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1 1 
Introduction.. On the way to rotaxane 
molecularmolecular machines. 

TheThe designer and the inventor, who bring elements together in new combinations, are 
eacheach able to assemble and manipulate in their minds devices that as yet do not exist. 

E.S.. FERGUSON: Science 1997, 797, 827-836 

1.11 Molecular motions in nature 

Inn this Thesis we wil l describe our investigations on artificial supramolecular architectures 

calledd rotaxanes which are composed of two interlocked parts: a linear part (thread or axle) 

andd a macrocyclic ring that surrounds the thread (see Figure 1-1). 

Figuree 1-1. Representation of supramolecular architecture of [2]rotaxane. 

Thee ring can be subjected to a motion along the axle or around the axle by using photons, 

chemicalss or electrons as driving forces. Our goal was to induce and to control the transla-

tionall  motion of the macrocyclic ring upon such external stimuli. The rotaxanes are potential 

artificiall  models, of course extremely simplified, for natural molecular machines and motors, 

wheree rotational and translational movements play an important role in the biological func-

tion. . 
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Almostt all biological processes originate directly from molecular motions, e.g. E^Z 

isomenzationn of double bonds that trigger the visual signal, translational motion in the 

musclee motor or the rotary motion of the enzyme ATP-synthase, responsible for energy con-

versionn in the cell. These molecular motors are among the most fascinating systems in nature 

andd a main source of inspiration in the recent endeavour toward nanotechnology and molec-

ularr machinery. 

Cellss have hundreds of different types of molecular motors, each specialized for a par-

ticularr function. They are involved in muscle contraction, moving chromosomes during cell 

division,, reloading necessary "ammunition'" within nerve cells, etc. In our body they control 

manyy catalytic or transport processes. Additionally, complex enzyme architectures facilitate 

thee synthesis and manipulation of the biopolymers of DNA and RNA, including enzymes 

capablee of attaching to the biopolymer substrate and performing several rounds of catalysis 

beforee dissociating, e.g. DNA Polymerase' or RNA Polymerase I in replication. The latter 

complexx enzyme architecture is involved in transcribing eucariotic ribosomal DNA.2 Many 

off  these "processive" enzymes have a toroidal shape and completely enclose the biopolymer 

whilee moving along its chain, as exemplified by the DNA enzymes, e.g. Vexonuclease.3 

DNAA exonucleases participate in DNA replication, repair and recombination. In particular, 

processivee 5\ 3' single stranded DNA exonucleases are essential for generating early DNA 

intermediatess in many pathways of prokaryotic and eukaryotic homologous recombination.4 

Somee motors operate in a cyclic fashion, undergoing a number of steps that corre-

spondd to changes in conformation and/or in chemical state and eventually resetting them-

selvess to their initial configuration. The chemical steps in cyclic motors typically involve 

catalyticc turnover of a high energy molecule, generally nucleotide, ATP (e.g. in myosin, 

kinesin)) or GTP (e.g. in dynamin) or translocation of an ion across an electrochemical gradi-

entt (e.g. in F° ATPase). Other motors are "one-shot" motors that release previously stored 

energyy and then disassemble (e.g. spasmonema, actin). Although there is much variation in 

designn and performance among them, some evidences suggest that many such "mechano-

chemical""  proteins share fundamental underlying features that can be understood with the 

samee basic concepts and theories.5 For example, at the heart of kinesin and myosin motors is 

ann allosteric core whose actions are not so different from those of many well-studied 

enzymes.. The partnership between such motors and the track on which they move in gener-

atingg conformational changes is also recapitulated in many enzymes that interact with protein 

substrates. . 

Biomolecularr motors use one or the other of two most common energy repositories, 

whichh are in the phosphate bonds of nucleotides, ATP (or GTP), and electrochemical gradi-
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ents.. However, there is one protein that uses both energy sources. This amazing protein con-

sistss of two rotary molecular motors attached to a common shaft, rotating in opposite 

directions.. The Fj motor uses the free energy of ATP hydrolysis to rotate in one direction, 

whilee the sodium driven F0 motor uses the energy stored in a transmembrane electrochemical 

gradientt to turn in the opposite direction (Figure 1-2). 

^—— Stator charge 

Figuree 1-2. The simplified geometry of the F0 motor of ATP synthase. The figure is taken 
fromm ref. 6. 

Thee mechanochemistry of ATP synthase has been studied in great detail. The F0 

motorr consists of two counter rotating subunits: (1) The rotor carries 10-12 negatively 

chargedd ion-binding sites equally spaced around the periphery, and lying below the level of 

thee membrane. The sites are in equilibrium with the low ion concentration in the cytoplasm. 

Thee second part called the stator (2) provides a hydrophobic seal, preventing ions from leak-

ingg across the membrane. An aqueous input channel provides access for the sodium ions to 

bindd to the rotor charges. The bottom of the input channels is connected to the cytoplasm by 

aa polar strip that permits the rotor charges to rotate into the input channels. A single positive 

chargee on the stator located close to the strip repels the sodium ions, which prevents them 

fromm leaking from the input channel into the cytoplasm. 

Figuree 1-3 a face-on view of the stator of F0 ATP-synthase is shown. The only way 

forr an ion to pass through the stator is to bind to a rotor site at the bottom of the input channel 

ass indicated. This neutralizes the site sufficiently for it to rotate to the left through the hydro-

phobicc interface. Once exposed to the low concentration in the cytoplasm, the bound ion 

quicklyy dissociates. However, a bound site is not completely neutral but forms a dipole. If the 

boundd site moves to the right, the positive stator charge presents a high electrostatic barrier 

thatt forces the ion to dissociate back into the input channel if the site comes too close (an ani-

matedd image of a rotary movement of the rotor-stator in the F0 motor is available). 



44 I CHAPTER 1 

Channell x f Na+ Periplas m 

Figur ee 1-3. A face-on view of the part of the stator in F0-motor of ATP synthase. The figure 
iss taken from ref. 6. 

Rotaryy motors such as ATP synthase prototypically bear all features of a macroscopic 

motor:: a rotor within a stator held by membrane and fuelled by a difference in chemical 

potentiall  in the form of a proton gradient combined with a machine for ATP production. 

Thee linear motion of motor proteins (cytoskeletal motors) involves interaction with 

andd movement along actin (e.g. myosin) or along microtubules (e.g. kinesin and dynein). The 

kinesinn and myosin motor proteins have a similar core structure that resembles that of the G 

proteins.. Myosin is a tiny molecular motor that converts chemical energy into mechanical 

motion.. There are several types of myosin, including myosin II - the main protein responsible 

forr muscle contraction. Myosin V is a littl e cargo transporter in our cells that moves forward 

byy stepping along filaments of actin (see Figure 1-4). This protein was found in almost all 

cellss in our body, but is particularly prevalent in nerve and is also found in skin, where it 

movess littl e pigment granules. The myosin moves in the "hand over hand" walking model, 

wheree the two feet alternate in the lead. However, the "inchworm" model, in which one foot 

alwayss leads was also considered. Myosin V moves in 74-nm steps.6 
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Figuree 1-4. Myosin V biomolecular motor that moves along the actin (taken from 
http://www.news.uiuc.edu/scitips/03/0605selvin.html). . 

Thee central difference between macroscopic and molecular motors is that the latter are 

soo small that Brownian motion dominates their operation. This means that thermal fluctuac-

tionss are an essential component of the molecular mechanism of the motor. Enzymatic catal-

ysiss depends on thermally induced crossing of potential energy barriers. Similarly, the ability 

off  molecular motors to generate forces and motion may depend on thermally driven diffusion 

fromm one site on a filament (such as DNA,1 actin or microtubule ' ' ) to the next. 

