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1.1 General Introduction 

1.1.1 Interlocked molecules 

Mechanically interlocked structures, namely [n]catenanes and [n]rotaxanes (where [n] 

denotes the total number of components in the interlocked assembly), are molecules in 

which their components are maintained together as a consequence of their topology.1 

The constituents of an interlocked molecule are connected by the so-called mechanical 

bond and cannot be separated without breaking a covalent bond. Figure 1. 1 shows the 

typical graphs used for the schematic representations of [2]catenanes, [2]rotaxanes and 

[2]pseudorotaxanes. A [2]catenane is composed of two interlocked rings while a 

[2]rotaxane contains a macrocyclic component threaded by a lineal axle with two 

attached terminal bulky stoppers that prevent the dethreading of the components from 

each other. Often, the key intermediate for the synthesis of [2]catenane and [2]rotaxane 

structures are [2]pseudorotaxane assemblies. In a [2]pseudorotaxane, the axle threading 

the macrocycle does not have bulky stoppers. Thus, their assembly is a reversible 

process.2 

 

Figure 1. 1. Schematic representation of a catenane, a rotaxane and a pseudorotaxane assembly. 

The chemical processes taking place in Nature are still far away from total 

comprehension for the chemistry community. The complexity and variety of the 

reactions occurring in biological systems is still a deep source from which chemist take 

inspiration. Nature has been using mechanical bonds long time before their synthetic 

analogues were obtained. Since this discovery, the development of interlocked 

molecules has generated even more interest. It was found that biological systems such 

as DNA or enzymes display catenane and rotaxane like structures during their active 

processes in Nature. For example, catenanes3 and knots4 are intermediate structures in 

DNA recombination and replication processes mediated by various enzymes.5 It was 
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possible to image this natural topological DNA structures by electron microscopy6 and 

also to resolve the crystal structure of mitochondria enzyme with catenane structure.7 

Other topologies like pseudorotaxane structures are found in some enzymes8,9 during 

their biological operations. Some researchers have started to mimic these processes in 

more simple and early synthetic catalysts.10,11,12,13,14 These findings in biological 

systems may indicate that the mechanical bond plays a vital functional role in Natural 

systems since they are present in different processes at molecular level presumably 

adding stability to spatial organization of proteins and nucleic acids. 

The first preparation of an interlocked molecule was reported by Wasserman in 1960.15 

He successfully synthesized a [2]catenane based on a statistical threading approach. 

This statistical approach relies on the random nature of the threading process giving the 

final products in low yields. Later on in 1967, Harrison and Harrison reported the first 

example of a [2]rotaxane synthesis using the statistical approach.16  

During the same decade the concept of templation at molecular scale emerged.17 A 

molecular template interacts reversibly with the reactive components without altering 

the intrinsic chemistry of the system. The interactions between the template and 

reagents are generally non-covalent interactions such as coordinate bonds, electrostatic 

(ion-ion or ion-dipole) interactions or hydrogen bonding interactions. This offers the 

possibility to easily remove the template from the final assembly.18,19 

The use of templates to generate interlocked molecules was introduced by Sauvage in 

the 1980´s using the orthogonal arrangement of bidentate phenanthroline ligands around 

a copper (I) center to template the synthesis of [2]catenane 1 (Figure 1. 2). This 

approach greatly facilitated the formation of interlocked molecules, their accessibility 

and applicability.20,21 By using this template strategy, Sauvage and coworkers reported 

the isolation of the [2]catenane in much greater yields than those obtained using the 

statistical approach. They developed two parallel templation strategies. In one hand, 

they described a simultaneous macrocyclisation of two phenantroline ligands  

(Figure 1. 2A) to afford [2]catenane 1. On the other hand, They reported an improved 

alternative by ring closure of a pseudorotaxane intermediate (Figure 1. 2B) that afforded 

the [2]catenane 1 even with a higher yield. 
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Figure 1. 2.Reaction scheme of the first cation-template synthesis of a [2]catenane reported by 
Sauvage et al.20 

The discovery of the potential of the template strategy in the construction of complex 

interlocked architectures prompted the scientists working in the field to design and 

synthesize precursor molecules bearing mutual recognition motifs in their structures that 

could act as a motion force for their self-recognition, thus enhancing the yield of the 

interlocked structure. In this vein, the [2]catenane 4 was synthesized for the first time 

using hydrogen bonding templation by Hunter,22 (Figure 1. 3). The macrocyclization 

reaction between the diamine 2 and iso-phthaloyl chloride 3 at high dilution 

concentration unexpectedly yielded [2]catenane 4 in 34% yield. In each macrocycle of 

catenane 4, one iso-phthaloyl subunit has its amide groups in cis disposition forming 

hydrogen bonds with the carbonyl oxygen of the other macrocycle. However, the other 

iso-phthaloyl subunits adopt a trans conformation.23 This approach introduced by 
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Hunter, was further used by others such as Vogtle24,25 and Leigh26 for the synthesis of 

interlocked molecules. 

 

Figure 1. 3. Reaction scheme of the synthesis of hydrogen bond templated [2]catenane described 
by Hunter. X-ray structure of catenane 4 was extracted from the Cambridge Crystallographic Data 
Centre.23 Non-polar hydrogen atoms were omitted for clarity. [2]catenane 4 is shown as stick 
representation. 

Other non-covalent interactions such as hydrophobic27,28 forces or π-π stacking have 

also been used in the design of template approaches.29,30 (Figure 1. 4).Commonly in 

these approaches there is no external template that needs to be removed from the  

interlocked architecture, the non-covalent forces that drive the self-assembly of the two 

components function as template. 

 

 

Figure 1. 4. Reaction scheme of the synthesis of Stoddart´s templated [2]rotaxane 5 by π-stacking 
template approach. 

The use of anions as templates is far less common. This could be attributed to the anion 

intrinsic properties such as pH sensitivity or their relatively high energies of solvation. 

Vogtle et al. were the firsts reporting the synthesis of a [2]rotaxane based on anion 

templation between the components of the interlocked structure, (Figure 1. 5).31 In this 

example, the macrocycle is hydrogen bonded to a bulky phenoxide anion that reacted 
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with a suitably aligned electrophile to afford the [2]-rotaxane 6. Smith32 and co-workers 

have further exploited this methodology as well as the Schalley´s group.33 

 

 

Figure 1. 5. Reaction scheme of [2]rotaxane 6 using anion template approach reported by Vogtle 
et al. 

In this first part of the introduction, we have just described the early synthetic strategies 

used in the synthesis of interlocked molecules, most of them featuring [2]catenane 

topology. However, in the last decades the interest in [2]rotaxanes has significantly 

increased in comparison to [2]catenanes. Most likely, this change in the trend of the 

topology interest is related to the applications of interlocked molecules in the field of 

molecular machines where [2]rotaxanes showed to be more versatile. Taking this 

consideration into account, the present doctoral thesis is focused in the synthesis and 

study of interlocked architectures featuring [2]rotaxane topology. Consequently, the rest 

of the introduction will be directed exclusively to gain a deeper knowledge about 

[2]rotaxane architectures, their synthesis and applications. 

1.1.2 Synthetic strategies of [2]rotaxane structures 

As briefly explained in the first part of the introduction, [2]rotaxanes can be synthesized 

following different synthetic methodologies.2 The selection of one or another approach 

depends on the synthetic limitations of the final reaction used to form the mechanical 

bond between the components of the assembly and also on the thermodynamic stability 

of the assembly under the used reaction conditions. The design of the interlocked 
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molecule should take into account these synthetic considerations in order to be 

successful for the isolation of the desired molecule. Figure 1. 6 shows a schematic 

representation of the most common synthetic strategies used for [2]rotaxane synthesis. 

Some of these strategies involve the previous formation of a [2]pseudorotaxane 

complex. On the one hand, the stoppering strategy consists on the attachment of bulky 

groups at both extremes of the previously threaded axle. The bulky stoppers must be 

large enough to avoid slippage of the axle from the macrocycle. A different strategy is 

the clipping method that affords the desired [2]rotaxane by a final ring closing reaction 

of an acyclic component in a previously formed assembly with a dumbbell-shaped 

linear component. 

  

Figure 1. 6. Schematic representation of the different approaches for rotaxane synthesis. 

The slipping method exploits the size complementarity between the ring and the 

stoppers. The ring can pass through the stoppers when enough energy is applied (heat or 

pressure) forming the kinetically trapped rotaxane at ambient conditions. More recently, 

other procedures were developed for the synthesis of rotaxanes. The swelling approach 

developed by Chiu and coworkers,34 ,35 consists on the use of a dumbbell assembly 
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already featuring stoppers at its lineal axle. The small size of the stoppers allows 

slippage of the ring until a final reaction increases their size and locks the assembly. 

Alternatively, the same effect can be achieved by using a reaction that reduces the 

effective size of the ring´s cavity. This is the procedure that involves the shrinking 

method.36,37 

In 2006, a new strategy was introduced by Leigh38 and coworkers, the so-called active 

metal template approach (Figure 1. 7). This strategy is inspired on the copper template 

synthesis developed by Sauvage that was described in the first part of this introduction. 

In the Leigh´s strategy, Cu(I) plays two different roles: it acts as template but also as 

catalyst to promote the formation of the covalent bond leading to the mechanical lock. 

 

Figure 1. 7. Schematic representation of the catalytic cycle during the active metal template 
approach for the synthesis of rotaxanes. 

The macrocycle included a coordinating ligand unit in its backbone that coordinates the 

copper catalyst. The later also holds the two fragments of the lineal component in the 

right disposition to catalyze the reaction between them leading to the desired interlocked 

product.  

The synthetic strategies described up to now, required the use of stoichiometric amounts 

of the template to pre-organize the components of the assembly. Conversely, some 
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advantages of Leigh’s approach are the catalytic amount of template required, which 

also facilitates the purification and template removal steps. 

1.1.3 [2]Rotaxane structures for the recognition of anions and ion-pairs  

Cationic and anionic species are involved in a wide range of important chemical 

processes in biological systems. Chloride anion is the most abundant anion in 

physiological media together with bicarbonate and phosphate. The ion concentration 

creates a gradient between the cell and the extracellular matrix that is regulated by the 

action of transport proteins integrated in the membranes. These chemical gradients act 

as energy sources for metabolic processes. Thus, the interest on developing synthetic 

ion transporters has increased. In addition, anions are also an important environmental 

problem related for example with the eutrophication of water derived from the overuse 

of fertilizers in agriculture, which release nitrate and phosphate anions that proliferate 

the formation of vegetation in aquatic systems.39,40 Thus, the design of effective ion 

receptors that can be used in sensing, extraction procedures and also for industrial issues 

is of great interest.  

Interlocked molecules featuring [2]rotaxane topology have been scarcely explored for 

anion recognition. This is strange taking into account the experimental evidence that 

confirm their superior binding affinity compared to their non-interlocked components.  

In this field, Beer´s group reported the synthesis of [2]catenanes and [2]rotaxanes for 

anion recognition. The synthesis was based on an anion template strategy.41,42  

(Figure 1. 8). Beer and co-workers synthesized the macrocyclic unit 7 containing three 

different binding moieties: (i) a polyether unit, (ii) a hydroquinone unit and (iii) an 

isophthalamide unit. The linear component 8 consisted of a pyridinium unit 

functionalized with two amide groups. The anion template approach was based on the 

recognition of the chloride-pyridinium ion-pair 8·Cl by the heteroditopic macrocycle 7 

producing the interwoven assembly 9. 
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Figure 1. 8. Self-assembly of pseudorotaxane 9 by orthogonal coordination of ion-pairing species 

8●Cl with macrocycle 7. 

 

The authors envisaged that after a stoppering reaction of the axle with suitable blocking 

groups followed by template removal (anion metathesis), this synthetic strategy would 

afford a unique anion binding cavity. They state that the high degree of preorganization 

encoded in the cavity of the interlocked receptors will lead to strong association 

constant with anions of similar size and geometry to the used template, thus providing a 

highly selective host for anions. The use of anions as templates was also applied for the 

synthesis of other charged [2]rotaxanes and extended to the synthesis of neutral 

[2]rotaxanes.43,44,45  

Following this anion template strategy, Beer and coworkers also synthesized the 

[2]rotaxane 10 by clipping procedure, using the ring-closing metathesis reaction to 

obtain the cyclic component (Figure 1. 9). The authors reported the binding studies of 

[2]rotaxane 10 with chloride anion in CDCl3:CD3OD (1:1 mixture). They demonstrated 

that the interlocked structure dramatically enhanced the selectivity for chloride binding 

compared to the free non-interlocked dumbbell-shaped pyridinium cation.46 These 

initial results reported by Beer, contributed significantly to the development of other 

interlocked receptors that incorporate different anionic, cationic44 and neutral45 

components, resulting in the preparation of a plethora of [2]rotaxane hosts featuring 

different selectivity for the binding of multiple species.  
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Figure 1. 9. [2]rotaxane 10 obtained by anion-templated strategy reported by Beer. X-ray 
structure of [2]rotaxane 10 was extracted from the Cambridge Crystallographic Data Centre. Non-
polar hydrogen atoms were omitted for clarity. Bound chloride is shown as CPK model and the 
whole complex in stick representation. 

The examples described so far in this introduction have been based on monotopic 

receptors, able to bind only the anion.47,48 However, recognition of individual ions in 

non-polar solvents must overcome the energetic cost associated with the separation of 

the cation or anion from its counter ion, the so-called coulombic penalty. Heteroditopic 

receptors for the recognition of ion-pairs were designed in order to overcome this 

energetic cost. These receptors show an increase in the binding affinity towards ion-

pairs compared to the discreet ions. Most likely, this is due to the existence of favorable 

electrostatic interactions between the co-bound ions and also to allosteric49 and 

cooperative effects in the binding process.50,51 Heteroditopic receptors have shown 

significant advantages in the development of membrane transport carriers, salt 

extraction and salt solubilization agents, as well as sensors in comparison to their 

monotopic counterparts.52,53,54  

For example, Smith and coworkers demonstrated the advantage of using simple 

heteroditopic receptors over monotopic analogues (Figure 1. 10).55 The presence of 

metal cations inhibited the anion binding affinity of the urea-based receptor 11 in 
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[D6]DMSO solution. This inhibition effect was attributed to the competing ion-pairing 

outside the receptor. The incorporation of a crown ether in receptor 12 able to bind the 

cation dramatically enhanced the binding affinity for the ion-pair. 

 

 

Figure 1. 10. a) Anion receptor reported by Smith. b) The incorporation of a crown ether to the 
previous receptor for binding the counter cation of the ion-pair, proved to enhance its binding 
affinity towards ion-pairs in comparison to discreet ions. 

Even though considering the advantages offered by heteroditopic receptors, the number 

of examples of [2]rotaxane architectures that function as heteroditopic receptors for the 

recognition of ion-pairs is scarce. 

Within the field of heteroditopic receptors, our group and others have demonstrated the 

potential of the calix[4]pyrrole scaffolds in ion-pair recognition. The calix[4]pyrrole 

core can bind anions by establishing four convergent hydrogen bonds with the four NH 

pyrrole protons. The binding of an anion induces a conformational change in the 

calix[4]pyrrole core, from alternate conformation to cone conformation, that results in 

the generation of a bowl-shaped and electron rich cavity opposite to the bound anion. 

This shallow cavity is ideal to complex certain cations of the ion-pairs such as 

alkylammonium cations that are bound by a combination of cation-π, CH- π, charge-

charge and charge-dipole interactions, (Figure 1. 11).  
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Figure 1. 11. Schematic representation of anion binding by a calix[4]pyrrole receptor. In a non-
polar solvent, the 1,3-alternate conformation is preferred, upon anion binding the calix[4]pyrrole 
changes to a cone conformation that defines a shallow cavity opposite to the bound anion and is 
suitable for the recognition of cationic guests.  

With this knowledge, we envisaged that the synthesis of an interlocked structure based 

on a calix[4]pyrrole macrocycle would lead to an efficient receptor for ion-pairs. 

It is worthy to note that the binding of ion-pairs exerted by heteroditopic receptors 

results in different spatial arrangements of the two bound ions, (Figure 1. 12). These 

include: close-contact, solvent-separated and receptor-separated binding geometries. 

 

 

Figure 1. 12. Host-guest binding geometries for the complexes of heteroditopic receptors with 
ion-pairs: close-contact (a), host-separated ion-pair (b), solvent-separated ion-pair (c), cascade 
complex (d). A-: anion, C+: cation, S: solvent. 

In a close contact binding geometry, the anion and the cation are in direct contact. In 

contrast in a solvent separated binding geometry solvent molecules fill the space 

between the ions of the ion-pair. Finally, the anion and the cation can be separated by 
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the receptor’s framework producing a host-separated binding geometry for the complex. 

The binding of two ion-pairs might produce complexes with cascade binding geometry. 

That is, one of the bound ions is sandwiched between two counter-ions producing a net 

binding of an ion-triplet featuring close contact binding mode.56 

1.1.4 Molecular shuttles 

One of the aims of scientists working with interlocked molecules is their application as 

primitive molecular switches and machines. The control of the unidirectional rotational 

or translational motion of one of the components in an interlocked molecule with 

respect to the other, using an external physical or chemical stimulus, constitutes the 

basic unit of a molecular machine. 

The first example of a synthetic molecular switch based on a [2]rotaxane architecture 

was reported by Stoddart et al.57 The authors desymmetrized the rotaxane’s thread by 

including in it two different binding sites. They were able to control the position of the 

ring and its switching along the molecular axle, (Figure 1. 13). 

 

 

Figure 1. 13. Molecular shuttle reported by Stoddart. The axle component contains a biphenol 
and a benzidine unit as pi electron donors. Treatment of [2]rotaxane with trifluoroacetic acid 
protonates the benzidine nitrogen atoms and the macrocyle moves to the biphenol station in 
response to repulsive electrostatic interactions. 
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On the other hand, Sauvage and co-workers investigated the rotational switching of a 

[2]catenane by incorporating two coordination sites in one of the two macrocycles,58 

(Figure 1. 14). 

 

 

Figure 1. 14. [2]Catenane switch reported by Sauvage. The macrocycle depicted in blue color 
contains two coordinating units, a phenanthroline and terpyridine entities that rotate to coordinate 
the Cu cation in two different oxidation states that are electrochemically promoted. 

Both works demonstrated externally controlled translational and rotational switching in 

mechanically interlocked molecules. These findings induced many other groups to 

investigate different ways to switch the position of the components in rotaxanes and 

catenanes architectures using various external stimuli (light, electrochemistry, pH value, 

polarity of the environment, cation binding, anion binding, allosteric effects, 

temperature, reversible covalent-bond formation, etc).59 It is not surprising that all these 

efforts to investigate and synthesize these smart molecules, has contributed to develop 

more elaborated and sophisticated supramolecular systems. It is worth noting, that the 

importance of this research area has been recently acknowledged by awarding the Nobel 

Prize in Chemistry 2016 to Profs. Jean-Pierre Sauvage, Sir James Fraser Stoddart and 

Bernard L. Feringa “for the design and synthesis of molecular machines”. 

