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,, Nothing in life is to be feared, it is only to be understood.
Now is the time to understand more, so that we may fear less.’

- Marie Sklodowska-Curie
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Abstract

This doctoral dissertation, entitled “Self-Association of Supramolecular Capsules Based
on Dynamic Iminium and B-Diketone Bonds”, presents comprehensive research at the interface
of materials chemistry and fundamental supramolecular chemistry. The research work was
carried out within two main, complementary scientific pillars. The first one focused on the
design and synthesis of functional metallosupramolecular materials based on p-diketone
ligands, with a focus on their catalytic potential. The second pillar was devoted to the study of
fundamental principles of self-assembly and self-sorting of components in the process of
creating metal-free, organic cages using the tools of Dynamic Covalent Chemistry.

Within the first research area, the work began with a detailed analysis of the coordination
chemistry of a simple, unsymmetrical B-diketone ligand (bpmH). The aim was to understand
and overcome potential problems, such as uncontrolled oligomerization and complex
isomerism, which could complicate the design of more advanced systems. These studies
showed that although the bpmH ligand does not fully prevent oligomerization (as demonstrated
for the nickel(II) complex), the intermolecular interactions in its complexes are so weak that
the formation of isomers in solution is mainly statistical. These observations, including the
complex, temperature-dependent dynamic equilibrium in the case of the zinc(Il) complex,
provided a key foundation for further work. In the next step, an efficient two-step synthetic
strategy was developed using a tritopic ligand (HsL). By precisely controlling the stoichiometry,
discrete, dimeric metallacycles of the [M2(HL):] type with Cu(Il) and Pd(II) ions, possessing a
free, reactive functional arm, were first obtained. Then, in the reaction with excess metal ions,
their controlled polymerization was carried out. While in the case of copper(Il), the process led
to an insoluble product, the reaction with palladium(I) was successful, giving a fully
characterized, soluble metallosupramolecular polymer [PdsL:]n. The comparison of the
catalytic activity of both palladium complexes in the Suzuki-Miyaura cross-coupling reaction
was the culmination of this part of the research. It was proven that the [PdsL:]n polymer is a
much more efficient catalyst, providing higher yields on average by 10-20% compared to its
discrete, cyclic precursor. The improved catalytic properties of the polymer were attributed to
the larger number of available active sites and the so-called "local concentration effect".

The second pillar of the thesis is devoted to the study of the fundamental principles
governing the self-assembly process using Dynamic Covalent Chemistry (DCC). These works,
conducted in metal-free organic systems, focused on the phenomenon of self-sorting during the
formation of three-dimensional cages (cryptands) based on reversible imine bonds. In a series
of competitive experiments, in which one triamine reacted with a complex mixture of different
dialdehydes, an extremely high degree of selectivity was observed. In the vast majority of cases,
the system spontaneously selected one, most privileged component to build only one, pure
(homoleptic) cage product. Crucially, in none of the studied systems was the formation of mixed
(heteroleptic) cages observed. Systematic studies allowed us to establish a strict hierarchy of
preferences and formulate structural rules governing this process. It was shown that the outcome
of sorting is determined by the molecular features of the "building blocks": the most privileged
are rigid, fully conjugated components containing a heteroatom (e.g. nitrogen), while flexibility
and disorders in the conjugated system significantly reduce the efficiency of a given component.
Moreover, it was proven that the observed preferences result from the system reaching a true
thermodynamic equilibrium. Using acid-base control over the reversibility of imine bonds, the
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possibility of performing a controlled cage-in-cage transformation was demonstrated, in which
a less stable structure, in the presence of more favored components, spontaneously reorganizes
into the most thermodynamically stable product.

In summary, the presented doctoral thesis comprehensively combines materials
chemistry with fundamental research on self-organization. As part of the completed work, not
only new, functional materials with increased catalytic activity were obtained, but also the rules
governing the process of selective sorting of components in dynamic combinatorial systems
were thoroughly investigated and formulated, contributing to the development of both of these
dynamically developing fields of chemistry.
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Streszczenie

Niniejsza, przedtozona rozprawa doktorska pt. ,Samoasocjacja kapsul
supramolekularnych w opartych o dynamiczne wigzania iminowe oraz [-diketonowe”
przedstawia kompleksowe badania z pogranicza chemii materialowej oraz fundamentalnej
chemii supramolekularnej. Chemia supramolekularna, okreslana jako ,,chemia poza
czasteczka”, stanowi jedng z najdynamiczniej rozwijajacych si¢ dziedzin nauki, czerpigc
inspiracje z natury do tworzenia zlozonych, funkcjonalnych architektur molekularnych. Jej
fundamentem sg oddziatywania niekowalencyjne, ktore dzigki efektowi kooperatywnemu
umozliwiajg spontaniczne formowanie si¢ ztozonych, uporzadkowanych, trojwymiarowych
struktur w procesie samoorganizacji. Celem badan prowadzonych w trakcie przewodu
doktorskiego, a podsumowanych w ramach niniejszej pracy, bylo na zbadanie dwoch
kluczowych aspektow tej dziedziny. Pierwszy cel dotyczyt projektowania, syntezy 1
charakterystyki nowej generacji metalosupramolekularnych kompleksow p-diketonowych o
cyklicznej budowie z ukierunkowaniem na ich potencjat katalityczny. Drugi cel badawczy,
realizowany w ramach Dynamicznej Chemii Kowalencyjnej (DCC), skupiat si¢ na
fundamentalnym zjawisku samosortowania komponentow podczas syntezy dynamicznych
klatek poliiminowych, aby zrozumie¢, jakie cechy strukturalne blokéw budulcowych
determinujg selektywno$¢ w tworzeniu zlozonych, trojwymiarowych kapsut.

W ramach realizacji pierwszego celu badawczego, prace rozpoczeto od szczegdtowej
analizy chemii koordynacyjnej prostego, niesymetrycznego liganda p-diketonowego (bpmH),
aby zrozumie¢ 1 przezwycig¢zy¢ potencjalne problemy, takie jak niekontrolowana
oligomeryzacja i1 ztozona izomeria. Badania te wykazaly, ze chociaz ligand ten nie zapobiega
w pelni oligomeryzacji, to tworzenie izomeréw w roztworze ma gtownie charakter statystyczny,
co stanowito kluczowy fundament pod dalsze prace nad bardziej ztozonymi i zaawnasowanymi
strukturami. W kolejnym kroku opracowano wydajng, dwuetapowa strategi¢ syntezy z
wykorzystaniem trojramiennego liganda (HsL). Poprzez precyzyjna kontrolg stechiometrii, w
pierwszym etapie otrzymano dimeryczne metalocykle typu [M2(HL):] z jonami Cu(Il) oraz
Pd(II), posiadajace dodatkowo wolne, reaktywne rami¢ funkcyjne. Nastepnie, w reakcji z
nadmiarem jonow metalu, przeprowadzono ich kontrolowang polimeryzacje. O ile w
przypadku miedzi(Il) proces prowadzit do nierozpuszczalnego produktu, o tyle reakcja z
palladem(II) zakonczyla si¢ sukcesem, dajac w pelni scharakteryzowany, rozpuszczalny
polimer metalosupramolekularny [PdsLz]n. Zwienczeniem tej czgsci badan bylo porownanie
aktywnosci katalitycznej obu kompleksow palladowych w reakcji sprzggania Suzuki-Miyaury.
Udowodniono, ze polimer [PdsL:]n jest znacznie wydajniejszym katalizatorem, zapewniajac
wydajnosci Srednio o 10-20% wyzsze w poréwnaniu do swojego cyklicznego prekursora.
Lepsze, efektywniejsze wiasciwosci katalityczne polimeru na podstawie analizy dos¢pnych
danych przypisano wigkszej liczbie dostgpnych miejsc aktywnych oraz tzw. ,,efektowi stezenia
lokalnego™.

Drugi, réwnolegly filar rozprawy poswigcony zostat badaniom fundamentalnych zasad
rzadzacych procesem samoorganizacji z  wykorzystaniem Dynamicznej Chemii
Kowalencyjnej. Prace te, prowadzone w uktadach czysto organicznych, skupity si¢ na zjawisku
samosortowania komponentéw podczas tworzenia trojwymiarowych poliiminowych klatek
(kryptandow). W serii eksperymentéw kompetycyjnych, w ktorych jedna triamina reagowata
ze zlozong mieszaning réznych dialdehydow, zaobserwowano niezwykle wysoki stopien
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selektywnos$ci. W zdecydowanej wigkszo$ci przypadkdéw system spontanicznie wybieral jeden,
najbardziej uprzywilejowany, dopasowany komponent, budujac wytacznie jeden, czysty
(homoleptyczny) produkt klatkowy. Co wazne, w zadnym z badanych ukladéw nie
zaobserwowano tworzenia si¢ klatek mieszanych (heteroleptycznych). Systematyczne badania
pozwolity na ustalenie $cistej hierarchii preferencji oraz sformutowanie regut strukturalnych
rzadzacych tym procesem. Wykazano, ze o wyniku sortowania decyduja cechy molekularne
blokéw budulcowych: najbardziej uprzywilejowane sg sztywne, w petni sprzezone komponenty
zawierajace heteroatom, podczas gdy elastyczno$é oraz zaburzenia w uktadzie sprzezonym
znaczaco obnizaja wydajno$¢ danego komponentu w procesie samosortowania. Ponadto,
udowodniono, Ze obserwowane preferencje wynikaja z osiggania przez uklad prawdziwej
rOwnowagi termodynamicznej, demonstrujac mozliwos¢ przeprowadzenia kontrolowanej
transformacji typu ,klatka-w-klatke”, w ktorej mniej stabilna struktura w obecnos$ci bardziej
faworyzowanych komponentéw spontanicznie reorganizuje si¢ poprzez wymiane blokoéw
budulcowych w termodynamicznie najstabilniejszy produkt.

Podsumowujac, niniejsza rozprawa doktorska w sposob kompleksowy laczy chemie
materialowg z badaniami fundamentalnymi nad samoorganizacja. W ramach zrealizowanych
prac nie tylko otrzymano nowe, funkcjonalne materialy o podwyzszonej aktywnos$ci
katalitycznej, ale rowniez doglebnie zbadano i sformulowano regulty rzadzace procesem
selektywnego samosortowania komponentow w zaprojektowanych dynamicznych bibliotekach
kombinatorycznych, przyczyniajac si¢ do rozwoju obu tych dynamicznie rozwijajacych si¢
dziedzin chemii. Wyniki badan nad kompleksami B-diketonowymi otwierajag nowe mozliwosci
w projektowaniu polimerycznych katalizatorow, podczas gdy prace nad klatkami iminowymi
stanowig istotny wktad w zrozumienie fundamentalnych zasad sterowania zlozonymi
procesami samoasocjacji, co jest kluczowe dla tworzenia zaawansowanych materiatlow
adaptacyjnych 1 systemow inspirowanych naturg.
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Chapter 1: Introduction

Chemistry, in its classical approach, is the science of the molecule. For decades, its main
focus was the nature of the classic covalent bond — the powerful force that holds atoms together
into stable molecules. It is covalent synthesis that has enabled the creation of countless and
various new functional compounds, from drugs to polymers, revolutionizing our world on
almost all its fields of science and living. However, both in nature and in the laboratory, there
were phenomena that could not be fully explained only in terms of covalent bonds. Processes
as fundamental as protein folding, the formation of the DNA double helix or the action of
enzymes are based on interactions that are much more subtle but complex and yet highly
specific and crucial to functioning. It was at this fascinating frontier that supramolecular
chemistry was born — the chemistry of noncovalent interactions, the chemistry of highly
organized molecular associations, and finally as Jean-Marie Lehn, one of creators of
supramolecular chemistry said - the chemistry "beyond the molecule".!**

Although the formal birth of supramolecular chemistry dates back to the second half of
the 20th century, its beginnings should be sought much earlier. It can be assumed that it was the
turn of the 19th and 20th centuries, when Emil Fischer, describing the interaction of an enzyme
with a substrate, used the vivid metaphor of "key and lock", intuitively describing the essence
of specific molecular recognition. A few years later, Paul Ehrlich joined him and formulated the
famous principle "corpora non agunt nisi fixata" (compounds do not work unless they are
bound), postulating the existence of specific receptors in living organisms that allow other,
complex chemical compounds to act properly. These were the first, somewhat prophetic ideas,
which, however, had to wait decades for their experimental and theoretical confirmation, which
came with the development of science and research methodology.

The breakthrough moment came in 1967, when Charles J. Pedersen, while working in
the DuPont laboratories, made an accidental but incredibly important discovery, which was one
of the most important milestones in the entire process of creating supramolecular chemistry.’
While synthesizing derivatives of dibenzo-18-crown-6, he noticed that this cyclic polyether was
able to "catch" and "release" potassium ions from salts in organic solvents. Pedersen concluded
that the cavity in the center of its macrocycle perfectly matched the size of the K* cation,
forming a stable complex based on ion-dipole interactions. The discovery of crown ethers was,

in a way, the foundation of the newly emerging branch of chemistry.
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1 1+K*
Figure 1. Interaction of K" with dibenzo-18-crown-6.

Another important moment was the development of Pedersen's work by Donald J. Cram, who
introduced the concept of preorganization and guest-host chemistry.® According to this, a host
with an appropriately designed and rigid structure, complementary to the guest, forms much
more stable complexes than its more flexible substitute. Cram's work on spherands and
carcerands - molecular "containers" capable of permanently enclosing other molecules inside
themselves - brought supramolecular synthesis to a new, advanced level.

The final shape and name of the new discipline were given by Jean-Marie Lehn. It was
he who defined supramolecular chemistry in the 1970s as "the chemistry of intermolecular
interactions between two or more molecules/aggregates" or “chemistry beyond the molecule”.
Lehn extended the concept to include three-dimensional cryptands capable of even stronger and
more selective ion binding. More importantly, Lehn shifted the focus from simple molecular
recognition to the functionality of the structures created. His vision was to create "molecular
devices" capable of performing specific tasks, such as ion transport or catalysis.

The culmination of the efforts and work of these three fathers of supramolecular
chemistry was awarding them the Nobel Prize in Chemistry in 1987, which was the official
recognition of supramolecular chemistry as a mature and extremely promising branch of
science. This event contributed to the enormous growth of supramolecular chemistry and,
consequently, to the multiplication of the pace of development of this field and research
conducted within it. It would certainly not be an exaggeration to say that supramolecular
chemistry is currently the driving force of science. This is evidenced, for example, by the pace
of growth in the number of scientific publications and articles, but also research projects dealing
with the application possibilities of complex, functional supramolecular structures. This is also
because it is a branch of science that is very multidisciplinary in nature, because it combines
knowledge and issues from the border of chemistry (both organic and inorganic), biology,
physics, or modern fields of science, such as nanotechnology.” !

The philosophy of supramolecular chemistry is based on several key pillars. These are:

noncovalent interactions (which are the glue of supramolecular chemistry and although these
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forces are individually much weaker than covalent bonds, their joint, directed action (the so-
called cooperative effect) leads to the formation of stable and highly specific structures). The
next pillar is molecular recognition - the ability of one molecule (host) to selectively bind
another (guest). The key is geometric complementarity (matching shape and size) and electronic
complementarity (matching interactions). As Cram has shown, the better the host is organized
for binding before the complexation process itself, the more efficient this process is. Therefore,
it is important to consciously design structures before synthesis. And the last pillar, which is
self-assembly, i.e. a spontaneous process in which molecules, based on the information encoded
in their structure, spontaneously create ordered, complex supramolecular aggregates. This
process, ubiquitous in nature, is a powerful tool in the hands of scientists, allowing them to
create complex and functional architectures "bottom-up" without the need for tedious, multi-
step covalent synthesis.

To better visualize the idea and principles of supramolecular chemistry, scientists
sometimes call it “Lego™ chemistry.” This model depicts molecular (covalent) building blocks
as individual Lego™ blocks that, through noncovalent interactions, can be assembled together
in a variety of reversible ways, resulting in a variety of topologically and functionally diverse

supramolecular structures.

Figure 2. A pictorial representation of supramolecular chemistry as “Lego™ chemistry .

In recent years, these fundamental assumptions have allowed for spectacular
achievements. From simple ion-selective sensors based on crown ethers, supramolecular

chemistry has evolved towards extremely complex and advanced functional systems. One of
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the most exciting and spectacular directions has become molecular machines, which was
reflected in the Nobel Prize in 2016 for Jean-Pierre Sauvage, Sir J. Fraser Stoddart and Bernard
Feringa. They created molecules (rotaxanes, catenanes, molecular machines) that, under the
influence of an external stimulus (light, pH change, redox potential), can perform controlled

mechanical movement. '3 4

(M, M)-Z isomer [P, F)-£Z isomer

. Ca symmetry
forA=8B

(P.F)-E isomer (M MI-E isomer

Figure 3. Rotary cycle of Molecular Motor.

Supramolecular chemistry, growing out of observations of nature, is now becoming a
powerful tool for imitating it and exceeding its capabilities. From the simple act of recognizing
single ions, we have reached the stage of designing dynamic, functional systems at the
molecular level. This is a field that is still developing dynamically, opening up new, fascinating
perspectives. This doctoral dissertation is part of the research trend on phenomena that are the
pillars of this branch of chemistry. The aim of the planned work was to design, synthesize and
investigate the properties of new supramolecular systems with a cage structure capable of self-
sorting, which is a contribution to the further development of this extraordinary "chemistry

beyond the molecule".

Molecular recognition and host-guest chemistry

21517 {5 one of the most important foundations of supramolecular

Molecular recognition
chemistry. Before this branch of chemistry was officially introduced, molecular recognition, as

a phenomenon, was classified as one of the fields of broadly understood guest-host chemistry.®
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It is a process of binding molecules with the aim of creating a well-defined and, most
importantly, stable supramolecular architecture, maintained by intermolecular interactions. In
this context, selective interactions between a physically larger host molecule, which in its
structure contains the active site, and a smaller guest molecule, which is complementary to it,
should be considered.® Together, they form a guest-host complex or supramolecule. Professor
Lehn defines molecular recognition as "a phenomenon that may contain a specific function,
determined by the energy and information contained in the binding and the selection of a
substrate or substrates in front of a given molecule, which is the receptor."

Molecular recognition is an important, yet complicated and complex process that
requires multi-dimensional complementarity (including geometric, stereochemical,
stereoelectronic, toposelectronic, and functional) of the active sites of the host and guest
molecules. According to the visual "key and lock" model, the guest molecule interacts with the
host molecule like a key with the appropriate lock that it opens. However, this model should be
considered very simplified because it does not take into account a series of processes and
interactions occurring in solution that affect the entire molecular recognition (e.g. the dynamics
of matching the guest molecule to the active site of the host).!> 1819

Hence the induced fit model was created. The assumption proposed by Daniel Koshland
is the basis of a number of processes known from biology — those in which enzymes participate,
because they bind substrates in a cooperative manner, by fitting. As a result, in the presence of
the appropriate guest molecules, the shape of the host active site changes in such a way that the
mutual complementarity of both these molecules is as high as possible. As a result, a more
stable molecule with changed properties (enzyme-substrate complex) is formed as a result of

the guest-host interaction.
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Figure 4. Two examples of molecules that are able to recognize each other and associate. In

/

both cases the interaction responsible for the recognition is based on the formation of N—
H---O and N-H---N hydrogen bonds. For each example, both the chemical formulas and their
cartoon representations are shown, from which the spatial complementarity (lock-and-key

principle) can be clearly seen.

Molecular recognition between molecules is one of the most fundamental processes in
biology, chemistry and medicine. Without this phenomenon, life as we know it would not exist.
Enzymes, receptors, antibodies or innovative adaptive materials are examples of incredibly
diverse systems whose functioning depends directly on molecular recognition. Although these
phenomena have actually developed in the course of evolution for millions of years,
understanding them, the ability to control them and properly design structures is crucial for the

further development of science, which is why they cannot be ignored.

Self-association, self-organization

Some of the fundamental processes from the point of view of supramolecular chemistry
are spontaneous processes of self-assembly of molecules. We are talking about self-association
and self-organization. These twin-like names cover completely different processes that are often

confused with each other.
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Self-association is the spontaneous formation of relatively small supramolecules from
simple, basic building blocks. This is a process that occurs primarily due to non-directional
interactions — such as electrostatics or Van der Waals forces. Self-organization is, as it were, the
next stage in the hierarchy. This process consists in the combination of small supramolecular
molecules into larger assemblies, and consequently into extensive supramolecular structures.
In contrast to self-association, self-organization is based on directional interactions (e.g.
hydrogen bond, coordination bond). Translating the above information onto the pictorial scale
of supramolecular chemistry, we can state that self-association is responsible for the formation
of microstructures, in contrast to self-organization, which is responsible for, in a way, the next
stage, i.e. the formation of supramolecular macrostructures.? 222

Self-organization as a concept is a process that is difficult to define unequivocally. In
most sources, it is defined as a process of spontaneous association of two or more molecules or
ions into larger supramolecular structures (i.e. complex compounds). Self-organization occurs
in accordance with information that is somehow recorded in the structural and electronic
structure of the building blocks from which the supramolecular architectures are created. The
self-organization process is a phenomenon in itself, because it allows for obtaining a virtually
unlimited number of supramolecular structures held by intermolecular interactions, the number
of which is limited only by the composition of the initial mixture in which the process takes

place - it depends directly on the type and amount of available basic building blocks.?% >
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Figure 5. Growth of a dodecahedral coordination assembly from 50 components due to self-
assembly process.
In the case of metallosupramolecular chemistry, most of the interactions that occur are
labile interactions with a high degree of directionality (coordination bond) between the ligand

and the metal ion. Self-assembly is a phenomenon that favors the product that is
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thermodynamically most stable — it is a selective process towards it. The formation of a
supramolecular system must bring a large enough energy gain for the system to overcome
entropic effects that tend to maintain the reaction mixture in a maximal degree of disorder.'® >

Obtaining a durable and stable supramolecular structure depends on a number of factors.
The basic one is the information contained in the structure of a properly designed ligand, which
influences the complementarity of the molecule to the coordination geometry exhibited by the
selected metal ion. Factors such as reaction stoichiometry, degree of protonation of functional
groups, type of counterion, reaction temperature, type of solvent used or concentration of metal
ions also have a significant influence. Often in the case of systems in which self-assembly
occurs, the final products are difficult to predict, sometimes even surprising the experimenter,
which is one of the greatest challenges for people involved in this field of science. In order to
obtain the maximum possible control over the system, the first stages of each research project
are crucial - i.e. a thorough analysis of the expected system and the appropriate design, synthesis
and characterization of elementary building blocks.

A fascinating example, illustrating how a small change in the structure of basic building
blocks (e.g. changing just one atom) has a significant impact on the structure created by self-
assembly, is the architecture obtained and described by the research group of Professor Makoto
Fujita.?> ¢ In analogous ligand molecules, a sulfur atom was replaced with an oxygen atom,
which resulted in molecules with a different bending angle. This small structural difference,
together with a change in the mutual stoichiometry of the ligands with respect to each other, led

to the formation of two spherical architectures of different sizes.

Stosunek A:B
od 10:0 do 3:7

Stosunek A:B
od 2:8 do 0:10
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Figure 6. Self-assembly of ligands A and B in the presence of palladium(Il) ions. Under the

given conditions, only one type of coordination polyhedron is formed in solution.

The influence of slight changes in the ligand structure on the type of structures formed
spontaneously as a result of the self-assembly process was also observed in the studies described
in publication A3, where small changes in the structure of the components forming the cage

structures influenced the preferences in the self-sorting process.

Figure 7. The influence of a single atom change in the structure of a building block on the

self-assembly and component exchange phenomenon.

Types of interactions in supramolecular structures

It is still a great challenge to properly design supramolecular architectures with defined
structures, but it is more important to understand the interactions responsible for supramolecular
synthesis and self-assembly. Understanding the forces that maintain these advanced structures
is key to the proper design of substrates, monomers, and ligands, which are then used in
subsequent stages of research. The driving forces for supramolecular complex structures are
typically recognized as multiple hydrogen bonding, metal-ligand coordination bonds, ©-n
interactions, and other noncovalent interactions such as host-guest interactions or hydrophobic
effects. From the point of view of this doctoral thesis, and especially its first part concerning
the chemistry of beta-diketone compounds, the most important will be metal-ligand

coordination bonds and will be briefly discussed in a moment.

Metal-ligand coordination
Metal-ligand coordination interactions occupy a unique position in supramolecular
chemistry." 27 Combining features of both strong covalent bonds (directivity, predictable

geometry) and noncovalent interactions (reversibility, lability), they constitute an extremely
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powerful and versatile tool for molecular self-assembly. The use of metal ions as structural
"linkers" and organic ligands as the "backbone" has opened the way to the precise, defined
design and synthesis of incredibly complex, three-dimensional architectures with predefined
and planned topology and function. This approach, often referred to as the "directional bonding"
strategy, has transformed and revolutionized the way scientists think about creating complex
molecules, shifting the balance from simple covalent synthesis toward efficient, effective self-
assembly.

