
Enantioselective Synthesis of Mechanically Axially Chiral Rotaxanes 

Peter Gallagher,1,† Andrea Savoini,1,† Patrick W. V. Butler,1 Graham J. Tizzard,1 and Stephen M. 
Goldup*,1,2 

1Chemistry, University of Southampton, University Road, Southampton, SO17 1BJ.  
2School of chemistry, University of Birmingham, Edgbaston, Birmingham B15 2TT, U.K. 
†These authors contributed equally 

Supporting Information Placeholder

ABSTRACT: The chiral mechanical axial stereogenic unit of ro-
taxanes was only recently recognized, despite equivalent me-
chanically axially chiral catenanes being discussed in the early 
1960s. Here we demonstrate that a single H-bond between the 
groups that differentiate the faces of the macrocycle and axle 
appears sufficient to deliver high diastereocontrol (80% de) in 
the mechanical bond forming step and extend this observation 
to the first direct enantioselective approach in up to 70% ee. 

The synthesis of rotaxanes and catenanes whose covalent 
subcomponents are achiral, but which nevertheless exist as 
non-superimposable mirror images due to the presence of a 
mechanical stereogenic unit, has progressed significantly in the 
last decade.1 Historically, enantioenriched samples of such me-
chanically chiral molecules2 were only made available by chiral 
stationary phase HPLC (CSP-HPLC) separation of a racemic 
sample of their enantiomers. In 2014,3 we introduced a chiral 
derivatization strategy that allowed access to mechanically pla-
nar chiral (MPC) rotaxanes without CSP-HPLC, which was sub-
sequently extended to a chiral auxiliary approach for to MPC 
rotaxanes4 and catenanes.4b,5 In addition to auxiliary ap-
proaches, Kawabata and co-workers,6 and Zhu and Tian and co-
workers,7 have demonstrated the stereoselective synthesis of 
MPC rotaxanes by post-synthetic modification using kinetic 
resolution and desymmetrization strategies respectively, and 
Leigh and co-workers demonstrated a chiral leaving group ap-
proach that gave rise to an MPC rotaxane with 50% ee in the 
mechanical bond forming step.8 

The MPC stereogenic unit arises when two oriented (Cnh) 
rings are interlocked (catenanes) or an oriented ring encircles 
an axle whose ends are distinguishable (Cnv, principle axis par-
allel to the axle) and thus does not depend on the relative posi-
tions of the interlocked subcomponents. However, co-confor-
mational motion can also give rise to stereochemistry. In 2008, 
Leigh and co-workers demonstrated that a covalent prochiral 
center could be desymmetrized by an encircling macrocycle.9 
Similarly, Saito and co-workers, 10 and Credi, Baroncini and co-
workers11 reported co-conformationally mechanically planar 
chiral rotaxanes whose stereochemistry arises due to displace-
ment of an oriented ring from the internal mirror plane of an 
otherwise centrosymmetric axle and we have highlighted the 
equivalent phenomenon in the context of catenanes.5b 

Recently, we took advantage of co-conformational covalent 
stereochemistry to demonstrate the first stereoselective syn-
thesis of mechanically axially chiral (MAC) catenanes,12 

structures that are composed of two facially dissymmetric mac-
rocycles. The simplest way to achieve such facial dissymmetry 
is through the presence of one or more covalent prochiral units 
in each ring. Recognizing this allowed us to develop a synthetic 
approach by which covalent stereochemistry was first con-
verted to mechanical and co-conformational stereochemistry, 
the latter of which could be removed after separation of the di-
astereomers produced to generate the enantiopure mechani-
cally axially chiral target. The same analysis also revealed a 
hitherto unrecognized rotaxane mechanical stereogenic unit in 
which a prochiral ring encircles a prochiral axle. We termed 
such structures “mechanically axially chiral rotaxanes” by anal-
ogy with their catenane cousins. This stereogenic unit also 
yielded to our chiral co-conformational auxiliary approach. 

