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Towards Fluorescent Molecular Shuttles 
 

 

 

 

 

Abstract 

 

Artificial molecular machines capable of converting chemical, photochemical or 
electrochemical energy into mechanical motion constitute a fascinating challenge in the 
field of nanoscience. These molecular scale architectures exploit a bottom-up approach, 
which depends on the design and construction of molecular assemblies that are able to 
transport efficient actuation on length scales much smaller than traditional microscale 
actuators.  

Mechanically interlocked molecules such as rotaxanes are suitable candidates for 
molecular machines due to their ability to switch between two or more states as a result of 
induced relative movement of their noncovalently interacting components on application 
of external stimuli. The alteration of relative positions of the interlocked components 
constitutes a mechanical switch, possibly with varying physical properties such as 
conductivity, circular dichroism and fluorescence. The use of changes in fluorescence as 
an output signal attracts considerable attention since it allows detection of the state of the 
system with high time resolution and high sensitivity.  
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1.1 Mechanically interlocked molecules 

The miniaturization race of the components of mechanical devices leads scientists to 
design and construct new molecular machines and motors at the nanometer scale. The 
fabrication of mechanical machines of molecular size is highly important not only for the 
growth of nanoscience, but also for the development of a bottom-up approach to 
nanotechnology. The inspiration for the design of topologically non-trivial molecules 
comes from the objects and artistry around us, the chemical literature, and abstract 
thought. Especially, the supramolecular architectures of the biological world are prime 
examples of the possibility and utility of nanotechnology towards artificial molecular 
machines.  

In principle, molecular machines can be designed starting from several kinds of molecular 
and supramolecular systems, including DNA.1-8 Most of the systems constructed so far are 
based on mechanically interlocked molecules – those in which the molecules consist of 
two or more components that are connected together. Interlocked molecules such as 
catenanes,9, 10 rotaxanes,11, 12 knots13, 14 and Borromean rings15 have captured the 
imagination of the scientific world for more than two decades. Rapid advances in the 
synthesis of mechanically-interlocked molecules in recent times have enabled precise 
control of the architectures and topologies of the molecules;16 hence, it has enabled 
chemists to develop specifically desired functions based on these unique structures. For 
instance, the application of switchable, mechanically-interlocked, small molecules has 
been demonstrated in solid-state electronic devices,17 mechanised nanoparticles,18 and 
nano-electromechanical systems.19  

Catenanes (from the Latin catena meaning chain) are composed of mutually interlocked 
rings, whereas rotaxanes (from the Latin rota and axis, meaning wheel and axle, 
respectively) contain a linear dumbbell-shaped component – comprised of a central rod 
section terminated by bulky end groups or stoppers – around which one or more rings are 
trapped in an abacus-like manner. In the absence of sterically bulky end groups (stoppers) 
at both ends of the thread/axle component, rotaxanes become ‘‘pseudorotaxanes’’ which 
can equilibrate with the separated axle-type and ring components (Figure 1).  

A)                          B)       C) 

          
Figure 1. Schematic representaion of A) a catenane, B) a rotaxane and C) the threading-dethreading 
equilibrium involving the axle and ring components of a pseudorotaxane. 
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There are various kinds of rotaxanes such as [2]rotaxane, [1]rotaxane, Janus rotaxane and 
polyrotaxane (Figure 2).      

                                
Figure 2. Cartoon representation of different types of rotaxane species. 

The importance and attraction of employing rotaxanes in the construction of molecular 
machines originates from the fact that (i) the mechanical bond facilitates a large variety of 
mutual arrangements of the molecular components whilst conferring stability to the 
system, (ii) the interlocked design limits the amplitude of the inter-component motion in 
the three dimensions, (iii) the stability of a specific arrangement (co-conformation)20 is 
determined by the strength of the intercomponent interactions, and (iv) such interactions 
can be modulated by external stimulation. Rotaxanes are good prototypes for the 
fabrication of both linear and rotary molecular machines due to the two interesting 
molecular motions, namely, reversible displacement of the ring along the axle, and 
rotation of the ring around the axle (Figure 3A and Figure 3B, respectively). The systems 
of the first type constitute one of the most common implementations of the molecular 
machine concept and are termed molecular shuttles. 

A)  B) 

 

 
 

Figure 3. Schematic representation of the intercomponent motions that can occur in a rotaxane: A) ring 
shuttling and B) rotation. 

1.2 Template-Directed Synthesis  

The most important advance in the science of mechanically interlocked compounds has 
been the advent of template-directed synthesis. It is almost impossible to give a concise 
definition for the term “template” which accounts for all chemistry to which it has been 
related. Templates cover the whole range from biochemistry with its complex apparatus 
for DNA replication to biomineralization and the formation of structured inorganic 
materials to the covalently templated synthesis of macrocycles to the preparation of 
supramolecular catalyst or host-guest complexes and to metal organic reactions for the 
synthesis of small ring systems.21 However, all these have in common that a template 

recognition sites is altered, as a consequence, the ring

component shuttles from the original recognition site to

another (switched state in Fig. 2). In the ideal case, the

properties of the two recognition sites can be shifted reversibly

back to the original ones by another stimulus. Such a molecule

constitutes a molecular shuttle.

It can be seen that the external stimulus employed to effect

the switching motion of a rotaxane must be able to weaken the

relative binding forces which stabilize the initial state. Thus,

the type of stimulus used depends on the nature of the binding

forces. A chemical (acid/base), an entropic stimulation, or a

solvent change can drive a molecular machine based on

hydrogen-bonding; Chemicals (oxidant/reducer), electro-

chemical (redox) processes, or photochemical (photoinduced

redox) processes can power a molecular machine relying on

donor/acceptor interactions. A photoisomerization process can

also induce relative spacial changes among the components

and thus can drive a molecular shuttle.

Like a macroscopic machine displaying intercomponental

relative position changes when applying power, a switchable

rotaxane performs shuttling motion in response to external

stimuli. From this point of view, a molecular shuttle is also

deemed as a molecular machine, and the external stimuli are

the driving forces or energy supplies of the machine system.

3. Driving forces of switchable rotaxanes

3.1 Chemical energy

The most obvious way of supplying a molecular machine

system is to use some chemical reactions that release energy.

Fig. 3 shows a chemically driven [2]rotaxane R1 based on

p-electron donor–acceptor interaction.3 In the neutral state,

the macrocycle positions itself over the 1,4,5,8-naphthalene-

tetracarboxylate diimide (NpI) unit for its better electron-

withdrawing ability than the pyromellitic diimide (PmI) unit.

However, since the pole–dipole interactions involving Li+ ions

and the oxygen atoms in the polyether loops of the macrocycle

are stronger in the case of a PmI encircled unit, addition of Li+

ions to the neutral bistable [2]rotaxane induces the macrocycle

to move from the NpI to the PmI recognition site. Upon

removing the Li+ ions by adding [12]crown-4, the switched

state is restored to the ground state.

Fig. 4 shows an acid/base driven [2]rotaxane R2.4 In CDCl3,

the macrocycle encircles the pyridine unit because of the

significant intercomponent hydrogen bonding between the

amide groups of the macrocycle and the pyridine nitrogen

atom of the rotaxane thread. However, with the protonation of

the pyridine nitrogen atom by trifluoromethanesulfonic acid

Fig. 1 The cartoon for rotaxane species.

Fig. 2 The stimuli-triggered reversible shuttling motions in a

[2]rotaxane.

Fig. 3 Switchable molecular shuttle R1 powered by Li+.

362 | Chem. Soc. Rev., 2006, 35, 361–374 This journal is ! The Royal Society of Chemistry 2006
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must serve different purposes. (i) It organizes reaction partners in such a way that a 
desired product is formed that would not form easily in the absence of the template. 
Therefore, a template controls reactivity through organizing the reaction partners in a 
favorable arrangement. (ii) In order to achieve this, the template needs to bind to the 
reaction partners. Molecular recognition is thus a necessary requirement for template 
synthesis and the binding sites of the components must be complementary to each other. 
(iii) The control of reactivity and the recognition of the reaction partners imply that 
information is stored in the template and transferred to the product of the reaction. 
Hence, the third important aspect is information transfer. In fulfilling these three tasks, 
templates facilitate to tame molecular complexity and provide access to otherwise 
inaccessible products. Donor-acceptor,22, 23 metal-ligand,24 electrostatic25 or π-π 
interactions26 play a fundamental part in the template driven processes of molecular 
recognition27, 28 and self-assembly.29-31  

Several different methods have been devised for the synthesis of rotaxanes, which are 
categorized mainly as kinetic and thermodynamic approaches (Figure 4).32 The kinetic 
method requires an irreversible process for the construction of the rotaxane in the final 
step (Figure 4, 1-3), whereas the thermodynamic one is based on an equilibrium to form 
the rotaxane in the final step (Figure 4, 4-6). Among them, the most straightforward 
process is the clipping approach,33 in which the interlocked structure is obtained by 
macrocyclization of an acyclic ligand around the template site of an already stoppered 
thread.  

            
Figure 4. Cartoon representation for typical synthetic methods of rotaxanes.34 
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1.3 Design of Molecular Shuttles 

In classical template syntheses of rotaxanes the inter-component recognition motif 
included in the template process ‘lives on’ in the product, affording a preferred location 
or binding site for the ring on the thread.14 When two identical sites (‘stations’) are 
included in the dumbbell component of the rotaxane, the macrocyclic ring can shuttle 
back and forth between the two stations.20, 35 Such a system constitutes a degenerate 
molecular shuttle (Figure 5).35, 36  

                                           
Figure 5. A) The two co-conformations associated with a degenerate rotaxane, B) Representation of the 
potential energy of the system as a function of position of the ring along the axis. The number of dots in each 
potential well corresponds to the relative population of the respective co-conformation in a statistically 
distribution ensemble.  

If two recognition sites with very different binding affinities can be grafted into the linear 
portion of the dumbbell, however, a rotaxane can exist as two different equilibrating co-
conformations, whose populations reflect their relative free energies as determined by the 
strengths of noncovalent binding interactions in the two different forms (Figure 6).  

According to the classical stereochemical definition, the term “conformation” describes 
“the spatial arrangement of the atoms affording distinction between stereoisomers which 
can be interconverted by rotations about formally single bonds”. Some authorities extend 
the term to include inversion at trigonal pyramidal centres and other polytopal 
rearrangements.37 However, in the field of supramolecular chemistry the competitive 
noncovalent interactions between the components lead to molecular motions that are not 
restricted to the atoms. Instead, the molecular motions affect parts of an interlocked 
molecule, which can move from one recognition site to another, depending on the binding 
affinities of the recognition units. Therefore, in order to describe the translational isomers 
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of mechanically interlocked molecules the term “co-conformation” was introduced.38 In a 
wider sense, it describes the spatial position of one mechanically interlocked component, 
which can move along or around the other “stationary” component. 

In the schematic representation illustrated in Figure 6, it has been assumed that the ring 
preferentially locates over the station A (state 0) until a stimulus is applied which 
switches off the stronger of the two recognition sites. As a result, the system is brought 
into a non-equilibrium state that subsequently relaxes in line with the new potential 
energy landscape. This implies that the macrocycle moves to the second weaker 
recognition site (station B) until a new equilibrium is reached (state 1). Upon application 
of an another stimulus, the original potential energy landscape is restored, and hence 
another conformational equilibration occurs through the shuttling of the ring back to 
station A. State 0 and state 1 are often referred to as ground state and metastable state co-
conformations of rotaxanes.39 By switching the recognition properties of one of the two 
recognition sites off and on again, the relative proportions of the two species can be 
controlled. In appropriately designed systems, the switching process can be controlled 
reversibly using a wide variety of different stimuli including pH changes,40-42 competitive 
binding,43, 44 redox control6, 17, 20 and light.45, 46  

Light is one of the most attractive means of supplying energy to nanodevices, including 
molecular machines. Photochemically powered molecular switches can be driven in a 
waste-free manner,47 and their introduction into molecular electronic and nanoelectronic 
materials can have a remarkable effect due to their properties related to photo-to-
mechanical energy transduction.48 Just like electrons, photons can induce (write) and 
detect (read) molecular actuations. Besides, luminescent output can respond very quickly, 
can be of low cost for the detection of photons and can be highly sensitive and easily 
carried out in a small place. Light-driven translational motion has been accomplished in 
rotaxanes with use of photo-induced electron transfer (ET),45, 49 excited-state changes in 
hydrogen-bonding50 and photoisomerization (cis-trans) of double bonds.51 The alternation 
of relative positions of the interlocked components constitutes a molecular switch, which 
may be capable of read out using various physical properties of the rotaxane such as 
conductivity,52 circular dichroism53 and fluorescence.54-60 Utilizing fluorescence change as 
an output signal is preferable since it allows detecting the state of the system with high 
time resolution and high sensitivity.    
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Figure 6. Schematic operation of a two-station rotaxane as a controllable molecular shuttle, and representation 
of the potential energy of the system as a function of the position of the ring relative to the axle upon 
switching off and on station A. The number of dots in each position reflects the relative population of the 
corresponding co-conformation in a statistically distributed ensemble. Structures A) and C) correspond to 
equilibrium states, whilst B) and D) are metastable states.  

1.4 Fluorescent Rotaxanes 

For switchable rotaxanes containing chromophores, the displacement of the ring upon 
application of an external energy input alters the relative orientations of the two 
components of the interlocked molecule, which subsequently leads to changes in 
processes such as electron transfer or energy transfer. Since the fluorescent signal 
provides many advantages as mentioned above, light-driven molecular machines 
employing fluorescent outputs have received great attention in recent years. However, 
reports based on rotaxanes that can be induced to switch between two different 
fluorescent states are rare because of the lengthy synthesis and the difficulty of predicting 
the photophysical properties accurately. Photo-excitation of the luminescent units 
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included either in the dumbbell or in the macrocycle of a rotaxane engenders luminescent 
signals, which can be utilized for conformational identification. Co-conformational 
equilibria of rotaxanes can be investigated by utilizing either the enhancement61 or 
quenching51 of the fluorescence signal. In the following paragraphs, bistable rotaxanes 
will be discussed based on the types of the fluorescence outputs used to monitor the 
shuttling processes. For example, fluorescent [2]- and [3]-rotaxanes, 1 and 2, containing a 
strongly fluorescent perylene diimide group were reported by Baggerman et al. in which 
the hydrogen-bonding interactions between the amide groups of the macrocycle and the 
carbonyls of the imide change the optical spectroscopic properties of the perylene 
chromophore (Figure 7).54 The absorption and emission spectra are red shifted and the 
fluorescence lifetimes of the rotaxanes are shortened compared to those of the 
corresponding threads. Furthermore, the extents of shifts in the rotaxane are dependent 
on polarity and hydrogen bond accepting ability of the solvents due to the competing 
interactions of the two components of the rotaxane with the solvent molecules.  

              
Figure 7. Structures of fluorescent [2]rotaxane 1 and [3]rotaxane 2.54 

The Loeb group has recently reported the synthesis of two bistable molecular shuttles 
combining 1,2-bis(pyridinium)ethane and benzylanilinium as recognition sites and a 
dibenzo-24-crown-8 ether (DB24C8) wheel in which the acid-base controlled shuttling of 
DB24C8 was accompanied by a change in color and/or fluorescence intensity.57 This motif 
combines acid/base control of the anilinium template and the strong N–H…O hydrogen-
bonding with the enhanced π-stacking properties found for the recognition of 1,2-
bis(pyridinium)ethane dications. The addition of acid (CF3SO3H) to 32+ leads to the 
displacement of the DB24C8 unit from 1,2-bis(pyridinium)ethane to the benzylanilinium 
recognition site (Figure 8). The shuttle is returned to its original state upon addition of 
base (NEt3) and the shuttling process can be cycled by repeated addition of acid and base 
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without any degradation of the compound. This implies that the molecular shuttle 3 
behaves like a bistable ON/OFF switch. As designed, the molecular shuttle H-33+ includes 
a 4-pyridinium aniline ICT chromophore.62 Therefore, the switching between 32+ and H-33+ 
is accompanied by a vivid color change from bright orange to colorless. Exchanging the 
3,5-bis-trifluoromethyl)benzyl group for an anthracenyl group introduces the ability to 
monitor the molecular shuttling by fluorescence spectroscopy. The fluorescence spectrum 
of the compound shows stunted emission presumably due to the quenching of 
fluorescence by lone pair electrons of the aniline nitrogen.63 Protonation partially restores 
normal anthracene fluorescence. 

                
Figure 8. Acid/base controlled shuttling in compound 3.62 

Another very interesting approach to obtain switchable rotaxanes based on fluorescent 
units takes advantage of the translocation of a ring along a peptide-based thread, induced 
by changes in the nature of the local environment. 55 On the basis of the experience gained 
by the solvent driven molecular shuttles,64 bistable rotaxanes 4 and 5 were specifically 
constructed in which translational isomerism of the components can be controlled to 
either permit or preclude fluorescence quenching by intercomponent electron transfer 
(Figure 9). Rotaxanes 4 and 5 consists of an anthracene fluorophore (which also acts as a 
stopper) connected to a glycylglycine hydrogen-bonding station, which, in turn, is 
attached to a C11 alkyl chain terminated by a second stopper. Double protonation of 5 with 
excess of trifluoroacetic acid results in the formation of 5·2H+·2CF3CO2

-. The nitrophenyl 
and pyridinium moieties in the macrocycles in 4 and 5·2H+, respectively, are known to 
quench the fluorescence of the anthracene unit via distance-dependent electron transfer.51 
In nonpolar solvents, in which the intercomponent hydrogen-bonding interactions are the 
strongest, the anthracene fluorescence is virtually completely quenched, whereas in 
solvents with a strong solvophobic profile for alkyl chains such as DMSO, UV-stimulated 
fluorescence is visible at submicromolar concentrations.  
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Figure 9. Translational isomerism exhibited by environment switchable molecular shuttles 4, 5 and 
5·2H+·2CF3CO2

-.55 

Recently, it has been demonstrated that FRET labeling can also be used to detect small 
motions in mechanically interlocked molecules. Li et al. reported a fluorescence switch in 
which the light induced shuttling of the macrocycle along the thread produced changes of 
the interaction between the two chromophores in the thread.65 The molecular shuttle 
E6/Z6 consists of a benzylic amide macrocycle mechanically interlocked onto a thread 
molecule E7/Z7, featuring two potential hydrogen-bonding stations- a fumaramide group 
and a succinic amide ester unit separated by C12 aliphatic spacer (Figure 10). Highly 
fluorescent perylene bisimide and pyrene chromophores are attached to fumaramide and 
succinic amide ester groups, respectively. The macrocycle contains pyridine units, which 
are good fluorescence quenchers of the pyrene after protonation. The relative orientation 
of the pyrene and perylene bisimide transition dipole moments have a great influence on 
energy transfer and electron transfer processes.66 Therefore, a molecular shuttle with a 
macrocycle to control the energy and/or electron transfer between the perylene and 
pyrene moieties can be designed with proper spacers to control the distance and 
orientation of the fluorescent units. For rotaxanes E6 and Z6, the macrocycle precludes 
intramolecular folding of the thread, subsequently the photoinduced electron transfer 
from perylene to pyrene is slowed down and the emission of the perylene moiety is 
enhanced compared with that of the thread E7 and Z7 (Figure 11). On the other hand, in 
rotaxane Z6, the protonation of the pyridine units in the macrocycle leads to quenching of 
the emission of the pyrene chromophore through electron transfer from pyrene to the 
pyridinium ions. As a result, the energy transfer from pyrene to perylene moiety is 
suppressed, and the fluorescence of the perylene unit becomes weaker.  
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Figure 10. [2]rotaxanes E6/Z6 and the corresponding threads E7/Z7.65 

                              
Figure 11. Schematic representation describing the intertranslation of different states: a) the macrocycle 
influence of the intramolecular folding and b) the protonated macrocycle acting as a quencher for energy 
transfer from pyrene to perylene moiety. EN and ET denote the energy transfer and electron transfer 
processes, respectively.65 

As shown by the examples described above, a modular construction of molecular 
machines pursued by integrating fluorescent probes and mechanically switchable systems 
in a molecular assembly is a quite demanding task. In fact, the majority of artificial 
molecular machines controlled by molecular shuttles reported so far are operated only as 
on/off switches and not in an adjustable multilevel mode. The availability of robust 
artificial switches which exhibit a single signal at desired levels in response to fixed doses 
of different inducers rather than minute concentration changes of a single inducer would 
be more desirable in the field of biotechnology.67 Recently, Li and co-workers have 
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designed and constructed a multistable system to explore the properties and operational 
mechanisms of this kind of artificial shuttles as a prologue to optimizing their 
performance (Figure 12).59 Rotaxane 8 is a multilevel fluorescence switch in which 
acid/base- and metal-ion complexation/decomplexation induced shuttling of the 
macrocycle along the thread impels changes in the interaction between the macrocycle 
and the fluorescent chromophore in the thread. The molecular shuttle comprises a thread 
containing an anthracene group as a fluorescent chromophore and an aniline-containing 
oligo(ethylene glycol) macrocycle mechanically interlocked on the thread. A secondary 
dialkylammonium (-NH2

+-) and an amide center are located on the thread as hydrogen-
bonding stations. At low pH, the macrocycle is assembled around an ammonium cation 
center through a combination of strong N+-H…O hydrogen bonds and weak C-H…O 
interactions between the macrocycle and the thread. Addition of base results in the 
deprotonation of the ammonium recognition site, which causes the macrocycle to move to 
the amide recognition site. On the other hand, upon addition of Li+ ions, the conformation 
of [2]rotaxane can be altered by a combination of Li-oligo(ethylene glycol) interactions 
between the amide and pyridine groups. However, addition of Zn2+ ions leads to a 
complexation of pyridine/aniline moiety in the macrocycle and the amine in the thread, 
and, as a result the macrocycle moves back to the amide side. These diverse processes are 
all accompanied by different fluorescent responses. As illustrated in Figure 13, rotaxane 8 
enables multi-level expression of fluorescence in response to different triggers: (1) 
complete repression in the absence of any stimulus; (2) slight expression in response to 
base; (3) low-level expression following addition of Li+; (4) high-level expression in the 
presence of Zn2+.  

                              
Figure 12. Graphical representation of the movement process in the multistable molecular shuttle 8.59 
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Figure 13. Movement process of multistable fluorescence molecular shuttle 8. EN and ET represents the 
energy transfer and electron transfer processes, respectively.59 

Another example for a [2]rotaxane with dual fluorescence address is rotaxane 9 
containing an α-cyclodextrin (α-CD) macrocycle, an azobenzene unit, and two different 
fluorescent naphthalimide fluorophores, as shown in Figure 14.68 CDs have been 
attractive wheel components in the fabrication of rotaxanes because of their challenging 
constructions and potential applications in fields such as biomedical materials, 
nanostructured functional materials and molecular devices. The cis-trans 
photoisomerization of the azobenzene unit resulted in the motion of α-CD on the thread. 
On account of the rigidity of the α-CD ring shifting close to the chromophore, which 
hinders the vibration and rotation of the bonds in the methylene linker, the fluorescence 
intensities of the chromophores nearer the CD rings are enhanced. Easy regulation and 
full reversibility of the fluorescence change intensity of the two fluorescent stoppers 
makes it possible for the rotaxane to be used as a molecular storage medium or switch 
with all optical inputs and outputs. However, it is of interest to note that this kind of 
switches is limited in contrast by the photostationary states that are formed: it is usually 
not possible to convert quantitatively to either E or Z isomers. 
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Figure 14. Light-driven [2]rotaxane 9 molecular shuttle with dual fluorescence (F520and F395) addresses.68 

1.5 Scope of this Thesis 

Compounds capable of performing large amplitude, non-trivial and controlled 
mechanical movements upon light stimulation can be obtained by using careful 
incremental design approaches, the tools of modern synthetic chemistry, and the 
paradigms of supramolecular chemistry, as well as some inspiration from natural 
systems. Such achievements allow the development of more sophisticated artificial 
molecular machines demonstrating complex motions and improved performances in 
terms of stability, speed, switching, and so forth. 

The scope of the work presented in this thesis is to explore different approaches towards 
unraveling the shuttling dynamics of molecular shuttles based on hydrogen-bonded 
rotaxanes. Chapter 2 describes the influence of incorporating a new template (ni-gly) in 
naphthalimide/succinamide-based rotaxanes, which results in a distribution of rotaxane 
co-conformers in which the macrocycle does not encircle the succinamide station 
exclusively but also resides near the naphthalimide unit to a significant extent. The 
thermodynamic parameters show strong enthalpy-entropy compensation and a non-zero 
heat capacity difference between the two forms.  
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In Chapter 3, the preparation and dynamic behavior of degenerate rotaxanes are 
described in which a benzylic amide macrocyclic ring moves back and forth between two 
naphthalimide glycine (ni-gly) stations by making the passage along a rigid diphenyl 
ethyne or a flexible aliphatic spacer (C9, C12, C26). The effect of the spacer units on the rate 
of the shuttling process is evaluated. These kind of molecular shuttles can serve as models 
to study barriers to ring movement in the non-degenerate bistable [2]rotaxanes employed 
in molecular electronic devices.  

Chapter 4 presents a molecular shuttle in which a benzylic amide macrocycle 
mechanically is interlocked onto a thread molecule consisting of naphthalimide and 
perylene imide chromophores as stoppers and fluorescent units, and glycine units 
positioned next to the chromophores as hydrogen-bonding sites. The macrocycle is 
predominantly hydrogen-bonded to the perylene imide chromophore in nonpolar 
solvents, but its position on the thread is strongly dependent on the solvent. 1H NMR 
spectroscopy was used as a tool to probe the position of the macrocycle on the thread as a 
function of solvent. 

Chapter 5 provides details on the electronic spectroscopic properties of the molecular 
shuttle described in Chapter 4. The relative position of the macrocycle with respect to the 
solvatochromic perylene imide chromophore gives a strong response in the spectral 
domain. Hydrogen-bonding interactions between the macrocycle and the imide leads to 
changes in the optical spectroscopic properties of the perylene imide chromophore: the 
absorption and emission spectra are red shifted and the fluorescence lifetimes are 
shortened with respect to those of the corresponding thread. The effects of various 
solvents on the UV-Vis absorption, steady-state and time-resolved fluorescence spectra 
are discussed. 

The work described in Chapter 6 is a continuation and extension of the work described in 
Chapter 5. As mentioned previously, the localization of the macrocycle next to the 
perylene imide chromophore alters the optical properties of the perylene unit. However, 
the main question remained unanswered: is it possible to use fluorescence spectroscopy to 
detect the shuttling process in this kind of systems? Here we address this issue by 
reporting the synthesis of a naphthalimide/perylene imide-based rotaxane, which enables 
to monitor the shuttling behavior via fluorescence spectroscopy. When the macrocycle is 
hydrogen-bonded to the naphthalimide chromophore (ni co-conformer), spectroscopic 
properties of the rotaxane resemble those of the thread, whilst the localization of the 
macrocyclic ring in contact with the perylene imide chromophore (pery co-conformer) can 
be expected to give rise to a significant change. This makes it possible to obtain a complete 
picture of the shuttling process taking place after selective excitation of ni co-conformer 
by means of time-resolved fluorescence spectroscopy. 
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Energy Landscape of a Hydrogen-Bonded Non-
Degenerate Molecular Shuttle∗ 

 

 

 

 

 

Abstract 

 

This Chapter deals with the synthesis and characterization of a [2]rotaxane comprising a 
benzylic amide macroycle and a dumbbell component containing naphthalimide and 
succinamide units as hydrogen-bonding motifs. The incorporation of a glycine unit next 
to the naphthalimide chromophore results in the formation of two translational isomers of 
the rotaxane whose ratios vary appreciably with temperature. In order to determine the 
thermodynamic parameters of the co-conformational equilibria, we performed the 1H 
NMR experiments of rotaxane and the corresponding thread in CDCl3 at temperatures 
between 250 and 330 K. The result shows that there is strong enthalpy-entropy 
compensation, and a non-negligible heat capacity difference between the two forms. 

 

 

 

                                                
∗ Published in part in D.D. Günbaş, L. Zalewski, A. M. Brouwer, Chem. Commun. 2010, 46, 2061-
2063. 
 



Chapter 2  

 22 

2.1 Introduction 

Molecular recognition is a result of specific, noncovalent interactions between molecules, 
many of which are essential in naturally occurring systems. The field encompasses host-
guest chemistry, and supramolecular chemistry, and incorporates both experiment and 
theory.1 The ultimate aim of studies of molecular recognition is to control selectivities or 
to maximize host-guest binding energies. The understanding of the fundamental forces 
involved in the noncovalent interactions that govern molecular recognition in biological 
and other (macro)molecules is of paramount importance in contemporary chemistry.2 
Creation of synthetic, monovalent host-guest molecular recognition pairs is sought for 
controlling the architectures of supramolecular constructs. Molecular architectures in 
which components are mechanically bonded are an attractive research tool for the study 
of such relatively weak interactions, because interlocking allows their study under a wide 
range of conditions, including those under which similar non-interlocked complexes 
would dissociate.3 In rotaxane molecular shuttles, a macrocyclic ring trapped on a 
dumbbell-shaped axle or thread can move between different distinct binding sites 
(“stations”), giving rise to different co-conformations.4-6 In order to design systems with a 
predictable distribution of co-conformers, accurate knowledge of the relative binding free 
energies is needed.6, 7 In the present work, we have studied rotaxane 1 (Figure 1) in which 
hydrogen-bonding forms the main interaction between the ring and the two stations. 
Using 1H NMR spectroscopy, the populations of the two co-conformers are obtained, and 
from the temperature dependence of the equilibrium constant, the differences in free 
energy, enthalpy and entropy of the two forms are derived. Interestingly, the van ‘t Hoff 
plot is distinctly non-linear, indicating that a non-negligible heat capacity change is 
involved. Such detailed thermodynamic studies of hydrogen-bonded molecular shuttles 
have hitherto not been reported.  

                                    
Figure 1. Chemical structure of molecular shuttle 1. 
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2.2 Results and Discussion 

2.2.1 Synthesis and Structural Characterization 

In the previously studied naphthalimide/succinamide rotaxane 2,8-10 the succ co-
conformation predominates very strongly in the neutral state due to the ability of the 
succinamide station to function as a template around which the benzylic amide 
macrocycle forms from the precursors isophthaloyl dichloride and p-xylylene diamine.11, 12 
Generally, imides are poor hydrogen bond acceptors and the threads comprising only the 
napthalimide unit do not template the formation of macrocycles to give rotaxanes. 
Therefore, to minimize the free energy the macrocycle resides predominantly over the 
succinamide station. Translocation of the macrocycle from the succ station to the ni station 
occurs upon one-electron reduction of the naphtalimide using electrochemical or 
photochemical methods.8-10 In rotaxane 1, we have inserted an amide unit (glycine) in the 
thread, in order to facilitate binding of the ring near the ni-station (Figure 2).  

 

  1-ni (20%)            1-succ (80%) 

 

2-ni (<< 5%)         2-succ (>> 95%) 

Figure 2. Structural formula of the two co-conformations of rotaxanes 1 and 2 (CDCl3, 298 K). 

The synthetic procedure leading to rotaxane 1 is outlined in Scheme 1, and described in 
detail in the experimental section. The anhydride 3, which was prepared according to the 
literature,8 was used as starting material. Compound 4 was synthesized from 3 following 
a literature procedure.13 Treatment of 4 with pentafluorophenol in the presence of EDCI, 
followed by addition of DMAP and tert-butyl (9-aminononyl)carbamate and subsequent 
removal of the Boc-protecting group afforded compound 5 in 78% yield. The latter was 
then coupled with N-(2,2-diphenylethyl)-succinamic acid, which was prepared based on a 
reported method14 to give thread 6. Finally, desired rotaxane 1 was isolated in 30% from 
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the reaction of thread 6 with 10 equiv of p-xylylene diamine and isophthaloyl dichloride 
(Et3N, CHCl3, high dilution).  

Scheme 1. Synthesis of molecular shuttle 12a 

     
a Reagents and conditions: (i) Glycine, Et3N, EtOH, reflux, 2 h, 70%; (ii) a) Pentafluorophenol, EDCI⋅HCl, 

DMAP, 0 oC→RT, CH2Cl2, 4 h, 85%; b) 1,9-diaminononane, CH2Cl2, RT, 4 h, 78%; (iii) N-(2,2-diphenylethyl)-
succinamic acid, Et3N, CH2Cl2, RT, 16 h, 40%; (iv) Isophthaloyl dichloride, p-xylylene diamine, Et3N, CHCl3, 
RT, 20 h, 30%. 

Conventional 2D NMR experiments (COSY and NOESY) were used to assign all peaks in 
the 1H NMR spectrum. Comparison of the 1H NMR spectra of 1 and the corresponding 
thread 6 in CDCl3 (Figure 3) shows that the methylene protons Hp and Hr are shielded due 
to the aromatic ring current effect of the p-xylylene rings. However, the extent of shielding 
(1.1 ppm) is less than what was observed in the previously studied rotaxane 2 (1.45 
ppm).8, 9 Moreover, also the Hd protons are markedly shielded (Δδd = -0.234) in rotaxane 1 
compared to thread 3, which shows that a significant fraction of rotaxane 1 exists as the ni 
co-conformer. Besides, Hf and Hn protons exhibit a marked upfield shift (Δδf = -0.270 and 
Δδn= -0.208 ppm, respectively) in rotaxane 1 implying that they are also located in the 
vicinity of the macrocyclic ring. The greater shielding of Hf protons further verifies that 
the succ station possesses a moderate preference for the macrocycle in comparison with 
ni-gly station. On the other hand, the signals corresponding to the amide protons (He, Hs 
and Ho) displayed substantial downfield shifts due to the hydrogen-bonding interactions 
with the macrocycle. Another notable feature of the 1H NMR spectrum of 1 is the 
resonance located at 8.58 ppm for the Hb protons of the naphthalimide chromophore in 
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the rotaxane: they are shifted upfield by 0.089 ppm from those arising from the thread. 
This supports the fact that the macrocycle spends a considerable time near the 
naphthalimide unit. 

     
Figure 3. 1H NMR spectra (400 MHz) of thread 6 (upper) and rotaxane 1 (lower) in CDCl3 at 298 K. The 
assignments correspond to the lettering shown in Scheme 1.  

2.2.2 Temperature Dependent 1H NMR Spectra 

As discussed above, the 1H NMR spectrum of rotaxane 1 indicates that the macrocycle 
exhibits a predominant selectivity for the encirclement of the succinamide station. In 
order to get further insight into the thermodynamics of the co-conformer equilibrium, 
variable temperature 1H NMR spectroscopic studies were conducted on rotaxane 1. Over 
the whole temperature range studied, the shuttling remains fast on the NMR time scale 
and the chemical shifts are population weighted averages, in agreement with published 
results for related systems.11 Temperature dependence of the 1H NMR spectrum (Figure 4) 
was studied at temperatures in the range of 268-328 K. Upon lowering the temperature 
the resonances associated with the Hd protons are shifted downfield. This is attributed to 
the smaller shielding effect of the macrocycle due to its shifting away from the ni to the 
succ side as the temperature decreases. In other words, the population of the ni co-
conformer decreases when the temperature is decreased. The respective chemical shift 
values of some of the relevant protons are listed in Table 1.  

As the data in Table 1 reveal, the Hb protons in 1 resonate at lower fields (δ = 8.592 ppm at 
268 K) at lower temperatures relative to their values at higher temperatures (δ = 
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8.573 ppm at 328 K). Moreover, the Hp+Hr protons are shifted to higher fields with 
decreasing temperature, which unequivocally confirms the increasing affinity of the 
macrocycle for the succ station at low temperatures. Similarly, the resonances associated 
with Hf and Hn protons showed a marked dependence on temperature. At 328 K, the 
signals assigned to the protons Hf and Hn appeared at 2.96 ppm as a multiplet. However, 
at 268 K, the peak corresponding to Hf protons exhibits a substantial downfield shift of 
0.130 ppm, whereas the position of the peak corresponding to the Hn protons shifts to 2.92 
ppm. These features further verify that the population of ni co-conformer decreases with a 
decrease in temperature. Of particular note in the spectrum are the resonances centered 
around δ = 4.45 ppm for the benzylic amide macrocycle protons (HE and HE’): they remain 
sharp and well-resolved throughout the temperature range 278-328 K and only begin to 
broaden significantly at 278 K, and merged into a broad singlet at 268 K. The changes in 
the chemical shifts of the HE and HE’ protons give further information regarding the 
influence of temperature on the co-conformer equilibrium in rotaxane 1. The signals of the 
methylene protons will be isochronous due to effective symmetry because of the rapid 
conformational dynamics in the free macrocycle or in a macrocycle in a symmetrical 
rotaxane. The asymmetrical nature of the thread in rotaxane 1, however, leads to 
diastereopic faces of the macrocyclic ring, which splits the signal into two: HE and HE’. 
Indeed, at room temperature the signals corresponding to HE and HE’ protons appear as 
an ABX system of which X part (HD) resonate as a broad singlet because of unresolved JAX 
and JBX, whereas the AB part (HE and HE’) give rise to two double doublets. As the 
temperature increases, the difference between the two faces of the macrocycle become 
more distinguishable owing to the increasing population of ni co-conformer of rotaxane 1.  

A very large chemical shift difference between the HE and HE’ protons is observed in the 
1H NMR spectra of a short rotaxane 7 in which the ring is sterically confined to the glycine 
station, as discussed in the next section. In contrast, appearance of HE and HE’ protons of 
rotaxane 1 as broad singlets at low temperatures arises from the increasing population of 
the succ co-conformer with decreasing temperature. In other words, as the temperature 
decreases localization of the macrocycle on the succ station can be achieved which 
eradicates the diastereopic nature of the macrocycle in rotaxane 1.  
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Figure 4. Temperature dependent 1H NMR spectrum of rotaxane 1 (500 MHz, CDCl3). Temperatures are as 
indicated beside the individual spectra. Labels are defined in Scheme 1. 

Table 1. 1H NMR chemical shifts, δ (ppm) of some relevant protons of rotaxane 1 at different temperatures. 

T (K) Hb Hd HE HE’ Hf Hn Hp+r 

328 8.573 4.529 4.542 4.350 2.96 2.96 1.314-1.266 
313 8.575 4.565 4.526 4.361 2.98 2.98 1.370-1.271 
298 8.579 4.609 4.508 4.374 3.02 2.96 1.360-1.255 
288 8.582 4.647 4.495 4.382 3.04 2.95 1.368-1.252 
278 8.587 4.686 4.479 4.389 3.06 2.94 1.335-1.248 
273 8.589 4.708 4.459 4.407 3.08 2.93 1.300-1.246 
268 8.592 4.733 4.449 4.403 3.09 2.92 1.298-1.244 

2.2.3 Model Systems 

In order to obtain a measure of the shielding of the Hd protons in a pure ni co-conformer, 
we considered rotaxane 7 as a model compound. The position of the macrocycle is 
confined to the glycine station because of steric interactions. Upon treatment of 
compound 4, in hand, with DIPEA and 2,2-diphenylethylamine, thread 8 was synthesized 
in 90% yield. Five-component clipping reaction of thread 8 gave a mixture of the 
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unconsumed thread and the corresponding rotaxane 7 (produced in 10% yield) both of 
which could be conveniently isolated by column chromatography.  

Scheme 2. Synthesis of symmetrical model compound 7 and 9a 

        
a Reagents and conditions: (i) 1,12-diaminododecane, BOP, DIPEA, DMF, RT, 16 h, 60%; (ii) Isophthaloyl 
dichloride, p-xylylene diamine, Et3N, CHCl3, RT, 20 h, 8%; (iii) 2,2-diphenylethylamine, BOP, DIPEA, DMF, 
RT, 16 h, 90%; (iv) Isophthaloyl dichloride, p-xylylene diamine, Et3N, CHCl3, RT, 20 h, 10%. 

1H NMR spectroscopic investigations in CDCl3 reveal that encirclement by the macrocycle 
results in a remarkable upfield shift of the resonance of the Hd proton of 1.75 ppm 
(Figure 5). The protons in close proximity to the glycine station (Hf, Hg) are also shielded 
but to a lesser extent.  
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Figure 5. 1H NMR spectra (400 MHz, CDCl3, 298 K) of thread 8 (upper) and rotaxane 7 (lower). The letters 
corresponds to the assignment of the resonances shown in Scheme 2. 

The macrocycle methylene protons appear as an ABX system with a large chemical shift 
separation of HE and HE’. Being in a rather different chemical environment, HE and HE’ 
also couple differently with proton HD to give one double doublet at 4.79 ppm (JEE’ = 14.0 
and JED = 6.2 Hz) and another one at 3.91 ppm (JEE’ = 14.0 and JED = 3.1 Hz). Proton HD 
appears as a doublet of doublets at 7.95 ppm (J = 6.1, J = 3.0 Hz). Because the Hf protons 
are relatively little shielded compared to the Hd protons, we were concerned that the 
macrocycle in 7 could be in a different location with respect to the binding site than in 1: 
the presence of the nearby stopper is likely to push the ring towards the imide unit, 
leading to more shielding of Hd and less shielding of Hf. 

In order to avoid this uncertainity, a symmetrical model rotaxane 9 consisting of two ni-
gly units, linked with a saturated C12 chain was designed and constructed as outlined in 
Scheme 2. Coupling of 1,12-diaminododecane with 2 equiv of compound 4 in DMF in 
afforded thread 10, which was submitted to five-component clipping reaction to provide 
the desired rotaxane 9 in 8% yield together with the unconsumed thread. 

In this rotaxane the macrocycle can only hydrogen bond to one of the ni-gly units, so that 
an intrinsic shielding of the CH2 group (1.178 ppm at 298 K) could be derived by 
comparison with the corresponding thread 10 (Figure 6). Furthermore, the signals for the 
He protons in the rotaxane are shifted downfield significantly compared with those for the 
thread, because of hydrogen-bonding interactions with the carbonyl group of the 
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macrocycle, which is also a good indication for the formation of rotaxane 9. Besides, 1H 
NMR signals for the protons Hf adjacent to the amides displayed a significant upfield shift 
of 0.425 ppm with respect to those in thread 10 as a result of being located in the vicinity 
of the macrocyclic ring. In addition, HE and HE’ protons appear as an A2X system due to 
the presence of a two-fold symmetry element in the molecule. The HD protons resonate as 
a triplet (J = 4.5 Hz) at 7.94 ppm, HE and HE’ protons appear as a doublet (J = 4.5 Hz) at 
4.43 ppm. 

      
Figure 6. 1H NMR spectra (400 MHz, CDCl3, 298 K) of thread 10 (upper) and rotaxane 9 (lower). Numbering 
refers to those indicated in Scheme 2. 

