution reactivity which provide a rationale for the
formation of two new Sb-POV compounds, which could be obtained by post-functionalization of 111
(Figure 67).

Compound 111 was obtained by solvothermal synthesis and exhibits a significantly increased solubility in
water as compared to the first water-soluble Sb-POV compound | (see chapter 3.2.1). Two new Sh-POV
compounds  {Zn(phen)s}>[Zn(en),V15SbsO042(H20)]-23H0  (1IV) and  {(Zn(en)2(H20).)(Zn(en)2)}-
[Zn(en)2V15Sbe042(H20)]-8.5H,0 (V) could be obtained by very convenient post-functionalization

procedures in short reaction times starting from 111 (Figure 68).

ESI-MS experiments showed that the {V15Sbe} cluster remains intact upon dissolution of 111 in water, yet
transforms into {V14Sbg} after several days. This is a common feature of the observed reactivity of the
{V1sSbe}-containing compounds | and Il1. Interestingly, the new compounds VI and V contain an
unchanged {V1sSbe} cluster cage, while post-functionalization of | in aqueous solution yielded products
with mostly {V14Shs}-type clusters (see chapters 3.2.1, 3.2.2 and other recent literaturel??’-22l), Time-

dependent ESI-MS measurements gave a rationale for this distinct behavior. Monitoring the {V1sSbe} —
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{V14Shg} transformation for compounds I and 111 attested an increased stability to the {\V15She} cluster core
in 111 as compared to that of | (Figure 69). Furthermore, the rate of the {V1sShs} — {V14Sbg} cluster
transformation significantly increases in both cases, when ammonium acetate is added. These results
indicate that the reactivity of the cluster cage is not only determined by the encapsulated water molecule as
shown in chapter 3.2.1, but also by the surrounding cationic metal-complex and ligand environment, as well

as additives.

Post-
Functionalization

1,10-phenan-
throline

e
H,0, 1d
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Figure 68: Solvothermal synthesis of compound 11l and formation of Sh-POV compounds VI and V by post-
functionalization with respective crystal structures showing intact {V1sShe} cluster core.
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Figure 69: Time-dependent formation of the {V14Shg} cluster from {V15Sbe} cluster cage for compounds I and 111 in
aqueous solution and in aqueous ammonium acetate solution (1%) as obtained from ESI-MS experiments, with
corresponding times after which 50% conversion is reached. Reprinted and adapted from Mahnke et al.[??8] (© 2018
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

79



Antimonato-Polyoxovanadate Cages

All new compounds 111-V presented in this study have the {V15She} cluster cage with an encapsulated water
molecule inside the cavity as the common motif, identical to compound I (see chapter 3.2.1, 3.2.2 and
2.3.3). In all of them, strong interactions between the cluster and the ethylendiamine ligand or one of the
Zn(en), complexes are present which underline the potential of Sb-POVs to form complex structures by
supramolecular interactions (Figure 68). Compound 111 features a close interaction between one nitrogen
atom of all three ethylendiamine molecules and three of the Sb atoms with Sb-N distances significantly
shorter than the sum of their van der Waals radii. In the structure of 1V, {V1sShe} clusters are connected to
their next neighbors by [Zn(en).]?* complexes forming a chain along which [Zn(phen)s]** complexes are
located in a sandwich-type arrangement. (Zn(en)2(H20)2)(Zn(en)2)}[Zn(en)2V15Sbs042(H20)]-8.5H,0 (V)
contains three different Zn?* complexes in different coordination geometries. One of the zinc cations is

connected to the cluster by a Zn---O interaction and exhibits a distorted trigonal bipyramidal environment.

In conclusion, this work demonstrates the value of reactivity studies on Sb-POV compounds by mass
spectrometry for the rational and selective preparation of new Sb-POV compounds. It also encourages the
use of additives like ammonium acetate for future studies which aim for the systematic synthesis of

{V14Shsg} cluster compounds from the known {V15She} precursors.
Author contributions

Cluster syntheses and standard characterization was done by Lisa K. Mahnke. She also obtained crystals of
compounds I11-V suitable for X-ray crystal structure analysis which was performed and analyzed by
Christian Néther. | performed time-dependent ESI-MS experiments on compounds | and 111 in water and
with different additives, as well as the corresponding data analysis and interpretation. Lisa Mahnke and |
discussed the results and worked on the general concept of the manuscript together. Lisa Mahnke wrote the

manuscript in collaboration with me. All authors contributed to the final version of the manuscript.
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3.3. Polyamide—Polyamine Cryptand as Dicarboxylate Receptor: Dianion
Binding Studies in the Solid State, in Solution, and in the Gas Phase
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Figure 70: The graphical abstract shows the binding of adipic acid to the polyamide-polyamine hybrid macrobicycle

and the resulting X-ray crystal structure. Reprinted with permission from Chakraborty et al.[?% (© 2017, American
Chemical Society).

Project summary

This side project aimed at the investigation of the hybrid amide-ammonium macrobicyclic receptor L, with

respect to its ability to bind dicarboxylates in aqueous solution, solid state and in the gas phase (Figure 70).

Potentiometric studies in a HoO/DMSO solvent mixture revealed that the protonated cavitand L forms
1:1 complexes with a series of dicarboxylates with the highest association constant generally between a pH
of 6 and 7. The highest absolute value for the effective binding constant K was observed for adipate as the
guest (Figure 71a, b, figure caption for definition of Kes). In general, the binding constants increase from
gluterate to adipate and then continuously decrease with the length of the alkyl chain between the
carboxylates. For succinate and for a-keto gluterate, the binding behavior differs likely due to the shorter

chain and the additional carbonyl group, respectively.

The X-ray crystal structures of the host-guest complexes with a-keto gluterate, gluterate and adipate show
the guests clearly within the cavity of the protonated host. The best size-shape complementarity was
observed for adipate, evidenced by the relatively short hydrogen bonds between the carboxylates and the
amide and ammonium groups of L (Figure 71c). The next larger guests are only partially encapsulated

inside the host or bind on its exterior as side-on complexes due to the elongated chain length.

Negative-mode ESI-MS measurements from aqueous solutions of the cryptand-dicarboxylate (A?%)
complexes confirmed the selective formation of 1:1 complexes [L+HA] for all combinations. However, it
was not possible to perform measurements in the positive ionization mode. This would have been more

meaningful, allowing for a direct comparison of mass spectrometric resulting from potential complexes in
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the +1 charge state to the potentiometric studies in solution. Furthermore, results from TW-IMS
measurements in the negative ionization mode are inconclusive regarding the gas-phase conformation of

the assemblies.

a) Jl\/\/lLa 6/u\n/\)L6
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Figure 71: a) Chemical structures of the studied macrobicycle L and dicarboxylate anions A%; b) association of host-
Y[HxLA]
Y[HaA]Z[HL]
withh=0-5(a+ i),a=0—-2andi= 0 - 3; c) X-ray crystal structures of host-guest complexes. Reprinted

with permission from Chakraborty et al.[23% (© 2017, American Chemical Society).

guest complex formed between receptor and studied anions in dependence of pH; at a given pH: K5y =

This study presents the heteroditopic macrobicycle L as a well-suited receptor for the recognition of
aliphatic dicarboxylate anions in agueous medium. Results from the solid state and solution indicated the
chain-length-selective recognition of the dianions based on size complementarity of host and guests. For
the most strongly bound complexes, a maximum number of electrostatic interactions and strong hydrogen
bonds between the carboxylate guest and the amide and ammonium groups of the host were observed. ESI-
MS or IMS experiments could not confirm any trend in binding affinity, other than the selective formation
of 1:1 complexes between host and all dicarboxylates. These results underline the limitations of electrospray
ionization when applied to noncovalent, pH-sensitive supramolecular systems. As ionization can hamper
or interfere with the binding process when complexes are transferred into the gas phase, results might not
be as informative as was hoped for (see also chapters 2.4.1 and 2.4.2). A critical eye needs to be kept on the

question if ESI-MS is always the suitable method for the system under study.
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Author contributions

Sourav Chakraborty, Subrata Saha and Bidyut Akhuli obtained crystals of the different host-guest
complexes suitable for X-ray crystal structure analysis, which was performed and analyzed by Sourav
Chakraborty, Subrata Saha, Bidyut Akhuli and Nayarassery N. Adarsh. Sourav Chakraborty and Sayan
Sarkar recorded and analyzed NMR spectra of the different host-guest complexes. Potentiometric studies
and the corresponding data analysis were conducted by Luis M. P. Lima and Rita Delgado. | performed all
ESI-MS and TW-IMS experiments and performed the data analysis and interpretation. Sourav Chakraborty
wrote the manuscript with contributions from my side for the part on mass spectrometry. All authors

contributed to the final version of the manuscript.
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4. Conclusion

The aim of this thesis was the detailed investigation of structure and reactivity of novel molecular containers
by mass spectrometry. This work should help to pave the way for the long-term goal of their application in
functional systems. Numerous intriguing and unexpected results highlight the pronounced value of
electrospray ionization mass spectrometry and ion mobility for this objective. Halogen-bonded capsules,
polyoxovanadate cages and an amide-ammonium cryptand were selected as the research topics, covering a

broad spectrum of different chemical architectures.

The investigation of halogen-bonded supramolecular capsules by ESI-MS and IMS is covered in a series of
four publications. Two conceptionally different complex types were investigated: Neutral XB
donor/acceptor capsules in cooperation with the DIEDRICH group from the ETH Zurich (Switzerland) and
charged [N---17---N]-type capsules in cooperation with the RISSANEN group from the University of

Jyvaskyla (Finland) and the PAGEL group from the Fritz Haber Institute, Berlin (Germany).

Furthermore, antimonato polyoxovanadate (Sb-POV) cages with {V1sSbe} and {V14Shg} cluster cores were
investigated in three publications in close collaboration with the BENSCH group from the Christian Albrechts

University, Kiel (Germany).
Detection of novel molecular containers in the gas phase

The transfer of noncovalent complexes from the condensed phase into the gas phase is a necessary
requirement to use mass spectrometric methods for the investigation of these new molecular containers.
Prior to this work, this posed a major challenge in the analysis of the respective complexes and was the first

objective for the performed research presented herein.

The detection of intact halogen-bonded capsules could be achieved by ESI-MS. While the neutral XB
donor/acceptor capsules were charge-tagged by the encapsulation of a cationic guest, the use of weakly
coordinating tosylate counter ions for the charged [N---1*---N]-type capsules enabled their efficient
ionization. For both systems, the choice of an appropriate solvent system as well as the fine-tuning of the
sample concentration and ionization conditions proved to be crucial to the success of the work. These mass
spectrometric experiments provided evidence for the selective formation of dimeric XB donor/acceptor
capsules, as well as dimeric and hexameric [N---1*---N]-type capsules and were consequently an integral
contribution to the characterization of these novel supramolecular architectures. Moreover, they represent

the first successful studies on halogen-bonded capsules in the gas phase.

The discovery of water-soluble Sb-POV cluster complexes enabled the first solution investigation of this
compound class by mass spectrometry. Electrospray ionization allowed for a facile transfer of
{Ni(en)s}s[V15Sbs042(H20)x], {Zn(en)s}s[VisSbeO42(H20)]-3en and {Ni(cyclen)(en)}2[V14ShbgOa2(H20)]
into the gas phase, thereby confirming the dissolution of these compounds in aqueous media without

degradation.

Additionally, the binding of dicarboxylates in an amide-ammonium cryptand in aqueous medium was
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investigated by ESI-MS. These experiments provided evidence for the selective formation of 1:1 host-guest
complexes. Yet, these noncovalent systems formed in a narrow pH range by the combination of electrostatic
interactions and hydrogen bonding and were too sensitive for the positive ionization mode. Instead, only
negative ions could be detected. This prevented the comparison of these results with complementary

solution studies and a more detailed investigation.

The successful ionization of these molecular container, especially of the halogen-bonded capsules and the

Sh-PQV cages, enabled a more detailed analysis of their structure and reactivity by mass spectrometry.
Structure elucidation

Depending on the nature of the molecular container under study, different MS techniques were suited to

probe their structure in solution and in the gas phase.

[N---1*---N]-type capsules were analyzed in detail by IMS and DFT-level calculations. This combination
of experimental and theoretical methods demonstrated a closed face-to-face arrangement and a regular
octahedral structure for the dimeric and hexameric capsule, respectively. Both complexes feature linear
[N---1*---N] halogen bonds. Moreover, the first evidence for their guest-binding behavior was provided: Up
to two tosylate anions in case of the dimeric and up to six anions for the hexameric capsule can be
encapsulated within their cavities. They exhibit two different binding modes involving [Caryi-H--O7]

hydrogen bonds depending on the size of the complex and leave the XB motif undisturbed.

In case of the Sh-POVs, IMS was not sensitive enough to allow the differentiation of small structural
differences, such as the configurational isomers of an {V14Shg} cluster core. Instead, an indirect approach
using isotope-exchange experiments proved successful. This allowed to draw conclusions on the {V15Sbe}
cluster structure by regarding its dynamics in solution and emphasizes the close relationship between these
two properties of a chemical species. The cluster core is present in solution as a fully closed, cage-like
structure. Interestingly, two distinct species were discovered: a water-encapsulating and a water-free cluster
core, which are not in a fast equilibrium with each other. These ESI-MS results provided the basis for a
reevaluation of the crystal structure obtained during the working process, which then confirmed the

presence of an encapsulated water molecule in part of the cluster hosts.
Reactivity

A fascinating solution reactivity has been discovered for the [N---1*---N]-type capsules and the Sh-POV
cages. ESI-MS was in both cases the analytical method which could capture these changes in solution and
provide information detailed enough for the elucidation of the reaction products. Additionally, tandem MS
fragmentation experiments pointed for both compound types at pronounced differences between intrinsic

reactivity of the complexes in the gas phase and in solution.

The first investigation on the reactivity of the hexameric [N---1*---N]-type capsule revealed a solvent-
dependent equilibrium with a previously unobserved pentameric complex. With the combination of ESI-
MS, IMS and DFT calculations, this novel structure could be identified to possess an unusual trigonal

bipyramidal geometry. Nine [N---1*---N] halogen bonds form along the edges and two of the five
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incorporated cavitands are partially uncomplexed. The pentameric capsule can encapsulate up to five
tosylate counter ions in a binding mode similar to the larger hexameric complex. In the gas phase, this
hexamer-pentamer transition does not occur. The fragmentation experiment rather leads to the formation of
smaller oligomers for both large capsules. This implies that the observed solution equilibrium relies on the
reaction of several complexes, most likely involving the monomeric cavitand, and is governed by solvent

effects.

[N---I*---N]-type capsules

Hexamer Pentamer

Sb-POV cluster

{V;5Sbg} cluster a;*{\V14Sbg} cluster dimer

Figure 72: Solution reactivity of molecular containers observed by mass spectrometry. Reprinted and adapted from
Wendt et al.[??4l (Published by The Royal Society of Chemistry) and Mahnke et al.1??] (© 2018, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim).

