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Abstract 

 

The hydrophobic effect is of fundamental importance for the self-assembly of functional units in biological 

systems. Eventually all life depends on the properties which are owed to the chemistry beyond covalently 

bound structures. Artificial supramolecular systems may be designed to mimic biological assemblies or to 

fulfill purposes unknown in the natural biological realm. This includes the template-directed self-assembly 

of rotaxanes, which can profit from the versatile applicability of the hydrophobic effect. In order to render 

organic compounds water-soluble and enable well-defined recognition modes, a particularly thoughtful 

molecular design is required. This work aims towards the synthesis of aqueous-based rotaxane-type 

structures, in particular rigid molecular daisy chains. Diederich-type cyclophanes were chosen as receptor 

components and suitable functionality for copper-catalyzed azide-alkyne cycloaddition (CuAAC) is 

introduced in all structures. The cyclophane part is ideally suited to accommodate rigid, π-conjugated 

structures. These key structural elements are thought to provide a suitable basis in the search towards 

building blocks for aqueous rotaxane synthesis. Three publications have resulted from these 

investigations, which are included in this thesis. After an introductory part, an overview of mechanically 

interlocked structures incorporating π-conjugated subunits is given. This is followed by Assembly of 

[2]Rotaxanes in Water, a publication in European Journal of Organic Chemistry, where the first 

investigations of aqueous-based rotaxane synthesis were published. Synthesis of molecular daisy chains is 

presented under Aqueous Assembly of Zwitterionic Daisy Chains. This article was published in Chemistry – 

A European Journal. As an invited contribution to the special issue of 50 Years of Rotaxanes in European 

Journal of Organic Chemistry, a manuscript prepared for submission was originally included under Slow 

Formation of Pseudorotaxanes in Water: Large Influence of the Substitution Pattern. The article was 

meanwhile published and is included in form of the peer-reviewed and edited final version. All chapters 

are followed by the corresponding supporting information, which contains the experimental data. To 

conclude, possible design considerations for aqueous-based, molecular daisy chains based on the 

preceding findings are given. The chapter Outlook: Towards Kinetically Controlled Assembly of Molecular 

Daisy Chains contains not only these design considerations but also the latest state of synthetic 

investigations towards a possible target structure. 
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Introduction 
 

From Supramolecular Chemistry to the Mechanical Bond 

 

From the chemists’ point of view, the concept of a chemical bond serves intuitively as a tool to link 

individual atoms. As a result, a virtually infinite structural diversity of chemical compounds exists, even if 

only chemically feasible structures in the organic realm are taken into account.[1] This implies an ever-

lasting challenge for the design, synthesis and characterization of organic compounds according to one’s 

wishes and needs. Within the vast chemical space, compounds that are able to specifically recognize other 

chemical entities can be identified. Such structures have indeed been synthesized and studied, which 

represents the birth of the field of supramolecular chemistry.[2,3] For the establishment of this field as a 

distinct chemical discipline by developing both chemistry and basic principles, the 1987 Nobel Prize was 

awarded to Cram, Lehn and Pedersen. A supramolecular complex in solution is always in equilibrium with 

its dissociated components. If the chemical exchange is interrupted by spatial entanglement of the 

individual components, a mechanically interlocked molecule (MIM) is obtained (Figure 1).[4] Such an 

interlocked species cannot be dissociated without breaking a covalent bond and has different physico-

chemical properties than a stoichiometricallly equal mixture of its individual components. As a result, it 

must be considered as a discrete molecular entity, held together by a mechanical bond. If one returns to 

the notion of the limitless chemical space, the opportunity for compounds to exist either as individual or 

as interlocked species adds an additional degree of complexity to the universe of chemically feasible 

structures. This gives rise to topological isomerism.[5] 

 

 

Figure 1. Topological isomerism between two rings and a mechanically interlocked chain link 
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One can illustrate the distinction of a MIM and the mixture of its individual components with a pair of rings 

in the macroscopic world. They can exist either discretely or as an interlocked chain, and it is natural to 

everyone that physical properties of separate rings and their chain are not equal. On a molecular scale two 

individual macrocyclic rings can exist as separate units or as a topologically isomeric, interlocked catenane 

(Figure 1),[5] which represents one of the fundamental constructs in MIM chemistry.[4] Catenanes can in 

principle be oligomerized to yield [n]catenanes with the prefix [n] denoting the number of repeating units. 

From the first [2]catenane reported by Wassermann[6] obtained by an inefficient statistical synthesis 

followed by the first synthesis that relied on the covalent directed approach by Schill and Lüttringhaus,[7] 

catenane chemistry has evolved over more than five decades to the recently accomplished example of a 

linear polymeric [26]catenane.[8] 

In addition to catenanes, the second fundamental construct in MIM chemistry are rotaxanes. They 

consist of a macrocycle encircling a molecular rod terminated with bulky end-groups, which are referred 

to as stoppers (Figure 2). Due to the bulkiness of the stoppers, the macrocycle cannot dissociate from the 

rotaxane structure and remains kinetically trapped. In contrast to catenanes, the nature of rotaxanes as 

mechanically interlocked molecules is not clearly defined.[9] This is a consequence of the topologically 

trivial nature of their subunits, i.e. components of a rotaxane still represent separate species according to 

the rules of topology.[10] A supramolecular complex of an axle and a host is termed a pseuodorotaxane, 

which displays exchange kinetics. Under certain circumstances, a rotaxane can be considered to possess 

partial pseudorotaxane character because the exchange kinetics may be strongly influenced by the 

chemical environment.[9] Similar to catenanes, a prefix [n] denotes the total number of 

interlinked/interlocked components. Rotaxanes were historically obtained by statistical syntheses 

developed by Harrisson and Harrisson[11] and the covalent-directed approach developed by Schill[12] which 

was similar to the synthesis of the previously reported catenane. Both were, however, ineffective due to 

poor threading statistics or the laborious synthetic route.  

Template-directed methods were therefore developed to simplify reaction protocols and to 

improve yields, which enabled a routine, preparative scale synthesis of rotaxanes.[4] Supramolecular 

templation is the most versatile and consequently the most frequently used method for MIM synthesis. 

Among the many methods available for interlocking,[4,13] threading of an axle into macrocyclic receptor 
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followed by stoppering (rotaxane) or macrocyclization (catenane) are most frequently applied (Figure 2). 

 

Figure 2. Assembly of a [2]catenane and a [2]rotaxane from a pseudorotaxane. 
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Rotaxanes and Molecular Daisy Chains 

 

The receptor component of a rotaxane (Figure 3a) can be covalently attached to the axle to result in a 

hermaphroditic molecule, which can self-recognize intra- or intermolecularly depending on the molecular 

design (Figure 3b).[14] The intermolecular recognition can in principle result in cyclic [cn]- or acyclic [an] 

supramolecular daisy chains, a nomenclature which was coined by Stoddart et al.[15] Upon introduction of 

stoppers, interlocked daisy chain-rotaxanes are obtained (Figure 3b). 

 

 

Figure 3a/b. Visualization of the analogy between formation of a) rotaxanes and b) molecular daisy chains. While the components 

are in equilibrium with their interlinked, supramolecular aggregates, the interlocked species are irreversibly trapped (=interlocked) 

after covalent attachment of the stopper.  

  



 5 
 

Supramolecular daisy chains with pseudorotaxane character were initially developed by the groups of 

Stoddart[15] and Sauvage.[16] One of the first examples of mechanically interlocked daisy chains was 

synthesized by the Stoddart group, relying on the crown-ether-ammonium ion recognition motif. From a 

triphenylphosphonium-stoppered axle component encircled by an aldehyde-functionalized crown ether, 

the interlocked, heteroditopic structure was assembled via a Wittig-reaction (Figure 4).[17] Other early 

syntheses of interlocked daisy chains have been synthesized on the basis of cyclodextrin–aromatic 

guest[18,19]recognition motifs. A key contribution to the early development of molecular daisy chains was 

the introduction of switchable elements into the structure, realized by the Sauvage group (Figure 5).[20] 

This example relied on the Cu(I)-templation strategy which the group frequently applied in pioneering 

MIM syntheses.[21,22] 

 

 

Figure 4. The first interlocked [c2]daisy chain.[17] A yield of 10 % for the cyclic dimer was reported. 

