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Abstract Machines at a molecular level are in perpetual
Brownian motion even at an ambient temperature. One of
the representative issues of researches on molecular
machines is a development of technology, which can
control Brownian motion. This review presents our efforts
to achieve the first rationally designed molecular brake
systems of threading/dethreading motions, a shuttling
motion, and a rocking motion that work reversibly and
quantitatively in response to external stimuli without pro-
ducing any chemical wastes. These molecular brake sys-
tems were constructed from a dumbbell shaped secondary
ammonium axle and a ring component having photo and
thermally reactive moiety.
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Introduction

There are idiosyncratic issues of research on molecular
machines, which are not on miniaturizations of macro-
scopic machines, but specific for microscopic machines.
One of the representative issues is a development of
molecular brakes for Brownian motion. In this review the
author presents an outline of the kinetic underpinnings of
the concept and practical issues for a construction of
molecular brakes from each molecular component using a
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technology based on a host—guest chemistry and an eval-
uation of the brake functions.

Host—guest chemistry as a key technology for the
fabrication of molecular machines

The discoveries of a crown ether itself and a stable com-
plex formation of a crown ether with a metal cation in 1967
by Pedersen [1-4], following avocation of the Host—guest
chemistry by Cram [5, 6], and that of the Supramolecular
chemistry by Lehn [7-9] showed an importance of inter-
action between molecules, initiated huge amount of
researches on a relation between a physical property of a
complex and a structural complimentarity between a host
and a guest, and contributed to construct technologies for
molecular assemblies.

A fundamental criterion of a host molecule is a binding
constant for a guest molecule. That of supramolecule is a
stability constant for a complex. Quantitative treatment of
complex formation provides a way to compare between
different molecular recognition phenomena, which can be
useful for further development and application. In addi-
tion to cation recognition molecules [10-12] and anion
recognition host molecules [11, 12], host molecules for a
recognition of neutral molecules is still been developing
[12, 13]. Guest molecules having large difference in size
and/or in the position of binding sites were well differ-
entiated. In addition subtle structural differences in shape
such as chirality of guest molecule have also been able to
be recognized clearly by using well-designed chiral host
molecules [14], in which the author worked intensively
[15-50].

There are many industrialized crops from this field such
as ion sensors, ion selective membranes and electrodes
[51-62] which were contributed by ion recognition
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initiated by Pedersen and chiral stationary phases for chiral
chromatography [46-49, 63—72] initiated by the contribu-
tion of Cram’s chirality recognition technology [73-75].
Moreover, there are many other researches which have not
been industrialized yet but have fascinated many
researchers for a long term such as chiral shift reagents for
the determination of enantiomeric excess of chiral sub-
stance [32] besides the reagents for the determination of
absolute configuration [25, 34], chiral indicators [15, 17,
19-21, 26, 27, 29, 76-78], and fast chirality detection
method using chiral hosts by means of mass spectrometry
[23, 24, 36-40, 42] as well as many other researches for
selective guest capture using intermolecular interaction are
extensively spread out in different areas.

In the late 1980s researches for fabrication of molecular
assemblies using inter- and/or intramolecular interactions
of molecular components came under the spotlight. Typical
examples are the syntheses of catenane, rotaxane, and
molecular knot [79-82]. Emergence and large development
of supramolecular methods make syntheses of supramole-
cules much easier with higher chemical yield [83-95] than
before [96]. At the same time, covalent methods [97, 98],
which were not thought to be versatile for the synthesis of
interlocked molecules, were also well developed. By the
covalent methods several interlocked molecules were
synthesized with practical number of steps and chemical
yields [99-102], including 100% rotaxane selective syn-
thesis [103].

Furthermore, a devise for a reversible switching of an
extent of an interaction between components of a rotaxane
or a catenane was developed [104]. For example, rotaxane
based molecular devices whose ring component shuttles
back and forth in response to external stimuli was reported
[105]. Stoddart and Heath have demonstrated that memory
constructed with well-designed switchable rotaxane of
their structure as fundamental component can work as
electronic devices with high density [106-110]. This
research got a lot of attention by providing concrete,
exemplified application of molecular machines.

In general, the difficulty of development of molecular
machines lies mainly on the fabrication process from
molecular components. With the knowledge of host—guest
chemistry, it will be possible to construct machines at the
molecular scale easily using intercomponent interaction.

Molecular machines

The first time the topic of molecular machines was seri-
ously contemplated was in 1959 by Feynman, Nobel
Laureate in Physics, in his historic address “There is Plenty
of Room at the Bottom” to the American Physical Society.
At that time, it was impossible to construct molecular
machines practically. After his address, technologies
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concerns have proceeded. Now, it’s high time to come up
with practical solution, to create molecular machines with
desired functions and to find the answers of his following
questions: “What would be the utility of such machines?
Who knows?... I cannot see exactly what would happen,
but I can hardly doubt that when we have some control of
the arrangement of things on a molecular scale we will get
an enormously greater range of possible properties that
substances can have, and of the different things we can do”
[111-113].

The development of nanotechnologies and nanomateri-
als is believed to be capable of catalyzing dramatic
breakthroughs for the industrial revolution of the twenty-
first century. Molecular machines are one of the nanoma-
terials, which is an important application of nanotechnol-
ogies. To promote researches on molecular machines
contributes not only to sophisticate microfabrication tech-
nology or patterning technique on a nanometer scale but
also to create innovative material object, which realize
large density growth of functional unit. For a functionali-
zation, some of structural units (e.g. a field effect transistor
(FET) or a single-molecular transistor), which are obtained
by physical microfabrication technology or prospective
chemical technology, should be combined directly or
connected by wires. Both of such combination method and
the wire method must require much more development of
highly advanced microfabrication techniques. Therefore,
these methods will face readily with difficulties to realize
such logical assemblies or with a rising cost of production.

On the other hand, an introduction method of a function
into a smallest structural unit is promising, because an
integration of the structural units nor connections of the
structural units by wires in logical ways are not required.
Each structural unit itself works as a functional unit.
Molecular machines are the structural units with function at
the molecular level. Therefore, chemical approaches,
which create molecular machines, are getting lots of
attention because of realistic expectations.

Definition of a molecular machine and essential
features of a machine

Balzani et al. defined a molecular machine and molecular
device as follows: “A molecular machine is a particular type
of molecular device in which the component parts change
their relative positions as a result of an external stimulus. A
molecular device is an assembly of a discrete number of
molecular components designed to perform a specific func-
tion [111, 112].” A molecular machine can be defined more
concisely as a supramolecule in which a mechanical move-
ment of the component parts is related to perform a specific
function as a result of an external stimulus. The energy of
movement has to be derived from an energy transduction
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process from fuel and/or an external stimulus because of the
conservation law of energy. A function can be generated by a
well controlled and ordered movement. For example, a
gasoline engine used extensively in motor vehicles is now a
reciprocating engine. The engine is a heat engine that con-
verts pressure generated by combustion of fuel into a
reciprocating linear movement of a piston. The linear
movement is well controlled therefore can be converted into
unidirectional rotating movement. In general, an energy
conversion into a mechanical movement and a control of the
movement into orders are scale-independent fundamentals
of machines. Kelly, who reported the first molecular brake,
had the same ways of thinking and taking on a molecular
machine. He described: “Both the arrest and the creation of
movement are fundamental aspects of dynamics on macro-
scopic as well as microscopic levels. Brakes and motors
dominate the operation of machines.” Certainly there are
scale-independent essential features of machines.

There must be scale-dependent essential features of
machines. The author believes that projects directly con-
cerned to the “scale-dependent” essential features of
machines are important in addition to a miniaturization of a
macroscopic machine. One of the projects is a development
of technology for a control of Brownian motion. Thermal
energy at an ambient temperature is small to make mac-
roscopic machine move, however, is large enough to have
microscopic machine move. The method, which uses
thermal energy for a power of motion and uses extra energy
for a control of movements, can be applicable for machines
at the molecular level. Therefore, the creation of molecular
machines which work at an ambient temperature by ther-
mal energy and the control of the dynamism of the
molecular machines are inherent and promising research
issues. Especially, molecular machines, which control the
mechanical movements by an external stimulus without
producing chemical wastes such as light and/or heat, are
“advanced molecular machines”.

Control of mechanical movement of molecular machine

There are two types of control methods of mechanical
movement of molecular machine, a thermodynamically
controlled method and a kinetically controlled method. A
thermodynamically controlled method is a method that
changes an energy difference between ground states of
isomers having different positions of molecular compo-
nents, which results in a change of ratio of the isomers.
Therefore, an equilibrium reaction is the intended reaction
for a thermodynamically controlled method as premise.
Otherwise, a thermodynamically controlled method
requires very long period of time for a switching function.
On the other hand, a kinetically controlled method is a
method that changes activation energy between ground

states of isomers, which results in a change of a rate of the
isomerization. Therefore, switching by a kinetically con-
trolled method is generally quick at least in principle.

Molecular brake systems

In phase to the given situations with the current view of a
molecular machine, author started projects to develop a
novel arrest system of mechanical movements for molec-
ular machines, because of the importance of the control of
Brownian motion at the molecular level.

The first molecular brake system published in the liter-
ature was for a rotary movement around a single bond
between triptycene and bipyridine components reported in
1994 by Kelly (Scheme 1) [114]. This system functions
reversibly by the addition and removal of metal ion as
external stimulus using complexation reaction. There are
many other examples [115-121]. However, the addition of
metal ion or other chemicals produces chemical wastes that
are difficult to remove at the molecular level. Therefore,
photochemical, electrochemical and/or thermal controls are
ideal for molecular brake systems, which can function
preferably at an ambient temperature.

In 2008, Yang et al. reported the first example of a
room-temperature light-driven molecular brake that dis-
plays distinct rates of rotation in the brake-on versus brake-
off states (Scheme 2) [122]. However, the interconversion
between brake ON states (cis-form) and brake OFF states
(trans-form) was not switched sufficiently.

Brake OFF Brake ON

Scheme 1 Kelly’s first molecular brake system

Brake OFF

Brake ON

Scheme 2 Yang’s first light-driven molecular brake that displays
distinct rates of rotation in the brake-on versus brake-off states at
room temperature
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In view of the given situation, we designed an ideal
molecular brake system for a frequency of molecular
motions in response to physical stimuli and works quanti-
tatively, reversibly, and without producing chemical wastes
at an ambient temperature. In this paper, we report a
switching in a frequency of molecular motions, threading/
dethreading, shuttling, and rocking motions of pseudoro-
taxane and rotaxane systems by changing the size of ring
component in response to physical stimuli [123-126].

Creation of ideal molecular brake systems

The purpose of this project is to create molecular brake
systems whose (pseudo)rotaxane specific motions can be
controlled by using clean energy.

Control of threading/dethreading motion

The first purpose of this project is to switch a frequency of
molecular threading and dethreading motions reversibly
and quantitatively by changing the size of ring component
in response to physical stimuli without producing any
chemical wastes. The concept and energy diagram of
switching between fast and slow threading/dethreading in
pseudorotaxane system [127] are shown in Fig. 1. The
pseudorotaxane system is composed of a dumbbell shaped
axle and a ring component. The dumbbell shaped axle has
two stoppers and one station. Interactions between the axle
and the ring components involve (1) an attractive interac-
tion between the station and a ring and (2) a repulsive
interaction between the ring and a stopper. The pseudoro-
taxane system with a large size ring involves fast threading
and dethreading motions as shown in Fig. 1a. On the other

Fig. 1 The concept and energy
diagram of switching between
fast and slow threading/
dethreading in pseudorotaxane

(a)l fast threading/dethreading (

stabilized

Pseudorotaxane with large ring

V=
O/-O-/O/_"

destabilized

________ iEa

hand, the pseudorotaxane system with a small size ring
molecule shown in Fig. 1b has slower threading/dethread-
ing. Threading/dethreading rates depend on the balance of
the changes of a stabilization (a ring on a station) and a
destabilization (a ring on a stopper). Both the stabilization
at the station and destabilization on the stopper act syner-
gistically to enhance the activation energies Ea of thread-
ing motion as shown in Fig. 1b.

Design of switching system
Selection of switching units

The first step for the construction of molecular brakes is a
selection of switching unit. As a key component of
switching unit, we chose dianthrylethane derivatives which
were known to be one of the famous photochromic com-
pounds. The photodimerization and thermal reversion of
some of these derivatives undergo quantitatively and
reversibly. The reactivities can be tuned in large extent by
using different substituents. For example, the half-life of
dianthrylethane 5 (X = H) in Scheme 3 is 385 year
whereas 2 h for methoxy derivative at 25 °C. This unit has
a potential feasibility [128].

hv
(A>300 nm)
(5°C)
N —
X X A

5 quant.

