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[2]Rotaxanes 

Yong-Jay Lee,[a],� Kuang-Shun Liu,[a],� Chien-Chen Lai,[b] Yi-Hung Liu,[a] Shie-Ming Peng,[a] Richard P. 

Cheng*[a] and Sheng-Hsien Chiu*[a] 

Dedication ((optional)) 

Abstract: We have prepared [2]rotaxanes whose behavior as 

switchable catalysts depends on their pirouetting motion, which can 

be controlled through the addition and removal of Na+ ions.  At least 

three sequential on/off cycles of a Michael reaction can be 

performed in situ when using the NaTFPB/[2.2.2]cryptand reagent 

pair to switch “on” and “off” the catalytic ability of the [2]rotaxanes. 

Although the application of rotaxane structures in catalysis has 
been investigated for more than a decade,[1] only recently has 
the catalytic activity of [2]rotaxanes been controlled reversibly 
through management of translational motion (shuttling) between 
two well-arranged recognition sites.[2]  In addition to shuttling, 
pirouetting (where the interlocked macrocyclic component 
circumrotates with respect to the threadlike unit) is another 
possible dynamic motion in a [2]rotaxane (Figure 1).[3]  The 
number of pirouetting [2]rotaxane-based molecular switches has, 
however, remained limited,[4] mainly because it can be difficult to 
position two different binding sites within a single macrocyclic 
component and balance the binding energies of the two 
switchable states.  Nevertheless, pirouetting motion will, by 
necessity, change the relative positions of functional groups in 
the threadlike and macrocyclic components, making such 
[2]rotaxanes candidate displayers of switchable catalytic activity 
(e.g., for two reacting species that are activated by 
functionalities in the different components of the [2]rotaxanes).  
Herein, we report small [2]rotaxanes that behave as switchable 
catalysts for the Michael addition of diethyl malonate to 
nitrostyrene,[5] with their Na+-free and -complexed states being 
catalytically inactive and active, respectively.  Using sodium 

 
Figure 1. a) Shuttling and b) pirouetting (with the axle fixed for reference) 

motions of a [2]rotaxane. 

tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB) and 

[2.2.2]cryptand to introduce and remove the complexing Na+ 

ions, respectively, the catalytic activity of the [2]rotaxane 

catalysts can be switched in situ between “on” and “off” states 

for at least three cycles—reflected in the Michael addition 

displaying three “go” and “stop” transitions in its reaction rates. 

 

We prepared the [2]rotaxane 1, comprising the macrocyclic 

component 2[6] and the dumbbell-shaped component 3, through 

alkali metal ion–templated clipping of an imino macrocycle and 

subsequent reduction.[7]  2D COSY and NOESY experiments 

allowed us to identify most of the signals in the 1H NMR spectra 

of the [2]rotaxane 1 in toluene-d8 at 298 K (Figure 2, see 

Supporting Information for the full signal assignments).  In the 

NOESY spectra, cross signals between the protons of the amido 

NH group and the tri(ethylene glycol) unit suggested that the 

dominating conformations of the [2]rotaxane 1 in toluene-d8 

featured these units in close proximity (Scheme 1).  Such an 

orientation was evident in the solid state structure of the  
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Scheme 1. Structures of the [2]rotaxanes 1, 4, and 5, and possible Na+ ion–

induced pirouetting motion of 1. 
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Figure 2. 1H NMR spectra (400 MHz, 298 K) of a) the [2]rotaxane 1; b, c) an 

equimolar mixture of the [2]rotaxane 1 and NaTFPB (10 mM) left at b) 298 K 

for 0 h and c) 308 K for 10 days; d) an equimolar mixture of the [2]rotaxane 1 

and NaTFPB (10 mM) left at 298 K for 5 days; and e, f) an equimolar mixture 

of the [2]rotaxane 4 and NaTFPB (10 mM) left at 308 K for e) 0 h and f) 10 

days.  Solvents: (a–c) toluene-d8; (d–f) CD2Cl2.  Asterisk: signals that belong to 

the N-Na+ co-conformers. 
 

