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Abstract: We report a series of rotaxane-based anion-π catalysts in 

which the mechanical bond between a bipyridine macrocycle and an 

axle containing an NDI unit is intrinsic to the activity observed, 

including a [3]rotaxane that catalyses an otherwise disfavoured 

Michael addition in >60 fold selectivity over a competing 

decarboxylation pathway that dominates under Brønsted base 

conditions. The results are rationalized by detailed experimental 

investigations, electrochemical and computational analysis.   

Introduction 

Anion-π interactions,[1a] the counterintuitive cousins of cation-π 

interactions, arise when an anionic species interacts with an 

aromatic surface possessing a positive quadrapole moment 

perpendicular to the aromatic plane.[2 ] They remained largely 

overlooked[3] until their nature was delineated through molecular 

modelling in 2002.[1] Since then, thanks to extensive efforts by 

many research groups, anion-π interactions are now recognised 

as important non-covalent interactions in both the solution-[4] and 

solid-state,[5] and evidence is emerging that they play a role in 

the structure and function of enzymes.[6] 

Matile and co-workers coined the term anion-π catalysis[7] 

to describe reactions that are accelerated by stabilizing anionic 

transition states and intermediates through interaction with a 

catalyst containing a π-acidic aromatic surface. The anion-π 

catalysis concept[ 8 ] has since been applied to a range of 

reactions, typically making use of electron deficient naphthalene 

diimides (NDIs) and their extended homologues,[9] or electron 

deficient heteroaromatic species,[10 ] including enantioselective 

examples.[11 ] More recently, examples have been reported in 

which the surfaces of fullerenes or carbon nanotubes display 

anion-π catalysis,[ 12 ] as well examples in which an electron 

deficient π surface is engaged in π-π stacking interactions,[13] 

the results of which, supported by computational analysis, 

suggest that the polarizability of the π surface, as well as its 

permanent quadrapole moment, plays a key role in catalyst 

activity. 

 Mechanically interlocked molecules[14] such as rotaxanes 

and catenanes have recently begun to attract increased interest 

as scaffolds for the development of new catalysts.[15] The key 

features of the mechanical bond that suggest this is a promising 

avenue for research are the ability of the components to 

undergo large amplitude motion,[ 16 ] the potential for multiple 

cooperating functional groups to be projected into the cavity 

created by the mechanical bond,[ 17 ] the sterically crowded 

environment of the mechanical bond itself[ 18 ] including the 

potential for the mechanical bond to direct reactions that 

otherwise would not occur without the steric confinement it 

provides,[19 ] and the potential for enantioselective interlocked 

catalysts to rely on molecular chirality that arises due to the 

symmetry properties of the mechanical bond itself.[20,21] 

 Here we report the development of rotaxane-based, highly 

selective anion-π catalysts that, due to the cooperation of 

several convergent functional groups and the confined 

environment of the mechanical bond, deliver remarkably high 

selectivity in one of the benchmark reactions of the field, the 

Michael addition of a malonic acid half-thioester (MAHT) to β-

nitrostyrene.[9d] Experimental and computational data suggest 

the selectivity of the best catalysts is due to the polarizability of a 

π-stacked structure formed by interaction of a bipyridinium 

moiety and the NDI unit,[22] with the bipyridinium unit, in some 

cases, providing the π surface that interacts directly with the 

substrate. 

Results and Discussion 

[2]Rotaxanes 4 were prepared using an active template[23] Cu-

mediated alkyne-azide cycloaddition (AT-CuAAC)[ 24 ] reaction. 