 

By stoppering of a  Cu(I)-templated, supramolecular [c2]daisy chain with a trityl-terminated terpyridine 

moiety, a switchable daisy chain was obtained, which can contract and extend by metal ion exchange 

between Cu(I) and Zn(II).[20] Switchable daisy chains that can respond towards addition/removal of zinc 

ions,[23] change of electrochemical potential,[24,25] pH-value,[26–30] light,[23] solvent[31] and temperature[24] 

have been developed thereafter by various groups. Integration of light- responsive daisy chains led to the 

formation of materials with macroscopically swichtable properties.[23,32] Such early examples are mostly 

based on [c2]daisy chains because the formation of dimeric structures is entropically favored over 

oligomerization to larger aggregates. By formation of cyclic structures both recognition sites are occupied, 

thus maximizing enthalpic contributions.[14] Nevertheless, larger [c3]- and [c4]daisy chains could be 

obtained in certain cases, sometimes by serendipity[18,33] but also by meticulous control of geometric 

arrangement of host/guest conjugates.[34,35]  
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Figure 5. Sauvage’s switchable [c2]daisy chain. 
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Hydrophobic, Template-Directed Assembly 

 

For the template-directed synthesis of MIMs, implementation of supramolecular recognition sites into the 

molecular structure is indispensable.[4] The recognition site will finally constitute a part of the molecular 

structure and will remain as a rudiment. Recognition strategies based on cation–crown ether, π-donor–

acceptor or hydrogen bonding interactions provide the driving force for binding. In contrast, solvophobic 

recognition essentially functions in reverse, i.e. by maximization of solvent interactions as the main 

contribution, although direct interactions of a host and a guest may also contribute significantly to the 

total free energy of binding. Entropic contributions can result from the decrease of partially ordered 

domains of the solvation network at the solute/solvent interface,[36] whereas enthalpic contributions arise 

from expulsion of high-energy solvent molecules located in a recognition site, resulting in increased 

interaction of liberated solvent molecules within the solvent bulk. The solvent enthalpic contributions are 

particularly pronounced in highly polar and protic solvents as a result of their strong cohesive forces.[37] In 

addition, binding strength in hydrophobic recognition is often enhanced by synergistic contributions from 

van-der-Waals-, π-donor/acceptor- and ion pairing interactions. Among the solvophobic effects, the 

hydrophobic effect[36] is the most commonly known and used driving force for supramolecular assembly 

as it is particularly strong due to the strong cohesive forces of water. A significant advantage of 

hydrophobic assembly is the potential for high association strength that many receptors such as 

cyclodextrins, cucurbiturils and cyclophanes demonstrate[4] in combination with the broad range of 

organic molecules, many of which by default have a hydrophobic surface. This is particularly advantageous 

if a traceless recognition motif is required, which does not strongly interfere with electronic properties of 

the target structure or if the installation of specialized recognition site needs to be avoided. In return it is 

required that host and guest or their complexes are soluble in an aqueous environment. If hydrophobic 

properties are not well balanced, then either phase segregation or undesired parasitic aggregation may 

occur. Similar considerations are of importance in the field of medicinal chemistry and represented by 

Lipinski’s rule of 5,[38] which provides an empirical guideline for drug design with an emphasis on balancing 

hydrophilic and hydrophobic properties. Therefore, organic structures often require solubilizing groups 

such as ionic centers or decoration with hydrogen bond donor/acceptors. Such structural features must 

be thoughtfully integrated into water-compatible, supramolecular systems. In particular, the use of larger 

conjugated structures for MIM assembly brings along an inherent discrepancy between aqueous solubility 

and strong hydrophobicity, which must be accounted for in the molecular design. 
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Diederich-Type Cyclophanes 

 

Aqueous-based MIMs are most frequently based on cyclodextrins, cucurbiturils and water-soluble 

cyclophanes.[4] For (supra)molecular daisy chain synthesis, cyclodextrin receptors combined with 

naphthalene-, azobenzene-, stilbene-, or cinnamic acid-derived guests are well represented in 

literature[14,23] while other receptors are scarcely used[39] for this purpose.  

For the construction of daisy chains a receptor must be monofunctionalized with a connection point for a 

guest. The Diederich-type cyclophanes (Figure 6) are well suited for such a modification and much of their 

chemistry is well established in literature.[40] Strong, enthalpically driven complexation of various 

hydrophobic guests in water has been described, which is referred to as a “nonclassical hydrophobic 

effect”.[41,37,40] A multitude of derived structures from those shown in Figure 6 have been synthesized by 

the Diederich group and almost every structural parameter was modified, including e.g. solubilizing 

groups,[50] larger aromatic spacer units[43] and topological changes to yield different macrotricyclic 

hosts.[44,45] Whereas the parent cyclophanes form complexes with benzene guests and naphthalenes,[42] 

their derivatives with modified cavity sizes allowed complexation of a number of larger guests such as 

paracyclophanes, steroids[43,44] or polycyclic aromatic hydrocarbons like pyrene, perylene and 

fluoranthrene.[45] Even enzyme models based on such cyclophanes were implemented, ranging from 

esterases[46] over cytochrome P-450 [47] to pyruvate oxidase mimics.[48]  

The parent cyclophanes shown in Figure 6 are ideally suited for modifications which allow for the 

formation of daisy chains. Binding properties can be altered by changing the cavity diameter or the choice 

of decorating groups (R in Figure 6). Solubility in aqueous environment is provided by the presence of ionic 

ammonium centers and can further be tuned by groups R. A linker chain of four methylene units (n = 4) 

results in an ideal cavity size for the accommodation of 1,4-substituted benzenes and 2,6-substitued 

naphthalenes.[42] Installation of methoxy groups in place of R results in a higher critical aggregation 

concentration (CAC) of ~10 mM, a deeper cavity and a stronger affinity for guests compared to the 

unsubstituted analogue. The methyl equivalent shows a rather low solubility in water and a lower CAC of 

<0.02 mM but, in return, higher complexation strengths than the aforementioned cyclophanes.[42] Thus, 

the methoxy-decorated CyOMe8 is ideal for rotaxane synthesis and complexation studies in water. 

Although the affinity for a hydrophobic guest decreases by addition of organic solvents,[42] co-solvent such 

as MeOH, DMSO or CH3CN may still be used to increase the solubility, resulting in a lower but sufficiently 

strong solvophobic effect. Therefore, supramolecular assemblies based on Diederich-type cyclophanes are 

not limited to pure water. A few reports of MIM syntheses incorporating CyOMe8 exist,[49] making it the 

only cyclophane of this type from which interlocked compounds have been synthesized to date.  



 9 
 

 

 

Figure 6. Parent structure of Diederich-type cyclophanes with structural variations of the oligomethylene linker chains and 
decoration of the cavity. The counterion was omitted, generally the most water-soluble chloride form was used by our group or 
the groups of Diederich and Anderson.  

 

In order to fulfill the requirements for the synthesis of rigid daisy chains, connection points for the coupling 

of aromatic guest moieties must be introduced. Copper(I)-catalyzed cycloaddition (CuAAC) click-

chemistry[51] is ideal for MIM synthesis, although palladium-catalyzed cross-couplings may also fulfill the 

principles of click chemistry.[52] The two approaches towards daisy chains in this thesis rely on acetylene-

functionalized Diederich-type cyclophanes, which can be coupled to a guest subunit by either CuAAC or 

Sonogashira cross-coupling. In approach a) (Figure 7) one aromatic subunit of CyOMe8 was replaced by an 

acetylene functionalized cresyl-unit, whereas in approach b) one spiropiperidine unit is replaced by 

propargylic methyl ether function. In another approach c) one of the side spacers is replaced with a N,N-

bis(ethylene)-4-iodoaniline moiety, which can be employed for efficient Pd-catalyzed couplings owing to 

the iodo-subsituent. The slightly larger cavity size might be beneficial to compensate for possible 

unfavorable conformations of the flexible side-chains upon functionalization, whereas the methyl 

decoration is introduced to achieve high association constants in organic solution. 
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Figure 7. New, modified Diederich-type cyclophanes, which are either synthesized or discussed in this thesis. 
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Rigid, Water-Soluble Oligophenylenethynylene (OPE) Rods 

 

Daisy chains are ideally synthesized from rigid monomers with low conformational flexibility in order to 

minimize the penalty in conformational entropy upon dimerization and avoid unimolecular self-threading. 

Moreover, a defined preorganization allows to control the aggregation mode of the monomeric daisy 

chains. OPE-type building blocks are ideal building blocks due to their high rigidity and their linear 

arrangement.[53–55] Although rigidity is in general favorable for template-directed assembly of MIMs, the 

combination with their intrinsic hydrophobicity results in a poor solubility particularly in water and lower 

alcohols. A number of OPEs or their diyne analogues were implemented into interlocked architectures, 

such as rotaxanes and insulated molecular wires of Tsuji [56–59], Anderson[49,60] or Bunz[61]. To increase 

solubility in aqueous-based media, strongly hydrophilic groups must be introduced. Neutral oligoethylene 

glycol chains and sugars or ionic groups such as carboxylates, sulfonates or quaternary ammonium ions 

have been used as solubilizers for poly(aryleneethynylene)s.[54] Out of these, most suitable for the purpose 

of rotaxane systems are compactly substituted, ionic arenes without any unnecessary side-chains to 

prevent the aryl moiety from acting as a stopper due to steric bulk. Synthetically well-accessible salicylic- 

or phthalic acid derivatives seem ideal building blocks for this purpose. Examples of OPE rods equipped 

with arylic carboxylate groups are often used as spacers in metal organic framework (MOF)-related 

chemistry,[62–65] conjugated polymers [66] and rotaxane syntheses.[49,60] The OPEs presented in this work are 

therefore based on salicylic-, terephthalic- or isophthalic acid derivatives. Preliminary complexation 

studies in collaboration with Dr. Sylvie Drayss-Orth[67] underpinned the suitability of carboxylate-OPE rods 

for host–guest systems in combination with Diederich-type cyclophanes. The remaining requirement for 