X=H, OCHz  CH,Cl, under N,  X=H, OCHj

Scheme 3 Quantitative  and  reversible  isomerization  of

dianthrylethane

Pseudorotaxane with small ring

b)ll slow threading/dethreading
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Y
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Selection of axle and ring

The next step is a selection of an axle and a ring compo-
nents. The pseudorotaxane system that we designed for a
switching of a frequency of threading/dethreading motion
consists of secondary ammonium axle and crown ether ring
components. Complexations of crown ethers with primary
ammonium cations are well investigated, especially 18-
crown-6 ethers with primary ammonium cations having
large binding constants. On the other hand, a secondary
ammonium cation is not bound in 18-crown-6 ethers well,
even though a secondary ammonium cation is suitable as
an axle component in shape. In the literature, it is reported
that relatively large crown ethers form stable complexes
with secondary ammonium cations [129-131], which can
be used to differentiate chirality of the secondary ammo-
nium cations [30, 31]. Then, the combination of secondary
ammonium axle and crown ether ring with 24-crown-8 or
27-crown-9 structure was selected.

Design of pseudorotaxane system for the control
of threading/dethreading motion

We designed molecule 7 as a key ring component to
include a photocontrollable threading functionality. With
this ring component we designed pseudorotaxane system
(DBA@70 and DBA@7¢) composed of dibenzylammo-
nium hexafluorophosphate (DBA) and open form ring
molecule 70 or closed-form ring molecule 7¢ (Scheme 4a).
The photodimerization and the thermal reversion of the
anthracene units of 7 would cause substantial change of the
cavity size reversibly. [132—135] Because the cavity size of
closed form 7¢ should be similar to that of dibenzo-24-
crown-8, 7¢ would form a stable complex with a secondary
ammonium salt [130]. In addition to the stabilization of

Scheme 4 A concept of
switching between fast and slow
threading/dethreading in
pseudorotaxane by using an
anthracene-based 24-crown-8
type macrocycle and DBA (a),
ideal non-threadable
supramolecular system (b)

DBA@70

closed form crown ether and ammonium moiety, destabi-
lization at transition state, which is presumably when the
crown ether is placed on the bulky group at the ends, is also
important, because the energy difference between these
strategies correspond to activation energy (Ea) as shown in
Fig. 1. Consequently, it is expected that the photocontrol-
lable threading motion would be achieved using crown
ether 70 as the key ring component and DBA as the proper
axle-like component. For comparison, the rotaxanes
Al1@70 and A1@7¢ composed of the same crown ether 7
as ring component and axle-like component A1 with bulky
stopper moieties (3,5-bis(triisopropylsilyl)phenyl group) at
the both ends were also prepared, where the threading/
dethreading motion was completely stopped.

Preparation and switching behavior of ring
component 7

Preparation of macrocycle 70

An introduction of dianthrylethane unit into crown ether ring
was reported to be difficult, however, possible even with low
chemical yield. The previously reported preparation of the
photocontrollable 15-crown-5- and 12-crown-4-type com-
pounds [136, 137] containing a dianthrylethane moiety from
1,2-bis(10-hydroxy-9-anthryl)ethane 8 [138] and corre-
sponding oligoethyleneglycol ditosylates in the presence of
sodium hydroxide resulted in low yields of the macrocycli-
zation, partly because of the lability of diol 8. Even though
diol 8 is relatively stable in form of crystals, it decomposes
rapidly in solution. For this reason, high dilution conditions,
which are common for macrocyclization, could not be
applied. Therefore, diol 8 obtained as fine crystals was
converted to stable bis(trimethylsilyl)ether 9 using N,O-
bis(trimethylsilyl)acetamide (BSA) in 74% yield. Then in
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situ deprotection and coupling of 9 with ditosylates 10 fur-
nished macrocycle 70 with considerably improved yield
(27%) compared to the previous syntheses of related mole-
cules as shown in Scheme 5 [136] .

Quantitative interconversion between ring
components 70 and 7¢

The photoisomerization of ring component 70 to the cor-
responding closed-form molecule 7¢ proceeded quantita-
tively. The solution of 70 in well-degassed CD3;CN was
placed in a Pyrex NMR tube at 285 K and irradiated with a
high-pressure mercury lamp for 10 min. After the irradia-
tion, the solution was kept under 273 K in order to avoid
significant thermal reversion of 7c. In the "H NMR spectra, a
sharp singlet signal assigned to the benzylic protons (H,) of
70 at 4.1 ppm disappeared and a singlet signal assigned to
the aliphatic protons appeared at 2.9 ppm after the irradia-
tion as shown in Fig. 2. In the aromatic region, the charac-
teristic signals at 6 8.12 and 7.55 ppm disappeared after
irradiation and the corresponding aromatic protons (Hy, H.)
appeared at d 6.8-7.0 ppm. The thermal reversion of 7¢c-70
involved appreciable spectral change observed in UV-

Scheme 5 Synthesis of the
photochromic ring component
70

OH
o
CH3C(OTMS)=NTMS

S
S

OH
74%

Fig. 2 Partial '"H NMR spectra

(270 MHz) of open-form 7 (0]
macrocycle 70 (a) and closed- H¢ % Hp
form 7¢ (b) recorded in CD;CN
at 243 K Hy @
3 O O—)

@ Springer

visible spectroscopy. The half-life of 7¢ in acetonitrile was
obtained based on the increase of absorbance at 383 nm by
means of UV-visible spectroscopy: 10 min at 303 K,
whereas 148 min at 283 K. Because of the long half-life at
low temperature, the closed-form molecule 7¢ could be
conveniently isolated and then converted reversibly at room
temperature to the open-form molecule 70. The photoirra-
diation and subsequent thermolysis were performed
repeatedly using the sample solution prepared in quartz cell
for absorption spectra in well-degassed CH;CN (0.1 mm).
Photoreaction was carried out using a 500-W high-pressure
mercury lamp through Pyrex filter for 30 s cooling with
water bath, then thermal reversion was carried at 313 K for
45 min monitoring absorbance at 383 nm by means of UV/
Vis spectrometer. The change of the absorbance is shown in
Fig. 3. After 10 times repetition, 97.4% durability is
obtained based on the difference in absorbance.

Effect of the existence of ammonium station
in the ring on the switching behavior

In order to obtain an information of the effect of the existence
of ammonium station in the ring on the switching behavior,

@o'_‘o’_‘o'_‘OTs l/\ -~
% OTMS 0_0_0_OTs @ 03
J 10 7 Oj@
@ KOH / THF-H,0 @ ?}
X oTtms 0
27% '\/ A
9 70
(a) Ha
Hy, H,

S (ppm) \
Hc .
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Fig. 3 Ten continuous cyclical changes in relative absorbance at
383 nm during photoreaction and thermal reversion cycles between
open form 70 and closed form 7¢ recorded in CD;CN at 313 K

the interconversion between open-form [2] rotaxane A1@70
and closed form [2] rotaxane A1@7¢ was investigated.

Preparation of rotaxane A1@70

The synthesis of rotaxane Al1@70 is summarized in
Scheme 6. The closed-form 7¢ was prepared from 70 in
benzene by irradiation with a 500-W high-pressure mer-
cury lamp followed by evaporation of the solvent with
cooling. Because the closed-form 7c¢ is stable enough at
low temperature to handle, the freshly prepared 7c¢ and
secondary ammonium hexafluorophosphate 11 were dis-
solved in CH,Cl,/CH;CN. The resulting pseudorotaxane
11@7c¢ was treated with acid anhydride 12 in the presence
of 40 mol% of n-BusP under ice cooling [86]. Thermal
reversion of the rotaxane A1@7¢-A1@70 occurred during
the post-treatment. The open-form [2] rotaxane A1@70
was obtained in 57% yield (three steps from 11).

Quantitative interconversion between rotaxane
Al@70 and A1@7¢c

The photoisomerization of A1@70-A1@7c proceeded also
quantitatively. The "H NMR spectra of A1@70 at 273 K are

Scheme 6 Synthesis of the [2]
rotaxanes A1@7¢ and A1@70

shown in Fig. 4. In the "H NMR spectra, characteristic
changes for the signals of the ring component protons are
observed. A sharp singlet signal assigned to the benzylic
protons (H,) of A1@70 at ¢ 4.05 ppm disappeared and
corresponding signal of an aliphatic proton (H,) appeared at
2.84 ppm after the irradiation, the aromatic signals (Hy, H¢)
at 8.12 and 7.55 ppm shifted to 6.92-6.75 ppm after irradi-
ation. The signal assigned to the benzylic protons of axle-
like component (Hy) of A1@70 at 4.42 ppm shifted to
5.08 ppm after the irradiation. The thermal reversion of
A1@7c-A1@70 was observed by the 'H NMR spectra and
the UV-visible spectra. The photoirradiation for 30 s and
following thermolysis at 313 K for 60 min was performed
repeatedly. The change of the absorbance at 383 nm by
means of UV/Vis spectrometer is shown in Fig. 5. After
10 times repetition, 97.5% durability is obtained based on
the difference in absorbance. The half-life of A1@7¢ in
acetonitrile was determined based on the increase of absor-
bance at 383 nm by means of UV-visible spectroscopy:
18 min at 303 K, whereas 222 min at 283 K (Table 1). Half-
lives of the rotaxanes A1@7c-A1@70 are significantly
longer than those of the ring components 7c¢—70. It seems
very likely that the presence of the ammonium station will
increase the stability of the crown ether and slow down its
retrophotodimerization.

Switching behavior of pseudorotaxane system
(DBA@7)

Characterization of pseudorotaxanes

The apparent half-life of 7¢ in the presence of DBA in
acetonitrile was obtained based on the increase of
absorbance at 383 nm by means of UV-visible spec-
troscopy. Although the half-lives of corresponding
rotaxane A1@7c¢ to A1@70 are appreciably longer than
those of 7c¢-70 (half-lives are 18 min at 303 K and
222 min at 283 K, whereas those of ring component 7¢
are 10 and 148 min, respectively), apparent half-lives of
7c-70 in the presence of DBA are slightly longer than

o)
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o) Tlps{g
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Al@7c > Ale7o

‘\,O‘_‘OJ n-BugP hv
_ 57%
PFe (3 steps from 11)
11@7c
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Fig. 4 Partial '"H NMR spectra R
(270 MHz) of open-form
macrocycle A1@70 (a) and
closed-form A1@7c¢ (b)
recorded in CD3;CN at 243 K
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Fig. 5 Ten continuous cyclical changes in relative absorbance at
383 nm during photoreaction and thermal reversion cycles between
open form A1@70 and closed form A1@7c recorded in CD;CN at

313 K

Table 1 Apparent half lives of the thermal reversion of 7¢, A1@7¢
and pseudorotaxane system (7c¢ with DBA) in CH;CN obtained based

on UV-visible spectral changes

T (K) t1/> (min)

7c 7c¢ with DBA Al@7¢
283 148 160 222
303 10 11 18

those of the ring components 7c-70 itself (apparent half-
life is 11 min at 303 K, whereas it is 160 min at 283 K)

(Table 1).

@ Springer
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Complexation behavior of 7 with DBA

In order to characterize the pseudorotaxane formation of
the ring component 7¢ or 70 with the axle-like ammonium
salt component, '"H NMR titration experiments were per-
formed. Although kinetic and thermodynamic data at high
temperatures were not obtainable because of the less
thermal stability of closed-form complex, '"H NMR spec-
troscopy at room temperature gave information both on
thermodynamic stability of pseudorotaxane and kinetic
information of threading and dethreading rate. The addition
of DBA to a solution of 70 in CD;CN formed a crown
ether—ammonium cation complex. The complexation
equilibrium was fast on the NMR time scale and gave
signals at weight averaged chemical shifts of the free and
complexed host. The binding constants of this system were
obtained based on the chemical shift change by the titration
experiment followed by non-linear least-square data treat-
ment method. The binding constants are listed in Table 2 in
a temperature range from 273 to 233 K. In addition to the
binding constants, information on the frequency of
molecular motions was obtained from this experiment.
Even at a low temperature of 233 K, the host—guest com-
plexation equilibrium has a fast exchange rate compared
with the NMR time scale.
In contrast, the host—guest complexation equilibrium of
the closed-form complex 7¢ with DBA in CD;CN has a
slow exchange rate compared with the NMR time scale so
that the peaks due to the complexed host and the free host
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Table 2 Association constants of crown ethers 70 and 7¢ with DBA
in CD;CN determined by non linear least-squares method and single
point measurement, respectively

T (K) KM™

7o Tc
273 23 67
263 30 82
253 )3 126
243 53 184
233 63 286

are observed individually in an NMR spectrum. The 'H
NMR spectrum of a mixture of 7¢ and DBA is shown in
Fig. 6 together with those of 7¢ (¢) and DBA (a). In
Fig. 6b, the signals with asterisks (*) are assigned to the
pseudorotaxane and others are due to the free DBA and
free 7c. Based on the 'H NMR spectra, the binding con-
stants of 7¢ with DBA were obtained by the integration of
the complexed and free host signals. The results are listed
in Table 2 together with those of 70 with DBA. The
binding constants of 7¢ are two to four times larger than
those of the open form 70. The stable binding between 7¢
and DBA may explain the elongation of apparent half-lives
of 7c and slow exchange in the presence of DBA.

