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Abstract: Hexamethoxycalix[6]arene 3 forms a directional pseudorotaxane complex with the chiral 
axle (S)-(α-methyl-benzyl)benzylammonium 2+. Between the two (endo-chiral)-2+@3 and (exo-chiral)-
2+@3 pseudorotaxane stereoisomers, the former is preferentially formed. This result confirms the 
validity of the “endo-α-methyl-benzyl rule”, previously reported by us. DFT calculations suggest 
that C-H···π interactions between the methyl group of 2+ and the calixarene aromatic rings, 
determine the stereoselectivity of the threading process toward the “endo-α-methyl-benzyl preference”. 
An amplification of optical rotation is observed upon formation of the pseudorotaxane complex 
(endo-chiral)-2+@3 with respect to free axle 2+. Thus, the specifical rotation of the 1:1 mixture of chiral 
2+·B(ArF)4− salt and achiral 3 was augmented upon formation of the pseudorotaxane and DFT 
calculations were used to rationalize this result. 
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1. Introduction 
Over the past years, a considerable attention has been devoted to the synthesis of 

chiral mechanomolecules [1,2] for applications in enantioselective catalysis [3–8], 
recognition and sensing of chiral analytes [9,10], and the study of chiroptical properties 
of mechanically interlocked molecules (MIMs) [1,2]. The formation of mechanomolecules 
[11–14] is generally obtained by pseudorotaxane precursors in which a linear molecule 
(axle) is threaded through a macrocyclic component (wheel) [15]. Pseudorotaxane 
complexes are stabilized by means of weak secondary interactions, such as hydrogen 
bond, halogen bond, π-stacking, cation-π, or metal coordination [11–14]. Starting by 
pseudorotaxanes, MIMs (such as catenanes and rotaxanes) are generally obtained by 
convenient synthetic routes such as threading-followed-by-stoppering or 
macrocyclization strategies [15]. The most common strategy to obtain chiral 
mechanomolecules is to use components bearing a classical stereogenic element to give a 
chiral axle and/or a chiral wheel [1,2]. In this case, tedious resolution steps can be avoided 
by resorting to suitable enantiopure moieties available from the chiral pool [1,2]. 

Interestingly, when one of the components of a mechanomolecule contains 
stereogenic elements that display optical rotation and related chiroptical properties, then 
these properties can be transferred within the whole mechanomolecule and amplified 
[16–20]. For example, Leigh and co-workers reported a chiral rotaxane in which the 
chirality was transferred from the axle bearing a stereogenic center, and the 
mechanomolecule displayed significantly stronger CD (circular dichroism) signals than 
the free axle [21]. Surprisingly, chiral information can be transferred from a chiral 
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component to an achiral one of a mechanomolecule, and in this case a chiroptical response 
can be expected from the achiral part [22,23]. 

Over the past ten years, our group has shown that the threading of scarcely 
preorganized calix[6]arene macrocycles (e.g., 3, Scheme 1) with dialkylammonium axles 
(e.g., 1+) occurs in CDCl3 when the ammonium linear system is coupled with the weakly 
coordinating barfate anion tetrakis[3,5-bis(tri-fluoromethyl)phenyl]borate [B(ArF)4]− 
(Figure 1) “superweak anion” [24–26]. This method was defined, in short, as the 
“superweak anion approach” [24–26]. Interestingly, we also observed that the threading 
of alkylbenzylammonium cations (e.g., 1+) may result in two different stereoisomeric 
pseudorotaxanes [27], in which the alkyl or the benzyl moiety is hosted inside the 
calixarene cavity [e.g.: (endo-alkyl)-1+@3 and (endo-benzyl)-1+@3]. These have been termed 
as “endo-alkyl” or “endo-benzyl” isomers, respectively (Figure 1). The endo-alkyl 
“orientational mechanostereoisomer” is usually preferred (Figure 1), thus leading to the 
definition of the so-called “endo-alkyl rule” [27]: threading of a directional 
alkylbenzylammonium axle through a hexaalkoxycalix[6]arene occurs with an endo-alkyl 
preference. 

 
Figure 1. Chemical drawing of calix[6]-wheels 3 and 4, dialkylammonium ammonium axles 1+ and 
2+ used as barfate salts [B(ArF)4]−, and their pseudorotaxane architectures. 