2.2.4 Enthalpy-Entropy Compensation 

Enthalpy-entropy compensation is commonly observed for many types of host-guest 
complexes.15 A strong enthalpic interaction between multiple binding centers goes at the 
expense of flexibility and thereby leads to an unfavorable entropy contribution.16 

In what follows, we will try to obtain the thermodynamic parameters of rotaxane 1 using 
a van ‘t Hoff plot. Then we will address the relationship between the enthalpic and 
entropic components of the interactions in rotaxane 1 to get a more detailed picture of the 
driving forces for its temperature dependent co-conformer equilibria. To begin with, the 
population (α) of the ni co-conformer in 1 was calculated from Equation 1 where δ’s refer 
to the chemical shifts of Hd in 1, 6, 9 and 10. The values at each temperature are listed in 
Table 2 and the respective temperature dependent 1H NMR spectra of 6, 9 and 10 are 
shown in the Appendix of this chapter. 
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€ 

α =
δ1 −δ6

2(δ 9−δ10)
    (1) 

Table 2. Chemical shifts (δ)a of Hd protons in rotaxane 1, rotaxane 9, thread 6, thread 10 and the population (α) 
of ni and succ co-conformers of 1, temperature range 268-328 K. 

T (K) δ1 δ6 δ9 δ10 αni αsucc 

328 4.530 4.824 4.271 4.822 0.267 0.733 
313 4.565 4.833 4.263 4.829 0.237 0.763 
298 4.609 4.843 4.250 4.839 0.199 0.801 

288 4.647 4.850 4.242 4.848 0.167 0.833 
278 4.686 4.857 4.237 4.856 0.138 0.862 
273 4.709 4.860 4.235 4.860 0.121 0.879 
268 4.733 4.863 4.234 4.864 0.103 0.897 

a  Value ± 0.003. 

Knowing α, the population of the succ co-conformer is simply given by 1-α, and the 
equilibrium constant K can be obtained as K = (1-α)/α. According to Equation 2, a van ‘t 
Hoff plot of ln K vs. T-1 for the co-conformational equilibrium in rotaxane 1 is shown in 
the Figure 7. This plot should clearly be non-linear, which shows that Equation 2 is not 
sufficient to describe our data.  

€ 

RlnK = −ΔHo
1
T
 

 
 

 

 
 +ΔSo    (2) 

                                          
Figure 7. van ‘t Hoff plot constructed from the data in Table 2. The dashed line was generated by using 
Equation 2. 

Indeed the van ‘t Hoff cannot always be applied with rigor to high precision data over a 
wide temperature range.17 The failure of the purely linear ln K vs. T-1 treatment may 
constitute a breakdown of the usual first-order assumption18  that structural effects on 

heat capacity changes ΔCp
0 in chemical processes are negligible.19  
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The temperature dependencies of enthalpy and entropy differences are simply 
thermodynamic consequences of the significant heat capacity differences. Regardless of 
the origin of the heat capacity change (ΔCp), simple algebraic considerations show that the 
mere presence of a finite heat capacity difference will lead to enthalpy-entropy 
compensation with a change in temperature.20 Recall that the variation of ΔH and ΔS with 
respect to some arbitrary reference temperature of 298 K is given by the following 
relationships: 

€ 

ΔH o = ΔH o' + (T − 298)ΔC p
o    (3) 

€ 

ΔSo = ΔSo' +ΔC p
o ln(T /298)    (4) 

Incorporation of the constants 298ΔCp
o and ΔCp

o ln(1/298) into ΔHo’ and ΔSo’ in 3 and 4, 
gives rise to 5 and 6, respectively; 

€ 

ΔH o = ΔHo +TΔC p
o    (5) 

€ 

ΔSo = ΔSo +ΔC p
o lnT     (6) 

where ΔHo = ΔHo’ - 298ΔCp
o and ΔSo = ΔSo’ - ΔCp

o ln(298).  

Thermodynamic expression relating the Gibbs free energy under standard conditions to 
the equilibrium constant (K), standard enthalpy (ΔHo) and entropy (ΔSo) is: 

€ 

ΔGo = −RT ln K = ΔH o −TΔSo    (7) 

Combining this with Equations 5 and 6 results in Equation 8; 

      

€ 

R ln K =
−ΔHo

T
+ΔC p

o lnT +ΔSo −ΔC p
o

 (8) 

Fitting the data according to the adjusted Equation 8 allowing for the effect of a 
temperature-invariant heat capacity change afforded the parameters ∆Ho = -18 ± 1 

kcal mol-1, ∆So
 = -300 ± 30 cal mol-1 K-1 and ΔCp

o = 52 ± 4 cal mol-1 K-1. Comparison of the 
fitted curve using Equation 8 to a simple linear van ‘t Hoff plot (Equation 2) clearly shows 
the inadequacy of the latter (Figure 8). The errors on ln K were calculated by propagation 
of the errors in the determination of the chemical shifts, which were estimated to be 
0.003 ppm.  
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Figure 8. Fits to the data in Table 2. The non-linear curve (solid line) is according to Equation 8. The error bars 
reflect the uncertainity in the estimation of ln K. The solid line is the linear fit according to Equation 2. 

From the parameters obtained from the fit, the reaction enthalpy ΔHo, entropy ΔSo and 
Gibbs free energy ΔGo at any temperature can be calculated, as shown in Figure 9. The 
Gibbs free energy for the equilibrium is only slightly temperature dependent, increasing 
from -1.1 kcal mol-1 at 268 K to -0.7 kcal mol-1 at 328 K, but the contributions from enthalpy 
and entropy (-TΔSo) are of opposite sign and change strongly with temperature.  

                                                   

Figure 9. ΔG0, ΔH0 and -TΔS0 vs. temperature for the co-conformational equilibrium of rotaxane 1. 

We interpreted the non-linear van ‘t Hoff plot using a model that allows a difference in 
the heat capacity of the co-conformers. In addition, we considered two possible 
alternative causes for the observed non-linearity of the van ‘t Hoff plot: 

(1) the use of the chemical shift values of the reference compound is an approximation; if 
the shape of the plot of the calculated ln K vs. T-1 would be very sensitive to the reference 
values, this may lead to an artificial curvature. Numerical experiments showed that the 
precise values of the reference chemical shifts of a ni-CH2-unit shielded by the macrocycle 
are actually quite unimportant. Obviously, the fitted values of the thermodynamic 
parameters change somewhat when the reference values are changed, but as long as the 
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reference shifts are reasonable, the plot remains distinctly curved. At 298 K, the shielding 
of the succinamide protons indicates a population of ca. 76% of the succ co-conformer. 
From the shielding of Hd a population of 20% of the ni co-conformer is derived. Thus, if a 
third co-conformer exists, it is minor (< 5%), and its presence cannot account for the non-
linearity of the van ‘t Hoff plot as argued below. 

(2) in addition to the two co-conformers for which we have clear evidence, there could be 
minor other co-conformers, in particular a bridged one.14 

A bridged co-conformer, in which the ring is hydrogen-bonded to both amide stations, 
has been detected in other systems.14 In such a co-conformer shielding of the protons in 
the middle of the polymethylene chain is observed. In the present case, we see only a 
small shielding of the CH2 groups of the polymethylene chain, very similar to the case of 
2.8 This is consistent with the argument given above that there cannot be more than about 
5% of this co-conformer.  

In principle, the presence of the third co-conformer would induce an error in our analysis 
because we measure only the fraction of the ni co-conformer, and assume that the rest of 
the population is the succ co-conformer. If there is a third co-conformer, the actual fraction 
of the succ form is smaller, and we slightly overestimate the free energy difference ni-succ. 
What is not a priori clear is whether this could induce a curvature in the van ‘t Hoff plot 
based on the apparent equilibrium ratios. Although this effect can probably be described 
analytically, we found it convenient to model it using simple spreadsheet calculations. We 
started from the enthalpy and entropy values obtained from our experimental data using 

the simple linear fit, as shown in Figure 7. This gives ΔH1 = 3.1 kcal mol-1 and ΔS1 = 7.6 

cal mol-1 K-1. At 298 K this leads to a relative energy of ΔG1 = 0.86 kcal mol-1 for the ni 
form. A plot of ln K vs. T-1 obviously gives a linear relation.  

If the third co-conformer amounts to 5%, its relative free energy ΔG2 = ΔH2 - TΔS2 at room 
temperature with respect to the succ co-conformer is +1.6 kcal mol-1. The latter value can 

be obtained using different combinations of ΔS2 and ΔH2; ΔH2 for a chosen value of ΔS2 is 
adapted to yield the required free energy difference to give 5% of the third co-conformer 
at 298 K. In Figure 10 we show some sets of approximate ln K values that are calculated 
neglecting the third co-conformer (i.e. assuming K = αni / (1 - αni), compared with the 
correct one (i.e. K = αni / (1- αni - α3), in blue squares). Using reasonable values of the 

parameters (-4 kcal mol-1 < ΔH2 < 4 kcal mol-1) the slope and intercept of the fits change by 
< 10%. These are the black filled circle and red triangles in Figure 10. Detectable curvature 
of the plot arises only if one allows a much higher population of the third co-conformer, 
and an opposite sign of the relative entropies for the ni co-conformer and the third co-
conformer. Still, even with 15% of the third co-conformer (open green circles in Figure 10) 
– which is much more than the < 5% indicated by our NMR data– the curvature of the 
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van ‘t Hoff plot is much smaller than what we see in Figure 7 and Figure 8. Thus, the 
curvature is not an artifact due to the inaccuracy of our model.  

                                              

Figure 10. Model calculations of van ‘t Hoff plots in which heat capacity changes are not included. The blue 
squares represent the correct linear relation for ln(αni / αsucc); the black filled circles and the red triangles are 

calculated for α3 = 0.05 at 298 K with different values of ΔS2 and ΔH2. The lines are linear fits. The open green 

circles represent a case of for α3 = 0.15 at 298 K. This shows a slight curvature, but such a population of the 
third co-conformer is in conflict with our NMR data. 

The interaction between the macrocycle and the stations primarily involves hydrogen-
bonding. Because of its enormous importance in the chemistry of biological molecules as 
well as synthetic materials, simple predictive models for the strengths of hydrogen bonds 
are very useful.21 Although such models provide useful guidelines, accurate a priori 
prediction of hydrogen bond strengths remains difficult. Ab initio calculations can in 
principle give very accurate interaction enthalpies for model systems,22 but, as the present 
results underscore, entropy factors can also be very important, and these are difficult to 
calculate. Moreover, even in a relatively simple system as 1, the conformational space is 
quite large. The two translational co-conformers really correspond to low-energy valleys 
in the free energy landscape in which several local minima are populated. In the structure 
diagrams we draw the hydrocarbon chains in the most favorable extended conformation, 
but at room temperature several gauche kinks will be present statistically. The 
macrocyclic rings were drawn in Figure 2 in patterns that are frequently encountered in 
molecular dynamics simulations,23 but the ring can adopt several other conformations as 
well. Interactions between the two stations may occur in the threads, and secondary 
interactions may exist between the macrocyclic ring and the station, which it does not 
encircle. Such folded conformers have been detected in IR studies of 2 and its radical 
anion, but they were of relatively minor importance.10 The NMR shielding parameters are 
sensitive primarily to the position of the p-xylylene rings with respect to the thread 
protons. Therefore, they report on the position of the macrocycle on the thread, and are 
not very sensitive to the other aspects of the three-dimensional molecular structure. We 
believe that the co-conformational equilibrium in 1 will be an attractive target for the 
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development of force fields and advanced simulation techniques that aim at free energies 
with chemical accuracy.24 

Enthalpy-entropy compensation is typically associated with weak interactions, because 
optimization of the stabilizing enthalpic contribution requires some extent of freezing of 
the conformational freedom.25,26 In the succ co-conformer of 1, the macrocyclic ring must 
adopt a chair conformation and the succinamide unit must be in a (planar) trans form for 
hydrogen-bonding to be optimal. In the ni co-conformer any of the C=O groups may 
point to the inside of the macrocyclic ring, to make a hydrogen bond with the glycine N-
H. One amide group is free, allowing low-frequency movements.  

Large ΔCp effects have been observed in supramolecular complexation based on 
hydrophobic interactions.19,26,27 The characteristic changes in the enthalpy, entropy, and 
heat capacity that accompany protein (un)folding have been attributed to hydrophobic 
effects as well, although hydrogen-bonding may also be important.28 Also for the folding 
of nucleic acids, heat capacity effects are substantial.29 The role of heat capacity in the 
conformational equilibrium of synthetic molecular shuttles has, to our knowledge, never 

been investigated. Our data analysis leads to a value of ΔCp
0 ≈ 50 cal mol-1 K-1. This is a 

relatively small magnitude compared to the effects seen in protein chemistry,30 but of 
similar magnitude as the effects in host-guest binding.19 

In the succ co-conformer, the macrocycle can adopt a near-perfect chair conformation, 
driven by formation of two sets of bifurcated hydrogen bonds between the amide protons 
of each isophthalamide moiety and the succinamide carbonyl oxygens. Because of the 
excellent fit between the macrocycle and the thread both in terms of steric interactions 
and the complementary positioning of the hydrogen-bonding amide groups on the two 
components, hydrogen-bonding interactions are almost satisfied, which is reflected in 
more negative enthalpy values. On the other hand, in the ni co-conformer hydrogen-
bonding interactions between the macrocycle and the ni-gly station are relatively weaker, 
and as a result, the macrocycle is more flexible. This leads to more positive entropy 
values. 

   
Figure 11. Two possible conformations of translational co-conformers of rotaxane 1 obtained as snapshots 
from a molecular dynamics simulation (Macromodel 9.7, Amber*, CHCl3, 298 K). 
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2.3 Conclusions 

In conclusion, the synthesis and characterization of rotaxane 1 have been reported in 
which the gly unit was introduced next to the napthalimide stopper in order to change the 
energy landscape of the corresponding molecular shuttle by facilitating the binding of the 
macrocyclic ring to the napthalimide unit. Although in terms of free energy the binding of 
the macrocyclic ring to the ni-gly station is only slightly less favorable than the binding to 
the succ station, the latter is a much better template for the synthesis of the macrocyclic 
ring in the 5-component clipping method.12 The synthetic yield of rotaxane 7 with only the 
ni-gly template was only 8%, much smaller than that of 1 (30%). The incorporation of the 
gly unit resulted in the formation of two possible translational isomers of rotaxane 1 
whose ratios vary significantly with temperature implicating the role of gly group in 
modulating the effect of temperature on each translational co-conformer. By employing 
variable temperature 1H NMR spectroscopy the thermodynamic data were obtained, 
which pointed out the thermodynamic balance between the enthalpic (ΔH) and entropic 
(TΔS) components to the free energy. At low temperatures, enthalpy takes over, whereas 
at higher temperatures, entropy dominates. Thermodynamic analysis of the 
conformational equilibrium revealed non-negligible heat capacity effects, which is the 
first example among mechanically interlocked molecules in this regard. On the other 
hand, weaker binding of the macrocycle to a ni-gly motif should allow faster switching of 
molecular shuttles, on a sub-microsecond timescale,4,9 and work along these lines is now 
in progress. This realization represents a key element for the constructions of new 
molecular shuttles where a macrocyclic ring is placed in a direct contact with a highly 
fluorescent chromophore, which will be described in detail in the following Chapters. 

2.4 Experimental Section 

Materials: All reagents were purchased from Sigma Aldrich or Fluka, and used as 
received. All reactions were carried out under an inert nitrogen or argon atmosphere. 
THF was dried and deoxygenated by distillation over sodium benzophenone under an 
atmosphere of argon. MeOH was distilled from Mg prior to use. The following 
compounds were prepared according to literature procedures: N-(2,2-diphenylethyl)-
succinamic acid,14 2,5-di-tert-butylacenaphthylic anhydride 38 and 2-(acetic acid)-5-8-di-
tert-butyl-benzo[de]isoquinoline-1,3-dione 4.13 

General Methods: The 1D and 2D NMR spectra were recorded on a, Bruker Avance 400 
or Varian Inova 500 spectrometers operating at 400 and 500 MHz, respectively, for 1H 
NMR. Chemical shifts are quoted in ppm relative to tetramethylsilane, using the residual 
solvent peak as a reference standard. Coupling constants (J) are reported in hertz (Hz). 
The full assignment of the 1H NMR signals was performed using COSY (Correlation 
Spectroscopy) and NOESY (Nuclear Overhauser Effect Spectroscopy) experiments. 
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Standard abbreviations indicating multiplicity were used as follows: m = multiplet, b = 
broad, d = doublet, dd = doublet of doublets, t = triplet, s = singlet. Fast atom 
bombardment (FAB) mass spectra were obtained using a JEOL JMS SX/SX 102A four-
sector mass spectrometer, equipped with Xenon primary atom beam, utilizing a 3-
nitrobenzoyl alcohol (3-NOBA) matrix. Other abbreviations used: MeOH = Methanol, 
EtOH = Ethanol, EtOAc= Ethyl acetate, Et2O = Diethylether, TFA = trifluoroacetic acid, 
DIAD = Diidopropylazodicarboxylate, Et3N = Triethylamine, BOP = Benzotriazole-1-yl-
oxy-tris-(dimethylamino)-phosphonium hexafluorophosphate. DIPEA = N,N-
diisopropylethylamine, DMAP = 4-(dimethylamino)pyridine, EDCI·HCl = 1-ethyl-3-(3'-
dimethylaminopropyl)carbodiimide·HCl.  

N-(9-aminononyl)-2-(5,8-di-tert-butyl-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)acetamide (5) 

        

2-(Acetic acid)-5,8-di-tert-butyl-benzo[de]isoquinoline-1,3-dione 4 (0.32 g, 0.87 mmol), 
DMAP (0.03 g, 0.26 mmol) and pentafluorophenol (0.19 g, 1.04 mmol) were dissolved in 
dichloromethane (30 mL) and cooled in an ice bath to 0 oC. EDCI (1.04 mmol, 0.19 g) was 
added in small portions and reaction was continued overnight at room temperature. 
Solvents were removed and the residue was redissolved in dichloromethane (30 mL). 1,9-
Diaminononane (0.83 mmol, 0.13 g) was added and the mixture was stirred for 16 h at 
room temperature. The reaction mixture was washed with HCl (1 M, 2 × 100 mL), brine (2 
× 100 mL) and water (2 × 100 mL) before being dried by MgSO4. Solvents were removed 
to give a white solid of 5 (0.27 g, 78% over two steps). 1H NMR (400 MHz, CD3OD): δ = 
8.68 (d, 2H, J = 2.0, Hb), 8.16 (d, 2H, J = 2.0, Hc), 5.77 (bs, 1H, He), 4.87 (s, 1H, Hd), 3.30 (td, J 
= 8.0, J = 4.0, 2H, Hf), 3.11(t, J = 8.0, 2H, Hn), 1.51-1.46 (m, 22 H, Ha+ Hg+ Hm), 1.29-1.25 (m, 
10H, Hh+ Hi+ Hj+ Hk+ Hl); 13C NMR (100 MHz, CDCl3): δ = 166.9 (CO), 164.3 (CO), 150.1 
(ArC), 131.9 (ArC), 129.5 (ArCH), 129.4 (ArCH), 124.8 (ArC), 121.5 (ArC), 43.0 (CH2), 39.7 
(CH2), 35.1 (Cq), 31.0 (CH3), 29.3 (CH2), 29.1 (CH2), 28.9 (CH2), 26.7 (2xCH2). 

N1-(9-(2-(5,8-di-tert-butyl-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)acetamido)nonyl)-N4-(2,2-diphenylethyl)succinamide-Thread 6  
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To a solution of amine 5 (0.34 g, 0.67 mmol) and triethylamine (6.71 mmol, 941 µL) in 
dichloromethane (30 mL) under atmosphere of nitrogen (2,2-diphenylethyl)succinamic 
acid (0.74 mmol, 0.22 g) was added and the reaction was continued for 16 hours at room 
temperature. Additional portion of dichloromethane (50 mL) was added and the mixture 
was washed with HCl (1 M, 3 × 50 mL), saturated NaHCO3 solution (3 × 50 mL), brine (1 × 
50 mL), water (1 × 50 mL), dried over MgSO4 and concentrated under reduced pressure. 
The resulting solid was purified by column chromatography on silica gel using a solvent 
gradient of CH2Cl2 to CH2Cl2/MeOH (40:1) to obtain 6 as a white solid (0.21 g, 40%). 1H 
NMR (400 MHz, CDCl3): δ = 8.62 (d, J =1.5, 2H, Hb), 8.12 (d, J =1.5, 2H, Hc), 7.35–7.03 (m, 
11H, Hv), 6.11 (bs, 1H, Hs), 5.99 (t, J = 5.3 Hz, 2H, Ho+ He), 4.84 (s, 2H, Hd), 4.15 (t, J = 8.0, 
1H, Hu), 3.84 (t, J = 8.0, 2H, Ht), 3.24 (td, J = 6.8, J = 6.4, 2H, Hf), 3.12 (td, J = 6.8, J = 6.4, 2H, 
Hn), 2.37 (s, 4H, Hp+ Hr), 1.48-1.44 (m, 22H, Ha+ Hg+ Hm), 1.28-1.24 (m, 10H, Hh+ Hi+ Hj+ 
Hk+ Hl); 13C NMR (100 MHz, CDCl3): δ = 172.2 (CO), 171.9 (CO), 166.9 (CO), 164.3 (CO), 
150.1 (ArC), 141.7 (ArC), 131.9 (ArC), 129.6 (ArCH), 129.5 (ArCH), 128.5 (ArCH), 127.9 
(ArCH), 126.6 (ArCH), 124.9 (ArC), 121.5 (ArC), 50.4 (CH), 43.7 (CH2), 42.9 (CH2), 39.5 
(CH2), 39.4 (CH2), 35.1 (Cq), 31.6(CH2), 31.0 (CH2), 29.3 (CH2), 29.1 (CH2), 28.9 (CH2), 28.6 
(CH2), 26.5 (CH2), 26.4 (CH2), 23.5 (CH2). FAB-MS (3-NOBA matrix): m/z = 787.5 [M+H]+ 
(Calcd for C49H62N4O5 + H+: m/z = 787.4). Calcd for C49H62N4O5: C 74.78, H 7.94, N 7.12; 
found C 74.63, H 7.88, N 7.06. 

2-(5,8-di-tert-butyl-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-(2,2-
diphenylethyl)acetamide-Thread 8 

                                                  

To a stirred solution of 2-(acetic acid)-5-8-di-tert-butyl-benzo[de]isoquinoline-1,3-dione 4 
(0.300 g, 0.816 mmol) in DMF (25 mL) under nitrogen was added BOP (0.541 g, 1.24 
mmol) in one portion. The reaction mixture was stirred until the starting material 
disappeared (TLC, CHCl3). After 10 min, DIPEA (0.738 g, 5.71 mmol) and 2,2-
diphenyethylamine (0.177 g, 0.897 mmol) were dissolved in anhydrous DMF (5 mL) and 
added to the reaction mixture. It was then stirred overnight. The DMF was removed 
under reduced pressure. The resulting solid was dissolved in CHCl2 and extracted with 
water (2 × 100 mL), brine (2 × 100 mL), dried over MgSO4 and concentrated under 
reduced pressure. The crude product was purified by column chromatography on silica 
gel, eluting with a gradient of CH2Cl2/Acetone (95:5), affording the title compound as a 
white solid. Yield 0.401 g (90%); 1H NMR (400 MHz, CDCl3): δ = 8.65 (d, J = 1.8 Hz, 2H, 
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Hb), 8.18 (d, J = 1.8 Hz, 2H, Hc), 7.22-7.14 (m, 8H, Hv), 7.12-7.01 (m, 2H, Hv), 5.71 (t, J = 5.7 
Hz, 1H, He), 4.79 (s, 1H, Hd), 4.21 (t, J = 8.0 Hz, 1H, Hg), 3.95 (dd, J = 8.0, J = 5.8 Hz, 2H, 
Hf), 1.51 (s, 18H, Ha); 13C NMR (100 MHz, CDCl3): δ = 166.9 (CO), 166.9 (CO), 164.2 (CO), 
150.1 (ArC), 141.4 (ArC), 131.8 (ArC), 129.6 (ArCH), 129.4 (ArCH), 128.4 (ArCH), 127.8 
(ArCH), 126.4 (ArCH), 124.8 (ArC), 121.4 (ArC), 50.2 (CH), 43.6 (CH2), 43.0 (CH2), 35.1 
(Cq), 31.0 (CH3). FAB-MS (3-NOBA matrix): m/z = 547.3 [M+H]+ (Calcd for C36H38N2O3 + 
H+: m/z = 547.3). Calcd for C36H38N2O3: C 79.09, H 7.01, N 5.12; found C 79.14, H 7.10, N 
5.02.  

N,N'-(dodecane-1,12-diyl)bis(2-(5,8-di-tert-butyl-1,3-dioxo-1H-benzo[de]isoquinolin-
2(3H)-yl)acetamide)-Thread 10 

                           

To a stirred solution of 2-(acetic acid)-5-8-di-tert-butyl-benzo[de]isoquinoline-1,3-dione 4 
(0.200 g, 0.544 mmol) in DMF (10 mL) under nitrogen BOP (0.318 g, 0.721 mmol) was 
added in one portion and the reaction mixture was stirred at room temperature for 0.5 h. 

Then DIPEA (6.63 µL, 3.81 mmol) and 1,12-diaminododecane (0.052 g, 0.259 mmol) in 
DMF (5 mL) were added to the reaction mixture. After overnight stirring at room 
temperature DMF was removed under reduced pressure. The residue was purified by 
column chromatography on silica gel using CH2Cl2/Acetone (94:6) as the eluent. 
Symmetrical thread 5 (0.349 g, 60%) was obtained as a white solid. 1H NMR (400 MHz, 
CDCl3): δ = 8.68 (d, J = 1.6, 4H, Hb), 8.16 (d, J = 1.6, 4H, Hc), 5.79 (t, J = 4.0, 2H, He), 4.86 (s, 
4H, Hd), 3.30 (td, J = 8.9, J = 4.0, 4H, Hf), 1.59-1.49 (m, 40H, Ha+ Hg), 1.33-1.24 (m, 16H, Hh+ 
Hi+ Hj+ Hk); 13C NMR (100 MHz, CDCl3): δ = 166.8 (CO), 164.3 (CO), 150.1 (ArC), 131.9 
(ArC), 129.6 (ArCH), 129.5 (ArCH), 124.9 (ArC), 121.5 (ArC), 43.0 (CH2), 39.6 (CH2), 35.1 
(CH2), 31.0 (CH3), 29.2 (CH2), 29.1 (CH2), 28.9 (CH2), 26.6 (CH2). FAB-MS (3-NOBA 
matrix): m/z = 899.6 [M+H]+ (Calcd for C56H74N4O6 + H+: m/z = 899.6). Calcd for 
C56H74N4O6: C 74.80, H 8.29, N 6.23; found C 74.78, H 8.30, N 6.23. 

General Procedure for Rotaxane Synthesis: The thread and triethylamine (24 equiv) were 
dissolved in chloroform (75 mL), and stirred vigorously whilst solutions of the p-xylylene 
diamine (12 equiv) and isophthaloyl dichloride (12 equiv) in CHCl3 (20 mL) were 
simultaneously added over a period of 4 hours using a motor-driven syringe pump. The 
resulting suspension was stirred overnight and filtered through a pad of Celite to remove 
any polymeric material, and concentrated. The crude product was column 
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chromatographed to yield, in order of elution, the unconsumed thread and the 
corresponding rotaxane. 

[2]-(1,4,7,14,17,20-Hexaaza-2,6,15,19-tetraoxo-3,5,9,12,16,18,22,25-tetrabenzocy 
clohexacosane)-(N1-(9-(2-(5,8-di-tert-butyl-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)acetamido)nonyl)-N4-(2,2-diphenylethyl)succinamide-Rotaxane 1 

                         

Following the general procedure, thread 6 (0.210 g, 0.266 mmol) and Et3N (903 µL, 6.34 
mmol) in CHCl3 were simultaneously reacted with separate solutions of p-xylylene 
diamine (0.43 g, 3.17 mmol) and isophthaloyl dichloride (0.64 g, 3.17 mmol) in CHCl3. 
Column chromatography (silica gel, CH2Cl2/Acetone, 9:1) gave rotaxane 1 (0.101 g, 30%) 
as a white solid. 1H NMR (400 MHz, CD3CN): δ = 8.57 (d, J = 1.8, 2H, Hb), 8.45 (s, 2H, HC), 
8.28 (d, J = 1.8, 2H, Hc), 8.07 (dd, J = 7.7, J = 1.4, 4H, HB), 7.79 (t, J = 5.2, 4H, HD), 7.59 (t, J = 
7.8, 2H, HA), 7.36–7.18 (m, 10H, Hv), 7.14 (t, J = 8.0, 1H, He), 7.03 (s, 8H, HF), 6.73 (t, J =4.0, 
1H, Hs), 6.65 (t, J =4.0, 1H, Ho), 4.61 (s, 2H, Hd), 4.44–4.29 (m, 8H, HE+ HE’), 4.11 (t, J = 7.9, 
1H, Hu), 3.72 (dd, J = 7.7, J = 5.8, 2H, Ht), 3.02–2.86 (m, 4H, Hf+ Hn), 1.43 (s, 18H, Ha), 1.39–
1.20 (m, 4H, Hg+ Hm), 1.15-1.11 (m, 10H, Hh+ Hi+ Hj+ Hk+ Hl), 1.04 (bs, 4H, Hp+ Hr); 13C 
NMR (100 MHz, CD3CN): δ = 173.1 (CO), 172.8 (CO), 167.1 (CO), 165.6 (CO), 164.1 (CO), 
150.1 (ArC), 142.5 (ArC), 137.7 (ArC), 134.1 (ArC), 132.1 (ArC), 131.3 (ArCH), 129.6 
(ArCH), 129.4 (ArCH), 129.0 (ArCH), 128.9 (ArCH), 128.7 (ArCH), 127.8 (ArCH), 126.9 
(ArCH), 124.7 (ArC), 124.4 (ArCH), 121.8 (ArC), 50.2 (CH), 43.3 (CH2), 43.1 (CH2), 42.8 
(CH2), 34.7 (Cq), 30.2 (CH3), 29.2 (CH2), 29.1 (CH2), 29.0 (CH2), 28.8 (CH2), 28.5 (CH2), 28.4 
(CH2), 28.4 (CH2), 28.3 (CH2). FAB-MS (3-NOBA matrix): m/z = 1319.7 [M+H]+ (Calcd for 
C81H90N8O9 + H+: m/z = 1319.6). Calcd for C81H90N8O9: C 73.72, H 6.87, N 8.49; found C 
73.62, H 6.75, N 8.63. 
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[2]-(1,4,7,14,17,20-Hexaaza-2,6,15,19-tetraoxo-3,5,9,12,16,18,22,25-tetrabenzocy 
clohexacosane)- 2-(5,8-di-tert-butyl-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-(2,2-
diphenylethyl)acetamide-Rotaxane 7 

                                                  

Following the general procedure, thread 8 (0.200 g, 0.365 mmol) and Et3N (2.0 mL, 15 
mmol) in CHCl3 were simultaneously reacted with separate solutions of p-xylylene 
diamine (0.150 g, 7.76 mmol) and isophthaloyl dichloride (0.100 g, 7.76 mmol) in CHCl3. 
Column chromatography (silica gel, CH2Cl2/Acetone, 9:1) gave rotaxane 7 (0.039 g, 10%) 
as a white solid. 1H NMR (400 MHz, CDCl3): δ = 8.37 (d, J = 1.8 Hz, 2H, Hb), 8.27-8.16 (m, 
6H, Hc+ HB+ HC), 7.95 (dd, J = 6.2, J = 3.1 Hz, 4H, HD), 7.64 (t, J = 7.7 Hz, 2H, HA), 7.31-
71.19 (m, 6H, Hh), 7.04-6.98 (m, 4H, Hh), 6.94 (t, J = 5.4 Hz, 1H, He), 6.67 (s, 8H, HF), 4.79 
(dd, J = 14.0, J = 6.6 Hz, 4H, HE), 3.91 (dd, J = 14.0, J = 3.2 Hz, 4H, HE’), 3.88 (t, J = 7.6 Hz, 
1H, Hg), 3.51 (dd, J = 7.6, J = 5.6 Hz, 2H, Hf), 3.03 (s, 2H, Hd), 1.48 (s, 18H, Ha); 13C NMR 
(100 MHz, CDCl3): δ = 167.1 (CO), 166.1 (CO), 164.2 (CO), 150.4 (ArC), 141.7 (ArC), 136.8 
(ArC), 134.5 (ArC), 131.7 (ArC), 131.1 (ArCH), 131.0 (ArCH), 129.7 (ArCH), 128.9 (ArCH), 
128.7 (ArCH), 128.6 (ArCH), 127.7 (ArCH), 126.7 (ArCH), 125.3 (ArCH), 124.5 (ArC), 121.0 
(ArC), 50.3 (CH), 45.5 (CH2), 44.7 (CH2), 44.2 (CH2), 40.6 (CH2), 35.2 (Cq), 31.1. (CH3). FAB-
MS (3-NOBA matrix): m/z = 1079.5 [M+H]+ (Calcd for C66H68N6O7 + H+: m/z = 1079.5). 
Calcd for C66H68N6O7: C 75.67, H 6.16, N 7.79; found C 75.72, H 6.20, N 7.81. 

[2]-(1,4,7,14,17,20-Hexaaza-2,6,15,19-tetraoxo-3,5,9,12,16,18,22,25-tetrabenzocy 
clohexacosane)-(N,N'-(dodecane-1,12-diyl)bis(2-(5,8-di-tert-butyl-1,3-dioxo-1H-
benzo[de]isoquinolin-2(3H)-yl)acetamide)-Rotaxane 9 

                       

Following the general procedure, thread 10 (0.126 g, 0.140 mmol) and Et3N (472 µL mL, 
3.36 mmol) in CHCl3 were simultaneously reacted with separate solutions of p-xylylene 
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diamine (0.247 g, 1.82 mmol) and isophthaloyl dichloride (0.369 g, 1.82 mmol) in CHCl3. 
Column chromatography (silica gel, CH2Cl2/Acetone, 9:1) gave rotaxane 7 (0.016 g, 8%) as 
a white solid. 1H NMR (500 MHz, CDCl3): δ = 8.53 (s, 4H, Hb), 8.14 (bs, 10H, Hc+ HB+ HC), 
7.94 (t, J = 4.0, 4H, HD), 7.53 (t, J = 8.0, 2H, HA), 7.04 (s, 8H, HF), 6.52 (t, J = 4.5, 2H, He), 4.43 
(d, J = 4.4, HE+ HE’), 4.27 (s, 4H, Hd), 2.89 (td, J = 8.7, J = 4.5, 2H, Hf), 1.45 (s, 36H, Ha), 1.29-
1.25 (m, 4H, Hg), 1.09 (bs, 16H, Hh+ Hi+ Hj+ Hk); 13C NMR (100 MHz, CDCl3): δ = 166.6 
(CO), 164.9 (CO), 150.1 (ArC), 137.1 (ArC), 133.9 (ArC), 131.8 (ArC), 130.9 (ArCH), 129.6 
(ArCH), 129.4 (ArCH), 128.9 (ArCH), 128.6 (ArCH), 125.0 (ArCH), 124.8 (ArC), 121.4 
(ArC), 44.6 (CH2), 42.3 (CH2), 39.6 (CH2), 35.1 (CH2), 31.0 (CH3), 28.9 (CH2), 28.7 (CH2), 28.5 
(CH2), 26.4 (CH2). FAB-MS (3-NOBA matrix): m/z = 1431.8 [M+H]+ (Calcd for C88H102N8O10 
+ H+: m/z = 1431.8). Calcd for C88H102N8O10: C 73.82, H 7.18, N 7.83; found C 73.71, H 7.22 
N 7.79. 

2.5 Appendix 

Variable Temperature 1H NMR spectra of thread 6, thread 10 and rotaxane 9 

 
Figure 12. Temperature dependent 1H NMR spectrum of thread 6 (500 MHz, CDCl3). The assignments 
correspond to the lettering shown in Scheme 1. 
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Figure 13. Temperature dependent 1H NMR spectrum of thread 10 (500 MHz, CDCl3). The assignments 
correspond to the lettering shown in Scheme 2. 

 
Figure 14. Temperature dependent 1H NMR spectrum of rotaxane 9 (500 MHz, CDCl3). The assignments 
correspond to the lettering shown in Scheme 2. 
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Abstract 

 

The preparation and dynamic behavior of degenerate rotaxane molecular shuttles are 
described in which the benzylic amide macrocycle moves back and forth between two 
naphthalimide units by making the route along either a diphenylethyne or an aliphatic 
spacer consisting of C9, C12 and C26 alkyl chains. The kinetic and thermodynamic data of 
the shuttling behavior in the C26 rotaxane were obtained from dynamic NMR 
spectroscopy. The Eyring activation parameters were found to be ΔH‡ = 10 ± 1 kcal mol-1, 
ΔS‡ = -6.5 ± 2.0 cal mol-1 K-1, ΔG‡

298
 = 11.9 ± 0.2 kcal mol-1.  
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3.1 Introduction 

Molecular shuttles,1-10 which have evolved over the past decades from bistable 
[2]rotaxanes11-15 consisting of two different recognition sites, have attracted much 
attention due to their applications in molecular switches16-18 and molecular machines.19-22 
One of the key features of such systems is the control of the shuttling movement of the 
ring along the dumbbell component, which is mainly affected by the noncovalent binding 
interactions between the two components. Most bistable [2]rotaxanes are designed in such 
a way that two translational isomers are created, which are populated in a particular ratio 
depending primarily on the relative strengths of the interactions between the macrocycle 
and the two stations.  

We have recently reported that the incorporation of a glycine unit into the 
naphthalimide/succinamide rotaxanes results in an isomeric distribution of rotaxanes 
where the macrocycle does not encircle the succinamide station exclusively but also 
resides over the ni-gly station to a significant extent.23 Such rotaxanes comprising the gly 
motif not only represent a new kind of supramolecular structure but are also expected to 
be useful as new models to investigate the scope and limitations of the noncovalent 
interactions between the benzylic amide macrocycle and the ni-gly station. Here we 
present one approach that involves constructing degenerate [2]rotaxanes whereby both 
recognition sites positioned along the thread are identical, so that the shuttling process 
between two iso-energetic forms can be simply observed by dynamic 1H NMR 
spectroscopy. By taking into account that the macrocycle must pass over the spacer units 
to move back and forth between two recognition sites, the shuttling speed can be 
influenced by incorporating different spacer units with changing size and functionality 
into the degenerate [2]rotaxanes. Here we will describe 1) the preparation and 
characterization of degenerate [2] rotaxanes (1-4, shown in Figure 1, and their 
corresponding dumbbell components, 5-8) having flexible alkane or rigid unsaturated 
spacers in between their two ni-gly stations 2) dynamic 1H NMR experiments in order to 
study the shuttling rates and to analyze the magnitude of the shuttling barrier of the 
benzylic amide macrocycle in the degenerate rotaxane 3.  

 
Figure 1. The structural formulas of the degenerate [2]rotaxanes contanining flexible (1-3) and rigid (4) 
spacers. 
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3.2 Results and Discussion 

3.2.1 Design and Synthesis of Rotaxanes with Flexible Spacers 

The routes employed in the synthesis of the degenerate, two station [2]rotaxanes 
containing flexible spacers 1-3 and their corresponding dumbbell-shaped compounds 5-7, 
are outlined in Scheme 1. We chose to keep the nature of the diamine the same in all three 
cases. However, the length of the spacer unit was varied from a short C9 alkyl chain via an 
intermediate-length C12 to a very long C26 spacer. The inherent flexibility of the aliphatic 
spacers employed in this design allows the molecules to adopt many different 
conformations in solution. Furthermore, the long aliphatic spacer in rotaxane 3 will be 
helpful in understanding the limits of the free energy barrier in a degenerate rotaxane 
consisting of ni-gly units as hydrogen-bond accepting moieties. Common, of course, to all 
three syntheses is the coupling reaction between the amines (10-12) and the carboxylic 
acid derivative (9) together with the final clipping reaction. Threads 5 and 6 were 
obtained in 65% and 60% yields, respectively, by a coupling reaction of two equivalents of 
compound 9 which was synthesized following a literature procedure,24 with commercially 
available 1,9-diaminononane 10 and 1,12-diaminododecane 11, respectively, in the 
presence of BOP and DIPEA in DMF at room temperature. Similarly, naphthalimide-
containing thread 7 was prepared in 62% yield from the reaction of compound 9 with 
1,26-diaminohexacosane 12, synthesized using a modification of a previously described 
procedure.25  

Scheme 1. Synthesis of rotaxanes 1-3a 

 
a (i) 1,9-diaminononane 10 (n = 1), 1,12-diaminododecane 11 (n = 4) or 1,26-diaminohexacosane 12 (n = 18), 
BOP, DIPEA, DMF, RT, 20 h, 65%, 60% and 62%, respectively; (ii) Isophthaloyl dichloride, p-xylylene diamine, 
Et3N, CHCl3, RT, 20 h, 7%, 8% and 7%, respectively. 
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Treatment of threads 5-7 with 12 equiv of isophtaloyl dichloride and p-xylylenediamine 
(Et3N, CHCl3) afforded the desired rotaxanes 1-3, which were isolated after column 
chromatography on silica gel in 7%, 8%, and 7%, yields, respectively, as analytically pure 
white solids. The unreacted threads 5-7 were recovered.  

3.2.2 1H NMR Spectra 

As shown in Figures 2, 3 and 4, at room temperature in CDCl3 rotaxanes 1-3 exhibit the 
spectrum of a compound possessing a two-fold element of symmetry leading to the 
appearance of only one set of signals for the protons of stoppers and stations. This implies 
that the macrocycle rapidly shuttles between two degenerate hydrogen-bonding (ni-gly) 
stations. In rotaxane 1, glycine protons (Hd) are shielded by the p-xylylene rings of the 
macrocycle and experience significant shifts (Δδobs = -0.41 ppm). The chemical shift 
observed is the average of that of the methylene group that is shielded by the macrocycle, 
and the other one at the other side of the molecule, which is in an environment that is 
similar to that in the thread. Thus, the shielding of the methylene group at which the ring 
is located must be twice this amount: Δδshielding = -0.821 ppm. Of particular note in the 1H 
NMR spectrum of rotaxane 1 are the resonances centered at 2.93 ppm for the Hf protons: 
they are shifted upfield compared to those from free dumbbell component 5: 
Δδshielding = 0.605 ppm. This clearly indicates that they are also located in the vicinity of the 
macrocyclic ring. Moreover, the signals assigned to amide protons (He) underwent 
significant downfield shift (Δδ = 0.533 ppm), which strongly indicates their involvement 
in hydrogen-bonding interactions with the macrocycle. Apart from this, the signals 
corresponding to the alkyl chain were shielded by as much as 0.455 ppm suggesting that 
the macrocyclic ring also spends an appreciable time on the aliphatic spacer possibly in 
bridged or folded co-conformations (see below). 

