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Deslipping of Ester Rotaxanes: A Cooperative Interplay of Hydrogen Bonding
with Rotational Barriers
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A series of rotaxanes has been synthesized which contain
two ester groups in their axles. All rotaxanes bear the same
tetralactam wheel. The kinetics of the de-slipping reaction of
these rotaxanes were monitored in tetrachloroethane (TCE)
and dimethyl sulfoxide (DMSO) resulting in the observation
of a significant solvent effect. In TCE, two isomeric rotaxanes
that differ merely with respect to the orientation of the ester
groups show a remarkable difference in their deslipping be-
havior. When the ester carbonyl group is directly attached to
the axle center piece, the rotaxane decomposes with a half
life of ca. 10 h at 100 °C. The reverse orientation with the

Introduction

The concept of steric size has been most useful for or-
ganic chemistry in that it helps to give a straightforward
and intuitive explanation for the observed changes of reac-
tivity with structure. Many attempts have been made in the
past to accurately describe and determine the steric size of
functional groups and substituents.[1] Some of them use the
van der Waals surface of a molecule or substituent and
describe the geometrical nature of steric size,[2] some defi-
nitions refer to reactivity and define steric effects as the
enthalpic contributions of a certain change in a molecule
to the change in reactivity, i.e. the reaction barrier.[3] Several
scales of steric sizes have been defined including the most
prominent A values, which are defined as the logarithm of
the equilibrium constant of axial and equatorial substitu-
ents in the cyclohexane system.[4]

Quite recently, supramolecular chemistry offered a new
way to approach the question of steric demand. It was sug-
gested that the deslipping reaction[5] of rotaxanes[6] would
provide new data. The passage of the rotaxane wheel over
the stoppers at the ends of the axles would depend much
on the size relationship between the inner wheel diameter
and the outer boundaries of the stopper.[7,8] Consequently,
with the same wheel, a larger stopper should slip through
the wheel more slowly compared with a smaller analogue
and, vice versa, a wheel with a larger diameter should pass
the stopper more quickly.
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carbonyl group attached to the stopper blocks deslipping al-
most completely and a lower limit for the half life at 100 °C
of 25,000 h was obtained. These results can be interpreted by
inferring a cooperative action of hydrogen bonding between
wheel and axle and differences in rotational barriers. Mo-
lecular modeling and AM1 calculations support this inter-
pretation. The implications of these results for the determina-
tion of steric size and the optimization of molecular machines
are discussed.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Indeed, there are several examples of the deslipping pro-
cess being highly sensitive to subtle changes in the rotaxane
structure. The ‘‘all-or-nothing’’ effect described and ex-
plained by Raymo, Houk and Stoddart is an early ex-
ample:[9] Omitting just one of the nine methyl groups of a
tris(tert-butyl)trityl stopper governs whether the rotaxane
survives or the free components are liberated quickly. A
stopper with three tert-butyl groups makes the rotaxane
stable at room temperature, while one isopropyl group is
sufficient to let it deslip. This finding was explained by in-
voking a two step process in which the barrier of the rate
determining step depends much on the presence of the tert-
butyl groups. Other studies presented evidence that many
different effects influence the deslipping reaction: (a) the
dynamic nature of the rotaxane is an important issue. Rot-
axanes with dendritic stoppers deslip more easily than their
counterparts bearing trityl stoppers, although the static
model of the dendron suggests that it is much larger than
the rigid trityl group.[10] The dendritic stopper is possibly
capable of deslipping in a branch-by-branch fashion. (b)
Flexibility has a marked influence. The lower rotational
barrier of sulfonamide versus carboxamide groups in the
wheel reduces the half life of otherwise identical rotaxanes
by a factor of about 100.[11] (c) Non-covalent bonding may
provoke even larger differences. When intramolecular hy-
drogen bonding reduces the diameter of the wheel, the half-
life of the rotaxane increases by a factor of about 10,000
(Scheme 1).[11] (d) Even isotopic substitution at the stopper
periphery has a distinct effect.[12] Due to the lower vi-
brational amplitude of the C�D bond, deuterium substi-
tution increases the rate of deslipping by ca. 10 % resulting
in an inverse, secondary kinetic isotope effect of KIE �
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Scheme 1. Two rotaxanes which differ only with respect to the part
marked ‘‘X’’. Introduction of a pyridine nitrogen atom instead of
an isoelectronic CH increases the half life by a factor of more
than 10,000

0.9.[13] It is this result in particular which clearly demon-
strates how sensitive the deslipping process is to subtle
changes in the rotaxane structure.

One question arises from these results: is it reasonable to
describe all these effects as steric in nature? This question
stands in direct relation to the problems discussed above
when considering the definition of ‘‘steric effect’’. Here, we
present another case which provokes even more severe
doubt. The rotaxanes 2@1 and 6@1 compared in this study
(Scheme 2) are identical with the exception of the orien-
tation of the ester groups connecting the stoppers to the
axle center piece. Despite this small structural change, we
have found drastic differences in the deslipping rates for the
two rotaxanes which are confirmed by the other rotaxanes
shown in Scheme 2 and can be explained by the cooperative
interaction of hydrogen bonding between the wheel and
axle and different rotational barriers at the point of stop-
per attachment.

Results and Discussion

Synthesis of Ester Rotaxanes: The rotaxanes 2@1�6@1
were synthesized using the Vögtle anion template effect
(Scheme 3).[14] For the synthesis of 2@1, the hydroxy-sub-
stituted semi-axle 10 becomes deprotonated and then binds
within the cavity of the wheel by two strong hydrogen bonds
to the amide protons of the tetralactam macrocycle. The
anion-wheel complex 10@1 can then be reacted with 3,5-
di(tert-butyl)benzoyl chloride as the second stopper. After
attaching both stoppers, the rotaxane is stable at room tem-
perature and can be easily purified by chromatography on
silica gel. Rotaxanes 3@1�5@1 can be synthesized anal-
ogously using the corresponding center piece diol instead
of 10. For the synthesis of 6@1, a slightly modified strategy
may be applied that employs the 3,5-di-(tert-butyl)phenol
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as the stopper and the biphenyl-4,4�-dicarbonyl dichloride
as the center piece. Again, the phenol forms a complex with
the wheel after deprotonation, and two subsequent reaction
steps on both sides of the center piece give rise to the rotax-
ane. Rotaxanes 7@1�9@1 have been described in an earlier
study[11] and are included here for comparison.