In comparison, the {V1sShe} cluster revealed an intriguing gas-phase reactivity. The encapsulated water
molecule participates in the fragmentation and influences the reactivity of the cluster from within. Several
important discoveries on the solution reactivity of the {V15Sbhe} cluster were made by ESI-MS, which also
point to the importance of the guest molecule for the behavior of the {V1sShe} host. Firstly, the oxygen-
atom exchange in the cluster periphery is catalysed by the encapsulated water. Secondly, the {V1sShe}
cluster transforms in solution into a {V14Sbg} cage by a formal exchange of a VOs against an Sh,Os unit.
The reaction product carries predominantly water in its cavity, indicating that the encapsulated water might

act as a template for this transition. Furthermore, the two investigated {V1sSbe} compounds with nickel and
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zinc complexes as counter ions differ from each other in a prolonged reaction time for the
{V15She} —{V14Shg} transformation in case of the zinc complex. The reactivity of the cluster cage is hence
not only determined by the encapsulated water molecule, but also by the surrounding cationic metal-
complex and ligand environment. Consequently, these two new Sb-POVs could already be employed as
high-nuclearity precursors for first post-functionalizations. The knowledge about their solution reactivity
solely provided by mass spectrometry enabled the rational synthesis of a number of new compounds

prepared by BENSCH and coworkers. 22722

Among them, a compound derived from of the Ni-{V1sShe} complex was discovered which forms self-
assembled superstructures in the solid state. ESI-MS and IMS experiments demonstrated that the cluster
cage had not only undergone the {V15Sbes} —{V14Shg} transformation, but additionally formed selectively
stable dimers from a meta-stable a1*-{V14Shg} isomer in solution and in the gas phase. The analysis of this
fascinating new compound highlights the ability of mass spectrometry to provide detailed structural insights

into hierarchical self-assembly phenomena of Sh-POVs.
Outlook

In the field of halogen-bonded capsules, future studies should focus on expanding the understanding of the
reactivity and chemical behavior of the different [N---17---N]-type capsules depending on external stimuli.
Especially experiments on the guest binding ability towards different anionic or neutral substrates are
believed to be promising. Subsequently, exploring the self-sorting behavior of the complexes would be an
interesting research subject, as the addition of differently sized or shaped guests to preformed capsules
might template the formation of different capsule types. Based on the knowledge gained from the advanced
studies on the reactivity of halogen-bonded capsules, functional systems could be accessible, e.g. for their
application in supramolecular catalysis. As details on the guest-binding behavior are still scarce, a detailed
prediction on possible reaction types proceeding within the cavity is difficult. However, it might be possible
as a long-term goal to employ both in concert — the assembled enzyme-like cavity and the reactivity of the
integrated iodonium ions — to obtain novel or enhanced reactivity. The latter aspect could involve reactivity
similar to the Barluenga's reagent, an iodonium bispyridine complex, which was recently applied as the

catalyst for an alkyne-carbonyl metathesis of unactivated alkynes (Figure 73).[23

Future work on the topic of Sb-POVs could focus on an even more detailed investigation of their solution
chemistry. It should take advantage of the three soluble complexes studied during this thesis to expend the
structural diversity of this compound class to higher-order species. A more detailed mechanistic
investigation of the {V1sSbe} —{V14Sbs} cluster rearrangement in solution, for which the understanding is
still rudimentary, would be highly interesting. This might open pathways to unexplored, more complex
structures by e.g. intercepting reaction intermediates when introducing interlinking ligands or additional
cluster types. Initial results indicate a strong influence of additives like ammonium acetate on the solution
reactivity of the {V1sShe} cage independent of the counter ion. This approach could be extended to other
additives and might result in the formation of still unobserved, but theoretically predicted cluster cages. In

this regard, it might be possible to exchange the encapsulated water within the cluster cavity to
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another guest molecule or ion. The possible template effect on structure and reactivity of the resulting

species would certainly be a fascinating research topic.
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Figure 73: Use of Barluenga's reagent as the catalyst for different alkyne-carbonyl metathesis reactions of unactivated
alkynes as a possible guideline to use of [N---1*---N] halogen-bonded capsules as supramolecular catalysts. Reprinted
and adapted with permission from Turunen et al.[??? (© 2017 Elsevier Inc.).

In the context of future studies on these molecular containers, mass spectrometry and ion mobility could

serve as a probe for the elucidation of solution reactivity, as well as the identification and structural analysis

of new products. These methods can provide the rational guideline for the synthesis of new compounds and

for the assembly of complex supramolecular architectures, as was already successfully done in the presented

work.
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Coordinative halogen bonds have recently gained interest for the assembly of supramolecular capsules. lon mobility-mass

spectrometry and theoretical calculations now reveal the well-defined gas-phase structures of dimeric and hexameric

[N---I*--:N] halogen-bonded capsules with counterions located inside their cavities as guests. The solution reactivity of the

large hexameric capsule shows the intriguing solvent-dependent equilibrium between the hexamer and an unprecedented

pentameric [N-I*-N] halogen-bonded capsule, when the solvent is changed from chloroform to dichloromethane. The

intrinsic flexibility of the cavitands enables this novel structure to adopt a pseudo-trigonal bipyramidal geometry with nine

[N---I*--:N] bonds along the edges and two pyridine binding sites uncomplexed.

Introduction

Supramolecular capsules have attracted continuous attention
since Rebek introduced his famous hydrogen-bonded “tennis
ball” in 1993.1 A plethora of examples have been described in
the literature, which feature a broad range of different binding
motifs such as hydrogen bonding,2 metal coordination,?® ion-
pair interactions?, or more recently, halogen bonding.>6-8
Among these interactions, the strength and directionality of
the halogen bond (XB) renders it exceptionally promising for
the development of novel, structurally well-defined
supramolecular complexes.?

The halogen bond is a noncovalent interaction between a
polarized halogen atom and a Lewis base.!° Positively charged
iodonium ions are a special case of XB donor, as they can bind
two Lewis bases in a three-center-four-electron bond.1%.12
Since these two Lewis bases can be identical, building block
synthesis for larger supramolecular assemblies is more easily
achieved, as no attention needs to be paid to complementary
couples of matching XB donors and acceptors. This renders
iodonium ions excellent synthons for the self-assembly of
novel supramolecular capsules.®7.13
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The structural analysis of large supramolecular capsules,* as
well as the investigation of their dynamic rearrangements in
condensed phase are challenging.1>16 Self-assembly and self-
sorting processes can be very fast, produce transient
intermediates, or numerous products of low abundance.
Standard condensed phase techniques, such as NMR, often
struggle to provide information on the composition of these
mixtures due to substantial signal superposition or fast
dynamic processes averaging the signal positions. Moreover,
the ability to target individual complexes in the mixture to
conduct a detailed structural analysis is limited. However,
these analytical shortcomings can be readily overcome by
complementary gas-phase techniques.t”

Electrospray ionization (ESI) is a soft ionization method
capable of transferring even large noncovalent complexes
from solution into the gas phase with minimal to no
fragmentation.’® The transfer of ions into the gas phase
interrupts the operation of underlying solution equilibria,
thereby enabling their separation and subsequent analysis.
Mass spectrometry (MS) offers a range of gas-phase
experiments to investigate the structure and reactivity of a
mass-selected ion of interest.’® Moreover, traditional MS
experiments can be augmented with orthogonal separation
techniques such as ion mobility spectrometry (IMS), which
adds another dimension by separating analytes beyond their
mass-to-charge (m/z) ratio. In a drift tube IMS (DT-IMS)
experiment, ions are guided by a weak electric field through a
drift tube filled with an inert buffer gas typically at pressures of
a few millibars. During their migration, more extended ions are
decelerated by a larger number of collisions with the buffer
gas than compact ions of the same m/z and, as a result, leave
the IMS cell after longer drift times. Consequently, the
combination of IMS and MS to ion mobility-mass spectrometry

Chem. Sci., 2018, 00, 1-3 | 1
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(IM-MS) accomplishes ion separation not only based on their
m/z, but also differences in charge, size, and shape.2° The drift
time of an ion can be further converted to a collision cross
section (CCS), which represents an intrinsic molecular property
independent from instrumental parameters.?-22 Comparison
of CCS values to reference experimental or theoretical values
can provide quite detailed insight into the molecular structure.
Hence, the characterization of supramolecular complexes in
solution can largely benefit from gas-phase techniques such as
MS and IMS.23

Theoretical modelling of large supramolecular complexes
presents challenges due to their size and delicate balance of
various forces governing their
presented quantum chemical
halogen-bonded, heterodimeric capsule using semi-empirical
methods tailored for the treatment of such systems.?*

stability. Grimme et al.
calculations on a neutral

Alternatively, composite methods, in which a more advanced
quantum-mechanical treatment of the XB can be combined
with a lower level of theory for the remaining framework of
the capsules,?> offer a feasible solution to study larger
complexes.

Recently, we reported the synthesis and characterization of
dimeric and hexameric halogen-bonded capsules self-
assembling the different pyridyl-substituted
resorcin[4]arene cavitands Cp and Cy and positively charged
iodonium ions through coordinative [N-:-I*:-:N] halogen bonds
(Scheme 1).87 Their syntheses follow a two-step protocol. First,

from

the cavitands are reacted with silver(l) p-toluenesulfonate to
yield the Ag(l)-containing capsules. Then, a reaction with
molecular iodine leads to an [N--Ag*-N] — [N-I*-N]
exchange reaction. The halogen-bonded capsules were
characterized by NMR and diffusion ordered spectroscopy
(DOSY), together with preliminary MS experiments.

Here, we focus on a detailed structural analysis of dimeric and
hexameric halogen-bonded capsules 1 and 2 in the gas phase
(Scheme 1). Collision cross sections derived from DT-IM-MS
measurements in helium buffer gas (°TCCSy.) were compared
with theoretical values obtained from structures optimized
with composite density-functional theory (DFT) and semi-
empirical calculations. The calculations confirm formation of

Dimeric capsule

Wy 4 wel-defined
@O M1

| halogen bonds

R = n-hexyl
Cp

Hexameric capsule

N
)
1) AgOTs |+43/ 12 well-defined
/
_CHCl, [N--1*--N]
2) I(%HCI3 halogen bonds
R = n-hexyl
\V= Ch + 12 OTs

2

Scheme 1. Assembly of dimeric and hexameric halogen-bonded capsules 1 and 2.

2 | Chem. Sci., 2018, 00, 1-3

highly regular complexes and provide insights intg,their.aniqn:
guest binding behaviour. We furthermof&O6BSeRE/a €It
solvent-dependent rearrangement of the hexamer into new
pentameric halogen-bonded capsules 3 upon a rather subtle
change of the solvent from chloroform to dichloromethane.
The capsules are thus responsive to a chemical stimulus. The
novel structure has been identified to exhibit an unusual
pseudo-trigonal bipyramidal geometry with nine [N--1*--:N]
bonds along the edges and two pyridines uncomplexed.

Material and methods
Sample Preparation

For the assembly of the [N-1*--:N] halogen-bonded dimeric
capsule 1, the hexameric capsule 2, and the pentameric
capsule 3 (1 mm), a solution of the corresponding cavitand Cp
(for 1, 1 eq.) or Cy (for 2 and 3, 1 eq.) was first mixed with
AgOTs (2.0 eq.), stirred for 1 h and subsequently treated with
I, (2.5 eq.), stirred for 20 min and centrifuged to remove
precipitated Agl from the mixture. Dimeric and pentameric
capsules (1, 3) were assembled and investigated using
dichloromethane as the reaction and electrospray solvent; for
the hexameric capsule 2, chloroform was used instead.®7

Electrospray lonization Mass Spectrometry

Positive-mode electrospray ionization quadrupole-time-of-
flight high resolution mass spectrometric (ESI-Q-TOF-HRMS)
experiments were performed with a Synapt G2-S HDMS
(Waters Co., Milford, MA, USA) instrument. The following
settings were used: flow rate 5-10 pL min, capillary voltage
3.3 kV, sample cone voltage 40 V, source offset 80 V, source
temperature 90 °C, desolvation temperature 250 °C, nebulizer
gas 6 bar, desolvation gas flow 500 LhL. For collision-induced
dissociation (CID), N, was used as the collision gas.
Fragmentation experiments were conducted in the trap cell of
the Synapt G2-S HDMS instrument with collision energies of 2-
25 V. Data acquisition and processing was carried out using
MassLynxTM (version 4.1).

Drift Tube lon Mobility-Mass Spectrometry

Measurements to obtain experimental collision cross sections
(°TCCSke) have been conducted on an in-house-constructed DT-
IM-MS instrument (iMob), which is described in detail
elsewhere.?6 Briefly, ions are generated using a nano-
electrospray ionization (nESl) source and subsequently pulsed
into an ion mobility cell in which they travel under the
influence of a weak electric field (10-15 Vcm) through helium
buffer gas (~ 5 mbar). After ion separation in the ion mobility
cell, the ions of interest are m/z-selected using a quadrupole
mass filter and their arrival time distributions (ATDs) are
recorded by measuring their time-dependent ion current.
ATDs have been recorded at six different drift voltages (950 —
1,200 V) and were fitted by Gaussian functions. The center of
each Gaussian corresponds to the drift time of a single species
and is further converted into a PTCCSpe using the Mason-
Schamp equation.21.22
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Theoretical Calculations

The size of the capsules under consideration prohibits full
treatment at the density-functional theory level. To decrease
the computational effort while maintaining the quantum
mechanical description of the halogen bond, the multilayered
ONIOM method was used as implemented in the Gaussian09
rev.DO1 code.?’” The DFT level of theory has been applied to
the iodonium ions, the pyridine groups and the tosylate
counterions (see Figure 2), while the cavitand scaffold was
described with the semi-empirical AM1 method.28

To choose a suitable exchange-correlation density functional,
we first evaluated the performance of commonly used
methods on the [pyridine:--I*---pyridine] model system. The
structure has been optimized at the MP2 level of theory with a
def2-TZVP basis set and the binding energy has been
calculated. Next, the binding energy of various functionals in
def2-type?® basis sets were computed (see Supporting
Information, Table S1) and compared with MP2/def2-QzVPP
single-point energies. Among the tested methods, the PBE0Q3°
hybrid exchange-correlation functional in a small def2-SVP
basis set yields a small absolute error of 8.8 kJ-moll which
promises a good balance between accuracy and tractability of
calculations. Moreover, the comparison of geometric
parameters of the [pyridine:I*---pyridine] model system
optimized at the PBEO/def2-SVP level of theory with the
corresponding MP2-optimized complex resulted only in very
minor geometrical differences. Hereafter, we will refer to the
ONIOM(PBEO/def2-SVP:AM1) method used in this work simply
as DFT/AM1.

The theoretical collision cross sections T™MCCSye were calculated
using a trajectory method, as implemented in the Mobcal
program.3! We used a uniform charge model for all atoms and
adopted silicon parameters for the iodonium ions.

All calculated structures were optimized with the n-hexyl
sidechains in a fully extended zigzag conformation. The CCS
values derived from such arbitrary structures are likely to be
overestimated by some constant increment per cavitand
associated with the flexibility of the side chains. Therefore, we
introduced a correction which was estimated as follows: A
short molecular dynamics simulation was performed for a
dimeric capsule for which the halogen-bonds were constrained
to equilibrium bond lengths and angles, as derived from the
[pyridine---I*---pyridine] model.32 Next, we extracted 30
random snapshots which featured n-hexyl chains in diverse
orientations. The n-hexyl dihedral angles were translated to a
pre-optimized capsule and the structure was again
reoptimized at the DFT/AM1 level of theory. The geometry-
optimized structures, which span several kJ-mol! energy
range, exhibit CCS values between 560 and 590 A2 (see
Supporting Information, Figure S9) with a mean of
approximately 575 A2, significantly below the 610 A2 calculated
for a dimer with fully extended side chains. To account for this
inherent flexibility of the n-hexyl chains, we corrected all
reported ™CCSye. values by an increment of (610 A2 —
575 A?)/2 cavitands = 20 A2/cavitand.

This journal is © The Royal Society of Chemistry 2018
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Results and discussion

View Article Online
DOI: 10.1039/C8SC03040E
Structural analysis of halogen-bonded dimeric and hexameric

capsules in the gas phase

Dimeric capsule

A dichloromethane solution of dimeric [N---1*--:N] halogen-
bonded capsule 1 was electrosprayed and the ions were
transferred into a DT-IM-MS instrument. The ATDs of the
capsule-derived ions all feature a single narrow and Gaussian-
shaped peak. The two most prominent peaks in the mass
spectrum correspond to intact capsules in two different charge
states with one and two tosylates ([2:Cp+4I+OTs]3* and
[2:Cp+41+2-OTs]?*). Both ions exhibit virtually identical PTCCSye
values of 558 and 557 A2, respectively (Figure 1). This clearly
indicates the tosylate anions to be located inside the capsule’s
cavity, as a clear size difference between the +2 and +3 charge
states would be expected if one or both counterions would
bind to the outer periphery.

[2:Cy+41+2:0Ts]”" °'ces,, = 557 A°
miz 1662 ™ces,, = 561 A
[2-C,+41+0Ts)” *'ccs,, = 558 A
miz 1051 ™ces,, = 568 A°
T T T T
5 10 15 20

Drift time / ms

Fig. 1. DT-IM-MS ATDs of ions derived from dimeric halogen-bonded capsule 1.
Experimental °"CCSy. and theoretical ™CCSy, values are given.

The optimized structure of the empty dimeric halogen-bonded
capsule (Figure 2a) reveals a slight helical twist of the two
cavitands against each other to allow the formation of four
linear [N--:I*---N] bonds with an equilibrium N---I* distance of
2.28 A. The twist between two capsules is significantly smaller
than that observed in the previously reported crystal structure
for the silver-coordinated precursor capsule.® The smaller twist
can be attributed to the linearity of the halogen bonds with N-
I-N angles close to 180 degrees, whereas the [N::-Ag*:--N] motif
adopts an angle of 150-160 degrees.512

For calculations of capsular complexes with one tosylate
counterion, several different starting structures were
considered, which included positions of the anion inside and
outside of the cavity (see Supporting Information, Figure S10).
A tosylate ion inside the cavity has been found to be more
stable, however, the energy preference is small (<4 kJ-mol1).
In the optimized geometry, the tosylate anion does not
interact with any iodonium ion directly, but rather with the
cavitand through [Cary-H--O°] interactions (Figure 2b).33 The
insertion of the second tosylate ion into the cavity leads to a
cooperative stabilization of 35 k) mol* — more than any other
position around the capsule. Their antiparallel arrangement
does not only reduce charge repulsion, but forms stabilizing
van der Waals interactions between the two aromatic rings of
the tosylates (Figure 2c).