 

Scheme 1. Threading equilibrium between hexamethoxycalix[6]arene 3 and (α-methyl-
benzyl)benzylammonium axle 2+ as barfate salt. 1D and 2D NMR analysis of the mixture of 3 and 
2+·[B(ArF)4]− indicated the preferential formation of the (endo-chiral)-2+@3. 
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More recently, the formation of calixarene-based chiral pseudorotaxanes (e.g.: (endo-
chiral)-2+@4 in Figure 1) has been investigated by us [28], exploiting cationic axles (e.g.: 2+) 
and calix[6]-wheels (e.g.: 4) bearing classical stereogenic centers. In particular, we 
observed that the threading of chiral calix[6]arene 4 with chiral directional (α-methyl-
benzyl)benzylammonium axle 2+ occurs with an endo-α-methyl-benzyl preference [28]. In 
detail, the threading between 4 and 2+ led to the stereoselective formation of (endo-chiral)-
2+@4. 

Considering these results, the question arises as to whether chiral directional (α-
methyl-benzyl)benzylammonium axle 2+ can thread the achiral calix[6]arene 3 (Figure 1). 
Can the chiral axle 2+ transfer chiral properties to achiral calix[6]-wheel 3? Can some 
chiroptical properties, such as ORD (optical rotatory dispersion) of axle 2+, be amplified 
upon its threading inside the achiral calix[6]-wheel 3? 

2. Materials and Methods 
2.1. General Details 

All the reagents and solvents were purchased from commercial suppliers and used 
without purifications. 

2.2. Synthesis and Characterization of Hexamethoxycalix[6]arene 3 and (α-Methyl-
Benzyl)Benzylammonium Axle 2+ as Barfate Salt 

The synthesis of hexamethoxycalix[6]arene 3 [14b] and (S)-(α-methyl-
benzyl)benzylammonium axle 2+ as barfate salt [28] were performed as previously 
described in the literature. 

2.3. Synthesis and Characterization of the Pseudo[2]Rotaxane (Endo-Chiral)-2+@3 
1D and 2D NMR experiments. Calixarene derivative 3 (1.9 × 10−3 mmol) was 

dissolved in 0.5 mL of CDCl3 (3.8 × 10−3 M solution). Then, 2+·[B(ArF)4]− salt was added (1.9 
× 10−3 mmol, 3.8 × 10−3 M) and the mixture was stirred for 15 min. Then, the solution was 
transferred in an NMR tube for 1D NMR and 2D NMR spectra acquisition. NMR spectra 
were recorded on Bruker Avance-600 spectrometer [600.13 MHz (1H) and 150.03 MHz 
(13C)], chemical shifts are reported relative to the residual solvent peak (CHCl3: δ 7.26, 
CDCl3: δ 77.23). 

Optical rotations of pure 2+·[B(ArF)4]− and of a 1:1 mixture (3.00 × 10−3 M) of 3 and 
2+·[B(ArF)4]− salt were measured at room temperature in CHCl3 on a JASCO DIP-370 digital 
polarimeter using a 1.0 dm cell. Measurements at different wavelengths were carried out 
employing a Na lamp for measurement at 589 nm and a Hg lamp with appropriate filters 
for measurements at 546 nm, 435 nm, and 405 nm, respectively. [α]λ values are given in 
deg·cm3·g−1·dm−1 and concentration c is expressed in g/100 mL. 

2.4. Computational Details 
All the screening procedures for the search of the most stable conformers were made 

employing the Amber ff99SB [29] force field as implemented in YASARA [30]. DFT 
calculations were performed with the Gaussian16 suite of programs [31]. All stationary 
points were characterized by all real frequencies. Thermodynamic corrections were 
calculated at 298.15 K and 1 atm for the optimized geometries. Natural Bond Orbital 
(NBO) analyses were obtained with NBO 3.1 version implemented in Gaussian 16. ORD 
was calculated on the optimized geometries by the CPHF approach at the B3LYP/6-
31G(2d,1p) level coupled with the PCM to describe the effect of chloroform. The molecular 
surfaces of the guest inside the cavity (SGuest) were computed by YASARA software, 
which also permits the direct measure of the contact surface between guest and host 
(SContact). The values of Vcomplexed_Host and Vfree_Host were measured with the Caver analyst 
software employing 1,000,000 of number of samples [32]. In all the cases a probe of 1.0 Å 
was used. 
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3. Results 
Following a protocol previously reported by us [24–26] and others [33], we have 

