
 

Alma Mater Studiorum – Università di Bologna 
 
 

DOTTORATO DI RICERCA IN 
 

CHIMICA 
 

Ciclo 34 
 

Settore Concorsuale: 03/B1 - FONDAMENTI DELLE SCIENZE CHIMICHE E 
SISTEMI INORGANICI  
 
Settore Scientifico Disciplinare: CHIM/03 - CHIMICA GENERALE E INORGANICA  
 

 
 
 

DESIGN, REALIZATION, AND CHARACTERIZATION OF COMPLEX 
REACTION NETWORKS IN DYNAMIC MECHANICALLY 

INTERLOCKED MOLECULES 
 
 

 
 
 

Presentata da: Federico Nicoli 
 
 
 
Coordinatore Dottorato     Supervisore 
 
 
Luca Prodi                          Alberto Credi 
 

Co-supervisori 
 
 
Massimo Baroncini 
Marco Lucarini 

 
Esame finale anno 2022 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Contents 
_________________________________________________________________ 
 

 

 
Introduction 1 

1. From supramolecular chemistry to mechanostereochemistry 2 

2. Synthesis of rotaxanes 3 

3. MIMs as artificial molecular machines 5 
3.1. Nature as muse 6 
3.2. Switches and motors 9 
3.3. Ratcheting in molecular machines 11 

4. References 14 

Chapter 1: Toward a light operated molecular transporter 18 

1.1. Introduction 19 
1.1.1. A light powered artificial molecular pump 19 
1.1.2. Analysis of the cycle 21 
1.1.3. Objective of the project 23 

1.2. Design and synthetic aspects 24 

1.3. Synthesis of a dimeric model system 25 
1.3.1. Synthesis of the first pump-unit 26 
1.3.2. Synthesis of the second pump-unit 27 
1.3.3. Synthesis of the dimeric axle 28 

1.4. A trifluoromethyl dibenzo-[24]-crown-8 derivative 29 
1.4.1. Direct trifluoromethylation of DB24C8 29 
1.4.2. Multistep synthesis of 3 30 

1.5. 1H-NMR characterization of EE-P1 32 

1.6. Photoisomerization studies on the free axle P1 34 

1.7. Complexation experiments 37 
1.7.1. Reaction network scheme 37 
1.7.2. 1H NMR spectrum of the complex 38 
1.7.3. Association and rate constants of the equilibria involving pseudorotaxanes 40 

1.8. “Light-ON” experiment 45 

1.9. Conclusion and perspectives 51 

1.10. Experimental section 52 

1.11. Synthetic procedures 54 

1.12. NMR spectra 72 

1.13. References 78 



 

Chapter 2: Synthesis and operation of a [2]rotaxane endowed with a novel 
photoactive recognition site. 81 

2.1. Introduction 82 
2.1.1. Objective of the project 83 
2.1.2.  E-1H2+ rotaxane 83 

2.2. Synthesis of E-1H2+ 85 
2.2.1. Synthesis of the recognition sites precursors 85 
2.2.2. Synthesis of E-1H2+ and model compound 2 86 

2.3. 1H NMR characterization of E-1H2+ 87 

2.4. Study of the acid/base switching 89 

2.5. Irradiation experiments 90 
2.5.1. 1H NMR photoisomerization study 90 
2.5.2. UV-vis photoisomerization and thermal back Z→E isomerization 92 

2.6. [2]rotaxane reaction network 95 
2.6.1. Acid/base properties of the ammonium recognition site 96 
2.6.2. Light-on/light-off experiment 98 
2.6.3. Out of equilibrium network operation 101 

2.7. Conclusion 104 

2.8. Experimental Section 105 

2.9. Synthetic procedures 108 

2.10. NMR spectra 122 

2.11. References 129 

Chapter 3: Chemical induced mismatch of rings and stations in a [3]rotaxane 131 

3.1. Introduction 132 
3.1.2. Objective of the project and RotH23+ structure 133 

3.2. Synthesis of RotH2
3+ and model compound 1 135 

3.2.1. Synthesis of RotH23+ 135 
3.2.2 Synthesis of the free axle 1 136 

3.3. 1H NMR characterization of RotH2
3+ 137 

3.4. Acid/base switching study 138 
3.4.1. Deactivation of one ammonium site (nS = nR) 138 
3.4.2. Deactivation of two ammonium sites (nS < nR) 139 
3.4.3. Functionalization of the deprotonated [3]rotaxane Rot+ 140 

3.5. Thermodynamic analysis of the deprotonation reaction 141 

3.6. Variable-Temperature NMR experiments 144 

3.7. Molecular Modelling 146 

3.8. Conclusion 150 

3.9. Experimental Section 151 

3.10. Synthetic procedures 155 

3.11. NMR spectra 170 

3.12. References 176 



 

Conclusion 179 

Acknowledgement 182 
 
 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 



 

Abstract  
 

The experimental projects discussed in this thesis are all related to the field of artificial 

molecular machines, specifically to systems composed of pseudorotaxane and rotaxane 

architectures. The characterization of the peculiar properties of these mechano-molecules is 

frequently associated with the analysis and elucidation of complex reaction networks; this 

latter aspect represents the main focus and central thread tying my thesis work. In each 

chapter, a specific project is described as summarized below: 

 

Chapter 1 presents the synthesis and characterization of a linear molecular motor designed 

to achieve the directional transport of a crown ether macrocycle along a linear molecular 

component using light as the sole energy source. This machine is composed by two 

photoactivated “pump-modules” derived from a supramolecular pump motif recently 

developed in our group. At the base of its operation is the E ⇆ Z photoisomerization of an 

azobenzene unit, which causes the directional threading and de-threading of a crown ether 

rings along a molecular axle. The presence of two pump modules in the synthesized linear 

molecular motor results in 24 = 16 possible states for the machine during its operation cycle 

(E or Z complexed/E or Z un-complexed/ one or two rings threaded). The study of such a 

complex operation scheme was made possible by using as a “cargo” molecule a 

trifluoromethyl substituted dibenzo-24-crown-8 (DB24C8) which enabled the use of 19F-

NMR spectrometry. Equilibrated solutions of the linear motor and fluorinated DB24C8 were 

studied in the dark and under UV light irradiation by NMR to assess the operation 

mechanism of the nanomachine. In contrast with our expectations, in this system, the 

absorption of light induces the release of macrocycles into the solution. The mechanistic 

details of this process are still under investigation. However, present data suggest that an 

information ratchet mechanism is driving the observed behavior. A mostly fascinating result, 

if confirmed, due to the rarity of molecular machines operating according to such a 

mechanism.  

Chapter 2 reports on the synthesis and characterization of a [2]rotaxane endowed with an 

ammonium recognition site (i.e., station), and a novel photoactive station for DB24C8. The 

[2]rotaxane was designed with the aim of altering the acid-base properties of an ammonium 

station with a light input by exploiting the peculiar characteristics present in rotaxane 



 

architectures. Indeed, it was envisaged that a difference in the affinity of the macrocycle for 

the two isomeric forms (E, Z) of the photochromic station could be reflected in a change in 

the apparent pKa of the ammonium site. This possibility was investigated by means of 

tailored UV-visible experiments. The obtained data suggest that this system can combine 

photoinduced isomerization and proton transfer in the same reaction network. This interplay 

between photochemical and acid-base reactions is amenable to conduct to out of equilibrium 

conditions, indeed the species involved in the network (protonated/deprotonated and E, Z 

isomers) are continuously interconverted when the system is kept under irradiation. In other 

words, in this system, light can sustain a dissipative state that results in a continuous 

movement of the ring between the stations of the axle component as long as light is furnished 

to the system. 

Chapter 3 describes the synthesis and characterization of a [3]rotaxane in which the relative 

number of rings and recognition sites can be changed on command. The [3]rotaxane is 

composed by a linear component containing two lateral ammonium recognition sites and one 

central triazolium station and two DB24C8 rings. Upon stepwise deactivation of the 

ammonium centers by deprotonation, the number of recognition sites can be made higher, 

equal, or smaller than the total number of interlocked macrocycles. Through a combination 

of NMR and UV-vis experiments, it was possible to measure some of the relevant 

thermodynamic parameters of the network of reactions interconverting these different 

species. Specifically, it was proved that the presence of a ring on the triazolium recognition 

site can affect the acidity of a nearby ammonium station. This is an example of how chemical 

information can be transferred between two remote sites in a rotaxane through the 

translational movement of an interlocked macrocycle. Furthermore, the combined NMR and 

computational investigation of the fully deprotonated species, in which two macrocycles are 

obliged to compete for a single “seat” represented by the triazolium station, enabled to 

elucidate some of the peculiar characteristics in this relatively rare and underexplored 

“frustrated” systems.
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1. From supramolecular chemistry to mechanostereochemistry 

The famous definition of supramolecular chemistry as “chemistry beyond the molecules”, 

given by the Nobel prize Jean Marie Lehn, clearly describes the field of interest of this 

branch of chemistry. This discipline focuses on the study of the different intermolecular 

interactions (such as donor-acceptor interactions, hydrogen bonding, metal coordination, 

hydrophobic interactions etc.) established between molecular entities along with the rational 

design of host-guest systems.1-2 The same non-covalent forces are exploited for the synthesis 

of interlocked molecules (MIMs), in these compounds two or more distinct molecules are 

entangled in space in such a manner that the single components cannot be separated without 

breaking a covalent bond (Figure 1).3 Rotaxanes (from Latin rota: wheel and axis: axle) and 

catenanes (from Latin catena: chain) are the two most common examples of MIMs. The 

former is minimally constituted by a linear axle surrounded by one macrocycle, whose 

dethreading is kinetically inhibited by bulky groups installed at the axle extremities, while 

catenanes are composed by two or more rings linked together in a chain like aspect.  

 

 

Figure 1. Graphical representation of a catenane and a rotaxane. 

The naming convention for this class of molecular architectures clearly highlights their 

multi-component nature. Indeed, the total number of interlocked components is reported 

between squared parenthesis before the name molecule (e.g. a [2]rotaxane is composed by 

one ring and one axle, identically a [2]catenane is formed by two interconnected rings).4 The 

introduction of the “mechanical bond” conducted to the birth of mechanostereochemistry, 

that in assonance with the definition of supramolecular chemistry, can be intended as the 

stereochemistry beyond the molecules and supermolecules.5,6 The study of the structure, 

topology, dynamic covalent and non-covalent interactions of MIMs are the main aspects 

encompassed by this field.  

In this thesis, the focus will be maintained on rotaxanes and pseudorotaxanes since the 

experimental projects discussed in the next chapters will concern the design, synthesis, and 

characterization of this class of molecules. 
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2. Synthesis of rotaxanes 

The interest in mechanically interlocked molecules such as catenane and rotaxanes was 

initially addressed to their topology:7,8 a branch of mathematics that studies the properties of 

geometrical objects that remain identical upon deformation, twisting or shape modification.9 

While a [2]catenane is a proper topological structure and represents an isomeric form of the 

two distinct rings, a [2]rotaxane is “topologically trivial”3 because its components can be 

ideally disassembled either by stretching the macrocyclic component or by the contraction 

of the axle. The first rotaxane synthesized date back from 1967 by Harrison and Harrison,10 

curiously, the word “rotaxane” was never used in the original work. The term was firstly 

proposed11 by Gottfried Schill that being the author of the pioneering monograph 

“Catenanes, Rotaxanes, and Knots”12 published in 1971, is considered the “father” of 

mechanical bond by Fraser Stoddart.13 Schill’s synthetic procedures are based on the 

“directed synthesis” approach,14 in this method a macrocycle is built around an aromatic 

core in such a way that the breaking of a covalent bond leads to the formation of the 

interlocked structure. However, this strategy necessitates of numerous synthetic steps that, 

inevitably, leads to a poor final yield (Figure 2, left). An important contribution to the 

synthesis of MIMs, in terms of synthetic accessibility and applicability, was introduced by 

the template direct synthesis of catenanes15 developed by Jean Pierre Sauvage. The 

groundbreaking intuition was to employ the supramolecular coordination of Cu (I) to drive 

the formation of a threaded structure (Figure 2, right), the latter was subsequently interlocked 

through nucleophilic substitution in reasonably high yields. 
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Modern approaches to rotaxanes synthesis are based on the self-assembly of rings and axle 

components driven by recognition sites installed in the linear part, termed “stations”. These 

sites are able to interact and bind to the macrocyclic unit via a range of different 

supramolecular interactions, such as hydrogen bond, hydrophobic and/or electrostatic 

interactions, halogen bonding, cation coordination…etc3,17 to yield a pseudorotaxane. Figure 

3 depicts the commonly used methods for rotaxane preparation. 

 

 

 

 

 

 

 

 

 

 

Figure 3. Modern synthetic approaches to the of rotaxanes. On the left the method based on the preliminary 
pseudorotaxane formation. 

The most frequent synthesis of rotaxanes occurs by derivatization of self-assembled 

pseudorotaxane structures via the introduction of bulky end groups, a reaction aptly named 

stoppering3 (a, Figure 3). The swelling18,19strategy (b, Figure 3) is conceptually similar to 

the stoppering one, however in this case the groups at the extremity of the axle are directly 

converted into bulky moieties acting as stoppers. Several alternatives can be exploited to 

synthesize rotaxanes that does not need the preliminary formation of a pseudorotaxane: the 

slippage20 (d, Figure 3) of a ring onto the stoppers is an example, this technique require a 

certain amount of thermal energy to be furnished to the system in order to overcome the 

threading barrier of the stopper units. In other synthetic strategies the macrocycle has an 

active role in the mechanical bond realization: the macrocyclization of a linear molecule 

around the axle is known as clipping (e, Figure 3), while the shrinking21 (c, Figure 3) 

approach exploits the reduction in the radius of the macrocycle to realize the interlocking of 

the components. Finally, a catalysis driven strategy has recently been developed, in which 

the cavity of a macrocycle actively captures22-24 (f, Figure 3) two halves of a dumbbell 

shaped axle accelerating their covalent coupling.  
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3. MIMs as artificial molecular machines 

The work in the field of artificial molecular machines (AMMs) was recognized with the 

Nobel prize in 2016 awarded to Jean Pierre Sauvage25, James Fraser Stoddart26, and Bernard 

Lucas Feringa.27 It is not surprising that two of them (J. F. Stoddart and J. P. Sauvage) gave 

a huge contribution to development of MIMs, indeed the mechanical bond represents an 

attractive choice for chemists interested in AMMs.17 A molecular machine is defined as an 

assembly of a discrete number of components able to perform a “mechanical-like movement” 

in response to an external stimulus.28 The great advantage provided by MIMs in AMMs 

operation is that the supramolecular weak interactions, established between the components 

of rotaxanes and catenanes, can be modulated with external stimuli (pH variation, redox, 

light irradiation)29-31 resulting in a fine control of the co-conformational arrangement of the 

interlocked parts. The linear translation of a macrocycle between axle’s specific recognition 

sites is named shuttling. This process was described for the first time by Stoddart and co-

workers in 1991,32 in this work the slow exchange between free and complexed hydroquinol 

recognition sites (in red, top Figure 4) of a cyclobis(paraquat-p-phenylene) macrocycle were 

observed in 1H NMR spectroscopy at -50 °C.  

 

 

 

 

 

 

 

 

 

 

 

 

Later, in 1999, Jean-Pierre Sauvage described the rotation of the macrocycle around the axle 

of a rotaxane, namely pirouetting.33 In this case, the ring can be rotated on command by 

electrochemical reduction/oxidation of a copper ion by means of the subsequent 

rearrangement of the coordination sphere: at low oxidation state the two phenantroline 
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ligands (one of the ring one of the axle) interact with the metal, at high oxidation state, copper 

II is coordinated by the terpyridine of the ring and the phenantroline of the axle (Figure 4, 

bottom).  

However, despite the analogy of the mechanical movements operated, the comparison 

between macroscopic machines and their nanosized versions reveals fundamental 

differences in their operation.40 Indeed, at the nanoscale thermal energy causes random 

motion of molecules (Brownian motion41,42), moreover, the momentum and gravity terms 

(that depends on the mass of the objects) are mostly irrelevant, while viscous forces are 

prevalent and responsible of convert in movement into heat. The Reynold number43 as 

defined by the Equation 1 for a particle of dimension a, that is moving with velocity v in a 

medium with density ρ and viscosity η, 

 

                    Eq.1           𝑅 = !"#
$

 

 

is an dimensionless term which represents the ratio between inertial and viscous forces and 

is useful to discriminate systems in which the latter are dominant. Being directly proportional 

to the dimension of the particles, clearly at the molecular level is very low. To cite a 

suggestive sentence from R. Dean Astumian the operation of a molecular machines in terms 

of movements and direction control can be compared to “swim in a molasses and walk in a 

hurricane”.53 

 

3.1. Nature as muse 
 

Useful “guidelines” to design artificial molecular machines can be derived from the study of 

the physical and chemical mechanisms used by their natural counterpart to perform highly 

complex tasks.36, 39  

Some types of bacteria (for example E. coli) exploit the rotary motion of a molecular motor 

to operate a linear shaped flagellum used to move across fluid medium by employing 

propulsion.40 Even if living in a low Reynold number world (E. coli diameter: 0.6-0.7 μm44), 

nature found a solution to the tendency of Brownian motion to randomize the trajectory and 

thus win viscous forces.40,43 Zooming inside a cell, it is possible to find linear molecular 

motors like kinesine and myosine, these proteins are able to unidirectionally “walk” 

respectively along microtubule and actin filaments. In these motors, the binding and 
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hydrolysis of ATP causes a conformational change in specific domains that is amplified and 

transformed into motion thanks to accessory structural motifs.45,46 Kinesin in particular can 

transport cargos, such as vesicles and organelles, in precise regions of the cell. The 

mechanism exploited to achieve directionality is still debated,47 conversely, the 

unidirectional rotation of the ATP synthase motor is well documented.  

ATP synthase and the previously cited flagellar motor belong to a class of natural machines 

able to perform unidirectional rotation.45 This protein is actually composed by two distinct 

motors: F0 (rotor) and F1, the first one is embedded in the membrane, and it is fueled by the 

protons flow due to a concentration gradient, while F1 is an ATP-powered motor.  

The rotation of F0 induces three different conformational arrangements of F1 α and β 

subunits that correspond to three different events: (i) binding of ADP and inorganic 

phosphate, (ii) formation of a bond between them and, finally, (iii) the release of ATP (Figure 

5, right).  

 

   
Figure 5. Left: structure of ATPase, the rotor F0 is placed in the lipid bilayer, the stator connects F0 with 
F1 that is composed by α and β sub-units. Adapted from reference 48. Right: the synthesis of ATP realized 
in F1 subunits (pink structures), the F0 central axle is represented is blue. The ATP synthesis cycle is 
accompanied by co-conformational modification in F1 components. 

 

F0 is not simply an ion channel, indeed the transfer of a proton is associated to its 

unidirectional rotation. The mechanism exploited is similar to a ratchet gear and is obtained 

thanks to a stator subunit installed at its side (Figure 5, left). The rotor has a cylindrical shape 

in which negatively charged residues are present all around the structure, these charges are 
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stabilized by protons (H+) captured by means of a stator channel in communication with the 

side at higher H+ concentration. After a rotation cycle, F0 can release the proton into the 

compartment at lower H+ concentration through another stator channel. Importantly, the 

rotor F0 is subjected to random thermal motion, but the concentration gradient dissipation 

induces a preferential direction in its rotation (Figure 6). 

 
Figure 6. Representation of F0 rotor, the negatively charged residues are represented in blue, while the 
protons are depicted in red. The stator puts in communication the two compartments at different +H 
concentration by mean of two different channels. The picture was inspired by an original illustration from 
reference 45. 

 

From this example, nature provides us some important lessons: i) non-covalent interactions 

govern the operation of natural molecular machines ii) natural motors do not hamper the 

Brownian motions, on the contrary, they capture and exploit them to operate49, iii) biological 

machines are fueled by chemical energy (ATP and GTP hydrolysis) or gradient 

concentration,36,45 iv) motion and performance of work, requires operation in out of 

equilibrium50,51 condition that is often achieved thanks to compartmentalization (e.g. pH 

gradient across the membrane). 

 

These aspects, here summarized in a list, underlie the most fascinating processes of life at 

the molecular level, and represent some fundamental “elements” for synthetic chemists 

interested in the design and operation of artificial molecular machines.36-40 In the next 

paragraph, some of the concept here anticipated will be discussed.  

 

 

  

F0 stator
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3.2. Switches and motors 
 

Artificial molecular machines are divided into two categories: switches and motors40, both 

of them require an energy source to operate, however, important differences can be 

underlined. Switches are multistate molecular devices that are not able to produce any net 

mechanical work, indeed, in a dual-state switch (0 - 1) the initial state (0) is restored 

travelling through the same pathway in the reverse direction; this means that the work 

produced in a switching cycle (0 → 1 → 0) is null (Figure 7, a).  

Motors are more complex systems, in this case, the transition states to switch from 0 → 1 

and from 1 → 0 are different and the work produced is given by the sum of the work of the 

single steps of the cycle38,40 (Figure 7, b). Importantly, motors can use energy sources to 

sustain a cycle away from equilibrium, they are therefore capable to “break” the principle of 

Detailed Balance52,53 that governs the relationship between rate constants in equilibrium 

systems. The principle states that in a system at equilibrium, the probabilities associated with 

the forward and backward reactions are identical and thus no work can be obtained. 

 

 
Figure 7. a) Representation of a switch operation, the application of a stimulus (the rope is pulled and fixed 
to a ring) cause the elevation of a weight, the inverse stimulus (the rope is unhooked) cancels the work 
done. b) representation of a motor, the complete cycle of a unidirectional crank handle produces the 
progressive elevation of the weight. 

 

Motors are able to produce work such as mechanical work or directional motion.40 The most 

important characteristic of a motor is the directionality of the operational cycle. At the 

molecular level thermal energy causes a ceaseless movement of the particles, i.e., Brownian 

motion, in molecular motors these random fluctuations are rectified through a ratcheting 

0

1

1

0

Switch Motor

a) b)
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mechanism54 by exploiting an energy source. Two main types of ratchets can be identified: 

information and energy ratchets. In an energy ratchet (or flashing ratchet) the minima and 

the maxima of a potential energy surface are modified in response to an external source of 

energy.54,38,40 A particle subjected to Brownian motion can be directionally moved between 

two successive minima, the process is realized because of the asymmetry of the kinetic 

barrier that results from the rising of wells and the lowering of adjacent maxima providing 

the more favorable movement of the particle in the forward path by thermal motion (Figure 

8, a). The continuous application of an external stimulus results in the transport of the 

particle, importantly, the position of the latter is irrelevant for the process.  

Contrary to the previously described ratchet mechanism, in an information ratchet,38,40,54 the 

position of the particle is determinant, and the minima are unchanged along a working cycle. 

This process requires transfer of information from the particle to the energy profile, causing 

the selective lowering of the barrier in front of the particle, thus determining a direction in 

the motion (Figure 8, b). 

 

 
 

 
Figure 8. a) energy ratchet, the particle (green dot) starts in the first purple well, the modification of the energy 
profile causes the directional advance of the particle through the combined lowering of the barrier and rising 
of the well. b) in the information ratchet the particle signals its position (exclamation point) causing the 
lowering of the barrier to move to the next right-hand well. 
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3.3. Ratcheting in molecular machines 
 

The information ratchet is reminiscent of the famous thought experiment of Maxwell’s 

demon55,56 in which the second law of thermodynamic seems to be violated. Maxwell 

imagined a machine composed by two closed compartments divided by a gate-endowed wall 

(Figure 9). In the initial stage the left compartment contains multiple Brownian particles with 

a statistical distribution of velocities, the demon is an intelligent creature able to open the 

gate and trap the particles with higher kinetic energy in one of the two compartments. The 

result is a difference in temperature in the two chambers and thus a decrease in entropy of 

the system, even without doing work (Figure 9).  

 
Figure 9. Representation of the Maxwell’s famous thought experiment, the two compartments are divided 
by a gate that is controlled by a demon able to divide the particles with different kinetic energy. 

 

The resolution to this paradox was given by Charles Henry Bennet: the memory of the demon 

(that was necessary to record information about the velocity and trajectory of the particles) 

need to be erased at the end of every stage of  a particle selection, this operation is dissipative 

and the minimum amount of heat produced correspond to the limit of Landauer (W = KBTln2 

where KB is the Boltzmann constant and T the temperature); in other words, for every bit 

cancelled the entropy of the system is increased.57  

A similar though experiment is represented by the Marian Smoluchowski’s trapdoor56,58, in 

the analogous Maxwellian two-compartment system the demon is replaced by a 

unidirectional door. The door can be selectively opened only from one side when a particle 

with sufficient kinetic energy hits the door (a unidirectional door hinge is installed). After 

some time, all the particles should be trapped in one of the two compartment and the entropy 

of the system would decrease. Smoluchowski proposed a solution for this paradox: following 

repeated impacts, the door would acquire a kinetic energy that is in the same order of 

magnitude of the thermal motion of the particles. The result is that the door itself would be 

subjected to random movements thus destroying any possibility to achieve directional 

gating. 
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The first example59 of a molecular machine able to operate as an information ratchet was 

reported by Leigh and co-worker in 2007. In this work, a [2]rotaxane (E,Z-1) was described 

characterized by the presence of two ammonium stations (DBA and MBA) on its axle 

component and a benzophenone functionalized crown ether macrocycle as the ring (Figure 

10).  

 
Figure 10. A chemical example of information ratchet realized by the photoisomerizable rotaxane 1 in 
presence of a benzyl sensitizer (in purple) under continuous irradiation. R = 3,5-di-tert-butyl phenyl. 

 

The axle is endowed with a α-methyl stilbene (cyan in Figure 10) unit that divides into two 

“compartments” the molecule; this photoactive moiety plays the role of a “gate” that can be 

closed on command in response to light stimulus. When the system is in the dark, the α-

methyl stilbene is in E configuration and the ring can shuttle between the two ammonium 

sites to reach an equilibrium distribution (DBA/MBA 65:35). The photoisomerization E → 

Z of stilbene causes the rising of a non-traversable kinetic barrier for the ring. Importantly, 

the gate is asymmetrically installed on the axle being adjacent to only one (DBA) of the two 

ammonium sites.  

The photostationary state (PSS) of the photochromic unit can be modulated by energy 

transfer in presence of a sensitizer: in this case an external benzyl (Purple in Figure 10) and 

the benzophenone on the ring. The situation observed for the case in which the ring occupies 

the DBA station and when the ring is on the MBA station is very different. In the first case, 

the PSS Z/E ratio is 41:59, due to the benzophenone-sensitized isomerization process; in the 

other case the intramolecular sensitization is less probable because of the distance of the ring 
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and the external benzyl sensitizer produces a higher Z:E PSS ratio (80:20). In other words, 

the macrocycle is capable to open the gate when it is located on the DBA station while the 

latter remains closed when the macrocycle is on the MBA station. The result is that, under 

light illumination, one third of the rings are moved from DBA station to MBA station against 

the thermal distribution (DBA/MBA 45:55). 

This system satisfies the requisites necessary to operate an energy ratchet mechanism and 

therefore an out of equilibrium distribution of the ring between the two station is realized.  

The second principle of thermodynamic is well preserved in the case of the [2]rotaxane 1, 

simply because the transfer of information from the ring to the potential barrier requires an 

energetic cost to be paid.  

 

 

In this brief introduction, some of the most important aspects dealing with the chemistry of 

MIMs have been summarized: from their discovery and synthesis methods to the importance 

that these molecules have reached in the field of AMMs, moreover the latter were classified, 

and the basic principles for their operation were discussed. These premises are important for 

the reader to easily go through the experimental projects that will be discussed in the next 

chapters. 

The focus of the first chapter is the realization and characterization of a prototype model of 

a photoactivated molecular transporter based on a pseudorotaxane architecture. The 

prototype was investigated upon complexation and in the condition of light irradiation. 

In the second chapter is reported the design, synthesis and characterization of a [2]rotaxane 

endowed with a dibenzylammonium station and a novel photochromic unit that acts as a 

recognition site for a DB24C8 crown ether macrocycle. This design allows the possibility to 

switch the [2]rotaxane by applying two different stimuli, light and pH variation.  

In the third chapter is described the synthesis and characterization of a [3]rotaxane in which 

the relative number of rings (nR) and stations (nS) can be changed on command. The three 

possible states (nR < nS, nR = nS, nR > nS) were separately studied, revealing important 

consequences on the chemical properties induced by the mismatch between rings and 

stations.  
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1.1. Introduction 
 

1.1.1. A light powered artificial molecular pump 
 

A molecular pump1,2 is a machine able to unidirectionally transport a molecular entity 

consuming a source of energy. The construction3-7 and operation8,9 of this kind of devices is 

a challenge for synthetic chemists. Only few examples of artificial molecular pumps are 

reported in the literature, and they can be classified based on the energy source exploited for 

their operation: electrochemical,10,11 light12-17 and chemical.19,20.  

In 2015, our group described the first autonomous artificial molecular pump able to exploit 

light energy to unidirectionally transport a macrocycle.17 The system is composed by a di-

naptho-24-crow-8 (DN24C8) based pseudorotaxane whose axle is endowed with an 

ammonium recognition site (R), a photoresponsive azobenzene unit (A) and a cyclopentyl 

pseudo-stopper (S) (Figure 1).   

 

 
Figure 1. Molecular structure of the photoactive molecular pump in the E (green) and Z (red) configuration 
and of the di-naphtho-24-crown-8 ether (DN24C8). 

 
Every component of the axle was accurately selected. The ammonium recognition site 

establishes hydrogen bonds with the crown ether resulting in the self-assembly of the system. 

The E-A unit can be photoisomerized to the Z-A isomer; this structural modification has a 

consequence on the (de-)threading process,21 which is faster for the E configuration. Finally, 

the pseudo-stopper22 was selected in reason of its hindrance, which is in between that of the 

E-A and E-A units toward the transit of the ring component over the axle moiety.  
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The assembly of the pseudorotaxane occurs preferentially from the E-A moiety (Figure 2, 

a), because, compared to the S unit, its threading kinetic constant (k) is higher (kE-A= 54 M-

1s-1, kS = 0.81 M-1s-1). The irradiation of the system results in two simultaneous effects: the 

destabilization of the ring-ammonium complex (the association constant of E-A is four times 

higher than that of the Z-A, KE= 6.3 105 M-1, KZ = 1.7 105 M-1), and the increase of the energy 

barrier that the ring has to overcome to transit over the Z-A unit (Figure 2, c and d).  

 
Figure 2. Photoinduced translation of DN24C8 along a non-symmetrical axle and simplified potential 
energy profiles. The unidirectional transit of the ring is guaranteed from the periodic modulation of the 
maxima and minima induced by light. Adapted with permission from reference 51. 