Summary of the molecular brake system
of threading/dethreading motions

The anthracene-based photochromic molecules 70 and 7¢
are interconverted reversibly by photoirradiation and

Fig. 6 Partial '"H NMR spectra
(270 MHz, CD3CN, 243 K) of a
1:1 mixture (20 mM) (b) of
closed-form macrocycle 7c¢ (c)
and DBA (a). The descriptors
“*” refer to signals representing
protons of pseudorotaxane

thermolysis. The binding constants of 70 and 7¢ with DBA
differ considerably. In addition, considerable differences in
half-lives of thermal reversions of pseudorotaxane
DBA @7¢ and rotaxane A1@7c are observed. The signifi-
cant difference in frequencies of threading motions of DBA
with ring components 70 or 7¢ in pseudorotaxane system is
observed by 'H NMR spectroscopy. The rate constant of 70
is higher than the NMR time scale, however, the rate
constant of 7c is smaller within the temperature range
between 233 and 303 K. The switching frequency of the
molecular motion by the structural change of ring com-
ponent is possible to produce promising new switching
devices.

Control of shuttling motion

The second purpose of this project is to switch a frequency
of shuttling motion and to appreciate the rate of the motion.
Our concept for the control of shuttling motion is shown in
Fig. 7 which includes models of [2] rotaxanes capable of
changing the size of ring components and the corre-
sponding potential energy diagrams. Figure 7a shows the
larger ring (open-form) rotaxane and Fig. 7b shows the
smaller ring (closed-form) state, which are reversibly in-
terconverted. The rotaxanes possess the identical axle
component having a symmetrical structure, which is
composed by two stoppers, two stations, and one spacer.
The potential energy of the individual rotaxane depends on
the position of the ring component. The steric barrier
between the ring component and the spacer is larger in the
closed-form than in the open-form. Moreover, through the
attractive interactions between the ring components and the
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Fig. 7 Models of [2] rotaxanes
and the corresponding energy
diagrams of a shuttling machine
with effective brake function

stabilized

Rotaxane with large ring

destabilized

Rotaxane with small and right size ring

[ '
[ .

destabilized

stabilized

position of ring component along vector of axle

component

position of ring component along vector of axle
component

O— Stopper =#= Station 407 Spacer

stations, the closed-form rotaxane can be more stabilized
than the open-form. Consequently, the shuttling rate of the
closed-form rotaxane would be reduced effectively than
that of the open-form.

Design, preparation and switching of the brake system
for shuttling motion

To build a prototype of the shuttling molecular machine
with the reversible brake function, following structural
requirements should be fulfilled; (1) a size-changeable ring
component which responses to external stimuli, (2) an
appropriate spacer which acts as a small barrier to the
open-form ring and a large barrier to the closed-form ring,
and (3) a station which interacts more strongly with the
closed form ring molecule than the open-form. As a
rotaxane system which meets these requirements, we
designed rotaxanes A2@70 and A2@7¢ consisting of a
photochromic dianthrylethane-based ring component 7o
and a dumbbell shaped axle molecule A2 with a phenylene
group and two secondary ammonium sites (Scheme 7). As
the stopper, 3,5-bis(triisopropylsilyl)phenyl group was
selected, because the stoppers were known to be large
enough to prevent deslipping of the axle component from
the open-form ring molecule.

Preparation of rotaxane A2@70

Diester 13, which was prepared according to the literatures
[139], and the photocontrollable macrocycle 7 were used as
starting materials. As shown in Scheme 7, ammonium
hexafluorophosphate 16 was prepared from diester 13 by
mono-protection of amino group to afford 14, reduction

@ Springer

with LAH followed by salt formation with gaseous HCI
and anion exchange with NH4PF¢. The closed-form ring
molecule 7c¢ freshly prepared from the open-form com-
pound 70 by UV irradiation was treated with 16 in
CH,CL,—CH;CN (2.4:1) at 273 K, producing pseudoro-
taxane 16@7c. Addition of anhydride 12 and n-BusP at
273 K, followed by purification with preparative HPLC
furnished the open-form rotaxane A3@70 (61%). Depro-
tection of the Boc group of A3@70 followed by treatment
with NH4PF¢ afforded open-form rotaxane A2@70.

Interconversion between open- and closed-form rotaxanes

A2@70 and A2@7c

The '"H NMR spectra of A2@70 and A2@7c in THF-dg at
303 K are shown in Fig. 8. When a solution of A2@70 in
THF-dg immersed in an ice bath was irradiated with a high
pressure mercury lamp, the sharp singlet signal assigned to
the benzylic proton (H;) of A2@70 at 4.12 ppm disap-
peared and corresponding signal of the aliphatic proton of
A2@7c¢ appeared at 2.90 ppm indicating that the ring
closure proceeded efficiently. In addition, the signal
assigned to the benzylic protons of the axle component (H,,
Hy, Hj, and Hy) of A2@70 appeared as a broad signal at
4.36 ppm, which was averaged on the NMR time-scale.
After the irradiation, the signal split into several signals
including those of H, and Hy at 5.10 and 5.28 ppm. The
signals of H; and Hy of A2@7c¢ overlapped with the ethe-
real signals of the ring component. The spectrum of
A2@7c reverted to that of A2@70 completely when the
NMR solution of A2@7¢ was stood at room temperature
overnight, implying that the thermal reversion of A2@7c-
A2@70 proceeded quantitatively. Hence, the reversible
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Scheme 7 Synthesis of the [2] 0._OMe o._OMe OH OH
rotaxanes A2@70
B N Boc\ B c\
HN” (Boc),O0 (1eq) ° °
/()) DMAP (cat.) (©/ (©) NH,PFg (@2
NH CH20|2 THF CHSCN +NH2 CHgClg / CchN
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94%
61% yield
based on 16
OH 0. _0
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Fig. 8 Partial 'H NMR spectra TIPS TIPS e c.d
(400 MHz, THF-dg, 303 K) of TIPS TIPS (a) .
open- (70, a) and closed-form c '
(7¢, b) rotaxanes [ve) e}

switching between A2@70 and A2@7c by external stimuli,
photoirradiation and thermal heating, was established.

Determination of shuttling rates of open-form rotaxane
A2@70 and closed-form rotaxane A2@7c

In order to determine the rates of the shuttling motion of
rotaxane A2@70. VT-NMR spectra were recorded. The
rates of the shuttling motion of rotaxane A2@70 were

5 (ppm)

determined by the line-shape analysis of their VT-NMR
spectra in toluene-dg and THF-dg [140]. Figures 9 and 10
show partial experimental "H NMR spectra of the benzylic
protons (H,, Hy,) on the axle component of open-form ro-
taxane A2@70 at different temperatures together with the
simulated spectra assuming the rates shown. The kinetic
parameters were determined from the Eyring plot as listed
in Table 3. On the other hand, the shuttling rates of closed-
form rotaxane A2@7c¢ could not be determined in the same
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273K 150 s

mx SN\ e
wax N\ e

50 50 48 52 50 48
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Fig. 9 Experimental (leff) and simulated (right) partial VT-NMR
(270 MHz) spectra of protons H, and H, of A2@70 in toluene-ds.
The corresponding temperatures and exchange rates are indicated

manner. The room temperature spectra of A2@7c¢ indicate
that the shuttling motion is slow on the NMR time scale
and the coalescence of the split signals was not observed
when the solutions were heated to 303 K in toluene-dg and
to 323 K in THF-dg, respectively [141]. Therefore, the
maximum rates of shuttling motions (k3p3 x ands k3»3 k)
were estimated to be <19 and <86 s~ ', respectively, from
the Gutowski’s equation using observed Av, the smallest
difference between the resonance frequencies of
exchangeable protons (H, and H, in both solvents) of
A2@7c¢, as shown in Table 3.

As shown in Table 3, the rate of shuttling of open-form
rotaxane A2@70 (kzg; x = 860 s_l) is at least 45 times
faster than that of closed-form rotaxane A2@7c
(kzpzs k < 19 sfl) in toluene-dg. The switching ratio in THF-
dg is about 50 (kzoz x = 4500 s7' vs. kznz x < 86 s ).
These results clearly demonstrate that the shuttling motion
was controlled very effectively by changing the ring size of
the rotaxanes using photochemical cycloaddition and ther-
mal reversion. In addition, the solvents used here did not
affect significantly the ratio of shuttling rates.

In order to obtain more information, saturation transfer
NMR experiments were carried out, which are useful to
obtain the information of slow chemical exchange, because
a saturation transfer is observed when chemically

253K

-

Ju?‘

,ANF
AN
S\

53

248K

;

243K

238K

233K

e

T T T T T
5.4 5.4
d (ppm)

Fig. 10 Experimental (left) and simulated (right) partial VT-NMR
(270 MHz) spectra of protons H, and Hy, of A2@70 in THF-dg. The
corresponding temperatures and exchange rates are indicated

exchanging nucleus is observed as individual signals at
different frequencies (v, and v,), however, the lifetime (7)
is shorter than the spin-lattice relaxation time (7).
Namely, these factors satisfy the following Eq. 1.

1/<n1/2-Av><r<T1 (1)

where, Av = v,—v,, T is spin-lattice relaxation time, 7 is
lifetime.

The information of the rate of shuttling of closed-form
A2@7c¢ was obtained by these experiments. As shown in
Fig. 11, signals of H, and Hy, of A2@7¢ appeared at 5.35 and
5.40 ppm, respectively (303 K, THF-dg). When the signal of
H, was irradiated, the intensity of Hy, remained unchanged as
shown with red line in Fig. 11, indicating that the lifetime (1)
is longer than the spin-lattice relaxation time 7. Then, the T
value was determined by the null point method. NMR signals
were measured at 273 K by changing the intervals between
180° and 90° pulse from 250 to 500 ms (Fig. 11). The null
point, where the signal intensity is minimum, was obtained
when the interval was 300 ms (Fig. 12). T, value defined as
1.44 times of the null point, was determined to be 430 ms
(=300 x 1.44 ms). Therefore the oscillation frequency of
rotaxane A2@7c at 273 K is slower than 2.3 Hz (=1/
430 ms).

Table 3 Rates of shuttling and the corresponding kinetic parameters of A2@70 and A2@7¢

Solvent Te (K) Av (Hz) AH (k] mol™") AS (I K ' mol™") k(™Y
A2@70 Toluene-ds 266 - 37+4 —65 £+ 17 860 + 270°
A2@7c Toluene-dg >303 8.4 ND* ND? <19" ¢
A2@70 THF-ds 243 - 36 £ 2 —65 + 8 4500 + 300¢
A2@7c THF-dy >323 39 ND? ND? <86 ¢

 Not determined. ® At 303 K. © Maximum rates estimated from the Gutowski’s equation, assuming that the coalescence was observed at each

temperature. 4 At 323 K
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Fig. 11 Partial '"H NMR
spectraof A2@7¢ with and
without irradiation at 5.35 ppm
for the saturation experiment
(400 MHz, THF-dg, 303 K)

As a result, the shuttling rate of rotaxane A2@7c¢ at
273 K in THF-dg was estimated to be <2.3 s~!. The rate
constant of A2@70 at the same temperature k,73 g in THF-
dg was calculated from the kinetic parameters obtained
from the VT-NMR shown in Table 3 to be 340 s~'. These
results also demonstrate that the rate of shuttling was
reduced substantially to less than 1% (from 340 to
<2.3 s by changing the size of the ring component.