The basic advantage of the coordination bond over other noncovalent interactions is its
high directionality and well-defined geometry. Unlike more diffuse and less specific hydrogen
bonds or van der Waals forces, the metal-ligand bond is determined by the coordination
preferences of a given metal ion, which is a very important factor at the stage of designing
complex metallosupramolecular structures. A transition metal ion, such as Pd(II), Pt(II), Cu(I)
or Fe(Il), imposes a strictly defined geometry on the surrounding ligands — square, tetrahedral
or octahedral, respectively. This feature is absolutely crucial, because it allows the chemist to
precisely design the structure of the organic ligand with which he or she wants to complex a
given metal ion or the entire larger supramolecular structure that will be formed as a result of
self-assembly.

The second important factor, which is an advantage of this interaction, is the reversibility
(lability) of the bond. The process of complex formation is a dynamic process, remaining in a
state of equilibrium. This means that the system has the ability to "correct errors". If a
thermodynamically unstable structure (e.g. a strained oligomer) is formed during self-assembly,
the labile coordination bonds may be broken and the components may reorganize into the most
thermodynamically stable, desired product. This ability to "self-repair" is the secret of the high
yields with which complex cages, helicates or molecular knots are often obtained by self-
assembly.

Theory and design are reflected in the synthesis of fascinating structures with specific
applications. The literature is full of interesting and impressive examples of structures that have
emerged as a result of a deliberate process of design and prediction of the function of the target
structure.

21,22,28,29 or "intertwined molecular strands", are one of the most classic, but

Helicates,
also the most important examples of metal-supramolecular systems. They arise as a result of
self-assembly of one or more flexible ligands around metal ions with a preference for tetrahedral
(e.g. Cu(l)) or octahedral (e.g. Fe(Il)) geometry. The ligands wrap around the axis defined by

the metal ions, creating a structure resembling a double (or triple) DNA helix (here we see the
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aforementioned inspiration from nature). Due to their inherent chirality, helicates are promising
candidates for chiro-optical materials (e.g. for optical switches) and asymmetric catalysts. Their
ability to bind to DNA also opens up a number of perspectives in anticancer therapy.

Another great example are molecular squares and cubes, which can be called a kind of
precise container or transporter. They use metal ions with square-planar geometry (most often
Pd(IT) or Pt(II)) and rigid, linear ligands with pyridine groups at the ends (e.g. 4,4'-bipyridine),
thanks to which it is possible to obtain (almost with quantitative efficiency) the target structure
of the so-called "molecular square" in the self-assembly process. This is a structure in which
four metal ions are corners and four ligand molecules - its sides. Such structures are very
important from a scientific and practical point of view, because the cavity inside such a
molecular square can serve as a nanoreactor, in which, for example, we will carry out chemical
reactions in an isolated environment. Additionally, thanks to this, we will often be able to talk
about increased selectivity. They can also act as molecular sensors or drug carriers,
encapsulating guest molecules, such as anticancer drugs like cisplatin, inside themselves via

guest-host chemistry for protection and targeted therapy.**?

cisplatin = f./'@ \@
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Figure 8. Multicavity M L cage where the two terminal cavities retain the ability to
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encapsulate cisplatin.

Another example is Coordination Cages (MOCs) — specific molecular reaction vessels.
This type of structure provides us with probably one of the most spectacular examples, which
is the Mi.L2a cage, first synthesized by Makoto Fujita's group.? It is formed as a result of self-
assembly of 12 Pd(II) ions and 24 tridentate, bent triazine ligands. The result is an almost
perfectly spherical, highly symmetrical structure with a diameter of several nanometers and a
huge internal cavity. Such cages can be excellent nanoreactors. Fujita and co-workers have
shown that the Mi2L24 cage cavity can be used for Diels-Alder reactions or photocycloadditions,
which occur in solution with low efficiency or not at all. The cage stabilizes transition states

and preorganizes substrates, acting as an artificial enzyme. Moreover, its ability to encapsulate
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large biomolecules, such as proteins, makes them promising tools in biotechnology and
structural biology, allowing for protein stabilization and facilitating their crystallization for X-
ray studies. Another example is the MaLs cages - Tetrahedral cages described by Raymond's
group, which are capable of encapsulating a variety of guest molecules. It has been shown that
their strongly anionic cavity can stabilize reactive cations, acting as a "molecular flask". This

allows the study of reactions that would normally be impossible to carry out.

Figure 9. Schematic representation of Raymond’s M4Ls metallosupramolecular cages.

In contrast to the aforementioned cages, coordination polymers are structures extending
in one, two, or three dimensions. They are formed when ligands have more than one
coordinating group, acting as bridges connecting metal centers in an extensive network. This is
the type of structure whose preparation is described in publication A2.

The coordination bond is extremely important for supramolecular chemistry, and also
from the point of view of part of the work below, because it is responsible for the binding of
metal ions to organic ligands, resulting in the formation of metalosupramolecular complexes.
The first segment of the experimental part of this work will concern metallosupramolecular
compounds resulting from the formation of a coordination system between the B-diketone

system acting as a bond donor and an appropriately selected metal ion.

Chemistry of B-diketones

Metallosupramolecular systems based on B-diketone systems constitute an important
class of supramolecular compounds.?-33-* Classical B-diketones have been known and studied
for over a century and are undoubtedly the most popular O,0-donating ligands, especially in
the coordination chemistry of d- and f-electron elements. Despite the fact that B-diketones
represent one of the oldest classes of chelating ligands, their coordination chemistry continues

to enjoy great interest (e.g. due to the industrial application of their metallosupramolecular
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complexes or the use of diketone derivatives in medicine), and their ability to create rich,
interesting and diverse coordination chemistry is well documented.

B-Diketone architectures, the most well-known and best-studied representatives of
which are pentane-2,4-dione (the simplest of them, acetylacetone, acacH), 1-phenyl-1,3-
butanedione (bzacH), 1,3-diphenyl-1,3-propanedione (dbzmH), 2,2,6,6-tatramethyl-3,5-
heptanedione (tmhdH), or 1,1,1-trifluoro-2,4-pentanedione (tfacH), due to their structural
arrangement - two carbonyl groups separated by one carbon atom (C) - show a number of
specific, but at the same time very interesting properties. One of the most important features of

37, 38

this class of compounds is keto-enol tautomerism, 1.e. the occurrence of equilibrium

between the keto form and the enol form of the B-diketone compound.
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Figure 10. Scheme showing keto-enol tautomerism and the sensitivity of the 1,3-

diketone group to acid-base changes.

For B-diketones, this equilibrium is strongly shifted towards the enol tautomer. This is
due to the formation of a characteristic, stable, transitional six-membered ring (stabilized by an
intramolecular hydrogen bond). The equilibrium state between keto-enol tautomers is
influenced by many factors, the most important of which are: solvent polarity, the presence of
a base in the solution and its type, the nature of the substituents attached to the f-diketone group
(terminal and methylene). The occurrence of B-diketone compounds in the enol form has
consequences for the chemistry of this type of systems — thanks to this, they are capable of

forming durable and stable metallosupramolecular complexes with most metal ions. 3943
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Synthesis of p-diketones

Classical B-diketones can be obtained by acylation of ketones with esters (Claisen
condensation), in the presence of alkali metal hydroxides, ethoxides, hydrides or amides as
condensing agents, in order to increase the relatively low reactivity of the ester carbonyl group.
However, optimization of the specific reaction conditions can lead to very high and satisfactory
values of the final reaction yield. Other, general synthetic methods have been described by
Mehrotra.** In order to avoid the difficulties encountered in the synthesis via Claisen
condensation, such as the formation of regioisomers, competitive O-acylation, proton exchange
between the enolate and the final diketone, or generally low yields, new synthetic approaches
have been developed, taking into account structural modifications and functionalization of
diketones. One of the most important improvements of this type was the reaction of 1-diazo-1-
lithoacetone with aldehydes, followed by acid-induced transformation of the resulting a-diazo-
B-hydroxyketone into the corresponding B-diketone, in the presence of rhodium(II) acetate as a

catalyst. 3 4346

Application of B-diketone compounds
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Figure 11. Scheme illustrating the application possibilities of f-diketones.
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The structural diversity and multitude of supramolecular and metallosupramolecular
architectures created by B-diketone compounds are reflected in a whole range of diverse
applications they find. The presence of two carbonyl groups in the structure of p-diketones
makes this class of compounds one of the very valuable substrates in a number of organic
syntheses. They are used, for example, in condensation reactions with amines, leading to the
formation of ketimines. The use of B-diketones in the synthesis of heterocyclic compounds
allows, among others, the production of pyrimidine derivatives. In addition, the structure of the
B-diketone group allows for modifications by introducing a substituent attached to the
methylene group (located between the carbonyl groups). Such adaptation of the structure
usually does not affect the reactivity of the compound in subsequent reaction steps, but allows
the introduction of substituents that can then be modified (e.g. by introducing functional groups

via dynamic bonds or polymerizing unsaturated bonds).
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Figure 12. Various metallosupramolecular structures based on beta-diketonate ligands
described by Warren.

Due to these properties, B-diketone compounds and their supramolecular complexes
offer a wide range of applications, both in the world of science and in the chemical and
technological industry. B-diketone structures are used, for example, as substrates for the
production of catalysts (both homo- and heterogeneous), as substances modifying the properties
of polymers (increasing their resistance to physicochemical factors), and their complexes with
appropriate metal ions can themselves constitute catalysts used in the polymerization process.
B-diketone complexes with transition metal ions are often used in the catalysis of oxidation,
epoxidation or oligomerization reactions of olefins.

Several research groups have recognized the potential of B-diketones as extracting and
complexing agents for spectrophotometric determination of metal ions in dilute solutions and
for chromatographic separation. Lanthanide diketonates have also been found to be useful as

NMR shift standards. Due to these properties and their complexing abilities, diketone
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compounds are of great importance from the point of view of laboratory analytics. In addition
to the examples mentioned above, they are also used, among others, for monitoring air quality.

In the early 1980s, numerous studies on the synthesis of new metal-diketonate
derivatives, characterized by appropriate volatility and thermal stability sufficient for their use

47-49

as molecular precursors in chemical vapor deposition (CVD) techniques, appeared. Cul and

Cull diketone complexes with supporting Lewis bases are promising precursors for

51,52 _ fbr

microelectronic devices’, and in combination with alkaline earth metal diketonates
the preparation of new, high-temperature superconducting mixed metal oxides. In addition,
many metal-diketone complexes have been investigated as molecular precursors in CVD
technique of fluid transport in supercritical state.>

After the significant but unexpected discovery of the anticancer properties of cis-
platinum, much effort has been put into finding other metal compounds with analogous
properties. Several diketonates (including complexes of B-diketones with metal ions Sn, Ti, Zr,
or Hf) have been shown to exhibit interesting biological activity in this direction. For example,
budotitane ((EtO),Ti(bzac),) was the first non-platinum complex to enter clinical trials as a
potential anticancer drug. Considerable progress has also been made in the search for new
lanthanide diketone complexes as luminescence sources, which can be used in the production

of polymer electroluminescent diodes, and in the production of low-cost, full-color flat-panel

displays.>* 3> Moreover, some complexes seem to be promising chiral NMR reagents for

32,56,57

determining enantiomeric purity.

Figure 13. Stereo plot of the unit cell of budotitane, Ti(bzac):(OE?):.
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Another important field of scientific interest in B-diketone compounds is the potential
use of metal diketonates as liquid crystal phases. Due to their special magnetic and electronic
properties, these metal-containing materials are generally known as "metallomesogens". The
vast majority of the literature in this field was devoted to the diketonates Rh(I), Ir(I), Ni(Il),
Pd(IT), Pt(IT) and Cu(Il), which have linear or planar coordination geometry and therefore
mimic conventional liquid crystals. Some lanthanide diketonate adducts containing specific
Lewis bases, such as 1-N-alkyl-4-alkyloxy-2-hydroxy-benzaldimine, have also been shown to
exhibit interesting mesomorphic properties.*! 3860

Due to the large application potential, it is justified to search for new
metallosupramolecular architectures with increasingly better, defined and designable
physicochemical properties, and to develop more efficient synthetic routes for expanded
metallosupramolecular architectures. For this reason, the first part of the doctoral thesis was

devoted to the design and synthesis, and then the characterization of beta-diketone ligands,

which then participated in the self-assembly process with appropriately matched metal ions.

Dynamic Combinatorial Chemistry (DCC)

)$1-67 is a method for generating new structures

Dynamic Combinatorial Chemistry (DCC
formed by reversible reactions (and bonds) between simple building blocks, under strict
thermodynamic control. DCC combines the features of molecular (covalent) and
supramolecular chemistry. It is an incredibly useful tool in the hands of scientists, allowing the
synthesis of completely new systems, often with a high level of complexity, from simple, but
appropriately selected, designed and functionalized building blocks complementary to each
other and capable of mutual reactions. The use of dynamic intermolecular connections allows
the generation of a specific, specified mixture of compounds, called a Dynamic Combinatorial
Library (DCL).% %° All components of such a library are in thermodynamic equilibrium, and
their distribution is determined by their thermodynamic stability within this library. The
processes occurring in such a reaction mixture are dynamic, which means that the components
of a given DCL are constantly being exchanged by breaking and forming appropriate dynamic
bonds, with the aim of achieving the lowest energy state. Although it is worth emphasizing here
.62

that there are few known examples of libraries of this type created using kinetic contro

Among the main dynamic bonds used in Dynamic Combinatorial Chemistry, the following
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should be mentioned: disulfide bonds, boronic acid ester bonds, acetylhydrazone bonds,
coordination bonds, and extremely important due to the studies described in A3 - imine bonds.

For this reason, it will also be briefly described later in the work.
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Figure 14. Schematic representation of the idea of Dynamic Combinatorial Chemistry (DCC).

The tool of Dynamic Combinatorial Chemistry has enormous application potential,
primarily due to the variety of products generated by DCL and the possibility of modifying the
composition of libraries. The DCC concept is used, among others, in chemical sciences
(chemosensors, receptors, catalysts, transporters, molecular storage systems), in processes such
as self-sorting, self-replication, or in biological sciences (use of DCL in selective protein
binding). Thanks to continuous research on dynamic systems, the importance of DCC is
constantly growing in the world of science, technology, nanotechnology, or the production of
adaptive materials. Additionally, this concept gains new tools that allow for the prediction of
the composition of DCL libraries, e.g. thanks to computational modeling.”” ! One of the stages
of this doctoral thesis was conducted using the concept of Dynamic Combinatorial Chemistry,
with the use in the synthesis of systems based on reversible imine bonds. This research was
initiated during a research internship carried out in the group of Professor Jean-Marie Lehn and
was conducted within the framework of two projects financed by the National Science Centre

(PRELUDIUM, ETIUDA). Detailed results will be presented in the further part of this work.

Dynamic imine bond

The imine bond, due to its reversible nature, is of great importance from the point of
view of covalent, supramolecular chemistry and the DCC concept. This type of bond has many
advantages, among which one should distinguish: numerous, well-described synthetic
protocols, enabling the synthesis of imine compounds, a large and diverse library of basic
building blocks used for the reaction - amines and carbonyl compounds, which are

commercially available. The imine bond is formed as a result of the condensation reaction
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between the functional groups - carbonyl and amine - with which the substrates are
functionalized. However, this reaction is sensitive to a number of physicochemical conditions,
including the pH of the reaction solution, the process temperature, the stoichiometry and
concentration, and even the state of matter of the reactants. Usually, the imine formation
reaction is favored in solutions with a higher pH value, while the formed imine bond undergoes
hydrolysis under acidic conditions. Another factor influencing the course of the imine reaction,
in the case of processes occurring in organic solvents, is their polarity (it affects, for example,
the reaction time leading to obtaining a thermodynamically stable product). It is worth adding
that the factor influencing the acceleration of imine formation in organic solutions is the
addition of a catalytic base (e.g. TEA, pyridine) to the system.?* 7274

The imine bond, due to its reversibility and the resulting dynamic character, has been
used in the creation of many different complex spatial structures with interesting properties.
The nature of imine connections also allows for a high level of error correction (error-checking)

at the stage of forming structures within DCL.

Imines in Dynamic Combinatorial Chemistry — application

One of the classic applications of DCC is the discovery of new molecular receptors. In
this approach, the target molecule (guest) acts as a template, promoting the synthesis of a
macrocycle or cage with a cavity ideally matched to its shape, size, and electronic properties.
Davis and colleagues’ research group used DCC based on imine chemistry to create water-
soluble molecular cages capable of selectively binding neurotransmitters such as acetylcholine
over its metabolite, choline. A library consisting of triamine and dialdehyde, in the presence of
acetylcholine as a template, rearranged itself, leading to the amplification of the tetrahedral
Ma.Ls cage. This discovery opens the way to the design of sensors for monitoring neurological
activity or systems for neutralizing specific signaling molecules.

Imine chemistry is also a key method for the synthesis of highly crystalline, porous
materials known as COFs. The ability to “correct errors” resulting from the reversibility of the
reaction allows for nearly defect-free, ordered structures. Recent imine-based COFs exhibit
record-breaking surface areas and have been successfully used in the catalytic reduction of CO-,
where the porous structure and active imine sites cooperate to efficiently convert carbon dioxide

into useful fuels such as formic acid.
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Figure 15. Imine COFs built up from different aldehyde building blocks.

DCC also revolutionizes the process of discovering new and innovative drugs by
combining the advantages of target-based screening and fragment-based drug design. In this
approach, a biological target (e.g. enzyme) is incubated with a dynamic library of small, reactive
fragments (amines and aldehydes). The enzyme itself "selects" and "synthesizes" on the surface
of its active site the best-matched inhibitor. An example of this are protein kinases, which are
key targets in cancer therapy. Using DCC, new, potent inhibitors for several important kinases
were identified. A library of simple amines and aldehydes was incubated with the target protein,
and LC-MS analysis of the reaction mixture allowed the identification of a newly formed imine
molecule that showed many times higher affinity for the enzyme than any single fragment. This
is an extremely efficient method for rapid prototyping and optimization of lead structures in
medicinal chemistry. 758!

DCC allows, due to its characteristics, the study of fundamental principles underlying
life, such as self-replication. A replicator molecule, built from two or more components
connected by reversible imine bonds, can act as a template for its own synthesis, leading to an
exponential increase in its concentration. It is worth mentioning here the research groups of
Otto and Lehn, which demonstrated that processes resembling Darwinian evolution can occur
in complex dynamic imine libraries. Different replicators can compete for the same, limited
resources (building blocks). Adding an external selection factor can lead to "mutations" (e.g.
by incorporating a new component into the replicator structure) and the emergence of new
species, better adapted to the prevailing conditions. These studies shed light on how molecular

complexity could have arisen in the prebiotic world.
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Figure 16. Dynamic Combinatorial Library described by Otto and colleagues.®

Dynamic Combinatorial Chemistry, driven by the reliability and versatility of imine
chemistry, has evolved from a conceptual curiosity into a mature and powerful platform for the
discovery and creation of molecular functions. Recent achievements show its enormous
potential in the design of receptors, adaptive materials, drugs and models of living systems. The
future of this field lies in the creation of even more complex, multicomponent systems operating
in conditions far from equilibrium, capable of autonomous action, adaptation and evolution,
blurring the boundary between living and non-living matter. For this reason, the second, very
important part of this PhD thesis was the research carried out in collaboration with Professor
Lehn's group, which was aimed at investigating the phenomenon of self-sorting of components
within previously designed combinatorial libraries in order to obtain three-dimensional imine

cages, which is described in detail in the publication A3.
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Research objectives

The ultimate scientific goal of the research conducted during the doctoral dissertation
entitled "Self-association of supramolecular capsules based on dynamic imine and f-diketone
bonds" was the design, efficient synthesis, structural and spectroscopic characterization and
definition of properties of a new generation of cage-like compounds based on dynamic imine
bonds and B-diketone coordination motifs.

The research work was divided into two thematic branches:
1) Research on the new generation of B-diketone ligands and their metallosupramolecular
complexes. (Al and A2)
2) Research on the new generation of macrocyclic and macrobicyclic three-dimensional
polyimine systems according to the concept of Dynamic Combinatorial Chemistry. (A3)

The primary goal of the first part - concerning -diketones - was to design, synthesize
and characterize cage structures of this type. The topic was taken up because, although the
chemistry of this class of compounds is very well known, there were few examples of cage
structures composed solely of B-diketone ligands, which created a field for the development of
research on coordination architectures of this type. An additional aspect of this part of the work
was the desire to better learn and wunderstand the self-association processes of
metallosupramolecular B-diketone systems containing transition metal ions, and then to study
the properties of the obtained structures. Although the main goal for the designed organic
ligands was the synthesis of cage structures, in accordance with the idea of "expect the
unexpected", the research did not limit itself to this one type of supramolecular architecture. As
a result, this led, among others, to obtain complexes with Pd** ions, for which the isomerization
processes were investigated and the catalytic properties for metallosupramolecular complexes
with different M:L stoichiometry (ratio of metal ions to ligand molecules involved in complex
formation) were determined.

The topic of the second part of the doctoral thesis — related to imine systems and
Dynamic Combinatorial Chemistry — resulted from a similar motivation. Dynamic cage
architectures (both molecular and (metallo-)supramolecular) are constantly gaining importance
in the world of science. In this case, scientists, drawing inspiration from nature, are currently
paying special attention to biological systems using the self-sorting process to achieve "order
over chaos". The research conducted on the dynamics of the formation of imine cages was an

innovative approach, because although imine compounds were and still are widely described in
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the scientific literature, the issues related to the self-sorting of components towards the
formation of polyimine cages were so far somewhat omitted and constituted the primary
research goal of this part of the work. The intermediate goals were to design, synthesize, isolate
and fully characterize a series of dynamic cages based on imine bonds, which were then to be
used for the aforementioned research on the self-sorting of components. An additional goal was

to optimize the synthesis conditions using modern techniques.
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Chapter 2: Chemistry of B-diketones

Coordination properties of unsymmetrical p-diketonate
ligands and their role in functional metallosupramolecular
complexes

Supramolecular chemistry is based on the use of labile intermolecular interactions to
create complex structures with specific functions. Despite the great diversity in the nature and
energy of these labile interactions, an exceptionally useful type is the coordination bond with
metal ions. This bond, although not always, is usually labile, and its great advantage is the
possibility of changing its state from labile to neutral (inert) by appropriate selection of donor
atoms or ligand structure. This can be done even selectively in the coordination sphere of one
metal ion, introducing multidentate chelating ligands or, in particular, macrocyclic ligands. In
the design of multidentate ligands, a still rarely studied issue, important for the
multifunctionality of complexes, is the conscious introduction of ligands with ambidentate
coordination sites. In principle, this feature should allow the complex of the appropriate ligand
to transition, under the influence of a specific stimulus, between forms with different functions,
e.g. with different catalytic activity. Therefore, we undertook a research program focusing on

divergent multisite ligands and the analysis of the properties of their isomeric complexes.

During research described in this PhD thesis and to establish background to the possible
use of its ambidentate derivatives as stimuli responsive ligands in functional complexes, the
basic coordination chemistry of 4,4-dimethyl-1-phenylpentane-1,3-dione
(benzoylpivaloylmethane, bpmH) has been re-examined with selected main group and
transition metal M(II) and M(III) species. In focus of the research on the possibility of
generating ambidentate ligands from a phenyl-substituted 1,3-diketone, appeared to overcome
two issues potentially complicating their application: aggregation and isomerism of the
complexes. Since the diketone bpmH is a readily available "parent" species for the construction
of an ambident ligand, the research work focused on extending in detail the rather limited
knowledge of its coordination chemistry with respect to the complications mentioned above.
For this purpose, transition metals M(II) and M(II) were used, as well as AI(IIl) as a

representative of the main groups.
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Figure 17. Scheme of all the complexes obtained in reactions of 4,4-dimethyl-1-phenylpentane-1,3-
dione (bpmH) with M(1l) and M(III) ions.

Synthesis of bpmH and its complexes

The ligand was prepared according to a literature procedure [15], although it is also
available commercially. Pinacolone was added to a suspension of NaH in dry THF. After 30
min. of stirring, methyl benzoate was added to the grey-yellow suspension. The mixture was
heated at 47 °C for 24 h. Reaction was quenched by the addition of water, followed by aqueous
HCI to reduce the pH to ~4. The product was extracted into ethylacetate and the extract
evaporated down after drying over Na>xSO4. The crude product was purified by addition of
CuCl2*2H>0, isolation of the solid complex formed and then dissociating the ligand from this
by treatment with hot aqueous H>SOs. Extraction into DCM, drying and evaporation of the

extract yielded the desired product as a yellow oil.

The isolated ligand was then implemented in a series of complexation reactions to obtain

beta-diketone metallosupramolecular complexes. Both the diketone and diketonate complex
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syntheses were based on very familiar literature procedures for the same or closely related
species and provided no surprising results. Methanol proved to be a convenient solvent for all
the complex ion syntheses, although various other solvents such as ethanol, acetonitrile or

tetrahydrofuran could be used with equal success.