[2]rotaxane 1, with the macrocyclic component having its 

tri(ethylene glycol) unit hydrogen bonded to the NH unit of the 

amido group (Figure 3a).[8] 

 

The 1H NMR spectrum of a mixture of diethyl malonate 

(200 mM), nitrostyrene (100 mM), and the [2]rotaxane 1 (10 mM) 

in toluene-d8 displayed (Figure 4a) no noticeable signals 

(expected at  4.22, 4.39, and 4.58) representing the Michael 

adduct after 72 h at 298 K.  In contrast, the reaction occurred 

when this solution was treated with one equiv of NaTFPB, with a 

yield for the product of approximately 66% after 72 h at 298 K 

(Figure 4c), based on integration of signals in the 1H NMR 

spectrum.  We attempted similar experiments using both the free 

dumbbell-shaped molecule 3 and the free macrocycle 2 and 

their combinations with NaTFPB, but none of these control 

reactions proceeded at a rate comparable with that observed 

when using the mixture of Na+ ions and the [2]rotaxane 1 as the 

catalyst (Table 1).[9] 

 

The addition of one equiv of NaTFPB to a toluene-d8 

solution of the [2]rotaxane 1 (10 mM) caused significant changes 

to its 1H NMR spectrum (Figure 2b).  In the resulting NOESY 

spectrum, cross signals between the amido NH proton and the 

methyl (Hc) and aromatic (Hf) protons nearby the tertiary amino 

groups suggested that collaborative complexation of the 

tri(ethylene glycol) and amide C=O units to the Na+ ion had 

occurred, a process that necessitated rotation (pirouetting) of the 

macrocyclic component relative to that of the free [2]rotaxane 

(Scheme 1).  X-ray crystallographic analysis of single crystals,  

 
Figure 3. Ball-and-stick representations of the solid state structures of a) the 

[2]rotaxane 1, b) the complex [1·Na·CH3CN]+, and c) the complex 

[4·Na·2H2O]+. 

 

grown through liquid diffusion of hexanes into an equimolar 

solution of the [2]rotaxane 1 and NaTFPB in toluene/CH3CN 

(99:1), confirmed the structure of such an “ethylene glycol” (EG)-

Na+ co- conformation (Figure 3b). 

 

Interestingly, the 1H NMR spectrum of an equimolar 

mixture of the [2]rotaxane 1 and NaTFPB in toluene-d8 (10 mM) 

displayed a small new set of signals after heating at 308 K for 10 

days (Figure 2c).  The signals of this new species were more 

pronounced when we mixed 1 and NaTFPB in CD2Cl2 at 298 K 

for 5 days.  The observation of 2D NOESY cross signals 

between the amido NH unit and protons of the tri(ethylene glycol) 

motif of the new species and a downfield shift of the signals for 

the protons adjacent to the tertiary amino groups (see 

Supporting Information for the full signal assignment), suggested 

that the tri(ethylene glycol) and amide units in this structure had 

a spatial alignment similar to that in the free [2]rotaxane 1,  
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Figure 4. 1H NMR spectra of the products of the Michael reactions catalyzed 

by a) the [2]rotaxane 1 after 72 h and b, c) the [2]rotaxane 1 and NaTFPB after 

b) 24 and c) 72 h.  Asterisk: signals belong to TFPB anions. 

 

implying that the Na+ ion was likely to have complexed to the 

amide C=O and tertiary amino groups.  We observed 

significantly lower catalytic activity for the Michael reaction after 

adding diethyl malonate (200 mM) and nitrostyrene (100 mM) to 

the above equilibrated equimolar mixture of the [2]rotaxane 1 

and NaTFPB in CD2Cl2 (17% yield after 72 h at 298 K), 

compared with that of the fresh mixture (36% yield), implying  

 
Table 1. Yields of Michael additions performed under various conditions.[a] 

Entry Rotaxane Additive[b,c] Solvent % Yield[d] 

