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Molecular machines
FRANCISCO M. RAYMO AND J. FRASER STODDART

10.1 Introduction

Transistors [ref. 1] are solid state electronic devices capable of amplification
and switching operations. By varying an input signal (current or voltage), they
are switched reversibly between a State 0 and a State 1. The two states differ in
the magnitude of an output signal (current or voltage) that is amplified on
going from State 0 to State 1. By interconnecting appropriately several transis-
tors, electronic circuits able to solve logic functions [ref. 2] can be fabricated.
The complexity of a logic function and the speed at which it is carried out by an
electronic circuit are related to the number of transistors integrated within the
circuit. Thus, one of the major goals of the electronic industry is to build ultra-
densely integrated electronic circuits containing the largest possible number of
transistors. This objective can only be achieved by reducing as much as possible
the sizes of these switching devices. Indeed, over the past decades the dimen-
sions of transistors have shrunk at an exponential rate and the smallest com-
mercially available transistors have reached micrometer sizes. Stimulated by
this tremendous pace toward miniaturization, a number of researchers have
envisaged [ref. 3] the possibility of designing and fabricating molecular-sized
electronic devices. In particular, bistable molecular and supramolecular [ref. 4]
systems that can be switched [ref. 5] reversibly between a State 0 and a State 1
by using external control are expected to lead to a new generation of sub-
nanometer-sized transistors ideal for the fabrication of ultradensely integrated
electronic circuits and the computers of the future.

Molecules incorporating interlocked [refs. 6, 7] components (Fig. 10.1) and
their supramolecular analogs are suitable candidates for the generation of bi-
stable chemical systems. A [2]pseudorotaxane is a supramolecular complex
composed of a macrocyclic host encircling a linear guest. The two components
are held together solely by noncovalent bonding interactions and they can
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Figure 10.1. Schematic representations of a [2]pseudorotaxane, a [2]rotaxane, and a
[2]catenane.

become dissociated from one another in solution. By contrast, bulky stoppers
attached covalently to the termini of the linear component of a [2]rotaxane
prevent dethreading. Similarly, the two interlocked macrocyclic components of
a [2]catenane cannot dissociate from one another unless at least one covalent
bond is cleaved. Thus, even although they are composed of two ‘unbound’
components, [2]rotaxanes and [2]catenanes behave as single molecules. These
intriguing superstructural and structural features possessed by [2]pseudorotax-
anes and by [2]rotaxanes and [2]catenanes, respectively, could pave the way for
the realization of bistable systems. In many instances, the relative movements
[ref. 8] of the interlocked components can be triggered by chemical, electro-
chemical, and photochemical stimuli (input signal) forcing the molecule or the
complex to switch between two nondegenerate states (State 0 and State 1) that
can be distinguished spectroscopically (output signal).

10.2 [2]Pseudorotaxanes

The complexation/decomplexation of a linear guest by a macrocyclic host can
be exploited [ref. 7] (Fig. 10.2) to switch reversibly between two states. When the
two components are dissociated, the system is in its Stzate 0. When they are
associated in the form of a [2]pseudorotaxane, the system is in its State 1.
Switching between these two states can be achieved [ref. 7] by protonation/
deprotonation, by oxidation/reduction, or by photoinduced isomerization of
the guest. Alternatively, the addition/removal of a sequestering agent able to
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Figure 10.2. Externally controlled switching between a [2]pseudorotaxane (State 1)
and its separate components (State 0).
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Figure 10.3. The [2]pseudorotaxanes [1:2]*4PF{1:6]*4PF, and their association
constants (K ) and free energies of complexation (-AG°) in MeCN at 25°C.

form a strong adduct with the guest can be exploited [ref. 7] to switch the system
between State 0 and State 1. An ideal macrocyclic host for the realization of
such bistable systems is the tetracationic cyclophane 1+4PF illustrated in Fig.
10.3. This host incorporates two dicationic bipyridinium recognition sites and
is able to bind [refs. 9, 10] w-electron rich aromatic polyethers inside its cavity.
The association constants (K,) and the free energies of complexation (—AG®)
for the binding of the guests 2-6 reveal [refs. 9a, b] that the number of oxygen
atoms incorporated in the substituents attached to the aromatic ring of the
guest influences dramatically the binding event. The K value increases by one
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Figure 10.4. The geometry adopted by the [2]pseudorotaxane [1:4]*" in the solid state
and the intercomponent [C-H O] and [w7] stacking interactions.