Results

The aim of the conducted studies was to synthesize neutral metal complexes of the
M(bpm), type and to investigate their key structural properties: tendency to oligomerization
and stereochemistry. The analysis showed that the bpm™ ligand does not prevent oligomerization
of molecules, which was proven for the nickel(II) complex. It was isolated as a green, octahedral
and paramagnetic form [Ni(bpm)2(OHz):2], which after heating transformed into a structure
analogous to the known oligomer [Nis3(acac)s]. The second part of the studies focused on the
analysis of the distribution of fac and mer isomers in complexes with this asymmetric ligand,
using NMR spectroscopy. For aluminum(III) and cobalt(IIl) complexes, the measured fac:mer
isomer ratio was 1.65. This value is very close to the probability ratio (2:1), suggesting that the

formation of individual isomers is a statistical process and not the result of strong intramolecular
1 -
} fac
D mer
- ! W

Figure 18. Comparison of the '"H NMR (300 MHz) spectra of bpmH (bottom, black) and the complex
[Al(bpm)s] (top, blue) in CDCls at room temperature.

interactions that would favor a specific form.
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In the case of the planar, square complex [Pd(bpm)2] cis and trans isomerism is possible.
Studies using NMR spectroscopy showed that immediately after dissolving the crystals in
solution, only the trans isomer was present, which corresponds to its form in the crystal lattice.
However, after an hour, equilibrium was established in the solution, and a mixture of both
isomers was observed in the spectrum in a cis to trans ratio of 1:1.66. This result, although it
deviates from a purely statistical value (1:1), in combination with earlier observations for the
nickel complex leads to the general conclusion that the interactions between the bpm ligands
in the complexes are weak. In terms of coordination properties, this places the bpm™ ligand

closer to the simpler acac™ ligand than to the one with high steric hindrance, i.e. dpm".

16;.6 ' 1é,4 ' 8:0 ’ 7:8 ‘ 7;6 ' 72‘4 ' 7?2 ' 6:4 ' STZ ‘ 4j2 ‘ 1.r2
Figure 19. Comparison of the 'H NMR (300 MHz) spectra of bpmH (bottom, black), the complex

[Pd(bpm);] immediately after preparing the solution (middle, blue) and the complex [Pd(bpm),] after

one hour in solution (top, green) in CDCl3 at room temperature.

Elemental analysis of the zinc(II) complex indicated the presence of two water
molecules per metal ion, suggesting various possible formulas, such as pentacoordinated
[Zn(bpm)2(OH2)]*H>O or hexacoordinated [Zn(bpm)2(OHz)2]. In both cases, cis/trans
isomerism is possible. NMR spectroscopy confirmed the presence of two different forms in
solution, in a ratio of 1:1.5, but their unambiguous assignment to specific isomers is not possible
due to overlapping and broadened signals. The key observation is the strong temperature

dependence of the NMR spectrum - lowering the temperature causes a shift and significant
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broadening of one of the signals. This indicates a more complicated process than simple
cis/trans isomerism. This leads to the conclusion that there is a dynamic equilibrium between

the pentacoordinated and hexacoordinated forms in solution.
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Figure 20. Variable Temperature NMR (600 MHz) spectra for [Zn(bpm):(OH:):] recorded in CDCl;.

In order to isolate a single, pure form of the compound from the solution, the slow
crystallization method was used. This allowed obtaining crystals of the paramagnetic complex
[Cu(bpm):] (by slow evaporation of the solvent) and the diamagnetic [Pd(bpm):] (by interfacial
diffusion method). The structure of both obtained compounds was studied by X-ray
crystallography. In the case of the copper complex, this was the only available method to
determine its geometry, because its paramagnetism excludes NMR analysis. X-ray analysis

showed that both complexes in the solid state adopt a square planar trans geometry.
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Figure 21. Views of (left) the unique molecular unit present in the lattice of [Cu(bpm),] and (vight) the

two inequivalent but very similar molecular units present in the lattice of [Pd(bpm);].

In this part of the research conducted as part of the doctoral thesis, the focus was on
examining the preferences of the ligand in terms of the formation of a specific complex and its
isomer. It was proven that simple complexes in solution do not show a strong preference for the
formation of one specific isomer, although it is possible to isolate individual isomers in
crystalline form. Analysis of the two structures studied showed that the intermolecular
interactions for each of them are completely different. This proves that the metal ion has a
decisive and unique effect on the external properties of the entire complex. This stage of
research was a preparation for the next phase, containing more complex structures that could
ultimately be used to synthesize complexes with a cage structure or polymeric ones, which,

using an appropriate metal ion, such as palladium(II) ion, could exhibit catalytic properties.

A full description of the above project is presented in paper Al and in

Supplementary Information A1 which are part of this dissertation.

Michat Kotodziejski, Anna Walczak, Zbigniew Hnatejko, Jack Harrowfield, Artur R.

Stefankiewicz*, Unsymmetrical bidentate ligands as a basis for construction of ambidentate
ligands for functional materials: Properties of 4,4-dimethyl-1-phenylpentane-1,3-dionate,
Polyhedron, 2017, Volume 137, 270-277.

The project was carried out in cooperation with prof. Jack Harrowfield from the Institut

de Science et d'Ingénieerie Supramoléculaires, Université de Strasbourg (France)
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Charge-neutral metallocycles — self-assembly, aggregation and
catalysis

The key role in this self-assembly process is played by the design of ligands, the
structure of which programs the way components connect. The research described in this
doctoral thesis was an introduction to work with more complex structures. The next stage
focused on ligands containing multiple B-diketone groups. Their reactions with metal ions allow
for the predictable formation of complex systems, such as helicates, tetrahedra, or porous
structures.

In the next stage of the doctoral thesis, research was carried out on the tritopic -diketone
ligand (HsL) and its interactions with copper(Il) and palladium(II) ions. The main goal was to
investigate whether it is possible to obtain [Mz2(HL):] type metallocycles under controlled
conditions, having free, unreacted B-diketone groups in the side chains. These groups are the
starting points for further, controlled oligomerization towards polymeric structures. This
arrangement allows for direct comparison of properties, for example catalytic activity, between
discrete cycles and their oligomeric counterparts in key palladium(II)-catalyzed cross-coupling
reactions. These studies also contribute to the search for new Pd(II) B-diketone complexes with

potential anticancer and antibacterial activity.
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Figure 22. Metal-ion induced conversion between tripodal ligand H3L and structurally

different metallosupramolecular assemblies.

Synthesis of H3L and its complexes

The tritopic ligand HsL was prepared via a Claisen condensation between triethyl

benzene-1,3,5-tricarboxylate and pinacolone in the presence of sodium hydride by adapting
previously reported procedure. Pinacolone was added to a suspension of NaH in dry THF. After

30 min of stirring, triethyl benzene-1,3,5-tricarboxylate was added to the gray-yellow
suspension. The mixture was heated at 47 °C for 24 h. The reaction was then quenched using

water and the mixture acidified to pH ~ 4 using HCI. After extraction with CHCl3/H20O, the
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organic layer was dried over Na,SO4 and evaporated to dryness. The crude product was isolated
with a good 74% yield as a white solid by recrystallization from ethanol, filtering, washing with
EtOH and drying.

The synthesis of HsL ligand complexes with transition metal ions was carried out by
adapting previously used, yet optimized procedures, which were described in detail in paper
A2, which is an integral part of this doctoral dissertation. All obtained and isolated compounds

were characterized by available spectroscopic methods.
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Figure 23. Comparison of 1H NMR spectra of ligand H3L (a), metallosupramolecular
macrocycle [Pd>(HL):] (b), and branched polymer [Pd;L:]n (c) recorded in CDCl3 at room

temperature. Aliphatic region omitted for clarity.

Results and characterization

As part of the research, a tritopic ligand (HsL) was prepared, which, as confirmed by
NMR and X-ray structural methods, occurs mainly in a stable enol form due to internal
hydrogen bonds. In the first stage, in the reaction with copper(Il) and palladium(II) ions in a
1:1 ratio, dimeric metallocycles of the general formula [M:(HL).] were successfully
synthesized, in which two arms of the ligand coordinate to metal ions, and the third one remains

free. The crystal structure of the copper complex [Cu2(HL)(THF):] was unequivocally
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confirmed by X-ray. In turn, the formation of the palladium dimer was confirmed by NMR,
mass spectrometry (MS) and diffusion NMR spectroscopy (DOSY), which showed that this
complex is twice as large in solution as a single ligand. Then, an attempt was made to synthesize
the polymers by changing the stoichiometry of the reagents (1.5 metal ions per 1 ligand). The
reaction with copper(Il) led mainly to the formation of an insoluble, difficult to analyze product.
In contrast, the analogous reaction with palladium(I) was successful, giving a soluble
oligomeric product of the formula [Pds;Lz]n. Its formation was proven by: Broadened signals in
the NMR spectrum, characteristic of large structures, and data from DOSY analysis, which
indicated that the resulting oligomer is about 5 times larger than the free ligand and 3 times
larger than the dimeric form. These studies demonstrate that by controlling the reaction
conditions and the choice of the metal ion, it is possible to selectively form both simple cycles

and more complex soluble polymeric structures based on the same ligand.

Figure 24. X-ray crystal structure of [Cu>(HL):(THF):]. H atoms (except enol H) have been
omitted for clarity.

Catalytic properties in Suzuki-Miyaura Cross-coupling reaction

Due to differences in structure, the catalytic activity of two previously synthesized
palladium(IT) complexes was investigated and compared: the dimeric metallocycle [Pd2(HL):]
and the polymer [PdsL:],. Suzuki-Miyaura cross-coupling was chosen as the test reaction. First,

the reaction conditions were optimized using the dimer [Pd2(HL):] as a catalyst, obtaining
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almost 100% product conversion within 4 h under optimal conditions (toluene, 110 °C, K.COs3).
Then, a series of reactions with different substrates was carried out, using both catalysts for
direct comparison. The key finding of the study is that the polymer [Pd:L:]n showed
significantly higher catalytic activity. The reaction yields using it were very high in most cases
(>80%) and on average 10-20% higher than in the case of the dimer. The high polymer
efficiency was independent of whether the substrates contained electron-donating or electron-
withdrawing groups. Both new catalysts showed activity comparable to the standard catalyst
[PACl2(PPhs)2], which confirms their high potential. The higher polymer efficiency is due to
several factors. The polymer molecule contains more palladium ions than the dimer molecule,
which means a larger number of catalytic centers. In addition, ICP-MS analysis confirmed a
higher mass content of palladium in the polymer (23.6%) compared to the dimer (18.7%).
Additionally, it is believed that the accumulation of many active centers in one polymer
molecule creates a high local concentration of the catalyst, which significantly increases the

reaction efficiency.
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Figure 25. Scope of the Suzuki-Miyaura Cross-Coupling Reaction between Aryl Bromides and
Phenylboronic Acid

In this part, the synthesis and characterization of a trifunctional B-diketone ligand and
its di- and polynuclear complexes with copper(Il) and palladium(Il) ions are studied and
described. The key finding is that a small change in the stoichiometry of the same reactants

leads to the formation of completely different materials - from a discrete macrocycle to an
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amorphous metal-supramolecular polymer. It was shown that dinuclear macrocycles possess
free functional groups, which, upon addition of another portion of metal ions, cause a "structural
switch", leading to the formation of complex polymeric systems. The obtained complexes differ
not only in structure, but also in catalytic activity in the Suzuki-Miyaura coupling reaction.
Importantly, these catalysts are efficient under mild conditions, without requiring the exclusion
of water or air from the reaction. The research conducted in this part and its results will be used
to more effectively design tritopic ligands for the synthesis of complex, three-dimensional

supramolecular structures, e.g. cages.

A full description of the above project is presented in paper A2 and in

Supplementary Information A2 which are part of this dissertation.

Michat Kotodziejski, Aidan J. Brock, Gracjan Kurpik, Anna Walczak, Feng L1, Jack K. Clegg*,
Artur R. Stefankiewicz*, Charge Neutral [CuzL>] and [Pd>L>] Metallocycles: Self-Assembly,

Aggregation, and Catalysis, Inorganic Chemistry, 2021, 60, 9673-9679.

The project was carried out in cooperation with research group of prof. Jack K. Clegg

from the University of Queensland, Australia
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Chapter 3: Dynamic Combinatorial Chemistry —
Self-sorting with component selection

The second topic, which is an integral part of this doctoral thesis, is dynamic
combinatorial chemistry and the phenomenon of self-sorting of components in the synthesis of
dynamic imine cages. This stage of work was initiated during the first internship in the group
of Professor Jean-Marie Lehn at the research institute in Strasbourg, and then continued after

returning to the parent unit and during the next internship there.

Macrocyclic cage compounds, called cryptands, have long been a fascinating area of
supramolecular chemistry due to their unique properties and potential applications in
nanotechnology. Their synthesis has traditionally been a complex, multi-step process that is
difficult to control. The emergence of Dynamic Covalent Chemistry (DCC) has opened up
completely new perspectives, revolutionizing the way we think about the creation of these
advanced structures. This strategy is based on the use of reversible covalent reactions, in
particular the formation of imine (C=N) bonds, which allows for the spontaneous and efficient
formation of complex architectures through the process of self-assembly. Due to the
reversibility of the bonds, the system automatically tends to achieve the most
thermodynamically stable product, effectively "correcting" errors and simplifying the synthesis.
Moreover, this approach enables intelligent self-sorting, in which the appropriate "building
blocks" are spontaneously selected from a mixture of many different components to build one
specific structure. As a result, we obtain not static but adaptive nanostructures, the structure of
which can be modified by external stimuli such as changes in pH, temperature or light. This
chapter is devoted to the analysis of this powerful tool, which simplifies synthesis and allows
the design of advanced materials with great potential in catalysis, sensorics and drug transport.

In this part of the study, the focus was on the influence of structural features of molecular
components on the self-sorting phenomenon in the formation of different components of
macrobicyclic imine-based cryptand cages. Furthermore, acid-catalyzed exchange processes of
components between different cages were investigated. As a preliminary step, different
structurally distinct dialdehydes (A—H) were reacted with the triamine “tren” (tris(2-
aminoethyl)amine; T) to obtain hexaimine cages, thus extending the initial work on such
processes. Following the dynamic covalent chemistry approach, dynamic libraries consisting
of dialdehyde and triamine components were created to analyze the self-sorting behavior

between the aldehydes used. In order to be able to evaluate the influence of structural features
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of the components, this part of the study was performed under purely organic conditions, in the

absence of metal ions.
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Figure 26. Molecular structures of dialdehydes (A—H), the triamine (T) and the generated [3

+ 2] homoleptic imine-based organic macrobicyclic cryptand cages.

Synthesis and characterization

In the course of the studies, a series of reactions of one triamine (T) with eight different
aromatic dialdehydes (A—H) were carried out at room temperature. In each case, mixing the
reagents led to precipitation in the case of acetonitrile as the solvent, and further analyses
confirmed that the desired three-dimensional cage structures with a stoichiometry of 3:2

(dialdehyde to triamine), designated XsT>, were obtained. The identity and high symmetry (Ds)
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of the newly formed compounds were comprehensively confirmed by elemental analysis, 'H
NMR spectroscopy and mass spectrometry. Key information on the spatial structure was
obtained from X-ray structural analysis, which allowed for the detailed characterization of two
new cages, EsT» and FsT2. Both were found to be elongated, chiral capsules of about 15 A in
length. An important conclusion from the analysis of their structures is the fact that they do not
enclose solvent molecules inside their interior, which suggests that their interactions with the
environment occur mainly on the external surface and not through the inclusion of guests inside

the capsule.

a)

Figure 27. Solid state X-ray molecular structures of the cages E3T> (left) and F3T> (right).
Colour code: red, O; blue, N; grey, C; white, H.

Self-sorting experiments

In the next stage of the research, after the successful synthesis of single cages, the
process of their formation was studied under competitive conditions to observe the phenomenon
of self-sorting. For this purpose, triamine (T) was mixed with pairs of different dialdehydes
(from the subset A—E and H) under strictly controlled conditions, allowing for reaching the
equilibrium state. The composition of the final products was monitored using 'H NMR
spectroscopy. The results showed an extremely high degree of sorting: in as many as 13 out of
15 systems studied, the presence of only one type of pure (homoleptic) cage was detected at
equilibrium. This means that the system selectively chose one, preferred dialdehyde to build

the final structure, ignoring the other. Only in two cases (for pairs B/C and D/E) were two types
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of pure cages present in the mixture. Most importantly, in none of the experiments was the

formation of mixed (heteroleptic) cages, i.e. cages built of different types of dialdehydes,

observed.
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Figure 28. General schemes presenting product distribution of an equilibrium mixture for

libraries consisting of (a) 3B + 3C + 2T and (b) 3D + 3E + 2T.
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The self-sorting process was analyzed in detail with respect to even the smallest

structural differences in the structure of the components. In the first experiment, it was

investigated how the presence of a heteroatom (nitrogen) affects the self-sorting process. For

this purpose, a competitive reaction was carried out between two dialdehydes — A (containing

only carbon in the ring) and B (containing nitrogen in the ring) — and triamine T. The result

clearly showed that the system selectively chose the dialdehyde with the heteroatom. The BsT>

cage, containing nitrogen, was formed with 92% efficiency, while the AsT2 cage was not formed

at all, and dialdehyde A remained unbound in the mixture. This preference is due to additional,

stabilizing intra- and intermolecular interactions, which are only possible in the case of the BsT-

cage, making it a favored product both kinetically and thermodynamically.
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Figure 29. General scheme of the self-sorting experiment between components A + B + T (a);
(b) comparison of the 'H NMR spectra of all three components recorded over time. The 'H
NMR spectra of reaction components and isolated cages are also shown for comparison. Low
intensity signals observed in the spectra after component mixing may come from trace
amounts of intermediate products such as open chain structures. All NMR spectra were

recorded in CDCl3 at 400 MHz.

Another factor studied was the influence of the flexibility of one of the components on
the self-sorting process. A competitive reaction was carried out between the rigid
heteroaromatic dialdehyde B and the very flexible dialdehyde H with triamine T. The result was
unambiguous: the system selectively chose the rigid component, forming the BsT2 cage with
almost quantitative yield, while the flexible dialdehyde H remained completely in solution. The
main reason for this selectivity is the high flexibility of dialdehyde H, which constitutes an
entropic barrier, hindering its organization into an ordered cage structure. Additionally, the rigid
structure of dialdehyde B favors intramolecular interactions, which preorganize the molecule
in a way that favors cyclization (cage formation) instead of polymerization.

In two cases, in contrast to the other experiments, the self-sorting process led to the
formation of a mixture of two different cages in solution. In the first case, in the system
containing dialdehydes B and C and triamine T, a mixture of cages BsT2 and CsT2 was formed
in almost equal amounts (in the ratio of 28% to 22%) at equilibrium. Such a similar efficiency
results from the fact that both dialdehydes (B and C) are very similar structurally, which means
that neither of the resulting cages is significantly favored. In the second case, in the system with
dialdehydes D and E, a mixture of two cages was also formed, but this time one of them was
clearly favored. The DT> cage was formed in a much larger amount than EsT>, and their ratio
at equilibrium was 65:35. This selectivity is explained by the difference in the structure of
dialdehydes: D is rigid and fully conjugated, while E contains an oxygen atom that breaks the
conjugation and gives the molecule greater flexibility, making the resulting cage less stable.

In a key experiment, the self-sorting process was investigated in a complex mixture
containing six different dialdehydes (A—E and H) and one triamine (T) simultaneously to see
whether the previously established preference hierarchy would be preserved. Triamine was
gradually added to the dialdehyde mixture and the progress of the reaction was monitored by
NMR. Observations confirmed that the process proceeded in a clear sequence: first, the most
favored cages were BsT2 and CsTz, then almost simultaneously AsT2 and DsT>, and finally, as

expected, EsT2 and finally HsT>. This experiment allowed us to establish a modified hierarchy
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of cage formation efficiency: B = C > A = D > E > H. Analysis of the results confirmed that
selectivity is determined by key features of molecular structure: the most effective are rigid
dialdehydes with a heteroatom and full conjugation (B, C), less effective are rigid and
conjugated ones but without a heteroatom (A, D), and the least effective are flexible compounds

and/or compounds with interrupted conjugation (E, H).
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. L
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S e
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equiv. < " JL
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equiv. ( /L ’\ k
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Figure 30. Changes in aldehyde proton signals of the 'H NMR spectra (400 MHz, CDCl;)
during the self-sorting experiment involving titration of 34 + 3B + 3C + 3D + 3E + 3H with

appropriate increasing amounts of T.

In order to investigate in more detail the influence of the size of the conjugated system
and flexibility on the sorting process, another experiment was conducted, in which three
selected dialdehydes: D, E and F took part in a competitive reaction. NMR analysis clearly
showed that dialdehyde D, as the only one forming a fully conjugated and rigid system, reacted
the fastest, confirming its privileged position. Dialdehydes E (with a flexible oxygen bridge
breaking the conjugation) and F (with a larger but twisted biphenyl system that limits
delocalization) reacted slower and at a similar rate. These results confirm that the rigidity and
the possibility of full delocalization of electrons in the molecule are key factors favoring a given
component in the cage formation process. Importantly, despite the similarity of dialdehydes E

and F, once again no mixed (heteroleptic) cages were observed to form.
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Also in order to investigate the influence of the heteroatom type on the sorting process,
a competitive reaction was carried out in a similar way between three dialdehydes containing
different heteroatoms: B (with nitrogen), C (with oxygen) and G (with sulfur) and triamine T.
NMR analysis showed a clear sequence of product formation. First, almost simultaneously,
BsT2 and CsT2 cages were formed, and only after their complete formation did the GsT2 cage
begin to form. The final mixture contained three types of pure cages, without a trace of the
formation of mixed structures. This experiment allowed us to establish a hierarchy of
preferences in the formation of cages: B > C > G. This order is consistent with the strength of
interactions that individual heteroatoms can form. The ability to form hydrogen bonds and
electronegativity decrease in the N > O > S series, which directly translates into the stability of

the resulting cage and determines the selectivity of the entire process.

Cage-to-cage transformation

To confirm that the observed sorting processes lead to a true thermodynamic
equilibrium, experiments were performed using acid-base control of cage formation and
disintegration. In the first test, the less stable AsT> cage was first disassembled into its
components by strong acid and then reconstituted by adding base. When the more favored
dialdehyde B was added to this system and the acid-base cycle was re-applied, the system
spontaneously reorganized to form only the more stable BsT> cage. This proves that B:T2 is a
true thermodynamic product and demonstrates the possibility of a cage-in-cage transformation.
In the second experiment, dialdehyde B was added to the AsT- cage in the presence of a catalytic
amount of acid. A slow but complete transformation was observed, resulting in the formation
of only the BsT cage, which occurred by direct exchange of components rather than complete
disintegration of the structure. Both experiments clearly confirm that the observed cage

formation preferences result from the system achieving the most favorable equilibrium state.
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Figure 31. General scheme of the exchange experiment (A3T> + B/ B3T> + A) between
components A + B + T (a); (b) 'H NMR spectra of acid catalyzed exchange experiment
between cage A3T>and component B. For comparison 1H NMR spectra of components A and
B as well as isolated cages A3T> and B3T> are also shown. All NMR spectra were recorded at

room temperature in CDCI3.

The experiments carried out clearly demonstrate an extremely selective self-sorting
process during the formation of organic cages (cryptands) based on imine bonds when triamine
reacts with a mixture of different dialdehydes. The final outcome of this process is determined
by the molecular structure of the components, which indicates that by properly designing the
ligands that will be components of the component library, we can have an indirect effect on the
final effect of the process. In the case of the systems studied, the key factors favoring a given
component are the presence of a heteroatom in a rigid, aromatic system, which allows for
stabilizing hydrogen bonds, favorable electrostatic effects and the formation of a fully
conjugated system. In turn, the flexibility of the molecule and any disorders in the conjugated
system significantly reduce its efficiency in the sorting process. The studies also showed that
although it is possible to "kinetic confine" a less stable structure, the dynamic nature of imine

bonds allows for its rearrangement. In the presence of an agent (e.g. acid) that reversibly breaks
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these bonds, the system can achieve a state of true equilibrium, leading to the formation of the

thermodynamically most stable product.

A full description of the above project is presented in paper A3 and in

Supplementary Information A3 which are part of this dissertation.

Michat Kotodziejski, Artur R. Stefankiewicz*, Jean-Marie Lehn*, Dynamic polyimine

macrobicyclic cryptands — self-sorting with component selection, Chemical Science, 2019, 10,

1836-1843.

The project was carried out in cooperation with prof. Jean-Marie Lehn from the Institut

de Science et d'Ingénieerie Supramoléculaires, Université de Strasbourg (France)
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Conclusion

The presented doctoral thesis focuses on two key yet distinct areas of supramolecular
chemistry: on the one hand, the design and synthesis of functional metallosupramolecular
materials with catalytic potential, and on the other, the study of fundamental principles of self-

assembly and self-sorting in dynamic covalent chemistry.

The first pillar of the research involved work on metal complexes with B-diketone
ligands. The starting point was a detailed analysis of the coordination chemistry of a simple,
unsymmetrical ligand (bpmH) to understand and overcome potential challenges that could
complicate the design of more complex systems, such as oligomerization and isomerism. The
studies showed that this ligand does not fully prevent oligomerization, as demonstrated by the
nickel(Il) complex. It was also found that the formation of isomers in aluminum(IIl) and
cobalt(IIl) complexes is mainly statistical, indicating weak intramolecular interactions. In the
case of the zinc(Il) complex, temperature-dependent dynamic equilibrium between five- and
six-coordinated forms was observed. These fundamental studies provided the basis for work

with more advanced structures.

