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Abstract and Layout of Thesis 

This Thesis explores the topic of large amplitude motion within molecular machines 

and the different mechanisms and molecular architectures that are exploited in order 

to achieve control over the relative positions of submolecular components with 

respect to one another. Chapter One provides a thorough survey of a vast range of 

molecular switches and machines that have been developed during the last two 

decades. The focus is on interlocked and non-interlocked systems that display highly 

controlled large amplitude motion and the principles that govern their operation. 

Initially, simple molecular switches and shuttles are described with the chapter 

finally arriving at complex molecular machines such as motors, ratchets and walking 

molecules. The importance of understanding the different mechanisms that dictate 

the operation of switchable molecular machines and their fundamental differences 

are highlighted throughout the chapter. Chapters Two to Four are devoted to 

reporting the author’s contributions to novel switchable molecular systems. Chapter 

Two describes the serendipitous discovery of an ion-pair template which has been 

exploited in rotaxane formation and the operation of an orthogonal interaction 

anion-switchable molecular shuttle. The macrocycle moves back and forth along the 

thread between a cationic pyridinium station and a metal coordinating triazole motif 

when chloride anions are bound and removed respectively from a palladium centre 

which is located inside the cavity of the macrocycle. Excellent positional integrity 

(>98%) of the ring at both stations is achieved due to the orthogonal binding modes 

in the two states of the shuttle. Chapter Three presents a non-interlocked molecular 

switch that operates through the manipulation of dynamic covalent chemistry. The 

switch is comprised of a “two legged”, small organic molecule (a “walking unit”), 

anchored to a three foothold track via one disulfide and one hydrazone bond. The 

acid promoted hydrazone exchange allows a specific ratio of the two positional 

isomers to be achieved at equilibrium. However, the system is also arranged in such 

a manner that the ratio can be biased towards one positional isomer when the 

hydrazone exchange is carried out alongside the photoisomerisation (Z  E) of a 

stilbene motif which is incorporated in the track. The isomerisation alters the relative 

free energies of the products by increasing the ring strain of one positional isomer 

with respect to the other, hence introducing bias into the system. The final chapter 
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reports the logical progression of the work presented in Chapter Three and describes 

the pursuit of a four-station dynamic covalent energy ratchet, of which the net 

position of the walker unit can be driven away from a steady state, minimum energy 

distribution by orthogonal disulfide and hydrazone exchange and concomitant 

stilbene isomerisation. The endeavour towards the successful synthesis of this rather 

complex molecule is described alongside the principles for its proposed operation.  

Chapter Two is presented in the form of an article that has already been published in 

a peer-reviewed journal. No attempt has been made to rewrite this work other than a 

slight alteration in the order of figures in the text to allow for easier reading and 

re-formatting to ensure consistency of presentation throughout this thesis. The 

original paper is reproduced, in its published format in the Appendix. Chapters Two, 

Three and Four begin with a synopsis to provide a general overview of the work that 

is presented in addition to a grateful acknowledgement of the contribution of my 

fellow researchers.  
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1.1 Introduction 

 

In recent years there has been considerable interest in the design, construction and 

operation of synthetic molecular systems that are capable of achieving large 

amplitude motion of their submolecular components. Although this field of 

chemistry (known as molecular machines) is relatively young, its growth has been 

rapid due to the realisation that nature exploits such machines for many of the 

processes that are essential to life. Furthermore, these machines have the potential 

utility in the development of new functional materials and drug delivery.  

 

The world at the molecular level is extremely different to that on the macroscopic 

scale. Different physical rules and forces that dictate molecular motion are present.
[1]

 

The most prominent of these is the phenomenon known as Brownian motion. 

Discovered by Robert Brown in 1827,
[2]

 it is the unavoidable random movement 

experienced by all molecules. The rate of this motion increases with rising 

temperatures; however it cannot be stopped simply by cooling a system down. In fact 

the velocity of particles depends on the square root of temperature, therefore in order 

to reduce the motion of particles to 10% of the value at room temperature, a system 

would have to be cooled to 3 K.
[3]

 This gives chemists no choice but to embrace 

Brownian motion and work with it rather than fight against it. In order to develop 

systems that are capable of accomplishing controlled submolecular motion, novel 

concepts such as the “bottom up approach” have been employed in recent years to 

allow chemists to begin with the fundamental building blocks and once assembled in 

a specific manner are able to harness Brownian motion. The examples of molecular 

machines given in this chapter prove that it is possible to exploit Brownian motion so 

that specific tasks can be performed within molecular-level machines. 

 

Approximately fifty years ago the physicist Richard P. Feyman first proposed the 

concept
[4]

 of the manipulation of motion on the molecular scale. In his address to the 

American Physical Society, Feyman said; “At the atomic level, we have new kinds of 

forces and new kinds of possibilities, new kinds of effects. The problems of 

manufacture and reproduction of materials will be quite different. I am…inspired by 
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the biological phenomena in which chemical forces are used in repetitious fashion to 

produce all kinds of weird effects…” The appreciation for the manner in which 

nature controls the molecular level motion of motor proteins
[5]

 within the cell has 

been expressed intensively since Feyman’s speech and a great deal of research 

(especially in the last twenty years) has been conducted on novel synthetic 

molecular-level machines that are capable of controlled manipulation of Brownian 

motion.  

 

There is a wealth of different examples of molecular machines present in the 

literature today.
[6]

 Some of the designs include rotors, ratchets, motors, switches and 

shuttles. It is neither possible nor necessary to examine all of the literature for this 

thesis, therefore this chapter will focus on the systems which are most relevant to the 

author’s work; switchable mechanically interlocked molecules (e.g. catenanes and 

rotaxanes) and non-interlocked molecular motors that achieve translational motion 

i.e. walking molecules. The focus of this thesis is directed towards how large 

amplitude motion is accomplished within the different examples of synthetic 

molecular machines. 

 

1.2 Brownian Motion “Thought Machines” 

 

The second law of thermodynamics is an expression for the universal law of 

increasing entropy and the transfer of energy within chemical systems. It is arguably 

the most well known and studied of all scientific laws which has shaped the world 

we live in. More specifically, it governs the design and performance of all molecular 

machines (whether synthetic or biological) that operate through the harnessing of 

Brownian motion. Throughout the nineteenth and twentieth centuries, physicists 

conceived many different “thought machines” in order to test and enhance their 

understanding of the second law of thermodynamics. The most celebrated thought 

machine, known as Maxwell’s Demon was reported by James Clerk Maxwell in the 

late nineteenth century (Scheme 1.1).
[7]

 Maxwell proposed a system comprised of a 

gas enclosed within a container to and from which no matter could flow. The 

container is divided into two equally sized compartments by a physical barrier such 
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that the gas molecules are restricted to their respective enclosure. Maxwell imagined 

a small “being” (the demon) which was able to detect the relative velocities of 

individual gas molecules within the system and had the ability to open and close a 

door that would allow the molecules to move selectively from one compartment to 

the other, one at a time. The demon opens the door so as to allow molecules moving 

faster than average in one direction (R  L) and the slower than average molecules 

in the opposite direction (L  R), however, throughout the operation, the number of 

molecules in each section remains the same. At the end of the demon’s operation, a 

temperature gradient is established such that the fast end (L) becomes hot and the 

slow end (R) cold. Maxwell’s thought machine cannot be put into practice in the real 

world because it is not possible to violate the second law of thermodynamics as the 

demon does by ordering a system (reducing entropy) without any form of energy 

input.
[7]

 It is now known that information is equal to energy input and this is why the 

demon requires energy to do its work. Maxwell’s demon was not conceived to break 

the second law of thermodynamics but rather to expose its limitations and visualise 

the statistical nature in which chemical systems exist. Maxwell later proposed a 

“pressure demon” which operates in a similar manner as the “temperature demon”, 

where a pressure gradient is established by exploiting the information of the direction 

of travel of gas molecules rather than the relative velocities. Several other thought 

machines followed Maxwell’s demons, including Szilard’s engine,
[8]

 

Smoluchowski’s trapdoor
[9]

 and Feyman’s ratchet and pawl
[10]

; all of which were 

conceived to explore the second law of thermodynamics. The Brownian thought 

machines have provided chemists with a vital visual insight into the limitations of the 

second law of thermodynamics. The knowledge gained from such concepts has 

helped in the understanding of how molecular machines can be developed and also 

how to realise their full potential with respect to their operation.  
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Scheme 1.1. a) Maxwell’s “temperature demon” generates a temperature gradient without performing 

any work by sorting gas molecules between the compartments into hot and cold.[7] b) Maxwell’s 

“pressure demon”.[7] The demon can detect directional movement of gas molecules within the 

containers and allows movement in just one direction (L  R) resulting in a pressure gradient being 

established. Adapted by permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 

Germany.[6e] 

 

1.3 Structural Features of Mechanically Interlocked Molecular Systems 

 

Catenanes and rotaxanes are mechanically interlocked molecules.
[11]

 A catenane is 

comprised of two or more macrocycles that are interlocked with one another, 

whereas a rotaxane consists of a macrocycle, threaded onto a linear component 

which is prevented from dissociating due to the presence of two bulky stopper motifs 

(Figure 1.1).
[12]

 Catenanes and rotaxanes have captured the interest of chemists in the 

field of molecular machines.
[6]

 Their interlocked structures restrict motion of the 

submolecular components relative to one another, while allowing for controlled large 

amplitude motion between the components in specific allowed vectors. For 

catenanes, the motion is restricted to pirouetting and translation of one ring around 

the other (Figure 1.1a) whereas for rotaxanes, the only allowed movements are 

pirouetting of the ring around the thread and translation of the ring along the thread 

(Figure 1.1b). Limiting the degrees of freedom (the number of ways in which 

submolecular components can move with respect to one another) in catenanes and 

rotaxanes allows for more control to be gained over the motion within these systems 

and hence which co-conformer
[13]

 is present. 
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Figure 1.1. Schematic representations of: a) a [2]catenane and b) a[2]rotaxane. The arrows show the 

possible directions of large amplitude motion. In a [2]catenane (a), the motions I and II are the same; 

either pirouetting or translation of one ring around the other.  In a [2]rotaxane (b), I represents 

translation of the ring along the thread while II shows pirouetting of the ring around the thread. 

Adapted by permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.[6e]  

 

Rotaxanes and catenanes are considered to be individual molecules (not 

supramolecular assemblies) because covalent bonds must be broken in order to 

separate the submolecular components from one another. The synthesis of these 

complicated structures has proven to be extremely difficult. A great deal of work has 

been accomplished and is still being pursued today on new methods for the synthesis 

of interlocked molecules. For many years, chemists were reliant on statistical 

methods for the synthesis of rotaxanes and catenanes,
[14]

 however, in recent years, 

template synthesis
[15]

 has been employed with great success and has lead to 

interlocked products in high yields. The “active-metal template” approach, developed 

recently by Leigh and co-workers, has received great attention due to its ability to 

exploit metal centres in a dual role; both as a template and a catalyst.
[16]

 

 

1.4 The First Molecular Shuttle 

 

Shuttling is the name given to the phenomenon of the macrocycle moving back and 

forth along the linear thread component of a rotaxane. As it is powered by Brownian 

motion,
[2]

 the movement of the macrocycle is continuous and random if no particular 

bias is present within the system.  

 

The templated synthesis of rotaxanes utilises recognition sites in order to bring 

components together and achieve an interlocked product.
[15]

 These units often remain 

as part of the structure and are usually present in the thread component. The sites can 
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also behave as recognition elements or “stations” for the macrocycle where the 

shuttling motion consists of moving on and off these locations and the rate at which 

it does so is dependent on the strength of interaction between the macrocycle and 

each station.  

 

The first degenerate, two station molecular shuttle, 1
4+

, was synthesised by Stoddart 

and co-workers in 1991 (Figure 1.2).
[17]

 The molecule consists of a 

cyclobis(paraquat-p-phenylene) (CBPQT
4+

) cyclophane which is able to shuttle 

between two identical hydroquinol stations in a highly temperature dependant 

manner. The thread is terminated by two bulky triisopropylsilyl stoppers, preventing 

the macrocycle from dethreading. At room temperature and above, the 
1
H NMR 

signals corresponding to the OCH2 groups are broad and indistinguishable while 

those for the hydroquinol ring protons are merged in with the baseline. However, 

when the system is cooled to -50 °C, two distinct signals appear. An AA’BB’ at 

 6.38 is identified for the protons on the unoccupied station while a signal 

corresponding to those of the occupied station are shifted upfield to  3.8. At this 

temperature, the shuttling is slow enough to be measured on the NMR timescale 

where other 
1
H NMR signals also become separated, including those for the 

triisopropyl groups in the stoppers and the CBPQT
4+

 macrocycle. 

  

 

 

Figure 1.2. The first molecular shuttle, 14+.[17] Adapted by permission of WILEY-VCH Verlag GmbH 

& Co. KGaA, Weinheim, Germany.[6e] 
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Although this is the first example of a degenerate, two station molecular shuttle, 

Stoddart and co-workers were already having bigger and better ideas. In this seminal 

article they state: “The opportunity now exists to desymmetrise the molecular shuttle 

by inserting non-identical stations along the polyether thread in such a manner that 

these different stations can be addressed selectively by chemical, electrochemical, or 

photochemical means and so provide a mechanism to drive the bead (macrocycle) to 

and fro between stations along the thread”. This publication initiated the explosion of 

intense research around the world into the field of stimuli responsive molecular 

machines.    

 

1.5 Stimuli Responsive Molecular Shuttles 

 

Following Stoddart and co-workers’ report on the first molecular shuttle,
[17]

 came the 

natural progression towards switchable systems,
[6]

 which are able to demonstrate 

positional control of the macrocycle relative to the thread by possessing two different 

macrocycle stations. For a switchable molecular shuttle, the ratio of macrocycle 

distribution is governed by the relative binding affinities of the macrocycle with each 

station. The macrocycle will interact favourably with one station, under a specific set 

of conditions, then a stimulus can be applied so that the favourable interaction is 

destabilised and a new energetically favourable interaction between the macrocycle 

and a neighbouring station is established.
[18]

 The macrocycle (which continuously 

moves through Brownian motion) will then translocate to the neighbouring station 

and the system will relax towards the new global energy minimum. Subjecting the 

system to the original set of conditions will reverse the process and allow the 

macrocycle to return to its original position. There are three ways in which positional 

change of the macrocycle can be accomplished: 

  

 The stimulus can target the occupied station such that the favourable 

interaction is altered and destabilised. The interaction of the macrocycle with 

the neighbouring station then becomes more energetically favourable 

compared to the newly altered station. 
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 The stimulus can be applied to alter the unoccupied station such that it forms 

a more favourable interaction with the macrocycle than the current occupied 

station. 

 The macrocycle itself can be addressed such that its interaction with the 

occupied station is destabilised and a new favourable interaction with the 

unoccupied station is established. 

 

Today there are many examples of switchable molecular shuttles, displaying a large 

variety of stimuli that can be employed to induce positional change.
[6]

 The majority 

of cases operate in a fully reversible manner and provide excellent positional 

integrity for the different co-conformers that are observed. Some special examples of 

switchable molecular shuttles are presented in the next section to provide the reader 

with insight into this well-established branch of molecular machines.  

 

1.5.1 The First Switchable Molecular Shuttle: Controlling Motion Through the 

Addition and Removal of Protons 

 

The first switchable molecular shuttle was reported by Stoddart and co-workers in 

1994 (Scheme 1.2).
[19]

 At room temperature the CBPQT
4+

 macrocycle shuttles 

rapidly between the biphenol and benzidine stations which are located on the thread 

and are separated by a polyether chain. The movement of the macrocycle is so rapid 

that the ratio of occupancy of the stations cannot be determined; however when the 

system in CD3CN is cooled to 229 K, shuttling is slowed and a ratio of 84:16 in 

favour of residence at the benzidine station can be observed (2
4+

). Protonation of the 

benzidine motif ([2
.
2H]

6+
) destabilises the favourable interaction with the macrocycle 

and leads to overwhelming occupancy of the biphenol station (>98%). The 

operational process is fully reversible where neutralisation with [D5] pyridine allows 

the molecular shuttle to return to its original state. 
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Scheme 1.2. The first bistable switchable molecular shuttle.[19] Adapted by permission of WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.[6e] 

 

This molecular shuttle (2
4+

/ [2
.
2H]

6+
) is the first example of a molecular machine 

which is able to exploit Brownian motion. Although in 16% of the unprotonated 

molecules (2
4+

), the macrocycle resides at the biphenol station, this work is still a 

marvellous achievement for the world’s first switchable molecular shuttle. Many 

other examples have followed which are able to demonstrate excellent positional 

integrity (>98%) of their switched states. 

 

1.5.2 Exploiting Redox Chemistry: An Electrochemically Switchable Molecular 

Shuttle 

 

In 1999 Sauvage and co-workers reported the first electrochemically switchable 

transition metal-based molecular shuttle (Scheme 1.3).
[20]

 This system exploits the 

different preferred geometries of different oxidation states of copper ions 

(four-coordinate tetrahedral for Cu
I
 and five-coordinate for Cu

II
) to bring about large 

amplitude motion. The molecular shuttle Cu
I
(3) consists of a macrocycle which 

contains a 2,9-diphenyl-1,10-phenanthroline motif, threaded onto a linear component 

comprised of a bidentate phenanthroline (phen) and a tridentate terpyridine (terpy) 

station, separated by a four methylene unit hydrocarbon chain. When Cu
I
 is present, 

the preferred four-coordinate tetrahedral arrangement is adopted and the macrocycle 
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resides at the phenanthroline station such that the system is labelled phen-[Cu
I
(3)]. 

Electrochemical oxidation to Cu
II
 switches the metal ion’s preferred geometry to 

five-coordinate and translocation of the macrocycle provides the more energetically 

favourable terpy-[Cu
II
(3)]. The operational process is reversed by electrochemical 

reduction. 

 

 

 

Scheme 1.3. A molecular shuttle that operates through the redox chemistry of CuI/CuII ions.[20] 
Adapted by permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.[6e] 
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1.5.3 Manipulating Hydrogen Bonding: A pH-switchable Molecular Shuttle 

 

Molecular shuttle 4
.
H demonstrates that not only is hydrogen-bonding an excellent 

method for the templated synthesis of rotaxanes, but it can also be manipulated to 

induce positional change in such systems (Scheme 1.4).
[21]

 The macrocycle of 4
.
H is 

templated by the succinamide station in the thread. The thread also possesses a 

cinnamate station, however the hydrogen-bonding between the macrocycle and the 

succinamide station is intelligently arranged such that this is the most energetically 

favourable location for the macrocycle. The phenol ring is a poor hydrogen bonding 

group and this results in the macrocycle spending more than 95% of its time residing 

at the succinamide station. Deprotonation to give 4
-
 leads to the macrocycle moving 

to bind to the strongly hydrogen-bonding phenolate anion. The system is fully 

reversible where reprotonation restores the system to its original state.  

 

 

 

Scheme 1.4. The manipulation of hydrogen-bonding in a pH switchable molecular shuttle.[21] Adapted 

by permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.[6e] 
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1.5.4 Competitive Binding: Controlling Motion Through the Addition and 

Removal of Metal Ions 

 

In 2006, Leigh and co-workers presented molecular shuttle H2
.
5 which operates 

through the addition and removal of metal ions (Scheme 1.5).
[22]

 The thread 

possesses two stations; a succinic amide ester and a glycylglycine motif (which is 

derivatised with a bis(2-picolyl)amino (BPA) stopper). The macrocycle is templated 

around the glycylglycine station where the favourable hydrogen-bonding interactions 

make this its preferred location.  When one equivalent of Cd(NO3)2
.
4H2O is added to 

the system, a complex is formed where the metal ion is bound to the three nitrogen 

atoms of the modified stopper as well as the first carboxamide carbonyl oxygen atom 

([Cd(5)(NO3)2(H)2]). The macrocycle remains in its location until deprotonation of 

the first carboxamide leads to coordination of the nitrogen anion to the metal. The 

competitive binding from the metal forces the macrocycle to change location to the 

succinic amide ester station where a new hydrogen-bonding arrangement is adopted 

([Cd(5)(NO3)H]). The process is fully reversible where removal of the cadmium with 

cyanide, followed by reprotonation restores the system and the macrocycle returns to 

its original location. 
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Scheme 1.5. A molecular shuttle that operates through stepwise competitive binding.[22] Adapted by 

permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.[6e] 

 

1.5.5 Approaching Functional Materials: A Light Switchable Molecular Shuttle 

 

Chemists are continuously pursuing new useful synthetic molecular machines with a 

view to incorporating them into functional materials. The ability to manipulate 

submolecular motion to alter macroscopic properties on a surface is extremely 

appealing.
[23]

 Stimuli responsive molecular shuttles provide exciting possibilities for 

such materials where co-conformational change, achieved through biased Brownian 

motion has the potential to alter important physical properties of functional materials. 

In 2005, Leigh and co-workers reported a light switchable molecular shuttle, where 

translocation of the macrocycle would either cover or reveal fluoroalkane residues 
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(Scheme 1.6a).
[24]

 The molecular shuttle begins with the benzylic amide macrocycle 

residing at the fumaramide station (green) where the hydrogen bonding between the 

two sub-molecular components stabilises this positional isomer ((E)-6
.
2H

+
). 

Photoisomerisation (E  Z) of the fumaramide group generates the maleamide 

station (purple) which displays poor hydrogen bonding to the macrocycle. A 

photostationary state of 50:50 (E/Z) is achieved and in the successfully isomerised 

molecules, the macrocycle changes position to reside at the tetrafluorosuccinamide 

((Z)-6
.
2H

+
). The process can be successfully reversed using a catalytic amount of 

piperidine followed by trifluoroacetic acid or heating to 115 °C for 24h. 

 

Molecules of (E)-6
.
2H

+
 were physisorbed onto a self assembled monolayer (SAM) of 

11- mercaptoundecanoic acid (11-MUA) on gold (Au(111)) deposited on either glass 

or mica to produce a photoresponsive surface which can be switched between 

hydrophobic and hydrophilic states (Scheme 1.6b). The material was proven to 

operate as intended when a droplet of diiodomethane was deposited onto the surface 

and the contact angle was drastically decreased from 35 ° to 13 ° upon irradiation.  

When the surface was irradiated towards one side of the droplet, a significant 

gradient in the surface free energy was accomplished, resulting in the droplet moving 

towards the irradiated region, maximising the surface free energy (Scheme 1.6c). The 

material was remarkably effective and Leigh and co-workers were also able to 

demonstrate that the molecular shuttles are able to do work against gravity where the 

droplet can be moved up a 12 ° incline.  
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Scheme 1.6. A light-switchable molecular shuttle:[24] a) Inducing positional change in molecular 

shuttle 6
.2H+; b) A schematic representation of the photoresponsive surface comprised of 6

.2H+ 

physisorbed onto a self-assembled monolayer of 11-MUA on Au(111); c) Lateral photographs of the 

directional transport of a drop of diiodomethane over a flat surface of molecular shuttle 6
.2H+.  

Adapted by permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.[6e] 
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1.6 Switchable Catenanes 

 

Controlled motion in molecular machines is not restricted to rotaxanes. Catenanes 

also have the ability to display great control over the position of the submolecular 

components relative to one another.
[6]

 Homocircuit catenanes such as 

hydrogen-bonding controlled 7, are similar to single station and two-station 

degenerate molecular shuttles, where the attractive interaction (hydrogen bonding 

between the two macrocycles in the case of amido-7) can either be switched “on” or 

“off” (Scheme 1.7).
[25]

 Catenane 7 is responsive to changes in the solvent system. In 

halogenated solvents, the hydrogen-bonding between the two macrocycles 

predominates such that the molecule is present as amido-7. Changing the solvent to 

one that disrupts hydrogen-bonding such as DMSO, leads to the system adopting the 

alternative co-conformer (alkyl-7) where the amide groups are exposed at the surface 

such that interaction with the new solvent is maximised and the hydrophobic alkyl 

chains are hidden in the middle of the molecule. 

 

 

 

Scheme 1.7. Homocircuit [2]catenane 7 exists as amido-7 when dissolved in halogenated (non-polar) 

solvents and is present as alkyl-7 when hydrogen-bonding solvents such as DMSO are introduced.[25] 

Adapted by permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.[6e] 

 

Switchable heterocircuit [2]catenanes consist of two different interlocked 

macrocycles. In a similar manner to the stations of stimuli responsive two-station 

molecular shuttles, heterocircuit [2]catenanes often possess two different interactive 

sites (stations) that stabilise  the relative rotational isomers. This allows them to 

operate much more effectively than homocircuit [2]catenanes where the stimulus 

induced switching is able to display greater control over the operation of these 

systems. Scheme 1.8 displays a heterocircuit [2]catenane (8
4+

/ 8
5+

/ 8
6+

) which is 
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chemically and/ or electrochemically driven.
[26]

 The system consists of the 

tetracationic cyclobis(paraquat-p-phenylene) (CBPQT
4+

) cyclophane (made famous 

by Stoddart and co-workers), mechanically interlocked with a different macrocycle, 

comprised of a TTF station (green) and a dihydroxynaphthalene (DNP) unit (red) 

separated by polyether linkages. In the ground state the catenane exists as 8
4+

 where 

the cyclophane (purple) resides at the electron rich TTF station. When the TTF unit 

is oxidised to either its radical cation (8
5+

) or dication (8
6+

) by chemical or 

electrochemical methods, the favourable interaction with the cyclophane is switched 

off resulting in a new favourable position for residence; over the DNP station. The 

cyclophane can be returned to its original position by a chemical or electrochemical 

reduction. 

 

 

 

Scheme 1.8. A chemically and/or electrochemically switchable heterocircuit [2]catenane.[26] Adapted 

by permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.[6e] 
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In 2005, Leigh and co-workers contributed to the field by reporting a switchable 

[2]catenane which is controlled through interconvertible Pd
II
 coordination (Scheme 

1.9).
[27]

 When 9
.
H2 is reacted  with Pd(OAc)2, the two benzylic amide moieties are 

deprotonated, leading to the metal becoming coordinatively saturated by the nitrogen 

donors in the two different macrocycles, locking them in position ([Pd(9)]). 

Treatment of 9
.
H2 with PdCl2 leads to coordination of just one metal with the 

macrocycle ([Pd(9
.
H2)Cl2(CH3CN)]), resulting in a half-turn within the catenane 

structure when compared to [Pd(9)]. All three structures (9
.
H2, [Pd(9)] and 

[Pd(9
.
H2)Cl2(CH3CN)]) are interconvertible and have been characterised in solution 

and the solid state. 

 

 

 

Scheme 1.9. A switchable heterocircuit [2]catenane which is controlled through interconvertible Pd
II
 

coordination.[27] Adapted by permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 

Germany.[6e] 

 

1.7 Molecular Ratchets 

 

Expansion on the terms for “switch” and “motor” is necessary for further discussion. 

A “switch” influences a system as a function of state whereas a motor will influence 

a system as a function of the trajectory of its components from one location to 



Chapter One 
 

20 

 

another. The operation of a switch effectively undoes any mechanical effect that it 

had on the system i.e. a switch can be viewed as being either “on” or “off” as 

displayed with the switchable molecular shuttles (Section 1.5) and switchable 

catenanes (Section 1.6); however a motor is more complex. When a molecular motor 

completes its given task (through rotary or linear motion), it does not necessarily 

undo any previous physical task, for example when a rotary motor completes one 

cycle, the system will arrive at its original position, however, mechanical work such 

as the winding up of a polymer chain could have been achieved.  

 

All of the switchable molecular systems presented in Sections 1.5 and 1.6 operate in 

the same general manner. When an external stimulus is applied that changes the 

relative binding affinities of the stations for the macrocycle, the equilibrium is 

disturbed and the system immediately restores balance through Brownian motion of 

the macrocycle towards the new global energy minimum. The processes are 

reversible and therefore the systems function as molecular switches. When balance 

breaking (manipulation of thermodynamics) is combined with control over the 

kinetics of molecular machines (compartmentalisation), far more complex systems 

arise which are able to move away from equilibrium. Rotaxanes have the perfect 

architectural arrangement for the biasing of the location of submolecular 

components. Systems (known as molecular ratchets) result when the 

compartmentalisation of the macrocycle is coupled with the manipulation of the 

relative binding affinities for each station. 

 

When a system is at equilibrium, the transitions between any two states occur in 

opposite directions at the same rate so that no net flux is achieved. This phenomenon, 

known as “detailed balance”
[28] 

is the reason why molecular systems at equilibrium 

cannot do work. However, if a system experiences breaking of detailed balance such 

that a component is kinetically trapped in a biased fashion, work can be done when 

the kinetic barrier is removed and equilibrium is restored. In recent years, 

mathematics and non-equilibrium statistical physics have contributed to the 

understanding of Brownian ratchet mechanisms.
[29]

 The development of synthetic 

molecular ratchets has also attracted the attention of chemists recently due to the 
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discovery that the operations of many of nature’s motor proteins are dictated by 

ratchet mechanisms.
[1,30, 31]

 

 

Many theoretical Brownian ratchet mechanisms have been described, some of which 

include pulsating ratchets, tilting ratchets, flashing ratchets, drift ratchets, 

Hamiltonian ratchets, temperature ratchets, entropic ratchets and Seebeck 

ratchets.
[32,29] 

However, for the purpose of synthesising and operating examples of 

molecular ratchets, there are just two main groups of mechanism that need to be 

addressed; energy ratchets (of the form of flashing ratchets, Scheme 1.10a)
[29c]

 and 

information ratchets (Scheme 1.10b).
[29d,30,33]

 Molecular energy ratchets operate 

through a combination of compartmentalisation of the submolecular components and 

manipulation of the relative binding affinities within the system. Information ratchets 

however, combine the compartmentalisation with an informational input (examples 

of which can be of the form of location of components or shape and chirality) within 

the system to bias a submolecular component away from equilibrium, without ever 

adjusting the relative binding affinities. Molecular energy ratchets and information 

ratchets are much more advanced (and often more difficult to understand) than the 

classic examples of switchable catenanes and rotaxanes. Understanding molecular 

energy ratchets and information ratchets is best accomplished through visual 

examples. In the next section, examples of molecular ratchets that have been reported 

by the Leigh group are discussed. 
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Scheme 1.10. The two main types of mechanism that can be employed in molecular ratchets. a) The 

flashing ratchet mechanism (a form of energy ratchet).[29c] The system consists of an asymmetric 

potential energy surface which can be manipulated by the raising and lowering of the energy barriers 

to transport the particle in a directional manner. b) The information ratchet mechanism.[29d,30,33] The 

information of the particle’s location allows it to be transported directionally along the potential 

energy surface. The dotted arrows indicate the transfer of information, signalling the position of the 

particle. Adapted by permission of WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 

Germany.[6e] 

 

1.7.1 The Quest for Directionality: A Reversible Synthetic Rotary Motor 

 

There are many different examples of switchable [2]catenanes that employ a vast 

range of stimuli, in a similar manner to the widely reported switchable molecular 

shuttles.
[6]

 All of the switchable catenanes and rotaxanes described in so far operate 
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as molecular switches, where the different co-conformers can either be switched 

“on” or “off” with respect to each other. Chemists are now pursuing more advanced 

systems, capable of achieving relative directional motion of the submolecular 

components whilst moving between different co-conformers. Due to their 

architectural arrangement, two station stimuli responsive molecular shuttles are not 

able to display continuous molecular motion. There are only two options for the 

location of the macrocycle and any linear motion to the unoccupied station will undo 

any work that has been previously accomplished. Rotaxanes with three or more 

stations do have the potential of achieving directional stepwise movement (although 

somewhat limited), of the macrocycle from one station to the next, however the 

macrocycle will always reach the end of the thread and any further movement has to 

be in the opposite direction, once again undoing work achieved. There is however, a 

more simple option for achieving continuous directional motion in molecular 

machines. The macrocycles in a [2]catenane are arranged perfectly for this task. If 

the pirouetting motion of one macrocycle with respect to the other can be biased in 

just one direction, the system will be able to operate in a continuous fashion and the 

result will be a molecular motor.
 [5,34]

 

 

In 2004, Leigh and co-workers realised the potential that [2]catenanes have for 

operating in a uni-directional manner and reported the reversible synthetic rotary 

motor, 10 (Scheme 1.11).
[35]

 The molecule appears to be relatively simple on initial 

inspection. It is a heterocicuit [2]catenane consisting of a benzylic amide macrocycle, 

interlocked with a second macrocycle which possesses two stations (fumaramide and 

succinamide) and two protecting groups (trityl and t-butyldimethylsilyl), either side 

of the succinamide unit. However, for the operational process, the system is best 

viewed as consisting of a macrocycle which is able to transport a substrate (the blue 

benzylic amide macrocycle) directionally around itself. 

 

In order to achieve directional motion in molecular machines, three points must be 

adhered to:
 [32] 

 (i) a randomising element, (ii) an energy input (so the second law of 

thermodynamics is not violated) and (iii) asymmetry in the energy levels, favouring 

the direction of motion. Leigh’s rotary motor is based on a classical flashing ratchet 
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mechanism, which in this example is an asymmetric potential energy surface 

(possessing two different maxima and two different minima) along which a 

Brownian particle can be transported directionally, simply by raising and lowering 

the energy barriers, as well as the thermodynamic minima in a specifically ordered 

sequence.
 [29]

 

 

The synthetic pathway of the system arrives at fum-(E)-10 which is ready for the 

operational process. The net directional transport (clockwise) of the benzylic amide 

macrocycle (blue) is achieved by: a) photoisomerisation (E  Z) of the fumaramide 

to the maleamide (mal-(Z)-10); b) desilylation/ resilylation (succ-(Z)-10); c) 

reisomerisation to fumaramide (succ-(E)-10) and finally d) detritylation/ retritylation 

to arrive back at fum-(E)-10. The individual molecules do not operate with 100% 

efficiency. As each step does not result in complete biased motion for the 

macrocycle, only a minority of molecules will experience full rotation in one full 

operational sequence. However, this is irrelevant; as long as the same sequence is 

applied to the operational process over repetitive cycles, a net directional rotary 

motion will be achieved. 
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Scheme 1.11. A reversible synthetic rotary motor.[35] Adapted by permission of WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim, Germany.[6e] 
 

The analysis of this deceptively simple molecular motor has provided a great insight 

into the fundamental mechanisms that are required in order to achieve directional 

motion in molecular machines. On close inspection of the system, it is possible to see 

that the biasing steps for the kinetic and thermodynamic processes are separate. The 

deprotection and reprotection (linking and unlinking) control the physical (kinetic) 

barriers whereas the photoisomerisation of the fumaramide/ maleamide manipulate 

the affinities of the macrocycle with each station (balance breaking reactions). In 

order to achieve directional motion, there must also be an informational input into 

the system. In this case (and most others) the informational input is the order of 

biasing steps: (i) balance breaking; (ii) linking/ unlinking, (iii) a second balance 

breaking step; (iv) a second linking/ unlinking step. If the order of steps is disturbed, 
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the system will not operate as intended and directional motion will not be 

accomplished. 

 

1.7.2 A Molecular Energy Ratchet 

 

The compartmentalised molecular machine 11 is the first example of a synthetic, 

rotaxane based molecular energy ratchet (Scheme 1.12).
[36]

 The system is arranged 

such that the macrocycle can be biased away from equilibrium when the removal and 

reattachment of the silyl group is carried out alongside photoisomerisation of the 

fumaramide functionality. The synthesis of the molecule arrives at the co-conformer 

where the benzylic amide macrocycle is located completely over the fumaramide 

station (100% fum-(E)-11) because the silyl group operates as a gate/ kinetic barrier, 

preventing the benzylic amide macrocycle from exploring the succinamide station. 

When the silyl group is removed, the system establishes equilibrium where a 

statistical distribution of 85:15 (fum-(E)-11:succ-(E)-11) in favour of the macrocycle 

being located over the fumaramide station is achieved. Reattachment of the silyl 

group does not affect this distribution, however, the macrocycles are no longer able 

to translocate along the thread. When the balance-breaking step (photoisomerisation 

of the fumaramide station, E  Z) is performed, the system becomes immediately 

out of the equilibrium state. Removal and reattachment of the silyl group allows the 

new balance to be restored by means of Brownian motion where a statistical 

distribution of 44:56 in favour of the macrocycle residing at the succinamide station 

is established. As soon as the reverse photoisomerisation (Z  E) regenerates the 

fumaramide station, the balance is broken once again and the system is reset. 

Removal and reattachment of the silyl group provides the initial distribution of 85:15 

(fum-(E)-11:succ-(E)-11).  
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Scheme 1.12.  Ratcheting a partical energetically uphill. Operational steps: a) Desilylation (80% 

aqueous acetic acid); b) E  Z isomerisation (h at 312 nm); c) resilylation (TBDMSCl); d) Z  E 
thermal isomerisation (catalytic piperidine). Adapted with permission from reference 36. 

 

The system 11 can be viewed as being comprised of a machine (the thread) which is 

able to ratchet a substrate (the macrocycle) energetically uphill. The molecule is an 

energy ratchet because manipulation of the energy levels of the stations in the 

compartmentalised system leads to balance breaking and a thermodynamically 

unfavourable distribution of the macrocycle between the two stations is the result. 

However, more specifically, it displays the characteristics of a two-state one-bit 

memory (“flip-flop”) component present in electronics.
[37]

 A flip-flop continuously 

affects a system until an input/ stimulus is applied that causes its output to change to 

a new state which can be indefinitely maintained.  
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1.7.3 A Molecular Information Ratchet 

 

In 2007, Leigh and co-workers reported the first synthetic molecular information 

ratchet (Scheme 1.13).
[38]

 The system consists of a rotaxane architecture which is 

capable of exploiting information on the location of the macrocycle in conjunction 

with an input of light energy to drive the distribution away from equilibrium. 

Remarkably, this ratcheting process is accomplished without ever changing the 

relative binding affinities of the macrocycle for the two stations; a feature which is 

reminiscent of Maxwells’ demon thought machine (Section 1.2) which achieves a 

biased distribution of gas molecules within a sealed container.
[7]

  

 

Rotaxane 12 consists of a dibenzo-24-crown-8-based macrocycle (functionalised 

with a benzophenone photosensitizer), mechanically interlocked with a thread that is 

stoppered by two bulky 3,5-di-t-butylphenyl groups. The thread contains an 

-methyl stilbene “gate” which is asymmetrically positioned between two 

ammonium stations (monobenzyl ammonium, mba; dibenzyl ammonium, dba) such 

that it is very close to one station and far away from the other. The macrocycle is free 

to explore the whole length of the thread when the stilbene motif is of the E form, 

however, isomerisation to the Z form restricts motion, by means of a kinetic 

barrier.
[39]

 The conditions utilised for the isomerisation of the stilbene motif were 

intelligently devised so that direct photo absorption would be a minor pathway for 

the stilbene isomerisatiom and instead, the majority of the switching would be 

accomplished via two different triplet photosensitisers; the benzophenone motif  

present in the macrocycle and an external source of benzil. 
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Scheme 1.13.  A light operated molecular information ratchet.[38]
 Irradiation of rotaxane 12 in the 

presence of benzil (PhCOCOPhPh), drives the system away from thermodynamic equilibrium without 

ever manipulating the relative binding affinities of the stations with the macrocycle. Adapted by 
permission from Macmillan Publishers Ltd: Nature, copyright 2007.[38] 

 

For the macrocycle distribution to be driven away from equilibrium, the stilbene gate 

needs to be closed (Z form) for most of the time. The photosensitiser, benzil provides 

a photostationary state (PSS) of 82:18 (Z:E) for -methyl stilbene  motifs under 

350 nm irradiation which is more than adequate for the purpose of operating the 

information ratchet 12. The benzophenone motif is incorporated into the macrocycle 
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as a photosensitizer that will “open” the gate as it provides a PSS of 55:45 (Z:E). 