Evidence for the mechanically bound structure was ob-
tained from 1H NMR spectroscopy and mass spectrometry.
The protons of the axle center pieces experience the aniso-
tropy of the aromatic rings incorporated into the macro-
cyclic wheel. This gives rise to large upfield shifts of the
corresponding NMR signals (see below). In the MALDI
mass spectra, intense signals can be seen for the rotaxane
which has become charged by attachment of a proton, a
sodium, or a potassium ion. Conversely, a mixture of wheel
and axle does not give rise to signals at these m/z ratios.
This indicates that the signals observed for the rotaxanes
are not due to proton or alkali bridged dimers of axle and
wheel but, rather, correspond to the mechanically bound
compound. Some deslipping and/or cleavage of the ester
bonds occurs either during the ionization process or in the
gas phase, so that signals of low intensity for the wheel and
the axle are typically observed.

Kinetic Measurements: The deslipping reaction can be
easily monitored by 1H NMR kinetic experiments. In the
1H NMR spectra decreasing signals for the rotaxanes were
found, while the signals for the free components increased.
In particular, the protons of the axle center pieces strongly
sense the anisotropies of the aromatic rings incorporated
within the wheel and thus appear significantly shifted to
higher field compared with the signals of the free axle. The
chemical shifts of most other rotaxane signals also differ
from those obtained for the free components but as ob-
served before, the maximum effect was found for the axle
center piece protons.[11,12] Integration of signals that are not
superimposed on others allows calculation of the amount
of rotaxane consumed in the deslipping reaction after each
time interval. From the slope of a plot of ln(c/c0) over t,
the rate constants k at each temperature can be calculated
(Figure 1, a). Arrhenius and Eyring plots (Figure 1, b,c)
then provide the activation parameters EA and A or ∆Η‡

and ∆S‡, respectively.[15]

The half lives given in Table 1 clearly show that the two
isomeric rotaxanes 2@1 and 6@1 both deslip, but at differ-
ent rates. We aimed to study the potential solvent effects on
the deslipping rates and thus compared DMSO with the
less polar and much less competitive tetrachloroethane. To
our surprise, 6@1 showed efficient deslippage, while the 1H
NMR spectrum of 2@1 did not change at all (Figure 2).
While two thirds of 6@1 had dissociated into the free com-
ponents after ca. 150 min, the spectrum of 2@1 showed no
significant changes even after prolonged heating at 393 K
for 200 h (� 12,000 min!). The presence of only very minor
signals indicates that very low amounts of products were
observed which most likely correspond to the products of
a decomposition of the axle rather than deslippage. These
signals, however, represent less than 2 % of the starting ma-
terial so that more than 98 % of the rotaxane was still intact
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Scheme 2. Left: Schematic representation of the deslipping reaction of rotaxanes with tetralactam wheels. Right: Series of axles 2�6 with
ester groups. Rotaxanes 7@1�9@1 have been studied earlier[11] and are included here for comparison

Scheme 3. Synthesis of rotaxane 2@1 by an anion template method

after heating the sample at 393 K for 200 h. This was con-
firmed by a MALDI mass spectrum which contained in-
tense signals for the intact rotaxane. The same behavior was
observed for rotaxanes 3@1�5@1. We have therefore de-
cided against explicitly showing the detailed NMR spectro-
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scopic data of the whole series here and will discuss most
of the results using the 2@1/6@1 pair of rotaxanes. Since
the temperature range of tetrachloroethane is limited by its
boiling point of 143 °C even in sealed NMR tubes, it was
not possible to measure the full kinetic data for 2@1�5@1
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Figure 1. Deslipping of 2@1 in [D6]DMSO: Plot of ln(c/c0) versus
t for the determination of unimolecular rate constants k at different
temperatures (top). Arrhenius and Eyring plots for the determi-
nation of the activation parameters (center and bottom)

in this solvent. Consequently, we observed two different,
but distinct effects: (a) The difference in structure, i.e. the
orientation of the two ester groups in the axles, causes dif-
ferent deslipping rates in both solvents investigated here. In
both cases, 2@1 deslipped more slowly than 6@1. Thus,
the rotaxane structure itself provokes different deslipping
behavior. This is true even though the only change is at one
of the thinnest parts of the axle, while one would expect to
see an influence on the rate determining step only when the
thickest part, i.e. the stopper, is altered. (b) The solvent
change has a marginal effect on the deslipping of 6@1. The
half life at 373 K changes from 14 h in DMSO to 10 h in
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TCE (Table 1). The deslippage of 2@1, however, is ex-
tremely dependent on the nature of the solvent. While the
half life at 373 K is ca. 560 h in DMSO, it is increased to
more than 25,000 h in TCE. Obviously, there is a marked
solvent effect for only one of the rotaxanes despite of their
close structural similarity.

A closer look at the activation parameters listed in
Table 1 shows most of the activation entropies to be nega-
tive. This is indeed expected for a system which is quite
flexible in its local minima on the potential energy surface,
but becomes severely restricted in its mobility in the tran-
sition structure. Not only the movements of the wheel along
the axle are infeasible in the transition structure but we can
also safely assume[12] that quite a number of molecular vi-
brations and rotations have to be frozen at this point.