order of magnitude approximately on going from 2 to 3 and from 3 to 4.
Thereafter, however, it remains more or less constant on going from 4 to 5 and
from 5 to 6. These results indicate that the first three oxygen atoms are essential
to the realization of strong binding between host and guest. Indeed, the solid
state structure of the [2]pseudorotaxane [1:4]*" reveals [ref. 9b] (Fig. 10.4)
intercomponent [C—H --- O] interactions [ref. 11] between some of the bipyri-
dinium hydrogen atoms in the a-position with respect to the nitrogen atoms
and the three oxygen atoms of each polyether chain. These noncovalent
bonding interactions are accompanied by [7 - ] stacking [ref. 12] between the
m-electron deficient bipyridinium units and the m-electron rich 1,4-dioxyben-
zene ring. When the m-electron density of the aromatic ring of the guest is
reduced by attaching four (7) or two (8) electron withdrawing fluorine substitu-
ents, no or only weak complexation is detected [refs. 9c, ¢], respectively (Fig.
10.5). By contrast, when a 1,5-dioxynaphthalene recognition site (9) is incorpo-
rated in the guest a much stronger complex is formed [ref. 9d]. The remarkable
stability of the complex [1:9]*4PF was exploited [ref. 9d] to template [ref. 13]
(Fig. 10.6) the formation of 1°4PF from its precursors. When 10+2PF and 11
are reacted under high pressure conditions in the presence of 9, 1-4PF is
obtained in a yield of 81%, after counterion exchange.

The host 1+4PF and the guest 12 form [ref. 14] (step 1 in Fig. 10.7) spontane-
ously the [2]pseudorotaxane [1:12]*4PF, when mixed in CD,CN. Protonation
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Figure 10.5. The [2]pseudorotaxanes [1:4]*4PF, and [1:7]*4PF {1:9]*4PF, and their
association constants (K, ) and free energies of complexation (-AG°) in MeCN at 25°C.

of the amino groups of the guest occurs after the addition (step 2 in Fig. 10.7)
of CF,CO,H. The resulting dicationic guest is expelled (step 3 in Fig. 10.7)
from the cavity of the tetracationic host as a result of electrostatic repulsion.
Deprotonation of the ammonium centers of the guest occurs after the addition
(step 4 in Fig. 10.7) of i-Pr,NEt. The regenerated neutral form of the guest
reinserts itself inside the cavity of the host, yielding (step 1 in Fig. 10.7) the
original [2]pseudorotaxane [1:12]*4PF .. As a result of [w - 7] stacking interac-
tions between the m-electron deficient bipyridinium units and the m-electron
rich 1,4-dioxybenzene ring, the occurrence of complexation and the decom-
plexation steps are accompanied by the appearance and disappearance,
respectively, of the charge transfer band. As a result, the acid/base-controlled
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Figure 10.6. The template-directed synthesis of 1-4PF .
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Figure 10.7. The acid/base-controlled switching of the [2]pseudorotaxane [1:12]*4PF

and the change in the absorbance (4) of the charge transfer band (A

=490 nm)

associated with [1:12]*4PF upon addition of CF,CO,H and of z-PerEt is shown.
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Figure 10.8. The redox-controlled switching of the [2]pseudorotaxane [1:13]4PF and

the partial "H-NMR spectra [400 MHz, CD,CN/D,O (95:5), 25°C] of an equlmolar

mixture of 14PF, and 13 (a) after complexatlon (b) after oxidation and decomplexa-

tion, and (c) after reduction and complexation. The bipyridinium hydrogen atoms (H )

in the a-positions with respect to the nitrogen atoms were used as the probe protons
and (co) and (un) stand for complexed and uncomplexed species, respectively.

switching [ref. 15] of this system can be followed (inset in Fig. 10.7) by absorp-
tion spectroscopy. In the absence of CF,CO,H, a charge transfer band
(A, =490 nm) is observed. The gradual addition of CF,CO,H is accompa-
nied by the decrease of the absorbance (A4) associated with the charge transfer
band as the guest is protonated and subsequently expelled from the cavity of
the host. After the addition of ¢. 20 equivalents of CF,CO,H, no charge trans-
fer band can be detected. The gradual addition of i-Pr,NEt is accompanied by
the increase of the 4 value as the guest is deprotonated and subsequently com-
plexed by the host.

The host 1+4PF and the guest 13 form [ref. 16] (step 1 in Fig. 10.8) spontane-
ously the [2]pseudorotaxane [1:13]*4PF, when mixed in CD,CN/D,O (95:5).
Oxidation of the tetrathiafulvalene unit of the guest occurs after the addition
(step 2in Fig. 10.8) of three equivalents of I,. The resulting monocationic guest
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is expelled (step 3 in Fig. 10.8) from the cavity of the tetracationic host as a
result of electrostatic repulsion. Reduction of the tetrathiafulvalene unit of the
guest occurs after the addition (step 4 in Fig. 10.8) of five equivalents of
Na,S,0, and a large excess of NH,PF. The regenerated neutral form of the
guest reinserts itself inside the cavity of the host, yielding (step 1 in Fig. 10.8)
the original [2]pseudorotaxane [1:13]*4PF . The redox-controlled switching
[ref. 17] of this system can be followed (inset in Fig. 10.8) by 'H-NMR spectros-
copy using the bipyridinium hydrogen atoms (H ) in the a-positions with
respect to the nitrogen atoms as the probe protons. As the [2]pseudorotaxane
[1:13]*4PF and its separate components are in slow exchange on the "TH-NMR
timescale, the spectrum shows ((a) in the inset in Fig. 10.8) signals for the H |
protons associated with the complexed (co) and the uncomplexed (un) tetraca-
tionic cyclophane. After the oxidation of the guest, decomplexation occurs and
only the signals for the complexed cyclophane can be observed ((b) in the inset
in Fig. 10.8). Reduction of the guest is followed by complexation and the origi-
nal signals for the complexed and the uncomplexed tetracationic cyclophane
appear ((c) in the inset in Fig. 10.8) once again in the "H-NMR spectrum.

