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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 β-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 β-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 β-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(II) complex, 

provided a key foundation for further work. In the next step, an efficient two-step synthetic 

strategy was developed using a tritopic ligand (H₃L). By precisely controlling the stoichiometry, 

discrete, dimeric metallacycles of the [M₂(HL)₂] type with Cu(II) 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(II), the process led 

to an insoluble product, the reaction with palladium(II) was successful, giving a fully 

characterized, soluble metallosupramolecular polymer [Pd₃L₂]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 [Pd₃L₂]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, przedłożona rozprawa doktorska pt. „Samoasocjacja kapsuł 

supramolekularnych w opartych o dynamiczne wiązania iminowe oraz β-diketonowe” 

przedstawia kompleksowe badania z pogranicza chemii materiałowej oraz fundamentalnej 

chemii supramolekularnej. Chemia supramolekularna, określana jako „chemia poza 

cząsteczką”, stanowi jedną z najdynamiczniej rozwijających się dziedzin nauki, czerpiąc 

inspirację z natury do tworzenia złożonych, funkcjonalnych architektur molekularnych. Jej 

fundamentem są oddziaływania niekowalencyjne, które dzięki efektowi kooperatywnemu 

umożliwiają spontaniczne formowanie się złożonych, uporządkowanych, trójwymiarowych 

struktur w procesie samoorganizacji. Celem badań prowadzonych w trakcie przewodu 

doktorskiego, a podsumowanych w ramach niniejszej pracy, było na zbadanie dwóch 

kluczowych aspektów tej dziedziny. Pierwszy cel dotyczył projektowania, syntezy i 

charakterystyki nowej generacji metalosupramolekularnych kompleksów β-diketonowych o 

cyklicznej budowie z ukierunkowaniem na ich potencjał katalityczny. Drugi cel badawczy, 

realizowany w ramach Dynamicznej Chemii Kowalencyjnej (DCC), skupiał się na 

fundamentalnym zjawisku samosortowania komponentów podczas syntezy dynamicznych 

klatek poliiminowych, aby zrozumieć, jakie cechy strukturalne bloków budulcowych 

determinują selektywność w tworzeniu złożonych, trójwymiarowych kapsuł. 

W ramach realizacji pierwszego celu badawczego, prace rozpoczęto od szczegółowej 

analizy chemii koordynacyjnej prostego, niesymetrycznego liganda β-diketonowego (bpmH), 

aby zrozumieć i przezwyciężyć potencjalne problemy, takie jak niekontrolowana 

oligomeryzacja i złożona izomeria. Badania te wykazały, że chociaż ligand ten nie zapobiega 

w pełni oligomeryzacji, to tworzenie izomerów w roztworze ma głównie charakter statystyczny, 

co stanowiło kluczowy fundament pod dalsze prace nad bardziej złożonymi i zaawnasowanymi 

strukturami. W kolejnym kroku opracowano wydajną, dwuetapową strategię syntezy z 

wykorzystaniem trójramiennego liganda (H₃L). Poprzez precyzyjną kontrolę stechiometrii, w 

pierwszym etapie otrzymano dimeryczne metalocykle typu [M₂(HL)₂] z jonami Cu(II) oraz 

Pd(II), posiadające dodatkowo wolne, reaktywne ramię funkcyjne. Następnie, w reakcji z 

nadmiarem jonów metalu, przeprowadzono ich kontrolowaną polimeryzację. O ile w 

przypadku miedzi(II) proces prowadził do nierozpuszczalnego produktu, o tyle reakcja z 

palladem(II) zakończyła się sukcesem, dając w pełni scharakteryzowany, rozpuszczalny 

polimer metalosupramolekularny [Pd₃L₂]n. Zwieńczeniem tej części badań było porównanie 

aktywności katalitycznej obu kompleksów palladowych w reakcji sprzęgania Suzuki-Miyaury. 

Udowodniono, że polimer [Pd₃L₂]n jest znacznie wydajniejszym katalizatorem, zapewniając 

wydajności średnio o 10-20% wyższe w porównaniu do swojego cyklicznego prekursora. 

Lepsze, efektywniejsze właściwości katalityczne polimeru na podstawie analizy dosępnych 

danych przypisano większej liczbie dostępnych miejsc aktywnych oraz tzw. „efektowi stężenia 

lokalnego”. 