Fromm the point of view of nanotechnology there is considerable interest in creating 

molecularr analogues of the fundamental components of machinery from the macroscopic 

world,, where everyday machines perform their designated tasks upon synchronized motions 

off  their single components, e.g. cogs, brakes, ratches, propellers, muscles, switches, shuttles, 

pistons,, etc.9'10-11'12 Catenanes, pseudorotaxanes and rotaxanes are among the novel, com-

plexx architectures, which may mimic the molecular level mechanical motions present in 

manyy biological systems. ' ' In this thesis the focus is on the architecture of rotaxanes, 

mechanicallyy interlocked systems in which a long molecule is threaded through a macrocy-

clicc ring. One interesting example of a rotaxane that mimics the ability of processive enzymes 

too catalyze multiple rounds of reactions while the polymer substrate stays bound is shown in 

Figuree 1-5.16 Here the catalytically active rotaxane possesses a cavity containing porphyrin, 

whichh is threaded onto a polybutadiene polymer and can move along it while catalyzing the 

conversionn of the double bonds in the thread into the corresponding epoxide functions. The 

toroidall  catalyst consists of a substrate binding cavity incorporating a mangenese (III ) por-

http://www.news.uiuc.edu/scitips/03/0605selvin.html
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phyrinn complex that oxidizes alkenes within the toroid cavity, provided a ligand has been 

attachedd to the outer face of the toroid to both activate the porphyrin complex and shield it 

fromm being able to oxidize alkenes outside the cavity. When threaded onto a polybutadiene 

polymerr strand, this catalyst epoxidizes the double bonds of the polymer, thereby acting as 

simplee analogue of enzyme systems. 

1.1 1 

Figur ee 1-5. Schematic picture of the catalytically active rotaxane (1.1) (PD -polybutadiene, 
PE-polybutadieneepoxidee (product), Mn1 - manganese (III) porphyrin complex (catalyst), 
tbpy-fert-butylpyridinee (ligand).The figure is taken from ref.16. 

1.22 Interlocked architectures - rotaxanes and catenanes 

Discoveryy and imitation of the nature have been among the main targets of scientists during 

manyy decades. Some want to go even further by creating artificial architectures based on nat-

ural,, already existing sophisticated systems but outperforming their examples from nature. 

Thee great challenge is to make big molecules composed from smaller building blocks pos-

sessingg particular properties. However, new supramolecular architectures behave in a differ-

entt way and offer new possibilities in comparison with their single components. In this way, 

whenn inventing the new molecules chemists are like artists, creating novel, complex struc-

tures.. Among such architectures like catenanes, pretzelanes or knots, rotaxanes are an espe-

ciallyy interesting class of molecules ideally suited for building integrated, multicomponent 
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systems,, which display novel chemical and physical features. These unique properties, as 

welll  as different synthetic methodologies for catenanes and rotaxanes developed during more 

thann three decades wil l be described in the next sections. 

Thee word rotaxane is derived from the latin rota meaning wheel and axis meaning 

axle.188 In chemistry, [2]rotaxanes (the prefix indicates the number of interlocked compo-

nents)) present a group of compounds in which a dumbbell-shaped molecule is surrounded by 

aa macrocycle, which sits on the linear part of the molecule (an axle or thread) but cannot slip 

overr the ends, because they are blocked by bulky stoppers. However, rotaxanes can contain 

moree than two components, e.g. two or more rings instead of one. Such molecules with one 
11 Q 

stringg and two macrocycles are called [3]rotaxanes. The single components of rotaxanes 

aree held together not via interatomic bonds but rather via mechanical bonds, also called some-

timess topological bonds. A similar concept is used in compounds called [n]catenanes from 

thee latin catena meaning chain, where two or more cyclic molecules are mechanically con-

nectedd with each other. Architectures similar to rotaxanes, in which the stoppers on the ends 

off  the thread are so small so that the macrocycle can slip off are known as pseudo-rotaxanes. 

Figuree 1-6. Schematic pictures of mechanically interlocked architectures: (A) pseudorotax-
ane,, (B) [2]rotaxane, and (C) [2]catenane. 

1.33 Supramolecula r topolog y 

Overr the years, many special forms of isomerism have been identified. Two molecules con-

tainingg the same atoms and bonds linked in different sequence are described as constitutional 

isomers.. Variation in the spatial arrangement around an atom or other center can lead to ster-
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eoisomers.. Wasserman in 1960 (see Figure 1-10 on page 10) performed the first synthesis of 

aa catenane (composed from two interlocked rings), which did not differ from the unlinked 

macrocycless in terms of the atoms or bonds they contained, although both systems were 

chemicallyy distinguishable.20 This led to the discovery of supramolecular topology. To 

describee the difference between the catenane and two single rings the term "topological iso-

mers""  was introduced.21 In topological geometry the isomers are equivalent when the con-

nectivityy of the objects is the same. When attempting to interconvert topological isomers no 

linee (bond) can be broken or pass through another during the deformation (see Figure 1-7). 

Applyingg this rule to the structure of catenanes, it becomes clear that a catenane cannot be 

convertedd into two separate macrocycles by a continuous deformation. That means the cat-

enaness are topologically distinct from two independent rings (Figure 1-7).19 

HH X- w 

OOx-GD D 
Figuree 1-7. An example of non-topological stereoisomers (upper) and the topological distin-
guishablee isomer pair consisting of the catenane and the two independent rings, respec-
tivelyy (lower). 

Byy capping the ends of the linear part of a pseudo-rotaxane with two bulky stoppers it 

iss possible to create a new supramolecular structure - a rotaxane, where stoppers prevent the 

macrocyclee from slipping over the ends. However, in a topological sense, a rotaxane is trivial 

becausee the macrocycle can formally undergo dethreading without breaking of bonds to gen-

eratee the two separate components, the macrocycle and the linear thread.18 Thus, from the 

topologicall  point of view there is no difference between a rotaxane and pseudo-rotaxane. In 

reality,, molecules are not infinitely flexible, and it is impossible to convert rotaxanes into 

theirr simple components without breaking bonds, unless the stoppers are not bulky enough 

(pseudorotaxane).. In the absence of rigorous topological definitions, nomenclature has 

becomee a problem in this area: there is clearly a relationship between the size of the stopper, 

thee diameter of the macrocycle and the difference between a rotaxane and a pseudo-rotax-

ane.. However, it is difficult to define the difference between rotaxanes and pseudo-rotax-
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aness in terms of sizes. The experimental conditions determine the distinction between 

rotaxaness and pseudo-rotaxanes. 

Too obtain the desired complex topologies of e.g. catenanes or rotaxanes the develop-

mentt of new synthetic strategies was required which will be discussed later in this Chapter. 

Thee key step is the generation of an intermediate that contains so called latent topological 

properties.. The final topological structure is realized by macrocyclization of the intermediate. 

Forr example, the synthesis of the complex catenane occurs via the topologically simpler 

pseudo-rotaxanee (see Figure 1-8). 

GD=-e e -A--
Catenanee Pseudorotaxane Rotaxane 

Figuree 1-8. Formal interconversion of catenane and rotaxane via a pseudo-rotaxane. 

Thee pseudo-rotaxane and catenanes can be used in various combinations for the con-

structionn of even more complex topologies18'23'19'24'25' ' (see Figure 1-9). 

[3]rotaxane e 

[2cat-2rot-2cat]enane e [2-2]rotaxane [2-2]rotaxane 

Figuree 1-9. Schematic representation of some possible complex structures of catenanes 
andd rotaxanes. 
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1.44 Statistica l method s for generatin g catenane s and rotaxane s 

Beforee strategies for preparing key intermediate structures were developed, so called statis-

ticall  methods resulting in a low-yield of catenanes and rotaxanes were first in use. The syn-

thesiss performed in concentrated solutions was based on the low statistical probability of 

chancee encounters to give desired complexed topologies. 

