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Macrocyclic Hamilton receptor-shuttling dynamics in [2]rotaxanes 

Inherent movement of a macrocycle comprising a multi-site hydrogen bonding 

Hamilton-type receptor in a series of [2]rotaxanes was investigated by dynamic 

and VT NMR. In these rotaxanes the varying nature and number of hydrogen-

bond motifs and stations on the molecular axles influenced ring dynamics. 

Triazole stations interact selectively by hydrogen bonding with the 

isophthalamide amide bonds present in the Hamilton macrocycle and fast 

shuttling (72 kHz at 25 °C) was observed in a two station variant. 
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macrocycle 

Introduction 

Artificial molecular machines based on interlocked molecules have attracted much 

attention in the last decades, often such sophisticated structures mimic complex 

functions of biological systems. [1] In particular, [2]rotaxane systems comprising 

mobile macrocycles have been developed as molecular shuttles,[2–4] and determining 

shuttling parameters via dynamic NMR spectroscopy is an established approach.[5] 

This allowed determining the key role of ring movement in rotaxanes and obtaining 

detailed kinetic analyses providing key structure-property information in a number of 

different molecular machines,[5–8] including non-degenerate molecular shuttles used as 

switches in response to external stimulus,[2, 9, 10] and degenerate rotaxanes exhibiting 

spontaneous ring motion.[6, 11–17] Relevant works include Stoddart molecular shuttles 



[5, 18–20], hydrogen-bonded molecular machines by Leigh,[3, 21, 22] Loeb’s ring-

through ring shuttling rotaxanes and related systems,[2, 23] Hirose’s shuttling 

molecular machine studies on varing ring size and axle length,[6, 24], Coutrot’s 

pioneering studies on shuttling effects in rotaxanes,[25] Brouwer’s shuttling dynamics 

studies showing the complexity of that macrocycle shuttling events,[7] and Leigh’s and 

Zerbetto’s entropy-driven translational isomerism showing co-conformations in which 

the ring simultaneously interacts simultaneously with two stations.[26]  

Among the different rotaxane formation methods, the Huisgen 1,3-dipolar 

cycloaddition involving reaction of alkyne and azide groups, also known as CuAAC 

“click” chemistry, has been extensively used as an efficient tool for the synthesis of 

interlocked molecules.[28, 29] In our previous studies, we employed this methodology 

to synthetize rotaxanes based on Hamilton-like macrocyclic receptor 3 on different 

axles (8) as well as Glaser coupling (7), however the ring shuttling dynamics in these 

systems were not explored.[30, 31] Herein, we enlarge the series to include double 

station rotaxane 1 and we focused on studying the stochastic molecular shuttling on the 

ensemble of the different axles via dynamic NMR spectroscopy to evaluate the effect of 

the different levels of ring–axle supramolecular interactions for rotaxanes 1, 7 and 8 

whose structures are shown in Figure 1. A schematic and qualitative potential energy 

surface representation of the macrocycle shuttling between two different energy stations 

is shown in Figure 1. The shuttling energy barrier depends only on the macrocycle 

binding affinity to the initial station and it is independent of the affinity to the arrival 

station,[12] therefore the shuttling rate is slower if the macrocycle–station binding 

affinity to the initial station is higher.[30, 31]  



 

Figure 1. Top) Rotaxanes under investigation: 1 (synthesis developed in this work) and 

7, 8 (synthesis previously reported).[30, 31] Bottom) Qualitative potential energy 

surface as a function of ring position (not to scale) showing the relative energy of the 

different stations and the ΔG‡
S1!S2 shuttling energy barrier. Energetics on non-bonding 

portions and possible alternative co-conformations involving the interaction with more 

than one station at the same time are not considered. 

 

Results and discussion 

The affinity of the macrocycle with the different stations is qualitatively represented in 

an idealized way in Figure 2. The macrocycle integrating a Hamilton receptor has a high 



affinity towards the barbiturate station, as evidenced by binding studies with 5,5-

diethylbarbiturate, where an interaction energy of –6.0 kcal/mol (Kass = 23500 M−1 in 

CHCl3) was determined.[31] In addition, the triazole ring can act as a hydrogen-bond 

acceptor station,[32, 33] and also the phenol-ether may act as an station with very weak 

affinity as the interaction of an amide with a phenol in CHCl3 is a less favourable 

interaction (ΔΔGH-bond = +3.6 kJ/mol).[34] Macrocycle shuttling in rotaxanes 1, 7, and 8 

was investigated by VT NMR to study the effect of macrocycle–axle hydrogen bonding 

interaction strength of the different stations.  