 

The reduced stability of the complex causes the ring de-threading, this process takes places 

faster from the S unit (kZ-A= 3.9 10-2 M-1s-1), Figure 2, c. In this way, the unidirectionality of 

the process is guaranteed. The system continuously cycles as long as light is provided, 

because the absorption spectra of the E and Z isomers are partially superimposed, thus 

photons of the same wavelength can induce both the E-Z and the Z-E photoisomerization 

processes. 
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1.1.2. Analysis of the cycle 
 

The cycle described doesn’t respect the principle of microscopic reversibility according to 

which in a closed path of reactions, the cycle probability is identical in both directions.23 

However, this situation is not surprising since the principle is valid only for systems at 

equilibrium, while the photoactive supramolecular pump described operates far from 

equilibrium. The reason for this behavior can be retraced in the peculiar interconnection of 

photochemical and thermal reactions depicted in the Scheme 1.  

 
 

Scheme 1. Self-assembling of the molecular pump (horizontal) and photochemical reactions (vertical). The 
chemical and photochemical constants refer to the reaction from left to right and from top to bottom. 

 

The two constants K2,hv and K4,hv are not thermodynamic constants, they are defined by the 

ratio of the concentrations of the Z and E isomers of the complexed and un-complexed axle 

at the photostationary state (PSS). The Equation 1 is valid in a system at thermal equilibrium, 

the out of equilibrium operation of the system can be proved following the consideration 

raised from the experimental evidence: 

 

Eq 1                            𝐾! ∗ 𝐾",$% = 𝐾& ∗ 𝐾',$% 
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When the system is irradiated at λ > 400 nm K2,hv = K4,hv because the PSS of the axle in the 

presence of absence of the macrocycle is identical, hence being K1 > K3 (see paragraph 1.1) 

Eq 1 is not valid. The result is that the Z complex ([Z-1H⊂DN24C8]+) is accumulated and 

the “excess” of ring is expelled from the R unit. In this regime a mechanism of energy ratchet 

(the maxima and the wells of the energy minima are different in the Z and E complex, Figure 

2) determines a clockwise preferential travel of the cycle (red arrow, Scheme 1).  

Interestingly, the system can operate by means of an information ratchet mechanism simply 

by irradiating at 298 nm. In this case, an energy transfer process from the naphthalene moiety 

of the ring to the A-unit occurs preferentially in the assembled pseudorotaxane thus 

generating a Z/E PSS ratio higher for the complex, resulting in K2,hv>K4,hv. Again, also in 

this case, the clockwise operation is provided from both the photochemical reactions and the 

thermodynamic equilibria directions. 

The same result, but with a different mechanism, is achieved by irradiating at 365 nm. In 

this case the molar absorbance coefficient of the axle is lower compared to the one of the 

complex therefore determining that K2,hv>K4,hv.  

In analogy with the natural molecular pumps, this system is able to rectify the Brownian 

motion by exploiting either an energy (irradiating with λ >400 nm) or information 

(irradiating at 365 nm or 287 nm) ratchet mechanism. Furthermore, thanks to the simplicity 

of the design, a lot of different architectures can be envisaged based on the fundamental 

structure of this pump. In this chapter is reported the design, synthesis, and interpretation of 

the experimental data of a dimeric pump system developed with the aim of building a 

molecular linear transporter. 
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1.1.3. Objective of the project 
 
The realization of an artificial molecular transporter is a challenge in nanoscience and could 

have a disruptive impact on many technological fields.24-28 In this framework, a photo-

responsive linear molecule was designed to realize the directional transport of a crown ether 

macrocycle along a linear axle by exploiting light energy. The designed system is based on 

the repetition of photoisomerizable “pump-modules”, based on the supramolecular pump 

described in the previous paragraph.16,18 (Figure 3).  

 

 

Figure 3. Graphical representation of an oligomeric thread composed by multiple photoactive pumps. The 
orange box stands for a cargo that can be eventually appended to the macrocycle, in this way, a nanosized 
molecular transporter would be realized. 

 

We envisaged that the irradiation with light would produce the continued modification of 

the linked pumps energy profiles generating a net transport of a macrocycle exploiting an 

energy ratchet mechanism.16-18 Moreover, the ring can be functionalized with a cleavable 

cargo, in this manner the macrocycle would act as a carrier for the transport of compounds 

over a nanosized track. The operation of this artificial molecular machine would be similar 

to the directionally “walk” of kinesin proteins on microtubules (fueled by ATP hydrolysis) 

that transports vesicles in cells.30,31 
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1.2. Design and synthetic aspects 
 

An artificial molecular transporter can be designed as the composition of three fundamental 

parts: a “head” pump unit, a repetitive “core” pump module and a bulky stopper molecule at 

the end, all connected through suitable functional groups (Z) (Figure 4). 

 

 
Figure 4: Design of a photoactivated molecular transporter 

The modular design of the oligomeric transporter requires a synthetic approach able to 

control the repetitive units, growth and their axial directionality. Nonetheless, these aspects 

represent one of the most demanding challenges in polymer and oligomer synthesis. Whiting 

and co-workers reported in 1982 one of the most reliable strategies to obtain oligomers and 

polymers with a definite structure and degree of polymerization (PDn), based on an iterative 

convergent/divergent (IDC) synthesis.32 In this method (Figure 5), a monomer is 

functionalized at its extremities with protective groups, the orthogonal deprotection of the 

groups (reaction x) and the subsequent coupling with a second monomer (reaction y) leads 

to the elongation of the thread.33  

 

 

 

 
 

 

Figure 5. Iterative divergent-convergent scheme (IDC) used in the controlled elongation of polymers and 
oligomers; after the completion of a cycle (reactions x+y) the chain results in the double (the two black 
dots represent the monomeric unit) of the original length. 

 

The iterative convergent strategy is a straightforward approach that can be applied to the 

synthesis of the transporter oligomer. Hence, every “core” pump module (left, Figure 6) is 

functionalized at the extremities with an azide group and a protected alkyne group. After the 

initial coupling reaction between the alkyne terminated “head” and the first “core” monomer, 
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followed by the deprotection of the alkyne group, elongation of the molecule is made 

possible by the iteration of the Copper catalyzed Azido Alkyne Coupling (CuAAC) reaction; 

the terminal stopper group is introduced last. Similarly, to the IDC approach, the convergent 

iterative strategy chosen for the oligomer pump has the advantage to ensure a controlled 

elongation of the molecule. 

 
Figure 6. Left, pump core module precursor for the iterative synthesis of the oligomeric axle. Right, iterative 
elongation of the photoactivated oligomer, one core module is added to the oligomer “Head” after a cycle 
of deprotection and CuAAC click reaction. 

 
1.3. Synthesis of a dimeric model system 
 
In order to investigate the behavior of covalently linked photoactive molecular pumps, the 

simple dimeric prototype was synthesized, the detailed description of the synthetic steps and 

the relative procedures are reported in the experimental section (Paragraph 1.10.). The 

prototype P1 (Figure 7) is composed by two pump units (I and II) whose structure resembles 

the original photoactivated supramolecular pump described in Paragraph 1.1.  

 

 
Figure 7. Molecular structure of the dimeric prototype P1 of an oligomeric molecular transporter 

 
P1 was designed to respond to different needs: it had to be similar to the final oligomer 

transporter, but at the same time, its investigation had to be easier and prelusive to understand 

the more complex oligomeric system. While the first pump module (I-E) is identical to the 

one designed for the head of the oligomer (Figure 4), in the second unit (II-E) the “stopper” 

is part of the module. This choice was done to differentiate the two pump modules in the 

NMR spectrum, which is fundamental to characterize the operation of the dimer. 

The two modules of the dimer were separately prepared and then covalently linked, hence 

the realization of the dimeric prototype was articulated in two phases: the preparation of an 
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alkyne derivative of the first pump unit and the synthesis of an azide substituted second 

pump unit. In the final convergent step, the dimeric compound was obtained by means of 

the CuAAC reaction. The detailed procedures are reported in the experimental section, while 

the description of the steps is reported below. 

 

1.3.1. Synthesis of the first pump-unit 

 

 
Scheme 2. Synthetic route to the compounds 6a and 1. I) a. Toluene, b. NaBH4, MeOH. 93% II) Boc2O, 
THF r.t. 94% III) Oxone, DCM/H2O, 0 °C 30 min. 20% IV) Flow reactor, H2 Pd/C 10%, MeOH. Quant. V) 
CH3CO2H r.t. 75% VI) ACN, HPF6 VII) Propargyl bromide, K2CO3 CH3CN (dry).70%. 

 

For the synthesis of the first pump unit (Scheme 2) compound 2a was obtained through 

reductive amination followed by the protection with di-tert-butyl dicarbonate (Boc2O), the 

introduction of the protective group was necessary to selectively drive the last nucleophilic 

substitution (VII) on the hydroxyl group. Catalytic hydrogenation was performed with a 

continuous flow reactor34 equipped with a 10% Pd/C catalyst cartridge, the conversion to the 

aniline derivative 4a was quantitative and clean. The introduction of the azobenzene 

functionality was realized through a Mills coupling reaction35 of 4a with nitroso-toluidine in 

acidic media; the latter was prepared from the partial oxidation of toluidine with Oxone (III). 

Compound 5a was finally reacted with propargyl bromide in refluxing acetonitrile (ACN) 

in presence of K2CO3 to afford the alkyne-derivative molecular pump precursor 6a. The 

deprotection reaction of 5a in a solution of hexafluorophosphoric acid provided the model 

compound 1 that was used as a reference for the characterization studies. 
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1.3.2. Synthesis of the second pump-unit 

 

 
Scheme 3. Synthetic route to the compounds 7b and 2 I) NaN3, DMF 70 °C 3h. Quant. II) Flow reactor H2 
Pd/C 10%, MeOH. Quant. III) a. Toluene, b. NaBH4, MeOH. 92% IV) HCl, EtOH, reflux. 94% V) a. HCl, 
NaNO2, EtOH 0°C 2h b. phenol, NaOH, EtOH 2h r.t., c. HCl 45% VI) a. NaHCO3, b. Boc2O, THF. 83% 
VII) K2CO3, CH3I, CH3CN reflux. 57% VIII) a. TFA, DCM, b. NaHCO3, c. HCl, NH4PF6. 41% IX) K2CO3, 
Br(CH2)2Br, CH3CN reflux. 75 % X) NaN3, DMF 70°C. quant. 

 
For the synthesis of the tail module (Scheme 3), precursor 2b was prepared by means of two 

preliminary steps: a nucleophilic substitution with sodium azide (NaN3) on 3,5-di-tert-

butylbenzyl bromide to afford 1b in quantitative yield, followed by catalytic hydrogenation 

of 1b in a continuous flow reactor employing a 10% Pd/C catalyst. Dibenzylamine 3b was 

obtained by reductive amination starting from 4-(Boc-ammino)benzaldehyde, in this way, 

the subsequent deprotection reaction in refluxing EtOH with an excess of HCl provided 

(after basic treatment) the anilino precursor 4b ready for the subsequent diazo coupling 
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reaction. The diazonium salt intermediate 5b was prepared in EtOH in presence of HCl and 

sodium nitrite, cannulation of the diazonium solution into a solution of sodium phenolate 

provided the azobenzene compound in 45% yield.  

Compound 2, used as a model compound for the tail module of the dimer, was prepared from 

tert-butyloxycarbonyl (Boc) protected product 6b employing iodomethane as methylating 

agent in a refluxing mixture of ACN and K2CO3 (VII). Lastly, the hexafluorophosphate salt 

was obtained upon deprotection with trifluoroacetic acid and anion exchange with NH4PF6 

(VIII). Compound 6b was obtained by nucleophilic substitution with dibromoethane, in the 

final step, the substitution of 6b with NaN3 afforded the second-unit pump precursor 7b.  

 

1.3.3. Synthesis of the dimeric axle 

 

 
Scheme 4. Synthesis of P1. [Cu(CH3CN)4]PF6 CH2Cl2, 7 days. 63%. II) a. TFA, DCM, b. NaHCO3 c. HCl, 
NH4PF6 47%. 

 
The dimeric track was obtained by coupling the two precursors 6a and 7b through a CuAAC 

reaction (Scheme 4), followed by Boc deprotection in acidic media. The dicationic 

hexaphluorophosphate salt derivative of the dimer was provided by anion exchange using a 

saturated solution of NH4PF6, the overall yield of the process was 47%. The anion exchange 

step required the optimization of a synthetic procedure, since the compound present a scarce 

solubility in the commonly used solvents for the exchange, for the detail see the experimental 

section (Paragraph 1.10.). 
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1.4. A trifluoromethyl dibenzo-[24]-crown-8 derivative 
 

Considering the modularity of the dimeric track, it was envisaged that the study of the 

compound by 1H-NMR could be overly complex due to an excessively crowded proton 

spectrum.  

For this reason, we decided to employ 19F-NMR spectroscopy to have an additional tool to 

investigate the system. A trifluoromethyl derivative of a dibenzo crown ether was 

synthesized to achieve this purpose. The routes employed were based on two different 

approaches: in a first attempt, the direct functionalization of DB24C8 was performed using 

the Langlois reagent36 (a reagent used in trifluoromethylation reactions) in a second 

approach a classical macrocyclization reaction was performed.  

 

1.4.1. Direct trifluoromethylation of DB24C8 

 

 

 
 

Scheme 5. Direct synthesis of 3. CF3SO2Na, tBuOOH, DMSO:CH3CN r.t. 24 h. 

The direct functionalization of crown ether presents numerous advantages in terms of time 

and resources economy,37 moreover the trifluoromethylation of a DB24C8 has never been 

reported in the literature. Sodium trifluoromethansulfinate (CF3SO2Na), namely Langlois 

reagent, together with di-tert-butyl peroxide (DTBP) can provide the trifluoromethylation of 

electron-rich aromatic rings.38 During the reaction, the DTBP act as a radical initiator and 

leads to the decomposition of the sulfinate to yield the ·CF3 electrophilic radical39 that 

attacks the aromatic ring of the DB24C8 (Scheme 5). The reaction was optimized to find the 

best conditions, in particular a mixture of ACN and dimethyl sulfoxide (DMSO) was found 
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to be the best medium. Moreover, the yield was improved by employing a syringe pump for 

the continuous and slow addition of DTBP. Unfortunately, together with the product, the 

unwanted di-substituted products (E, Z-3, Scheme 5) were obtained since an excess of 

CF3SO2Na is needed in the operative conditions. A lower amount of Langlois reagent causes 

a poor conversion of the reagent into the desired product and subsequently a difficult 

isolation by means of classical purification procedures (column chromatography). For these 

reasons, the route was abandoned, and the desired compound 3 was obtained through the 

classical procedure of templated macrocyclization. However, the direct functionalization of 

DB24C8 with perfluoroalkyl chains was recently reported in good yields employing the dyad 

Rose Bengal and vitamin B12 as photocatalyst and co-catalyst.40 
 

1.4.2. Multistep synthesis of 3  

 

 
Scheme 6. Synthesis route to 3 I) CF3SO2Na tBuOOH, CH3CN r.t. 12 h. 38% II) BBr3, DCM, -15°C, 60% 
III) Cs2CO3, THF, 70°C, 48 h. 72%. 

The synthesis of the macrocycle 3 (Scheme 6) started from the trifluoromethylation reaction 

of veratrole by means of the previously described procedure using the Langlois reagent to 

afford 38% conversion to the product 2d. Subsequently boron tribromide (BBr3) in dry 

solvent was employed to cleave the methyl groups resulting in 60% yield. The tosyl-

triethylene glycol di-substituted catechol 1e was just available in the laboratory since its use 

is common for our routinary synthetic procedures. The crown ether macrocyclization 

reaction must be carried in a large multi-neck round bottom flask, endowed with a dropping 
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funnel and a refrigerator. The reactant 3d and 1e are slowly added to a refluxing mixture of 

tetrahydrofuran and cesium carbonate (Cs2CO3). Once the first nucleophilic substitution of 

one hydroxyl group occurred, the intramolecular reaction with the second hydroxy group is 

favored for two reasons: the high dilution, and the template-directed coordination of the 

oxygen atoms of the glycol chains with the cesium cation. The isolated yield of this step was 

72%. 
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1.5. 1H-NMR characterization of EE-P1 
 
The resonances of the proton and carbon nuclei of compound P1 were assigned through the 

combination of 1D and 2D NMR experiments (13C-NMR, HSQC, HMBC are reported in the 

experimental section Paragraph 1.12). The 1H-NMR spectrum recorded in CD3CN at 298 K 

is reported in Figure 8.  

 
Figure 8. EE-[P1] = 5.0 mM, 1H-NMR CD3CN 298 K, 500 MHz. 

 
The peaks in cyan belong to the azobenzene units of the I and II stations, the signal labeled 

as Ho at (7.29 ppm) and Hp (7.48 ppm) are respectively assigned to the proton in para and 

ortho position in respect of the benzylammonium moiety of the II station (Figure 8). The 

triazole peak (8.00 ppm) and the methyl peak (2.43 ppm) are marked in red. The signal 

labeled as Hm (7.59 ppm) is in meta position respect to the second azo unit and is overlapped 

with a second aromatic proton, however it is evidenced because it is useful for the assignment 

of the methylene (-CH2-) benzylic protons HI (4.10 ppm, 4.01 ppm) and HII (4.16 ppm, 4.09 

ppm) discussed in the next paragraph. 

The benzylic signals of ammonium stations are commonly employed to study the 

complexation with crown-ether macrocycles since their chemical shift and multiplicity is 
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strongly affected by this process.41 The assignation of these peaks was important to dispose 

of target signals for I and II station. The similarity in the chemical shift of the proton and 

carbon NMR resulted in difficulties in the interpretation of the bidimensional spectra. To 

unambiguously assign the benzylic resonances relative to the I and II station a mono 

dimensional NOESY (Nuclear Overhauser Enhancement SpectroscopY) experiment was 

performed. The NOE (Nuclear Overhauser Effect) may be defined as the change in intensity 

of a frequency observed upon the perturbation of the spin transition of another frequency,42 

this technique is routinely employed to investigate the spatial proximity between protons.  

A positive NOE is observed for small molecules in low-viscosity solvents, meaning that an 

increase of the intensity of a peak would be observed as a result of the frequency saturation 

of a nucleus near in space. The approach of “difference spectroscopy” is employed to 

observe the variation in the peak intensities, the method is based on the subtraction of a 

control spectrum to the NOE spectrum; with this method, a negative intensity will result for 

the irradiated peak while all the other signals will be cancelled except for the ones in which 

a variation in intensity occurred. In Figure 9 are reported the 1D NOESY experiments 

performed on the P1 dimer. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9. Stacked spectra: red, 1H NMR reference spectrum of EE-P1; blue, 1D NOESY experiment on EE-
P1, saturated frequency 7.29 ppm; green, 1D NOESY experiment on EE-P1, saturated frequency 4.16 ppm. 
EE-[P1] = 5.3 mM, 1H-NMR CD3CN 298 K, 500 MHz. Structures on the left, the red squared protons are 
the saturated nuclei, the circle arrow indicates the nuclei whose peaks increase in intensity. 

In the blue spectrum (Figure 9) the resonance of the nucleus Ho (7.29 ppm) was saturated 

(negative intensity in the NOE spectrum) and the peaks at 4.08 ppm and 1.32 ppm increased 
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in intensity. This result indicates that the signal at 4.08 ppm is the II station benzylic peak 

near to Ho, obviously the increase in intensity of HtBu is also observed. In a second 

experiment (green spectrum, Figure 9), the resonance of the benzylic peak at 4.16 ppm was 

saturated and two signals increased their intensity: the previously found (4.08 ppm) 

belonging to the second station benzylic peak (HII), and the aromatic proton Hm confirming 

that the saturated resonance belong to the other benzylic peak of II. To conclude, the 

information provided these two NOE experiments was useful to assign the benzylic protons 

of II station and, by exclusion, the other two benzylic signals of I station. 

 

1.6. Photoisomerization studies on the free axle P1 
 
As previously mentioned, axle P1 can be photoisomerized upon irradiation with UV light. 

The isomerization process leads to strong variation in 1H NMR chemical shift as evidenced 

by the comparison of the spectra of EE-P1 (cyan spectrum in Figure 10) and the mixture at 

photostationary state (PSS) of Z isomers (EZ-P1, ZE-P1) in which the most abundant is ZZ-

P1 (purple spectrum, Figure 10). 

 
Figure 10. Stacked spectra: purple 1H NMR spectrum of EZ, ZE, ZZ-P1 mixture at PSS, irradiation 
wavelength 369 ± 10 nm; cyan 1H NMR spectrum of EE-P1. EE-[P1]0 = 4.3 mM, CD3CN 298 K, 500 MHz. 
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The resonances of the Z (purple, Figure 10) isomer of the dimeric axle are shielded in respect 

of the E one (cyan, Figure 10). The methyl peak Hme was particularly useful to follow the 

photoisomerization process of station I, the same is valid for HE-I (4.10 ppm, 4.01 ppm) and 

HZ-I (3.95 ppm, 3.92 ppm) that are nicely separated in the spectra. The tert-butyl signals 

provided information about the isomerization of the II station together with HE-II (4.16 ppm). 

The chemical shift of methylene peaks HA, HB, HC and HTz, relative to the bridge connecting 

the two pump modules, are influenced by the isomerization processes of both I and II station 

and thus they are not diagnostic of the state, complex or uncomplexed of the stations.  

The irradiation experiments were conducted adopting an experimental setup described by 

Gschwind and coworker,43 the UV light (λirr = 369 ± 10 nm) from a LED source was 

delivered inside the NMR spectrometer probehead using a quartz optical fiber directly 

inserted in the NMR tube. A solution of P1 in air equilibrated CD3CN (concentration of the 

sample 4.3 mM, volume 600 μL, 298 K) was irradiated until the composition became 

constant (photostationary state, PSS). In figure 11 are reported the integrals variation of 

target nuclei signals for I and II that occur during irradiation, the time dependent profiles of 

the curves are differently colored to distinguish the Z isomer formation (purple curves) and 

the E isomer disappearance (cyan curves). 

 
Figure 11. Top: structure of the axle P1. Down: E➝Z photoisomerization of the dimeric axle P1, the signals 
of the nuclei of the two stations can be separately followed in the 1H-NMR spectrum. Left: 
photoisomerization curves profile of I azo unit. Right: photoisomerization curves profile of II azo unit. In 
both graphs, traces: purple Z isomer; cyan E isomer. [P1]0 = 4.3 mM, irradiation wavelength 369 ± 10 nm, 
data from 1H-NMR CD3CN 298 K, 500 MHz.  
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Interestingly, the rate of the E➝Z photoisomerization process is different between the two 

azobenzene moieties. The PSS composition for the I station is about 80:20 as reported in 

structurally analogous systems,16-18,44 while a 95:5 ratio is observed for the II station. This 

results from the fact that the photochemical properties of a substituted azobenzene are 

affected by the presence of substituents on the aromatic rings,45 as an example, the presence 

of an alkoxy substituent such as in the azo unit of II station, cause the shift of the ππ* 

absorption band to longer wavelength. The PSS is reached in about 35 minutes and 

distribution of the different isomers of P1 is the following: EE-P1: 1%; ZE-P1: 19%; EZ-P1: 

4%; ZZ-P1: 76%. 
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1.7. Complexation experiments 
 
1.7.1. Reaction network scheme 
 
Upon addition of a solution of crown ether to P1 in CD3CN, three different species are 

formed (EE-[2]P1I, EE-[2]P1II, EE-[3]P1, Scheme 7). The pseudorotaxanes EE-[2]1I and 

EE-[2]P1II  are co-conformers and interconverted through the shuttling of the ring between 

the E-I and the E-II ammonium stations, while the doubly complexed EE-[3]P1 is obtained 

upon complexation with a second macrocycle. Given the complexity of the equilibria 

network presented in Scheme 7, the investigation of the evolution of the system upon light 

irradiation would have been an arduous venture by 1H-NMR spectroscopy.  

A trifluoromethyl substituted dibenzo-24-crown-8 (DB24C8) was synthesized (3) and used 

in complexation experiments. In this way, the network could also be studied from the “point 

of view” of the macrocycle by 19F-NMR spectroscopy. In fact, the difference in the structure 

of the two pump modules is reflected in a different chemical shift of the trifluoromethyl 

substituent on the crown ether for the complexes on the I and the II stations. 

 

 
 
 
Scheme 7. Network of equilibria that interconnect the dimeric axle P1 in E configuration with the 
trifluoromethyl substituted DB24C8 3. 
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1.7.2. 1H NMR spectrum of the complex 
 
The 1H NMR stacked spectra reported below (Figure 12) correspond to the macrocycle 3 

(top, red), the axle EE-1 (down, black) and the spectrum of an equilibrated mixture of EE-

P1 ([EE-P1]0=3.4 mM) with one equivalent of the macrocycle 3 in CD3CN at 298 K (middle, 

cyan). In Figure 13 is reported an enlargement of the stacked spectra. 

 

 
Figure 12. 1H NMR stacked spectra: top, trifluoromethyl-substituted DB24C8 (3); bottom, [EE-P1]0 = 5.02 
mM; middle: equilibrated mixture of EE-P1 and 3. CD3CN, 298 K, 500 MHz. 

 

The equilibria of complexation are slow on the NMR timescale, for this reason the entire set 

of species (EE-P1, EE-[2]P1I, EE-[2]P1II, EE-[3]P1 and 3) can be observed. The 

pseudorotaxanes formation is confirmed by the appearance of a new set of signals relative 

to the benzylic methylene (-CH2-) groups (Figures 12 and 13, labeled as HIÌ3 and HIIÌ3) 

with a typical multiplicity41 indicating the complexation of the ammonium site. These signals 

are deshielded respect to the free benzylic peaks (HI and HII) because of the presence of the 

macrocycle on the adjacent ammonium station. In particular, the benzylic peak of the II 

station complex (labeled as HIIÌ3) is the only isolated (4.60 ppm, Figure 13), the other peaks 

are overlapped with a multiplet corresponding to HB (4.79 ppm, Figure 13). The signals of 

the free and complexed 3 are mostly overlapped with other resonances; however, the γ 
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protons of the ring can be observed at 3.68 ppm (Figure 12). Lastly, the resonances of the 

tert-butyl protons (Ht-Bu) of the free and complexed axle are clearly observed (Figure13, 

respectively 1.32 ppm and 1.19 ppm), the study of these peaks can be used to determine the 

amount of total complexed II station.  

From Figure 13 is possible to notice that the signal of the triazole proton HTz (around 8 ppm) 

is split in three peaks analogously to methylene proton HA (around 5.2 ppm). In both cases, 

one of the peaks correspond to the free axle EE-P1 while the other two belong to the 

[2]pseudorotaxanes (EE-[2]P1I, EE-[2]P1II) that are interconverted by shuttling of the ring.  

The fact that the signals for the [3]pseudorotaxane (EE-[3]P1) are not directly observed can 

be explained either by its negligible yield of formation, or the overlap of its resonances with 

those of the [2]pseudorotaxanes. 

 
Figure 13. Magnification of 1H NMR stacked spectra: top, [EE-P1]0 = 5.02 mM; bottom: equilibrated 
mixture of EE-P1 and 3. CD3CN, 298 K, 500 MHz. 
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1.7.3. Association and rate constants of the equilibria involving pseudorotaxanes 
 

Unfortunately, it was not possible to determine the concentration of the complexed species 

(EE-[2]P1I, EE-[2]P1II, EE-[3]P1) from the 1H-NMR spectrum due to the overlap of the 

signals. For this reason, model stations 1 and 2 (Figure 14) were investigated to estimate the 

association constants (Ka) of stations I and II of the dimeric axle. The Ka for E-1 and Z-1 

were determined in CD3CN through single point measurements:46 the concentration of the 

free and complexed species in an equilibrated equimolar mixture of E, Z - 1 and the ring 3 

were obtained from the integrals of diagnostic peaks in the 1H-NMR spectrum and used (see 

Experimental Section paragraph 1.10.3.) to provide the value of the association constant. An 

identical strategy was employed for the determination of the association constant of E-2 with 

the macrocycle 3. 

 
Figure 14. Chemical structures of compounds 1 and 2 designed as models for station I and II of the dimeric 
axle P1. 

 

In Z-2 the tert-butyl substituents on the phenyl ring are too bulky to be overcome by the 

macrocycle, threading over the Z azobenzene unit is the only available path for the 

interlocking of the components. The kinetic of this process resulted to be very slow for 

similar reported systems,21 pointing to an insurmountable obstacle to the determination of 

the kinetics of threading because the equilibration would compete with the thermal Z → E 

back isomerization reaction.  

For this reason, we used a different approach based on the fitting of the equilibration kinetic 

of Z-2 with 3 to determine the thermodynamic and kinetic parameters.  

 

The threading of the macrocycle is a bimolecular process that occurs faster by increasing the 

concentration of the reagents. In order to have a fast equilibration (in respect of the thermal 

Z →E isomerization) 6 equivalents of the macrocycle 3 were mixed with a PSS solution of 

2 (Z/E 97:3). The equilibration kinetic was recorded with an array of 1H-NMR spectra 

(Figure 15, left), the experimental points in purple correspond to the concentration of Z-2Ì3 

formed while the red ones describe the decreasing of the free Z-2 axle, the equilibration is 
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almost complete in 12 hours. The fitting was performed according to a mixed order kinetic 

model and the association constant was determined from the ratio between the threading and 

de-threading rate constants. These constants (kin and kout) are in line with those previously 

determined for related systems.17 The thermal back isomerization of the compound Z-2 is 

reported in Figure 15 (right), importantly the process was negligible in the timescale of the 

experiment. 

 

 

 
Figure 15. Left, equilibration kinetic profile of complexation between the model 2 and the macrocycle 3, 
experimental points: Z-2⊂3 purple; Z-2 red (fitting black lines); [Z-2]0 = 5.02 mM, data from 1H-NMR 
CD3CN, 298 K. Right, Thermal Z E back-isomerization of Z-2, experimental points: Z-2 purple; E-2 cyan; 
[Z-2]0 = 7.3 mM, data from 1H-NMR CD3CN, 298 K. 

