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ABSTRACT. The through-the-annulus threading of calix[5]arene penta-O-ethers by dialkylammonium 

cations coupled to the loosely coordinating superweak TFPB– anion has been successfully 

accomplished. 1H NMR titration data show that the preorganization of the calix[5]arene scaffold leads 

to great thermodynamic stability of the pseudorotaxane complexes as well as to a favorable kinetic of 

threading. Accordingly, calix[5]arene 1c, bearing tert-butyl groups at the wide rim, was threaded by all 

the cations under study (with the exception of the dibenzylammonium 2b+) more tightly than the other 

derivatives under investigation (Kas up to 2.02±0.2 × 105 M–1) because of its preorganized cone 

conformation. According to DFT calculations, van der Waals interactions between the tert-butyl groups 

of 1c and the alkyl chain of the cationic axle are likely responsible for the remarkable stability observed. 

The threading of the calix[5]arene wheels with the asymmetric pentylbenzylammonium axle led to the 

toposelective formation of the endo-pentyl pseudorotaxane stereoisomer in agreement with the known 

“endo-alkyl rule”. Owing to the steric hindrance of the axle phenyl group, the threading of the guest was 

seen to occur in a unidirectional fashion through the calixarene narrow rim. 

 

 

   

Introduction 

Interpenetrated molecules such as rotaxanes and catenanes 1 are attractive supramolecular 

architectures that may also behave as molecular machines 2 or act as catalysts.3 Pseudorotaxanes are 

molecular assemblies obtained by the insertion of a rod-like guest inside a macrocyclic host molecule 

(threading) and, as such, can be considered as the precursors of rotaxanes and catenanes. 1 Historically, 
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crown ethers 4 were the first molecules to be used as wheel components for the assembly of 

interpenetrated structures followed, in the past two decades, by a number of different macrocycles 

including cyclodextrins, 5 cucurbiturils, 6 macrolactams, 7 calixarenes 8 and most recently pillararenes.9 

With reference to calixarene-based interpenetrated systems, Arduini, Pochini and co-workers have 

extensively studied pseudorotaxanes/rotaxanes based on calix[6]arene macrocycles and viologen-

derived linear axles,10 while some of us have mainly focused our attention on the threading of the 

calix[6]arene-wheel with dialkylammonium axles (e.g.: 2a–c+). 11 In these studies, we have shown that 

di-n-alkylammonium cations are able to thread the calix[6]arene annulus only when they are coupled to 

the loosely coordinating Tetrakis[3,5-bis(triFluoromethyl)Phenyl]Borate (TFPB−) “superweak anion” 

(Chart 1). 11a, 12 

 

Chart 1. Structures of calix[5]arene derivatives 1a−f, dialkyl ammonium 2a−e+TFPB− salts and 

calix[6]arene hosts 3a,b.  

 

The threading abilities of dialkylammonium axles strongly depend on the size of the target calixarene 

macrocycle. 13 Hence, no hint of threading was observed between dialkylammonium cations and larger 

calix[8]arene, 13a smaller calix[4]arene 13b or dihomooxacalix[4]arene 13c macrocycles. 
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As for calix[5]arene-based pseudorotaxanes, only two examples of dialkylammonium axles 2d,e+ (as 

Cl−, PF6−, and picrate salts) threading through penta-O-ester 1a 14 have so far been reported. 15 In these 

cases, the formation of additional hydrogen bonds between the ammonium ion and the carbonyl 

group(s) of the host molecule was postulated to play an important role in the formation of the 2d+1a 

pseudorotaxane. 15 Conversely, no trace of threading was detected, by 1H NMR spectroscopy, when 

penta-O-ethers 1b,c, lacking the C=O groups, were mixed in CDCl3 with the same axle salts. 16 

Thus, considering the effectiveness of the superweak anion approach in inducing the threading of 

secondary ammonium ions through the annulus of scarcely preorganized and/or narrow macrocyclic 

hosts, 11, 17 we decided to study the formation of calix[5]arene-based pseudorotaxanes in the presence of 

dialkylammonium TFPB salts. 