Inn 1960 Wasserman's synthesis of acatenane was published (Figure 1-10). He sug-

gestedd that the larger the ring, the easier the threading, but at the same time the lower the 

cyclizationn yield. The obtained structure was denoted as a 34, 34 catenane 1.2 (the number 

indicatedd the number of carbon atoms contained in each ring). The yield of catenane was very 

loww and a small amount of pseudo-rotaxane was obtained additionally. The presence of the 

desiredd structure was proven spectroscopically and the separate components were isolated 

afterr cleavage of the catenane. 

Figuree 1-10. Structure of Wasserman's catenane obtained via statistical synthesis with a 
yieldd of 0.01%.20 

Alsoo in the 1960s the first documented successful synthesis of a rotaxane was per-

formed.288 In 1967 Harrison and Harrison reported the synthesis of the rotaxane 1.3 shown in 

Figuree 1-11. They were repeating the threading and capping steps 70 times to overcome the 

problemm of a low yield, however, only 6% of the expected product was obtained. The name 

"hooplane""  for the new structure was proposed, but the rotaxane nomenclature has become 

moree popular with time. 
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Figuree 1-11. The Harrison's and Harrison's rotaxane 1.3 obtained via statistical synthesis 
(yieldd 6%)28 

InIn the 1970s the yield of catenanes and rotaxanes utilizing crown ethers as the host 

moietyy using the statistical method was improved by Zilkha and Agam. Zilkha and Agam 

notedd that the conditions suitable for the threading, like high concentration, are inconsistent 

withh the conditions demanded for the cyclization of the macrocycle, e.g. low concentration. 

Too solve this problem, they divided the synthesis into two stages. Treatment of a mixture of 

crownn ether rings and polyethyleneglycols (PEGs) with naphthalene-1,5-diisocyanate gave 

highh molecular weight polyurethane polyrotaxanes. Any ring not threaded could be washed 

outt of the polymer and quantitatively determined, affording a method for trapping of the 

threadedd materials and measurement of the extent of threading. Using this technique, opti-

mumm conditions for threading were found. Ca. 76% of the rings introduced were threaded at 

equilibriumm with dibenzo-58.2-crown-19.4 and polyethylene glycol with an average molec-

ularr weight of 400 (PEG 400). In a high concentration reaction, the poly-PEG 400 axle was 

stopperedd by tritylation to give the rotaxane in 19% yield. Then the rotaxane was isolated and 

subjectedd to a high dilution macrocyclization to yield the corresponding catenane in a 14% 

yield.. This so called double-stage method represents one of few examples of the direct con-

versionn of a rotaxane into a catenane. 

Althoughh the statistical methods made it possible to create new, interesting molecular 

structures,, like catenanes, rotaxanes and also other complex topologies like knots or Mobius 

stripss (not described here), it was clear that the synthetic yields and the topological complex-

ityy are very limited. 
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Thee growth in popularity of supramolecular chemistry has increased the understand-

ingg of intermolecular interactions which allowed chemists to "program" the components of 

complexx molecules to recognize each other. Finding the "right conditions" for synthesizing 

catenaness and rotaxanes has taken nearly three decades and a wide variety of strategies exists 

noww based on template methodology.18'30'31'19'32'33 

1.55 Templated synthesis of catenanes and rotaxanes 

Whenn Watson and Crick discovered the double helix DNA structure in 1953, it was soon real-

izedd that during DNA replication, one strand acts as a template for the formation of a new 

molecule.. Since that time chemists have developed many systems based on a template 

effect,, and this approach provided the key to the preparation of many rotaxane and catenane 

structures. . 

Threee distinct routes for rotaxane synthesis were proposed by Stoddart. "Threading" 

involvess initial binding of the linear part by the macrocycle, followed by a "capping" reaction 

too trap the macrocycle on the thread by adding the stoppers. The macrocycle could instead be 

assembledd in the presence of the already stoppered thread via a "clipping process". Alterna-

tively,, careful choice of the size of the macrocycle can allow "slippage" over the stopper 

groupss of the thread at high temperatures. Al l of these strategies rely on specific recognition 

off  the elements being incorporated into the thread and the macrocycle.17 

Figuree 1-12. Three routes for rotaxane synthesis: Threading, Capping, Clipping, Slippage. 
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Thesee synthetic strategies have been used to prepare some remarkably complex sys-

tems,, acting as molecular devices, switches, and memory components, which will be dis-

cussedd later (section 1.8). 

Analogously,, the synthesis of catenanes, where one ring is closed in the presence of a 
secondd ring, is called "clipping procedure". This method is used in most cases, e.g. for crown 
ether-cyclophanee catenanes (based on ju-7t donor-acceptor stacking interactions). The 
alternativee method, however, less popular, is to form both rings simultaneously, like in the 
casee of benzylamide-basedd catenanes (based on hydrogen bonding interactions), where eight 
smalll  organic molecules react with each other in one step giving a 20% yield of catenane. 
Manyy methods can be used in the assembly of the rotaxane parts with quite high efficiency. 
Bondingg between template and substrate occurs often via weak non-covalent interactions 
like:: hydrophobic interactions, transition metal coordination, TC-TC stacking donor-acceptor 
interactionss or hydrogen bonding. Some of them will be discussed briefly below. 

1.5.11 Hydrophobi c interaction s 

Onee of the earliest catenane syntheses based on a template strategy was attempted by Lüt-

tringhauss in 1958.37 He used the hydrophobic effect to form an inclusion complex between 

ann ot,co-dithiol thread and a water soluble cyclodextrin. Cyclodextrins are cyclic oligosaccha-

ridesrides consisting of six or more a-l,4-linked D-glucosopyranose rings. The rings possess an 

insidee cavity which gives the molecules the ability to complex with many aliphatic or aro-

maticc compounds.38,39 The intermediate was a pseudo-rotaxane, and probably intramolecu-

larr coupling of the thiol groups should give the catenane, which was, however, never 

isolated.37 7 

Thee cyclodextrin-based supramolecular structures were extensively studied since the 

1990ss by Ashton, Stoddart, Balzani and Kaifer (Figure 1-13),40,41,42,43 as well as by Stanier, 

Nakashima,, Fujita and Craig.44'45,46,47,48 Some of the the cyclodextrin based pseudo-rotax-

aness or rotaxanes contain a thread which can undergo conformational changes due to the 

presencee of a C=C or N=N double bond (E ~*Z isomerization). This will be discussed later 

inn section 1.7.3. 
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Figuree 1-13. Examples of Kaifer's [2]catenane 1.4 and [2]rotaxane 1.5 based on cyclodex-
trin.. ' f i i 

1.5.22 Transition metal interactions 

AA powerful metal-ion templating strategy was developed during the 1980s by Sauvage.55 

Thee structure of Sauvage's [2]catenane 1.6 is shown in Figure 1-14. A phenanthroline unit 

wass coordinated to Cu (I) and macrocyclization of the complex under high dilution condi-

tionss gave the required catenane in 27% yield. A modification of this route was the synthesis 

off  the macrocycle first. Upon mixing the macrocycle with a phenanthroline derivative and 

Cuu (I), a pseudo-rotaxane was formed. Complexation of two macrocyclic units to Cu (I) is 

stericallyy blocked, so equilibration results in quantitative formation of the key intermediate, 

thee pseudo-rotaxane. Macrocyclization was carried out under high dilution conditions to 

maximizee intramolecular cyclization and reduce any intermolecular reactions and yielded the 

catenanee 1.6 in 42%. Sauvage has extended this strategy to prepare a number of other system, 

includingg therotaxane i.7_49>50<5132,52 

Sincee that time a large number of different catenanes and rotaxanes have been 

reportedd using the Sauvage copper-phenanthroline template strategy.39 This type of tem-

platess has also yielded a number of rotaxanes reported by Gibson in 199154 (not shown here). 