 

 

The entire set of Ka found for model compounds 1 and 2 in E and Z configuration is 

summarized in Table 1. E-2 has a higher affinity for 3 compared to E-1 (KE-1 < KE-2), most 

likely due to the π-stacking interaction between the aromatic rings of 3 and azobenzene unit 

which is electron rich due to the electron donor properties of the methoxy substituent. While 

no relevant differences were observed between the association constants of E-1Ì3 and	Z-

1Ì3. A significant variation in the association constant was observed going from E-2Ì3 to	

Z-2Ì3; indeed KE-2 resulted 2.5 times higher than KZ-2, this destabilization effect can be 

explained by an increased steric hindrance of the Z isomer that is enhanced (compared to Z-

1) by the presence of tert-butyl groups.  
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Table 1. The experimental data was obtained from 1H-NMR recorded at 298 K. a determined by single point 
measurement, error <10%. bK2-Z was calculated with the expression K = kin/kout. cNot determined because 
the rate of threading is too high for NMR experiments. d kin and kout were obtained from fitting. 

 

We then proceeded with the study of the equilibria involving molecule EE-P1 and 

macrocycle 3. As detailed above, upon complexation an abundance of peaks was observed 

in the 1H-NMR spectra, consistently with the presence of up to four distinct photoactive 

species: EE-[2]P1I, EE-[2]P1II, EE-[3]P1. In order to simplify the picture, we decided to use 
19F NMR spectrum where just three signals were present for the species involved in the 

reaction network under study. Once complexation occurs, the structural differences between 

the first pump unit (I station) and the second pump unit (II station), allow for the 

differentiation of the trifluoromethyl group 19F NMR signals when 3 is occupying either the 

ammonium station in I or in II.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Complex Ka [M-1]  kin [M-1s-1]  kout [s-1]  

E-1Ì3 440 a -c - c 

E-2Ì3 580 a - c - c 

Z-1Ì3 450 a - c - c 

Z-2Ì3 230 b 1.46·10-3 d 6.37·10-6 d 
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The chemical shift in fluorine NMR is highly sensitive to several physical factors such as 

solvent, concentration, and intermolecular interactions occurring in mixtures.47 The titration 

of P1 with 3 proved a dependence of its chemical shift on the concentration (dashed line, 

Figure 16). At higher concentration of 3 two over three peaks were partially overlapped. 

Conversely, at 0.25 equivalents of ring added (first spectrum, Figure 16) all the frequencies 

were separately observed. Hence, at equilibrium, two peaks at -61.91 ppm and -62.01 pm 

are present alongside the signal for the free crown at -61.94 ppm.  

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 16. Titration of EE-P1 with the macrocycle 3. [EE-P1]0 = 6,1 mM, red spectrum [3]/[EE-P1]0 = 
0,25.  19F-NMR CD3CN, 298 K, 470 MHz.1 

The correct assignment of the resonances was performed via an equilibration experiment. 

The geometry of the dimeric axle imposes that the complexation of the II station by a 

macrocycle must occur only after threading over the first pump module (I) (Scheme 7). 

According to this constraint, the equilibration of the I and II station upon complexation 

should occurs on different timescales. In order to assign which signals belong to each station, 

the time dependency of the three signals was, thus, monitored using 19F NMR spectroscopy. 

Upon the addition of 0.25 equivalents of 3 a sharp resonance at -61.91 ppm formed after few 

seconds which was assigned to fast-forming station I complex (cyan experimental points, 

Figure 17). While less pronounced changes were observed for the resonances at -61.91 ppm 

and -61.94 ppm, the peak at -62.01 ppm (purple, Figure 17) increases over time reaching a 

 
1 I am particularly grateful to Dr. Marina Tranfić Bakić that performed the following 1H and 19F NMR 
experiments. 
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plateau after about 5 minutes. Having the slowest equilibration, this peak was assigned to 

the ring complexed with the II station. 

 
Figure 17. Left, 19F-NMR spectrum of the equilibrated solution of [P1]0 = 5.2 mM and [3]0 = 1.1 mM in 
CD3CN, 298 K. Right, equilibration kinetic profile of the experimental points: 3 Red circles; I-E⊂3 cyan 
diamonds; II-E⊂3 purple squares (fitting solid lines). 
 

The association constants of the model compounds 1 and 2 (Table 1) were used as starting 

values for the fitting of the concentration profiles of the dimer to a kinetic model including 

all the equilibria reported in Scheme 8. In particular the model describes well the 

experimental data assuming that the threading and de-threading processes to afford the 

pseudorotaxanes EE-[2]P1I and EE-[3]P1 occurred with the same kinetic parameters (k1 = k3 

and k-1 = k-3).  

 
Scheme 8. Equilibria of complexation between P1 and 3 to provide the pseudorotaxanes EE-[2]P1I,  EE-
[2]P1II and EE-[3]P1 and relative kinetic constants. 
 

The entire set of thermodynamic and kinetic constants determined is reported is Table 2.  

The estimated association constants for the first and second station (respectively KI-E and 

KII-E) resulted 257 M-1 and 439 M-1. As a result, the shuttling equilibrium is 1.7 folds shifted 

toward the II station. These values and the relative “strength” of the two stations are coherent 

with those determined for models 1 and 2 (Table 1).  

 
Table 2. The thermodynamic and kinetic constants were determined from the fitting of the experimental 
data obtained from 19F-NMR recorded at 298 K in CD3CN. 

+
k1

k-1

k2

k-2 k-3

k3+ 3

− 3
EE-P1 EE-[2]P1I EE-[2]P1II EE-[3]P1

I⊂3 I⊂3 II⊂3II⊂3I II II I

KI-E [M-1] KII-E [M-1] k1 [M-1s-1] a k-1 [s-1] a k2 [s-1] k-2 [s-1] k3 [M-1s-1] a k-3 [s-1] a 

257 439 17 6.60 10-2 1.51·10-2 8.88·10-3 17 6.60·10-2 
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1.8. “Light-ON” experiment 
 
The supramolecular pump described in the introduction Paragraph (1.1) is able to 

unidirectionally transfer macrocycles; in particular, the rings are charged from the azo unit 

and expelled from the pseudo stopper in condition of light irradiation.17 The dimeric axle is 

endowed with two modules structurally analogous to the previous pump. For this reason, a 

unidirectional transport of the macrocycle from the azo unit to the stoppered II station was 

expected by irradiating the system.  

Surprisingly, the irradiation experiments on the dimeric axle revealed a more complex 

behavior, that will be described in this paragraph. 

A dramatic increase in complexity is achieved when the complexed dimeric system is 

irradiated, the E ➝ Z photoisomerization of the azobenzene units results in the generation 

of a mixture containing 16 species that are interconverted by photoisomerization reactions 

(parallel planes of the tridimensional Scheme 9) and thermally activated complexation 

equilibria (sides of the parallelepiped, scheme 9). 

 

 
 
Scheme 9. Complete scheme of reactions including the E-Z photoisomerization of the dimeric axle P1 and 
the pseudorotaxanes EE-[2]P11I, EE-[2]P1II, EE-[3]P1; the arrows of reaction were replaced by dashed 
lines (vertical sides) and opaque planes (horizontal reactions) to enhance the readability. 
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Also in this case the irradiation was performed directly inside the NMR spectrometer using 

a quartz optical fiber to channel the light (λirr = 369 ± 10 nm) from the source to the sample. 

This setup allowed to monitor the photoisomerization process over time upon recording 19F-

NMR spectra. Fluorine NMR was chosen in these experiments as it remarkably simplifies 

the spectral patterns.  

Upon reaching the PSS, irradiation was continued for 14 hours and the system composition 

monitored over time. After reaching the PSS, the concentration of Z-II complex decreases 

until a new photostationary state is reached after 7 hours (Figure 18, purple trace). This is 

accompanied by an increase of free crown in solution (Figure 18, red trace). Conversely, a 

small difference can be noted in the concentration of the Z-I complex. (Figure 18, grey trace).  

Overall, our experimental data shows that, under light irradiation, macrocycles are pumped 

out from II station to the I station and finally to the solution. 

 

 
 
Figure 18. Experimental data from 19F-NMR spectra of an equilibrated solution of [P1]0 = 8.73 mM and 
[3]0 = 8.62 mM in condition of continuous irradiation at 369 ± 10 nm in CD3CN at 298 K. Traces: red, 3; 
purple, II-Z⊂3; grey, I-Z⊂3. 

Taking into consideration the model stations 1 and 2, the association constant of the I station 

can be assumed to be identical between the two isomers of the pump (K1-E ~ K1-Z, Table 1). 

In light of this, the I module pump cannot operate as the supramolecular pump described in 

the introduction because the condition for the energy ratchet are not satisfied. 
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On the contrary, the depth of the potential energy minimum of the II station can be 

modulated via the E ➝ Z photoisomerization process (K2-E > K2-Z, Table 1). In this case, the 

ring cannot de-thread and it would be “trapped” in the complex because of the presence of 

the tert-butyl stoppers and the Z azo moiety. This behavior was effectively observed in the 

light-on experiment of the model compound 2 (Figure 19, black trace). In this experiment, 

the concentration of the complex in Z configuration remains constant after 12 hours of 

irradiation. This is due to the realization of a kinetically trapped state (Figure 19, right) 

caused by the fact that de-threading constant observed for 2-Z (kout B-Z = 6.36·10-6 s-1, Table 

1) is ten thousand folds lower compared to the de-threading constant from an azobenzene 

unit in E configuration (k-1 P1-EE = 0.07 s-1, Table 2).  

However, as shown in Figures 18 and 19, in the dimeric axle the experimental results are 

consistent with a depopulation of the II station complex. The thermodynamic destabilization 

of the latter is not sufficient to explain the rings escaping; indeed, the destabilization of the 

energy minimum occurs simultaneously with the rising of the kinetic barrier.16-18  

 
Figure 19. Experimental data from 19F-NMR spectra in CD3CN at 298 K. Comparison between two 
different experiments: black trace (corresponding to Z-2⊂3) light-ON experiment of an equilibrated 
mixture of [2]0 = 5.22 mM and [3]0 = 5.91 mM; purple trace (corresponding to Z-II⊂3) light-ON 
experiment described in Figure 18. On the right, graphical representation of the kinetically trapped state 
triggered by E➝Z photoisomerization in 2, and de-threading process observed in P1 II station upon light 
irradiation. 

The situation realized in condition of light irradiation can be also represented by the 

schematization of the energy profiles corresponding to the complexation reaction of the 

dimeric axle. In the dark (EE, Figure 20) the macrocycles 3 (red dots) are distributed between 

the two energy potential minima corresponding to the I and II recognition sites, when the 

light is switched-on the E ➝ Z photoisomerization of the azobenzene units creates a kinetic 
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barrier between the two linked pump modules and between station I and the medium (ZZ, 

EZ and ZE, Figure 20).  

 

 
Figure 20. Energy profiles describing the dimeric system P1 in the four possible isomeric forms (EE, EZ, 
ZE, ZZ) achieved upon light irradiation. 

 
Considering the kinetically trapped state observed in the model 2 (Figure 19), the light 

induced de-population of II station should occur through the ring translation over the E 

photochromic unit. This situation would imply that a possible component of information 

ratchet could be present in the system, indeed the Z ➝ E photoisomerization of the II 

complexed station would be more favorable in respect of the un-complexed one. This 

hypothesis is represented in Figure 21, the macrocycle 3 would be able to favor the Z ➝ E 

photoisomerization of the II azobenzene unit (a, Figure 21), subsequently a proportion of 

the rings would be trapped by the I station (c, Figure 21) if the E ➝ Z photoisomerization of 

the un-occupied II station occur more efficiently (b, Figure 21). At the PSS the proportion 

of E-I is about 20% in respect of Z-I (Figure 11), considering that the PSS of II station is 

composed by 96% of Z-II, this means that EZ (Figure 20) represent the 20% of the total 

distribution. The equilibria of complexation of 3 with E-I are fast (see k1 and k-1, Table 2), 

for this reason the excess of ring accumulated on the I station, as a consequence of 

information ratchet, could be easily “drained” from I to the solution (c, Figure 21). 
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Figure 21. Graphical representation of the light sustained information ratchet mechanism occurring in the 
P1 dimer pseudorotaxanes and relative energy profiles.  

The situation described would prove an interplay between the distribution of the rings 

between station I and II and the photoisomerization process. The photoisomerization 

sustained by continuative irradiation, would be responsible for an out of equilibrium re-

distribution of the complexed and free species in the Scheme 9. 

 Effectively, such an explanation of the experimental results is conceptually equivalent to a 

Smoluchowski’s Trapdoor48 (or identically a Maxwell’s demon could be invoked),49,50 for 

which compound P1 would represent a molecular realization. The two stations I and II are 

depicted as closed compartments (α and β respectively in Figure 22) comprised in the 

medium (Ω in Figure 22).  

 
Figure 22. Alternative representation of the dimeric axle P1 (enclosed compartments alpha and beta) and 
the macrocycles 3 (red spheres) resembling the model of a Smoluchowski’s Trapdoor. 

 

In our system, the function of trapdoor is fulfilled by the azobenzene moiety, while the 

ratcheted Brownian particles (red dots in figure 22) are the macrocycles. Importantly, the 

door can be opened upon the collision with a red dot from one side (from right to left) but 

remains closed if the same event occurs from the opposite direction.  

At first, it would seem that the particles with higher kinetic energy are trapped in the α 

compartment. This situation is impossible, indeed an out of equilibrium distribution of the 

particles between α and β, and thus a decrease of entropy of the system, would never be 

!
"

#
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realized by only exploiting the random collisions. The door itself would acquire the same 

kinetic energy of the particles and its unidirectional gating function would be lost.48 

 

As in the information ratchet described by Leigh and co-worker,15 also in this case, the out 

of equilibrium distribution requires an energetic cost to be paid. The latter is represented by 

the energy dissipation due to the transfer of information in agreement with the second law 

of the thermodynamic. This means that the relative localization of the spheres in respect of 

the door would produce a different effect. This “positional” information fate would be 

realized in the dimeric system through the difference in the photoisomerization pathway of 

the free and un-complexed recognition site.  

We hypothesize that the information on the position depends on a variation of the quantum 

yield of photoisomerization between the complex and the free station, specifically a PSS 

richer in E must be obtained when station II is occupied, which allows rings to re-equilibrate 

with station I, escaping from the thermodynamic minimum of the system. 
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1.9. Conclusion and perspectives 
 

In this chapter was reported the design, synthesis, and characterization of a dimeric prototype 

of a photoactivated molecular transporter. In the preparation of the track, it was chosen to 

employ a proven synthetic strategy with the ultimate goal to limit the number of steps. 

Moreover, the synthesis of a new un-reported trifluoromethyl substituted DB24C8 (3) was 

accomplished. The preparation of the latter was based on two approaches: the classical 

template directed synthesis and, more interestingly, through the optimization of a direct route 

for the DB24C8 trifluoromethylation reaction.  

 

The dimeric axle was fully characterized and its behavior upon complexation with 

macrocycle 3 was studied in the dark and under illumination. Fluorine NMR spectroscopy 

was efficaciously applied for the study of the complex network of interconnected species 

arising from the interplay between complexation and photoisomerization processes. 

Contrary to what was observed for analogous monomeric pumps,16-18 the unidirectional 

transport of the macrocycles occurs in an opposite direction; this phenomenon can be 

attributed to the unexpected realization of an information ratchet mechanism. This 

fascinating interpretation of the experimental data will be further investigated in future 

studying and comparing the photophysical parameters (quantum yields, thermal back-

isomerization constants) of the E ⇆ Z photoisomerization process of specifically designed 

model compounds: as an example, the macrocycle 3 could be interlocked in a rotaxane 

architecture with an axle structurally analogous to the II station. 

 

The information provided from the investigation of the dimer P1 is precious for the design 

of new prototypes of molecular transporters. The difference in the stability of the complex 

between E or Z configuration of the I station could be enhanced in a future design with 

appropriate structural modifications, alternatively the orientation of the dimeric pump in 

respect of the stopper could be reversed to exploit the information ratchet in an advantageous 

manner. 
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1.10.1. Experimental details 

Solvents and reagents were all used as supplied by Fluorochem, Sigma-Aldrich or VWR. 

Flash column chromatography was performed using Sigma Aldrich Silica 40 (230-400 mesh 

size or 40-63 μm) as the stationary phase. Thin layer chromatography was performed on 

TLC Silica gel 60 F254 coated aluminium plates from Merck without further purification.  

 

1.10.2. NMR measurements and photochemistry: 
 
1H NMR spectra were recorded on an Agilent DD2 spectrometer operating at 500 MHz or a 

Varian Mercury spectrometer operating at 400 MHz; 13C NMR spectra were recorded on an 

Agilent DD2 spectrometer operating at 126 MHz or a Varian Mercury spectrometer 

operating at 101 MHz; 19F NMR spectra were recorded on an Agilent DD2 spectrometer 

operating at 470 MHz. Chemical shifts are quoted in ppm relative to tetramethylsilane 

(SiMe4, δ = 0 ppm), using the residual solvent peak as a reference standard; all coupling 

constants (J) are expressed in Hertz (Hz). Photochemical reactions were performed in air-

equilibrated CD3CN solutions at 298 K into the spectrometer probehead, using a Prizmatix 

UHP-T-365-SR LED Illuminator (1.5 W, λmax=369 nm, FWHM=15.56 nm) equipped with 

an FCA-SMA adaptor for optical fiber directly inserted in the NMR tube. The protective 

coating of a quartz optical fiber was removed (about 6 cm) and the exposed fiber was sanded 

to enable the diffusion of light from the fiber core into the solution (550 μL of 5 mM solution 

of the pseudorotaxane/free axle).  

1.10.3. Determination of stability and rate constants:  

 

The stability constants (K1-E, KII-E and K1-Z) were obtained from the 1H NMR spectra of 

equimolar solutions (ca. 10−3 M) of the ring (3) and the axle at 298 K using the single-point 

method.46 The concentration of all the species at equilibrium was determined using the initial 

concentrations and the integration of the resonances of the complexed and uncomplexed 

species. The stability constant was calculated as K=[complex]/[ring][axle]. The threading 

rate constants of (kin) were obtained from the fitting of the time-dependent concentration 

profiles recorded by 1H NMR upon mixing the ring 3 and the axle in acetonitrile at 298 K. 

In all cases the experimental data were fitted using a mixed order kinetic model (second 

order for threading, first order for dethreading) using SPECFIT or Berkeley Madonna 10 

software. The dethreading rate constant was obtained from the fitting by imposing kin/kout=K.  
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1.11. Synthetic procedures 
 
1.11.1. synthesis of the first pump unit 6a 
 
 

 
 

 

 
 
 
 
 

Scheme 10. I) a. Toluene, rotavapor b. NaBH4, MeOH. 93% II) Boc2O, THF r.t. 94% III) Oxone, DCM/H2O, 0 
°C 30 min. 20% IV) Flow reactor, H2 Pd/C 10%, MeOH. Quant. V) CH3CO2H r.t. 75% VI) ACN, HPF6 
procedure not reported VII) Propargyl bromide, K2CO3 CH3CN (dry) 80°C. 70%. 
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Synthesis of 1a 
 

 
 
 
10 g (81.2 mmol) of 4-hydroxy benzylamine and 12.3 g of 4-nitro benzaldehyde were dissolved in 40 

mL of toluene. The mixture was stirred for 30 minutes, and the solvent was removed under reduced 

pressure, then 40 mL of toluene were added and distilled for other 2 times to remove the H2O formed 

upon condensation of the reagents through azeotropic distillation. The imine intermediate appears as a 

yellow solid that was dissolved in 200 mL of MeOH. Portionwise addition of 12.3 g (0.3 mol) of NaBH4 

in the stirred solution provided the complete reduction of the imine, the completion of the reaction was 

monitored by TLC. At the end of the reaction the solvent was removed under reduced pressure and H2O 

was added, the aqueous phases were extracted with AcOEt (30 mL X 4), the organic phases were washed 

with brine and dried on Na2SO4. No further purification needed. Pale-yellow solid Yield 93%.  

 
1H NMR (500 MHz, CDCl3, 298 K) δ 8.18 (d, J = 8.6 Hz, 2H), 7.52 (d, J = 8.1 Hz, 2H), 7.18 

(d, J = 8.3 Hz, 2H), 6.78 (d, J = 8.4 Hz, 2H), 3.90 (br, 1H), 3.74 (br, 1H). 13C NMR (126 MHz, 

CDCl3) δ 155.04, 148.07, 147.23, 131.85, 129.71, 128.88, 123.79, 115.55, 52.81, 52.38. 

 
Synthesis of 2a 
 
 

 
 
 
0,64 g (2.5 mmol) of 1a and 0.59 g (2.7 mmol) of di-tert-butyl decarbonate (Boc2O) were dissolved in 

50 mL of THF and stirred at room temperature. The reaction was monitored by TLC. At the end of the 

reaction the solvent was removed under reduced pressure and H2O was added, the aqueous phases were 

extracted with AcOEt (30 mL X 4), the organic phases were washed with brine and dried on Na2SO4. 

No further purification needed. Pale-yellow solid Yield 94%.  

 
1H NMR (500 MHz, CDCl3, 298 K) δ 8.17 (d, J = 8.5 Hz, 2H), 7.32 (m, 2H), 7.08 (m, 2H), 

6.78 (d, J = 8.3 Hz, 2H), 4.94 (s, 1H), 4.39 (m, 4H), 1.65 – 1.37 (m, 9H).13C NMR (126 MHz, 

CDCl3, 298K) δ 156.28, 155.78, 147.25, 145.85, 129.28, 128,85, 128.10, 123.87, 115.69, 81.24, 

49.82, 49.04, 28.53. 
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Synthesis of 3a 

 

 
 
10 g (93 mmol) of toluidine were dissolved in 250 mL of DCM, the solution was cooled to 0°C and 

maintained under vigorous stirring. Subsequently a solution of 28.7 g (93 mmol) of Oxone in 300 mL 

in H2O was added, followed by about 30 g of ice water. The formation of the product was monitored 

every 10 minutes with TLC (AcOEt:n-hex, 1:4). After 30 minutes the reaction was stopped, the organic 

phases were collected and firstly washed with 50 mL HCl 1M, then with H2O until neutralization of the 

aqueous phases and finally with brine. The organic phases were dried under Na2SO4 and the solvent was 

removed under reduced pressure. The product appears as yellow brownish solid. Yield 20%. 

 
1H NMR (400 MHz, CDCl3, 298 K) δ 7.81 (d, J = 8.0 Hz, 2H), 7.39 (d, J = 8.5 Hz, 2H), 2.45 

(s, 3H). 	

 
Synthesis of 4a 
 

 
 
A 50 mM solution of 2a (0.85 g, 2.36 mmol) in MeOH was prepared. The reduction reaction was 

performed using H-Cube hydrogenation system: 10% Pd/C CatCart, 1 mL/min flow rate, 10 bar at 25 

°C. No purification needed, quantitative Yield.  

 
1H NMR (400 MHz, CDCl3, 298 K) δ 7.04 (m, 4H), 6.77 (d, J = 8.6 Hz, 2H), 6.64 (d, J = 8.5 

Hz, 2H), 4.96 (br, 1H), 4.24 (m, 4H), 3.64 (br., 2H), 1.49 (s, 9H). 13C NMR (126 MHz, CDCl3, 

298 K) δ 156.34, 155.37, 145.50, 129.54, 128.99, 128.02, 115.58, 115.55, 115.44, 114.69, 

80.30, 48.31, 28.67.	

 
Synthesis of 5a 
 

 
 
0,4 g (1.22 mmol) of 4a and 0.22 (1.84 mmol) of 1-methyl-4-nitrosobenzene were dissolved in 10 mL 

of CH3CO2H. The solution was stirred for 18 h at room temperature. The solvent was removed under 

reduced pressure and the crude mixture was dissolved in AcOEt. The organic phases were washed with 

NO

N

NH2BocHO

N

N BocN OH
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NaHCO3 (sat) and then with H2O until the neutralization of aqueous phases, finally the organic phases 

were washed with brine and dried on Na2SO4. The product was purified with column chromatography 

(2:1, n-hex:AcOEt). Orange solid, Yield 75%. 

 
1H NMR (500 MHz, CDCl3, 298 K) δ 7.86 (d, J = 8.3 Hz, 2H), 7.83 (d, J = 8.2 Hz, 2H), 7.32 

(m, 4H), 7.10 (m, 2H), 6.79 (d, J = 8.5 Hz, 2H), 4.87 (s, 1H, br), 4.38 (m, 4H), 2.44 (s, 3H), 

1.58 – 1.47 (m, 9H). 13C NMR (126 MHz, CDCl3, 298 K) δ 156.23, 155.30, 152.14, 150.91, 

141.71, 129.89, 129.76, 129.17, 128.73, 128.01, 125.89, 123.05, 122.98, 115.60, 80.60, 49.05, 

28.63, 21.65.	

 
Synthesis of 6a 
 
 

 
 
 
0.38 g (0.88 mmol) of 5a, 0.32 g (2.28 mmol) of anhydrous K2CO3 were introduced in a round bottom 

flask and suspended with 5 mL of anhydrous CH3CN. Subsequently, 0,5 mL (4.4 mmol) of 80% 

propargyl bromide in toluene solution was added to the mixture maintained under stirring. The reaction 

mixture was refluxed for 2 hours. At the end of the reaction the solvent was removed under reduced 

pressure and H2O was added, the mixture was extracted with AcOEt. The organic phases were washed 

with brine and finally dried on Na2SO4. The mixture was purified by column chromatography (1:4, 

AcOEt : n-hex). The product appears as a red-brownish solid, yield 70%. 

 
1H NMR (500 MHz, CDCl3, 298 K) δ 7.88 (d, J = 8.4 Hz, 2H), 7.84 (d, J = 8.3 Hz, 2H), 7.34 

(m, 4H), 7.19 (m, 2H), 6.96 (d, J = 8.6 Hz, 2H), 4.71 (d, J = 2.4 Hz, 2H), 4.41 (m, 4H), 2.55 (t, 

J = 2.3 Hz, 1H), 2.46 (s, 3H), 1.52 (m, 9H). 13C NMR (126 MHz, CDCl3, 298 K) δ 157.00, 

156.02, 152.09, 150.87, 141.63, 130.96, 129.85, 129.50, 128.94, 128.69, 128.02, 123.01, 

122.94, 115.09, 80.35, 78.67, 75.68, 55.96, 48.97, 28.57, 21.61.	
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1.11.2. Synthesis of the second pump unit 8b and model compound 2 
 

 

 
 
 

Scheme 11. I) NaN3, DMF 70 °C 3h. Quant. II) Flow reactor H2 Pd/C 10%, MeOH. Quant. III) a. 
Toluene, rotavapor b. NaBH4, MeOH. 87% IV) HCl, EtOH, reflux 94%. V) a. HCl, NaNO2, EtOH 
0°C 2h b. phenol, NaOH, EtOH 2h r.t. 45% VI) a. NaHCO3 b. Boc2O, THF, 83% VII) K2CO3, CH3I, 
CH3CN reflux 57% VIII) a. TFA, DCM, b. NaHCO3, c. HCl, NH4PF6, 41% IX) K2CO3, Br(CH2)2Br, 
CH3CN reflux, 75 % X) NaN3, DMF 70°C quant. 
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Synthesis of 1b 

 
 

10.32 g (36.5 mmol) of 1-(bromomethyl)-3,5-di-tert-butylbenzene and 2.37g (36.5 mmol) NaN3 were 

suspended in 200 mL dry DMF. The reaction mixture was heated to 70°C and stirred for 3 hours. At the 

end of the reaction the mixture was cooled to room temperature and 200 mL of H2O were added. 

Subsequently the aqueous phases were extracted with Et2O, washed with brine and dried over Na2SO4. 

The product was isolated as a pale-yellow oil in quantitative yield and purification was not necessary. 

 
1H NMR (500MHz, CDCl3, 298 K) δ 7.47 (t, J = 1.9 Hz, 1H), 7.20 (d, J = 1.9 Hz, 2H), 4.39 (s, 

2H), 1.40 (s, 18H). 13C NMR (126 MHz, CDCl3, 298 K) δ 151.51, 134.68, 122.51, 122.42, 

55.62, 34.96, 31.55.  
 

Synthesis of 2b 

 

 
 

The H-Cube hydrogenation system was used to perform the reduction reaction of a 50 mM solution of 

1b in MeOH. The catalyst used was: 10% Pd/C CatCart, with a flow rate of 1 mL/min at 10 bar pressure 

at 25 °C. No purification needed, the product appear as a colorless viscous oil. Quantitative Yield. 

 

 1H NMR (500 MHz, CDCl3, 298 K) δ 7.34 (t, J=1.9Hz,1H), 7.17 (d, J=1.9Hz, 2H), 3.88 (s, 

2H), 1.35 (s, 18H) 13C NMR (126 MHz, CDCl3, 298 K) δ 150.99, 142.53, 121.29, 120.90, 

47.18, 34.86, 31.51. 

 

Synthesis of 3b 

 

 
1.83 g (8.25 mmol) of compound 2b and 1.81 g (8.25 mmol) of tert-butyl (4-

formylphenyl)carbamate were dissolved in 30 mL of toluene. The mixture was stirred for 30 
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minutes, and the solvent was removed under reduced pressure to remove the water formed upon 

the condensation reaction trough azeotropic distillation. The imine intermediate was isolated as 

a crystalline solid that was dissolved in 150 mL of MeOH. Portionwise addition of 1,25 g (33 

mmol) of NaBH4 in the stirred solution provided the complete reduction of the imine. At the 

end of the reaction the solvent was removed, and 100 mL of H2O were added. The aqueous 

phases were extracted with AcOEt (30 mL x 2). The organic phase was washed with brine and 

finally dried on Na2SO4. The product was purified by column chromatography (3% MeOH, 

DCM). White solid, Yield 87 %. 

 
1H NMR (400 MHz, CDCl3, 298 K) δ 7.33 (dd, J = 4.7, 2.8 Hz, 3H), 7.30 – 7.26 (m, 2H), 7.17 

(d, J = 1.9 Hz, 2H), 3.78 (s, 4H), 1.53 – 1.51 (m, 9H), 1.35 – 1.31 (m, 18H). 13C NMR (126 

MHz, CDCl3, 298 K) δ 152.98, 150.88, 139.22, 137.38, 134.92, 128.97, 122.47, 121.11, 118.69, 

80.43, 53.63, 52.75, 34.91, 31.62, 28.50.	