The trans-isomer (trans-14) of the guest 14 is bound [ref. 18] (step 1 in Fig.
10.9) by 1-4PF to form the [2]pseudorotaxane [1:trans-14]*4PF in CD,CN. By
contrast, the cis-isomer (cis-14) of 14is not complexed by 1°4PF . Thus, when a
solution of 1+4PF, and trans-14 is irradiated (A =360 nm) for 1 h, isomeriza-
tion (step 2 in Fig. 10.9) of the free guest from trans to cis occurs. As a result,
the equilibrium between the [2]pseudorotaxane [1:7rans-14]*4PF and its separ-
ate components is displaced in favor of the uncomplexed species. Further irra-
diation (A =440 nm) for 1 h induces the reisomerization (step 3 in Fig. 10.9) of
the free guest from cis to trans, restoring the original equilibrium between the
[2]pseudorotaxane [1:trans-14]*4PF and its separate components. The light-
controlled switching [ref. 19] of this system can be followed (inset in Fig. 10.9)
by 'H-NMR spectroscopy using the bipyridinium hydrogen atoms (H ) in the
a-positions with respect to the nitrogen atoms as the probe protons. The 'H-
NMR spectrum of a CD,CN solution of 1+4PF and the trans-isomer of the
guest 14 reveals ((a) in the inset in Fig. 10.9) signals for H_in the complexed
(co) and the uncomplexed (un) species which are undergoing slow exchange on
the "TH-NMR timescale. After the photoinduced isomerization of the free guest
from trans to cis, the intensities of the signals associated with the H protonsin
the complexed species decrease ((b) in the inset in Fig. 10.9) relative to those of
the complexed species. However, after the photoinduced re-isomerization of
the free guest from the cis- to trans-isomer, the original ratio between the inten-
sities of the signals for the H_ protons associated with the complexed and the
uncomplexed species is restored ((c) in the inset in Fig. 10.9).

https://doi.org/10.1017/CB097805115649£7 3MBif@R Aok BtinaRuGambedagestliversity Press, 2009


https://doi.org/10.1017/CBO9780511564987.011

340 F. M. Raymo and J. F. Stoddart

The host 1+4PF binds [ref. 20] (step 1 in Fig. 10.10) the guest 15 in CD,CN
to form the [2]pseudorotaxane [1:15]*4PF . Upon addition of two equivalents
of the sequestering agent, o-chloroanil (16), the adduct [15:16] is formed (step 2
in Fig. 10.10). As the free guest 15 is removed from the equilibrium, the
[2]pseudorotaxane [1:15]*4PF dissociates completely into its separate compo-
nents. Reduction of the sequestering agent 16 destroys (step 3 in Fig. 10.10) the
adduct [15:16], releasing the guest 15 and restoring the original equilibrium
between the [2]pseudorotaxane [1:15]*4PF, and its separate components. The
supramolecularly controlled switching [ref. 21] of this system can be followed
(inset in Fig. 10.10) by 'TH-NMR spectroscopy using the phenoxy hydrogen
atoms (H,) in the ortho-positions with respect to the z-butyl substituents as the
probe protons. The "TH-NMR spectrum of a CD,CN solution of 1+4PF and 15
reveals ((a) in the inset in Fig. 10.10) signals for the H_ protons in the
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Figure 10.9. The light-controlled switching of the [2]pseudorotaxane [1:7rans-14]*4PF

and the partial 'H-NMR spectra [400 MHz, CD,CN, 25°C] of an equimolar mlxture

of 1-4PF, and 14 (a) after complexation, (b) after irradiation (A =360 nm, 1 h) and

decomplexation, and (c) after irradiation (A=440 nm, 1 h) and complexation. The

bipyridinium hydrogen atoms (H ) in the a-positions with respect to the nitrogen

atoms were used as the probe protons and (co) and (un) stand for complexed and
uncomplexed species, respectively.
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Figure 10.10. The supramolecularly controlled switching of the [2]pseudorotaxane

[1:15]*4PF and the partial 'H-NMR spectra [400 MHz, CD,CN, 25°C] of an equimo-

lar mixture of 1-4PF, and 15 (a) after complexation, (b) after addition of 16, and

(c) after reduction of 16 are shown. The phenoxy hydrogen atoms (H,) in the ortho-

positions with respect to the z-butyl substituents as the probe protons and (co) and (un)
stand for complexed and uncomplexed species, respectively.

complexed (co) and the uncomplexed (un) species which are in slow exchange
on the 'H-NMR timescale. After the addition of 16, only the signals of the
adduct [15:16] are observed ((b) in the inset in Fig. 10.10). However, after the
reduction of 16 and release of the guest 15, the '"H-NMR spectrum shows ((c)
in the inset in Fig. 10.10) the original signals for the H_ protons in the
[2]pseudorotaxane [1:15]*4PF and its separate components.