However, the benzophenone is only able to contribute to the opening of the gate in 

one direction. As the energy transfer from the excited state of a triplet photosensitizer 

is greatly distance dependant, the benzophenone will only be effective and open the 

gate when the macrocycle is close to the stilbene motif, i.e. when it is in the dba 

compartment (LHS). When the macrocycle is in the mba compartment (RHS), it is 

too far away for the benzophenone to contribute to isomerisation of the stilbene 

motif. These principles are absolutely critical for the system to operate as a ratchet, 

where the distribution of the macrocycles can be driven away from equilibrium in 

one direction. 

 

The arrangement of the information ratchet 12 and the conditions chosen mean that 

the benzil-sensitised reaction (gate closed, Z form) dominates when the macrocycle 

is in the mba compartment (RHS) and the benzophenone-sensitised isomerisation 

dominates when the ring is in the dba (LHS) compartment. The combination of these 

two restrictions, means that the macrocycle distribution will be driven selectively 

towards the RHS. The results obtained by Leigh and co-workers show that this is 

indeed the case. Pristine E-12 was shown to exhibit a ratio of 65:35 (dba:mba) when 

dissolved in CD3OD and analysed via 
1
H NMR spectroscopy.

[40]
 Irradiation of the 

sample (350 nm) generated a mixture of three diastereomers of 12 with a ratio of 

38:21:41 (dba-Z-12:mba-Z-12:E-12) at the PSS. Although the E:Z ratio had been 

altered, the dba:mba ratio remained unchanged at 65:35 as expected, as the 

benzophenone functionality was chosen to favour “opening” of the stilbene kinetic 

barrier. Addition of one equivalent of benzil led to a dba:mba ratio of 58:42 and five 

equivalents produced a maximum result of 45:55 (dba:mba). A reduction of 

occupancy of the dba station from 65% to 45% means that nearly one-third of the 

macrocycles that originally resided at the dba station had been driven away from 

equilibrium towards the less favourable mba binding site. Rotaxane 12 possesses two 

stations that have similar binding affinities for the macrocycle; however, this is not a 

necessary prerequisite. A system could theoretically be developed with stations that 

have very different binding affinities for the macrocycle.  
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The molecular information ratchet can be easily compared to Maxwell’s demon 

thought machine. In both cases, the distribution in the system is driven away from 

equilibrium via an informational input on the particle’s location and not by 

manipulation of the relative energy levels within the system. However, Maxwell’s 

demon remains as a thought experiment because the system achieves a decrease in 

entropy without any work being done. Rotaxane 12 does not violate the second law 

of thermodynamics because the energy input of light is used to drive the 

informational transfer process and hence obtain the end result of a biased distribution 

of macrocycles along the thread.  

 

1.7.4 A Chemically Driven Molecular Information Ratchet 

 

A different approach to the information ratchet mechanism was reported by Leigh 

and co-workers in 2008; a chemically driven molecular information ratchet (Scheme 

1.14).
[41]

 In an analogous manner to molecule 12, the position of the macrocycle is 

the information that is used for the operation of the ratchet mechanism and at no 

stage of the operational procedure are the binding affinities of the macrocycle with 

the stations altered. Rotaxane 13 is fuelled completely by chemical energy where 

introduction of a steric barrier (benzoyl ester) is accomplished by reactions with a 

chiral catalyst. The system consists of a benzilic amide macrocycle, interlocked with 

a symmetrical thread that has two fumaramide stations and a central hydroxyl 

functionality. At room temperature the macrocycle moves up and down the thread 

rapidly where an even distribution (50:50) is achieved for the two enantiomeric 

co-conformers. Benzoylation of the hydroxyl group (Scheme 1.14, conditions a) of 

13 or (S)-14 with the achiral acylation catalyst 4-dimethylaminopyridine (DMAP) 

gave benzoylated rotaxanes with macrocycles trapped by the ester barrier in an even 

distribution (50:50 (R)/(S)-16 and 50:50 FumH2-(S)-17:FumD2-(S)-17). However, 

when the chiral catalyst (S)-15 is used for the benzoylation reaction of 13 or (S)-14 

(Scheme 1.14, conditions b or c), a biased distribution of macrocycles is achieved: 

33:67 (R):(S)-16 and 33:67 FumH2-(S)-17:FumD2-(S)-17). The chiral catalyst is able 

to discriminate between the two enantiomeric co-conformers which interconvert 

when the macrocycle moves to and from each station and the reverse of the ratios is 
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provided when the antipode catalyst is employed.  This information ratchet is a 

remarkable system and is able to deliver dynamic kinetic resolution with 34% ee. 

Although entropy is decreased when the chiral catalyst is used to achieve the biased 

ratios, the enthalpy of the system remains unchanged due to the two stations being 

identical to one another.  

 

 

Scheme 1.14.  Dynamic kinetic resolution in a chemically driven molecular information ratchet. 

Adapted by permission from ACS publications: Journal of the American Chemical Society, copyright 

2008.[41] 
 

Leigh and co-workers were able to drive the macrocycles enthalpically uphill, away 

from equilibrium (i.e. bias of the macrocycle from a relatively strongly binding 

station to one that interacts less favourably) when an unsymmetrical thread, 

possessing a succinamide and fumaramide station was exploited. The system begins 

with a ratio of 75:25 in favour of occupancy of the fumaramide station. When 
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benzoylation is carried out in the presence of the chiral catalyst (S)-15, the ratio 

favouring the residence at the fumaramide station is reduced to 63:37, corresponding 

to transportation of approximately 15% of the macrocycles that were positioned at 

the fumaramide station energetically uphill.  
 

 

1.8 Non-Interlocked Molecular Machines: Walking Molecules 

 

The catenane and rotaxane interlocked architectures have been exploited to great 

lengths in the synthesis and operation of molecular machines.
[6,11]

 This is mainly due 

to the fact that in interlocked systems, the directions in which submolecular 

components can travel with respect to one another are severely restricted. The 

reduced degrees of freedom by the mechanical bond mean that a great deal of control 

can be achieved over molecular motion within such systems. A recent challenge that 

has faced chemists has been the design and synthesis of non-interlocked molecular 

motors that are capable of achieving unidirectional translational motion.
[42]

 A great 

deal of inspiration for such systems has been drawn from nature, where many 

different linear motor proteins exist that are capable of transporting cargo from one 

destination to another within the cell.
[5]

 These naturally occurring molecular 

machines have prompted the pursuit of synthetic analogues, known as molecular 

walkers. Although such examples do exist in nature, a mountain of obstacles must be 

overcome if such molecules are to be realised in the synthetic laboratory.  

 

Scheme 1.15 displays a molecular walking that has two different “feet” (blue and 

red) that are kinetically anchored to a linear “track”. When particular stimuli that 

induce the detachment and reattachment of the feet are repeated in a specific 

sequence, the walking unit will move along the track step by step. The track 

possesses two different types of foothold (yellow and white) that interact specifically 

with the feet of the walker unit (yellow foothold for blue foot and white foothold for 

red foot) and their staggered arrangement ensures that continuous, unidirectional 

motion is possible. The system will only operate successfully if the stimuli that 

address one foot are completely orthogonal to the conditions that are required to 

labilise and reattach the other foot. For example, if the blue foot is being manipulated 
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so that it can move to the neighbouring yellow foothold, then under these conditions 

the red foot must remain kinetically fixed to the track. If the two sets of conditions 

are not completely orthogonal to one another, the walking unit may become 

completely detached from the track and processivity
[43]

 will be lost. In order to 

ensure that the walking unit does take a step forward after the labilisation of one foot, 

the interaction with the next foothold must become more energetically favourable for 

that foot to reside at, otherwise an unbiased statistical distribution may result. 

Scheme 1.15 demonstrates the hand over hand mechanism for a molecular walking 

machine. The system begins with the walker at the end of the track and the 

conditions are alternated such that a single step is performed exclusively by the 

trailing foot. The net movement of the walking unit is similar to a person walking, 

where the feet overtake each other in order to achieve translational motion. It must be 

noted that it is not essential for a walking unit to begin at the first station. If the 

conditions are applied in the correct order, the walking unit can in theory begin its 

journey from any location and travel in either direction. However, for the purpose of 

analysis and characterisation of synthetic molecular walking machines, it is wise to 

begin with the walking unit located at one end of the track. 

 

 

 

Scheme 1.15. The hand over hand mechanism for a walking molecular machine. The trailing foot 

always overtakes the leading foot. Heads and footholds have been coloured for clarity. a and b are 

orthogonal manipulations. 
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Scheme 1.16 displays an alternative method for unidirectional translocation of a 

walking unit known as the inchworm mechanism. In an analogous manner to 

Scheme 1.15, the walking unit begins its journey at the first two stations on the track 

where the red foot is leading. Instead of feet overtaking one another, the inchworm 

mechanism operates by maintaining one foot in front of the other. The unidirectional 

motion is achieved when the red foot moves to the neighbouring white foothold and 

the blue foot follows behind. 

 

 

 

Scheme 1.16. The inchworm mechanism for a walking molecular machine. One foot always trails the 

other along the track and never overtakes the leading foot. Heads and footholds have been coloured 

for clarity. a and b are orthogonal manipulations. 

 

1.8.1 Linear Motor Proteins 

 

Nature possesses two different classes of motor proteins that are capable of achieving 

nanometre and micrometre scale movements within the cell; rotary motor proteins 

and linear motor proteins.
[5]

 This thesis is only concerned with translational motion, 

therefore only linear motor proteins are discussed here. There are three general 

classes of linear motor protein; myosins, dyneins and kinesins. The main role of 

dyneins and kinesin is to transport cargo to and from specific locations within the 

cell by means of stepwise translational motion along physical pathways (or “tracks”) 

whereas myosin is involved in muscle contraction where it exerts a force on 
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something. Myosins use actin filaments as tracks whereas dyneins and kinesins both 

translocate along microtubules. Their incredibly complex architectures provoke the 

thought that nature has gone to extreme lengths in order to evolve such sophisticated 

molecular vehicles that are capable of biasing Brownian motion.
[44]

 The cytoplasm of 

the cell is an extremely viscous environment that is responsible for a vast range of 

competing reactions, therefore, machines such as linear motor proteins have been 

proven to be essential to life.
[45]

  

 

Although kinesins were the last of the three groups of linear motor protein to be 

discovered,
[46]

 a great deal of information on their structures and functions has been 

gathered via in vitro motility assays
[47]

 due to their relatively facile manipulation 

with tools in the biophysical laboratory.
[48]

 The human genome sequencing project 

has identified a total of 45 different kinesin motor proteins that exist within the 

human body. Although different, all kinesins possess the same motor functionality 

and the vast majority transport cargo away from the centre of the cell where there are 

only three known examples that move towards the nucleus.
[49]

 Kinesin-1 (also known 

as kinesin or conventional kinesin, Figure 1.3) has received the most attention of all 

linear motor proteins, and the vast amount of information collected on this 

remarkable protein has provided the inspiration for the design and synthesis of 

synthetic analogues.  

 

Kinesin consists of two motor heads (or “feet”) that are attached to a long (70 nm) 

stalk (or “body”) via a flexible neck (Figure 1.3). At the opposite end of the stalk is a 

globular tail which functions as the cargo-binding moiety. The tail is able to 

selectively recognise and bind specific organelles and vesicles so that the protein can 

transport them from one location to another within the cell.
[49,50]

 ATP is the fuel that 

is consumed in the operation of kinesin, where the hydrolysis of one molecule leads 

to one step of 8.3 nm in length being performed along the microtubule track.
[45]

 

Kinesin also displays remarkable processivity. A single protein is able to perform up 

to 100 ATP hydrolysis reactions before dissociating from the microtubule track. This 

corresponds to a movement of 800 nm in one direction.
[48a]

 It has also been shown 
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that a cargo can be transported even further if kinesins work cooperatively with one 

another.
[51]

 

 

 

 

Figure 1.3 The structure of conventional kinesin, based on the crystal structure of the catalytic 

domains and neck and electron-microscopy images of the stalk and tail regions, adapted by permission 

from Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology, copyright 2000.[52] 

 

For several years there was strong debate over the mechanism that kinesin employed 

in order to achieve translational motion. In 2003, Kaseda and co-workers, however 

provided unambiguous proof that kinesin operates via a hand over hand 

mechanism.
[53]

 In their work, Kaseda and co-workers studied mutant kinesin proteins 

that possessed one abnormal foot which hydrolysed ATP 18 times more slowly than 

the normal foot. Their results showed that the speed of travel by the mutant proteins 

was decreased by a factor of 9 concluding that kinesin operates via a hand over hand 

mechanism as it was also known that an inchworm mechanism would reduce the 

speed of travel by a factor of 18. Yildiz and co-workers also provided evidence that 

kinesin walks via the hand over hand mechanism when they conducted experiments 

that were capable of monitoring the steps by labelling single heads of the motor 

proteins.
[54]

 

 

Kinesin “walks” along microtubules in the cell in a completely unidirectional 

manner, however, it is still not known exactly how this is achieved.
[55]

 The track is 

believed to play an extremely important role in directing the motion of the protein. 

Microtubules are constructed by the self-assembly of tubulin dimers, which are 

known to possess a positive and a negative end. When the microtubule is 
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synthesised, a long molecule with alternating polarity is the result. It is believed that 

the alternating positive and negative motifs along the microtubules guide the protein 

in one direction in a similar manner to the footholds described in Scheme 1.15.
[56]

  

 

1.8.2 Synthetic Walking Molecular Machines 

 

The task of constructing systems that are able to take unidirectional, processive, 

stepwise movements along a molecular track is immense. The complexity, coupled 

with the topic being relatively young means that there are only a handful of 

publications on synthetic walking machines present in the literature today. To date, 

all of the reports are on systems constructed from DNA,
[57]

 with the exception of a 

recent report of a walking machine by Leigh and co-workers which is controlled 

through dynamic covalent chemistry.
[58]

  DNA is a highly robust and programmable 

molecule which makes its application to synthetic molecular walking machines very 

attractive. Reports such as that of Kwon and co-workers
[59]

 claim to be molecular 

walking machines, however, the motion (although stepwise and linear) is not 

directional.
[60]

 Only unidirectional walking machines are considered in this thesis and 

will be the focus of Chapter Four.  

 

Although all of the unidirectional DNA walking machines are essentially constructed 

from the same building blocks, their designs are quite different from one another. In 

2004, Seeman and co-workers reported a system that operated via an inchworm 

mechanism
[57a]

 whilst in the same year Shin and Pierce reported a processive DNA 

Brownian motor that operates via the hand over hand mechanism
[57b]

 and Yin and 

co-workers presented a machine that possessed a conveyor belt type mechanism.
[57c]

 

A year later, Tian and Mao reported a DNA-based device which was explained as 

“molecular gears” where two DNA “nano circles” were able to step around one 

another in a processive fashion by the careful ordering of linking and unlinking steps 

of single stranded DNA.
[57d]

 The handful of DNA walking machines that have been 

developed in recent years are already unlocking some fundamental secrets of the 

linear motor proteins. For example, in 2008, Yin and co-workers
[57f]

 discovered that 

for autonomous unidirectional motion to be achieved, the legs of the walking unit 
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must communicate with one another. If no information feedback mechanism is 

employed between the motor domains, the walk will be random and the walking unit 

may become completely detached from the track. 2008 also saw Tuberfield and 

co-workers report a DNA based Brownian motor that can be driven away from 

equilibrium via a hand over hand mechanism.
[57g]

 

 

In 2009, Seeman and co-workers reported a DNA walking machine that functions via 

an autonomous hand over hand mechanism (Scheme 1.17).
[57h]

 The stepwise motion 

of the walking unit is achieved by cyclically catalysing the hybridisation of DNA 

fuel strands. Two main factors ensure that unidirectionality is achieved by the 

system. Firstly, the track possesses directional polarity (orthogonality of the 

toeholds) and of equal importance is the arrangement of the system, such that each 

step leads to consummation/deactivation of the previous toehold
[61]

 resulting in a 

chemically ratcheted walk. The truly remarkable operation of this Brownian motor 

relies on the leading leg catalysing the release of the trailing leg by means of an 

information transfer process. The signal sent from the leading leg is mediated by the 

metastable DNA fuel strands and also aided by the asymmetry of the track. 

 

Scheme 1.17 shows the sequence of eight individual events that lead to just one step 

being performed by the walking unit, i.e. movement from resting-state 1 to 

resting-state 2 (RS-1  RS-2). The whole system is comprised of 21 DNA strands, 

18 of which are present in the track. Four of the track strands are evenly distributed 

metastable loop structures that function as toeholds (T1, T2, T3 and T4) for the 

walking unit. The system begins with the walking unit anchored to the track where 

Leg-Even (L-E) is the leading leg and attached to T2 and Leg-Odd (L-O) is fixed to 

T1. Two metastable hairpin fuel strands are present in the solution and promote the 

two successive steps of the walking unit, however, in the case of Scheme 1.17, there 

is only one fuel present in the solution (F1) which is complimentary to T1 and T2 

and to just one step to RS-2. From RS-1 (step 1) to step 5, L-O is released from the 

track and F1 becomes incorporated into the track so that T1 can no longer be 

occupied (the ratchet mechanism). This is because F1 forms a more stable duplex 

with T1 than L-O (step 5). In step 6, L-O diffuses to become the new leading leg and 
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activates the target stem loop, T3. L-O then invades T3 (step 7) and finally releases 

T3 (step 8) which is then prepared for the introduction of F2. 

 

 

 

 

Scheme 1.17 Seeman and co-workers’ DNA walking machine.[57h] Steps 1 to 8 depict the walking unit 

taking one step from RS-1 to RS-2. Steps 1-5 show the release of L-O from T1 by F1 which is 

activated by T2. Steps 6-8 show the fixation of L-O to T3 and the initiation of the release of L-E from 

T2. Adapted by permission from the American Association for the Advancement of Science: Science, 

copyright 2009.[57h] 
 

Seeman and co-workers’ Brownian motor has displayed exceptional reliability and 

processivity. The presence of the fuels F1 and F2 lead to the walking unit taking two 

steps sequentially. This suggests that the track could be extended for longer walks, as 

one step leads to the deactivation of the previous toehold.  The next challenge must 

be centred on a system that is completely reusable where the track is not deactivated 

with each step of the walking unit. Chemists are also still attempting to design and 

synthesise molecular walking machines that are not made from DNA. 

 

1.9 Summary and Outlook 

 

The past two decades have seen the birth and rapid development of synthetic 

molecular-level machines. This relatively new field has embraced organic, inorganic 

and physical chemistry alongside fundamental physics to create an exciting area in 

chemistry. With chemical synthesis, analytical techniques and new concepts 

constantly progressing, the field of molecular machines has been allowed to evolve at 

a remarkable pace. The first degenerate, two station molecular shuttle, reported by 
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Stoddart and co-workers in 1991 is regarded as the birth of the topic where soon 

after, examples of stimuli responsive systems appeared in the literature. In recent 

years, attention has been turned away from simple molecular switches towards more 

sophisticated systems that can be driven away from equilibrium such as molecular 

ratchets and unidirectional motors.  Until now, chemists have largely been exploiting 

the mechanical bond in order to achieve greater control over the movement and 

location of submolecular components within switchable molecular devices. 

However, some research groups are now taking on the challenge of developing 

non-interlocked systems such as molecular walkers, although the current examples 

are limited to the fascinating DNA walkers and Leigh’s dynamic covalently 

controlled walker. A great deal of inspiration has come from nature where linear 

motor proteins exist and function within the cell in order to transport cargo from one 

location to another. If further synthetic analogues are realised in the laboratory, a 

huge range of possibilities will become available, most notably in the areas of drug 

delivery and smart materials. If chemists are able to overcome the challenges that 

face them with establishing synthetic walking machines, it may be possible one day 

to exploit these systems in order to transport drugs to the exact location where they 

are required within an affected body. This is an extremely exciting time for 

chemistry. With the rapid growth of molecular machines and the number of 

astonishing achievements within this field constantly increasing, one can only expect 

great things as we enter a new decade. 
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Synopsis 

 

In the introduction, a thorough overview is given of switchable interlocked and 

non-interlocked molecular machines of which the relative locations of sub-molecular 

components are controlled and altered by employing suitable external stimuli. 

Molecular shuttles and switches that possess a rotaxane architecture can be driven 

by examples of stimuli such as light, pH changes, and redox chemistry, however, the 

addition and removal of anions as a method for inducing the translocation of a ring 

along a thread has received little attention. This chapter describes the serendipitous 

discovery of an ion-pair template that is used for the formation of rotaxanes and its 

employment in an anion switchable molecular shuttle. The molecular shuttle 

operates through the addition and removal of chloride anions to a palladium centre 

which is bound inside the cavity of the macrocycle. Addition of chloride to the system 

causes the macrocycle complex to become negatively charged and leads to its 

residence over a cationic pyridinium station. Removal of chloride from the palladium 

generates a neutral charge for the macrocycle which then binds to the neutral 

triazole station. The vastly different nature of the interactions controlling the 

location of the palladium macrocycle allows for excellent bias (>98% for each 

switched state) to be achieved when chloride anions are added or removed from the 

system.  
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2.1 Introduction 

 

Despite significant advances
[1]

 in anion-template methods for the construction of 

mechanically interlocked molecules,
[2] 

the use of anions to induce changes in the 

relative positions of the components of catenanes and rotaxanes has proved 

particularly challenging,
[3]

 especially in comparison to the widespread success 

achieved with other stimuli.
[4-6]

 The few examples of anion-switchable molecular 

shuttles developed to date employ competition between the same types of weak 

interaction in both states of the molecule to achieve switching (solvation effects
[3d,e]

 

or the anion out-competing macrocycle hydrogen bonding acceptor groups for donor 

groups on the thread
[3e,f]

). Other features of anions, such as the propensity of halides 

to form strong coordination bonds to various transition metals, have yet to be 

exploited.
[7]

 Herein we report on the serendipitous discovery of a new efficient 

template for rotaxane formation and its use in the assembly of a chloride-switchable 

molecular shuttle which exhibits excellent positional integrity (>98%) of the ring in 

both states that arises from orthogonal binding modes: direct intercomponent 

metal-ligand coordination in one state and a combination of tight ion-pairing, 

aromatic stacking interactions and CH…O and CH…Cl hydrogen bonding in the 

other. 

 

2.2 Results and Discussion 

 

The development of the new template for rotaxane formation was prompted by the 

chance observation that displacement of the acetonitrile ligand of [(L1)Pd(CH3CN)] 

by the chloride ion of benzyl pyridinium chloride (1.Cl) was accompanied by 

encapsulation of the organic cation by the anionic PdCl-coordinated macrocycle 

[(L1)PdCl]
-
 (Figure 2.1a).

[8]
 The threaded nature of the complex [(L1)PdCl.1] in 

CDCl3 was clearly apparent from 
1
H NMR spectroscopy (a distinct upfield shift in 

the pyridinium resonances with respect to those in 1.Cl caused by shielding by the 

benzylic groups of the macrocycle, see Figure 2.2) and was also found to persist in 

the solid state (Figure 2.1b and 2.1c) from the X-ray crystal structure of single 

crystals grown from a saturated CH2Cl2/EtOAc solution.
[9]
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Figure 2.1. An allosteric anion-activated template for threading based on tight ion-pairing reinforced 

through multiple other non-covalent interactions. a) Synthesis of pseudorotaxane [(L1)PdCl.1]. 

Conditions: CH2Cl2, 1 h, quantitative yield (use of 1.PF6 instead of 1.Cl, or using DMSO instead of 

CH2Cl2, does not lead to pseudorotaxane formation). b) Side-on and c) face-on views of the X-ray 

crystal structure of [(L1)PdCl.1].[9] Nitrogen atoms are shown in blue, oxygen red, palladium silver, 

chlorine and the carbons of the macrocycle green, pyridinium purple, and other carbons grey. Selected 

bond lengths [Å] and angles [°]: N1-Pd 2.04, N2-Pd 1.93, N3-Pd 2.03, Cl-Pd 2.32, O1-H3 2.47, 

O2-H1 2.57, O2-H1 2.37, Pd-Cl 3.12, N1-Pd-N3 160.8, N2-Pd-Cl 176.4. 

 

The solid state structure of [(L1)PdCl.1] indicates that a broad range of noncovalent 

interactions are responsible for the assembly of the threaded architecture. In addition 

to the tight ion pair
[10]

 (the pyridinium nitrogen atom is within 4 Å of atoms in the 

first coordination sphere of the formally negatively charged metal complex), 

aromatic stacking interactions between the aromatic rings of host and guest, aryl- and 

alkyl-CH…O hydrogen bonding between the polyether oxygen atoms and protons on 

the carbon atoms adjacent to the pyridinium nitrogen atom (C−O distances 

3.19-3.36 Å), and CH…Cl(Pd) second coordination sphere interactions
[7]

 (C−Cl 

distance 3.72 Å) all apparently contribute to the stability of the interpenetrated 



Chapter Two                  

 

52 
 

structure. Many of these primarily electrostatic interactions should be much weaker 

in more polar environments and, indeed, the 
1
H NMR spectrum of {[(L1)PdCl].1} 

(Figure 2.3) shows the complex is largely unthreaded in [D6]DMSO. The chloride 

anion is a vital component of the assembly process: [(L1)Pd(CH3CN)] did not form a 

threaded complex when treated with 1.PF6 in CH2Cl2, a result which suggested that 

the recognition motif could also be used as the basis of an anion-selective trigger. 

Figure 2.2. Partial 1H NMR (400 MHz, CDCl3, 298 K) spectra of: a) 1.Cl; b) [(L1)PdCl.1]; 
c) [(L1)Pd(CH3CN)]; d) 1:1 mixture of [(L1)Pd(CH3CN)] and 1.PF6; e) 1.PF6. 
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Figure 2.3. Partial 1H NMR (400 MHz, [D6]DMSO, 298 K) spectra of: a) [(L1)Pd(CH3CN)]; 
b) [(L1)PdCl].1; c) 1.Cl. 

 

A pyridinium chloride salt suitable for rotaxane synthesis (2.Cl) was prepared in four 

steps from 4-pyridinepropanol (see Experimental section). Treatment of 

[(L1)Pd(CH3CN)] with 2.C1 in dichloromethane for one hour, followed by reaction 

with 3 by a Cu
I
-catalyzed azide-alkyne 1,3-cycloaddition (CuAAC)

[11] 
in the 

presence of tris-(benzyltriazolylmethyl)amine (TBTA)
[12] 

and diisopropylethylamine 

(DIPEA) led to [(L2)PdCl] in 64% yield (Scheme 2.1). The mass spectrum of this 

product was strongly suggestive of a rotaxane, as the major peak, which corresponds 

to [(L2)Pd]
+
, does not fragment to the intact macrocycle and axle, as would be 

expected for a non-interlocked salt. The irreversible formation of a stoppered 

rotaxane was further confirmed when removal of palladium did not cause separation 

of the components. Comparison of the 
1
H NMR spectrum of [(L2)PdCl] (Figure 

2.4b) with the chloride salt of the thread (Figure 2.4a), shows significant upfield 

shifts to the pyridinium resonances Hd, He and Hf,  and adjacent protons (Ha and 

Hc).
[13]

 Other signals of the thread show little change, which indicates that the 

anionic PdCl-macrocycle is located overwhelmingly over the pyridinium station, that 

is, the structure is pyrdm
[14]

-[(L2)PdCl] (Scheme 2.1). 
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Scheme 2.1. Synthesis and operation of chloride-switchable molecular shuttle [(L2)Pd]+: a) CH2Cl2, 1 

h; b) 3 (1.1 equiv), Cu(CH3CN)4PF6 (0.2 equiv), TBTA (0.25 equiv), DIPEA (1 equiv), 

CH2Cl2/CH3CN (7:1), 18 h, 64% (from 2.Cl); c) AgPF6 (1.1 equiv), acetone, 18 h, quantitative; d) 
Bu4NCl (1.5 equiv), CHCl3, quantitative. 

 

The triazole group introduced by the CuAAC reaction can also act as a ligating 

station for the palladium-macrocycle.
[15] 

Treatment of pyrdm-[(L2)PdCl] with AgPF6 

(1.1 equiv., Scheme 2.1 step c) smoothly precipitated AgCl and resulted in 

quantitative conversion into a new rotaxane, [(L2)Pd]PF6, in which the chloride 

ligand had been replaced by the noncoordinating PF6
- 
counterion. A comparison of 

the 
1
H NMR spectrum of [(L2)Pd]PF6 (Figure 2.4c) with that of the PF6 salt of the 
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thread (Figure 2.4d), shows that the signals of the pyridinium station (Hd-f) appear at 

similar chemical shifts in the thread and rotaxane, while the triazole resonance (Hj) 

and adjacent protons (e.g. Hi) are shifted upfield in the rotaxane which indicates that 

removal of the chloride ion from the palladium center is accompanied by 

translocation of the palladium-macrocycle component to give triazole-[(L2)Pd]PF6.
 

Simple addition of tetrabutylammonium chloride to triazole-[(L2)Pd]PF6 in 

chloroform (Scheme 2.1, step d) reverses this process to afford a product with 

identical physical and spectroscopic properties to the original rotaxane, 

pyrdm-[(L2)PdCl]. 

 

Figure 2.4. Partial 1H NMR (400 MHz, CDCl3, 298 K) spectra of a) thread chloride salt,[13] b) 

pyrdm-[(L2)PdCl], c) triazole-[(L2)Pd]PF6,(d) thread PF6
- salt. The assignments correspond to the 

lettering shown in Scheme 2.1. Signals shown in grey are due to impurities and residual solvents. 
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2.3 Conclusion 

 

The chance discovery of a molecular recognition motif that is triggered by the 

formation of an anion-palladium coordination bond has been exploited as both an 

efficient rotaxane-forming template and as the basis for a chloride-switchable 

molecular shuttle. The use of wholly different and orthogonal binding modes in the 

two states of the shuttle leads to exceptional positional integrity of the ring in both 

forms. Anion-activated allosteric templates could lead to new developments in 

sensors, logic gates, transport agents and molecular machines. 

 

2.4 Experimental Section 

 

2.4.1 General 

 

4-[tris-(4-tert-butylphenyl)methyl]phenol
[16]

 and 1-(3-azidopropoxy)-4-(tris-(4-tert-

butylphenyl)methyl)benzene
[17]

 3 were prepared according to literature procedures. 

All other reagents were purchased from commercial sources and used without further 

purification. 
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Scheme 1. Reagents and conditions: a) tetra-(ethyleneglycol)di-p-toluene sulfonate, K2CO3, butanone, 

reflux, 5 days, 88%; b) LiAlH4, THF, 0→60 °C, 3 h, 78%; c) pyridine-2,6-dicarbonyl chloride, 

CH2Cl2, NEt3, 0 °C →RT, 3 days, 61%; d) Pd(OAc)2, CH3CN, RT, 5 h, 71%. 

 

 

To a solution of 4-hydroxybenzonitrile (4.48 g, 37.6 mmol) and 

tetra-(ethyleneglycol)di-p-toluene sulfonate (9.28 g, 18.5 mmol) in butanone 

(500 mL), was added K2CO3 (14.1 g, 102 mmol). The mixture was heated to reflux 

for 5 days. After cooling to RT, the K2CO3 was separated by filtration. The solvent 

was then removed under reduced pressure and the resulting crude residue purified by 

column chromatography (CH2Cl2:EtOAc 90:10) to give S1 as a colorless solid 

(6.47 g, 88%). m.p. 50-52 °C; 
1
H NMR (400 MHz, CDCl3):  = 3.65-3.67 (m, 4H, 

HF), 3.69-3.72 (m, 4H, HE), 3.84-3.86 (m, 4H, HD), 4.14-4.16 (m, 4H, HC), 6.95 (d, 

J = 8.9, 4H, HB), 7.55 (d, J = 8.9, 4H, HA);
 13

C NMR (100 MHz, CDCl3):  = 67.7, 
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69.4, 70.6, 70.9, 104.1, 115.3; 119.2, 134.0, 162.1; HREI-MS: m/z = 419.15902 

[M+Na]
+
 (calcd. for C22H24O5N2Na, 419.15774). 

 

 

 

To a solution of 1M LiAlH4 in THF (100 mL, 100 mmol) at 0°C was added a 

solution of S1 (6.36 g, 16.0 mmol) in THF (100 mL) dropwise. Following the 

precipitation of a yellow solid, the mixture was heated at reflux for 3 h. The flask 

was then cooled to 0 °C and water (3.8 mL) was added, followed by 15% aqueous 

NaOH solution (3.8 mL) and finally water (11.4 mL). The aluminium salts were 

removed by filtration and the filtrate concentrated under reduced pressure to give a 

colorless solid (4.98 g, 78%) which was used without further purification. m.p. 130-

133 °C (dec.); 
1
H NMR (400 MHz, CDCl3):  = 1.61 (br, 4H, HA), 3.67-3.69 (m, 4H, 

HH), 3.71-3.74 (m, 4H, HG), 3.78 (s, 4H, HB), 3.83-3.85 (m, 4H, HF), 4.09-4.11 (m, 

4H, HE), 6.87 (d, J = 8.6, 4H, HD), 7.20 (d, J = 8.6, 4H, HC);
 13

C NMR (100 MHz, 

DMF-d7):  = 45.4, 67.5, 69.5, 70.4, 70.5, 114.6, 128.4, 162.0, 176.2; HRESI-MS: 

m/z = 405.2383 [MH]
+
 (calcd. for C22H33O5N2, 405.2384). 
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To a solution of S2 (4.39 g, 10.9 mmol) and NEt3 (3 mL) in CH2Cl2 (2 L) at 0 °C 

was added a solution of pyridine-2,6-dicarbonyl chloride (2.07 g, 10.9 mmol,) in 

CH2Cl2 (20 mL) dropwise over a period of 4 h. The solution was then stirred at RT 

for 3 days. After this time the solvent was removed under reduced pressure and the 

crude material purified by flash chromatography (CH2Cl2:MeOH 95:5) to give H2L1 

as a colorless solid (3.44 g, 61%). m.p. 192-195 ˚C; 
1
H NMR (400 MHz, CDCl3):  = 

3.67-3.73 (m, 8H, HI+J), 3.89-3.91 (m, 4H, HH), 4.08-4.10 (m, 4H, HG), 4.57 (d, 

J = 5.6, 4H, HD), 6.77 (d, J = 8.6, 4H, HF), 7.12 (d, J = 8.6, 4H, HE), 7.89 (t, J = 5.6, 

2H, HC), 8.04 (t, J = 7.8, 1H, HA), 8.36 (d, J = 7.8, 2H, HB);
 13

C NMR (100 MHz, 

CDCl3):  = 42.9, 67.5, 69.6, 70.6, 70.7, 114.5, 125.1, 128.8, 130.0, 139.0, 148.7, 

158.0, 163.3; HRESI-MS: m/z = 536.2383 [MH]
+
 (calcd. for C29H34O7N3, 536.2391). 

 

 

To a solution of H2L1 (1.02 g, 1.91 mmol) in CH3CN (100 mL) was added Pd(OAc)2 

(472 mg, 2.10 mmol). The reaction was stirred for 5 h, after which time a yellow 

precipitate was collected by filtration and recrystallized from CH3CN to give a 
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yellow crystalline solid (927 mg, 71%). m.p. 238-240 °C (dec.); 
1
H NMR (400 MHz, 

CDCl3:CD3CN 98:2):  = 1.98 (s, 3H, HJ), 3.64-3.65 (m, 4H, HI), 3.67-3.69 (m, 4H, 

HH), 3.80-3.82 (m, 4H, HG), 4.02-4.04 (m, 4H, HF), 4.51 (s, 4H, HC), 6.76 (d, 

J = 8.6, 4H, HE), 7.16 (d, J = 8.6, 4H, HD), 7.77 (d, J = 7.8, 2H, HB), 8.07 (t, J = 7.8, 

1H, HA);
 13

C NMR (100 MHz, CDCl3):  = 0.2, 47.3, 66.0, 68.3, 69.0, 69.2, 112.5, 

115.1, 123.5, 126.6, 132.4, 139.5, 151.9, 155.8, 169.0; LRESI-MS: m/z = 639 [M-

CH3CN]
+
. 

 

 

Scheme 2. Synthesis of the pseudorotaxane {[(L1)PdCl].1}. Reagents and conditions: a) Benzyl 

chloride, toluene, reflux, 5 days, 80%; a) [(L1)Pd(CH3CN)], CDCl3, RT, 2 h, quant; c) AgPF6, 

acetone, RT, 18 h, quant. 

 

 

A solution of pyridine (700 μL, 8.68 mmol) and benzyl chloride (1.10 g, 8.69 mmol) 

in toluene (20 mL) was heated at reflux for 5 days. The resulting precipitate was 

collected and washed with hexane to give 1.Cl as a colorless, hydroscopic solid 

(1.45 g, 80%). 
1
H NMR (400 MHz, CDCl3):  = 6.18 (s, 2H, Hd), 7.22-7.30 (m, 3H, 

Hf+g), 7.62-7.64 (m, 2H, He), 7.96-7.98 (m, 2H, Hb), 8.42 (t, J = 5.6, 1H, Ha), 9.69 (d, 

J = 5.6, 2H, Hc); 
13

C NMR (100 MHz, CDCl3):  = 63.1, 127.8, 128.8, 128.9, 129.2, 
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132.9, 144.6, 144.7; HRESI-MS: m/z = 170.0964 [M-Cl]
+
 (calcd. for C12H12N1, 

170.0964). 