MIM synthesis by CuAAC are azide- substituents, by virtue of which modularly applicable building blocks 

are obtained. Throughout this thesis, all OPE rods are functionalized with aliphatic azides due to their 

lower photosensitivity compared to arylic azides. [68] 

 

 

Figure 8. Left: General structure of the OPE rods studied in collaboration with Dr. Sylvie Drayss-Orth for their suitability of 
pseudorotaxane formation in combination with CyOMe8. Right: General structure of azidoethyl-substituted OPE carboxylates 
which were targeted and synthesized in this work. Counterions are omitted. 
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Copper-Catalyzed Azide-Alkyne Cycloaddition 

 

Ever since the original publications by Meldal,[69] Sharpless and Fokin[70] usage of copper catalyzed azide-

alkyne cycloaddition (CuAAC) “click chemistry” has increased steadily. Numerous reaction protocols 

including the use of auxiliary ligands were published.[71,72] The term “click chemistry” applies to any kind 

of reaction which allows for a modular synthesis, is high-yielding, simple to perform and allows for simple 

isolation of products. It was originally branded by Sharpless[52] and is meanwhile often used synonymously 

with CuAAC, although it often does not fulfill all principles to which the definition of click chemistry was 

originally bound. Nevertheless, owing to its robustness, reliability, chemoselectivity and benign reaction 

conditions, CuAAC has emerged as an indispensable tool for constructing mechanically interlocked 

molecules.[51,73] By functionalization of building blocks with azide groups and terminal alkynes, a molecular 

construction kit is obtained which enables a modular construction of MIMs. Both functionalities are 

chemically well accessible and stable in spite of their potentially high reactivity. The explosion hazard of 

organic azides can be strongly reduced by designing precursors such that that the total number of carbon- 

and oxygen atoms exceeds the number of nitrogen atoms bound in azide groups by a factor of at least 3: 

(NC+NO)/NN ≥ 3. [74] The mechanism of this reaction was experimentally shown to proceed via a dinuclear 

copper complex,[75] confirming results from an earlier study.[76] 

 

Figure 9. Mechanism of the CuAAC reaction, which can proceed via a two different catalytic cycles. It was shown that the main 

productive contribution stems from the cycle involving a dinuclear copper species.[75] 
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Chapters of this work 
 

1. π-Conjugated, Interlocked Molecules: Opportunities, Challenges and Prospects 

 

Among interlocked molecules, large π-conjugated structures are less commonly found than other types of 

structural motifs. Such structures offer a wide variety of unique properties owing to their rigidity and 

optical or electrochemical addressability. This allows to construct not only materials with sophisticated 

optoelectronic properties but also to synthesize rigid nanostructures with well-defined three dimensional 

structures. Moreover, a non-covalent linkage of molecular subunits can be employed for functionalization 

beyond the scope of covalent modification. Such modifications can be used for modulation of 

optoelectronic properties of a compound, for stabilization against physical or chemical stressors or for 

controlling aggregation and solubility. The intention of this chapter is to give an overview of conjugated 

structures in MIMs and point out remarkable properties in a few selected examples. 

 

2. Assembly of [2]Rotaxanes in Water 

 

To develop a model system for the construction of MIMs incorporating Diederich-type cyclophanes relying 

on a CuAAC-based assembly strategy, a series of naphthalenes equipped with propargyl-terminated 

oligoethyleneglycol chains in 2,6-positions was synthesized and analyzed for the suitability to prepare 

rotaxanes. Thermodynamics of pseudorotaxane formation was examined by fluorescence titration and 

isothermal titration calorimetry, revealing high binding constants of the naphthalene axles and CyOMe8. 

Rotaxane formation was then examined by analytical HPLC after stoppering of the pseudorotaxane with a 

bulky, water-soluble azide-bearing stopper. It was found that tetraethylene glycol chains sufficiently 

solubilize the naphthalene cores and avoid precipitation of the guest from the aqueous cyclophane 

solution. The naphthalene guests proved to be suitable for MIM synthesis in combination with CyOMe8. A 

rotaxane based on a naphthalene-2,6-dicarboxylate axle was synthesized in 59 % yield, however, the 

obtained samples contained impurities that could not be removed due to hydrolytic instability of the 

rotaxane. This was followed by the synthesis of a more robust, hydrolytically stable 2,6-dioxynaphthalene-

based rotaxane . In this case, a yield of 19 % could be obtained after purification by HPLC. The synthetic 

work, physical measurements and preparation of the manuscript were carried out in close collaboration 

with Dr. Sylvie Drayss, and an early version of the manuscript is therefore included in her PhD thesis, the 
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TOC graphic was additionally designed by her. 1H-NMR measurements and assignments were supported 

by Prof. Dr. Daniel Häussinger and his Wahlpraktikum student Felix Raps. Isothermal titration calorimetry 

(ITC) was performed by Dr. Michal Valášek. This work was published in European Journal of Organic 

Chemistry, 2017, 4091–4103. 
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3. Aqueous assembly of Zwitterionic Daisy Chains 

 

The synthesis of molecular daisy chains based on a positively charged Diederich-type cyclophane and a 

negatively charged salicylate-based OPE rod is presented. The synergistic combination of the hydrophobic 

effect and ion-pairing interaction leads to strong aggregation of the daisy chain monomer which was 

investigated by concentration-dependent 1H-NMR in D2O/MeOD (v/v, 4:1) mixtures. Due to the 

simultaneous presence of several aggregates, no quantitative assessment of the association strength could 

be made. The binding strength of a salicylate-based OPE and CyOMe8 as a model system was therefore 

examined, revealing a very large association constant (4 * 106 M-1) confirming the beneficial effect of the 

additional electrostatic attraction.  Mechanically interlocked daisy chains were then obtained from a click-

stoppering reaction in H2O/MeOH (v/v, 4:1), using a similar stopper as in chapter 2. From this reaction [c2]- 

and [a2]daisy chains were obtained after purification by preparative HPLC. Characterization of the final 

products by 1H-NMR supported the interlocked nature of the daisy chains and, according to the 

expectations, the cyclic dimer consisted of a mixture of Ci- and C2-symmetric diastereomers. Initial 

analytical separation attempts were supported by Dr. Sylvie Drayss and 1H-NMR DOSY measurements were 

performed by PD Dr. Daniel Häussinger. Dr. Michal Valášek contributed ITC measurements to determine 

thermodynamic binding parameters and attempted to obtain calorimetric data for the dissociation of daisy 

chains. This work was originally included as an accepted manuscript in this work. Meanwhile it has been 

published in Chemistry – A European Journal, 2019, 25, 285–295. 
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4. Slow Formation of Pseudorotaxanes in Water: Large Influence of the Substitution Pattern 

 

As the zwitterionic daisy chains and their hermaphroditic precursor in chapter 3 were insoluble in pure 

water, OPE rods with additional charges could improve the solubilization. Compactly substituted 

terephthalate- and isophthalate solubilizers were synthesized to introduce additional carboxylate groups 

along with the required azide functionality. These OPE rods were intended as model compounds to probe 

the association behavior in combination with CyOMe8. Slow pseudorotaxane formation kinetics in the 

order of hours to days for a complete reaction were observed. The binding constants of these OPE rods in 

MeOD/D2O 19:1 were compared to the salicylate rod from chapter 3 and found to be of similar magnitude. 

VT-NMR indicated that the pseudorotaxanes are thermodynamically stable at elevated temperatures. The 

combination of a high thermodynamic stability and kinetic inertness in an aqueous-based system is 

unprecedented. Together with the peripheral azide substituent, these OPE-Rods represent promising 

building blocks for supramolecular systems with kinetically controlled association processes or co-

conformational switching. This work was supported by Laurent Jucker, who proofread the manuscript and 

contributed analytical data for host/guest association and compound characterization. Prof. Dr. Daniel 

Häussinger conducted VT-NMR measurements for thermal stability determination of the 

pseudorotaxanes. This article was originally included as prepared for submission to European Journal of 

Organic Chemistry as an invited contribution to the Special Issue Dedicated to 50 Years of Rotaxanes.  