 

Results and Discussion 

Threading studies with the di-n-pentylammonium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (2a+TFPB−) axle. We initially investigated the threading of the 

conformationally mobile penta-O-methyl-p-tert-butylcalix[5]arene 1b 18 with the 2a+TFPB– salt. 

Derivative 1b, owing to the small size of the methyl substituents present at the narrow rim, rapidly 

undergoes cone-to-cone interconversion (OMe through-the-annulus passage) 19 and as a result it 

displays a 1H NMR spectrum (in CDCl3 at 298 K) with sharp signals (Figure 1a) 20 typical of a fast 

conformational mobility on the NMR timescale.18, 19 However, upon addition of 2a+TFPB− to a CDCl3 

solution of 1b a new set of signals consistent with the formation of pseudorotaxane 2a+1b was clearly 

observed (Scheme 1). 
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                                         2a+1b 

Scheme 1. Formation of the 2a+1b pseudorotaxane 

 

The most evident of these are a well-defined AX system at  = 4.28 and 3.53 ppm (J = 13.8 Hz) for 

the ArCH2Ar groups, indicative of a blocked cone conformation of the wheel 1b, and four alkyl 

resonances in the upfield negative region of the spectrum (from –0.76 to –2.40 ppm), diagnostic of a 

shielded through-the-annulus threaded 2a+ axle. In agreement with the formation of the 2a+1b 

pseudorotaxane, close examination of the COSY-45 spectrum 16 of a 1:1 mixture of 1b and 2a+TFPB− in 

CDCl3, revealed the presence of two different axle pentyl chains: one hosted inside the cavity and, as a 

result, strongly shielded (with , ,  , and  hydrogen atoms resonating at  = −0.77, −0.86, −1.76, 

−2.36 and 1.71 ppm, respectively); the other protruding from the cavity in the direction of the narrow 

rim, most conspicuously showing a downfield shift for the '– and '–CH2s ( = 3.61 and 1.98 ppm, 

respectively). 

The threading of 1b reached an equilibrium after 96 h (at 298 K) from the addition of 2a+, with a 

percentage of formation of 50% and an apparent association constant (Ka) for the 2a+1b complex of 

460±50 M–1, calculated by direct integration of appropriate signals of the threaded and unthreaded 

species (2a+ or 1b). As expected, the same equilibrium percentage was reached more rapidly (after 46 h) 

at 348 K.  

Interestingly, the shielded pentyl hydrogen atoms of 2a+ experiencing the highest Complexation 

Induced Shift (CIS) are the  and  ones, which undergo substantial upfield shifts ( = 3.59 and 3.25 

ppm, respectively). The -CH2 in the 2a+1b calix[5]-pseudo[2]rotaxane experiences a CIS of 1.20 

ppm, a value significantly lower than that observed for the analogous group in the 2a+3a calix[6]-
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pseudo[2]rotaxane ( = 2.31 ppm). 11a These data suggest that in the former the 2a+ axle penetrates 

more deeply inside the cavity of 1b, bringing the ammonium group closer to the oxygen mean plane 

and, at the same time, dragging the -CH2 away from the region of maximum shielding provided by the 

aromatic rings. 

 

 

Figure 1. High-field regions of the 1H NMR spectra (600 MHz, CDCl3, 298 K) of: (a) 1b and (b) an 

equimolar solution (4.5 mM) of 1b and 2a+TFPB− after 46 h at 348 K. 

 

This overall picture was confirmed by a close inspection of the DFT-optimized structure of 2a+1b 

(Figure 2) at the B3LYP/6-31G(d,p) level of theory, which revealed that the axle N-atom sits 0.30 Å 

above the phenolic oxygen atoms mean plane. This value is significantly lower with respect to that 

previously observed (0.53 Å) for the analogous calix[6]-pseudorotaxane.11a The DFT-optimized 

structure of 2a+1b (Figure 2) displays the expected stabilizing intermolecular H-bonds between the 

ammonium group of 2a+ and the oxygen atoms of 1b (average N+∙∙∙O distance 2.75 Å). In addition, the 

pseudorotaxane complex takes advantage of CH··· 16 and van der Waals interactions between the aryl 

rings and the tert-butyl groups at the wide rim of 1b, respectively, and the endo-cavity included pentyl 

chain of 2a+ (Figures 2a–c). 
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Figure 2. Different views of the optimized structure of the 2a+1b pseudo[2]rotaxane at the 

B3LYP/6-31G(d,p) level of theory. 