Here we investigate and optimize the stereoselective syn-
thesis of these newly identified MAC rotaxanes and show that, 
surprisingly, a single intercomponent hydrogen bond appears 
sufficient to control the reaction outcome.13 Using this infor-
mation, we demonstrate a one pot synthesis of a MAC rotaxane 
in 78% ee and the first direct enantioselective synthesis of a 
MAC rotaxane in 67% ee. 

Previously we reported12 that the active-template14 Cu-me-
diated alkyne-azide cycloaddition (AT-CuAAC15,16) reaction of 
azide (R)-1a, macrocycle 2, and alkyne 3 gave rotaxanes 
(Sma,Rco-c)17-4a (major) and [Rma,Rco-c]-4a (minor), which have 
the same co-conformational configuration and opposite me-
chanical axial configuration, in 50% de (Table 1, entry 1). The 
solid state structure obtained by single crystal x-ray diffraction 
(SCXRD) of an analogous catenane12 suggests a close contact 
between the N-H of the carbamate unit and the S-O of the sul-
foxide unit. Thus, we proposed that an H-bond between these 
groups may play a role in the observed stereoselectivity.18 To 

test this proposal, here we performed the same reaction in EtOH, 
a more competitive solvent, and found that the de was reduced 
(14%, entry 2). Furthermore, the reactions of acetamide azides 
1b-d to give rotaxanes 4b-d (entries 3-5 respectively) pro-
ceeded with diastereoselectivities that paralleled the polariza-
tion of the N-H unit; trifluoro acetamide 1d produced rotaxane 
4d in the highest selectivity (70% de), followed by trichloroa-
cetamide 4c (48% de) then acetamide 4b (36% de). The solid 
state structure of the major isomer of 4d obtained by SCXRD 
(Figure 1) revealed the same [Sma,Rco-c] configuration as ob-
served for 4a with the proposed NH•••O H-bond observed be-
tween the acetamide and sulfoxide units. As expected, methyl-
ated derivative 4e reacted in poor stereoselectivity (10% de, 
entry 6), consistent with the NH•••O H-bond contributing to 
the observed stereoselectivity.  
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Scheme 1. Synthesis of rotaxanes 4a 

 

aReagents and conditions: (R)-1 (1.1 equiv.), 2 (1 equiv.), 3 (1.1 
equiv.), [Cu(CH3CN)4]PF6 (0.96 equiv.), iPr2NEt (2 equiv.). For 
conditions see Table 1. bThe absolute stereochemistry of the 
major isomers of 1a and 1d were determined crystallograph-
ically (ref. 12 and Figure 1 respectively). That of 1b, c and e is 
presumed by analogy. Ar = 3,5-di- tBu-C6H3. 

Table 1. Effect of reaction conditions and substrate on the 
AT-CuAAC diastereoselective synthesis of rotaxanes 4 

entry Substrate Conditions Selectivitya 

1 1a (R1 = OtBu, R2 = H) CH2Cl2, rt 50% de 

2 1a (R1 = OtBu, R2 = H) EtOH, rt 14% de 

3 1b (R1 = Me, R2 = H) CH2Cl2, rt 36% de 

4 1c (R1 = CCl3, R2 = H) CH2Cl2, rt 48% de 

5 1d (R1 = CF3, R2 = H) CH2Cl2, rt 70% de 

6 1d (R1 = CF3, R2 = H) EtOH, rt 16% de 

7 1e (R1 = CF3, R2 = Me) CH2Cl2, rt 10% de 

8 1a (R1 = OtBu, R2 = H) CH2Cl2, –40 °C 72% de 

9 1a (R1 = OtBu, R2 = H) CH2Cl2, –78 °C 80% de 

10 1d (R1 = CF3, R2 = H) CH2Cl2, –40 °C 82% de 

11 1d (R1 = CF3, R2 = H) CH2Cl2, –78 °C 70% de 

aDetermined by 1H NMR analysis of the crude reaction product. 