Meanwhile, the article has been published in European Journal of Organic Chemistry, 2019, 3384–3390 

and is included as its final version in this thesis. 
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5. Outlook: Towards Kinetically Controlled Assembly of Molecular Daisy Chains 

 

An approach towards the synthesis of a highly rigid daisy chain is presented, which relies on the 

isophthalate solubilizer and the spiro-functionalized cyclophane (Figure 7) presented in the previous 

chapter and the introduction. In this approach it was attempted combine several design considerations: 

(I) an exceptionally rigid linkage of OPE rod and cyclophane to promote to reduce the entropic penalty of 

daisy chain formation; (II) Improved solubility features due to non-zero net charge of the target structure 

(III) kinetic control over the association mode by a bulky isophthalate end-group. This work was supported 

by Yanik Weber during his Laboratory practical. As the synthesis of the target structure could not be 

completed, this chapter is presented as a possible outlook for highly rigid daisy chain structures. 
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π-Conjugated, Interlocked Molecules: Opportunities, Challenges and 

Prospects 
 

One is tempted to consider the synthesis of many classes of π-conjugated structures as a routine 

task. The repertory of synthetic methodology has expanded not least due to the development of 

palladium catalyzed cross-coupling,[1] which gives access to previously unknown or only tediously 

accessible conjugated structures. Such materials are of interest not only due to their electronic 

nature,[2] but also due to their often rigid and planar structure. These key properties make π-

conjugated materials unique building blocks for supramolecular systems.[3] Despite the 

continuous development of new synthetic methods, chemistry still faces synthetic challenges 

when it comes to π-conjugated structures, such as carbon-rich materials,[4,5] conjugated 

macrocycles and cages,[5–7] or open-shell structures.[8] Moreover, design of materials for organic 

electronics[2] with tailored optoelectronic properties is an ongoing challenge. From a materials 

science perspective, it is required not only to control intramolecular properties, but also 

intermolecular behavior such as aggregation, solubility and the nature of a local chemical 

environment. For example, non-covalent functionalization can significantly contribute to the 

stability and solubility of substance classes which are otherwise unstable, hard to characterize or 

unprocessable. While covalent modification of π-conjugated systems represents a conservative 

approach to modify molecular properties, the possibility of introducing mechanical bonds[9] or for 

supramolecular modification[10] provides additional and sometimes complementary options to do 

so. In certain cases, covalent modification may not even be an option. For example, in carbon 

allotropes consisting almost exclusively of an sp2- or sp-hybridized conjugated structure, this 

would lead to a disturbance of their pristine structure.[4,5] Whereas supramolecular complexes 

are kinetically labile and thermodynamic stability depends on the chemical and physical 

environment, mechanically interlocked molecules (MIMs) are kinetically inert. Dissociation of 

MIMs requires the breaking of covalent bonds or very harsh reaction conditions to induce 

dissociation,[9] thus their robustness is comparable to structures linked by covalently. Wholly new 

design considerations may arise from mechanically bonded π-systems. These are frequently 

neglected or overlooked as often this option is either considered to be too complex for practical 

implementation or simply not part of the organic chemist’s thought pattern. The increasing 
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impact of MIM-based molecular machines on fundamental science has been paid tremendous 

attention after awarding the 2016 Nobel Prize for the development of molecular machinery. This 

topic has already been extensively reviewed.[9,11,12] While it remains fascinating that chemistry is 

able to implement large amplitude motions on a molecular scale, the impact that the mechanical 

bond has on static molecular properties is equally exciting. From the viewpoint of fundamental 

research, π-conjugated MIMs may add opportunities for the implementation of completely new 

optoelectronic functions and/or stabilization of unprecedented classes of conjugated materials. 

This includes for example conjugated superstructures with a high degree of rigidity or 

unprecedented topologies, the development of interlocked cages or scaffolds and stabilization of 

labile substances by mechanically bonded subunits. From a more applied viewpoint of chemistry, 

the potential impact of MIMs on materials chemistry becomes evident if one considers that the 

first organic electronic devices have entered the mass consumer market. Organic light emitting 

diodes (OLEDs) have become ubiquitous and the increasing commercialization of organic-/dye-

sensitized solar cells is ongoing. Materials with optimizations relying on mechanical bonds may 

eventually find applications in the area of organic electronics. Dedicated attention to the latest 

developments of static MIMs involving extended π-systems should therefore be paid.  

The synthesis and handling of π-conjugated structures often poses specific challenges 

beyond finding an expedient synthetic pathway. In the case of rigid and planar conjugated core 

structures, π- π-stacking often leads to poor solubility,[13] which results in the necessity of 

introducing solubilizing groups or deplanarizing substituents. Without adequate solubilizers, 

characterization by common spectroscopic techniques is sometimes difficult if not impossible and 

processability for a desired application may not be given. In addition, π-conjugated molecules 

may display insufficient stability towards light, temperature or chemically reactive species. The 

reactivity results from often narrow π-π* gaps in conjugated systems, especially for near infrared 

(NIR)-active compounds. A very common phenomenon resulting from excited state reactivity is 

the bleaching of dyes upon exposure to UV-radiation. This is known in everyday life when old, 

colored magazines lose their colors or in the laboratory where it is common that certain 

chromophores are photobleached during optical measurements. Some substance classes may 

therefore be inapplicable for a desired purpose due to their unstable nature under a given set of 

conditions.  This is further aggravated by strong absorptivity of light, which leads to population of 
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more reactive excited states upon irradiation. Classically, thermodynamic stability issues of a 

chromophore would be resolved by adjustment of the electronic structure with electron-donating 

or withdrawing substituents, whereas kinetic stability can be increased by introducing steric 

protection in the form of bulky substituents. The introduction of a mechanically bonded unit can 

represent a more modular way of modifying the above properties. MIMs always have a three-

dimensional structure which breaks planarity and thus improves solubility. Additionally, a π-

system can be encapsulated to provide kinetic protection against physical and chemical stress. 

Compared to stabilization by modification of the electronic structure with substituent effects this 

holds the advantage that the parent electronic nature of a chromophore can be retained, which 

of course also depends on the extent of its interaction with the encapsulating component. In 

return, electronic modulation by strong interaction of the interlocked components can also be 

exploited to increase stability. These principles were implemented in the development of various 

insulated molecular wires and chromophores[14] which are perhaps among the most likely 

candidates for technical application. An exceptionally valuable opportunity in MIM chemistry is 

the potential for a modular assembly of multi-component systems of large molecular size, which 

could not be reasonably achieved by a covalent assembly strategy. Such interlocked assemblies 

may serve as tools for examination of photophysical or electronic properties of well-defined, non-

covalently bound structures without the necessity to take into account association/dissociation 

dynamics an equilibria or stoichiometrical variations of the individual components. In addition, 

hierarchical structures and topologically interesting materials may serve to pioneer the three-

dimensional, spatially precise arrangement of chromophores. Such materials could be used for 

mimicking biological processes or could lead to the emergence of unusual electrochemical and 

photophysical properties.  

Naturally, these opportunities often bring along new synthetic challenges, which can be 

alleviated to some extent by application of modular assembly strategies. It is certainly not always 

required to rely on mechanically bonded subunits and a supramolecular complex may also fulfill 

a desired purpose. However, the robustness that MIMs provide qualify them as superior options 

in many cases because they are discrete chemical entities which can be characterized and handled 

as such. No solvent- or concentration-dependent dissociation occurs and the stoichiometry is 

always well defined. This work aims to give an overview of established concepts that organic-
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based MIM chemistry can contribute to materials chemistry and point out remarkable examples 

with unusual topological features or physical properties. The challenges that π-conjugated 

structures pose and the opportunities they provide are quite specific. Therefore, the scope is 

limited to examples where the aforementioned properties arise from this structural feature. The 

following criteria were considered for this work: (i) chemical stabilization, (ii) control of solubility 

and aggregation, (iii) modulation of optoelectronic properties, (iv) topologically interesting, π-

conjugated materials. Often a combination of these criteria is applicable. The given examples are 

roughly divided in two sections containing (i) – (iii) and (iv). In advance to these two sections, a 

brief overview over the most common assembly strategies for π-conjugated MIMs is given. A 

focus on organic and non-dynamic, covalently interlocked materials is laid, thus excluding MIMs 

assembled by metallosupramolecular chemistry and imine/boronic acid linkage. 

 

Strategies for assembling conjugated MIMs 

 

Receptors & Recognition: The introduction of mechanical bonds usually relies on directed 

supramolecular assembly strategies[11] to avoid the necessity of statistical assembling. Directed 

methods rely either on supramolecular-, covalent-, or metal-templation. As a hybrid between 

covalent and supramolecular templation, intramolecular recognition may also be an option for 

constructing MIMs. In recent years, the method of active metal templation[15] was additionally 

established. Once a supramolecular assembly is obtained, dissociation needs to be prevented by 

introducing insurmountable steric barriers in the form of bulky stoppers or catenation, depending 

on the desired topology. There are various methods available for interlocking supramolecular 

assemblies, of which the most frequently applied ones are shown in Figure 1.  
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Figure 1. Methods for template-directed rotaxane syntheses presented in this work. a) Stoppering followed by threading, which 
can start from an unstoppered axle (capping) or from a monostoppered axle (snapping);[11] b) active metal templation, here shown 
as intermediate with all components bound to the catalytic metal template; c) clipping: in this approach, the macrocycle is either 
closed by intermolecular or intramolecular macrocyclization; d) intramolecular slipping approach. Catenane syntheses in this work 
all rely on clipping approaches which essentially is equivalent to the macrocyclization of a pseudorotaxane axle. 

 

For template-directed assembly, a multitude of host-guest recognition motifs is available, among 

which a few are predominantly applied in the construction of π-conjugated MIMs. In functional 

materials the introduction of a dedicated recognition site, which has no other purpose than to 

promote supramolecular assembly, should ideally not be required. This results for example in a 

comparably rare occurrence of the classical crown-ether/cation recognition motif for the 

construction of conjugated MIMs. Still, derivatives of crown ethers occur frequently in form of 

electron-rich hydroquinone- and dioxynaphthalene ether-based cyclophanes, which are bridged 

by oligoethylene oxide units. These derivatives eventually rely on π-donor/acceptor recognition, 

which is among the most frequently used driving forces for conjugated MIM assembly. The 

predominantly used class of receptors capable of recognizing conjugated guests are the cationic, 

viologen-type receptors which have been synthesized in various sizes (Figure 2).[16,17]  
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Figure 2. Generalization of the viologen-type receptors developed by Stoddart et. al. The parent receptor with n = 1 and m = 0 is 
widely used and well known under the nickname “blue box”. Larger receptors such as ExBox (n = 1, m = 1) are capable of 
complexing polycyclic aromatic hydrocarbons (PAHs) and large chromophores such as porphyrins. 

