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Introduction 

While many interlocked molecules, such as rotaxanes and 
catenanes, have been described in the literature over the last 30 
years,1-8 only little attention has been paid to the stereoselective 
synthesis of mechanically chiral rotaxanes to date9. In 2014, 
Goldup and co-workers reported the first method enabling the 
access to mechanically planar chiral (MPC)10 [2]rotaxanes 
without using chiral separation techniques.11 Soon after, they 
accomplished the diastereoselective synthesis of MPC 
[2]rotaxanes through the active template Cu-mediated alkyne–
azide cycloaddition (AT-CuAAC)12,13 reaction.14 Recently, Leigh 
and co-workers developed a single-step enantioselective 
strategy leading to MPC [2]rotaxane enantiomers in 50% ee.15 
The emergence of novel stereoselective approaches has also 
highlighted the lack of techniques allowing the assignment of the 
absolute configuration of such rotaxanes, in most cases 
determined using single crystal X-ray diffraction. However, 
obtaining suitable crystals remains highly challenging, pointing 
out the need to design alternative methods for assigning the 
absolute mechanical configuration of these interlocked chiral 
molecules. Within this framework, Goldup and Buma 
demonstrated that vibrational circular dichroism (VCD) 
spectroscopy has the potential to determine the absolute 
stereochemistry of such architectures.16 Indeed, they showed 
that computed VCD spectra were in accordance with the 
corresponding experimental ones, thereby providing a very 
useful means to resolve the absolute configuration of MPC 
[2]rotaxanes. 

Very recently, we reported on the first diastereoselective 
synthesis of [1]rotaxane using the AT-CuAAC reaction.17 This 
method enabled the preparation of mirror-image MPC 
[1]rotaxanes with a high stereoselectivity. In this approach, the 
mechanically planar chirality of the obtained [1]rotaxanes 1 was 
guided by the absolute configuration of the covalent stereogenic 
center attached at the base of the macrocycle. However, as we 
failed to produce a single-crystal, we were unable to attribute the 
absolute stereochemistry, either (S, Rmp) or (S, Smp),

18 of the 
major isomer (Figure 1).  

In this article, we report the absolute configuration (AC) of 
1 determined using vibrational circular dichroism (VCD) and 
electronic circular dichroism (ECD) spectra. Circular dichroism is 
the differential absorption of left and right circularly polarized 
incident light.19 ECD probes the CD in electronic transitions,19 
while VCD probes that in vibrational transitions.20-23 We present 
the experimental VCD and ECD spectra for (S)-1 and (R)-1 and 
their comparison to corresponding predicted spectra for (S, Rmp) 
or (S, Smp) diastereomers. The predicted spectra were obtained 

using density functional theory (DFT). This comparison analysis 
allowed us to establish the hitherto unknown AC of 1.    
 
 
 

 
 
Figure 1 Structures of the two possible diastereomers of [1]rotaxane 

(S)-1.  

 
Computational Methods 

Initial conformational searches were performed with Conflex 

program24 using interlocked starting geometries for the 
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Abstract: The experimental vibrational circular dichroism 

(VCD) and electronic circular dichroism (ECD) spectra were 

measured for the enantiomers of [1]rotaxane 1. These 

experimental spectra have been analyzed using predicted 

VCD and ECD spectra for (S, Rmp) or (S, Smp) diastereomers 

using density functional theory. This comparison allowed for a 

definitive assignment of the absolute configuration of 1. 
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diastereomers, (S, Rmp)- and (R, Rmp)-1, in a 10 kcal.mol-1 

energy window. This search produced many structures without a 

mechanical stereogenic unit, so a second search was performed 

using the lowest energy interlocked conformation from the first 

search. This second search provided many low-energy 
conformations for both diastereomers, with interlocked 

conformations being identified as the lowest energy structures 

There were 2650 conformers for (S, Rmp)-1 in in 10 kcal.mol-1 

window. For (R, Rmp)-1, since there were only 321 conformers in 

10 kcal.mol-1 window, we examined 870 conformers in 20 

kcal.mol-1 window. Subsequent hand-filtering of the (R, Rmp)-1 

structures, for eliminating the non-interlocked structures, resulted 

in 430 interlocked structures and these structures were used for 

quantum mechanical (QM) calculations. All of 2650 (S, Rmp)-1 

structures were used for QM calculations, without any hand-

filtering. This process was repeated using the (R, Smp)- and (S, 

Smp)-1 structures, but no additional conformations were found. 