INTRODUCTION.. ON THE WAY TO ROTAXANE MOLECULAR MACHINES. I 15 

Figuree 1-14. An example of Sauvage's [2]catenane 1.653 and [2]rotaxane 1.752 based on 
transitionn metal interactions. 

1.5.33 Stacking interactions 

AA next important template strategy was developed during the 1980s by Stoddart. He used aro-

maticc stacking interactions to template the synthesis of a host of catenanes and rotax-

anes.35,222 His work was based on the combination of rc-electron deficient bipyridinium and 

Tt-electronn rich hydroquinone moieties. In Figure 1-15 [2]pseudorotaxane 1.8 is shown with 

thee 1,1 '-dimethyl-4,4'-bipyridinium dication motif in the thread and the crownether macro-

cycle.. Here, not only n-n interactions between the complementary aromatic units are 

present,, but also hydrogen bonding between polyether oxygen atoms and the a-bipyridinium 

protons.. The pseudorotaxane 1.9 consists of a dioxybenzene derivative thread and a 

cyclobis(paraquat-p-phenylene)) tetracationic macrocyclic ring. 

Applicationss of the paraquat-dialkoxybenzene stacking interaction as an interweaving 

templatee were demonstrated in a series of now classical [2]-catenane syntheses. This tem-
C-77 CO T O S<y 

platee strategy has provided access to multi-ring catenanes and numerous rotaxanes. ' ' ' 
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CH33 1.8 —' 1.9 

Figuree 1-15. Stoddart's pseudorotaxanes 1.8 and 1.9 based on n-n interactions.56,22 

1.5.44 Hydrogen-bonding-interactions 

Hydrogenn bonds are responsible for the stability of many supramolecular complexes like 

rosettes,, calixarenes, twistomers, helicates, catenanes and rotaxanes and many other complex 

supramolecularr systems not discussed here.24 The first example of a catenane obtained ser-

endipitouslyy based on hydrogen-bonding templates was reported by Hunter in 1992.59'60'61 

Highh dilution macrocyclization gave not only the expected macrocycle in 51 % yield, but also 

thee [2]-catenane in 34% yield.59 A number of related catenanes and rotaxanes was described 

byy vögtle.30'62'63'64'65 

Thee H-bonding interactions between protonated secondary amines and crown ethers 

too give the formation of pseudo-rotaxane complexes were discovered by Stoddart.66"67'35-22 

Somee of them have been stoppered to yield rotaxanes like 1.10 (see Figure 1-16).66>56-68 

Hydrogenn bonds connect the protons of the ammonium center, the adjacent methylene groups 

andd the polyether oxygen atoms. 

Figuree 1-16. Stoddart [2]pseudo-rotaxane based on hydrogen-bonding templates.' 
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Anderson'ss water-soluble[3]-rotaxane and Fujita's catenanes are examples where not 

onlyy hydrogen bonding but additionally a hydrophobic effect or aromatic interactions, 

respectivelyy play a role in molecular recognition.69'70'71 The syntheses of various series of 

catenaness and rotaxanes templated by hydrogen-bonding interactions were also reported by 

Leigh.72'73'74'75'766 The benzylic amide catenane 1.11 (see Figure 1-17) was discovered 
%f\%f\ 77 

duringg the preparation of a macrocycle-based receptor for C02. ' 

Figuree 1-17. Optimized structure of catenane 1.11 (built up from two identical rings shown 
onn the left) generated by relaxing from the X-ray diffraction solid-state structure into the clos-
estt MM3 energy minimum. Taken from ref. 78. 

Rotaxaness built up from a thread with one or two hydrogen bonding sites and a ben-

zylicc amide macrocycle are also examples of such systems and they will be described in the 

nextt sections. 

1.5.4.11 Peptide-based hydrogen bond templates 

Leighh rotaxanes are typically produced via five-component "clipping" reac-

tion,72'79'80'81'82'755 exemplified in Figure 1-18. 

Thee 1,3-diamide unit in the linear precursor of the macrocycle adopts a syn-anti con-

formation,, and may either live long in the solution or undergo dimerization to form a larger 

macrocycle.. However, in the presence of suitable templates (e.g. dipeptide threads), it favors 
7QQ 89 

thee syn-syn conformation stabilized by the multicomponent bifurcated hydrogen bonds. ' 
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Inn this way the amine and acid chloride termini are brought in close proximity and rapid 

cyclizationn to the macrocycle around the template takes place (Figure 1-18).79'82'83 

HoN N 

1/1/ 1.12 

Figuree 1-18. Rotaxane formation based on peptide motif.82 

Interestingg examples of such rotaxanes are systems derived from oligopeptide 

sequencess of 2-5 amino acid residues containing at least one non-N-terminal glycine 

residue72'79'744 like: GlyGly (1.13), GlySar (1.14) and Gly L-Ala (1.15), where in the latter 

onee chiral aminoacid is present (Figure 1-19).74 Peptide-based threads template the forma-

tionn of benzylic amide macrocycles in non-polar solvents to give rotaxanes in a relatively 

goodd yield of ca. 62%.79'82'81 
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Thee dipeptide motif is a good template for a benzylic amide macrocycle. However, the 

freee thread can undergo additional conformational changes stabilized by the formation of 

seven-membered-ringg intramolecular hydrogen bonds, which leads to lower efficiency of 

formationn of such rotaxanes. 

Thiss general idea does not only work for peptide rotaxanes, but also for many other 

similarr supramolecular D. Leigh systems. Some of them were investigated by us and they are 

describedd in this Thesis, e.g. the different series of fumaramide/maleamide rotaxanes, where 

thee Z-isomer cannot be obtained by the clipping reaction, but only via isomerization of the 

correspondingg £-rotaxane. 

Figuree 1-19. The hydrogen bonding patterns in solid state of peptide based [2]rotaxanes 
(seee structure 1.12 in Figure 1-18): (1.13) GlyGly, (1.14) GlySar, and (1.15) Gly L-Ala.82 

Thee crystal structure of rotaxane 1.13 with the GlyGly motif shows one standard and 

onee pair of bifurcated hydrogen bonds (plus the intermolecular one), which have typical 

geometriess for strong amide-amide hydrogen bonds. This kind of binding allows the mac-

rocyclee to adopt a chair conformation and the most favorable hydrogen bonding geometries 

(Figuree 1-19), while the Gly-Sar 1.14 systems possess a similar hydrogen bonding pattern to 

Gly-Gly,, but the extra methyl group distorts the macrocycle into a less favorable half 

chair/twistt boat-like structure. In contrast, the Gly-L-Al a rotaxane 1.15 has two pairs of inter-

componentt bifurcated (weaker) hydrogen bonds and the macrocycle adopts a boat conforma-

tion.79,822 Comparison of the hydrogen bonding patterns in related peptide rotaxanes 

indicatedd that the ability of a flexible macrocycle precursor to wrap around a hydrogen bond-
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ingg template relates reaction yield and the conformation of the product. A chair conformation 

off  the ring in the final product allows very efficient synthesis of rotaxanes.82 

1.5.4.22 Hydrogen bond templates based on derivatives of fumaric acid 

Thee template efficiency in the synthesis of hydrogen-bond-assembled rotaxanes depends on 

thee structural rigidity and the preorganization of thread binding sites. A very good preorgan-

izationn is offered by fumaric acid derivatives. With good hydrogen bond acceptors e.g. 

amides,, the synthesis of a [2]rotaxane attains the very high yield of 97%. ' Moreover, even 

poorr hydrogen bond acceptors like esters can be used to prepare hydrogen-bond assembled 
7Q Q 

rotaxanes.. By replacing one or both secondary amides with ester groups in the fumaramide 

thread,, other hydrogen bonding rotaxanes are made having different recognition motifs. In 

mono-esterr (1.16) (35% yield) and bis-ester (1.17) rotaxanes (3% yield) the macrocycle is 

distortedd from the chair conformation, and the conjugation of the isophthalamide units dis-

ruptedd in the crystal structure, to increase the number of amide-amide hydrogen bonds at the 

expensee of weaker amide-ester hydrogen bonds (Figure 1-20). 