preliminarily studied the threading of 3 with 2+ by 1D and 2D NMR experiments (Scheme 
1 and Figure 2). The 1H NMR spectrum of a 1:1 mixture of 3 and 2+·[B(ArF)4]− salt in CDCl3 
at 25 °C (Figure 2a,b) showed, immediately after mixing, substantial changes that 
indicated the formation of pseudorotaxane 2+@3 (Scheme 1, Figure 2d) by a threading 
equilibrium slow on the NMR timescale. 

Diagnostic shielded aromatic signals attributable to the benzylic unit (ortho-BnH (o), 
meta-BnH (m), and para-BnH (p), see Figure 2) hosted inside the calixarene cavity, were 
detected, respectively, at 4.58, 5.64, and 6.22 ppm [24–26]. 

At this point, we studied the stereoselectivity of the threading of 3 with axle 2+. As 
indicated in Scheme 1, two possible stereoisomeric pseudo[2]rotaxanes are here expected; 
namely, (endo-chiral)-2+@3 and (exo-chiral)-2+@3, in which the stereogenic center is placed 
inside or outside the calix-cavity, respectively. 

Previously [28] we showed that in the presence of chiral calix[6]arene derivative 4 
(Figure 1) the chiral (α-methyl-benzyl)benzylammonium axle 2+ forms the (endo-chiral)-
2+@4 pseudorotaxane diastereoisomer (Figure 1) in which the calix-cavity prefers to host 
the α-methyl-benzyl group with respect to the simple unsubstituted benzyl group as in 
(exo-chiral)-2+@4. DFT calculations suggested that, in addition to the fundamental H-
bonding N-H···OCalix interactions, the α-methyl group establishes additional stabilizing 
secondary C‒H···π interactions with the aromatic walls which favor the preferential 
formation of the “endo-chiral” diastereoisomer. Based on these results, we introduced [28] 
a new stereoselectivity rule (named “endo-α-methyl-benzyl rule”) for the threading of 
calixarene macrocycles: “threading of a hexaalkoxycalix[6]arene with a directional (α-methyl-
benzyl)benzylammonium axle occurs with an endo-α-methyl-benzyl preference”. Based on these 
considerations, the question arises if the “endo-α-methyl-benzyl rule” is still valid using 
achiral hexamethoxycalix[6]arene wheel 3. The negative region of the 1H NMR spectrum 
of pseudorotaxane 2+@3 (Figure 2a,b) showed the presence of a diagnostic doublet at −0.93 
ppm (labeled “a” in Figure 2) attributable to the methyl group of the α-methylbenzyl 
moiety shielded by the aromatic walls. Interestingly, the benzylic-CH hydrogen atom (“b” 
in Figure 2) was detected at 1.73 ppm by a 2D COSY correlation (Figure 2c,d). This result 
confirms that the “endo-α-methyl-benzyl rule” is valid also when (S)-(α-methyl-
benzyl)benzylammonium axle 2+ is threaded in achiral calix[6]arene 3, and consequently 
(endo-chiral)-2+@3 is the preferred pseudorotaxane stereoisomer. An apparent association 
constant of Kapp = 148 ± 20 M−1 for (endo-chiral)-2+@3 complex was determined by 
integration of 1H NMR signals [34] of the 1:1 titration mixture in CDCl3 (Figure 2b), which 
showed slowly exchanging signals for both free and complexed host (marked in red and 
magenta in Figure 2b, respectively). DFT calculations at the B3LYP/6-31G(d,p) level of 
theory [31] were performed on pseudorotaxane (endo-chiral)-2+@3 (Figure 3). A close 
inspection of the optimized pseudo[2]rotaxane structure (Figure 3a) reveals the presence 
of typical H-bonds between the ammonium group of 2+ axle and the oxygen atom at the 
lower rim of the calix[6]arene-wheel (N···O average distance of 3.0 Å and N-H···O angle 
of 156.6°). Stabilizing C-H···π interactions [35] between the H-atoms of the methyl group 
of 2+ and the calixarene aromatic walls (C-H···πcentroid distance of 2.6 Å and C-H···πcentroid 
angle of 143.3°) [35] play a crucial role in directing the stereoselectivity of the threading 
process toward the “endo-α-methyl-benzyl preference”. This result agrees with the lower 
theoretical energy of (endo-chiral)-2+@3pseudorotaxane by 1.5 kcal/mol with respect to the 
exo-chiral isomer. 
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Figure 2. 1H NMR spectra (600 MHz, 298 K, CDCl3) of: (a) hexamethoxycalix[6]arene 3; (b) (endo-
chiral)-2+@3 pseudorotaxane; (c,d) Significant expansions of 2D COSY spectrum of (endo-chiral)-2+@3 
pseudorotaxane; (e) Chemical drawing of (endo-chiral)-2+@3 pseudorotaxane. 