1 1 — Toluene-d8 — 

2 1 Na+ Toluene-d8 66 

3 — Na+ Toluene-d8 — 

4 — 2 + 3 Toluene-d8 — 

5 — 2 + 3 + Na+ Toluene-d8 2 

6 1 Na+ CD2Cl2 36 

7 1 Na+[e] CD2Cl2 17 

8 4 Na+ Toluene-d8 81 

9 4 Na+[f] Toluene-d8 74 

10 4 Na+ CD2Cl2 47 

11 4 Na+[f] CD2Cl2 — 

12 5 Na+ Toluene-d8 35 

[a] Reaction of diethyl malonate (200 mM) and nitrostyrene (100 mM) at 298 K 

for 72 h.  [b] Concentration of each additive was 10 mM.  [c] Na+ ions were 

added as TFPB salts.  [d] Yields estimated based on integration of signals in 1H 

NMR spectra, using the signal of the TFPB anion [ 8.26 (toluene-d8) or 7.70 

(CD2Cl2)] as a reference.  [e] [2]Rotaxane and Na+ ions were pre-mixed at 298 

K for 10 days.  [f] [2]Rotaxane and Na+ ions were pre-mixed at 308 K for 10 

days. 

that the new species was less catalytically effective.  Similarly, 

we found that a CD2Cl2 solution of the urea-centered [2]rotaxane 

4 and NaTFPB afforded broad 1H NMR signals when freshly 

mixed, but gradually grew a new set of signals that 

predominated after heating at 308 K for 10 days.  Negligible 

Michael product appeared 72 h after adding diethyl malonate 

(200 mM) and nitrostyrene (100 mM) to this equilibrated mixture 

(10 mM), suggesting that the new species was not catalytically 

active.  The significant downfield shifts of one set of amine- 

adjacent protons relative to the other [HC, HG, HH vs. HC´ (not 

shown,  = 1.92), HG´, HH´] suggested that the Na+ ion 

coordinated to the amide C=O group and only one of the tertiary 

amino groups, and that the rate of exchange of the C=O-

complexed Na+ ion between the two tertiary amino groups was 

slow on the timescale of NMR spectroscopy under these 

conditions (Figure 2f, see Supporting Information for the full 

signal assignments).  This N-Na+ co-conformation was evident in 

the solid state structure of the complex [4·Na·2H2O]+ (Figure 3c). 

 

Thus, we found two co-conformations for the Na+-

complexed [2]rotaxane 1 in toluene-d8, presumably with the 

major EG-Na+ co-conformation being catalytically active and the 

minor N-Na+ co-conformation being catalytically inactive in a 

low-polarity solvent.  We cannot dismiss, however, the possibility 

that some other unidentified rotational co-conformations were 

also catalytically active; therefore, we are inclined not to ascribe 

the catalytic activity of the complex solely to the EG-Na+ co-

conformation but consider it as a property of the whole 

“complexed” state.  In other words, introducing Na+ ions to a 

solution of the [2]rotaxane 1 in toluene-d8 immediately resulted 

in pirouetting motion of the interlocked macrocyclic component 

and generated a catalytically active Na+-complexed state distinct 

from the original catalytically inactive Na+-free state. 

 

The addition of [2.2.2]cryptand (10 mM), a tight binder for 

Na+ ions, to the solution of diethyl malonate (200 mM),  

  
Figure 5.  Yields of Michael product formed from diethyl malonate (200 mM) 

and nitrostyrene (100 mM) in toluene-d8 when using a) the [2]rotaxane 1 (10 

mM, ■) and b) an equimolar mixture of the [2]rotaxane 1 and NaTFPB (10 mM, 

●) as the catalyst; c) sequential addition of [2.2.2]cryptand (10 mM) and 

NaTFPB (10 mM) to the mixture in (b), revealing three “on”/“off” switching 

cycles (◆). 
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nitrostyrene (100 mM), the [2]rotaxane 1 (10 mM), and NaTFPB 

(10 mM) in toluene-d8 switched off the reaction immediately.  We 

observed no noticeable rate increases for the reactions of diethyl 

malonate (200 mM) and nitrostyrene (100 mM) in toluene-d8 in 

the presence of only NaTFPB (10 mM), only [2.2.2]cryptand (10 

mM), or a mixture of NaTFPB and [2.2.2]cryptand (10 mM), 

suggesting that the reversible operation of the catalyst over 

multiple cycles should be possible without having to precisely 

control of the amounts of added Na+ and [2.2.2]cryptand. 