The redox-controlled switching between two [2]pseudorotaxanes was real-
ized [ref. 22] (Fig. 10.11) using the host 14PF and the guests 9 and 17. The 1,5-
dioxynaphthalene-based guest 9 is fluorescent in its free form. Upon insertion
of this guest inside the cavity of 1+4PF, (K, =10°> M in H,0 at 25°C), its fluo-
rescence is quenched as a result of charge transfer interactions between the 1,5-
dioxynaphthalene ring system and the sandwiching bipyridinium units. The
binding of 17 by 1+4PF (K, > 10° M ' in H,0 at 25°C) is accompanied by the
appearance of a charge transfer band in the absorption spectrum as a result of
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Figure 10.11. The redox-controlled switching between the [2]pseudorotaxanes

[1:9]*4PF, and [1:17]*4PF, and the absorption and emission spectra of an equimolar

mixture of 1°4PF, 9, and 17 (a'la”) after the formation of [1:17]*4PF, (b'Ib") after
oxidation and guest exchange, and (¢/¢”) after reduction and guest exchange.

the [w - - - 7] stacking interactions between the tetrathiafulvalene unit and the
sandwiching bipyridinium units. Upon oxidation of the tetrathiafulvalene unit,
the resulting monocationic guest is expelled from the cavity of the tetracationic
host and the charge transfer band disappears. Thus, the complexation/decom-
plexation of the guests 9 and 17 by the host 14PF can be followed by emission
and absorption spectroscopies, respectively. Upon mixing the host 1+4PF, and
the guests 9 and 17, the [2]pseudorotaxane [1:17]*4PF  is formed (step 1 in Fig.
10.11) exclusively. The absorption and emission spectra show (a’ and a” in the
inset in Fig. 10.11) respectively the charge transfer band (A, =850 nm) of the
complex [1:17]4PF and the fluorescence of the free guest 9. After the addition
of one equivalent of Fe(ClO,),, 17 is oxidized (step 2 in Figure 10.11) to its
radical cation 17" that is then expelled from the cavity of the tetracationic host
and replaced (step 3 in Fig. 10.11) by the neutral guest 9. As a result, the charge
transfer band of the [2]pseudorotaxane [1:17]*4PF, disappears (b’ in the inset
in Fig. 10.11) and is replaced by the characteristic absorption bands of the
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radical monocation 17, Furthermore, the fluorescence of the 1,5-dioxynaph-
thalene ring system of 9 is quenched (4" in the inset in Fig. 10.11) upon forma-
tion of the [2]pseudorotaxane [1:9]*4PF . Reduction (step 4 in Fig. 10.11) of
17" back to the neutral form 17 is followed (step 5 in Figure 10.11) by the
exchange of the guests to yield the original [2]pseudorotaxane [1:17]*4PF,. As
a result, the charge transfer band of the complex [1:17]*4PF and the fluores-
cence of the free guest 9 reappear (¢’ and ¢’ in the inset in Fig. 10.11).

The redox-controlled switching between two [2]pseudorotaxanes was also
realized [ref. 12] (Fig. 10.12) using the hosts 1+4PF, and 18 and the guest 17.
The redox potentials for the tetrathiafulvalene semicouples 17°/17 and
172*/17* are +0.321 and +0.714 V, respectively, in MeCN. In the presence of
the m-electron deficient host 1+4PF, the redox potential of the semicouple
17+°/17 shifts to +0.391 V while that of the semicouple 17>7/17"" is unaffected.
These observations indicate that only the neutral form of the guest 17 is bound
by the host 1+4PF, (K, =10° M in MeCN at 25°C). In the presence of the -
electron rich host 18, the redox potential of the semicouple 177/17 is
unaffected, while that of the semicouple 17>7/17*" shifts to +0.700 V, suggest-
ing that only the dicationic form 17** is bound by 18 (K, =4.1X10° M in
MeCN at 25°C). When the two hosts 1°4PF and 18 are mixed with the neutral

18 [o ) g2
[o @) o] [17:18]
o—(®) (o] o
[o°] Co 0;' [g '— o
[o 0J [0 O (o) [0 S S 0]
c 2 8- -6
o—' 0] o o]
&—°" o391V + +0.700 V °
+ S S
. ) — Eg)_(S] — +
N@)—@N MeCN 17" MeCN {,@_@J
o + o,
. Es >=<S] 25°C . . 25°C .
S 0@

No-@) NO-@)
[1:17]+4PFg PP 144PF,
9@
1+4PF,

Figure 10.12. The redox-controlled switching between the [2]pseudorotaxanes
[1:17]+4PF and [17:18]**.
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form 17 in MeCN, only the [2]pseudorotaxane [1:17]*4PF, is obtained.
Oxidation (+0.391 V) of the guest 17 to the radical monocation 17** is accom-
panied by the dissociation of the complex. Further oxidation of 17** to the
dication 17%" is followed by the formation of the [2]pseudorotaxane [17:18]>".