(Scheme 1). Our expectation was that the bipyridine-triazole 

cavity produced in the AT-CuAAC approach would act as a 

Brønsted base,[25,7,9] and that the short alkyl linker between the 

NDI unit and triazole would facilitate π-π stacking of the 

bipyridine and NDI units. Rotaxane 6, which lacks the NDI unit, 

was synthesized using a similar strategy for comparison (see 

ESI). Rotaxanes 4, axle 5 and rotaxane 6 were fully 

characterized by NMR and MS (see ESI). Comparison of the 1H 

NMR spectra of rotaxanes 4 revealed that although the triazole 

proton Hi resonance appears at high ppm in all cases, 

presumably due to C-H•••N H-bonding between the triazole and 

bipyridine unit[24b,c,26] (Figure S54), it appears at progressively 

lower chemical shift in the series 4a-4c (10.2, 9.4 and 9.1 ppm 

respectively, Figure S55). This effect was tentatively assigned to 

increased co-conformational freedom as the axle length is 

increased. Single crystal X-ray diffraction (SCXRD) analysis of 

4a confirmed its interlocked nature and the proposed C-H•••N 

interaction between the bipyridine Ns and Hi alongside other 

weak interactions and reveals the anticipated π-π stacking 

interaction between the macrocycle bipyridine and axle NDI 

(Figure 1). 
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Scheme 1. (a) Synthesis of rotaxane 4a using the AT-CuAAC reaction[a] and 

(b) structures of rotaxanes 4b, 4c and 6, and axle 5. 

 

[a] Reagents and conditions: 1, 2 (1.1 equiv), 3 (1.2 equiv), [Cu(MeCN)4]PF6 

(0.96 equiv), NiPr2Et (3 equiv), CH2Cl2, rt, 16 h. [b] Isolated yield of the AT-

CuAAC reaction (triazole formation for 5). R = CH2-(3,5)-di-tBu-C6H3. 

 

Figure 1. SCXRD structure of rotaxane 4a in ellipsoid representation (Hs in 

ball and stick) with selected intercomponent interactions highlighted 

(counterions, majority of H omitted and stopper units truncated for clarity; 

measurements in Å; colours as in Scheme 1 except N [blue], O [red], H 

[white]). 

The behaviour of rotaxanes 4 as anion-π catalysts was 

assessed through their performance in the Michael addition of 

malonic acid half-thioester 7 to -nitrostyrene (11) (Table 1, 

entries 2-4), a key benchmarking reaction in anion-π catalysis.[9d] 

Under Brønsted base catalysis, the major product of this 

reaction is thioester 10, the product of deprotonation and 

subsequent decarboxylation of 7, whereas in the presence of an 

anion-π catalyst planar enolate 9 is stabilized in the equilibrium, 

allowing the addition/decarboxylation product 12 to form 

preferentially. Broadly speaking, the key parameters that 

determine catalyst performance are thus Brønsted basicity 

(determines position of the equilibrium between 7 and 8 and 

thus significantly affects rate) and the ability of the catalyst to 

stabilise 9 and the subsequent transition state leading to 12 

(determines selectivity). Reactions mediated by NEt3 (entry 1), 

macrocycle 1 (entry 5), an equimolar combination of axle 5 and 

macrocycle 1 (entry 6), axle 5 alone and rotaxane 6 were also 

assessed for comparison. 

Table 1. Comparison of the outcome of the reaction of 7 with 11 in the 

presence of rotaxanes 4, macrocycle 1, axle 5 and control rotaxane 6.  

 
Entry Catalyst 12 / 10[a] (reaction time[b]) 

  d8-THF, 30 °C CDCl3, 30 °C CDCl3, 7 °C 

1 NEt3 0.4 3.2 (40 h) 8.7 (60 h) 

2 4a n.r. [c] 10.7 (16 h) n.d.[d] 

3 4b 4.4 (60 h) 11.9 (6 h) 46.2 (40 h) 

4 4c n.r.[c] 10.3 (16 h) n.d.[d] 

5 1 n.r.[c] 7.1 (60 h) n.d.[d] 

6 1 + 5 n.r.[c] 7.2 (60 h) n.d.[d] 

7 5 n.r.[c] n.d.[d] n.d.[d] 

8 6 2.4 (60 h) 8.0 (16 h) 33.3 (40 h) 

[a] Determined by in situ 1H NMR analysis. [b] Time required for >95% 

conversion of 7. [c] No reaction was observed after 16 h and so the reaction 

was stopped. [d] Not determined. Ar = 4-OMe-C6H4. 