In the next stage, the focus shifted to a tritopic ligand (HsL) designed to form complex
architectures. A key achievement was the development of a two-step synthesis strategy. In the
first step, through careful control of stoichiometry, discrete dimeric metallocycles of the type
[M2(HL)2] (with Cu(Il) and Pd(II) ions) were successfully obtained, each featuring a free,
reactive functional arm. Their structures were confirmed by comprehensive methods, including
X-ray crystallography and diffusion NMR spectroscopy (DOSY), which quantitatively showed
that the dimer is approximately twice the size of the single ligand. In the second step, altering
the molar ratio of the reactants enabled the use of the free arms for further polymerization.
While the reaction with copper(Il) led to the formation of an insoluble product, the reaction
with  palladium(Il) was successful, yielding a fully characterized, soluble
metallosupramolecular polymer [PdsLz]n. DOSY analysis confirmed its significantly larger size
— about five times larger than the ligand and three times larger than the dimer. The most
important result of this part of the study was the comparison of the catalytic activity of both
palladium complexes in the Suzuki-Miyaura coupling reaction. The [PdsLz]n polymer proved
to be a significantly more efficient catalyst, providing yields on average 10-20% higher than

its discrete, cyclic counterpart. The higher activity was attributed to the larger number of
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catalytic centers and the so-called "local concentration effect" resulting from the accumulation

of many active sites within a single macromolecule.

The second, parallel pillar of the thesis explored Dynamic Covalent Chemistry (DCC)
and the self-sorting phenomenon in metal-free organic systems. The aim was to understand the
fundamental principles governing the self-assembly process in complex, multicomponent
mixtures. The research focused on the synthesis of organic cages (cryptands) based on
reversible imine bonds. An extremely high degree of selectivity was demonstrated. In
competitive experiments, where one triamine reacted with a mixture of different dialdehydes,
the system formed only one pure (homoleptic) cage product in the vast majority of cases (13
out of 15). Crucially, in none of the experiments was the formation of mixed (heteroleptic)
cages observed. This enabled the establishment of a clear hierarchy of preferences, whereby the
outcome of sorting is determined by the structural features of the building blocks: the most
favored are rigid, fully conjugated components containing a heteroatom (e.g., nitrogen), while
flexibility and disruptions in conjugation significantly reduce a component’s efficiency. It was
also confirmed that the observed preferences result from the system reaching a true
thermodynamic equilibrium. Using acid-base control over the reversibility of imine bonds, the
possibility of a “cage-in-cage” transformation was demonstrated, in which a less stable
structure, in the presence of more favored components, spontaneously reorganizes into the

thermodynamically most stable product.

In summary, the presented studies comprehensively combine materials chemistry with
fundamental research on self-assembly. This work not only provided new functional materials
with enhanced catalytic activity but also led to a thorough understanding and formulation of the
principles governing the self-sorting of components within dynamic systems, ultimately

enabling the formation of three-dimensional cage structures based on imine bonds.
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sriawrmnbly

1. Introduction different degrees of catalytic activity. Thus, we have begun a pro=

Supramolecular chemistry is based upan the use of Lbile inter-
malecular interactions o assemble complex structures with speci=
fic functiomality [1]. While the nature and energy of these labile
interactions are both extremely vaned, a particularly useful type
of interaction is that imeolving coordinate bonding to metal ioms.
A ooordinate bond is mot necessarily labile but this is commonty
the case amd one feature of the coordinate bond that greathy
enhances its wtility is that it can be comverted from a Labile to an
imert state by the appropriate chodce of donor aboms and Jor ligand
structure. This can even be done selectively within the coordinas
tion sphere of 2 single metal ion by the introduction of multidens
tate chelate or, particulary, macmocyclic igands | 2] An aspect of
multidentate ligand design which has been little explored o date
in relation to the multifunctionality of complexes is the deliberate
introduction of ambidentate character. In principle, this should
allow the complex of an appropriate ligamd to switch, under a par=
ticular stimulus [ 3], betwesn forms with vamows functions such as

* Lormupording miboe o Feully of Chremmniry, Adam Mekewer Uereemly,
Lhmulierwndea b, 51614 Foenaf, Polmd.
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1 Hamrowifield ], an@amuedo pl (AR Selaniwrmic:
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gramme of research concerned with divergent multitopic ligands
and the properties of their isomenic complexes.

An especially wersatile and long-studied group of chelate
ligamds is that based om 1 3=diketones [4=14) acetylacetone
[acacH) or pentape-2,4=dione being the best=lnowm of such mole=
cules. While the newtral speries can act as 0,0 =chelates towands
metal ioms, provided the carbon atom linking the carbonyl groups
has at least one Hesubstitwent, enabling tantomerism with an enol
form, these molemales are weak aods and the coordination chems
istry of their conjugatesbase, delocalised diketonate anion derivas
tives ix far more extensive and includes examples of Cedomor
bonding as well as W chelation [4=14|. The eaze of synthess of
1, 3=diketones, not necessanly directed solely towards metal on
comyplexation |15], means that an exceptional range of such spe=
ciex is accessible and relatively recent work has prowided ecamples
af pyridyl derivatives whach could indeed function as ambidentate
species |16]. Particularty useful as a2 means of imtroducng extra
functomality i= a phenyl substituent amd a vanety of demnatives
af benzoylpivaloylmethane (bpmH) are kmown which illustrate
thiz approach [17=1%], although the substituents known in thas
caze, with ane exception | 19), do not provide metal-hinding sites
competiinee with the diketonate umt. & phenyl growp or larger aro=
maftic unit can also be employed in the generation of pohpe1, 3=dike=
tanate ligands, such species having beem the basiz of some
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remarkahle recent extersions of diketonate coordination chems
istry [20=23]. In our fore on the possibality of gemeTating
ambidentate ligamds from a phenyl=substinsted 1 3-diketone, we
were confronted with two issues potentially complicating their
application: aggregation amd Emomersm of the complexes. The
diketone benzoylpivaloyimethane (bpmH) being a readily avails
able “parent™ species for ambidentate ligand construction, we
sought to make specific wns of the rather limited knowd-
edge [17=149,24=26) of the coordination chemistry of the derived
diketonate in relation to these potential complications using tran=
sition metal M) and M{HI) species, plus ANIH) ax a main group
representative (Fig. 1)

2. Experimental
21. Eezgemis and instrumentation

All reagents were purchased from commercial soances [Sigma,
Fluorochem, Alfafesar). High purity solvents were purchased from
POCH and anhydrous THF was dried over molecular sieves under
argon. NME specita were measured on 2 Bruker Ultrashield™
300 + 3} Fourer=Transform spectrometer using dewterated sols
wemts [COCl, CORCN)L TOF=RS spectra werne measured using chios
moform solutions on a BREUKER Impact HD ESl(=TOF mass
spectrometer. Solution electronic absorption and luminescence:
spectra were reconded in 1 cm quartz cells at ambéent temperature
in MefW on Shimadm U=2401 PC and Hitachi FT000 Fluoress
CENCE instruments, respectively. Luminescence spactra were also
recorded an the solid complexes.

Keray diffraction data were obtained on a d=circle Xcalibur
Eass2 diffractometer (Agilent Techmologies) equipped with a CCD
detector.
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22 Synthesis

2.2 1. 4 4=-dimethyl=T -phenplpemione. I, J=diome
(berzoyipivalayimethane), bpmd

The ligamd was prepared acoording to a literature procedune
[15], althowgh ® 15 alwo available commerdally. Pimacolone
(554 g (.055 mol) was added to a suspenzion of NaH [6.65 g;
0.156 mal) in dry THF (50 mL) After 30 min of stiming, methyl
benzoate (1.5 mL: 0277 mol) was added to the greyeyellow sus-
pensicn. The mixture was beated at 47°C for 24 h. Reaction was
quenched by the addition of water, followed by aqueous HCI to
reduce the pH to ~4. The product was extracted into ethylacetate
and the extract evaporated down after drying over MagS0y The
crade product was purified by addition of Cwll-2H,0, isclation
of the solid complex formed and then dissocating the ligand from
this by treatment with hot agueous Ha50e Extraction imbo DO,
drying and evaporation of the extract yielded the desired product
as a yellow oil (281 g; S0.0E yield) "H MMR [ 300 MHz, CDC) &
1653 (s, 1H, ensl=form «0H, Hgl: 7.90, 789 (d, ZH, H,) 7.54,
T7.52, 750 (&, 1H, Hek 747, 745 7.43 (&, 2H, Hal 7.26 ((DChL)L
6.31 (s, 1H, emodform =CHz=, Hi), 4.19 (5, 2 H. ketosform =CHg=,
Hzl 1.26 (5, 9H, enolsform =CHy, HiL 1.23 (5, 9H, ketosform =
CHa, Hy) (Signals assigned according to the Figo S8) 'IC MMR
(75 MHz, CDCOL) & 20297 () 18465 (G 13559 (Cp), 13220
(Ce) VERGES (Cg), 12705 (Cy), 9207 [Cah 7758, 7716, T6.74 (Sol=
went, COC];), 3993 (), 2747 (C;) (Signals azsigned according to
the Fig. %9)1 Absorption spectrum [CHZCM): g = 312 mm,
Erpas ® 207 = 107 M e, Microanalysis: calculated (X)) for
CypHyglyz € TEA4 H 790, 0 1566; found: C 7631, H 8.11,0 1558,

222 Tris{4 d-dimethyls I=phemyipentane- I, 3-diomato jaluminimmm (TH),
Az l?ufilhu free diketone, the syntheses of the Al[H) diketonate
and of the other complexes described berein were bazed on literas
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Fag. 1. Complrars oblnnd m resctions of 4,4-8metbyl-1-phmylpentane-1 5t (b ) with 8800 and MIE] xm,
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Fig. 2. Comparsen of the "H MG {00 MH2) speciva of bpmH (bolom, black) ind fhe comples. | 81{Bpm ] (log, Bl m 0000, al reom Grmpesalune.

tare procedures | 17,018,244 25). To a yellow solution of Al{HO; ;=
AHZ0 (65.2 mgs 0173 mmol) and bpmd (1065 mg; 00521 mmol)
in MeOH{HzO (121, 3ml), NaHODy (51,1 mg; Q608 mmol) was
added The resulting suspension was stirred for 30 min at room
temperature. After remnoval of the solvents under reduced pressure,
the residue was extracted with CHCl; (2 = 15 mL) and washed
with water (2 = 15 mL}L The combined organic extracts were dried
with Naz20y after which the sobvent was removed to give an oily
residue. Addition of EtQAcheane (1:1, viv, 5 ml) resulted in the
precipitation af a cream solid, which was filtered off and dried in
waruo to give a white powder which was recrystallized from chios
raform, yielded white, hairy small crystals (3.1 mgz 33.4% yield)
"H MME (300 MHz, CDCl) & 797, 7.94, 702, 7.00, 7 88, 786 (sext.,
GH, Hyl; 744, 743, 7.41, 739, 736, 7.35, 7.32 (sept., 9H, He. Hi):
T26 (CDCl) 637, 6.34, 632, 526 (g, IH, Hy); 123, 120, 119,
117 (g ¥TH, H,) (Signalc assigned according to the Fig. 1) TOF-
ME: mir=6392574 = clcolated for CpbysAlMaly (Malal
(bpmy['k found: mjr=G59.2909; mjre4331993 - caloalated
for CagHaAOS(| ANbpm]);]"); found: mfr=4331954. .ﬁhmrptn-l
spectrum [CHACMY e ® 325 AM,  Epax® 176 = 107 M cm
Mecroanalysis: calculated (E) for CgH AN € 55 H 712, o
15.08; found: € TL72, H 6.98, 0 1523,

2.2.3, Tris{ 4,4~dimethyl 1 -phenyipentane-1, 2-dionato Jcobaft{IlT), [Co

l'n'hajmluliu-unl'hp:l.liﬂﬂm;: 0,955 mmaol ) in BeOH {2 mL),
TEA (143 pl; 1.0% mmol) was added. After § min. of stirming at room
temperature, a MeOH solution (2ml) of CofCloglL-EHO
(121.48 mg; 0332 mmol) with HzO: (11 pk 0365 mmol) was
added. The resulting mixture was stirmed for 30min. and then
H:#0 was added to finish precipitation. The voluminous dark green
precipitate was filtered off, washed with water, dried and recryss
tallized from chiorodorm, yielded dark green Aalkeeshaped crystals
(365 mg: 55% wield) "H NMER {300 MHz, CDCly) & 7.91, T80, 786,
TR4, THE1, 778 (zext, GH, Ha); 743, 741, 738, 737, 7.34, 732,
T30 (sept., SH, He, Hglo 7206 [CDCly) 634, 530, 628, 620 (g, 3H,
Hz); 1206, 123, 1.21, 119 (g, 2TH, H; ) (Signals asigned according
o the Fig 5100 TOFMS: mylzr = 669 D626 = calculated for CpH =

Col [ H[Colbpm ), |*}; found: mfz = 6692626, Absorption spectrum
[CHRCM): e ® 395 DM, Lppge® 18306 M~ e~ {the visible region
albsorption due bo ded transibons). Mioroanalysis: calculated (X}
for CygHysColy- © P0U05, H 678, O 14.36; found: C 70019, H 663,
0 14.27; caboulabed (X)) for CogHgeloglyz: © G709, H 650, O
13.75; found: C 66.54, H 696, 0 13,48 ( green paramagnetic species,
after dehydration by heating).

224, oquas-big 4, J=dimethyl= T=phenypentones I, 3=diometo fnicke!
(A1), [Nafbapam o OF 2 )]

To a solution of bpmH (124 mg; (LGOS mmol) in MeOH (2 mLL
TEA{E pl; 0LE08 mmol)was added. After 5 min. of stirring at room
temperature, a MeOH solution (2ml) af N CHp000 240
(6 mg: 0.304 mmal) was added. The resulting mixture was stirred
for 30 min. and them HzD waz added to fimish precipitation. The
valuminous light green precipitate was filtered off, washed with
water, dried and recrystallized from chilordorm, yielded small ight
green cubes {163 mg; S8X yield). TOFME: mfz s 4550575 = calcus
lated for CxgHuMi0y (H[Mbpm}k]™); found: mjz= 4651563
Ahsorption spectrum (CHRCN): Zgee = B2 nm, g ™ 255 A M- a
cm™! [the visible region absooption dse o d=d tramsitions). Micro=
amalysis: calculated [X) for: CpgHp Nely: € 62,30, H 694, 0 19.15;
found: € 6208, H 7.12, O 18549

ﬁ;ﬁddm&rmrmwl [u
To a soluton of bpmH (199 mg; 0973 mmal) in THF (5 mLL
Mayloy (207 mgz 1.95 mmol) was added. After 5 min. of stirming
at room temperature, 3 THF solution (3 ml) of Cul BF 600
[T7.0mg 0325 mmol) was added. The resulting green mastune
was stirred for 24 h at room temperature. A small amount of flocs
culent material was filbered off and green filtrate taken bo dryness:
in vamuo. The solid obtained was dissoheed in DERJERDH maxtume
and left to crystallize by slow solvent evaporation (112 mg: 45€
yieldl TOFRMS: mfrs 4701553 = caloulated for CagHyCudy (H
[Culbpml:] found: mjz = 47001505, Absorption spectrum (CHg=
CN)  ipae®BBI NN,  CemS2EM ™ om™  ipaeS38 nm,
Eppre®37 M~" e (the wisible region absorption due to ded trans
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sitioms). Microanalysiz: calculated [X) for CagHpelully: € 66.43, H
643, 0 1261; found: C BEES, H 6.20, 0 13,49,

226 Hydrated bisf4, 4=dimethyl= | sphemyipemiome- 1, d=dionam kxinc
(U}, [Zr b 5 Otz ]

Ta a solution of bpmH (119 mg; 0.583 mmol) in MeOH (2 mL),
Ba0H (23.4 mg 0583 mmol) was added. After stiring the mixture
S min, Zn{CHyC00%k-XHAD (427 mg: 0.1%4 mmol) was added oo
give cloudy, yellow solution, which was then stirmed for a farther
24 h at room temperature. The suspension was filtered and the Gl
trate taken to dryness bo give a yellow solid. This was dissobved in
the minimum amowunt of MeCN and addition of Etz0fn=hecans
[1:0, wiw, 10 mL] used to precipitate the desired product as yellow
solid, recrystallized from dichloromethanefdiethyl sther mixiurne,
yielded hairy small white crystals (423 mg. 12% yield). "H NME
(300 MHz, (DC,) & TAT, 785 (d, 4H, Ha), 7.57, 7.55, 753 (t, 2H,
He), 750, 748, 746 (t, dH, Hy), 706 (CDCl), 530, 628 (d, 2H,
Hz) 1.9 (x, 18H, H,) (Signals assigned according to the Fig. 4}
TOF=MS: mjr=s471.1514 = calcwlated for CHy0,7m (H[Zn
(bpm}:|*) foumd: mjr= 4711508, Abzaorption spactram [(CHCW]:
gy ® 308 namy, e ® 218 = 10 e bicroanalysiz: calous
lated [X) for CxHyefnle- C 6148, H 675, O 1890; found: C
6131, H 6.5, O 1868,

ﬁﬁjumy-rmmumwm
T a solution of bpmM (00156 g2 0.763 mmal) m MeOH (3 mL)
HaOH (381 mg; 00953 mmol) was added and the mixture stirped
until {1 b)) a dear, yellow solution had formed. A sodution of Pdl;
(544 mg: 0363 mmol) in MeOH (5 mL) was added, rapidly pro=
ducing a green precipitate. and the suspension was stirred for
24 h at rit. The product was izolated by filiration, washing on the
filter with EtOH amd Etz0 and recrystallization from chiloroform)
diethyl ether system, yielded small pellowsgreen, needlesshaped
crystals {109 mg, 55.2%€ yield). "H NME (300 MHz, CDCl) & 786,
THI (d, 4H, H ) 750, 747, 745 (. 2H, H,); 742, 7359, 737 (1,
dH, Hy); 726 [CDC); 6224 (s, 2H, Halc 126 (=, 18H, Hy) {Sigmals
assigned acrording to the Fig. 1) TOF-MS: miz= 513.1311 = calous
lated for CagHyOuPd (H|Pdibpmlk|*'k foumd: mjzsS13.1257.

(] )

o
"1

Absooption spectrum [CHCNE g = S50 M, By = 902 M =
cm~! [ the vizible region absorption dwse to ded trarsitions). Aicro
analysiz: calculated [} for CagHaPdOy © GOEE, H 5.50, O 12.48;
found: C GOUTS, H 574, 0 12,68,

23 Crystallography

Crystals of Culbpm)z were cbtained by slow evaporation of a
solution of the complex in a 1:1 dichloromethanefethanol mixture.
Crystals of Pd{bpm}; were obtained by diffusion in a two-phase
system of the complex in chloroform as the bottom layer and
diethyl| ether as the top layer in a closed vial. Diffraction data weere
rollected at room temperature using graphitesmonochromated
MoK, radiation [i=Q.71073 A) with the mescan technique. For
data reduction, UB=mairix determination and absorption oomecs
tion, CrysAlisPro |27] software was used.

Using Olex2 || 28], the strochares were solved by direct methods
using sum | 28] and refined by full=mairix least=squares against P
utilizing simm. All nom= atoms were refined amisotropis
cally. Hydrogen atoms were caloulated at ideal positions by molecs
ular geometry and refined as mgid groups. U, of hydrogen atoms
were 2t 25 1.2 (for C=carriers) fimes Lr-_ul'tllr commesponding cars
rier atoem. Crystal amd refinement data are summarized in Table 1
and selected structural parameters are reported in Tables S1=54.
The data have been depaosited in the form of cifs with the Came
bridge Crystallographic Data Centre [CCDE), deposition numbers
CCOC 1558066 (for [Cufbpm)]) and CCDC 1558067 (for |Pd
(bpmi]L These can be obtained free of charge wa wena
codccam.acukjdata_requesticif, or by emailing data_re
questicode cam.ac.uk, or by contacting The Cambndge Crystallo
graphic Data Centre, 12, Union Eoad, Cambridge (B2 1EZ, UK;
fam-+d4 1223 IBE033,

3. Resulix and discussion

2.1. Synthesis

Both the diketone and diketonate complex symtheses were
hased an very familiar literature procedures for the same or closely
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Table 1
Cryulall and refinemen] dafa
Ceamiplirs: |Cui{bpm, ] | P bpe |
Emprical formula L yuHalully Lol
Fozmola wesghl A0 LFL 1]
T[] L] HEI)
Crystal syslem tried e momacinic
Spacr greup Fi Fyin
= [A] EABDE(T) TEEMET]
b (K] 2541u12) 12052601
L] 10585 HE) 1EERI104]
=] B A1a{d) 1]
B A4 E] AN )
ri*¥ T ara 1) i
Wil ST S 12) 2400 TI0E)
F 1 4
Peata LE =) 1308 141
™) (L] 0T0E
A0 1438 hli.T 4]
Cryailal dite {mm=T) 0% = 2 = 0 02w L15 = @1
Wathaton hlaka (4 =0 THITE) Maka (4= WT0T5)
260 pumngr low data colledtien (7] EE-48. TS 41585659
Indrs tangen ~F b, -1 ko 0, 10 A 1 —ia o b, - 18 o ke U, 24 of 25
Reilerbom collected 5575 10 FHE
Indirprndimi refleEom 15T | B = 58S, B, w LR STGE [R50, Ky m (LI
Dhatafr arib 1EFajnjuas ST Ol e
Lozt rems-aldul {CAF) o2 F 1% 108
Final & irsdeses i 2= 2 (1] By =04, willy = 0084 T Ry = 0454, willy = QUOETD
Final & irdesors [l data] By = OGRS, willy = 0 0E2Y By w ERT, iy = EUDERS
Luzgrst thi¥erener peafhoke (v 4%} orzj-aan 030036

related species and prowvided no surpnsing resulis. Methamal

to be a convenient solvent for all the complex ion symthe=

ses, although various other solvents such as ethanol, acetonitrile
ar tetrahydrofuran could be used with egual success.

Althowugh the symthezes were designed to produce just the neus
tral, homoleptic species M{bpm ), (possibly as solvates) and were
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sucressful im this regard, it & of course possible that such species
could oligomerize [£=10) Masz spectra of the complexes [see
experimental ) provided no evidence for the presence of oligomers
but the mecessary use of ion asxociation to obtain charged species
appeared in s=veral cases to result in partial breakdown by dissos
ciation of bpm™, se that depalymerisation of initially weakly azso-
ciated species cannot be excluded. However, it is known [£=10)
|30] that oligomerisation is inhibited by bully substituents on
the diketonate unat and complexes of Milll) [30] are of particular
significamce in this regard, as the colour (ie. the absorption specs
trum) of diamagretic sguaresplanar mononuclear species is guite
different to that of paramagretic octahedral oligomers such as
formed, for example, by dehydration of octahedral o] i
[acack[0H, )] While the squaresplanar form of the Nif ) complex
of the symmetrical dipivaloyimethanate [dpm™) ligand was estabs
lished long ago by an Meray structare determination [31] amd
shown to be maintained im solution [32], there is, however, evio
dence [17], [24] largely bazesd on solution molecalar weight estic
mates, that benzoylpivaloyimethanate is a less restmictive ligand
in regard to oligomersation. This condusion is supported by the
present observations on the M{ll) complex, which was izolabed
as the green, octabedral | Nif bpm &{08; )] complex that, on heat=
ing, underwent defnpdration to give a green, paramagnetic Species
analogous to ||Mi[acac);] (see experimental)

An altermative index of ligand=ligand interactions within the
coordination sphere of a complex can be provided in the case of
anm unsymmetrical ligand such as bpm™ in the distribution of izo=
meric forms of bis= or tris=ligand complexes. In complexes of suffis
cient stability amd sterenchemical rigidity, this iomer distribution
can be monitored by RME spectroscopy. Thus, in the present waork

[Zn{bpm) 4081, I' |
comples at 733 K 1

!,

JIIJ"M_‘IL -'__Ul.u\“

the "H spectra of the diamagnetic complexes ||'|.I:h:'ln:|;||. e
(bpm},. [Zn{bpm},{0H,),] and [Pd{bpm),] provided clear evie
dence for the presence of bwo species in each case. For the ex

octabedral form of the AI[IN) {Fig. 2} and Co{lll) {Fig. $10) coms=
plexes, the Cpsymmetric for izsomer should give mnse to a single
peak for the methine and methyl group protons, while the Csym=
metric mer isomer should show three peaks of equal meensity for
each type of proton, enabling ready identification of the separate
isomers and therefone a direct establishment of the focmer ratio
{eqguilibrium comstant]. For the AIJII) and Coflll) complexes, this
ratio was essentially identical at 1,65, a walee lttle different from
that expected for the statistical distribution (2-1 focomer).