10.3 [2]Rotaxanes

The relative movement of the macrocyclic with respect to the dumbbell-
shaped component of a [2]rotaxane can be exploited [ref. 7] (Fig. 10.13) to
perform switching operations. Indeed, two states are associated with a
[2]rotaxane incorporating two different recognition sites within its dumbbell-
shaped component. The macrocyclic component encircles the recognition site
0 in State 0, while it is located around the recognition site / in State 1.
Switching between these two states can be achieved [ref. 7] by protona-
tion/deprotonation and/or by oxidation/reduction of one of the two recogni-
tion sites incorporated in the dumbbell-shaped component. A [2]rotaxane
incorporating a m-electron deficient macrocyclic component and two m-elec-
tron rich recognition sites within its dumbbell-shaped component has been
synthesized [ref. 24] as illustrated in Fig. 10.14. Reaction of 10°2PF and 11 in
the presence of the dumbbell-shaped compound 19 gives the [2]rotaxane
20+4PFin a yield of 19%, after counterion exchange. At room temperature in
CD,CN, the ‘shuttling’ of the macrocyclic component from one mw-electron
rich recognition site to the other is fast on the 'H-NMR timescale and aver-
aged signals for probe protons in the two translational isomers associated
with 20°4PF, are observed in the 'H-NMR spectrum. At —40°C, this
dynamic process becomes slow on the 'H-NMR timescale and separate
signals for the probe protons in the two translational isomers can be distin-
guished in a ratio of 84:16 in favor of the one having the more m-electron rich

External
Control

State 1

Figure 10.13. Externally controlled switching between the two states (State 0 and State I)
associated with a [2]rotaxane incorporating two different recognition sites within the
linear portion of its dumbbell-shaped component.
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Figure 10.14. The template-directed synthesis of the [2]rotaxane 20°4PF .
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benzidine recognition site encircled by the tetracationic cyclophane compo-
nent. Consistently, the absorption spectrum of 20°4PF reveals (a in the inset
in Fig. 10.15) an absorption band (A, =690 nm) characteristic of charge
transfer interactions between a benzidine unit and two sandwiching bipyri-
dinium units. Upon addition of CF,CO,H, the nitrogen atoms of the benzi-
dine recognition site become protonated (step 1 in Fig. 10.15). Electrostatic
repulsion between the newly formed dicationic unit and the tetracationic
cyclophane force the macrocyclic component to ‘shuttle’ (step 2 in Fig. 10.15)
to the biphenol recognition site. As a result, the absorption band associated
with the charge transfer interactions between the benzidine ring system and
the bipyridinium units in the tetracationic cyclophane disappears (b in the
inset in Fig. 10.15). After the addition of C,D;N, deprotonation occurs (step
3 in Fig. 10.15) and the original equilibrium between the two translational
isomers of 20°4PF is restored (step 4 in Fig. 10.15). Consistently, the absorp-
tion spectrum reveals (c in the inset in Fig. 10.15) once again the charge trans-
fer band associated with the interactions between the benzidine ring system
and the bipyridinium units. Switching [ref. 25] of the [2]rotaxane 20°4PF can
also be performed (Fig. 10.16) electrochemically by oxidizing/reducing the
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Figure 10.15. The acid/base-controlled switching of the [2]rotaxane 20°4PF, and the

absorption spectra (MeCN, 25°C) of 20+4PF (a) before the addition of CF,CO,H, (b)

after the addition of CF,CO,H and shuttling, and (¢) after the addition of C;H,N and
shuttling.

benzidine recognition site. The oxidation (step 1 in Fig. 10.16) of the benzi-
dine unit to a radical cation forces the tetracationic cyclophane to ‘shuttle’
(step 21in Fig. 10.16) to the biphenol recognition site as a result of electrostatic
repulsion between the two positively-charged entities. Reduction (step 3 in
Fig. 10.16) of the radical cation back to the neutral species restores (step 4 in
Fig. 10.16) the original equilibrium between the two translational isomers of
the [2]rotaxane 20°4PF .

An alternative synthetic approach [ref. 26] to a [2]rotaxane incorporating
two different recognition sites within the linear portion of its dumbbell-shaped
component is illustrated in Fig. 10.17. Reaction of 21-2PF, with 22 in the pres-
ence of the crown ether host 23 gives the [2]rotaxane 24+3PF  in a yield of 38%,
after counterion exchange. In (CD,),CO at 25°C, the '"H-NMR spectrum of
the [2]rotaxane 24+3PF shows the selective binding of the ammonium recogni-
tion site by the macrocyclic polyether. This co-conformation [ref. 27] is stabi-
lized by a combination of [FN—H --- O] and [C—H - - - O] hydrogen bonds
between the acidic hydrogen atoms of the secondary dialkylammonium recog-
nition site and the polyether oxygen atoms. Irradiation of the protons in posi-
tions 2 and 6 on the 3,5-di-z-butylbenzyl ring of the stopper adjacent to the
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Figure 10.16. The redox-controlled switching of the [2]rotaxane 20°4PF .
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Figure 10.17. The template-directed synthesis of the [2]rotaxane 24+3PF,.

