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ABSTRACT

The first examples of rotaxanes based on calixarenes threaded by dialkylammonium ions, which also represent the first examples of calixarene-
basedmolecular shuttles, are reported. The base/acid treatment demonstrated that these systems act as molecular shuttles, whichmove between
three sites on the axle. When small OMe groups are appended at the calix[6]arene lower rim an unprecedented inversion of its shuttling direction is
observed, which occurs through a cone-to-cone inversion of the macrocycle.

Molecular shuttles are mechanically interlocked mole-
cules,1 more commonly rotaxanes, able to translocate a
macrocyclic component (wheel) over two or more sites
(“stations”) under the influence of an external stimulus.2

Usually, flat or symmetrical wheels, such as crown ethers3

ormacrolactams,4 are used, which lead to a nondirectional
shuttling component in the presence of a symmetrical
thread. Instead, the use of three-dimensional nonsymme-
trical wheels, such as cyclodextrins5 or calixarenes,6 could
give rise to directional shuttles with a determined relative
orientation of their components and with new related

potential properties. In addition to its basic shuttling, the
wheel can also performapirouettingmotion7 around the axle
component. Furthermore, in the case of directional shuttles,
the wheel could also undergo an inversion of its orientation,
which is still unprecedented8 in rotaxane chemistry.
Here, we report on the first examples of rotaxanes based

on calixarenes9 threaded by dialkylammonium ions, which
can show this unexplored inversion of the wheel orienta-
tion.These systemswere synthesizedby exploiting our very
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recent observation that the through-the-annulus threading
of simple calix[6]arene hosts can be obtained through the
inducing effect of the weakly coordinating tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (TFPB) anion10 that
gives free “naked” dialkylammonium cations.11

Inparticular, theTFPBsalt of adibenzylammoniumcation
bearing two terminal OH groups 1 (Scheme 1) was equili-
bratedwith hexa-n-hexyloxy-2a or hexamethoxycalix[6]arene
2b to give threadedcomplexes3a,b (Scheme1).Thesepseudo-
rotaxanes were then stoppered by reaction with trityl isocya-
nate to give the first example of dialkylammonium-threaded
calixarene rotaxanes 4a,b in 24�32% yield (Scheme 1).12

The interlocked [2]rotaxane nature of 4a,b was con-
firmed by ESI(þ) MS spectra, by the expected 1H and
13C NMR resonances of all components, and by a typical
upfieldAXsystembetween 4.0 and 5.0 ppm (Figure 1a) for
ArHprotonsof the shielded endo-cavity benzylammonium
unit of the axle, similar to those observed for the related
pseudorotaxane complexes.11,12 In addition, these upfield
signals demonstrate that the calix[6]arene macrocycle is
located at the middle of the axle component and is held in
place by hydrogen bonds between its ethereal OR atoms
and the ammonium þNH2 group.

12

This positioning was fully confirmed by Monte Carlo
searches and MM3 calculations13 which indicate that two
N�H 3 3 3Ohydrogenbonds strongly contributed to stabilize

this site.12 In addition, this H-bonding contributes to fix the
calix[6]arene macrocycle in a cone conformation as demon-
strated by well-spaced AX systems for ArCH2Ar protons.
Interestingly, these spectral didnot change significantly either
by changing the temperature or by adding anions (Cl�) or
polar solvents (CH3CN) that usually cause decomplexation
for the corresponding pseudorotaxanes.12

Deprotonation of hexyloxy-bearing [2]rotaxane 4a by
addition of 1.5 equiv of phosphazene base P1-t-Bu (N-tert-
butyl-N0,N0,N00,N00,N000,N000-hexamethylphosphorimidic
triamide) causeddramatic changes in its 1HNMRspectrum,
which involved the displacement of the shielded benzylic