  

Figure 2. Representative molecular models of rotaxanes 1, 7, 8 showing the theoretical 

number of hydrogen bonds between axle and macrocycle. (a) 1, (b) 7, (c) 8. Note: 



Flexibility of both macrocyclic and axle components can result in alternative co-

conformations (not shown) in this complex system. 

 

Rotaxane 1 comprises the Hamilton-like macrocyclic receptor 3 [31] and a symmetrical 

axle integrating two triazole groups (Scheme 1). Initial attempts to prepare rotaxane 1 

from 1,6-diazidehexane 6 and stopper 5 involving two-click reactions in the presence of 

macrocycle 3 and Cu(I) yield a complex mixture and no evidence of formation of 

[2]rotaxane 1 (or the corresponding [3]rotaxane) presumably associated to the low 

rotaxane formation yield and large formation of by-products (see Scheme 1). To 

facilitate the formation of the rotaxane with fewer possible side reactions, a different 

synthetic strategy was adopted. Synthesis involved a CuAAC “click” active template 

rotaxane formation involving alkyne stopper 5 and azide-terminated half-axle 4 in an 

excellent 86% yield, prepared from commercial 1,6-dibromohexane.[35] Using this 

approach one triazole moiety is already present in the azide half-axle 4 and the second 

triazole ring is created in the rotaxane formation step. 

 



 

Scheme 1. Synthesis of rotaxane 1 and free axle 2 side-product via a click reaction. 

Letters in structures refer to 1H NMR attributions. DMEDA = N,N’-

dimethylethylendiamine. 

 

Complexation of copper(I) by macrocycle 3 allows CuAAC “click” active template 

rotaxane formation.[30] Rotaxane 1 and the axle side-product (3) were isolated by 

column chromatography (SiO2: CH2Cl2/ethyl acetate 10:0 to 8:2, v/v) in 17% and 58% 

yields, respectively. The obtained moderate yield for rotaxane formation was 

comparable to the obtained 20% yield for the homologue 7, also involving a CuAAC 
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“click” active template rotaxane formation reaction.[30] We note in passing that, 

undoubtedly due to the relatively large macrocycle size and monodentate pyridine 

chelator, the obtained yield for these systems is low compared to certain other complex 

interlocked structures that have >90% rotaxane formation yield, for example based on 

small macrocycles and strong bipyridine chelators.[29, 36] 

Rotaxane 1 was fully characterized by 1D- and 2D-NMR, and mass 

spectrometry (see electronic supporting information, ESI). The 1H NMR spectrum of 

rotaxane 1 (Figure 3) shows downfield shifts of isophthalamide NH (Δδ = 1.08 ppm, n) 

and CH (Δδ = 0.84 ppm, m) signals with respect to non-interlocked macrocycle 3. This 

confirms the existence of a selective hydrogen-bonding interaction between the triazole 

nitrogen atom in axle 2 and the isophthalamide motif in macrocycle 3 (Figure 3). In 

contrast, the amide NH r signal shows an upfield shift of Δδ = –0.18 ppm, suggesting 

that instead of participating in a hydrogen bonding interaction the proton is shielded by 

the triazole ring, as observed in the molecular model of rotaxane 1 (see Figure S19). 

The cartoon representation in Figure 3 shows a possible co-conformation as flexibility 

of both macrocyclic and axle components can result in alternative conformations 

resulting in a complex system. 



 

Figure 3. Partial 1H NMR (600 MHz, TCE-d2, rt) spectra of axle 2 (bottom), rotaxane 1 

(middle) and macrocycle 3 (top). Designation of the signals is described in Scheme 1. 

 

Additionally, DOSY NMR were performed in TCE-d2 at 25 °C. Proton resonances 

corresponding to the constituent components in rotaxane 1 have the same diffusion 

coefficient of (1.14 × 10–6 cm2/s, hydrodynamic radius = 10.4 Å), which is consistent 

with the interlocked nature of rotaxane 1 (see Figures S9-S12) and smaller compared to 

free macrocycle 3 (1.82 × 10–6 cm2/s, hydrodynamic radius = 6.5 Å) and axle 2 (1.20 × 

10–6 cm2/s, hydrodynamic radius = 9.9 Å). 