	
Synthesis of 4b 

 
3.49 g (8.25 mmol) of compound 3b were dissolved in 250 mL of EtOH, subsequently 16,5 mL 

(0.2 mol) of HCl 37% was gently added to the solution. The mixture was stirred and refluxed 

for 12 hours. At the end of the reaction the solvent was removed under reduced pressure, the 

white crystalline chloride salt obtained was dissolved in AcOEt, neutralized with a solution of 

NaHCO3 and washed with brine. The organic phases were dried over Na2SO4. The reagent was 

quantitatively deprotected and no further purification were needed. White powder, yield 94% 
1H NMR (500 MHz, CDCl3, 298 K) δ 7.36 (s, 1H), 7.21 (s, 2H), 7.16 (d, J = 7.5 Hz, 2H), 6.66 

(d, J = 7.2 Hz, 2H), 3.82 (s, 2H), 3.75 (s, 2H), 1.37 (s, 18H). 13C NMR (126 MHz, CDCl3, 298 

K) δ 150.74, 145.39, 139.35, 130.24, 129.41, 122.42, 120.93, 115.11, 53.59, 52.84, 34.86, 

31.59. 
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Synthesis of 5b·HCl	

 

 
 

2.5 g (7.7 mmol) of compound 4b were dissolved in 180 mL of EtOH and the solution was 

stirred at room temperature (Flask A). After cooling to 0°C, 2.55 mL (15.4 mmol) of 60% HPF6 

solution in water was added. Subsequently 7.15 g (69.3 mmol) of tert-butyl nitrite were added 

dropwise. The mixture was stirred for 2 hours and left to return to room temperature.  

In another round bottom flask (B), 1.8 g (19.25 mmol) of phenol and 1.5 g (38.25 mmol) of 

NaOH were dissolved in 150 mL of EtOH. The content of the first two-neck round bottom flask 

A was transferred in the second one B, the solution immediately turned to a deep red color. The 

reaction was stirred for 2 hours. 

At the end of the reaction the solvent was removed under reduced pressure and 70 mL H2O 

were added. The mixture was extracted with AcOEt (40 mL x 2), finally the organic phases 

were dried on Na2SO4. The product was dissolved in the minimum amount of MeOH and 2 mL 

of HCl 37% were added, the solvent was removed under reduced pressure and the bright red 

chloride salt was washed with Et2O. The compound that appears as an orange solid, was directly 

used in the next step. 
 

Synthesis of 6b 
 

 
1.42 g (3.3 mmol) of neutralized compound 6b and 0.72 g (3.3 mmol) of di-tert-butyl 

dicarbonate were dissolved in 50 mL of THF and stirred at room temperature. The reaction 

completion was monitored with TLC. At the end of the reaction the solvent was removed under 

reduced pressure and H2O was added, the aqueous phases were extracted with AcOEt (30 mL 

X 4), the organic phases were washed with brine and dried on Na2SO4. The product appears as 

a orange solid and was purified through column chromatography (eluent 1:1, Et2O : 

cyclohexane). Yield 83%  
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1H NMR (500 MHz, CD3CN, 298 K) δ 7.85 (d, J = 8.9 Hz, 2H), 7.80 (d, J = 8.4 Hz, 2H), 7.37 

(m, 3H), 7.12 (m, 2H), 7.00 (d, J = 8.9 Hz, 2H), 4.48 (m, 4H), 1.47 (s, 9H), 1.30 (s, 18H). 13C 

NMR (126 MHz, CDCl3, 298 K) δ 159.36, 156.50, 152.17, 151.21, 146.84, 140.11, 136.87, 

128.96, 128.31, 125.01, 122.86, 121.54, 115.99, 80.88, 50.89, 49.36, 34.94, 31.61, 28.67.	
 
 
Synthesis of 7b 

 

 
 

0.3 g (0.57 mmol) of compound 6b, 2.7 g (14.3 mmol) of 1, 2 dibromoethane, 0.21 g (1.23 mL, 

1.5 mmol) of K2CO3 and 75 mg of 18-Crown-6 were suspended in 60 mL of CH3CN. The 

mixture was refluxed and 12 hours. After this period the solvent was removed under reduced 

pressure and water was added to the mixture, the aqueous phases were extracted with AcOEt 

(30 mL x 3). The collected organic phases were washed with brine and dried on Na2SO4. The 

column chromatography (eluent n-hex:AcOEt 3:1) provided the pure product as an orange solid 

providing 75% yield.  
 

1H NMR (500 MHz, CDCl3, 298 K) δ 7.94 (d, J = 7.9 Hz, 2H), 7.86 (d, J = 7.7 Hz, 2H), 7.35 

(t, J = 14.6 Hz, 3H), 7.06 (m, 4H), 4.56 – 4.32 (m, 6H), 3.68 (m, 2H), 1.55 (s, 9H), 1.34 (s, 

18H).13C NMR (126 MHz, CDCl3, 298 K) δ 160.54, 156.14, 151.10, 147.60, 141.07, 137.09, 

128.80, 128.13, 124.89, 122.91, 122.49, 122.07, 121.40, 115.05, 80.21, 68.17, 50.41, 34.93, 

31.62, 28.89, 28.65.	

 

Synthesis of 8b 

 

 
 

0.25 g (0.39 mmol) of 7b and 28 mg (0.43 mmol) of NaN3 were suspended in 6 mL dry DMF. 

The reaction mixture was heated at 70°C and stirred for 3 hours. At the end of the reaction the 

mixture was cooled to room temperature and 20 mL of H2O were added, the mixture was 

N
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extracted with Et2O. The organic phase was washed with brine and dried on Na2SO4. The 

reagent was quantitatively converted in the orange solid product 7b, there was no need for 

further purification. 

 
1H NMR (500 MHz, CDCl3, 298 K) δ 7.92 (d, J = 8.8 Hz, 2H), 7.84 (d, J = 7.8 Hz, 2H), 7.33 

(m, 3H), 7.05 (m, 4H), 4.42 (m, 4H), 4.24 (t, J = 4.4 Hz, 2H), 3.65 (t, J = 4.5 Hz, 2H), 1.52 (s, 

9H), 1.32 (s, 18H). 13C NMR (126 MHz, CDCl3, 298 K) δ 160.54, 156.14, 152.11, 151.10, 

147.60, 141.10, 136.92, 128.80, 124.89, 122.88, 122.30, 121.40, 115.05, 80.21, 68.17, 50.20, 

49.00, 34.93, 31.62, 28.89, 28.65. 

 
Synthesis of 6β 
 

 
 
0.55 g (0.99 mmol) of compound 6b, 0,71 g (5 mmol) of CH3I and 0.34 g (2.5 mmol) of K2CO3 

were suspended in 50 mL of CH3CN. The mixture was refluxed and 12 hours. After this period 

the solvent was removed under reduced pressure and water was added to the mixture, the 

aqueous phases were extracted with AcOEt (30 mL x 3). The collected organic phases were 

washed with brine and dried on Na2SO4. The column chromatography (eluent DCM) provided 

pure product as an orange viscous oil, 57% yield. 

 
1H NMR (400 MHz, CDCl3, 298 K) δ 7.98 (d, J = 8.9 Hz, 2H), 7.91 (d, J = 7.8 Hz, 2H), 7.47 – 

7.31 (m, 3H), 7.14 (d, J = 20.7 Hz, 2H), 7.05 (d, J = 9.0 Hz, 2H), 4.50 (dd, J = 46.4, 12.8 Hz, 

4H), 3.89 (s, 3H), 1.60 (s, 9H), 1.38 (s, 18H). 13C NMR (101 MHz, CDCl3) δ 162.05, 156.03, 

152.06, 150.97, 147.02, 140.84, 136.94, 128.65, 127.96, 124.76, 122.71, 122.34, 121.27, 

114.21, 80.07, 55.53, 50.15, 34.83, 31.55, 28.56. 

 
Synthesis of 2 
 

 
 
A solution of 0.31 g (0.55 mmol) of 6β and 0,87 mL of TFA (11.1 mmol) in DCM was stirred 

for 6 hours. The deprotection reaction was monitored with TLC. At the end of the reaction the 

solvent was removed then the trifluoroacetate salt was dissolved in DCM and deprotonated with 
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NaHCO3.  The crude was purified with column chromatography (eluent 5:1, n-hexane:AcOEt). 

The purified compound was dissolved in the minimum amount of MeOH, subsequently about 

1 mL of HCl 37% was added and the solvent was removed under reduced pressure. The bright-

red solid obtained was dissolved in MeOH. The dropwise addition of a saturated solution of 

NH4PF6 in water caused the precipitation of an orange-yellow salt that was collected by 

filtration and washed with H2O. The solid product was dissolved in DCM and dried over 

Na2SO4. Orange solid, yield 41%. 

 
1H NMR (500 MHz, CD3CN, 298 K) δ 7.94 – 7.89 (m, 4H), 7.64 (d, J = 8.4 Hz, 2H), 7.54 (t, J 

= 1.8 Hz, 1H), 7.32 (d, J = 1.8 Hz, 2H), 7,14 (br. NH2, 2H), 7.11 (d, J = 9.0 Hz, 2H), 4.31 (m, 

2H), 4.25 – 4.20 (m, 2H), 3.90 (s, 3H), 1.33 (s, 18H). 13C NMR (126 MHz, CD3CN) δ 163.75, 

154.17, 152.78, 147.66, 133.32, 132.36, 130.57, 125.77, 125.34, 124.67, 123.64, 115.48, 56.45, 

52.96, 51.95, 35.59, 31.48. 19F NMR (470 MHz, CD3CN) δ -72.94 (d, J = 706.4 Hz). 
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1.11.3. Synthesis of the dimeric thread P1 
 

 

 

 

 

 

 
 

 
 
Scheme 12. I) [Cu(CH3CN)4]PF6 CH2Cl2, 1 week. 63%. II) a. TFA, DCM, b. NaHCO3 c. HCl, NH4PF6 47%. 
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Synthesis of 1c 
 

 
 

80 mg (0.17 mmol) of compound 6a, 100 mg (0.17 mmol) of 8b and 200 mg (0.54 mmol) of 

[Cu(CH3CN)4]PF6 were dissolved in 80 mL of degassed CH2Cl2 in a round bottom flask under 

N2 flux. The mixture was stirred for 1 week at room temperature, the reaction completion was 

monitored with TLC (DCM, MeOH 2%). At the end of the reaction water and CH2Cl2 were 

added. The organic phases were washed with water to remove the copper salts. The product 

was purified through column chromatography (eluent CHCl3, MeOH 3%). Orange solid, yield 

63%. 

 
1H NMR (500 MHz, CD3CN, 298 K) δ 7.96 (s, 1H), 7.86 – 7.72 (m, 8H), 7.54 – 7.46 (m, 4H), 

7.36 (m, 3H), 7.25 (d, J = 8.5 Hz, 2H), 7.20 (d, J = 1.6 Hz, 2H), 7.00 (d, J = 8.9 Hz, 2H), 6.95 

(d, J = 8.6 Hz, 2H), 5.15 (s, 2H), 4.77 (t, J = 5.0 Hz, 2H), 4.46 (t, J = 5.0 Hz, 2H), 3.82 (s, 2H), 

3.79 (s, 2H), 3.75 (s, 2H), 3.69 (s, 2H) , 2.41 (s, 3H), 2.28 (s, 18H), 1.28 (d, J = 18.7 Hz, 18H). 
13C NMR (126 MHz, CD3CN, 298 K) δ 161.60, 161.54, 158.26, 152.53, 152.51, 151.88, 151.68, 

151.65, 148.19, 145.27, 144.92, 144.57, 142.89, 140.60, 134.14, 130.86, 130.39, 129.95, 

129.87, 129.38, 125.62, 125.45, 124.27, 123.54, 123.45, 123.42, 123.32, 121.80, 121.36, 

120.98, 116.06, 115.62, 67.77, 62.39, 54.09, 53.19, 53.10, 53.00, 50.41, 35.46, 31.75, 21.50. 

	

 
 

 

 

 

 

 

 

 

 

 

N
N N

N

N

O

N

NN
N

O

tBu

Boc Boc



 67 

Synthesis of P1 

 

0.3 g (0.28 mmol) of 1c were dissolved in 50 mL of CH2Cl2 and 2 mL of trifluoroacetic acid 

(26 mmol). The solution was stirred at room temperature for 5 hours and the progress of the 

reaction was monitored with TLC. At the end of the reaction the solvent was removed under 

reduced pressure, the resulting trifluoroacetate salt was dissolved in 30 mL of AcOEt, washed 

with NaHCO3 and finally with H2O. The organic phases were dried over Na2SO4. The crude 

was filtered on silica (eluent CH2Cl2, MeOH 5%). For the synthesis of the hexafluorophosphate 

salt the molecule was dissolved in the minimum amount of acetone and few drops of 37% HCl 

were added, immediately a bright-red solid has precipitated. The solvent was removed and the 

solid was suspended in about 1 mL of CH2Cl2, few drops of MeOH was added until the product 

was completely solubilized. A saturated solution of NH4PF6 in water was added dropwise 

resulting in the separation of two phases, at this stage CH2Cl2 was added. The organic phases 

were washed with water and dried over Na2SO4. Orange solid, yield 47%. 

 

 
 
1H NMR (500 MHz, CD3CN, 298 K) δ 8.00 (s, 1H, 18), 7.92 – 7.85 (m, 6H, 7, 23, 26), 7.81 

(d, J = 8.0 Hz, 2H, 4), 7.58 (m, 4H, 8, 27), 7.48 (s, 1H, 36), 7.37 (m, 4H, 3, 13), 7.28 (s, 2H, 

32), 7.05 (m, 4H, 14, 22), 5.18 (s, 2H, 16), 4.79 (t, J = 4.8 Hz, 2H, 19), 4.49 (t, J = 4.9 Hz, 

2H, 20), 4.16 (s, 2H, 30), 4.09 (d, 4H, 11, 29), 4.04 (s, 2H, 10), 2.43 (s, 3H, 1), 1.32 (s, 19H, 

35).	
 
13C NMR (126 MHz, CD3CN, 298 K) δ 161.93 (21), 159.63 (15), 153.67 (33), 153.52 (6), 

152.51 (2), 151.60 (25), 148.13 (24), 144.28 (17), 143.45 (5), 138.16 (9), 136.93 (28), 133.57 

(31), 131.96 (13), 131.68 (27), 131.38 (7), 130.94 (3), 127.58 (12), 125.75 (26), 125.72 (18), 

124.80 (32), 123.88 (8), 123.71 (36), 123.69 (4), 123.62 (23), 116.12 (22), 115.97 (14), 67.79 

(20), 62.42 (16), 53.34 (30), 52.44 (11), 52.33 (10), 52.24 (29), 50.44 (19), 35.59 (34), 31.60 

(35), 21.52 (1). 
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1.11.4. Synthesis of the macrocycle 3	
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 

Scheme 13. I) CF3SO2Na tBuOOH, CH3CN r.t. 12 h, 38% II) BBr3, DCM, -15°C, 60% III) Cs2CO3, THF, 70°C, 
48 h. 72%. Direct functionalization:  CF3SO2Na tBuOOH, DMSO:CH3CN r.t. 24 h. 
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Synthesis of 3 though direct functionalization of DB24C8 

 

 
 

0.2 g of DB24C8 (0.45 mmol) and 0,1 mg of CF3SO2Na (0.68 mmol) were dissolved in a 

mixture of acetonitrile (1 mL) and dimethyl sulfoxide and stirred in a Schlenk flask at 0 °C 

under nitrogen flux. Subsequently 0.2 mL (1.46 mmol) of a 70% solution of tert-butyl 

hydroperoxide (DTBP) in H2O were added to the flask, the flux (0.1 mL/hour) was controlled 

by mean of a syringe pump. The reaction was left to return at room temperature and stirred for 

12 hours. After this time, the mixture was quenched with water and extracted with Et2O, the 

organic phases were washed with water and brine and finally dried over Na2SO4. The 

conversion to the product was estimated by 1H NMR around the 40% however several attempts 

of purification on silica didn’t result in an efficient separation of the product from the 

byproducts and the starting material. 

 
 
 
Template-direct synthesis of 3 
 
Synthesis of 1d 
 

 
 
2 g of Veratrole (14.3 mmol) and 3,4 g of sodium triflinate (NaCF3SO2) (21.8 mmol) were 

dissolved in acetonitrile (60 mL) and stirred in a Schlenk flask at 0 °C under nitrogen flux. 

Subsequently 6,4 mL of a 70% solution of tert-butyl hydroperoxide in H2O were added to the 

flask, the flux (3mL/hour) was controlled by mean of a syringe pump. The reaction was left to 

return at room temperature and stirred for 12 hours. After this time, the mixture was quenched 

with water and extracted with Et2O (80 mL for 3 times), the organic phases were washed with 

water and brine and finally dried over Na2SO4. The product was purified through column 

chromatography (eluent dichloromethane / cyclohexane 1:1). Yield 38%. 
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1H NMR (500 MHz, CDCl3, 298 K) δ 7.18 (d, J = 8.3 Hz, 1H), 7.05 (s, 1H), 6.87 (d, J = 10.2 

Hz, 1H), 3.88 (s, 6H). 13C NMR (126 MHz, CDCl3, 298 K) δ 151.68, 149.13, 124.40 (q, J = 

271.2 Hz), 122.95 (q, J = 32.7 Hz), 118.37 (q, J = 4.2 Hz), 110.65, 108.07 (q, J = 3.5 Hz), 

56.01, 55.98. 19F NMR (470 MHz, CDCl3) δ -61.65 (s, 3F). 

 

 
Synthesis of 3d 
 
 

 
 
1.14 g 1d (5.54 mmol) was dissolved in anhydrous dichloromethane (100 mL). Boron 

tribromide (3.9 mL, 39 mmol) was slowly added to the solution maintained at -15 °C with a 

frigorific mixture bath (20% w/w NH4Cl in ice and H2O). The reaction mixture was left to 

return at room temperature and stirred overnight. At the end of the reaction the mixture was 

quenched with water and extracted with ethyl acetate (50 mL for three times). The organic 

phase was washed with brine and dried over Na2SO4. The product was purified with 

chromatography on silica (eluent dichloromethane). Pale green oil, yield 60%. 

 
1H NMR (500 MHz, CDCl3, 298 K) δ 7.12 (s, 1H), 7.09 (d, J = 8.4 Hz, 1H), 6.92 (d, J = 8.3 

Hz, 1H), 6.35 (br. 2H). 19F NMR (470 MHz, CDCl3, 298 K) δ -61.67 (s, 3F). 

 
Synthesis of 3 
 

 
 
In a three-neck round bottom flask a mixture of 3.1 g (9.5 mmol) of Cs2CO3 in 60 mL 

tetrahydrofuran was stirred at reflux. A solution of 1,3 g (1.5 mmol) of 1e and 0,34 g of 3d in 

50 mL was slowly added by mean of a dropping funnel. The reaction was stirred at reflux for 

48 h, at the end of this time the solvent was removed under reduced pressure and the mixture 

was suspended in 100 mL of toluene. The organic phases were washed with water (100 mL X 

3) and finally dried over Na2SO4. The product was purified with column chromatography on 
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silica (eluent 3% MeOH in DCM) and subsequently recrystallized from boiling cyclohexane. 

White solid, yield 72%. 

 
1H NMR (500 MHz, CD3CN) δ 7.23 (d, J = 8.4 Hz, 1H), 7.18 (d, J = 2.0 Hz, 1H), 7.03 (d, J = 

8.4 Hz, 1H), 6.95 – 6.86 (m, 4H), 4.18 – 4.13 (m, 4H), 4.11 – 4.07 (m, 4H), 3.84 – 3.77 (m, 

8H), 3.69 (d, J = 1.8 Hz, 8H).13C NMR (126 MHz, CD3CN, 298 K) δ 152.64, 149.79, 149.77, 

149.72, 125.59 (q, J = 270.4 Hz), 123.04 (q, J = 32.5 Hz), 122.20, 122.18, 119.45 (q, J = 4.3 

Hz), 114.84, 114.81, 113.73, 111.12 (q, J = 3.6 Hz), 71.77, 71.73, 71.67, 70.57, 70.55, 70.32, 

70.22, 70.10, 69.86, 69.72, 69.70. 19F NMR (470 MHz, CD3CN) δ -61.93. 
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1.12. NMR spectra 
 
1H NMR spectrum of 1 

 
 
 

Figure 23. 1H NMR spectrum of the model compound 1 (CD3CN, 298 K, 500 MHz). 

 
 
 
1H NMR and 19F NMR resonances of the model compound 1: 

 
1H NMR (500 MHz, CD3CN, 298 K) δ 7.93 (d, J = 8.4 Hz, 2H), 7.83 (d, J = 8.3 Hz, 2H), 7.64 

(d, J = 8.4 Hz, 2H), 7.40 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 8.6 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 

4.31 – 4.26 (m, 2H), 4.19 (m, 2H), 2.44 (s, 3H). 19F NMR (470 MHz, CD3CN) δ -72.86 (d, J = 

706.4 Hz). 
 

 

 
__________________________________________________________________________ 
. 
I am grateful to Dr. Jessica Groppi that provided the compound 1. 
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1H and 13C NMR spectra of 2 

 
Figure 24. 1H NMR spectrum of the model compound 2 (CD3CN, 298 K, 500 MHz). 

 
 

 
 Figure 25. 13C NMR spectrum of the model compound 2 (CD3CN, 298 K, 126 MHz). 
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1H and 13C NMR spectra of P1 

 
Figure 26. 1H NMR spectrum of the dimeric axle P1 (CD3CN, 298 K, 500 MHz). 

 
 
 
 
 
 
 
 
 
 
  

Figure 27. 13C NMR spectrum of the dimeric axle P1 (CD3CN, 298 K, 126 MHz). 
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HSQC and HMBC spectra of P1 

 
Figure 28. Heteronuclear Single Quantum coherence SpectroscopY (HSQC). P1, f1: 13C NMR, f2: 1H NMR, 
(CD3CN, 298 K, 126 MHz, 500 MHz). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 29. Heteronuclear Multiple Bond Correlation (HMBC). P1, f1: 13C NMR, f2: 1H NMR P1, (CD3CN, 298 K, 126 
MHz, 500 MHz). 
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1H and 13C NMR spectra of 3 

 
Figure 30. 1H NMR spectrum of the compound 3 (CD3CN, 298 K, 500 MHz). 

 
 
 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 31. 13C NMR spectrum of the compound 3 (CD3CN, 298 K, 500 MHz). 
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1H NMR spectra of E,Z-1 and E,Z-2 complexes with 3 

 
Figure 32. 1H NMR stacked spectra. Bottom: spectrum of 1, [1] = 5.53 mM; cyan: 1:1 mixture of E-1 and 3, 
the benzylic peaks univocally associated with the complex are labeled with an asterisk, [E-1]0=5.3 mM; purple, 
the same 1:1 mixture after exhaustive irradiation (λirr = 369 ± 10 nm) and equilibration for 30 minutes in the 
dark; red, spectrum of 3. (CD3CN, 298 K, 500 MHz). 

 
Figure 33. 1H NMR stacked spectra. Bottom: spectrum of 2, [2] = 5.23 mM; cyan: 1:1 mixture of E-2 and 3, 
the peaks univocally associated with the complex are labeled with an asterisk, [E-2]0=5.23 mM; purple, 
mixture of Z-2 obtained upon exhaustive irradiation (λirr = 365 ± 10 nm) and 3 after 12 hours of equilibration 
in the dark, [E-2]0=5,02 mM, [3]0=30 mM; red, spectrum of 3. (CD3CN, 298 K, 500 MHz). 
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Chapter 2: Synthesis and operation of a 
[2]rotaxane endowed with a novel 
photoactive recognition site. 
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2.1. Introduction 

From the pioneering work of Stoddart and coworkers on bistable rotaxane based on pH 

switchable recognition sites and bi-pyridinium secondary stations,1 a myriad of pH controlled 

rotaxanes were reported2 thanks to the simplicity of their synthesis and operation.3 The area of 

application of these compounds is wide and ranges from catalysis4-5 to the construction of 

artificial muscles.6-7  

In rotaxanes composed by dibenzo-24-crown-8 (DB24C8) macrocycle and endowed with an 

ammonium recognition site, the latter is commonly defined as a “stronger” station compared 

to a secondary ammonium site such as N-methyl triazolium,8 bi-pyridinium,9 or imidazolium;10 

hence, it is generally assumed that the ring translation on the second recognition site occurs 

only upon deactivation (employing a base) of the ammonium site.  

However, this simplification is often misleading, since most of the time, the macrocycle 

actually shuttles between the different stations, populating each one of them in reason of their 

relative binding strength. Indeed, it is more accurate to define a thermodynamically stable co-

conformation (SCC) and a metastable co-conformation (MCC)11 as the translational isomers in 

which, respectively, the ring encircles either the stronger or weaker binding station. The 

statistical distribution of the SCC and MCC populations depends on the shuttling between the 

two stations, therefore on the relative affinity of the macrocycles for them. The existence of an 

equilibrium between the SCC and MCC is the reason for the apparent acidity measured in 

rotaxanes12 and catenanes.13 In other words, in a MIM the pKa of an ammonium site strongly 

depends on the affinity of the ring for an eventual secondary station, indeed the apparent acidity 

of the ammonium site would be drastically lowered in absence of the latter.14 A practical 

example is represented by a recent work15 in which the pKa of a [2]rotaxane ammonium site 

was modulated by modifying the affinity of the ring component for a secondary station (bi-

pyridinium unit). In this example, upon reduction of the bi-pyridinium unit the interaction with 

the crown ether is weakened and the pKa of the primary ammonium station of the rotaxane is 

increased by seven units.  
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2.1.1. Objective of the project 

In this chapter is described the synthesis and investigation of a [2]rotaxane designed with the 

aim of modifying the acid/base properties of an ammonium station installed in its linear 

component using light energy. For this purpose it was devised a simple [2]rotaxane composed 

by a pH sensitive ammonium station and a weaker photoactive station based on an azo 

chromophore. It was envisaged that a difference in the affinity of the macrocycle for the two 

isomeric forms (E, Z) of the secondary station could be reflected in the apparent pKa of the 

ammonium site. This rotaxane is interesting for the construction of molecular machines able to 

respond to light stimuli.16,17 This energy source has the advantage18,19 that no waste products 

are accumulated in the medium. Moreover, the energy of the irradiation provided can be finely 

controlled. These characteristics are attractive for several applications in technology and 

medicine20-23 as well as in the field of energy conversion.24 

2.1.2.  E-1H2+ rotaxane  
 
 [2]rotaxane E-1H2+ (Figure 1) is composed by a DB24C8 ring and is endowed with two 

stations: a dibenzyl ammonium recognition site, and a novel photoactive 2-phenyl 

azoimidazolium station (cyan in Figure 1). Even though the imidazolium cation has already 

been explored as a constituent in rotaxanes,10 2-phenylazoimidazolium has only been 

investigated in fields such as photoresponsive drugs25 and light-effected ionic liquids.26,27 The 

introduction of this new photochromic station in MIMs opens the possibility for new and more 

complex interlocked architectures whose photoresponsivity can be controlled on command. 
 
 
 
 
 
 
 

Figure 1. Chemical structure of the synthesized [2]rotaxane. 

Rotaxane E-1H2+ responds to different stimuli: the ammonium site can be deactivated through 

the addition of a base, while the azoimidazolium moiety can be cleanly photo-isomerized from 

E ➝ Z by employing UV light.  
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This work is the fruit of the collaboration between different members of the research group in 

which I work and my main contribution was relative to the design and ideation of this new 

[2]rotaxane. In particular, my efforts were addressed to the synthesis, characterization, and 

NMR irradiation experiments that were performed together with Erica Paltrinieri and Dr. 

Massimiliano Curcio. The UV visible experiments described in the last part of the chapter were 

performed by Dr. Marina Tranfić Bakić.  I am particularly grateful to all of them. 
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2.2. Synthesis of E-1H2+ 

 

2.2.1. Synthesis of the recognition sites precursors 

 

 

Scheme 1. Synthetic route to the compounds 2a and 1b. I) HPF6, NaNO2, H2O, 0-20 °C II) Imidazole, K2CO3, 
H2O, 0-20 °C. 23% III) Boc2O, THF. 87% IV) BrCH2CH2Br, K2CO3, MeCN. 45% 

In Scheme 1 are reported the synthetic steps to afford 2a and 1b, which are respectively the 

precursors of the E-1H2+ ammonium and the azoimidazolium stations.  The preparation of the 

2-phenyl azoimidazole 1b was adapted from a reported procedure,28 the diazotization of 

imidazole is achieved through the reaction with 4-methylbenzene diazonium 

hexafluorophosphate in basic aqueous medium (II). The poor yield of the isolated compound 

(23%) was due to the workup and purification procedures (see experimental section for details). 

This problem was compensated by the availability of the starting materials (imidazole and 

toluidine). Compound 1a was afforded in two steps: a reductive amination reaction followed 

by protection of the dibenzylammine moiety with tert-butoxycarbonyl group (Boc) resulting in 

a 67% total yield of isolated compound. Nucleophilic substitution of the phenyl hydroxy moiety 

of 1a with dibromoethane (IV) afforded compound 2a.  
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2.2.2. Synthesis of E-1H2+ and model compound 2 

 

 

 

Scheme 2. V) K2CO3, CH3CN, reflux. 63% VI) o-Me2-BnBr, CH3CN, reflux. 93% VII) HPF6, THF. 41% VIII) 
HPF6, THF. 52% IX) DB24C8, o-Me2-BnBr, microwave reactor, CH3CN, 80 °C. 65%. 

A convergent synthetic strategy was employed for the synthesis of E-1H+ and of the “free” axle 

E-2H2+ (Scheme 2). Phenylazoimidazole 1b was reacted in refluxing CH3CN with compound 

2a in the presence of potassium carbonate (K2CO3) to afford product 1c in 63% yield. 

Intermediate 1c was used for the synthesis of model axle E-2H2+. This compound was prepared 

through the substitution of azoimidazole with 2,6-dimethylbenzyl bromide followed by 

deprotection with a solution of hexafluorophosphoric acid to yield the corresponding 

dibenzylammonium salt. Compound 2c was prepared in a similar fashion by deprotection and 

subsequent salification reaction. For the synthesis of the rotaxane, the hexafluorophosphate salt 

of 2c was complexed with DB24C8 in CH3CN and reacted with bulky 2,6 dimethylbenzyl 

bromide in a microwave reactor to obtain a relatively high yield (60%). The stoppering reaction 

was achieved by exploiting the pyridine-like29 behavior of the azoimidazolium moiety, 

conveniently, together with stoppering the cationic azoimidazolium recognition site was 

formed. 
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2.3. 1H NMR characterization of E-1H2+ 

The resonances of the proton and carbon nuclei of compound E-1H2+ were assigned through a 

combination of 1D and 2D NMR experiments (13C-NMR, HSQC, HMBC can be found in the 

experimental section paragraph 2.11). The 1H-NMR spectrum in CD3CN at 298 K is reported 

in Figure 2.  

 

Figure 2.  1H-NMR of the compound E-1H2+ in CD3CN, 298 K, 500 MHz. 