To further investigate the energy contribution due to non-covalent interactions (NCI) 

[36], an SOPT analysis [37] of the Fock matrix in the NBO basis was carried out. 
Interestingly, the SOPT analysis conducted on (endo-chiral)-2+@3 pseudo[2]rotaxane (Table 
S2) indicated the presence of a network of hydrogen bonding interactions, in addition to 
C-H···π and π⋅⋅⋅π interactions. In particular, we evidenced two LP(2)→σ* donations 
between an oxygen atom of 3 and a N-H antibonding orbital of 2+ (Table S2). These 
interactions give an energetic contribution of 6.10 and 9.23 kcal/mol, respectively, for a 
total energy of 15.33 kcal/mol (Table S2), that accounts for 46% of the overall energy due 
to secondary non-covalent interactions (NCI, 28.47 kcal/mol). Interestingly, an interaction 
was detected between aromatic ring of 3 with a C–H antibonding orbital of 2+ that gives a 
contribution of 0.93 kcal/mol. Stabilizing C-H···π interactions were detected between the 
methyl group of axle 2+ hosted inside the calix-cavity and the aromatic group of 3 by 
means of a donation between the aromatic ring of 3 and a CH2-H antibonding orbital of 
2+, that accounted for 1.59 kcal/mol. 

Very recently, our group proposed the Expanding Coefficient (EC in equation 1) [38], 
as a new parameter, that can be correlated with the thermodynamic stability of 
supramolecular complexes governed by weak secondary interactions and obeying the 
induced-fit model. EC is considered as a single-value geometrical parameter, which 
considers the energy cost associated with the host reorganization upon induced-fit 
complexation. 
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Figure 3. (a) DFT-optimized structures of the (endo-chiral)-2+@3 complex at the B3LYP/6- 31G(d,p) 
level of theory. Dashed lines represent H-bonding interactions between ammonium group of 2+ and 
oxygen atoms of 3. (b) NCI plot by the sign of the second Hessian eigenvalue [gradient isosurfaces 
(s = 0.6 a.u.) for (endo-chiral)-2+@3 complex. In the coloring isosurface, blue and green colors represent 
strong and medium interactions (H-bonding and van der Waals). Highlighted the CH2‒H···π 
distance between the methyl group of axle 2+ and an anisole ring of the calix[6]-wheel. 

Expanding Coefficient (EC, equation 1) is defined as the ratio between the final and 
the initial cavity volumes of the host, i.e., the volume of the host cavity after the 
complexation (Vcomplexed_host at the global minimum) and that of the host cavity before the 
complexation (Vfree_host at the global minimum) [38]. EC =  𝑉ୡ୭୫୮୪ୣ୶ୣୢ_୦୭ୱ୲𝑉୤୰ୣୣ_୦୭ୱ୲  (1)

The values of Vcomplexed_host and Vfree_host were measured by using the DFT-optimized 
structures of the separated host and guest for the (endo-chiral)-2+@3 and (exo-chiral)-2+@3 
complexes (see the Supplementary Materials) with the Caver software [32]. 