https://doi.org/10.1017/CB097805115649£7 3MBif@R Aok BtinaRuGambedagestliversity Press, 2009


https://doi.org/10.1017/CBO9780511564987.011

348 F. M. Raymo and J. F. Stoddart

ammonium recognition site shows NOE enhancements of some of the reso-
nances associated with the O-methylene protons in the crown ether. Addition
of i-Pr,NEt deprotonates (step 1 in Fig. 10.18) the ammonium recognition site.
As a result, the macrocyclic polyether component ‘shuttles’ (step 2 in Fig.
10.18) to embrace one of the pyridinium rings of the bipyridinium recognition
site. This step is accompanied by the appearance of a red color associated with
charge transfer interactions between the pyridinium ring and the sandwiching
catechol rings. Addition of CF,CO,H regenerates (step 3 in Fig. 10.18) the
ammonium recognition site. Thus, the macrocyclic component ‘shuttles’ (step 4
in Fig. 10.18) back to encircle this "NH, center and the orange color associated
with the charge transfer interaction disappears. The acid/base-controlled
switching of the [2]rotaxane 24+3PF can be followed (inset in Fig.10.18) by 'H-
NMR spectroscopy using the bipyridinium hydrogen atoms (Hﬁl and Hﬁz) in
the B-positions with respect to the nitrogen atoms as the probe protons. These
protons give rise ((a) in the inset in Fig. 10.18) to one set of signals only in the

Hg' + Hg? tBu @
o ’@\{v}@/\% <

Base
v FProNEt/ Me,CO / 25°C

G t+Bu +
[ . H f>©/\ R Bu-t
b “’“@\r%" 5 ©\@v@
@

Shuttlingv @ Shuttling

I
=
+
I
=
N
-
w
\J

[}

| .o @\]O
© h 24°2PF5 50 \/@ 2PFe”

Acld
i
5(ppm) 92 85 CFaCO-M
I-Bu [ o
N
@lo —
-Bu 7
‘ "0 °‘ 3PFg
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Figure 10.18. The acid/base-controlled switching of the [2]rotaxane 24*3PF, and the

partial '"H-NMR spectra [400 MHz, (CD,),CO, 25°C] of 24+3PF, (a) before the addi-

tion of i-Pr,NEt, (b) after the addmon of i-Pr,NEt and shutthng, and (c) after the addi-

tion of CF, CO H. The bipyridinium hydrogen atoms (H and H 2) in the B-positions
w1th respect to the nitrogen atoms were used as the probe protons.
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Figure 10.19. The template-directed synthesis of the [2]rotaxane 284CIO,.

"H-NMR spectrum of the [2]rotaxane 24+3PF recorded in CD,CN at 25°C.
After the addition of i-Pr,NEt and the ‘shuttling’ of the macrocyclic compo-
nent to the bipyridinium recognition site, two distinct sets of signals are
observed ((b) in the inset in Fig. 10.18) for HB1 and Hﬁz. After the addition of
CF,CO,H and the ‘shuttling’ of the macrocyclic component back to the
ammonium recognition site, once again one set of signals is observed ((c) in the
insetin Fig. 10.18) for H,' and H”.

The synthesis [ref. 28] of a [2]rotaxane incorporating a photoactive azoben-
zene unit in the linear portion of its dumbbell-shaped component is illustrated
in Fig. 10.19. Reaction of 25-2ClO, with 26 in the presence of a-cyclodextrin
(27) gives the [2]rotaxane 28°4ClO, in a yield of 30% after counterion
exchange. In this [2]rotaxane, the cyclodextrin component encircles preferen-
tially the frans-azobiphenoxy unit. However, upon irradiation (A =360 nm) of
an aqueous solution of 28+4ClO,, isomerization (step 1 in Fig. 10.20) of the
azobiphenoxy unit from trans to cis occurs. As a result, the macrocyclic compo-
nent moves to encircle the bismethylene spacer bridging the cis-azobiphenoxy
unit and one of the two bipyridinium units. Upon further irradiation (A =430
nm), the isomerization (step 2 in Fig. 10.20) of azobiphenoxy unit from cis
back to trans occurs and is accompanied by the ‘shuttling’ of the cyclodextrin
component back to the frans-azobiphenoxy unit. The light-controlled switch-
ing [ref. 29] of the [2]rotaxane 28+4ClO, can be followed by circular dichroism
measurements. Before irradiation, a positive circular dichroism induced band
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Figure 10.20. The light-controlled switching of the [2]rotaxane 284ClO,.

(A=360 nm), corresponding to the m—m* transition associated with the azobi-
phenoxy unit, is observed. After irradiation (A =360 nm), the intensity of this
band decreases but is restored after irradiation at a longer wavelength
(A=430 nm). Since the sign of a w—* transition associated with a guest encir-
cled by an a-cyclodextrin is positive, the observed results indicate that the
azobiphenoxy unit is inserted originally inside the cyclodextrin cavity and that
itis expelled after irradiation at a wavelength of 360 nm.