These electron-poor receptors are capable of recognizing electron-rich and/or extended 

conjugated units, spanning from relatively small hydroquinone ethers and tetrathiafulvalenes to 

polycyclic aromatic hydrocarbons and C60-fullerenes. Charge-transfer interactions are only 

observed in combination with electron-rich guests, therefore resulting in distinctively different    

optoelectronic properties of a resulting MIM compared to the parent components. As 

electrochemical reduction is possible for these receptors, they convey additional functionality to 

a MIM which was extensively used for switchable structures based on the “blue box”-receptor 

(Figure 2). One-electron reduction of viologens generates radical cations, which tend to associate 

mutually and hence create a new type of radical-radical interaction based recognition system. By 

anion exchange, their solubility features can be tuned from organic-soluble (PF6
-) to water-soluble 

(Cl-) making them applicable in a wide range of chemical environments. Other types of donor-

acceptor interactions have emerged on the basis of naphthalene- and perylenediimide (NDI and 

PDI) acceptors and the aforementioned electron-donating electron-rich aromatics. MIMs based 

on such a recognition motif are inherently neutral and thus eliminate the sometimes tedious 

struggle of dealing with counterions.  

Most conjugated building blocks are of relatively unpolar nature and hence possess no 

specific driving force for recognition except for relatively weak Van der Waals interactions, though 

especially aromatics with large surface area may still possess a significant driving force for 

aggregation.[13] A driving force relying on the expulsion of solvent can therefore compensate for 

the lack of strong intermolecular interactions of host and guest. Exceptionally useful and perhaps 

the most important receptors for constructing insulated molecules are the cyclodextrins (CDs, 

Figure 3),[16,18] which are water-soluble and recognize hydrophobic guests with high specifity. 
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They are manufactured at large scale, widely commercially available and exist with various cavity 

sizes (α,β, or γ-CD). A wide range of hydrophobic guests can be incorporated into these CDs, 

ranging from simple alkyl chains to pyrene- and perylene derivatives. 

 

Figure 3. The three most common cyclodextrins in axial view consisting of 6 (α-CD), 7 (β-CD) or 8 (γ-CD) D-glucose units, linked by 
1,4-glycosidic bonds. The hydroxyl groups which largely point outwards of the cavity can be further functionalized. 

As an additional benefit, their hydroxyl groups can be further functionalized with a diversity of 

functional groups, even when already introduced into an interlocked assembly.[19,20] Thus, CDs 

may also serve as a hub for the post-assembly modification of MIMs. Cucurbiturils[16] (Figure 4) 

are also often encountered as hosts for aromatic units and are commercially available as well, but 

do not come close to the synthetic flexibility of cyclodextrins. Similar to cyclodextrins, they come 

with different cavity sizes, depending on the number of methylene-bridged glycoluril units. 

 

 

Figure 4. Cucurbit[6]uril (left) and generalized structure of cucurbit[n]urils (right). 

 

A major disadvantage of a solvophobic recognition motif is the inherent lack of specific 

interaction. As a result, a desired complexation mode might be completely absent if the self-

association of either host or guest is stronger than association to a binary complex. Furthermore, 

unspecific aggregate formation (e.g. micelles, bilayers) or even phase segregation due to 

insolubility can occur. The latter problem cannot always be compensated for by a different choice 
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of solvent as this may completely disrupt solvophobic forces. These limitations must be carefully 

taken into account when designing target structures, especially when dealing with larger, 

π- conjugated structures. 

Assembly by transition metal templation is among the most powerful protocols for 

synthesizing MIMs, especially for structures with a high degree of complexity or strain. The Cu(I)-

phenanthroline or bipyridine recognition motif[15,21,22] has been most frequently applied among 

these and gave rise to some of the most intriguing interlocked structures (Figure 5). 

 

Figure 5. Sauvage’s copper-phenanthroline-based catenane, which embodies the seminal work for a wider variety of MIMs.  

It still remains one of the most successfully applied protocols today – more than 30 years after its 

first appearance. The reason for this success lies certainly in the stability and the predictable 

geometry of the templated complexes, resulting in well-preorganized structures for MIM 

synthesis. These complexes can be isolated and characterized prior to MIM formation as they 

exhibit no or only little exchange dynamics, which allows to exclude the presence of undesired 

aggregation modes. The catalytic activity of Cu(I) complexes can be harnessed for Glaser-Hay-

Eglington, Cadiot-Chodkiewicz or copper-catalyzed alkyne azide cycloaddition (CuAAc) reactions. 

It is therefore of no surprise that this approach evolved to active metal templation[15] in which the 

catalytic activity of the transition metal template is exploited for mechanical bond formation. 

Unlike in the passive metal templated assembly, the catalytic metal may be added in 

substoichiometric amounts and no preassembled Cu(I)-complex is isolated in such protocols. 

Assembly strategies relying on transition metal-based methods are never traceless as they come 

at the price of vestigial ligands in the target structure, which may be undesirable when tailoring 
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of optoelectronic properties is intended. However this is of no concern if a MIM is merely 

synthesized for its interesting topology or unprecedented structural elements. 

 

Stabilization and modulation of optoelectronic properties by encapsulation.  

 

Rotaxanation of chromophores is a particularly successful example which has proven to enhance 

the ruggedness of various chromophores and to control their local chemical environment to 

modify their photophysical properties. Although this topic has been reviewed previously,[9,11,14,23] 

it is briefly presented herein for the sake of topical completeness. This was realized for small, 

insulated chromophores and also for oligo-/polymeric insulated molecular wires (IMWs).[14] 

Stability of otherwise rather fragile squaraine and cyanine NIR dyes was strongly enhanced by 

rotaxanation,[24,25] which are both known to be either attacked by nucleophiles or photooxidized 

in absence of an insulating macrocycle. 
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Figure 6. Left: A squaraine, which was protected by rotaxanaton (X = C or N).[24] Right: An α-CD-encapsulated cyanine dye.[26] 

Polymeric and oligomeric IMWs[14,23,27] based on azo-dyes, anthracene-, phenylethynyl-, styryl-, 

phenylene-, and thiophene units[11,14,28] were encapsulated with α / β / γ-CDs or cyclophanes. 

Improved photostability, solubility, photo- and electroluminescence yields were observed. These 

improvements underpin the benefits that MIM-based materials may bring into future 

optoelectronic applications.[23] Usage of rotaxanated chromophores to control aggregation in 

photovoltaic devices[29,30] was attempted as well, yet no particular improvement of power 

conversion efficiency could be achieved. β-CD/Fluorene-based IMWs could be rendered organic-

soluble (e.g. in cyclohexane, CHCl3) by silylation, alkylation or esterification of the peripherial 



 29 
 

hydroxyl groups while still retaining favorable optoelectronic properties.[19,20] Without this 

modification, these polymers were exclusively soluble in high-polarity solvents or water. Post-

functionalization of these CD-based rotaxanes was achieved by introducing triarylamine donor 

chromophores (Figure 7).[31] Charge-separated states between triarylamine donor and 

conjugated axle were observed upon photoexcitation, demonstrating the potential of such 

assemblies for light harvesting systems.  

 

 Figure 7. An IMW, which was functionalized with triphenylamine by esterification of the CD-hydroxyl groups after assembly.[31] 

Terao et al. have synthesized molecular wires based on [1]rotaxanes[32] obtained by 

intramolecular “slipping” of oligophenylenethynylene (OPE) subunits (Figure 8) functionalized 

with permethylated cyclodextrins (pm-α-CD).[33] The [1]rotaxane precursors are highly modular, 

insulated, 1,4-functionalized phenylene building blocks and their copolymers with 

phenyleneethynylene units have displayed very high charge carrier mobilities.[34] 
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Figure 8. [1]rotaxanes developed by Terao: The shown linear and kinked precursors were further co-polymerized by Sonogashira 
cross-coupling to give insulated zigzag polymers.[34] For this purpose, the acetanilide functionality was further transformed to an 
aryl iodide by a saponification and diazotation/iodination-protocol.  

This was achieved by rational control of conjugation length with meta-connected phenylene units. 

Combined with tight encapsulation of the conjugated structure with pm-α-CD, structural 

fluctuations of the polymer could be reduced, thus increasing electronic regularity of the 

individual orbital domains. As a result, intramolecular charge hopping processes are faster and 

finally result in a higher conductivity. It is noteworthy that these conjugated polymers are only 

solubilized due to the encircling pm-α-CD units, instead of commonly employed, covalently bound 

side-chains. By employing such an intramolecular rotaxanation approach, the synthetic 

complexity can be reduced due to the disappearing necessity of introducing a stopper unit. 