 The numerous conformations and the large size of the 

[1]rotaxane diastereomers rendered QM calculations time 

consuming and computer intensive. Following the work of Koenis 

et al.,16 we performed an initial geometry optimization using a 

density functional tight-binding (DFTB) method with the 3ob-3-1 

parameter set25 to identify lower energy structures prior to 

moving onto more time-consuming DFT optimization and 

frequency calculations. The DFTB-optimized structures in the 

lowest 2 kcal.mol-1 energy window were selected for further 

processing. Again hand-filtering, for eliminating non-interlocked 

structures, resulted in 456 interlocked conformations for (S, Rmp)- 

and 92 for (R, Rmp)-1, which were carried over for DFT 

optimization using the B3LYP functional26,27 and 6-31G* basis 

set.28 VCD and ECD calculations were then performed on the 76 

(S, Rmp)- and 33 (R, Rmp)-1 optimized conformations in the 

lowest 2 kcalmol-1 energy window. The lowest energy conformer 

(#269 in the list of conformers generated by Conflex) of (S, Rmp) 

diastereomer is displayed in Figure 2.   

All QM calculations were performed using Gaussian 16.29  

Vibrational animations and electron density maps were 

generated using GaussView program30. The VCD and ECD 

spectra were simulated using CDSpecTech31,32 and contributing 

conformers were weighted by their Gibb’s energies for all 

spectra. The VCD and ECD spectra for (R, Rmp)-1 were each 

multiplied by -1 to generate those for (S, Smp)-1.   

 

FIGURE 2. Lowest Gibb’s Energy conformer of (S, Rmp)-1. Hydrogen 
atoms are not shown for clarity. 

Results and Discussion 

 
VCD SPECTRAL ANALYSIS 

 Two separate experimental VCD measurements were 

performed on (S)- and (R)-1, first with 3000 scans and then 

another with 9000 scans. Since experimental VCD signals were 

weak, a weighted average of these two measurements was 

taken, with each measurement weighted by   , where N is the 

number of scans used for the measurement. The resulting VCD 

spectra (Figure 3a) have a sharp mirror-image band at ~1540 

cm-1 and small bands at ~1246, 1207, 1200 and 1041 cm-1.  

FIGURE 3 (a) Experimental VCD spectra of solvent subtracted (S)- 
and (R)-1 and associated noise level. (b) VCD spectrum of (S)-1, 
obtained as one-half the difference between enantiomer spectra, and 
the predicted spectra of (S, Rmp)- and (S, Smp)-1 at the B3LYP/6-
31G* level. (c) Experimental vibrational absorption (VA) spectrum of 
(S)-1, and corresponding predicted spectra for (S, Rmp)- and (S, Smp)-
1. All simulated frequencies were scaled by 0.97. 

 
The VCD spectrum for (S)-1, obtained as one-half the difference 

between enantiomer spectra is compared to those predicted for 

(S, Rmp) and (S, Smp) diastereomers in Figure 3b. The 

experimental VCD spectrum of (S)-1 has positive VCD band at 

1539 cm-1 and there is a hint of adjacent negative VCD at ~1520 

cm-1, but it is barely above the noise level. The predicted VCD 

spectrum for (S, Rmp) shows positive band at 1541 cm-1 and 

negative band at 1526 cm-1, both of roughly equal magnitudes. 
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The predicted VCD spectrum for (S, Smp) shows a triplet of 

neighboring bands, with large positive at 1513 cm-1 and two 

weak negative bands one on each side. It is somewhat difficult to 

draw a definitive conclusion on the AC of 1 based solely on this 

region of the experimental VCD spectrum.  

However, there are two experimental VCD bands that have 

favorable comparisons with those in the predicted spectrum for 

(S, Rmp), but not in that for (S, Smp).  

(a). No significant VCD is apparent in the experimental spectrum 

in the amide I region (~1700 cm-1). The asymmetric stretch of 

both amides near the stereocenter has a scaled frequency of 

1702 cm-1 for (S, Rmp). The associated rotational strength is 

weak, so much so that it is barely visible in the simulated VCD 

spectrum for (S, Rmp). This prediction is in line with the 

experimental observation. In contrast to this experimental 

observation, the VCD spectrum of (S, Smp)-1 has a sharp 

negative VCD band at 1714 cm-1. Visualization of vibrations of (S, 

Smp)-1 indicates that 1714 cm-1 band arises from the amide 

group that connects the stereocenter to the macrocycle.  