The key conclusions of this study are i) 4b is an effective 

anion-π catalyst (entry 3), delivering 12 selectively in THF at 

30 °C[27] (12 / 10 = 4.4) and with enhanced activity (16 h vs 60 h 

for >95% conversion) and selectivity (11.9) in CDCl3, which was 

improved further at lower temperature (46.2); ii) rotaxanes 4a 

and 4c (entries 2 and 4 respectively) display reduced activity 

and slightly reduced selectivity compared with 4b in CDCl3 and 

no activity over 16 h in THF; iii) non-interlocked macrocycle 1 (in 

CDCl3, entry 5) and rotaxane 6 (in THF or CDCl3, entry 8), both 

of which lack an NDI unit, are active catalysts, albeit less 

selective than rotaxanes 4; iv) 4b and 6 display similar catalytic 

activity; v) NDI axle 5 is not a competent catalyst and combining 

1 and 5 results in the same outcome as 1 alone. 

These results are surprising for several reasons. Firstly, it 

is striking that 4b displays selectivities equivalent or higher than 

those previously reported for simple mono-NDI-based catalysts 

(Table S4). Indeed, the reported example that is most 

comparable in selectivity to 4b (12 / 10 = 4.4, THF, 20 °C, entry 

7) includes a sulfone-substituted NDI unit, which is proposed to 

enhance the π-acidity of the system and so selectivity for 12.[9e] 

Secondly, it is not immediately obvious why rotaxanes 4a and 4c 

are inactive in THF, whereas 4b performs reasonably well. 

Given that 4a and 4c produce 12 with good selectivity in CDCl3, 

albeit with lower activity and slightly reduced selectivity 

compared with 4b, we considered that the differences observed 

may relate primarily to differences in their Brønsted basicity. In 

keeping with this, when a mixture of rotaxanes 4 was titrated 

with MsOH in CDCl3 and the changes observed by 1H NMR, 

selective protonation of 4b was observed (Figure S56). 
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The observed lower basicity of 4c compared with 4b was 

tentatively rationalised by considering that the protonated 

bipyridinium is expected to be stabilised by H-bonding to the 

triazole unit. This effect is likely to be reduced by the increased 

co-conformational flexibility of 4c, as has been observed in 

crown ether-ammonium-based rotaxanes.[25] The origin of the 

lower basicity of 4a appears to run counter to this argument but 

direct conjugation of the triazole unit with the aromatic ring of the 

stopper unit can be expected to reduce its basicity and so 

reduce the favourability of this stabilising interaction. Thus, the 

lower activity of 4a and 4c compared with 4b appears to be due 

to the initial step of the reaction, deprotonation of 7 to give 

carboxylate salt 8, being less favourable in the former cases. 

Similarly, the lack of activity of 5 under all conditions examined 

was attributed to the low basicity of the isolated triazole unit. 

Thirdly, we were extremely surprised to observe that 

rotaxane 6 (in all solvents examined) and macrocycle 1 (in 

CDCl3) deliver 12 in much higher selectivity than a simple 

Brønsted base such as NEt3, albeit less selectively than 

rotaxanes 4. These results suggest that the protonated 

bipyridine unit may operate as a π-acidic surface in this context, 

with the lower activity of 1 attributed to the lower basicity of the 

non-interlocked macrocycle whereas, conversely, the similar 

activity of 4b and 6 can be attributed to the similarity of their 

proton binding pocket. This proposal is consistent with previous 

observations of anion-π interactions involving protonated or 

metal coordinated pyridine units in the solid state[28] and reports 

of alkylated pyridinium-based anion-π catalysts.[10a]  

To rationalise these observations, as well as to attempt to 

rationalise the different selectivities of rotaxanes 4, macrocycle 1 

and rotaxane 6, we turned to DFT molecular modelling. 