 

 

 

To a solution of 1.Cl (88 mg, 0.43 mmol) in acetone (5 mL) was added AgPF6 (108 

mg, 0.43 mmol). The solution was stirred in the absence of light for 18 h, after which 

time the white precipitate was removed by filtration and the filtrate concentrated 

under vacuum to give 1.PF6 as a colorless solid (130 mg, quant.). m.p. 135-137 °C; 

1
H NMR (400 MHz, CDCl3):  = 5.66 (s, 2H, Hd), 7.34 (br, 5H, He+f+g), 7.96 (br, 2H, 

Hb), 8.41 (br, 1H, Ha), 8.70 (br, 2H, Hc); 
13

C NMR (100 MHz, CDCl3):  = 63.8, 

115.4, 127.4, 128.0, 128.5, 129.0, 142.9, 144.7; HRESI-MS: m/z = 170.0965 [M-

PF6]
+
 (calcd. for C12H12N1, 170.0964).  
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1.Cl (23 mg, 0.11 mmol) and [(L1)Pd(CH3CN)] (76 mg, 0.11 mmol) were dissolved 

in CDCl3 (2 mL) and stirred for 1 h. The solvent was then removed under reduced 

pressure to give {[(L1)PdCl].1} as a bright yellow solid (99 mg, quant.), which could 

be recrystallized by slow evaporation of a saturated CH2Cl2/EtOAc solution to give 

single crystals suitable for investigation by X-ray crystallography. m.p. 142-145 °C; 

1
H NMR (400 MHz, CDCl3):  = 3.25-3.41 (br, 4H, HI), 3.60-3.71 (m, 12H, HF,G,H), 

3.90 (d, J = 13.5, 2H, HC), 5.16 (t, J = 13.5, 2H, HC'), 5.32 (s, 2H, Hd), 5.95 (d, 

J = 8.5, 4H, HE), 7.08 (d, J = 8.5, 4H, HD), 7.41 (br, 5H, He,f,g), 7.59-7.63 (m, 2H, 

Hb), 7.77-7.84 (m, 3H, Ha+B), 7.97 (t, J = 7.9, 1H, HA), 8.45, (d, J = 5.7, 2H, Hc); 

13
C NMR (100 MHz, CDCl3):  = 48.1, 64.5, 66.6, 69.8, 70.4, 70.9, 112.4, 124.2, 

127.4, 129.4, 129.5, 130.0, 130.2, 132.0, 135.7, 139.2, 143.4, 143.7, 153.2, 155.5, 

170.8. 
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Scheme 3. Synthesis of thread precursor 2.Cl and thread S6
+. Reagents and conditions: a) 4-[tris-(4-

tert-butylphenyl)methyl]phenol, DIAD, PPh3, THF, 0 °C→RT, 18 h, 93%; b) 1,9-decadiyne, CuI, 

Pd(PPh3)2Cl2, NEt3, THF, RT, 18 h, 86%; c) SOCl2, CH2Cl2, NEt3, 0 °C → reflux, 2 h, 84%; d) 

CH3CN, reflux, 7 days, 48%; e)  1-(3-azidopropoxy)-4-(tris-(4-tert-butyl-phenyl)methyl)benzene 3, 

DIPEA, Cu(CH3CN)4PF6, CH2Cl2, MeOH, RT, 18 h, 32%; f) NH4Cl, 100%. 
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To a solution of 4-[tris-(4-tert-butylphenyl)methyl]phenol (1.00 g, 1.98 mmol), 

4-pyridinepropan-1-ol (272 mg, 1.98 mmol) and PPh3 (2.06 g, 7.86 mmol) in THF 

(100 mL) at 0 ˚C was added DIAD (0.80 mL, 3.96 mmol) dropwise. Once warmed to 

RT, the reaction was stirred for 18 h. The volatile compounds were then removed 

under reduced pressure and the resulting material purified by flash chromatography 

(hexane:EtOAc 2:1) to give S3 as a colorless solid (1.18 g, 93%). m.p. 235-237 °C; 

1
H NMR (400 MHz, CDCl3):  = 1.30 (s, 27H, Ha), 2.07-2.13 (m, 2H, Hg), 2.81 (t, 

J = 7.4, 2H, Hh) 3.94 (t, J = 6.1, 2H, Hf), 6.74 (d, J = 8.9, 2H, He), 7.08 (m, 8H, 

Hc+d), 7.15 (d, J = 5.6, 2H, Hi), 7.23 (d, J = 8.6, 6H, Hb), 8.50 (d, J = 5.6, 2H, Hj); 

13
C NMR (100 MHz, CDCl3):  = 22.0, 29.8, 31.4, 31.6, 34.3, 66.4, 112.9, 123.9, 

124.0, 130.7, 132.3, 139.7, 144.1, 148.3, 149.8, 150.6, 156.6; HRESI-MS: m/z = 

624.4196 [MH]
+
 (calcd. for C45H54O1N1, 624.4200). 

 

 

 

To a solution of 4-iodobenzyl alcohol (4.30 g, 18.3 mmol) and 1,9-decadiyne (9.22 g, 

68.7 mmol) in THF (160 mL) and NEt3 (40 ml) was added CuI (410 mg, 2.15 mmol) 

and Pd(PPh3)2Cl2 (618 mg, 0.88 mmol). The solution was subsequently stirred for 

18 h after which time the volatile compounds were removed under reduced pressure. 

The resulting residue was dissolved in CH2Cl2 (100 mL) and washed with saturated 

aqueous NH4Cl (3 x 50 mL). The aqueous phase was extracted with CH2Cl2 (3 x 50 

mL) and the combined organic extracts dried over anhydrous MgSO4. The solvent 

was removed under reduced pressure and the resulting residue purified by flash 
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chromatography (hexane:EtOAc 2:1), providing S4 as a pale yellow oil (3.81 g, 

86%). 
1
H NMR (400 MHz, CDCl3):  = 1.45-1.63 (m, 8H, Hf+g+h+i), 1.88 (br, 1H, 

Ha), 1.95 (t, J = 2.6, 1H, Hk), 2.20 (td, J = 2.6, 7.0, 2H, Hj), 2.41 (t, J = 7.1, 2H, He), 

4.66 (s, 2H, Hb), 7.27 (d, J = 8.0, 2H, Hd), 7.38 (d, J = 8.0, 2H, Hc);
 13

C NMR (100 

MHz, CDCl3):  = 18.3, 19.4, 28.2, 28.3, 28.4, 28.6, 65.0, 68.2, 80.5, 84.7, 90.4, 

123.3, 126.8, 131.7, 140.2; HRCI-MS: m/z = 258.1855 [M+NH4]
+
 (calc. for 

C17H24O1N1, 258.1852). 

 

 

 

To a solution of S4 (3.60 g, 15.0 mmol) in CH2Cl2 (100 mL) and NEt3 (20 mL) at 

0˚C was added SOCl2 (5.5 mL, 74.9 mmol) dropwise. The solution was allowed to 

gradually return to RT before being heated at reflux for 2 h. After cooling back to 

RT, the reaction was washed with water (3 x 100mL) and the aqueous phase 

extracted with CH2Cl2 (3 x 50 mL). The combined organic extracts were dried over 

anhydrous MgSO4 and the solvent removed under reduced pressure. The resulting 

residue was passed through a plug of silica (hexane) to provide S5 as a dark red oil 

(3.25 g, 84%) which was used directly without further purification. 
1
H NMR 

(400 MHz, CDCl3):  = 1.42-1.51 (m, 4H, Hf+g), 1.53-1.65 (m, 4H, He+h), 1.95 (t, J = 

2.6, 1H, Hj), 2.24 (td, J = 2.6, 6.9, 2H, Hi), 2.41 (t, J = 7.08, 2H, Hd), 4.56 (s, 2H, 

Ha), 7.30 (d, J = 8.4, 2H, Hc), 7.38 (d, J = 8.4, 2H, Hb);
 13

C NMR (100 MHz, 

CDCl3):  = 18.4, 19.4, 28.2, 28.3, 28.4, 28.5, 46.0, 68.2, 80.2, 84.6, 91.2, 124.2, 

128.5, 131.8, 136.6.  
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A solution of S3 (2.82 g, 4.40 mmol) and S5 (1.16 g, 4.47 mmol) in acetonitrile 

(150 mL) was heated to reflux for 7 days. After cooling the solvent was removed 

under reduced pressure and the resulting material purified by flash chromatography 

(CH2Cl2:MeOH 9:1) to give 2.Cl as a pale yellow solid (1.89 g, 48%). m.p. 172-175 

°C; 
1
H NMR (400 MHz, CDCl3):  = 1.29 (s, 27H, Ha), 1.41-1.44 (m, 4H, Hp+q), 

1.50-1.60 (m, 4H, Ho+r), 1.92 (t, J = 2.6 Hz, 1H, Ht), 2.07-2.14 (m, 2H, Hg), 2.18 (td, 

J = 2.6, 7.0, 2H, Hs), 2.36 (t, J = 7.09, 2H, Hn), 3.03 (t, J = 7.87, 2H, Hh), 3.95 (t, 

J = 5.5, 2H, Hf), 6.30 (s, 2H, Hk), 6.66 (d, J = 8.9, 2H, He), 7.06 (d, J = 8.6, 6H, Hc), 

7.07 (d, J = 8.9, 2H, Hd), 7.22 (d, J = 8.6, 6H, Hb), 7.35 (d, J = 8.2, 2H, Hm), 7.58 (d, 

J = 8.2, 2H, Hl), 7.75 (d, J = 6.6, 2H, Hi), 9.48 (d, J = 6.6, 2H, Hj); 

13
C NMR (100 MHz, CDCl3):  = 18.3, 19.3, 28.1, 28.2, 28.3, 28.4, 29.0, 31.2, 32.6, 

34.3, 62.7, 63.0, 65.9, 68.3, 79.8, 84.5, 92.2, 112.78, 124.3, 125.7, 127.9, 129.6, 

131.0, 132.3, 132.5, 132.7, 140.0, 144.0, 144.5, 148.3, 156.1, 162.2; HRFAB-MS (3-

NOBA matrix): m/z = 846.56149 [M-Cl]
+
 (calc. for C62H72NO, 846.56139). 

 

 

To a solution of 2.Cl (155 mg, 0.17 mmol) and 3 (108 mg, 0.18 mmol) in 

CH2Cl2 (7 mL) and MeOH (1 mL) was added Cu(CH3CN)4PF6 (67 mg, 0.18 mmol) 

and DIPEA (150 μL, 0.86 mmol). The solution was stirred for 18 h and after this 
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time the volatile compounds were removed under reduced pressure. The resulting 

residue was purified by column chromatography (CH2Cl2:MeOH 95:5) to give 

S6.PF6 as an off-white solid (88 mg, 32%). m.p. 190-193 °C (dec.); 

1
H NMR (400 MHz, CDCl3):  = 1.29 (s, 54H, Hn+b’), 1.36-1.49 (m, 4H, Hu+v), 

1.54-1.61 (m, 2H, Hw), 1.64-1.71 (m, 2H, Ht), 2.09-2.16 (m, 2H, Hb), 2.32-2.37 (m, 

4H, Hs+l), 2.70 (t, J = 7.7, 2H, Hi), 3.06 (t, J = 7.6, 2H, Hc), 3.92 (t, J = 5.7, 2H, Hm), 

3.96 (t, J = 5.7, 2H, Ha), 4.52 (t, J = 6.9, 2H, Hk), 5.73 (s, 2H, Hf), 6.67 (d, J = 8.9, 

2H, Hr), 6.73 (d, J = 8.9, 2H, Hx), 7.05-7.10 (m, 16H, Hp+q+y+z), 7.21-7.23 (m, 13H, 

Ho+a'+j), 7.32-7.41 (m, 4H, Hg+h), 7.77 (d, J = 5.8, 2H, Hd), 8.69 (d, J = 5.8, 2H, He); 

HRFAB-MS (3-NOBA matrix): m/z = 1434.95669 [M-PF6]
+
 (calc. for 

C101H121
13

CN4O2, 1434.95231). 

 

 

S6.PF6 (56 mg, 0.035 mmol) was dissolved in CHCl3 (10 mL) and washed repeatedly 

with saturated aqueous NH4Cl (10 x 50 mL). The organic phase was then washed 

with water (1 x 50 mL) and the solvent removed under reduced pressure to give 

S6.Cl as a colorless solid (51 mg, quant.). m.p. 180-182 °C (dec.);
 

1
H NMR (400 MHz, CDCl3):  = 1.29 (s, 54H, Hn+b’), 1.34-1.42 (m, 4H, Hu+v), 

1.54-1.61 (m, 2H, Hw), 1.63-1.71 (m, 2H, Ht), 2.12-2.19 (br, 2H, Hb), 2.34-2.37 (m, 

4H, Hs+l), 2.70 (t, J = 7.6, 2H, Hi), 3.06-3.09 (m, 2H, Hc), 3.93 (t, J = 5.6, 2H, Hm), 

3.95-4.00 (m, 2H, Ha), 4.53 (t, J = 6.7, 2H, Hk), 6.19 (br, 2H, Hf), 6.67 (d, J = 8.7, 

2H, Hr), 6.73 (d, J = 8.9, 2H, Hx), 7.06-7.10 (m, 16H, Hp+q+y+z), 7.21-7.24 (m, 13H, 

Ho+a'+f), 7.35-7.39 (m, 2H, Hh), 7.47-7.53 (m, 2H, Hg), 7.78 (br, 2H, Hd), 9.35 (br, 

2H, He). HRFAB-MS (3-NOBA matrix): m/z = 1434.95886 [M-Cl]
+
 (calc. for 

C101
13

CH121N4O2, 1434.95231).   
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Scheme 4. Synthesis of pyrdm-[(L2)PdCl]. Reagents and conditions: a) [(L1)Pd(CH3CN)], CH2Cl2, 

RT, 1 h; b) 1-(3-azidopropoxy)-4-(tris-(4-tert-butylphenyl)methyl)benzene 3, DIPEA, TBTA, 

Cu(CH3CN)4PF6, CH2Cl2, CH3CN, RT, 18 h, 64% (from 2.Cl). 
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2.Cl (59 mg, 0.066 mmol) and [(L1)Pd(CH3CN)] (50 mg, 0.073 mmol) were 

dissolved in a mixture of CH2Cl2 (7 mL), and then stirred for 1 h before 3 (43 mg, 

0.073 mmol) and DIPEA (11 µL, 0.066 mmol) were added. A solution of TBTA (9 

mg, 0.017 mmol) and Cu(CH3CN)4PF6 (6 mg, 0.0147 mmol) in CH3CN (1 mL) was 

then added and the reaction mixture stirred for a further 18 h. After this time the 

volatile compounds were removed under reduced pressure and the resulting residue 

dissolved in CH2Cl2 (10 mL). The solution was washed with NH4Cl (3 x 10 mL) and 

the aqueous phase re-extracted with CH2Cl2 (3 x 5 mL). The combined organic phase 

was concentrated under reduced pressure and the crude material subjected to flash 

chromatography on silica gel (0-3% MeOH in CH2Cl2) to give pyrdm-[(L2)PdCl] as 

a bright yellow solid (89 mg, 64%). m.p. 197-200 °C (dec.); 

1
H NMR (400 MHz, CDCl3):  = 1.29 (s, 27H, Hn), 1.30 (s, 27H, Hb’), 1.37-1.43 (m, 

2H, Hu), 1.45-1.51 (m, 2H, Hv), 1.56-1.62 (m, 2H, Ht), 1.67-1.72 (m, 2H, Hw), 1.75 

(br, 2H, Hb), 2.32-2.40 (m, 4H, Hl+s), 2.59-2.64 (m, 2H, Hc), 2.70 (t, J = 7.7, 2H, Hi), 

3.21 (t, J = 9.5, 4H, HG), 3.35-3.39 (m, 6H, Ha+F), 3.52-3.69 (m, 8H, HH+I), 3.86-3.95 

(m, 4H, HC+m), 4.52 (t, J = 7.0, 2H, Hk), 5.20 (d, J = 13.4, 2H, HC'), 5.29 (s, 2H, Hf), 

5.88 (d, J = 8.6, 4H, HE), 6.60 (d, J = 8.9, 2H, Hr), 6.74 (d, J = 8.9, 2H, Hx), 

7.06-7.13 (m, 20H, Hp+q+z+y+D), 7.21-7.26 (m, 13H, Ho+a’+j), 7.52-7.56 (m, 4H, 

Hg+h), 7.62 (br, 3H, HA+B), 7.71 (d, J = 6.5, 2H, Hd), 8.22 (d, J = 6.5, 2H, He); 

13
C NMR (100 MHz, CDCl3):  = 19.4, 25.6, 28.3, 28.6, 28.7, 29.4, 30.1, 31.3, 32.4, 

33.0, 34.2, 34.3, 46.9, 48.3, 62.9, 63.4, 63.9, 65.8, 66.3, 70.0, 70.3, 71.0, 79.6, 92.7, 

111.9, 112.4, 112.8, 113.0, 113.3, 121.1, 124.0, 124.1, 124.8, 126.2, 126.8, 127.4, 

128.5, 128.9, 129.1, 129.8, 130.1, 131.0, 132.1, 132.3, 132.4, 136.2, 139.2, 140.0, 

140.1, 143.1, 144.0, 144.1, 148.3, 153.1, 155.4, 156.0, 156.2, 160.0, 170.7; HRFAB-
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MS (3-NOBA matrix): m/z = 2073.06789 [M]
+
 (calc. for C130

13
CH152N7O9

105
Pd, 

2073.07359). 

 

 

 

Scheme 5. Reversible switching of the molecular shuttle [(L2)Pd]+. Reagents and conditions: 
a) AgPF6, Acetone, RT, 18 h, quant.; b) NBu4Cl, CDCl3, RT, 10 min, quant. 
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To a solution of pyrdm-[(L2)PdCl] (44 mg, 0.021 mmol) in acetone (5 mL) was 

added AgPF6 (6 mg, 0.023 mmol). The solution was stirred in the absence of light for 

18 h  after which time a white precipitate was removed by filtration, and the filtrate 

concentrated under reduced pressure to give triazole-[(L2)Pd]PF6 as a bright yellow 

solid (45 mg, quant). m.p. 140-143 °C (dec.); 
1
H NMR (400 MHz, CDCl3):  = 0.73 

(br, 2H, Hi), 1.12-1.31 (m, 60H, Ha+b’+u+v+w), 1.51-1.57 (m, 2H, Ht), 2.03-2.10 (m, 

2H, Hb), 2.45 (t, J = 6.5, 2H, Hs), 2.52 (m, 2H, Hl), 2.97-3.01 (m, 2H, Hc), 3.10 (d, 

J = 14.4, 2H, HC), 3.50-3.77 (m, 12H, HG+H+I), 3.90-3.93 (m, 6H, HF+a), 4.14 (t, 

J = 5.5, 2H, Hm), 4.63 (t, J = 7.1, 2H, Hk), 5.21 (d, J = 14.4, 2H, HC‟), 5.66 (s, 2H, 

Hf), 6.35-6.45 (m, 8H, HD+E), 6.66 (d, J = 8.9, 2H, Hr), 6.84 (d, J = 8.9, 2H, Hx), 6.89 

(s, 1H, Hj), 7.04-7.23 (m, 28H, Ho+p+q+y+z+a'), 7.27-7.41 (m, 4H, Hg+h), 7.70 (d, 

J = 6.6, 2H, Hd), 7.84 (d, J = 7.8, 2H, HB), 8.14 (t, J = 7.8, 1H, HA), 8.73 (d, J = 6.6, 

2H, He). 

 

Conversion of triazole-[(L2)Pd]PF6 to pyrdm-[(L2)PdCl]. 

 

To a solution of triazole-[(L2)Pd]PF6 (35 mg, 0.016 mmol) in CDCl3 (2 mL) was 

added NBu4Cl (7 mg, 0.024 mmol) and after 10 min 
1
H NMR spectroscopy indicated 

complete conversion to pyrdm-[(L2)PdCl]. The sample was subsequently washed 

with water (3 x 10 mL), the aqueous phase re-extracted with CH2Cl2, (3 x 5 mL) and 

the combined organics extracts dried over anhydrous MgSO4. Removal of the solvent 

under reduced pressure gave pyrdm-[(L2)PdCl] as a bright yellow solid (44 mg 

quant). Physical and spectroscopic data identical to that described for its original 

synthesis (see above). 
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Figure 3.  Crystal structure of {[(L1)PdCl].1}. 

 

CCDC-689628 

Identification code  {[(L1)PdCl].1} 

Empirical formula  C42H49Cl3N4O9Pd 

Formula weight  966.60 

Temperature  93(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 29.6458(13) Å = 90°. 

 b = 15.9690(7) Å = 98.420(2)°. 

 c = 18.0186(8) Å  = 90°. 

Volume 8438.3(6) Å3 

Z 8 

Density (calculated) 1.522 Mg/m3 

Absorption coefficient 0.690 mm-1 

F(000) 3984 

Crystal size 0.100 x 0.100 x 0.100 mm3 
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Theta range for data collection 2.56 to 25.35°. 

Index ranges -35<=h<=35, -19<=k<=19, -21<=l<=21 

Reflections collected 40419 

Independent reflections 7684 [R(int) = 0.0674] 

Completeness to theta = 25.00° 99.3 %  

Absorption correction Multiscan 

Max. and min. transmission 1.0000 and 0.9357 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7684 / 4 / 549 

Goodness-of-fit on F2 1.198 

Final R indices [I>2sigma(I)] R1 = 0.0388, wR2 = 0.0921 

R indices (all data) R1 = 0.0395, wR2 = 0.0924 

Largest diff. peak and hole 0.532 and -0.676 e.Å-3 
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Synopsis 

 

The previous chapter discussed a molecular shuttle consisting of a macrocycle on a 

thread which is capable of moving between two stations upon the addition and 

removal of chloride ions. Rotaxanes such as this have been extensively studied as 

switchable systems due to their mechanically interlocked architectures which restrict 

the degrees of freedom of the macrocycle with respect to the thread, hence providing 

greater control over its relative position. In this chapter, a novel non-interlocked, 

thermodynamically controlled molecular switch is reported. 

 

 

 

Dynamic covalent chemistry is employed as a method for the distribution of a small 

‘walker unit’ (shown in orange) between two footholds (shown in blue) on a 

photoswitchable track. The ratio of occupancy of the two footholds achieved after 

acid promoted hydrazone exchange can be biased towards the right hand side 

(foothold 3) upon switching the stilbene moiety from the Z to E form such that the 

occupancy of E-(2,3-20d)>Z(2,3-20d). This is possible because isomerisation of the 

track from the Z to E form raises the free energy of E-(1,2-20d) with respect to 

E-(2,3-20d) thus driving the equilibrium towards the right hand side.
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3.1 Introduction 

 

3.1.1 Dynamic Covalent Chemistry 

 

Traditionally, synthetic organic chemistry has been dominated by kinetically 

controlled reactions that result in the irreversible formation of covalent bonds.
[1]

 In 

such syntheses, the careful choice of reagents and/ or catalysts ensures that a single 

product is formed. The irreversible nature of these reactions means that the starting 

materials cannot be reformed and the product is unable to convert into another 

product under the given conditions. In such kinetically controlled reactions, the 

relative magnitudes of the activation barriers (G
‡
) determine the product 

distribution as given in Figure 3.1 where A goes to C rather than to B. However, in 

recent years there has been increased interest in the field of chemistry where 

reversible covalent bonds can be formed under thermodynamic control, known as 

dynamic covalent chemistry.
[2]

 This means that in dynamic covalent chemistry, the 

product distribution is determined by the free energy (G°) of the possible products 

and not the magnitudes of the activation barriers (G
‡
). Hence, during a favourable 

thermodynamically controlled reaction, A forms the more stable product B over C. It 

must be noted however, that products with higher energies than the starting materials 

can be made under very specific conditions in kinetically and thermodynamically 

controlled reactions. For a reaction under kinetic control, a high energy product can 

be achieved if enough heat is applied to the system (endothermic reaction) and the 

barrier for formation of the starting materials is sufficiently high. A 

thermodynamically controlled reaction can display products with higher energies 

than the starting materials; however the equilibrium will lie overwhelmingly towards 

the starting materials. 
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Figure 3.1. Free energy profile illustrating kinetic (AC) versus thermodynamic control (AB) of 

the product distribution. 

 

Reversible, thermodynamically controlled covalent bond forming reactions reach a 

specific distribution of products under each set of conditions that the system is 

exposed to. This means that the outcome of a dynamic covalent reaction and hence 

the distribution of products may be manipulated to amplify one product over another 

(with Le Chatelier‟s principle in mind) by addressing either of the following two 

main points:  

 

1. Certain attributes can be changed such as the reaction conditions 

(temperature, pressure and concentration), steric interactions or even the 

electronics which will favour one product over another. 

2. An excess of one reagent can be added or one product can be removed such 

that the equilibrium is driven specifically towards the desired product. 

  

Dynamic covalent chemistry can be considered as an intelligent, progressive „step 

back‟ from supramolecular chemistry towards traditional covalent chemistry. The 

two disciplines are linked by the dynamic behaviour of the interactions holding the 

molecules together which are under continuous equilibrium. In supramolecular 

chemistry
[3]

 the construction and function of large molecules relies on reversible 

non-covalent interactions whereas dynamic covalent chemistry is ruled by the 

making and breaking of covalent bonds in molecules which are often much smaller. 

Dynamic covalent chemistry is a very exciting concept because the reactions nearly 
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always require a catalyst to reach equilibrium and as a result, exchange can be 

„frozen‟ simply by quenching the reaction thus kinetically trapping a product.
[4]

 It 

also gives rise to products which can be isolated and characterised more conveniently 

since supramolecular assemblies are often large and unstable. 

 

3.1.2 Dynamic Combinatorial Chemistry 

 

Arguably, the most intensively studied area of reversible reactions under 

thermodynamic control is dynamic combinatorial chemistry, due to its many possible 

applications, including drug discovery.
[5]

 A Dynamic Combinatorial Library (DCL) 

of products is formed when a mixture of monomeric compounds react with one 

another under thermodynamic control. The products in the library can be constructed 

from covalent or non-covalent interactions. The composition of the DCL is dictated 

by the thermodynamic stability of each of the products, therefore it is possible to 

alter the distribution of products if the system is subjected to external influences that 

alter the relative free energies. The „lock and key‟ approach can be used to explain 

the manipulation of a DCL (Figure 3.2). When a library is established, a guest or host 

template molecule can be added that binds selectively through non-covalent 

interactions to one particular product. The removal of this product results in a shift in 

the equilibrium. Adhering to Le Chatelier‟s principle, the system restores itself to 

equilibrium by replacing the removed product which is again removed by the 

presence of the template. The process continues until the equilibrium has been driven 

to the right hand side so much that the system is exhausted of monomers. This 

method, known as „thermodynamic templating‟
[6]

 leads to amplification of just one 

product and the knowledge gained can aid in the development of host-guest systems, 

chemical receptors and new ligand systems for metals. Other routes for the 

amplification of one particular product include foldamers, where the three 

dimensional configuration of one product held together by non-covalent interactions 

is much more stable than the others and selection self-assembly, where the 

components of the library aggregate to form large molecules through non-covalent 

interactions (supramolecular assemblies) where one assembly is more stable than the 

other possible candidates. 
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Figure 3.2. A schematic representation of thermodynamic templating. The DCL is amplified towards 

one particular product when a template acts as a host or a guest to selectively remove that product 

from the mixture. 
 

There is a wealth of functional groups, including acetals, esters, borate esters, 

disulfides, hydrazones, imines, oximes and even alkenes (methathesis) that are 

employed in dynamic covalent chemistry.
[5a]

 The orthogonality of the base catalysed 

disulfide exchange and acid promoted hydrazone exchange has already received 

interest due to the ability to labilise one group without affecting the other.
[7] 

Such 

interesting chemistry is also beginning to prove itself as a powerful tool in the 

synthesis and operation of artificial molecular machines.
[8]

 However, the work 

presented in this chapter is focused on the manipulation of hydrazone dynamic 

covalent chemistry with the view to exploiting its orthogonality with reversible 

disulfide formation. 

 

3.1.3 Disulfide exchange 

 

The disulfide exchange reaction is extremely important in biology where it is most 

famously known for its role in protein folding.
[9]

 Chemists have been intrigued by the 

ability that proteins have to consistently adopt the same tertiary and quaternary 

structures after denaturation. In the 1950s, Anfinsen arrived at the „thermodynamic 

hypothesis‟, stating that the three dimensional structure of a protein in its normal 

physiological environment (pH, concentration, temperature etc) is the one with the 

lowest Gibbs free energy.
[10]

 This statement appears to be one of common sense 

today but at the time it was groundbreaking. It does not only apply to the three 
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dimensional structure of proteins, but to the outcome of all systems under 

thermodynamic control.  

 

The mechanism of disulfide exchange is well understood (Scheme 3.1).
[11]

 In the 

manner of an SN2 substitution, a thiolate anion is displaced from an existing disulfide 

by the attack of another thiolate anion. The requirement of thiolate anions in the 

mechanism indicates that the dynamic exchange is pH dependant and no reaction 

occurs in acidic environments; a pH of 7-9 is sufficient in most cases. 

 

 

 

Scheme 3.1. The mechanism for disulfide exchange. 

 

There are two main methods for initiating disulfide exchange: (i) free thiols, in the 

presence of base can be subjected to conditions that lead to slow oxidation (a 

catalytic amount of residual thiolate is formed which will induce the reversible bond 

forming reaction), (ii) existing disulfides can be reactivated by the addition of a 

catalytic amount of a reducing agent such as dithiothreitol (DTT) or a free thiol in the 

presence of base (Scheme 3.2). This work is concerned with the latter which is the 

more common and reliable approach. DTT is commonly employed as an initiator 

species because its oxidised state is particularly stable as a six membered ring which 

does not interfere with the exchange processes of the required disulfides. 

 

 

 

Scheme 3.2. Disulfide exchange can be promoted using existing disulfides in the presence of the 

initiator DTT and a suitable base to generate a dynamic combinatorial library. 

 

The first example of dynamic combinatorial libraries of macrocycles employing 

disulfide exchange was presented by Sanders and co-workers in 2000.
[12]

 Large 

dynamic libraries of macrocyclic disulfides were formed from a range of dithiol 
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building blocks in aqueous media. These included carbohydrate and -amino acid 

derivatives which were subjected to disulfide exchange conditions and generated a 

dynamic mixture of products under thermodynamic control. This work highlighted 

the effectiveness of disulfides in forming a wide range of structurally diverse 

compounds under thermodynamic control, in just one step.  

 

A great deal of research has been conducted on disulfide exchange in water,
[13]

 where 

it is known to be one of the few reversible, covalent bond forming reactions that is 

compatible with biomolecules.
[14]

 The highly dilute conditions required to work with 

biomolecules in water initially proved challenging because equilibration through 

disulfide exchange is extremely slow at low concentrations, however, equilibrium 

can be reached much faster (1-48 h) if the free thiolate concentration is increased via 

a redox buffer such as the glutathione (GSH)/ oxidised glutathione pair (GSSG).
[15]

 

Disulfide exchange can also be achieved in organic solvents.
[16]

 For example, in 

1998, Still and co-workers published work on the synthesis and amplification of 

disulfide containing molecular receptors in chloroform.
[17]

 The bases commonly used 

for the initiation of disulfide exchange in organic solvents are triethylamine or DBU. 

The choice of base depends on the acidity of the free thiol used to initiate the 

reaction.  

 

3.1.4 Hydrazone Exchange 

 

Hydrazone exchange is an extremely reliable and highly controllable example of 

dynamic covalent chemistry. Extensive research has been carried out into dynamic 

systems employing this reaction where it has been shown to tolerate a large number 

of functional groups and proceeds in a variety of solvents, including water.
[18,19]

 The 

ability of hydrazone exchange to operate in aqueous media led to its exploitation in 

dynamic combinatorial libraries with biomolecules as templates or receptors.
[18a-d]

 

However, problems were met when Lehn and co-workers realised that the acidic 

conditions required to bring about hydrazone exchange led to the decomposition of 

many biomolecules. This was later overcome by carrying out the equilibration 
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reaction in the absence of the target and then introducing the biomolecule once the 

mixture had been adjusted to physiological pH.
[18a-c] 

 

The mechanism for the reversible formation of hydrazones is shown in Scheme 3.3. 

The rate determining step in the reversible hydrolysis reaction is the acid-catalysed 

attack of water on the hydrazone and for the reverse process, the dehydration step 

limits the rate. The presence of electron withdrawing groups (EWGs) in the 

hydrazones allows the reversible reaction to proceed and equilibrium to be 

established within a reasonable time frame (usually minutes to hours). Without 

EWGs, hydrazone exchange is extremely slow if not non-existant because the 

mesomeric effect of nitrogen in the hydrazone leads to a decrease in the 

electrophilicity of the hydrazone and hence increases its stability.
[20]

 The most 

commonly used electron withdrawing groups in hydrazones are acyl moieties.   

 

 

 

Scheme 3.3. Mechanism of reversible hydrazone formation. E = electron-withdrawing group. 

rds = rate determining step. 

 

Hydrazone exchange is usually carried out under acidic conditions, however, it has 

also recently been shown that dynamic exchange can be induced with nucleophillic 

bases.
[21]

 As the reaction is kinetically inert at neutral pH, the exchange can be 

„frozen‟ if an acid catalysed system is neutralised. This allows the hydrazone 

chemistry to act as an ideal, orthogonal partner to the base-catalysed disulfide 

exchange reaction. 

 

Recent work by Ingerman and Waters has demonstrated the reliability of hydrazone 

exchange and how effectively it can be applied in the synthesis of DCLs (Scheme 

3.4).
[22]

 In their work, azobenzene photoisomerisation is coupled with hydrazone 

exchange to create photoswitchable combinatorial libraries, where the amplification 

of a specific product in the Z form is brought about by the addition of a template. 

Subjecting the E-azobenzene based monomer 1 to acidic conditions led to 
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deprotection of the acetal and initiation of the reversible hydrazone exchange so that 

a dynamic combinatorial library of differently sized macrocycles was established. 

Isomerisation of the azobenzene subunits to the Z form led to a new dynamic 

combinatorial library of macrocycles. When a pentaproline template was added to 

the library in the Z form, a slow rate of thermal relaxation and hence amplification of 

the monomeric macrocycle (48% compared to the untemplated library) was observed 

due to favourable binding interactions with the template. No amplification of any of 

the macrocycles from the mixture in the E form was observed when the template was 

added to the system. 

 

 

 

Scheme 3.4. A photoswitchable dynamic combinatorial library coupling azobenzene 

photoisomerisation and hydrazone exchange.
[22]

 T is a pentaproline template. 

 

It is worth noting that the azobenzene hydrazide DCLs displayed specific limitations. 

Of greatest importance to this chapter was the discovery that the azobenzene moiety 

can undergo relatively facile reduction to hydrazobenzene in the presence of 

reducing agents including thiols, implying that the azobenzene isomerisation is not 

compatible with disulfide or thioester exchange.  
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3.1.5 A Dynamic Covalent Molecular Walker 

 

Recent work from the Leigh group has demonstrated the potential that dynamic 

covalent chemistry has in the synthesis and operation of artificial molecular 

motors.
[8]

 A system (2) has been developed where a small synthetic molecule is 

capable of „walking‟ up and down a four foothold molecular track by means of 

changing the chemical environment (Figure 3.3). The „walker unit‟ (shown in red) is 

a simple moiety that consists of a C5 hydrocarbon backbone and two different „feet‟ 

that form one disulfide and one hydrazone linkage with the four foothold „track‟. The 

footholds of the track, which compliment the walker feet, are in a staggered 

arrangement (shown in blue and green) such that the walker unit can move in a 

stepwise, processive manner. The walker unit is initially occupying footholds 1 and 2 

and the isomer is therefore named 1,2-2.  

 

 

 

Figure 3.3. The four foothold dynamic covalent molecular walker by Leigh and co-workers. The 

walker unit (shown in red) is attached to the four foothold track by one disulfide and one hydrazone 

linkage.  

 

The highly controlled operation of the walking system is achieved by performing the 

two reversible reactions separately, under mutually exclusive sets of reaction 

conditions. Addition of acid (I (TFA)) to 1,2-2 induces hydrazone exchange between 

stations 1 and 3 while the disulfide bonds remain inert (Scheme 3.5). Separate 

introduction of base (II (DBU in the presence of DTT)) promotes disulfide exchange 

during which the hydrazone bond is unreactive (i.e. conditions I and II are 

orthogonal). After three cycles of acid/ base oscillations, the system approaches a 
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steady state, minimum energy distribution of walker units along the track such that a 

ratio of 39:36:19:6 (1,2-2 : 2,3-2 : 3,4-2 : 1,4-2) is established. This ratio is the result 

of thermodynamic equilibria reached after each step and thus governed by the 

differences in ground state energies (G°) of the four isomers (see section 3.1.1 and 

Figure 3.1). As a result, this ratio is obtained irrespective of which side the walker 

unit begins its journey, i.e. 100% 1,2-2 or 100% 3,4-2. Another minor two-step 

mechanism is also possible where 6% of the 1,4 isomer is isolated at the steady state. 

The walker unit was proven to move in a highly processive manner. A mean step 

number of 37, at which total detachment of the walker unit from the track occurs, 

was calculated from labelled crossover experiments. It is also important to note that 

due to the processivity of the system, the walker is only allowed to equilibrate in the 

manner shown in Scheme 3.5 where 1,2-2 is never in direct equilibrium with 3,4-2 

nor is 2,3-2 with 1,4-2. 

 

 

 
Scheme 3.5. Graphical representation for the operation of the dynamic covalent molecular walker by 

Leigh and co-workers. The walking action is processive because the two „feet‟ of the walking unit are 

never disconnected at the same time. The upper pathway represents the major route taken for the 

walker unit where oscillations between I (acid) and II (base) catalysed exchange, lead to a steady 

state, minimum energy distribution of walkers along the track. When II (base) is replaced by a two 

step kinetically controlled ring opening followed by oxidation step (III); directionality is achieved in 

the system by means of an information ratchet mechanism. The lower pathway represents a minor 

route which is possible; a 1,4 double step mechanism. 

 

Leigh and co-workers showed that directionality can be achieved by the system if the 

base-catalysed disulfide exchange reaction is replaced with a two-stage, kinetically 
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controlled step (III). A reductive ring-opening generates a trithiol intermediate which 

rapidly and irreversibly recyclises upon oxidation with iodine. The kinetically 

controlled step provides 43% of the 3,4 isomer compared to the 19% from the 

thermodynamically controlled base-catalysed operation. This difference in product 

distribution is achieved after just 1.5 cycles and the bias towards the 3,4 isomer for 

the kinetic step implies that directionality is being achieved in the system by means 

of an information ratchet mechanism.
[23]

 

 

It is important to realise that the system is regarded as a molecular switch in physical 

terms when operated under conditions I and II since a minimum energy distribution 

of isomers is obtained by thermodynamically controlled equilibria. The obtained 

ratio of isomers is governed by the differences in ground state energies (G°) of the 

four isomers. A molecular “walker” is created when condition II is replaced by III 

and the walker distribution is biased away kinetically from the minimum energy 

distribution towards the 3,4 isomer (see Chapter 1 for more thorough explanation). 

 

3.2 Design of a Dynamic Covalent Molecular Switch   

 

The work of Leigh and co-workers, presented in section 3.1.5 illustrates how 

effectively dynamic covalent chemistry can be applied to the synthesis and operation 

of artificial molecular machines. The orthogonality of the disulfide and hydrazone 

exchange has proven to be extremely reliable and allows the walker unit to „walk‟ up 

and down the four foothold track with high processivity until a steady state, 

minimum energy distribution is achieved. The system can be improved by 

introducing the ability to drive the distribution of walker units uphill, away from the 

minimum energy state such that distinct directionality can be achieved. Directionality 

was achieved by Leigh and co-workers by means of an information ratchet 

mechanism; however, attention is now being directed towards achieving a biased 

distribution of walker units via an energy ratchet mechanism by the manipulation of 

the relative free energies (G°) of each positional isomer. As mentioned in section 

3.1.1, it is possible to control the product distribution in a dynamic covalent system if 

certain attributes of a system such as sterics and/ or electronics are addressed. If a 
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switching mechanism that increases the ring strain of one macrocycle with respect to 

another is incorporated into a dynamic covalent walking machine such as Leigh‟s 

example (Figure 3.3), it may be possible to bias the walker unit to one side of the 

molecule. 

 

A molecular switch was envisioned, where a walker unit (shown in orange) is 

anchored to a three-foothold track consisting of a disulfide foothold (shown in green) 

in between two hydrazone footholds (shown in blue) (Scheme 3.6). A switchable 

stilbene moiety, capable of isomerising under specific wavelengths of light is also 

incorporated into the left hand side of the track. The molecular switch begins with 

the walker unit on the left hand side of the molecule such that the stilbene motif, 

which is in its Z form is incorporated as part of the macrocycle and the free foothold 

is protected as an acetal (Z-(1,2-3) acetal). The hydrazone exchange between the two 

blue footholds is initiated by the addition of TFA to the system and after some time 

equilibrium is reached, establishing a ratio between Z-(1,2-3) and Z-(2,3-3). 