In DMSO, 2@1 deslips more slowly than 6@1 and this
effect is largely entropic in nature. While the activation en-
thalpies are the same within the limits of experimental error
(2@1: 84 kJ/mol; 6@1: 88 kJ/mol), the entropies of acti-
vation differ significantly (2@1: �146 J/mol K; 6@1: �104
J/mol·K). Changes in the activation entropy are, inter alia,
connected to the flexibility of the molecule.[11] Conse-
quently, a reasonable explanation for the difference in de-
slipping rates of the two rotaxanes in DMSO would be dif-
ferent rotational barriers at the point of stopper attachment
to the axle center piece. While in 2@1 the carbonyl group
is conjugated with the aromatic ring of the stopper, it is
bound to the axle center piece in 6@1. Thus, rotation
around the stopper-carbonyl C�C single bond in 2@1 is
hampered by a higher rotational barrier caused by conju-
gation of the π-systems. This is not the case in 6@1. Flexi-
bility at this point is thus reduced in 2@1 compared with
in 6@1 and this difference translates into a slower deslipp-
age of 2@1. This flexibility argument is supported by the
observation that rotaxanes 7@1�9@1 also quickly deslip.
These rotaxanes also bear a flexible C�O single bond be-
tween the aromatic ring of the stopper and the axle center
piece and thus resemble 6@1 in this respect.[11] Indeed, they
deslip even more quickly than 6@1 in tetrachloroethane
with half lives of around 1 hour or less at 373 K. This is in
excellent agreement with the idea that flexibility governs the
deslipping reaction here, because the ether connection of
the stopper with its �O�CH2� group is again more flex-
ible than the ester group in which the carbonyl group is
attached to the center piece. Much more favorable acti-
vation entropies are found and flexibility is once again re-
lated to an entropic change.

The second effect is the huge solvent dependence of the
deslipping of 2@1. The two solvents included in this study
differ with respect to their polarity and in particular to their
ability to form hydrogen bonds. While DMSO is an excel-
lent hydrogen bond acceptor, tetrachloroethane is at best a
very weak one. Consequently, in tetrachloroethane, the am-
ide protons of the wheel are more likely to form hydrogen
bonds to the ester carbonyl groups of the axle. In contrast,
DMSO may provoke a change of conformation in the
wheel. DMSO is not only a better hydrogen bond acceptor
than the ester carbonyl groups, but is also present in great
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Table 1. Activation parameters obtained from an evaluation of the kinetic data using Arrhenius (EA, A) and Eyring (∆H‡, ∆S‡) plots
and half lives of the rotaxanes at 373 K

EA A ∆G‡ [a] ∆H‡ ∆S‡ t1/2(373 K)
[kJ·mol�1] [MHz] [kJ·mol�1] [kJ·mol�1] [J K�1·mol�1] [h]

2@1 [b] 87 1 128 84 �146 560
2@1 [c] � [d] � [d] � [d] � [d] � [d] � 25,000
3@1 [b] 101 41 130 97 �110 650
4@1 [b] 98 47 126 94 �109 220
5@1 [b] 106 328 130 102 �93 410
6@1 [b] 91 78 118 88 �104 14
6@1 [c] 85 16 116 82 �117 10
7@1 [e] 104 48300 96 101 18 1.5
8@1 [e] 98 12050 93 95 7 0.8
9@1 [e] 88 1530 88 85 �10 0.3

[a] Calculated from ∆H‡ and ∆S‡ at a temperature of 298 K. [b] [D6]DMSO. [c] [D2]Tetrachloroethane. [d] Values could not be determined
due to limitations of the temperature range of TCE (see text). [e] Data taken from ref.[11], solvent: [D2]tetrachloroethane.

Figure 2. (a) 1H NMR spectra of 2@1 after different time intervals
at 393 K in tetrachloroethane. No deslipping was observed even
after 200 h (top trace). Dots mark the signals for protons of the
biphenyl axle center piece. (b) 1H NMR spectra of 6@1 after the
same time intervals and temperature in tetrachloroethane. Filled
triangles denote the decreasing signals for the protons of the axle
center piece of the rotaxane. Open triangles indicate growing sig-
nals of the center piece of the free axle. After 150 min, about two
thirds of the rotaxane have deslipped liberating the free compo-
nents.

excess and competes efficiently with the ester carbonyl
groups for hydrogen bonding with the wheel amide protons.
This scenario permits us to understand easily, why 2@1 de-
slips so much more quickly in DMSO, where the interac-
tions between the wheel and axle are significantly reduced.
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However, any explanation of the solvent effect on the de-
slippage of 2@1 also needs to be able to rationalize why no
such drastic change of behavior was observed for 6@1.
Since the wheel is able to form a similar set of hydrogen
bonds to the ester groups of 6@1, it is not a priori clear
why the two rotaxanes differ so much. We are inclined to
favor the following situation which is in agreement with the
experimental facts and with the molecular modeling results
described below. Let us assume that both effects, i.e. the
higher rotational barrier around the stopper-carbonyl bond
in 2@1 and the differences in hydrogen bonding ability of
the solvents, cooperate jointly. Then, in tetrachloroethane,
hydrogen bonding between the wheel and the ester carbonyl
groups in 2@1 automatically adjusts the stopper to be in an
arrangement coplanar with the ester carbonyl group. This
reduces the freedom of the stopper to orientate itself into a
position favorable for deslippage. In contrast, a competitive
solvent such as DMSO breaks these hydrogen bonds and
liberates the axle to move into any orientation which is fa-
vorable for deslippage. These assumptions are thus in line
with the huge difference in the rates of the deslipping reac-
tion of 2@1. For 6@1, the situation is different. Regardless
of whether hydrogen bonding between the wheel and axle
occurs, the stopper is free to rotate and can thus be orien-
tated into a favorable geometry almost independent of the
solvent. Consequently, one would expect to find only a
small difference in the deslipping rates for the two solvents
examined here. Finally, the differences between 2@1 and
6@1 in DMSO can easily be rationalized by the changes
in rigidity as outlined above. In summary, this model of a
cooperative interplay of the two effects provides a reason-
able explanation for the experimental results. Other scen-
arios, e.g. those involving different modes of hydrogen
bonding can be excluded based on the following calcu-
lations.