Chem. Sci., 2018, 00, 1-3 | 3
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Fig. 2. Geometry-optimized structures of dimeric halogen-bonded capsule 1 a) in the
absence of tosylate counterions ([2:Cp+41]**; side and top view); b) with one tosylate
inside the cavity ([2-Cp+41+-0Ts]*), [Coyi-H--O] interactions are marked with dotted
lines; c) with two tosylates inside the cavity ([2:Cp+41+2-0OTs]**). PBEO/def2-SVP was
used for I, pyridines and tosylates (ball-and-stick representation); AM1 for the cavitand
scaffold (stick representation). For clarity, the n-hexyl chains are omitted in the images.

6+

[6-C,+121+60Ts]
miz 1662

'ces,, = 1517 A
™ces,, = 1553 A

74

'ces,, = 1499 A”
™ccs,, = 1550 A’

[6-C,+121+50Ts]
miz 1400

5 10 15 20 25
Drift time / ms

Fig. 3. DT-IM-MS ATDs of ions derived from hexameric halogen-bonded capsule 2.
Experimental °TCCSy. and theoretical ™CCSy, values are given.

Accordingly, six spatially distributed binding pockets at such
positions provide binding sites for six tosylates (Figure 4b). The
calculated ™CCShe for the [6:Cy+121+6-OTs]®* and
[6-Cy+121+5-OTs]7+ ions of 1550 and 1553 A2 are in good
agreement with the experiment thus indicating that the
hexameric capsule retains an intact octahedral geometry upon
transfer into the gas phase with linear [N-1*-:N] halogen
bonds along all edges (Figure 3). An anion-binding mode with
tosylates bridging two adjacent pyridine rings of the same
cavitand by multiple [Cary-H--O7] interactions is proposed. It
also appears to be well-suited in terms of size and shape
complementarity of this host-guest complex.

The predicted T™MCCSy. values (corrected by 20 A2 per cavitand;
see above and Supporting Information, Figure S8) are 568 and
561 A for the ions carrying one and two tosylate ions,
respectively and agree well with experimental data (Figure 1).
We conclude that both anions bind cooperatively inside the
cavity. The virtually identical collision cross sections suggest
that already the first anion occupies the cavity.

Hexameric capsules

DT-IM-MS experiments were also performed on the hexameric
halogen-bonded capsule 2 in its +6 and +7 charge states
([6-Cy+1214+6-0Ts]é* and [6-Cy+121+5-0OTs]7*). Both ATDs feature
a prominent, narrow peak, which indicates the presence of a
well-defined structure in the gas phase. Their corresponding
DTCCSye values of 1517 and 1499 A2 are again very similar to
each other, suggesting that an additional counterion does not
have a significant influence on the overall shape (Figure 3). The
DFT/AM1-optimized structure of the hexameric capsule is an
octahedron held together by twelve linear [N---I*---N] bonds
along the edges with N--I* distances of 2.29 A (Figure 4a).
Tosylate ions can attach to this capsule in several accessible
locations: in the proximity of the halogen bond as observed
inside the dimer or above the upper rim of the cavitand,
located in between two pyridine units and stabilized by [Cary-
H---O7] interactions (Figure 4b, inset). The calculations predict
that the latter binding mode, above the upper rim and inside a
pocket of the cavitand, is more favourable by 31 kJ-mol-1.

4 | Chem. Sci., 2018, 00, 1-3

Fig. 4. Geometry-optimized structure of the hexameric halogen-bonded capsule 2 a) in
the absence of tosylate ions ([6-C4+121]'2*) and b) with six tosylate anions
([6-Cy+121+6-0Ts]®*). The n-hexyl chains are omitted for clarity. Inset: Binding situation
of a tosylate counterion.

Solvent-dependent formation of pentameric capsules

Structure elucidation

Upon successively exchanging chloroform as the solvent by
dichloromethane, a solvent-dependent transition of the
hexameric capsule 2 into a novel pentameric complex (3,
Scheme 2) was observed. To investigate the effect in more
detail, we first conducted the assembly of cavitand Cy with

This journal is © The Royal Society of Chemistry 2018
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silver(l) p-toluenesulfonate in dichloromethane, which clearly
gave the silver-coordinated hexameric capsule 4 (Supporting
Information, Figure S4). The [N--Ag*-N] — [N--I*-N]
exchange reaction in dichloromethane results in a 'H NMR
spectrum significantly different from that of the highly
symmetrical, octahedral capsule 2 (Supporting Information,
Figure S3). A rather complex NMR spectrum with several sets
of rather broad signals at positions comparable to the NMR
spectrum of the hexamer is obtained for 3. This suggests the
formation of an assembly of lower symmetry and/or the
formation of a of different assemblies. A
straightforward signal assignment is, however, impossible.

The corresponding ESI mass spectrum (90 um in CHCl,) clearly
shows the selective formation of a halogen-bonded pentamer

mixture

3 (Figure 5). The almost exclusive appearance of pentameric
species, instead of a non-specific distribution of oligomers,
strongly suggests stable and well-defined structures to form.
The signals can be assigned to charge states 6+ to 3+ and the
most abundant signal of each charge state belongs to a
complex with a formal [5:-C4+91]°* core to which a varying
number of anions is attached. The most dominant peak at m/z
1602 belongs to the complex [5:Cy+91+4-0OTs]>*. The observed
exact mass and experimental isotope pattern agree with those
simulated based on natural abundances. The mass spectrum
furthermore exhibits ions which correspond to singly and
doubly protonated species for each charge state
accompanying  the  [5:Cy+9l+x-OTs]e—*  peaks, e.g.
[5-Cy+9I+H+5-0Ts]** and [5-Cy+9I+2H+6-0OTs]** ions at m/z
1637 and 1671. Considering possible pentameric assemblies
which would maintain linear [N---I*--:N] halogen bonds quickly
makes clear that the formation of a complex which has all
pyridine binding sites coordinated is impossible. Two possible
candidates that maintain structural specificity, a bowl-shaped
square pyramid and a pseudo-trigonal bipyramid, are possible
(Scheme 2). In order to accommodate the geometrical

N
*AQ% Ag*
SXV AgOTs </AA /Z\ N
—_—
CH,Cl, rt. Ad]] "
Cy 222§ AgH

CH,Cl,

Ag*-coordinated
hexameric capsule

Trigonal
bipyramid

"

Square
pyramid

|
We
+9 O0Ts
3

Halogen-bonded
pentameric capsule

Scheme 2. Selective formation of halogen-bonded pentameric capsule 3 using CH,Cl, as
the solvent.
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constrains, both structures must feature ypgemplexed
pyridines, i.e. two for the pseudo-trigonaPbidyiainieCaneteou
for the square pyramid. Similarly, earlier studies by Aakerdy et
al. demonstrated the formation of a heterodimeric halogen-
bonded capsule in the solid state, in which one of four possible
XBs is sacrificed in a fraction of the complexes due to steric
congestion.?

Pentamer™
- [5:C,+91+4-0Ts]™"
m/z 1602
- [5:C+9I+H+5-0Ts]™
L. m/z 1837
L [5-CytOI+2H+6-0Ts]
Ll miz 16T

exp. m/z 1602.9487

calc. [5-C,+91+4-0Ts]’
m/z 1602.9312

Pentamer®
.. [5:C,+91+5-0Ts] "™
m/z 2046 N
- [5-C,+9I+H+6-0Ts]
 m/z 2089
\ 1602 1604 m/z / i ..[5-C,+91+2H+7-OTs]""
[5:C,+81+3-0Ts)” 5 Cyeal | | ME2132
m/z 1542 +4:0Ts]
: m/z 1971
Pentalmer5° : Pentamer”’
i Ll
1250 1500 1750 2000 2250 2500 2750 miz

Fig. 5. ESI-Q-TOF-HRMS spectrum of pentameric halogen-bonded capsule 3 (90 um in
CH,Cl,) with experimental and calculated isotopic pattern (inset).

The two most prominent peaks for [5:Cy+91+x-OTs]e—)* jons
contain five and four tosylate counterions (x = 4, 5). This
agrees with the trends observed for dimeric and hexameric
[N---I*--N] capsules: each cavitand monomer offers one
tosylate binding site within the capsule cavity. Upon ionization,
the additional outer counterions are easily stripped off. In
addition, the elimination of one of the inner tosylates can
occur, but is energetically somewhat more demanding. This
observation thus supports the assumption that the pentamer
is a closed capsule and consequently speaks in favour of the
bipyramidal  structure. The 5:9 cavitand-to-iodonium
stoichiometry observed in the prominent peaks of the mass
spectrum is also in good agreement with the bipyramidal
structure of the pentamer, as the square pyramid only requires
eight [N---I*---N] halogen bonds, while the bipyramid bears
nine. Capsule-derived complexes with singly coordinated I*
have not been observed, neither in this nor in our previous
study.® Consequently, the [N--:I*--N] bond is likely much more
stable than the hypothetical [N--1*] group. Furthermore, the
observed single and double — but not triple or quadruple —
protonation indicates the presence of two free pyridines as in
the bipyramid rather than the four of the square pyramid. All
these findings thus agree that the structure of the pentamer is
that of a bipyramid that bears two non-coordinated pyridines.
Nevertheless, low-abundant signals corresponding to ions with
a formal [5-Cy+81]8* core, which appear at m/z 1542 and 1971,
may indicate that the square pyramidal complex is present in
solution at low concentrations. Therefore, the pseudo-trigonal
bipyramidal pentameric [5-Cy+91]°* and the square pyramidal
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[5-Cu+8I]8* complexes may exist in an equilibrium with each
other. This equilibrium, however, is strongly shifted towards
the pseudo-trigonal bipyramidal complex as this structure
helps maximizing the number of halogen bonds within the
pentamer (Scheme 2).

Fig. 6. Calculated structures of the pentameric halogen-bonded capsule 3 with pseudo-
trigonal bipyramidal arrangement a) in the absence of tosylate ions ([5-C4+91]°*) and b)
with four tosylate anions ([5:C4+91+4-OTs]>*). For clarity, the n-hexyl side chains are
omitted. Cavitands in axial positions, unbound pyridines and tosylates are highlighted.

Theory confirms the individual cavitands to be sufficiently
flexible to form a stable pseudo-trigonal bipyramidal
pentameric capsule. Three cavitands in equatorial positions
participate with all four pyridine groups in linear [N---1*--N]
bonds (Figure 6a). These cavitands are capped axially by the
other two which bind in a somewhat distorted conformation.
The two apical cavitands form only three [N---I*---N] bonds each
and the fourth pyridine moiety remains unbound. In principle,
two different configurational isomers of this pentameric
capsule are possible: the two unbound pyridines can adopt an
eclipsed or a gauche position relative to each other. This
accounts for the complex *H NMR of capsule 3; multiple sets of
signals likely originate from a mixture of two different
complexes that both have lower symmetry than the hexamer.
Alike the hexameric capsule, tosylate ions can bind inside the
cavity of the pentameric capsule above the upper rim of the
cavitands stabilized by [Cary-H---O7] interactions (Figure 6b). In
contrast to the hexameric capsules, the binding sites are not
equivalent anymore; the tosylates prefer to populate the more
remote apical cavitands first, and then bind to more crowded
equatorial cavitands.

The ATD obtained for the [5:Cy+91+4-0OTs]>* ion in a DT-IM-MS
experiment shows a single narrow peak which is consistent
with the presence of a well-defined species in the gas phase
(Figure 7). The difference in size and shape of the two possible
configurational is apparently not
sufficient to differentiate the species in the ATD. The
measured PTCCSye for capsule 3 of 1286 A? is approximately
20% smaller than that of the hexameric capsule 2. The
optimized bipyramidal

isomers of capsule 3

structure of the pseudo-trigonal

6 | Chem. Sci., 2018, 00, 1-3

pentamer capsule, with four tosylates occupying.the . cavity.
yielded a calculated ™CCSye value of DI279- R3NERIH5R4GA
excellent agreement with the experimental value.

[5-C,+91+4-0Ts]”
mlz 1602

“'ces,, = 1286 A”
™ces,, = 1279 A

5 10 15 20 25
Drift time / ms

Fig. 7. DT-IM-MS ATDs of ions derived from pentameric halogen-bonded capsule 3.
Experimental °TCCSy. and theoretical ™CCSy, values are given.

These results confirm the discovery of a new type of large,
well-behaved supramolecular complex based on [N::I*-N]
halogen bonds. This is the first example of a resorcinarene-
based pentameric supramolecular capsule. The selective
formation of pentameric capsules illustrates the possible
interplay of preorganized, but inherently flexible cavitands and
directional halogen bonds being modulated by a third factor —
solvent effects. Solvent-induced transformations in discrete
supramolecular assemblies have been described for numerous
other systems and are most likely to arise from changes
between protic/aprotic and polar/apolar solvents.1® However,
examples which feature the change between two very similar
solvents, as in our case chloroform and dichloromethane, are
extremely rare which makes this finding especially intriguing.2*
Self-assembly most often leads to the smallest possible, not
too highly strained assembly in which all binding sites are
coordinatively saturated. This is the best compromise between
entropic (particle number) and enthalpic effects (avoiding
strain and unsaturated binding sites). It is thus surprising that a
solvent effect can be large enough to energetically overcome
the energetic penalty associated with two pyridine binding
sites remaining unsaturated. However, when considering all
effects that come into play here, the hexamer — pentamer
rearrangement appears reasonable: (i) Dichloromethane has a
significantly higher polarity than chloroform as expressed in
their dielectric constants € of 8.93 and 4.81, respectively, and
thus provides better solvation to the free pyridines. (ii) More
pentamers can form from the same number of building blocks,
increasing particle number and thus entropy. (iii) The
formation of mixtures of isomers also contributes to a
favourable entropy of the pentamer. (iv) Space filling34 of the
voids between the encapsulated tosylates inside the capsules
with solvent molecules likely contributes differently for the
hexamer (larger voids) and the pentamer (smaller voids).
Chloroform and dichloromethane differ in size and might
therefore template the assembly of one complex or the other
by providing a more optimal filling of this particular cavity.3> All
these (and maybe more) effects help balancing the energetic
penalty arising from leaving two binding sites open. We
therefore propose an equilibrium between the hexameric and
the pentameric capsules which is susceptible to the small shift
in energetics associated with the solvent change.
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Solvent-dependent switching

To account for this hypthesis, a switching experiment was
performed (see Supporting Information, Scheme S1, Figures
S1, S2, S5). A 1 mm sample solution of hexameric halogen-
bonded capsule 2 in chloroform was diluted using different
resulting in a
constant sample concentration of 0.1 mwm, but different

ratios of chloroform to dichloromethane,

solvent ratios. These samples were analyzed by ESI-MS two
minutes after dilution. The mass spectrum of the sample in
pure chloroform reveals the presence of the intact octahedral
hexameric capsule in form of a prominent peak at m/z 1662
([6:Cu+121+6-0OTs]%*, Figure 8a, top). Upon increase of the
dichloromethane fraction to 50%, signals corresponding to
pentameric complexes appear in the spectrum at m/z 1602,
1637 and 1672 (Figure 8a, center). When the ratio of
is at 1:9, the hexameric
capsule vanishes and the pentamer prevails (Figure 8a,
bottom). Note that the remaining peak at m/z 1662 belongs to
a dimeric ion which is likely an ionization artifact.

chloroform to dichloromethane

a)

Hexamer®" 0
CHCI,:CH,CI,

10:0

) N

0:10

p—

55 | L CH,C N(:Hcl3
An:u A - A.
: Hexamer™ 4\1'
9:1 E <I"' >
Hexamer®" & i .
die . - " '
1600 1625 1650 1675 miz

Fig. 8. ESI-Q-TOF-HRMS spectra of titration experiments to investigate the solvent-
dependent transitions a) from the hexameric to the pentameric halogen-bonded
capsule (from top to bottom: CHCI3/CH,CL, 1:0—>1:1—1:9) and b) from the pentameric
halogen-bonded capsule to the hexameric halogen-bonded capsule (from top to
bottom: CHCl3/CH,CL, 0:1—>1:1—9:1).
distinguished by isotope pattern analysis.

Isobaric hexamers and dimers can be

The experiment can be carried out in the opposite direction as
well. Starting from a clear solution (1 mm) of pentameric
halogen-bonded capsule 3 in dichloromethane, dilution of the
sample to 0.1 mm in a 1:1 mixture of chloroform and

dichloromethane leads to a mixture of pentameric and

This journal is © The Royal Society of Chemistry 2018
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hexameric complexes in a very similar ratio as obsgrved inthe
first experiment (Figure 8b, center). An inrease GPthBSEAOGAE
of chloroform to 90% of the spray solvent gives exclusively
hexameric complexes (Figure 8b, bottom). These switching
experiments indeed demonstrate the solvent-dependent
equilibrium between the two capsules 2 and 3.