Isomerisation (Z to E) of this mixture will raise the free energy (G°) of E-(1,2-3) 

with respect to E-(2,3-3) simply by increasing the ring strain for the walker being 

situated on the left hand side of the track. A new biased ratio (E-(1,2-3):E-(2,3-3)) 

will then be established where the equilibrium is driven to the right hand side such 

that the occupancy E-(2,3-3) > Z-(2,3-3). 
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Scheme 3.6. The proposed dynamic covalent molecular switch Z-(1,2-3) acetal. Addition of TFA to 

Z-(1,2-3) acetal, initiates hydrazone exchange of the walker unit between the two blue footholds 

whilst the disulfide foot remains anchored to the track. A ratio of Z-(1,2-3):Z-(2,3-3) is established. Z 

to E  isomerisation of the stilbene motif (h) in the dynamic mixture raises the energy for the walker 
being situated on the left hand side and a new biased ratio is achieved (E-(1,2-3): E-(2,3-3)) such that 

E-(2,3-3) > Z-(2,3-3). The percentage occupancy of the right hand side foothold is therefore increased 

upon isomerisation of the stilbene moiety. 
 

The molecular switch was pursued so that the chemistry of the biasing step could be 

investigated in detail. The hydrazone exchange was employed as the biasing step due 

to its relative ease of operation compared to the disulfide exchange. Also, the 

conditions discovered for isomerisation of the stilbene moiety in this work were only 

effective with the hydrazone chemistry which will be discussed later. The system 

was also devised as a “model study” for the concept of synthesising and operating a 

four-foothold dynamic covalent energy ratchet. This molecule would be very similar 

to Leigh‟s dynamic covalent molecular walker (Figure 3.3), except the triazole will 

be replaced with the switchable stilbene moiety. The four-foothold ratchet will then 
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be set up to bias the walker units to one side of the track, away from the minimum 

energy steady state. 

 

The ring strain, which will essentially dictate the relative bias in the system, will be 

roughly controlled by the size of each macrocycle. In order to determine the 

maximum bias possible for the molecular switch, a library of compounds was 

required. The most efficient way to control the macrocycle size is to vary the length 

of the walker units which are synthesised with a carbon chain spacer group between 

the two functional groups. Leigh‟s dynamic covalent molecular walker employed a 

walker unit with a C5 spacer group between the functional groups.
[24]

 Since a triazole 

containing macrocycle with a C5 walker appeared to be relatively free of ring 

strain,
[8]

 longer walker units did not need to be pursued for this work and so a mini 

library of five different dynamic covalent molecular switches was synthesised with 

the walker hydrocarbon backbone length varying from C1 to C5.  

 

The fact that the ring strain will become greater for the systems with shorter walker 

units does not mean that the C1 spacer group will provide the greatest bias upon 

isomerisation. A middle ground has to be discovered where the walker unit is 

sufficiently short, that the ring strain is increased upon isomerisation and a bias is 

achieved, but not so short that the immediate ring strain of the macrocycle before 

isomerisation is so great that no hydrazone exchange is observed at all. 
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3.3 Investigations into the Photochemistry of Stilbene 

 

The success of this work was completely dependent on the functional groups present 

in the molecular switch being stable under the irradiative conditions that are required 

to bring about isomerisation of the stilbene motif. It was noticed immediately that the 

disulfide functional group would present a problem as there is literature precedent of 

efficient homolysis of the S-S bond and even the C-S bond.
[25] 

Disulfides also act as 

effective initiators for the polymerisation of stilbene under photolytic conditions.
[25b]

 

In order to induce effective isomerisation of the stilbene motif in the presence of the 

disulfide functional group, without observing disulfide decomposition or styrene 

polymerisation; mild irradiative conditions using catalysts or photosensitisers needed 

to be discovered.  

 

The photochemistry of stilbenoid compounds has been well understood for a number 

of decades.
[26]

 Isomerisation of Z-stilbene to the E isomer under irradiative 

conditions is commonly achieved using wavelengths shorter than 350 nm.
 
The work 

presented in this chapter requires photoisomerisations to take place using the longest 

possible wavelengths of light in order to avoid disulfide decomposition. To begin, an 

investigation was carried out into the isomerisation of Z-stilbene with 350 nm light. 

The photoisomerisation was performed in the presence of macrocycle 4 (Figure 3.4) 

which possesses both the hydrazone and disulfide functionalities; the stability of 

these groups was then monitored at the specific wavelength. It was already known 

from the work of Ingerman and Waters presented in section 3.1.4, that hydrazones 

are tolerant of photoirradiation at 360 nm, so most of the concern was focused on the 

disulfide group in macrocycle 4. Approximately 5 mg of Z-stilbene and one 

equivalent of macrocycle 4 were dissolved in CD2Cl2 (0.5 mL) in a quartz NMR 

tube. The solution was subjected to 350 nm irradiation in a photoreactor and the 

progress of Z to E isomerisation and the condition of macrocycle 4 were monitored 

via 
1
H NMR spectroscopy. It was determined that after 120 minutes, the 

photostationary state had not been reached because the percentage of E-stilbene was 

still increasing and the macrocycle had begun to show extra signals in the 
1
H NMR 

spectrum, indicating decomposition of macrocycle 4. Furthermore, the characteristic 
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odour of thiols was also noticed when the NMR cap was removed, aiding the 

conclusion that homolysis of the disulfide bond had occurred. This result showed that 

new, milder conditions for the Z to E isomerisation of stilbene were required that 

would either exploit a longer wavelength of light or use a catalyst that would shorten 

the time required to reach the photostationary state under 350 nm irradiation.  

 

 

 
Figure 3.4. Macrocycle 4 was used in the stilbene photochemistry studies so that the stability of the 

disulfide and hydrazone groups could be monitored during irradiation. 
 

Although the Z to E photoisomerisation of stilbene moieties is usually accomplished 

at wavelengths shorter than 350 nm, it is possible to use longer wavelengths if a 

suitable catalyst and an inert solvent system are used. There are examples in the 

literature that describe the photoisomerisation of Z stilbene, where iodine is used as a 

catalyst with wavelengths greater than 350 nm.
[27]

 Consequently the iodine catalysed 

photoisomerisation of Z stilbene was investigated in the presence of macrocycle 4. 

Approximately 5 mg of Z-stilbene, one equivalent of iodine and one equivalent of 

macrocycle 4 were dissolved in CD2Cl2 in a quartz NMR tube. The solution was 

subjected to visible light from halogen lamps in a photoreactor and the progress of 

isomerisation and the condition of macrocycle 4 were monitored via 
1
H NMR 

spectroscopy. Pleasingly, after 30 minutes 100% E-stilbene was formed and no 

decomposition of macrocycle 4 was observed. A successful method for the 

photoisomerisation of Z-stilbene in the presence of a disulfide functional group had 

been discovered which was clean and provided a photostationary state of 100% 

E-stilbene. It is worth noting that these conditions for the Z to E isomerisation restrict 

the design of the molecular switch. The biasing of the system can only be achieved if 

hydrazone exchange is used in the switching operation. This was the original plan as 

outlined in Scheme 3.1, however, it raises the issue that the system cannot be 

redesigned such that the disulfide exchange is used in the switching step. Iodine is 



Chapter Three 
 

95 

 

used to oxidise dithiols to disulfides and so if the biasing was attempted with a 

system that employed disulfide exchange instead of hydrazones, the system would 

fail completely because the iodine used for the photoisomerisation would maintain 

the disulfide and hence no exchange would be observed. 

 

The success of the Z to E isomerisation of stilbene in the presence of the disulfide 

group prompted investigations into the reverse isomerisation (E to Z). Benzil has 

been exploited extensively as a photosensitizer to accelerate the E to Z isomerisation 

of stilbene under 350 nm irradiation.
[26a]

 The Z to E isomerisation studies showed 

that the time for conversion must be less than 120 minutes in order to avoid 

decomposition of the disulfide functional group. An investigation was carried out 

during which approximately 5 mg of E stilbene, one equivalent of benzil and one 

equivalent of macrocycle 4 were dissolved in CD2Cl2 in a quartz NMR tube. The 

solution was subjected to 350 nm irradiation and the progress of isomerisation and 

the condition of macrocycle 4 were monitored via 
1
H NMR spectroscopy. Only 

seven minutes were required for the photostationary state of 92% Z-stilbene to be 

achieved. In this relatively short time for irradiation, no decomposition of 

macrocycle 4 was observed. Successful and clean conditions for the E to Z 

isomerisation of stilbene in the presence of the disulfide functional group had been 

discovered. 

 

Mild conditions were determined for the reversible photoisomerisation of stilbene in 

the presence of disulfide and hydrazone functional groups (Scheme 3.7) without 

observing any decomposition. Macrocycle 4 remains perfectly intact under these 

conditions and no E to Z isomerisation of the hydrazone motif is observed due to its 

stability at wavelengths of 350 nm and above.  
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Scheme 3.7. The mild switching conditions developed for stilbene which can be used in the presence 

of molecules possessing disulfide and hydrazone functionalities. Photostationary states achieved; 92% 

Z-stilbene and 100% E-stilbene. 

 

Hydrazones exist in the more energetically favourable E configuration, however, it is 

possible to achieve E to Z isomerisation of hydrazones if wavelengths as short as 

254 nm are used.
[28]

 Thermal relaxation to the energetically favourable E 

configuration is very facile though. As the hydrazones used for this work are present 

in a macrocycle, it is believed that it would be even more difficult to obtain the short 

lived Z configuration. 

 

3.4 Synthesis of the Molecular Switch 

 

The central foothold of the molecular switch, 9 was synthesised in five steps in good 

to excellent yields (Scheme 3.8). Double triflation of methyl 3,5-dihydroxybenzoate 

provided 5 which was then used in a Sonogashira reaction with 

(trimethylsilyl)acetylene to yield the unsymmetrical product 6  in a very good yield 

of 84%. Deprotection of the TMS group of 6 with LiOH also led to hydrolysis of the 

ester moiety to give the carboxylic acid 7. The acid was converted back into the 

methyl ester by refluxing 7 with acetyl chloride and methanol to provide 8 which 

was then reduced to give benzyl alcohol 9 in a respectable yield of 61%.  
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Scheme 3.8. Synthesis of the central foothold 9. Reagents and conditions: (a) (Tf)2O, NEt3, CH2Cl2, 

0 °C  RT, 18 h, 90%; (b) (Trimethylsilyl)acetylene, CuI, Pd(PPh3)2Cl2, THF, NEt3, RT, 18 h, 84%; 

(c) LiOH, MeOH, RT, 18 h, quant; (d) Acetyl chloride, MeOH, reflux, 18 h, 96%; (e) LiAlH4, THF, 

0 °C, 2 h, 61%. 

 

The synthesis of the important stilbene unit for the system is given in Scheme 3.9. 

3-Iodobenzyl alcohol was subjected to a Swern oxidation to give the aldehyde 10, 

which was then subsequently protected using ethylene glycol under Dean Stark 

conditions to provide cyclic acetal 11. A Sonogashira coupling reaction between 9 

and 11 connected the two footholds to give 12 which yielded Z-stilbene 13 after a 

mono hydrogenation using Lindlar‟s catalyst (5% Pd on CaCO3 poisoned with Pb) in 

the presence of quinoline. The integrity of the double bond was maintained by 

storing the products in the dark so that no photoisomerisation occured. Finally, 

deprotection of the acetal with p-TsOH provided 14.  

 

 

Scheme 3.9. Synthesis of the stilbene unit 14. Reagents and conditions: (a) DMSO, oxalyl chloride, 

CH2Cl2, -78 °C, 30 min, (b) NEt3, 30 min, 93%; (c) Ethylene glycol, p-TsOH, toluene, Dean Stark, 

reflux, 18 h, 85%; (d) 9, CuI, Pd(PPh3)2Cl2, THF, NEt3, 18 h, 88%; (e) H2, Lindlar catalyst (5% Pd on 

CaCO3 poisoned with Pb), quinoline, EtOH/hexane (1:1), 30 min, quant; (f) p-TsOH, acetone, 18 h, 

92%. 
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The synthesis and introduction of the third foothold is shown in Scheme 3.10. Methyl 

3-formylbenzoate was heated under reflux using Dean Stark conditions with ethylene 

glycol to provide the cyclic acetal 15. Subsequent reduction with LiAlH4 gave the 

benzyl alcohol 16 which was then converted into the benzyl bromide 17 using 

N-bromosuccinimide and PPh3. A Williamson ether synthesis between 14 and 17 

yielded the three foothold unit 18 which possessed just one free aldehyde; meaning 

only one location was available for attachment of the walker to the system. Finally, 

the benzyl alcohol was converted to a thioacetate via the corresponding mesylate 

which was formed in situ, to give 19 in an excellent yield of 93%. 

 

 

Scheme 3.10. Synthesis of the three foothold unit 19. Reagents and conditions: (a) Ethylene glycol, 

p-TsOH, toluene, Dean Stark apparatus, reflux, 18 h, quant; (b) LiAlH4, THF, 0 °C  RT, 2 h, 79%; 

(c) N-bromosuccinimide, PPh3, CH2Cl2, -5°C, 2 h, 53%; (d) 14, NaH, DMF, 0 °C  RT, 18 h, 92%; 

(e) NaH, NEt3, THF, 0 °C  RT   0 °C, 75 min, (f) MsCl, 0 °C  RT, 15 min, (g) KSAc, DMF, 

RT, 1 h, 93%. 

 

The final macrocycle forming step was carried out on 19 using a range of walker 

units with C1 to C5 carbon chain lengths so that a mini library of 5 compounds was 

produced (20a-e, Scheme 3.11). In each case, the hydrazone bond was formed first 

by reaction of the hydrazine leg of the walker unit with the aldehyde moiety of 

foothold 1. Pleasingly, no deprotection of the acetal on foothold 3 was observed at 

this stage and after purification via flash chromatography, deprotection of the 

thioacetate was achieved with NaOMe. The resulting dithiol was then oxidised by 
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means of an iodine titration to connect the second leg of the walker unit by a 

disulfide bond and provided compounds 20a-e in acceptable yields. 

 

Scheme 3.11. Synthesis of the three foothold systems 20a-e. Reagents and conditions: (a) Cn walker 

(S1,S2,S3,S5,S7), acetic acid, CH2Cl2, MeOH, RT, 1 h, (b) NaOMe, CH2Cl2, MeOH, RT, 18 h, (c) KI, 

I2, CH2Cl2, MeOH, RT, 39% (20a), 54% (20b), 55% (20c), 33% (20d), 35% (20e). 

 

Single crystals of 20a were grown by the slow evaporation of EtOH from a saturated 

solution. The solid state structure of 20a was obtained, revealing the C1 walking unit 

located on footholds 1 and 2 as intended (Figure 3.5). The double bond is included in 

the macrocycle where the C11-C12 bond length of 1.35 Å, and bond angles of 

131.4 ° and 129.6 ° for C10-C11-C12 and C11-C12-C13 respectively are in 

accordance with those of a Z stilbene motif.
[29]

 The edge to face arrangement of the 

aromatic rings of the stilbene moiety also cause the macrocycle to have a distorted 

shape (Figure 3.5 b). The hydrazone functional group is almost completely flat with a 

torsion angle of 179.9 ° for C1-N1-N2-C2 where the disulfide group compensates for 

the distorted nature of the macrocycle. The solid state structure of 20a illustrates the 

need for investigations into how the walker length affects the distribution between 

left and right footholds upon hydrazone exchange. 
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Figure 3.5. a) side on and b) top down views of the X-ray crystal structure of 20a in stick 

representation.[30] C grey, O red, N blue, S yellow. All hydrogen atoms have been omitted for clarity. 

Selected bond lengths [Å] and angles [°]: C1-N1 1.28, N1-N2 1.39, N2-C2 1.34, C3-S1 1.83, S1-S2 

2.03, S2-C4 1.83, C10-C11 1.48, C11-C12 1.35, C12-C13 1.49; C1-N1-N2 115.3, N1-N2-C2 119.9, 

C3-S1-S2 104.1, S1-S2-C4 103.9, C10-C11-C12 131.4, C11-C12-C13 129.6. 
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3.5 Operation of the Molecular Switch 

 

 

All five model systems (20a-e) were investigated and subjected to the same reagents 

and approximate concentrations. In each case, 2 mg of material was dissolved in 

CD2Cl2 (0.5 mL) and all tests were carried out in a quartz NMR tube. This 

experimental setup allowed both the hydrazone exchange and photochemistry to be 

carried out in one NMR tube and any change in the system could be monitored by 
1
H 

NMR spectroscopy. Hydrazone exchange was initiated by adding one drop of a 

solution consisting of 20% d1-TFA and 1% D2O in CDCl3 to each NMR tube, which 

was subsequently left for two days to ensure that equilibrium was reached. In the first 

hydrazone exchange investigations, the 
1
H NMR spectrum was collected every 24 

hours. Typically, no further change was seen in the ratio between Z-(1,2) and Z-(2,3) 

after 48 hours, hence two days was used as a standard time to leave all investigations 

to reach equilibrium. Switching from Z to E form was achieved using one equivalent 

of I2 in the presence of visible light as discussed in Section 3.3. However, it was 

discovered that as the length of walker units decreased from n = 5 (20e) to n = 1 

(20a), longer irradiation time was required to reach the photostationary state. 

Surprisingly, this was not the case for the reverse isomerisation from E to Z form. All 

successful model systems returned to the Z form within seven minutes in the 

presence of one equivalent of benzil, under 350 nm irradiation. The operation of the 

model systems and hence the 1,2:2,3 ratios were measured by observing changes in 

the aldehyde region of the 
1
H NMR spectra for each compound. Integration of these 

signals proved to be consistently reliable and the values obtained were always 

verified with the integration of other distinctive signals in the spectra such as the 

triplet signals belonging to the walker unit (approximately 2.2-2.6 ppm). The longest 

walker investigated was the unit with the C5 hydrocarbon backbone (20e). Longer 

walker units were not investigated because it was known by the previous work of 

Leigh and co-workers (Figure 3.3 and Scheme 3.5) that a C5 spacer was sufficiently 

long enough to allow the system to operate as intended and establish convenient 

1,2:2,3 ratios.
[8]

 This work required the walker to be as short as possible so that the 

greatest difference in ratios between Z-(1,2):Z-(2,3) and E-(1,2):E-(2,3) could be 
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obtained without being so short that exchange between the two footholds was not 

possible. 

 

Investigations were first conducted on 20e (C5 walker) (Scheme 3.12). One drop of 

the d1-TFA solution was added to a solution of 20e in CD2Cl2 and the 
1
H NMR 

spectrum was recorded. The spectrum showed a new signal in the aldehyde region at 

9.98 ppm (due to cleavage of the cyclic acetal), indicating that the vast majority of 

walker units were still situated on the left hand side on the molecule (Z-(1,2-20e)). 

However, over a period of two days, a second signal in the aldehyde region at 

9.87 ppm had appeared. This represented the walker units situated on the right hand 

side of the molecule (Z-(2,3-20e)). Integration of the two signals showed that a ratio 

of 41:59 (Z-(1,2-20e):Z-(2,3-20e)) had been established (Scheme 3.12b). This ratio 

was reproducible. One equivalent of I2 from a stock solution in CDCl3 was added to 

the solution which was then irradiated with visible light for 60 min (it was 

discovered that for the case of 20e, the photostationary state of 92% E-20e was 

achieved within 60 min). Once again, the system was left for two days to ensure that 

equilibration by hydrazone exchange was complete. The 
1
H NMR spectrum of the 

mixture showed that the original signals at 9.87 ppm and 9.98 ppm had almost 

disappeared and two new signals had appeared at 10.04 ppm and 10.06 ppm (Scheme 

3.12c). Integration of the new signals provided a different ratio for new isomers 

23:77 (E-(1,2-20e):E-(2,3-20e)) with respect to the initial ratio of 41:59 for 

Z-(1,2-20e):Z-(2,3-20e). The difference in ratios indicated that 20e was operating in 

the manner that was intended since the walker unit was biased towards the right hand 

side of the molecule upon switching the stilbene motif from the Z to E form in the 

presence of d1-TFA.  
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Scheme 3.12. Partial 1H NMR (400 MHz, CD2Cl2, 298 K) spectra for the operation of 20e a) 

Z-(1,2-20e) acetal, b) a mixture of Z-(1,2-20e) and Z-(2,3-20e) (41:59) after exposing Z-(1,2-20e) 

acetal to d1-TFA, c) a mixture of E-(1,2-20e) and E-(2,3-20e) (23:77) after isomerisation of the 

mixture from b (I2, h (vis), 60 min), d) a mixture of Z-(1,2-20e) and Z-(2,3-20e) after basic workup, 

and subsequent isomerisation (E  Z) of the mixture from c (benzil, h (350 nm), 7 min) (23:77), e) a 
mixture of Z-(1,2-20e) and Z-(2,3-20e) after exposing the mixture from d to TFA (41:59). Signals 

shown in grey arise from impurities and oligomers. 

 

Proof was required for the assignment of the signals in Scheme 3.12c, obtained after 

isomerisation of the mixture in Scheme 3.12b, in order to be completely confident 

that 20e was working as intended. A simple „locking experiment‟ was devised 

(Scheme 3.12c  3.12d). The 23:77 (E-(1,2-20e):E-(2,3-20e)) mixture given in 

Scheme 3.12c was subjected to a basic workup with NaHCO3 which ceased all 

hydrazone exchange (a small amount of NaSO3 was also added at this point to 
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remove the unwanted I2). The „locked‟ solution was then switched from the E to Z 

form. This was achieved using 350 nm irradiation in the presence of one equivalent 

of benzil for seven minutes where a photostationary state of 87% Z was realised. The 

photoisomerisation of the „locked‟ sample caused the aldehyde signals in the 

1
H NMR spectrum to return to approximately the same chemical shifts given for 

Z-(1,2-20e) and Z-(2,3-20e) in Scheme 3.12b (9.99 ppm and 9.88 ppm), however, the 

ratio had remained at 23:77 (Z-(1,2-20e):Z-(2,3-20e), as intended. This allowed the 

signal at 10.04 ppm in Scheme 3.12c to be assigned to E-(2,3-20e) and the signal at 

10.06 ppm to E-(1,2-20e). Finally, one drop of the d1-TFA solution was added to the 

locked sample in the Z form (23:77 (Z-(1,2-20e):Z-(2,3-20e)) and after two days the 

sample had returned to its original distribution of 41:59 (Z-(1,2-20e):Z-(2,3-20e)) 

(Scheme 3.12e). 

 

The results for 20e were extremely promising, proving that it is possible to bias the 

position of the walker unit upon switching the stilbene motif. The macrocycle of 20e 

was also found to be sufficiently flexible such that the system could operate in a 

stepwise manner rather than the „one pot‟ procedure of simultaneous hydrazone 

exchange and isomerisation discussed above. It is possible to begin the operation of 

Z-(1,2-20e) acetal with Z to E isomerisation of the stilbene motif in the absence of 

TFA (i.e. neutral condintions). Irradiation for 60 min with visible light in the 

presence of one equivalent I2 provided a photostationary state of 92% E-(1,2-20e).  

Addition of TFA to this solution then led to the identical ratio of 23:77 

(E-(1,2-20e):E-(2,3-20e)) after two days as found after applying the simultaneous 

„one pot‟ hydrazone exchange and isomerisation method. 

 

Attention was then turned to compound 20d (C4 walker) (Scheme 3.13). The same 

investigations were carried out on this molecule as were for 20e. Addition of one 

drop of the d1-TFA solution to a solution of 20d (2 mg) in CD2Cl2 (0.5 mL) 

deprotected the acetal and induced the hydrazone exchange. After two days, two 

aldehyde signals were present in the 
1
H NMR spectrum at 9.83 ppm and 9.94 ppm, 

which corresponded to a ratio of 74:26 (Z-(1,2-20d):Z-(2,3-20d)) (Scheme 3.13 b). It 

is believed that the majority of walker units (74%) remain located on the left hand 
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side (foothold 1) when the hydrazone exchange is initiated because the Z-stilbene 

preorganises the macrocycle structure, making it the more thermodynamically 

favourable positional isomer. Photoisomerisation of this mixture with one equivalent 

of I2 in the presence of visible light for 90 min, resulted in the disappearance of the 

signals at 9.83 ppm and 9.94 ppm (it was discovered in this case that 90 min 

irradiation was required to reach the photostationary state of 90% E-20d). A new 

ratio of 23:77 (E-(1,2-20d):E-(2,3-20d)) was established which was represented by 

one broad singlet at 10.01 ppm (Scheme 3.13 c). As the aldehyde signals for E-(1,2-

20d) and E-(2,3-20d) appeared at the same chemical shift in the 
1
H NMR spectrum, 

the 23:77 ratio was measured by comparing other distinct signals (e.g. the two triplet 

signals from the walker unit) further upfield. Once again, it is possible to see from 

the change in ratios between left and right isomers, that upon irradiation of the 

stilbene motif in the presence of d1-TFA, the model system operates as intended. In 

fact 20d operates with a greater difference in the ratios between the Z and E forms 

compared to the values provided by 20e. The same „locking experiment‟ was 

performed on 20d, using the same conditions as for 20e, to prove that the ratio of 

23:77 corresponded to E-(1,2-20d):E-(2,3-20d). Basic workup of the 23:77 

(E-(1,2-20d):E-(2,3-20d)) mixture and E to Z isomerisation (benzil, h (350 nm), 

7 min) produced a photostationary state of 74% Z (Scheme 3.13c 3.13d). The 

aldehyde signals in the 
1
H NMR spectrum had returned to the chemical shifts 

represented by Z-(1,2-20d) and Z-(2,3-20d), however, the ratio had changed to 10:90 

(Z-(1,2-20d):Z-(2,3-20d)). This is because the C4 walker unit creates a macrocycle 

with greater ring strain than the C5 walker hence producing a lower photostationary 

state than that given by 20e for the same step. The molecules with the walker located 

at foothold 3 on the right hand side are able to isomerise (E to Z) far more easily than 

those with the walker attached to foothold 1 on the left hand side aiding the 

conclusion that the ratio of 23:77 corresponds to E-(1,2-20d):E-(2,3-20d). Finally, 

one drop of the d1-TFA solution was added to the locked system which had been 

irradiated back to the Z form and the system returned to its original ratio of 74:26 

(Z-(1,2-20d):Z-(2,3-20d)) (Scheme 3.13e). 
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Scheme 3.13. Partial 1H NMR (400 MHz, CD2Cl2, 298 K) spectra for the operation of 20d a) 
Z-(1,2-20d) acetal, b) a mixture of Z-(1,2-20d) and Z-(2,3-20d) (74:26) after exposing Z-(1,2-20d) 

acetal to d1-TFA, c) a mixture of E-(1,2-20d) and E-(2,3-20d) (23:77) after isomerisation of the 

mixture from b (I2, h (vis), 90 min), d) a mixture of Z-(1,2-20d) and Z-(2,3-20d) after basic workup, 

then isomerisation (E  Z) of the mixture from c (benzil, h (350 nm), 7 min) (10:90), e) a mixture of 
Z-(1,2-20d) and Z-(2,3-20d) after exposing the mixture from d to TFA (74:26). Signals shown in grey 

arise from impurities and oligomers. 

 

The two step method for operation of 20d was investigated in the same manner as 

was for 20e. A solution of Z-(1,2-20d) acetal and I2 (1 eq.) in CD2Cl2 was irradiated 

for 90 min under visible light. After this time a value of 60% E-(1,2-20d) acetal was 

measured. Irradiating for a further 60 min did not increase this value. It was 

concluded that the photostationary state had been reached and that this value was 

lower than expected because the ring strain caused by the presence of the C4 walker 

unit in 20d was greater than that of 20e which possessed the C5 walker unit. It is 

clear that the ring strain restricts the stilbene isomerisation and so it is much more 
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effective to employ the combined hydrazone exchange and photoisomerisation 

approach. This discovery supports the discovery of the ratio of 10:90 

(Z-(1,2-20d):Z-(2,3-20d)) being generated when the “locked” sample was isomerised 

from the E to Z form.  

 

The operation of 20b (C2 walker) and 20c (C3 walker) proved to be relatively 

unsuccessful. Both systems were subjected to d1-TFA in the same manner as 20d and 

20e and were left to equilibrate over two days. Ratios of 91:9 

(Z-(1,2-20b):Z-(2,3-20b)) (LZ:RZ) and 78:22 (Z-(1,2-20c):Z-(2,3-20c)) were 

established. However, when the irradiation step was attempted; both systems 

provided inconclusive results. 20b did not undergo isomerisation from Z to E, even 

after 4.5 h of irradiation.  After 3 h irradiation, the spectrum became extremely 

difficult to interpret due to the large number of signals which were concluded to be 

due to the formation of oligomers. 20c did isomerise and a photostationary state of 

95% E was achieved after 2.5 h. However, the same problem arose in the 
1
H NMR 

spectrum as did for 20b, where a large number of interpretable signals arose due to 

the presence of oligomers (short chains) meaning that the system was not operating 

as cleanly as 20e and 20d. It is thought that for these systems, the ring strain 

becomes too great upon photoisomerisation that the more thermodynamically 

preferred products are dimers and oligomers rather than E-(1,2) or E-(2,3). 

 

Investigations into biasing the walker position on 20a (C1 walker) proved to be 

immediately unsuccessful. The compound was completely insoluble in CD2Cl2. It 

was then concluded that as the results for 20b and 20c proved that these systems did 

not operate as intended, neither would 20a as the ring strain would be even greater 

for this compound. 

 

The results for the operation of molecules 20a to 20e are summarised in Table 3.1 

below. All investigations proved unsuccessful for 20a due to its insolubility and ring 

strain. 20b and 20c both established Z-(1,2):Z-(2,3) ratios upon addition of d1-TFA 

(91:9 (Z-(1,2-20b):Z-(2,3-20b)) and 78:22 (Z-(1,2-20c):Z-(2,3-20c))), however, both 

failed in the photoisomerisation from Z to E due to high degrees of oligomer 
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formation or other methods of decomposition leading to incomprehensible 
1
H NMR 

spectra. 20d and 20e both functioned as intended and established a bias upon 

switching from the Z to E form in the presence of d1-TFA. For 20e, the ratio of 41:59 

(Z-(1,2-20e):Z-(2,3-20e)) became 23:77 (E-(1,2-20e):E-(2,3-20e)) after 

photoisomerisation and for 20d, a more impressive result was achieved where the 

ratio of 74:26 (Z-(1,2-20d):Z-(2,3-20d))  became 23:77 (E-(1,2-20d):E-(2,3-20d)). It 

is interesting to note that the percentage occupancy of Z-(2,3) increases with walker 

length from C1 (20a) to C5 (20e) as expected when d1-TFA is added to each system. 

However, these values will not continue to rise for Z-(2,3) RZ indefinitely as the 

walker units increase in length above n = 5. If a larger library of the molecular switch 

was synthesised, it may be possible to see a limit approached where increasing the 

length of the walker will make no difference to the ratio of LZ:RZ and it may be 

possible to see that macrocycle formation becomes unfavourable above this limit. 

 

Molecule Walker 
Length 

(Cn) 

Z-(1,2):Z-(2,3) 
after d1-TFA 

(2days) 

E-(1,2):E-(2,3) 
after 

isomerisation 

(I2, h (vis)) 
(2days) 

Photostationary 
state (% E) after 
isomerisation 
in absence of 

d1-TFA 

Photostationary 
state (% E) after 
isomerisation 
in presence of 

d1-TFA 

20a 1 - - - - 

20b 2 91:9 - - - 

20c 3 78:22 - - - 

20d 4 74:26 23:77 60 90 

20e 5 41:59 23:77 92 92 

Table 3.1.  A summary of the results obtained for the operation of model systems 20a to 20e. 

Unsuccessful results have been left blank. 
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3.6 Conclusions 

 

Dynamic covalent chemistry has been employed as a method for distributing a 

walker unit between two footholds in a new non-covalent, thermodynamically 

controlled molecular switch. The ratio of occupancy of the two footholds by the 

walker unit can be biased towards one side upon photoisomerisation of a stilbene 

unit. However, the success of this work hinged on the requirement for mild 

irradiative conditions that would allow the photoisomerisation of the stilbene motif, 

without decomposition of the disulfide moiety that was present in the same molecule. 

Such conditions were discovered which sparked the synthesis of a mini library of 

these systems with carbon chain lengths varying from C1 to C5 in the walker units. 

Successful results were obtained from the operation of the molecules with C4 and C5 

spacer units with the greatest bias being produced by the system with the C4 spacer. 

The results presented in this chapter allow us to approach molecules with more 

footholds and hence pursue the design and synthesis of a new four foothold dynamic 

covalent energy ratchet, where the position of the entire walker unit can be biased to 

one side of the molecule. 

 

3.7 Experimental Section 

 

3.7.1 General 

 

Unless stated otherwise, all reagents were purchased from commercial sources and 

used without purification and all reactions were conducted under a nitrogen 

atmosphere. Methyl 5-bromopentanoate and methyl 6-bromohexanoate were 

prepared according to a literature procedure.
[31]
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Synthesized according to a modified literature procedure.
[28] 

To a solution of 

hydrazine monohydrate (8.96 g, 140 mmol) in MeOH (40 mL) was added methyl 2-

mercaptoacetate (5.94 g, 56 mmol) dropwise. The reaction mixture was stirred 

overnight at room temperature. Evaporation of the solvent, followed by flash column 

chromatography (20% MeOH in Et2O) provided S1 as colourless oil that solidified 

upon standing (3.82 g, 64 %). 
1
H NMR (400 MHz, CDCl3):  = 1.94 (bs, 1H, Ha), 

3.24 (s, 2H, Hb), 3.94 (bs, 2H, Hd), 7.89 (bs, 1H, Hc); 
13

C NMR (100 MHz, CDCl3); 

 = 26.6, 170.1. 

 

 
 

Synthesized according to a modified literature procedure.
[28]

 To a solution of 

hydrazine monohydrate (10 g, 200 mmol) in MeOH (30 mL) was added methyl 3-

mercaptopropionate (10 g, 83 mmol) dropwise. The reaction mixture was stirred 

overnight at room temperature. Evaporation of the solvent, followed by flash column 

chromatography (20% MeOH in Et2O) provided S2 as colourless oil (4.99 g, 50 %). 

1
H NMR (400 MHz, CDCl3):  = 1.61 (t, J = 8.4, 1H, Ha), 2.50 (t, J = 6.7, 2H, Hc), 

2.84 (dt, J1 = 6.4, J2 = 8.4, 2H, Hb), 3.93 (bs, 2H, He),  6.81 (bs, 1H, Hd). 

 

 

To a solution of hydrazine monohydrate (4.4 g, 68 mmol) in MeOH (10 mL) was 

added -thiobutyrolactone (4.7 g, 45 mmol) dropwise. The reaction mixture was 

stirred at room temperature for 30 min before H2O (30 mL) was added. The mixture 
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was extracted with DCM (2 x 30 mL). The combined organic phases were washed 

with brine (30 mL), dried over MgSO4 and the solvent removed under reduced 

pressure to provide S3 as a colourless oil (370 mg, 6 %). 
1
H NMR (400 MHz, 

CDCl3):  = 1.33 (t, J = 8.0, 1H, Ha), 1.95 (quint, J = 7.2, 2H, Hc), 2.30 (t, J = 7.3, 

2H, Hd), 2.58 (q, J = 7.2, 2H, Hb), 3.90 (bs, 2H, Hf), 6.90 (bs, 1H, He); 
13

C NMR 

(100 MHz, CDCl3):  = 24.1, 29.2, 32.5, 173.0. HREI-MS: m/z = 135.0588 [M+H]
+
 

(calcd. 135.0587 for C4H11ON2S). 

 

 

 

To a solution of methyl 5-bromopentanoate (9.99 g, 51.20 mmol) in DMF (30 ml) 

was added a solution of KSAc (9.02 g, 79.0 mmol) in DMF (20 mL) dropwise. The 

reaction was stirred at room temperature for 15 min before the solvent was removed 

under reduced pressure. The residue was dissolved in Et2O (50 mL) and was washed 

with saturated NH4Cl (30 mL). The aqueous phase was extracted with Et2O 

(4 x 30 mL) and the combined organic layers were washed with brine (2 x 50 mL) 

before drying over MgSO4. Removal of the solvent under reduced pressure provided 

S4 as a yellow oil which was used without further purification (9.48 g, 98 %). 

1
H NMR (400 MHz, CDCl3):  = 1.66 (m, 4H, Hc+d), 2.34 (m, 5H, Ha+e), 2.89 (t, 

J = 7.08, 2H, Hb), 3.68 (s, 3H, Hf);
 13

C NMR (100 MHz, CDCl3):  = 24.0, 29.0, 

30.6, 31.4, 33.5, 36.5, 162.5, 173.7. HRES-MS: m/z = 191.0732 [M+H]
+
 (calcd. 

191.0736 for C8H15O3S) 

 

 

 

To a solution of S4 (4.02 g, 21.13 mmol) in MeOH (30 mL) was added hydrazine 

monohydrate (8.09 g, 162 mmol). The reaction was heated to reflux overnight. The 

solution was allowed to return to room temperature and the solvent was removed 
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under reduced pressure. The residue was purified by flash column chromatography 

(10% MeOH in Et2O) which provided S5 as a white solid (1.51 g, 10.19 mmol, 

49 %). m. p. 43-45 °C; 
1
H-NMR (400 MHz, CDCl3):  = 1.39 (t, J = 7.8, 1H, Ha), 

1.72 (m, 4H, Hc+d), 2.19 (t, J = 7.4, 2H, He), 2.56 (q, J = 7.3, 2H, Hb), 3.92 (bs, 2H, 

Hg), 6.80 (bs, 1H, Hf);
 13

C-NMR (100 MHz, CDCl3):  = 24.1, 24.2, 33.4, 33.8, 

173.4. HRMS m/z = 149.0741 [M+H]
+
 (calcd. 149.0743 for C5H13ON2S). 

 

 

To a solution of methyl 6-bromohexanoate (4.45 g, 21.3 mmol) in DMF (30 mL) was 

added a solution of KSAc (3.65 g, 31.93 mmol) in DMF (20 mL) dropwise. The 

reaction was stirred at room temperature for 1 h before the solvent was removed 

under reduced pressure. The residue was dissolved in Et2O (30 mL) and washed with 

saturated NH4Cl (30 mL). The aqueous layer was extracted once more with Et2O 

(30 mL). The combined organic phases were washed with HCl (1M, 50 mL), H2O 

(50 mL) and brine (50 mL) before drying over MgSO4. The solvent was removed 

under reduced pressure and the residue was purified via flash chromatography (10% 

Et2O in hexane) to provide S6 as a yellow oil (3.71 g, 85%). 
1
H NMR (400 MHz, 

CDCl3):  = 1.37 (dt, J1 = 7.6, J2 = 7.8, 2H, Hd), 1.58 (dt, J1 = 7.3, J2 = 7.6, 2H, Hc), 

1.64 (dt, J1 = 7.5, J2 = 7.8, 2H, He), 2.31 (d, J = 7.5, 2H, Hf), 2.32 (s, 3H, Ha), 2.86 (t, 

J = 7.3, 2H, Hb), 3.66 (s, 3H, Hg); 
13

C NMR (100 MHz, CDCl3):  = 24.4, 28.2, 28.8, 

29.2, 30.6, 33.8, 51.5, 174.0, 195.9. HRES-MS: m/z = 205.0895 [M+H]
+
 (calcd. 

205.0898 for C9H17O3S).  

 

 

 



Chapter Three 
 

113 

 

 
 

To a solution of S6 (1.67 g, 8.2 mmol) in dry MeOH (30 mL) was added hydrazine 

monohydrate (1.98 mL, 40.8 mmol) dropwise. The solution was heated to reflux 

overnight. The solution was then allowed to return to room temperature and the 

majority of the solvent was removed under reduced pressure. H2O (50 mL) was 

added and the mixture was extracted with CH2Cl2 (3  100 mL). The combined 

organic phases were washed with brine (100 mL) and dried over MgSO4 before the 

solvent was removed under reduced pressure. Purification via flash column 

chromatography (10% MeOH in Et2O) provided S7 as a white solid (587 mg, 44 %). 