Molecular Modeling: In order to get a more profound
insight into the structural features of the rotaxanes under
study and to test our hypothesis in some detail, 2@1 and
6@1 and their components were studied by computational
methods. One of the problems associated with the mol-
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ecules studied here is their size and consequently their large
conformational space. A two step procedure was therefore
applied. First, favorable conformations were sought using a
4000 step Monte Carlo simulation with the Amber* force
field[16] implemented in MacroModel 8.0.[17] Several start-
ing geometries were used and in particular, potential con-
formations with a high number of hydrogen bonds between
axle and wheel were carefully sought. The most favorable
conformations were then grouped into families with similar
structural features and from each of these families the most
favorable conformation was re-optimized at the AM1 level
of theory using the MOPAC version provided with the Ca-
Che 5.0 program package.[18] Qualitatively, these calcu-
lations are in agreement with the results obtained by the
force field calculations so that we will restrict the following
discussion to the AM1 structures.

A second problem is that we were dealing with a kinetic
study. Consequently, transition structures should be dis-
cussed rather than local minima on the potential energy
surface. However, for molecules as large as the rotaxanes
under study here, it is difficult to find the transition struc-
tures by conventional means such as semi-empirical meth-
ods.[9,19] In particular, the high degree of flexibility of the
mechanical bond is problematic. For these reasons, we have
refrained from making quantitative statements in the fol-
lowing discussion, but regard the calculations merely as a
qualitative tool to test some of the conjectures made above.

At first, the properties of the free components, i.e. axle
and wheel, need to be discussed briefly. The two axles 2 and
6 are shown in Figure 3 superimposed on their electrostatic
potential surfaces. Quite clearly, the geometric features are
almost the same. The distances between the two carbonyl
oxygen atoms differ only by 0.5 Å. Also, the electrostatic
potential surfaces are quite similar. The differences are
mostly due to the electron-withdrawing properties of the

Figure 3. AM1-optimized conformations of axles 2 and 6. The dis-
tance between the two carbonyl groups is given above each struc-
ture. The color code corresponds to the electrostatic potential sur-
face. It is defined as shown in the legend on the right. The numbers
are given in atomic units (0.01 a.u. corresponds to ca. 25 kJ/mol)
and represent the attraction between the molecule surface and a
point charge located at a distance of 1 Å above the surface at the
border between two differently colored areas
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carbonyl group which make the attached aromatic ring
more positive. Even if one attempts to correlate the differ-
ences found in the calculations with the experimentally ob-
served deslipping behavior, it is not quite clear how they are
connected with each other in detail. For both stoppers, the
rotational barriers have been calculated at the AM1 level of
theory by mapping the dihedral angles of the model com-
pound shown in Figure 4 between 0° and 180° in steps of
1°. In each step, the dihedral angle was constrained, while
all other parts of the molecule were geometry-optimized.
The difference between both rotational barriers amounts to
ca. 8�9 kJ/mol.

As far as the wheel is concerned, two questions are of
major importance in the context of the kinetic results pre-
sented here: (i) The overall shape of the wheel’s most favor-
able conformations may give an idea as to how the deslip-
ping might proceed. Thus, the first question is: How large
is the inner cavity of the wheel? (ii) If hydrogen bonding to
DMSO is possible, the amide hydrogen atoms must be able
to turn outwards without causing unfavorable energy
changes. Since the cavity of the rotaxane wheel is more or
less fully occupied by the axle, there is no room for the
DMSO molecules to enter the cavity and to form hydrogen
bonds with a favorable geometrical arrangement inside.
Thus the second question is: How much energy is needed
to turn the amide protons to the outside of the wheel? The
most favorable conformations of the wheel obtained from
computer modeling are depicted in Figure 5. Indeed, sev-
eral conformations exist which differ from each other with
respect to the in/out orientation of the amide NH hydrogen
atoms. Although we were unable to locate a structure with
all four amides in their out-conformation, the three struc-
tures shown in Figure 4 are all energetically within 2 kJ/mol
even without any solvent present. These differences are too
small for us to be sure which of the structures is the most
favorable. Consequently, it is likely that the amide groups
are able to turn outwards in order to form hydrogen bonds
with a solvent such as DMSO with its excellent hydrogen
bond acceptor qualities. The energetic costs of these
changes are easily overcome by the binding energies of the
newly formed hydrogen bonds. The other aspect is the over-
all size of the cavity. In Figure 5, the distances between the
two spiro centers and between the two inner isophthalic
acid hydrogen atoms are given as a measure of the cavity
sizes. It is clear that the long axis of the cavity spans be-
tween the two spiro centers. Even if one argues that other
parameters (such as the distance between the two carbons
next to the spiro centers and the distance between the C-2
positions of the isophthalic acid) should be used, this argu-
ment does not change qualitatively. Consequently, it seems
likely that the deslipping process will be more favorable
when the stopper is co-linear to the line between the two
spiro centers.

Finally, the structures obtained for the two rotaxanes
2@1 and 6@1 (Figure 6) shall be discussed. Both rotaxanes
form only one bifurcated hydrogen bond between the axle
and the wheel in their most favorable geometries. For 2@1
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Figure 4. Dihedral angles (in degrees) of the model compound used for calculation of the two rotational barriers by mapping both angles
between 0° and 180° in steps of 1° at the AM1 level. The graphs show the corresponding potential energy curves

we were unable to locate any conformation with more than
this, but for 6@1 a conformation was found in which both
ester carbonyl groups were involved in hydrogen bonding.
Each of them formed one hydrogen bond with one of the
amide protons of each isophthalic carboxamide group of
the wheel. However, this conformation requires a significant
distortion of the wheel from its most favorable geometry
and this conformation is therefore higher in energy than
that shown in Figure 6 by ca. 45 kJ/mol and can be ruled
out as the major equilibrium conformation. The energy dif-
ferences for in/out conformers of the isophthalic carboxam-
ides not involved in hydrogen bonding are again small and
all-in conformations have similar energies as in/in/in/out
conformations. The most interesting aspect of the two
structures, however, is the different orientation of the stop-
per groups next to the hydrogen-bonded carbonyl group.
For 2@1, the stopper is coplanar with the carbonyl group,
while it is oriented orthogonal to the carbonyl group in
6@1. A second conformer could be found for the latter rot-
axane in which the stopper is coplanar with the carbonyl
group which is higher in energy by ca. 9 kJ/mol. For 2@1,
however, we were unable to locate a minimum in which the
stopper is arranged in an orthogonal fashion with respect
to the carbonyl group.