A CID tandem MS experiment provides evidence that the
hexamer-pentamer transition is solely taking place in solution.
No gas-phase rearrangement leading preferentially from
hexameric to pentameric complexes was observed (see
Supporting Information, Figure S6, S7).

These results emphasize the certainly unexpected solvent
effects and clearly demonstrate the halogen-bonded
hexameric capsule to be a stimuli-responsive assembly, which
reacts to changes in its environment by substantial structural
rearrangements.

Conclusions

The first study on the solution reactivity of large [N--I*:--N]
halogen-bonded capsules revealed a solvent-dependent
rearrangement of the known hexameric capsule into a novel
pentameric  [N-:I*--N] halogen-bonded capsule. While
condensed phase methods could not provide detailed insight,
the combination of ESI-MS, DT-IM-MS and theoretical
calculations enabled us to elucidate the structure of this new
[N---I*---N] halogen-bonded capsule. The complex possesses an
unusual pseudo-trigonal bipyramidal geometry with nine
[N--I*-*N] bonds along the edges and two of the five
incorporated cavitands partially uncomplexed. We
demonstrate that this fascinating and rather unexpected
equilibrium between the hexameric and the pentameric
complex originates solely from a subtle change of solvent from
chloroform to dichloromethane. This stimuli-responsive
rearrangement is rationalized by a combination of
microsolvation,  space-filling, and different entropic
contributions.

Moreover, we provide first evidence for the anion guest-
binding in the different [N---I*--:N] halogen-bonded capsules by
a combination of experimental and theoretical gas-phase
methods. Each cavitand incorporated into the dimeric,
pentameric and hexameric complexes is capable of binding
one tosylate ion within the capsule’s cavity, resulting in the
binding of up to two, five and six anions, in 1, 3, and 2
respectively. Two different binding modes depending on the
size of the complex were predicted by DFT-level calculations.
Especially the binding in the less sterically crowded pentamers
and hexamers is interesting. It shows the tosylate ions without
interaction with the [N--:I*---N] moieties, but rather between
the two pyridine units and above the upper rim of the cavitand
stabilized by [Cary-H:--O] interactions. This agrees well with
studies on similar, yet significantly less complex systems
investigated by Erdélyi and coworkers.’2 Furthermore, this is
also in marked contrast to the anion binding of the silver-
coordinated, dimeric precursor capsule, for which X-ray crystal
structure analysis showed the anions to be located outside the
cavity and in direct interaction with the silver cations.®
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In conclusion, the large [N---I*---N] halogen-bonded capsules
feature [Ciyi-H--O7] interactions and halogen bonds as
orthogonal noncovalent interactions which determine the
assembly of the host and the guest binding. This underlines
the potential for their application for the hierarchical self-
assembly of supramolecular architectures in solution.
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1. General Information

Reagents were purchased from commercial suppliers and used without further purification. The
hexyl-substituted ethylene-bridged tetrakis(4-pyridyl)cavitand Cpy, the hexyl-substituted
ethylene-bridged tetrakis(3-pyridyl)cavitand Cp and the iso-butyl-substituted ethylene-bridged
tetrabromocavitand were prepared according to reported procedures.* 'H and '*C NMR spectra
were recorded on a Bruker Avance III 500 or Avance 400 spectrometers. All signals are given as
& values in ppm using residual solvent signals as the internal standard. Coupling constants are
given in Hz. Melting points were determined with melting point apparatus SMP3. Positive-mode
electrospray ionization quadrupole-time-of-flight high resolution mass spectrometry (ESI-Q-
TOF-HRMS) measurements were performed with a micromass LCT ESI-TOF instrument for

analysis of iso-butyl-substituted ethylene-bridged tetrakis(4-pyridyl)cavitand.

2. Synthesis and Characterization

Cg4-ethylene-bridged tetrakis(4-pyridyl)cavitand Cyy

BraaOo
Q0

Br.OO/\EL,Q —~

Ns [Pd(PPhg3)4]

052003
B(OH); 1 4-dioxane/H,0

Scheme S1: Synthesis of ethylene-bridged tetrakis(4-pyridyl) cavitand.

The iso-butyl-substituted tetrakis(4-pyridyl)ethylenecavitand was synthesized according to a
reported procedure.!! To the flask containing iso-butyl-substituted ethylene-bridged
tetrabromocavitand (500 mg, 420 upmol), pyridyl-4-boronic acid (270 mg, 2.2 mmol),
[Pd(PPh3)4] (130 mg, 110 pmol) and Cs,COs5 (2.2 g, 6.6 mmol), degassed 1,4-dioxane (100 mL)
and water (2.0 mL) were added under argon. The reaction mixture was degassed three times,
then refluxed at 110 °C for 2 d. The mixture was cooled to room temperature and the solvent was
evaporated under reduced pressure. The residue was dissolved in CH,Cl, (70 mL) and water (70

mL) was added. After the phases were separated, the aqueous phase was extracted with CH,Cl,

S2



(2 x 70 ml). The combined organic phases were dried over MgSQO,4 The solvent was removed
under reduced pressure to give the crude product, which was purified by column chromatography
(Si0,, CH,CIp/MeOH 9:1). The product was obtained as a white solid (220 mg, 44 %). m.p.
>270 °C (decomposition); 'H NMR (500 MHz, CDCl3, 303 K) & (ppm): 1.00 (d, J = 6.8 Hz,
24H, CHs), 1.40-1.48 (m, 4H, CH), 2.10-2.13 (m, 8H, CH,), 3.40-3.43 (m, 8H, CHa;,), 3.86-3.90
(m, 8H, CHaoy), 5.41 (t, J= 8.0 Hz, 4H, CH ), 7.10 (d, J = 5.4 Hz, 8H, pyr-H), 7.62 (s, 4H, Ar-
H), 8.60 (d, J = 4.9 Hz, 8H, pyr-H)). *C NMR (126 MHz, CDCls, 303 K) & (ppm): 22.8, 26.3,
31.6, 43.8, 72.4, 125.0, 125.2, 128.7, 136.4, 143.8, 149.4, 151.2; LCT ESI-TOF: found
1125.5751 [M +H]", calc. 1125.5736 [M +H]".

'H and “C NMR spectra

©
@
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Figure S1: 'H NMR spectrum of iso-butyl-substituted ethylene-bridged tetrakis(4-pyridyl)cavitand (CDCls, 303K,
400 MHz).
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Figure S2: *C NMR spectrum of iso-butyl-substituted ethylene-bridged tetrakis(4-pyridyl)cavitand (CDCls, 303 K,
126 MHz).

3. Solvent-dependent Formation of Pentameric Capsules

_..._../“\._._N\\ux

T T T T T T T T T T T T T T T T T 1
5 90 &85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 ppm

Figure S3: "H NMR spectra of halogen-bonded pentameric capsule 3 in CD,Cl, (top) and hexameric capsule 2 in
CDCl; (bottom, as previously published™). Clearly, both samples exhibit signals with similar chemical shifts. In
contrast to the hexamer, which exhibits only one set of signals due to its high symmetry, the pentamer spectrum
consists of several sets of signals in agreement with the presence of two different isomers each of which have a

9.

lower symmetry than the hexamer.
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Figure S4: ESI-Q-TOF-HRMS spectrum of hexameric silver-coordinated capsule 4 (100 uM in CH,Cl,).

The solution exchange between preformed hexameric I'-capsule 2 and free cavitand was

examined by mixing a 1 mM solution of hexameric capsule 3 in CHCI; with 6 equivalents of a 1

mM solution of iso-butyl cavitand Cys. The mixed solution was diluted to 100 um with CHCl;

prior to the measurements and 10% of acetonitrile were added. Mass spectra were recorded after

2 minutes and after 20 hours equilibration time. No significant difference between these two

spectra was observed. This experiment thus indicates that the exchange of the cavitands in the

capsule occurs on a below-minutes time scales. No significant capsule dissociation occurs.

Preformed I*-Capsule

(6-Cyg+12I*)

Free Cavitand
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hexyl-substituted cavitand C, miz 1662
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Figure S5: Mixing experiment hexameric capsule 2 and free iso-butyl cavitand Cyg.

4. Tandem Mass Spectrometry

[6-C,+12:146-OTs|""
Isolation miz 1662

CID16V o
Dimer e

i

I 4+
CiD20V oEop o Pentamszer3 -
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Figure S6: Tandem MS experiment performed with mass-selected ions [6-Cy+12I+6-OTs]®" derived from the
hexameric capsule 2.
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Figure S7: Tandem MS experiment performed with mass-selected ions [5-Cy+91+4-OTs]’" derived from the
pentameric capsule 3.

5. Theoretical calculations

Table S1. The difference between single point energies of MP2/def2-QZVPP and different density functional in
kJ-mol”. The MP2/def2-TZVP optimized geometry of the [pyridine---I"---pyridine] model system has been used for
energy evaluation.

Functional type def2-SVP def2-TZVP def2-TZVPP def2-QZVPP
TPSS GGA 5.4 2.1 2.1 15.1
BLYP GGA 243 473 473 -48.1

PBE GGA 14.2 1.7 1.7 33.9
PBE+D3 GGA 25.5 12.6 12.6 452
B3LYP Hybrid -38.9 -61.9 -61.9 -62.3
B3LYP+D3 Hybrid -18.4 41.4 414 -41.8
PBEO Hybrid 8.8 26.4 26.4 25.9

PBE0+D3 Hybrid 33 -14.2 -13.8 -13.4

MO06 Hybrid -38.9 -57.7 -56.5 -53.6

M06-2X Hybrid 498 -67.8 -68.2 -68.6

WB97-XD Hybrid -32.6 -52.3 -52.3 -51.5

X3LYP Hybrid -33.5 -56.5 -56.5 -56.9
S7
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Figure S8: The distribution of CCS for the dimeric capsule 1 ([2Cp+41]*") computed for various conformations of

n-hexyl chains using the trajectory method. The y-axis shows relative energies of optimized capsules. The fully

extended chains give CCS larger that 600A, whereas the chains can easily adopt more compact conformations.

S8



\(¢
S

KL
2

Figure S9: Calculated structures of dimeric halogen-bonded capsule 1 a) with one tosylate inside the cavity
([2:Cp+4 I+OTs]*), b) with one tosylate outside the cavity ([2:Cp+4 I+OTs]*") and ¢) with two tosylates inside the
cavity ([2:Cp+41+2-0OTs]*"). PBE0/def2-SVP was used for I, pyridines and tosylates (ball-and-stick representation);
AM1 for cavitand (stick representation). For clarity, the n-hexyl side chains have been reduced to hydrogens in the
image, but were included in the calculations.
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Figure A.5: The graphical abstract. Reproduced from Wendt et al.[??l (Published by The Royal Society of Chemistry).
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Catalysis of “outer-phase” oxygen atom exchange
reactions by encapsulated “inner-phase” water in
{V15Sbg}-type polyoxovanadatest
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Christoph A. Schalley*® and Wolfgang Bensch*@

Antimonato polyoxovanadate (POV) cluster compounds {M(en)s}z[V155bgQ42(H-0)d -nH,O (M = Fe', Co',
Ni' and x = 0 or 1) obtained under solvothermal conditions exhibit unusual high water solubility making
these compounds promising synthons for generation of new POV structure types. Electrospray
ionization mass spectrometry provides evidence (i) for a water molecule encapsulated inside the cavity
of a fraction of the spherical cluster shells, (i) for a post-functionalization in water, namely a slow
exchange of VO against Sb,0O, (iii) for the inner-phase reactivity of the encapsulated water that is capable
of opening an oxo-bridge, and (iv) for a significant acceleration of the *0/*®0 exchange reactions of
oxygen atoms in the cluster periphery with surrounding H,!®0, when encapsulated water is present. To
the best of our knowledge, this is the first example in polyoxovanadate chemistry for the transduction of
inner-phase reactivity of an encapsulated guest molecule into changes in the outer-phase reactivity of
the cluster. Magnetic susceptibility measurements reflect the individual contributions of the frustrated

www.rsc.org/chemicalscience

Introduction

The chemistry of high-nuclearity polyoxomolybdate and poly-
oxotungstate (POMs) cluster shells significantly differs from
that of polyoxovanadate clusters (POVs): (i) POMs are generally
synthesised in acidic media, while POVs are usually prepared
under basic conditions; (ii) POMs are mostly obtained applying
soluble precursors consisting of pre-formed POM cluster shells,
while POVs are synthesised from NH,VO;, V,0s5, or VOSO,
because no soluble pre-formed hetero-POV clusters are at hand;
(iii) POMs normally crystallise under ambient conditions,
whereas POVs often require solvothermal reactions; (iv) in the
overwhelming number of structures of POM clusters MOg
octahedra (M = Mo, W) are observed, while most POV cluster
shells contain interconnected VO5 square pyramids; (v) in POMs
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{V1s} spin polytope and the {M(en)s}** complexes, with very weak coupling between these groups.

the metal centres are generally in the highest oxidation state,
whereas POVs are characterised by V'V or mixed-valent V'V/v"
centres. Both groups of cluster compounds can be chemically
and structurally modified by either attaching further building
blocks such as transition metal complexes to the cluster shell or
by replacement of Mo, W or V by heteroatoms."

A unique class of heteroatom-modified POV clusters was
discovered more than 25 years ago by Miiller et al. who reported
the first As-POV with the chemical formula [V";5A550,,(Hy-
0)]°”, which can be structurally derived from the {Vi504,}
archetype structure.” Since then, several heteroatom-modified
POV compounds containing As, Si, Ge and even Sb were
discovered and characterised.’”

Only little is known about the reactivity of polyoxovanadate
clusters in solution despite of the increasing number of reports
on novel POVs. This might be traced back to the fact that, in
contrast to POMs, most POVs with high-nuclearity cluster shells
are practically insoluble. This is a significant drawback
compared to POM chemistry, because only a few V containing
compounds are available that can be used as the starting
material for the preparation of new POVs (e.g. {V190,g})®® but
they do not include heteroatoms. In addition, nuclearity of the
vanadate species in solution strongly depends on the pH value
and polymerization at low pH resulting in formation of iso-
POVs.? If a well soluble hetero-POV were at hand, it could be
applied as a precursor in post-functionalisation studies to
prepare new polyoxovanadate clusters. This strategy is well
established for POMs, but virtually unknown for POVs. In this
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context, some fundamental questions arise concerning the
stability of such POV clusters in solution, for example whether
they will be intact or transform into other clusters or fragments
and how this will depend on encapsulated guest molecules. A
few studies on reactions of encapsulated or templating guest
ions in POM clusters have unravelled some intriguing reac-
tivity.'* Analogous cases are unknown so far for POV clusters.

In this context, electrospray ionisation mass spectrometry
(ESI-MS) has become a valuable tool in oxo-cluster chemistry
and a significant body of knowledge has been acquired on the
MS investigation of polyoxometallates."* ESI-MS experiments
range from the clusters’ analytical characterisation'® to studies
of their solution reactivity’® and to gas-phase experiments
aiming at unravelling reaction patterns in the gas phase™
including the activation of small molecules such as methane.*
Mass spectrometry together with isotope exchange reactions
can provide profound insight into cluster reactivity as evidenced
by elegant studies of Schiith et al. on silicate clusters.'® ESI-MS
experiments depend on the availablility of soluble samples.
Consequently, detailed studies into the reactivity of POVs in
solution by mass spectrometry are virtually unknown.

Here, we report the synthesis of three new compounds I-1II
with the composition {M(en);}3[V15Sb042(H,0),]-nH,0 (x = 0,
1;n = 15; M = Ni" (1), Co" (II), Fe" (I1I); en = ethylenediamine),
that all crystallise in the non-centrosymmetric monoclinic
space group C2. A second pseudopolymorph (IV), {Ni(en);},-
[V15SbeO,, (H,0),]-nH,0 (n = 28) crystallising in the trigonal
space group P321 has been obtained by altering the synthesis
conditions. In the present contribution, we report solvothermal
syntheses, crystal structures, magnetic properties and electro-
spray ionisation mass spectrometric studies of cluster reactivity
in water. Interestingly, these POVs exhibit a strikingly good
solubility in water. Thorough ESI-TOF MS studies on I provide
evidence for the occurrence of intact clusters in solution and the
time-dependent transition of the {V;5Sbe} cluster shell into the
Sb-richer {V,,Sbg} cluster at room temperature. Furthermore,
'°0/*®0 exchange studies demonstrate that the rate of oxygen
exchange is significantly higher, when a single water molecule
is encapsulated within the cluster's cavity. This “inner-phase”
water molecule thus affects strongly the “outer-phase” reactivity
of the cluster with water and catalyses the oxygen exchange in
the clusters' peripheries.