Drugi, równoległy filar rozprawy poświęcony został badaniom fundamentalnych zasad 

rządzących procesem samoorganizacji z wykorzystaniem Dynamicznej Chemii 

Kowalencyjnej. Prace te, prowadzone w układach czysto organicznych, skupiły się na zjawisku 

samosortowania komponentów podczas tworzenia trójwymiarowych poliiminowych klatek 

(kryptandów). W serii eksperymentów kompetycyjnych, w których jedna triamina reagowała 

ze złożoną mieszaniną różnych dialdehydów, zaobserwowano niezwykle wysoki stopień 
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selektywności. W zdecydowanej większości przypadków system spontanicznie wybierał jeden, 

najbardziej uprzywilejowany, dopasowany komponent, budując wyłącznie jeden, czysty 

(homoleptyczny) produkt klatkowy. Co ważne, w żadnym z badanych układów nie 

zaobserwowano tworzenia się klatek mieszanych (heteroleptycznych). Systematyczne badania 

pozwoliły na ustalenie ścisłej hierarchii preferencji oraz sformułowanie reguł strukturalnych 

rządzących tym procesem. Wykazano, że o wyniku sortowania decydują cechy molekularne 

bloków budulcowych: najbardziej uprzywilejowane są sztywne, w pełni sprzężone komponenty 

zawierające heteroatom, podczas gdy elastyczność oraz zaburzenia w układzie sprzężonym 

znacząco obniżają wydajność danego komponentu w procesie samosortowania. Ponadto, 

udowodniono, że obserwowane preferencje wynikają z osiągania przez układ prawdziwej 

równowagi termodynamicznej, demonstrując możliwość przeprowadzenia kontrolowanej 

transformacji typu „klatka-w-klatkę”, w której mniej stabilna struktura w obecności bardziej 

faworyzowanych komponentów spontanicznie reorganizuje się poprzez wymianę bloków 

budulcowych w termodynamicznie najstabilniejszy produkt. 

Podsumowując, niniejsza rozprawa doktorska w sposób kompleksowy łączy chemię 

materiałową z badaniami fundamentalnymi nad samoorganizacją. W ramach zrealizowanych 

prac nie tylko otrzymano nowe, funkcjonalne materiały o podwyższonej aktywności 

katalitycznej, ale również dogłębnie zbadano i sformułowano reguły rządzące procesem 

selektywnego samosortowania komponentów w zaprojektowanych dynamicznych bibliotekach 

kombinatorycznych, przyczyniając się do rozwoju obu tych dynamicznie rozwijających się 

dziedzin chemii. Wyniki badań nad kompleksami β-diketonowymi otwierają nowe możliwości 

w projektowaniu polimerycznych katalizatorów, podczas gdy prace nad klatkami iminowymi 

stanowią istotny wkład w zrozumienie fundamentalnych zasad sterowania złożonymi 

procesami samoasocjacji, co jest kluczowe dla tworzenia zaawansowanych materiałów 

adaptacyjnych i systemów inspirowanych naturą. 
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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".1-4 

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.5 

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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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.6 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.7-11 

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 



19 | P a g e  

 

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”.12 

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.13, 14 

 

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 

 

Molecular recognition2, 15-17 is one of the most important foundations of supramolecular 

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.6 
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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.6 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).15, 18, 19 

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.2, 20-22 

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.20, 23 

 

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.16, 24 

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.25, 26 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. 
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Figure 6. Self-assembly of ligands A and B in the presence of palladium(II) 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, π-π 

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.1, 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(II), 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. 

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

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(I)) or octahedral (e.g. Fe(II)) 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(II) 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.30-32 

 

Figure 8. Multicavity M L cage where the two terminal cavities retain the ability to 

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 M₁₂L₂₄ cage, first synthesized by Makoto Fujita's group.25 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 M₁₂L₂₄ 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 M₄L₆ 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 M4L6 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 β-diketone 

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

Chemistry of β-diketones 

 

Metallosupramolecular systems based on β-diketone systems constitute an important 

class of supramolecular compounds.29, 33-36 Classical β-diketones have been known and studied 

for over a century and are undoubtedly the most popular O,O-donating ligands, especially in 

the coordination chemistry of d- and f-electron elements. Despite the fact that β-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. 

β-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 

this class of compounds is keto-enol tautomerism,37, 38 i.e. the occurrence of equilibrium 

between the keto form and the enol form of the β-diketone compound. 

 

Figure 10. Scheme showing keto-enol tautomerism and the sensitivity of the 1,3-

diketone group to acid-base changes. 

For β-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 β-diketone group 

(terminal and methylene). The occurrence of β-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.35, 39-43 

 

 



30 | P a g e  

 

Synthesis of β-diketones 

 

Classical β-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.44 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 α-diazo-

β-hydroxyketone into the corresponding β-diketone, in the presence of rhodium(II) acetate as a 

catalyst.33, 45, 46 

Application of β-diketone compounds 

 

 

Figure 11. Scheme illustrating the application possibilities of β-diketones. 



