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1 Living Systems as Organized Molecular Systems 

From a chemical perspective, living systems are not simply collections of individual 

molecules, but highly organized molecular systems in which structure, recognition, 

spatial arrangement and energy flow are coupled to function.1-3 Biological molecules 

such as proteins, nucleic acids, lipids, metabolites and cofactors perform their roles 

within organized environments rather than in isolation. Their behavior is shaped by non-

covalent interactions, local concentration, compartmentalization, conformational 

dynamics and the relative positioning of reactive or recognition elements.2,3 This view is 

closely related to central ideas in supramolecular chemistry, where molecular recognition, 

preorganization and self-organization provide routes by which molecular components 

form higher-order structures with defined properties and functions.1,4 

This organization is especially evident in enzyme catalysis. Enzymes do not merely 

provide functional groups capable of reacting with a substrate; they create active-site 

environments in which substrates, catalytic residues, cofactors, water molecules and 

proton-transfer pathways are arranged in a defined three-dimensional context. In many 

enzymes, catalytic efficiency is strongly influenced by the preorganized electrostatic and 

hydrogen-bonding environment of the active site, which can stabilize charge 

redistribution during the reaction and reduce the energetic penalty associated with 

reaching the transition state.5,6 This does not mean that enzyme catalysis can be 

reduced to a single factor, since conformational dynamics, substrate binding, desolvation 

and proton transfer can all contribute. Nevertheless, enzymes illustrate a general 

principle that is important for molecular design: chemical reactivity can be controlled not 

only by the identity of functional groups, but also by their spatial and environmental 

organization. 

A second example is provided by regulated protein degradation. Cellular protein levels 

are not determined only by rates of synthesis; they are also controlled by selective 

degradation pathways.7 In the ubiquitin–proteasome system, proteins can be marked for 

degradation through the covalent attachment of ubiquitin chains and subsequently 

processed by the proteasome. This pathway depends on molecular recognition at 

several levels, including the recognition of degradation signals, the recruitment of 

substrates by ubiquitin ligases, the assembly of ubiquitin chains and the engagement of 

ubiquitinated substrates by the proteasome.8 In this sense, protein degradation is a 

chemically organized regulatory process: selective molecular interactions are converted 

into changes in protein abundance and, ultimately, cellular function. The importance of 

this system in cell-cycle control, signalling, stress responses and disease illustrates how 

biological regulation can emerge from molecular recognition and controlled proximity 

between macromolecular components. 

Living systems also use molecular organization to manage energy. Photosynthetic and 

respiratory electron-transport chains provide clear examples. In these systems, redox-

active cofactors are embedded within protein complexes and membranes, allowing 

electron transfer, proton movement and chemical energy storage to be coupled within 
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organized biological environments. Quinone cofactors such as plastoquinone and 

ubiquinone are particularly important because they can participate in both electron-

transfer and proton-transfer chemistry.9 Their function depends not only on the intrinsic 

redox properties of the quinone unit, but also on the surrounding protein and membrane 

environment, including binding-site polarity, hydrogen-bonding interactions, proton 

availability and distance from other redox centres.10 Importantly, quinones should not be 

viewed as moving along fixed molecular tracks. In biological membranes, they act as 

mobile redox carriers whose diffusion is constrained by the lipid environment, while 

productive electron- and proton-transfer events are guided by binding-site recognition, 

redox potentials and local proton-transfer pathways. By coupling electron transfer to 

proton movement, these systems generate electrochemical gradients that can be used 

for chemical work. 

One of the most striking consequences of this organization is ATP synthesis. In 

mitochondria, chloroplasts and many bacteria, electron-transport processes contribute 

to the formation of a proton-motive force across a membrane. ATP synthase then uses 

this electrochemical gradient to drive the formation of ATP from ADP and phosphate.11 

This process demonstrates how biological systems connect molecular-scale redox 

reactions, membrane organization and mechanical motion to chemical energy storage. 

It also shows that function in living systems often emerges from the coupling of several 

molecular events rather than from a single isolated reaction. 

These examples are chemically diverse, but they point to a common lesson. Biological 

function often arises when molecular components are placed in specific spatial, 

energetic and dynamic relationships. Enzymes organize reactive groups and substrates 

to control chemical transformations; protein-degradation pathways use molecular 

recognition and proximity to regulate protein lifetime; and photosynthetic and respiratory 

systems organize redox cofactors, quinones and proton pathways to convert energy. In 

each case, function is produced by the combination of molecular structure and molecular 

organization. 
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2 From Biological Function to  

Synthetic Functional Molecular Systems 

The organization of living systems has long provided inspiration for molecular design. 

However, learning from nature in chemistry does not usually mean recreating biological 

systems in their full complexity. Natural systems are large, dynamic and embedded in 

heterogeneous cellular environments that are difficult to reproduce with synthetic 

molecules alone. A more useful approach is to extract specific chemical principles from 

biology and translate them into molecular structures that can be prepared, modified and 

studied experimentally. This provides a conceptual foundation for the design and 

synthesis of functional molecular systems.12,13 

In this thesis, the term “functional molecular system” is used in a broad chemical sense. 