1
H NMR (400 MHz, CDCl3):  = 1.34 (t, J = 7.8, 1H, Ha), 1.43 (m, 2H, Hd), 1.64 (m, 

4H, Hc+e), 2.16 (t, J = 7.5, 2H, Hf), 2.53 (q, J = 7.4, 2H, Hb), 3.90 (bs, 2H, Hh), 6.67 

(bs, 1H, Hg); 
13

C NMR (100 MHz, CDCl3):  = 24.4, 24.6, 27.7, 33.5, 33.8, 170.1. 

HRES-MS: m/z = 163.0896 [M+H]
+
 (calcd. 163.0900 for C6H15ON2S). 

 

 

To an ice cold solution of 3,5-dihydroxybenzoate (13.5 g, 80.3 mmol) and NEt3 

(34 mL, 243 mmol) in CH2Cl2 (100 mL) was added a solution of (Tf)2O (30.0 mL, 

177 mmol) in CH2Cl2 (40 mL) dropwise. The solution was then allowed to return to 

room temperature and was stirred overnight. Water (200 mL) was then added and the 

aqueous phase was extracted with CH2Cl2 (3 x 50 mL). The combined organic 

phases were washed with HCl (1 M, 100 mL) and brine (100 mL) before drying over 

MgSO4. The residue was purified by flash chromatography (CH2Cl2 : Hexane, 1:4) to 

provide 5 as a white solid (31.3 g, 90%). m.p. 56-58 °C; 
1
H NMR (400 MHz, 

CDCl3): = 4.00 (s, 3H, Ha), 7.44 (s, 1H, Hc), 8.01 (s, 2H, Hb); 
13

C NMR (100 MHz, 
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CDCl3):  = 53.3, 117.0, 119.6, 120.2, 122.6, 134.3, 149.4. HRES-MS: 

m/z = 430.9330 [M-H]
-
 (calcd. For C10H5F6O8S2, 430.9336). 

 

 

To a solution of 5 (29.6 g, 68.5 mmol), CuI (1.25 g, 6.57 mmol) and Pd(PPh3)2Cl2 

(2.34 g, 3.34 mmol) in THF (200 mL) and NEt3 (60 mL) was added 

(Trimethylsilyl)acetylene (6.72 g, 68.5 mmol) dropwise via a syringe pump 

overnight. The volatile compounds were removed under reduced pressure and the 

residue was redissolved in CH2Cl2 (100 mL). The solution was washed with 

saturated NH4Cl (3 x 50 mL). The combined organic phases were then dried over 

MgSO4 and the solvent was removed under reduced pressure. Purification by flash 

chromatography (20% CH2Cl2 in hexane) provided 6 as a yellow oil (20.1 g, 84%). 

1
H NMR (400 MHz, CDCl3): = 0.26 (s, 9H, Hd), 3.95 (s, 3H, Ha), 7.52-7.53 (m, 

1H, Hc), 7.85-7.86 (m, 1H, He), 8.13-8.14 (m, 1H, Hb); 
13

C NMR (100 MHz, CDCl3): 

 = -0.3, 52.8, 98.6, 101.4, 117.0, 120.2, 122.2, 126.1, 128.5, 132.6, 132.9, 149.0, 

164.5. HRES-MS: m/z = 398.0702 [M+NH4]
+
 (calcd. For C14H19O5S1Si1F3N1, 

398.0700). 

 

 

To a solution of 6 (19.1 g, 50.1 mmol) in MeOH (200 mL) was added LiOH (14.4 g, 

604 mmol). The mixture was left to stir for 18 h. After this time the solvent was 

removed under reduced pressure and the residue was dissolved in water (150 mL). 

HCl (6 M) was then added dropwise until a white precipitate was produced. The 

solid was collected by filtration and washed with water (50 mL). 7 was provided as a 

white solid (8.14 g, quant) and was used without further purification. 
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m.p. 192-195 °C; 
1
H NMR (400 MHz, (CD3)2CO): = 3.71 (s, 1H, He), 7.17-7.18 

(m, 1H, Hd), 7.52-7.53 (m, 1H, Hf), 7.61-7.62 (m, 1H, Hb), 9.02 (br, 1H, Hc);
 

13
C NMR (100 MHz, (CD3)2CO):  = 80.5, 84.1, 118.9, 124.4, 125.4, 126.0, 134.2, 

159.3, 167.6. HREI-MS: m/z = 162.0311 [M]
+
 (calcd. For C9H6O3, 162.0311). 

 

 

To an ice cold solution of 7 (3.63 g, 22.4 mmol) in MeOH (200 mL) was injected 

acetyl chloride (2.40 mL, 33.6 mmol). The solution was heated to reflux for 18 h and 

after this time was allowed to return to room temperature before the solvent was 

removed under reduced pressure. The residue was redissolved in Et2O (150 mL), 

washed with water (150 mL) and finally dried over MgSO4 before the solvent was 

removed under reduced pressure. 8 was provided as a white solid and was used 

without further purification (3.77 g, 96%). m.p. 88-90 °C; 
1
H NMR (400 MHz, 

CDCl3): = 3.10 (s, 1H, He), 3.92 (s, 3H, Ha), 5.73 (s, 1H, Hc), 7.16 (dd, J1 = 2.5, 

J2 = 1.4, 1H, Hf), 7.54 (dd, J1 = 2.5, J2 = 1.5, 1H, Hd), 7.73-7.74 (m, 1H, Hb);
 

13
C NMR (100 MHz, CDCl3):  = 52.5, 78.1, 82.3, 117.1, 123.3, 123.7, 125.8, 131.6, 

155.6, 166.3. HRES-MS: m/z = 194.0810 [M+NH4]
+
 (calcd. For C10H12O3N, 

194.0812). 

 

 

To an ice cold solution of 8 (4.07 g, 23.1 mmol) in THF (200 mL) was added 

dropwise LiAlH4 in THF (139 mL of a 1 M solution). The solution was left to stir at 

room temperature for 2 h before any excess LiAlH4 was destroyed. The mixture was 

diluted with Et2O (200 mL) and cooled to 0 °C. Water (5.30 mL) was added 

dropwise, followed by 15% aqueous sodium hydroxide (5.30 mL) and finally more 
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water (16 mL). The mixture was allowed to return to room temperature and was 

stirred for 15 min. MgSO4 was added until the solvent was dry and the salts were 

removed by filtration. The solvent from the filtrate was removed under reduced 

pressure to provide 9 as a white solid which was used without further purification 

(2.08 g, 61%). m.p. 73-75 °C; 
1
H NMR (400 MHz, CD3OD): = 3.39 (s, 1H, Hf), 

4.50 (s, 2H, Hb), 6.76 (s, 1H, Hg), 6.81 (s, 1H, He), 6.92 (s, 1H, Hc); 
13

C NMR (100 

MHz, CD3OD):  = 64.6, 77.8, 84.6, 115.6, 118.4, 122.6, 124.6, 144.8, 158.6. 

HREI-MS: m/z = 148.0518 [M]
+
 (calcd. For C9H8O2, 148.0519). 

 

To a solution of oxalyl chloride (3.05 g, 23.4 mmol) in CH2Cl2 (30 mL) at -78 °C 

was added a solution of DMSO (3.34 mL, 47.0 mmol) in CH2Cl2 (10 mL) dropwise. 

The mixture was stirred for 2 min before a solution of 3-iodobenzyl alcohol (4.99 g, 

21.3 mmol) in CH2Cl2 (20 mL) was added dropwise. The flask was left to stir for 

15 min before NEt3 (15 mL, 106 mmol) was added dropwise. After stirring for a 

further 5 min, the flask was allowed to return to room temperature. Water (100 mL) 

was added to the solution and the aqueous layer was extracted with CH2Cl2 

(3 x 50 mL). The organic layers were combined, washed with brine (100 mL) and 

dried over MgSO4. Removal of the solvent under reduced pressure provided 10 as a 

pale yellow oil which was used without further purification (4.61 g, 93%). 
1
H NMR 

(400 MHz, CDCl3): = 7.17-7.21 (m, 1H, Hc), 7.74 (d, J = 7.7, 1H, Hd), 7.84 (d, 

J = 8.4, 1H, Hb), 8.10 (s, 1H, He), 9.82 (s, 1H, Ha); 
13

C NMR (100 MHz, CDCl3): 

 = 94.6, 128.8, 130.6, 137.8, 138.2, 143.0, 190.5. HREI-MS: m/z = 231.9384 [M]
+
 

(calcd. For C7H5O1I1, 231.9380). 
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To a solution of 10 (5.06 g, 21.8 mmol) and ethylene glycol (6.080 mL, 109 mmol) 

in dry toluene (40 mL) was added p-TsOH (207 mg, 1.09 mmol). The solution was 

heated to reflux using a Dean Stark apparatus for 48 h. After cooling to room 

temperature, the solution was poured onto saturated NaHCO3 (20 mL) and the 

aqueous phase was extracted with CH2Cl2 (3 x 20 mL). The combined organic 

phases were dried over MgSO4 before the solvent was removed under reduced 

pressure. Purification via flash chromatography (30% CH2Cl2 + 0.5% NEt3 in 

hexane) provided 11 as a colourless oil (5.12 g, 85%). 
1
H NMR (400 MHz, CDCl3): 

= 4.01-4.13 (m, 4H, Ha+b), 5.75 (s, 1H, Hc), 7.12 (t, J = 7.8, 1H, He), 7.43 (d, 

J = 7.7, 1H, Hd), 7.70 (d, J = 7.9, 1H, Hf), 7.84 (s, 1H, Hg); 
13

C NMR (100 MHz, 

CDCl3):  = 65.3, 94.1, 102.6, 125.8, 130.1, 135.4, 138.1, 140.2. HREI-MS: 

m/z = 275.9642 [M]
+
 (calcd. For C9H9O2I, 275.9642). 

 

 

 

To a solution of 11 (1.57 g, 5.70 mmol) and 9 (923 mg, 6.23 mmol) in THF (40 mL) 

and NEt3 (15 mL) were added CuI (117 mg, 0.615 mmol) and Pd(PPh3)2Cl2 (191 mg, 

0.272 mmol). The solution was allowed to stir for 18 h before all volatile compounds 

were removed under reduced pressure. The residue was redissolved in EtOAc 

(100 mL) and the organic phase was washed with saturated aqueous NH4Cl 

(3 x 50 mL). The aqueous phases were combined and extracted with EtOAc (50 mL). 

Finally the organic phases were combined, dried over MgSO4 and the filtrate was 

concentrated and purified via flash chromatography (5% MeOH + 0.5 NEt3 in 

CH2Cl2) to provide 12 as a pale brown solid (1.49 g, 88%). m.p. 112-115 °C; 
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1
H NMR (400 MHz, (CD3)2CO): = 3.99-4.04 (m, 2H, Hl), 4.06-4.13 (m, 2H, Hm), 

4.59 (s, 2H, Hb), 5.77 (s, 1H, Hk), 6.90-6.92 (m, 2H, He+f), 7.04 (s, 1H, Hc), 7.41-7.45 

(m, 1H, Hh), 7.47-7.50 (m, 1H, Hi), 7.53-7.56 (m, 1H, Hg), 7.63 (s, 1H, Hj); 
13

C 

NMR (100 MHz, (CD3)2CO):  = 47.5, 65.1, 67.0, 89.9, 91.5, 104.7, 116.1, 118.2, 

122.8, 125.0, 125.4, 128.6, 130.4, 131.4, 133.7, 141.3, 146.7, 159.3. HREI-MS: 

m/z = 296.1046 [M]
+
 (calcd. For C18H16O4, 296.1043). 

 

 

To a solution of 12 (253 mg, 0.853 mmol) and quinoline (1.00 mL of a solution 

comprised of 25 L quinoline in 5 mL hexane) in EtOH (5 mL) and hexane (5 mL) 

was added Lindlar catalyst (5% Pd on CaCO3 poisoned with Pb, 91 mg, 0.043 mmol 

Pd). The solvent was degassed for several minutes before the flask was placed under 

an atmosphere of H2 and the mixture was stirred for 30 minutes. The catalyst was 

removed by filtration and the filtrate was concentrated and purified via flash 

chromatography (5% MeOH + 0.5% NEt3 in CH2Cl2). 13 was provided as a 

colourless oil (265 mg, quant). 
1
H NMR (400 MHz, (CD3)2CO): = 3.91-4.01 (m, 

4H, Hn+o), 4.02 (t, J = 6.0, 1H, Ha), 4.48 (d, J = 5.7, 2H, Hb), 5.67 (s, 1H, Hm), 6.59 

(s, 2H, Hg+h), 6.62 (t, J = 2.0, 1H, Hf), 6.74-6.75 (m, 2H, Hc+e), 7.23-7.29 (m, 3H, 

Hi+j+k), 7.39-7.40 (m, 1H, Hl), 8.21 (br, 1H, Hd); 
13

C NMR (100 MHz, (CD3)2CO): 

 = 65.5, 65.7, 66.8, 105.1, 114.4, 115.6, 120.1, 127.3, 128.9, 129.8, 131.2, 131.4, 

132.5, 139.0, 140.1, 140.6, 146.1, 159.2; HRES-MS: m/z = 316.1546 [M+NH4]
+
 

(calcd. For C18H22O4N1, 316.1543). 
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To a solution of 13 (289 mg, 0.970 mmol) in acetone (10 mL) was added p-TsOH 

(35 mg, 0.184 mmol). The solution was allowed to stir for 18 h before neutralising 

with a few drops of NEt3. The volatile compounds were removed under reduced 

pressure and the residue was purified via flash chromatography (5% MeOH in 

CH2Cl2) to provide 14 as a colourless oil (228 mg, 92%). 
1
H NMR (400 MHz, 

(CD3)2CO): = 4.07 (t, J = 5.9, 1H, Ha), 4.48 (d, J = 5.8, 2H, Hb), 6.59-6.60 (m, 1H, 

Hf), 6.68 (d, J = 1.9, 2H, Hg+h), 6.75-6.76 (m, 2H, Hc+e), 7.47 (t, J = 7.6, 1H, Hj), 

7.57 (d, J = 7.7, 1H, Hi), 7.76 (d, J = 7.6, 1H, Hk), 7.83 (s, 1H, Hl), 8.20 (s, 1H, Hd), 

9.95 (s, 1H, Hm); 
13

C NMR (100 MHz, (CD3)2CO):  = 65.3, 114.7, 115.5, 120.1, 

129.7, 130.4, 130.8, 131.9, 133.7, 136.4, 138.7, 139.6, 140.2, 146.3, 159.2, 193.8. 

HRES-MS: m/z = 272.1284 [M+NH4]
+
 (calcd. For C16H18O3N1, 272.1281). 

 

 

A solution of 3-formylbenzoate (6.07 g, 36.9 mmol), ethylene glycol (6.18 mL, 

110 mmol) and p-TsOH (358 mg, 1.88 mmol) in toluene (50 mL) were heated to 

reflux using a Dean Stark apparatus for 24 h. The solution was allowed to return to 

room temperature and was poured into saturated aqueous NaHCO3 (20 mL). The 

aqueous phase was extracted with EtOAc (2 x 30 mL) and the combined organic 

phases were dried over MgSO4. The solvent was removed under reduced pressure to 

provide 15 as a pale yellow oil which was used without further purification (8.15 g, 

quant).
 1

H NMR (400 MHz, CDCl3): = 3.91 (s, 3H, Hh), 4.02-4.15 (m, 4H, Ha+b), 

5.84 (s, 1H, Hc), 7.45 (t, J = 7.5, 1H, He), 7.67 (d, J = 7.7, 1H, Hd), 8.03 (d, J = 7.6, 

1H, Hf), 8.15 (s, 1H, Hg); 
13

C NMR (100 MHz, CDCl3):  = 52.0, 65.3, 103.0, 127.7, 
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128.5, 130.2, 130.3, 131.0, 138.4, 166.7. HRES-MS: m/z = 209.0807 [M+H]
+
 (calcd. 

For C11H13O4, 209.0808). 

 

 

 

To an ice cold solution of LiAlH4 (1M solution in THF, 100 mL) was added a 

solution of 15 (7.74 g, 37.2 mmol) in THF (60 mL) dropwise. The mixture was 

allowed to return to room temperature and was stirred for a further 2 h. The mixture 

was then diluted with Et2O (1500 mL) and cooled to 0 °C. Water (3.80 mL) was 

added dropwise, followed by 15% aqueous sodium hydroxide (3.80 mL) and finally 

more water (11.4 mL). The mixture was allowed to return to room temperature and 

was stirred for 15 min. MgSO4 was added until the solvent was dry and the salts were 

removed by filtration. The solvent from the filtrate was removed under reduced 

pressure to provide 16 as a colourless oil which was used without further purification 

(5.26 g, 79%). 
1
H NMR (400 MHz, CDCl3): =  4.01-4.15 (m, 4H, Ha+b), 4.67 (s, 

2H, Hh),  5.80 (s, 1H, Hc), 7.36-7.40 (m, 3H, Hd+e+f), 7.48 (s, 1H, Hg);
 13

C NMR (100 

MHz, CDCl3):  = 65.0, 65.3, 103.6, 124.8, 125.8, 127.8, 128.6, 138.0, 141.1. 

HRES-MS: m/z = 181.0858 [M+H]
+
 (calcd. For C10H13O3, 181.0859). 

 

 

To a solution of 16 (4.98 g, 27.6 mmol) and PPh3 (8.72 g, 33.3 mmol) in CH2Cl2 

(200 mL) at -5 °C was added N-bromosuccinimide (5.44 g, 30.6 mmol) in small 

portions. The solution was stirred for 2 h at -5 °C before being added to a suspension 

of silica (25 g) in CH2Cl2 (100 mL) and NEt3 (2 mL) . The volatile compounds were 

removed under reduced pressure and the residue adsorbed onto the silica was 
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purified via flash chromatography (20% EtOAc + 0.5% NEt3 in CH2Cl2) to provide 

17 as a colourless oil (3.54 g, 53%). 
1
H NMR (400 MHz, CDCl3): = 3.93-4.06 (m, 

4H, Ha+b), 4.42 (s, 2H, Hh), 5.72 (s, 1H, Hc), 7.27-7.35 (m, 3H, Hd+e+f), 7.45 (s, 1H, 

Hg); 
13

C NMR (100 MHz, CDCl3):  = 33.1, 65.2, 103.1, 126.4, 126.9, 128.7, 129.7, 

137.7, 138.4. LRES-MS: m/z = 260.0 [M+NH4]
+
 (calcd. For C10H15BrO2N, 260.0). 

 

 

 

To an ice cold solution of 14 (473 mg, 1.86 mmol) in DMF (40 mL) was added NaH 

(60% dispersion in mineral oil, 72 mg, 3.05 mmol). The solution was allowed to stir 

for 15 min before a solution of 17 (72 mg, 1.81 mmol) in DMF (2 mL) was added 

dropwise. The flask was allowed to return to room temperature and was left to stir 

for 18 h. The solvent was removed under reduced pressure and the residue was 

purified via flash chromatography (10% EtOAc + 0.5% NEt3 in CH2Cl2) to provide 

18 as a colourless oil (710 mg, 92%). 
1
H NMR (400 MHz, (CD3)2CO): = 3.97-4.10 

(m, 4H, Hn+o), 4.51-4.53 (m, 2H, Hi), 4.96 (s, 2H, Hm), 5.73 (s, 1H, Hp), 6.72 (s, 2H, 

Hf+g), 6.76 (s, 1H, Hk), 6.88 (s, 1H, Hj), 6.94 (s, 1H, Hl), 7.36-7.58 (m, 6H, 

Hb+c+d+q+s+t), 7.78 (d, J = 7.6, 1H, Hr), 7.83 (s, 1H, He), 9.96 (s, 1H, Ha); 
13

C NMR 

(100 MHz, (CD3)2CO):  = 65.3, 66.9, 71.2, 105.1, 114.4, 114.8, 121.5, 127.5, 127.9, 

129.8, 130.0, 130.1, 130.7, 130.9, 131.6, 133.5, 136.4, 138.8, 139.3, 139.6, 140.1, 

140.8, 146.4, 160.8, 193.8; HRES-MS: m/z = 434.1962 [M+NH4]
+
 (calcd. For 

C26H28O5N1, 434.1962). 
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To an ice cold solution of 18 (197 mg, 0.472 mmol) and NEt3 (1.31 mL, 9.44 mmol) 

in THF (10 mL) was added NaH (60% dispersion in mineral oil, 25 mg, 

0.631 mmol). The resulting mixture was allowed to return to room temperature and 

was stirred vigorously for 75 min. The mixture was then cooled to 0 °C and a 0.1 M 

solution of MsCl in THF (5.2 mL) was added dropwise. The mixture was then 

allowed to return room temperature and was stirred for 15 min. A solution of KSAc 

(161 mg, 1.41 mmol) in DMF (2 mL) was then added and the reaction mixture was 

stirred for 1 h. The volatile compounds were removed under reduced pressure before 

H2O (20 mL) was added and the aqueous phase was extracted with EtOAc 

(3 x 20 mL). The combined organic phases were washed with brine and dried over 

MgSO4 before the removal of volatile compounds under reduced pressure. 

Purification via flash chromatography (1:1 Hexane:CH2Cl2 + 0.5% NEt3) provided 

19 as a deep red oil (209 mg, 93%). 
1
H NMR (400 MHz, (CD3)2CO): = 2.27 (s, 3H, 

Hh), 3.97-4.11 (m, 6H, Hi+n+o), 4.99 (s, 2H, Hm), 5.74 (s, 1H, Hp), 6.69 (d, J = 12.3, 

1H, Hf), 6.74 (d, J = 12.3, 1H, Hg), 6.79-6.80 (m, 2H, Hj+k), 6.87-6.88 (m, 1H, Hl), 

7.37-7.57 (m, 6H, Hb+c+d+r+s+t), 7.78-7.80 (m, 2H, He+q), 9.96 (s, 1H, Ha); 
13

C NMR 

(100 MHz, (CD3)2CO):  = 31.2, 34.3, 66.9, 71.3, 105.1, 115.3, 116.7, 123.8, 127.6, 

128.0, 129.8, 129.9, 130.1, 131.0, 131.2, 131.8, 133.0, 136.4, 138.8, 139.1, 140.0, 

140.1, 140.9, 141.7, 160.9, 193.8, 195.7; HRES-MS: m/z = 492.1833 [M+NH4]
+
 

(calcd. For C28H30O5S1N1, 492.1839). 
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To a solution of 19 (79 mg, 0.167 mmol) in CH2Cl2 (1 mL) and MeOH (1 mL) was 

added one drop of acetic acid. A solution of the C1 walker unit (27 mg, 0.256 mmol) 

in MeOH (0.5 mL) was then added dropwise and the reaction mixture was stirred for 

1 h. The volatile compounds were removed under reduced pressure and the residue 

was purified via flash chromatography (10% EtOAc in CH2Cl2 + 0.5% NEt3) to 

provide a colourless oil (61 mg) which was an inseparable mixture of the desired 

macrocycle precursor and a small amount of the corresponding disulfide dimer. The 

oil was used immediately. 

  

To a solution of the resulting oil (53 mg, 0.094 mmol (based upon assumption that 

the oil is pure monomer)) in CH2Cl2 (4 mL) and MeOH (5 mL) was added NaOMe 

(10 mg, 0.189 mmol). The reaction mixture was left to stir at room temperature for 

18 h. Saturated NH4Cl (5 mL) was then added and the resulting mixture was stirred 

for a further 15 min. The mixture was extracted with EtOAc (3 x 25 mL) and the 

combined organic phases were then washed with brine (50 mL) and dried over 

MgSO4. Removal of the solvent under reduced pressure provided the crude dithiol.  

 

To a solution of the crude dithiol (59 mg, 0.114 mmol) in MeOH (100 mL) and 

CH2Cl2 (100 mL) was added a solution of KI (5 mg, 0.03 mmol) in MeOH (2 mL). 

The solution was then placed in the dark and cooled to 0 °C. A solution of I2 (31 mg, 

0.123 mmol) in MeOH (25 mL) was added dropwise until the yellow colour 

persisted. Na2SO3 was then added until the solution turned colourless and was stirred 

for 15 min at room temperature. H2O (100 mL) and CH2Cl2 (100 mL) were added to 

the solution and the aqueous layer was extracted with CH2Cl2 (2 x 50 mL). The 

combined organic phases were washed with brine (100 mL) and dried over MgSO4. 

The mixture was finally filtered and the volatile compounds were removed under 
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reduced pressure. The crude residue was purified via flash chromatography (10% 

EtOAc in CH2Cl2 + 0.5% NEt3) to provide 20a as a white solid (19 mg, 39% (based 

upon assumption that pure monomer was used after the first step)).
 1

H NMR 

(400 MHz, DMSO-d6): = 3.39 (s, 2H, Hi), 3.87 (s, 2H, Hj), 3.92-4.05 (m, 4H, 

Ho+p), 5.07 (s, 2H, Hn), 5.71 (s, 1H, Hq), 6.58 (d, J = 12.3, 1H, Hg), 6.68 (d, J = 12.2, 

1H, Hh), 6.77 (s, 1H, Hk), 7.01 (s, 1H, Hl), 7.03 (s, 1H, Hm), 7.25 (d, J = 7.4, 1H, Hs), 

7.32-7.40 (m, 6H, Hc+d+e+r+t+u), 7.47 (s, 1H, Hb), 7.81 (s, 1H, Hf), 7.95 (s, 1H, Ha). 

HRES-MS: m/z = 541.1212 [M+Na]
+
 (calcd. For C28H26O4S2N2Na, 541.1226). 

 

 

 

To a solution of 19 (74 mg, 0.156 mmol) in CH2Cl2 (1 mL) and MeOH (1 mL) was 

added one drop of acetic acid. A solution of the C2 walker unit (28 mg, 0.233 mmol) 

in MeOH (0.5 mL) was then added dropwise and the reaction mixture was stirred for 

1 h. The volatile compounds were removed under reduced pressure and the residue 

was purified via flash chromatography (10% EtOAc in CH2Cl2 + 0.5% NEt3) to 

provide a colourless oil (66 mg) which was an inseparable mixture of the desired 

macrocycle precursor and a small amount of the corresponding disulfide dimer. The 

oil was used immediately. 

  

To a solution of the resulting oil (52 mg, 0.091 mmol (based upon assumption that 

the oil is pure monomer)) in CH2Cl2 (2 mL) and MeOH (5 mL) was added NaOMe 

(10 mg, 0.189 mmol). The reaction mixture was left to stir at room temperature for 

18 h. Saturated NH4Cl (5 mL) was then added and the resulting mixture was stirred 

for a further 15 min. The mixture was extracted with EtOAc (3 x 25 mL) and the 

combined organic phases were then washed with brine (50 mL) and dried over 

MgSO4. Removal of the solvent under reduced pressure provided the crude dithiol.  
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To a solution of the crude dithiol (48 mg, 0.089 mmol) in MeOH (100 mL) and 

CH2Cl2 (100 mL) was added a solution of KI (5 mg, 0.03 mmol) in MeOH (2 mL). 

The solution was then placed in the dark and cooled to 0 °C. A solution of I2 (25 mg, 

0.098 mmol) in MeOH (25 mL) was added dropwise until the yellow colour 

persisted. Na2SO3 was then added until the solution turned colourless and was stirred 

for 15 min at room temperature. H2O (100 mL) and CH2Cl2 (100 mL) were added to 

the solution and the aqueous layer was extracted with CH2Cl2 (2 x 50 mL). The 

combined organic phases were washed with brine (100 mL) and dried over MgSO4. 

The mixture was finally filtered and the volatile compounds were removed under 

reduced pressure. The crude residue was purified via flash chromatography (0.5% 

NEt3 in Hexane:EtOAc, 1:1) to provide 20b as a white solid (26 mg, 54% (based 

upon assumption that pure monomer was used after the first step)). 
1
H NMR 

(400 MHz, CD2Cl2): = 2.60-2.70 (m, 4H, Hi+j), 3.82 (s, 2H, Hk), 3.99-4.13 (m, 4H, 

Hp+q), 4.85 (s, 2H, Ho), 5.71 (s, 1H, Hr), 6.60 (d, J = 12.1, 1H, Hh), 6.65-6.68 (m, 2H, 

Hg+m), 6.89 (s, 1H, Hl), 6.99 (s, 1H, Hn), 7.12 (d, J = 7.6, 1H, Hc), 7.24-7.31 (m, 3H, 

Ht+u+v), 7.36-7.39 (m, 3H, He+d+s), 7.53 (s, 1H, Hb), 7.91 (s, 1H, Hf), 9.08 (s, 1H, Ha); 

13
C NMR (100 MHz, CD2Cl2):  = 34.0, 34.4, 44.6, 65.4, 69.7, 103.5, 114.4, 114.5, 

122.2, 124.7, 125.4, 126.1, 128.0, 128.4, 128.5, 128.9, 129.9, 130.8, 131.3, 132.9, 

136.8, 137.4, 138.4, 138.9, 140.9, 142.6, 158.7, 173.1; HREI-MS: m/z = 532.1480 

[M]
+
 (calcd. For C29H28O4S2N2, 532.1485). 

 

 

 

To a solution of 19 (73 mg, 0.155 mmol) in CH2Cl2 (2 mL) and MeOH (5 mL) was 

added one drop of acetic acid. A solution of the C3 walker unit (28 mg, 0.212 mmol) 

in MeOH (0.5 mL) was then added dropwise and the reaction mixture was stirred for 

1 h. The volatile compounds were removed under reduced pressure and the residue 

was purified via flash chromatography (10% EtOAc in CH2Cl2 + 0.5% NEt3) to 
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provide a colourless oil (68 mg) which was an inseparable mixture of the desired 

macrocycle precursor and a small amount of the corresponding disulfide dimer. The 

oil was used immediately. 

  

To a solution of the resulting oil (58 mg, 0.098 mmol (based upon assumption that 

the oil is pure monomer)) in CH2Cl2 (2 mL) and MeOH (5 mL) was added NaOMe 

(10 mg, 0.182 mmol). The reaction mixture was left to stir at room temperature for 

18 h. Saturated NH4Cl (5 mL) was then added and the resulting mixture was stirred 

for a further 15 min. The mixture was extracted with EtOAc (3 x 25 mL) and the 

combined organic phases were then washed with brine (50 mL) and dried over 

MgSO4. Removal of the solvent under reduced pressure provided the crude dithiol.  

 

To a solution of the crude dithiol (57 mg, 0.104 mmol) in MeOH (100 mL) and 

CH2Cl2 (100 mL) was added a solution of KI (7 mg, 0.04 mmol) in MeOH (2 mL). 

The solution was then placed in the dark and cooled to 0 °C. A solution of I2 (26 mg, 

0.102 mmol) in MeOH (25 mL) was added dropwise until the yellow colour 

persisted. Na2SO3 was then added until the solution turned colourless and was stirred 

for 15 min at room temperature. H2O (100 mL) and CH2Cl2 (100 mL) were added to 

the solution and the aqueous layer was extracted with CH2Cl2 (2 x 50 mL). The 

combined organic phases were washed with brine (100 mL) and dried over MgSO4. 

The mixture was finally filtered and the volatile compounds were removed under 

reduced pressure. The crude residue was purified via flash chromatography (0.5% 

NEt3 in Hexane:EtOAc, 1:1) to provide 20c as a white solid (30 mg, 55% (based 

upon assumption that pure monomer was used after the first step)).
1
H NMR (400 

MHz, CD2Cl2): = 1.80-1.87 (m, 2H, Hj), 2.12 (t, J = 7.5, 2H, Hk), 2.52 (t, J = 7.1, 

2H, Hi), 3.78 (s, 2H, Hl) 3.99-4.13 (m, 4H, Hq+r), 4.78 (s, 2H, Hp), 5.72 (s, 1H, Hs), 

6.60 (s, 2H, Hg+h), 6.85 (s, 1H, Hn), 6.89 (s, 1H, Ho), 6.93 (s, 1H, Hm), 7.17 (d, 

J = 7.5, 1H, Hw), 7.24 (d, J = 7.5, 1H, Hu), 7.29-7.33 (m, 3H, He+t+v), 7.37-7.43 (m, 

2H, Hc+d), 7.60 (s, 1H, Hb), 8.02 (s, 1H, Hf), 9.02 (s, 1H, Ha); 
13

C NMR (100 MHz, 

CD2Cl2):  = 26.3, 32.4, 38.9, 42.8, 65.7, 70.1, 103.8, 113.4, 117.3, 123.2, 124.8, 

125.9, 126.5, 128.4, 128.7, 128.9, 129.4, 130.0, 130.9, 131.7, 133.7, 137.6, 138.7, 
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138.8, 140.0, 142.6, 158.3, 175.4; HRES-MS: m/z = 547.1723 [M+H]
+
 (calcd. For 

C30H31O4S2N2, 547.1720). 

 

 

  

To a solution of 19 (69 mg, 0.146  mmol) in CH2Cl2 (1 mL) and MeOH (1 mL) was 

added one drop of acetic acid. A solution of the C4 walker unit (36 mg, 0.244 mmol) 

in MeOH (0.5 mL) was then added dropwise and the reaction mixture was stirred for 

1 h. The volatile compounds were removed under reduced pressure and the residue 

was purified via flash chromatography (5% EtOAc in CH2Cl2 + 0.5% NEt3) to 

provide a colourless oil (62 mg) which was an inseparable mixture of the desired 

macrocycle precursor and a small amount of the corresponding disulfide dimer. The 

oil was used immediately. 

  

To a solution of the resulting oil (62 mg, 0.103 mmol (based upon assumption that 

the oil is pure monomer)) in CH2Cl2 (2 mL) and MeOH (5 mL) was added NaOMe 

(12 mg, 0.218 mmol). The reaction mixture was left to stir at room temperature for 

18 h. Saturated NH4Cl (5 mL) was then added and the resulting mixture was stirred 

for a further 15 min. The mixture was extracted with EtOAc (3 x 25 mL) and the 

combined organic phases were then washed with brine (50 mL) and dried over 

MgSO4. Removal of the solvent under reduced pressure provided the crude dithiol.  

 

To a solution of the crude dithiol (58 mg, 0.103 mmol) in MeOH (100 mL) and 

CH2Cl2 (100 mL) was added a solution of KI (6 mg, 0.03 mmol) in MeOH (2 mL). 

The solution was then placed in the dark and cooled to 0 °C. A solution of I2 (29 mg, 

0.113 mmol) in MeOH (25 mL) was added dropwise until the yellow colour 

persisted. Na2SO3 was then added until the solution turned colourless and was stirred 

for 15 min at room temperature. H2O (100 mL) and CH2Cl2 (100 mL) were added to 
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the solution and the aqueous layer was extracted with CH2Cl2 (2 x 50 mL). The 

combined organic phases were washed with brine (100 mL) and dried over MgSO4. 

The mixture was finally filtered and the volatile compounds were removed under 

reduced pressure. The crude residue was purified via flash chromatography (0.5% 

NEt3 in Hexane:EtOAc, 1:1) to provide 20d as a white solid (19 mg, 33% (based 

upon assumption that pure monomer was used after the first step)). 
1
H NMR (400 

MHz, CD2Cl2): = 1.54-1.58 (m, 4H, Hj+k), 2.07-2.11 (m, 2H, Hl), 2.36-2.40 (m, 2H, 

Hi), 3.79 (s, 2H, Hm), 3.98-4.11 (m, 4H, Hr+s), 4.72 (m, 2H, Hq), 5.71 (s, 1H, Ht), 

6.53 (d, J = 12.6, 1H, Hh), 6.60 (d, J = 12.6, 1H, Hg), 6.86 (s, 1H, Hn), 6.99 (s, 1H, 

Hp), 7.09 (s, 1H, Ho), 7.17 (d, J = 7.5, 1H, Hv), 7.22 (d, J = 7.6, 1H, Hc), 7.27-7.34 

(m, 3H, Hu+w+x), 7.37 (d, J = 7.5, 1H, He), 7.44 (t, J = 7.7, 1H, Hd), 7.67 (s, 1H, Hb), 

8.30 (s, 1H, Hf), 8.84, (s, 1H, Ha); 
13

C NMR (100 MHz, CD2Cl2):  = 24.9, 29.5, 

32.4, 37.1, 44.5, 65.7, 70.1, 103.8, 111.9, 116.2, 123.8, 125.2, 125.8, 126.5, 128.3, 

128.9, 129.2, 129.6, 129.8, 130.4, 131.8, 133.7, 137.5, 137.7, 138.0, 138.9, 141.2, 

142.7, 158.8, 175.4; HRES-MS: m/z = 561.1872 [M+H]
+
 (calcd. For C31H33N2O4S2. 

561.1876). 

 

 

 

To a solution of 19 (70 mg, 0.148  mmol) in CH2Cl2 (1 mL) and MeOH (2 mL) was 

added one drop of acetic acid. A solution of the C5 walker unit (32 mg, 0.198 mmol) 

in MeOH (0.5 mL) was then added dropwise and the reaction mixture was stirred for 

1 h. The volatile compounds were removed under reduced pressure and the residue 

was purified via flash chromatography (10% EtOAc in CH2Cl2 + 0.5% NEt3) to 

provide a colourless oil (60 mg) which was an inseparable mixture of the desired 

macrocycle precursor and a small amount of the corresponding disulfide dimer. The 

oil was used immediately. 
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To a solution of the resulting oil (56 mg, 0.091 mmol (based upon assumption that 

the oil is pure monomer)) in CH2Cl2 (2 mL) and MeOH (5 mL) was added NaOMe 

(10 mg, 0.188 mmol). The reaction mixture was left to stir at room temperature for 

18 h. Saturated NH4Cl (5 mL) was then added and the resulting mixture was stirred 

for a further 15 min. The mixture was extracted with EtOAc (3 x 25 mL) and the 

combined organic phases were then washed with brine (50 mL) and dried over 

MgSO4. Removal of the solvent under reduced pressure provided the crude dithiol.  

 

To a solution of the crude dithiol (51 mg, 0.089 mmol) in MeOH (100 mL) and 

CH2Cl2 (100 mL) was added a solution of KI (5 mg, 0.03 mmol) in MeOH (2 mL). 

The solution was then placed in the dark and cooled to 0 °C. A solution of I2 (27 mg, 

0.107 mmol) in MeOH (25 mL) was added dropwise until the yellow colour 

persisted. Na2SO3 was then added until the solution turned colourless and was stirred 

for 15 min at room temperature. H2O (100 mL) and CH2Cl2 (100 mL) were added to 

the solution and the aqueous layer was extracted with CH2Cl2 (2 x 50 mL). The 

combined organic phases were washed with brine (100 mL) and dried over MgSO4. 

