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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. 
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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. 
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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 

€ 

k =
π

2
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: 

€ 

k1 = k−1 = k =
πΔν

2
=
π(νA −νB )

2
   (2) 

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: 

     

€ 

ΔG‡ = −RTc ln kh
kBTc

 

 
 

 

 
     (3) 

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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