Experimental
General

CHN elemental analysis was done with a EUROEA Elemental
Analyzer (EURO VECTOR Instruments and Software). IR spec-
troscopy (400-4000 cm’i) was performed at room temperature
using a Genesis FTIRTM spectrometer (ATI Mattson). Differ-
ential thermal analysis and thermogravimetry (DTA-TG) were
carried out in nitrogen atmosphere (purity: 5.0; heating rate 1 K
min"; flow rate: 75 mL min~*; Al,O; crucibles) using a Netzsch
STA-409CD instrument. Energy dispersive X-ray analyses (EDX)
and scanning electron microscopy (SEM) investigations were
performed with a Philips Environmental Scanning Electron
Microscope ESEM XL30 equipped with an EDX detector. X-Ray
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powder patterns were recorded on a STOE STADI-P diffrac-
tometer in transmission geometry (Cu-Ke; radiation, A =
1.540598 A; Ge monochromator; flat sample holders). The
phase purity of the reaction products becomes obvious when
the experimental patterns are compared with those calculated
from single-crystal X-ray data. UV/Vis spectra were recorded on
an Agilent 8453 spectrophotometer from Agilent Technologies,
Waldbronn, in a wavelength range from 190 nm-1100 nm
(deviation: +0.5 nm, wavelength reproducibility: £0.02 nm).

Syntheses

All chemicals (NH,VOs, Sb,03, NiCl,-6H,0 (Merck); CoCl,-
-6H,0, FeCl,-4H,0 (Fluka); ethylenediamine (Grissing); 1-(2-
aminoethyl)piperazine (Alfa Aesar)) were purchased and used
without further purification. All compounds were prepared
under solvothermal conditions in DURAN® glass tubes (inner
volume 11 mL) at 150 °C for 7 d using similar ratios for the
reactants (see below for exact amounts used). After cooling to
room temperature, the products were filtered off, washed with
water and ethanol and dried in vacuo. The compounds were
obtained as brown crystals. Compounds I-III could be prepared
within a wide temperature range from 120-160 °C and the first
crystals were observed after 3 d reaction time. Remarkably,
crystals of IV were observed, when 1-(2-aminoethyl)piperazine
was added to the reaction slurry and the reactant ratios were
slightly altered compared to those for I-III. The role of 1-(2-
aminoethyl)piperazine for product formation is not clear. In the
following, the reaction conditions giving the best yields are
summarised. The Ni and Co containing compounds (I and II)
crystallised also applying an en : H,O ratio of 1: 3, while III
could only be obtained for a fixed en:H,O ratio of 1 : 5.

{Ni(en);}3[V15Sb045(H,0),] - nH,O (n = 15) in C2 (I). A
solution of 1.7 mL ethylenediamine (25.4 mmol) and 2.3 mL
H,0 was added to a mixture of 0.1573 g (1.34 mmol) NH,VOs3,
0.3081 g (1.06 mmol) Sb,0; and 0.1565 g (0.658 mmol) NiCl,-
-6H,0. The yield based on V was 86%. Elemental analysis: C
7.43, H 3.19, N 8.64%; calc. (C15HooN;gNizV;5SbgOs,): C 7.10, H
2.98, N 8.28%. EDX analysis: V 46.0%, Sb 44.3%, Ni 9.7%; calc.
(V15SbeNi,): V 45.7%, Sb 43.7%, Ni 10.6%.

{Co(en)3};[V15Sbe042(H,0),] - nH,O (rn = 15) (II). A solution
of 1.7 mL (25.4 mmol) ethylenediamine and 2.3 mL H,O was
mixed with 0.1573 g (1.34 mmol) NH,VO3, 0.3095 g (1.06 mmol)
Sb,0; and 0.2443 g (1.03 mmol) CoCl,-6H,0. The yield based
on V was 48%. Elemental analysis: C 7.14, H 3.03, N 8.43%; calc.
(C15HooN;5C05V,58b0s5;): C 7.10, H 2.98, N 8.28%. EDX anal-
ysis: V 45.7%, Sb 43.9%, Co 10.4%; calc. (V;5SbsC0;): V 45.7%,
Sb 43.7%, Co 10.6%.

{Fe(en);}3[V15Sb04,(H,0),]- nH,O (n = 15) (III). 2.3 mL
(34.4 mmol) ethylenediamine and 1.7 mL H,O were added to
a mixture of 0.1571 g (1.34 mmol) NH,VO3, 0.3095 g (1.06 mmol)
Sb,0; and 0.1313 g (0.660 mmol) FeCl,-4H,0. The yield based
on Vwas 68%. Elemental analysis: C 7.65, H 2.92, N 8.53%; calc.
(C1sHooNgFe3V,5Sbg0s54): C 7.12, H 2.99, N 8.30%. EDX anal-
ysis: V46.5%, Sb 43.2%, Fe 10.3%); calc. (V15SbeFes): V 46.0%, Sb
44.0%, Fe 10.0%.
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{Ni(en);}3[V15Sb04,(H,0),]- nH,0 (r = 28) in P321 (IV). A
solution of 3 mL (22.9 mmol) 1-(2-aminoethyl)piperazine, 1 mL
H,O and 0.15 mL ethylenediamine (2.24 mmol) was added to
a mixture of 0.1177 g (1.00 mmol) NH,VO3;, 0.2326 g (0.800
mmol) Sb,0; and 0.1260 g (0.531 mmol) NiCl,-6H,0. The yield
based on V was 54%. Elemental analyses: C 7.58, H 2.61, N
8.73%; calc. (C1gH;5N;gNi3V;5Sbe040): C 7.50, H 2.52, N 8.74%.
EDX analysis: V 45.6%, Sb 44.1%, Ni 10.3%; calc. (V15SbgNiz): V
45.7%, Sb 43.7%, Ni 10.6%.

Single-crystal structure analysis

Data collection was performed with a STOE Imaging Plate
Diffraction System (IPDS-1) with Mo-Ka radiation (A = 0.71073
A). The crystal structures were solved with the program SHELXS-
97 (ref. 17) and refined against F* using SHELXL-97 (ref. 18) for
II-I11, for IV with the version of 2013 and for I with the version of
2014. All non-hydrogen atoms were refined anisotropically. The
C-H and N-H hydrogen atoms were positioned with idealised
geometry and refined using a riding model. Water hydrogen
atoms could not be located. A numerical absorption correction
was performed (min./max. transmission: 0.4902/0.6693 for I,
0.5249/0.6407 for II, 0.3124/0.7136 for III and 0.5900/0.6543 for
IV). The absolute structures were determined and agree with the
selected setting (Flack x-parameter: —0.02(2) for I, —0.07(3) for
II, —0.006(19) for III and —0.028(19) for IV). In total, nine water
molecules could be located during structure refinements. After
structure refinement of compounds I-III, several low electron
density maxima were found which indicate the presence of
additional disordered water molecules. These positions are not
fully occupied and no reasonable structure model was found.
Therefore, the data were corrected for disordered solvent using
the SQUEEZE option in Platon." For compound IV, all of the
water atoms are fully disordered and thus, these data were also
corrected for disordered solvent using SQUEEZE. The crystal of
IV was merohedrally twinned around a 2-fold axis and therefore,
a twin refinement (twin matrix (010) (100) (001)) was performed
leading to a BASF parameter of 0.0297(9). One of the three
independent Ni(en);** counterions in IV exhibits slightly
enlarged displacement parameters indicating some disorder.
This complex is located on a special position, but if the refine-
ment is performed in space groups of lower symmetry, the
displacement parameters remain unchanged.

CCDC-1432847 (I), CCDC-1432848 (II), CCDC-1432849 (III),
and CCDC-1432850 (IV) contain the supplementary crystallo-
graphic data for this paper.

Magnetochemical characterisation

Magnetic data of I-III were recorded using a Quantum Design
MPMS-5XL SQUID magnetometer. The polycrystalline samples
were compacted and immobilised into cylindrical PTFE
capsules. Data were acquired as a function of the field (0.1-5.0 T
at 2 K) and temperature (2.0-290 K at 0.1 T). They were corrected
for the diamagnetic contributions of the sample holder and the
corresponding compound (I-III: ¥gi, = —6.27 x 10~* cm?
mol ).
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Mass spectrometry

Electrospray ionisation quadrupole-time-of-flight high resolu-
tion mass spectrometric (ESI-Q-TOF-HRMS) experiments were
performed with a Synapt G2-S HDMS (Waters Co., Milford, MA,
USA) instrument. The flow rate was set to 10 uL min~?, the spray
voltage to 1.6 kV, the sample cone voltage to 10 V, the source
offset to 80 V, the nebuliser gas to 6 bar and the desolvation gas
flow to 500 L h™". Around these initial settings, the parameters
were optimised for maximum abundance of the desired intact
[M]*™ and [M-H,O]*" cluster ions (n = 2, 3) and minimum
abundance of fragments. For collision-induced dissociation
(CID), N, was used as the collision gas. Fragmentation experi-
ments were conducted in the transfer cell of the Synapt G2-S
HDMS instrument with collision energies of 15-25 V.

60 pM solutions from crystalline samples of I were prepared
in H,0, D,0O (Euriso-top, 99.90% D) and H,'®0 (Campro
Scientific, 97% *®0), respectively. If not specified otherwise, the
aqueous sample solutions were measured at this concentration
after 30 min. Isotopic labelling experiments were accompanied
by the corresponding control experiments in non-labelled H,O.
Time-dependent measurements were conducted on samples
kept at 4 °C from which aliquots were taken and directly sub-
jected to the mass spectrometric experiments. All reaction times
given therefore refer to the reaction at 4 °C.

Results and discussion
Syntheses

Compounds I-III crystallised from slurries of NH,VO3, Sb,03,
the corresponding transition metal chlorides and ethylenedi-
amine at pH ~ 14. According to the structural results, the V¥
centres are reduced to V'V which is a common observation,
when such syntheses are performed in the presence of reducing
amines. The formation of I-III is relatively insensitive against
changes of the synthetic parameters. Compound IV could only
be crystallised in the presence of 1-(2-aminoethyl)piperazine
(aep). Originally, the synthesis with aep was performed to
prepare antimonato POVs functionalised with an organic
molecule as recently observed in the two compounds
(CeH17N3)2[V15Sbe(CsH15N3),042(H,0)]-2.5H,0 and [V,,Sbg(Cs-
H;5N3),04,(H,0)]-4H,0.* The Ni source and en were added to
enhance the structural diversity by an in situ formed complex.
Surprisingly, the presence of aep in the reaction afforded crys-
tallisation of IV as a (pseudo)polymorph of I

Characterisation and solubility studies

The IR spectra of I-IV (Fig. S1 and Table S1; ESI{) show the
typical strong stretching vibration of the V=0 group at
around 960 cm™'. The DTA-TG curves of the samples are
complex and exhibit no pronounced weight loss steps (Fig. S2,
ESI{). For I-1II, the total weight change observed up to ca. 250 °C
corresponds to a loss of ca. 15 water molecules. Phase purity of
the crystalline products was verified by X-ray powder diffraction
(Fig. S3 and S4, ESIf). The crystal sizes and morphology were
analyzed by SEM (Fig. S5, ESIT).
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While solubility tests with less polar solvents such as alco-
hols, acetone, dichloromethane, chloroform and alkanes failed,
compounds I-IV are surprisingly well soluble in distilled water.
The maximum solubility in water has been determined for I to
be 1.19 g L™". The pH-value of a saturated solution increases
from 6.5 (distilled water) to 8.2 (for details, see ESIT).

The product recovered after crystallisation from a saturated
water solution was again characterised by X-ray powder
diffraction, CHN analysis and IR spectroscopy. No significant
changes were observed compared to the sample before disso-
lution. The starting material could thus be recovered
unchanged, although with somewhat poorer crystallinity.

Crystal structures

Compounds I-III crystallise in the chiral Sohncke space group
C2 and IV in P321. Selected crystallographic data and refine-
ment results are summarised in Table S2 (ESIt). In I-III, the
three unique Sb atoms are on general positions, one of the eight
crystallographically independent V atoms is located on
a general position, and one of the three Ni centres is on a special
position. In the structure of IV, the atoms V2, O1, O5, Nil and
Ni3 are on special positions, whereas all other atoms are on
general positions. All structures consist of isolated [V;5Sbe-
04,(H,0),]°" (x = 0, 1) clusters with charge-compensating
{M(en);}*" complexes. Residual electron density in the cluster
cavities is consistent with single water molecules encapsulated
in a fraction of the clusters. The cluster shell is constructed
from 15 VOs square pyramids sharing common edges and
vertices and three Sb,05 handles formed by corner-sharing of
two SbO; moieties (Fig. 1). The anion is structurally related to
the {V1304,} archetype. Replacing three VO5 square pyramids by
three Sb,O5 moieties yields the anions of the compounds under
study here. The V-O bond lengths in the VO5 square pyramids
are characterised by a short terminal V=0 bond (ca. 1.6 A) and
four bonds to p;-bridging O atoms (ca. 1.9-2.0 A; Tables S3-S6,
ESIY); as also observed in many POVs and chemically modified
polyoxovanadates.* The Sb-O bond lengths (1.9-2.0 A) are
typical for Sb™-0 and match well those reported for other Sb-
POVs.>? The cluster shells and {M(en)s;}** counterions in I-III

eer

Fig. 1 Left: Polyhedral representation of the [Vi5SbgO4z(Hp0)46™
cluster anion. A part of the cluster anions contains encapsulated water
molecules. Red: oxygen; orange: antimony. Right: Space-filling
representation showing the cluster to be tightly closed so that the
encapsulated water is trapped inside the cluster cavity.
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are arranged in a layer-like fashion with alternating anions and
cations along all three axes (Fig. 2). The constituents in the
structure of IV exhibit a similar arrangement (Fig. S7, ESIf). The
oxidation states of Sb and V were determined as +III and +IV
applying the bond valence sum method** (BVS; see ESIt for
details).

All four compounds contain three {M(en);}*" cations in dis-
torted octahedral coordination geometries adopting the A and
A isomer as configurations (Fig. 3). The M-N bond lengths
(Tables S7-S10, ESIt) are in accordance with literature data.>
The distortion of the octahedra is evidenced by the N-M-N
angles.

A dense hydrogen bonding network exists in the crystals
between the NH hydrogen atoms of the ethylenediamine
ligands and the oxygen atoms of the cluster anions (Tables S11-
S14, ESIT). Not only terminal oxygen atoms are involved in H-
bonding interactions, but also pz-bridging O atoms. The ethyl-
enediamine molecules also form hydrogen bonds to crystal
water.

Magnetic properties

The experimental magnetic susceptibility data for compounds
I-1II are shown in Fig. 4 as the temperature dependence of x,T
at 0.1 Tesla, and in Fig. S8 (ESIT) as molar magnetisation M, vs.
magnetic field B at 2 K. The x,,T vs. T curves of all compounds
are approximately linear from 290 K to 150 K. Aside from the
differences in the absolute values of x,,T, the compounds show
distinctly different x,,7 evolution on further decrease in
temperature, which primarily reflects the single-ion contribu-
tions of the different {M(en),}** spin centres: for I, x,,T remains
almost constant from 100 K to 20 K and subsequently decreases
down to 3.76 cm® K mol ™" at 2 K. For II, x,,,T displays a steady
decrease, reaching T = 5.35 cm® K mol " at 2 K. For III, the
slope slightly decreases for 150 K = T = 100 K, and rapidly
increases for lower temperatures, resulting in 3.48 cm*® K mol *

oo
3 o 83 o &
R

Fig.2 Arrangement of the cluster anions and cations in the structures
of I1-lIl. Hydrogen atoms and water molecules are not shown.

receen L
Oz=z=0<g@

Chem. Sci,, 2016, 7, 2684-2694 | 2687



Chemical Science

A isomer
A isomer

A isomer

Fig. 3 Molecular structures of the two different isomers of the
{M(en)3}>* cations in the structures of I-Ill (top) and of IV (bottom). H
atoms are not displayed.

at 2 K. At 290 K, the x,,,T values of compounds I-1II are above
those expected for three non-interacting high-spin transition
metal centres M (I: 5.72 cm® K mol ", expected:** 2.94-4.60 cm®
K mol ™%, II: 10.41 cm® K mol ™", expected:*® 6.94-10.14 cm® K
mol ™', II: 13.58 cm® K mol ", expected:*® 9.76-12.19 cm*® K
mol ). On the other hand, these values are significantly below
the expected values that are obtained by adding the contribu-
tions of 15 non-interacting V** centres, a consequence of the
very strong antiferromagnetic coupling between the spin-1/2
vanadyl groups in the two outer Vg rings in {V;5Sbg}.