Summary of the molecular brake system
of shuttling motion

We synthesized 2-station [2] rotaxanes having a diant-
hrylethane moiety in the ring unit of which size was

Hc Hd

500 ms

MM 350 ms
WWWMW 300 ms

W 250 ms
ppm

LIS R R N L N N S L H L

5.4 5.3 5.2 5.1
3 (ppm)

Fig. 12 Partial '"H NMR spectra of A2@7c¢ with different intervals
between 180° and 90° pulses (400 MHz, THF-dg, 273 K)

o (ppm)

changed reversibly and quantitatively by intramolecular
photochemical cycloaddition and thermal reversion.
Substantial difference between the shuttling rates of
open- and closed-form rotaxanes was observed, demon-
strating that the shuttling motion was controlled effec-
tively by the external stimuli. These results clearly
demonstrate the potential of the brake function of the
present system for application to the control of shuttling
and other motions directed toward the construction of
artificial molecular machines.

Control of rocking motion

The third purpose of this project is to switch a frequency
of rocking motion and to appreciate the rate of the
motion.

Our concept for the control of rocking motion is shown
in Fig. 13 which includes models of [2] rotaxanes capable
of changing the size of ring components and the corre-
sponding potential energy diagrams. Figure 13a shows the
larger ring (open-form) rotaxane and Fig. 13b shows the
smaller ring (closed-form) state, which are reversibly in-
terconverted. The rotaxanes possess the identical axle
component having a symmetrical structure, which is
composed by two stoppers, one station. The potential
energy of the individual rotaxane depends on the angle of
the pendular moiety. The steric barrier between the axle
component and the pendular moiety is larger in the closed-
form than in the open-form. Moreover, through the
attractive interactions between the ring components and the
station, the closed-form rotaxane can be more stabilized
than the open-form. Consequently, the shuttling rate of the
closed-form rotaxane would be reduced effectively than
that of the open-form.
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Fig. 13 Models of [2]
rotaxanes and the corresponding

energy diagrams of a rocking &
machine with effective brake
function
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Design, preparation and switching of the brake system
for rocking motion

In Scheme 8, rotaxanes A1@170, A1@180, A1@17c,
and A1@18c that we designed are shown. We planned to
switch the rates of rocking motion of the metaphenylene
unit, by changing the size of the ring component. We
expected that the barrier to the pseudo rotation of the
phenylene moiety would change between the open-
(A1@170, A1@180) and closed-forms (Al@17c,
A1@18c¢) rotaxanes. In order to induce appropriate steric
barrier to switching of rocking frequencies between the
open- and closed-forms, a methoxy or an isopropoxy
group was attached at the flanked position of the meta-
phenylene unit (pendular unit). Dibenzyl ammonium
cation was used as the station which interacts more
strongly with the closed-form ring molecule than the
open-form. Finally, 3,5-bis(triisopropylsilyl)phenyl group
was employed as the stopper component because it is
bulky enough to prevent the dethreading of the axle in
the open-form.

Preparation of rotaxanes A1@170, A1@180

The synthetic route of rotaxanes A1@170, A1@18o is
shown in Scheme 9. According to the literature [142], 2,6-
bis(bromomethyl)-4-bromoanisole (19) was prepared from
4-bromophenol. Corresponding isopropyl derivative 20
was prepared by a similar procedure. Condensation of these
halides 19, 20 with two equivalents of triethylene glycol in
the presence of NaOH gave 21, 22. Subsequent tosylation
gave 23, 24. On the other hand, 1,2-bis [10-(trimethylsil-
oxyl)-9-anthrylJethane (9) [138] was deprotected in situ
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and coupled with ditosylates 23, 24 under high dilution
conditions to furnish crown ethers 170, 180, in 18% and
14% yields from 19, 20, respectively.

By photoirradiation of solutions of 170, 180 in benzene
with a high pressure mercury lamp, the corresponding
closed-forms 17¢, 18c were formed. After the solvent was
changed to a mixture of dichrolomethane and acetonitrile
(10:1), pseudorotaxanes 11@17¢, 11@18c were formed by
complexation of 17¢, 18¢ with secondary ammonium salt
11 at —10 °C. The acylation capping reaction [86] of
11@17¢c, 11@18c with anhydride 12 catalyzed by n-Bu;P
afforded the corresponding rotaxanes A1@17¢, A1@18c
which then reverted to the respective open-form rotaxanes
A1@170, A1@180 during the work-up and isolation pro-
cedures. The yields of rotaxanes A1@170, A1@180 from
crown ethers 170, 180 (four steps) were 46% and 50%,
respectively.

Interconversion between open- and closed-form crown
ethers

The photoisomerization of the open-form ring molecule
170 to the corresponding closed-form molecule 17¢ pro-
ceeded quantitatively. A solution of 170 in CD3;CN was
placed in a Pyrex NMR tube and degassed by bubbling dry
argon, and subsequently irradiated with a 500-W high-
pressure mercury lamp for 30 min in a water bath. After
the photoirradiation, the solution was kept under 273 K in
order to avoid significant thermal reversion of 17¢. In the
"H NMR spectra, a sharp singlet signal assigned to the
benzylic protons (H,) of anthracene unit of 170 at
4.10 ppm disappeared and a singlet signal assigned to the
aliphatic protons of 17c¢ appeared at 2.95 ppm after the
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Scheme 9 Syntheses of ring molecules 170, 180 and rotaxanes A1@170 and A1@18o. TsCl = tosyl chloride
irradiation as shown in Fig. 14. In the aromatic region, the  respectively, after irradiation. When the NMR solution of

characteristic signals of anthracene at 8.12 and 7.55 ppm  17c¢ was stood at room temperature overnight, the spectrum
(He and H,, respectively) shifted to 7.23 and 7.10 ppm,  of 17c reverted to that of 170, implying that the thermal
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Fig. 14 Partial 'H NMR spectra (270 MHz, CD;CN, 273 K) of
open-form macrocycle 170 (a) and closed-form 17c¢ (b). The
assignments of the protons refer to those indicated in Scheme 9

reversion 17c-170 proceeded quantitatively. Reversible
transformation between the isopropyl derivatives 180 and
18c was also observed as shown in Fig. 15.

Interconversion between open- and closed-form rotaxanes

The photochemical ring closure and the thermal reversion
of the anthracene units took place reversibly between the
open-form rotaxanes A1@170, A1@180 and closed-forms
Al1@17¢c, A1@18c, respectively. As shown in Fig. 16, the
photoreaction of rotaxane A1@170 in THF-dg was moni-
tored by "H NMR spectroscopy in a similar manner as that
for ring molecules 170, 180.

Upon irradiation, the singlet peak at 4.12 ppm assigned
to the ethylene protons (H,) of the dianthrylethane unit of
A1@170 disappeared and a characteristic signal of the
cyclobutane protons of A1@17¢ appeared at 2.94 ppm,
indicating that the ring closure proceeded efficiently. In
contrast to the photoisomerization of crown ether 170, the
signal of the benzyl protons of the ring component (Hy)

(a) -CH(CHy),

f a -CH(CH,),

'ethereal
_CH(CN
f a -CH(CH,).
(b) g cd >
eb
18c U
[
1

ethereal
T —/ T

T T
8 7 4 3 2
5 (ppm)

Fig. 15 Partial '"H NMR spectra (270 MHz, CD;CN, 273 K) of
open-form macrocycle 180 (a) and closed-form 18c (b). The
assignments of the protons refer to those indicated in Scheme 9
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Fig. 16 Partial '"H NMR spectra (270 MHz, THE-dg, 273 K) of open-
form rotaxane A1@170 (a) and closed-form A1@17¢ (b). The
assignments of the protons refer to those indicated in Scheme 8

shifted to downfield and appeared as a broad singlet (from
4.31 to 4.64 ppm). The signals assigned to the protons (H,
Hy) of the terminal part of the axle component did not shift
significantly by photoisomerization (from 8.27 and 5.45 to
8.25 and 5.48 ppm, respectively), as shown in Fig. 16.
These results indicate that ring contraction did not affect
significantly the magnetic environment of the terminal part
of the axle component. The spectrum of A1@17c¢ reverted
to that of A1@170 when the NMR solution of A1@17¢
was stood at room temperature overnight, implying that the
thermal reversion A1@17c-A1@170 also proceeded
quantitatively.

Reversible transformation between the isopropyl deriv-
atives A1@180 and A1@18c was also observed as shown in
Fig. 17. In contrast to the photoisomerization of rotaxane
A1@170, the photoirradiation of the corresponding iso-
propyl rotaxane A1@18o gave rise to additional difference
in the appearance of the "H NMR spectra. For example, the
signals assigned to the protons (H; Hy) of the axle com-
ponent of A1@18c appeared as a pairs of singlets (8.26 and
8.24 ppm, 5.51 and 5.45 ppm, respectively). Moreover, the
benzylic protons (Hy) of the ring component appeared as a
double doublet at 4.97 and 4.37 ppm. These results indicate
that the rate of the rocking motion of isopropyl derivative
A1@18c is slower than the NMR time scale.

Rates of thermal reversions of crown ethers 17¢c, 18¢
and rotaxanes A1@17c, A1@18c

The thermal reversions of closed-forms 17¢, 18¢, A1@17c,
and A1@18c to the corresponding open-forms 170, 18o,
A1@170, and A1@180 gave rise to remarkable spectral
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Fig. 17 Partial "H NMR spectra (270 MHz, THF-dg, 273 K) of open-

form rotaxane A1@180 (a) and closed-form A1@18c (b). The
assignments of the protons refer to those indicated in Scheme 8

changes in UV-visible spectroscopy in CH3CN. Based on
the increase of absorbance at 383 nm, the first-order rate
constants of the thermal reversion were determined. The
rate constants of the thermal reversions of 17¢, 18c,
Al1@17¢, and A1@18c at 303 K were 1.36 x 10_3,
133 x 1073, 497 x 107, and 2.85 x 107*s™! (the
corresponding half lives: 9, 9, 23, and 41 min), respec-
tively. As shown in Table 4, the rates of reversion of
Al1@17¢, and A1@18c were slower than those of the
corresponding crown ethers 17¢, 18c. These results indicate
that the closed-form rotaxanes A1@17¢c, and A1@18c are
more stabilized than crown ethers 17¢, 18¢ by the ion—
dipole interactions between the crown ether ring and the
secondary ammonium ion. In addition, it should be noted
that the rates of 17c¢, 18c were almost identical
(950 x 107> vs. 933 x 107> s™"), whereas that of
Al@17c¢ was two times as large as that of A1@18c
(3.00 x 107> vs. 1.47 x 107 s~ ') in spite of the greater
steric hindrance in A1@18c. This suggests that the ion—
dipole interactions in A1@18¢c are stronger than that in

Table 4 Reversion rates constants and half-lives of 17¢, 18¢ and
Al1@17¢c, A1@18c in CH;CN

k(1073 s7h 17> (min)

T=283(K) T=2303((K) T=28 (K T=303(K)

17¢ 9.50 136 121 9
18¢ 9.33 133 124 9
Al1@17¢ 3.00 49.7 385 23
A1@18c 1.47 28.5 784 41

A1@17c owing to the stronger basicity of the isoprop-
oxybenzene than that of the methoxybenzene [143].

Complexation constants of crown ethers 17¢, 18c
with bis(3,5-dimethylbenzyl)ammonium
hexafluorophosphate (25)

The relative strength of the ion—dipole interactions of
closed-form crown ethers 17c¢, 18c¢ with a secondary
ammonium ion were estimated by determining their com-
plexation constants with bis(3,5-dimethylbenzyl)ammo-
nium hexafluorophosphate (25) using the 'H NMR
spectroscopy in a mixture of solvent consisting of
CD,ClL,:CD;CN = 2:1. Because of the lability of the
closed-form ring molecules, the titration method could not
be used. Instead, the complexation constants were deter-
mined by the relative integration of the signals of the free
and complexed ring components in the "H NMR spectra
[144]. Then, slightly bulky 25 was employed as a guest
molecule because the slipping/deslipping rates between
17¢c, 18c and 25 were slow enough to observe the respec-
tive signals of the components (Scheme 10). As a result,
18c bearing an isopropoxy substituent exhibits larger
complexation constants by about five times than those of
17¢ bearing a methoxy substituent [145], the result con-
sistent with the observed rate retardation of the thermal
reversion of closed-form rotaxanes A1@17¢, A1@18c¢
(Table 5).