Previously, we showed [38] that EC values of dialkylammonium@calix[6]arene 
complexes had a good linear correlation with the thermodynamic stabilities of the 
complexes (see Figure 4a, points in blue light). In other words, a higher EC value implies a higher deformation of the host, which in turn implies a higher energetical cost. Consequently, 
low EC values were correlated with high thermodynamic stabilities. In fact, the analysis 
of EC values reported recently for dialkylammonium@calix[6]arene complexes, which 
were stabilized by weak intermolecular interactions (dispersion forces, van der Waals 
interactions), showed that the primary determinant to the stability of induced-fit 
complexes was the degree of deformation of the host with respect to the ground 
conformation. 

Based on these considerations, we decided to verify if the thermodynamic stability 
of (endo-chiral)-2+@3 and (exo-chiral)-2+@3 complexes are also correlating with the EC 
parameter. 
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Figure 4. (a) Linear regression analysis of log Kapp vs EC for alkylbenzylammonium-based 
pseudorotaxane complexes: points colored in light blue represent log Kapp/EC values reported in 
reference [38], while in red is indicated the log Kapp/EC value of the (endo-chiral)-2+@3 complex. (b,c) 
Different views of the final cavity volumes of 3 in cone conformation, upon endo-chiral complexation 
with 2+ The initial volume of the free host 3 has been calculated considering the calix[6]arene in 
1,2,3-alternate conformation, in accord with the protocol reported previously by us [38]. (d) Top 
view of the DFT-optimized structure of (endo-chiral)-2+@3 complex, in red (S)-(α-methyl-
benzyl)benzylammonium axle 2+ guest. 

Close inspection of Figure 4 clearly reveals that upon formation of the (endo-chiral)-
2+@3 complex, the calix[6]arene-wheel adopts a deformed cone-1,4-out conformation, 
approaching an asymmetrical cone-1,2,4-out geometry (also see Figure 4), and it is evident 
that, during the induced-fit recognition process, the calix-cavity deforms, allowing the 
change of the void volume of the receptor. Close inspection of Figure 4 indicates a 
substantial change of void volume between complexed host (Figure 4b) and free host in 
1,2,3-alternate conformation [38] (Figure 4a). In detail, an EC value of 11.7 was calculated 
for the complex (endo-chiral)-2+@3, which has a good correlation with the low value of Kapp 
= 148 ± 20 M−1 [38] (Figure S5). A similar calculation provided an EC value of 11.5 for (exo-
chiral)-2+@3 complex, but this value cannot be directly correlated with the previous ones 
because that dataset was constructed [38] by using the simple unsubstituted benzyl 
(PhCH2-) as the common exo-group for all the complexes. Therefore, the presence of a 
methyl in the PhCH(CH)3- exo-group of (exo-chiral)-2+@3 complex produces an apparent 
no-correlating EC value for it. 

With these results in hand, now the question arises as to whether the threading of the 
chiral axle 2+ as barfate salt into the achiral calixarene 3 could induce the stabilization of a 
chiral conformation of the latter in the pseudo[2]rotaxane (endo-chiral)-2+@3 and if the 
presence of such chiral conformation could be detected by optical rotation measurements. 
In fact, optical rotation has proved to be a very sensitive technique to reveal the induction 
of chiral conformations in achiral polyaromatic probes through interaction with chiral 
substrates [39]. If so, we should expect a change of the optical rotation of 2+ upon threading 
inside the cavity of 3 because the threading process of the chiral ammonium axle 2+ with 
achiral calix[6]-wheel 3 would generate a pseudo[2]rotaxane with different optical 
rotations with respect to free chiral component 2+. 

To explore this aspect, we performed measurements of specific optical rotation [α] at 
different wavelengths of the pure chiral 2+·[B(ArF)4]− salt and of an equimolar mixture (3.00 
× 10−3 M) of 3 and 2+ salt in chloroform (Table 1 and Figure 5a). Starting by the initial 
concentration of 3 and 2+·[B(ArF)4]− salt (3.00 × 10−3 M) and known the apparent association 
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constant (Kass = 148 ± 20 M−1 ) for the equilibrium of formation of the (endo-chiral)-2+@3 
pseudorotaxane in Scheme 1, [α]λ at the equilibrium for the (endo-chiral)-2+@3 
pseudorotaxane has been calculated (Table 1) according to the procedure reported in 
Supplementary Materials. 