The mixture was finally filtered and the volatile compounds were removed under 

reduced pressure. The crude residue was purified via flash chromatography (10% 

EtOAc in CH2Cl2 + 0.5% NEt3) 20e as a white solid (18 mg, 35% (based upon 

assumption that pure monomer was used after the first step)). 
1
H NMR (400 MHz, 

CD2Cl2): = 1.27-1.34 (m, 2H, Hk), 1.40-1.47 (m, 2H, Hl), 1.59-1.66 (m, 2H, Hj), 

2.28 (t, J = 7.1, 2H, Hm), 2.59 (t, J = 7.3, 2H, Hi), 3.74 (s, 2H, Hn), 4.00-4.13 (m, 4H, 

Hs+t), 4.80 (s, 2H, Hr), 5.75 (s, 1H, Hu), 6.56 (d, J = 12.3, 1H, Hh), 6.69 (d, J = 12.3, 

1H, Hg), 6.80-6.84 (m, 3H, Ho+p+q), 7.25-7.46 (m, 7H, Hc+d+e+v+w+x+y), 7.67 (s, 1H, 

Hb), 7.85 (s, 1H, Hf), 9.16 (s, 1H, Ha); 
13

C NMR (100 MHz, CD2Cl2):  = 25.3, 28.0, 

28.6, 32.5, 39.4, 44.5, 65.7, 70.0, 103.8, 113.0, 116.6, 123.8, 125.4, 125.8, 126.4, 

127.9, 128.3, 128.8, 129.6, 130.3, 130.8, 131.0, 134.4, 137.5, 138.2, 138.8, 138.9, 

140.1, 143.0, 158.7, 176.0; HRES-MS: m/z = 575.2027 [M+H]
+
 (calcd. For 

C32H35O4S2N2, 575.2033). 
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Figure 3.  Crystal structure of 20a 

 

Identification code  dled181 

Empirical formula  C28 H26 N2 O4 S2 

Formula weight  518.63 

Temperature  93(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 9.536(4) Å = 94.91(6)°. 

 b = 11.806(5) Å = 107.59(6)°. 

 c = 12.392(5) Å  = 108.41(8)°. 

Volume 1236.3(9) Å3 

Z 2 

Density (calculated) 1.393 Mg/m3 

Absorption coefficient 0.254 mm-1 

F(000) 544 

Crystal size 0.2000 x 0.1000 x 0.1000 mm3 

Theta range for data collection 1.76 to 25.34°. 

Index ranges -11<=h<=9, -13<=k<=13, -12<=l<=14 

Reflections collected 7786 

Independent reflections 4383 [R(int) = 0.0330] 

Completeness to theta = 25.00° 97.4 %  

Absorption correction Multiscan 

Max. and min. transmission 1.0000 and 0.9202 

Refinement method Full-matrix least-squares on F2 
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Data / restraints / parameters 4383 / 1 / 330 

Goodness-of-fit on F2 1.091 

Final R indices [I>2sigma(I)] R1 = 0.0495, wR2 = 0.1043 

R indices (all data) R1 = 0.0640, wR2 = 0.1146 

Largest diff. peak and hole 0.418 and -0.442 e.Å-3 
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Synopsis 

 

The previous chapter discussed a dynamic covalent molecular switch, where the 

occupancy of two footholds by a “walker unit” can be biased to one side through the 

photoisomerisation of a central stilbene motif. The switching disturbs the relative 

free energies of the positional isomers to such an extent that one foothold becomes 

far more energetically favoured for the walker unit to attach to, hence introducing 

bias into the system. The previous chapter also mentioned a logical continuation 

where a system possessing a four-foothold track with the switchable stilbene moiety 

situated in the centre could be developed. Such a molecule is thought to be arranged 

in a manner that it can operate via an energy ratchet mechanism, where the overall 

position of the walker units on the four foothold track can be biased towards one 

side, away from a steady state situation and achieve net directionality by repetitive 

cycles of three main steps; the base catalysed disulfide exchange followed by acid 

promoted hydrazone exchange (in the presence of stilbene photoisomerisation 

(Z  E)) and re-isomerisation (E  Z) to reset the machine. This chapter outlines 

the design, synthesis and proposed operation of the four-foothold dynamic covalent 

energy ratchet, Z-(1,2-1). 
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4.1 Introduction 

 

The dynamic covalent molecular switch detailed in Chapter Three, displays a 

remarkable bias towards foothold 3 when acid promoted hydrazone exchange is 

coupled with photoisomerisation of the stilbene motif. The walker unit possessing a 

C4 hydrocarbon backbone was of the optimum length where the greatest bias was 

achieved upon switching the stilbene from the Z to E form.  

 

Leigh‟s walking molecule
[1]

 reaches a steady state, minimum energy distribution of 

walker units after several operations of the hydrazone and disulfide exchange 

conditions, however, directionality can be achieved by means of an information 

ratchet mechanism.
[ 2 ]

 The results presented in Chapter Three coupled with the 

knowledge gained from Leigh‟s walking molecule have laid down the foundations 

for the pursuit of an impressive molecular machine which achieves directionality by 

the manipulation of the relative free energies of each positional isomer; the 

four-foothold dynamic covalent energy ratchet.
[3]

 This system will be designed and 

synthesised in such a manner that the operational process will result in the 

distribution of the walker units being driven away from equilibrium, achieving a 

distinct bias in the distribution of walker units by repetitive cycles of base induced 

disulfide exchange followed by acid promoted hydrazone exchange (in the presence 

of stilbene isomerisation). 

 

4.2 Design of the Dynamic Covalent Energy Ratchet 

 

It is possible to view the dynamic covalent molecular switch presented in Chapter 

Three as a “model study” for the plausibility of the dynamic covalent energy ratchet. 

The biasing/ratcheting process was investigated in detail where the structure of the 

system and the conditions were optimised so that the maximum bias could be 

achieved (a ratio of 74:26 was converted to 23:77 upon irradiation in the presence of 

TFA). The results implied that the concept of the dynamic covalent energy ratchet 

was reasonable and that it could operate successfully once synthesised. In order to 
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maximise a positive outcome for the operation of the energy ratchet, three design 

elements must be present:  

 A walker unit with a C4 hydrocarbon spacer allowed the molecular switch to 

operate with the greatest bias. The initial design of the energy ratchet will 

therefore employ a C4 walker unit. 

 The conditions discovered for the photoisomerisation of the stilbene motif 

from Z to E configuration require iodine to be present.
[4]

 This means that the 

biasing step must be carried out during the hydrazone exchange as for the 

molecular switch studies and not the disulfide exchange. This is because 

iodine oxidises thiols to disulfides, meaning that simultaneous thiol-disulfide 

exchange and Z to E photoisomerisation is not possible under these 

conditions. As a consequence, under iodine conditions, bias can only be 

achieved in one direction (moving from left to right as shown in Scheme 4.1).  

 The C4 walker unit forms a macrocycle which is not flexible enough to 

undergo stilbene isomerisation completely when it is kinetically locked (a 

photostationary state of 60% E was achieved with the molecular switch 

possessing a C4 walker unit). The biasing step must therefore be carried out 

by irradiating in the presence of the acid promoted hydrazone exchange. 

 

The dynamic covalent chemistry that will be used to control the position of the 

walker unit along the track of the energy ratchet will be the acid promoted hydrazone 

exchange and the base induced disulfide exchange. This chemistry was exploited to 

great lengths in Leigh‟s walking molecule and as a result it is well understood and 

reliable.
[1]

 The mild conditions discovered for stilbene isomerisation in Chapter 

Three allow the biasing step to be carried out without decomposition of the sensitive 

disulfide functional group and the orthogonality of the two reactions
[5]

 means that the 

walker unit does not become completely detached from the track under the different 

sets of conditions. When the dynamic exchange of one foot is being addressed, the 

other foot remains kinetically locked to the track thus ensuring that the system 
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operates in a processive manner where walker units do not detach from one molecule 

and reattach themselves to the track of another system. 

 

The design of the energy ratchet is given in Figure 4.1. The central stilbene motif is 

in the Z configuration and the walker unit (shown in orange) is anchored to footholds 

1 and 2 such that the system is labelled Z-(1,2-1). The four footholds (green for thiol/ 

sulfur foothold and blue for aldehyde foothold) are in a staggered arrangement so 

that the walker unit can move in a stepwise, processive manner along the track. As 

thiols are known to oxidise readily to disulfides, the thiol foothold, 3 is protected as a 

disulfide with the aliphatic methyl ester thiol, ensuring that foothold 3 can only 

interact with the foot of the corresponding walker unit under the exchange 

conditions. 

 

 

Figure 4.1. The proposed design of the four-foothold dynamic covalent energy ratchet, Z-(1,2-1). 

 

4.3 Proposed Operation of the Energy Ratchet 

 

The intended operational process for the energy ratchet is given in Scheme 4.1. The 

system will be synthesised with the walker unit attached to footholds 1 and 2 such 

that the starting material is 100% Z-(1,2-1). Treatment of Z-(1,2-1) (condition I) with 

the strong base 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), DL-dithiothreitol (DTT) 

(the source of a nucleophillic thiolate anion used to initiate disulfide exchange
[6]

), 

and dimethyl 3,3‟-disulfanediyldipropanoate ((MeO2CCH2CH2S)2), the placeholder 

disulfide, will generate a mixture of Z-(1,2-1) and Z-(2,3-1) with a ratio that is 

specific to this system possessing a C4 walker unit. This mixture will then be 
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subjected to the biasing conditions determined in Chapter Three (condition II), where 

the addition of a catalytic amount of trifluoroacetic acid (TFA), coupled with 

irradiation under visible light for 90 min in the presence of one equivalent I2 will 

cease disulfide exchange and induce the hydrazone exchange whilst simultaneously 

switching the stilbene moiety from the Z to E form. The free energies of the 

positional isomers 2,3-1 and 3,4-1 will be altered such that it will be more 

energetically favourable for the hydrazide foot of the walker unit to traverse to 

foothold 4 rather than remain at foothold 2,  resulting in the equilibrium shifting 

towards the right hand side. This is due to the ring strain of the E-2,3-1 positional 

isomer being greater than E-3,4-1 after photoisomerisation of the stilbene motif.  

 

The system will be able to operate in the same manner as Leigh‟s walking 

molecule,
[1]

 where a minimum energy distribution of walker units can be achieved 

along the track, simply by avoiding the stilbene switching process in condition II. If 

the system is just treated with TFA alone, no bias will be realised and the molecule 

will not operate as an energy ratchet. In fact, the results for this mode of operation 

will be required in order to determine how effective the system does operate as a 

ratchet under the stilbene isomerisation conditions in the presence of TFA. 

 

After the biasing step (condition II), there will be a mixture of three positional 

isomers, E-(1,2-1), E-(2,3-1) and E-(3,4-1) with the possibility of a fourth unwanted 

isomer, the double step E-(1,4-1). The ratio of E-(1,2-1):E-(2,3-1):E-(3,4-1) will be 

specific to this molecule after one cycle of conditions I and II. The aim is to drive the 

system away from the steady state. Consequently, the cycle of conditions I and II 

must be repeated several times in order to drive the distribution of walker units 

towards forming the 3,4-1 positional isomer. However, before another cycle of 

conditions I and II can begin, the mixture must be returned to the Z form under 

conditions III which were also determined in Chapter Three (1 eq. benzil, h 

(350 nm), 7 min). This process of switching the system back to the Z form effectively 

resets the energy ratchet so that more walker units can be driven away from 

equilibrium. In general, the Z form is important for obtaining 2,3-1 and the E form is 

important for achieving the 3,4-1 positional isomer of the energy ratchet. 
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Scheme 4.1. Proposed operation of the dynamic covalent energy ratchet. After several cycles of 

conditions I, II and III, the system will approach a significantly biased distribution of walker units 

where the equilibrium is driven to the right hand side resulting in the positional isomer 3,4-1 being 

present in excess. Block arrows indicate the application of the given conditions which lead to 

equilibria. 

 

The process will begin again; condition I will be employed to address the remaining 

Z-(1,2-1) from the first cycle. The original ratio of Z-(1,2-1):Z-(2,3-1) will be 

established again, since the 2,3-1 positional isomer will have been significantly 

reduced after the first cycle of the biasing step (cycle I, condition II). The molecules 

with the walker units in the 3,4 position from condition II of the first cycle will 

remain fixed by the ratchet mechanism. This is because under the disulfide exchange 

conditions, the walker unit of the 3,4 positional isomer only has the option of 
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remaining in this position or forming the energetically unfavourable 1,4 isomer. 

Subjecting the new mixture (from condition I of cycle II) to the biasing step 

(condition II) will once again make the 3,4 positional isomer more energetically 

favourable over 2,3 and drive even more walker units towards the right hand side (E-

(3,4-1)). Finally, repeating condition III and resetting the system to the Z 

configuration will prepare the energy ratchet for another cycle to drive further away 

from equilibrium. 

 

After several cycles, it is expected that the system will approach a maximum 

distribution of walker units located in the position 3,4 where no further bias will be 

possible. As the biasing step (condition II) does not completely favour 3,4-1 over 

2,3-1,
[7]

 the system will never be able to approach 100% 3,4-1, however, a significant 

bias will certainly be established and therefore net directional movement of the 

walker units will be achieved. 

 

4.4. Synthetic Strategies Towards the Energy Ratchet 

 

The design of a molecule that is capable of „walking‟ (molecule 1) is deceptively 

simple at first glance. The synthesis of this compound poses a great challenge due to 

the presence of a stilbene moiety and a macrocycle which includes the potentially 

fragile hydrazone and disulfide functionalities. Although the structure is similar to 

that of Leigh‟s walking molecule, the crucial difference is that the energy ratchet has 

a stilbene moiety in the central position where Leigh‟s molecule has a triazole 

functionality. A seemingly small structural change between the two necessitates a 

very different synthetic pathway towards the target molecule. When designing the 

synthesis of molecules as complex as the energy ratchet, an efficient approach is a 

key requirement. Therefore, a convergent synthesis is the most sensible option where 

large building blocks can be coupled together, leading to the structure more easily 

than that of a linear approach.
[8]

 In fact on closer inspection of the structure of the 

energy ratchet, a convergent synthesis is essential if a molecule is to be synthesised 

with the walker units initially located on footholds 1 and 2 and footholds 3 and 4 to 

be unoccupied. 
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4.4.1. Retrosynthesis: Employing a Sonogashira Coupling and the Lindlar 

Reduction 

 

When conducting a retrosynthetic analysis of the energy ratchet, the most obvious 

disconnection is in the centre of the molecule, through the double bond of the 

stilbene. The initially proposed retrosynthesis for the dynamic covalent energy 

ratchet is outlined in Scheme 4.2. The operation of the energy ratchet will benefit 

from the system being 100% of the Z form, therefore an efficient and elegant method 

of introducing the Z double bond would be to exploit the Lindlar reduction; a well 

known and reliable reaction that stereospecifically provides Z double bonds
[9]

 and 

more importantly, has been proven to be an effective way of creating stilbene 

functional groups.
[10]

 The pathway of the synthesis is arranged such that the two 

halves of the molecule (an acetylene macrocycle possessing footholds 1 and 2 and an 

iodide containing footholds 3 and 4) are constructed independently from one another. 

The penultimate reaction is a Sonogashira coupling
[11]

 of the two units to form a 

central acetylene bond which would then be subjected to a mono hydrogenation via 

the Lindlar reduction, yielding a Z stilbene. 

 

The synthesis of the macrocycle unit possessing footholds 1 and 2 began with a 

coupling reaction between 3-ethynyl-5-hydroxybenzaldehyde and 

3-chloromethylbenzyl alcohol; two building blocks previously synthesised in the 

Leigh group.
[1]

 The alcohol would then be converted to the corresponding thioacetate 

and then finally, attachment of the C4 walker unit (shown in orange) and 

macrocyclisation would furnish the macrocycle unit.  

 

The synthesis of the iodide unit possessing footholds 3 and 4 began with a coupling 

reaction between 3-chloromethylbenzaldehyde and 3-hydroxy-5-iodo benzyl alcohol. 

The alcohol would be converted to the corresponding thioacetate and then attachment 

of 3-mercaptopropionic acid would protect the thiol foothold, 3, as the disulfide. 

Finally, the acid functionality would be converted to the corresponding methyl ester, 

providing the unit, ready for coupling with the acetylene macrocycle. 
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Scheme 4.2. Retrosynthesis of the four foothold dynamic covalent energy ratchet, with the final two 

steps of the synthesis being a Sonogashira coupling followed by a Lindlar reduction of the double 
bond.  
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The two halves of the molecule were to be brought together with a Sonogashira 

coupling reaction; yielding a central acetylene. The aldehyde functional group was to 

be protected as an acetal and a mono hydrogenation via a Lindlar reduction on this 

compound would finally introduce the Z-stilbene motif.  

 

4.4.2. Synthesis: Employing a Sonogashira Coupling and the Lindlar Reduction 

 

The synthesis of the iodide 11, possessing footholds 3 and 4 is given in Scheme 4.3. 

Iodination of 3-nitrobenzoate provided 2 in a modest yield. 2 was then reduced to the 

corresponding aniline, 3 in excellent yield. Diazotization of 3 in aqueous sulfuric 

acid gave the diazonium salt which was decomposed in aqueous sulfuric acid to 

introduce the phenolic functionality. This provided 4 in very good yield with a small 

percentage of the corresponding acid (approx. 10%) from partial hydrolysis of the 

methyl ester. Reduction of the methyl ester functionality of 4 provided the 

monomeric building block 5.  

 

3-chloromethylbenzoic acid was reduced to provide 3-chloromethylbenzyl alcohol 

(6), which was then subjected to a Swern oxidation to give 

3-Chloromethylbenzaldehyde (7), in good yield. A Williamson ether coupling 

between the building blocks 5 and 7 provided 8 with relative ease. The benzyl 

alcohol functionality of 8 was converted to its corresponding mesylate, which was 

then reacted in-situ via a substitution reaction with potassium thioacetate to provide 9 

in quantitative yield. In order to introduce the thiol foothold, an aliphatic protecting 

group was necessary. An iodine titration of 9 in the presence of 3-mercaptopropionic 

acid gave the disulfide 10 and finally, esterification of this compound provided 11 in 

quantitative yield. 
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Scheme 4.3. The synthesis of molecule 11, the iodide unit possessing footholds 3 and 4. Reagents and 

conditions: (a) TfOH, N-iodosuccinimide, 48 h, 38%; (b) SnCl2, EtOH, THF, reflux, 30 min, 93%; 

(c) H2SO4, H2O, NaNO2, 0 ˚C, 15 min, (d) H2SO4, 90 ˚C, 45 min, 76% ; (e) LiAlH4, THF, 3 h, 52%; 

(f) Ethyl chloroformate, NEt3, THF, 0 ˚C, 30 min, (g) NaBH4, H2O, 18 h, 88%; (h) Oxalyl chloride, 

DMSO, CH2Cl2, -78 ˚C, 15 min, (i) NEt3, 5 min, 71%; (j) NaH, DMF, 18 h, 81%; (k) NaH, NEt3, 

THF, 1 h, 0 ˚C  RT, (l) MsCl, 0 ˚C  RT, 30 min, (m) KSAc, DMF, 1 h, quant.; (n) p-TsOH, 

trimethyl orthoformate, MeOH, CH2Cl2, 1 h, (o) NaOMe, 30 min, (p) 3-mercaptopropionic acid, 

NaOMe, I2, 48%; (q) Acetyl chloride, MeOH, reflux, 1 h, quantitative. 

 

The synthesis of the acetylene macrocycle, 20, is given in Scheme 4.4. 

3,5-dihydroxybenzaldehyde was subjected to a double triflation reaction to give 12, 

which was then used in a mono-selective Sonogashira reaction to provide the 

unsymmetrical product, 13. This was followed by simultaneous deprotection of the 

trimethylsilyl and triflate groups to provide the monomeric building block, 14. A 

Williamson ether coupling between 14 and 3-chloromethylbenzyl alcohol, 6, gave 

rise to 15. The benzyl alcohol was converted to the corresponding mesylate which 

under the given reaction conditions was allowed to proceed to the corresponding 

chloride. The chloride was then reacted in situ via a substitution reaction with 

potassium thioacetate to give 16. 

 

The C4 walker unit, 18, was synthesised over two steps. 5-bromopentanoate was 

subjected to a substitution reaction with potassium thioacetate to provide 17, which 
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was then treated with hydrazine monohydrate in MeOH to give 18. Attachment of 

the walker unit, 18 to 16 was achieved firstly by anchoring the hydrazide foot to the 

track by acid catalysis, providing 19, which was used immediately for fear of the free 

thiol groups on the walker units oxidising and forming an unwanted dimer. 19 was 

converted to the dithiol which was then subjected to an iodine titration, successfully 

completing the macrocyclisation, giving 20. 

 

 
 

 

Scheme 4.4. The synthesis of macrocycle 20. Reagents and conditions: (a) Tf2O, NEt3, CH2Cl2, RT, 

2h, 58%; (b) trimethylsilyl acetylene, CuI, Pd(PPh3)2Cl2, THF, NEt3, 0 °CRT, 18 h, 79%; (c) LiOH, 

MeOH, 0 °CRT, 18 h, 83%; (d) 6, NaH, DMF, 0 °CRT, 48 h,  65%; (e) MsCl, NEt3, CH2Cl2, 

0 °CRT, 24 h, 87%, (f) KSAc, DMF, RT, 3 h, 77%; (g) KSAc, DMF, RT, 1 h, 98%; (h) N2H4
 . H2O, 

MeOH, reflux, 18 h, 49%; (i) HOAc, MeOH, RT, 2 h, 73 %; (j) NaOMe, MeOH, CH2Cl2, RT, 2 h, 
(k) KI, I2, RT, 47 %. 
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The final two crucial steps in the attempted synthesis of the energy ratchet are given 

in Scheme 4.5. A Sonogashira coupling reaction between 11 and 20 afforded the 

acetylene precursor to the energy ratchet, 21. The aldehyde of this compound was 

then protected as an acetal owing to the orthogonality of the protecting group to the 

Lindlar reduction.
[12]

 The Lindlar reduction was then attempted on 22 in order to 

obtain the final energy ratchet product, Z-(1,2-1). The reaction was attempted many 

times, however all efforts proved unsuccessful. The solvent mixture, catalyst loading, 

quinoline loading, concentration, reaction time and temperature were all varied and 

yet no product was detected. The starting material 22 remained unreacted even 

without catalyst poisoning, or when reactive catalysts such as Pd/C and PtO2 were 

used. However, it was noticed that when a stoichiometric amount of the Lindlar 

catalyst (5% Pd on CaCO3, poisoned with Pb) was used, the mixture became 

extremely difficult to monitor by TLC, where multiple spotting of the concentrated 

mixture onto the silica loaded plates showed no material under the ultraviolet light. It 

was realised that the starting material, 22 was binding strongly to the heterogeneous 

catalyst and as a result was being removed from solution, forbidding any to be 

deposited on the TLC plate. This alarming discovery together with the reduction 

being unsuccessful led to investigations into Lindlar catalyst poisons. After much in 

depth searching into the literature it was discovered that catalytic hydrogenations are 

often suppressed or degraded by the presence of sulfur or nitrogen containing 

compounds.
[13]

  The disulfide functional group in particular has been proven to be 

one of the strongest poisons of Pd catalysts, where it completely deactivates the 

Lindlar catalyst
[13a]

 and can also shut down the more active hydrogenation catalysts 

such as Pd/C.  It was realised immediately that this synthetic pathway, employing the 

Lindlar reduction on 22 (which has two disulfide functional groups) was impossible 

and a new route to the dynamic covalent energy ratchet was required. 
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Scheme 4.5. The final two steps in the synthesis of the dynamic covalent energy ratchet intended to 

exploit a Sonogashira coupling of units 11 and 20 and a Lindlar reduction on 22 to obtain a double 

bond with a Z conformation. However, the Lindlar reduction was unsuccessful and only the acetylene 

22 could be achieved. Reagents and conditions: (a) CuI, Pd(PPh3)2Cl2, THF, NEt3, RT, 18 h, 20%; (b) 

trimethyl orthoformate, p-TsOH, CH2Cl2, MeOH, RT, 18 h, 82%; (c) H2, Lindlar catalyst, MeOH, 

CH2Cl2, quinoline or  H2, Lindlar catalyst, EtOH, hexane, quinoline or H2, Lindlar catalyst, THF, 

quinoline or H2, Lindlar catalyst, EtOAc, quinoline or H2, Lindlar catalyst, MeOH, CH2Cl2 or  H2, 

Lindlar catalyst, EtOH, hexane or H2, Lindlar catalyst, THF or H2, Lindlar catalyst, EtOAc or H2, 
Pd/C, EtOH or H2, PtO2, EtOH. 

 

4.4.3. Investigations into Employment of the Heck Reaction 

 

With the Lindlar catalyst being completely deactivated by the presence of the 

disulfide functional group, new routes had to be investigated into installing the 

central stilbene motif within the energy ratchet structure. The Heck reaction; an 

effective cross coupling, commonly used to construct double bonds from existing 

alkenes and aryl halides,
[14]

 has been proven to be a viable method for the synthesis 

of stilbenoids.
[14a, 15]

 A simple test reaction was employed to examine whether or not 

the functional groups present in the building blocks for the energy ratchet would be 



Chapter Four 
 

150 

 

compatible with the conditions required for the Heck reaction. The presence of the 

hydrazone functionality in the building blocks did not present much concern as there 

are examples of Heck reactions in the presence of nitrogen containing 

compounds,
[14c, 14d]

 however, to the author‟s knowledge, there are no examples in the 

literature that describe the Heck reaction in the presence of the disulfide functional 

group. Efforts were therefore focused on examining the compatibility of the Heck 

reaction with disulfides. Starting materials from the attempted synthesis that 

employed the Sonogashira coupling and the Lindlar reduction, allowed a quick and 

easy route to compounds that could be used to test the Heck reaction for the synthesis 

of the energy ratchet. A mono hydrogenation of 16 provided a styrene that was 

arranged perfectly for a test Heck reaction with the iodide, 11.  

 

The attempted Heck reaction is given in Scheme 4.6. Protection of the aldehyde of 

16 as a dimethoxyacetal provided 23, in excellent yield. This protection was required 

for the Lindlar reduction of the terminal acetylene. The mono hydrogenation of 23, 

was achieved using Lindlar‟s catalyst (5% Pd on CaCO3, poisoned with Pb) after 24 

days and provided 24 in quantitative yield. The long reaction time was required due 

to the thioacetate of 23 acting as a catalyst poison and several additions of catalyst 

were required to achieve the desired product 24. Finally, the Heck reaction between 

24 and 11 was attempted, however all efforts proved completely unsuccessful and in 

each case, decomposition of the disulfide in 11 appeared to be the major problem. It 

was believed that 11 was unstable at the elevated temperatures required for the Heck 

reaction to proceed. For each attempt at the Heck reaction, the standard catalyst, 

Pd(OAc)2 was used in the presence and absence of phosphine ligands. Two different 

bases (NEt3 and Na2CO3) were investigated and THF and DMF were used as 

solvents in separate reactions. Changing the bases and solvents had no effect on the 

outcome of the reaction: significant decomposition of 11 was still observed. As it 

was believed that the elevated temperatures were the reason for the failure of the 

reaction and the decomposition of 11, a microwave assisted reaction
[ 16 ]

 was 

attempted so that the temperature required for the Heck reaction could be achieved 

quickly and the reaction time would be vastly reduced. However, even in the short 

time of 20 min in the microwave, decomposition of 11 was still observed. At this 
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point it was believed that the Heck reaction would not be a viable route for 

connecting the two large building blocks and hence installing the important stilbene 

unit into the energy ratchet. A lack of starting materials at this point also encouraged 

other routes to be explored. 

 

 

 
 

Scheme 4.6. The Heck reaction between 24 and 11 was attempted as a test coupling reaction that 

would introduce a central double bond. Reagents and conditions: (a) trimethyl orthoformate, p-TsOH, 

CH2Cl2, MeOH, 18 h, RT, 97%; (b) Lindlar‟s Catalyst, EtOH, CH2Cl2, hexane, H2, 24 days, RT,  

quant; (c) 11, Pd(OAc)2, tri-o-tolyphosphine, THF, NEt3, reflux or 11, Pd(OAc)2,  tri-o-tolyphosphine, 
NEt3, DMF, 100 °C or 11, Pd(OAc)2, tri-o-tolyphosphine, DMF, 70 °C or 11, Pd(OAc)2, NaCO3, 

Bu4NBr, DMF, RT or 11, Pd(OAc)2, NaCO3, Bu4NBr, DMF, MW. 
 

4.4.4. Retrosynthesis: Employing Alkene Cross Metathesis 

 

The failures of the Lindlar reduction and Heck reaction prompted a search for other 

possible synthetic strategies for the introduction of the stilbene moiety into the 

energy ratchet. Attention was turned to alkene cross-metathesis.
[ 17 ]

 Although 

cross-metathesis is significantly less developed than its sister reactions, ring opening 

metathesis polymerisation (ROMP) and ring closing metathesis (RCM), it has been 
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shown to be a very good method for the synthesis of unsymmetrical stilbenoid 

compounds.
[17, 18]

 In general, metathesis reactions have displayed compatibility with 

hetero atoms and most importantly the disulfide functional group, where a lot of 

research has been undertaken with proteins; molecules that contain a large number of 

disulfide bridges.
[19]

 In fact, it is believed that the presence of sulfur in the reactants 

may actually aid the ruthenium catalysed metathesis reactions by coordinating to the 

metal, bringing reacting centres closer together.
[19a, 20 ]

 However, an inherent 

drawback of the cross-metathesis reaction can be the product selectivity.
[ 21 ]

 A 

statistical distribution of the desired product and two symmetrical products resulting 

from the self coupling of monomers can arise if the starting materials are similar to 

one another. Nevertheless, it was believed that its tolerance to a vast number of 

functional groups, the mild reaction conditions and relatively short reaction times, 

made the cross-metathesis an excellent candidate for a new synthetic route towards 

the dynamic covalent energy ratchet. With a convergent pathway in mind, the first 

disconnection in a retrosynthetic analysis of the energy ratchet (Scheme 4.7) is 

through the centre of the molecule at the stilbene; hence the final step in this new 

synthetic route is the cross-metathesis. In a similar manner to the route employing 

the Lindlar reduction (Scheme 4.2), the synthetic pathway converges where the two 

halves of the energy ratchet are coupled together.  

 

The retrosynthesis of the energy ratchet is outlined in Scheme 4.7. Both of the large 

styrene derivatives (the macrocycle possessing footholds 1 and 2 and the protected 

thiol possessing footholds 3 and 4) were synthesised from the same building block 

(shown in the red box) aiding the efficiency of the pathway. The synthesis of this 

molecule is not trivial and its retrosynthesis and synthesis are explained later. 

 

The synthesis of the macrocycle, possessing footholds 1 and 2 began with an 

oxidation of the important building block 3-ethenyl-5-hydroxybenzyl alcohol (red 

box) to the corresponding aldehyde.  A coupling reaction between this product and 

3-chloromethylbenzyl alcohol (6) would generate footholds 1 and 2 of the track. 

Conversion of the alcohol to the corresponding thioacetate and attachment of the C4 
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walker component to this molecule, followed by macrocyclisation would yield the 

styrene derivative, ready for the cross-metathesis.  

 

 

 

Scheme 4.7. Retrosynthesis of the four foothold dynamic covalent energy ratchet, with the final step 

in the synthesis being an important cross-metathesis reaction between the two halves of the molecule. 

 

The synthesis of the styrene derivative possessing footholds 3 and 4 began with a 

coupling reaction between the important building block, 3-ethenyl-5-hydroxybenzyl 

alcohol (red box) and 3-chloromethylbenzaldehyde (7). The alcohol was then to be 

converted to the corresponding thioacetate and then attachment of 

3-mercaptopropionic acid to this product would protect the thiol foothold (3) as the 
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disulfide. Finally the acid functionality would be converted to the methyl ester to 

yield the unit ready for cross metathesis reaction. 

 

The final reaction was to be the important cross-metathesis between the two styrene 

derived building blocks. The cross-metathesis can be carried out using Grubbs II 

catalyst
[22]

 due to its ability to work at low catalyst loadings, fast reaction kinetics 

and is relatively high yielding. The cross-metathesis reaction has the ability to 

proceed with 100% selectively, however, the starting materials must be very 

sterically and/or electronically different and the correct catalyst must be chosen for 

this outcome to occur.
[21]

 As the two styrene derived building blocks for the synthesis 

of the energy ratchet posses very similar sterics and electronics, it was expected that 

the cross-metathesis of these two compounds would provide a statistical distribution 

of three products; the desired product and two symmetrical molecules arising from 

the homo-coupling of the styrene building blocks. It was believed that if the 

cross-metathesis was successful at yielding the energy ratchet, it would be possible to 

separate the three products which were predicted to have different retention times 

when subjected to flash column chromatography or HPLC. The cross-metathesis 

reaction can also be very stereospecific, often providing products in the energetically 

favourable E form. It was expected that the cross-metathesis approach to the 

synthesis of the energy ratchet would generate E-(1,2-1). The operation of the system 

will benefit from it being initially 100% of the Z form. It was therefore realised that 

after the synthesis was complete, photoisomerisation (E  Z) followed by 

purification by HPLC would be required to ensure that the material was of a 

sufficient standard for the operational process. 

 

The styrene building block (red box, Scheme 4.8) which was to be used for the 

construction of both halves of the energy ratchet was to be synthesised in five steps. 

3,5-dihydroxybenzoate was to be subjected to a double triflation reaction where the 

product would be used in a mono-selective coupling reaction with trimethylsilyl 

acetylene to provide the unsymmetrical protected acetylene. Deprotection of the 

triflate and trimethylsilyl groups would then reveal the phenol and terminal acetylene 

functional groups. A mono hydrogenation of the acetylene would provide the styrene 
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motif and finally reduction of the methyl ester functionality would yield the building 

block, ready for construction of the two halves of the energy ratchet. 

 

 
 

 

Scheme 4.8. Retrosynthesis of the important building block for the synthesis of the four foothold 

dynamic covalent energy ratchet via the final cross-metathesis coupling reaction. 

 

4.4.5. Synthesis: Employing Alkene Cross Metathesis 

 

The synthesis of the styrene 34, possessing footholds 3 and 4 for use in the cross 

metathesis approach is given in Scheme 4.9. 3,5-dihydroxybenzoate was subjected to 

a double triflation to provide 26. A mono-selective Sonogashira reaction with 

trimethylsilyl acetylene afforded the unsymmetrical product 27, in excellent yield. 

Deprotection of the trimethylsilyl and triflate groups gave 28, which was then used in 

a Lindlar reduction to provide the styrene 29. Reduction of the methyl ester led to the 

benzyl alcohol 30; the common building block for the synthesis of molecules 34 and 

39. A Williamson ether coupling between 30 and 3-chloromethylbenzaldehyde (7) 

provided 31; however, it was not possible to obtain a yield for this step as the product 

was very prone to polymerisation when dry. Therefore the polymerisation inhibitor, 

4-tert-butylcatechol (0.1%) was added to the solution and the solvent was removed 

under reduced pressure, in the dark to afford crude 31, which was then used 

immediately in the next step of the synthesis. The crude mixture of 31, containing 

4-tert-butylcatechol, was converted to the corresponding mesylate which was then 

used in situ via a substitution reaction with potassium thioacetate to give the 

thioacetate, 32. This product could be isolated and was not prone to polymerisation. 

An impressive yield of 81% for the three steps required to convert 30 to 32 was 
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obtained.  The thioacetate was converted to its corresponding thiol and an iodine 

titration of this compound in the presence of 3-mercaptopropionic acid gave the 

disulfide 33. Finally, esterification of 33 in the presence of methanol provided 34. 

 

 

 
 

Scheme 4.9. Synthesis of 34, possessing footholds 3 and 4 and a terminal alkene. Reagents and 

conditions: (a) Tf2O, NEt3, CH2Cl2, RT, 18 h, 96%; (b) Trimethylsilylacetylene, CuI, Pd(PPh3)2Cl2, 

THF, NEt3, 18 h, 79%; (c) KF, DMSO, H2O, RT, 18 h, 96%,  (d) Lindlar‟s catalyst, quinoline, EtOH, 

CH2Cl2, hexane, RT, 55 min, quant (conversion by 1H NMR analysis); (e) LiAlH4, THF, 0 °CRT, 

2 h, 81% (two step yield); (f) 7, NaH (60% dispersion in mineral oil), 4-tert-butylcatechol, DMF, 

0 °CRT, 18 h, yield not possible to obtain; (g) MsCl, CH2Cl2, NEt3, 0 °CRT, 2 h, (h) KSAc, 

DMF, RT, 18 h, 81% (three step yield); (i) trimethyl orthoformate, p-TsOH, MeOH, RT, 1 h, (j) 

NaOMe, MeOH, RT, 1h, (k) KI, 3-mercaptopropionic acid, NaOMe, I2, MeOH, RT, 81%; (l) Acetyl 

chloride, MeOH, 0°CRT, 5 h, 66%. 

 

The synthesis of macrocycle, 39 for use in the cross metathesis approach is given in 

Scheme 4.10. The important building block, 30 (synthesis for this molecule is given 

in Scheme 4.9) was subjected to a Swern oxidation to provide the aldehyde 35, 

which was then used in a Williamson ether coupling with 3-chloromethylbenzyl 

alcohol (6), to provide 36. However, as for molecule 31, the product 36 was not 

isolated for fears of polymerisation of the stilbene moiety. The polymerisation 

inhibitor, 4-tert-butylcatechol was added to the solution and the solvent was removed 
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under reduced pressure in the dark which provided crude 36, which was used 

immediately in the next step of the synthesis. The crude benzyl alcohol was 

converted to the corresponding mesylate which was reacted in situ with potassium 

thioacetate via a substitution reaction to give 37 where a yield of 25% was obtained 

for the three steps required to convert 35 to 37. The hydrazide foot of the C4 walker 

unit, 18 was attached to 37 by acid catalysis to yield 38. Finally, 38 was converted to 

the dithiol which was then subjected to an iodine titration to provide the disulfide 

functionality and hence, macrocycle 39 in a respectable yield.  

 

 
 

 
Scheme 4.10. Synthesis of 39, possessing footholds 1 and 2 and a terminal alkene. Reagents and 

conditions: (a) Oxalyl chloride, DMSO, CH2Cl2, -78 ˚C, 15 min, (b) NEt3, 5 min, 46%; (c) 6, NaH, 

4-tert-butylcatechol, DMF, 0°  RT, 18 h, not possible to obtain yield; (d) MsCl, CH2Cl2, NEt3, 

0 °CRT, 18 h, (e) KSAc, DMF, RT, 3 h, 59% (three step yield); (f) 18, acetic acid, MeOH, RT, 2 h, 

69%; (g) NaOMe, MeOH, CH2Cl2, RT, 1.5 h, (h) KI, I2, CH2Cl2, RT, 48%. 

 

The final step in the synthesis of the energy ratchet was the cross-metathesis of 

compounds 34 and 39. Initial studies were carried out using Grubbs II catalyst. The 

reaction was carried out under a strict atmosphere of nitrogen to ensure that the 

integrity of the catalyst was maintained. After heating the reaction mixture under 

microwave irradiation (approx 40 °C) for 30 min in the presence of Grubbs‟ II 

catalyst (30%), the product could be isolated and separated from the unwanted 

symmetrical, homo-coupling products via intensive flash column chromatography.  
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A respectable yield of 20% was achieved for the energy ratchet which was present in 

the form E-(1,2-1). The high catalyst loading (30%) for the cross-metathesis and the 

difficulty of purification of the product led to investigations into alternative Ru based 

catalysts. The Hoveyda “boomerang” type catalysts, first reported in 1999 received 

great attention due to their abilities to operate at very low catalyst loadings and their 

excellent functional group tolerances.
[23]

 Since Hoveyda‟s first publication on the 

“boomerang” catalyst, there have been other variations presented in the literature, 

including those by Blechert,
[24]

 Grela
[25]

 and Zhan.
[26]

 Loadings of 1 mol% can be 

used with these catalysts which lead to easier purification of products and a more 

efficient and greener synthesis. In 2008, Nolan and co-workers reported three novel 

“boomerang” pre-catalysts which were proven to be extremely efficient; providing 

excellent yields with loadings as low as 1 mol%.
[27]

 The more activated catalyst, 

bearing a trifluoroacetamide functionality (now known commercially as 

ΩA-SIMes, Figure 4.2) displayed remarkably fast reaction kinetics and was easily 

separated from the products due to the low levels of Ru waste from low catalyst 

loadings (1 mol%). This catalyst was investigated in the cross-metathesis reaction 

between 34 and 39. After several trial reactions, a yield of 23% was obtained from 

the optimised conditions. Heating a solution of 34, 39 and the catalyst in CH2Cl2 for 

3 h under an atmosphere of nitrogen in a microwave oven, provided the best results 

where the unwanted side products could be removed and the product easily purified 

by flash chromatography. The product from the cross-metathesis is the E isomer. 