10.4 |2]Catenanes

The circumrotation of one of the two macrocyclic components of a [2]catenane
through the cavity of the other can be exploited [ref. 7] (Fig. 10.21) to perform
switching operations. Indeed, two states are associated with a [2]catenane
incorporating two different recognition sites within one of its two macrocyclic
components. In State 0, the recognition site 0 comprised within one macrocy-
clic component is located inside the cavity of the other and the recognition site
1 is ‘alongside’. In State 1, the recognition site / is ‘inside’ and the recognition
site 0 is ‘alongside’. Switching between these two states can be achieved [ref. 7]
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External
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Figure 10.21. Externally controlled switching between the two states (State 0 and State
1) associated with a [2]catenane incorporating two different recognition sites within
one of its two macrocyclic components.

by oxidation/reduction of the recognition site 0 or / or by the addition/removal
of a ‘locking’ component. [2]Catenanes incorporating a mw-electron deficient
macrocyclic component and two m-electron rich recognition sites within the
second macrocycle can be synthesized [refs. 20, 30] as illustrated in Fig. 10.22.
Reaction of 10-2PF and 11 in the presence of either 29 or 30 gives the [2]cate-
nanes 31°4PF or 32+4PF, respectively, in yields of 43 or 23%, respectively,
after counterion exchange. The X-ray crystallographic analysis of the [2]cate-
nane 32+4PF, reveals (Fig. 10.23) that the tetrathiafulvalene recognition site is
located exclusively inside the cavity of the tetracationic cyclophane in the solid
state, while the 1,5-dioxynaphthalene recognition site is positioned alongside.
In both [2]catenanes, absorption and 'H-NMR spectroscopic studies show
(vide infra) that the tetrathiafulvalene unit is also located preferentially ‘inside’
in solution. This selectivity offers the possibility of switching these [2]catenanes
by oxidation/reduction of their tetrathiafulvalene units. In the case of 31°4PF,
oxidation of the tetrathiafulvalene unit is achieved (step 1 in Fig. 10.24) upon
addition of one equivalent of Fe(ClO,),. The resulting monocationic unit is
expelled from the cavity of the tetracationic cyclophane and it is replaced (step
2 in Fig. 10.24) by the neutral 1,4-dioxybenzene recognition site. Upon addi-
tion of one equivalent of Na,S,O, and H,O, the tetrathiafulvalene unit is
reduced (step 3 in Fig. 10.24) back to its neutral state. Circumrotation of the
macrocyclic polyether through the cavity of the tetracationic cyclophane
follows (step 4 in Fig. 10.24) immediately, resulting in the reinsertion of the
tetrathiafulvalene recognition site inside the cavity of the m-electron deficient
macrocycle. The redox-controlled switching [ref. 31] of the [2]catenane 31+4PF,
can be monitored (inset in Fig. 10.24) by absorption spectroscopy. Initially, an
absorption band (A, =850 nm) associated with charge transfer interactions
between the tetrathiafulvalene unit and the sandwiching bipyridinium units is
observed (a in the inset in Fig. 10.24). After oxidation of the tetrathiafulvalene
unit and circumrotation of the macrocyclic polyether, the charge transfer band
disappears (b in the inset in Fig. 10.24) and is replaced by the characteristic
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Figure 10.22. The template-directed synthesis of the [2]catenanes 31°4PF, and
324PF ..
6

absorption bands of the monocationic form of tetrathiafulvalene. After reduc-
tion of the tetrathiafulvalene unit back to its neutral form and circumrotation
of the macrocyclic polyether, the original charge transfer band is restored (¢ in
the inset in Fig. 10.24). The [2]catenane 31°4PF, can be also switched by
supramolecular control. In CD,CN at 25°C, two translational isomers in equi-
librium are associated (step 1 in Fig. 10.25) with the [2]catenane 31+4PF . The
major translational isomer incorporates the tetrathiafulvalene recognition site
‘inside’ and the 1,4-dioxybenzene ring ‘alongside’. The minor translational
isomer incorporates the 1,4-dioxybenzene recognition site ‘inside’ and the
tetrathiafulvalene unit ‘alongside’. Upon addition of two equivalents of
o-chloroanil (16), the equilibrium between the two translational isomers of
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Figure 10.23. The geometry adopted by the [2]catenane 324" in the solid state.
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Figure 10.24. The redox-controlled switching of the [2]catenane 31°4PF, and the
absorption spectra (MeCN, 25°C) of 31+4PF (a) before oxidation, (b) after oxidation
and rotation, and (¢) after reduction and rotation.
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31-4PF, is displaced completely in favor of the one incorporating the
1,4-dioxybenzene recognition site ‘inside’. Indeed, the tetrathiafulvalene unit is
‘locked’ (step 2 in Fig. 10.25) ‘alongside’ by [ - - 1] stacking interactions with
the o-chloroanil unit to form the adduct [16:31]*4PF . Upon addition of five
equivalents of Na,S,0O; and a large excess of NH,PF/H,0O, the o-chloroanil
unit is reduced, the adduct is destroyed (step 3 in Fig. 10.25), and the original
equilibrium between the two translational isomers of the [2]catenane 31+4PF
is restored. The supramolecularly controlled switching of the [2]catenane
31+4PF can be monitored (inset in Fig. 10.25) by 'H-NMR spectroscopy using
the tetrathiafulvalene and the 1,4-dioxybenzene hydrogen atoms (H, and H ) as
the probe protons. As a result of the presence of the cis and the trans forms
(Fig. 10.25) of the tetrathiafulvalene unit, the 'H-NMR spectrum (CD,CN,
25°C) of the[2]catenane 31+4PF shows ((a) in the inset in Fig. 10.25) two sing-
lets of different intensities for H, and two more for H . Upon addition of 16,
the relative intensities of the two singlets for H, change ((b) in the inset in Fig.
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Figure 10.25. The supramolecularly controlled switching of the [2]catenane 31-4PF

