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Abstract–An This paper describes an efficient method —one that takes advantage of hydrogen 
bond-guided self-assembly and ruthenium-catalysed propargylic substitution—for the 
preparation of various rotaxanes, involving hydrogen bonding guided self-assembly and 
ruthenium-catalysed propargylic substitution reaction, is described. The substitution reactions 
of a pseudorotaxane with a diverse range of heteroatom-centred and carbon atom-centred 
nucleophiles is were catalysed by the [(Cp*)RuCl(SMe)]2 complex and to furnish the expected 
rotaxanes in good yields. 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
Rotaxanes, are a mechanically interlocked molecules, comprises comprising a dumbbell-like 
component and a macrocycle.1 Because To take advantage of rotaxanes’ their unique structures 
and properties, many methods of for synthesissynthesising rotaxanes have been developed in 
recent years, including clipping synthesis,2 end-capping method,3 slipping-of-ring approach,4 
the method throughmodification of [1]rotaxanes,5 end-closing process,6 and a shrinking 
strategy.7 strategies. The potential activities of rRotaxanes have encouraged potential 
applicability as components the design ofwithin molecular machines and devices.1 The Because 
the types of selection of functional groups introduced present in to rotaxanes is important 
considering optimization can affect their physicalof their properties. , it is desirable to devise 
From a viewpoint of optimization of the properties of rotaxanes, it is desirable to develop a 
synthetic methods by so thatwhich rotaxanes with possessing a variety of functionalities can 
can be derived from a common intermediate. 
 
The majority of rotaxane syntheses reported previously have each relied upon the use of one a 
single type sort of reaction. ThereforeIn addition,, modifications several of rotaxanes, 
end--capping or and clipping approaches towards rotaxanes along have been performed with 
subsequent stopper-modification, but these methods have also utilised only one type of 
reactionhave been reported recently. Stoddart Transformation described the transformation of 
phosphonium groups as an introducedtemporary stopper part units of the axle end into bulky 
alkenes by through the Wittig reactions was accomplished by Stoddart.8 Leigh developed a new 
strategy based on the replacement of a mechanically interlocking interlocked auxiliary via 
through transesterification.9 Kihara and Takata also exchanged a stopper part moiety through 
the use of a Tsuji-–Trost allylation reaction.10 However, these methods have been able to accept 
only one type of reaction. Therefore, weWe  developed developed an efficient method for 
rotaxane preparation using acetylene-–dicobalthexacarbonyl complexation as a primary initial 
step of an end-capping approach towards rotaxanes and with several the subsequent 
stopper-modifications, of rotaxane.11 The methodology can accept some reactions, such as 
Pauson-–Khand reaction and Nicholas reactions. HoweverAlthough robust, the this 
methodology presents has the disadvantages that (a) not every substrate can is be applicable to 
all each modification reactions, and that (b) the methodit also requires two steps to construct 
and modify the a rotaxane. 
 



Nishibayashi and co-workers have developed a range of ruthenium-catalysed substitution 
reactions of propargylic alcohols with various nucleophiles, including alcohols, amines and, 
amide, sand so on.12 These reactions might mainly proceed via ruthenium-–allenylidene 
complexes as intermediates formed from the catalyst and the propargylic alcohol, ; 
subsequently, and the nucleophiles regioselectively regioselectively attack the reactive Cδ atom 
in the intermediate. Here, we describe a novel method for end-capping method of 
pseudorotaxanes (prepared using the established13 self-assembled secondary ammonium 
ion/crown ether synthon) based on the ruthenium-catalysed propargylic substitution reactions 
with different various nucleophiles and a the direct introduction of various functionalities 
(Figure 1), using established self-assembled synthons, secondary ammonium ion and crown 
ether.13 

 