 

The replacement of calix[5]arene 1b with the highly preorganized, cone-shaped penta-O-(4-

methylpentyl) derivative 1c 19, 21 (AX system at  = 4.54 and 3.25 ppm for the ArCH2Ar group; see 

Figure 3a) was then considered, with the aim of evaluating the effect of a preorganized wheel on the 

axle threading process. 

 

 

Figure 3. High-field regions of the 1H NMR spectra (300 MHz, CDCl3, 298 K) of: (a) 1c, (b) an 

equimolar solution (4.5 mM) of 1c and 2a+TFPB− after 18 h at rt. 

 

 Addition of an equimolar amount of 2a+TFPB− to a CDCl3 solution of 1c, gave rise to a 1H NMR 

spectrum fully consistent with the formation of the 2a+1c pseudorotaxane (Figure 3). At room 
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temperature, the complexation equilibrium of 2a+1c was reached faster (18 h) than in the case of the 

analogous pseudorotaxane 2a+1b (96 h).  

Calculation of the apparent association constant of the pseudorotaxane –by direct peak integration– 

was not satisfactory as the intensities of the 1H NMR signals (Figure 3b) of the host 1c and guest 2a+ in 

the unbound forms were found to be below (about 8%) the reliable 10% limit when compared to those 

of 2a+1c. 22 To overcome this problem, Ka assessment was carried out by means of a competition 

experiment 16 by mixing (in CDCl3) 1 equiv of 2a+TFPB− with a 1:1 mixture of calix[5]arene 1c and 

calix[6]arene 3b, 11a, 22 after 30 min mixing, calix[6]-pseudorotaxane 2a+3b was preferentially formed 

over the calix[5]-pseudorotaxane one in a 4:1 ratio and with a total percentage of formation of 90% 

(Figure 4b). However, after equilibration at 298 K for 18 h, this preference was reversed and thus 

2a+1c ultimately formed in a 9.5:0.5 ratio over 2a+3b (Figure 4c). 

 

Figure 4. High-field regions of the 1H NMR spectra (300 MHz, CDCl3, 298 K) of: (a) an equimolar 

solution (4.5 mM) of 1c and 2a+TFPB− after equilibration for 18 h at rt; (b) an equimolar solution (4.5 

mM) of 2a+TFPB−, 1c and 3b after 30 min from mixing; (c) an equimolar solution (4.5 mM) of 

2a+TFPB−, 1c and 3b after equilibration for 18 h at rt; (d) an equimolar solution (4.5 mM) of 3b and 

2a+TFPB− after mixing. 
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These results indicate that the threading of the 24-membered calix[6]arene macrocycle –owing to its 

larger annulus– is kinetically faster than that of the 20-membered calix[5]arene one. Conversely, the 

2a+1c pseudorotaxane displays greater thermodynamic stability. From the above-mentioned 

competition experiment, an apparent association constant of 2.02±0.2 × 105 M−1 was calculated, a value 

significantly higher than that observed for the corresponding pseudorotaxane 2a+1b (460±50 M−1). 

 

 

 
 

                                                                       (endo-pentyl)−2c+3b                      (endo-benzyl)−2c+3b 

 

 

 
 

                                                                       (endo-pentyl)−2c+1c                        (endo-benzyl)−2c+1c 

 

Figure 5. Endo-pentyl/endo-benzyl pseudorotaxane stereoisomers, obtainable by directional threading 

of the pentylbenzylammonium axle through the calix[6]arene and calix[5]arene wheels.  