(b). The 

negative 

experimental 

VCD band at 1041 cm-1 is reproduced in the predicted spectrum 

for (S, Rmp)-1, while the corresponding band for (S, Smp)-1 has 

opposite sign. Visualization of vibrations reveals that 1041 cm-1 

band is a result of CH rocking along the lasso portion of the 

rotaxane, specifically between the alkyl chain connecting the 

stereocenter and the triazole heterocycle. 

Based on these two observations, the experimental VCD 

spectrum of (S)-1 can be preferentially associated with the (S, 

Rmp) diastereomer. To ensure that this conclusion will not be 

altered at higher level calculations, we have undertaken VCD 

calculations using BP86 functional33 and TZVP basis set34 for the 

lowest energy conformers of (S, Rmp)- and (S, Smp)-1. These 

spectra, found to be similar to the ones presented in Figure 3, 

are delegated to Supporting Information. The nature of vibrations 

associated with scaled frequencies of 1546, 1521 and 1041 cm-1 

are depicted in Figure 4.   

 
 
 
 
 
 
 
 
 
 
 
Figure 4. Depiction of atomic displacements associated with scaled frequencies of 1541, 1526 and 1041 cm

-1
 for (S, Rmp) diastereomer, as 

obtained from GaussView program.
30

 

 
 
ECD SPECTRAL ANALYSIS  
 
We have previously reported the experimental ECD spectra of 

(S)- and (R)-1 along with their synthesis.17 The experimental 

spectra contain three clear mirror-image bands for enantiomers, 

in the 220 to 300 nm region, with (S)-1 showing negative-

positive-negative sequence of ECD bands. The simulated ECD 

spectra of (S, Rmp)- and (S, Smp)-1 appear as near mirror-image 

spectra, despite their diastereomeric relationship. This may 

indicate that the ECD contribution of the mechanically planar 

stereogenic unit is much greater than that of the stereocenter, a 

phenomenon that has been reported for axial chirality.35 The 

simulated ECD spectrum of (S, Rmp)-1 better matches the 

experimental ECD spectrum, than (S, Smp)-1, with negative-

positive-negative sequence of bands observed for (S)-1 being 

reproduced in the simulated spectrum (Figure 5).  

The simulated spectrum of (S, Rmp)-1 is a result of two distinct 

classes of conformers, one set with two ECD bands and another 

set with three (Figure 6). To discuss MO contributions to the 

simulated ECD spectrum of (S, Rmp), we focus our analysis on 

two lowest energy structures of (S, Rmp)-1, conformers C269 and 

C463, which serve as representatives of these two classes and 

are also the two lowest energy structures of (S, Rmp), with 

roughly equal populations (~5% by Gibb’s energy). 
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FIGURE 5 Smoothed experimental ECD and EA spectra of (S)-1 
(black) and the simulated spectra of (S, Rmp)-1 (red) and (S, Smp)-1 
(blue) at the B3LYP/6-31G* level. Conformers are weighted by their 
Gibb’s energies. The intensity of the experimental ECD spectrum 
has been multiplied by 3 for visibility and the simulated ECD and EA 
spectra have their wavelengths scaled by 1.01.  

 
 
FIGURE 6 Simulated ECD spectra for the lowest energy structures 
of (S, Rmp)-1. These nine structures account for ~38% of the 
population by Gibb’s energy. The horizontal ordering of conformer 
numbers in the legend matches ordering by Gibb’s energy, with 
C269 and C463 being the lowest energy conformers. 

 

The ECD bands of interest for conformers C269 and C463 are a 

result of excited states that involve many molecular orbitals 

(MOs), which obscured the nature of their origin. To further 

investigate these transitions, we generated the Natural 

Transition Orbitals (NTOs)36 of the excited states that contributed 

the most overall to the ECD spectrum for C269 and C463. This 

analysis reveals that conformer C269 has an intense π-π* ECD 

band centered at ~240 nm. This band is a result of a transition 

from a π MO along the macrocycle to a π* MO on the stopping 

group, but this also includes some contribution from the lower 

portion of the macrocycle (Figure 7). There is another π-π* ECD 

band centered at ~260 nm that is a result of MO contributions 

from the macrocycle near where the mechanical stereogenic unit 

originates (Figure 8).  