Figure 1 
 
The preparation of a the key secondary ammonium salt11 2·PF6

11 is was initiated by through 
condensation of the aldehyde 1 and 3,5-dimethylbenzylamine to afford the corresponding imine. 
Reduction of the imine, followed by salt formation, produces produced the ammonium salt 
2·PF6, which has possessed a bulky aryl group on one end and a propargyl alcohol moiety at the 
other. The feasibility of performing ruthenium-catalysed nucleophilic substitution reactions of 
with the pseudorotaxane consisting formed from of the ammonium ion 2·PF62 and 
dibenzo[24]crown8 (DB24C8) is was validated though an initial experiment using carbazole as 
a the nucleophile in and dichloroethane as the solvent. The We isolated the corresponding 
rotaxane 3a is afforded in good yield, even though the ammonium salt 2·PF6 was is insoluble in 
dichloroethane in the absence of the crown ether. ; i.e., 2·PF6 isThe solubility solubilised of the 
reactant is likely to be improved bythrough complexation of with DB24C8;  and the catalyst 
reacts predominantly to with the soluble solvated pseudorotaxane. Preparation The preparation 
of 3a shows suggests that (a) the interaction between the DB24C8 moiety and the secondary 
ammonium groups is strong under the reaction conditions, and that (b) the carbazole group is 
sufficiently bulky to prevent unthreading dissociation of the components (Scheme 1). The 
structure of 3a was determined from its spectroscopic and analytical data. Especially,The 1H 
NMR spectrum of 3a (Figure 2) suggested that it had a the rotaxane structure of 3a as shown in 
Figure 2. The most characteristic evidence for the formation of the rotaxane was is the large 
downfield shifts of the signals for the benzylic protons signals (δ 4.3 and 4.6 ppm). The shifts 
are consistent with those reported previously for related the ammonium ion/DB24C8 
complexes.3,6,8,10,11,13 Moreover, the signals of the methylene protons signals of the crown ether 
part moiety split were split into more thanseveral two sets of resonances because of the 
diastereotopicity induced by due to the loss oft planar symmetry and the presence of the chiral 



centre at the carbazole terminus; as expected, of DB24C8 and the low rotation rate of DB24C8 
around the axle part of  rotaxane, and thethese signals did not merge coalesce at temperatures 
below 125 °oC in DMSO-d6. The FAB mass spectrum of 3a mass experiments also supported 
the rotaxane structure, represented by a peak MS (FAB) spectrum of 3a displayedfor the [M – 
PF6

–]+ ion peak (at m/z 877).14 
 

Scheme 1 
Figure 2 

 
Next, we attempted to optimal optimize the conditions for this  transformation were examined. 
DiminishingDecreasing an the amount of carbazole decreases decreased the rotaxane yield 
(Table 1, entries 1–3), ). Interestingly, decreasing and the amount of DB24C8 for 4 to 2 equiv. 
has a minor impact on the chemical yields using more than two equivalents relative to the to 
ammonium salt 2·PF6 (cf. entries 1 and 4) had a significant impact, presumably because . 
Because ammonium ion (NH4

+) ions, which we added is generated by ammonium 
hexafluorophosphate into the reaction mixture as a co-catalyst (see below), seems to competed 
with the secondary ammonium ion from 2·+PF6 ion for the complexation of with DB24C8, ; i.e., 
using a greater excess of DB24C8 might ensured complete complexation of 2·PF6 and 
improved the yield. Low A lower temperature (cf. entries 1 and 5) and a longer reaction times 
(cf. entries 1 and 6) both slightly decreased the yields of the rotaxane slightly (entries 5 and 6). 
On the other hand,The presence of NH4PF6 is was necessary forto achievement achieve an of 
excellent yield (cf. entry entries 1 and 7). Nishibayashi reported that the addition of ammonium 
tetrafluoroborate (NH4BF4), which might affords a cationic thiolate-bridged diruthenium 
complex with a vacant site in after exchange of anions between the catalyst and NH4BF4, which 
improved improves the catalytic activity.12e In our case, because we already had 
hexafluorophosphate anion (PF6

–) anions was usedpresent as a counter anions of the 
ammonium ions 2. , we suspected Therefore, an anion of the catalyst canthat we might obtain a 
cationic thiolate-bridged diruthenium complex  change from even in the absence ofchloride to 
PF6

–, and the catalyst can show similar activity without added NH4PF6 or NH4BF4. HoweverIn 
practice, however, the absence of NH4PF6 decreased the yield. It is likely that ion exchange of 
the chloride ion,  from the ruthenium complex to the NH2

+ centre of the 2+ ionwhich prefers an 
ion-pairing of the ammonium cation,15 obstructs disrupted the complexation of ammonium 
ionthe 2+ ion with DB24C8 in the absence of NH4PF6. 
 