In rotaxane 2, the 1H NMR signals corresponding to the glycine protons (Hd) experience a 
significant upfield shift of Δδshielding = -1.18 ppm23 with respect to those of thread 6, which 
is considerably larger that what was found for rotaxane 1. Furthermore, the methylene 
groups adjacent to the glycine-NH’ s (Hf) were shielded (Δδshielding = -0.425 ppm), but less 
than those observed in rotaxane 1. On the other hand, amide protons (He) were 
significantly shifted downfield (Δδ = 0.726 ppm) which is bigger in magnitude in 
comparison with those of rotaxane 1. In addition, the CH2 protons of the aliphatic spacer 
display only slight shielding. All these features indicate that in rotaxane 2, which has a 
slightly longer spacer than rotaxane 1, the macrocyclic ring is held more tightly to the 
naphthalimide unit, and the population of bridged or folded co-conformers is small.  
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Figure 2. 1H NMR spectra of thread 5 and rotaxane 1 (400 MHz, CDCl3, 298 K). For labeling see Scheme 1. 

         
Figure 3. 1H NMR spectra of thread 6 and rotaxane 2 (400 MHz, CDCl3, 298 K). For labels see Scheme 1. 

In the case of rotaxane 3, localization of the macrocycle over the ni-gly stations is even 
more pronounced than in 2. The glycine signal shows an upfield shift (Δδshielding =                
-1.36 ppm) compared to its positions in thread 7, somewhat larger than in rotaxane 2. In 
addition, lower differential chemical shift values for Hf protons (Δδshielding = -0.347 ppm) 
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further verify that the ring component resides predominantly next to the naphthalimide 
unit. In sharp contrast, the amide protons underwent downfield shifts by 0.565 ppm with 
respect to those of the corresponding thread, which is considerably less than those in 
rotaxane 2. This could be attributed to the less efficient hydrogen-bonding interactions 
between the macrocycle and the thread in 3 due to the steric hindrance created by the 
long alkyl chain.  

          
Figure 4. 1H NMR spectra of thread 7 and rotaxane 3 (400 MHz, CDCl3, 298 K). For labels see Scheme 1. 

While the NMR spectra of rotaxanes 1, 2, and 3 all indicate that the macrocyclic ring is 
hydrogen-bonded to the glycine unit(s), the differences in the shielding patterns are 
significant. In 3, in which the probability of an interaction between the two ends of the 
molecule is the smallest, the shielding of the CH2 protons next to the imide (Hd) is the 
strongest, while that of the first CH2 group of the alkane spacer (Hf) is the smallest. 
Moreover, shielding of other methylene groups of the spacer is negligible in 3, small in 2 
but substantial in 1. In the discussion of the structures of rotaxane molecular shuttles, the 
focus is on the co-conformations, but this gives only a part of the picture. Even when the 
macrocyclic ring encircles a glycine unit, it can adopt numerous local energy minima. 
Moreover, when the flexible backbone is appropriately folded the macrocycle can interact 
with the other station through one of its amide groups that is not interacting with the 
encircled station. Figure 5 gives an example of possible structures for a “folded” ni-gly co-
conformer of the C9 rotaxane 1. 

In such a structure, the ring is pulled away from the ni-unit, and consequently, less 
shielding of Hd and stronger shielding of Hf and other methylene groups can be expected. 



Degenerate Molecular Shuttles Based on Flexible and Rigid Spacers 
 

 55 

Another possibility would be that the ring binds equally strongly to both stations, and 
resides in the middle of the thread. Attempts to generate models of such structures in 
molecular dynamics simulations of 1 were not successful: the system always evolved to 
folded structures similar to that shown in Figure 5.26 It is well known that alkane-co-
conformers can be obtained in DMSO, which disrupts the hydrogen bonds, and induces 
shielding of the alkane due to solvophobic effects.27 Of the rotaxanes discussed here, only 
2 and 3 were soluble in DMSO. The spectra are shown in Figure 6 and Figure 7. Evidently, 
much stronger shielding of the middle part of the thread is observed than in 1 in CDCl3.  

                                       
Figure 5. Structure of rotaxane 1 illustrating the position of the macrocycle on the thread and an 
intercomponent hydrogen-bonding motif in a folded co-conformer. 

        
Figure 6. 1H NMR spectra of thread 6 (upper) and rotaxane 2 (lower) in DMSO-d6 (400 MHz, 298 K). The 
assignments correspond to those indicated in Scheme 1. The resonances of the residual solvent peaks and H2O 
are marked with asterisks (*). 
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Figure 7. 1H NMR spectra of thread 7 (upper) and rotaxane 3 (lower) in DMSO-d6 (400 MHz, 298 K). The 
assignments correspond to those indicated in Scheme 1. The resonances of the residual solvent peaks and H2O 
are marked with asterisks (*). 

3.2.3 Rotaxane with a Rigid Spacer 

Rotaxanes containing flexible spacers such as 1 can adopt many different conformations 
in solution, which makes it impossible to define the structures precisely. Introduction of 
rigidity into the rod component of degenerate molecular shuttles limits the number of 
geometries that can be adopted, which has obvious rewards in the design of molecular 
machines and switches.20, 28-30 Moreover, back-folding31 in bistable [2]rotaxanes can be 
prevented by replacing the flexible linkers with linear rigid ones. This is particularly 
important for the fabrication of surface-based machinery.32 Consequently, creating 
rigidified rotaxanes provides well-defined structures and motions, which is a significant 
advantage over flexible ones.  

Here we describe rotaxane 4 with a rigid spacer as a bridge between two ni-gly stations to 
address the question as to whether inserting a rigid bridge into the bistable [2]rotaxane 
enables more precise control over the position and orientation of rotaxanes 4 compared to 
related flexible degenerate rotaxanes 1-3. We employed a diphenylethyne unit as the rigid 
spacer owing to the ease of its preparation. Rotaxane 4 was synthesized as outlined in 
Scheme 2.  
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Scheme 2. Synthesis of degenerate rotaxane 4 containing a rigid spacera 

 
a (i) Di-tert-butyl dicarbonate, Et3N, THF, RT, overnight, 75%; (ii) (trimethylsilyl)acetylene, (PPh3)Pd2Cl2, 
CuI, THF, 50 oC, 2 h, 90%; (iii) TBAF, CH2Cl2, RT, 1 h, 98%; (iv) Compound 14, (PPh3)Pd2Cl2, CuI, 
toluene, 60 oC, 1 d, 85%; (v) TFA, CH2Cl2, 0 oC, 1 h, 98%; (vi) Compound 9, BOP, DIPEA, DMF, RT, 
overnight, 90%; (vii) Isophthaloyl dichloride, p-xylylene diamine, Et3N, CHCl3, RT, 20 h, 6%. 

Initially, the HCl salt of 4-iodobenzylamine 13 was transformed in 75% yield into N-Boc 4-
iodobenzylamine 14 using a modification of the method described by Lee et al.33 A Pd-
catalyzed Sonogashira cross coupling reaction of the amine-protected iodide 14 with 
trimethylsilyl (TMS) acetylene gave the TMS-protected compound 15 (90%), and a 
subsequent desilylation with tetrabutylammonium fluoride (TBAF) provided the 4-
acetylenebenzylamine 16 (98%).33 The synthesis of compound 17 was accomplished by a 
Pd-catalyzed cross coupling reaction between 16 and 14 in 85% yield, and the following 
removal of the Boc protection group afforded 18 in 98% yield. Coupling of 18 with 9 
resulted in the formation of the desired thread 8 in 90% yield. Rotaxane 4 was obtained in 
6% yield by applying the same protocol as described for 1-3.  

Only one set of resonances is observed for both stoppers and stations in the 1H NMR 
spectrum at 298 K (Figure 8), from which it is concluded that the macrocycle undergoes a 
fast exchange between the two binding sites. The signals assigned to Hd protons exhibit a 
significant upfield shift with Δδshielding= -1.43 ppm with respect to their positions in the 
corresponding thread 8. The Hf protons are shifted upfield by 0.319 ppm. In addition, the 
downfield shift of the amide protons (He, from δ = 6.11 ppm to δ = 6.58 ppm) in rotaxane 
4, implies that they are also a part of the hydrogen-bonding interactions with the 
macrocycle. The extent of deshielding of He and shielding of Hf protons, respectively, in 
rotaxane 4 are smaller than in rotaxanes 1-3. Together with the stronger shielding of Hd, 
this indicates that the macrocycle in equilibrium structure is relatively close to the imide 
due to steric hindrance of the phenyl rings in the thread. 
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Figure 8. 1H NMR spectra of thread 8 and rotaxane 4 (400 MHz, CDCl3, 298 K). Lettering corresponds to the 
assignments shown in Scheme 2. 

3.2.4 Dynamic NMR spectroscopy  

Dynamic NMR spectroscopy (DNMR) deals with the effects in a broad sense of chemical 
exchange processes on NMR spectra.34-36 These changes in environment are due to the 
exchange between sites with different chemical shifts and/or different coupling constants. 
One of the most important kinds of information obtained in this way concerns the rate 
constants for the processes studied and the NMR time scale is such that first-order, or 
pseudo-first-order rate constants in the range from 105 s-1 to 10-1 s-1 can be measured, with 
associated activation energies in the range from 20 to 100 kJ mol-1. Besides this very large 
span, the DNMR technique has several advantages compared with other kinetic methods. 
For instance, the NMR spectrum gives direct information about the specific parts of the 
molecule that are affected by the exchange, which is not normally achieved by other 
methods. Moreover, DNMR methods are especially well suited to characterize kinetic 
processes that take place at equilibrium. Even degenerate equilibria, in which exchange 
leads to molecules indistinguishable from the original ones, can be studied by NMR. Two 
extreme types of NMR behavior can be readily distinguished. If the exchange lifetime is 
greatly in excess of the NMR timescale, the system is in the slow-exchange regime, 
whereas if the lifetime is substantially less than the NMR timescale, the fast exchange 
regime results. NMR observation in these two regimes are governed by simple 
considerations as follows: 
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(i) Slow-exchange spectra are the superposition of sub-spectra due to each species 
present. 

(ii) In the fast-exchange regime the observed spectrum may be considered as due 
to a single species whose NMR parameters (chemical shifts and coupling 
constants) are the relevant averages of those individual species (suitably 
weighted to take account of different populations if necessary) 

Since the switching rates of bistable [2]rotaxanes play an important role in relation to their 
performance in device settings, it was crucial for us to perform dynamic NMR 
experiments in order to provide more information regarding the kinetic and 
thermodynamic parameters of the shuttling process. The thread components (5-8) of 
rotaxanes (1-4) possess a two-fold element of symmetry that bisects them in two 
equivalent halves in the absence of the ring. Localization of the ring on one of the two 
possible recognition sites breaks this symmetry, giving rise to two nonequivalent halves 
(Figure 9A). If the ring shuttles back and forth between these two degenerate forms 
rapidly on the 1H NMR timescale, then it will appear as if the two-fold symmetry has 
been restored (Figure 9B). 

             
              

 
Figure 9. A) Schematic representation of rotaxane B) Fast translocation of macrocycle along the thread. 

As the temperature is decreased, this shuttling process becomes slow on the 1H NMR 
timescale and ultimately, at a low enough temperature, the symmetry will be broken and 
the signals in the 1H NMR spectrum separate into pairs of equal intensity signals. One set 
corresponds to the stopper nearby the recognition site where the macrocycle locates and 
the other to the more distant stopper. At intermediate temperatures line broadening and 
coalescence of the signals can be expected.  

The temperature dependence of the 1H NMR spectrum of degenerate rotaxanes 1 and 2 in 
CDCl3 was studied in the range 253 K to 328 K, whereas the influence of the temperature 
on the 1H Spectrum of rotaxane 3 was investigated within the temperature range 218-328 
K. For rotaxanes 1 and 2, the spectra below 253 K could not be recorded because of a loss 
of homogeneity of the samples. In the case of rotaxane 3, temperatures below 218 K were 
not reachable as the compound crystallized in the NMR tube. 1H NMR peak shapes for 
rotaxane 3 as a function of temperature are shown Figures 11 and 12. The related spectra 
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for rotaxanes 1 and 2 are illustrated in the Appendix of this Chapter (Figure 18) and 
Chapter 2 (Figure 16), respectively. Lowering the temperature did not lead to significant 
changes in the 1H NMR spectra of 1 and 2 except for some broadening of the signals and 
increases deshielding of the amide protons. In marked contrast, lowering the temperature 
in the case of 3 in CDCl3 led to the anticipated splitting of the signals into pairs. Figure 11 
shows the 1H NMR spectra of rotaxane 3 in the range 7-9 ppm. The signal corresponding 
to Hb protons which appears at 8.52 ppm at 328 K splits into two signals, at 8.64 and 
8.21 ppm at 218 K. Likewise, the peak assigned to Hc protons, which resonates at 8.14 
ppm at 328 K is splitted into two signals at 8.32 and 8.16 ppm. The signals observed at 
8.64 ppm, and 8.16 ppm at 218 K corresponding to Hb’ and Hc’, which are opposite to the 
macrocycle and in good accordance with the resonances associated with Hb and Hc 
protons in the corresponding thread 8. Furthermore, as depicted in Figures 11 and Figure 
12 lower temperatures caused significant shifts of the HD and He to higher frequencies. 
This is not surprising as the strength of noncovalent hydrogen-bonding interactions 
becomes stronger with a decrease in temperature. 

Remarkably, at low temperature the signal of the p-xylylene protons HF shows a strong 
broadening, indicating the onset of a decoalescence. This probably means that rotation of 
these aromatic rings about their C1-C4 axis is restricted.  

                                        
Figure 10. Atom numbering for non-degenerate co-conformer of rotaxane 3.  

At room temperature, the methylene protons of the macrocycle (HE) resonate as a broad 
singlet at 4.43 ppm (Figure 9). At 233 K and below, rotaxane 3 shows signals of HE protons 
at 4.85 ppm and HE’ at 4.01 ppm (at 218 K). The signals of HE and HE’ belong to the 
methylene protons on different sides of the macrocyclic ring, one facing the 
naphthalimide, the other facing the thread. The protons of the glycine CH2 (Hd) appear at 
4.2 ppm at 328 K and split into two signals at 4.95 and 3.31 ppm at 218 K. In addition, at 
328 K, the Hf protons of rotaxane 3 resonate at 2.90 ppm, while at low temperatures, two 
signals were observable at 3.19 and 2.72 ppm for Hf’ and Hf protons, respectively. These 
findings clearly show that the shuttling is slow on the NMR time scale at low 
temperatures. The resonances of Hd and Hf are strongly shielded by the aromatic ring 
currents of the macrocycle, those of Hd’ and Hf’ appear at almost the same chemical shift 
values as in the thread 8 (4.89 and 3.25 ppm, respectively, at room temperature).  
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Figure 11. Section of the variable temperature 1H NMR spectra (500 MHz, CDCl3) of rotaxane 3. The 
assignments correspond to the labeling in Figure 10. 

 
Figure 12. Sections of the variable temperature 1H NMR spectra (500 MHz, CDCl3) of rotaxane 3. The 
assignments correspond to the labeling in Figure 10. 



Chapter 3  

 62 

Apart from these, as the temperature decreases the signals corresponding to He protons 
underwent a significant downfield shift due to the increasing strength of hydrogen-
bonding interactions with the macrocycle.  

The resonances associated with Hd and Hf protons undergo coalescences at temperatures 
(Tc) of 258 and 268 K, respectively. An estimation of the rate of the symmetry averaging 
shuttling process was obtained using the coalescence method. This method is optimally 
applied to an equally populated two-site system formed by uncoupled nuclei, with a 
chemical shift difference (Δν) much greater than the line width in the absence of exchange, 
and undergoing exchange with a rate constant (k1 = k-1) that is larger than the intrinsic 
transverse relaxation time. For such a system, below and up to coalescence, there is a 
simple relationship between the observed separation of the two peaks (Δνe) and the rate 
constant.37 
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Δν 2 − Δν e

2( )
1/ 2

    (1) 

Although Equation 1 could be used to extract the rate constants, it does not give very 
accurate results because the experimental frequency difference is not very sensitive to 
changes in k. Moreover, in the temperature range 223-248 K, peaks of Hd and Hf’ and of HE 
and Hd’ overlap, which makes it difficult to determine the Δν values accurately. At 
coalescence (Δνe=0) ,Equation 1 simplifies to a well-known expression: 
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Use of Equation 2 requires knowing Δν which is the frequency difference between the 
exchanging peaks and is obtained by measurements at lower temperatures, at slow 
exchange. 

The free energy of activation ΔG‡ for the exchange can be directly calculated from the 
coalescence temperature (Tc) using the Eyring equation: 
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where R is the gas constant, h is Planck’s constant, kB is the Boltzman constant, Tc is the 
coalescence temperature and k is the rate constant of exchange (s-1). 

The kinetic parameters obtained from the coalescence temperature of the 1H NMR spectra 
for the dynamic process observed in rotaxane 3 are listed in Table 1. A free energy of 
activation (ΔG‡ = 11.6 kcal mol-1) was calculated at the coalescence temperature (Tc = 
268 K) using the chemical shift difference of the resonances (Δν = 820 Hz) for Hd and Hd’ 
protons according to the above relationship. Similarly, Hf and Hf’ protons were used to 
probe the shuttling process and the coalescence data were calculated leading to a ΔG‡ 
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value of 11.8 kcal mol-1. Furthermore, using the Hb protons to probe the energy barrier for 
the travelling of the ring along the thread between two ni-gly stations results in a free 
energy of activation (ΔG‡) 11.9 kcal mol-1, which is in a reasonable agreement with the 
values obtained using other probe protons.  

To decompose the activation free energy into enthalpic and entropic terms by means of 
the Eyring equation, the rates have to be measured over a range of temperatures. This 
sometimes can be accomplished by determining the coalescence temperatures of several 
pairs of the sites that are affected by the same chemical process, but have different Δν 
values, and therefore different coalescence temperatures. The most accurate results are 
obtained using complete line shape analysis.38 In this approach, experimental shapes are 
compared with those calculated using sets of kinetic and spectroscopic parameters until 
the agreement is reached for a set of temperatures. The application of the latter technique 
in the present case was hampered by the fact that the probe protons overlap with each 
other or with other protons at several temperatures studied. 

Table 1. Kinetic and thermodynamic parametersa for the shuttling behavior of the macrocyclic ring between 
two ni-gly stations in rotaxane 3 using the coalescence method (Tc = coalescence temperature, Δν = limiting 
chemical shift difference, k = rate constant. 

Probe H  Tc (K) Δν (Hz) k (s-1)b ΔG‡ (kcal mol-1)c 

Hd 268 820 1822 11.6 
Hf 258 235 522 11.8 
Hb 258 215 478 11.9 

a 1H NMR spectrum recorded at 500 MHz in CDCl3 solution. b Estimated error of ± 10. c Estimated error of ± 0.2. 

At T > Tc , the fast exchange regime, the situation can be treated very simply by invoking 
the Uncertainty Principle. If the lifetime of a nucleus in environment A is τA, then the 

uncertainty in the energy is   

€ 

ΔU = τ A
−1 . This will influence directly the widths of the 

relevant NMR lines.39
 For the case of simple (uncoupled) two-site exchange, A  B, with 

equal populations, a single Lorentzian line is observed with a linewidth given by: 

€ 

Δν1/ 2 =
1
2
π νA −νB( )2 k−1   (4) 

Also, in this regime of exchange, information on k can only be obtained from the 
linewidth if the chemical shift difference (νA - νB) is known.  

The estimated rates of shuttling motion are listed in Table 2 using the observed Δν (the 
difference between the resonance frequencies of exchangeable protons) and Δν1/2 obtained 
from band-fitting of 3 at different temperatures. As the data in Table 2 reveal, the rate 
constants decrease upon cooling the sample down and the values obtained for two 
different probe protons are in a reasonable agreement with each other. In order to 
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investigate more deeply the effect of a long aliphatic spacer on the shuttling process, ΔH‡ 
= 10 ± 1 kcal mol-1 and ΔS‡ = -6.5 ± 2.0 cal mol-1 K-1 values were deduced from the graph 
shown in Figure 13, which was constructed using the data in Table 1 and Table 2.  

Table 2. Bandwidth at half maximum intensity of the exchange-broadened signal (Δν1/2)a and rates (k)b 
estimated according to Equation 4 for Hd and Hb protons at various temperatures. 

 Hd   Hb 

Temperature Δν1/2 (Hz) k ×104 (s-1)  Δν1/2(Hz) k ×104 (s-1) 

328 14 7.5  2.6 2.8 
313 26 4.0  2.8 2.6 
298 85 1.3  3.2 2.2 
288 184 0.57  5.9 1.2 
278 ndc ndc  13 0.57 
273 ndc ndc  20 0.37 
268 ndc ndc  32 0.22 

a The values are obtained from exponential fitting of the T > Tc data and corrected for the linewidth in the 
absence of exchange. The linewidth in the absence of exchange (~ 1.0 Hz) was obtained from the residual 
solvent peaks. b Value ± 0.1. c The value could not be determined. 

                               
Figure 13. Eyring plot created from the data in Tables 1 and 2 for the degenerate rotaxane 3 containing a 
flexible C26 linker. The values for ΔH‡ = 10 ± 1 kcal mol-1 and ΔS‡ = -6.5 ± 2.0 cal mol-1 K-1 were obtained from 
the slope and intercept of the plot, respectively.  

3.2.5 Solvent Effects 

Inspired by these results, we decided to investigate the influence of solvent polarity on 
the shuttling barrier in rotaxane 3. The kinetic behavior was examined in acetone-d6, 
which is expected to weaken the noncovalent hydrogen-bonding interactions since it is 
more polar and better hydrogen-bond acceptor than CDCl3. As illustrated in Figure 14, 
comparison of the 1H NMR spectra of rotaxane 3 and the corresponding thread 7 recorded 
in acetone-d6 at room temperature revealed that resonances associated with Hd protons are 
shielded upfield (Δδshielding = -0.534 ppm) but much less than in CDCl3 (Δδshielding = -1.36 
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ppm). The reduced differential chemical shift of Hd protons presumably stems from 
diminishing of hydrogen-bonding interactions between the macrocycle and the thread as 
a result of competing interactions with the solvent molecules. The chemical shifts of the 
protons (He) in thread 7 (δ = 7.41 ppm) are larger than in rotaxane 3 (δ = 7.28 ppm), which 
suggests that the solvent is a more effective hydrogen-bond acceptor than the macrocyclic 
ring in rotaxane 3. On the other hand, observed shielding of the alkyl chain by as much as 
0.563 ppm with respect to their positions in thread 7 indicates that the macrocycle not 
only resides over the ni-gly station but is also positioned over the alkyl chain to some 
extent. Weakening of the hydrogen-bonding interactions between the macrocycle and the 
thread with polar acetone-d6 leads to unsatisfied hydrogen-bonding interactions between 
the two components. As a result, the rotaxane may adopt a folded conformation so that 
the amides at both ends of the thread can reach the macrocyclic binding sites. Notably, 
strong shielding of Hf protons (Δδ = -0.782 ppm) further confirms that the ring is loosely 
bound to the ni-gly station. Due to the weaker intercomponent interactions the macrocycle 
moves around where the space is available, i.e. less near the naphthalimide, more near the 
thread. Another possibility is that rotaxane 3 in acetone-d6 exists to some extent as an 
alkane co-conformer in which the ring is detached from both stations. 

           
Figure 14. 1H NMR spectra of thread 7 and rotaxane 3 (400 MHz, acetone-d6, 298 K). Lettering corresponds to 
the labels shown in Scheme 1. The resonances of the residual solvent peaks are marked with asterisks (*). 

ROESY (Rotating Frame Overhauser Effect Spectroscopy) NMR analysis of rotaxane 3 in 
acetone-d6 shows that the benzylic amide macrocycle protons (HC, HD, HE, HF) have 
through space correlations to CH2 protons of the aliphatic spacer of the thread (Figure 15). 
Such correlations were not observed in CDCl3. 
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Figure 15. Partial ROESY NMR spectrum of 3 in acetone-d6 at 298 K (400 MHz). 

The influence of the temperature on the 1H NMR spectra of rotaxane 3 in acetone-d6 was 
studied at temperatures in the range 243-318 K (Figure 16 and 17). The two stations 
appeared as one set of signals and did not exhibit peak splitting at low temperatures. As 
depicted in Figure 16, lowering the temperature leads to a significant shift of the amide 
protons (HD and He) to higher frequencies, whereas the positions of other protons were 
affected insignificantly. No coalescence was observed for Hd protons within the 
temperature range 243–318 K, but the resonances associated with HE protons begin to 
decoalesce at 248 K (Figure 17). The low solubility of the sample did not allow us to 
observe the full dynamic behavior: line broadening, coalescence and final line sharpening. 
Protons associated with the glycine unit (Hd) undergo remarkable deshielding with 
respect to decreasing temperature. The observed downfield shifts of Hd protons as the 
temperature decreases could arise from the increasing amount of folded or alkane co-
conformers with a decrease in temperature.  

Similarly, it was attempted to investigate the shuttling process barrier for the movement 
of the macrocycle along the rigid diphenylethyne spacer in rotaxane 4 by acquiring 1H 
NMR spectra at a variety of different temperatures in CDCl3. The compound was quite 
soluble in CDCl3 at room temperature and a well-resolved spectrum was obtained in this 
solvent. Upon cooling, however, the resonances undergo a significant line broadening, 
but this is partly due to loss of homogeneity resulting from poor solubility of 4 at lower 
temperatures.  
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Figure 16. Sections of the variable temperature 1H NMR spectra (500 MHz, acetone-d6) of rotaxane 3. 
Temperatures are indicated besides the individual spectra. 

 
Figure 17. Sections of the variable temperature 1H NMR spectra (500 MHz, acetone-d6) of rotaxane 3. 
Temperatures are indicated besides the individual spectra. 
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3.3 Discussion 

Systematic investigation and efficient control of the dynamic processes are prerequisite 
for the future application of rotaxanes as molecular devices. Although noncovalent 
interactions in a variety of [2]rotaxane systems has been extensively investigated, there 
have not been systematic studies of the distance dependence of the molecular shuttles.  

The chemical shifts of the resonances of the methylene groups surrounding the glycine 
stations (Hd and Hf) and those of the alkane chain give valuable information on the 
molecular structure of the rotaxanes 1-4. In CDCl3 at 298 K, clear trends are visible in the 
series C9 - C12 - C26: the shielding of Hd increases, the shielding of Hf decreases, and the 
shielding of the other methylene groups in the alkane spacer decreases. The relative 
shieldings of Hd and Hf give information on the location of the ring around the glycine 
station: when Hd is more shielded (and Hf less) it is closer to the imide, when Hd is less 
shielded (and Hf more) the ring is closer to the alkane spacer. We propose that in the C9 
rotaxane 1, the ring is pulled towards the alkane chain by a hydrogen-bond between the 
ring and the distant glycine, as shown in Figure 5. Infrared spectra of naphthalimide 
rotaxanes have indicated that such co-conformers can exist also there, in particular in the 
reduced form, in which the ring hydrogen bonds to the naphthalimide anion and can 
have a remote interaction with the succinamide station.40 In the C12 rotaxane 2 such 
bridging interactions are less important than in 1, and in the C26 rotaxane 3 they are 
insignificant for statistical reasons. 

For the C26 rotaxane 3 at low temperature, we observe increased shielding of Hd and 
smaller shielding of Hf, indicating that the free energy minimum occurs for the ring 
relatively close to the imide. At higher temperatures it shifts towards the side of the 
alkane chain. 

The finding of bridged structures may be important for the understanding of the shuttling 
mechanism in rotaxanes of this type. In the recent paper of Panman et al., it was shown 
that the rather steep distance dependence of the rate of shuttling in photoreduced 
naphthalimide/succinamide rotaxanes can be described with a biased random walk 
model, which is based on the assumption that the ring is detached from the succinamide 
station and moves towards the reduced naphthalimide in a random walk.41 If the 
transition state of the reaction involves simultaneous hydrogen-bonding of the ring with 
both stations, this may explain why the reaction is relatively faster for shorter spacers. 
Application of Panman's distance dependence description to the present systems would 
lead us to predict that the relative rates for the C12 rotaxane and the C9 rotaxane compared 
to the C26 system are 30 and 66 times faster, respectively. Such a rate difference is 
compatible with the observation of fast exchange at T > 268 K. Of course, it is possible that 
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the precise mechanism of molecular shuttling changes with chain length, solvent and/or 
temperature. 

As a chemical approach to control the rate of shuttling motion, Zhao et al. reported 
[2]rotaxane systems 19a, 19b and 20 as shown in Figure 18. 42 The ΔG‡ values of 19a and 
19b (11.5 and 11.7 kcal-1 mol-1, respectively) are comparable to our results in with the C26 

rotaxane 3, implying that the hydroquinone unit incorporated between the hydrogen-
bonding stations in rotaxanes 19a and 19b does not impose an important barrier on the 
shuttling. Also in the rigid rotaxane 4 it appears that spacers of this size do not 
substantially hinder shuttling. Clearly, once the hydrogen-bonding of the macrocycle to 
an individual station is broken, the distance it must travel to the next station is much 
more influential on the rate of shuttling than steric barriers that are not large enough to 
completely prevent the passage of the macrocycle. Molecular mechanics calculations give 
a distance of 3.1 nm between the two ni-gly stations in rotaxane 3, whereas it is 3.2 and 3.9 
nm, respectively, for rotaxanes 19a and 19b.∗ On the other hand, for [2]rotaxane 20 the 
shuttling is too fast to be detected within the temperature range investigated. This closely 
resembles the situation observed in the case of rotaxane 1 and 2 containing relatively 
shorter alkyl chains (C9 and C12) in our work.  

            
Figure 18. Chemical structures of rotaxanes 19a, 19b and 20 containing different lengths of spacers. 

In addition, Leigh and co-workers reported that combining two (or more) hydrogen-
bonding peptide units with a hydrocarbon or thioether gave a ΔG‡ for shuttling of 11.2 ± 
0.3 kcal mol-1 for 21a, 12.4 ± 0.3 kcal mol-1 for 21b and 10.9 ± 0.3 kcal mol-1 for 21c, 
respectively at 298 K (Figure 19).43 The molecular structure reveals a distance between the 

                                                
∗ Macromodel 9.7, AMBER* force field. 
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two stations of 1.6, 2.5 and 1.5 nm for 21a, 21b and 21c, respectively. The increased 
activation energy cost (1.2 kcal mol-1) for 21b over 21a was attributed to the increased 
distance that the macrocycle must travel between the peptide stations. Moreover, the free 
energy of activation barrier in 21b is of the same order of magnitude as in rotaxane 3, 
which has a distance of 3.1 nm between the two degenerate ni-gly stations.  

                              
Figure 19. Structure of peptide-based molecular shuttles 21a, 21b and 21c. 

3.4 Conclusions 

The synthesis and characterization of degenerate molecular shuttles containing flexible 
and rigid spacers (1-3 and 4, respectively) has been reported. Variable temperature NMR 
spectroscopy was performed to obtain kinetic and thermodynamic data for shuttling of 
the benzylic amide macrocycle between two ni-gly stations by making the path along 
either a rigid diphenylethyne unit or a flexible aliphatic spacer (C9, C12, C26). These kinds 
of degenerate molecular shuttles can serve as models to investigate the barriers to ring 
displacement in the non-degenerate molecular bistable [2]rotaxanes employed in 
electronic devices. The shuttling energy barrier in rotaxane 3 in CDCl3 was calculated 
using coalescence method in which Hd, Hf and Hb protons were used to probe the 
shuttling behavior resulting in energy barriers of ~12 kcal mol-1 (at ~ 260 K). Moreover, 
from line broadening measurements it was found that the macrocyclic ring shuttles back 
and forth between the two ni-gly stations at a rate of 104 s-1 at room temperature. Enthalpic 
and entropic values were derived from an Eyring plot, which led to ΔH‡ = 10 ± 1 kcal mol-1 
and ΔS‡ = -6.5 ± 2.0 cal mol-1 K-1. 

In order to investigate the influence of solvent polarity on the shuttling rate, the 
temperature dependence of the 1H NMR spectrum of 3 has been studied in acetone-d6. 
However, due to the increasing population of folded or alkane co-conformers of 3 as the 
temperature decreases no splitting of the signals were observed stemming from slowing 
down the shuttling process. On the other hand, the macrocycle in rotaxane 4 containing a 
rigid spacer moves back and forth between the two ni-gly stations rapidly even at lower 
temperatures. No coalescence was achieved possibly due to the lower energy barrier in 4 
together with relatively weaker hydrogen-bonding interactions compared to 3. Therefore, 
the different natures of the spacers between two naphthalimide units were not reflected 
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directly in the height of the energy for the shuttling of the macrocycle between two 
degenerate sites.  

3.5 Experimental Section 

Materials: All glassware, stirrer bars, syringes, and needles were either oven- or flame-
dried prior to use. All reagents, unless otherwise indicated, were obtained from 
commercial sources. Anhydrous THF was obtained by distillation from Na/Ph2CO under 
Ar. The reactions were carried out under N2 or Ar atmosphere. Melting points were 
determined on a Reichert apparatus and are uncorrected. 2-(Acetic acid)-5-8-di-tert-butyl-
benzo[de]isoquinoline-1,3-dione 9,24 hexacosane-1,26-diamine 12 and tert-butyl 4-
ethynylbenzylcarbamate 1633 were prepared according to procedures reported in the 
literature. See Chapter 2 for the synthesis of rotaxane 2 and thread 6. 

Methods: All 1H and 13C were recorded at 25 oC on either a Bruker Avance 400 (400 MHz 
and 100 MHz, respectively). Chemical shifts are in parts per million (ppm) using either 
the solvent’s residual protons or TMS was employed as the internal standard. Coupling 
constants (J) are reported in hertz (Hz). ROESY data were recorded on the Bruker 400 (400 
MHz) spectrometer using the following acquisition parameters: data points = 2048, 
relaxation delay = 2 s, mixing time = 200 ms; Processing parameters: size = 2048 × 2048, 
window function = sine. Variable temperature NMR spectra were recorded on a Varian 
500 spectrometer. Multiplicities are given as s (singlet), d (doublet), dd (doublet of 
doublets), t (triplet), m (multiplet) and b (broad). Fast atom bombardment (FAB) mass 
spectra were obtained using a JEOL JMS SX/SX 102A four-sector mass spectrometer, 
equipped with Xenon primary atom beam, utilizing a 3-nitrobenzoyl alcohol (3-NOBA) 
matrix. Microanalyses were performed by Mikroanalytisches Labor Kolbe, Germany. 
Other abbreviations used: Et2O = Diethylether, MeOH = Methanol, EtOAc = Ethyl acetate, 
TFA = Trifluoroacetic acid, Et3N = Triethylamine, BOP = Benzotriazole-1-yl-oxy-tris-
(dimethylamino)-phosphonium hexafluorophosphate, DIPEA = N,N-
Diisopropylethylamine, TBAF = Tetrabutylammonium fluoride, (PPh3)Pd2Cl2 = 
Dichlorobis(triphenylphosphine)palladium (II), CuI = Copper(I) iodide. 

General Procedure for Rotaxane Synthesis: The thread and Et3N (24 equiv) were 
dissolved in chloroform (75 mL), and stirred vigorously whilst solutions of the p-xylylene 
diamine (12 equiv) and isophthaloyl dichloride (12 equiv) in CHCl3 (20 mL) were 
simultaneously added over a period of 4 hours using a motor-driven syringe pump. The 
resulting suspension was stirred overnight and filtered through a pad of Celite to remove 
any polymeric material, and concentrated. The crude product was column 
chromatographed to yield, in order of elution, the unconsumed thread and the 
corresponding rotaxane. 
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General procedure for Pd-catalyzed coupling reaction: The iodo and ethynyl substrates 
and the Pd reagents in THF were placed in a Schlenk flask, which was evacuated and 
purged with argon three times. The argon flow rate was increased, the threaded stopcock 
was removed, and Et3N was added in a succession by gastight syringe. The threaded 
stopcock was replaced, the argon flow rate was reduced and the Schlenk flask was 
immersed in an oil bath held at constant temperature. When the reaction was finished the 
flask was cooled to room temperature and the solvents were removed under reduced 
pressure. To remove Pd species the mixture generally was filtered through a short silica 
column. 

N,N'-(nonane-1,9-diyl)bis(2-(5,8-di-tert-butyl-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)acetamide)-Thread 5 

                                 

To a stirred solution of compound 9 (0.250 g, 0.680 mmol) in DMF (15 mL) under nitrogen 
was added BOP (0.361 g, 0.816 mmol) in one portion and the reaction mixture was stirred 
at room temperature for 0.5 h. 1,9-diaminononane 10 (0.076 g, 0.481 mmol) and DIPEA  

(8.29 µL, 4.76 mmol) were added sequentially and the mixture was stirred overnight at 
room temperature. After removal of the solvent, the residue was redissolved in CH2Cl2 
(100 mL), washed with H2O (100 mL), dried over MgSO4 and concentrated under reduced 
pressure. The crude product was purified by column chromatography on silica gel eluting 
with a gradient of CH2Cl2 and acetone (starting from 0% to 10% acetone). Compound 5 
(0.268 g, 65%) was obtained as an oil which was precipitated from CH2Cl2/n-pentane to 
obtain a white solid. 1H NMR (400 MHz, CDCl3): δ = 8.64 (d, J = 1.7, 4H, Hb), 8.13 (d, J = 
1.7, 4H, Hc), 6.12 (d, J = 5.6, 2H, He), 4.82 (s, 4H, Hd), 3.25 (td, J = 6.8, J = 5.6, 4H, Hf), 1.52-
1.46 (m, 38H, Ha+ Hg), 1.30-1.24 (m, 10H, alkyl chain); 13C NMR (100 MHz, CDCl3): δ = 
166.9 (CO), 164.3 (CO), 163.3 (ArC), 131.9 (ArC), 129.5 (ArCH), 129.4 (ArCH), 124.8 (ArC), 
121.5 (ArC), 42.8 (CH2), 39.5(CH2), 35.3 (CH2), 35.1 (CH2), 31.0 (CH3), 29.2 (CH2), 28.9 
(CH2), 28.7 (CH2), 26.4 (CH2). FAB-MS (3-NOBA matrix): m/z = 857.5 [M+H]+ (Calcd for 
C53H68N4O6 + H+: m/z = 857.5). Calcd for C53H68N4O6: C 74.27, H 8.00, N 6.54; found C 
74.5, H 8.22, N 6.61 
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N,N'-(heptacosane-1,27-diyl)bis(2-(5,8-di-tert-butyl-1,3-dioxo-1H-benzo[de]isoquinolin-
2(3H)-yl)acetamide)-Thread 7 

                               

Procedure as for thread 5, coupling reaction of 9 (0.340 g, 0.962 mmol) with 1,26-
diaminohexacosane 12 (0.174 g, 0.423 mmol) gave thread 7 as a white solid (0.278 g, 60%); 
mp = 127 oC; 1H NMR (400 MHz, CDCl3): δ = 8.68 (d, J = 1.8, 4H, Hb), 8.16 (d, J = 1.8, 4H, 
Hc), 5.79 (t, J = 5.6, 2H, He), 4.87 (s, 4H, Hd), 3.31 (td, J = 6.8, 5.6, 4H), 1.49 (s, 40H, Ha and 
Hg), 1.29-1.25 (m, 44H, alkyl chain); 13C NMR (100 MHz, CDCl3): δ = 166.8 (CO), 164.3 
(CO), 150.1 (ArC), 131.9 (ArC), 129.6 (ArCH), 129.4 (ArCH), 124.9 (ArC), 121.5 (ArC), 43.0 
(CH2), 39.7 (CH2), 35.1 (Cq), 31.0 (CH3), 29.5 (CH2), 29.5(CH2), 29.4 (CH2), 29.4(CH2), 
29.3(CH2), 29.2 (CH2), 29.1 (CH2), 26.7 (CH2). FAB-MS (3-NOBA matrix): m/z = 1095.8 
[M+H]+ (Calcd for C70H102N4O6 + H+: m/z = 1095.8). Calcd for C70H102N4O6: 76.74, H 9.38, 
N 5.11; found C 76.48, H 9.32, N 5.01. 

[2]-(1,4,7,14,17,20-Hexaaza-2,6,15,19-tetraoxo-3,5,9,12,16,18,22,25-tetrabenzocy 
clohexacosane)-N,N'-(nonane-1,9-diyl)bis(2-(5,8-di-tert-butyl-1,3-dioxo-1H-
benzo[de]isoquinolin-2(3H)-yl)acetamide)-Rotaxane 1 

                                 

Following the general procedure, to a solution of thread 5 (0.460 g, 0.536 mmol) and Et3N 
(1.81 mL, 12.8 mmol) in CHCl3 were added simultaneously separate solutions of p-
xylylene diamine (0.877 g, 6.44 mmol) and isophthaloyl dichloride (0.877 g, 6.44 mmol) in 
CHCl3. Column chromatography (silica gel, CH2Cl2/ Acetone, 9:1) gave rotaxane 1 (0.052 
g, 7%) as a white solid. 1H NMR (400 MHz, CDCl3): δ = 8.50 (s, 4H, Hb), 8.10 (bs, 10H, Hc+ 
HB+ HC), 7.91 (s, 4H, HD), 7.51 (t, J = 8.1, 2H, HA), 7.06 (s, 8H, HF), 6.57 (s, 2H, He), 4.41 (s, 
4H, Hd), 4.36 (d, J = 7.5, 8H, HE), 2.68 (bs, 4H, Hf), 1.42 (s, 36H, Ha), 1.04-1.01 (m, 4H, Hg), 
0.87-0.81 (m, 10H, alkyl chain); 13C NMR (100 MHz, CDCl3): δ = 166.5 (CO), 164.7 (CO), 
150.2 (ArC), 137.3 (ArC), 133.9 (ArC), 131.3 (ArC), 131.1 (ArCH), 129.7 (ArCH), 129.5 
(ArCH), 129.0 (ArCH), 128.8 (ArCH), 125.0 (ArC), 121.7 (ArC), 44.6 (CH2), 42.8 (CH2), 39.7 
(CH2), 35.2 (CH2), 31.1 (CH3), 29.7 (CH2), 28.7 (CH2), 28.0 (CH2), 26.1 (CH2). FAB-MS (3-
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NOBA matrix): m/z = 1389.7 [M+H]+ (Calcd for C85H96N8O10 + H+: m/z = 1389.7). Calcd for 
C85H96N8O10: C 73.46, H 6.96, N 8.06; found C 73.28, H 7.06 N 8.00. 