 
Figure 7. Natural Transition Orbitals for the 240 nm ECD band of 

conformer C269. The electron density in ground state MO is on the 

left, and that in the corresponding excited state MO is on the right. 

The contribution from this pair is ~78%. 

 

 

Figure 8. Natural Transition Orbitals for the 260 nm ECD absorption 

band for conformer C269. The electron density in ground state MO is 

on the left, and that in the corresponding excited state MO is on the 

right. The contribution from the top pair (a) is ~40% and that from the 

bottom pair (b) is 32%. 

 
 
Conformer C469 has three ECD bands of roughly equal intensity 

at 240, 250, and 265 nm. There is a π-π* band centered at 240 

nm that, much like the 240 nm C269 band, involves a transition 

from a π MO from the macrocycle to a π* MO on the stopper. 

NTO analysis reveals an additional contributing π-π* transition 

localized on the left-hand side of the macrocycle (Figure 9b). 

The second ECD band is another π-π* centered at 250 nm. NTO 

analysis decomposes the transition into three pairs of MOs, each 

with roughly equal occupancy ~30%) (see Figure 10). Electron 

density pictures for 265 nm ECD band are displayed in Figure 11.  

 

The simulated ECD bands for (S, Rmp)-1 show great agreement 

at the B3LYP/6-31G* level, a level of theory that has been 

shown to have large errors for charge-transfer interactions in the 

calculation of Rydberg states.37-39 To test the validity of our 

results at the B3LYP/6-31G* level, we carried out additional 

single-point TD-DFT calculations on the lowest energy structures 

of (S, Rmp)- and (S, Smp)-1 at the CAM-B3LYP/6-31G* level using 

the previously calculated B3LY/6-31G* optimized geometries.  

CAM-B3LYP has been shown to predict excited-states with 

better accuracy than B3LYP thanks to the addition of a long-

range correction.40 The corresponding simulated spectra are 

presented in Figure 12. The computed transition wavelengths 

require a much larger scale factor (1.075) to be consistent with 

experiment than the B3LYP transition wavelengths (1.01). 

However, the calculations reproduce the trend from the 

B3LYP/6-31G* level, giving near mirror-image signs for ECD 

bands between (S, Rmp) and (S, Smp). In addition, the negative-

positive-negative ECD triplet at 240, 255, and 265 nm for (S, 

Rmp) is simulated with matching signs observed in the 

experimental spectrum of (S)-1. 

 
 

 
 

 

Figure 9. Natural Transition Orbital pairs for the 240 nm band for 

conformer C463. Ground state MO density is on the left and the 

corresponding excited state density is on the right. (a). The 

contribution from the top pair (a) is 43% and that from the bottom 

pair (b) is 33%. 
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Figure 10. Natural Transition Orbitals for the 250 nm band of C463. 

On the left are the ground state densities and on the right are the 

excited-state densities. The contribution from each pair of MOs is 

roughly the same (~30%). 

 

Figure 11. Natural Transition Orbitals for the 265 nm transition of 
conformer C463. On the left are the ground state densities and on 
the right are the excited-state densities. Occupancy for the top pair is 
~65% and is ~32% for the bottom pair. 
 
 
Figure 12. Smoothed experimental ECD and EA spectra of (S)-1 

(black) and the simulated spectra of (S, Rmp)-1 (red) and (S, Smp)-1 

(blue) at the CAM-B3LYP/6-31G* level. Conformers are weighted by 

their Gibb’s energies. The intensity of the experimental ECD 

spectrum has been multiplied by 3 for visibility and the simulated 

ECD and EA spectra have their wavelengths scaled by 1.075. 

 
 
 
Conclusions 

 
Based on the comparison of experimental VCD spectrum of (S)-

1 with those predicted for (S, Rmp) and (S, Smp) diastereomers 

there is some evidence for associating (S)-1 with (S, Rmp). This 

AC was confirmed by the comparison of experimental ECD 

spectrum of (S)-1 with those predicted for (S, Rmp) and (S, Smp) 

diastereomers. Thus, the current VCD and ECD spectroscopic 

investigation leads to definitive assignment of AC associated 

with mechanically planar stereogenic unit in [1]rotaxanes.     
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Graphical Abstract 

 
This article reports the absolute configuration of an enantiopure [1]rotaxane determination by comparing experimental vs. 
theoretical ECD and VCD spectra. 
 
 

 