31 | P a g e  

 

 

The structural diversity and multitude of supramolecular and metallosupramolecular 

architectures created by β-diketone compounds are reflected in a whole range of diverse 

applications they find. The presence of two carbonyl groups in the structure of β-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 β-diketones in the synthesis of heterocyclic compounds 

allows, among others, the production of pyrimidine derivatives. In addition, the structure of the 

β-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).  

 

Figure 12. Various metallosupramolecular structures based on beta-diketonate ligands 

described by Warren.  

Due to these properties, β-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. β-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. 

β-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 β-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 

as molecular precursors in chemical vapor deposition (CVD) techniques,47-49 appeared. CuI and 

CuII diketone complexes with supporting Lewis bases are promising precursors for 

microelectronic devices50, and in combination with alkaline earth metal diketonates51, 52 - for 

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.53 

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 β-diketones with metal ions Sn, Ti, Zr, 

or Hf) have been shown to exhibit interesting biological activity in this direction. For example, 

budotitane ((EtO)2Ti(bzac)2) 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.54, 55 Moreover, some complexes seem to be promising chiral NMR reagents for 

determining enantiomeric purity.32, 56, 57 

 

Figure 13. Stereo plot of the unit cell of budotitane, Ti(bzac)2(OEt)2. 
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Another important field of scientific interest in β-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(II), 

Pd(II), Pt(II) and Cu(II), 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.41, 58-60 

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) 

 

Dynamic Combinatorial Chemistry (DCC)61-67 is a method for generating new structures 

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).68, 69 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 

that there are few known examples of libraries of this type created using kinetic control.62 

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. 

 

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.70, 71 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.23, 72-74 

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 

M₄L₆ 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 CO₂, 

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. 75-81 

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.82 

 

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 β-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 β-diketone coordination motifs. 

The research work was divided into two thematic branches:  

1) Research on the new generation of β-diketone ligands and their metallosupramolecular 

complexes. (A1 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 β-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 β-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 understand the self-association processes of 

metallosupramolecular β-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 Pd2+ 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 β-diketones 
 

Coordination properties of unsymmetrical β-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(III) were used, as well as Al(III) 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(II) 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 

HCl to reduce the pH to ~4. The product was extracted into ethylacetate and the extract 

evaporated down after drying over Na2SO4. The crude product was purified by addition of 

CuCl2•2H2O, isolation of the solid complex formed and then dissociating the ligand from this 

by treatment with hot aqueous H2SO4. 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)n 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(OH2)2], which after heating transformed into a structure 

analogous to the known oligomer [Ni3(acac)6]. 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(III) 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 

interactions that would favor a specific form. 

 

Figure 18. Comparison of the 1H NMR (300 MHz) spectra of bpmH (bottom, black) and the complex 

[Al(bpm)3] (top, blue) in CDCl3 at room temperature. 
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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-. 

 

Figure 19. Comparison of the 1H NMR (300 MHz) spectra of bpmH (bottom, black), the complex 

[Pd(bpm)2] immediately after preparing the solution (middle, blue) and the complex [Pd(bpm)2] 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)]•H2O or hexacoordinated [Zn(bpm)2(OH2)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. 

 

Figure 20. Variable Temperature NMR (600 MHz) spectra for [Zn(bpm)2(OH2)2] recorded in CDCl3. 

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)2] (by slow evaporation of the solvent) and the diamagnetic [Pd(bpm)2] (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. 



45 | P a g e  

 

 

Figure 21. Views of (left) the unique molecular unit present in the lattice of [Cu(bpm)2] and (right) the 

two inequivalent but very similar molecular units present in the lattice of [Pd(bpm)2]. 

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 A1 and in 

Supplementary Information A1 which are part of this dissertation. 

Michał Kołodziejski,  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 β-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 β-diketone 

ligand (H₃L) and its interactions with copper(II) and palladium(II) ions. The main goal was to 

investigate whether it is possible to obtain [M₂(HL)₂] type metallocycles under controlled 

conditions, having free, unreacted β-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) β-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 H3L 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 HCl. After extraction with CHCl3/H2O, the 
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organic layer was dried over Na2SO4 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 H3L 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. 

 

Figure 23. Comparison of 1H NMR spectra of ligand H3L (a), metallosupramolecular 

macrocycle [Pd2(HL)2] (b), and branched polymer [Pd3L2]n (c) recorded in CDCl3 at room 

temperature. Aliphatic region omitted for clarity. 