[2]-(1,4,7,14,17,20-Hexaaza-2,6,15,19-tetraoxo-3,5,9,12,16,18,22,25-tetrabenzocy 
clohexacosane)-N,N'-(heptacosane-1,27-diyl)bis(2-(5,8-di-tert-butyl-1,3-dioxo-1H-
benzo[de]isoquinolin-2(3H)-yl)acetamide)-Rotaxane 3 

                              
Following the general procedure, to a solution of thread 7 (0.364 g, 0.332 mmol) and Et3N 
(1.21 mL, 8.63 mmol) in CHCl3 were added simultaneously separate solutions of p-
xylylene diamine (0.542 g, 3.98 mmol) and isophthaloyl dichloride (0.542 g, 3.98 mmol) in 
CHCl3. Column chromatography (silica gel, CH2Cl2/ Acetone, 9:1) gave rotaxane 3 (0.038 
g, 7%) as a white solid; mp = 164 oC; 1H NMR (500 MHz, CD2Cl2): δ = 8.52 (d, J = 1.4, 4H, 
Hb), 8.20 (d, J = 1.7, 4H, Hc), 8.15 (s, 2H, HC), 8.07 (dd, J = 7.8, J = 1.3, 4H, HB), 7.88 (t, J = 
4.9, 4H, HD), 7.54 (s, 2H, HA), 7.03 (s, 8H, HF), 6.42 (bs, 2H, He), 4.39 (bs, 8H, HE), 4.16 (bs, 
4H, Hd), 2.89 (m, 4H, Hf), 1.49-1.45 (m, 40H, Ha+ Hg), 1.32–1.08 (m, 44H, CH2 alkyl chain); 
13C NMR (100 MHz, CDCl3): δ = 166.9 (CO), 166.5 (CO), 164.3(CO), 150.2 (ArC), 137.0 
(ArC), 134.1 (ArC), 131.8 (ArC), 130.9 (ArCH), 129.7 (ArCH), 129.5 (ArCH), 128.9 (ArCH), 
128.6 (ArCH), 125.0 (ArCH), 124.8 (ArC), 121.3 (ArC), 44.7 (CH2), 42.2 (CH2), 39.7 (CH2), 
35.1 (CH2), 31.0 (CH3), 29.5 (CH2), 29.4 (CH2), 29.3 (CH2), 29.3 (CH2), 29.2 (CH2), 29.1 (CH2), 
28.9 (CH2), 26.74 (CH2). FAB-MS (3-NOBA matrix): m/z = 1627.9 [M+H]+ (Calcd for 
C102H130N8O10 + H+: m/z = 1627.9). Calcd for C102H130N8O10: C 75.24 H 8.05, N 6.88; found C 
75.35, H 8.07 N 6.81. 

tert-butyl 4-iodobenzylcarbamate (14)  

                                                           

Compound 14 was prepared using a modification of the literature procedure.33 A solution 
of 4-iodobenzylamine hydrochloride 13 (0.400 g, 1.48 mmol) in THF (30 mL) was treated 
with Et3N (1.49 g, 14.8 mmol) and di-tert-butyl dicarbonate (0.647 g, 2.96 mmol). After 
overnight stirring at room temperature, THF was removed under reduced pressure. The 
residue was dissolved in hexane and purified by flash column chromatography on silica 
gel with EtOAc/hexanes (1:3) as eluent to afford tert-butyl 4-iodobenzylcarbamate 8. 
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After crystallization from hexane, the title compound 8 (0.370 g, 75%) was obtained as a 
white solid: mp = 91 oC; 1H NMR (CDCl3): δ = 7.65 (d, J = 8.4, 2H, Ha), 7.03 (d, J = 8.4 Hz, 
2H, Hb), 4.85 (d, J = 5.6, 2H, Hc), 1.47 (s, 9H, He). 

tert-butyl 4-((trimethylsilyl)ethynyl)benzylcarbamate (15) 

                                                          

Following a general Pd-coupling procedure, a solution of tert-butyl 4-
iodobenzylcarbamate (0.250 g, 0.750 mmol) 14 in THF (25 mL) was treated with 
(trimethylsilyl)acetylene (127 µL, 0.900 mmol), Et3N (211 µL, 0.150 mmol), CuI (14.3 mg, 
0.0750 mmol) and (PPh3)Pd2Cl2 (26.3 mg, 0.0375 mmol), and stirred at 50 oC for 2 h. The 
reaction mixture was diluted with Et2O, filtered through Celite, and evaporated to 
dryness. The residue was purified by flash column chromatography on silica gel with 
EtOAc/hexane (1:10). Then the obtained solid was recrystallized from n-hexane to afford 
15 as a yellow solid; mp = 95 oC; 1H NMR (CDCl3): δ = 7.66 (d, J = 7.9, 2H, Hb), 7.05 (d, J = 
7.9, 2H, Hc), 4.86 (bs, 1H, He), 4.23 (d, J = 5.2, 2H, Hd), 1.47 (s, 9H, Hf), 0.260 (s, 9H, Ha). 

di-tert-butyl ((ethyne-1,2-diylbis(4,1-phenylene))bis(methylene))dicarbamate (17) 

                                        
Following a general Pd-coupling procedure, a solution of tert-butyl 4-
iodobenzylcarbamate 14 (0.106 g, 0.458 mmol) in toluene (10 mL) was treated with tert-
butyl 4-ethynylbenzylcarbamate 16 (0.198 g, 0.596 mmol), Et3N (2.00 mL, 14.2 mmol), CuI 
(8.73 mg, 0.045 mmol) and (PPh3)Pd2Cl2 (22.5 mg, 0.032 mmol), and stirred at 60 oC for 24 
h. After cooling down to room temperature, the reaction mixture was filtered through a 
pad of Celite and the solvent was removed under reduced pressure. The residue was 
purified by column chromatography (SiO2, hexane/EtOAc 5:1) to give compound 17 as a 
yellow solid; 1H NMR (400 MHz, CDCl3): δ = 7.51 (d, J = 8.0, 4H, He), 7.28 (d, J = 8.0, 4H, 
Hd), 4.87 (bs, 2H, Hb), 4.35 (d, J = 5.2, 4H, Hc), 1.49 (s, 18H, Ha); 13C NMR (100 MHz, 
CDCl3): δ = 155.7 (CO), 139.0 (ArC), 132.5 (ArCH), 127.2 (ArCH), 122.0 (ArC), 89.0 (C≡C), 
44.3 (CH2), 28.2 (CH3). UV-Vis (CHCl3) λmax (nm) = 273, 289, 297, 307. Fluorescence 
(CHCl3): λ (nm) = 311, 324, 331. 
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(Ethyne-1,2-diylbis(4,1-phenylene))dimethanamine (18) 

                                                

A cooled solution of compound 17 (0.100 g, 0.229 mmol) in anhydrous CH2Cl2 (5 mL) at 
0 oC was treated with TFA (1 mL). After the reaction mixture was stirred at room 
temperature for 1 h, the solvent was evaporated. The residue was diluted with CH2Cl2 and 
concentrated under reduced pressure several times to afford 18 (0.053 g, 98%) as a white 
solid; mp = 202-204 oC; 1H NMR (400 MHz, CDCl3): δ = 7.51 (d, J = 8.0, 4H, Hd), 7.28 (d, J = 

8.0, 4H, Hc), 4.35 (d, J = 5.2, 4H, Hb); 13C NMR (100 MHz, MeOD): δ = 133.3 (ArC), 131.7 
(ArCH); 128.7 (ArCH), 123.6 (ArC), 88.8 (C≡C), 42.4 (CH2). FAB-MS (3-NOBA matrix): m/z 
= 237.1 [M+H]+ (Calcd for C16H16N2 + H+: m/z = 237.1).  

N,N'-((ethyne-1,2-diylbis(4,1-phenylene))bis(methylene))bis(2-(5,8-di-tert-butyl-1,3-
dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)acetamide)-Thread 8 

                              

Procedure as for thread 5, coupling reaction of 9 (0.408 g, 1.15 mmol) with compound 18 
(0.125 g, 0.529 mmol) gave thread 8 as a yellow solid (0.401 g, 90%); mp = 216 oC; 1H NMR 
(400 MHz, CDCl3): δ = 8.69 (d, J = 1.8, 2H, Hb), 8.17 (d, J = 1.8, 2H, Hc), 7.50 (d, J = 8.0, 2H, 
Hh), 7.31 (d, J = 8.0, 2H, Hg), 6.12 (t, J = 5.8, 1H, He), 4.96 (s, 2H, Hd), 4.54 (d, J = 5.8, 2H, Hf), 

1.50 (s, 18H, Ha); 13C NMR (100 MHz, DMSO-d6): δ = 167.3 (CO), 164.0 (CO), 150.1 (ArC), 
140.4 (ArC),132.1 (ArC), 131.6 (ArCH), 130.2 (ArCH), 128.5 (ArCH), 127.7 (ArCH), 124.7 
(ArC), 121.9 (ArC), 121.0 (ArC), 89.4 (C≡C), 43.0 (CH2), 42.2 (CH2), 35.3 (Cq), 31.2 (CH3). 
HRMS (FAB, 3-NOBA matrix): m/z = 935.5 [M+H]+ (anal. Calcd for C60H62N4O6 + H+: m/z 
= 935.5). Calcd for C60H62N4O6: C 77.06, H 6.68, N 5.99; found C 77.16, H 6.60, N 5.82 

[2]-(1,4,7,14,17,20-Hexaaza-2,6,15,19-tetraoxo-3,5,9,12,16,18,22,25-tetrabenzocy 
clohexacosane)-N,N'-((ethyne-1,2-diylbis(4,1-phenylene))bis(methylene))bis(2-(5,8-di-
tert-butyl-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)acetamide)-Rotaxane 4 
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Following the general procedure, to a solution of thread 8 (0.150 g, 0.160 mmol) and Et3N 
(541 µL, 3.88 mmol) in CHCl3 were added simultaneously separate solutions of p-xylylene 
diamine (0.261 g, 1.92 mmol) and isophthaloyl dichloride (0.261 g, 41.9 mmol) in CHCl3. 
Column chromatography (silica gel, CH2Cl2/ MeOH, 97:3) gave rotaxane 2 (0.014 g, 6%) 
as a white solid; mp > 315 oC; 1H NMR (500 MHz, CD2Cl2): δ = 8.55 (d, J = 1.2 Hz, 4H, Hb), 
8.20 (d, J = 1.2 Hz, 4H, Hc), 8.15 (d, J = 7.2 Hz, 4H, HB), 8.14 (s, 2H, HC), 7.85 (bs, 4H, HD), 
7.60 (t, J = 7.2 Hz, 2H, HA), 7.40 (d, J = 8.0 Hz, 4H, Hh), 7.10 (d, J = 8.0 Hz, 4H, Hg), 6.90 (s, 
8H, HF), 6.66 (bs, 4H, He), 4.41 (bs, 8H, HE), 4.24 (bs, 8H, Hd + Hf), 1.41 (s, 36H, Ha). The 
low solubility of rotaxane 4 did not allow the acquisition of 13C spectra with sufficiently 
good signal/noise ratio. FAB-MS (3-NOBA matrix): m/z = 1467.7 [M+H]+ (Calcd for 
C92H90N8O10 + H+: m/z = 1467.6).  

3.6 Appendix 

    
Figure 20. Temperature dependent 1H NMR spectrum of rotaxane 1 (500 MHz, CDCl3). The assignments 
correspond to the lettering shown in Scheme 1. 
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Abstract 

 

A molecular shuttle is described in which a benzylic amide macrocycle is mechanically 
interlocked onto a thread molecule consisting of naphthalimide and perylene imide 
chromophores as fluorescent stoppers. Glycine units are positioned next to the 
chromophores to serve as binding sites for the ring. 1H NMR spectroscopy shows that at 
room temperature in CD2Cl2, the macrocycle preferentially locates next to the perylene 
imide chromophore. However, the position of the macrocycle on the thread is strongly 
dependent on the solvent. 
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4.1 Introduction 

Rotaxane architectures, composed of cyclic and axle components, allow individual motion 
of the component molecules with restrictions on the direction and degree of movement.1-3 
This makes them particularly interesting designs for precisely controlling the positioning 
of functional units with the possibility of switching their relative separation and 
orientation.4 The incorporation of multiple recognition units into molecular structures is a 
prerequisite for controlling component and substrate motion in molecular-level 
machines.1, 5-7 Stimuli responsive molecular shuttles are promising candidates, where the 
translocation of the macrocyle between two stations along the axis takes place in response 
to an external input, such as electrochemical potential,8-11 pH change,12-14 ion exchange,15, 16 
solvent polarity,17-22 light,23-27 temperature,28, 29 or covalent bond formation.30, 31 Although 
electrochemistry and photochemistry are the most used methods to trigger the 
translocation of a macrocycle, solvent polarity has been shown to be a very useful tool for 
an efficient switching without any need of chemical transformation. In this regard, 
solvent-switchable rotaxanes have been used in the fabrication of solvent and pH 
sensors.19  

Herein, we report a system in which the macrocycle moves along the thread with the 
change of the solvent from nonpolar toluene to highly polar DMSO. The molecular shuttle 
1 consists of a thread bearing a perylene imide chromophore (which also acts as a stopper) 
attached to a glycine hydrogen-bonding site, which, in turn, is connected to a C9 alkyl 
chain terminated by a glycine coupled naphthalimide station that can act as a second 
fluorescent stopper (Figure 1). In solvents that do not disturb hydrogen bonds such as 
toluene, the macrocycle resides principally next to the perylene imide unit. In solvents 
that disrupt intercomponent hydrogen bonds strongly such as DMSO, the macrocycle is 
positioned over the alkyl chain. On the other hand, in solvents of polarity in between 
those of toluene and DMSO (e.g. THF, CH2Cl2, acetone, acetonitrile, DMF = N,N-
dimethylformamide) the rotaxane 1 exist as a mixture of co-conformers in which the ring 
is bound to one of the glycine units.  

                                
Figure 1. The structural formula of the perylene imide/naphthalimide rotaxane 1. 
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4.2 Results and Discussion 

4.2.1 Design and Synthesis 

The synthetic strategy we employed to obtain rotaxane 1 is outlined in Scheme 1. The 
synthesis of thread 2 began with the preparation of the monoimide 3, based on a reported 
method.32 Compound 3 was transformed in 40% yield into 4 via treatment with excess Br2 
in CHCl3 under reflux following the method described in detail by Wasielewski et al.33 
Reaction of 4 with 4-tert-butylphenol in the presence of K2CO3 in DMF at 100 oC afforded 
5 in 50% yield, and subsequent coupling with pyrrolidine under Buchwald-Hartwig 
conditions provided compound 6 in 80% yield. The conversion of imide to the anhydride 
proceeds through a base-mediated hydrolysis yielding the dicarboxylate intermediate, 
which subsequently undergoes acid-mediated dehydration.32 Compound 6 was refluxed 
in the presence of KOH in tBuOH followed by treatment with acetic acid, which offered 
the anhydride 7 (60%) along with a very polar byproduct (presumably the diacid). 
Compound 8 was obtained in 80% by reaction of 7 with glycine tert-butyl ester in DMF at 
room temperature. Subsequent removal of the tert-butyl protecting group under acidic 
conditions resulted in the formation of compound 9, quantitatively. A coupling reaction 
between naphthalimide stopper 10 and tert-butyl (10-aminodecyl)carbamate, which were 
synthesized as reported,34, 35 gave intermediate 11, which on hydrolysis with TFA in 
CH2Cl2 afforded amine 12. In order to accomplish the synthesis of the desired thread 2 
(80%), another coupling reaction was carried out between 9 and 12 in the presence of BOP 
and DIPEA in DMF at room temperature. Rotaxane 1 was assembled (16%) by 
simultaneous addition of isophthaloyl dichloride and p-xylylenediamine to a solution of 
thread 2 in the presence of Et3N.  

Since the hydrogen atoms of the thread are magnetically shielded through encapsulation 
by the macrocycle, the position of the macrocycle along the thread can be determined by 
comparing the chemical shifts of the protons of the thread in the rotaxane with those of 
the corresponding bare thread. Due to the presence of the glycine unit positioned on both 
sides of the thread, the macrocycle is expected to shuttle back and forth between two 
stations on the NMR time scale. Indeed, a comparison of the 1H NMR spectra (Figure 1) of 
the rotaxane and the thread revealed that the resonances associated with glycine protons 
Hd and Hk are shielded (-0.520 and -0.221 ppm, respectively) in rotaxane 1 relative to their 
positions in thread 2, indicating the presence of rotaxane 1 as a mixture of two 
translational co-conformers (pery and ni). If it is assumed that the intrinsic shielding of the 
glycine CH2-groups in both co-conformers is the same, the shielding is proportional to the 
population of each co-conformer. This results in a ratio of 7:3 with the macrocycle 
predominantly hydrogen-bonded to the perylene imide chromophore (Figure 2). This 
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finding can be explained by the higher electron density on the carbonyl groups of the 
perylene imide, which strengthens the hydrogen bonds to the pery station.36  

Scheme 1. Synthesis of molecular shuttle 1a 

  

 
a (i) Br2, CHCl3, reflux, 19 h, 40%; (ii) 4-tert-butylphenol, K2CO3, DMF, 100 oC, 16 h, 50%; (iii) Pyrrolidine, 
Pd2(dba)3, BINAP, NaOtBu, toluene, 100 oC, overnight, 80%; (iv) a) KOH, tBuOH, reflux, 3 h; b) AcOH, 
overnight, 60%; (v) Glycine tert-butyl ester hydrochloride, K2CO3, DMF, 100 oC, overnight, 70%; (vi) TFA, 
CH2Cl2, 0 oC to RT, 99%; (vii) tert-butyl (10-aminodecyl)carbamate, BOP, DIPEA, DMF, RT, overnight, 
75%; (viii) TFA, CH2Cl2, 0oC to RT, 98%; (ix) Compound 9, BOP, DIPEA, DMF, RT, overnight, 80%; (x) 
Isophthaloyl dichloride, p-xylylene diamine, Et3N, CHCl3, RT, 20 h, 16%. 

Moreover, Hf and Hi protons, which are in close proximity to the ni-gly and pery-gly 
stations, are shielded by Δδf = -0.454 and Δδi = -0.550 ppm, respectively. Greater shielding 
of Hi protons also showed that benzylic amide macrocycle exhibited positional 
discrimination between the two binding sites: stronger binding affinity for the pery-gly 
station. Further evidence for the proposed preference of the pery co-conformer was 
obtained from the substantial downfield shifts of the amide protons. The greater 
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deshielding of Hj proton (Δδj = 0.662) compared to He proton (Δδj = 0.625) implies that the 
pery-gly station possesses a moderately larger affinity for the macrocycle relative to ni-gly 
station. In addition, significant deshielding of Hp and Hx protons in rotaxane 1 is ascribed 
to the hydrogen-bonding interactions between the imide carbonyls of the perylene unit 
and the macrocycle. On the other hand, the extent of shielding of the glycine protons (Hd 
and Hk) is less than what was observed in the similar perylene imide/naphthalimide 
rotaxanes37 described in detail in Chapter 6, which can be attributed to the less effective 
hydrogen-bonding interactions between the macrocycle and the corresponding stations. 
Relatively bigger steric crowding around the hydrogen-bonding sites stemming from the 
aryloxy substituents incorporated on the perylene imide chromophore may obstruct the 
interactions of the two components. However, this does not affect the binding to the 
naphthalimide side. Comparison of the total amount of shielding of the glycine protons 
(Hd and Hk) in rotaxane 1 (Δδ = -0.741 ppm) with those in a symmetrical rotaxane 
containing two naphthalimide units separated by a C12 (Δδ = -1.18 ppm) and a C9 aliphatic 
(Δδ = -0.821 ppm) spacer as described in Chapter 3 reveals that the binding interactions in 
1 are not exactly the same as in the symmetrical ni-gly systems. Although the CH2 protons 
of the aliphatic spacer exhibited an upfield shift of 0.385 ppm, the lack of cross signals 
between CH2 protons of the alkyl chain and the macrocycle protons in ROESY (Rotating 
Frame Overhauser Effect Spectroscopy) spectra indicates that the macrocyclic component 
does not spend appreciable time on the aliphatic spacer (Figure 4). However, this does not 
exclude the possibility of co-conformers in which a kind of intramolecular folding occurs 
(See Chapter 3 for more details).  

                              
Figure 2. Co-conformational equilibria in rotaxane 1. 
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Figure 3. 1H NMR spectra of thread 2 and rotaxane 1 (400 MHz, CD2Cl2, 298 K). The protons are labeled 
according to Scheme 1.  

                                            

Figure 4. Partial 2D ROESY NMR spectrum of 1 in CD2Cl2 at 298 K (400 MHz). Lettering corresponds to the 
labels in Scheme 1.  

In previous studies in our laboratory, the dynamics were investigated of rotaxanes with 
strong hydrogen-bonding templates, such as the succinamide unit.25, 38 In the present 
work, the glycine units are less effective templates, which leads to lower yields in the 
formation of the rotaxane. On the other hand, an advantage of using weaker templates is 
that they allow the decomplexation of the macrocycle under milder conditions and thus 
the displacement of the macrocyclic ring can be performed easily. Different from the 
rotaxanes described in Chapter 2, the role of π-π and charge-transfer interactions can be 
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much more important in the system studied here, with a larger and relatively electron-
rich π-system. 

4.2.2 Solvent Effects on 1H NMR Spectra 

In order to investigate the influence of medium polarity properties on the position of the 
macrocycle on the thread and the two stations in rotaxane 1, 1H NMR spectroscopy was 
employed in seven solvents differing in their polarities (dielectric constant, ε) and 
hydrogen-bond accepting abilities (β).39 Partial 1H NMR spectra of thread 2 and rotaxane 1 
in different solvents are shown in Figure 5 and the relevant data are summarized in Table 
1. Due to the limited solubility of the rotaxane, all the measurements were carried out at 
308 K. In CD3CN, the compounds were only sparingly soluble. Addition of traces of 
CD2Cl2 increased the solubility so that well-resolved spectra were obtained. At first 
glance, Figure 5 shows that several protons of the thread can be shielded in the rotaxane 
to very different extents in different solvents. Which co-conformations are responsible for 
such shieldings?  

In nonpolar toluene-d8, almost no difference in the chemical shift is noticed for glycine 
protons near the naphthalene unit (Hd), but the one near the perylene unit is significantly 
shifted upfield (with Δδ of -0.521 ppm), pointing out that the surrounding macrocycle is 
held tightly to the perylene imide chromophore. The situation, however, is more 
complicated. For instance, Hi and Hf, the methylene groups adjacent to the glycine-NH’s 
are shielded, Hi (Δδi = -0.604) much more than Hf (Δδf = -0.337). In thread 2, amide proton 
Hj is deshielded presumably because of hydrogen-bonding to the perylene imide, which 
is more electron rich than the naphthalimide. In rotaxane 1, however, the difference 
between δe and δj is much smaller due to the hydrogen-bonding interactions with the 
macrocycle. Besides, the very asymmetrical chemical environment leading to a large 
difference in the chemical shifts of HE and HE’ protons agrees well with the preference for 
one co-conformer.  
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Figure 5. 1H NMR spectra of thread 2 and rotaxane 1 (400 MHz, 308 K) A) in toluene-d8, B) THF-d8, C) CD2Cl2, 
D) acetone-d6, E) DMF-d7, F) DMSO-d6. The assignments correspond to those indicated in Scheme 1. The 
resonances of the residual solvent and the H2O are marked with asterisks (*).  

1H NMR data indicate that in toluene-d8 the macrocycle is bound to either one of the two 
glycine units. The strong shielding of Hk and Hi suggest that pery co-conformer 
predominates. The macrocycle can be dissociated from the glycines by a polar solvent that 
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disrupts the hydrogen-bonding.19 Indeed, in DMSO-d6, the macrocycle spends nearly all of 
its time on the aliphatic spacer (Figure 5F). This is evident from the 1H NMR spectra, 
which shows that instead of being shielded in 1 both glycine (CH2) protons resonate at 
slightly lower fields (δ = 4.671 and δ = 4.599 ppm, respectively) than in thread 2 (δ = 4.558 
ppm). On the other hand, the protons associated with the alkyl chain were shielded by as 
much as 1.15 ppm, with those in the center of the spacer experiencing the greatest shift. In 
addition, amide protons exhibited downfield shifts in rotaxane 1 and thread 2 in 
comparison with their positions in other solvents, which is a testament to the strong 
interaction between the amide protons and DMSO (Figure 6). The ROESY spectrum of 
rotaxane 1 in DMSO-d6 shows through space correlations between the alkyl chain and the 
macrocycle protons (HB, HC and HF), which confirms that the position of the macrocycle is 
predominantly over the aliphatic spacer (Figure 7). Furthermore, in contrast to the case of 
toluene-d8, the chemical shifts of HE and HE’ protons are practically the same: the ring 
being located on the thread finds a rather symmetric chemical environment. 

                                   
Figure 6. Representative sketch of hydrogen-bonding interactions between the isophthalimide units of the 
macrocycle and the amides of the glycine unit with dimethyl sulfoxide molecules.  

                    
Figure 7. Partial 2D ROESY NMR spectrum of 1 in DMSO-d6 at 298 K (400 MHz). Lettering corresponds to the 
labels in Scheme 1.  



Chapter 4  

 92 

Signatures of different co-conformers can be found in solvents of polarity and hydrogen-
bonding basicity that lie in between those of toluene-d8 and DMSO-d6. In THF-d8 

localization of the macrocycle around ni-gly and pery-gly stations is less pronounced than 
in toluene-d8. The glycine signals near the perylene imide stopper (Hk) shows an upfield 
shift (Δδ = -0.259 ppm), whereas those near the naphthalimide stopper (Hd) are shifted 
slightly downfield (Δδ = 0.013 ppm). Possibly, Hd protons lie in the deshielding zone of 
the aromatic rings, which results in a minor downfield shift. These features indicate a 
preference of rotaxane 1 for the pery co-conformer in THF-d8, but to a lesser extent than in 
toluene-d8. In addition, protons of the alkyl chain experienced considerable upfield shifts 
(up to 0.537 ppm), which suggests that the macrocycle is also positioned over the CH2 

units in a significant amount. The observed ROESY cross peaks (Figure 8) from HC and HF 
protons of the macrocycle with the Hh and CH2 protons of the alkyl chain confirm that 
they are close to each other in space (Figure 8). The lack of cross peaks between Hg 
protons and HC and HF protons of the macrocycle, however, suggests that the macrocycle 
is mostly bound on the side of the perylene imide chromophore. The larger shielding of 
Hi (Δδ = -0.823 ppm) compared with that of Hf (Δδ = -0.507 ppm) also supports the 
conclusion drawn above. On the other hand, Hj and He protons are hydrogen-bonded in 
thread 2 as a result of the strong hydrogen-bond basicity of the solvent (β = 0.55). 

In CD2Cl2, the signals corresponding to both sets of glycine protons Hd and Hk are 
shielded in rotaxane 1 compared to their positions in thread 2: Δδd = -0.222 and Δδk =          
-0.555 ppm, respectively. These results imply that rotaxane 1 exists as a mixture of two 
translational co-conformers in CD2Cl2 with the macrocycle preferably sitting over the pery-
gly station. The degree of discrimination of the macrocycle for the two stations is more 
pronounced in CD2Cl2 than in THF-d8. Being a good hydrogen-bond accepting solvent, 
THF-d8 is able to adequately solvate the isophthalamide sites (and, equally important, the 
glycine groups of the thread) but CD2Cl2 cannot. 

In the case of acetone-d6, which has a higher polarity and hydrogen-bond accepting ability 
(ε = 20.5, β = 0.48) than CD2Cl2 (ε = 8.93, β = 0.00) rotaxane 1 is also present as a mixture of 
two translational co-conformers with the macrocycle moderately hydrogen-bonded to the 
perylene imide chromophore. The lower differential chemical shift values of Hd (Δδ =         
-0.018 ppm) and Hk (Δδ = -0.127 ppm) protons arise from diminishing of intramolecular 
hydrogen-bonding interactions between the macrocycle and the thread as a result of 
better hydrogen-bond accepting ability of acetone-d6 compared to CD2Cl2. This is also 
evidenced from the positions of the signals assigned to the amide protons (Hj and He) in 
thread 2 (δ = 7.46 ppm), which underwent downfield shifts with respect to their positions 
in CD2Cl2 (δ = 6.74 and δ = 6.61 ppm, respectively). 
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Figure 8. Partial 2D ROESY NMR spectrum of 1 in THF-d8 at 298 K (400 MHz). Lettering corresponds to the 
labels in Scheme 1.  

However, shielding of the amide protons, Hj and He, in rotaxane 1 (Δδ = -0.145 and Δδ =    
-0.474 ppm, respectively) compared to those of thread 2 points to a less efficient solvation 
in 1 due to the competing interaction with the macrocycle. Less shielding of Hj protons 
than He protons further proves that the intercomponent hydrogen-bonding interactions 
are stronger in pery co-conformer than in ni co-conformer. Moreover, the influence of 
relatively weaker hydrogen-bonding interactions between the macrocycle and the stations 
is also found from the differential chemical shifts of the protons belonging to the alkyl 
chain. They are shifted to higher frequencies by as much as 0.641 ppm due to the 
shielding effect of the macrocycle.  

On the other hand, in a more polar and weaker hydrogen-bond acceptor solvent than 
acetone-d6 (ε = 20.5, β = 0.48) such as CD3CN (ε = 35.7, β = 0.31), Hd protons displayed a 
small upfield shift (Δδ = -0.09 ppm), while the chemical shifts of Hk protons moved 
downfield (Δδ = 0.038 ppm). The downfield shift of Hk protons indicates that the 
macrocycle spends no appreciable time near the perylene imide chromophore in CD3CN. 
Instead, it resides over the ni-gly station to some extent. However, the differential 
chemical shifts of the Hd protons in CD3CN (Δδ = -0.09 ppm) are drastically reduced in 
magnitude compared to those found in CD2Cl2 (Δδ = -0.259 ppm) showing that the 
intramolecular hydrogen bonds are considerably weakened although the hydrogen-bond 
accepting ability of CD3CN (β = 0.31) is less than that of acetone-d6 (β = 0.48). 
Furthermore, no high field shifts of the resonances associated with CH2 protons of the 
aliphatic spacer of the thread was observed in CD3CN eliminating the possibility of 
existence of rotaxane 1 as a folded co-conformer in which the hydrogen-bonding 
interactions are satisfied by an additional intercomponent hydrogen-bond formation 
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between one of the carbonyls of the macrocycle and the amide proton of the unoccupied 
pery-gly station. Even though we do not have a good explanation of the details in the 
spectra in CD3CN, it appears that the ni co-conformer predominates in CD3CN but with 
weaker macrocycle-station interactions.  

In DMF-d7 the resonances associated with Hk protons are slightly shifted upfield (Δδk =      
-0.072 ppm), whilst the signal of Hd protons experienced a small downfield shift (Δδd = 
0.034 ppm). The observed downfield shift is possibly resulting from the π-π stacking 
interactions between naphthalimide and perylene imide chromophore, which directs the 
Hd proton to the deshielding field of the aromatic rings. In addition, hydrogen-bonding 
interactions of the macrocycle and the stations were decidedly reduced in DMF-d7 

(β = 0.69) since the hydrogen-bond accepting parameter of DMF-d7 is more than twice of 
that of CD3CN (β = 0.31). This led to the dissociation of the macrocycle from the 
corresponding ni-gly and pery-gly stations, which resembled the situation in DMSO-d6. 
However, the effect in DMF-d7 is not as strong as it is in DMSO-d6 due to the lower 
polarity and hydrogen-bond accepting ability of the former solvent. The signals for the 
protons of the alkyl chain of the rotaxane are shielded up to 0.795 ppm through 
encapsulation by the macrocycle verifying the proposed position of the macrocyclic ring 
along the thread. However, the splitting of the shifts of HE and HE’ shows that there is 
some asymmetry, in agreement with a preferential interaction of the ring with the 
perylene imide side of the thread. At the same time, the chemical shifts of the amide 
protons (He, Hj, HD) were altered due to hydrogen-bonding to the solvent. These 
observations indicate that a critical balance of the polarity and hydrogen-bond accepting 
ability of the solvent play an important role in the translational equilibrium in rotaxane 1.  

Table 1. 1H NMR chemical shifts, δ (ppm) of amide protons (HD) and differential chemical shifts, Δδ (ppm)a of 
Hj, He, Hd, Hk, Hf and Hi protons of rotaxane 1 in various solvents together with polarity (ε) and hydrogen-
bond accepting (β)39 constants of the solvents.  

Solvent εb βb δD Δδj Δδe Δδd
 Δδk Δδf Δδi 

Toluene-d8 2.37 0.11 7.87 0.673 1.04  0.082 -0.521 -0.337 -0.604 
THF-d8 7.43 0.55 8.20 0.011 0.140 0.013 -0.259 -0.507 -0.823 
CD2Cl2 8.93 0.00 7.83 0.656 0.614  -0.259 -0.555 -0.418 -0.555 

acetone-d6 20.5 0.48 8.31 -0.145 -0.474 -0.018 -0.127 -0.636 -0.873 
CD3CN 35.7 0.31 7.95 ndc ndc -0.09 0.038 ndc ndc 
DMF-d7 37.2 0.69 8.75 0.38 0.548 0.034 -0.072 -0.597 -0.777 

DMSO-d6 46.8 0.76 8.73 -0.295 -0.299 0.113 0.041 -0.610 -0.655 

a Value ± 0.003. b The values are given for nondeuterated solvents. c Value could not be determined due to the 
low signal/noise ratio of 1H NMR spectrum of the thread. 
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Apart from amide (He, Hj, HD) and glycine protons (Hd, Hk), the macrocyle methylene 
protons (HE and HE’) protons underwent significant changes in their positions with an 
increase in solvent polarity as shown in Figure 9. As the thread is unsymmetrical, the 
faces of the macrocycle are diastereotopic in the rotaxane 1, which splits the HE signals 
into two compared to the free macrocycle or a macrocycle in a symmetrical rotaxane. The 
shapes of the HE signals in the 1H NMR spectra can thus give information regarding the 
dynamical process in rotaxane 1. In toluene-d8, the signals corresponding to the HE and 
HE’ protons resonate as an ABX system in which the X part of the system simplified to a 
triplet owing to a closer JAX and JBX, while the AB part remains normal. Therefore, HE and 
HE’ protons appeared as two doublets of doublets at 4.61 ppm (A-part, J = 13.6 and J = 
5.8 Hz) and 4.11 ppm (B-part of the AB system J = 13.6 and J = 3.7 Hz), whereas the HD 
protons gave rise to an apparent triplet at 7.87 ppm (J = 4.6 Hz) with an average of JED and 
JED’. These features suggest that in toluene-d8, the pery-gly template lies in a close-to-ideal 
arrangement for the donor groups in the macrocycle. Upon increasing the medium 
polarity there is gradual decrease in the chemical shift difference between HE and HE’ 
protons although the magnitude of the coupling constants (JEE’, JED and JE’D) remains 
unaltered.  

The limiting case was observed in DMSO-d6 where HE and HE’ are almost degenerate. They 
are more appropriately denoted as an A2X system due to their identical chemical shift 
values. While the X part (HD proton) resonated at 8.73 ppm as a triplet (J = 5.5 Hz), the AB 
part (HE and HE’ protons) appear as an AB system at 4.20 ppm with a very small chemical 
shift difference. The presence of the macrocycle overwhelmingly over the alkyl chain 
suppressed the diastereotopic nature of the macrocycle. In other words, when the 
macrocycle covers the aliphatic spacer, the difference between the two stations of the 
unsymmetrical thread is no longer distinguishable since the macrocycle is far away (on 
average) from both stations.  

Besides rotaxane 1, the corresponding thread 2 also displayed significant shifts in the 
positions of some signals in its 1H NMR spectrum upon changes in the medium polarity. 
Although the polarity of the local environment had almost no effect on the chemical shifts 
of Hd protons, Hk protons were slightly magnetically shielded with an increase in the 
solvent polarity. A second conspicuous trend in the spectra of the thread 2 is the solvent 
exposed amide protons, which underwent progressive deshielding with increasing 
solvent polarity. 
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Figure 9. Partial 1H NMR spectra (400 MHz, 308 K) of rotaxane 1 in various solvents. Resonances are labeled 
as shown in Scheme 1. 

4.3 Conclusions 

In summary, we have constructed a naphthalimide/perylene imide based molecular 
shuttle 1 in which the translational movement of the macrocylic component can be 
controlled by changes in the polarity and hydrogen-bonding ability of the medium.  

From a comparison with the 1H NMR spectra of thread 2 in the solvents studied and from 
the ROESY experiments, we infer that the macrocycle prefers to encircle the pery-gly unit 
in nonpolar solvents (toluene-d8), whereas it exists in different co-conformations in 
moderately polar solvents (CD2Cl2, acetone-d6). However, solvents of high polarity and 
high hydrogen-bond accepting abilities such as DMF-d7 and DMSO-d8 leads to 
diminishing of intercomponent hydrogen-bonding interactions, thereby forcing the 
macrocycle to locate to a large extent over the aliphatic spacer. On the other hand, in 
CD3CN or THF-d8, the benzylic amide macrocycle prefers to sit next to the naphthalimide 
or the perylene imide unit, respectively, but with weaker hydrogen-bonding interactions. 
The alteration of the position of the macrocycle on the thread by varying the polarity of 
the local environment is a potentially useful means of controlling the translational 
isomerism in rotaxanes, because no chemical reaction is involved and no change to the 
covalent structure of the molecule takes place. In this respect, molecular shuttle 1 serves 
as an important starting point for utilization of solvent dependent translational isomerism 
in media that are more suitable for materials which function through controlled 
submolecular motion. Additionally, this kind of systems opens up opportunities to use 
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chemical vapor sensors for security applications. Using weaker templates allowed the 
decomplexation of the macrocycle under milder conditions compared to the solvent-
driven molecular shuttles reported in the literature.19 Moreover, molecular shuttle 1 
represents a key element in monitoring fast submolecuar motions such as shuttling, due 
to the incorporation of a highly fluorescent perylene imide chromophore in the rod 
component.  

4.4 Experimental Section 

Materials: Unless stated otherwise, all reagents and anhydrous solvents were purchased 
and used without further purification. The following compounds were prepared 
according to literature procedures: N-(2,5-Di-tert-butylphenyl)perylene-3,4-dicarboximide 
3,32 1,6,9-Tribromo-N-(2,5-di-tert-butylphenyl)perylene-3,4-dicarboximide 4,33 2-(acetic 
acid)-5-8-di-tert-butyl-benzo[de]isoquinoline-1,3-dione 1035 and tert-butyl (10-
aminodecyl)carbamate.34  

Methods: 1H and 13C spectra were recorded on a Bruker Avance 400 spectrometer, with 
working frequencies of 400 and 100 MHz for 1H and 13C nuclei, respectively. Solvent 
polarity dependent 1H NMR spectra were measured at 308 K. Chemical shifts are quoted 
in parts per million (ppm) relative to tetramethylsilane (TMS) using the residual solvent 
peak as a reference. The coupling constants (J) are reported in hertz (Hz). Multiplicities 
are given as s (singlet), d (doublet), dd (doublet of doublets), t (triplet), m (multiplet) and 
b (broad). The full assignment of the 1H NMR signals was performed using COSY 
(Correlation Spectroscopy) and ROESY (Rotating Frame Overhauser Effect spectroscopy) 
experiments on the Bruker spectrometer (400 MHz) at 298 K. Following acquisition 
parameters were used for ROESY experiments:  data points= 2048, relaxation delay = 2 s, 
mixing time = 200 ms; Processing parameters: size = 2048 × 2048, window function = sine. 
Fast atom bombardment (FAB) mass spectra were obtained using a JEOL JMS SX/SX 
102A four-sector mass spectrometer, equipped with Xenon primary atom beam, utilizing 
a 3-nitrobenzoyl alcohol (3-NOBA) matrix. Other abbreviations used: DMF = 
Dimethylformamide, Et2O = Diethylether, MeOH = Methanol, tBuOH = tert-Butanol, TFA 
= Trifluoroacetic acid, Pd2(dba)3 = Tris(dibenzylideneacetone)dipalladium(0), BINAP = 

(±)-2,2′-Bis(diphenylphosphino)-1,1′-binaphthalene, NaOtBu = Sodium tert-butoxide, Et3N 
= Triethylamine, BOP = Benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium 
hexafluorophosphate, DIPEA = N,N-Diisopropylethylamine. 
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1-Bromo-6,9-di(4-tert-butylphenoxy)-N-(2,5-di-tert-butylphenyl)perylene-3,4-
dicarboximide (5) 

                                                     

Compound 5 was prepared using a modification of the literature procedure.33 A solution 
of 1,6,9-Tribromo-N-(2,5-di-tert-butylphenyl)perylene-3,4-dicarboximide 4 (1.50 g, 2.00 
mmol) in DMF (50 mL) was treated with 4-tert-butylphenol (0.634 g, 4.22 mmol) and 
anhydrous potassium carbonate (1.99 g, 14.4 mmol) and stirred at 100 oC for 16 h. the 
reaction mixture was cooled to room temperature and water (100 mL) was added. The 
resulting solid was collected by vacuum filtration over a fritted glass filter, washed with 
H2O/MeOH (1:1) and dried in an oven at 130 oC. The solid obtained was dissolved in 
CH2Cl2 and subjected to column chromatography (SiO2, eluent: 1:1 CH2Cl2/n-pentane) to 
afford compound 5 as a red solid (0.778 g, 44%); 1H NMR (400 MHz, CDCl3): δ = 9.43 (d, J 
= 7.8, 1H, Hb), 9.20 (d, J = 8.5, 1H, Hf), 8.38 (d, J = 8.3, 1H, Hd), 8.32 (s, 1H, Ha), 8.31 (s, 1H, 
Hg), 7.91 (d, J = 8.5, 1H, Hi), 7.72 (t, J = 8.1, 1H, Hc), 7.56 (d, J = 8.7, 1H, Hj), 7.43 (d, J = 7.5, 
4H, Hn), 7.16-7.06 (m, 5H, Hm+ He, 6.94 (d, J = 2.1, 1H, Hh), 1.33 (s, 18H, Ho), 1.31 and 1.25 
(s, 2 × 9H, Hk and Hl). 

1-[6,9-Di(4-tert-butylphenoxy)-N-(2,5-di-tert-butylphenyl)perylene-3,4-
dicarboximide]pyrrolidine (6) 

                                                  

An oven dried Schlenk flask equipped with a magnetic stirring bar was charged with dry 
toluene (10 mL), Pd2(dba)3 (5 mol%), BINAP (10 mol%), NaOtBu (0.042 g, 0.441 mmol), 
compound 5 (0.600 g, 0.339 mmol) and pyrrolidine (226 µL, 2.70 mmol). The reaction 
mixture was heated at 100 oC overnight. After cooling to room temperature, water 
(100 mL) and diethyl ether (100 mL) were added and the phases were separated. The 
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aqueous phase was extracted with Et2O and the combined organic phases were dried over 
MgSO4. The crude product was purified by column chromatography on silica gel (solvent 
gradient elution: 60/40 n-pentane/CH2Cl2, to 10/90) to give compound 6 as a blue solid 

(0.474 g, 80%); 1H NMR (400 MHz, CDCl3): δ = 9.34 (d, J = 8.1, 4H, Hb), 9.26 (d, J = 8.9, 4H, 
Hf), 8.36 (d, J = 8.3, 1H, Hd), 8.27 (s, 1H, Ha), 8.26 (s, 1H, Hg), 7.53 (d, J = 8.5, 1H, Hi), 7.49 (t, 
J = 8.1, 1H, Hc), 7.44-7.35 (m, 5H, Hn+ Hj), 7.07-7.04 (m, 4H, Hm), 6.95 (d, J = 7.9, 1H, He), 
6.94 (d, J = 2.0, 1H, Hh), 3.64 (bs, 4H, Hp), 2.07 (bs, 4H, Hr), 1.32 (s, 18H, Ho), 1.28 and 1.25 
(2 × s, 18H, Hk and Hl).  