On cooling a solution of rotaxane 1 in CD2Cl2 from 25 °C to –40 °C (600 MHz 

spectrometer), only one set of signals was observed indicating fast exchange of the 

different co-conformation of the macrocycle and axle. A careful analysis of the shapes 

of the signals shows broadening of resonances, especially the methylene groups f and h 

next to the triazole moieties, suggesting rapid macrocycle shuttling between the two 



triazole groups that would act as stations. We repeated the same experiment in more 

viscous TCE-d2 (1.84 cP for TCE-d2 and 0.43 cP for CD2Cl2)[37] and a lower dielectric 

constant (8.20 for TCE-d2 and 8.9 for CD2Cl2).[37] Cooling down to – 30 °C also 

results in one set of signals with enhanced signal broadening. The methylene group f, 

that is close to the triazole proton showed the most significant broadening (Table 1). 

 

Table 1. Peak width at half height for protons f and a at different temperatures of 

rotaxane 1 in CD2Cl2 and TCE-d2. 

 CD2Cl2	
    TCE-d2	
  
T (°C) f ν1/2 (Hz)	
   a ν1/2 (Hz)	
    f ν1/2 (Hz)	
   a ν1/2 (Hz)	
  

25	
   1.73	
   0.99	
    3.23	
   1.48	
  
10	
   2.90	
   2.02	
    5.39	
   2.84	
  
0	
   2.44	
   1.30	
    6.56	
   2.57	
  

–10	
   3.06	
   1.31	
    9.29	
   3.14	
  
–20	
   4.00	
   1.53	
    19.67	
   4.49	
  
–30	
   5.34	
   1.97	
    31.65	
   8.33	
  
–40	
   10.50	
   2.51	
    —	
   —	
  

 

As fast exchange slows down on cooling, a significant broadening of signals is observed 

but the coalescence temperature is not reached. (Note: Technical limitations preclude 

further lowering the temperature). However, the observed broadening of signals in 

TCE-d2 is adequate for determining the shuttling exchange rate constant. In this case, k 

> υS1-S2 and the process is slow enough to contribute to its width. The exchange rate 

constant k can be obtained using Equation 1.[38] 

 𝑘 ≈ !  !!!"!!"!

! ∆!!∆!!"#
 (1) 

In Equation 1, ∆υ is the peak width at half-height, ∆υref is the peak width at half height 

of a non-exchanging reference. The t-Bu signal peak a was chosen as the non-

exchanging. υS1-S2 is the peak separation of f and f’ after coalescence and can be 



estimated as υS1-S2 =2×(υrotax – υaxle) = 232 Hz (0.386 ppm in the 600 MHz 

spectrometer) considering that the observed chemical shift in the rotaxane (5.348 ppm, 

υrotax) is the average of “free” and “occupied” stations and the chemical shift of the free 

station has been estimated from the free axle observed chemical shift (5.16 ppm, υaxle). 

Signals were fitted to Lorentzian peaks to obtain the width at half height and the 

corresponding exchange rate constants k obtained using equation 1 (Figure 4a). 

Thermodynamics of the macrocycle shuttling process can be obtained from the k values 

at different temperatures by an Eyring plot (Figure 4b). From this plot, a value of ΔH‡ = 

7.4 kcal/mol and ΔS‡ = –11.5 cal/mol K are obtained. These parameters allow 

extrapolating at 25 °C a value of ΔG‡
25 °C = 10.8 kcal/mol that corresponds to an 

exchange rate constant k = 72000 s–1. Note that the interaction between amide (ring)-

triazole (axle) has not been observed in related systems.[27] Probably the enhanced 

donor ability of macrocycle 3 could be the reason of the observed ring-thread affinity 

between the amide and the triazole. 



 

Figure 4. Determination of shuttling rate parameters for rotaxane 1 (a) Fittings to 

Lorentzian peaks of 1H NMR signal f at different temperatures (600 MHz, TCE-d2) and 

the corresponding exchange rate constants k. Fittings displayed as a dashed area and 

experimental data in a solid line. (b) Eyring plot of the exchange rate constants k. 

