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Solvent Effects on Translational Equilibria in 
Rotaxane-Based Molecular Shuttles 

 

 

 

 

 

Abstract 

 

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

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

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

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

4.2.1 Design and Synthesis 

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

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

Scheme 1. Synthesis of molecular shuttle 1a 

  

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

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

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

                                            

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

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

4.2.2 Solvent Effects on 1H NMR Spectra 

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

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

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

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

                    
Figure 7. Partial 2D ROESY NMR spectrum of 1 in DMSO-d6 at 298 K (400 MHz). Lettering corresponds to the 
labels in Scheme 1.  
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Signatures of different co-conformers can be found in solvents of polarity and hydrogen-
bonding basicity that lie in between those of toluene-d8 and DMSO-d6. In THF-d8 

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

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

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

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

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

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

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

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

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

Solvent εb βb δD Δδj Δδe Δδd
 Δδk Δδf Δδi 

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

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

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

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

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

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

4.3 Conclusions 

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

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

4.4 Experimental Section 

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

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

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

                                                     

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

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

                                                  

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

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

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

                                                 

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

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

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

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

                                                 

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

                                        

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

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

                                            

Procedure as for acid 9, starting from amide 11 (0.150 g, 0.247 mmol), gave amine 12 as a 
white solid (0.123 g, 98%); 1H NMR (400 MHz, CDCl3): δ = 8.68 (d, J = 1.8 Hz, 2H, Hb), 8.17 
(d, J = 1.8 Hz, 2H, Hc), 5.77 (bs, 1H, He), 4.87 (s, 2H, Hd), 3.30 (td, J = 8.0, J = 4.0, 2H, Hf), 
3.11 (t, J = 8.0, 2H, Hi), 1.51-1.46 (m, 22 H, Ha+ Hg+ Hh), 1.29-1.25 (m, 10H, CH2 alkyl 
chain); 13C NMR (100 MHz, CDCl3): δ = 166.9 (CO), 164.3 (CO), 150.1 (ArC), 131.9 (ArC), 
129.5 (ArCH), 129.4 (ArCH), 124.8 (ArC), 121.5 (ArC), 43.0 (CH2), 39.7 (CH2), 35.1 (Cq), 31.0 
(CH3), 29.3 (CH2), 29.1 (CH2), 28.9 (CH2), 26.7 (2 × CH2). 

 

 



Chapter 4  

 102 

2-(5,12-bis(4-(tert-butyl)phenoxy)-1,3-dioxo-9-(pyrrolidin-1-yl)-1H-
benzo[5,10]anthra[2,1,9-def]isoquinolin-2(3H,3a1H,13aH)-yl)-N-(9-(2-(5,8-di-tert-butyl-
1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)acetamido)nonyl)acetamide-Thread 2 

                              

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

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