Evaluation of the rates of rocking motions

The rates of the rocking motions of the rotaxanes A1@18o
and A1@18c were determined by the line-shape analysis of
their VT-NMR spectra in THF-ds. Figure 18a shows partial
experimental 'H NMR spectra of Hy on the axle component
of A1@180 between 178 and 188 K and the simulated
spectra assuming the rate constants shown. Similarly, the
rates of rocking of A1@17¢ were estimated on the basis of
the line-shape analysis [146] of the VT-NMR spectra for H¢
as shown in Fig. 18b. The kinetic parameters were deter-
mined from the Eyring plots as listed in Table 6.

In contrast to A1@180, in the case of A1@170, the
room temperature spectrum indicates that the rocking
motion of the phenylene unit is rapid on the NMR time
scale and the spectrum did not change even when the
solution was cooled down to 165 K. Therefore, the mini-
mum rate of rocking (k3p; k) of A1@170 was estimated to
be 4.0 x 10* s7', assuming that the rocking frequency of
A1@170 at the coalescence temperature is same as that of
A1@180 and that the temperature dependence of their
rocking frequencies is also identical. By contrast, in the
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Scheme 10 Complexation
process of 17¢ and 18¢ with 25
(CD,Cl1,:CD;CN = 2:1)

17c, R =Me
18c, R = Pr

Table 5 Complexation constants of 17c¢ and 18c with 25,

Br

25@17c, R = Me
25@18c, R = Pr

Table 6 Rocking rates and kinetic parameters of A1@170, A1@180

respectively and A1@17¢c, A1@18c in THF-ds

T (K) KM™h? Te (K) AH (kI mol™") AS (J K™ mol™) K305 (s7h
17¢ 18c Al@170 ND* ND° ND* >4.0 x 10%*

273 30 150 Al@180 186 17 +3.0 -113 + 15 8.9 x 10

263 40 250 Al@17c¢ 241 32450 59 + 21 1.0 x 10%

253 100 440 A1@18¢ ND* ND* ND* <3.5¢

243 150 750 2 Not determined. ® Rocking rate at 303 K. © Minimum estimate (see

233 350 1200 text). ¢ Estimated by extrapolation of the Eyring plot. © Maximum

4 Reactions performed in CD,Cl,/CD3CN 2:1. It was confirmed that
the complexation abilities of open-form crown ethers 170, 180 were
negligible by "H NMR spectroscopy

case of A1@18c, the '"H NMR spectrum at 273 K indicates
that the rocking motion is slow on the NMR time scale. In
contrast to A1@17c, coalescence of the signals, however,
was not observed when the temperature was elevated to
303 K, indicating that the rocking rate of A1@18c is much
slower than that of A1@17c.

The rate of rocking of closed-form rotaxane A1@18c
was also estimated by saturation transfer experiments
[147]. The saturation transfer experiment indicated that the
rocking rate (k3p3 k) of A1@18c¢ was slower than 3.5 sL.
Table 6 summarizes the kinetic parameters and the rocking

Fig. 18 Experimental (left) and (a)
simulated (right) partial VT-

value estimated on the basis of the saturation transfer experiment

frequencies at 303 K of rotaxanes A1@170, A1@18o,
Al1@17¢c, and A1@18c.

For rotaxanes A1@170 and A1@17¢ with a methoxy
substituent, the rate of rocking of open-form A1@170
(ko3 k > 4.0 x 10* s7') should be at least four times
faster than that of closed-form Al1@17c (k33 x =
1.0 x 10* s_l). On the other hand, for rotaxanes A1@180
and A1@18c with the isopropoxy substituent, the difference
between the rocking rates should be more than 10 times
(A1@180; k303 x = 8.9 x 10° s7!, A1@18¢; k3o x <
3.5 s7"). These results demonstrate clearly that the rocking
rate is switched by the external stimuli. Moreover, the
observed remarkable difference in the ratio of the rocking

(ZbB)S K \ n 5900 s

NMR (270 MHz, THF-dg) 18515/\ J\SB s
spectra of protons a Hy of
A1@180 and b H; of A1@17¢ 18% J\m s 263K | | 2300¢"
A
18% A&m s' 243K : i 410s!
18% j\sz st 223K N\, SN 95T
,/\..,-...,—M/\m-
178 K A45 s' 203 Kl l 1 l 23 s
S NN NS
5.8 5.4 5.8 5.4 50 46 42 50 46 42

5 (ppm)
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frequencies between open- and closed-form rotaxanes
(A1@170/A1@17¢ vs. A1@180/A1@18c) is ascribed to
the small rate of rocking of A1@18c as can be seen from
Table 6. The reason for the slow rocking rate can be
attributed to the destabilization of the transition state of the
rocking due to large steric hindrance of the bulkier iso-
propoxy substituent. On the other hand, it can also be
attributed by the stabilization of the ground state, since the
crown ether unit of A1@18c with an isopropoxy substituent
bears larger interaction with the secondary ammonium
cation than that of A1@17¢ with a methoxy substituent due
to stronger electron-releasing ability of the isopropylben-
zene. These two effects may contribute to increase the
activation energy of the rocking motion of A1@18c,
thereby decelerating the rocking rate substantially.

Summary of the molecular brake system of rocking
motion

The rotaxanes having the dianthrylethane moiety in the ring
unit of which ring size was changed reversibly by photo-
chemical cycloaddition and thermal reversion. The rates of
rocking motion of the rotaxanes were determined on the basis
of the NMR experiments. Fair to substantial differences
between the rocking rates of the open- and closed-form ro-
taxanes were observed, demonstrating that the rocking
motions were switched by the external stimuli. In addition, it
was found that the difference of the rocking frequencies
between the open- and closed-form rotaxanes varies consid-
erably depending on the steric and electronic properties of the
inside substituent. The rate of rocking motion was proved to be
reduced to less than 0.1% (from 8.9 x 10° to <3.5 s') by
reducing the size of the ring component upon photoirradiation.

Perspective

Following the developments of synthetic methods for
interlocked molecules, functionalization into interlocked

Scheme 11 Schematic model
of the switching system using
rocking motion. a Application
of an external electric (E) or
magnetic field (H), resulting in
alignment of the dipolar unit.

b Contraction of the size of the
ring moiety, thereby fixing the
rocking motion in the absence
of the external field. Red arrow:
dipolar moiety in the ring
component

"

(a)

dipole moment of the ring

\ /rocking motion and \ /
'J
sz 1

molecules has been important issues in this field of
chemistry. We have created novel brake systems of ro-
taxanes which operate by changing the sizes of ring com-
ponents. Threading/dethreading, shuttling, and rocking
motions were reduced by these brake systems. The rate of
shuttling motion was proved to be reduced to less than 1%.
The rate of rocking motion was proved to be reduced to
less than 0.1%. Our brake systems were proved to function
well. By a simple modification of the pendular moiety of
the rotaxane with a high dipole moiety, it is possible to
expect large changes of dipole moments accompanying
rocking motions. Therefore, the brake system, which con-
trol rocking motion, is promising for the development of
molecular devices.

Since Aviram and Ratner presented the first principle of
molecular rectifiers [148], many constructions of simple
electronic devices based on single organic molecules were
investigated. In order to meet the integration requirement
of electronic devices, a single molecule or a single supra-
molecule should work as a logic gate [149] or as a device
with more complex functions. As an example, the author
reported an idea of an impetus-responsible dipole switch-
ing system based on a control of rocking motion [126],
which is shown in Scheme 11. The ring component in the
rotaxane possesses a dipolar unit undergoing pendular
motion. When the dipolar moiety flips rapidly, the net
dipole moment should be negligible (Scheme 11, situation
(a)). By applying an external electric (E) or magnetic field
(H) to this system (Scheme 11, process a), the rocking
motion can be stopped or decelerated owing to the inter-
action of the dipole with the external field (Scheme 11,
situation (b)) [150]. At this stage, if the size of the ring
component is contracted by an external stimulus
(Scheme 11, process b), the rocking motion would be
frozen because of increased steric hindrance between the
ring and axle components, thereby locking the dipole
moment (Scheme 11, situation (c)). This system corre-
sponds to a memory system which can be constructed by a
logical combination of several transistors. From more
futuristic vista of this field, smaller and more ecological

\V/4
¢

(b) (c)

E(H)
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functional units shall be required and constructed. Then the
arrest of movements becomes important. The arrest tech-
nique will create the nanoworld afresh.

Acknowledgements

The author thanks the Organizing Committee

of Host—Guest and Supramolecular Chemistry Society, Japan for
giving him the HGCS Japan Award of Excellence 2009 and the
opportunity to write this review article. He acknowledges all collab-
orators for their efforts. He especially thanks Prof. Yoshito Tobe for
his suggestions, discussions, and encouragements. This work was
partly supported by the Izumi Science and Technology Foundation and
a Grant-in-Aid for Scientific Research from the Ministry of Education,
Culture, Sports, Science and Technology of Japan.

This is a paper selected for ‘“‘HGCS Japan Award of Excellence
2009°.

References

11.

12.

14.

15.

16.

. Pedersen, C.J.: Cyclic polyethers and their complexes with

metal salts. J. Am. Chem. Soc. 89, 2495-2496 (1967)

. Pedersen, C.J.: Cyclic polyethers and their complexes with

metal salts. J. Am. Chem. Soc. 89, 7017-7036 (1967)

. Pedersen, C.J.: The discovery of crown ethers (noble lecture).

Angew. Chem. Int. Ed. Engl. 27, 1021-1027 (1988)

. Pedersen, C.J.: The discovery of crown ethers. J. Incl. Phenom.

6, 337-350 (1988)

. Cram, D.J.: The design of molecular hosts, guests, and their

complexes (nobel lecture). Angew. Chem. Int. Ed. Engl. 27,
1009-1020 (1988)

. Cram, D.J.: The design of molecular hosts, guests, and their

complexes. J. Incl. Phenom. 6, 397-413 (1988)

. Lehn, J.M.: Supramolecular chemistry—scope and perspectives

molecules, supermolecules, and molecular devices. Angew.
Chem. Int. Ed. Engl. 27, 89-112 (1988)

. Lehn, J.M.: Supramolecular chemistry—scope and perspectives

molecules, supermolecules, and molecular devices. J. Incl.
Phenom. 6, 351-396 (1988)

. Lehn, J.M.: Supramolecular Chemistry—Concepts and Per-

spectives. VCH, Weinheim (1995)

. Izatt, RM., Bradshaw, J.S., Nielsen, S.A., Lamb, J.D., Chris-

tensen, J.J.: Thermodynamic and kinetic data for cation mac-
rocycle interaction. Chem. Rev. 85, 271-339 (1985)

Izatt, R.M., Pawlak, K., Bradshaw, J.S., Bruening, R.L.: Ther-
modynamic and kinetic data for macrocycle interaction with
cations and anions. Chem. Rev. 91, 1721-2085 (1991)

Izatt, R.M., Pawlak, K., Bradshaw, J.S., Bruening, R.L.: Ther-
modynamic and kinetic data for macrocycle interaction with
cations, anions, and neutral molecules. Chem. Rev. 95, 2529
2586 (1995)

. Izatt, R.M., Bradshaw, J.S., Pawlak, K., Bruening, R.L., Tarbet,

B.J.: Thermodynamic and kinetic data for macrocycle interac-
tion with neutral molecules. Chem. Rev. 92, 1261-1354 (1992)
Zhang, X.X., Bradshaw, J.S., Izatt, R.M.: Enantiomeric recog-
nition of amine compounds by chiral macrocyclic receptors.
Chem. Rev. 97, 3313-3361 (1997)

Kaneda, T., Hirose, K., Misumi, S.: Chiral azophenolic acer-
ands: color indicator to judge the absolute configuration of chiral
amines. J. Am. Chem. Soc. 111, 742-743 (1989)

Naemura, K., Mizo-Oku, T., Kamada, K., Hirose, K., Tobe, Y.,
Sawada, M., Takai, Y.: Preparation of homochiral crown ether
containing (S)-1-(1-adamantyl)ethane-1, 2-diol as a chiral sub-
unit and its enantioselective complexation with an organic
ammonium cation. Tetrahedron Asymmetr. 5, 1549-1558
(1994)

@ Springer

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Naemura, K., Asada, M., Hirose, K., Tobe, Y.: Preparation and
enantiomer recognition of chiral azophenolic crown ethers
having three chiral barriers on each of the homotopic faces.
Tetrahedron Asymmetr. 6, 1873-1876 (1995)