Results and characterization  

As part of the research, a tritopic ligand (H₃L) 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(II) and palladium(II) ions in a 

1:1 ratio, dimeric metallocycles of the general formula [M₂(HL)₂] 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)₂(THF)₂] 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(II) led mainly to the formation of an insoluble, difficult to analyze product. 

In contrast, the analogous reaction with palladium(II) was successful, giving a soluble 

oligomeric product of the formula [Pd₃L₂]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 [Cu2(HL)2(THF)2]. 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(II) complexes was investigated and compared: the dimeric metallocycle [Pd₂(HL)₂] 

and the polymer [Pd₃L₂]n. Suzuki-Miyaura cross-coupling was chosen as the test reaction. First, 

the reaction conditions were optimized using the dimer [Pd₂(HL)₂] as a catalyst, obtaining 
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almost 100% product conversion within 4 h under optimal conditions (toluene, 110 °C, K₂CO₃). 

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 [Pd₃L₂]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 

[PdCl₂(PPh₃)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.  

 

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 β-diketone ligand and 

its di- and polynuclear complexes with copper(II) and palladium(II) 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. 

Michał Kołodziejski, Aidan J. Brock, Gracjan Kurpik, Anna Walczak, Feng Li, Jack K. Clegg*, 

Artur R. Stefankiewicz*, Charge Neutral [Cu2L2] and [Pd2L2] 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. 

 

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 X₃T₂, were obtained. The identity and high symmetry (D₃) 
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of the newly formed compounds were comprehensively confirmed by elemental analysis, ¹H 

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, E₃T₂ and F₃T₂. Both were found to be elongated, chiral capsules of about 15 Å 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. 

 

Figure 27. Solid state X-ray molecular structures of the cages E3T2 (left) and F3T2 (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 ¹H 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. 

 

 

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

libraries consisting of (a) 3B + 3C + 2T and (b) 3D + 3E + 2T.  



56 | P a g e  

 

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 B₃T₂ 

cage, containing nitrogen, was formed with 92% efficiency, while the A₃T₂ 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 B₃T₂ 

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 1H NMR spectra of all three components recorded over time. The 1H 

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 B₃T₂ 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 B₃T₂ and C₃T₂ 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 D₃T₂ cage was formed in a much larger amount than E₃T₂, 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 B₃T₂ and C₃T₂, then almost simultaneously A₃T₂ and D₃T₂, and finally, as 

expected, E₃T₂ and finally H₃T₂. 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). 

 

Figure 30. Changes in aldehyde proton signals of the 1H NMR spectra (400 MHz, CDCl3) 

during the self-sorting experiment involving titration of 3A + 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, 

B₃T₂ and C₃T₂ cages were formed, and only after their complete formation did the G₃T₂ 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 A₃T₂ 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 B₃T₂ cage. This proves that B₃T₂ 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 A₃T₂ cage in the presence of a catalytic 

amount of acid. A slow but complete transformation was observed, resulting in the formation 

of only the B₃T₂ 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 (A3T2 + B / B3T2 + A) between 

components A + B + T (a); (b) 1H NMR spectra of acid catalyzed exchange experiment 

between cage A3T2 and component B. For comparison 1H NMR spectra of components A and 

B as well as isolated cages A3T2 and B3T2 are also shown. All NMR spectra were recorded at 

room temperature in CDCl3.  

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. 

Michał Kołodziejski, 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)  

  



62 | P a g e  

 

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 β-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(II) complex. It was also found that the formation of isomers in aluminum(III) and 

cobalt(III) complexes is mainly statistical, indicating weak intramolecular interactions. In the 

case of the zinc(II) 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 (H₃L) 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(II) 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(II) led to the formation of an insoluble product, the reaction 

with palladium(II) was successful, yielding a fully characterized, soluble 

metallosupramolecular polymer [Pd₃L₂]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 [Pd₃L₂]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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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)2] and (lower) [Pd(bpm)2], 
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)2] and (lower) [Pd(bpm)2], H-atoms again omitted for clarity. 
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Figure S3. The Hirshfeld surface calculated using CrystalExplorer for the [Cu(bpm)2] unit in 
its crystal lattice  
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Figure S4. Hirshfeld surfaces calculated for the [Pd(bpm)2] 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)2]. 

 

 

Figure S6. Partial view of one sheet of [Pd(bpm)2] units incorporating Pd1 lying parallel to the 
(1 0 -1) plane 
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A2. Charge Neutral [Cu2L2] and [Pd2L2] Metallocycles: Self-

Assembly, Aggregation, and Catalysis 
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A3. Dynamic polyimine macrobicyclic cryptands – self-sorting with 

component selection 
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