Figuree 1-20. Structure and crystal structures of (1.16) mono-ester and (1.17) bis-ester rotax-
anes. . 

Inn mono-ester rotaxane 1.16, the macrocycle acts as a donor for three amide-amide 

hydrogenn bonds (including a remarkable intermolecular bifurcated system) shown in 

Figuree 1-20 and a single amide-ester one, with the thread amide also acting as a donor for 
7Q Q 

furtherr amide-amide hydrogen bonds. In the bis-ester rotaxane 1.17, the macrocycle acts as 

thee donor for two amide-amide and two amide-ester hydrogen bonds. In both ester [2]rotax-



INTRODUCTION.. ON THE WAY TO ROTAXANE MOLECULAR MACHINES. I 21 

anes,, only two of the hydrogen bonds are formed via intramolecular, intercomponent inter-
*7QQ R9 7S 

actionss in the solid state in contrast to four possible for the fumaramide rotaxane. ' 

1.5.4.33 Succinamide hydrogen bonding templates 
Thee succinic amide hydrogen-bonding template is an important motif in single binding-site 

rotaxaness which have a second redox-active naphthalene-monoimide station. '85 

Succinamidee units have H-bond-accepting sites in identical positions as dipeptides. 

Thee X-ray crystal structures show that the succinic station offers an excellent fit for the ben-

zylicc amide macrocycle, both in terms of steric interactions and the complementary position-

ingg of the hydrogen-bonding amide groups on the two components. The structure of rotaxane 

1.188 with 2,2-diphenylethyl stoppers shows both intra- and intermolecular hydrogen bonding 

inn the solid state, which is illustrated in Figure 1-21. Rotaxane 1.19 has a solely intramolecu-

larlyy hydrogen-bonded structure, where the macrocycle adopts a near-perfect chair confor-

mationn driven by formation of two sets of bifurcated H-bonds from the isophthalamide 
Of. Of. 

groupss of the macrocycle to the two succinamide carbonyl oxygens. 

Itt is worthwhile to note that the intermolecular hydrogen bonds in the solid state do 

nott exist in solution and the structures in the solution in which hydrogen bonds are satisfied 

intramolecularlyy (as in rotaxane 1.19) are expected to be favored. 

Figuree 1-21. Crystal structures of succinamide [2]rotaxanes with: 2,2-diphenylethyl stoppers 
(1.18),, dibenzylic amide stoppers (1.19). 
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1.66 Motions in catenanes and rotaxanes 

Controllingg the location of a macrocycle binding to two or more nonequivalent sites in cat-

enaness or rotaxanes is an important step in the development of nanoscale devices utilizing 

thesee supramolecular architectures. 

Severall  types of motion are feasible for catenane and rotaxane molecules. The low-

energyy dynamic processes include rotation of a ring about a fixed axis referred to as a pirou-

etting.. This is illustrated for a catenane in Figure 1-22 and for a rotaxane in Figure 1-23. 

pirouetting g spinning g rocking g 

Figur ee 1-22. The motions in catenane: pirouetting (rotation at a fixed point), spinning (move-
mentt along the other ring), rocking of the ring.24 

Thee movement of one ring along the other in a catenane is called spinning. Shuttling 

alongg the thread (Figure 1 -24) is the corresponding process in a rotaxane. In addition to these 

basicc movements, other dynamic processes, involving rotation of the aromatic components 

off  both rings in catenanes and changes in the orientation ("rocking") of the planes of the inter-

lockedd macrocycles have been identified.78'87'24 

Figur ee 1-23. Pirouetting motion in rotaxane. 
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Further,, in rotaxanes, a pivoting motion changing the angle between the axle and the 

planee of the macrocycle or scissoring of the macrocycle against the thread (e.g. in fumaric 

rotaxane)) is possible.84 For homocatenanes e.g. benzylic amide [2]catenanes the two circum-

rotationn processes of shuttling and pirouetting become identical, which is not the case for 

heterocatenanes. . 

stationn 1 station 2 

Figur ee 1-24. Translationa l motion , shuttling , in a tw o statio n rotaxane . 

1.6.11 Circumrotation in catenaries 

AA combination of variable-temperature 'H NMR techniques and molecular mechanics calcu-

lationss have been used by the groups of Leigh and Zerbetto to determine the rate of macro-
877 78 

cyclicc ring rotation in a series of benzylic amide [2]catenanes (Figure 1-25). ' It was 

shownn that spinning of the interlocked macrocycles about one another in some benzylic 

amidee [2]catenane solutions takes place and that the particular structures of the diacylaro-

maticc units have a tremendous effect on the frequency of macrocyclic ring rotation: a 2,5-

thiophene-basedd catenane 1.22 rotates 3.2 million-fold faster than the analogous 2,6-pyrid-

ine-basedd system 1.21 (9600 Hz compared with 0.003 Hz) at room temperature in polar sol-

vents.. The polarity of the environment also plays a crucial role in determining the inter-ring 

dynamics:: reducing the strength of the ground-state hydrogen-bonding network by employ-

ingg hydrogen bond-disrupting solvents (methanol, DMSO) increases the rate of rotation by 

loweringg the activation energy for circumrotation (normally in the range of 11-20 kcal/mol) 
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byy up to 3.2 kcal/mol. So solvent effects and structural modifications can induce large vari-

ationss in the rate of circumrotation of benzylic amide catenanes, which can range from the 

sub-microsecondd time scale (e.g. thiophene catenane 1.22 at elevated temperatures in polar 

solvents)) to many hours to achieve a single circumrotation (e.g. pyridine catenane at low tem-

peraturess in nonpolar solvents) allowing control over the kinetics of mechanically inter-

lockedd systems.87 

Figuree 1-25. Chemical structures of the benzylic amide catenanes: isophthaloyl catenane 
(1.20),, pyridyl catenane (1.21), thiophenyl catenane (1.22). 

Itt was also evidenced by molecular modeling calculations that the process of circum-

rotationn of macrocycles in catenane systems is a sequence of several large-amplitude 

motions.. They involve rearrangements to minimize steric and electrostatic interactions via 

thee interplay of hydrogen bonding, n-n stacking, "herring bone"-type of interactions, phenyl-

phenyll  T-shaped interactions, and amide rotamer interconversion. These series of conforma-

tionall  and co-conformational rearrangements help to keep the energy of the molecule low 

duringg the whole process. So, molecular modeling calculations of the rate constants provide 
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thee information that rotation of one macrocycle ring induces, or makes easier, rotation of the 

other,, like a gearing-wheel system.78 This allows control over the kinetics of the rotational 

behaviorr of the individual components of an interlocked molecular system, a key requirement 

forr their development as nanoscale shuttles, switches and information storage systems. 

1.6.22 Circumrotatio n in rotaxane s 

Rotationall  motion in rotaxanes, also named pirouetting, as in catenanes means the movement 

off  the macrocycle around a fixed position on the thread. The rate of rotation of the interlocked 

componentss of e.g. the fumaramide-based rotaxanes can be accelerated - by more than six 

orderss of magnitude - using light to induce E —> Z isomerization, e.g. from fumaramide to 

maleamide.. '75 

Inn this system !H NMR experiments provided evidence that the benzylic amide mac-

rocyclee undergoes a 180° rotation about the axis.75 It was reported that the macrocycle meth-

ylenee protons coalesce at 273 K and are fully resolved into the axial and equatorial signals at 

lowerr temperature, ca. 223 K. The resolution of the methylene resonances is a consequence 

off  slowing down the macrocycle rotation on the NMR timescale.75 

Inn contrast, the macrocycle methylene protons in maleamide isomers remain sharp 

andd well resolved at this temperature range and only begin to broaden significantly at 223 K, 

whilee the broadening of methylene protons in the E-isomer appears at 359 K. 