The peaks colored in red belong to the interlocked DB24C8 macrocycle. In more detail the 

resonances around 6.63 ppm are attributed to the aromatic moieties while the three series of 

multiplets from 4 to 3.6 ppm are assigned to the resonances of the glycolic chains. The peaks 

in cyan belong to the phenylazoimidazolium unit, in particular, the heterocycle resonances are 

labeled as HC (7.65 ppm) and HD (6.93 ppm). For the study of the photochromic unit 

isomerization, it was fundamental to have clear diagnostic signals in the spectrum, the methyl 

peak Hme (2.51 ppm) in para position with respect to the azo group is particularly useful in this 

purpose.  

The ammonium station interacts through strong hydrogen bonds with the crown ether, this 

interaction causes the benzylic proton alpha (5.01 ppm) and beta (4.48 ppm) to assume a 

peculiar multiplicity.12,30 Moreover, the resonances of these peaks result to be deshielded by 
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the presence of the ring on the adjacent ammonium site. The triplets HA (4.41 ppm) and HB 

(4.91 ppm) belong to the ethylene “bridge” that connects the two recognition sites. These 

signals were useful to study the localization of the ring in the acid/base switching studies. To 

conclude, the peak labeled as HE (5.70 ppm) belongs to the methylene benzylic protons of the 

stopper placed on the azoimidazolium side. 
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2.4. Study of the acid/base switching  
 

Due to the presence of an acid/base switchable ammonium recognition site, the rotaxane E-

1H2+ can be treated with a base to afford the deprotonated form E-1+. The changes induced by 

deprotonation were investigated by 1H-NMR spectrometry (Figure 3).  

 

Figure 3. 1H NMR stacked spectra: bottom, E-1H2+; top, E-1+ obtained upon deprotonation. CD3CN, 298 K, 
500 MHz. 

To achieve the deprotonation of E-1H2+, a sample was dissolved in CD3CN and an 

heterogeneous base, composed by a polymer bound 1,8-diazabiciclo[5.4.0]undec-7-ene, was 

directly added to the NMR tube. The deprotonation process was followed by NMR and the 

supported base was filtered off when the rotaxane resulted to be completely deprotonated. The 

spectrum of E-1+ results to be markedly different from the one of the starting dicationic 

rotaxane. The resonances of the ethylene bridge nuclei next to the azoimidazolium station are 

clearly deshielded (HA, HB Figure 3). An analogous lower field shift is observed for the 

imidazolium peak HC while the benzylic signal of the stopper HE and the imidazolium 

resonance HD are shielded. These changes can be interpreted as the translation of the DB24C8 

from the dibenzylamine site to the azoimidazolium station. This latter co-conformation is 

predominant since the hydrogen bonding interactions of the crown ether with the benzylamine 

site in E-1+ is much weaker than the ones present in E-1H2+. This is also the reason that 

determines a shielding of the α and β benzylic signals in the deprotonated rotaxane, in which 

the two resonances are partially overlapped to the signals of the glycol chains of the crown 

ether ring.  
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2.5. Irradiation experiments 

 

2.5.1. 1H NMR photoisomerization study 

 

In Figure 4 are reported the spectra of E-1H2+ recorded in the dark and after irradiation with 

UV light to yield Z-1H2+. In rotaxane Z-1H2+ the resonances of the photochromic unit are 

shielded compared to those recorded for the E isomer. This effect can be noted for the imidazole 

nuclei HC, HD and for the methyl group Hme. A remarkable high-field shift is observed for the 

signals of the protons adjacent to the photochromic unit such as HB and HE (Figure 4), most 

likely because the chemical shift of these nuclei is influenced by the ring current of the 

azoimidazolium phenyl moiety. 

 

 

Figure 4. Bottom: 1H NMR spectrum of E-1H2; Top: the same compound after irradiation (λirr=369 ± 10 nm) 
at the PSS (E-1H2+/Z-1H2+ 91:9). CD3CN, 298 K, 500 MHz. 

 

The methyl signal was particularly useful to quantitatively follow the photoisomerization 

process. The irradiation experiments were performed by 1H-NMR adopting an experimental 

setup described by Gschwind and coworker.31 The light of a LED source (λirr = 369 ± 10 nm) 

was transported through a quartz optical fiber directly to the NMR tube containing a solution 

of the sample dissolved in air equilibrated CD3CN. In Figure 5 are reported the time dependent 

variation of the Hme resonance integrals belonging to the E and Z isomers. The magenta trace 

represents the amount of the Z-1H2+ isomer while the grey trace is indicative of E-1H2+. The 
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E→Z photoisomerization of E-1H2+ was completed in about 3 hours (Figure 5, left). 

Remarkably, at the photostationary state (PSS) the mixture was composed by 91 % of the Z 

isomer. The irradiated solution of the rotaxane was left in the dark, to follow the thermal Z→E 

back isomerization reaction (Figure 5, right), which provided the E isomer quantitatively 

proving that no irreversible side photoreactions occurred during the irradiation. 

 

 

Figure 5. Left: χ = molar fractions, kinetic profile of E➝Z photoisomerization process of E-1H2+ (λirr = 369 ± 
10 nm), right: thermal back Z→E isomerization process of Z-1H2+. In both graphs, traces: magenta, Z isomer; 
grey, E isomer. Data obtained from 1H-NMR experiment, CD3CN, 298K, 500 MHz. 

It was surprising to observe that the E→Z photoisomerization of the deprotonated rotaxane E-

1+ was not accessible in the same experimental setup used for the previous experiment. This 

behavior could be explained in two possible ways, either a very fast Z→E thermal back 

isomerization process, or a low E→Z and/or very efficient Z→E photoisomerization reaction. 

In the first case, the intensity of the light source used could represent a determinant aspect. The 

accumulation of the Z isomer would be inefficient if the thermal back reaction is faster than the 

photon flux provided.32 For this reason, we further investigated the system by means of UV 

visible spectroscopy, indeed in this case more diluted sample can be used and the photon flux 

shouldn’t be a limiting factor.  
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2.5.2. UV-vis photoisomerization and thermal back Z→E isomerization 

 

The UV vis isomerization experiments were performed using a diode array spectrophotometer. 

The absorption spectrum of [2]rotaxane μM solutions in acetonitrile was recorded during 

irradiation with a mercury lamp endowed with a filter to select the 365 nm wavelength. The 

photoisomerization reaction of E-1+ was clearly observed under these experimental conditions. 

In particular, the PSS was composed of about 30% of the Z isomer (Figure 6, left), conversely 

the E→Z photoisomerization of E-1H2+ provided about 70% of the metastable cis isomer 

(Figure 6, right). 

 

Figure 6. Left, absorption spectrum of E-1+, [E-1+]0 = 2.0 × 10–5 M (black line) and spectral changes 
upon irradiation with 365 nm light (E → Z photoisomerization, gray lines) until reaching the 
photostationary state (magenta line). Right, absorption spectrum of E-1H2+, [E-1H2+]0 = 1.9 × 10–5 
M (black line) and spectral changes upon irradiation with 365 nm light (E → Z photoisomerization, 
gray lines) until reaching the photostationary state (magenta line). Solvent acetonitrile, 298 K 

It is worth noting that a different composition of the PSS was obtained for E-1H2+ in the NMR 

experiments (PSS 91:9) and in the UV-vis experiments (PSS ~ 70:30). This apparent 

discrepancy can be explained considering that, in the UV visible setup, the irradiation 

wavelength (365 nm) was selected using interference filters. On the contrary, the emission of 

the LED employed for the NMR irradiation experiment was not filtered. The maximum of the 

LED emission is at 369 nm with a full width at half maximum (FWMH) of ± 15.56 nm. The 

irradiation with polychromatic light irremediably causes a different PSS.  
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Solutions of rotaxanes (E-1H2+, E-1+) and free threads (E-2H2+, E-2+) in acetonitrile were 

irradiated at 365 nm until the system reached a PSS (yellow background in a, b, c and d, Figure 

7). The E→Z photoisomerization process can be conveniently followed by measuring the 

absorbance at 375 nm that corresponds to the maxima of the π→π* band of the azoimidazolium 

moiety in E configuration (Figure 6). All the species reach the PSS in about 25 minutes. 

Subsequently, the profiles of the Z→E thermal back reactions were obtained by monitoring the 

absorbance at 375 nm in the dark at 298 K (grey background in a, b, c and d, Figure 7).  

 

 

Figure 7. Changes in the absorbance at λmax = 375 nm during E→Z isomerization (upon irradiation at 365 nm, 
yellow background in the graphs) and Z→E back-isomerization (in the dark, grey background). a) E-1H2+, [E-
1H2+]0 = 1.9 × 10–5 M; b) E-1+, [E-1+]0 = 1.6 × 10–5 M; c) E-2H2+, [E-2H2+]0 = 2 × 10–5 M; d) E-2+, [E-
2+]0 = 1.9 × 10–5 M. Acetonitrile, 298 K. 

The metastable Z isomer decays to the E form with a temperature dependent reaction. From the 

comparison of the back isomerization curves is clear that the rotaxane Z-1+ (Figure 7, b) has 

the fastest Z→E isomerization kinetic, indeed the complete relaxation of the Z form to the E 

isomer occurs in about 15 minutes. In all the other cases, this process requires more than two 
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hours. The thermal back isomerization rate constants (kΔ) were determined through the fitting 

of the kinetic profiles with a first order model, the values determined are reported in Table 1. 

 
Compound λmax [nm] kΔ [s-1]a 

1H2+ 375 3.97 ± 0,06 · 10–4 

1+ 375 6.96 ± 0,02 · 10–3 

2H2+ 375 2.70 ± 0,01 · 10–4 

2+ 375 6.63 ± 0,02 · 10–4 

Table 1. Rates of thermal back isomerization of the rotaxane and free thread solutions in acetonitrile at 298 K. 
a The reported errors are relative to the fitting of the experimental data. 

 

The comparison of the kΔ of the rotaxane and free thread is useful to study the effect of the 

macrocycle on the interlocked structure. The thermal back isomerization constant of Z-1H2+ is 

about 20 times lower than the one of Z-1+, conversely the constant determined for the free 

thread Z-2+ is “only” 2.5 folds compare to the one of Z-1H+. This means that in rotaxane Z-1+, 

in which the macrocycle encircles the photochromic unit, the rate of the thermal Z→E reaction 

is affected by the supramolecular interaction of the azoimidazolium with the ring. These results 

are significative since they prove that a photophysical parameter can be modulated in this 

family of [2]rotaxanes. Upon deactivation of the ammonium site, it is possible to switch from 

a slow relaxing Z isomer (Z-1H2+) to a faster decaying metastable isomer, as observed in Z-1+. 
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2.6. [2]rotaxane reaction network 
 

The reported [2]rotaxane is composed of two stations with two accessible states 

(protonated/deprotonated for ammonium recognition site, E/Z for the azoimidazolium station); 

hence, 22 = 4 states are possible for this interlocked architecture (Scheme 3).  

 

 

Scheme 3. Network of acid-base (horizontal) and photochemical (vertical) reactions that interconnect the four 
accessible states of the rotaxane E-1H2+. 

As detailed above, the addition of a base to E-1H2+ causes the deprotonation of the ammonium 

site to afford E-1+ in which the macrocycle encircles the azoimidazolium station, while 

irradiation with UV light induces the formation of the Z isomers (respectively Z-1H2+ and Z-

1+). Another important feature of this scheme is that the photochemical properties of the 

protonated and deprotonated rotaxane are markedly different. By irradiation at 365 nm the PSS 

reached for E-1H2+ is composed of ~ 70% of the Z isomer, while for E-1+ the PSS is composed 

of about 30% of the metastable Z isomer. This trend can be partially explained by a faster Z→E 

thermal back isomerization of Z-1+ compared to Z-1H2+.  

Furthermore, we expected that a difference in the affinity for the DB24C8 between the two 

isomers (E, Z) of the photochromic recognition site should be reflected in the acid-base 

proprieties of the ammonium center.15 In the next paragraphs will be reported the experiments 

performed to investigate the relative acidity of E-1H2+ and Z-1H2+. Moreover, the operation of 

the reactions network will be investigated under condition of light irradiation. 
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2.6.1. Acid/base properties of the ammonium recognition site 

 
1H-NMR titration experiments performed on rotaxane E-1H2+ by addition of a base allowed to 

determine the pKa value of the ammonium site in deuterated acetonitrile, which resulted to be 

20,74. Analogous titrations experiments were attempted on Z-1H2+ with the difference that the 

sample was maintained under continuous irradiation (λirr= 369 ± 10 nm) in order to control the 

Z→E thermal back relaxation of the species. These experiments provided an unexpected result: 

after the addition of a sub stochiometric amount (0.1 equivalents) of base (1,8-

diazabicyclo[5.4.0]undec-7-ene, DBU), the Z isomer was consumed instantaneously to yield a 

mixture of E-1H2+ and E-1+. The corresponding 1H NMR spectrum is reported in Figure 8. The 

disappearance of the Z isomer can be deduced clearly from the lower field shift of the Z 

characteristic resonances HB (from 4.38 ppm to 4.94 ppm) and HE (from 4.26 ppm to 5.73 ppm) 

consistently with the formation of E-1H2+. 

 

 

Figure 8. Stacked 1H NMR spectra: top, reference spectrum of E-1H2+; bottom, spectrum of Z-1H2+; middle, 
the same sample after the addition of 0.1 equivalents of DBU maintaining the sample under irradiation (λirr= 
369 ± 10 nm). CD3CN, 298 K, 500 MHz. 
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The formation of Z-1+ upon deprotonation of Z-1H2+, was not observed. This is not surprising 

considering the fast thermal back isomerization of the former (Table 1). However, this does not 

explain the complete disappearance of Z-1H2+ which is observed even while maintaining the 

system under constant irradiation. 

The same experiment performed by UV-vis spectroscopy provided an even more interesting 

result. In a typical experiment, a μM solution of E-1H2+ was irradiated at 365 nm until the PSS 

(PSS0, Figure 9) was reached (Z/E ~ 70:30), then 0,1 equivalents of DBU were added while 

maintaining the system under constant irradiation. This resulted in an increase in the 

absorbance at 375 nm that kept increasing until the system reached a different PSS composition 

(PSSt1, Figure 9), coherently with a situation in which the Z isomer is less abundant than at the 

beginning.  

 

 

Figure 9. Changes in absorption at 375 nm for a solution of E-1H2+ upon irradiation to the photostationary 
state (black curve) and subsequent addition of 0.1 equivalents of DBU (magenta curve). [E-1H2+]0=1.8·10-5 
M. 

 

This large variation in absorbance cannot be simply explained with the different PSS 

composition due to the formation of Z-1+, because the quantity formed by deprotonation is too 

small to induce such an effect. 

Due to these puzzling results, the determination of Z-1H+ apparent acidity was not possible 

either with NMR or UV-vis experiments. In fact, while in the first case the Z isomer was “lost” 

upon addition of the base, in the UV-vis experiments the addition of the base resulted in a 

different composition of the PSS. 
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2.6.2. Light-on/light-off experiment 

In order to evaluate the relative acidity of E-1H2+ and Z-1H2+ it was decided to use the 

deprotonated rotaxane E-1+ as an internal base for the deprotonation of Z-1H+. This strategy 

avoids the use of external base/conjugated acid pairs, thus lower the number of involved species 

in the system. Experiments were performed by UV-vis spectroscopy by employing μM 

solutions of E-1H2+ irradiated (λirr= 365 nm) at the PSS (“light-on”, yellow background in 

Figure 10). Subsequently, E-1+ was added to the solution and the light was turned off to register 

the Z➝E thermal back isomerization (“light-off”, grey background in Figure 10). The 

experiment was repeated for different E-1+/E-1H2+ molar ratio. This method provided 

information about the relative acidities of the rotaxane isomers, indeed in the case in which E-

1+ was not able to deprotonate Z-1H+ the sole thermal back isomerization of Z-1H+ should be 

observed in the “light-off” part of the experiment.  

In the first part of the graph (yellow background, Figure 10) the absorbance at 375 nm decreases 

until a PSS is reached consistently with the occurrence of E-1H2+ isomerization process. 

 

 

Figure 10. Time dependent absorption change at 375 nm: in the first part (yellow background) the rotaxane E-
1H2+ was irradiated at 365 nm until the PSS was reached. In the second part (grey background), concomitant 
interruption of irradiation and addition of increasing amount of the rotaxane E-1+ (from grey to the green 
curve). [E-1H2+]0= 1.8·10-5M, acetonitrile, 298 K. 
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The situation observed in the “light-off” part of the experiment is much more interesting. The 

fitting of the time dependent profiles registered in the dark after the addition of E-1+ required a 

two-contribution kinetic model, the values of the rate constants found are reported in Table 2. 

 

E-1+/E-1H2+ kA [s-1]a kB [s-1]a 

0.02 (5.31 ± 0.20) · 10–3 (3.03 ± 0.02) · 10–4 

0.06 (6.85 ± 0.07) · 10–3 
(5.20 ± 0.06) · 10–4 

0.19 (7.16 ± 0.20) · 10–3 (2.84 ± 0.10) · 10–4 

0.27 (1.10 ± 0.01) · 10–2 (1.43 ± 0.02) · 10–4 

0.43 (1.17 ± 0.01) · 10–2 (5.20 ± 0.02) · 10–4 

0.49 (1.47 ± 0.02) · 10–2 (2.46 ± 0.40) · 10–4 

 

Table 2. Rate constants obtained from the fitting using a two contributions kinetic model of the back-
isomerization in the dark of E-1H2+ and E-1+ mixtures with different molar ratios in acetonitrile at 298 K. a 

The errors reported for kA and kB are relative to the fitting of the experimental data 

 

While kB is a first order constant that correlates quite nicely with the thermal back isomerization 

rate of Z-1H2+ (See Table 1), kA is an apparent pseudo first order constant that increases 

proportionally to the amount of E-1+ added.  

A plausible explanation for these experimental data is depicted in the schematic representation 

of Figure 11. Upon addition of E-1+ to a solution containing Z-1H2+ a proton exchange between 

these species occur resulting in the formation of E-1H2+ and Z-1+(curved arrows, Figure 11). 

 

Figure 11. Schematical representation of the experimental data interpretation. The vertical arrows are depicted 
in different dimension to represent the difference in the kΔ rate constants. 

O

O

N
H2+ O

N N+

CF3

F3C
N

2PF6-

O

O O

O

O

OO

O
N

N
H2+ O N

N+

CF3

F3C N
N

2PF6-

O

O O

O

O

OO

O

O

O

N
H

O N
N+

F3C N
N

OO

O

O

O O

CF3

PF6-

N
H

O
N

CF3

F3C
N
N

OO

O

O

O O

N+

PF6-

E-1H2+

Z-1H2+

E-1+

Z-1+

k Δ= 6.96 ± 0.02 · 10–3k Δ= 3.97 ± 0.06 · 10–4



 100 

As described above, rotaxane Z-1+ is characterized by a fast thermal back isomerization (kΔ, 

Table 1), this process quickly regenerates the base E-1+ (big vertical arrow, Figure 11). In a 

total balance, E-1+ is firstly consumed in the acid-base pre-equilibrium described by the 

Equation 1, and subsequently formed by the thermal back isomerization of Z-1+. This process 

continues in a catalytic fashion until all Z-1H2+ is converted into E-1H2+. 

 

Eq 1             Z-1H2+ + E-1+ ⇌ Z-1+ + E-1H2+  

 

The consumption of Z-1H2+ occurs through two different paths: the thermal back isomerization 

of Z-1H2+ (described by kB constants in Table 2) and, more rapidly, through the acid-base 

preequilibrium followed by thermal back isomerization of Z-1+ (described by kA constants, 

Table 2). This hypothesis implies that the two isomers of E-1H2+ have different apparent acidity 

(Z-1H2+ would be more acidic than E-1H2+).  

This difference in acidity between Z-1H2+ and E-1H2+ can possibly arise from a difference in 

the affinity of the crown macrocycle for the azoimidazolium station in the Z and E 

configurations. The same “light-on/light-off” experiment were performed with the simple 

thread 2H2+ (Figure 12). In this case, the addition of the deprotonated axle 2+ to a PSS solution 

of 2H2+ didn’t result in any significative time dependent changes in the absorbance at 375 nm 

(purple trace, Figure 12). This result means that the presence of the ring has a key role in 

determining the difference in pKa.  

 

Figure 12. Light on-off experiment performed with the free axle 2H2+. Normalized absorption spectra. Change 
in the absorption at 375 nm: in the light-on part E-2H2+ (purple trace) was irradiated at 365 nm until the PSS 
was reached, the light-off part was recorded after the concomitant interruption of irradiation and addition of 
E-2+. The blue and red traces belong respectively to E-2+ and E-2H2+. 
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2.6.3. Out of equilibrium network operation  

 

The reactions network (Scheme 3) that interconnects the rotaxanes can be also considered as 

the sum of photochemical reactions (Figure 13, a), and acid-base equilibria (Figure 13, b). From 

the experimental results presented, some important consideration can be done: the 

photoisomerization process occurs more efficiently for E-1H2+ (PSS Z/E ~ 70:30) than E-1+ 

(PSS Z/E ~ 30:70), furthermore the two isomeric rotaxanes present different acidities. This 

difference in the vertical processes (photochemical reaction, Figure 13, a) and in the horizontal 

ones (acid base equilibria, Figure 13, b) can be the driving force for the realization of an out of 

equilibrium reactions network (Figure 13, c). Furthermore, this system could also work in the 

presence of a base with suitable strength B (Scheme 3 and Figure 13, b). 

 

 

Figure 13. a) Representation of E-1H2+ and E-1+ photoisomerization reactions, b) acid base reactions that interconvert the 
protonated and deprotonated rotaxanes, c) anticlockwise direction of the cycle achieved during the out of equilibrium 
operation. The different dimensions of the circles were used to represent the difference in the PSS composition of E-1H2+ and 
E-1+ (a) and the formation of E-1H2+ and Z-1+ that occur from the reaction between E-1+ and Z-1H2+ (b). 

 

The cycle can operate autonomously as long as light energy is furnished to the system. The 

described interplay between the photochemical and acid-base reactions results in an 

autonomous shuttling of the macrocycle. This out of equilibrium process is realized thanks to a 

light induced isomerization and proton transfer process that is due to the difference in acidity 

between Z-1H2+ and E-1H2+.  

A different type of light-on/light-off experiment (Figure 14) was attempted to directly observe 

the autonomous out of equilibrium cycle driven by light. Differently from the previous 

experiments, solutions of rotaxanes were prepared from the beginning with different relative 

ratio of E-1H2+ and E-1+.  
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The solutions in acetonitrile at 298 K were irradiated (λirr= 365 nm) and the absorbance change 

at 375 nm was recorded. In all traces reported in Figure 14, a decrease in absorbance is firstly 

observed consistently with the E➝Z photoisomerization process. However, after about five 

minutes of irradiation, a second effect occur only in the solutions with a higher amount of E-1+ 

(E-1+/E-1H2+ ≥ 0.19, Figure 14). The initial decrease in absorbance is followed by an increase 

consistent with the accumulation of E species.  

 

 

Figure 14. Time dependent absorption change at 375 nm of solutions containing E-1H2+ and E-1+ in different 
proportions, upon irradiation at 365 nm light (yellow background), and subsequent rest in the dark (grey 
background). Acetonitrile, 298 K. 

 

This observation can be explained by the consumption of Z-1H+ which reacts with E-1+ to yield 

Z-1+, the latter rapidly back-isomerizing to E-1+ in analogy with the behavior described in the 

previous paragraph. The acid-base reaction between E-1+ and Z-1H2+ is a bimolecular process 

and thus dependent on the concentration of the species. For this reason, the process is slower in 

the beginning, in which the photogenerated Z-1H+ is still at a very low concentration. The stage 

at which the acid-base reactions and the photochemical generation of the Z isomer is balanced 

is represented by the plateau reached by all the traces. This state corresponds to the 

photostationary dissipative state. When the light is turned off (Figure 14, grey background) the 

system relaxes to its global minimum composed by E-1+ and E-1H+. The different rates 

observed for this process are again a result of the different amount of E-1+ present in solution 
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at the moment of the interruption of light irradiation. A further confirmation of this 

interpretation is obtained by experiments in which a mixture of the protonated and deprotonated 

free axle 2-H2+ and 2+ in acetonitrile at 298 K are irradiated (λirr= 365 nm). In this case, the E-

Z isomerization profile obtained monitoring the absorbance at 375 nm (grey trace, Figure 15) 

does not show any peculiar effect. 

 

 

Figure 15. Changes in absorption at 375 nm for a solution containing E-1H2+ and E-1+ (red trace, E-1+/E 1H2+ 

= 0.49) and a solution containing E-2H2+ and E-2+ (black trace, E-2+/E-2H2+ = 0.49) upon irradiation at 365 
nm.  

 

 

 

  



 104 

2.7. Conclusion 
 

In this chapter it was described the synthesis, NMR and UV visible characterization of a 

[2]rotaxane (E-1H2+) endowed with a novel azoimidazolium unit that acts as a recognition site 

for a crown ether macrocycle. The synthesis of this photo-responsive compound was articulated 

in eight total steps, furthermore a model free axle was also prepared. Interestingly the 

stoppering reaction to afford the interlocked compound leads to the contemporary formation of 

the cationic center. 

The behavior of the multi-responsive rotaxane was studied by 1H NMR and UV visible 

experiments. Deprotonation with a base results in the translation of the ring from the ammonium 

site to the azoimidazolium unit. The ability to respond to light stimuli was investigated in the 

protonated and deprotonated rotaxanes (E-1+). Importantly, the thermal back isomerization 

constant of the rotaxane, in which the ring is surrounding the photochromic unit, resulted to be 

20 times bigger compared to the protonated rotaxane. The comparison with the model axle 

confirmed that this effect is due to the presence of the macrocycle.  

The strength of the non-covalent interaction established between the macrocycle and the pH-

insensitive station should determine a difference in the pKa of the ammonium center.17 The 

direct determination of the apparent pKa of Z-1H+ was not possible in our experimental 

conditions. For this reason, the relative acidity of E-1H2+ and Z-1H2+ was investigated in 

specifically designed light-on/light-off experiments. Our data suggests that the E isomer is more 

acidic than the Z isomer.  

This result is particularly significant because it enables the possibility to achieve a light-driven 

autonomous and reversible shuttling in this type of systems. The process is realized under 

condition of continuous irradiation by means of a photoinduced proton transfer. As a result, a 

preferential direction is realized in the cycle that interconvert the E/Z protonated and 

deprotonated rotaxanes forms. The directionality is achieved through both an energy33-35 (the 

light stimulus changes the acidity constants) and information ratchet33-35 mechanism (the 

position of the ring influences the E-Z interconversion).  

The investigated system is very interesting since the development of photoresponsive molecular 

machines that operate away from equilibrium is a particularly challenging topic in the field of 

artificial molecular machines.36  
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2.8.1. Experimental details 

Solvents and reagents 3,5-bis-(trifluoromethyl)benzylamine, 4-hydroxybenzaldehyde, sodium 

borohydride, di-tert-butyl-dicarbonate, potassium carbonate, 1,2-dibromoethane, 4-

methylaniline, sodium nitrite, hexafluorophosphoric acid, Imidazole, dibenzo-24-crown-8, 2-

(Bromomethyl)-1,3-dimethylbenzene, ammonium hexafluorophosphate, trifluoroacetic acid, 

polystyrene-supported DBU, were all used as supplied by Fluorochem, Sigma-Aldrich or VWR 

without further purification. Flash column chromatography was performed using Sigma Aldrich 

Silica 40 (230-400 mesh size or 40-63 μm) as the stationary phase. Gel permeation 

chromatography was performed using Biorad Biobeads SX-1 as the stationary phase. Thin layer 

chromatography was performed on TLC Silica gel 60 F254 coated aluminium plates from 

Merck.  

 

2.8.2. NMR measurements 
 
1H NMR spectra were recorded on an Agilent DD2 spectrometer operating at 500 MHz or a 

Varian Mercury spectrometer operating at 400 MHz; 13C NMR spectra were recorded on an 

Agilent DD2 spectrometer operating at 126 MHz or a Varian Mercury spectrometer operating 

at 101 MHz; 19F NMR spectra were recorded on an Agilent DD2 spectrometer operating at 470 

MHz. Chemical shifts are quoted in ppm relative to tetramethylsilane (SiMe4, δ = 0 ppm), using 

the residual solvent peak as a reference standard; all coupling constants (J) are expressed in 

Hertz (Hz). The samples were irradiated directly inside the thermostated NMR probe, using a 

1 mm silica core optical fiber (Thorlabs) connected to a Prizmatix UHP-T-365-SR LED 

Illuminator (1.5 W, λmax= 369 nm, FWHM, 15.56 nm) through a FCA-SMA adaptor. At its 

other end, the protective coating of the optical fiber was removed (about 6 cm) and the exposed 

fiber was sanded to enable the diffusion of light from the fiber core into the solution. The fibre 

prepared in this way was immersed directly into the thermostated solution (550 μL of 5 mM 

solution of the rotaxane/free thread) in the NMR tube. The obtained experimental data were 

processed using MestReNova software and OriginPro 2019. The photon flow at the end of the 

fiber was determined to be 4 × 10–8 Einstein s–1 using the ferrioxalate actinometry in its 

“microversion”.37 

 
2.8.3. NMR acidity measurements 
 
Deprotonation experiments were carried out in acetonitrile-d3 using heterogeneous [B1, 

polystyrene-supported DBU], and homogeneous [B2, DBU, pKa = 24.3]38 bases. The spectra 
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were acquired upon stepwise addition of the base directly into the NMR tube containing 550 

μL of c ≈ 5 mM solution of the sample. The experiments were performed in the dark or under 

continuous irradiation (using the set-up described in the previous paragraph) to assess the 

acidity of the Z moieties. Experimental data were processed using HypNMR from 

HYPERQUAD suite of programs39 and OriginPro 2019. The error on the pKa values is 

estimated to be ±0.1 units, calculated as the average mean square root in the pKa values of the 

ammonium stations investigated. 