Due to the rather large metal-metal distances and the
absence of bridging ligands, the exchange interactions between
the {M(en);}** complexes and the POV cluster are expected to be
negligible. Since the susceptibility data for the isolated {V;5Sbe}
cluster are known,** a first estimation of the magnetic proper-
ties of the {M(en);}** complexes within the compounds can be
obtained by the following subtraction method. We use I as the
reference system, since an octahedrally coordinated Ni** (d®)
centre can be treated as a spin-only system due to the orbital
singlet ground term ®4,, resulting in nearly temperature-inde-
pendent x,,T values. x,,T data of I are subtracted by scaled T
data of [V45Sbg04(H,0),]°, yielding a curve (Fig. 4a, blue
circles) corresponding to the expected single-ion contributions
of three spin-1 Ni*" centres. The thus-determined scaling factor
of ca. 0.9 reflects differences in the amount of crystal solvents
and the cationic lattice. The corresponding scaled contribution
for the individual {V;5Sbs} polyoxoanion is shown in Fig. 4a—c as
green circles for reference. The same subtractive method,
employing the same scaling factor, is then applied to
compounds II (Co®", d’) and I (Fe*", d°) in which ligand field
effects dominate the lower temperature behaviour of x,,T.

Our computational framework CONDON 2.0,** employing
a “full model” Hamiltonian has been used to model the post-
subtraction susceptibility data of I-III (Fig. 4 and S8,T open blue
circles). Since the octahedral site symmetry is slightly distorted,
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Fig. 4 Temperature dependence of x,T for (a) I, (b) Il and (c) lll. Black
circles: experimental data; green circles: Y T([V15S06042(H,0),187)
(scaled); blue circles: difference of the experimental and [Vi5Sbe-
O42(H,0),J8~ data. Red lines: least-squares fits.

a single additional ligand field parameter B,> (with respect to
perfect octahedral symmetry Oy,) is introduced which reflects
Cy4y site symmetry. The mean field parameter z/' representing
potential exchange interactions is allowed to vary to test the
hypothesis of negligible exchange interactions. The least-
squares fits (of moderate goodness-of-fit, SQ = 2% for I-III) are
shown as red lines in Fig. 4 and S8 (ESIf), and the
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corresponding model parameters are given in Table S15 (ESIf).
We emphasise that the subtraction method employed here can
only be understood as a first approximation and the fit
parameters should be interpreted accordingly. The ligand field
parameters represent a ligand field of distorted octahedral
symmetry, and a ligand field splitting of 10 Dq approximately
10 000 cm™* (1), 16 000 cm ™" (II), and 7000 cm ™ (II). Within
the limits of method, the small mean field parameters zJ’ (I:
—0.01 cm ™, II: +0.01 cm™ ', III: —0.53 cm™ ') are in agreement
with virtual absence of exchange interactions between the
transition metals of the {M(en);}*" complexes and neighbouring
POV groups in the solid state. The different signs should also be
understood as remnants of the subtraction method, as the
absolute z/' values are very small. Therefore, the apparent
temperature dependences of x,7 of II and III are not a conse-
quence of potential exchange but due to ligand field effects
within the {M(en),;}** complexes.

Electrospray ionisation mass spectrometry

Negative-mode electrospray ionisation of a 60 uM water solu-
tion of compound I 30 min after dissolving the crystalline
sample results in the ESI mass spectrum shown in Fig. 5a. Two
very similar series of signals are observed, one with doubly (m/z
1050-1300) and one with triply charged anions (m/z 650-800).
Signals of the intact cluster appear as the triply charged
[V15SbeO4,]° ™ (M?7) ion at m/z 722 and its complex [M-Ni(en)]*~
at m/z 1141. Overall, the cluster core in the crystalline sample is
a hexaanion. As it appears in the mass spectrum at m/z 722 as
a triply charged ion, three one-electron oxidation steps of V'V

V¥ have taken place, likely induced by the high voltage of the
electrospray needle and supported by significant charge repul-
sion among the six charges in the absence of stabilizing coun-
terions and solvent molecules after ionisation. As the Ni(en)>*
fragment is doubly charged, the cluster core must be tetraa-
nionic in the ion at m/z 1141 (M*"). This indicates that higher

Chemical Science

charge states can form even in the gas phase, when stabilizing
counterions are present. A detailed look at the isotopic pattern
of the m/z 722 trianion (Fig. 6a) reveals that actually two patterns
overlap that are shifted against each other by Am/z = 0.33. They
can be assigned to [Vi5SbsO4]°~ (M?7) and [HV;5SbeOs,]*~
(IM-HJ*"), the latter of which also contains a quadruply charged
cluster core with one charge compensated by a proton. From the
calculated isotope patterns of these two ions, the experimental
one can be simulated and one obtains a 4 : 1 ratio of the two
ions when sprayed from pure water solution. As controls, the

a) measured in H,0 (M]*/[M-H)>~  calculated
miz 722.4579
. 3- 3-
[M-H-OH]” (M] /[M-H]
miz 717.1030 4:1
I -l\_\\. u‘lHII..
b) measured in HZO + [M]a-I[MH]a-
1% formic acid ' 1:9
|“HI| H hll ” |||
c) measured in H,O+ | | M”
1% ammonia
MWWW"UWL«\ LLdl | . :
715 717 ?19 721 ?23 m!z 721 723 miz

Fig. 6 Left: Experimental isotopic patterns of the trianion at m/z 722
as obtained from 60 uM solutions of | in (a) H>O, (b) H,O + 1% formic
acid and (c) H,O + 1% ammonia. Right: Calculated isotopic patterns of
M3~/[M-HI*~ mixtures with compositions fitted to approximate the
experimental isotopic patterns.

a) after 30 min M7 [M-H,0]1%1 [N-H,01%/ [M-Ni(en)1*/ [M-Ni(en)-H,0]*/
M-H]”  [M-H-H,01" [N-H-H,01” [M-H-Ni(en)]” [M-H-Ni(en)-H,0]”
miz 72245+ miz728.45 miz792.09 miz1142.70- .. miz1151.70
miz 702.47 -~ " ; D
miz 696.47 -+ s ; miz1113.73 - - -« .
miz 67747 - - - L L miz766.78 . miz1104.72-+ - Co M V5SbsO,)
miz 67117+ - : ! ; D N V,,Sb,0,,
i -— L. R - & " ol
b) after 2d: : : L :
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Fig. 5 ESI-Q-TOF-HRMS spectra of compound | (60 uM in H,O) recorded from the same sample after (a) 30 minutes, (b) 2 days, (c) 5 days. For

a more detailed discussion of the non-labeled signals, see ESI.{
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same experiments were repeated with 1% of formic acid
(Fig. 6b) and 1% of ammonia (Fig. 6¢) added to the sample
solution. Clearly, the ratio of the two ions is shifted towards
protonated cluster under acidic and to the non-protonated one
under basic conditions. This confirms the peak assignment.
The signal at m/z 722 is accompanied by a somewhat smaller
signal at m/z 717, which can be assigned to [M-H-OH]*". As this
signal completely vanishes together with the protonated tri-
anion cluster under basic conditions (Fig. 6¢), it is very likely
due to a fragmentation of [M-HJ?~ during ionisation. The other
signal at m/z 728 (Fig. 5a) corresponds to a superposition of the
two water adducts [M-H,O’” and [M-H-H,O]’ . Similar
considerations also apply to the doubly charged ions.

Cluster reactivity with water

In order to investigate the stability of I in water, the mass
spectrometric experiments were repeated after longer reaction
intervals up to five days (Fig. 5b and c). Over time, a new signal
appears at m/z 792 which can be assigned to [V;,SbgOy,-H,0*~
(IN-H,O]’") and [N-H-H,O]’", an Sb-richer cluster formed by
a net exchange of a V=0 against an Sb-O-Sb unit. This rear-
rangement reveals an astonishing reactivity; especially when
taking into account that all {V;,SbgO,,} clusters known so far
were prepared under solvothermal conditions. From these
findings, we conclude that the comparably high solubility of
compound I enables its use for post-functionalisation into other
cluster compounds. At longer reaction times, also a visible
precipitate forms, which we attribute to the corresponding
[V16Sb4045(H,0),] product cluster that is expected to be cogen-
erated in a V=0 against Sb-O-Sb exchange reaction.

H/D-exchange experiments

The solution-phase exchange of labile hydrogen atoms against
deuterium can be followed by ESI mass spectrometry, when
cluster I is dissolved in D,0O and then sprayed after different
reaction times. The exchange of the ethylenediamine NH atoms
is expected to be fast and should be easily monitored for the
doubly charged ions [M-Ni(en)]*” and [M-Ni(en)-H,O]* as they
still contain one ethylenediamine ligand with four N-centred
hydrogen atoms. Indeed, a complete exchange of these four
hydrogen atoms occurs instantly for all en-containing ions
(Fig. 7). Already after two minutes, a shift of the isotope patterns
of [M-Ni(en)]*” and [M-Ni(en)-H,O]*~ by Am/z = 2 is observed
indicating that all four NH hydrogen atoms have been fully
exchanged. Remarkably, the exchange of the two water
hydrogen atoms in the water adduct [M-Ni(en)-H,0]*~ is very
slow and proceeds only over days (Fig. 7). This result is not in
agreement with an intact cluster structure that is incompletely
desolvated during ionisation. Any weakly bound solvent water
molecule in the cluster periphery should be replaced by a D,O
immediately, when the cluster is sprayed from deuterated
water. Therefore, the H,O molecule must be an integral part of
the cluster structure in solution. Two possibilities exist: either
the water molecule has added to and opened one of the oxo-
bridges resulting in a structure bearing two OH groups in the
cluster shell or one water molecule is encapsulated inside the

2690 | Chem. Sci,, 2016, 7, 2684-2694
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Fig. 7 H/D-exchange experiment. ESI-MS measurements with
compound | (60 uM solution in D,O) after different reaction intervals.

cavity of the closed cluster. As one would certainly expect, the
metal ion-centred OH groups to be acidified by the metal ion,
the dihydroxy structure is also expected to undergo a fast H/D-
exchange reaction. Consequently, the only structure of the water
adduct, which is in agreement with the slow H/D-exchange, is
a closed capsule with a single water ion inside. This structure is
not only in agreement with the fact that a potential adduct
containing two water molecules has never been observed, but is
also in agreement with the residual electron density observed in
the crystal structure (see above). Given the tightly closed cluster
shell (Fig. 1, right), a slow exchange of the intact encapsulated
water molecule through portals in the cluster walls can be ruled
out. We thus rationalise the finding of the slow H/D-exchange as
follows: the inner-phase water attacks one of the vanadium ions
as a weak nucleophile. This step is followed by opening one of
the oxo-bridges so that two OH groups exist, which can undergo
the H/D-exchange reaction. One of the initial steps (attack of the
vanadium ion or oxo-bridge opening) is rate-determining so
that the exchange is slow, even when the exchange of the
hydrogen atoms in the open, dihydroxy intermediate is fast.
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Back reaction after the exchange leads back to the closed
capsule with a water molecule residing in the cavity. These
experiments thus demonstrate that the water-filled cluster
under study exhibits quite remarkable inner-phase reactivity
that can be monitored by ESI-MS.

Tandem MS experiments

MS/MS experiments were performed by first mass-selecting
either one of the complexes M’ /[M-HJ’", [M-H,0]’/
[M-H-H,0", N> /[N-H>” and [N-H,O0]’ /[N-H-H,0]* (m/z
722, 728, 786, 792) and subsequently subjecting them to colli-
sion-induced dissociation (CID). Note that the intensity of the
pure M*~ trianion obtained, when ammonia is added to the
sample solution, is too low for this experiment. Therefore, the
experiments have been conducted with the overlapping
clusters.

The fragmentation of the clusters encapsulating water
begins with a loss of a water molecule yielding M>~/[M-HJ>~
and N°7/[N-HJ*", respectively (Fig. 8a and c). All subsequent
fragmentation reactions are qualitatively the same as those
observed for mass-selected M* /[M-H]?” and N*7/[N-HJ’~
generated in the ion source (Fig. 8b and d): loss of a hydroxyl
radical from the protonated clusters and electron losses to yield
the corresponding doubly charged clusters M>~/[M-H]*~ and
N>7/[N-HJ*". Subsequent losses of SbO units and further frag-
mentation of the cluster core produce the other fragments
observed.

Most interestingly, the water loss from [M-H,0]’ /
[M-H-H,O’" is clearly less energy demanding than the elec-
tron loss as no [M-H,0]* /[M-H-H,0]*" ions are visible in the
spectrum in Fig. 8a. Its activation barrier must consequently be

a) MS/MS [M-H,0]*/[M-H-H,0]" M [V,;Sb,0,,]

) [M-SbOJ*/ N [V,SbeO,,]
- -[MI/[M-H]” [M-H-SbO]J ,
iz -IM-H,0]*/ 5 .
i [M-H-H,0]" [M-SbO,J"/ :“-{M‘I‘J—OHIE
i [M-H-SbO,J5: -~ {MIV/[M-H]
l . w
b) Msmjs M /IM-HT* Hoo
; | Y 1 i I I.i il
a 2
c) MS/MS [N-H,O]*/[N-H-H,0]* [N-H.0] /
- - [NJ*/[N-H]* INHHOT -
! [NF/IN-HJ" - =
' -[N-H,0]"/ [N-SbOJ/ "
" [N-H-H,0" [N-H-SbOJ*-- l:
d) MS/MS [N]*/[N-H]" ! ;
I S S
700 800 900 1000 1100 miz

Fig.8 Tandem MS experiment of (a) complex [M-H,Ol*~, (b) complex
M3, (c) complex [N-H,0]*~, (d) complex N3~
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smaller than the (unfortunately unknown) electron affinity of
the cluster dianion in the gas phase. However, the ions [M-H-
OHJ’~ (very small signal) and [M-H]>~ appear simultaneously
as fragments from [M-H]>". This implies that the electron and
OH losses compete and thus are similar in energy. Conse-
quently, the water loss from [M-H-H,O]’~ has a lower barrier
than the OH loss from [M-HJ*".

These considerations render mechanisms for the water loss
from [M-H-H,O0]’~ unlikely which involve the simultaneous
cleavage of more than one metal-oxygen bond. Therefore, we
suggest the “swinging-door” mechanism shown in Scheme 1
(left) for the H,O loss. The encapsulated water molecule initially
attacks one of the vanadium ions and - as postulated above to
rationalise the H/D-exchange - opens one of the oxo-bridges.
After two proton transfer steps, the bridge closes again, this
time however with a water molecule as the leaving group that is
lost on the outside of the cluster. The water loss in the gas phase
is entropically favourable due to particle number increase. Both
the H/D-exchange reaction in water solution and the water loss
mechanism in the gas phase thus share common elementary
steps.

outside

gas phase

©
.0, 8 oH 0
(o Ty S Ot o o, o. ||'/‘o,. Il o
O/lnkief o 0] o N0
o / \OH, AN
®
! |
0 0 0
_.o.,.,U,_..o. U,o O, \J, ..... On |0
o a— s, o
o/c|> Hzo/f \0\ /O/ RoH Hd \O\
o~— H 0 T
| |
. 0 o)
H,0 outside ou _____ O, |\; ______ o,
... P U RN
Ol Oy ] o, %0 H0 |
o N NG H,0 — N
/ inside \ ]
L !
o outside
o o, |v ...... o
“_.." O/V"‘BO/ ‘h\o
/ H,0 inside

Scheme 1 “Swinging door” mechanism for the water loss from
[M-H,OI*" in the gas phase (left) and mechanism for the solution-
phase °0/*80 exchange in cluster | (right).
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160/*80 exchange experiments

When a sample of cluster I was prepared in H,'?0, an exchange
of '°0 against the water '®0 atoms is observed (Fig. 9). Again,
the exchange is slow and proceeds over days being in agreement
with further investigations of Murman et al.>*> However, most
strikingly, all cluster ions with encapsulated water undergo
a much faster '°0/*®0 exchange reaction than the water-free
cluster ions. Even though a detailed kinetic fitting of the data is
not straightforward because of overlapping isotope patterns
and the need to apply different rate constants for different types
of oxygen atoms in the cluster structure, the acceleration is
easily seen qualitatively in the spectra after a reaction time of
five days: the shift of the maximum of the isotopic patterns of
water-free M*/[M-H]*~ corresponds to the exchange of only
five oxygen atoms, while the isotopic patterns of the corre-
sponding water-containing cluster ions [M-H,O]’” and
[M-H-H,O]’ have shifted by the equivalent of 19 oxygen atom
exchanges.