It refers to a molecule or molecular architecture in which structure, connectivity and 

component organization are designed to produce a particular function, rather than 

serving only as a passive arrangement of atoms. Such functions include, for example, 

molecular recognition, catalysis, switching, biological modulation and redox or energy 

conversion. In these systems, function is rarely determined by a single functional group 

alone. It often depends on how different molecular elements are connected, positioned 

and allowed to interact within a specific architecture. This concept provides a useful 

framework for discussing chemically diverse systems in which organic synthesis is used 

not only to make molecules, but also to build molecular structures with intended behavior. 

Bioinspired and biomimetic chemistry provide useful, though not identical, ways to 

connect biological function with synthetic molecular design.14 Biomimetic chemistry 

commonly refers to synthetic systems or reactions that imitate particular biological 

structures, processes or biosynthetic logic.14-17 Bioinspired chemistry is broader: it may 

not reproduce a biological structure directly, but instead extracts design principles from 

natural systems, such as molecular recognition, preorganization or redox mediation.14,18-

20 Both approaches are relevant because they show how biological observations can be 

reformulated as chemical design problems. 

The value of this translation lies partly in simplification. Biological systems contain many 

interacting components, regulatory mechanisms and environmental variables, whereas 

synthetic systems can isolate a chosen structural or functional feature in a chemically 

tractable form. By changing connectivity, functionality or spatial arrangement in a well-

characterized molecule, chemists can examine how molecular structure influences 

behavior. Organic synthesis is central to this process because it converts design 

principles into real molecular structures that can be deliberately modified and compared. 

One broad class of functional molecular systems is designed to operate in biological 

contexts. In medicinal chemistry and chemical biology, molecular design is often guided 

by information from biological targets, endogenous ligands, natural products or disease-

associated pathways.21,22 These molecules are not necessarily biomimetic in a strict 

sense, because they do not usually copy natural structures or processes directly. Instead, 
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they use synthetic structure to engage biological systems selectively and to produce a 

desired biological outcome. Targeted protein degradation provides a representative 

example.23-25 PROTACs use a synthetic heterobifunctional architecture to recruit a 

protein of interest and an E3 ubiquitin ligase into proximity, thereby promoting 

ubiquitination and degradation of selected targets. Their activity depends not only on 

binding to individual proteins, but also on ternary-complex formation, productive 

geometry and the cellular context in which ubiquitination and proteasomal processing 

occur.25 

Functional molecular systems can also be designed for redox and energy-related 

processes. Artificial photosynthesis is a representative field in which synthetic systems 

learn from natural photosynthesis without attempting to reproduce the complete 

biological apparatus. Instead, artificial systems usually focus on core functions such as 

light absorption, charge separation, redox mediation and catalysis.26-29 Related ideas 

appear in supramolecular chemistry and artificial molecular machines, where molecular 

recognition, preorganization and controlled motion are studied in simplified molecular 

frameworks.1,4,30 These examples illustrate a general strategy: selected features of 

biological organization can be translated into synthetic platforms that are easier to 

synthesize, modify and analyse than the natural systems that inspired them. 

The value of bioinspired and biomimetic chemistry therefore lies not in copying living 

systems in their full complexity, but in translating selected biological principles into 

experimentally accessible molecular designs. Such systems are very likely incomplete 

models of biology, but this limitation is also their strength: it allows specific interactions 

or functional relationships to be studied in a chemically controlled setting. In this way, 

organic synthesis becomes a practical route to functional molecular systems, allowing 

chemists to construct molecular architectures whose structure is linked to biological, 

redox or energy-related function. 
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3 Scope of this Thesis 

The work presented in this thesis reflects two distinct phases of doctoral research. The 

first phase was carried out in a medicinal and synthetic chemistry context and focused 

on multicomponent reactions and targeted protein degradation. The second phase 

followed a transition to a different research group and shifted substantially toward 

mechanically interlocked molecules and redox-active quinone rotaxanes. The thesis 

brings together chemically different studies under the broader theme of designing and 

synthesizing functional molecular systems. 

The two main experimental directions relate to different functional principles observed in 

biological systems. The PROTAC work is connected to protein regulation, where 

molecular recognition and recruitment can alter protein fate. The quinone rotaxane work 

is connected to redox and energy-related function, where quinone motifs and local 

molecular environments influence electron- and proton-transfer behavior. In both cases, 

organic synthesis is used to construct molecular architectures in which structure is linked 

to intended function. 

Multicomponent reactions occupy a related but somewhat different position in the thesis. 

They provide the medicinal-chemistry and synthetic-methodology background of the first 

phase of the work, particularly in relation to rapid scaffold construction and modular 

access to bioactive molecules. Although MCR chemistry is not the central experimental 

method throughout the full thesis, it illustrates how organic synthesis can generate 

structural diversity and provide modular entry points to functional molecular design. 

The thesis is therefore organized by a shared chemical perspective: organic synthesis 

can be used to build molecules and molecular architectures whose function depends on 

their structure, connectivity and organization.  
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