 

 

The above-described results clearly show that the narrow-rim substituents affect both the 

thermodynamic and kinetic properties of the calix[5]arene threading by dialkylammonium axles. To test 

the influence of the wide-rim substituents on the threading of the calix[5]arene wheel, we analyzed the 

1H NMR spectrum (CDCl3) of a 1:1 mixture of 2a+TFPB− and calix[5]arene 1d, 16 bearing methyl 

groups at the wide rim. Consistent with the case of 1b, because of a fast cone-to-cone interconversion 

(via OMe passage through the annulus) after equilibration at 348 K for 96 h, only 4% of pseudorotaxane 

2a+1d was detected.  
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Interestingly, no hint of threading was observed when 2a+TFPB− was added to a CDCl3 solution of 

penta-O-methyl-p-H-calix[5]arene derivative 1e. 23 Thus, these results unambiguously indicate that the 

presence of tert-butyl groups at the wide rim of a calix[5]arene macrocycle is mandatory for the 

formation of dialkylammonium/calix[5]arene pseudorotaxanes. tert-Butyl groups not only ensure 

preorganization of the calixarene cavity but, according to DFT data 24 gathered in the case of 2a+1b, 

most likely contribute additional stabilization of the pseudorotaxane structure via van der Waals 

interactions with the alkyl chains of the axle (Figure 2). 

 

Threading studies with the dibenzylammonium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 

(2b+TFPB−) axle. The next question to answer was whether the 20-membered calix[5]arene-wheel is 

large enough to be threaded by a dibenzylammonium axle (2b+). Contrary to the calix[6]arene cases, 11a 

no hint of threading was observed upon addition of the 2b+TFPB− salt to a CDCl3 solution of any of the 

calix[5]arene derivatives 1b−e. Analogous results were observed when, both a CDCl3 and a 1,1,2,2-

tetrachloroethane-d2 (TCDE) solution of 2b+TFPB− and 1c (or 1b) 16 were heated to 323 and 373 K, 

respectively for 7 days. On the other hand, when an excess of PhCH2NH3
+TFPB− salt was equilibrated 

with 1c in CDCl3 at 323 K for 24 h, the endo-cavity complex PhCH2NH3
+1c was quantitatively 

formed. 16 These combined data clearly indicate that the cavity of the p-tert-butylcalix[5]arene is wide 

enough to host a benzyl moiety while the diameter of the annulus 21b, 25 is too narrow to allow its 

passage. It follows that the threading of a benzyl moiety through a calixarene wheel requires at least a 

24-membered macroring (e.g., a calix[6]arene). 11 

Threading studies with the nonsymmetrical n-pentylbenzylammonium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (2c+TFPB−) axle. The threading of asymmetric 

alkylbenzylammonium axles (e.g., 2c+) through calix[n]arene wheels of suitable size does in principle 

lead to the formation of two pseudorotaxane stereoisomers, namely the endo-alkyl and endo-benzyl ones 

(Figure 5). 11a 
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Figure 6. High-field regions of the 1H NMR spectra (300 MHz, CDCl3, 298 K) of: (a) 1c, (b) an 

equimolar solution (4.5 mM) of 1c and 2c+TFPB− after 18 h at rt.  

 

In the case of calix[6]- and calix[8]arene wheels Errore. Il segnalibro non è definito.a,Errore. Il segnalibro non è definito.a 

we have consistently confirmed the so-called “endo-alkyl rule” 26 by which the endo-alkyl stereoisomer 

is preferentially formed (Figure 5). 11a Therefore, it was of some interest to verify if the endo-alkyl rule 

also applies to the case of calix[5]arene-wheels.  

1H NMR threading studies of 1c with 2c+TFPB− (Figure 6) clearly show highfield shifts (in the –

0.80/–2.50 ppm region) characteristic 11a of the formation of the (endo-alkyl)−2c+1c pseudorotaxane 

stereoisomer. On the other hand, the absence of shielded aromatic resonances in the  = 4−6 ppm region 

11a is clear-cut proof that the endo-benzyl isomer is not formed (Figure 6b) thus confirming the inclusion 

of the alkyl moiety (endo-alkyl rule) 26 also in the cases of calix[5]arenes. Taking into account the fact 

that the benzyl moiety is too large to pass through the calix[5]arene annulus, it follows that the (endo-

alkyl)−2c+1c stereoisomer is toposelectively formed as a result of the passage of the alkyl group of 2c+ 

through the narrow rim of 1c (Figure 8). To the best of our knowledge, this is the first example of 

topologically-controlled unidirectional threading through one of the two rims of a calixarene-wheel. 27  
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Figure 7. High-field regions of the 1H NMR spectra (400 MHz, CDCl3) of: (a) an equimolar solution 

(4.5 mM) of 1b and 2c+TFPB− immediately after mixing; (b) an equimolar solution (4.5 mM) of 1b and 

2c+TFPB− after 12 h at rt; (c) an equimolar solution (4.5 mM) of 1b and 2c+TFPB− after 46 h at 323 K. 