 

Figure 1. Solid state structure of major stereoisomer 
[Sma,Rco-c]-4d showing the proposed key intercomponent H-
bond (colors as in Scheme 1, including the sulfoxide (SO) moi-
ety to highlight the differentiation of the macrocycle faces, ex-
cept N [dark blue], O [grey], H [white]). Majority of H omitted. 
(a) side-view. (b) front-view. 

The effect of temperature on the stereoselectivity of the re-
actions of 1a and 1d was more complicated. Whereas reducing 
the reaction temperature in the synthesis of 4a from rt (entry 
1), to –40 °C (entry 8), to –78 °C (entry 9) increased the ob-
served selectivity, that for 4d was higher at –40 °C (entry 10) 
and then reduced at –78 °C (entry 11). This counterintuitive 
observation can be rationalized in broad terms by considering 
that the AT-CuAAC reaction takes place over several steps19 
that include a pre-equilibrium between diastereomeric az-
ide/acetylide complexes I followed by irreversible formation of 
the corresponding triazolides II (Scheme 2).20 The observed 
stereoselectivity is thus a composite function of the pre-equi-
librium step (Keq) and the relative rates (kSS, kSR) at which in-
termediates I progress to triazolides II. The effect of tempera-
ture on the reaction to produce 4d suggests the pre-equilib-
rium and kinetic resolution steps respond to differently to 
changes in temperature, resulting in the observed behavior.21 

Scheme 2. Proposed AT-CuAAC mechanism highlighting 
pre-equilibrium and kinetic resolution stepsa 

 

Trivially, the optimized conditions for the diastereoselec-
tive formation of 4a (entry 9) allows the synthesis of highly en-
antioenriched rotaxane 5 in one-pot (Scheme 3, entry 1); AT-
CuAAC coupling of (R)-1a followed by TFA-mediated removal 
of the Boc group gave rotaxane (Sma)-5 in good stereoselectiv-
ity (+80% ee) in agreement with that observed for 4a (80% de). 
The same reaction with (S)-1a gave (Rma)-5 (77% ee). 

Scheme 3. Synthesis of enantioenriched mechanically axi-
ally chiral rotaxanes 5 and 6a 

 
aReagents and conditions: i. 1 (1.1 equiv.), 2 (1 equiv.), 3 (1.1 
equiv.), [Cu(CH3CN)]PF6 (0.96 equiv.),  iPr2NEt (2 equiv.), 
CH2Cl2, 16 h; ii. TFA, CH2Cl2, –78 °C to rt, 6 h. bDetermined by 
analytical CSP-HPLC (e.g., Figure 2a). cReaction was conducted 
at –78 °C. Ar = 3,5-di- tBu-C6H3.  
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More excitingly, the high stereoselectivity observed in the 
AT-CuAAC reaction of azides 1 bearing a polarized NH presents 
the opportunity for the direct synthesis of MAC rotaxanes with-
out the need for first forming separable co-conformational dia-
stereomers; if the N substituent is too small to trap the macro-
cycle in one triazole-containing compartment, the only fixed 
stereochemistry in the product is provided by the mechanical 
axially stereogenic unit. Accordingly, reaction of primary 
amine-containing azide (R)-1e with macrocycle 2 and alkyne 3 
at rt gave rotaxane 5 directly but in low stereoselectivity (16% 
ee), which increased when the reaction was performed at –40 
°C (28% ee, entry 2) and improved further still at –78 °C (42% 
ee, entry 3). CSP-HPLC analysis of a sample of rotaxane (Sma)-5 
produced from (R)-1a and comparison with the same product 
from (R)-1f confirmed that the latter also produces (Sma)-5 as 
the major stereoisomer (Figure 2a). 