Table 1 
 



Table 2 portrays presents the results for the ruthenium-catalysed substitution reactions of we 
performed using different various nucleophiles in the presence to of the ammonium salt 2·PF6 
in the presence ofand DB24C8 crown ether. The reaction shows displayed good substrate 
generality. The A 2-substituted aniline derivative is was converted to the corresponding 
rotaxane 3b in excellent yield (entry 2). ), whereas However, thethe reaction of a 
3,5-disubstituted aniline derivative affords afforded the its corresponding rotaxane 3c in only 
moderate yield (entry 3). These results agree well with previous finings that Reportedly, thethe 
existence of electron-donating groups to on the aniline aromatic ring of aniline decreasesd the 
reaction rate on for the propargylic amination, whereas, and the introduction presence of the 
electron-withdrawing groups on the 2 and 4 positions of aniline improved improves the 
substitution reaction.12e Good agreement exists between their previous results and ours. 
Sulphonamide A sulphonamide and an amide both reacted efficiently with the pseudorotaxane, 
and with the corresponding products rotaxanes 3d and 3e , respectively, are being isolated 
obtained, respectively, in 60% and 64% isolated yields, respectively (entries 4 and 5). We also 
investigated Propargylic the propargylic substitution reactions of the pseudorotaxane with 
carbon-- centred, sulphfur--centred,  and phosphorus-atom-centred nucleophiles were also 
investigated:, obtaining the rotaxanes 3f–3h , respectively, are obtained in good or to moderate 
yields (entries 6–8, respectively). For the phosphine oxide, we performed the reaction carried 
out at low temperature, because to avoid the double phosphinylation reaction that proceeded 
proceeds at high temperature.12 In contrast, whenWhen we used 2-methylfuran and benzyl 
mercaptan are used as nucleophiles, although the corresponding carbon-–carbon and 
sulphur-–carbon bond formation reactions proceeded. , However, the introduced stopper 
groups are were insufficiently large to prevent dethreading of the DB24C8 moiety; i.e., we did 
not isolate rotaxanes from these reactions. 
 

Table 2 
 
Recently, mMany efficient and convenient transformations methods of organic compounds 
have beenare mediated achieved by using a transition metal catalyst. s; some of these reactions 
In fact, some effectivehave been applied effectively to rotaxane syntheses and modifications of 
rotaxane were achieved using a transition metal catalyst.10,16 It Because it is important that the 
interactions between the axle and wheel be maintained under the reaction conditions, when 
using pseudorotaxane systems based on ammonium ions and crown ethers, used for these 
processes. Therefore, theonly catalysts,  that are which are unaffected byactive under acidic 
and/or neutral conditions, are applicable to this such types of rotaxane consisting ofsyntheses 
ammonium and crown ether. Furthermore, selection of the nucleophile is also crucialcritical to 



avoid deprotonation of the secondary ammonium ion, a the recognition part site of the axle 
moiety, in this these kinds of nucleophilic substitution reactions. 
 
In summary, this effort has facilitated thewe have constructed construction of variousa number of 
rotaxanes featuring various functionalities through the application of using ruthenium-catalysed 
propargylic substitution reactions. We are exploring the The scope of the this new technique for 
rotaxane synthesis is being explored in our ongoing studies in this area. 
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Figure 1. A model forCartoon representation of the use of nucleophilic substitution for the 
efficient synthesis of various rotaxanes though from the same pseudorotaxane intermediate. 
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Scheme 1. Reagents and conditions: (a) 3,5-dimethylbenzylammonium chloride, Et3N, 
MgSO4; (b) NaBH4; (c) HPF6 (60% for three steps). 
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Figure 2. Partial 1H NMR spectrum of  rotaxane 3a. 
 



Entry Carbazole  DB24C8  NH4PF6  Temperature Time Yieldb
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Table 1. Synthesis of rotaxane 3a by through 
ruthenium-catalysed propargylic substitution reaction.a 
 
 
 
 
 
 
 
 
 
 
 

a 5% mol ofAmount of %mol of the ruthenium catalyst was was used (mol%).  b NMR 
spectroscopic yield. 
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Table 2. Synthesis Syntheses of rotaxanes 3 by through 
ruthenium- catalysed propargylic substitutions reaction.a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
a Reaction conditions: The A mixture of 
ammonium salt 2·PF6 (0.235 mmol), DB24C8 (4 
equiv), the nucleophile (5 equiv), the catalyst (0.05 
equiv), and NH4PF6 (0.1 equiv) in dichloroethane 
was heated at 60 ° οC for 1 h, except for entry 8. b 
NMR spectroscopic yield, ; the values in 
parentheses are ( ): isolated yields. c The This 
reaction was carried outperformed at 40 ° οC. 