 

Efforts to obtain precise shuttling rate constants or macrocycle rocking rate constants by 

VT NMR spectroscopy for rotaxanes 7 and 8 in different solvents (CDCl3, CD2Cl2, 

TCE-d2, DMSO-d6, etc.) were unsuccessful as coalescence was not reached. As such, 

only qualitative shuttling information could be obtained for rotaxanes 7 and 8. Weaker 

interaction of the isophthalamide with the phenol-ether stations in rotaxane 7 results in 



insignificant signal broadening on cooling 7 in CD2Cl2 (Figure S16), consistent with 

very fast macrocycle shuttling, which is anticipated to be faster than in 1. In the case of 

rotaxane 8, a stronger interaction was observed between the barbiturate station and the 

Hamilton receptor motif. Indeed, even in a competitive solvent mixture 

(CDCl3/MeOD/D2O 45:45:10 v/v, Figure S17) or heating in a very strongly hydrogen 

bonding solvent (DMSO-d6, Figure S18), which should weaken hydrogen bonding 

interactions between the two interlocked components, the macrocycle remains 

predominantly positioned at the barbiturate station. No specific evidence points to even 

a minor population on the triazole stations.[20] The corresponding thermodynamic 

equilibrium constant between the barbiturate station the triazole stations would be 

largely biased towards the barbiturate station. As the shuttling energy barrier only 

depends on the starting station and not the end station,[5] the shuttling rate from the 

triazole stations to the barbiturate station is predicted to be equivalent to that determined 

for rotaxane 1 with occasionally shuttling from the barbiturate station the triazole 

stations. This rate would be much slower and estimated by molecular modeling to be in 

the one shuttling event per second timescale (see Figure S19 in the Supporting 

Information). The different numerous examples of rotaxane structures reported in the 

literature fall approximate in the range of 8 kcal/mol to 20 kcal/mol, resulting in 

shuttling rates from <1 s–1 to >106 s–1.[1] For hydrogen bonding rotaxanes, they 

typically have an activation energy limited by bond breaking between macrocycle and 

initial station typically in the range 11–12 kcal/mol for weakly binding stations,[3, 12, 

17, 39–41] and higher (16.2 kcal/mol) for the high affinity fumaramide station,[12] 

although this barrier can be lower for specific fumaramide station rotaxanes (13.4 

kcal/mol).[14] 

 



Conclusions 

In summary, herein we report the study of macrocycle shuttling in rotaxanes featuring 

the Hamilton-type hydrogen-bonding receptor (1, 7, and 8). The rotaxanes have 

different hydrogen bonding affinities between the axle stations and the macrocycle 

isophthalamide motifs. These different affinities result in dramatic changes in the 

macrocycle shuttling rates at 25 °C from the different stations in the following order: 

barbiturate (9) < triazole (1) < phenol (8). Information on macrocycle-axle interactions 

and resulting ring dynamics could prove useful in introducing predetermined 

macrocycle shuttling rates in 2-station rotaxanes. 

 

Experimental 

Materials and methods 

All chemicals and solvents were obtained from commercial sources and used without 

further purification unless a specific procedure is described. Dry solvents were obtained 

using solvent purification system inert® PureSolv Model PS-MD-5. Mass spectra and 

NMR were performed in the CESAMO analytical facilities (Bordeaux, France). 

NMR 

1H and 13C NMR spectra were recorded on a Bruker Avance I 300 MHz (300 MHz 1H, 

75 MHz 13C), Bruker Avance II 400 MHz (400 MHz 1H, 100 MHz 13C); or Bruker 

Avance III 600 MHz (600 MHz 1H, 150 MHz 13C) spectrometer. Chemical shifts are 

reported in ppm and referenced to the solvent residual peaks. For the assignment of 

signals, the following abbreviations are used are s = singlet, d = doublet and t = triplet. 

DOSY NMR was performed in a Bruker Avance III 600 spectrometer using the 



standard Bruker TopSpin 2D Stimulated Echo experiment using bipolar gradients 

(stebpgp1s) for diffusion measurements at 25 °C. The diffusion parameters were 

optimized to obtain a >70% on signal-intensity decay. From the DOSY diffusion 

coefficient, the hydrodynamic radius was obtained by using the Stokes–Einstein 

equation R = kT/(6πηD). VT NMR was performed in a Bruker Avance III 600 

spectrometer, technical limitations preclude lowering the temperature below –40 °C. 

