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CHAPTER 2  
 

 

 

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. 
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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 = 



Chapter 2  

 26 

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.  

 

 

 



Energy Landscape of a Hydrogen-Bonded Non-Degenerate Molecular Shuttle 
 

 27 

 
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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