Scheme 1

Figure 1. Relevant portions of the 1H NMR spectra (400 MHz,
CDCl3) of (a) [2]rotaxane 4a at 298 K; (b) [2]rotaxane 4a upon
addition of 1.6 equiv of P1-t-Bu base, at 263 K; (c) the original
spectrum (a) regenerated upon addition of 1.6 equiv of TFA. The
coloring corresponds to the portion of the axle (station) hosted
inside the cavity of the calix shuttle, as indicated in Scheme 1.
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ArH protons (Figure 1a,b) to normal values (6.8�7.2 ppm)
and the appearance in the upfield negative region of the
spectrum (from �0.5 to �1.5 ppm) of CH2 signals corre-
sponding to analiphatic chain (Figure 1b), as confirmedbya
COSY spectrum.12 This result clearly indicates that upon
deprotonationof 4a to give5a, the calix[6]arenewheelmoves
from the previous dibenzylammonium station (or middle
station in Figure 2) to a new position in which an aliphatic
chain is inside the calix cavity. Because of the unsymmetrical
nature of the calix[6]arenewheel there are twononequivalent
aliphatic sites along the axle which can be occupied by a
calix shuttle: the upper and lower stations in Figure 2. This
should lead, in principle, to two translational isomers
(coconformers), 5aL or 5aU, in which the alkoxy moieties
at the lower rim or the tert-butyl groups at the upper rim are
facing the trityl stopper, respectively (Figure 2).

The presence of both translational isomers 5aL and 5aU
was confirmed by means of a combined study of 2D COSY

and ROESY spectra of neutral 5a in CDCl3 at 263 K that

allowedus toobtain the completeassignmentsof twodistinct

shielded alkyl chains corresponding to the two isomers.12 In

particular, the two sets of signals evidenced a 6:4 ratio for the

two isomers 5aL/5aU. In good accordance, MM3 calcula-

tions indicated that 5aL was only slightly more stable than

5aU by a small energy difference of 0.18 kcal/mol.12 Ob-

viously, theacidic treatment12of5a fully restored the spectrum

of cationic 4a (Figure 1c) demonstrating that this system acts

as a molecular shuttle, which moves along a three-station

track. In fact, under acidic condition the calix shuttle encircles

the benzylammonium unit (middle station) of 4a, while in

neutral 5a it travels back and forth between the lower and the

upper station.5b Exchange cross-peaks were also observed in

the EXSY spectrum of 5a (400 MHz, CDCl3, 263 K) that

allowed us to evaluate as 0.38 s�1 the rate constant14 for the

5aL f 5aU direct travel (Scheme 1) corresponding to a free

energy of activation of 15.8 kcal mol�1, while a rate constant

of 0.57 s�1 was evaluated for the 5aU f 5aL inverse run

(ΔGq =15.6 kcal mol�1).
The shuttling of calix[6]arene wheel in neutral 5a could be

stopped by introducing a bulky group on the axle compo-
nent. Therefore, 5awas converted to itsN-Boc derivative by
treatmentwithBoc2O in the presence of 2.5 equiv of P1-t-Bu
(Scheme1).12As expected, two compounds couldbe isolated
by chromatography which correspond to the directional
isomers 6aL (29%) and 6aU (14%) (Scheme 1).12

The position of the calix wheel along the axle in the
most abundant isomer 6aL was assigned by means of a

2D ROESY experiment (400 MHz, CDCl3, 298 K). In

particular, a diagnostic cross-peakwaspresent between the

aromaticHo signal (Scheme 1) of the axle at 6.29 ppm and

the t-Bu singlet of the calixwheel at 1.14 ppm.12Obviously,

6aL and 6aU isomers cannot be mutually interconverted

by simple heating, and an acidic Boc-deprotection is

required to restore the wheel shuttling (Scheme 1).

An unexpected different behavior was observed for meth-
oxy-bearing [2]rotaxane 4bwhich upon deprotonation gives
a broad 1H NMR spectrum for 5b.12 At a first glance, this
could be simply ascribed to a 5bL/5bU shuttling, as
described above for neutral 5a, which should be faster
because of the smaller dimension of OMe groups. The 1H
NMRspectrumof neutral 5b inCDCl3 at 253K shows two
sets of signals in a 97:3 ratio that can be attributed to the
two translational isomers 5bL and 5bU (Figure 3b). Diag-
nostic ROESY correlations clearly indicated that the most
abundant isomer was coconformer 5bL bearing the calix
wheel at the lower station close to the urethane function.
This high preference canbe explainedby the formation of a
strong H-bond between the urethane NH at the lower
station and the calixarene oxygens, as confirmed byMM3
calculations that favored 5bL by 2.3 kcal/mol with respect
to 5bU.12 Interestingly, 1H VT-NMR studies on 5b clearly
evidenced a coalescence for calixarene ArCH2Ar signals at

Figure 2. Directional shuttling motion in cationic/neutral
calix[6]arene-based [2]rotaxanes 4a/5a.