These calculations allow us to draw the following con-
clusions: (i) The two axles 2 and 6 are similar to each other,
in particular with respect to the fact that they both form
hydrogen bonds between the wheel and only one of the ester
carbonyl groups. (ii) In tetrachloroethane, hydrogen bond-
ing can be expected to involve two adjacent amide groups
of the wheel and one of the ester carbonyl groups of the
axle in a bifurcated arrangement. The axles of all rotaxanes
under study are too long to allow the formation of ad-
ditional hydrogen bonds involving the other amides or the
other ester group. (iii) The rotational barriers calculated for
a model compound differ by ca. 10 kJ/mol. This value is
likely to be higher in the rotaxane where the methyl groups
incorporated in the wheel hamper stopper rotation ad-
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ditionally. The stopper of 2@1 is more deeply inserted into
the cavity due to the lack of the additional oxygen atom
between the carbonyl group and stopper as in 6@1. (iv)
Interchange of in- and out-conformers of the wheel’s amide
groups is possible without significant energy changes. Thus,
DMSO as a competitive solvent may well compete with the
axle carbonyl groups for hydrogen bonding by inducing a
turn of the amide groups. These conformational changes
easily account for the small difference observed in the de-
slipping behavior of 6@1 in DMSO versus TCE. (v) The
cavity of the wheel extends more between the two spiro cen-
ters than between the two isophthalic acid moieties. (vi) The
preferred orientation of the stopper is coplanar with the
proximal carbonyl group in 2@1 and is more likely to be
vertical to that for 6@1. Consequently, the arrangement in
6@1 appears to be better pre-organized for deslippage than
that in 2@1. The results from molecular modeling are thus
consistent with both the experimental results and our in-
terpretation in terms of a coupled interplay of rotational
barriers and hydrogen bonding.

Conclusions

The experiments and calculations described here provide
insight into the dynamic features of the rotaxanes under
study. The surprisingly large effects of the orientations of
the ester groups in the rotaxane axles and the drastic sol-
vent effects point to a coupled interplay of hydrogen bond-
ing between the axle and wheel and rotational barriers at
the point of stopper attachment. The cooperation of these
two effects is interesting in itself from the viewpoint of basic
chemical research since these results shed light on the classi-
cal problem of steric effects from a new, supramolecular
perspective. Although an intuitive concept of enormous
utility, it is rather difficult to provide an exact definition of
the term ‘‘steric size’’. A definition based on van der Waals
radii does definitively not explain the experimental findings
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Figure 5. Different AM1-optimized conformations of the tetralac-
tam macrocycle and the dimensions of the cavity given as distances
of the two spiro centers in the vertical and of the two inner isoph-
thalic acid hydrogen atoms in the horizontal direction. Despite the
rigidity of the aromatic rings, the macrocycle can adopt different
conformations as far as the amide groups (in/out) are concerned.
The energy differences are within 2 kJ/mol and can thus be re-
garded as equal for all the conformations

presented here. One might thus argue that the enthalpy of
activation is more or less the same for both rotaxanes 2@1
and 6@1. Using the definition of steric effects as the en-
thalpic contribution to an activation barrier, one would ar-
rive at the conclusion that the observed effects are not steric
in nature because the most significant change is observed
in the entropy of activation. However, this would then also
hold true for the steric isotope effect observed earlier[12]

which is due to a change in vibrational amplitude and was
found to be predominantly entropic in nature. Also, it is
not clear why the other rotaxanes included in this study
show the observed enthalpy�entropy compensation al-
though they merely bear different axle center pieces while
the stoppers are the same for all. One would rather expect
that they do not differ much in their steric demands and
that all rotaxanes have the same enthalpy of activation for
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Figure 6. AM1-optimized lowest energy conformations of 2@1
(left) and 6@1 (right). Both rotaxanes are shown as top views. Top:
For clarity, the stopper is shown in a space filling representation
and the wheel as stick model (tert-butyl groups omitted). The pic-
tures at the bottom show the rotaxane with the frontal stopper
omitted in order to permit an unobstructed view of the hydrogen
bonding pattern. Note that in both cases the axles are too long to
permit the formation of more than two hydrogen bonds to the am-
ide protons of the wheel

the deslipping reaction. This is not the case however.
Consequently, this study questions the concept of steric size
and points to some of its difficulties and limitations.

Another aspect of potentially even greater future import-
ance should be mentioned: Natural molecular machines
such as the ATP synthase enzyme complex[20] and many
others represent a class of extremely efficient devices. One
reason why nature uses very complex structures for im-
plementing function may be that a complex system can be
fine tuned and thus optimized by an accordingly larger
number of subtle adjustments in structure.[21] During the
past decade, artificial molecular machines based on rotax-
anes and catenanes[22] have become more and more sophis-
ticated but they are still no match at all for their natural
counterparts with respect to neither complexity nor ef-
ficiency. Most of the systems referred to in the literature as
‘‘machines’’ are not even fully functional models of their
macroscopic analogues. We have no doubt, however, that
artificial molecular motors and other nano-devices will fi-
nally be realized by supramolecular chemists. A detailed
understanding of effects such as those reported here may
then become an important tool for their design. In particu-
lar, the fine tuning of the properties of such machines will
probably rely on and make use of these and other subtle
structural variations in order to improve their performance
and optimize their efficiency. The example of the ester rot-
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axanes provides an approach to significant changes in their
properties without large structural changes which would
possibly have unwanted side effects.