[9]cumulenes could be stabilized by rotaxanation as shown by Anderson, Tykwinsky and 

co-workers.[35] Using an active-metal templation strategy with macrocyclic phenanthroline 

ligands, oligoyne rotaxane precursors were assembled by Cadiot-Chodkiewicz coupling and 

transformed to the [9]cumulenes by an acidic reductive elimination reaction (Figure 9). The 

obtained rotaxanes were stable for several weeks under argon atmosphere and in the absence of 

light, whereas the dumbbell counterparts decomposed within a few hours. Owing to the 

increased stability, these rotaxanes could survive short purification steps, which finally allowed 

for a detailed investigation of their properties. This includes thermal characterization by 

differential scanning calorimetry (DSC), which further confirmed thermal stability enhancement 

by rotaxanation.  
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Figure 9. Synthesis of cumulene rotaxanes with two different protecting macrocycles. Reductive elimination of the oligoyne 
precursors gave the cumulenic systems. [35]   

Improved thermal stability of oligoynes by rotaxanation was also observed, using the same active-

template strategy for assembly.[36] When the phenanthroline moiety of such a hexayne rotaxane 

was complexed with Re(CO)3Cl to probe optical features of the complex,[37] unexpected 

quenching of the metal complex luminescence was observed. By combined spectroscopic and 

theoretical studies, an energy transfer from the 3MLCT state to the low-lying T1 state of the 

hexayne axle was identified, which finally undergoes nonradiative relaxation.  

Electronic properties of conjugated rotaxanes can also be examined on a microscopic level 

by single-molecule conductance measurements. Such measurements rely on statistical formation 

of molecular junctions. The interpretation of results from single-molecular conductance 

measurements can be cumbersome as junction formation can result in different geometries and 

aggregation phenomena between analyte molecules may occur within the junction. When 

considering that an additional complex formation equilibrium must be taken in account it may be 

difficult to disentangle the effects due to poorly defined junction geometry and stoichiometry 

from those which specifically arise from the complex in the junction. Interlocked molecules 

eliminate the possibility of dissociation and disrupt interaction of π-conjugated chromophores, 

which is known to result in the formation of conductive aggregates.[38] Rotaxanation is therefore 

a promising tool for the development of well-defined single-molecular junctions, however only 
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very few reports of single-molecule conductance measurements incorporating conjugated MIMs 

exist.[39,40] This is certainly not least due to a considerable effort which has to be made to integrate 

the additional anchoring group functionality required for single molecule conductance 

experiments into rotaxanes. A CD-insulated rotaxane based on a conjugated rod obtained by 

Terao’s slipping protocol (Figure 10) was examined by STM-BJ.[39]  

                 

 

Figure 10.  Top left: Terao’s slipping rotaxane with amino anchoring groups.  Top right: unrotaxanated molecular wire. Bottom: 
graphical representation of the rotational variation about the biphenyl axis. The picture at the bottom was adopted from 
reference [39] with permission of John Wiley and Sons. 

Comparison with the equivalent, unrotaxanated compound revealed a lower conductance and 

less conductance fluctuations of the insulated structure. In combination with computational 

studies this was attributed to a higher rotational barrier of the biphenyl benzene rings und a 

higher dihedral angle, resulting in a lower, but more defined degree of π-overlap between the 

biphenyl benzene rings. In another example, conductance measurements of a hexayne rotaxane 

with 3,5-diphenylpyridine stoppers were performed (Figure 11).[41] The pyridine anchoring groups 

are integrated into the stopper functionality, serving additionally as steric protecting groups for 

the hexayne. A weakly enhanced conductance and a decreased probability of junction formation 

was observed when comparing the rotaxane to the dumbbell, thus it was concluded that the 

frontier orbitals involved in charge conduction are only slightly affected by the presence of the 

macrocycle. 
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Figure 11. A 3,5-diphenylpyridine-stoppered hexayne rotaxane. [41] 

 

The stabilization of open-shell organic structures was achieved by rotaxanation and catenation, 

resulting in persistent radicals, which otherwise exhibit very limited stability. An oligoaniline 

axle[42] encircled by cucurbit[7]uril (CB[7]) (Figure 12) showed markedly enhanced 

thermodynamic and kinetic stability in comparison with its uncomplexed dumbbell. The oxidation 

potential of the neutral form to the radical cation was found to be decreased by 570 mV in 

presence of the CB[7] host, such that even under aerobic conditons spontaneous oxidation 

occurs. This was attributed to the fact, that CB[7] binds more strongly to the aniline radical cation 

than to the neutral dumbbell, resulting in a stabilization of the oxidized state. The rotaxanated 

radical cation was shown to be more resistant towards oxidation to the quinoid form. As 

conductive polyaniline radical cations already find technical application, this example 

demonstrates how close to actual applications MIM-based modulation of electronic properties 

can already be realized.  

 

 

Figure 12. Andersons CB[7]-rotaxane. [42] 

 

Radical stabilization in MIMs was also reported by the Stoddart group. The radical pairing 

interaction of viologen derivatives was employed for the synthesis of catenated 

viologen/diazapyrenium radicals.[43] These catenane monoradicals are persistent at ambient 
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conditions in air and display a series of discrete electrochemical reduction steps as determined 

by differential pulse voltammetry (DPV). 

 

Conjugated Topological Structures 

 

Due to their inherent rigidity, conjugated and aromatic subunits are of particular interest for 

constructing shape-persistent superstructures. Coupling chemistry of sp- and sp2-centers has 

evolved tremendously to offer a broad substrate scope. Owing to the freedom of structural 

variation, this chemistry made it possible to construct rigid scaffolds relying on conjugated 

materials. By choosing shape-persistent building blocks with a high degree of preorganization, 

interlocked, three-dimensional molecules of large size and high complexity were realized. As the 

electrochemical and optical addressability of conjugated materials can be tuned, emergent 

properties arising from the electronic though-space coupling of the MIM subunits can be 

implemented. Early development in assembling large conjugated chromophores were pioneered 

by the Sauvage group.[44–46] Various syntheses of interlocked molecules incorporating large 

chromophores such as porphyrins and fullerenes were published, all profiting from the reliability 

of transition metal templation. 

The first example of a fully conjugated catenane (Figure 13) is the oligothiophene-

phenanthroline catenane synthesized by Bäuerle et al.[47,48] In their synthetic approach, Sauvage’s 

Cu(I)-templation method was employed. The catenane showed only weak perturbation of the 

optical properties compared to its monomer, but markedly different electrochemical behavior. 

Thus it can be concluded, that electronic coupling through space indeed results from the 

intertwined nature of the two conjugated macrocycles. 
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Figure 13. Structure of Bäuerle’s oligothiophene catenane. [47] 

More recently an interlocked catenane was synthesized by Cong and Zhu,[49] displaying a Möbius-

conjugated π-system in the solid state. Most noteworthy these catenane syntheses still rely on 

Sauvage’s copper templation, displaying both the robustness and usefulness of this method in 

particular when considering the high yield of these cyclization reactions. However, optoelectronic 

properties of this catenane did not show any remarkable features resulting from catenation. This 

was attributed to the absence of a Möbius twist in solution. 

 

Figure 14. Left: Molecular structure of the catenane by Cong and Zhu. Right: ORTEP representation of the solid state structure in 
which the Möbius-twisted phenylene ring becomes apparent. Hydrogen atoms omitted for clarity. Both pictures were adopted 
from reference [49]. 

More complex catenane topologies were realized based on conjugated building blocks as 

presented by the Zhang group (Figure 15).[50] An interlocked, shape-persistent arylene-ethynylene 

cage was synthesized by a dynamic combinatorial approach relying on alkyne metathesis. The 

compound was found to be self-templating as no specific recognition feature was introduced into 

the structure. The extent to which formation of an intertwined structure occurs was in this case 
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strongly solvent dependent, 59 % yield were observed for the reaction in a mixture of CCl4/CHCl3, 

whereas a reaction in toluene preferentially yielded the monomeric cage. Interestingly, 

application of this chemistry for synthesizing catenated structures is not universal in this case, as 

it was shown that variation of size and symmetry of the building blocks does inhibit the formation 

of interlocked cages. [51]  
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Figure 15. Zhang’s Interlocked, conjugated cages and its monomer.[50] The Boc-protecting groups were of advantage for 
chromatographic purification due to their polarity. Complete separation of the alkyl-substituted cages could not be achieved.  

 

Figure 16. Porphyrin/Oligoyne [4]catenane (left) and [5]rotaxane assembled by the Anderson group. Pictures were adopted from 
references [52] and [53]. 

 

The oligoyne rotaxane assembly concept developed by Anderson et al. was extended to the 

syntheses of a catenated nanoring[52] and [3]- and [5]rotaxanes incorporating a central 
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porphyrinic hub, surrounded by hexayne rotaxanes (Figure 16).[53] In these rotaxanes, it was 

shown that the hexayne axles act as sinks for the excited singlet state of the phenanthroline-

based macrocycles. It was hypothesized by Anderson at al.[53] that such hub-centered structures 

may serve as preorganized model structures for the synthesis of cyclic carbon allotropes.  