 

 

The threading capability of the 2c+TFPB− axle was then tested in the presence of the conformationally 

mobile penta-O-methyl-p-tert-butylcalix[5]arene 1b. After 12 h equilibration at rt, combined 1D (Figure 

7b) and 2D NMR studies (COSY-45 and HSQC spectra 16) clearly showed the presence of two 

pseudorotaxane structures, the first one (endo-pentyl)−2c+1bcone, in which the dialkylammonium axle 

is threaded through a calix[5]arene-wheel adopting a cone conformation (red signals in Figure 7b), and 

the second one (endo-pentyl)−2c+1bpaco, in which the axle is seen inside a calix[5]arene wheel in a 

partial-cone (paco) conformation (green signals in Figure 7b). 
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                                                                                                                (endo-pentyl)−2c+1c 

Figure 8. Unidirectional threading mode of 2c+ through the narrow rim of 1c.  

 

Careful integration of the pertinent signals belonging to the two pseudorotaxanes (after equilibration 

for 12 h at 298 K; Figure 7b), showed that the (endo-pentyl)−2c+1bpaco was preferentially formed over 

the (endo-pentyl)−2c+1bcone in a 6:4 ratio. 

 

 

 

Figure 9. Optimized structures at the M06/6-31+G(d,p) level of theory of: (a) pseudorotaxane 

2c+1bcone; (b) 2c+1bpaco and (c) inset of the C−H∙∙∙ (C−H∙∙∙πcentroid distance = 2.71 Å) interaction 

between the tert-butyl group of 1b and the “inverted” aromatic ring of 2c+ in the 2c+⊂1bpaco 

pseudorotaxane. 

 

 

accepted manuscript_J. Org. Chem. 2017, 82, 10, 5162–5168 doi:10.1021/acs.joc.7b00406



 14 

Conversely, a 4.5:5.5 (endo-pentyl)−2c+1bpaco/(endo-pentyl)−2c+1bcone ratio was detected upon 

equilibration of 1b and 2c+ for 46 h at 323 K. Interestingly, in both instances the absence of resonances 

in the diagnostic  = 4−6 ppm region of the 1H NMR spectrum was judged to be a clear indication that 

the (endo-benzyl)-2c+1b stereoisomer was not formed. A quantitative 1H NMR analysis 22 of a 1:1 

mixture of 1b and 2c+ in CDCl3, using 1,1,2,2-tetrachloroethane as an internal standard, led to apparent 

association constants of 205±18 and 180±15 M–1 for the (endo-pentyl)−2c+1bcone and (endo-

pentyl)−2c+1bpaco complexes, respectively. 

The DFT-optimized structures of the (endo-pentyl)−2c+1bcone and (endo-pentyl)−2c+1bpaco 

pseudorotaxanes (Figure 9), at the M06/6-31+G(d,p) level of theory, indicate the formation of hydrogen 

bonds between the ammonium group of 2c+ and the phenolic oxygen atoms of 1b. In addition, in the 

case of the (endo-pentyl)−2c+1bpaco structure, calculations suggest the presence of a C−H∙∙∙ 

 interaction (Figure 9c) between the tert-butyl group of 1b and an aromatic ring of 2c+, with a 

C−H∙∙∙centroid distance of 2.71 Å. Close inspection of the DFT-optimized (endo-alkyl)−2c+1bpaco 

structure reveals the presence of four C−H∙∙∙  interactions between the endo-pentyl chain and the 

aromatic rings of 1b (average C−H∙∙∙centroid distance = 2.56 Å) likely responsible for the stabilization of 

the (endo-alkyl)−2c+1bpaco pseudorotaxane complex.  