1-[6,9-Di(4-tert-butylphenoxy)perylene-3,4-dicarboxylic anhydride]pyrrolidine (7) 

                                                 

Following a standard procedure,32, 33 a mixture of 6 (0.300 g, 0.342 mmol), and KOH 
(1.34 g, 23.8 mmol) in tBuOH (60 mL) was refluxed for 3 h, affording quantitative 
hydrolysis of the imide. The hot reaction mixture was poured into acetic acid (70 mL) and 
the reaction mixture was vigorously stirred overnight at room temperature. To this 
mixture was added CH2Cl2 (100 mL). The organic layer was washed with water (3 x 50 
mL), dried over MgSO4 and the solvent was removed under reduced pressure. The 
product was column chromatographed on silica gel with a solvent gradient of CH2Cl2/n-
Hexane (80:20) to CH2Cl2/ n-Hexane (95:5) to obtain 7 as a blue solid (141 mg, 60%); 1H 

NMR (400 MHz, CDCl3): δ = 9.35 (d, J = 8.1, 4H, Hb), 9.24 (d, J = 9.0, 4H, Hf), 8.40 (J = 8.3, 
1H, Hd), 8.16 (s, 1H, Ha), 8.13 (s, 1H, Hg), 7.53 (t, J = 8.3, 1H, Hc), 7.44-7.41 (m, 4H, Hn), 7.07-
6.98 (m, 5H, Hm+ He), 3.73 (bs, 4H, Hk), 2.12 (bs, 4H, Hl), 1.37 and 1.36 (2 × s, 18H, Hj). 

1-[6,9-Di(4-tert-butylphenoxy)-N-amino acetic acid)perylene-3,4-
dicarboximide]pyrrolidine (8) 
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Anhydride 7 (0.138 g, 0.198 mmol) and glycine tert-butyl ester hydrochloride (0.066 g, 
2.40 mmol) were dissolved in DMF (15 mL). Then, K2CO3 (0.138 g, 0.990 mmol) was added 
and the reaction mixture was stirred at 100 oC overnight. DMF was removed under 
reduced pressure and the resulting solid was redissolved in CH2Cl2 (100 mL). The 
resulting solution was washed with water (3 × 50 mL) and dried over MgSO4. The crude 
product was purified by column chromatography on silica gel (eluent: CH2Cl2/n-pentane 
(96:4) to give 8 as a blue solid (0.162 g, 80%); 1H NMR (400 MHz, CDCl3) δ = 9.36 (d, J = 
8.1, 1H, Hb), 9.21 (d, J = 8.7, 1H, Hf), 8.28 (d, J = 8.3, 1H, Hd), 8.23 (s, 1H, Ha), 8.20 (s, 1H, 
Hg), 7.46, (t, J = 8.3, 1H, Hc), 7.41-7.34 (m, 4H, Hk), 7.05-6.99 (m, 4H, Hj), 6.92 (d, J = 8.6, 1H, 
He), 4.79 (s, 4H, Hh), 3.62 (bs, 4H, Hm), 2.04 (bs, 4H, Hn), 1.47 (s, 9H, Hi), 1.34 and 1.33 (s, 
18H, Hl); 13C NMR (100 MHz, CD2Cl2): 167.1 (CO), 162.7 (ArC), 162.6 (ArC), 162.6 (ArC), 
154.1 (ArC), 153.9 (ArC), 151.9 (ArC), 150.4 (ArC), 146.6 (ArC), 146.4 (ArC), 131.0 (ArC), 
130.9 (ArC), 130.8 (ArCH), 129.3 (ArC), 129.1 (ArCH), 128.5 (ArC), 128.0 (ArCH), 127.0 
(ArC),126.8 (ArCH), 126.7 (ArCH), 125.1 (ArC), 124.8 (ArCH), 124.2 (ArCH), 123.5 (ArC), 
123.4 (ArCH), 119.8 (ArC), 117.7 (ArCH), 117.5 (ArCH), 109.9 (ArCH), 81.7 (Cq), 41.7 
(CH2), 34.0 (2xCq), 31.0 (CH3), 27.6 (CH3), 25.6 (CH2). FAB-MS (3-NOBA matrix): m/z = 
800.4 [M+H]+ (Calcd for C52H52N2O6 + H+: m/z = 800.4).  

1-[6,9-Di(4-tert-butylphenoxy)-N-amino acetic acid)perylene-3,4-
dicarboximide]pyrrolidine (9) 

                                                 

A cooled solution of compound 8 (0.160 g, 0.198 mmol) in anhydrous CH2Cl2 (10 mL) at 
0 oC was treated with TFA (2 mL). After stirring at room temperature for 3 h, the solvent 
was evaporated. The residue was diluted with CH2Cl2 and concentrated under reduced 
pressure to afford 9 as a blue solid (0.146 g, 99%); 1H NMR (400 MHz, CDCl3): δ = 9.23 (d, J 
= 8.0, 1H, Hb), 9.10 (d, J = 8.4, 1H, Hf), 8.25 (d, J = 8.0, 1H, Hd), 8.04 (s, 1H, Ha), 8.03 (s, 1H, 
Hg), 7.40-7.34 (m, 5H, Hc+ Hj), 7.05-6.99 (m, 4H, Hi), 6.83 (d, J = 8.6, 1H, He), 4.81 (s, 2H, 
Hh), 3.60 (bs, 4H, Hl), 2.03 (bs, 4H, Hm), 1.34 and 1.33 (s, 18H, Hk). 
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N-(9-aminononyl)-2-(5,8-di-tert-butyl-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)acetamido)nonyl)carbamate (11) 

                                        

To a stirred solution of 2-(acetic acid)-5-8-di-tert-butyl-benzo[de]isoquinoline-1,3-dione 10 
(0.200 g, 0.544 mmol) in DMF (15 mL) under nitrogen was added BOP (0.360 g, 
0.816 mmol) in one portion. The reaction mixture was stirred for 30 min at room 
temperature. Then, DIPEA (568 µL, 3.26 mmol) and tert-butyl (10-aminodecyl)carbamate 
(0.144 g, 0.598 mmol) were dissolved in anhydrous DMF (10 mL) and added to the 
reaction mixture. After stirring overnight at room temperature, the solvent was removed 
under reduced pressure. The oily residue was redissolved in CH2Cl2 (100 mL), washed 
with water (3 × 50 mL), dried over MgSO4 and concentrated under reduced pressure. 
Purification by column chromatography on silica gel with CH2Cl2/Acetone (95:5) yielded 
11 as a white solid (0.248 g, 75%); 1H NMR (400 MHz, CDCl3): δ = 8.68 (d, J = 1.8 Hz, 2H, 
Hb), 8.17 (d, J = 1.8 Hz, 2H, Hc), 5.77 (bs, 1H, He), 4.87 (s, 2H, Hd), 4.51 (s, 1H, Hj), 3.31 (td, J 
= 6.8, J = 6.4, 2H, Hf), 3.11 (td, J = 6.8, J = 5.2, 2H, Hi), 1.57 (s, 4H, Hg and Hh), 1.49 (s, 18H, 
Ha), 1.46 (s, 9H, Hk), 1.29 (bs, 10H, CH2 alkyl chain). 

N-(9-aminononyl)-2-(5,8-di-tert-butyl-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)acetamide (12) 

                                            

Procedure as for acid 9, starting from amide 11 (0.150 g, 0.247 mmol), gave amine 12 as a 
white solid (0.123 g, 98%); 1H NMR (400 MHz, CDCl3): δ = 8.68 (d, J = 1.8 Hz, 2H, Hb), 8.17 
(d, J = 1.8 Hz, 2H, Hc), 5.77 (bs, 1H, He), 4.87 (s, 2H, Hd), 3.30 (td, J = 8.0, J = 4.0, 2H, Hf), 
3.11 (t, J = 8.0, 2H, Hi), 1.51-1.46 (m, 22 H, Ha+ Hg+ Hh), 1.29-1.25 (m, 10H, CH2 alkyl 
chain); 13C NMR (100 MHz, CDCl3): δ = 166.9 (CO), 164.3 (CO), 150.1 (ArC), 131.9 (ArC), 
129.5 (ArCH), 129.4 (ArCH), 124.8 (ArC), 121.5 (ArC), 43.0 (CH2), 39.7 (CH2), 35.1 (Cq), 31.0 
(CH3), 29.3 (CH2), 29.1 (CH2), 28.9 (CH2), 26.7 (2 × CH2). 
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2-(5,12-bis(4-(tert-butyl)phenoxy)-1,3-dioxo-9-(pyrrolidin-1-yl)-1H-
benzo[5,10]anthra[2,1,9-def]isoquinolin-2(3H,3a1H,13aH)-yl)-N-(9-(2-(5,8-di-tert-butyl-
1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)acetamido)nonyl)acetamide-Thread 2 

                              

To a stirred solution of compound 9 (0.128 g, 0.172 mmol) in anhydrous DMF (10 mL) 
under nitrogen BOP (0.114 g, 0.258 mmol) was added in one portion. The reaction mixture 
was stirred for 30 min at room temperature. A solution of compound 12 (0.096 g, 
0.189 mmol) in DMF (5mL) was then added, followed by DIPEA (499 µL, 1.20 mmol). The 
reaction mixture was stirred overnight at room temperature. The solvent was removed 
under reduced pressure, followed by redissolving of the blue residue in CH2Cl2 (100 mL), 
which was washed with water, and then dried over MgSO4. Removal of the solvent gave a 
blue solid from which the product was isolated by column chromatography (SiO2, eluent: 
95:5 CH2Cl2/Acetone) as a dark blue solid (0.170 g, 80%); 1H NMR (400 MHz, CD2Cl2): δ = 
9.15 (d, J = 7.1, 1H, Hp), 9.06 (d, J = 7.1, 1H, Hx), 8.53 (d, J = 1.8, 2H, Hb), 8.23 (dd, J = 8.4, J = 
0.9, 1H, Hs), 8.14 (s, 1H, Hl), 8.10 (s, 1H, Hy), 8.05 (d, J = 1.8, 2H, Hc), 7.45-7.36 (m, 5H, Hn+ 
Hr), 7.11-7.00 (m, 4H, Hm), 6.81 (d, J = 9.1, 1H, Hv), 6.14 (t, J = 5.7, 1H, Hj), 6.00 (t, J = 5.7, 
1H, He), 4.69 (s, 2H, Hd), 4.60 (s, 2H, Hk), 3.59 (bs, 4H, Ht), 3.24-3.16 (m, 4H, Hf+ Hi), 2.02 
(bs, 4H, Hu), 1.50-1.44 (m, 2H, Hg), 1.40 (bs, 20H, Ha+ Hh) , 1.33 and 1.32 (s, 18H, Ho), 1.26 
(bs, 10H, CH2 alkyl chain); 13C NMR (100 MHz, DMF-d7): δ = 166.8 (CO), 164.3 (CO), 162.5 
(ArC), 162.4 (ArC), 154.0 (ArC), 153.8 (ArC), 151.9 (ArC), 150.4 (ArC), 149.9 (ArC), 146.8 
(ArC), 146.5 (ArC), 132.2 (ArC), 130.9 (ArC), 130.8 (ArCH), 130.7 (ArC), 129.6 (ArCH), 
129.0 (ArCH), 128.5 (ArC), 128.2 (ArCH), 128.0 (ArCH), 127.7 (ArC), 127.2 (ArCH), 127.1 
(ArCH),126.7 (ArC), 124.9 (ArC), 124.7 (ArCH), 124.6 (ArC), 123.6 (ArCH), 123.5 (ArCH), 
123.2 (ArC), 122.8 (ArCH), 121.8 (ArC), 120.2 (ArC), 118.2 (ArCH), 117.8 (ArCH), 117.7 
(ArC), 117.0 (ArC), 52.3 (CH2), 42.5 (CH2), 42.4 (CH2), 38.9 (CH2), 38.8 (CH2), 30.8 (CH3), 
30.5 (CH3), 26.3 (CH2), 25.0 (CH2), 22.5 (CH2). FAB-MS (3-NOBA matrix): m/z = 1236.7 
[M+H]+ (Calcd for C79H89N5O8 + H+: m/z = 1236.7).  
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[2]-(1,4,7,14,17,20-Hexaaza-2,6,15,19-tetraoxo-3,5,9,12,16,18,22,25-tetrabenzocy 
clohexacosane)-2-(5,12-bis(4-(tert-butyl)phenoxy)-1,3-dioxo-9-(pyrrolidin-1-yl)-1H-
benzo[5,10]anthra[2,1,9-def]isoquinolin-2(3H,3a1H,13aH)-yl)-N-(9-(2-(5,8-di-tert-butyl-
1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)acetamido)nonyl)acetamide-Rotaxane 1 

                              
Thread 2 (0.170 g, 0.137 mmol) and Et3N (459 µL, 3.30 mmol) were dissolved in 
chloroform (75 mL), and stirred vigorously whilst solutions of the p-xylylene diamine 
(0.223 g, 1.64 mmol) and isophthaloyl dichloride (0.332 g, 1.64 mmol) in CHCl3 (20 mL) 
were simultaneously added over a period of 4 hours using a motor-driven syringe pump. 
The resulting suspension was stirred overnight and filtered through a pad of Celite to 
afford the crude product. The solvent was removed and the residue was subjected to 
column chromatography (silica gel, CH2Cl2: Acetone (9:1) to yield unreacted thread 2 
(0.135 g, 80%) and rotaxane 1 (0.038 g, 16%) as blue solids; 1H NMR (400 MHz, CD2Cl2): δ 
= 9.37 (d, J = 8.1, 1H, Hp), 9.26 (d, J = 8.9, 1H, Hx), 8.55 (d, (d, J = 0.9, 2H, Hb), 8.36 (d, J = 
8.6, 1H, Hs), 8.18 (d, J = 0.9, 2H, Hc), 8.09-8.05 (m, 8H, HC+ Hl+ Hy+ HB), 7.91 (t, J = 4.9, 1H, 
HD), 7.57-7.50 (m, 3H, HA+ Hr), 7.39-7.36 (m, 4H, Hn), 7.06 (s, 8H, HF), 7.02-6.99 (m, 4H, 
Hm), 6.94 (d, J = 9.2, 1H, Hv), 6.90 (t, J = 6.1, 1H, Hj), 6.74 (t, J = 5.4, 1H, He), 4.50 (s, 2H, Hd), 
4.46 (dd, J = 14.0, J = 5.4, A-part of ABX system, 4H, HE), 4.25 (dd, J = 14.0, J = 4.7, B-part of 
ABX system, 4H, HE’), 4.12 (s, 2H, Hk), 3.68 (bs, 4H, Ht), 2.81-2.76 (m, 2H, Hf), 2.71-2.67 (m, 
4H, Hi), 2.06 (bs, 4H, Hu), 1.42 (s, 18H, Ha), 1.32 (bs, 18H, Ho), 1.15-1.06 (m, 4H, Hg+ Hh), 
0.970-0.901 (m, 10H, CH2 alkyl chain); 13C NMR (100 MHz, CD2Cl2): δ = 168.9 (CO), 168.0 
(CO), 166.6 (CO), 166.2 (CO), 164.4 (CO), 161.5 (ArC), 159.8 (ArC), 155.7 (ArC), 155.5 
(ArC), 153.7 (ArC), 151.0 (ArC), 149.9 (ArC), 146.9 (ArC), 146.7 (ArC), 146.5 (ArC), 132.3 
(ArC), 132.0 (ArC), 131.8 (ArC), 131.1 (ArCH), 130.6 (ArCH), 129.5 (ArCH), 129.4 (ArCH), 
129.1 (ArCH), 128.9 (ArCH), 128.8 (ArCH), 128.6 (ArCH), 128.5 (ArC), 128.4 (ArCH), 128.2 
(ArCH), 126.7 (ArCH), 126.5 (ArC), 126.4 (ArCH), 124.9 (ArCH), 124.8 (ArC), 124.6 (ArC), 
124.5 (ArC), 123.9 (ArC), 123.8 (ArC), 123.4 (ArCH), 122.9 (ArC), 121.6 (ArC), 119.3 
(ArCH), 117.4 (ArC), 117.3 (ArCH), 117.1 (ArCH), 117.0(ArC), 50.2 (CH2), 44.3 (CH2), 42.4 
(CH2), 40.6 (CH2), 39.4 (CH2), 39.3 (CH2), 35.2 (Cq),  34.9 (CH2), 33.1 (CH2), 30.9 (CH3), 30.6 
(CH3), 29.5 (CH2), 28.6 (CH2), 28.1 (CH2), 28.0 (CH2), 26.1 (CH2), 26.0 (CH2), 25.7 (CH2). 
FAB-MS (3-NOBA matrix): m/z = 1768.9 [M+H]+ (Calcd for C111H117N9O12 + H+: m/z = 
1768.9).  



Chapter 4  

 104 

4.5 References 

1.  Balzani, V.; Credi, A.; Venturi, M., Molecular Devices and Machines - A Journey into the Nano 
World. Wiley-VCH: Weinheim, Germany, 2003. 

2.  Sauvage, J.-P.; Dietrich-Buchecker, C., Molecular Catenanes, Rotaxanes, and Knots. Wiley-
VCH: Weinheim, Germany, 1999. 

3.  Shill, G., Catenanes, Rotaxanes, and Knots, Organic Chemistry. Academic Press: New York, 
1971; Vol. 22. 

4.  Anelli, P. L.; Asakawa, M.; Ashton, P. R.; Bissell, R. A.; Clavier, G.; Górski, G.; Kaifer, A. E.; 
Langford, S. J.; Mattersteig, G.; Menzer, S.; Philp, D.; Slawin, A. M. Z.; Spencer, N.; 
Stoddart, J. F.; Tolley, M. S.; Williams, D. J., Chem. Eur. J. 1997, 3, 1113-1135 and references 
therein. 

5.  Kinbara, K.; Aida, T., Toward Intelligent Molecular Machines: Directed Motions of 
Biological and Artificial Molecules and Assemblies Chem. Rev. 2005, 105, 1377-1400. 

6.  Browne, W. L.; Feringa, B. L., Making Molecular Machines Work. Nat. Nanotechnol. 2006, 1, 
25-35. 

7.  Li, D.; Paxton, W. F.; Baughman, R. H.; Huang, T. J.; Stoddart, J. F.; Weiss, P. S., Molecular, 
Supramolecular, and Macromolecular Motors and Artificial Muscles. MRS Bull. 2009, 671-
681. 

8.  Credi, A.; Tian, H., Big Challenges for Tiny Machines. Adv. Funct. Mater. 2007, 17, 679-682. 
9.  Green, J. E.; Choi, J. W.; Boukai, A.; Bunimovich, Y.; Johnston-Halperin, E.; DeIonno, E.; 

Luo, Y.; Sheriff, B. A.; Xu, K.; Shin, Y. S.; Tseng, H.-R.; Stoddart, J. F.; Heath, J. R., A 160-
Kilobit Molecular Electronic Memory Patterned at 10(11) Bits per Square Centimetre. 
Nature 2007, 445, 414-417. 

10.  Kay, E. R.; Leigh, D. A.; Zerbetto, F., Synthetic Molecular Motors and Mechanical 
Machines. Angew. Chem. Int. Ed. 2007, 46, 72-191. 

11.  Nguyen, T.; Liu, Y.; Saha, S.; Leung, K.; Stoddart, J. F.; Zink, J., Design and Optimization of 
Molecular Nanovalves Based on Redox-Switchable Bistable Rotaxanes. J. Am. Chem. Soc. 
2007, 129, 626-634. 

12.  Berna, J.; Goldup, S. M.; Lee, A.-L.; Leigh, D. A.; Symes, M. D.; Teobaldi, G.; Zerbetto, F., 
Cadiot-Chodkiewicz Active Template Synthesis of Rotaxanes and Switchable Molecular 
Shuttles with Weak Intercomponent Interactions. Angew. Chem. Int. Ed. 2008, 47, 4392-4396. 

13.  Cheng, K. W.; Lai, C. C.; Chiang, P. T.; Chiu, S. H., Reading the Operation of an Acid/Base-
Controllable Molecular Switch by Naked Eye. Chem. Commun. 2006, 22, 2854-2856. 

14.  Keaveney, C. M.; Leigh, D. A. L., Shuttling Through Anion Recognition. Angew. Chem. Int. 
Ed. 2004, 43, 1222-1224. 

15.  Chen, N.-C.; Lai, C.-C.; Liu, Y.-H.; Peng, S.-M.; Chiu, S.-H., Parking and Restarting a 
Molecular Shuttle in Situ. Chem. Eur. J. 2008, 14, 2904-2908. 

16.  Huang, Y.-L.; Hung, W.-C.; Lai, C.-C.; Liu, Y.-H.; Peng, S.-M.; Chiu, S.-H., Using Acetate 
anions to Induce Translational Isomerization in a Neutral Urea-Based Molecular Switch. 
Angew. Chem. Int. Ed. 2007, 46, 6629-6633. 

17.  Huang, F.; Nagvekar, D.; Slebodnick, C.; Gibson, H., A Supramolecular Triarm Star 
Polymer from a Homotritopic tris(crown ether) Host and a Complementary Monotopic 



Solvent Effects on Translational Equilibria in Rotaxane-Based Molecular Shuttles 
 

 105 

Paraquat-Terminated Polystyrene Guest by a Supramolecular Coupling Method. J. Am. 
Chem. Soc. 2005, 127, 484-485. 

18.  Lane, A.; Leigh, D.; Murphy, A., Peptide-Based Molecular Shuttles. J. Am. Chem. Soc. 1997, 
119, 11092-11093. 

19.  Leigh, D. A.; Morales, M. Á. F.; Pérez, E. M.; Wong, J. K. Y.; Saiz, C. G.; Slawin, A. M. Z.; 
Carmichael, A. J.; Haddleton, D. M.; Brouwer, A. M.; Buma, W. J.; Wurpel, G. W. H.; León, 
S.; Zerbetto, F., Patterning through Controlled Submolecular Motion: Rotaxane-Based 
Switches and Logic Gates that Function in Solution and Polymer Films. Angew. Chem. Int. 
Ed. 2005, 44, 3062-3067. 

20.  Mateo-Alonso, A.; Ehli, C.; Rahman, G. M. A.; Guldi, D. M.; Fioravanti, G.; Marcaccio, M.; 
Paolucci, F.; Prato, M., Tuning Electron Transfer Through Translational Motion in 
Molecular Shuttles. Angew. Chem. Int. Ed. 2007, 46, 3521-3525. 

21.  Mateo-Alonso, A.; Iliopoulos, K.; Couris, S.; Prato, M., Efficient Modulation of the Third 
Order Nonlinear Optical Properties of Fullerene Derivatives. J. Am. Chem. Soc. 2008, 130, 
1534-1535. 

22.  Zhou, W.; Zhang, S.; Li, G.; Zhao, Y.; Shi, Z.; Liu, H.; Li, Y., Fluorescent Alteration on a 
Bistable Molecular Shuttle. ChemPhysChem 2009, 10, 2066-2072. 

23.  Abraham, W.; Buck, K.; Orda-Zgadzaj, M.; Schmidt-Schaeffer, S.; Grummt, U.-W., Novel 
Photoswitchable Rotaxanes. Chem. Commun. 2007, 3094-3096. 

24.  Balzani, V.; Clemente-Leon, M.; Credi, A.; Ferrer, B.; Venturi, M.; Flood, A.; Stoddart, J. F., 
Autonomous Artificial Nanomotor Powered by Sunlight. Proc. Natl. Acad. Sci. U.S.A. 2006, 
103, 1178-1183. 

25.  Brouwer, A. M.; Frochot, C.; Gatti, F.; Leigh, D.; Mottier, L.; Paolucci, F.; Roffia, S.; Wurpel, 
G., Photoinduction of Fast, Reversible Translational Motion in a Hydrogen-Bonded 
Molecular Shuttle. Science 2001, 291, 2124-2128. 

26.  Hirose, K.; Ishibashi, K.; Shiba, Y.; Doi, Y.; Tobe, Y., Highly Effective and Reversible 
Control of the Rocking Rates of Rotaxanes by Changes to the Size of Stimulus-Responsive 
Ring Components. Chem. Eur. J. 2008, 14, 5803-5811. 

27.  Raiteri, P.; Bussi, G.; Cucinotta, C. S.; Credi, A.; Stoddart, J. F.; Parrinello, M., Unravelling 
the Shuttling Mechanism in a Photoswitchable Multicomponent Bistable Rotaxane. Angew. 
Chem. Int. Ed. 2008, 47, 3536-3539. 

28.  Kataoka, T.; Kidowaki, M.; Zhao, C.; Minamikawa, H.; Shimizu, T.; Ito, K., Local and 
Network Structure of Thermoreversible Polyrotaxane Hydrogels Based on Poly(ethylene 
glycol) and Methylated alpha-cyclodextrins. J. Phys. Chem. B 2006, 110, 24377-24383. 

29.  Kidowaki, M.; Zhao, C.; Kataoka, T.; Ito, K., Thermoreversible Sol-Gel Transition of an 
Aqueous Solution of Polyrotaxane Composed of Highly Methylated Alpha-Cyclodextrin 
and Polyethylene Glycol. Chem. Commun. 2006, 4102-4103. 

30.  Hannam, J.; Lacy, S.; Leigh, D.; Saiz, C.; Slawin, A.; Stitchell, S., Controlled Submolecular 
Translational Motion in Synthesis: A Mechanically Interlocking Auxiliary. Angew. Chem. 
Int. Ed. 2004, 43, 3260-3264. 

31.  Kawai, H.; Umehara, T.; Fujiwara, K.; Tsuji, T.; Suzuki, T., Dynamic Covalently Bonded 
Rotaxanes Cross-Linked by Imine Bonds Between the Axle and Ring: Inverse Temperature 



Chapter 4  

 106 

Dependence of Subunit Mobility. Angew. Chem. Int. Ed. 2006, 45, 4281-4286. 
32.  Feiler, L.; Langhals, H.; Polborn, K., Synthesis of Perylene-3,4-dicarboxyimides-Novel 

Highly Photostable Flurescent Dyes. Liebigs Ann. 1995, 1229-1244. 
33.  Gosztola, D.; Niemczyk, M. P.; Wasielewski, M. R., Picosecond Molecular Switch Based on 

Bidirectional Inhibition of Photoinduced Electron Transfer Using Photogenerated Electric 
Fields. J. Am. Chem. Soc. 1998, 120, 5118-5119. 

34.  Dardonville, C.; Fernandez, C. F.; Gibbons, S.-L.; Ryan, G. R.; Jagerovic, N.; Gabilondo, A. 
M.; Meane, J. J.; Calldo, L. F., Synthesis and Pharmacological Studies of New Hybrid 

Derivatives of Fentanyl Active at the μ-Opinoid Receptor and I2-Imidazoline Binding Sites. 
Bioorg. Med. Chem. 2006, 14, 6570-6580. 

35.  Li, H.; Wang, X.; Zheng, C., Synthesis of 2'-Amino-2'-deoxyuridine Modified by 1,8-
Naphthalimide. Synt. Commun. 2006, 36, 1933-1940. 

36.  Baggerman, J.; Jagesar, D. C.; Valleé, R. A. L.; Hofkens, J.; De Schryver, F. C.; Schelhase, F.; 
Vögtle, F.; Brouwer, A. M., Fluorescent Perylene Diimide Rotaxanes: Spectroscopic 
Signatures of Wheel-Chromophore Interactions. Chem. Eur. J. 2007, 13, 1291-1299. 

37.  Günbaş, D. D.; Brouwer, A. M., Unpublished results 2010. 
38.  Günbaş, D. D.; Zalewski, L.; Brouwer, A. M., Energy Landscape of a Hydrogen Bonded 

Non-Degenerate Molecular Shuttle. Chem. Commun. 2010, 46, 2061-2063. 
39.  Kamlet, M. J.; Abboud, J.-L. M.; Abraham, M. H.; Taft, R. W., Linear Solvation Energy 

Relationships. 23. A Comprehensive Collection of the Solvatochromic Parameters, pi*, 
alpha, and beta, and Some Methods for Simplifying the Generalized Solvatochromic 
Equation. J. Org. Chem. 1983, 48, 2877-2887. 

 
 



 

CHAPTER 5  
 

 

 

Solvatochromic Rotaxane Molecular Shuttles∗ 
 

 

 

 

 

Abstract 

 

A strongly fluorescent bistable rotaxane is described in which the relative position of the 
macrocyclic ring with respect to a solvatochromic fluorophore gives a strong response in 
the spectral domain. Hydrogen-bonding between the macrocycle and the imide alters the 
optical properties of the perylene imide chromophore: the absorption and the 
fluorescence spectra are red-shifted. The effects of various solvents are investigated by 
means of UV-Vis absorption, steady state and time-resolved fluorescence spectroscopies. 
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5.1 Introduction 

Mechanically interlocked architectures, such as catenanes and rotaxanes, offer an 
attractive framework for the study of relatively weak intermolecular interactions, without 
the complications of dissociation of the assemblies in solution.1, 2 Manipulation of the 
intercomponent interactions can give rise to molecular switches and motors.3-7 One of the 
challenges in this field is not only to control the co-conformational isomerism and the 
dynamics of the shuttling motion in which the macrocyclic ring moves back and forth 
between stations, but also to be able to detect the state of the system with high time 
resolution and high sensitivity. Fluorescence spectroscopy is potentially ideal for this, 
because it can be used to detect processes down to the picosecond time scale, and its 
sensitivity even allows the observation of the properties of individual molecules.8 A 
number of rotaxanes containing fluorescent groups has been described in the literature,9-14 
but with few exceptions15, 16 the fluorophores do not have sufficient brightness and 
photostability to be suitable for single molecule observation. In order to make the 
properties of the fluorophore sensitive to interaction with the moveable ring,15 in the 
present work we have incorporated a bright photostable and solvatochromic 
chromophore17 into a hydrogen-bonded rotaxane.  

Molecular switch 1 was assembled using a protocol developed by Leigh and co-workers 
(Figure 1).18, 19 In order to place the macrocyclic ring directly in contact with an imide unit, 
a simple amide, linked to the imide by a CH2 group, was introduced as a template. It is 
well known that an imide is not a particularly good binding site for the tetra-amide 
macrocycle.20-22 The macrocyclic ring can be formed using a simple amide as a template, 
albeit in low yield.23 The combination of amide and imide provides a template that 
resembles the ideal trans-1,4-dicarbonyl unit,18 but steric hindrance results from the 
second C=O group of the imide. As described in detail in Chapter 4, rotaxane 1 exists as a 
mixture of translational co-conformers in the ground state in which the macrocycle has a 
predominant affinity for the perylene unit. In order to get a more detailed picture of the 
influence of the macrocyclic ring on the spectroscopic properties of the perylene imide 
chromophoric unit, steady state and time-resolved fluorescence spectroscopies were 
employed. Hydrogen-bonding interactions between the benzylic amide macrocycle and 
the naphthalimide chromophore can be expected to result in absorption and emission 
spectra, which resemble those of the corresponding thread 2. On the other hand, 
localization of the macrocycle next to the perylene imide chromophore will give a 
response in the solvent sensitive absorption and emission spectra. 
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Figure 1. The structural formula of the perylene imide/naphthalimide rotaxane 1 and thread 2. 

5.2 Results and Discussion 

5.2.1 Absorption and Fluorescence Properties 

In order to explore how encapsulation affects the fluorescence properties of the perylene 
chromophore absorption and steady state fluorescence emission spectra of the rotaxane 1 
and the corresponding thread 2 were measured in several solvents. As an example, the 
absorption and emission spectra of rotaxane 1 in toluene and DMSO as compared with 
thread 2 are depicted in Figure 2. Optical spectra in other solvents are shown in Figure 3. 
The related spectroscopic data for all solvents are summarized in Table 1.  

A) 
 

B) 

 
 

 

Figure 2. A) Absorption spectra and B) Fluorescence spectra of rotaxane 1 (dashed) and thread 2 (solid) in 
toluene (blue) and in DMSO (red). All spectra are scaled to the same maximum.  

A) 
 

B) 

 
 

 

Figure 3. Absorption and emission spectra of A) Rotaxane 1 B) Thread 2 in various solvents. All spectra are 
scaled to the same maxima.  
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Comparison of the results shown in Table 1 reveals that the absorption maximum of 
rotaxane 1 appearing at 608 nm recorded in toluene occurs at lower energy by about 
33 nm than that of thread 2. A similar effect was observed in the fluorescence spectra, in 
which the position of the emission spectrum of the rotaxane in toluene exhibited a red 
shift of 19 nm compared to that of the thread. This is ascribed to the hydrogen-bonding 
interactions between the carbonyls of the perylene imide and the amide hydrogens of the 
macrocycle. The extent of shifts in both absorption and emission spectra decreased with 
an increase in solvent polarity. In DMSO, which disrupts the hydrogen-bond between the 
macrocycle and the stations, the absorption and emission spectra of both compounds are 
identical regarding the peak shapes and peak positions (Figure 2).9 The observed shifts in 
absorption spectra are larger than those of the emission, which reveals that the hydrogen-
bonding interactions are stronger in the ground state.  

Table 1. Absorption and emission maxima (nm), Stokes shifts (cm-1) of rotaxane 1 and thread 2 and the shifts 
induced by the presence of the macrocycle (cm-1) in different solvents.a 

 1   2   Δν 

Solvent λabs 

 

λem
b Stokes  

shift (×103) 

 λabs 

 

λem
b Stokes 

shift (×103) 
 Absc Emd 

Toluene 608 717 2.74  575 698 3.21  785 493 
Dibutylether 582 700 3.14  556 681 3.32  667 325 

EtOAc 597 733 3.11  576 715 3.43  549 224 
THF 597 758 3.18  580 716 3.39  510 298 

CH2Cl2 621 748 2.67  610 737 2.86  353 161 
Acetone 606 747 3.13  602 739 3.16  117 130 

DMF 620 756 3.05  613 751 3.05  100 105 
MeOH 620 763 3.14  617 764 3.10  78 45 

Acetonitrile 618 755 2.90  620 754 2.85  78 11 
DMSO 621 761 2.84  621 761 2.84  0 0 

a The spectra are shown in Figure 3. b λexc = λabs (max). 
c Energy difference (in cm-1) between the first absorption 

maximum of the thread and that of the rotaxane. d Energy difference (in cm-1) between the first fluorescence 
maximum of the thread and that of the rotaxane. 

5.2.2 Solvatochromism 

Solvatochromic compounds exhibit a pronounced change in the position and sometimes 
intensity of an electronic absorption, emission or both, accompanying a change in polarity 
of the medium. A bathochromic (or red) shift of the absorption or emission band with 
increasing solvent polarity is known as positive solvatochromism. The corresponding 
hypsochromic (or blue) shift is termed negative solvatochromism. Solvatochromic 
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compounds usually exhibit large differences in the dipole moments of their ground and 
excited states. Positive solvatochromic shifts in absorption and emission as observed here 
are normally interpreted in terms of an increase in the molecular dipole moment upon 
excitation. This can be found in electron donor-acceptor systems, which have a relatively 
small dipole moment in the ground state. When the more polar excited state is stabilized 
by the solvent relaxation (while the ground state is destabilized) positive 
solvatochromism is mainly expressed in the fluorescence. On the other hand, positive 
solvatochromism in absorption can occur when the dipole moments of the ground and 
the excited states are almost parallel since the excited state charge distribution interacts 
more favorably with the field induced by ground state dipole than the ground state itself. 
A variety of models can be employed to describe the effects of the solvent on the spectral 
properties. In the present case, we will start with the dielectric continuum models24-26 
developed by Lippert27 and Mataga,28 which have been often used to estimate the ground 
state and excited state dipole moments. Solvent induced changes in the absorption and 
emission energies (Eabs and Eem), relative to their vacuum values are described as follows: 
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In Equations 1 and 2,   
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µ e  and 
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µ g  represent the ground state and excited state dipole 

moments, respectively, ρ is the radius of the cavity (assumed to be spherical). The 
Onsager polarity functions, f(ε) and f(n2) are given in Equations 3 and 4. The function f(ε) 
describes the full dielectric response of the solvent, including effects of electronic 
polarization and molecular orientation in the field of the solute dipole. The difference 
Δf = f(ε) - f(n2) is the measure of the latter contribution only. 
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The Stokes shift, which is the difference between the absorption and emission maxima, 
then is expressed by Equation 5. 
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The plot of the Stokes shift versus Δf gives the changes between the ground state and the 
excited state dipole moments. The slope of the curve is determined by the cavity radius of 

the molecule and (  
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µ g )2. The molecular volume is generally derived on the basis of 
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molecular densities or from molecular computation and ρ is taken as the radius of the 
corresponding sphere (V = 4πρ3/3). The solvatochromic behaviors of rotaxane 1 and 
thread 2 were explored in solvents of differing polarities. As illustrated in Figure 3, for 
both compounds, marked bathochromic shifts are observed in the absorption and 
emission spectra upon increase in the polarity of the solvent. The spectroscopic data are 
summarized in Table 1. The positive solvatochromism in absorption from 575 nm in 
toluene to 621 nm in DMSO and the corresponding emission shifts from 698 to 761 nm for 
thread 2 are in accordance with the values observed for the closely related pyrrolidine 
substituted perylene monoimide 3, which lacks the bay substituents.17, 29 For rotaxane 1, 
however, the solvatochromic shifts are smaller. The absorption and the emission 
maximum shifts from 608 to 621 nm and from 717 to 761 nm, respectively, as the solvent 
is changed from nonpolar toluene to highly polar DMSO. 

                        

A plot of the Stokes shift of rotaxane 1 and thread 2 against the solvent polarity, which is 
described by the function Δf = f(ε)-f(n2), revealed that the solvatochromic behavior of both 
compounds did not follow the linear dependence predicted by Lippert-Mataga 
relationship (Figure 4). The Stokes shifts do not increase with increasing polarity function 
Δf, which suggests that the Lippert-Mataga approximation does not offer a good 
description for the system under study. A similar lack of solvent dependence of the Stokes 
shift was found for 3. This is attributed to the fact that the solvatochromic shift in this case 
is to a large extent due to a solvent induced change in the electronic structure, leading to a 
larger ground state dipole moment in more polar solvents.17 In this respect, 3 behaves 
much like merocyanine dyes.30-32 Model compound 4 which has the same chromophore as 
1 and 2 behaves qualitatively similarly to 3.29 

                                 
Figure 4. Variation of Stokes shift of rotaxane 1 and thread 2 with solvent polarity function (Δf = f(ε)-f(n2)). The 
lines are fits to Equation 5; rotaxane 1 slope = 250 ± 320 and intercept = 2890 ± 150; thread 2 slope = -100 ± 300 
and intercept = 3830 ± 150. 
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The overall medium effect on the frequency of the solvatochromic band reflects both 
general (non-specific) solvent polarity effects and the specific (hydrogen-bond) solute-
solvent interactions. A multiparameter solvent polarity scale can be used for investigation 
of the multitude of solute/solvent interactions on the molecular microscopic level. A 
linear regression of the frequency of the solvatochromic bands of 1 and 2 with solvent 
properties was carried out to evaluate the influence of the hydrogen-bond accepting or 
donating ability of the solvents on absorption and fluorescence spectra according to 
Kamlet-Taft solvatochromic relationships: 

€ 

˜ v =νo + aα + bβ + sπ*     (6) 

In Equation 6, 

€ 

˜ v  is the property correlated (absorption or fluorescence maxima for the 
different solvent polarities in this case), νo is a constant, and α, β, π* are measures of the 
solvent‘s hydrogen-bond donating, hydrogen-bond accepting ability and “dipolarity-
polarizability”, respectively. The a, b and s values give a measure of sensitivity of 

€ 

˜ ν  to 
these parameters. The observed absorption and fluorescence maxima in wavenumbers 
together with the parameters for the solvents used (α, β, π*) are given in Table 2. Fitting 
the data and the parameters with Equation 6 gives the coefficients listed in Table 3.  

In Figure 5, plots of observed absorption and fluorescence maxima versus the maxima 
predicted by Equation 6 are illustrated, which show the correlation between the 
experimental data and the model. The correlations between the fluorescence maxima and 
the solvent properties for 1 and 2 (R2 = 0.969 and R2 = 0.976, respectively) are slightly 
higher than those observed for the absorption maxima (R2 = 0.970 and R2 = 0.918, 
respectively).  

In general, for both rotaxane 1 and thread 2, a values are bigger in magnitude than those 
obtained for b, which indicates that the hydrogen-bond donating solvents interact more 
strongly with the molecules. The coefficient a is negative, implying that the hydrogen-
bond donating solvents stabilize the excited state. This effect is stronger for thread 2 than 
for rotaxane 1 due to the competing interaction between the chromophore and the 
macrocycle with the chromophore and the solvent in the latter. For rotaxane 1, a small 
positive b value is observed for the absorption spectra, whereas the fluorescence spectra 
gives rise to a negative b value. The negligible magnitude of b indicates that the frequency 
of the solvatochromic band is insensitive to the solvent’s hydrogen-bond accepting ability. 
This can be ascribed to the stabilization of the ground state by the electron donating 
solvents. By contrast, negative b values obtained for the fluorescence spectra mean that as 
basicity of the solvents increased, the frequency of the fluorescence band of rotaxane 1 
decreased. On the other hand, for thread 2 both absorption and emission spectra afforded 
negative b values which are larger in absolute magnitude compared to those observed for 
rotaxane 1. The effect is larger for absorption than for the fluorescence maxima indicating 
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the presence of stronger interactions in the ground state. Considering the effects seen in 
the absorption spectra of the rotaxane 1 and the thread 2 we can conclude that the 
macrocyclic ring suppresses the interaction between the amide units in the thread and the 
solvent. The s values are negative for both compounds and relatively larger for thread 2. 
The negative values imply the stabilization effect of highly polar solvents on the excited 
state. In the case of rotaxane 1 this effect is smaller because chromophore-solvent 
interactions are weakened by the presence of the macrocycle.  

However, the stabilizing effect of the polarity is larger than the destabilizing effect on the 
hydrogen bonds, which gives a net stabilizing effect with the negative sign for the s 
values. Furthermore, comparison of the results with those reported previously by 
Baggerman et al. for a perylene diimide rotaxane15 reveals that the s values are 
significantly larger in the present case due to the highly solvatochromic nature of 1 and 2 
which stems from the pyrrolidine ring attached to the perylene imide chromophore.  

Table 2. The observed absorption and fluorescence maxima in wavenumbers (cm-1) of rotaxane 1 and thread 2 
in different solvents and the relevant solvent parameters33 for Kamlet-Taft expression. 