Therefore, before any operation of the energy ratchet is attempted, the system must 

be converted to the Z form and purified to ensure that the material can be used for the 

multistage operation.  
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Scheme 4.11. The final cross metathesis reaction between 39 and 34 yielding the dynamic covalent 

energy ratchet E-(1,2-1). Reagents and conditions: (a) ΩA-SIMes, CH2Cl2, MW (300W, 100 °C), 
3 h, 23%. 

 

 

 

Figure 4.2. The catalyst (ΩA-SIMes) used for the alkene cross metathesis between 39 and 34.[27] 

 

4.5. Conclusions and Future Work 

 

The synthesis of the dynamic covalent energy ratchet has proven to be a very 

demanding task. Synthetic routes have been investigated, aiming to exploit the 

Lindlar reduction, Heck reaction and cross-metathesis as means of introducing the 

important stilbene moiety into the energy ratchet.  The most elegant and efficient 

synthetic route employing a Sonogashira cross-coupling, followed by a 

mono-hydrogenation with Lindlar‟s catalyst, failed at the last step where it was 
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discovered that the two disulfide functionalities present in the substrate act as a 

catalyst poison and effectively shut down the Lindlar reduction. The second 

investigation, employing the Heck reaction failed due to the starting materials being 

unstable at the elevated temperatures required for the cross coupling to occur. 

Finally, the cross-metathesis reaction proved to be successful, where the energy 

ratchet product could be separated from the unwanted homo-coupled products. The 

successful synthesis of the energy ratchet now leads onto the intensive studies into 

the operation of the system, which will be the focus of future graduate student 

research. 

 

The product from the cross metathesis is E-(1,2-1), however, the planned operation 

of the energy ratchet requires it to begin as the Z isomer. Before the operation can be 

investigated, the system must be switched to Z-(1,2-1) (h(350 nm), benzil) and 

purified extensively to simplify the analysis. The first step will be carried out by 

subjecting the energy ratchet to the basic conditions that induce disulfide exchange 

(DBU, DTT, (MeO2CCH2CH2S)2). Once equilibrium is reached and a ratio of 

Z-(1,2-1):Z-(2,3-1) is measured, the ratcheting step will be performed by subjecting 

the system to acidic conditions and isomerisation of the stilbene (TFA, I2, h (vis)). 

A new ratio of the three products E-(1,2-1):E-(2,3-1):E-(3,4-1) will be established. 

Several cycles of these two steps will be carried out in order to drive the distribution 

of walker units away from equilibrium towards E-(3,4-1). However, before the 

second cycle can begin, the energy ratchet must be switched back to the Z isomer (h 

(350 nm), benzil). 

 

The results presented in Chapter Three indicate that the operation of the energy 

ratchet is feasible. Future experiments may also include the operation of the system 

in the absence of stilbene isomerisation so that it is always present as the Z isomer. 

This will allow a statistical (unbiased) distribution of walker units to be obtained in 

the same manner as Leigh‟s walking molecule.
[1]

 The results produced from this 

mode of operation could be compared to the results obtained from the biased 

conditions to assess how effective the ratcheting process is and how far it is able to 

drive the walker units away from equilibrium. 
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Future work will also involve the design and synthesis of energy ratchets with 

different architectures. An elegant alternative to 1 could be a system that has a rigid 

track and the stilbene unit incorporated into the walking unit. The rigidity of the track 

would prevent folding and therefore restrict the formation of the unwanted 1,4 

isomer of the energy ratchet. 

 

Walking molecules such as the energy ratchet have great potential for the 

development of new functional materials and pharmaceuticals. Their controlled 

motion could one day be used to deliver a cargo to a specific destination in a manner 

which is very reminiscent of the fascinating linear motor proteins. 

 

4.6 Experimental Section 

 

4.6.1 General 

 

Unless stated otherwise, all reagents were purchased from commercial sources and 

used without purification and all reactions were conducted under a nitrogen 

atmosphere. The synthesis of the C4 walker unit, 18 is described in Chapter Three. 

The catalyst used for the alkene cross-metathesis (ΩA-SIMes) was purchased from 

Omcat System, Rennes, France and used without further purification. 

 

 

Synthesised according to a modified literature procedure.
[ 28 ]

 To 3-nitrobenzoate 

(12.6 g, 69.3 mmol) in trifluoromethane sulfonic acid (30 mL, 344 mmol) at 0 ˚C 

was added N-iodosuccinimide (15.6 g, 69.5 mmol). The reaction mixture was 

allowed to return to room temperature and was stirred for 48 h. The mixture was then 

cooled to 0 ˚C and quenched with H2O (150 mL). Extraction with EtOAc 
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(3 x 100 mL) was followed by washing the organic extracts with 10% Na2SO3 

(100 mL). The solution was dried over MgSO4 and the solvent was removed under 

reduced pressure. Purification of the residue via flash chromatography (5% EtOAc in 

hexanes) provided 2 as a white solid (8.12 g, 38%). m.p. 70-73 °C; 
1
H NMR (400 

MHz, CDCl3): = 3.99 (S, 3H, Ha), 8.67-8.68 (m, 1H, Hb), 8.72-8.73 (m, 1H, Hc), 

8.81 (dd, J1 = 1.5, J2 = 2.1, 1H, Hd); 
13

C NMR (100 MHz, CDCl3):  = 53.1, 60.4, 

93.3, 123.8, 133.0, 136.1, 144.0, 163.6. HRES-MS: m/z = 306.9338 [M+H]
+
 (calcd. 

For C8H6O4NI, 306.9336). 

 

 

Synthesised according to a modified literature procedure.
[28]

 A solution of SnCl2 

(16.2 g, 85.5 mmol) in EtOH (20 mL) was heated to relux and a solution of 2 (5.26 g, 

17.1 mmol) in 1:1, THF:EtOH (20 mL) was added dropwise.  The reaction mixture 

was heated to reflux for 30 min then cooled to 0 ˚C. The solution was basified to pH 

8-9 with sat. aq. Na2CO3. The aqueous layer was extracted with EtOAc 

(3 x 100 mL). The combined organic phases were washed with sat. NaHCO3 

(100 mL) and brine (100 mL). The solution was dried over MgSO4 and the solvent 

was removed under reduced pressure. Purification via flash chromatography (5% 

EtOAc in CH2Cl2) provided 3 as a white solid (4.41 g, 93%). m.p. 83-85 °C; 
1
H 

NMR (400 MHz, CDCl3): = 3.80 (br, 2H, He), 3.88 (s, 1H, Ha), 7.20 (dd, J1 = 1.6, 

J2 = 2.2, 1H, Hc), 7.28 (dd, J1 = 1.4, J2 = 2.2, 1H, Hd), 7.72-7.73 (m, 1H, Hb); 

13
C NMR (100 MHz, CDCl3):  = 52.3, 94.3, 115.2, 127.5, 128.2, 132.5, 147.5, 

165.8. HRES-MS: m/z = 277.9675 [M+H]
+
 (calcd. For C8H9O2NI, 277.9672). 
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Synthesised according to a modified literature procedure.
[29] 

To a suspension of 3 

(4.32 g, 15.6 mmol) in H2O (22 mL) and H2SO4 (2.75 mL) at 0 ˚C was added a 

solution of NaNO2 (1.10 g, 15.9 mmol) in H2O (4.5 mL) dropwise. The solution of 

the diazonium salt was stirred for a further 15 min at 0 ˚C before being poured 

slowly into H2SO4 (50%, 30 mL) which was maintained at 90 ˚C. The resulting 

suspension was stirred for a further 45 min at 90 ˚C. The precipitate was collected by 

filtration and dissolved in Et2O (100 mL). The solution was washed with sat. 

NaHCO3 (2 x 50 mL) and the organic phase was dried over MgSO4. The solvent was 

removed under reduced pressure and the residue was recrystallised from toluene to 

provide 4 as a pale orange solid (3.28 g, 76%). m.p. 140-144 °C;  
1
H NMR (400 

MHz, (CD3)2CO): = 3.87 (s, 3H, Ha), 7.45-7.47 (m, 2H, Hb+c), 7.79-7.80 (m, 1H, 

Hd), 9.09 (br, 1H, He); 
13

C NMR (100 MHz, (CD3)2CO): 

. HRES-MS: m/z = 277.9436 

[M]
+
 (calcd. For C8H7O3I, 277.9434).  

 

 

 

To a solution of LiAlH4 in THF (1M, 31 mL) at 0 ˚C was added a solution of 4 

(2.85 g, 10.2 mmol) in THF (20 mL) dropwise. The reaction mixture was left to stir 

for 3 h. H2O:THF (1:2) was added dropwise until no further H2 (g) was given off. 

H2SO4 (1M) was then added carefully until the salts dissolved and the pH was not 

taken below 2. The solution was extracted with Et2O (3 x 100 mL) and the combined 

organic phases were dried over MgSO4. The solvent was then removed under 

reduced pressure and the residue was purified via flash chromatography (20% EtOAc 
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in DCM) to provide 5 as a pale pink solid (1.34 g, 52%). m.p. 95-97 °C; 
1
H NMR 

(400 MHz, (CD3)2CO): = 4.33 (br, 1H, Ha), 4.54 (s, 1H, Hb), 6.86-6.87 (m, 1H, 

Hc), 7.09-7.10 (m, 1H, He), 7.20-7.21 (m, 1H, Hd), 8.65 (br, 1H, Hf) ); 
13

C NMR (100 

MHz, (CD3)2CO): 64.6, 95.5, 114.9, 124.4, 128.3, 148.3, 160.0. HRES-MS: 

m/z = 249.9484 [M]
+
 (calcd. For C7H7O2I, 249.9485). 

 

 

 

To a solution of 3-(chloromethyl)-benzoic acid (4.74 g, 27.8 mmol) and NEt3 

(3.90 mL, 27.8 mmol) in THF (40 mL) at 0 ˚C was added a solution of ethyl 

chloroformate (2.66 mL, 27.8 mmol) in THF (10 mL) dropwise. The reaction 

mixture was stirred for 30 min at 0 ˚C and the NH4Cl precipitate was removed by 

filtration and washed with THF (30 mL). The filtrate was was added dropwise to a 

solution of NaBH4 (2.64 g, 69.9 mmol) in water (15 mL) at 0 ˚C. The reaction 

mixture was allowed to return to RT and was stirred for 18 h. The mixture was then 

acidified with HCl (2M) and extracted with Et2O (3 x 50 mL). The combined organic 

phases were washed with 10% NaOH (50 mL) and brine before being dried over 

MgSO4. The solvent was removed under reduced pressure and the residue was 

purified via flash chromatography (10% EtOAc in CH2Cl2) to provide 6 as a 

colourless oil (3.84 g, 88%). 
1
H NMR (400 MHz, CDCl3): = 2.79 (br, 1H, Ha), 4.51 

(s, 2H, Hd), 4.56 (s, 2H, Hb), 7.20-7.30 (m, 4H, Hc+e+f+g); 
13

C NMR (100 MHz, 

CDCl3):  = 46.1, 64.5, 126.8, 126.9, 127.6, 128.8, 137.6, 141.4. HRES-MS: 

m/z = 174.0680 [M+NH4]
+
 (calcd. For C8H13O1NCl, 174.0680). 
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To a solution of oxalyl chloride (1.19 mL, 13.7 mmol) in CH2Cl2 (20 mL) at -78 ˚C 

was added a solution of DMSO (1.95 mL, 27.5 mmol) in CH2Cl2 (10 mL) dropwise. 

The solution was allowed to stir at -78 ˚C for 2 min before a solution of 6 (1.96 g, 

12.5 mmol) in CH2Cl2 (10 mL) was added dropwise. The reaction mixture was left to 

stir at -78 ˚C for a further 15 min before NEt3 (8.70 mL, 62.5 mmol) was added. The 

solution was allowed to return to room temperature and was stirred for a further 

15 min. Water (75 mL) was then added and the aqueous layer was extracted with 

CH2Cl2 (3 x 50 mL). The combined organic layers were washed with brine, dried 

over MgSO4 and the solvent was removed under reduced pressure. The residue was 

purified via flash chromatography (CH2Cl2) to provide 7 as a colourless oil (1.38 g, 

71%). 
1
H NMR (400 MHz, CDCl3): = 4.65 (s, 2H, Hc), 7.54 (t, J = 7.6, 1H, He), 

7.66 (d, J = 7.9, 1H, Hd), 7.84 (d, J = 7.6, 1H, Hf), 7.90 (s, 1H, Hb), 10.02 (s, 1H, Ha); 

13
C NMR (100 MHz, CDCl3):  = 45.2, 129.4, 129.5, 129.7, 134.4, 136.7, 138.5, 

191.7. HRES-MS: m/z = 153.0101 [M]
+
 (calcd. For C8H6O1Cl, 153.0102). 

 

 

 

To an ice cold solution of 5 (0.511 g, 2.04 mmol) in DMF (15 mL) was added a 

suspension of NaH (60% dispersion in mineral oil, 0.326 g, 2.11 mmol) in DMF 

(3mL). The mixture was allowed to return to room temperature and was left to stir 

for 1 h. A solution of 7 (0.326 g, 2.11 mmol) in DMF (2 mL) was then added 

dropwise and the reaction mixture was left to stir for 18 h. Saturated NH4Cl (50 mL) 

was added and the solution was extracted with Et2O (5 x 50 mL). The combined 

organic phases were washed with brine, dried over MgSO4 and the solvent was 

removed under reduced pressure. The residue was purified via flash chromatography 



Chapter Four 
 

166 

 

(5% EtOAc in CH2Cl2) to provide 8 as a white solid (0.605 g, 81%). m.p. 66-69 °C;  

1
H NMR (400 MHz, CDCl3): = 4.63 (s, 2H, Hb), 5.11 (s, 2H, Hf), 6.97 (s, 1H, He), 

7.26 (s, 1H, Hd), 7.33 (s, 1H, Hc), 7.57 (t, J = 7.6, 1H, Hi), 7.69 (d, J = 7.7, 1H, Hh), 

7.86 (d, J = 7.6, 1H, Hj), 7.94 (s, 1H, Hg), 10.04 (s, 1H, Hk); 
13

C NMR (100 MHz, 

CDCl3):  = 64.2, 69.3, 94.4, 112.7, 123.0, 128.3, 128.6, 129.4, 129.6, 133.2, 136.7, 

137.6, 144.3, 159.0, 192.1. HRES-MS: m/z = 386.0251 [M+NH4]
+
 (calcd. For 

C15H17O3IN, 386.0248). 

 

 

 

To an ice cold solution of 8 (0.103g, 0.289 mmol) and NEt3 (0.78 mL, 5.61 mmol) in 

THF (10mL) was added a suspension of NaH (0.016 g, 0.407 mmol) in THF (2 mL). 

The reaction mixture was allowed to return to room temperature and left to stir for 

1 h. The mixture was then returned to 0 ˚C and a 1M solution of MsCl in THF 

(3.08 mL) was added dropwise. The solution was allowed to return to room 

temperature and was stirred for 30 min before a solution of KSAc (0.098 g, 

0.895 mmol) in DMF (2 mL) was added dropwise. The reaction mixture was stirred 

for a further 1 h. The solvents were removed under reduced pressure and the residue 

was dissolved in H2O (50 mL) and EtOAc (50 mL). The aqueous phase was 

extracted with EtOAc (3 x 50 mL) and the combined organic phases were washed 

with brine (100 mL), dried over MgSO4 and the solvent was removed under reduced 

pressure. 9 was provided as a pale yellow oil which was used without further 

purification (0.121 g, quant.). 
1
H NMR (400 MHz, CDCl3): = 2.34 (s, 3H, Ha), 4.00 

(s, 2H, Hb), 5.07 (s, 2H, Hf), 6.88 (s, 1H, He), 7.20 (s, 1H, Hd), 7.24 (s, 1H, Hc), 7.56 

(t, J = 7.6, 1H, Hi), 7.67 (d, J = 7.7, 1H, Hh), 7.85 (d, J = 7.6, 1H, Hj), 7.92 (s, 1H, 

Hg), 10.03 (s, 1H, Hk);
13

C NMR (100 MHz, CDCl3):  = 30.3, 32.5, 69.2, 94.3, 

115.0, 122.7, 128.3, 129.3, 129.4, 130.6, 133.2, 136.6, 137.4, 141.1, 158.8, 192.0, 

194.6. HRES-MS: m/z = 426.9857 [M+H]
+
 (calcd. For C17H16O3IS, 426.9859). 
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To a solution of 9 (494 mg, 1.16 mmol) and p-TsOH (13 mg, 0.068 mmol) in dry 

MeOH (15 mL) and dry CH2Cl2 (10 mL) was added trimethyl orthoformate (135 L, 

1.22 mmol) dropwise. The solution was allowed to stir for 60 min and after this time, 

the vessel was degassed several times and purged with argon. A solution of NaOMe 

(128 mg, 2.37 mmol) in MeOH (5 mL) was added and the reaction mixture was 

allowed to stir for a further 30 min. A solution of 3-mercaptopropionic acid 

(1.93 mL, 22.2 mmol) and NaOMe (1.20 g, 22.2 mmol) in MeOH (5 mL) was added 

to the reaction mixture. A solution of I2 (1.50 g, 4.65 mmol) in CH2Cl2 (15 mL) was 

then added dropwise until the yellow colour persisted. A small portion of Na2SO3 

was added to destroy any remaining I2 before saturated NH4Cl (50 mL) was added to 

the solution. The aqueous layer was extracted with CH2Cl2 (2 x 50 mL) and the 

organic phases were combined. The solution was stirred vigorously with 1 M HCl 

(50 mL) for 30 min before the organic phase was dried over MgSO4. The solvent was 

removed under reduced pressure and the residue was purified via flash 

chromatography (20 % EtOAc in CH2Cl2) to provide 10 as a colourless oil (271 mg, 

48%). 
1
H NMR (400 MHz, CDCl3): = 2.67 (s, 4H, Hb+c), 3.78 (s, 2H, Hd), 5.11 (s, 

1H, Hh), 6.92 (s, 1H, Hg), 7.26 (s, 1H, Hf), 7.30 (s, 1H, He), 7.58 (t, J = 7.6, 1H, Hl), 

7.69 (d, J = 7.7, 1H, Hk), 7.86 (d, J = 7.6, 1H, Hm), 7.96 (s, 1H, Hj), 10.04 (s, 1H, Hi); 

13
C NMR (100 MHz, CDCl3):  = 32.5, 33.5, 42.6, 69.3, 94.3, 115.5, 123.0, 128.2, 

129.4, 129.8, 131.1, 133.3, 136.7, 137.5, 140.7, 158.9, 176.3, 192.2. HRES-MS: 

m/z = 505.9946 [M+NH4]
+
 (calcd. For C18H21O4I1S2N1, 505.9951). 
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To an ice cold solution of 10 (23 mg, 0.048 mmol) in MeOH (5mL) was injected 

acetyl chloride (7 L, 0.096 mmol). The solution was heated to reflux for 1 h and 

after this time was allowed to return to room temperature before the solvent was 

removed under reduced pressure. The residue was redissolved in EtOAc (5 mL) and 

was washed with H2O (5 mL). The aqueous layer was extracted with EtOAc 

(2 x 5 mL) and the combined organic layers were stirred vigorously with 1 M HCl 

(5 mL) for 10 min to ensure no acetal was present. The organic layer was then dried 

over MgSO4 and the solvent was removed under reduced pressure. 11 was provided 

as a colourless oil which was used without further purification (24 mg, quant). 
1
H 

NMR (400 MHz, CDCl3): = 2.62-2.66 (m, 2H, Hc), 2.69-2.73 (m, 2H, Hb), 3.69 (s, 

3H, Ha), 3.78 (s, 2H, Hd), 5.12 (s, 2H, Hh), 6.92 (s, 1H, Hg), 7.25 (s, 1H, Hf), 7.31 (s, 

1H, He), 7.58 (t, J = 7.6, 1H, Hl), 7.70 (d, J = 7.9, 1H, Hk), 7.87 (d, J = 7.6, 1H, Hm), 

7.96 (s, 1H, Hj), 10.05 (s, 1H, Hi); 
13

C NMR (100 MHz, CDCl3):  = 31.9, 32.8, 41.6, 

50.9, 68.3, 93.2, 114.4, 122.0, 127.3, 128.4, 128.6, 130.1, 132.2, 135.7, 136.5, 139.7, 

157.8, 171.1, 191.0. HRES-MS: m/z = 520.0103 [M+NH4]
+
 (calcd. For 

C19H23O4I1S2N1, 520.0108). 

 

 

Synthesised according to a modified literature procedure.
[30]

 To an ice cold solution 

of 3,5-dihydroxy-benzaldehyde (5.62 g, 40.7 mmol) in CH2Cl2 (50 mL) and Et3N 

(122 mmol, 17.0 mL, 12.4 g) was added a solution of  (Tf)2O (25 g, 88.6 mmol) in 

CH2Cl2 (25 mL) dropwise. The reaction mixture was stirred for another 2 h and 

allowed to warm up to room temperature during this period. H2O (75 mL) was added 
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and the product was extracted with CH2Cl2 (2 × 50 mL). The combined organic 

layers were washed with 1M HCl (50 mL), H2O (50 mL) and brine (25 mL), dried 

over MgSO4 and concentrated under reduced pressure. The brown residue was 

purified by flash chromatography (20% EtOAc in hexane) to provide 12 (9.50 g, 

58%) as a pale yellow powder. 
1
H NMR (400 MHz, CDCl3):  = 7.50 (t, J = 2.3, 1H, 

Hc), 7.86 (d, J = 2.3, 2H, Hb), 10.04 (s, 1Ha). 

 

 

 

Synthesised according to a modified literature procedure.
[30]

 To a solution of 12 (9.13 

g, 22.7 mmol) in THF (100 mL) and NEt3 (50 mL) were added Pd(PPh3)2Cl2 (161 

mg, 0.230 mmol) and CuI (88 mg, 0.460 mmol) were added and the mixture was 

degassed. The mixture was cooled to 0°C and a solution of (Trimethylsilyl) acetylene 

(3.21 mL, 22.7 mmol) in THF (50 mL) was slowly added dropwise. The mixture was 

stirred for another 18 h during which time the temperature was allowed to raise to 

room temperature. The volatile compounds were removed under reduced pressure 

and NH4Cl (satd., 60 mL) and EtOAc (100 mL) were added. The layers were 

partitioned and the H2O layer was extracted with EtOAc (100 mL). The combined 

organic layers were washed with H2O (100 mL) and brine (100 mL), dried over 

MgSO4 and concentrated under reduced pressure. Purification by flash column 

chromatography (cyclohexane/EtOAc 30:1) provided 13 as a colorless oil (6.27 g, 

79%). 
1
H NMR (400 MHz, CDCl3):  = 0.28 (s, 9H, He), 7.59 (dd, J1 = 1.4, J2 = 2.4, 

1H, Hc), 7.71 (dd, J1 = 1.3, J2 = 2.4, 1H, Hb), 7.97 (dd, J1 = 1.3, J2 = 1.4, 1Hd), 9.99 

(s, 1H, Ha). 
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Synthesised according to a modified literature procedure.
[30]

 To an ice cold solution 

of 13 (6.27 g, 17.9 mmol) in MeOH (40 mL) was added a solution of LiOH (3.0 g, 

71.5 mmol) in MeOH (35 mL). The reaction mixture was allowed to return to room 

temperature and was stirred for 18 h. The mixture was extracted with Et2O (3 × 40 

mL) and the combined organic layers were washed with H2O (30 mL), brine (20 mL) 

and dried over MgSO4. Concentration under reduced pressure and purification by 

flash column chromatography (cyclohexane/Et2O 2:1) provided 14 as a white solid 

(2.17 g, 83%). 
1
H NMR (400 MHz, CDCl3):  = 3.15 (s, 1H, He), 5.21 (s, 1H, Hf), 

7.23 (dd, J1 = 1.3, J2 =  2.6, 1H, Hb), 7.34 (dd, J1 = 1.3, J2 = 2.6, 1H, Hc), 7.57 (dd, J 

= 1.3, 1H, Hd), 9.92 (s, 1H, Ha). 

 

 

 

To an ice cold solution of 14 (1.38 g, 9.44 mmol) in DMF (30 mL) was added NaH 

(60 % in mineral oil, 372 mg, 9.30 mmol). The mixture was allowed to return to 

room temperature and was stirred for a further 30 min. A solution of 6 (1.97 g, 12.6 

mmol) in DMF (15 mL) was added dropwise and the mixture was stirred for 48 h. 

1M HCl (30 mL) was added and the mixture was extracted with EtOAc (2 × 60 mL). 

The combined organic layers were washed with 1M HCl (30 mL), H2O (30 mL), 

brine (30 mL) and finally dried over MgSO4. Purification by flash column 

chromatography (Toluene/EtOAc 10:1 → 4:1) provided 15 (1.63 g, 65%) as an 

orange oil. 
1
H NMR (400 MHz, CDCl3):  = 9.93 (s, 1H), 7.59 (dd, J = 1.3, 1.3 Hz, 

1H), 7.47 – 7.44 (m, 2H), 7.43 – 7.39 (m, 1H), 7.37 – 7.35 (3H), 5.12 (s, 2H), 4.74 

(d, J = 5.6 Hz, 2H), 3.15 (s, 1H), 1.73 (t, J = 5.6 Hz, 1H); 
13

C NMR (100 MHz, 

CDCl3):  = 191.20, 158.92, 141.43, 137.66, 136.14, 128.87, 127.23, 126.80, 126.67, 
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125.93, 124.73, 124.21, 114.06, 81.89, 78.75, 70.20, 64.90; HRES-MS : m/z = 

284.1281 [M+NH4]
+
 (calcd. 284.1281 for C17H18NO3). 

 

 

 

a) To an ice cold solution of 15 (1.25 g, 4.70 mmol) in CH2Cl2 (10 mL) was added 

NEt3 (3.0 mL, 21.5 mmol). After 5 min MsCl (3.0 mL, 38.8 mmol) was added 

dropwise and the mixture was stirred for 24 h at room temperature. H2O (50 mL) was 

added and the layers partitioned. The aqueous layer was extracted with CH2Cl2 (2  

50 mL). The combined organic phases were washed with brine, dried over MgSO4 

and concentrated under reduced pressure. Purification by flash column 

chromatography (cyclohexane/CH2Cl2 2:1) provided 

3-ethynyl-5-(3-(chloromethyl)benzyloxy)-benzaldehyde (1.16 g, 87 %) as a colorless 

oil. 
1
H NMR (400 MHz, CDCl3):  = 9.94 (s, 1H), 7.60 (dd, J = 1.2 Hz, 1H), 7.48 – 

7.46 (m, 2H), 7.41 – 7.38 (m, 3H), 7.36 (dd, J = 1.3, 2.4 Hz, 1H), 5.12 (s, 2H), 3.68 

(s, 2H), 3.15 (s, 1H); 
13

C NMR (100 MHz, CDCl3);  = 191.07, 158.91, 137.99, 

137.77, 136.52, 129.13, 128.49, 127.57, 127.44, 127.33, 124.74, 124.31, 114.06, 

81.88, 78.76, 69.91, 45.92; HR-MS (EI): m/z = 284.0596 [M]
+
 (calcd. 284.0599 for 

C17H13ClO2). 

 

b) To a solution of 3-ethynyl-5-(3-(chloromethyl)benzyloxy)benzaldehyde (1.4 g, 

4.93 mmol) in dry DMF (50 mL) was added a solution of KSAc (1.13 g, 9.86 mmol) 

in DMF (20 mL) dropwise. The mixture was stirred at room temperature for 3 h and 

the bulk of DMF was removed under reduced pressure. H2O (100 mL) was added 

and the mixture extracted wit EtOAc (3  50 mL). The combined organic phases 

were washed with brine, dried over MgSO4 and concentrated under reduced pressure. 

Flash chromatography (cyclohexane/EtOAc 8:1) provided 16 (1.60 g, 77 %) as a 

yellow oil. 
1
H NMR (400 MHz, CDCl3):  = 9.93 (s, 1H), 7.59 (d, J = 1.2, 1H), 7.45 
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(dd, J1 = 1.3, J2 = 2.5, 1H), 7.36 – 7.27 (m, 5H), 5.08 (s, 2H), 4.14 (s, 2H), 3.11 (s, 

1H), 2.36 (s, 3H); 
13

C NMR (100 MHz, CDCl3);  = 194.98, 191.10, 158.96, 138.26, 

137.75, 136.30, 129.01, 128.78, 127.89, 127.20, 126.42, 124.75, 124.26, 114.17, 

81.92, 78.70, 70.12, 33.21, 30.32; HR-MS (ESI): m/z = 342.1156 [M+NH4]
+
 (calcd. 

342.1158 for C19H20NO3S). 

 

 

 

To a solution of 16 (140 mg, 0.432 mmol) in dry MeOH (7 mL) were added 2 drops 

of HOAc. A solution of 18 (70 mg, 0.475 mmol) in dry MeOH (2 mL) was added 

dropwise and the mixture was stirred for 2 hours. The reaction was monitored by 

TLC (silica gel 60 F254, 20% EtOAc in CH2Cl2). Concentration of the mixture under 

reduced pressure afforded a white precipitate which was collected by filtration and 

was washed with ice cold MeOH (10mL). The product, 19 was dried under reduced 

pressure and used without further purification. 19 was provided as a pale yellow 

solid (143 mg, 73 %). m.p. 109 °C; 
1
H NMR (400 MHz, CDCl3):  = 1.39 (t, 

J = 7.86 Hz, 1H, Hr), 1.74 (m, 2H, Hp), 1.84 (m, 2H, Ho), 2.36 (s, 3H, Ha), 2.60 (dt, 

J = 7.31 Hz, 2H, Hq), 3.11 (s, 1H, Hi), 2.77 (t, J = 7.32 Hz, 2H, Hn), 4.14 (s, 2H, Hb), 

5.06 (s, 2H, Hg), 7.12 (dd, J = 2.34 Hz, 1.21 Hz, 1H, HAr), 7.63 (s, 1H, Hl), 7.39-7.27 

(m, 6H, HAr), 8.80 (s, 1H, Hm);
 13

C NMR (100 MHz, CDCl3);  = 23.26, 24.39, 

30.37, 32.05, 33.28, 33.61, 70.05, 82.76, 113.95, 119.56, 123.72, 123.97, 126.51 

(2C), 127.98, 128.76, 129.04, 135.31, 136.65, 138.25, 141.95, 158.57, 175.51, 

195.05; HRES-MS: m/z = 455.1459 [MH
+
] (calcd. 455.1458 for C24H27N2O3S2

+
). 
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To a solution of 19 (135 mg, 0.297 mmol) dry MeOH (10 mL) and dry CH2Cl2 

(5 mL) was added a solution of NaOMe (32.1 mg, 0.594 mmol) in dry MeOH 

(5 mL). The solution was allowed to stir at room temperature for 2 h before a further 

200 mL of CH2Cl2 and KI (9.9 mg, 0.059 mmol) were added. A solution of I2 

(75.4 mg, 0.297 mmol) in dry CH2Cl2 (20 ml) was added dropwise until the yellow 

colour persisted. A small portion of Na2SO3 and 50 ml of a saturated solution of 

NH4Cl were added to destroy any remaining I2 and neutralize remaining bases. After 

the decolourization was complete, H2O (200 ml) was added and the phases separated. 

The aqueous layer was extracted with CH2Cl2 (2 x 50 ml). The combined organic 

layers were washed with brine (100 mL), dried over MgSO4 and the solvent 

evaporated. Purification by flash column chromatography (SiO2, 10% EtOAc in 

CH2Cl2) provided 20 as a white solid (57.1 mg, 47 %). m. p. 210 °C; 
1
H NMR 

(400 MHz, CDCl3):  = 1.59 (m, 2 H, Hn), 1.68 (m, 2 H, Hm), 2.26 (m, 2 H, Ho), 2.56 

(m, 2 H, Hl), 3.11 (s, 1 H, He), 3.86 (s, 2 H, Hk), 5.33 (s, 2 H, Hf), 7.07 (bs, 1 H, HAr), 

7.15 (d, 1 H, HAr), 7.29-7.23 (m, 3 H, HAr), 7.33 (bs, 1 H, HAr), 7.36 (m, 1 H, HAr), 

7.65 (s, 1 H, Ha),  9.54 (s, 1 H, Hp);
 13

C NMR (100 MHz, CDCl3);  = 24.38, 29.06, 

32.47, 37.84, 44.01, 69.85, 82.35, 108.90, 123.41, 123.84, 124.45, 126.44, 126.54, 

128.20, 128.85 (2C), 135.30, 137.42, 138.63, 141.83, 159.11, 175.74; HRES-MS: 

m/z = 410.1116 [M
+
] (calcd. 410.1117 for C22H22N2O2S2

+
). 
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To a solution of 11 (23 mg, 0.046 mmol) and 20 (18 mg, 0.043 mmol) in THF 

(6.5 mL) and NEt3 (1 mL) were added Pd(PPh3)2Cl2 (2 mg, 0.003 mmol) and CuI 

(1 mg, 0.007 mmol). The solution was left to stir for 18 h and after this time all 

volatile compounds were removed under reduced pressure. The residue was 

redissolved in CH2Cl2 (10 mL) and washed with saturated NH4Cl (2 x 10 mL). The 

combined organic phases were dried over MgSO4 and the solvent was removed 

under reduced pressure. Purification via flash chromatography provided 21 as a 

white solid (7 mg, 20%). 
1
H NMR (400 MHz, CD2Cl2): = 1.56-1.71 (m, 4H, Hd+e), 

2.30-2.34 (m, 2H, Hf), 2.55-2.59 (m, 2H, Hc), 2.63-2.67 (m, 2H, Hr), 2.71-2.75 (m, 

2H, Hq), 3.66 (s, 3H, Hp), 3.87 (s, 2H, Hg), 3.88 (s, 2H, Hs), 5.19 (s, 2H, Hl), 5.36 (s, 

2H, Hw), 7.01 (s, 1H, Hn), 7.09 (s, 1H, Hk), 7.13 (s, 1H, Hx), 7.16 (s, 1H, Ht), 7.12 (d, 

J = 6.8, 1H, Hy), 7.25-7.29 (m, 3H, Ha+z+a’), 7.38 (s, 1H, Hv), 7.42 (s, 1H, Hu), 7.60 

(t, J = 7.6, 1H, Hi), 7.65 (s, 1H, Ho), 7.75 (d, J = 7.8, 1H, Hj), 7.86 (d, J = 7.6, 1H, 

Hh), 7.98 (s, 1H, Hm), 8.87 (s, 1H, Hb), 10.0 (s, 1H, Hb’); 
13

C NMR (100 MHz, 

CD2Cl2):  = 24.7, 29.4, 32.8, 33.4, 34.1, 38.2, 43.2, 44.2, 52.0, 69.7, 70.2, 88.6, 

89.8, 109.1, 116.8, 117.1, 122.7, 124.3, 124.9, 125.0, 125.9, 126.3, 127.1, 128.5, 

129.1, 129.7, 129.8, 133.5, 136.0, 137.2, 137.9, 138.3, 139.0, 140.0, 141.6, 158.8, 

159.6, 172.3, 175.3, 192.3. HRES-MS: m/z = 802.2099 [M+NH4]
+
 (calcd. For 

C41H44N3O6S4, 802.2107). 
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To a solution of 21
 
(9 mg, 0.012 mmol) and p-TsOH (24 L of a solution made from 

4 mg p-TsOH in 1 mL dry MeOH) in dry MeOH (2 mL) and dry CH2Cl2 (1 mL) was 

added trimethyl orthoformate (70 L of a solution made from 20 L trimethyl 

orthoformate in 1 mL dry MeOH) dropwise. The solution was left to stir for 18 h and 

then poured into saturated NaHCO3 (3 mL). The aqueous layer was extracted with 

CH2Cl2 (3 x 5 mL) and the combined organic phases were dried over MgSO4. After 

filtration, the volatile compounds were removed under vacuum to provide 22 as a 

white solid which was used without further purification (8 mg, 82%). 
1
H NMR (400 

MHz, CD2Cl2): = 1.55-1.62 (m, 2H, He), 1.64-1.71 (m, 2H, Hd), 2.30 (m, 2H, Hf), 

2.55-2.58 (m, 2H, Hc), 2.63-2.67 (m, 2H, Hr), 2.71-2.75 (m, 2H, Hq), 3.32 (s, 6H, 

Hc’), 3.66 (s, 3H, Hp), 3.86 (s, 2H, Hs), 3.88 (s, 2H, Hg), 5.11 (s, 2H, Hl), 5.36 (s, 2H, 

Hw), 5.39 (s, 1H, Hb’), 6.99 (s, 1H, Hk), 7.08 (s, 1H, Hn), 7.12 (s, 1H, Ht), 7.14 (s, 1H, 

Hv), 7.19 (d, J = 6.9, 1H, Hy), 7.27-7.29 (m, 3H, Hh+i+u), 7.38 (s, 1H, Hx), 7.41 (br, 

4H, Hj+o+z+a’), 7.53 (s, 1H, Hm), 7.64 (s, 1H, Ha), 8.73 (s, 1H, Hb); 
13

C NMR (100 

MHz, CD2Cl2):  = 24.7, 29.4, 30.0, 32.8, 33.3, 34.1, 38.2, 43.2, 44.3, 52.0, 53.0, 

70.2, 70.4, 88.5, 89.9, 103.3, 109.1, 116.8, 117.2, 122.7, 124.2, 124.9, 125.0, 125.6, 

126.3, 126.8, 127.1, 127.9, 128.5, 128.8, 129.1, 136.0, 137.0, 137.9, 139.0, 139.2, 

139.9, 141.5, 159.1, 159.6, 175.2. 
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To a solution of 16 (175 mg, 0.538 mmol) and p-TsOH (5 mg, 0.028 mmol) in dry 

MeOH (5 mL) and dry CH2Cl2 (3mL) was added trimethyl orthoformate (62 L, 

0.0565 mmol) dropwise. The solution was left to stir for 18 h and then poured into 

saturated NaHCO3 (8 mL). The aqueous phase was extracted with CH2Cl2 

(3 x 10 mL) and the combined organic layers were dried over MgSO4. After 

filtration, the volatile compounds were removed under reduced pressure to provide 

23 as a colourless oil which was used without further purification (201 mg, 97%). 

1
H NMR (400 MHz, CD2Cl2): = 2.34 (s, 3H, Ha), 3.13 (s, 1H, Hl), 3.29 (s, 6H, Hh), 

4.12 (s, 2H, Hb), 5.03 (s, 2H, Hg), 5.31 (s, 1H, Hi), 7.05 (s, 1H, Hk), 7.08 (s, 1H, Hj), 

7.18 (s, 1H, Hm), 7.25-7.28 (m, 1H, Hc), 7.31-7.33 (m, 2H, Hd+e), 7.36 (s, 1H, Hf); 

13
C NMR (100 MHz, CD2Cl2):  = 30.5, 33.5, 52.9, 70.2, 77.3, 83.5, 102.6, 114.7, 

118.3, 123.2, 123.6, 126.8, 128.3, 128.8, 129.1, 137.4, 138.7, 140.8, 158.8, 195.1. 

LRES-MS: m/z = 325.1 [M-(C2H6O2)]
+
 (calcd. For C21H28 O4N1S1, 390.1734). 