When instead formamide-containing azide (R)-1g was re-
acted with 2 and 3, even at rt rotaxane 6 was obtained in rea-
sonable stereopurity (58% ee), which was improved further at 
–40 °C (68% ee, entry 4). Conducting this reaction at –78 °C re-
duced the observed stereoselectivity (59% ee, entry 5), sug-
gesting that, as with azide 1d, the pre-equilibrium and kinetic 
resolution steps result in an unusual temperature dependence. 
CSP-HPLC analysis of a sample of rotaxane (Sma)-6 produced by 
formylation of a sample of rotaxane (Sma)-5 of known stereopu-
rity and comparison with the same compound produced from 
(R)-1g confirmed that the latter produces (Sma)-6 as the major 
stereoisomer. When (S)-1g was reacted instead (Rma)-6 was 
produced (70% ee, entry 6). The solid-state structure of 6 ob-
tained by SCXRD (Figure 2b) did not display the expected inter-
molecular NH•••O H-bond; instead, the same interaction was 
found to occur in an intermolecular fashion within the unit cell.    

 

Figure 2. (a) CSP-HPLC analysis of: i. (Sma)-6 (67% ee) pro-
duced from (R)-1g; ii. (Sma)-6 (21% ee) produced from (Sma)-5 
(21% ee; minor impurity highlighted in grey), and iii. (Sma)-6 
(70% ee) produced from (R)-1g. (b) Solid state structure of rac-
6, in which the N-H•••O bond between the SO unit and the am-
ide is intermolecular (colors as in Scheme 1, including the sul-
foxide (SO) moiety to highlight the differentiation of the mac-
rocycle faces, except N [dark blue], O [grey], H [white]). 

The different co-conformational behaviors of 4a, 5 and 6 
are clear from analysis of their respective 1H NMR spectra. Di-
astereomers (Sma,Rco-c)-4a and (Rma,Rco-c)-4a are separable spe-
cies; heating a mixture diastereomers 4a resulted in no change 
in their ratio (Figure S50), confirming that the macrocycle can-
not shuttle between the two compartments due to the large 
NHBoc unit. In contrast, the diastereotopic triazole resonances 
Hd of amine rotaxane 5 appear as two sharp singlets at 298 K, 
indicating that (Sma,Rco-c)-5 and (Rma,Rco-c)-5 are in fast ex-
change on the 1H NMR timescale through rapid shuttling of the 
macrocycle between the two triazole-containing compart-
ments (Figure S89). The same resonances for formylated 

rotaxane 6 are broad at 298 K, although once again only two 
signals are observed (Figure S99). This observation is con-
sistent with (Sma,Rco-c)-6 and (Rma,Rco-c)-6 exchanging on the 1H 
NMR timescale, albeit more slowly than (Sma,Rco-c)-5 and 
(Rma,Rco-c)-5, in keeping with the larger steric bulk of the forma-
mide group of 6. Accordingly, increasing the temperature re-
sulted in sharpening of the two resonances corresponding to 
Hd (Figure S110).   

In conclusion, we have investigated the factors leading to 
stereoselectivity in the synthesis of rotaxanes containing a me-
chanical axial stereogenic unit based on a facially dissymmetric 
sulfoxide macrocycle. Our results suggest that a single H-bond 
between the substituents that define the two prochiral centers 
is sufficient to direct the relative orientation of macrocycle and 
axle in the AT-CuAAC reaction and thus give rise to the MAC 
stereogenic unit in reasonable stereoselectivity, particularly at 
lower temperatures and in non-competitive solvents. Our opti-
mized conditions led to a synthesis of a highly enantioenriched 
MAC rotaxane (80% ee) using a two-step, one-pot procedure 
without separation of diastereomers. These insights ultimately 
led us to a direct enantioselective approach to MAC rotaxanes 
in which the prochiral unit of the axle is small enough to allow 
the macrocycle to escape the compartment it initially encircles, 
directly giving rise to a product in which the only fixed stereo-
genic unit arises from the mechanical bond in up to 67% ee. 
With a better understanding of the factors that control the for-
mation of the MAC stereogenic unit, this newly identified form 
of mechanical stereochemistry is ripe for investigation in chiral 
molecular switches,11a,22 catalysis23 and sensing.24 
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