Figure 3. Relevant portions of the 1H NMR spectra (400 MHz,
CDCl3) of (a) [2]rotaxane 4b at 298 K; (b) [2]rotaxane 4b upon
addition of 1.6 equiv of P1-t-Bu base, at 253 K; (c) the original
spectrum (a) regenerated uponaddition of 1.6 equiv ofTFA.The
coloring corresponds to the portion of the axle (station) hosted
inside the cavity of the calix shuttle, as indicated in Scheme 1.
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328K (400MHz, CDCl3), which indicates the inversion of
calix[6]arene cone conformation.11

This implies that the axle component is not enough
encumbering to impede the O-through-the-annulus
passage of the small OMe group. This coalescence can be
justified only if the shuttling process takes place between
two identical stations, which are characteristics of a degen-
erate rotaxane system. In our instance this degeneration is
the result of a combined motion of translation followed
by a cone-to-cone inversion of the calix shuttle, as repre-
sented in Figure 4. From the abovemeasurement, a barrier
of ca. 14.8 ( 0.3 kcal mol�1 can be calculated for this
degenerate combined motion. A further confirmation of
this motion can be obtained by the twoHo andHo

0 signals
of the dibenzylamino central core of the axle, which also
exhibit a coalescence at 318 K due to the same combined
dynamic process. Also in this instance an identical energy
barrier of 14.8 ( 0.3 kcal mol�1 can be estimated. This
barrier was also confirmed by EXSY experiments that
gave a rate of exchange of 0.77( 0.04 s�1 corresponding to
a free energy of activation of 14.9( 0.2 kcal mol�1.
In order to evaluate the influence of the H-bond at the

urethane NH (Figure 4) on the shuttling rate of the calix
wheel in 5b we performed a dynamic NMR study in
a competitive hydrogen bond acceptor solvent such as
THF-d8. Thus, in this solvent a coalescence at 303 K was

ascertained for calixarene ArCH2Ar signals of 5b, which
led to a ΔGq = 13.6 kcal mol�1, significantly lower with
respect to that obtained in CDCl3 (ΔTc = 25 K, ΔΔGq =
1.2kcalmol�1). Thus, inTHF-d8, the translation/inversion
combined motion of the calix shuttle is faster than in
CDCl3, likely because in apolar solvent the urethane NH
acts as a “H-bond brake”.
The translational component of the combined move-

ment of calix shuttle of 5b can be stopped by conversion to

itsN-Bocderivative 6b (Scheme1).However, in contrast to

hexyloxy-bearing 5a, in this instance only one compound

could be isolated after the usual workup, which still shows

a broad 1H NMR spectrum. This means that the initially

formeddirectional isomers 6bL and 6bU undergo amutual

interconversion through a cone-to-cone inversion of calix-

[6]arenemacrocycle. In fact, VT-NMRstudies12 evidenced

sharp signals for 6bL and 6bU at low temperatures and a

broadening for calixarene ArCH2Ar resonances at higher

temperatures in accordance with the calixarene inversion

between two nonequivalent states. In addition, the low-

temperature 1H NMR spectrum of 6b (400 MHz, CDCl3,

253 K) shows that 6bL is the most abundant isomer with

respect to 6bU (98/2 ratio). This can be again ascribed to

the formation of a strong H-bond between the urethane

NH proton and the oxygen atoms of the calix wheel, as

indicated byMM3 calculations.12 Dynamic data relative

to the cone-to-cone inversion process of 6bwere obtained

by 2D EXSY spectroscopy (400 MHz, CDCl3, 233 K).

These measurements gave a rate of exchange of 0.02 and

0.54 s�1, corresponding to free energies of activation of

15.3 and 13.8 kcal mol�1, for the 6bLf 6bU and 6bUf
6bL conversions, respectively. These data are higher with

respect to the analogous cone-to-cone inversion of free

hexamethoxycalix[6]arene 2b (12.4 kcal mol�1) due to the

effects of H-bonding and axle steric encumbrance.11,15 In

addition, the comparison of above energy barriers suggests

that the translation/inversion combined motion of 5b

should preferentially occur via a cone-to-cone inversion of

5bUf 5bL followed by a calix shuttle translation of 5bLf
5bU, with this latter as the slowest rate-determining step.16

To the best of our knowledge, the first examples of calixar-
ene-based molecular shuttles here reported also represent the

first examples ofwheel inversion in a directional rotaxane. This

can be considered as a new kind of motion that a molecular

shuttle can perform and whose control could allow the design

of molecular machines with expanded properties or functions.
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Figure 4. Combined translation/inversion motion of calix[6]-
wheel in [2]rotaxane 5b.
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