 
2.8.4. UV irradiation experiments 
 
The isomerization experiments were performed using a diode array spectrophotometer Avantes 

StarLine AvaSpec-ULS2048CL-EVO-RS equipped with an optical fiber which enables the fast 

acquisition of UV/Vis spectra (ms) and concomitant in situ irradiation. About 3 ml of a solution 

≈ 2 × 10–5 mol dm–3 of the rotaxane/free thread in a 10mm pathlength quartz cuvette was 

continuously irradiated by a medium pressure Hg lamp (200 W) at room temperature. The 

irradiation wavelength was selected using interference filters and the intensity of the incident 

light was regulated with a pinhole of opportune diameter. The photon flow was determined by 

the “microversion” of the ferrioxalate actinometer37 and resulted to be ≈ 1.5 × 10–9 Einstein s–

1. The acquisition of the spectra was prolonged after interrupting the irradiation of the sample, 

in order to study the thermal back-isomerization processes. The rate constants for thermal 

back-isomerization were obtained by fitting the back-isomerization spectral data at the 

wavelength of the maximum against time using a first-order kinetics (exponential) model in 

OriginPro 2019.  
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2.9. Synthetic procedures 
 
2.9.1 synthesis of the precursors 2a and 1b 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

Scheme 4. I) HPF6, NaNO2, H2O, 0-20 °C II) Imidazole, K2CO3, H2O, 0-20 °C. 23% III) Boc2O, THF. 87% IV) 
BrCH2CH2Br, K2CO3, CH3CN. 45% 
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Synthesis of a 

 

An ethanol solution (200 mL) of 3,5-trifluoromethyl-benzylamine (19.45 g, 80.0 mmol) and 

4-hydroxybenzaldehyde (9.77 g, 80.0 mmol) was stirred at 40 °C under reduced pressure to remove the 

solvent. The procedure was repeated three times providing the imine intermediate product, which was 

re-dissolved in Ethanol (200 mL). NaBH4 (6.66 g, 176 mmol) was added portionwise and the resulting 

mixture was stirred at room temperature for 18 h. Removal of the solvent under reduced pressure 

provided a colourless oil which was dissolved in ethyl acetate (100 mL), washed with water (3×100 mL) 

and dried over MgSO4. Filtration and removal of the solvent under reduced pressure afforded the crude 

product which, was purified by flash chromatography (Chloroform, Rf = 0.06) to obtain a as a pale-

yellow solid (21.45 g, 77%).  

1H NMR (500 MHz, CDCl3, 298 K) δ 7.81 (s, 2H), 7.77 (s, 1H), 7.14 (d, J = 8.1 Hz, 2H), 6.70 

(d, J = 8.1 Hz, 2H), 3.93 (s, 2H), 3.76 (s, 2H). 13C NMR (126 MHz, CDCl3, 298 K) δ 155.64, 

141.97, 131.85 (q, J = 32.8 Hz) 130.36, 129.93, 128.68, 128.65, 128.62, 128.59, 123.44 (q, J = 

273.4 Hz), 121.38 (p, J = 3.8 Hz), 115.90, 52.73, 52.02. 19F NMR (470 MHz, CDCl3, 298 K) 

δ –62.90 (s, 6F). 

Synthesis of 1a 

 

A solution of a (19.55 g, 55.97 mmol) and di-tert-butyl-dicarbonate (12.21 g, 55.97 mmol) in 

tetrahydrofuran (600 mL) was stirred at room temperature for 18 h. Removal of the solvent under 

reduced pressure provided the product as a crude oil which was purified by flash chromatography 

(Chloroform, Rf = 0.1) to obtain product 1a as an off-white solid (21.96 g, 87%).  

1H NMR (500 MHz, CDCl3, 298 K) δ 7.74 (s, 1H), 7.57 (s, 2H), 7.04 (m, 2H), 6.77 (d, J = 8.0 

Hz, 2H), 6.42 (s, 1H, OH), 4.42 (m, 4H), 1.46 (s, 9H). 13C NMR (126 MHz, CDCl3, 298 K) δ 

156.2 (d, J = 53.3 Hz), 155.9, 141.0 (d, J = 53.3 Hz), 131.9 (q, J = 33.3 Hz), 129.5 (d, J = 65.4 

Hz), 128.75 (d, J = 10.5 Hz), 127.7, 123.4 (q, J = 273.4 Hz), 121.3, 115.8, 81.5, 50.2, 49.1 (d, 

J = 68.8 Hz), 28.5. 19F NMR (470 MHz, CDCl3, 298 K) δ –62.98 (s, 6F). 
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Synthesis of 2a 

 

A solution of 1a (449 mg, 1.00 mmol), 1,2-dibromoethane (2.15 mL, 25.00 mmol) and cesium carbonate 

(815 mg, 2.50 mmol) in dry acetonitrile (25 mL) was stirred at 80 °C for 18 h under a nitrogen 

atmosphere. The solution was cooled down to room temperature and the solvent removed under reduced 

pressure to provide a crude mixture which was dissolved in dichloromethane (50 mL), washed with 

water (3×50 mL) and dried over anhydrous MgSO4. The crude compound was purified by flash 

chromatography (Chloroform, Rf = 0.6) to provide the product 2a as a colorless oil (250 mg, 45%).  

1H NMR (500 MHz, CDCl3, 298 K) δ 7.74 (s, 1H), 7.56 (bs, 2H), 7.13 (bd, J = 25.9 Hz, 2H), 

6.85 (d, J = 8.3 Hz, 2H), 4.60 - 4.30 (m, 4H), 4.27 (t, J = 6.3 Hz, 2H), 3.63 (t, J = 6.3 Hz, 2H), 

1.49 (m, 9H). 13C NMR (126 MHz, CDCl3, 298 K) δ 157.8, 155.8 (d, J = 29.8 Hz), 141.3 (d, J 

= 34.9 Hz), 131.8 (q, J = 33.2 Hz), 130.3, 129.5 (d, J = 74.8 Hz), 127.7 (d, J = 25.2 Hz), 123.4 

(q, J = 273.4 Hz), 121.2, 115.1, 81.0, 68.1, 50.1, 49.2 (d, J = 55.1 Hz), 29.1, 28.4. 19F NMR 

(470 MHz, CDCl3, 298 K) δ –62.94 (s, 6F). 

 

 

Synthesis of b 

 
To a water suspension (150 mL) of p-toluidine 4.52 g (42.2 mmol) cooled to 0 °C, 16.8 mL of HPF6 

(60% in water) (105.1 mmol) were added dropwise, resulting into a pale-yellow solution. Keeping the 

solution at 0 °C, 8.74 g NaNO2 (126.6 mmol) were added portionwise to the mixture maintained at 0° 

C, the reaction was stirred for 2 hours at room temperature. The white solid precipitated was collected 

by filtration, washed with Et2O and dried under vacuum. The product was directly employed in the next 

reaction step. 
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Synthesis of 1b 

 

The product was prepared by modifying a previously reported procedure.28 Imidazole (2.50 g, 36.70 

mmol) was added to a solution of K2CO3 (5.07 g, 36.70 mmol) in water (80 mL). The solution was 

cooled down to 0 °C and 4-methylphenyldiazonium hexafluorophosphate (b) (9.69 g, 36.7 mmol) was 

added protionwise and the resulting solution left to warm up to room temperature and stirred for 18 h. 

The red-brownish precipitate was collected and dissolved in 1 M HCl and the undissolved dark brown 

byproduct filtered off. The solution was neutralized with NaOH and the yellow precipitate collected by 

filtration. Recrystallization from ethanol provided the pure product 1b as dark orange crystals (1.56 g, 

23%).  

1H NMR (500 MHz, (CD3)2SO, 298 K) δ 12.91 (s, 1H, NH), 7.76 (d, J = 8.1 Hz, 2H), 7.39 (d, 

J = 8.1 Hz, 2H), 7.33 (s, 2H), 2.39 (s, 3H). 13C NMR (126 MHz, (CD3)2SO, 298 K) δ 154.60, 

150.10, 141.77, 130.07, 122.30, 21.04.  
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2.9.2. Synthesis of the [2]rotaxane 

  

 
 

 

 

 
 

Scheme 5. I) K2CO3, CH3CN, reflux. 63% II) HPF6, THF. 52% II) DB24C8, o-Me2-BnBr, microwave reactor, 
CH3CN, 80 °C. 65%. 
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Synthesis of 1c 

 

Intermediate 2a (1.50 g, 2.70 mmol), 1-methyl-2-(phenylazo)imidazole 1b (502 mg, 2.70 mmol), 18-

crown-6 (210 mg, 0.81 mmol) and potassium carbonate (750 g, 5.40 mmol) were suspended in dry 

acetonitrile (100 mL) and stirred at 80 °C for 24 h under a nitrogen atmosphere. The solvent was 

removed under reduced pressure and the crude mixture dissolved in ethyl acetate (100 mL), washed with 

water (3×50 mL) and dried over MgSO4. Filtration and removal of the solvent under reduced pressure 

provided a red-brownish oil which was purified by flash chromatography (Chloroform, Rf = 0.1) to 

obtain the product 1c as a yellow crystalline solid (1.10 g, 63%). 

1H NMR (500 MHz, CDCl3, 298 K) δ 7.88 (d, J = 8.3 Hz, 2H), 7.72 (s, 1H), 7.54 (m, 2H), 7.35 

- 7.27 (m, 4H), 7.11 (m, 2H), 6.79 (d, J = 8.3 Hz, 2H), 4.81 (t, J = 5.2 Hz, 2H), 4.54 - 4.24 (m, 

6H), 2.43 (s, 3H), 1.60 - 1.37 (m, 9H). 13C NMR (126 MHz, CDCl3, 298 K) δ 157.71, 155.78, 

152.23, 151.29, 142.66, 131.70 (q, J = 33.2 Hz), 130.37, 130.26, 129.92, 129.75, 129.68, 

129.12, 127.61, 123.56, 123.37, 123.33 (q, J = 273.4 Hz), 121.16, 114.84, 81.01, 67.41, 50.04, 

49.36, 48.97, 45.41, 28.40, 21.69. 19F NMR (470 MHz, CDCl3, 298 K) δ –62.92 (s, 6F). 
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Synthesis of 2c 

 
 

A solution of 1c (1.00 g, 1.51 mmol) and HPF6 (60%w/w in H2O, 1.33 mL, 15.1 mmol) in 

tetrahydrofuran (100 mL) was stirred at room temperature for 3 h. The solvent was removed 

under reduced pressure and the residue dissolved in dichloromethane (100 mL) and washed 

with a saturated aqueous solution of ammonium hexafluorophosphate (3×100 mL). The organic 

phases were dried over anhydrous MgSO4, filtration and removal of the solvent under reduced 

pressure provided the product 2c as an orange solid (555 mg, 52%).  

1H NMR (500 MHz, (CD3)2SO, 298 K) δ 8.16 (s, 2H), 8.11 (s, 1H), 7.75 (d, J = 8.0 Hz, 2H), 

7.68 (s, 1H), 7.36 (d, J = 8.1 Hz, 2H), 7.32 (d, J = 8.3 Hz, 2H), 7.25 (s, 1H), 6.92 (d, J = 8.3 

Hz, 2H), 4.82 (t, J = 5.2 Hz, 2H), 4.40 (t, J = 5.2 Hz, 2H), 4.25 (s, 2H), 4.03 (s, 2H), 2.39 (s, 

3H). 13C NMR (126 MHz, (CD3)2SO, 298 K) δ 158.14, 151.89, 150.81, 141.88, 141.79, 131.09, 

130.63, 130.13 (q, J = 33.2 Hz), 130.07, 129.95, 129.90, 129.86, 124.62, 123.26 (q, J = 273.4 

Hz), 122.57, 122.31, 114.55, 67.17, 50.46, 49.22, 44.85, 21.03. 19F NMR (470 MHz, CD3CN, 

298 K) δ –63.63 (s, 6F), –72.54 (d, J = 707.4 Hz, PF6). 
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Synthesis of E-1H2+ 

 
A solution of 2c (230 mg, 0.326 mmol) and DB24C8 (292 mg, 0.652 mmol) in acetonitrile (15 mL) was 

stirred at room temperature for 30 min. Neat 2-(bromomethyl)-1,3-dimethylbenzene (325 mg, 1.63 

mmol) was then added and the resulting mixture stirred at 80 °C in a microwave reactor for 2 h. The 

solution was cooled down to room temperature and the solvent removed under reduced pressure to 

provide a crude mixture which was dissolved in dichloromethane (50 mL), washed with water (3×50 

mL) and a saturated aqueous solution of potassium hexafluorophosphate (3×20 mL) and dried over 

anhydrous MgSO4. The crude compound was purified by flash chromatography (dichloromethane, then 

90:10 dichloromethane:methanol, then 0.1 M H4NPF6 in methanol) and repeated Gel Permeation 

Chromatography (dichloromethane) to provide the product E-1H2+ as a bright orange solid (274 mg, 

65%).  

                            

1H NMR (500 MHz, CD3CN, 298 K) δ 8.04 (d, J = 8.3 Hz, 2H, 18), 7.85 (d, J = 1.7 Hz, 2H, 4), 

7.74 (s, 2H, NH2), 7.65 (d, J = 2.2 Hz, 1H, 14), 7.51 (d, J = 8.2 Hz, 2H, 19), 7.39 (d, J = 8.3 

Hz, 2H, 9), 7.34 - 7.27 (m, 2H, 3+26), 7.20 (d, J = 7.6 Hz, 2H, 25), 6.93 (d, J = 2.2 Hz, 1H, 15), 

6.87 (d, J = 8.3 Hz, 2H, 10), 6.68 (dd, J = 6.1, 3.5 Hz, 4H, b), 6.59 (dd, J = 6.0, 3.6 Hz, 4H, a), 

5.70 (s, 2H, 22), 5.03 - 4.97 (m, 2H, 6), 4.90 (t, J = 4.8 Hz, 2H, 13), 4.50 - 4.46 (m, 2H, 7), 4.40 

(t, J = 4.8 Hz, 2H, 12), 4.03 (ddd, J = 11.3, 7.9, 1.5 Hz, 4H, d), 3.87 - 3.79 (m, 8H, d+e), 3.74 - 

3.65 (m, 12H, e+f), 2.50 (s, 3H, 21), 2.28 (s, 6H, 27). 13C NMR (126 MHz, CD3CN, 298 K) δ 

159.85 (11), 151.97 (17), 149.28 (20), 147.55 (c), 144.86 (16), 139.84 (24), 136.14 (5), 132.34 

(9), 131.70 (19), 131.21 (q, J = 32.8 Hz, 2), 131.04 (4), 130.99 (26), 130.01 (25), 129.67 (23), 

125.60 (14), 125.54 (18), 125.04 (8), 124.09 (q, J = 273.4 Hz, 1), 122.54 (m, 3), 122.06 (15), 
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122.01 (b), 115.97 (10), 112.76 (a), 71.62 (f), 71.03 (e), 68.48 (d), 67.01 (12), 53.30 (7), 51.68 

(6), 49.93 (13), 49.26 (22), 22.12 (21), 19.85 (27). 19F NMR (470 MHz, CD3CN, 298 K) δ –

63.00 (s, 6F, 1), –72.89 (d, J = 706.5 Hz, 12F, PF6). HRMS-ESI (m/z): calcd for 

[C61H69N5O9PF12], 1274.4641; found 1274.4641 [(1H)(PF6)]+. 

Synthesis of E-1+ 

 

A solution of E-1H2+ (15 mg, 0.013 mmol) in CD3CN (500 µL) was reacted with B1 (20 mg) inside an 

NMR tube. The suspension was agitated for fixed time intervals and the reaction progress monitored by 
1H NMR spectroscopy. Upon complete disappearance of the peaks of E-1H 2+, the mixture was filtered 

through a pad of Celite to isolate the solution containing E-1+.  

                             
1H NMR (500 MHz, CD3CN, 298 K) δ 8.57 (d, J = 2.2 Hz, 1H, 14), 8.25 (d, J = 8.1 Hz, 2H, 

18), 7.94 (s, 2H, 4), 7.87 (s, 1H, 3), 7.43 (d, J = 8.0 Hz, 2H, 19), 7.26 (t, J = 7.6 Hz, 1H, 26), 

7.13 (d, J = 7.6 Hz, 2H, 25), 7.03 (d, J = 8.1 Hz, 2H, 9), 6.80 (ddt, J = 22.3, 6.3, 3.7 Hz, 8H, 

b+a), 6.71 (d, J = 2.2 Hz, 1H, 15), 6.61 (d, J = 8.1 Hz, 2H, 10), 5.60 (t, J = 7.9 Hz, 2H, 13), 

5.36 (s, 2H, 22), 4.84 (t, J = 7.9 Hz, 2H, 12), 4.05 - 3.92 (m, 8H, d), 3.86 (s, 2H, 6), 3.66 (m, 

10H, 7+e), 3.43 (ddd, J = 87.5, 10.9, 6.5 Hz, 8H, f), 2.47 (s, 3H, 21), 2.08 (s, 6H, 27). 13C NMR 

(126 MHz, CD3CN, 298 K) δ 158.85 (11), 152.02 (17), 148.86 (c), 148.34 (20), 145.70 (5), 

144.36 (16), 139.49 (24), 133.03 (8), 131.71 (q, J = 32.8 Hz, 2), 131.37 (19), 130.71 (26), 

130.33 (23), 129.93 (9), 129.85 (25), 129.52 (4), 126.99 (14), 126.06 (18), 124.84 (q, J = 273.4 

Hz, 1), 121.83 (b), 121.47 (3), 120.93 (15), 115.20 (10), 112.91 (a), 71.59 (f), 70.92 (e), 69.09 

(d), 65.57 (12), 53.00 (7), 52.29 (6), 49.44 (22), 47.77 (13), 22.03 (21), 19.92 (27). 19F NMR 
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(470 MHz, CD3CN, 298 K) δ –63.25 (s, 6F, 1), –72.97 (d, J = 706.3 Hz, 6F, PF6). HRMS-ESI 

(m/z): calcd for [C61H68N5O9], 1128.4921; found 1128.4921 [1]+. 
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2.9.3. Synthesis of the model compound E-2H2+ 

 

 

 

 

 
 

Scheme 6. I) a. o-Me2-BnBr, CH3CN, reflux.b. NH4PF6 93% II) HPF6, THF. 41% III) Base, CH3CN. 

 

 

 

 

1c

I

N
H2+ O N

N+

CF3

F3C N
N

E-2H2+

2PF6-

N

O N
N+

CF3

F3C N
N

Boc

PF6-

II

III

N
H

O N
N+

CF3

F3C N
N

E-2+

PF6-

1d



 119 

Synthesis of 1d 

 
 
A solution of intermediate 1c (500 mg, 0.76 mmol) and 2-(bromomethyl)-1,3-dimethylbenzene (756 

mg, 3.8 mmol) in acetonitrile (20 mL) was stirred at 80 °C for 30 min. The solvent was removed under 

reduced pressure and the solid residue dissolved in chloroform (50 mL) and washed with a saturated 

aqueous solution of ammonium hexafluorophosphate (3×50 mL) and water (3×50 mL). The organic 

phases were dried over anhydrous MgSO4, filtered and the solvent removed under reduced pressure to 

give a crude product that was purified by flash chromatography (chloroform, then chloroform:methanol 

gradient) to provide product 1d as an orange solid (660 mg, 93%).  

1H NMR (500 MHz, CD3Cl, 298 K) δ 7.96 (d, J = 8.0 Hz, 2H), 7.69 (s, 1H), 7.67 (d, J = 2.2 

Hz, 1H), 7.50 (s, 2H), 7.41 (d, J = 8.2 Hz, 2H), 7.27 (t, J = 7.6 Hz, 1H), 7.14 (d, J = 7.6 Hz, 

2H), 7.06 (s, 2H), 6.77 (d, J = 2.2 Hz, 1H), 6.72 (d, J = 8.1 Hz, 2H), 5.70 (s, 2H), 4.99 (t, J = 

4.8 Hz, 2H), 4.47 - 4.25 (m, 6H), 2.49 (s, 3H), 2.28 (s, 6H), 1.58 - 1.38 (m, 9H). 13C NMR (126 

MHz, CD3Cl, 298 K) δ 157.28, 155.68, 151.20, 148.44, 143.92, 141.47, 138.65, 131.68 (q, J = 

34.0 Hz), 130.87, 130.56, 130.44, 129.72, 129.45, 127.92, 127.66, 124.95, 124.53, 123.36 (q, J 

= 273.4 Hz), 121.09, 120.85, 114.74, 81.03, 65.96, 50.12, 49.48, 49.20, 48.54, 28.42, 22.23. 19F 

NMR (470 MHz, CD3Cl, 298 K) δ –62.91 (s, 6f), –73.57 (d, J = 712.4 Hz, 6F, PF6).  
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Synthesis of E-2H2+ 

 

A solution of 1d (550 mg, 0.59 mmol) and HPF6 (60%w/w in H2O, 522 μL, 5.9 mmol) in tetrahydrofuran 

(50 mL) was stirred at room temperature for 3 h. The solvent was removed under reduced pressure and 

the residue dissolved in dichloromethane (50 mL) and washed with a saturated aqueous solution of 

ammonium hexafluorophosphate (3×50 mL). The organic phases were dried over anhydrous MgSO4, 

filtration and removal of the solvent under reduced pressure provided product E-2H2+ as an orange solid 

(235 mg, 41%).  

1H NMR (500 MHz, CD3CN, 298 K) δ 8.07 - 7.98 (m, 5H, 18+3+4), 7.65 (d, J = 2.2 Hz, 1H, 

14), 7.53 - 7.49 (m, 2H, 19), 7.31 (dt, J = 8.0, 3.2 Hz, 3H, 26+9), 7.20 (d, J = 7.6 Hz, 2H, 25), 

6.92 - 6.87 (m, 3H, 10+15), 5.69 (s, 2H, 22), 4.90 (t, J = 4.7 Hz, 2H, 13), 4.43 (t, J = 4.7 Hz, 

2H, 12), 4.22 (s, 2H, 6), 4.03 (s, 2H, 7), 2.50 (s, 3H, 21), 2.28 (s, 6H, 27). 13C NMR (126 MHz, 

CD3CN, 298 K) δ 159.44 (11), 151.97 (17), 149.24 (20), 144.82 (16), 139.86 (24), 137.27 (5), 

132.32 (q, J = 32.8 Hz, 2), 132.27 (9), 131.69 (19), 131.46 (4), 131.00 (26), 130.00 (25), 129.64 

(23), 126.79 (8), 125.62 (14), 125.51 (18), 124.38 (q, J = 273.42 Hz, 1), 123.82 (3), 121.97 

(15), 115.73 (10), 66.98 (12), 52.47 (7), 51.35 (6), 49.98 (13), 49.26 (22), 22.10 (21), 19.83 

(27). 19F NMR (470 MHz, CD3CN, 298 K) δ –63.51 (s, 6F, 1), –72.76 (d, J = 707.1 Hz, 12F, 

PF6). HRMS-ESI (m/z): calcd for [C37H37N5OPF12], 826.2544; found 826.2544 [(2H)(PF6)]+. 
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Synthesis of E-2+ 

 

A solution of E-2H2+ (25 mg, 0.026 mmol) in acetonitrile (5 mL) was loaded on a silica pad and eluted 

with 20 mL of solvent. Removal of the solvent under reduced pressure provided the product as an orange 

solid (21 mg, quantitative).  

1H NMR (500 MHz, CD3CN, 298 K) δ 8.01 (d, J = 8.3 Hz, 2H, 18), 7.91 (d, J = 1.6 Hz, 2H, 4), 

7.85 (s, 1H, 3), 7.64 (d, J = 2.2 Hz, 1H, 14), 7.49 (d, J = 8.3 Hz, 2H, 19), 7.31 (dd, J = 8.1, 7.1 

Hz, 1H, 26), 7.22 - 7.17 (m, 4H, 25+9), 6.90 (d, J = 2.2 Hz, 1H, 15), 6.80 (d, J = 8.3 Hz, 2H, 

10), 5.68 (s, 2H, 22), 4.88 (t, J = 6.3 Hz, 2H, 13), 4.41 (t, J = 6.3 Hz, 2H, 12), 3.85 (s, 2H, 6), 

3.64 (s, 2H, 7), 2.49 (s, 3H, 21), 2.28 (s, 6H, 27). 13C NMR (126 MHz, CD3CN, 298 K) δ 

157.85, 151.96, 149.19, 145.62, 144.83, 139.85, 134.64, 131.86, 131.66, 131.60, 130.98, 

130.44, 129.99, 129.65, 129.46, 125.57, 125.49, 121.96, 121.49, 115.25, 68.30, 66.87, 52.95, 

52.40, 50.05, 49.25, 26.26, 22.08, 19.82. 19F NMR (470 MHz, CD3CN, 298 K) δ –63.31 (s, 6F, 

1), –72.96 (d, J = 706.3 Hz, 6F, PF6). HRMS-ESI (m/z): calcd for [C37H36N5OF6], 680.2824; 

found 680.2824 [2]+. 
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2.10. NMR spectra 
 
1H and 13C NMR spectra of E-1H2+ 

 

Figure 16. 1H NMR spectrum of E-1H2+ (CD3CN, 298 K, 500 MHz). 

 

Figure 17. 13C NMR spectrum of E-1H2+ (CD3CN, 298 K, 126 MHz). 
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HSQC and HMBC spectra of E-1H2+ 
 

 

Figure 18.  Heteronuclear Single Quantum coherence SpectroscopY (HSQC). E-1H2+, f1: 13C NMR, f2: 1H 
NMR, (CD3CN, 298 K, 126 MHz, 500 MHz). 

 
Figure 19. Heteronuclear Multiple Bond Correlation (HMBC). E-1H2+, f1: 13C NMR, f2: 1H NMR, (CD3CN, 
298 K, 126 MHz, 500 MHz). 
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1H and 13C NMR spectra of E-1+ 

 
Figure 20. 1H NMR spectrum of E-1+ (CD3CN, 298 K, 500 MHz). 

 
Figure 21. 13C NMR spectrum of E-1+ (CD3CN, 298 K, 126 MHz). 
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HSQC and HMBC spectra of E-1+ 
 

 
Figure 22. Heteronuclear Single Quantum coherence SpectroscopY (HSQC). E-1+, f1: 13C NMR, f2: 1H NMR, 
(CD3CN, 298 K, 126 MHz, 500 MHz). 

 
Figure 23. Heteronuclear Multiple Bond Correlation (HMBC). E-1+, f1: 13C NMR, f2: 1H NMR, (CD3CN, 298 
K, 126 MHz, 500 MHz). 
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1H and 13C NMR spectra of E-2H2+ 
 

 
Figure 24. 1H NMR spectrum of E-2H2+ (CD3CN, 298 K, 500 MHz). 

 
Figure 25. 13C NMR spectrum of E-2H2+ (CD3CN, 298 K, 126 MHz). 
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HSQC and HMBC spectra of E-2H2+ 
 

 
Figure 26. Heteronuclear Single Quantum coherence SpectroscopY (HSQC). E-2H2+, f1: 13C NMR, f2: 1H 
NMR, (CD3CN, 298 K, 126 MHz, 500 MHz). 

 
Figure 27. Heteronuclear Multiple Bond Correlation (HMBC). E-2H2+, f1: 13C NMR, f2: 1H NMR, (CD3CN, 
298 K, 126 MHz, 500 MHz). 
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1H and 13C NMR spectra of E-2+ 
 

 
Figure 28. 1H NMR spectrum of E-2+ (CD3CN, 298 K, 500 MHz). 

 
Figure 29. 13C NMR spectrum of E-2+ (CD3CN, 298 K, 126 MHz). 
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3.1. Introduction 
 

Mechanically interlocked molecules such as rotaxanes have found their application in disparate 

fields of chemistry such as structural and functional materials,1-5 catalysis,6,7nanomedicine,8 

molecular electronics,9,10 and molecular machines.11-13 The interest about these molecules is 

often addressed to their peculiar structural and dynamic properties;14,15 indeed, specific 

functions can be achieved through the control of the relative arrangement of the components. 

As an example, the localization of the ring along the axle can be controlled through the 

application of external stimuli. This task is achieved through the modulation of the 

supramolecular interactions between rings and recognition sites (or stations) present on the axle 

moiety. Importantly, in the design of rotaxanes, the balance between the number of stations (nS) 

and rings (nR) can result in markedly different properties. Figure 1 depicts all the possibilities 

that can be obtained by varying the number of stations (nS) in relation to the number of rings 

(nR) in a rotaxane architecture.  

 
Figure 1. Graphical representation of [2]rotaxanes (left) and [3]rotaxanes (right). The number of recognition 
sites, or stations (nS), is respectively (a, d) equal to, (b, e) higher than, and (c, f) lower than the number of 
macrocyclic rings (nR). The blue arrows in b and c highlight the kind of translational movements that are 
typically observed in these rotaxanes. Reproduced with permission from reference 16. 

The case in which nS = nR is quite common, in this situation, each ring sits on a recognition site. 

Conversely, when nS > nR the ring shuttles between the two stations, the translation can occur 

randomly or can be controlled with chemical or physical stimuli.5,6,9,10,14,15 When nS < nR a much 

more interesting situation is realized. Indeed, in this case, the rings are forced to compete 

between them to accomodate a recognition site, thus dynamic effects are expected to emerge.17-

21 In particular, in a [3]rotaxane the case in which  nS < nR results in a frustrated structure where 

two rings interact with a single station.22 The competition between the two rings can lead to a 

highly dynamic system characterized by an equilibrium between several different co-

conformations.  
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3.1.2. Objective of the project and RotH23+ structure 
 
In this chapter is described the design, synthesis and investigation of [3]rotaxane RotH23+ 

(Figure 2, top) in which the number of recognition sites can be changed upon application of an 

external stimulus. This interlocked molecule is composed by two DB24C8 macrocycles and is 

endowed with two lateral ammonium recognition sites and one central triazolium station in its 

linear component. The mono-deprotonation of one ammonium site in RotH23+ switches from 

the case nS > nR to the state nS = nR, in which macrocycles and recognition sites are in equal 

number.  

 

 
 

Figure 2. Structural formulas and network of [3]rotaxanes interconverted from acid-base reactions. 

 

The two rotaxanes RotH2+-I and RotH2+-II formed upon mono deprotonation exist as isomers 

because of the non-symmetrical nature of the axle. Moreover, they are interconverted by a 

combination of ring shuttling and proton exchange. Upon addition of a further equivalent of 

base, the monocationic Rot+ is formed. This species is particularly interesting because the two 

macrocycles compete for the only remaining triazolium station (nS < nR). Furthermore, it has to 

be noted that the pKa of an ammonium station in a rotaxane is affected by the supramolecular 

interaction with the ring.23-25 Considering these premises a peculiar behavior was expected for 
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this rotaxane upon treatment with a base. The attention was also focused on the properties of 

the isomeric rotaxanes RotH2+. To conclude, the dynamic properties of the fully deprotonated 

rotaxane Rot+ were investigated. The entire set of species depicted in Figure 2 was studied by 

UV-visible and NMR spectroscopy in combination with computational techniques. 