Figuree 1-26. Calculated transition-state structures for the macrocycle ring motions for 
rotaxaness 1.23 (Z-3) (a) and 1.24 (E-3) (b). Arrows represent the corresponding atomic 
motionn vectors connecting the transition states to their minima. Taken from ref. 75. 
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Forr the £-isomer an energy barrier equal to AG = 1 kcal/mol at 298 K corre-

spondss to a rate of macrocycle rotation of ca. Is"1 at 223 K while in maleamide rotaxanes the 

ringring rotates much faster, the spinning rate is higher than 1.2xl06 rotations per second at 223 

K,, and the energy barrier for the Z-isomer is 8 kcal/mol, which is almost twice smaller 

thann for Zs-fumaramide rotaxane. The process of circumrotation is much faster in the case of 

thee Z-isomer, because the amide groups of the thread can hydrogen bond to only one of the 

twoo i soph thai amide groups of the macrocycle and that means that only two intercomponent 

hydrogenn bonds have to be broken instead of 4 hydrogen bonds in the E-isomer.75 

Thee speed of rotation of the macrocycle around the thread can also be controlled by 
applyingg an electric field (electro-optic Kerr effect).84 

1.6.33 Translation in rotaxanes 

Rotaxaness are one type of compounds in which molecular switching has been studied. When 
thee thread of a rotaxane bears two or more "stations", e.g. functional groups, where the mac-
rocyclee can be located, the ring usually moves back and forth over the thread between the 
stations.. Thus rotaxanes offer the possibility of long range translational motion of a threaded 
macrocyclee "shuttle" along the length of a dumbbell "rail track". Molecular shuttles provide 
aa promising basis for artificial molecular machines (which will be discussed later in this 
Chapter).. The shuttling motion has been studied in great detail experimentally and theoreti-
cally.17,72 2 

Differentt external stimuli can be used to induce the movement of the ring from one 
stationn to another. A few examples of shuttling motion driven chemically, electrochemically 
orr photochemically are presented below. 

1.6.44 Chemically driven molecular switches 

Inn the case of a chemically driven switch, the stimulus which causes the motion of the mac-

rocycle,, is usually the addition of acid or base. This is illustrated by a [2]rotaxane, composed 

off  a dibenzo[24]crown-8 macrocyclic ring bound mechanically to a chemical "dumbbell" 

possessingg two different recognition sites: a secondary dibenzylammonium (NH2
+) (station 

1)) and a 4,4'-bipyridinium (bpy2+) (station 2) unit. The most important interaction here is 

hydrogenn bonding between the dibenzylammonium ion and the crown ethers. These very first 

systemss were examined by Pedersen and coworkers and recently studied extensively by 

Stoddart'ss group.88 The crown macrocycle resides exclusively on the dibenzylammonium, 

NH2
++ recognition site so that [2]rotaxanes exist as only one of two possible translational iso-

merss due to hydrogen bonds formed between the protons of the ammonium center and the 
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adjacentt methylene groups on the thread, and the polyether oxygen atoms on the macrocycle. 

Deprotonationn of the dibenzylammonium center (station 1) by using bases induces the dis-

placementt of the macrocyclic ring to the bipyridinium, bpy + station 2, because no hydrogen 

bondss are formed between the neutral amino group and the macrocycle. Displacement can be 

reversedd upon reprotonation. This can be performed by the addition of a suitable acid e.g. tri-

fluoroaceticc (CF3C02H) or trifli c (CF3SO3H) acids.88 

Ann interesting example of a rotaxane-based molecular switch, that can be turned "on" 

andd "off ' chemically is a molecule 1.25 consisting of a cucurbituril "bead"(CB) and a tri-

aminee "string" (Figure 1-27).89 At low pH the "bead" resides at the protonated diaminohex-

anee site (all nitrogen atoms of the "string" are protonated), because CB forms a more stable 

complexx with diprotonated diaminohexane than with diprotonated diaminobutane. However, 

uponn deprotonation of the aniline nitrogen (pKa = 6.7), the "bead" migrates to the diproto-

natedd diaminobutane because binding with the monoprotonated diaminohexane is weaker. 

Basedd on this elegant work a fluorescent molecular switch containing cucurbituril as a molec-

ularr ring threaded on fluorenyltriamine as a "string" was designed. It was reported that the 

changee in the "bead" position can be evidenced by color and fluorescence changes. 

Violet,, non-
fluorescent t 

Figuree 1-27. Chemically driven molecular switch based on pseudorotaxane 1.25 with fluo-
rescencee signalling (CB - cucurbituril).89 

Thee intensity of the absorption band at 265 nm decreases while that at 300 nm 

increasess with an isosbestic point at 275 nm as the pH of the solution increases. The color of 

thee aqueous solution of 1.25 (Figure 1-27) at pH = 1.0 is yellow, which changes slowly with 

increasingg pH and becomes violet at pH = 7.0. The fluorescence intensity decreases with 
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increasingg pH due to the deprotonation of the aromatic nitrogen and is almost completely 
on n 

quenchedd at pH = 7.0. We note that it is unclear how the chromophors incorporated in 1.25 

cann absorb in the visible. Presence of apH sensitive impurity seems likely. 

1.6.55 Electrochemically driven molecular switches 

Coordinationn compounds, where a central metal atom is surrounded by a certain number of 

ligands,, are particularly attractive as components of rotaxanes whose motions are driven by 

ann electrochemical signal. The stereoelectronic requirement of a metal center can be strongly 

modifiedd by changing its oxidation state. Redox active transition metal complexes are 

expectedd to undergo electrochemically induced rearrangement of the metal coordination 

sphere.. This is particularly true for copper complexes. In the groups of Balzani and Sauvage 

electrochemicallyy and photochemically driven motions of rotaxanes were extensively stud-
S9 9 

ied.. Electrochemical switching has been demonstrated in a two station [2]rotaxane by Sau-

vagee and coworkers, where the driving force of the rearrangement process is the high stability 

off  two markedly different coordination environments for the copper(I) and copper(II) ions. 

Inn the copper(I) state, two phenanthroline units (one of the ring, one of the string) interact 

withh the metal ion in a tetrahedral geometry. Upon oxidation of the tetrahedral copper(I) 

complexx the macrocycle slowly shuttles to another station, a tridentate terpyridyl ligand, 

wheree the five-coordinate geometry preferred by copper(II) cations is easily adopted. Thus, 

thee system can be switched from four-coordinate (low oxidation state) to five-coordinate 

(highh oxidation state) and vice versa by oxidizing or reducing the transition metal as repre-

sentedd in Figure 1-28. 

T\\Cu t t 

J~\ \ 

\-T \-T 
1.26 6 -Li--yy cu2 

Figur ee 1-28. Electrochemically driven shuttle 1.26 based on oxidation/reduction of the Cu-
complex. . 
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1.77 Light-driven molecular switches 

Light-drivenn translational motion has been achieved in rotaxanes using photoinduced elec-

tronn transfer, excited state changes in hydrogen bonding and E -> Z photoisomerization. 