 1   2   Parameters 

Solvent νabs (×104) νem (×104)  νabs (×104) νem (×104)  αa βb π*c 

Toluene 1.66 1.38  1.74 1.41  0.00 0.11 0.54 
Dibutylether 1.73 1.41  1.80 1.46  0.00 0.49 0.27 

EtOAc 1.67 1.36  1.73 1.39  0.00 0.45 0.55 
THF 1.67 1.35  1.73 1.38  0.00 0.55 0.58 

CH2Cl2 1.60 1.34  1.72 1.35  0.30 0.00 0.82 
Acetone 1.65 1.33  1.64 1.35  0.08 0.48 0.71 

DMF 1.62 1.31  1.66 1.32  0.00 0.69 0.88 
MeOH 1.61 1.30  1.63 1.31  0.93 0.62 0.54 

Acetonitrile 1.61 1.32  1.61 1.33  0.75 0.31 0.75 
DMSO 1.59 1.31  1.62 1.31  0.00 0.76 1.00 

a Hydrogen-bond donating ability. b Hydrogen-bond accepting ability. c Dipolarity-polarizability values. 
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Table 3. Coefficients and standard deviations for the Kamlet-Taft expression obtained by fitting the data in 
Table 2 to Equation 6.  

 1   2 

Coefficient Absorption Fluorescence  Absorbance Fluorescence 

νo 17700 ± 150 14600 ± 130  18700 ± 360 15300 ± 160 
a -550 ± 120 -520 ± 100  -970 ± 290 -760 ± 130 
b 90 ± 180 -450 ± 150  -880 ± 420 -550 ± 190 
s -1730 ± 200 -1250 ± 170  -1820 ± 480 -1810 ± 210 

R2 0.970 0.969  0.918 0.976 

 

A) 
 

B) 

 
 

 

C) 
 

D) 

 
 

 

Figure 5. Plots of the maxima obtained from fitting the absorption and fluorescence maxima of rotaxane 1 (A 
and B, respectively) and thread 2 (C and D, respectively) to the Kamlet-Taft Equation versus observed 
maxima. 

5.2.3 Fluorescence Quantum Yields and Fluorescence Lifetimes 

In order to get further insights into the origin of the interaction between the macrocyclic 
ring and the perylene imide chromophore, fluorescence lifetimes of 1 and 2 were 
determined in various solvents using a single photon counting apparatus with excitation 
at 405 nm. The obtained values are compiled in Table 4. Detection at different 
wavelengths ranging from 680 to 720 nm gave identical traces.  
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Table 4. Fluorescence quantum yields (ΦFl)a and fluorescence decay times (τ)b  with respective amplitudes in 
brackets of rotaxane 1 and thread 2 in several solvents.  

 1  2 

Solvent ΦFl
c,d τ (ns)e  ΦFl

c,d τ (ns)f 

Toluene 0.45 2.9  0.47 3.4 
Dibutyether  3.2   3.8 

EtOAc  2.9   3.5 
THF  2.9   3.3 

CH2Cl2 0.36 2.9  0.36 3.1 
Acetone 0.32 3.0  0.33 3.3 

DMF  2.8   2.9 
MeOH  1.8   1.9 

Acetonitrile 0.30 2.9  0.27 3.1 
DMSO  2.7 (0.80) 

0.2 (0.20) 
  2.8 (0.74) 

0.2 (0.26) 

a The standard used is perylene red in CHCl3 with a quantum yield of 0.96.34 b Excitation wavelength for 
lifetimes is 405 nm. c λexc = 560 nm. d ΦFl ± 0.02. Absorbance of the solution ~ 0.1. e Detection at 720 nm. 
f Detection at 700 nm.  

For thread 2, fluorescence decay times between 3.4 and 2.1 ns were determined and they 
are similar to the values reported by Zoon et al. for compound 3.17 The obtained 
fluorescence decay in each solvent was well described by a mono-exponential curve 
except in the case of DMSO. In DMSO, a small contribution (26%) from an additional fast 
decay time component (0.2 ns) has been detected, which might be ascribed to some 
conformational relaxation in the excited state. For rotaxane 1, fluorescence lifetimes are 
between 3.2 and 2.1 ns and show no clear dependence on solvent polarity. Notably, the 
decay times are shorter than those of thread 2. These trends are rationalized - in line with 
previous work - on the basis of hydrogen-bond induced non-radiative decay pathways.15 
The decay curves for 1 exhibit a bi-exponential nature for each detection wavelength in 
DMSO but a mono-exponential behavior in all the other solvents studied. Furthermore, as 
the data in Table 4 reveal, quantum yields of 1 and 2 show a slight decrease with 
increasing solvent polarity and they are in accordance with the values described for 
structurally related perylene derivatives.17 

5.2.4 Fluorescence Resonance Energy Transfer (FRET) 

Fluorescence Resonance Energy Transfer (or Förster Resonance Energy Transfer), FRET, is 
the energy transfer mechanism between two fluorescent dyes through long range dipole-
dipole interactions.35 The donor is excited (at its specific absorption wavelength) and the 
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excited state energy is transferred non-radiatively to the acceptor, which becomes excited, 
while the donor returns to the ground state. The acceptor chromophore in solution 
rapidly looses some energy through vibrational and rotational relaxation. Thus, the 
energy match with the donor is lost, meaning that energy cannot be returned to the donor. 
The acceptor eventually returns to the ground state by its intrinsic radiative and non-
radiative pathways.36 FRET can only take place when two fluorescent chromophores are 
in close proximity, usually less than 10 nm, and the probability of the energy transfer is 
strongly dependent on the inter-dye distance.  

On the basis of the efficient overlap between the emission spectrum of the donor and the 
absorption spectrum of the acceptor chromophoric units in rotaxane 1 and thread 2 we 
can expect the possibility of an efficient FRET process (Figure 6). Indeed, upon excitation 
of 1 and 2 at 345 nm, fluorescence emission of the perylene unit at about 700-800 nm was 
observed in all the solvents studied indicating an energy transfer from the naphthalimide 
to the perylene imide chromophore (Figure 7). The emission arising from naphthalimide 
unit at ~ 380 nm, however, is still detectable. FRET occurs mainly via higher excited state 
of the perylene unit absorbing at 400 nm, which is not solvatochromic. 

A) 
 

B) 

 
 

 
 

Figure 6. A) Fluorescence emission spectra of compound 13 (donor, green line, right axis) and absorption 
spectrum of rotaxane 1 (red line, left axis) in toluene with shaded area representing the spectral overlap. B) 
Fluorescence emission spectra of compound 13 (donor, green line, right axis) and absorption spectrum of 
thread 2 (blue line, left axis) in toluene with shaded area representing the spectral overlap.  

A) 
 

B) 

 
 

 

Figure 7. Fluorescence emission spectra (λexc = 345 nm, 298 K) of A) Rotaxane 1, B) Thread 2 in various 
solvents.  
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For a better qualification of the FRET, time-resolved fluorescence spectroscopy was 
employed. The observed fluorescence lifetimes are collected in Table 5. For comparison, 
model compound 5 was used to obtain the donor-only decay times. On excitation of the 
naphthalimide unit in 2 at 324 nm in toluene, strong quenching of its fluorescence was 
observed as the fluorescence lifetime was drastically reduced to 0.2 and 0.09 ns for non 
polar toluene and highly polar acetonitrile, respectively, compared to the reference 
compound 5 (τ = 2.6 and τ = 2.2 ns for toluene and acetonitrile, respectively). Likewise, for 
rotaxane 1, significantly shortened fluorescence lifetimes were found for the 
naphthalimide unit upon detection at 390 nm compared with those of reference 
compound 5. The observed lifetimes are reduced to values of 0.1 ns (in toluene) and 0.08 
ns (in acetonitrile). Fluorescence quenching of the naphthalimide unit in 1 is more 
pronounced than in thread 2. In both 1 and 2, the acceptor is always excited to some 
extent because the acceptor absorbs (ε324 = 6130 M-1cm-1) at the excitation wavelength used 
to excite the donor. Since the acceptor is fluorescent, the light absorbed by the donor and 
transferred to the acceptor appears as enhanced acceptor emission. In the time domain, 
the characteristics of an excited state reaction are a rise time in the time dependent 
intensities and a negative pre-exponential factor in the multi-exponential analysis. In the 
present case, however, a sensitization of the emission of the perylene imide unit with a 
rise time could not be detected because most of the perylene emission is due to the 
intrinsic decay of the directly excited perylene imide chromophore rather than by FRET. 
The decays at 720 nm were fitted mono-exponentially for both rotaxane 1 and thread 2 in 
all solvents. Fluorescence lifetimes range from 3.1 (in Toluene) to 1.9 ns (in MeOH) for 
rotaxane 1 and they are similar to those found for thread 2. As expected, the decay times 
at 720 nm are very similar to those obtained with direct excitation at 405 nm (Table 4). 

                                         
Figure 8. Structure of the reference compound 5. 
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Table 5. Fluorescence lifetimes (τ)a with respective amplitudes in brackets of rotaxane 1, thread 2 and the 
reference compound 5 in various solvents.b   

 1  2  5 

Solvent τ (ns)c τ (ns)d  τ (ns)c τ (ns)d  τ (ns)c 

Toluene 0.10 (0.97) 
1.3 (0.03) 

3.0  0.2 (0.95) 
1.4 (0.05) 

3.4  2.6 

THF 0.09 (0.98) 
0.60 (0.02) 

3.0  0.10 (0.97) 
0.70 (0.03) 

3.3  1.2 

CH2Cl2 0.10 2.9  0.10 (0.98) 
1.3 (0.20) 

3.2  1.5 

Acetone 0.09 (0.85) 
1.8 (0.15) 

3.1  0.10 (0.80) 
1.8 (0.20) 

3.3  1.7 

DMF 0.11 (0.96) 
0.30 (0.04) 

2.8  0.11 (0.98) 
0.50 (0.02) 

2.9  1.0 

MeOH 0.08 1.9  0.09 (0.93) 
2.7 (0.07) 

1.8  2.8 

Acetonitrile 0.08 2.9  0.09 (0.95) 
2.1 (0.05) 

3.0  2.2 

DMSO nde 2.7 (0.80) 
0.2 (0.20) 

 nde 2.8 (0.80) 
0.2 (0.20) 

 nde 

a λexc = 324 nm. b All spectra were recorded at room temperature. c λdet = 390 nm. d λdet = 720 nm. e Values could 
not be determined as the signal falls within the time response of the instrument (~ 20 ps).  

Based on the above-mentioned photophysical data, the influence of the solvent polarity 
on the energy transfer rates and efficiencies was studied. The rate of energy transfer was 
calculated using the following equation: 
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kT =
1
τDA

−
1
τD

    (7) 

where τDA and τD represent the decay of the donor in the presence and in the absence of 
acceptor, respectively. Furthermore, the efficiency of the energy transfer can be calculated 
according to Equation 8. 
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The results for both rotaxane 1 and thread 2 are summarized in Table 6. The respective 
rate constants for 1 are kT = 1.0 × 1010 s-1 for all solvents, whereas they range from kT = 4.6 × 
109 s-1 (in toluene) to kT = 1.1 × 1010 s-1 (in acetonitrile) for the corresponding thread 2. The 
efficiency of the transfer process from naphthalimide to perylene imide chromophore is 
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close to 1.0 for both compounds in all solvents. No general trend for the effect of solvent 
polarity on the transfer rates was observed which is in good agreement with the solvent 
independency usually observed for Förster-type resonance energy transfer.  

Table 6. Evaluation of time-resolved fluorescence photophysical properties of rotaxane 1 and thread 2 
according to the Förster theory. 

 1  2 

Solvent kT (1010 s-1) E  kT (1010 s-1) E 

Toluene 0.96 0.96  0.46 0.92 
THF 1.0 0.92  0.92 0.92 

CH2Cl2 1.0 0.94  0.93 0.93 
Acetone 1.0 0.95  0.94 0.94 

DMF 1.1 0.92  0.81 0.90 
MeOH 1.2 0.97  1.1 0.96 

Acetonitrile 1.2 0.96  1.1 0.96 

 

5.3 Conclusions 

We have presented a novel rotaxane 1 which can exist as a mixture of translational co-
conformers in the ground state with the macrocycle preferentially located near the 
perylene imide chromophore. Whereas the donor-substituted perylene imide has a large 
dipole moment,17 the naphthalimide is much less dipolar. This explains the preference for 
the pery co-conformer over the ni co-conformer. There is a higher electron density on the 
carbonyl groups of the perylene imide, which strengthens the hydrogen bonds to the 
perylene side. The absorption and emission maxima exhibited a red shift due to the 
hydrogen-bonding interactions between the amide groups of the macrocycle and the 
carbonyl groups of the perylene imide chromophore. The larger spectral shifts were 
observed in nonpolar solvents such as toluene in which the strengths of hydrogen-
bonding interactions are the largest. In contrast, in solvents of high polarity and high 
hydrogen-bond accepting ability no spectral differences between the rotaxane 1 and the 
thread 2 were observed as a result of disruption of the hydrogen-bonding between the 
perylene imide unit and the macrocycle by competing interactions with the solvent. Both 
compounds displayed significant positive solvatochromic shifts in their absorption and 
emission. As in previously studied 3, no general trend for the effect of solvent polarity on 
Stokes shifts of 1 and 2 was observed. The influence of the different types of 
solvent/solute interactions on the absorption and fluorescence spectra is analyzed with 
the Kamlet-Taft expression. 
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Existence of an efficient energy transfer between two chromophoric units has been 
detected, which is one of the few examples of FRET among mechanically interlocked 
molecules.16 

Time-resolved fluorescence spectroscopy showed that the fluorescence lifetimes of 
rotaxane 1 are notably shorter than those of the thread 2 as a result of hydrogen-bonding 
interactions between the macrocycle and the perylene imide. In view of these results, 
rotaxane 1 containing a highly fluorescent perylene imide chromophore provides a 
starting point for the utilization of time-resolved fluorescence spectroscopy for 
monitoring shuttling processes. The co-conformers might be detectable by their different 
fluorescence emission and excitation spectra particularly in solvents of low polarity due to 
the fact that the interaction between the ring and the perylene imide has a large effect on 
the electronic absorption and emission spectra. Moreover, it will be possible to distinguish 
the co-conformers at the level of individual molecules37-39 since perylene imide 
chromophores are bright and photostable. The dynamics of interconversion of the co-
conformers can then be investigated using fluorescence fluctuation spectroscopy.40  

5.4 Experimental Section 

Materials: Unless stated otherwise, all reagents and anhydrous solvents were purchased 
from Aldrich or Fluka and used without further purification. THF was dried and 
deoxygenated by distillation over sodium benzophenone under an atmosphere of argon. 
MeOH was distilled from Mg prior to use. For UV-Vis absorption and fluorescence 
emission experiments spectroscopy grade solvents were used. Oxygen-free solutions were 
obtained by bubbling for 20-30 min with argon. 

5.4.1 Steady State Absorption 

Electronic absorption spectra of solutions were recorded in quartz cuvettes (1 cm, Hellma) 
on a Hewlett-Packard 8543 diode array (range 190-1000 nm) or a Varian Cary 3E (range 
190-900 nm) spectrophotometer.  

5.4.2 Steady State Fluorescence 

Emission spectra were measured on a Spex Fluorolog 3 spectrometer, equipped with a Xe 
arc light source, a Hamamatsu R928 photomultiplier tube detector and double excitation 
and emission monochromators. The fluorescence spectra were corrected for the 
wavelength response of the detection system. The fluorescence of compounds in solution 
was detected in right angle geometry.  Fluorescence quantum yields41 were estimated by 
comparison of a standard solution of N,N’-(2,6-diisopropylphenyl)-1,6,7,12- 
tetraphenoxyperylene-3,4:9,10-tetracarboxylic acid bisimide (ΦFl = 0.96 in CHCl3) and 
calculated according to the following: 
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ΦFl =Φr
(ArIsn

2)
(AsIrnr

2)
   (9)  

where Φ is the quantum yield, A is the absorption factor (absorbance ~ 0.1) at the 
excitation wavelength, I is the integrated emission intensity and n is the refractive index 
of the solvents. Subscripts s and r refer to the sample and the reference solutions, 
respectively.  

5.4.3 Time-Resolved Fluorescence 

Time-resolved emission measurements were performed using a picosecond time-
correlated single photon counting (TCSPC) set-up.42 A mode-locked Ar+ laser (Coherent 
486 AS Mode Locker and Coherent Innova 200 laser) was operated at λ = 514.5 nm (laser 
pulses of ca. 60 ps with a repetition rate of 76 MHz) and used to pump a DCM dye laser 
(Coherent model 700) coupled with a cavity dumper (Coherent 7200). The output at 3.8 
MHz was doubled with a BBO crystal resulting in an excitation wavelength of 323 nm. 
Florescence was detected at a right angle to the incident beam direction after passing 
though a polarizer set to the magic angle (54.7o), and a monochromator (Carl Zeiss M20 
67583) before reaching the microchannel plate photomultiplier tube (Hamamatsu R3809).  

     
Figure 9. Schematic representation of picosecond single photon counting (SPC) set-up: 1 laser, 2 pulse picker, 
3 photodiode, 4 sample, 5 monochromator, 6 photomultiplier, 7 photon counting system, 8 computer. 

The instrument response (~18 ps) was recorded using the Raman scattering of a doubly 
ionized water sample. Time windows (4000 channels) of 5 ns (1.25 ps/channel) – 50 ns 
(12.5 ps/channel) could be used facilitating a window for measurements going from 5 ns 
to 50 ns. The recorded traces were fitted to model decay functions convoluted with the 
system response using the computer program Fluofit (PicoQuant) or using similar 
procedures implemented in Igor Pro (Wavemetrics). 

For fluorescence decay measurements at λexc= 405 nm a continuously tunable (690-1040 
nm) Coherent Chameleon laser was used as the excitation source (fwhm=140 fs with a 
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pulse repetition rate of 80 MHz). The modified TC-SPC set-up is illustrated in Figure 9. A 
pulse picker (Angewandte Physics and Electronics (APE)) was employed to decrease the 
repetition rate to 4 MHz and to increase the observation time between the excitation 
pulses. The laser beam was passed through a BBO crystal to double the frequency 
yielding an excitation wavelength of 405 nm. A dichroic mirror separated the excitation 
beam from the fundamental beam. The rest of the set-up is the same as described above.  
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Abstract 

A molecular shuttle consisting of perylene imide and napthalimide units as both stoppers 
and fluorescent units has been constructed. The system can be described as an 
equilibrium mixture of two translational co-conformers, populated in a particular ratio 
depending on the relative strengths of the noncovalent hydrogen-bonding interactions 
between the macrocyclic ring and the two stations that it can bind to. The relative position 
of the ring with respect to the highly fluorescent perylene imide unit gives a strong 
response in the spectral domain, which makes it possible to distinguish between the 
fluorescence emission and excitation spectra of two translational isomers. Evidence for the 
shuttling process taking place after selective excitation of the ni co-conformer was 
obtained by means of time-resolved fluorescence spectroscopy. Detection at the blue side 
of the emission band reveals a faster component along with a long-lived component, 
whereas the detection at the red side of the emission band gives only the longer decay 
time component. The short lifetime can be ascribed to the ultrafast translocation of the 
macrocycle from the napthalimide to the perylene side in the excited state. 

 

                                                
∗ D.D. Günbaş, A.M. Brouwer, manuscript in preparation. 
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6.1 Introduction 

Rotaxanes comprising two different recognition sites have received considerable interest 
in the design and construction of molecular switches1-3 and molecular machines,4-6 since 
the ring and dumbbell components of rotaxanes are capable of exchanging the position of 
one component relative to that of the other. These motions, in principle, can be induced 
by an application of an external impetus such as chemical,7, 8 electrochemical9, 10 and 
phototochemical11-13 stimuli. Controlling the co-conformational changes and shuttling 
dynamics together with discrimination of the states of the system with high sensitivity 
and high time resolution are among the main challenges for the desired applications. The 
possibility to detect dynamical processes down to picosecond time scales makes 
fluorescence spectroscopy14-20 potentially an ideal approach compared to other methods 
for monitoring fast molecular shuttles such as such as NMR,21 absorption3, 22 and circular 
dichroism5 spectroscopies. We have previously described the synthesis and photophysical 
properties of a perylene imide/naphthalimide rotaxane in which the localization of the 
macrocyclic ring next to the perylene imide chromophore gave a strong response in the 
spectral domain.23 The main question, however, remained unanswered: Is it possible to 
use fluorescence spectroscopy to detect the shuttling process in this kind of systems? Here 
we address this issue by reporting an efficient synthesis and fluorescence study of 
rotaxane 1 in which the macrocyclic ring is placed in a direct contact with a chromophore 
introducing the ability to monitor the shuttling behavior by fluorescence spectroscopy. 
The molecular shuttle 1 consists of a benzylic amide macrocycle mechanically interlocked 
onto a thread molecule featuring perylene imide and naphthalimide chromophores 
(which also acts as stoppers) separated by C12 aliphatic spacer (Figure 1). Glycine 
hydrogen-bonding sites or “stations “ are positioned on both sides of the thread allowing 
the fast translocation of the ring along the thread due to the weaker binding interactions 
between the two components compared to succinamide-based rotaxanes.12 Different from 
the rotaxane described in Chapter 4 and 5, the substituents on the bay area of the perylene 
imide chromophore are removed to increase its stability towards photodecomposition. 
The lack of solubility of the compound and possible dethreading of the ring from the axle 
was overcome by the introduction of a tritylphenol group. In addition, using a relatively 
longer alkyl chain as a spacer reduces the possibility of the presence of bridged co-
conformers in which the ring can be hydrogen-bonded to both stations at the same time. 
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Figure 1. The structural formula of the perylene imide/naphthalimide rotaxane 1. 

6.2 Results and Discussion 

6.2.1 Design and Synthesis 

The synthetic route for the fabrication of rotaxane 1 is shown in Scheme 1. The 
preparation of thread 2 was started with the reaction of hydroxypyrrolidine with di-tert-
butyl-dicarbonate in the presence of Et3N, affording compound 324 (79%), which was 
subsequently coupled with 4-tritylphenol to give 4 in 75% yield by employing a 
Mitsunobu reaction in the presence of diisopropylazodicarboxylate (DIAD) and Ph3P. 
Removal of the Boc protecting group under acidic conditions resulted in the formation of 
compound 5, quantitatively. In accordance with the literature,25 bromination of perylene 
monoimide 6 in the presence of a catalytic amount of iodine resulted in the formation of 7 
(96%). Following standard Buchwald-Hartwig conditions, the reaction of 7 with 5 led to 
the formation of 8 (75%). Saponification of compound 8 by an excess of KOH in tBuOH, 
and subsequent acid-mediated dehydration with acetic acid provided perylene anhydride 
9 in 50% yield. A coupling reaction of compound 9 with glycine tert-butyl ester gave 
compound 10 (85%), and a subsequent removal of the tert-butyl protecting group resulted 
in the formation of 11, quantitatively. Reaction of naphthalimide stopper 12 with N-Boc-
1,12-diaminododecane, both prepared according to literature,26, 27 afforded intermediate 13 
(90%), which on hydrolysis with TFA in CH2Cl2 provided amine 14, quantitatively. 
Finally, a coupling reaction between 10 and 13 in the presence of BOP and DIPEA in DMF 
at room temperature accomplished the synthesis of desired thread 2 (90%). The thread 2 
underwent the five-component clipping reaction28 with the corresponding precursors p-
xylylenediamine and isophthaloyl dichloride to give a mixture of the desired rotaxane 1 
(12%) and unreacted thread 2 (82%). The reason for the lower yield (12%) in comparison 
with that found for a similar perylene imide/naphthalimide rotaxane (16%)23 is the 
limited solubility of thread 2 which reduced the extent of the formation of rotaxane 1. 
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Scheme 1. Synthesis of molecular shuttle 1a 

         
a (i) Boc anhydride, Et3N, CH2Cl2, 0 oC to RT, 16 h, 79%; (ii) 4-tritylphenol, DIAD, Ph3P, THF, 0 oC to RT, 
overnight, 75%; (iii) TFA, CH2Cl2, 0 oC to RT, 3 h, 99%; (iv) Br2, I2, AcOH, 5 h, RT, 96%; (v) Compound 5, 
Pd2(dba)3, BINAP, NaOtBu, toluene, 100 oC, overnight, 75%; (vi) a) KOH, tBuOH, reflux, 3 h; b) AcOH, 
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overnight, 50%; (vii) Glycine tert-butyl ester hydrochloride, K2CO3, DMF, 100 oC, overnight, 85% (viii) 
TFA, CH2Cl2, 0 oC to RT, 3 h, 99%; (ix) N-Boc-1,12-diaminododecane, BOP, DIPEA, DMF, RT, overnight, 

90%; (x) TFA, CH2Cl2, 0 oC to RT, 99%; (xi) Compound 11, BOP, DIPEA, DMF, RT, overnight, 80%; (xii) 
Isophthaloyl dichloride, p-xylylene diamine, Et3N, CHCl3, RT, 20 h, 12%. 

The location of the macrocycle on the thread can be deduced from 1H NMR experiments. 
1H NMR spectra of the rotaxane 1 and thread 2 recorded in CD2Cl2 are shown in Figure 2. 
The striking upfield shifts of H4 (Δδ4 = -0.381 ppm) and H11 (Δδ11 = -0.834 ppm) are due to 
shielding by the aromatic ring current of p-xylylene rings.  

         

Figure 2. 1H NMR spectra of rotaxane 1 and thread 2 (400 MHz, 298 K) in CD2Cl2. The assignments 
correspond to those indicated in Scheme 1. The resonances of the residual solvent and the H2O are marked 
with asterisks (*).  

The total shielding of the glycine protons in rotaxane 1 (Δδ = -1.215 ppm) is larger than 
those found for a structurally related rotaxane (Δδ = -0.740 ppm) with a C9 aliphatic spacer 
as described in Chapter 4. In addition, the extent of shielding is also increased in 
magnitude in comparison with those observed in the degenerate rotaxane with a C9 
aliphatic spacer (Δδ = -0.821 ppm). Assuming that the intrinsic shielding of the two CH2 
groups by the p-xylylene rings is the same, the shielding of H4 vs. that of H11 indicates that 
rotaxane 1 is present as two translational isomers in a ratio of 2:1 with the macrocycle 
predominantly located over the pery-gly station (Figure 3). Moreover, the resonances 
associated with H6 and H9 protons are shifted to higher field (δ = 2.88, and δ = 2.79 ppm, 
respectively) relative to thread 2 (δ = 3.26, and δ = 3.21 ppm, respectively) as a 
consequence of being in close proximity to the macrocyclic ring. On the other hand, the 
signals corresponding to amide protons (H5 and H10) exhibit substantial downfield shifts 
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of 0.639 and 0.759 ppm in rotaxane 1, with respect to those in thread 2, which implies that 
they are strongly involved in hydrogen-bonding interactions with the macrocycle. The 
greater deshielding of H10 protons is also consistent with the proposed major co-
conformer of rotaxane 1 with the ring preferentially hydrogen-bonded to the perylene 
imide chromophore. 

                       

Figure 3. Translational co-conformers of rotaxane 1 (CD2Cl2, 298 K). 

Localization of the macrocyclic ring next to the naphthalimide chromophore (ni co-
conformer) is not expected to give rise to a significant effect on the electronic absorption 
and emission spectra of the perylene imide unit. If the macrocycle, however, hovers over 
the pery-gly station (pery co-conformer), both electronic absorption and emission spectra of 
the perylene will be red shifted compared to those of the thread. With this in mind, we 
decided to employ steady state absorption and emission spectra of rotaxane thread 2 to 
explore the influence of the macrocyclic ring on the optical spectroscopic properties of the 
perylene imide chromophoric unit. 

6.2.2 Steady State Absorption and Fluorescence Spectroscopy 

6.2.2.1 Absorption and Emission Spectra 

The rotaxane 1 and thread 2 were initially characterized by means of UV-Vis absorption 
and steady state fluorescence spectroscopy in solvents of varying polarity. The selected 
data for a representative set of solvents (toluene (εs

∗ = 2.37), dichloromethane (εs = 8.93), 
acetone (εs = 20.5) and acetonitrile (εs = 35.7)) are listed in Table 1. UV-Vis absorption and 
                                                
∗ εs refers to the dielectric constant of the solvents. 



Ultrafast Shuttling of Mechanically Interlocked Molecules in the Excited State 
 

 133 

steady state fluorescence emission spectra of both compounds in these solvents are 
depicted in Figure 4.  

A) 
 

                                
 
B) 
 

                                  
 

Figure 4. Normalized UV-Vis absorption (line) and fluorescence emission spectra (dashed) of A) Rotaxane 1 
B) Thread 2 in toluene (purple), CH2Cl2 (green), acetone (red) and acetonitrile (blue).  

For rotaxane 1 nor thread 2 additional absorption or emission bands emerged, indicating 
no significant ground state interaction between the naphthalimide and perylene imide 
units. The absorption spectra of 1 and 2 show the expected bands of the naphthalimide 
(compound 13) and perylene imide chromophores (model compound 8) as illustrated in 
Figure 5. 

                               
Figure 5. Absorption spectra (solid line), fluorescence emission spectra (dashed line) of rotaxane 1 (red), 
thread 2 (blue), compound 13 (green), compound 8 (purple) and calculated UV-Vis absorption (8+13) (black 
solid line) in toluene. 
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The small difference between the spectra of thread 2 and the reference compound 8 can be 
attributed to the intramolecular hydrogen-bonding interactions between the amide 
hydrogen of the glycine unit and the carbonyls of the perylene imide chromophore 
forming a seven-membered ring as shown in Figure 6. 

                                              
Figure 6. Representation of the intramolecular hydrogen-bonding interactions between the glycine unit and 
perylene imide. 

Bathochromic shifts of the absorption maximum from 579 (toluene) to 602 nm (CH2Cl2) for 
rotaxane 1 and from 555 (toluene) to 590 nm (CH2Cl2) for thread 2 were observed, which 
are similar to solvent dependent shifts found for structurally related perylene imide-based 
rotaxanes.23 Both absorption and emission maxima of rotaxane 1 shifted to lower energy 
in each solvent in comparison with those of thread 2. As an example, the absorption and 
emission spectra of rotaxane 1 and thread 2 in toluene are depicted in Figure 7. The 
absorption and emission maxima of thread 2 in toluene are located at 555 and 685 nm, 
respectively, whereas for rotaxane 1 a red shift of 24 nm (from 555 to 579 nm) was found 
in absorption and of 16 nm (from 685 to 701 nm) in emission spectra. The lower excitation 
energies of the perylene imide chromophore in the rotaxane are attributed to the 
hydrogen-bonding between the carbonyl group of the perylene imide unit and amide 
hydrogens of the macrocycle as previously described in Chapter 5. The shifts of the 
absorption maxima are larger compared to those of the fluorescence indicating the 
presence of stronger hydrogen-bonding interactions in the Franck-Condon ground state 
than in the relaxed excited state. Interestingly, the similarities of the band position for 
rotaxane 1 and thread 2 in acetonitrile implies that the macrocycle does not have much 
influence on the perylene imide chromophore in this solvent. This is attributed to the 
weakening of the hydrogen-bonding interactions between the macrocycle and the 
perylene imide by the highly polar acetonitrile.  

                                    
Figure 7. Absorption and fluorescence spectra of 1 (red dash-dotted line) and 2 (blue solid line) in toluene. All 
spectra are scaled to the same maximum. 
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Table 1. Absorption and emission maxima (nm), Stokes shifts (cm-1) of rotaxane 1 and thread 2, the shifts   
(cm-1) induced by the presence of the macrocycle and quantum yieldsa in different solvents. 

 1   2   Δνd 

Solvent λabs λem
b Stokes 

Shift 

ΦFl
b  λabs λem

c Stokes 

shift 
ΦFl

c  Abs Em 

Toluene 579 701 3050 0.38  555 685 3540 0.34  770 277 
CH2Cl2 602 721 2810 0.40  590 711 2990 0.33  361 179 

Acetone 590 722 3180 0.38  583 719 3240 0.38  175 121 
Acetonitrile 595 727 3080 0.28  573 725 3590 nde  538 24 

a Using perylene red as the standard (ΦFl = 0.96 in CHCl3).29 b λexc = 570 nm. c λexc = 560 nm. d
 Energy difference 

(cm-1) between the first maximum of the thread and that of the rotaxane. e Could not be determined due to 
poor solubility. 

The fluorescence quantum yields were measured in various solvents within 10% 
experimental error and the values are collected in Table 1. As the data in Table 1 reveal, 
the quantum yields of 1 and 2 are slightly dependent on solvent polarity and they are 
similar to the values observed for previously studied pyrrolidine substituted perylene 
derivatives.30 

6.2.2.2 Wavelength dependent Fluorescence Emission and Excitation Behavior 

In order to understand in more detail the dynamics of the co-conformational equilibria 
and to investigate whether the two possible translational isomers of rotaxane 1 (pery and 
ni) can be detected separately by their own characteristic spectra, wavelength 
dependencies of the fluorescence emission and fluorescence excitation spectra were 
studied. When the rotaxane exists as the ni co-conformer, in which the macrocycle is 
bound to the naphthalimide unit, both fluorescence excitation and fluorescence emission 
spectra of rotaxane 1 should resemble those of thread 2, whilst localization of the 
macrocyclic ring in contact with the perylene imide chromophore can be expected to give 
rise to a significant red shift in both spectra. As shown in Figure 8A, the fluorescence 
emission spectra of rotaxane 1 were recorded for excitation wavelengths ranging from 510 
to 640 nm. At first glance, the emission spectra of rotaxane 1 recorded at different 
excitation wavelengths look almost identical. Nevertheless, close inspection of the 
emission spectra obtained from the excitation in short and long-wavelength regions gives 
essential information regarding the co-conformational equilibria of rotaxane 1. When 
rotaxane 1 is excited at the blue side of the absorption band (at 510 nm), the fluorescence 
maximum (λem

max) is observed at 698 nm. Interesting, as can be seen from Figure 8B, as the 
excitation wavelength is progressively shifted toward the red side of the absorption 
maximum, a small but a steady shift of the fluorescence maximum is clearly visible. 
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Excitation at 640 nm results in a fluorescence spectrum whose maximum is located at 706 
nm. On the basis of the assumption made above, the emission spectra obtained for the 
excitation at shorter wavelengths can be ascribed to the ni co-conformer, in which the 
macrocyclic ring has no or little influence on the perylene imide chromophore. However, 
the emission spectra recorded at longer wavelengths point to an interaction between the 
macrocycle and the perylene imide chromophore leading to the observed red shifts of the 
emission maxima. Therefore, the emission spectra for the excitation at the red side of the 
absorption band can be attributed to the pery co-conformer in which the macrocycle is 
located next to the perylene imide chromophoric unit. In comparison, thread 2 exhibited a 
smaller excitation wavelength dependent shift of the fluorescence maximum (Figure 8C 
and 8D). In this case the red-shifted component may be due to the intramolecular 
hydrogen-bond formation (Figure 6). 

A) 
 

B) 

 
 

 

C) 
 

D) 

 
 

 

Figure 8. Normalized fluorescence emission spectra of A) Rotaxane 1; C) Thread 2 in toluene as a function of 
excitation wavelength. B) and D single out the spectra recorded for excitation at the blue (510 nm) and red 
(640 nm) side of the absorption maximum for 1 and 2, respectively. Arrow indicates the spectral changes upon 
increasing the excitation wavelength. 

Next, the effect of the detection wavelength on the fluorescence excitation spectra of 
rotaxane 1 was investigated. Figure 9A illustrates the fluorescence excitation spectra of 
rotaxane 1 in toluene recorded at different emission wavelengths. Changing the detection 
wavelength from 740 to 640 nm results in a hypsochromic shift in the excitation 
maximum. The similarity between the excitation spectrum of rotaxane 1 recorded at 640 
nm and the excitation spectrum of thread 2 at 685 nm (or any other wavelength) indicates 
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that the 640-nm fluorescence predominantly originates from the ni co-conformer. On the 
other hand, examination of the fluorescence excitation spectra detected at longer 
wavelengths reveals a bathochromic shift, which is ascribed to the pery co-conformer. By 
comparison, excitation spectra of the emission for thread 2 were only slightly dependent 
on the selected emission wavelength (Figure 9B). The small difference between the 
fluorescence excitation spectra of the thread recorded for the emission at the shorter and 
longer wavelength region could be due to the intramolecular hydrogen-bonding 
interactions between the glycine unit and the perylene imide as illustated in Figure 6. 
These findings are in accordance with the results obtained from the fluorescence emission 
spectra.  

A) 
 

B) 

 
 

 

Figure 9. Fluorescence excitation spectra of A) Rotaxane 1; B) Thread 2 in toluene. For comparison, the 
excitation spectrum of thread 2 recorded at an emission wavelength of 685 nm is shown in the excitation 
spectra of rotaxane 1. Arrow indicates the spectral changes upon increasing emission wavelength. 

The wavelength dependencies of the fluorescence excitation and fluorescence emission 
spectra were further investigated in solvents of different polarity. Emission spectra of 
rotaxane 1 and thread 2 were collected by using excitation wavelengths from 510 to 640 
nm in CH2Cl2, acetone and acetonitrile. Due to the solubility problems encountered, the 
measurements could not be performed in acetonitrile for thread 2. The corresponding 
emission curves for both compounds in each solvent with respect to changing excitation 
wavelength are depicted in the Appendix of this chapter (Figure 32 and Figure 33). Figure 
10 summarizes the shifts of the fluorescence emission maxima of rotaxane 1 as the 
excitation wavelength was increased from 510 to 640 nm in solvents of differing polarities. 
The shifts are 8, 5, 1, and 5 nm in toluene, dichloromethane, acetonitrile and acetone, 
respectively. By comparison, thread 2 exhibited normal fluorescence behavior with 
negligible excitation wavelength dependence in different media. 
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Figure 10. Fluorescence emission maxima (nm) observed for rotaxane 1 for two different excitation 
wavelengths (510 and 640 nm) in different media. 

Fluorescence excitation spectra of rotaxane 1 were collected by using emission 
wavelengths from 640 to 760 nm in dichloromethane, acetonitrile and acetone. Figure 11 
summarizes the shift values observed for rotaxane 1 in various solvents for emission 
wavelengths on the blue and red side of the emission band. In toluene and 
dichloromethane, a blue shift of 15 nm was detected in the excitation maxima for the 
emissions monitored at 640 and 740 nm. This effect is less pronounced in acetone and 
acetonitrile in which only shifts of 6 and 9 nm were observed. The trend is comparable to 
the shifts observed in fluorescence emission spectra recorded for excitations at shorter and 
longer wavelength region of the absorption spectrum. This is obviously different from 
thread 2, which shows no detection wavelength dependence in dichloromethane, acetone 
or in toluene. As mentioned before, the measurements for thread 2 could not be 
performed in acetonitrile due to the limited solubility of the compound in this solvent. 

                                      
Figure 11. Fluorescence excitation maxima (nm) observed for rotaxane 1 for two different emission 
wavelengths (640 and 740 nm) in different media. 

6.2.3 Time-Resolved Emission Spectroscopy 

The results of the preceding section agree with the hypothesis that the 560- and 600-nm 
fluorescence excitation bands are due to the ni and pery translational isomers of rotaxane 
1, respectively, responsible for the 640- and 740-nm fluorescence emission bands. 
Therefore, excitation on the blue side of the absorption band and time-resolved detection 
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on the blue side of the emission band will reveal the dynamics of the ni co-conformer. 
Fluorescence lifetimes were determined in toluene, dichloromethane, acetone and 
acetonitrile by a single photon counting apparatus with excitation at 510 nm, where the 
effect of the ni co-conformer of 1 is most pronounced. The fluorescence decays of rotaxane 
1 obtained at two emission wavelengths: 640 and 720 nm in toluene are shown in Figure 
12. When the emission was monitored at the blue side of the emission band (640 nm), the 
fluorescence decay curve consisted of a rapidly decaying component and a slower one, 
whereas the fluorescence decay collected at the red side of the emission spectrum (720 
nm) showed only the long-lived component. The decays were globally analyzed to obtain 
lifetimes that are common to all the decays and amplitudes varying with the wavelength. 
Global analysis for the simultaneous fitting of multiple fluorescence decays is a very 
useful technique for the accurate estimate of parameters that are common to all the data. 
The main advantage of this method is the reduction in the number of free parameters to 
be optimized and hence increased confidence limits on the obtained parameters. The 
quality of the fit was evaluated by the χ2 values and residual plots. For rotaxane 1, a 
double-exponential global analysis of multiple fluorescence decays collected as a function 
of emission wavelength from 640 to 720 nm gave two lifetimes of 2.8 and 0.81 ns in 
toluene with the amplitudes varying with the emission wavelength. The time constant of 
the short- and long-lived components increased from 0.81 (in toluene) to 1.6 (in acetone) 
and from 2.8 (in toluene) to 3.6 ns (in acetonitrile), respectively. The values are compiled 
in Table 2 and the short-lived (τ1) and long-lived (τ2) distributions recovered by global 
fitting are displayed in Figure 13. A decrease of the magnitude of the amplitude 
associated with the short-lived component is observed with increasing emission 
wavelength. The contribution of τ1 and τ2 components to the total intensity is roughly 70% 
and 30%, respectively, for detection in the shorter wavelength region in toluene. 
However, the amplitudes of the short-lifetime component decreased with an increase in 
solvent polarity.  

                                   
Figure 12. Normalized fluorescence intensity decays of rotaxane 1 (3.7×10-6 M) in toluene at emission 
wavelengths of 640 and 720 nm. λexc = 510 nm. 
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On the other hand, the fluorescence kinetics of thread 2 was well described by a single-
exponential curve at all wavelengths. No general trend for the effect of solvent polarity on 
the fluorescence lifetime of 2 was observed. 

Table 2. An overview of the florescence lifetimes (τ)a of rotaxane 1 and thread 2 in various solvents obtained 
from global fitting.b 

 1   2 

Solvent τ1 (ns) τ2 (ns)  τ (ns) 

Toluene 0.81 2.8  2.8 
CH2Cl2 1.1 3.6  3.6 

Acetone 1.6 3.2  3.3 
Acetonitrile 1.4 3.7  4.2 

a λexc = 510 nm. b λdet = 640, 650, 660, 670, 685, 700 and 720 nm.  
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Figure 13. Relative amplitudes (α1 and α2) of two lifetimes (τ1 and τ2) obtained by the global analysis of 
multiple fluorescence decays collected at different emission wavelengths with the excitation at 510 nm of 
rotaxane 1 A) in toluene; B) in CH2Cl2; C) in acetone and D) in acetonitrile. Square and open circle represent 
the amplitudes of short and long decay time components, respectively. 
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6.2.4 Temperature Effects 

6.2.4.1 Temperature and Wavelength Dependent Fluorescence Emission and 
Fluorescence Excitation Spectra 

If the observed wavelength dependence of the fluorescence excitation and emission 
spectra is indeed due to the selective excitation of the pery and ni co-conformers, it can be 
expected to depend on temperature: at lower temperature, the more stable pery co-
conformer will be more predominant, but the conversion of the excited ni co-conformer to 
the pery co-conformer will be slowed down. Since the greatest shifts are observed in 
toluene, the temperature dependent steady state measurements were performed in 
toluene. The limited solubility of thread 2 at lower temperature obstructed the 
investigation of temperature dependence of fluorescence emission and fluorescence 
excitation spectra below 253 K. For both 1 and 2, the spectral changes observed on 
changing the temperature are fully reversible. The emission of rotaxane 1 was recorded at 
temperatures in the range of 343-193 K with cooling steps of 10 K. In Figure 14, the spectra 
obtained at 343 K and 193 K are depicted for excitation wavelengths in the range 510 to 
640 nm.  