The study of this system is relevant for the investigation of the unconventional chemical 

reactions that occur in rotaxanes. Furthermore, this project contributed to increase our 

knowledge about switchable [3]rotaxanes, indeed, despite their huge potential,26,27 these 

compounds are still less investigated than [2]rotaxane.28 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 135 

3.2. Synthesis of RotH23+ and model compound 1 
 
3.2.1. Synthesis of RotH23+ 

 
The preparation of [3]rotaxane RotH23+ followed a convergent strategy. Starting from Boc-

protected precursor 1a (Scheme 1), two different synthetic routes were followed to afford 

compounds 2b and 3c that were finally reacted in a last convergent step (VI). 
 

 
 

Scheme 1. Synthetic Route to the precursor RotH2
3+: I) BrCH2CCH, K2CO3, MeCN. 94% II) HPF6, THF. 75% 

III) BrC2H4Br, K2CO3, MeCN. 42% IV) NaN3, DMF. 83% V) HPF6, THF. 72%. VI) DB24C8, [(MeCN)4 
Cu][PF], DCM. 78% VII) MeI, KPF6. 91%. 

The nucleophilic substitution of 1a provided the alkyne derivative 1b in excellent yield. 

Successively, deprotection of 1b with hexafluorophosphoric acid afforded the final dibenzyl 
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ammonium salt 2b. The hexafluorophosphate salt of 3c was obtained in three steps: firstly, 

compound 1c was prepared throughs a nucleophilic substitution of 1a with dibromoethane, then 

the azido precursor 2c was synthesized. Deprotection of the latter in hexafluorophosphoric acid 

provided salt 3c. The title [3]rotaxane was obtained by exploiting the strong supramolecular 

interaction between dibenzylammonium hexafluorophosphate salts and 24-crown-8 ethers in 

apolar solvent such as dichloromethane (DCM),15 A mixture of compound 2b and 3c with an 

excess of DB24C8 were dissolved in DCM, the addition of Cu (I) catalyzed the azido-alkyne 

coupling reaction (CuAAC) of the two self-assembled pseudorotaxane halves affording the 

interlocked [3]rotaxane. In the last synthetic step, methylation of the triazole moiety was 

performed in neat methyl iodide. Subsequent anion exchange with ammonium 

hexafluorophosphate provided the final product (RotH23+).  

 

3.2.2 Synthesis of the free axle 1  
 

 
Scheme 2. Synthetic Route to the model axle 1: VII) [(MeCN)4Cu][PF6], DCM. 84% IX) a. MeI, a. TFA/Na2CO3 
c. HCl/NH4PF6. 41%. 

The compounds 1b and 1c were also employed for the synthesis of the model axle 1 in which 

no rings are interlocked on the linear molecule (Scheme 2). Compound 1d was obtained by 

means of a CuAAC reaction followed by methylation of the triazole unit. In the final step, the 

doubly Boc-protected compound was reacted in trifluoroacetic acid to remove the protecting 

groups. Successively, the axle was protonated with hydrochloric acid and the anion was 

exchanged using a saturated solution of ammonium hexafluorophosphate to yield the model 

compound 1. 
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3.3. 1H NMR characterization of RotH23+ 
 
The resonances of the proton and carbon nuclei of the tricationic RotH23+ were assigned through 

a combination of 1D and 2D NMR experiments (13C-NMR, HSQC, HMBC are reported in the 

experimental section Paragraph 3.11.). The 1H-NMR spectrum recorded in CD2Cl2 at 298 K is 

reported in Figure 3.  

 
 

Figure 3. RotH2
3+, 1H-NMR CD2Cl2, 298 K, 500 MHz. The peak labeled with an asterisk is the residual signal 

of the deuterated solvent. 

 
The peaks in red belong to the DB24C8 macrocycles, in particular the resonances at 6.85 ppm 

correspond to the aromatic protons, while the signals between 4.13 ppm and 3.41 ppm are 

attributed to the protons present on the glycolic chains. The hydrogen bond interactions 

established between the ammonium centers and the macrocycles cause the deshielding of the α 

e β benzylic signals (in respect of the typical dibenzylammine resonances in analogous nuclei) 

and the appearance of a peculiar multiplicity.29 The signals colored in magenta are indicative of 

the resonances of the central triazolium station: the methyl singlet resonates at 4.35 ppm while 

the triazolium proton is the most deshielded peak at 8.60 ppm. To conclude, the signals colored 

in cyan correspond to the resonances of the ethylene (H2, H3) and methylene (H4) bridges that 

connect the triazolium with the lateral ammonium stations. 
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3.4. Acid/base switching study 
 
3.4.1. Deactivation of one ammonium site (nS = nR) 
 

The rotaxanes RotH2+-I and RotH2+-II are interconverted by the shuttling of the crown ether 

rings, this process is slow in the 1H NMR timescale and thus the two species can singularly be 

observed. A polystyrene supported phosphazene base was added to a solution of RotH23+ in 

deuterated acetonitrile and the process of deprotonation was monitored through 1H NMR 

spectroscopy. The partial arrayed spectra recorded over time until the mono deprotonation 

occurred are reported in Figure 4.  

 

 
Figure 4. Deprotonation process of RotH2

3+. Left, partial arrayed 1H NMR spectra recorded after the addition 
of the heterogenous base. The last green spectrum corresponds to the deprotonation one ammonium site. Right, 
chemical structures of the two isomers RotH2+-II and RotH2+-I. CH2Cl2, 298 K, 500 MHz. 

 

The formation of RotH2+-II and RotH2+-I was indicated by the progressive disappearance of 

the RotH23+ triazolium peak (labeled as HTz, Figure 4) and the concomitant observation of two 

new deshielded triazolium frequencies (HTz in the red square, Figure 4). The broadened peak, 

labeled as NH2+, (Figure 4) belongs to the acidic proton nuclei of the ammonium centers, which 

present a splitting of the signal into two different ones. The higher field shift of the triazolium 

protons is attributed to their interaction with the oxygen atoms of the crown ether cavity. 

Interestingly, the two dicationic rotaxanes were formed in a different relative ratio, this 

observation suggests a difference in the acidity of the two ammonium stations that will be 

discussed in detail in the next paragraphs. 
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3.4.2. Deactivation of two ammonium sites (nS < nR) 
 
The complete deprotonation of RotH23+ afforded the monocationic Rot+ in which the number 

of station nS is lower than the number of rings nR. In Figure 5 are reported the 1H NMR spectra 

obtained upon deprotonation of one ammonium site (Figure 5, b), and the spectrum of Rot+ in 

which the ammonium sites are fully deprotonated (Figure 5, c). Upon complete deprotonation, 

the resonances of the isomeric rotaxanes converge into the ones observed in the spectrum of 

Rot+. 

 

 
Figure 5. 1H-NMR, CD2Cl2, 298 K, 500 MHz. a) RotH2

3+ (black trace), b) isomeric mixture of mono 
deprotonated rotaxanes RotH2+-I and RotH2+-II, c) deprotonated rotaxane Rot+. 

 

The triplets H3 and H2, belonging to the ethylene bridge, and the methylene peak H4 are 

deshielded in comparison to those of RotH23+ and Rot+. This is particularly significant since it 

is indicative of a shuttling of the ring toward the central triazolium moiety. Another 

confirmation of this rearrangement is given by the triazolium methyl signal (Hme) which is 

shielded in Rot+. These peculiar spectral changes are reported in the literature for analogous 

interlocked systems and are associated with the complexation of a triazolium moiety with a 

crown ether.30-32 To conclude, the triazolium signal HTz remains at the same chemical shift, 

going from RotH23+ to Rot+. 
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3.4.3. Functionalization of the deprotonated [3]rotaxane Rot+ 
 

The presence of a macrocycle encircling a functional group in a rotaxane can result in a poor 

reactivity of the latter.17,23,33,34 To have a further confirmation about the translation of the ring, 

the monocationic rotaxane Rot+ was reacted with di-tert-butyl-dicarbonate (Boc2O). The bis 

carbamate product RotBoc2+ was easily obtained, more interestingly the 1H-NMR spectrum of 

this compound resulted to be similar to the one of Rot+ (Figure 6). 

 
Figure 6. 1H-NMR, CD2Cl2, 298 K, 500 MHz. Bottom, spectrum of Rot+, top, spectrum of the bis carbamate 
rotaxane RotBoc2

+. 

 
In particular, the resonances of the nuclei in proximity of the triazolium station (ethylene bridge, 

H2 and H3, and methylene bridge H4) are unaltered. The only differences observed in the 

spectrum are relative to the nuclei influenced by the presence of the bulky tert-butoxy carbonyl 

groups (Boc). The α and β benzylic protons peaks resulted to be broadened in RotBoc2+, the 

same effect is observed for the aromatic nuclei HX and HY. This behavior is due to the restricted 

rotation of the carbamate group that is slow in the NMR timescale. The fact that the reactivity 

of the secondary amine group of Rot+ is not hindered by the macrocycles is an indirect 

confirmation that, in the monocationic rotaxane, the rings encircle the triazolium station. 
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3.5. Thermodynamic analysis of the deprotonation reaction 
 
The stepwise deprotonation of RotH23+ yield three different species: the dicationic rotaxanes 

RotH2+-I and RotH2+-II, and the monocationic Rot+ (Scheme 3). The acidity of the dibenzyl 

ammonium site in a rotaxane is strongly influenced by coordination with a crown-ether 

resulting in a decreased acidity23-25. For this reason, it was expected that the different positions 

of the macrocycles on the axle would result in distinct acid/base properties for these interlocked 

species.  
 

 
Scheme 3. Scheme of the equilibria involved in the interconversion between RotH2

3+, RotH2+ (I and II), and 
Rot+. 

The constants K1 and K2 are related to the deprotonation processes that from the tricationic 

RotH23+ leads to the formation of the isomeric rotaxanes RotH2+ (I and II); analogously, the 

constants K3 and K4 are relative to the converging equilibria toward the species Rot+. The 

exchange constant Kex is relative to the interconversion of RotH2+-I and RotH2+-II that occurs 

through shuttling of the rings. Through the combination of 1H-NMR and UV-vis experiments, 

it was possible to measure the acid-base constants of this rather complex set of reactions. 
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A solution of RotH23+ in acetonitrile was titrated with a phosphazene base (P1-tBu). The 

deprotonation process was followed by recording the absorbance variation at 275 nm (left, 

Figure 7). The profile of the titration curve (right, Figure 7) reached a plateau after two 

equivalents of base added, confirming the complete deprotonation of the rotaxane. 

 

 

 
Figure 7. UV-vis titration of RotH2

3+ with P1-tBu in acetonitrile [RotH2
3+]0=3,96·10-5M, 298 K. 

 
The fitting of the curve reported provided the values of the two constants (KIobs and KIIobs), that 

correspond respectively to the sum of the first two acid base constants (K1+K2) and the second 

two (K3+K4). At the equilibrium, the network of reactions described in Scheme 3 respects the 

following system of equations (1): 
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The constant Kex can be determined by 1H NMR by analyzing the spectrum of the dicationic 

mixture of rotaxanes (RotH2+-I and RotH2+-II). The two species are in slow equilibrium in the 

NMR time scale (Figure 5, b). This is most likely because the removal of a proton from a 

complexed ammonium site is kinetically hindered, moreover the proton exchange between the 

two species implies the displacement of the two rings. The integration of the proton signals 

relative to the two isomers RotH2+-II and RotH2+-I provided their ratio at equilibrium and thus 

the value of the constant Kex=2.3. With this data in hands, the system of equations 1 could be 
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solved assuming that the molar absorption coefficient (ε) of RotH2+-I and RotH2+-II at the 

observed wavelength is identical. This assumption is reasonable since the two rotaxanes differ 

for the sole position of the crown ether in respect to the triazolium station, moreover the UV 

visible spectrum is not affected by the DB24C8-dibenzylammonium interactions.35 The 

negative logarithm (pK) of the constants values determined are reported in Table 1. 

 
pK1 23.5a 

pK2 23.2a 

pK3 24.2a 

pK4 24.5a 

 

Table 1. Negative logarithm of the acidity constants determined by a combination of UV vis and NMR 
experiments. a The error on the pKa estimated is ± 0.1 units, calculated as the average mean square root in the 
pKa values of the ammonium stations investigated.  

From these data, it can be concluded that the ammonium on the ethylene bridge side is two 

times easier to deprotonate with respect to the one residing on the methylene bridge (pK2 < 

pK1). A difference in the acidity of the two ammonium centers was observed also for the free 

axle 1 for which pK1’= 16.9 and pK2’= 17.5. The two ammonium units of both RotH23+ and 1 

are not chemically identical because of the different length of the ethylene and methylene bridge 

on the triazolium sides. However, the axle is a simple diprotic acid for which the two mono-

deprotonated species are not observed in 1H NMR because of their fast exchange. In light of 

this, the macrocycles have a determinant role in the expression of the acidity difference between 

the ammonium sites since RotH2+-I and RotH2+-II can be singularly observed. More 

interestingly, pK1 < pK4, even though these constants are referred to the deprotonation of the 

same ammonium site, this process is clearly favored when the triazolium unit is un-occupied 

(K1). This means that the presence of a ring on the triazolium station affects the acidity of the 

nearby complexed ammonium site, disfavoring the shuttling motion of the ring. The same trend 

is observed also for the methylene side ammonium station (K3 < K2). These observations prove 

that the macrocycles have a crucial role in the determination of the acid base properties of the 

equilibrium network. This is evident also in the ΔpKa difference of the two successive 

deprotonation for the axle (ΔpKa = 0.6 units) and for the [3]rotaxane (ΔpKa = 1.0 units).  
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3.6. Variable-Temperature NMR experiments 
 
In the cationic Rot+ the number of rings is greater that the number of stations, resulting in a 

frustrated structure in which two rings are forced to share a single triazolium site. The rotaxane 

was investigated by a Variable-Temperature (VT) 1H NMR experiments. Indeed, a high 

dynamicity was expected since the two crown ethers are held around the triazolium station only 

by weak ion-dipole interactions. A series of 1H NMR spectra of Rot+ were recorded at different 

temperatures (from 233 K to 343 K) in acetonitrile (Figure 8). 

 

 
Figure 8. Portion of the variable-temperature 1H NMR spectra of Rot+ (500 MHz, CD3CN). Left, chemical 
structure of Rot+, the lateral dibenzylamine sites were omitted for clarity. 

 

The experiment provided interesting results, indeed, by increasing the temperature, a shielding 

effect is observed for the methylene side peak H5 while the ethylene side proton H1 and H2 are 

deshielded. These changes are indicative of the the movement of the rings toward the ethylene 

bridge. The chemical shift of the peaks closest to the triazolium site H4 and H3 didn’t show any 

significant change upon temperature variation, meaning that the local chemical environment of 

this nuclei remains basically unaltered. Most interestingly the triazolium aromatic signal HTz 

present a peculiar trend. In fact, their resonances shift from 9.04 ppm at 233K to 8.73 ppm at 

313 K, while a further increase of the temperature causes a deshielding of the peak that resonates 

at 8.76 ppm at 343K (Figure 9). 
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Figure 9. Portion of the variable-temperature 1H NMR spectra of Rot+ (500 MHz, CD3CN). Chemical shift 
variation of the triazolium aromatic peak upon variation of the temperature. 

The observed changes can be explained by the presence of a dynamic system in which multiple 

co-conformations are involved, whose population distribution is highly dependent on 

temperature. The same experiment performed on axle 1 (Figure 10) showed only linear 

variation of the peaks chemical shift with temperature. This clearly proves that it is the 

displacement of the rings along the axle which causes the peculiar temperature-dependent 

spectral features in Rot+. The details about the co-conformation explored by the system could 

be deduced from theoretical modelling studies. 

 
Figure 10. Portion of the variable-temperature 1H NMR spectra of the free axle 1 (500 MHz, CD3CN). Top, 
chemical structure and labeled nuclei of 1. 
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3.7. Molecular Modelling 
 
The part described in this paragraph was performed by our collaborators from the University of 

Insubria Prof. Ettore Fois and Prof. Gloria Tabacchi, I am very grateful to them for the 

interesting results provided. For further insight, the reader can refer to the published article.16 
Detailed information about the co-conformation explored by the system can be obtained from 

modelling studies. A geometry optimization was performed by applying density functional 

theory (DFT) method for the three different rotaxanes RotH23+, RotH2+-I and RotH2+-II. The 

geometry optimization of the two isomeric rotaxanes RotH2+-I and RotH2+-II leads to the 

conclusion that the second one is more stable than the first by 1.4 kcal mol-1. The optimized 

structures are reported in Figure 11. In both RotH2+ isomers the macrocycle migrated on the 

triazolium site and established a hydrogen bond with the triazolium proton. However, the 

structure of RotH2+-II has a greater conformation flexibility since the translation of the ring is 

accompanied by a rearrangement of the ethylene side axle. 

 

 
Figure 11. Optimized geometry of RotH2+-I (top) and RotH2+-II (bottom), the orange dashed line indicates the 
position of the triazolium station. Color code: C, cyan; N, blue; O, red; H, white. 

The rotaxane Rot+ was investigated via a finite temperature DFT-metadynamics (MTD) 

approach,36-40 indeed in this case the two macrocycles compete for the triazolium station 

resulting in a highly dynamic system. The free energy profile reported in Figure 12 refers to the 

shuttling of the rings with respect to the central triazolium site. The profile was obtained by 

ethylene side methylene side

RotH2+-I

RotH2+-II
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forcing alternatively each one of the rings to transit along the axle, the collective variable CV 

(in Å) represents the displacement of an oxygen atom of the ring with respect of a nitrogen atom 

of the triazolium. 

 
Figure 12. Free energy profile for the shuttling of the two rings along the axle of Rot+. 

The three free energy minima found were labeled as A, B and C and correspond to different co-

conformations explored by Rot+. The profile was calculated in vacuum because of the large 

dimension of the system. However, previous studies on rotaxanes showed that even if the 

barriers are overestimated by about 15 kcal mol-1, the transition state of the structures do not 

change appreciably.41  

The representative structures of the three energy minima are reported in Figure 13. In the 

structure B the two macrocycles are close to the triazolium station, in C one of the two 

macrocycle is close to the triazolium and the other is placed on the methylene bridge side. In 

the co-conformer of higher energy A one ring is close to the triazolium and the other sits on the 

ethylene bridge side. 

 
Figure 13. Graphical representations of the three coconformations extracted from the combined 
Metadynamics-DFT simulation of Rot+ at room temperature. The reported coconformations are representa- 
tive of the three free energy minima labeled A, B, and C. Color code: C, cyan; N, blue; O, red; H, white. The 
chemical formulas on top were reported for clarity. 
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Clearly, the displacement of the crown ether on the axle causes a variation of the nuclei 

chemical shift surrounded by the ring cavity. In the simulated 1H NMR spectra of the co-

conformers A, B and C a deshielding of the triazolium proton signal (labeled as i, blue arrow 

in Figure 14) is observed in the computed spectra for C and A (black and green spectra, in 

Figure 14) consistently with the very close localization of the ring on the triazolium unit in 

these structures. On the contrary in B (red spectrum, Figure 14) the two macrocycles are 

relatively distant from the triazolium, and the signal is not deshielded. 

 

 
Figure 14 Simulated 1H-NMR spectra for the free energy minima A (top panel, green line); B (middle panel, 
red line); C (bottom panel, black line). 

 

The simulated NMR spectra agree with the chemical shift variation of HTz observed 

experimentally by increasing the temperature in the VT NMR experiment. A further analogy 

with the VT experimental data is given by the calculated chemical shift of the nuclei f and k 

corresponding to H1 and H5 that are respectively deshielded and shielded going from C to A 

(red and purple arrows, Figure 14). The simulated NMR spectra of A, B and C correlate with 

the trend observed in the VT NMR experiment. This supports the hypothesis that at low 

temperature the structure C is predominant, at intermediate temperature B and C are present, 

while the increase of the population of A requires higher temperatures.  
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To conclude, the higher barrier for the B → A path respect to the B → C one (Figure 15) can 

be related to the asymmetry of the triazolium group. In the path from B to C the macrocycle 

should first pass through the flat rigid ring represented by the triazolium unit (Figure 15), thus 

hindering rotation of the latter. Whereas in the other path (B →A) the macrocycle must first 

impact with the methyl group causing the rotation of the Cα-Cβ single bond, this result in a 

hampering of the macrocycle transit and thus in a greater free energy cost. 

 

 
Figure 15. Representation of a triazolium unit encircled by a macrocycle (red oval). Color code: C, cyan; N, 
blue; H, white. The red arrows represent two nonequivalent shuttling directions for the macrocycle. 
Reproduced with permission from reference 16. 
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3.8. Conclusion 
 
In this chapter was described the synthesis and characterization of a [3]rotaxane (RotH23+) 

endowed with two lateral ammonium stations and one central triazolium recognition site. The 

synthesis started from a common precursor and was accomplished by a convergent approach. 

The coupling reaction between two pseudorotaxanes halves provided the final interlocked 

compound.  

This [3]rotaxane is interesting because the relative number of stations (nS) in respect of the 

number of rings (nR) can be changed on command, giving access to a family of compounds 

(RotH2+-I, RotH2+-II and Rot+). In compound RotH23+ the acidity of the ammonium centers is 

influenced by the presence of the crown ethers, furthermore the two sites have different acidity 

because of the asymmetry of the axle. The two isomeric rotaxanes RotH2+-I and RotH2+-II are 

formed upon deactivation of one ammonium site, these two species differ for the position of 

the ring-complexed ammonium site in respect to the central triazolium. The direct observation 

of all RotH2+ isomers is possible by 1H NMR since the presence of the rings induces a slow 

proton exchange between these different species. On the contrary, mono deprotonation of the 

free axle results in a mixture of isomers in fast equilibrium. The acid-base properties of the 

RotH2+ were studied in detail by combining UV-vis and NMR experiments, revealing the 

peculiar effect of the rings movement on the ammonium sites’ acidity. 

The monocationic rotaxane Rot+ belongs to a rarely reported class of rotaxane in which nS < 

nR. We expected that this peculiar arrangement would cause a frustrated, highly dynamic system 

in which the two rings would compete for the remaining triazolium station. Variable-

temperature NMR confirmed this behavior. VT-NMR experimental data were interpreted with 

the help of computational studies. In particular, the simulated NMR spectra of Rot+ stable co-

conformations were useful to this purpose. An interesting observation is that the transit of a 

macrocycle over a triazolium unit occurs with different energy barriers. This effect is caused 

by the presence of the asymmetrically installed methyl substituent that differentiates the ring 

approaches from the two directions of the axle.  

The rotaxane described proves that unusual thermodynamic and kinetic phenomena can emerge 

when interlocking more than one macrocycle on a linear axle and inducing a mismatch between 

rings and stations. The study is relevant in the field of higher order rotaxanes, in particular in 

the perspective to exploit the peculiar properties of MIMs in nanostructured devices and 

materials. 
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3.9.1. Experimental details 
 
Solvents and reagents [3,5-di-tert-butyl-benzyl bromide, sodium azide, 4-

hydroxybenzaldehyde, sodium borohydride, di-tert-butyl-dicarbonate, 1,2-dibromoethane, 

propargyl bromide, hexafluorophosphoric acid, dibenzo-24-crown-8, methyl iodide, 

ammonium hexafluorophosphate, [polystyrene-supported BEMP, P1-t-Bu] and triethylamine 

were all used as supplied by Fluorochem, Sigma-Aldrich or VWR without further purification. 

Flash column chromatography was performed using Sigma Aldrich Silica 40 (230-400 mesh 

size or 40-63 μm) as the stationary phase. Size exclusion chromatography was performed using 

Biorad Biobeads SX-3 as the stationary phase. Thin layer chromatography was performed on 

TLC Silica gel 60 F254 coated aluminium plates from Merck. Hydrogenation reactions were 

carried out in a H-Cube flow reactor equipped with a 10 % Pd/C catalyst at a H2 pressure of 10 

bar and a flow rate of 1 mL min-1 using methanol as the solvent. 

 

3.9.2. NMR measurements 

 
1H NMR spectra were recorded on an Agilent DD2 spectrometer operating at 500 MHz or a 

Varian Mercury spectrometer operating at 400 MHz; 13C NMR spectra were recorded on an 

Agilent DD2 spectrometer operating at 126 MHz or a Varian Mercury spectrometer operating 

at 101 MHz. Chemical shifts are quoted in ppm relative to tetramethylsilane (SiMe4, δ = 0 ppm), 

using the residual solvent peak as a reference standard; all coupling constants (J) are expressed 

in Hertz (Hz). Exchange rate constant quantification was carried out using the MestreLab 

EXSYCalc software.  

 

3.9.3. Determination of thermodynamic constants 

 

Deprotonation experiments were carried out in acetonitrile using triethylamine (pKa = 18.8) or 

phosphazene compounds as heterogeneous [B1, polystyrene-supported BEMP] and 

homogeneous [ (P1-t-Bu), pKa = 26.9] bases. The pKa values for the ammonium stations were 

calculated based on the titration curve fitting, carried out on the HyperSpec suite. The error on 

the pKa values is estimated to be ±0.1 units, calculated as the average mean square root in the 

pKa values of the ammonium stations investigated. 
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Computational Details 
 
Quantum chemical calculations  
 
A model structure of the complex RotH23+, consisting of two identical dibenzo-24-crown-8 

(DB24C8) rings interlocked with an axle containing two lateral dibenzylammonium (Am) and 

one central triazolium (Tz) stations, was optimized by adopting the D95(d,p)42 basis set and the 

range-separated hybrid functional ωB97XD43 as density functional approximation to DFT. 

From this optimized structure, two different starting geometries for the RotH2+ model were 

created by removing one proton from one of the two lateral dibenzylammonium stations. These 

computational models correspond to the two isomers RotH2+-I and RotH2+-II, formed upon 

mono-deprotonation of the parent compound RotH23+. In particular, the starting structures for 

RotH2+-I and RotH2+-II were obtained by deprotonating the Am on the methyl group side, and 

the Am on the ethyl group side, respectively. These two geometries were optimized at the same 

level of theory as RotH23+ - namely, ωB97XD/D95(d,p). 

The calculations of the NMR spectra of the above-mentioned optimized structures of RotH23+ 

RotH2+-I and RotH2+-II, were performed by using as basis set a QZP (quadruple-ζ with 

polarization) for all the protons44 and cc-pCVDZ (double-ζ with polarization and tight-core) for 

the heavy atoms45 (O, C, N) and adopting a DFT approximation optimized for proton NMR 

chemical shifts46. The chemical shifts of all the protons were calculated by taking as a reference 

the chemical shift of the protons of tetrametilsilane (TMS). The chemical shifts of the protons 

reported in this work were calculated from the average over equivalent protons. 

The above calculations were performed with the Gaussian 09 code47 using an implicit solvent 

model for CH2Cl2 or CH3CN.48  

Ab initio molecular dynamics and Metadynamics calculations 
 
The finite-temperature behavior of Rot+ was modelled via ab initio molecular dynamics,49 

combined with statistical sampling according to the ab initio metadynamics50,51 scheme. 

A Generalized Gradient Approximation to density functional theory (DFT) was used to describe 

electron-electron interactions – in particular, the PBE functional in combination with empirical 

dispersion corrections (i.e. PBE-D2).52,53 Ion cores-electron interactions were treated with ultra-

soft pseudopotentials.54 Plane-waves (PW) were used as basis set. The cutoffs for the PW 

expansion of the wavefunctions and density were 25 Ry and 200 Ry, respectively. Calculations 

were performed using periodic boundary conditions, which were applied to a simulation cell of 

size 70×30×30 Å. Such a size is sufficiently large to allow for a Γ-point-only sampling, and to 

minimize interactions of the rotaxane with periodic images. 
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Each simulation system was constituted by the neutral ring DB24C8 and by the positively 

charged axle. In all cases, the simulation cell contained a total of 255 atoms.  

A guess configuration was obtained by removing one proton from both the two lateral 

dibenzylammonium stations of the parent compound. Ab initio molecular dynamics (AIMD) 

equilibration (elapsed time: 10 ps) was performed at 300K (27 °C). This temperature was 

chosen in order to favor a faster equilibration of the system. Additionally, it corresponds 

roughly to the central part of the temperature conditions at which the variable temperature NMR 

experiments were conducted (T = from -40 to 70 °C). 

The simulations were carried out in the canonical NVT ensemble and with Nose-Hoover chain 

thermostats for the ionic degrees of freedom.55,56 The AIMD equations49,57 were integrated with 

a time step of 5 atomic units (a.u.), i.e. 0.121 fs. The (fictitious) mass of the wavefunction’s 

coefficients was 500 a.u. 

The shuttling process was explored by performing two ab initio metadynamics (MTD). In the 

first run, we selected as collective variable (CV), the displacement of the 8 oxygen atoms of the 

DB24C8 macrocycle on the side of the ethylene bridge, with respect to the nitrogen atoms of 

the Tz station (see path B→C in Figure 10, main text). In the second run, we adopted as CV the 

displacement of the 8 oxygen atoms of the ring on the methylene bridge side with respect to the 

Tz nitrogen atoms (see path B→A in Figure 10, main text). For the evolution of the CV, we 

employed the Lagrange-Langevin dynamics with friction of 0.001 a.u. The selected target 

temperature was 300 K as in the equilibration runs. The metadynamics parameters adopted for 

the gaussian hills in the production simulations were the following in all the methadinamics 

runs: perpendicular width = 0.02 a.u., height = 0.002 a.u. The sampling was accomplished in 

~3000 metadynamics steps.  

Due to the size of the simulation cell, all the PW simulations were performed in the gas phase.  

All PW calculations were carried out with the CPMD (Car-Parrinello-Molecular-Dynamics) 

computer program58 running on the Shaheen II supercomputer at Kaust. 
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3.10. Synthetic procedures 
 
3.10.1 synthesis of the precursors 2b and 3c 
 
 
 
 

 
 

 

Scheme 4. I) Boc2O, THF,. 87% II) BrCH2CCH, K2CO3, CH3CN. 94% III) HPF6, THF. 75% IV) BrC2H4Br, 
K2CO3, CH3CN. 42% V) NaN3, DMF. 83% VI) HPF6, THF. 72%. 
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Synthesis of a 

 
 
An ethanol solution (200 mL) of 3,5-di-tert-butylphenyl)methanamine* (3.11 g, 14.16 mmol) 

and 4-hydroxybenzaldehyde (1.73 g, 14.16 mmol) was dried azeotropically at the rotary 

evaporator. The procedure was repeated three times, affording the imine intermediate, which 

was re-dissolved in ethanol (200 mL) and reduced by portionwise addition of NaBH4 (1.18 g, 

17.00 mmol) providing a vigorous effervescence and a final light-yellow solution. Once the 

effervescence terminated, the solution was heated to reflux for 30 min, then cooled down to 

room temperature and the solvent removed under reduced pressure. The crude product was 

dissolved in ethyl acetate (150 mL), washed with water (3×150 mL) and dried over MgSO4. 