It is also important to mention that the shuttling motions described above are considered 

the first examples of molecular machines. More recently, similar motions occurring on a 

unidirectional and cyclic manner have been reported in more complex interlocked 

architectures, which are synthetic examples of very primitive molecular motors. 

However, examples of molecular switching induced by the binding of anions or ion-

pairs are still scarce. Leigh and co-workers described the first example of the use of 

anions for molecular shuttling. They demonstrated the macrocycle switching between 
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two stations integrated in the axle component of a [2]rotaxane structure,  

(Figure 1. 15).60 Addition of AgPF6 to the rotaxane 14●Cl smoothly precipitated AgCl 

and afforded the quantitative formation of rotaxane 14●PF6. Conversely, the treatment 

of rotaxane 14●PF6 with tetrabutylammonium chloride reverses this process to give the 

original rotaxane 14●Cl. 

 

Figure 1. 15. Line-drawing structure of the [2]rotaxane reported by Leigh. The macrocycle 
component shuttle from one binding station to another by ion-pairing interactions after adding 
chloride and returns back to the previous station by removing the chloride anion using AgPF6. 
 
 
Later on, Beer et al. reported the synthesis of an anion induced shuttle based on a bis- 

imidazolium rotaxane,61 followed by the more recent works exploiting the anion 

recognition with more sophisticated molecular shuttles62,63 (Figure 1. 16). 
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Figure 1. 16. Two station rotaxane 15 reported by Beer. Changing the coordinating anion (Cl-) to 
a non-coordinating anion (PF6

-) through column anion exchange, the macrocycle shuttled from 
triazolium station to the electron-deficient naphthalene diimide moiety by stablishing donor-
acceptor interactions with its electron-rich hydroquinone groups. 
 

The interest in controlling molecular motions resides in the design of molecules that 

could execute different tasks or have different properties. The idea is to couple the 

molecular function with the change in position of the components. Some works in this 

field have afforded the so-called molecular muscles,64,65 molecular elevator,66 nano-

containers for controlled release of guest molecules,67 storage devices68 etc. 
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1.2 Aims of the thesis 

The main objective of this PhD Thesis is the synthesis of interlocked molecules 

featuring [2]rotaxane topology. The designed molecules possess a pre-organized polar 

cavity, able to bind charged species (i.e. anions) or other small polar guest mainly using 

hydrogen bonding interactions. In particular, the work undertaken in this doctoral thesis 

relates to the design and synthesis of a [2]rotaxane based on a bis-calix[4]pyrrole 

macrocyclic component and a linear component containing a 3,5-bis-amidepyridyl-N-

oxide unit. The targeted interlocked architecture is expected to function as a 

heteroditopic receptor for the complexation of ion-pairs in polar and non-polar solvents.  

In line with this overarching aim, we outline below specific goals of the work 

undertaken during the development of the thesis: 

O.1) Design and synthesis of a [2]rotaxane based on a bis(calix[4]pyrrole) 

macrocycle and a 3,5-bis-amidepyridil-N-oxide axle. We selected calix[4]pyrrole 

units as main binding scaffolds in the macrocyclic component of the assembly owing to 

their well-known anion and ion-pair binding properties. Previous work in the group 

suggested that the use of polyatomic anions as templates for the assembly of the 

[2]pseudorotaxane required as synthetic intermediate of interlocked molecules should 

favor the synthesis of the [2]rotaxane architecture.  

O.2) Explore the binding capability of the [2]rotaxanes as heteroditopic receptors 

for ion-pairs in different solvents. Our purpose is the assessment of the 

thermodynamic properties of the synthesized [2]rotaxanes as heteroditopic receptors of 

ion-pairs in a non-polar solvent i.e. chloroform. We were interested in comparing the 

binding abilities of the [2]rotaxanes  with those of its [2]pseudorotaxane counterparts. 

We also plan to evaluate the molecular recognition properties of the prepared 

[2]rotaxanes in more polar solvents (i.e. acetone). This study will constitute the starting 

point for the potential transfer of the designed [2]rotaxane structures as ion-pair 

receptors in aqueous media. 

O.3) Study the influence of the stopper’s size in the synthesis of the [2]rotaxanes. 

The selection of the stopper’s size plays a key role on the final topology featured by the 

interwoven assemblies, as well as on their kinetic stability. Consequently, we 

considered that the study of several stoppers featuring different sizes as terminal 
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blocking groups for the [2]rotaxane architectures is mandatory. The stopper’s size is an 

important factor to be evaluated in our assemblies because there are not previous reports 

in literature of [2]rotaxane architectures based on the macrocyclic component used in 

this work. 

1.3 Outline of the thesis 

In Chapter 2, we report the synthetic strategies investigated to obtain the calix[4]pyrrole 

based [2]rotaxane. We also disclose our findings on the use of ion-pairs as templates in 

the preparation of this interlocked structure. 

 

In Chapter 3 we describe the results obtained in the binding studies of the synthesized 

[2]rotaxane with a series of tetraalkylammonium salts containing hydrogen-bonding 

anions (i.e. chloride, nitrate and cyanate), by means of 1H NMR spectroscopy and 

Isothermal Calorimetry Titration (ITC) experiments. We discuss the influence of the 

anion size and shape in the determined binding constants. We also include and compare 

the results of the binding experiments performed in two different solvents: a non-polar 

non-protic solvent such as chloroform, and a polar non-protic solvent such as acetone.  

 

Finally, in Chapter 4, we disclose our investigations on the effect of the stopper’s size. 

We replace the large tris(biphenyl) stoppers for the smaller terphenyl stoppers in the 

synthesis of the interlocked structure. Most part of the last chapter reports our multiple 

and unsuccessful attempts to obtain the [2]rotaxane structure with the smaller terphenyl 

stoppers. The final part of the chapter includes a full set of characterization studies 

performed to figure out the structure of a new and unexpected isolated compound 

bearing the smaller terphenyl stoppers. 
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Synthesis of a neutral [2]rotaxane based on a 

bis-calix[4]pyrrole macrocycle 

 

 

 

 

 

 

 

 

 

Part of this chapter has been published in: 
 
Romero, J. R.; Aragay, G.; Ballester, P., Chem. Sci. 2017, 8 (1), 491-498. 
 

UNIVERSITAT ROVIRA I VIRGILI 
INTERLOCKED ARCHITECTURES BASED ON A BIS-CALIX[4]PYRROLE MACROCYCLE FOR ION-PAIR RECOGNITION 
Jose Ramon Romero Lopez 
 



UNIVERSITAT ROVIRA I VIRGILI 
INTERLOCKED ARCHITECTURES BASED ON A BIS-CALIX[4]PYRROLE MACROCYCLE FOR ION-PAIR RECOGNITION 
Jose Ramon Romero Lopez 
 



Synthesis of a neutral [2]rotaxane based on a bis-calix[4]pyrrole macrocycle 

- 39 - 
 

2.1 Introduction 

Anion recognition is an important and established field in supramolecular chemistry 

owing to the fundamental role that negatively charged species play in chemical, 

biological and environmental processes.1,2,3. Mechanically interlocked molecules such 

as rotaxanes or catenanes present unique three-dimensional cavities for anion 

recognition that resemble the preorganized pocket of anion binding proteins in 

nature.4,5,6 The use of anions as templates in the preparation of interlocked structures has 

been widely described7 and is known to generate topologically unique cavities for anion 

recognition.8,9,10 However, the majority of anion-template strategies for the assembly of 

interlocked structures combined strong ion-pairing of the linear axle with hydrogen 

bonding recognition of the anion by the macrocyclic component.11,12,13 In 2012, we 

reported the use of polyatomic anions for the quantitative assembly of 

[2]pseudorotaxane-like architectures without involving ion-pairing in the linear 

component.14 Our approach exploited the exceptional recognition properties exhibited 

by a neutral interwoven self-assembled receptor 12a towards ion-pairs 3 (Figure 2. 1). 

In chloroform, at millimolar concentration, an equimolar mixture of bis-calix[4]pyrrole 

macrocycle 1 and linear bis-amidepyridyl-N-oxide 2a produced the 12a receptor in a 

partial extent (Figure 2. 1).15  

 

 

Figure 2. 1. Quantitative self-assembly of complexes 312a with [2]pseudorotaxane topology. 
Macrocycle 1, bis-amidepyridyl-N-oxide 2, ion-pairs 3; A-: Anion (-OCN, Cl-, NO3

-); C+: Cation 
(TBA+, MTOA+). 
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The linear axle threaded the cyclic component by establishing four convergent hydrogen 

bonds between the oxygen atom of 2a and the pyrrole NHs of one calix[4]pyrrole unit 

in 1 (Figure 2. 1). Remarkably, the addition of 1 equiv. of certain polyatomic anions 

(A) as tetrabutylammonium salts (NBu4) to the two-components’ mixture induced the 

quantitative assembly of four-particle aggregates ANBu412a with 

[2]pseudorotaxane-like topology. The resulting complexes displayed a cyclic-

component separated binding mode of the ion-pair. The anion was included in the polar 

cavity of the interwoven receptor in which six NHs converged (two from bound bis-

amide and four from the opposing calix[4]pyrrole cap of the cyclic component). While 

the cation was located in the shallow, electron-rich cavity defined by the cone 

conformation of the calix[4]pyrrole, opposed to the bound anion. 

Almost coinciding with our report, Beer and co-workers16 described the synthesis of 

neutral [2]rotaxanes that recognized halide anions in aqueous mixtures containing a bis-

amidepyridyl-N-oxide axle derivative closely related to 2a. The employed strategy for 

the assembly and thermodynamic stabilization of the synthetic intermediate displaying 

pseudorotaxane topology was very similar to ours. They used a subsequent stoppering 

approach relying on the copper(I)- catalyzed azide-alkyne cycloaddition (CuAAC) 

reaction to produce the [2]rotaxane. The CuAAC has been extensively and successfully 

applied in the synthesis of mechanically interlocked molecules i.e. 

[2]rotaxanes.17,18,19,20,21  

Inspired by these findings, in this chapter we describe the synthesis of the neutral 

[2]rotaxane 5 (Scheme 2. 1). The employed stoppering strategy was based on the 

CuAAC reaction mentioned above. Surprisingly to us, the use of anion templation was 

detrimental for the synthesis of 5. The absence of templating anions (i.e. Cl-, OCN-) 

resulted in higher yields of the [2]rotaxane 5. 
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2.2 Results and discussion 

2.2.1 Design and synthesis of [2]rotaxane 5 

The syntheses of the [2]rotaxane’s molecular components (i.e. macrocycle 1,14 linear 

component 2b and stopper 4a-b,22 Figure 2. 2) were performed by following or adapting 

synthetic procedures described in literature. The selection of the tris(biphenyl) stopper 

4a was not trivial and derived from multiple unsuccessful attempts to isolate the 

[2]rotaxane when using smaller terphenyl stoppers 4b (Figure 2. 2). The results 

obtained using small stopper 4b in rotaxane synthesis will be discussed in Chapter 4. 

 

Figure 2. 2 Schematic representation of the molecules used in Chapter 2. Macrocycle 1, the bis-
amidepyridyl-N-oxides 2, stoppers 4a (large stopper) and 4b (small stopper). 
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[2]Rotaxane 5 was initially prepared by adding to the 1 mM equimolar mixture of 1 and 

2b in dichloromethane solution, 2 equiv. of the alkyne-functionalized tris(biphenyl) 

stopper 4a, 4 equiv. of diisopropyl ethyl amine (DIPEA), and a catalytic amount (5%) 

of [Cu(CH3CN)4]PF6 and tris(benzyltriazoylmethyl)amine (TBTA) (Scheme 2. 1, entry 

a from Table 2. 1). The mixture was stirred at room temperature for 5 hours. 

[2]Rotaxane 5 was isolated as a white solid in 10% yield after silica column 

chromatography purification of the crude reaction mixture using AcOEt/CH2Cl2 30:70 

as eluent. 

 

 

Scheme 2. 1. Synthetic scheme for the preparation of [2]rotaxane 5. Macrocycle 114 and stopper 
4a22 were synthetized following a reported procedure. Synthesis of linear component 2b is in the 
experimental section of this chapter. a) Reaction conditions: 5% [Cu[(CH3CN)4PF6], 5% TBTA,  
4 equiv. DIPEA, DCM. 
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Table 2. 1. Summary of the different reaction conditions tested for the synthesis of rotaxane 5. 
*n.d. not determined. We were not able to isolate pure [2]rotaxane 5. Solvent CH2Cl2 

 [1] [2b] [4] [OCNTBA] 3a [Cu(I), TBTA] Yield of 5 

a 1 mM 1 mM 2 mM - 5% 10% 

b 1 mM 1 mM 2 mM 1 mM 5% n.d.* 

c 14 mM 14 mM 28 mM - 5% 27% 

d 8 mM 16 mM 32 mM - 5% 50% 

 

Rotaxane 5 was characterized by a complete set of high-resolution spectra (1D and 2D 

NMR spectroscopy and ESI-HRMS+ spectrometry). The 1H NMR spectrum of 5 

(Figure 2. 3) in CDCl3 solution displayed both broad and sharp, well-defined signals 

that were assigned to the protons of its two components, macrocycle and axle, using 2D  

 

Figure 2. 3. (Top) Molecular structure of [2]rotaxane 5 and proton assignment (Bottom) selected 
downfield regions of the 1H NMR spectra (500 MHz, CDCl3, 298 K) of the free cyclic (1) and 
linear (10) components and [2]rotaxane 5. (*solvent peak) Notice that macrocycle signals are 
shown in blue and some signals (but not all) corresponding to the lineal component are shown in 
purple. 
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NMR experiments. In particular, the sharp signals observed in the region of 7.5 to 7.2 

ppm were attributed to protons of the bulky tris(biphenyl) stopper groups of the axle. 

The pyrrole NHs resonated at  = 8.7 ppm as a unique broad signal, which is downfield 

shifted in comparison to the NHs in the free macrocycle (Figure 2. 3). On the one hand, 

these observations suggested the existence of hydrogen-bonding interactions between 

the pyrrole NHs and the oxygen atom of the pyridyl-N-oxide group in the threaded 

linear component. On the other hand, because the cyclic component 1 possesses two 

identical calix[4]pyrrole binding sites, it must be involved in a dynamic process that 

most likely encompasses the pirouetting of the pyridyl-N-oxide axle within the 

macrocycle cavity. At room temperature, this dynamic process is fast on the chemical 

shift timescale providing a single set of signals for the protons of 1 although some of 

them appear as broad signals i.e NHs pyrrole. The aromatic proton of triazole rings (H9) 

resonated as a sharp singlet at  = 7.6 ppm confirming the covalent connection between 

the stoppers and the linear axle. Variable temperature 1H NMR experiments performed 

using a CDCl3 solution of rotaxane 5 showed that at low temperatures many of its broad 

proton signals split in two or more sharper signals. (Figure 2. 4). Most likely, this is 

 

Figure 2. 4. Selected downfield region of the 1H NMR variable temperature (from 298 K to  
223 K) experiment of a 1 mM solution of [2]rotaxane 5 in CDCl3. 
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due to the change in the rate of the pirouetting process experienced by the interlocked 

linear component of 5. The process is fast on the chemical shift time scale at 298 K but 

becomes slow at temperatures close to 233 K. 

We also performed Diffusion Ordered SpectroscopY (DOSY) NMR experiments using 

a millimolar solution of 5 in CDCl3. Despite the size difference between the two 

molecular components of 5, the diffusion constant values calculated for the decay of the 

proton signals’ intensities in any of them were identical. This result indicated that the 

two components were involved in the formation of the interlocked supramolecular 

species 5. The diffusion constant determined for 5 was 4.7  10-10 m2/s (Figure 2. 22 

from experimental section). 

Previously, we reported that in chloroform solution macrotricycle 1 and N-oxide 2a 

formed a 1:1 complex with [2]pseudorotaxane topology (Figure 2. 1).14 At room 

temperature, the 1H NMR spectrum of the equimolar mixture (1 mM) of 1 and 2a 

showed broadening beyond detection for some of the signals of the protons of the two 

binding partners. Based on 1H NMR titrations we determined that the stability constant 

of the 12a complex was 800 M-1 at 298 K.14 Taken together, these results indicate that 

at this concentration only around 30% of the binding partners are involved in the 

interwoven 12a or 12b complexes and that the equilibrium process is 

intermediate/fast on the proton chemical shift timescale. These results are in agreement 

with the low yield (10%) of rotaxane 5 isolated under these reaction conditions. 

2.2.2 Optimization of the reaction conditions 

Study of the anion template effect 

Aiming at improving the yield of [2]rotaxane 5, we considered to undertake its 

synthesis in the presence of 1 equiv. of tetrabutylammonium cyanate 3a (OCNTBA) 

(Scheme 2. 2 B, entry b Table 2. 1). 
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Scheme 2. 2. Synthetic schemes for the preparation of [2]rotaxane 5. A and B reaction conditions: 
2 equiv. 4a; DIPEA, [Cu(CH3CN)4]PF6 and TBTA in CH2Cl2, 5h at R.T. A-: Anion (-OCN, Cl-, 
NO3

-); C+: Cation (TBA+, MTOA+). 
 

We have showed that the addition of 1 equiv. of OCNTBA 3a to a 1 mM equimolar 

mixture of 1 and 2a in CDCl3 solution yielded the quantitative assembly of the 3a12a 

complex (Ka  1011 M-2) featuring [2]pseudorotaxane topology (Figure 2. 1).14 This 

result highlighted the important role played by the ion-pair in templating and stabilizing 

the interwoven structure of the complex formed between 1 and 2a in solution. 
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We expected that the concentration increase experienced by the synthetic interwoven 

intermediate with [2]pseudorotaxane topology from 30% of 12b complex to almost 

100% of 3a12b complex in the presence of an equimolar amount of 3a could be 

translated in a significant improvement of the isolated yield of [2]rotaxane 5,  

(Figure 2. 5). 