A) 
 

B) 

 
 

 

Figure 14. Excitation wavelength dependence of fluorescence emission spectra of rotaxane 1 at A) 343 K; B) 
193 K. All spectra are scaled to the same intensity. Arrow denotes the spectral changes upon increasing 
excitation wavelength. 

The emission spectra are rather broad and structureless and their shape changes slightly 
with temperature; a shoulder appears at about 768 nm and it becomes more and more 
distinct with decreasing temperature. At 298 K, the emission maximum is at 698 nm and 
706 nm for excitation at 510 and 640 nm, respectively. At 343 K, the emission maximum 
for the excitation at 640 nm is shifted from 706 to 703 nm, whereas the maximum for the 
excitation at 510 nm remained constant. At 193 K, the fluorescence emission maxima are 
located at 709 and 714 nm when the compound is excited at 510 and 640 nm, respectively. 
Figure 15 summarizes the results for the dependence of the fluorescence emission band 
maximum on temperature for excitation at 510 and 640 nm. A decrease in the extent of 
shifts of the fluorescence maximum for the excitation at the shorter and longer 



Chapter 6  

 142 

wavelength region as well as the observed red shifts in the position of the fluorescence 
maxima along with a decrease in temperature might be ascribed to the increasing 
population of pery co-conformer with decreasing temperature. This results in a red shift of 
11 nm in the fluorescence emission maxima of rotaxane 1 for the excitation wavelength at 
640 nm.  

                                      
Figure 15. Fluorescence emission maxima (nm) observed for rotaxane 1 for excitation at 510 (blue triangle) 
and 640 nm (red circle) with respect to lowering temperatures. 

In contrast with rotaxane 1, thread 2 did not display an appreciable temperature 
dependent shift of the fluorescence maximum as the excitation wavelength was increased 
from 510 to 640 nm within the temperature range 298-253 K studied (For spectra see 
Figure 34 in the Appendix of this Chapter). The influence of the temperature on the 
fluorescence emission maximum of thread 2 recorded upon excitation at 510 and 640 nm 
is illustrated in Figure 16.  

                                               

Figure 16. Fluorescence emission maxima (nm) observed for thread 2 for excitation at 510 (blue triangle) and 
640 nm (red circle) at 298, 273 and 253 K. 

A small shift of 2 nm for the emission recorded at 298 and 253 K for the excitation 
wavelengths at the short and long wavelength region was attributed to the changes in the 
dielectric constant and the refractive index of the solvent with a decrease in temperature. 
The density of liquids increases upon cooling, leading to an increase in its refractive 
index. Due to decreasing thermal motion of solvent molecules the dielectric constant will 
increase, which leads to a more efficient solvation. These two effects result in a 
stabilization of a dipolar state with decreasing temperature. For molecules which have a 
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higher dipole moment in the excited state than in the ground state the energy gap 
between the ground and excited state will decrease, leading a red shift in the emission 
spectra.  

To further understand the role of temperature on the steady state spectral properties of 
translational co-conformers of rotaxane 1, the temperature dependence of fluorescence 
excitation spectra collected using detection wavelengths from 650 to 740 nm was studied 
over the temperature range from 363 to 233 K with cooling steps of 10 K. The spectra 
obtained at 343 and 233 K for different emission wavelengths in the range from 640 and 
740 nm are depicted in Figure 17. At lower temperatures equilibration of the populations 
of the emitting species may be reached slowly, and the population of excited ni co-
conformer, which is at higher energy than pery co-conformer is expected to be smaller. 
Lowering the temperature leads to a blue shift in the excitation maximum of the species 
emitting on the blue side of emission band. In contrast, the excitation spectra of the 
species emitting on the red side of the emission band shifts to longer wavelengths as the 
temperature decreases. Conversely, increasing the temperature results in a decrease in the 
extent of wavelength dependency of the excitation spectrum.  

A) 
 

B) 

 
 

 

Figure 17. Temperature dependence of fluorescence excitation spectra of rotaxane 1 at A) 233 K; B) 343 K. All 
spectra are scaled to the same intensity. Arrow denotes the spectral changes upon increasing emission 
wavelength. 

Figure 18 illustrates the dependence of the 640 and 740 nm fluorescence band position on 
temperature. In order to make a better comparison between the low temperature results, 
the position of fluorescence excitation maxima were determined by fitting the 
experimental data with a profile composed of a sum of Gaussians. At 298 K, the excitation 
maxima are centered at 558 and 579 nm for detection at 640 and 740 nm, respectively. On 
the other hand, at 233 K the excitation maximum for detection at 740 nm exhibited a 
substantial red shift of 21 nm, whereas the position of the fluorescence band 
corresponding to detection at 640 nm shifted to 547 nm. These data suggest that the 
translocation of the macrocycle between ni-gly and pery-gly stations was slowed down 
with decreasing temperature, which facilitates the detection of two co-conformers with 
their own characteristic excitation spectra. In contrast, increasing the temperature speeds 
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up the shuttling process, which reduces the extent of shifts from 21 (at 298 K) to 13 nm (at 
343 K). 

                                     
Figure 18. Fluorescence excitation maxima observed for rotaxane 1 for detection at 640 (blue triangle) and 740 
nm (red circle) at 363, 343, 298, 288, 278, 273, 263, and 253 K. 

For comparison, the temperature dependent fluorescence excitation spectra of thread 2 
were also obtained under similar conditions but in the temperature range from 298 to 253 
K. Fluorescence excitation spectra of thread 2 illustrated a smaller dependence on 
temperature than those of rotaxane 1. The fluorescence band maximum for emission 
detected at 740 nm shifted from 556 to 564 nm with a decrease in temperature, whereas no 
substantial change in the band position upon decreasing the temperature was observed 
for detection at 640 nm (Figure 20). The bathochromic shifts observed for thread 2 are 
assigned to an increase of the dielectric constant and refractive index of toluene with 
decreasing temperature. The slight dependence of the excitation spectrum on detection 
wavelength at low temperatures could arise from the presence of different conformers of 
thread 2 (intramolecular hydrogen-bonding interactions with glycine, see Figure 6) in the 
excited state with their own emission spectrum, and that on the fluorescence time-scale 
these conformers now become more clearly distinguishable.  

A) 
 

B) 

 
 

 

Figure 19. Temperature dependence of fluorescence excitation spectra of thread 2 at A) 253 K; B) 298 K. All 
spectra are normalized to the same intensity. Arrow indicates the spectral changes upon increasing emission 
wavelength. 
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Figure 20. Maximum shifts (in nm) of the fluorescence excitation maximum observed for thread 2 for 
detection at 640 (blue triangle) and 740 nm (red circle) at 298, 273 and 253 K. 

6.2.4.2 Temperature Dependence of Fluorescence Lifetimes 

On the basis of the observations discussed above, we thought that the temperature 
dependent time-resolved fluorescence decay investigations would be helpful in 
understanding the nature of the short lifetime observed for rotaxane 1. If the fastest 
component corresponds to the shuttling of the macrocycle in the excited state, lowering 
the temperature must slow this process down. Investigation of the effect of the 
temperature on the time dependent fluorescence parameters were carried out by time-
correlated single photon counting in the temperature range from 213 to 298 K. The 
multiple fluorescence decays collected at various wavelengths ranging from 640 to 720 nm 
for an excitation wavelength of 510 nm was globally fitted to a double-exponential 
function with where linked long- and short-lifetime components, and the amplitudes of 
the two components are wavelength dependent. The temperature variation of the short 
and long decay times (τ1 ~ 1 ns and τ2 ~ 3 ns, respectively) for a detection wavelength of 
640 nm is depicted in Figure 21 and the data for other emission wavelengths are given in 
Figure 35 (in the Appendix of this Chapter). An inspection of Figure 21 reveals that the 
lifetime of the long-lived component increases only slightly as the temperature decreases, 
whereas the value of the shorter decay time increases with a decrease in the temperature 
range 298-213 K. At 213 K, the fluorescence lifetime of the faster component is more than 
twice than at 298 K. These findings are in accordance with the results obtained from 
steady state spectroscopic measurements and might be attributed to slowing of the 
dynamical process. 
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Figure 21. Fluorescence decay times (τ1 and τ2) and relative amplitudes (α2 and α2) of rotaxane 1 as a function 
of temperature. Subscripts 1 and 2 represent the short- and long-lived components, respectively. The 
amplitudes correspond to the data obtained for detection at 640 nm. 

To facilitate discussion of our experimental results, we have used the simple scheme 
shown in Scheme 2.31 Here A and B represent the two different co-conformers of rotaxane 
1 (ni and pery, respectively) in the ground electronic state and similarly for the excited 
state species A* and B*. In the excited state, B* is lower in energy than A*, and therefore 
after its formation, A* rapidly (approximately 1 ns) converts to B*. The decay rates of 
these two species are given by kA = kfA + krA and kB = kfB + krB , where kfA and kfB are the 
radiative decay rates and krA and krB are the rates of radiationless decays. k*AB and k*BA are 
the rate constants of the interconversion from A* to B* and from B* to A*, respectively. The 
observed lifetimes in this two-state reaction model are related to the four rate constants 
mentioned above in the following way:31 

€ 

τ1
−1,τ 2

−1 =1/2 γA +γB( )± γA −γB( )2
+ 4kABkBA[ ]
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  (1) 

where γA = kA + kAB and γB = kB + kBA. In the specific case of irreversible reaction where  
k*B A<< kB the two lifetimes of τ1 and τ2 become: 
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1/τ1 = kA + kAB
*      (2) 
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1/τ 2 = kB                  (3) 

Scheme 2. Photophysical scheme for rotaxane 1 excited state shuttling. 
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If we assume that kA = kB, then an Arrhenius plot of ln kAB (shuttling rate, ks) versus 1/T 
can be constructed (Figure 22). From this the activation energy and pre-exponential factor 
of the dynamic process was obtained to be Ea = 1.8 kcal mol-1 and A = 2.0×1010 s-1, 
respectively. 

                                   
Figure 22. lnks against 1/T (Arrhenius plot) of the shuttling process in the excited state. 

6.2.5 Matrix Effects 

6.2.5.1 Steady State Fluorescence Spectroscopy 

For common solvents, molecules are surrounded by a homogeneous environment in 
which maximum solvation can be accomplished by the interaction with the solvent 
molecules averaged over many molecular encounters. For a solid solution, however, the 
solute and solvents molecules may “freeze” at certain geometries and remain at 
approximately the same orientation and molecular separation.32 Similar behavior could, in 
principle, be observed for the fluid phase with the application of pressure or with 
increasing viscosity. Additionally, medium polarity or effective solvation may alter 
during a cooling process or a phase transition. Unimolecular processes in rigid media 
tend to be restricted to relatively low-energy conformers, a situation that is quite different 
from that present in isotropic liquid phases since conformational equilibria are severely 
restricted in the solid phase. 

The peculiar wavelength dependent fluorescence emission and excitation behavior 
observed for rotaxane 1 were further studied as a way of confirming whether it was due 
to a static or dynamic effect. If the effect is dynamic, it must be retarded in a solid matrix 
because of restrictions placed by the solid medium on the reorganization of solvent 
dipoles and molecular shuttle.  

In the same way, the excitation wavelength dependency of the fluorescence emission of 
rotaxane 1 in sucrose octaacetate (SOA) matrix was investigated by employing the 
excitation wavelengths from 510 to 640 nm. When the rotaxane was exited at the red side 
(at 640 nm) of the absorption maximum, fluorescence emission centered at 696 nm closely 
resembled the emission spectrum obtained in toluene. However, excitation at the blue 
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side (at 510 nm) results in a significantly blue-shifted emission spectrum in SOA matrix. 
In SOA organic glass, the absence of solvent reorganization attenuates the stabilization of 
the highly polar excited state and restricts the rotational and translational freedom of the 
conformations of the translational isomers of rotaxane 1. The reduced ability to adopt the 
lowest-energy conformation where the macrocyclic ring is located next to the perylene 
imide unit resulted in a blue shift of the fluorescence of 11 nm in the solid media 
compared to that in the solution (Figure 23A). This is in a good agreement with the 
previous results obtained from temperature dependent fluorescence emission 
experiments. For comparison, the influence of excitation wavelength on fluorescence 
emission spectra of thread 2 was explored under the same conditions. The emission 
spectra of thread 2 were not dependent upon the excitation wavelength in fluid medium, 
but, for SOA glass the peak wavelengths of fluorescence for thread 2 were moderately 
dependent on excitation wavelength. As the excitation wavelength was increased from 
510 to 640 nm in SOA, the emission spectrum of thread 2 exhibited a blue shift of 6 nm 
relative to those obtained in toluene (Figure 23B).  

For a fluid solution, solute molecules are solvated through dipole, hydrogen-bond, and 
other interactions.33 If the electronic structure of a solute is changed upon a transition to 
another state (e.g., upon photoexcitation), a new solvation equilibrium will be 
accomplished by reorganization of the surrounding solvent molecules. In a solid matrix, 
however, most of the excited state molecules will not experience the completion of such 
solvent reorganization within the lifetimes of their fluorescent states. For the solid state, 
solute molecules may occupy different microscopic solvation sites in an otherwise 
macrohomogeneous environment. Therefore, solute molecules at distinct solvation sites 
lead to subtly different emission spectra, which can explain the observed excitation 
wavelength dependent fluorescence behavior of thread 2. Another possible reason of the 
observed differences in the emission spectra of the thread could be the intramolecular 
hydrogen-bonding interactions as shown in Figure 6. 

A) 
 

B) 

 
 

 

Figure 23. Fluorescence emission spectra in toluene (red) and glassy SOA (blue) of A) Rotaxane 1 (3.7 µM); B) 
Thread 2 (3.7 µM) for two different excitation wavelengths (λexc = 510 and λexc = 640 nm). 
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In order to further investigate the nature of the emitting species and how they depend on 
the solid medium, fluorescence excitation studies of rotaxane 1 and thread 2 were 
performed in SOA glass. Figure 24 depicts the excitation spectra recorded in SOA glass as 
a function of detection wavelength in the range from 640 to 740 nm. The excitation 
maximum experienced a significant blue shift of 44 nm upon reducing the emission 
wavelength from 740 to 640 nm. The location of the maximum at 550 nm of rotaxane 1 
fluorescence excitation band obtained for emission monitored at 640 nm coincide with the 
fluorescence band of thread 2 detected at 640 nm. These findings are in good accordance 
with the hypsochromic shifts observed in emission spectra and further supports the 
conclusion given above, with the excitation spectra collected at 640 nm belonging to the ni 
co-conformer of rotaxane 1. By comparison, a hypsochromic shift of 23 nm was observed 
for thread 2 with decreasing wavelength from 740 to 640 nm for the same reason as 
explained for the emission spectra. 

A) 
 

B) 

 
 

 

Figure 24. Fluorescence excitation spectra of A) Rotaxane 1; B) Thread 2 in SOA. For comparison, the 
excitation spectrum of thread 2 recorded at an emission wavelength of 640 nm is shown in the excitation 
spectra of rotaxane 1. Arrow denotes the spectral changes upon increasing excitation wavelength. 

6.2.5.2 Time-Resolved Fluorescence Measurements in Solid SOA 

In order to evaluate excited state dynamics, we have performed fluorescence lifetime 
measurements of rotaxane 1 and the corresponding thread 2 in SOA glass with the use of 
time-correlated single photon counting upon excitation at 510 nm. As illustated in Figure 
25, for rotaxane 1 the short-lived component vanished in the solid matrix and identical 
fluorescence decays were obtained for the emission monitored over the whole emission 
wavelength from 640 to 720 nm, with a lifetime of 3.2 ns. Similarly, for thread 2 a mono-
exponential function was sufficient to describe the decays leading to a lifetime of 3.3 ns 
irrespective of the emission wavelength. 
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Figure 25. Fluorescence decay traces of rotaxane 1 at two detection wavelengths (640 and 720 nm) in glassy 
SOA. The decay curves are scaled to the same intensity for a better comparison. 

6.2.6 Fluorescence Resonance Energy Transfer (FRET) 

Fluorescence energy transfer (often also called “Förster”, dipole-dipole or “coulombic” 
energy transfer) is driven by the through-space-dipole-dipole interaction of donor and 
acceptor.34, 35 For this transfer mechanism, donor-acceptor orbital overlap is not necessary 
but instead spectral overlap is required, allowing the chromophores to be spatially 
separated by relatively large distances (10 to 80 Å).36  

On the basis of the overlap of the absorption band of the perylene imide and the emission 
band of the naphthalimide in rotaxane 1 and thread 2 we can include the possibility of 
FRET process (See Figure 5). The existence of efficient energy transfer in both compounds 
could be observed in steady state fluorescence emission measurements. Upon 
photoexcitation of naphthalimide chromophore at 324 nm fluorescence emission of the 
perylene imide chromophore at 699 nm (in toluene) with a quenched fluorescence 
intensity of the naphthalimide unit is observed, indicating efficient energy transfer 
between the two chromophores (Figure 26). The impact of solvent polarity on energy 
transfer process was investigated by varying the polarity of the solvent from toluene to 
acetonitrile. 

Further insights into the FRET process were gained by employing time-resolved 
fluorescence spectroscopy. The natural decay time of the donor was measured using a 
control molecule 13 (Scheme 1) that is comparable to the donor-acceptor pair except that it 
lacks the acceptor (donor-alone molecule). The observed fluorescence lifetimes are 
compiled in Table 3 and the respective emission traces obtained in toluene are depicted in 
Figure 27 as an example. 
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A) 
 

B) 

 
 

 

Figure 26. Fluorescence emission spectra (normalized at perylene emission maximum) excited at 324 nm of A) 
Rotaxane 1; B) Thread 2 in different solvents. For thread 2, emission spectrum in acetonitrile could not be 
performed due to the low solubility of the compound.  

For compound 13, the obtained fluorescence decay in each solvent was well described by 
a single-exponential curve. The fluorescence lifetime of the donor varied from 2.6 ns (in 
toluene) to 1.4 ns (in CH2Cl2). The presence of the acceptor results in a decrease in the 
donor decay time and its decay is no longer a single-exponential. A significant decrease in 
the fluorescence lifetime of the donor for the rotaxane 1 and the thread 2 was observed 
compared to reference compound 13 along with a rise in the perylene excited state time 
profile, which indicates an efficient energy transfer. In rotaxane 1, the longest (0.18 ns) 
and shortest value (0.07 ns) for the lifetime of the donor decaying by FRET is observed in 
acetone and toluene, respectively. In the case of thread 2, the lifetimes of the donor 
decaying by energy transfer changes from 0.11 ns (in CH2Cl2) to 0.41 ns (in toluene).  

A) 
 

B) 

 
 

 

Figure 27. Time-resolved emission traces in toluene with λexc = 324 nm of A) Rotaxane 1 (λdet= 390 nm (blue) 
and λdet = 700 nm (red); B) Thread 2 (λdet= 390 nm (blue) and λdet = 685 nm (red). In both diagrams the emission 
of reference compound 13 is shown in black for comparison. 
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Table 3. Fluorescence lifetimes (τ)a with respective amplitudes in brackets of rotaxane 1, thread 2 and the 
reference compound 13 in various solvents.b   

 1   2   13d 

Solvent τ (ns)c τ (ns)d  τ (ns)c τ (ns)e  τ (ns)c 

Toluene 0.07 (0.99) 
2.6 (0.01) 

0.07 (-0.48) 
2.7 (0.52) 

 0.40 (0.98) 
1.9 (0.02) 

0.41 (-0.28) 
2.7 (0.72) 

 2.6 

CH2Cl2 0.20 (0.97) 
1.3 (0.03) 

0.18 (-0.51) 
3.5 (0.49) 

 0.18 (0.97) 
1.4 (0.03) 

0.11 (-0.46) 
3.5 (0.54) 

 1.4 

Acetone 0.17 (0.74) 
1.8 (0.26) 

0.18 (-0.16) 
3.2 (0.84) 

 0.17 (0.75) 
1.8 (0.25 

0.19 (-0.17) 
3.2 (0.83) 

 1.7 

Acetonitrile 0.18 (0.98) 
1.8 (0.02) 

0.10 (-0.26) 
3.5 (0.74) 

 0.17 (0.66) 
1.9 (0.34) 

ndf 
 

 2.1 

a λexc = 324 nm. b All spectra were recorded at room temperature. c λdet = 390 nm. d λdet = 700 nm. e λdet = 685 nm. 
f Could not be determined due to low solubility, and low sensitivity for detection at 700 nm. The solutions 
were saturated with argon for 20-30 minutes prior to measurements to get oxygen free samples. 

In both 1 and 2 the perylene imide unit absorbs light (ε324(toln) = 3240 L mol-1 cm-1) at 324 nm 
used to excite the naphthalimide chromophore. Therefore, the acceptor was excited by 
two routes: by direct excitation and by FRET from the donor. In the time domain the 
characteristics of an acceptor being excited by the donor are rise time in the time 
dependent intensities, and a negative pre-exponential factor in the multi-exponential 
analysis. A component due to the energy transfer from naphthalimide to perylene imide 
unit with values ranging from τ = 0.07 ns (toluene) to τ = 0.18 ns (in acetone) and from τ = 
0.41 ns (in toluene) to τ = 0.19 ns (in acetone) for rotaxane 1 and thread 2, respectively. 
These values are in a reasonable agreement with the main quenched naphthalimide 
excited state lifetimes observed for 1 (0.07 and 0.17 ns in toluene and acetone, 
respectively) and 2 (0.40 and 0.17 ns in toluene and acetone, respectively). According to 
these time-resolved emission results, the observed energy transfer rates were calculated 
from the main decay of the naphthalimide unit by employing Equation 4. 

€ 

kT =
1
τDA

−
1
τD

     (4) 

In Equation 4, τDA and τD represent the decay of the donor in the presence and in the 
absence of acceptor, respectively. Furthermore, the efficiency of the energy transfer can be 
calculated according to Equation 5. All transfer rate and transfer efficiency values are 
summarized in Table 4 and Table 5.  

     

€ 

E =1− τDA

τD
     (5) 
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The experimentally obtained energy transfer rates can be compared to the calculated rate 
constants employing the Förster theory. Accordingly, the transfer rate depends on the 
following factors: the extent of spectral overlap of the emission spectrum of the donor 
with the absorption spectrum of the acceptor, the quantum yield of the donor, the relative 
orientation of the donor and acceptor transition dipoles, and the distance between the 
donor and acceptor molecules.37 The Förster distance Ro (the distance at which the energy 
transfer efficiency is 50%) can thus be calculated according to the simplified Equation 6: 

€ 

Ro = 0.211 κ 2n−4ΦDJ(λ)[ ]
1/ 6

    (6) 

In Equation 6, κ2 is the orientation factor, n the refractive index of the medium, ΦD the 
fluorescence quantum yield of the donor in the absence of acceptor, and J(λ) the overlap 
integral of the donor emission and the acceptor absorption spectra. The orientation factor 

κ2 between the donor and acceptor dipole moments is given by:  

€ 

κ 2 = (cosΘT − 3cosΘD cosΘA )2    (7) 

€ 

κ 2 = (sinΘD sinΘA cosφ −2cosΘDΘA )2
 

In Equation 7, ΘT is the angle between the emission transition dipole of the donor and the 
absorption transition dipole of the acceptor, and ΘD and ΘA are the angles of these dipoles 

with the vector joining the donor and the acceptor and φ being the angle between the 
planes (Figure 28). Depending on the relative orientation of donor and acceptor transition 

dipoles the values for κ2 range from zero to four. For collinear and parallel orientation of 

the transition dipoles κ2 equals 4, and for parallel orientation κ2 equals 1, whereas for a 

perpendicular arrangement of the transition dipoles κ2 vanishes to zero. Since the sixth 

root is taken to calculate the Förster distance (Equation 6), variation of κ2 from 1 to 4 
results in only 26% change in R0. However, if the dipoles are oriented perpendicular to 

one another, κ2 = 0, which would result in serious errors in calculated distances. By 
measurements of the fluorescence anisotropy of the donor and acceptor, one can set limits 

on κ2 and thereby minimize uncertainties in the calculated distance.37 For a randomized 
arrangement of donors and acceptors due to rotational diffusion prior to energy transfer, 

κ2 is generally assumed to be 2/3. Alternatively, one may assume that ranges of static 
donor-acceptor orientations are present, and that orientations do not change during the 

lifetime of the excited state. In this case κ2 = 0.476.  
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Figure 28. Dependence of the orientation factor κ2 on the directions of the emission dipole of the donor and the 
absorption dipole of the acceptor.  

By employing Equation 6, R0 was calculated for rotaxane 1 as 30 Å, with κ2 = 1 (assuming 
parallel orientation of chromophores), n(toluene) = 1.4969, ΦD= 22%, J(λ) = 1.92 x 1014 M-1 cm-1 
nm4. A Value of R0 = 28 Å was obtained for thread 2 by using J(λ) = 1.19 × 1014 M-1 cm-1 
nm4. The corresponding R0 values were calculated in different solvents for the rotaxane 
and the thread and the results are listed in Table 4 and Table 5, respectively. The 
representative overlaps integrals for energy transfer from naphthalimide to perylene 
imide unit in toluene for rotaxane 1 and thread 2 are shown in Figure 29. Due to the 
solubility problems encountered during the measurements, we could not calculate the 
values in acetonitrile for thread 2.  

A) 
 

B) 

 
 

 

Figure 29. A) Fluorescence emission spectra of compound 13 (donor, green line, right axis) and absorption 
spectrum of rotaxane 1 (red line, left axis) in toluene with shaded area representing the spectral overlap. B) 
Fluorescence emission spectra of compound 13 (donor, green line, right axis) and absorption spectrum of 
thread 2 (blue line, left axis) in toluene with shaded area representing the spectral overlap.  

Typical values for the Förster distance reported in the literature range from 10 to 80 Å, 
which is in agreement with the obtained data.36 Moreover, the rate of energy transfer from 
a donor to an acceptor can be calculated using the following equation:  

€ 

kT =
1
τD

R0

r
 

 
 

 

 
 

6

    (8) 

where r denotes the center-to-center distance of the donor and acceptor transition dipole, 

τD the fluorescence lifetime of the donor in the absence of the acceptor and R0 the Förster 
distance. To get insights into the 3D structure and the most likely arrangement of the 
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chromophores, force field calculations of rotaxane 1 and thread 2 were performed 
(Macromodel 9.7 with the MM3* force field). The energetically most favorable structure 
for rotaxane 1 is represented in Figure 30 and that for thread 2 is shown in Figure 31. 

The molecular structure reveals a center-to-center distance between the naphthalimide 
and perylene imide chromophoric units of r = 23 and r = 24 Å for rotaxane 1 and thread 2, 
respectively. This leads to calculated values for the energy transfer rate of kT in different 
solvents, which are illustrated in Table 4 and Table 5 for 1 and for 2, respectively. The 
afforded values and experimentally obtained constants differ somewhat. The difference 
could arise from the κ2 values, which are based on an assumption. Another assumption in 
calculating the distance between the two chromophores was that a single conformation 
exist, and that there is a single donor-acceptor distance. However, for both compounds a 
variety of conformations can exist, which results in a range of donor-acceptor distances. 
Moreover, according to Equation 8 the rate of energy transfer is inversely proportional to 
r6 and thus depends strongly on the center-to-center distance r of the donor and acceptor 
transition dipoles. Hence, any phenomenon affecting the distance r will also influence the 
transfer rate to a large extent and accordingly, minor changes in the center-to-center 
distance would lead to large differences in the calculated rate constants. 

Table 4. Evaluation of selected time-resolved photophysical properties of rotaxane 1 according to the Förster 
theory. 

Solvent kT (obs) 
(×1011 s-1) 

ET J(λ) 
(M-1 cm-1 nm4) 

R0 

(Å) 
kT (calcd) 
(×1011 s-1) 

Toluene 14 0.97 1.92x1014 30 4.3 
CH2Cl2 4.3 0.86 2.80x1014 36 2.8 

Acetone 5.3 0.92 7.21x1013 33 3.9 
Acetonitrile 5.1 0.92 1.86x1014 29 9.9 

 

Table 5. Evaluation of selected time-resolved photophysical properties of thread 2 according to the Förster 
theory. 

Solvent kT (obs) 
(×1011 s-1) 

ET J(λ) 
(M-1 cm-1 nm4) 

R0 

(Å) 
kT (calcd) 
(×1011 s-1) 

Toluene 2.0 0.84 1.19x1014 28 1.0 
CH2Cl2 4.6 0.87 1.16x1014 30 2.6 

Acetone 5.3 0.92 2.42x1014 34 5.0 

 



Chapter 6  

 156 

                                        

Figure 30. Side view of the molecular structure obtained from force field calculations (Macromodel 9.7, MM3* 
force field in CHCl3) of rotaxane 1. 

                     
Figure 31. Side view of the molecular structure obtained from force field calculations (Macromodel 9.7, MM3* 
force field in CHCl3) of thread 2. 

6.3 Conclusions 

We have presented a rotaxane 1 in which the macrocycle shuttles between ni-gly and pery-
gly stations resulting in a population ratio of 2:1 in CD2Cl2 with the macrocycle principally 
residing nearby the perylene imide chromophore. The absorption and fluorescence 
spectra of rotaxane 1 exhibited substantial red shifts compared to those of the 
corresponding thread 2, which was attributed to the hydrogen-bonding interactions 
between the macrocycle and the perylene imide unit. The largest spectral shift in going 
from thread to rotaxane is observed in toluene, a nonpolar solvent, due to the more 
favorable hydrogen-bonding between the macrocycle and the thread. In polar solvents 
such as acetone and acetonitrile, the observed shift values were significantly decreased 
which implies that the interactions between the two components are weaker due to the 
competing interactions with the solvent molecules. Furthermore, rotaxane 1 exhibited an 
appreciable excitation wavelength dependent shift in the emission spectra. This 
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observation is less pronounced in acetonitrile. Similar effects were observed in the 
fluorescence excitation spectra where rotaxane 1 displayed a strong dependence on the 
emission wavelength. The observed red shift values of the fluorescence maxima are 
bigger in toluene and dichloromethane as compared to those in acetone and acetonitrile. 
The excitation wavelength dependence can take place when there exist a distribution of 
the molecules in the ground state that differ in their solvation and, hence, their energies. 
This inhomogeneity can originate from the difference in the interaction energies between 
the solvent and the molecule. However, the presence of an ensemble of energetically 
different molecules in the ground state alone does not guarantee an excitation wavelength 
dependent fluorescence behavior since rapid relaxation of the excited state, such as the 
solvation of the fluorescent state or energy transfer between the energetically different 
excited states of the molecules, is expected to give rise to emission from the lowest-energy 
state irrespective of the excitation. It is only when a system allows selective excitation of 
the energetically different species and relaxation of the fluorescent state is slow (hence, 
incomplete) that the excitation wavelength dependent emission can be expected. 
Therefore, the wavelength dependent fluorescence excitation and emission behavior 
stems from different isomeric distributions between the two translational isomers of 
rotaxane 1 that are populated in the excited state.  

Temperature dependent fluorescence emission experiments revealed that the emission 
maxima of rotaxane 1 are shifted by 11 nm with respect to changing the temperature from 
298 K down to 193 K for the excitation at longer wavelength, which is ascribed to the 
increasing population of pery co-conformer with decrease in temperature. Furthermore, 
observed changes in the fluorescence excitation spectra of rotaxane 1 provided additional 
information, complementary to the fluorescence emission spectral data, regarding the co-
conformational equilibrium. Lowering the temperature results in both blue and red shifts 
in the excitation spectra depending on the detection wavelength. The excitation maximum 
of the species emitting on the blue side of the emission band shifts to shorter wavelengths, 
whereas it shifts to longer wavelengths for the species emitting on the red side of the 
emission band with decreasing temperature. This appears to be related to changes in the 
local populations of two co-conformers of rotaxane 1 in the excited state upon decreasing 
the temperature.  

Time-dependent fluorescence studies of rotaxane 1 as a function of detection wavelength 
clearly point out the existence of two different emitting species having their own 
characteristic decay rates. The global analysis of these decays resulted in a short-lifetime 
component (~ 1 ns) for detection at the blue side of the emission band along with the 
long-lifetime component (~ 3 ns), whereas the detection at the red side of the emission 
band showed only the long-lived component. The faster decay time component can be 
assigned to the shuttling of the macrocycle from naphthalimide to perylene imide side in 
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the excited state. The decay time of the shorter-lived species increased at lower 
temperatures, while the values for the longer-lived species changed only slightly as the 
temperature decreased. On the other hand, in a solid matrix the fast component vanished 
and only the long decay time component was found irrespective of the emission 
wavelength. These findings could be attributed to the prohibition or slowing of the 
shuttle-like dynamic process in a solid matrix or by lowering the temperature, 
respectively.  

Moreover, very efficient energy transfer from naphthalimide to perylene imide unit was 
detected. The experimental and calculated rate constants using R0 are in fairly good 
agreement. 

6.4 Experimental Section 

Materials: Unless otherwise stated, all reagents were purchased from commercial sources 
and used without further purification. All reactions were carried out under an inert 
nitrogen or argon atmosphere. THF was dried and deoxygenated by distillation over 
sodium benzophenone under an atmosphere of argon. MeOH was distilled from Mg prior 
to use. MeCN was distilled over CaH2. Flash column chromatography was carried out 
using Biosolve silica gel (particle size 32-63 µm). Analytical TLC was performed on 
precoated silica gel plates (0.20 mm thick, 60F254, Fluka). Oxygen-free solutions were 
obtained by bubbling for 20-30 min with a stream of argon in fluorescence cuvettes. The 
following compounds were prepared according to literature procedures: tert-butyl 3-
hydroxypyrrolidine-1-carboxylate 3,24 2-(acetic acid)-5,8-di-tert-butyl-
benzo[de]isoquinoline-1,3-dione 1227 and N-Boc-1,12-diaminododecane,26 8-bromo-2-(2,5-
di-tert-butylphenyl)-1H-benzo[5,10]anthra[2,1,9-def]isoquinoline-1,3(2H)-dione 7.25 

General Methods: All 1H and 13C NMR spectra were recorded on a Bruker Avance 400 
spectrometer operating at 400 MHz for 1H, at a temperature of 298 K. Chemical shifts are 
reported in parts per million and were measured using solvent peaks. Coupling constants 
(J) are reported in hertz (Hz). The full assignment of the 1H NMR signals was performed 
using COSY (Correlation Spectroscopy) and ROESY (Rotating Frame Overhauser Effect 
Spectroscopy) experiments. Standard abbreviations indicating multiplicity were used as 
follows: s = singlet, m = multiplet, q = quartet, t = triplet, d = doublet, s = singlet, b = 
broad. Fast atom bombardment (FAB) mass spectra were obtained using a JEOL JMS 
SX/SX 102A four-sector mass spectrometer, equipped with Xenon primary atom beam, 
utilizing a 3-nitrobenzoyl alcohol (3-NOBA) matrix. Other abbreviations used: DMF = 
N,N’-dimethylformamide, Et2O = Diethylether, MeOH = Methanol, tBuOH = tert-Butanol 
TFA = Trifluoroacetic acid, Pd2(dba)3 = Tris(dibenzylideneacetone)dipalladium(0), BINAP 

= (±)-2,2′-Bis(diphenylphosphino)-1,1′-binaphthalene, NaOtBu = Sodium tert-butoxide, 
Et3N = Triethylamine, BOP = Benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium 
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hexafluorophosphate, DIPEA = N,N-Diisopropylethylamine, DIAD = Diisoopropyl 
azodicarboxylate, Ph3P = Triphenylphosphine. 

Temperature Control: Measurements at low temperatures were performed using an 
Oxford Instrument liquid nitrogen cryostat DN 1704 with an ITC4 control unit. The 
samples were degassed by at least three freeze-pump-thaw cycles and allowed to 
thermally equilibrate for at least 30 min prior to data collection. 

Solid Matrix:  Sucrose octaacetate (SOA) was purchased from Aldrich and purified by the 
following procedure. To remove slightly colored polar impurities, a concentrated SOA 
chloroform solution (typically 100 g/200 mL) was passed through a pad of silica gel 
column and eluted with more chloroform. After removing the solvent under reduced 
pressure, the white powder was recrystallized several times from absolute ethanol and 
dried in a desiccator at reduced pressure overnight. The purified SOA (white crystals), 
which had a melting point of 83-85 oC, was stored away from moisture.  

The solid glass samples were prepared for spectroscopic measurements by thoroughly 
mixing 300 µL of stock solution (0.5 mM compound in dichloromethane) with SOA 
powder (4.0 g) and heating the mixture to ~100 oC in a small beaker, after which the melt 
was transferred into 1 cm × 1 cm quartz cells. The sample was then allowed to cool down 
to room temperature with the cell in a vertical position to avoid excessive surface 
shrinkage. The sample cells were sealed (with Parafilm) from air after cooling and were 
stored in the dark. Fluorescence measurements on solid matrices were performed under 
front-face conditions. 

UV-Vis Absorption: Electronic absorption spectra of solutions were recorded in quartz 
cuvettes (1 cm, Hellma) on a Hewlett-Packard 8543 diode array (range 190-1000 nm) or 
Varian Cary 3E (range 190-900 nm) spectrophotometer.  

Steady State Fluorescence Emission: Steady state emission spectra were obtained using a 
Spex Fluorolog 3 spectrometer, equipped with two monochromators (excitation and 
emission) and corrected for the wavelength response of the detection system. Quantum 
yields of compounds were determined by employing N,N’-(2,6-diisopropylphenyl)-
1,6,7,12- tetraphenoxyperylene bisimide (ΦFl = 0.96 in CHCl3)29 or quinine bisulfate (ΦFl = 
0.55 in 0.5 M H2SO4)38 as a reference. The concentrations of the solutions were kept as low 
as 10-6 M. 

Time-Resolved Fluorescence Emission: Fluorescence lifetimes were measured by a time-
correlated single photon counting apparatus. Experimental details are described in 
Chapter 5. The fluorescence decays recorded at different wavelengths were fitted using 
global analysis with the computer program Fluofit (PicoQuant). 
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tert-butyl 3-(4-tritylphenoxy)pyrrolidine-1-carboxylate (4) 

                                                         

To a solution of tert-butyl 3-hydroxypyrrolidine-1-carboxylate 3 (0.250 g, 1.33 mmol) and 
Ph3P (0.523 g, 1.99 mmol) in THF (10 mL) was added 4-tritylphenol (0.447 g, 1.33 mmol). 
This suspension was cooled to 0 oC and DIAD (338 µL, 1.99 mmol) was added. The 
mixture was warmed to room temperature and stirred overnight. After the solvents were 
removed under reduced pressure, the residue was purified by column chromatography 
on silica gel with a solvent gradient of acetone/CH2Cl2 (20%) to get a colorless solid. Yield 
0.504 g (75%); 1H NMR (400 MHz, CDCl3): δ (ppm) = 7.29-7.19 (m, 15H, H8), 7.12 (AA’BB’ 
system, H7+ H7’), 6.75 (AA’BB’ system, H6’+ H6’), 4.48 (m, 1H, H3), 3.61 - 3.51 (m, 4H, H2+ 
H2’+ H5+ H5’), 2.23-2.18 (m, 1H, H4), 2.13-2.04 (m, 1H, H4’), 1.49 (s, 9H, H1); 13C NMR (100 
MHz, CDCl3): δ (ppm) = 155.0 (CO), 154.4 (ArC), 146.8 (ArC), 139.3 (ArC), 132.1 (ArCH), 
130.9 (ArCH), 127.3 (ArCH), 125.7 (ArCH), 114.0 (ArCH), 79.1 (CH), 64.1 (Cq), 54.1 (Cq), 
51.4 (2 x CH2), 43.8 (CH2), 28.5 (CH3). FAB-MS (3-NOBA matrix): m/z = 506.3 [M+H]+ 
(Calcd for C34H35NO3 + H+: m/z = 506.3).  

