
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 29 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Supramolecular Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713649759

Deslipping of Rotaxanes with Axle Center Pieces of Different Lengths
Petra Linnartza; Christoph A. Schalleya

a Kekulé-Institut für Organische Chemie und Biochemie der Universität, Bonn, Germany

To cite this Article Linnartz, Petra and Schalley, Christoph A.(2004) 'Deslipping of Rotaxanes with Axle Center Pieces of
Different Lengths', Supramolecular Chemistry, 16: 4, 263 — 267
To link to this Article: DOI: 10.1080/1061027042000204010
URL: http://dx.doi.org/10.1080/1061027042000204010

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713649759
http://dx.doi.org/10.1080/1061027042000204010
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Deslipping of Rotaxanes with Axle Center Pieces of Different
Lengths

PETRA LINNARTZ and CHRISTOPH A. SCHALLEY*
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A series of rotaxanes equipped with tetralactam wheels
and di-t-butyl stopper groups, which differ only with
respect to the length of the alkyl chain serving as the axle
center piece, are examined with respect to their deslipping
behavior at elevated temperatures. 1H NMR experiments
are used to follow the deslipping reactions kinetically, and
it is found that the axle length does not have a significant
influence on the rate of deslipping. In accordance with
expectation, this result confirms that the rate-determining
step of the reaction is the passage of the wheel over the
stopper group. It also sheds new light on earlier results
on rotaxanes bearing ester groups in the axle center piece.
The deslipping reaction rate for these rotaxanes was
extremely dependent on the choice of solvent and the
orientation of the ester groups. The rotaxanes presented
here do not contain functional groups in their center pieces
and no such effects are observed. For these rotaxanes, the
simple model of a thin thread inside a macrocycle
mechanically trapped by bulky stopper groups is valid.

Keywords: Rotaxanes; Interlocked molecules; Deslippage; Reaction
kinetics

INTRODUCTION

The common mental representation of a rotaxane
[1,2] is that of a thin axle threaded through the cavity
of a macrocycle, which is hindered from deslipping
by two bulky stopper groups at the axle ends.
Consequently, the wheel is trapped on the axle by a
so-called mechanical bond. In addition, non-covalent
bonding between axle and wheel may occur, which is
often the case, when template effects [3,4] are used
for the synthesis of the rotaxane.

When this simple model is used to predict
the outcome of deslipping experiments [5–10]
(Scheme 1) with rotaxanes bearing stoppers of
intermediate sizes, one arrives at the conclusion

that the passage of the thickest part of the axle
through the macrocycle cavity is the rate-determin-
ing step [11]. Consequently, all other barriers that
might exist when the wheel is traveling along the
axle should be lower in energy and they should not
play a role for the deslipping kinetics.

In a recent study [12], we found however
that the orientation of an ester group incorporated in
the rotaxane axle dramatically changes the
deslipping rates (Scheme 2), although the ester
group was definitively not the thickest part of the
axle, neither was it located at the stopper periphery
so that simple steric factors might have been operative.
Furthermore, one of the rotaxanes showed a strong
solvent effect, whereas the other did not. This result to
some extent contradicts the model described above.
Consequently, we decided to examine a series of
rotaxanes with different axle lengths with respect to
their deslipping behavior (Chart 1). A common feature
to the whole series is that none of them bears any
functional group within the alkyl chain connecting the
two stopper groups; just the length of the thread is
varied. Compared to the size of the stoppers, the axles
of rotaxanes 1–10 may indeed be considered thin
threads. Thus these rotaxanes should be useful to put
our simple model to the test.

EXPERIMENTAL

Kinetics Experiments

NMR spectra for the kinetics experiments were
measured on Bruker DRX500 (500 MHz) or AMX400
(400 MHz) spectrometers. All chemical shifts are
given in ppm with the solvent signals as internal