Experimental Section

Kinetic Studies: For each of the rotaxanes, the rate constants of the
deslipping reaction were measured at several different temperatures
by 1H NMR experiments. In preliminary experiments, the tempera-
ture range was chosen such that deslipping occurred with a reason-
able half life. The NMR samples were kept in an oil bath at con-
stant temperature. When the half life was short enough at tempera-
tures accessible with the NMR instrument’s heater, the samples
were kept in the NMR spectrometer instead. In each experiment,
the deslipping was followed until at least 75 % of the rotaxane had
been consumed or until one of the free components precipitated
from the NMR solution, whichever occurred first. For the evalu-
ation of the data, the integrals of several signals were averaged
wherever possible in order to reduce experimental error. However,
some of the rotaxanes exhibit NMR spectra in which decreasing
and increasing signals overlap to such an extend that only one or
two of the signals could be confidently evaluated. The estimated
experimental error range was � 4 kJ/mol for EA and ∆H‡. Due to
the logarithmic plots, the error of A and ∆S‡ was somewhat larger
and we estimated it to be � 30 % for A and ∆S‡. The Arrhenius
activation parameters were derived from a plot of ln k versus 1/T
whilst ln (k/T) was plotted versus 1/T in order to determine ∆H‡

and ∆S‡ according to the Eyring equation. A close inspection of
the signals increasing over time confirmed that they correspond to
the intact free components and thus exclude decomposition of the
axle or wheel rather than deslipping as the reason for rotaxane
degradation.

Molecular Modeling: The calculated structures were obtained by
first performing a 3000 step Monte Carlo conformational search
with the Amber* force field[16] as implemented in MacroModel
8.0.[17] The lowest energy conformers out of 3000 structures were
determined by placing closure bonds in the macrocycles (one of the
amide bonds) and the attached cyclohexyl side chains. While the
aromatic rings and the amides were constrained to planarity, all
single bonds (with the exception of those of the methyl groups)
were selected to allow rotations into other conformations. For each
minimization, the number of iterations was set to 10,000 in order
to generate fully converged structures. The energy range for struc-
tures for storage in the output file was set to 50 kJ/mol above the
lowest energy conformer. The best conformations were then re-op-
timized at the AM1 level of theory as implemented in the MOPAC
version provided with the CaChe 5.0 program package.[18] Electro-
static potential surfaces of the axles were also calculated with this
program.

Syntheses of Rotaxanes: Wheel 1 was prepared according to well
established literature procedures.[23] Threading of the axle into the
wheel cavity can easily be accomplished using a recently published
anion template effect.[14] The synthetic precursors for the series of
ether rotaxanes were commercially available and were used without
further purification. Usually, elemental analyses for macrocycles
and rotaxanes are not within the typically accepted range due to
varying amounts of solvents which can not be entirely removed
from the samples. These solvents can easily be detected in the
NMR spectra. We therefore based the characterization of the target
compounds mainly on 1H and 13C NMR experiments and mass
spectrometry. All routine NMR spectroscopic experiments were
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performed with 300, 400, and 500 MHz Bruker instruments; the
solvent signal was used for internal calibration. Furthermore, all
rotaxanes gave clean MALDI (Micromass MALDI-TofSpec-E)
mass spectra with isotope patterns that agree well with those calcu-
lated on the basis of natural abundances.

Representative Procedure for the Synthesis of Rotaxanes with 3,5-
Di(tert-butyl)benzoic Acid Stoppers: A suspension of the tetralac-
tam macrocycle 1 (100 mg, 0.104 mmol), dibenzo[18]crown-6
(8 mg, 0.021 mmol), K2CO3 (29 mg, 0.208 mmol), 3,5-di(tert-butyl)-
benzoyl dichloride (52 mg, 0.208 mmol) and 4,4�-dihydroxybiphe-
nyl (19 mg, 0.104 mmol) was prepared under argon at 0 °C in di-
chloromethane (5 mL). The mixture was warmed to room tempera-
ture and stirred for 6 days. After filtration and evaporation of the
solvent under reduced pressure, the crude product was purified by
column chromatography on silica gel (40�63 µm, CH2Cl2/ethyl
acetate, 25:1). Rotaxane 2@1 was obtained in 34 % yield (55 mg,
0.035 mmol) as a colorless solid.

Rotaxane 2@1: [2]{4,4�-Bis[3,5-di(tert-butyl)benzoyloxy]biphenyl}-
{11�-(tert-butyl)-5�,17�,23�, 35�,38�,40�,43�,45�-octamethyldispiro-
[cyclohexane-1,2�-7�,15�,25�,33�-tetraazaheptacyclo[32.2.2.23�·6�.
216�·19�.221�·24�.19�·13�.127�·31�]hexatetraconta-3�,5�,9�,11�,13�(44�),
16�,18�, 21�,23�,27�,29�,31�(39�),34�,36�,37�,40�,42�,45�-octadeca-
ene-20�,1��-cyclohexane]-8�,14�,26�,32�-tetrone}rotaxane: Yield 34
%; Rf (CH2Cl2/ethyl acetate, 25:1) � 0.43; m.p. 233�235 °C. 1H
NMR (400 MHz, C2D2Cl4): δ � 1.24 (s, 36 H, stopper-tBu), 1.35
(s, 9 H, wheel-tBu), 1.50 (s, 4 H, cyhex), 1.65 (s, 8 H, cyhex), 1.85
(s, 12 H, Ar-CH3), 1.86 (s, 12 H, Ar-CH3), 2.31 (s, 8 H, cyhex),
6.29 (d, 3J � 8.6 Hz, 4 H, biphenyl), 6.63 (d, 3J � 8.6 Hz, 4 H,
biphenyl), 7.00 (s, 8 H, Ar-H), 7.08 (s, 2 H, NH), 7.13 (s, 2 H, NH),
7.55 (s, 1 H, Ar-H, wheel), 7.62 (t, 3J � 7.7 Hz, 1 H, Ar-H, wheel),
7.66 (s, 2 H, Ar-H, stopper), 7.74 (s, 4 H, Ar-H, stopper), 7.78 (s,
1 H, Ar-H, wheel), 8.09�8.11 (m, 4 H, Ar-H, wheel) ppm. 13C
NMR (100 MHz, C2D2Cl4): δ � 18.4, 18.6, 23.0, 26.2, 31.1, 34.8,
35.2, 35.8, 45.2, 122.2, 124.02, 126.5, 126.7, 126.8, 127.5, 128.8,
130.9, 131.1, 131.9, 134.3, 134.4, 135.1, 136.5, 149.01, 150.16,
151.8, 154.0, 164.6, 165.1, 167.5 ppm. MALDI-TOF-MS
(C106H122N4O8): m/z � 1580.7 [M � H�], 1602.7 [M � Na�],
1618.6 [M � K�].