 

Through integration of signals in the 1H NMR spectra 

belonging to the reaction product, we could estimate the 

progress of the reaction by monitoring the concentration of the 

product (using the signal for trichloroethene at  5.62 as the 

internal standard).  As displayed in Figure 5, the addition of 

NaTFPB (10 mM) to a mixture of diethyl malonate (200 mM), 

nitrostyrene (100 mM), and the [2]rotaxane 1 (10 mM) in 

toluene-d8 accelerated the reaction significantly; the reaction 

was “stopped” after 2 h, after the formation of the product in 16% 

yield, through the addition of one equiv of [2.2.2]cryptand.  No 

noticeable increase in product yield occurred in this solution over 

the next 2 h, but the reaction was triggered again by adding 

NaTFPB, with the yield of the product reaching 25% after 

another 2 h, and then “stopped” again by adding [2.2.2]cryptand.  

We performed another on/off cycle using the same reaction 

mixture, with timely sequential additions of NaTFPB (10 mM) 

and [2.2.2]cryptand (10 mM), thereby increasing the yield of the 

product to 31%.  Thus, in the presence of the [2]rotaxane 1, the 

Michael addition could be triggered and shut down for, at least, 

three cycles, through in situ addition and removal, respectively, 

of Na+ ions. 

 

Because steric crowding in the [2]rotaxane 1 would  
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Scheme 2. Pirouetting motion of the macrocyclic component of the 

[2]rotaxane 1 after complexation to a Na+ ion, and a possible mechanism for 

the catalytic Michael reaction. 

presumably not allow the amido NH unit to interact with the 

substrate properly, and because the [2]rotaxane 5 (Scheme 1), 

which does not have an amido NH group, was also catalytically 

active for the same Michael reaction when complexed with an 

Na+ ion in toluene-d8, it is very unlikely that the reaction 

proceeded through Na+ ion–induced activation of diethyl 

malonate and nitrostyrene through spatial proximity to the amido 

NH and tertiary amino units, respectively, as has been proposed 

for a related bifunctional organocatalyst.[10]  Based on the solid 

state structure in Figure 2b, the complex [1·Na]+ has a 

replaceable MeCN ligand.  Thus, we suggest a mechanism for 

catalysis involving coordination of deprotonated diethyl malonate 

to the Na+ ion, positioning it in close proximity to the nitrostyrene 

molecule activated through coordination to the protonated 

tertiary amino group nearby (Scheme 2).[11] 

Figure 6. Model of [1·Na]+ with the enolate of diethyl malonate coordinated to 

the Na+ ion and the molecule of nitrostyrene hydrogen-bonded to one of the 

protonated tertiary amino groups. The (a) side view and (b) top view of the 

model reveal a structure capable to facilitate bond formation between the 

enolate and nitrostyrene. The [2]rotaxane is depicted with thin sticks; the 

enolate of diethyl malonate and nitrostyrene with thick sticks; the Na+ ion in 

CPK form (C: gray; H: white; N: blue; O: red; Na: yellow). 

 

To examine the feasibility of such a mechanism, we used 

molecular mechanics[12] to construct (Figure 6) a model based 

on the crystal structure of [1·Na·MeCN]+.  We replaced the 

MeCN ligand with the enolate of diethyl malonate, and 

introduced a molecule of nitrostyrene, hydrogen-bonded through 

its nitro group to a protonated tertiary amino group on the 

[2]rotaxane.[10]  The system was initially minimized with a 

distance restraint to bring the enolate and the nitrostyrene into 

close proximity.  After equilibration through dynamics, followed 

by minimization, the system was ultimately minimized without 
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the distance restraint.  The resulting model reveals that [1·Na]+ 

could simultaneously accommodate both the enolate (Michael 

donor) and a molecule of nitrostyrene (Michael acceptor) in 

close proximity. Furthermore, the distance between the enolate 

carbon atom and the -carbon atom of nitrostyrene was 4.89 Å, 

making it highly likely that such bond formation could further 

occur to give the experimentally observed product. 

 

We have demonstrated that the [2]rotaxane 1 can be 

operated reversibly between catalytically active Na+-complexed 

and inactive Na+-free states through the addition and removal, 

respectively, of Na+ ions.  At least three sequential on/off cycles 

of a Michael reaction can be performed in situ when using the 

NaTFPB/[2.2.2]cryptand reagent pair to switch “on” and “off” the 

catalytic ability of the [2]rotaxane.  Our discovery of a pirouetting 

[2]rotaxane displaying switchable catalytic activity is a step 

toward the design of interlocked catalysts displaying more 

complicated functions in organic synthesis. 
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