The [α]λ values of the (endo-chiral)-2+@3 pseudorotaxane so calculated have been 
compared with those measured for the pure chiral axle 2+·[B(ArF)4]−, Table 1. 

Table 1. Optical rotations of (endo-chiral)-2+@3 pseudo[2]rotaxane.a 
λ(nm) [α]2+b αmixc α2+ α2+@3 [α]2+@3d 

589 0.8 −0.030 0.0154 −0.0316 −12.4 
546 −4.8 −0.0686 −0.0922 −0.0594 −23.2 
435 −14.3 −0.153 −0.2746 −0.1255 −49.0 
405 −19.6 −0.195 −0.3763 −0.1572 −61.4 

a Measured in CHCl3. b Specific optical rotation of the pure chiral 2+·B(ArF)4− salt c = 0.356 g/100mL. 
c Optical rotation of the 1:1 mixture (3.00 × 10−3 M) of 3 and 2+·[B(ArF)4]− salt. d Specific optical 
rotation of the pure (endo-chiral)-2+@3 pseudorotaxane (see Supplementary Materials for the 
procedure). 

 
                                           (a)                                                                                     (b) 

Figure 5. (a) Specific optical rotation ([α]) of the chiral guest 2+·[B(ArF)4]− salt (blue triangles and 
dotted blue line) and of the (endo-chiral)-2+@3 pseudorotaxane (red squares and solid red line) at 
different wavelength. (b) Computed ORD curves calculated at the PCM/B3LYP/6-31G(2d,1p) level 
of theory, for the (endo-chiral)-2+@3 complex; isolated guest 2+ (-+-) and host 3 (-x-) blocked in the 
conformation they have in the complex and the sum of the curves of the isolated guest and host (-*-
). 

Inspection of the Figure 5 revealed that the optical rotation of 2+·[B(ArF)4]− salt was 
amplified upon threading with 3. In fact, the specifical rotation of the 1:1 mixture of chiral 
2+·[B(ArF)4]− salt and achiral 3 was augmented upon threading. To rationalize these results 
(Figure 5a), we have computed (Figure 5b) the specific optical rotation in degrees on the 
complex and on the isolated guest and host at the same geometry of the complex. The 
availability of the ORD data is most beneficial in cases as this, where at the sodium 
wavelength optical rotation is too low to be accurately computed with a reasonable 
computational effort [40]. As can be seen, the complex has a computed ORD which 
compares favorably with the experiment, although its magnitude is overestimated. 

The computed specific rotation of the complex turns out to be close to the sum of the 
specific rotation of isolated host and guest computed with the same geometry they have 
in the complex (Figure 5b). This indicates that the main mechanism of amplification of 
optical rotation comes from the ability of the axle to induce a chiral conformation of the 
host. The mechanism of amplification of chirality through the interaction of occupied and 
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virtual orbitals of different units (host and guest) accounts in this case only for a small 
fraction of the effect (quantifiable from the distance of the red-diamonds and magenta-
asterisks curves in Figure 5b as compared to the distance of the red-diamonds from the 
zero line.). In fact, an inspection of Figure 6a confirms that the host 3 conformation in the 
complex is asymmetrical due to a higher inclination of one aromatic ring (B in Figure 6a) 
with respect to the related one (A in Figure 6a). In details, the aromatic rings A and B of 3 
in the complex have very different canting angle values of 75.3° and 50.5°, respectively 
(Table 2). Analogously, the ArCH2Ar dihedral angles χa and φb (Figure 6a) on opposite 
positions and adjacent to the A and B aromatic rings of 3 assume very different values (as 
well as φa and χb, see Table 2). In this way, a perfectly symmetrical cone-1,4-out 
conformation for calix[6]arene macrocycle is deformed toward an asymmetrical cone-
1,2,4-out conformation (Figure 6a), which is therefore responsible of the additional 
contribution to the optical rotation. 