 

 

Figure 2. 5. Speciation profiles of the addition of increasing amounts of 2b (up to 1 equiv.) over a 
1 mM solution of macrocycle 1 (a), and over a 1 mM equimolar mixture of 1 and 3a (b). We 
considered the association constants determined in previous works: K(12b) = 800 M-1, K(3a1) 
= 1105 M-1, K(3a21) =·11011 M-2, K(3a12b) = 9.1× 1010 M-2.14 
 

Although we were aware of literature precedents alerting on the inhibitory effects of 

halides in CuAAC reaction rates in DMSO,23 aqueous24 and buffered systems,25 we 

repeated the threading and CuAAC stoppering reactions in the presence of 1 equiv. of 

OCNTBA 3a. We sought to perform this reaction in a NMR tube with the goal of 

analyzing the initial assembly of the synthetic [2]pseudorotaxane precursor 3a12b in 

the presence of the catalytic system (5% TBTA and Cu(I) salt), as well as the evolution 

of the CuAAC reaction by 1H NMR spectroscopy (Figure 2. 6). We observed that the 

addition of the catalytic system to a 1 mM equimolar mixture of 1, 2b and OCNTBA 3a 

and 2 equiv. of the tris(biphenyl) stopper 4a had a negligible effect on the assembled 

3a12b complex in chloroform solution. 
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Figure 2. 6. Upper part: schematic representation of the involved species in equilibria during the 
reaction. Lower part: selected upfield 1H NMR spectra of the reaction crude for the rotaxane 
synthesis showing the signals for protons H10, H8, Halkyne. Monitoring of starting material 
disappearance and product formation. Depicted in red, alkyne proton and proton H10 from free 
stopper 4a. In green is depicted H8 from starting N-oxide 2b. See Figure 2. 3 for proton 
assignment. (´) Intermediate mono-click product, (´´) [2]rotaxane 5 + free linear component 10. 
 

Five hours after the addition of the Hünig’s base (4 equiv.), the 1H NMR spectrum of 

the reaction mixture revealed that the signal corresponding to terminal alkyne protons of 

4a and the methylene protons alpha to unreacted azide groups in 2b (H8) were still 

visible. In the NMR spectra at 13h we can detect different sets of signals that we 

attribute to the multiple species present in solution during the reaction time (Figure 2. 6) 

namely 2b, monoclick product 12 (derived from the reaction of only one side of 2b with 

stopper 4a) linear product 10 and rotaxane 5. Specifically, we identified multiple signals 

in the region where proton H8 resonates. We attribute the observed signals to the proton 

in fee 2b (H8), monoclick intermediate 12 (H8´) and the linear product 10 (H8´´), protons 

H10 (corresponding to CH2 alpha to the oxygen in the stopper) in the monoclick 
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intermediate 12 (H10´) and the linear component 10 (H10´´) were also observed as 

separate signals. Moreover, the signal of the H10 proton in the free linear component 10 

overlapped with that of its counterpart involved in the rotaxane assembly 5. It is worthy 

to note that some proton signals appear as broad bands in the 1H NMR spectrum of the 

reaction mixture. Most likely, this observation is due to the existence of exchange rates 

that are intermediate on the chemical shift timescale corresponding to different binding 

equilibria that take place in solution (i.e. free and bound monoclick product 12 and free 

and bound 2b), (Figure 2. 6). 

We obtained similar results when we replaced the tetrabutylammonium cyanate salt 3a 

by methyltrioctylammonium chloride 3d. These results suggested that the salts, used as 

templates for the quantitate assembly of the [2]pseudorotaxanes, had a significant effect 

in the formation rate of the mechanical bond, that is the stoppering reactions on the 

linear component in the [2]rotaxanes. 

In order to gain some insight on the effect played by the tetralkylammonium salts in the 

CuAAC reaction’s rate we performed additional control experiments. First, we 

determined that the CuAAC reaction of diazide 2b with 2 equiv. of stopper 4a in 

CH2Cl2 solution in the absence of macrocycle 1 was completed after 3 hours,  

(Figure 2. 7 a). Conversely, the same reaction in the presence of 1 equiv. of either ion-

pair OCNTBA 3a or ClMTOA 3d did not take place even after a period of 24 hours, 

(Figure 2. 7 b). All together, these results indicated that the presence of 1 equiv of 

tetralkylammonium salts of coordinating anions, like cyanate or chloride caused the 

inhibition and deactivation of the copper(I) catalytic system, possibly by competing 

with the activation of the azide through coordination with the metal center.  
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Figure 2. 7. Selected upfield region of the 1H NMR spectra for the synthesis of linear component 
10 in the absence (a) and in the presence (b) of OCNTBA. Alkyne protons and proton H10 from 
free stopper 4a are depicted in red. Protons H8 from initial N-oxide 2b are depicted in green. See 
Figure 2. 3 for proton assignment. (´) Intermediate mono-click product, (´´) linear component 
product 10. 
 

As mentioned above, the presence of the cyclic component 1 in the stoichiometrically 

controlled mixture of reactants 2b, 3a and 4a allowed the CuAAC reaction to evolve but 

to a partial extent (Figure 2. 6). Most likely, in this latter case, the complexation of the 

ion-pair exerted by the self-assembled [2]pseudorotaxanes and the emerging [2]rotaxane 

significantly reduced the amount of free anions (salt) in solution below 1 equiv. 

Moreover, the isolation of [2]rotaxane 5 from the crude reaction mixtures obtained 

using the ion-pair template strategy was not exempt of complications. Surprisingly, the 

fractions isolated from the column chromatography purification of 5 consisted mainly of 

mixtures of the free receptor, free linear component and the ion-paired complex, 

35.26,27 

 

Concentration effect 

Considering the synthetic limitations encountered in the use of ion-pairs as templates 

for the synthesis of the mechanically interlocked receptor 5 (i.e. purification problems 

and catalyst deactivation), we explored alternative methodologies that could improve its 
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isolated yield (entries c and d from Table 2. 1). We expected that at higher 

concentrations the formation of the synthetic intermediate with [2]pseudorotaxane 

topology will be favored. In fact, from the corresponding speciation profiles (Figure 2. 8 

a), it is possible to derive that the 12b complex is formed, working under 

stoichiometric control, in a much higher extent at a concentration of 14mM than at 1 

mM, 83% and 30%, respectively (see Figures 2.5 and 2.8a)  

 

Figure 2. 8. Speciation profiles of: (a) the addition of increasing quantities of 2b (up to 1 equiv.) 
over a 14 mM solution of macrocycle 1. (b) the addition of increasing quantities of 2b (up to 2 
equiv.) over a 8 mM solution of macrocycle 1. We considered the association constants 
determined in previous works: K(12b) = 800 M-1.14 
 

Moreover, working at 8 mM concentration for the cyclic component, in order to assure 

the complete solubility, and doubling the amount of linear component (16mM), induced 

the assembly of interwoven product concentration 12b complex to a level of 87%, 

(Figure 2. 8 b). We expected that the use of the latter concentration conditions in the 

stoppering reaction will translate in a significant improvement of the isolated yield for 

the [2]rotaxane 5. 

Indeed, a fourteen fold increase in the concentration of reactants ([2b] = 14 mM and 

[4a] = 28 mM) and the cyclic component ([1] = 14 mM) maintaining a 1:2:1 

stoichiometric ratio almost tripled the yield of the isolated [2]rotaxane 5 (27 %). 

Doubling the stoichiometric ratio of reactants (2b and 4a) with respect to the cyclic 

component (1) and using the latter at a concentration of 8 mM in order to assure the 

solubility of all compounds, allowed us to isolate the [2]rotaxane 5 in a significant 50% 
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yield. We used the catalytic system in a 5% load with respect to the concentration of the 

linear component and all reactions were completed in less than 5 hours. Most likely, the 

higher concentration attained for the [2]pseudorotaxane precursor in the more 

concentrated solutions was responsible for the observed increase in isolated yields of 5. 

2.3 Conclusions 

In summary, we describe a synthetic methodology for the preparation of [2]rotaxane 5 

in a remarkable 50% isolated yield. We conclude that the use of anion templation in the 

preparation of interlocked structures may limit the application of the CuACC reaction in 

the stoppering step. In our specific case, we found that the use of ion-pairs as template 

for the quantitative self-assembly of the synthetic precursor displaying 

[2]pseudorotaxane topology was associated with two synthetic limitations: (a) 

difficulties in the isolation of the final [2]rotaxane 5 free from the ion-pair used as 

template and (b) deactivation of the Cu(I) catalytic process employed to promote the 

CuAAC reaction in the stoppering step. 

2.4 Experimental section 

2.4.1 General information and instrumentation 

All reagents were obtained from commercial suppliers and used without further 

purification. Anhydrous solvents were obtained from a solvent purification system SPS-

400-6 from Innovative Technologies, Inc. All solvents were of HPLC grade quality, 

commercially obtained and used without further purification. Routine 1H NMR spectra 

and kinetic studies were recorded on a Bruker Avance II 400 Ultrashield NMR 

spectrometer. Variable temperature experiments and 2D NMR spectra were performed 

on a Bruker Avance 500 (500.1 MHz for 1H NMR) Ultrashield spectrometer. CDCl3 

from Sigma Aldrich was used for NMR studies. Chemical shifts are given in ppm, 

relative to TMS. Analytical HPLC experiments were performed using a HPLC1100 

Agilent instrument. UV-Vis measurements were carried out on a Shimadzu UV-2401PC 

spectrophotometer equipped with a photomultiplier detector, double beam optics and 

D2 and W light sources. Simulated speciation profiles of pseudorotaxane formation 
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were obtained for different reaction conditions using the Hyss software. The stability 

constants used in the simulation were determined in previous works14 by 1H NMR and 

ITC experiments. 

2.4.2 Synthetic procedures 

3-(4-(Tris(4'-tert-butylbiphen-4-yl)methyl)phenoxy)propyne 4a was synthesized 

according to reported procedures.22 

 

Synthesis of 3,5-bis((5-azidopentyl)carbamoyl)pyridine 9 

Compound 9 was prepared from commercially available 3,5-pyridinedicarboxylic acid 

by reaction with oxalyl chloride and a catalytic amount of DMF to obtain the 

corresponding acid chloride 8. To a solution of 8 in DCM (1.2 mM, 10 mL) a solution 

of 5-azidopentan-1-amine 628 (1.53g, 11.9 mmol), Et3N (2.8 mL) and DMAP (0.69 g, 

5.7 mmol) in dry CH2Cl2 (5 mL) was added dropwise at 0ºC. The reaction mixture was 

stirred at room temperature for 2h. After 2 hours, the reaction crude was washed with 

0.01 N HCl (210 mL) followed by washes of saturated NaHCO3 (2x10 mL). The 

organic layer was dried over anhydrous Na2SO4 and concentrated in vacuo. Purification 

of the residue by column chromatography (AcOEt as eluent) afforded 9 as yellow solid 

(1.13 g, 51 %). 1H NMR (400 MHz, Chloroform-d) δ 9.08 (s, 2H), 8.44 (s, 1H), 6.65 

(br, 2H), 3.51 (m, 4H), 3.30 (m, 4H,), 1.67 (m, 8H), 1.48 (m, 4H). 

 

Synthesis of 3,5-bis((5-azidopentyl)carbamoyl)pyridine 1-oxide 2b 

In a round bottom flask (250 mL) 3,5-bis((5-azidopentyl)carbamoyl)pyridine 9 (1.1 g, 

2.9 mmol) and sodium hydrogen carbonate (7.4 g, 87.5 mmol) were dissolved in 30 mL 

mixture of H2O/2-butanone 1:1. The solution was stirred vigorously for 5 min. Oxone 

was added dropwise to the solution (7 g in 10 mL of water). After 4 hours, the reaction 

mixture was treated with brine (20 mL) and the desired product was extracted with 

CHCl3 (2x10 mL). The combined organic layers were dried over anhydrous Na2SO4 and 

concentrated in vacuo to obtain a yellow solid (993 mg, 84%). 1H NMR (400 MHz, 

Chloroform-d) δ 8.87 (s, 2H), 8.10 (s, 1H), 7.14 (br, 2H), 3.51 (m, 4H), 3.33 (m, 4H), 

1.70 (m, 8H), 1.52 (m, 4H). 13C{1H} NMR (125 MHz, Chloroform-d) δ 162.4, 140.3, 
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134.2, 124.8, 51.4, 40.5, 29.0, 28.7, 24.3. IR νmax/cm-1: 2935 (C-H, st), 2090 (N=N, st), 

1645 (C=O, st), 1543 (N-O, st). HR-MS (ESI-TOF ES+) m/z calculated for C17H25N9O3 

([M+H])+ 404.2153 found ([M+H])+ 404.2145 

 

Synthesis of linear component 10 

A mixture of 2b (32 mg, 0.08 mmol), 4a (127 mg, 0.16 mmol), Cu(CH3CN)4PF6 (30 

mg, 0.08 mmol) and TBTA (43 mg, 0.08 mmol) were dissolved in dry DCM (4 mL) in a 

two necked round bottom flask (50 mL). Finally, N-ethyl-N-isopropylpropan-2-amine 

(0.056 ml, 0.32 mmol) was added to the reaction mixture. The reaction was stirred at 

room temperature under argon for 3 hours. After 3 hours, the crude was washed with 

water (2x40 mL). The organic layer was dried over anhydrous Na2SO4 and concentrated 

in vacuo. The product was purified by silica column chromatography using DCM as 

eluent in order to collect the excess of stopper 4a. The eluent was changed to 5% 

MeOH/DCM to collect the desired product as a white solid (85 mg, 54%). 1H NMR 

(400 MHz, Chloroform-d) δ 8.78 (s, 2H), 8.1 (br, 1H), 8.09 (s, 2H), 7.53 (d, J = 8.4 Hz, 

12H), 7.52 (s, 2H), 7.49 (d, J = 8.4 Hz, 12H), 7.43 (d, J = 8.4 Hz, 12H), 7.29 (d, J = 8.4 

Hz, 12H), 7.22 (d, J = 8.8 Hz, 4H), 6.8 (d, J = 8.8 Hz, 4H), 5.08 (s, 4H), 4.35 (m, 4H), 

3.4 (m, 4H), 1.84 (m, 4H), 1.64 (m, 4H), 1.34 (s, 54H, CH3-tBut), 1.28 (m, 4H). 
13C{1H} NMR (125 MHz, Chloroform-d) δ 162.8, 156.3, 150.4, 145.7, 144.4, 141.2, 

140.9, 140.1, 138,6, 137.8, 132.5, 131.7, 126.7, 126.2, 125.8, 123.3, 121.5, 113.6, 64.0, 

61.8, 49.8, 39.6, 34.8, 31.5, 29.5, 27.7, 22.8. IR νmax/cm-1: 2959 (C-H, st), 2867 (C-H, 

st), 1494(C=N, C=C, st), 815 (C=C, st). HR-MS (ESI-TOF ES+) m/z calculated for 

C133H141N9O3Na ([M+Na])+ 1967.0948 found ([M+Na])+ 1967.0938 

 

Synthesis of [2]rotaxane 5 

Conditions a: Macrocycle 114 (21.1 mg, 0.018 mmol), pyridine N-oxide 2b (7.1 mg, 

0.018 mmol), 4a (27.2 mg, 0.035 mmol), TBTA (0.50 mg, 0,910-3 mmol) and the 

catalyst Cu[(CH3CN)4PF6] (0.34 mg, 0.910-3 mmol) were placed in a two necked round 

bottom flask (25 mL) and dissolved in dry DCM (7 mL). Finally, the Hünig's base 

(0.012 ml, 0.070 mmol) was added to the reaction mixture and was stirred at room 

temperature under Ar for 5 hours. The reaction could be monitored by TLC (2% 
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MeOH/DCM, Rf rotaxane=0.36; Rf macrocycle=1; Rf linear component=0). The 

reaction mixture was washed with water (240 mL). The organic phase was dried over 

anhydrous Na2SO4 and the solvent was removed in vacuo. The residue was purified by 

column chromatography (30% AcOEt/DCM) to give the desired product as a white 

solid (6 mg, 11%). Upon changing the eluent to 5% MeOH/DCM we could isolate the 

free linear component. 

Conditions b (using MTOACl as template): In a two necked round bottom flask (25 

mL) macrocycle 1 (21.1 mg, 0.018 mmol), pyridine N-oxide 2b (7.1 mg, 0.018 mmol), 

MTOACl 3d (7.3 mg, 0.018 mmol) were dissolved in dry DCM (7 mL). The formation 

of the 1:1:1 [1]:[2b]:[3d] pseudorotaxane complex was monitored by 1H NMR. After 

confirming the exclusive formation of the 1:1:1 complex in solution, 4a (27.2 mg, 0.035 

mmol), TBTA (0.50 mg, 0.910-3 mmol) and the catalyst Cu[(CH3CN)4PF6] (0.34 mg, 

0.910-3 mmol) were added to the reaction mixture. Finally, Hünig's base (0.012 ml, 

0.070 mmol) was added and the reaction mixture was stirred at room temperature under 

Ar for 5 hours. After 5 hours the reaction crude was washed with water (240 mL). The 

organic phase was collected and dried over anhydrous Na2SO4 and the solvent was 

removed in vacuo. The crude was purified by silica column chromatography, using 30% 

AcOEt/DCM as eluent. Different fractions were collected but none of them contained 

the pure free rotaxane but mixtures of the free macrocycle 1, free linear component 10 

and the ion-paired complex 35. Other separation mixtures (e.g. MeOH:DCM 5:95) 

were also tried without separation success. 

Conditions c (higher concentration of the reactants, 14 mM): In a two necked round 

bottom flask (25 mL) macrocycle 1 (100 mg, 0.084 mmol), pyridine N-oxide 2b (33.7 

mg, 0.084 mmol), 4a (129 mg, 0.167 mmol), TBTA (2.2 mg, 4.210-3 mmol) and the 

catalyst Cu[(CH3CN)4PF6] (1.5 mg, 4.210-3 mmol) were dissolved in dry DCM (6 mL). 

Finally, Hünig’s base (0.06 ml, 0.33 mmol) was added to the reaction mixture. The 

reaction was stirred at room temperature under Ar for 5 hour. After 5 hours, the reaction 

crude was washed with water (240 mL). The organic phase was collected and dried 

over anhydrous Na2SO4 and the solvent was removed in vacuo. The residue was purified 

by column chromatography (30% AcOEt/DCM) to give pure [2]rotaxane 5 as a white 

solid (72 mg, 27%).).  
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Conditions d (1:2:4 [1]:[2b]:[4a] molar ratios, and 8 mM): In a two necked round 

bottom flask (25 mL) macrocycle 1 (100 mg, 0.084 mmol), pyridine N-oxide 2b (67.4 

mg, 0.167 mmol), 4a (258 mg, 0.334 mmol), TBTA (22 mg, 0.04 mmol) and the 

catalyst Cu[(CH3CN)4PF6] (16 mg, 0.04 mmol) were dissolved in dry DCM (10 mL). 