 

 

 

To a solution of 23 (92 mg, 0.239 mmol) and quinoline (1.15 mL of a solution made 

from 25 L in 5 mL hexane) in CH2Cl2 (5 mL), EtOH (5 mL) and hexane (5 mL) 

was added Lindlar‟s catalyst (5% Pd on CaCO3 poisoned with Pb, 92 mg, 100% wt). 

The vessel was degassed and purged with hydrogen several times before being left to 

stir for 3 days under an atmosphere of hydrogen. More Lindlar‟s catalyst (36 mg) 

was added to the reaction mixture which was then stirred for a further three days 

under an atmosphere of hydrogen. The reaction was monitored via 
1
H NMR 
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spectroscopy and after every three days, more Lindlar‟s catalyst was added to the 

reaction mixture (approx. 30% wt). After 24 days the catalyst was removed by 

filtration through celite and the volatile compounds were removed under reduced 

pressure to provide 24 as a colourless oil which was a mixture of product and 

quinoline and was used without further purification. (151 mg, quant. conversion by 

1
H NMR analysis). 

1
H NMR (400 MHz, CD2Cl2): = 2.34 (s, 3H, Ha), 3.30 (s, 6H, 

Hh), 4.13 (s, 2H, Hb), 5.05 (s, 2H, Hg), 5.27 (d, J = 10.9, 1H, Ho), 5.32 (s, 1H, Hi), 

5.77 (d, J = 17.6, 1H, Hn), 6.71 (dd, J1 = 10.9, J2 = 17.6, 1H, Hm), 6.98 (s, 1H, Hk), 

7.00 (s, 1H, Hj), 7.10 (s, 1H, Hl), 7.25-7.27 (m, 1H, Hc), 7.32-7.33 (m, 2H, Hd+e), 

7.38 (s, 1H, Hf); 
13

C NMR (100 MHz, CD2Cl2):  = 30.5, 33.5, 53.0, 70.2, 103.2, 

112.7, 112.8, 114.6, 118.0, 126.8, 128.3, 128.7, 129.1, 136.9, 137.9, 138.7, 139.2, 

140.6, 159.3, 195.1. HRES-MS: m/z = 390.1730 [M+NH4]
+
 (calcd. For C21H28 

O4N1S1, 390.1734). 

 

 

 

To an ice cold solution of methyl 3,5-dihydroxybenzoate (19.9 g, 115 mmol) and 

NEt3 (40 ml, 287 mmol) in CH2Cl2 (200 mL) was added a solution of 

trifluoromethanesulfonic anhydride (40.0 mL, 235 mmol) in CH2Cl2 (50 mL) 

dropwise. The reaction mixture was allowed to return to room temperature and was 

left to stir over night. H2O (200 mL) was added and the aqueous phase was extracted 

with CH2Cl2 (3  100 mL). The combined organic phases were washed with 1 M 

HCl (100 mL) and brine (100 mL) before drying over MgSO4. Removal of the 

solvent under reduced pressure and flash column chromatography (SiO2, petrol 

ether/CH2Cl2 1:1) gave 26 as a white solid (47.8 g, 96 %). m.p. 56 – 58 °C; 
1
H NMR 

(400 MHz, CDCl3):  = 4.00 (s, 3 H, Ha), 7.44 (d, J = 2.3 , 1 H, Hc), 8.00 (d, J = 2.3 , 

2 H, Hb); 
13

C NMR (100 MHz, CDCl3):  = 53.3, 117.0, 119.2, 120.2, 122.6, 134.3, 

149.4; HRES-MS: m/z = 430.9330 [M-H]
-
 (calcd. for C10H5F6O8S2, 430.9336). 
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To a solution of 26 (47.74 g, 110.4 mmol), CuI (1.99 g, 11.0 mmol) and 

Pd(PPh3)2Cl2 (3.88 g, 5.5 mmol) in THF (250 mL) and NEt3 (50 ml) was added a 

solution of trimethylsilylacetylene (15.9 mL, 112.6 mmol, 1.02 equiv.) in THF 

(10 mL) via a syringe pump (4 mL/h). The reaction was stirred at room temperature 

over night and after this time the solvents were removed under reduced pressure and 

the residue was dissolved in CH2Cl2 (100 ml). Saturated NH4Cl (4 x 50 ml) was 

added and extracted with CH2Cl2 (4 x 50 ml). The combined organic phases were 

dried over MgSO4 and the solvent removed under reduced pressure. Purification by 

flash column chromatography (SiO2, 2% EtOAc in petrol ether) gave 27 as a yellow 

oil (33.13 g, 79 %). 
1
H NMR (400 MHz, CDCl3):  = 0.26 (s, 9 H, Hd), 3.95 (s, 3 H, 

Ha), 7.52 (m, 1 H, Hc), 7.85 (m, 1 H, He), 8.13 (m, 1 H, Hb); 
13

C NMR (100 MHz, 

CDCl3):  = -0.3, 52.8, 98.6, 101.4, 117.0, 120.2, 122.2, 126.1, 128.5, 132.9, 149.0, 

164.5; HRES-MS: m/z = 398.0702 [M+NH4]
+
 (calcd. for C14H19F3O5NSSi, 

398.0700). 

 

 

 

To a solution of 27 (33.1 g, 87.1 mmol) in DMSO (200 mL) was added a solution of 

KF (15.2 g, 261.3 mmol) in H2O (20 mL) dropwise. The mixture was stirred at room 

temperature over night and after this time 1 M HCl (100 mL) and H2O (200 mL) 

were added and the mixture was extracted with Et2O (4  200 mL). The combined 

organic phases were washed with saturated NaHCO3 (200 mL), H2O (200 mL) and 

brine (200 mL) before drying over MgSO4. Removal of the solvent under reduced 
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pressure and purification by flash column chromatography (SiO2, 30% EtOAc in 

petrol ether) gave 28 as a colourless oil that crystallised after some days (14.7 g, 

96 %). m. p. 88 °C-90 °C; 
1
H NMR (400 MHz, CDCl3):  = 3.10 (s, 1H, He), 3.92 (s, 

3 H, Ha), 5.51 (s, 1 H, Hc), 7.16 (m, 1 H, HAr), 7.54 (m, 1 H, HAr), 7.74 (m, 1 H, HAr); 

13
C NMR (100 MHz, CDCl3):  = 52.5, 78.1, 82.3, 117.1, 123.3, 123.7, 125.8, 131.6, 

155.6, 166.3; HRES-MS: m/z = 194.0810 [M+NH4]
+
 (calcd. for C10H12NO3, 

194.0812). 

 

 

 

To a solution of 28 (223 mg, 1.26 mmol) and quinoline (150 L, 1.26 mmol) in 

CH2Cl2 (15 mL), hexane (15 mL) and EtOH (15 mL) was added Lindlar‟s catalyst 

(5% Pd on CaCO3, poisoned with Pb, 266 mg). The solution was degassed and 

purged with hydrogen three times before stirring under a hydrogen atmosphere for 

55 min. The reaction mixture was then filtered through celite and the volatile 

compounds were removed under reduced pressure. The product was isolated as a 

mixture of 29 and quinoline which was not separated and was carried through to the 

next step without purification. 
1
H NMR analysis indicated quantitative conversion 

from 28 to 29.  
1
H NMR (400 MHz, (CD3)2CO): = 3.86 (s, 3H, Ha), 5.30 (d, 

J = 11.0, 1H, Hc), 5.83 (d, J = 17.6, 1H, Hd), 6.75 (dd, J1 = 10.9, J2 = 17.6, 1H, He), 

7.18-7.19 (m, 1H, Hf), 7.39-7.40 (m, 1H, Hg), 7.56-7.57 (m, 1H, Hb); 
13

C NMR 

(150 MHz, (CD3)2CO):  = 113.1, 114.8, 115.0, 117.7, 139.0, 140.6, 146.1, 159.5; 

HRES-MS: m/z = 168.1017 [M+NH4]
+
 (calcd. for C9H14O2N1, 168.1019). 
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To an ice cold solution of LiAlH4 (23 mL, 1 M solution in THF) was added a 

solution of 29 (682 mg, 3.83 mmol) in THF (40 mL) dropwise. The reaction mixture 

was then allowed to return to room temperature and was left to stir for 2 h. The 

vessel was cooled 0 °C and water was added dropwise until no further H2 (g) 

evolved. H2SO4 (1 M)  was then added dropwise until the precipitate dissolved but 

the pH was not allowed below 2. The aqueous layer was extracted with Et2O 

(3 x 100 mL). The combined organic layers were washed with brine (100 mL) before 

drying over MgSO4. After filtration, the volatile compounds were removed under 

reduced pressure and the residue was purified via flash chromatography (40% EtOAc 

in hexane) and provided 30 as a pale yellow oil (480 mg, 84%). 
1
H NMR (400 MHz, 

CD3OD): = 4.52 (s, 2H, Hb), 5.18 (d, J = 10.9, 1H, Hd), 5.71 (d, J = 17.6, 1H, He), 

6.65 (dd, J1 = 10.9, J2 = 17.6, 1H, Hf), 6.71 (s, 1H, Hg), 6.76 (s, 1H, Hi), 6.89 (s, 1H, 

Hc). 
13

C NMR (150 MHz, (CD3)2O):  = 65.5, 113.1, 114.8, 115.0, 117.7, 139.0, 

140.6, 146.1, 159.5. HRES-MS: m/z = 168.1017 [M+NH4]
+
 (calcd. For C9H14O2N1, 

168.1019). 

 

 

 

To an ice cold solution of 30 (190 mg, 1.26 mmol) in dry DMF (20 mL) was added 

NaH (60% in mineral oil, 53 mg). The solution was allowed to return to room 

temperature and was stirred for 1 h. The reaction mixture was then cooled to 0 °C 

and a solution of 7 (205 mg, 1.33 mmol) in dry DMF (5 mL) was added dropwise. 

The mixture was allowed to return to room temperature and was stirred overnight. 

Polymerization inhibitor, 4-tert-butylcatechol (0.2 mg, 1.3 mol, 0.1%) was added 
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and the solvent was removed under reduced pressure in the dark. The crude was used 

directly, since different attempts to isolate this compound in pure and dry form did 

lead to polymerization. 
1
H NMR (400 MHz, CDCl3):  = 4.67 (s, 2H, Hb), 5.15 (s, 

2H, Hh), 5.27 (d, J = 10.9, 1H, Hg’), 5.75 (d, J = 17.6, 1H, Hg’), 6.67 (dd, J1 = 10.9, 

J2 = 17.6,  Hf), 6.92 (s, 1H, Hd), 6.95 (s, 1H, He), 7.03 (s, 1H, Hc), 7.58-7.55 (m, 1H, 

Hm), 7.71 (d, J = 7.7, 1H, Hi), 7.85 (d, J = 7.6, 1H, Hk), 7.96 (s, 1H, Hl), 10.03 (s, 1H, 

Hm); 
13

C NMR (150 MHz, CDCl3):  = 64.9, 69.1, 111.7, 112.4, 114.6, 117.8, 128.3, 

129.3, 129.3, 133.2, 136.4, 136.6, 138.1, 139.3, 142.8, 158.8, 192.2. 

 

 

 

a) To an ice cold solution of the crude 31 (1.26 mmol) in CH2Cl2 (50 mL) was added 

NEt3 (0.7 mL, 5.0 mmol). After 5 min, a solution of MsCl (287 mg, 2.52 mmol) in 

CH2Cl2 (2 mL) was added dropwise and the mixture was allowed to return to room 

temperature and was stirred for 2 h. H2O (50 mL) was added and the layers 

partitioned. The aqueous layer was extracted with CH2Cl2 (2  50 mL) and the 

combined organic phases were washed with brine and dried (MgSO4). Removal of 

the solvent under reduced pressure gave the crude mesylate as a colorless oil.  

b) To a solution of the crude mesylate (1.26 mmol, 1.0 equiv.) in dry DMF (20 mL) 

was added a solution of KSAc (216 mg, 1.89 mmol) in DMF (5 mL) dropwise. The 

mixture was stirred over night at room temperature and the bulk of DMF was 

removed under reduced pressure. H2O (30 mL) was added and the mixture was 

extracted with CH2Cl2 (3  30 mL). The combined organic phases were washed with 

brine, dried (MgSO4) and concentrated under reduced pressure. Flash column 

chromatography (SiO2, 15% EtOAc in cyclohexane) gave 32 as a colourless oil (667 

mg, 81 % three step yield). 
1
H NMR (400 MHz, CDCl3):  = 2.35 (s, 3H, Ha), 4.08 

(s, 2H, Hb), 5.13 (s, 2H, Hh), 5.26 (d, J = 10.9, 1H, Hg), 5.73 (d, J = 17.6, 1H, Hg’), 

6.64 (dd, J1 = 10.9, J2 = 17.6, 1H, Hf), 6.83 (m, 1H, Hc or Hd or He), 6.91 (m, 1H, Hc 
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or Hd or He), 6.95 (s, 1H, Hc or Hd or He), 7.57 (t, J = 7.6, 1H, Hj), 7.71 (d, J = 7.60, 

1H, Hi or Hk), 7.85 (d, J = 7.6, 1H, Hi or Hk), 7.96 (s, 1H, Hl), 10.05 (s, 1H, Hm); 

13
C NMR (150 MHz, CDCl3);  = 30.3, 33.3, 69.2, 111.4, 114.6, 114.8, 120.0, 128.5, 

129.3 (2C), 133.2, 136.3, 136.7, 138.1, 139.4, 139.5, 158.8, 192.1, 195.0; HRES-MS: 

m/z = 327.1046 [M+H]
+
 (calcd. for C11H19O3S, 327.1049). 

 

 

 

A mixture of 32 (109 mg, 334 mol), trimethyl orthoformate (37 mg, 351 mol) and 

p-TsOH·H2O (3 mg, 17 mol, 0.05 equiv.) in MeOH (5 mL) was stirred at room 

temperature for 1 h. A solution of NaOMe (36 mg, 668 mol) in MeOH (2 mL) was 

added and the mixture was stirred for 1 h at room temperature. KI (28 mg, 167 mol) 

and a solution of 3-mercaptopropionic acid (354 mg, 291 L, 3.3 mmol) and NaOMe 

(180 mg, 3.3 mmol) in MeOH (2 mL) were added. The resulting mixture was titrated 

with a solution of I2 (508 mg, 2.0 mmol) in DCM (10 mL) until the brown color 

persisted. Na2SO3 was added and the mixture was stirred until decolorisation was 

complete. 1M HCl (20 mL) and CH2Cl2 (20 mL) were added and after stirring the 

mixture for 10 min the two layers were separated. The aqueous layer was extracted 

with CH2Cl2 (3 × 20 mL). The combined CH2Cl2 layers were dried over MgSO4 

before the volatile compounds were removed under reduced pressure and the 

resulting residue was purified by flash column chromatography (SiO2, 5% MeOH in 

CH2Cl2) to yield 33 (106 mg, 81 %) as a colorless oil. A minor impurity was 

observed, however, no further purification was undertaken at this step. 
1
H NMR 

(600 MHz, CDCl3):  = 2.80 (t, J = 7.2, 2H, Hf), 2.92 (t, J = 7.2, 2H, He), 3.86 (s, 2H, 

Hd), 5.16 (s, 2H, Hj), 5.28 (d, J = 10.9,1H, Hi), 5.75 (d, J = 17.6, 1H, Hi’), 6.66 (dd, 

J1 = 10.9, J2 = 17.6, 1H, Hh), 6.87 (s, 1H, Ha or Hb or Hc), 6.95 (s, 1H, Ha or Hb or 

Hc), 6.99 (s, 1H, Ha or Hb or Hc), 7.57 (t, J = 7.6, 1H, Hl), 7.72 (d, J = 7.6, 1H, Hm or 
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Hk), 7.85 (d, J = 7.6, 1H, Hm or Hk), 7.99 (s, 1H, Hn), 10.05 (s, 1H, Ho); 
13

C NMR 

(150 MHz, CDCl3):  = 32.4, 33.6, 43.5, 69.2, 111.8, 114.8, 115.0, 120.5, 128.3, 

129.3, 129.6, 133.3, 136.3, 136.7, 138.1, 139.0, 139.4, 158.8, 176.8, 192.2; 

HRES-MS: m/z = 406.1139 [M+NH4]
+
 (calcd. for C20H24NO4S2, 406.1141). 

 

 

 

To an ice cold solution of 33 (106 mg, 273 mol, 1.0 equiv.) in MeOH (5 mL) was 

added acetyl chloride (21 mg, 20 L, 273 mol, 1.0 equiv.) dropwise. The solution 

was allowed to slowly warm to room temperature and stirred for further 5 h. The 

solvent was removed under reduced pressure. Purification by flash column 

chromatography (SiO2, 10% EtOAc in petrol) gave 34 as a colorless oil (72 mg, 

66 %). 
1
H NMR (600 MHz, CDCl3):  = 2.63 (t, J = 7.0, 2H, Hf), 2.70 (t, J = 7.0, 2H, 

He), 3.67 (s, 3H, Hg), 3.86 (s, 2H, Hd), 5.16 (s, 2H, Hj), 5.28 (d, J = 10.9, 1H, Hi), 

5.75 (d, J = 17.6, 1H, Hi’), 6.66 (dd, J1 = 10.8. J2 =  17.6, 1H, Hh), 6.87 (s, 1H, Ha or 

Hb or Hc), 6.95 (s, 1H, Ha or Hb or Hc), 7.00 (s, 1H, Ha or Hb or Hc), 7.58 (t, J = 7.6, 

1H, Hl), 7.72 (d, J = 7.6, 1H, Hm or Hk), 7.85 (d, J = 7.6, 1H, Hm or Hk), 7.89 (s, 1H, 

Hn), 10.05 (s, 1H, Ho); 
13

C NMR (150 MHz, CDCl3):  = 32.9, 33.8, 43.5, 51.8, 69.2, 

111.8, 114.8, 115.0, 120.5, 128.4, 129.3, 129.4, 133.2, 136.3, 136.7, 138.1, 139.0, 

139.4, 158.8, 172.1, 192.1; HRES-MS: m/z = 403.1025 [M+H]
+
 (calcd. for 

C21H23O4S2, 403.1032). 
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A solution of 30 (22 mg, 147 mol) and DMSO (23 mg, 293 mol) in CH2Cl2 

(5 mL) was cooled to -78 C. A solution of oxalyl chloride (20 mg, 161 mol) in 

CH2Cl2 (1 mL) was added dropwise and the solution was stirred for 15 min at -78. 

Et3N (81 L, 586 mol) was added dropwise and the solution was allowed to warm 

to room temperature. H2O (5 mL) was added, the layers were separated and the 

aqueous phase was extracted with CH2Cl2 (2  5mL). The combined organic phases 

were washed with H2O (10 mL) and brine (10 mL) and dried over MgSO4. Removal 

of the solvent under reduced pressure and purification by flash column 

chromatography (SiO2, 5% MeOH in CH2Cl2) gave 35 as a colorless oil (10 mg, 

46 %). 
1
H NMR (400 MHz, CDCl3):  = 5.37 (d, J = 10.9, 1 H, Hd), 5.82 (d, J = 17.6 

Hz, 1 H, Hd’), 6.22 (bs, 3 H, Hf), 6.70 (dd, J1 = 10.9, J2 = 17.6, 1 H, Hc), 7.18 (m, 

1 H, HAr), 7.27 (m, 1 H, HAr), 7.48 (s, 1 H, HAr), 9.94 (s, 1 H, Ha); 
13

C NMR 

(100 MHz, CDCl3):  = 114.0, 115.9, 119.2, 121.2, 135.1, 137.8, 140.1, 156.5, 

192.7; HRES-MS: m/z = 148.0516 [M+H]
+
 (calcd. for C9H8O2, 148.0519). 

 

 

 

To an ice cold solution of 35 (118 mg, 796 mol) in dry DMF (15 mL) was added 

NaH (60 % in mineral oil, 34 mg, 836 mol). The solution was allowed to return to 

room temperature and was stirred for 1 h. The reaction mixture was then cooled to 

0 °C and a solution of 6 (125 mg, 796 mol) in dry DMF (5 mL) was added 

dropwise. The mixture was allowed to return to room temperature and was stirred 

overnight. Polymerisation inhibitor 4-tert-butylcatechol (0.1 mg, 0.7 mol, 0.1%) 

was added and the solvent was removed under reduced pressure in the dark. The 
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crude was used directly for the next step, while a small aliquot was worked up 

(NH4Cl, Et2O) to obtain the characterisation data. 
1
H NMR (400 MHz, CDCl3):  = 

4.74 (s, 2H, Hb), 5.14 (s, 2H, Hg), 5.37 (d, J = 10.9, 1H, Hl), 5.84 (d, J = 17.6, 1H, 

Hl’), 6.73 (dd, J1 = 10.9, J2 = 17.6, 1H, Hk), 7.29 (t, J = 2.0, 1H, HAr), 7.41-7.32 (m, 

4H, HAr), 7.48 (s, 1H, HAr), 7.53 (s, 1H, HAr), 9.97 (s, 1H, Hm); 
13

C NMR (100 MHz, 

CDCl3):  = 65.1, 70.2, 112.3, 116.1, 119.6, 121.7, 126.1, 126.8, 126.9, 128.9, 135.4, 

136.6, 137.9, 139.9, 141.4, 159.4, 192.1; HRES-MS: m/z = 286.1438 [M+NH4]
+
 

(calcd. for C17H20NO3, 286.1439). 

 

 

 

a) To an ice cold solution of the crude 36 (18.14 mol, 1.0 equiv.) in CH2Cl2 

(100 mL) was added NEt3 (10.08 mL, 72.5 mmol) was added. After 5 min a solution 

of MsCl (4.15 g, 36.3 mmol) in CH2Cl2 (20 mL) was added dropwise and the 

mixture was stirred for 1.5 h at room temperature. H2O (100 mL) was added and the 

layers partitioned. The aqueous layer was extracted with CH2Cl2 (3  50 mL) and the 

combined organic phases were washed with brine and dried (MgSO4). Removal of 

the solvent under reduced pressure gave the crude mesylate as a pale yellow oil.  

 

b) To a solution of the crude mesylate (18.14 mmol, 1.0 equiv.) in dry DMF (50 mL) 

was added a solution of KSAc (3.11 g, 27.21 mmol) in dry DMF (10 mL) dropwise. 

The mixture was stirred for 3 h at room temperature and the bulk of DMF was 

removed under reduced pressure. H2O (30 mL) was added and the mixture extracted 

with CH2Cl2 (3  30 mL). The combined organic phases were washed with brine, 

dried (MgSO4) and concentrated under reduced pressure. Flash column 

chromatography (SiO2, 15% EtOAc in cyclohexane) gave 37 as a colourless oil 

(3.52 g, 10.77 mmol, 59 % three step yield). 
1
H NMR (400 MHz, CDCl3):  = 2.36 

(s, 3H, Ha), 4.14 (s, 2H, Hb),  5.10 (s, 2H, Hg), 5.37 (d, J = 10.9, 1H, Hl), 5.84 (d, J = 
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17.6, 1H, Hl’), 6.73 (dd, J1 = 10.9, J2 = 17.6, 1H, Hk), 7.29-7.27 (m, 2H, HAr), 7.34-

7.32 (m, 2H, HAr), 7.39-7.35 (m, 2H, HAr), 7.53 (s, 1H, HAr), 9.97 (s, 1H, Hm); 
13

C 

NMR (150 MHz, CDCl3);  = 30.3, 33.2, 70.0, 112.5, 116.0, 119.6, 121.6, 126.5, 

127.9, 128.7, 129.0, 135.4, 136.6, 137.9, 138.2, 139.9, 159.4, 192.0, 195.0; 

HRES-MS: m/z = 327.1054 [M+H]
+
 (calcd. for C19H19O3S, 327.1049). 

 

 

 

To a solution of 37 (56 mg, 172 mol) in dry MeOH (10 mL) were added 2 drops of 

acetic acid. A solution of 18 (38 mg, 258 mol) in dry MeOH (2 mL) was then added 

dropwise. After 2 h the solvent was removed under reduced pressure and the residue 

was purified by flash column chromatography (SiO2, 10% EtOAc in CH2Cl2) to yield 

38  as a colorless oil (54 mg, 69 %). 
1
H NMR (600 MHz, CDCl3):  = 1.39 (t, J = 

7.6, Hr), 1.86-1.75 (m, 4H, Hp, Hq), 2.35 (s, 3H, Ha), 2.60 (q, J = 7.6, Hr), 2.79 (t, J = 

7.4, 2H, Ho), 5.07 (s, 2H, Hg), 4.14 (s, 2 H, Hb), 5.31 (d, J = 10.9, 1H, Hl), 5.78 (d, J 

= 17.6, 1H, Hl’), 6.59 (dd, J1 = 10.9, J2 = 17.6, 1H, Hk), 7.06 (m, 1H, HAr), 7.22 (m, 

1H, HAr), 7.34-7.26 (m, 5H, HAr), 7.38 (s, 1H, HAr), 7.79 (s, 1H, Hm), 10.12 (s, 1H, 

Hn); 
13

C NMR (150 MHz, CDCl3):  = 23.4, 24.3, 30.3, 32.0, 33.3, 33.6, 69.9, 111.8, 

114.4, 115.1, 118.8, 126.5, 127.9, 128.6, 128.9, 135.3, 136.0, 137.0, 138.1, 139.5, 

143.4, 159.2, 176.1, 195.0; HRES-MS: m/z = 457.1622 [M+H]
+
 (calcd. for 

C24H29N2O3S2, 458.1614). 

 

 

 



Chapter Four 
 

187 

 

 

 

To a solution of 38 (52 mg, 114 mol) in MeOH (5 mL) and CH2Cl2 (2 mL) was 

added a solution of NaOMe (12.3 mg, 228 mol) in MeOH (2 mL). After 1.5 h of 

stirring at room temperature, CH2Cl2 (50 mL) and KI (3.8 mg, 23 mol) were added. 

A solution of I2 (29 mg, 114 mol) in CH2Cl2 (30 mL) was added dropwise until the 

brown color persisted. Na2SO3 was added to reduce the excess of I2 and when 

decolourisation was complete, stirring was continued for a further 15 min. H2O 

(20 mL) was added and the phases separated. The H2O layer was extracted another 

time with CH2Cl2 (20 mL). The organic layers were combined and the solvent was 

removed under reduced pressure. Purification by flash column chromatography 

(SiO2, 10% EtOAc in CH2Cl2) yielded pure 39 (22 mg, 48 %) as a white solid. 

m.p. 192 °C. 
1
H NMR (600 MHz, CDCl3):  = 1.69 (quin, J = 7.8, 2H, Hp), 1.79 

(quin, J = 7.8, 2H, Ho), 2.36 (t, J = 7.8, 2H, Hq), 2.68 (t, J = 7.8, 2H, Hn), 3.97 (s, 2H, 

Ha), 5.45 (d, J = 10.9, 1H, Hk), 5.46 (s, 2H, Hf), 5.90 (d, J = 17.5, 1H, Hk’), 6.80 (dd, 

J1 = 10.9, J2 = 17.5, 1H, Hj), 7.12 (s, 1H, HAr), 7.29 (d, J = 6.7, 1H, HAr), 7.37 (m, 

3H, HAr), 7.45 (s, 1H, HAr), 7.77 (s, 1H, Hl), 9.18 (s, 1H, Hm); 
13

C NMR (150 MHz, 

CDCl3):  = 24.4, 29.1, 32.5, 37.9, 44.1, 69.8, 107.3, 115.3, 117.7, 121.2, 124.4, 

126.3, 128.1, 128.8, 135.2, 135.7, 137.8, 138.6, 139.6, 142.7, 159.6, 175.6; 

HRES-MS: m/z = 413.1360 [M+H]
+
 (calcd. for C24H25N2O2S2, 413.1352). 
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Under a strict atmosphere of N2, 39 (49.5 mg, 0.12 mmol), 34 (48.2 mg, 0.12 mmol) 

and ΩA-SIMes (8.8 mg, 0.012 mmol) were dissolved in dry CH2Cl2 (5 mL). The 

mixture was subjected to microwave irradiation for 3 hours (300 watts, 100 °C) and 

the solvent was removed under reduced pressure. Purification by flash column 

chromatography (SiO2, 10% EtOAc in hexane → 50% EtOAc in hexane) 

gave E-(1,2-1) as colorless solid (22 mg, 23 %). 
1
H NMR (600 MHz, CDCl3): 

 = 1.59 (quint., J = 7.9, 2H, HD), 1.69 (quint., J = 7.9, 2H, HC), 2.27 (t, J = 7.9, 2H, 

HE), 2.57 (t, J = 7.9, 2H, HB), 2.65 (t, J = 7.3, 2H, HY), 2.73 (t, J = 7.3, 2H, HZ), 3.67 

(s, 3H, HX), 3.87 (s, 2H, Ha), 3.90 (s, 2H, Hp), 5.20 (s, 2H, Hq), 5.37 (s, 2H, Hf), 6.90 

(s, 1H, Hn), 7.09-7.06 (m, 4H, Hk+l+m+h), 7.12 (s, 1H, Ho), 7.27-7.25 (m, 4H, Hb, Hc, 

Hd, Hi), 7.28 (s, 1H, Hg), 7.35 (s, 1H, He), 7.60 (t, J = 7.6, 1H, Hs), 7.64 (s, 1H, Hj), 

7.74 (d, J = 7.6, 1H, Hr), 7.87 (d, J = 7.6, 1H, Ht), 8.01 (s, 1H, Hu), 8.44 (s, 1H, HA), 

10.07 (s, 1H, Hv); 
13

C NMR (125 MHz, CDCl3):  = 24.3, 29.7, 29.8, 33.0, 33.8, 

38.0, 43.3, 44.0, 51.7, 69.3, 69.8, 107.5, 112.0, 115.3, 117.5, 120.8, 121.3, 124.5, 

126.7, 128.1, 128.2, 128.3, 128.7, 129.3, 129.4, 129.7, 129.9, 133.2, 135.6, 136.9, 

137.9, 138.3, 138.6, 139.2, 139.6, 141.9, 159.0, 159.7, 172.0, 174.7, 191.97; HRMS 

(ESI
+
): m/z = 787.1984 [M+H]

+
 (calcd. 787.1998 for C20H22NO4S2). 
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An Ion-Pair Template for Rotaxane Formation and its Exploitation in
an Orthogonal Interaction Anion-Switchable Molecular Shuttle**
Michael J. Barrell, David A. Leigh,* Paul J. Lusby,* and Alexandra M. Z. Slawin

Despite significant advances[1] in anion-template methods for
the construction of mechanically interlocked molecules,[2] the
use of anions to induce changes in the relative positions of the
components of catenanes and rotaxanes has proved partic-
ularly challenging,[3] especially in comparison to the wide-
spread success achieved with other stimuli.[4–6] The few
examples of anion-switchable molecular shuttles developed
to date employ competition between the same types of weak
interaction in both states of the molecule to achieve switching
(solvation effects[3d,e] or the anion outcompeting hydrogen-
bonding acceptor groups of the macrocycle for donor groups
on the thread [3e, f]). Other features of anions, such as the
propensity of halides to form strong coordination bonds to
various transition metals, have yet to be exploited.[7] Herein
we report the serendipitous discovery of a new efficient
template for rotaxane formation and its use in the assembly of
a chloride-switchable molecular shuttle which exhibits excel-
lent positional integrity (> 98%) of the ring in both states that
arises from orthogonal binding modes: direct intercomponent
metal–ligand coordination in one state and a combination of
tight ion pairing, aromatic stacking interactions, and CH···O
and CH···Cl hydrogen bonding in the other.

The development of the new template for rotaxane
formation was prompted by the chance observation that
displacement of the acetonitrile ligand of [(L1)Pd(CH3CN)]
by the chloride ion of benzyl pyridinium chloride (1-Cl) was
accompanied by encapsulation of the organic cation by the
anionic PdCl-coordinated macrocycle [(L1)PdCl]� (Fig-
ure 1a).[8] The threaded nature of the complex [(L1)PdCl·1]
in CDCl3 was clearly apparent from

1H NMR spectroscopy (a
distinct upfield shift in the pyridinium resonances with respect

to those in 1-Cl caused by shielding by the benzylic groups of
the macrocycle, see the Supporting Information) and was also
found to persist in the solid state (Figure 1b and c) from the
X-ray crystal structure of single crystals grown from a
saturated CH2Cl2/EtOAc solution.[9]

The solid-state structure of [(L1)PdCl·1] indicates that a
broad range of noncovalent interactions are responsible for
the assembly of the threaded architecture. In addition to the
tight ion pair[10] (the pyridinium nitrogen atom is within 4 = of
atoms in the first coordination sphere of the formally
negatively charged metal complex), aromatic stacking inter-
actions between the aromatic rings of the host and guest, aryl-
and alkyl-CH···O hydrogen bonding between the polyether

Figure 1. An allosteric anion-activated template for threading based on
tight ion pairing reinforced through multiple other noncovalent inter-
actions. a) Synthesis of pseudorotaxane [(L1)PdCl·1] . Reaction condi-
tions: CH2Cl2, 1 h, quantitative yield (use of 1-PF6 instead of 1-Cl, or
using DMSO instead of CH2Cl2, does not lead to pseudorotaxane
formation). b) Side-on and c) face-on views of the X-ray crystal
structure of [(L1)PdCl·1] .[9] N blue, O red, Pd silver, Cl and the C atoms
of the macrocycle green, pyridinium purple, and other C atoms gray.
Selected bond lengths [8] and angles [8]: N1–Pd 2.04, N2–Pd 1.93,
N3–Pd 2.03, Cl–Pd 2.32, O1–H3 2.47, O1–H1 2.57, O2–H1 2.37; N1-
Pd-N3 160.8, N2-Pd-Cl 176.4.
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oxygen atoms and protons on the carbon atoms adjacent to
the pyridinium nitrogen atom (C�O distances 3.19–3.36 =),
and CH···Cl(Pd) second coordination sphere interactions[7]

(C�Cl distance 3.72 =) all apparently contribute to the
stability of the interpenetrated structure. Many of these
primarily electrostatic interactions should be much weaker in
more polar environments and, indeed, the 1H NMR spectrum
of [(L1)PdCl·1] (see the Supporting Information) shows the
complex is largely unthreaded in [D6]DMSO. The chloride
anion is a vital component of the assembly process: [(L1)Pd-
(CH3CN)] did not form a threaded complex when treated
with 1-PF6 in CH2Cl2, a result which suggested that the
recognition motif could also be used as the basis of an anion-
selective trigger.

A pyridinium chloride salt suitable for rotaxane synthesis
(2-Cl) was prepared in four steps from 4-pyridinepropanol
(see the Supporting Information). Treatment of [(L1)Pd-
(CH3CN)] with 2-C1 in dichloromethane for one hour,
followed by reaction with 3 by a CuI-catalyzed azide–alkyne
1,3-cycloaddition (CuAAC)[11] in the presence of tris(benzyl-
triazolylmethyl)amine (TBTA)[12] and diisopropylethylamine
(DIPEA) led to [(L2)PdCl] in 64% yield (Scheme 1). The
mass spectrum of this product was strongly suggestive of a
rotaxane, as the major peak, which corresponds to [(L2)Pd]+,
does not fragment to the intact macrocycle and axle, as would
be expected for a non-interlocked salt. The irreversible
formation of a stoppered rotaxane was further confirmed
when removal of palladium did not cause separation of the
components (see the Supporting Information). Comparison
of the 1H NMR spectrum of [(L2)PdCl] (Figure 2b) with that
of the chloride salt of the thread (Figure 2a), shows significant
upfield shifts to the pyridinium resonances Hd , He , and Hf ,
and adjacent protons (Ha and Hc).

[13] Other signals of the
thread show little change, which indicates
that the anionic PdCl–macrocycle is located
overwhelmingly over the pyridinium station,
that is, the structure is pyrdm[14]-[(L2)PdCl]
(Scheme 1).

The triazole group introduced by the
CuAAC reaction can also act as a ligating
station for the palladium–macrocycle.[15]

Treatment of pyrdm-[(L2)PdCl] with
AgPF6 (1.1 equiv; Scheme 1, step c)
smoothly precipitated AgCl and resulted in
quantitative conversion into a new rotaxane,
[(L2)Pd]PF6, in which the chloride ligand
had been replaced by the noncoordinating
PF6

� counterion. A comparison of the
1H NMR spectrum of [(L2)Pd]PF6 (Fig-
ure 2c) with that of the PF6 salt of the
thread (Figure 2d) shows that the signals of
the pyridinium station (Hd-f) appear at
similar chemical shifts in the thread and
rotaxane, while the triazole resonance (Hj)
and adjacent protons (e.g., Hi) are shifted
upfield in the rotaxane, which indicates that
removal of the chloride ion from the palla-
dium center is accompanied by translocation
of the palladium–macrocycle component to

Scheme 1. Synthesis and operation of chloride-switchable molecular
shuttle [(L2)Pd]+: a) CH2Cl2, 1 h; b) 3 (1.1 equiv), [Cu(CH3CN)4]PF6
(0.2 equiv), TBTA (0.25 equiv), DIPEA (1 equiv), CH2Cl2/CH3CN (7:1),
18 h, 64% (from 2-Cl); c) AgPF6 (1.1 equiv), acetone, 18 h, quantita-
tive; d) Bu4NCl (1.5 equiv), CHCl3, quantitative.

Figure 2. Partial 1H NMR (400 MHz, CDCl3, 298 K) spectra of a) chloride salt of the
thread,[13] b) pyrdm-[(L2)PdCl], c) triazole-[(L2)Pd]PF6, and d) PF6

� salt of the thread. The
assignments correspond to the lettering shown in Scheme 1. Signals shown in gray arise
from impurities and residual solvents.
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give triazole-[(L2)Pd]PF6. Simple addition of tetrabutylam-
monium chloride to triazole-[(L2)Pd]PF6 in chloroform
(Scheme 1, step d) reverses this process to afford a product
with identical physical and spectroscopic properties to the
original rotaxane, pyrdm-[(L2)PdCl].

The chance discovery of a molecular recognition motif
that is triggered by the formation of an anion–palladium
coordination bond has been exploited as both an efficient
rotaxane-forming template and as the basis for a chloride-
switchable molecular shuttle. The use of wholly different and
orthogonal binding modes in the two states of the shuttle
leads to exceptional positional integrity of the ring in both
forms. Anion-activated allosteric templates could lead to new
developments in sensors, logic gates, transport agents, and
molecular machines.

Experimental Section
Experimental procedure for the preparation of pyrdm-[(L2)PdCl]: 2-
Cl (59 mg, 0.066 mmol) and [(L1)Pd(CH3CN)] (50 mg, 0.073 mmol)
were stirred for 1 h in CH2Cl2 (7 mL) prior to the addition of 3 (43 mg,
0.073 mmol) and DIPEA (11 mL, 0.066 mmol). A solution of TBTA
(9 mg, 0.017 mmol) and [Cu(CH3CN)4]PF6 (6 mg, 0.0147 mmol) in
CH3CN (1 mL) was added and the reaction mixture allowed to stir for
a further 18 h. After this time the volatile compounds were removed
under reduced pressure and the residue taken up in CH2Cl2 (10 mL).
The resulting solution was washed with saturated NH4Cl (3 D 10 mL)
and the aqueous phase re-extracted with CH2Cl2 (3 D 5 mL). The
combined organic extracts were concentrated under reduced pressure
and subjected to flash chromatography on silica gel (0–3% MeOH in
CH2Cl2 as eluent) to give pyrdm-[(L2)PdCl] as a bright yellow solid
(89 mg, 64%). For compound characterization, full synthetic details
for all precursors, and the switching experiments, see the Supporting
Information.
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