Naemura, K., Takeuchi, S., Sawada, M., Ueno, K., Hirose, K.,
Tobe, Y., Kaneda, T., Sakata, Y.: Synthesis of azophenolic
crown ethers of Cg symmetry incorporating cis-1-phenylcyclo-
hexane-1, 2-diol residues as a steric barrier and diastereotopic
face selectivity in complexation of amines by their diastereo-
topic faces. J. Chem. Soc. Perkin Trans. 1, 1429-1435 (1995)
Naemura, K., Takeuchi, S., Hirose, K., Tobe, Y., Kaneda, T.,
Sakata, Y.: Preparation and enantiomer recognition behaviour of
azophenolic crown ethers containing cis-cyclohexane-1, 2-diol
as the chiral centre. J. Chem. Soc. Perkin Trans. 1, 213-219
(1995)

Naemura, K., Fuji, J., Ogasahara, K., Hirose, K., Tobe, Y.:
Temperature dependent reversal of enantiomer selectivity in the
complexation of optically active phenolic crown ethers with
chiral amines. Chem. Commun., 2749-2750 (1996)

Naemura, K., Ueno, K., Takeuchi, S., Hirose, K., Tobe, Y.,
Kaneda, T., Sakata, Y.: Preparation and enantiomer recognition
behaviour of azophenolic crown ethers containing cis-cyclo-
hexane-1,2-diol as the chiral subunit and 2,4-dinitrophenylaz-
ophenol as the chromophore. J. Chem. Soc. Perkin Trans. 1,
383-388 (1996)

Hirose, K., Fuji, J., Kamada, K., Tobe, Y., Naemura, K.: Tem-
perature dependent inversion of enantiomer selectivity in the
complexation of optically active azophenolic crown ethers
containing alkyl substituents as chiral barriers with chiral
amines. J. Chem. Soc. Perkin Trans. 2, 1649-1657 (1997)
Naemura, K., Nishikawa, Y., Fuji, J., Hirose, K., Tobe, Y.:
Preparation of homochiral phenolic crown ethers containing
para-substituted phenol moiety and chiral subunits derived from
(S)-1-phenylethane-1, 2-diol: Their chiral recognition behaviour
in complexation with neutral amines. Tetrahedron Asymmetr. 8,
873-882 (1997)

Naemura, K., Ogasahara, K., Hirose, K., Tobe, Y.: Preparation
of homochiral azophenolic crown ethers containing 1-phenyle-
thane-1,2-diol and 2,4-dimethyl-3-oxapentane-1,5-diol as a
chiral subunits: enantiomer recognition behaviour towards chiral
2-aminoethanol derivatives. Tetrahedron Asymmetr. 8, 19-22
(1997)

Naemura, K., Wakebe, T., Hirose, K., Tobe, Y.: Preparation of
homochiral phenolic crown ethers having chiral subunits derived
from (IR,2S)-cis-1,2,3,4-tetrahydronaphthalene-1,2-diol: tem-
perature-dependent enantiomer selectivity in complexation with
neutral amines. Tetrahedron Asymmetr. 8, 2585-2595 (1997)
Ogasahara, K., Hirose, K., Tobe, Y., Naemura, K.: Preparation
of optically active azophenolic crown ethers containing
1-phenylethane-1,2-diol and 2,4-dimethyl-3-oxapentane-1,5-
diol as a chiral subunits: temperature-dependent enantiomer
selectivity in complexation with chiral amines. J. Chem. Soc.
Perkin Trans. 1, 3227-3236 (1997)

Naemura, K., Matsunaga, K., Fuji, J., Ogasahara, K., Nishikawa,
Y., Hirose, K., Tobe, Y.: Temperature dependence of enantio-
mer selectivity in complexations of optically active phenolic
crown ethers with chiral amines in solution. Anal. Sci. 14,
175-182 (1998)

Naemura, K., Nishioka, K., Ogasahara, K., Nishikawa, Y.,
Hirose, K., Tobe, Y.: Preparation and temperature-dependent
enantioselectivities of homochiral phenolic crown ethers having
aryl chiral barriers: thermodynamic parameters for enantiose-
lective complexation with chiral amines. Tetrahedron Asym-
metr. 9, 563-574 (1998)

Hirose, K., Ogasahara, K., Nishioka, K., Tobe, Y., Naemura, K.:
Enantioselective complexation of phenolic crown ethers with



J Incl Phenom Macrocycl Chem (2010) 68:1-24

21

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

chiral aminoethanol derivatives: effects of substituents of aro-
matic rings of hosts and guests on complexation. J. Chem. Soc.
Perkin Trans. 2, 1984-1993 (2000)

Hirose, K., Fujiwara, A., Matsunaga, K., Aoki, N., Tobe, Y.:
Chiral recognition of secondary amines by using chiral crown
ether and podand. Tetrahedron Lett. 43, 8539-8542 (2002)
Hirose, K., Fujiwara, A., Matsunaga, K., Aoki, N., Tobe, Y.:
Preparation of phenolic chiral crown ethers and podands and
their enantiomer recognition ability toward secondary amines.
Tetrahedron Asymmetr. 14, 555-566 (2003)

Wenzel, T.J., Freeman, B.E., Sek, D.C., Zopf, J.J., Nakamura,
T., Jin, Y.Z., Hirose, K., Tobe, Y.: Chiral recognition in NMR
spectroscopy using crown ethers and their ytterbium(iii) com-
plexes. Anal. Bioanal. Chem. 378, 1536-1547 (2004)

Hirose, K., Aksharanandana, P., Suzuki, M., Wada, K., Naem-
ura, K., Tobe, Y.: Remarkable effect of subtle structural change
of chiral pseudo-18-crown-6 on enantiomer-selectivity in com-
plexation with chiral amino alcohols. Heterocycles 66, 405431
(2005)

Hirose, K., Goshima, Y., Wakebe, T., Tobe, Y., Naemura, K.:
Supramolecular method for the determination of absolute con-
figuration of chiral compounds: theoretical derivatization and a
demonstration for phenolic crown ether—2-amino-1-ethanol
system. Anal. Chem. 79, 6295-6302 (2007)

Sawada, M., Okumura, Y., Shizuma, M., Takai, Y., Hidaka, Y.,
Yamada, H., Tanaka, T., Kaneda, T., Hirose, K., Misumi, S.,
Takahashi, S.: Enantioselective complexation of carbohydrate or
crown ether hosts with organic ammonium ion guests detected
by FAB mass spectrometry. J. Am. Chem. Soc. 115, 7381-7388
(1993)

Sawada, M., Okumura, Y., Yamada, H., Takai, Y., Takahashi,
S., Kaneda, T., Hirose, K., Misumi, S.: Cross-chiral examina-
tions of molecular enantioselective recognition by fast atom
bombardment mass spectrometry: host—guest complexations
between chiral crown ethers and chiral organic ammonium ions.
Org. Mass Spectrom. 28, 1525-1528 (1993)

Sawada, M., Takai, Y., Yamada, H., Kaneda, T., Kamada, K.,
Mizooku, T., Hirose, K., Tobe, Y., Naemura, K.: Chiral recog-
nition in molecular complexation for the crown ether-amino
ester system. A facile FAB mass spectrometric approach. J.
Chem. Soc. Chem. Commun., 2497-2498 (1994)

Sawada, M., Takai, Y., Yamada, H., Hirayama, S., Kaneda, T.,
Tanaka, T., Kamada, K., Mizooku, T., Takeuchi, S., Ueno, K.,
Hirose, K., Tobe, Y., Naemura, K.: Chiral recognition in host—
guest complexation determined by the enantiomer-labeled guest
method using fast atom bombardment mass spectrometry. J.
Am. Chem. Soc. 117, 7726-7736 (1995)

Sawada, M., Takai, Y., Kaneda, T., Arakawa, R., Okamoto, M.,
Doe, H., Matsuo, T., Naemura, K., Hirose, K., Tobe, Y.: Chiral
molecular recognition in electrospray ionization mass spec-
trometry. Chem. Commun., 1735-1736 (1996)

Sawada, M., Takai, Y., Yamada, H., Nishida, J., Kaneda, T.,
Arakawa, R., Okamoto, M., Hirose, K., Tanaka, T., Naemura,
K.: Chiral amino acid recognition detected by electrospray
ionization (ESI) and fast atom bombardment (FAB) mass
spectrometry (MS) coupled with the enantiomer labelled (EL)
guest method. J. Chem. Soc. Perkin Trans. 2, 701-710 (1998)
Sawada, M., Hagita, K., Imamura, H., Tabuchi, H., Yodoya, S.,
Umeda, M., Takai, Y., Yamada, H., Yamaoka, H., Hirose, K.,
Tobe, Y., Tanaka, T., Takahashi, S.: Chiral recognition ability of
crown ethers toward organic amine compounds: FAB mass
spectrometry coupled with the enantiomer-labeled guest
method. J. Mass Spectrom. Soc. Jpn. 48, 323-332 (2000)
Sawada, M., Takai, Y., Imamura, H., Yamada, H., Takahashi,
S., Yamaoka, H., Hirose, K., Tobe, Y., Tanaka, J.: Chiral rec-
ognizable host—guest interactions detected by fast-atom

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

bombardment mass spectrometry: application to the enantio-
meric excess determination of primary amines. Eur. J. Mass
Spectrom. 7, 447-459 (2001)

Sawada, M., Takai, Y., Yamada, H., Yoshikawa, M., Arakawa,
R., Tabuchi, H., Takada, M., Tanaka, J., Shizuma, M., Yam-
aoka, H., Hirose, K., Fukuda, K., Tobe, Y.: Depression of the
apparent chiral recognition ability obtained in the host—guest
complexation systems by electrospray and nano-electrospray
ionization mass spectrometry. Eur. J. Mass Spectrom. 10, 27-37
(2004)

Nishioka, R., Ueshige, T., Nakamura, T., Hirose, K., Tobe, Y.:
Preparation and evaluation of novel chiral stationary phases
chemically bonded with chiral pseudo crown ether. Chroma-
tography 21, 294-295 (2000)

Ueshige, T., Nishioka, R., Nakamura, T., Hirose, K., Tobe, Y.:
Enantiomeric separations of stimulant materials using chiral
stationary phase bonded with pseudo crown ether. Chromatog-
raphy 21, 368-369 (2000)

Hirose, K., Nakamura, T., Nishioka, R., Ueshige, T., Tobe, Y.:
Preparation and evaluation of novel chiral stationary phases
covalently bound with chiral pseudo-18-crown-6 ethers. Tetra-
hedron Lett. 44, 1549-1551 (2003)

Hirose, K., Jin, Y.Z., Nakamura, T., Nishioka, R., Ueshige, T.,
Tobe, Y.: Chiral stationary phase covalently bound with a chiral
pseudo-18-crown-6 ether for enantiomer separation of amino
compounds using a normal mobile phase. Chirality 17, 142-148
(2005)

Hirose, K., Jin, Y.Z., Nakamura, T., Nishioka, R., Ueshige, T.,
Tobe, Y.: Preparation and evaluation of a chiral stationary phase
covalently bound with chiral pseudo-18-crown-6 ether having
1-phenyl-1,2-cyclohexanediol as a chiral unit. J. Chromatogr. A
1078, 35-41 (2005)

Jin, Y.Z., Hirose, K., Nakamura, T., Nishioka, R., Ueshige, T.,
Tobe, Y.: Preparation and evaluation of a chiral stationary phase
covalently bound with a chiral pseudo-18-crown-6 ether having
a phenolic hydroxy group for enantiomer separation of amino
compounds. J. Chromatogr. A 1129, 201-207 (2006)

Chun, K., Kim, T.H., Lee, O.-S., Hirose, K., Chung, T.D.,
Chung, D.S., Kim, H.: Structure-selective recognition by vol-
tammetry: enantiomeric determination of amines using azo-
phenolic crowns in aprotic solvent. Anal. Chem. 78, 7597-7600
(2006)

Nakashima, K., Nagaoka, Y., Nakatsuji, S.I., Kaneda, T., Tan-
igawa, I., Hirose, K., Misumi, S., Akiyama, S.: Fluorescence
reactions of “crowned” benzothiazolylphenols with alkali and
alkaline earth metal ions and their analytical applications. Bull.
Chem. Soc. Jpn. 60, 3219-3223 (1987)

Takagi, M., Nakamura, H.: Analytical application of function-
alized crown ether-metal complexes. J. Coord. Chem. 15, 53-82
(1986)

Desilva, A.P., Gunaratne, H.Q.N., Gunnlaugsson, T., Huxley,
A.J.M., Mccoy, C.P., Rademacher, J.T., Rice, T.E.: Signaling
recognition events with fluorescent sensors and switches. Chem.
Rev. 97, 1515-1566 (1997)