For the expected sguaresplanar form of |Pd{bpmlz|, o5 and
trans isomers are possible. On recording the "H NME spectrum of
|Pd(bpmly] immediately after dissolving orystals of the bulk
recrystallized omplex, only one methine signal was observed
and thus assigned to the treas form, given that this is the species
found im the crystal lattice. For the same sample after an hoar, sigs
nals consistent with the presence of 2 mixture of ois and trans isos
mers were ohserved indicating a cissirons ratio of 1:1.66 (Fig. 3], in
thiz caze differing maore sigmificantly from the statistical value (af
1:1) In any case, both these spectroscopic results and the nature
af the Mi(ll) complex indicate that ligand=ligand interactions in
complexes of bpm™ are mot strong, making this ligand somewhat
closer to acac™ than todpm™ (diprnvaloylmethanate] in its coordinas
itiee properties.

Elemental analyses for the Zm{ll) complex imdicated the press
ence af bwo water molecules per Zn and thus were consistent with
different formulations such az [Znlbpm){0#H;)FH0  or |Ir|

{bpm }y{ 08;)a]. The former is consistent with the squane=pyrami=

[ L

[Znd bpm] 08 1.] il |I
o pliee Al JA3 K 1] " |
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Fig. B Views of (et ) the urspoe molerolus uret preseni o Che latger of | Cofbpmy | asd (sight ) ke bwvo meeeqaivalest bul wery simslar melecule unis presend m ebe latbee of

[Pelbpm o).

dal structure known for the acetylacetonabe analogue |33), bat in
either case cis and frons isomeric forms would be possible. At room
temperature, the '"H MME spectrum of this complex shows two
methine peales with an intersity ratio of 1:1.5 (Fiz. 4) but in this
case their assignment to particular isomers is not possible,
although the fact that a single methine peak is apparent for each
species does not exclude the paszbility that any |Zn{bpm), [ OH )=
a| species could be a cis isomer. The nature of the 2o} complex in
chioroform solution, howewver, is perhaps, more comphicated than
expected, as its spectrum shows a significant temperature depens
dence (Fiz. 5) in which the higher-field methine resonance shifis
upfield and broadens considerably ax the temperature is lowered.
Thiz possibly mdicative of an eguilibium between fves and six-
coordinabe species rather than or & well a osfirans isomerism.

While electronic absorption spectra in the visible region of the
coloured complexes show d=d absorption bands at positions cons
sistent with O=donor emvironments (and essentially wentical to
those im their acetylacetonate analogues [£=10]), these bands are
broad and not readily resolved inbo separate isomer contributions.
The much stronger UY absooptions seen in all complexes are also
broad and not decomvolutable but they do dlustrate the dramatic
spectral changes that result from replacement of the acidic ligand
proton by a metal jon [Fig. 511

Given that at least under the conditions of synthesis and orys=
tallisation presently applied, all the metal sons wsed could be cons
sidered to be labile, slow crystallisation was considered as a
potential means of izolating a single species from a solution mix
ture. The paramagnetic [Cu(bpml] crystals {reported before by
L. Borisov et al. [34]) were obtained by slow evaporation of zols
vent from solution of complex in a 1:1 dichioromethane{ethamal
mixture. Crystals of diamagnetic |Pd{bpm )z | were obtained by difs
fusion in tweo=phaze system of the complex in chloroform as the
bottom layer and diethyl ether as the top layer in a closed wial.
The X-ray stracture of the [Cu{bpm);] complex was the sole means
of establishing its stereochemistry because itz paramagmetism
exchsded the use of "H MMR spectroscopy. Both complexes proved
to be the expected bisdiketonate) species and to have a sguares-
planar, frens grometry in the solid state [35.36) Xeray struchares
of the complex units within their lathices are shown below
{Fig- &) amd crystallographic data for both stuctures are sums
marized in Table 1.

Unlike their acetylacetonate analogues | 37,32, [Culbpm:| and
|Pd{bpm}:] are mot isomorphous but their Latices ane nonetheless
quite samilar, with stacked columns of M{bpm}, units bang parallel
to o im both (Figs. 52 and 23] Consideration of the Hirshfeld sur=
faces |389=41] (Figs. 54 and 55) shows that interactions between
the wnique [Culbpm}:] units do mot exceed dEpersion forces
whereas interactions of the two, inequivalent [Fd{bpm}s] umts
involve, in addition bo dispersion, both aromatic=CH. . .0 and aros

matic=L. . 0 interactions that link Pd1 and Pd1' in a reciprocal
mammer (HE. 02 28T 3); C5...00° 3.141{5) A) along the o direcs
tion (Fig. 56), and aliphatic=CH. _C (H13E. . €3 23THE) A) interacs
tions, again reciprocal (Fig. SG) that link the Pd1 wnits inbo 2 two=
dimensional sheet paralle] to the {1 0=1) plane (Fig. 57). These difs
ferences between the Cufll) amd Pd(il) complexes must reflect dif«
ferences in the electromic nfluence of the bwo metal jons, although
the twao Pd units are imvolved in quite different interactions, indi=
cating that a delicate balance of factors may be operative. An inter=
esting feature of the slipped-stack column in the Cufll) complex
lattice is that it places each Cu(ll) symmetnically in betwesn two
phenyl rings, indicating that there may be some axial interaction,
even if it does not exceed dispersion, and this could well explain
the preference for the e configuration of each complex unit. &
similar situation clearly does not apply in the PA{Il) complex Lat=
tice, where the preference for the frons isomer is presumably to
be associated with the weak inferactions beyond dispersion
revealed in the Hirshfeld sarface.

4. Conclusions

Despite the relatieely bulky mature and different electronsc
character of the substituents attached to the dionate unit of bpmH,
there appears to be little preference in regard to the isomeric form
af its homolepiic complexes in solution, although individeal spe=-
cies can be izolated in the orystalline state. In the fwo cases stnacs-
turally characterized, the solid state interactions associated with
the preferred isomeric form are guite different, indicating that
the bound metal ion has a significant and wmigque influence on
the peripheral properties of its complex. In relation to the possible
use of the phemyl ring of bpm™ as a site for the introduction of an
alternative metal ion binding site, it would seem that the evaluas
tion of the resultant complexes as heterogeneows catalysts cons
taining a single isomeric species is the most abvious starting point.
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OCDC 1558066 contairs the supplementary orystallographac
data for [Culbpm]2].CCOC 1558067 contains the supplementary
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nyﬂalug;n;hl: data for [Pd{bpmZ]. These data can be obtained
free of charge wia hetpeffwvww oodecamac uk/oontsfretrieving.

html, or from the Cambridge Crystallographic Data Centre, 12
Unson Road, Cambndge CB2 1E2, UK; faoc (=24) 1223.036-037;
or e=mail: de-pﬂ'nndnmttiup#:m:rt:ry:lﬂam:ﬁd
with this article can be found, in the online version, at hetpejf]
dx.dod.orgf 10,107 &f).paly. 201 70802,
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SUPPLEMENTARY MATERIAL

Unsymmetrical bidentate ligands as a basis for construction of
ambidentate ligands for functional materials: Properties of 4,4-dimethyl-1-
phenylpentane-1,3-dionate
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Figure S1. Partial views, down a, of the lattices of (upper) [Cu(bpm),] and (lower) [Pd(bpm)],
H-atoms omitted for clarity. Each complex unit represents the projection of a column of such units
lying parallel to the a axis. For Pd, two inequivalent units alternate down the columns.
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Figure S2. Partial perspective views of the slipped-stack columns parallel to a in the lattices
of (upper) [Cu(bpm),] and (lower) [Pd(bpm),], H-atoms again omitted for clarity.
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Figure S3. The Hirshfeld surface calculated using CrystalExplorer for the [Cu(bpm).] unitin
its crystal lattice
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Figure S4. Hirshfeld surfaces calculated for the [Pd(bpm),] units containing (upper) Pd1 and
(lower) Pd1: Red regions indicates points where interactions with atoms of adjacent units exceed
those of dispersion.
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Figure S5. View of the aromatic-CH...O, aromatic-C...O and aliphatic-CH...aromatic-C
interactions (black and white dashed lines) associated with the columnar and sheet structures
found within the lattice of [Pd(bpm),].

Figure S6. Partial view of one sheet of [Pd(bpm),] units incorporating Pd1 lying parallel to the
(10-1) plane
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A2. Charge Neutral [CuzL2] and [Pd2L2] Metallocycles: Self-
Assembly, Aggregation, and Catalysis
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Charge Neutral [Cu,L,] and [Pd,L,] Metallocycles: Self-Assembly,
Aggregation, and Catalysis

Michal Kolodziejski, Aidan ]J. Brock, Gracjan Kurpik, Anna Walczak, Feng Li, Jack K. Clegg,*

and Artur R. Stefankiewicz™®

{'_ite This: tnorg. Chem. 2021, 60, 96739679 E Read Online

ACCESS | [l Metrics & Mare | Article Recommendations | € supporting Information
ABSTRACT: A range of morphologically distinet metallosupramolecolar CuoIlI) and Pd{II) e
complexes has been constructed, based on the tritopic ligand 1,1°,1%-(benzene-1,3,5-triyl Jris(4,4- A .f
dimethylpentane-1,3-dione) (H,L). By control of the reaction conditions, it ks possible to generate x iy

distinet coordination assemblies possessing either macrocyclic or polymeric structures and more -
importantly distinct activity in catalysis of the Suruki—Miyaura cross-coupling. }'—‘J —

B INTRODUCTION of the PA(II) complexes as catalysts in Suzuki—Miyaura cross-

The self-assembly of complex metallosupramolecular architec- coupling.
fures from simple metal and organic cnmpmenﬁ"" has W anticipated that the reaction of H,L with divalent metal

jons inoa 1:1 ratio would lead to the formation of charge-
rﬂﬂfdutgr.:n%i Tpnjtgﬂmgg_“‘ﬂd {%T;titmﬁc:mb: neutral metallocyeles of type [My(HL),], which contain two
polymeric or discrete and often display unusnal topologies noncoordinated f-diketone moleties as side chains. These
and properties that are not present in their constituent building groups could then be used to probe the controlled
blocks. "™ They have been shown, for ple, to display a wide oligomerization of the metallocydes wia hierarchical seli-

7]
of bindi d o assembly™ to form complex assemblies of the type {M-
¥ iy dﬁj’; ;"'ﬁ’*h:fdm;t“;]’fi“ﬂ: o [My{(L)]L*"* by the reaction with further divalent metal

programmed to assemble into these architectures plays a ions, thus allowing, for example, 4 comparisan of the catalyic
crucial role in dete g both the form and function of the performance ﬁath the discrete and oligomeric assemblies in
resulting metallosupramolecular complexes. It has been shown Pﬂ_l:ﬂm{“} catalysed crom-compling reactions (Piguce
that ligands incorporating multiple f-diketone groups can be 1)- hTh;ﬂm;l]ent ;ﬂl}'ﬂﬂﬁnpmperhﬁ of Pﬁ%”p:ﬂ?d‘: s
reacted with certain metal jons to form a series of ":D";P e t eefn :tﬂmh ¥ many )’e;rs. hete s
metallosupramolecular structures with a significant degree of creates & number of versillle homo- 28 wed = TogEnecus
predictability."*'*~* The resulting structures include heli- ca‘t:ly:? that are used lr_:Lm:.n}r processes, such as dehydrogen-
cates,™® perahedra ™ and interdocked assemblies, ™™ a5 ation,” hydrogenation,” and cross-con reactions (e,

52,53 54 54,8
1 dimuli ive® and Al Iy Heck,”™" Swzuki-Miyaura,” and Negishi™™ reactions). Such
:emcuq:tem:‘?“ui Ve and exceptiondly porous studies might provide insight into new approaches to boost the

Here, we present an imvestigation into the tritopic f- m"ﬂ'"_.'::}r of such catalysts, ™" especially in Sanoemvipan-
diketone bigand HyL and its interaction with both copper(1I) ments” o supramolecular dendrimenic systems.

and palladivm(Il) ions. The coordination of similar ligands
with iron(Ill} and gallium{Il) by Saalfrank and Raymond Received: March 29, 2021
produced charge-nevtral [M,L,] tetrahedral and [ML,] Published: June 11, 2021
trigonal antiprismatic assemblies, ™ however, no investiga-

tions into the wse of divalent metals have been previously

reported. Along with the synthesis and structural character-

ization of these systems, we present investigations into the use

O T Armaricam Charmacal Sovieny Faltpcticbed. o 101 S0 i invtrge harr, 1 cOORET
org:

A 4 ACS Publications 473 Chem, 2021, 66, #6572 967
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B RESULTS AND DISCUSSION

The tritopic ligand H L was prepared wia a Claisen
condensation between methyl benzeme- 1,3 S-tricarboxylate
and pmacolome in the presence of sodiom hydride by adapting
a previously reported procedare™ The "H MME spectram in
denterated chlorform (CDCL) ndcated that the bgand

resides predominantly (94%) m its enod form (Figare 2a, see
51, Figure 51). Xoray quality orystals were grown by the slow
evaporation of 3 THF solution, and then the stnsctuee was
determined (Figure 3 and Figures 58 and 59, Table T1}. The
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liganad crystalizes i approximately C; symmetry with each of
the fdiketone groups in thelr enol forme The enal hydrogen
atom in each case b located between the two oxygen atoams,

a sm-membered inirameolecalar b
i of sebated

Flig, has been observed m 2 large nom

structares """ The reaction of ome equivalent of Cully
with one egaivalent of HyL m THF in the presence of solid
sodivm carbomate followed by fltration produced a dark green
solution. Slow evaporation of the reaction solotion produced
crystals sustable for diffraction stodies {Figore 4). The crystal
structure confirmed the formation of the desired

al
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Fipare 4. X-ray crpital atnascture of [CugHL) [ THF)). H stoms
fﬂ.:qlmﬂimlll-h_mit:lf-:hi.l}

[Coy(HL),(THF),] dimenic metallocycle The copper(Il)
centers are positioned between two lgands and adogt 2 square
pyramddal cosrdimation with the XY
cccuprying the basal plane and o THF solvent maolecule bound
im the distal apical posmtions of each of the metal tons The
uncoordinated f#-diketone wnit & again present in iis enal
Canrhommeer,

&mewnﬂq [BdCL,(MeCM],] o
place of the oopper salt, which bed to the isolation of a yellow
sodid after workup, The "H MME was consistent with the

(924 and 832 ppm) and two methine protons (542 and &.32
ppx; Figuee b, :uELFLpItS&},bﬂﬂajua.?_-l Ao, &%
expected for this stecture. An enol proton synal at 16,44 ppm
confirmed that the third arm remains wnboand by
the metal bon. The formation of the [Pd{HL),] speces was
also confirmed by TOF-MS anabysis, which gave peaks at )z
= 112127 for the macrocyclic complex jon [Pd{LWHL)]™
and mfz = LIAT2E for its adduct with the chloride
anbon—{[Pd{HL);]CI)~ (see 51, Figares S14—516). Dufi-
stom ordered spectroscopy experiments [DOSY) were
performed on both H,L and [Pdy(HL),] (Table 1, entries 1

Table 1. DOSY NME Data for Ligand,
Metallozup ransolecular Comples, and

Metallozupramsolecular Palymers
wniry mmpnnds i I:-:| I-I]'. Foad [.*.]"" ll"'L “']'
1 HL LEg w18 L6 (g
1 [P FL ] AIT w18 AL L 4EET
1 [Pdylal 241 W e 1621 s T

“Defnivn cocthicent, “Sobulymemic sabus, “Sphercal volume.

and 2} The ligand has a diffusion coefficeent of D = 125 x
10~ w57, which comesponds to a sohvodymamic radiss of
326 A and a volame of 14499 A" when a spherical stracture
model is used {see 51, Figare 57). In contrast, experimental
vabues obtained for [Pdy{HL),] suggest that the complex is 2
times larger (radius 6.50 A} than the ligand. These data are
fully consistent with the sires of both H,L and the
[Cox{HL){ THF):] complex measured in the solid state by
Heray diffractson.

MWext the formation of a polymenc struchare was performed
by reacting 1.5 eqgaiv of CoCly with 1 equiv of HyL wnder basic
conditiong. This ylelded o mivture of products consicting

mainly of an intractable and insoluble green powder,
sojgesting the formation of a coordmation polymer and a
small gantity of the saluble [Coy(HL ), THF), ] metallocyde.
Ta our amdar resctions with PA(I) prodwced a
saluble product. [Pdil, ). was formed as a result of 2

reaction of 1 equiv of a ligand with 1.5 equiv of PJ{II} salt in
an alkabme (6 equiv of triethylamine) enviconment. The 'H
MME specirem of the isolated material recorded im CDCL,

showed a broad and highly overlapped set of signals for ol of
the aromatic and methine protons {aound 231 and 6.33 ppm,
respectively; Figure 2c, see 51, Figare S6) This broademing is
charactenistic md:mtnﬁﬂn:mﬂ':m&u
metalloeopramolecsdar  assemblies. The spectmom also com
tamed a al from the enol of & diketome mosety at § =
L6446, and the low integral of thes signal (only 10%) showed
that unrescted diketone arms remained at thic < of the self-
aksembly process, pocably as a resolt of the creation of a
comples branched stracture. This ks sapparted by
DOSY experiments (Table |, entry 3), which indicated that the
cligomeric complex [Pd;L,], bas a radins § times larger (1623
A) than the oncocedinated H,L and abmost 3 times
larger than the metallocycde (Table 1) Thermogravimetsic
analysis {TGA) showed that the thermal decomposition of the
entire polymer struchure ocoars n a single step, albeit across a
relatively wide tenyperature range (see 51, Fapares 519, 520).
This indscates that the breakdown of the polymer strocture is
steady over a given period of ome. We aso performed TOF-
MS analysic for [P L], which showed a set of peaks
corresponding to the breakdown prodwcts of the polymer
during the analysic (ze 51, Figure 517).

[moe to the differences i the strochere and compeation af
the investigated PA{II} compleses, catalytic sbodies have been
undertaken in order to test and compare their catalytic activity
in the Sondi—hiysura cross-coapling reaction. First, the use
of [Pdy(HL)] as catalyst for the coupling between phenyl
boromic ackd and 4-bromoacetophenone was optimized. It was
found that the highest GC yields were obtained in toloene at
110 *C waing KOO, a5 2 bace. Although 0.1 mol % Pd was
required, almeat 100%: comversion was achieved after just 4 b
{see Table T2 in the S1). At the mext stage, we in the
soope and limitations of the catalyst. A series of reaction
betwesn phemylboronic ackd and vamous fumctionalized aryl
bromides was performed, obtaining moderate to G
yields for the products la—12a (see Table 2] All the reactions
were repeated asing the polymer [PdL,); as a catalyst ender
the same conditions. Very GO oyields [»30%) wese
ﬂl:mnﬁﬂlnmttuumd.mnuaﬁlﬂ—ﬂhﬁhlghﬂﬂmm
the reactions catalyzed by the metallocycle
[Pd,(HL},]. The high eficiency was ohserved of the
presence of electron donating or eleciron withdrawing
Banctiomal in the subsirate molecoles. In contrast,
yields of only 12% and 31%% for the pyridine derivative %a
revealed a limitation of this procedure. Entry 102 showed that
the Sumali—Miyawra reaction i clearly prefesred, since the
Hedk coapling product, sk possible ander these condstions,
was oaly chserved im trace amounts. 'We then compared the
performance of oor catalysts umder the same reaction

comditions [PACL{PPhy )], which Sustrates the E
catalytic activity of both [Pd,(HL),] and [Pd,L,], (see T
T3 in the SI).

The smocuwrd amd o differences  betwesn

i o tsomal
macrocyclic [Pd(HL),] and polymenc [PdL;], species,
incorporating 3 different guantity of PA(Il) cations per

raptetnrg FL [ iscunas s o iid
org Chams. 221, G, Ga7 B-ETW
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Table 2. Scope of the Sumuki—Miyaura Cross-Coupling
Resction between Aryl Bromides and Phesylboronic

'y
@,H @r"-n.l 1 reol Pl
H=— & E
15 i BTy
-2 s 110G il
I
M TR M &7 M T
| o b o ] P SR
[ o e
Aa
B S M El%S M: &P
P 1A P B
%1% M: ¥ M 1%
P 9 P A P 3%
PR M
AT T
1"
| B 5 B M 5

P 51% I i P G

L_Ind{ulld,]_i -I'T.l'l'}.. E20D, (005 sl 2.5 nanr},
-lﬁr“ﬂ]:mpln{ﬂ.lmn"”]mihnnl H_t]
ml}.lllll]"’: Ber an aiz } ever 4 B ].-l-
Dibromobesmene  {0U1 mﬂ}—ﬂulmhlnk_'l-ﬂ_-l-
nﬂﬂ:mmr{&l—ﬂ]mﬂnlmd'ﬂ:,ﬂd:h_ﬂ

molecule, had a direct impact on the catalyzed reactions amd,
consequently, on the obtamed reaction ylelds. They revealed
similar catalytic activity to [PECH{PPha)s], indicating their
poteniial applications in cross-coupling resciions catalyzed by
Pd A pomber of catalytic sites s 2 single molecale significantly
imcresmed the effidency of the reactbons catalyzed by the

pnl:grm-u [Pd,L,]. mn‘p.i.rd with the discrete dinwclear

’[.;L‘E {; ICP-MS amalysis of both
metalbocycle [P and palymer [Pd L], allowed
dttmﬂnmufﬂupe af Pd in both strochses,
hdﬂthhmt@ﬂhll?utﬁmdlﬁjutﬂrﬂptmﬂr,
expected for these materids. On the basic of the performed

reactions, a Jocal concentration effect can be observed whidh
explains the differences in GC yields between these PA(I)
I EA—tih

B COMCLUSIONS

In conclusson, we pepost the symthesi and charscterzation of a
tris-f-diketonate ].Ipl:ld based om & 1.3 S5substibated bepzens
rimg and the synthesds and characterization of its bisuclear and
palynodear complexes with Cu(11) and PA{I1). In the system,
a =mall in the stokchiometry of the same reagents leads
to comgpl different materials—im this case a disceete
macrocycke and amorphous metalloswpramolecular polymes.
The szoluble binudear macrocyckes have two onooordinated

diketome which in the presence of additional portions
of metal jons led to the strocural and wltmately
formation of comples coordination . The muetal

losupramsolecalar compleves reported in this paper exhdbit not
only different structural features bot also distinct catahytic
activity i the Soraki—Miysars oross-coopling reaction

Motahly, these compoands are efficient onder mild conditions,
st requiring the evcluson of water or air.

B EXPERIMENTAL SECTION

Flaseochess, Alfsassr) sl wid without fisther purilcation. High

subronly weze Eum YWH, and THF wiis
b 1,3, 5-tricak I"..-. s l’dht'm-d & Elurnuu.l]r de-
l::mriuﬁullrmmm_nlmlﬂninlﬂhhum
+mF—-=-h—|lum:Frhmd-:u—|_:I—ln1d&mu.I-
Eﬂ:ﬁlﬂ.l.ﬁ:lrn-'l.n'fﬂ.ﬂm.l'.l' ]l‘wdﬂlt{:ﬂ‘
-u-i-:lnii:ﬁunﬁnmmﬂ-mnm}:

the Mass ol the Instibsfc of
':l:u:.n'lrrj the Polmh Academy of Sciences wing dickh

Hﬂm_lw—nipupl.’;il-im.ﬂmﬂd
dine using PerkinElmer Neal 0N 3000,

Synthesis of Hyl. Finscolone {14.3 mL; 114 mmal) was added 1o
li:‘l:u-d']'{l]'[f'l].ﬁ- mmﬂ]-hmﬁﬂ}.ﬂﬁu
Eﬂm-ﬂ-lﬂ‘h'llﬁﬂ‘; I,% 5-ricark " {.}J] & 117
Lmdnﬂthnhmmﬁﬁnqmﬁduqm
il the mistese scidified to pBH ~ 4 wmiing HOL Affer cxtraction with
CHClH:0, the arganic layer was dried over Ny S0, and
o drmeii. The cude product wes solated 55 0 white solsd by
drying (4.30 g; 74% pedd ) "H NMR (300 MHz, CDCL): & 1643 (s,
AH, Hy), 842 (5, 3H, H,), 7.26 [CDCR), 639 (5 3H, H), 429 (s,
3H, H,), 128 (5, 37H, H, )L "'C NMR {300 MHz, CDCL): 8§ 20075
(Ch, 18304 (Cg), 13688 (), LXES9 (Cy), 9284 (T,), 7706 (i,
COCL), 4007 (), 27.52 (O, ) TOFMS: myfs 4563580 caleulapel
ﬂ.l]:run-lﬂ i.u.::l:p.ﬁ'llr.ﬁd.:l.}. [R: 2000 e I:.I.-I:CIH]_.};. | 2
1500 con™ (g Cmm (3] ). Arnal. Caled: C, 7103; H, 7.95%. Found: C,
TLI4; H, 3X1%.