1.7.11 Photoinduced electron transfer 

Ann example of a molecular shuttle is [2]rotaxane 1.27 which consists of a benzylic amide 

macrocyclee mechanically locked onto a thread, featuring two potential H-bonding stations -

aa succinamide (succ) site and a 3,6-di-tert-butyl-l,8-naphthalimide (ni) unit - separated by a 

C-122 alkyl spacer.80'85 The succ station is an excellent fit for the benzylic amide macrocycle 

bindingg sites. In the neutral state, naphthalimide is a poor H-bond acceptor, and therefore in 

solventss that do not disrupt H-bonds, the rotaxane minimizes its energy by adopting the co-

conformationn in which the ring resides on the succ station (Figure 1-29). 

t-Bu u 

Figuree 1-29. Light-driven molecular shuttle based on photoinduced electron transfer. 

However,, after photoreduction of the ni station by an external donor (DABCO, TMPD 

orr biphenyl), the equilibrium between the co-conformation with the macrocycle on the succ 

stationn or on the reduced ni station changes because the latter has a greatly enhanced H-bond-

acceptingg affinity. This differential binding potential provides a driving force for the macro-

cyclee to shuttle along the thread from its original position. After charge recombination (ca. 

1000 us, MeCN), the macrocycle shuttles back to its original position. The process can be 
on n 

repeatedd many times. 
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1.7.22 Excited-state changes in hydrogen-bonding 

AA light-driven switch can be achieved in different ways. Translational shuttling in photoac-

tivee rotaxanes usually requires external agents or catalysts (sacrificial reductants, sensitizers, 

etc.).. In contrast, the rotaxane 1.28 synthesized in Leigh's group and studied further in our 

groupp does not require this kind of stimulus.90 It consists of a thread containing a dipeptide 

(glycineglycine)) recognition motif used to promote rotaxane formation and two bulky stop-

pers,, one of which is an anthracene chromophore. In relatively nonpolar solvents the rotaxane 

adoptss a conformation with the macrocycle surrounding the peptide part of the thread 

(Figuree 1 -30). Studies performed on the excited-state dynamics of the rotaxane show that in 

nonpolarr solvents at room temperature a photoinduced conformational change takes place 

withoutt additional stimuli. It involves a rearrangement in the pattern of hydrogen bonds 

betweenn the thread and the macrocycle leading to a shift of the latter from the peptide site 

towardd the anthracene-9-carboxamide stopper which has a greatly enhanced hydrogen bond-

ingg affinity in the excited state.90 

Figuree 1-30. Light-driven shuttle 1.28 based on excited state changes in hydrogen bond-
ing. . 

1.7.33 E -> Zphotoisomerization 

Onee of the possibilities to induce motion in a rotaxane by light is to change the properties at 

aa binding site. By changing the configuration of one component of the rotaxane, the macro-

cyclee can move to another position on the thread. 

Ann example of a light-driven molecular shuttle based on this principle is Nakashima' s 

rotaxanee 1.29,46 which consists of a cyclodextrin ring (a-CD), a threading chain molecule 
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withh an N=N double-bond in an azobenzene chromophore and bulky terminal caps 

(Figuree 1-31). 

Figuree 1-31. Nakashima [2]rotaxane 1.29. 

UV-lightt irradiation of the aqueous solution of the rotaxane causes the photoisomer-

izationn from the E to the Z configuration of the azobenzene unit in the thread, which reverts 

too the E configuration upon irradiation with visible light. When the azobenzene moiety is in 

thee E configuration, it is captured in the cavity of the a-CD. After UV light irradiation the 

ringg moves away from the azobenzene station, closer to the stopper, because the Z-isomer 

cannott be captured in the cavity of the ring. Thus Nakashima's rotaxane functions as a light-

drivenn molecular shuttle in which the a-CD ring moves back and forth from/to the azoben-

zenee station to/from the stopper by alternating photoirradiation of UV and visible light. 

Interestingg in this context is rotaxane 1.30 (see Figure 1-32), where the TM-a-CD (TM = 

hexakis(2,3,6,-tri-0-mefhyl))) macrocycle completely prevents E -> Z photoisomerization and 

thee irradiation of the rotaxane with the UV-light results in no conformational changes where-

ass the separate thread undergoes rapid photoisomerization upon exposure to UV light. Thus 

thee ring does not allow the conformation of the thread to change. Actually, azobenzene is 

knownn to be easily photoisomerized in its a-CD inclusion complex, e.g. Nakashima's rotax-

ane,, which was shown above. However, this system provides more freedom for translational 

motionn and allows azobenzene to move partly out of the cavity prior to photoisomerization, 

whereass in the rotaxane 1.30 shown in Figure 1-32 it is difficult for the cyclodextrin to move 

awayy from the azo unit. 
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Figuree 1-32. Stanier's cyclodextrin rotaxanes. 

Stilbene-basedd rotaxanes 1.31 and 1.32 are also examples where E -> Z isomerization of a 
doublee bond can be induced. Irradiation with UV light generates the Z-isomer of 1.32 and 
irradiationn at shorter wavelengths shifts the system back towards the Zs-isomer. In contrast in 
thee rotaxane 1.31 (the most tightly constrained rotaxane) no photoisomerization was detected 
andd prolongated irradiation led eventually to irreversible degradation. The freedom of move-
mentt of the macrocycle was blocked because of a very tight construction of the whole mol-
ecule. . 

1.88 Applications of supramolecular structures 

Rotaxaness and catenanes are well defined molecular structures, whose features are signifi-

cantlyy different from those of their individual components. These mechanically interlocked 
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moleculess offer many possibilities to be used in the future. Their unique properties could 

makee them useful in nanotechnology for building different assemblies like bearings, joints, 

motors,, rotors or pistons. Moreover, they could be also suitable as "smart materials" for 

sensorr or data storage applications91,92 which will be discussed in a broader context in this 

section. . 

1.8.11 Artificia l molecula r motor s 

Inn the 19th and 20th century, machines, computers and robots appeared in our life. It is dif-
ficultt now to imagine the world without different kind of machinery using rotary and linear 
motions.. In the 21st century the nanotechnology becomes a very promising field with the 
mostt challenging idea of creating systems which are analogs of switches, devices and motors, 
butt on the molecular scale. 

Ann artificial molecular machine consists of a discrete number of molecular compo-
nentss designed to perform mechanical-like movements (output) as a consequence of appro-
priatee external stimuli (input). The most important here is the energy supply to make an 
artificiall  molecular-level machine work.93'94 Molecular motors convert chemical energy into 
mechanicall  force and movement.5 However, if chemical energy has to be used, addition of 
freshh reactants (fuel) is needed, and the formation of waste products will compromise the 
operationn of the machine, unless they are removed from the system. In contrast, in green 
plants,, the energy needed to sustain the machinery of life is supplied by sunlight. 

Inn order to construct a rotational molecular motor few prerequisites need to be applied: 
repetitivee 360° rotary motion, consumption of energy and unidirectional motion. Moreover, 
whilee in ordinary motors (on the macroscopic scale), the energy input induces motions, in 
molecularr motors energy input additionally has to restrain motion. 

Simplee artificial molecular motors were constructed by the group of B.L. Fer-

inga.96,97'955 They synthesized systems inspired by the process of vision, where a light-

inducedd Z -> E isomerization of an alkene moiety in retinal causes a motion in the molecule 

byy changing its shape from a bent to a linear one. The new systems were based on chiral, hel-

ical-shaped,, sterically overcrowded alkenes, where two halves of the molecule are connected 

byy a central carbon-carbon double bond (the axis). Upon irradiation one part turns relatively 

too the other with a simultaneous change in helicity of the molecule. The control of chirality 

inn such molecular switches allowed interconversion between molecules of opposite helicity 

byy using different wavelengths of light.95 

Inn one system (see Figure 1-33) two methyl substituents were introduced which adopt 

ann energetically favored axial orientation (steric effects), in order to induce a light-driven full 
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360°° rotation of one (rotor) half of the molecule relatively to the other half (stator) in an uni-

directionall  fashion.97 

Figuree 1-33. Feringa's first unidirectional molecular motor 1.33.97 

Otherr similar systems constructed by the same group are molecular brakes designed 

too control the speed of rotation or even block the rotary motion via an additional function 

(besidess the switch function) e.g. the steric control of the rotary motion or the chemical con-

troll  of a light-induced motion. 