Rotaxane 3@1: [2]{1,1-Bis-[3,5-di-tert-butylbenzoyloxy-phenyl]-
methane}-{11�-(tert-butyl)-5�,17�,23�,35�,38�,40�,43�,45�-octamethyl-
dispiro[cyclohexane-1,2�-7�,15�,25�,33�-tetraazaheptacyclo-
[32.2.2.23�·6�.216�·19�.221�·24�.19�·13�.127�·31�]hexatetraconta-3�,5�,
9�,11�, 13�(44�),16�,18�,21�,23�,27�,29�,31�(39�),34�,36�,37�,40�,
42�,45�octadecaene-20�,1��-cyclohexane]-8�,14�,26�, 32�-tetrone}-
rotaxane: Yield 33 %; Rf (CH2Cl2/ethyl acetate, 25:1) � 0.41; m.p.
195�197 °C. 1H NMR (400 MHz, C2D2Cl4): δ � 1.20 (s, 36 H,
stopper-tBu), 1.29 (s, 9 H, wheel-tBu), 1.49 (s, 4 H, cyhex), 1.64 (s,
8 H, cyhex), 1.84 (s, 12 H, Ar-CH3), 1.87 (s, 12 H, Ar-CH3), 2.28
(s, 8 H, cyhex), 3.79 (s, 2 H, CH2-ax), 5.93 (d, 3J � 8.3 Hz, 4 H,
axle), 6.53 (d, 3J � 8.3 Hz, 4 H, axle), 6.93 (s, 4 H, Ar-H), 6.94 (s,
4 H, Ar-H), 6.96 (s, 2 H, NH), 7.12 (s, 2 H, NH), 7.59�7.63 (m, 4
H, Ar-H, wheel, stopper), 7.68 (s, 4 H, stopper), 7.91 (s, 1 H, Ar-
H, wheel), 8.13�8.15 (m, 4 H, Ar-H, wheel) ppm. 13C NMR
(100 MHz, C2D2Cl4): δ � 18.4, 18.5, 22.8, 22.9, 23.6, 26.2, 28.7,
30.1, 31.0, 31.9, 34.7, 35.0, 35.5, 38.5, 45.1, 68.0, 120.9, 121.7,
123.4, 123.8, 126.5, 127.5, 128.9, 130.2, 130.6, 130.7, 131.8, 132.1,
134.2, 134.3, 134.9, 135.0, 138.1, 148.8, 148.9, 148.9, 151.7, 154.0,
164.2, 164.6, 167.2, 167.5 ppm. MALDI-TOF-MS (C107H124N4O8):
m/z � 1594.8 [M � H�], 1616.8 [M � Na�], 1633.7 [M � K�].

Rotaxane 4@1: [2]{4,4�-Bis[3,5-di-tert-butylbenzoyloxy]-1,1�-bi-
benzyl}-{11�-tert-butyl-5�,17�,23�,35�,38�,40�,43�,45�-octa-
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methyldispiro[cyclohexane-1,2�-7�,15�,25�,33�-tetraazaheptacyclo-
[32.2.2.23 �·6 �.216 �·19 �.221 �·24 �.19 �·13 �.127 � ·31 � ]hexatetraconta-
3�,5�,9�,11�,13�(44�),16�,18�,21�,23�,27�,29�,31�(39�),34�,36�,37�,40�,
42�,45�-octadecaene-20�,1��-cyclohexane]-8�,14�,26�,32�-tetrone}-
rotaxane: Yield 29 %; Rf (CH2Cl2/ethyl acetate, 25:1) � 0.41; m.p.
223�225 °C. 1H NMR (400 MHz, C2D2Cl4): δ � 1.21 (s, 36 H,
stopper-tBu), 1.26 (s, 9 H, wheel-tBu), 1.49 (s, 4 H, cyhex), 1.64 (s,
8 H, cyhex), 1.81�1.87 (m, 24 H, Ar-CH3), 2.28 (s, 8 H, cyhex),
5.87 (d, 3J � 5.8 Hz, 4 H, axle), 6.58 (d, 3J � 7.9 Hz, 4 H, axle),
6.91- 6.94 (m, 8 H, Ar-H, wheel), 7.09 (s, 2 H, NH), 7.13 (s, 2 H,
NH), 7.55- 7.59 (m, 2 H, Ar-H, wheel), 7.64 (s, 2 H, stopper), 7.68
(s, 4 H, stopper), 7.90 (s, 1 H, Ar-H, wheel), 8.12- 8.15 (m, 4 H,
Ar-H, wheel) ppm. 13C NMR (100 MHz, C2D2Cl4): δ � 18.4, 18.4,
18.5, 18.5, 22.1, 22.9, 26.2, 31.0, 31.0, 34.7, 35.0, 35.5, 43.3, 45.1,
120.8, 121.6, 123.3, 123.8, 126.5, 127.9, 128.5, 128.8, 130.2, 130.5,
130.6, 130.7, 130.7, 131.8, 134.1, 134.2, 134.2, 135.0, 143.5, 148.7,
148.8, 148.9, 149.0, 151.8, 154.0, 164.1, 164.1, 164.6, 164.7,
167.2 ppm. MALDI-TOF-MS (C108H126N4O8): m/z � 1607.6
[M � H�], 1629.7 [M � Na�], 1645.6 [M � K�].