This finding leads to several conclusions: (i) the interpreta-
tion of the H/D-exchange experiments is confirmed in that two
distinctly different structures exist in solution - the cluster with
and that without encapsulated water. The water molecule is
thus not a solvate water. (ii) The two structures with and without
encapsulated water do not interconvert quickly on the time
scale of the '°0/*®0 exchange experiment. Otherwise, the
remarkable rate differences between the two cluster ions would
not be observed. (iii) As the only difference between the two ions
is the absence/presence of encapsulated water, the inner-phase
water molecule clearly has a significant effect on the outer-
phase reactivity. The information that the water molecule is
present inside is thus transduced through the cluster shell and

A 18
solution inH, O

.
after 2 min (M-H,0] ’(3_ M [V,;SbsO,,]

vj*/ M-H-H0] N [V;,Sbs0,,]

M-HI” - | [N-H,0]"/
: [N-H-H,0T”
after 3 h
after 24 h
.

after2d

after 5d

s " 16 .
solutioninH, O .

after 5 d :
‘.k -J Ail A 1 i

" e75 700 725 750 775

800 825 miz

Fig. 9 '0/®0 exchange experiments performed with a 60 uM
solution of I in H»*80 after different reaction intervals.
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influences the cluster's reactions with the surrounding
environment.

The post-functionalised V=0-to-Sb,0O exchange product
appears as the [N-H,0]’ /[N-H-H,0]>" trianion pair and has
undergone even more '°0/'®0 exchange steps (31 after 5 days).
Very likely, some intermediates encompassed during the metal
ion exchange reactions are not fully saturated and thus can
exchange '°0 against '®0 even faster.

Based on the mechanistic considerations above, we suggest
the '°0/*®0 exchange to proceed through similar initial steps.
The acceleration of this reaction can easily be rationalised by
invoking again an attack of the encapsulated water at one of the
vanadium ions followed by oxo-bridge cleavage, the exchange
reaction and reformation of the cluster which then incorporates
an '®0 atom (Scheme 1, right). In contrast to the gas phase, the
cluster is now surrounded by water so that an escape of the
encapsulated water from the cavity is neither favoured by
entropy (exclusion volume inside the cavity) nor enthalpy (non-
solvated inner surface of the cluster). As the inner-phase water
molecule is reformed after the °0/'®0 exchange reaction and
thus able to accelerate many exchange reactions, one can
consider it a catalyst.

Conclusions

Four new heteroatom-modified polyoxovanadate compounds of
the general composition{M(en)s};[V;5SbsO42(H,0),]- nH,O (M =
Fe", Co", Ni") were synthesised under solvothermal conditions
and characterised by a combination of complementary methods
including crystallography and magnetic property measure-
ments. The Ni compound crystallises in two pseudopolymorphs
depending on the reaction conditions. Its unexpectedly high
solubility in water makes it a perfect candidate for post-func-
tionalisation studies which provide access to new poly-
oxovanadate clusters. While this strategy is well known for
polyoxomolybdates and polyoxotungstates, the often limited
solubility of larger polyoxovanadates so far hampered such an
approach. The magnetic properties of the compounds can be
rationalised by a qualitative model of additive contributions by
strongly antiferromagnetically coupled {V,5Sbe} cluster units
and the three high-spin {M(en);}** complexes, with virtually no
exchange coupling between those groups. In line with crystal-
lography, the electrospray ionisation mass spectrometric
experiments reveal that a large fraction of the clusters contains
encapsulated water which is protected in solution against a fast
H/D-exchange by the cluster shell. This inner-phase water
molecule participates in the cluster's reactivity as it can accel-
erate oxo-bridge opening reactions by attacking a vanadium ion
from the inside of the cluster cavity. Consequently, the water
molecule inside the cavity displays inner-phase reactivity. Most
fascinatingly, its presence also catalyses '°0/'®0 exchange
reactions between the cluster shell and the surrounding water.
Thus, the inner-phase reactivity of the encapsulated water has
a significant effect on the outer-phase reactivity of the cluster as
well. A transduction of the information that a water molecule is
present inside thus affects the reactivity of the cluster periphery.
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1. IR Spectra

In Figure S1, the IR spectra of compounds | — Il are displayed. As compound IV is a
(pseudo)polymorph of I, both have equal IR spectra. All bands were assigned to the organic
molecules or to the cluster vibrations. The values and assignments are listed in Table S1.

transmission [a.u.]

T
2000 1000

T
4000 3000

wavelength [cm'1]

Figure S1. IR spectra of compounds | — Il

Table S1 Assignment of the IR peaks of compounds I - lIl.

wavenumber [cm™] assignment
Compound | Compound Il Compound IlI
3256 3257 3265 crystal water, NH,-stretch
2927 2933 2934 CH, stretch
2877 2877 2884
1582 1575 1575 NH, deformation
1458 1459 1460 CH, deformation
1331 1331 1331 OH deformation
954 953 954 VV=0 stretch
700 696 701 M-0O-M stretch
615 611 613 M-O-M stretch
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2. Thermogravimetric Analysis

Figure S2 shows a DTA-TG curve of compound | as a representative example. For all compounds, first
a weight loss due to water emission is observed being in accordance with the presence of ca. 15
water molecules in compounds | — lll. The different not well resolved mass steps cannot be assigned

to individual decomposition reactions. For compound IV, the first mass loss was = 13 % and

corresponds to the emission of ca. 28 water molecules.

Previous DTA-TG experiments on Sb-POVs!! displayed analogous behavior resulting in no distinct

steps for the decomposition and the weight loss above 700 °C is assigned to the sublimation of

antimony, which is in agreement with our measurements.

massloss [%]

0-

204

304 ¢

AM=6.01%

AM =347 %

_AM=10.73%

'
]

tAM=7.23%

-40
— TGcurve
. -—— DTG curve -
-50 T T T T T T
200 400 600

temperature [°C]

Figure S2. TG-curve (black) and DTG-curve (dotted) of compound I ({Ni(en)sz}; [V15Sbe04,(H,0)]exH,0

(heating rate: 1 K mint).
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3. Powder Diffraction Patterns

Figures S3 and S4 indicate phase purity of all four compounds | — IV as evidenced by a comparison of
experimental powder patterns with calculated patterns using single crystal data. Both reflection
intensities and 20 angles are in excellent agreement with the calculated diffractions.
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20[°]
Figure S3. Measured (red) and calculated (black) powder diffraction
patterns of compound I.

|
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e
N

5 10 15 20 25
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Figure S4. Measured (black) and calculated (red) powder diffraction
patterns of compound IV.
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4. Crystal Morphology

Figure S5 shows the morphology of the crystals of compounds I - IV. The crystal sizes could be
determined to be around 1200 x 200 pum for I-lll and 1000 x 125 um for IV.

Figure S5. SEM pictures of compound I (top left), pseudopolymorphic compound IV (top right),
bottom left: Il and d) bottom right: IIl.
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5. Calibration of the UV/Vis Absorption at 320 nm for Solubility Studies

The absorption vs. concentration calibration curve was obtained by dissolving I in different, defined
concentrations in water (1.31-10° M, 2.30-10° M, 3.28:10°> M, 4.27-:10° M, 5.58:10° M) and
measuring the UV/Vis spectra of these solutions. The peak maximum at 320 nm was evaluated and
its absorption plotted against the sample concentration. A saturated solution of | in water was
diluted by a factor of 1:25 to be in the concentration range of the calibration curve. The
concentration was determined from its absorption at 320 nm and calculated back to that of the to

determine the maximal solubility of I in water (1.19 g L).
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Figure S6. UV/Vis spectrum of | dissolved in water (top) and the calibration curve obtained from the

peak maxima at 320 nm used to determine the maximal solubility (bottom).
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6. Crystallographic Data

Table S2 summarizes information on single crystal structure refinement and shows clearly the
similarity of the isostructural compounds I — lll and the differences to the (pseudo)polymorphic

compound IV.

Table S2 Selected crystal data and details of the structure refinement.

1] Il | v

Formula CigHooNigFes CigHo2N15C03 Cy8HgaN1gNi3 Ci8H74N1gNi3

VISSbSOSZ V15Sb6052 VlSSbGOSZ V155b6043
MW / g-mol* 3055.24 3064.48 3063.82 2901.67
crystal system monoclinic monoclinic monoclinic trigonal
space group 2 c2 2 P321
a/A 18.1991(4) 18.2302(14) 18.2404(7) 23.7437(5)
b/A 22.6260(6) 22.6142(16) 22.7636(7) 23.7437(5)
c/A 14.3614(3) 14.4067(11) 14.3542(5) 14.9586(3)
a/’ 90 90 90 90
8/° 126.1930(10) 126.360(7) 126.449(3) 90
v/° 90 90 90 120
v/ A3 4772.49(19) 4783.0(6) 4794.2(3) 7303.3(3)
T/K 200 200 293 200
z 2 2 2 3
Dearc / Mg-m?3 2.114 2.115 2.110 1.9767
U/ mm? 3.582 3.639 3.700 3.631
Ormax [ © 27.94 28.00 27.00 25.00
measured refl. 37515 19592 14462 38040
unique refl. 11411 10404 8392 8614
Rint 0.0448 0.0647 0.0274 0.0717
refl. with Fo>4c(Fo) 11411 10404 8392 8614
Parameters 503 503 503 463
Ri[Fo>40(Fo)] 0.0324 0.0453 0.0382 0.0580
wR; (all refl.) 0.0768 0.1187 0.0941 0.1438
GOF 1.058 1.045 1.027 0.987
D Prmax/min /€-A3 1.169/-0.922 1.867/-1.609 1.249/-1.070 1.338/-0.862
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Flack-x-paramter -0.02(2) -0.07(3) -0.006(19)

-0.028(19)

Bond valence sum (BVS) 2 yield following values:

Compound I: V 3.95 — 4.06, average: 4.00 and Sb 3.21 — 3.46, average: 3.37;
Compound II: V 3.90 — 4.06, average: 3.99 and Sb 3.21 — 3.48, average: 3.37;
Compound IlI: V 3.92 — 4.04, average 4.00 and Sb 3.38 — 3.61, average 3.51;
Compound IV V 3.82 — 4.12, average: 4.01 and Sb 3.29 — 3.53, average: 3.45.

All values are in the typical range of antimonato-polyoxovanadates.[tb-cdenhl

The V-0 bond lengths can be divided into four groups (Tables S3 — S6): Oa terminal V=0, Oy, Sb-p-O
between two Sb atoms; O, Sb/V-u-0 between two V and one Sb atom; Oy V-pu-O with only V atoms

are involved.

Table S3 Bond lengths of the four different oxygen atom types of I in A.

Type Atom \Y \Y \Y Sb Sb
Oa 07 1.606(6)
Oa 09 1.596(8)
Oa 011 1.619(5)
Oa 013 1.620(6)
Oa 016 1.611(6)
Oa 019 1.609(5)
Oa 020 1.615(6)
Oa 021 1.600(5)
Ob 01 1.933(6) 1.909(6)
Ob 022 1.926(4) 1.926(4)
Oc 02 1.967(6) 2.009(5) 1.945(5)
Oc 03 1.966(5) 1.982(6) 1.977(5)
Oc 04 1.980(5) 1.983(5) 1.948(5)
Oc 05 1.975(6) 2.006(6) 1.927(5)
Oc 014 1.987(5) 1.984(6) 1.932(5)
Oc 017 2.011(6) 1.967(6) 1.953(6)
od 06 1.913(5) 1.950(5) 1.930(5)
Od 08 1.955(5) 1.932(4) 1.955(5)
Ood 010 1.931(6) 1.916(5) 1.927(6)
Od 012 1.941(6) 1.929(5) 1.957(5)
Od 015 1.922(5) 1.937(5) 1.946(5)
Od 018 1.912(6) 1.913(5) 1.940(6)
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Table S4 Bond lengths of the four different oxygen atom types of Il in A.

Type Atom \Y \Y \Y Sb Sb
Oa o7 1.615(3)

Oa 09 1.597(7)

Oa 011 1.624(5)

Oa 013 1.628(5)

Oa 016 1.616(5)

Oa 019 1.621(5)

Oa 020 1.614(6)

Oa 021 1.600(6)

Ob 01 1.958(5) 1.921(6)
Ob 022 1.939(3) 1.939(3)
Oc 02 1.969(5) 2.007(5) 1.953(5)

Oc 03 1.960(5) 1.975(5) 2.007(5)

Oc 04 1.979(5) 1.981(5) 1.963(5)

Oc 05 1.969(5) 2.003(6) 1.942(6)

Oc 014 1.971(6) 1.986(6) 1.956(6)

Oc 017 2.012(6) 1.981(6) 1.953(6)

Od 06 1.927(5) 1.954(5) 1.920(5)

Od 08 1.955(5) 1.931(5) 1.963(5)

od 010 1.928(5) 1.916(5) 1.940(5)

Od 012 1.945(6) 1.932(6) 1.956(6)

Od 015 1.943(5) 1.944(5) 1.926(5)

Od 018 1.914(5) 1.922(5) 1.939(5)

Table S5 Bond lengths (A) of the four different oxygen atom types of Il in A.

Type Atom \Y \Y \Y Sb Sb
Oa o7 1.607(3)

Oa 09 1.612(5)

Oa 011 1.616(3)

Oa 013 1.628(4)

Oa 016 1.618(4)

Oa 019 1.619(4)

Oa 020 1.622(4)

Oa 021 1.598(4)

Ob 01 1.950(4) 1.928(4)
Ob 022 1.942(3) 1.942(3)
Oc 02 1.966(3) 2.007(3) 1.952(3)

Oc 03 1.960(3) 1.966(3) 2.005(3)

Oc o4 1.975(3) 1.978(3) 1.964(3)

Oc 05 1.967(4) 2.001(4) 1.941(3)

Oc 014 1.974(4) 1.972(4) 1.958(4)

Oc 017 2.007(4) 1.982(4) 1.950(4)

Od 06 1.913(3) 1.946(3) 1.929(3)

Od 08 1.951(3) 1.937(3) 1.960(3)

Od 010 1.933(4) 1.907(4) 1.929(4)

Od 012 1.942(4) 1.930(4) 1.959(4)

Od 015 1.950(4) 1.942(4) 1.916(4)

od 018 1.914(4) 1.918(4) 1.938(4)
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Table S6 Bond lengths of the four different oxygen atom types in A of IV.

Type Atom \Y \Y \Y Sb Sb

Oa 016 1.608(12)
0a 017 1.602(12)
Oa 020 1.605(12)
Oa 021 1.628(12)
Oa 022 1.653(11)

ob 011 1.909(14) 1.966(15)
Oc 012 1.981(13) 2.013(14) 1.942(13)

Oc 013  1.943(13) 1.993(12) 1.967(13)

Oc 014 1.966(12) 1.956(13) 1.984(12)

Oc 015 1.994(13) 2.003(14) 1.938(14)

od 018 1.896(12) 1.920(12) 1.933(13)

od 019 1.917(11) 1.927(11) 1.952(10)

od 023 1.872(12) 1.915(12) 1.956(12)

od 024 1.888(12) 1.958(12) 1.965(12)

Figure S7 shows the arrangement of the (pseudo)polymorph compound IV with its discrete cluster

anions and the Ni amine complexes as counter cations.

Table S7 shows the TM-N bond length and angles. All values are in typical ranges for known TM

amine complex acting as counter cations in heteroatom incorporated POVs.
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Figure S7. Arrangement of the cluster anions and transition metal complex cations of IV. Hydrogen
atoms are not displayed for clarity.
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Table S7 Selected bond lengths and bond angles of the Ni(en);?* cations in the crystal structure of
compound I.

Bond Lengths Bond Angles
Ni(1)-N(2) 2.122(6) N(2)-Ni(1)-N(11) 92.0(3)
Ni(1)-N(11) 2.124(9) N(2)-Ni(1)-N(22) 92.1(3)
Ni(1)-N(22) 2.134(9) N(11)-Ni(1)-N(22) 92.1(3)
Ni(1)-N(1) 2.139(8) N(2)-Ni(1)-N(1) 80.1(3)
Ni(1)-N(12) 2.140(7) N(11)-Ni(1)-N(1) 96.7(3)
Ni(1)-N(21) 2.146(8) N(22)-Ni(1)-N(1) 168.4(3)
Ni(2)-N(41) 2.119(8) N(2)-Ni(1)-N(12) 170.1(3)
Ni(2)-N(32) 2.123(9) N(11)-Ni(1)-N(12) 81.3(3)
Ni(2)-N(31) 2.131(8) N(41)-Ni(2)-N(32) 171.5(4)
N(41)-Ni(2)-N(31) 93.4(4)
N(32)-Ni(2)-N(31) 81.1(4)
N(22)-Ni(1)-N(12) 95.3(3)
N(1)-Ni(1)-N(12) 93.5(3)
N(2)-Ni(1)-N(21) 94.4(3)
N(11)-Ni(1)-N(21) 170.5(3)
N(22)-Ni(1)-N(21) 80.6(3)
N(1)-Ni(1)-N(21) 91.3(3)
N(12)-Ni(1)-N(21) 93.2(3)
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Table S8 Selected bond lengths and angles of the Co(en)s?* cations in the crystal structure of
compound Il.