and the partial "H-NMR spectra (400 MHz, CD,CN, 25°C) of 31+4PF (a) before the

addition of 16, (b) after the addition of 16 and the formation of [16:31]*4PF, and (c)

after the reduction of 16 and rotation. The tetrathiafulvalene and the 1,4-dioxybenzene
hydrogen atoms (H, and H ) were used as the probe protons.
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Figure 10.26. The template-directed synthesis of the [2]catenane 35.

10.25) but their chemical shifts are not affected significantly, indicating that the
tetrathiafulvalene unit is not oxidized by 16. By contrast, the two singlets for H_
are shifted by ¢. —3.0 p.p.m. as the 1,4-dioxybenzene ring becomes encircled by
the tetracationic cyclophane. After the reduction of the o-chloroanil ring incor-
porated within the adduct [16:31]*4PF and the subsequent circumrotation of
the macrocyclic polyether, the original singlets associated with H_are observed
((c) in the inset in Fig. 10.25) once again.

The ability of transition metals to coordinate organic ligands can be
exploited [ref. 32] (Fig. 10.26) to template the formation of [2]catenanes. Upon
mixing equimolar amounts of the phenanthroline-based ligands 33 and 34
with Cu(MeCN),BF in solution, the complex [33:34+Cu]*BF, sclf-assembles
spontaneously. Reaction of [33:34+Cu]*BF, with I[(CH,),0],(CH,),I gives the
[2]catenate [35-Cu]*BF, in a yield of 10%. Demetalation [ref. 33] can be
achieved by treating [35°Cu]*BF, with KCN in solution to afford the [2]cate-
nane 35 quantitatively. The redox-controlled switching [ref. 34] of the [2]cate-
nate [35¢Cu]*BF, can be realized by oxidation/reduction of the transition
metal, since Cu* and Cu?* have different coordination requirements. Indeed,
Cu* prefers tetracoordination while Cu?* is stabilized by pentacoordination.
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Figure 10.27. The redox-controlled switching of the [2]catenane [35°Cu]".

The electrochemical oxidation of [35*Cu]" generates (step 1 in Fig. 10.27) a
Cu?* center in a tetracoordination environment. As a result, circumrotation of
the terpyridine-containing macrocycle through the cavity of the other macro-
cycle occurs (step 2 in Fig. 10.27) to afford a more stable pentacoordinated
Cu?" center. The electrochemical reduction of [35+Cu]** affords (step 3 in Fig.
10.27) a pentacoordinated Cu* center. However, the circumrotation of the ter-
pyridine-containing macrocycle yields back (step 4 in Fig. 10.27) the original
co-conformation in which the Cu* center can enjoy its much preferred tetra-
coordinating environment. The switching of this [2]catenate is accompanied by
a change in color from red to green on going from [35°Cu]* to [35+Cu]** and
vice versa. Also, the redox potential for the Cu?>*/Cu* semicouple varies from
+0.63 Vto—-0.07 V on going from a tetra- to a pentacoordination environment
and vice versa.

10.5 Conclusions and future perspectives

As a result of their superstructural and structural properties, [2]pseudorotax-
anes and [2]rotaxanes and [2]catenanes, respectively, are ideal candidates for
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the design of molecular-sized switches. Indeed, a number of bistable chemical
systems, that can be switched reversibly between a State 0 and a State 1, have
been realized in the shape of such interpenetrating and interlocked supramo-
lecular and molecular species. In all instances, the switching processes are asso-
ciated with the relative movement of one of the two interpenetrating or
interlocked components relative to the other. These molecular level motions
can be induced by chemical, electrochemical, and/or photochemical stimuli
(input signal) that alter the recognition properties of an appropriate unit incor-
porated in one of the two components. In response to the input signal, the
chemical system alters its co-conformation and this change can be read
spectroscopically (output signal). Although these bistable systems have been
synthesized and their switching properties have been characterized fully in
solution, considerable progress has to be made to incorporate them into ultra-
densely integrated electronic circuits. Methods for their efficient and precise
attachment to solid supports need to be developed. Furthermore, techniques to
fabricate arrays of interconnected molecular-sized switches and to operate
them individually have to be devised. Nonetheless, the remarkable progress
achieved so far in the field is extremely encouraging. The recent realization of
electronically-configurable logic gates, based on rotaxanes incorporating
w-electron deficient dumbbell-shaped components and w-electron rich macro-
cycles, demonstrates [ref. 35] that electronic circuits made of organic molecules
can, indeed, be fabricated.
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