Optimised structures (Turbomole 7.2,[ 29 ] PB86-D3/def2-TZVP 

level of theory) of macrocycle 1 and truncated models of 4a-c, 6, 

their protonated structures (1H+, 4a-cH+, 6H+) and their 

complexes with enolate 9 ([1H·9], [4a-cH·9], [6H·9]) were 

computed and their properties analysed (ESI section S7). The 

minimum energy structures of rotaxanes 4a-c (Figure S57) were 

found to be arranged such that a π–π stacking interaction was 

maintained between the bipyridine and NDI units, and a C-H•••N 

interaction was present between the bipyridine unit and the 

triazole C-H, as observed in the solid-state structure of 4a 

(Figure 1). Protonated 4a-cH+ structures (Figure S58) were 

found to maintain the NDI-pyridine stacking interaction but, in 

this case, the protonated bipyridine unit engages in an H-bond 

with the triazole unit. This prediction is corroborated by a 

SCXRD structure of 4aH+ (Figure 2a) obtained during catalysis 

screening experiments (see ESI section S3.2 for details); the 

predicted π–π stacking interactions and N-H•••N H-bond are 

both observed in the solid state. In keeping with our 

experimental observations, the pKa difference between 4a and 

4b was computed to be 1.47 units in THF and 1.35 units in 

CHCl3 (ESI section 7.3). This was attributed to a stronger N•••H 

bond formed in protonated 4b, with a shorter distance and better 

directionality, combined with the lower basicity of the aryl triazole 

unit of 4a (ESI section S7.3). 

The molecular electrostatic potential (MEP) values of 4a-c 

(Figure S58) are large and positive over the NDI unit, in keeping 

with its established applications in anion-π catalysis.[7,9,11] The 

MEP value over the bipyridine is close to neutral. In contrast, the 

MEP values of 4a-cH+ (Table 2, entries 1-3; Figure S59) 

associated with the NDI unit and protonated pyridine units are 

similar and larger than those observed in the neutral state, 

suggesting that either the NDI or the bipyridine motif can 

stabilise enolate 9. The increase in MEP on protonation is 

consistent with electrochemical analysis; the reduction potential 

of 4a-c, a proxy for ELUMO of the NDI unit,[8a,30] shifts to less 

negative potentials in the presence of TsOH (E1/2 = +190, +160 

and +90 mV respectively; ESI section S8). 

 
Figure 2. a) SCXRD structure of 4aH·PF6

- in ellipsoid representation (Hs in 

ball and stick) with selected intercomponent interactions highlighted 

(counterions, majority of H omitted and stopper units truncated for clarity; 

measurements in Å; colours as in Scheme 1 except N [blue], O [red], H 

[white]). b) BP86-D3/def2-TZVP optimized geometries (selected distances 

indicated) of 4aH+ and 4bH+ complexed with enolate 9 via the bipy moiety (i 

and iii respectively) or the NDI moiety (ii and iv respectively). 

Table 2. Computed properties of selected catalysts and complexes with 9.  

Entry Cat. MEP[a] (kcal·mol-1) α
┴
 (a.u.)[b] Eint (kcal·mol-1)[c] 

1[d] 4aH+
 +71 (+69) 849.9[e] –32.7 (–36.4) 

2[d] 4bH+ +70 (+62) 864.9[e] –33.0 (–35.2) 

2b[d] 4cH+ +69 (+65) 851.4[e] –33.7 (–30.1) 

3 1H+ +87 
426.7[f] –34.3 (anion–π)[g],  

–41.4 (HB)[g] 

4 5 +23 633.8[e] –20.8 

5 6H+ +65 735.3[f] –32.4 

6 13H+ +69 1532.0[f] –47.3 

7 13H2
2+ +96 1532.1[f] –51.3 

[a] Molecular electrostatic potential over the π-acidic surfaces. [b] Polarizability 

perpendicular to the mean plane of the catalytic surface. [c] Substrate-catalyst 

interaction energy in CHCl3. [d] Values in parenthesis correspond to the NDI 

surface. [e] α
┴ 

of NDI. [f] α
┴
 of bipy. [g] See Figure S68. 



RESEARCH ARTICLE    

4 

 

Considering the similar values of MEP calculated for the 

NDI and bipyridine π surfaces, both possible catalyst-substrate 

complexes were computed for [4a-cH·9] (Figure 2b and Figure 

S65). In the case of 4aH+ and 4bH+, binding of 9 to the NDI face 

of the catalyst was found to be slightly preferred (entries 1 and 

2), as a result of increased π-π interactions between the 

electron rich aromatic substituent of the thioester and the larger 

aromatic surface provided by the NDI. In the case of 4cH+, 

binding of 9 to the bipy unit was found to be preferred. Relatively 

small differences in complex energies were found for [4a-cH.9], 

which is consistent with the small difference in their selectivities 

observed in CDCl3 and reinforces the point that the different 

reaction rates observed between 4a and 4b and 4c are most 

likely due to the pKa difference between these catalysts. 