ISSN 1061-0278 print/ISSN 1029-0478 online q 2004 Taylor & Francis Ltd

DOI: 10.1080/1061027042000204010

*Corresponding author. E-mail: c.schalley@uni-bonn.de

Supramolecular Chemistry, June 2004, Vol. 16 (4), pp. 263–267

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
1
7
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



standards. For each of the rotaxanes, the rate
constants of the deslipping reaction have been
measured at four different temperatures. In prelimi-
nary experiments, the temperature range was chosen
such that deslipping occurred with a reasonable half
life. The NMR samples were then kept in an oil bath
at constant temperature. When the half-life was short
enough at temperatures 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 was consumed or until one of the free
components precipitated from the NMR solution,
whichever occurred first. For the evaluation of

the data, the integrations 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 extent that
only one or two of the signals could be safely
evaluated. The estimated experimental error range is
^ 4 kJ mol21 for EA and DH ‡. Due to the logarithmic
plots, the error of k1 and DS ‡ is somewhat larger
and we estimate it to be ^30% for k1 and DS ‡.
The Arrhenius activation parameters were derived
from a plot of ln k versus 1/T, while ln (k/T) was
plotted versus 1/T in order to determine DH ‡, and
DS ‡ 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.

Syntheses

The syntheses, purification, and analytical charac-
terization of all rotaxanes used here have been
described earlier [13].

RESULTS AND DISCUSSION

1H NMR experiments can easily be used for
following the deslipping reaction of rotaxanes
1 – 10 over time at different temperatures.
The aromatic rings in the wheel exert an
anisotropy effect on the protons of the axle center
pieces, and upfield shifts are usually observed that
are also taken as evidence for rotaxane formation.
They can be quite significant, and values of up
to Dd ¼ 1:7 ppm have been observed [9,10].
Longer axles normally result in smaller values for

SCHEME 1 Schematic illustration of the deslipping process.

SCHEME 2 Ester rotaxanes and their half-lives at 373 K in
tetrachloroethane (TCE) and dimethylsulfoxide (DMSO). Note that
the two structures differ merely with respect to the orientation of
the ester groups.

CHART 1 Rotaxanes 1–10 under study.
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these chemical shift differences, because the wheel
moves along the axle quickly and the protons on
time average feel the anisotropy to a lower extent
compared to rotaxanes with shorter axles [14,15].
In addition, the axles of rotaxanes 1–10 are
floppier than those of other previous rotaxanes.
Consequently, the upfield shifts are smaller than
usual. Nevertheless, they are still large enough to
integrate precisely signals for the rotaxane and
those of the free components separately so
that the deslipping reaction can be easily
followed kinetically. Figure 1 shows a series of
NMR spectra obtained from rotaxane 5 at 393 K
in tetrachloroethane-d2. Decreasing signals of the
rotaxane and growing signals of the free axle can
easily be identified. For example, the protons of
the aromatic rings at the end of the axle center
piece appear as a broadened AA0XX0 system at
d ¼ 6:15 and d ¼ 6:52 ppm for the rotaxane.
Upon deslipping, they decrease and reappear as
protons of the free axle at d ¼ 6:85 and
d ¼ 7:38 ppm which corresponds to a Dd of ca.
0.8 ppm. Similarly, shifts are observed for protons
of the wheel, which feel the axle. The shift
differences are however smaller ðDd ¼ 0:2 ppmÞ.
Nevertheless, they can still be used to evaluate the
deslipping kinetics.

Deslippage is a unimolecular reaction which
follows a first-order rate law. Thus, the rate constant
k can be derived from the slope of a linear plot of
ln (c/co) over the time t with co being the initial

concentration of the rotaxane and c its concentration
at time t (eq. (1)).

ln
c

c0
¼ 2kt ð1Þ

The rate constants were determined at different
temperatures with a temperature range which
should not be too small. For the present study
the experiments were done between 333 K and 393 K.
The activation parameters can then be determined by
using the Arrheniusequation (eqs. (2) and (3)), which
provides the activation energy Ea and the pre-expo-
nential factor A from a plot of ln k versus 1/T.

k ¼ Ae2
EA
RT ð2Þ

ln k ¼ ln A 2
EA

RT
ð3Þ

Alternatively, the Gibbs free enthalpy of activation
DG ‡ or the enthalpy and the entropy of
activation DH ‡ and DS ‡ are accessible from
the Eyring equation by plotting ln (k/T) versus 1/T.
In eqs. (4) and (5), kB is the Boltzmann constant and
h the Planck quantum.