Synthesis of Complex 1 [Pdj{HL),]. The Egand HL {7998 mg,
D.]T&md]-lidg-ﬂ-hlrﬂl-] ﬂ:-nTEﬂ.fT.ﬂ..].&Fl. 0535
mﬂ}w—lddnlhpt; Az Far 10
min, a solution of P&{Me™ 2 (4540 I7T5 mmal) in 3 =l
du:ﬂ]{ml&iﬁdﬂp}iﬂﬂﬂuﬁid’h—ﬂ.ﬁm
mﬁmd;ﬁhﬂlhdmmmm
ﬂ‘n—dmﬁhﬂllmmﬂ:nﬁhﬂ.m
solid obtsined was washed with 4 lisge velume of hot EfOH and then

deiar) el suceymalised o ICM. The riilbing plloer praipitae

ot P DU | g, ]
v, Cham. B, G, ST I-ETY
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wasi filtezed amd dried im vacuo. Yield: 111 mg, 61%. "H NMR (300
MHz, CDCL): & 1684 (s, 2H, H.), 924 {5, 1H, H,), £32 (4, 1H,
H, ) 6.42 {3, 2H, H,}, 632 (s, 1H, H,), 139 (s, ITH, H, ;). TOF-MS:
mfe 1151785 eslenlated for CoaHaOysPds ([Pdy{HL)]). Found:

mifz 12LI700 (fx CiHalOnPd;, & h_p'uh-'lnl = megalive
fiedd}. Anal <0, 5LEE H, 543, O, 15.19% Found: C, 5140 H,
532, O, 1524%.

Synthesis of Complex 2 [Cuy[MUL(THELL H,L (01 g 022
mmol) was disseleed in 30 ml of THF. A total of 02 g of sodium
m_wdmﬁlﬂihm:{u]
mmal} of CoCle2HsD was disiolved in 10 mL of THF asd added
mﬂhﬂmmﬂm-ﬁmﬂ-
d.ﬁudh-mﬂﬂ.muhm_nd;mﬂ:hu
) ST ——— bosse. The compl
H#Muﬂpm#ﬁqhh. = of the:
mizteere. Yield: D053 g, 73%. ESEMS [k 1033 [M=H]", 516 [M-
FH]. Amall Calds O, 6258 H, 661%. Found: O, 6274; H, 639%.
Symthesis of Complex 3 [PdjL], (Metallosupramolecular
Branched Polymer). Ligand HJL (3103 mg 0069 sesol) was
suspended in MeOH, thes TEA (5151 ul, 0407 mmaol] was added
hplwhmﬂtmmtmq‘ﬂ.]ﬂaq
:h.hmﬂﬂhﬂuh-ﬂ.-wh:ﬁlmhm:dh
30 mim. The sivtune ws allowed 1o itir for 2 h, and thes precipitation
ﬂcmﬁtihﬁﬂhﬂ&ﬂdﬂxﬂmmﬂ}
wnlution wm Hecrod to :ﬂmhpkhﬂ'-m*wm
Mm-ﬂﬁﬂ:%ﬂhh&ﬂﬂﬂmm
ilale was ol | Jbu-ﬁﬂ-a.mulihh}
:_.l_'-]'[-l M{muﬂqmﬂ‘} & 1646 [ OUIH, H,J,
230 [m, IH, Higl, 633 {m, 1H, Hy), 1L.24 (5 98, H;s). Anal
Calad: C, 53.37; H, 5.94%. Fousd: O, 53.01; H, 5.50%.
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1. NMR spectra
1.1. Tripodal ligand H;L
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Figure S1. '"H NMR spectrum of the tripodal ligand H3L recorded in CDCl; at room temperature.
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Figure S2. 3C NMR spectrum of the tripodal ligand H;L recorded in CDCl; at room temperature.
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Figure S3. COSY NMR spectrum of the tripodal ligand H3L recorded in CDCl; at room temperature.
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Figure S4. HSQC NMR spectrum of the tripodal ligand H;L recorded in CDCl; at room temperature.

1.2. Metallosupramolecular macrocycle [Pd,(HL),]
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Figure S5. 'H NMR spectrum of macrocyclic metallosupramolecular complex [Pdy(HL),] recorded in
CDCl; at room temperature.
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1.3. Metallosupramolecular branched polymer [Pd;L,],
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Figure S6. 'H NMR spectrum of metallosupramolecular polymer [Pds;L,], recorded in CDCl3 at room
temperature.

1.4. DOSY NMR spectra of Pd-based metallosupramolecular structures
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Figure S7. DOSY NMR spectra of tripod ligand H;L (a), metallosupramolecular macrocycle [Pd,(HL),]
(b), and metallosupramolecular branched polymer [Pd;L;], (c). All spectra were measured in CDCl; at
room temperature.
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2. X-ray crystallography

Single-crystal diffraction data were collected using MoKa radiation generated from either a sealed tube

or rotating anode using either an Oxford Diffraction Gemini IT ULTRA, an Aligent Xcalibur EosS2 or

a Bruker APEX-II diffractometer. Data was indexed, integrated and reduced with either CrysAlisPro’
or SAINT .2 Processed data was solved using either SIR-97* or SHELXT*. Solutions were refined via a
full-matrix least-squares refinement against F~ using SHELXLS through the Olex26 graphical interface.
Non-hydrogen atoms with occupancies of 50% or greater were refined anisotropically. Where
appropriate clectron density was identified in the Fourier difference map, hydrogen atoms were
explicitly placed. The remainder of the carbon-bound hydrogen atoms were placed in idealised positions
and refined using a riding model on the appropriate atom.

Table T1. Crystal data and structure refinement for tripod ligand and complex.

Identification code H:L H:L [Cu(HL),(THEF);]
Empirical formula C,-H;505 C,-H;504 CgHg CuyOyy
Formula weight 456.56 456.56 1180.37
Temperature/K 203(2) 150(2) 173.00(14)
Crystal system monoclinic monoclinic triclinic
Space group C2/c C2/c P-1
a/A 31.501(6) 31.171(2) 10.0759(3)
b/A 6.7598(14) 6.652(1) 10.9995(3)
/A 29.7990(6) 29.222(2) 15.4390(3)
a/® 20 20 101.483(2)
pr 119.24(3) 118.116(2) 90.143(2)
1/° 20 20 110.014(2)
Volume/A? 5537.2) 5344.2(10) 1526.94(7)
Z 8 8 1
Peatcgl/em’? 1.095 1.135 1.284
wmm! 0.076 0.079 0.758
F(000) 1968.0 1968.0 626.0
Crystal size/mm? 03x01x01 0.31 = 0.07 = 0.02 0.5x04x04
Radiation MoKa (.= 0.71073) MoKa (.= 0.71073) MoKa (i.= 0.71073)
20 range for data collection/® 6.576 to 51.074 5.576 to 55.1 6.782 to 57.844
Index ranges -36<h<37, 8<k<8,-34<|-40<h=<37,-8<k<4,-36<|-13<h<13,-14<k <
134 1<38 14,-20<120
Reflections collected 163148 25770 66739
Independent reflections 4842 [Rint ;322‘;?7 Riigma = | 6089 [Rint ;gﬁq‘;‘iﬁ Regma = 7612;1[1:? ;32237?
Data/restraints/parameters 4842/1/358 6089/0/337 7606/6/364
Goodness-of-fit on F? 1.144 1.007 1.075
Final R indeses [[>=26 (D] | R, =0.0734,wR,=0.1812 | R1=0.0650, wR2 =0.1627 | "1~ 0% w2 =
Final R indexes [all data] Ry =0.0925, wR, = 0.1902 | R;=0.1254, wR,=0.2036 | - "ﬁigé“m =
Largest diff. peak/hole / e A7 0.29/-0.17 0.48/-0.53 0.96/-0.42
57
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Figure S9. X-ray analysis of tripod ligand H3L: (a) intramolecular H-bonds in #-diketonate system; (b)
H-bond acceptor sites: (c) atom charge sites and (d) rotatable bonds in ligand structure.
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Figure S10. Single-crystal X-ray structure of [Cuy(HL),(THF),]. Hydrogen atoms (except enol
hydrogens) have been omitted for clarity. Only a single component of disorder in the THF ligand is
shown.

The crystal packing of [Cu,(HL),(THF),] is dominated by a series of offset 7-7 and CH-x
stacking interactions (the distance between mean planes of these complexes is 3.74 A),
leading to the propagation of linear chains coincident with the crystallographic b axis (Figure
S11). The principal interactions appear to occur from stacking of the delocalized n system of a
copper(Il)-diketonate chelate ring and a non-coordinated f-diketone ring of the adjacent
complex (centroid-centroid distance 3.42 A). Offset interactions between aromatic rings are
also observed (4.93 A centroid-centroid distance, 3.30 A plane-plane separation), however
closer packing of these in precluded by coordinated THF ligands which project above and

below the mean plane of the complexes.

Figure S11. One-dimensional stacked chain of complexes in the crystal structure of
[Cua(HL)>(THF)]. Select n-m and CH-m interactions are shown as dotted lines.
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These chains appear mostly isolated and do not display any significant interactions with
adjacent chains. The closest interaction is a CH-HC contact (2.39 A) between tertiary butyl
groups and THF ligands of neighbouring complexes (Figure S12). Despite the tight molecular
packing, minimal interaction is observed between chains above and below due to the

combined steric bulk of the THF ligands and tertiary butyl groups.

Figure S12 (Left) Top-down and (right) down-chain view of adjacent stacked chains of
[Cuy(HL),(THF),]. Chains are coloured in red and cyan respectively for ease of identification.

3. InfraRed spectroscopy
3.1. IR spectrum of the ligand L
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Figure S13. IR analysis of tripod ligand H3L measured in solid state (from powder).
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4. ESI-MS analysis

5.1. ESI-MS analysis of the metallosupramolecular macrocycle [Pd,(HL),]
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/

100~

[[Nay(L)cI>

199.80 LIGAND H,L-

455V

627.56 |1 15?V 2279V
| (s ik

il L 4

966.90 [Pd,(HL) (L)) [K[Pdy(HL)(L)].]

400 ' 800 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 32‘00 - 3400 '

Figure S14. Full ESI-MS spectrum of metallosupramolecular macrocyclic complex [Pdy(HL),],

measured in negative charge.
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Figure S15. Zoom on the ESI-MS peaks of macrocyclic metallosupramolecular complex [Pd,(HL),]
and its adduct with chloride anion.
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Figure S16. Zoom on the ESI-MS peaks of dimer of macrocyclic metallosupramolecular complexes
[Pdy(HL),] with potassium cation (K").
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5.2.  ESI-MS analysis of the metallosupramolecular branched polymer [Pd;L,],

Scan ES-
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Figure S17. ESI-MS spectrum of metallosupramolecular branched polymer [PdiL>],, measured in
negative charge. Spectrum is presenting breakdown products.
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5. GC-MS analysis

Reactions

for Suzuki-Miyaura Cross

5.1. Optimization of the conditions of catalytic test reactions

Coupling

Table T2. Reaction development for the Suzuki-Miyaura cross-coupling between phenylboronic acid

and 4°-bromoacetophenone.?

?H
B
\n’[j r ©,B~°H e,
+
(o]

Pda(HL),]

base, T

®

<

catalyst GC yield [%]°
solvent base T [°C]

[mol%Pd] 2h 4h
1 toluene K,CO; 80 0.1 51 60
2 toluene K;POy 80 0.1 22 26
3 toluene Et:N 80 0.1 13 16
4 toluene NaOH 80 0.1 0 1
5 toluene K,CO; 60 0.1 26 33
6 toluene K,CO; 110 0.1 79 94
7 toluene K,CO; 110 0.01 36 48
8 toluene K,CO; 110 0.001 21 34
9 DMF K,CO; 110 0.1 19 42
10 1.4-dioxane K,COs 110 0.1 66 84
11 THF K,COs 60 0.1 3 8

2Reaction conditions: 4’-bromoacetophenone (0.2 mmol, 1 equiv.), phenylboronie acid (0.24 mmol, 1.2
equiv.), base (0.5 mmol, 2.5 equiv.) and the complex [Pdy(HL),] were stirred in appropriate solvent (2
mL) at indicated temperature under air atmosphere. ® Determined by GC measurement of

4’-bromoacetophenone decay.
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5.2. Differences in catalytic activity of [Pd,(HL),], [Pd;L,], and
[PACL(PPhy),]

Table T3. GC yields of the Suzuki-Miyaura cross-coupling reactions between aryl bromides and
phenylboronic acid catalyzed by [PAdCly(PPh;),.»®

r 4
— B.on 0.1 mol% Pd
2.5 equiv. KoC0O4
18

toluene, 110°C

1a-8a
0
la 2a 3a 4a
M: 75% M: 67% M: 72% M: 94%
P: 85% P: 83% P: 80% P: 100%
C: 100% C: 99% C:93% C:91%
OIS ® S ®
EtO. - H,N
(o] OMe
Sa 6a Ta 8a
M: 81% M: 67% M: 91% M: 57%
P: 84% P: 85% P: 98% P: 80%
C: 89% C:81% C:98% C: 77%

?Reaction conditions: aryl bromide (0.2 mmol, 1 equiv.), phenylboronic acid (0.24 mmol, 1.2 equiv.),
KyCO; (0.5 mmol, 2.5 equiv.) and the catalyst (0.1 mol%), where M = metallocycle [Pdy(HL),].
P = polymer [PdsL,;], and C = complex [PdCly(PPhs),], were stirred in toluene (2 mL) at 110°C under
air atmosphere over 4 h. ® GC yields determined by GC measurement of aryl bromide decay.
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6. Thermogravimetric analysis

v .

\\\'* ~
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Figure S18. TGA (red) and DTG (blue) spectrum measured for metallosupramolecular macrocycle
[Pd>y(HL)].
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Figure S19. TGA (red) and DTG (blue) spec;u;ﬁ measured for metallosupramolecular branched
polymer [Pd;L,],.
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Figure S20. Comparison of thermogravimetric analysis of metallosupramolecular macrocycle
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(DTG)) showing decomposition of compounds with temperature.
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Dynamic polyimine macrobicyclic cryptands - self-
sorting with component selectiont
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Introduction

Sinee the first synthesis of the mecrobieyelic crypands and
crypuaies, ™ stodies on such compounds have been purseed in
nismerous borarories and have represenied a fGcinating ancs
af investigation in supramolecuslir chemiscre™ The wide
imterest im mecrobicyelic and, by exemcion, in mseropelveyclic
entimbes resides im e mich ser of properdes (s molecalar
recepants, catlysts and carriers) ensbled by thelr stneearal
diversity amd specific spatial forms, resuling fom the e of
& variery of bulldieg biocks, &s well as in their poreotial oees in
ares such & supramolecular exgineering and namorechnobogy.
Much acthiny has been displayed in the wide area of cagedype
compounds and moderular monmEiners =

Crypiands have generally been smthesized by soepewise bailds
up of the macrobicyelle framosork bhaeed on covalent bond
feemwsknn ™ In addicon, several such stroctures have later also
beem obmined by formation of maltple imine bonds = The
sdvent and actve development of dynansic covalent chemisony
(OOC == which rests on the implensenmstion of reversible

“loborossy o Sspremalouier Chemucry, Marsr 8 Ry e Shapeasny
Sepremablnedsirm [EI] VMR Pl CNES, Dhearond dr Sroferg @ oellie
Gaipere Moo, 6 froubasrg Frowe. mal dn@aeora i

“Focu Doy af Chamuery, Adem b nbien o Deirary, Umshewohe ik &G04 Peonad,
bl fmont augamerda

e for Asvaniee Trchackaro, Adem MW e Corsmery, Umedaraats oy, &0
i Sy, Folwad

b ibronk supphmnnan ikermaion jisl] i al

<har af el compealifede, MVIEOQECINE LLINL COpRIRn
membars. COIRC ERSHEE and (R For 151 and ovwndlegraphic das i CF
o sthar alaciron ke foom s DOk B DO m-oH i inie]
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covalent resctions (im parteular imise frmacion] in molesular
frapeworks, prompes m revisin e area of mecrobi{pobjopelis
crypand=type cage compounds in the Bght of this approach,
whikch opens uwp new vistes in smchesls, propemies and applie
cacions of this das of sobarances.

Dymanse mdesules amnd meirerals, neolssular as well =
supramodecalar, heve stmaced ineressing inerest in the realm

of constioational dynambe chemisory (CDCP Y evards che
emerence of sadaptive chemdsory.™" & pamicular inriguing
fieanare of sweh enmstingions] dynamde sysiems b the shiliny o
periormn consponent selection in che baildup of eeir conscine
cion throagh “sell=soring™ proccsses, inmoduced imioslly for
the case of “selfrecognivion” [“bomoesdbarring”) in che
generacion of double and riple sranded bellewies ™ Seif
sming redsses the potemiial number of combinations of
components [thas counterseting eoeopy] by arranging them
imiy specifie orgunized snocpores == Mioemeovalent s fsorting
im amificial sysems, sssised by hydrogen bonds™ or donors
afrepant interactions™™ has been widely explosed = On the
other hand, the imiosl symbesic and splorancn of meeToe
bleyelic ervprandsype molecular coges hised om e formation
of malbple reversible imine bonmds™'%**= spened e possic
bilipy o exremd selfzorting peoccsses o the behavior of soch
dynanic cage archissemares. Indesd, the suecesaiul high vield
generacion of these compounds by selbassembly in a single
operation hased on reversihle covalent imime fomnsron, may be
consbdered o involve the operanion of “behinideibe-scene™
dynanuic sell-=soming. More pecently, the chemimry of dymamibe
covalent cage compounds™ has been mshjeet i Iventhve
developments by severs]l groups based mombly on  pods
imnime, " disulfide*~* or omboester formation. ===
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Dyl covalent Bond formeacion b thus cleardy a msang o
gererate dynamic cageivpe compounds [dyeamic cryplasds)
with varkeas differeniased propemies and 1o enable sell-soming
Im misldeomponent Mbraries. The reversibiliy of dynamic
covalent bomds, such s Casl of imines, enables remewsl of
umdesired inrermediares (“emors=) snd lesds i e dermodys
namically moer srahle soroctures. It also prosddes a patbavsy o
cagediecage IERnaformeirion in solucon = & very aeehsl i thar
can be geed o chapge the compositbon of a dynamic library om
PHATpee

O iy chilks conc ludks it organic tares-dimensional cage
like archieciures can be obnsd el using dynamic s
lemt bond  Tormanon, seolding  complicsted,  kineccally
comireled mishisep pachways. Moneover, &n U portent fearure
al sisch procedares |5 the abdlioy o modalae the simssmaral
iransformstions within the compobent lbrary umder the
imflenee of chemdeal [pH, gosa molecsle] or physics
(eemperature, light) sdmuli. Such chreedimensions] capes
sEmable for guest imclision Bave arrecssd much arentiom
recemtly related largely o their use & sensors, dnog carrees and
catalyers, a5 well o< fiw sorsge or lsoladon of geces ™™
Hivweser, feomn the perspective of synchete selbassenshliog
methodokogy as well as of fumcoonal festures, sell-sormiog
peotssnls &dd & pew dimension o this area and deserve o be
cloely seruripdzed, s they allow for che amslysis of e be havior
af msliconyponesnt Sysems.

I the present Wk, we report the investgacion of the effeo
ol srsensral fesmures of e mslsculer compoiemis on the selfk
soting phenconenon i the formatbon of o varkecy of bming-
based macrobicyelic orypand-type cage constipments. Mopes
aver, we describe achdecamalysed processes ol ComMponEnl
euchange berween differemt espes As o prellminery soep,
& variery of sruenorslly distiney disbdehyvdes [A=H; Scheme 1)
have been resrted with the riamnsine “ren™ jiris] Iaminoctyl e
aming; T) w gve beaimine ciges, caending the inins] work
on sich processes =" Follwing the dymmic covalent
chemisry sppeoach, dymamic libesres consisong of dise
ldehydes amd wlamine comMpoRENTE WerE 251 Wp In onder o
analyse the selbsoming behavioar bevween e sldehydes
employed. In order o b= able o sealasie che efecis of the
sonocnoesl festures of the componencs, we have resteicted the
prEsemt work 1o sysiems involving juss e different disldehydes
A=H and the wiamies T in the absenes of other agents, asch as
mestal kons.

Results and discussion

Synthess and chamcierisanion ol e hsmolsplic
nmcrahicyclie cages.

The resctions cxaminsd Involved seven anomank disldehydes
(A=) of fairy similar ope and size & well &€ one [H] [wery
differemt in both sise snd flesbiliy] [Scheme 1) Before pem
firmning competitive esperiments, the dialdebydes [4<H] were
separarely rescted with iramime T in soctondrile (MeCH) ar
reoim EEmperanere. In all cases, substantial precipitaces formeed
within 34 b and were shown sshsequently e be the desired
capes involving the bridging of ree T umits by three dialdehyde
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fchamal  Moleoulsr sireciunes of dalderrpodes (A=), thi riamsing [T]
ard e geraraled [3 4+ 3] homalapis ing-Dotid orjeric Madnd-
Eeoyclic crypland Cagus.

branches by hesasbmise lonmathon, designated as X, Ty, with X =
A=H. arrha=Fhchals e pde was sleo includsd bn the inbrial Hes of
dizkdehides oo be temed b bt did ot react in che same way
with T as the others and did not provide o cage. All the buldk
products gave clemenial amslyses comsistent with the 3: 2
stolchiomerry and all showed "H MME specoma (im CINCly)

consisient with the D, semmnenry expected for the cage where all
Imnime umits bave the rams configuacion. The meolerular sirses

pares of the prodiucos slso agresd with thelr ESWTOF maass
specirnmnELry dars In owo cases, E,\ T, &nd F T, decsdls of thelr
solidexale srssneres wene established by singlescrysas] Nopsy
crystallograply (Fig. 1a and b, respectively]l The crysmlie
graphbs sonscoares of ATy, By Ty, CaT &nd Dy, ciges bave been
previously deseribed im the lierapore™ ™ ag well s thoce of
chosely relsted componnds = This, erystals of EyT,-20HCI,
were obixined & yellow nods by vapsoar diffusion of disthylether
It a chboredoms sodutan. The solid-sete meolecular strucTsre
confinms the scroctural sslpmmend based on dee soluckom daa,
showing an esmended capeular formn wich & lengh of sppeost
masely 15 A, & defined by the distance bepween the cemtral ¥
atin s of thie rem resldues, and & vwismed chirsl shape along this
Metoeld axis. The chlorolormn of crsmllisanon & not Dmelsded
within the cape, Indicatieg thar the lsieral dimenciens of che
cage are unsaiced for imclusion, and the bone peirs on che
oeyeEn apoims would appear o be direoied out o the cage,
Imsd beaning that ememal racher than immemal nrerscoions of che
cage wosld b prefimed.

Broswnish, pod=like crysoals of F,T, wene obtsined by bgquid
diffasbon of dilsopropyl sther Imie 4 dichlormetbane sodition
al mon cempersture in & closed vial. The cape anit = sgaln

a chiral capale, chough less mwisied sway from 0, Syannsecny
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than the E,\T, e, and with & separaton of the ermeinal N
snms chse w15 & There i no solvent ipsluded within the

cap=ale

Sell-hoering cuperiments

CGeneral procedure. Afver successial synehesls, solerion and
chummermation of the sight homolepte: cages X, Ty (X = &=<H],
we prndedad e investigaion of the sell-soming process (n
cage formetion benvesn ciaming T with all possible nasafold
medspares of the subset A<E and H of che dialdebypdes (n chloe
radoimn soluckon Erom wikkel che cages do not resdily preciploame.
Mot thes the prodoces obtalned in solation and on precipice
thon Bed che same specooscopic propemics. All chese sells
SoTing edperiments were condscred wnder the sames oondis
thons (ooncenration equal m 2 o 007 mol dm™, COCL, as
& solvent, 1 d-dboaane af &n insemmal sandard, 24 b sdrring ar
N Demperanure, then 24 h sorring su 315 15 K and sgrain 24 b
SOMinG ar neoms empsransre o ensune thar squilibriem was
reachad) and e peodoct disoribucion was cobvenbemly meonis
toeed by "H NME spectioscopy. The results obained are sams
meirieed in Table 1 (all MME spectra in ESI, Fig. SS=S23f)
Remarkabdy, the "H NME specra shiowed thet in thimeen of the
Hfeen simple librares |Le oo different disldehydes and che
irlamiee] only a siegle homolepie coge was detectable ar
equilibrivm im svery case. & miloure of two homolepte oiges
was obsereed in the reo sy ipvolving skdehyde pales BC
and DVE.