Perhaps unsurprisingly, the optimised structure of [1H+·9] 

was found to be a threaded complex, in which enolate 9 H-

bonds to the protonated bipyridinium, which was predicted to be 

7.1 kcalmol-1 more stable than the π-stacked structure (Figure 

S68). The competition between the threaded structure and the 

stacked structure may explain the lower selectivity for 12 

observed in reactions catalysed by 1H+. The same calculations 

for rotaxane 6H+, which lacks the NDI moiety but in which the 

cavity of the macrocycle is blocked, show that the binding of 9 is 

around 3 kcal/mol less favourable than for rotaxanes 4a-cH+, 

which is in keeping with the smaller MEP of 1H+. Based on these 

results, regardless of which π-surface mediates anion-π 

catalysis in the case of rotaxanes 4, the pyridinium moiety 

appears to be responsible for the behaviour of rotaxane 6 and 

may well play a role for macrocycle 1, albeit in competition with 

a threaded, hydrogen bonded structure. 

Although MEP can be used to readily identify surfaces 

suitable for anion-π catalysis, it is typically not sufficient to fully 

explain the trends observed as catalyst polarizability can lead to 

enhanced stabilisation of the substrate-catalyst complex.[12,13] 

Thus we calculated the polarizability of 4a-cH+, 6H+ and 1H+ 

perpendicular to the π-surface. This revealed that, as expected, 

the most selective catalyst is also the most polarisable structure 

(4bH+), which suggests that the π-stacking interaction between 

the bipyridinium and NDI unit, regardless of which surface is in 

direct contact with the substrate, is responsible for the high 

activity observed, as previously observed in oligo-NDI and NDI-

fullerene conjugate-based catalysts.[12,13] Similarly, the 

polarizability of 6H+ perpendicular to the bipyridine unit was 

calculated to be larger than 1H+ thanks to the stacking 

interaction with the piperidine-2,6-dione unit (Figure S66), which, 

alongside the competition between threaded and stacked 

complexes for 1, explains the higher selectivity demonstrated by 

6. These results clearly emphasize that both electrostatic and 

polarizability effects are important rationalizing anion–π catalysis. 

These calculations, in conjunction with the experimental 

results presented, suggest that the key benefits of the 

mechanical bond in 4b are threefold: i) it enhances the basicity 

of the bipyridine unit, increasing catalyst activity by favouring 

deprotonation of the substrate; ii) it enforces a stacked 

orientation for the bipyridinium and NDI units, which increases 

the polarizability of protonated species, favouring anion–π 

catalysis and iii) the axle blocks the cavity of the bipyridine ring, 

preventing the formation of a threaded structure with the 

substrate, as observed for 1H+. 

To take further advantage of all of these effects while 

increasing the impact of π-stacking on catalyst activity, we 

synthesised [3]rotaxane 13 (Figure 3) an analogue of 

[2]rotaxane 4b, using the AT-CuAAC reaction[24] of a simple bis-

propargyl NDI in excellent yield (ESI section S2.1). Molecular 

modelling indicates that 13 is structurally similar to rotaxane 4b 

in that in the neutral state it is folded such that both bipyridines 

π-stack with the NDI unit (Figure S60). Either single or double 

protonation, to give 13H+ or 13H2
+ respectively, is predicted to 

result in a folded structure in which one neutral and one 

protonated, or two protonated bipyridines stack with the NDI 

core respectively (Figure S62). Importantly, in both cases the 

NDI is blocked such that it is unavailable to interact with enolate 

9, suggesting that any anion-π catalysis that arises in the case 

of 13 would take place through interaction of 9 with the 

bipyridium unit. 