3-(4-tritylphenoxy)pyrrolidine (5) 

                                                      

To a stirred solution of tert-butyl 3-(4-tritylphenoxy)pyrrolidine-1-carboxylate 4 (0.100 g, 
0.197 mmol) in anhydrous CH2Cl2 (10 mL) was added TFA (1 mL) and the solution was 
allowed to stir at room temperature for 2 h. The resulting solution was reduced in volume 
and the excess TFA was removed under reduced pressure to obtain a colorless solid. 
Then, it was dissolved in CH2Cl2 (20 mL), washed with 1N NaOH (2x10 mL), and brine 
and dried over MgSO4. The solvent was removed to give a colorless solid (0.079 g, 99%); 
1H NMR (400 MHz, CDCl3): δ (ppm) = 7.29-7.19 (m, 15H, H8), 7.12 (AA’BB’ system, H7+ 
H7’), 6.75 (AA’BB’ system, H6’+ H6’), 4.48 (m, 1H, H3), 3.61-3.51 (m, 4H, H2+ H2’+ H5 + H5’), 
2.23-2.18 (m, 1H, H4), 2.13-2.04 (m, 1H, H4’); 13C NMR (100 MHz, CDCl3): δ (ppm) = 154.5 
(ArC), 147.3 (ArC), 139.6 (ArC), 132.6 (ArCH), 131.3 (ArCH), 127.6 (ArCH), 126.1 (ArCH), 
114.6 (ArCH), 77.5 (CH), 64.6 (Cq), 53.0 (CH2), 45.5 (CH2), 32.9 (CH2). FAB-MS (3-NOBA 
matrix): m/z = 406.3 [M+H]+ (Calcd for C29H27NO + H+: m/z = 406.2).  
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2-(2,5-di-tert-butylphenyl)-8-(3-(4-tritylphenoxy)pyrrolidin-1-yl)-1H-
benzo[5,10]anthra[2,1,9-def]isoquinoline-1,3(2H)-dione (8) 

                                    

An oven dried Schlenk flask equipped with a magnetic stirring bar was charged with dry 
toluene (10 mL), Pd2(dba)3 (1.30 mg, 0.5 mol%), BINAP (1.77 mg, 1 mol%) and NaOtBu 
(0.038 g, 0.399 mmol). 9-Bromo-[N-(2,5-di-tert-butylphenyl)]-3,4-dicarboxyimidoperylene 
7 (0.168 g, 0.285 mmol) and 3-(4-tritylphenoxy)pyrrolidine (0.140 g, 0.342 mmol) were 
successively added. The reaction mixture was heated at 100 oC for 24 h. After cooling to 
room temperature, water (50 mL) and Et2O (100 mL) were added and the phases were 
separated. The aqueous phase was extracted with more Et2O and the combined organic 
phases were dried over MgSO4. Removal of the solvent under reduced pressure followed 
by column chromatography on silica gel eluting with CH2Cl2 /acetone (94:6) afforded 8 as 
a blue solid (0.195 g, 75%); 1H NMR (400 MHz, CDCl3): δ (ppm) = 8.62 (d, J = 7.8, 2H, H1), 
8.58 (d, J = 8.4, 1H, H9), 8.47 (d, J = 7.8, 1H, H2), 8.37 (dd, J = 8.4, J = 2.8, 1H, H7), 8.32 (d, J = 
2.8, 1H, H5), 8.31 (d, J = 8.4, 1H, H3), 8.23 (d, J = 8.4, 1H, H8), 7.60 (d, J = 8.4, 1H, H12), 7.56 
(t, J = 7.5, 1H, H6), 7.44 (dd, J = 8.4, J = 2.3, 1H, H11), 7.29-7.19 (m, 15H, H21), 7.16 (AA’BB’ 
system, 2H, H20+ H20’), 7.07 (d, J = 2.3, 1H, H10), 6.84 (AA’BB’ system, 4H, H19’+ H19’), 6.74 
(d, J = 8.4, 1H, H4), 5.10 (bs, 1H, H16), 4.09-4.05 (m, A-part of AB system, 1H, H15), 4.01-3.97 
(m, B-part of AB system, 1H, H15’), 3.82-3.78 (m, A-part of AB system, 1H, H18), 3.69-3.62 
(m, B-part of AB system, 1H, H18’), 2.45-2.40 (m, 2H, H17), 1.34 (s, 9H, H13), 1.30 (s, 9H, H14); 
13C NMR (100 MHz, CDCl3): δ (ppm) =164.9 (CO), 155.1 (ArC), 150.5 (ArC), 149.9 (ArC), 
146.9 (ArC), 144.1 (ArC), 135.7 (ArC), 135.5 (ArC), 133.9 (ArC), 132.1 (ArCH), 131.7 
(ArCH), 131.3 (ArCH), 130.7 (ArCH), 130.6 (ArC), 129.4 (ArC), 129.3 (ArC), 128.9 (ArC), 
128.5 (ArCH), 128.1 (ArCH), 127.9 (ArCH), 127.3 (ArCH), 126.4 (ArC), 125.8 (ArCH), 125.6 
(ArCH), 125.5 (ArCH), 124.6 (ArCH), 124.4 (ArCH), 120.4 (ArC), 120.3 (ArC), 119.1 
(ArCH), 118.5 (ArC), 117.7 (ArCH), 114.1 (ArCH), 111.4 (ArCH), 75.9 (CH), 63.9 (Cq), 58.4 
(CH2), 50.6 (CH2), 31.9 (CH2), 31.2 (CH3), 30.8 (CH3). FAB-MS (3-NOBA matrix): m/z = 
913.4 [M+H]+ (Calcd for C65H56N2O3 + H+: m/z = 913.4).  
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8-(3-(4-tritylphenoxy)pyrrolidin-1-yl)benzo[5,10]anthra[2,1,9-def]isochromene-1,3-dione 
(9) 

                                         

A solution of 8 (150 mg, 0.206 mmol) and KOH (0.809 g, 14.4 mmol) in tBuOH (25 mL) 
was heated to reflux. After stirring for 3 h, the reaction mixture was poured into a mixture 
of acetic acid (30 mL) and 1N HCl (20 mL) and stirred overnight at room temperature. The 
resulting mixture was poured into a biphasic mixture of CH2Cl2 (100 mL) and H2O (50 
mL). After separation, the organic layer was washed with brine (100 mL) and dried over 
MgSO4. The solvent was removed under reduced pressure and the residue was subjected 
to column chromatography (silica gel, eluent: CH2Cl2 to CH2Cl2/EtOAc = 50/1) to give 
compound 9 (0.075 g, 50%) as a blue solid; 1H NMR (400 MHz, CDCl3): δ (ppm) = 8.32 (d, J 
= 8.4, 1H, H1), 8.26 (d, J = 7.8, 1H, H9), 8.19 (d, J = 8.4, 1H, H2), 8.11 (d, J = 8.0, 1H, H7), 8.00 
(m, 2H, H3+ H5), 7.76 (d, J = 7.8, 1H, H8), 7.51 (t, J = 8.0, 1H, H6), 7.33-7.19 (m, 15H, H16), 
7.16 (AA’BB’ system, 2H, H15+ H15’), 6.86–6.84 (m, 3H, H14+ H14’+ H4), 5.15 (bs, 1H, H11), 
4.18–4.15 (m, A-part of AB system, 1H, H10), 4.10-4.06 (m, B-part of AB system, 1H, H10’), 
3.85 (d, J = 10.7, 2H, H13), 2.49–2.45 (m, 2H, H12).  

tert-butyl 2-(1,3-dioxo-8-(3-(4-tritylphenoxy)pyrrolidin-1-yl)-1H-benzo[5,10]anthra[2,1,9-
def]isoquinolin-2(3H)-yl)acetate (10) 

                                         

Anhydride 9 (0.090 g, 0.123 mmol) and glycine tert-butyl ester hydrochloride (0.042 g, 
0.249 mmol) were dissolved in DMF (15 mL). Then, K2CO3 (0.069g, 0.495 mmol) was 
added and the reaction mixture was stirred at 100 oC overnight. DMF was removed under 
reduced pressure and the solid residue was redissolved in CH2Cl2 (100 mL). The resulting 
solution was washed with water (3 × 50 mL) and dried over MgSO4. The crude product 
was purified by column chromatography on silica gel (eluent: CH2Cl2/ MeOH gradient 
from 99/1 to 95/5) to give 10 as a blue solid (0.088 g, 85%); 1H NMR (CDCl3): δ = 8.30-8.14 
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(m, 3H, H1+ H9+ H2), 8.04–7.98 (m, 2H, H7+ H5), 7.82 (d, J = 7.8, 1H, H3), 7.44 (t, J = 7.6, 1H, 
H6), 7.29–7.22(m, 15H, H18), 7.20 (AA’BB’system, 2H, H17+ H17’), 6.89 (m, 3H, H16 and H16’+ 
H4), 5.13 (bs, 1H, H13), 4.82 (s, 2H, H10), 4.11-4.08 (m, A-part of AB system, 1H, H12), 4.01–
3.97 (m, B-part of AB system, 1H, H12’), 3.79 (d, A-part of AB system, J = 10.3, 1H, H15), 3.69 
(bs, B-part of AB system, 1H, H15’), 2.46–2.41 (m, 2H, H14), 1.54 (s, 9H, H11); 13C NMR (100 
MHz, CDCl3): δ = 167.4 (CO), 163.2 (CO), 163.1 (CO), 155.1 (ArC), 150.0 (ArC), 139.4 (ArC), 
138.1 (ArC), 137.6 (ArC), 132.1 (ArCH), 131.9 (ArCH), 131.2 (ArCH), 130.7 (ArCH), 129.8 
(ArC), 128.8 (ArC), 128.5 (ArC), 127.7 (ArC), 127.3 (ArCH), 127.2 (ArCH), 125.9 (ArC), 
125.8 (ArC), 125.7 (ArCH), 125.6 (ArCH), 124.3 (ArCH), 124.1 (ArCH), 119.8 (ArC), 119.0 
(ArC), 118.6 (ArCH), 117.2 (ArC), 117.1 (ArCH), 114.1 (ArCH), 111.3 (ArCH), 81.5 (Cq), 
75.9 (CH), 64.1 (Cq), 58.4 (CH2), 50.5 (CH2), 41.7 (CH2), 31.4 (CH2), 27.5 (CH3). FAB-MS (3-
NOBA matrix): m/z = 838.4 [M+H]+ (Calcd for C57H46N2O5 + H+: m/z = 838.9).  

2-(1,3-dioxo-8-(3-(4-tritylphenoxy)pyrrolidin-1-yl)-1H-benzo[5,10]anthra[2,1,9-
def]isoquinolin-2(3H)-yl)acetic acid (11) 

                                     

To a cooled solution of compound 10 (0.160 g, 0.198 mmol) in anhydrous CH2Cl2 (10 mL) 
at 0 oC was added TFA (2 mL). After stirring for 3 h at room temperature, the reaction 
mixture was evaporated to dryness. The residue was diluted with CH2Cl2 and 
concentrated under reduced pressure several times to afford 9 as a blue solid (0.146 g, 
99%); 1H NMR (400 MHz, CDCl3): δ = 8.30-8.14 (m, 3H, H1+ H9+ H2), 8.04–7.98 (m, 2H, H7+ 
H5), 7.82 (d, J = 7.8, 1H, H3), 7.44 (t, J = 7.6, 1H, H6), 7.29–7.22(m, 15H, H18), 7.22–7.18 
(AA’BB’system, 2H, H16+ H16’), 6.89–6.87 (m, 3H, H17+ H17’+ H4), 5.13 (bs, 1H, H13), 4.82 (s, 
2H, H10), 4.11–4.08 (m, A-part of AB system, 1H, H12), 4.01–3.97 (m, B-part of AB system, 
1H, H12’), 3.79 (d, A-part of AB system, J = 10.3, 1H, H15), 3.69 (bs, B-part of AB system, 1H, 
H15’), 2.46–2.41 (m, 2H, H14). 
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tert-butyl (12-(2-(5,8-di-tert-butyl-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)acetamido)dodecyl)carbamate (13) 

                                      

To a stirred solution of 2-(acetic acid)-5,8-di-tert-butyl-benzo[de]isoquinoline-1,3-dione 12 
(0.300 g, 0.816 mmol) in DMF (15 mL) under nitrogen was added BOP (0.541 g, 1.24 
mmol) in one portion. The reaction mixture was stirred for 30 min at room temperature. 
Then, DIPEA (1.1 mL, 5.71 mmol) and N-Boc-1,12-diaminododecane (0.270 g, 0.897 mmol) 
were added to the reaction mixture. After stirring overnight at room temperature, the 
solvent was removed under reduced pressure. The resulting solid was dissolved in 
CH2Cl2 and extracted with water (2 × 100 mL), brine (2 × 100 mL), dried over MgSO4 and 
concentrated under reduced pressure. The crude product was purified by column 
chromatography on silica gel, eluting with CH2Cl2/Acetone (95:5), affording the title 
compound as a white solid (0.401 g, 90%); 1H NMR (400 MHz, CDCl3): δ = 8.68 (d, J = 2.0 
Hz, 2H, H2), 8.17 (d, J = 2.0 Hz, 2H, H3), 5.76 (t, J = 6.4, 1H, H5), 4.87 (s, 2H, H4), 4.51 (bs, 
1H, H10), 3.31 (td, J = 6.8, J = 6.4, 2H, H6), 3.11 (td, J = 6.4, J = 5.6, 2H, H9), 1.49 (bs, 22H, H7+ 
H8+ H1), 1.46 (s, 9H, H11), 1.29–1.25 (m, 16H, CH2 alkyl chain); 13C NMR (100 MHz, CDCl3): 
δ = 167.4 (CO), 167.8 (CO), 164.3 (CO), 164.1 (CO), 150.1 (ArC), 131.8 (ArC), 129.6 (ArCH), 
129.5 (ArCH), 124.9 (ArC), 121.5 (ArC), 43.0 (CH2), 40.5 (Cq), 39.6 (CH2), 35.1 (Cq), 34.4 
(CH2), 33.7 (CH2), 31.0 (CH3), 29.9 (CH2), 29.7 (CH2), 29.6 (CH2), 29.4 (CH2), 29.3 (CH2), 29.1 
(CH2), 29.0 (CH2), 28.3 (CH3), 26.8 (CH2), 26.7 (CH2). 

N-(12-aminododecyl)-2-(5,8-di-tert-butyl-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)acetamide (14) 

                                           

Procedure as for acid 11, starting from amide 13 (0.150 g, 0.231 mmol), gave amine 12 as a 
white solid (0.126 g, 99%); 1H NMR (400 MHz, CDCl3): δ = 8.68 (d, J = 2.0 Hz, 2H, H2), 8.17 
(d, J = 2.0 Hz, 2H, H3), 5.76 (bs, 1H, H5), 4.87 (s, 2H, H4), 4.51 (bs, 1H, H10), 3.30 (td, J = 7.2, J 
= 6.4, 2H, H6), 3.11 (t, J = 7.2, 2H, H9), 1.51-1.46 (m, 22 H, H7+ H8+ H1), 1.29-1.25 (m, 16H, 
CH2 alkyl chain); 13C NMR (100 MHz, CDCl3): δ = 167.8 (CO), 166.9 (CO), 164.3 (CO), 150.1 
(ArC), 131.9 (ArC), 129.6 (ArCH), 129.5 (ArCH), 124.8 (ArC), 121.5 (ArC), 43.0 (CH2), 39.6 
(CH2), 35.1 (Cq), 34.9 (CH2), 33.7 (CH2), 31.0 (CH3), 29.9 (CH2), 29.7 (CH2), 29.6 (CH2), 29.4 
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(CH2), 29.3 (CH2), 29.1 (CH2), 29.0 (CH2), 26.8 (CH2), 26.7 (CH2). FAB-MS (3-NOBA 
matrix): m/z = 550.4 [M+H]+ (Calcd for C88H89N5O7 + H+: m/z = 550.4).  

2-(5,8-di-tert-butyl-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-(13-(2-(1,3-dioxo-8-
(3-(4-tritylphenoxy)pyrrolidin-1-yl)-1H-benzo[5,10]anthra[2,1,9-def]isoquinolin-2(3H)-
yl)acetamido)tridecyl)acetamide-Thread 2 

           

To a stirred solution of 2-(acetic acid)-5,8-di-tert-butyl-benzo[de]isoquinoline-1,3-dione  
compound 11 (0.060 g, 0.077 mmol) in a anhydrous DMF (10 mL) under nitrogen was 
added BOP (0.051 g, 0.116 mmol) in one portion. The reaction mixture was stirred for 30 
min at room temperature. Compound 14 (0.096 g, 0.189 mmol) and DIPEA (499 µL, 1.20 
mmol) were added sequentially and the mixture was stirred overnight at room 
temperature. The solvent was removed under reduced pressure, followed by redissolving 
of the blue residue in CH2Cl2 (100 mL), which was washed with water, and then dried 
over MgSO4. Removal of the solvent gave a blue solid from which the product was 
isolated by column chromatography (SiO2, eluent: 95:5 CH2Cl2/Acetone) as a dark blue 
solid (0.081 g, 80%); 1H NMR (400 MHz, CDCl3): δ = 8.65 (d, J = 1.7, 2H, H2), 8.48–8.42 (m, 
3H, 3H, H12+ H13+ H20), 8.35 (d, J = 8.1, 2H, H14), 8.25–8.20 (m, 2H, H16+ H18), 8.13 (d, J = 1.7, 
2H, H3), 8.06 (d, J = 8.4, 1H, H19), 7.50 (J = 7.9, 1H, H17), 7.35–7.18 (m. 15H, H27), 7.15 (A-
part of AA’BB’system, 2H, H26+ H26’), 6.96 (d, J = 8.1, 1H, H15), 6.82 (B-part of 
AA’BB’system, 2H, H25+ H25’), 6.02 (t, , J = 5.6, 1H, H5), 5.87 (t, , J = 5.9, 1H, H10), 5.08 (bs, 
1H, H22), 4.86 (s, 2H, H4), 4.84 (s, 2H, H11), 4.06–4.04 (dd, A-part of AB system, J = 13.8, J = 
4.3, 1H, H21), 3.97 (dd, B-part of AB system, J = 13.8, J = 8.5, 1H, H21’), 3.76 (d, A-part of AB 
system, J = 11.2, 1H, H23), 3.67–3.57 (m, B-part of AB system, 1H, H23’), 3.30-3.18 (m, 4H, 
H6+ H9), 2.41–2.39 (m, 1H, H24), 1.56–1.51 (m, 4H, H7+ H8), 1.47 (s, 18H, H1), 1.30–1.22 (m, 

16H, CH2 alkyl chain); 13C NMR (100 MHz, CDCl3): δ = 167.3 (CO), 167.1 (CO), 164.5 (CO), 
164.0 (CO), 163.9 (CO), 155.1 (ArC), 150.5 (ArC), 150.2 (ArC), 146.9 (ArC), 139.6 (ArC), 
138.7 (ArC), 138.3 (ArC), 132.4 (ArC), 132.3 (ArCH), 132.2 (ArCH), 132.0 (ArC), 131.7 
(ArCH), 131.0 (ArCH), 130.4 (ArC), 129.7 (ArCH), 129.6 (ArCH), 129.3 (ArC), 129.0 (ArC), 
128.2 (ArCH), 127.4 (ArCH), 126.5 (ArC), 126.2 (ArC), 126.0 (ArCH), 125.9 (ArCH), 125.0 
(ArC), 124.8 (ArCH), 124.5 (ArCH), 121.6 (ArC), 120.6 (ArC), 119.5 (ArC), 119.2 (ArCH), 
117.7 (ArCH), 117.6 (ArC), 114.1 (ArCH), 111.7 (ArCH), 75.9 (CH), 64.3 (Cq), 48.8 (CH2), 
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43.7 (CH2), 43.4 (CH2), 43.1 (CH2), 39.8 (CH2), 39.7 (CH2), 35.2 (Cq), 34.1 (CH2), 33.4 (CH2), 
31.9 (CH2), 31.7 (CH2), 29.7 (CH2), 29.5 (CH2), 29.4 (CH2), 29.3 (CH2), 29.1 (CH2), 29.0 (CH2), 
26.7 (CH2). FAB-MS (3-NOBA matrix): m/z = 1328.6 [M+H]+ (Calcd for C88H89N5O7 + H+: 
m/z = 1328.7).  

2-(1,4,7,14,17,20-Hexaaza-2,6,15,19-tetraoxo-3,5,9,12,16,18,22,25-tetrabenzocy 
clohexacosane)-2-(5,8-di-tert-butyl-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-(13-
(2-(1,3-dioxo-8-(3-(4-tritylphenoxy)pyrrolidin-1-yl)-1H-benzo[5,10]anthra[2,1,9-
def]isoquinolin-2(3H)-yl)acetamido)tridecyl)acetamide-Rotaxane 1 

            

Thread 2 (0.100 g, 0.075 mmol) and Et3N (0.253 µL, 1.8 mmol) were dissolved in 
chloroform (75 mL), and stirred vigorously whilst solutions of p-xylylene diamine (0.122 
g, 0.90 mmol) and isophthaloyl dichloride (0.182 g, 0.90 mmol) in CHCl3 (20 mL) were 
simultaneously added over a period of 4 hours using a motor-driven syringe pump. The 
resulting suspension was stirred overnight and filtered through a pad of Celite to afford 
the crude product. The solvent was removed and the residue was subjected to column 
chromatography (silica gel, CH2Cl2: Acetone (8:2) to yield unreacted thread 2 (0.082 g, 
82%) and rotaxane 1 (0.016 g, 12%) as a blue solids; 1H NMR (400 MHz, CD2Cl2): δ = 8.55 
(d, J = 1.5, 1H, H2), 8.35 (d, J = 7.7, 1H, H12), 8.26–8.14 (m, 9H, H13+ H14+H20+ H3+ H16+ H18+ 
HC), 8.06–7.99 (m, 9H, HB+ HD+ H19), 7.61–7.41 (m, 3H, HA+ H17), 7.27–7.15 (m, 17H, H26+ 
H27), 7.03 (s, 8H, HF), 6.94 (d, J = 8.7, 1H, H15), 6.84–6.81 (m, 3H, H25+ H10), 6.61 (t, J = 5.8, 
1H, H5), 5.09 (s, 1H, H22), 4.44 (dd, A-part of ABX system, J = 13.6, J = 4.5, 4H, HE), 4.39 (s, 
2H, H4), 4.28 (dd, B-part of ABX system, J = 13.6, J = 3.7, 4H, HE’), 4.07 (dd, A-part of AB 
system, J = 10.1, J = 4.2, 1H, H21), 3.99 (dd, B-part of AB system, J = 17.2, J = 10.1, 1H, H21’), 
3.89 (s, 2H, H11), 3.79 (d, A-part of AB system, J = 11.1, 1H, H23), 3.64 (bs, 1H, H23’), 2.91 (td, 
J = 4.8, J = 5.8, 1H, H6), 2.83 (td, J = 4.8, J = 5.2, 1H, H9), 1.43 (bs, 22H, H1+ H7+ H8), 1.09–
1.05 (m, 16H, CH2 alkyl chain); 13C NMR (100 MHz, CD2Cl2): δ = 166.8 (CO), 166.5 (CO), 
166.4 (CO), 165.6 (CO), 164.6 (CO), 164.3 (CO), 155.0 (ArC), 150.0 (ArC), 149.9 (ArC), 146.8 
(ArC), 139.4 (ArC), 137.2 (ArC), 137.1 (ArC), 136.2 (ArC), 134.2 (ArC), 133.4 (ArC), 132.2 
(ArC), 132.1 (ArCH), 132.0 (ArCH), 131.9 (ArCH), 131.8 (ArC), 131.4 (ArC), 130.7 (ArCH), 
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130.6 (ArCH), 129.6 (ArC), 129.5 (ArCH), 129.1 (ArCH), 128.9 (ArCH), 128.4 (ArCH), 128.3 
(ArCH), 127.5 (ArC), 127.4 (ArCH), 127.3 (ArCH), 126.9 (ArC), 125.6 (ArCH), 125.2 
(ArCH), 125.1 (ArCH), 124.8 (ArC), 124.5 (ArCH), 122.5 (ArCH), 121.5 (ArC), 120.8 (ArC), 
119.8 (ArC), 117.1 (ArC), 116.2 (ArCH), 114.0 (ArCH), 111.9 (ArCH), 75.6 (CH), 64.1 (Cq), 
46.3 (CH2), 44.4 (CH2), 42.4 (CH2), 39.4 (CH2), 34.9 (CH2), 31.7 (CH2),30.7 (CH3), 30.5 (CH2), 
29.5 (CH2), 29.3 (CH2), 29.2 (CH2), 29.0 (CH2), 28.9 (CH2), 28.8 (CH2), 28.7 (CH2), 28.6 (CH2), 
26.4 (CH2), 26.3 (CH2). FAB-MS (3-NOBA matrix): m/z = 1861.0 [M+H]+ (anal. Calcd for 
C120H117N9O11 + H+: m/z = 1860.9).  

6.5 Appendix 

A) 
 

B) 

 
 

 

C) 
 

 

 
 

 

Figure 32. Normalized fluorescence emission spectra of rotaxane 1 A) in CH2Cl2; B) in acetone; C) in 
acetonitrile as a function of excitation wavelength. Arrow indicates the spectral changes upon increasing 
excitation wavelength. 
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A) 
 

B) 

 
 

 

Figure 33. Normalized fluorescence emission spectra of thread 2 A) in CH2Cl2 and B) in acetone as a function 
of excitation wavelength. Arrow indicates the spectral changes upon increasing excitation wavelength. 

A) 
 

B) 

 
 

 
 

Figure 34. Temperature dependence of the fluorescence emission spectra of thread 2 at A) 273 K; B) 253 K. All 
spectra are scaled to the same intensity. Arrow indicates the spectral changes upon increasing excitation 
wavelength. 

                                   
Figure 35. Changes of relative amplitudes of short (dashed) and long decay time components (dotted) of 
rotaxane 1 at different detection wavelengths (obtained from global analysis) as a function of temperature.  
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Summary 
 

 

 

The fabrication and operation of molecular multicomponent systems capable of 
performing specific, directional mechanical movements under the action of a defined 
energy input, that is, “molecular machines”, offers a fascinating challenge in the field of 
nanoscience. Mechanically interlocked molecules, such as rotaxanes, are one of the most 
suitable candidates for molecular machinary since (i) the mechanical bond allows a 
variety of mutual arrangements of the molecular components, while conferring stability 
on the system; (ii) the interlocked architecture confines the amplitude of the 
intercomponent motion in the three dimensions; (iii) the stability of a specific 
arrangement is determined by the strengths of the intercomponent interactions; and (iv) 
such interactions can be modulated by external stimuli. Moreover, rotaxanes have 
potential for the construction of organized, functioning molecular-scale devices, which 
can interpret, store, process, and dispatch information similar to the sophisticated 
machines found in natural systems. Control over the relative position and motion of the 
components in interlocked molecules is the key to realization of such machine-like 
properties at the molecular level. The induced switching in rotaxanes is often monitored 
by techniques such as NMR spectroscopy, cyclic voltammetry, UV/Vis absorption, 
circular dichroism, or fluorescence. Using fluorescence change as an output signal 
deserves particular attention since it allows the detection of the state of the system with 
high time resolution and high sensitivity.  

The introductory Chapter 1 gives a short overview of the design and synthesis of rotaxane 
systems. Furthermore, an introduction to the field of fluorescent rotaxanes is given, and 
some examples of rotaxanes containing fluorophores are discussed.  

Chapter 2 deals with the synthesis and characterization of a [2]rotaxane consisting of a 
benzylic amide macrocycle mechanically interlocked onto a thread molecule containing 
naphthalimide and succinamide units as hydrogen-bonding accepting sites. A glycine 
unit incorporated next to the naphthalimide chromophore leads to the formation of two 
possible translational isomers of the rotaxane (succ and ni) whose ratios vary significantly 
with temperature. Variable temperature 1H NMR experiments reveal significant enthalpy-
entropy compensation, and a non-negligible heat capacity difference between the two 
forms. At low temperatures, enthalpy dominates, whereas at high temperatures entropy 
takes over. The ring spends more of its time on the succinamide station (succ co-
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conformer) at low temperatures, but as the temperature is increased, the ring resides less 
on the succinamide station and spends more of its time next to the naphthalimide unit.  

  
In Chapter 3, dynamic degenerate rotaxane molecular shuttles are described in which the 
benzylic amide macrocycle moves back and forth between two naphthalimide-glycine 
units by making the passage along either a rigid diphenylethyne unit or flexible alkane 
spacers (C9, C12, C26). These degenerate molecular shuttles can serve as models to study 
the barriers to ring movements in nondegenerate bistable [2]rotaxanes used in molecular 
devices. Dynamic NMR spectroscopy was employed to obtain the kinetic and 
thermodynamic parameters of the shuttling process. In the rotaxanes containing C9 or C12 
aliphatic spacers, the shuttling process was too fast to be detected on the NMR time scale 
within the temperature range studied (328-253 K). However, for the C26 rotaxane, the 
shuttling energy barrier was found to be ~12 kcal mol-1 (at ~ 260 K) by means of the 
coalescence method. Line broadening measurements revealed that the macrocyclic ring 
shuttles back and forth between the two ni-gly stations at a rate of ~ 104 s-1 at room 
temperature. The kinetic parameters of the shuttling process were determined from an 
Eyring plot, which led to ΔH‡ = 10 ± 1 kcal mol-1 and ΔS‡ = -6.5 ± 2.0 cal mol-1 K-1.  

The translocation of the macrocycle between the two ni-gly stations in the rigid molecular 
shuttle is fast on the NMR time scale at ambient temperature. This implies that the 
diphenylethyne unit does not lead to a much higher energy barrier for shuttling than in a 
rotaxane with a flexible alkyl chain of similar length.  

 
Figure 1. The structural formulas of the degenerate [2]rotaxanes containing flexible rigid spacers (For details 
see Chapter 3). 

In Chapter 4, a molecular shuttle is reported consisting of naphthalimide and perylene 
imide chromophores as stoppers and fluorescent units, and glycine units positioned next 
to the chromophores as hydrogen-bonding sites. The solvent dependency of the structure 
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of the rotaxane was investigated by 1H NMR spectroscopy: the rotaxane exists in different 
co-conformations in different solvents. In nonpolar solvents the macrocycle is primarily 
hydrogen-bonded to the perylene imide chromophore, whereas it exists in different co-
conformations in moderately polar solvents (CD2Cl2, acetone-d6). In solvents of high 
polarity and high hydrogen bond accepting abilities such as DMF-d7 and DMSO-d6 the 
intercomponent hydrogen bonds are weakened, thereby forcing the macrocycle to locate 
mostly (DMF-d7) or fully (DMSO-d6) over the aliphatic spacer. On the other hand, in 
CD3CN or THF-d8, the benzylic amide macrocycle is positioned next to the naphthalimide 
or perylene imide unit, but with weaker hydrogen-bonding interactions.  

                                    
Figure 2. Molecular structure of a rotaxane containing naphthalimide and perylene imide chromophores (For 
details see Chapter 4 and 5).  

Chapter 5 provides details on the electronic spectroscopic properties of the molecular 
shuttle described in Chapter 4. The relative position of the macrocycle with respect to the 
solvatochromic perylene imide chromophore gives a strong response in the spectral 
domain. The absorption and emission spectra exhibit a red shift due to the hydrogen-
bonding interactions between the macrocycle and the imide. The largest spectral shifts 
were observed in nonpolar solvents such as toluene in which the intercomponent 
hydrogen-bonding interactions are the strongest. In contrast, in solvents of high polarity 
and high hydrogen bond accepting ability no spectral differences between the rotaxane 
and the thread were observed, which was attributed to the diminishing of the 
intercomponent hydrogen-bonding between the perylene imide unit and the macrocycle. 
The influence of the different types of solute/solvent interactions on the absorption and 
fluorescence spectra is analyzed with the Kamlet-Taft expression. The results point to 
significant effects of the hydrogen bond donating and accepting abilities of the solvents, 
but the dipolarity-polarizability is the most important factor in determining the optical 
spectroscopic properties of the rotaxane and the thread. The observed fluorescence 
lifetimes of the rotaxane are consistently shorter than those of the thread. Rotaxanes 
containing a highly fluorescent perylene imide unit provide a starting point for the 
utilization of time-resolved fluorescence spectroscopy for monitoring shuttling processes. 
The co-conformers might be detectable by their different fluorescence emission and 
excitation spectra particularly in solvents of low polarity due to the fact that the 
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interaction between the ring and the perylene imide has a large effect on the electronic 
absorption and emission spectra.  

The work described in Chapter 6 is a continuation and extension of the work described in 
Chapter 5. In order to address the question whether it is possible to use fluorescence 
spectroscopy to detect the shuttling process, a molecular shuttle featuring naphthalimide 
and perylene imide chromophores as both stoppers and fluorescent units adjacent to 
glycine hydrogen bond accepting moieties is presented. When the macrocycle is 
hydrogen-bonded to the naphthalimide chromophore (ni co-conformer), spectroscopic 
properties of the rotaxane resemble those of the thread, whilst the localization of the 
macrocyclic ring in contact with the perylene imide chromophore (pery co-conformer) 
gives rise to a significant change in both absorption and emission spectra. The rotaxane 
displayed appreciable excitation and emission wavelength dependent shifts in the 
fluorescence emission and fluorescence excitation spectra, respectively. The wavelength 
dependent fluorescence emission and excitation behavior of the rotaxane is presumably 
arising from the different isomeric distributions of the two translational isomers of the 
rotaxane that are generated in the excited state upon excitation at different wavelenghts.  

A complete picture of the shuttling process taking place after selective excitation of the ni 
co-conformer was obtained by means of time-resolved fluorescence spectroscopy. 
Detection at the blue side of the emission band reveals a faster component (~ 1 ns) along 
with a long-lived component (~ 3 ns), whereas detection at the red side of the emission 
band gives only the longer decay time component. The short lifetime can be ascribed to 
the fast translocation of the macrocycle from the naphthalimide to the perylene side in the 
excited state. The decay time of the shorter-lived species increased upon lowering the 
temperature, while the values for the longer-lived species changed only slightly as the 
temperature decreased. In a solid matrix, the faster decay component is suppressed 
completely and only the long decay time component was found, irrespective of the 
emission wavelength. These results show that the dynamical process is slowed down or 
completely suppressed at low temperature or in a solid matrix, respectively.  

                            
Figure 3. Chemical structure of perylene imide/naphthalimide rotaxane (For details see Chapter 6). 
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Samenvatting 
 

 

 

Een van de fascinerende uitdagingen in het veld van de nanowetenschappen is het 
ontwikkelen van moleculaire multicomponentsystemen die in staat zijn specifieke, 
gerichte mechanische bewegingen uit te voeren onder invloed van een goed gedefinieerde 
energietoevoer. Mechanisch gebonden moleculen zoals rotaxanen behoren tot de meest 
geschikte kandidaten voor zulke moleculaire machinerie, omdat (i) de mechanische 
binding verschillende onderlinge oriëntaties van de moleculaire componenten toestaat, en 
tegelijkertijd zorgt voor stabiliteit van het gehele systeem; (ii) de amplitude van de 
bewegingen van de componenten ten opzichte van elkaar wordt beperkt; (iii) de stabiliteit 
van een gegeven ruimtelijke configuratie wordt bepaald door de sterkte van de 
wisselwerking tussen de componenten; (iv) zulke interacties kunnen worden 
gemoduleerd door externe stimuli. Verder bieden rotaxanen de mogelijkheid om 
georganiseerde functionele apparaatjes op moleculaire schaal te maken die in staat zijn 
informatie op te slaan, door te geven, te verwerken en te interpreteren, zoals de 
hoogontwikkelde machines in natuurlijke systemen. Beheersing van de relatieve positie 
en beweging van de onderdelen van mechanisch gebonden moleculen is de sleutel tot de 
realisatie van dergelijke machine-achtige eigenschappen op moleculair niveau. 

De geïnduceerde omschakeling in rotaxanen wordt vaak gevolgd met behulp van 
technieken zoals NMR spectroscopie, cyclische voltammetrie, UV/Vis absorptie, circulair 
dichroisme, of fluorescentie. Het gebruik van fluorescentie verdient bijzondere aandacht 
omdat dit de mogelijkheid geeft de toestand van het systeem te detecteren met grote 
tijdsresolutie en hoge gevoeligheid. 

Het inleidend Hoofdstuk 1 geeft een kort overzicht van het ontwerp en de synthese van 
rotaxanen. Verder wordt het gebied van de fluorescerende rotaxanen geïntroduceerd en 
worden enkele voorbeelden besproken van rotaxanen met fluorescerende groepen erin. 

Hoofdstuk 2 behandelt de synthese en karakterisering van een [2]rotaxaan bestaande uit 
een benzylamide macrocyclische ring, mechanisch gebonden aan een draadmolecuul dat 
naftaalimide en succinamide eenheden bevat als waterstofbrug-accepterende groepen. 
Een glycine eenheid, ingebouwd naast het naftaalimide, leidt tot de vorming van twee 
translatie-isomeren van het rotaxaan (succ en ni) waarvan de verhouding sterk afhangt 
van de temperatuur. Variabele-temperatuur 1H NMR metingen laten zien dat er een 
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significante enthalpie/entropie compensatie is, en een niet-verwaarloosbaar verschil in 
warmtecapaciteit tussen de twee vormen. Bij lage temperatuur domineert enthalpie, bij 
hogere temperatuur speelt entropie de hoofdrol. De ring brengt de meeste tijd door op het 
succinamide station (succ co-conformeer) bij lage temperatuur, maar wanneer de 
temperatuur wordt verhoogd verblijft de ring minder op het succinamide station en meer 
bij de naftaalimide-eenheid. 

  
In Hoofdstuk 3 worden dynamische ontaarde moleculaire pendels beschreven waarin de 
macrocyclische ring heen weer beweegt tussen twee naftaalimide-glycine stations over 
een rigide difenylethyn draad, of over een flexibele keten van 9, 12, of 26 CH2 groepen. 
Deze ontaarde moleculaire pendels kunnen dienen als modelsystemen voor niet-ontaarde 
bistabiele rotaxanen die gebruikt worden in moleculaire apparaten. Met behulp van 
dynamische NMR spectroscopie werden de kinetische en thermodynamische parameters 
van het pendelproces bepaald. In de rotaxanen met de C9 of C12 alkaanketens bleek het 
pendelproces te snel om op de NMR tijdschaal gedetecteerd te kunnen worden in het 
temperaatuurgebied waarin werd gemeten (328 – 253 K). Voor het C26 rotaxaan werd de 
energiebarrière bepaald op ~ 12 kcal mol-1 (bij ca. 260 K) met behulp van de 
coalescentiemethode. Lijnbreedte-metingen lieten zien dat de ring bij kamertemperatuur 
heen en weer beweegt tussen de twee stations met een snelheid van ~ 104 s-1. De 
kinetische parameters van het pendelproces werden bepaald met behulp van een Eyring 
plot, die leidde tot ΔH‡ = 10 ± 1 kcal mol-1 en ΔS‡ = -6.5 ± 2.0 cal mol-1 K-1. In het rotaxaan 
met de rigide draad is bij kamertemperatuur de translocatie van de macrocyclische ring 
tussen de twee ni-gly stations snel op de NMR tijdschaal. Dit impliceert dat de 
difenylethyn eenheid geen belangrijk grotere barrière voor het pendelen oplevert dan een 
flexibele alkaanketen met vergelijkbare lengte.  

 
Figuur 1. Structuurformule van de ontaarde [2]rotaxanen met flexible of rigide spacers ( Hoofdstuk 3). 
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In Hoofdstuk 4 wordt een moleculaire pendel besproken bestaande uit een naftaalimide 
en een peryleenimide als stoppers en fluorescerende eenheden, met glycines als 
waterstofbrugvormende groepen. De oplosmiddelafhankelijkheid van de structuur werd 
onderzocht met behulp van 1H NMR spectroscopie. Het rotaxaan komt in verschillende 
co-conformaties voor in verschillende oplosmiddelen. In apolaire oplosmiddelen is de 
ring voornamelijk door waterstofbruggen gebonden aan de kant van het peryleenimide, 
terwijl in iets meer polaire oplosmiddelen (CD2Cl2, aceton-d6) verschillende co-
conformaties naast elkaar voorkomen. In oplosmiddelen met een hoge polariteit die ook 
sterk waterstofbrug-accepterend zijn, zijn de waterstofbruggen tussen de componenten 
verzwakt, waarbij de ring voornamelijk (DMF-d7) of volledig (DMSO-d6) op de alkaan-
draad is gelocaliseerd. In CD3CN of THF-d8 is de ring gepositioneerd nabij de 
naftaalimide of de peryleenimide-eenheid, maar met zwakke waterstofbruggen. 

                                    
Figuur 2. Structuur van een rotaxaan met naftaalimide en peryleenimide chromoforen (zie Hoofdstuk 4 en 5).  

Hoofdstuk 5 geeft details over de elektronische spectroscopie van de moleculaire pendel 
beschreven in Hoofdstuk 4. De relatieve positie van de ring ten opzichte van de 
solvatochrome peryleenimide chromofoor geeft een sterke respons in het spectrale 
domein. De absorptie en emissiespectra vertonen een roodverschuiving ten gevolge van 
de waterstofbruginteracties tussen de macrocyclische ring en het imide. De grootste 
spectrale shifts werden waargenomen in apolaire oplosmiddelen zoals tolueen, waarin de 
waterstofbruggen tussen de componenten het sterkst zijn. In oplosmiddelen met hoge 
polariteit en een groot vermogen om waterstofbruggen te accepteren worden geen 
spectrale verschillen gezien tussen rotaxaan en draad, wat wordt toegeschreven aan de 
verminderde waterstofbrug interactie tussen peryleenimide en de macrocyclische ring. De 
invloed van de verschillende typen interacties tussen oplosmiddel en opgeloste moleculen 
op de absorptie- en fluorescentiespectra werden geanalyseerd met behulp van het 
Kamlett-Taft model. Er blijken significante effecten van waterstofbrug accepterende en 
donerende oplosmiddelen, maar de sterkste effecten zijn die van de 
polariteit/polariseerbaarheid. De waargenomen fluorescentievervaltijden van het 
rotaxaan zijn korter dan die van de draad. Rotaxanen die een sterk fluorescerence 
peryleenimide eenheid bevatten vormen een goed uitgangspunt voor het gebruik van 
tijdopgeloste fluorescentiespectroscopie voor het volgen van het pendelproces. De co-
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conformeren zouden detecteerbaar kunnen zijn door hun verschillende excitatie en 
emissiespectra, vooral in oplosmiddelen van lage polariteit omdat de interactie tussen de 
ring en het peryleenimide zo’n groot effect heeft op de elektronische absorptie- en 
emissiespectra.  

Het werk beschreven in Hoofdstuk 6 is een voortzetting en uitbreiding van het werk 
beschreven in Hoofdstuk 5. Om de vraag te kunnen beantwoorden of het mogelijk is de 
pendelbeweging te detecteren met behulp van fluorescentiespectroscopie is een 
moleculaire pendel ontworpen waarin naftaalimide en peryleenimide chromoforen als 
fluorescerende eenheden en stoppers fungeren, naast glycine-eenheden als 
waterstofbrugvormende stations. Wanneer de macrocycle gebonden is aan de 
naftaalimide chromofoor (ni co-conformeer), lijken de spectrale eigenschappen op die van 
de draad, terwijl localisatie van de macrocyclische ring in contact met de peryleen imide 
chromofoor (pery co-conformeer) zal leiden tot significante veranderingen van zowel het 
absorptiespectrum als het emissiespectrum. Het rotaxaan vertoonde aanzienlijke 
verschuivingen in de excitatie- en emissiespectra afhankelijk van de emissie, c.q. 
excitatiegolflengte. Deze golflengte-afhankelijkheid in het rotaxaan is waarschijnlijk een 
gevolg van de verschillende verdelingen van de translatie-isomeren van het rotaxaan die 
in de aangeslagen toestand worden gebracht door excitatie bij verschillende golflengtes.  

Een compleet beeld van het pendelproces dat plaatsvindt na selectieve excitatie van de ni 
co-conformeer werd verkregen met behulp van tijdsopgeloste fluorescentiespectroscopie. 
Detectie aan de kortgolvige kant van de emissieband laat een snellere component zien (~ 
1 ns) samen met een langer-levende component (~ 3 ns), terwijl detectie aan de rode kant 
van de band alleen de langere levensduur laat zien. De korte levensduur kan worden 
toegeschreven aan de snelle translocatie van de ring van de naftaalimide naar de 
peryleenimide kant in de aangeslagen toestand. De vervaltijd van de kortlevende 
component wordt groter bij verlaging van de temperatuur, terwijl de waarden voor de 
langer-levende component slechts weinig veranderen. In een vaste matrix wordt de snelle 
vervalcomponent volledig onderdrukt, en is alleen de lange-tijdscomponent zichtbaar, 
ongeacht de emissiegolflengte. Deze resultaten tonen aan dat het dynamische proces 
wordt vertraagd bij lage temperatuur, en volledig onderdrukt in een vaste matrix.  

                            
Figuur 3. Chemische structuur van het peryleenimide/naftaalimide rotaxaan beschreven in hoofdstuk 6.  
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