Hisamoto, H.: Ion-selective optodes: Current developments and
future prospects. TrAC Trends Anal. Chem. 18, 513-524 (1999)
Yamauchi, A., Hayashita, T., Nishizawa, S., Watanabe, M.,
Teramae, N.: Benzo-15-crown-5 fluoroionophore/gamma-
cyclodextrin complex with remarkably high potassium ion
sensitivity and selectivity in water. J. Am. Chem. Soc. 121,
2319-2320 (1999)

Stradiotto, N.R., Yamanaka, H., Zanoni, M.V.B.: Electrochem-
ical sensors: a powerful tool in analytical chemistry. J. Braz.
Chem. Soc. 14, 159-173 (2003)

Hayashita, T., Yamauchi, A., Tong, A.J., Lee, J.C., Smith, B.D.,
Teramae, N.: Design of supramolecular cyclodextrin complex

@ Springer



22

J Incl Phenom Macrocycl Chem (2010) 68:1-24

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

sensors for ion and molecule recognition in water. J. Incl.
Phenom. Macrocycl. Chem. 50, 87-94 (2004)

Uchida, S., Komatsu, Y., Satoh, H., Yajima, S., Kimura, K.,
Tobe, Y., Sasaki, S., Mizuno, M., Watanabe, Y., Hirose, K.:
Properties of dendritic and cyclic thiourea derivatives as neutral
carriers for anion sensor. Bunseki Kagaku 53, 943-952 (2004)
Hisaki, I., Sasaki, S.I., Hirose, K., Tobe, Y.: Synthesis and
anion-selective complexation of homobenzylic, tripodal thiourea
derivatives. Eur. J. Org. Chem., 607-615 (2007)

Faridbod, F., Ganjali, M.R., Dinarvand, R., Norouzi, P., Riahi,
S.: Schiff’s bases and crown ethers as supramolecular sensing
materials in the construction of potentiometric membrane sen-
sors. Sensors 8, 1645-1703 (2008)

Tsubaki, K.: Colorimetric recognition using functional phenol-
phthalein derivatives. J. Incl. Phenom. Macrocycl. Chem. 61,
217-225 (2008)

Ozawa, R., Hayashita, T., Matsui, T., Nakayama, C., Yamauchi,
A., Suzuki, I.: Effects of cyclodextrins and saccharides on dual
fluorescence of N,N-dimethyl-4-aminophenylboronic acid in
water. J. Incl. Phenom. Macrocycl. Chem. 60, 253-261 (2008)
Sogah, G.D.Y., Cram, D.J.: Total chromatographic optical res-
olutions of alpha-amino acid and ester salts through chiral rec-
ognition by a host covalently bound to polystyrene resin. J. Am.
Chem. Soc. 98, 3038-3041 (1976)

Sogah, G.D.Y., Cram, D.J.: Host—guest complexation.14. Host
covalently bound to polystyrene resin for chromatographic res-
olution of enantiomers of amino acid and ester salts. J. Am.
Chem. Soc. 101, 3035-3042 (1979)

Sousa, L.R., Sogah, G.D.Y., Hoffman, D.H., Cram, D.J.: Host—
guest complexation. 12. Total optical resolution of amine and
amino ester salts by chromatography. J. Am. Chem. Soc. 100,
4569-4576 (1978)

Machida, Y., Nishi, H., Nakamura, K., Nakai, H., Sato, T.:
Enantiomeric separation of diols and beta-amino alcohols by
chiral stationary phase derived from (R,R)-tartramide. J. Chro-
matogr. A 757, 73-79 (1997)

Machida, Y., Nishi, H.,, Nakamura, K., Nakai, H., Sato, T.:
Enantiomer separation of amino compounds by a novel chiral
stationary phase derived from crown ether. J. Chromatogr. A
805, 85-92 (1998)

Machida, Y., Nishi, H., Nakamura, K.: Separation of the enan-
tiomers of amino and amide compounds on novel chiral sta-
tionary phases derived from a crown ether. Chromatographia 49,
621-627 (1999)

Hyun, M.H.,, Jin, J.S., Lee, W.J.: Liquid chromatographic res-
olution of racemic amino acids and their derivatives on a new
chiral stationary phase based on crown ether. J. Chromatogr. A
822, 155-161 (1998)

Hyun, M.H.,, Jin, J.S., Koo, H.J., Lee, W.J.: Liquid chromato-
graphic resolution of racemic amines and amino alcohols on a
chiral stationary phase derived from crown ether. J. Chromatogr.
A 837, 75-82 (1999)

Maier, N.M., Franco, P., Lindner, W.: Separation of enantio-
mers: needs, challenges, perspectives. J. Chromatogr. A 906, 3—
33 (2001)

Hyun, M.H.: Characterization of liquid chromatographic chiral
separation on chiral crown ether stationary phases. J. Sep. Sci.
26, 242-250 (2003)

Cram, D.J., Cram, J.M.: Design of complexes between synthetic
hosts and organic guests. Acc. Chem. Res. 11, 8-14 (1978)
Cram, D.J., Trueblood, K.N.: Concept, structure, and binding in
complexation. Top. Curr. Chem. 98, 43—-106 (1981)

Izake, E.L.: Chiral discrimination and enantioselective analysis
of drugs: an overview. J. Pharm. Sci. 96, 1659-1676 (2007)
Kubo, Y., Maeda, S., Tokita, S., Kubo, M.: Colorimetric chiral
recognition by a molecular sensor. Nature 382, 522-524 (1996)

@ Springer

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Van Delden, R.A., Feringa, B.L.: Color indicators of molecular
chirality based on doped liquid crystals. Angew. Chem. Int. Ed.
40, 3198-3200 (2001)

Van Delden, R.A., Feringa, B.L.: Colour indicator for enantio-
meric excess and assignment of the configuration of the major
enantiomer of an amino acid ester. Chem. Commun., 174-175
(2002)

Dietrichbuchecker, C., Sauvage, J.P.: Templated synthesis of
interlocked macrocyclic ligands, the catenands. Preparation and
characterization of the prototypical bis-30 membered ring sys-
tem. Tetrahedron 46, 503-512 (1990)

Sauvage, J.P.: Interlacing molecular threads on transition-met-
als—catenands, catenates, and knots. Acc. Chem. Res. 23, 319—
327 (1990)

Sauvage, J.P.: Transition metal-containing rotaxanes and
catenanes in motion: toward molecular machines and motors.
Acc. Chem. Res. 31, 611-619 (1998)

Dietrichbuchecker, C.O., Sauvage, J.P.: A synthetic molecular
trefoil knot. Angew. Chem. Int. Ed. Engl. 28, 189-192 (1989)
Ogino, H.: Relatively high-yield syntheses of rotaxanes—syn-
theses and properties of compounds consisting of cyclodextrins
threaded by alpha, omega-diaminoalkanes coordinated to cobal-
t(iii) complexes. J. Am. Chem. Soc. 103, 1303—-1304 (1981)
Kolchinski, A.G., Busch, D.H., Alcock, N.W.: Gaining control
over molecular threading: benefits of second coordination sites
and aqueous-organic interfaces in rotaxane synthesis. J. Chem.
Soc. Chem. Commun., 1289-1291 (1995)

Simonsen, K.B., Becher, J.: Tetrathiafulvalene thiolates:
important synthetic building blocks for macrocyclic and supra-
molecular chemistry. Synlett 11, 1211-1220 (1997)

Kawasaki, H., Kihara, N., Takata, T.: High yielding and prac-
tical synthesis of rotaxanes by acylative end-capping catalyzed
by tributylphosphine. Chem. Lett., 1015-1016 (1999)

Zehnder, D.W., Smithrud, D.B.: Facile synthesis of rotaxanes
through condensation reactions of dcc-2 rotaxanes. Org. Lett. 3,
2485-2487 (2001)

Furusho, Y., Rajkumar, G.A., Oku, T., Takata, T.: Synthesis of 2
rotaxanes by tritylative endcapping of in situ formed pseud-
orotaxanes having thiol or hydroxyl functionality on the axle
termini. Tetrahedron 58, 6609-6613 (2002)

Schalley, C.A., Weilandt, T., Bruggemann, J., Vogtle, F.:
Hydrogen-bond-mediated template synthesis of rotaxanes,
catenanes, and knotanes. Templates Chem 1 248, 141-200
(2004)

Yoon, 1., Narita, M., Shimizu, T., Asakawa, M.: Threading-
followed-by-shrinking protocol for the synthesis of a [2] rotax-
ane incorporating a pd(ii)-salophen moiety. J. Am. Chem. Soc.
126, 16740-16741 (2004)

Arico, F., Badjic, J.D., Cantrill, S.J., Flood, A.H., Leung,
K.CF., Liu, Y., Stoddart, J.F.: Templated synthesis of inter-
locked molecules. Templates Chem II. 203-259 (2005)
Miljanic, O.S., Dichtel, W.R., Aprahamian, I., Rohde, R.D.,
Agnew, H.D., Heath, J.R., Stoddart, J.F.: Rotaxanes and caten-
anes by click chemistry. QSAR Comb. Sci. 26, 1165-1174 (2007)
Narita, M., Yoon, I., Aoyagi, M., Goto, M., Shimizu, T.,
Asakawa, M.: Transition metal(ii)-salen and -salophen macro-
cyclic complexes for rotaxane formation: syntheses and crystal
structures. Eur. J. Inorg. Chem., 42294237 (2007)

Nakazono, K., Oku, T., Takata, T.: Synthesis of rotaxanes
consisting of crown ether wheel and sec-ammonium axle under
basic condition. Tetrahedron Lett. 48, 3409-3411 (2007)
Haussmann, P.C., Stoddart, J.F.: Synthesizing interlocked mol-
ecules dynamically. Chem. Rec. 9, 136-154 (2009)

Harrison, 1.T., Harrison, S.: Synthesis of a stable complex of a
macrocycle and a threaded chain. J. Am. Chem. Soc. 89, 5723—
5724 (1967)



J Incl Phenom Macrocycl Chem (2010) 68:1-24

23

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.
114.

115.

116.

Schill, G., Zollenko, H.: Rotaxane compounds. 1. Liebigs Ann.
Chem. 721, 53-74 (1969)

Schill, G., Henschel, R.: Rotaxane compounds. 2. A diansa
compound of 5-amino-6-methoxy-4.7-dimethylbenzodioxole as
a model of catenanes and rotaxanes. Liebigs Ann. Chem. 731,
113-119 (1970)

Hiratani, K., Suga, J., Nagawa, Y., Houjou, H., Tokuhisa, H.,
Numata, M., Watanabe, K.: A new synthetic method for rotax-
anes via tandem claisen rearrangement, diesterification, and
aminolysis. Tetrahedron Lett. 43, 5747-5750 (2002)

Hiratani, K., Kaneyama, M., Nagawa, Y., Koyama, E., Kane-
sato, M.: Synthesis of [1] rotaxane via covalent bond formation
and its unique fluorescent response by energy transfer in the
presence of lithium ion. J. Am. Chem. Soc. 126, 13568-13569
(2004)

Kameta, N., Hiratani, K., Nagawa, Y.: A novel synthesis of
chiral rotaxanes via covalent bond formation. Chem. Commun.,
466467 (2004)

Nagawa, Y., Suga, J., Hiratani, K., Koyama, E., Kanesato, M.: 3
rotaxane synthesized via covalent bond formation can recognize
cations forming a sandwich structure. Chem. Commun., 749—
751 (2005)

Hirose, K., Nishihara, K., Harada, N., Nakamura, Y., Masuda,
D., Araki, M., Tobe, Y.: Highly selective and high-yielding
rotaxane synthesis via aminolysis of prerotaxanes consisting of a
ring component and a stopper unit. Org. Lett. 9, 2969-2972
(2007)

Kay, E.R., Leigh, D.A., Zerbetto, F.: Synthetic molecular motors
and mechanical machines. Angew. Chem. Int. Ed. 46, 72-191
(2007)

Anelli, P.L., Spencer, N., Stoddart, J.F.: A molecular shuttle. J.
Am. Chem. Soc. 113, 5131-5133 (1991)

Collier, C.P., Wong, E.W., Belohradsky, M., Raymo, F.M.,
Stoddart, J.F., Kuekes, P.J., Williams, R.S., Heath, J.R.: Elec-
tronically configurable molecular-based logic gates. Science
285, 391-394 (1999)

Wong, E-W., Collier, C.P., Belohradsky, M., Raymo, F.M.,
Stoddart, J.F., Heath, J.R.: Fabrication and transport properties
of single-molecule-thick electrochemical junctions. J. Am.
Chem. Soc. 122, 5831-5840 (2000)