Bond Lengths Bond Angles
Co(1)-N(1) 2.201(7) N(11)-Co(1)-N(1) 97.7(3)
Co(1)-N(2) 2.162(7) N(12)-Co(1)-N(1) 92.4(3)
Co(1)-N(11) 2.169(7) N(22)-Co(1)-N(1) 166.9(3)
Co(1)-N(12) 2.172(7) N(21)-Co(1)-N(1) 90.9(3)
Co(1)-N(22) 2.184(7) N(32)-Co(2)-N(41) 171.4(3)
Co(1)-N(21) 2.186(8) N(32)-Co(2)-N(31) 80.1(3)
Co(2)-N(32) 2.168(8) N(41)-Co(2)-N(31) 93.6(3)
Co(2)-N(31) 2.180(8) N(2)-Co(1)-N(11) 91.5(3)
N(2)-Co(1)-N(12) 168.4(3)
N(11)-Co(1)-N(12) 80.7(3)
N(2)-Co(1)-N(22) 91.6(3)
N(11)-Co(1)-N(22) 92.6(3)
N(12)-Co(1)-N(22) 97.3(3)
N(2)-Co(1)-N(21) 95.3(3)
N(11)-Co(1)-N(21) 169.8(3)
N(12)-Co(1)-N(21) 93.6(3)
N(22)-Co(1)-N(21) 79.7(3)
N(2)-Co(1)-N(1) 80.1(3)
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Table S9 Selected bond lengths and angles of the Fe(en);** cations in the crystal structure of
compound IlI.

Bond Lengths Bond Angles
Fe(1)-N(2) 2.193(5) N(2)-Fe(1)-N(21) 96.74(18)
Fe(1)-N(12) 2.210(5) N(12)-Fe(1)-N(21) 93.5(2)
Fe(1)-N(11) 2.211(5) N(11)-Fe(1)-N(21) 167.40(19)
Fe(1)-N(22) 2.223(5) N(22)-Fe(1)-N(21) 78.23(18)
Fe(1)-N(21) 2.234(5) N(31)-Fe(2)-N(32) 78.4(2)
Fe(1)-N(1) 2.237(5) N(31)-Fe(2)-N(41) 94.1(2)
Fe(2)-N(31) 2.208(5) N(32)-Fe(2)-N(41) 169.6(2)
Fe(2)-N(32) 2.210(5) N(2)-Fe(1)-N(12) 166.43(19)
Fe(2)-N(41) 2.215(5) N(2)-Fe(1)-N(11) 91.9(2)
N(12)-Fe(1)-N(11) 79.6(2)
N(2)-Fe(1)-N(22) 91.29(19)
N(12)-Fe(1)-N(22) 99.5(2)
N(11)-Fe(1)-N(22) 92.5(2)
N(2)-Fe(1)-N(1) 78.44(18)
N(12)-Fe(1)-N(1) 92.4(2)
N(11)-Fe(1)-N(1) 98.9(2)
N(22)-Fe(1)-N(1) 164.87(19)
N(21)-Fe(1)-N(1) 91.8(2)
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Table S10 Selected bond lengths and angles of the Ni(en);** cations in the crystal structure of
compound IV.

Bond Lengths Bond Angles
Ni(1)-N(1)#7 2.110(17) N(9)-Ni(3)-N(9)#4 92.6(12)
Ni(1)-N(1)#8 2.110(17) N(9)-Ni(3)-N(9)#9 79(2)
Ni(1)-N(1) 2.110(17) N(9)#4-Ni(3)-N(9)#9 167(3)
Ni(1)-N(2)#7 2.119(17) N(9)-Ni(3)-N(9)#10 167(3)
Ni(1)-N(2) 2.119(17) N(9)#4-Ni(3)-N(9)#10 98(2)
Ni(1)-N(2)#8 2.119(17) N(9)#9-Ni(3)-N(9)#10 92.6(12)
Ni(11)-N(3) 2.110(13) N(9)-Ni(3)-N(9)#11 98(2)
Ni(11)-N(6) 2.112(19) N(9)#4-Ni(3)-N(9)#11 79(2)
Ni(11)-N(8) 2.12(2) N(9)#9-Ni(3)-N(9)#11 92.6(12)
Ni(11)-N(5) 2.121(16) N(9)#10-Ni(3)-N(9)#11 92.6(12)
Ni(11)-N(4) 2.12(2) N(9)-Ni(3)-N(9)#3 92.6(12)
Ni(11)-N(7) 2.14(2) N(9)#4-Ni(3)-N(9)#3 92.6(12)
Ni(3)-N(9)#4 2.10(3) N(9)#9-Ni(3)-N(9)#3 98(2)
Ni(3)-N(9)#9 2.10(3) N(9)#10-Ni(3)-N(9)#3 79(2)
Ni(3)-N(9)#10 2.10(3) N(1)#7-Ni(1)-N(1)#8 92.0(6)
Ni(3)-N(9)#11 2.10(3) N(1)#7-Ni(1)-N(1) 92.0(6)
Ni(3)-N(9)#3 2.10(3) N(1)#8-Ni(1)-N(1) 92.0(6)
N(1)#7-Ni(1)-N(2)#7 173.6(7)
N(1)#8-Ni(1)-N(2)#7 91.7(7)
N(1)-Ni(1)-N(2)#7 82.7(6)
N(1)#7-Ni(1)-N(2) 91.7(7)
N(1)#8-Ni(1)-N(2) 82.7(6)
N(1)-Ni(1)-N(2) 173.6(7)
N(2)#7-Ni(1)-N(2) 94.0(6)
N(1)#7-Ni(1)-N(2)#8 82.7(6)
N(1)#8-Ni(1)-N(2)#8 173.6(7)
N(1)-Ni(1)-N(2)#8 91.7(7)
N(2)#7-Ni(1)-N(2)#8 94.0(6)
N(2)-Ni(1)-N(2)#8 94.0(6)
N(3)-Ni(11)-N(6) 170.5(7)
N(3)-Ni(11)-N(8) 93.6(7)
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Table S10 continued

N(6)-Ni(11)-N(8)
N(3)-Ni(11)-N(5)
N(6)-Ni(11)-N(5)
N(8)-Ni(11)-N(5)
N(3)-Ni(11)-N(4)
N(6)-Ni(11)-N(4)
N(8)-Ni(11)-N(4)
N(5)-Ni(11)-N(4)
N(3)-Ni(11)-N(7)
N(6)-Ni(11)-N(7)
N(8)-Ni(11)-N(7)
N(5)-Ni(11)-N(7)
N(4)-Ni(11)-N(7)

N(9)#11-Ni(3)-N(9)#3

94.8(8)
91.4(6)
81.0(8)
170.6(7)
82.7(7)
92.6(8)
91.4(7)
97.2(8)
90.2(8)
95.6(8)
80.0(8)
92.0(8)
168.6(7)
167(3)
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The discrete cluster anions and the discrete M(en);%* cations form a complex hydrogen network. The

hydrogen bond lengths and the corresponding interacting atoms for all four compounds are listed in

Tables S8 —S11.

Table S11 Hydrogen bonds with H-A < r(A) + 2.000 A and °DHA > 110 ° of compound I.

D-H d(D-H) d(H-A) °DHA d(D-A) A

N1-H1IN 0.920 2.357 141.34 3.128 021[x,y,z+1]

N2-H3N 0.920 2.022 164.17 2.918 016

N2-H4N 0.920 2.283 167.58 3.188 032[-x+2,vy,-z+2]
N11-H5N 0.920 2.206 154.72 3.063 020[x,y, z+1]

N11-H6N 0.920 2.212 153.73 3.064 07 [-x+3/2,y+1/2,-z+1]
N12-H7N 0.920 2.093 155.43 2.954 09 [x-1/2,y+1/2,z]
N12-H8N 0.920 2.172 152.56 3.019 O31[-x+1,y,-z+1]
N21-HS9N 0.920 2.535 140.58 3.298 016

N22-H1IN  0.920 2.361 150.53 3.194 08 [-x+3/2,y+1/2,-z+1]
N31-H13N  0.920 2.188 163.43 3.081 O11[-x+1,y,-z]
N31-H14N  0.920 2.360 148.09 3.179 031[-x+1,y,-z]
N32-HI5N  0.920 2.245 158.72 3.121 06

N32-H16N  0.920 2.566 118.50 3.112 011

N41-H17N  0.920 2.425 130.19 3.099 O018[-x+1,y,-z]
N41-H17N  0.920 2.492 148.45 3.311 019[-x+1,y,-z]
N41-H18N  0.920 2.220 149.86 3.050 021[-x+1,y,-z]

TableS12. Hydrogen

bonds with H-A < r(A) + 2.000 A and °DHA > 110 ° of compound II.

D-H d(D-H) d(H-A) °DHA d(D-A) A

N1-H1IN 0.920 2.353 139.09 3.107 021[x,y,z+1]

N2-H3N 0.920 2.021 165.98 2.922 016

N2-H4N 0.920 2.302 164.36 3.197 032[-x+2,vy,-z+2]
N11-H5N 0.920 2.202 152.22 3.046 020([x,y, z+1]

N11-H6N 0.920 2.245 152.02 3.088 07 [-x+3/2,y+1/2,-z+1]
N12-H7N 0.920 2.098 156.55 2.964 09 [x-1/2,y+1/2,z]
N12-H8N 0.920 2.248 150.48 3.082 0O31[-x+l,y,-z+1]
N21-HSN 0.920 2.482 142.36 3.259 016

N22-H11IN  0.920 2.389 147.98 3.206 08 [-x+3/2,y+1/2,-z+1]
N31-H13N  0.920 2.196 161.51 3.083 O11[-x+1,y,-z]
N31-H14N  0.920 2.362 147.25 3.175 031[-x+1,y,-z]
N32-HI5N  0.920 2.242 160.50 3.124 06

N32-H16N  0.920 2.538 118.68 3.087 011

N41-H17N  0.920 2.429 130.14 3.103 O0O18[-x+1,y,-z]
N41-H17N  0.920 2.492 148.81 3.314 019[-x+l,y,-z]
N41-H18N  0.920 2.214 150.98 3.051 021[-x+1,y,-z]
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Table $13. Hydrogen bonds with H-A < r(A) + 2.000 A and °DHA > 110 ° of compound IIl.

D-H d(D-H) d(H..A) °DHA d(D..A) A

N1-H2N 0.900 2.383 138.19 3.112 021[x,y,z-1]

N2-H3N 0.900 2.386 164.69 3.262 032[-x,y,-z]

N2-H4N 0.900 2.040 165.97 2.921 016

N11-H5N 0.900 2.313 150.79 3.130 O7 [-x+1/2,y-1/2,-z+1]
N11-H6N 0.900 2.219 152.64 3.046 020([x,y,z-1]

N12-H7N 0.900 2.274 151.69 3.096 0O31[-x+1,y,-z+1]
N12-H8N 0.900 2.109 154.88 2.949 09 [x+1/2,y-1/2,z]
N21-HION  0.900 2.489 143.94 3.260 016

N22-H12N  0.900 2.458 144.75 3.235 08 [-x+1/2,y-1/2,-z+1]
N31-H13N  0.900 2.442 143.57 3.211 031[-x+1,y,-z+2]
N31-H14N  0.900 2.246 161.54 3.113 O11[-x+1,y,-z+2]
N32-HI5N  0.900 2.539 122.39 3.115 011

N32-H16N  0.900 2.276 156.25 3.121 06

N41-H17N  0.900 2.248 149.94 3.060 021[-x+1,y,-z+2]
N41-H1I8N  0.900 2.477 132.08 3.151 O018[-x+1,vy,-z+2]
N41-H18N  0.900 2.546 148.99 3.349 019[-x+1,y,-z+2]

Table S14. Hydrogen bonds with H..A < r(A) +2.000 A and <DHA > 110 ° of compound IV.

D-H d(D-H) d(H..A) °DHA d(D..A) A

N1-HIN1 0.990 2.359 146.28 3.230 022][y, x, -z+2]
N1-HIN1 0.990 2.316 135.82 3.104 023 [x-y+1,-y+1,-z+2]
N1-H2N1 0.990 2.307 142.40 3.150 022 [x-y+1,-y+1,-z+2]
N2-HIN2 0.990 2.334 144.61 3.192 017 [-x+1, -x+y, -z+1]
N2-H1N2 0.990 2.321 138.51 3.132 018 [x-y+1,-y+1,-z+1]
N2-H2N2 0.990 2.397 133.80 3.164 017 [x-y+1,-y+1,-z+1]
N3-H1N3 0.990 1.996 164.95 2.963 020 [-x+y, -x+1,2]
N4-H1IN4 0.990 2.401 133.90 3.169 017 [-x+1,-x+y,-z+1]
N5-HIN5 0.990 2.183 149.08 3.075 016]y, x, -z+1]
N5-H2N5 0.990 2.297 148.78 3.185 04|y, x,-z+2]
N6-HING 0.990 1.972 154.28 2.895 05

N7-HIN7 0.990 2.414 147.12 3.290 06

N8-HINS8 0.990 2.378 145.14 3.240 020 [-x+y, -x+1,2]
NS-H1INS 0.990 2.195 159.46 3.141 07

N9-HIN9S 0.990 2.477 123.67 3.136 08

N9-H2N9 0.990 2.414 149.25 3.304 O7[-x+y+1, -x+2, 2]
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7. Magnetic Properties
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Figure S8. Molar magnetization M,, as a function of the applied field B: M,,(exp) — M ([V15Sbs04,]%)
for compound I (a), Il (b), 1), shown as blue open circles;
best fits: red lines.
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Table S15. Parameters of the “full model” simulations of 1 — IlI.

Parameter 1 (M = Ni) Il (M = Co) 1l (M = Fe)

Racah €2 /cm™ 4831 4366 3901

BError! ® / cm™ —24307 + 484 -842 + 80 13426 +43

BError! ® / cm™ 13898 + 167 25154+ 16 10064 + 35

sQ9 2.1% 2.6% 1.6%

a) Griffith, J.S. The Theory of Transition-Metal lons, Cambridge University Press, Cambridge,
1971; ¥ ligand field parameter in Wybourne notation; 9 mean field parameter (“—2J“ notation) ¢
goodness of fit.
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8. Electrospray ionization mass spectrometry

Besides the known signals of [M]3>/[M-H]*, [M-H,0]*/[M-H-H,0]%>, [M:-Ni(en)]>/ [M-H-Ni(en)]%,
[M-Ni(en)-H,0]%>/[M-H-Ni(en)-H,0]% and [N-H,0]3/[N-H-H,0]3> at m/z 722, 728, 1142, 1151 and 792,
respectively, in the ESI-Q-TOF-HRMS spectra of {Ni(en)s}s[VisSbs04,], a series of peaks exists for
which no conclusive assignment could be made (m/z 671, 677, 696, 702, 766, 1104, 1113).

In all experiments performed (ESI mass spectra at different ionization conditions, H/D- and %0/80-
exchange experiments, collision-induced fragmentation experiments), these ions behave in close
analogy to the parent cluster. It can thus be assumed that they belong to structurally closely related
cluster species, for which we were nevertheless unable to find a fully convincing elemental

composition, which is in line with all experimental data.

As the powder diffraction patterns of a sample that was used for the mass spectrometric
experiments clearly showed the sample not to contain significant amounts of impurities, we assume
that these signals correspond to a marginal level of impurities, which are more easily ionized and
thus appear with higher intensities in the mass spectra than expected from their abundance in the

sample.
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Figure A.6: Graphical abstract. Reprinted from Mahnke et al.l??l (© 2018 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim).
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Appendix
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Figure A.7: Cover picture. Reprinted from Mahnke et al.l??l (© 2018 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim).
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6.3.8. Polyamide—Polyamine Cryptand as Dicarboxylate Receptor: Dianion Binding Studies in
the Solid State, in Solution, and in the Gas Phase
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J. Org. Chem. 2017, 82, 10007-10014.
Submitted on June 9, 2017, first published on August 28, 2017 in Journal of Organic Chemistry.

An electronic version of the article is available (https://doi.org/10.1021/acs.joc.7b01431).

Y
+

S
1

L J

Figure A.8: Graphical abstract. Reprinted with permission from Chakraborty et al.[2% (© 2017, American Chemical
Society).
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