Finally, Hünig’s base (0.1 ml, 0.7 mmol) was added to the reaction mixture. The 

reaction was stirred at room temperature under Ar for 5 hours. After 5 hours the reaction 

crude was washed with water (240 mL). The organic phase was collected and dried 

over anhydrous Na2SO4 and the solvent was removed in vacuo. The residue was purified 

by column chromatography (30% AcOEt/DCM) to give pure [2]rotaxane 5 as a white 

solid (130 mg, 50%). 
1H NMR (500 MHz, Chloroform-d) δ 8.73 (br, 8H, NHe,f), 8.20 (s, 1H, H2), 7.64 (s, 

2H, H9), 7.54 (d, J = 8.5 Hz, 12H, H15), 7.49 (d, J = 8.5 Hz, 12H, H16), 7.44 (d, J = 

8.5 Hz, 12H, H14), 7.29 (d, J = 8.5 Hz, 12H, H13), 7.24 (m, 4H, H12), 6.96 (br, 8H, 

Hb, Hd), 6.88 (m, 12H, H11, Ha, Hc), 5.93 (m, 16H, Hg-j), 4.97 (br, 4H, H10), 4.18 (m, 

4H, H8), 3.6 (br, 4H, H4), 1.92 (m, 4H, H7), 1.75 (br, 16H, H5, Hk-l), 1.55 (br, 24H, 

Hm,n), 1.35 (s, 54H, H17). 13C{1H} NMR (125 MHz, Chloroform-d) δ 162.3, 156.2, 

150.2, 149.6, 145.7, 143.9, 139.7, 139.3, 138.8, 138.4, 137.7, 135.9, 133.5, 132.3, 

131.6, 131.4, 127.1, 126.6, 126.1, 125.9, 125.7, 123.9, 118.9, 113.4, 105.5, 102.9, 81.6, 

74.2, 63.7, 61.3, 49.9, 45.4, 39.3, 34.8, 34.5, 31.5, 31.4, 29.8, 29.7, 28.8, 27.9, 22.9. IR 

νmax/cm-1: 3344 (N-H, st), 2960 (C-H, st), 2867 (C-H, st), 1494(C=N, C=C, st), 814 

(C=C, st), 767 (C-H, δ oop). HR-MS (ESI-TOF ES+) m/z calculated for 

C217H217N17O5Na2 ([M+2Na])2+ 1593.3517, found ([M+2Na])2+ 1593.3474. 
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2.4.3 Experimental section: Figures 

 

 

Scheme 2. 3. Synthetic scheme for the preparation of N-oxide (2b). 5-azidopentan-1-

amine (6) was synthesized following a reported procedure.29,30 
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Scheme 2. 4. Schematic synthesis of large stopper 4a.22 
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Scheme 2. 5. Synthetic scheme for the preparation of the linear component (10).  
 

 

Figure 2. 9. HPLC trace of a 1 mM solution of pure macrocycle 1. 
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Figure 2. 10. HPLC trace of a 1 mM solution of pure [2]rotaxane 5. 
 

 

Figure 2. 11. HPLC trace of a 1 mM solution of an equimolar mixture [2]rotaxane 5 and 
macrocycle 1. 
 

 

 

Figure 2. 12. 1H NMR spectrum of 9 (CDCl3, 400 MHz, 298 K) with the corresponding proton 
assignment.  
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Figure 2. 13. 1H NMR spectrum of N-oxide 2b (CDCl3, 400 MHz, 298 K) with the corresponding 
proton assignment. 
 

 

Figure 2. 14. 1H NMR spectrum of linear component 10 (CDCl3, 400 MHz, 298K) with the 
corresponding proton assignment.* solvent signal. 
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Figure 2. 15. 1H NMR spectrum of a 1 mM solution of [2]rotaxane 5 (CDCl3, 500 MHz, 298 K) 
with the corresponding proton assignment. 
 

 

Figure 2. 16. 13C{1H} NMR spectrum (125 MHz with cryoprobe, CDCl3, 298 K) of a 1 mM 
solution of [2]rotaxane 5. 
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Figure 2. 17. 1H-13C HSQC spectrum (125 MHz with cryoprobe, CDCl3, 298 K) of a 1 mM 
solution of [2]rotaxane 5. 
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Figure 2. 18. 1H-13C HMBC spectrum (125 MHz with cryoprobe, CDCl3, 298 K) of a 1 mM 
solution of [2]rotaxane 5. 
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Figure 2. 19. Selected downfield region of the COSY experiment (CDCl3, 500 MHz, 298 K) of a 
1 mM solution of [2]rotaxane 5 showing the assignment of some relevant cross-peaks. 
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Figure 2. 20. Selected upfield region of the COSY experiment (CDCl3, 500 MHz, 298 K) of a 1 
mM solution of [2]rotaxane 5 showing the assignment of some relevant cross-peaks from the 
aliphatic chain of the linear component. 
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Figure 2. 21. Selected region of the ROESY experiment (CDCl3, 500 MHz, 298 K) of a 1 mM 
solution of [2]rotaxane 5 showing the assignment of some relevant cross-peaks. 
 

 

Figure 2. 22. 1H pseudo-2D DOSY (CDCl3, 500 MHz, 298 K) of a millimolar solution of 
[2]rotaxane 5 (a) and fit of the decay in the peak height at 4.99 ppm to a monoexponential 
function (b). 
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Figure 2. 23. UV-visible spectrum of a micromolar DCM solution of free macrocycle 1 (blue 
line), linear component 10 (green line) and [2]rotaxane 5 (red line). 
 

 

Figure 2. 24. Experimental (left) and theoretical (right) isotopic pattern of HR-MS spectrum of 
[2]rotaxane 5. 
 

 

Figure 2. 25. Experimental (left) and theoretical (right) isotopic pattern of HR-MS spectrum of: 
linear component 10. 
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Binding Studies of [2]rotaxane 5 with ion-pairs 
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3.1 Introduction 

The design and synthesis of receptors capable of recognizing ion-pairs (heteroditopic 

receptors)1 instead of hosts able to bind either an anion or a cation has attracted 

increasing interest in the last years since they exhibit improved properties in terms of 

selectivity and sensitivity.2 The nature of these enhanced binding properties is not easy 

to address. Cooperative interactions exerted between the co-bound ions and cooperative 

allosteric effects are known to contribute to this improvement. Moreover, the binding of 

the counter-ion of the targeted ion is also known to reduce interferences arising from 

ion-pairing and solvation effects.3 

In this area, the use of interlocked molecules as ion-pair receptors is still a poorly 

explored field. This is surprising given the unique three-dimensional topological 

interlocked cavity design that they possess featuring superior binding properties in 

comparison to their non-interlocked counterparts.4 Thus, rotaxanes and catenanes are 

ideal candidates for the development of ion-pair receptors able to operate in competitive 

media such as aqueous media.5 

In this chapter we describe the binding properties of rotaxane 5 with a series of 

tetraalkylammonium salts containing hydrogen-bonding anions such as chloride, nitrate 

and cyanate, by means of 1H NMR spectroscopy and Isothermal Titrations Calorimetry 

(ITC) experiments. We probed the interaction in two different solvents chloroform, a 

non-polar non-protic solvent, and acetone, a polar non-protic solvent. The influence of 

the anion’s size and shape (monoatomic anion such as chloride or polyatomic anions 

such as cyanate or nitrate), as well as the nature of the ammonium cation (tetraalkyl or 

methyltrialkyl) on the binding affinity for receptor 5 were also investigated. 
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3.2 Results and discussion 

3.2.1 Binding studies in chloroform 

The interaction of [2]rotaxane 5 with several ion-pairs in CDCl3 solution was probed by 

means of 1H NMR titration experiments. The titration experiments were performed in a 

5 mm NMR tube by adding incremental amounts of guests (3a-d) to a millimolar 

solution of the host in CDCl3. The concentration of the host was maintained constant 

throughout the titration. 

 
Figure 3. 1. (Top) Molecular structure of the 3a5 complex. The [2]rotaxane 5 includes a 
hydrogen-bonded cyanate anion in the polar and cylindrical cavity defined by its threaded 
structure and binds the TBA cation in the shallow aromatic cavity opposite to the anion and 
defined by the calix[4]pyrrole in cone conformation. (Bottom) Selected regions of the 1H NMR 
spectra acquired during the titration of free [2]rotaxane 5 (a) in CDCl3 with incremental amounts 
of 3a: 0.5 equiv. (b) and 1 equiv. (c). Primed numbers and letters indicate the proton signals in the 
complex, blue color for macrocycle component, purple color for linear component. 
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Addition of 0.5 equiv. of OCNTBA 3a to a millimolar CDCl3 solution of 5 (Figure 3. 

1b) produced the observation of separate signals for the hydrogen atoms in the bound 

and free rotaxane indicating that the binding equilibrium was slow on the 1H NMR 

timescale. When 1 equiv. of OCNTBA 3a was added (Figure 3. 1c), only the signals 

corresponding to the protons in the bound rotaxane were detected. This observation 

supported the formation of a complex with 1:1 stoichiometry and an association 

constant larger than 104 M-1. In the 1:1 complex, all the proton signals related to 5 were 

sharp and well-defined suggesting that the putative pirouetting process of the axle 

component within the macrocycle was slow on the chemical shift timescale. The slow 

dynamics of this process was also evidenced by the observation of two separate and 

highly downfield shifted proton signals corresponding to the pyrrole NHs of 1. This 

observation was in agreement with their involvement in hydrogen bonding interactions 

with two different acceptor moieties (i.e. one hemisphere binds the N-oxide unit of the 

axle and the other binds the cyanate anion). The -pyrrole protons resonated as two sets 

of two signals in the range of 5.9 to 5.7 ppm. This finding also supported the existence 

of two chemically non-equivalent hemispheres in the resulting 1:1 complex. The amide 

NH protons (H3’) of the linear component in the 1:1 complex appeared as a singlet at  

= 7.8 ppm. Finally, in the initial stage of the titration, the signal for the methylene 

protons alpha to the nitrogen atom of the TBA cation experienced an upfield shift with 

respect to the cation in the free OCNTBA salt, 3a. However, the incremental addition of 

3a produced a gradual downfield shift of this signal, which became more evident when 

more than 1 equiv. of the salt was added. These observations supported the binding of 

the TBA cation in the electron-rich and shallow aromatic cavity opposed to the bound 

cyanate and defined by the calix[4]pyrrole core in cone conformation. In short, 

[2]rotaxane 5 acted as a heteroditopic receptor for the recognition of OCNTBA in 

CDCl3 solution and the resulting 1:1 complex displayed a host-separated ion-pair 

binding geometry. Remarkably, the inspection of different exchange dynamics on the 

chemical shift timescale between free and bound 5 (slow) and between free and bound 

TBA cation (fast) was indicative of two dissimilar exchange mechanisms. Because the 

anion is included and hydrogen bonded in the polar cavity defined by the interlocked 

structure, the exchange between free and bound host requires the cleavage of multiple 
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hydrogen bonds and a conformational reorganization. Both processes are typically 

associated with energetically demanding transition states. Conversely, the exchange 

between the free and bound TBA cation can occur without such strict energetic 

requirements owing to the exposed nature of its binding mode. 

A 1H-1H ROESY experiment performed on a millimolar CDCl3 solution containing the 

quantitatively formed 3a5 complex revealed the presence of cross-peaks due to 

through-space proximity between the H1 ortho-protons of the pyridyl-N-oxide unit in 

the linear axle and the calix[4]pyrrole NHs, He, of the cyclic component hemisphere that 

are hydrogen bonded (Figure 3. 2 a).  

 
Figure 3. 2. Selected regions of the ROESY experiment (CDCl3, 500 MHz, 298 K, mixing 
time=0.3 s, power level=120 dB) of a millimolar solution of an equimolar mixture of [2]rotaxane 
5 and tetrabutylammonium cyanate (3a). Some relevant cross-peaks have been highlighted. 
 

Other cross peaks due to through-space proximity were observed between the 

calix[4]pyrrole -protons of the cyclic component’s hemisphere, to which the cyanate is 

hydrogen bonded, and the methylene protons alpha to the N atom of the TBA cation 

(NCH2 TBA’, Figure 3. 2 b). This observation is in complete agreement with the 

macrocycle-separated binding mode assigned to OCNTBA 3a in the 3a5 ion-paired 

complex. Altogether, the above ROESY spectroscopic observations provided additional 

support to the interlocked nature and binding mode assigned to the 3a5 complex. 

The results of a DOSY experiment allowed us to assign very similar diffusion constants 

for the signals of the bound receptor 5 and the ones corresponding to the bound TBA 

cation (Figure 3. 3). This result also supported the formation of the ion-paired 3a5 

complex in CDCl3 solution. We determined the diffusion constant for 3a5 complex as 

4.0  10-10 m2/s. This value is slightly smaller than the one reported in Chapter 2 for the 
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free [2]rotaxane 5 (4.7  10-10 m2/s) and it’s in agreement with the gain in 

hydrodynamic radii for the 3a5 complex produced by the peripheral complexation of 

the TBA cation. 

 

Figure 3. 3. 1H pseudo-2D DOSY (CDCl3, 500 MHz, 298 K) of a millimolar solution of an 
equimolar mixture of 3a and [2]rotaxane 5 (a) and fit of the decay in the peak height at 5.17 ppm 
to a monoexponential function (b). 
 

We also performed 1H NMR titration experiments with 3b (NO3TBA) (Figure 3. 4). The 

spectroscopic changes observed in the 1H NMR titration were similar to those already 

described for 3a. In the case of the nitrate anion, at 298 K the chemical exchange 

between the free and bound [2]rotaxane 5 was intermediate on the chemical shift 

timescale producing broad bands for some of its proton signals. At low temperature 

(263 K) an equimolar mixture of 5 and NO3TBA 3b produced a single set of sharp 

proton signals that were indicative for the quantitative formation of the 3b5 complex 

(Figure 3. 5). 
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Figure 3. 4. (Top) Molecular structure of the 3b5 complex. (Bottom) Selected region of the 1H 
NMR spectra acquired during the titration (CDCl3, 400 MHz, 298 K) of a millimolar solution of 
[2]rotaxane 5 with successive additions of tetrabutylammonium nitrate (3b). Free rotaxane a) 0.5 
equiv. b) 1 equiv. c) 

 
Figure 3. 5. Selected region of the variable temperature 1H NMR experiments (CDCl3, 500 MHz) 
performed on an equimolar mixture of [2]rotaxane and tetrabutylammonium nitrate (3b) at 298 K 
a) 288 K b) 263 K c). 
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A 1H-1H ROESY experiment performed on a millimolar CDCl3 solution containing the 

quantitatively formed 3b5 complex at 263 K revealed the presence of cross-peaks due 

to through-space proximity between the H1 ortho-protons of the pyridyl-N-oxide unit in 

the linear axle and the calix[4]pyrrole NHs, He, of the cyclic component hemisphere that 

are hydrogen bonded (Figure 3. 6). Other cross peaks due to through-space proximity 

were observed for aromatics phenyl protons from the macrocycle and H1 proton as 

reported previously in the case of the cyanate anion. 

 

Figure 3. 6. Selected region of the ROESY experiment (CDCl3, 500 MHz, 263 K, mixing 
time=0.4 s, power level=24.74 dB) performed on an equimolar mixture of [2]rotaxane and 
tetrabutylammonium nitrate (3b) at 263 K showing the most relevant close contact peaks. 
 

The addition of 3c (ClTBA) to a chloroform solution of [2]rotaxane 5 gave similar 

results to the ones obtained for the ion-pairs of polyatomic anions (Figure 3. 7). It is 

worth noting that the addition of incremental amounts of 3c provoked a greater 

broadening of the rotaxane proton signals in comparison to the ones observed in the 1H 

NMR titrations with previous anions 3a-3b. This observation indicates that in the case 

of the chloride anion the equilibrium between bound and free host is intermediate in the 

NMR timescale.  On the other hand, the observed gradual downfield shift of the proton 
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signal corresponding to the CH2 alpha to the nitrogen of the tetrabutylammonium cation 

indicated that the cation is in fast exchange between the free and bound species in the 

chemical shift timescale. 

 

Figure 3. 7. (Top) Molecular structure of the 3c5 complex. (Bottom) Selected region of the 1H 
NMR spectra acquired during the titration (CDCl3, 400 MHz, 298 K) of a millimolar solution of 
[2]rotaxane 5 with successive additions of tetrabutylammonium chloride (3c). Free rotaxane a) 
0.5 equiv. b) 1 equiv. c) 1.7 equiv. d) 3.7 equiv. e). 
 

The accurate determination of the binding constant values for the ion-paired interlocked 

complexes 35 was undertaken using isothermal titration calorimetry (ITC) 

experiments. We performed the titration experiments at 298 K by the incremental 

addition of a chloroform solution containing the ion-pair (3a-c) to a solution of the 

rotaxane 5 in the same solvent. We observed a regular heat release upon salt addition 

that was caused by the exothermicity of the binding process. All ITC experiments 
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showed good fits to the theoretical binding isotherm for the formation of a 1:1 complex 

(Figure 3. 8).6 

 
Figure 3. 8. Top – Traces of the raw data of the titration experiment of a 5.810-5 M and 6.810-4 
M solution respectively, of rotaxane 5 with the tetrabutylammonium salts (OCNTBA 3a,  
0.6810-3 M (left) and ClTBA 3c, 6.410-3 M (right)) in CHCl3. Bottom – Binding isotherms of 
the calorimetric titration shown on top. To determine the values of the thermodynamic variables 
the ITC data was fitted to a 1:1 binding model (black line). 
 

The obtained results demonstrated the high selectivity exhibited by [2]rotaxane 5 in the 

complexation of the cyanate tetrabutylammonium salt 3a in front of the nitrate 3b or 

chloride 3c tetrabutylammonium counterparts (i.e. K3a5 is almost 20-fold larger than 

K3b5 and K3c5), see Table 3. 1. Most likely, the observed differences derived from the 

better shape and size complementarity that existed between the cyanate anion and the 

polar three-dimensional cylindrical cavity contained in the [2]rotaxane topology of the 

heteroditopic receptor 5. Indeed, simple molecular modelling studies showed that the 

binding pocket of 5, featuring six convergent hydrogen-bond donors, is highly 

complementary in shape and size to the cyanate anion (Figure 3. 9). The smaller and 
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Table 3. 1. Association constant values (M-1), free energies of complexation (∆G, kcal mol-1) and 
values for the enthalpic (∆H, kcal mol-1) and entropic components (T∆S, kcal mol-1, 298 K) for 
the complexes formed between [2]rotaxane 5 and the different ammonium salts 3a-d determined 
in chloroform solution using ITC experiments. 

 Ka 10-5 ∆G  ∆H  T∆S  

3a 7.9±0.2 -8.0±0.02 -11.7±1.7 -3.7±1.7 

3b 0.4±0.1 -6.3±0.1 -10.7±2.1 -4.4±2.1 

3c 0.5±0.2 -6.4±0.2 -6.3±0.4 0.1±0.4 

3d 158±16 -9.8±0.06 -9.6±0.3 0.2±0.3 

 

spherical chloride anion and the trigonal and planar nitrate are considerably worst fits to 

the cylindrical internal cavity of 5 equipped with six hydrogen bond donor sites. 