Pease, A.R., Jeppesen, J.O., Stoddart, J.F., Luo, Y., Collier, C.P.,
Heath, J.R.: Switching devices based on interlocked molecules.
Acc. Chem. Res. 34, 433444 (2001)

Collier, C.P., Mattersteig, G., Wong, E-W., Luo, Y., Beverly, K.,
Sampaio, J., Raymo, F.M., Stoddart, J.F., Heath, J.R.: A [2]
catenane-based solid state electronically reconfigurable switch.
Science 289, 1172-1175 (2000)

Green, J.E., Wook Choi, J., Boukai, A., Bunimovich, Y.,
Johnston-Halperin, E., Deionno, E., Luo, Y., Sheriff, B.A., Xu,
K., Shik Shin, Y., Tseng, H.R., Stoddart, J.F., Heath, J.R.: A
160-kilobit molecular electronic memory patterned at 10'" bits
per square centimetre. Nature 445, 414-417 (2007)

Balzani, V., Venturi, M., Credi, A.: Molecular Devices and
Machines—A Journey into the Nanoworld. Wiley-VCH,
Weinheim (2003)

Balzani, V., Credi, A., Venturi, M.: Molecular Devices and
Machines-Concepts and Perspectives for the Nanoworld. Wiley-
VCH, Weinheim (2008)

http://www.its.caltech.edu/ ~ feynman/

Kelly, T.R., Bowyer, M.C., Bhaskar, K.V., Bebbington, D.,
Garcia, A., Lang, F.R., Kim, M.H., Jette, M.P.: A molecular
brake. J. Am. Chem. Soc. 116, 3657-3658 (1994)

Lane, A.S., Leigh, D.A., Murphy, A.: Peptide-based molecular
shuttles. J. Am. Chem. Soc. 119, 11092-11093 (1997)
Bermudez, V., Capron, N., Gase, T., Gatti, F.G., Kajzar, F.,
Leigh, D.A., Zerbetto, F., Zhang, S.: Influencing intramolecular

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

motion with an alternating electric field. Nature 406, 608-611
(2000)

Ghosh, P., Federwisch, G., Kogej, M., Schalley, C.A., Haase, D.,
Saak, W., Liitzen, A., Gschwind, R.M.: Controlling the rate of
shuttling motions in [2] rotaxanes by electrostatic interactions: a
cation as solvent-tunable brake. Org. Biomol. Chem. 3, 2691—
2700 (2005)

Coskun, A., Friedman, D.C., Li, H., Patel, K., Khatib, H.A.,
Stoddart, J.F.: A light-gated STOP-GO molecular shuttle. J. Am.
Chem. Soc. 131, 2493-2495 (2009)

Chatterjee, M.N., Kay, E.R., Leigh, D.A.: Beyond switches:
ratcheting a particle energetically uphill with a compartmen-
talized molecular machine. J. Am. Chem. Soc. 128, 4058-4073
(2006)

Jiang, L., Okano, J., Orita, A., Otera, J.: Intermittent molecular
shuttle as a binary switch. Angew. Chem. Int. Ed. 43, 2121-
2124 (2004)

Chen, N.C., Lai, C.C,, Liu, Y.H., Peng, S.M., Chiu, S.H.:
Parking and restarting a molecular shuttle in situ. Chem. Eur. J.
14, 2904-2908 (2008)

Yang, J.S., Huang, Y.T., Ho, J.H., Sun, W.T., Huang, H.H., Lin,
Y.C., Huang, S.J., Huang, S.L., Lu, H.F., Chao, I.: A pentipty-
cene-derived light-driven molecular brake. Org. Lett. 10, 2279—
2282 (2008)

Hirose, K., Shiba, Y., Ishibashi, K., Doi, Y., Tobe, Y.: An
anthracene-based photochromic macrocycle as a key ring com-
ponent to switch a frequency of threading motion. Chem. Eur. J.
14, 981-986 (2008)

Hirose, K., Shiba, Y., Ishibashi, K., Doi, Y., Tobe, Y.: A shut-
tling molecular machine with reversible brake function. Chem.
Eur. J. 14, 3427-3433 (2008)

Hirose, K., Ishibashi, K., Shiba, Y., Doi, Y., Tobe, Y.: Control
of rocking mobility of rotaxanes by size change of stimulus-
responsive ring components. Chem. Lett. 36, 810-811 (2007)
Hirose, K., Ishibashi, K., Shiba, Y., Doi, Y., Tobe, Y.: Highly
effective and reversible control of rocking rates of rotaxanes by
changing size of stimulus-responsive ring components. Chem.
Eur. J. 14, 5803-5811 (2008)

Definition of pseudorotaxanes is inclusion complexes in which a
thread-like molecule is encircled by one or more ring-like
molecules in such a way that the two ends of the thread are
projected away from the center of the ring. In a rotaxane, the two
ends of the thread are terminated by bulky groups which do not
allow the passage of the ring, thus, the two (or more) compo-
nents are mutually interlocked. The prefix pseudo denotes that in
a pseudorotaxane the two components are not interlocked, but
instead are free to dissociate because the end groups are small
enough to allow passage of the ring

Becker, H.D.: Unimolecular photochemistry of anthracenes.
Chem. Rev. 93, 145-172 (1993)

Ashton, P.R., Campbell, P.J., Chrystal, EJ.T., Glink, P.T.,
Mengzer, S., Philp, D., Spencer, N., Stoddart, J.F., Tasker, P.A.,
Williams, D.J.: Dialkylammonium ion/crown ether complexes:
the forerunners of a new family of interlocked molecules. An-
gew. Chem. Int. Ed. Engl. 34, 1865-1869 (1995)

Glink, P.T., Schiavo, C., Stoddart, J.F., Williams, D.J.: The
genesis of a new range of interlocked molecules. Chem. Com-
mun., 1483-1490 (1996)

Ashton, P.R., Chrystal, E.J.T., Glink, P.T., Menzer, S., Schiavo,
C., Spencer, N., Stoddart, J.F., Tasker, P.A., White, A.J.P.,
Williams, D.J.: Pseudorotaxanes formed between secondary
dialkylammonium salts and crown ethers. Chem. Eur. J. 2, 709—
728 (1996)

Bouas-Laurent, H., Castellan, A., Desvergne, J.P.: From
anthracene photodimerization to jaw photochromic materials
and photocrowns. Pure Appl. Chem. 52, 2633-2648 (1980)

@ Springer


http://www.its.caltech.edu/~feynman/

24 J Incl Phenom Macrocycl Chem (2010) 68:1-24

133. Moriwaki, F., Ueno, A., Osa, T., Hamada, F., Murai, K.: Pho- 142. Bender, H.L., Farnham, A.G., Guyer, J.W., Apal, P.N., Gibb Jr,
tochemical conversion from flexible host to rigid host of a T.B.: Ind. Eng. Chem. 44, 1619-1623 (1952)
doubly capped y-cyclodextrin. Chem. Lett. 15, 1865-1868 143. Arnett, EIM., Wu, C.Y.: Stereoelectronic effects on organic
(1986) bases. 2. Base strengths of the phenolic ethers. J. Am. Chem.

134. Deng, G., Sakaki, T., Kawahara, Y., Shinkai, S.: Tunable Soc. 82, 5660-5665 (1960)
chemical sensors: light-switched ion selective electrodes on the 144. Hirose, K.: A practical guide for the determination of binding
basis of a photoresponsive calix [4] arene. Supramol. Chem. 2, constants. J. Incl. Phenom. Macrocycl. Chem. 39, 193-209
71-76 (1993) (2001)

135. Tucker, J.H.R., Bouas-Laurent, H., Marsau, P., Riley, S.W., 145. The basicities of the phenyl alkyl ethers are affected strongly by
Desvergne, J.P.: A novel crown ether-cryptand photoswitch. the alkyl group due to both inductive and stereoelectronic effects
Chem. Commun., 1165-1166 (1997) 146. Line-shape analyses were carried out using (a) P. H. M. Bud-

136. Yamashita, 1., Fujii, M., Kaneda, T., Misumi, S.: Synthetic zelaar, gNMR, Program for simulation of one-dimensional
macrocyclic ligands. 2. Synthesis of a photochromic crown NMR spectra, Adept Scientific plc, Letchworth (United King-
ether. Tetrahedron Lett. 21, 541-544 (1980) dom), 1999; and a spreadsheet program that we made for

137. Desvergne, J.P., Lauret, J., Bouas-Laurent, H., Marsau, P., determination of the rocking rates on (b) Microsoft Excel 2002,
Lahrahar, N., Andrianatoandro, H., Cotrait, M.: Synthesis, X-ray Microsoft Corporation, Tokyo (Japan) (2001)
structure, spectroscopic and cation complexation studies of 147. One of the signals of Hy which appeared at higher field was
macrocyclic ligands incorporating the 9, 9'-(ethane-1,2- irradiated at 303 K. However, no change in the signal intensity
diyl)bis(anthracene) photoactive subunit. Recl. Trav. Chim. of the other Hy signal was observed, suggesting that the relax-
Pays-Bas 114, 504-513 (1995) ation time T; of Hy is longer than the life time of the confor-

138. Becker, H.D., Sanchez, D., Arvidsson, A.: Reductions with mation. T; was determined by the null point method
diphenylhydroxymethyl radicals. Synthesis of dianthrylethanes 148. Aviram, A., Ratner, M.A.: Molecular rectifiers. Chem. Phys.
and dianthrylethylenes. J. Org. Chem. 44, 4247-4251 (1979) Lett. 29, 277-283 (1974)

139. Matthew, J.C., Fyfe, M.C.T., Stoddart, J.F.: Molecular shuttles 149. De Silva, A.P., Gunaratne, H.Q.N., Mccoy, C.P.: A molecular
by the protecting group approach. J. Org. Chem. 65, 1937-1946 photoionic and gate based on fluorescent signalling. Nature 364,
(2000) 42-44 (1993)

140. To avoid the decomposition of 1, the solvent for the irradiation 150. Zheng, X., Mulcahy, M.E., Horinek, D., Galeotti, F., Magnera,

141.

with high pressure mercury lamp was limited. For this reaction
THF-dg and toluene-dg were chosen as suitable polar and less
polar solvents

The temperature for the VT-NMR measurement was limited
because the cycloreversion of the closed-form rotaxane 7c¢
started to occur at higher temperatures during the measurement

@ Springer

T.F., Michl, J.: Dipolar and nonpolar altitudinal molecular rotors
mounted on an Au(111) surface. J. Am. Chem. Soc. 126, 4540—
4542 (2004)



	Molecular brake systems controlled by light and heat
	Abstract
	Introduction
	Host--guest chemistry as a key technology for the fabrication of molecular machines
	Molecular machines
	Definition of a molecular machine and essential features of a machine
	Control of mechanical movement of molecular machine
	Molecular brake systems

	Creation of ideal molecular brake systems
	Control of threading/dethreading motion
	Design of switching system
	Selection of switching units
	Selection of axle and ring
	Design of pseudorotaxane system for the control of threading/dethreading motion

	Preparation and switching behavior of ring component 7
	Preparation of macrocycle 7o
	Quantitative interconversion between ring components 7o and 7c

	Effect of the existence of ammonium station in the ring on the switching behavior
	Preparation of rotaxane A1@7o
	Quantitative interconversion between rotaxane A1@7o and A1@7c

	Switching behavior of pseudorotaxane system (DBA@7)
	Characterization of pseudorotaxanes
	Complexation behavior of 7 with DBA


	Summary of the molecular brake system of threading/dethreading motions
	Control of shuttling motion
	Design, preparation and switching of the brake system for shuttling motion
	Preparation of rotaxane A2@7o
	Interconversion between open- and closed-form rotaxanes A2@7o and A2@7c

	Determination of shuttling rates of open-form rotaxane A2@7o and closed-form rotaxane A2@7c

	Summary of the molecular brake system of shuttling motion
	Control of rocking motion
	Design, preparation and switching of the brake system for rocking motion
	Preparation of rotaxanes A1@17o, A1@18o
	Interconversion between open- and closed-form crown ethers
	Interconversion between open- and closed-form rotaxanes
	Rates of thermal reversions of crown ethers 17c, 18c and rotaxanes A1@17c, A1@18c


	Complexation constants of crown ethers 17c, 18c with bis(3,5-dimethylbenzyl)ammonium hexafluorophosphate (25)
	Evaluation of the rates of rocking motions
	Summary of the molecular brake system of rocking motion
	Perspective
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