 

Conclusions 

In conclusion, we have shown that the through-the-annulus threading of 20-membered calix[5]arene 

macrocycles by dialkylammonium axles efficiently occurs when the latter are coupled to the loosely 

coordinating superweak TFPB– anion. In more detail our data show that: 

a) the greater the preorganization of a calix[5]arene, the greater the thermodynamic stability of the 

corresponding pseudorotaxane and the faster the kinetic of threading;  

b) in comparison with calix[6]arene macrocycles, the threading of calix[5]arenes is kinetically slower, 

because of the narrower annulus; on the other hand, the resulting pseudo[2]rotaxanes display greater 
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thermodynamic stability as the result of a higher degree of preorganization of the 20-membered 

macroring; 

c) the presence of tert-butyl groups on a calix[5]arene not only preorganizes the macrocycle –by 

avoiding the wide-rim through-the-annulus passage– but likely stabilizes the pseudorotaxane complex 

formed as a result of van der Waals interactions with the dialkylammonium axle; 

d) the phenyl group of a benzylammonium axle is too large to thread the 20-membered calix[5]arene 

annulus; 

e) by analogy with the larger calix[6–8]arenes, the threading of the calix[5]arene wheel with 

alkylbenzylammonium axles follows the “endo-alkyl rule”. 

f) unprecedentedly, the toposelective formation of (endo-alkyl)−2c+1bcone and (endo-

alkyl)−2c+1bpaco pseudorotaxanes occurs via unidirectional axle threading (from the narrow-rim side) 

of the calix[5]arene wheel. 

We believe that the present data are of considerable interest in the field of interpenetrated/interlocked 

structures and we are currently looking at the design of specific calix[5]arene-based rotaxane/catenane 

architectures. 

 

Experimental Section 

 

General Information.  

 

Derivatives 2a–c+, 11 1b, 18 1c, 21a and 1e 23 were synthesized according to literature procedures. 1H 

NMR spectra were recorded at 298 K in CDCl3 (at 300, 400 or 600 MHz), using the residual solvent 

signal as the internal standard. COSY-45 spectra were taken using a relaxation delay of 2 s with 30 

scans and 170 increments of 2048 points each. HSQC spectra were performed with the gradient 

selection, sensitivity enhancement, and phase-sensitive mode using an Echo/Antiecho-TPPI procedure. 

Typically, 20 scans with 113 increments of 2048 points each were acquired. 
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5,11,17,23,29-Pentamethyl-31,32,33,34,35-pentamethoxycalix[5]arene (1d). A stirred mixture of 1f28 

(0.85 g, 1.41 mmol), CH3I (3.0 g, 21.15 mmol) and K2CO3 (2.92 g, 21.15 mmol) in anhydrous CH3CN 

(30 mL) was refluxed for 24 h under N2. The solvent was evaporated under reduced pressure, and the 

residue was partitioned between chloroform (30 mL) and aqueous HCl (1 M, 30 mL). The organic layer 

was separated, washed with water (2  30 mL) and dried (MgSO4). Evaporation of the solvent left a 

crude solid that was recrystallized from CH3CN/CHCl3 to afford 1d as white solid (0.64 g, 68%). M.p. 

>180 °C dec.; 1H NMR (600 MHz, CDCl3)  2.15 (s, CH3, 15 H), 3.18 (s, OCH3, 15 H), 3.79 (s, 

ArCH2Ar, 10 H) and 6.77 (s, ArH, 10 H) ppm; 13C NMR (150 MHz, CDCl3)  21.1, 31.1, 60.8, 129.7, 

132.4, 134.5 and 154.7 ppm; elemental analysis calcd (%) for C45H50O5: C 80.56, H 7.51; found: C 

80.34, H 7.69. 

 

General procedure for the preparation of pseudorotaxane complexes.  

Calix[5]arene derivatives (2.25×10−3 mmol) and the appropriate dialkylammonium TFPB salts 2a–c+ 

(2.25×10−3 mmol) were dissolved in CDCl3 (0.5 mL). The solution was sonicated for 15 min at room 

temperature and then transferred into a NMR tube for 1D and 2D NMR spectra acquisition. 
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