Wt e Al b e

Chisrical Seanis

Mo formacon of heterolepre asysiems  |miEsd-aldebyde
COMpSnents cige species) was observed in any of che ressed
sapnples, whether st eqguilibrium or daring irs amsinment. This,
thi gpecies shovwm im Scheme 1 sufMes oo deseribe the Tormnation
ke haviour bn all sysema

Effect of ihe prescnee of o betenmibom on the sellsoring
prociss. Inothe Hre self-orming coperiment o the |ibrary o
sxing on A, B and T [%: % : 2 rarloe was applied in all saperi
memis] thar was carmied out, the infoence of o hetenoaromate
donor arom wis investigaced. The dialdelryde consponents &
and B differ anly by ane ason. The carbom apons bn postien 2 of
lmophthalls dicarbaldehyds becomes 4 BiNogen ansm o
pEridine=2 S=dlcarbaldebapde. Boch dialdebgdes and chedr lmines
conmain a helly comjugared sysem of the anomacke ring snd s
suhsrivaents bur only in B &ne aracive nEractions possible
berween the oan insing C=H bonds adjscenit o the ansmatie ing
and the adjgesnt pyridine N som of apsber cage srm.= A
i b e divhoniad fnecor char works in favear of cage E,T; with
PESpECt W fapge Ayl are Immamesdecular imteractions that mney
oocur between imime Cab bonds snd pyridine N lone pair [see
Esl, Fig. 521} Boah eages, however, are smbdliped chrcisgh
Imraneslecular hvdnogen bonding interactions bemwesn che
Imime C=H bonds of ane amn of che cage amd the imine N siom
of amether.® Thess latrer Inseracthons are aleo regponsible for
the slrmosr bdemtieal posithon of the imine C=# signel in the "H
MME spectrs of both cages. Thas, the hetenoaromstic cage BTy
appears 1o ke hoch kKinetically and thermeadymamibcally Gvsoured
Im this self-smming crperiment and was formed im 93% yield.
Cape AT |5 maot Soemmeed| and comipanient A remsiing unrescted bn
the resstion muisoare [Fig. 2] A eqguilibrium, &% of unreacesd
compsonent B and trlansine T &re also presen.

Effect of the symiemiral lexibiliny of the compenents o@ the

sellzorting prosess. In e selfmorming experiment hetween
components B, H and T, the homolspiie cage BT 5 also
preleremtially formed in almost guenctacive yield (sce B,
Fig. S17TH] The second disldehyde sompanent = H = remsined
unreacted |m e msmsre. Kinech (hehors skone may egplain che
imicislly peeferred Tomasrhon of E,T; bar i is also the thermnos:
dynansically prefemed species. An odwiols disadvenoage of
digldehvde H s irs flexdbilicy, which mast provide an emhameed
enmopic barrier o both rares snd sgquilibeia. Probehly meorne
imporcent in explsining the diferemce in themeodymamibe
preferemee for ihe cage sinesmare [which ks but one of mamy
possible oyclic and polymens imdne-containieg sorocurss) &
the mature of v Bersvoaromaric unic directly linking the pao:
aldehypde groups of B. The one pair of the M=acom in E s suis
ahie for inseraction with dye imine (and aldebyde] CH amms,

Table 1 Exgpuilibiurs dolriulon chsiraed Iof Comgsililhir fxparamaits Balwdn Ty SSOnt aldeFndes [T equiv. of k) and anine T2 dgui)

£ H L

T

& HyTy Caly

B HsTy BTy o Ty 8 - 44
e Ty BTy s Ty 18 44

I Ay Ty HyTy L= £

E AT, BT, £,

H Ay Ty HyTy L4y

Thsi ol b 8 Ther Fowal Socwity of Crerrmtry 2038

i} E H
AgTy Ay Ty ATy
BTy Bl ByTy
LS Cyly L= £
IRy s EgTy 85z 35 Oy,
0,1, : T, 65 : 33 ET,
DTy ExTy
O, Sl
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s cemding i mebnin &n vy Bemer suled o oovelisarion
han 1o polymensarbon and possibly &lso prosiding somes act-
wathon of the carboyl cenre.

Sell-soening experinsems lesdiog to o nsivouee off Die dages
Im ooy peo cases [Fig. 3) the competition berween wo aldes
hydes for T In cage formacion was oherved. The "H NME
amalysic of the Wbery consicting of B, C and T fsee ESL
Fig. 5141 revealed imicially che preferential formethon of cage
ExT (while at equilibrium both cage species Le. By Ty and ©,T,
WETE prEsent Im mlmeosl efque] samoinis) Inssgracon of the
protan NMRE sifnals peovided an eguilibrium disrmbution of
E5% of By Ty, 12% of C,T;, togecher with wnescted 2% of Band
% of C (Fig- 3a) Simee both aldelydes oonmein @ heseros
aromath: grosp and form comjugersd sysmems with their
smbeinssms, it & unsorprising thar there £ ondy a mimor
differemce im cheir cage Tormation abiiny s equilibriame

Im the case of the lbrany comprisieg compoment I, E and T
& mibmare of ovo cages wak agein obsersed, thodsgh im this case
e formenion of DT, was fwoured by sbout a Betor of 1 ar
equilibriem, the product raco 0,7, : E,T, being 65: 55
(Fig. 3b). The aldehydes hiere differ in thar tse cogrgen link in E
beeaks the comjugacon of the o hales and noreduces
& degres of eonfrmations] feshiliey char & sheent im D [for

NEiR sperirs see ESI, Fig. SHE]
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Sellwoming sclectivity i & mibnere of =i dialdelgde
cmpanents. The dats swmmarissd |Im Table 1 emshle the s

aldehypdes Ipvestigared e be plesesd bn decressing order of
themmodynamic preferences i cage formation: B C>A>D > E
= HL To eomfirms if this order was preserved under comdicions
wivere all six aldehpdes sinubsneously compete for e ok
amkine T, we performesd a sellooming experiment on & libeany
conssing of sven components. The sequemse of reactions
soruIming in this sysemn wis clearly reveslsd by (ellowing che
changes in the "H KMR specira covering juss the peglon of the
peaciant aldelyde CHO probon resonsnces [Fig 4] Ineo
a mixnare of 3 molar amounits of each of the siz disldeydes (A=
E and H], six lors of ¥ molar amoumnis of trlamdne T were tiirased

progressively. [n line wich car sspestacions, sfter additon of
o first dose of T, By Ty (with & shight sdvantsge] snd C,T, cages
began o form almost sbmslanecesly. Additon of another
aligoot of T lad o nesrly complere formeation of both cages.
Wich the next doce, it was expected o resaln in the formeacion of
A, Ty snd inderd it was o, but the "H NMR specora showed che
smuliapeoes formation of 0,7, in similar aneane.  The
Bormation of these cages wis comsplese on addinion of another
doe of T. The nest stages of this expeniment went sooond ing o
our edpectations in ke another porton of T resaled bn
fionmation of ExT; amd im the list spep HyTs (ot bere a small
oiress of mansine was reguired o complete formscion).
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Fag.d  Changes in aldaipdi proiee dgnak of s *H NMA spectes (400

Bz, COON) during the sell-Lorlice) SxEsirinme] Fraiving lnatoen of
IA 438 & 3C 4 3D 4 JE & TH vl sppnopeiile affeifit of

iner aaring
T T il pi=ivn &l SaldeFrpod cormpanaris wa thdven in ESLY

10.3

This experinesnt ked oo the slighady modified order of effece
tyeness m cigfe Tormuetbon of B C > 4= D> E S5 HAhhough
It ks mot clear why the bebaviour of A and I differs slighdy in che
hsll malsmure froen that bn che binsry one, the observacons
eximfirmn char the meost effective aldelvsdes of the chosen group
wre those (B, C) irvolving o heternstom in a simple aromatic
umit where there is full conjugsthan over bogh insine wnis. The
presenie of heeroammns prosddes edditions] possibililes of
hpdrogen bomd Tormadon with ke mine Ced, which may
hemher stabdlize e cage. Angiparslle]l oriemmacion of che dipoles
af the i =M= groups and the Beteroaroms in ke ammatic
rng may also be & sigmifcant sleomiiaic lamor. Nest oL
effective are the aromete dialdehpdes (&, ) beking a hetenos
smnm in che ring bar srill enabding fall conjwgarion of the iming
umits with the rings, while leasy effective are those [E, H) with
soine degres of festhiliey and an nabiling i form o conjugaced
svstem. Obwloushy, mber lactors soch &5 solvation differenses
may explain some degree of differessee bat the e thar in all
cases it b5 the cage species thar s formned requines el Ceomors
fomireling oee oriencation of the imdne substumuents be
eomshdered miosn bmportent, shifough here e sonlormein omal
preferences of iee rlamine T sloo require considerstion.

Effeet ol the nismber of aronwstic rings amd cigidiay of the
disibdelbials compoienl on the sell-saing process. To &jploee
im grester detall the possible influences of the size of the
codujugated umit snd e Aexibiliny of the dialdetypde, a further
selbzoming ioracon was condscted with o mianare of just the
thiree dialdebydes I, E and F. The "H NME spectra obiaimed
dusring the trraton sgsin desrdy showed the sequemce of
equilibria im the eeglon of the formyl proiom rESONAnces
(Fig. 5a) Aldetyde I, which & capable of foming a fully delos
calized didmine umit, reacted the most resdily, whereas aldes

hydes E amd F disappesred more slowly but in a similar nanner.
#As seem in the crysial sinecoare of cage FaTy [see aboee] the

Tha ol b 0 Tree Ryl ety of Crmernidey 2018

i BT OV
Chirrieal S&enie

biphenyl umit = significandy oesed, ndbeaing e
conjugpaciondelocalization over e fall didmine enic &
derressed and it would be expected me be disngpred by the O
bridge in E,T;- Despice che sbmilaricy of dialdehypdes E and F
im pamicalar, the obssrvmbons bere confimed onie again che
ahsenee of any heterodepric cages.

Effect off the type of heteradom of the sellsoring process.
To get further insights om he efect of the pretence of

a heterosmom im odye disldelvde componemiz, a coacon of
a milsmure of 3 molar amounos of eech of the dialdehydes B, C
and G winh recemolar doses of T was comdssied. Changes im che
finnmiy] prosom "H NME shgnals daning the diraton ane shown in
Fig. 5h Addiciom of the St porton of riamise T nicsted che
shrmislia reoiss formeicion of BT, and CyT; in e sanes racio as n
thi orgginal se|=%orin g experiment .'tlf.'bl:*!'l:l,'l'. o
56 : 44| Afrer addithon of 4 molar anssunis of ramins o ],
these wo cages were fully fonmed. With the final dess of T, che
Bormanion of {2, Ty was also complesesd. A ihis poine, there were
three homsepiic cages I soluckom with once agaln no evidence
of the formmnion of bereroleptc species, despite the similar
ogquidibriam fesmires shown by oy dialdehydes B and C. Glven
the small adwvancege of disldehyde E over C, the aflimioy of che
diskdehiades for the miamine T is: B> C 3 G In sl dhree cases,
the mecrosyclic cage may be mubilized by Hebomdiog of che
bezteroalams with e imuno=CHssMN ydnogen. The interaction
I experied o follow the seguemee N >0 > §, which corresponds
oo the seguence B > C 23 O observed. In addithon, ring siee oy
bave an efect wien comparing E and O Farbemsore, che
difference berween © amd G may resalt from the soronger He
bonding o O than oo 5 as well &5 possibly o the smaller size
o (1 [van der Winslds radius = 48 pp Bor O and 83 ppon for 5] amd

8 )

4 pguiv. T
{,_.-'- A_

2 oquiv, T J|I

D+E=F IJJ

il pquie T

. S

s
+Eigiibe T

4,5L-|._J._

03 60 R LU il
pEm [ZE ]

Fra § Cormparsen of B 'H HMR s@ectia in Ui rafips ol T dia-

ISaiiyde Sgrals Tor Gedl-oortice) dxpanment o BBk COrSamng in
corrapnrsarils 30 4 JE & TF & 2T s 8] 3B & 3C 4 30 & IT. Tra

aldakrpa protee e of the dlSiyds cOMpaniris a5 ko Shivst
o enmparsen. All MR spicina wiis riaconSed b 400 MHz2 w CDO,
PR LT ali,
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HE  ®d Wb W4 W3 ms Ls  E3 &d 1@ T4 s 13 Tead

=
Fg & fa) Gerwral schirre of e G pir sl [AgT, 4 B =
ByTy & &) Bateadr codngananis & + B & T: |b) "5 NMA pcia of acid
Cailalytad el an parirranl Eivian Cage Ay Ty and companent B.
Fior compankan 5 HME (pelra ol companirm & and B 25 el ot
Eolatad carjud AgTy and Bal, are Stig showr Al HMA Spacng wars
Ftardhind o FooiT Deimperature i OO0 ]y

e e differenee im C=0{5) bomd lengube (C=lk L1356 nm; C=5
i 3&2 mnx). [ wowld imdicase that both e smaller radius of the
aygen stomn and the shorier C=0 bond length are structurally
advanisgeois of cage formaation. In sdditon, che sigmifcsnc
differemce im the eleciroheganviny bepaeen duve O and 5 hetenos
ot Moy Wl o more EEciPnegelive eyfenm asni,
enhapeing the effect of antparalle] orientstion of the dipoles of
e inEine =CHe=M= and of e aremsthe bererocpls grosps.

Acidibiee assicbad oguilibesthon snd cafelo-Cage (Binss
lormatbon. As further confirmation thar the observations
described above spply to e equilibriuen sysmems, che dynamic
naiure of the imine bonds usder acklic conditong®’ was Expls
e i e inse heeakioge snd reformmation [sfier hase sddickon) of
cuje misares. Using methamessionic esd [M54]) and mrethyk
wmime [TEA] in sequence, edperimenis were condocted as ouls
limed for the systens 24 + 38 + XT [see ESL, Fig. S271)

Im ke Mo spep, the lese prefemed cage &, Ty was brodken inoo
= componenss by the addition of MSA The cape was then
sheown 1o refonm rapédly sfver the addicon of TEA. The dis=
ldehyde B, kmowm oo fodmn e cage peeferentially io A, was then
wdded snd che "H NME spectrom of this mistuee showed the
ahgenee of any percepoble exchange rescoon, L idve cage A, T,
appeancd 1o be spable im the peesemee of e altemacive Bullding
hock E

Addicion of MSA Wik onee gFain used o dissociane the cage
and this final misoare was deereafter made basie with TEA. The
anly cage species deteccable n this solimion wis then BT, as
expeted.  Addivionally, these msulis alsy demobsmare the
possibiliny o perform: cage-li=Cage M oon s

e Bkt i
Edige Artichs

These cxperiments esmblished the labilny of the cages in
aridic medis bur imoled thelr compler: breakege. &S an
milepsion, sompanent echenge from (4,7, + B) oo (BT, = 4]
was slen investigaied using o weak acid st camalwic concemras
chans o e i enchange of compoiemis could be obssrved im che
ahsenee of depemmable cage dissociarion. Whils resetion of A,T;
winh B umder such conditions (0.1 mol% cstalver) proved 1o be
sy, cafe breslop was ol obeerved other than im thar afrer
24 h resction, the cage signals in the "H MMR specmem [Fig- 6]
were those of BT, and were acconspanied by thoss of fes A
Thues, the sirong equilibriban preference for formation of che
cage Imvolving B and mt A Wit oncs more comimned.

Conclusions

As demonsiraied herein, remarkable sell-soming bebavior of
bigh selecuviny wmkes place im cthe formarion of Emine-hssed
msrrobloyclic crypand-type organic cages frone mbmeres of
diffepent disldehyls omponens recing with the same
capiping rriamine [see also relaed processes im refl 42«53} The
structure of the components [helr electronic properties, fed
bdliny, presemee of & hetenoaron, #c. ) plays & declolve role in the
seleeoive formeation of gven polyineine cages oin ol the difsrens
scructural varismhons that may b pemeraied [rom & mloure of
very sinsilar disklehyde bulldieg bocks. Sructural egplorsthen
aEpports the conchochon thar the presence of & hetenoalon in
i slenple arcmstie onis vors the cage Tormstion. The resales
Pemini b e operaihon of different sorssraral feetors consprising
aitractive He-bonding ineractiens snd elecimatane  efecrs
bepween the invine groups and Bereroaimamic cepters a well s

the generacion of 8 conjogssed syscem. Some degres of fleibiliny
and hirdesnce o eptimnlzacion of electronbe inceractions redace

the effectivensss of & component im the sell-soring process.
Fummhermeore, once formesd, & Fhen cige mew b kinetically
mrapped, thas fomming &n outsol==guilibrium misare. However,
Im the prescmce of am afent capabde of breaking the insing bonds
Im che hexsinuing sneenere, exchange of compoienis beoomes
poasible, & epected Erom the dynamic cramlent chensisomy of
Imimes, resulring im the gememation of e eguilibrium sare.
Desveloprnents tevands the kinete behavior of e selfsorming
processes, the gendanon of kKinsicslly apped o«
oquidibriam sraes and the encapaslation of subsirsie moles

cules ey be envisaged.
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1. Experimental

1.1. Materials and Methods

All chemicals and solvents were purchased from commercially available sources and were used without further
purification. Aldehydes B and H were synthesised according to reported procedures® 2 *H and 3C NMR spectra
for the characterization of the products were recorded on a Bruker Ultrashield ™ 300 + 300 Fourier-Transform
spectrometer. *H NMR spectra for characterization of dynamic libraries of components were recorded in CDCly
on a Bruker 400 MHz spectrometer, using 1,4-dioxane as an internal standard. In *H NMR spectra chemical shift
(&) values are reported relative to TMS (6 = 0.00 ppm) and were measured in CDCl; stored over the anhydrous
potassium carbonate (K;C0;). TOF-MS spectra were measured using chloroform solutions on a BRUKER Impact
HD ESI-Q-TOF mass spectrometer. X-Ray diffraction data were obtained on a 4-circle Xcalibur Eos52
diffractometer (Agilent Technologies) equipped with a CCD detector.

1.2.  Synthesis and isolation

1.2.1. AsT; Cage

Synthesis of cage A;T; Tren [M{CH,CH;NH;);] (64.42 mg; 0.44 mmol) was dissolved in MeCN (1 mL), then
isophthalic dialdehyde (88.52 mg; 0.66 mmaol) in MeCN (14 mL) was added dropwise over 15 min. The resulting
clear, colourless solution was stirred for 3 h at room temperature. The cloudy, greenish-yellow supernatant was
filtered off from the yellow precipitate formed, which was washed on the filter with MeCN (10 mL}), then dried
under vacuum. Yield: 211 mg (75%). *H NMR (300 MHz, CDCl;) & 821, 8.19 (d, 6H, H,), 7.59 (s, 6H, imine, Hs),
7.53 [t, 3H, Ha), 5.34 (s, 3H, H;), 3.78-3.25 (dt, 12H, H,), 2.98-2.67 (dt, 12H, H,). Melting point = 41%-423 K. TOF-
MS: mfz = 587.3611 — calculated for CzsHasMz: (cage); found mjz = 587.3566 [M+H]*. Microanalysis: calculated {%)
for CagHaaMz: C73.69, H7.21, N 19.10 %; found: C 73.58, H 7.32, N 19.16 %.
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Figure 51. *H NMR spectra (300 MHz, CDClz) of synthesized and isolated A;Ta cage, recorded at RT.
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1.2.2. B;T; Cage

Synthesis of cage BT, To the solution of tren [N(CH,CH;NH,);] (205,1 uL; 1,37 mmol) in 3 mL of MeCN was added
dropwise to the solution of pyridine-2,6-dicarbaldehyde (277,67 mg; 2,05 mmol) in 12 mL of MeCN during 20
minutes. Before mixing both solutions were clear. After addition of first 5 portions (1 mL each), the reaction
mixture became white-greenish suspension for a while. After 6th dose solution became white suspension
permanently. The reaction mixture was left for stirring overnight. The yellow suspension was filtered off and dark
yellow precipitate was washed with MeCN (10 mL) and dried in vacuum. The dark yellow precipitate was found
as a desired cage (231.1 mg; 82% yield). *H NMR (300 MHz, CDCl;) § 8.12, 8.10 (d, 6H, H,), 7.81 {t, 3H, H,), 7.59
(s, 6H, imine, H;), 3.59 (t, 12H, H,), 2.88 (t, 12H, H,). Melting point = 429-433 K. TOF-MS: m/z = 590.3468 —
calculated for Cy3HaoNy, (cage); found m/z = 590.3471 [M+H]*. Microanalysis: calculated (%) for C;3HisNyy: C
67.21, H 6.67, N 26.13; found: C 67.33, H 6.59, N 26.08 %.
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Figure S2. *H NMR spectra (300 MHz, CDCl;) of synthesized and isolated B,T, cage, recorded at RT.
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1.2.3. C3T; Cage

Synthesis of cage C;T; The tren [N{CH,CH.NH.);] (28.79 mg; 0.197 mmol) was dissolved in 1 mL of MeCN and
then 2,5-furandicarbaldehyde (36.65 mg; 0.295 mmal) solution in 10 mL of MeCN was added dropwise during 15
minutes. A clear, yellow-brown solution was left for stirring overnight. The yellow-brownish suspension was
filtered off and washed with MeCN {10 mL) and dried in vacuum. The light brown precipitate was found as a
desired cage (94.27 mg; 73% yield). *H NMR (300 MHz, CDCly) 6 7.72 (s, 6H, imine, H;), 7.08 (s, 6H, Hy), 3.52 (t,
12H, H;), 2.76 (t, 12H, H,). Melting point = 427-430 K. TOF-MS: m/z = 5572989 — calculated for CyoH3;N:0; (cage);
found m,fz = 557.3013 [M=H]*. Microanalysis: calculated (%) for CigHasMN:05: C 64.73, H 6.52, N 20.13; found: C
64.70, H 6.58, N 20.23 %.
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Figure 53. *H NMR spectra (300 MHz, CDCL;) of synthesized and isolated C,;T, cage, recorded at RT.
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1.2.4. DsT; Cage

Synthesis of cage DT, The tren [N{CH,CH.MNH,);] (56.03 mg; 0.383 mmol) was dissolved in 1 mL of MeCN and
then terephthal dialdehyde (77.07 mg; 0.575 mmel) in 10 mL of MeCN was added dropwise during 15 minutes.
The resulting clear, colourless selution was left for stirring in 3h in rcom temperature. Then cloudy, white-cream
solution was filtered off and creamy [ light yellow precipitate was washed using MeCN (15 mL) and dried in
vacuum. The precipitate was found as desired cage compound (262.99 mg; 78% yield). *H NMR (300 MHz, CDCI;)
6 8.17 (s, 6H, imine, Hz), 7.17 (s, 12H, Hy), 3.77 (t, 12H, H;), 2.77 (t, 12H, H,). Melting point = 418-422 K. TOF-MS:
mfz=587.3611 — calculated for C;Hy: N, (cage); found m/z = 587.3548 [M+H]*. Microanalysis: calculated (%) for
CagHyzNg: C73.69, H 7.21, N 19.10; found: C 73.58, H 7.30, N 19.12 %.
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Figure 54. *H NMR spectra (300 MHz, CDCl;) of synthesized and isolated DT, cage, recorded at RT.
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1.2.5. EsT:Cage

Synthesis of cage E;T; The tren [N{CH,CH:NH.);] (41.61 mg; 0.284 mmol) was dissolved in 1 mL of MeCN and
then 4-(4-formylphenoxy)-benzaldehyde (96.54 mg; 0.427 mmaol) dissolved in 10 mL of MeCN was added
dropwise during 15 minutes. The clear, colourless solution was left for stirring overnight. Then the yellowish
precipitate was filtered off and washed with MeCN (15 mL) and dried in vacuum. The yellowish precipitate was
found as a desired compound (298.31 mg; 81% yield). *H NMR (300 MHz, CDCl;) & 7 68 (s, 6H, imine, Hy), 7.12-
7.10 (d, 12H, H,), 7.03-7.01 (d, 12H, Ha.), 3.57 (t, 12H, H,}, 2.83 (t, 12H, H,). Melting point = 422-426 K. TOF-MS5:
mfz = 863.4397 — calculated for CauH.aN:0; (cage); found mjz = 863.4438 [M+H]*. Microanalysis: calculated (%)
for CasHasMz05: C75.15, H6.31, N 12 98; found: C 75.21, H65.37, N 12.54 %.
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Figure 5. *H NMR spectra (300 MHz, CDCly) of synthesized and isolated E;T; cage, recorded at RT.
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1.2.6. FsT; Cage

Synthesis of cage F;T, The tren [N{CH.CH.NH,);] (42.28 mg; 0.289 mmol) was dissolved in 1 mL of MeCN and
then 4,4'-biphenyldicarboxaldehyde {91.17 mg; 0.434 mmaol) dissolved in 10 mL of MeCN was added dropwise
during 15 minutes. The clear, colorless solution was left for stirring overnight. Then the yellow precipitate was
filtered off and washed with MeCN (10 mL) and dried in vacuum. The yellow precipitate was found as a desired
compound (198 mg; 77.9% yield). *H NMR {300 MHz, CDCly) & 8.28 (s, 6H, imine, Hs), 7.25-7.22 (d, 12H, H4), 7.11-
7.09 (d, 12H, H,), 3.82 (t, 12H, H,}, 2.81 {t, 12H, H,). Melting point = 414-419 K. TOF-MS: mfz = 815.0820 -
calculated for CayHau My (cage); found m/z = 815.4471. Microanalysis: calculated (%) for CagHagNs: € 79.57, H 6.68,
N 13.75; found: C79.63, H6.74, N 13.63 %.
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Figure 6. *H NMR spectra (300 MHz, CDCl,) of synthesized and isolated F3T; cage, recorded at RT. A trace amount
of intermediate praoducts, most likely open chain species (visible as broad peaks adjacent to that assigned as 1

and 2) was also cbserved in selution.
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1.2.7. GsT,Cage