 
Figure 3. 9. Energy minimized structure (MM3) of the 3a5 complex. Included anion shown as 
CPK model. The rest of the molecule is depicted in stick representation. The lineal component is 
depicted with a van der waals surface. Non-polar hydrogens were removed for clarity.7 
 

We were interested in providing further evidence on the functioning of [2]rotaxane 5 as 

a heteroditopic receptor for ion-pairs in chloroform solution. The methyl 

trioctylammonium cation (i.e. MTOA+) is known to be a better fit than the TBA+ cation 

for the electron rich and shallow cup defined by the calix[4]pyrroles in cone 

conformation.8,9 The stability constant measured for the 3d5 complex was three orders 
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of magnitude larger than for the 3c5 counterpart with the only difference between the 

two complexes being the nature of the cation of the ion-pair: MTOA+ in 3d and TBA+ 

in 3c. This result proved the functioning of [2]rotaxane 5 as a heteroditopic receptor of 

organic ion-pairs in chloroform solution. The noticeable affinity and selectivity 

exhibited by 5 in the recognition of ClMTOA 3d directly derived from the better cation-

receptor complementarity. 

 
Figure 3. 10. Top – Traces of the raw data of the titration experiment of a 5.210-3 M and  
1.710-4 M solution of rotaxane 5, respectively with the tetraalkylammonium salts (TBANO3 3b, 
5.210-3 M (left) and MTOACl 3c, 0.1710-3 M (right)) in CHCl3. Bottom – Binding isotherms of 
the calorimetric titration shown on top. To determine the values of the thermodynamic variables 
the ITC data was fitted to a 1:1 binding model (black line). 
 
In non-polar solvents, anion binding by synthetic receptors is mainly dominated by the 

use of hydrogen-bonding interactions. The formation of hydrogen bonds with anions in 

non-polar solvents is associated with a high enthalpy gain. In this line, Table 3. 1 shows 

that for all the studied anions, the binding processes in chloroform solution are enthalpy 

driven and highly exothermic. Remarkably, the binding processes leading to complexes 

3a5 and 3b5, with OCNTBA and NO3TBA, respectively, did not obey the enthalpy-

entropy compensation principle.10 Unexpectedly, we also determined that the formation 

of complexes with the chloride anion, 3c5 and 3d5, were not significantly opposed 

by entropy. Taken in concert, these thermodynamic observations are quite significant 
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because the binding processes occur in a nonpolar solvent (chloroform) that minimizes 

solvation effects and better approximates to a gas phase host-guest complexation 

process. We are convinced that the use of ion-pairs as guest complicated the analysis of 

the enthalpic and entropic terms using a simplistic 1:1 binding process in the gas phase, 

where enthalpically more favorable interactions should led to thermodynamically more 

stable complexes. We concluded that the solvation/desolvation effects occurring during 

the binding processes are important and difficult to predict. This is related to the deep 

inclusion geometry of the anion and the separated binding mode of the ion-pair being 

present in the formed complexes.  

The assessment of the relative thermodynamic stabilities of ion-paired complexes 

formed with receptors featuring [2]pseudorotaxane and [2]rotaxane topology is 

complicated owing to their different stoichiometries (number of involved components). 

In our case, we considered that a sensible solution to address this problem would consist 

in determining the required amounts of salt that have to be added to 1 mM solutions of 

the supramolecular 1:1 ion-paired complexes, either with [2]rotaxane or 

[2]pseudorotaxane topologies, in order to induce the observation of higher 

stoichiometry complexes with respect to the salt, as well as the complete disassembly of 

the parent 1:1 complex (Figure 3. 11). 

 

Figure 3. 11. Schematic representation of the plausible equilibria involved in the disassembly of 
1:1 ion-paired complexes of pseudorotaxane (a) and rotaxane (b) structures. 
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In other words, we were interested in forcing the replacement of the pyridine-N-oxide 

unit of the axle, which is ditopically bound to the macrocycle, and the anion in the 1:1 

complex, by a second ion-pair that will coordinate the cyclic component in a receptor 

separated binding mode (Figure 3. 11). In this vein, we previously reported that 

macrocycle 1 coordinated ClMTOA through a non-cooperative process yielding a 

dimeric ion-paired aggregate (3d)21. Both ion-pairs were bound to the tetratopic 

macrocycle 1 and displayed receptor-separated binding geometry.Error! Bookmark 

not defined. 

In the case of the [2]pseudorotaxane complex 3d12b (1 mM), the addition of  slightly 

more than 1 equiv. of the ClMTOA ion-pair induced the initial disassembly of the 

interlocked structure and the concomitant formation of higher order aggregates (i.e. 

(3d)21 complex). The disassembly process was monitored using 1H NMR 

spectroscopy by following the intensity changes of diagnostic proton signals of the two 

species that were involved in a slow chemical exchange on the proton chemical shift 

timescale (Figure 3. 12). 

 
Figure 3. 12. Selected region of the 1H NMR spectra registered during the titration (CDCl3, 400 
MHz, 298 K) of an equimolar solution of 1 and 2b (1 mM) a) with successive additions of 
MTOACl 3d, 0.5 equiv. b) 1 equiv. c) 1.5 equiv. d) 2.2 equiv. e).(´) signals refer to 
[2]pseudorotaxane 3d12b (´´) signals refer to 2:1 complex. H1´´- H3´´ refers to 2b3d complex. 
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The proton signals corresponding to 3d12b, 1:1 complex with [2]pseudorotaxane 

topology, disappeared completely after the addition of 2 equiv. of ClMTOA 3d. In 

contrast, in the mechanically locked 3d5 complex, even after the addition of 8 equiv. 

of ClMTOA ion-pair 3d we could observe the characteristic proton signals of the 1:1 

complex with [2]rotaxane topology (Figure 3. 13). 

 
Figure 3. 13. Selected region of the 1H NMR titration (CDCl3, 400 MHz, 298 K) of a solution of 
rotaxane 5 (1 mM) a) with successive additions of methyltrioctylammonium chloride 3d, 1 equiv. 
b) 1.7 equiv. c) 3.3 equiv. d) 8 equiv. e). 
 

These results suggested that the increase in local concentration of the pyridyl-N-oxide 

unit exerted by the mechanical bond of 5 provided a measurable thermodynamic 

stabilization to its ditopic interaction with one calix[4]pyrrole hemisphere of the cyclic 

component and the bound chloride. Nonetheless, the emergence of a new set of proton 

signals in the 1H NMR spectrum of a 1 mM CDCl3 of the 3d5 complex became 

evident after addition of more than an extra equiv. of ClMTOA 3d. Upon incremental 

addition of 3d, the new set of signals grew in intensity at the expenses of those assigned 

to the 3d5 complex. We assigned this new set of proton signals to a higher 

stoichiometry complex between 3d and 5 (i.e. 2:1) for which we have not fully 

determined its structure. 
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3.2.1 Binding studies in acetone 

The thermodynamic signatures of the complexation processes determined in chloroform 

augur well for the application of the interlocked structure for anion recognition in more 

polar solvents. Thus, we decided to move our solution studies to acetone which can 

compete for hydrogen bond interactions. The polar nature of the solvent could also have 

an effect on the structure of the final complex. While in chloroform solution, binding of 

tetraalkylammonium salts occurs through the formation of 1:1 ion-paired complexes 

with host-separated geometry, in acetone the salt and the final complex are expected to 

have a more ion-pair dissociated nature. 

We performed 1H NMR titration experiments of rotaxane 5 in acetone with both 

chloride salts, 3c and 3d. The 1H NMR spectrum of rotaxane 5 in acetone showed sharp 

and well-defined signals for most of the protons (Figure 3. 14 a). However, the pyrrole 

NHs signal appeared broadened in the downfield region of the 1H NMR spectrum. 

Addition of 1 equiv of 3c produced the appearance of a new set of sharp and well 

defined signals that we attributed to the bound rotaxane. 

 

 
Figure 3. 14. Selected region of the 1H NMR titration (Acetone-d6, 400 MHz, 298 K) of a 
solution of rotaxane 5 (1 mM) a) with successive additions of tetrabutylammonium chloride (3c), 
1 equiv. b) 2 equiv. c) 3 equiv. d). Primed numbers and letters indicate the proton signals in the 
1:1 complex. Double-primed numbers and letters indicate the proton signals in the 2:1 complex. 
Blue color for macrocycle component, purple color for linear component. 
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As described for the same binding process in CDCl3, two different pyrrole NHs were 

detected for bound 5. These signals were significantly downfield shifted compared to 

that of the NHs in free 5. This result indicated the involvement of the pyrrole NHs of 

bound 5 in hydrogen bonding interactions with different guests: the N-oxide knob of the 

lineal component and the chloride anion. Conversely to the results obtained in CDCl3, in 

acetone solution the signal of the methylene protons alpha to the nitrogen of the TBA 

cation did not experience any chemical shift change during the titration, simply its 

intensity was increased upon incremental addition of 3c. Most likely, the good solvation 

experienced by the cation with the acetone molecules opposes to the formation of an 

ion-paired complex. 

Incremental addition of 3c to the equimolar mixture of 5 and 3c in acetone produced 

further changes in the 1H NMR spectrum. The most remarkable changes were related to 

the disappearance of the signal of the protons assigned to the pyrrole NHs of 5 that we 

assigned as bound to the N-oxide moiety. A slight increase of the intensity of the signal 

corresponding to the pyrrole NHs bound to the anion was also observed. Moreover, 

significant broadening was detected for the signals attributed to the pyridine N-oxide 

ring and for the H10-H8-H4 protons.  

A ROESY experiment performed on a millimolar acetone solution containing the 

equimolar mixture of rotaxane 5 and salt 3c (Figure 3. 15) showed cross peaks between 

the NHs protons resonating at 8.28 ppm and the H1 protons ortho to the pyridine N-

oxide from the lineal axle. This observation supported the binding of the N-oxide 

moiety within one hemisphere of the calix[4]pyrrole macrocycle. 
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Figure 3. 15. Selected region of the ROESY experiment (Acetone-d6, 500 MHz, mixing time= 
0.3 s, power level=120 dB) performed on an equimolar mixture of [2]rotaxane and 
tetrabutylammonium chloride (3c) at 298 K showing the most relevant close contact peaks. 
 

Remarkably, these intermolecular close contacts were not observed when the ROESY 

experiment was performed in an acetone solution of 5 containing an excess of 3c 

(Figure 3. 16). Taken together, these observations suggested the dissociation of the 

pyridine N-oxide moiety from one of the calix[4]pyrrole binding units of the macrocycle 

owing to the competitive coordination of a second anion yielding a 2:1 complex. This 

complex will consist on two chloride anions included in the internal cavity of the 

macrocycle and bound at the two opposed calix[4]pyrrole units. The pyridine N-oxide 

unit of the threaded linear component might be displaced from the internal cavity of the 

macrocycle owing to the competitive binding of the second chloride anion. 
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Figure 3. 16. Selected region of the ROESY experiment (Acetone-d6, 500 MHz, mixing time= 
0.3 s, power level=120 dB) performed on an mixture of [2]rotaxane and excess of 
tetrabutylammonium chloride (3c) at 298 K showing the most relevant close contact peaks. 
Primed numbers and letters indicate the proton signals in the 1:1 complex. Double-primed 
numbers and letters indicate the proton signals in the 2:1 complex. Blue color for macrocycle 
component, purple color for linear component. 
 

 
Figure 3. 17 shows the MM3 energy minimized structure of the putative 2:1 complex.  
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Figure 3. 17. Energy minimized structure (MM3) of the (3c)25 complex. Included anion shown 
as CPK model. The rest of the molecule is depicted in stick representation. The lineal component 
is depicted with a van der waals surface. Non-polar hydrogens were removed for clarity. 
 
1H NMR titrations of 5 with 3d in acetone solution showed practically identical changes 

in the 1H NMR spectra than the ones observed in the titration with 3c, (Figure 3. 18). 

 
Figure 3. 18. Selected region of the 1H NMR spectra acquired during the titration (Acetone-d6, 
400 MHz, 298 K) of a solution of rotaxane 5 (1 mM) a) with successive additions of 
methyltrioctylammonium chloride (3d), 1 equiv. b) 2 equiv. c) 4 equiv. d). 
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Complexation-induced changes were observed for the methylene protons alpha to the 

nitrogen of the MTOA cation (Figure 3. 18). The chemical shift change of the alpha-

methylene protons in the alkylammmonium salts was not observed in the 1H NMR 

titration using ClTBA. Most likely, the good fit of the methyl group in the MTOA 

cation and the external aromatic cavity of the receptor defined by the pyrrole rings of 

the calix in cone conformation are responsible of this difference. 

Next, we decided to probe the binding of alkylammonium salts of polyatomic anions 

with 5 in acetone solution using 1H NMR spectroscopy. The addition of 1 equiv. of 3a 

to a millimolar acetone solution of 5 showed one single set of sharp and well-defined 

proton signals. We assigned this set of signals to the 1:1 complex that was quantitatively 

assembled (Figure 3. 19).  

The incremental addition of 3a to the equimolar mixture (up to 5 equiv.) provoked the 

gradual appearance of a new set of signals that grew to the expenses of those assigned to 

the 1:1 complex. We assigned the new set of signals to the 2:1 complex. It is worth 

noting that this new set of proton signals showed significant broadening compared to 

the ones of the 2:1 complex involving the chloride anion. Most likely, this observation 

is related to the superior thermodynamic stability of the complexes of 5 and chloride, 

which in turn improves their kinetic stability and produces a reduced exchange rate of 

their equilibrium.  

 
Figure 3. 19. Selected region of the 1H NMR titration (Acetone-d6, 400 MHz, 298 K) of a 
solution of rotaxane 5 (1 mM) a) with successive additions of tetrabutylammonium cyanate (3a), 
1 equiv. b) 3 equiv. c) 5 equiv. d). 
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Finally, the 1H NMR titration of 5 with NO3TBA 3b in acetone solution demonstrated 

the quantitative complexation of the nitrate anion in the equimolar millimolar mixture 

(Figure 3. 20). All the proton signals corresponding to the 1:1 complex were easily 

assigned. The diagnostic features for the existence of two different hydrogen-bonded 

hemispheres of the macrocyclic were readily observed. In this case, the addition of an 

excess of salt, up to 6 equiv., did not produce significant changes to the signals in the 1H 

NMR spectrum. This observation indicated that the binding of a second nitrate anion in 

the cavity of 5, as we previously observed for the Cl- and CNO- anions, have not taken 

place for nitrate in the range of studied concentrations. Either the size and the shape of 

the trigonal nitrate anion disfavors the formation of the 2:1 complex or their hydrogen-

bonding competitive properties with respect to the pyridyl-N-oxide are reduced. 

 

Figure 3. 20. Selected region of the 1H NMR spectra acquired during the titration (Acetone-d6, 
400 MHz, 298 K) of a solution of rotaxane 5 (1 mM) a) with successive additions of 
tetrabutylammonium nitrate (3b), 1 equiv. b) 2 equiv. c) 4 equiv. d) 6 equiv. e). 
 

The association constant values in acetone were also determined using ITC experiments. 

The ITC data of the binding of 3a and 3b to rotaxane 5 in acetone showed good fits to a 

theoretical binding isotherm that assumes the formation of a simple 1:1 complex (Figure 

3. 21). The lower concentration used in the ITC experiments and the reduced excess of 

added tetralkylammonium salts (up to 2 equiv.) made that the presence of species with 

stoichiometries higher than 1:1 were negligible. 
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Figure 3. 21. Top – Traces of the raw data of the titration experiment of a 1.210-4 M and  
5.310-4 M solution of rotaxane 5, respectively with the tetraalkylammonium salts (OCNTBA 
1.210-3 M (left) and NO3TBA 7.2910-3 M (right)) in acetone. Bottom – Binding isotherms of 
the calorimetric titration shown on top. To determine the values of the thermodynamic variables 
the ITC data was fitted to a 1:1 binding model (red line). 
 

Surprisingly, the derived association constant values for the complexes of both 

polyatomic anions with 5 were almost one order of magnitude larger than those 

measured for their counterparts in chloroform solution. In addition, the dissection of the 

Gibbs energy into the enthalpic and entropic terms also presented significant 

differences. The binding enthalpy in acetone was lower than the one determined in 

chloroform. This result is in agreement with the competitive nature of the solvent. On 

the other hand, the entropy values in acetone became positive. We learnt from previous 

binding studies that solvation/desolvation effects can be responsible for this 

observation. Most likely, the desolvation of the receptor’s cavity with concomitant 

release of acetone molecules to the bulk solution could explain this gain in entropy. 

Remarkably, the analysis of the ITC binding data for the chloride anion (i.e. 3c and 3d) 

in acetone yielded results that were expected from the previous results observed by 1H 

NMR titration. The binding isotherm showed two sigmoidal curves with inflection 

points centered at molar ratio values of 5/3c = 1 and 2. This result indicated that two 

different binding events were taking place in solution producing two complexes with 

UNIVERSITAT ROVIRA I VIRGILI 
INTERLOCKED ARCHITECTURES BASED ON A BIS-CALIX[4]PYRROLE MACROCYCLE FOR ION-PAIR RECOGNITION 
Jose Ramon Romero Lopez 
 



Binding studies of [2]rotaxane 5 with ion-pairs 

- 95 - 
 

different stoichiometry, a 1:1 and a 2:1 complex. Similar results were obtained with 3d 

(Figure 3. 22). 

 
Figure 3. 22. Top – Traces of the raw data of the titration experiment of a 5.010-4 M and  
3.210-4 M solution of rotaxane 5, respectively with the 3c-3d salts (ClTBA 1710-3 M (left) and 
ClMTOA 8.7410-3 M (right)) in acetone. Bottom – Binding isotherms of the calorimetric 
titration shown on top. To determine the values of the thermodynamic variables the ITC data was 
fitted considering a 1:1 and a 2:1 binding model (red line). 
 
We analyzed the experimental binding isotherms obtained in acetone using a binding 

model that considered the formation of 1:1 and 2:1 complexes, 3c5 and (3c)25, 

respectively (Figure 3. 22). The thermodynamic values derived from the fitting 

procedure are summarized in Table 3. 2. The association constant value for the first 

binding event, which would yield the anionic complex Cl5, is in the order of 107 M-1
. 

The thermodynamic parameters derived from the ITC experiment revealed that this 

binding event was both enthalpically and entropically driven. In contrast, the binding 

constant value associated to the second binding event, that is the formation of the 

(Cl)25 complex starting from the Cl5 complex, was determined to be aproximately 

3 orders of magnitude smaller (104 M-1). The reduction for chloride affinity in this 

second binding event was accompanied with a decrease of both the enthalpic and 

entropic terms when compared to the binding of the first chloride. These observations 

support the competitive nature of the second chloride binding with respect to that of the 

N-oxide.  
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Table 3. 2. Association constant values (M-1), free energies of complexation (∆G, kcal mol-1) and 
values for the enthalpic (∆H, kcal mol-1) and entropic components (T∆S, kcal mol-1, 298 K) for 
the complexes formed between [2]rotaxane 5 and the different ammonium salts 3a-d determined 
in acetone solution using ITC experiments. 