Filtration and removal of the solvent under reduced pressure provided an off-white solid which 

was purified by recrystallisation from cyclohexane to obtain the product a as a colourless solid 

(3.79 g, 82%). 

1H NMR (400 MHz, CDCl3, 298 K) δ 7.34 (t, J = 1.8 Hz, 1H), 7.18 (d, J = 1.8 Hz, 2H), 7.13 - 

7.07 (m, 2H), 6.63 - 6.57 (m, 2H), 3.85 (s, 2H), 3.76 (s, 2H), 1.31 (s, 18H). 13C NMR (101 

MHz, CDCl3, 298 K) δ 156.24, 151.13, 138.15, 130.04, 129.94, 122.79, 121.44, 115.99, 53.86, 

52.83, 34.94, 31.59.  

*For the synthesis of this compound refer to the experimental section of chapter 1 paragraph 
1.11.2. 
 
Synthesis of 1a 

 
 
A tetrahydrofuran solution (100 mL) of di-tert-butyl dicarbonate (2.65 mL, 11.52 mmol) was 

added dropwise to a tetrahydrofuran solution (500 mL) of a (3.75 g, 11.52 mmol). The resulting 

mixture was stirred at room temperature for 16 h. Upon reaction completion, the solvent was 

removed under reduced pressure and the residue dissolved in ethyl acetate (150 mL), washed 

with water (3×150 mL) and dried over MgSO4. Filtration and removal of the solvent under 

reduced pressure provided a yellow solid which was purified by flash chromatography 

(hexane:ethyl acetate 70:30, Rf = 0.65) to obtain the product 1a as a colourless solid (4.275 g, 

87%).  
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1H NMR (400 MHz, CDCl3, 298 K) δ 7.33 (t, J = 1.7 Hz, 1H), 7.05 (m, 4H), 6.79 (m, 2H), 6.29 

(s, 1H, OH), 4.34 (dd, J = 20.9, 18.6 Hz, 4H), 1.53 (s, 9H), 1.32 (s, 18H). 13C NMR (101 MHz, 

CDCl3, 298 K) δ 155.62, 150.91, 137.10, 136.70, 129.41, 129.10, 128.91, 122.29, 121.91, 

121.18, 115.51, 80.34, 49.91, 49.41, 48.90, 48.68, 34.79, 31.50, 28.56. 

Synthesis of 1b 

 
 
A dry acetonitrile (250 mL) suspension containing compound 1a (1.20 g, 2.82 mmol), propargyl 

bromide (911 μL, 8.46 mmol) and K2CO3 (780 mg, 5.64 mmol) was stirred at 50 °C for 96 h 

under a dinitrogen atmosphere. The mixture was then cooled down to room temperature and 

the solvent removed under reduced pressure. The residue was dissolved in dichloromethane 

(100 mL), washed with water (3×100 mL) and dried over MgSO4. Filtration and removal of the 

solvent under reduced pressure provided an orange oil which was purified by flash 

chromatography (hexane:ethyl acetate 85:15, Rf = 0.37) to obtain the product 1b as a 

brown/orange oil (1.23 g, 94%).  

1H NMR (400 MHz, CDCl3, 298 K) δ 7.32 (t, J = 1.8 Hz, 1H), 7.22 - 6.98 (m, 4H), 6.93 (d, J 

= 8.6 Hz, 2H), 4.69 (d, J = 2.4 Hz, 2H), 4.47 - 4.17 (m, 4H), 2.52 (t, J = 2.4 Hz), 1.51 (s, 9H), 

1.31 (s, 18H). 13C NMR (101 MHz, CDCl3, 298 K) δ 156.91, 156.10, 150.97, 137.39, 137.12, 

131.38, 129.51, 128.95, 122.41, 122.01, 121.23, 114.99, 79.93, 78.75, 75.62, 55.97, 50.04, 

49.55, 48.90, 48.63, 34.90, 31.61, 28.63.  

Synthesis of 2b 

 

A tetrahydrofuran solution (1 mL) of HPF6 (1.3 mL of a 55% aqueous solution, 9.00 mmol) 

was added to a tetrahydrofuran solution (10 mL) of compound 1b (1.40 g, 3.02 mmol) and the 

resulting mixture stirred at room temperature for 4 h. The solvent was removed under reduced 

pressure, water (50 mL) was then added and the mixture was extracted with dichloromethane 

(3×50 mL) and the combined organic phases washed with water (3×50 mL). The solvent was 
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removed under reduced pressure providing a light brown crude product that was purified by 

recrystallisation from cyclohexane, obtaining the product 2b as a colourless solid (1.15 g, 75%).  

1H NMR (500 MHz, CDCl3, 298 K) δ 7.47 (s, 1H), 7.30 - 7.25 (m, 2H), 7.17 (d, J = 1.8 Hz, 

2H), 6.98 (d, J = 8.5 Hz, 2H), 4.63 (d, J = 2.1 Hz, 2H), 4.11 (d, J = 21.6 Hz, 4H), 2.51 (m, 1H), 

1.31 (s, 18H). 13C NMR (126 MHz, CDCl3, 298 K) δ 158.88, 152.67, 131.59, 128.40, 124.25, 

124.04, 122.12, 115.91, 78.07, 76.14, 55.91, 51.77, 50.52, 35.10, 31.39. 19F NMR (470 MHz, 

CDCl3, 298 K) δ -70.47 (d, J = 715.4 Hz, 6F). 

Synthesis of 1c 

 

Compound 1a (1.57 g, 3.68 mmol), 1,2-dibromoethane (5 mL, 58 mmol), KI (30 mg, 0.18 

mmol) and K2CO3 (1.27 g, 9.20 mmol) were suspended in dry acetonitrile (10 mL) under a 

dinitrogen atmosphere and stirred at 70 °C for 5 days. The mixture was then cooled down to 

room temperature and ethyl acetate (20 mL) was added. The organic phase was washed with 

water (3×50 mL), dried over MgSO4. Filtration and removal of the solvent under reduced 

pressure provided a pale yellow solid which was purified by flash chromatography 

(hexane:ethyl acetate 90:10) to obtain the product 1c as a colorless solid (820 mg, 42%).  

1H NMR (400 MHz, CDCl3, 298 K) δ 7.32 (s, 1H), 7.24 - 6.96 (m, 4H), 6.86 (d, J = 8.4 Hz, 

2H), 4.44 - 4.23 (m, 6H), 3.64 (t, J = 6.3 Hz, 2H), 1.51 (s, 9H), 1.31 (s, 18H). 13C NMR (126 

MHz, CDCl3, 298 K) δ 157.28, 155.98, 150.84, 137.25, 131.13, 129.51, 128.91, 122.26, 121.87, 

121.10, 114.75, 79.82, 67.94, 49.89, 49.42, 48.47, 34.77, 31.47, 29.10, 28.50.  
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Synthesis of 2c 

 

Compound 1c (1.28 g, 2.40 mmol) and sodium azide (200 mg, 3.10 mmol) were suspended in 

dry dimethylformamide (20 mL) under a dinitrogen atmosphere and stirred at 70 °C for 3 h. 

The mixture was then cooled down to room temperature and water (20 mL) was added, followed 

by extraction with diethyl ether (3×30 mL). The combined organic phases were washed with 

water (3×30 mL) and dried over MgSO4. Filtration and removal of the solvent under reduced 

pressure provided the product 2c as a colourless solid (980 mg, 83%). 

1H NMR (500 MHz, CDCl3, 298 K) δ 7.33 (s, 1H), 7.25 - 6.97 (m, 4H), 6.88 (d, J = 8.4 Hz, 

2H), 4.46 - 4.24 (m, 4H), 4.16 (t, J = 5.0 Hz, 2H), 3.61 (t, J = 4.9 Hz, 2H), 1.52 (s, 9H), 1.32 

(s, 18H). 13C NMR (126 MHz, CDCl3, 298 K) δ 157.58, 156.13, 150.99, 137.40, 131.18, 

129.62, 128.99, 122.43, 122.06, 121.26, 114.72, 79.97, 67.17, 50.34, 50.02, 49.56, 48.92, 48.62, 

34.92, 31.62, 28.65.  

Synthesis of 3c 

 
A tetrahydrofuran solution (1 mL) of HPF6 (1.3 mL of a 55% aqueous solution, 9.00 mmol) 

was added to a tetrahydrofuran solution (10 mL) of compound 2c (930 mg, 1.90 mmol) and the 

resulting mixture stirred at room temperature for 4 h. Water (50 mL) was then added and the 

mixture was extracted with dichloromethane (3×50 mL) and the combined organic phases 

washed with water (3×50 mL). The solvent was removed under reduced pressure providing a 

light brown crude product that was purified by recrystallisation from cyclohexane, obtaining 

the product 3c as a colourless solid (741 mg, 72%).  

1H NMR (500 MHz, CDCl3, 298 K) δ 7.47 (s, 1H), 7.30 - 7.25 (m, 2H), 7.18 (m, 2H), 6.92 (d, 

J = 8.5 Hz, 2H), 4.18 - 4.06 (m, 6H), 3.57 (t, J = 4.8 Hz, 2H), 1.31 (s, 18H). 13C NMR (126 

MHz, CDCl3, 298 K) δ 159.62, 152.72, 131.69, 128.36, 124.29, 124.00, 121.86, 115.58, 67.10, 

51.83, 50.63, 50.18, 35.10, 31.38. 19F NMR (470 MHz, CDCl3, 298 K) δ -70.47 (d, J = 715.4 

Hz, 6F). 
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3.10.2. Synthesis of the model compound 1H23+ 
 

 
 
 
 
 
 

 
 
 

 
 
 
 

Scheme 5. I) [(MeCN)4Cu][PF6], DCM. 84% II) a. CH3I, b. TFA/Na2CO3 c. HCl/NH4PF6. 41%. III) Na2CO3, 
KPF6. 96%. 
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Synthesis of 1d 

 

Compound 1b (110 mg, 0.30 mmol), compound 2c (113 mg, 0.30 mmol) and 

[Cu(MeCN)4][PF6] (224 mg, 0.60 mmol) were dissolved in dry dichloromethane (20 mL) and 

stirred at room temperature for 48 h. The mixture was then diluted with dichloromethane (50 

mL) and washed with sodium ethylenediaminotetraacetate (0.1 M in H2O, 3×25 mL), water 

(3×25 mL) and dried over MgSO4. Filtration and removal of the solvent under reduced pressure 

provided a pale-yellow solid which was purified by Flash Chromatography (chloroform, Rf = 

0.2) to obtain the product 1d as a colourless solid (241 mg, 84%). 

1H NMR (500 MHz, CD2Cl2, 298 K) δ 7.90 (s, 1H), 7.38 - 7.33 (m, 2H), 7.21 (bs, 4H), 7.08 

(m, 4H), 7.00 (d, J = 8.5 Hz, 2H), 6.89 (d, J = 8.5 Hz, 2H), 5.21 (s, 2H), 4.79 (d, J = 5.0 Hz, 

2H), 4.45 - 4.30 (m, 10H), 1.53 (d, J = 3.9 Hz, 18H), 1.35 (d, J = 6.1 Hz, 36H). 13C NMR (126 

MHz, CD2Cl2, 298 K) δ 158.03, 157.56, 156.19, 156.18, 151.32, 144.41, 137.91, 132.07, 

131.54, 129.77, 129.67, 129.47, 124.41, 122.29, 122.26, 121.46, 115.11, 114.92, 80.01, 66.92, 

62.38, 54.24, 50.52, 50.25, 50.05, 49.62, 49.06, 35.11, 35.10, 31.69, 31.68, 28.68.  
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Synthesis of 1H23+ 

 

Under a dinitrogen atmosphere, compound 1d (241 mg, 0.25 mmol) was dissolved in 

iodomethane (15 mL) and the resulting solution was stirred for 48 h at room temperature under 

exclusion of light. Upon reaction completion, the solvent was removed under reduced pressure 

providing a yellow solid, which was dissolved in dichloromethane (30 mL) and washed with 

KPF6(aq) (3×15 mL). The organic fraction was isolated, the solvent removed under reduced 

pressure and the residue dissolved in trifluoroacetic acid (10 mL) and stirred at room 

temperature for 16 h. The acid was removed under reduced pressure and the crude product 

suspended in ethyl acetate (30 mL) and washed with Na2CO3(aq) (3×30 mL). Removal of the 

solvent from the organic fraction provided a solid that was dissolved in the minimum volume 

of methanol (1 mL) and reacted with 37% HCl (few drops). Addition of a saturated methanol 

solution of (H4N)PF6 (3 mL), followed by precipitation through dropwise addition of water 

provided a colourless solid which was filtered and purified by sonication in diethyl ether to 

obtain the product 1H23+ as a colourless solid (124 mg, 41%). 

1H NMR (500 MHz, CD3CN, 298 K) δ 8.57 (s, 1H, 15), 7.53 (m, 2H, 4+26), 7.50 - 7.45 (d, J = 

8.3 Hz, 2H, 20), 7.44 - 7.39 (d, J = 8.3 Hz, 2H, 10), 7.30 (m, 4H, 5+25), 7.15 - 7.09 (d, J = 8.3 

Hz, 2H, 19), 7.08 - 6.81 (m, 6H, NH2+11), 5.33 (s, 2H, 17), 4.98 (t, J = 4.9 Hz, 2H, 14), 4.47 

(t, J = 4.9 Hz, 2H, 13), 4.27 (d, J = 1.0 Hz, 3H, 30), 4.22 - 4.13 (m, 8H, 7+8+22+23), 1.32 (s, 

36H, 1+29). 13C NMR (126 MHz, CD3CN, 298 K) δ 159.66, 159.18, 152.85, 152.84, 140.49, 

133.20, 133.09, 131.39, 130.75, 125.35, 125.21, 124.69, 124.67, 124.50, 116.17, 115.98, 66.08, 

59.09, 54.46, 52.81, 52.75, 51.83, 51.78, 39.62, 35.65, 31.55. 19F NMR (470 MHz, CD3CN, 

298 K) δ -72.89 (dd, J = 705.9, 4.9 Hz, 18F). HRMS-ESI (m/z): calcd for [C50H73N5O2P2F12], 

1065.5048; found 1064.4969 [(9-H)(PF6)2]+. 
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Synthesis of 1+ 

 
A solution of 1H23+ (124 mg, 0.10 mmol) in dichloromethane (30 mL) was washed with 

Na2CO3(aq) (3×30 mL) and dried over MgSO4. Filtration and removal of the solvent under 

reduced pressure provided the product 1+ as a crystalline colourless solid (90 mg, 96%).  

1H NMR (500 MHz, CD3CN, 298 K) δ 8.55 (s, 1H, 15), 7.45 - 7.41 (m, 2H, 4+26), 7.36 (m, 

4H, 20+10), 7.24 (s, 4H, 5+25), 7.04 (d, J = 8.7 Hz, 2H, 19), 6.92 (d, J = 8.6 Hz, 2H, 11), 5.32 

(s, 2H, 17), 4.98 - 4.92 (t, J = 4.9 Hz, 2H, 14), 4.46 - 4.41 (t, J = 4.9 Hz, 2H, 13), 4.26 (s, 3H, 

30), 3.94 - 3.88 (m, 8H, 7+8+22+23), 1.31 (s, 36H, 1+29). 13C NMR (126 MHz, CD3CN, 298 

K) δ 158.66, 157.96, 152.30, 152.22, 140.71, 131.86, 131.75, 131.35, 124.38, 124.22, 123.30, 

123.08, 115.93, 115.71, 66.10, 59.11, 54.51, 53.48, 53.34, 52.34, 52.32, 39.60, 35.55, 31.66, 

31.64. 19F NMR (470 MHz, CD3CN, 298 K) δ -72.89 (d, J = 706.5 Hz, 6F). HRMS-ESI (m/z): 

calcd for [C50H71N5O2], 773.5608; found 772.5530 [10-H]+.  
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3.10.3. Synthesis of the [3]rotaxane 
 
 
 
 
 
 
 
 
 

 
 
 
 

Scheme 6. I) DB24C8, [(CH3CN)4 Cu][PF6], DCM. 78% II) MeI, KPF6. 91%. 
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Synthesis of 1e 

 
Compound 3c (150 mg, 0.28 mmol), compound 2b (143 mg, 0.28 mmol) and DB24C8 (630 

mg, 1.40 mmol) were dissolved in dry dichloromethane (20 mL) and stirred for 10 min at room 

temperature under a dinitrogen atmosphere. The catalyst [Cu(MeCN)4][PF6] (59 mg, 0.61 

mmol) was then added and the resulting mixture stirred at room temperature for 48 h. The 

mixture was then diluted with dichloromethane (50 mL) and washed with sodium 

ethylenediaminotetraacetate (0.1 M in H2O, 3×25 mL), water (3×25 mL) and dried over 

MgSO4. Filtration and removal of the solvent under reduced pressure provided a pale-yellow 

solid which was purified by Size-Exclusion Chromatography (dichloromethane) to obtain the 

product 1e as a colourless solid (425 mg, 78%).  

                           

1H NMR (500 MHz, CD2Cl2, 298 K) δ 7.94 (s, 1H, 15), 7.53 (s, 4H, NH2), 7.42 - 7.37 (m, 2H, 

4+26), 7.29 (m, 4H, 5+25), 7.12 (d, J = 8.7 Hz, 2H, 20), 7.11 (d, J = 8.7 Hz, 2H, 10), 6.92 - 

6.80 (m, 8H, a), 6.84 - 6.75 (m, 8H, b), 6.67 (d, J = 8.6 Hz, 2H, 19), 6.53 (d, J = 8.6 Hz, 2H, 

11), 5.02 (s, 2H, 17), 4.76 - 4.68 (m, 6H, 14+7+23), 4.52 (dd, J = 6.8, 3.2 Hz, 4H, 8+22), 4.20 

(t, J = 5.1 Hz, 2H, 13), 4.14 - 4.03 (m, 16H, d), 3.83 - 3.68 (m, 16H, e), 3.66 - 3.43 (m, 16H, f), 

1.20 (s, 36H, 1+29). 13C NMR (126 MHz, CD2Cl2, 298 K) δ 159.33, 158.80, 151.94, 151.90, 

147.88, 147.82, 143.7, 131.85, 131.23, 131.21, 124.83, 124.48, 124.10, 123.96, 123.92, 123.71, 

121.94, 121.86, 114.86, 114.59, 112.93, 112.85, 71.01, 70.98, 70.61, 70.60, 68.36, 68.28, 66.54, 

61.91, 53.22, 52.70, 52.60, 50.01, 35.15, 35.14, 31.46, 31.45. 19F NMR (470 MHz, CD3CN, 

298 K) δ -72.89 (d, J = 706.5 Hz, 12F). HRMS-ESI (m/z): calcd for [C97H133N5O18], 828.4862; 

found 828.9901 [7+H]2+. 
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Synthesis of RotH23+ 

 

Under a dinitrogen atmosphere, compound 1e (254 mg, 0.13 mmol) was dissolved in 

iodomethane (13 mL) and the resulting solution was stirred for 48 h at room temperature under 

exclusion of light. Upon reaction completion, the solvent was removed under reduced pressure 

providing a yellow solid, which was dissolved in the minimum amount of acetonitrile. Addition 

of a saturated aqueous solution of ammonium hexafluorophosphate led to the precipitation of a 

yellow solid, which was isolated, dissolved in dichloromethane and washed with a saturated 

aqueous solution of ammonium hexafluorophosphate (3×5 mL) and water (3×5 mL) and dried 

over MgSO4. Filtration and removal of the solvent under reduced pressure provided the product 

RotH23+ as a yellow solid (246 mg, 91%). 

                         

1H NMR (500 MHz, CD2Cl2, 298 K) δ 8.59 (s, 1H, 15), 7.58 (s, 4H, NH2), 7.41 (d, J = 6.9 Hz, 

2H, 4+26), 7.35 - 7.27 (m, 4H, 5+25), 7.20 (d, J = 8.6 Hz, 2H, 20), 7.14 (d, J = 8.6 Hz, 2H, 10), 

6.85 (m, 16H, a+b), 6.69 (d, J = 8.6 Hz, 2H, 19), 6.61 (d, J = 8.6 Hz, 2H, 11), 5.19 (s, 2H, 17), 

4.99 - 4.93 (t, J = 5.1 Hz, 2H, 14), 4.75 - 4.68 (m, 4H, 7+23), 4.61 - 4.50 (m, 4H, 8+22), 4.36 

(s, 3H, 30), 4.34 - 4.30 (t, J = 5.1 Hz, 2H, 13), 4.10 (dtd, J = 15.9, 10.9, 6.3 Hz, 16H, d), 3.77 

(ddt, J = 41.8, 11.7, 6.1 Hz, 16H, e), 3.68 - 3.44 (m, 16H, f), 1.21 (d, J = 4.5 Hz, 36H, 1+29). 
13C NMR (126 MHz, CD2Cl2, 298 K) δ 158.23 (12), 157.75 (18), 151.95 (3 or 26), 151.90 (26 

or 3), 147.84 (c), 140.31 (16), 131.79 (6+24), 131.53 (20), 131.29 (10), 130.49 (15), 125.74 

(21), 125.06 (9), 123.96 (5 or 25), 123.92 (25 or 5), 123.71 (4+27), 121.89 (a), 114.93 (11), 

114.84 (19), 112.93 (b), 70.98 (f), 70.60 (e), 68.30 (d), 64.96 (13), 58.31 (17), 53.97 (14), 53.25 
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(7+23), 52.57 (8), 52.48 (22), 39.24 (30), 35.14 (2+28), 31.45 (1+29). 19F NMR (470 MHz, 

CD3CN, 298 K) δ -72.83 (d, J = 706.6 Hz, 18F). HRMS-ESI (m/z): calcd for 

[C98H136N5O18P2F12], 1960.9164; found 1960.9164 [(RotH2)(PF6)2]+. 
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General procedure for the stepwise deprotonation of compound RotH23+ 
 
A solution of RotH23+ (38 mg, 0.018 mmol) in CD2Cl2 (500 µL) was reacted with the 

phosphazene base (20 mg) inside an NMR tube. The suspension was mixed for fixed time 

intervals and the reaction progress monitored by 1H NMR spectroscopy. Upon disappearance 

of the peaks of RotH23+, the mixture was filtered through a pad of Celite to isolate the solution 

containing the dicationic compounds RotH2+-I and RotH2+-II. An analogous protocol, 

comprising the addition of the base B1 to the solution containing the intermediates RotH2+-I 

and RotH2+-II, agitation and filtration provided the monocation Rot+. 

Synthesis of Rot+ 

 

                       

Yield: 33 mg, quantitative. 1H NMR (500 MHz, CD2Cl2, 298 K) δ 8.63 (s, 1H, 15), 7.51 (d, J 

= 8.5 Hz, 2H, 19), 7.32 (m, 2H, 4+26), 7.24 (d, J = 8.3 Hz, 2H, 20), 7.16 (m, 6H, 5+25+10), 

6.88 (m, 10H, a+11), 6.72 (m, 8H, b), 5.65 (s, 2H, 17), 5.42 (t, J = 8.1 Hz, 2H, 14), 4.77 (t, J = 

8.1 Hz, 2H, 13), 3.98 - 3.84 (m, 16H, d), 3.79 - 3.67 (m, 16H, 8+22+7+23+e), 3.57 - 3.44 (m, 

15H, 30+e+f), 3.36 (ddt, J = 14.2, 5.8, 3.5 Hz, 8H, e+f), 3.04 (tt, J = 6.5, 3.3 Hz, 4H, f), 1.31 

(d, J = 2.3 Hz, 36H, 1+29). 13C NMR (126 MHz, CD2Cl2, 298 K) δ 158.23 (12), 158.06 (18), 

151.17 (3 or 26), 151.15 (26 or 3), 148.68 (c), 148.58 (c), 140.22 (6 or 24), 140.18 (24 or 6), 

139.05 (16), 133.15 (9), 133.08 (21), 132.55 (15), 129.56 (10), 128.63 (20), 122.80 (5 or 25), 

122.68 (25 or 5), 121.49 (a or b), 121.47 (a or b), 121.23 (4 or 27), 121.19 (27 or 4), 116.71 
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(19), 114.73 (11), 112.86 (b or a), 112.49 (b or a), 71.51 (f), 71.25 (f), 70.66 (e), 70.37 (e), 

69.00 (d), 68.89 (d), 65.02 (13), 56.82 (17), 54.15 (7+23), 53.26 (22), 53.20 (8), 52.12 (14), 

37.35 (30), 35.08 (2+28), 31.65 (1+29). 19F NMR (470 MHz, CD3CN, 298 K) δ -72.91 (d, J = 

706.6 Hz, 6F). HRMS-ESI (m/z): calcd for [C98H135N5O18], 1669.9802; found 1669.9802 

[Rot]+. 
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3.11. NMR spectra 
 
1H and 13C NMR spectra of 1-H23+ 
 

 
Figure 16. 1H NMR spectrum of 1H2

3+ (CD3CN, 298 K, 500 MHz). 

 
Figure 17. 13C NMR spectrum of 1H2

3+ (CD3CN, 298 K, 126 MHz). 
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1H and 13C NMR spectra of 1+ 
 

 
Figure 18. 1H NMR spectrum of 1+ (CD3CN, 298 K, 500 MHz). 

 

 
Figure 19. 13C NMR spectrum of 1+ (CD3CN, 298 K, 126 MHz). 
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1H and 13C NMR spectra of RotH23+ 
 

 
Figure 20. 1H NMR spectrum of RotH2

3+ (CD2Cl2, 298 K, 500 MHz). 

 
Figure 21. 13C NMR spectrum of RotH2

3+ (CD2Cl2, 298 K, 126 MHz). 
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HSQC and HMBC spectra of RotH23+ 

 
Figure 22. Heteronuclear Single Quantum coherence SpectroscopY (HSQC). RotH2

3+, f1: 13C NMR, f2: 1H 
NMR, (CD2Cl2, 298 K, 126 MHz, 500 MHz). 

 
Figure 23. Heteronuclear Multiple Bond Correlation (HMBC). RotH2

3+, f1: 13C NMR, f2: 1H NMR, (CD2Cl2, 
298 K, 126 MHz, 500 MHz). 

 



 174 

1H and 13C NMR spectra of Rot+ 
 

 
Figure 24. 1H NMR spectrum of Rot+ (CD2Cl2, 298 K, 500 MHz). 

 
Figure 25. 13C NMR spectrum of Rot+ (CD2Cl2, 298 K, 126 MHz). 
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HSQC and HMBC spectra of Rot+ 

 
Figure 26. Heteronuclear Single Quantum coherence SpectroscopY (HSQC). Rot+, f1: 13C NMR, f2: 1H NMR, 
(CD2Cl2, 298 K, 126 MHz, 500 MHz). 

 
Figure 27. Heteronuclear Multiple Bond Correlation (HMBC). Rot+, f1: 13C NMR, f2: 1H NMR, (CD2Cl2, 298 
K, 126 MHz, 500 MHz). 
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Conclusion 
___________________________________________________________________________ 
 
This thesis started with an introductory chapter concerning the main structural and functional 

aspects of artificial molecular machines. Mechanically interlocked molecules, i.e., MIMs, have 

a central role in this area of Chemistry; the reason for their importance is that 

mechanomolecules possess unique stereochemical properties derived from the presence of the 

mechanical bond. Some examples were reported to prove the potential of interlocked 

compounds in the realization of mechanical movements resembling those exhibited by 

macroscopic machines. However, the differences between the chemical and physical aspects 

that govern the macro- and nano- machines operation were delineated to avoid some common 

and risky misinterpretations.  

 

After this part, the heart of the thesis was disclosed, and three experimental projects were 

reported. In the first project, a linear motor prototype was described; this molecule, whose 

synthesis was accurately detailed, presents a peculiar behavior upon irradiation with UV light. 

In the dark, the linear motor self-assembles with macrocycles resulting in the formation of a 

pseudorotaxane, the subsequent irradiation of the system induces a release of the macrocycles 

into the solution. This is particularly interesting since light seems to sustain an out of 

equilibrium state that is realized through a complex scheme of photochemical and complexation 

reactions. Furthermore, this study presents a rather novel approach to investigate a challenging 

network of reactions by combining 1H and 19F NMR experiments.  

 

The thesis continued with a second project in which light was again the protagonist. In this case, 

a photoresponsive [2]rotaxane was investigated, the synthesis is noteworthy since the 

stoppering reaction coincides with the formation of a novel and unreported photochromic 

station. The system, endowed with a pH sensitive recognition site, was thoroughly characterized 

by NMR and UV-visible spectroscopy. The experimental data obtained from accurately 

designed experiments suggest that a photoinduced proton transfer can be achieved between the 

isomeric forms (E, Z) of this rotaxane. In the interpretation proposed, the acid-base reaction 

occurs together with a co-conformational rearrangement of the rotaxane components that 

coincides with the ring shuttling between the two stations; this mechanism represents a new 

strategy to achieve a light-induced shuttling process in a rotaxane and is interesting in the 

research domain of the synthesis and operation of autonomous molecular machines.  
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The protagonist of the last project is a [3]rotaxane characterized by two lateral pH sensitive 

stations and one central non-deactivable recognition site for two DB24C8. Upon external 

control is possible to generate a family of different [3]rotaxanes that differ for the relative ratio 

between rings and recognition sites; these species are again connected by a scheme of acid-base 

reactions. Combining UV-vis and NMR experiments, it was possible to prove that the 

mechanical bond has consequences on the thermodynamic properties of the pH sensitive 

station; particularly, the acidity of a complexed recognition site resulted decreased if the 

shuttling toward the central non-deactivable station was hindered by the occupancy of the latter 

by a macrocycle. Another interesting aspect of this work was the characterization of the 

dynamic properties of the [3]rotaxane in which two macrocycles were held around the central 

station by weak forces; an arrangement that is rarely reported. To study this system, variable 

temperature NMR experiments and computational techniques were employed, the results 

proved the existence of different stable co-conformations whose population distribution 

depends on the temperature. This work highlighted the unusual properties of interlocked 

systems, which present a mismatch between the number of rings and stations; moreover, in 

spite of their huge potential [3]rotaxanes are still scarcely investigated. 

 

In conclusion, it should be obvious to a careful reader that many of the reaction schemes 

depicting the operation of the described systems actually represent complex networks of 

reactions encompassing mutually interconverting interlocked species. The throughout 

comprehension of these type of reaction networks represent a novel and very active area of 

research, which promises to open a new and interesting perspective for the exploitation of the 

unique properties of the interlocked compounds. Indeed, the rational design of complex reaction 

networks encompassing MIMs species could enable to create artificial analogues of the 

emerging properties realized by the natural biochemical networks present within living cells. 
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