Catenaness and rotaxanes comprise a family of compounds which have shown to be 

particularlyy useful to demonstrate several features essential to molecular machines like trans-

lationall  motion of a ring on a string in a rotaxane or circumrotation of two rings in a catenane 

(ass it was discussed earlier in this Chapter). There are too many examples to be mentioned 

here.. Therefore only some representative molecular switches, which exemplify the develop-

mentt and approaches of the nano-world elements are given below. 

Inn 2000 Sauvage and co-workers reported the construction and stretching of a linear 

rotaxanee dimer resembling a natural muscle at work.98'99 In the same year rotation in metal 

bisporphyrinatee double decker complexes in response to external electrochemical stimuli 

wass accomplished by Aida and co-workers .1 00 The construction of a chemically switcha-

blee [2]catenane was reported by Balzani and Stoddart, where the switching "on" and "of f 

cann be done by addition of CF3SO3H.93 Further Balzani and Stoddart demonstrated reversi-

blee light-driven dethreading and rethreading based on E -> Z photoisomerization of a pseu-

dorotaxanee in solution which is reminiscent of the movement of a piston in a cylinder and can 

thereforee be considered as a very simple molecular machine. This process is powered only 

byy light and does not produce any waste products. Recently, Stoddart and Zink demon-

stratedd the threading and dethreading of pseudo-rotaxanes assembled on a surface.101 
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1.8.22 Molecule s for logi c operation s 

Onee of the most exciting developments in science and engineering over the past few years 

hass been the progress toward architectures, materials and increasingly complex arrangements 

off  devices and circuits for nanoscale and molecular-electronics-based computing sys-

tems.91'99 9 

Recently,, Stoddart et al. reported [2]catenane and [2]rotaxane102-91 based electroni-
callyy reconfigurable switches. The former device was fabricated from a single monolayer of 
aa bistable [2]catenane that was sandwiched between two electrodes. The device exhibits hys-
teresiss (bistable) current/voltage characteristics.103'104 The operating characteristics of the 
solidd state devices were consistent with the known solution-phase mechanism of the [2]cat-
enane.1055 The molecule was constructed from a tetracationic cyclophane that incorporates 
twoo bipyridinium units, interlocked with a crown ether containing a tetrathiofulvalene unit 
andd a 1,5-dioxynaphthalene ring system located on opposite sides of the crown ether.103'104 

Elementaryy logic operations at the molecular scale have become a reality some years 

ago.. These function with chemical inputs and optical outputs. Some supramolecular systems 

actingg as XOR, XNOR and AND logic gates have already been described.106 

Balzanii  and Stoddart demonstrated the first XOR (exclusive OR) logic operation. 
Thiss XOR gate employs chemical inputs. The output of the gate is read by monitoring the 
intensityy of fluorescence at 343 nm when the system is irradiated at 277 nm. Only when the 
threadd is extruded from the cavity of the macrocycle does fluorescence occur, and this can be 
drivenn by the addition of either acid (protonating the macrocycle) or amine (complexing the 
thread).. An output of "1" by the system (fluorescence) can be achieved with X = 1 (presence 
off  amine) or Y = 1 (presence of acid). A similar electrochemically addressable system has 
alsoo been developed by the same group, with the input/output characteristics of XNOR logic 
gatess (exclusive NOR).106 

Anotherr modification is a push-pull system chromophore with selective cation recep-

torss for Ca2+ and H+ at both terminals. If the output is viewed as absorbance (the observation 

wass performed at 390 nm - a wavelength close to the original cation free absorption maxi-

mum),, XNOR logic is produced. If the output is viewed as transmittance, XOR logic is the 

result.. To build up an AND gate, a molecule responding to Ca2+ and H+ was constructed, 

whichh was fully compatible with the former in terms of chemical inputs, optical outputs, and 

powerr supplies. The First binary number is coded for by the presence or absence of H+ input. 

Thee second binary number is coded for by the presence or absence of Ca2+ input. The sum 

digitt is coded for by the transmitted light intensity output at 390 nm when high (1) or low (0). 
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Thee carry digit is coded for by the emitted light intensity output at 419 nm when high (1) or 
loww (0).92 

Stoddartt reported also several other supramolecular systems playing the role of elec-
tronicallyy configurable molecular-based logic gates,103 which were fabricated from an array 
off  configurable switches, each consisting of a monolayer of redox-active rotaxanes sand-
wichedd between metal electrodes. The switches were read by monitoring current flow at 
reducedd voltages. In the "close" state, current flow was dominated by resonant tunnelling 
throughh the electronic states of the molecules. The switches were opened by applying an oxi-
dizingg voltage across the device. Several devices were configured together to produce AND 
andd OR logic gates.103 

1.99 Scop e of thi s Thesi s 

Thee aim of the investigations discussed in this Thesis was to realize different rotaxane sys-
temss and to induce the movement of the macrocycle upon external stimuli in particular pho-
tonss and electrons. 

Rotaxaness based on fumaramide and maleamide templates as well as their thread 
buildingg blocks can be subjected to the E -> Z or Z —» E isomerization, which will be dis-
cussedd in Chapter 3 and Chapter 4. The configurational changes in rotaxanes and threads 
weree induced upon direct isomerization of the C=C chromophore in the thread using UV irra-
diation.. In this way we were able to modulate the interactions between the thread and the 
macrocyclee in the rotaxane systems. 

Ourr goal was to obtain quantitative information on the efficiency of the photoisomer-
izationn in fumaramide rotaxanes and to understand better the mechanism of the whole proc-
esss (Chapter 3). However, direct isomerization is not a very effective way to interconvert E 

too Z-isomers. The isomerization reaction was nonselective, and the quantum efficiency of the 
processs turned out to be rather low. 

Apartt from direct irradiation, triplet sensitization can be used to accomplish double 
bondd isomerization. This approach will be documented in Chapter 4. To be able to perform 
thee selective excitation of only one isomer in the mixture of E and Z-isomers, we were look-
ingg for a suitable sensitizer, which was not a trivial task. Among many tested sensitizers, ben-
zophenonee appeared to be the best one. Its triplet energy was high enough to be transferred 
too the £-isomer, but too low to be transferred to the Z-isomer. In this way we were able to 
performm sensitized, selective isomerization in some pairs of fumaric/maleic template rotax-
aness and their threads. 
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Inn Chapter 5 rotaxanes based on coumaric acid derivatives as chromophores related to the 
Photoactivee Yellow Protein chromophore, which contains a C=C double bond, were studied. 
Wee tried to answer the question how the macrocycle affects the coumaric derivative chromo-
phores.. The Zs^Zisomerization of threads and rotaxanes was investigated by *HNMR. The 
photochemicall  and photophysical characterization of these compounds will be given and a 
comparisonn with the native PYP protein and its derivatives known from the literature will be 
offered. . 

Inn Chapter 6 we focused on a double station rotaxane system, where one of the stations 
iss a redox active naphthalene-bisimide unit. The other is a succinamide. Upon electrochem-
icall  or photochemical reduction of the naphthalene-bisimide it becomes a much better hydro-
genn bond accepting unit, and the macrocycle should move over from the succinamide station. 
Especiallyy spectroelectrochemical experiments give a strong indication that the macrocycle 
residess preferably on the one electron or two electron reduced naphthalene-bisimide station 
duee to stronger affinity of the benzylic amide macrocycle to these stations. 
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