 Ka 10-5 ∆G  ∆H  T∆S  n 

3a 30.6±5.9 -8.8±0.1 -5.9±0.1 2.9±0.1 1 

3b 1.06±0.4 -6.9±0.2 -2.9±0.2 4.0±0.4 1 

3c K1=156±49.4

K2=0.094±0.001 

∆G1 = -9.7±0.2 

∆G2 = -5.4±0.01 

∆H1 = -5.5±0.2 

∆H2 = -3.6±0.1 

T∆S1 = 4.2±0.3 

T∆S2 = 1.8±0.1 
2 

3d K1=800±35.3

K2=0.4±0.1 

∆G1 = -10.8±0.03 

∆G2 = -6.3±0.1 

∆H1 = -5.5±0.1 

∆H2 = -5.6±0.1 

T∆S1 = 5.3±0.1 

T∆S2 = 0.7±0.2 
2 

 
Not surprisingly, in acetone solution the association constant values derived from the 

binding of 3d (i.e. MTOA cation) were only slightly larger than those determined for 3c 

(i.e. TBA cation). This result gives support to the idea that, in acetone solution, the free 

salt 3c and both 1:1 and 2:1 complexes of chloride with 5 exist to a significant extent as 

almost fully dissociated ion-pairs.  

 

3.3 Conclusions 

In chloroform solution, [2]rotaxane 5 functioned as an efficient heteroditopic receptor 

for tetraalkylammonium salts, 3a-d, containing mono- (Cl) or polyatomic anions (NO3
 

or OCN). In all cases, we observed the formation of kinetically and thermodynamically 

stable 1:1 ion-paired complexes featuring cyclic-component separated binding mode. 

The determined Ka values indicated that [2]rotaxane 5 was selective for the 

complexation of cyanate vs chloride or nitrate when the ion-pair precursors were TBA 

salts. This selectivity was attributed to the superior complementarity that existed 

between the cylindrical polar cavity of the interlocked receptor and the polyatomic 

linear geometry of the cyanate anion. Remarkably, the change of the TBA+ cation for 

MTOA+ produced an increase in binding affinity of almost three orders of magnitude in 

the case of chloride salts. This result highlighted the functioning of 5 as a heteroditopic 

receptor for ion-pairs in chloroform and supported the better fit of the methyl group in 
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the MTOA+ cation in the electron-rich and shallow cavity opposed to the bound anion 

that defined the cone conformation of the calix[4]pyrrole.  

Unfortunately, the accurate comparison of the thermodynamic stabilities of 1:1 ion 

paired complexes of salts with receptors featuring [2]rotaxane and [2]pseudorotaxane 

topologies is challenging. In any case, we assigned a higher thermodynamic stability to 

the 1:1 ion-paired complexes resulting from the [2]rotaxane 5 receptor with respect to 

the ones derived from the assembled [2]pseudorotaxane counterpart. We based this 

conclusion on the salt’s excess that is required to produce aggregates of higher 

stoichiometry (i.e. 2:1 complexes). We are aware that this reasoning is limited and does 

not take into account the difference in thermodynamic stability of the higher 

stoichiometry produced complexes.  

In acetone solution, the selectivity displayed by the [2]rotaxane 5 in the formation of 1:1 

complexes using TBA salts as anion precursors is reversed. The interlocked receptor 

features a Ka value with monoatomic spherical Cl that is five-fold larger than for 

cylindrical OCN and more than two orders of magnitude larger than for trigonal and 

planar NO3
. We attribute this selectivity to the superior hydrogen bonding properties of 

chloride (same charge but small size), which are better expressed in a polar solvent, like 

acetone, that promotes ion-pair dissociation by nicely solvating the cation. The solvent 

influence in ion-pair dissociation is also substantiated by the fact that the cation effect is 

significantly reduced in acetone. The MTOA chloride binds only four-fold stronger than 

the TBA counterpart. This represents a drop of more than two order of magnitude in 

ion-pair recognition when compared to the results obtained in chloroform solution. In 

acetone, the cation effect is less important owing to the more dissociated nature of the 

resulting 1:1 complex. Significantly, the magnitude of the calculated binding constants 

for all anionic complexes is quite similar in both solvents. We surmise that this results 

has to do with the interwoven nature of the binding site that provides a reduced access 

to hydrogen bonding competing solvent molecules. However, the polar nature of 

acetone revealed a known but unexpected binding behavior of 5, the formation of 2:1 

anion complexes. On the one hand, acetone competes better for the hydrogen bonding 

acceptor properties of the calix[4]pyrroles with the N-oxides. On the other hand, in 

acetone anions are loosely solvated but dissociated from their cations, which makes 
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them very prone to get involved in hydrogen bonding interactions. The combination of 

both effects, produces in the case of chloride and cyanate anions added in excess a 

competition with the N-oxide unit for hydrogen bonding with one calix[4]pyrrole core. 

The net result of this competition is the emergence of 2:1 complexes, in which 

[2]rotaxane 5 binds two anions in the internal cavity of the macrocycle, when not 

working under a strict stoichiometric control. 

3.4 Experimental section 

3.4.1 General information and instrumentation 

All solvents were of HPLC grade quality, commercially obtained and used without 

further purification. Routine 1H NMR spectra were recorded on a Bruker Avance II 400 

Ultrashield NMR spectrometer. Variable temperature experiments and 2D NMR spectra 

were performed on a Bruker Avance 500 (500.1 MHz for 1H NMR) Ultrashield 

spectrometer. CDCl3 and acetone-d6 from Sigma Aldrich was used for NMR studies. 

Chemical shifts are given in ppm, relative to TMS. Isothermal titration calorimetry 

experiments were performed using a Microcal VP-ITC Microcalorimeter. All the 

titrations were carried out in chloroform and acetone solution at 298 K. Titrations of 

rotaxane 5 with tetraalkylammonium salts 3a-3d were carried out by adding aliquots of 

a solution of the salt into a solution of rotaxane in the same solvent. The concentration 

of guests’ solution was approximately 10 times more concentrated than for the host. The 

association constants and the thermodynamic parameters were obtained from the fit of 

the titration data to a simple 1:1 or 2:1 binding model using the Microcal ITC Data 

Analysis module. The association constant (Ka), T∆S and ∆H values for the binding 

process were determined by averaging the values from at least two titration 

experiments. 
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3.4.2 Experimental section: Figures 

 

Figure 3. 23. COSY NMR experiment (CDCl3, 500 MHz, 298 K) of a millimolar solution of an 
equimolar mixture of [2]rotaxane 5 and tetrabutylammonium cyanate (3a). 
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Figure 3. 24. (Top) Molecular structure of the 3d5 complex. (Bottom) Selected region of the 1H 
NMR titration (CDCl3, 400 MHz, 298 K) of a millimolar solution of [2]rotaxane 5 with 
successive additions of methyltrioctylammonium chloride (3d). Free rotaxane a) 0.5 equiv. b) 1 
equiv. c). 
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Figure 3. 25. COSY NMR experiment (CDCl3, 500 MHz, 298 K) of a millimolar solution of an 
equimolar mixture of [2]rotaxane 5 and methyltrioctylammonium chloride (3d). Some relevant 
cross-peaks are highlighted. 
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Figure 3. 26. Selected region of the T-ROESY experiment (CDCl3, 500 MHz, 263 K) of an 
equimolar mixture of [2]rotaxane 5 and methyltrioctylammonium chloride (3d) highlighting some 
relevant close-contact cross-peaks. T-ROESY experiments were preferred to classical ROESY 
experiments as this sequence provides reliable dipolar cross-peaks with a minimal contribution of 
scalar transfer. 
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Figure 3. 27. Selected region of the ROESY experiment (Acetone-d6, 500 MHz) performed on an 
equimolar mixture of [2]rotaxane and tetrabutylammonium chloride (3a) at 298 K showing the 
most relevant close contact peaks. 
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4.1 Introduction 

The synthesis of interlocked molecules, such as rotaxanes or catenanes requires very 

specific conditions, for example in terms of concentration, solvent and suitable design 

of the initial components.  

The size complementarity between the macrocyclic and the linear component’s stoppers 

is crucial for the kinetic stability of rotaxane structures.1,2,3,4,5,6,7,8,9,10,11,12,13,14,15 Axle 

stoppers must be bulky enough to avoid the dethreading from the macrocycle and the 

establishment of an equilibrium between the interlocked structure and its free 

components without the cleavage of any covalent bond.16 Saito´s group reported 

detailed studies concerning the relationship that existed between the size of the stoppers 

(blocking groups) and the kinetic stability of the corresponding rotaxanes.17,18,19,20 They 

demonstrate that small structural changes either in the macrocycle or in the  blocking 

groups can cause large effects on the stability of the rotaxane structure. Moreover, the 

macrocycle size limits the synthesis of this type of interlocked structures as it requires 

large blocking groups (i.e. dendrimers,21,22,23 porphyrins24,25,26,27,28 or 

cyclodextrins29,30,31,32) that involve more challenging and longer synthetic pathways.  

The considerations above are basically true for the synthesis of [2]rotaxanes which 

involves one macrocycle and one lineal component. However, in the synthesis of more 

complex structures such as [3]- or [4]-rotaxanes other considerations must be taken into 

account. The vast majority of reported [n]rotaxane structures are those involving n-1 

macrocyclic components threaded on a single axle.33,34,35,36,37,38 However, examples of 

[n]rotaxane structures that involve n-1 linear components threading a single macrocycle 

are scarce.39,40,41,42,43,44,45 The synthesis of multithreaded [n]rotaxanes is limited to 

macrocyclic components that are large enough to accommodate two or more axles in its 

cavity but, at the same time, they must be also small enough to prevent the dethreading 

process.46,47,48 In this sense, the size of the stoppers is also determining. The use of 

relatively small blocking groups in the axle is necessary to allow the multithreading of 

the cyclic component by more than one axle. The use of large stoppers, generally, 

disfavors a second threading process and leads to the formation of a [2]rotaxane as the 

main product. 
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In this chapter, we disclose our investigations on the effect of the stopper’s size 

employed in the synthesis of interlocked structures using the bis(calix[4]pyrrole) 1 as 

cyclic component and the 3,5-bis-amidepyridyl-N-oxide derivative 2b as linear 

component, that were introduced previously in Chapter 2, in combination with a 

significantly smaller terphenyl unit 4b as blocking group. 

4.2 Results and discussion 

4.2.1 Attempts to obtain [2]rotaxane 15 

In Chapter 2, we described the synthesis of the neutral [2]rotaxane 5. We used as 

synthetic precursor the [2]-pseudorotaxane assembled by the interaction of the 

calix[4]pyrrole 1 as cyclic component, and the 3,5-bis-amidepyridyl-N-oxide derivative 

2b as axle.49 The selection of the tris(biphenyl) group 4a as blocking group for the 

synthesis of 5  was not trivial. All our attempts to isolate an analogous [2]rotaxane using 

the smaller terphenyl stoppers 4b were unsuccessful.  

 

Figure 4. 1. Molecular structures of macrocycle 1, bis-amidepyridyl-N-oxide axle 2b, and 
stoppers 4a-b used in this chapter. 
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We attempted the synthesis of [2]rotaxane 15 (Scheme 4. 1) under the same reaction 

conditions used for the synthesis of rotaxane 5. That is, to a 10 mM equimolar mixture 

of 1 and 2b in dichloromethane we added 2 equiv. of the alkyne-functionalized 

terphenyl stopper 4b, 4 equiv. of diisopropyl ethyl amine (DIPEA), and a catalytic 

amount (5%) of [Cu(CH3CN)2]PF6 and tris(benzyltriazoylmethyl)amine (TBTA) 

(Scheme 4. 1). The mixture was stirred at room temperature for 5 hours. The reaction 

was monitored by 1H NMR spectroscopy. The 1H NMR spectrum of the reaction crude 

at 5 hours showed broad signals that did not help us to identify the presence of the 

desired [2]rotaxane 15. We were able to assign some of the signals to protons in the free 

macrocycle 1 and the linear component functionalized with two blocking groups 11. 

 

Scheme 4. 1. Synthetic scheme for the synthesis of [2]rotaxane 15. Macrocycle 150 and stopper 
4a51 were synthetized following a reported procedure. a) Reaction conditions: [Cu[(CH3CN)4PF6], 
TBTA, DIPEA, DCM. 
 

Purification of the reaction crude by column chromatography using 10% THF/DCM led 

to the isolation of two fractions corresponding to the macrocycle 1 (90% of the starting 
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macrocycle) and the linear component capped with two terminal stoppers 11 (85% 

yield). In addition to these two fractions, we also collected a third fraction in a very 

reduced extent that produced a white solid upon solvent evaporation (  1 mg). The 

obtained solid was characterized using a combination of spectroscopic techniques and 

HRMS spectrometry. A careful analysis of the obtained spectral data suggested that the 

small isolated fraction corresponded to a [3]rotaxane structure instead of the desired 

[2]rotaxane. The complete characterization data, as well as the structure assigned to the 

[3]rotaxane are described in section 4.2 of this chapter. 

We were really surprised with the obtained result. On the one hand, using very similar 

reaction conditions and the larger stopper unit 4a we could isolate the [2]rotaxane 5 in a 

moderate 27% yield. However, the use of the smaller terphenyl unit 4b as blocking 

group did not produce the expected [2]rotaxane at a level that was high enough to allow 

its isolation. On the other hand, simple molecular modelling suggested that stoppers 4b 

were bulky enough to avoid dethreading of the linear component and locked the 

rotaxane structure with an efficient mechanical bond (Figure 4. 2). 

 

Figure 4. 2. Energy minimized structure (MM3) of the proposed [2]rotaxane 15. The molecule is 
displayed in CPK representation. Macrocycle unit 1 is depicted as shadow for clarity. Linear 
component 11 is slightly removed from inside of the cavity for a better perspective to show the 
relative size between stopper 4b and macrocycle´s cavity, side view a) front view b). 
 

We hypothesized two different scenarios in order to explain why in the case at hand the 

free components (1 and 11) of the [2]rotaxane 15 were mainly isolated and not the 

desired interlocked structure. The first scenario is based on the possibility that the 
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monostoppered axle 13 produced an interweaved structure (1●13) with significantly 

reduced thermodynamic stability compared to the [2]pseudorotaxane (1●2b) used as 

synthetic precursor. Unknown effects may induce and reduce thermodynamic stability 

for the [2]-semirotaxane and force the dethreading of the axle from the macrocycle. 

Consequently, the second click reaction of the axle would take place in a non-threaded 

state yielding the two components of the [2]rotaxane free in solution instead of the 

interlocked structure (see Scheme 4. 2 A). Alternatively, we surmised that stoppers 4b 

might not be large enough to avoid dethreading and thus the resulting [2]rotaxane 15 

was not locked. Based on this second hypothesis, even if rotaxane 15 was formed, the 

dethreading of its interlocked components would take place, most likely, during the 

work-up that involved purification using silica column chromatography (see  

Scheme 4. 2 B). 

 

Scheme 4. 2. Schematic representation of the proposed hypothesis: first click reaction forces 
dethreading followed by second reaction outside of the cavity or product 15 can dethread because 
stoppers 4b are not large enough to block the complex 15. 
 

To test our first hypothesis, (Scheme 4. 2 A) we synthesized the mono-substituted axle 

components, 12 and 13, by clicking a single blocking group in the linear component 

precursor. Our aim, was the assessment of the thermodynamic stability constants for the 

[2]semirotaxanes 1●12 and 1●13 in chloroform solution (Scheme 4. 3). 
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Scheme 4. 3. Synthesis of mono-click products 12 and 13. Reaction conditions: 2b (1 equiv.), 4a-
4b (1 equiv.),[Cu[(CH3CN)4PF6] (0.25 equiv.), TBTA (0.25 equiv.), DIPEA (4 equiv.), DCM.  
 

The mono-substitution reaction of the linear bis-azide 2b was performed using a 1:1 

molar ratio of either large 4a or small 4b alkyne functionalized stoppers (Scheme 4. 3). 

The “click” reaction was performed using diluted conditions (3.5 mM) in an effort to 

favor the mono-substitution. The isolation of the mono-functionalized derivatives 12 

and 13 was not free of complications. The separation of the monosubstituted axles, 12 

and 13 from the disubstituted counterparts 10 and 11, required the use of semi-

preparative HPLC (Chiralpack IA, eluent 20% THF/CH2Cl2).
52 

With mono-click axles 12 and 13 in our hands, we aimed to compare the 

thermodynamic stabilities of their interwoven assemblies with macrocycle 1 

(semirotaxanes 1●12 and 1●13) with respect to their analogue based on the axle without 

blocking groups (1●2b). Addition of incremental amounts of 12 or 13 to a millimolar 

dichloromethane solution of 1 produced broadening for many of the proton signals 

registered in the 1H NMR spectra of the mixtures. This broadening was provoked, most 

likely, by the pirouetting process of the lineal component occurring at an intermediate 

rate on the 1H NMR timescale. Moreover, the broadening of the signals and the 

disappearance of some of them beyond detection did not allow the fit of the titration 

data to the theoretical binding model. Consequently, the direct comparison of 

association constant values derived from the 1H NMR titrations was not possible. These 

results prompted us to compare the stabilities of the interwoven structures assisted by 

addition of OCNTBA 3a. We expected that the addition of the salt would produce 

UNIVERSITAT ROVIRA I VIRGILI 
INTERLOCKED ARCHITECTURES BASED ON A BIS-CALIX[4]PYRROLE MACROCYCLE FOR ION-PAIR RECOGNITION 
Jose Ramon Romero Lopez 
 



Influence of the stopper´s size in the rotaxane synthesis 

- 113 - 
 

kinetically stable assemblies producing sharp proton signals in the 1H NMR spectra of 

the interwoven complexes. 

Previously, we reported that the addition of 1 equiv. of OCNTBA 3a to an equimolar 

millimolar mixture of 1 and 2b in CDCl3 produced a dramatic change in the 1H NMR 

spectrum of the mixture. All proton signals corresponding to 1 and 2b become sharp 

and well-defined and they can easily be assigned to the quantitative formation of the 

pseudorotaxane complex 3a1●2b with an association constant higher than 104 M-1.50 

The addition of 1 equiv of OCNTBA to an equimolar mixture of macrocycle 1 and 

monostoppered axle 12 also produced the diagnostic and sharp proton signals expected 

for the quantitative and exclusive formation of the semirotaxane complex 3a1●12, for 

which we also estimated an association constant higher than 104 M-1, Figure 4. 3a.  

 

Figure 4. 3. a) Schematic representation of the solution equilibria established upon the addition of 
OCNTBA to separated mixture of monostoppered axles 12 and 13 with macrocycle 1. b) 1H NMR 
spectra (CDCl3, 500 MHz, 298 K) of solutions containing equimolar amounts of 3a, 1 and 12 a) 
and 3a, 1 and 13 b).  
 