k ¼
kBT

h
e2

DG –

RT ¼
kBT

h
e2

DH –2TDS –

RT ð4Þ

ln
k

T
¼ ln

kB

h
þ

DS–

R
2

DH–

RT
ð5Þ

FIGURE 1 Stack plot of NMR spectra of 5 at 393 K. Easily visible are the somewhat broadened signals for the AA0XX0 system of the
aromatic protons in the axle center piece. The corresponding signals for the free axle are sharp and appear shifted to lower field by ca.
Dd ¼ 0:8 ppm: Smaller, but still significant changes are observed for protons of the wheel, e.g. those of the isophthalic acid moieties
pointing into the cavity.
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Figure 2 shows the three plots from which the
activation parameters can be determined for rotax-
ane 4 as an example. The activation parameters and
the half-life of each of the rotaxanes are summarized
in Table I. It should be noted that both ways to
evaluate the data provide comparable results, since
the Arrhenius activation energy EA contains the
enthalpic contributions to the barrier appearing in
the Eyring equation, while the pre-exponential
factor A is related to the entropic effects on the
barrier. These relations are expressed in eq. (6) and
(7) in which Tm is the average temperature of
the experimental temperature range [16]. Conse-
quently, the two equations do not provide identical

data, but qualitative conclusions are not changed by
using one or the other.

Ea ¼ DH– þ RTm ð6Þ

A ¼
kBTm

h
e

DS–

R ð7Þ

All rotaxanes 1–10 within experimental error
exhibit the same behavior. The half-lives at 373 K
all lie within a range between 1 hour and 1 hour
20 minutes; the DG ‡ values are consequently
within a few kJ mol21. After separating the
activation enthalpy from the activation entropy,
still the data are consistently close to each other.
There is one exception, i.e. rotaxane 8, but since it
does not deviate much from the others with
respect to its half-life or free enthalpy of activation,
we suspect that the data for this rotaxane are
falsely inconsistent with the others.† In line with
expectation, the data suggest that the chain length
of the axle center piece does not have any
significant effect on the deslipping kinetics.

CONCLUSIONS

The rotaxanes presented here do not differ with
respect to their deslipping kinetics and thus obey
the simple model introduced in the introduction.
If the axle center piece represents a narrow thread
and if no functional groups that could interfere with
the deslippage are present, the stopper size indeed
governs the deslipping kinetics. The rate-determin-
ing step of the deslipping reaction is the passage of
the wheel over the stopper. The deslipping reaction
has been used for determining steric size, and even
the difference between CH3 and CD3 groups located
at the stopper periphery affected the deslipping rate
indicating the precision with which even small
effects can be measured [9,10]. This result obtained
through isotopic substitution, which affects the rate-
determining step of the deslipping reaction confirms
the results presented here. However, comparison of
the ester rotaxanes depicted in Scheme 2 with the
series of rotaxanes 1–10 clearly points to a limitation
of this approach. If functional groups are present in
the axle which are capable of forming non-covalent
interactions with the wheel, they may interfere with
the deslippage and alter the kinetics of deslipping.
In these cases, care should be taken in interpreting
the data. However, these limitations can easily be
overcome, when series of rotaxanes are used, which
differ merely with respect to one of their features.
A comparison of rotaxanes differing significantly in
their structures is not recommended.

FIGURE 2 Top: Plot of ln (c/co) vs. time t for the determination of
rate constants at 333, 353, 373 and 393 K. Middle: Arrhenius plot of
ln k vs. 1/T providing access to the activation energy EA and the
pre-exponential factor A. Bottom: Eyring plot of ln (k/T) vs. 1/T for
evaluation of the activation enthalpy DH ‡ and the activation
entropy DS‡. All plots shown represent the data for rotaxane 4.

†All rotaxanes in this study have been treated in the same heat baths for the same time intervals in order to ensure good comparability.
We have therefore not repeated the measurement for 8 alone. This would probably not provide better data.
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TABLE I Activation parameters as obtained from an evaluation of the kinetic data by Arrhenius and Eyring plots and half-life of
rotaxanes 1–10 at 373 K*

EA [kJ mol21] A[MHz] DG ‡† [kJ mol21] DH ‡ [kJ mol21] DS ‡ [ J K21 mol21] t1/2 (373 K) [s]

1 93 2468 112 90 275 3690
2 87 2069 113 90 276 3560
3 89 541 112 86 288 4030
4 89 463 113 86 289 4040
5 88 297 113 85 293 4710
6 85 364 109 82 291 4500
7 85 364 109 82 291 4480
8 77 10 110 74 2121 4330
9 91 2908 116 91 283 4420
10 90 551 113 87 287 4530

*All measurements were carried out in tetrachloroethane-d2 as the solvent. † Free enthalpies of activation were calculated for 298 K.
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