Mass spectrometry 

Electrospray spectra (ESI) were recorded on a Qexactive (Thermo) mass spectrometer. 

The instrument is equipped with an ESI source and spectra were recorded in positive 

mode. The spray voltage was maintained at 3200 V and capillary temperature set to 320 

°C. Samples were introduced by injection through a 20 µL loop into a 300 µL/min flow 

of methanol from the LC pump. 

VT NMR and exchange rate constant calculation 

The ΔG‡ at 25 °C was obtained to all systems by interpolation/extrapolation using 

Eyring plot using from the measured exchange rate constants (equations 2 and 3).[42] 

 𝑅  ln !!"
!

+ 𝑅  𝑙𝑛 !
!!

= −  Δ𝐻‡ !
!
+ Δ𝑆‡ (2) 

With R = 1.99 cal mol–1 K–1, h = 6.63 × 10–34 J s and kB = 1.23 × 10–23 J K–1 and a factor 

of 1000 in the enthalpic term to use the kcal.mol–1units in ΔH‡, equation 2 converts to 

equation 3. 

 1.99  ln !!"
!

− 47.18 !"#
!"#  !

= −  Δ𝐻‡ !"""
!

+ Δ𝑆‡ (3) 

The exchange rate constant k can be obtained using equation 1.[38] An approximate 



value for 𝜐S1-S2 has been obtained assuming that in the rotaxane the observed chemical 

shift is the average of “free” and “occupied” station and the chemical shift of the free 

station has been estimated from the free axle. 

Molecular Modelling 

Structures were minimized with the MMFF force field using the Spartan ‘18 

software.[43] The isophthalamide motif in the macrocycle was constrained to be planar. 

The molecular models allowed determining the number of hydrogen bonds between the 

macrocycle and thread for the different rotaxanes described in this research (see ESI). 

Synthetic procedures 

1,6-Diazidehexane 6, alkyne stopper 5, Hamilton-like macrocyclic receptor 3 and 

rotaxanes 7, 8 and 9 were prepared using literature procedures.[30, 31, 44, 45]  

Synthesis of rotaxane 1 and axle 2 

Macrocycle 3 (43 mg, 0.0657 mmol, 1.1 eq.) and Cu(MeCN)4PF6 (25 mg, 0.0671 

mmol, 1.1 eq.) are dissolved in anhydrous chloroform (4 mL) previously degassed with 

gentle N2 bubbling for 15 min. Solid azide 4 (43 mg, 0.0605 mmol, 1 eq.) and alkyne 5 

(47.5 mg, 0.0875, 1.4 eq.) were simultaneously added to the mixture in one portion. The 

reaction mixture was stirred at room temperature for 3 days in the dark under N2 

atmosphere. The reaction mixture was quenched with 1 mL of a solution of EDTA (1M) 

in concentrated ammonium hydroxide (35%) and stirred at room temperature for 30 

min. The mixture was diluted with dichloromethane (40 mL) and the organic layer was 

washed successively with water (2 × 50 mL) and brine (1 × 50 mL). The organic layer 

was dried over magnesium sulfate, filtered and concentrated in vacuo. Purification by 

silica gel column chromatography (DCM/EtOAc, 10:0 to 8:2, v/v) afforded double-



station rotaxane 1 as a colorless solid (13 mg, 17% yield) and axle 2 as a colorless solid 

(44 mg, 58% yield).  

Rotaxane 1:  1H NMR (600 MHz, CD2Cl2) δ 9.34 (s, 2H, Hn), 8.60 (brs, 1H, Hm), 8.34 

(d, J = 1.4 Hz, 2H, Hl), 8.02 (d, J = 8.0 Hz, 2H, Hq), 7.84 (d, J = 8.0 Hz, 2H, Ho), 7.69 

(s, 2H, Hg), 7.67 (t, J = 8.0 Hz, 2H, Hp), 7.56 (brs, 2H, Hr), 7.23 (d, J = 8.5 Hz, 12H, 

Hb), 7.16 (d, J = 8.9 Hz, 4H, He), 7.10 (d, J = 8.5 Hz,  12H, Hc), 6.93 (d,J = 8.9 Hz, 4H, 