Surprisingly, the addition of 1 equiv of 3a to an equimolar mixture of macrocycle 1 and 

monostoppered axle 13 produced 2 different sets of proton signals in the 1H NMR 
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spectrum of the mixture. A careful analysis of the number of proton signals and their 

chemical shift values, allowed us to assign one set of signals to the semirotaxane 

complex 3a1●13 and the other set of proton signals to the formation of the 2:1 

complex (3a)21 (see Figure 4. 3b).53  

This result indicated that the size of the stopper had a significant effect on the relative 

thermodynamic stability exhibited by the semirotaxane and the cascade complex. The 

non-stoppered axle 2b and the monostoppered axle 12 featured a similar behavior in 

solution under the described conditions. Both of them, in an equimolar mixture of 1 and 

3a assembled exclusively and quantitatively in [2]pseudorotaxane and [2]semirotaxane 

complexes, 3a1●2b and 3a1●12, respectively. Conversely, monostoppered axle 13 

equipped with a single and small stopper under identical conditions, produced a mixture 

of two assemblies with macrocycle 1, the [2]semirotaxane 3a113 and the 2:1 cascade 

complex (3a)21. The effect of the stopper size in the assembly of the [2]semirotaxene 

is notable. However, for the monofunctionalized axle 13, containing the small stopper 

4b, the [2]semirotaxane is still assembled to a significant extent. This finding rules out 

the possibility that the synthesis and subsequent isolation of the [2]rotaxane 15 is a 

direct consequence of the lack of assembly of the corresponding synthetic precursor 

with [2]semirotaxane topology.  

Taking advantage of the synthesized monostoppered lineal components 12 and 13, we 

decided to explore the synthesis of [2]rotaxanes using [2]semirotaxane assemblies 

derived from them as synthetic precursors. We applied the same reaction conditions 

used in the synthesis of [2]rotaxane 5 but the lineal unfunctionalized component 2b  

was substituted by a monostoppered counterpart, 12 and 13.(see Figure 4. 4 and Figure 

4. 5). 
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Figure 4. 4. Schematic representation for the preparation of [2]rotaxanes using monosubstituted 
axle 12 and large 4a or small 4b unit as second blocking group. Reaction conditions: 12 (1 
equiv.), 4a-4b (1 equiv.), [Cu[(CH3CN)4PF6] (0.05 equiv.), TBTA (0.05 equiv.), DIPEA (4 
equiv.), DCM. Free lineal components 10 and 14 are also formed in reaction 1) and 2) 
respectively. 

 

Figure 4. 5. Schematic representation for the preparation of [2]rotaxanes using monosubstituted 
axle 13 and large 4a and small 4b units as second blocking groups. Reaction conditions: 13 (1 
equiv.), 4a-4b (1 equiv.), [Cu[(CH3CN)4PF6] (0.05 equiv.), TBTA (0.05 equiv.), DIPEA (4 
equiv.), DCM. Free lineal components 14 and 11 are also formed in reaction 3) and 4) 
respectively. 
 

To a 12 mM equimolar mixture of macrocycle 1 and one of the monostoppered axles, 

12 or 13, in dichloromethane solution was added 1 equiv. of one of the alkyne-

functionalized terphenyl stoppers, 4a or 4b, 4 equiv. of diisopropyl ethyl amine 

(DIPEA), a catalytic amount  of [Cu(CH3CN)2]PF6 (5%) and 

tris(benzyltriazoylmethyl)amine (TBTA) (5%) as ligand. The results obtained from 

these reactions are summarized in Table 4. 1. We concluded that the assembly with 

[2]rotaxane structure could only be isolated when the large 4a units were used as 
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blocking groups at both ends of the linear component, (Table 4. 1, entry 1). It is worthy 

to note that [2]rotaxane 5 was isolated in a slightly higher yield (30%) compared to the 

one obtained in the previous synthesis (27%) using the lineal unsubstituted axle 2b 

under more concentrated conditions. This result is in agreement with a reduction of the 

number of cycloaddition reactions required for the synthesis of 5 in the former synthetic 

strategy. 

Table 4. 1. Yields of isolated macrocycle 1, linear component (LC, 10, 11, 14) and [2]rotaxane. a 

Concentrations (mM) of the axle and the blocking group used in each experiment. The 
concentration of the cyclic component [1] =12 mM in all cases. See Figure 4. 4 (exp. 1-2) and 
Figure 4. 5 (Exp. 3-4) for reaction schemes .bIsolated yields based on macrocycle 1.  

Exp.a [12] [13] [4a] [4b] Recovery 1 Yield LCb [2]rotaxaneb 

1 12  _ 12 _ 40% 59% 30% 

2 12 _ _ 12 96% 90% 0 

3 _ 12 12 _ 91% 91% 0 

4 _ 12 _ 12 87% 81% 0 

 

The use of the smaller stopper 4b, did not lead in any of its combinations to the 

isolation of the corresponding [2]rotaxane structure (neither starting from 

monostoppered 13 and adding stopper 4a or 4b nor starting from monostoppered 12 and 

adding 4b, entries 2-4 from Table 4. 1). In all the attempts, almost quantitative amounts 

of the free components of the putative [2]rotaxane were recovered after column 

chromatography purification of the reaction crude (from 87-96 % of macrocycle 1 is 

recovered). 

We have evidenced the assembly of the [2]semirotaxane in solution using axle 13. 

Therefore, considering the results summarized in the Table 4. 1, we concluded that, 

most likely the stopper unit 4b was not large enough to prevent de disassembly of the 

assembly 15 and the interwoven assembly with two different terminal blocking units, 4a 

and 4b, in its lineal component. Most likely, the complete dethreading of the interlocked 

components takes place during the work-up of the reaction, especially in the column 

chromatography purification. 

Nevertheless, the dethreading hypothesis requires additional results in order to be 

substantiated beyond any reasonable doubt. For example, slipping experiments 
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performed using the doubly stoppered lineal component 11 with small blocking units 4b 

and macrocycle 1 are expected to produce the corresponding [2]psedorotaxane assembly 

in the presence of 1 equiv. of a suitable salt (i.e 3a). The slipping approach is a synthetic 

strategy used for the synthesis of rotaxanes. In this methodology the macrocycle slips 

over one of the axle stoppers.54 This strategy usually requires heating the mixture of 

macrocycle and axle components at high temperatures in order to overcome the energy 

barrier to afford the interlocked structure. Upon cooling the solution to room 

temperature the interlocked structure is kinetically trapped as a result of the high energy 

required for the deslipping (Figure 4.6).6 In addition, the favorable interactions 

stablished between the macrocycle and axle components in the interlocked structure, 

compared to the free components, stabilize the interlocked assembly and increases de 

energy required for its dissociation.  

 

Figure 4. 6. Schematic representation of the slipping approach for rotaxanes formation. M, L and 
R denote Macrocycle, Linear component and Rotaxane respectively. ∆G╪

on is overcome by 
heating a solution of M and L. To obtain a stable rotaxane ∆G╪

off ˃ ∆G╪
on (∆Gº=∆G╪

off - ∆G╪
on). 

 

Unfortunately, under the conditions tested, we have no evidence of the functioning of 

the slipping process in the assembly of 1 and 11 assisted by 3a. We hypothesize that the 

mixture may be trapped in a kinetic minimum or that the interwoven structure is not the 

thermodynamic energy minimum in this case. 

4.2.2 Characterization of a new species 

As mentioned in the first part of this chapter, during the purification of the multiple 

reaction attempts performed to synthesize rotaxane 15 using the small stopper units 4b, 
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we detected the presence of a new species in a very small amount. This unknown 

compound had an Rf very similar to the one corresponding to rotaxane 5. Luckily, we 

were able to isolate few fractions containing this species 17 as a pure compound when 

performing a silica column chromatography purification of the reaction crude using 

10% THF/DCM as eluent. Solvent evaporation of the combined fractions produced a 

white solid that was characterized by a set of high-resolution spectra (NMR 

spectroscopy and MS spectrometry. 

The 1H NMR spectrum of the white solid in CDCl3 solution displayed both sharp and 

broad signals corresponding to the protons of the macrocycle as well as those in the 

lineal axle (Figure 4. 7). The -pyrrole protons appeared as two separate signals 

resonating at 5.9 and 5.6 ppm. These signals were upfield shifted in comparison to those 

of the free macrocycle and to [2]rotaxane 5. The pyrrole NHs appeared as a broad band 

centered at 9 ppm. This signal was significantly downfield shifted with respect to the 

chemical shift value determined for the same protons in the free macrocycle. The 

aromatic protons of the macrocycle walls and the proton signals corresponding to the 

terphenyl stoppers overlapped. The triazole proton of the axle component resonated as a 

singlet at 7.5 ppm. 

 

Figure 4. 7. 1H NMR spectrum of [3]rotaxane 17 (CDCl3, 500 MHz, 298 K). Bottom part is 
indicated the integral values for each signal. (*) Impurity. 
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Surprisingly, the relative integral values of the signals corresponding to the -pyrrole 

protons of the macrocycle and the ones corresponding to the axle were not in 

accordance with the 1:1 molar ratio expected for a [2]rotaxane complex. This 

observation prompted us to discard the assignment of [2]rotaxane topology to this new 

species. Conversely, the relative integral values for axle-to-ring protons were in 

agreement with a 2:1 axle:macrocycle ratio. This finding strongly suggested that two 

axle units were present in the assembly with one macrocycle.  

Increasing the temperature to 328 K produced the sharpening of some signals and 

allowed the observation of the signal for the H2 protons in the lineal axle that was 

broadened at room temperature. The signal of the amide protons overlapped with those 

of the aromatic protons corresponding to the terphenyl stoppers at 7.1 ppm. By 

lowering the temperature, we observed both sharpening of some of the signals and 

broadening of others that did not provided any additional information for the structural 

assignment. 2D NMR experiments were useful for the assignment of some proton 

signals. A COSY experiment (Figure 4. 8) revealed the existence of cross peaks due to 

scalar coupling between the two chemically unequivalent -pyrrole protons. We also 

observed cross peaks that related the triazole protons H9 with the protons H10 of the axle 

component. 
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Figure 4. 8. Selected downfield region of the COSY experiment (CDCl3, 500 MHz, 298 K) of a 
millimolar solution of [3]rotaxane showing the assignment of some relevant cross-peaks. (*) 
Impurity. 
 

Interestingly, a ROESY NMR experiment (Figure 4. 9) showed through space close 

contact cross peaks between the -pyrrole protons and the proton H1 of the N-oxide 

moiety in the axle. This observation is in accordance with the inclusion of the N-oxide 

unit of the axle inside of the macrocycle´s cavity by hydrogen bonding to the 

calix[4]pyrrole core.  
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Figure 4. 9. Selected region of the ROESY experiment (CDCl3, 500 MHz, 298 K) of a millimolar 
solution of [3]rotaxane showing the assignment of some relevant cross-peaks. (*) Impurity. 
 

Finally, we performed a Diffusion Ordered Spectroscopy (DOSY) NMR experiments of 

a millimollar solution of 17 in CDCl3, (Figure 4. 10). The DOSY NMR showed that the 

diffusion constant values calculated for the decay of the proton signals´ intensities 

corresponding to the linear axle and to the macrocycle were identical. Considering the 

difference in the size of the two molecular components, this result indicated that both 

were involved in the formation of a unique species. We determined a diffusion constant 

value of 3.89  10-10 m2/s. Remarkably, this value is smaller than the diffusion constant 

obtained for the free macrocycle (6.74  10-10 m2/s) or even slightly smaller than the one 

determined for [2]rotaxane 5 (4.29  10-10 m2/s) in the same solvent. Taken together, 

these results indicated that the new isolated species had a larger hydrodynamic radius 

than the previous described [2]rotaxane 5.  
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Figure 4. 10. 1H pseudo-2D DOSY (CDCl3, 500 MHz, 298 K) of a millimolar solution of 
[3]rotaxane 16 (a) and fit of the decay in the peak height at 5.88 ppm to a monoexponential 
function (b). 
 

Based on the NMR spectroscopy results and simple molecular modeling studies, we 

propose that the new isolated species corresponds to a molecule with [3]rotaxane 

topology, 17. Compound 17 features two axles threading the macrocycle´s cavity. 

 (Figure 4. 11).  

 

 

Figure 4. 11. Energy minimized structure (MM3) of the putative double-threaded [3]rotaxane 17. 
The double-thread is depicted with van der waals surface. Non-polar hydrogens were removed for 
clarity. 
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It is worthy to note that we did not isolate any compound with [3]rotaxane topology 

when using the bigger stopper units 4a. Most likely, the use of the smaller stopper units 

4b allows the interwoven assembly of two axles minimizing steric clashes between 

them.  

In the proposed energy minimized structure of the putative [3]rotaxane 17, macrocycle 

1 contains one hydrogen-bonded N-oxide unit of an axle in each of its two hemispheres 

without noticeable distortion of its cyclic structure compared to the unthreaded or 

monothreaded states. Each N-oxide pyridyl residue in 17 establishes four hydrogen 

bond interactions with the calix[4]pyrrole core in one hemisphere of the macrocycle. 

Moreover, amide groups of one lineal axle can also establish hydrogen bond 

interactions with the amide group of the adjacent N-oxide unit bound on the opposite 

hemisphere.55 Two possible conformations of the lineal threads in 17 stablishing 

hydrogen bonds interactions are depicted in Figure 4. 12. 

 

Figure 4. 12. Possible conformations by hydrogen bond interactions between two pyridine N-
oxide units inside of the macrocycle cavity. 
 

Analysis of the crude reaction mixture by HPLC provided further evidence for the 

formation of this new species. The comparison of the HPLC traces of the reaction 

crudes obtained in the synthesis of [2]rotaxane 5 and the putative [3]rotaxane 17 

assigned a higher retention time for the new species 17 compared to 5 (7% THF/DCM) 

(Figure 4. 13). This result is in agreement with the expected higher polarity of 17 

provided by the presence of two N-oxide axles in its structure. 
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Figure 4. 13. HPLC traces of a millimolar aliquot56 from crude reaction for [3]rotaxane synthesis 
a) and from crude reaction of [2]rotaxane synthesis b). [3]rotaxane retention time (4.2 min) is 
higher than for [2]rotaxane (3.4 min) under the same chromatographic conditions (7% 
THF/CH2Cl2). Both rotaxane signals appear as broad peak. 
 

Previously, we observed that the UV-vis spectrum of [2]rotaxane 5 featured a red shift 

(2 nm) of the bands assigned to the macrocyclic unit (maxima at 300, 320 and 343 nm) 

in comparison to the free compound 1 (maxima at 298, 318 and 341 nm).  

 

 

Figure 4. 14. UV-visible spectra of micromolar CH2Cl2 solutions of: a) free macrocycle 1 (blue 
line), linear component 10 (green line) and [2]rotaxane 5 (red line).  
 

Identical spectroscopic changes were observed in the UV-vis spectrum of the putative 

[3]rotaxane 17, which provide additional evidence  to its interwoven topology (maxima 

at 300, 320 and 343 nm), Figure 4. 15 b. 

 

UNIVERSITAT ROVIRA I VIRGILI 
INTERLOCKED ARCHITECTURES BASED ON A BIS-CALIX[4]PYRROLE MACROCYCLE FOR ION-PAIR RECOGNITION 
Jose Ramon Romero Lopez 
 



Influence of the stopper´s size in the rotaxane synthesis 

- 125 - 
 

 

Figure 4. 15. Comparison of the UV-visible spectra of macrocycle 1 (blue line), [2]rotaxane 5 
(red line) and new species 17 (orange line). The spectra were selected from the UV-vis of the 
peaks obtained in the HPLC analysis of crude reactions obtained in the synthesis of rotaxanes 
with large and small stoppers. Reaction conditions Scheme 4. 2. 
 

Finally, we were able to identify an ion-peak with the exact mass and isotopic patterns 

expected for the molecular formula of the double-threaded [3]rotaxane 17 using ESI-

HRMS+ spectrometry. 

 
Figure 4. 16. Simulated and experimental HR-MS (ESI-TOF ES+) of [3]rotaxane. m/z calculated 
for C278H310N26O10Na2 ([M+2Na])2+ 2109.2166, found ([M+2Na])2+ 2109.2140. 
 

It is worthy to note that the putative [3]rotaxane 17 was isolated in very low yields (< 

5%). Modification of the reaction conditions in order to favor its formation (2 equiv. of 

2b, 12 mM) did not result in any yield improvement. Moreover, a careful analysis of all 

the column chromatography fractions isolated during the synthesis of rotaxane 5 using 

the same eluting conditions than the ones used to isolate 17 did not evidence the 

presence of species featuring [3]rotaxane topology when using the big stopper units 4a. 
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Scheme 4. 4 shows a schematic representation of the plausible equilibria that are 

involved in the production of 5 and 17. When large stopper units 4a are used, only the 

compound with [2]rotaxane topology was isolated (steps a and b from Scheme 4. 4). 

Most likely, the larger size of the stopper units hinders the accommodation of two 

threads within the macrocyclic unit and prevents the formation of [3]pseudorotaxane 

assemblies as precursor intermediates in the synthesis of the [3]rotaxane (steps d-g, 

Scheme 4. 4). 

On the other hand, when small stopper units 4b are used, the free components and a 

compound with putative [3]rotaxane topology are isolated. Most probably, the size of 

the stopper unit 4b is not large enough to prevent the deslipping process (step c, Scheme 

4. 1) yielding the free components in solution. In addition, the reduced size of the 

stoppers would allow the presence of two lineal axles within the macrocycle cavity 

(steps d-g, Scheme 4. 4) yielding the [3]rotaxane species. The inclusion of two threads 

in the macrocycle cavity driven by hydrogen bonding interactions must overcome the 

steric clashes that may be present in the crowded environment of the assembly. This 

interpretation explains the poor yield obtained for [3]rotaxane 17. 

 

Scheme 4. 4. Schematic representation of the plausible equilibria and possible intermediate 
species involved in the formation of the [2]rotaxane 5 and [3]rotaxane 17. 
 

We are working in optimizing the structures of molecular components that would 

increase the formation of related compounds with [3]rotaxane topology. We consider 
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that favorable components would involve the use of longer chains. A larger chain19,20 in 

the substituted pyridine N-oxide would diminish steric clashes between the stoppers. 

These suggestions would be directed to stabilize the 1●(11-13) species, the intermediate 

previous to [3]rotaxane formation. Other factors must be taken into account such as 

stoichiometry (excess of axle component) and concentration. 

4.3 Conclusions 

In summary, we concluded that the size of the stopper (tris(biphenyl) stopper 4a or 

terphenyl stoppers 4b) used for the stoppering reaction in the formation of the 

interlocked structure involving bis(calix[4]pyrrole) macrocycle 1 and 3,5-bis-

amidepyridyl-N-oxide derivative axle have a strong effect on the final structure isolated. 

While the use of large stoppers 4a yields the final interlocked structure 5 described in 

Chapter 2, the use of small stoppers 4b mainly led to the recovery of free macrocycle 1 

(90% of the starting macrocycle) and the free linear component 11 from the reaction 

mixture. We hypothesized that most likely stoppers 4b might not be large enough to 

lock the [2]rotaxane 15 assembly and dethreading of the interlocked components can 

take place during the work-up. However, so far, we have not been able to demonstrate 

the opposite process, the slippage of the lineal component 11 through the macrocycle 1. 