 
Figure 6. (a) Top view of the asymmetrical cone-1,2,4-out conformation of the host 3 in the (endo-
chiral)-2+@3 complex as obtained by DFT calculations (see Figure 4d). A and B capital letters in (a) 
indicate the aromatic rings of the DFT-optimized structure of 3 in the (endo-chiral)-2+@3 complex, 
considered for the measurements of the canting angles θ , as defined in b) (see Table 2). (c) ArCH2Ar 
φ and χ  dihedral angles. 

Table 2. φ And χ ArCH2Ar dihedral angles adjacent to the aromatic rings A and B (see Figure 6) of 
3 and canting angles values of the A and B rings of 3.a. 

       φ and χ  Values (°) Canting  Angles (θ) 
χa 

φb 
−78.72 A 75.35° 
106.08   

φa 

χb 
50.94 
−73.04 

 

B 50.51° 

a The measurements were performed on the DFT-optimized structure of the (endo-chiral)-2+@3 by 
removing the guest 2+. 

4. Conclusions 
In this report we showed that hexamethoxycalix[6]arene 3 can form pseudorotaxane 

complex with the chiral axle (S)-(α-methyl-benzyl)benzylammonium 2+. The threading is 
directional: between the two (endo-chiral)-2+@3 and (exo-chiral)-2+@3, the former is 
preferentially formed. This result confirms the validity of the “endo-α-methyl-benzyl 
rule”, previously reported by us [28] for the threading of calixarene macrocycles: 
“threading of a hexaalkoxycalix[6]arene with a directional (α-methyl-benzyl)benzylammonium 
axle occurs with an endo-α-methyl-benzyl preference”. DFT calculations suggest that, also in 
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this case (see reference [28]), stabilizing C-H···π interactions between the methyl group of 
2+ and the calixarene benzene rings determine the stereoselectivity of the threading 
process toward the “endo-α-methyl-benzyl preference”. 

Upon threading inside the cavity of calix-wheel 3 the optical rotation of 2+ is changed; 
in other words, the threading process of the chiral ammonium axle 2+ with achiral calix[6]-
wheel 3 generates a pseudo[2]rotaxane with higher optical rotation with respect to free 
chiral axle 2+. In detail, the optical rotation of 2+·[B(ArF)4]− salt is amplified upon threading 
with 3. DFT calculations show that the specific rotation of the complex is close to the sum 
of the specific rotation of host and guest computed with the same geometry that they have 
in the complex. This result suggests that the mechanism of amplification of optical rotation 
comes in our case from a chirality transfer from the axle to the wheel mainly by inducing 
a chiral conformation of the host, as also recently found for the VCD of a complex of a 
chiral ammonium salt with an achiral crown ether [10e]. 

Supplementary Materials: The following are available online, electronic supplementary Material 
available: 1D and 2D NMR spectra of compounds and (endo-chiral)-2+@3 pseudorotaxane, the 
optimized molecular structures for (endo-chiral)-2+@3 pseudorotaxane, EC calculations, NBO and 
NCI details, procedure for the calculation of [α]λ at the equilibrium for the (endo-chiral)-2+@3. Figure 
S1: 1H NMR of pseudo[2]rotaxane 2+@3 (CDCl3, 600 MHz, 298 K); Figure S2: 13C NMR of 
pseudo[2]rotaxane 2+@3 (CDCl3, 100 MHz, 298 K); Figure S3: 2D COSY of pseudo[2]rotaxane 2+@3 
(CDCl3, 400 MHz, 298 K); Figure S4: 2D HSQC of pseudo[2]rotaxane 2+@3 (CDCl3, 600 MHz, 298 K); 
Figure S5: 1H NMR spectrum of equimolar solution (3.9·10−3 M) of 3 and 2+·TFPB−. The association 
constant Kass value was calculated by integration of complexed (▲) and free derivative 3 (●) (CDCl3, 
400 MHz, 298 K); Figure S6: Minimized structure of (endo-chiral)-2+@3 (a) lateral and (b) top views. 
H-Bonds are highlighted with dashed green lines; Figure S7: Minimized structure of (exo-chiral)-
2+@3 (a) lateral and (b) top views. H-Bonds are highlighted with dashed green lines; Figure S8: 
Linear regression analysis of ECs vs log Kapp values for pseudo[2]rotaxane based on derivative 3; 
Table S1: Second orbital interaction for (endo-chiral)-2+@3. 
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