Recognition of large π-conjugated surfaces by complementary shaped receptors or donor-

acceptor interactions has been frequently applied in supramolecular chemistry.[13] However, 

MIMs based on these substance classes remain exotic. The noncovalent functionalization of 

single-walled carbon nanotubes (SWCNTs) to form interlocked rotaxane structures is one example 

which has been accomplished. The Pérez group, described SWCNT-templated rotaxanation 

relying on a linear, extended tetrathiafulvalene (exTTF) precursor which strongly aggregates with 

SWCNTs (Figure 17). [54] In a clipping approach, macrocyclization by a ring-closing metathesis 

reaction (RCM) was accomplished by templation with threaded SWCNTs. As there is no stopper 

unit in this system, the macrocycles could be expected to slip off, consequently qualifying this 

system as pseudorotaxane.[55] Intriguingly, the macrocycle could not be removed by sonication in 

CH2Cl2, refluxing in tetrachloroethane (b.p. 147 °C) or washing with CH2Cl2, but only by heating to 

360 °C. This approach was followed by employing other types of aromatic units in the receptor 

components, such as porphyrin,[56] pyrene and anthraquinone.[57] In all these cases, similar 

thermal stability, resistance to sonication and washing with CH2Cl2 was maintained, confirming 

the rotaxane character under ordinary laboratory conditions. The presence of threaded 

macrocycles on the SWCNTs could be confirmed by TEM and AFM.[56] By Miki and Ohe[58] a 

threading approach of anthracene-based cycloparaphenyleneacetylene was presented. 

Complexation occurred in o-dichlorobenzene at room temperature, while only those complexes 

with a tight fit of receptor and SWCNT gave threaded complexes. The complexes could be 

dissociated by calcination, displaying similar stabilities as the SWCNT/ring complexes described 

by Pérez et al. 
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Figure 17. Left: Chemical structure of the macrocycles, which were used for regulation of the catalytic activity of SWCNTs, together 
with the molecular models of the threaded complexes. Right: HR-TEM image of the nanotube/mac-AQ complex. Both pictures 
were adopted from reference [57]. 

 

It was hypothesized that the kinetic stability of these complexes arises from the enormous aspect 

ratio of carbon nanotubes.[56] This is however contradictive to the possibility of threading a 

macrocycle onto the nanotubes as presented by Niki and Ohe, who reported that threading 

occurs within a few hours in o-dichlorobenzene at room temperature. No significant kinetic 

barrier was observed for threading, still dissociation required high temperatures. This points 

towards high binding strength, which makes harsh conditions the only option to achieve 

decomplexation. It would be of particular interest to clarify whether dissociation is indeed only 

prevented by exceptionally strong and association. If so, then this would in principle represent a 

new method of inducing rotaxane character. To probe the electronic influence of the non-

covalently bound ring components on the properties of carbon nanotubes, (6,5)-enriched SWCNT 

functionalized with exTTF, pyrene or anthraquinone were examined for their catalytic activity in 
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the reduction of nitroaromatics by hydrazine.[59] A strong positive correlation between electron 

donating strength of the host and catalytic activity of the SWCNT rotaxanes was observed, 

demonstrating the strong influence of electronic coupling between the macrocycle and carbon 

nanotubes. 

 

Conclusion 

Assemblies of insulated, mechanically bonded, π-conjugated subunits show considerable 

potential to contribute to the fine-tuning of optoelectronic functionality. Mechanical 

encapsulation of chromophores can convey stability to otherwise fragile substance classes, as 

demonstrated with chromophores with low π-π* gaps and organic radicals. Additionally, non-

covalently bound subunits can serve as a platform for post-assembly functionalization of MIMs.  

Especially CDs have proven to be powerful building blocks for such purposes, owing to their 

peripheral hydroxyl groups. Entirely new classes of conjugated superstructures can be assembled, 

employing chromophores as hubs for hierarchical assemblies or conjugated rods as struts. Such 

structures enable chemists to realize three-dimensionally extended superstructures and 

chromophore assemblies. Some approaches have displayed a high degree of modularity, in 

particular when considering cyclodextrin-based rotaxanes. They do not only allow chemists to 

choose among various host/guest combinations, but also to post-functionalize them. This is not 

only desirable regarding potential applications, but also for tailoring model systems for 

fundamental research. Especially characterization of single-mulecule conductance in insulated 

MIMs could be of particular interest to probe the influence of through space interaction of 

rotaxanes which still display co-conformational dynamics. Such examples are still 

underrepresented to date and may be more frequently encountered in the future. Towards more 

extended, conjugated structures, examples of interlocked systems grow increasingly rare. An 

inspiring example are the interlocked carbon nanotubes, which challenge the definition of an 

interlocked superstructure. The non-covalent modulation of the SWCNT structure was 

demonstrated by regulation of their catalytic activity in nitroaromatics reduction, giving a 

prospect of the potential functions which could be realized by such superstructures. 
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Slow Formation of Pseudorotaxanes in Water: Large Influence of the 

Substitution Pattern 
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Supporting Information. Slow Formation of Pseudorotaxanes in Water: 
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Outlook: Towards Kinetically Controlled Assembly of Molecular Daisy 

Chains 
 

In the work of the preceding chapters, rotaxanes and daisy chains based on Diederich-type cyclophanes 

and hydrophobic guests have been synthesized and fully characterized. By combining a hydrophobic 

driving force with ion-pairing effects, pseudorotaxane association constants larger than 106 M-1 have been 

achieved in water. Additionally, association proved to be thermally robust. Furthermore, the possibility of 

controlling the association strength and also association kinetics was shown. 

The combination of a kinetic brake for complexation and high association strength could, in 

principle, be combined in daisy chains with kinetically controllable association modes. In an ideal case, 

such an idea could translate to a daisy chain monomer, which assembles to polymeric daisy chains at room 

temperature, but equilibrates to [c2]daisy chains within longer reaction times or upon heating (Figure 1). 

The formation of acyclic daisy chains (or oligomeric cycles with more than two subunits) can occur in a 

step-wise assembly. Each step can be expected to require a similar amount of activation energy. However, 

if a daisy chain monomer is designed with axial rigidity, the formation of a cyclic dimer requires a 

simultaneous threading of two pseudo-stoppers. This results in a higher activation energy requirement for 

[c2]daisy chain formation, which could be overcome by heating. The formation of daisy chains has an 

inherent entropic penalty due the loss of translational and conformational degrees of freedom. This must 

be compensated for by strongly binding recognition motifs as otherwise, self-assembly to daisy chains will 

be thermodynamically disrupted at elevated temperatures. The hydrophobic/ion pair recognition motif 

developed in this work seems ideal for such a purpose since it is a good basis for thermally robust host-

guest complexes. 

 

 

Figure 1. a) Representation of [an]daisy chains which could be obtained in a kinetically controlled reaction b) [c2]daisy chains 
which could be obtained after thermal equilibration. The blue stopper unit represents merely a pseudo-stopper which still allows 
for slow exchange dynamics. 



 245 
 

A possible daisy chain design relying on these findings is presented in Scheme 1. It relies on a spiro-

functionalized Diederich-type cyclophane with a rigidly attached OPE rod. The target structure is axially 

rigid as proposed before, although a rotation about the C-C bond of the diphenylmethane-triazole linkage 

is still possible. The desired precursor 1 could be assembled in a CuAAC reaction from building blocks 2 

and 3 followed by three additional synthetic steps: 1) Alkylation of the triazole moiety, 2) Saponification 

of the methyl esters, 3) Introduction of the azide group. The terminal azide is not essential to probe the 

functionality of this molecule. However, the introduction of positive/negative charges is required in order 

to profit from ion pairing effects. Synthetic efforts to yield cyclophane 2 were successful (scheme 2), 

however further synthetic investigations towards the assembly of 1 are still required.  

 

 

Scheme 1. A possible structure of a heteroditopic monomer 1 which could allow for kinetically controlled daisy chain assembly. 
Such a structure can be assembled from cyclophane 2 and azide-functionalized OPE rods such as 3. The synthesis of 2 was 
established in few steps. 

 

 

 

 

Scheme 2. Synthesis of 2. a) n-BuLi, THF, -78 °C, then N,N-dimethylcarbamoyl chloride, 64 %; b) Li-TMSA, THF, -78 °C to r.t., MeI; 
99%; c) 7, Cs2CO3, DMF, 44 % of 8; d) NaOH, EtOH, reflux, 84 % of 9; e) MeI, CH3CN, K2CO3, then KPF6, H2O, 98 %. 
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The synthesis (Scheme 2) starts by lithiation of 4 in THF solution followed by nucleophilic addition of N,N-

dimethylcarbamoyl chloride, affording benzophenone 5 in 64 % yield. Trimethylsilyl acetylide was added 

to the carbonyl group by nucleophilic addition. Subsequent methylation of the tertiary hydroxyl group 

gave 6 in an excellent yield of 99 %. The methylation was necessary to avoid elimination of the acetylene 

in the following cyclization step, similar to the deprotection of an acetylenic 2-hydroxypropyl group. 

Cyclization of 6 and bisphenol 7 afforded the macrocycle 8 in 44 % yield. Deacetylation gave piperdine 9 

in 85 % yield. Subsequent alkylation with iodomethane and final ion exchange to the hexafluorophosphate 

anion afforded the acetylene-functionalized cyclophane 2 in 98 % yield. 