Moreover, we identified the formation of a new species in a very reduced amount when 

using the small stopper unit 4b. We assigned a doubly threaded structure to this 

compound, that is a [3]rotaxane. We characterized structurally [3]rotaxane 17 through a 

combination of HPLC analysis, NMR spectroscopy and ESI-HRMS+ spectrometry.  

4.4 Experimental section 

4.4.1 General information and instrumentation 

All reagents were obtained from commercial suppliers and used without further 

purification. Anhydrous solvents were obtained from a solvent purification system SPS-

400-6 from Innovative Technologies, Inc. All solvents were of HPLC grade quality, 

commercially obtained and used without further purification. Routine 1H NMR spectra 

were recorded on a Bruker Avance II 400 Ultrashield NMR spectrometer. Variable 
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temperature experiments and 2D NMR spectra were performed on a Bruker Avance 500 

(500.1 MHz for 1H NMR) Ultrashield spectrometer. CDCl3 from Sigma Aldrich was 

used for NMR studies. Chemical shifts are given in ppm, relative to TMS. Analytical 

HPLC experiments were performed using a HPLC1100 Agilent instrument.57 UV-Vis 

measurements were carried out on a Shimadzu UV-2401PC spectrophotometer 

equipped with a photomultiplier detector, double beam optics and D2 and W light 

sources. 

4.4.2 Synthetic procedures 

3-(4-(Tris(4'-tert-butylbiphen-4-yl)methyl)phenoxy)propyne 4a,51 and 1-(prop-3-

ynoxy)-4-(tris-(4-tert-butyl-phenyl)-methyl)-benzene 4b,58 were synthesized according 

to reported procedures. 

 

General procedure for the synthesis of half-threads 12 and 13: 

A mixture of 2b (150 mg, 0.372 mmol), 4a (272 mg, 0.353 mmol), Cu(CH3CN)4PF6 

(39.6 mg, 0.100 mmol) and TBTA (49.3, 0.100 mmol) were dissolved in dry CH2Cl2 

(50 mL) in a two necked round bottom flask (100 mL). Finally, N-ethyl-N-

isopropylpropan-2-amine (260µL, 1.487 mmol) was added to the reaction mixture. The 

reaction was stirred at room temperature under argon. After 3 hours, the crude was 

washed with water (2x40 mL). The organic layer was dried over anhydrous Na2SO4 and 

concentrated in vacuo. The residue was redisolved in CH2Cl2 and precipitated with 

acetonitrile. The mixture was filtered and the resulting solid containing half-thread and 

linear component was purified by chiral semi-preparative HPLC column 

chromatography.52 Eluent 20% THF/CH2Cl2 for large half-thread 12 purification and 

17% THF/CH2Cl2 for small half-thread 13 purification. We obtain the desired product 

as a white solid (85 mg, 54%). 
1H NMR (400 MHz, Chloroform-d) of 12, δ 8.78 (s, 2H, H1), 8.28 (t, J = 5.5 Hz, 1H, 

H3´), 8.13 (s, 1H, H2), 7.65 (s, 1H, H9), 7.54 (d, J = 8.5 Hz, 6H, H15), 7.50 (d, J = 8.5 

Hz, 6H, H14), 7.44 (d, J = 8.5 Hz, 6H, H16), 7.30 (d, J = 8.5 Hz, 7H, H13-H3), 7.24 (d, J = 

9.0 Hz, 2H, H12), 6.85 (d, J = 9.0 Hz, 2H, H11), 5.09 (s, 2H, H10), 4.44 (t, J = 6.3 Hz, 2H, 
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H8´), 3.44 (m, 4H, H4, H4´), 3.19 (t, J = 6.8 Hz, 2H, H8), 1.96 (m, 2H, H7´), 1.59 (m, 8H, 

H5, H5´, H7, H6), 1.40 (m, 2H, H6´), 1.35(s, 27H, CH3-tBut). 
13C{1H} NMR (101 MHz, CDCl3) of 12, δ 162.76, 156.30, 150.43, 145.84, 140.56, 

140.23, 138.65, 137.80, 134.31, 133.82, 132.60, 131.60, 126.77, 126.16, 125.90, 

123.54, 122.80, 116.56, 113.64, 63.87, 61.76, 51.42, 49.89, 40.29, 39.91, 34.73, 31.56, 

29.24, 29.05, 28.66, 27.52, 24.29, 22.76. 

HR-MS (ESI-TOF ES+) of 12, m/z calculated for C75H83N9O4Na ([M+Na])+ 1196.6456, 

found ([M+Na])+ 1196.6421 

 
1H NMR (400 MHz, Chloroform-d) of 13 δ 8.80 (s, 2H, H1), 8.44 (m, 1H, H3´), 8.09 (s, 

1H, H2), 7.67 (s, 1H, H9), 7.23 (d, J = 8.6 Hz, 6H, H14), 7.09 (d, J = 8.9 Hz, 2H, H12), 

7.12 (d, J = 8.6 Hz, 6H, H13), 6.98 (m, 1H, H3) 6.78 (d, J = 8.9 Hz, 2H, H11), 5.07 (s, 

2H, H10), 4.48 (t, J = 6 Hz, 2H, H8´)3.47 (m, 4H, H4, , H4´), 3.18 (t, J = 6.7 Hz, 2H), 1.98 

(m, 2H, H7´), 1.70 (m, 2H, H5), 1.60 (m, 2H, H5´), 1.54 (m, 2H, H7), 1.37 (m, 4H, H6, 

H6´), 1.29(s, 27H, CH3-tBut). 
13C NMR (101 MHz, CDCl3) of 13  δ 162.69, 156.02, 154.46, 152.79, 148.67, 144.16, 

140.83, 138.71, 132.69, 130.90, 124.31, 121.60, 113.23, 63.29, 61.60, 51.43, 40.24, 

39.86, 34.53, 31.60, 29.93, 29.13, 29.02, 28.68, 27.15, 25.79, 24.31. 

HR-MS (ESI-TOF ES+) of 13, m/z calculated for C57H71N9O4Na ([M+Na])+ 968.5521, 

found ([M+Na])+ 968.5503. 

 

General procedure for the synthesis of [2]rotaxane and [3]rotaxane: 

Conditions a (starting from large half-thread 12): Macrocycle 1 (39.80 mg, 0.033 

mmol), large half-thread 12 (39.00 mg, 0.033 mmol), 4a (25.6 mg, 0.033 mmol), TBTA 

(1.42 mg, 2.6810-3 mmol) and the catalyst Cu[(CH3CN)4PF6] (1.00 mg, 2.6810-3 

mmol) were placed in a two necked round bottom flask (25 mL) and dissolved in dry 

DCM (2.7 mL). Finally, the Hünig's base (0.023 ml, 0.133 mmol) was added to the 

reaction mixture and was stirred at room temperature under Ar for 5 hours. The reaction 

could be monitored by TLC (2% MeOH/DCM, Rf rotaxane=0.36; Rf macrocycle=1; Rf 

linear component=0). The reaction mixture was washed with water (240 mL). The 

organic phase was dried over anhydrous Na2SO4 and the solvent was removed in vacuo. 
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The residue was purified by column chromatography (30% AcOEt/DCM) to give the 

desired product as a white solid (31 mg, 30%). Upon changing the eluent to 5% 

MeOH/DCM we could isolate the free linear component. Reaction between 12 with 

small stopper 4b did not afford the product. Recovery unreacted macrocycle and linear 

component 14 (Table 4. 1). 
1H NMR (400 MHz, Chloroform-d) of 14 δ 8.76 (s, 1H, H1), 8.11 (m, 2H, H3), 7.65 (s, 

2H, H1), 7.54 (d, J = 8.5 Hz, 8H, H15, H9), 7.50 (d, J = 8.5 Hz, 6H, H14), 7.47 (d, J = 8.5 

Hz, 6H, H16), 7.30 (d, J = 8.5 Hz, 8H, H13, H12), 7.22 (d, J = 8.5 Hz, 6H, H14´), 7.10 (d, J 

= 8.8 Hz, 2H, H12´), 7.06 (d, J = 8.5 Hz, 6H, H13´), 6.83 (d, J = 8.8 Hz, 2H, H11), 6.75 (d, 

J = 8.8 Hz, 2H, H11´), 5.49 (s, 2H, H10), 5.03 (m, 2H, H10´), 4.35 (m, 4H, H8), 3.45 (s, 

4H, H4), 1.85 (s, 4H, H5), 1.63 (br, 8H, H6, H7), 1.35 (s, 27H, H17), 1.29 (s, 27H, H17´). 

HR-MS (ESI-TOF ES+) of 14, m/z calculated for C115H129N9O5Na ([M+Na])+ 

1739.0009, found ([M+Na])+ 1739.0009. 

Conditions b (starting from small half-thread 13): Macrocycle 1 (25.30 mg, 0.021 

mmol), half-thread 13 (20.00 mg, 0.021 mmol), 4b (16.30 mg, 0.021 mmol), TBTA 

(0.60 mg, 1.0510-3 mmol) and the catalyst Cu[(CH3CN)4PF6] (0.40 mg, 1.0510-3  

mmol) were placed in a two necked round bottom flask (25 mL) and dissolved in dry 

DCM (1.7 mL). Finally, the Hünig's base (0.015 mL, 0.085 mmol) was added to the 

reaction mixture and was stirred at room temperature under Ar for 5 hours. The reaction 

could be monitored by TLC (2% MeOH/DCM, Rf rotaxane=0.36; Rf macrocycle=1; Rf 

linear component=0). The reaction mixture was washed with water (240 mL). The 

organic phase was dried over anhydrous Na2SO4 and the solvent was removed in vacuo. 

The residue was purified by column chromatography (10% THF/DCM) followed by 5% 

MeOH/DCM to isolate the free linear component (11 or 14). The reaction did not afford 

the desired product. The reaction between small half-thread 13 with 4a or 4b did not 

form any rotaxane product. 
1H NMR (400 MHz, Chloroform-d) of 11 δ 8.78 (s, 2H, H1), 8.16 (m, 3H, H2, H3), 7.54 

(s, 2H, H9), 7.22 (d, J = 8.6 Hz, 12H, H14), 7.10 (d, J = 8.8 Hz, 4H, H12), 7.06 (d, J = 8.6 

Hz, 12H, H13), 6.76 (d, J = 8.8 Hz, 4H, H11), 5.03 (s, 4H, H10), 4.36 (t, J = 6.5 Hz, 4H, 

H8), 3.44 (m, 4H, H4), 1.87 (m, 4H), 1.67 (m, 2H), 1.34 (m, 2H)1.29(s, 27H, CH3-tBut). 
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13C NMR (101 MHz, CDCl3) of 11 δ 163.02, 156.14, 148.62, 144.19, 140.70, 132.62, 

130.90, 124.29, 113.29, 63.28, 61.73, 60.61, 49.88, 39.74, 34.51, 31.60, 29.40, 27.77, 

22.89, 14.42. 

HR-MS (ESI-TOF ES+) of 11, m/z calculated for C97H117N9O5Na2 ([M+2Na])2+ 

766.9481, found ([M+2Na])2+ 766.9465. 

 

4.4.3 Experimental section: Figures 

 

Figure 4. 17. Schematic synthesis of small stopper 4b.58 
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Figure 4. 18. 1H NMR spectrum of linear component 11 (CDCl3, 400 MHz, 298K). 
 

 

 

Figure 4. 19. 1H NMR spectrum of linear component 12 (CDCl3, 400 MHz, 298K). 
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Figure 4. 20. 1H NMR spectrum of 13 (CDCl3, 400 MHz, 298K). 
 

 

 

 

Figure 4. 21. 1H NMR spectrum of linear component 14 (CDCl3, 400 MHz, 298K). 
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Figure 4. 22. Simulated and experimental HR-MS (ESI-TOF ES+) of 12. m/z calculated for 
C75H83N9O4Na ([M+Na])+ 1196.6456, found ([M+Na])+ 1196.6421. 
 

 

 

Figure 4. 23. Simulated and experimental HR-MS (ESI-TOF ES+) of 13. m/z calculated for 
C57H71N9O4Na ([M+Na])+ 968.5521, found ([M+Na])+ 968.5503. 
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Figure 4. 24. Simulated and experimental HR-MS (ESI-TOF ES+) of 11. m/z calculated for 
C97H117N9O5Na2 ([M+2Na])2+ 766.9481, found ([M+2Na])2+ 766.9465. 
 

 

 

 

Figure 4. 25. Simulated and experimental HR-MS (ESI-TOF ES+) of 14. m/z calculated for 
C115H129N9O5Na ([M+Na])+ 1739.0009, found ([M+Na])+ 1739.0009. 
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Figure 4. 26. Selected downfield region of the 1H NMR spectra (CDCl3, 400 MHz, 298K) of 
[2]rotaxane, 5 [3]rotaxane 17 and small linear component 11. Comparison between different 
spectrums since [3]rotaxane share common signals and shifting behavior similar to [2]rotaxane 
and free 11. Blue color for macrocycle protons and purple color for axle protons. 
 

 

 

Figure 4. 27. Selected region of the variable temperature 1H NMR experiments (CDCl3, 500 
MHz) of a millimolar solution of [3]rotaxane 17 at 298 K a) 308 K b) 318 K c) 328 k d). 
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Table 4. 2. Relation of initial and final amounts in milligrams of starting material and isolated 
products during the cross reactions performed between half-threads 12 and 13 with large 4a and 
small 4b stoppers in the presence of macrocycle 1. aLarge mono-stopper 12. bSmall mono-stopper 
13. cLinear component 10. dLinear component 11. eLinear component 14. 

 
Initial Reagents Final isolated products 

1 Monostopper 1 
Linear 
Comp. 

[2]Rotaxane 
yield 

Linear comp. 
yield 

1) 39.8 39a 16 38c 30% 59% 

2) 28.6 27.98a 27.4 37e _ 90% 

3) 25.3 20b 23 33d _ 91% 

4) 25.3 20b 22 25.4e _ 81% 
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General Conclusions 

In summary, the work presented herein describes a series of studies related to the 

synthesis and binding properties of unprecedented [2]rotaxane architectures that 

function as ion-pair receptors. The reported molecules are based on a biscalix[4]pyrrole 

macrocycle and a linear component containing a 3,5-bis-aminopyridil-N-oxide unit.  

In particular, we describe the synthetic approach employed for the synthesis of a 

[2]rotaxane in a remarkable 50% yield through an optimized “in situ” stoppering 

strategy using the copper(I)- catalyzed azide-alkyne cycloaddition reaction. During the 

synthetic optimization studies we concluded that the use of anion templation was 

detrimental not only for the isolation of the pure [2]rotaxane but also for the good 

performance of the catalytic reaction. The synthesized [2]rotaxane architecture 5 

comprises the first example of a mechanically locked molecule that incorporates 

calix[4]pyrrole units in its scaffold. 

We demonstrated that rotaxane 5 is a good heteroditopic receptor for ion-pairs showing 

higher affinity for polyatomic anions (cyanate, nitrate) than for monoatomic 

counterparts (chloride) in non-polar solvents (chloroform). Conversely, we found that in 

polar non-protic solvents (acetone) the binding selectivity was reversed. The interlocked 

receptor showed higher binding constants for chloride than cyanate or nitrate as 

tetralkylammonium salts. These results were attributed to the superior solvation of the 

cation in acetone solution, which significantly reduces the competition for anion 

binding. This allows the engagement of the dissociated chloride anion in stronger 

hydrogen bonding interactions with the receptor owing to its reduced size in comparison 

to the polyatomic counterparts.  

Additionally, we could identify that [2]rotaxane 5 forms complexes of different binding  

stoichiometries with the ion-pairs. Under strict stoichiometric control, a complex with 

1:1 binding stoichiometry was assembled in both solvents (chloroform and acetone). 

However, the formation of complexes with higher stoichiometry, 2:1 complexes, was 

detected for the chloride and cyanate ion-pairs upon increasing their concentrations. The 

formation of the 2:1 complexes became more evident when working in acetone solution. 
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The hydrogen-bonding acceptor nature of the solvent competes with the N-oxide unit 

for the complexation with the calix[4]pyrrole core. In addition, it also promotes the ion-

pair dissociation by preferential solvation of the cation. 

Finally, we were confronted with the important role played by the size of the stopper in 

the formation of [2]rotaxane architecture. We demonstrated that the use of the large and 

bulky tris(biphenyl) stopper afforded the desired [2]rotaxane structure. Conversely, the 

use of the smaller terphenyl substituents as blocking groups produced the isolation, 

during the column chromatography purification of the reaction crude, of the macrocycle 

and the doubly functionalized axle in separated fractions. Remarkably, we also isolated 

a third compound in trace quantities. We assigned a putative [3]rotaxane structure to 

this compound, in which the bis(calix[4]pyrrole) macrocycle is threaded by two doubly 

stoppered axle units. 

With all these results in our hands, we envisage, as future perspectives of this work, the 

transfer of the synthesized interlocked structures to aqueous media. Indeed, the 

thermodynamic features measured for the binding of the [2]rotaxane 5 with ion-pairs 

augur well for the application of these type of receptors in the recognition of anions in 

aqueous media. The synthesis of a water-soluble version of these structures requires e.g. 

the incorporation of stoppers featuring water-solubilizing groups. The complexation of 

anions and other biologically relevant polar guests in water is still a challenging aspect 

for supramolecular chemists. 

Another field of application of the type of interlocked structures described here lies in 

the area of molecular switches. The design of a lineal component with two different 

recognition moieties (different stations) could end up with the development of a 

molecular shuttle that can operate in response to anion/ion-pair recognition. 
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List of abbreviations 

COSY  – Correlation spectroscopy 

CPK  – Corey-Pauling-Koltun model 

CuAAC  – Copper(I)-catalyzed azide-alkyne cycloaddition 

DIPEA  – N,N-Diisopropylethylamine 

DOSY  – Difusion Ordered Spectroscopy 

equiv.  – equivalent 

ESI  – Electrospray ionization 

HMBC  –  Heteronuclear multiple-bond correlation spectroscopy 

HPLC   – High performance liquid chromatography 

HRMS  – High resolution mass spectrometry 

HSQC  – Heteronuclear single-quantum correlation spectroscopy 

ITC  – Isothermal titration calorimetry 

K  – Kelvin  

Kcal  – Kilocalorie  

LC  – Lineal component 

MHz  – Megahertz  

MM3  – Molecular mechanics force field 

MS  – Mass spectrometry 

MTOA  – Methyltrioctylammonium 

NMR  – Nuclear magnetic resonance 

Oxone®  – Potassium peroxymonosulfate 

ROESY  – Rotating frame overhauser effect Spectroscopy 

TBA  – Tetrabutylammonium 

TBTA  – Tris(benzyltriazolylmethyl)amine  

TLC  – Thin Layer Chromatography 

TMS  – Tetramethylsilane 

TOF  – Time-of-flight 

T-ROESY – Transverse Rotating frame overhauser effect spectroscopy 

UV  – Ultraviolet 
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