Rotaxane 5@1: [2]{1,4-Bis-{1-[4-(3,5-di-tert-butylbenzoyloxy)-
phenyl]-1-methyl-ethyl}benzene}-{11�-tert-butyl-5�,17�,23�,35�,38�,
40�,43�,45�-octamethyldispiro[cyclohexane-1,2�-7�,15�,25�,33�-
tetraazaheptacyclo[32.2.2.23�·6�.216�·19�.221�·24�.19�·13�.127�·31�]hexa-
tetraconta-3�,5�,9�,11�,13�(44�),16�,18�,21�,23�,27�,29�,31�(39�),
34�,36�,37�,40�,42�,45�-octadecaene-20�,1��-cyclohexane]-8�,14�,
26�,32�-tetrone}rotaxane: Yield 45 %; Rf (CH2Cl2/ethyl acetate,
25:1) � 0.56; m.p. 225�227 °C. 1H NMR (500 MHz, C2D2Cl4):
δ � 1.24�1.36 (s, 36 H, stopper-tBu), 1.45 (s, 9 H, wheel-tBu), 1.50
(s, 12 H, axle-C(CH3)2], 1.57 (s, 4 H, cyhex), 1.65�1.70 (m, 8 H,
cyhex), 1.88 (s, 24 H, Ar-CH3), 2.36 (s, 8 H, cyhex), 6.98 (s, 8 H,
Ar-H, wheel), 7.10 (s, 4 H, NH), 7.72�7.77 (m, 8 H, Ar-H, wheel,
stopper), 7.96 (s, 1 H, Ar-H, wheel), 8.24 (m, 2 H, Ar-H, wheel),
8.26 (s, 2 H, Ar-H, wheel) ppm. MALDI-TOF-MS
(C118H138N4O8): m/z � 1740.3 [M � H�], 1762.3 [M � Na�],
1778.3 [M � K�].

Rotaxane 6@1: [2]{4,4�-Bis[3,5-di(tert-butyl)phenoxycarbonyl]-1,1�-
biphenyl}-{11�-tert-butyl-5�,17�,23�,35�,38�,40�,43�,45�-octamethyl-
dispiro[cyclohexane-1,2�-7�,15�,25�,33�-tetraazaheptacyclo-
[32.2.2.23�·6�.216�·19�.221�·24�.19�·13�.127�·31�]hexatetraconta-3�,5�,9�,
11�,13�(44�),16�,18�,21�,23�,27�,29�,31�(39�),34�,36�,37�,40�,42�,45�-
octadecaene-20�,1��-cyclohexane]-8�,14�,26�, 32�-tetrone}rotaxane:
A suspension of K2CO3 (29 mg, 0.208 mmol), dibenzo[18]crown-6
(8 mg, 0.021 mmol), 3,5-di(tert-butyl)phenol (43 mg, 0.208 mmol)
and the tetralactam macrocycle 1 (100 mg, 0.104 mmol) in tri-
chloromethane (5 mL) was stirred under argon for 20 min at 0 °C.
A solution of 4,4�-biphenyldicarbonyl dichloride (29 mg,
0.104 mmol) in trichloromethane (3 mL) was then added over a
period of 1.5 h and the mixture stirred for 6 days at room tempera-
ture. The mixture was then filtered, the solvent removed under re-
duced pressure and the crude product purified by column chroma-
tography on silica gel (40�63 µm, CH2Cl2/ethyl acetate, 25:1). Rot-
axane 6@1 was obtained in 15 % yield (25 mg; 0.016 mmol) as a
colorless solid. Rf (CH2Cl2/ethyl acetate, 25:1) � 0.47; m.p.
218�220 °C. 1H NMR (400 MHz, C2D2Cl4): δ � 1.24 (s, 36 H,
stopper-tBu), 1.32 (s, 9 H, wheel-tBu), 1.53 (s, 4 H, cyhex), 1.67 (s,
8 H, cyhex), 1.94 (s, 12 H, Ar-CH3), 1.94 (s, 12 H, Ar-CH3), 2.35
(s, 8 H, cyhex), 6.75 (d, 3J � 8.3 Hz, 4 H, biphenyl), 6.78 (s, 2 H,
NH), 6.85 (m, 6 H, stopper, NH), 7.05 (s, 4 H, Ar-H), 7.07 (s, 4
H, Ar-H), 7.27 (s, 2 H, stopper), 7.33 (s, 1 H, Ar-H, wheel), 7.47
(d, 3J � 8.3 Hz, 4 H, biphenyl), 7.56 (s, 1 H, Ar-H, wheel), 7.59 (t,
3J � 7.7 Hz, 1 H, Ar-H, wheel), 8.05- 8.07 (m, 4 H, Ar-H, wheel)
ppm. 13C NMR (100 MHz, C2D2Cl4): δ � 18.7, 18.8, 22.9, 26.2,
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31.0, 31.2, 34.7, 35.0, 35.6, 45.4, 114.9, 120.4, 125.9, 126.8, 126.9,
128.8, 129.4, 130.1, 130.3, 130.9, 131.0, 131.8, 134.6, 134.6, 142.5,
148.5, 148.7, 149.9, 152.5, 154.1, 164.6, 165.0, 165.1 ppm. MALDI-
TOF-MS (C106H122N4O8): m/z � 1602.8 [M � Na�], 1618.7 [M
� K�].
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M. T. Gandolfi, D. Philp, L. Prodi, F. M. Raymo, M. V.
Reddington, N. Spencer, J. F. Stoddart, M. Venturi, D. J. Willi-
ams, J. Am. Chem. Soc. 1996, 118, 4931. [7b] M. Asakawa, P.
R. Ashton, R. Ballardini, V. Balzani, M. Bělohradský, M. T.
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