When rotaxane 13 was applied in the reaction of 7 with 11, 

extremely high levels of activity and selectivity were observed, 

even compared with rotaxane 4b. In THF, the reaction was 

complete after 16 h with a high selectivity for 12 (5.9) whereas In 

CDCl3 the reaction was complete in just 3 h with still higher 

chemoselectivity (18.6). Most strikingly, the activity of 13 

remained high even at 7 ºC in CDCl3, with only 16 h required for 

complete conversion of 7 and a significant further enhancement 

in chemoselectivity (62.3), which is one of the highest values 

reported to date.[11f] 

 

Figure 3. (a) Structure of [3]rotaxane 13 and summary of its catalytic 

behaviour. (b) computed structure of [13H+.9] with key values labelled. 

Calculations suggest that the excellent selectivity observed 

in the case of catalyst 13 is due to the high polarizability of 13H+, 

which is almost double that of 4bH+, rather than the value of 

MEP, which is actually calculated to be lower for 13H+ than 4bH+ 

(Table 2, entry 6). Double protonation to give 13H2
2+, which has 

a much higher calculated MEP (entry 7), was also considered 

but seems unlikely under the reaction conditions; E1/2 for the 

reduction of 4b in the presence of 1 equiv. of TsOH is more 

negative than that of 13 in the presence of 2 equiv. TsOH (–1.07 

vs –1.01 V). This suggests that even in the presence of TsOH, a 

much stronger acid that 7, the doubly protonated species does 

not dominate (ESI section S8). Regardless, the calculated 

values of Eint for [13H+.9] (Figure 3b) and [13H2
2+.9] are similar, 

in line with their comparable calculated polarisabilities (entries 6 

and 7), and both are higher than [4bH+.9]. This is consistent with 

the excellent selectivity observed for 13 and the suggestion that 

polarizability is once again the key factor in determining catalytic 

performance. 
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Conclusions 

A series of interlocked anion-π catalysts have been prepared 

that combine a π-acidic NDI unit in the axle component with a 

basic site provided by a bipyridine-triazole cavity. These 

catalysts were found to be highly selective in an established 

benchmarking reaction for anion-π catalysis, with a dependence 

of catalyst activity and selectivity on the length of azide half-axle 

used in the AT-CuAAC synthesis. The selectivity obtained with 

readily accessible [3]rotaxane catalyst 13 is comparable to the 

most effective example previously reported.[11f] Control 

experiments demonstrated the importance of the interlocked 

structure and the NDI unit to catalyst selectivity. Computational 

studies strongly suggest that the high selectivities observed, 

particularly for 13, are due to π-stacking between the protonated 

bipyridine unit and the NDI surface which results in a highly 

polarisable, π-acidic surface that can efficiently stabilise the 

planar enolate, which is corroborated by solid state structures of 

a [2]rotaxane catalyst in both neutral and protonated forms. In 

addition to the ability of the mechanical bond to place all the 

required units in the required arrangement with minimal 

synthetic effort, the solubility of the rotaxane catalysts, which 

can be an issue in the case of NDI-based molecules,[31] makes 

this scaffold particularly attractive. 

A key limitation of the structures presented appears to be 

their basicity which, although enhanced by the mechanical bond, 

remains low enough that even in the case of relatively acidic 

substrate 7, rotaxanes 4a and 4c are inactive in THF and 

reactions mediated by 4b are slow at reduced temperatures in 

CDCl3. Indeed, attempts to apply these catalysts to other 

previously studied anion-π catalysed reactions with less acidic 

substrates[9b,11e,32] revealed reaction rates that were impractically 

slow, requiring multiple weeks to observe even trace amounts of 

product (ESI section S9). Future work will focus on overcoming 

this limitation by engineering more basic functional groups into 

the axle of suitable structures, as well as adding electron 

withdrawing groups to the NDI core to enhance π-acidity,[8a] both 

while maintaining the π-π stacking interactions that deliver high 

polarizability and thus strong anion-π interactions for catalysis. 

We are also exploring chiral structures that take advantage of 

the mechanical bond[20,21] to deliver enantioselective examples.  
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A healthy anion-π sandwich. We 

report a series of rotaxane-based 

catalysts in which the mechanical 

bond between a bipyridine 

macrocycle and an NDI-containing 

axle is intrinsic to their activity. 

Computational analysis suggests that 

the high selectivity observed (>60 fold 

for Michael addition over a competing 

decarboxylation pathway) is due to π-

stacking of the mechanically bonded 

components that leads to high 

polarizability.   
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