Synthesis of cage G;T; The tren [N{CH;CH.NH.);] (65.73 mg; 0.449 mmol) was dissolved in 1 mL of MeCN and
then 2,5-thiophenedicarboxaldehyde (94.49 mg; 0.674 mmaol) disselved in 10 mL of MeCN was added dropwise
during 15 minutes. The clear, colorless solution was left for stirring overnight. Then brownish precipitate was
filtered off and washed with MeCN (15 mL) and dried in vacuum. The brownish precipitate was found as a desired
compound (112,21 mg; 84.5% yield). *H NMR (300 MHz, CDCI;) & B.03 (s, 6H, imine, H3), 7.42 (s, 6H, H,), 3.64 (t,
12H, H;), 2.72 (t, 12H, H,}. Melting point = 425-428 K. TOF-M5: mz = 604.2225 — calculated for CoHa M5 (cage);
found myz = 604.2259. Microanalysis: calculated (%) for CyHzgMg5;: € 59.57, H 6.00, N 18.53; found: C 59.62, H
6.07, N 18.56 %.
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Figure 57. *H NMR spectra (300 MHz, CDCl;) of synthesized and isolated G,T, cage, recorded at RT. A trace
amount of intermediate products, most likely open chain species (visible as broad peaks adjacent to that assigned
as 1 and 2) was also cbserved in sclution.
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1.2.8. H3T; Cage

Synthesis of cage H;T; A solution of dizldehyde - 4,4'-([{{oxybis(ethane-2,1-diyl)}bis{oxy))bis(ethane-2,1-
diyl))bis{oxy))dibenzaldehyde (43,7 mg; 0,108 mmaol) in MeCN {12 mL) was added dropwise to a solution of tren
[MN{CH2CHzNHz):] (10,8 pl; 0,072 mmel) in MeCN (3 mL) over a period of 20 minutes. After full addition, there
was no changes observed. The reaction mixture was left for stirring overnight. After 2 h the resulting mixture
began to be cloudy. The greenish solution with with/creamy precipitate was filtered off giving creamy powder of
the cage which was washed with MeCN (10 mL) and dried in vacuo (3591 mg; 375 yield). *H NMR (300 MHz,
CDCl) & 7.96 (s, 6H, imine, H3), 7.30-7.28 (d, 12H, H,), 6.77-6.75 (d, 12H, H.), 4.10 {t, 12H, Hg), 3.89 (t, 12H, H,),
3.73-3,71 (m, 24H, Hg, Hg), 3.62-3.56 {m, 12H, H,), 2.85-2 80 (m, 12H, H,). Melting point = 396-399 K. TOF-MS:
mjfz = 1390.7464 — calculated for C;zHypoN=0,4 (cage); found mfz = 1390.7458. Microanalysis: calculated (%) for
CrzHygoNz0ye: C67.32, H7.39, N 8.05; found: C67.41, H7.52, N 7.98 %.
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Figure 58. *H NMR spectra (300 MHz, CDCl;) of synthesized and isolated H,T, cage, recorded at RT. A trace
amounts of intermediate products, most likely open chain species (visible as broad peaks adjacent to that
assigned as 1 and 2) was also observed in solution.
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1.3. Self-sorting experiments

1.3.1. Self-sorting experiment 3A + 3B + 2T

Ina NMR tube, isophthaic dialdehyde (A) (4.08 mg; 0.0304 mmol) and pyridine-2,6-dicarbaldehyde (B) (4.18 mg;
0.0304 mmol) were dissolved in 250 pl of deuterated chloroform (CDCl3). Then a deuterated chloroform solution
{300 plL) containing tris{2-aminoethyl)amine (T) (2.97 mg; 0.0203 mmol) was added in two portions. The resulting
solution mixture was stirred at room temperature for 24h, then in 31815 K for another 24h and then again for

24h in RT. The clear solution of the library was checked by *H NMR spectroscopy (CDCL;) just after mixing the
components and after each 24h of stirring (RT/318.15 K/RT).
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Figure 59. Comparison of *H NMR (400 MHz) spectra for self-sorting experiment 3A + 3B + 2T depending on the
time. The spectra of components and pure, isolated cages are also shown for comparison. All NMR spectra
were recorded in CDCls at room temperature.
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1.3.2. Self-sorting experiment 3A + 3C + 2T

In 2 NMR tube, isophthalic dicarbaldehyde (A) (5.06 mg; 0.0377 mmol) and furan-2,5-dicarbaldehyde (C) (4.68
mg; 0.0377 mmol) were dissolved in 250 ul of deuterated chloroform (CDCI;). Then a deuterated chloroform
solution (300 pL) containing tris(2-aminoethyl)amine (T) (3.67 mg; 0.0251 mmol) was added in two portions. The
resulting solution mixture was stirred at room temperature for 24h, then in 318.15 K for another 24h and then
again for 24h in RT. The clear solution of library was checked by *H NMR spectroscopy (CDCI;) just after mixing
the components and after each 24h of stirring (RT/318.15 K/RT).
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Figure $10. Comparison of *H NMR (400 MHz) spectra for self-sorting experiment 3A + 3C + 2T depending on
the time. The spectra of components and pure, isolated cages are also shown for comparison. All NMR spectra
were recorded in CDCl; at room temperature.

s12

132|Page



Electronic Supplementary Material (ESI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2018

1.3.3. Self-sorting experiment 3A + 3D + 2T

In a NMR tube, isophthalic dicarbaldehyde (A) (3.79 mg; 0.0283 mmol) and terephthalaldehyde (D) (3.79 mg;
0.0283 mmol) were dissolved in 250 uL of deuterated chloroform (CDCl;). Then a deuterated chloroform solution
(300 uL) containing tris(2-aminoethyl)amine (T) (2.75 mg; 0.0188 mmol) was added in two portions. The resulting
solution mixture was stirred at room temperature for 24h, then in 318.15 K for another 24h and then again for
24h in RT. The clear solution of library was checked by *H NMR spectroscopy (CDCl;) just after mixing the
components and after each 24h of stirring (RT/318.15 K/RT).
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Figure S11. Comparison of *H NMR (400 MHz) spectra for self-sorting experiment 3A + 3D + 2T depending on
the time. The spectra of components and pure, isolated cages are also shown for comparison. All NMR spectra
were recorded in CDCl; at room temperature.
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1.3.4. Self-sorting experiment 3A + 3E + 2T

In 2 NMR tube, isophthalic dialdehyde (A) (3.57 mg; 0.0266 mmol) and 4-(4-formylphenoxy)benzaldehyde (E)
(6.02 mg; 0.0266 mmol) were dissolved in 250 pL of deuterated chloroform (CDCl;). Then a deuterated
chloroform solution (300 ulL) containing tris(2-amincethyl)amine (T) (2.59 mg; 0.0177 mmol) was added in two
portions. The resulting solution mixture was stirred at room temperature for 24h, then in 318.15 K for another
24h and then again for 24h in RT. The clear solution of library was checked by *H NMR spectroscopy (CDCl;) just
after mixing the components and after each 24h of stirring (RT/318.15 K/RT).
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Figure S12. Comparison of *H NMR (400 MHz) spectra for self-sorting experiment 3A + 3E + 2T depending on
the time. The spectra of components and pure, isolated cages are also shown for comparison. All NMR spectra
were recorded in CDCl; at room temperature.
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1.3.5. Self-sorting experiment 3A + 3H + 2T

In a NMR tube, isophthalic dialdehyde (A) (0.86 mg; 0.0064 mmol) and 4,4'-{({(oxybis(ethane-2,1-
diyl))bis(oxy))bis{ethane-2,1-diyl))bis(oxy))dibenzaldehyde (H) (2.58 mg; 0.0064 mmol) were dissolved in 250 pL
of deuterated chloroform (CDCl;). Then a deuterated chloroform solution (300 ul) containing tris(2-
aminoethyl)amine (T) (0.62 mg; 0.0043 mmol) was added in two portions. The resulting solution mixture was
stirred at room temperature for 24h, then in 318.15 K for another 24h and then again for 24h in RT. The clear
solution of library was checked by *H NMR spectroscopy (CDCl;) just after mixing the components and after each
24h of stirring (RT/318.15 K/RT).
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Figure S13. Comparison of *H NMR (400 MHz) spectra for self-sorting experiment 3A + 3H + 2T depending on
the time. The spectra of components and pure, isolated cages are also shown for comparison. All NMR spectra
were recorded in CDCl; at room temperature.
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1.3.6. Self-sorting experiment 3B + 3C + 2T

In a NMR tube, pyridine-2 6-dicarbaldehyde (B) (3.21 mg; 0.0232 mmuol) and furan-2,5-dicarbaldehyde (C) (2.96

mg; 0.0238 mmol) were dissolved in 250 pl of deuterated chloroform {CDCl;). Then a deuterated chloroform

solution (300 ul) containing tris(2-aminoethyllamine (T) {2.32 mg; 0.0159 mmol) was added in two portions. The

resulting solution mixture was stirred at room temperature for 24h, then in 31815 K for another 24h and then

again for 24h in RT. The clear solution of library was checked by *H NMR spectroscopy (CDCly) just after mixing

the components and after each 24h of stirring (RT/318.15 K/RT).
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Figure 514. Comparison of *H NMR {400 MHz) spectra for self-sorting experiment 3B + 3C + 2T depending on
the time. The spectra of components and pure, isolated cages are also shown for comparison. All NMR spectra

were recorded in CDCl; at room temperature.
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1.3.7. Self-sorting experiment 3B + 3D + 2T

In 2 NMR tube, pyridine-2,6-dicarbaldehyde (B) (3.50 mg; 0.0259 mmol) and terephthalaldehyde (D) (3.47 mg;
0.0259 mmol) were dissolved in 250 uL of deuterated chloroform (CDCl;). Then a deuterated chloroform solution
(300 uL) containing tris(2-aminoethyl)amine (T) (2.52 mg; 0.0173 mmol) was added in two portions. The resulting
solution mixture was stirred at room temperature for 24h, then in 318.15 K for another 24h and then again for
24h in RT. The clear solution of library was checked by *H NMR spectroscopy (CDCl;) just after mixing the
components and after each 24h of stirring (RT/318.15 K/RT).
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Figure S15. Comparison of *H NMR (400 MHz) spectra for self-sorting experiment 3B + 3D + 2T depending on
the time. The spectra of components and pure, isolated cages are also shown for comparison. All NMR spectra
were recorded in CDCl; at room temperature.
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1.3.8. Self-sorting experiment 3B + 3E + 2T

In a NMR tube, pyridine-2,6-dicarbaldehyde (B) (2.80 mg; 0.0207 mmol) and 4-(4-formylphenoxy)benzaldehyde
(E) (4.68 mg; 0.0207 mmol) were dissolved in 250 ul of deuterated chloroform (CDCl;). Then a deuterated
chloroform solution (300 ulL) containing tris(2-amincethyl)amine (T) (2.02 mg; 0.0138 mmol) was added in two
portions. The resulting solution mixture was stirred at room temperature for 24h, then in 318.15 K for another
24h and then again for 24h in RT. The clear solution of library was checked by *H NMR spectroscopy (CDCl;) just
after mixing the components and after each 24h of stirring (RT/318.15 K/RT).
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Figure S16. Comparison of *H NMR (400 MHz) spectra for self-sorting experiment 3B + 3E + 2T depending on
the time. The spectra of components and pure, isolated cages are also shown for comparison. All NMR spectra
were recorded in CDCl; at room temperature.
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1.3.9. Self-sorting experiment 3B + 3H + 2T

In a NMR tube, pyridine-2,6-dicarbaldehyde (B) (1.21 mg; 0.0089 mmol) and 4,4'-{({(oxybis(ethane-2,1-
diyl))bis(oxy))bis{ethane-2,1-diyl))bis(oxy))dibenzaldehyde (H) (3.62 mg; 0.0089 mmol) were dissolved in 250 pL
of deuterated chloroform (CDCl;). Then a deuterated chloroform solution (300 ul) containing tris(2-
aminoethyl)amine (T) (0.88 mg; 0.0059 mmol) was added in two portions. The resulting solution mixture was
stirred at room temperature for 24h, then in 318.15 K for another 24h and then again for 24h in RT. The clear
solution of library was checked by *H NMR spectroscopy (CDCl;) just after mixing the components and after each
24h of stirring (RT/318.15 K/RT).
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Figure S17. Comparison of *H NMR (400 MHz) spectra for self-sorting experiment 3B + 3H + 2T depending on
the time. The spectra of components and pure, isolated cages are also shown for comparison. All NMR spectra
were recorded in CDCl; at room temperature.
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1.3.10. Self-sorting experiment 3C + 3D + 2T

In a NMR tube, furan-2,5-dicarbaldehyde [C) (3.16 mg; 0.0255 mmaol) and terephthalaldehyde (D) (3.42 mg;
0.0255 mmaol) were dissolved in 250 pL of deuterated chloroform (CDCl;). Then a deuterated chloroform solution
{300 pl) containing tris{2-aminoethyl)amine (T) (2.49 mg; 0.0171 mmel) was added in two portions. The resulting
solution mixture was stirred at room temperature for 24h, then in 31815 K for another 24h and then again for
24h in RT. The clear solution of library was checked by *H NMR spectroscopy (CDCl) just after mixing the
components and after each 24h of stirring (RT/318.15 K/RT).

C+D+T
after 24h in 333.15K

e —
b
e

C+D=+T
o [

C+D+T 1
just after mixing J

CaT:

o, B i_l
; L L
" l .

05 104 103 102 101 0 %% BE B3 R B1 EOD TS TE TT V8 TS T4 TI T2 T1 TO EO
ppm

o
—
o

Figure 518. Comparison of *H NMR (400 MHz) spectra for self-sorting experiment 3C + 3D + 2T depending on
the time. The spectra of components and pure, isolated cages are also shown for comparison. All NMR spectra
were recorded in CDCl; at room temperature.
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1.3.11. Self-sorting experiment 3C + 3E + 2T

In @ NMR tube, furan-2,5-dicarbaldehyde {C) {3.80 mg; 0.0306 mmol) and 4-(4-formylphenoxy)benzaldehyde (E)
(6.92 mg; 0.0306 mmol) were dissolved in 250 pl of deuterated chloroform (CDCl;). Then a deuterated
chloroform solution (300 pl) containing tris(2-aminoethyljamine (T) (2.98 mg; 0.0204 mmel) was added in two
portions. The resulting solution mixture was stirred at room temperature for 24h, then in 318.15 K for another
24h and then again for 24h in RT. The clear solution of library was checked by *H NMR spectroscopy (CDCly) just
after mixing the components and after each 24h of stirring (RT/318.15 K/RT).
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Figure 519. Comparison of *H NMR (400 MHz) spectra for self-sorting experiment 3C + 3E + 2T depending on
the time. The spectra of components and pure, isolated cages are also shown for comparison. All NMR spectra
were recorded in CDCl; at room temperature.
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1.3.12. Self-sorting experiment 3C + 3H + 2T

In a NMR tube, furan-2,5-dicarbaldehyde (C) (2.51 mg; 0.0202 mmol) and 4,4'-{({(oxybis(ethane-2,1-
diyl))bis(oxy))bis{ethane-2,1-diyl))bis(oxy))dibenzaldehyde (H) (8.17 mg; 0.0202 mmol) were dissolved in 250 uL
of deuterated chloroform (CDCl;). Then a deuterated chloroform solution (300 ul) containing tris(2-
aminoethyl)amine (T) (1.97 mg; 0.0135 mmol) was added in two portions. The resulting solution mixture was
stirred at room temperature for 24h, then in 318.15 K for another 24h and then again for 24h in RT. The clear
solution of library was checked by *H NMR spectroscopy (CDCl;) just after mixing the components and after each
24h of stirring (RT/318.15 K/RT).
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Figure $20. Comparison of *H NMR (400 MHz) spectra for self-sorting experiment 3C + 3H + 2T depending on
the time. The spectra of components and pure, isolated cages are also shown for comparison. All NMR spectra
were recorded in CDCl; at room temperature.
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1.3.13. Self-sorting experiment 3D + 3E + 2T

Ina NMR tube, terephthalaldehyde (D) (1.91 mg; 0.0143 mmol) and 4-{4-formylphenoxy)benzaldehyde (E) (3.23
mg; 0.0143 mmol) were dissolved in 250 ul of deuterated chloroform (CDCI;). Then a deuterated chloroform
solution (300 pL) containing tris(2-aminoethyl)amine (T) (1.39 mg; 0.0095 mmol) was added in two portions. The
resulting solution mixture was stirred at room temperature for 24h, then in 318.15 K for another 24h and then
again for 24h in RT. The clear solution of library was checked by *H NMR spectroscopy (CDCI;) just after mixing

the components and after each 24h of stirring (RT/318.15 K/RT).
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Figure S21. Comparison of *H NMR (400 MHz) spectra for self-sorting experiment 3D + 3E + 2T depending on
the time. The spectra of components and pure, isolated cages are also shown for comparison. All NMR spectra

were recorded in CDCl; at room temperature.
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1.3.14. Self-sorting experiment 3D + 3H + 2T

In @ NMR tube, terephthalaldehyde (D) (0.95 mg; 00071 mmel) and 4.4(({{oxybis(ethane-2,1-
diyl))bis{oxy))bis{ethane-2,1-diyl))bis(oxy))dibenzaldehyde (H) (2.85 mg; 0.0071 mmaol) were dissolved in 250 pL
of deuterated chloroform (CDClz). Then a deuterated chloroform seolution (300 pl) containing tris{2-
aminoethyljamine (T) {0.69 mg; 0.0047 mmol) was added in two portions. The resulting solution mixture was
stirred at room temperature for 24h, then in 318.15 K for another 24h and then again for 24h in RT. The clear
solution of library was checked by *H NMR spectroscopy (CDCly) just after mixing the components and after each
24h of stirring (RT/318.15 K/RT).
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Figure 522. Comparison of *H NMR (400 MHz) spectra for self-sorting experiment 3D + 3H + 2T depending on
the time. The spectra of components and pure, isolated cages are also shown for comparison. All NMR spectra
were recorded in CDCl; at room temperature.
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1.3.15. Self-sorting experiment 3E + 3H + 2T

In a NMR tube, 4-{4-formylphenoxy)benzaldehyde (E) (1.35 mg; 0.0059 mmaol) and 4,4"(({{oxybis(ethane-2,1-
diyl))bis{oxy))bis{ethane-2,1-diyl))bis(oxy))dibenzaldehyde (H) (2.40 mg; 0.0059 mmaol) were dissolved in 250 pL
of deuterated chloroform (CDClz). Then a deuterated chloroform seolution (300 pl) containing tris{2-
aminoethyljamine (T) {0.58 mg; 0.0039 mmol) was added in two portions. The resulting solution mixture was
stirred at room temperature for 24h, then in 318.15 K for another 24h and then again for 24h in RT. The clear

solution of library was checked by *H NMR spectroscopy (CDCly) just after mixing the components and after each
24h of stirring (RT/318.15 K/RT).
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Figure 523. Comparison of *H NMR (400 MHz) spectra for self-sorting experiment 3E + 3H + 2T depending on
the time. The spectra of components and pure, isolated cages are also shown for comparison. All NMR spectra
were recorded in CDCl; at room temperature.
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1.4. Complex self-sorting experiments
1.4.1. Self-sorting experiment 3A + 3B +3C+ 3D + 3E + 3H + n2T

In a NMR tube, isophthalic dialdehyde (A) (1.71 mg; 0.0127 mmol), pyridine-2,6-dicarbaldehyde (B) (1.72 mg;
0.0127 mmol), furan-2,5-dicarbaldehyde (C) {1.58 mg; 0.0127 mmaol), terephthzl aldehyde (D) (1.71 mg; 0.0127
mmal), 4-{4-formylphenoxy)benzaldehyde (E) (2.88 mg; 0.0127 mmol) and 4,4"-(({{oxybis(ethane-2,1-
diyl))bis{oxy))bis(ethane-2, 1-diyl))bis{oxy))dibenzaldehyde {H) (5.12 mg; 0.0127 mmol) were dissolved in 450 pl
of deuterated chloroform (CDCL;). Then a titration was performed with deuterated chloroform stock solution
containing tris{2-aminoethyl)lamine (T) (1.24 mg; 0.0085 mmol). The resulting solution mixture was stirred at
room temperature for 24h after addition of each portion. The clear solution of library was checked by *H NMR
spectroscopy (CDCI;) after mixing the components and after each 24h of stirring (RT/318.15 K/RT).
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Figure $24. Comparison of *H NMR (400 MHz) spectra for self-sorting experiment involving titration of 3A + 3B
+ 3C = 3D + 3E + 3H with doses of 2T. The spectra of components are also shown for comparison. All NMR
spectra were recorded in CDCl; at rcom temperature.
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1.4.2. Self-sorting experiment 3D + 3E + 3F + n2T

Ina NMRB tube, terephthal aldehyde (D) (2.99 mg; 0.0223 mmoel), 4-(4-formylphenoxylbenzaldehyde (E) {5.04 mg;
0.0223 mmol} and 4,4'-biphenyldicarboxaldehyde (F) (4.68 mg; 0.0223 mmol) were dissolved in 450 pL of
deuterated chloroform (CDClz). Then a titration was performed with deuterated chloroform stock selution
containing tris{2-aminoethyljamine (T) (2.17 mg; 0.0148 mmaol). The resulting solution mixture was stirred at

room temperature for 24h after addition of each portion. The clear solution of ibrary was checked by *H NMR
spectroscopy (CDCI;) after mixing the components and after each 24h of stirring (RT/318.15 K/RT).
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Figure 525. Comparison of *H NMR (400 MHz) spectra for self-sorting experiment involving titration of 3D + 3E
+ 3F with doses of 2T. The spectra of components are also shown for comparison. All NMR spectra were
recorded in CDCl; at room temperature.
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1.4.3. Self-sorting experiment 3B + 3C + 3G + n2T

In a NMR tube, pyridine-2,6-dicarbaldehyde (B) (5.54 mg; 0.041 mmol), furan-2,5-dicarbaldehyde (C) (5.02 mg;
0.041 mmel) and 2,5-thiophenedicarbaldehyde (G) (5.75 mg; 0.041 mmeol) were dissalved in 450 pl of deuterated
chloroform (CDCl3). Then a titration was performed with deuterated chloroform stock solution containing tris{2-
aminoethyljamine (T) (4.00 mg; 0.0273 mmol). The resulting solution mixture was stirred at room temperature
for 24h after addition of each portion. The dear solution of library was checked by *H NMR spectroscopy (CDClg)

after mixing the components and after each 24h of stirring (RT/318.15 K/RT).
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Figure 526. Comparison of *H NMR (400 MHz) spectra for self-sorting experiment involving titration of 38 + 3C
+ 3G with doses of 2T. The spectra of components are also shown for comparison. All NMR spectra were

recorded in CDCl; at room temperature.

528

148|Page



Electronic Supplementary Material (ESI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2018

1.5. NMR spectra of an acid/base assisted equilibration
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Figure $27. *H NMR (400 MHz) spectra of an acid/base (MSA/TEA) assisted equilibration experiment on A;T, +

3B - 3A + B,T, system. Stacked with spectra of components A and B and isolated cages A;T, and B;T,. All NMR

spectra were recorded at room temperature in CDCl;

1.6. NMR spectra of an exchange experiment A;T, + 3B = 3A +B;T,
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Figure $28. *H NMR (400 MHz) spectra of an exchange experiment A;T, + 3B = 3A + B,T,. Stacked with spectra
of components A and B and isolated cages A;T, and B;T,. All NMR spectra were recorded at room temperature

in CDCl;
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1.7. Schematic representation of a self-sorting experiment 3A + 3B + 2T
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Figure 529. Schematic representation of a self-sorting experiment in a simple library composed of 3A
+ 3B + 2T. Both dialdehydes (A and B) and their imines (AsT; and BTy respectively) contain a fully
conjugated system of the aromatic ring and its substituents but only in B are attractive interactions
possible between the two imine C-H bonds adjacent to the aromatic ring and the adjacent pyridine
nitrogen atom of the another cage arm.? A possible additional factor that works in favour of cage BT,
with respect to cage A;T; areintramolecular interactions that may occur between C-H bonds and the
N lone pair. Both cages, however, are stabilized through intramelecular hydrogen bonding interactions
between imine protons of one arm of the cage and imine nitrogen atom of another ?

2. Crystallography

Diffraction data were collected at room temperature using graphite-monochromated MoKa radiation (A =
0.71073 .ﬁJ with the w-scan technique. For data reduction, UB-matrix determination and absorption correction
CrysAlisPro software was used.

Using Olex2?, the structures were solved by direct methods using SHELXL? and refined by full-matrix
least-squares against F2 utilizing SHELXL. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were located in idealized positions by molecular 3+3 geometry and refined as rigid groups. Uiso of hydrogen
atoms were set as 1.2 (for C-carriers) and 1.5 (for O-carriers) times Ueq of the corresponding carrier atom. Crystal
and refinement data are summarised in Table. The data have been deposited in the form of cifs with the
Cambridge Crystallographic Data Centre ({CCDC), deposition number CCDC 1853998 and 1853999, These can be
obtained free of charge via www ccdc.cam . acuk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
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