Hd), 5.32 (bs 4H, Hf), 4.17 (t, J = 7.1 Hz, 4H, Hh), 2.11 (t, J = 7.8 Hz, 4H, Hs), 1.60 (m, 

8H, Ht + Hi), 1.41 (s, 9H, Hk), 1.28 (s, 54H, Ha), 1.27 – 1.23 (m, 20H, Hu-y), 1,08 (m, 

4H, Hj). 13C NMR (151 MHz, CD2Cl2) δ 171.9, 165.5, 156.6, 153.8, 150.8, 150.3, 

149.0, 145.0, 144.8, 141.5, 141.0, 134.6, 132.7, 130.9, 130.5, 124.9, 123.4, 122.0, 

114.2, 110.2, 109.7, 63.7, 63.1, 50.8, 38.0, 35.7, 34.8, 31.7, 31.5, 30.3, 29.3, 29.2, 29.1, 

29.0, 28.7, 26.1, 25.5. HRMS (ESI): calcd for C124H154N12O6+H+ [M+H]+ m/z = 

1908.2187, found m/z = 1908.2166. 

Axle 2:  1H NMR (600 MHz, TCE-d2) δ 7.60 (s, 2H, Hg), 7.25 (d, J = 8.6 Hz, 12H, Hb), 

7.10 (d, J = 8.9 Hz, 4H, Hd), 7.07 (d, J = 8.6 Hz, Hc), 6.87 (d, J = 9.0 Hz, 4H, He), 5.16 

(s, 4H, Hf), 4.32 (t, J = 7.1 Hz, 4H, Hh), 1.89 (m, 4H, Hi), 1.38 – 1.33 (m, 4H, Hj), 1.31 

(s, 54H, Ha). 13C NMR (75 MHz, CDCl3) δ 156.3, 148.5, 144.6, 144.2, 140.3, 132.5, 

130.8, 124.2, 122.6, 113.4, 63.20, 62.18, 50.2, 34.4, 31.5, 30.1, 26.0. HRMS (ESI) 

calcd for C86H104N6O2+H+ [M+H]+ m/z = 1253.8294, found m/z = 1253.8278. 

Synthesis of azide 4 

Azide 4 was synthesized using a general copper-click procedure from Beniazza et 

al.[35] In a Schlenk tube, copper(II)-DMEDA complex (6.2 mg, 8.56 µmol, 1 mol%), 

alkyne 5 (465 mg, 0.856 mmol, 1 eq.) and azide 6 (1.44 g, 8.56 mmol, 10 eq.) were 

dissolved in THF (5 mL). The reaction mixture, protected from light by aluminium foil, 



was then degassed by gentle argon bubbling for 20 minutes. The reaction mixture was 

irradiated at 365 nm using a TLC lamp placed at ~ 1 cm from the tube and stirred for 30 

min at room temperature. The reaction mixture was diluted with EtOAc (50 mL) and 

washed successively with water (2 × 50 mL) and brine (1 × 50 mL). The organic layer 

was dried over magnesium sulfate, filtered and concentrated in vacuo. Purification by 

silica gel column chromatography (cyclohexane/EtOAc 10:0 to 9:1, v/v) afforded azide 

4 as a colorless solid (526 mg, 86% yield). 1H NMR (300 MHz, CDCl3) δ 7.59 (m, 1H, 

Hg), 7.23 (m, 6H, Hb), 7.09 (m, 8H, Hc + Hd), 6.86 (m, 2H, He), 5.19 (s, 2H, Hf), 4.37 (t, 

J = 7.2 Hz, 2H, Hh), 3.26 (t, J = 6.7 Hz, 2H, Hm), 1.94 (p, J = 7.3 Hz, 1H, Hi), 1.65 – 

1.53 (m, 2H, Hl), 1.49 – 1.35 (m, 4H, Hk + Hj), 1.30 (s, 27H, Ha). 13C NMR (100 MHz, 

CDCl3) 156.2, 148.5, 144.5, 144.2, 140.3, 132.5, 130.8, 124.2, 122.6, 113.4, 63.2, 62.2, 

51.3, 50.4, 34.4, 31.5, 30.2, 28.7, 26.2, 26.2. HRMS (ESI) calcd for C46H58N6O+H+ 

[M+H]+ m/z = 711.4745, found m/z = 711.4731. 
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