 

Experimental 

 

Compound 5 

In a two-necked flask, 3 (16.9 g, 52.2 mmol, 2 eq.) was placed and set under inert atmosphere by flushing 

with argon for 10 minutes. Then 4 was dissolved in 110 ml dry, previously degassed THF before being 

cooled to -78 °C in an acetone/dry ice bath. Under vigorous stirring, 33.0 ml of 1.6 M n-BuLi in hexanes 

(52.8 mmol, 2 eq.) was slowly added followed by stirring for 1 h. The reaction was allowed to reach -40 °C 

in an acetonitrile/dry ice bath before 2.4 ml of N,N-dimethylcarbamoyl chloride (2.81 g, 26.0 mmol, 1 eq.) 

were slowly added. The cooling bath was removed and the mixture was stirred for 20 minutes. 100 ml of 

saturated aqueous NaHCO3 solution were added. The organic layer was removed and the aqueous phase 

was extracted with TBME (100 mL) and the combined organic phases were dried over Na2SO4. After 

removal of the solvents, the crude mixture was purified by column chromatography (silica gel, 

cyclohexane/TBME 2:1). After evaporation of the organic solvents, 5 was obtained as a white solid (8.60 

g, 64 %).  

1H NMR (400 MHz, CDCl3) δ 7.06 (s, 4H), 4.10 (t, J = 6.1 Hz, 4H), 3.86 (s, 12H), 3.66 (t, J = 6.6 Hz, 4H), 2.12 

– 1.99 (m, 4H), 1.92 (dq, J = 8.9, 6.3 Hz, 4H). 

13C NMR (101 MHz, CDCl3) δ 194.9, 153.2, 141.1, 132.9, 107.7, 72.6, 56.4, 45.0, 29.3, 27.6. 

MS (ESI +, m/z): found 515.1, calcd. 515.2 [M + H]+ 

 

Compound 6 

An oven-dried flask was set under inert atmosphere by three vacuum/argon refilling cycles. Then 35 ml of 

dry THF were added followed by ethynyltrimethylsilane (4.10 ml, 29.0 mmol, 2.1 eq.). It was cooled to -78 

°C in an acetone/dry ice bath. 17.0 ml of n-BuLi 1.6 M in hexanes (27.2 mmol, 2 eq.) were added and the 

cooling bath was removed after 30 minutes to allow the mixture to reach room temperature. 
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In another oven-dried, two-necked flask, 5 (7.00 g, 13.6 mmol, 1 eq.) was placed and set under inert 

atmosphere by three vacuum/argon refilling cycles. Then the white solid was dissolved in 90 ml of dry THF 

and cooled to -78 °C in an acetone/dry ice bath. The previously prepared LiTMSA solution was added by 

cannula transfer which led to a rise of temperature to -50 °C. The cooling bath was removed and the 

mixture was allowed to warm to room temperature. Iodomethane (2.40 ml, 5.47 g, 38.5 mmol, 2.8 eq.) 

was added dropwise and the solution was allowed to stir overnight at room temperature. The solvents 

were then removed and the crude was purified by column chromatography (silica gel, cyclohexane/TBME 

2:1). The final removal of the solvents resulted in 8.53 g of product 6 which was obtained as a brown 

viscous oil in a yield of 99 %. 

1H NMR (400 MHz, CDCl3) δ 6.78 (s, 4H), 3.97 (t, J = 6.2 Hz, 4H), 3.80 (d, J = 1.7 Hz, 12H), 3.64 (t, J = 6.7 Hz, 

4H), 3.35 (s, 3H), 2.09 – 1.97 (m, 4H), 1.93 – 1.82 (m, 4H), 0.25 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 153.0, 138.2, 136.6, 104.3, 94.9, 81.4, 72.2, 56.1, 56.1, 52.8, 45.0, 29.3, 27.5, 

0.0. 

MS (ESI +, m/z): found 595.2, calcd. for [M-OMe]+ 595.2.  

 

Compound 8 

7 (4.26 g, 9.88 mmol, 1 eq.) and 6 (6.20 g, 9.88 mmol, 1 eq.) were placed in a flask and dry cesium carbonate 

(9.66 g, 29.6 mmol, 3 eq) was added, followed by dry DMF (1.2 L). The mixture was vigorously stirred at 

room temperature for 10 minutes and then immersed into a preheated oil bath at 100 °C. After 6 h, all 

starting materials were consumed. DMF was evaporated, the residue was partitioned between DCM and 

Water (500:100 mL) and the organic phase was separated. The aqueous phase was extracted twice with 

DCM (50 mL) and the combined organic phases were washed with water, 1 % HCl and then dried over 

Na2SO4 and neutralized with solid NaHCO3. The solvents were removed and the crude product was loaded 

on silica gel. The compound was purified by column chromatography (silica gel, acetone/petroleum ether 

1:1 to give the compound as a white foam which was dried at 2 mBar/100 °C (4.0 g, 44 %).  

1H NMR (400 MHz, CDCl3) δ 6.70 (s, 4H), 6.36 (s, 4H), 4.04 – 3.90 (m, 8H), 3.69 (s, 12H), 3.67 (s, 12H), 3.49 

(dt, J = 8.4, 2.9 Hz, 4H), 3.33 (s, 3H), 2.88 (d, J = 1.0 Hz, 1H), 2.33 – 2.23 (m, 4H), 2.06 (s, 3H), 1.90 – 1.78 

(m, 8H). 

13C NMR (101 MHz, CDCl3) δ 168.9, 153.3, 153.1, 141.7, 138.1, 136.6, 135.8, 104.7, 104.0, 82.8, 80.7, 72.8, 

72.7, 56.3, 56.1, 52.6, 45.0, 43.6, 38.6, 36.8, 35.8, 26.3, 26.2, 21.4. 
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Compound 9 

8 (3.75 g, 4.10 mmol) and NaOH (2.0 g, 50 mmol) were placed in a flask, EtOH (5.0 mL) was added. The 

solution was heated to reflux for 3 days. The solvent was removed and a 3:2 mixture of H2O/MeOH (50 

mL) was added. After stirring for 10 minutes, a precipitate was formed and collected by filtration. It was 

recrystallized from 3:2 H2O/MeOH and filtered off to give an off-white powder (2.99 g, 84 %). 

1H NMR (500 MHz, CDCl3) δ 6.70 (s, 4H), 6.39 (s, 4H), 3.99 (t, J = 6.7 Hz, 4H), 3.95 (t, J = 6.3 Hz, 4H), 3.70 (s, 

12H), 3.68 (s, 12H), 3.34 (s, 3H), 2.90 (t, J = 5.2 Hz, 4H), 2.88 (s, 1H), 2.27 (t, J = 5.1 Hz, 4H), 1.87 – 1.76 (m, 

8H). 

13C NMR (126 MHz, CDCl3) δ 153.2, 153.2, 143.3, 138.2, 136.7, 135.5, 105.0, 104.1, 82.9, 80.8, 77.6, 72.9, 

72.9, 56.3, 56.2, 52.7, 45.3, 43.4, 37.8, 26.3, 26.3. 

MS (ESI +, m/z): found 872.4, calcd.872.6 [M-PF6]+ 

 

Compound 2 

8 (1.55 g, 1.78 mmol) was dissolved in CH3CN (10 mL), K2CO3 (0.49 g, 3.6 mmol) and MeI (0. 55 mL, 8.9 

mmol) were added. The mixture was stirred for 4 h and checked by LC/MS which indicated complete 

conversion to a single species. To the reaction mixture was added a solution of KPF6 (4 g) dissolved in a 

mixture of H2O (50 mL). MeOH (20 mL) was added to give a filterable precipitate. It was filtered off and 

washed with H2O (2 * 40 mL), MeOH (10 mL) and Et2O (40 mL) to give a gray powder (1.83 g, 98 %). 

1H NMR (500 MHz, CDCl3) δ 6.71 (s, 4H), 6.38 (s, 4H), 3.96 (d, J = 6.5 Hz, 4H), 3.91 (t, J = 5.8 Hz, 4H), 3.70 

(s, 24H), 3.34 (s, 3H), 3.27 (s, br, 4H), 2.98 – 2.91 (m, 6H), 2.89 (s, 1H), 2.60 (s, br, 4H), 1.86 – 1.74 (m, 8H). 

13C NMR (101 MHz, Acetone) δ 154.6, 154.1, 139.4, 137.7, 136.9, 104.9, 83.5, 81.5, 79.5, 72.9, 72.8, 61.0, 

56.6, 56.4, 52.7, 44.0, 27.1, 27.0. 

MS (ESI +, m/z): found 900.6, calcd.900.5 [M-PF6]+ 
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ja, s'isch tiptop, guet 

sitzt, passt 

ou itz heimer es problem 

schief, diese o schief 

sitzt nid, passt nid, het ke luft 

 

itz müesst der em chli gäh 

müesst em eifach no chli gäh 

gäht em no chli, gäht em no chli mit em rüedu, gäht em no chli 

dir chöit em guet no chli gäh 

 

sitzt nid, passt nid, het ke luft 

dir hättit's sölle la loufe 

s geit alles mit em computer, he 

 

Stiller Has – Znüni näh 

 

 


